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Integration of ER protein quality control mechanisms
defines B cell function and ER architecture
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Introduction

Pancreatic f cells are professional secretory cells capable of synthe-
sizing thousands of proinsulin molecules per second in the ER (1). ER
architecture and proteostasis are both highly dynamic and related;
indeed, both features are tightly regulated via a balanced act of pro-
tein biosynthesis and degradation in response to environmental cues
and nutrient status (2-4). A decline of proteostasis in the ER likely
contributes to B cell dysfunction (including both dedifferentiation
and cell death) in diabetes (5). As cytoplasmic organelles exist in a
3D environment, a major challenge is to visualize these 3D subcellu-
lar structures and delineate their dynamics. Three highly conserved
quality-control mechanisms, the unfolded protein response (UPR),
ER-associated degradation (ERAD), and selective ER-phagy, each
contribute to the maintenance of ER proteostasis (5-7). Specifical-
ly, 3 branches of the UPR (IREla, PERK, and ATF6) are activated
in response to stress conditions within the ER to promote protein
folding, while ERAD and ER-phagy are responsible for the degra-
dative clearance of misfolded proteins (8-12) and aggregates in ER
subdomains (7,13-18). While the regulatory mechanisms of UPR and
ERAD are increasingly understood (19), those of ER-phagy in vivo
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Three principal ER quality-control mechanisms, namely, the unfolded protein response, ER-associated degradation (ERAD),
and ER-phagy are each important for the maintenance of ER homeostasis, yet how they are integrated to regulate ER
homeostasis and organellar architecture in vivo is largely unclear. Here we report intricate crosstalk among the 3 pathways,
centered around the SEL1L-HRD1 protein complex of ERAD, in the regulation of organellar organization in f cells. SEL1L-HRD1
ERAD deficiency in p cells triggers activation of autophagy, at least in part, via IRE1a. (an endogenous ERAD substrate). In

the absence of functional SEL1L-HRD1 ERAD, proinsulin is retained in the ER as high molecular weight conformers, which are
subsequently cleared via ER-phagy. A combined loss of both SEL1L and autophagy in f§ cells leads to diabetes in mice shortly
after weaning, with premature death by approximately 11 weeks of age, associated with marked ER retention of proinsulin and
P cell loss. Using focused ion beam scanning electron microscopy powered by deep-learning automated image segmentation
and 3D reconstruction, our data demonstrate a profound organellar restructuring with a massive expansion of ER volume
and network in B cells lacking both SEL1L and autophagy. These data reveal at an unprecedented detail the intimate crosstalk
among the 3 ER quality-control mechanisms in the dynamic regulation of organellar architecture and § cell function.

have lagged behind. One major challenge is to delineate how these
pathways are integrated to maintain subcellular organellar networks
in vivo (7). Here we report that proinsulin maturation, organellar
architecture, and cell survival are synergistically impacted by ERAD
and ER-phagy via IRE1o of the UPR in pancreatic f cells.

The SEL1L-HRDI1 protein complex represents the most con-
served component of the ERAD system, in which SELIL func-
tions as an obligatory cofactor for the E3 ligase HRD1 (20-23). We
recently reported that loss of either f§ cell SELIL-HRD1 ERAD or
autophagy causes early-onset, progressive hypoinsulinemic hyper-
glycemia, yet remarkably through different mechanisms — trig-
gering B cell dedifferentiation or death, respectively (5, 24). Unlike
autophagy-deficient B cells, Sel1L-deficient f cells do not undergo
detectable cell death, pointing to the existence of a possible com-
pensatory mechanism for loss of ERAD function. Here we show,
at unprecedented resolution, the intimate crosstalk among 3 ER
quality-control mechanisms in the regulation of p cell function and
organellar architecture in health and disease.

Results

Basal autophagy is activated in ERAD-deficient f cells. Single-cell
sequencing analyses of Sel1L™! islets, in which SelIL is knocked out
using a Cre driver under control of the B cell-specific endogenous
Ins1 promoter (24), revealed that, in addition to ER processing path-
ways (24), genes involved in autophagy were enriched in Sel1L™!
B cells (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI163584DS1).
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This was further confirmed using a curated list of autophagy-
induced genes, defined by Bordietal. (25), toinfer “autophagicactiv-
ity” (Figure 1A and Supplemental Figure 1, B and C). Transmission
electron microscopy (TEM) analysis revealed increased autophago-
somes in Sel1L™!islets (Figure 1B, arrows), which were undetectable
in control (WT) B cells under basal conditions, as previously report-
ed (26). Autophagy substrate p62 protein was decreased, albeit not
statistically significant, in SelIL™! islets (data not shown), while
the Atg7-dependent conversion of microtubule-associated protein
1 light chain I (LC3-I) to LC3-II (LC3-phosphatidylethanolamine
conjugate) was significantly elevated in SelIL™! islets compared
with those in WT islets (Figure 1C). Treatment with chloroquine,
an inhibitor of autophagosome-lysosome fusion (27), elevated LC3-
IT levels significantly more in SelIL™! islets than that of WT islets,
indicative of increased autophagic flux (Figure 1D). Consistent with
elevated autophagy, high molecular weight (HMW) proinsulin con-
formers (a known substrate of autophagy; refs. 28, 29) were reduced
in SelIL™! islets compared with WT islets (Figure 1E; lane 1 vs. 2).
Acute blockade of autophagy using chloroquine, however, greatly
enhanced the abundance of proinsulin dimers and HMW conform-
ers, formed via disulfide bonds (thus sensitive to reducing agent) in
Sel1L™!islets (Figure 1E, lane 4 vs. 2).

