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Mouse embryonic kidney
transplantation identifies
maturation defects in the medulla
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Kidney organoids are connected to the host circulation and mature after transplantation. However,
they are stillimmature compared to the adult kidneys, and their precise maturation stages remain
unclear. By transplanting the mouse embryonic kidney as a model system for organoid transplantation,
we report here the maturation defects of the graft, especially in the medulla. Single cell profiling of
the developing kidneys in vivo identified gene sets associated with the maturation of the collecting
duct epithelium and medullary stroma. These data revealed an upregulation of genes associated with
channel/transporter functions and immune defense, as well as a downregulation of neuronal genes.
Using these marker genes, we found that the maturation of the collecting duct and medullary stroma
in the grafts barely corresponds to the perinatal stage, which was confirmed histologically by using
representative genes. Thus, the gene sets obtained serve as maturation coordinates for the renal
medulla and will be helpful in analyzing its maturation defects after transplantation. They will also
provide a useful basis for further maturation of transplanted kidney organoids.
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The kidney is derived from at least three types of precursors: the nephron progenitor, ureteric bud, and stromal
progenitor!. The nephron progenitors give rise to nephrons, including glomerular podocytes, proximal tubules,
loops of Henle (LoH), and distal tubules, while the ureteric bud branches extensively to form the collecting
ducts (CD) and ureter. These differentiated components align to form the route for urinary flow. The stromal
progenitors differentiate into cortical and medullary interstitial cells, as well as mesangial cells and renin cells that
are located within or close to glomeruli, respectively. At embryonic day (E) 15.5, the overall nephron segments
are specified, and urine starts to flow approximately at E16.5-E17.5°. Meanwhile, the medulla of the kidney
elongates, reflecting the elongation of the collecting ducts and possibly stromal expansion surrounding the duct
epithelia. This medullary development continues after the day of birth (P0: postnatal day 0), while nephron
progenitors cease self-renewal within a few days after birth, leading to the cessation of new nephron generation®.

Recent advances in stem cell research have enabled the generation of kidney organoids from pluripotent
stem cells in vitro°~1 However, it has been noted that the organoids remain at an immature stage and may
correspond to kidneys at approximately E14.5 in mice!” and at approximately 16 weeks of gestation in humans!!.
We and others have developed methods to transplant kidney organoids into immunodeficient mice, allowing
for organoid vascularization and connection to the host circulation, leading to further maturation of the
organoids'?~!¢. Despite these advances, the maturation stage of transplanted kidney organoids, even those derived
from mouse pluripotent stem cells (PSCs), has not yet reached that of adult kidneys!”. Accurate determination of
their maturation stage requires comprehensive information on gene expression at each stage of the developing
kidneys. Single-cell RNA sequencing (scRNA-seq) analysis is a powerful tool to examine gene expression in
complex and heterogeneous organs, such as the kidney. In our previous report'®, we performed scRNA-seq
analysis of the developing mouse kidney from E15.5 to newborn (P0). We also used the E12.5 embryonic
kidney as a model system for organoid transplantation and found that most cell types, except for the collecting
ducts, exhibited maturation similar to that of neonatal kidneys in vivo, revealing non-synchronous maturation
across cell lineages'®. Indeed, the glomeruli in the transplanted organoids are well vascularized and to some
extent mature!”, but the maturation status of the renal medulla remains unclear. Therefore, in the present study,
we extend our scRNA-seq analysis to 7 days after birth (P7) and focus mainly on the maturation of the renal
medulla, namely the collecting ducts and medullary stroma. We identified many maturation-dependent genes in
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these cell types in the renal medulla in vivo, and application of these maturation coordinates to the transplanted
embryonic kidneys revealed maturation defects in the medulla. We also selected representative gene markers
for histologic evaluation at a high resolution. Using these tools, we investigated the possible causes of medullary
maturation defects after transplantation.

Results

Morphologic characteristics of the graft do not match those of the neonatal kidney

When E12.5 kidneys were transplanted under the kidney capsule of adult mice, the medulla did not develop well,
and the corticomedullary junction in the grafts was unclear (Fig. Sla). This may be due to limited subcapsular
space leading to compression against the growing grafts. In contrast, when transplanted near the blood vessels
in the peri-testicular fat, as we previously reported's, the graft was clearly vascularized by the nearby vessels
and grew well (Fig. 1a). Therefore, in this study, we mainly performed transplantation into the peri-testicular
fat, unless otherwise indicated. The major and minor axes of the grafts at day 12 post-transplantation were
larger than those of the E15.5 kidneys in vivo, although the grafts were still smaller than the neonatal (P0)
kidneys (Fig. 1b). Histologically, the cortex and medulla were clearly visible both in the PO kidneys and grafts.
However, the renal medulla of the grafts showed less elongation toward the pelvis than the PO kidney (Fig. 1c).
KRT8*/CDHI1* CD in the grafts appeared thinner than in the P0 kidney, and SLC12A1*/CDHI1* LoH were less
abundant in the grafts (Fig. 1¢), which may underscore the poor medullary elongation in the graft. In contrast,
PECAM1" vascular endothelial cells (ECs) were present in both the cortex and medulla of the day 12 grafts
(Fig. S1b). At day 14 post-transplantation, we observed hydronephrosis (Fig. S1c), suggesting the onset of blood
filtration leading to urine production. At this stage, the renal parenchyma was compressed by the retained urine,
which prevented a fair assessment of the maturation status. Therefore, the evaluation was mainly performed at
day 12 post-transplantation, when no obvious hydronephrosis was present.

