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Introduction 

Proteinuria is a well-known risk factor for progressive renal 

impairment and cardiovascular disease. Kidney damage due to 

proteinuria is thought to be caused by progressive proliferation 

due to increased glomerular capillary pressure and plasma 

protein filtration. Therefore, if persistent proteinuria is detect-

ed, kidney biopsy is considered for the diagnosis and treatment 

of the underlying disease. However, for diseases in which renal 

damage is not caused despite the patient showing symptoms 

of proteinuria, there may be cases in which various treatments 

used for protection of renal damage are unnecessary. Recently, 

with the development of next generation sequencing (NGS) 

technology, a mutation in the cubilin (CUBN) gene was detected 
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in patients with hereditary kidney diseases that have chronic 

proteinuria. Although this disease leads to proteinuria, there 

are many questions about its progression to renal impairment. 

In this review, we focus on cubilin and the latest views on the 

prognosis of the CUBN mutation. 

Pathophysiology of proteinuria 

Proteinuria is mainly divided into glomerular proteinuria and 

tubular proteinuria based on the origin of proteinuria. Dysfunc-

tion of the glomerular filtration barrier results in glomerular 

proteinuria, mainly albumin, which has a molecular weight of 

approximately 67 kDa. In contrast, tubular proteinuria is caused 

by the dysfunction of tubular reabsorption. It is composed of 
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low molecular weight proteins, mainly β2 microglobulin and 

α1 microglobulin. Furthermore, albumin accounts for less than 

half of tubular proteinuria.  

The passage of molecules through the glomerular basement 

membrane (GBM) is size- and charge-dependent. The GBM has 

a pore size of 4 nm and a negative charge due to the presence 

of glycoaminoglycans. Therefore, negatively charged and large 

molecules cannot pass through the GBM easily. Albumin has 

a negative charge and has an ellipsoid shape with a 14-nm 

width and 3.8-nm length. Because the length (3.8 nm) of albu-

min is shorter than the GBM pore size (4 nm), small amounts 

(22–32 mg/L) of albumin can be filtered through the GBM. The 

albumin is then reabsorbed at the early and late parts of the 

proximal tubules and descending part of the straight tubules. 

Finally, only approximately 100 mg of albumin is secreted per 

day [1,2]. 

Genetic aspects of proximal tubular reab-
sorption 

Proximal tubules have receptors called megalin and cubi-

lin-amnionless complex (CUBAM) at the brush border. These 

receptors bind to several ligands, including albumin, and trans-

fer these ligands into the endosome in the proximal tubular 

cytoplasm via clathrin-mediated endocytosis. Subsequently, 

these ligands are degraded by the lysosome or undergo trans-

cytosis via the neonatal Fc receptor [3-5]. 

Several genetic tubular diseases develop via the mutations 

in this process. Donnai-Barrow syndrome (OMIM #222448) 

is caused by a mutation in megalin (gene name: LRP2), 

Imerslund-Gräsbeck syndrome or megaloblastic anemia 1 (IGS 

or MGA1) (OMIM #261100) by a mutation in cubilin (gene name: 

CUBN), Dent disease (OMIM #300009) by a mutation in endo-

somal chloride voltage-gated channel 5 (gene name: CLCN5), 

Lowe syndrome (OMIM #3090000) by a mutation in endoso-

mal inositol polyphosphate-5-phosphatase (gene name: OCRL), 

and nephrotic cystinosis (OMIM #219800) by a mutation in 

lysosomal cystinosin (gene name: CTNS) (Fig. 1) [6-11]. 

Molecular structures of megalin, cubilin, and 
amnionless 

Cubilin, an albumin receptor, was first described by Birn et al. 

in 2000 [12]. It is an extracellular glycoprotein approximately 

460 kDa in size, and the gene encoding cubilin is located on 

chromosome 10p12.33-p13 in humans. Cubilin has 110 amino 

acid N-terminals, 8 epidermal growth factor-like domains, and 

27 complement C1r/C1s, Uegf, and Bmp1 (CUB) domains (Fig. 2) 

[1]. Because cubilin does not have a transmembrane domain, 

not fully understood, it interacts with amnionless (CUBAM) for 

endocytosis. 

Megalin has a molecular weight of 600 kDa, and the encod-

ing gene is located on chromosome 2q24-q31 in humans. It has 

large N-terminal extracellular domains, a single transmem-

brane domain, and a short C-terminal cytoplasmic fragment 

(Fig. 2) [1]. 

