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Abstract
Background  Pathogenic mutations in the non-muscle single-headed myosin, myosin 1E (Myo1e), are a rare cause of pediatric 
focal segmental glomerulosclerosis (FSGS). These mutations are biallelic, to date only reported as homozygous variants in 
consanguineous families. Myo1e regulates the actin cytoskeleton dynamics and cell adhesion, which are especially important 
for podocyte functions.
Methods  DNA and RNA sequencing were used to identify novel MYO1E variants associated with FSGS. We studied the 
effects of these variants on the localization of Myo1e in kidney sections. We then analyzed the clinical and histological 
observations of all known pathogenic MYO1E variants.
Results  We identified a patient compound heterozygote for two novel variants in MYO1E and a patient homozygous for a 
deletion of exon 19. Computer modeling predicted these variants to be disruptive. In both patients, Myo1e was mislocal-
ized. As a rule, pathogenic MYO1E variants map to the Myo1e motor and neck domain and are most often associated with 
steroid-resistant nephrotic syndrome in children 1–11 years of age, leading to kidney failure in 4–10 years in a subset of 
patients. The ultrastructural features are the podocyte damage and striking diffuse and global Alport-like glomerular base-
ment membrane (GBM) abnormalities.
Conclusions  We hypothesize that MYO1E mutations lead to disruption of the function of podocyte contractile actin cables 
resulting in abnormalities of the podocytes and the GBM and dysfunction of the glomerular filtration barrier. The charac-
teristic clinicopathological data can help to tentatively differentiate this condition from other genetic podocytopathies and 
Alport syndrome until genetic testing is done.

Keywords  Myo1e · MYO1E · Non-muscle myosin · Focal segmental glomerulosclerosis (FSGS) · Actin cables · 
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Introduction

Focal segmental glomerulosclerosis (FSGS) is a histomor-
phological pattern of glomerular injury associated with 
proteinuria. Primarily a podocytopathy, FSGS is currently 
subdivided into three etiological variants: primary, sec-
ondary, and genetic. Genetic FSGS presents clinically as 
steroid-resistant proteinuria in children (typically autoso-
mal recessive) or adults (mostly autosomal dominant) and 
is caused by mutations in proteins essential for podocyte 
development, structure, and function. Although genetic 
FSGS appears clinicopathologically uniform, limited avail-
able observations of some rare etiologies, such as mutations 
in a structural protein Myo1e, reveal unexpected features 
that may facilitate the diagnosis and further our understand-
ing of FSGS.

Myo1e is a non-muscle class I (one-headed) myosin 
which plays a role in the organization of the actin cytoskel-
eton, vesicle trafficking, and in the regulation of tension 
between the plasma membrane and the cytoskeleton [1]. 
Myo1e consists of actin- and ATP-binding motor/head 

domain, a calmodulin-binding neck domain that acts as 
a lever coupling the conformational changes in the motor 
domain to the physical movement, and a C-terminal tail 
domain (Fig.  1). The tail homology (TH1) domain is 
responsible for the interaction with cell membranes. Of the 
eight myosin 1 isoforms identified in humans, the widely 
expressed Myo1e is important specifically for normal kid-
ney function. In the glomerulus, Myo1e colocalizes with 
synaptopodin-labeled actin filament bundles at podocyte 
foot processes [2] and with cell adhesion protein ZO-1 at 
the slit diaphragm [3]. Myo1e knockout results in proteinu-
ria, podocyte foot process effacement, and disorganization 
of the glomerular basement membrane (GBM) resulting 
specifically from podocyte Myo1e inactivation [4]. Since 
the first Myo1e mutations were reported in children with 
FSGS in 2011 [5], only 6 homozygous variants of Myo1e 
in 9 pediatric patients with steroid-resistant proteinuria 
and FSGS have been identified.

Here, we report two patients with novel MYO1E vari-
ants, and in conjunction with the literature data, we sum-
marize the clinicopathological features of the disease.

