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Podocytes are key to the glomerular filtration barrier by forming a slit diaphragm between interdigitating foot processes;
however, the molecular details and functional importance of protein folding and degradation in the ER remain unknown.
Here, we show that the SEL1L-HRD1 protein complex of ER-associated degradation (ERAD) is required for slit diaphragm
formation and glomerular filtration function. SEL1L-HRD1 ERAD is highly expressed in podocytes of both mouse and human
kidneys. Mice with podocyte-specific Sel1L deficiency develop podocytopathy and severe congenital nephrotic syndrome with
an impaired slit diaphragm shortly after weaning and die prematurely, with a median lifespan of approximately 3 months.
We show mechanistically that nephrin, a type 1 membrane protein causally linked to congenital nephrotic syndrome, is an
endogenous ERAD substrate. ERAD deficiency attenuated the maturation of nascent nephrin, leading to its retention in
the ER. We also show that various autosomal-recessive nephrin disease mutants were highly unstable and broken down by
SEL1L-HRD1 ERAD, which attenuated the pathogenicity of the mutants toward the WT allele. This study uncovers a critical
role of SEL1L-HRD1 ERAD in glomerular filtration barrier function and provides insights into the pathogenesis associated with
autosomal-recessive disease mutants.

Introduction

The key function of the kidneys is the ultrafiltration of blood in the
glomerulus, where podocytes, specialized differentiated epithelial
cells, wrap around capillaries of the glomerulus via a unique cellular
structure called foot process (FP) (1). The interaction between interdigitating FPs is connected by a specialized cell junction known as
the slit diaphragm, forming the filtration barrier. The slit diaphragm
is composed of multiprotein complexes including the membrane
proteins nephrin and podocin, as well as cytosolic adapter protein CD2-associated protein (CD2AP), adhesion protein zonula
occludens 1 (ZO1), and actin-associated protein synaptopodin
(2–4). Loss of function of any of these factors in mice and humans
leads to podocyte injury (i.e., podocytopathy) and renal failure due
to impaired FP function and disruption of the slit diaphragm (3–8).
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Congenital nephrotic syndrome of the Finnish type (NPHS1,
MIM #256300) is an autosomal-recessive disease in which
the nephrin gene is mutated (3, 7), and is characterized by massive proteinuria, lack of slit diaphragms and FPs, and premature
death before 3 months of age in humans if left untreated (9–12).
In mice, loss of nephrin leads to death within 24 hours of birth (8,
13). Nephrin is a type 1 transmembrane protein belonging to the Ig
superfamily, with 10 glycosylation sites and 8 disulfide bonds (14).
However, molecular events underlying the biogenesis of nascent
nephrin proteins as well as the role and significance of ER quality control machineries in this process remain largely unexplored.
Several of the over 250 nephrin mutations, mostly autosomal-recessive in humans, have been shown to be retained in the ER,
pointing to the significance of these questions (14, 15).
ER homeostasis has been proposed to be important for podocyte function and the development of kidney diseases, although
the precise mechanism remains unknown (16–18). ER homeostasis
is primarily maintained by 3 principal quality control machineries,
namely ER-associated degradation (ERAD), the unfolded protein
response (UPR), and macroautophagy (hereafter referred to as
autophagy). Activation of the mTORC1 pathway evokes ER stress,
1
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Figure 1. SEL1L-HRD1 ERAD is expressed in human podocytes. Representative confocal images of SEL1L (A) and HRD1 (B) costaining with WT1 in kidney
tissues from healthy humans. Asterisks identify WT1+ podocytes. Arrowheads indicate distal tubular cells also expressing SEL1L and HRD1. In addition to
expression in podocytes, WT1 was also expressed in parietal epithelial cells lining the Bowman capsule (arrows). Scale bars: 100 μm, 20 μm, and 10 μm.

resulting in podocyte loss and the development of nephrotic syndrome in podocyte-specific Tsc1-deficient mice at 3 to 4 weeks of
age (19, 20). In addition, overexpression of pathogenic mutations
of laminin β 2 (Lamb2), α actinin 4 (Actn4), or collagen IV (Col4a3)
activates the UPR in podocytes (11, 21–23). In the case of Lamb2,
mutation to arginine (C321R) at cysteine residue 321 causes podocyte cell injury and/or nephrotic syndrome in transgenic mouse
models (11, 21). However, deletion of the IRE1α/XBP1 pathway
(either Ire1a or Xbp1) in the UPR or of Atg5 in autophagy in podocytes has little to no impact on FP or renal function during the first
year of life in mice and only caused mild albuminuria after 1 year
of age (24–26). These data suggest that IRE1α of the UPR and autophagy are largely dispensable for podocyte development and function in adult mice under basal conditions.
These findings beg the important question of how ER homeostasis is maintained in podocytes, if the IRE1α/XBP1 pathway or
autophagy is dispensable. ERAD is the principal quality control
mechanism responsible for the recruitment and retrotranslocation of (misfolded) ER-resident proteins for proteasomal degradation (27–29). The SEL1L-HRD1 complex represents the most conserved ERAD branch, with SEL1L being an obligatory cofactor for
the E3 ligase HRD1 (30–33). Recent studies have provided compelling evidence for the pathophysiological significance of SEL1LHRD1 ERAD in many cell types including hepatocytes, neuroendocrine cells, adipocytes, immune cells, intestinal epithelial cells,
and pancreatic acinar and β cells (27, 34–49). Indeed, SEL1LHRD1 ERAD plays a key role in normal physiology such as food
intake regulation, water homeostasis, and energy metabolism in
a substrate-specific manner (27, 28, 34). In many of these cellular
systems, cells seem capable of adapting to SEL1L-HRD1 ERAD
deficiency, and the effect of SEL1L-HRD1 ERAD deficiency on
cellular function may be uncoupled from ER stress or cell death,
presumably (in part) because of the adaptive upregulation of ER
chaperones, compensatory activation of other ERAD machineries,
and/or protein aggregation that attenuates proteotoxicity of misfolded proteins (27, 28).
Here, we report a key role for SEL1L-HRD1 ERAD in podocytes
in the pathogenesis of podocytopathy and congenital nephrotic
syndrome. Indeed, unlike Ire1a-deficient mice, mice with podocyte-specific Sel1L deficiency develop podocytopathy and severe
congenital nephrotic syndrome shortly after weaning. SEL1L2

HRD1 ERAD causes this pathogenesis, at least in part, by degrading misfolded nascent nephrin protein in the ER, which represents
a key regulatory step in the formation of the slit diaphragm.