Clinical manifestations of CUBN mutation 

Cubilin is expressed in podocytes, proximal tubules, and the 

small intestine. As described above, cubilin plays a role in al-

bumin reabsorption in the proximal tubule. Furthermore, it is 

a receptor of the intrinsic factor-vitamin B12 (IF-B12) complex in 

the small intestine. Therefore, patients with CUBN mutations 

Fig. 1. Endo-lysosomal system in proximal tubular epithelial cells 
and the related genetic disorders. EE, early endosome. Adapted from 
Willnow, Kidney Int 2017;91:776-8 [6].
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can develop proteinuria and/or MGA. 

IGS (or MGA1), caused by mutations in CUBN, is a rare, au-

tosomal recessive disorder that is characterized by selective 

Fig. 2. Endocytic megalin and cubilin-amnionless complex in the 
apical membrane of the renal proximal tubule. EGF, epidermal growth 
factor; CUB, complement sub-components C1r/C1s, Uegf, and Bmp1. 
Adapted from Gburek et al. Int J Mol Sci 2021;22:5809 [1].

Fig. 3. Schematic representation of cubilin and amnionless. IGS, Imerslund-Gräsbeck syndrome; EGF, epidermal growth factor; CUB, 
complement sub-components C1r/C1s, Uegf, and Bmp1; IF-B12, intrinsic factor-vitamin B12. Adapted from Storm et al. BMC Med Genet 2013;14:111 
[10].

intestinal vitamin B12 malabsorption and results in MGA. It also 

has low molecular weight proteinuria. In most cases, protein-

uria in IGS is sub-nephrotic range proteinuria and is character-

ized by more than 50% albuminuria [9,10]. 

Fig. 3 shows the currently known loci of the CUBN mutation. 

Most mutation sites of CUBN in IGS are located at the N-termi-

nal of cubilin and affect the interaction sites with amnionless or 

the IF-B12 binding CUB domains 5–8. However, in patients with 

only proteinuria, almost all variants were located after the IF-

B12 binding domain. This suggests that C-terminal CUB domains 

are crucial for renal protein reabsorption [10].  

The history of studies on CUBN mutations 

Since 1999, IGS with MGA and proteinuria has been reported 

[13-15]. In 2011, Ovunc et al. [16] reported a homozygous frame-

shift mutation in CUBN in two siblings from consanguineous 

parents with intermittent nephrotic-range proteinuria by 

exome sequencing. Furthermore, a meta-analysis through a 

genome wide association study (GWAS) in the general and di-

abetic population highlighted the relationship between CUBN 

single nucleotide polymorphism and proteinuria in the same 

year [17]. 

Since 2015, large-scale cohort studies for genetic diagnosis of 

patients with proteinuria have shown a certain number of pa-

tients with CUBN mutations [18-23]. One of these was the result 

of three large cohort studies on CUBN mutations by Bedin et al. 

in 2020 [21]. A total of 2,216 patients were enrolled in three co-

hort studies. In the first cohort (genetic kidney disease cohort I), 

NGS was performed on 759 patients whose suspected genetic 

causes of renal disease included steroid resistant nephrotic 

syndrome (SRNS), Alport syndrome (AS), nephronophthisis, 

congenital anomalies of kidney and urinary tract, tubuloint-

erstitial nephritis, polycystic kidney disease, and renal tubular 
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disorder. For the second cohort (genetic kidney disease cohort 

II), NGS was performed on 1,350 patients whose suspected 

genetic cause of proteinuria included SRNS and AS, and for 

the third cohort (chronic PU cohort), NGS was performed on 

107 patients with chronic proteinuria. In these three cohort 

studies, biallelic CUBN mutations were observed in 39 pa-

tients. The 39 patients with biallelic CUBN mutations received 

a diagnosis between 0 and 36.6 years and did not show MGA 

or renal impairment during the follow-up period (age at last 

follow-up: 0–71.7 years). Their proteinuria was less than 1 g/

day, and the albumin content in the urine protein was more 

than half. Unlike other tubular proteinuria including caused 

by LRP2 mutation, β2 microglobulin was almost absent or low. 

Kidney biopsy was conducted on a total of 19 patients. One 

patient in the second cohort showed early focal segmental 

glomerulonephritis (FSGS), and the remaining showed no 

specific finding or minimal lesions. All patients with the CUBN 

mutations in the third cohort showed no protein lowering 

effects when treated with angiotensin converting enzyme 

inhibitor (ACEi). Furthermore, almost all variants of the CUBN 

gene were located after the IF-B12 binding domain. 

