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CCPG1 recognizes endoplasmic reticulum luminal 
proteins for selective ER-phagy

ABSTRACT The endoplasmic reticulum (ER) is a major cell compartment where protein syn-
thesis, folding, and posttranslational modifications occur with assistance from a wide variety 
of chaperones and enzymes. Quality control systems selectively eliminate abnormal proteins 
that accumulate inside the ER due to cellular stresses. ER-phagy, that is, selective autophagy 
of the ER, is a mechanism that maintains or reestablishes cellular and ER-specific homeostasis 
through removal of abnormal proteins. However, how ER luminal proteins are recognized by 
the ER-phagy machinery remains unclear. Here, we applied the aggregation-prone protein, 
six-repeated islet amyloid polypeptide (6xIAPP), as a model ER-phagy substrate and found 
that cell cycle progression 1 (CCPG1), which is an ER-phagy receptor, efficiently mediates its 
degradation via ER-phagy. We also identified prolyl 3-hydroxylase family member 4 (P3H4) as 
an endogenous cargo of CCPG1-dependent ER-phagy. The ER luminal region of CCPG1 con-
tains several highly conserved regions that we refer to as cargo-interacting regions (CIRs); 
these interact directly with specific luminal cargos for ER-phagy. Notably, 6xIAPP and P3H4 
interact directly with different CIRs. These findings indicate that CCPG1 is a bispecific ER-
phagy receptor for ER luminal proteins and the autophagosomal membrane that contributes 
to the efficient removal of aberrant ER-resident proteins through ER-phagy.

INTRODUCTION
The endoplasmic reticulum (ER) is the largest organelle and synthe-
sizes approximately 35% of the proteins in a cell (Uhlén et al., 2015; 
Juszkiewicz and Hegde, 2018). These proteins mature through pro-
cesses occurring in the ER, including cleavage of signal sequences, 
folding, disulfide bond formation, and glycosylation. Then the pro-
teins are selectively transported to the endomembrane system, the 
plasma membrane, or the exterior of the cell (Ellgaard and Helenius, 
2003; Bukau et al., 2006; Ni and Lee, 2007). However, external 
stresses and genetic mutations can lead to the accumulation of un-
folded proteins in the ER, causing ER storage diseases (e.g., heredi-
tary emphysema; Callea et al., 1992; Rutishauser and Spiess, 2002; 
Hebert and Molinari, 2007). Unfolded proteins accumulated in the 
ER are recognized by unfolded protein response (UPR) receptors 
(IRE1, PERK, and ATF6), which induce molecular chaperones to re-
fold or degrade the proteins through ER-associated degradation 
(ERAD); this is known as the ER stress response pathway (Chakrabarti 
et al., 2011; Ruggiano et al., 2014; Hetz et al., 2020). However, not 
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all misfolded proteins in the ER are degraded through ERAD (Houck 
et al., 2014; De Leonibus et al., 2019).

Macroautophagy (hereafter referred to as autophagy) is a bulk 
degradation system in which an isolation membrane engulfs a por-
tion of the cytoplasm and delivers it to lysosomes for degradation 
(Mizushima and Komatsu, 2011; Mercer et al., 2018; Melia et al., 
2020; Klionsky et al., 2021). Recent studies have revealed that large 
cellular structures, such as organelles (Lemasters, 2005; Singh et al., 
2009; Maejima et al., 2013), ribosomes (Kraft et al., 2008), protein 
aggregates (Webb et al., 2003; Øverbye et al., 2007), invading 
pathogens (Nakagawa et al., 2004), lysosomes (Maejima et al., 2013) 
and protein droplets (Wilfling et al., 2020; Yamasaki et al., 2020), are 
selectively degraded via autophagy. This selectivity is achieved 
through autophagy receptors, which link cargos to the autophago-
somal membrane. The interaction motifs between autophagy recep-
tors and autophagy-related gene (ATG) proteins are evolutionarily 
conserved, as several proteins contain the microtubule-associated 
protein light chain 3 (LC3)-interacting region (LIR). The LIR contrib-
utes to selective interaction with cargos, which are recruited to the 
autophagosomal membrane (Stolz et al., 2014). The FIP200-interact-
ing region (FIR) is another binding motif that links cargos to FIP200, 
a component of the ULK1 complex that is indispensable to autoph-
agy induction (Smith et al., 2018; Turco et al., 2019). ER-phagy (re-
ticulophagy) is a type of autophagy that can selectively remove the 
ER (De Duve, 1963; Bernales et al., 2006) and maintains ER homeo-
stasis through remodeling of ER conformation via the degradation of 
excessive membrane or removal of unfolded luminal proteins (Jia 
et al., 2011; Pengo et al., 2013; Molinari, 2021).

Since the identification of yeast ATG39 and ATG40, as well as 
mammalian FAM134B, as ER-phagy receptors (Khaminets et al., 
2015; Mochida et al., 2015), several additional ER-phagy receptor 
proteins have been identified, including SEC62 (Fumagalli et al., 
2016), RTN3L (Grumati et al., 2017), cell cycle progression 1 (CCPG1) 
(Smith et al., 2018), TEX264 (An et al., 2019; Chino et al., 2019), 
ATL3 (Chen et al., 2019), CALCOCO1 (Nthiga et al., 2020), C53 
(Stephani et al., 2020), Epr1 (Zhao et al., 2020), and RHD3 (Sun 
et al., 2022). All ER-phagy receptors tether the ER membrane to the 
autophagosomal membrane through interaction with Atg8/LC3 
(Mochida and Nakatogawa, 2022). CCPG1 also interacts with FIP200 
(Smith et al., 2018). Each receptor is responsive to diverse intracel-
lular stresses. The reticulon-like proteins ATG40 and FAM134B have 
short hairpin transmembrane domains and generate membrane cur-
vature, leading to fragmentation of the ER and incorporation into 
the autophagosome under starvation conditions (Bhaskara et al., 
2019; Jiang et al., 2020; Mochida et al., 2020). SEC62 causes ER 
degradation during recovery from ER stress (Fumagalli et al., 2016), 
while CCPG1 promotes peripheral ER degradation during ER stress 
(Smith et al., 2018). TEX264 ensures the canonical degradation of 
the ER via ER-phagy and is regulated by phosphorylation of its LIR 
(Chino et al., 2019, 2022). SEC62, CCPG1, and TEX264 all have one 
or two transmembrane domains, and only CCPG1 has a long intra-
luminal domain.

In the UPR pathway, luminal domains of UPR receptors on the ER 
membrane sense unfolded luminal proteins in the ER and activate 
UPR signaling (Schröder and Kaufman, 2005). Although bulk incor-
poration of the ER into autophagosomes via ER-phagy receptors 
has been studied thoroughly, the process of selective protein recog-
nition inside the ER during ER-phagy remains largely unexplored. 
Recent studies have revealed that several ER-resident proteins link 
ER-luminal cargos to ER-phagy receptors. Calnexin and binding im-
munoglobulin protein (BiP) are ER chaperones that deliver mis-
folded proteins to the ERAD machinery and also interact with 

FAM134B to mediate ER-phagy for misfolded procollagen (Fregno 
et al., 2018; Forrester et al., 2019). PGRMC1, which is a binding 
partner of ER-phagy receptor RTN3L, captures low-molecular-
weight misfolded proteins (Chen et al., 2021). However, whether 
any of these ER-phagy receptors can directly recognize ER luminal 
proteins for selective ER-phagy remains unclear.

In this study, we characterized an ER luminal protein, six-repeated 
islet amyloid polypeptide (6xIAPP), as a model ER-phagy substrate 
in mammalian cells and found that aggregated 6xIAPP is efficiently 
degraded by ATG protein- and CCPG1-dependent ER-phagy pro-
cesses. We found that the luminal region of CCPG1 is essential for 
ER-phagic degradation of selective proteins and identified prolyl 
3-hydroxylase family member 4 (P3H4) as an endogenous ER lumi-
nal protein recognized by CCPG1. CCPG1 possesses several highly 
conserved regions among vertebrates, and 6xIAPP and P3H4 inter-
act directly with different parts of the luminal CCPG1 domains, 
which contain cargo-interacting regions (CIRs). Thus, our data re-
vealed that CCPG1 luminal regions directly recognize ER luminal 
cargos for ER-phagy, and simultaneous binding of multiple cargos 
to CCPG1 might drive the efficient removal of aberrant ER-resident 
proteins.

RESULTS
6xIAPP-RFP-GFP-KDEL is delivered to the lysosomes
Islet amyloid polypeptide (IAPP) is a 37-amino acid (aa) protein se-
creted from pancreatic islet β-cells, and aggregation of IAPP is as-
sociated with type 2 diabetes (Klöppel et al., 1985; Butler et al., 
2003). As 6xIAPP forms oligomers and induces severe ER stress in 
yeast (Kayatekin et al., 2018), we examined whether 6xIAPP is de-
graded through ER-phagy in mammalian cells. To monitor lysosomal 
degradation of IAPP, 6xIAPP or 1xIAPP was fused with red fluores-
cent protein (RFP), green fluorescent protein (GFP), and an ER reten-
tion signal, KDEL (forming IAPP-RFP-GFP-KDEL, hereafter referred 
to as IAPP-RG) and inserted into a lentivirus vector under a doxycy-
cline (Dox)-dependent promoter (Figure 1A). In mammalian cells, 
6xIAPP-RG showed reticular and dotlike localization patterns and 
increased molecular mass, compared with 1xIAPP-RG, which was 
similar in size to the 4.3-MDa ribosome complex (60S ribosome pro-
tein L19; RPL19) (Supplemental Figure S1, A and B). Glycosylation 
can be an indicator of proteins translocated into the ER lumen. Be-
cause IAPP-RG does not have any glycosylation sites, its electropho-
retic mobility was not altered by treatment with endoglycosidase H 
(Endo H; Supplemental Figure S1C). Therefore, we artificially in-
serted an opsin glycosylation site into the C-terminus of each IAPP 
construct (IAPP-Gly-HA-KDEL and IAPP-RG-Gly-KDEL). These pro-
teins (both 1x and 6xIAPP) underwent glycosylation in mammalian 
cells (Supplemental Figure S1, D–G). Membrane permeabilization 
assays also showed that, while cytosol-facing RFP-GFP-cytochrome 
b5 (RG-Cytb5; a transmembrane domain of cytochrome b5 fused 
with RFP-GFP) was readily stained with anti-GFP antibody after digi-
tonin treatment, 6xIAPP-RG was stained only after cells had been 
treated with the stronger detergent Triton X-100 but not digitonin 
(Supplemental Figure S1H). These results suggest that 6xIAPP in 
mammalian cells primarily resides in the ER luminal environment at 
steady state.

