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Developmental Origins for Kidney Disease Due to
Shroom3 Deficiency

Hadiseh Khalili,* Alexandra Sull,† Sanjay Sarin,* Felix J. Boivin,* Rami Halabi,† Bruno Svajger,*
Aihua Li,* Valerie Wenche Cui,* Thomas Drysdale,†‡ and Darren Bridgewater*§

*Department of Pathology and Molecular Medicine, McMaster University, Hamilton, Ontario, Canada; Departments of
†Physiology and Pharmacology and ‡Pediatrics, University of Western Ontario, London, Ontario, Canada; and §Hamilton
Center for Kidney Research, St. Josephs Healthcare, Hamilton, Ontario, Canada

ABSTRACT
CKD is a significant health concern with an underlying genetic component. Multiple
genome–wide association studies (GWASs) strongly associated CKD with the
shroom familymember 3 (SHROOM3) gene, which encodes an actin-associated pro-
tein important in epithelial morphogenesis. However, the role of SHROOM3 in kid-
ney development and function is virtually unknown. Studies in zebrafish and rat
showed that alterations in Shroom3 can result in glomerular dysfunction. Further-
more, human SHROOM3 variants can induce impaired kidney function in animal
models. Here, we examined the temporal and spatial expression of Shroom3 in
the mammalian kidney. We detected Shroom3 expression in the condensing mes-
enchyme, Bowman’s capsule, and developing and mature podocytes in mice.
Shroom3 null (Shroom3Gt/Gt) mice showed marked glomerular abnormalities, in-
cluding cystic and collapsing/degenerating glomeruli, and marked disruptions in
podocyte arrangement and morphology. These podocyte-specific abnormalities
are associated with altered Rho–kinase/myosin II signaling and loss of apically dis-
tributed actin. Additionally, Shroom3 heterozygous (Shroom3Gt/+) mice showed
developmental irregularities that manifested as adult-onset glomerulosclerosis
and proteinuria. Taken together, our results establish the significance of Shroom3
in mammalian kidney development and progression of kidney disease. Specifically,
Shroom3 maintains normal podocyte architecture in mice via modulation of the
actomyosin network, which is essential for podocyte function. Furthermore, our
findings strongly support the GWASs that suggest a role for SHROOM3 in human
kidney disease.

J Am Soc Nephrol 27: 2965–2973, 2016. doi: 10.1681/ASN.2015060621

CKD,defined as an irreversible reduction
in GFR, affects$10% of the population.1

Although the etiology of this disease can
be broad, there is a clear genetic influ-
ence.2 Furthermore, there exists a clear
genetic component in childhood- and
adult-onset CKD in common conditions,
such as diabetes and hypertension.3 Al-
though large numbers of genetic loci
have been associated with CKD, they
still only explain a minority of the

heritability.4 Genome–wide association
studies (GWASs) linking CKD and GFR
to specific single–nucleotide polymor-
phisms identified additional loci that
may impart susceptibility to CKD. One
of the loci, uromodulin, has specific mu-
tations that lead to multiple types of kid-
ney disease, showing that the correlations
identified by GWASs can identify impor-
tant loci.5 Another locus strongly linked
to GFR and CKD that influences serum

magnesium levels and serum creatinine
levels is shroom family member 3
(SHROOM3).5–7

Shroom3 is an actin-associated pro-
tein that regulates epithelial cell shape
and tissuemorphogenesis. Shroom3 reg-
ulates these developmental processes by
binding F actin and regulating its sub-
cellular organization.8,9 Shroom3 inter-
acts and recruits Rho-kinase (Rock),
resulting in the phosphorylation and
activation of nonmuscle myosin II
(MyoII). Activation of this Rock/MyoII
signaling pathway causes localized con-
traction of actomyosin networks at the
apical surface of the cell, resulting in
changes in cell morphology.10 During
development, Shroom3 is essential for
neural tube closure, gut, and lens
morphogenesis9,11,12
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In the kidney, SHROOM3 overex-
pression in renal allografts is correlated
with allograft dysfunction in transplant
recipients.12 Specifically, the intronic
sing le–nucleot ide polymorphism
(rs17319721), linked to CKD in the
GWASs, generates a b–catenin enhancer
element that elevates SHROOM3
expression in a TGF-b1–dependent
manner. This increased SHROOM3 ex-
pression enhanced TGF-b1–dependent
profibrotic genes, leading to transplant
interstitial fibrosis and chronic allograft
dysfunction.12 In a separate study using
Fawn–Hooded Hypertensive rats, a
model of CKD, numerous protein–
coding variants were identified within
the Shroom3 gene, one of which disrupted
Shroom3 actin binding. Introgression
of a wild-type Shroom3 gene into the
Fawn–Hooded Hypertensive rat partially
restored glomerular function.13 Further-
more, these studies showed that
morpholino-mediated knockdown of
shroom3 in zebrafish leads to pronephros
dysfunction and podocyte foot process
effacement,13 which were restored by in-
jection of mRNA encoding wild-type rat
Shroom3.13 Combined, these studies im-
plicate Shroom3 in kidney function and
disease progression.

