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Summary

Congenital abnormalities of the kidney and urinary tract are amongst the most common birth
defects affecting 3% of newborns. The human kidney forms around a million nephrons from a
pool of nephron progenitors over a 30-week period of development. To establish a framework
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for human nephrogenesis, we spatially resolved a stereotypical process by which equipotent
nephron progenitors generate a nephron anlagen, then applied data-driven approaches to construct
three-dimensional protein maps on anatomical models of the nephrogenic program. Single cell
RNA sequencing identified progenitor states which were spatially mapped to the nephron anatomy
enabling the generation of functional gene-networks predicting interactions within and between
nephron cell-types. Network mining identified known developmental disease genes and predicts
targets of interest. The spatially resolved nephrogenic program made available through the Human
Nephrogenesis Atlas (https://sckidney.flatironinstitute.org/) will facilitate an understanding of
kidney development and disease, and enhance efforts to generate new kidney structures.
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Lindstrom et al., show mouse and human nephrogenesis follow evolutionary conserved and
stereotypical programs. Spatial mapping of transcriptional profiles predicts cell intermediates and
regulatory interactions at play in development and disease. A web-interface facilitates viewing and
analysis of these findings.
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Introduction

Birth defects across all organ systems often manifest as gross anatomical and cellular
changes. These are difficult to link to specific developmental events or cell-types. While
single-cell-omic approaches now facilitate the dissection and cataloguing of adult organs
into their cellular components at an RNA and chromatin level (Macosko et al., 2015; Han

et al., 2018; Schaum et al., 2018), performing equivalent analyses on developmental and
disease processes is challenging. Tools that extrapolate developmental trajectories from fluid
cell profiles differentiating from one state to the next do not provide key spatial information
critical to a mechanistic understanding of the developmental program

The importance of understanding human developmental programs - i.e. the sequential

series of differentiation steps by which progenitors and precursors give rise to their mature
counterparts - is well illustrated by malformations of the genitourinary system (Figure 1A).
Around 20-30% of all neonatal anomalies map to the genitourinary system accounting for
50% of pediatric end-stage kidney disease (Schedl, 2007; Hildebrandt, 2010). Once formed,
the kidney controls homeostasis through blood pressure regulation and filtration, metabolites
are excreted and solutes recovered predominantly through the actions of highly specialized
cell types within distinct segments of the nephron (Lee et al., 2015). All nephron cell types
are thought to arise from an equipotential nephron progenitor pool established at the onset
of kidney development (Boyle et al., 2008; Kobayashi et al., 2008; McMahon, 2016). Recent
single cell sequencing and spatial mapping studies indicate there are at least 23 cell-types
within the nephrons of the adult male and female mouse kidney (Ransick et al., 2019).
Considerable cell diversity has been reported for the human kidney (Lake et al., 2019) and it
is likely this will expand as the depth and resolution of adult human studies increases.

The nephrogenic program has been well studied in mammalian model systems, principally
the mouse (Saxen, 1987; McMahon, 2016; Figure 1A). Mesenchymal progenitor cells

for the nephron and interstitial cell lineages overlie epithelial progenitors of the kidney’s
collecting system, generating a highly interactive mobile nephrogenic niche that drives
kidney assembly. Wnt9b signaling to mesenchymal metanephric nephron progenitor cells
triggers commitment to the nephrogenic program (Davies and Garrod, 1995; Carroll et al.,
2005; Kuure et al., 2007; Park et al., 2007). Nephron progenitors cluster into pretubular
aggregates, then epithelialize to form cystic renal vesicles, which transition through
morphologically distinct stages (comma and S-shaped bodies), interconnecting with the
epithelium of the developing collecting system, to establish the kidney’s fluid transporting
epithelial network (Huber, 1905; Osathanondh and Potter, 1963; Oliver, 1968; Little et al.,
2007; Georgas et al., 2009; Kao et al., 2012; Short et al., 2014). Though precursor-product
relationships are not well understood, growth and morphogenesis of the nephron anlagen is
coupled with the emergence of dynamic profiles of gene expression along a proximal-distal
axis of epithelial specialization that prefigures and determines the molecular and cellular
organization of the adult nephron (Stark et al., 1994; Nakai et al., 2003; Carroll et al., 2005;
Grieshammer et al., 2005; Cheng et al., 2007; Kobayashi et al., 2008; Georgas et al., 2009;
Karner et al., 2011; Lindstrom et al., 2018b, 2018a).
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In previous efforts to resolve the diversity of nephron precursors, we and others have

