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SUMMARY

Mammalian nephrons arise from a limited nephron
progenitor pool through a reiterative inductive pro-
cess extending over days (mouse) or weeks (human)
of kidney development. Here, we present evidence
that human nephron patterning reflects a time-
dependent process of recruitment of mesenchymal
progenitors into an epithelial nephron precursor.
Progressive recruitment predicted from high-resolu-
tion image analysis and three-dimensional recon-
struction of human nephrogenesis was confirmed
through direct visualization and cell fate analysis
of mouse kidney organ cultures. Single-cell RNA
sequencing of the human nephrogenic niche pro-
vided molecular insights into these early patterning
processes and predicted developmental trajectories
adopted by nephron progenitor cells in forming
segment-specific domains of the human nephron.
The temporal-recruitment model for nephron polarity
and patterning suggested by direct analysis of hu-
man kidney development provides a framework for
integrating signaling pathways driving mammalian
nephrogenesis.

INTRODUCTION

The mammalian nephron comprises at least 14 physiologically
distinct functional cell types (Lee et al., 2015). These are orga-
nized within segmental domains with a proximal-distal axis of
polarity: proximal cell identities generate key components of a
filtering structure, the renal corpuscle, while the most distal cells
connect the distal tubule segment to the urine transporting col-
lecting duct system (O'Brien and McMahon, 2014). Genetic,
cellular, and molecular studies predominantly in the mouse
have demonstrated that mesenchymal SIX2*/CITED1* nephron
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progenitor cells (NPCs) undergo a reiterative inductive process
that generates a pretubular aggregate (PTA), which epithelializes
into a renal vesicle (RV) in conjunction with the parallel branching
growth of the adjacent collecting duct network. Morphogenetic
processes transform the RV through comma-shaped body
stages (CSBs) and S-shaped body stages (SSBs) to mature
nephron structures (reviewed by Desgrange and Cereghini,
2015; McMahon, 2016).

Aggregation and epithelialization have largely been viewed as
tightly coupled processes with nephron patterning initiating after
PTA formation and evident in the RV as distinct proximal and
distal cellular domains of gene activity (Georgas et al., 2009;
Mugford et al., 2009; O’Brien and McMahon, 2014; Yang et al.,
2013). Patterning requires regional Wnt, Bmp, Notch, and Fgf
signaling to specify proximal-distal fates (Cheng et al., 2007;
Grieshammer et al., 2005; Lindstrém et al., 2015) through the
actions of several transcription factors, including Pou3f3, Lhx1,
Irx2, Hnf1b, Foxc2, and Mafb (Heliot et al., 2013; Kobayashi
et al., 2005; Moriguchi et al., 2006; Nakai et al., 2003; Reggiani
et al., 2007; Takemoto et al., 2006). However, the mechanisms
initiating axial polarity in early nephron-forming stages are not
understood (O’Brien and McMahon, 2014).

We present multiple lines of evidence that RV formation is not a
single event in time. Rather, NPCs are progressively recruited,
with the time of recruitment predicting proximal-distal cell fate.
The findings prompt a reevaluation of nephron patterning path-
ways in the context of a time-dependent cell fate acquisition
(TCA) model of nephron patterning.

RESULTS

Nephron Progenitors Stream from the Niche into
Forming Nephrons over Time

We recently reported that human SIX2* NPCs make a contin-
uous connection with the epithelializing RV (Lindstréom et al.,
2018a; Figures 1A, 1B, and S1A-S1C; week 8, 15, 16, and 18).
Close scrutiny of the more rapidly developing mouse kidney
identified similar structures, albeit infrequently (Lindstrom
et al., 2018a). Thus, the greater temporal resolution of the human

Developmental Cell 45, 651-660, June 4, 2018 © 2018 Elsevier Inc. 651


mailto:andrewds@usc.edu
mailto:amcmahon@med.usc.edu
https://doi.org/10.1016/j.devcel.2018.05.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.devcel.2018.05.010&domain=pdf

Cell’ress

Nepron progenitors  Ureteric tip Intertitial progenitors
o 2 QQ
S il
foce
s

DAPI

Week 16

SIX1 NPC%

oo 0
Gitance () Gstance (um)

Week 13 human (PTA/RV) E Week 16 human (RV)
I Side-view

Front-vi [ Side-view Front-view

o SIX2
CDH1
MAFB - 3D heatmap

{JAG1 - 3D heatmap
if six2
i CDH1 25um

E12.5 mouse kidney in time-lapse Six2°%* ; R26™ME/MTMG. ¢y, 1 CFP/CFP

Q [T CFP-ureteric bud 11

2
5
o
>
i
E)
8
s
»
a

anti-GFP{%

2
5
o
2
©
<
2
=
K
E
%
o
B

(legend on next page)
652 Developmental Cell 45, 651-660, June 4, 2018



nephrogenic program highlights a conserved mode of progenitor
recruitment that could significantly affect nephron-forming pro-
cesses (Lindstrom et al., 2018a, 2018b). In the human kidney,
streaming NPCs connecting to PTAs and RVs upregulate LEF1
and PAX8, molecular readouts of NPC induction (Lindstrom
et al., 2018a). Committed NPCs within the stream are primed
to incorporate into nascent nephron structures over what is likely
an extensive period of time.