Defining the normal spatial and tem-
poral expression of Shroom3 is an es-
sential first step in understanding the
functional role of Shroom3 in CKD.
Because the Shroom3 heterozygous mu-
tant [Shroom3Gt(ROSA)53Sor/J] mice con-
tain an LacZ reporter gene under the
control of the endogenous Shroom3 pro-
moter, we initially analyzed Shroom3
endogenous gene expression by perform-
ing X-Gal staining.11 In the developing
kidney at embryonic (E) 13.5 and
E18.5, robust LacZ reporter activity was
observed in the condensing mesenchyme
and during nephrogenesis, specifically in
the developing and maturing podocyte
cell layer (Figure 1, A–F). Lower levels
of LacZ reporter activity were also
observed in the developing ureter and
collecting duct epithelium (Figure 1,
D and E). We were particularly interested
in the expression of shroom3 in the
podocyte cell layerduring nephron forma-
tion. Therefore, by performing Shroom3

and WT1 coimmunofluorescence (Figure
1, G–I), co–in situ hybridization (Supple-
mental Figure 1, E–H), and immunohis-
tochemistry (Supplemental Figure 1,
A–D), we confirmed expression of
Shroom3 in podocytes during kidney de-
velopment. Expression of Shroom3 was
also observed postnatally at 3 months in
the medullary collecting ducts and
glomeruli (Figure 1, J–L). In adult mice,
the glomerular expression was limited
to the podocyte cell layer (Figure 1L).
Thus, the spatial and temporal expression
pattern for Shroom3 in the developing
and mature kidney suggests a potential
role in podocyte development and/or
maintenance.

To understand the significance of
Shroom3 function in the kidney, we
analyzed kidney histology from Shroom3
null (Shroom3Gt/Gt) mice during embry-
onic development. At E13.5, Shroom3Gt/Gt

exhibited cystic and collapsing glomeruli
(Figure 2D). At E14.5 and E18.5,
Shroom3Gt/Gt mutants exhibited glomer-
ular atrophy with a dilated Bowman’s
space (Figure 2, E and F). The collapsing
glomeruli at E13.5 would suggest that
therewould be reduced glomerular num-
ber, and analysis of glomerular number
at E18.5, indeed, showed a Shroom3 dose–
dependent reduction in the number of
glomeruli at E18.5 (Figure 2G). These
findings indicate that the glomerular ab-
normalities early in development lead
to degenerating glomeruli and reduced
glomerular number at later developmen-
tal stages. Importantly, the glomerular
defects observed in Shroom3Gt/Gt mice
were also observed in Shroom3
heterozygous (Shroom3Gt/+) mice (Sup-
plemental Figure 2, A–L). These abnor-
malities were very rarely observed in
Wild-type kidneys at any developmental
age (Figure 2, A–C, Supplemental Figure
2, A–C). To gain additional insight
into the glomerular abnormalities, we
performed scanning electronmicroscopy
(SEM) and transmission electron micros-
copy (TEM)onWild-type andShroom3Gt/Gt

mice at similar stages of glomerular de-
velopment. In contrast to Wild-type,
Shroom3Gt/Gt showed smaller, rounded,
abnormally spaced podocyte cell bodies
with marked microvillus transformation

(Figure 2, H and I versus Figure 2, L and
M). In addition, the foot processes in
Shroom3Gt/Gt podocytes appeared shorter
and disorganized, with reduced inter-
digitation that appeared less adherent to
the underlying capillary network (Figure
2, H and I versus Figure 2, L and M).
TEM of Shroom3Gt/Gt glomeruli showed
disrupted glomerular organization with
dilated Bowman’s space, podocyte
hypocellularity, and disorganized
podocyte foot processes (Figure 2, J and
Kversus Figure 2, N andO). Our findings
complement a recent study byYeo et al.,13

which showed that podocyte-specific
knockdown of Shroom3 results in altered
podocyte morphology in the zebrafish
pronephros. Furthermore, these mutant
zebrafish with podocyte specific knock-
down of Shroom3 also exhibited disrupted
glomerular filtration barrier integrity.13

