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The glomerular filtration barrier is necessary for the selective passage of low molecular weight waste
products and the retention of blood plasma proteins. Damage to the filter results in proteinuria. The filtration
barrier is the major pathogenic site in almost all glomerular diseases and its study is therefore of clinical
significance. We have taken advantage of the zebrafish pronephros as a system for studying glomerular
filtration. In order to identify new regulators of filtration barrier assembly, we have performed a reverse
genetic screen in the zebrafish testing a group of genes which are enriched in their expression within the

I;?gggg: mammalian glomerulus. In this novel screen, we have coupled gene knockdown using morpholinos with a
Pronephros physiological glomerular dye filtration assay to test for selective glomerular permeability in living zebrafish
Glomerulus larvae. Screening 20 genes resulted in the identification of ralgps1, rapgef2, rabgef1, and crb2b. The crumbs
Glomerular filtration barrier (crb) genes encode a family of evolutionarily conserved proteins important for apical-basal polarity within
Nephrin epithelia. The crb2b gene is expressed in zebrafish podocytes. Electron microscopic analysis of crb2b
Zebrafish morphants reveals a gross disorganization of podocyte foot process architecture and loss of slit diaphragms
Cr.ump s while overall polarity is maintained. Nephrin, a major component of the slit diaphragm, is apically mis-
St diaphragm localized in podocytes fi b2b morphant ting that crb2b is required for the proper protein
Differentiation ocalized in podocytes from cri morphants suggesting that cri s required for the proper pro

trafficking of Nephrin. This report is the first to show a role for crb function in podocyte differentiation.
Furthermore, these results suggest a novel link between epithelial polarization and the maintenance of a
functional filtration barrier.

Cell polarity

© 2009 Published by Elsevier Inc.

Introduction component of the filtration barrier. At the ultrastructural level, pro-

teinuria is usually associated with the initial effacement and simpli-
fication of podocyte foot processes followed by the loss of foot process
contacts with the GBM. Effacement is accompanied by profound
changes in the podocyte cytoskeletal architecture and the loss of slit
diaphragms. Proteinuria occurs in almost all glomerular diseases and
is a common patho-mechanism in the progression to further glome-
rular damage.

The kidney glomerulus filters the blood by passage of plasma
across a selectively permeable and multi-layered filter, termed the
glomerular filtration barrier, made of fenestrated endothelial cells,
glomerular basement membrane (GBM), and epithelial podocytes,
first described in detail by Farquhar et al. (1961). Proper filtration is
dependent upon the combined integrity of these three layers and

results in the retention of plasma proteins within the blood and pass-
age of low molecular waste products and metabolites into the filtrate.

Chemically induced damage or genetic lesions which compromise
filtration barrier integrity result in the leakage of blood plasma
proteins into the urinary space termed proteinuria (Tryggvason et al.,
2006). The presence of regularly spaced and interdigitated podocyte
foot processes with their associated slit diaphragms is an essential

Abbreviations: GBM, glomerular basement membrane; dpf, days post fertilization;
crb, crumbs.
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The molecular cloning of human glomerular disease loci and
targeted gene knock out in mouse have identified several important
components of the filtration barrier assembly and also drawn atten-
tion to the central role of podocytes in glomerular function. Nephrin, a
transmembrane protein belonging to the Ig superfamily, has been one
focal point of research efforts. The Nephrin protein is a principle
component of the slit diaphragm, and the human NPHS1 gene is
mutated in congenital nephrosis of the Finnish type (Beltcheva et al.,
2001; Kestila et al., 1998). Nephrin, and several physically interacting
proteins, participate in signaling functions to regulate the coupled
processes of foot process arborization and slit diaphragm formation
(Huber et al., 2003). Nephrin functions within a signaling pathway to
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regulate foot process architecture, at least in part, through locally
organizing the cytoskeleton (Huber et al., 2001; Jones et al., 2006;
Verma et al., 2006). Studies of podocytes/endothelial interactions
through the VEGF signaling axis have demonstrated the importance of
cell-cell communication in the maintenance of the barrier in
differentiated glomeruli (Eremina et al., 2007).

The filtration barrier is a complex and dynamic structure and
its regulation involves the integration of multiple signaling path-
ways between endothelial, mesangial and podocyte cells. A com-
plementary approach to studying individual genes or pathways
described above has been molecular profiling of isolated glomeruli,
for example using microarrays, in both healthy and disease states
(Betsholtz et al., 2007).

GlomBase is a glomerular transcript bioinformatics database gene-
rated from the large scale sequencing of ESTs from normalized cDNA
libraries made from isolated newborn and adult mouse glomeruli
(Takemoto et al., 2006). Transcriptional profiling by microarray ana-
lysis has identified over 300 GlomBase genes or ‘glomerular genes’,
which are expressed at over two-fold higher levels in the glomerulus
in comparison to non-glomerular kidney tissue. In a complementary
approach, EST mining was employed to identify glomerulus enriched
genes in these libraries relative to whole kidney libraries (He et al.,
2007). Importantly, many novel and known genes were also identified
whose developmental or physiological roles in the glomerulus have
not been explored and therefore await functional studies in animal
model systems. GlomBase therefore represents a unique informa-
tional knowledgebase from which to explore new aspects of glome-
rular biology and disease.

