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Abstract

The kidney filter represents a unique assembly of podocyte epithelial cells that tightly enwrap the glomerular capillaries
with their complex foot process network. While deficiency of the polarity proteins Crumbs and aPKC result in impaired
podocyte foot process architecture, the function of basolateral polarity proteins for podocyte differentiation and
maintenance remained unclear. Here we report, that Scribble is expressed in developing podocytes, where it translocates
from the lateral aspects of immature podocytes to the basal cell membrane and foot processes of mature podocytes.
Immunogold electron microscopy reveals membrane associated localisation of Scribble predominantly at the basolateral
site of foot processes. To further study the role of Scribble for podocyte differentiation Scribbleflox/flox mice were generated
by introducing loxP-sites into the Scribble introns 1 and 8 and these mice were crossed to NPHS2.Cre mice and Cre deleter
mice. Podocyte-specific Scribble knockout mice develop normally and display no histological, ultrastructural or clinical
abnormalities up to 12 months of age. In addition, no increased susceptibility to glomerular stress could be detected in
these mice. In contrast, constitutive Scribble knockout animals die during embryonic development indicating the
fundamental importance of Scribble for embryogenesis. Like in podocyte-specific Scribble knockout mice, the development
of podocyte foot processes and the slit diaphragm was unaffected in kidney cultures from constitutive Scribble knockout
animals. In summary these results indicate that basolateral polarity signaling via Scribble is dispensable for podocyte
function, highlighting the unique feature of podocyte development with its significant apical membrane expansions being
dominated by apical polarity complexes rather than by basolateral polarity signaling.
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Introduction

The glomerular filtration barrier is a unique structure

characterized by a precise three dimensional framework of

podocytes that elaborate long, regularly spaced, interdigitating

foot processes, enveloping the glomerular capillaries. Neighbour-

ing podocytes are connected by the slit diaphragm, a specialized

cell junction and the only cell-cell contact of mature podocytes,

that bridges the filtration slit between podocyte foot processes [1].

We recently demonstrated that the evolutionarily conserved apical

Par3-Par6-aPKC complex (Par complex), a fundamental regulator

of apicobasal cell polarity, interacts with the slit diaphragm

proteins Nephrin and Neph1 [2]. During podocyte differentiation

the Par complex and the cell-cell contacts of immature podocytes

migrate from apical towards basal aspects of the podocyte cell

membrane, where primary processes and foot processes sub-

sequently develop.

In epithelial cells apicobasal cell polarity is established by the

asymmetric distribution of three core polarity complexes, the

apical Crumbs complex, consisting of Crumbs, PALS1 and PATJ,

the apical Par complex localizing at the tight junctions and the

basolateral Scribble complex, comprising the proteins Scribble,

Dlg and Lgl [3]. In Zebrafish, morpholino knockdown of the

apical polarity protein Crumbs2b causes disorganization of

podocyte foot process architecture and loss of slit diaphragms

[4]. In addition, podocyte-specific deletion of aPKCiota in mice

results in foot process effacement, nephrotic syndrome, progressive

glomerulosclerosis and death at 3–4 weeks after birth [5,6]

underlining the critical importance of apical polarity complexes for

podocyte differentiation and maintenance. However, the relevance

of the basolateral Scribble complex for podocyte function is yet

completely unclear.

Scribble is a large cytoplasmic scaffold protein of the leucine-

rich repeat (LRR) and PDZ domain (LAP) family with 16 N-

terminal LRRs and 4 C-terminal PDZ domains [7]. Targeting of

LAP family members to the lateral membrane depends on their

LRR domains [8]. In polarized renal epithelial cells Scribble
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localizes to the adherens junctions and the lateral membrane in an

E-Cadherin dependant manner [9], and knockdown of Scribble

results in delayed tight junction assembly, increased cell motility

and reduced adhesion similar to the phenotype of E-cadherin

knockdown [10]. In wound healing assays Scribble is essential for

polarization of migrating cells, recruitment of CDC42 and Rac1 to

the leading edge and directed migration [11].

In mice, point mutations of Scribble (circletail and rumpelstilzchen

mutations) cause severe impairment of neural tube development

with craniorachischisis and neonatal death [12,13]. A similar

phenotype is described for the loop-tail mouse [14], which displays

a mutation in the gene encoding for the planar cell polarity (PCP)

protein Vangl2 [15,16]. Both proteins interact genetically and

physically [17,18,19].