applied single cell RNA sequencing (SCRNA-seq) to human nephrogenesis (Lindstrom

et al., 2018a; Menon et al., 2018; Hochane et al., 2019; Tran et al., 2019). When cell

clusters are compared with /7 sitvand immunolocalization studies (Lindstrom et al., 2018b,
2018a), distinct cell clusters are likely an amalgamation of multiple related precursor types.
Delineating the stepwise program of differentiation by which nephron progenitors generate
nephrons will facilitate our understanding of disease origins. Further, the application of
insight to stem cell systems will enable both the modelling of kidney disease /n vitro, and de
novo generation of kidney cell types and kidney structures.

To establish the spatial organization, diversity, and gene expression profiles of human
nephron precursors we adopted and developed several approaches that are broadly
applicable to other developmental systems. The data are brought together as a cohesive map
of protein distribution, gene expression, and gene networks within a webinterface (https://
sckidney.flatironinstitute.org/) that facilitates study of the human kidney.

An overview of the workflow and projected goals underlying the generation of an atlas

of human nephrogenesis is provided in Figure 1. To provide a template for each method
and their integration, these are detailed in the STAR Methods and a walk-through for

the use of the Human Nephrogensis Atlas is provided online. Confocal imaging and

image segmentation of the human nephrogenic zone with distinct antibody sets enabled
the assembly of a 4-dimensional map of human nephrogenesis (Figure 1A, B). Image
registration with these data was then used to generate multiplexed nephron models (Figure
1C). Extensive scRNA-seq analysis was performed on the nephrogenic zone (Figure 1D),
transitional cell types verified /n vivo and compared against previous validation (Figure
1E), and multiplex protein patterns (Figure 1F) were employed for relational mapping

of transcriptomic data to a computational model of a developing nephron (Figure 1G).
Cell type-specific gene functional networks were built using an integrative machine
learning framework to examine genes associated with congenital abnormalities and kidney
disease, and to predict potential disease associated partners (Figure 1H). Finally, predictive
precursor-product relationships were framed from the analysis of developmental and adult
scRNA-seq datasets (Figure 11). The following sections provide a detailed insight into the
approaches, and the collection, analysis and interpretation of data, at each step.

Visualizing progressive development of the human nephron

To visualize how mammalian nephrons form, we performed whole-mount immunolabeling
of mouse and human nephrogenic niches with JAG1 antibodies as a reference landmark
across nephrons, experiments and samples, in combination with antibodies recognizing
eighteen other informative regional protein markers, incorporating DAPI labelling to resolve
nuclei (STAR Methods). Selection of antibody targets was designed to maximize detection
of cell diversity in conjunction with nephron patterning and morphogenesis based on prior
studies of nephron patterning (Georgas et al., 2009; Lindstrom et al., 2018c, 2018b, 20183;
Menon et al., 2018; Hochane et al., 2019), and to link development to disease given
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the known developmental roles of many of these proteins, e.g. POU3F3, HNF1B, JAG1,
PAX2, and LHX1 in mouse and human kidney studies (Spinner et al., 2001; Nakai et al.,
2003; Kobayashi, 2005; Grote et al., 2007; Heliot et al., 2013). Two hundred and fifty-one
human (sampled from 14 kidneys ranging between 13 and 17 weeks) and one hundred and
seventy-seven mouse nephrons (sampled from 16 E15.5 C57BL/6J kidneys) were captured
at a subcellular resolution by confocal imaging (voxel resolution: 0.1pm x 0.1um x 0.35um
z-resolution through whole nephrons), digitally isolated from image stacks using Amira, and
categorized into developmental stages based on gradual morphological changes, pattern, and
size. Together, these data resolved in 3-D detail the developmental progression for human
and mouse nephrogenesis to the S-shaped body stage (Figure 2A; Supplementary Figure
1A-C).

