ARTICLE

w0
D QD Journal of
P9 Cell Biology

PERK prevents rhodopsin degradation during
retinitis pigmentosa by inhibiting IRE1-induced

autophagy

Ning Zhao'®, Ning Li?@®, and Tao Wang>**@®

Chronic endoplasmic reticulum (ER) stress is the underlying cause of many degenerative diseases, including autosomal
dominant retinitis pigmentosa (adRP). In adRP, mutant rhodopsins accumulate and cause ER stress. This destabilizes wild-type
rhodopsin and triggers photoreceptor cell degeneration. To reveal the mechanisms by which these mutant rhodopsins exert
their dominant-negative effects, we established an in vivo fluorescence reporter system to monitor mutant and wild-type
rhodopsin in Drosophila. By performing a genome-wide genetic screen, we found that PERK signaling plays a key role in
maintaining rhodopsin homeostasis by attenuating IRE1 activities. Degradation of wild-type rhodopsin is mediated by
selective autophagy of ER, which is induced by uncontrolled IRE1/XBP1 signaling and insufficient proteasome activities.
Moreover, upregulation of PERK signaling prevents autophagy and suppresses retinal degeneration in the adRP model. These
findings establish a pathological role for autophagy in this neurodegenerative condition and indicate that promoting PERK
activity could be used to treat ER stress-related neuropathies, including adRP.

Introduction
Defects in protein folding are a common cellular event, typically
resulting from genetic mutations, translational errors, or a range
of cellular stresses. Thus, maintaining an intact proteasome and
cellular function requires continuous removal of misfolded
proteins (Kurtishi et al., 2019). Eukaryotic cells are equipped
with a number of physiological mechanisms to ensure proteins
are correctly folded and to degrade misfolded proteins, but a
prolonged imbalance between the generation of misfolded pro-
teins and quality control mechanisms can disrupt cellular
function. This underlies many diseases, including neurodegen-
erative disorders (Klaips et al., 2018). In eukaryotic cells, the ER is
an intracellular organelle central to the synthesis of secretory and
membrane proteins (Sano and Reed, 2013). When cells experience
stress (e.g., oxidative stress or aging), the accumulation of mis-
folded proteins results in a loss of proteostasis. These misfolded
proteins accumulate in the ER resulting in the activation of the
unfolded protein response (UPR). The UPR is a cellular homeo-
static mechanism that reduces ER stress by promoting the deg-
radation of misfolded proteins and slowing the synthesis of new
proteins (Hetz et al., 2020; Walter and Ron, 2011).

The UPR is controlled by three ER-resident transmem-
brane proteins, inositol-requiring enzyme 1 (IRE1), activating

transcription factor 6 (ATF6), and protein kinase RNA-like ER
kinase (PERK; Walter and Ron, 2011). Upon ER stress, PERK
oligomerizes, leading to phosphorylation of eukaryotic initiation
factor 2a (elF2a). Phosphorylated elF2a binds and inhibits the
guanine nucleotide exchange factor, eIF2B, thereby attenuating
elF2-mediated protein synthesis (Adomavicius et al., 2019;
Kenner et al., 2019). In contrast with the global repression of
translation, elF2a phosphorylation also activates the stress-
responsive transcription factors, ATF4 and Xrpl, through se-
lectively enhanced translation (Brown et al., 2021; Harding et al.,
1999; Harding et al., 2003). Xrpl is a newly discovered tran-
scription factor induced downstream of PERK in Drosophila
(Brown et al., 2021). In addition, UPR signaling activates the IRE1
nuclease, which targets and splices mRNA encoding the tran-
scription factor X-box-binding protein 1 (XBP1), thereby acti-
vating it. Activated XBPI then upregulates genes involved in ER
protein folding, as well as genes promoting the degradation of
misfolded proteins (Calfon et al., 2002; Cox et al., 1993; Haze
et al., 1999; Yoshida et al., 2001). Transcriptional targets of
XBP1 and ATF6 overlap significantly; the latter undergoes stress-
induced intramembrane proteolytic processing and translocates
to the nucleus (Mori et al., 1993; Shoulders et al., 2013). The
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three UPR pathways, in particular the IRE1 and PERK branches,
have different activating states, and unequal or contradictory
effects on cellular pathophysiology, depending on the disease
and physiological context (Chang et al., 2018; Lin et al., 2007;
Zhu et al., 2019). Consistent with their different activating
states, the inhibition of translation by PERK attenuates IRE1
activation following a prolonged UPR state. However, the
mechanisms by which one UPR branch affects another and the
physiological significance of this regulation are not understood
(Chang et al., 2018; Lin et al., 2007).

Autosomal dominant retinitis pigmentosa (adRP), the most
common form of retinal degeneration, is most often caused by
dominant mutations in the rhodopsin gene (Rho). Resulting
mutant G protein-coupled receptors (GPCR) are misfolded and
accumulate in the ER (Athanasiou et al., 2018; Hartong et al.,
2006; Mendes et al., 2005). The substitution of proline 23 by
histidine (RHOP23H), the most common adRP-associated muta-
tion, results in rhodopsin improper folding, retention in the ER,
activation of the UPR, and ultimately photoreceptor degenera-
tion (Dryja et al., 1990; Lin et al., 2007). Interestingly, this mu-
tated opsin exerts a dominant negative effect on wild-type RHO,
as co-expression of wild-type RHO and RHOP?*H results in: (1)
mislocalized wild-type RHO, (2) formation of inclusions that
contain wild-type RHO, and (3) enhanced proteasome-mediated
degradation of wild-type RHO (Mendes and Cheetham, 2008;
Rajan and Kopito, 2005; Saliba et al., 2002). In a Rho??H knock-
in mouse model, levels of wild-type RHO are decreased, and
heterozygous animals exhibit retinal degeneration in the rod
outer segment (Sakami et al., 2011). Similarly, Drosophila car-
rying a heterozygous mutation in the major rhodopsin, Rhl
(ninaES%°P), which is encoded by the ninaE locus, exhibits low
levels of both mutated and wild-type Rhi (Colley et al., 1995).
Compounds that reduce the dominant-negative effects of the
RHOP2%H opsin alleviate cell death, suggesting that the inter-
ruption of opsin homeostasis by dominant RHO is involved in
adRP pathology (Mendes and Cheetham, 2008). Although it is
clear that misfolded rhodopsin dominant negatively affects the
wild-type protein, the mechanisms and physiological role have
not been identified.

IRE1 and ATF6 can both upregulate the expression of chap-
erones involved in RHO folding, as well as ER-associated deg-
radation (ERAD) components that specifically remove and
degrade misfolded proteins via the ubiquitin-proteasome sys-
tem (UPS), thereby leading to the degradation of misfolded RHO
while sparing the wild-type version (Chiang et al., 2015; Chiang
et al., 2012b; Lin et al., 2007; Ryoo et al., 2007; Shoulders et al.,
2013). In addition to ERAD, the autophagy pathway, which is a
second cellular quality control mechanism for clearing damaged
proteins, is actively involved in regulating turnover of ER pro-
teins and the ER itself (Khaminets et al., 2015). Induction of
autophagy is observed in RhoP»H mice, leading to proteasome
insufficiency and increased retinal degeneration (Qiu et al.,
2019; Yao et al., 2018). It has been suggested that the levels of
autophagy increase as a result of the loss of Atf6 (Lee et al., 2021).
Recently in a Drosophila model of Parkinson’s disease, over-
expression of IRE1 was shown to induce autophagy and triggers
neuronal cell death in an XBPl-independent manner (Yan et al.,
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2019). By contrast to the selective reduction of mutant opsin
through ATF6 or IRE1 signaling, the PERK pathway shows no
such specificity, reducing both wild-type and mutant RHO
protein levels. This suggests that PERK is involved in the non-
selectively removal of ER proteins (Chiang et al., 2012a). It re-
mains unclear how the UPR induces autophagy, and whether the
selective autophagy of ER is responsible for maintaining cellular
protein homeostasis.

In the present study, we established an in vivo model in
Drosophila to study the dominant effects of misfolded rhodopsin
on the wild-type protein. In this model, we changed proline 37 to
histidine (Rh1P*"M is equivalent to mammalian RHOF?*H) and
tagged this mutant opsin with GFP. We also tagged wild-type Rhl
with RFP and co-expressed these proteins in photoreceptor cells
(Galy et al., 2005; Griciuc et al., 2010). Using this newly devel-
oped system, we conducted a forward genetic screen to identify
genes that enhance the dominant effects of Rh1?37H. We found
that the PERK pathway played a key role in maintaining levels of
wild-type Rhl and in sustaining photoreceptor cell function and
integrity in Rh1P%"H-expressing cells. This effect was indepen-
dent of ATF4. In animals lacking the PERK pathway, IRE1/XBP1
signaling was over-activated, leading to massive autophagy and
degradation of wild-type rhodopsin. Finally, in a fly model of
adRP, induction of PERK signaling prevented the induction of
autophagy and thus suppressed retinal degeneration.

Results

Rhodopsin homeostasis is disrupted by mutations in perk and
elF2Ba in a dominant Rh1 mutant fly model

To study the genetic interactions between misfolded and wild-
type versions of rhodopsin in vivo, we modified the previ-
ously established Drosophila model of adRP by co-expressing
GFP-tagged Rh1**"H and RFP-tagged wild-type Rhl using the
endogenous ninaE promotor (ninaE, neither inactivation nor af-
terpotential E; Fig. 1 A; Galy et al.,, 2005; Griciuc et al., 2010;
O'Tousa et al., 1985; Zuker et al., 1985). Consistent with previous
reports, Rh1P3H-GFP accumulated exclusively in the ER, co-
localizing with the ER marker CNX (calnexin). By contrast,
wild-type Rh1-RFP localized to the rhabdomeres with endoge-
nous Rhl and INAD (Fig. 1 D; Galy et al., 2005). Moreover,
Rh1P3H-GFP induced ER stress, as both ATF4-mCherry and
XBP1l-mCherry (two independent reporters of ER stress) were
expressed and activated in RhIP7H-GFP retinas, but not in retinas
expressing wild-type Rh1-GFP (Kang and Ryoo, 2009; Xu et al.,
2020; Fig. 1, E-H). Importantly, expression of misfolded Rh1P37H-
GFP resulted in less wild-type Rhl but did not affect levels of
endogenous TRP and INAD. This indicates that disease-causing
rhodopsin mutations mildly impaired rhodopsin homeostasis
(Fig. 1, B and C).

Combining this Rh1?37H-GFP/Rh1-RFP reporters with the “ey-
flp/hid” system, which generates flies in which EMS-induced
mutations are homozygous in the eye but heterozygous in the
rest of the animal, we performed EMS mutagenesis and screened
chromosomes 2 and 3 (including 2L, 2R, 3L, and 3R) for mutants
in which Rh1?3"H-GFP further disrupted the homeostasis of wild-
type Rhi (Fig. S1 A; Xiong et al., 2020; Zhao et al., 2018). For each
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Figure 1. Establishment of a Rh1P37H.GFP-based Drosophila model of autosomal dominant retinitis pigmentosa (adRP). (A) Representative images of
compound eyes expressing Rh1P3H-GFP and Rh1-RFP. Scale bar, 100 pm. (B) Western blot revealed that expression of Rh1”37H-GFP reduced the endogenous
protein levels of wild-type Rh1. Anti-Rh1 antibodies failed to recognize c-terminal tagged Rh1 (Rh1-GFP/RFP). 1-d-old flies raised under 12-h-light-12-h-dark
cycles were used. a-tubulin was used as a loading control. (C) Quantification of relative levels of endogenous Rh1, TRP, and INAD from B. Error bars indicate
SEM (n = 3); ns, not significant; **P < 0.01 (two-way ANOVA, Sidak’s multiple comparisons test). (D) Tangential views of retina from ~1-d-old Rh1-RFP; Rh1P37H-
GFP flies labeled using anti-Rh, anti-CNX (calnexin), and anti-INAD antibodies (blue). GFP fluorescence of Rh1P37H-GFP (green) and RFP fluorescence of
Rh1-RFP (red) were directly observed. Scale bar, 20 um. (E) Retinas of adult Rh1-GFP and Rh1¥H-GFP flies expressing ATF4-mCherry.1-d-old flies raised under
12-h-light-12-h-dark cycles were used. Scale bar, 20 um. (F) Quantification of relative mCherry fluorescence intensity showed that the ER stress reporter
ATF4-mCherry (E) was activated by Rh1P3H-GFP but not by wild-type Rh1-GFP. Error bars indicate SEM (n = 3); ***P < 0.001 (Student’s unpaired t test).
(G) Retinas of adult Rh1-GFP and Rh1P3H-GFP flies expressing xbpl-mCherry. 1-d-old flies raised under 12-h-light-12-h-dark cycles were used. Scale bar, 20 pm.
(H) Quantification of the co-localization between XBP1-mCherry and DAPI in flies that express Rh1-GFP or Rh1P3"-GFP. Error bars indicate SEM (n = 3); ***P <
0.001 (Student’s unpaired t test). Source data are available for this figure: SourceData F1.
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chromosome arm we screened ~100,000 flies, isolating 4 alleles
in which RFP but not GFP fluorescence was reduced. These four
alleles belonged to two complementation groups, both located on
the right arm of chromosome 3 (3R). Using deficiency mapping
and genomic DNA sequencing, we found that one complemen-
tation group localized to the perk locus (perk2, perk®, perk®6), and
the other localized to the eIF2Ba gene (eIF2Ba*%; Fig. 2, A and B).
These four alleles contain single-nucleotide changes within the
coding region causing missense mutations in PERK and eIF2Ba
proteins (Fig. S1, B-E). Flies heterozygous for any of these perk or
elF2Ba alleles did not exhibit a phenotype, regardless of whether
they express Rh1P37H-GFP or not, suggesting that these are loss of
function mutations. We confirmed via Western blotting that
levels of endogenous wild-type Rhl were greatly reduced in
perk?2 and eIF2Ba*® mutant animals, whereas Rh1P3H-GFP accu-
mulated (Fig. 2 C and Fig. S1 F). Importantly, the lower MW
Rh1P37H-GFP bands in perk’ and elF2Ba** mutant extracts are
non-glycosylated versions of the protein, suggesting that ER
function was impaired. Moreover, expression of wild-type PERK
or elF2Ba in perk? or elF2Ba®® mutants, respectively, restored
levels of endogenous Rhl and reduced levels of Rh1?37H-GFP to
control levels (Fig. 2 C and Fig. S1 F).