To examine this process, we performed two- (Figures 1B, 1C,
and S1A-S1D; week 8, 15, 16, 18) and three-dimensional (3D)
(Figure 1D, Video S1; week 13 and 16) imaging of the developing
human kidney. Cell streaming was persistent from PTA to late RV
stages. Expression of NPC markers SIX1 and CITED1 decreased
in a proximal-to-distal direction, suggesting gradual decay over
time from the SIX1/CITED1-producing NPCs (Figures 1C and
S1D). SIX2* NPCs connected directly to JAG1* PTAs (Figure 1C,
field1, 1D; Video S1). Interestingly, the cellular connection was
structured into two layers, suggesting a pre-epithelial segrega-
tion of NPC populations within the nephrogenic niche (Figures
1C and S1A, Video S1). By the RV stage, the interconnection
progressively reduced and eventually exclusively linked to the
proximal end of the forming RV, farthest from the ureteric epithe-
lium (Figure 1GC, fields 2-4; Figure S1D, fields 2—4) adjacent to
early forming MAFB* podocyte precursors (Figures 1D and
S1B; Video S1). This organization was readily observed in human
fetal kidney samples from weeks 8-18, reflecting a general
feature of the nephrogenic program (N > 30; Figure S1C).

Nephron formation can be visualized in real time using mouse
kidney organ culture models. To monitor NPCs and their deriva-
tives, we sporadically labeled NPCs with myristoylated GFP
(MGFP; Six2°*ERT2 gnd Rosa26™™C strains; Kobayashi et al.,
2008 and Muzumdar et al., 2007, respectively), visualizing cells
in the subjacent branching ureteric epithelium with either CFP
or Venus fluorescent proteins (Cdh1°™ and tgHoxb7-Venus;
Snippert et al., 2010 and Chi et al., 2009, respectively; Figures
1F and 1G). Cdh7°™ and tgHoxb7-Venus also weakly labeled
the distal epithelializing nephron (Figures 1G and S1E-S1G;
E11.5 and E15.5). Labeled cells were tracked for 24 to 48-hr to
monitor their recruitment into the nephron anlagen. Strikingly,
NPCs initiating PTA formation were positioned directly adjacent
to the ureteric epithelium under the branch tip where they under-
went a mesenchymal-to-epithelial transition generating polar-
ized Cdh1°* or tgHoxb7-Venus* cells (Figures 1F, 1G, S1F,
and S1G; Videos S2 and S3; E11.5-E12.5 kidneys). NPCs that

arrived later, once a PTA or RV was established, incorporated
into the proximal end of the forming nephron precursor (Videos
S2 and S3, Figure 1G).

To determine how the positioning of cells related to distinct
cellular identities at the RV stage, we performed immunofluores-
cent whole-mount analysis following time-lapse imaging to
examine Wt1 (a proximally restricted transcriptional determinant)
and Jag1 (a distal PTA and medial RV-restricted Notch ligand)
activity in mGFP™* cells. NPCs incorporated early into forming
PTAs exhibited a tgHoxb7-Venus*/JAG1'°"/WT1~ distal identity
(Figure 1G-right). The last recruited NPCs displayed a tgHoxb7-
Venus /JAG1/WT1M" proximal identity and an epithelial
morphology characteristic of proximal-most podocyte/parietal
cell fates. Thus, NPCs adopted distinct predictable proximal-
distal cell fates depending on the time of their recruitment. Inter-
estingly, distal cells also accumulate a weak endogenous fluo-
rescent signal that may reflect RNA or protein transfer from the
adjacent ureteric epithelium.

Single-Cell Analyses of the Human Nephron Lineage
Predicts Developmental Progression of Segment-
Specific Fates

To explore regional patterning during human nephrogenesis, we
segregated nephron-forming lineages in single-cell transcrip-
tomic data generated from nephron-forming regions of two
~17-week human kidneys (Figure S2A, replicates merged) as
previously described (Lindstrém et al., 2018c). This yielded
3,367 cells clustering into cell groups consisting of NPCs
(TMEM100*, WASF3*, MEOX1"), NPCs primed for differentiation
(HEY1*, LYPD1"), induced/differentiating cells (HES1*, LHX1",
PAX8"), podocyte precursors and podocytes (MAFB*/PTPRO"),
proximal precursors (CDH6*, JAG1"), distal precursors (MAL™,
SOX9"), maturing cell types of the loop of Henle (LOH;
SLC12A1"), and proximal (SLC3A7%) and distal (ALDH1AT™,
GATA3") tubules (Figures 2A-2C; Table S1A). In situ hybridiza-
tion for known marker genes confirmed the clusters contained
a mixture of early and late precursors for each fate (Figure S2D;
week 15-16). The inclusion of MEOX1*, MAFB*, SLC12A1" and
SLC3AT1*, and GATA3" cells suggested the selected cells
consist primarily of NPC, PTA, RV, and SSB cells, with only
rare cells from capillary-loop-stage nephrons consistent with
the cortical isolation procedure (Figures 2A-2C and S2D). Hierar-
chical clustering suggested a close similarity between podocyte
precursors (clusters 20 and 21) and NPCs (clusters 2-5), and a

Figure 1. Three-Dimensional Images and Single-Cell RNA-Seq Analyses Show NPCs Form a Continuum from Niche to Nascent Nephron
(A) Schematic of nephrogenesis from NPC to PTA, RV, and SSB. Colors denote indicated cell fates. Cells connecting NPCs and nascent nephrons are indicated
with an asterisk (*).

(B) Immunofluorescent stain of structures as depicted in (A); cellular connection indicated by arrowheads. Scale bars are both 10 um.

(C) Immunofluorescent staining to show a developmental progression from PTA to SSB coupled to changes in the levels of SIX1 and JAG1. Dashed yellow lines
indicates where intensity measurements were made and corresponds to x axis for graph. Arrowheads indicate cell connections between progenitors and forming
nephron.