Scribble is targeted to proteasomal degradation by the high risk

papilloma virus protein E6-E6AP ubiquitin-protein ligase complex

[20], and cervical neoplasms are associated with reduced Scribble

protein levels [21]. Further, downregulation and mislocalization of

Scribble promotes cell transformation and mammary tumorigen-

esis [22], suggesting Scribble as a tumor suppressor. In recently

Figure 1. Migration of apical and basolateral polarity proteins during podocyte differentiation. Frozen kidney sections of newborn
Wistar rat (P0) were stained using antibodies against the apical membrane protein Podocalyxin, the apical polarity protein Par3 and the basolateral
polarity protein Scribble and were subjected to confocal laser microscopy. Since glomerular development is asynchronous, kidneys of newborn rats
display various glomerular developmental stages. Each panel displays the expression pattern of the accordant proteins during glomerular
development (from left to right): Developmental stages ranging from comma-shaped body (I), s-shaped body (II), capillary loop stage (III to IV), to
a maturing glomerulus (V). (A) Whereas Par3 is expressed during comma-shaped body stage and localizes to the apical sited cell-cell junctions,
expression of Podocalyxin starts during s-shaped body stage, when Par3 and the cell-cell contacts translocate along the lateral side of immature
podocytes to basal. During this translocation the apical membrane area, marked by Podocalyxin, increases while the basolateral membrane area
shrinks relatively. Arrows indicate translocation of Par3 from the apical cell-cell contacts in I to the developing foot processes in V. (B) Scribble
localizes basal of Par3 at the cell-cell junctions and at the basolateral membrane during comma-shaped body stage (I) and translocates like Par3
during podocyte differentation to the developing foot processes in V. (C) While Podocalyxin and Par3 as well as Par3 and Scribble display an partial
overlap of their localization (yellow in A and B), no overlap of Podocalyxin and Scribble can be detected indicating a localization to completely
distinct membrane areas with Podocalyxin as an apical membrane marker and Scribble as a basolateral marker protein. Scale bars: 5 mm.
doi:10.1371/journal.pone.0036705.g001
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published work Scribble heterozygosity causes prostate hyperplasia,

while prostate-specific knockout of Scribble results in loss of cellular

polarity, elevated proliferation and progression to intraepithelial

neoplasia [23]. These data underline the fundamental role of

Scribble for the establishment and maintenance of epithelial cell

polarity, cell migration and tissue architecture.

Here we analysed the spatiotemporal expression of Scribble

during glomerular development and generated podocyte-specific

and constitutive Scribble knockout mice to investigate the role of

Scribble in podocyte differentiation and maintenance.

Results

Translocation of apical and basolateral polarity proteins
during podocyte differentiation
Previously, we identified that the aPKC complex translocates

from the apical to basal membranes during podocyte differenti-

ation, preceding the development of primary and foot processes

[5]. To study the protein localisation of Scribble during glomerular

development, we co-stained the apical membrane marker

Podocalyxin and Par3 with Scribble in newborn rat kidney

sections. Whereas Par3 is already expressed during comma-shaped

body stage and localizes to the apical sited cell-cell contacts,

expression of Podocalyxin starts during s-shaped body stage, when

Par3 and the cell-cell contacts migrate along the lateral side of

Figure 2. Scribble localizes to the cell-cell contacts and the basolateral membrane of podocytes. (A) Immunogold electron microscopy
of P0 rat kidney sections displays localization of Scribble (arrows) at immature podocyte cell-cell contacts. (B) In adult rat kidney sections Scribble
localizes predominantly at the basolateral side of podocyte foot processes and partially at the slit-diaphragm. Scale bars: 200 nm.
doi:10.1371/journal.pone.0036705.g002
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immature podocytes (Figure 1 A). Interestingly, Scribble appears

to be enriched basally of Par3 during the comma-shaped body

stage and translocates like Par3 during podocyte differentiation to

the developing foot processes (Figure 1 B, Figure S1). While

Podocalyxin and Par3 as well as Par3 and Scribble display a partial

overlap of their localization, no overlap of Podocalyxin and

Scribble can be detected indicating localization to completely

distinct membrane areas with Podocalyxin being an apical

membrane marker and Scribble being a basolateral marker

protein (Figure 1 C). To reveal the subcellular localisation of

Scribble in podocytes we performed immunogold stainings of

newborn and adult rat kidney sections. In immature podocytes

Scribble localizes at the cell-cell contacts (Figure 2 A), while in

differentiated podocytes it can be detected predominantly at the

basolateral side of the foot processes (basal of the slit diaphragm)

and also partially at the slit-diaphragm (Figure 2 B). Figure 3

schematically illustrates the localization of Podocalyxin, Par3 and

Scribble during podocyte differentiation.