During biosynthesis, Rhl is transiently glycosylated in the ER.
This modification is gradually removed as Rhl is transported
from the ER to the rhabdomere (Rosenbaum et al., 2014). A band
of Rh1 with an increased molecular weight (MW) was observed
in RhIP¥H-GFP perk? and RhIP7H-GFP elF2Ba®® mutant flies, in-
dicating a defective maturation process for wild-type rhodopsin
(Fig. 2 C). We then examined the localization of wild-type Rhl
and Rh1P3H-GFP in perk”? and elF2Ba*® mutants. In these mutant
retinas, both wild-type Rh1-RFP and endogenous Rhl colocalized
with Rh1P37H-GFP in the ER, whereas INAD still localized to the
rhabdomeres. This indicates that trafficking of wild-type Rhl
was disrupted by perk and elF2Ba mutations with misfolded
Rh1P37H expression (Fig. 2 E and Fig. S1 G). We next asked if
mutations in perk and elF2Ba affected the biosynthesis and traf-
ficking of rhodopsin. We found that Rhl levels and localization
were normal in both perk? and elF2Ba* mutant photoreceptor
cells (without Rh1P¥7H expression; Fig. 2, D and E). These results
indicate that PERK and elF2Ba help maintain the homeostasis of
wild-type rhodopsin when misfolded form is present.

Since Rhl is essential for photoreceptor function, we asked
whether phototransduction was disrupted in perk and eIF2Ba
mutants. ERG (electroretinogram) recordings measure the
summed light responses of all retinal cells. In flies with normal
levels of functional rhodopsin, a prolonged depolarization af-
terpotential (PDA) is induced upon exposure to blue light
(Fig. 2 F; Wang and Montell, 2007). Flies expressing Rh1P37H
exhibited a normal PDA, consistent with a slight reduction in
wild-type Rhl levels. However, no PDAs were detected in perk!?
and elF2Ba* mutants expressing Rh1P37H, consistent with the
large reduction in wild-type Rhi levels (Fig. 2 F). In contrast,
perk?? and elF2Ba*® mutants that lacked Rh1"3H expression ex-
hibited normal PDAs when exposed to blue light (Fig. 2 F). As
disruptions in rhodopsin homeostasis are associated with the
progression of retinal degeneration in adRP diseases, we next
asked if disrupting PERK and eIF2Ba aggravates the severity of
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retinal degeneration in the RhI**”H-GFP model. We used TEM to
first assess young (l-d-old) and aged (10-d-old) wild-type,
RhIP¥H-GFP, perk®, and eIF2Ba* flies. For each age and genotype,
seven intact rhabdomeres were consistently detected in each
ommatidia (Fig. 2 G). In the RhI"*H-GFP background, young
perk’? and eIF2Ba*® mutants exhibited normal retinal morphol-
ogy with all 7 rhabdomeres, although the rhabdomeres were
smaller. However, aged flies of these genotypes (perk?? or
elF2Bo®® mutations in the RhIP7H-GFP background) exhibited
severe retinal degeneration with prominent vacuoles and loss of
rhabdomeres (Fig. 2 G). Therefore, we conclude that PERK and
elF2Ba are required for photoreceptor survival in the context of
Rh1"¥H-induced ER stress.

The PERK pathway is the major UPR axis maintaining
rhodopsin homeostasis independent of ATF4

Misfolded rhodopsin causes ER stress and activates three UPR
pathways, namely, the PERK, IRE1, and ATF6 pathways (Harding
et al., 2000b; Liu et al., 2000; Shamu and Walter, 1996; Shen
et al., 2002). Once activated, PERK phosphorylates elF2a and
promotes its inhibitory binding to the nucleotide exchange
factor elF2B to regulate translation initiation. Therefore, muta-
tions in either the perk or eIF2Ba genes would impair the PERK/
elF2a branch of the UPR response. Since our screen did not
identify genes involved in the IRE1 or ATF6 pathways, we hy-
pothesized that the PERK/elF2a axis is the major UPR branch
involved in maintaining rhodopsin homeostasis under ER stress.
To test this hypothesis, we first generated a null allele of atf6
(atf6!) using the CRISPR/CAS9 technique (Fig. S2, C and D).
Resulting mutants were viable. A loss of function mutation for
the irel gene (irel°27°) was already available (Coelho et al., 2013).
Unlike we saw for the perk mutant, levels of Rh1**" and en-
dogenous Rhl were unaffected in homozygous irel®?7° or atf6!
mutants compared with Rh1P7H-GFP flies (Fig. S2, E-H).

To further demonstrate that the PERK/elF2a pathway is the
major UPR axis regulating rhodopsin homeostasis in the RhI"*7H
model, we expressed elF2a55!4 to abolish PERK-dependent eIF2a
phosphorylation. Consistent with data from the perk? and
elF2Ba* mutants, expression of elF2a5>!4 led to the accumula-
tion of Rh1P¥”H-GFP and reduction of endogenous Rhl (Fig. 3, A
and B). Phosphorylated elF2a inhibits the translation of most
proteins, but selectively activates translation of the transcrip-
tion factor ATF4 (Fawcett et al., 1999; Harding et al., 2000a). As
we have previously shown, ATF4 expression is induced in the
RhIP¥H model (Fig. 1, E and F). We then tested whether induction
of ATF4 is involved in the regulation of rhodopsin homeostasis.
We first generated a null allele of atf4 (atf4X°) by deleting a 462
base pair fragment using CRISPR/CAS9 (Fig. S2, A and B).
However, knocking out atf4 did not result in the accumulation of
Rh1P37H-GFP or reduced levels of endogenous Rh1 (Fig. 3, C and
D). Moreover, continuous expression of ATF4 without its
translational regulation sequence under a ubiquitously ex-
pressed da (daughterless) promotor failed to rescue the accu-
mulation of Rh1®3"H-GFP and reduction of Rh1 caused by loss of
perk (Fig. 3, E and F). These data demonstrated that the PERK/
elF2 pathway regulates homeostasis of rhodopsin under chronic
ER stress independent of ATF4.
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Figure 2. Rhodopsin homeostasis is disrupted by mutations in perk or elF2Ba in the adRP model. (A) Isolation of perk’? and elF2Ba® mutants via a
forward genetic screen. Rh1-RFP and Rh1P37H-GFP fluorescence were detected using a Stereo Fluorescence Microscope. Images from wild-type (ey-flp Rh1-RFP;
Rh1P37H-GFP), perk®? (ey-flp Rh1-RFP; FRT82B Rh1°37H-GFP perk'?/FRT828 GMR-hid CL), and elF 2Ba’® (ey-flp Rh1-RFP; FRT82B Rh1P¥H-GFP elF 2Ba*%/FRT82B GMR-hid
CL) flies are shown. Scale bar, 100 um. (B) The perk and elF2Ba loci and mutations associated with the perk’2, perk34, perk®¢, and elF2Ba* alleles. (C) Western
blot of heads dissected from wild-type, perk??, and elF2Ba® flies expressing Rh1P37H-GFP. Levels of GFP and Rh1 are shown. Expressing PERK via the en-
dogenous perk promoter (Pperk-perk) and elF2Ba under a ubiquitin promoter (ubi-elF2Ba) rescued the phenotypes. 1-d-old flies were used, and a-tubulin was
used as a loading control. Bands of Rh1 with increased molecular weight (MW) in Rh1PH-GFP perk'2 and Rh1P¥H-GFP elF2Ba®® mutant flies are indicated by red
arrows. (D) Western blot analysis of Rh1 in homozygous perk’? (ey-flp Rh1-RFP; FRT82B perk!/FRT82B GMR-hid CL) and elF2Ba3° (ey-flp Rh1-RFP; FRT82B
elF2Ba3/FRT82B GMR-hid CL) mutants without Rh1”37H expression. (E) Tangential views of wild-type, perk’?, and elF2Ba® retina expressing Rh1737H-GFP and
Rh1-RFP or homozygous perk® (ey-flp Rh1-RFP; FRT82B perk'?/FRT82B GMR-hid CL) and elF2Ba*® (ey-flp Rh1-RFP; FRT82B elF2Ba°/FRT82B GMR-hid CL) mutants
without Rh1P37H expression labeled for INAD (blue, a rhabdomere marker). GFP fluorescence of Rh1P3”H-GFP (green) and RFP fluorescence of Rh1-RFP (red)
were directly observed. Scale bar, 10 um. (F) ERG recordings of wt (Rh1-GFP) and Rh1P¥M-GFP (ey-flp Rh1-RFP; Rh1P3H-GFP) flies showed that a PDA was
induced by blue light (arrows). The PDA was eliminated in perk2 (ey-flp Rh1-RFP; FRT82B Rh1P37H-GFP perk'?/FRT82B GMR-hid CL), and elF2Ba3° (ey-flp Rh1-RFP;
FRT82B Rh1P¥7H-GFP elF2Ba°/FRT82B GMR-hid CL) flies. ERG recordings of perk? and elF2Ba?® mutants without Rh173" expression showed normal PDAs. 1-d-
old flies were exposed to 5-s pulses of orange (O) or blue (B) light as indicated. At least 10 flies of each genotype were tested. (G) TEM images of eye tangential
sections from 1-d-old and 10-d-old flies. Genotypes are indicated. Scale bar, 2 um. All flies were in white eye background and raised under 12 h light/12 h dark

cycles. Source data are available for this figure: SourceData F2.

Over-activation of the IRE1/XBP1 axis is involved in reducing
wild-type Rh1
To identify factors that act downstream of PERK/elF2a to help
maintain rhodopsin homeostasis, we performed an RNA-seq
analysis to identify genes that are up- or down-regulated in
perk mutants. As with the perk? mutant, knocking down perk by
RNAI reduced endogenous Rhl levels and increased levels of
Rh1P37H-GFP, although to a lesser extent (Fig. 4 E). By contrast,
expressing perk®N4! in a wild-type Rhl background did not affect
Rh1 homeostasis. We therefore compared the transcriptomes of
RhIP¥H_GFP perk®NAi and RhIP*H-GFP flies (Fig. 4 A). Most genes
that were strongly upregulated by expression of perk®VA! were
targets of the IRE1/XBP1 pathway (Hollien and Weissman,
2006). To confirm this, we used RNA-seq to identify genes up-
regulated by spliced XBP1. We generated ninaE-xbpl-RE flies in
which the RE form of xbpl (the version of xbpl that has been
spliced by IRE1) is expressed in photoreceptor cells using the
ninaE promotor. Importantly, most genes that were upregulated
in perk mutant retinas were also induced by ninaE-xbpl-RE (Fig.
S3, A and B). To further validate the RNA-seq results, we used
RT-qPCR to confirm that the major IRE1/XBPIl-induced genes
(including Hsc70-3, CaBPl, BI-1, Gp93, Eroll, and Sec22) were
upregulated in the RhIP*’H-GFP perkR®NAi retina. Importantly,
upregulation of these genes was completely reversed by
knocking down irel using irel®N4i, further suggesting that the
IRE1/XBP1 axis is activated when the PERK/elF2a pathway is
blocked during ER stress (Fig. 4 B). Since total xbp] mRNA levels
were unaffected by perkRNA! (Fig. 4 C), we next asked whether
the splicing of xbpl mRNA by IRE1 was induced upon loss of perk.
We used qPCR to quantify the spliced (sxbpl) and unspliced
(uxbpl) forms of xbpl. The ratio of sxbpl/uxbpl was slightly in-
creased in RhIP7H-GFP flies, reflecting the mild induction of ER
stress. By contrast, the sxbpl/uxbpl ratio dramatically increased
in RhIP7H-GFP perkRNAi flies. This increase was totally abolished
by irel®NAL further confirming that IREl is strongly activated
when PERK is blocked during Rh1®3"H-induced ER stress
(Fig. 4 D).

