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A
utosomal dominant polycystic kidney disease

(ADPKD) and autosomal dominant tubulointerstitial

kidney disease (ADTKD) are among the most frequent

monogenic disorders causing chronic kidney disease. The

main genes associated with ADPKD are PKD1 and PKD2,

encoding membrane and primary cilia proteins, polycystin-1

and polycystin-2, respectively, which are involved in multiple

pathways regulating tubular cell differentiation. Recently,

genes coding for proteins involved in the endoplasmic reticu-

lum have been associated with rare, atypical forms of

ADPKD. These genes include ALG5, ALG8, and ALG9, coding

for enzymes involved in the lipid-linked oligosaccharide as-

sembly for N-glycosylation of proteins; GANAB, coding for

the a-subunit of the glucosidase II, which removes a glucose

residue from immature glycoproteins before they enter the

calnexin/calreticulin folding and quality control cycle; and

DNAJB11, which encodes a cofactor of binding Ig protein

(BiP), a chaperone required for the proper folding and assem-

bly of secreted and membrane proteins (Figure 1a). The char-

acterization of 77 affected individuals from 27 families

carrying heterozygous DNAJB11 variants revealed late-onset

kidney failure, nonenlarged kidneys harboring small cysts

and interstitial fibrosis, and gout, suggesting partial overlap

between DNAJB11-associated ADPKD and ADTKD.1,2

ADTKD is an increasingly recognized cause of kidney

failure, characterized by tubular damage and interstitial

fibrosis of the kidney in the absence of glomerular lesions.

The most common gene associated with ADTKD is UMOD,

coding for uromodulin—the most abundant protein excreted

in normal urine. Uromodulin is a kidney-specific glyco-

sylphosphatidylinositol-anchored glycoprotein that is essen-

tially produced by the epithelial cells lining the thick

ascending limb (TAL) of the loop of Henle. The protein

contains 616 amino acids, including 48 cysteine residues

engaged in 24 intramolecular disulfide bonds, as well as 8 N-

glycosylation sites. After proper maturation and apical tar-

geting in TAL cells, uromodulin is cleaved by a serine protease

and assembled in the urine into polymers that form a gel-like
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structure. The vast majority of disease-causing variants in

UMOD causing ADTKD are heterozygous missense changes,

often involving cysteine, that lead to the accumulation of

uromodulin in the endoplasmic reticulum, damaging the

TAL, inducing inflammation, and driving interstitial fibrosis

(Figure 1a). ADTKD-UMOD is thus as a storage disease with

a gain-of-toxic function, reflected by a sharp reduction of

uromodulin excretion in the urine.3 Recently, intermediate-

effect variants in UMOD have been associated with subtle

processing and maturation defects in vitro and intermediate

urinary levels of uromodulin and milder kidney disease

progression.4

The fact that DNAJB11 (DnaJ homolog subfamily B

member 11) and its partner BiP assist in the folding of client

proteins in the endoplasmic reticulum5 led researchers to

suggest that DNAJB11-related disease could include features

of ADTKD-UMOD caused by defective processing of uro-

modulin. This hypothesis was supported by possible

Figure 1 | Processing and urinary excretion of uromodulin (UMOD) in patients with DNAJB11mutations compared to normal subjects
and patients with autosomal dominant tubulointerstitial kidney disease due to UMOD mutations (ADTKD-UMOD) or with autosomal
dominant polycystic kidney disease (ADPKD). (a) Schematic diagram illustrating the maturation and trafficking of UMOD in normal and
autosomal dominant tubulointerstitial kidney disease (ADTKD)–UMOD thick ascending limb cells. A detailed view of the endoplasmic reticulum
(ER), including genes involved in atypical autosomal dominant polycystic kidney disease (ADPKD; ALG5, ALG8, ALG9, and GANAB), is shown on the
bottom panel. (b) Urinary uromodulin (uUMOD) levels normalized on urinary creatinine and estimated glomerular filtration rate (Chronic Kidney
Disease Epidemiology Collaboration) in patients with DNAJB11mutations compared with patients with ADTKD-UMOD, patients with ADPKD, and
normal subjects. The uUMOD levels in DNAJB11 samples are comparable to those of normal subjects and patients with ADPKD. Kruskal-Wallis
test, followed by Tukey post hoc test: #P < 0.0001. The lower panel shows representative immunoblotting for UMOD in urine samples from
corresponding patients and normal controls. Sample loading was normalized on urinary creatinine. Immunoblotting analysis was performed on
n $ 3 independent patient samples per condition; 2 representative samples are shown. (c,d) Representative immunoblotting analyses of the
effect of deglycosylation with (c) PNGase F (peptide-N-glycosidase F) and (d) Endo H (endoglycosidase H) on UMOD in urine samples from
patients with mutations in DNAJB11, compared with patients with ADTKD-UMOD, patients with ADPKD, and normal subjects. No difference was
observed in the glycosylation pattern. BiP, binding Ig protein; GalNAc, N-acetylglucosamine.