Identification of maturation coordinates of the renal medulla in vivo

To analyze gene expression profiles at the single cell level, we performed scRNA-seq analysis on developing
mouse kidneys at E15.5, P0, and 7 days after birth (P7) and transplanted E12.5 embryonic kidneys (8 and 12 days
post-transplantation, Graft Day8 and Graft Day12 in Fig. 2a, respectively). In addition, another day 12 sample
(Graft Day12(*)) from the previous report!® was added for reproducibility. E12.5 kidneys with ureter and cloaca
were used for all three grafts in this scRNA-seq analysis.

The UMAP plots showed the presence of the nephrogenic niche, namely nephron progenitor (NP, clusters
8, 17, 20), ureteric bud tip (UB, cluster 21), and stromal progenitor (SP, cluster 13), up to the PO kidney and
day 8 transplant, but these niche clusters disappeared at P7 in vivo and day 12 transplants (Fig. 2a), consistent
with the transient nature of the nephrogenic niche. The clusters for differentiating nephrons, collecting ducts,
and stromal cells overlapped at all developmental stages and in all grafts. However, proliferation-related genes
(Mki67, Ccndl, Top2a) were downregulated in the day 12 graft compared to the P7 kidney, especially in the
proximal tubules (Fig. S2a). In contrast, there was little difference in the expression of apoptosis-suppressing
genes (Bcl-2) and apoptosis-promoting genes (Bax and Bok) compared to the P7 kidney (Fig. S2b). Therefore, the
decreased proliferation of differentiating nephrons, together with the disappearance of the nephrogenic niche,
may at least partially explain the reduced graft size.

To assess the maturation stage of the grafts, we adopted a strategy of first identifying gene sets that can serve
as maturation coordinates using the developing kidney in vivo, and then applying these coordinates to the grafts.
Since we have previously studied the maturation of the renal cortex', in this study we focused on the maturation
of the renal medulla, namely the collecting duct (CD, cluster 10), the inner medullary stroma (iMS, cluster 24),
and the outer medullary stroma (oMS, cluster 22) (Fig. 2a, S2¢c). We selected genes enriched in each cell type and
picked up the differentially expressed genes between the E15.5 and P7 kidneys, as shown as volcano plots (Fig. 2b,
Table S1). These genes were subjected to Gene Set Enrichment Analysis (GSEA), which highlighted “immune
response” in all three cell types (Fig. S3). “Regulation of body fluid levels” increased in the P7 CD (Fig. S3a),
while the “nervous system” decreased in the P7 iMS and oMS (Fig. S3b, ¢). The gene concept network (CNET)
plots were then generated to visually display the genes in representative categories, showing upregulation of
transporter/channel genes (e.g., Aqp2, Aqp4) in the CD and downregulation of neuronal genes (e.g., Grial,
Cntn6) in the medullary stroma (Fig. 2¢). Genes related to the immune/defense response (e.g. Defbl, Jak2, Socs3,
Il6, Ptgs2) were upregulated in all three cell types (Fig. 2C, Fig. S2d). Furthermore, the heatmaps constructed
with the top 200 differentially expressed genes in the CD, iMS, and oMS showed a reasonable alignment of the in
vivo kidneys from E15.5 to P7 (Fig. 2d, Table S2). Therefore, these gene sets will serve as promising coordinates
for assessing the maturation stages of the renal medulla of developing kidneys in vivo and possibly of transplants.