In this papaer, another large-scale meta-analysis of existing 

GWAS was conducted with the general population. In previ-

ous studies, four C-terminal variants (p.A1690V, p.N2157D, 

p.A2914V, and p.I2984V) were shown to have strong associa-

tions with albuminuria using GWAS. According to structural 

modeling, these four GWAS variants have the potential to 

disturb the CUB domain stability or ligand binding. Two more 

meta-analyses were conducted: a large meta-analysis of the 

CKDGen Consortium’s population-based cohorts consisting 

of 331,340 to 597,710 individuals, and a smaller one on an in-

dependent cohort consisting of 13,550 individuals with and 

without type 2 diabetes mellitus (T2DM). The results showed 

that the population with four C-terminal variants had a ten-

dency of exhibiting high glomerular filtration rate (GFR), de-

spite having albuminuria. Thus, this paper mentioned that the 

C-terminal CUBN mutation may have a renal protective effect. 

In addition, in a protein-coding genetic variation analysis 

for 60,000 people in 2016 [24], CUBN and AMN (which encodes 

amnionless) showed very low loss-of-function intolerance 

scores. These data strongly indicate the benign nature of albu-

minuria associated with C-terminal CUBN variants. 

The second large-scale study included a cohort of a Spanish 

group in 2021 [22]. Genetic testing was performed on 347 fam-

ilies with persistent proteinuria with a suspected monogenic 

cause. Among them, CUBN biallelic mutations were observed 

in 15 patients in 12 families. The age at diagnosis of proteinuria 

ranged between 9 months and 44 years. Furthermore, 54% of 

urine protein was albumin. The follow-up period was 7 years 

on average, and no improvement in proteinuria was observed 

after treatment with ACEi. Among 15 biopsies, 13 were normal, 

but two patients had more severe phenotypes. One patient 

was diagnosed as SRNS with minimal change disease through 

the kidney biopsy. This patient used prednisolone and cyclo-

phosphamide and showed normal kidney function and blood 

pressure during follow-up, but proteinuria persisted. Another 

patient was diagnosed as FSGS on the biopsy and showed 

hypertension, hyperuricemia, decreased GFR, hypertension 

induced cardiomyopathy, T2DM, and obesity during the fol-

low-up period. The authors thought that the progress of these 

patients was due to comorbidities. 

Meanwhile, Yang et al. in China [25] described three FSGS 

patients with CUBN mutations in 2022. Patients were diag-

nosed at the age of 6 years, 8 years, and 11 years and showed 

no MGA. They had mild proteinuria, and their urine protein 

to creatinine ratio were 0.3–0.5, β2 microglobulin was normal 

or slightly high, and urine protein electrophoresis showed 

more than 50% albumin. The serum albumin level of the 

patients was normal and showed 1–2 segmental sclerosis in 

kidney biopsy. Two patients were accompanied by interstitial 

fibrosis, and a crescent was also observed in these two cases. 

All electron microscopy showed foot process effacements. 

All CUBN mutations were biallelic, and all were located close 

to the C-terminal. These three patients were administered 

tacrolimus after FSGS was confirmed in the biopsy, and their 

protein to creatinine ratios decreased slightly during the fol-

low-up period of more than 3 months. The authors suggested 

that albuminuria probably originated not only from proximal 

tubular malabsorption but also from podocyte dysfunction 

in patients with CUBN mutations. This is because patients 

showed FSGS with pathological changes in podocytes and 

reduced proteinuria after administration of tacrolimus. In 

addition, one of four patients in the genetic kidney disease 

cohort II with CUBN mutations in the study of Bedin et al. also 

showed FSGS [21]. Furthermore, some studies showed that 

cubilin is expressed in rat and human podocytes and medi-

ates albumin endocytosis in human podocytes. Another line of 

evidence suggests that cubilin has a higher binding affinity for 

albumin compared to that for megalin. Megalin can function 

as a sensor of albumin to affect cell survival via the  phospho-

https://doi.org/10.3339/ckd.23.003


Lee. CUBN mutation: chronic proteinuria

www.chikd.org 23https://doi.org/10.3339/ckd.23.003

Ta
bl

e 
1. 