Due to its several experimental advantages, the zebrafish has be-
come an excellent vertebrate model system for studying gene function
and generating human disease models for studies of disease mechan-
isms. Forward genetic screens, coupled with molecular cloning of the
mutated loci, have been a powerful gene discovery approach and have
led to the elucidation of new regulatory pathways in development and
disease. A complementary approach takes advantage of morpholinos,
sequence specific antisense oligonucleotide molecules, which have
become extremely popular in rapidly and reliably testing the function
of a known gene (Heasman, 2002; Nasevicius and Ekker, 2000).

The zebrafish embryonic kidney (pronephros) is a genetically
tractable vertebrate experimental system for studying nephrogenesis
(Drummond, 2004). The pronephros is made of two nephrons joined
by a single glomerulus which is vascularized by capillaries made of
fenestrated endothelia. Podocytes and endothelial cells are assembled
into a filtration barrier with podocyte foot processes, slit diaphragms,
and a GBM resembling the mammalian filtration barrier at the ultra-
strucural level (Drummond, 2004; Kramer-Zucker et al., 2005).
Zebrafish glomerular filtration begins by 48 h post fertilization (hpf)
and continues throughout adult life.

In this study, we have applied the zebrafish pronephros as an
experimental system to conduct a novel, in vivo functional screen of
GlomBase genes for glomerular function. We have coupled morpho-
lino knockdown with a physiological glomerular filtration assay that
can be performed in living zebrafish larvae. Using this screen, we have
identified several genes which are required for the selective perme-
ability of the glomerular filtration barrier. We have focused our atten-
tion on crb2b, a member of the Crumbs protein family implicated in
the regulation of epithelial polarity. We demonstrate a role for crb
genes in podocyte differentiation and suggest a novel link between
epithelial polarization and podocyte foot process formation.

Materials and methods
Zebrafish husbandry

Zebrafish were grown following standard protocols (Westerfield,
1993).

Morpholino injections

Morpholinos (Gene Tools LLC, Philomath, Oregon) are listed in
Table S1. Morpholino were injected at 250 pM in 0.3x Danieu's buffer
with phenol red as a tracer. For the rescue experiments, wildtype
crb2b mRNA was co-injected with crb2b-ATG or crb2b-SP at approx-
imately 100 pg/embryo. Injections were done using Harvard Appa-
ratus borosilicate glass capillaries (GC100TF-10).

Histological analysis

Larvae were fixed in Bouin's (Polysciences) overnight at 4 °C.
Samples were dehydrated through an ethanol series and processed for
embedding in Polysciences |B-4. A Leica RM 2155 microtome was used
to cut 6 um sections. Sections were stained in hematoxylin/eosin and
mounted in Pertex (Medite GmbH) for light microscopy.

Molecular cloning

Zebrafish ¢cDNA sequences were cloned from 2-4 dpf random
primed cDNA by PCR using primers listed in Table S3. PCR products
were amplified using Invitrogen's Generacer Superscript Il RT module
and cloned using Invitrogen's TA TOPO cloning kit. RTPCR products
were amplified using the forward primer 5’ TGCATCCCTTCAATA-
CAGCA 3’ and the reverse primer 5’GATTCCATTGGAGGAGCGTA 3’
spanning crb2b exon 9.

Glomerular dye filtration assay

Zebrafish larvae aged 3.5-4 dpf were anaesthetized with Tricaine
prior to injections. Lysine fixable 1% 500 kDa FITC dextran/1% 10 kDa
tetramethylrhodamine dextran (Molecular Probes) in 0.2 M KCl was
injected under the pectoral fin into the CCV which connects directly to
the cardiac inflow tract. The dyes were allowed to circulate for 8 h and
the larvae were fixed in 4% PFA/1x PBS and processed for plastic
sectioning in JB-4. The 10 kDa dye was used as an internal control for
successful injection and the presence of tubules in morphants. Due to
the size selectivity of the glomerular filter, the 500 kDa dextran dye is
not able to pass through the filtration barrier resulting in tubules
which are negative for FITC labeled endosomes. However, if the glo-
merular filter is damaged, the 500 kDa dextran dye flows across the
filtration barrier and into the pronephric tubules where they are
endocytosed into epithelial cells. Sections were cut at a thickness of
6 um and mounted in Vectashield (Vector Labs).

In situ hybridization

In situ hybridizations were done as described (Thisse et al., 2004).
Templates were linearized prior to in vitro transcription: nephrin Eco
RV/SP6, podocin Not I/SP6, wt1 Not I/T7, crb2a Bam HI/T7 and crb2b
Eco RV/SP6.

a-Nephrin antibody

A rabbit polyclonal antibody against zebrafish Nephrin was de-
signed and produced at Innovagen (Lund, Sweden). A synthetic pep-
tide of the carboxy terminal amino acids 163-176 [(NH,-) CRDTDLPF-
ELRGELV (-CONH;)] was synthesized and coupled to KLH carrier via
the cysteine residue (underlined). Antibodies were produced follow-
ing Innovagen's standard protocol. The antiserum was affinity-purified
with the synthetic peptide using the SulfoLink Kit (Pierce).