Results

SEL1L-HRD1 is expressed in human podocytes. We first determined
the gene expression pattern of SEL1L-HRD1 ERAD in kidneys
using single-cell RNA sequencing (scRNA-Seq) analysis. A total of
2545 human cells collected from a normal kidney sample (50, 51)
were analyzed and led to the identification of 16 cell populations,
of which only approximately 1%–2% of total cells were podocytes
(Supplemental Figure 1A; supplemental material available online
with this article; https://doi.org/10.1172/JCI143988DS1). Both
SEL1L and HRD1 mRNA were ubiquitously detected in many cell
types including podocytes and tubular cells, as were the UPR sensor IRE1α (encoded by ERN1) and the ER chaperone BiP (encoded
by HSPA5) (Supplemental Figure 1, B–E). We made similar observations upon the analysis of previously published scRNA-Seq data
on 24 human kidneys (ref. 52 and data not shown).
To detect SEL1L protein level in kidneys, we generated a SEL1L
antibody using a recombinant human SEL1L fragment (amino acids
23 –194; ref. 43). In glomeruli of healthy kidneys, we detected SEL1L
protein in podocytes that we identified using the podocyte marker
nuclear Wilms’ tumor 1 (WT1) proteins (asterisks, Figure 1A). In
addition, we also detected SEL1L in distal tubular cells (arrowheads,
Figure 1A), although this still needed to be confirmed using celltype–specific markers. We observed a similar expression pattern for
HRD1 in the kidneys (Figure 1B). As HRD1 stability and function
depend on SEL1L (35, 53, 54), we concluded that the SEL1L-HRD1
ERAD complex is expressed in podocytes of human kidneys.
SEL1L-HRD1 expression in podocytes of patients with nephrotic
syndrome. Focal segmental glomerulosclerosis (FSGS) represents
a common form of nephrotic syndrome, with initial podocyte
injury followed by FP effacement, and can be caused by a variety
conditions (55). We next tested whether SEL1L-HRD1 expression was altered in podocytes of 3 patients with FSGS, with 2
“healthy” donor samples as controls. It is important to note that
demographic information (e.g., age, race, sex, etc.), the cause
and severity of the disease, and medications were unknown
to the researchers. We randomly assigned the individuals to
2 experimental groups: healthy1-FSGS1 and healthy2-FSGS2-
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Figure 2. Sel1L deficiency in podocytes leads to premature lethality. (A–C) Representative confocal images of SEL1L (A) and HRD1 (B) costaining with
WT1 in kidney tissues from 3-week-old Sel1Lfl/fl and Sel1LPodCre mice (n = 3 mice each), with quantitation shown in C (n = 59, 45, 130, and 119 podocytes from
left to right). Asterisks in the images indicate WT1+ podocytes. Scale bars: 10 μm and 5 μm (enlarged insets). ***P < 0.001, by 2-tailed Student’s t test.
(D) Growth curves of male and female WT Sel1Lfl/fl, heterozygous Sel1LPodCre/+, and knockout Sel1LPodCre mice. Ten-week-old Ire1αPodCre mice were included as a
control. *P < 0.05 and ***P < 0.001, by 1-way ANOVA for each age. (E–G) Kaplan-Meier survival analysis for combined (E), male (F), and female (G) sexes.
***P < 0.0001, by log-rank test comparing Sel1LPodCre mice with other cohorts. Values represent the mean ± SEM.

FSGS3. Participants in both groups were prepared at the same
time and imaged under the same settings. In 1 patient (FSGS1),
SEL1L and HRD1 protein levels in podocytes were significantly
decreased when compared with levels in a healthy individual
(Healthy1, Supplemental Figure 2, A and B, and quantitated in
Supplemental Figure 2, C and D). By contrast, in 2 other patients
(FSGS2 and FSGS3), SEL1L protein levels seemed to be elevated
compared with levels in another healthy individual (healthy2),
whereas HRD1 protein levels were unchanged compared with
those in another healthy individual (Healthy2; Supplemental
Figure 2, A and B and quantitated in Supplemental Figure 2, C
and D). Although a much larger sample size would be needed to
conclude how the expression of ERAD in podocytes changes with
disease initiation and progression, these observations suggested
a possible role of SEL1L-HRD1 ERAD in podocytes.
Premature lethality of Sel1LPodCre mice at approximately 3 months
of age. In mouse glomeruli, SEL1L and HRD1 proteins were also
expressed in WT1+ podocytes (asterisks, Figure 2, A and B). To

explore the importance of SEL1L-HRD1 ERAD in podocytes, we
generated podocyte-specific SEL1L-deficient mice (Sel1LPodCre) by
crossing Sel1L-floxed (Sel1Lfl/fl) mice (35) with Cre recombinase–
transgenic mice under the control of the highly podocyte-specific
promoter podocin, which becomes active during nephrogenesis
in newborn kidneys (56). WT Sel1Lfl/fl and heterozygous Sel1LPodCre/+
littermates were included as controls. To assess the relative importance of ERAD versus IRE1α in podocytes, we generated podocyte-specific Ire1a-deficient mice (Ire1aPodCre) and performed a sideby-side comparison with age- and sex-matched Sel1LPodCre mice.
We found that SEL1L was specifically deleted in WT1+ podocytes,
as demonstrated using immunofluorescent colabeling of SEL1L and
WT1 (asterisks, Figure 2A). In keeping with the notion that SEL1L is
required for HRD1 protein stability (35), SEL1L deletion also led to
reduced HRD1 protein levels in podocytes (asterisks, Figure 2B). Quantitation of SEL1L and HRD1 protein levels in podocytes is shown in
Figure 2C. For the first several weeks after weaning, Sel1LPodCre mice of
both sexes appeared largely normal in size when compared with their
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Figure 3. Sel1LPodCre mice exhibit early-onset renal failure starting at 5 weeks of age. (A) Representative images of kidney tissue from 3-, 5-, and 10-weekold Sel1Lfl/fl and Sel1LPodCre mice (n = 6 each). (B–D) Ratio of albumin/creatinine in the urine (B) (n = 8 each at 3 weeks; n = 8–9 each at 5 weeks; n = 8 each at 7
weeks; n = 8–9 each at 10 weeks); serum creatinine (C) (n = 10 Sel1Lfl/fl and n = 11 Sel1LPodCre at 3 weeks; n = 11 Sel1Lfl/fl and n = 9 Sel1LPodCre at 5 weeks; n = 6 Sel1Lfl/fl
and n = 8 Sel1LPodCre at 7 weeks; n = 6 each at 10 weeks); and cholesterol (D) (n = 10 each at 3 weeks; n = 10 Sel1Lfl/fl and n = 9 Sel1LPodCre at 5 weeks; n = 5 Sel1Lfl/fl
and n = 8 Sel1LPodCre at 7 weeks; and n = 5 Sel1Lfl/fl and n = 4 Sel1LPodCre at 10 weeks). Ten-week-old Ire1aPodCre mice were included as a control for C and D (n = 5 and
n = 6 Ire1aPodCre mice for C and D, respectively). Values represent the mean ± SEM. *P < 0.05 and **P < 0.01; a 2-tailed Student’s t test and 1-way ANOVA were
used for data for 3–7 weeks and 10 weeks, respectively. (E–J) Representative H&E-stained images of kidney sections from 3-week-old (E–G) and 5-week-old
(H–J) mice (n = 3). Asterisks indicate protein casts, pound signs indicate mesangial cell hyperplasia, black arrows indicate podocytes, and yellow arrowheads
indicate the capillary lumen. Scale bars: 50 mm (A); 1 mm, 100 μm, and 20 μm (E, F, H, and I); and 10 μm (G and J).