Maturation coordinates place the graft medulla in the perinatal stage

We next applied these maturation coordinates to the transplants. Using the top 200 genes from the heatmaps
as maturation coordinates, we included the day 8 and day 12 grafts and performed the hierarchical clustering
analysis, which placed the grafts between the PO and P7 kidneys (Fig. 3a, S4, S5, and S6). Heatmap analysis
showed the progressive changes in maturation marker expression from day 8 to day 12 grafts (Fig. 3a). We
also selected differentially expressed genes between day 8 and day 12 grafts (Fig. S7a). These gene sets partially
overlapped with the maturation coordinates. For example, transporter/channel genes (e.g., Agp2, Aqp4) in the
CD were higher in day 12 grafts (Fig. 3, Fig. S7b), suggesting that the grafts follow the maturation process, at least
partially, into the days after transplantation. In contrast, genes involved in the immune/defense response (e.g.
Jak2, Socs3, 116, Ptgs2) were higher in the day 8 grafts (Fig. 3a, S7c), which may be due to the acute inflammation
induced by transplantation. Neuronal genes (e.g., Grial, Cntn6) in the medullary stroma were higher in day 12
grafts (Fig. S7d), which may reflect transplant-specific gene expression.
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Fig. 1. Morphologic characteristics of the graft do not match those of the neonatal kidney. (a) Transplantation
of E12.5 kidneys into the peri-testicular fat. The left panel shows a planned transplant site (dotted circle). The
middle and right panels show the transplanted embryonic kidneys at day 12. In the middle panel, the surface
membrane of the graft was removed to visualize the overall appearance of the graft. In the right panel, the
surface membrane was left intact to visualize the host blood vessel extending toward the graft. Arrows: a blood
vessel from the host. Scale bars: 1.0 mm. (b) Size of the grafts and embryonic kidneys. The major and minor
axis lengths of the transplanted embryonic kidneys (at day 12) were compared with those of the E15.5 and PO
kidneys (n=15, 6, and 6, respectively). Multiple comparisons were performed using Dunnetts T3 test. Fifteen
grafts from eight independent transplantation experiments were analyzed. (¢) Histologic analysis of the E15.5
and PO kidneys and day 12 grafts. 1st column: Hematoxylin and eosin (H&E) staining. Scale bars: 500 pm; 2nd
column: Immunostaining of SLC12A1 (loops of Henle), KRT8 (collecting ducts), and CDHI (collecting ducts
and nephrons). Scale bars: 500 pm; 3rd and 4th columns: magnified images of the 2nd column. Scale bars:

100 pm. Three grafts from three independent transplantation experiments were analyzed.
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Fig. 2. Identification of maturation coordinates of the renal medulla in vivo. (a) scRNA-seq analysis of
transplanted embryonic kidneys (day 8 and 12) and developing kidneys (E15.5, PO, P7). The day 12 grafts
include the sample (*) from our previous report!. The UMAP plots are shown. NP: nephron progenitor; Pod:
podocyte; PT: proximal tubule; LoH: loop of Henle; DT: distal tubule; UB: ureteric bud; CD: collecting duct;
EC: endothelial cell; M¢: macrophage; Ren: renin cell; Mes: mesangial cell; SP: stromal progenitor; iMS: inner
medullary stroma; oMS: outer medullary stroma. (b) Volcano plots showing the differentially expressed genes
between the renal medulla (CD, iMS, oMS) at E15.5 and P7. Red circles: representative genes that are more
abundantly expressed at E15.5. Blue circles: representative genes that are more abundantly expressed at P7. (c)
CNET plots showing the differentially expressed genes between the renal medulla (CD, iMS, oMS) at E15.5 and
P7. Representative genes are shown in circles. (d) Heatmaps of the developing kidneys (E15.5, 17.5, P0, and P7)

using the top 200 maturation coordinates. The representative genes are listed on the right side of the heatmaps
for each cell type.
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Fig. 3. Maturation coordinates place the graft medulla in the perinatal stage. (a) Heatmaps of the developing
kidneys and grafts (day 8 and 12) using the top 200 maturation coordinates. Results for each medullary cell

type are shown (CD, iMS, oMS). (b) Volcano plots showing the differentially expressed genes between the

day 12 graft and P7 kidney. Red circles: representative genes that are more abundantly expressed in the graft.
Blue circles: representative genes that are more abundantly expressed in the P7 kidney. (¢c) UMAP plots of the
representative maturation coordinates for the renal medulla. Blue arrowheads: CD; red arrowheads: innermost
MS; purple arrowheads: oMS; green arrowheads: iMS.
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The comparison between the day 12 graft and the P7 kidney in vivo still showed the insufficient expression
of maturation markers, including water channel genes (Agp2, Agp4) in the CD and immune response genes
(Defbl in the CD, Ptgs2, IL6, Socs3 in the iMS), while neuronal genes (e.g., Grial, Cntn6) remained high in the
MS (Fig. 3b, Table S3), suggesting the immaturity of the grafts compared to the P7 kidney. At day 12, one of the
grafts (*) appeared to be slightly closer to P7 than the other (Fig. 3a), but this difference may be due to different
times at which transplantation was performed or to strain differences in the grafts and hosts (C57BL/6 kidneys
in C57BL/6 mice for Graft day 12(*) versus ICR kidneys in immunodeficient mice for Graft day 12). In addition,
the expression of Hifla and its downstream targets Hk2 and Pfkl were lower in the iMS of the graft than in the P7
kidney (Fig. 3b). The UMAP plots confirmed these differences (Fig. 3¢, S2e). In particular, Ptgs2 and Hifla were
detected in the cluster corresponding to the innermost MS of the P7 kidney but not of the grafts. Ptgs2 encodes
the enzyme Cox-2, which catalyzes prostaglandin synthesis from arachidonic acid'*?, and Hifla is involved
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«Fig. 4. Histologic evaluation using maturation markers validates the graft medulla as perinatal stage. (a)
In situ hybridization of maturation markers for the CD (Aqp4 and Aqp2) at E15.5, PO, and P7. Wnt7b is
used as a constant control. Scale bars: 500 um. (b) In situ hybridization of the CD maturation markers in
the PO kidney and the day 12 graft. Scale bars: 500 pm. 2nd and 3rd rows: magnified images of the 1st row.
Scale bars: 100 um. Two grafts from two independent transplantation experiments were analyzed. (c) In situ
hybridization of maturation markers for the iMS (Hifla and Ptgs2) at E15.5, PO, and P7. Scale bars: 500 um.
2nd row: magnified images of the medulla in the 1st row. Scale bars: 100 um. 3rd row: magnified images of
the cortex in the 1st row. Ptgs2 is also expressed in the macula densa of the cortex. Scale bars: 100 um. (d) In
situ hybridization of the iMS maturation markers in the PO kidney and the day 12 graft. Scale bars: 500 pm.
2nd row: magnified images of the medulla in the 1st row. Scale bars: 100 um. 3rd row: magnified images of the
cortex in the 1st row. Ptgs2 is also expressed in the macula densa of the cortex. Scale bars: 100 pm. Two grafts
from two independent transplantation experiments were analyzed. (e) In situ hybridization of neuronal genes
at E15.5, PO, and P7. Scale bars: 500 um. 2nd row: magnified images of the medulla and cortex in the 1st row.
Cntn6 is expressed in the oMS at E15.5. Scale bars: 100 pum; 3rd row: magnified images of the cortex in the 1st
row. Grial is expressed in stromal progenitor at E15.5 and P0. Scale bars: 100 um. (f) In situ hybridization of
neuronal genes in the E15.5 kidney and the day 12 graft. Scale bars: 500 um. 2nd row: magnified images of the
medulla and cortex in the 1st row. In the graft, Cntn6 is expressed in the oMS, and Grial is expressed in the
iMS and oMS. Scale bars: 100 um; 3rd row: magnified images of the cortex in the 1st row. Scale bars: 100 pm.
Two grafts from two independent transplantation experiments were analyzed.