Cell transfections and Western blotting

The nephrin full length cDNA was cloned into pcDNA3.1. HEK-293
cells were cultured in Dulbecco's modified Eagle medium supple-
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mented with 10% heat-inactivated fetal calf serum, 2 mM L-
glutamine, and 100 U/ml penicillin/streptomycin (Invitrogen) at
37 °C in a CO, incubator. Transfection of cells was performed
with the Lipofectamine 2000 Reagent (Invitrogen). Cells were solu-
bilized in lysis buffer (0.1 M DTT, 2xSDS Loading buffer (pH6.8)
and protease inhibitors (Roche Diagnostics), boiled, and sheared
with a 27 gauge needle. 50 pg protein was separated on NUPAGE
Novex Bis-Tris 4-12% Gel under reducing conditions and trans-
ferred to PVDF membrane (Amersham). The membrane was incu-
bated with o-Nephrin antibody (0.9 pg/ml) and then incubated
with rabbit Ig HRP (Amersham) HRP activity was detected using ECL
(Amersham).

Immunofluorescence

The rabbit a-panCrb (gift from Dr. J. Malicki) and o-Nephrin
polyclonal antibodies were used to stain frozen sections at a dilution
of 1:250 and 1:200, respectively. Goat oi-rabbit Alexa 488 (Molecular
Probes) was used as a secondary at 1:2000 dilution. The o-6F mono-
clonal antibody (Developmental Studies Hybridoma Bank) was used
for staining of Dent's fixed embryos at 1:100 dilution. o-ZO-1 mAb
(Zymed) was used at 1:1000 to stain frozen sections. a-acetylated
Tubulin (Sigma) was used to stain Dents fixed embryos as described
in Sullivan-Brown et al. (2008).

Electron microscopy

Larvae were fixed in 2% glutaraldehyde/0.5% paraformaldehyde/
0.1 M cacodylate/0.1 M sucrose/3 mM CaCl, and washed in 0.1 M
cacodylate buffer pH 7.4 prior to staining in 2% 0sO,4 in cacodylate
buffer for 1 h at room temperature. Samples were dehydrated and en
bloc staining was performed in 2% uranyl acetate in absolute ethanol
for 1 h at room temperature. Samples were then taken through an
Epon 812/acetone series and embedded at 60 °C in pure Epon 812.
Thin sections of 70 nm thickness were made on a Leica EM UC6
ultratome and mounted on formvar coated copper slot grids. Post-
staining was done with 2% aqueous uranyl acetate pH 3.5 and Venable
and Cogglesall's lead citrate. Grids were analyzed on a JEOL 1230
electron microscope.

Immuno-electron microscopy

Larvae were fixed in 3% paraformaldehyde/0.1 M phosphate buffer
pH7.4, dehydrated into absolute methanol at low temperature, and
embedded in Lowicryl K11 M (Chemische Werke Lowi GmbH).
Ultrathin sections of 40 nm thickness were cut with a diamond
knife and mounted on carbon/formvar nickel grids. The grids were
blocked in 2% BSA/2% Gelatin/0.1 M phosphate buffer at pH7.4 for 2 h
at room temperature followed by an overnight incubation in
a-Nephrin antibodies at a 1:20 dilution at 4 °C. After rinsing in 0.1%
BSA/0.1% Gelatin/0.1 M phosphate buffer pH7.4, protein A conjugated
with 10 nm colloidal gold (Biocell) diluted 1:50 was added and
incubated for 2 h at room temperature. The grids were then rinsed in
0.1 M phosphate buffer and post-fixed in 2% Glutaraldehyde/0.1 M
cacodylate/0.1 M sucrose for 15 min. Grids were post-stained with 4%
uranyl acetate (12 min) followed by Reynold's lead citrate (4 min).
Samples were examined in a LEO 906 microscope at 80 kV.

Results

We designed morpholinos against selected GlomBase genes in
order to test their requirements in glomerular function (Table S1).
Gene targets were chosen using a combination of criteria. Genes
were chosen based on their expression ranking where those genes
which had a higher glomerulus to non-glomerulus expression ratio
were favored. In addition, genes for which 5’ untranslated sequences

surrounding the ATG start codon were available for the design of
translation blocking morpholinos were prioritized. Thirdly we chose
genes for which no previously reported role had been found in glo-
merular function.

We injected gene specific morpholinos into 1-2 cell stage zebrafish
embryos and allowed the embryos to grow up to 84 hpf. By this time,
fenestrated endothelia, GBM, regularly spaced podocyte foot pro-
cesses, and slit diaphragms are all present indicating that the
glomerular filtration barrier is relatively mature (Kramer-Zucker
et al., 2005). We anticipated that loss of glomerular function would
be associated with pericardial edema, based on reported knockdown
of the nephrin and podocin genes in zebrafish and the analysis of
zebrafish morphants and mutants (Kramer-Zucker et al., 2005;
Majumdar and Drummond, 2000).

