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A B S T R A C T

Recent advances in stem cell biology have enabled the generation of kidney organoids in vitro, and further
maturation of these organoids is observed after experimental transplantation. However, the current organoids
remain immature and their precise maturation stages are difficult to determine because of limited information on
developmental stage-dependent gene expressions in the kidney in vivo. To establish relevant molecular co-
ordinates, we performed single-cell RNA sequencing (scRNA-seq) on developing kidneys at different stages in the
mouse. By selecting genes that exhibited upregulation at birth compared with embryonic day 15.5 as well as cell
lineage-specific expression, we generated gene lists correlated with developmental stages in individual cell lin-
eages. Application of these lists to transplanted embryonic kidneys revealed that most cell types, other than the
collecting ducts, exhibited similar maturation to kidneys at the neonatal stage in vivo, revealing non-synchronous
maturation across the cell lineages. Thus, our scRNA-seq data can serve as useful molecular coordinates to assess
the maturation of developing kidneys and eventually of kidney organoids.
1. Introduction

The kidney is derived from at least two types of precursors: nephron
progenitors and ureteric bud (Costantini and Kopan, 2010). The nephron
progenitors give rise tonephrons including glomerular podocytes, proximal
tubules, loops of Henle (LOH), and distal tubules, while the ureteric bud
branches extensively to form the collecting ducts and ureter (Kobayashi
et al., 2008) (Marose et al., 2008). These differentiated components align to
form the route for urinary flow. The nephron progenitors and ureteric bud
initiate their interactions around embryonic day (E) 11.5 inmice. At E15.5,
the overall nephron segments are specified, but new nephrons continue to
be generated from the nephron progenitors. After glomerular vasculariza-
tion, urine starts to flow at E16.5–E17.5 (Rasouly and Lu, 2013). Mean-
while, the inner (medullary) region of the kidney elongates, reflecting
elongation of the LOH and collecting ducts. This medullary region devel-
opment continues after the day of birth (P0), while nephron progenitors
cease self-renewal and disappear within a few days after birth (Hartman
et al., 2007) (Rumballe et al., 2011) (Volovelsky et al., 2018).
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Recent advances in stem cell biology have enabled the generation of
kidney organoids in vitro (Morizane et al., 2015; Taguchi et al., 2014;
Takasato et al., 2015). We previously created kidney organoids from
pluripotent stem cells: mouse embryonic stem cells (ESCs) and human
induced pluripotent stem cells (iPSCs) (Taguchi et al., 2014). However, it is
becoming clear that the organoids in vitro remain at immature stages,
equivalent to kidneys at approximately E14.5–E15.5 in mice and 10–14
weeks of gestation inhumans (Taguchi andNishinakamura, 2017; Takasato
et al., 2015; Wu et al., 2018). We and others also developed methods to
experimentally transplant kidney organoids into immunodeficient mice,
allowing organoid vascularization and connection to the host circulation
(Bantounas et al., 2018; Sharmin et al., 2016; Subramanian et al., 2019;
Tanigawa et al., 2018; van den Berg et al., 2018). Upon transplantation,
glomerular podocytes within the organoids acquire more mature morpho-
logical features related to the filtration function, possibly caused by an
oxygen supply and/or interactionwith vascular endothelial cells.While the
precisemechanisms remain unsolved, transplantation is frequently utilized
to inducematuration of organoids in the research field of stem cell biology.
stems Dynamics Research, Kobe 650-0047, Japan.
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Despite these advances, precise determination of maturation stages is
difficult because of the lack of molecular coordinates i.e. comprehensive
information on stage-dependent gene expressions in the developingkidney.
Currently, these coordinates are not even available for mouse embryonic
kidneys in vivo. This situation largely arises because of the increasing
numbers of cell types during kidney development, with each cell type
Fig. 1. Single-cell RNA-seq analysis of developing kidneys. (A) Merged and stage-spe
podocyte; PEC: glomerular parietal epithelial cell; DN: differentiating nephron; PT: p
collecting duct; CD-IC: intercalated cell of collecting duct; IC; interstitial cell; EC: end
genes for nephrons and collecting duct segments in UMAP plots. Note that Slc34a1 is e
S3 segment is weaker. Aqp1 is expressed in the S3 segment of proximal tubules and d
expressed in the collecting duct stalks and distal tubules. Blue arrowhead: PEC; purp
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containing small amounts of cells. Conventional gene expression analyses,
which require large numbers of homogeneous cells, are not suitable for
heterogeneous maturing kidneys. The GUDMAP database (www
.gudmap.org) has accumulated large numbers of gene expression analyses
in the developing kidney, including some in total kidneys and some in
sorted or microdissected cells (McMahon et al., 2008). However, even the
cific UMAP plots of E15.5, 17.5, and P0 kidneys. NP: nephron progenitor; POD:
roximal tubule; LOH: loop of Henle; DT: distal tubule; UB: ureteric bud tip; CD:
othelial cell; UT: ureter; BC: blood cell. (B) Expressions of representative marker
xpressed in all three segments of proximal tubules, although its expression in the
escending limb of LOH (black arrowhead), as well as in endothelial cells. Aqp2 is
le arrow: S2 segment.