Generation of podocyte-specific Scribble knockout mice,
ScribbleDpodocyte

To study the role of Scribble for podocyte differentiation

Scribbleflox/flox mice were generated by introducing loxP-sites into

the introns 1 and 8 flanking Scribble exons 2–8 (Figure 4 A).

Scribbleflox/flox mice were crossed with NPHS2.Cre mice to create

podocyte-specific Scribble knockout mice (ScribbleDpodocyte) (Figure 4

B). While Scribble can still be detected in other glomerular cells,

co-staining with the podocyte marker protein Nephrin confirmed

complete loss of Scribble in podocytes in confocal microscopy

(Figure 4 C, D).

ScribbleDpodocyte mice develop normal podocyte foot
processes and show no increased susceptibility to
glomerular stress
In histological analysis of kidney sections, newborn and adult

ScribbleDpodocyte mice displayed a regular glomerular architecture

(Figure 5 A, B), and electron microscopy revealed no abnormalities

in podocyte cell body or process morphology (Figure 5 C, D). In

addition, no difference in podocyte numbers and the glomerular

expression pattern of Par3 could be observed in adult ScribbleDpo-

docyte mice (Figure 5 E, Figure S2). During an one year follow up no

difference in albumin to creatinine ratio could be detected

between ScribbleDpodocyte and control mice (Figure 5 F), and

ScribbleDpodocyte mice featured no increased susceptibility to glomer-

ular stress in the BSA overload and the Adriamycin (ADR) model

(Figure 5 G, H).

Development of podocyte foot processes in cultured
embryonic Scribble knockout kidneys and in circletail
mutant mice
Since Cre expression under control of the NPHS2-promoter

starts late during glomerular development [24,25], a developmen-

tal phenotype of Scribble knockout in podocytes might be masked in

Scribbleflox/flox; NPHS2.Cre mice. To study the effect of Scribble

knockout on early glomerular development and podocyte

differentiation, we analyzed kidneys of constitutive Scribble

knockout mice. Scribbleflox/flox mice were crossed with Cre deleter

mice to create constitutive Scribble knockout mice (Figure 6 A).

Most constitutive Scribble knockout animals die during embryonic

development between E12.5 and E14.5, before podocyte matura-

tion is finished. To monitor the glomerular development we

harvested the kidneys at E12.5 for kidney culture experiments.

Figure 6 B illustrates the development of Scribble wildtype and

knockout kidneys in culture for 6 days. Immunofluorescence

staining against WT1 and Scribble confirmed complete loss of

Scribble in Scribble knockout kidney culture (Figure 6 C), while

expression of the podocyte marker proteins Podocin and Nephrin

as well as the polarity protein Par3 could be detected in glomeruli

of Scribble knockout kidney cultures (Figure 6 D). Ultrastructural

analysis disclosed podocyte foot processes connected by slit

diaphragms in Scribble knockout and wildtype kidney culture

glomeruli (Figure 6 E). We next analysed homozygous circletail

mutant mice, which express a shortened Scribble protein lacking

the third and fourth c-terminal PDZ domains leading to

craniorachischisis, gastroschisis and late embryonic death around

E18 [12]. No obvious morphological alteration of podocyte foot

Figure 3. Schematic illustration of the translocation of polarity
proteins during podocyte differentiation. During podocyte
differentiation the cell-cell contacts translocate from the apical site
along the lateral membrane to basal, where primary processes and foot
processes develop. Par3 localizes to the cell-cell contacts, moves with
them to basal and localizes to the cell-cell contact of mature podocytes,
the slit diaphragm, which bridges the filtration slit between foot
processes. Scribble localizes basal of Par3 at the cell-cell junctions and
the basolateral membrane of immature podocytes. In mature podo-
cytes Scribble localizes to the basolateral membrane, which is defined
as the area beneath the slit-diaphragm. Differentiation of podocytes is
accompanied with an enlargement of the apical membrane area,
marked by Podocalyxin, whose expression starts parallel with the
translocation of the cell-cell contacts to basal in s-shaped body stage.
Relative to this apical membrane enlargement the basolateral
membrane, marked by Scribble, shrinks to the area beneath the slit-
diaphragm in mature podocytes.
doi:10.1371/journal.pone.0036705.g003
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processes could be detected in these mice (Figure 6 F), indicating

that Scribble is dispensable for regular foot process development.

Discussion

In epithelial cells Par3 is located at the tight junctions marking

the border between apical and basolateral membrane compart-

ments [3]. Previously we demonstrated that Par3 co-localizes with

the tight junction protein ZO-1 at the apical cell-cell contacts of

immature podocytes as well as at the slit diaphragm of mature

podocytes [2,5]. Here we could demonstrate that another polarity

protein, Scribble, is enriched in podocytes. During differentiation

the immature cell-cell contacts and Par3 as well as Scribble

translocate towards the basal aspects of the podocyte, followed by

primary and foot process development (Figure 1). Interestingly,

Scribble appears to localize basally of Par3 during podocyte

differentiation as well as in mature podocytes. In agreement, in

polarized MDCK cells it has been described that Scribble localizes

basal of the tight junctions at the adherens junctions [9].