Therefore, we next analyzed integral pro-
teins of the slit diaphragm that establish
structural and functional properties of
the filtration barrier in the mammalian
kidney. Expressions of nephrin, podocin,
and synaptopodin in Shroom3Gt/Gt mice
were all disorganized and lacked the dis-
tinctive expression pattern that is ob-
served in Wild-type podocytes (Figure 2,
P–U). In the Shroom3Gt/+ mice, nephrin
expression appeared more diffuse;
however, podocin and synaptopodin
appeared unchanged (Supplemental
Figure 2, J–L). Quantitative RT-PCR
showed the levels of nephrin expression
were unchanged in both Shroom3Gt/Gt

and Shroom3Gt/+ compared withWild-type
(Supplemental Figure 2, M and N).
Combined, these data show the impor-
tance of Shroom3 in the development
and/or maintenance of podocyte mor-
phology and foot process architecture.

The organization and regulation of
the podocyte actin cytoskeleton are
essential for the formation and mainte-
nance of the podocyte cellular architec-
ture and thus, its function. Because
Shroom3 regulates cellular morphology
in the neural tube by modulating the
actin cytoskeleton,8 we analyzed the ac-
tin organization in Shroom3Gt/Gt mutant
podocytes. In contrast to Wild-type, the
distinct apical crescent expression pat-
tern of actin was virtually absent in
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Shroom3Gt/Gt podocytes (Figure 3, A and
B). Additionally, the Shroom3Gt/Gt mu-
tant podocytes exhibited actin expression

in amore punctate pattern. These changes
are highlighted in a schematic diagram
(Figure 3C). In neuroepithelial cells,

Shroom3 regulates the apical distribu-
tion and activation of actomyosin net-
works by regulating the Rock/MyoII

Figure 1. Shroom3 is expressed in the developing and mature kidney. (A–F) X-Gal staining of E13.5 and E18.5 kidneys representing
Shroom3 endogenous gene expression. At E13.5 and E18.5, Shroom3 is expressed in medullary collecting duct, condensing mesen-
chyme adjacent to ureteric epithelium, developing nephrons, andmaturing glomeruli in a pattern consistent with the podocyte cell layer.
(G–I) Coimmunofluorescence for WT1 and Shroom3 at E18.5 confirms the X-Gal expression in condensing mesenchyme and developing
and maturing podocyte cell layers. (J and K) X-Gal staining of a postnatal 3-month-old kidney showing Shroom3 expression in glomeruli
and medullary collecting ducts. (L) At 3 months, Shroom3 expression is maintained in podocytes in an apical (arrowhead in inset) and
cytoplasmic pattern (arrows in inset). cd, Collecting duct; cm, condensing mesenchyme; dn, developing nephron; g, glomerulus; mg,
maturing glomerulus; p, podocyte; ub, ureteric bud; ue, ureteric epithelium.
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Figure 2. Disrupted glomerulogenesis and podocyte morphology in developing Shroom3mutant kidneys. (A–F) Hematoxylin and eosin
staining of E13.5, E14.5, and E18.5Wild-type and Shroom3Gt/Gt kidney sections. (D, inset) The Shroom3Gt/Gtmutants show collapsing and
degenerating glomeruli at E13.5 and cystic glomeruli, with a dilated Bowman’s capsules at E14.5 and E18.5. (G) Glomerular counting
showing a dose-dependent reduction in glomerular number in Shroom3Gt/+ and Shroom3Gt/Gt comparedwithWild-type. (H–O) Scanning
electronmicroscopy and TEMof comparably aged glomeruli inWild-type and Shroom3Gt/Gtmice. (H, I, L, andM) In contrast toWild-type,
Shroom3Gt/Gt scanning electron microscopy shows small rounded podocyte cell bodies with sporadically arranged podocytes in the
glomerular tuft, markedmicrovillus transformation, and poorly organized foot process interdigitation. Original magnification,36000 in H
and L;320,000 in I andM. (Original magnification, x5000 in J andN; x15,000 in K andO) TEM of Shroom3Gt/Gt glomeruli reveals sporadic
podocyte arrangement within the glomerulus. Original magnification,35000;315,000. (P–U) Immunofluorescence of podocyte proteins
in embryonicWild-type and Shroom3Gt/Gtmutants. (P and S) In contrast toWild-type, nephrin ismore diffusely expressed in Shroom3Gt/Gt