(D and E) 3D reconstruction of cell connections (arrowheads) from NPCs to PTA/RV; see also Video S1. JAG1 and MAFB shown as heatmap signals (green, high;
blue, low).

(F) Time lapse of NPCs forming nephrons in the mouse kidney. Culture time as indicated. Four cells marked by numbers 1-4 per nephron. These show the order of
inclusion (see also Videos S2 and S3).

(G) Time lapse and immunofluorescent stains of nephrons and migrating mGFP™ cells; arrowheads indicate mGFP* cells incorporating into nephron. Proximal-
distal nephron axis indicated by dashed line. Genetic strains, fluorescent proteins, and immunostains as indicated.

UB, ureteric bud; PTA, pretubular aggregate; RV, renal vesicle; SSB, S-shaped body nephron; D, distal; M, medial; P, proximal; CNT, connecting tubule; LOHa,
loop of Henle anlagen; Pt, proximal tubule; Pe, parietal epithelium; Po, podocytes. See also Figure S1 and Videos S1, S2, and S3.

Developmental Cell 45, 651-660, June 4, 2018 653

CellPress




Cell’ress

A Week 17 human nephrogenic lineage B Nephrogenic lineage selected feature plots max mm—— min

ey .
22
. k2 émﬁ*e;?zg
2 e v
2 20
-20 o,
21
-40
20 tSNE1 0 20
Cl hi h d i D
3.CPbD uster hierarchy and representative genes Pseudotime analysis of nephron lineage
¥ § o ) ~ Proliferating cells
6! Proximal precursor IGFBP7, JAG1, CDH6, TSPAN12 £ 50- NPCs o
48! Proximal tubule  C190rf77, CUBN, SLC3A1, GLYATL1 g
B Distal precursor  LIMCH1, MECOM, MAL, SOX9 Eo.o e
M5l Distal/LOH tubule FXYD2, SLC12A1, MAL, ALDH1A1 S_50 Path1 = = - . Nephron precursor fates
Bl Podocyte precursor OLFM3, MAFB, CTGF, CLDN5 e R cidid
21 Podocytes MAFB, AIF1, MYL9, TCF21, PTPRO 5.0 0.0 Component 1 5.0
T Il PTARV Il CCND1, KRT8, PAX8, CXCR4
M8l PTARV | CCND1, LHX1, EMX2, CXCR4, GAD2
Lo Proliferating cell ~ HIST1H4C, NUSAP1, KIAA0101
122! Proliferating cell ~ UBE2C, CENPF, TOP2A
0 NPC prolif. HIST1H2AC, IGFBP5, MFAP4 . o
51 NPC type Il CHRNAT, SLC15A1, DAPL1 Path1: NPCs to precursor fates Proximal/distal precursors
NPC type | TMEM100, MEOX1, CITED1 N25{ NPCs Path3 T gy
121 NPC type Il CRABP2, CITED1, MEOX1 § 00, = L = = 2
43 NPC type IV PDK4, WASF3, MALAT1 S5 e SR R S
T Prolif.prim./diff.cell LGALS1, MT2A, MT1X, BIRC5 Es0 Path2 - s
91 Primed/diff. cell  CTGF, HEY1, ID1-3, GADD45B S 75 R, ‘Podocyte precursors
B8N Proliferating cell ~ KIAA0101, TYMS, DUT, PCNA 0  Component 1 5.0 -10
Proliferating cell ~ KIAA0101, TYMS, PCNA, DUT

Differentiating cell IILYPD1, IFITM3, HEY1, PAX8
78 Primed NPC II ID3, HEY1, LYPD1
9N Primed NPC | ID1, ID2, HEY1, PAX2

E
Path 2: NPC to Podocytes

max
»

-
min

max

min

MECOM
ALDH1A1
GATA3

Week 15-16 fetal kidney
HNF1B HES1

F MAFB CLDN5 CDH6 JAG1 ALDH1A1 MAL

Path 2: NPC to podocyte Path 5: NPC to proximal/medial Path 6: NPC to medial/LOH Path 6: NPC to Distal/CNT

(legend on next page)
654 Developmental Cell 45, 651-660, June 4, 2018



more distant relationship between NPCs and tubular precursors
(clusters 14-16, 18) (Figure 3C). To explore the developmental
relationships between these cellular states, we computed the
pairwise Bhattacharyya distances between the estimated distri-
butions for corresponding clusters (Bhattacharyya, 1943). These
distances reveal a close similarity between podocyte precursors
(clusters 20 and 21) and NPCs (clusters 2-5), and a more distant
relationship between NPCs and tubular precursors (clusters
14-16, 18) (Figure 3C). The minimum spanning tree based on
these pairwise distances suggests podocytes form via a distinct
developmental trajectory compared with the proximal and distal
tubular nephron fates (Figure S3A; Table S1B).

