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Abstract
Glomerular epithelial cell (GEC)/podocyte proteostasis is dysregulated in glomerular diseases. The unfolded protein
response (UPR) is an adaptive pathway in the endoplasmic reticulum (ER) that upregulates proteostasis resources. This
study characterizes mechanisms by which inositol requiring enzyme-1α (IRE1α), a UPR transducer, regulates
proteostasis in GECs. Mice with podocyte-specific deletion of IRE1α (IRE1α KO) were produced and nephrosis was
induced with adriamycin. Compared with control, IRE1α KO mice had greater albuminuria. Adriamycin increased
glomerular ER chaperones in control mice, but this upregulation was impaired in IRE1α KO mice. Likewise, autophagy
was blunted in adriamycin-treated IRE1α KO animals, evidenced by reduced LC3-II and increased p62. Mitochondrial
ultrastructure was markedly disrupted in podocytes of adriamycin-treated IRE1α KO mice. To pursue mechanistic
studies, GECs were cultured from glomeruli of IRE1α flox/flox mice and IRE1α was deleted by Cre–lox recombination.
In GECs incubated with tunicamycin, deletion of IRE1α attenuated upregulation of ER chaperones, LC3 lipidation, and
LC3 transcription, compared with control GECs. Deletion of IRE1α decreased maximal and ATP-linked oxygen
consumption, as well as mitochondrial membrane potential. In summary, stress-induced chaperone production,
autophagy, and mitochondrial health are compromised by deletion of IRE1α. The IRE1α pathway is cytoprotective in
glomerular disease associated with podocyte injury and ER stress.

Introduction
Secreted and membrane proteins are translocated into

the endoplasmic reticulum (ER), where they are covalently
modified to attain a correctly folded conformation by
folding enzymes and chaperones, prior to transport to the
Golgi and secretory pathway1. To maintain protein
homeostasis (“proteostasis”) during cellular stress, the ER
orchestrates the unfolded protein response (UPR), an
adaptive signaling pathway activated by accumulation of
misfolded proteins in the ER (i.e. “ER stress”)2. The UPR
results in upregulation of ER chaperones, translational
attenuation, and clearance of misfolded proteins1. Inositol
requiring enzyme-1α (IRE1α), the most evolutionarily
conserved UPR transducer, is an ER transmembrane

kinase and endoribonuclease3. Upon accumulation of
misfolded proteins, IRE1α homomultimerizes and trans-
autophosphorylates to activate its endoribonuclease
activity that removes an intron in XBP1 mRNA. Spliced
XBP1 (XBP1s) mRNA encodes a transcription factor
that translocates into the nucleus to activate genes that
encode chaperones, autophagy mediators, and induce
metabolic adaptations1. IRE1α signaling is essentially
adaptive, but under sustained ER stress it may become
cytotoxic/apoptotic2.
ER stress has been linked with macroautophagy

(hereafter autophagy), a process that delivers long-lived
proteins and organelles to lysosomes through seques-
tration of a cytoplasmic fraction within a membrane4,5.
IRE1α can potentially promote autophagy through
XBP1s-mediated transcription of autophagy effectors6,7,
and phosphorylation/activation of c-Jun N-terminal
kinase (JNK), which subsequently increases free Beclin-1
and activates phosphatidylinositol 3-kinase (PI3K)4.
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Mechanisms of ER stress-induced autophagy require
further characterization.
Recent studies suggest that the ER communicates with

other cell organelles. For example, the ER interacts with
mitochondria, organelles that are key in maintaining cell
energy homeostasis by synthesis of ATP8. The UPR
and mitochondrial function are interrelated9,10. ER-
mitochondrial contact sites, known as mitochondria-
associated membranes (MAMs)11, are dynamic and can
regulate mitochondrial metabolism, apoptosis, and
autophagy8. IRE1α is enriched at MAMs12; however, its
functional implications for ER-mitochondrial crosstalk
are yet to be determined.
Glomerular epithelial cells (GECs)/podocytes are vital in

maintaining glomerular capillary wall permselectivity13.
Intact ER function is important for proteostasis in podo-
cytes14, including production of components of the slit-
diaphragm, adhesion complexes, and glomerular base-
ment membrane (GBM)13. Protein misfolding in the
ER (ER stress) contributes to the pathogenesis of
human glomerular diseases15, in particular membranous
nephropathy16, focal segmental glomerulosclerosis
(FSGS)17, and diabetic nephropathy18. In podocytes,
deletion of key autophagy genes leads to injury, implying
that autophagy is important for proteostasis19,20. Autop-
hagy deficiency induces ER dysfunction20, and autophagy
is recognized as an adaptive mechanism during the
UPR21. Nonetheless, how the UPR drives autophagy in
podocytes is not fully understood.
In mice, podocyte-specific deletion of IRE1α leads to

age-related podocyte injury and albuminuria, associated
with impaired autophagy22. Whether IRE1α and ER stress
play a pathogenic role in chronic glomerular diseases
associated with podocyte injury warrants investigation. In
the present study, we characterize the mechanism by
which IRE1α mediates podocyte proteostasis in adriamy-
cin nephrosis and demonstrate a novel role of IRE1α in
maintaining mitochondrial health.

Results
IRE1α signaling is adaptive in adriamycin nephrosis
We addressed the functional role of IRE1α in podocyte

injury in mice by inducing adriamycin nephrosis, a model
of chronic proteinuric glomerular disease resembling
human FSGS. Baseline urine albumin/creatinine ratio was
similar in control and IRE1α KO mice (Fig. 1A). Com-
pared with untreated mice, albuminuria in adriamycin-
treated control mice increased significantly over 4 weeks.
Moreover, adriamycin-induced albuminuria was sub-
stantially greater in IRE1α KO mice (Fig. 1A).
Glomerular histology, including morphometric quantifi-

cation, revealed that adriamycin-treated KO mice displayed
increases in glomerular extracellular matrix compared
with injected controls (Fig. 1B, C, Supplementary Fig. 1C).