http://www.gudmap.org
http://www.gudmap.org


H. Naganuma et al. Developmental Biology 470 (2021) 62–73
latter analyses often contain cells frommultiple stages, and thus thedataare
not directly useable for maturation analyses.

Single-cell RNA sequencing (scRNA-seq) analysis has enabled the ex-
amination of gene expressions in complicated and heterogeneous organs,
including the kidney, and some of these data have been deposited in the
GUDMAP database (Adam et al., 2017a; Combes et al., 2019a, 2019b;
Lindstr€om et al., 2018; Magella et al., 2017; Ransick et al., 2019; Wang
et al., 2018; Wu et al., 2018). However, most of these previous studies
analyzed embryonic or adult kidneys at a single time point, or compared in
vivo kidneys with in vitro kidney organoids. Thus, few studies have
addressed kidneymaturation frommid-gestation to birth for a limited cell
type (Chen et al., 2015). To establish molecular coordinates for kidney
maturation in the present study, we performed scRNA-seq on developing
mouse kidneys at different stages, and selected maturation-dependent
genes. We further assessed the maturation status of transplanted embry-
onic kidneys by comparing the RNA-seq data and expressions of
maturation-dependent genes.OurRNA-seqdata and the selected gene lists
will serve as reference tools for maturation of developing kidneys and
eventually of kidney organoids.

2. Results

2.1. scRNA-seq analysis of developing kidneys

We performed scRNA-seq on developing mouse kidneys at three
different stages: E15.5, E17.5, and P0. High-quality data were obtained,
with medium reads of 4,493, 2,360, and 2467 genes per cell, respec-
tively. After analysis of the data using Seurat v3.1.1 (Butler et al., 2018;
Stuart et al., 2019a), the cells were classified into 45 clusters, with a
larger number of solid clusters at P0 than at E15.5 (Fig. 1A). We iden-
tified cell types for most of the clusters using cell type-specific markers:
nephron progenitors (Six2þ, clusters 0, 1, and 10), glomerular podocytes
(Nphs1þ, clusters 8 and 11), glomerular parietal epithelial cells (Claudin
1 (Cldn1)þ, cluster 20), proximal tubules (S1 segment: Solute carrier
family (Slc) 5a2þ, clusters 15 and 31; S2 segment: Slc5a2�/Slc34a1þ,
clusters 13 and 6; S3 segment: Aquaporin 1 (Aqp1)þ/Slc7a13þ (Lee et al.,
2015; Ransick et al., 2019), cluster 37), LOH (thin descending limb:
Aqp1þ/Slc39a8þ (Lee et al., 2015; Ransick et al., 2019), cluster 27; thick
ascending limb: Uromodulin (Umod)þ/Slc12a1þ, clusters 28 and 17),
distal tubules (Slc12a3þ, cluster 5), ureteric bud tips (Retþ, clusters 22
and 35), and collecting duct stalks (Aqp2þ, clusters 16, 21, and 41)
(Fig. 1B, Fig. S1A). Intercalated cells formed a cluster that was separated
from the collecting duct clusters (Atp6v1g3þ, cluster 39) (Fig. 1B).
Interstitial cells were classified into multiple clusters (7, 9, 12, 14, 23, 29,
30, 33, and 34), among which clusters 9/33, 12, and 34 may represent
stromal progenitors (Foxd1þ (Kobayashi et al., 2014)), mesangial cells
(Nt5eþ), and renin-producing cells (Ren1þ), respectively (Fig. S1B).
Endothelial cell clusters (Pecam1þ, clusters 3, 19, 24, 25, and 32) con-
tained Ehd3þ cells (cluster 32, Fig. S1C), which likely represented
glomerular endothelial cells (Patrakka et al., 2007). Thus, Seurat v3.1.1,
which utilizes integration anchors to cluster nearest neighbors (Stuart
et al., 2019b), successfully categorized numerous cell types in the kidneys
at different developmental stages.