Pseudotime temporal analyses of the nephrogenic lineage
were performed with Monocle 2 to predict the single-cell-level
differentiation trajectories resulting in proximal-distal positional
identities (Qiu et al., 2017; Trapnell et al., 2014). Through reitera-
tive pseudo-temporal analyses, NPCs were again found to
generate distinct trajectories to podocytes and to proximal/distal
tubule precursor fates (Figure 2D). In pseudotime, NPC clusters
were ordered closer to podocyte precursor than distal and prox-
imal precursor (Figure S3B). Further pseudo-temporal analyses
divided precursor fates into three paths corresponding to:
path 2, NPCs to podocyte fate; path 5, NPC to proximal precur-
sors; path 6, NPC to medial, distal, and LOH precursors (Fig-
ure S3C). Gene expression profiles were identified that predicted
specific cell types identifiable by known markers (Figure 2E).
Representative genes from each group were selected and their
regionally restricted expression along the proximal-distal axis
confirmed, validating the modeling of differentiation trajectories
(Figures 2F and S3C; week 15-17). The pseudotime differentia-
tion trajectories, along with direct analysis of inter-cluster rela-
tionships via distributional distances, are consistent with podo-
cyte fates segregating from the NPC population through a
different trajectory than that adopted by cells forming tubular
epithelial nephron components.

Gene Networks Define Developing Cell Identities along a
Differentiation Time Line

To determine if gene networks linked to cellular identities could
be identified directly from their correlation within the single cells
in this dataset, we performed weighted gene correlation network
analyses (WGCNAs; Langfelder and Horvath, 2008) on the
single-cell RNA sequencing (RNA-seq) data. Distinct gene
modules/gene sets emerged from this approach (M1-M26; Fig-
ure 3A; Table S1C). Thirteen were recognizable by marker genes
validated in human kidney analyses (Lindstrom et al., 2018a,

2018b; 2018c) and seven of these were enriched for biological
process GO terms linked to the kidney (Figure 3A; Table S1D).
The gene sets correlated closely to cells (Figure 3B) and specific
clusters (Figure S4), suggesting they were linked to known
cellular identities. The gene sets identified differentiating cells
encompassing a range of maturing signatures (M1-M5,
M7-M8, M11), as well as mature differentiated signatures of
LOH and proximal cell fates (M9, M10) (Figures 3A, 3B, and S4).

To validate the correlation between gene sets and specific cell
identities, we compared genes with known expression patterns
in the mouse kidney (TCF21, NPHS2, ERBB4, MECOM, EMX2,
and POUS3F3) and uncharacterized genes (CLDN5, OLFMS3,
ASS1, KDM2B, PAPPA2). Each gene’s expression followed the
predicted cell fate assigned to the module; as examples,
CLDN5, OLMF3, TCF21, and NPHS2 were expressed within po-
docytes (M6), although CLDN5 and OLMF3 specifically demar-
cated developing podocytes from late RV stage to late SSB
stage, while TCF21 and NPHS2 were upregulated in maturing
podocytes (Figures 3C and S2E). Similarly, ADAMTS1, ASS1,
PAPPA2, ERBB4, MECOM, KDM2B, EMX2, and POU3F3 were
expressed in the segments predicted by network and t-distrib-
uted stochastic neighbor embedding (tSNE) analyses (Figures
3A-3C and S2E; week 15-17).

To determine if gene sets could be linked to pseudo-temporal
differentiation trajectories, we examined the relationship be-
tween WGCNA gene sets and the pseudotime path of the neph-
rogenic lineage. The NPC gene set (M1) displayed a strong
correlation to cells early in the projected differentiation trajec-
tory, while proximal, medial/LOH, and distal identity modules
peaked later in pseudotime (Figures 3D and 3E). Expression of
the NPC gene set of the NPC cluster decreased as induction
and differentiation modules were activated along pseudotime
(Figure 3D), and, as in earlier analyses, genes associated with
the formation of podocytes were predicted to be activated in
cells closer to an NPC state than genes associated with proximal
and distal tubular nephron fates (Figures 1, 2, and 3E). These
data combined are consistent with NPCs differentiating directly
into podocytes at a late stage of a protracted program of NPC
commitment to the nephron-forming RV.

Novel Marker Genes for Nephron Segment Fates
Emerge in Positions Consistent with Gradual
Recruitment of Nephron Progenitors over Time

Our data suggest a temporal and spatial order to the emergence
of regional domains in the forming nephron. By the SSB stage,
distinct proximal-distal regions are highlighted by markers

Figure 2. Single-Cell RNA-Seq Analyses of Nephrogenic Trajectories Show Differences in the Order of Segment-Fates Acquisition
(A) Unbiased clustering of nephron lineage cells analyzed by single-cell RNA-seq displayed in a tSNE plot.

(B) Gene expression plots for marker genes; cluster numbers as indicated.

(C) Cluster hierarchy indicating cluster similarities and representative differentially expressed genes, dendrogram axis. CDD, cluster distribution distance.

(D) Pseudotime analysis of nephrogenic lineage (the full stepwise analysis used to break trajectories into single paths is shown in Figure S3C). Proliferating cells
branch due to collective cell-cycling signature and the first subsequent split is between tubular proximal/distal precursors and the podocytes.

(E) Heatmaps of selected genes whose expression changes along predicted pseudotime trajectories and gene expression plots. Differentiation trajectories to
podocytes (path 2), proximal fates (path 5), and medial, LOH, and distal precursors (path 6) are shown; path numbers are as indicated in Figure S3C.

(F) Immunofluorescent and in situ hybridization detection of indicated protein or mRNA transcripts for genes with changing expression profiles along pseudotime

trajectories. Antibody in red, DAPI in gray, mRNA-probe in blue.