WT Sel1Lfl/fl littermates (Figure 2D). However, starting from 6 weeks
of age, Sel1LPodCre mice began to lose body weight as they became sick
(Figure 2D). Sel1LPodCre mice had a median lifespan of approximately 13
weeks, with a 14-week and 10-week lifespan for males and females,
respectively (Figure 2, E–G). By contrast, Ire1aPodCre mice appeared normal in terms of growth and lifespan compared with WT littermates
within the first 6 months of life (blue, Figure 2, D–G), suggesting that
IRE1α of the UPR is dispensable for podocyte function during this time
period. For clarity, only the 10-week time point is shown for Ire1aPodCre
mice in Figure 2D. Moreover, heterozygous Sel1LPodCre/+ littermates
appeared normal, suggesting that in podocytes, 1 copy of SEL1L is suf4

ficient for ERAD function (gray, Figure 2, D–G). Hence, we concluded
that podocyte-specific SEL1L-deficient mice die prematurely, with a
median lifespan of approximately 13 weeks.
Congenital nephrotic syndrome and renal failure of Sel1LPodCre
mice. We next addressed how podocyte-specific deletion of
SEL1L leads to early lethality in mice. At 3 to 5 weeks of age,
Sel1LPodCre kidneys appeared normal in color but became pale at
10 weeks of age (Figure 3A). Starting at 5 weeks of age, Sel1LPodCre
mice exhibited proteinuria, as demonstrated by the presence of
albumin in the urine (Supplemental Figure 3A and quantitated
in Supplemental Figure 3B; see complete unedited blots in the
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Figure 4. SEL1L is required for the formation of the slit diaphragm. (A–C) Representative SEM images of glomeruli from 3-week-old mice (A) (n = 9 Sel1Lfl/fl and
n = 10 Sel1LPodCre glomeruli); 5-week-old mice (B) (n = 12 Sel1Lfl/fl and n = 16 Sel1LPodCre glomeruli); and 10-week-old mice (C) (n = 9 Sel1Lfl/fl and n = 5 Sel1LPodCre glomeruli). n = 2 mice/genotype. Scale bars: 10 μm and 1 μm (enlarged insets). (D and E) Representative TEM images of glomeruli from 3-week-old mice (D) (n = 3 glomeruli
each) and 5-week-old mice (E) (n = 6 glomeruli each). n = 2 mice/genotype. Asterisks indicate mesangial cell hyperplasia; arrows indicate FP fusion. Scale bars:
4 μm (D), 8 μm (E), and 600 nm (enlarged insets in D and E). (F) Representative TEM images of slit diaphragms (white arrows). Scale bar: 100 nm. (G) Diagram
illustrating the key proteins involved in the slit diaphragm and ERAD. (H) Representative images of advanced SEM images showing slit diaphragms (red arrows) in
5-week-old mice (n = 7 glomeruli each). n = 2 mice/genotype. Scale bars: 10 μm and 200 nm (enlarged insets). CB, cell body of podocytes; CL, capillary lumen; US,
urinary space; Endo, endothelial cells.
J Clin Invest. 2021;131(7):e143988 https://doi.org/10.1172/JCI143988
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Figure 5. SEL1L deficiency affects the maturation of nascent nephrin in the ER. (A–E) Representative confocal images of nephrin-KDEL (A), nephrin-ZO1
(B), podocin-KDEL (C), podocin-ZO1 (D), and CD2AP-ZO1 (E) in kidney sections from 3-week-old mice (n = 3 mice each). Arrows mark the perinuclear localization of nephrin (A), colocalization of nephrin with ZO1 (B), localization of podocin at the slit diaphragm (C), and colocalization of podocin and ZO1 (D)
and CD2AP and ZO1 (E). Images with artificially enhanced KDEL signal are shown in Supplemental Figure 6A. (F) Western blot analysis of nephrin in kidney
lysates from 3-, 5-, and 7-week-old mice and (G) quantitation of the percentage of b form nephrin in total nephrin. n = 10 mice each at 3 weeks;
n = 10 Sel1Lfl/fl and n = 12 Sel1LPodCre at 5 weeks; and n = 4 each at 7 weeks. Seven-week-old Ire1aPodCre mice were included as a control (n = 3), and the original
data are shown in Supplemental Figure 7A. Values represent the mean ± SEM. ***P < 0.001, by 2-tailed Student’s t test (3- and 5-week-old mice) and
1-way ANOVA (7-week-old mice). (H) Western blot analysis of nephrin in EndoH-treated kidney lysates from 5-week-old mice, with quantitation shown in
Supplemental Figure 6D (n = 5 mice/group). r, EndoH-resistant form; s, EndoH-sensitive form.

supplemental material). The ratio of albumin to creatinine in the
urine of Sel1LPodCre mice was elevated starting at 5 weeks of age
when compared with ratios in WT littermates (Figure 3B). Similarly, blood concentrations of creatinine, cholesterol, and blood
urea nitrogen (BUN), indicators of kidney function, were elevated starting at 7 weeks of age in Sel1LPodCre mice (Figure 3, C and
D, and Supplemental Figure 3C). However, the level of serum
alanine aminotransferase (ALT), an indicator of liver function,
was unchanged with age, even at 10 weeks, when many Sel1LPodCre
mice were moribund (Supplemental Figure 3D), thus excluding
the possible contribution from secondary liver damage in the
6

disease pathogenesis. By contrast, 10-week-old Ire1aPodCre mice
appeared normal in terms of proteinuria, serum levels of creatinine, cholesterol, and BUN (Figure 3, C and D, and Supplemental
Figure 3, B, C, and E).
Histochemical examination of the kidneys from 3-week-old
cohorts revealed normal morphology of the kidney medulla, cortex, and glomeruli (Figure 3, E–G). However, at 5 weeks of age,
we observed that renal tubules in both the cortex and medulla
were filled with large protein casts in Sel1LPodCre mice (asterisks in
highlighted boxes 5 vs. 6 and 7 vs. 8, Figure 3, H and I). Moreover,
although the glomeruli sizes were similar between the cohorts,
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Figure 6. Nephrin is an endogenous substrate of ERAD, and in the absence of ERAD, nephrin is retained in the ER and associated with BiP. (A) Western blot analysis following nephrin immunoprecipitation in kidney tissues from 5-week-old mice, showing the interaction between nephrin and BiP in the absence of ERAD. (B)
Western blot analysis following HRD1 deletion in the HRD1–/– human podocyte line. CON, control. (C) Representative confocal images of nephrin and KDEL staining
in human podocytes (n = 5 WT and n = 6 HRD1–/– cells). Scale bars: 5 μm. (D) Western blot analysis of nephrin in transfected WT and HRD1–/– HEK293T cells, digested
with or without PNGase F (P) or EndoH (E), with quantitation of the percentage of EndoH-resistant and EndoH-sensitive forms shown below. (E) 35S pulse (30-min)
chase (0, 1, 2, and 4 hours) analysis of nascent nephrin protein in HEK293T cells, and (F) quantitation of the percentage of a form nephrin in total nephrin. (G) Western blot analysis of Myc immunoprecipitates in transfected HEK293T cells, treated or not with 10 μM MG132 for 5 hours prior to harvesting, showing ERAD-mediated
ubiquitination of nephrin. (H) Western blot analysis of nephrin protein decay in transfected HEK293T cells treated with brefeldin A and/or CHX for the indicated
durations, with quantitation from 4 independent experiments shown below. (I) Western blot analysis of nephrin in transfected WT and Hrd1–/– N2a cells under
nonreducing or reducing conditions, with the level of HMW nephrin normalized to total nephrin from 3 independent experiments shown below the blot. Data are
representative of at least 3 independent experiments. Values represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 2-tailed Student’s t test.

Sel1LPodCre glomeruli showed mesangial cell hyperplasia (indicated
by pound signs), with reduced open capillary loops (yellow arrowheads, highlighted boxes 9 and 10, Figure 3J). Quantitation of
glomeruli size and mesangial cell hyperplasia is shown in Supplemental Figure 3, F and G. Unlike flattened podocytes at the periph-

ery of glomeruli in WT mice, Sel1LPodCre podocytes were rounded
(black arrows, highlighted boxes 9 and 10, Figure 3J). Taken
together, we concluded that disease initiation in Sel1LPodCre mice
occurred around 3 to 5 weeks of age and that SEL1L deficiency in
podocytes led to early-onset renal failure and premature death.
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Figure 7. Nephrin disease mutants are unstable, retained in the ER, and targeted for proteasomal degradation by ERAD. (A) Structural modeling of
human nephrin showing the domains (Ig and FN) and location of 6 pathogenic mutations. EvoEF2 (ΔΔG) for each mutant is indicated in blue. (B and C) The
predicted local structures of WT, I171N (B), and G270C (C). WT and mutated residues are shown in green and magenta, respectively. Distances between the
indicated residues are shown. Arrows indicate disulfide bonds. (D and E) Western blot analysis of WT and mutant nephrin proteins in transfected HEK293T
cells, showing nephrin mutants running as the b form on SDS-PAGE. Quantitation is shown in E. (F) Western blot analysis following EndoH digestion in
HEK293T cells transfected with WT or mutant nephrin. (G and H) Western blot analysis of WT and mutant nephrin in transfected HEK293T cells treated
with CHX for 4 hours, with quantitation shown in H. Values represent the mean ± SEM. Data are representative of at least 2 independent experiments.
*P < 0.05, by 2-tailed Student’s t test.