When IAPP-RG is delivered to the lysosomes, the acidic condi-
tions and lysosomal proteases rapidly attenuate GFP fluorescence. 
In contrast, RFP, which is relatively resistant to the lysosomal environ-
ment, accumulates within the lysosomes (Katayama et al., 2008). 
Therefore, an increase in the RFP signal of lysosomes detected 
through fluorescence microscopy, elevation of the RFP/GFP ratio 
based on flow cytometry, and detection of cleaved RFP through 
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FIGURE 1: 6xIAPP-RFP-GFP-KDEL is delivered to lysosomes. (A) Schematic diagrams of the ER-phagy substrate 1x (or 
6x) IAPP-RFP-GFP-KDEL (1x or [6x] IAPP-RG). In the lysosome, GFP fluorescence is diminished, whereas RFP fluorescence 
remains intact due to resistance to acidic pH and lysosomal proteases. (B–D) 6xIAPP, but not 1xIAPP, is delivered to 
lysosomes. Tet-On HeLa cells expressing 1x (or 6x) IAPP-RG were incubated in medium containing doxycycline (Dox) for 
24 h and then cultured in medium with or without Dox for a further 24 h. After fixation, the cells were stained with 
antibodies against LAMP1 and analyzed by confocal microscopy. GFP-negative and RFP-positive signals accumulated in 
LAMP1-positive structures (arrowhead) are indicated. Scale bars represent 10 and 1 µm (inset) (B). The cells treated with 
Dox as described above were trypsinized, and their green and red fluorescence intensities were measured using flow 
cytometry. Representative dot plots of GFP versus RFP intensities and corresponding histograms are shown, C. The 
fluorescence ratio was calculated in RFP-positive cells. Data represent the mean ± standard error (SE) of at least three 
independent experiments. Differences were statistically analyzed by Dunnett’s multiple comparison test, D. 
(E, F) Proteasomal inhibition is not related to lysosomal degradation of 6xIAPP. Tet-On HeLa cells expressing 1x (or 6x) 
IAPP-RG were cultured in medium containing Dox with dimethylsulfoxide (DMSO), bafilomycin A1, or bortezomib for 
24 h before immunoblotting analysis using antibodies against RFP, HSP90, and Histone H3. Cell lysates were centrifuged, 
and the supernatants were collected as the soluble fraction. The pellets containing the nuclear compartment were 
collected as the insoluble fraction. Each pellet was resuspended in an equal volume of lysis buffer. # indicates 
degradative products of IAPP-RG, E. The band intensities of cleaved RFP and 6xIAPP-RG were quantified, and the ratio 
of cleaved RFP/total amount of 6xIAPP (normalized to DMSO treatment) is shown. Data represent the mean ± SE of 
three independent experiments. Differences were statistically analyzed by Dunnett’s multiple comparison test, F.
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FIGURE 2: ER-phagy degrades 6xIAPP in the ER. (A, B) Dot structure of 6xIAPP-RG colocalized with endogenous LC3. 
Tet-On HeLa cells expressing 1x (or 6x) IAPP-RG were incubated in medium containing Dox for 48 h before fixation. The 
cells were stained with antibodies against LC3 and analyzed through confocal microscopy. Scale bars represent 10 and 
1 µm (inset), A. Quantification of the number of LC3 puncta per cell. Solid bars indicate the median, boxes the 
interquartile range (25th–75th percentile), and whiskers the 0th–100th percentile range. Data were collected from 
33 cells of each cell type. Differences were analyzed using one-way analysis of variance (ANOVA) and Sidak’s multiple 
comparison test, B. (C–E) 6xIAPP-RG accumulated in autophagy-KO cells. Tet-On HeLa cells stably expressing Cas9 and 
the indicated sgRNA were cultured in the presence of Dox for 24 h (a mixed population of wild-type [WT] and knockout 
[KO] cells was used). Following the removal of Dox, the cells were cultured with or without bafilomycin A1 for 24 h 
before flow cytometry. Dot plots of GFP versus RFP fluorescence intensities are shown, with black letters indicating the 
lysosomal fraction (%) and red letters all other fractions (%), C. The fluorescence ratio was calculated for RFP-positive 
cells. Data represent the mean ± SE of three independent experiments. Differences were analyzed using one-way 
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immunoblotting can be interpreted as representing lysosomal deg-
radation of IAPP-RG.

1xIAPP-RG was clearly colocalized with translocon-associated 
protein subunit alpha (TRAPα), which is an ER marker (Supplemen-
tal Figure S1I), but not with lysosomal-associated membrane pro-
tein 1 (LAMP1), which is a lysosome marker (Figure 1B). On the 
other hand, although 6xIAPP-RG showed a reticular pattern and 
numerous dot structures colocalized with the TRAPα signal, GFP-
negative and RFP-positive signals of 6xIAPP-RG accumulated in 
LAMP1-positive lysosomes, and RFP signals associated with lyso-
somes remained after Dox removal (Figure 1B and Supplemental 
Figure S1I). We next quantified the reduction in fluorescence after 
Dox removal through flow cytometry. Although 1xIAPP-RG was 
stable, 6xIAPP-RG was rapidly degraded within 24 h of Dox re-
moval (Figure 1C). Notably, the RFP/GFP ratio of 6xIAPP-RG was 
efficiently increased to 2.5-fold higher than that of 1xIAPP-RG 
(Figure 1, C and D), and this increase was clearly suppressed by the 
lysosomal inhibitor bafilomycin A1 (Figure 1D; Supplemental 
Figure S2A). Treatment with bafilomycin A1 enlarged lysosomes 
and caused the accumulation of GFP and RFP signals of 6xIAPP-
RG, but not 1xIAPP-RG, inside lysosomes (Supplemental Figure 
S2B). We confirmed that 6xIAPP-HA-KDEL (6xIAPP-HA), in which 
HA was used instead of RFP-GFP, also accumulated upon bafilomy-
cin A1 treatment; these findings suggested that lysosomal degra-
dation of 6xIAPP is not mediated by the RFP-GFP tag (Supplemen-
tal Figure S2, C and D). Moreover, both 6xIAPP-RG and 6xIAPP-HA 
accumulated inside lysosomes after the inactivation of lysosomal 
proteases using a lysosome inhibitor cocktail that contained E64d, 
pepstatin A, and leupeptin (Supplemental Figure S2E). Flow cyto-
metric analysis also demonstrated a significant reduction in the 
RFP signal for 6xIAPP-RG. A previous report revealed that 6xIAPP 
on the ER is degraded by the proteasome in yeast (Kayatekin et al., 
2018). Indeed, treatment not only with bafilomycin A1, but also 
with the proteasomal inhibitor bortezomib, led to 6xIAPP-RG ac-
cumulation in the insoluble fraction (Figure 1E). Importantly, while 
bafilomycin A1 clearly inhibited the generation of cleaved RFP, 
bortezomib neither reduced nor increased the amount of cleaved 
RFP derived from 6xIAPP-RG (Figure 1, E and F), indicating that the 
proteasome system is not associated with lysosomal degradation 
under these conditions. The 6xIAPP accumulated due to protea-
some inhibition is likely located in the cytosol, where it cannot be 
removed through ER-phagy. We found that both GFP and RFP sig-
nals in cells expressing low 6xIAPP-RG levels were diminished after 
Dox removal. In contrast, only the GFP signal was markedly re-
duced in cells strongly expressing 6xIAPP-RG (Supplemental 
Figure S2, F and G). Although most of the 6xIAPP that accumu-
lated under proteasome inhibitor treatment was not glycosylated, 

some glycosylated 6xIAPP accumulated under lysosomal inhibitor 
(Supplemental Figure S2H). These results indicate that 6xIAPP ex-
ists in two distinct populations in mammalian cells, undergoing ly-
sosomal and proteasomal degradation, respectively. Cells highly 
expressing 6xIAPP-RG were used to detect lysosomal degradation 
in subsequent experiments.

6xIAPP in the ER is degraded by ER-phagy
GFP dot structures of 6xIAPP-RG, but not 1xIAPP-RG, were colocal-
ized with LC3, an autophagosome marker (Figure 2A). To verify 
whether 6xIAPP is degraded by autophagy, HeLa cells expressing 
6xIAPP-RG with core autophagy genes knocked out, FIP200 (Hara 
et al., 2008), ATG5 (Mizushima et al., 2001), or ATG9A (Saitoh et al., 
2009), were generated using clustered regularly interspaced short 
palindromic repeats (CRISPR). Quantitative analysis via flow cytom-
etry revealed that the reduction of GFP signals of 6xIAPP-RG after 
Dox removal was significantly suppressed in the autophagy-KO cells 
(Figure 2, C and D; Supplemental Figure S3A). Furthermore, FIP200-
KO cells showed diminished colocalization of 6xIAPP-RG with LC3 
and fewer RFP dots with LAMP1-positive structures (Figure 2E). 
These data suggest that 6xIAPP is degraded in an autophagy-de-
pendent manner.