Table 1 | Characteristics of patient cohorts and reference population

Group N Gender (M:F ratio) Mean age, yr

uUMOD,

mg/g creat

eGFR,

ml/min per 1.73 m2
uUMOD/eGFR,

arbitrary units

DNAJB11 10 5:5 50 � 20 33.5 � 23.2 72 � 37 0.45 � 0.16
ADTKD-UMOD 65 26:39 38 � 13 3.59 � 3.63 46 � 24 0.07 � 0.05
ADPKD 178 95:83 54 � 11 14.2 � 9.7 44 � 13 0.33 � 0.2
Normal subjects 884 424:460 47 � 17 34.1 � 20.7 97 � 18 0.35 � 0.2

ADPKD, autosomal dominant polycystic kidney disease; ADTKD, autosomal dominant tubulointerstitial kidney disease; creat, creatinine; eGFR, estimated glomerular filtration
rate (Chronic Kidney Disease Epidemiology Collaboration); F, female; M, male; uUMOD, urinary uromodulin.
Data are expressed as mean � SD unless otherwise indicated.
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Figure 2 | Effect of Dnajb11 silencing on uromodulin (UMOD) maturation and processing in mouse inner medullary collecting duct
(mIMCD) cells. (a) Quantitative reverse transcriptase polymerase chain reaction analysis following Dnajb11 knockdown (n ¼ 4), showing
z90% transcript downregulation. Expression of UMOD and other chaperone genes was unaffected. Gene expression normalized on Gapdh.
(b) Immunoblot analysis of DNAJB11, UMOD, binding Ig protein (BiP), and aquaporin-2 (AQP2) on mIMCD cells following 4 days of treatment
with adenovirus expressing a short hairpin RNA against mouse Dnajb11 (Ad-shDnajb11) or scramble adenovirus (Ad-Scrmbl; left panel).
Although UMOD and BiP levels were unchanged, a significant increase in glycosylated AQP2 levels was detected following Dnajb11
knockdown. b-Actin was used as a loading control. UMOD glycosylation (top right panel) and secretion in culture medium (bottom right
panel) were not impacted by Dnjab11 knockdown. Densitometry analyses relative to Ad-Scrmbl (n ¼ 3). (c) Representative
immunofluorescence staining for UMOD (green) and DNAJB11 (red) on mIMCD cells following treatment with Ad-shDnajb11, showing a
strong reduction in signal intensity for DNAJB11. Neither intensity nor localization of the UMOD signal, analyzed as membrane/cytoplasmic
ratio, is modified. (d) Schematic representation of UMOD trafficking and the effect of temperature shift and nocodazole treatment. (e)
Immunofluorescence analysis of UMOD (green) in mIMCD cells following 1-hour incubation at 23 �C. The temperature shift induces
translocation of UMOD into intracellular vesicular bodies (arrowheads), as indicated by the decreased membrane/cytosol ratio. (f)
Immunofluorescence analysis of UMOD (green) and acetylated a-tubulin (Ac.Tubulin; red) in mIMCD cells following 1-hour treatment with 10

ðcontinuedÞmg/ml nocodazole. Disruption of microtubules impaired membrane trafficking of UMOD, as indicated by the decreased
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intracellular accumulation of uromodulin in kidney biopsies

from 2 DNAJB11-affected subjects.1 However, such staining is

operator dependent, requiring rigorous positive and negative

controls. Furthermore, accumulation of uromodulin might

depend on the underlying UMOD mutation, and the avail-

ability of kidney biopsies in ADTKD-UMOD is restricted. In

that context, the urinary levels of uromodulin, normalized

against residual estimated glomerular filtration rate values, are

considered as a robust marker of its processing in TAL cells.4,6

Previous studies have demonstrated that modifications of the

maturation and processing of uromodulin in the TAL cells are

reflected by decreased urinary levels, which are proportional

to the degree of protein maturation defect.4,6 Here, we

measured the urinary levels of uromodulin in a cohort of

patients harboring DNAJB11 variants compared with healthy

subjects and patients with ADTKD-UMOD or ADPKD and

used well-established assays to assess the maturation and

excretion of uromodulin in DNAJB11-deficient kidney cells.

RESULTS

Access to publicly available single-nucleus RNA-sequencing

data of the human kidney showed that DNAJB11 and UMOD

are both highly expressed in the TAL cells, providing a basis

for potential interactions (Supplementary Figure S1A and B).