NPC, nephron progenitor cell; LOH, loop of Henle; UB, ureteric bud; CNT, connecting tubule; PTA, pretubular aggregate; RV, renal vesicle; Prolif, proliferating; Prim,
primed for differentiation; Diff, differentiating; D, distal segment; M, medial segment; L, LOH anlagen; Pt, proximal tubule; Pe, parietal epithelium; Po, podocyte.
Segmented lines in (F) show SSB axis, green segmented line indicates domain with strong protein localization or gene expression. See also Figures S2 and S3.
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predicted from transcriptomic analyses (Figures 2 and 3): distal
(SOX9, KRT8, and EMX2), distal/medial (MVECOM and ERBB4),
medial (JAG1), proximal (CDH6), and podocytes (MAFB and
CLDNS5) (Figure 4A; week 15-16). To determine where and
when distal, medial, and proximal domains form, we identified
the first appearance of SOX9, JAG1, and MAFB in the PTA-to-
RV transition (Figure 4B). As anchor points in this analysis, posi-
tion 1 demarcates the first recruited cells positioned under the
ureteric bud contacting the ureteric epithelium, while position 2
demarcates the most recently recruited from the stream of
NPCs that connects to the NPC niche.

In the PTA, low levels of JAG1 were detected at position 1.
JAG1 levels were elevated in cells in the same position by early
RV stages and by mid-RV stages low-level SOX9 activity was
also evident in this cell population. At this time, weak MAFB*
cells first appeared at position 2. Continued RV development
was accompanied by consolidation and distal-medial segrega-
tion of positional markers: SOX9 was further upregulated in cells
at position 1, while JAG1 expanded proximally. By the late RV
stage, distinct distal SOX9"9"/JAG1'" and medial SOX97/
JAG1"9" domains were evident, while MAFB* podocyte precur-
sors were located just above the connecting streaming NPCs,
consistent with the 3D reconstruction in Figure 1D. Although
there are no unique markers to distinguish parietal epithelium
precursors of the renal corpuscle, the last recruited cells beneath
the MAFB™ population is likely to correspond to the parietal line-
age. Collectively, these data support a model of progressive
establishment of cellular identities along the proximal-distal
axis of the nephron anlagen.

DISCUSSION

Our data identify a dynamic cellular process that provides a
mechanistic framework for how positional identities are initiated
in formation of the mammalian nephron. The timing of NPC
recruitment dictates the spatial positioning of each cell and the
subsequent fate of cells along the proximal-distal axis of the
nephron (Figure 4C). This raises the question of how time of
recruitment and position can regulate cell fate outcomes.
Localized Wn9b secreted by the ureteric epithelium has been
proposed to initiate proximal-distal axial asymmetry in the
nephron (Carroll et al., 2005; Lindstrom et al., 2015; Schneider
et al., 2015). In a TCA process, NPCs would likely be subject to
different concentrations of Wnt9b/WNT9B for varying periods
of time, with early recruits receiving a higher and longer dose.
Other nephron-intrinsic signaling networks, composed of Bmp
and Fgf, also play a role in conjunction with Wnt signaling to
regulate distal nephron development (Grieshammer et al.,
2005; Lindstrom et al., 2015), while proximal cell fate specifica-
tion requires Notch signaling (Cheng et al., 2007) through the

Notch ligand Jag1l (Liu et al., 2013). Our analyses of how
distal-to-proximal identities emerge during nephrogenesis raise
the possibility that distal fates initially form with a medial
JAG1™ identity but, over time, distal cells downregulate JAG1
and upregulate SOX9, with medial identity shifting proximally.
Integration of duration and concentration of signaling has been
demonstrated in a variety of patterning processes (Sagner and
Briscoe, 2017). Delineating cell-cell interactions through deeper
single-cell RNA-seq analysis with greater gene resolution and
live imaging of mutant mouse models will shed light on how these
cellular signaling events incorporate into the TCA model.

Recently, several groups have reported the generation of
nephron-like structures with proximal-distal polarity from
directed differentiation of pluripotent stem cells (Morizane
etal.,2015; Taguchi et al., 2014; Takasato et al., 2015). However,
no evidence of a normal nephrogenic niche organization has
been presented for these models and the identities of emerging
cell types remain to be clarified. In the light of the data here,
in vitro nephrogenic programs may not fully recapitulate the
diversity of cell states observed in the normal kidney. Distal
cell fates that normally develop in close association with the
ureteric epithelium are predicted to be particularly susceptible
to a disruption of normal nephrogenic processes.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti ALDH1A1 ABCAM Cat# ab52492; RRID:AB_867566

Rabbit monoclonal anti HES1
Sheep polyclonal anti CDH6
Rabbit polyclonal anti HNF1B
Mouse monoclonal anti MAFB
Rabbit polyclonal anti CLDN5S
Mouse monoclonal anti ERBB4
Mouse monoclonal anti MECOM
Mouse monoclonal anti SIX2
Rabbit polyclonal anti SIX2
Mouse monoclonal anti CITED1
Rat monoclonal anti KRT8
Mouse monoclonal anti CDH1
Goat polyclonal anti PAPPA2

Cell Signaling Technology
R&D Systems

Santa Cruz Biotechnology
R&D Systems

Novus Biologicals

R&D Systems

R&D Systems

SIGMA

MyBiosource

ABCAM

DSHB

BD Biosciences

R&D Systems

Cat# 11988

Cat# AF2715; RRID:AB_883857

Cat# sc-22840; RRID:AB_2279595
Cat# MAB3810; RRID:AB_2137675
Cat# NB120-15107; RRID:AB_789328
Cat# MAB1131; RRID:AB_357479
Cat# MAB75061

Cat# SAB1401533; RRID:AB_10611294
Cat# MBS610128

Cat# ab55467; RRID:AB_941036
Cat# troma-1; RRID:AB_531826

Cat# 610182; RRID:AB_397581

Cat# AF1668; RRID:AB_2159483

Biological Samples

Human kidney specimen Children’s Hospital of Los Angeles N/A
Chemicals, Peptides, and Recombinant Proteins