2.2. Temporal changes in transcription factor expressions and
developmental signaling activities during kidney maturation

Nephron progenitors were classified into three clusters (Fig. S1D):
cluster 0 containing Six2þ/Cited1þ naïve cells, cluster 10 containing
Six2þ/Cited1þ/Top2a þ proliferating naïve cells, and cluster 1 con-
taining Six2þ/Cited1-/Wnt4þ primed cells (Boyle et al., 2008; Kobayashi
et al., 2008; Self et al., 2006). During nephron segment specification, the
nephron progenitor population first formed a Mafb þ podocyte branch,
which eventually differentiated into Nphs1þ podocytes (Figs. 1B and
2A). The branches for proximal tubules and LOH/distal tubules formed
separately from the podocyte branch. Precursor cells for proximal tubules
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expressed the transcription factor genes Osr2 and then Hnf4a (Fig. 2B),
the latter of which regulates maturation-dependent genes in proximal
tubules (Deacon et al., 2019; Marable et al, 2018, 2020; Martovetsky
et al., 2013). Common precursor cells for LOH/distal tubules expressed
both Pou3f3 (Nakai et al., 2003) and Sim1, with subsequent expression of
Sim2 and Gata3 after specification of LOH and distal tubules, respectively
(Fig. 2C). Tfap2b, recently reported to be important for distal nephron
development (Marneros, 2020), was also detected in LOH and distal tu-
bules (Fig. S1E). Thus, temporal shifts in transcription factor expressions
occur in individual nephron segments during kidney maturation, and the
clusters at the peripheral ends of the branches (clusters 5,6, 8, 17, 31, and
37) represent the most mature stage in each lineage.

From the viewpoint of developmental signals, an indicator for WNT
signaling pathway activity, Axin2, was mainly detected in developing
distal tubules, as previously reported (Jho et al., 2002). Fgf8 and Etv4, an
indicator for FGF signaling activity (Mao et al., 2009), were also expressed
in developing distal tubules, but restricted to an immature stage. In
contrast, Bmp7 (Oxburgh et al., 2005) was expressed in distal tubules at
both immature and mature stages as well as in podocytes, while Bmp4
(Miyazaki et al., 2000) was mainly detected in proximal tubules. We also
noted that the activities of the major signaling pathways were down-
regulated in mature cells in most nephron segments. For example, Axin2
(WNT signaling indicator) and Etv4 (FGF signaling indicator) were absent
in mature podocytes, and proximal and distal tubules (Fig. 2D). The same
tendency was observed for Hey1 (Notch signaling indicator), while Hes1
was only downregulated in podocytes and proximal tubules (Fig. 2E). A
BMP signaling indicator, Id1 (Korchynskyi and Ten Dijke, 2002;
L�opez-Rovira et al., 2002), was decreased in mature podocytes and distal
tubules (Fig. 2F). Thus, nephron segment-specific developmental
signaling activation, followed by downregulation, is observed during
kidney maturation.

2.3. Developmental stage-dependent gene lists for individual cell lineages

Our scRNA-seq analysis showed that UMAP clusters expressing some
established lineage-restricted differentiation markers were already pre-
sent at E15.5 (Fig. 1B). To identify stage-dependent genes for individual
nephron segments, wefirst compared the gene expressions between E15.5
and P0 in the most mature clusters of each lineage, and picked up genes
that were significantly upregulated or downregulated at P0 compared
with E15.5. However, we found that these lists included genes associated
with cellular stress, such as heat shock protein genes, Jun/Fos family
genes, and Gadd45 genes (Adam et al., 2017a), which may be evoked by
the harsher cell dissociation processes used for P0 kidneys. Because these
genes were ubiquitously expressed, it was difficult to discriminate them
from maturation-dependent genes that were ubiquitously expressed.
Thus, we decided to select cell-type specific genes and picked up the
upregulated or downregulated genes in the corresponding clusters be-
tween the two stages. Most of the upregulated genes at P0 showed
consistent results in UMAP plots, while the downregulated genes showed
less prominent differences between the two stages. In addition, the
downregulated genes were detected in more immature cell clusters at P0,
reflecting the repetitive differentiation processes from nephron pro-
genitors. Therefore, we decided to focus on the upregulated genes (fold
change, >2.5), and curated each candidate gene for its spatiotemporal
expression based on the UMAP plots. Violin plots of the finally selected
genes showed their stage-dependent expressions in individual cell line-
ages (Fig. 3A, Figs. S2, S3, S4A, Table S1). Dot plots confirmed their cell
type-specific expressions (Fig. 3B), although many genes selected for the
S2 segment of proximal tubules were also expressed in the S1 and S3
segments. These selected gene lists included Collagen type 4 alpha3 chain
(Col4a3) and Semaphorin (Sema) 3g for podocytes, Slc5a12 (lactate trans-
porter) and Cytochrome P450 family (Cyp) 27b1 (alpha hydroxylase of
vitamin D) for proximal tubules, Umod and Prostaglandin E receptor 3
(Ptger3) for LOH,Aqp2andAqp3 for collectingducts, and Lipocalin2 (Lcn2)
for ureteric bud tips. Most of the genes were already upregulated at E17.5