PERK/elF2a signaling generally inhibits translation, but it
preferentially induces the translation of ATF4 during the UPR
response. Given that the PERK/elF2a pathway regulates
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rhodopsin homeostasis independent of ATF4, we speculated
that PERK may negatively regulate IRE1 activity by inhibiting
translation. To test this hypothesis, we re-inhibited transla-
tion in RhIP¥7H-GFP perkRNAi flies by knocking down the eu-
karyotic translation initiation factors eIF3b and eIF4G. We
found that the sxbpl/uxbpl ratio decreased to wild-type levels
(Fig. 4 D).

Since IREI is strongly activated in perk mutants upon ER
stress, we next examined whether inhibition of the IRE1/XBP1
pathway contributes to rhodopsin homeostasis. We first
knocked down irel or xbpl in the background of RhI*37H-GFP
perkRNAt and found that the levels of endogenous Rhl were in-
creased compared with control. However, the increase of
Rh1P37H.GFP in perkR®NA! mutants was not alleviated, and even
slightly aggravated by knocking down irel or xbp! (Fig. 4, E and
F). These data indicate that accumulation of mutant Rhl and
reduction of wild-type proteins are independent events regu-
lated by different signaling pathways; the latter is mediated by
IRE1/XBP1. Supporting this point, as seen when irel or xbpl were
knocked down, expressing eIF3bRNA! or e]F4GRNA! in the back-
ground of RhIP7H-GFP perkRNAi restored levels of wild-type Rhl
(Fig. 4, G and H). In contrast to irel and xbpl knock down, when
knocking down eIF3b or eIF4G, levels of Rh1P37H-GFP in Rhi¥H-
GFP perkRNAi flies was also reduced to wild-type levels, sup-
porting the hypothesis that reductions in translation efficiency
by PERK activation is the major event involved in rhodopsin
homeostasis (Fig. 4, G and H). As knocking down irel or xbpl
specifically prevented the loss of wild-type rhodopsin, we were
able to examine if the loss of wild-type rhodopsin contributed to
the retinal degeneration seen in RhIP”H-GFP perkRN4i flies. 5-d-
old RhIP3H-GFP perkRNA flies exhibited phenotypes associated
with severe retinal degeneration, including reduced ERG re-
sponses and loss of rhabdomeres (Fig. S3, C-E). Expression of
xbpIRNAT ameliorated ERG responses and suppressed the loss of
photoreceptor cells in RhiP*7H-GFP perkRNA4i flies (Fig. S3, C-E).
Considering that knocking down irel or xbpl in the background
of RhIP3H-GFP perkRNAi only alleviated reduction of wild-type Rhl
without affecting Rh1P37H-GFP, loss of wild-type rhodopsin may
be involved in the pathogenesis of this dominant rhodopsin
disorder.
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Figure 3. The PERK/elF2a signaling pathway maintains Rh1 homeostasis independent of ATF4. (A) Western blot analysis of Rh1P3"-GFP and en-
dogenous Rh1in elF2a5°" (GMR-Gal4/UAS-elF 2255 Rh1P37H-GFP) and elF 2o (GMR-Gal4/UAS-elF20: Rh1P37H-GFP) heads. Flies with perk®¥A' expression (GMR-Gal4/
UAS-perkRNA Rh1P37H-GFP) were used as a positive control. (B) Quantification of Rh1”3H-GFP and endogenous Rh1 levels. Error bars indicate SEM (n = 3); ns, not
significant, *P < 0.1, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA, Sidak’s multiple comparisons test). (C and D) Western blot showed that levels
of both Rh1”*7H-GFP and endogenous Rh1 were unchanged in atf4° (atf4%%; Rh1”7H-GFP) mutant flies, compared with wild-type control (Rh1”7"-GFP). The
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down flies. Levels of Rh1P3"-GFP and wild-type Rh1 were examined (E) and quantified (F) in perk knocked down flies (GMR-Gal4/UAS-perkRN4 Rh1P37H-GFP) that
expressed atf4 (da-atf4). Error bars indicate SEM (n = 3); ns, not significant, *P < 0.1, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA, Sidak’s
multiple comparisons test). Source data are available for this figure: SourceData F3.
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Figure 4. Activation of the IRE1/XBP1 axis is involved in degrading wild-type Rh1. (A) Transcriptome comparisons between retinas of Rh1P¥H-GFP
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ANOVA, Sidak’s multiple comparisons test). (D) The sxbp1 (spliced form)/uxbp1 (unspliced form) ratio quantified from qPCR analysis. The mRNAs were prepared
from dissected retina of ~1-d-old flies with indicated genotypes. Error bars indicate SEM (n = 3); ns, not significant, **P < 0.01, ***P < 0.001, ****P < 0.0001
(one-way ANOVA, Sidak’s multiple comparisons test). (E and F) Western blot analysis of Rh1P3"-GFP and endogenous Rh1 showed that expressing ireI:NAi or
xbpIRNAi significantly blocked the reduction of wild-type Rh1 by knocking down perk in Rh177H-GFP models. Two independent ireIRN4 and xbp1fNA4' lines were
used, and LUCRN was used as a control. Error bars indicate SEM (n = 3); ns, not significant, *P < 0.1, **P < 0.01, ****P < 0.0001 (one-way ANOVA, Sidak’s
multiple comparisons test). (G and H) Western blot analysis of Rh1”37H-GFP and endogenous Rh1 showed that blocking translation by elF3bRN4 and elF4GRNA
suppressed both accumulation of Rh1P3H-GFP and reduction of wild-type Rhl in Rh1P7M-GFP perkRNA flies. LUCRNA" was used as a negative control, and
a-tubulin was used as a loading control. Error bars indicate SEM (n = 3); ns, not significant, *P < 0.1, ***P < 0.001, ****P < 0.0001 (one-way ANOVA, Sidak’s

multiple comparisons test). Source data are available for this figure: SourceData F4.

The selective autophagy of ER is involved in degradation of
wild-type Rhl

Downregulation of wild-type Rhl by the IRE1/XBP1 signaling
pathway leads to the loss of rhodopsin homeostasis in Rh1P37H
expressing cells. To investigate the mechanisms of this process,
we used Tandem Mass Tag (TMT)-LC MS/MS to compare
individual protein levels between RhIP”H-GFP perkRNAi and
RhIP7H_GFP retinas. We identified 14 proteins that were greatly
upregulated (P value <0.01) when perk was knocked down (Fig. 5
A). We then screened these 14 candidate genes by knocking them
down in photoreceptor cells of RhIP*H-GFP perkRNAi flies. Only
one gene, ref(2)P/p62, blocked the reduction of Rhl when
knocked down (Fig. 6, E and F). The ref(2)P/p62 gene encodes an
evolutionary conserved autophagy adaptor in Drosophila, indicat-
ing that autophagy is modulated in this context. We first verified
that the Ref(2)P/P62 protein was upregulated in RhI®”H-GFP
perkRNAL mutant retina by Western blotting and immunostaining.
Importantly, this increase in Ref(2)P/P62 proteins was abol-
ished by expressing irel®VA! or xbpIRN4i (Fig. 5, B-D). Moreover,
ref(2)P/p62 mRNA levels were also elevated in RhiP7H-GFP
perkRNAi flies; this could also be reversed by irel®N4i (Fig. 5 E).
These data indicated that the autophagy pathway may be in-
duced by blocking the PERK pathway in Rh1P*"H expressing
photoreceptor cells. Consistent with this hypothesis, mRNA
levels of several autophagy genes including atgl, atg2, atg3,
atg8a, atg9, and atgl8a, were also increased by perk®NAi in the
context of Rh1?*H-induced ER stress. Knocking down irel sup-
pressed these inductions (Fig. 5 F). We further measured levels
of hrdl and sorddl mRNA, which encode two ER-associated
ubiquitin ligases, and found that IRE1/XBP1 signaling also in-
duced the expression of hrdl but not sordd! (Fig. 5 G).

To further confirm that autophagy is induced by loss of perk
in Rh1P37H-expressing photoreceptor cells, we labeled retinas for
the autophagy marker, Atg8a, and Ref(2)P/P62. Both proteins
accumulated in photoreceptor cells expressing both Rh1*7H-GFP
and perk®VAL but not in cells expressing RhIP¥H-GFP alone (Fig. 6,
A and C). Since autophagy is induced by the mutation of perk
through IRE1 in Rh1P3H expressing photoreceptors, it is possible
that wild-type Rhl, but not mutant Rh1**"H, is degraded by au-
tophagy. Supporting this, endogenous Rhl was detected in cy-
tosolic puncta that colocalized with Ref(2)P/P62 and Atg8a in
RhIP7H_GFP perkRNAi flies. By contrast, Rh1P37H-GFP was not de-
tected in Ref(2)P/P62- and Atg8a-positive puncta (Fig. 6, A-D).
In TEM images we also observed the presence of autophagosome
structures in RhIPH-GFP perk? photoreceptor cells, but not in
RhIP¥H-GFP photoreceptor cells (Fig. S4 A). Knocking down
ref(2)P/p62 and autophagy-associated genes including atgl, atg9,
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and atgl8 largely increase wild-type Rhl levels in RhI®*7H-GFP
perkRN4i flies. As was seen when we blocked the IRE1/XBP1 sig-
naling pathway, disrupting autophagy did not affect Rh1®37H-
GFP levels (Fig. 6, E-H). Moreover, knocking down ref(2)P/p62
reduced the number of Atg8a-positive puncta without affecting
the aggregation of wild-type Rhl. This suggests that this selec-
tive autophagy occurs downstream of rhodopsin misfolding and/
or ubiquitination (Fig. 6 C).

Since autophagy is a general degradation system involved in
the turnover of proteins in multiple cellular components, we
asked if the autophagy observed in Rhi™*”H-GFP perk? photore-
ceptor cells is selective for components of the ER. We drove
expression of GFP reporters specific for different subcellular
compartment (ER, mitochondria, and cytosol) via the ninaE
promoter in RhIP¥H-GFP perkRNA4! flies. Levels of ER-GFP were
dramatically reduced in RhI™”H-GFP perkRNAi flies, whereas re-
porters specific for mitochondria (mito-GFP) or cytosolic GFP
were only slightly reduced. This may reflect the unhealthy state
of photoreceptor cells under chronic ER stress (Fig. S4, B-H). In
addition to Ref(2)P/P62, two homologs of ER-phagy receptors
functioning in mammalian cells, trpl/sec62 (Fumagalli et al.,
2016) and atl/atl3 (Chen et al., 2019), were also induced in
RhIP¥H-GFP perkRNAi flies. This also could be reversed by
knocking down irel (Fig. S41). In contrast, the expression of two
fly homologs of mammalian mitophagy receptors, nipsnap
(Princely Abudu et al., 2019) and phb2 (Wei et al., 2017), were not
affected (Fig. S4 I). These data suggest that selective autophagy
of ER is induced when the PERK pathway is blocked, and that
this autophagy is responsible for reducing wild-type Rhl in
RhIP37H-GFP perkRN4i flies.

Rh1P37H.GFP is degraded by the UPS system, which is impaired
in perk mutant cells

Misfolded membrane proteins are recognized by ER chaperons
and removed from the ER via a ubiquitin-proteasome system
(UPS)-mediated degradation process called ER-associated deg-
radation (ERAD; Meusser et al., 2005; Vembar and Brodsky,
2008). Therefore, the accumulation of mutant Rhi1?37H protein
may result from an impairment of the ubiquitin/proteasome
degradation system. We first tested if the ubiquitination ma-
chinery was disrupted in RhI®"H-GFP perk®N4l photoreceptor
cells. However, both total cellular ubiquitinated proteins and
ubiquitinated Rh173”H-GFP accumulated in Rh1*7H-GFP perkRNAi
flies compared with RhI®37H-GFP controls (Fig. 7, A and B).
These data indicate that proteasome activity in Rhi**”H-GFP
perkRNAi photoreceptor cells may be reduced. To test this hy-
pothesis, we used a proteasome activity reporter, GFP-Flag-Cl1,

Journal of Cell Biology
https://doi.org/10.1083/jcb.202208147

9 of 24


https://doi.org/10.1083/jcb.202208147

« [
5.

