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SUMMARY

Transit-amplifying nephron progenitor cells (NPCs) generate all of the nephrons of the
mammalian kidney during development. Their limited numbers, poor in vitro expansion, and
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difficult accessibility in humans have slowed basic and translational research into renal
development and diseases. Here, we show that with appropriate 3D culture conditions, it is
possible to support long-term expansion of primary mouse and human fetal NPCs as well as NPCs
derived from human induced pluripotent stem cells (iPSCs). Expanded NPCs maintain genomic
stability, molecular homogeneity, and nephrogenic potential in vitro, ex vivo, and in vivo. Cultured
NPCs are amenable to gene targeting and can form nephron organoids that engraft in vivo,
functionally couple to the host’s circulatory system, and produce urine-like metabolites via
filtration. Together, these findings provide a technological platform for studying human
nephrogenesis, modeling and diagnosing renal diseases, and drug discovery.

In Brief

Li et al. report the derivation and long-term culture of mouse and human nephron progenitor cell
lines under chemically defined conditions in 3D format. Expanded NPCs have nephrogenic
potential in vitro and in vivo and allow the study of kidney organogenesis, gene editing, drug
screening, and disease modeling.
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INTRODUCTION

Nephron progenitor cells (NPCs) give rise to all nephrons, the kidney functional units.
Unlike some fish species where NPCs exist throughout their lifetime and can produce new
nephrons upon Kidney injury (Diep et al., 2011), mammalian NPCs are transient amplifying
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cells during development (Nishinakamura, 2016) and are not yet identified in the adult.
Thus, alternative strategies to treat kidney failure are urgently needed, and one approach that
holds great promise is the derivation of authentic nephron progenitor cell lines in vitro with
intact generative capacity.

Pluripotent stem cells (PSCs) offer an attractive source toward the generation of NPCs.
Recent studies have generated NPC-like cells from PSCs fulfilling several molecular and
functional criteria such as NPC-specific marker gene expression and in vitro differentiation
abilities (Araoka et al., 2014; Imberti et al., 2015; Lam et al., 2014; Mae et al., 2013;
Morizane et al., 2015; Taguchi et al., 2014; Takasato et al., 2014, 2015; Toyohara et al.,
2015). However, similar to embryogenesis, PSC differentiation only transiently passes
through a nephron progenitor stage, and NPC-like cells do not persist long-term after the
induction of nephron formation (Little, 2016). Therefore, development of culture conditions
promoting long-term self-renewal of NPCs is warranted.

Kidney development has been extensively studied in mice, and various niche signals for the
proper specification, proliferation, and differentiation of murine nephron progenitors have
been identified (Costantini and Kopan, 2010; Dressler, 2006; Little and McMahon, 2012).
This accumulated knowledge has greatly facilitated efforts in extending the lifespan of
primary murine NPCs in culture. Bone morphogenetic protein (BMP)7 and FGF2 could
maintain NPCs for 2-4 days in a monolayer culture (Dudley et al., 1999). Similarly, BMP7
together with FGF9/20 and heparin was able to maintain Six2+ NPCs for 5 days without
losing nephrogenic potential (Barak et al., 2012). Based on these studies, further
improvements significantly prolonged the survival of NPCs in culture: Brown et al.
developed the nephron progenitor expansion medium (NPEM) that allowed for the in vitro
expansion of murine NPCs up to ten passages (Brown et al., 2015), and Tanigawa et al.
could culture mouse or rat NPCs for five passages using a different protocol (Tanigawa and
Perantoni, 2016; Tanigawa et al., 2015, 2016). While these results have greatly advanced the
field, there are still several notable limitations: (1) NPCs expanded in NPEM were unable to
differentiate to glomeruli; (2) NPCs generated by both protocols suffered from molecular
and functional heterogeneity and limited self-renewal in vitro; and (3) it remains unknown
whether the cultured NPCs still retain an intact in vivo nephrogenic potential found in
primary NPCs. With regard to humans, Brown et al. reported that human embryonic stem
cell (hESC)-derived NPCs could be maintained in NPEM for no more than two passages and
cultured human nephron progenitor cells (nNPCs) only gave rise to renal tubules, but not
glomeruli, upon the second passage (Brown et al., 2015). Likewise, limited expansion (8
days) of human induced pluripotent stem cell (iPSC)-derived NPCs was reported by
Tanigawa et al. Thus, culture conditions for long-term self-renewal of NPCs have yet to be
achieved (Tanigawa et al., 2016).

Here, we describe a robust 3D culture system that enables the stable long-term in vitro
propagation of functional murine and human nephron progenitors. Long-term cultured NPCs
can be harnessed for rapid and efficient generation of nephron organoids, thereby providing
an accessible system for modeling kidney development, renal toxicity testing, gene editing,
and disease modeling (summarized in Tables S1 and S2).
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RESULTS