H
is

to
ry

 o
f r

ep
or

ts
 o

n
 C

U
BN

 m
ut

at
io

n

A
ut

ho
r (

ye
ar

)
St

ud
y 

gr
ou

p,
 

de
si

gn
N

o.
 o

f 
pa

ti
en

ts
Su

m
m

ar
y

A
ge

 a
t d

ia
gn

os
is

 
(y

r)
A

ge
 a

t l
as

t 
fo

llo
w

-u
p 

(y
r)

A
bn

or
m

al
 b

io
ps

y 
fi

n
di

n
gs

/t
ot

al
 

bi
op

sy
 n

um
be

rs

Im
pa

ir
ed

 
ki

dn
ey

 
fu

n
ct

io
n

O
vu

n
c 

et
 a

l. 
(2

0
11

) [
16

]
U

SA
, c

as
e 

re
po

rt
2

A
 h

om
oz

yg
ou

s 
fr

am
es

hi
ft

 m
ut

at
io

n
 in

 C
U

BN
 g

en
e 

in
 tw

o 
si

bl
in

gs
 o

f c
on

sa
n

gu
in

eo
us

 p
ar

en
ts

 w
ith

 in
te

rm
it

te
n

t 
n

ep
hr

ot
ic

-r
an

ge
 p

ro
te

in
ur

ia

4/
5

N
D

N
ot

 d
on

e
N

o

Ja
ya

si
n

gh
e 

et
 a

l. 
(2

0
19

) 
[2

6]
A

us
tr

al
ia

, 
ca

se
 re

po
rt

2
Lo

n
g 

co
n

ti
n

uo
us

 s
tr

et
ch

es
 o

f h
om

oz
yg

os
it

y 
re

pr
es

en
ti

n
g 

–4
.5

%
 o

f t
he

 g
en

om
e 

(im
pl

ic
at

ed
 a

 h
om

oz
yg

ou
s 

st
op

-
ga

in
 v

ar
ia

n
t i

n
 C

U
BN

 (1
0

p1
2.

31
)) 

in
 tw

o 
si

bl
in

gs
 w

ith
 a

 
co

n
sa

n
gu

in
eo

us
 fa

m
ily

 h
is

to
ry

 w
ith

 in
ci

de
n

ta
l i

so
la

te
d 

pr
ot

ei
n

ur
ia

4/
8

N
D

N
or

m
al

 L
M

 a
n

d 
gl

ob
al

 G
BM

 
th

in
n

in
g 

on
 E

M
/1

N
o

Sa
do

w
sk

i e
t a

l. 
(2

0
15

) [
18

]
In

te
rn

at
io

n
al

 
co

ho
rt

5
CU

BN
 m

ut
at

io
n

s:
 5

/2
,0

16
 in

di
vi

du
al

s 
(0

.2
8%

) i
n

 a
n

 
in

te
rn

at
io

n
al

 S
R

N
S 

co
ho

rt
 o

f 1
,7

83
 fa

m
ili

es
4.

8/
6/

11
.9

/N
D

/N
D

N
D

2 
FS

G
S/

N
D

N
D

Sc
ha

pi
ro

 e
t a

l. 
(2

0
19

) [
19

]
In

te
rn

at
io

n
al

 
co

ho
rt

3 
(1

 fa
m

ily
)

CU
BN

 m
ut

at
io

n
s:

 1/
36

2 
fa

m
ili

es
 (3

/3
71

 in
di

vi
du

al
s)

 w
ith

 
pr

ot
ei

n
ur

ia
 a

n
d 

he
m

at
ur

ia
 w

it
h 

an
 o

n
se

t b
ef

or
e 

25
 y

r o
f 

ag
e

N
D

N
D

N
D

N
D

N
ag

an
o 

et
 a

l. 
(2

0
20

) [
20

]
Ja

pa
n

es
e 

co
ho

rt
1

CU
BN

 m
ut

at
io

n
s:

 1/
23

0
 p

at
ie

n
ts

 w
ith

 s
ev

er
e 

pr
ot

ei
n

ur
ia

3
N

D
M

in
or

 g
lo

m
er

ul
ar

 
ab

n
or

m
al

ity
N

o

B
ed

in
 e

t a
l. 

(2
0

20
) [

21
]

Eu
ro

pe
an

 
co

ho
rt

39
CU

BN
 m

ut
at

io
n

s:
 3

9 
pa

ti
en

ts
 in

 th
re

e 
co

ho
rt

s 
(g

en
et

ic
 

st
ud

ie
s 

of
 2

,2
16

 p
at

ie
n

ts
 w

ith
 c

hr
on

ic
 p

ro
te

in
ur

ia
)

0
–3

6.
59

0
–7

1.1
7

1 F
SG

S/
19

N
o

D
om

in
go

-G
al

le
go

 e
t a

l. 
(2

0
21

) [
22

]
Sp

an
is

h 
co

ho
rt

15
CU

BN
 m

ut
at

io
n

s:
 15

 p
at

ie
n

ts
 (1

2 
fa

m
ili

es
)/3

47
 fa

m
ili

es
 w

ith
 

pe
rs

is
te

n
t p

ro
te

in
ur

ia
 s

us
pe

ct
ed

 o
f m

on
og

en
ic

 c
au

se
M

ed
ia

n
 a

ge
 4

 
(0

.8
–4

4)
Fo

llo
w

-u
p 

du
ra

ti
on

 7
 

(2
–3

9)

1 F
SG

S,
 1 

M
C

D
/1

5
1 (

FS
G

S)

Ya
n

g 
et

 a
l. 