We measured the levels of uromodulin in urine samples

obtained from 10 individuals heterozygous for disease-

causing variants in DNAJB11 (Supplementary Figure S2),

using a well-established enzyme-linked immunosorbent assay,

compared with levels in patients with ADTKD-UMOD (n ¼
65) or ADPKD (n ¼ 178) and a reference population (normal

subjects, n ¼ 884; Table 1). The range of urinary levels of

uromodulin in subjects with DNAJB11 mutations was similar

to those in the reference population and the cohort with

ADPKD, whereas dramatically lower values were detected in

patients with ADTKD-UMOD (Figure 1b). Immunoblotting

analyses confirmed the unchanged levels of uromodulin in

urine, with no evidence for any change in glycosylation pat-

terns, suggesting that only the mature protein is excreted in

the urine of subjects with DNAJB11 mutations (Figure 1c and

d).

We next tested whether Dnjab11 downregulation affects

uromodulin processing in kidney tubular cells. To this end,

we used mouse inner medullary collecting duct (mIMCD)

cells stably expressing green fluorescent protein—tagged wild-

type human uromodulin. We knocked down Dnajb11 by

treating the cells with an adenovirus expressing a short

hairpin RNA against mouse Dnajb11, whereas a scramble

adenovirus was used as control (Supplementary Figure S3A).

No differences in transduction efficiency were observed after

4 days of silencing in scramble adenovirus– and adenovirus

expressing a short hairpin RNA against mouse Dnajb11–

treated cells, and no toxicity effect was detected compared

with untreated cells (Supplementary Figure S3B). Compared

with scramble adenovirus–treated cells, short hairpin RNA

treatment led to a sharp decrease of Dnajb11 expression,

whereas no significant changes were detected in the expres-

sion of UMOD and other chaperone genes coding for

DNAJB11 interaction partners (Hspa5, Dnajb4, Hsp90aa1,

and Cryab; Figure 2a; Supplementary Figure S3C). Immu-

noblot analysis showed that Dnajb11 silencing did not have

any effect on uromodulin or on BiP levels, whereas it caused a

sizable upregulation of the water channel aquaporin-2

(Figure 2b). Furthermore, Dnajb11 silencing was not reflected

by any difference in the glycosylation pattern of uromodulin

or in its secretion in the apical medium (Figure 2b). These

observations were confirmed by immunofluorescence analysis

showing that trafficking of uromodulin to the plasma mem-

brane was unaffected by Dnajb11 downregulation in the

mIMCD cells (Figure 2c). The stably transfected mIMCD

cells represent a viable system to study uromodulin traf-

ficking, as it can be modulated using physical and chemical

agents (Figure 2d). Indeed, following either incubation at 23
�C or treatment with nocodazole, a well-established micro-

tubule-disrupting agent,7 we observed a shift in uromodulin

localization, from a predominantly plasma membrane–

enriched signal to a more diffuse cytosolic vesicular pattern

(Figure 2e and f). These results are in line with previous work

showing that genetic disruption of the cytoskeletal network

negatively impacts on uromodulin trafficking.8

DISCUSSION

The fact that the excretion and maturation of uromodulin are

unchanged in patients with DNAJB11 mutations contrasts

with the strong decrease observed in patients with ADTKD-

UMOD. Furthermore, the genetic downregulation of

Dnajb11, to a level modeling haploinsufficiency, has no

detectable impact on uromodulin maturation, trafficking, and

secretion in the mIMCD cells. Because these cells are stably

overexpressing uromodulin, one could expect that any effect

of DNAJB11 silencing on uromodulin processing would be

particularly noticeable. These findings are in line with recent

studies showing no change in uromodulin processing in

Dnajb11 knockout mice. Instead, the loss of Dnajb11 was

reflected by impaired cleavage of polycystin-1 and polycystin-

1 dosage-dependent cystogenesis.9

Together, these data do not support that defective matu-

ration or processing of uromodulin is involved in ADPKD

caused by heterozygous DNAJB11 mutations. Yet, considering

the role of DNAJB11 and BiP in the unfolded protein

response (UPR),1,5 it is not excluded that variants in

DNAJB11 could affect the progression of ADTKD-UMOD. In

such a scenario, loss-of-function DNAJB11 mutations would

negatively impact on the function of BiP, potentially wors-

ening endoplasmic reticulum stress because of uromodulin

=

Figure 2 | (continued) membrane/cytosol ratio. High-magnification fields are shown as insets. Nuclei were counterstained with 40,6-diamidino-
2-phenylindole (DAPI). Bar ¼ 25 mm. Bars indicate mean � SEM. Unpaired 2-tailed t test: **P < 0.01, #P < 0.0001. AU, arbitrary unit; D, degly-
cosylated; DMSO, dimethylsulfoxide; Endo H, endoglycosidase H; Gly, glycosylated; M, mature; PNGase F, peptide-N-glycosidase F. To optimize
viewing of this image, please see the online version of this article at www.kidney-international.org.
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aggregates and accelerating organ damage in ADTKD-

UMOD. That Dnajb11 silencing led to the upregulation of

endogenous aquaporin-2 in mIMCD cells should also be

noted, considering the role of the vasopressin V2R (vaso-

pressin receptor 2)–cyclic adenosine monophosphate and

aquaporin-2 pathway in ADPKD cystogenesis.10
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