Impaired slit diaphragm in Sel1LPodCre mice. We next performed
scanning electron microscopy (SEM) to visualize glomeruli and
podocytes from 3-, 5-, and 10-week-old mice. Images from 2
independent samples are shown for each age in Figure 4, A–C,
and Supplemental Figure 4, A–C. At 3 weeks of age, glomeruli
from Sel1LPodCre mice appeared generally normal in size, shape,
and overall morphology (Figure 4A and Supplemental Figure 4A).
Podocytes formed primary and secondary processes (PPs and
SPs), as well as interdigitating FPs in Sel1LPodCre mice. However,
starting at 5 weeks of age, Sel1LPodCre mice exhibited broadened
8

PPs and shortened SPs (Figure 4B and Supplemental Figure 4B).
Moreover, interdigitating FPs between podocytes were dramatically disorganized and misdirected, similar to those in nephrin-deficient mice (8, 57, 58). The defects in FPs became more
severe with age in Sel1LPodCre mice: by 10 weeks of age, some glomeruli were severely damaged and showed FP effacement (Figure
4C and Supplemental Figure 4C).
We next performed transmission electron microscopy (TEM)
to visualize ultrastructural changes of podocytes and the filtration
unit at different ages. In healthy glomeruli, 3 layers, the inner-
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Figure 8. ERAD of disease mutants attenuates their pathogenicity toward the WT allele. (A) Western blot analysis of WT and mutant HMW and monomeric nephrin in transfected WT and HRD1–/– HEK293T cells under nonreducing and reducing conditions. (B and C) Western blot analysis of NP40-soluble (B)
and NP40-insoluble fractions (C) in transfected WT and HRD1–/– HEK293T cells, showing increased formation of HMW and insoluble nephrin aggregates in
HRD1–/– HEK293T cells for both WT and mutant nephrin. (D) Western blot analysis of nephrin HMW aggregation in HEK293T cells transfected with different
combinations of Myc-WT nephrin and nephrin mutants under nonreducing conditions, with the level of HMW nephrin from 1 representative experiment
shown below the blot. (E and F) Western blot analysis of Myc-WT and Flag-mutant nephrin in HEK293T cells transfected with different combinations of
Myc-WT nephrin and Flag-tagged mutant nephrin at a 1:1 or 1:3 ratio. Quantitation of the percentage of a form WT nephrin in total WT nephrin is shown in
F, indicating a decrease in the percentage of a form WT nephrin in HRD1–/– HEK293T cells (upon cotransfection of an increased amount of mutant nephrin)
when compared with that in WT HEK293T cells. Values represent the mean ± SEM. Data are representative of at least 2 independent experiments.

most endothelium, the glomerular basement membrane (GBM),
and the podocytes with interdigitating FPs form the glomerular
filtration barrier of the kidneys (1). At 3 weeks of age, 3 layers of
the filtration unit appeared largely normal (Figure 4D and Supplemental Figure 4D). However, at 5 weeks, Sel1LPodCre mice exhibited

mesangial cell hyperplasia (indicated by asterisks) and fusion of
FPs (black arrows, Figure 4E and Supplemental Figure 4E).
Interdigitating FPs are held together by an extracellular structure known as the slit diaphragm (arrows, Figure 4F and diagram
shown in Figure 4G and refs. 2, 3). Quantitation of the length of
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slit diaphragm revealed that the length was approximately 40 nm
in 5-week-old WT mice (Supplemental Figure 4F), consistent with
previous reports (57, 59–61). On the other hand, Sel1LPodCre podocytes had very few slit diaphragms, and the junctions between the
remaining adjacent FPs were very narrow (arrow, Figure 4F). This
was further confirmed using ultra-high-resolution advanced SEM
analyses, in comparison with regular SEM on the same podocytes
(Supplemental Figure 5A), in which the slit diaphragm was visible
as a bridge-like structure linking adjacent FPs in WT mice, but
largely absent in Sel1LPodCre mice at 5 weeks of age (red arrows, Figure 4H and Supplemental Figure 5, B and C). Hence, we concluded
that SEL1L deficiency in podocytes led to impaired slit diaphragms
in mice at 5 weeks of age, which coincided with the development
of proteinuria and nephrotic syndrome.
Maturation defect of nephrin protein in Sel1LPodCre mice in vivo.
Nephrin, together with other proteins such as the ER protein
podocin and the cytosolic proteins CD2AP and synaptopodin,
forms the slit diaphragm (Figure 4G). We next explored whether
and how SEL1L deficiency in podocytes affects the intracellular
localization of these proteins by performing costaining with markers for the ER (KDEL) and the slit diaphragm (ZO1). In WT podocytes, we found that nephrin had a diffused pattern surrounding the
nucleus (Figure 5A), with some colocalization with KDEL after artificial saturation of KDEL signal (arrows, Supplemental Figure 6A).
In addition, nephrin was distributed basally, adjacent to the GBM
along the peripheral capillary loops, as demonstrated by its colocalization with the cell junction protein ZO1 (arrows, Figure 5B).
ZO1 continuously distributes along the GBM, as previously shown
(62, 63). By contrast, we observed that in Sel1LPodCre podocytes, the
colocalization of nephrin and the ER maker KDEL was significantly increased (Figure 5A), whereas the colocalization of nephrin and
ZO1 was markedly decreased (Figure 5B). Of note, KDEL levels
were increased in the absence of SEL1L, probably as a result of the
cellular adaptive response to ERAD deficiency (37, 38).
In direct contrast with nephrin, maturation of another key
component of slit diaphragms, podocin (encoded by NPHS2), in
the ER appeared to be unaffected in Sel1LPodCre podocytes, as they
were able to exit the ER (i.e., lack of colocalization with KDEL,
Figure 5C), with some reaching the GBM along the peripheral
capillary loops (i.e., colocalization with ZO1, arrows, Figure 5D).
Moreover, distribution of the actin-associated PP markers CD2AP
(arrows, Figure 5E) and synaptopodin (arrows, Supplemental Figure 6B) along the GBM was unaffected by Sel1L deficiency.
To further demonstrate biochemically how nephrin maturation
is affected by SEL1L-HRD1 ERAD, we next performed various biochemical assays. It is well documented that nephrin proteins appear
as 2 bands on SDS-PAGE around 180 kDa — slow-migrating mature
a (nephrin a) and fast-migrating ER-retained b forms (nephrin b)
— as a result of differential glycosylation at 10 potential N-glycosylation sites (15, 64–66). In WT mice, the percentage of nephrin
b in total nephrin was approximately 50% at 3 weeks of age, and
decreased with age, reaching 35% and 25% at 5 and 7 weeks of age,
respectively (Figure 5F and quantitated in Figure 5G, uncropped
gel available online). By contrast, in Sel1LPodCre kidneys, the percentage of nephrin b was mildly elevated, at approximately 60% at 3
weeks of age, but significantly increased with age, reaching 70%
and 85% at 5 and 7 weeks of age, respectively (Figure 5F and quan10

