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Nephrin is an immunoglobulin-type cell-adhesion molecule
with a key role in the glomerular interpodocyte slit diaphragm.
Mutations in the nephrin gene are associated with defects in the
slit diaphragm, leading to early-onset nephrotic syndrome, typ-
ically resistant to treatment. Although the endocytic trafficking
of nephrin is essential for the assembly of the slit diaphragm,
nephrin’s specific endocytic motifs remain unknown. To search
for endocytic motifs, here we performed a multisequence align-
ment of nephrin and identified a canonical YXXØ-type motif,
Y1139RSL, in the nephrin cytoplasmic tail, expressed only in
primates. Using site-directed mutagenesis, various biochemical
methods, single-plane illumination microscopy, a human podo-
cyte line, and a human nephrin-expressing zebrafish model, we
found that Y1139RSL is a novel endocytic motif and a structural
element for clathrin-mediated nephrin endocytosis that func-
tions as a phosphorylation-sensitive signal. We observed that
Y1139RSL motif–mediated endocytosis helps to localize nephrin
to specialized plasma membrane domains in podocytes and is
essential for normal foot process organization into a functional
slit diaphragm between neighboring foot processes in zebrafish.
The importance of nephrin Y1139RSL for healthy podocyte
development was supported by population-level analyses of
genetic variations at this motif, revealing that such variations
are very rare, suggesting that mutations in this motif have auto-
somal-recessive negative effects on kidney health. These find-
ings expand our understanding of the mechanism underlying

nephrin endocytosis and may lead to improved diagnostic tools
or therapeutic strategies for managing early-onset, treatment-
resistant nephrotic syndrome.

The family of Ig-type cell-adhesion molecules (CAMs)3 plays
a critical role in cell signaling (1, 2). Nephrin is a type 1 trans-
membrane protein and an IgCAM essential for the glomerular
interpodocyte slit diaphragm formation and function. Muta-
tions in the nephrin gene are associated with defects in the
glomerular slit diaphragm leading to nephrotic syndrome (NS)
(3–7). Nephrin is one of the four genes whose mutations are
responsible for the majority of NS cases that present before the
first birthday and are characteristically resistant to treatment
(8).

Podocytes are highly differentiated epithelial cells that wrap
around capillaries of the kidney glomerulus and form a visceral
layer of the Bowman capsule. Their tertiary projections or foot
processes connect via an intercellular junction called the slit
diaphragm. Despite intense research efforts, the exact molecu-
lar composition of the slit diaphragm has not been completely
elucidated (9). Podocytes can engage diverse components of the
intercellular junctions, depending on the developmental stage
(9, 10). During early development, podocytes are connected by
the tight junction and gap junction proteins that are partially
and gradually replaced by the neuronal junction components,
nephrin, podocin, and Neph1, which eventually form a struc-
ture resembling to some extent a neuronal synapse. Nephrin
plays a central role in the formation and maintenance of
mechanical properties of the slit diaphragm and in the podo-
cyte inside-out and outside-in signaling (11, 12). Although
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nephrin endocytosis is critical during podocyte differentiation
(13, 14), the specific endocytic motifs remain elusive.

The cytoplasmic tail of human nephrin contains the YRSL
sequence, which conforms to a clathrin-dependent consensus
endocytic motif of the YXXØ type. The Y1139RSL sequence,
encoded by exon 27 of the human nephrin gene, is expressed
only in primates (Fig. S1). Its localization 52 amino acid resi-
dues downstream from the membrane-spanning domain and
100 residues upstream from the nephrin C terminus is compat-
ible with a role in endocytosis (15). Examination of genetic var-
iation at this motif in human cases and the population support
the potential importance of Y1139RSL in nephrin function. A
c.C3418T nucleotide change, resulting in p.R1140C has been
implicated as causal for congenital NS (in compound
heterozygosity) in one of the first reported patients and was
found as a single allele in siblings with congenital NS (4, 16).
From a population genetics perspective, the Y1139RSL
sequence is very important because variation at this motif is
rare, if not absent. In reviewing the gnomAD database of
�122,000 whole exomes (WES) and �15,000 whole
genomes (WGS) (http://gnomad.broadinstitute.org/),4 the
c.C3418T change reported as pathogenic above is only pres-
ent in 0.01% of the population, and variation in the position
1141 amino acid residue is only seen in 0.0008% of the pop-
ulation. Other nonsynonymous changes affecting p.R1140

(p.R1140S and p.R1140H) are rare, affecting �0.1% of the pop-
ulation. Synonymous or nonsynonymous variation affecting
residue 1139 or 1142 is not observed at all.

Data presented herein demonstrate that the Y1139RSL motif
functions as a phosphorylation-sensitive signal for clathrin-de-
pendent nephrin endocytosis, essential for the slit diaphragm
formation.

Results

Human nephrin interacts with members of the
clathrin-dependent endocytic pathway and
post-endocytic recycling compartments

First, we examined whether human nephrin interacts with
clathrin and the plasma membrane–associated endocytic adap-
tor complex, the assembly polypeptide-2 (AP-2) (17). Immor-
talized human podocytes were transfected with the WT human
nephrin (Nephrin-WT) plasmid because endogenous nephrin
expression was below detection by biochemical assays (Fig. S2).
Nephrin-WT co-immunoprecipitated with endogenous clath-
rin and the �2 adaptin of AP-2 (Fig. 1A). Next, we examined
whether the cell surface abundance of Nephrin-WT is con-
trolled by the large GTPase dynamin-2 that releases cargo con-
taining clathrin-coated vesicles (CCVs) into the cell interior by
membrane fission at the neck of clathrin-coated pits (CCPs)
(18, 19). The dominant-negative dynamin-2 mutant DynK44A
that blocks scission of CCPs increased the plasma membrane
abundance of Nephrin-WT, as shown by the cell surface bioti-
nylation assay (Fig. 1B). These data indicate that nephrin is
internalized by a clathrin-dependent mechanism. Immunopre-

cipitation experiments showed that Nephrin-WT interacts
with the small GTPases Rab4 and Rab8 (Fig. 1C). Rab4 and Rab8
are involved in recycling of the cargo molecules from early
endosomes to plasma membrane, polarized membrane
traffic, and interactions with the actin cytoskeleton (20).
Together, these data show that in human podocytes, Neph-
rin-WT is internalized by clathrin-mediated endocytosis fol-
lowed by trafficking in specialized, actin-based recycling
compartments.