Increased autophagic activity in SellL™! islets is mediated, in part,
by IREIe. IREla is an endogenous substrate of SELIL-HRD1 ERAD
(19, 30) and previous studies have shown that the IRElo branch
of the UPR can activate autophagy in vitro (31, 32). We next asked
whether IREla links ERAD to autophagy activation in f cells. In line
with observations in other SellL-deficient cell types (19, 30), IREla
protein level was elevated approximately 4-fold in SelIL™! islets,
but UPR sensor PERK was unchanged (Figure 1C). To determine
whether IREla enhances autophagy in SelIL™! islets, we generated
B cell-specific SellL;Irela double-knockout (Sel1L™;Irela™!) mice.
Surprisingly, deletion of the RNase domain of IREla in Se/IL™!islets
reduced LC3-II to levels comparable to that of WT islets (Figure 1F,
lane 3vs. 2 and 6 vs. 5). It should be noted that the autophagic activ-
ity was not completely blocked by deletion of Irela, as treatment
with chloroquine still increased LC3-II flux in SelIL"™%Irela™ islets
(Figure 1F, lane 3 vs. 6). Moreover, deletion of IRE1la significantly
elevated HMW conformers of proinsulin in SelIL™! islets (Figure
1G). Taken together, these data demonstrated that SEL1L-HRD1
ERAD deficiency in B cells triggers the activation of basal autophagy
toward proinsulin aggregates, at least in part, via IREla.

Synergism of ERAD and autophagy in f cell survival and systemic
glucose homeostasis. To further test the hypothesis that compensato-
ry upregulation of autophagy may limit proinsulin aggregation and
cell death in SelIL™ islets, we generated SellL- and Atg7-deficient
(SellL™™:Atg7™! [DKOI) mice. SellL/%Atg7%" (WT) and single KO
(Sel1L™! and Atg7™!) mice were included as controls. Initial growth
within the first 6 weeks of life was comparable among the 4 cohorts,
but DKO male mice started to lose body weight around 7-8 weeks
of age (Figure 2A). Tissue histology revealed no abnormalities in
peripheral white and brown adipose tissues or the liver of 8-week-
old mice (Supplemental Figure 2, A-C). Ad libitum blood glucose
levels were slightly increased in DKO male mice at weaning, but
quicklyrose to over 600 mg/dL (glucometer detection limit) around
8 weeks of age (Figure 2B). The DKO mice died prematurely, with
a median life span of 11 weeks (Figure 2C). By contrast, the hyper-
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glycemia of SelIL™! and Atg7™! littermates initiated around 5 and 8
weeks of age, respectively, and progressed at a much slower pace
over the next 10 weeks (Figure 2B). Median survival was approx-
imately 30 weeks for Azg7"™" mice, while SelIL™! littermates lived
longer (Figure 2C). Similar observations were obtained in female
cohorts (Figure 2, D-F) with regard to body weight, blood glucose,
and survival rate. In line with our previous report (24), blood
glucose increased more modestly in single KO female cohorts
compared with the males. At 5 weeks of age, both serum insulin
and total pancreatic insulin in DKO mice were reduced to about
half of those in Sel1L™! and Atg7™! littermates and a third of those
in WT mice (Figure 2, G and H).

Histological examination of islets revealed that DKO islets dete-
riorated much faster than either of the single KO mice (Figure 2I). At
8 weeks of age, vacuolization and cell death (i.e., TUNEL-positive
cells) were pervasive in DKO B cells, but not in single KO cohorts
(Figure 2, I and J, and quantitated in Supplemental Figure 3A). In
line with our recent study (24), B cell dedifferentiation as marked
by elevated Aldhla3 expression was comparable in SelIL™! islets
with or without Atg7, but was undetectable in WT or Atg7™! islets
(arrows, Figure 2K). Consistently, expression of the B cell identity
marker MafA was reduced in both Sel1IL™! and DKO islets (arrows,
Supplemental Figure 3B), with centrally located glucagon-positive
o cells (arrows, Supplemental Figure 3C). Taken together, these
data demonstrated that SELIL-HRD1 ERAD and autophagy play
a synergistic role in P cell survival, systemic glucose homeostasis,
and organismal survival. Indeed, autophagy activation in Se/IL™!
islets prevents P cell death.

Synergism of ERAD and autophagy in ER maturation of nascent
proinsulin. We next investigated the maturation of nascent proinsu-
lin in the ER in 4- to 8-week-old mice. While the rate of proinsulin
biosynthesis in islets was comparable among the cohorts (Supple-
mental Figure 4A), there was very little mature insulin in DKO islets
(Figure 3A). Moreover, unlike in WT and single KO islets where
proinsulin predominantly localized as a juxtanuclear cluster adja-
cent to GM130 (the trans-Golgi compartment; Figure 3B), proinsu-
lin was largely retained in the ER (colocalized with ER chaperone
BiP; Figure 3C and Supplemental Figure 4C) and failed to reach the
trans-Golgi region in DKO islets (Figure 3, B and C). Immunogold
labeling of proinsulin (specific for f cells, not a cells; Supplemen-
tal Figure 4B) showed that, unlike in WT { cells where proinsulin
was predominantly found in clusters of nascent secretory granules
devoid of BiP (arrows; Figure 3, D and E), proinsulin seemed to
distribute diffusely and become colocalized with BiP in DKO islets
(Figure 3, D and E). Hence, SEL1L-HRD1 ERAD and autophagy play
a synergistic role in the maturation and ER exit of proinsulin.