titated in Figure 5G). Of note, at 7 weeks of age, total nephrin protein levels were significantly decreased in Sel1LPodCre kidneys (Figure 5F), probably a result of the elevated podocyte loss observed by
SEM (Supplemental Figure 4C). Furthermore, in the purified microsomal fractions (containing the ER and other endomembranes)
from kidneys of 3-week-old mice, the total amount and percentage
of ER-retained b form nephrin was elevated in Sel1LPodCre kidneys
(Supplemental Figure 6C), providing further support for elevated
ER accumulation of nephrin in Sel1LPodCre podocytes, as revealed in
immunofluorescence staining (Figure 5A).
We next subjected kidney lysates to endoglycosidase H
(EndoH) digestion to distinguish immature high-mannose,
EndoH-sensitive forms (i.e., present in the ER) from the EndoH-resistant forms (i.e., mature beyond the ER). The EndoH-sensitive
fraction of total nephrin protein was approximately 40% in WT kidneys versus 60% in Sel1LPodCre kidneys at 5 weeks of age (Figure 5H
and quantitated in Supplemental Figure 6D). As controls, the levels
of podocin, which has no predicted glycosylation sites, as well as
of the cytosolic protein synaptopodin were largely unchanged in
Sel1LPodCre kidneys at different ages (Figure 5H and Supplemental
Figure 6E). Taken together, we concluded that SEL1L deficiency
caused defects in the maturation of nephrin in the ER, while having no notable effect on the localization or levels of other major slit
diaphragm proteins such as CD2AP, podocin, and synaptopodin.
Normal nephrin maturation in Ire1a-deficient podocytes. We
next asked whether nephrin defects are specific to SEL1L deficiency. To this end, we analyzed the status of nephrin protein in
Ire1aPodCre mice (Supplemental Figure 7). The ratio of b to a forms
of nephrin was comparable between Ire1aPodCre mice and their WT
littermates from 3 to 7 weeks of age (Supplemental Figure 7A and
quantitated in Figure 5G). Similarly, podocin and synaptopodin
levels were comparable between the cohorts at different ages (Supplemental Figure 7B). Moreover, confocal microscopy revealed
that, in Ire1aPodCre podocytes, nephrin protein was present around
the nucleus and basally adjacent to the GBM along the peripheral capillary loops, similar to what we observed in WT littermate
podocytes (arrows, Supplemental Figure 7C). Hence, the nephrin
defects in Sel1LPodCre mice are uncoupled from IRE1α of the UPR.
Maturation defect of nascent nephrin protein in ERAD-deficient
cells in vitro. To further demonstrate the impact of Sel1L deficiency on nephrin folding, we performed immunoprecipitation of
nephrin in 5-week-old kidneys. We observed elevated interaction
between nephrin and BiP, a key ER chaperone involved in protein
folding and degradation, in Sel1LPodCre kidneys (Figure 6A). This
finding provided a plausible explanation for the delayed maturation and ER accumulation of nephrin in Sel1L-deficient cells and
pointed to the effort to (re-)fold nephrin in the absence of ERAD.
Hence, we speculated that nephrin may be prone to misfolding
and subjected to quality control by SEL1L-HRD1 ERAD.
To further establish the causal relationship between SEL1L deficiency and nephrin maturation, we performed the following experiments in vitro. We first generated HRD1-deficient human podocytes using the CRISPR/Cas9 system (Figure 6B). In line with other
cell types (37, 38, 43), HRD1 deletion in podocytes stabilized SEL1L
protein, leading to its accumulation (Figure 6B). In HRD1-deficient
human podocytes, nephrin accumulated and was predominantly
retained in the ER, similar to Sel1LPodCre podocytes (Figure 6C). Next,
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we generated an HRD1-deficient human embryonic kidney 293 T
(HEK293T) cell line, which does not express endogenous nephrin.
Similar to endogenous nephrin in kidneys, we found that loss of
HRD1 increased the proportion of nephrin b (lane 1 vs. 4) as well
as the EndoH-sensitive form of nephrin (51 % vs. 5% in WT cells,
lane 3 vs. 6, Figure 6D). Overexpression of HRD1 in HRD1-deficient
HEK293T cells reversed nephrin maturation defects and increased
the percentage of nephrin a (Supplemental Figure 8A). The differential mobility shift in EndoH-treated samples was due to glycosylation, as the EndoH-resistant form was sensitive to PNGase F treatment, which removes almost all N-linked oligosaccharides from
glycoproteins (lane 2 vs. 5, Figure 6D).
Third, to directly visualize nascent protein maturation
in the ER, we performed 35S metabolic labeling followed by a
chase for different time points in Myc-tagged, nephrin-transfected HEK293T cells. Strikingly, nearly 50% of the nascent
nephrin proteins matured into nephrin a within 4 hours in WT
cells versus only 20% in HRD1 –/– cells (Figure 6E and quantitated in Figure 6F). Taken together, these data suggested that
SEL1L-HRD1 ERAD is required for the maturation of nascent
nephrin protein in the ER.
Nephrin is a bona fide endogenous ERAD substrate. Decreased
nephrin maturation and an elevated association with BiP in
ERAD-deficient cells prompted the hypothesis that nephrin is
an endogenous ERAD substrate. We first asked whether nephrin is ubiquitinated by SEL1L-HRD1 ERAD. In a gain-of-function
assay, we transfected HEK293T cells with nephrin, together with
Myc-tagged WT HRD1 or an E3 ligase–dead C2A HRD1 mutant.
Indeed, nephrin interacted with HRD1 and was ubiquitinated by
HRD1 in an E3 ligase–dependent manner (lane 4 vs. 6, Supplemental Figure 8B). Conversely, in the absence of HRD1, we found
that ubiquitination of nephrin was markedly reduced compared
with WT cells (lane 4 vs. 5, Figure 6G). Ubiquitination of nephrin was only seen in cells treated with the proteasomal inhibitor
MG132 (lane 2–3 vs. 4–5, Figure 6G), pointing to proteosomal
involvement in this process. Moreover, in line with the in vivo
data (Figure 6A), nephrin interacted strongly with BiP in HRD1–/–
HEK293T cells (lane 2 vs. 3, Figure 6G). Next, we determined the
half-life of nephrin in transfected HEK293T cells treated with the
translation inhibitor cycloheximide (CHX). Cells were pretreated
with brefeldin A (BFA) to block ER exit, and, as a result, nephrin
was predominantly in the b form (Figure 6H). Nephrin in WT cells
quickly decreased, with a half-life of 2 hours; however, that process was significantly delayed in HRD1–/– cells, with a nephrin halflife beyond 4 hours (Figure 6H).
What is the significance of ERAD-mediated degradation of
misfolded WT nephrin? To answer this question, we tested whether ERAD attenuates the aggregation of misfolded nephrin proteins. Indeed, the abundance of nephrin-containing high-molecular-weight (HMW) complexes with a molecular weight of more
than 250 kDa was increased by approximately 1.4-fold in transfected Hrd1–/– cells compared with that in WT cells (Figure 6I).
These HMW complexes were formed via disulfide bonds, as they
were sensitive to the treatment of the reducing agent β-mercaptoethanol (Figure 6I). Taken together, we concluded that nephrin
is a bona fide substrate of SEL1L-HRD1 ERAD and that ERAD of
misfolded nephrin is required for its maturation in the ER.