Mutagenesis of Nephrin-Y1139 affects tyrosine phosphorylation
and changes nephrin abundance in CCVs

Interactions of the �2 subunit of AP-2 with the YXXØ motif
in membrane proteins trigger the formation of CCPs (21). The
state of tyrosine phosphorylation in YXXØ motifs serves as a
sensor to determine whether a protein should remain at the cell
surface or undergo internalization (1, 22). Specifically, tyrosine
dephosphorylation facilitates endocytosis by enabling the
interaction of YXXØ with the �2 adaptin (23). By contrast,
tyrosine phosphorylation inhibits endocytosis and helps retain
a protein at the cell surface because phosphorylated tyrosine
cannot interact with the �2 adaptin. To determine whether the
Nephrin-Y1139 can function as such a sensor, we mutated it to
alanine (Nephrin-Y1139A) or phenylalanine (Nephrin-Y1139F).
The Nephrin-Y1139A substitution should disable Y1139RSL as an
endocytic motif, whereas the Y1139F substitution should mimic a
nonphosphorylated state of the tyrosine residue and facilitate
endocytosis. First, tyrosine phosphorylation of the nephrin vari-
ants was examined by anti-phosphotyrosine antibody 4G10 in
immunoprecipitation experiments. There have been nine tyrosine
residues reported in the nephrin cytoplasmic C-terminal tail (12).
Compared with Nephrin-WT, tyrosine phosphorylation was
reduced by the Y1139F or Y1139A substitution, indicating that the
Nephrin-Y1139 is phosphorylated and thus may function in the
context of the Y1139RSL sequence as a phosphorylation-depen-
dent sensor (Fig. 1, D and E).

Next, to examine whether altering the Nephrin-Y1139 phos-
phorylation affects clathrin-dependent nephrin endocytosis,
we followed the abundance of Nephrin-WT, Nephrin-Y1139F,
or Nephrin-Y1139A in CCVs isolated by density gradient and
differential centrifugation, a procedure validated in our previ-
ous publication (24). Purity of the CCV fraction was confirmed
by enrichment of the clathrin-associated �2 adaptin, exclusion
of the coat protein caveolin-1 associated with clathrin-indepen-
dent endocytosis, and exclusion of the cargo protein podocin
associated with lipid-raft membrane domains (Fig. 2, A and B).
Nephrin-WT was enriched in the CCV fraction and co-distrib-
uted with clathrin and �2 adaptin (Fig. 2, A and B). Clathrin
abundance in the CCVs in podocytes expressing different
nephrin variants was similar, indicating comparable isolation
efficiency of the CCV fraction (Fig. 2C). The CCV abundance of
Nephrin-Y1139F, mimicking the dephosphorylated tyrosine,
was increased, compared with Nephrin-WT. The results
indicate that the Y1139F substitution enabled the Y1139RSL
sequence to facilitate clathrin-dependent nephrin endocytosis
(Fig. 2, D and E). Moreover, the CCV abundance of Nephrin-
Y1139A, disabling the YXXØ motif, was decreased compared
with Nephrin-WT, indicating that the Y1139A substitution

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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inactivated the Y1139RSL sequence as an endocytic motif (Fig. 2,
D and E). Because Nephrin-Y1139A was still present in CCVs,
the Y1139RSL sequence is likely not the only clathrin-dependent
endocytic motif in human nephrin. Nevertheless, these data
demonstrate that the Y1139RSL motif mediates clathrin-depen-
dent nephrin endocytosis.

The Y1139RSL motif modulates the steady-state abundance
and stability of nephrin at the plasma membrane

We conducted cell surface biotinylation assays to determine
effects of the Nephrin-Y1139 mutations on the steady-state
plasma membrane abundance of nephrin. Whereas the three
nephrin variants were detected at the plasma membrane,
Nephrin-Y1139F was less abundant and Nephrin-Y1139A was
more abundant, compared with Nephrin-WT (Fig. 3, A and B).
Besides the role in clathrin-dependent endocytosis, YXXØ
sequence may serve as a plasma membrane–targeting motif
during protein biosynthetic processing (25). To confirm that
the above differences in steady-state cell surface abundance

resulted from altered endocytic trafficking, rather than differ-
ent targeting to the cell surface, we examined effects of the
Nephrin-Y1139 mutations on nephrin stability at the plasma
membrane. Podocytes were treated with the inhibitor of trans-
lation cycloheximide (26). The plasma membrane half-life of
Nephrin-Y1139F (2.9 h) was decreased, and that of Nephrin-
Y1139A (7.4 h) was increased, compared with Nephrin-WT (4.5
h) (Fig. 4, A and B). The Nephrin-Y1139 mutagenesis affected
specifically the plasma membrane and not the total cellular
nephrin stability (Fig. 4, A–C). Our interpretation was that the
nonphosphorylated tyrosine mimic, Y1139F reduced the plasma
membrane nephrin stability by accelerating nephrin endocyto-
sis. By contrast, the Y1139A substitution disabled the Y1139RSL
endocytic motifs and stabilized nephrin at the plasma mem-
brane by inhibiting its endocytosis.

The Y1139RSL motif affects podocyte migration

Podocytes exhibit contractile function (27). Increased podo-
cyte motility is an important stress response leading to podo-

Figure 1. Human nephrin interacts with members of the clathrin-dependent endocytic pathway and post-endocytic recycling compartments, and
Tyr1139 mutagenesis inhibits nephrin tyrosine phosphorylation. A, immunoblots (IB) demonstrating that Nephrin-WT co-immunoprecipitated with
endogenous clathrin and the �2 adaptin of the plasma membrane–associated clathrin adaptor complex, AP-2, in human podocytes. B, representative cell
surface biotinylation experiments showing that DynK44A increased the abundance of Nephrin-WT specifically in the plasma membrane. Podocytes expressing
Nephrin-WT were rapidly cooled to 4 °C to stop endocytic trafficking, and the plasma membrane (PM) proteins were labeled with membrane-impermeable
EZ-LinkTM Sulfo-NHS-LC-Biotin, followed by cell lysis, isolation of biotinylated proteins with streptavidin beads, and elution from beads. The PM Nephrin-WT
was detected in the biotinylated protein complexes, and the total cellular Nephrin-WT was detected in WCL by immunoblotting. C, co-IP experiments showing
that Nephrin-WT interacts with the small GTPases, Rab4 and Rab8. Shown are immunoblots (D) and a summary (E) of IP experiments demonstrating contribu-
tion of the Tyr1139 residue to the total pool of phosphorylated tyrosine residues in Nephrin-WT. Nephrin-WT was immunoprecipitated from WCL with antibody
50A9 (IP Nephrin-WT) or nonspecific IgG control (IP IgG). Total Nephrin-WT, Nephrin-Y1139F, and Nephrin-Y1139A were detected with antibody N-20, and the
tyrosine-phosphorylated form (pY) was detected with the phosphosite antibody 4G10 in the immunoprecipitated protein complexes. The immunoprecipitat-
ing IgG was nonspecifically visualized with anti-nephrin antibody N-20 (arrow). The Y1139F (Y/F) substitution, a nonphosphorylated tyrosine mimic, and Y1139A
(Y/A) substitution in the Y1139RSL motif reduced nephrin phosphorylation, demonstrating that nephrin is phosphorylated on the Tyr1139 site in human
podocytes. The pY-Nephrin-WT, -Y/F, or -Y/A was normalized for the total immunoprecipitated nephrin, respectively, and expressed as a percentage of
pY-Nephrin-WT. A–C, experiments were repeated three times in different cultures with similar results. D and E, *, p � 0.05 versus pY-Nephrin-WT (3 experiments/
group). Error bars, S.E.
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cyte detachment (28 –31). We performed a scratch assay to
examine the role of the Y1139RSL motif in podocyte motility.
Podocytes expressing Nephrin-WT demonstrated baseline
motility that was partially restricted by Nephrin-Y1139F (Fig. 5).
By contrast, Nephrin-Y1139A increased podocyte migration by
2-fold compared with Nephrin-WT. The differences in number
of cells in the scratch region did not result from differences in
the cell-seeding density or cell division as determined by a com-
parable expression of nephrin variants or the housekeeping
protein ezrin in podocytes expressing the nephrin variants (Fig.
5C). These data demonstrate that increased nephrin endocyto-
sis, mediated by the Y1139RSL motif, stabilizes podocytes,
whereas inhibition of nephrin endocytosis induces podocyte
migration. These results indicate that active nephrin turnover
between the plasma membrane and intracellular compart-
ments stabilizes podocytes and that the podocyte migratory
responses are activated when nephrin becomes immobilized at
the plasma membrane.