in the hypoxia response??2. It would be intriguing if prostaglandins and hypoxia were related to medullary
elongation and maturation, although their functional roles in the iMS remain elucidated. Taken together, the use
of maturation coordinates suggests that the day 12 grafts may correspond to the perinatal stage.

Histologic evaluation using maturation markers validates the graft medulla as a perinatal
stage

To validate the usefulness of these maturation marker genes by histological examination, we used the highly
sensitive in situ hybridization technology®.

The expression of Agp2 and Agp4 in the medullary CD increased as development progressed from E15.5 to
P7, while Wnt7b appeared to decrease (Fig. 4a), which is consistent with the scRNA-seq data. (Fig. S7b). In the
transplants, the expression levels of Agp4 and Agp2 and the thickness of Aqp2/Aqp4+ CD were lower than those
in the PO kidney. (Fig. 4b). No significant differences in Wnt7b expression were observed, although Wnt7+ CDs
were thinner (Fig. 4b).

The expression of Ptgs2 and Hifla in the iMS increased with development (Fig. 4c), but their expression in
the transplants was lower than in the PO kidney (Fig. 4d). Ptgs2 is also known as a representative marker for the
macula densa in the renal cortex!®. Therefore, the expression of Ptgs2 in the cortex remained relatively constant
and was also detected in the transplants.

The expression of neuronal genes was highest at E15.5 in normal development: Grial was expressed in
stromal progenitors and Cntn6 in the oMS (Fig. 4e). Grial encodes the glutamate ionotropic receptor AMPA
type subunit 1 involved in excitatory neurotransmission in the central nervous system?, and Cntn6 encodes
Contactin 6, a member of the immunoglobulin superfamily that functions as a cell adhesion protein and
promotes neurite outgrowth and synapse formation?>?. These genes were almost undetectable at P7. However,
in the transplants, Grial and Cntn6é were robustly detected in the oMS (Fig. 4f).

Therefore, these maturation markers are useful for assessing the maturation status of the kidneys in vivo
and the transplants histologically, and our data validated that renal medulla (CD, iMS, oMS) in the grafts barely
reached the PO stage. Relatively unaffected Wnt7b expression in the grafts likely rules out possible involvement
of this gene in the medullary defects in the grafts, although Wnt7b is known to be essential for medullary
development and elongation®”8,

Administration of HIF1 activator or transplantation into female mice does not ameliorate
medullary maturation defects
Next, we searched for the causes of medullary maturation defects after transplantation. Embryonic kidneys are
nourished by a low-oxygen blood stream from the placenta. However, embryonic kidneys transplanted into
adult mice are likely to receive the high oxygen blood flow directly. As described above, the expression of Hifla
and its target glycolytic genes, Hk2 and Pfkl, was lower in the grafts than in the P7 iMS. The UMAP plots
of the P7 kidney showed that these genes were abundantly expressed in the deeper region of the medullary
stroma (Fig. 3¢, S2e), suggesting a possible role of hypoxia in the medullary stroma surrounding the elongating
collecting duct at this postnatal stage. Therefore, we administered Roxadustat, a HIF1 protein activator®, to the
host animals daily from day 2 to day 11 after transplantation of E12.5 kidneys (10 mg or 25 mg/kg/day). The
dose was determined on the basis of previous reports®**!. Indeed, administration of 25 mg/kg/day resulted in an
increase in blood hemoglobin levels (Fig. S8), suggesting that the drug sufficiently activates the HIF pathway. The
medullary maturation markers were then used to assess maturation. However, there was no clear improvement
in the CD, iMS, or oMS after treatment (Fig. 5a-d).