Immunofluorescence microscopy showed reduced glo-
merular expression of the podocyte differentiation mar-
kers podocalyxin and nephrin in adriamycin-treated
IRE1α KO mice, compared with treated controls
(Fig. 1D, E). By analogy, immunoblotting showed reduced
expression of podocalyxin in glomerular lysates of
adriamycin-treated IRE1α KO mice (Fig. 1F, G). However,
differences in nephrin were not significant (Supplemen-
tary Fig. 1D, E).
By electron microscopy, untreated control and KO

mice showed normal podocyte foot processes and orga-
nelles (Fig. 2A, B). Foot processes demonstrated widening
in adriamycin-treated control mice, although podocyte
organelles appeared normal (Fig. 2C, H). Adriamycin-
treated KO mice showed focal foot process effacement
and overall widening, as well as microvillous transfor-
mation and vesiculation of podocyte plasma membranes
(Fig. 2D, E, H). Compared with untreated control,
adriamycin-treated control mice demonstrated GBM
widening, and there was further widening in treated KO
mice (Fig. 2H). The latter is in keeping with expansion of
glomerular extracellular matrix (Fig. 1B, C). Ultra-
structural features of podocyte apoptosis were not evi-
dent in any glomeruli. Compared with treated controls,
remarkable injury of podocyte organelles was evident in
adriamycin-treated IRE1α KO mice, including ER dila-
tation and fragmentation of Golgi cisternae (Fig. 2D, E).
Interestingly, mitochondrial damage was prominent in
these animals; ultrastructural changes included disrup-
tion of cristae, increased circularity (loss of elongation),
and loss of matrix density (Fig. 2D–H). These results
suggest that IRE1α is important in preserving mito-
chondrial integrity.

IRE1α mediates ER chaperone synthesis and autophagy
in vivo
In these experiments, we addressed potential mechan-

isms by which IRE1α protected podocytes from injury.
There were no significant differences in basal levels of
glomerular ER chaperones GRP94 and MANF in IRE1α
KO mice, compared with control (Fig. 3A, B). In control
mice, adriamycin-stimulated GRP94 and MANF, indi-
cating induction of the UPR; however, upregulation of
GRP94 and MANF was attenuated in treated IRE1α KO
mice (Fig. 3A, B). Thus, IRE1α activity is required for
effective production of these chaperones.
Next, we monitored formation of autophagosomes by

lipidation of LC3 (i.e. LC3-II), and autophagic flux by
changes in the autophagy substrate p625. These parameters
did not differ significantly in untreated mice (Fig. 3C–F). In
response to adriamycin, control mice displayed LC3-II
accumulation, in keeping with enhanced autophagosome
biogenesis. Autophagy was blunted in adriamycin-treated
IRE1α KO mice, evidenced by reduced LC3-II and
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Fig. 1 Podocyte-specific deletion of IRE1α exacerbates podocyte injury in adriamycin (ADR) nephrosis. A Albuminuria was exacerbated in
ADR-treated IRE1α KO mice, compared with ADR-treated control (Ctrl) littermates. There are 4 mice per group, except 5 mice in the KO ADR group.
B Representative images of glomerular histology (PAS stain). Bar= 60 μm. C Glomerular matrix expansion, evaluated with a pixel-counting algorithm,
was greater in IRE1α KO mice than in control animals after ADR injection. 25 glomeruli in 4–5 mice per group were analyzed. D Kidney sections were
stained for podocalyxin and nephrin. Bar= 20 μm. E Compared with the ADR-treated control group, podocalyxin and nephrin fluorescence intensity
was lower in treated IRE1α KO mice. 16–27 glomeruli in 4–5 mice per group were analyzed. F, G Podocalyxin (PDX) runs as a doublet or a smear due
to various post-translational modifications; the entire podocalyxin signal was quantified. PDX expression was reduced in glomerular lysates of IRE1α
KO mice (immunoblot). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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Fig. 2 (See legend on next page.)
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increased p62 compared with treated controls (Fig. 3C–F).
The latter is consistent with deficient autophagic flux. Of
note, total LC3 expression was greater in treated control
mice, compared with the treated KO (Fig. 3D, F).

IRE1α mediates ER chaperone synthesis and autophagy in
GECs
To further delineate how IRE1α regulates podocyte

proteostasis, we generated cultured mouse GECs with

Fig. 3 Upregulation of glomerular autophagy markers and ER chaperones in adriamycin (ADR) nephrosis is attenuated in IRE1α KO mice.
A, B By immunoblotting, expression of the chaperones GRP94 and MANF was lower in IRE1α KO mice treated with ADR, compared with treated
control (Ctrl). C, E Accumulation of the autophagy substrate p62 in glomeruli of ADR-treated IRE1α KO mice indicates reduced autophagic flux.
D, F Total and lipidated LC3 (LC3-II) increased in adriamycin nephrosis; this upregulation was impaired in IRE1α KO mice, indicating reduced
autophagosome biogenesis. *P ≤ 0.05, ***P ≤ 0.001. There are 4–5 mice per group.