Fig. 1   The non-muscle Class I myosin Myo1e and the schematic of 
known FSGS-associated variants indicating their position across the 
functional domains of Myo1e, with each variant represented by a cir-

cle colored according to the table at the bottom. TH1 and 2, the tail 
homology 1 and 2 domains; SH3, the Src-homology 3 domain
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Methods

Pathologic analysis

Kidney core biopsy tissue was processed and evaluated 
with standard clinical methods for light, immunofluores-
cence (patient 1), immunohistochemistry (patient 2), and 
electron microscopy. Patient 2 was biopsied twice. The 
first biopsy was at 10 years of age; the electron micros-
copy sample was reprocessed from formalin fixed paraf-
fin-embedded tissue and showed numerous artifacts. The 
second biopsy was at the age of 12 years.

Fluorescence microscopy

The frozen 5-µm cryostat sections of a control kidney 
biopsy, kidney biopsies of patient 1, and a patient with 
minimal change disease (MCD) were co-stained with 
rabbit antibodies to human Myo1e tail (amino acids 
721–1109) ([6], RRID AB_2909514) and mouse mono-
clonal antibodies to human synaptopodin (clone G1D4, 
GeneTex, Irvine, CA, RRID AB_11161967), visual-
ized using the Alexa Fluor 568 conjugated anti-rabbit 
and Alexa Fluor 488 conjugated anti-mouse antibodies 
(Thermo Fisher Scientific, Waltham, MA). The Myo1e 
antibody was previously validated using Myo1e knock-
out mouse tissue samples [2]. All staining was done at 
a dilution of 1:100 for 30 min. The sections were exam-
ined using an Olympus FluoView 1200 laser confocal 
microscope (Atrium Health Wake Forest Baptist Medical 
Center (AHWFBMC) Cellular Imaging Shared Resource). 
Two blinded observers independently scored images of 
anti-Myo1E-stained glomeruli and reliably sorted the 
images from the control biopsy samples and the patient 
samples in two groups, confirming that differences in 
Myo1e localization were readily identifiable. The extent 
of colocalization of the Myo1e and synaptopodin signal 
was measured from the confocal images (2 images per 
sample) using the co-loc2 plugin in Fiji [7].

Heat-induced epitope retrieval was performed on the 
control patient and patient 2 deparaffinized sections in 
citrate buffer pH 6.0 in a pressure cooker. Immunostain-
ing was performed as above, except an HPA023886 rabbit 
antibody against amino acids 966–1098 (MilliporeSigma, 
Burlington, MA, RRID AB_1854253) was used to visu-
alize Myo1e. A positive immunofluorescence signal for 
both target proteins was obtained in the control specimen 
after a 40-min incubation. With patient 2 sections, incu-
bation times from 20 min to 3 h were tested. Synaptopo-
din staining was best at 2 h with longer incubation times 
resulting in signal degradation.

Genetic analysis

The samples were collected following informed consent. 
Patient 1: The sequence analysis by next-generation sequenc-
ing and copy number testing of 17 genes (ACTN4, ANLN, 
CD2AP, COL4A3, COL4A4, COL4A5, CRB2, HNF1A, 
INF2, LMX1B, MYO1E, NPHS1, NPHS2, PAX2, PKDZ, 
PKHD1, TRPC6) was performed by Invitae, Inc. (San Fran-
cisco, CA). Patient 2: The SNP-chip analysis was performed 
using the 250 K Affymetrix SNP-array on DNA. Candidate 
genes were sequenced by Sanger sequencing using DNA 
and/or RNA as a template. DNA and RNA were purified 
from blood using standard methods.

Results

A total of 136 patients with steroid-resistant proteinuria and 
suspicion for genetic FSGS underwent genetic testing at the 
Haukeland University Hospital, Bergen, Norway, since the 
University started offering testing for Myo1e. Fifty-four such 
patients were tested at the Atrium Health North Carolina 
institutions. Two pediatric patients with Myo1e mutations 
were identified.