We also speculated that there may be differences in circulating hormones between male and female hosts.
Therefore, E12.5 kidneys were transplanted into the peri-ovarian fat of adult female mice (Fig. S9a) and compared
with grafts in male peri-testicular fat. However, no obvious differences in the expression of maturation marker
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Fig. 5. Administration of the HIF1 activator does not ameliorate medullary maturation defects. The treated
and untreated grafts transplanted into the peri-testicular fat were compared histologically at day 12 after
transplantation of E12.5 kidneys. Two independent transplantation experiments were performed (two grafts
in each condition per experiment). (a) H&E staining of the grafts with and without Roxadustat treatment.
Scale bars: 500 um. (b) In situ hybridization of the CD maturation markers (Agp4 and Agp2) in the grafts
with and without Roxadustat treatment. Scale bars: 500 pm. 2nd row: magnified images of the 1st row. Scale
bars: 100 pm. (c) In situ hybridization of the iMS maturation markers (Hifla and Ptgs2) in the grafts with
and without Roxadustat treatment. Scale bars: 500 pm. 2nd row: magnified images of the 1st row. Scale bars:
100 pm. (d) In situ hybridization of the neuronal genes (Cntn6 and Grial) in the grafts with and without
Roxadustat treatment. Scale bars: 500 um. 2nd row: magnified images of the 1st row. Scale bars: 100 pm.
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genes were observed in the CD, iMS, or oMS. (Fig. S9b-e). Nevertheless, the markers we selected served as useful
coordinates for assessing the maturation status of the grafts.

Discussion

Organ maturation is an important aspect of developmental biology. In the field of stem cell biology,
transplantation is a common approach to facilitate the maturation of pluripotent stem cell-derived organoids,
including kidney organoids. However, currently available kidney organoids remain immature in vitro and even
after transplantation. In this study, we used embryonic kidney transplantation as a model system for organoid
transplantation. First, we identified maturation coordinates for the renal medulla (collecting ducts and medullary
stroma) and used them to assess the maturation status of the transplanted embryonic kidneys.

We performed scRNA-seq analysis of the kidney at different developmental stages, from E15.5 to 7 days after
birth. Including data at P7 was critical for our analysis because we found that dramatic gene expression changes
occur after birth, and many of the differentially expressed genes turned out to serve as maturation coordinates.
This was achieved by our technique of dissociating the postnatal kidney to make it suitable for single “cell” RNA-
seq analysis, which allowed a fair comparison between pre- and postnatal stages, whereas single “nucleus” RNA-
seq is often used for the postnatal kidney. By comparing E15.5 and P7 kidneys, we found channels/transporters
that regulate body fluid homeostasis, including aquaporins, are upregulated in the collecting duct after birth.
Interestingly, genes related to the immune/defense response are also upregulated after birth in the collecting
duct (Defbl, etc.) and medullary stroma (Ptgs2, 116, etc.), which may be caused by postnatal exposure to the
external environment. It remains to be determined whether these immune responses are simply a consequence
of the urinary tract infection or whether they contribute to further maturation of the renal medulla. Another
interesting finding is the relatively high expression of neuronal genes at E15.5 and their postnatal decrease in
the medullary stroma. Although no obvious renal phenotypes are reported in mice lacking these genes?*~%,
there may be some redundant roles in immature stromal cells. At least a decrease of such neuronal genes clearly
correlates with stromal maturation.

These maturation coordinates allowed us to assess the maturation status not only of the kidney in vivo but
also of the transplanted embryonic kidney. We also selected several key markers and confirmed this conclusion
by high-resolution in situ hybridization. This type of histological assessment bypasses costly scRNA-seq analysis
and provides a user-friendly method to roughly assess the maturation state of the in vivo kidney and the
transplant. Based on these assays, we conclude that the renal medulla in the grafts barely reached the PO stage.
By further comparing gene expression between the graft and P7 kidney, we found lower expression of hypoxia-
related genes, including Hifla, Hk2, and Pfkl, in the grafts. Therefore, we administered the HIF1 activator to the
transplanted hosts, but no apparent effects were observed. Genetic activation of the HIF pathway, such as deletion
of Vhl, which encodes the protein that degrades HIF, would be required to address this issue unequivocally. We
also transplanted the embryonic kidney into female hosts because we suspected a role for female hormones
in the maturation of the grafts. However, there was no significant improvement compared to transplantation
into male mice. The development of transplantation technique in pregnant female mice will be necessary to
elucidate the role of the embryonic environment in kidney maturation, e.g. maternal hormones and metabolites
secreted by the placenta or transferred from the mother across the placenta. Another possibility is insufficient
urine flow in the grafts. In this study, we mainly used the isolated kidneys as donors but also the kidney with
ureter and cloaca in some of the experiments, including scRNA-seq analysis (Figs. 2 and 3). The presence of the
ureter and cloaca, the latter of which develops into the urinary bladder, allows urine to flow until the bladder
is filled with urine**. Even in this situation, our scRNA-seq data showed the poor medullary maturation after
transplantation, and there is limited histologic benefit in the grafts with cloaca (Fig. S1d). Nevertheless, a slight
increase in intraluminal pressure due to urinary retention may have affected medullary maturation, although
we did not observe obvious hydronephrosis at harvest. It has been reported in rats and pigs that the connection
of a donor-derived bladder to the host ureter suppressed hydronephrosis and preserved nephron structures®. It
would be informative to see the medullary development/maturation in these rats and pigs, as a similar surgical
procedure in mice is technically difficult due to their small size.

