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SUMMARY

Mutations in the NPHS1 gene, which encodes NEPHRIN, cause congenital nephrotic syndrome, resulting from impaired slit diaphragm
(SD) formation in glomerular podocytes. However, methods for SD reconstitution have been unavailable, thereby limiting studies in the
field. In the present study, we established human induced pluripotent stem cells (iPSCs) from a patient with an NPHS1 missense muta-
tion, and reproduced the SD formation process using iPSC-derived kidney organoids. The mutant NEPHRIN failed to become localized on
the cell surface for pre-SD domain formation in the induced podocytes. Upon transplantation, the mutant podocytes developed foot pro-
cesses, but exhibited impaired SD formation. Genetic correction of the single amino acid mutation restored NEPHRIN localization and
phosphorylation, colocalization of other SD-associated proteins, and SD formation. Thus, these kidney organoids from patient-derived
iPSCs identified SD abnormalities in the podocytes at the initial phase of congenital nephrotic disease.

INTRODUCTION

The glomerulus is the filtering apparatus of the kidney. In
the glomerulus, podocytes (glomerular epithelial cells)
cover the endothelial cells and play a major role in the
filtration process (Quaggin and Kreidberg, 2008; Schell
et al., 2014). Podocytes possess multiple cytoplasmic pro-
trusions called foot processes that interdigitate with those
from neighboring podocytes. The gaps between these
foot processes (filtration slits) are bridged by the slit dia-
phragm (SD), which prevents serum proteins of high mo-
lecular weight from leaking into the urine (Patrakka and
Tryggvason, 2007; Ruotsalainen et al., 1999). The major
components of the SD include NEPHRIN (encoded by
NPHS1), PODOCIN (encoded by NHPS2), and NEPH1
(encoded by KIRREL1). NEPHRIN and NEPHI1 are trans-
membrane proteins that intercalate with those from neigh-
boring cells to form a molecular mesh: the SD. PODOCIN
binds to the cytoplasmic region of NEPHRIN and is consid-
ered to stabilize the SD. Thus, mutations in these genes
cause proteinuria in humans and/or mice.

Finnish-type congenital nephrotic syndrome is an
autosomal recessive disorder, and affected patients mani-
fest severe proteinuria immediately after birth in most cases

(Kestild et al., 1998). Investigation of the mutated gene in
this disease led to the discovery of NPHSI. The NPHS1
gene has 29 exons and the encoded NEPHRIN protein
(~180 kDa) comprises eight extracellular immunoglobulin
(Ig)-like domains characterized by cysteine bonds, followed
by a fibronectin domain, transmembrane region, and cyto-
plasmic tail. The region between the sixth and seventh Ig-
like domains is called the spacer region. Many mutations in
the NPHS1 gene have been reported, including some that
lead to protein truncation and others that result in amino
acid substitutions (Beltcheva et al., 2001). The truncating
mutations (Fin-major and Fin-minor types) result in
absence of NEPHRIN expression, narrowing of filtration
slits, and loss of the SD, although foot processes are formed
(Patrakka et al., 2000; Ruotsalainen et al., 2000). These phe-
notypes are also observed in mice completely lacking
NEPHRIN (Donoviel et al., 2001; Putaala et al., 2001).
There is little available information on the kidney histol-
ogy induced by amino acid substitutions in NEPHRIN, and
the mutation-dependent pathogenesis of the human dis-
ease has mainly been analyzed by overexpression of
various types of NEPHRIN in heterologous cell lines (Liu
et al.,, 2001). Because some mutant NEPHRIN proteins
with amino acid substitutions fail to localize on the cell
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surface (Liu et al., 2001), it is hypothesized that the point
mutations affect protein folding, resulting in retention of
misfolded proteins in the endoplasmic reticulum (ER),
incomplete glycosylation in the ER and Golgi apparatus,
and eventually ER-associated degradation (Drozdova
et al., 2013). However, other NEPHRIN point mutants are
successfully localized on the cell surface following overex-
pression in cell lines, but still cause nephrotic disease in pa-
tients (Liu et al., 2001). In these settings, it is difficult to
determine whether a particular amino acid substitution is
a genuine disease-causing mutation or a SNP in human in-
dividuals. It is also difficult to predict which types of point
mutants will be retained on the cell surface following
expression in cell lines, and there is no clear relationship
between mutation type and disease severity. Because heter-
ologous cell lines do not express other SD-associated pro-
teins or form the SD, they are not suitable for examining
the effects of mutations on SD formation. Immortalized po-
docyte cell lines are also unable to form the SD, possibly
due to the low expression levels of SD-associated proteins
and two-dimensional culture settings (Chittiprol et al.,
2011; Mundel et al., 1997; Saleem et al., 2002).

By redefining the origin of nephron progenitors that give
rise to glomeruli and renal tubules, we previously suc-
ceeded in generating three-dimensional kidney tissues
from human induced pluripotent stem cells (iPSCs)
(Taguchi et al., 2014). The glomerular podocytes induced
in vitro expressed NEPHRIN, and possessed nascent SD-
like structures (Sharmin et al., 2016). Moreover, when the
iPSC-derived nephron progenitors were transplanted into
immunodeficient mice, human glomeruli were vascular-
ized with mouse endothelial cells, and SD formation was
observed between the foot processes of the podocytes
(Sharmin et al., 2016). Therefore, we reasoned that our po-
docyte induction protocol in vitro and in vivo could reflect
the diseased state resulting from NEPHRIN mutations
more directly. Taking advantage of our expertise, we have
clarified the initial phase of podocyte abnormalities using
iPSCs established from a patient with a point mutation of
NEPHRIN in the present study.