We observed that the number of endogenous LC3 dots was in-
creased when 6xIAPP-RG was expressed (Figure 2, A and B). To 
quantify autophagic activity, 1x or 6xIAPP-HA under the Tet-On pro-
moter was introduced into HeLa cells stably expressing RFP-GFP-
LC3 as a ratiometric autophagy probe (Kimura et al., 2007). With the 
expression of 6xIAPP-HA, but not 1xIAPP-HA, the RFP/GFP ratio of 
RFP-GFP-LC3 was elevated 2.7-fold and increased numbers of GFP 
punctate structures were observed within 48 h of Dox induction 
(Supplemental Figure S3, B–D). In addition, the amount of endog-
enous LC3-II increased with expression of the 6xIAPP construct 
(Supplemental Figure S3, E and F). These data suggest that autoph-
agic activity is promoted by the expression of 6xIAPP.

If ER-phagy degraded 6xIAPP present in the ER lumen, 6xIAPP 
should be degraded along with ER membrane components. There-
fore, we detected the lysosomal degradation of an ER component 
using RG-Cytb5, which localizes RFP-GFP on the ER (Supplemental 
Figure S3G). RG-Cytb5 was stably localized to the ER in HeLa cells, 
and treatment with Torin 1, an inhibitor of mammalian target of ra-
pamycin complex 1 (mTORC1), induced GFP-negative and RFP-
positive dots (Figure 2, F and G). The expression of 6xIAPP-HA in-
creased the number of GFP-negative and RFP-positive dots. While 
tunicamycin, an ER stressor, moderately increased the amount of 
cleaved RFP, Torin 1 and 6xIAPP-HA induced marked accumulation 
of cleaved RFP (Figure 2, H and I), suggesting that 6xIAPP is elimi-
nated by ER-phagy alongside ER components.

ANOVA and Sidak’s multiple comparison test, D. HeLa cells stably expressing Cas9 and sgRNA for FIP200 or nontarget 
(control) sgRNA were treated with Dox for 24 h to induce expression of 6xIAPP-RG before fixation. Cells were stained 
with antibodies against LAMP1 or LC3 and analyzed through immunofluorescence microscopy. Scale bars represent 10 
and 1 µm (inset), E. (F–I) 6xIAPP induces lysosomal degradation of an ER protein. HeLa cells stably expressing RFP-GFP-
cytochrome b5 (RG-Cytb5) were incubated with Dox to induce 6xIAPP-HA-KDEL (6xIAPP-HA) expression, or with Torin 
1, for 24 h. After fixation, cells were stained with antibodies against HA and analyzed through immunofluorescence 
microscopy. GFP-negative and RFP-positive signals (arrowhead) are indicated. Scale bars represent 10 and 1 µm (inset), 
F. Quantification of the number of GFP negative, RFP positive puncta per cell. Solid bars indicate the median, boxes the 
interquartile range (25th–75th percentile), and whiskers the 0th–100th percentile range. Data were collected from 
45 cells of each cell type. Differences were statistically analyzed by Dunnett’s multiple comparison test, G. HeLa cells 
stably expressing RG-Cytb5 were treated with the indicated compounds or Dox for induction of 6xIAPP-HA expression 
for 24 h. Cell lysates were analyzed through immunoblotting using antibodies against RFP, HA, or endogenous HSP90 
(loading control). # indicates degradative products of RG-Cytb5, H. The cleaved RFP/RG-Cytb5 band intensity ratio 
(normalized to the WT) is shown. Data represent the mean ± SE of three independent experiments. Differences were 
statistically analyzed by Dunnett’s multiple comparison test, I.
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FIGURE 3: CCPG1 is an essential ER-phagy receptor for the degradation of 6 × IAPP. (A, B) 6xIAPP-RG selectively 
interacts with CCPG1 in mammalian cells. Tet-On HeLa cells (WT and FIP200-KO) expressing 1x (or 6x) IAPP-RG were 
cultured with Dox for 48 h before IP. Inputs (5% of total) and immunoprecipitants (80% of total) were analyzed through 
immunoblotting using the indicated antibodies, A. The IP product/input ratio is shown. Data represent the mean ± SE 
of three independent experiments. Differences were statistically analyzed by Dunnett’s multiple comparison test, 
B. (C) The expression of 6xIAPP promotes transcription of CCPG1. Tet-On HeLa cells highly expressing 6xIAPP-RG were 
treated with each of the ER stressors for 16 h, or Dox to induce 6xIAPP-RG for 16–24 h. Quantitative real-time PCR was 
performed for endogenous CCPG1 and GAPDH (loading control). Data represent the mean ± SE of three independent 
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experiments. Differences were statistically analyzed by Dunnett’s multiple comparison test. (D–F) Lysosomal 
degradation of 6xIAPP-RG occurs in a manner dependent on the ER-luminal region of CCPG1. WT and CCPG1-KO HeLa 
cells expressing 6xIAPP-RG, with or without exogenous HA-CCPG1 (full-length or luminal deletion mutant), were 
incubated in medium containing Dox and then subjected to flow cytometry, immunofluorescence (IF), and 
immunoblotting. After 24 h of incubation in Dox-containing medium, the cells were incubated with Dox-free medium for 
a further 24 h. The fluorescence ratio was calculated for RFP-positive cells. Data represent the mean ± SE of three 
independent experiments. Differences were analyzed using one-way ANOVA and Sidak’s multiple comparison test, D. 
Cells treated with Dox as described were fixed and stained with antibodies against HA-tag and then analyzed using 
immunofluorescence microscopy. GFP-negative and RFP-positive signals (arrowhead) are indicated. Scale bars represent 
10 and 1 µm (inset), E. Lysates of each treatment were analyzed through immunoblotting using antibodies against RFP, 
HA, and β-actin (loading control). # indicates degradative products of IAPP-RG, F. (G) The cells treated with Dox as 
described above were analyzed through immunoblotting. The band intensities of cleaved RFP and 6xIAPP-RG were 
quantified, and the ratio of cleaved RFP to 6xIAPP-RG (normalized to the WT) is shown. Data represent the mean ± SE 
of three independent experiments. Differences were analyzed using one-way ANOVA and Sidak’s multiple comparison 
test.

CCPG1 is the essential ER-phagy receptor associated with 
the degradation of 6 × IAPP
To investigate whether autophagic degradation of 6xIAPP re-
quires ER-phagy receptor proteins, such as FAM134B, SEC62, 
RTN3, CCPG1, and TEX264, immunoprecipitation (IP) of 1xIAPP-
RG and 6xIAPP-RG was performed. While no ER-phagy receptor 
was precipitated in the presence of 1xIAPP-RG, 6xIAPP-RG co-
precipitated with endogenous CCPG1 (Figure 3, A and B). We 
observed that the amount of endogenous CCPG1, but not the 
amount of other ER-phagy receptors, was increased upon ex-
pression of 6xIAPP-RG (Figure 3A). The increase in CCPG1 was 
further augmented by bafilomycin A1 treatment (Figure S4A). 
Consistent with the previous finding that ER stressors (e.g., tu-
nicamycin and thapsigargin) transcriptionally activate the expres-
sion of CCPG1 (Smith et al., 2018), 6xIAPP-RG increased the 
mRNA abundance of CCPG1 (Figure 3C), suggesting that aggre-
gated ER-luminal proteins induce CCPG1 expression. Addition-
ally, FIP200-KO cells accumulated CCPG1, which also interacts 
with 6xIAPP. This result is consistent with the finding that CCPG1-
KO cells, but not other ER-phagy receptor-KO cells, suppressed 
the reduction in GFP fluorescence of 6xIAPP-RG, as measured 
using flow cytometry (Figure 3D; Supplemental Figure S5, A and 
B). The autophagic degradation of 6xIAPP-RG was restored by 
exogenous expression of HA-CCPG1 (Figure 3D), suggesting 
that the KO phenotype is not an off-target effect of CRISPR. We 
also showed that 6xIAPP formed large complexes (Supplemental 
Figure S1A) and endogenous CCPG1 migrated to high-density 
fractions, which have molecular mass similar to that of 6xIAPP 
(Supplemental Figure S5, C and D). These results indicate that 
CCPG1 plays an essential role in ER-phagy-dependent degrada-
tion of 6xIAPP aggregates.

CCPG1 is a vertebrate-specific gene and regulates ER-phagy via 
cytoplasmic N-terminal LIR and FIRs (Smith et al., 2018). Notably, 
among ER-phagy receptors, only CCPG1 has a large ER luminal re-
gion, which consists of >500 aa (Kostenko et al., 2006). However, the 
physiological function of this luminal domain remains unclear. We 
hypothesized that the ER luminal region of CCPG1 is associated 
with the recognition of ER luminal cargos. The CCPG1Δ289–757 
mutant lacking the whole ER luminal region (CCPG1 luminal dele-
tion) failed to restore the RFP/GFP ratio of 6xIAPP in CCPG1-KO 
cells (Figure 3D). CCPG1-KO cells showed fewer GFP-negative and 
RFP-positive dots for 6xIAPP-RG; these were recovered through re-
expression of full-length CCPG1, but not CCPG1 luminal deletion 
(Figure 3E). We then performed an RFP cleavage assay, which dem-
onstrated that reexpression of full-length CCPG1 restored lysosomal 
degradation of 6xIAPP-RG (Figure 3, F and G). On the other hand, 

reexpression of CCPG1 luminal deletion had only a moderate effect 
on CCPG1-KO, likely due to bulk ER-phagy via the cytoplasmic do-
main of CCPG1. These results indicate that the luminal region of 
CCPG1 is required for ER-phagy-dependent lysosome degradation 
of 6xIAPP.