mutant glomeruli. (Q, R, T, and U) Podocin and synaptopodin expression in Shroom3Gt/Gtmutant glomeruli shows an irregular thin pattern
in the podocyte layer compared with that in Wild-type. fp, Foot process; g, glomerulus; SEM, scanning electron microscopy.
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signaling pathway, resulting in epithelial
cell shape changes (Figure 3D).14 We
assessed Rock1 localization and observed
the absence of Rock1 from the apical

region in the majority of Shroom3Gt/Gt

mutant podocytes (Figure 3, E and F).
Consistently, the Rock target myosin
light chain exhibited a virtual absence

of apical phosphorylation in Shroom3Gt/Gt

mutant podocytes (Figure 3, G and H).
Taken together, these data indicate a key
regulatory role of Shroom3 in the

FPn domain
PDZ ASD1 ASD2

PDZ Binding site

Kinase SBD PHRBD

Figure 3. Shroom3 is required for apical actin distribution via Rock/MyoII signaling in podocytes. (A and A9) Immunofluorescence of actin
andWT1on E18.5 serial sections showing an apical crescent pattern of actin expression inWild-typepodocytes (arrows in inset). (B and B9)
In contrast toWild-type, there is a virtual absence of the apical actin expression in Shroom3Gt/Gt podocytes (arrows in inset). (C) A cartoon
diagram depicting actin distribution in Wild-type and Shroom3Gt/Gt podocytes. (D) Schematic model of the actomyosin signaling
pathway. (E and E9) E18.5 immunohistochemistry for Rock and WT1 on serial sections showing apical localization of Rock in Wild-type
podocytes (arrow in inset). (F andF9) InShroom3Gt/Gtmice, there is a loss of apical Rock expression in podocytes (arrows in inset). (G andG9)
p-Mlc andWT1 immunohistochemistry on E18.5 serial sections showing apical p-Mlc distribution inWild-type podocytes (arrows in inset).
(H and H9) Shroom3Gt/Gt mutant podocytes show a loss of apical p-Mlc expression (arrows in inset). MLC, myosin light chain; p-Mlc,
phosphomyosin light chain.

J Am Soc Nephrol 27: 2965–2973, 2016 Shroom3 in the Kidney 2969
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Figure 4. Adult Shroom3Gt/+ mice exhibit glomerular disease. (A–D) Histopathologic characterization of 3-month-old Wild-type and
Shroom3Gt/+ kidneys showed no overt glomerular abnormalities using periodic acid–Schiff (PAS) and Jones Methamine Silver (JMS)
staining. (E–H) Histopathologic characterization of 1-year-old kidney tissue shows sclerotic glomeruli and a thickening of the Bowman’s
capsule in Shroom3Gt/+ kidneys compared withWild-type kidneys. (I–L) Scanning electron microscopy and TEM of 1-year-oldWild-type
and Shroom3G/+ glomeruli show sporadic foot processes flattening and effacement in Shroom3G/+ mutant kidneys (arrows). (M)
Coomassie–stained SDS-PAGE of urine shows albuminuria (a 70-kD albumin band is shown as a positive control) in 1-year-old Shroom3Gt/+

mice. (N) Western blot analysis for nephrin (a 185-kD nephrin band is shown as a positive control). (O) Analyses of the urinary protein-to-
creatinine ratio from1-year-oldWild-type and Shroom3Gt/+mice show a significant increase in urinary protein (n=10; P=0.03). (P)Model of
the function of Shroom3 in the podocyte. FP, foot process; GBM, glomerular basement membrane; SD, slit diaphragm; SEM, scanning
electron microscopy.
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podocyte bymodulating actin cytoskeleton
organization via the Rock/MyoII signaling
pathway to establish normal podocyte
cytoarchitecture.