Strikingly, mature podocytes do not feature classical tight or

adherens junctions but a unique cell-cell contact, the slit

diaphragm, which bridges foot processes of neighbouring

podocytes. The slit diaphragm displays characteristics of both,

tight junctions with associated proteins such as ZO-1 [26], Jam4

[27] and Par3 [2] as well as adherens junctions with proteins like

P-cadherin [28]. This unique cell-cell contact makes it difficult to

predict the function of single junctional components. In MDCK

epithelial cells knockdown of Scribble causes delayed tight junction

assembly and disrupts cell adhesion [10]. However, it remained

completely unclear whether Scribble also significantly contributes

to the development and maintenance of podocyte slit diaphragms.

Therefore, we generated podocyte-specific Scribble knockout mice.

Unexpectedly, no morphological or clinical abnormalities could be

detected in these mice (Figure 4 and 5). Since the NPHS2-

promoter activates Cre expression relatively late during glomerular

development [24,25], a developmental phenotype of podocyte-

specific deletion of Scribble might be masked. For this reason we

analyzed constitutive Scribble knockout mice and circletail mice, in

which Scribble is truncated after the second PDZ domain, which

results in late embryonic death [12]. Constitutive Scribble knockout

mice die intraembryonally between E12.5 and E14.5. To study

glomerular development we performed kidney culture experi-

ments. Podocytes in constitutive Scribble knockout kidney culture as

well as podocytes of circletail mice develop foot processes being

connected by the slit diaphragm showing no morphological

abnormalities compared to control podocytes indicating that

Scribble is dispensable for podocyte foot process development

(Figure 6). However, if other basal polarity proteins are involved in

podocyte shape formation, has to be addressed in future studies.

In summary, while Scribble seems to be important for general

epithelial cell- [9] and pronephros [29] development, it appears to

be dispensable for podocyte function and development. This

unexpected result underlines the unique features of polarity

programs shaping the complex three-dimensional podocyte

architecture. Striking characteristics of developing podocytes are

the expansion of apical membranes going along with a shrinking of

basal membrane compartments (as illustrated in Figure 1 and 3).

This appears to be congruent with the observation that podocyte

differentiation is rather being driven by apical polarity complex

signaling while Scribble signaling is not required for the specialized

podocyte architecture.

Materials and Methods

Mice
LoxP sites were introduced into the introns 1 and 8 flanking

Scribble exons 2–8 in 129S1/SvlmJ mouse embryonic stem cells,

using a neo cassette as a selectable marker flanked by frt sites.

Targeted stem cells were injected into blastocysts of C57BL/6J

mice to obtain chimeric floxed mice. After germline transmission,

the mice were crossed to C57BL/6J mice expressing flp

recombinase to remove the neo cassette. Progeny containing

a floxed Scribble allele lacking the neo cassette (Scribbleflox/+) were

further backcrossed to C57BL/6J mice. Cre-mediated recombi-

nation causes a frame shift and early stop of translation. In

addition floxed mice were crossed to C57BL/6J Cre deleter mice

to excise the loxP flanked genomic region (exons 2–8) and to

generate heterozygous mice carrying the constitutive knockout

allele (Scribble2/+) [30,31]. Construction of the targeting vector,

generation and injection of targeted stem cells and subsequent

generation of chimeric mice, Scribbleflox/+ and Scribble2/+ mice were

performed by genOway (Lyon, France).

NPHS2.Cre mice were kindly provided by Lawrence Holzman

(Renal, Electrolyte and Hypertension Division, University of

Pennsylvania School of Medicine Philadelphia, PA, USA) [24].

Scribble-floxed mice (Scribbleflox/flox) were crossed with NPHS2.Cre

mice to generate podocyte-specific Scribble knockout mice Scribble-
flox/flox; NPHS2.Cre (ScribbleDpodocyte). NPHS2.Cre negative Scribbleflox/+

and Scribbleflox/flox litter mates served as controls. Mice carrying the

circletail allele of Scribble were purchased from The Jackson

Laboratory.

For genotyping or detection of deletion of Scribble exons 2–8

DNA was isolated from tail clip or isolated glomeruli, respectively.