Derivation and Long-Term Culture of Murine NPCs

Lineage tracing experiments established Six2as a specific NPC marker (Kobayashi et al.,
2008; Self et al., 2006). Therefore, we used an available mouse strain with a GFP cassette
knocked in at the Six2 locus (SixAM3(EGFPIere/ERTZ)AMC, Six2GCE for short hereafter) to
facilitate purification of Six2-GFP+ NPCs from fetal or neonatal mouse kidneys by
fluorescence activated cell sorting (FACS) and screened for conditions conducive to in vitro
expansion of NPCs. We initially focused on isolated Six2-GFP+ cells from embryonic day
13.5 (E13.5) Six2CCE mice. Since in vivo NPCs are tightly packed together, we reasoned
that cell-cell contact could play an important role in NPC survival and proliferation. Thus, to
better preserve the native microenvironment, we cultured sorted Six2-GFP+ NPCs in 3D
aggregates. Based on previous studies (Barak et al., 2012; Dudley et al., 1999), we tested the
combination of BMP7, FGF9 (or FGF2), heparin, and Y27631 (BFHY) for culturing Six2-
GFP+ cells in a 3D format. Interestingly, in BFHY medium, we observed robust
proliferation of Six2-GFP+ NPCs cultured as aggregates for up to 7 days, after which the
GFP signal dramatically decreased. Based on the BFHY/3D culture, next we sought to
identify condition to support long-term NPC self-renewal in vitro by screening additional
growth factors and chemical inhibitors (Table S3). Cell viability, growth rate, and GFP
signal were used among other criteria. Through successive testing, we established a culture
condition containing a cocktail of BMP7, FGF2, heparin, Y27632, LIF, and CHIR99021 that
supports long-term in vitro expansion of Six2-GFP+ NPCs with high purity (we designated
this culture medium as NPC self-renewal [NPSR] medium) (Figure 1A). Of note is that, to
date, isolated Six2-GFP+ NPCs have been propagated in NPSR/3D culture for more than 17
months and 110 passages. NPCs grow fast as aggregates in NPSR medium. Starting with
3,000 cells, after 4-5 days, the aggregate can grow to ~1 mm in diameter containing
~100,000 cells (Figures 1B and 1C). Additionally, this growth rate was stably maintained
after long-term passages with a consistent five or six doublings per passage (Figure 1D).
Importantly, even after 60 passages, we found that 98.44% of cultured NPCs were still GFP
+, with the GFP signal intensities similar to that of freshly isolated primary NPCs (Figure
1E). Moreover, we obtained similar results when the expressions of SIX2 and other NPC
markers were quantified by immunostaining (SIX2+, ~96.2%; SALL1+, ~99.1%; and
CITED1+, ~96.1%) (Figures 1F and 1G). These results show that highly pure NPCs with
homogenous expression of NPC marker genes can be stably maintained in our NPSR/3D
culture conditions. The expression of TWIST and VIMENTIN, but not E-CADHERIN
(CDHL1), in cultured NPCs further confirmed their mesenchymal identity (Figure 1H). By
using the NPSR/3D culture system, we next tested the derivation of NPC lines from other
developmental stages, including E11.5, E16.5, and postnatal day 1 (P1). Stable NPC lines
could be easily derived from Six2-GFP+ cells isolated from all stages examined with a
100% success rate (Figure 11). Similarly to E13.5-NPC lines, all E11.5-, E16.5-, and P1-
derived NPC lines showed highly homogeneous GFP signal and NPC marker gene
expression (Figures S1A and S1B).

Subsequently, we performed RNA-sequencing (RNA-seq) analysis of cultured NPCs and
their in vivo counterparts from different developmental stages. Six2-GFP- and Six2-GFP+
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cells sorted from E12.5 Six2CCE mouse kidneys were used as controls. Comparative analysis
of RNA-seq data identified 1,218 differentially expressed genes between Six2-GFP- and
Six2-GFP+ cells and were subsequently used as NPC signature genes for further analysis
(Table S4). Principal-component analysis (PCA) of the NPC signature genes revealed that
primary NPCs are separated into two discrete groups according to their developmental
stages: E11.5, E12.5, and E13.5 were clustered together, indicative of an early NPC identity,
while E16.5 and P1 were found in the late NPC group. Interestingly, regardless of timing of
derivation or passage number, all cultured NPCs are clustered together in a group much
closer to the early NPC group than the late NPC group on both PC1 and PC3 axes (Figures
1), S1C, and S1D). NPC lines expressed most of the known NPC marker genes (Six2,
Citedl, Ganf, and Hoxall) and were expressed at levels similar to primary NPCs, while
some other markers, including Eyal, Wti1, and Fgf9, showed varied gene expression among
NPC lines (Figure S1E). Ureteric bud (UB) and stromal progenitor cell-specific genes were
expressed at low levels in all NPC lines examined. Also, the same expression pattern of
ITGA8+/PDGFRA~, two surface markers characteristic of primary murine NPCs (Taguchi
et al., 2014), was also maintained in cultured NPCs (Figure S1E). Of note is that even after
80 passages, the global gene expression pattern of cultured NPCs was still very similar to
that of early passage NPC lines, demonstrating the robustness of the NPSR/3D culture
system for stable NPC self-renewal in vitro. Karyotyping analysis demonstrated genomic
stability in long-term cultured NPCs (Figure S1F).

To gain mechanistic insights underlying NPC self-renewal in the NPSR/3D condition, we
subtracted each of the six factors (FGF2, heparin, Y27632, LIF, BMP7, and CHIR99021)
from the NPSR medium and evaluated the effects on cultured NPCs. We found that all six
factors were indispensable for optimal propagation of NPCs in 3D culture. Removal of each
component for as short as 4 days resulted in slower cell growth (FGF2, heparin, or Y27632),
a decrease in Six2-GFP signal (LIF), or both (BMP7 or CHIR99021) (Figure S1G), and
these effects became more pronounced when a longer time point was examined (Figure
S1H). Of note is that NPCs cultured without FGF2 exhibited massive cell death after 2 days
(Figures S1G and S1H), suggesting FGF2 has pro-survival role for NPSR/3D cultured
NPCs. Consistently, global gene expression analysis supported the necessity of all six factors
in maintaining self-renewal of cultured NPCs (Figure S1I).

Long-Term Cultured Murine NPCs Retain Nephrogenic Potential

To evaluate the nephrogenic potential of cultured NPCs in vitro, we first used spinal cord
induction assay and co-cultured E13.5-derived NPCs (P60) with embryonic dorsal spinal
cords in an air-liquid interface. We observed many tubular structures formed on day 3;
between day 3 and day 7, their number increased (Figures 2A, 2B, and S2A). On day 7, by
immunocytochemistry, we observed positive staining for glomerulus markers podocalyxin
(PODXL), synaptopodin (SYNPO), and Wilms tumor 1 (WT1) (Figures 2C, 2D, and S2B);
proximal tubule markers Lotus tetragonolobus lectin (LTL) and aquaporin 1 (AQP1)
(Figures 2C, 2D, and S2C); and Henle’s loop/distal tubule markers E-cadherin (CDH1),
distal tubule markers, PAX2, and Dolichos biflorus agglutinin (DBA) (Figures 2C, 2E, S2D,
and S2E), suggesting proper differentiation of cultured NPCs to major segments of
nephrons. Moreover, we found numerous PODXL+ glomeruli were adjacent to LTL+
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proximal tubules, LTL+ proximal tubules were connected with CDH1+ Henle’s loop/distal
tubules, and CDH1+/DBA- Henle’s loop were joined with CDH1+/DBA+ distal tubules
(Figures 2C and S2E), indicating a proper glomerulus—proximal tubule—Henle’s
loop—distal tubule organization. NPC lines derived from E11.5, E16.5, and P1 Kidneys
exhibited similar differentiation potential upon spinal cord induction (Figures S2F and S2G).
Of note is that even after 100 passages (>15 months and 1013-fold expansion in culture),
the nephrogenic potential of NPC lines obtained from different developmental stages was
still intact (summarized in Figure 2F).