In the screen, several of the gene knockdowns resulted in
pericardial edema and pronephric cyst phenotypes consistent with
the inability to osmoregulate. The penetrance of these phenotypes
varied from 21% to 78% depending on the targeted gene and the
efficacy of the morpholino (Table S1). A standard control morpholino
was injected and served as a baseline for the occurrence of
spontaneous pericardial edema.

Pronephric morphants

Overall, 67% of the 20 knockdowns were associated with a
pericardial edema and pronephric cyst phenotype. The pronephric
phenotypes recovered may result from defects that span a develop-
mental to functional spectrum. Morpholino knockdown of arfgap,
hix1, nostrin, emp2, and rab3b, resulted in severe pericardial and
yolk edema by 48 hpf and an absence of blood circulation precluding
dye filtration studies. Histological analysis of these morphants showed
abnormal pronephric anatomy in these morphants. Since our goal
was to perform a screen for genes necessary for the function of
the glomerular filtration barrier, we pursued those morphants which
developed pericardial edema at 3 dpf or later and had blood
circulation.

Glomerular filtration screen

Proteinuria, as a read out of glomerular damage, has not been well
defined in fish. In order to determine the integrity of the filtration
barrier, a qualitative and molecular glomerular dye filtration assay was
used. We have approximated a proteinuria assay by assessing the
passage of fluorescently labeled dextran dyes through the prone-
phric glomerular filter using a glomerular dye filtration assay. The
dye filtration assay has been used previously as a qualitative, yet
molecular, test for glomerular permeability and the integrity of
the filtration apparatus (Majumdar and Drummond, 2000). Knock-
down of the slit diaphragm associated proteins Nephrin, Podocin,
and CD2AP result in leakage of dextran dyes into the pronephric
tubules paralleling the proteinuria phenotypes found in patients
carrying mutations in these genes (Hentschel et al., 2007; Kramer-
Zucker et al., 2005).

In the ralgps1, rabgefl, rapgef2, and crb2 morphants, the 500 kDa
FITC dye is found in the pronephric tubules indicating passage of this
dye through the glomerular filter and that glomerular permeability is
compromised (Fig. 1 and Table 1). In contrast, sema3g and ga17 mor-
phants do not show defective glomerular permeability even though
they showed clear defects in glomerular histology. The dye filtration
assay therefore implicates ralgpsi, rabgefl, rapgef2, and crb2 in
filtration barrier function.

The crb2b gene is important for assembly of the filtration barrier

We chose to pursue the role of crb2 in the glomerulus for several
reasons. We observed a morphant phenotype in over 50% of injected
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rapgef2

Fig. 1. Glomerular dye filtration assays on morphants. (A) Control morpholino injected 4 dpf larvae show no uptake of the 500 kDa FITC dextran dye into pronephric tubules (circled
by white line). Dye is present within the dorsal aorta lumen (asterisk). In the inset, a schematic of a transverse section shows the relative positions of the somites (S), notochord (N),
and pronephric tubules (T). (B) In crb2b morphants, the 500 kDa FITC dye is taken up into endosomes in the pronephric tubule epithelial cells (arrowheads). Similar uptake of the
500 kDa FITC dextran tracer is observed in ralgps1(C), rabgef1 (D), rapgef2 (E) morphants, but not in ga17 morphants (F), which tested negative in this assay. Nuclei are labeled with

DAPI. Scale bar, 20 pm.

embryos and observed robust results in the dye filtration assay.
Crumbs proteins are important in the establishment of epithelial
apical-basal polarity (Richard et al., 2006). Since podocytes are highly
polarized epithelial cells, exploring the possible role of crb2 in
podocytes might provide an entrance point into studying cell polarity
in podocytes, a largely unexplored area. Starting from BLAST searches
against the Ensembl database, we cloned two crb2 paralogs from
zebrafish ¢cDNA and confirmed their identities with the published
crb2a and crb2b sequences (Hsu et al., 2006; Omori and Malicki,
2006). We confirmed the crb2b morpholino targeted the crb2b locus
by alignment of the morpholino with the Ensembl sequence and by
RTPCR and sequence analysis (Fig. 2).

In situ hybridization revealed that crb2b is expressed within the
pronephric glomerulus beginning at 48 hpf and continues through
96 hpf, correlating with the differentiation of podocytes (Fig. S1). In
contrast to the results of Omori and Malicki (2006) crb2b mRNA was
not detectable in tubular or duct segments of the pronephros. In
agreement with the in situ experiments, Crb protein was detected
within glomerular cells using a published oi-panCrb antibody directed
against the cytoplasmic PDZ binding domain (Fig. S1F). crb2a mRNA
expression was not detectable in the pronephros during embryonic or
larval stages. Because crb2b is the only crb gene expressed within the
glomerulus during these developmental stages, we conclude that the
a-panCrb immunoreactivity is due specifically to crb2b. Attempts to

Table 1

Penetrance of dye filtration phenotypes.