Family 1

The proband (patient 1) 1 is an 11-year-old boy with an 
incidental finding of proteinuria (Table 1). Other labora-
tory indicators of kidney function were normal. A kidney 
biopsy was performed 1 month later and demonstrated 3% 
global glomerulosclerosis and 10% segmental tuft sclerosis. 
The sclerosing segments were located at the urinary pole 
(Fig. 2a) and in other areas of the capillary tuft. Some of the 
non-sclerosed glomeruli were hypertrophic and hyperplastic, 
and some demonstrated segmental mild mesangial expan-
sion and mild hypercellularity. Scattered foam cells were 
noted in the tubulointerstitial compartment (Fig. 2a), and 
small foci of interstitial fibrosis and tubular atrophy were 
seen. 3 + granular staining of IgA along a few glomerular 
peripheral capillary walls and in some mesangial zones, 
accompanied by minor (1 +) IgM and mild-to-moderate 
(2 +) lambda light chain staining, were present. A similar 
staining pattern has been reported in Myo1e-related FSGS 
[5] and is thought to have no pathogenetic significance. 
Antibodies to the Collagen type IV α1, α3, and α5 subunits 
displayed a normal staining pattern.

The ultrastructural examination of four glomeruli showed 
alternating areas of GBM thinning (Fig. 2b; measured GBM 
thickness was significantly less than that reported for chil-
dren of 11 years of age (297 + / − 6 nm [8]) and irregular 
thickening with marked structural rearrangements such as 
splitting and basket-weaving of the lamina densa (Fig. 2e), 



	 Pediatric Nephrology

1 3

Ta
bl

e 
1  

S
um

m
ar

y 
of

 c
lin

ic
al

 d
at

a 
fro

m
 c

as
e 

1 
an

d 
2 

an
d 

pu
bl

is
he

d 
pa

tie
nt

s w
ith

 M
yo

1e
-a

ss
oc

ia
te

d 
FS

G
S

n/
a,

 k
id

ne
y 

fa
ilu

re
 d

id
 n

ot
 o

cc
ur

 w
ith

in
 th

e 
ob

se
rv

at
io

n 
pe

rio
d 

(1
–1

3 
y)

; -
, d

at
a 

no
t a

va
ila

bl
e

1  A
t i

ni
tia

l p
re

se
nt

at
io

n
y,

 y
ea

r; 
m

, m
on

th

So
ur

ce
M

ut
at

io
n

A
ge

1
A

ge
 a

t 
th

e 
in

de
x 

bi
op

sy

A
ge

 a
t k

id
ne

y 
fa

ilu
re

Pr
ot

ei
nu

ria
1

H
em

at
ur

ia
1

Se
ru

m
 

cr
ea

tin
in

e,
 

m
g/

dL
1

M
es

an
gi

al
 

ch
an

ge
s

El
ec

tro
n 

m
ic

ro
s-

co
py

Tr
ea

tm
en

t
Tr

ea
tm

en
t-a

ss
o-

ci
at

ed
 c

ha
ng

e 
in

 
pr

ot
ei

nu
ria

Pa
tie

nt
 1

A
92

E,
 G

56
2R

11
y

11
y

n/
a

1.
1 

g/
m

2 /d
ay

N
on

e
0.

6
Ex

pa
ns

io
n

Ye
s

St
er

oi
ds

, A
C

E 
in

hi
bi

to
rs

Re
du

ct
io

n

Pa
tie

nt
 2

R
63

5S
fs

*5
10

y
10

y
17

y
3.

4 
g/

24
 h

M
ic

ro
0.

6
Ex

pa
ns

io
n

Ye
s

St
er

oi
ds

, c
ic

lo
-

sp
or

in
N

on
e

[5
]

A
15

9P
9y

9y
13

y
3 

g/
24

 h
M

ic
ro

0.
6

H
yp

er
pl

as
ia

N
o

St
er

oi
ds

, c
ic

lo
-

sp
or

in
, A

C
E 

in
hi

bi
to

rs

N
on

e

[5
]

A
15

9P
4y

4y
n/

a
1.