SEA Block ThermoFisher Scientific 37527
4-hydroxy tamoxifen SIGMA H7904
Benzyl benzoate SIGMA B6630
Benzyl alcohol SIGMA 305197
ProLong Gold Antifade Reagent Life technologies P36934
DRAQS5 Fluorescent Probe ThermoFisher Scientific 62254
Polyester Membrane Transwell-Clear Insert Corning 29442-074
FluoroBrite DMEM Life technologies A18967-01
Glass Bottom Cultures Dishes 35mm MatTek Corporation P35G-0-20-C
Critical Commercial Assays

Chromium Single Cell 3’ Library & Gel Bead Kit v2 10X Genomics 120237
Chromium Single Cell A Chip Kit 10X Genomics 120236
Chromium i7 Multiplex Kit 10X Genomics 120262

Deposited Data

Raw and processed single-cell RNA sequencing data

This paper

GEO: GSE112570

Experimental Models: Organisms/Strains

Mouse: B6;129-Six2tm3(EGFP/cre/ERT2)Amc/J) Kobayashi et al., 2008 JAX: 009600

Mouse: (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB- Muzumdar et al., 2007 JAX: 007676
tdTomato,-EGFP)Luo/J)

Mouse: (B6.129P2(Cg)-Cdh1tm1Cle/J) Snippert et al., 2010 JAX: 016933

Mouse: Tg(Hoxb7-Venus*)17Cos/J Chi et al., 2009 JAX: 016252

Software and Algorithms

AMIRA 6.4 FEI Thermo Fisher Scientific N/A

Fiji 2.0 PMID: 22743772 https://fiji.sc/

Seurat Satija et al., 2015 http://satijalab.org/seurat/
Monocle 2.0 Qiu et al., 2017 http://cole-trapnell-lab.github.io/

monocle-release/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Weighted Gene Correlation Network Analysis Zhang and Horvath, 2005 https://labs.genetics.ucla.edu/horvath/
CoexpressionNetwork/Rpackages/WGCNA

CellRanger 2.1 10x Genomics https://support.10xgenomics.com/single-cell-

gene-expression/software/downloads/latest

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andrew P.
McMahon (amcmahon@med.usc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Studies

Institutional Animal Care and Use Committees (IACUC) at the University of Southern California reviewed and approved all animal work
as performed in this study. All work adhered to institutional guidelines. Timed matings were set up to recover embryos at the appro-
priate age (embryonic day 11.5 to 12.5), sex not known. The Six2GCE strain B6;129-Six2tm3(EGFP/cre/ERT2)Amc/J) was generated
as previously described (Kobayashi et al., 2008) by placing a EGFP CreERT2 construct into the Six2 locus. The Rosa26mTmG
reporter line (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) (Muzumdar et al., 2007), the Cdh1CFP line
(B6.129P2(Cg)-Cdh1tm1Cle/J) (Snippert et al., 2010), and the Tg(Hoxb7-Venus*)17Cos/J (Chi et al., 2009) were obtained from
JAX and are reporter mouse strains that in cre-dependent and independent manners label cells and structures in the kidney. Hetero-
zygous Six2-GCE animals were crossed with female Rosa26mTmG homozygous females; double heterozygous males were crossed
with homozygous Cdh1CFP or tgHoxb7Venus females; mice all adults. Progeny was bred to reporter-strain homozygosity.
E11.5-E12.5 kidneys were cultured in media (see Confocal Live Imaging section below) as previously described with 1uM 4-hydroxy
tamoxifen (SIGMA H7904) (Lindstrom et al., 2015); cultures were performed on Transwell filter inserts. Analysis was performed on
three Six2°¥*; Rosa26™ M&MTME. Cqnh1CFP/CFP and eleven Six2°F*; Rosa26™ ™%*; tgHoxb7Venus imaged kidneys.

Human Kidney Studies

Consented, anonymized, human fetal kidney tissue was obtained from elective terminations following review of the study by Keck
School of Medicine of the University of Southern California’s Institutional Review Board. Kidney samples ranging in age from 8 to
18 weeks of gestation were supplied by collaborators at the Children’s Hospital of Los Angeles. Gestational age was determined
per guidelines specified by the American College of Obstetricians and Gynecologists using ultrasound, heel to toe, and crown to
rump measurements following published Carnegie Stages (O’Rahilly and Mduller, 2010; O’Rahilly et al., 1987; Strachan et al.,
1997). The sex of the specimen was not reported. Consented samples were received immediately after elective terminations and
transported from the Children’s Hospital of Los Angeles on ice at 4°C in 10% fetal bovine serum, 25mM Hepes, high glucose
DMEM (SigmaAldrich).

METHOD DETAILS

3D Reconstructions of Cell-Streaming

Three dimensional imaging was performed as previously described (Lindstrom et al., 2018b) by carrying out whole-mount immuno-
fluorescent stains on slices of human kidney cortex. Slices were fixed in 4% formaldehyde in 1x phosphate buffer saline (PBS) on ice
for 45 min, washed in 1XPBS, blocked in 1xPBS with 0.1% TritonX100 and 2% SEA Block (ThermoFisher Scientific) for 1 hr, and
sequentially incubated in primary and secondary antibodies overnight. Primary and secondary antibodies were diluted in the block
solution. To clear tissue slices, the slices were dehydrated in methanol via increasing concentrations 50%, 75%, 100%, diluted in
PBS - each for 1hr - and subsequently submerged in a 50:50 benzyl benzoate/benzyl alcohol (BABB):methanol solution, followed
by 100% BABB; full details in (Lindstrom et al., 2018b). Imaging of nascent nephrons was performed on a Leica SP8 using a 40X
objective (1.30il, HC PL APO CS2). To generate 3D models, nephrons and tips were digitally segmented by hand and visualized
in AMIRA 6.4 (FEI Thermo Fisher Scientific). Sixteen nascent nephrons were analyzed at week 13 and 24 nephrons at week 16-17.