Gene targeted Penetrance (%) N
crb2l-2 100 11
crb2l-atg 69 13
gal7 8 12
rabgef1 33 3
ralgps1 67 9
rapgef2 80 5
sema3g 0 7
Standard control 0 10

determine the sub-cellular localization of Crb2b protein in podocytes
by immuno-electron microscopy were unsuccessful.

The crb2b morpholino used in the screen was designed as a splice
blocking (SP) morpholino predicted to cause the deletion of exon 9
and the fusion of exon 8 with 10 resulting in a 554 bp deletion
(Figs. 2B, C). Conceptual translation of the splice product predicts that
the open reading frame is thrown out of frame and after 42 bp of
intron sequence contains a premature stop codon at amino acid 959.
Both of the morphant mRNA species result in premature truncation of
translation and are predicted to produce a Crb2b protein harboring
the first 15 EGF-like repeats but lacking transmembrane, FERM and
PDZ binding domains. The pericardial edema and pronephric cyst
phenotypes were confirmed using an additional morpholino (Fig. 2A).
Knockdown of crb2b using either crb2b-ATG MO or the crb2b-SP MO
morpholino results in similar dye filtration defects and is associated
with loss of ai-panCrb glomerular expression (Figs. 2D-G). In addition,
tubular a-panCrb staining persists in crb2b morphants indicating that
the expression of other Crb proteins, but not Crb2b, within the tubules
is not affected in morphants (data not shown). Pericardial edema and
pronephric cyst phenotypes were rescued by co-injection with
wildtype full length crb2b mRNA demonstrating that the phenotypes
were due to loss of crb2b function only (Fig. 2A). We refer to crb2b
morphants hereafter as crb2b MO.

Histological examination of crb2b morphants revealed an abnor-
mal glomerular morphology and an expanded Bowman's space
(Figs. 3C, D). In order to determine whether podocytes were diffe-
rentiating in crb2b MO, we conducted in situ hybridization with wt1,
podocin, and nephrin antisense probes which are markers of podocyte
differentiation. In wildtype and control 48 hpf larvae, podocytes are
found in two clusters underneath the notochord on either side of a
midline capillary tuft (Figs. 3G, I, K). In crb2b MO, nephrin, wt1, and
podocin positive cells are found indicating that podocytes are diffe-
rentiating in crb2b MO (Figs. 3H, J, L).

We next sought to determine whether podocytes in crb2b
MO differentiate foot processes and slit diaphragms. Podocytes are
highly polarized cells with their apical cell bodies in the Bowman's
space while basal membranes form elaborate, branched and regularly



L. Ebarasi et al. / Developmental Biology 334 (2009) 1-9 5

100 208/224
90

© 99/124
g 80
£ 70
g
§ 60
o 50
[=N
=4 47157
g 15/85
2 20
¥ m -
¢ 0 —
crb2b-SP MO crb2b-ATG  crb2b-SP MO  crb2b-ATG  crb2b mm MO
MO +crb2b mRNA MO + crb2b
B - e mRNA

crb2b-ATG MO

C

crb2b-SP MO
1 KB plus ladder

crb2b mm MO

1079 bp =

crb3b- SP MO

H crb2b-SP MO bottom band
Exon 8
CACAGGCCGTATTATGGAGAGCACTGTTCTGAAG?

crb2b-SP MO

HRPY Y GEHU CSETDEAVSERR REVSGHTLE™

crb2b-SP MO top band
Exon 9

intron

TGCGTGGGGGACCAGACGTGCAAGgtcagactgatggaagtat tagacacatacagtaaaaagtga
CVG6DQTCKVRLMEVLDEKYSKTE K™

Fig. 2. Morpholino knockdown. (A) Penetrance of morphant phenotypes using crb2b-ATG and crb2b-SP morpholinos. Co-injection with wildtype crb2b mRNA rescues the morphant
defects. A mismatch morpholino based on crb2b-SP does not induce pericardial edema or pronephric cyst phenotypes. Sample sizes are shown above the bars. (B) Exon structure of
crb2b and position of crb2b-ATG and crb2b-SP morpholinos. PCR primers are shown (arrows). (C) RTPCR of crb2b mRNA from mismatch control injected embryos yields the expected
1569 bp product. RTPCR of crb2b mRNA from crb2b-SP embryos yields an expected 1079 bp band, resulting from the deletion of Exon 9, and an additional product of 1811 bp.
Glomerular a-panCrb staining observed in mismatch injected embryos (D) is lost in embryos injected with crb2b-ATG (or crb2b-SP) (E). (F, G) crb2b-ATG and crb2b-SP induce
glomerular permeability defects as assayed by the re-uptake of 500 kDa FITC dextran dye into pronephric tubule endosomes. (H) The lower 1079 band results from the deletion of
exon 9 and the fusion of exon 8 (black) to exon 10 (pink). The 1811 bp upper band resulted from the insertion of 242 bp of intronic sequences (blue) downstream of the morpholino
target sequence. Translation of intronic sequences results in premature stop codons (asterisk).

patterned, interdigitated foot processes on the GBM (Fig. 4A). Bet-
ween the cell body and the foot processes the microtubule enriched
primary, or major, processes are found. Slit diaphragms bridge foot
processes from adjacent podocytes and are visible as a thin membrane
close to the site of podocyte GBM contact. Tight and adherens junc-
tions are found in immature podocytes, but are replaced by slit
diaphragms in fully differentiated cells.