Fig. 2. Temporal changes in transcription factor expressions and developmental signaling activities during kidney maturation. (A–C) Stage-merged UMAP plots for
cell type-specific marker genes. (A) Nephron progenitor cells (Six2) and podocytes (Mafb). (B) Proximal tubules. (C) Loops of Henle and distal tubules. (D–F) Stage-
merged UMAP plots for signaling indicator genes (D) Axin2 (Wnt activity indicator), Fgf8, and Etv4 (FGF activity indicator). (E) Notch signaling indicator genes. (F)
BMP signaling-related genes. Green arrowhead: podocyte; purple arrow and arrowhead: immature and mature proximal tubule, respectively; blue arrowhead: loop of
Henle; black arrowhead: distal tubule; blue arrow: precursor cells of LOH and distal tubule. Dotted circles indicate downregulation of signaling indicator genes in
mature populations.
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Fig. 3. Selection of stage-dependent genes during kidney maturation. Expression patterns of stage-dependent genes in the scRNA-seq data. (A) Violin plots showing
stage-dependent expressions. X-axis: percentage of cells with an indicated gene expression level; Y-axis: gene expression level in each cell. (B) Dot plots showing
lineage-dependent expressions. Dot color intensities represent absolute expression values and dot sizes represent percentages of cells expressing an indicated gene.
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and showed comparable expression levels to those at P0, suggesting that
substantial maturation may occur between E15.5 and E17.5. We detected
only a few genes for distal tubules (Table S1), because most of the upre-
gulated genes in this cell lineage were also expressed in collecting ducts.
Taken together, scRNA-seq analysis of developing kidneys at multiple
maturation stages enabled the identification of stage-dependent and
lineage-specific genes in most nephron segments.

2.4. Histological validation of stage-dependent gene expressions of
representative genes

To confirm the validity of the gene lists by histological examination,
we determined the expressions of selected genes in E15.5 and P0 kidneys
by conventional digoxigenin-based in situ hybridization or highly sensi-
tive RNAscope technology (Wang et al., 2012). Because in situ hybridi-
zation, and especially RNAscope technology, involves extensive signal
amplification, it is unlikely to detect subtle differences in gene expression
levels. Thus, we selected genes that showed minimal expression at E15.5
and were restricted to a single lineage at P0 in the UMAP plots. Such
genes would also be useful for cost-effective assessment of maturation
stages using histological sections. In podocytes, all four genes examined
(Col4a3, Sema3g, Htra1, Clic3) were readily detected at P0, and their
expression levels at E15.5 were lower than those at P0 (Fig. 4A). In
contrast, Nphs1 showed comparable expression at the two stages
(Fig. 4A). In proximal tubules, three genes (Slc5a12, Cyp27b1, Kap)
showed weak or minimal signals at E15.5 and strong expression at P0
(Fig. 4B), while Slc34a1 showed comparable expression at both stages
(Fig. 4B). Stage-dependent expressions of three genes were validated in
LOH (Umod, Ptger3, Car15), in contrast to the relatively constant
expression of Slc12a1 (Fig. 5A). We also performed in situ hybridization
for three genes (Aqp2, Cdkn2b, Lcn2) in collecting ducts, and confirmed
their stage-dependent expressions (Fig. 5B). Among these, Aqp2 and
Cdkn2b were expressed in collecting duct stalks, while Lcn2was detected
in ureteric bud tips. In contrast, Ret andWnt7b showed relatively constant
expression levels (Fig. 5B). The in situ hybridization data were consistent
with the UMAP plots, supporting the reliability of our scRNA-seq data.

2.5. Transplanted embryonic kidneys show maturation close to the
neonatal stage

To determine whether transplanted kidneys followed the physiolog-
ical maturation process, we performed transplantation experiments using
embryonic mouse kidneys as donor tissues. Because transplantation of
isolated embryonic kidneys caused hydronephrosis likely resulting from
urinary tract misconnection (Fig. S5A), we used a previously reported
protocol that potentially preserves the intact urinary flow (Yokote et al.,
2015). For this, we transplanted E12.5 kidneys connected with the
cloaca, precursor of the bladder, into the epididymis fat of host adult
mice (Fig. 6A). When harvested at 12 days after transplantation, the
kidneys had increased in size (3.29 � 0.35 mm2 vs. 0.23 � 0.02 mm2, n
¼ 3, p < 0.05), and urine was detected in the bladder (Fig. 6A), sug-
gesting that the urinary flow through the kidney-bladder connection was
maintained. Histological analysis showed that the renal medulla was
formed with corticomedullary patterning (Fig. 6A). Staining of cell
type-specific markers indicated that the overall distribution of LTL þ
proximal tubules, SLC12A1þ LOH, and KRT8þ ureteric buds was pre-
served (Fig. 6B), and that glomeruli with NPHS1þ podocytes were vas-
cularized with PECAM1þ endothelial cells (Fig. S5B), which is rarely
observed during in vitro culture of embryonic kidneys (Halt et al., 2016).