During normal kidney development, reciprocal interactions between UB tips and NPCs
underlie kidney morphogenesis. To test if cultured NPCs could interact with UB and commit
to nephron formation, we devised a “complementary reaggregation assay.” To this end, we
dissociated E11.5 kidneys from Six2CCE mice and depleted the Six2-GFP+ NPCs by FACS.
The remaining Six2-GFP- population was mixed with mCherry-labeled NPCs to form
aggregates and then transferred to an air-liquid interface to test if nephrogenesis could occur
ex vivo (Figure S2H). Six2-GFP- cells reaggregated with primary Six2-GFP+ NPCs, or
reaggregated unfractionated E11.5 kidney cells were used as positive controls. As shown in
Figure S21, time-lapse imaging revealed a dynamic nephrogenic process in reaggregates
formed by Six2-GFP- cells and mCherry-labeled NPCs, which was indistinguishable from
positive controls. In vivo, NPCs form condensed cap structure known as the cap
mesenchyme surrounding each UB tip. Interestingly, in day 2 reaggregates, we found most if
not all mCherry-labeled NPCs formed cap structures (Figure 2G). Immunofluorescence
analysis confirmed SI1X2 expression in mCherry+ cells in all cap structures examined
(Figure 2H) and the expression of SOX9 in the ureteric epithelia tip cells adjacent to SIX2+
NPCs, suggesting normal interactions between UB and nephron progenitors were
maintained (Reginensi et al., 2011) (Figure S2J). Furthermore, following a 7-day course of
morphogenesis (Figure S2K), day 7 aggregates displayed formation of major nephron
segments from mCherry+ cells (Figures 21, S2L, and S2M).

To evaluate whether our cultured NPCs are functionally homogenous, we tested clonal
derivation from single Six2-GFP+ cells. We observed that single Six2-GFP+ cells from
either fetal kidneys or long-term cultured NPCs could not survive and died within 2 days
under NPSR/3D condition, suggesting that cell-cell contact in an aggregate format and/or
paracrine factors are essential for the survival and self-renewal of NPCs. To circumvent this
problem, we developed a methodology to allow clonal expansion from single NPCs by using
helper NPCs. For proof of concept, we first established an NPC line stably expressing
mCherry and puromycin-resistance genes (mCherry/Puro-NPC). A single mCherry/Puro-
NPC was mixed with 300-500 wild-type helper NPCs to form an aggregate, which allowed
the single mCherry/Puro-NPC to proliferate (Figure S2N). Puromycin was then added to
selectively kill the wild-type NPCs, leaving only mCherry/Puro-NPCs with homogeneous
mCherry expression (Figure S20). By using this method, we derived 50 single-cell clones
from NPCs expressing puromycin-resistance gene (Puro-NPCs). Nine of the clones were
randomly selected for further analysis. All the NPC marker genes examined were expressed
in all nine clones; Six2, Osr1, and Hoxd11 were expressed at comparable levels, while
expression levels of Eyaland Wt varied among clones (Figures S2P and S2Q). More
importantly, all the single clones (nine out of nine) examined efficiently differentiated to
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nephron structures upon spinal cord induction (Figure S2R). These results demonstrate an
intact nephrogenic potential appear to be homogenously and stably retained in cultured
murine NPCs.

Robust and Efficient Generation of Nephron Organoids from Cultured Murine NPCs

To relieve the spinal cord dependency, next we sought to establish a chemically defined
method for nephron formation. Wnt signaling pathway is known to trigger the initiation of
NPC differentiation (Carroll et al., 2005; Kispert et al., 1998; Kuure et al., 2007; Park et al.,
2007). We thus started by treating cultured NPCs with a GSK3 inhibitor CHIR99021 (CH),
which activates the canonical Wnt signaling pathway. CH treatment led to limited
differentiation in cultured NPCs accompanied by cell death. Considering that FGF2 (F2) has
a pro-survival effect on cultured NPCs, we next tested the combination of CH/F2 for
differentiation and found that 2-day treatment is sufficient to faithfully reproduce the
nephrogenesis induction conferred by the embryonic spinal cord (Figure 3A). We designated
CH/F2-induced NPCs as fate-specified NPCs (FS-NPCs). Once induced, FS-NPCs could
autonomously differentiate further in basal medium alone to form nephron organoids marked
by numerous tubular formations (Figure 3B). Whole-mount staining of obtained nephron
organoids identified major nephron segments (Figures 3C).

In vivo, NPC:s first differentiate to pretubular aggregates (PTA) and renal vesicles (RV)
before further maturing into segmented nephron structures. qPCR analysis indicated that
PTA and RV markers LAx1 and Pax8were strongly upregulated, while NPC markers such as
Six2, Wt1, and Osrl were maintained at similar levels in FS-NPCs and cultured NPCs
(Figure 3D). Immunofluorescence studies confirmed protein expression of both PTA/RV
markers (LHX1 and PAX8) and NPC markers (SIX2 and SALL1) in FS-NPCs (Figures S3A
and S3B). These results suggest that FS-NPCs resemble more closely the PTA than RV
stage. To further investigate to what degree the in vitro nephron organoid formation mimics
the normal nephrogenesis after transitioning to the PTA-like stage (FS-NPC), from day 2 to
7, we used DAPT to inhibit Notch signaling, which is indispensable for proximal tubule and
glomerulus formation (Cheng et al., 2003). Upon DAPT treatment, both proximal tubule and
glomerulus differentiation were inhibited in formed organoids (Figure 3E), providing
additional evidence that nephron organoid formation from cultured NPCs might be a valid in
vitro platform toward partially recapitulating in vivo nephrogenesis.