The mouse kidney organoids, consisting of nephrons, collecting ducts, and stroma, have already been
generated'’, but they still lack the ureter and bladder. Even if this is achieved, our data suggest that there are
other hurdles to overcome, including medullary maturation, which is critical for urine concentration after birth.
Elucidation of the underlying mechanisms of medullary maturation will be necessary for the further maturation
of kidney organoids. In the human organoids, even the assembly of nephrons and collecting ducts into the
organotypic higher-order structure has not been reported. After the generation of human kidney organoids
with ureter and bladder, maturation hurdles should again be overcome. It remains unclear whether maturation
coordinates are conserved between mice and humans, and the upstream factors that promote maturation need
to be identified. These may include maternal hormones and metabolites, urine flow, milk and food intake, gut
and urinary microbiome, and oxygen concentration!. These non-genetic parameters, as well as genetic cascades,
should be identified to generate mature kidney organoids.

In conclusion, we have identified the maturation coordinates of the renal medulla and the impaired maturation
of the transplanted embryonic kidney. These coordinates, as well as our transplantation technique, will serve as a
basis to elucidate the mechanism of maturation and to generate functionally mature kidney organoids.

Materials and methods

Animals

C57BL/6] mice and ICR mice were purchased from Japan SLC, Inc., and immunodeficient mice (NOD.CB17-
Prkdc* /]) were purchased from KBT Oriental, Inc. The mice were housed in a specific pathogen-free animal
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facility. All animal experiments were performed in accordance with our institutional ethical guidelines and
approved by the licensing committee of Kumamoto University (approval numbers: A2021-008, A2023-009, and
A2024-073). We also complied with ARRIVE guidelines. Mice were euthanized by intraperitoneal injection of
0.75 mg/kg medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol followed by cervical dislocation.

Transplantation of mouse embryonic kidneys

E12.5 mouse kidneys were used for all transplantation experiments. C57BL/6] embryos as the donors and
C57BL/6] mice (8-10 weeks old) as the hosts were used in most of the transplantation experiments. The
embryonic kidneys were transplanted into the peri-testicular fat unless indicated otherwise!>'®34. For
transplantation into the peri-ovarian fat, the embryonic kidneys were transplanted near the blood vessels in
the peri-ovarian fat. In this experiment, ICR embryos as the donors and NOD.CB17-Prkdc*¢ /J mice (8-10
weeks old) as the hosts were used. Host mice were anesthetized by intraperitoneal injection of 0.75 mg/kg
medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol. After surgery, atipamezole was administered
intraperitoneally as an anesthetic antagonist. The grafts were harvested at day 12 after transplantation. Fifteen
grafts from eight independent transplantation experiments were analyzed for Fig. 1b and three samples were
analyzed for Fig. 1c. Two grafts from two independent transplantation experiments were analyzed for Fig. 4.
Two independent transplantation experiments (two grafts in each condition per experiment) were performed
for Fig. 5. Two grafts from two independent transplantation experiments were analyzed for Fig Sla, Slc, S1d.
Two independent transplantation experiments (two grafts in each condition per experiment) were performed
for Fig. S9.

scRNA-seq analysis

scRNA-seq data of E15.5, E17.5, and PO kidneys and the transplanted embryonic kidneys with a cloaca in the
C57BL/6] background (transplanted at E12.5 and harvested at day 12 after transplantation) was described
previously'®. For the additional transplantation experiments, E12.5 embryonic kidneys with a cloaca from the
ICR pregnant mice were transplanted into the testicular fat of the male NOD.CB17-Prkdc®™ /] mice (8- week-
old), and harvested at day 8 and 12 after transplantation.

Dissociation of E15.5, E17.5, and PO kidneys were described previously'®. Grafts harvested on days 8 and 12
were dissociated using a similar method for the PO kidney. Specifically, the grafts were digested with dissociation
buffer comprising 2 mg/ml collagenase (Sigma; Cat#9407), 2.4 U/ml dispase II (Roche; Cat# 04942078001), 2
mM CaCl, (Wako; Cat# 031-00435), 50 pg/ml DNase I (Worthington #1.5002139), and 10% fetal calf serum
(FCS) (Sigma; Cat# 172012) in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma; Cat# D5796) for 20 min
at 37 °C, washed with phosphate-buffered saline (PBS), and treated with 0.25% trypsin/EDTA 37 °C for 10 min.
For the postnatal kidney (P7), the kidney was digested with dissociation buffer comprising 300U/ml collagenase
Type I (Worthington; Cat# LS004194), 1 mg/ml Pronase E (Sigma; Cat# P8811), 50 U/ml DNase I (Worthington
#1.5002139) in Hanks’ balanced salt solution (HBSS) (Thermo; Cat# 14185-052) for 20 min at 37 °C, followed by
treatment with 0.25% trypsin/EDTA at 37 °C for 10 min.