(see figure on previous page)
Fig. 2 Deletion of IRE1α in podocytes exacerbates podocyte ultrastructural injury in adriamycin (ADR) nephrosis. A–G Representative
electron micrographs of untreated or ADR-treated control and IRE1α KO mice. Podocyte foot process architecture and organelles are normal in
untreated control (Ctrl; A) and KO mice B. There is some foot process and GBM widening in ADR-treated Ctrl mice, although podocyte organelles
appear normal C. A normal MAM is shown in C (inset). ADR-treated KO mice show focal foot process effacement, microvillous transformation of
podocyte plasma membranes, widening of the GBM, as well as swelling of the ER and damage to mitochondria in podocytes D, E. Mitochondrial
damage was quantified by measuring circularity and matrix density; representative mitochondria in ADR-treated Ctrl F and KO mice G are outlined
with white lines. H Quantification of foot process (FP) and GBM width, as well as mitochondrial circularity and matrix density. Scale bars: A–D= 1 μm,
E–G= 200 nm. *P ≤ 0.05, ***P ≤ 0.001. 2–3 glomeruli, 10–14 capillary loops (FP and GBM width), and 43–68 mitochondria per mouse were examined
in 3 mice per group.
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deletion of IRE1α. Under basal conditions, IRE1α protein
and phosphorylation were present in control GECs and
control GECs treated with the IRE1α ribonuclease inhi-
bitor 4μ8C, but not in IRE1α KO GECs (Fig. 4A, B). We
induced protein misfolding and ER stress by incubation
with TM. IRE1α autophosphorylation may precede acti-
vation of its ribonuclease23. TM induced IRE1α phos-
phorylation in control, but not IRE1α KO GECs,
indicating loss of kinase activity in KO cells (Fig. 4A, B).
4μ8C did not affect TM-induced IRE1α phosphorylation,
implying an uncoupling of kinase and ribonuclease sig-
naling24. Interestingly, IRE1α itself behaves as an ER stress
response protein, since TM increased IRE1α expression in
control GECs. Compared with TM-treated control, stress-
induced IRE1α upregulation was blunted by 4μ8C and
was absent in IRE1α KO GECs (Fig. 4A, B).
XBP1s was translated in TM-treated control GECs, but

was undetectable in TM-treated IRE1α KO and TM+
4μ8C-treated control cells, confirming absence of ribo-
nuclease activity (Fig. 4A). The absence of XBP1 splicing
in IRE1α KO and 4μ8C-treated control GECs was asso-
ciated with enhanced ER stress-induced apoptosis, evi-
denced by an elevation of cleaved caspase-3 (Fig. 4A, B).
Thus, IRE1α signaling is cytoprotective/adaptive.
Basal levels of ER chaperones did not differ among

control GECs, control GECs treated with 4μ8C and KO
GECs. In control GECs, expression of BiP, GRP94, ERp57,
ERdj3, and MANF increased after 24 h of TM exposure
(Fig. 4C–F). MANF and ERdj3 are ER chaperones that
may be secreted from cells25. Accordingly, MANF and
ERdj3 were also elevated in TM-conditioned media
(Supplementary Fig. 3A, B). After 24 h of TM incubation,
deletion of IRE1α significantly attenuated the upregula-
tion of BiP, GRP94, and MANF (Fig. 4C, D). Chemical
inhibition of IRE1α with 4μ8C impaired the expression of
GRP94 and MANF, but not of BiP (Fig. 4C, D). Neither
IRE1α deletion nor 4μ8C treatment affected the upregu-
lation of ERp57 and ERdj3, compared with stressed con-
trol GECs (Fig. 4E, F). Moreover, extracellular MANF was
decreased by IRE1α inhibition, while ERdj3 was unaf-
fected (Supplementary Fig. 3A, B). Thus, IRE1α is essen-
tial for effective stimulation of certain ER chaperones,
while other chaperones may be activated predominantly
via the ATF6 pathway26.
Upregulation of chaperones in response to ER stress is

reported to occur in a time-dependent manner27. At an
earlier time point (8 h of TM treatment), there were
increases in BiP, GRP94 and MANF in control GECs, but
changes were less robust compared with 24 h incubations.
IRE1α deletion and 4μ8C treatment impaired the upre-
gulation of GRP94, BiP, and MANF, compared with
treated control cells (Supplementary Fig. 3C, D). Inter-
estingly, the impairment of MANF production caused by
IRE1α inhibition was more marked than the defects in

GRP94 or BiP upregulation (Fig. 4C, D, Supplementary
Fig. 3C, D).
Autophagic flux was monitored by changes in p62. In

control and KO GECs, basal levels of p62 were similar.
Compared with TM-treated control GECs, IRE1α inhi-
bition and deletion resulted in accumulation of p62 (24 h
incubation with TM), which denotes deficient autopha-
gic flux (Fig. 5A, B). The rate of autophagosome for-
mation was measured by lipidation of LC3 in the
presence of chloroquine. Basal autophagosome forma-
tion did not change significantly at 8 or 24 h (Supple-
mentary Fig. 4A, B, and Fig. 5C, D). TM-induced
autophagy was unchanged at 8 h (Supplementary Fig.
4A, B). After 24 h, TM significantly increased LC3-II and
total LC3 in control GECs, but 4μ8C-treated control and
IRE1α KO GECs showed impaired upregulation of LC3-
II and total LC3 (Fig. 5C, D). This indicates reduced
autophagosome biogenesis and implies defective LC3
transcription, respectively.