Pathogenic nephrin mutants are SEL1L-HRD1 ERAD substrates.
To further establish the pathological importance of SEL1L-HRD1
ERAD, we explored its role in the maturation of pathogenic nephrin mutants (Figure 7A). Nephrin was predicted to consist of 8 to
9 extracellular Ig domains, followed by a fibronectin (FN) type III
domain, a TM region, and a cytosolic tail (3, 7). We first performed
structural modeling analysis of nephrin using a recently developed program for contact-guided protein structure prediction,
C-I-TASSER (67), which predicted that, in addition to the FN and
TM domains, nephrin protein consists of 9 Ig domains (Figure 7A).
Among many nephrin mutants identified in humans with congenital nephrotic syndrome, a subset of mutants is known to cause,
to a certain extent, ER retention (15, 64, 65). We randomly chose
6 nephrin missense mutations — I171N, G270C, S366R, S724C,
R743C, and L832P — located at different Ig domains — for further
analyses (Figure 7A). C-I-TASSER analysis of each mutant revealed
how each mutation changed the local conformation of and interaction with nearby residues (Figure 7, B and C, and Supplemental Figure 9, A–D). For example, the I171N mutation alters the formation
of a hydrophobic core consisting of I171, P169, and V198, whereas
the G270C mutation leads to the formation of a C270-C265 disulfide bond and abolished the C317-C265 disulfide bond (Figure 7, B
and C). Next, we measured the impact of each mutation on protein
folding in terms of ΔΔG, i.e., the free energy change caused by a
single mutation, using EvoEF2 (68), a newly developed empirical
force field for protein design and mutation effect analysis. ΔΔG of
these mutants ranged from +37.8 (S724C) to +230.9 (S366R) versus
0 (WT) (in blue, Figure 7A). A higher ΔΔG indicates less stability,
suggesting that these mutants are likely unstable.
Unlike WT nephrin, all 6 mutants appeared on SDS-PAGE
predominantly (over 80%–100%) as the fast-migrating b form in
both WT and HRD1–/– HEK293T cells (Figure 7D and quantitated
in Figure 7E). Consistently, EndoH digestion revealed that these
6 nephrin mutants were EndoH sensitive, i.e., retained in the ER
(Figure 7F and Supplemental Figure 9E), which was confirmed
using confocal microscopy for G270C (Supplemental Figure 9F).
Furthermore, all mutants were degraded by SEL1L-HRD1 ERAD,
as they were stabilized in HRD1–/– HEK293T cells treated with
CHX for 4 hours (Figure 7G and quantitated in Figure 7H). Hence,
these data showed that all 6 human mutants were retained in the
ER, where they were degraded by SEL1L-HRD1 ERAD.
ERAD of mutant nephrin reduces its aggregation propensity and
pathogenicity. Last, we explored the pathological significance of
ERAD-mediated degradation of human mutant nephrin. ERAD
deficiency triggered most nephrin mutants (with the exception
of S366R) to form HMW complexes (Figure 8, A and B), and the
effect was much more dramatic than that seen in WT nephrin
(vs. lanes 1 and 2, Figure 8A). These mutants also formed more
detergent-insoluble (0.5% NP40-insoluble) protein aggregates
in ERAD-deficient cells (Figure 8C). Therefore, these data show
that SEL1L-HRD1 ERAD mediated the degradation of nephrin
mutants, thereby attenuating their aggregation.
Although these mutants are aggregation prone, 1 allele is
insufficient to cause disease (i.e., autosomal-recessive). Hence, we
asked whether ERAD attenuates the pathogenic effect of mutants
toward the WT allele. WT nephrin was tagged with Myc, while
the mutants (I171N and G270C) were either untagged or tagged
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with Flag to thereby distinguish the 2 forms. In WT HEK293T
cells, coexpression of mutant nephrin had little to no effect (10%–
20% increase) on the HMW formation of WT nephrin compared
with WT nephrin alone (lanes 5 and 6 vs. 2, Figure 8D). However, in HRD1–/– cells, coexpression of mutant nephrin significantly
enhanced by 2.5- to 3-fold the HMW complex formation of WT
nephrin compared with WT nephrin alone (lanes 10 and 11 vs. 7,
Figure 8D). Moreover, coexpression of mutant nephrin reduced
the total WT nephrin protein levels in WT cells in a dose-dependent manner, but had no effect on the maturation efficiency as
quantitated by the percentage of nephrin a in total nephrin (lane 2
vs. lanes 3 and 4 and 5 and 6, Figure 8E, and quantitated in Figure
8F). By contrast, coexpression of mutant nephrin in HRD1–/– cells
did not affect total WT nephrin levels, but reduced the percentage of the nephrin a form in a dose-dependent manner (lane 8 vs.
lanes 9 and 10 and 11 and 12, Figure 8E, and quantitated in Figure 8F). These data suggested that, although mutant nephrin promotes the degradation of WT nephrin in ERAD-competent cells, it
only interferes with the maturation of WT nephrin in ERAD-deficient cells, not in ERAD-competent cells. Thus, we concluded that
SEL1L-HRD1 ERAD degrades nephrin mutants, thereby ensuring
normal maturation of the WT allele.

Discussion

Our data demonstrate that SEL1L-HRD1 ERAD in podocytes plays
a critical role in the formation of the slit diaphragm and glomerular filtration function. SEL1L deficiency in podocytes impairs
slit diaphragm integrity and leads to podocytopathy, congenital
nephrotic syndrome, and renal failure, starting at 3 to 5 weeks
after birth. Our side-by-side comparison with mice carrying podocyte-specific deletion of the UPR sensor IRE1α showed that IRE1α
was dispensable for physiology at the same age, in keeping with
the conclusions from previous studies (24, 25). Together with
recent studies (27, 28, 34, 69), these findings confirm the vital
importance of SEL1L-HRD1 ERAD in physiology.
Our data further suggest that the effect of ERAD in podocytes
is largely substrate dependent. Nascent nephrin protein is misfolding prone and ubiquitinated by SEL1L-HRD1 ERAD for proteasomal degradation. In the absence of ERAD, misfolded nephrin accumulates in the ER and may undergo further refolding or interfere
with the normal maturation process for nascent nephrin protein.
Indeed, our data showed that interaction between nephrin and BiP
was enhanced in the absence of ERAD, as were the nephrin-containing HMW protein complexes. Moreover, the proportion of the
ER-retained nephrin b form was progressively increased in Sel1LPodCre
kidneys starting at 3 weeks of age, in direct contrast to WT kidneys,
where the mature nephrin a form was elevated with age. Hence, we
conclude that SEL1L-HRD1 ERAD plays an indispensable role in
podocyte function, at least in part, by regulating the maturation of
nascent nephrin protein in the ER. Although it has been reported that
intracellular distribution of nephrin is altered in humans with FSGS
(70, 71), it remains unclear whether SEL1L-HRD1 ERAD plays a role
in the disease pathogenesis. Our initial data showed that expression
of SEL1L-HRD1 ERAD was altered in patients with FSGS; however,
a significantly larger sample size, with consideration of patient age,
sex, race, disease state, medications, and the nature of the control
samples, is required to address this question in the future.
12