Figure 3. Cell surface biotinylation experiments demonstrating that the
Y1139RSL motif influences the steady-state plasma membrane nephrin
abundance. Cell surface of podocytes expressing Nephrin-WT (WT), -Y1139F
(Y/F), or -Y1139A (Y/A) was biotinylated with EZ-LinkTM Sulfo-NHS-LC-Biotin,
and the PM nephrin was detected as described in the legend to Fig. 1B. The
PM abundance of WT, Y/F, and Y/A was normalized for the respective abun-
dance in WCL and expressed as a percentage of WT. Shown are immunoblots
(IB) (A) and a summary of data (B) demonstrating that the steady-state PM
abundance of Y/F was decreased and Y/A was increased compared with WT.
C, *, p � 0.05 versus Nephrin-WT (3 experiments/group). Error bars, S.E.

Figure 2. Mutagenesis of nephrin-Y1139 affects nephrin abundance in CCVs. Podocytes expressing Nephrin-WT, -Y1139F, or -Y1139A were first rapidly cooled
to 4 °C to stop endocytic trafficking and synchronize the cell surface protein abundance, and subsequently, cells were rapidly warmed to 37 °C for 7.5 min to
induce endocytic uptake of proteins into CCVs, followed by rapid cooling to 4 °C, and CCV isolation by density gradient and differential centrifugation. A,
immunoblots (IB) demonstrating that the clathrin-associated �2 adaptin and not the coat protein caveolin-1, associated with clathrin-independent endocy-
tosis, co-distributed with clathrin. H, cellular homogenate; P1, nuclear fraction; S1, postnuclear supernatant; P2, microsomal fraction; S2, fraction depleted of
microsomes. B, Nephrin-WT was targeted to CCVs. By contrast, the lipid raft–associated protein podocin was excluded from the CCV fraction. C, immunoblots
confirming CCV isolation in podocytes expressing Nephrin-WT (WT), -Y1139F (Y/F), or -Y1139A (Y/A). Shown are immunoblots (D) and a summary of experiments
(E) demonstrating that the CCV abundance of Nephrin-Y1139F was increased and Nephrin-Y1139A was decreased, compared with Nephrin-WT. The CCV
abundance of WT, Y/F, and Y/A was normalized for the respective abundance in homogenates (H) and expressed as a percentage of WT. *, p � 0.05 versus
Nephrin-WT. 3–5 experiments/group. Error bars, S.E.
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Modifications of the human nephrin-Y1139 alter the nephrin-
rescuing ability in zebrafish morphants

To test the functional significance of the human Nephrin-
Y1139, we knocked down zebrafish nephrin and attempted to
rescue with the human (hs)-Nephrin-WT, hs-Nephrin-Y1139F,
or hs-Nephrin-Y1139A synthetic mRNA. Others have shown
that human nephrin can rescue nephrin loss in zebrafish
embryos and modifications to the human nephrin sequence
alter the gene’s rescuing abilities (32). Injection of validated
nephrin morpholino (dr-Nephrin-MO) resulted in mis-splic-
ing of zebrafish nephrin mRNA (Fig. S3). Embryos depleted of
nephrin grown to 4 days postfertilization (dpf) exhibited peri-
cardial and yolk sac edema as well as curvature of the body axis
(Fig. 6A). In our rescue experiments, hs-Nephrin transcripts

co-injected with dr-Nephrin-MO partially rescued nephrin
mRNA expression with similar efficacy (Fig. S3, C and D). As
shown by Fukuyo et al. (32), we were able to partially rescue the
phenotypes, including edema associated with dr-Nephrin-MO,
by co-injecting hs-Nephrin-WT with dr-Nephrin-MO (Fig.
6B). Similarly, co-injection of hs-Nephrin-Y1139F significantly
rescued dr-Nephrin-MO–mediated phenotypes. We did not
observe rescue in embryos co-injected with Nephrin-Y1139A
and dr-Nephrin-MO when compared with embryos injected
with the dr-Nephrin-MO alone.

To visualize the general organization of the glomerulus, we
utilized transgenic zebrafish expressing enhanced GFP driven
by the Wilms tumor 1a promoter (Tg(wt1a:eGFP) imaged by
single-plane illumination microscopy (SPIM) (33). A pair of

Figure 4. Cell surface biotinylation experiments demonstrating that the Y1139RSL motif affects nephrin stability at the plasma membrane. Podocytes
expressing Nephrin-WT (WT), -Y1139F (Y/F), and -Y1139A (Y/A) were cultured to confluence. Protein disappearance from the PM was monitored over time in the
presence of 20 �g/ml cycloheximide (CHX) at 37 °C to inhibit protein translation. PM proteins were labeled with membrane-impermeable EZ-LinkTM Sulfo-
NHS-LC-Biotin. Ezrin expression in WCL was used as a loading control. The half-life was calculated using a one-way exponential decay model. Shown are
immunoblots (WB) (A) and a summary of experiments (B) demonstrating that the plasma membrane half-life of Y/F (2.9 h) was shorter and that of Y/A (7.4 h) was
longer, compared with WT (4.5 h). Nephrin stability in WCL was not affected by the amino acid substitutions at Tyr1139 (C). *, p � 0.05 versus WT (3–5
experiments/group). Error bars, S.E.
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nephron primordia in zebrafish have fused at the midline by 2
dpf to both left and right pronephric tubules to serve a filtering
function starting at 40 hpf (34 –37), which we could see in all
control animals. In uninjected animals and animals injected
with control MO, the organization of the glomerulus showed
no apparent gaps in the structure (Fig. 6, C and D). Conversely,
nephrin morphants exhibited amorphous glomerular struc-
tures, specifically a decrease in size, failure of glomerular fusion,
and cyst formation. These phenotypes were partially rescued
with the co-injection of hs-Nephrin-WT or hs-Nephrin-Y1139F
in the dr-Nephrin-MO (Fig. 6, C and D). Whereas both partially
rescued the amorphous glomeruli associated with dr-Nephrin-
MO, morphants rescued with hs-Nephrin-Y1139F fared signifi-
cantly better than morphants rescued with hs-Nephrin-WT
(Fig. 6D). Normal glomerular organization was observed in
almost half of the edematous morphants rescued with
hs-Nephrin-Y1139F, whereas only a small fraction of edematous
animals rescued with hs-Nephrin-WT and none injected with
dr-Nephrin-MO alone had normal glomeruli (Fig. 6E). These
data suggest that ultrastructural changes in the glomeruli, not
observed by SPIM, could lead to edema formation in these ani-