ER-phagy is activated in SelIL™! islets. Accumulation of proinsu-
lin in the ER of DKO islets suggested a possible role of ER-phagy
in the clearance of proinsulin in ERAD-deficient islet. We next
asked how ERAD and autophagy play a synergistic role in f cells.
To visualize autophagy and ER-phagy in B cells, we performed TEM
of primary islets acutely treated with bafilomycin, a drug that causes
the accumulation of autophagic vacuoles (AVs), i.e., autophagoly-
sosomal intermediates (18). Consistent with increased autophagic
flux, bafilomycin treatment revealed that there were significant-
ly more AVs in SellL™! B cells than WT B cells (asterisks, Figure
4A). Both mitochondria (green arrows) and ribosome-studded

J Clin Invest. 2023;133(1):e163584 https://doi.org/10.1172/)C1163584
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Figure 1. Basal autophagy is activated in ERAD-deficient § cells in part via IRE1a. (A) UMAP plots of islets from WT (left) and Sel7L"" male mice (right).
Scale bars represent autophagic activity inferred from 20 reported autophagy-induced genes. (B) Representative TEM images of WT and Sel1L" islets,
showing elevated autophagosomes (arrows) in basal state (n = 2 mice). ER, endoplasmic reticulum; M, mitochondria; SG, secretory granules; G, Golgi.
Scale bars: 800 nm (top) and 200 nm (bottom). (C) Western blot showing expression of autophagy and UPR genes (n = 4-6 per group). (D) Western blot
showing expression of LC3 in the presence of chloroquine (CHLQ) for 2 hours, with quantitation of net LC3 flux shown below (1 = 4). (E) Western blot
analyses, under nonreducing (without dithiothreitol [-]) and reducing (+) conditions, of proinsulin in islets with or without treatment with chloroquine

(2 independent repeats). (F) Western blot showing basal autophagy and autophagic flux in islets from indicated genotypes (quantitation is shown below,
n = 3). (G) Western blotting analyses, under nonreducing and reducing conditions, of proinsulin in islets of indicated genotypes (n = 3), with quantification
shown on the right. Values are shown as mean + SEM. *P < 0.05; **P < 0.005; ***P < 0.001; ****P < 0.0001 by unpaired, 2-tailed Student’s t test (C and

D) or 1-way ANOVA with Tukey's post hoc test (F and G).

demonstrated that these structures are indeed the ER and they
were significantly more abundant in SelIL™ f cells than those
in WT B cells (Figure 4C). Furthermore, colabeling of proinsulin
and BiP followed by TEM revealed that proinsulin was detected

:

ER-like fragments (blue arrows) could be found in the AVs (Fig-
ure 4B). More importantly, these ER-like fragments (blue arrow-
heads) were more abundant in AVs of Se/IL™! § cells than those in
WT B cells. Immuno-EM labeling of BiP, a luminal ER marker,

J Clin Invest. 2023;133(1):e163584 https://doi.org/10.1172/)C1163584
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Figure 2. Synergistic effect of § cell ERAD and autophagy on f cell and organismal survival and systemic glucose homeostasis. (A-F) Growth curves

(A and D, n = 6-10 and 6-12 per group), ad libitum blood glucose (B and E, n = 6-10 and 6-12 per group), and survival curves (C and F, n = 16-20 and 8-12

per group) of male (A-C) and female littermates (D-F). Error bars indicate SEM. **P < 0.005, ***P < 0.001, ****P < 0.0001 by mixed-effect analysis with
Tukey's post hoc test. In panel E, **P < 0.005 for the 4-, 5-, and 6-week time points, and ***P < 0.001 for the 3-week time point. (G) Serum insulin levels
(male and female combined, n = 6-12 per group) and (H) total pancreatic insulin content (male, n = 5-6 per group) at 5 weeks. Values are shown as mean +
SEM. *P < 0.05, ****P < 0.0001 by 1-way ANOVA followed by Tukey's post hoc test. () HGE images of paraffin-embedded pancreas sections from different
genotypes at 4, 8, and 12 weeks. BG, ad libitum blood glucose. (J) Representative TUNEL staining at 8 weeks (quantitation shown in Supplemental Figure
3A). (K) Representative Aldh1a3 staining at 8 weeks. Scale bars: 50 um.

in the AVs but was mostly BiP free in WT B cells (red arrows, Fig- To determine whether ER-phagy observed in ERAD-deficient
ure 4D), consistent with the notion that autophagy degrades pro-  islets is specific to misfolded proinsulin or a general mechanism
insulin in the secretory granules of WT P cells (28, 29). By con-  for ER recycling, we transfected WT and HRDI7- HEK293T cells
trast, proinsulin in the AVs of SelIL™! {3 cells was largely associated =~ with an ER-phagy reporter, composed of tandem monomeric RFP
with BiP (black arrows, Figure 4D), indicative of ER-phagy of ER-  and GFP sequences flanked by a signaling sequence and the ER

retained proinsulin in SelIL™' B cells.

:

retention signal KDEL at the N- and C-terminus (33)(Supplemental

J Clin Invest. 2023;133(1):e163584 https://doi.org/10.1172/)C1163584
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Figure 3. ERAD and ER-phagy synergistically ensure the ER exit of nascent proinsulin in B cells. (A-C) Representative confocal images of (A) proinsulin
and insulin, (B) GM130 and proinsulin, and (C) BiP and proinsulin (n = 3 mice per genotype in each group). Scale bars: 50 pm (left columns) and 10 um (right
columns). BG, blood glucose (mg/dL). (D and E) Representative TEM following immunogold labeling of proinsulin (12 nm gold) (D), and proinsulin and BiP
(18 nm gold) (E) in primary islets. White arrows in WT islets indicate secretory granules. Color-coded gold particles are shown on the right (proinsulin in red

and BiP in blue). Scale bars: 300 nm. SG, secretory granule.