Rh1P7H-GFP perk®™™ivs Rh177-GFP ¢ &

A o B ¢
3 F& e
%.n_\ per NAi - - - + + +
"'&'%). Rh1P¥H.GFP - + + o+ +

HSP26 kD 250
&

50
37

HSP68
° e wt
RE# Rh1P7-GEP
TNNI 44 HSP70 B Rh1%7M.GFP perkfNAi »
= ° Rh1P37H-GFP perkRNA' jre 1RNAI
BB Rh1P™M-GFP perkRNAi xbp 1RVA
) L
> ©SGSF | o HSP72 3 4
: &
° & 3_
° o
* g log2 folg change 2 “N\:, 24
2 ns
Rh1P¥H-GFP Rh1-RFP Ref(2)P/P62 Merge _g T
©
6 .
o

Rh1e.grp (O

F  WmRhrorGrp
Rh17H.GFP perkAiai

Q ' ,
& ; B Rh1P57H-GFP perk®A jre1RNA
I 10~
g & 1 Ay
S5 \ _ -
X g ¢ E 8
z <
: | z 1
& 3:\ ’ m
G € 6
v o 7
L =2 ©
S S
S8 N
X o N 44
[0 W Q *
<% 2
G< £ 2
- <
&g 0-
F Bl Rh1P¥7H-GFP
g , G
Rh1P57.GFP perkfv mm Rh1P7H-GFP
P37H_, RNAi
= | mmRA1-GEP perke e 1R RI™<GFP pefc™
3 34 T BB Rh1P3™H-GFP perkRNAi jre 1RNAI
< 2.57
P4 T E
% o 2.0 T
o <
> Z 1.5
= 4
% [ *kkk ns
& o 1.0
-% T ns
o 0.5
4
0.0-
atg1 atg2 atg3 atg8a  atg9  atg18a hrd1 sordd1

Figure 5. Autophagy is induced by blocking PERK in Rh1?37H photoreceptor cells. (A) Proteomic profiling comparing protein levels in retinas of Rh1P37-
GFP perkFNAi (GMR-Gal4/UAS-perkRNAi Rh1P37H-GFP) and Rh1P¥H-GFP flies (Tandem Mass Tag-LC MS/MS assay). A total of 1,339 proteins were confidently
identified (at least two unique peptides per protein). A subset of proteins up- or downregulated in Rh1P¥7H-GFP perk?N*i cells are highlighted by protein
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identification. (B and C) Western blotting confirmed that Ref(2)P/P62 was upregulated in Rh1P¥7H-GFP perkR™ flies. This was abolished by expression of ire1fRMi
and xbp1RN#i, Ref(2)P/P62 protein is indicated by the red arrow. Error bars indicate SEM (n = 6); ns, not significant, **P < 0.01, ***P < 0.001 (one-way ANOVA,
Sidak’s multiple comparisons test). (D) Tangential views of retina expressing Rh1P37H-GFP (green) and Rh1-RFP (red) with perk®NAi and/or irelfRNAi/xbpIRNA
staining against Ref(2)P/P62 (blue). Scale bar, 20 um. (E) qPCR analysis of ref(2)P/p62 mRNA levels in Rh1P37H-GFP perkfNA' and Rh1P37H-GFP perkRNAT jre1RNAT
retinas compared with Rh1P37"-GFP controls. Error bars indicate SEM (n = 3); *P < 0.1, **P < 0.01 (one-way ANOVA, Sidak’s multiple comparisons test). (F) gPCR
analysis showed that mRNA levels of autophagy-related genes (including atgl, atg2, atg3, atg8a, atg9, and atg18a) were upregulated in the retina of Rh1P¥H-GFP
perkRNAi flies, compared with Rh1P37H-GFP and Rh1P37"-GFP perkRNAi jreIRNAi retina. Error bars indicate SEM (n = 3); *P < 0.1, **P < 0.01, ***P < 0.001, ****P <
0.0001 (two -way ANOVA, Sidak’s multiple comparisons test). 1-d-old flies of indicated genotypes were used. (G) qPCR analysis showed that mRNA levels of
the ER-associated E3 ligase, hrd1 (bot not sorddl) was upregulated in the retina of Rh1PH-GFP perkfN* flies, compared with Rh1P¥7H-GFP and Rh1P¥H-GFP
perkRNAT jre]RNAT retina. Error bars indicate SEM (n = 3); ns, not significant, ****P < 0.0001 (two-way ANOVA, Sidak’s multiple comparisons test). 1-d-old flies of

indicated genotypes were used. Source data are available for this figure: SourceData F5.

which contains a short degron fragment (CL1) that is degraded
by the ubiquitin-proteasome system (Gilon et al., 1998; Nonaka
and Hasegawa, 2009). GFP-Flag-Cll was linked to mCherry (as
an internal control) via a self-cleaving peptide T2A. The reporter
was then expressed in photoreceptor cells via the ninaE pro-
moter. Compared with wild-type flies, GFP-Flag-CL1 levels were
slightly increased in RhiP”H-GFP flies. Levels of GFP-Flag-CL1
were dramatically elevated when the proteasomal subunit prosfl
was knocked down (Fig. 7, C and D). Importantly, as seen with
blocking the proteasomal subunit, perk mutation largely stabi-
lized GFP-FLAG-CLI in RhI"*H-GFP flies (Fig. 7, C and D). These
data suggest that the UPS system is impaired when PERK is
blocked during ER stress. Moreover, expression of the E3 ligase
SORDDI (Xu et al., 2020) in RhI®¥H-GFP perk®NA! photoreceptor
cells prevented the accumulated Rh1?37H-GFP (Fig. 7, E and F) but
did not affect wild-type Rhl levels. This is consistent with
SORDDI only being involved in the degradation of misfolded
rhodopsin (Xu et al., 2020).

The Ref(2)P/P62 protein is an adaptor that binds ubiquiti-
nated proteins and autophagy components, thereby serving as a
linker between the autophagy machinery and its targets. Con-
sidering the fact that total ubiquitination levels increased in
RhIP37H-GFP perkRNAi flies, we reasoned that the accumulation of
ubiquitinated ER proteins initiated the ER-phagic degradation of
wild-type Rhl. Consistent with induction of the ERAD ubiquitin
ligase, Hrdl, ubiquitinated membrane proteins accumulated in
RhIP¥H-GFP perkRNA4i flies. This could be reversed by knocking
down irel (Fig. S4 J). To further test this hypothesis, we over-
expressed the general cytosolic deubiquitinase, USP15-31, in
RhIP7H_GFP perkRNAi flies and found that USP15-31 restored levels
of wild-type Rhl in RhiPH-GFP perkRNAi flies without affecting
the levels of Rh1P37H-GFP (Fig. 7, G and H). Further, total cellular
ubiquitination levels were largely decreased in RhI®*7H-GFP
perkRNAi flies when USP15-31 was overexpressed, whereas
ubiquitination levels of Rh1?*"H-GFP were unaffected (Fig. 7, I
and J). These data provided further evidence that Rhil degrada-
tion is regulated by Ref(2)P/P62-mediated selective autophagy,
which is different from UPS-mediated degradation of Rh1"37H-
GFP.

PERK prevents retinal degeneration in the ninaE®4°® model

of adRP

Since inhibiting PERK induced ER-phagic degradation of wild-
type Rhl, and increased the cytotoxicity of misfolded Rh13"H, it
is possible that induction of PERK could suppress autophagy and

Zhao et al.
PERK attenuates IRE1-dependent autophagy

alleviate retinal degeneration associated with mutations in
rhodopsin. To test this hypothesis, we used a classic adRP model
in which the ninaES®P mutation leads to age-dependent de-
generation of photoreceptor cells (Colley et al., 1995; Kurada and
O'Tousa, 1995). We first examined if autophagy is induced by the
ninaES®P mutation. Consistent with previous results using
RhIP¥H, the sxbpl/uxbpl ratio was increased in ninaEC®P flies,
indicating activation of the UPR (Fig. 8 and Fig. 9 A). ninaEG°P
photoreceptor cells also exhibited large increases in ref(2)P/p62
mRNA levels, as well as Ref(2)P/P62- and Atg8-positive puncta,
compared with wild-type controls (Fig. 9, B-D and Fig. S5 J).
Moreover, ER-GFP but not mito-GFP or cytosolic GFP colocalized
with Ref(2)P/P62 in ninaES®P flies (Fig. S5, A-D), and levels of
ER-GFP but not mito-GFP protein were significantly reduced in
ninaESP flies (Fig. S5, E-H). To test the role of Ref(2)P/P62 in
inducing autophagy in ninaE®%*P photoreceptor cells, we used
the CRISPR-CAS9 system to generate a ref(2)P/p62 mutant fly
(Fig. S5 I). The ref(2)P™ mutation itself did not affect autophagy
in photoreceptor cells. However, loss of Ref(2)P/P62 in ninaEG*P
photoreceptor cells largely abolished the formation of Atg8a
puncta (Fig. S5 J). These data indicate that the selective au-
tophagy of ER is induced in the ninaES®*® model of adRP and is
involved in general degradation of the ER compartment. Im-
portantly, overexpressing PERK in photoreceptor cells under
control of the endogenous trp (transient receptor potential) pro-
moter greatly reduced levels of Ref(2)P/P62 in aged ninaEG6°P
photoreceptor cells, compared to wild-type controls (Fig. 9, C
and D). ninaE®®? flies exhibited phenotypes consisted with se-
vere retinal degeneration including reduced ERG responses, and
loss of rhabdomeres and photoreceptor cells ~30 d after eclosion
(Fig. 9, E-H). Expression of PERK in photoreceptor cells com-
pletely restored ERG responses and prevented the loss of pho-
toreceptor cells in 30-d-old ninaE®® flies (Fig. 9, E-H). In
contrast, overexpression of ATF4 did not affect the loss of ERG
and photoreceptor cells in the ninaES%P mutants (Fig. 9, E-H).
Consistent with our previous results, these data demonstrate
that PERK suppresses adRP independent of ATF4.

Discussion

In conclusion, we found that PERK is important for maintaining
rhodopsin homeostasis during prolonged ER stress. In photore-
ceptor cells expressing misfolded Rh1¥37H, the continuous acti-
vation of PERK attenuates IRE1/XBP1 signaling, which is adapted
to this chronic ER stress, in an elF2a-dependent manner.
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Figure 6. Wild-type Rh1 but not Rh1?37H is degraded through autophagy. (A-D) Wild-type Rh1, but not Rh173 colocalized with Ref(2)P/P62 and Atg8a in
Rh1P37H-GFP perkRNi flies. (A) Longitudinal views of photoreceptor cells labeled for GFP (Rh1P37H-GFP, green), RFP (Rh1-RFP, red), and Ref(2)P/P62 (blue). Scale
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bar, 20 um. (B) Quantification of the co-localization between Rh1P3"-GFP or Rh1-RFP and Ref(2)P/P62 in Rh1P37H-GFP perkRNA' photoreceptor cells. Error bars
indicate SEM (n = 3); ****P < 0.0001 (Student’s unpaired t test). (C) Immune staining of photoreceptor cells against GFP (Rh1”37H-GFP, green), RFP (Rh1-RFP,
red), and Atg8a (blue). Scale bar, 20 um. (D) Quantification of the co-localization between Rh1P3’H-GFP or Rh1-RFP and Atg8a in Rh1PH-GFP perk®NA' pho-
toreceptor cells. Error bars indicate SEM (n = 3); ****P < 0.0001 (Student’s unpaired t test). (E and F) Western blotting showed that knocking down ref(2)P/p62
significantly blocked the reduction of wild-type Rh1 without affecting the accumulation of Rh1P3H-GFP in Rh1P37H-GFP perkRMAi retina. Two independent ref(2)P/
p62RNAi lines were used, and LUCRN4 was used as a control. Error bars indicate SEM (n = 3); ns, not significant, *P < 0.1, **P < 0.01, ***P < 0.001 (one-way
ANOVA, Sidak’s multiple comparisons test). (G and H) Western blot analysis against Rh1P3’H-GFP and endogenous Rh1 showed that atg1f¥*, atg9"NAi, and
atgl18"NAi suppressed perkfV4-mediated decreases in wild-type Rh1in Rh1P¥7H-GFP photoreceptor cells. Error bars indicate SEM (n = 3); ns, not significant, *P <
0.1, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA, Sidak’s multiple comparisons test). LUCRM was used as a control line, and a-tubulin was used

as a loading control. 1-d-old flies of indicated genotypes were used. Source data are available for this figure: SourceData Fé.

However, when PERK is blocked, global translation is no longer
inhibited by phosphorylated eIF2a. This increases the burden on
the proteasome and reduces degradation of Rh1"*"H by ERAD. By
contrast, in the absence of the PERK pathway, IRE1/XBP1 sig-
naling remains activated, inducing multiple autophagy-related
genes including ref(2)P/p62. Together with the accumulation of
ubiquitinated proteins due to proteasome overload, the upre-
gulation of these autophagy-related genes induces the selective
autophagy of ER. This promotes the degradation of wild-type
rhodopsin that has accumulated in the ER, ultimately trigger-
ing photoreceptor cell death (Fig. 8).