(2
0

22
) [

25
]

Ch
in

a,
 c

as
e 

re
po

rt
3

3 
Pa

ti
en

ts
 w

ith
 C

U
BN

 b
ia

lle
lic

 p
at

ho
ge

n
ic

 v
ar

ia
n

ts
 

pr
es

en
te

d 
as

 is
ol

at
ed

 p
ro

te
in

ur
ia

 a
n

d 
FS

G
S 

in
 k

id
n

ey
 

bi
op

sy

6/
8/

11
N

D
3 

FS
G

S/
3

N
o

Ci
ce

k 
et

 a
l. 

(2
0

22
) [

23
]

Tu
rk

ey
, c

as
e 

se
ri

es
6

CU
BN

 m
ut

at
io

n
s:

 6
 p

at
ie

n
ts

 (3
.8

%
)/1

58
 p

at
ie

n
ts

 w
it

h 
SR

N
S 

or
 c

hr
on

ic
 p

ro
te

in
ur

ia
M

ed
ia

n
 a

ge
 7

.3
 

(4
.7–

11
.7

)
5.

1–
20

.4
1 F

SG
S/

4
N

o

G
an

 e
t a

l. 
(2

0
22

) [
27

]
Ch

in
a,

 c
as

e 
se

ri
es

2 
Fa

m
ili

es
Co

m
po

un
d 

he
te

ro
zy

go
us

 v
ar

ia
n

ts
 in

 C
U

BN
 in

 2
 fa

m
ili

es
8/

N
D

N
D

2 
N

or
m

al
/2

N
o

C
U

B
N

, c
u

bu
lin

; L
M

, l
ig

h
t 

m
ic

ro
sc

op
y;

 G
B

M
, g

lo
m

er
u

la
r 

ba
se

m
en

t 
m

em
br

an
e;

 E
M

, e
le

ct
ro

n
 m

ic
ro

sc
op

y;
 S

R
N

S,
 s

te
ro

id
 r

es
is

ta
n

t 
n

ep
h

ro
ti

c 
sy

n
dr

om
e;

 F
SG

S,
 f

oc
al

 s
eg

m
en

ta
l 

gl
om

er
ul

os
cl

er
os

is
; M

C
D

, m
in

im
al

 c
ha

n
ge

 d
is

ea
se

; N
D

, n
o 

da
ta

.

https://doi.org/10.3339/ckd.23.003


Lee. CUBN mutation: chronic proteinuria

24 www.chikd.org https://doi.org/10.3339/ckd.23.003

inositide 3-kinase/protein kinase B  pathway. If a large quantity 

of albumin binds to megalin due to cubilin dysfunction, it can 

promote cell apoptosis [28-30]. Furthermore, patients with 

FSGS had at least one relatively serious mutation in one allele. 

These include nonsense mutations, insertions, deletions, or 

mutations in splice sites which led to frameshift mutations or 

protein truncation. 

The most recent report on CUBN mutations was a cohort 

study by a group in Turkey published in 2022 [23]. Through 

genetic tests performed on 158 patients with SRNS or chronic 

proteinuria, the authors found a total of six CUBN mutations, all 

of which were C-terminal. Kidney biopsy was performed in four 

of six patients, one of whom was diagnosed with FSGS, and a 

homozygous nonsense mutation was observed in this patient. 

ACEi or angiotensin II receptor blocker (ARB) had no therapeutic 

effects on all patients, and FSGS patients were also unresponsive 

to prednisolone, cyclosporine, and rituximab treatment. All pa-

tients showed normal renal function during follow-up even after 

all treatments were stopped. 

Is proteinuria caused by CUBN mutation be-
nign? 

Table 1 shows a summary of studies on CUBN mutations. There 

is a limitation that the total number of patients with CUBN mu-

tations and the follow-up duration was not sufficient to con-

clude that the CUBN mutation is benign and does not progress 

to chronic kidney disease (CKD) based on these studies alone. 