Overexpression of CCPG1 leads to the formation of punctate 
structures on the ER, which reportedly colocalize with ATG proteins 
in mammalian cells (Smith et al., 2018). Although the luminal-dele-
tion mutant of CCPG1 colocalized with LC3, the rate of puncta for-
mation was reduced (Supplemental Figure S5E). On the other hand, 
the mutant of both LIR and FIRs, which was an interaction-deficient 
mutant for LC3 and FIP200, showed complete abolition of colocal-
ization of CCPG1 with LC3, instead accumulating as large amor-
phous structures under ER stress conditions. However, no accumula-
tion of CCPG1 was observed when both the luminal domain and 
ATG protein-interaction motifs were deleted (Supplemental Figure 
S5E). These data suggest that the localization of CCPG1 to autopha-
gosomes is dependent on LIR and FIRs, but not the luminal domain. 
In addition, luminal domain–-dependent formation of aggregate-
like structures by CCPG1 may result from interactions with misfolded 
proteins in the ER.

P3H4 is an endogenous substrate for CCPG1-dependent 
ER-phagy
To identify endogenous substrates for CCPG1-dependent ER-
phagy, we searched for proteins that interacted with CCPG1 in a 
luminal domain–dependent manner. We performed IP using 
FLAG-CCPG1 and its mutants, as described below, and subjected 
the immunoprecipitates to mass spectrometry (MS) analysis. MS 
screening 1 used FLAG-CCPG1 full-length and FLAG-CCPG1 lu-
minal domain deletion as a negative control, and MS screening 2 
used FLAG-CCPG1 cytosolic domain deletion (Figure 4A). The 
resultant immunoprecipitants were analyzed through liquid chro-
matography with tandem mass spectrometry (LC-MS/MS; Figure 
4B). We identified numerous ER luminal proteins, including ER 
chaperones, ERAD components, glycosidases, and enzymes for 
collagen maturation. Among these proteins, we focused on P3H4, 
which was identified in both MS screens and has not yet been 
studied in the context of autophagy. P3H4 is an ER-resident pro-
tein belonging to the Leprecan (leucine proline-enriched proteo-
glycans) family (Ochs et al., 1996; Gruenwald et al., 2014) and 
forms a complex with prolyl 3-hydroxylase to regulate lysine hy-
droxylation of collagen (Heard et al., 2016). P3H4 exhibited 
CCPG1-luminal domain-dependent interaction with CCPG1 
(Figure 4C). To monitor pulse-chased lysosomal degradation of 
P3H4, we employed a HaloTag-based cleavage assay for P3H4 
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(HaloTag becomes resistant to lysosomal degradation after ligand 
binding; Yim et al., 2022). HeLa cells stably expressing ssHalo-
P3H4 were transfected with siRNA against CCPG1. After 3 d, the 
cells were exposed to tetramethylrhodamine-conjugated ligand 
for 1 h and then incubated for 24 h. Generation of the Halo cleav-
age band was significantly impaired in CCPG1-depleted cells 
(Supplemental Figure S4, A and B). Cleavage of reporters was re-
stored through reexpression of CCPG1, but not the luminal-do-
main deletion mutant or LIR/FIR mutants (Supplemental Figure S6, 
A and B). These data suggest that P3H4 is degraded by CCPG1 in 
a luminal domain– and autophagy-dependent manner. Notably, 

endogenous P3H4 accumulated markedly in the pancreas, stom-
ach, heart, and muscle of adult brain-rescued ATG5-KO mice (Yo-
shii et al., 2016; Figure 4D), suggesting that some tissues constitu-
tively degrade P3H4 via ER-phagy. Considering that CCPG1 is 
also highly expressed in exocrine tissues such as the pancreas and 
stomach (Chino et al., 2019), these results suggest that CCPG1 
has a functional relationship with P3H4. P3H4 also accumulated in 
CCPG1-KO or bafilomycin A1-treated HeLa cells (Figure 4, E and 
F). Additionally, overexpression of HA-CCPG1 reduced the 
amount of P3H4. These data indicate that P3H4 is an endogenous 
substrate for CCPG1-dependent ER-phagy.

FIGURE 4: P3H4 is an endogenous for CCPG1-dependent ER-phagy. (A) Strategy used to identify endogenous CCPG1 
luminal domain–interacting proteins. (B) Results of differential interactome screening. Two independent IP and MS 
analyses were conducted for each LC-MS/MS sample. (C) HEK293T cells transiently expressing ssHalo-P3H4 and WT, or 
mutated FLAG-CCPG1, were subjected to IP with anti-FLAG antibody and detection with anti-Halo and anti-FLAG 
antibodies. (D) Immunoblotting of endogenous P3H4 in postnuclear supernatants of the indicated organs from 
Atg5+/+;NSE-Atg5 (+/+) and Atg5−/−;NSE-Atg5 (KO) mice. (E, F) P3H4 accumulated in CCPG1-KO cells. WT or 
CCPG1-KO cells with or without exogenous HA-CCPG1 were treated with DMSO or bafilomycin A1 for 24 h and then 
lysed with lysis buffer. Each cell lysate was analyzed through immunoblotting using antibodies against P3H4, HA-tag, or 
β-actin (loading control). * indicates nonspecific band, E. Band intensities were quantified and the ratio of P3H4 to 
β-actin (normalized to the WT) is shown. Data represent the mean ± SE. Differences were analyzed using one-way 
ANOVA and Sidak’s multiple comparison test, F.



Volume 34 April 1, 2023 CCPG1 ER-phagy | 9 

Highly conserved ER-luminal regions of CCPG1 contain 
functional domains
As the ER-luminal region of CCPG1 is essential for ER-phagy-medi-
ated degradation of 6xIAPP and P3H4, we apportioned the luminal 
region into conserved regions through sequence alignment among 
vertebrates. Although the length of the CCPG1 sequence varied 
among species by up to 120 aa, the ER luminal region of CCPG1 
contained four highly conserved regions (region A: aa 288–401, re-
gion B: aa 411–457, region C: aa 482–550, region D: aa 621–734; 
Supplemental Figure S7A). We presumed that regions A–D of 
CCPG1 include the cargo-interacting region (CIR) and generate C-
terminal-truncated mutants (Δ742–757, Δ621–757, Δ551–757, 
Δ411–757, and Δ289–757; Figure 5A). First, we measured bulk ER-
phagy activity using ssRFP-GFP-KDEL, an ER-luminal fluorescence 
reporter for ER-phagy (Chino et al., 2019), and found that overex-
pression of the full-length sequence or any truncated mutant in 
CCPG1-KO cells promoted lysosomal degradation of ssRFP-GFP-
KDEL (Supplemental Figure S7, B and C), suggesting that the cyto-
solic region (containing LIR and FIRs) and transmembrane domain of 
CCPG1 are sufficient for the induction of bulk ER-phagy. The cleav-
age of ssRFP-GFP-KDEL by some truncated mutants, including 
Δ551–757 and Δ411–757, compared with full-length CCPG1 was 
more efficient, probably due to the high expression level. From 
these results, enhancement of bulk-ER-phagy activity caused by 
overexpression of the CCPG1 luminal-deletion mutant might result 
in partial recovery of lysosomal degradation of 6xIAPP (Figure 3E). 
In contrast, lysosomal degradation of 6xIAPP-RG was not rescued 
through overexpression of the Δ411–757 and Δ289–757 mutants of 
CCPG1 in CCPG1-KO cells (Figure 5, B–D), indicating that highly 
conserved regions within 411–551 aa, including regions B and C, 
might recognize 6xIAPP for degradation via ER-phagy. We defined 
the highly conserved regions B–D as CIR 1–3 (Figure 5E).

To characterize these CIRs, we generated CIR1-, CIR2-, and dual 
CIR1- and CIR2-truncated mutants and analyzed the associated ly-
sosomal degradation of 6xIAPP-RG. Contrary to our expectations, 
lysosomal degradation of 6xIAPP-RG was rescued by all CIR1- and 
CIR2-related mutants (Figure 5, F–H). Therefore, we hypothesized 
that region D, defined as CIR3, may contribute to 6xIAPP degrada-
tion along with CIR1, CIR2, or both. We found that truncated CCPG1 
with both CIR1 and CIR3 deleted was unable to restore the lyso-
somal degradation of 6xIAPP-RG (Figure 5, G and H). Alternatively, 
bulk ER-phagy detected using ssRFP-GFP-KDEL was restored with 
overexpression of any CIR-related mutants of CCPG1 (Supplemen-
tal Figure S7, C and D). These results demonstrate that the ER lumi-
nal region of CCPG1 contains functional domains, that is, CIRs, re-
quired for the selective degradation of 6xIAPP.

We conducted similar experiments using another cargo, P3H4. 
CCPG1 mutants lacking CIR2 did not rescue the lysosomal degrada-
tion of RG-P3H4 (Figure 5, I and J). Furthermore, CCPG1ΔCIR2 no 
longer colocalized to the dot-like structures observed for RG-P3H4, 
in contrast to the full-length sequence and other mutants of CCPG1 
(Figure 5K). These findings suggest that P3H4 undergoes CIR2-de-
pendent ER-phagy degradation and that CCPG1 contains multiple 
cargo recognition sequences in the ER luminal region.