mals. Morphants injected with Nephrin-Y1139A failed to res-
cue, with a similar number of animals developing amorphous
glomerular structure and edema, similar to animals injected
with dr-Nephrin-MO alone (Fig. 6, C–E). The abnormal glo-
merular phenotypes appeared more severe for hs-Nephrin-
Y1139A and dr-Nephrin-MO, compared with hs-Nephrin-WT
and hs-Nephrin-Y1139F (Fig. 6, C and D). Although some mor-
phants rescued with hs-Nephrin-WT or hs-Nephrin-Y1139F
did develop unfused glomeruli, the severity was lower (partial
nonfusion) compared with morphants rescued with hs-Neph-
rin-Y1139A or animals injected with dr-Nephrin-MO alone (Fig.
6, C and D).

To visualize the ultrastructure of the glomerulus, we utilized
transmission EM (TEM). The podocyte foot processes and the
slit diaphragm are formed and mature by 4 dpf (35). For all
conditions, podocytes appeared to generate foot processes (Fig.
6F). All animals rescued with hs-Nephrin-WT (2 of 2) or
hs-Nephrin-Y1139F (3 of 3) appeared to have normal foot pro-
cess organization. However, for a fraction of nephrin mor-
phants (1 of 3) or animals rescued with hs-Nephrin-Y1139A (2 of
6), we were unable to identify the presence of foot processes. In
those we could identify, morphants and animals rescued with
hs-Nephrin-Y1139A exhibited amorphous foot process organi-
zation. This suggests that foot processes do form in animals
rescued with hs-Nephrin-Y1139A but do not organize into a
functional slit diaphragm between neighboring podocytes; con-
versely, organization of foot processes can be rescued by
hs-Nephrin-Y1139F and hs-Nephrin-WT. Together, the above
data demonstrate that the ability of human nephrin to rescue
the phenotypes associated with nephrin depletion requires the
residue Tyr1139 to be available for phosphorylation, and this
residue is sufficient to improve nephrin activity in the forma-
tion of the slit diaphragm.

The human nephrin-Y1139A has dominant-negative effects in
the presence of dr-Nephrin

Finally, we examined effects of the human nephrin con-
structs in zebrafish embryos. Injection of hs-nephrin-WT and
hs-nephrin-Y1138F into blastomeres had a nearly undetectable
effect on the development of animals. However, a large propor-
tion of animals injected with hs-Nephrin-Y1139A developed
edema in a similar proportion to dr-Nephrin morphants alone
and those co-injected with hs-Nephrin-Y1139A (Fig. 7A versus
Fig. 6B). Interestingly, animals injected with hs-Nephrin-
Y1139A alone exhibited abnormal glomerular structures, similar
to those observed in the dr-Nephrin morphants co-injected
with hs-Nephrin-Y1139A, suggesting that the Y1139A mutation
had dominant-negative effects on the dr-Nephrin function and
the glomerular development (Fig. 7B versus Fig. 6D). In recon-
ciling the podocyte and zebrafish data, we propose that the
dynamic nephrin turnover, maintained by the Y1139RSL-depen-
dent trafficking, is required for normal foot process organiza-
tion and formation of the slit diaphragm during podocyte
differentiation.

Discussion

We have shown that the Y1139RSL motif is a structural ele-
ment for clathrin-dependent nephrin endocytosis functioning

Figure 5. Cell migration assays demonstrating that Y1139RSL influences
podocyte migration. Podocytes stably expressing Nephrin-WT (WT), Neph-
rin-Y1139F (Y/F), and Nephrin-Y1139A (Y/A) were cultured to confluence on col-
lagen I– coated 60-mm dishes. One scratch along the diameter of each dish
was made using the P200 pipette tip, and reference points were made on the
bottom of the dish. Cells were washed, and adherent podocytes were allowed
to migrate into the scratch at 37 °C for up to 24 h, at which time podocytes
expressing Nephrin-WT completely closed the gap created by the scratch.
Thus, data were reported at the 8 h time point, at which cells were fixed with
2% paraformaldehyde. Images at �10 magnification were obtained with a
wide field microscope, and the cell nuclei were counted using the ImageJ
software. The number of migrated cells was counted in four fields per condi-
tion in each experiment. Shown are wide field microscope images (A) and a
summary of experiments (B) demonstrating that Y/F decreased and Y/A
increased podocyte migration, compared with WT. Interrupted lines delineate
the scratch reference points. Arrows, direction of cell migration. Scale bar, 300
�m. C, representative immunoblot showing similar expression of nephrin
variants demonstrating similar cell seeding density. Ezrin was a loading con-
trol. *, p � 0.05 versus WT. 20 –28 fields from 5–7 experiments/group. Error
bars, S.E.
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as a phosphorylation-sensitive signal. We propose that the
Y1139RSL-mediated endocytosis and post-endocytic trafficking
maintain dynamic nephrin turnover and facilitate nephrin
delivery to specialized membrane domains between neighbor-
ing foot processes, leading to organization into a functional slit
diaphragm (Fig. 8).