Because GWASs implicate Shroom3
inkidneydisease,we sought todetermine
if the developmental abnormalities in
Shroom3Gt/Gt mice manifest in adult–
onset kidney disease. Because of the
neonatal lethality of Shroom3Gt/Gt mice
resulting from exencephaly,11 adult kid-
neys from Shroom3Gt/+ and Wild-type
littermates were analyzed. Despite the
glomerular pathologies in embryonic
Shroom3Gt/+ mice (Supplemental Figure
2, G–I), we did not detect any overt glo-
merular pathologies or evidence of
urinary protein in 3-month-old mice
(Figure 4, A–D) (data not shown). Con-
sidering that kidney disease is often pro-
gressive, we analyzed kidney tissue from
1-year-old Shroom3Gt/+ kidneys.
Shroom3Gt/+ mutants developed mild
glomerulosclerosis characterized by in-
creasedmatrix deposition and a thicken-
ing of the Bowman’s capsule (Figure 4,
E–H). At the ultrastructural level, scan-
ning electron microscopy revealed spo-
radic foot process flattening, fusion, and
effacement in 1-year-old Shroom3Gt/+

mice that was confirmed using
TEM (Figure 4, I–L). Furthermore,
podocyte counting showed a reduced
podocyte number per glomerulus in
the Shroom3Gt/+ mice (Supplemental
Figure 2, O–Q). Because proteinuria is
often associated with podocyte injury,
podocyte loss, and glomerulosclerosis,15

we analyzed urine from 1-year-old
Shroom3Gt/+ mice. We detected varying
amounts of albuminuria by SDS-PAGE
(Figure 4M) but did not detect any
podocyte proteins (Figure 4N). The
protein-to-creatinine ratio in Shroom3Gt/+

mice was increased compared with that
in Wild-type (Figure 4O).

Taken together, our findings suggest
that Shroom3 is required for the devel-
opment and maintenance of podocyte
cytoarchitecture. In the absence of
Shroom3, during development, the
podocyte morphology is altered, leading
to podocyte loss and glomerular degen-
eration.The interactionof Shroom3with
Rock localizes the complex to the apical

region of the podocytes. Here, Rock
triggers actomyosin contractility by the
phosphorylation and activation of its
known downstream target, MyoII. In-
creased phosphorylation of MyoII in-
duces the formation of a network of
apical actin stress fibers and stabiliza-
tion of the actin cytoskeleton in the
apical region of podocytes (Figure 4P).
Conversely, the loss of Shroom3 in mu-
tant podocytes results in the failure of
Rock localization to the podocyte api-
cal region. Consequently, phosphory-
lated MyoII is reduced along the apical
membrane of podocytes, leading to de-
creased apical formation of contractile
actin-myosin stress fibers. These
changes can result in altered podocyte
cell body and foot process morphology
during development or postnatally
culminate in glomerular abnormalities
( i .e. , sclerosis), dysfunction, and
albuminuria.

In a search for new genes that may be
associated with kidney disease, GWASs
have implicated SHROOM3 as a poten-
tial candidate. Here, we provide experi-
mental evidence to support that role.
Shroom3 is expressed in the podocyte,
and it is necessary for developing and/or
maintaining the complex podocyte
cytoarchitecture. Because a complete
loss of Shroom3 activity would be
predicted to be lethal because of its
role in neural tube closure, it is impor-
tant to note that Shroom3Gt/+ adult mice
have indicators of kidney disease. This
suggests that potential hypomorphic
human SHROOM3 alleles could directly
result in kidney disease or increased sus-
ceptibility to CKD from nongenetic
causes, such as diabetes.

CONCISE METHODS

Mice
Shroom3Gt(ROSA)53Sor/J mice11 were received

from Thomas Drysdale (University of Western

Ontario). Animal studies were performed in

accordance with Canadian Council for Animal

Care and McMaster University institutional

guidelines (Animal Utilization Protocol 10–

08–55). Genotyping was performed on tail

DNA using the following primers: forward

primer 59-GGTGACTGAGGAGTAGAGTCC-39

andreverseprimers59-GCAACCACATGGTGG-

GAGACAAGC-39 and 59-GAGTTTGTGCT-

CAACCGCGAGC-39.

b-Galactosidase Staining
Whole–mount X-Gal stainingwas performed

onWild-type, Shroom3Gt/Gt, and Shroom3Gt/+

embryonic and adult kidneys as described16

and visualized on a Leica EZ4D Microscope

(Leica Microsystems, Buffalo Grove, IL).

In Situ Hybridization
Two–plex in situ hybridization was

performed using the Affymetrix QuantiGene

ViewRNA (Affymetrix, Santa Clara, CA)

according to the manufacturer’s protocol.

