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Abstract
Background—The podocyte slit diaphragm (SD) is an essential component of the selective
filtration barrier in the glomerulus. Several structural proteins required for formation and
maintenance of SD have been identified; however, molecular mechanisms regulating these
proteins are still limited.

Results—Here, we demonstrate that MAGUK p55 subfamily member 5a (Mpp5a)/Nagie oko, a
component of the Crb multi-protein complex, was colocalized with an SD-associated protein ZO-1
in the zebrafish pronephric glomerulus. To characterize the function of Mpp5a, zebrafish
mpp5am520 mutant embryos, which are known to have defects in cardiac and neuronal
morphogenesis, were analyzed. These mutants failed to merge the bilateral glomerular primordia
and to form the glomerular capillary and mesangium, but the foot processes and SD showed
normal appearance. The structural disorganization in the mpp5am520 mutant glomerulus was quite
similar to that of a cardiac troponin T2a/tnnt2a/silent heart knockdown zebrafish, which exhibited
circulatory failure due to lack of heart beating.

Conclusions—Mpp5a is not prerequisite to form podocyte slit diaphragm in the pronephric
glomerular development in zebrafish. The structural disorganization of the pronephric glomerulus
in the mpp5am520 mutant is likely to result from circulatory failure, rather than the anomaly of
Mpp5a protein in the glomerulus.
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Introduction
The renal glomerulus exhibits a common structural organization among most taxonomic
groups in vertebrates, but is obviously adapted to the different homeostatic requirements
(Ichimura et al., 2007; Ichimura et al., 2009). Structurally, the glomerulus can be divided
into vascular and epithelial regions. The vascular region is the core structure of the
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glomerulus and consists of the capillary network and the mesangium. The vascular region is
surrounded by the epithelial region, a sheet-like structure consisting of podocytes and the
glomerular basement membrane (GBM). The vertebrate podocyte is an epithelial cell highly
specialized for glomerular filtration. It is composed of three subcellular compartments: a cell
body, major processes that extend outward from the cell body, and more distally located foot
processes that are spanned by a slit diaphragm (SD) (Mundel and Kriz, 1995; Ichimura et
al., 2003; Kriz and Kaissling, 2007). This basic cellular architecture of podocytes is
conserved throughout all vertebrates (Youson and McMillan, 1970; Davis et al., 1976;
Schwarz and Radke, 1981; Zuasti et al., 1983; Meseguer et al., 1987; Takahashi-Iwanaga,
2002; Møbjerg et al., 2004; Ojéda et al., 2006).

The slit diaphragm is a final element of the filtration barrier that defines size selectivity, and
represents a highly modified tight junction (TJ) specialized for ultrafiltration in the
glomerulus (Schnabel et al., 1990; Kurihara et al., 1992; Fukasawa et al., 2009). Several TJ-
related proteins are commonly found in the SD and SD plaque, which is in direct contact
with the inner leaflet of plasma membrane spanning the SD, together with a set of SD-
specific proteins including Nephrin, Podocin, and Neph1 (Pavenstadt et al., 2003). Tight
junction-related proteins are largely classified into integral-membrane TJ and cytosolic TJ
plaque proteins, and these proteins form three kinds of multi-molecular complexes (PAR3-
aPKC-PAR6, Crbs-Mpp5/PALS1-PATJ-Lin7, and Scribble-Dlg-Lgl complexes) at the tight
junction in mammals (Schneeberger and Lynch, 2004). Some integral-membrane TJ proteins
including claudin-7, JAM-2, JAM-4 are localized at the SD, and several TJ plaque proteins
(ZO-1, aPKC, cingulin, and so on) are also localized at the SD plaque (Schnabel et al., 1990;
Kurihara et al., 1992; Hirabayashi et al., 2005; Hartleben et al., 2008; Fukasawa et al., 2009;
Hirose et al., 2009; Huber et al., 2009).