56
 g

/2
4 

h
N

on
e

0.
4

H
yp

er
pl

as
ia

N
o

C
ic

lo
sp

or
in

, A
C

E 
in

hi
bi

to
rs

Re
du

ct
io

n 
on

 c
ic

lo
-

sp
or

in
[5

]
A

15
9P

2y
2y

n/
a

3.
4 

g/
24

 h
N

on
e

0.
4

H
yp

er
pl

as
ia

N
o

St
er

oi
ds

, c
ic

lo
-

sp
or

in
, A

C
E 

in
hi

bi
to

rs

Re
du

ct
io

n 
on

 c
ic

lo
-

sp
or

in

[5
]

Y
69

5*
1y

4y
n/

a
“ +

  +
  +

  +
 ”

Ye
s

0.
3

N
on

e
Ye

s
St

er
oi

ds
, c

ic
lo

-
sp

or
in

, A
C

E 
in

hi
bi

to
rs

Re
du

ct
io

n 
on

 c
ic

lo
-

sp
or

in

[1
2]

, 3
 p

at
ie

nt
s

A
15

9P
3–

10
 y

.o
-

-
N

ep
hr

ot
ic

-
-

-
N

o
-

-
[1

3]
Y

47
*

4 
m

4 
m

10
y

N
ep

hr
ot

ic
-

-
-

-
-

-
[1

3]
Y

47
*

3y
3y

4y
 to

 C
K

D
1

N
ep

hr
ot

ic
-

-
-

M
C

D
-

-
[1

3]
T1

19
I

8y
8y

12
y

N
ep

hr
ot

ic
-

-
-

-
-

-
[1

4]
K

60
4*

1 
y 

8 
m

-
-

N
ep

hr
ot

ic
-

-
-

-
St

er
oi

ds
, c

ic
lo

-
sp

or
in

N
on

e

[1
4]

D
38

8H
7y

10
y

-
N

ep
hr

ot
ic

-
-

-
-

St
er

oi
ds

, c
yc

lo
-

ph
os

ph
am

id
e,

 
m

yc
op

he
no

la
te

N
on

e



Pediatric Nephrology	

1 3

Fig. 2   Kidney biopsy, light (a, c, d), and transmission electron 
(b, e–g) micrographs. Patient 1 (a, b, e, f); patient 2 (c, d, g). a A 
sclerosed capillary segment attached to the Bowman’s capsule (sin-
gle arrow), and a cross-bridge between a tuft segment and the Bow-
man’s capsule (double arrow). The glomerulus demonstrates a mild 
increase in mesangial matrix and segmental mesangial hypercel-
lularity. Note interstitial foam cells to the left of the glomerulus. b 
GBMs are irregular, with thicker laminated and thinner portions. 
GBM width in thinner portions (black lines) indicated in µm. A GBM 
microspike (arrow). c Segmental sclerosis with several capillary seg-
ments solidified and attached to the Bowman’s capsule. d Clusters 
of foam cells in the interstitium. e Alport-like ultrastructural lesion 

characterized by marked irregular thickening of the glomerular base-
ment membrane with splitting and fragmenting of the lamina densa 
into multiple strands forming a basket-weave pattern, focally very 
marked and resembling “bubble wrap.” The mesangial matrix is unaf-
fected. The podocytes display large vacuoles, a condensed cytoplasm, 
microvillous transformation, and variable moderate-to-severe foot 
process effacement. f Irregular bulging of the lamina rara interna with 
electron-lucent areas containing vacuolar and cell process inclusions, 
GBM splitting, and a few electron dense deposits, alternating with 
foci of thinner GBM. g Alport-like ultrastructural lesion, similar to e. 
Marked irregular inner and especially outer contour of the GBM
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bread crumb-like inclusions and rare electron dense deposits 
(Fig. 2f). Rare microspike-like subepithelial GBM projec-
tions were noted (Fig. 2b, arrow). Podocytes displayed mod-
erate to severe foot process effacement and focal foot pro-
cess detachment, microvillous transformation, pronounced 
cytoplasmic vacuolization, and shrinking. The extent of foot 
process effacement did not correlate with the severity of 
the underlying GBM changes. The podocyte slit diaphragms 
were preserved. A few capillary segments demonstrated 
moderate or marked mesangial matrix expansion and mild 
mesangial hypercellularity.

The patient’s parents, unrelated, are both in their 50s 
and with no medical histories or complaints. Post-biopsy, 
the patient has received an angiotensin-converting enzyme 
inhibitor and high-dose steroids with improvement in 
proteinuria.