Aliquots containing 5000 dissociated cells from each sample were applied to a Chromium Controller (10X
Genomics). A Chromium Single Cell 3’ Library & Gel Beads Kit v2 or v3 (10x Genomics) was used to generate
cDNA libraries, which were then sequenced by an Illumina HiSeq X (757,548,299 reads for E15.5; 259; 180,950
reads for E17.5; 955,496,397 reads for P0; 370,196,520 reads for P7; 374,558,242 reads for the graft at day 8;
384,179,897 reads for the graft at day 12; 401,965,326 reads for the graft at day 12 (*)'8. The Q30 base RNA reads
(Q-scores indicating sequencing quality) of the samples were 86.2% for E15.5, 63.8% for E17.5, 93.6% for PO0;
91.9% for P7, 91.9% for the graft at day 8, 92.2% for the graft at day 12, and 91.2% for the graft at day 12 (*).

The raw sequence data were processed using the cell ranger count command in Cell Ranger version 7.1.0
(10x Genomics), for E15.5, E17.5, PO, P7, for the graft at day 8, for the graft at day 12, and for the graft at day
12 (*) to generate count tables of unique molecular identifiers (UMIs) for each gene per cell. At this point, each
dataset contained 32,749, 31,333, 33,951 34,048 35,486 35,115, and 30,347 genes, 3,969, 5,358 10,356 5,875 5,423
4,912, and 7,699 cells for E15.5, E17.5, PO, P7, the graft at day 8, the graft at day 12, and the graft at day 12 (*),
respectively. All of these individually generated datasets were integrated using the cell ranger aggr command (10X
Genomics). All subsequent analyses were performed in the R statistical programming language version 4.3.1%,
and the RStudio software®. Seurat package (version 4.3.0 and 5.0.3) was used for analyses including quality
control, data normalization, data scaling, visualization, and the differential analyses®”*®. For quality control,
cells that expressed <500 genes, >35% of mitochondrial genes, > 1% of hemoglobin genes, were filtered out.
Potential doublets were also removed by using DoubletFinger (2.0.4) before the further analysis. The final dataset
contained 27,421 genes and 34,024 cells. A principal component analysis was used for dimension reduction
with a dimension value of 95 determined by the JackStrawPlot function®. Normalization was performed by
SCTransform with the top 3000 highly variable genes selected by the SelectIntegrationFeatures function. Integrated
data was generated by IntegrateData with using anchor genes create by FindIntegrationAnchors function, followed
by scaling the data with regressing out cell cycle, high mitochondrial, ribosomal, and hemogrobin ratio. Cluster
segmentation was performed using a resolution value of 2.0. The FindClusters command generated a total of
50 clusters that were easily distinguished with cluster-specific marker genes obtained with the FindMarkers
function of the Seurat package. Uniform Manifold Approximation and Projection for Dimension Reduction
(UMAP) plots were generated using the uwot package®. 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).
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Selection of maturation stage-dependent genes

To select maturation stage-dependent gene candidates in each cluster, we first used the FindMarkers function
to pick up genes that were differentially expressed between P7 and E15.5 (e.g. comparison between cluster 10
at P7 and cluster 10 at E15.5 for collecting ducts). To determine the genes enriched in each cell type, we used
the FindMarkers function to compare the target cluster with all other clusters and selected the genes with low
p-values (p<0.05). After selecting the overlapping genes, we verified them in UMAP plots to finalize the cell
type-enriched stage-dependent genes. These gene lists were used for volcano plots using the EnhancedVolcano
function®’. For GSEA analysis, the same gene lists were processed using the gseGO function*, and major
pathways involved in each cell type were visualized using the dotplot function in DOSE package*?. For CNET
plots, part of the GSEA result were plotted using the cnetplot function in the DOSE package*2.

Heatmap

We first utilized the AverageExpression function to add the average gene expression data for each cluster at
each stage (log-fold change > 1 and p-value <0.05). The top 200 genes were selected from the maturation stage-
dependent gene lists described above. The RNAseqChef program*’ was used to obtain the heatmap, and pheatmap
function** was also used to obtain a heatmap with unbiased hierarchal clustering analysis.