RESULTS

Point Mutation Impairs Protein Processing toward the
Cell Surface

At 1 month after birth, a Japanese girl exhibited severe pro-
teinuria (4+) and reduced serum albumin level (1.4 g/dL),
and was diagnosed with congenital nephrotic syndrome.
We identified that her paternal allele had a large deletion
of multiple NPHS1 exons (exons 15-20), while the
maternal allele contained a point mutation in exon 16
(G2175C), resulting in an amino acid substitution
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(E725D) in the extracellular spacer region of NEPHRIN
(Figures 1A, 1B, and S1A-S1D). Thus, the maternal point
mutation, combined with the non-functional paternal
allele, was the likely cause of her nephrotic disease.
Although this missense mutation (E725D) was previously
reported in another patient (Beltcheva et al., 2001), no
functional studies were available. Meanwhile, NEPHRIN
with a neighboring mutation (5724C) was successfully
localized on the cell surface when overexpressed in
HEK293 cells (Liu et al., 2001).

Thus, we initially overexpressed the wild-type and mutant
(E725D) NEPHRIN proteins in HEK293 cells in a tetracy-
cline-dependent manner. We employed site-directed stable
integration to minimize clonal variations in expression
levels (Figure S2A). Flow cytometry analysis using a mono-
clonal antibody (48E11) against the extracellular domain
of NEPHRIN (Ruotsalainen et al., 2004) showed reduced
levels of mutant NEPHRIN localization on the cell surface
compared with the wild-type protein (Figures 2A and S2B).
Immunostaining with another monoclonal antibody
(50A9) against the extracellular domain of NEPHRIN (Ruot-
salainen et al., 2004) in the absence of detergent also
showed reduced signals for the mutant NEPHRIN protein
(Figure 2B), while staining in the permeable condition
(with detergent) showed comparable levels of NEPHRIN sig-
nals (Figure S2C). Western blotting using the antibody
against the cytoplasmic domain of NEPHRIN identified
two bands for wild-type NEPHRIN, but only the lower
band for the mutant protein (Figure 2C). Biotin-mediated la-
beling of cell surface proteins showed that the upper band
represented the majority of wild-type NEPHRIN on the
cell surface, while the lower band of the mutant protein
was only weakly detected on the cell surface (Figure 2C),
suggesting that the mutant protein reached the cell surface
less efficiently. The lower band was more sensitive to endo-
glycosidase H treatment than the upper band, suggesting
that the mutant band did not have complex N-linked carbo-
hydrate chains similar to the lower wild-type band (Fig-
ure 2D), consistent with overexpression studies on other
mutant NEPHRIN proteins (Drozdova et al.,, 2013). We
further monitored biotin-labeled surface proteins during
theinitial 48 hr after tetracycline addition (Figure 2E). While
the lower band of wild-type NEPHRIN was detected weakly
at 6 hr, the upper band was detected on the cell surface at
24 hr and its expression was increased at 48 hr. Similarly,
the lower band of the mutant NEPHRIN was detected at
6 hr. Although it showed a mild increase thereafter, its rela-
tive detection level on the surface to the total input protein
amount was low compared with the wild-type upper band.
These results suggest that the missense mutation resulted in
impaired glycosylation, which may have affected the proper
cell surface translocation of the newly synthesized mutant
protein.
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Establishment of iPSCs from a Patient with NPHS1
Mutations

It remained unclear whether the above findings held true
in podocytes or how the mutation affected SD formation.
Thus, we introduced reprogramming transcription factors
into skin fibroblasts from the patient using a Sendai virus
vector, and established iPSC lines expressing characteristic
stem cell markers (Figure 1C). These cell lines exhibited
normal karyotypes except for pericentric inversion within
chromosome 9 (46, XX, inv(9) (p12q13)), which is found
in a small percentage of normal individuals (Colls et al.,
1997) and is irrelevant to chromosome 19 where NPHS1
is located (Figure S1E). The mutations on both the paternal
and maternal alleles were preserved in the iPSCs (Figures
1D and 1E). When transplanted into immunodeficient
mice, the iPSCs formed teratomas containing tissues
derived from three germ layers: endoderm, ectoderm, and
mesoderm (Figure S1F).