Family 2

The proband in family 2 (patient 2), 10 years old, was inci-
dentally found to have proteinuria (Table 1). Serum albu-
min was 3.3 g/dL; there was a microhematuria of 5–15 
red blood cells/high-power field. Other laboratory indica-
tors of kidney function, audiometry, and eye examination 
were normal. There was 13% global and 19% segmental 
glomerulosclerosis. Mild mesangial expansion and hyper-
cellularity were found in one non-sclerosed glomerulus. 
The interstitium contained numerous foam cells; tubular 
atrophy was minimal. The immunohistochemical study did 
not reveal immunoglobulin or complement deposition. An 

immunofluorescence study of a skin biopsy showed normal 
distribution of collagen IV α5 and α6 isoforms. An ultras-
tructural examination revealed thickening and lamellation 
of the GBM.

Steroids, cyclophosphamide, and ciclosporin in succes-
sion did not reduce the urine protein level or prevent the rise 
in blood pressure.

A second kidney biopsy at 12 years of age demonstrated 
similar findings. FSGS (Fig. 2c) and chronic tubulointersti-
tial changes had not increased; the non-sclerosed glomeruli 
were unremarkable. Numerous foam cells were present in 
the interstitium (Fig. 2d).

Irregular marked GBM thickening with the splitting of the 
lamina densa into interwoven thin layers, “bread crumbs,” 
and marked irregularity of the inner and outer contours with 
microspike-like subepithelial projections (Fig. 2g) were seen 
under electron microscopy. Podocyte foot processes were 
segmentally effaced. Kidney function remained normal until 
17 years of age when the eGFRcr started falling gradually. 
At the age of 22, the patient received a kidney transplant.

The patient’s parents are related (cousins, five generations 
removed); there is no family history of kidney disease.

Genetic analysis

Genetic testing revealed that patient 1 was heterozygous 
for two missense variants in the MYO1E gene, A92E, and 
G562R (Table 2, Fig. 1). Both affected amino acid residues 
are located in the Myo1e motor domain and are highly con-
served (Fig. 3). Since the crystal structure of mammalian 

Table 2   Genetic testing of patients 1 and 2

1 Supporting evidence: PM2_Supporting, variant not detected in population databases; PP3_Moderate, in silico predictions support a deleterious 
effect on the gene or gene product; PP4, patient’s phenotype is highly specific for a disease with a single genetic etiology
2 Supporting evidence: PVS1 null variant (exon deletion) in a gene where loss of function is a known mechanism of disease; PM2_supporting, 
variant not detected in population databases; PP4, patient’s phenotype is highly specific for a disease with a single genetic etiology
VUS, variant of unknown significance

In silico predictive programs

Nucleotide changes 
in the MYO1E gene

Amino acid Family history REVEL SIFT PolyPhen 2 Variant 
frequency in 
gnomAD

ACMG 
classifica-
tion

Patient 1 c.275C > A, exon 4 p.A92E Variants 
detected in 
trans, each of 
the unaffected 
parents car-
ries one of the 
variant alleles

0.89 Affects protein 
function

Probably dam-
aging

None VUS1

c.1684G > A, exon 
16

p.G562R 0.87 Affects protein 
function

Probably dam-
aging

1 instance, 
heterozygous, 
frequency of 
0.000003980

VUS1

Patient 2 r.1905_2049del145, 
deleted exon 19

p.R635S fs*5 
(homozy-
gous)

No family his-
tory of kidney 
disease, 
parents not 
tested

None Pathogenic2
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Myo1e has not been determined, we mapped locations of 
two residues affected by the mutations onto the crystal 
structure of a class I myosin from the slime mold Dic-
tyostelium discoideum, MyoIE [9] using UCSF Chimera 
[10]. Both amino acid residues are non-polar amino acids 
located within alpha-helical regions (Fig. 3d), which are 
replaced with charged residues in the mutated versions of 
Myo1e. The A92E mutation in MYO1E is homologous to 
a previously reported mutation in MYO5B, A143E, associ-
ated with the microvillus inclusion disease (MVID) [11].