The three branches of the UPR (IRE1, PERK, and ATF6) are
simultaneously induced in response to cellular stress. However,
in the context of chronic ER stress, the three UPR pathways are
differentially affected. This is particularly true for the IRE1 and
PERK branches, which may be due to interactions between these
two signaling pathways. During development of plasma cells,
IRE1 is robustly activated, whereas activation of PERK is sup-
pressed by Ufbpl (Ufm1-binding protein; Zhu et al., 2019). Under
prolonged ER stress, the activities of IRE1 and ATF6 are atten-
uated, whereas PERK signaling persists (Lin et al.,, 2007). In
cultured cells, translational attenuation by PERK facilitates IRE1
during the early adaptive phase of the UPR (Moore and Hollien,
2015), but during the prolonged UPR stage, IRE1 activity is at-
tenuated by PERK/elF2a-dependent and ATF4-independent
translational inhibition to turn off IRE1 activity (Chang et al.,
2018). In chronic ER stress induced by Rh1?37H, blocking PERK
signaling activates xbpl splicing and thus the transcription
function of XBP1. Consistent with results seen with pharmaco-
logically induced ER stress, this IRE1/XBP1 re-activation is me-
diated by loss of translational inhibition in perk mutants, as
slowing translation by expressing short-hairpin RNAs against
elF3b and eIF4G suppressed XBP1 over-activation by loss of perk.
This suggests the mechanisms of prolonged ER-stress adaptation
through attenuation of IRE1 by PERK are conserved across spe-
cies. However, in contrast to cultured cells, where pharmaco-
logical ER stress attenuates IRE1 through PERK to trigger
apoptosis, in photoreceptor cells in vivo ER-stress adaptation
through attenuation of IREl is cytoprotective. In Rh137H-ex-
pressing photoreceptor cells, severe cell death was induced by
mutations of both perk and eIF2Ba, whereas the cells survived
upon Rh1P®H expression alone. Further, IREl-mediated xbpl
splicing was boosted, and wild-type rhodopsin was largely de-
graded by blocking of PERK in Rh1P*"H-expressing cells.
Knocking down irel or xbpl completely rescued this rho-
dopsin loss. Therefore, our present study suggests that the
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downregulation of IRE1 by PERK is cytoprotective during chronic
ER stress.

In both yeast and neuroblastoma cells, induction of ER stress
activates autophagy in an IREl-dependent manner (Ogata et al.,
2006; Yorimitsu et al., 2006). In Drosophila neurons, ectopic
overexpression of IRE1 was sufficient to induce autophagy and
triggered neuron death (Yan et al., 2019). As a cellular quality
control mechanism for clearance of proteins and organelles, loss
or over-activated of autophagy can trigger neuronal cell death
under certain pathological conditions (Hara et al., 2006;
Komatsu et al., 2006; Wang et al., 2009). Besides clearing mis-
folded proteins, autophagy can degrade normal folded proteins
or undamaged organelles derived from imbalanced proteostasis;
this ultimately disrupts cellular function (Berry and Baehrecke,
2007; Doherty and Baehrecke, 2018). A previous study found
that autophagy flux is elevated in RhoP?#/+ mice, and inhibiting
autophagy reduces retinal degeneration caused by protein mis-
folding (Yao et al., 2018). However, how autophagy is induced in
this adRP model remains unclear, and the molecular mecha-
nisms linking autophagy and RhoP?H-induce photoreceptor cell
degeneration remains a mystery. In our study, we first observed
in the retinas of RhIP¥H-GFP perkRVA (1) dramatic accumulations
of the autophagic substrate Ref (2)P/P62 and the autophagy
marker LC3/ATGS, (2) transcriptional activation of multiple
autophagy-related genes, and (3) a large increase in autophagy
flux. Further evidence showed that downregulation of IRE1/
XBP1 signaling reversed the induction of autophagy in RhIP37H-
GFP perkRN4i photoreceptor cells. Finally, in the fly adRP model
ninaE®%P, accumulation of Ref(2)P/P62- and Atg8-positive
puncta was associated with xbpl splicing. Studies in both Dro-
sophila and mammalian cells have demonstrated that induction
of PERK/eIF2a induces autophagy (B'Chir et al., 2013; Nagy et al.,
2013), indicating that PERK/elF2a signaling could regulate au-
tophagy through different signaling pathways. We conclude that
the uncontrolled activation of IRE1/XBP1 signaling could induce
autophagy under prolonged ER stress.

Degradation of misfolded ER proteins via ERAD, which in-
volves the ubiquitin-proteasome system, is a major mechanism
for maintaining proper proteostasis of the ER (Walter and Ron,
2011). Maintaining proteostasis of ER proteins may also require
the second degradative system of the cell, the autophagy-
lysosome pathway through selective ER autophagy, ER-phagy
(Khaminets et al., 2015). Since ER-phagy was originally de-
scribed, it has been shown that several ER-phagy receptors in-
teract with the autophagy-related protein LC3/ATGS to recruit
the autophagosome and promote the selective clearance of
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Figure 7. The ubiquitin-proteasome system (UPS) is impaired upon blocking PERK in adRP photoreceptors. (A) Accumulation of ubiquitinated proteins
in RhIP7H-GFP perkRNAi flies. Head lysate of Rh1P7H-GFP and Rh1P37H-GFP perkRNAi flies were immunoprecipitated with anti-GFP beads and stained against
ubiquitin and GFP. (B) Quantification of total cellular ubiquitination levels (upper panel), and relative ubiquitination levels of Rh1?37H-GFP (lower panel) in A.
Error bars indicate SEM (n = 3); *P < 0.1, **P < 0.01 (Student’s unpaired t test). (C) Western blotting against GFP and mCherry to examine proteasome activity
in Rh1P3H-GFP perkRNAi flies. The ninaE promoter was used to drive mCherry-T2A-GFP-FLAG-Cl1 expression. Knock down of the proteasome subunit by prosBIRNA
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was used as a positive control. GFP-FLAG-CL1 protein is indicated by the red arrow. (D) Quantification of GFP-FLAG-CL1 and mCherry ratio in C. Error bars
indicate SEM (n = 3); *P < 0.1, **P < 0.01 (one-way ANOVA, Sidak’s multiple comparisons test). (E and F) Western blot analysis showed that overexpression of
SORDDL in photoreceptor cells reduced Rh1P37H-GFP specifically upon loss of perk without affecting the Rh1 levels. Error bars indicate SEM (n = 3); ns, not
significant, ***P < 0.001, ****P < 0.0001 (one-way ANOVA, Sidak’s multiple comparisons test). (G and H) Western blot analysis showed that USP15-31
restored Rh1 levels in Rh1P37H-GFP perkfMi flies without affecting the levels of Rh1P37H-GFP. Error bars indicate SEM (n = 3); ns, not significant, *P < 0.1, ***P <
0.001 (one-way ANOVA, Sidak’s multiple comparisons test). (1) Overexpression of USP15-31 reduced the accumulation of ubiquitinated proteins in Rh1P37H-GFP
perkRNAi flies, without affecting the ubiquitination levels of Rh1P37H-GFP. Head lysates of Rh1P3H-GFP, Rh1P3H-GFP perkRNAi, Rh1P37H-GFP perkfNAi mCherry (GMR-
Gal4/UAS-mCherry;UAS-perkfNAi/Rh1P7H-GFP) and  Rh1P¥H-GFP  perkRNA' usp15-31 (GMR-Gald/UAS-uspl5-31;UAS-perkRNA/Rh1P37H-GFP) flies were im-
munoprecipitated with anti-GFP beads and stained against ubiquitin and GFP. (J) Quantification of total cellular ubiquitinated proteins (left panel), and relative
ubiquitination levels of Rh1P¥7"-GFP (right panel) in I. Error bars indicate SEM (n = 3); ns, not significant, *P < 0.1, **P < 0.01, ***P < 0.001 (one-way ANOVA,

Sidak’s multiple comparisons test). 1-d-old flies of indicated genotypes were used. Source data are available for this figure: SourceData F7.

excessive membrane portions of the ER (An et al, 2019;
Fumagalli et al., 2016; Grumati et al., 2017; Khaminets et al.,
2015). However, discovery of these ER-phagy receptors did not
reveal whether ER-phagy is directly involved in the clearance of
misfolded proteins (in parallel or complementary to ERAD),
thereby playing a role in the UPR. In our present study, we
present evidence that ER-phagy is induced by prolonged ER
stress through imbalanced UPR activation, and that ER-phagy is
involved in the selective clearance of ER proteins. As a scaffold
protein, the autophagic adapter Ref(2)P/P62 delivers ubiquiti-
nated proteins for selective autophagic degradation by: (1) in-
teracting with LC3/ATGS8 through its LIR region, and (2)
interacting with ubiquitinated proteins through its ubiquitin-
associated (UBA) domain (Moscat and Diaz-Meco, 2012; Nezis
et al., 2008). In prolonged ER stress (both RhIF*”H-GFP perkRNAi
and ninaE%¢°P photoreceptor neurons), membrane proteins in-
cluding rhodopsin get stuck and ubiquitinated in ER. Thus Ref(2)
P/P62 and LC3/ATG8 proteins also accumulate, and wild-type
rhodopsin and ER-GFP can be detected within Ref(2)P/P62

Rh1P7H-GFP

puncta. By contrast, the mitochondrial reporter mito-GFP did
not associate with these puncta. In both RhiP*”H-GFP perkRNAi and
ninaE®®P photoreceptor cells, levels of ER-GFP and wild-type
rhodopsin were dramatic reduced, whereas proteins in other
cellular compartments (mito-GFP and cytosolic GFP) were less
affected. When we knocked down ref(2)P/p62 or autophagy-
relative genes, this UPR induced autophagy was disrupted and
degradation of wild-type rhodopsin was prevented. Our results
suggested that tuning down selective autophagy may protect
against retinal degeneration. Interestingly, it has recently been
reported that disrupting the interaction between Ref(2)P/P62
and Atg8a increases the tolerance to oxidative stress and reduces
levels of aging-associated mitochondrial superoxide in Dro-
sophila (Bhattacharjee et al., 2022).

Despite being caused by different insults, misfolded mem-
brane proteins accumulated in the ER and were removed
through ERAD via ubiquitination. The accumulation of mis-
folded proteins could exert a dominant negative effect on wild-
type ER proteins, as illustrated by the dominant mutations in
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Figure 8. Working model of cell protective role of PERK in prolonged ER stress triggered by misfolded Rh1737H. On the left we illustrate that PERK
signaling plays a central role in maintaining rhodopsin homeostasis and cellular function in cells expressing Rh1””". On the right we show that deficiency in the
PERK pathway (perk!? or elF2Ba® mutation) de-inhibits translation and over-activates IREL leading to the accumulation of Rh1”*7H due to insufficient pro-
teasome activity and degradation of wild-type Rh1 through induction of autophagy. This ultimately causes neuron dysfunction and degeneration.
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Figure 9. PERK prevents retinal degeneration in the ninaE®°° model of adRP. (A and B) qPCR analysis of the sxbp1/uxbp1 ratio (A) and mRNA levels of
ref(2)P/p62 (B) demonstrated that the IRE1/XBP1/autophagy axis was activated in ninaE®®®® photoreceptor cells. Error bars indicate SEM (n = 3); ***P < 0.001
(Student’s unpaired t test). (C and D) Immunostaining of photoreceptor cells against Ref(2)P/P62 showed an increase of Ref(2)P/P62 puncta in ninaEC6%°
photoreceptor cells. This was abolished by ectopic expression of PERK. Phalloidin served as an ommatidia maker. Error bars indicate SEM (n = 3); ns, not
significant, ***P < 0.001 (one-way ANOVA, Sidak’s multiple comparisons test). (E) Representative ERG recordings of 1-d-old and 30-d-old flies showed that
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PERK but not ATF4 prevented the loss of visual response in ninaE®?? flies. Flies with indicated genotypes were exposed to a 1-s pulse of orange light after
2 min of dark adaptation. (F) Representative TEM images of 1-d-old and 30-d-old eye tangential sections. Genotypes are indicated. Rhabdomeres are indicated
by red arrows. Scale bar, 2 um. (G) Statistical analysis of the amplitude of ERG recordings for 1-d-old and 30-d-old flies from E. Error bars indicate SEM (n = 6);
ns, not significant, ****P < 0.0001 (two-way ANOVA, Sidak’s multiple comparisons test). (H) Quantification of the number of rhabdomeres per ommatidia in F.
Sections from three 30-d-old flies of each genotype were used for quantification. ns, not significant, ****P < 0.0001 (one-way ANOVA, Sidak’s multiple
comparisons test). All flies were in white eye background, and were raised in 12-h light/12-h dark (L/D) cycles at 25°C.