Next, we studied the utility of NPC-derived organoids for renal toxicity testing. To this end,
we treated day 7 organoids with gentamicin, which selectively elicits proximal tubule injury
(Morizane et al., 2015; Whiting and Brown, 1996). Massive cell death was observed in LTL
+ proximal tubules as evidenced by active caspase-3 (CASP3) staining and severely
disrupted LTL+ tubules. In contrast, PODXL+ glomeruli remained intact with virtually no
CASP3 staining and a normal morphology (Figures S3C and S3D). These results indicate
that the nephron organoids generated from long-term cultured NPCs are suitable for
nephrotoxicity testing.
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Disease Modeling and Gene Editing using Murine NPCs

To date, various transgenic mouse strains have been generated for studying kidney
development and disease modeling. We envision that efficient NPC line derivation and
organoid formation methodologies like the one here described could be further expanded
into existing mouse models for a better understanding of kidney morphogenesis and disease
progression. Toward achieving these goals, we first need to liberate NPC line derivation
from relying on the Six2-GFP reporter. To this end, we developed a culture-dependent
purification (CDP) method for the transgene-independent derivation of NPC lines (Figure
3F). We found that after plating cells dissociated from whole E12.5 Six2CCE kidney onto
laminin-coated plates, but not gelatin or Matrigel-coated plates, some cells detach and form
aggregates after 4 days of culture (Figure S3E). These floating aggregates contained most if
not all GFP+ cells. Similar to Six2GCE, when an outbred ICR strain was used, floating
aggregates were formed after 4-day culture on laminin-coated plates, and further passages of
these aggregates led to successful NPC line derivation. ICR-NPCs homogenously expressed
the NPC markers SIX2 and SALL1 (Figure S3F), and upon spinal cord induction, ICR-
NPCs also generated nephron structures, demonstrating their nephrogenic potential (Figure
S3G).

Toward demonstrating the utility of NPC line derived by the CDP method for disease
modeling, next we chose a well-established transgenic mouse model (NEP25) that allows for
controlled induction of podocyte-specific injury via immunotoxin anti-Tac (Fv)-PE38
(LMB2) (Matsusaka et al., 2005). We generated four NPC lines from NEP25 mice using the
CDP method (Figure S3H). Nephron organoids were efficiently obtained from both lines.
Immunofluorescence analysis showed that compared to control (line 3, wild-type), while
proximal tubules were not affected, glomeruli structures in the transgenic line-4-derived
organoids were morphologically disrupted and the expression levels of glomerulus marker
genes were significantly decreased, mimicking the phenotypes observed in NEP25
transgenic mice upon LMB2 administration (Figures 3G and S3l).

The long-term stability and functional homogeneity of cultured NPCs is technically
advantageous for gene targeting. For proof of concept, we used the clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas9 system to knockout nephrin (AphsZ)
in cultured NPCs. Stable NPC aggregates were obtained after successful delivery of gene
targeting constructs and drug selection. 48 clones from single cells were generated using
wild-type helper NPCs described above. DNA sequencing confirmed on-target mutations
generated in 44 out of 48 clones (91.3%). To further discriminate between biallelic and
monoallelic mutations, we performed PCR/TA-cloning followed by sequencing. Our results
showed that among on-target clones, 83.3% harbored biallelic mutations, while 16.7% were
monoallelically mutated (Figure 3I). Ajphs1~/~ (biallelic frameshift) clones were used for the
generation of nephron organoids. Consistently, NEPHRIN expression was not detected in
these nephrons, confirming a successful AjpAs knockout (Figure 3H).

In Vivo Developmental Potential

As a more rigorous functional test, authentic NPCs are expected to participate in
nephrogenesis in vivo. In utero delivery of NPCs to their cognate niche in mouse fetal
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kidneys is technically challenging. Since the nephrogenic niches may still persist a few days
after birth in the mouse, we tested whether cultured NPCs could contribute to new nephron
formation in neonatal kidneys. We transplanted NPCs under the subcapsule and/or into the
cortex of neonatal PO—P1 kidneys but failed to detect any contribution. We interpret this
result as a failure of exposing NPCs to the proper niche signals normally provided by UB
tips within the fetal nephrogenic zone. Nephrogenic zones in the neonatal kidney are
occupied by endogenous SIX2+ cells, thereby preventing transplanted NPCs from accessing
the UB tips. We reasoned that, unlike self-renewing NPCs, FS-NPCs have already initiated
nephrogenesis and therefore might be relieved of niche signal dependency for differentiation
in vivo. Thus, we transplanted FS-NPCs inside the neonatal kidney cortex at PO—P1 stages
(Figure 4A). 7 days after transplantation, we observed that the mCherry-labeled FS-NPCs
generated numerous tubular structures within the kidney cortex (Figure 4B).
Immunofluorescence analysis indicated that transplanted FS-NPCs engrafted and formed
chimeric proximal tubules, distal tubules, and vascularized glomeruli with host cells (Figures
4C-4E), and in some cases, we observed entire LTL+ proximal tubules and BRN1+/DBA-
Henle’s loop structures contributed by FS-NPCs (Figures 4F and 4G).

To test whether NPCs could generate nephrons in vivo if exposed to signals present earlier in
development, we took advantage of the developing chick embryo, a well-established and
more accessible system for testing progenitor developmental potentials. Small clumps of
mCherry-labeled NPC aggregates were grafted into the lateral plate mesoderm of stage
HH18 chick embryos (Figure 4H). 7 days after transplantation, we dissected the chick
embryo and found an intact mCherry+ tubular structure (Figure 4l). Whole-mount staining
further indicated that the mCherry-labeled NPC aggregate differentiated into tubular
structures in vivo containing PODXL+/WT1+ glomerulus, LTL+ proximal tubules, and
CDH1+ Henle’s loop/distal tubules (Figures 4J and 4K). Importantly, these structures were
spatially organized in a pattern mimicking an in vivo nephron with glomerulus, proximal
tubules, and Henle’s loop/distal tubules sequentially connected (Figures 4J and 4K). These
results strongly support an intact in vivo nephrogenic potential of cultured NPCs.