Next, we performed scRNA-seq analysis of transplanted embryonic
kidneys and compared the data with those obtained from embryonic
kidneys in vivo. The UMAP plots of the transplanted kidneys showed
similar cluster patterns to those of neonatal kidneys in vivo (Fig. 6C), but
the clusters representing the nephron progenitors and ureteric bud tips
were missing in the transplanted kidneys (Fig. 6C, Figs. S5C and D).
Although the reason for this unexpected depletion of the nephrogenic
67
niche remains unknown, it may explain the smaller size of transplanted
kidneys compared with kidneys in vivo, as we discuss in a later section.
Nonetheless, the other cell populations were clustered into similar pat-
terns to those in kidneys at the neonatal stage (Fig. 6C). The expression
levels of most maturation-dependent genes in podocytes and proximal
tubules in the transplanted kidneys were comparable to those in P0
kidneys (Fig. 6D, Fig. S6, Table S2). However, many genes in the col-
lecting ducts were expressed at lower levels than those in P0 kidneys,
including Cdkn2b (Fig. 6D, Fig. S6, Table S2). In contrast, Aqp2 and Aqp3
expressions were relatively maintained at comparable levels to those in
P0 kidneys (Fig. 6D). In addition, Wnt9b and Hoxd3, which were
downregulated at P0 in vivo, remained high in the transplanted kidneys
(Fig. S4A), Thus, the collecting ducts in the transplanted kidneys were
likely to be more immature than kidneys at P0. A similar tendency, albeit
to a lesser extent, was observed in LOH (Fig. 6D, Fig. S6). These results
suggest that maturation does not necessarily occur synchronously across
all cell lineages.

3. Discussion

Organ maturation is one of the most important aspects in develop-
mental biology. In stem cell biology, transplantation is frequently utilized
to induce maturation of pluripotent stem cell-derived organoids,
including kidney organoids. However, precise determination of matura-
tion stages is difficult because of the lack of molecular coordinates for
maturation. Thus, we performed scRNA-seq analysis of mouse embryonic
kidneys at different developmental stages, which enabled the identifi-
cation of genes that showed stage-dependent expression in maturing
embryonic kidneys. By applying this information to scRNA-seq data in
transplanted embryonic kidneys, we further found that the maturation
process after transplantation proceeded close to the neonatal stage, but
non-synchronously across cell lineages. Unlike bulk sequencing, scRNA-
seq was able to assess gene expressions in the most mature fractions of
each cell lineage, thus enabling precise comparisons with the corre-
sponding subpopulations in developing kidneys as well as in transplanted
kidneys. The selected gene lists for stage-dependent expressions were
proven to function as molecular coordinates for assessment of the
maturation stages of individual lineages. Addition of scRNA-seq data in
postnatal kidneys at different stages and adult kidneys would create
further useful resources for maturation assessment.

To determine whether similar results can be achieved using the pre-
existing datasets, we reanalyzed the published scRNA-seq data in E14.5
and P1 kidneys (Adam et al., 2017a; Magella et al., 2017). However,
UMAP plots showed that the clusters representing the mature pop-
ulations of most cell types at P1 were absent in the E14.5 data (Figs. S7A
and B), thereby hindering us from comparing gene expression in the
corresponding clusters between the two stages. The only exception was
ureteric bud tips. Ret þ clusters were detected at both stages, and Lcn2
was upregulated at P1 (Fig. S7C), consistent with our results. Thus, the
pre-existing data were of limited use, emphasizing the importance of the
scRNA-seq data and gene lists in the present study.