opsin genes (Colley et al., 1995; Mendes and Cheetham, 2008;
Rajan and Kopito, 2005; Saliba et al., 2002). By conducting a
genome-wide loss of function screen, PERK and elF2Ba were
found to play a key role in maintaining levels of wild-type
rhodopsin in heterozygous RhI”*”H mutants. Further, disrup-
tion of the selective autophagy through inactivation of Ref(2)P/
P62 prevented the dominant effects of Rh1?*H | and maintained
normal levels of wild-type Rhl. Although it has been reported
that misfolded CFTR (Cystic Fibrosis Transmembrane Conduc-
tance Regulator), and gonadotropin-releasing hormone receptor
(GnRHR), are resistant to ERAD and cleared by an ER-associated
autophagy (He et al., 2021; Houck et al.,, 2014), ER-associated
autophagy had little effect on the clearance of mutant rhodop-
sin. Elevated ER-phagy was associated with the accumulation of
Rh1P37H, and interruption of autophagy had no effect on Rh1P37H
accumulation. This is consistent with results seen in mice that
inhibiting autophagy reduced the cytotoxicity of misfolded
RhoP?*H (Yao et al., 2018). Studies in both Drosophila and mice
have demonstrated that increasing ERAD by either induction of
E3 ligases or proteasome activity reduced mutated rhodopsin
and is cytoprotective (Kang and Ryoo, 2009; Lobanova et al.,
2018; Xu et al, 2020). Indeed, blocking PERK signaling re-
sulted in the accumulation of ubiquitinated proteins, preventing
the proteasome from degrading its normal target such as GFP-Flag-
Cl1. This increased burden on the proteasomal degradation ma-
chinery has been implicated in the pathology of multiple inherited
retinal degeneration diseases (Lobanova et al, 2013). Specific
ubiquitination of Rh1¥7H by the E3 ligase SORDDI dramatically
decreased the accumulation of misfolded Rhi®*H in Rhi™’H-GFP
perkEN4i photoreceptor cells, but still reduced wild-type Rhl. On the
contrary, blocking ER-phagy restored wild-type Rhl but did not
affect Rh1?*"H, supporting the notion that Rh1**7 and wild-type
Rhl are cleared by different degradation machineries. Moreover,
expressing the deubiquitinase USP15-31, which largely alleviated
levels of cytosolic ubiquitination but did not affect ubiquitination of
Rh1P%H, prevented the ER-phagic degradation of wild-type Rh1 but
not the accumulation of Rh1®*"H. The accumulation of ubiquiti-
nated proteins upon proteasome overload in prolonged ER stress,
along with upregulation of Ref(2)P/P62, promoted the selective
autophagy of general ER proteins including wild-type rhodopsin,
whereas unfolded Rh1**H was not a substrate of this selective
autophagy. Rh1®*H may be segregated into a distinct ER sub-
structure. The observation that only wild-type Rh1 but not Rh1**"H
was detected in Ref(2)P/P62 puncta further supports this.
Impaired processing of ubiquitinated proteins has been re-
ported in several mouse models of retinal degeneration
(Lobanova et al., 2018; Lobanova et al., 2013), as we found in
RhIP37H-GFP perkRNAt photoreceptor cells. Moreover, photore-
ceptor degeneration in RhoP?*#/* mice can be delayed by
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increasing photoreceptor proteasomal activity through over-
expression of the 11S proteasome cap subunit, PA28a or activa-
tion of mTORCI (Lobanova et al., 2018; Wang et al.,, 2022).
Ubiquitin ligases and the upstream ERAD proteins were upre-
gulated through IRE1/XBP1 signaling, which could induce pro-
teasomal overload. This global impairment of proteasomal
function precedes photoreceptor cell death (Chiang et al., 2015).
As a result of insufficiency of the UPS system, autophagy is el-
evated to complement proteasome-dependent degradation. The
continuously activating IRE1/XBP1 signaling upregulated multi-
ple autophagy-related genes in RhIF¥7H-GFP perkRNAi photore-
ceptor cells, while in combination with loss of translational
inhibition through PERK/elF2a deficiency, ubiquitinated pro-
teins accumulated. These signals ultimately led to the induction of
ubiquitination/P62-mediated selective autophagy. However, the
autophagy could not substitute for the UPS system, as Rh1*37H was
resistant to autophagy, whereas ER proteins and wild-type Rhl
were found in autophagosomes. This ER-phagy degradation of
wild-type Rhl accelerated the retinal degeneration induced by
RhIP7H, In the fly ninaE®%P model of adRP, prolonged activation of
IRE1/XBPI1 signaling was associated with autophagy induction,
degradation of normal ER proteins, dysfunction in photo-
transduction, and retinal degeneration, whereas overexpression of
PERK largely suppressed these phenotypes. Supporting this point,
xbpl deficiency protects against neurodegeneration in transgenic
mouse models of Huntington disease (HD) and amyotrophic lat-
eral sclerosis (ALS), likely through the enhancement of autophagy
(Hetz et al., 2009; Vidal et al., 2012).

Under ER stress, PERK is activated by oligomerization and
autophosphorylation, which enables the phosphorylation of
elF2a, reducing global translational efficiency by blocking 80S
ribosome assembly (Harding et al., 1999; Shi et al., 1998). In
addition to eIF2a, activated PERK also phosphorylates and acti-
vates other targets such as Nrf2 and FOXO, regulating cellular
metabolic adaptation and survival in the context of ER stress
(Cullinan et al., 2003; Zhang et al., 2013). When ER stress was
induced by misfolded rhodopsin Rh1?*7H, PERK-elF2a signaling
is key for maintaining rhodopsin homeostasis. Rhodopsin ho-
meostasis was disrupted by mutations in eIF2Ba, which regu-
lates elF2a, as well as in perk mutants under mild ER-stress.
Expressing the dominant negative form of elF2a mimicked the
phenotype of perk mutant in terms of both accumulation of
Rh13" and reduction of wild-type Rhl. Moreover, inhibiting
global translation by knocking down eIF3b and eIF4G abolished
the effects of perk deficiency on both mutant and wild-type Rhl.
Besides reducing global protein biosynthesis, PERK-mediated
phosphorylation of elF2a increases the translation of ATF4 by
bypassing upstream open reading frames (uORFs; Harding et al.,
2000a). As a transcription factor that activates UPR target genes
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associated with protein folding and apoptosis, ATF4 plays an
essential role in PERK-mediated UPR (Costa-Mattioli and Wal-
ter, 2020). However, ATF4 plays a minor role in maintaining
homeostasis of rhodopsin through PERK signaling. First, unlike
mutations in perk or elF2Ba, animals with complete loss of atf4
exhibited little changes in both mutant and wild-type rhodopsin.
Second, mimicking the increased translation of ATF4 by acti-
vation of ATF4 through deletion of uORF did not suppress perk
mutation-induced accumulation of Rh13H and reduction of wild-
type Rhl. Finally, expression of ATF4 had no effect on the
severity of retinal degeneration in the ninaE®%°P model, while
over-expression of PERK strongly suppressed this retinal degen-
eration. Besides ATF4, several factors are translationally induced
by elF2a in parallel to ATF4 in both mammalian cells and flies
(Andreev et al., 2015; Baird et al., 2014; Brown et al., 2021; Zhou
et al., 2008). The fact that translational inhibition by interfering
with eIF3b and eIF4G could mimic rhodopsin level phenotypes
strongly argues against the possibility that elF2a-dependent
translational induction is required in this PERK signaling.

Protein misfolding and activation of the UPR is emerging as a
common mechanism in neurodegeneration diseases. Studies in-
hibiting the PERK branch of UPR have shown that PERK inhibitors
protect against neuronal cell death in models of Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), and amyotrophic lateral
sclerosis (ALS; Celardo et al., 2016; Kim et al., 2013; Moreno et al.,
2013). A protective role of PERK in Charcot-Marie-Tooth (CMT)
disease has also been demonstrated, as genetic and pharmaco-
logical inactivation of Gadd34 (damage-inducible protein 34) an-
tagonizes PERK activity toward elF2a and improves motor,
neurophysiological, and morphologic deficits in mouse models
(Scapin et al,, 2020). In mouse models of adRP (heterozygous
RhoP%H), PERK protects against degeneration of photoreceptor
cells (Athanasiou et al., 2017; Chiang et al., 2012a). Consistent with
this, loss-of-function perk mutations dramatically accelerate reti-
nal degeneration in fly ninaE°" models (Vasudevan et al., 2020).
In contrast, limited ATF4 expression protects photoreceptor cells
from RhoP>H-induced retinal degeneration, while conflicting evi-
dence suggests that loss of ATF4 accelerates retinal degeneration in
Drosophila ninaES%°® models (Bhootada et al., 2016; Vasudevan et al.,
2022). Supporting the protective role of PERK but not ATF4 in
adRPs, loss of function of PERK led to severe retinal degeneration
in Rh1P%H-expressing cells, whereas a null ATF4 allele did not.
Importantly, overexpression of PERK strongly suppressed retinal
degeneration in ninaEP flies, whereas ATF4 had no effect. In
accordance with the deteriorating role of autophagy, the degen-
erating ninaES®P flies exhibit increases in autophagy (in particular
ER-phagy) and activation of PERK prevents autophagy, suggesting
that reduced autophagy flux is part of the protective mechanism of
PERK (Qiu et al., 2019; Yao et al., 2018). Our findings indicate that
prolonging PERK activities represent a valid therapeutic target in
ER stress-related neuropathies such as adRP.

Materials and methods

Fly stocks

The following fly lines were obtained from the Bloo-
mington Stock Center: P{UAS-LUC.VALIUMIO}attP2 (LUCRNAY),
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P{TRiP.HMS03003}attP40 (irel*NAi-1)  P{TRiP.HMCO05163}attP40
(irel®NAi-2) | P{TRiP.HMS03015}attP2 (xbpIRNAi1), P{TRiP.JF02012}
attP2 (xbpIRNAI-2) 18, PBac{w[+mC] = WH}irel[f02170]/TM6B,Tb
(ire1f02170), P{TRiP.HMJ02063}attP40 (perk®V4!). The following fly
lines were obtained from the Tsinghua Fly Center: P{TRiP.
HMS00668} attP2 (eIF3bRNAL), P{TRiP. HMS00762} attP2
(eIF4GRNAY) P{TRiP. HMS02750} attP40 (atgl®NA4i), P{TRiP.
JF02891} attP2 (atg9RNAl), P{TRiP. HMSO1193} attP2 (atgl8RNAY), P
{TRiP. HMS00551} attP2 (ref(2)P/p62RNAi-1), P{TRiP. HMS00938}
attP2 (ref(2)P/p62RNA-2) P{TRiP.HMS00139} attP2 (prosBIRNAL),
The knock-down efficiency of RNAi lines was verified by gPCR.
The following flies were maintained in the laboratory of
T. Wang: ATF4-mCherry, ey-flp; FRT82B GMR-hid CL/TM3, ninaE-
GFP, trp-GFP, GMR-Gal4, ninaE-xbpl-RE. All flies were main-
tained under 12 h light/12 h dark cycles at 25°C unless
mentioned.

Generation of transgenic flies

The cDNA sequences of Rhl, perk, eIF2Ba, atf4, and elF2o were
amplified from RHO01460, LD41715, HLOI112, RHO1327, and
GHO06180 of the DGRC gold cDNA collections, respectively
(Drosophila Genomics Resource Center). The Rhl cDNA was
subcloned into the pninaE-attB vector with a C-terminal RFP-tag.
Rh1®7H was mutated from the ninaE ¢cDNA and subcloned into
the pninaE-attB vector with a C-terminal GFP-tag. The perk
c¢DNA was controlled by its own promotor and subcloned into
the Pperk-attB vector. The elF2Ba cDNA was subcloned into a ubi-
attB vector. The atf4 cDNA was subcloned into a da-attB vector.
The elF2a ¢cDNA and eIF2AS* mutated from elF2oc cDNA were
subcloned into a pUAST-attB vector. The mCherry-T2A-GFP-
FLAG-ClI sequence was subcloned into the pninaE-attB vector.
The constructs were injected into M (vas-int.Dm) ZH-2A;M(3xP3-
RFP.attP)ZH-86Fb or M (vas-int.Dm) ZH-2A;M (3xP3-RFP.attP)
ZH-5IC embryos, and transformants were identified based on
eye color. The 3XP3-RFP markers were eliminated by crossing to
a Cre-expressing line. To generate the xbpl-mCherry reporter
flies, the EGFP of P{UAS-Xbpl.EGFP.HG} (Ryoo et al., 2007) was
replaced by mCherry.

Generation of atf4, atf6, and ref(2)P knockout flies (atf4%°,
atfé', and ref(2)P™)

The atf4%° mutation was generated using the Cas9/sgRNA sys-
tem (Fig. S4 A; Xu, 2015). Briefly, a pair of guide RNAs targeting
the atf4 locus were designed (sgRNA1: 5'-CTGATTACCAGCTCA
ATGAT-3', sgRNA2: 5'-ACGAGGACTGGGTTCCAGAG-3') and
cloned into the Uéb-sgRNA-short vector. Plasmids were injected
into the embryos of nos-Cas9 flies, and deletions were identified
by PCR using the following primers: forward primer 5'-AAATTG
TTTGGCCTCTTTGATG-3' and reverse primer 5-TTTTCCTGA
TCTTTCGATCCTC-3'.