CIR1 interacts directly with IAPP, while CIR2 interacts 
with P3H4
Next, we verified whether CCPG1 interacts directly with P3H4 and 
6xIAPP. All recombinant proteins containing the full length of the ER 
luminal region, each CIR region alone (CIRs 1–3), CIR1+3 of CCPG1, 
P3H4, and 6xIAPP combined with small tags (ALFA, HA, and FLAG; 
Götzke et al., 2019), and dihydrofolate reductase (DHFR) for stabili-

zation (Iwakura et al., 1992) were synthesized in vitro using a cell-free 
protein synthesis system (Shimizu et al., 2001, 2005). Expression lev-
els were estimated through immunoblotting, and the synthesized 
proteins were mixed at a 1:3 volume ratio (antigen:binding partner) 
in lysis buffer for IP using specific antibodies. 6xIAPP interacted ef-
ficiently with the entire C-terminal region (241–757) of CCPG1 
(Figure 6, A and B). Although HA-6xIAPP did not coprecipitate with 
CIR2 and CIR3 alone, it did coprecipitate with CIR1 alone, and with 
CIR1+CIR3. In contrast, the entire C-terminal region and CIR2 alone 
coimmunoprecipitated by HA-P3H4 (Figure 6, C and D). These ob-
servations suggest that the CIRs of CCPG1 directly interact with ER 
luminal cargos, and that different CIRs contribute to the recognition 
of different cargos.

The ER luminal region of CCPG1 simultaneously recognizes 
multiple cargos
As 6xIAPP and P3H4 interacted directly with different CIRs of 
CCPG1, we hypothesized that a single molecule of CCPG1 could 
interact simultaneously with 6xIAPP and P3H4. Therefore, we 
checked for competitive inhibition using excess levels of the same 
recombinant proteins with different tags synthesized using a cell-
free protein translation system. The presence of excess FLAG-P3H4 
inhibited co-IP of HA-P3H4 with ALFA-CCPG1 (full-length of C-ter-
minal; Figure 7, A and B), while the addition of excess DHFR-FLAG 
had no effect on that interaction. Similarly, co-IP of HA-6xIAPP by 
ALFA-CCPG1 was inhibited by excess FLAG-6xIAPP (Figure 7, C 
and D), indicating that interaction of the cargo with CCPG1 can 
compete with the same excess cargos under in vitro conditions.

Then we confirmed competitive inhibition of 6xIAPP and P3H4 
against CCPG1. Recombinant AFLA-CCPG1 was mixed with HA-
P3H4 or FLAG-6xIAPP or both, and then immunoprecipitated using 
anti-ALFA antibody beads. The presence of P3H4 had no inhibitory 
effect on binding between 6xAIPP and CCPG1; similarly, 6xAIPP did 
not inhibit the binding of CCPG1 to P3H4 (Figure 7, E and F). This 
result suggests that a single CCPG1 molecule interacts simultane-
ously with multiple cargos.

DISCUSSION
In this study, we found that CCPG1 directly interacts with ER luminal 
proteins via CIRs, which recognize different types of cargo (Figure 
7G). CCPG1 is a receptor not only for LC3 and FIP200, but also for 
ER luminal proteins (via its long ER luminal region). Therefore, our 
findings provide new insights, indicating that CCPG1 is a bispecific 
receptor for ER luminal cargos and the autophagic membrane; it 
drives selective ER-phagy and the cargo selectivity thereof, thereby 
promoting efficient degradation of particular cargos through 
ER-phagy.

6xIAPP promotes primary nucleation and increases proteotoxic-
ity (Kayatekin et al., 2018). Excessive expression of 6xIAPP in yeast 
clogs the translocon, which is then removed through proteasomal 
degradation via Ste24. Upon ZMPSTE24 inhibition by Lopinavir, 
6xIAPP proteotoxicity also decreases cell viability in mammalian 
pancreatic cells (Kayatekin et al., 2018). We employed 6xIAPP fused 
with several different tags (fluorescent proteins or HA-tags) and the 
KDEL signal as a model ER-phagy substrate. Moreover, we found 
that 6xIAPP is primarily translocated within the ER at a steady state 
in mammalian cells, as verified by the analysis of N-glycosylation 
using a construct fused with the glycosylation site from opsin (Sup-
plemental Figure S1D). Aggregated 6xIAPP was primarily degraded 
through autophagy under the investigated conditions (Figure 2). 
On the other hand, proteasome inhibition led to the accumulation 
of 6xIAPP, which was detected in the insoluble fraction without 
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FIGURE 5: The highly conserved C-terminal region of CCPG1 contains functional domains. (A) Diagram of the truncated 
mutants of CCPG1. (B–D) The ER luminal region of CCPG1 at 411–757 aa is required for lysosomal degradation of 
6xIAPP. CCPG1 KO HeLa cells coexpressing the indicated CCPG1 mutants (constitutive) and 6xIAPP-RG (Tet-On) were 
incubated with medium containing Dox for 48 h and subjected to IF and immunoblotting. Cells were stained with 
antibodies against HA-tag and analyzed through immunofluorescence microscopy. Scale bars represent 10 and 1 µm 
(inset), B. Cell lysates were analyzed through immunoblotting with antibodies against RFP, HA-tag, and β-actin (loading 
control). # indicates degradative products of 6xIAPP-RG, C. The band intensities of cleaved RFP and 6xIAPP-RG were 
quantified and the ratio of cleaved RFP to 6xIAPP-RG (normalized to the WT) is shown. Data represent the mean ± SE of 
three independent experiments. Differences were analyzed using one-way ANOVA and Sidak’s multiple comparison 
test, D. (E) Diagram of cargo-interacting region (CIR) mutants of CCPG1. (F–H) Both CIR1 and CIR3 of CCPG1 are 
required for lysosomal degradation of 6xIAPP. Tet-On WT HeLa cells and CCPG1 KO HeLa cells coexpressing the 
indicated CIR mutants of CCPG1 (stably) and 6xIAPP-RG (Tet-On) were cultured with Dox for 48 h and then subjected to 
IF and immunoblotting. Cells were stained with antibodies against HA-tag and analyzed through immunofluorescence 
microscopy. Scale bars represent 10 and 1 µm (inset), F. Cell lysates were analyzed through immunoblotting using 
antibodies against RFP, HA-tag, and β-actin (loading control). # indicates degradative products of 6xIAPP-RG. * indicates 
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FIGURE 6: CIR1 and CIR3 interact directly with 6xIAPP, while CIR2 interacts with P3H4. (A, B) CIR1 of CCPG1 interacts 
directly with 6xIAPP in vitro. DHFR-ALFA-tagged C-terminal truncated mutants of CCPG1 and DHFR-HA-6xIAPP 
synthesized using a cell-free protein synthesis system were mixed with anti-HA antibody-conjugated Sepharose and 
incubated at 4°C for 1 h. After washing, eluates from the Sepharose were analyzed through immunoblotting with 
antibodies against ALFA-tag and HA-tag, A. The band intensities of DHFR-tag and the luminal domains of CCPG1 were 
quantified; the ratio of IP to input is shown. Data represent the mean ± SE of three independent experiments. 
Differences were statistically analyzed by Dunnett’s multiple comparison test, B. (C, D) CIR2 of CCPG1 interacts directly 
with P3H4 in vitro. DHFR-ALFA-tagged C-terminal truncated mutants of CCPG1 and DHFR-HA-P3H4 were synthesized 
using a cell-free protein synthesis system and then mixed with anti-HA antibody-conjugated Sepharose and incubated at 
4°C for 1 h. After washing, eluates from the Sepharose were analyzed through immunoblotting with antibodies against 
ALFA-tag and HA-tag, C. The band intensities of DHFR-tag and luminal domains of CCPG1 were quantified; the ratio of 
IP to input is shown. Data represent the mean ± SE of three independent experiments. Differences were statistically 
analyzed by Dunnett’s multiple comparison test, D.

nonspecific bands, G. Band intensities of cleaved RFP and 6xIAPP-RG were quantified and the ratio of cleaved RFP to 
6xIAPP-RG (normalized to the WT) is shown. Data represent the mean ± SE of three independent experiments. 
Differences were statistically analyzed by Dunnett’s multiple comparison test, H. (I–K) CIR2 of CCPG1 is required for 
lysosomal degradation of P3H4. Tet-On WT HeLa cells and CCPG1 KO HeLa cells coexpressing full-length or CIR-
mutant CCPG1 (constitutive) and ssRFP-GFP-P3H4 (RG-P3H4) (Tet-On) were cultured with Dox for 48 h and then 
subjected to IF and immunoblotting. Cell lysates were analyzed through immunoblotting using antibodies against RFP, 
HA-tag, and β-actin (loading control), I. The band intensities of cleaved RFP and RG-P3H4 were quantified, and the ratio 
of cleaved RFP to RG-P3H4 (normalized to the WT) is shown. Data represent the mean ± SE of three independent 
experiments. Differences were analyzed using one-way ANOVA and Sidak’s multiple comparison test, J. Cells were 
stained with antibodies against HA-tag and analyzed through immunofluorescence microscopy. GFP and RFP-positive 
signals colocalizing with HA-positive structures (arrowhead) are indicated. Scale bars represent 10 and 1 µm (inset), K.