Figure 5A). Following ER-phagy, RFP would be cleaved from the
reporter, which can be detected by Western blotting. Indeed, our
datashowed thatthe cleaved RFP protein level was over 3times high-
er in HRDI7- HEK293T cells compared with that in WT HEK293T
cells (Supplemental Figure 5B), indicative of ER-phagy activation
in cells with impaired SEL1L-HRD1 ERAD function. Providing fur-
ther support for the role of ER-phagy in SelIL™! islets, TEM analysis
revealed that p62-positive foci (green asterisks) were surrounded by
insulin granules (blue arrows) and ER tubules (red arrows) in Azg7"!
and DKO B cells, respectively (Figure 4E). Moreover, p62 partially
colocalized with KDEL in DKO B cells, to a much more significant
extent than that in Atg7"! f§ cells (Figure 4F and Supplemental Fig-
ure 5C). Taken together, our data showed that SELIL-HRD1 ERAD
deficiency in B cells enhances ER-phagy-mediated clearance of ER.

RTN3-mediated ER-phagy of misfolded proinsulin in SellL™!
islets. ER-phagy is mediated by ER-phagy adaptors, a family of ER
membrane proteins with LC3 binding regions, including (but not
limited to) reticulon-3 (RTN3), FAM134, CCPG1, TEX264, and

J Clin Invest. 2023;133(1):e163584 https://doi.org/10.1172/)C1163584

SEC62 (34). As misfolded mutant proinsulin AKITA is known to be
selectively degraded in an RTN3-dependent manner (35, 36), we
next tested whether WT proinsulin is misfolded and forms aggre-
gates in ERAD-deficient cells, which can be targeted by RTN3.
Indeed, in HEK293T cells lacking both ERAD and RTN3, there
was a marked increase in HMW proinsulin isoforms compared
with those lacking either ERAD or RTN3 (Supplemental Figure
5E, lanes 5 and 6 vs. lanes 1-4, and Supplemental Figure 5D). Fur-
thermore, immunofluorescent staining revealed that proinsulin
appeared in large punctae colocalized with BiP in COS7 cells lack-
ing both HRD1 and RTN3 (Supplemental Figure 5F). In contrast,
loss of another ER-phagy adaptor, FAM134, did not induce proin-
sulin aggregation in ERAD-deficient cells (Supplemental Figure 5,
G and H). Taken together, our data suggested that RTN3 may play
arole in the clearance of HMW proinsulin aggregates by ER-phagy
in the absence of SEL1L-HRD1 ERAD.

ERAD and autophagy reshape organellar network in  cells. To
directly visualize the organellar network, we next performed TEM

:
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WT + Baf
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Figure 4. ERAD deficiency enhances ER-phagy of ER-retained proinsulin in § cells. (A) Representative TEM images showing autophagic vacuoles (AV),
marked by red asterisk (right panel) in bafilomycin-treated (Baf, 100 nM for 2 hours) islets of WT and Sel1L"" mice. Quantitation of AVs per cell is shown

on the right (n = 100-130 B cells from 2 mice for each genotype). Scale bars: 1 um. (B) Zoomed TEM images showing ER-like structures (blue arrows) and
mitochondria (green arrows) in AVs (white arrows). Boxed area shows magnified images highlighting the ER inside the AVs. Scale bars: 300 nm and 100 nm
(zoomed images on right). (€) Immunogold labeling against BiP (diameter, 18 nm), AVs are marked by yellow circles and gold particles are color coded in the
right panel. Quantitation of total BiP particles in each AV is shown on the right; n = 50-100  cells from 2 mice for each genotype. (D) Immunogold labeling
against BiP (diameter, 18 nm) and proinsulin (diameter, 12 nm); gold particles are color coded in the right panel. Quantitation of percentage of BiP*Proins*
AV per cell is shown on the right (n = 40-50 B cells from 2 mice for each genotype. Scale bars: 300 nm. ***P < 0.001, ****P < 0.0001 by unpaired, 2-tailed
Student’s t test. (E) TEM of pancreatic islets from Atg7™' and Sel1L"™";Atg7"" mice. Asterisks indicate aggregates; secretory granules (SG) are marked by
blue arrows and ER by red arrows. Scale bars: 1 um (left) and 200 nm (right). (F) Representative confocal images of KDEL and p62 staining in pancreatic

;

islets from Atg7"™" and Sel1L'™;Atg7"" mice. Arrows indicate colocalization of KDEL and p62 signals. Scale bars: 50, 10, and 2 pm (left to right).

of islets from the 4 genotypes (Supplemental Figure 6A). WT 8
cells had a typical architecture of cytoplasm filled with insulin
granules in close proximity to slender ER sheets (arrows) (Figure
5A). The B cells in both SelIL! and Atg7™! islets had fewer insu-
lin granules and slightly dilated ER compared with WT p cells.
On the other hand, DKO B cells were almost completely devoid
of insulin granules, but rather filled with dense ER networks in
the cytoplasm (Figure 5A). These massive changes were limited
to B cells, as non- endocrine cells in DKO islets appeared entirely
normal compared to those in WT islets (Supplemental Figure 6B).