The atfé! mutation was generated through a combination of
sgRNA targeting and Flp/FRT recombination as shown in Fig S4
C. Briefly, a pair of guide RNAs targeting the atfé locus were
designed (sgRNAL: 5'-AATAGAAGGCTCGTGTCGGT-3', sgRNA2:
5'-TCTTGTTGTACAGTATTGAC-3') and cloned into the U6b-
sgRNA-short vector. A pair of homology arm (800 bp upstream
and 800 bp downstream of each sgRNA site) sequences were

Journal of Cell Biology
https://doi.org/10.1083/jcb.202208147

18 of 24


https://doi.org/10.1083/jcb.202208147

cloned into the 5' and 3’ ends of a FRT sequence (5'-GAAGTT
CCTATACTTTCTAGAGAATAGGAACTTC-3'). The two pairs of
sgDNA and FRT constructs were injected into the embryos of
nos-Cas9 flies, and the flies with both FRT sites replaced were
identified by PCR using the following primers: FRT-up: 5'-CAA
TAGAAGGGAAGTTCCTATA-3'; FRT-down: 5'-CTGTCACATACC
TGAAGTTCCT-3'.

The atf6"®T knock-in flies, were cross with hs-flp lines to
delete the DNA fragments between the two FRT sites. The fol-
lowing PCR primers were used to verify the atfé! flies: ATF6-FRT
del-F: 5'-CGCTAACCTCAATACGAAATGG-3'; ATF6-FRT del-R:
5'-TTCATACGGACAGACGGACATA-3'.

The ref(2)P™ mutation was generated using a single guide
DNA (sgDNA: 5'-ACTGAGTCAAGACTCCGGCA-3'). The plasmid
was injected into nos-Cas9 embryos. A mutant allele in which 4
nucleotides were deleted was identified by PCR and DNA se-
quencing using the following primers: 5'-f-GAGCCCTCAGTG
ATTCACCT-3' and 5'-r-CTGGATTGACCCTGCTCTTCT-3'. All
mutant flies generated were backcrossed to wild-type flies (w!%é)
before preforming experiment.

EMS mutagenesis

The second chromosome of FRT40A;RhIP’H-GFP or FRT42D;
RhIP¥H-GFP flies and the third chromosome of FRT2A RhIP¥7H-
GFP or FTR82B RhIP*7H-GFP flies were isogenized, and young
male flies were fed 25 mM EMS (Sigma-Aldrich) in 2% sucrose
for 8 h, followed by mating to ey-flp Rhi-RFP;FRT40A GMR-hid
CL/Cyo, ey-flp Rh1-RFP;FRT42D GMR-hid CL/Cyo, ey-flp Rhi-RFP;
FRT2A GMR-hid CL/TM3 and ey-flp Rhi-RFP;FRT82B GMR-hid CL/
TMS3 flies, respectively. Approximately 100,000 F1 progeny for
each chromosomal arm were examined for fluorescence of GFP-
tagged Rh1P*H and RFP-tagged wild-type Rhi (Fig S24A).

Fly imaging
Flies were anaesthetized by CO,, and fluorescence images were
taken with a Leica M165 FC Fluorescent Stereo Microscope.

Immunoprecipitation and Western blots

Approximately 200 fly heads were lysed with 10 mM Tris-HCI
lysis buffer (10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM EDTA;
0.5% NP-40, 0.09% Na-Azide with 1x proteinase inhibitor
cocktail [Roche] and 1 mM PMSF) for 30 min, and centrifuged at
20,000 g. The supernatant was used for subsequent immuno-
precipitation with anti-GFP beads (Chromotek). Beads were
washed in ice-cold dilution buffer (10 mM Tris/Cl pH 7.5;
150 mM NaCl; 0.5 mM EDTA, 0.018% Na-Azide with 1x pro-
teinase inhibitor cocktail and 1 mM PMSF) three times and
boiled (45°C, 700 rpm, 30 min) in SDS loading buffer for stan-
dard Western blot assays.

For Western blot assays, dissected adult fly heads were ho-
mogenized with a pellet pestle (Thermo Fisher Scientific) in SDS
loading buffer for SDS-PAGE. The blots were probed with pri-
mary antibodies against Rhl (mouse, 1:2,000; Developmental
Studies Hybridoma Bank), INAD (rat, 1:2,000; Wang et al.,
2008), mouse anti-B-actin (1:2,000; Santa Cruz), mouse anti-
ubiquitin (1:1,000; Santa Cruz), rabbit anti-GFP (1:3,000;
easybio), tubulin (mouse, 1:2,000; Developmental Studies
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Hybridoma Bank), RFP (rabbit, 1:2,000; Biovision), TRP (rabbit,
1:2,000; Wang et al., 2008), Flag (mouse, 1:2,000; Sigma-
Aldrich), Ref(2)P/P62 (rabbit, 1:2,000; Abmart), followed
by incubation with IRDye 680 goat anti-mouse IgG (1:10,000; LI-
COR Biosciences), IRDye 800 goat anti-rabbit IgG (1:10,000,
LI-COR Biosciences), or IRDye 680 goat anti-rat IgG (1:10,000;
LI-COR Biosciences). Signals were detected using an Odyssey
infrared imaging system (LI-COR Biosciences).

Immunostaining

Fly heads were cut and fixed in 4% freshly made paraformal-
dehyde (Sigma-Aldrich) in phosphate buffer for 2 h on ice, then
the retinas were dissected for immunostaining. Samples were
incubated with primary antibodies including mouse anti-Rh1 (1:
200; Developmental Studies Hybridoma Bank), rat anti-INAD (1:
200; Wang et al., 2008), rat anti-RFP antibody (1:200; Chromotek),
rabbit anti-Ref(2)P/P62 (1:200; Abmart), rabbit anti-calnexin (I:
200; Zhao and Wang, 2020), rabbit anti-Atg8a (1:200; Abcam) at
4°C overnight, followed by incubation with Alexa Fluor 488-
conjugated, Alexa Fluor 568-conjugated, Alexa Fluor 647-
conjugated secondary antibodies (1:500; Invitrogen), and 20 nM
DAPI (Invitrogen) or phalloidin (Invitrogen) for 1 h at room tem-
perature. Fluorescence images were acquired at room temperature
using a LSM800 confocal laser scanning microscope (Zeiss) with a
63x/1.4-NA oil-immersion lens or a 40x/0.95-NA dry lens and
Zeiss Application Suite ZEN software (Zeiss Microsystems).

ERG recordings

ERG recordings were performed as described (Wang et al.,
2008). Briefly, two glass microelectrodes filled with Ringer’s
solution were placed on small drops of electrode cream (Parker
Laboratories) on the compound eye and the thorax of a fly. For
PDA recordings, flies were dark adapted for 2 min. White-eyed
flies were then exposed to 5 s of orange light, followed by two
rounds of 5 s of blue light, and two rounds of 5 s of orange light.
The time between two stimulations was 5 s. For the summed
light responses of photoreceptor cells, flies were dark adapted for
2 min and then white-eyed flies were exposed to a 1-s pulse of
~2,000 lux orange light (source light was filtered using an FSR-
0G550 filter, Newport). ERG signals were amplified with a
Warner electrometer IE-210 and recorded with a MacLab/4 s
analog-to-digital converter and the clampelx 10.2 program
(Warner Instruments). All recordings were carried out at room
temperature.

Transmission electron microscopy

TEM was performed with standard methods as described (Xu
and Wang, 2016). Briefly, fly heads were cut and fixed in 4%
paraformaldehyde and 2.5% glutaraldehyde at 4°C overnight
followed by incubation in 1% osmium tetroxide for 1-2 h at 4°C.
Then the samples were dehydrated using a series of ethanol
dilutions (10, 25, 35, 40, 55, 70, 85, 95, and 100% ethanol) and
embedded in LR White resin (Polysciences, Inc.). Thin sections
(80 nm) were stained with uranyl acetate and lead citrate
(Sigma-Aldrich) and examined using a JEOL JEM-1400 trans-
mission electron microscope (JEOL Ltd.) at room temperature.
The images were acquired using a Gatan CCD (4 k x 3.7 k pixels).
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RNA extraction and quantitative real-time PCR analysis

Fly eyes were dissected, and RNA was extracted using TRIzol Rea-
gent (Invitrogen). Total RNA was reverse-transcribed using Easy-
Script All-in-One First-Strand cDNA Synthesis SuperMix for gPCR
(TransGen). gRT-PCR was performed using iTaq Universal SYBR
Green Supermix (BIO-RAD) on a CFX96 real time PCR detection
system (Bio-Rad). The average threshold cycle value (CT) was cal-
culated from at least three replicates per sample. Expression of genes
were standardized relative to rp49. Relative expression values were
determined by the AA CT method. Primers used as below.

rp49-F: 5'-AGCATACAGGCCCAAGATCG-3', rp49-R: 5'-TGTTGT
CGATACCCTTGGGC-3'

Hsc70-3-F: 5'-GGTAACCGCATCACTCCCTC-3', Hsc70-3-R: 5'-GTG
GTCAACTGATTCTTGGCG-3'

BI-I-F: 5'-GCCACTCTAGTCCTGGTCTTG-3', BI-I-R: 5'-GCCGGA
GCAGAATCCGAAG-3'

Gp93-F: 5'-ATCCGCCTATTGGCTCTGTC-3', Gp93-R: 5'-CCGAGT
CCATGATGTGCAAC-3'

CaBPI-F: 5'-GAGGTGCTGAAAGACGACG-3', CaBPI-R: 5'-CGA
CTCCCTTCAATGCCTTGG-3'

ErolL-F: 5'-CTTCTTCCGCTTCTACAAGGTG-3', ErolL-R: 5'-CTT
GATGCCCTGGGGAATCG-3'

Sec22-F: 5'-GGACGCAGCATACTGGACTAC-3', Sec22-R: 5'-GTC
CGGTCTCGATACTGCATC-3'

atgl-F: 5'-CGTCAGCCTGGTCATGGAGTA-3', atgl-R: 5'-TAACGG
TATCCTCGCTGAG-3'

atg2-F: 5'-ATGCGCTGATGACCAACGA-3', atg2-R: 5'-CCGACG
ACCACATGGACTC-3'

atg3-F: 5'-TCAATGTGGCCGAATATCTGAC-3', atg3-R: 5'-AGG
TAGGGTTTTGTCTTGGTCT-3'

atg8a-F: 5'-GGTCAGTTCTACTTCCTCATTCG-3', atg8a-R: 5'-GAT
GTTCCTGGTACAGGGAGC-3'

atg9-F: 5'-TCTAGCCCACATATCAACTACCG-3', atg9-R: 5'-CTT
TTGCGTCTTGTGTTTTGGAT-3’'

atgl8a-F: 5'-ACCACACGAAAAGCGACGAG-3', atgl8a-R: 5'-5'-
GCTCTGCTTCTTAAAGTGGCAC-3’'

perk-F: 5'-TACTAGGTCCAGTGGTGC-3', perk-R: 5'-GCTTGTCCA
GGTGGGAAGCTA-3'

irel-F: 5'-ACTTCGCGGGCCATCTATCTA-3', irel-R: 5'-GCACTC
ACAGCATTGTAGTCGTA-3'

eIF3B-F: 5'-GGATGCGAACGACAGTGATTA-3', eIF3B-R: 5'-GGG
ATATTGTCCACTACCACCA-3'

prosfl-F:  5'-GGTCATTGGAGCCGATTCG-3', prospl-R: 5'-GCA
GTACACTTTGTCCGTGAT-3'

xbpl-F: 5'-CCGAACTGAAGCAGCAACAGC-3’, xbpl-R: 5'-CAG
AGGGTCAGCTTTGGATGC-3'

xbpl-splicing-F: 5'-CCGAACTGAAGCAGCAACAGC-3/,
xbpl-splicing-R: 5'-ATACCCTGCGGCAGATCCAA-3'
ref(2)P/p62-F: 5'-AATCGAGCTGTATCTTTTCCAGG-3/,
ref(2)P/p62-R: 5'-AACGTGCATATTGCTCTCGCA-3'

eIF4G-F: 5'-TATAACCCACGGCAACAAACAT-3/,

eIF4G-R: 5'-TGCTGAAGAGTTGGGACATATTG-3'.