Mutant Podocytes Exhibit Reduced Cell Surface
Localization of NEPHRIN

We induced the patient-derived iPSCs toward nephron pro-
genitors, based on our published protocol (Taguchi and
Nishinakamura, 2017; Taguchi et al., 2014), and combined
these cells with mouse embryonic spinal cord, a potent

Control Patient
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inducer of nephrogenesis (Figure 3A). When cultured for
20 days, both the control (wild-type 201B7) and mutant
clones formed kidney tissues containing glomeruli with
podocytes that expressed WT1 and PODOCALYXIN
(PODXL) (Figure 3B). However, the NEPHRIN localizations
in the glomerular podocytes were markedly different. In
the control clone, we observed prominent NEPHRIN+
rod-like structures on the lateral side of most podocytes
(Figure 3B). NEPHRIN was also detected as smaller dots
on the basal side adjacent to the type IV collagen+
(COL4) basement membrane. The lateral rods represented
thickened parts of the filamentous structures encompass-
ing from the basal to lateral side of the podocytes (Fig-
ure S1G). Electron microscopy of the control podocytes
showed a widened intercellular space on the lateral side
that was connected with ladder-like structures, with clus-
tering of NEPHRIN to the cell membrane of these regions,
as revealed by staining with an anti-NEPHRIN antibody
(Figure 3C). These observations suggested that the
rod-like structures may reflect a transit state of NEPHRIN pro-
tein shifting from the lateral to basal domain of the podo-
cytes, and we refer to this structure as the “pre-SD domain”
hereafter. Indeed, these structures were quite similar to the
NEPHRIN+ ladder-like structures reported in embryonic
human podocytes in vivo (Ruotsalainen et al., 2000). In
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contrast, NEPHRIN was weakly detected in the cytoplasm
and pre-SD domains were rarely observed in the mutant
podocytes (Figures 3B and S1H). On electron microscopy,
the intercellular junctions showed tight adherence, and
NEPHRIN was detected not at cellular junctions but in the
cytoplasm in a scattered manner (Figure 3C).

Flow cytometry analysis of the induced podocytes using
a monoclonal antibody (48E11) against the extracellular
domain of NEPHRIN (Ruotsalainen et al., 2004) demon-
strated that the mutant NEPHRIN was localized to the
cell surface to a lesser extent than the control protein (Fig-
ure 3D). Western blotting using the antibody against the
cytoplasmic domain of NEPHRIN also showed that expres-
sion of NEPHRIN, but not other SD-associated proteins,
was significantly reduced in the mutant kidney organoids
(Figure 3E). The upper band of the two dominated in the
control organoids, while it was undetectable in the mutant
organoids, which is consistent with the observations in
HEK293 cells. The samples at earlier differentiation time
points (day 6 and 10 instead of day 20 upon nephron pro-
genitor induction) also showed gradual increases of the up-
per bands only in the controls (Figure S1I). These results
suggest that the mutant NEPHRIN protein was not properly
transferred to the cell surface, leading to impaired forma-
tion of pre-SD domains in the mutant podocytes. We also
observed a further lower band in the mutant organoids
that likely represented the paternal protein with in-frame
deletion of the spacer region and the seventh and eighth
Ig-like domains (Figures 3E and S1D), because the weak
additional band did not disappear upon genetic correction
of the maternal missense mutation as shown in Figure 5B.

Mutant Podocytes Form Foot Processes but Exhibit
Impaired SD Formation

We previously reported that transplantation of iPSC-
derived nephron progenitors resulted in SD formation in
the induced podocytes (Sharmin et al., 2016). We utilized

this system that combines in vitro and in vivo methods to
examine the SD formation defects in the mutant podo-
cytes. The iPSC-derived nephron progenitors were sorted
as an ITGA8+/PDGFRA— fraction, induced by spinal cord
incubation to initiate differentiation, and then trans-
planted beneath the kidney capsule of immunodeficient
mice, as described (Kaku et al.,, 2017; Sharmin et al.,
2016). At 20 days after transplantation, human glomeruli
were vascularized, and the wild-type podocytes expressed
NEPHRIN, which was linearly aligned with the CD31+
mouse vascular endothelial cells and COL4+ basement
membrane (Figure 4A). In this setting, the lateral pre-SD do-
mains observed in vitro were rarely detected, suggesting
that the in vivo environment, possibly including the inter-
action with endothelial cells, may have enhanced the po-
docyte maturation, as we reported previously (Sharmin
etal., 2016). However, NEPHRIN still remained in the cyto-
plasm in the mutant podocytes (Figure 4A). Expression of
PODXL and PODOCIN was not markedly different (Fig-
ure S3). Electron microcopy of the control podocytes
showed well-developed foot processes above the basement
membrane (Figure 4B). The gaps between the processes
(filtration slits) were enlarged (Figure 4B), and NEPHRIN
was detected in these slits (Figure 4C), probably reflecting
the initial phase of SD formation. In contrast, the foot pro-
cesses of the mutant podocytes were closely attached to the
neighboring cells, and NEPHRIN was not detected in the
junctions (Figures 4B and 4C). These results demonstrate
that the mutant podocytes formed foot processes, but ex-
hibited impaired SD formation. Thus, the defects observed
invitro (Figure 3) and in vivo (Figure 4) are likely to represent
the initial phase of this podocyte disease.

Genetic Correction of the Point Mutation Normalizes
the Phenotypes

We tried to correct the point mutation by homologous
recombination (Figure 5A). For this, we constructed a pair

Figure 2. Point Mutation Impairs Protein Processing toward the Cell Surface

(A) Flow cytometry analysis of HEK293 cells overexpressing wild-type (WT) or mutant (MT) NEPHRIN using an antibody (48E11) against the
extracellular domain of NEPHRIN. The y axis shows the cell counts normalized to 100% of the total cells. Blue, unstained HEK293 cells; red,
tetracycline-induced HEK293 cells.