We then utilized focused ion beam scanning electron micros-
copy (FIB-SEM) imaging (37) of the islets from 8-week-old mice for
a detailed 3D evaluation (Supplemental Figure 7A). We imaged a
volume of B cells at a voxel size of approximately 5 nm in x, y, and
z dimensions for each genotype. The volume and slice informa-
tion are detailed in the Methods section. Using machine learning-
based approaches and convolution neuronal networks, we next
generated ground truth for the ER, mitochondria, Golgi, and insulin
granules (Supplemental Figure 7B), which were further fine-tuned
until a good quality of segmentation was reached for automatic

J Clin Invest. 2023;133(1):e163584 https://doi.org/10.1172/)C1163584
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among the 4 genotypes (Figure 5, E-G, and
Supplemental Figure 7C). Of note, indi-
vidual mitochondria appeared enlarged
in Sel1L™! and DKO B cells compared with
those in WT and Atg7™! B cells (Figure 5E
and quantitated in Supplemental Figure
7D), in line with our recent findings in
cold-stimulated brown adipocytes (37).
ERAD and autophagy synergistical-
ly determine the ER architecture of j cells.
Lastly, we explored in greater detail
how ERAD and autophagy machineries
alter ER architecture. The ER is a highly
dynamic organelle that remodels between
a reticular network of tubules and flat-
tened sheets, which are important not
only for interorganellar communication,

but also degradation of misfolded proteins
(36). Both sheet (CLIMP63) and tubular
(RTN4) proteins were significantly higher
in DKO islets compared with those of WT
islets (Figure 6A, lane 4 and quantitated

in Figure 6B), pointing to an expansion of

both sheet and tubular structures of the
ER. On the other hand, in Azg7™! islets,
tubular marker RTN4, but not CLIMP63,
was highly elevated (Figure 6A, lane 3, and
quantitated in Figure 6B), indicative of the

expansion of mostly tubular ER. SelIL™!
islets, on the other hand, had both sheet
and tubular ER marker levels comparable
to those of WT islets (Figure 6A, lanes 1
and 2, and quantitated in Figure 6B).

We next extracted an equal volume of
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ER (3 pm x 3 um x 3 pm) from all geno-
types in FIB-SEM analysis to better visu-
alize the change in ER morphology at the
3D level. Strikingly, a combined loss of
ERAD and autophagy in B cells not only

Figure 5. ERAD and ER-phagy synergistically reshape the organellar network in § cells. (A) TEM of
pancreatic islets from 8-week-old male WT, Sel1L", Atg7"™', and Sel1L"";Atg7"" mice. Scale bars: 1 pum.
Arrows indicate ER; M, mitochondria; SG, secretory granules. (B) 3D reconstruction of FIB-SEM images
using convolutional neural network-based automated segmentation of organelles in f cell. Dimensions
of each volume are indicated. Blue, ER; green, mitochondria; white, Golgi; pink, insulin granules. (C-G)
3D reconstruction of FIB-SEM images showing ER (D), mitochondria (E), Golgi (F), and insulin granules
(G) with their respective volume expressed as percentages of reconstructed cell volume.

segmentation in 3D (Figure 5B). We next calculated the percentage
volume for the individual organelles and noted that the abundance
of the ER (per total cell volume) increased from 18% in WT to 23%
and 36% in SellL™" and Atg7™! B cells, reaching 57% in DKO B cells
(Figure 5, C and D). On the other hand, the abundance of insulin
granules (per total cell volume) dropped from 44% in WT, to 9%,
16%, and 0.1% in SellL™!, Atg7™!, and DKO B cells, respectively,
while the percentage of mitochondria and Golgi was comparable

J Clin Invest. 2023;133(1):e163584 https://doi.org/10.1172/)C1163584

triggered a massive expansion of the ER
(Figure 6C), but also the expansion of the
ER luminal volume (arrows, Figure 6D).
The ER lost its sheet-like morphology, but
rather exhibited fenestrated sheet struc-
tures in DKO B cells (Figure 6E). Restrict-
ed segmentation of the ER lumen further
revealed a distinct spatial organization of
the ER network in each genotype (individ-
ual ER networks in distinct colors, Figure
6F and Supplemental Videos 1-4). While the ER exhibited as thin
sheets with less extensive interconnections in WT and Azg7™! 3
cells, loss of SellL in Sel1L™! B cells led to the dilation of ER lumen
and the formation of much denser ER network, and to a much more
extensive extent in DKO f cells (Figure 6F and Supplemental Vid-
eos 1-4). Taken together, these findings suggested that ERAD and
ER-phagy together have a profound and synergistic effect on the
ER architecture and network in 3 cells.
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tance of ER-phagy and its regula-
tion, as well as the integration of
various quality control pathways in
vivo, remains very limited.

Here, using various genetic KO
mouse models powered by high-
resolution 2D and 3D imaging tech-
niques, our data demonstrate an
intricate crosstalk between SELIL-
HRD1 ERAD and autophagy/
ER-phagy, in part linked by IREla
of the UPR, to limit the accumu-
lation of misfolded proinsulin in
the ER and thus to promote ER
health/homeostasis and cellular
function. The crosstalk between
SEL1L-HRD1 ERAD and ER-pha-
gy ensures the folding and matu-
ration of nascent proinsulin in the
ER of B cells by clearing misfolded
proinsulin protein and aggregates,
respectively, thereby providing a
conducive environment for nascent
protein biogenesis. It is important
to note that, while many recent

Figure 6. ERAD and autophagy synergistically determine the ER architecture in f cells. (A) Immunoblot of ER
sheet and tubule markers. (B) Quantification of results in A; n = 3 mice per genotype. Values are shown as mean +
SEM. *P < 0.05, ****P < 0.0001 by 1-way ANOVA with Tukey's post hoc test. (C) Magnified view of the ER (3 pm x
3 um x 3 um cubic volume) in each genotype. (D) Magnified view of the of the ER (x-y plane), highlighting the size
of ER lumen. (E) Magnified view of the ER (y-z plane). Arrow indicates ER sheets. (F) 3D reconstruction of the frac-
tion of ER lumen highlighting ER networks (2 um x 2 um x 1 um), with individual ER networks in distinct colors.