Testing of the parents of patient 1 revealed the A92E 
variant in the father and the G562R variant in the mother. 
This finding is consistent with the recessive inheritance of 
Myo1e-associated FSGS, as previously reported [5]. No 
abnormalities were detected in the 16 other genes tested 
(see “Methods”).

In patient 2, a genome-wide SNP analysis revealed a 
20.8-Mb region of homozygosity on chromosome 15 con-
taining the MYO1E gene. PCR amplification of exon 19 of 
the MYO1E gene failed, and DNA sequencing identified a 
transcript lacking exon 19 (Table 2, Fig. 1). This transcript 
is predicted to be translated into a truncated nonfunctional 
protein lacking the Myo1e neck and tail. The parents of 
patient 2 were not tested.

No pathogenic variants in the COL4A3-COL4A5 genes 
were detected in either of the patients.

Myo1e immunolocalization

In the control glomeruli, the Myo1e immunostaining colo-
calized with synaptopodin in a linear and punctate pattern, 
lining the GBM and corresponding to the podocyte foot 
processes and the podocyte plasma membrane (Fig. 4a). 
Myo1e was also present in the podocyte cytoplasm, dis-
playing diffuse and less intense staining. Colocalization 
between Myo1e and synaptopodin was reduced in the glo-
meruli of patient 1, with less Myo1e signal seen along 
the GBM and more in the cytoplasm (Fig. 4b). Pearson’s 
correlation coefficient for the Myo1e and synaptopodin 
channels in images from the control samples ranged from 
0.57 to 0.64, while in images from patient 1 samples, it 
was lower at 0.37–0.41. As Myo1e could be passively 
displaced from the podocyte–GBM interface due to foot 
process effacement, we compared the result seen in the 
patient with the MYO1E mutation to that in a patient with 
MCD. In MCD, Myo1e and synaptopodin still colocalized 
in a linear pattern along the GBM (Fig. 4c) in the effaced 
foot processes.

In preliminary experiments, we expressed EGFP-tagged 
Myo1e A92E in MDCK cells. The mutant protein was absent 
from the MDCK plasma membrane and cell–cell junctions 
(data not shown).

In patient 2, a Myo1e antibody directed against amino 
acids 966–1098 (see “Methods”) failed to produce a con-
vincing signal by immunofluorescence.

Clinical summary of all known Myo1e‑associated 
FSGS patients

Nine MYO1E mutations, including the 3 novel variants 
discussed above (3 missense homozygotes, 4 nonsense 
homozygotes, and 2 missense compound heterozygotes), 
have been discovered in 11 pediatric patients with FSGS 
(Fig. 1 and Table 1).

MYO1E variants segregating with FSGS in humans 
(p.A159P and Y695*) were first described in two families 
in 2011 [5, 12] (4 patients; it appears that 3 of them stud-
ied in both works are the same). Subsequently, two addi-
tional MYO1E variants (Y47* and T119I) were reported in 
2 families [13] in 2 patients presenting with steroid-resist-
ant nephrotic syndrome and FSGS. One patient harboring 
the Y47* mutation was diagnosed with MCD; however, 
he progressed to chronic kidney disease (CKD) stage 1 in 
4 years, ruling out MCD and strongly suggesting FSGS. 
FSGS-associated variants D388H and K604*, as well as 
several mutations found in patients with steroid-resistant 
nephrotic syndrome but without a definitive FSGS diagno-
sis, were identified in a large-scale sequencing survey of 
patients with steroid-resistant nephrotic syndrome [14]. The 
leading presentation was nephrotic range proteinuria and 
nephrotic syndrome in 10/11 patients; 1/11 patients showed 
subnephrotic proteinuria, and in 1 patient, proteinuria was 
“ +  +  +  + ” (Table 1). Hematuria, typically microhematuria, 
was detected in 3/6 patients where its presence was specifi-
cally noted. Kidney failure developed in 4/9 patients where 
the patient was followed clinically 1–13 years after the initial 
presentation; the average age at kidney failure was 13 years. 
The index biopsy resulting in the histological diagnosis of 
FSGS was always done at the point of initial presentation 
except for two patients, where the kidney biopsy was done 
3 years after the onset of symptoms. Mesangial expansion or 
“hyperplasia” were noted in 4/6 patient biopsies where such 
data was available. Concomitant tubulointerstitial changes 
were reported in 4 patients and consisted of mild interstitial 
fibrosis and tubular atrophy. Electron microscopy descrip-
tion was available only in 1 published patient [5], highlight-
ing podocyte and GBM alterations similar to those described 
in patients 1 and 2 and noting mesangial expansion.