However, no patients progressed to CKD except for one patient 

with renal impairment due to comorbidity in these studies 

[22]. In addition, some reports suggested the hypothesis that 

the CUBN mutation could be benign [21,24]. The hypothesis 

about the reno-protective effect of CUBN mutation like sodium 

glucose cotransporter 2 inhibitor provided hope that the CUBN 

mutation could be benign [31]. However, patients exhibit FSGS 

on histological examination (Table 1) [18,21,23-25] and cubilin 

is expressed not only in renal tubules, but also in podocytes 

[28,29]; thus, concluding that CUBN mutation is benign is a 

challenging task. Future studies will have to be conducted with 

long-term follow-up of more patients for more concrete evi-

dence. 

When do we suspect CUBN mutation and what 
genetic tests should we run? 

In patients with asymptomatic proteinuria who do not have 

hypertension, hypoalbuminemia, if the proteinuria is in the 

sub-nephrotic range, β2 microglobulin is low, and albumin-

uria is greater than 50%, CUBN mutation may be suspected. If 

CUBN mutation is suspected, genetic kidney disease screening 

for CUBN mutation by whole exome sequencing or a kidney 

disease targeted gene panel test that includes CUBN is recom-

mended prior to kidney biopsy. 

Conclusion 

Proteinuria, due to CUBN mutation, is currently presumed to 

be caused by kidney tubular dysfunction, which leads to chron-

ic sub-nephrotic proteinuria with high urine albumin ratios. 

Therefore, if a patient with chronic sub-nephrotic proteinuria 

had high urine protein to creatinine ratios and normal kidney 

function, genetic analysis for the CUBN mutation must be con-

sidered. To date, there is no clear verification that patients with 

the CUBN mutation do not need ACEi or ARB for kidney protec-

tion because it is unclear if it is a benign disease. However, if a 

CUBN mutation is diagnosed, at least kidney biopsy and the use 

of immunosuppressants can be avoided. Future studies must 

be conducted to conclude whether this disease shows a benign 

course through long-term follow-up. 

Conflicts of interest 

Hyun Kyung Lee is an editorial board member of the journal 

but was not involved in the peer reviewer selection, evaluation, 

or decision process of this article. No other potential conflicts of 

interest relevant to this article were reported. 

Funding 

None. 

Author contributions 

All the work was done by HKL. 

https://doi.org/10.3339/ckd.23.003


Lee. CUBN mutation: chronic proteinuria

www.chikd.org 25https://doi.org/10.3339/ckd.23.003

References 

1. Gburek J, Konopska B, Golab K. Renal handling of albumin-from ear-

ly findings to current concepts. Int J Mol Sci 2021;22:5809. 

2. Gekle M. Renal tubule albumin transport. Annu Rev Physiol 

2005;67:573-94. 

3. Dickson LE, Wagner MC, Sandoval RM, Molitoris BA. The proximal 

tubule and albuminuria: really! J Am Soc Nephrol 2014;25:443-53. 

4. Figueroa SM, Araos P, Reyes J, Gravez B, Barrera-Chimal J, Amador 

CA. Oxidized albumin as a mediator of kidney disease. Antioxidants 

(Basel) 2021;10:404. 

5. Nielsen R, Christensen EI, Birn H. Megalin and cubilin in proximal 

tubule protein reabsorption: from experimental models to human 

disease. Kidney Int 2016;89:58-67. 

6. Willnow TE. Nanotubes, the fast track to treatment of Dent disease? 

Kidney Int 2017;91:776-8. 

7. Christensen EI, Willnow TE. Essential role of megalin in renal proximal 

tubule for vitamin homeostasis. J Am Soc Nephrol 1999;10:2224-36. 

8. Khalifa O, Al-Sahlawi Z, Imtiaz F, Ramzan K, Allam R, Al-Mostafa A, 

et al. Variable expression pattern in Donnai-Barrow syndrome: re-

port of two novel LRP2 mutations and review of the literature. Eur J 

Med Genet 2015;58:293-9. 

9. Simons M. The benefits of tubular proteinuria: an evolutionary per-

spective. J Am Soc Nephrol 2018;29:710-2. 

10. Storm T, Zeitz C, Cases O, Amsellem S, Verroust PJ, Madsen M, 

et al. Detailed investigations of proximal tubular function in 

Imerslund-Gräsbeck syndrome. BMC Med Genet 2013;14:111. 

11. Christensen EI, Devuyst O, Dom G, Nielsen R, Van der Smissen P, 

Verroust P, et al. Loss of chloride channel ClC-5 impairs endocytosis 

by defective trafficking of megalin and cubilin in kidney proximal 

tubules. Proc Natl Acad Sci U S A 2003;100:8472-7. 

12. Birn H, Fyfe JC, Jacobsen C, Mounier F, Verroust PJ, Orskov H, et al. 

Cubilin is an albumin binding protein important for renal tubular 

albumin reabsorption. J Clin Invest 2000;105:1353-61. 