Several lines of evidence support these conclusions. First,
human nephrin co-immunoprecipitated with clathrin and
AP-2, and residue Tyr1139 was phosphorylated in podocytes
(Fig. 1). Second, the Y1139F substitution, mimicking nonphos-
phorylated tyrosine, increased nephrin abundance in CCVs and
reduced the steady-state abundance and stability of nephrin at
the podocyte cell membrane (Figs. 2– 4). Conversely, the
Y1139A substitution, disrupting the YXXØ endocytic motifs,

had opposite effects. Our data showing significant decrease
rather than complete blockade of Nephrin-Y1139A entry into
CCVs suggest the presence of additional endocytic motifs
directing clathrin-dependent endocytosis of human nephrin
(Fig. 2). Third, podocyte migration was restricted by Nephrin-
Y1139F and it was increased by Nephrin-Y1139A, compared with
Nephrin-WT (Fig. 5). These data support a view that the
dynamic nephrin turnover rather than its immobilization at the
cell membrane is important for the physiologic podocyte func-
tion. Consistent with this model, inhibition of endocytosis
resulted in increased podocyte stress response. Fourth,
hs-Nephrin-Y1139F was superior to hs-Nephrin-WT in rescu-
ing the phenotypes associated with nephrin depletion and
defects in glomerular and foot process organization in zebrafish

Figure 6. The human nephrin-Y1139F is sufficient and required for human nephrin function and slit diaphragm formation in zebrafish embryos.
Animals either uninjected or injected with Control-MO or dr-Nephrin-MO with or without co-injection of hs-Nephrin-WT, hs-Nephrin-Y1139F (Y/F), or hs-Neph-
rin-Y1139A (Y/A) were imaged in bright field at 4 dpf. A, representative images demonstrating normal phenotype of animals injected with Control-MO,
compared with uninjected animals. Conversely, animals injected with dr-Nephrin-MO showed pericardial and yolk sac edema and curvature of body axis. Scale
bar, 1 mm. B, proportion of animals that were phenotypically normal or had edema per denoted treatment. n � 85–215 animals/condition. C, fluorescence
images of glomeruli obtained by a SPIM microscope in 4 dpf Tg(wt1a:GFP) animals injected with Control-MO or dr-Nephrin-MO alone or co-injected with
dr-Nephrin-MO and hs-Nephrin-WT, Y/F, or Y/A. The inset shows the schematic plane of imaging. Shown are representative images of the patterns of
glomerular organization and the number of animals in each treatment group. Scale bar, 200 �m. D, proportion of Tg(wt1a:GFP) animals with normal or
abnormal glomerular patterns per denoted treatment. n � 24 –39 animals/condition. Additionally, shown are the proportion of animals with specific patterns
as subgroups in the abnormal glomerular organization group. E, proportion of animals grouped based on the presence or absence of edema with normal
or abnormal glomerular organization per denoted treatment. n � 24 –39 animals/condition. F, TEM images of the glomerular space of 4 dpf animals. All
examined animals that were either uninjected or from the dr-Nephrin-MO � hs-Nephrin-WT group had no edema and showed normal ultrastructural
organization of the glomerular ultrafiltration barrier, including the slit diaphragm seen as the thin gray line between neighboring foot processes. Two animals
in the dr-Nephrin-MO group had edema, and one did not. We were unable to locate foot processes in the animal without edema, and shown is the ultrastruc-
ture of the edematous animal. For the dr-Nephrin-MO � hs-Nephrin-Y/F and dr-Nephrin-MO � hs-Nephrin-Y/A animals, one had edema and two were normal,
and four had edema and two were normal, respectively. Animals with edema are shown for both groups. The white arrows show normal foot processes linked
by a slit diaphragm. The black arrows show abnormal (effaced) foot processes that do not form a slit diaphragm. Scale bar, 500 nm; glom, glomerulus; po,
podocyte cell body; us, urinary space; gbm, glomerular basement membrane; fp, foot process; sd, slit diaphragm; ce, capillary endothelium. *, p � 0.05; **, p �
0.0001 versus Control-MO. #, p � 0.05 versus dr-Nephrin-MO.
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embryos (Fig. 6). Conversely, hs-Nephrin-Y1139A failed to res-
cue, having phenotypes similar to nephrin depletion. More-
over, hs-Nephrin-Y1139A alone exhibited abnormal glomerular
structures, similar to those observed in nephrin morphants co-
injected with hs-Nephrin-Y1139A, suggesting that the Y1139A
mutation has dominant-negative effects during glomerular
development (Fig. 7B versus Fig. 6D). Taken together, our data
strongly support the view proposed by Grahammer et al. (9)
that the slit diaphragm represents a highly dynamic, cell– cell
contact forming an adjustable barrier within the renal filtration
apparatus.

Podocyte differentiation requires recruitment of the slit
diaphragm–specific, neuronal junction proteins to specialized
membrane domains, and endocytic trafficking contributes to
this process (9, 13, 14). We propose that the Y1139RSL motif
helps to form a slit diaphragm by recruiting nephrin to the
correct location at the plasma membrane of developing podo-
cytes. It has been shown that clathrin-dependent endocytosis
mediated by the YRSL motif in the neuronal L1CAM creates
spatial asymmetry in adhesive interactions with the environ-
ment and is critical for the physiologic sorting of axonal growth

cone, whereas mutations of the L1CAM gene cause severe
developmental anomalies in the human nervous system (38 –
42). Thus, the YRSL motif in diverse proteins may facilitate
differentiation of podocytes and neurons by similar mecha-
nisms. Our data strengthen the evidence for shared biological
characteristics of podocytes and neurons (43, 44).

Different endocytic motifs help to diversify nephrin subcel-
lular localization and function. For example, nephrin phosphor-
ylation at residues Tyr1176 and Tyr1193 triggers its internaliza-
tion via lipid raft–mediated endocytosis (45). By contrast,
phosphorylation of the residue Tyr1193 inhibits �-arrestin–
mediated, clathrin-dependent nephrin endocytosis, resulting in
increased nephrin signaling (46). The Tyr1193 residue exists in
the context of another YXXØ-type motif, Y1193DEV, suggesting
that the phosphorylation of Tyr1193 may also inhibit clathrin-
dependent nephrin endocytosis mediated by Y1193DEV (15,
47). As discussed above, the decrease rather than complete
blockade of Nephrin-Y1139A entry into CCVs is consistent with
the presence of additional endocytic motifs directing clathrin-
dependent endocytosis of human nephrin (Fig. 2). The YDEV
sequence is present in the rat nephrin and may be responsible
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Figure 7. The hs-Nephrin-Y1139A mutant has dominant-negative effects on the dr-Nephrin function in zebrafish embryos. A, animals untreated or
injected with hs-Nephrin-WT, hs-Nephrin-Y1139F, or hs-Nephrin-Y1139A were imaged in bright field at 4 dpf. Additionally, shown are proportions of animals with
abnormal glomerular organization patterns. n � 15– 40 animals/condition. B, proportion of Tg(wt1a:GFP) animals with normal or abnormal glomerular
patterns per denoted treatment were compared examined by a SPIM microscope. n � 17–33 animals/condition. Additionally, shown are the proportion of
animals with specific patterns as subgroups in the abnormal glomerular organization group. *, p � 0.05; **, p � 0.0001 versus hs-Nephrin-WT. #, p � 0.05; ##,
p � 0.0001 versus hs-Nephrin-Y/F.