(B) Immunostaining of HEK293 cells overexpressing WT or MT NEPHRIN using an antibody (50A9) against the extracellular domain of
NEPHRIN in the absence of detergent. Note the reduced signals for MT NEPHRIN. Wheat germ agglutinin (WGA) binds to the surface
glycoproteins. Scale bars, 20 um.

(C) Biotin-mediated cell surface NEPHRIN labeling in HEK293 cells. TfR, transferrin receptor (negative control). Biotinylated cell surface
components were isolated with streptavidin-Sepharose and isolated proteins were detected by immunoblotting with the anti-NEPHRIN
antibody that recognizes the cytoplasmic region of NEPHRIN (Bio/Strep-IP). Input represents 0.2% of the total protein used for analysis.
(D) Endoglycosidase H (endo H)-mediated cleavage of the lower NEPHRIN bands. Lysates of HEK293 cells overexpressing human WT or MT
NEPHRIN were incubated with or without endo H. Endo H induced loss of the lower NEPHRIN band and appearance of a faster migrating
band. The upper band of WT NEPHRIN was unaffected.

(E) Kinetics of NEPHRIN on the cell surface of HEK293 cells after tetracycline treatment. Cells were harvested at 0, 6, 24, and 48 hr, and cell
surface components were detected by biotin-mediated labeling as described in (C).

See also Figure S2.
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of plasmids expressing transcription activator-like effector
nucleases (TALENS) targeted in close proximity to the mu-
tation. We introduced these TALEN plasmids, together
with a targeting vector containing the homology arms
with the wild-type sequences of exon 16, into the pa-
tient-derived iPSCs. The designed correction vectors suc-
cessfully targeted the maternal allele because the paternal
allele lacked exons 15-20. After verification of the normal-
ized sequence (G at 2175) and Cre recombinase-mediated
excision of the selection cassette (Figures S4A and S4B),
the corrected clones were induced toward the kidney tis-
sues. Western blotting confirmed that NEPHRIN protein
expression was restored in the corrected kidney organoids
in vitro: the upper band reappeared while the two lower
bands remained unchanged (Figure 5B). It is known that
cytoplasmic tyrosine residues of NEPHRIN on the cell sur-
face are phosphorylated by intracellular kinases such as
FYN, leading to the recruitment of various molecules
including NCK and PODOCIN, and eventually to proper
maintenance of podocyte morphology (Jones et al., 2006;
New et al., 2016). Thus, we examined the phosphorylation
status of NEPHRIN, and found that it was restored in the
corrected clones (Figure 5B). The restoration kinetics at
earlier time points were slightly slower than those in the
control kidney organoids (Figure S1I), possibly because of
the residual paternal allele or genetic background differ-
ences in the iPSC donors. Expression of NCK, as well as
SD-associated molecules NEPH1 and PODOCIN, was rela-
tively unaffected in the mutant and corrected clones. His-
tologically, lateral and basal NEPHRIN+ pre-SD domains
were restored by correction of the mutation (Figures 5C
and S4C). Some of the NEPHRIN+ accumulations formed
linear structures on the basal side along the COL4+
basement membrane. These pre-SD domains almost
completely overlapped with those of phosphorylated
NEPHRIN, which was absent in the mutant podocytes.
NEPH1 and PODOCIN were expressed on the basal side
even in the mutant podocytes, while correction of the mu-

tation led to colocalization of these proteins with NEPHRIN
in both the lateral and basal regions (Figures 5C, S4D, and
S4E). PODXL was excluded from the basal domains in both
the mutant and corrected podocytes, but only excluded
from the lateral pre-SD domains in the corrected podocytes
(Figure S4F). Thus, the overall apicobasal distribution of
PODXL, NEPH1, and PODOCIN was not affected by the
NEPHRIN abnormalities, but NEPHRIN was required for
recruitment of NEPH1 and PODOCIN to the pre-SD do-
mains and exclusion of PODXL from the pre-SD domains.
Electron microscopy confirmed restored accumulation of
NEPHRIN at intercellular junctions of the kidney organoids
in vitro (Figure 6A).

We further transplanted the patient and corrected
nephron progenitors, and analyzed them by electron micro-
scopy after 20 days. We selected the glomeruli with foot
processes and assessed the junctions between the processes.
While all 60 examined sites for the patient podocytes were
tightly adhered, widened gaps were observed in 22 of 61
sites (36%) for the corrected podocytes (Figure 6B). The
width of the gaps measured on high-magnification images
was 35.0 £ 6.0 nm (n = 7), indicating recovery of filtration
slit formation after mutation correction.

These data confirmed that the single amino acid substitu-
tion (E725D) was a disease-causing mutation, and that its
correction restored not only the cell surface localization,
but also the phosphorylation status of NEPHRIN, which
presumably led to recruitment of NEPH1 and PODOCIN
and proper formation of the SD structure.