Confocal Live Imaging

Kidneys were dissected at E11.5-E12.5 and cultured o/n at 37°C on a Transwell filter (Corning) in FluoroBrite DMEM (Life technolo-
gies, A18967-01) supplemented with 10% fetal calf serum, 1% Pen/Strep, and 1X Glutamax (Thermofisher). Filter inserts were trans-
ferred to 35mm MatTek glass bottom dishes in customized holders and imaged for 24-48 hour periods using a Leica SP8 system
using a 25x HC FLUOTAR L 25x/0.95 water immersion objective. The water immersion was maintained through a Leica water cap
with a modified water and drainage system allowing for continues flow of water.
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Immunofluorescent Staining and In Situ Hybridization

Immunofluorescent detection of proteins and in situ hybridization detection of MRNAs was performed as previously described (Lind-
strom et al., 2018b). In brief, kidneys were fixed in 4% PFA overnight, immersed in 30% sucrose for 24 hrs, embedded in Optimal
Cutting Temperature solution, and cryo-sectioned into 10 pum sections. For antibody stains, slides were washed in 1xPBS, blocked
in 1XPBS with 0.25% TritonX100 and 1.5% SEA Block for 30min, and then sequentially incubated in primary and secondary anti-
bodies at 4°C overnight; full details of protocol as described (Lindstrém et al., 2018b). Primary antibodies and dilutions as follows:
ALDH1A1 (Abcam, ab52492, 1:300), HES1 (Cell Signaling, 11988, 1:300), CDH6 (R&D, AF2715, 1:1000), HNF1B (Santa Cruz, sc-
22840, 1:300), MAFB (R&D, MAB3810, 1:500), CLDN5 (Novus Biologicals, NB120-15107, 1:100) ERBB4 (R&D, MAB1131, 1:300),
MECOM (R&D, MAB75061, 1:300), SIX2 (Sigma Aldrich, SAB1401533, 1:500), SIX2 (MyBioSource, MBS610128; 1:1000), CITED1
(Abcam, ab55467; 1:300, KRT8 (DSHB, troma-1; 1:50), CDH1 (BD Transduction Laboratories, 610182; 1:300), PAPPA2 (R&D,
AF1668; 1:300). Secondary antibodies were purchased from Molecular Probes AlexaFluor 488, 555, 594, and 647. Nuclei were
labelled with 1 pg/ml Hoechst 33342 (Molecular Probes) in PBS for 5 min. Sections were mounted in ProLong Gold Antifade Reagent
(Life technologies) and imaged at 63X.

Single-Cell RNA-seq Data - Isolation of Cells and Sequencing

Single-cell transcriptomes were obtained as previously described (Lindstrom et al., 2018c) from two replicate week 17 kidneys by
digestion of the nephrogenic zone. In brief, whole kidneys were placed in collagenase A/ pancreatin enzyme mix (Brown et al.,
2015) and placed on a nutator to release cells from the nephrogenic niche. Live and intact cells were collected by FACS, positively
selecting for DRAQ5+ cells (ThermoFisher Scientific) and excluding DAPI+ (ThermoFisher Scientific) cells. 8000 cells were input into
the 10X Chromium system and processed for single-cell library construction as per 10x Genomics instructions and as we describe
previously (Lindstrom et al., 2018c). The data is available at GEO accession number GSE112570. Quality control, mapping (to
GRCh37.p13) and count table assembly of the library was performed using the CellRanger pipeline version 2.1 (as consistent with
10x Genomics guidelines) and as described in our previous work (Lindstrom et al., 2018c).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of Protein Intensity during Gradual Recruitment

Fiji was used to quantify SIX1, CITED1, JAG1, PAX8, and DAPI intensity profiles in 2D cryo-sections (as shown in Figures 1 and S1)
along the proximal-to-distal axis of the nephron. Images were captured at equivalent settings per range, in 8-bit, and a 9 um
segmented line (comparable to nuclei size) was fitted along the thickest part of the lateral sides of the nephron (as indicated on
Figures 1 and S1). The plot profile function was used to measure the average intensity across the line along its length. The SIX1
and CITED1 signals were presented as percentages of the signal detected in adjacent NPC populations where the signal was the
highest, while JAG1 and PAX8 were presented as raw 8-bit signals.