Discussion

Pancreatic B cells synthesize and fold thousands of proinsulin
molecules per minute in the ER before being stored in the secre-
tory granules after proteolytic processing in the endosomes (1, 2);
hence, these cells exhibit unique spatial organization of the organ-
elles (4). These organelles may undergo rapid reshaping in response
to changes in the cellular environment and energy/nutrient status.

studies showed the importance
of ER-phagy in the clearance of
particular misfolded substrates in
vitro and in vivo (6, 7, 38, 39), our
data show that SEL1L-HRD1 ERAD
activity in B cells limits the activ-
ity of ER-phagy under basal con-
ditions. In other words, our data
that SELIL-HRD1
ERAD function indeed represses
ER-phagy activity, presumably by
preventing the formation of ER

demonstrate

aggregates (from misfolded pro-
teins) and/or limiting the total
abundance of IREla (Supplemen-
tal Figure 8A). Indeed, upregula-
tion of ER-phagy in the face of ERAD dysfunction appears to be
an adaptive mechanism for cells to survive the accumulation of
misfolded ER proteins (Supplemental Figure 8B). The synergy
between ERAD and autophagy in P cells is clearly demonstrated
by the synthetic lethality in the DKO mice (Figure 2) and by the
profound alteration in proinsulin maturation and organellar net-
work (Figures 3-6). While our study suggests the possible role of
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IRElo-XBP1l-mediated upregulation of autophagic activity as pre-
viously reported (32, 40), future studies are required to delineate
mechanistically how IREla links the ERAD and autophagy in p
cells and the extent to which other branches of the UPR such as
the PERK and ATF6 pathways may contribute.

In yeast and mammalian cells in vitro, it has been reported
that induction of ER stress alters ER morphology and increases
ER volume (41), while ER-phagy trims excess ER membrane in
response to ER stress (42, 43). Nonetheless, how ER quality-con-
trol mechanisms work cooperatively on ER architecture and
remodeling has previously been unexplored. Our data provide
unprecedented resolution of the ER network architecture at a 3D
level in B cells, demonstrating that SELIL-HRD1 ERAD and auto-
phagy are 2 key regulators of ER architecture and volume in 3 cells
(Supplemental Figure 8C). Deletion of SelIL triggers dilation and
mild expansion of the ER, whereas loss of Atg7 results in increased
tubular and fragmented ER in B cells (Figure 6). Simultaneous
loss of both SEL1L-HRD1 ERAD and autophagy leads to massive
expansion of both ER lumen volume and the ER network, includ-
ing both ER tubules and sheets (Supplemental Figure 8C). Similar
to a recent study on hepatocytes (44), future studies are required
to explore how the ER remodels in vivo. Nonetheless, this study
not only delineates the pathophysiological importance of a syner-
gistic action of SEL1L-HRD1 ERAD and autophagy/ER-phagy in
cell biology, but also provides a framework for understanding how
B cell quality-control pathways contribute to ER homeostasis in
the pathogenesis and treatment of diabetes.

Methods

Mice. SellL'" (20), Atg7"" (45), and B cell-specific SelIL™' and Atg7™!
mice on the C57BL/6] background were generated as we recently
reported (24). Irela™" mice were obtained from Takao Iwawaki (46), as
we recently reported (30). Activation of Cre results in deletion of exons
20 and 21 from the floxed Irela allele, resulting in IRE1o RNase-defi-
cient mice. Double-knockout mice (Sel1L™%;Arg7™! and SellL™%Irela™")
were generated by initially crossing the double-floxed mice with InsI-
Cre mice. All mice were housed in an ambient temperature room with
12-hour light cycle and fed a low-fat diet (13% fat, 57% carbohydrate,
and 30% protein, LabDiet 5SLOD). Body weight and blood glucose were
monitored weekly in all genotypes. Some genotypes developed severe
high blood glucose accompanied by swollen abdomen and hunched
back with age. When these mice appeared scruffy and hunched with
overall poor health, they had to be euthanized and thus pronounced
dead (for analysis of survival curve). Both male and female cohorts were
analyzed, and no sex-specific differences were observed.

Serum metabolite analysis. Serum levels of insulin were measured
using an ultrasensitive ELISA (Crystal Chem) as per the manufactur-
er’s instructions.

Islet isolation. Pancreatic islets were isolated from mice as previously
described (24, 47). Briefly, mice were sacrificed by cervical dislocation
and immediately processed for pancreatic perfusion. The pancreas was
distended via the intraductal injection of Liberase (Roche, 5401020001)
and incubated at 37°C for digestion. The digested suspension was passed
through a nylon mesh and islets were isolated by density gradient centrif-
ugation on a Histopaque gradient (1.077 g/mL density; Sigma-Aldrich)
for 20 minutes at 900g without brake. Islets were then collected from the
interface, washed, and hand-picked under a dissecting microscope. Iso-
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lated islets were recovered overnight in RPMI 1640 medium in a humid-
ified incubator (95% air, 5% CO,) at 37°C.

Pancreatic insulin content. Pancreases were isolated, weighed,
placed into 3 mL of acid-ethanol solution (1.5% HCl in 75% [v/v] eth-
anol in water), and homogenized for 30 seconds. The homogenate was
rotated for 24 hours at 4°C for insulin extraction. After centrifugation at
1800g for 30 minutes at 4°C, supernatant was diluted, and insulin con-
tent was measured as above.

TEM. The pancreas was quickly removed from the mice, chopped
into tiny pieces (approximately 1-2 mm cubes), and fixed in 2.5% glu-
taraldehyde and 4% paraformaldehyde in 0.1 M Na-cacodylate buffer
for 1 hour. Thereafter, the samples were submitted to the University of
Michigan Microscopy Core for washing, embedding, sectioning, and
imaging via TEM.