Among TJ proteins, localization and function of the Crbs-Mpp5/PALS1-PATJ-Lin7
complex in podocytes remains unclear. Only Crb2b is known to be localized at the apical
membrane of podocytes in the zebrafish pronephric glomerulus, and to contribute to the
formation of regular foot processes (Ebarasi et al., 2009). MAGUK p55 subfamily member
5 (Mpp5), a membrane-associated guanylate kinase (MAGUK) protein containing a PDZ
domain, can bind to all other components in the complex (Bulgakova and Knust, 2009).
Mpp5a/Nagie oko is a zebrafish homologue of mammalian Mpp5/PALS1, and is known to
localize at the subapical region of retinal photoreceptor, which corresponds to the typical
region containing TJ in other epithelial cell types. Mpp5a plays a crucial role in the
formation and maintenance of the retinal cellular patterning in zebrafish (Wei and Malicki,
2002), and is also known to localize at the TJ and regulate morphogenesis in the
neuroepithelium and primitive myocardial tube (Rohr et al., 2006; Bit-Avragim et al., 2008;
Yang et al., 2009). However, no evidence of Mpp5a localization and function in podocytes
has been analyzed.

The pronephros is the simplest and earliest kidney model, which has been used to study
embryonic kidney development. This pronephros is a prerequisite for the subsequent
formation of mesonephros and metanephros, but their functional unit (the nephron) is
organized very similarly (Drummond, 2005; Wingert et al., 2007; Wessely and Obara,
2008). As in fish and amphibians, the zebrafish pronephros is the first kidney to form during
embryogenesis and is required to maintain proper osmoregulation (Drummond et al., 1998;
Wessely and Obara, 2008; Drummond and Davidson, 2010). Among the different kidney
types, the pronephric glomerulus is composed of the same cell types as mammalian
glomeruli, including the fenestrated endothelial cells of the capillary tufts and the podocytes
with their extensive foot processes and SD (Drummond et al., 1998; Majumdar and
Drummond, 2000).
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Although some proteins that localize to the SD have been defined, molecular mechanisms
that regulate and maintain the SD remain unclear. To address this question, we studied the
Mpp5a protein localization in the pronephric glomerulus and analyzed the glomerular
structure in zebrafish mpp5a mutants. This analysis showed that Mpp5a localized at the
podocyte foot processes, mpp5a mutants displayed structural disorganization characterized
by failure of glomerular primordial fusion and agenesis of glomerular capillary and
mesangium. Despite their disorganization, mpp5a mutant podocytes still formed regular foot
processes with SD. mpp5a mutants are also known to exhibit cardiac morphogenesis defects
(Rohr et al., 2006). cardiac troponin T2a/tnnt2a/silent heart knockdown zebrafish (which
lacks a heartbeat) exhibited glomerular disorganization similar to that of mpp5a mutants,
suggesting that the glomerulus abnormality in the mpp5a mutants may be attributable to
circulatory insufficiency.

Results
Mpp5a is localized at podocyte foot processes in zebrafish pronephric glomerulus

In the zebrafish pronephros, paired nephron (glomerular and tubular) primordia are formed
under the notochord as epithelial flat vesicles at 34 hours post fertilization (hpf) (Drummond
et al., 1998). The medial half of the vesicle comprises presumptive podocytes, whereas the
lateral half is tubular primordia. At 34 hpf, Mpp5a protein localized to both the medial and
lateral halves of nephron primordia (Fig. 1A). Pronephric glomerular primordia fuse to form
a single glomerulus concomitantly with capillaries sprouting from the dorsal aorta by 2 days
post fertilization (dpf) (Drummond et al., 1998). At 3 dpf, immunoreactivity for Mpp5a was
recognized along the glomerular capillary wall in the pronephric glomerulus (white
arrowhead in Fig. 1B), which is reminiscent with localization observed for SD-associated
proteins such as ZO-1 (Schnabel et al., 1990; Hirabayashi et al., 2005). To further confirm
the precise localization of Mpp5a protein, we performed double immunolabeling with anti-
Mpp5a and anti-ZO-1 antibodies. The immunoreactivity for ZO-1 was found along the
glomerular capillary wall in the pronephric glomerulus (arrowhead in Fig. 1C), similar to the
rat metanephric glomerulus (Schnabel et al., 1990). Moreover, Mpp5a and ZO-1 were co-
localized at the glomerulus (arrowheads in Fig. 1C–C″). Together these data demonstrate
that Mpp5a is localized in the foot processes of zebrafish pronephric podocytes. In addition
to Mpp5a localization to the parietal capsule of Bowman’s capsule (arrows in Fig. 1C′),
pronephric tubule (small arrow in Fig. 1B), and epidermis (yellow arrowheads in Fig. 1A,
B), we detected the presence of Mpp5a in the apical junction of the neural tube as previously
reported at 34 hpf and 3 dpf (large arrows in Fig. 1A, B).