Computational Isolation of Nephrogenic Lineage

The initial step of our analysis required isolating nephrogenic lineage cells from other cells in the sample (e.g. interstitial lineage and
blood cells). For consistency with previous analysis we applied the same procedure as outlined in (Lindstrom et al., 2018c); cells were
selected based on expression of nephrogenic lineage markers and absence of markers indicate interstitial, ureteric, vascular, or im-
mune cell lineages. We initially calculated 3 quality control metrics for each cell: (1) the number of genes with one or more mapped
reads, (2) the percentage of reads mapped to genes annotated as mitochondrial, (3) the Good-Turing estimate of cell saturation
(Good, 1953). Based on visual inspection of the histograms of these 3 metrics, we filtered out cells expressing fewer than 1,000
genes, as well as cells mapping more than 5% of their reads to mitochondrial genes and cells whose Good-Turing estimate was
smaller than 0.7. The remaining 7,343 cells were clustered using the Seurat R package. We ran Principal Component Analysis on
the dataset and used 39 PCs based on the JackStraw test (p < 0.05) and clustered the cells using the Seurat FindClusters function
with 39 PCs and default remaining parameters. We found 16 resulting clusters, displayed in a t-SNE plot in Figure S4A. Based on the
differential expression test (FindAllMarkers function, bimod test) and the cluster hierarchy (BuildClusterTree function), We inferred
that 5 of the clusters (11, 13, 14, 15 and 16), totalizing 3,367 cells, belonged to the nephrogenic lineage, and were selected for
secondary analysis.

Identifying Variable Genes and Dimensionality Reduction

Raw read counts from the nephrogenic lineage cells were analyzed using the Seurat R package (Satija et al., 2015). Standard Seurat
log-normalization, variable gene selection and Principal Component Analysis (PCA) were performed using the LogNormalize,
FindVariableGenes, ScaleData and RunPCA functions, respectively, with the same parameters used in the previous step. This
yielded 1,168 genes that are variable across cells and 19 statistically significant principal components (cutoff of p=0.05, JackStraw
test).

Identifying Distinct Cell Types Within the Nephrogenic Lineage
The 3,367 nephrogenic lineage cells were clustered using the Gaussian Mixture Model (GMM) based on the 19-dimensional PC
space (see above), as implemented in the mclust package (Scrucca et al., 2016). GMM is particularly well-suited for the context where
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cells transition into states through continuous differentiation, as it allows for probabilistic assignment of cells to clusters and the esti-
mated probability distribution associated with each cluster. We determined the number of clusters using Bayesian Information
Criterion (BIC) (Schwarz, 1978), evaluating BIC for 1 to 50 clusters, and retaining 22 clusters, for which BIC was maximized. These
22 clusters defined 22 distinct cell types within the nephrogenic lineage.

Measuring Similarity between Identified Cell Types
The estimated means and covariances of each cluster were used as the basis for assessing relationships between cell types. We
chose to apply the Bhattacharyya distance metric (BD) (Bhattacharyya, 1943) to quantify the dissimilarity between cluster distribu-
tions as given by their estimated mean and covariance matrices. This metric approximates the amount of overlap between the density
functions for two distributions. Because BD accounts for the distribution variances, it distinguishes the similarities between two pairs
of distributions that have equal centroid distances but overlap in different ways in high dimension, and is an accurate estimate of the
classification error between points generated from pairs of distributions (Choi and Lee, 2003).

The BD between clusters was used as input to build the cluster hierarchy with complete linkage (Figure 2C). To identify pairs of
phenotypes that were most likely related through developmental transitions, we calculated the minimum spanning tree using BD
as edge values between clusters (Figure S3A).

Pseudotemporal Reconstruction of Lineages

We used the Monocle2 algorithm (Qiu et al., 2017) to reconstruct the differentiation pathways across the 3,367 cells. We used the
1,168 aforementioned variable genes with the Seurat-normalized expression values as input and used the reduceDimension function
to run the DDRTree algorithm and estimate the ordering of cells along a trajectory. Both the cluster identities and the known marker
genes for different phenotypes were used to infer the start of the trajectory (Figure 2D — top). We selected cells that were projected
onto specific lineages based on the branches (cell “states”, as assigned by the orderCells function in Monocle) they were projected
onto. Initially, we selected only cells from the branch that did not contain the cycling lineage (Figure 2D - bottom). Subsequently, we
reran the Monocle algorithm by manually selecting cells assigned to the branch that contained most cells from nephron progenitor
clusters and each other individual branch until only a single trajectory was identified. The branches selected in each iterative step are
shown in Figure S3C. Each trajectory was recalculated using the reduceDimension and orderCells functions with default parameters.
The unbranched paths were analyzed to identify genes that vary along pseudotime using Monocle’s generalized additive model
(Trapnell et al., 2014) implemented in the differentialGeneTest function.

Clustering Genes into Correlated Modules

We used Weighted Gene Correlation Network Analysis (WGCNA) (Zhang and Horvath, 2005) to group differentially expressed genes
into correlated modules. We constructed a signed network, wherein every pair of genes is connected by a power of their correlation.
We used the pickSoftThreshold method in WGCNA to choose the correlation power estimate (6 = 3). We used the blockwiseModules
function in WGCNA to obtain the modules shown in (Figure 3A), which resulted in disjoint sets of correlated genes. Single cells were
scored for each module by their eigengene expression (Figure 3B - displayed as feature plot heatmap in main figure and boxplots in
Figure S4). For a fixed module M;, the first PC using only the genes in M; was calculated, and each single cell i was projected into this
component, yielding a set of eigengene values m;; as cell i’s coordinate in module j’s first PC. The larger the value of mj, the higher the
expression of the module genes for cell i. For each module, a smooth spline was fitted for the pseudotime value inferred from the main
trajectory and the module eigengene (function smooth.spline in R with smoothing parameter equal to 1) - (Figures 3D and 3E).

Gene-List GO-Term Ontology Queries
Differentially expressed genes or gene module lists were queried by PANTHER (Mi et al., 2013) identifying Biological Processes.

DATA AND SOFTWARE AVAILABILITY

The single cell RNA sequencing data are available under accession number GEO: GSE112570.
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