Nephron development initiates within a pretubular aggregate of tightly packed nephron
progenitors, likely tuned by complex expression of partially redundant cadherins (Cho

et al., 1998; Mah et al., 2000). We opted to visualize the acquisition of polarity and
epithelial characteristics using CDH1, deposited in a distal-to-proximal direction, generating
an apical epithelial surface shaped like an inverted funnel opening into a space that

later will incorporate the kidney’s glomerular filter. The gradual nature of nephrogenesis
(Lindstrém et al., 2018a) is mirrored in the progressive distal-to-proximal acquisition of
epithelial characteristics. In human nephrogenesis, epithelialization begins in a distal JAG1*/
CDH1* domain in pretubular aggregates where proximal recruitment of mesenchymal cell
types is still taking place over an extended period of time relative to the mouse kidney
(Figure 2A). In the mouse kidney, the renal vesicle is generally though to represent the

first epithelialized nephrogenic structure (Supplementary Figure 1C; Little et al., 2007;
Georgas et al., 2009; McMahon, 2016). We reserve the term renal vesicle to describe a

fully epitheliarized nephron progenitor for both species. In the human and mouse epithelial
renal vesicle, the distal half resolves into two domains comprising distal CDH1*/JAG1™ cells
and medial CDH1*/JAG1" cells (Figure 2A-B; Supplementary Figure 1C). An additional
medial CDH17/JAG1* domain emerges during the transition to comma- and S-shaped
bodies (Figure 2A-B). During the transition from renal vesicle to comma-shape body,
inward folding between the medial and distal segments results in a distal orientated bend

in the nephron anlagen, while proximal epithelial movements establish the glomerular cleft.
Vascular endothelial cells invade the cleft to establish the glomerular vascular supply for
renal filtration.

A schematic model for human nephrogenesis based on the cumulative view of these

data (Figure 2B) is consistent with a gradual recruitment of cells in a distal-to-proximal
order followed by progressive formation of nephron domains (Lindstrom et al., 2018a).
Development of the mouse nephron over a similar developmental time course was similar,
aside from the forementioned epithelialization dynamics (Supplementary figure 1B-C),
and human nephrons were approximately twice the size of their mouse counterparts with
two-fold greater cellularity (Supplementary figure 1D). At an individual marker/domain
level, CDH1*/Cdh1* and JAG1*/Jagl™ cell numbers matched this two-fold difference and
displayed similar levels of cell variation (Supplementary figure 1E, F); indicative of linear
scaling of domains. The 3-D morphologies and protein patterns were consistently sharper in
the human nephron across more than twenty-five proteins analyzed. The size difference and
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the slower developmental pace of human nephrogenesis, roughly eight times slower than the
mouse kidney to the S-shaped body stage (Lindstrom et al., 2018d), likely contribute to the
enhanced resolution of human nephrogenesis in these data.

Image registration predicts stereotyped anatomies

Nephron formation within and across mammalian species follows a highly consistent early
developmental progression at different stages of kidney development though there are clear
differences in the final pattern and cell composition depending on the time of nephron
formation (Ransick et al., 2019). To determine whether nephrogenesis is stereotypical,

we digitally isolated renal vesicles and S-shaped bodies from large confocal stacks from
mammalian kidneys of distinct developmental ages using Amira. To combine protein
localization data, we developed a semi-automated image processing pipeline applying ANTSs
and Woolz to process nephron image stacks, register stacks to nephron models, and thus

by applying an affine transform and elastic registration, multiplexed protein localization
models were generated with a subcellular resolution (STAR methods). Nephron anatomies
and fine anatomical details were preserved, following registration: similar cellular domains
occupied the same voxel space with minimal distortions to morphology or patterning
(Figure 2C). The lumen space (a very narrow anatomical feature, 20-30 um), the forming
glomerular cleft within the S-shaped body, and even distinct podocyte morphologies were
maintained in the registered nephrons. Together, these data highlight the low morphological
variability in the early nephrogenic program. Importantly, the ability to co-register different
nephron precursors within a kidney, and between kidney samples at different ages (13

to 17 weeks), shows human nephrogenesis is a stereotypical process following a tightly
controlled molecular and cellular program. Interestingly, S-shaped body nephrons displayed
a left- or right-handed chirality depending on their orientation to the adjacent ureteric
epithelium (Supplementary figure 1G). As expected, proteins were distributed in distinct
distal-to-proximal patterns (Figure 2D). The multiplex nephron models for both renal
vesicles and S-shaped body nephrons in themselves provide high-resolution views of