In crb2b MO, podocytes are found on the outer aspect of endo-
thelial capillary loops and make contact with a morphologically
normal GBM (Fig. 4B). In contrast to controls, crb2b MO podocytes
show long stretches of cell membrane in close contact with the GBM
and morphologically identifiable foot processes were not visible.
Morphants showed 0.8 4+ 0.3 slits/um in comparison to controls which

showed 5.440.8 slits/um indicating reduced foot process forma-
tion. In some areas, tight junctions were observed while slit dia-
phragms were completely absent (Fig. S2). Consistent with our dye
filtration results, we observed electron dense precipitate in the
Bowman's space which likely results from the leakage of plasma
proteins across the filtration barrier. Serial reconstruction of indivi-
dual podocytes in crb2b morphants showed that podocytes extend
protrusions from the apical membrane into Bowman's space (n=38
podocytes reconstructed in crb2b MO, n=6 podocytes in controls)
(Fig. S3). These membrane protrusions appear disorganized and
contact nearby GBM or parietal epithelium.

In order to assess overall polarity within crb2b MO podocytes, we
have used a-acetylated Tubulin antibody as a molecular marker of
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podocin podocin
nephrin nephrin

Fig. 3. Phenotype of the crb2b morphants. (A) Control mismatch and (B) crb2b-ATG injected 2.5 dpf larvae. Note the pericardial edema (arrowhead) and pronephric cysts (arrow).
(C, D) Histological sections at the level of the glomerulus in control (C) and crb2b-ATG MO (D). Note the expanded Bowman's space (asterisk) in D. (E, F) Staining with a-Na* /K™
ATPase in the pronephric tubules and ducts is not generally affected in crb2b MO. (G-L) In situ hybridization on 2 dpf wildtype (G, I, K) or crb2b-ATG (H, J, L) with wt1 (G, H), podocin
(I, ]), or nephrin (K, L) antisense probes. Cells expressing wt1, nephrin, and podocin are present in crb2b morphants (black arrowheads).

podocyte major, or primary, processes (Drenckhahn and Franke, 1988;
Pavenstadt et al., 2003). Primary processes lie lateral and basal with
respect to the nucleus/cell body in wildtype podocytes but apical to
the foot processes and GBM. The relative orientation of c-acetylated
Tubulin staining to the nucleus and basement membrane therefore
serves as a readout of polarity within podocytes. We found that o-
acetylated Tubulin staining is present in between the nucleus and
GBM in crb2b MO, similar to wildtype, indicating that primary
processes were present and general aspects of cell polarity are
maintained (Fig. S4).

In order to molecularly define the podocyte foot process de-
fect, we sought to determine the localization of the slit diaphragm
protein Nephrin in crb2b morphants. A rabbit polyclonal antibody
was made against the carboxy terminus of zebrafish Nephrin. On
Western blots, the a-Nephrin antibody recognizes a single band in
HEK293 cells transfected with a plasmid expressing the full length
zebrafish nephrin ¢cDNA (Fig. S5A) (Kramer-Zucker et al., 2005). In
immuno-electron microscopy, a-Nephrin conjugated gold particles
localize to the inner aspect of the slit diaphragm but not apical
membranes (Fig. S5B). In control embryos injected with the
mismatch morpholino, Nephrin protein is present along the basal
aspect of podocyte cell bodies (Fig. 4C). Notably, in crb2b MO,
Nephrin protein is mis-localized and present in punctate structures
throughout the podocytes (Figs. 4D, E). These results suggest that
crb2b is required for the correct targeting of Nephrin protein to slit
diaphragms within podocytes. In order to determine whether the
mis-localized Nephrin protein was present in podocyte apical
membrane projections in crb2b MO, we performed immuno-electron
microscopy using the a-Nephrin antibody. In crb2b MO podocytes,
Nephrin protein was found associated with the plasma membrane
in apical projections (Figs. 4F, G). These results demonstrate that

Nephrin protein is apically mis-targeted in podocytes lacking crb2b
function.

Discussion
A screen for glomerlar function in the zebrafish

Forward genetic screens in the zebrafish combined with mole-
cular cloning of the mutated loci have been successful in gaining
insight into developmental and disease mechanisms and for gene
discovery. In our screen, we have tested known and novel genes for
roles in glomerular function with the expectation that the gene tar-
gets identified will be relevant to normal mammalian glomerular
function and perhaps disease. This approach has allowed us to explore
new aspects of glomerular biology that would be too impractical to
attempt by traditional gene knock out in mouse. From a glomerular
perspective, the screen is novel and the first of its kind because it
combines an in vivo glomerular permeability physiological assay with
functional genetics in a vertebrate system.