mpp5am520 mutants display pronephric glomerular disorganization
To determine the role of Mpp5a protein in the zebrafish pronephric glomerulus and filtration
barrier, we examined mpp5am520 homozygotic mutants. The mpp5am520 allele encodes a
premature stop codon at residue Arg 546 within the GUK domain (Wei and Malicki, 2002)
(Fig. 2).

In the mpp5am520 mutant, structural disorganization of the pronephric glomerulus and both
pericardial and systemic edema were detected from 2 dpf. In the wild-type sibling, a pair of
pronephric glomerular primordia merged with several glomerular capillaries to form a single
glomerulus by 2 dpf (Figs. 3A, 3D, 3G, 4A). However, in the 2 dpf mpp5am520 mutant, a
pair of glomerular primordia retained their epithelial vesicular structure from the previous
embryonic stage and did not merge at the midline (Fig. 3B, C). At 3 and 4 dpf, most of the
mpp5am520 mutants still exhibited unmerged podocyte cell masses (Fig. 3E, F, H, I), which
were interposed by an extremely dilated dorsal aorta (Fig. 4B). 3 to 4 dpf wild-type siblings
exhibited fine glomerular capillaries and an arborized mesangium within the pronephric
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glomerulus (Fig. 4A). In contrast the glomerular primordia in the mpp5am520 mutants did
not contain fine glomerular capillaries or an arborized mesangium (Fig. 4B).

Expression of nephrin mRNA is highly specific in podocytes of the pronephros. In 2 and 3
dpf wild-type siblings, nephrin mRNA expresses as a single globular mass in the glomerulus
(Fig. 5A, C). In the mpp5am520 mutant, the cells expressing nephrin (the presumptive
glomerular primordia) were arranged in a flattened moustache-like shape in axial section
(Fig. 5B, D, E). In the mpp5am520 mutant, the nephrin-expressing regions were expanded
toward the pronephric tubule, similar to wt1 and vegf expression in the pax2.1/no isthmus
mutant (Majumdar and Drummond, 2000).

Podocyte foot processes and SD were formed in the mpp5am520 mutant
The slit diaphragm is a specialized cell-cell junction sometimes described as a highly
modified TJ (Schnabel et al., 1990; Kurihara et al., 1992; Fukasawa et al., 2009). Mpp5a is
one of the TJ-associated proteins, which have been shown to mediate direct binding to other
cell polarity proteins to maintain epithelial integrity and morphogenesis (Wei and Malicki,
2002; Bit-Avragim et al., 2008). The effects of mpp5am520 mutation on foot process and
filtration barrier formation in the glomerulus were further explored by electron microscopy.
In wild-type siblings, foot processes with SD were formed at 3 to 4 dpf, as previously
reported (Fig. 6A, B) (Kramer-Zucker et al., 2005; Ferrante et al., 2009). Although the
glomerulus structure was disorganized in the mpp5am520 mutant (Fig. 6C, D), we noted
podocyte foot processes with SD were present and did not demonstrate a flattened or
misshapen appearance as seen in the nephrin or podocin morphants (Kramer-Zucker et al.,
2005; Hentschel et al., 2007). However, podocytes in the mpp5am520 mutant showed that
microvillus-like processes protruded from the apical surface of cell body and primary
processes. The adjoined microvillus-like processes formed an SD-like structure (arrows in
Fig. 6D).

tnnt2a knockdown induced a disorganized glomerulus similar to that found in mpp5am520

mutant
In zebrafish mutants displaying cardiac dysfunction, the paired pronephric glomerular
primordia fail to merge into a single glomerulus at 48 hpf. These data suggest that the
glomerular disorganization phenotypes may be secondary to the lack of vascular flow
associated with cardiac dysfunction (Serluca et al., 2002).

