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Department of Kidney Development
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The kidney is an important organ for life, but it
never regenerates once impaired. Our research
interests are as follows: 1) elucidation of molecular
mechanisms in kidney development by using
genetically engineered mice; 2) induction of kidney
lineages from human iPS cells to reconstitute the
higher-order organ structures, based on the findings
on developmental nephrology.

From kidney development to reconstruction
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1. Redefining the in vivo origin of metanephric
nephron  progenitors enables generation of
complex kidney structures from pluripotent stem
cells (Cell Stem Cell 2014)

Recapitulating three-dimensional (3D) structures of
complex organs, such as the kidney, from
pluripotent stem cells (PSCs) is a major challenge.
Here, we define the developmental origins of the
metanephric mesenchyme (MM), which generates
most kidney components. Unexpectedly, we find
that posteriorly located T* MM precursors are
developmentally distinct from Osrl* ureteric bud
progenitors during the postgastrulation stage, and
identify phasic Wnt stimulation and stage-specific
growth factor addition as molecular cues that
promote their development into the MM. We then
use this information to derive MM from PSCs.
These progenitors reconstitute the 3D structures of
the kidney in vitro, including glomeruli with
podocytes and renal tubules with proximal and
distal regions and clear lumina. Furthermore, the
glomeruli are efficiently vascularized upon
transplantation. Thus, by reevaluating the
developmental origins of metanephric progenitors,
we have provided key insights into kidney
specification in vivo and taken important steps
toward kidney organogenesis in vitro.

2. Human induced pluripotent stem cell-derived
podocytes mature into vascularized glomeruli upon
experimental transplantation (J Am Soc Nephrol
2016)

Glomerular podocytes express proteins, such as
nephrin, that constitute the slit diaphragm, thereby
contributing to the filtration process in the kidney.
Glomerular development has been analyzed mainly
in mice, whereas analysis of human kidney
development has been minimal because of limited
access to embryonic kidneys. We previously
reported the induction of three-dimensional
primordial glomeruli from human induced
pluripotent stem (iPS) cells. Here, using
transcription activator—like effector
nuclease-mediated homologous recombination, we
generated human iPS cell lines that express green
fluorescent protein (GFP) in the NPHSI1 locus,
which encodes nephrin, and we show that GFP
expression facilitated accurate visualization of
nephrin-positive podocyte formation in vitro. These
induced human podocytes exhibited apicobasal

polarity, with nephrin proteins accumulated close to
the basal domain, and possessed primary processes
that were connected with immature slit
diaphragm—like structures. Microarray analysis of
sorted iPS cell-derived podocytes identified
well-conserved marker gene expression previously
shown in mouse and human podocytes in vivo.
Furthermore, we developed a novel transplantation
method using spacers that release the tension of host
kidney capsules, thereby allowing the effective
formation of glomeruli from human iPS
cell-derived nephron progenitors. The human
glomeruli were vascularized with the host mouse
endothelial cells, and iPS cell-derived podocytes
with  numerous cell processes and the
slit-diaphragm-like structures accumulated around
the fenestrated endothelial cells. Therefore, the
podocytes generated from iPS cells retain the
podocyte-specific molecular and structural features,
which will be useful for dissecting human
glomerular development and diseases.

3. Selective in vitro propagation of nephron
progenitors derived from embryos and pluripotent
stem cells (Cell Rep 2016)

Nephron progenitors in the embryonic kidney
propagate while generating differentiated nephrons.
However, in mice, the progenitors terminally
differentiate shortly after birth. Here, we report a
method to selectively expand nephron progenitors in
vitro in an undifferentiated state. Combinatorial and
concentration-dependent  stimulation with LIF,
FGF2/9, BMP7, and a WNT agonist is critical for
expansion. The purified progenitors proliferated
beyond the physiological limits observed in vivo,
both for cell numbers and lifespan. Neonatal
progenitors were maintained for a week, while
progenitors from embryonic day 11.5 expanded
1800-fold for nearly 20 days and still reconstituted
three-dimensional nephrons containing glomeruli
and renal tubules. Furthermore, progenitors
generated from mouse embryonic stem cells and
human induced pluripotent cells could be expanded
with retained nephron-forming potential. Thus, we
have established in vitro conditions to promote
propagation of nephron progenitors, which will be
essential for dissecting the mechanisms of kidney
organogenesis and for regenerative medicine.

4. Higher-order kidney organogenesis from
pluripotent stem cells (Cell Stem Cell 2017)

Organogenesis generates higher-order structures
containing  functional  subunits,  connective
components, and progenitor niches. Despite recent
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advances in organoid-based modeling of tissue
development, recapitulating  these  complex
configurations from pluripotent stem cells (PSCs)
has remained challenging. In this study, we report
assembly of kidney organoids that recapitulate
embryonic branching morphogenesis. By studying
the distinct origins and developmental processes of
the ureteric bud, which contains epithelial kidney
progenitors that undergo branching morphogenesis
and thereby plays a central role in orchestrating
organ geometry, and neighboring mesenchymal
nephron progenitors, we established a protocol for
differential induction of each lineage from mouse
and human PSCs. Importantly, reassembled
organoids developed the inherent architectures of
the embryonic kidney, including the peripheral
progenitor niche and internally differentiated
nephrons that were interconnected by a ramified
ureteric epithelium. This selective induction and
reassembly strategy will be a powerful approach to
recapitulate organotypic architecture in PSC-derived
organoids.

5. Identification of essential genes for kidney
development by using knockout mice

We report that Salll deletion in Six2-positive
nephron progenitors results in severe progenitor
depletion and apoptosis of the differentiating
nephrons in mice. Salll maintains nephron
progenitors and their derivatives by a unique
mechanism, which partly overlaps but is distinct
from that of Six2. (J Am Soc Nephrol 2014). We
also report that Dullard keeps BMP signaling at an
appropriate level, which is required for nephron
maintenance in the postnatal period. (Nat Commun
2013). Loss of Sixl and Six4, but neither alone,
results in a male-to-female sex reversal phenotype
in XY-mutant gonads accompanied by a failure in
Sry activation. (Dev Cell 2013). We also report
deletion of non-muscle myosin II genes in nephron
progenitor or ureteric bud lineages. (J Am Soc
Nephrol 2015, Dev Biol 2017), as well as deletion
of Isl1 (J Am Soc Nephrol 2013).

6. Collaborations

We report that Salll is a specific marker of
microglila (Nat Immunol 2016), and roles of Sall4
in maintenance of ES cells (Genes&Dev 2016, Mol
Cell 2016, Development 2016).
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Kaku Y and Nishinakamura R. Generation of a
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model for kidney development and
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