Immunohistochemistry

Paraffin sections were subjected to antigen retrieval in 10 mM citrate buffer (pH 6.0) after the deparaffinization.
The sections were washed three times with PBS and blocked by incubation with 1% BSA in PBS for 1 h at room
temperature. The sections were incubated with primary antibodies at 4 °C overnight, followed by incubation with
secondary antibodies conjugated with Alexa Fluor 488, 568, or 633 for 90 min at room temperature. Cell nuclei
were counterstained with 4,6-diamidino-2-phenylindole (Roche). The following primary antibodies were used:
mouse anti-E-cadherin (CDH1) (BD; 610181; 1:100); rabbit anti-NKCC2 (SLC12A1) (StressMarq Bioscience;
SPC-401D; 1:100); rat anti-CK8 (KRT8) (DSHB; 11562-1-AP; 1:20). Fluorescence images were captured with a
confocal microscope (TSC SP8; Leica).

Whole-mount immunostaining

Whole-mount immunostaining was performed previously described with some minor modifications*. The
graft or PO kidney was fixed in 25%, 50%, and 75% methanol/ H,O for 10 min each at room temperature and
then in methanol with 20% DMSO overnight on a shaker at 4°C. The samples were rehydrated in 75%, 50%,
and 25% methanol/ H,O for 60 min each at room temperature and then washed three times with 1% Triton
X-100 in PBS for 5 min at room temperature. The washed samples were placed in PBS containing 0.3 M glycine,
1% TritonX-100, and 20% DMSO for 3 h at room temperature and then blocked in PBS containing 10% goat
serum (Nippon Bio-Test Laboratories), 1% BSA (Sigma Life Science; A4503), 1% Triton X-100, 0.2% dry
skim milk, and 10% DMSO overnight on a shaker at room temperature. After washing in PBS containing 1%
TritonX-100 and 10 pg/ mL heparin (PTrH) twice for 60 min at room temperature, the tissues were incubated
with primary antibodies conjugated with rabbit anti-E-cadherin (Cell Signaling; 3195; 1:50) and rat anti-CD31
(BD; 557355; 1:20) in PBS containing 10% goat serum, 1% BSA, 1% Triton X-100, 0.2% dry skim milk, and
5% DMSO overnight on a shaker at 4 °C. The samples were washed with PTrH for 1 day at 4 °C and then
incubated with secondary antibodies conjugated with Alexa Fluor 488 and 568 (1:100) overnight at 4 °C. The
tissues were washed with PTrH for two days at 4 °C. The samples were serially dehydrated with 50%, 70%, and
100% ethanol for 60 min each at 4 °C and cleared with ethyl cinnamate (Sigma-Aldrich) for more than 30 min
at room temperature. Three-dimensional fluorescence images were captured using a confocal microscope (TSC
SP8; Leica) and reconstructed using LAS X (Leica) software and Imaris (Bitplane).

In situ hybridization

RNAscope analysis?® of 10% formalin-fixed paraffin sections was performed using an RNAscope Multiplex
Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics; Cat# 323100). Signal amplification was performed with
TSA plus fluorophores (Thermo Fisher Scientific). The following RNAscope probes were used: Wnt7b (401131),
Aqp4 (417161-C2), Agp2 (452411-C3), Hifla (313821), Ptgs2 (316621-C2), Grial(426241-C2), and Cntn6
(836461).

Roxadustat treatment

E12.5 kidneys were transplanted into the peri-testicular fat. Roxadustat (FG4592) was dissolved in DMSO at
50 mg/ml and further diluted in 5% DMSO with 40% PEG300, 5% Tween 80, and 50% H,O to 2.5 mg/ml**?!,
The host mice received daily intraperitoneal injections of 10 or 25 mg/kg/day Roxadustat from day 2 to day
11 after transplantation. The grafts at day 12 were compared histologically between those with and without
Roxadustat treatment.

Blood analysis

8-week-old male mice received daily intraperitoneal injections of vehicle alone or 25 mg/kg/day Roxadustat
for 10 days (n=5 and 3, respectively). Mice were anesthetized by intraperitoneal injection of 0.75 mg/kg
medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol. Blood samples were collected from the
inferior vena cava. Blood hemoglobin levels were analyzed using an i-STAT1 analyzer with an EG6 + cartridge
(Abbott, Princeton, NJ, USA). Student’s t-test was performed.
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Statistical analysis

We assumed that our sample data were normally distributed for the analysis of the three groups. Then, Bartlett’s
test was performed to determine the equality of variances among the three groups. If the variances were not
significantly equal, Welch’s ANOVA was performed. If the ANOVA was significant, multiple comparisons were
performed using Dunnett’s T3 test. Differences with values of p<0.05 were considered statistically significant.
The asterisk (*) represents the p-value of the statistical test. One asterisk indicates that the p-value is less than
0.05. Four asterisks indicate that the p-value is less than 0.0001. This analysis was performed using GraphPad
Prism 10 (GraphPad Software, San Diego, CA).

Data availability

All data supporting the conclusions are present in the paper and the supplementary materials. Figures 2 and
3 have associated scRNA-seq raw data, which have been deposited in the National Center for Biotechnology
Information Gene Expression Omnibus (GSE271515 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgitacc=G
SE271515]). The scRNA-seq data of E15.5, E17.5, and PO embryonic kidneys, and one of the day 12 grafts were
described previously'® (GSE149134 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149134]).
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