While some nephrin mutations in humans with congenital nephrotic syndrome — mostly autosomal-recessive — are
known to be retained in the ER (14, 15), our understanding of
the molecular events associated with the biogenesis of nascent
nephrin proteins, especially in regard to their interactions with
quality control machineries, remained largely unexplored. In
this study, we report that SEL1L-HRD1 ERAD mediates the
degradation of all 6 pathogenic mutants, which may attenuate
not only their accumulation and self-aggregation in the ER, but
also their pathogenicity toward the WT allele. In the absence of
ERAD, these nephrin mutants readily form HMW and insoluble
aggregates, which include some WT nephrin protein. Indeed, the
role of SEL1L-HRD1 ERAD in podocytes bears resemblance to
its role in the maturation of the prohormones AVP and POMC
in the pathogenesis of diabetes insipidus and obesity, respectively (37, 38). Hence, we speculate that enhancement of SEL1LHRD1 ERAD activity may reduce the dominant negative effects
of mutant alleles in human diseases. How SEL1L-HRD1 ERAD
identifies and targets misfolded nephrin remains unclear.
Cells constantly live under various physiological and pathological stresses. This is especially true for podocytes, which are
responsible for maintaining the filtration barrier and face not only
mechanical but also cellular stresses (including ER and oxidative stresses) and immunological challenges. These cells, therefore, have a high capacity to preserve function by synthesizing
GBM membrane components, forming the slit diaphragm, and
enhancing endothelial cell survival (1). ER homeostasis is maintained mainly by 3 principal quality control machineries, namely,
ERAD, the UPR, and autophagy. The observation that deletion of
Ire1a-Xbp1 or Atg5 has minimal effect on podocyte function (refs.
24–26 and this study) again supports the notion that podocytes are
highly resilient and adaptive. Moreover, our findings highlight the
fundamental importance of SEL1L-HRD1 ERAD as the first line
of defense against misfolded proteins in the ER, and in the case
of podocytes, we found that SEL1L-HRD1 ERAD was essential
for slit diaphragm formation. It is worth pointing out that, in 7- to
10-week-old mice, we observed podocyte loss, as revealed by SEM
analysis of glomerulus and the reduction in total levels of nephrin
and synaptopodin proteins. These finding suggested that podocytes may not be able to tolerate chronic SEL1L-HRD1 ERAD deficiency. However, as disease was already initiated at 3 to 5 weeks of
age in Sel1LPodCre mice, in which glomeruli and podocytes appeared
largely normal, we believe that podocyte SEL1L-HRD1 ERAD controlled disease initiation, not as a result of cell death, but rather in
a substrate-specific manner.
This study focused on the maturation of nephrin because of
its pathophysiological importance and, more important, because
of the similarity between the Sel1L- and nephrin-deficient mouse
models. However, since nephrin-deficient mice die within 24 hours
after birth (8) versus approximately 13 weeks for podocyte-specific Sel1L-deficient mice, we acknowledge that SEL1L-HRD1 ERAD
deficiency probably does not cause a complete loss of function of
nephrin. This is consistent with the biochemical results showing
that some nephrin still matured beyond the ER, even at 5 to 7 weeks
of age. In addition, we speculate that ERAD in podocytes may regulate the maturation of other proteins in a manner similar to that
of nephrin, proteins such as those involved in the generation of
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secondary and tertiary FPs, which may also contribute to the early lethality of Sel1LPodCre mice. While all these possibilities require
further investigation, our findings demonstrate a crucial role of
SEL1L-HRD1 ERAD in podocyte function in health and disease.

Methods
Human studies
Human tissue samples and immunofluorescence staining. Deidentified
formalin-fixed, paraffin-embedded kidney sections (3 μm) from
patients who were found to have FSGS on kidney biopsy (FSGS1, -2, -3)
and from living kidney donors were obtained from the Department of
Pathology, University of Michigan Medical School, Ann Arbor, Michigan, USA, and used for SEL1L and HRD1 immunostaining. Antigen
retrieval was performed in boiling 10 mM sodium citrate buffer (pH
6.0) for 15 minutes. Antibodies were diluted in 5% donkey serum and
0.3% Triton X-100 in PBS. Slides were placed in a humidified chamber at 4°C overnight with primary antibodies. The next day, slides
were incubated with secondary antibodies for 1 hour at room temperature. After 3 washes with 0.1 % Tween in TBS (TBST), slides were
incubated with anti–WT1 Alexa Fluor 647 for 1 hour at room temperature. Following washes with TBST and distilled water, 10 μL ProLong
Gold Antifade mounting media with DAPI (Invitrogen, Thermo Fisher
Scientific, P36931) was applied. Samples were imaged with identical
parameters under a Nikon A1 Confocal Microscope at the University
of Michigan Imaging Core.
Antibodies. The following antibodies were used for immunofluorescence of human samples: SEL1L (43) (home-made E12049, specific
for both human and mouse, rabbit, 1:500); HRD1 (provided by Richard Wojcikiewicz, SUNY Upstate Medical University, Syracuse, New
York, USA; rabbit, 1:50 for immunostaining); and WT1–Alexa Fluor
647 (Abcam, ab202639, 1:500).
scRNA-Seq of the human kidney. Human kidney tissue obtained
from the unaffected, distant tumor site of a 43-year-old male patient
undergoing nephrectomy (warm and cold ischemic time <5 minutes).
Experimental details are described in the Supplemental Methods.
scRNA-seq data were deposited in the NCBI’s BioProject database
(accession number PRJNA700694; https://www.ncbi.nlm.nih.gov/
bioproject/700694).
Mouse studies
Mice. Sel1Lfl/fl mice (35) were crossed with mice expressing the Cre
transgene driven by the podocin promoter (56) on a C57BL/6 background to generate podocyte-specific Sel1L-deficient (Sel1LPodCre) mice.
Their littermates, Sel1Lfl/fl (WT) and heterozygous (Sel1LPodCre/+) mice
were included as control cohorts. Ire1afl/fl mice (72) were used to generate Ire1aPodCre mice, applying the same breeding scheme. All mice were
housed in an ambient-temperature room under a 12-hour light cycle
and fed a normal chow diet (13% fat, 57% carbohydrate, and 30% protein, LabDiet 5LOD). Weekly measurements of body weight were performed at the same time of day. Both male and female mice at the ages
of 3, 5, 7, and 10 weeks were used in the studies.
Tissue fixation. After the mice were anesthetized, the kidneys were
perfused with cold PBS for 2 minutes and then with cold fixation buffer A (4% paraformaldehyde [50-980-487], and 2.5% glutaraldehyde
[16000], in Sorensen’s buffer [11600-05]; all from Electron Microscopy Sciences) for electron microscopy (EM) and H&E staining, or with