In both mpp5a mutants and morphants, heart tube elongation is impaired by the failure of
cardiomyocyte cohesion, cell polarity, maintenance of epithelial integrity and cardiac
morphogenesis (Rohr et al., 2006). It is thus conceivable that cardiac malformation in
mpp5a mutants leads to circulatory dysfunction, which in turn negatively impacts
glomerular organization. To determine whether glomerular disorganization was a phenotype
consistently associated with circulatory failure, we examined glomerular organization and
podocyte ultrastructure in cardiac troponin T2a/tnnt2a/silent heart-ATG morphants, which
displayed complete cardiac arrest throughout their survival period (Sehnert et al., 2002). In 2
dpf tnnt2a-ATG morphants, the paired glomerular primordia retained their prior epithelial
vesicular structure and remained unmerged at the midline (Fig. 7B), as seen in the
mpp5am520 mutant (Figs. 3B, C, 5B), and other mutants with circulatory failure (Serluca et
al., 2002). In 3 and 4 dpf, an extremely dilated dorsal aorta was interposed between the
glomerular primordial, which still remained unmerged (Figs. 4C, 7D, F). The glomerular
primordia did not show any evidence of fine glomerular capillaries or an arborized
mesangium, which were readily observed in the normal glomerulus by this stage (Fig. 4C).
The nephrin-expressing regions exhibited a moustache-like shape that expanded toward the
pronephric tubule, as was the case for the mpp5am520 mutant (Fig. 7H, J). Podocytes formed
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regular foot processes with SD (Fig. 6E, F). Many microvillus-like processes interbridged to
form SD-like structures, which protruded from the apical surface of the cell body and
extended primary processes into the Bowman’s space (Fig. 6F). Therefore, a series of
parallel glomerular phenotypes was observed in the mpp5am520 mutant and tnnt2a-ATG
morphant.

Discussion
Mpp5a is an SD-associated component but is not essential for the formation of foot
processes and the SD in zebrafish pronephric podocytes

Several kinds of TJ-plaque proteins are localized to podocyte foot processes and involved in
the formation of multi-molecular complexes at the SD plaques of these cells (Kriz and
Kaissling, 2007; Fukasawa et al., 2009). ZO-1 is one example of TJ-plaque proteins that are
localized at the SD plaque in mammals. Immunoreactivity for ZO-1 is recognized along the
glomerular capillary wall as along a continuous tortuous line within the rat metanephric
glomerulus (Schnabel et al., 1990). In the zebrafish pronephric glomerulus, ZO-1
localization occurs in a pattern similar to the mammalian metanephros, indicating that it is
also localized at the SD plaque of zebrafish pronephric podocytes. Moreover, the
colocalization of Mpp5a and ZO-1 suggests that Mpp5a is highly likely to be localized at the
SD plaque of the podocyte foot processes.

The mpp5am520 mutation causes a C-terminal truncation of the GUK domain, with the result
that Mpp5am520 is expressed at two- to three-fold lower levels than wild-type Mpp5a on
immunoblot analysis (Wei and Malicki, 2002). However, we observed neither the
effacement of foot processes nor the loss of SD in the mpp5am520 mutant at 4 dpf. These
results suggest that even though Mpp5a is localized to the SD plaque, it is not required for
the initial formation of foot processes with SD in the zebrafish pronephric glomerulus.

PAR6-PAR3-aPKC regulates apicobasal epithelial polarity in mouse podocytes, and PAR3
and PAR6 directly bind to SD core components Nephrin and Neph1, respectively (Hartleben
et al., 2008; Hirose et al., 2009; Huber et al., 2009). Podocyte-specific deletion of aPKC in
mice results in foot process effacement, proteinuria, and focal segmental glomerulosclerosis,
although regular foot processes with SD are initially formed during glomerular development
(Hirose et al., 2009; Huber et al., 2009). Based on these findings, aPKC is not essential to
the initial formation of SD, but is crucial for the maintenance and structural integrity of SD
(Hirose et al., 2009). Mpp5a is not also a prerequisite to SD formation; however, it may be
involved in the maintenance of SD integrity, as is the case for aPKC. To directly examine
this possibility, we would need a podocyte specific mpp5a knockdown in zebrafish, since
mpp5a mutants and mpp5a-ATG morphants are known to display severe phenotypes in heart
and central nervous system, and die at the early phase after hatching (Wei and Malicki,
2002; Rohr et al., 2006). Moreover, zebrafish has another mammalian Mpp5 homologue,
Mpp5b/Ponli, whose expression is restricted to the photoreceptor layer in eyes, unlike
Mpp5a (Zou et al., 2010). Mpp5b thus has the potential to compensate for the functional
failure of Mpp5am520.