For detection of WT or the loxP site, the primers were

tccagttagcactcaggcgtcagg (forward) and cagctccgagaggttctcacagtcc

(reverse). For detection of the deletion, primers were ac-

cccagtgctctctggtgtttttattg (forward) and cagctccgagaggttctcacagtcc

(reverse). For detecting the circletail mutation, primers were

ctagccctcccccccc (forward; locked nucleic acid primer) and

cctgggactgagaaggacat (reverse). All animal studies were approved

by the Committee on Research Animal Care, Regierungspräsi-

dium Freiburg and by the Washington University Animal Studies

Committee.

Protein Overload and Subsequent Analysis
ScribbleDpodocyte mice and control littermates (n = 5 each) received

endotoxin-free BSA (Sigma A9430) (250 mg/ml, dissolved in PBS)

intraperitoneally for 4 consecutive days (10 mg/g body weight)

[32,33]. Urinary albumin excretion rates were analyzed before

injections and at days 1 to 6 after the first injection.

Figure 4. Generation of podocyte-specific Scribble knockout mice, ScribbleDpodocyte. Scribbleflox/flox mice were crossed with NPHS2.Cre mice
to generate podocyte-specific Scribble knockout mice Scribbleflox/flox; NPHS2.Cre (ScribbleDpodocyte). (A) Generation of tissue-specific Scribble knockout
mice. (B) PCR analysis of genomic DNA from isolated glomeruli confirmed genomic deletion of exon 2–8 in ScribbleDpodocyte mice. (C, D) Frozen kidney
sections of control and ScribbleDpodocyte mice were stained using antibodies against Scribble and the podocyte foot process marker Nephrin and were
subjected to confocal laser microscopy. Arrows indicate the podocyte foot process compartment. While Scribble localizes to the podocyte foot
process compartment of control mice, no Scribble expression can be detected in podocytes of ScribbleDpodocyte mice. Scale bars: 5 mm.
doi:10.1371/journal.pone.0036705.g004
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Figure 5. ScribbleDpodocyte mice develop normal podocyte foot processes and show no increased susceptibility to glomerular stress.
(A, B) No obvious histological abnormalities can be detected in PAS staining of ScribbleDpodocyte kidney sections at P1 and at 6 weeks of age compared
to control littermates. (C, D) Transmission electron micrographs display normal podocyte architecture with foot processes without any obvious
ultrastructural defect. (E) No difference in the number of podocytes per sectioned glomerulus could be detected (ns, not significant, n = 3 each, 30
glomeruli for each mouse were analyzed). (F) During a one year follow up ScribbleDpodocyte mice develop no significant albuminuria. (G) No difference
in albuminuria can be detected between ScribbleDpodocyte mice and control littermates in the BSA-overload model (n = 5 each) and (H) the ADR model
(n = 6 each). Scale bars: 20 mm in (A) and (B), 1 mm in (C) and (D).
doi:10.1371/journal.pone.0036705.g005
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Figure 6. Development of podocyte foot processes in cultured embryonic Scribble knockout kidneys and in circletail mutant mice.
(A) Western blot of total embryo lysates shows complete loss of Scribble protein in Scribble knockout embryos (Scribble2/2) (ns, non specific). (B)
Kidneys of Scribble knockout and wildtype littermate embryos were harvested at P12.5 and grew in DMEM medium for 6 days. (C)
Immunofluorescence staining against WT1, which is expressed in podocytes and embryonic kidney epithelial cells, and Scribble reveals complete loss
of Scribble in Scribble knockout kidney culture (arrows indicate glomeruli), (D) while expression of the podocyte marker proteins Podocin and
Nephrin as well as the apical polarity protein Par3 can be detected in Scribble knockout kidney culture glomeruli. (E) Electron micrographs show
development of podocyte foot processes connected by slit diaphragms in Scribble knockout and wildtype kidney culture glomeruli (P, podocyte;
GBM, glomerular basement membrane). Arrow heads indicate localization of foot processes, arrows indicate slit diaphragms. (F) Circletail mutant
mice, bearing a mutation in the Scribble gene, which results in a shortened protein lacking third and fourth c-terminal PDZ domains, die during late
embryonic development. Kidneys of Crc/Crc mutant mice and control littermates where harvested for electron microscopy at E18.5. Transmission
electron micrographs display podocytes with normal foot process architecture and slit-diaphragms and without any obvious abnormalities. Scale

Scribble and Glomerular Development
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Adriamycin induced proteinuria
ScribbleDpodocyte mice and control littermates (n = 6 each) received

one dose of intravenous Adriamycin (Sigma) in 0.9% NaCl (2 mg/

ml) (15 mg/g body weight) [34]. Urinary albumin excretion rates

were analyzed before injection and 2 and 5 weeks after injection.