IRE1α regulates autophagy transcriptionally
Since the effects of IRE1α deletion were generally

replicated by inhibition of ribonuclease activity, and the
induction of autophagy occurred 24 h after induction of
ER stress, we hypothesized that IRE1α may, at least in
part, promote autophagy through transcriptional upre-
gulation of autophagy mediators. First, we identified
autophagy-related genes with potential XBP1s-binding
sites28 (Supplementary Fig. 5A). Then, we measured the
candidate mRNAs using qPCR. In control GECs, TM
increased mRNAs of MAP1LC3B (LC3), ATG5, and
ATG7 ~2-fold, compared with unstimulated (Fig. 5E).
These increases were attenuated significantly in stimu-
lated IRE1α KO GECs. Other XBP1 target mRNAs,
including BECN1, ATG12, and PI3K catalytic subunit
type 3 increased comparably in control and IRE1α KO
GECs (Supplementary Fig. 5). For comparison, TM
increases GRP94 (1 XBP1-binding site) mRNA more than
10-fold in control GECs and very weakly in IRE1α KO
GECs (Fig. 5E). Thus, transcription of certain autophagy
genes is dependent on IRE1α-XBP1s, although the num-
ber of XBP1-binding sites in a gene correlates poorly with
the level of transcription.
It should be noted that ER stress induced the upregu-

lation of total LC3 protein, and this was attenuated by
IRE1α deletion in vivo (Fig. 3D, F) and in culture (Fig. 5C,
D), which is consistent with a defect in the transcription
of MAP1LC3B. We did not, however, detect TM-
stimulated increases in Atg5 or Atg7 at the protein level
(data not shown).
Phosphorylation of IRE1α has been associated with

induction of autophagy via JNK activation, dissociation of
Beclin-1 from Bcl-2 and assembly of the autophagy
initiation complex4,29. Although IRE1α phosphorylation
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was impaired in IRE1α KO GECs (Fig. 4A, B), TM
increased activation-specific phosphorylation of JNK
comparably in control and IRE1α KO cells, while total

Beclin-1 remained unchanged (Supplementary Fig.
6A–D). To monitor dissociation of Beclin-1 from Bcl-2,
we coimmunoprecipitated endogenous Bcl-2 and Beclin-1

Fig. 4 IRE1α signaling is adaptive in cultured GECs subjected to proteotoxic stress. A, B Incubation with TM for 24 h stimulated the upregulation of
total IRE1α, robust XBP1 splicing, and mild apoptosis (caspase-3 cleavage) in control (Ctrl) GECs. Quantification of IRE1α phosphorylation was normalized to
the actin signal. IRE1α phosphorylation was absent in IRE1α KO GECs but was not affected by 4μ8C, compared to control GECs. IRE1α KO and 4μ8C-treated
GECs show undetectable XBP1 splicing and greater apoptosis (immunoblots). C–F TM increased the expression of ER chaperones in control GECs.
C, D Upregulation of GRP94, BiP and MANF was impaired in IRE1α KO GECs, and these results were generally recapitulated by 4μ8C. E, F The chaperone
ERdj3 is a glycosylated protein. TM inhibits glycosylation and induces an underglycosylated band of ~34 kDa (both bands were used for quantification).
Upregulation of ERp57 and ERdj3 was not affected by IRE1α inhibition. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. Three experiments performed in duplicate.
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with an anti-Bcl-2 antibody29. TM treatment did not
modify the amount of Beclin-1 that coimmunoprecipi-
tated with Bcl-2, indicating no effect on Beclin-1 dis-
sociation (Supplementary Fig. 6E, F). These results do not
support the IRE1α-phospho-JNK-Bcl-2 axis as a stress-
induced autophagy mechanism.

IRE1α sustains the mitochondrial oxygen consumption rate
The disruption of mitochondrial ultrastructure in

adriamycin-treated IRE1α KO mice was striking and
prompted us to examine mitochondrial function in GECs.
Compared with control, IRE1α KO GECs showed a
decreased maximal OCR, indicating mitochondrial

dysfunction and reduced capacity for ATP production
(Fig. 6A, B, Supplementary Fig. 7A). Maximal OCR
increased after exposure to TM (24 h); however, no dif-
ferences were detected between control and KO GECs.
Inhibition of cytochrome c oxidase with adriamycin
reduced maximal OCR in control GECs. There was no
further reduction in KO cells, as the OCR was already
markedly reduced (Fig. 6B, Supplementary Fig. 7A).
Under resting conditions, mitochondrial metabolism

was reduced in IRE1α KO GECs, evidenced by a lower
ATP-linked OCR compared with control (Fig. 6C, Sup-
plementary Figure 7B). TM increased ATP-linked
respiration in both cell lines and adriamycin exposure

Fig. 5 IRE1α stimulates autophagy transcriptionally in GECs. A, B TM treatment (24 h) induced significant accumulation of the autophagy
substrate p62 in GECs with genetic deletion and chemical inhibition (4μ8C) of IRE1α (immunoblot). C, D In control (Ctrl) GECs, total and lipidated LC3
(LC3-II) increased markedly with chloroquine (CQ) and TM co-incubation; IRE1α deletion and 4μ8C decreased the upregulation of total LC3 and LC3-II.
(CQ blocks the fusion of autophagosomes with lysosomes and prevents autolysosomal protein degradation, allowing comparison of the rates of
autophagosome formation.) E Compared with TM-treated control GECs, TM-induced transcription of GRP94, LC3 (MAP1LC3B), ATG5, and ATG7
mRNAs was impaired in IRE1α KO GECs (qPCR). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. Three experiments performed in duplicate.
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decreased ATP-linked OCR; the decrease was greater in
IRE1α KO GECs (Fig. 6C), consistent with aggravated
mitochondrial injury in the absence of IRE1α.
To assess whether reduction of OCR in IRE1α KO

GECs was the consequence of a lower mitochondrial
mass or a functional defect, mitochondria were labeled
with MitoTracker Green FM. Separately, MitoTracker
Red CMXRos, which accumulates inside the mitochon-
drial matrix in a membrane potential-dependent fashion,

was used to evaluate mitochondrial activity30. Flow
cytometry revealed no differences in forward light scat-
ter (Supplementary Fig. 7C) and MitoTracker Green
fluorescence intensity between control and IRE1α KO
GECs (Fig. 6D), indicating similar cell size and total
mitochondrial mass. Compared with control, Mito-
Tracker Red fluorescence was decreased significantly in
IRE1α KO GECs (Fig. 6E), consistent with reduced
mitochondrial function.