RNA sequencing
RNA sequencing (RNA-seq) assays were performed to analyze
the transcriptome of fly retinas. Briefly, 20 retinas were
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dissected from 1-d-old flies. Total RNA was purified using Trizol
reagent. RNA integrity was checked using a 2,100 Bioanalyzer
(Agilent Technologies) with a minimum RNA integrity number
of 8. The mRNA was enriched using oligo magnetic beads (In-
vitrogen) and fragmented to ~150-250 bp. cDNAs were syn-
thesized using random hexamer primers and purified using a
MinElute PCR purification kit (Qiagen). The 42-cycle single-end
sequencing was performed using an Illumina Genome Analyzer
IIx. CASAVA pipeline v1.8 was then used for sequence extraction
and filtering. RNA-seq reads were mapped to the fly genome
using Tophat (v2.0.8b) software and the Ensembl genome an-
notation dataset (Drosophila_melanogaster.BDGP5.71.gtf). Gene
expression level fragments per kilobase of exon per million
fragments mapped (FPKM) was estimated using Cufflinks
(v2.1.1) software.

Proteomic analysis of the fly retina

40 retina pairs for each genotype (1-d-old) were dissected in cold
phosphate buffer. Two samples were generated for each geno-
type. Protein extraction was performed as described using 50 pl
lysis buffer (10% SDS with 100 mM TEAB) for 30 mins on ice and
centrifuged at 16,000 g to collect supernatant (Xiong et al.,
2020). About 50 pg protein for each sample was collected and
digested with trypsin (Promega Corporation) in an enzyme/
protein ratio of 1:50 (w/w) overnight at 37°C. The resulting
peptide samples were labeled using the TMT 10plex Isobaric
Label Reagent Set label kit (Thermo). The mixed peptides were
fractionated using a reversed phase C18 column (3 M, Bracknell),
and 8 fractions of peptide were eluted with acetonitrile step
gradients (7.5, 10, 12.5, 15, 17.5, 20, 22.5, and 50%, pH 10). Finally,
the eight fractions were dried in a vacuum centrifuge and stored
at -80°C until LCMS/MS analysis.

Approximately 2 pg of each pH fractionated peptide sample
were separated on an in-house packed 75-pm ID x 50 cm cap-
illary column with 2.5 pm Venusil C18 beads (Agela Technolo-
gies) using an EASY-nLC 1,000 system (Thermo Fisher
Scientific) with flow rate at 200 nl/min. Raw data was collected
on Q Exactive mass spectrometer (Thermo Fisher Scientific)
using Thermo Xcalibur (2.0) software. All raw LC-MS/MS data
were submitted to Proteome Discoverer (2.2 version, Thermo
Science) for TMT quantitation and database analysis using Se-
questHT. Data were searched against the Fruit fly Swiss-Prot
database (UP000000803, 21,922 sequences) in combination
with a common contaminants database (247 entries).

Statistics

Statistical results were generated by GraphPad Prism 6 and
statistical significance was assessed through Ordinary one/two-
way ANOVA, Sidak’s multiple comparisons test, and Student’s
t test analyses. All error bars represent standard error of the
mean. Image] was used to quantify the fluorescence intensity of
Western blot and immunostaining images. A graphical normal-
ity test was performed to determine whether all data used for
statistical analysis were normally distributed. Briefly, a histo-
gram of the dataset was created, and all data fall in a normally
distributed population.
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Online supplemental material

Fig. S1 shows that a genetic screen reveals that perk and elF2Ba are
involved in Rhl homeostasis in a model of adRP. Fig. S2 shows the
levels of Rh1?3H and endogenous Rhl are unaffected by mutations in
irel and atf6. Fig. S3 shows the overlap of upregulated genes in
RhIPH_GFP perkRNA and ninaE-xbpl-RE retinas. Fig. S4 shows that the
ER proteins are degraded through autophagy in RhI"*”H-GFP perk®VAi
photoreceptor cells. Fig. S5 shows that the ER-phagy is induced in
the ninaE®® model of adRP. Data S1 shows the gene expression
profiling of retina of the Rh**”H-GFP perk®4! and RhIP"H-GFP flies
related to Fig. 4 A. Data S2 shows the gene expression profiling of
retina dissected from the ninaE-GFP and ninaE-xbpl-RE flies related
to Fig. S3 A. Data S3 shows comparison of retinal protein levels of
RhI"¥"H-GFP perkR®NAi with RhI®”H-GFP flies related to Fig. 5 A.

Data availability
All data are available in the main text or the supplementary
materials.
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Figure S1. Genetic screen reveals that perk and elF2Ba are involved in Rh1 homeostasis in a model of adRP. (A) EMS screening strategy to identify
factors that regulate Rh1 homeostasis when Rh13" is expressed. Screening the right arm of the third chromosome (3R) is used as an example. The FRT828B
Rh1P37H_GFP flies were isogenized, and male flies were fed 25 mM EMS (Sigma-Aldrich) in 2% sucrose for 8 h, followed by mating to ey-flp Rh1-RFP; FRT82B GMR-
hid CL/TM3 flies. Approximately 100,000 F1 progeny with homozygous mutant eyes were examined for fluorescence of GFP-tagged Rh177H and RFP-tagged
wild-type Rh1. (B-E) Mutations associated with the perk’, perk®, perk?é, and elF2Ba° alleles. (F) Quantification of protein levels of Rh1P¥"-GFP and en-
dogenous Rh1 shown in Fig. 2 C. Error bars indicate SEM (n = 3); ns, not significant, *P < 0.1, **P < 0.01 (one-way ANOVA, Sidak’s multiple comparisons test).
(G) Staining perk’, and elF2Ba retina expressing Rh1P3H-GFP and Rh1-RFP against CNX (blue, ER marker) and wild-type Rh1 (blue). GFP fluorescence of
Rh1P37H.GFP (green) and RFP fluorescence of Rh1-RFP (red) were directly observed. Scale bar, 20 um.
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Figure S2. Levels of Rh1”7 and endogenous Rh1 were unaffected by mutations in the irel and atf6. (A) Schematic of atf4 deletion through sgRNA
targeting. Organization of the atf4 locus and the expected structure of the deletion allele atf4<© are shown. Orange boxes represent the coding region. The
positions of the sgRNA pair and the DNA primers used for PCR (arrows, pF and pR) are indicated. (B) Verification of the atf4° locus by DNA sequencing. The
atf4%0 mutation inserts 52 bp and eliminates 462 bp within the atf4 locus. (C) Schematic of atf6 deletion through sgRNA targeting and Flp/FRT recombination.
Organization of the atf6 locus and the structure of atf6™R™ and atf6" is shown. Briefly, two FRT sites (red) were inserted into the atf6 locus using CRISPR/Cas9-
mediated homologous recombination. The atf6"®" knock-in flies, were cross with hs-flp lines to delete the DNA fragments between the two FRT sites. PCR
primers (arrows, pF and pR) were used to verify the atf6! flies. (D) Verification of the atf6! locus by DNA sequencing. The atf6! mutation eliminates 4,440 bp
within the atf6 7 locus. (E and F) Western blot of heads dissected from wild-type (ey-flp Rh1-RFP; Rh1PM-GFP) and irel mutant (ey-flp Rh1-RFP; FRT82B
Rh1P37H-GFP irelf02170/FRT82B GMR-hid CL) flies against Rh1P37H-GFP and Rh1l were shown (E) and quantified (F). Error bars indicate SEM (n = 3); ns, not
significant, *P < 0.1 (one-way ANOVA, Sidak’s multiple comparisons test). (G and H) Western blot analysis of Rh1”37H-GFP and endogenous Rh1in homozygous
atf6! (atf6%; Rh1P7M-GFP) null mutant heads. Error bars indicate SEM (n = 3); ns, not significant, *P < 0.1, **P < 0.01 (one-way ANOVA, Sidak’s multiple
comparisons test). Source data are available for this figure: SourceData FS2.
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Figure S3. Overlap of upregulated genes in Rh1P37H.GFP perk”NAi and ninaE-xbpl-RE retinas. (A) Transcriptome profiling was used to compare gene
expression between retina expressing XBP1-RE (ninaE-xbp1-RE) and GFP (ninaE-GFP) flies. Retinas were dissected from 1-d-old flies. Genes strongly upregulated
by spliced XBP1 are indicated by red dots. (B) Analysis of upregulated genes in two RNA-seq experiments (Rh1P37M-GFP perkfNAi ys, Rh1P37H-GFP and ninaE-xbp1-
RE vs. ninaE-GFP). Genes upregulated in both Rh1P37H-GFP perk®N and ninaE-xbpI-RE flies are indicated by red dots. (C and D) ERG recordings show that
expressing xbpI®Mi restored visual responses in Rh1P7H-GFP perkfMAi flies. 5-d-old flies of indicated genotypes were exposed to a 1-s pulse of orange light after
2 min of dark adaptation. At least six flies were used for statistical analyses. Error bars indicate SEM (n = 6); *P < 0.1, **P < 0.01 (one-way ANOVA, Sidak’s
multiple comparisons test). (E) Representative TEM images of tangential sections through the eye of RhIP3H-GFP perkRNAi flies that express xbpIf¥ or not.
Scale bar, 1 pm. Sectioned eyes were from 5-d-old flies.
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Figure S4. ER proteins were degraded through autophagy in Rh1P37H-GFP perk®NA photoreceptor cells. (A) TEM images of tangential sections of
compound eyes from 5-d-old wt (w8), Rh1P7M-GFP, and Rh1P*7M-GFP perkRMi flies. Autophagosome are indicated by red arrows. Scale bars, 2 pm and 500 nm.
All flies were in white eye background and raised under 12 h light/12 h dark cycles. (B-H) Western blotting against GFP to examine the effects of perk?¥4' on
proteins with different subcellular localizations. ER-GFP was decreased in Rh1IPH-GFP perkRNAi flies, whereas Rh1”7H-GFP perkfNAi only slightly reduced mito-
GFP and cytosolic GFP. Error bars indicate SEM (n = 6); ns, not significant, *P < 0.1, **P < 0.01, ****P < 0.0001 (one-way ANOVA, Sidak’s multiple comparisons
test). 1-d-old flies of indicated genotypes were used. (I) gPCR analysis showed that mRNAs encoding fly homologs of mammalian ER-phagy receptors (trpl/
sec62 and atl/atl3), but not homologs of mito-phagy receptors (nipsnap and phb2), were upregulated in the retina of Rh1P37"-GFP perkRNA flies, compared with
Rh1P37M-GFP and Rh1P3H-GFP perkRNA! jrel®NAi retina. Error bars indicate SEM (n = 3); ns, not significant, ****P < 0.0001 (two-way ANOVA, Sidak’s multiple
comparisons test). 1-d-old flies of indicated genotypes were used. (J) Accumulation of ubiquitinated proteins in membrane extracts of Rh1P3H-GFP perkRNAi flies.
The membrane fraction was purified via centrifuge and labeled for ubiquitin and calnexin. Source data are available for this figure: SourceData FS4.
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Figure S5. ER-phagy was induced in the ninaE°° model of adRP. (A-D) ER-GFP, but not mito-GFP or cytosolic GFP colocalized with Ref(2)P/P62 in
ninaE%® photoreceptor cells. Longitudinal views of retinas from ninaE-ER-GFP/ninaE®®°° (A), ninaE-mito-GFP/ninaE®®P (B), and ninaE-GFP/ninaE%6?P(C) flies
labeled against GFP (green) and Ref(2)P/P62 (blue). Phalloidin (red) was used as a marker for rhabdomere. Scale bar, 20 um. (D) Quantification of the co-
localization between Ref(2)P/P62 and ER-GFP, mito-GFP, or cytosolic GFP in ninaE%6°P photoreceptor cells. Error bars indicate SEM (n = 3); **P < 0.01, ***P <
0.001 (Student’s unpaired t test). (E-H) Western blotting against GFP to examine the levels of ER-GFP (E and F) and mito-GFP (G and H) in the ninafE¢6%°
background. Error bars indicate SEM (n = 3); ns, not significant, *P < 0.1 (one-way ANOVA, Sidak’s multiple comparisons test). 1-d-old flies of indicated
genotypes were used. (1) Generation of ref(2)P™ flies. Organization of the ref(2)P/p62 locus is shown. A single sgRNA primer was used to generate the mu-
tations. The ref(2)P™ frame-shift mutation was identified via DNA sequencing. (J) Immunostaining photoreceptor cells for Atg8a showed an increase in Atg8a
puncta in ninaE6%° photoreceptor cells. This was abolished when the ref(2)P™ mutation was introduced. Phalloidin served as a marker for ommatidia. Source
data are available for this figure: SourceData FS5.
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Provided online are Data S1, Data S2, and Data S3. Data S1 shows the gene expression profiling of retina of the Rh1”3H-GFP perkRNAi
and Rh1P37H-GFP flies related to Fig. 4 A. Data S2 shows the gene expression profiling of retina dissected from the ninaE-GFP and
ninaE-xbp1-RE flies related to Fig. S3 A. Data S3 shows comparison of retinal protein levels of Rh1P3’H-GFP perkRNAi with Rh1P37H-GFP

flies related to Fig. 5 A.
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