DISCUSSION

In the present study, we successfully identified podocyte
abnormalities using iPSCs derived from a patient with an
NPHS1 missense mutation. While CRISPR/Cas9-mediated
null-type deletion of PODXL has been reported in iPSC-
derived kidney organoids (Freedman et al.,, 2015; Kim

Figure 3. Mutant Podocytes Exhibit Reduced Cell Surface Localization of NEPHRIN

(A) Outline of the protocol to induce podocytes from iPSCs through nephron progenitors. CHIR, CHIR99021; RA, retinoic acid. Spinal cord
was attached to nephron progenitors at day 13 to induce nephrogenesis, and the kidney organoids were cultured for a further 20 days.
(B) Section immunostaining of kidney organoids at day 20 after nephron induction, showing altered NEPHRIN localization in the patient-
derived podocytes. The arrowheads point to the lateral pre-SD domains and the arrows point to the basal pre-SD domains. PODXL,
PODOCALYXIN; COL4, type IV collagen. Scale bars, 10 um.

(C) Electron microscopic images of podocytes in the kidney organoids. Left panels: ladder-like structures are formed in the control po-
docytes only. Right panels: immunoelectron microscopic images showing NEPHRIN localization at the intercellular junctions only in the
control podocytes. The arrows show the NEPHRIN signals. Scale bars, 200 nm.

(D) Flow cytometry analysis of NEPHRIN in kidney organoids using an antibody (48E11) against the extracellular domain of NEPHRIN. The
histograms show cell counts normalized to 100% of the total cells in the NEPHRIN+ gates.

(E) Western blots of NEPHRIN and SD-associated proteins from kidney organoids. *The upper band detected only in the control; **lower
bands detected both in the control and the mutant; and ***the additional band presumably representing the paternal truncated protein.
See also Figures S1 and S5.
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Figure 5. Genetic Correction of the Point Mutation Restores NEPHRIN Localization

(A) Correction of the point mutation by homologous recombination, followed by Cre-mediated removal of the selection cassette. The
puromycin-resistance cassette (GFP/PURO/TK) is flanked by loxP sites (red arrowheads). Black arrowheads show the primers used for
screening. Scale bar, 1 kb.

(B) Western blots of NEPHRIN and SD-associated proteins from the kidney organoids in vitro (day 20). *The upper band detected only in the
corrected podocytes; **lower bands detected in both samples; and ***the additional bands presumably representing the paternal
truncated protein.

(C) Restored localization and phosphorylation of NEPHRIN in the kidney organoids in vitro (day 20). NEPHRIN colocalizes with p-NEPHRIN,
PODOCIN, and NEPH1 in the genetically corrected organoids. The arrowheads point to the lateral pre-SD domains and the arrows point to
the basal pre-SD domains. Scale bars, 10 pm.

See also Figures S1 and S4.

et al., 2017), the present study is the demonstration of pa-
tient-derived iPSCs applied to glomerular diseases. In
particular, our study shows that it is possible to analyze
SD defects in nephrotic syndrome using iPSC-derived kid-
ney organoids, but not in conventional cell lines. Our
in vitro induction protocol, combined with transplantation

in vivo, enables SD reconstitution and thus identification of
the defects in the mutant podocytes. The induced glomer-
ular podocytes in vitro (day 20 of differentiation from
nephron progenitors) exhibited reduced NEPHRIN expres-
sion on the cell surface and impaired formation of pre-SD
domains, which were observed on the lateral side of control

Figure 4. Mutant Podocytes Form Foot Processes, but Exhibit Impaired SD Formation

(A) Immunostaining of iPSC-derived glomeruli and podocytes after transplantation. Glomeruli are vascularized with CD31+ endothelial
cellsin both groups, but the NEPHRIN distributions are different. The arrows point to the basal linear expression of NEPHRIN. COL4, type IV
collagen. Scale bars, 10 pm.

(B) Widened filtration slits in the control podocytes, but not in mutant podocytes, as shown by electron microscopy. The right junction in
the control is still at the pre-SD stage. The arrowheads show filtration slits. BM, basement membrane; FP, foot process. Scale bars, 200 nm.
(C) Failure of NEPHRIN localization between the foot processes (FP), as shown by immunoelectron microscopy. The control panels show
two independent regions of filtration slits (left, slit between foot processes; right, pre-SD stage). Scale bars, 200 nm.

See also Figure S3.
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podocytes. Upon transplantation, NEPHRIN accumulation
was observed on the basal side adjacent to the endothelial
cells, but such progression was absent in the patient-
derived podocytes. Furthermore, genetic correction of the
point mutation restored these abnormalities, clearly identi-
fying the single amino acid substitution (E725D) as a dis-
ease-causing mutation.