Fig. 6 Deletion of IRE1α impairs mitochondrial metabolism in GECs. A OCR was measured with the Seahorse mitochondrial stress test.
B, C Compared with control (Ctrl) cells, maximal and ATP-linked OCR were reduced in IRE1α KO GECs under resting conditions. TM treatment (24 h)
increased maximal and ATP-linked OCR (respiration linked to ATP production), while adriamycin (ADR) decreased these values. ATP-driven respiration
after ADR exposure was further reduced in IRE1α KO GECs. Experiment of six biological replicates, representative of three experiments. D MitoTracker
Green fluorescence intensity was similar between control and IRE1α KO GECs. Five experiments performed in duplicate. E MitoTracker Red
fluorescence intensity was significantly lower in IRE1α KO GECs. The profiles of unstained cells are shown with dashed lines. Three experiments
performed in duplicate. F Representative images of GECs stained with MitoTracker Red and FITC-phalloidin. Mitochondria are circumscribed in the
binary images. Scale bar= 10 μm. G Deletion or inhibition (4μ8C) of IRE1α decreased the area labeled with MitoTracker Red (total mitochondrial area
and mitochondrial area as % of total cell area). 18–23 frames were measured per group. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

Navarro-Betancourt et al. Cell Death Discovery           (2020) 6:128 Page 9 of 15

Official journal of the Cell Death Differentiation Association



In a complementary approach, mitochondria were
labeled with MitoTracker Red CMXRos and the actin
cytoskeleton was stained with FITC-phalloidin (to
monitor cell area). There were no significant differences
in cell area between control, 4μ8C-treated control, and
IRE1α KO GECs (Supplementary Fig. 7D), but inhibition
or deletion of IRE1α decreased the area labeled with
MitoTracker Red (Fig. 6F, G). Levels of PGC1α (a master
regulator of mitochondrial biogenesis)31 were similar
among control, 4μ8C-treated control, and IRE1α KO
GECs under basal conditions and after TM stimulation,
in keeping with the comparable total mitochondrial mass
(Supplementary Fig. 7E, F). Together, these results
indicate that in IRE1α KO GECs, mitochondrial
respiration is impaired due to an intrinsic mitochondrial
defect and without a compensatory increase in mito-
chondrial biogenesis.

Human FSGS is associated with activation of the UPR
To determine if results in adriamycin nephrosis pertain

to human disease, we interrogated the Nephroseq data-
base, which contains glomerular gene expression data
from human kidney biopsies. Among 176 ER genes, 45
were increased significantly in FSGS compared with
healthy controls (Supplementary Table 2). Among these
45 genes, 17 are inducible by XBP1s26, implying activation
of the IRE1α/XBP1 axis in human FSGS. Indeed, the top
gene in FSGS is MANF, which is also induced in adria-
mycin nephrosis in an IRE1α-dependent manner (Fig. 3A,
B). Gene ontology enrichment analysis using all genes
upregulated in FSGS showed significant activation of
pathways related to ER function, ER stress, and protein
misfolding (Supplementary Table 3). Principal component
analysis of changes in ER/UPR gene expression in FSGS
indicates that FSGS patients are clearly distinguished from
normal controls (Supplementary Fig. 8). Together these
results substantiate that IRE1α and the UPR are active in
human FSGS.

Discussion
This study demonstrates a key role for IRE1α in pro-

tecting podocytes from injury in experimental FSGS.
IRE1α integrates three homeostatic pathways, including
an increase in the production of ER chaperones, autop-
hagy, and mitochondrial bioenergetics. Thus, in adria-
mycin nephrosis, podocyte-specific IRE1α deletion
exaggerated albuminuria and podocyte injury, impaired
proteostasis, including production of ER chaperones and
autophagy, and induced mitochondrial ultrastructural
damage. Earlier, we demonstrated an important role for
IRE1α in maintaining podocyte integrity as mice age22.
In podocytes, proteins processed in the ER are critical to
the maintenance of glomerular permselectivity13. Con-
sequently, ER function requires robust adaptation to

challenges imposed by physiologic demands and patho-
logic perturbations. Cytoprotective responses to stress
include upregulation of ER chaperones that assist in the
structural maturation of newly synthesized proteins
and prevent aggregation1. Upregulation of major ER
chaperones may require input from the three UPR
branches2; nonetheless, certain UPR chaperones pre-
ferentially fall within the transcriptional scope of
IRE1α–XBP1s, possibly in a cell type-dependent fashion.
In podocytes, the IRE1α–XBP1s axis is indispensable for
upregulation of MANF and plays a major role in upre-
gulation of BiP and GRP94. ER chaperones most likely
contribute to the cytoprotective effect of IRE1α in
adriamycin nephrosis.
Autophagy is another adaptive proteostasis resource in

podocytes, and indeed autophagy mitigates podocyte
injury in adriamycin nephrosis14,32. It is reasonable to
conclude that autophagy contributed to the cytoprotective
effect of IRE1α in adriamycin nephrosis, as deletion of
IRE1α impaired autophagosome formation and autopha-
gic flux; mechanistically, we observed deficient upregula-
tion of LC3 mRNA and total protein. Traditionally, stress-
induced autophagy has focused on post-translational
mechanisms4. Recently, transcriptional regulation of
autophagy has received considerable interest, particularly
when autophagy is sustained over a longer time frame and
the pool of autophagy mediators needs to be replen-
ished33. In GECs, IRE1α-XBP1s is essential for ER stress-
induced transcription of LC3, ATG5, and ATG7. Proteins
encoded by these three genes participate in autophago-
some formation, which is believed to be the rate-limiting
step in the autophagic process5. IRE1α ribonuclease
inhibition generally replicated defects caused by IRE1α
deletion and autophagosome biogenesis was relatively late
after stress induction. Therefore, IRE1α reprograms the
podocyte proteostasis network transcriptionally.
XBP1s can heterodimerize with distinct transcription