We showed that podocytes and proximal tubules in the transplanted
kidneys matured close to the neonatal stage, while collecting ducts
remained relatively immature. The underlying reasons for the matura-
tion impairment of the collecting ducts remain to be elucidated. A
reduction in physical force evoked by urinary flow may be one possible
reason, because the collecting ducts are located furthest downstream in
the urinary tract. We transplanted embryonic kidneys with the cloaca,
with the aim of better urinary flow preservation compared with con-
ventional transplantation of isolated kidneys (Fig. S5). However, it re-
mains possible that the urinary flow was insufficient to promote
maturation of the lower part of the nephron segments. Alternatively, the
collecting ducts may already have sufferedmechanical damage caused by
backflow from the bladder, although apparent hydroureter or hydro-
nephrosis was not observed at the time of the analysis. Subsequent
connection of the donor-derived bladder with the host ureter was



Fig. 4. Validation of stage-dependent
gene expressions during podocyte
and proximal tubule maturation. In
situ hybridization (upper two rows)
validated the results of the UMAP
plots (lower three rows). (A) Podocyte
genes. Confocal images of RNAscope
in situ hybridization with adjacent
sections. Scale bar: 20 μm. (B) Prox-
imal tubule genes. Confocal images of
RNAscope in situ hybridization with
adjacent sections except for Kap, in
which bright-field images of
digoxigenin-mediated in situ hybridi-
zation are shown. Scale bar: 200 μm
Nphs1 and Slc34a1 are stage-
independent segment-specific
markers for podocytes and proximal
tubules, respectively.
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Fig. 5. Validation of stage-dependent gene expressions during maturation of loops of Henle (LOH) and collecting ducts. Confocal images of RNAscope in situ hy-
bridization with adjacent sections (upper two rows) validated the results of the UMAP plots (lower three rows). (A) Genes for LOH. (B) Genes for collecting duct stalks
(left three columns) and ureteric bud tips (right two columns). Slc12a1, Wnt7b, and Ret are stage-independent lineage-specific markers for LOH, collecting duct stalks,
and ureteric bud tips, respectively. Scale bar: 100 μm.
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Fig. 6. Maturation of transplanted kidneys close to the neonatal stage. (A) Whole-mount view of an E12.5 kidney with the cloaca before transplantation (day 0).
Whole-mount view and histological analysis with hematoxylin and eosin staining of the transplanted kidney with the bladder harvested at day 12 after transplantation.
Red arrow: presence of urine in the bladder. Scale bar: 500 μm. (B) Immunostaining of the kidney at day 12 after transplantation with markers for proximal tubules
(LTL: green), loops of Henle (SLC12A1: red), and collecting ducts (KRT8: grey). Scale bar: 200 μm. (C) UMAP plots of embryonic kidneys in vivo (E15.5 and P0) and
transplanted embryonic kidneys (day 12 after transplantation). Arrow: nephron progenitor (NP); arrowhead: ureteric bud tip (UB). POD: podocyte; PEC: glomerular
parietal epithelial cell; DN: differentiating nephron; PT: proximal tubule; LOH: loop of Henle; DT: distal tubule; CD: collecting duct; CD-IC: intercalated cell of col-
lecting duct; IC; interstitial cell; EC: endothelial cell; UT: ureter; BC: blood cell. (D) Violin plots of stage-dependent genes in transplanted kidneys compared with
embryonic kidneys in vivo (E15.5 and P0).
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reported to inhibit hydronephrosis and assisted further development
(Yokote et al., 2015), thus it would be informative to analyze the ex-
pressions of our maturation marker genes in such transplants. While
further studies are needed, our gene lists were proven useful for assess-
ment of the maturation status of individual lineages in developing kid-
neys as well as in transplanted kidneys.

Our RNA-seq data will also serve as useful coordinates to assess the
maturation status of kidney organoids derived from pluripotent stem
cells. The current kidney organoids represent those at embryonic stages
(Taguchi and Nishinakamura, 2017; Takasato et al., 2015; Wu et al.,
2018), and further maturation is required for disease modeling and
eventually for generation of transplantable kidneys. At present, few
methods are available to measure the maturation stages of organoids,
except for morphological analyses. Thus, our results will serve as a basis
toward molecular detection of organoid maturation. While the conven-
tional kidney organoids mainly consist of nephrons (glomeruli and renal
tubules), we recently reported the generation of higher-order kidney
structures, comprising branching ureteric buds with nephrons distributed
around the ureteric bud tips (Taguchi and Nishinakamura, 2017). We
achieved this by combining mouse ESC-derived nephron progenitors and
ureteric buds with embryonic stromal progenitors, and it should be
theoretically possible in the near future to generate organotypic kidney
structures solely from mouse ESCs and eventually from human iPSCs.
Thus, the next step would be transplantation of organoids for further
maturation. Our scRNA-seq data will serve as useful reference tools to
assess the maturation stages of the transplanted organoids.

The depletion of the nephrogenic niche in the transplanted kidneys
was unexpected. Although not the main scope of the present study
focusing on maturation, this depletion may explain the smaller size of
transplanted kidneys compared with kidneys in vivo. Nephron pro-
genitors in mice continue to give rise to nascent nephrons until several
days after birth (Hartman et al., 2007; Rumballe et al., 2011; Volovelsky
et al., 2018) and premature depletion of nephron progenitors leads to
smaller-size kidneys (Kanda et al., 2014; Self et al., 2006). It remains to
be determined which maintenance factors are lacking in transplanted
kidneys and whether loss of nephron progenitors or ureteric bud tips is
the primary cause of this phenomenon. Solving these enigmas will
eventually lead to the growth of transplanted kidney organoids to a
comparable size to kidneys in vivo.