Structural disorganization of pronephric glomerulus is associated with circulatory failure
in multiple mutants

The pronephric glomerulus in the mpp5am520 mutant displayed three kinds of structural
anomalies: unmerged glomerular primordia, glomerular capillary agenesis and mesangial
agenesis. Similar anomalies have been recognized in the cardiac specific troponin gene
tnnt2a knockdown in zebrafish, which has severe circulatory failure due to the lack of
myocardial contraction (Sehnert et al., 2002). Previous work showed that the midline fusion
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of pronephric glomerular primordia in zebrafish is dependent on the expression of matrix
metalloproteinase-2. This enzyme is induced by hemodynamic forces including shear stress
that arise during blood flow and/or stretch forces associated with blood pressure (Serluca et
al., 2002). However, the fusion of glomerular primordia is not essential to form the
glomerular capillary tuft in the pronephros, since the organized glomerular capillary tuft is
seen in several kinds of teleost fish (including medaka Oryzias latipes) in which the paired
pronephric glomeruli remain separated (Fedorova et al., 2008; Ichimura et al., 2012). In
general, hemodynamic forces are known to be a crucial trigger to form the mature
vasculature (Lucitti et al., 2007; Culver and Dickinson, 2010; Jones, 2011), and thus it is
conceivable that the agenesis of glomerular capillary in the tnnt2a-ATG morphants is
directly associated with impairment of blood circulation. The mpp5am520 mutant is known
to have incomplete heart tube elongation coupled with the failure of myocardial cell to
correctly expand in size (Rohr et al., 2006). Therefore, a logical explanation for the
structural disorganization of the pronephric glomerulus in the mpp5am520 mutants is that
circulatory failure alters the local environment in a way that impacts morphogenesis, rather
than disorganization being directly due to anomaly of Mpp5a protein in the glomerulus.
However, as mentioned above, Mpp5a may be involved in the maintenance of SD integrity
in the late stage of development, as is the case for aPKC.

Furthermore, by phenotypic analysis of selected zebrafish mutants and morphants, we
recognized that circulatory failure due to cardiac defects was consistently correlated with
abnormal pronephric glomerular architecture during development. Since zebrafish tnnt2a is
not expressed in the developing glomerulus or surrounding cells, the glomerular defects in
morphants are unlikely to directly arise via tnnt2a depletion in the embryonic kidney.

Microvillus-like processes with SD-like structure in podocytes
The pronephric podocytes of the mpp5am520 mutant displayed a number of microvillus-like
processes, which were connected to each other by an SD-like structure. These unique
processes are also found in mutants or morphants of genes expressed in podocytes, including
EPB41L5/mosaic eye (moe), encoding a FERM domain-containing actin-binding protein,
and myh9, encoding a non-muscle myosin heavy chain IIA (Kramer-Zucker et al., 2005;
Müller et al., 2011). However, the appearance of the SD-like structure is most likely not
directly due to deficiency or anomaly of these proteins, since the same structure was found
in the tnnt2a knockdown zebrafish and tnnt2a is exclusively expressed in the
cardiomyocytes. The mpp5a mutants and myh9 morphants exhibit defects of the heart tube
elongation and heart folding, respectively (Rohr et al., 2006; Müller et al., 2011), implying
that circulatory failure may also be involved in the formation of the microvillus-like
processes with SD-like structure.