FIB-SEM segmentation. The organelles were segmented using
the 3dEMtrace platform of ariadne.ai (https://ariadne.ai/). In brief,
ground truth data were generated from the raw FIB-SEM images
by manually annotating organelles. Deep convolutional neural net-
works were trained using the manually generated ground truth and
fine-tuned until a good quality of segmentation was reached for auto-
mated segmentation in 3D. The segmentations were then proofread
and cleaned up by expert inspection using the open-source software
Knossos (https://knossos.app/). For each segmentation class, meshes
and binary Tiff masks were generated for subsequent rendering and
visualization in Knossos and in the open-source 3D visualization tool
Blender (https://www.blender.org/).

Statistics. Results are expressed as the mean + SEM unless otherwise
stated. Statistical analyses were performed in Prism (GraphPad Software
Inc.). Comparisons between 2 groups were made by unpaired, 2-tailed
Student’s ¢ test. One-way ANOVA followed by Tukey’s post hoc test was
used to determine statistical significance for more than 2 groups. A P
value of less than 0.05 was considered statistically significant. All exper-
iments were repeated at least twice, or performed with several indepen-
dent biological samples, and representative data are shown.

Study approval. All animal procedures were approved by and done
in accordance with the IACUC at the University of Michigan Medical
School (PRO00010658).

Author contributions

NS designed and performed most of experiments. MT performed
the TEM and FIB-SEM. JZ performed some staining and assist-
ed with data analysis. YL analyzed the single-cell sequencing
data. LH performed the pulse-chase experiments. RBR provided
insightful discussions. JK and JC performed some in vitro exper-
iments. GP and APA assisted in the FIB-SEM data analysis. PA
and BT contributed to experimental design and discussions. LQ
designed and supervised the project. LQ and NS wrote the manu-
script, and all other authors edited and approved the manuscript.

Acknowledgments

We thank Rajat Singh, Masaaki Komatsu, and Keiji Tanaka
for the Atg7"# mice; and Daniel Klionsky and members of the
Qi/Arvan laboratories for comments and technical assistance.
We acknowledge the use of the instruments and the staff
assistance from University of Michigan Comprehensive Can-
cer Center (UMCCC) Tissue Core, Imaging laboratory of the
Michigan Diabetes Research Center, the Microscopy Core of

:



RESEARCH ARTICLE

Michigan Biomedical Research Core Facilities,
Michigan Center for Materials Characterization. This work
was supported by NIH grants 1RO1DK11174 (to BT, PA, and

and the

LQ), ROIDK110047, RO1DK117639, RO1DK48280 (to PA),

T32DK007245 and KO8DK129719 (to RBR), F31DK128868 (to
JK), and 1R01DK120047 (to LQ); and American Diabetes Asso-
ciation grants 1-19-IBS-235 (to LQ) and 2-SRA-2018-539-A-B

The Journal of Clinical Investigation

(to PA and LQ). LQ was the recipient of the Junior Faculty,
Career Development, and Innovative Basic Science Awards
from the American Diabetes Association.

Address correspondence to: Ling Qi, 5325 Brehm Tower, 1000 Wall
Street, Ann Arbor, Michigan 48105, USA. Phone: 734.936.4720;
Email: lingg@med.umich.edu.

N

10.

1

12.

1

14.

1

1.

w

o

~

o]

NeJ

j—

3.

wl

Arunagiri A, et al. Misfolded proinsulin in the
endoplasmic reticulum during development of
beta cell failure in diabetes. Ann N'Y Acad Sci.
2018;1418(1):5-19.

. LiuM, et al. Normal and defective pathways in

biogenesis and maintenance of the insulin stor-
age pool. ] Clin Invest. 2021;131(2):e142240.

. Shrestha N, et al. Pathological p-cell endo-

plasmic reticulum stress in type 2 diabetes:
current evidence. Front Endocrinol (lausanne).
2021;12:650158.

Muller A, et al. 3D FIB-SEM reconstruction of
microtubule-organelle interaction in whole primary
mouse B cells. J Cell Biol. 2021;220(2):¢202010039.
Shrestha N, et al. Endoplasmic reticulum protein
quality control in B cells. Semin Cell Dev Biol.
2020;103:59-67.

. Ferro-Novick S, et al. ER-phagy, ER homeostasis,

and ER quality control: implications for disease.
Trends Biochem Sci. 2021;46(8):630-639.
Molinari M. ER-phagy responses in yeast, plants,
and mammalian cells and their crosstalk with
UPR and ERAD. Dev Cell. 2021;56(7):949-966.

. QiL, et al. New insights into the physiological

role of endoplasmic reticulum-associated degra-
dation. Trends Cell Biol. 2017;27(6):430-440.

. Bhattacharya A, Qi L. ER-associated degradation

in health and disease — from substrate to organ-
ism. J Cell Sci. 2019;132(23):jcs232850.

Singh R, Cuervo AM. Lipophagy: connecting
autophagy and lipid metabolism. Int ] Cell Biol.
2012;2012:282041.

. Yamada E, Singh R. Mapping autophagy on to your

metabolic radar. Diabetes. 2012;61(2):272-280.
Dikic I, Elazar Z. Mechanism and medical impli-
cations of mammalian autophagy. Nat Rev Mol
Cell Biol. 2018;19(6):349-364.

Houck SA, et al. Quality control autophagy
degrades soluble ERAD-resistant conformers of
the misfolded membrane protein GnRHR. Mol
Cell. 2014;54(1):166-179.

Hidvegi T, et al. An autophagy-enhancing drug
promotes degradation of mutant alphal-anti-
trypsin Z and reduces hepatic fibrosis. Science.
2010;329(5988):229-232.