Urine and serum analyses
Urinary albumin and urinary creatinine were measured using

a fluorimetric albumin test kit (Progen) and an enzymatic

creatinine kit (Labor+Technik) following the manufacturer’s

instructions. Proteinuria was expressed as mg albumin/mg

creatinine.

Metanephric kidney culture
Timed matings were set up with constitutive Scribble heterozy-

gous knockout mice; the date of the vaginal plug was designated as

day 0. Metanephric kidneys were microdissected from the embryos

at embryonic day 12.5 and cultured in Dulbecco’s modified

Eagle’s medium containing 10% fetal calf serum and 1% Penicillin

and Streptomycin at 37uC and 5% CO2 on 0.4 mm transwell

inserts [35]. The medium was replaced every 48 h. The kidney

cultures were harvested after up to 6 days in culture. For

immunofluorescence staining, the cultures were fixed in 4%

paraformaldehyde, dehydrated in 15% and 30% sucrose, frozen in

OCT and sectioned into 6 mm thick sections.

Morphological analysis
Kidneys were fixed in 4% paraformaldehyde, embedded in

paraffin or Epon and further processed for PAS staining or

transmission electron microscopy, respectively.

Immunofluorescence staining of kidney sections
Kidneys were frozen in OCT compound and sectioned at 6 mm

(Leica Kryostat). The sections were fixed with 4% paraformalde-

hyde, blocked in PBS containing 5% BSA and incubated for

1 hour with primary antibodies as indicated. After PBS rinse for

several times, fluorophore-conjugated secondary antibodies (In-

vitrogen) were applied for 30 minutes. Images were taken using

a Zeiss laser scan microscope equipped with a 636 water

immersion objective or a Zeiss fluorescence microscope equipped

with a 56, a 206 and a 406 oil immersion objective. To

determine the number of podocytes per glomerular section, kidney

sections were stained against the podocyte nuclear marker WT1.

WT1-positive cells were counted in 30 glomeruli per mouse per

condition (n= 3 for each condition).

Immunogold electron microscopy
Fixed samples of rat kidney were embedded in Lowicryl K4M

resin (Electron Microscopy Sciences), and ultrathin sections were

labeled by an indirect immunogold protocol, as described [36].

Antibodies
Antibodies were obtained from Millipore (anti-Par3 rabbit pAb,

07-330, immunofluorescence dilution 1:125), Progen (anti-Ne-

phrin guinea pig pAb, GP-N2, immunofluorescence dilution

1:100), Sigma (anti-a-Tubulin mouse mAb, T6199; anti-Podocin

rabbit pAb, P0372, immunofluorescence dilution 1:1200), Abcam

(anti-WT1 rabbit pAb, ab15249, immunofluorescence dilution

1:300) and Santa Cruz Biotechnology (anti-Scribble rabbit pAb,

H-300, sc-28737, immunofluorescence dilution 1:125; anti-Scrib-

ble goat pAb, C-20, sc-11049, immunofluorescence dilution

1:100). Mouse monoclonal antibody against rat Podocalyxin was

described before [37]. Nuclear staining reagent (To-Pro-3, T3605)

and fluorophore conjugated secondary antibodies were obtained

from Invitrogen.

Statistical Analyses
Data were expressed as the mean 6 SEM. Statistical

comparisons were performed using two-tailed Student’s t-test if

not stated otherwise. Differences with P,0.05 were considered

significant.

Supporting Information

Figure S1 Expression of Scribble in the developing and
adult kidney. Frozen kidney sections of newborn and adult

Wistar rats were stained using antibodies against Scribble and the

podocyte marker proteins (A) WT1 and (B) Nephrin. Scribble is

expressed in glomeruli as well as in segments of the tubule system.

Scale bars: 50 mm.

(TIF)

Figure S2 Expression pattern of Par3 in glomeruli of
ScribbleDpodocyte mice. Frozen kidney sections of adult

ScribbleDpodocyte and control mice were stained using antibodies

against Par3 and the slit diaphragm protein Nephrin. No

difference in the expression pattern of Par3 could be detected in

ScribbleDpodocyte compared to control mice. Arrows indicate coloca-

lisation of Par3 and Nephrin. Scale bars: 5 mm.

(TIF)

Acknowledgments

We thank Charlotte Meyer, Ann-Kathrin Fritz (Renal Division, University

Hospital Freiburg, Freiburg, Germany), Helga Schachner and Brigitte

Langer (Clinical Institute of Pathology, Medical University of Vienna,

Vienna, Austria) for excellent technical assistance.