12 | S. Ishii et al. Molecular Biology of the Cell

FIGURE 7: The ER luminal region of CCPG1 simultaneously recognizes multiple cargos. (A–D) The same ER luminal 
cargo competitively inhibits the interaction with CCPG1. DHFR-ALFA-CCPG1 (C-terminal full-length) and DHFR-HA-
P3H4 (or 6xIAPP) with or without DHFR-FLAG-P3H4 (or 6xIAPP) or DHFR-FLAG were synthesized using a cell-free 
protein synthesis system, mixed with anti-ALFA Sepharose, and then incubated at 4°C for 1 h. FLAG-tagged products 
were added at three times the level of HA-tagged cargos (indicated as × 3). Eluted products were analyzed through 
immunoblotting with antibodies against ALFA-, FLAG-, and HA-tag, A and C. The bar graph shows the ratio between 
the indicated band intensities. Data represent the mean ± SE of three independent experiments. Differences were 
statistically analyzed by Dunnett’s multiple comparison test (B and D. (E, F) Different ER luminal cargos are able to 
interact with CCPG1 simultaneously. Synthesized DHFR-HA-P3H4 and DHFR-FLAG-6xIAPP were mixed with DHFR-
ALFA-CCPG1 (C-terminal), either alone or in combination. Anti-ALFA beads were added to the mixture, which was 
allowed to react at 4°C for 1 h. After washing four times with 1 × lysis buffer, SDS sample buffer was added and each 
eluate was analyzed through immunoblotting using antibodies against ALFA-, FLAG-, and HA-tag, E. The bar graph 
shows the ratio of IP to input (n = 3). The data represent mean ± SE. Differences were statistically analyzed by Student’s 
t test, F. (G) A simultaneous recognition model, in which CCPG1 interacts directly with multiple ER luminal cargos.
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glycosylation (Supplemental Figure S2H); this indicated that 6xIAPP 
was mislocalized to the cytoplasm because of stress-induced inhibi-
tion of protein translocation (Kang et al., 2006) or was dislocated 
from the clogged ER translocon by ZMPSTE24, a mammalian homo-
logue of yeast Ste24 (Ast et al., 2016; Kayatekin et al., 2018). These 
results demonstrate that 6xIAPP in mammals does not always clog 
the translocon, but some proportion may be successfully translo-
cated into the ER, where aggregated 6xIAPP is targeted for ER-
phagy. Analysis of cells expressing low and high levels of 6xIAPP 
indicated a difference in dependence (Supplemental Figure S2, F 
and G). Low expression levels of 6xIAPP were mainly degraded 
through a nonlysosomal pathway. On the other hand, highly ex-
pressed 6xIAPP was largely degraded through the lysosomal path-
way (Supplemental Figure S2, F and G). We speculated that 6xIAPP 
aggregated in the ER is an ERAD-inefficient substrate, similar to ag-
gregated procollagen (Ishida et al., 2009). 6xIAPP formed large 
oligomers under our conditions (Supplemental Figure S1, A and B). 
The conformation of aggregated 6xIAPP at high concentrations in 
the ER might lead to its recognition by CCPG1.

We observed that the overexpression of 6xIAPP alone is suffi-
cient to induce autophagy (Figure 2B; Supplemental Figure S3, B-F), 
likely because the increased abundance of CCPG1 is directly recog-
nized by both FIP200 and LC3 (Figure 3A; Supplemental Figure S4, 
A and B). This finding is supported by a previous report that overex-
pression of WT CCPG1, but not mutant LIR or FIR, promotes ER-
phagy (Smith et al., 2018). This raises the question of how 6xIAPP 
induces CCPG1 expression. ER stress induces CCPG1 expression 
(Smith et al., 2018). Moreover, the UPR factors PERK, XBP1, and 
MIST1 are associated with CCPG1 transcription (Tian et al., 2010; 
Adamson et al., 2016). However, we did not detect activation of the 
UPR pathway by 6xIAPP overexpression in HeLa cells, although ER-
phagy was induced (unpublished data). Future work is needed to 
identify the specific transcription factor(s) responsible for CCPG1 
induction by 6xIAPP. Another open question is how CCPG1 induces 
autophagy. We initially assumed that a luminal cargo transduces a 
signal from the ER lumen to the cytoplasmic side to induce ER-
phagy, similarly to the induction of the UPR; if this is the case, cargo 
binding to CCPG1 might trigger ER-phagy. However, overexpres-
sion of a CCPG1 mutant lacking the whole ER luminal region in-
duced autophagy (Supplemental Figure S7, B and C). Therefore, the 
expression of CCPG1, which recruits FIP200 and LC3 to the ER 
membrane, might be sufficient to initiate ER-phagy, even without an 
ER luminal cargo. Although this mechanism may not be elegant, it is 
very straightforward, and CCPG1-dependent ER-phagy does not 
require any additional signal transduction pathways.

As CCPG1 has the largest ER luminal domain among known ER-
phagy receptors, it has been speculated that CCPG1 recognizes ER 
luminal proteins (Smith and Wilkinson, 2017; Grumati et al., 2018; 
Smith et al., 2018; Wilkinson, 2020). We revealed that CCPG1 inter-
acts directly with cargos, including 6xIAPP and P3H4. P3H4 was re-
ported to play a role in catalyzing the complex hydroxylation pro-
cess of collagen chains. Physiologically, P3H4 is a prognostic factor 
for lung adenocarcinoma and bladder cancer (Li et al., 2018; Jin 
et al., 2021); it contributes to cancer invasion and growth (Hao et al., 
2020), suggesting that CCPG1 may have a protective effect against 
these cancers. In addition, endogenous P3H4 accumulated in the 
pancreas and stomach of autophagy-deficient mice (Figure 4D), 
suggested that it undergoes degradation dependent on the au-
tophagy–lysosome pathway, particularly in exocrine organs.

Several ER chaperones, including BiP, calnexin, PDIA1, PDIA3, 
CALR, and TXNDC5, were identified by our MS analysis of proteins 
binding to the luminal region of CCPG1 (Figure 4, A and B). This is 

consistent with a previous finding that ER chaperones, including 
PDIA6, accumulated in the pancreas of CCPG1 hypomorphic mice 
(Smith et al., 2018). As FAM134B has been reported to bind to BiP 
and calnexin, which mediates the capture of luminal misfolded pro-
teins under ER stress conditions (Fregno et al., 2018; Forrester et al., 
2019; Chipurupalli et al., 2022), CCPG1 may employ a similar mech-
anism, in which ER chaperones mediate the degradation of luminal 
proteins through ER-phagy. CCPG1 is an ER stress–responsive gene, 
suggesting that ER-phagy may share common substrates with 
ERAD, and that cross-talk may exist, depending on the amount of 
degradation. In this scenario, although ER-phagy exhibits more ex-
tensive selective recognition of unfolded proteins, its substrate se-
lectivity might be similar to the UPR, such that direct recognition of 
a substrate by the luminal region of CCPG1 may contribute to ER-
phagy-specific selectivity.

Homology searches were performed with the Position-Specific 
Iterative Basic Local Alignment Search Tool (PSI-BLAST) using hu-
man sequences of CIRs from CCPG1; however, we detected no pro-
teins containing similar domains. Moreover, further searches using 
the InterPro database (v90.0; Blum et al., 2021) identified no para-
logs or proteins with conserved CIR-related regions. In addition, no 
similarity among CIRs in CCPG1 was found through sequence align-
ment. The AlphaFold tool predicted that CIRs 1–3 have different 
structures (Jumper et al., 2021; Varadi et al., 2022), and our data 
indicated different cargo selectively among these CIRs; this indi-
cated that each CIR recognizes the cargo using different machinery. 
Therefore, we speculated that the ER luminal region of CCPG1 has 
unique features related to the recognition of ER-phagy substrates. 
Future work is needed to identify the specific motifs that bind ER-
phagy substrates and reveal the detailed mechanisms of substrate 
selectivity.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Antibodies
Rabbit polyclonal anti-LAMP1 antibodies were a gift from Y. Tanaka 
(Kyusyu University). Rabbit polyclonal anti-TRAPα antibodies were a 
gift from R.S. Hegde (MRC LMB). Mouse monoclonal anti-HA (clone 
16B12, 901502) was purchased from BioLegend Funakoshi (Tokyo, 
Japan). Mouse monoclonal anti-RFP (M204-3) and anti-LC3 (M152-3) 
antibodies and rabbit polyclonal anti-LC3 (PM036), anti-p62 
(PM045), and anti-ATG9A (PD042MS) antibodies were purchased 
from MBL (Tokyo, Japan). Mouse monoclonal anti-β-actin (281-
98721), anti-GFP (clone mFX75, 012-22541), and anti-FLAG (018-
22381) antibodies were purchased from Wako (Osaka, Japan). 
Mouse monoclonal anti-RPL19 (WH0006143M1), anti-β-actin 
(A2228), and anti-FLAG (F4042) antibodies were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Mouse monoclonal anti-HSP90 
(610419) antibodies were purchased from BD Biosciences (Tokyo, 
Japan). Mouse monoclonal anti-Halo (G9211) antibody was pur-
chased from Promega (Madison, WI). Rabbit polyclonal anti-
FAM134B (21537-1-AP), anti-RTN3 (12055-2-AP), anti-CCPG1 
(13861-1-AP), anti-TEX264 (25858-1-AP), anti-RB1CC1 (FIP200) 
(17250-1-AP), anti-ATG5 (10181-2-AP), and anti-Histone-H3 (17168-
1-AP) antibodies were purchased from Proteintech (Tokyo, Japan). 
Rabbit polyclonal anti-SEC62 (NBP1-84045) antibodies were pur-
chased from Novus Biologicals (Centennial, CO). Rabbit polyclonal 
anti-P3H4 (A13754) antibodies were purchased from ABclonal 
(Woburn, MA). Rabbit polyclonal anti-ALFA antibodies were raised 
in rabbits through immunization with the ALFA peptide (Eurofins). 
GFP-nanobody and ALFA tag-nanobody Sepharose were generated 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-09-0432
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through conjugation of GFP-nanobody protein purified from pOP-
INE GFP nanobody (plasmid 49172; Addgene, Watertown, MA) and 
ALFA tag-nanobody protein (Götzke et al., 2019) purified from pR-
SET-A ALFA–His to N-hydroxy succinimide-activated Sepharose 4 
Fast Flow (GE Healthcare, Chicago, IL). Mouse monoclonal anti-
FLAG M2 affinity gel (A2220) and anti-FLAG M2 magnetic beads 
(M8823) were purchased from Sigma-Aldrich. Mouse monoclonal 
anti-HA conjugated Sepharose (014-23081) was purchased from 
Wako.