Several patients had a ciclosporin-associated reduction in 
proteinuria [5]. Eight patients received treatment with ster-
oids, ciclosporin, cyclophosphamide, and ACE inhibitors in 
various combinations (most common steroids, ciclosporin, 
and ACE inhibitors). Four of them demonstrated a reduction 
in proteinuria, but complete remission was not achieved.
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Discussion

The known homozygous FSGS-associated MYO1E mis-
sense mutations are located in the subdomains important 
for nucleotide binding and hydrolysis (P-loop, Switch 1, 
Switch 2). Deletion mutations prevent the expression either 
of most of the motor domain or its C-terminal part, including 

the actin-binding and converter regions along with the neck 
and tail domains. Our patient 2 is an example of the lat-
ter (Fig. 1). In addition, we have identified two missense 
variants in MYO1E that alter highly conserved amino acid 
residues in the myosin motor domain. Of the three variants 
described in this study, the two missense mutations can 
be classified as variants of uncertain significance (VUS) 
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according to the ACMG guidelines [15], while one is pre-
dicted to be pathogenic (Table 2). The missense variants 
described here will require further functional studies for 
definitive classification. Overall, most FSGS-associated 
mutations affect the motor domain of Myo1e. The exact 
location and nature of the given MYO1E mutation do not 
affect the presentation or prognosis.

Of the clinicopathological manifestations of Myo1e-
associated kidney disease, the most characteristic and strik-
ing are the diffuse global irregular GBM thickening, lamina 
densa multilayering, microgranular inclusions, and podocyte 
damage. This unique phenotype is seen when the ultrastruc-
tural data is available, such as in patient 1, patient 2, and one 
previous patient report [5], as well as in Myo1e-knockout 
experiments [2, 5]. A hallmark of Alport syndrome [16], 
these characteristic lesions are thought to accumulate due to 
the inability of the GBM lacking the Collagen IV α3, 4, and 
5 isoforms to resist the changes in the intracapillary pres-
sure and the resulting adaptive reaction of the podocytes, 
and endothelial and mesangial cells to the excessive biome-
chanical forces (reviewed in [17]). The slowly progressing 
structural disorganization of the GBM leads to gradual dete-
rioration of the podocyte architecture and eventually FSGS.

Severe global “Alport-like” GBM disruption is seen in 
Myo1e-associated FSGS despite the absence of known 
biochemical GBM abnormalities. There is no early GBM 
thinning stage such as that seen in the Alport syndrome 
[16, 18], and only short areas of thinning GBM are seen; 
accordingly, hematuria may not be present. These patients 

may become proteinuric early in life, with the earliest patho-
logical changes being, in addition to the GBM abnormali-
ties, altered podocyte architecture and, already at this point, 
FSGS, focal global glomerulosclerosis, and interstitial 
“foam cells.” Myo1e knockout mice develop the podocyte 
and GBM abnormalities already during the early postnatal 
phase of kidney development [2]. The average age at kidney 
failure in patients with Myo1e-associated FSGS is also sig-
nificantly lower than that in Alport syndrome (23–25 years 
of age, with some variants as early as 10 years [19]). Thus, 
the dissimilarities in the initial presentation, time of FSGS 
onset, and time of progression to kidney failure between 
Alport syndrome and Myo1e-associated FSGS reflect the 
difference in histomorphology and can be used for the dif-
ferential diagnosis. However, none of the clinical and histo-
logical features of the disease available so far is predictive 
of the clinical outcome.