Histology
Whole-kidney tissue was fixed in 4% para-

formaldehyde for 24 hours at 4°C, embedded

in paraffin, sectioned at 4–6 mm, and stained

with hematoxylin and eosin (Sigma-Aldrich,

St. Louis, MO), periodic acid–Schiff, and

Jones Methamine Silver using standard

protocols.

Immunologic Techniques
Immunofluorescence was performed as de-

scribed.17 We used the primary antibodies

Shroom3 (1:200; Santa Cruz Biotechnology,

Santa Cruz, CA),WT1 (1:200; Santa Cruz Bio-

technology), nephrin (1:200; R&D Systems,

Minneapolis, MN), synaptopodin (1:200;

Santa Cruz Biotechnology), podocin (1:200;

Sigma-Aldrich), and actin (1:200; Abcam,

Inc., Cambridge, MA) overnight at 4°C and

secondary antibodies Alexa Fluor 488 or 568

(1:1000 dilution; Invitrogen, Carlsbad, CA).

Immunohistochemistry was performed using

the Vectastain Elite Avidin-Biotin-Peroxidase

ComplexKit as per themanufacturer’s instruc-

tions (Vector Laboratories, Burlingame, CA)

using the anti–goat Shroom3 antibody (1:200;

Santa Cruz Biotechnology), phosphomyosin

light chain (1:300; Abcam, Inc.), and

ROCK1 (1:200; Abcam, Inc.). Immunoreac-

tivity was visualized using 39-diaminobenzidine

(Vector Laboratories). All images were cap-

tured by either an Olympus BX60 (Olympus,

Tokyo, Japan) or a Nikon 90i-Eclipse Fluores-

cence Microscope (Nikon, Tokyo, Japan).

Confocal images were captured by Zeiss

LSM510 Confocal Microscopy (Carl Zeiss

GmbH, Jena, Germany).
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TEM and Scanning Electron
Microscopy
For TEM, whole-embryonic kidneys from

Wild-type and Shroom3Gt/Gt at E18.5 were

fixed with 2.5% glutaraldehyde in 0.1 M

sodium-cacodylate buffer. Adult kidney cor-

texes fromWild-type and Shroom3Gt/+mice at

1 year old were minced to 2-mm cubes and

fixed as above. Kidney tissue was postfixed

with 1% osmium teroxide, dehydrated using

graded ethanol washes, and embedded in ep-

oxy resin. Ultrathin sections were cut and

stained with uranyl acetate. Images were

viewed using JEOL JEM 1200 EMTEMSCAN

(Tokyo, Japan). Images were captured with

an AMT 4 Megapixel Digital Camera. For

scanning electron microscopy, embryonic

and adult kidney tissues were fixed as above

and processed for scanning electron micros-

copy. All electron microscopy imaging and

tissue processing were performed at the Elec-

tron Microscopy Facility at McMaster

University.

Analyses of Mouse Urine
Spot urine samples were collected from

Shroom3Gt/+ (n=5) andWild-type littermates

(n=5). Urinary proteins were concentrated

using an Amicon Ultra 0.5-ml Centrifugal

Filter (NMWL 10 kD; EMD Millipore,

Billerica, MA). Proteinuria was qualitatively

analyzed by running equal volumes of urine

samples on 10% SDS gels followed by

Coomassie Brilliant Blue staining. Protein

concentration in urine was measured by the

Bradford method (microtiter scale; Bio-Rad,

Hercules, CA).18 Urine creatinine was mea-

sured in duplicate for each sample (MAK080;

Sigma-Aldrich). Urinary protein was nor-

malized to urine creatinine defined as the

protein-to-creatinine ratio. For the presence

of podocytes in the urine, protein was isolat-

ed from urine, and Western blot analysis was

performed for nephrin.

Glomeruli and Podocyte Counting
Glomeruli counting was performed as

described.19 Briefly, entire E18.5 kidneys was

sectioned at 5 mm and imaged at310 magni-

fication. Glomeruli were counted in every 10th

section from Wild-type (n=5), Shroom3Gt/+

(n=6), and Shroom3Gt/Gt (n=5) kidneys.

Podocyte counting was performed as de-

scribed.20 Briefly, the number of WT1-

positive podocytes was counted from

10 glomerular sections from three different

Shroom3Gt/Gt and Wild-type littermates. The

number of podocytes was expressed as the

mean with standard error of the mean.

Statistical Analyses
Data were analyzed using one-way ANOVA

with a post hoc Kruskal–Wallis test.
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