. Schuck S, et al. ER-phagy mediates selective deg-

radation of endoplasmic reticulum independent-
ly of the core autophagy machinery. J Cell Sci.
2014;127(pt 18):4078-4088.

16. Forrester A, et al. A selective ER-phagy

e

17.

18.

20.

2

[y

22.

2

w

25.

26.

2

28.

29.

30.

31

~N

exerts procollagen quality control via a
Calnexin-FAM134B complex. EMBO J.
2019;38(2):€99847.

Mochida K, et al. Receptor-mediated selective
autophagy degrades the endoplasmic reticulum
and the nucleus. Nature. 2015;522(7556):359-362.
Khaminets A, et al. Regulation of endoplasmic
reticulum turnover by selective autophagy.
Nature. 2015;522(7556):354-358.

. Hwang J, Qi L. Quality control in the endoplasmic

reticulum: crosstalk between ERAD and UPR path-
ways. Trends Biochem Sci. 2018;43(8):593-605.

Sun S, et al. SellL is indispensable for mammalian
endoplasmic reticulum-associated degradation,
endoplasmic reticulum homeostasis, and survival.
Proc Natl Acad Sci U S A. 2014;111(5):E582-E591.

. Gardner RG, et al. Endoplasmic reticulum degra-

dation requires lumen to cytosol signaling. Trans-
membrane control of Hrd1p by Hrd3p. J Cell Biol.
2000;151(1):69-82.

Mueller B, et al. SEL1L, the homologue of yeast
Hrd3p, is involved in protein dislocation from the
mammalian ER. J Cell Biol. 2006;175(2):261-270.

. Christianson JC, et al. Defining human ERAD

networks through an integrative mapping strate-
gy. Nat Cell Biol. 2012;14(1):93-105.

. Shrestha N, et al. Sel1L-Hrd1 ER-associated

degradation maintains {3 cell identity via TGF-B
signaling. J Clin Invest. 2020;130(7):3499-3510.
Bordi M, et al. A gene toolbox for monitor-

ing autophagy transcription. Cell Death Dis.
2021;12(11):1044.

Ebato C, et al. Autophagy is important in islet
homeostasis and compensatory increase of beta
cell mass in response to high-fat diet. Cell Metab.
2008;8(4):325-332.

Klionsky DJ, et al. Guidelines for the use and
interpretation of assays for monitoring autopha-
gy (3rd edition). Autophagy. 2016;12(1):1-222.
RiahiY, et al. Autophagy is a major regulator

of beta cell insulin homeostasis. Diabetologia.
2016;59(7):1480-1491.

OrciL, et al. Insulin, not C-peptide (proinsulin),
is present in crinophagic bodies of the pancreatic
B-cell. J Cell Biol. 1984;98(1):222-228.

Sun S, et al. IREla is an endogenous substrate of
endoplasmic-reticulum-associated degradation.
Nat Cell Biol. 2015;17(12):1546-1555.

Ogata M, et al. Autophagy is activated for cell sur-
vival after endoplasmic reticulum stress. Mol Cell

Biol.2006;26(24):9220-9231.

Metcalf MG, et al. Beyond the cell factory:
homeostatic regulation of and by the UPR*". Sci
Adv.2020;6(29):eabb9614.

33. Chino H, et al. Intrinsically disordered pro-

tein TEX264 mediates ER-phagy. Mol Cell.
2019;74(5):909-921.

Grumati P, et al. ER-phagy at a glance. J Cell Sci.
2018;131(17):jcs217364.

Cunningham CN, et al. Cells deploy a two-
pronged strategy to rectify misfolded proinsulin
aggregates. Mol Cell. 2019;75(3):442-456.
Parashar S, et al. Endoplasmic reticulum tubules
limit the size of misfolded protein condensates.
Elife. 2021;10:e71642.

37.Zhou Z, et al. Endoplasmic reticulum-associated
degradation regulates mitochondrial dynamics in
brown adipocytes. Science. 2020;368(6486):54-60.
Hubner CA, Dikic I. ER-phagy and human diseas-
es. Cell Death Differ. 2020;27(3):833-842.

LiH, Sun S. Protein aggregation in the ER: calm
behind the storm. Cells. 2021;10(12):3337.

Hetz C, et al. XBP-1 deficiency in the nervous
system protects against amyotrophic lateral

32.

34.

35.

36.

38.
39.
40.

sclerosis by increasing autophagy. Genes Dev.
2009;23(19):2294-2306.
41. Walter P, Ron D. The unfolded protein response:
from stress pathway to homeostatic regulation.
Science. 2011;334(6059):1081-1086.
42. Fumagalli F, et al. Translocon component Sec62
acts in endoplasmic reticulum turnover during
stress recovery. Nat Cell Biol. 2016;18(11):1173-1184.
Smith MD, et al. CCPG1is a non-canonical

autophagy cargo receptor essential for ER-pha-

43.

gy and pancreatic ER proteostasis. Dev Cell.

2018;44(2):217-232.
44. Parlakgul G, et al. Regulation of liver subcellular
architecture controls metabolic homeostasis.
Nature. 2022;603(7902):736-742.
45. Komatsu M, et al. Impairment of starvation-in-
duced and constitutive autophagy in Atg7-defi-
cient mice. J Cell Biol. 2005;169(3):425-434.
46. Iwawaki T, et al. Function of IRE1 alpha in the
placenta is essential for placental development
and embryonic viability. Proc Natl Acad Sci US A.
2009;106(39):16657-16662.
47.71Y, et al. Toll-like receptors TLR2 and

TLR4 block the replication of pancreatic p

cells in diet-induced obesity. Nat Immunol.

2019;20(6):677-686.

J Clin Invest. 2023;133(1):e163584 https://doi.org/10.1172/)C1163584