the exact positioning of proteins with known roles in genetically linked developmental

renal syndromes such as CAKUT (congenital anomalies of the kidney and urinary

tract; (Schedl, 2007); including POU3F3, PAX2, HNF1B, SALL1, LHX1, and WTL. In
addition, each distinct contribution enabled the creation of a high-resolution map of protein-
defined, cellular diversity (Supplementary figure 1H-I), which is predicted to correlate
with underlying differences in gene expression for each cognate gene within distinct cell
populations.

Single-cell transcriptomes identified for human nephrogenesis

As the next step to both integrate SCRNA-seq datasets to the spatial maps, and to resolve a
fuller set of S-shaped body transcriptional signatures, we performed independent sScRNA-seq
analyses on two week-14 kidneys. We specifically focused on the nephrogenic niche and

not more mature cell-populations, profiling 24,157 cells within a median of 2,644 genes/cell
cells within the cortical nephrogenic zone (Supplementary figure 2A). To focus on the most
informative cells, a gene/cell count threshold of greater than 3,000 identified 8,316 cells of
which 2893 cell comprised non-cycling subsets.

Dev Cell. Author manuscript; available in PMC 2022 August 23.
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This high-quality cell-set was evaluated further through reiterative unbiased clustering and
gene enrichment analyses (see STAR Methods for details and Supplementary figure 2A—

J; Supplementary table 1). Eighteen distinct transcriptional states were identified using
SEURAT (Satija et al., 2015; Stuart et al., 2019) and by examining differential expression
of key marker genes on tSNE analysis (Figure 3A; Supplementary table 2). To establish

the range of sampled transcriptomes in clusters, we analyzed expression profiles for genes
that decrease slowly after the progenitor state (O’Brien et al., 2016: S/X1), genes that are
transiently upregulated in pretubular aggregates through to S-shaped body nephrons and
then down-regulated (Lindstrom et al., 2018d, 2018b; Tran et al., 2019: CAPN6, CRYM,
OLFM3, JAGI,; Supplementary figure 3A), and genes that are first activated in S-shaped
body nephrons (Lindstrém et al., 2018d, 2018b; Tran et al., 2019: NPHSI1, CDH6, HNF4A,
MECOM, GATA3, PAPPAZ, Supplementary figure 3B). While false negatives can challenge
interpretations of individual cells in sScRNA-seq data, each of these genes were detected
robustly at a cluster level. The sampled cells ranged from nephron progenitors to S-shaped
body nephron cells. As expected, cell clusters formed gradual transitions from one state

to another with the most distinct states being the nephron progenitors and the six clusters
identified as S-shaped body nephron cells (Supplementary figure 3C). The S-shaped body
cells displayed deep transcriptional differences and analyses of the top fifty differentially
expressed genes per group highlighted the specificity and unique gene expression signatures
emerging within each cell-type (Supplementary figure 3D). The 18 clusters expressed on
average 12,900 genes - likely a good representation of full transcriptomes. Importantly,
three-fold more clusters were detected for the S-shaped body compared to previously
reported data (Lindstrom et al., 2018a; Menon et al., 2018; Hochane et al., 2019; Tran

et al., 2019) and the depth and breadth of the resulting transcriptomic data enabled subtle
gene expression changes to be visualized within scarce transitioning cell-states.

Resolving changing expression profiles across time and anatomy

Assigning cell clusters to precise anatomical bins remains a significant challenge in
single-cell omic analyses. To unbiasedly resolve cell states between nephron progenitors
and the S-shaped body cell populations we used graph-based dimensionality reduction
(DRGraph) (Menon et al., 2018). Three main trajectories were evident, starting from
nephron progenitors (clusters 1 and 2) and ending in cells displaying markers of distal
(cluster 16, 17, 18), proximal (cluster 12), podocyte (cluster 8), and parietal epithelium
(cluster 9) (Figure 3B; Supplementary figure 4A-D). These cluster relationships agreed
with correlation analyses of all variable genes (12995) across the clusters (Supplementary
figure 4E) which similarly grouped clusters into distal, proximal, and podocyte/parietal
categories. Parietal cells were projected as an intermediate state between podocyte and
proximal lineages. Thus, DRGraph trajectories, correlation analyses of all variable genes
across all cells, and SWNE projections (Supplementary figure 2J) suggested a consistent
developmental ordering of the clusters.