Such microvillus-like processes have not been reported yet in higher vertebrates including
rodents and human, but are found at mesonephric mature podocytes in some lower
vertebrates including Atlantic hagfish, Myxine glutinosa (Kühn et al., 1980) and Japanese
red-bellied newt, Cynops pyrrhogaster (our unpublished data). Furthermore, the podocyte-
like cells of some invertebrates (amphioxus, echinoderm, and so on) possess a solitary
cilium surrounded by 7 to 9 microvillus-like processes cross-linked by SD-like structure on
their apical surface (Ruppert et al., 2003; Schmidt-Rhaesa, 2007). The microvillus-like
processes are formed under normal physiological condition in these animal species, but their
functional significance remains largely unknown.
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Experimental Procedures
Fish maintenance and stocks

Heterozygous mpp5am520 zebrafish mutants (Wei and Malicki, 2002) were maintained at
28.5°C under a 14-hr light/10-hr dark cycle (Westerfield, 2000). Embryos were kept at
28.5°C in 0.5X E2 egg medium (7.5 mM NaCl, 0.25 mM KCl, 0.5 mM CaCl2, 0.5 mM
MgSO4, 0.075 mM KH2PO4, 0.025 mM Na2HPO4, 0.35 mM NaHCO3, 0.01% methylene
blue). To suppress pigmentation of zebrafish embryos, 0.0045% 1-Phenyl-2-thiourea
(Sigma-Aldrich) was added to 0.5X E2 egg medium. Embryos were collected according to
the staging method described by Kimmel et al. (1995). All animal experiments were
performed in strict accordance with the recommendation in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health, and were covered by protocols
approved from the Institutional Animal Care and Use Committee of the University of
Oklahoma Health Science Center (IACUC protocol #12-033 to TO). (Kimmel et al., 1995)

Morpholino injection
A translational-blocking antisense-morpholino oligonucleotide (MO) designed to target the
5′UTR of tnnt2a (tnnt2a-ATGMO: 5′-CAT GTT TGC TCT GAT CTG ACA CGC A-3′)
(Sehnert et al., 2002) was purchased from Gene Tools LCC. A volume of 4.6 nl in a
concentration of 0.1 mM tnnt2a-ATGMO was injected at one- or two-cell stage using a
Nanoliter2000 microinjector (World Precision Instruments). A stable non-contractile heart
phenotype was recognized in ~98% of injected larvae at 2 and 3 dpf. Morphants without
obvious motility defects and lacking blood circulation (with pericardial edema) were used
for the analysis.

Histological analysis
Embryos were fixed with histology fixative (1.5% glutaraldehyde, 4% paraformaldehyde,
3% sucrose in 0.1 mM phosphate buffer (PB, pH 7.3)) overnight at 4°C, dehydrated by
graded series of methanol and embedded in JB4 resin (Polysciences, Inc.). 4 µm-thick
sections were cut by a RN2255 microtome (Leica) and stained with Harris hematoxylin and
special eosin II (BBC Biochemical). After being mounted in Poly-Mount (Polysciences,
Inc.), the stained sections were imaged with a Provis AX-70 microscope (Olympus)
equipped with a RETIGA EXi digital camera (QImaging).