The robust in vivo nephrogenic potential led us to test whether a functional ectopic organoid
with urine excretion capability could be generated from cultured NPCs. We transplanted
mCherry-labeled NPCs together with spinal cord into the omentum of immunodeficient
NSG mice (Figures S4A). 2 weeks later, we observed the formation of numerous cysts filled
with fluid surrounded by mCherry+ cells (Figures 5A and 5B). We also observed host blood
vessels infiltrating the mCherry+ structures (Figures 5A, 5B, and S4B).
Immunofluorescence analysis not only confirmed the lining of cysts by mCherry+ cells
(Figure S4C) but also revealed that mCherry-labeled NPCs could give rise to numerous LTL
+ proximal tubules and DBA+ distal tubules (Figures 5C, S4C-S4E, and S4G) as well as
PODXL+ and WT1+ glomerulus structures (Figures 5C, 5D, S4C, S4F, and S4G).
Importantly, PODXL+ glomeruli were found connected to LTL+ proximal tubules (Figure
S4G), and many CD31+/mCherry— endothelial cells integrated into the WT1+/mCherry+
glomerulus (Figure 5D), suggesting blood vessels from the host tissue invaded the NPC-
derived glomeruli. To investigate whether the cyst fluid originated from the host circulatory
system, we injected fluorescence-conjugated low-molecular-weight dextran through the tail
vein. 2 hr after injection, we observed clear dextran accumulation in the cyst (Figure 5E).
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Importantly, we confirmed the presence of dextran in glomeruli and proximal tubule, but not
in distal tubule, similar to control adult mouse kidney (Figure S4H), suggesting a functional
connection between glomeruli and proximal tubule within the nephron organoid. Typical
urine metabolites such as creatinine were also found in the cyst fluid, further suggesting that
the cultured NPCs might have generated functional nephron-like structures with urine
filtration ability in vivo (Figure 5F).

Paracrine Factors Produced by Cultured NPCs Improve Kidney Function in an Acute
Kidney Injury Model

The robust in vivo nephrogenic potential also prompted us to test whether FS-NPCs could
repair renal damage upon acute kidney injury (AKI). Because of massive bleeding, we failed
to deliver FS-NPCs in situ into the kidney cortex. Instead, we transplanted FS-NPCs under
the renal subcapsule following cisplatin treatment. Our observations revealed that mice
receiving FS-NPC transplants survived longer than the control group (Figure 5G). All
control mice (n = 5) receiving cisplatin died within 8 days, during which time only one
mouse out of six receiving FS-NPC transplantation died. Mice transplanted with FS-NPCs
showed improved renal function as measured by several biochemical parameters, including
significantly reduced blood urea nitrogen (BUN) and serum creatinine (S-Cre) levels,
compared with mice receiving mouse embryonic stem cells (mESCs) or PBS as control
(Figure 5H). Histological analyses further revealed significantly lowered levels of tubular
dilation and necrosis, reduced numbers of urinary cast, and reduced occurrence of loss of
tubular borders in mice receiving FS-NPCs than in mice receiving mESCs or PBS (Figures
51 and 5J). Interestingly, although transplanted FS-NPCs properly differentiated into
nephron structures surrounded by some CD31+ host endothelial cells (Figures S4AM-S40),
they localized outside of the kidney cortex and did not integrate (Figures S41-S4L). This
suggests that paracrine factors may provide some beneficial effects. To test this hypothesis,
we injected conditioned medium (CM) collected from FS-NPCs intraperitoneally to NSG
mice receiving cisplatin treatment. In contrast to control mice injected with unconditioned
medium, which did not show any improvement in kidney functions, CM injection
significantly decreased the levels of BUN and creatinine, mimicking the effects of FS-NPC
transplantation (Figures 5K-5M). Based on these results, we conclude that the rescue effects
observed were probably due to paracrine effects.

Derivation and Long-Term Culture of Human NPCs with Nephrogenic Potential

Next, we tested if the mouse NPSR/3D culture could be applied for the derivation of hNPC
lines. We first analyzed 11-week human fetal kidney sections by immunofluorescence and
found that, similar to mouse, SIX2+ cells formed cap structures surrounding CK8+/CDH1+
structures at the periphery of the fetal kidney, suggesting that SIX2 and CK8/CDH1
specifically labeled in vivo human NPCs and ureteric epithelial cells, respectively (Figure
6B). We generated aggregates using unfractionated human fetal kidney cells from 9 to 14
weeks of gestation and cultured in NPSR medium. After 1 week, however, the aggregates
showed massive tubulogenesis and no SIX2+ cells were detected (data not shown). We
speculated that non-NPC cells present in the human fetal kidney cell mixture interfered with
hNPC line derivation. To enrich the primary hNPCs, based on our RNA-seq analysis, we
selected surface markers highly enriched in primary mouse NPCs and performed
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combinatory testing of these surface markers toward purifying hNPC fractions. We found
that EpCAM can selectively exclude a proportion of SIX2- populations (Figure S5A) while
NGFR can select for SIX2+ cells (Figure S5B). A combination of EpCAM-/NGFR+ was
able to enrich the SIX2+ population from primary human fetal kidney cells (Figure S5C).
Enriched human NPCs could be stably expanded as 3D aggregates in NPSR medium for up
to 2 months without losing the expression of SIX2. However, cultured hNPCs grow slowly
and showed minimal response to spinal cord induction (data not shown), suggesting species
differences in niche signals for human and mouse NPC self-renewal. To improve the culture
of hNPCs, we tested additional factors. We found that supplementation of inhibitors for the
Smad1/5/8 and Smad2/3 pathways to NPSR medium could support robust derivation and
propagation of hNPCs. In this culture condition (designated as human NPSR or hNPSR
medium), hNPCs grew fast and were routinely passaged every 4-5 days at a 1:10 ratio
(Figures 6C and 6D). Importantly, hNPCs could be maintained long-term in the hNPSR
medium (>7 months and >50 passages at the time of writing) with homogeneous expression
of NPC marker genes SIX2, SALL1, CITED1, and PAX2 (Figures 6E and 6F). Of note, the
hNPSR/3D culture condition enabled the derivation of human NPC lines with similar growth
rates and gene expression from different human gestational ages ranging from 9 to 17 weeks
(summarized in Figure 6G), demonstrating the robustness of hNPSR culture (Figure 6A).