Diffuse and global Alport-like changes are also detected 
in conditions affecting an important podocyte contractile 
actin cable component, non-muscle myosin 2a (Epstein and 
Fechtner syndrome) (e.g., [20, 21]), and upon interference 
with the actin cable attachment sites in an experimental 
knockout of the podocyte α3β1-CD151 adhesion complex in 
mice [22, 23]. A small GTPase, RhoA, maintains the podo-
cyte contractile cable structure and attachment. Permanent 
activation of a RhoA-opposing GTPase Rac1 due to a muta-
tion in a regulatory protein ARHGAP24 leads to segmen-
tal GBM lamination [24]. We analyzed the current genetic 
FSGS literature and did not find other conditions leading to 
diffuse and global Alport-like GBM changes, except for the 
renal-coloboma syndrome due to mutated podocyte PAX2 
[25] and Frasier syndrome caused by WT1 mutation [26]. 
These mutations interfere with podocyte development, and 
their effect on the cytoskeleton is not known.

Myo1e is linked to regulation of cell-substrate adhesion 
[27–29] and may be necessary for podocyte attachment to 
the GBM [30]. Contractile actin cables in podocytes gener-
ate tension by pulling on the adhesion complexes and on 
the slit diaphragms, thus stabilizing the podocyte structure 
[31] and working in concert with the GBM to accommo-
date the hemodynamic capillary stress. We hypothesize that 
the GBM disorganization seen in Myo1e mutant kidneys 
represents an adaptational change in response to the inabil-
ity of the podocyte cytoskeleton to maintain attachment to 
the GBM and tension. The synergism between the contrac-
tile actin system/adhesions/Myo1e and the GBM is dem-
onstrated by the finding that when MYO1E mutations are 
encountered in the background of Alport syndrome, there 
is a much faster progression to kidney failure than that in 
respective individual conditions [32].

The first paper that described Myo1-associated FSGS 
suggested that ciclosporin can improve proteinuria in 
patients with Myo1e-associated FSGS, possibly due to its 

Fig. 3   Amino acid sequence alignments reveal the conservation of 
amino acid residues affected by disease-associated mutations within 
class I myosins (a, b). All known FSGS-associated MYO1E muta-
tions involve the motor domain. a Human Myo1e (NP_004989.2) was 
aligned with Myo1e homologs from other species, including Myo1e 
from mouse, chicken, and zebrafish (AAH51391.1, XP_413782.4, 
NP_956930.1) and homologous class I myosins from fission yeast S. 
pombe (Myo1, NP_595402.1) and budding yeast S. cerevisiae (Myo3 
and Myo5, P36006.4, Q04439.1). b Human Myo1e was aligned with 
its closest homolog in humans, Myo1f (NP_036467.2), short-tailed 
class I myosins, Myo1a, Myo1b, and Myo1c (NP_001242970.1, 
NP_036355.2, NP_203693.3), and long-tailed class I myosins, 
Myo1C and myo1E, from slime mold Dictyostelium discoideum 
(XP_643060.1, XP_636580.1). c Human MYO1E was aligned with 
myosin II heavy chains from chicken and Dictyostelium discoideum 
and with human myosins 5a, 5b, and 5c (P13538.4, XP_637740.1, 
NP_001369277.1, NP_001073936.1, XP_016877897.1). Red boxes 
in a, b, and c indicate amino acid residue A92 in Myo1e, while blue 
boxes indicate amino acid residue G562. A92 is conserved in all 
Myo1e homologs (a), as well as in the short-tailed myosins Myo1a 
and Myo1c (b), long-tailed class I myosins from D. discoideum, S. 
pombe, and S. cerevisiae (b), and in myosin 5 isoforms (c). G562 is 
conserved in all class I myosins examined except Myo1c, where it is 
replaced by a non-polar amino acid valine (a and b). Myosins II and 
5a, 5b also contain a valine in the position corresponding to G562 (c). 
d Crystal structure of D. discoideum MyoIE (PDB 1LKX) was used 
to identify amino acid residues homologous to myo1e A92 (magenta) 
and G562 (cyan)

◂
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stabilizing effect on the podocyte cytoskeleton [5]. Eleven 
years later, a wider selection of patients fails to confirm this 
(Table 1). However, it appears that therapy-associated reduc-
tion in proteinuria may be predictive of a better outcome.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00467-​022-​05634-x.
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