In situ hybridization
Zebrafish nephrin cDNA template was obtained from pCR-BluntII-TOPO-zebrafish nephrin
plasmid linearized by NotI as described in Kramer-Zucker et al. (2005). Digoxigenin-labeled
anti-sense nephrin RNA probe was synthesized using SP6 RNA polymerase (New England
BioLabs) and DIG-RNA labeling (Roche) according to the manufacturer’s instructions.
Embryos were fixed in 4% PFA, 0.1% Tween 20 in PBS for 2 h at RT and changed to 100%
methanol and stored at −20°C. Whole mount in situ hybridization was performed as
described previously (Hauptmann and Gerster, 2000). Alkaline phosphatase-conjugated anti-
digoxigenin (Roche) was used to localize the probes. NBT/BCIP (Roche) was used as the
chromogenic substrate to produce the blue staining. After color development, samples were
dehydrated with graded series of methanol and embedded in JB4 resin. Five to seven µm-
thick sections were cut by a RN2255 microtome and counter-stained with special eosin II
(BBC Biochemical). After mounted in Poly-Mount, the stained sections were photographed
on a Provis AX-70 microscope equipped with a RETIGA EXi digital camera.
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Antibodies and whole mount immunohistochemistry
Rabbit polyclonal anti-zebrafish Mpp5a antibody (a kind gift from Dr. X. Wei) was raised
against the glutathione S-transferase fusion protein with the N-terminal portion of zebrafish
Mpp5a (27–280 amino acids) (Wei and Malicki, 2002). Mouse monoclonal anti-rat ZO-1 (a
kind gift from Drs. S. Tsukita and S. Tsukita) was raised against the fraction rich in
adherence junction obtained from rat liver (Itoh et al., 1991). Whole mount
immunohistochemistry was performed as described previously (Bubenshchikova et al.,
2012). In brief, embryos were fixed with Dent’s fixative (20% DMSO and 80% methanol)
overnight at 4°C. Fixed samples were washed with PBS containing 0.5% Triton X-100
(PBSTx), blocked with blocking solution (PBS containing 0.5% Triton X-100, 10% normal
goat serum, and 1% DMSO) and incubated overnight with the anti-Mpp5a antibody
(working dilution 1:100) with incubation buffer (PBS containing 0.5% Triton X-100, 2%
normal goat serum, and 1% DMSO). After washing with PBSTx, the samples were
incubated with Alexa-Fluor488-conjugated goat anti-rabbit IgG (H+L) (Jackson
ImmunoResearch Laboratories) diluted with the incubation solution (1:1000) for 2 h at RT.
Some samples were subsequently incubated with anti-ZO-1 antibody with incubation buffer
(1:100) for overnight at 4°C, and then with Alexa-Fluor568-conjugated goat anti-rabbit IgG
(H+L) (Jackson ImmunoResearch Laboratories) with the incubation solution (1:1000) for 2
h at RT. Stained samples were dehydrated with a graded series of methanol, embedded in
JB4 resin, and cut into 10 µm-thick sections. The sections were imaged with a FV-1000
confocal laser scanning microscope (Olympus).

Transmission electron microscopy
Embryos were immersed in histology fixative for overnight at 4°C. The samples were
immersed in 1% OsO4 in 0.1 M PB for 1 h, and then dehydrated with a graded series of
acetone, and were embedded in Epon-Araldite resin (Electron Microscopy Sciences).
Ultrathin silver-gold sections were produced with an ultra 45° diamond knife (Diatome), and
were transferred to copper grids (50 mesh), which had been coated with Formvar membrane.
The sections were then stained with uranyl acetate and lead citrate, and imaged on an
H-7600 transmission electron microscope (Hitachi High Technologies Inc.) equipped with a
Kodak 2Kx2K digital camera (Kodak).
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Bullet points

• Mpp5a is localized at the podocyte foot process in the zebrafish pronephric
glomerulus.

• Zebrafish mpp5am520 mutants display structural disorganization of the
pronephric glomerulus including glomerular capillary agenesis, but regular foot
processes with slit a diaphragm were formed.