To test the nephrogenic potential of long-term cultured hNPC lines, we first employed the
spinal cord induction assay. Within as few as 7 days after induction, hNPCs readily gave rise
to numerous tubular structures (Figure 7A). Immunostaining confirmed the proper
differentiation of hNPCs into all major segments of the human nephron, including PODXL+
glomeruli, LTL+ proximal tubules, and CDH1+ Henle’s loop/distal tubules (Figure 7B).
Similar to the mouse, we found that treatment of hNPCs with CH/F2 for 1-2 days followed
by additional 5-7 days autonomous differentiation could efficiently generate human nephron
organoids (Figures 7C, 7D, S6A, and S6B). Importantly, all hNPC lines derived from
different gestational stages efficiently differentiate to nephron organoids even after >50
passages in culture (summarized in Figure 7E). When we transplanted hNPSR-cultured
hNPCs to the mouse omentum together with the spinal cord, they were able to differentiate
in vivo to major segments of the nephron (Figures 7F, 7G, S6C, and S6D). Similarly, we
observed lucifer-yellow dye accumulation in the cysts formed from the transplants (Figure
S6E), with the cyst fluid enriched in creatinine (Figure S6F), indicating that urine filtration
capability might be acquired in these transplants. These results demonstrate that the
hNPSR/3D culture enables the derivation and long-term expansion of hNPC lines with in
vitro and in vivo nephrogenic potential (Table S2).

To broaden the utility of hNPSR/3D culture, we attempted the derivation of human induced
pluipotent stem cell (hiPSC)-derived NPC lines. Due to the low efficiency of NPC
differentiation in our hands using existing protocols and/or contaminating cells from other
lineages, we failed to obtain hiPSC-derived NPC lines as unfractionated mixture or after
EpCAM-/NGFR+ enrichment (data not shown). To purify NPCs from the mixture of
differentiated cells, we resorted to the generation of a S/IX2-EGFP reporter hiPSC line by
knocking in an EGFP cassette under the control of endogenous S/.X2 promoter (Figures 7H
and S6G-S61). Following differentiation (Taguchi et al., 2014), we purified S/IX2-EGFP-
and S/IX2-EGFP+ cells by FACS. We found that while OSR1 and PAX2were expressed at
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similar levels, S/IX2, EYA1 and HOXD11 were expressed at much higher levels in S/X2-
EGFP+ cells than S/IX2-EGFP- cells (Figures 71 and 7K). By using the hNPSR/3D
condition, we successfully established an hNPC line from sorted S/X2-EGFP+ cells. At the
time of writing, the hiPSC-derived NPC line stably maintained the GFP signal as well as
SIX2 and SALL1 expression after 2 months of culture (Figures 7J and 7L). More
importantly, the hiPSC-derived NPC line could differentiate into major nephron structures
upon spinal cord induction (Figure 7M). These results demonstrate that the hNPSR/3D
culture conditions can help expansion of human PSC (hPSC)-derived NPCs.

DISCUSSION

3D Aggregate Culture Facilitates Self-Renewal of Mammalian NPCs In Vitro

Here, we report on a NPSR/3D culture system that facilitates long-term self-renewal of
mouse and human nephron progenitors in vitro. Consistent with our observations, 2-day
aggregate formation and clump passaging employed by Tanigawa et al. also significantly
increased the lifespan of monolayer cultured NPCs from 7 days to ~19 days (Tanigawa et al.,
2016), highlighting that cell-cell contact likely plays a critical role. It will be interesting to
further explore the mechanophysical properties of 3D versus 2D cultured NPCs and
determine whether they are involved in dictating the distinct phenotypes observed here, in
particular the in vivo differentiation potential. Toward these and other goals, future
investigations are warranted to gain a more complete mechanistic understanding of NPC
self-renewal.

A Robust and Chemically Defined NPSR Culture Condition

Although necessary, 3D culture alone is not sufficient for long-term self-renewal of isolated
NPCs. Through screening for a selected list of growth factors and small molecules guided by
previous developmental studies, we were able to narrow down a factor cocktail that, when
combined with 3D format, was sufficient for propagating functional NPCs. BMP, fibroblast
growth factor (FGF), and Wnt shown to play key roles in NPCs self-renewal, survival, and
differentiation, are included in the NPSR medium. Our NPSR culture sheds light on the role
LIF plays in maintaining NPC identity in addition to its well-known function in regulating
the mesenchymal-epithelial transition (MET) (Barasch et al., 1999), in agreement with
recent reports (Tanigawa et al., 2015, 2016). It should be noted that withdrawal of any
component in the NPSR medium compromised the self-renewal, potency, or survival of
cultured NPCs. Thus, our chemically defined NPSR culture appears to provide a minimal
synthetic niche environment for the robust propagation of functional NPCs. An unexpected
observation was that single NPCs could not survive in the NPSR/3D condition, providing
additional support for survival cues conferred by cell-cell contact and/or paracrine factors.
Additional explorations along this line may help further improve NPC culture.

In contrast to mouse NPCs, human NPCs are poorly studied due to the limited access to
primary human fetal kidney tissue. The slower growth kinetics, lower propensity toward
differentiation, and inability for long-term propagation of human NPCs in mouse NPSR
culture suggest that species differences exist. Interestingly, although dispensable for mouse
NPCs, additional dual inhibition of Smad2/3 and Smad1/5/8 pathways stabilized human
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NPCs in a more proliferative state. More importantly, functional human NPCs could be
maintained in the hNPSR culture long-term. In contrast to the mouse, the inhibition of
Smad?2/3 signaling pathway appears to be conducive to long-term culture of human
organoids from various tissues, including small intestine, colon, pancreas, and liver (Sato
and Clevers, 2015). How this signaling pathway contributes to species-specific differences is
an interesting question that warrants future investigation.

NPC-Based Disease Modeling and Drug Screening Platforms

The methodologies introduced here represent a proof of concept for the derivation of NPC
lines from both wild-type and transgenic mouse strains. When combined with state-of-art
nuclease-based gene editing technologies such as CRISPR-Cas9 (Mali et al., 2013), our
findings constitute the basis of a technological platform that could be further expanded and
enhanced by generation of kidney specific knockout and knockin disease models as well as
gene-corrected lines. Wide implementation of this platform may help enhance the current
knowledge of mammalian, and especially human kidney morphogenesis, modeling of
kidney-related human diseases, diagnostics, and eventually cell-replacement therapies.