Our data showed that this amino acid substitution
(E725D) in the spacer region of NEPHRIN affected the cell
surface localization of the protein, which likely resulted
in the impaired SD formation. Two glycosylation sites in
the spacer region are located close to the position of this
mutation, which may have impaired the glycosylation of
the protein required for its translocation to the cell surface.
However, the precise mechanisms remain to be clarified.
Our findings are consistent with the conventional model
established using kidney sections from patients with trun-
cation-type NEPHRIN mutations and null-type knockout
mice, as well as overexpression in heterologous cell lines
(Donoviel et al., 2001; Liu et al., 2001; Putaala et al.,
2001; Ruotsalainen et al., 2000). Although a biopsy was
not taken from our patient, our study using patient-derived
iPSCs has likely identified abnormalities at the initial stage
of the disease caused by the point mutation. Through prog-
ress in sequencing techniques, diagnosis of NEPHRIN mu-
tations has become possible without a kidney biopsy,
which can be complicated by tissue deterioration when
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Figure 6. Genetic Correction Restores the
SD Formation Process

(A) Immunoelectron microscopic images
showing the restored NEPHRIN localization
(arrows) in the intercellular regions of the
podocytes in the corrected kidney organoids
in vitro (day 20). Scale bars, 200 nm.

(B) Transmission electron microscopic im-
ages showing filtration slits in the podo-
cytes after transplantation (day 20). While
the patient foot processes are tightly
adhered, the corrected foot processes
exhibit widened gaps. The arrowheads show
filtration slits. BM, basement membrane; FP,
foot process; EC, endothelial cells. Scale
bars, 200 nm.

performed at late stages of disease progression. Even in
such cases, our protocol can reproduce the initial stage of
the disease state. Because there are various mutant alleles
of NPHS1, our approach is applicable for examining the dis-
ease mechanism in individual mutant alleles. Some mutant
NEPHRIN proteins were reported to show normal localiza-
tion on the cell surface when overexpressed in heterolo-
gous cell lines (Liu et al., 2001). Generation of podocytes
from patients with such mutations will reveal distinct path-
ways that are dependent or independent of cell surface
localization of NEPHRIN in this cell lineage. Furthermore,
genetic correction of the mutations will discriminate be-
tween SNPs and disease-causing mutations.

Our data can not only reproduce the initial stage of
congenital nephrotic syndrome, but also correlate with
the developmental process of human podocytes in vivo. Po-
docyte development is classified into three stages: S-shaped
body, capillary loop, and maturation stages. NEPHRIN+
ladder-like structures were reported to form at the lateral
intercellular junctions in the former two stages (Ruotsalai-
nen et al., 2000). These structures appear to migrate in the
apical to basal direction as development progresses. In the
maturation-stage podocytes, the gaps between the foot
processes (filtration slits) are widened, and the SD is recog-
nized as a NEPHRIN+ linear structure in the space contain-
ing filtration slits. The NEPHRIN+ ladder-like structures in
our wild-type kidney organoids in vitro likely represent



those in the S-shaped body and capillary loop stages, mak-
ing the term pre-SD domain feasible. Podocytes in the orga-
noids at 20 days after transplantation may correspond to
the maturation stage. We observed that NEPHRIN was
already phosphorylated and colocalized with NEPH1 and
PODOCIN in the pre-SD domains. The affected distribu-
tion of these SD-associated molecules in the NEPHRIN
mutant podocytes also indicates the importance of
NEPHRIN in the recruitment of these proteins to the pre-
SD domains in human podocytes. Thus, the development
of iPSC-derived podocytes can faithfully reproduce that
of podocytes in vivo, rendering our system useful for
revealing the detailed mechanisms of SD formation in
humans.

It is noteworthy that we detected abnormalities within
3 weeks after nephron progenitor differentiation. This
time course is consistent with human kidney development
in vivo, in which the initial sets of glomeruli are formed
within 3-4 weeks after nephron progenitors become
detectable (Lindstrom et al., 2018). Considering that
nephron progenitors first appear at 4-5 weeks of gestation
(Lindstrom et al., 2018), we may be observing nephrogen-
esis equivalent to 7-9 weeks of gestation. If this assumption
is correct, manifestation of Finnish-type congenital
nephrotic syndrome could occur at an unexpectedly early
stage during embryogenesis. While this is intriguing, it
would be preferable to monitor further progress of the dis-
ease state, including proteinuria and kidney failure. Our
transplanted kidney tissues lack the urinary exit tract,
because nephron progenitors only give rise to the
glomeruli and renal tubules, and not the collecting duct
or ureters. Without urinary flow, most glomeruli will even-
tually undergo degeneration. A recent report on subcutane-
ous transplantation of kidney organoids also showed
limited formation of the urinary exit tract (Bantounas
et al.,, 2018). We recently reported the generation of
branching ureteric buds, as precursors of the collecting
duct and ureters, from mouse embryonic stem cells
(ESCs) and human iPSCs (Taguchi and Nishinakamura,
2017). We further showed that the combination of mouse
ESC-derived nephron progenitors and ureteric buds,
together with stromal progenitors from mouse embryonic
kidneys, gave rise to higher-order kidney structures. The
generation of such structures from human iPSCs and
further maturation in vivo will enable analysis of not only
Finnish-type congenital nephrotic syndrome but also
other genetic kidney diseases with later onset.

It will also be possible to use iPSC-derived mutant
podocytes to test the effects of candidate chemicals for resto-
ration of proper SD formation. While large numbers of
podocytes, as well as high-throughput screening methods,
are required for this purpose, the impact of the present study
is not limited to a specific congenital disease. Many devas-

tating kidney diseases in both children and adults start
with proteinuria, and NEPHRIN localization and SD forma-
tion are affected in these glomerular diseases. If mechanisms
to restore NEPHRIN localization can be identified, they
could be applied to the development of novel treatments
that can cure proteinuria and eventually renal failure.