Author Contributions

Conceived and designed the experiments: BH TBH. Performed the

experiments: BH EW NW MS STK LS BM DK JHM. Analyzed the data:

BH EW DK JHM GW TBH. Wrote the paper: BH TBH.

References

1. Pavenstadt H, Kriz W, Kretzler M (2003) Cell biology of the glomerular

podocyte. Physiol Rev 83: 253–307.

2. Hartleben B, Schweizer H, Lubben P, Bartram MP, Moller CC, et al. (2008)

Neph-Nephrin proteins bind the Par3-Par6-atypical protein kinase C (aPKC)

complex to regulate podocyte cell polarity. J Biol Chem 283: 23033–23038.

3. Pieczynski J, Margolis B (2011) Protein complexes that control renal epithelial

polarity. Am J Physiol Renal Physiol 300: F589–601.

4. Ebarasi L, He L, Hultenby K, Takemoto M, Betsholtz C, et al. (2009) A reverse

genetic screen in the zebrafish identifies crb2b as a regulator of the glomerular

filtration barrier. Dev Biol 334: 1–9.

5. Huber TB, Hartleben B, Winkelmann K, Schneider L, Becker JU, et al. (2009)

Loss of podocyte aPKClambda/iota causes polarity defects and nephrotic

syndrome. J Am Soc Nephrol 20: 798–806.

bars: 400 mm in (B), 20 mm in (C) and (D), 2 mm in (E) left and middle panel, 500 nm in (E) right panel, 2 mm in (F) upper panel, and 500 nm in (F) lower
panel.
doi:10.1371/journal.pone.0036705.g006

Scribble and Glomerular Development

PLoS ONE | www.plosone.org 9 May 2012 | Volume 7 | Issue 5 | e36705



6. Hirose T, Satoh D, Kurihara H, Kusaka C, Hirose H, et al. (2009) An essential

role of the universal polarity protein, aPKClambda, on the maintenance of

podocyte slit diaphragms. PLoS One 4: e4194.

7. Bilder D, Birnbaum D, Borg JP, Bryant P, Huigbretse J, et al. (2000) Collective

nomenclature for LAP proteins. Nat Cell Biol 2: E114.

8. Legouis R, Jaulin-Bastard F, Schott S, Navarro C, Borg JP, et al. (2003)

Basolateral targeting by leucine-rich repeat domains in epithelial cells. EMBO

Rep 4: 1096–1102.

9. Navarro C, Nola S, Audebert S, Santoni MJ, Arsanto JP, et al. (2005) Junctional

recruitment of mammalian Scribble relies on E-cadherin engagement.

Oncogene 24: 4330–4339.

10. Qin Y, Capaldo C, Gumbiner BM, Macara IG (2005) The mammalian Scribble

polarity protein regulates epithelial cell adhesion and migration through E-

cadherin. J Cell Biol 171: 1061–1071.

11. Dow LE, Kauffman JS, Caddy J, Zarbalis K, Peterson AS, et al. (2007) The

tumour-suppressor Scribble dictates cell polarity during directed epithelial

migration: regulation of Rho GTPase recruitment to the leading edge.

Oncogene 26: 2272–2282.

12. Murdoch JN, Henderson DJ, Doudney K, Gaston-Massuet C, Phillips HM, et

al. (2003) Disruption of scribble (Scrb1) causes severe neural tube defects in the

circletail mouse. Hum Mol Genet 12: 87–98.

13. Zarbalis K, May SR, Shen Y, Ekker M, Rubenstein JL, et al. (2004) A focused

and efficient genetic screening strategy in the mouse: identification of mutations

that disrupt cortical development. PLoS Biol 2: E219.

14. Copp AJ, Checiu I, Henson JN (1994) Developmental basis of severe neural tube

defects in the loop-tail (Lp) mutant mouse: use of microsatellite DNA markers to

identify embryonic genotype. Dev Biol 165: 20–29.

15. Kibar Z, Vogan KJ, Groulx N, Justice MJ, Underhill DA, et al. (2001) Ltap,

a mammalian homolog of Drosophila Strabismus/Van Gogh, is altered in the

mouse neural tube mutant Loop-tail. Nat Genet 28: 251–255.

16. Murdoch JN, Doudney K, Paternotte C, Copp AJ, Stanier P (2001) Severe

neural tube defects in the loop-tail mouse result from mutation of Lpp1, a novel

gene involved in floor plate specification. Hum Mol Genet 10: 2593–2601.

17. Murdoch JN, Rachel RA, Shah S, Beermann F, Stanier P, et al. (2001)

Circletail, a new mouse mutant with severe neural tube defects: chromosomal

localization and interaction with the loop-tail mutation. Genomics 78: 55–63.