Plasmids
To generate pCW_1x (or 6x) IAPP-RFP-GFP-KDEL or 1x (or 6x) IAPP-
RFP-GFP, IAPP-related constructs, human IAPP and 6xIAPP se-
quences (synthesized using gBlocks Gene Fragments; Integrated 
DNA Technologies; Coralville, IA) were inserted into the pCW57.1 
vector (plasmid #41393; Addgene) along with DNA encoding the 
mCherry, super-folder GFP (sfGFP), and, if indicated, KDEL se-
quences. For pCW_1x (or 6x) IAPP-HA-KDEL, each IAPP sequence 
and 3 × hemagglutinin (HA)-tag was used. pCW_1x (or 6x) IAPP-Gly-
HA-KDEL was generated through insertion of the N-glycosylation 
site from opsin (Pedrazzini et al., 2000) into pCW_1x (or 6x) IAPP-HA-
KDEL. To generate pCW ssRFP-GFP-KDEL, the signal sequence of 
prolactin and the mCherry, super-folder GFP, and KDEL sequences 
were subcloned into the pCW57.1 vector. For pCW ssRFP-GFP-
P3H4, cDNA of human P3H4 amplified from total cDNA of HEK293T 
cells was used. To generate full-length or truncated CCPG1 con-
structs, cDNA of CCPG1s was amplified from HEK293FT total cDNA 
and inserted into the pLenti cytomegalovirus vector GFP Puro (plas-
mid 17448; Addgene) or pMRX-IB (Morita et al., 2018); these plas-
mids were generated from pMXs (Kitamura et al., 2003) along with 
enhanced GFP, 3xFLAG-tag, or 3xHA-tag. Truncated constructs were 
prepared through PCR-mediated site-directed mutagenesis. To gen-
erate pMRXIB_RFP-GFP-LC3 and pMRXIB_RFP-GFP-Cytb5, cDNA 
of rat LC3 and the transmembrane domain of Cytb5 were amplified 
from pMXs-IP-EGFP-LC3 (plasmid 38195; Addgene) and pMXs-puro 
GFP-b5 ER (plasmid 38274; Addgene) and inserted into the pMRX-
IB vector. For the ATG- or ER-phagy receptor gene-targeted CRISPR 
vector, the specific sgRNA sequences were inserted into lentiCRISPR 
v2 hygro (plasmid 98291; Addgene) or lentiGuide-puro (plasmid 
52963; Addgene). For plasmids with a cell-free protein synthesis sys-
tem in vitro, DHFR (amplified from PURExpress DHFR), 3xHA-tag, 
3xFLAG-tag, ALFA-tag, P3H4, and the indicated regions of CCPG1 
(amplified from total cDNA of HEK293FT) were inserted into a PUR-
Express plasmid (provided with the PURE system kit from New Eng-
land Biolabs, Ipswich, MA). pCMV-VSVG (plasmid 8454; Addgene) 
and psPAX2 (plasmid 12260; Addgene) were used for lentivirus pro-
duction. pCMV-VSVG and Gag were used for retrovirus production.

Cell culture
HeLa and HEK293FT cells were cultured in DMEM (Nacalai Tesque, 
Kyoto, Japan) supplemented with 10% fetal bovine serum (FBS; MP 
Biomedicals, Santa Ana, CA) and 50 mg/ml penicillin and strepto-
mycin (regular medium) in a 5% CO2 incubator. Tetracycline-On (Tet-
On) cells were generated through lentiviral transduction with a 
pCW57.1 vector containing the single-vector Tet-On component.

For compound treatment, cells were incubated at the indicated 
times with 0.2 µM bafilomycin A1 (LC Laboratories, Woburn, MA), 1 
µM Torin 1 (Tocris Bioscience, Ellisville, MO), 2 µg/ml tunicamycin 
(Sigma-Aldrich), 0.2 µM thapsigargin (Santa Cruz Biotechnology, 
Dallas, TX), 10 µg/ml E64d (Peptide Institute, Osaka, Japan), 100 
µM pepstatin A (Peptide Institute), 20 µg/ml leupeptin (Peptide In-
stitute), or 1 µg/ml Dox (Clontech, Mountain View, CA).

Generation of a KO cell line using CRISPR/Cas9 gene 
editing (mixed population of WT and KO cells)
SgRNA sequences for KO cells were designed using CHOPCHOP 
[FIP200 (5′-GGCTGCAATCATGGCCAACC-3′): Atg5 (5′-AAG-
AGTAAGTTATTTGACGT-3′): Atg9A (5′-AGGATATTCGA GAGAA-
GAAG-3′): CCPG1(5′-ACAGTGATTCATCTTGTGGT-3′): FAM134B 
(5′-ACTCTTTGGCAGCAACCGTG-3′): RTN3 (5′-AAGAAGA-
CTGGGTTTGTCTT-3′): SEC62 (5′-CCACCAATATGATGGGT-
CAC-3′): TEX264 (5′-GCTACTACTGGGCCTGATTG-3′)] and cloned 
into lentiCRISPR v2 hygro (plasmid 98291; Addgene) or lentiGuide-
puro (plasmid 52963; Addgene). HeLa cells were infected with the 
lentivirus and then cultured for 7 d under hygromycin/puromycin 
selection. The hygromycin/puromycin-resistant cells were used as 
KO cell lines.

Generation of a clonal KO cell line using CRISPR/Cas9 
gene editing
To generate clonal HeLa CCPG1 KO cells, HeLa cells were trans-
fected with pSpCas9(BB)-2A-Puro (PX459) V2.0 (plasmid 62988; 
Addgene) containing the sgRNA sequence of CCPG1. Puromycin 
was transiently applied for 24 h posttransfection. After culturing for 
>5 d, single cell clones were isolated through dilution into 96-well 
plates and screened for successful KO of CCPG1 through 
immunoblotting.

Generation of stable cell lines through lentiviral and 
retroviral infection
Stable cell lines were generated using lentiviral and retroviral expres-
sion systems. HEK293FT cells were transiently cotransfected with 
lentiviral or retroviral vectors using PEI MAX regent (Polysciences, 
Warrington, PA). After culturing for 72 h, the growth medium con-
taining the virus was centrifuged, and the resulting supernatant was 
collected. HeLa cells were incubated with this virus-containing me-
dium for 48 h and then selected with 1 µg/ml puromycin (InvivoGen, 
San Diego, CA), 5 µg/ml blasticidin S (Wako), 100 µg/ml hygromycin 
B (Wako), or 500 µg/ml G418 (Nacalai Tesque).

Immunoblotting
Cells were washed with cold phosphate-buffered saline (PBS) and 
lysed in lysis buffer (1% Triton X-100, 50 mM Tris-HCl pH 7.5, 1 mM 
EDTA [EDTA], and 150 mM NaCl) supplemented with protease in-
hibitor cocktail (EDTA-free; Nacalai Tesque) and 1 mM phenylmeth-
anesulfonyl fluoride for the collection of soluble fractions, or 1xSDS 
sample buffer (0.0625 mM Tris-HCl pH 6.8, 2% SDS,10% 2-mercap-
toethanol, and 10% glycerol) for the collection of whole-cell lysates, 
for 15 min at 4°C. The soluble lysates were clarified through centrifu-
gation at 20,630 × g for 5 min, and 6 × sodium dodecyl sulfate (SDS) 
sample buffer was added. The samples were heated to 95°C for 
5 min before SDS/polyacrylamide gel electrophoresis (SDS/PAGE), 
in which 20 µg of protein per lane was separated and then trans-
ferred to a polyvinylidene disulfide membrane (Millipore, Burling-
ton, MA). Immunoblot analysis was performed with the indicated 
antibodies suspended in Signal Enhancer Hikari (Nacalai Tesque) 
and the immunoreactive proteins were visualized using ImmunoStar 
Zeta (Wako).

siRNA knockdown experiments
Stealth RNAi oligonucleotides were purchased from Thermo Fisher 
Scientific (Waltham, MA). The following sequences were used: siC-
CPG1, 5′-UUCCAAUAUAGAUACUGUCUUCGGG -3′ and siLucifer-
ase (siLuc), 5′-AAUUAAGUCCGCUUCUAAGGUUUCC-3′. The 
stealth RNAi oligonucleotides were transfected into cells using 
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Lipofectamine RNAiMAX (13778150; Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions.

Mice
All animal experiments were approved by the Institutional Animal 
Care and Use Committee of the University of Tokyo. Atg5−/−;NSE-Atg5 
mice (Yoshii et al., 2016) and Fip200flox/flox;Nestin-Cre mice (Liang 
et al., 2010) have been described previously. To obtain postnuclear 
supernatants, tissue homogenates were centrifuged at 500 × g for 
10 min and the supernatants were boiled in sample buffer.