Taken together, we have demonstrated that our scRNA-seq data and
gene lists can serve as molecular bases to assess the maturation stages of
embryonic and transplanted kidneys, and would be applicable to kidney
organoids derived from iPSCs. Although we focused on nephron devel-
opment and maturation in the present study, detailed analyses of other
lineages, such as stromal and endothelial cells, using our scRNA-seq data
will provide more insights into kidney maturation.

4. Materials and methods

4.1. scRNA-seq analyses

Kidneys were dissociated by a protocol modified from a previously
described method (Tanigawa et al., 2016) and used for scRNA-seq ana-
lyses. C57BL/6N mice (CLEA Japan Inc.) were employed for E15.5 and
E17.5 analyses, and Foxd1GFPCreER; tdTomato and Tbx18MerCreMer:
tdTomato mice on a mixed genetic background of C57BL/6N and ICR
were used for P0 analyses (Grisanti et al., 2013; Kobayashi et al., 2014).
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Six kidneys at E15.5 were digested for 10 min in 0.25% trypsin/EDTA.
E17.5 and P0 female kidneys were minced roughly with forceps, digested
with dissociation buffer comprising 2 mg/ml collagenase (Sigma; Cat#
9407), 2.4 U/ml dispase (Gibco; Cat# 17105-041), 2 mM CaCl2 (Wako;
Cat# 031–00435), 50 μg/ml DNase I (Sigma; Cat# 11284932001), and
10% fetal calf serum (FCS) (Sigma; Cat# 172012) in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma; Cat# D5796) for 15 min at 37 �C,
washed with phosphate-buffered saline (PBS), and treated with 0.25%
trypsin/EDTA for 10 min. Trypsin was inactivated by addition of
DMEM/10% FCS containing 50 μg/ml DNase I, and the cells were washed
with HEPES-buffered saline solution (Thermo; Cat# 14185-052) con-
taining 2% FCS, 50 μg/ml DNase I, 1 mM CaCl2, and 0.035% NaHCO3
(Wako; Cat# 191–01305). Cells were resuspended in 0.04% BSA/PBS,
filtered through a 40-μm-pore strainer (Falcon; Cat# 352340), and
evaluated for their cell number and viability (>90%) using a Countess
automated cell counter (Thermo; Cat# C10227). A total of 5000 disso-
ciated cells each from E15.5 and E17.5 and two samples (5000 cells per
sample) from P0 were applied to Chromium Controller (10x Genomics).
A Chromium Single Cell 30 Library & Gel Beads Kit v2 (10x Genomics)
was used to generate oligo-dT-primed cDNA libraries, which were then
sequenced by an Illumina HiSeq 3000 (14,000 reads for E15.5; 7000
reads for E17.5; 14,000 reads for P0). The Q30 base RNA reads (Q-scores
indicating sequencing quality) of the samples were 86.2% for E15.5,
63.8% for E17.5, and 93.6% for P0.

The raw sequence data were processed using the cell ranger count
command of Cell Ranger (version 3.0.2; 10x Genomics) to generate count
tables of unique molecular identifiers (UMIs) for each gene per cell. First,
we integrated the two P0 samples using the cell ranger aggr command of
Cell Ranger to generate a single combined P0 sample. At this point, we
obtained 4,158, 5,551, and 10,810 cells for the E15.5, E17.5, and P0
samples with medium reads of 4,493, 2,360, and 2467 genes per cell,
respectively. These three individually generated datasets were integrated
using the cell ranger aggr command. All subsequent analyses were per-
formed in the R statistical programming language (R Core Team, 2018).
The Seurat package (version 3.1.1) was used for analyses including
quality control, data normalization, data scaling, and visualization
(Butler et al., 2018) (Stuart et al., 2019a). For quality control, cells that
expressed <200 genes, >8000 genes (possibly representing doublets), or
>20% of mitochondrial genes were filtered out. The final dataset con-
tained 20,672 genes and 3,441, 4,592, and 8161 cells in the E15.5, E17.5,
and P0 samples, respectively (total: 16,194 cells). A principal component
analysis was used for dimension reduction with a dimension value of 74
determined by the JackStrawPlot function (Chung and Storey, 2015).
The top 2000 highly variable genes were selected by the FindVaria-
bleFeatures function and used together with dimensional information for
clustering. Cluster segmentation was performed using a resolution value
of 2.4. The FindClusters command generated a total of 45 clusters that
were easily distinguished with cluster-specific marker genes obtained
with the FindMarkers function of the Seurat package. Cluster 26 probably
consisted of dying cells that escaped from the filtering parameters,
because it showed no specific marker genes, low mitochondrial genes,
and relatively low number of features. Uniform Manifold Approximation
and Projection for Dimension Reduction (UMAP) plots were generated
using the uwot package (Becht et al., 2019). The UMAP coordinates,
Seurat cluster coordinates, and cluster-specific markers obtained were
exported as csv files for confirmation analysis using Loupe Cell Browser
software (10x Genomics). The scRNA-seq data were deposited in the
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National Center for Biotechnology Information Gene Expression
Omnibus (GSE149134).
4.2. Selection of developmental stage-dependent gene candidates