18. Montcouquiol M, Rachel RA, Lanford PJ, Copeland NG, Jenkins NA, et al.

(2003) Identification of Vangl2 and Scrb1 as planar polarity genes in mammals.

Nature 423: 173–177.

19. Kallay LM, McNickle A, Brennwald PJ, Hubbard AL, Braiterman LT (2006)

Scribble associates with two polarity proteins, Lgl2 and Vangl2, via distinct

molecular domains. J Cell Biochem 99: 647–664.

20. Nakagawa S, Huibregtse JM (2000) Human scribble (Vartul) is targeted for

ubiquitin-mediated degradation by the high-risk papillomavirus E6 proteins and

the E6AP ubiquitin-protein ligase. Mol Cell Biol 20: 8244–8253.

21. Nakagawa S, Yano T, Nakagawa K, Takizawa S, Suzuki Y, et al. (2004)

Analysis of the expression and localisation of a LAP protein, human scribble, in
the normal and neoplastic epithelium of uterine cervix. Br J Cancer 90:

194–199.

22. Zhan L, Rosenberg A, Bergami KC, Yu M, Xuan Z, et al. (2008) Deregulation
of scribble promotes mammary tumorigenesis and reveals a role for cell polarity

in carcinoma. Cell 135: 865–878.
23. Pearson HB, Perez-Mancera PA, Dow LE, Ryan A, Tennstedt P, et al. (2011)

SCRIB expression is deregulated in human prostate cancer, and its deficiency in

mice promotes prostate neoplasia. J Clin Invest 121: 4257–4267.
24. Moeller MJ, Sanden SK, Soofi A, Wiggins RC, Holzman LB (2003) Podocyte-

specific expression of cre recombinase in transgenic mice. Genesis 35: 39–42.
25. Eremina V, Wong MA, Cui S, Schwartz L, Quaggin SE (2002) Glomerular-

specific gene excision in vivo. J Am Soc Nephrol 13: 788–793.
26. Schnabel E, Anderson JM, Farquhar MG (1990) The tight junction protein ZO-

1 is concentrated along slit diaphragms of the glomerular epithelium. J Cell Biol

111: 1255–1263.
27. Hirabayashi S, Tajima M, Yao I, Nishimura W, Mori H, et al. (2003) JAM4,

a junctional cell adhesion molecule interacting with a tight junction protein,
MAGI-1. Mol Cell Biol 23: 4267–4282.

28. Reiser J, Kriz W, Kretzler M, Mundel P (2000) The glomerular slit diaphragm is

a modified adherens junction. J Am Soc Nephrol 11: 1–8.
29. Skouloudaki K, Puetz M, Simons M, Courbard JR, Boehlke C, et al. (2009)

Scribble participates in Hippo signaling and is required for normal zebrafish
pronephros development. Proc Natl Acad Sci U S A 106: 8579–8584.

30. Schwenk F, Baron U, Rajewsky K (1995) A cre-transgenic mouse strain for the
ubiquitous deletion of loxP-flanked gene segments including deletion in germ

cells. Nucleic Acids Res 23: 5080–5081.

31. Rajewsky K, Gu H, Kuhn R, Betz UA, Muller W, et al. (1996) Conditional gene
targeting. J Clin Invest 98: 600–603.

32. Morita H, Yoshimura A, Inui K, Ideura T, Watanabe H, et al. (2005) Heparan
sulfate of perlecan is involved in glomerular filtration. J Am Soc Nephrol 16:

1703–1710.

33. Weening JJ, Van Guldener C, Daha MR, Klar N, van der Wal A, et al. (1987)
The pathophysiology of protein-overload proteinuria. Am J Pathol 129: 64–73.

34. Wang Y, Wang YP, Tay YC, Harris DC (2000) Progressive adriamycin
nephropathy in mice: sequence of histologic and immunohistochemical events.

Kidney Int 58: 1797–1804.
35. Avner ED, Villee DB, Schneeberger EE, Grupe WE (1983) An organ culture

model for the study of metanephric development. J Urol 129: 660–664.

36. Horvat R, Hovorka A, Dekan G, Poczewski H, Kerjaschki D (1986) Endothelial
cell membranes contain podocalyxin–the major sialoprotein of visceral

glomerular epithelial cells. J Cell Biol 102: 484–491.
37. Economou CG, Kitsiou PV, Tzinia AK, Panagopoulou E, Marinos E, et al.

(2004) Enhanced podocalyxin expression alters the structure of podocyte basal

surface. J Cell Sci 117: 3281–3294.

Scribble and Glomerular Development

PLoS ONE | www.plosone.org 10 May 2012 | Volume 7 | Issue 5 | e36705