EXPERIMENTAL PROCEDURES

Mouse and Human NPC Lines: Derivation and Culture

For detailed protocol information, please refer to Supplemental Experimental Procedures.
Six2m3(EGFF/ere/ERT2)AmE (Six2GCEY mice were purchased from The Jackson Laboratory
(stock 009600) (Kobayashi et al., 2008). Mouse fetal/neonatal kidneys were dissociated to
single cells. Six2-GFP+ cells were purified by FACS. 3,000 sorted GFP+ cells were seeded
into one well of U-bottom low-attachment 96-well plate in mouse NPSR medium containing
BMP7, FGF2, heparin, Y27632, mouse LIF, and CHIR99021. Medium was changed every 2
days. For passaging, NPC aggregates were dissociated into single cells and passaged at
ratios of 1: 20 to 1:40 every 4-6 days. For ICR and NEP25 mice (Matsusaka et al., 2005),
the CDP method was used to derive NPC lines. Human NPCs were enriched by FACS using
Fluor-conjugated cell-surface antibodies against human EpCAM and NGFR. 10,000 cells
were seeded into one well of 96-well U-bottom low-attachment plate in human NPSR
medium containing BMP7, FGF2, heparin, Y27632, human LIF, CHIR99021, LDN193189,
and A83-01. Medium was changed every 2 days, and the aggregates were dissociated and
split at 1:10 every 4-5 days. All of the animal experiments were performed under the ethical
guidelines of the Salk Institute, and animal protocols were reviewed and approved by the
Salk Institute Institutional Animal Care and Use Committee (IACUC). Experiments with
human samples were approved by the Institutional Review Board (IRB) Committee.

Nephron Organoid Generation

For detailed protocol information, please refer to Supplemental Experimental Procedures.
NPC aggregates were placed onto transwell inserts at the air-liquid interface with culture
medium at the bottom containing CHIR99021 and FGF2 for the first 2 days to generate FS-
NPCs. The culture medium was then switched to basal medium containing 5% knockout
serum replacement (KSR) for another 5-10 days to generate nephron organoids.
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Spinal Cord Induction Assay

For detailed protocol information, please refer to Supplemental Experimental Procedures.
E11.5-E13.5 mouse spinal cords were manually dissected and cut into small pieces. NPC
aggregates were placed in direct contact with the dorsal side of the spinal cords on air-liquid
interface of transwell inserts. Culture medium containing 10% FBS was added to the bottom
chamber.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Derivation and long-term culture of mouse and human NPC lines
. Rapid and efficient nephron organoid formation from mouse and human NPC
lines
. Long-term cultured NPC lines show nephrogenic potential in vivo
. NPC lines enable gene editing and disease modeling
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Figure 1. NPSR/3D Culture Supports the Derivation and Long-Term Culture of Primary NPCs
(A) Schematic of the experimental protocol.

(B) Time-lapse bright-field images showing the morphology and size of NPC aggregates
within one passage cycle. Scale bar, 200 pm.

(C) Growth curve of NPCs within one passage cycle.

(D) Doubling times of NPCs from indicated passages.

(E) Flow cytometry analysis of Six2-GFP* cells from E13.5 mouse fetal kidney (mEK) and
E13.5-derived NPCs (P60).

(F) Immunofluorescence analysis of NPCs (P60). Scale bar, 100 um.

(G) Quantification of data in (F). Data are presented as mean + SD.

(H) Western blotting analysis in E13.5-derived NPCs (P60).

() Summary of NPC line derivation efficiency.

(J) 3D PCA plot of RNA-seq data. Different colors represent different developmental stages
and different shapes indicate primary cells (squares) or cultured NPCs (triangles). Oval
circles indicate three distinct clusters: cultured NPCs, early NPCs, and late NPCs.

See also Figure S1.
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Figure 2. Cultured NPCs Retain Nephrogenic Potential In Vitro and Ex Vivo
(A and B) Bright-field images of the spinal cord induction assay. E13.5-derived NPCs (P60)

were co-cultured with E12.5 dorsal spinal cord for 7 days. The white arrow indicates the
differentiated structures from cultured NPCs (a higher magnification image shown in B).
Dashed red line indicates the boundary between spinal cord and differentiated NPCs. SP,
spinal cord. Scale bar, 1mm.

(C-E) Whole-mount immunofluorescence analyses of E13.5-derived NPCs (P60) induced
by dorsal spinal cord for 7 days. Scale bars, 100 pum.

(F) Summary of spinal cord induction assay results.

(G) Bright field and fluorescence images of reaggregates formed by mCherry-labeled NPCs
plus Six2-GFP- cells in air-liquid interface cultured for 2 days. Scale bar, 200 pm.

(H) Whole-mount immunofluorescence analyses of the reaggregates showing in G. Scale
bar, 100 um.

(1) Whole-mount immunofluorescence analyses of reaggregates formed from mCherry-
labeled NPCs plus Six2-GFP cells in air-liquid interface cultured for 7 days. Scale bar, 200
pm.

See also Figures S2.
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Figure 3. Robust and Efficient Nephron Organoid Formation from Cultured NPCs Facilitates
Disease Modeling

(A) Schematic of the differentiation from cultured NPCs to nephron organoids through fate-
specified NPCs (FS-NPCs).

(B) Bright-field image showing part of the nephron organoid. Scale bar, 200 um.

(C) Whole-mount immunofluorescence analyses of the nephron organoid. Scale bar, 100

pm.

(D) gRT-PCR analyses in mESCs (control), NPCs, and FS-NPCs. Data are presented as
mean = SD.

(E) Immunofluorescence analyses of nephron organoid treated with DAPT from day 2 to day
7. Scale bars, 100 um.

(F) Schematic of the culture-dependent purification (CDP) method.
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(G) Immunofluorescence analyses of nephron organoids generated from wild-type (#3) and
transgenic (#4) NEP25 NPC lines treated with LMB2 (20 nM) for 4 days. Scale bars, 100
pm.

(H) Whole-mount immunofluorescence analyses of nephron organoids derived from control
wild-type NPCs and AjpAs1 knockout NPCs (Nphsl KO). Scale bar, 50 pum.

(1) Efficiencies of CRISPR-Cas9 based gene targeting of nephrin in cultured NPCs.

See also Figure S3.
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Figure 4. In Vivo Developmental Potential of NPCs and FS-NPCs
(A) Schematic of injecting mCherry-labeled mouse FS-NPCs into the kidney of neonatal

mice (P1).