Figure 8. Model of the proposed role of the nephrin Y1139RSL motif during podocyte development. Upon dephosphorylation of the amino acid residue
Tyr1139 (YRSL), nephrin interacts with the �2 adaptin of AP-2, followed by recruitment to CCPs, endocytosis in CCVs, and post-endocytic trafficking in recycling
endosomes. We propose that the Y1139RSL-mediated endocytosis and post-endocytic trafficking maintain the dynamic nephrin turnover and facilitate nephrin
delivery to specialized membrane domains between neighboring foot processes, leading to organization into the functional slit diaphragm. The slit diaphragm
dynamics are regulated by the state of nephrin phosphorylation at residue Tyr1139 (pYRSL). Upon phosphorylation, nephrin can be retained at the plasma
membrane, leading to formation of homophilic interactions with nephrin from a neighboring foot process.
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for its endocytosis via a clathrin-dependent pathway (Fig.
S4). Nephrin multisequence alignment by MUSCLE (multi-
sequence alignment with high accuracy and high throughput)
demonstrated that YRSL is expressed only in primates (Fig. S1)
(48). Expression of different endocytic motifs in homologous
proteins has been reported previously. For example, SoRCS1, a
member of the Vps10p domain receptor family and susceptibil-
ity gene for diabetes mellitus type 2, is internalized via a tyro-
sine-based endocytic motif in mice and via the DXXLL-type
motif in humans (49). The reason why species evolve to utilize
alternative endocytic motifs is not entirely clear but may be
influenced by specific habitats. Nephrin expressed in the insu-
lin-producing pancreatic �-cells also contains the Y1139RSL
motif (50 –53). This is in contrast to the tissue-specific expres-
sion of the YRSL motif in L1CAM (54, 55).

Studies have shown that podocyte injury may result from
defects in lipid raft– or clathrin–mediated nephrin endocyto-
sis, and nephrin mislocalization has been observed in different
forms of kidney disease (56 –61). For example, phosphorylation
of the residues Thr1120 and Thr1125 facilitates nephrin interac-
tion with �-arrestin and induces nephrin endocytosis during
hyperglycemia (62–64), whereas phosphorylation of the
Tyr1193 and Tyr1217 residues facilitates nephrin endocytosis in a
ShcA-dependent manner during PAN nephrosis (65). Our in
vivo data demonstrate that disorder of the Y1139RSL-mediated
clathrin-dependent nephrin endocytosis impairs the slit dia-
phragm formation.

Zebrafish has been validated as an important model for stud-
ies of human podocytopathies, and the advantages include high
fecundity and rapid development of pronephros containing the
structural components of the slit diaphragm (66). Glomeruli of
zebrafish pronephros fuse by 2 dpf and become functional by 3
dpf, but podocytes are not fully mature until 4 dpf (34 –37).
Thus, we used glomerular fusion as a descriptor for the matu-
ration of pronephros by imaging at 4 dpf. Fukuyo et al. (32)
showed that glomerular development is markedly disrupted in
nephrin morphants. Our studies provide additional character-
ization and range of defects in glomerular development, includ-
ing previously unreported failure of glomerular fusion (Fig. 6C).
It is conceivable that nephrin plays a role in the fusion of
nephron primordia because expression of nephrin mRNA is
detected already at 34 hpf in the pair of epithelial vesicles form-
ing the nephron primordia that fuse at the midline by 2 dpf (36).
Rescue of the unfused phenotype in nephrin morphants by
hs-Nephrin-WT or hs-Nephrin-Y1139F and not hs-Nephrin-
Y1139A strongly supports the role of endocytic nephrin turn-
over in the glomerular fusion. Studies have shown that pro-
nephric failure in zebrafish embryos causes generalized edema
due to altered osmoregulation observed after 3 dpf, and Fukuyo
et al. showed that human nephrin can rescue phenotypes asso-
ciated with nephrin morphants, including edema (32, 34). Par-
tial rescue of the edematous phenotype in zebrafish morphants
co-injected with hs-Nephrin-WT or hs-Nephrin-Y1139F and
not hs-Nephrin-Y1139A strongly supports the role of endocytic
nephrin turnover in pronephric development (Fig. 6, C and D).

The WES and WGS analysis of nephrin Y1139RSL motif dem-
onstrates lack of genetic variation at nucleotide positions
affecting residue Tyr1139 or Leu1142. The allele frequencies of

variants affecting Arg1140 and Ser1141, including the pathogenic
allele resulting in R1140C, are rare in the population. This low-
level presence can be consistent with alleles that transmit their
pathogenicity in an autosomal recessive manner. The complete
absence of missense variation affecting Tyr1139 and Leu1142

could imply strong negative selection acting at this position and
further strengthens our conclusion regarding their particular
importance.

Experimental procedures

Antibodies and reagents

The following anti-nephrin antibodies were used: 50A9
(mouse monoclonal raised against the extracellular domain of
nephrin; gift from Dr. Karl Tryggvason, Karolinska Institute,
Stockholm, Sweden), N-20 (rabbit polyclonal; Santa Cruz Bio-
technology, Inc.), and pAB2 (rabbit polyclonal), as described
previously (67). Other antibodies used were anti-GFP (mouse
monoclonal JL8; Clontech), anti-clathrin heavy chain (mouse
monoclonal; BD Biosciences), anti-�2 adaptin (mouse mono-
clonal AP50 (BD Biosciences) or chicken polyclonal AP2M1
(ProSci Inc., Powy, CA)), anti-podocin (rabbit monoclonal,
Sigma-Aldrich), rabbit polyclonal anti-Wilms tumor protein 1
(WT1), anti-caveolin-1 (rabbit polyclonal, Cell Signaling Tech-
nology, Danvers, MA), mouse monoclonal anti-CD2AP and
goat polyclonal anti-dynamin II (Santa Cruz Biotechnology),
anti-phosphotyrosine antibody 4G10 horseradish peroxidase
conjugate (mouse monoclonal, Millipore, Temecula, CA), anti-
ezrin (mouse monoclonal; BD Transduction Laboratories), and
anti-actin (mouse monoclonal AC-15 or rabbit polyclonal;
Sigma-Aldrich). Horseradish peroxidase– conjugated goat
anti-mouse and goat anti-rabbit secondary antibodies (Bio-
Rad), Alexa Fluor 555– conjugated goat anti-mouse IgG, and
Alexa Fluor 488 – conjugated goat anti-rabbit IgG (Thermo Sci-
entific) were used. All antibodies were used at the concentra-
tions recommended by the manufacturer or as indicated in the
figure legends.