LC-MS/MS analysis of FLAG-CCPG1 immunoprecipitates
HeLa stably expressing FLAG-CCPG1, as well as the FLAG-CCPG1 
luminal-deletion mutant and FLAG and FLAG-CCPG1 cytosol-dele-
tion mutants, were incubated and lysed with lysis buffer (50 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, and complete EDTA-free 
protease inhibitor [03969-21; Nacalai Tesque]). After centrifugation 
at 17,700 × g for 10 min, the supernatants were incubated with anti-
FLAG M2 magnetic beads for 3 h at 4°C with gentle rotation. The 
eluted proteins were enzymatically digested according to a phase-
transfer surfactant (PTS) protocol (Rappsilber et al., 2007). Then 50 µl 
of each eluted sample was mixed with 85 µl PTS buffer. Samples 
were reduced with 10 mM dithiothreitol at room temperature for 
30 min and alkylated with 50 mM 2-iodoacetamide (804744; Sigma-
Aldrich) at room temperature for 30 min. Next, samples were diluted 
fivefold through addition of 50 mM NH4HCO3 solution followed by 
digestion with 1 µg of lysyl endopeptidase (LysC; 121-05063; Wako) 
at 37°C for 4 h. Samples were further digested with 1 µg trypsin at 
37°C for 8 h. An equal volume of ethyl acetate acidified with 0.5% 
trifluoroacetic acid (TFA) was added to the digested samples. After 
centrifugation twice at 10,000 × g for 10 min at room temperature, 
the aqueous phase containing the peptides was collected and dried 
using a SpeedVac concentrator (Thermo Fisher Scientific). The dried 
peptides were solubilized in 100 µl of 2% acetonitrile and 0.1% TFA, 
and the peptide mixture was trapped on a handmade C18 STAGE 
tip prepared as described previously (Boersema et al., 2009). The 
trapped peptides were subjected to a previously reported dimethyl-
labeling procedure (Boersema et al., 2009). Subsequently, CH2O 
and NaBH3CN (light label) were added to the FLAG-only sample. 
Similarly, CD2O and NaBH3CN (heavy label) were added to the 
FLAG-NEK9 sample. The dimethyl-labeled peptides remaining on 
the tip were eluted with 100 µl of 80% acetonitrile and 0.1% TFA. 
The light- and heavy-label eluates were mixed and dried using a 
SpeedVac concentrator. Each sample was dissolved in 2% acetoni-
trile and 0.1% TFA and loaded into the LC-MS system with an Orbi-
trap Exploris 480 MS instrument (Thermo Fisher Scientific) equipped 
with a nano-high-performance liquid chromatography system (Ad-
vance UHPLC; Bruker Daltonics, Billerica, MA, USA) and HTC-Pal 
autosampler (CTC Analytics, Zwingen, Switzerland) with a trap 
column (0.3 × 5 mm, L-column ODS; Chemicals Evaluation and 
Research Institute, Tokyo, Japan). Samples were separated using a 
gradient of mobile phases A (0.1% [v/v] formic acid in H2O) and B 
(0.1% [v/v] formic acid in acetonitrile) at a flow rate of 300 nL/min 
(4–32% B for 190 min, 32–95% B for 1 min, 95% B for 2 min, 95% to 
4% B for 1 min, and 4% B for 6 min) with a homemade capillary 
column (length 200 mm and inner diameter 100 µm) packed with 
2-µm C18 resin (L-column2; Chemicals Evaluation and Research In-
stitute). Then the eluted peptides were electrosprayed (2.1 kV) and 
introduced into the MS instrument. Data were obtained in positive 
ion mode for data-dependent MS/MS (ddMS2) acquisition. Full MS 
spectra were obtained across a scan range of 350–1800 m/z with 
60,000 full width at half maximum (FWHM) resolution at 200 m/z. 

MS2 spectra were obtained with 7500 FWHM resolution at 200 m/z. 
For ddMS2 acquisition, full MS spectra were obtained every 3 s and 
MS2 spectra were obtained during the 3 s intervals. The most abun-
dant precursor ions (excluding isotopes of a cluster) above the 5.0 × 
103 intensity threshold with a charge state from 2+ to 7+ were se-
lected using a 2.0-m/z isolation window. A 20-s dynamic exclusion 
period was applied. The raw data obtained were used for a data-
base search (UniProt reviewed the mouse database on September 
13, 2018) with the Sequest HT algorithm running on the Proteome 
Discoverer 2.5 platform (Thermo Fisher Scientific). The parameters 
for database searches were as follows: peptide cleavage was set to 
trypsin; missed cleavage sites were allowed for up to two residues; 
peptide lengths were set to 6–144 aa; and mass tolerances were set 
to 10 ppm for precursor ions and 0.02 Da for fragment ions. Carb-
amidomethylation of cysteine and dimethylation [H(4)C(2) or D(4) 
C(2)] of lysin and the peptide N-terminus were set as fixed modifica-
tions. Oxidation of methionine was set as a variable modification. A 
significance threshold of p < 0.05 was applied. The abundances of 
precursor ions were calculated based on the area of the precursors, 
determined with Proteome Discoverer 2.5.

Insoluble fraction assay
Cells were lysed in lysis buffer with protease inhibitor cocktail and 
1 mM phenylmethanesulfonyl fluoride for 15 min at 4°C. The lysate 
was clarified through centrifugation at 20,630 × g for 30 min. Then 
the supernatant was collected as the soluble fraction, and the pellet 
(containing the insoluble fraction) was washed three times with fresh 
lysis buffer. The insoluble pellet was suspended in a volume of lysis 
buffer equal to the soluble fraction volume and then mixed with 6 × 
SDS sample buffer. The samples were heated to 95°C for 5 min and 
then sonicated.

Glycosylation assay
Cells expressing IAPP constructs fused with the glycosylation site of 
opsin (Pedrazzini et al., 2000) were lysed in 1 × lysis buffer without 
protease inhibitor, incubated for 15 min on ice, and then centri-
fuged at 20,630 × g for 5 min. The supernatant of each lysate was 
mixed with 10 × glycoprotein denaturing buffer, heated for 5 min at 
95°C, and then incubated with endoglycosidase H or H2O at 37°C 
for 10 h. Next, 6 × SDS sample buffer was added to each product; 
the mixture was heated to 95°C for 5 min and then analyzed through 
SDS–PAGE and immunoblotting.

Sucrose gradient fractionation
Cells were lysed in CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate) buffer containing protease inhibitor for 30 min 
on ice. Then the lysates were centrifuged at 20,630 × g for 30 min at 
4°C to remove insoluble components; the resulting supernatants 
were layered on top of a 10–50% discontinuous sucrose gradient 
and centrifuged at 259,000 × g for 90 min at 4°C (CS 150FNX; rotor: 
S55S [9124280K]; Hitachi, Tokyo, Japan). Eleven 200-µl fractions 
were collected and mixed with 6 × SDS sample buffer and then ana-
lyzed through SDS–PAGE and immunoblotting.

Immunofluorescence microscopy
Cells were plated on coverslips, fixed in 3.7% formaldehyde in PBS 
for 15 min, permeabilized with 50 µg/ml digitonin or 0.1% Triton 
X-100 in PBS for 5 min, and then blocked with 10% newborn bovine 
serum (NBS) in PBS for 45 min. After blocking, each sample was in-
cubated with the indicated primary antibodies for 1 h. After washing, 
each sample was incubated with Alexa-647 conjugated anti-mouse 
or anti-rabbit IgG secondary antibodies (Thermo Fisher Scientific) for 
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1 h. The stained cells were observed under a confocal laser micro-
scope (FV1000 IX81; Olympus, Tokyo, Japan) using a 100× oil im-
mersion objective lens with a numerical aperture of 1.40. Images 
were acquired using FV10-ASW 2.1 imaging software.

Flow cytometry
Cells were trypsinized with EDTA and recovered through detach-
ment from the dish. The cells were passed through a 70-µm cell 
strainer and then resuspended in 10% FBS and 1 µg/ml 4′,6-diamid-
ino-2-phenylindole (DAPI) in PBS for flow cytometric analysis using a 
CytoFLEX S flow cytometer equipped with NUV 375-nm (DAPI), 
488-nm (GFP), and 561-nm (RFP) lasers (Beckman Coulter, Brea, CA, 
USA). Dead cells were detected through DAPI staining. In each sam-
ple, ten thousand cells were acquired and the RFP/GFP fluores-
cence ratio was calculated as red fluorescence intensity divided by 
green fluorescence intensity in RFP-positive cells. The data were 
processed with Kaluza software (Beckman Coulter).

Immunoprecipitation
Cells were lysed in lysis buffer with protease inhibitor cocktail and 1 
mM phenylmethanesulfonyl fluoride for 15 min at 4°C. The lysate 
was clarified through centrifugation at 20,630 × g for 5 min, and the 
resulting supernatant was collected. A portion of this supernatant 
was mixed with 6 × SDS buffer, heated to 95°C for 5 min, and then 
used as an input. GFP-nanobody Sepharose beads were added to 
the mixture, which was incubated for 2 h at 4°C. The Sepharose 
beads were washed four times with lysis buffer before elution with 
SDS sample buffer. The samples were subsequently separated 
through SDS–PAGE and analyzed through immunoblotting.

In vitro protein biding assay
Each DHFR- and small-tag-fusion protein was synthesized using 
PURE frex2.1 and suspended in 1 × lysis buffer containing 1% Triton 
X-100. Substrates for IP and target proteins were mixed at a ratio of 
1:3, and the Sepharose beads conjugated to specific antibodies or 
nanobodies against HA, FLAG, or ALFA were incubated at 4°C for 
1 h. The beads were washed four times with 1 × lysis buffer and 2 × 
SDS sample buffer was added. The mixture was then heated to 
95°C for 5 min and analyzed using SDS–PAGE and immunoblotting. 
For analysis of competition for the same cargos, FLAG-tagged 
products were added at three times the volume of HA-tagged car-
gos. For analysis of competition for different cargos, P3H4 and 
6xIAPP were mixed at equal volumes. SDS–PAGE and immunoblot-
ting were performed for analysis.

RNA extraction, reverse transcription, and quantitative 
real-time PCR
Total RNA was extracted from cells using ISOGEN II (NIPPON 
GENE, Tokyo, Japan). Reverse transcription was performed using 
ReverTra Ace reverse transcription reagents (TOYOBO LIFE 
SCIENCE, Osaka, Japan). The following gene-specific primer 
sequences were used: human CCPG1, 5′-TTCTGTGACCCCCACT-
GACA-3′ (forward) and 5′-TTGGCTGCTTTCTCCTTGCT-3′ (reverse); 
human GAPDH, 5′-CCACATCGCTCAGACACCA-3′ (forward) 
and 5′-GGCAACAATATCCACTTTACCAGAG-3′ (reverse). Relative 
quantification of gene expression was performed according to the 
2 (– ΔΔCT) method. The housekeeping gene GAPDH was used as an 
internal control to normalize the variability in expression levels.
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