• Mpp5a is not prerequisite to form podocyte slit diaphragm in the pronephric
glomerular development in zebrafish.
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Figure 1.
Mpp5a protein localization in zebrafish pronephric glomerulus. Immunoreactivity for
Mpp5a protein is found in both medial and lateral half of nephron primordia at 34 hpf
(arrowhead and small arrows in A). At 3 dpf, the signal for Mpp5a is found along the
glomerular capillary wall as a tortuous line (arrowhead in B), in addition to the pronephric
tubule (small arrows in B). Mpp5a signal is also found at the position of apical tight junction
of neural tube (large arrows in A, B). In 3 dpf, immunoreactivity for ZO-1 (red) and Mpp5a
(green) are colocalized within the glomerulus (arrowheads in C–C″). Mpp5a signal is also
found at parietal epithelium of Bowman’s capsule (arrows in C–C″). In, intestine; NC,
notochord. Scale bar = 10 µm.
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Figure 2.
mpp5am520 mutants partially lacks the N-terminal GUK domain of the Mpp5a protein.
Mpp5a is a membrane-associated guanylate kinase protein which contains an evolutionary
conserved region 1 (ECR1), a bipartite L27 domain (L27N, L27C), PDZ, SH3, 4.1, and
guanylate kinase (GUK) domains. The mpp5am520 allele carries single base pair substitution
that introduces stop codons within the GUK domain, causing a C-terminal truncation of the
GUK domain.
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Figure 3.
mpp5am520 mutant displays structural disorganization of pronephric glomerulus. Pronephric
glomerular structure is shown by hematoxylin-eosin stained JB-4 section at 2 dpf (A–C), 3
dpf (D–F), and 4 dpf (G–I). In wild type siblings, a pair of glomerular primordia has merged
to form a single glomerulus (arrowheads) beneath the notochord at 2 dpf (A), 3 dpf (D), and
4 dpf (G). In 2 dpf mpp5am520 mutants, a pair of glomerular primordia retains epithelial
vesicular structure and does not merge beneath the notochord (arrows in B, C). At 3 and 4
dpf mpp5am520 mutants exhibited still two separated podocyte masses (arrows in E, F, H, I).
Scale bar = 10 µm.
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Figure 4.
mpp5am520 mutants and tnnt2a-ATG morphants display similar structural disorganization of
pronephric glomerulus. (A) In 4 dpf wild-type embryos, the pronephric glomerulus contains
several glomerular capillaries together with mesangium, which is arborized in shape.
Podocytes and GBM cover the glomerular capillaries and mesangium en bloc. In both 4 dpf
mpp5am520 mutants (B) and tnnt2a-ATG morphants (C), the extremely dilated dorsal aorta
(DA) lies between a pair of glomerular primordia, which do not contain any fine glomerular
capillaries or mesangium. NC, notochord. Scale bar = 500 nm.
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Figure 5.
nephrin mRNA expression in pronephric glomeruli of mpp5am520 mutant. Position and
shape of pronephric glomerulus are shown by in situ hybridization for nephrin mRNA at 2
dpf (A, B) and 3 dpf (C–E) which only express in podocytes. nephrin mRNA is expressed in
the glomerulus at 2 and 3 dpf in wild-type embryos as a single globular mass beneath the
notochord (A, C; arrowheads). In the mpp5am520 mutant, the glomerulus (glomerular
primordia) express nephrin mRNA in a domain shaped like a moustache at 2 and 3 dpf
(arrows in B, D, E). Scale bar = 10 µm.
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Figure 6.
Podocyte foot processes are formed in mpp5am520 mutants and tnnt2a-ATG morphants. (A,
B) In wild-type siblings, foot processes with SD are vigorously formed by 4 dpf. In 4 dpf
mpp5am520 mutants (C, D) and tnnt2a-ATG morphants (E, F) podocytes form regular foot
processes with SD by 4 dpf as observed in the wild-type siblings. In most podocytes,
multiple microvillus-like processes have protruded from the apical surface of the cell body
and extend into the Bowman’s space (arrows in D, F). In addition, they form regular foot
processes adhering to the GBM (arrowheads in B, D, F). These microvillus-like processes
are connected to each other by SD-like structures. P, podocyte. Scale bar = 500 nm.
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Figure 7.
A tnnt2a-ATG morphant displays glomerulus disorganization similar to that found in the
mpp5am520 mutants. Pronephric glomerular structure and nephrin mRNA expression are
shown by hematoxylin-eosin stained section (A–F) and in situ hybridization with eosin-
stained (G–J), respectively. In wild-type (A, C, E, G, I), a pair of glomerular primordia has
already merged to form a single glomerulus (arrowheads) beneath the notochord at 2 dpf (A,
G), 3 dpf (C, I) and 4 dpf (E). In tnnt2a-ATG morphants (B, D, F, H, J), a pair of glomerular
primordia has retained their epithelial vesicular structure and remains unmerged at the
midline in 2 dpf (arrows in B, H). Glomerular primordia have still not merged, and an
extremely dilated dorsal aorta is interposed between glomerular primordia at 3 dpf (D) and 4
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dpf (F). Bowman’s space is apparent in the most cases of tnnt2a-ATG morphants (D, F).
nephrin expressing regions are moustache-like in shape and expanded in the direction of the
pronephric tubule (arrows in H, I), as is the case in the mpp5a mutants. Scale bar = 10 µm.
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