factors34; consequently, its transcriptional targets may
depend on the cell type35. In other cells, transcriptional
targets of XBP1s include additional autophagy-related
genes, e.g. BECN16 and ATG37. Moreover, IRE1α can
splice transcripts with structure similar to the XBP1
cleavage site, including microRNAs, thereby fine-tuning
autophagy36. Although IRE1α can also modulate autop-
hagy post-translationally (via JNK, Beclin-1, and Bcl-2)4,
our results did not implicate this axis in podocytes.
Recent research indicates that UPR signaling may

extend beyond canonical protein folding and degrada-
tion37. Remarkably, deletion of IRE1α in podocytes led to
a mitochondrial defect, revealing a novel role for IRE1α in
organelle crosstalk. Communication between organelles is
essential to maintain proteostasis38, however, the struc-
tural and functional interplay between the ER and the
mitochondrial network is poorly understood. For the first
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time, we documented that a UPR transducer is involved in
mitochondrial function in podocytes.
Deletion of IRE1α accentuated ultrastructural mito-

chondrial damage in adriamycin nephrosis. Adriamycin
can injure glomerular cells through multiple mechan-
isms and induce local inflammation39. Adriamycin is
reported to inhibit cytochrome c oxidase40, a component
of the electron transport chain. Podocyte mitochondrial
injury has been shown in other models of adriamycin-
induced nephrotic syndrome41,42; however, exaggerated
glomerular injury and albuminuria in adriamycin-treated
IRE1α KO mice reveals an uncharacterized role of IRE1α
in the maintenance of mitochondrial structure and
bioenergetics.
In cultured GECs, maximal and ATP-coupled mito-

chondrial OCR were reduced by IRE1α deletion even
under basal conditions, consistent with a report in
another cell line43. The importance of resting mitochon-
drial metabolism for podocyte homeostasis remains to be
determined44; nonetheless, in the context of disease,
mitochondrial function appears to be essential for podo-
cyte health45,46. Of note, after incubation with adriamycin,
ATP-linked respiration was further reduced in IRE1α KO
GECs, consistent with the prominent mitochondrial
injury in podocytes of adriamycin-treated IRE1α KO mice.
The difference in maximal OCR between adriamycin-
treated control and IRE1α KO GECs was probably
masked by the uncoupling of oxygen consumption and
oxidative phosphorylation induced by FCCP. Mitochon-
drial OCR increased after TM treatment, in keeping with
a previous report where ER stress was associated with
mitochondrial calcium uptake and subsequent upregula-
tion of OCR9. Decreased MitoTracker Red staining in
resting IRE1α KO GECs correlates with reduced OCR.
Since deletion of IRE1α did not affect mitochondrial
biogenesis or mitochondrial mass, we propose that IRE1α
modulates mitochondrial respiration at a functional level;
for instance, through changes in mitochondrial mem-
brane composition47, ER-mitochondrial calcium trans-
fer48, or substrate import49.
In summary, IRE1α signaling is activated in experi-

mental nephrosis. Importantly, the increased susceptibly
to proteotoxic stress and glomerular disease caused by the
deletion of IRE1α in podocytes is the result of a combined
defect in multiple homeostasis processes. Beyond its
function in the upregulation of chaperones and autop-
hagy, IRE1α has a novel role in the regulation of mito-
chondrial bioenergetics. The relative contributions of ER
chaperones, autophagy, and mitochondrial function to
podocyte cytoprotection will require further study. Our
findings establish IRE1α as an essential component of the
podocyte proteostasis network and open the possibility of
targeting the IRE1α pathway to improve proteostasis in
chronic glomerular diseases, including human FSGS.

Materials and methods
Antibodies
Rabbit antibodies to IRE1α (3294), SQSTM1/p62

(5114), LC3B (2775), XBP1s (12782), cleaved-caspase-3
(Asp175) (9664), JNK (9252), phospho-JNK (Thr183/
Tyr185) (4668), Beclin-1 (3495), and Bcl-2 (3498) were
purchased from Cell Signaling Technology (Danvers,
MA). Rabbit anti-Wilms tumor-1 (WT1; sc-192), goat
anti-synaptopodin (sc-21537), and rat anti-GRP94 (sc-
32249) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Rabbit anti-GRP78/BiP and rabbit anti-
ERp57 were from Enzo Life Sciences (Ann Arbor, MI).
Rabbit anti-phospho-IRE1α (S724) (ab48187) was pur-
chased from Abcam (Toronto, ON). Rabbit anti-actin
(A2066) was from MilliporeSigma (Mississauga, ON).
Goat anti-podocalyxin (AF1556) was purchased from R &
D Systems (Minneapolis, MN). Rabbit anti-mesencephalic
astrocyte-derived neurotrophic factor (MANF; ARMET;
PAB13301) was purchased from Abnova (Walnut, CA).
Rabbit anti-DNAJB11/ERdj3 (15484-1-AP) was from
Proteintech (Rosemont, IL). Rabbit anti-peroxisome pro-
liferator-activated receptor gamma coactivator 1-α
(PGC1α; PA5-38021) was purchased from Thermo Fisher
Scientific (Burlington, ON). Rabbit anti-nephrin anti-
serum was a gift from Dr. Tomoko Takano (McGill
University)50. The horseradish peroxidase-conjugated
antibodies goat anti-rabbit IgG (111-035-144), goat anti-
rat IgG (112-035-003), and donkey anti-goat IgG (705-
035-003) were purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA).