Taken together, we have reproduced the initial phase of
congenital kidney disease leading to impaired SD forma-
tion, and identified reduced cell surface localization of
NEPHRIN and subsequent histological and molecular
events in human podocytes. These findings, as well as
our established iPSCs and induction protocol, will serve
as a basis for dissecting the mechanisms underlying
glomerular diseases in humans, and eventually for drug
development for therapies.

EXPERIMENTAL PROCEDURES

Identification of NPHS1 Mutations in the Patient
Genomic DNA was extracted from peripheral leukocytes in whole-
blood samples using a DNA isolation kit (Takara). Individual exons
of NPHS1 were amplified by PCR. The primers for NPHS1 were de-
signed on the basis of previously published information regarding
intron-exon boundaries (Lenkkeri et al., 1999). The PCR products
were purified and sequenced. A large heterozygous deletion muta-
tion (LHDM) was detected by semi-qPCR amplification using capil-
lary electrophoresis (Agilent, 2001 Bioanalyzer with DNA 1000 Lab
Chips; Agilent Technologies). The breakpoint of the LHDM was de-
tected by long PCR and direct sequencing using genomic DNA.

Ethics Status

All experiments using human samples were performed in accor-
dance with institutional guidelines and approved by the Licensing
Committee of Kumamoto University. The names of the ethics
committees were Ethics Committee for Epidemiological and
General Research at the Faculty of Life Science, Kumamoto Univer-
sity, Ethics Committee for Human Genome and Gene Analysis
Research at the Faculty of Life Science, Kumamoto University,
and Ethics Committee for Clinical Research and Advanced Medical
Technology, Kumamoto University (approval numbers 335, 153,
and 1,018, respectively). After explaining our study, the parents
of the patient agreed to participate in the study and signed written
informed consent forms. Human skin biopsies were collected from
the patient after receiving informed consent.

Generation of iPSCs from the Patient

iPSCs were established from skin fibroblasts of the patient as
described (Soga et al., 2015). In brief, four reprogramming tran-
scription factors (OCT3/4, SOX2, KLF4, and MYC) were intro-
duced using a Sendai virus vector. After establishment of the
iPSC clones, the temperature-sensitive Sendai virus was elimi-
nated by culture at 38°C for 24 hr. Among 14 clones, 3 were
subjected to karyotyping and evaluated for teratoma formation
(Soga et al., 2015). All three clones had normal karyotypes, but
two clones (no. 1-5 and no. 3-3) exhibited teratoma formation
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with three germ layers. These two clones were adapted to feeder-
free conditions (Nakagawa et al., 2014) and used for further
studies. Clone no. 1-5 was mainly analyzed, but clone no. 3-3
showed consistent results. Wild-type 201B7 cells were used as
control cells (Takahashi et al., 2007).

Kidney Induction from the Patient-Derived iPSCs

The patient-derived iPSC clones were induced toward nephron
progenitors by a 13-day protocol as described (Taguchi and Nishi-
nakamura, 2017) with a minor modification. At days 0-1, no BMP4
was added to the control 201B7 cells, while 3 ng/mL BMP4 was
added to the patient-derived iPSC clones to optimize the percent-
age of the ITGA8+/PDGFRA— nephron progenitor fraction and
the extent of nephrogenesis (Kaku et al., 2017). We confirmed
that BMP4 concentrations at days 0-1 do not affect NEPHRIN
localization, by comparing control, patient, and corrected clones
with or without BMP4 treatment (Figure S5). The induced nephron
progenitor aggregates were cultured at the air-fluid interface on a
polycarbonate filter (0.8 pm; Whatman) supplied with DMEM con-
taining 10% fetal calf serum, and with mouse embryonic spinal
cord taken from embryonic day 12.5 (E12.5) embryos as described
(Yoshimura et al., 2017).

Electron Microscopy

Transmission electron microscopy was performed as described
(Kurihara et al., 2010). For immunoelectron microscopy, ultrathin
cryosections were cut with an Ultracut UCT microtome equipped
with the FCS cryoattachment (Leica) at —110°C as described (To-
kuyasu, 1989). Sections were transferred to nickel grids (150
mesh) that had been coated with Formvar. After quenching of
free aldehyde groups with PBS containing 0.01 M glycine, sections
were incubated with primary antibodies overnight and then incu-
bated with secondary antibodies coupled to 12-nm gold particles
(diluted 1:100 with PBS containing 10% fetal calf serum) for 1 hr.
After immunostaining, sections were fixed with 2.5% glutaralde-
hyde buffered with 0.1 M phosphate buffer (pH 7.4), contrasted
with 2% neutral uranyl acetate solution for 30 min, and absorp-
tion-stained with 3% polyvinyl alcohol containing 0.2% acidic
uranyl acetate for 30 min. Specimens were observed with a
JEM1230 transmission electron microscope (JEOL). For in vitro
studies, 16 control, 16 patient, and 4 corrected organoids were
analyzed. For in vivo studies, 4 control, 6 patient, and 2 corrected
organoids were analyzed after transplantation. The following pri-
mary antibodies were used: anti-C-terminal domain of NEPHRIN
(Progen; GP-N2) for Figure 3C; and anti-N-terminal domain of
NEPHRIN (Immuno-Biological Laboratories; 29050) for Figures
4C and 6A.