To select developmental stage-dependent gene candidates in each
cluster, we used the FindMarkers function to pick up genes that were
upregulated at P0 compared with E15.5 (e.g. comparison between cluster
8 at P0 and cluster 8 at E15.5 for podocytes). Subsequently, we utilized
the AverageExpression function to add the average gene expression data
for each cluster at each stage for stage-dependent comparisons (log-fold
change>1 and p-value<0.05). To determine segment-specific genes, we
compared the target cluster with all other clusters at P0 and selected the
genes with low p-values (p < 0.05) and low expression rates in other
clusters (pct2 <0.11). After selecting the overlapping genes, we verified
them in UMAP plots to finalize the lineage-specific stage-dependent
genes.
4.3. Immunohistochemical analysis

Paraffin sections were subjected to antigen retrieval in a citrate
buffer, washed three times with PBS, and blocked by incubation with 1%
BSA in PBS for 1 h at room temperature. The sections were then incu-
bated overnight with primary antibodies at 4 �C, followed by incubation
with secondary antibodies conjugated with Alexa Fluor dyes for 90 min
at room temperature. Nuclei were stained with 4,6-diamidino-2-phenyl-
indole (Roche; Cat# 10236276001). The following primary antibodies
were used: biotinylated LTL (Vector Laboratories; B-1325), rabbit anti-
SLC12A1 (StressMarq Bioscience; SPC-401D), rat anti-KRT8 (Develop-
mental Studies Hybridoma Bank, University of Iowa; Troma-I), guinea
pig anti-NPHS1 (Progen; GP-N2); and rabbit anti-CD31 (Abcam;
ab28364). Fluorescence images were captured by an LSM780 confocal
microscope (Carl Zeiss) or FV3000 confocal microscope (Olympus).
4.4. In situ hybridization

RNAscope analysis of 10% formalin-fixed paraffin sections was per-
formed using an RNAscope Multiplex Fluorescent Reagent Kit v2 (ADC;
Cat# 323100). Signal amplification was performed with TSA plus fluo-
rophores (Thermo Fisher Scientific). Details of the RNAscope probes are
provided in Table S3. Digoxigenin-based in situ hybridization of Kap was
performed as described (Kaku et al., 2013) using an automated Discovery
System (Roche), according to the manufacturer’s protocols. The Kap
probe was cloned by PCR using specific primers (Table S3), and labeled
with digoxigenin using an RNA polymerase. Two to three samples at each
embryonic stage were examined for each probe, and showed consistent
results.
4.5. Transplantation of mouse embryonic kidneys

C57BL/6N pregnant female mice (E12.5) and adult male mice (8–12
weeks) were purchased from CLEA Japan Inc. and housed in a specific
pathogen-free animal facility. Host adult mice were anesthetized by
peritoneal administration of normal saline containing 0.75 mg/kg
medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol.
Mouse embryonic kidneys with the cloaca at E12.5 were transplanted
into the epididymis fat of host mice (Yokote et al., 2015). After surgery,
atipamezole was administered as an anesthetic antagonist. The trans-
planted embryonic kidneys were harvested at 12 days after trans-
plantation. For scRNA-seq analysis, the kidneys were dissociated
similarly to the P0 kidneys. All animal experiments were carried out in
accordance with our institutional guidelines and were approved by the
Ethics Committee of Kumamoto University (#A2019-113).
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4.6. Re-analysis of the publicly available scRNA-seq data

The scRNA-seq data for E14.5 mouse embryonic kidney and P1 kid-
ney (Adam et al., 2017b; Magella et al., 2017) were downloaded from the
Gene Expression Omnibus (Accession Numbers, GSE94333 and
GSE104396, respectively). All subsequent analyses of these data were
performed in the R statistical programming language (R Core Team,
2018), and the Seurat package (version 3.2.2) was used for analyses
including quality control, data normalization, data scaling, and visuali-
zation as described in Section 4.1.
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