Cells and cell culture

The T-SV40 immortalized human podocytes were a gift from
Dr. J. D. Sraer (INSERM, Paris, France) (68). Podocytes were
maintained in optimized RPMI 1640 medium (Cellgro, Manas-
sas, VA) supplemented with 10% fetal bovine serum (Gibco), 50
units/ml penicillin and 50 mg/ml streptomycin, 2 mM L-gluta-
mine (Sigma-Aldrich), and 5 ng/ml insulin-transferrin-sele-
nium (Cellgro), as described previously (68, 69). These cells
endogenously express several podocyte-specific proteins,
including podocin, CD2AP, and WT1 (Fig. S1). However,
endogenous nephrin expression was not detected, and podo-
cytes were transfected with human nephrin plasmids. Follow-
ing transient transfection with plasmid DNA or stable trans-
duction with lentiviral particles, podocytes were seeded on
plastic tissue culture plates or dishes (Corning Corp.) coated
with 10% purified collagen (PureColTM, Advanced Biomatrix,
San Diego, CA) or glass coverslips and cultured as described for
individual experiments.
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Plasmids and transient transfection

cDNA encoding full-length human nephrin (NM_004646.1)
was amplified from the human cDNA library using the 5� and 3�
rapid amplification of cDNA ends (MarathonTM cDNA amplifica-
tion kit, (Clontech) and subcloned by PCR into the pCDNA 3.1
vector (Nephrin-WT). To construct Nephrin-Y1139F and Neph-
rin-Y1139A, the cDNA encoding Nephrin-WT was mutated using
the QuikChangeTM II XL site-directed mutagenesis kit (Strat-
agene, La Jolla, CA). Constructs were sequence-verified by ABI
PRISM dye terminator cycle sequencing (Applied Biosystems,
Foster City, CA). We expressed untagged nephrin because the
addition of a tag may alter protein trafficking. Transfection of cells
with plasmids was performed using FuGENE6 (Roche Applied
Science), according to the manufacturer’s instructions. Rat
dynamin 2 K44A (DynK44A) plasmid in pEGFP-N1 vector was
received from Dr. William Guggino (Johns Hopkins University,
Baltimore, MD) (70).

Stable transduction

To establish a podocyte cell line stably expressing human
Nephrin-WT, the T-SV40 immortalized human podocytes
were stably transduced with lentiviral particles containing the
human Nephrin-WT plasmid (Precision LentiORF accession
BC156195 clone ID: PLOHS_100061574) in pLOC lentiviral
vector (Thermo Scientific). Lentiviral particles containing
Nephrin-Y1139F or Nephrin-Y1139A in pLOC vector were pro-
duced at the University of Pittsburgh Viral Core Facility. Selec-
tion of podocytes stably expressing nephrin plasmids was car-
ried out with blasticidin S, and culture of stably transduced
podocytes was carried out as described above.

Biochemical determination of the plasma membrane nephrin

Podocytes grown to confluence on collagen-coated tissue
culture plates were rapidly cooled to 4 °C to stop protein traf-
ficking. Plasma membrane proteins were labeled with the
plasma membrane–impermeable EZ-LinkTM Sulfo-NHS-LC-
Biotin (Pierce) followed by cell lysis in buffer containing 25 mM

HEPES, pH 8.0, 1% Triton, 10% glycerol, and Complete Prote-
ase Inhibitor Mixture (Roche Applied Science). Biotinylated
proteins were isolated from the whole-cell lysate (WCL) by
incubation with streptavidin-agarose beads as described previ-
ously (24). All steps were performed at 4 °C. As previously dem-
onstrated with appropriate intracellular controls, only proteins
present at the cell surface were accessible to biotin (26). Immu-
noblotting for an intracellular protein, such as ezrin, was used
as a control to confirm the absence of intracellular proteins in
the biotinylated protein samples. Incubation of podocytes with
cycloheximide (Sigma-Aldrich; 20 �g/ml), a protein synthesis
inhibitor, was performed at 37 °C, and the disappearance of
Nephrin-WT, Nephrin-Y1139F, and Nephrin-Y1139A from the
plasma membrane was monitored over time, as described pre-
viously (24). The half-lives were calculated using the one-phase
exponential decay model, with plateau and span parameters
constrained to 0 and 100, respectively (71). Biotinylated neph-
rin was visualized by immunoblotting with antibody 50A9 and
an anti-mouse horseradish peroxidase antibody using the
Western LightningTM Plus-ECL detection system (Perkin-
Elmer Life Sciences) followed by chemiluminescence. Quanti-

fication of biotinylated proteins was performed by ImageJ
(National Institutes of Health, Bethesda, ND) densitometry
using exposures within the linear dynamic range of the film.

Density gradient separation and differential centrifugation of
CCVs

Confluent podocytes expressing Nephrin-WT, Nephrin-
Y1139F, or Nephrin-Y1139A were first rapidly cooled to 4 °C to
stop endocytic trafficking and synchronize the cell surface pro-
tein abundance, and subsequently cells were rapidly warmed to
37 °C for 7.5 min to induce endocytic uptake of proteins into
CCVs, followed by rapid cooling to 4 °C and CCV isolation at
4 °C as described in our previous publication (24). To isolate
CCVs, subcellular fractionation was performed by density gra-
dient and differential centrifugation as described previously
(24). After washing with ice-cold PBS supplemented with Com-
plete Protease Inhibitor Mixture and PhosSTOP (Roche
Applied Science) at 4 °C, podocytes were harvested in Buffer A
(BA), pH 6.5, containing 1 M MES, 10 mM EGTA, and 0.5 M

MgCl2, and homogenized in a glass-Teflon homogenizer using
20 strokes at 1500 rpm. To prepare the microsomal fraction
(P2) containing CCVs, the homogenates were centrifuged at
17,000 � g for 20 min in a Sorvall Biofuge at 4 °C, and the
resultant supernatant (S1) was centrifuged at 56,000 � g for 60
min at 4 °C in a Sorvall swinging bucket rotor TH641 in a Sor-
vall WX 80 Ultra ultracentrifuge. The resultant pellet (P2) was
resuspended in BA and homogenized with five strokes at 1500
rpm, fresh BA was added, and the suspension was passed
through a syringe barrel equipped with a 27-gauge 5⁄8-inch
needle. To pellet CCVs through the sucrose cushion, the P2
suspension was collected in 12.2-ml polyallomer tubes (Sor-
vall, 14-mm diameter), and the D2O-sucrose solution (8%
(w/v) final) was injected at the bottom of the tube under-
neath the P2 suspension and centrifuged at 120,000 � g for
2 h at 4 °C in a Sorvall swinging bucket rotor TH641 in a
Sorvall WX 80 Ultra ultracentrifuge. After discarding the
supernatant, the pelleted CCVs were resuspended in a small
volume of BA and collected.