(B) A merged bright-field and fluorescence image showing the mCherry+ FS-NPCs
contribution in a P8 mouse kidney after P1 injection (left), and a higher-magnification
fluorescence image (right) (in the right panel, a black box was superimposed over the
original software-generated scale bar and, as a replacement, a thicker white scale bar was
added). Scale bars represent 1 mm (left) and 100 um (right).

(C-G) Immunofluorescence analyses of P8 mouse kidney 7 days after injection of mCherry-
labeled mouse FS-NPCs. Scale bars represent 50 um (C-F) and 100 pm (G).

(H) Schematic of grafting mCherry-labeled mouse NPCs to the coelomic cavity of the HH18
stage chick embryo.

(1) Bright field and fluorescence images of dissected out mCherry+ tubular structures from
the chick embryo 7 days after grafting. Scale bar, 200 um.

(J) Whole-mount immunostaining of the dissected mCherry+ tubular structure from (I). The
white arrows indicate the connecting sites of CDH1+ Henle’s loop/distal tubules and LTL+
proximal tubules. The white arrowhead indicates the connecting site of PODXL+ glomeruli
and LTL+ proximal tubules. Scale bar, 100 pm.

(K) Higher-magnification immunofluorescence images for PODXL and WT1 in the region
indicated by the white box in (J). Scale bars, 25 um.
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Figure 5. Cultured NPCs Generate Ectopic Nephron Organoids In Vivo with Urine-like
Excretion and Improve Kidney Function in an Acute Kidney Injury Model

(A) Bright-field image showing cystic structures derived from mCherry-labeled NPCs (P60)
after 2 weeks of omentum transplantation. Red arrowheads mark the border of the cysts.
Scale bar, 500 pum.

(B) Bright-field image and fluorescence image of cystic structures. White arrows represent
the infiltration of host blood vessels. Scale bar, 500 um.

(C and D) Immunofluorescence analyses of the cystic structures in (B). Scale bars represent
50 pm (C) and 100 um (D).

(E) Lucifer-yellow dextran accumulation in the cyst after 2 hr of tail vein injection. Dashed
circles indicate the boundaries of cysts. Scale bar, 500 pum.

(F) Creatinine levels in serum, urine, and cyst fluid. Data are presented as mean + SD.

(G) Mouse survival is presented using Kaplan-Meier survival curves.

(H) Blood urea nitrogen (BUN) and serum creatinine (S-Cre) levels in cisplatin-induced
AKI mice receiving indicated treatments. Data are presented as mean + SD. (I and J) H&E
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and PAS staining images (1) and counting of pathological features (J) of histological sections
from kidneys in (H). Data are presented as mean + SD. Scale bars, 50 um.

(K) BUN and S-Cre levels in AKI mice receiving conditioned medium (CM) or
unconditioned KR5 medium (DMEM/F12 with 5% knockout serum replacer [KSR]) 4 days
after cisplatin administration. Data are presented as mean + SD.

(L and M) H&E and PAS staining images (L) and counting of pathological features (M) of
histological sections from kidneys in (K). Data are presented as mean + SD. Scale bars, 50
pm.

See also Figure S4.
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Figure 6. Derivation and Stable Long-Term Expansion of Human NPCs
(A) Schematic of purification and derivation of human NPC lines from human fetal kidney.

(B) Immunofluorescence analyses of an 11-week human fetal kidney section. Scale bars,

100 pm.

(C) Bright-field images showing cultured human NPC aggregates within one passage cycle.

Scale bars, 200 pm.

(D) Growth curve of cultured human NPCs within one passage cycle.
(E) Immunofluorescence analyses of cultured human NPCs (P50). Scale bars, 100 pm.

(F) Quantification of data in (E). Data presented as mean + SD.
(G) Summary of human NPC line derivation efficiency.
See also Figure S5.
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Summary of human nephron organoid formation from hNPC lines
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Figure 7. Cultured Human NPC Lines Maintain Nephrogenic Potential In Vitro and In Vivo
(A) Bright-field image of the spinal cord induction assay. hNPC line (P43) was co-cultured

with E12.5 spinal cord for 7 days. Dashed line indicates the boundary between spinal cord
and differentiated hNPCs. SPC, spinal cord. Scale bar, 1 mm.

(B) Whole-mount immunofluorescence analyses of nephron organoid in (A). Scale bar, 100
pm.

(C) Bright-field image of the nephron organoids derived in chemically defined condition
(Figure S6A) for 8 days. Scale bar, 1 mm.
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(D) Whole-mount immunofluorescence analysis of nephron organoid in (C). Scale bar, 100
pm.

(E) Summary of human nephron organoid formation efficiency from cultured human NPC
lines.

(F and G) Immunofluorescence analyses of renal structures derived from human NPCs
(P40-P50) (P43) after 3 weeks of omentum transplantation. Scale bars, 50 pm.

(H) Schematic of the SIX2-EGFP reporter iPSC line generation. 2A-EGFP-PGK-Neo
cassette was inserted downstream of the last exon of endogenous S/.X2 gene by transcription
activator-like effector nuclease (TALEN)-mediated homologous recombination (HR). Stable
single-cell colonies were obtained following neomycin selection. Flippase was then
expressed in these single-cell clones via transient transfection to excise the FRT-flanked
PGK-Neo cassette.

(1) Bright-field (BF) and fluorescence images show that after differentiation (P0), clusters of
SIX2-EGFP+ cells were formed from S/X2-EGFP knockin reporter hiPSC line. Scale bar,
200 pm.

(J) Bright-field (BF) and fluorescence images show that after ten passages of cultured
hiPSC-NPCs in the hNPSR/3D condition (~2 months), the S/IX2-EGFP signal was
maintained. Scale bar, 200 um.

(K) gRT-PCR analyses in undifferentiated hiPSCs (control), SIX2-EGFP-, and S/X2-EGFP
+ cells after differentiation (PO). Data are presented as mean + SD.

(L) Cytospin immunostaining in cultured hiPSC-NPCs (P10). Scale bar, 100 pm.

(M) Whole-mount immunofluorescence analysis of nephron organoids derived from cultured
hiPSC-NPCs (P10). The yellow arrows indicate the connecting sites of CDH1+ Henle’s
loop/distal tubule and LTL+ proximal tubule. Scale bar, 100 pum.

See also Figure S6.
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