Studies in mice
Generation, genotyping, and characterization of

podocyte-specific IRE1α KO mice was described pre-
viously22. Briefly, mice with a floxed IRE1α gene (loxP
sites surrounding exons 20 and 21) were bred with mice
expressing Cre recombinase under control of the podocin
promoter to obtain mice with podocyte-specific deletion
of IRE1α, i.e. IRE1αflox/flox;Cre+ (IRE1α KO)22. The IRE1α
construct results in an in-frame deletion of most of the
ribonuclease domain, although a short peptide sequence
identified by the anti-IRE1α antibody remains at the C-
terminus. A shorter IRE1α ribonuclease-deleted protein is
weakly detectable in cultured GECs (see below), but not
in vivo (Supplementary Fig. 1A), indicating that the
mutant protein is most likely unstable and degraded. Cre-
mediated IRE1α gene deletion in glomeruli was demon-
strated previously22. The expression of IRE1α protein is
reduced in glomerular lysates of IRE1α KO mice, com-
pared with littermate controls, i.e. IRE1αflox/flox;Cre-
(Supplementary Fig. 1A, B). The IRE1α signal is not
completely absent due to expression of IRE1α in glo-
merular mesangial and endothelial cells. Mice were
housed in standard conditions with 12 h on-off light
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cycles and fed ad libitum. The animal protocol was
approved by the McGill University Animal Care Com-
mittee. Studies were carried out in accordance with
guidelines established by the Canadian Council on
Animal Care.
Adult male IRE1α KO mice and control littermates

(11–13 weeks old) received adriamycin (doxorubicin;
MilliporeSigma) in a single injection through the tail vein
at a dose that induces only modest injury in control mice
(18 mg/kg)45,50. Untreated mice were also littermates. The
number of mice required for this study was based on our
previous experience with studies of adriamycin nephro-
sis45,50. Urine collections were performed weekly for
4 weeks until the mice were sacrificed. Urine albumin was
quantified with an enzyme-linked immunosorbent assay
(Mouse Albumin ELISA Quantification Kit, Bethyl
Laboratories, Montgomery, TX). Albumin results were
normalized to urine creatinine, which was measured using
a picric acid-based reaction (Creatinine Colorimetric
Assay Kit, Cayman Chemical Co.; Ann Arbor, MI).
For immunofluorescence microscopy, kidney sections

were snap-frozen in HistoPrep (Fisher Scientific, Ottawa,
ON) and stored at −80 °C immersed in 4-methylbutane.
Tissues were sliced with a cryomicrotome (4 μm sections)
and stained for podocalyxin or nephrin as described
previously22. Images were captured in a Zeiss Axio
Observer fluorescence microscope with visual output
connected to an AxioCam MRm monochrome camera
(Carl Zeiss AG; Toronto, ON). Quantification of immu-
nofluorescence intensity was described previously45,50.
For light microscopy, kidney portions were fixed in 4%

paraformaldehyde and stained with periodic acid-Schiff by
conventional techniques at the McGill University Health
Centre Histology Platform. Quantitative morphometry
was used to characterize histological changes objectively
(i.e. minimize observer bias). Slides were digitized at ×40
resolution in an Aperio AT Turbo scanner (Leica Bio-
systems, Buffalo Grove, IL). Images were processed using
Aperio ImageScope 12.4 (Leica Biosystems). Glomeruli
were randomly selected and analyzed with the Positive
Pixel Count v9 algorithm, as reported previously50. Posi-
tive pixels were identified by a hue value of 0.854 (pink)
and a hue width of 0.03551. Glomerular matrix expansion
was expressed as the ratio of positive over total pixels
(Supplementary Fig. 1C).
For transmission electron microscopy, kidney sections

were fixed with 2.5% glutaraldehyde in cacodylate buffer
(0.1 M sodium cacodylate, 0.1% calcium chloride, pH 7.4).
Samples were imaged with a FEI Tecnai 12 electron
microscope linked to an AMTV601 CCD camera at
the McGill University Facility for Electron Microscopy
Research. Quantitative analysis of electron micrographs
was performed using Image J (National Institutes of
Health, Bethesda, MD). Foot process width (FPW)

was calculated with the formula: FPW ¼ π ´GBM lenght
4 ´ foot process number

as described previously52. Mitochondrial circularity was

determined by: Circularity ¼ 4 ´ π ´ Area
Perimeter2

� �
, where

a circularity of 1 describes a perfect circle53. Mitochon-
drial matrix density was used as an additional
parameter of mitochondrial health54, defined as:
Density ¼ 1

Mean Pixel Intensity. Glomeruli were isolated by

sequential sieving22.

Studies in cell culture
Primary control and IRE1α KO cells were generated

according to previously published methods50. Briefly,
glomeruli were isolated from IRE1αflox/flox;Cre- mice and
plated in type I collagen-coated plates to allow for out-
growth of primary GECs over the subsequent 6 days.
Primary GECs were immortalized with a temperature-
sensitive SV40 lentivirus22. Four clones were selected and
expanded for further study, GECs were characterized by
positive expression of nephrin, podocalyxin, synaptopo-
din, and WT1 proteins. Levels of these differentiation
markers were evident at the proliferating temperature
(33 oC) and synaptopodin increased further when the
cells were cultured at the differentiation temperature
(37 oC) for 6 days (Supplementary Fig. 2). A clone of GECs
was transduced with a lentivirus encoding a tamoxifen-
inducible Cre recombinase and mCherry fluorescent
protein. After addition of tamoxifen, fluorescence-
activated cell sorting was used to isolate highly fluor-
escent cells, where IRE1α had been edited through
Cre–LoxP recombination (IRE1α KO). Immortalized
GECs expressing full-length IRE1α served as controls.
GECs were incubated with tunicamycin (TM; 5 μg/mL)

(MilliporeSigma) during 8 or 24 h to induce protein
misfolding through inhibition of N-linked glycosylation.
Dimethyl sulfoxide (BioShop; Burlington, ON) was the
vehicle. Lysosomal acidification was inhibited with
chloroquine (25 μM) (BioShop). The small molecule 4μ8C
(20 μM) (Cayman Chemical Co.) was used to inhibit
IRE1α RNA splicing24.