Crb2b is a regulator of podocyte maturation

Relatively little is known about how Crb proteins function in dev-
elopment. Drosophila crumbs (crb) was first identified as a regulator
of epithelialization and apical membrane differentiation during
cellularization in the blastoderm stage (Tepass et al., 1990). Over-
expression of crb causes the expansion of apical membrane at the
expense of basolateral membrane (Wodarz et al., 1993). crb gene-
tically interacts with stardust (std) and bazooka (baz), two other
members of a signaling pathway important in establishing apical-
basal polarity (Tanentzapf and Tepass, 2003; Tepass and Knust, 1993).
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Fig. 4. crb2b morphants show defects in podocyte morphology. (A) Electron micrograph of a podocyte from control 4 dpf larvae shows the regular patterned array of foot processes
along the GBM; GBM (black arrow) and slit diaphragms (black arrowheads). (B) In crb2b morphants, podocytes are attached to a GBM (black arrow), but the organization of regularly
spaced foot processes is lost (white arrows show foot process fusion). Slit diaphragms are absent. Endothelial fenestrations are reduced in frequency. Nephrin protein is apically mis-
localized in crb2b morphant podocytes. (C) Staining with a-Nephrin antibody shows that Nephrin protein is present (arrowheads) only along the surface of the GBM (visualized with
WGA FITC). (D, E) In crb2b morphants, Nephrin protein is present throughout the podocytes with punctate staining (arrowheads) distal to the GBM. Nuclei visualized with DAPI;
scale bar, 5 um. (F) Immuno-electron microscopy with the a-Nephrin antibody in crb2b MO shows a podocyte with an apical membrane projection. White arrows indicate the GBM.
(G) A magnification of the tip of the membrane projection indicated by the arrowhead in D. Nephrin protein is associated with the inner aspect of the plasma membrane (gold
particles indicated by black arrowheads in E) within ectopic projections extending from podocyte apical membranes.

Since then, the Crb family of proteins have been discovered in
vertebrates and functions within an evolutionarily conserved Crb/
Pals1/Patj multi-protein complex to regulate the establishment of
apical-basal polarity in epithelia and the formation of apical mem-
brane features (Margolis and Borg, 2005; Roh et al., 2003; Roh et al.,
2002; Shin et al., 2006).

We found that crb2b is required for the morphological differen-
tiation of podocyte foot processes. Foot processes were grossly
simplified in morphant podocytes and the presence of slit diaphragms
was greatly reduced or even absent thus providing an explanation for
the isolation of crb2b in our glomerular filtration screen. The
phenotypes we observe are more severe than those observed in the
Nephrin knock out mouse or nephrin morphant zebrafish, where slit
diaphragms are absent, but foot processes still form (Kramer-Zucker
et al., 2005; Putaala et al., 2001). Defects in apical-basal differentia-
tion are not observed in nephrin loss of functions podocytes. In crb2b
MO podocytes, morphological and molecular defects were observed
in both apical and basal membranes indicating a wider role for crb2b
in podocyte biology. In addition, these results stand in contrast to
the photoreceptor defects reported in crb2b morphants, where the
apical inner segment is specifically shortened, but cellular structures

basolateral to the outer limiting membrane are not affected (Omori
and Malicki, 2006). Likewise, crb2b appears to have a wider role in
podocytes than those proposed for crb2b or crb3 as regulators of
ciliogenesis in renal tubular epithelia. In both of these cases, the cilia,
specialized structures of the apical membrane, are specifically affected
without defects in basolateral membranes (Fan et al., 2004; Omori and
Malicki, 2006).

However, some basic aspects of cell polarity are present within
crb2b MO podocytes. Significantly, podocytes lacking crb2b func-
tion synthesize and make contact with an apparently normal GBM.
The GBM arises through a fusion of the podocyte and capillary
endothelial basement membranes during glomerulogenesis, and the
presence of a GBM indicates that podocytes in crb2b MO are able to
make a basement membrane, which is a fundamental early manifes-
tation of polarity in epithelial cells. In addition, crb2b MO podocytes
maintain the relative orientation of the cell body/nucleus, primary
processes, and GBM consistent with the retention of overall polarity.
These observations would suggest that crb2b is not required in
establishing the early apical-basal polarity axis in podocytes.

What makes podocytes unique among epithelial cells is their
highly branched cellular architecture and interdigitated foot processes
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and their specialized cellular junctions, the slit diaphragms. Though
the maintenance of foot processes has long been recognized as crucial
for filtration barrier function and a pathological target, the molecular
and genetic mechanisms regulating their formation and elaboration
from larger processes has been largely unknown. Our analysis of the
crb2b phenotype favors specific roles in podocyte foot process arbo-
risation and membrane differentiation as opposed to a more general
role in early fundamental decisions of apical-basal polarity. These
results provide a way of understanding foot process formation within
the larger context of apical-basal cell differentiation.

Crb2b and Nephrin

In crb2b morphants, the membrane projections could result from
an expanded production of the apical membrane domain at the
expense of foot processes. However, the presence of Nephrin protein
in the projections is inconsistent with an apical character. Further-
more, we observed that these projections were competent to form
foot processes when they encountered GBM suggesting that they may
harbor the molecular machinery for elaborating foot processes when
given the correct environmental stimulus. It will be important to
determine whether other slit diaphragm components are similarly
mis-targeted in the absence of crb2b function.