Immunoprecipitation and immunoblotting

Podocytes transfected with the Nephrin-WT, Nephrin-
Y1139F, or Nephrin-Y1139A plasmids were cultured for 48 –72 h
to form monolayers and were incubated for 15 min at 37 °C
with buffer containing 50 mM HEPES, pH 7.4, 40 �M pervana-
date, 1 mM MgCl2, and 0.1 mM CaCl2. Pervanadate was pre-
pared from sodium orthovanadate (Sigma-Aldrich) in 20 mM

HEPES as described previously (72). Cells were lysed in an
immunoprecipitation (IP) buffer containing 150 mM NaCl, 50
mM HEPES, pH 7.4, 1% IGEPAL CA-630 (Sigma-Aldrich), 5 mM

MgCl2, 5 mM EDTA, 1 mM EGTA, 30 mM NaF, 1 mM Na3VO4,
Complete Protease Inhibitor Mixture, and PhosSTOP as
described previously (24). After centrifugation at 14,000 � g for
15 min to pellet insoluble material, the soluble lysates were
precleared by incubation with protein G–Sepharose beads con-
jugated with the nonimmune mouse IgG (DAKO North Amer-
ica, Inc., Carpinteria, CA) (Pierce) at 4 °C. The precleared
lysates were added to the protein G–Sepharose bead–antibody
complexes. Nephrin was immunoprecipitated by incubation
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with the mouse antibody 50A9. After washing the protein
G–Sepharose bead–antibody complexes with the IP buffer,
immunoprecipitated proteins were eluted by incubation at
85 °C for 5 min in sample buffer (Bio-Rad) containing 100 mM

DTT. Immunoprecipitated proteins were separated by SDS-
PAGE using 7.5% gels (Bio-Rad) and analyzed by immunoblot-
ting. The immunoreactive bands were visualized with the
Western LightningTM Plus-ECL detection system.

Cell migration assay

Podocyte migration was studied by a method established pre-
viously (73). Podocytes stably expressing Nephrin-WT, Neph-
rin-Y1139F, or Nephrin-Y1139A were cultured to confluence on
collagen I– coated 60-mm dishes. One scratch along the diam-
eter of each dish was made using the P200 pipette tip, and ref-
erence points were made on the bottom of the dish. Cells were
washed once with cell culture medium to remove cell debris
along the scratch and incubated at 37 °C. Cells were allowed to
migrate into the scratch at 37 °C for up to 24 h, at which time
the podocytes expressing Nephrin-WT completely closed the
wound. Cells were washed with PBS and fixed with 2% parafor-
maldehyde. Images at �10 magnification were obtained with a
wide field microscope, and the cell nuclei were counted using
the ImageJ software. The number of migrated cells were counted
in four fields per condition.

Zebrafish husbandry

Zebrafish were reared according to established protocols
(74), which were approved by the University of Pittsburgh Insti-
tutional Animal Care and Use Committee.

Injections of zebrafish embryos and efficiency testing

The validated zebrafish nephrin MO for the splice blocking
of nephrin-exon 25 (dr-Nephrin-MO, 5�-TGC ACC AAC ACG
ACT CAC CTC TG-3�) and standard control oligonucleotide
(Control-MO, 5�-CCT CTT ACC TCA GTT ACA ATT TAT
A-3�) were synthesized by Gene Tools LLC (Philomath, OR), as
described previously (32). Human Nephrin-WT, Nephrin-
Y1139F, or Nephrin-Y1139A was cloned into pcDNA3.1; synthe-
sis of capped RNA from these plasmids was generated utilizing
the mMESSAGE mMACHINETM T7 Transcription Kit (Invit-
rogen) (32). Tg(wt1a:gfp) zebrafish embryos were injected with
0.5 pg of synthetic human nephrin transcripts directly into the
one-cell blastomere; in rescue experiments, this was subse-
quently followed by injection of 5.75 ng of dr-Nephrin-MO into
the yolk. Embryos developed at 28 °C for 4 days in E3 embryo
medium containing 30 �g/ml phenylthiourea to inhibit pig-
ment deposition. Splice blocking was verified by RT-PCR (32).
Total RNA was isolated from embryos at 4 dpf, and RT-PCR
was done using GeneAmp Fast master mix (Applied Biosys-
tems, Foster City, CA). The primer set used was as follows:
5�-GGC AGG ATC TGC AAG CTA CAT-3� and 5�-CTC AGG
GCC TTC AGG GTG AG-3� (32). The primers span the regions
of nephrin DNA corresponding to exon junctions 24 –25,
25–26, and 26 –27 so as to identify mis-splicing in these exon
regions caused by dr-Nephrin-MO. To compare PCR products
between Random-MO and dr-Nephrin-MO, 5 �l of each PCR
product was run on 2% agarose gel, followed by gel extraction

using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Ger-
many). After elution of PCR products from columns, the con-
centration and purity were measured on the Nanodrop
(Thermo Scientific) and sequenced using the same primers as
those to amplify the PCR products. Sequencing of purified gel-
extracted PCR products was only successful on the full-size
band in the Control-MO–treated embryos and verified the
amplicon expected from the full-size product. Sequencing of
the smallest band in the dr-Nephrin-MO PCR products
revealed deletion of 47 bp corresponding to exon 25, resulting
in a frameshift and nonsense translation of the subsequent
exons, responsible for translation of the intracellular nephrin
domain.

SPIM of zebrafish embryos

Animals were anesthetized in 160 �g/ml tricaine and 200 �M

Tris, pH 9.0, in E3 medium. Whole animals were imaged in
bright field using Qcapture version 3.1.2 software under a Leica
MZ16 stereomicroscope mounted with a Retiga 1300 CCD
camera (QImaging). Fluorescent images of the zebrafish glom-
eruli were captured using �Manager (Open Imaging, Inc.)
under a SPIM microscope assembled as shown on the Open-
SPIM Wiki with dual plane illumination to provide nearly uni-
form illumination along the plane. All images were projected
and processed in Fiji (75).

TEM of the zebrafish glomerular region

Animals were fixed at 4 dpf in cold 2.5% glutaraldehyde in
0.01 M PBS. The specimens were rinsed in PBS, post-fixed in 1%
osmium tetroxide with 1% potassium ferricyanide, rinsed in
PBS, dehydrated through a graded series of ethanol and propyl-
ene oxide, and embedded in Poly/Bed� 812 (Luft formulations)
and processed using standard protocols for TEM as outlined
by the Center of Biologic Imaging (University of Pittsburgh).
Ultrathin sections (65 nm) were stained with uranyl acetate
and Reynold’s lead citrate and examined on JEOL 1011 TEM
with a side mount AMT 2k digital camera (Advanced
Microscopy Techniques, Danvers, MA). Images were then
processed in Fiji.

Data analysis and statistics

Statistical analysis of the data was performed using
GraphPad Prism version 4.0 for Macintosh (GraphPad Soft-
ware Inc., San Diego, CA). The half-lives were calculated using
the one-phase exponential decay model, with plateau and span
parameters constrained to 0 and 100, respectively (71). The
half-life means were compared by two-tailed t test with
assumed unequal variance. The means for the remaining data
were compared by a two-tailed t test. p � 0.05 was considered
significant. Data are expressed as mean � S.E.

In the zebrafish studies, for analyzing both body appearance
and glomerular architecture, a two-sided Fisher exact test was
used to statistically compare groups. For glomerular architec-
ture, all animals that had abnormal glomerular structures were
summed together in the use of this contingency test. p � 0.05
was considered significant, and p � 0.0001 was considered very
significant.
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