Immunoblotting and immunoprecipitation
The protocol for immunoblotting was described pre-

viously22,25,50. Chemiluminescence signals were detected
in a ChemiDoc Touch Imaging System (Bio-Rad; Mis-
sissauga, ON). Intensity of bands was quantified using
ImageJ software, and the actin signal was used as loading
control for normalization of signals. We ensured that the
intensities of signals were within a linear range.
Coimmunoprecipitation of endogenous Bcl-2 and

Beclin-1 was performed as described previously29. Cell
lysates were precleared with agarose beads (Milli-
poreSigma). Samples were incubated with anti-Bcl-2 anti-
body overnight at 4 °C. Normal rabbit IgG (MilliporeSigma)

Navarro-Betancourt et al. Cell Death Discovery           (2020) 6:128 Page 12 of 15

Official journal of the Cell Death Differentiation Association



was used as control. Protein–antibody complexes were
pulled down by incubation with protein A-agarose beads
(Abcam) for 2 h at 4 °C and eluted in SDS–PAGE sample
buffer.

Quantitative reverse transcriptase polymerase chain
reaction
Total RNA was extracted with the RNeasy Mini Kit

(Qiagen; Toronto, ON) following the manufacturer’s
protocol. Genomic DNA removal and cDNA synthesis
was done using the QuantiTect Reverse Transcription Kit
(Qiagen), cDNA fragments were amplified with EvaGreen
qPCR Mastermix (Applied Biological Materials; Rich-
mond, BC) in a CFX384 Touch Real-Time PCR Detection
System (Bio-Rad). Primer pairs are listed in Supplemen-
tary Table 1. Two reference genes (GAPDH and ACTB/
β-Actin) were used to calculate relative expression55.

Measurement of oxygen consumption rate
GECs were treated with TM (5 μg/mL) or adriamycin

(1 μM) for 24 h. The cellular oxygen consumption rate
(OCR) was measured in a Seahorse XFe96 extracellular
flux analyzer (Agilent; Santa Clara, CA) using the
Seahorse XF Cell Mito Stress Test Kit according to the
manufacturer’s protocol56. The following mitochon-
drial inhibitors were used: oligomycin (1.5 µM), car-
bonyl cyanide 4-trifluoromethoxyphenylhydrazone
(FCCP) (1.5 µM), rotenone (0.5 µM), and antimycin A
(0.5 µM). OCR readings were adjusted to well absor-
bance45. The data were processed in Wave v2.6 (Agi-
lent). ATP-linked OCR was calculated after inhibition
of the ATP synthase with oligomycin, and maximal
OCR was calculated after uncoupling oxygen con-
sumption and ATP synthesis with FCCP.

Measurement of mitochondrial mass
GECs were incubated for 30min at 37 °C with 25 nM

MitoTracker Green FM or 25 nM MitoTracker Red
CMXRos (Thermo Fisher Scientific, Burlington, ON). Cells
were washed, trypsinized, and analyzed in a LSRFortessa
flow cytometer (BD Biosciences, San Jose, CA) as descri-
bed57. The acquired data were analyzed using FlowJo v9
(BD Biosciences). Results were reported as mean fluores-
cence intensity of 20,000 cells, and values were normalized
to the highest reading of each experiment.
GECs were plated on coverslips and labeled with

MitoTracker Red CMXRos. Cells were fixed, permeabi-
lized, and incubated with 1 µg/mL of fluorescein-
phalloidin (Thermo Fisher Scientific) to stain the F-actin
cytoskeleton. Images were captured at ×63 magnification
in a fluorescence microscope. To quantify mitochondrial
area, the mitochondrial network was selected through
binary image thresholding in ImageJ58. Mitochondrial
area was normalized to the cytoskeletal area.

Nephroseq dataset analysis
The publicly accessible Nephroseq dataset “JuCKD” was

used for the expression analysis of glomerular ER
genes59,60. Nephroseq contains microarray gene expres-
sion data of laser-captured glomeruli from human kidney
biopsies. The ER gene query was created by combining
genes listed in the Protein Processing in the ER KEGG
pathway (which includes UPR and other ER-related
genes)61, and in the Qiagen human unfolded protein
response PCR Array (PAHS-089Z, Qiagen). Of a total of
203 ER genes, 176 were present in the Nephroseq
microarray. Principal component analysis of ER gene
expression (algorithm that identifies the maximal varia-
tions in the data and reduces the dimensionality to a
few components) was employed60,62. Pathway over-
representation and gene ontology enrichment analysis
were performed using the ConsensusPathDB interaction
database63. Clinical characteristics and biochemical
parameters of the patients were published previously60.

Statistical analysis
All quantifications are reported as mean ± standard error.

Data were processed in Prism 8.4 (GraphPad Software, La
Jolla, CA). Comparisons between two groups were done by
a two-tailed Student’s t-test. For three or more groups,
statistical differences were assessed using one-way analysis
of variance. When there were three or more groups and
there were multiple biological replicates per animal/
experiment in each group, two-way analysis of variance was
used. Where significant differences were found, post-hoc
analyses were performed using the Fisher’s exact test with
Bonferroni correction. Significance scores are labeled as:
* for p ≤ 0.05, ** for p ≤ 0.01, and *** for p ≤ 0.001. In studies
of gene expression analysis, statistical significance was
established using the Benjamini–Hochberg method.
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