The presence of Nephrin protein in the projections gives the
projections a basal or foot process character. It's possible that the
projections represent ectopic micro-domains of basolateral mem-
brane embedded within the podocyte apical membrane, making the
podocyte plasma membranes in crb2b morphants a mosaic of apical
and basal membranes. This interpretation is consistent with the
expanded basolateral domains observed in Drosophila crb mutants
and leads to two possible functions for crb2b in podocytes. Crb
proteins have been proposed to be required for the formation of tight
junctions and tight junctions are known to function as a fence
whereby they prevent the mixing of apical and basolateral membrane
domains (Roh et al.,, 2003; Shin et al., 2006). Therefore, the podocyte
defects observed in crb2b morphants could arise from an inability of
morphant podocytes to form tight and adherens junctions which
could, in turn, result in a random mixing of apical and basolateral
membranes. However, in crb2b MO podocytes, tight junctions were
observed in electron micrographs while slits diaphragms were
dramatically reduced, indicating that crb2b is not strictly required
for tight junction formation, but may be involved in the maturation of
tight/adherens junctions into slits. In fact, because Nephrin is a slit
diaphragm but not a tight junction component, the persistence of
tight junctions in morphant podocytes may be a consequence of the
mis-targeting of Nephrin in the absence of crb2b.

Alternatively, Crb2b protein may play a more direct role in the
synthesis of different membrane domains during epithelial differ-
entiation by, for example, regulating the formation of lipid rafts or
lipid sub-domains through vesicular trafficking events. It is known
that Nephrin is recruited to lipid raft domains during slit diaphragm
formation. Thus, it is conceivable that Nephrin mis-targeting observed
in crb2b morphants reflects a primary defect in the organization of
lipid raft micro-domains(Benzing, 2004; Huber et al., 2003). The mis-
localized Nephrin may then regulate cytoskeletal organization to
effect process branching. Nephrin signals through the Nck adaptor
protein and CD2AP to modulate actin cytoskeletal rearrangements
(Jones et al., 2006; Lehtonen et al., 2002; Verma et al., 2006; Yuan et
al.,, 2002). Clearly, such roles for Crb proteins in the assembly of
membrane domains will need to be tested as molecular and
biochemical markers become available. Lastly, the correct targeting
of Nephrin may occur through direct or indirect association with
Crb2b, and this possibility is currently being tested. The sub-cellular
localization of Crb2b is an important issue here, but unfortunately, our
a-panCrb antibody does not allow us to unambiguously determine
where Crb2b protein resides in podocytes and new antibodies are

needed. Nevertheless, these results lead us to conclude that crb2b is
required for the correct trafficking of a specific junctional protein,
Nephrin, to a specific structure, the slit diaphragm, unique to termi-
nally differentiated podocytes. These results must be confirmed with
genetic loss of function mutations in crb2b in zebrafish. Given the
apparent conservation of crb function in a variety of epithelial cell
types and model organisms, the analysis of specific protein trafficking
events may provide a means towards a general mechanistic under-
standing of crb function.

Our observations implicate potential roles for cell polarity signal-
ing pathways in foot process arborization. Several other members of
cell polarity signaling complexes have been recovered as loss of
function mutants in the zebrafish, and they show phenotypes in
epithelial tissues. A mutation in zebrafish Pals1, nagie oko (nok) shows
profound defects in polarity within the entire retinal neuroepithelium
(Wei and Malicki, 2002). A mutation in aPKCN has also been reported,
heart and soul (has), which is required for the maintenance of
epithelial polarity in the retinal photoreceptor layer and the establish-
ment of polarity in the esophagus, intestine, and swim bladder
(Horne-Badovinac et al., 2001). Conditional inactivation of aPKC
lambda/iota in mouse podocytes results in foot process defects and
associated proteinuria (Huber et al., 2009). Crb proteins also directly
bind to the FERM domain protein Moe through the FERM binding
domain located in the Crb intracellular tail (Hsu et al., 2006; Laprise
et al., 2006). In zebrafish, Moe is mutated in the mosaic eyes (moe)
mutant while in the fruit fly the yurt mutation occurs in the fly
ortholog (Jensen and Westerfield, 2004; Laprise et al., 2006). Of
special interest, podocyte foot process formation and slit diaphragm
assembly are also affected in homozygous mutant moe embryos sug-
gesting that moe and crb2b may be participating in a common mem-
brane synthesis pathway in podocyte maturation (Kramer-Zucker
et al., 2005).

Perhaps somewhat surprisingly, and in stunning contrast to other
renal epithelial cell types, very little attention has focused on the
apical-basal polarization of podocytes and how it related to their final
differentiated state. These results suggest that other regulators of
epithelial polarity may likewise be involved in the establishment and
maintenance of foot process architecture. A corollary of this pro-
position is that the mis-regulation of apical-basal polarity signaling
pathways within podocytes may be a common theme in podocyte
pathologies.
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