buffer B (10 % formalin in PBS) for immunofluorescence staining. The
samples were sent to the Research Histology and Immunohistochemistry Core at the University of Michigan Medical School for paraffin
processing, embedment, and H&E staining.
Immunofluorescence staining and confocal microscopy. The kidneys
were fixed in fixation buffer (10 % formalin in PBS) at 4°C overnight,
transferred to cold PBS, and incubated at 4°C overnight, and then
transferred to cold PBS with 20% sucrose at 4°C for another overnight
incubation. Next, the samples were frozen in Tissue-Tek O.C.T. Compound (Electron Microscopy Sciences) and kept at –80°C. The frozen
sections were prepared by cutting into 5 μm sections with a cryostat
(Leica, CM1950). WT and knockout tissues from the same litter were
prepared on the same slide under the same conditions and kept at
–80°C. For staining, the slides were washed 3 times in PBS at room
temperature followed by blocking buffer (5% BSA, 0.1% Tween, TBS)
for 30 minutes at room temperature. Primary antibodies were diluted
in the blocking buffer and applied to the tissue areas followed by incubation at 4°C overnight. The next morning, the slides were washed
3 times for 10 minutes with TBST, and then a secondary antibody
solution was applied and incubated for 2 hours at room temperature.
Samples were washed 3 times for 10 minutes with TBST and briefly
washed with water before mounting (ProLong Gold Antifade Reagent
with DAPI, Invitrogen, Thermo Fisher Scientific). Tissues on the same
slide were imaged using identical imaging parameters with a Nikon
A1 Confocal Laser Microscope (Microscopy Core at the University of
Michigan). Signal intensities as well as the distribution patterns were
compared under the same conditions.
Antibodies. HRD1, SEL1L, and WT1 antibodies were used for
immunostaining as described above. The following antibodies were
used: SEL1L (Abcam, ab78298; 1:1000 for Western blotting); podocin
(MilliporeSigma, P0372; 1:100 for immunostaining and ABclonal,
A17337; 1:3000 for Western blotting); HRD1 (Proteintech, 13473-1AP; 1:3000 for Western blotting); synaptopodin (Santa Cruz Biotechnology, sc-515842; 1:100 for immunostaining and ABclonal, A12049;
1:2000 for Western blotting); nephrin (ABclonal, A3048; 1:2000
for Western blotting, 1:100 for immunostaining); KDEL (Abcam,
ab12223; 1:200 for immunostaining); ZO1 (Thermo Fisher Scientific,
33-9100; 1:100 for immunostaining); BiP (Abcam, ab21685; 1:5000
for Western blotting, 1:200 for immunostaining); CD2AP (Proteintech, 51046-1-AP; 1:300 for immunostaining); ubiquitin (Ub) (Santa
Cruz Biotechnology, sc-8017; 1:1000 for Western blotting); Myc (MilliporeSigma, C3956; 1:5000 for Western blotting); Flag (MilliporeSigma, F-1804; 1:5000 for Western blotting); HSP90 (Santa Cruz Biotechnology, sc-13119; 1:5000 for Western blotting); and histone H2A
(Cell Signaling Technology, 2578; 1:2000 for Western blotting). The
following secondary antibodies were used for Western blotting: goat
anti–rabbit IgG HRP (Bio-Rad, 5196-2504; 1:5000) and anti–mouse
IgG HRP (Bio-Rad, 1706516; 1:5000). The following secondary antibodies were used for immunostaining: anti–mouse IgG Alexa Fluor
594 (115-585-044); anti–mouse IgG Alexa Fluor 488 (715-545-150);
anti–rabbit IgG Alexa Fluor 594 (111-585-144); and anti–rabbit IgG
Alexa Fluor 488 (711-545-152) (all from Jackson ImmunoResearch
Laboratories and used at 1:500–1:1000).
Imaging data analysis. SEL1L/HRD1 signal intensity per podocyte
was measured using ImageJ software (NIH) and was further analyzed
using ggplot2 as described in the Human studies section. ImageJ was
used to quantitate the glomerulus size and the index of mesangial
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hyperplasia. To determine the index of mesangial hyperplasia, the
H&E stain–positive area measured in each glomerulus was divided by
the area of whole glomerulus.
TEM and advanced SEM. EM samples were prepared using previously described standard methods (19, 58). The samples were submitted to the University of Michigan Microscope and Image Analysis
core facility for washing and embedment according to standard procedures. Embedded samples were analyzed using the JEOL USA JEM1400 Plus Electron Microscope for TEM and the AMRAY 1910 Field
Emission Scanning Electron Microscope for SEM. For ultra-high-resolution advanced SEM, samples were examined under the Thermo
Fisher Helios 650 Nanolab SEM at the Michigan Center for Materials
Characterization.

In vitro studies
Cell lines. HEK293T and N2a cells, obtained from the American
Type Culture Collection (ATCC), were cultured in DMEM (Corning, 10017CV) containing 10% FBS and 1% penicillin-streptomycin.
HRD1–/– HEK293T and N2a cells were generated as described previously (38, 49). To generate HRD1–/– podocytes, immortalized CIHP-1
human podocytes (73) were grown at 33°C to 80% confluence in RPMI
1640 (Corning, 10-040-CM) supplemented with insulin-transferrin-selenium (Gibco, Thermo Fisher Scientific, 51500-056), 10%
FBS, and 1% penicillin-streptomycin, followed by subculturing at 1:3,
and then incubation at 37°C for 14 days to induce differentiation. On
day 10, the cells were transduced with the lentiviral CRISPR system
targeting HRD1 as previously described (49). The guide sequences for
HRD1 were as follows: GGGACAAAGGCCTGGATGTAC (guide 1)
and GGGCCAGCCTGGCGCTGACCG (guide 2).
Plasmids. HA-Ub, HRD1-WT-Myc, and HRD1-C2A-Myc plasmids were described previously (49). Mouse nephrin and Myc-nephrin plasmids, from which Flag-tagged nephrin was generated by
PCR, were previously described. Quick-change mutagenesis was
performed to generate nephrin point mutants using the mouse nephrin constructs (49). The following primers were used for mutagenesis: I171N (5′-AAGCCAGCACCTGACAACATCTTCATCCAGGGT-3′, 5′-ACCCTGGATGAAGATGTTGTCAGGTGCTGGCTT-3′);
G270C (5′-TGCATAGCCAGAGGTtGTAATCCACCTGCGACC-3′,
5′-GGTCGCAGGTGGATTACAACCTCTGGCTATGCA-3′); S366R
(5′-TGC CT TAC CA AGTC CAGAC GC C CAC GGGTC CTG-3′,
5′-CAGGACCCGTGGGCGTCTGGACTTGGTAAGCA-3′); S724C
(5′- CTACACTGCCAGAACTGCGAGGGCACCGCCGAG-3′,
5′- CTC GGC GGTGC C CTC GCAGT TCTGGCAGTGTAG-3′);
R743C (5′-TATGCTCCCACCATCTGTGCCCTGAAGGACCCT-3′,
5′-AGGGTCCTTCAGGGCACAGATGGTGGGAGCATA-3′); and
L832P (5′-AGAGGACTGGTTCGTCCTGTTGTCCGATTTGCC-3′,
5′-GGCAAATCGGACAACAGGACGAACCAGTCCTCT-3′).
In vitro drug treatment. The experiments involving treatments
with CHX, MG132, and BFA were performed as described previously
(37, 41, 48, 49). Briefly, transfected HEK293T cells were pretreated
with BFA (1 μg/mL) for 30 minutes, followed by CHX for 2 and 4
hours. MG132 (10 μM) was added to the culture 5 hours before the
experiments were performed.
35
S pulse-chase experiment. HEK293T cells were transfected with
Myc- or Flag-nephrin constructs followed by a pulse-chase experiment. HEK293T cells were pulse-labeled with 100 μCi/mL [35S]-cysteine and methionine at 37°C for 30 minutes. Following a 30-minute
14

pulse, cells were cultured in chase medium (regular media supplemented with 10 mM HEPES, 5 mM cysteine, 5 mM methionine) for
the indicated durations. Cells were then washed with ice-cold HBSS
buffer (Gibco, Life Technologies, Thermo Fisher Scientific), snap-frozen in liquid nitrogen, and lysed in NP-40 lysis buffer (1% NP-40,
150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl pH 8.0) supplemented
with 100X proteinase inhibitor cocktail (MilliporeSigma), 1 mM PMSF
(MilliporeSigma), and 10 mM N-ethylmaleimide. Lysates were used
in the immunoprecipitation as described above. Denaturing samples
were prepared by adding 2× denaturing sample buffer into the immunoprecipitated beads followed by 10 minutes of boiling at 95°C.

Statistics
All experiments were conducted at least twice or with at least 2 biological replicates. Results are expressed as the mean ± SEM. Unless
otherwise specified, comparisons between 2 groups and between
multiple groups were made using an unpaired, 2-tailed Student’s t
test and 1-way ANOVA followed by Tukey’s multiple-comparison test,
respectively. For survival analysis, the Kaplan-Meier method and the
log-rank test were used. P values of less than 0.05 were considered
statistically significant.
Study approval
The human study was approved by the IRB of the University of Michigan (HUM00002468). All animal procedures were approved by and
conducted in accordance with the IACUC of the University of Michigan Medical School (PRO00008989).
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