13. Aminoff M, Carter JE, Chadwick RB, Johnson C, Grasbeck R, Abdelaal 

MA, et al. Mutations in CUBN, encoding the intrinsic factor-vitamin 

B12 receptor, cubilin, cause hereditary megaloblastic anaemia 1. Nat 

Genet 1999;21:309-13.  

14. Grasbeck R. Imerslund-Gräsbeck syndrome (selective vitamin B(12) 

malabsorption with proteinuria). Orphanet J Rare Dis 2006;1:17. 

15. Storm T, Emma F, Verroust PJ, Hertz JM, Nielsen R, Christensen EI. A 

patient with cubilin deficiency. N Engl J Med 2011;364:89-91. 

16. Ovunc B, Otto EA, Vega-Warner V, Saisawat P, Ashraf S, Ramaswa-

mi G, et al. Exome sequencing reveals cubilin mutation as a sin-

gle-gene cause of proteinuria. J Am Soc Nephrol 2011;22:1815-20. 

17. Boger CA, Chen MH, Tin A, Olden M, Kottgen A, de Boer IH, et al. CUBN 

is a gene locus for albuminuria. J Am Soc Nephrol 2011;22:555-70. 

18. Sadowski CE, Lovric S, Ashraf S, Pabst WL, Gee HY, Kohl S, et al. A 

single-gene cause in 29.5% of cases of steroid-resistant nephrotic 

syndrome. J Am Soc Nephrol 2015;26:1279-89. 

19. Schapiro D, Daga A, Lawson JA, Majmundar AJ, Lovric S, Tan W, et al. 

Panel sequencing distinguishes monogenic forms of nephritis from 

nephrosis in children. Nephrol Dial Transplant 2019;34:474-85. 

20. Nagano C, Yamamura T, Horinouchi T, Aoto Y, Ishiko S, Sakakibara 

N, et al. Comprehensive genetic diagnosis of Japanese patients with 

severe proteinuria. Sci Rep 2020;10:270. 

21. Bedin M, Boyer O, Servais A, Li Y, Villoing-Gaude L, Tete MJ, et al. Hu-

man C-terminal CUBN variants associate with chronic proteinuria 

and normal renal function. J Clin Invest 2020;130:335-44. 

22. Domingo-Gallego A, Pybus M, Madariaga L, Pinero-Fernandez JA, 

Gonzalez-Pastor S, Lopez-Gonzalez M, et al. Clinical and genetic 

characterization of a cohort of proteinuric patients with biallelic 

CUBN variants. Nephrol Dial Transplant 2022;37:1906-15. 

23. Cicek N, Alpay H, Guven S, Alavanda C, Turkkan ON, Pul S, et al. Clin-

ical and genetic characterization of children with cubilin variants. 

Pediatr Nephrol 2023;38:1381-5. 

24. Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, et 

al. Analysis of protein-coding genetic variation in 60,706 humans. 

Nature 2016;536:285-91. 

25. Yang J, Xu Y, Deng L, Zhou L, Qiu L, Zhang Y, et al. CUBN gene muta-

tions may cause focal segmental glomerulosclerosis (FSGS) in chil-

dren. BMC Nephrol 2022;23:15. 

26. Jayasinghe K, White SM, Kerr PG, MacGregor D, Stark Z, Wilkins E, et 

al. Isolated proteinuria due to CUBN homozygous mutation: chal-

lenging the investigative paradigm. BMC Nephrol 2019;20:330. 

27. Gan C, Zhou X, Chen D, Chi H, Qiu J, You H, et al. Novel pathogenic 

variants in CUBN uncouple proteinuria from renal function. J Transl 

Med 2022;20:480.  

28. Prabakaran T, Christensen EI, Nielsen R, Verroust PJ. Cubilin is 

expressed in rat and human glomerular podocytes. Nephrol Dial 

Transplant 2012;27:3156-9. 

29. Gianesello L, Priante G, Ceol M, Radu CM, Saleem MA, Simioni P, et 

al. Albumin uptake in human podocytes: a possible role for the cubi-

lin-amnionless (CUBAM) complex. Sci Rep 2017;7:13705. 

30. Christensen EI, Birn H, Storm T, Weyer K, Nielsen R. Endocytic 

receptors in the renal proximal tubule. Physiology (Bethesda) 

2012;27:223-36. 