Generation of HEK293 Cell Lines Expressing the
Mutant NEPHRIN Protein

For Flp recombinase-mediated site-direct integration of exoge-
nous NEPHRIN, wild-type and mutant NPHS1 genes were cloned
into the pcDNAS/FRT/TO vector, and transfected into Flp-In
T-REx 293 cells with the pOG44 vector, according to the manu-
facturer’s instructions (Thermo Fisher Scientific). The resultant
colonies were picked up and expanded, followed by western
blot analysis. At least three clones per construct were confirmed
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to express similar amounts of NEPHRIN protein at 48 hr after
administration of tetracycline (1 pg/mL). The full-length NPHS1
cDNA was a kind gift from Dr. G. Walz (Gerke et al., 2003). Two
DNA fragments containing the mutation (E725D) and the
following part of the NPHSI cDNA were amplified using two
sets of primers: NEPHRIN mut-1&2 and NEPHRIN mut-3&4,
respectively. The primer sequences are shown in Table S1. NEPH-
RIN mut-2 contained the E725D point mutation, marked in bold
font in Table S1. The above-mentioned DNA fragments were
ligated and cloned into the HindllI-BamHI site of the pBluescript
I KS (-) plasmid using an In-Fusion Advanced PCR Cloning Kit
(Takara-Clontech). A 1.6-kb Eam11051-EcoRV fragment was used
to replace the corresponding region of the wild-type NPHSI
cDNA in pcDNAS/FRT/TO.

Transplantation of iPSC-Derived Kidney Tissues
ITGA8+/PDGFRA— nephron progenitors were sorted and cultured
as aggregates based on our published method (Kaku et al., 2017)
with some modifications. The progenitor aggregates were
cocultured with E12.5 mouse spinal cord in vitro for 3 days to
initiate differentiation, and transplanted beneath the kidney
capsules of immunodeficient NOD/SCID/JAK3-null mice (two
spheres per animal) as described (Okada et al., 2008). Three inde-
pendent experiments were performed and showed consistent re-
sults. All animal experiments were performed in accordance with
institutional guidelines and approved by the Licensing Committee
of Kumamoto University (no. A29-040).

Correction of the NPHS1 Point Mutation in Patient-
Derived iPSCs

TALENs were designed to bind sequences and cleave DNA close
to the point mutation of NPHS1: 5’-TCCGCCCACCCAGGGAT-
3’ for the left TALEN and 5-TTCCAGAACGGGAGGGTT-3' for
the right TALEN. A Platinum Gate TALEN Kit (Addgene;
100000004 3) was used to construct a TALEN expression vector
as described (Sakuma et al., 2013). An EFla promoter-driven
vector was used as the destination vector. To evaluate mutagenic
efficiency, TALENs were transfected into HEK293 cells using
Lipofectamine 2000 (Thermo Fisher Scientific). The target
region was amplified, denatured, and annealed to examine the
mutagenic effects.

To generate the targeting vector, the 5’ and 3’ homology arms
(0.73 and 0.76 kb, respectively) of NPHSI were amplified from
the genomic DNA of the iPSCs. After sequence verification, the
arms were cloned into the Spel-BsrGI and Notl-Sall sites, respec-
tively, of the HR210PA-1 vector (SBI System Biosciences).

Human iPSC line (clone no. 1-5) cells maintained on feeders were
pretreated with Y27632 (10 uM) at 1 hr prior to electroporation,
and dissociated into single cells with CTK solution (Reprocell) fol-
lowed by Accutase (Merck Millipore). The targeting vector (5 ng)
and the pair of TALEN plasmids (5 ng each) were electroporated
into the dissociated human iPSCs using a Super Electroporator
NEPA21 (Nepagene) under the following conditions: two poring
pulses (125 V; 2.5 ms) followed by five transfer pulses (20 V;
50 ms). The electroporated cells were plated on puromycin-
resistant DR4 feeders and puromycin (0.25 ug/mL) was added after
2 days as described (Tucker et al., 1997). Of 28 puromycin-resistant



clones, 22 were examined for 3’ recombination by PCR (product
size: 1,030 bp) and Southern blotting analyses. The 5’ recombina-
tion was confirmed by sequencing of the junctions between the
host and donor DNA.

Among the 16 clones sequenced, mutations in 9 clones were cor-
rected. Clone no. 1-5-9 was adapted to the feeder-free condition
and further electroporated with a plasmid expressing Cre recombi-
nase to delete the puromycin-resistant cassette. The resultant col-
onies were picked up in duplicate and puromycin-sensitive clones
were expanded. The absence of the cassette was verified by PCR,
and clones no. 1-5-9-1 and no. 1-5-9-10 were used for detailed an-
alyses. At days 0-1, BMP4 (3 ng/mL) was added to optimize the per-
centage of the ITGA8+/PDGFRA— nephron progenitor fraction
and the extent of nephrogenesis. Both clones showed comparable
recovery of NEPHRIN localization.
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