31. Santer R, Calado J. Familial renal glucosuria and SGLT2: from a men-

delian trait to a therapeutic target. Clin J Am Soc Nephrol 2010;5:133-

41.  

https://doi.org/10.3339/ckd.23.003
https://doi.org/10.3390/ijms22115809
https://doi.org/10.3390/ijms22115809
https://doi.org/10.1146/annurev.physiol.67.031103.154845
https://doi.org/10.1146/annurev.physiol.67.031103.154845
https://doi.org/10.1681/asn.2013090950
https://doi.org/10.1681/asn.2013090950
https://doi.org/10.3390/antiox10030404
https://doi.org/10.3390/antiox10030404
https://doi.org/10.3390/antiox10030404
https://doi.org/10.1016/j.kint.2015.11.007
https://doi.org/10.1016/j.kint.2015.11.007
https://doi.org/10.1016/j.kint.2015.11.007
https://doi.org/10.1016/j.kint.2016.12.030
https://doi.org/10.1016/j.kint.2016.12.030
https://doi.org/10.1681/asn.v10102224
https://doi.org/10.1681/asn.v10102224
https://doi.org/10.1016/j.ejmg.2014.12.008
https://doi.org/10.1016/j.ejmg.2014.12.008
https://doi.org/10.1016/j.ejmg.2014.12.008
https://doi.org/10.1016/j.ejmg.2014.12.008
https://doi.org/10.1681/asn.2017111197
https://doi.org/10.1681/asn.2017111197
https://doi.org/10.1186/1471-2350-14-111
https://doi.org/10.1186/1471-2350-14-111
https://doi.org/10.1186/1471-2350-14-111
https://doi.org/10.1073/pnas.1432873100
https://doi.org/10.1073/pnas.1432873100
https://doi.org/10.1073/pnas.1432873100
https://doi.org/10.1073/pnas.1432873100
https://doi.org/10.1172/jci8862
https://doi.org/10.1172/jci8862
https://doi.org/10.1172/jci8862
https://doi.org/10.1038/6831
https://doi.org/10.1038/6831
https://doi.org/10.1038/6831
https://doi.org/10.1038/6831
https://doi.org/10.1186/1750-1172-1-17
https://doi.org/10.1186/1750-1172-1-17
https://doi.org/10.1056/nejmc1009804
https://doi.org/10.1056/nejmc1009804
https://doi.org/10.1681/asn.2011040337
https://doi.org/10.1681/asn.2011040337
https://doi.org/10.1681/asn.2011040337
https://doi.org/10.1681/ASN.2010060598
https://doi.org/10.1681/ASN.2010060598
https://doi.org/10.1681/asn.2014050489
https://doi.org/10.1681/asn.2014050489
https://doi.org/10.1681/asn.2014050489
https://doi.org/10.1093/ndt/gfy050
https://doi.org/10.1093/ndt/gfy050
https://doi.org/10.1093/ndt/gfy050
https://doi.org/10.1038/s41598-019-57149-5
https://doi.org/10.1038/s41598-019-57149-5
https://doi.org/10.1038/s41598-019-57149-5
https://doi.org/10.1172/jci129937
https://doi.org/10.1172/jci129937
https://doi.org/10.1172/jci129937
https://doi.org/10.1093/ndt/gfab285
https://doi.org/10.1093/ndt/gfab285
https://doi.org/10.1093/ndt/gfab285
https://doi.org/10.1093/ndt/gfab285
https://doi.org/10.1007/s00467-022-05730-y
https://doi.org/10.1007/s00467-022-05730-y
https://doi.org/10.1007/s00467-022-05730-y
https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nature19057
https://doi.org/10.1186/s12882-021-02654-x
https://doi.org/10.1186/s12882-021-02654-x
https://doi.org/10.1186/s12882-021-02654-x
https://doi.org/10.1186/s12882-019-1474-z
https://doi.org/10.1186/s12882-019-1474-z
https://doi.org/10.1186/s12882-019-1474-z
https://doi.org/10.1186/s12967-022-03706-y
https://doi.org/10.1186/s12967-022-03706-y
https://doi.org/10.1186/s12967-022-03706-y
https://doi.org/10.1093/ndt/gfr794
https://doi.org/10.1093/ndt/gfr794
https://doi.org/10.1093/ndt/gfr794
https://doi.org/10.1038/s41598-017-13789-z
https://doi.org/10.1038/s41598-017-13789-z
https://doi.org/10.1038/s41598-017-13789-z
https://doi.org/10.1152/physiol.00022.2012
https://doi.org/10.1152/physiol.00022.2012
https://doi.org/10.1152/physiol.00022.2012
https://doi.org/10.2215/cjn.04010609
https://doi.org/10.2215/cjn.04010609
https://doi.org/10.2215/cjn.04010609