While computed developmental trajectories are useful in predicting how cells differentiate
and their relationships in developmental programs, we used RNAscope and secondary
validation to simultaneously visualize the expression of multiple genes to annotate

cells with accurate developmental and anatomical terms. The genes used for secondary
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validation were predicted to display dynamic expression profiles across anatomically distinct
developmental stages, facilitating the assignment of precise anatomical bins (Supplementary
figure 5A-D; Supplementary figure 5E-J). Emerging proximal and distal clusters from
pretubular aggregate to renal vesicles were annotated by TMEM 72/SLC39A8/LAMP5

and COL4A4/TMEM72/SLC39A8, respectively. In the S-shaped body, SLC39A8/L AMPS5/
HNFA4A facilitated resolving proximal cell identities, comprised predominantly of HNF4A/
LAMPS, and occasional SLC39A8/HNF4A, positive cells. SLC39A8 straddles the border
between distal and medial S-shaped body domains. COL4A4/HNF4A/EFNBZ identified cell
fates formed during the differentiation of distal, proximal and podocyte fates, respectively
(Supplementary figure 5A-J). Anatomical and developmental annotation resulted in an
anatomical model for the 18 transcriptomes that predicts hierarchical relationships amongst
the cell types and potential relationships to the adult nephron (see later data and discussion;
Figure 3C-D). Collectively, these data have been incorporated into a spatially resolved and
searchable Human Nephrogenesis Atlas (NephMap - https://sckidney.flatironinstitute.org/).

Unsupervised protein clustering predicts precursor populations

Twelve distinct transcriptomes characterized the progression of nephrogenesis from renal
vesicles to S-shaped bodies (Figure 3C-D). To determine if protein combinations in the
nephron models could be formalized into distinct combinations of protein abundance
corresponding to precursor populations, we performed k-means clustering treating each
voxel within the multiplexed 3D models as an n-dimensional vector in which each
dimension corresponds to the abundance of a single protein. For renal vesicles we based
clustering on the localization of 18 proteins, while for the S-shaped body nephrons

we performed clustering on 19 proteins (Figure 4A). In renal vesicles, patterns formed
increasing numbers of parallel layers along the distal-proximal axis as increasing k-values
were used as the input, thus indicating proteins were distributed in gradients along

the proximal distal axis (Supplementary figure 6A). By the S-shaped body stage, eight
patterns were predicted in separate distinct regions along the proximal-distal axis. These
patterns were stable across increasing k-values, suggesting each consisted of a unique
protein combination with defined boundaries consistent with previously postulated precursor
domains (Figure 4A; Supplementary figure 6B; Lindstrom et al., 2018b). The protein
patterns and abundance of proteins within each pattern support the model that the tubular
portion of the nephron, excluding podocytes and parietal epithelial cells of the renal filter,
forms from a single precursor domain, which separates as development progresses into distal
and medial domains (Figure 4B—C). For example, initially CDH1 and JAG1 overlap, then
separate into distal and medial domains (Figure 4B—C; Supplementary figure 6E; Figure
2B). However, other proteins such as EMX2 and HNF1B remain co-localized (Figure 4B-C;
Supplementary figure 6E).

Three-dimensional spatial mapping of single-cell transcriptomes

We examined whether mRNA levels could broadly approximate levels of encoded protein
products by mapping cell gene expression profiles to the 3D protein models based on
gene-to-protein relationships (Figure 4D). Three hundred and thirty-two S-shaped body cells
mapped to eight regional domains within the S-shaped body with >11,000 genes detected
per pattern. Differentiation trajectories were predicted with DRGraph for cells transitioning
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from the pretubular aggregate to S-shape body stage and mapped cell-groupings were
projected onto these trajectories, with cells mapping to each pattern defining distinct regions
of the trajectory (Figure 4E; Supplementary figure 6F). As protein and mRNA abundance
can vary we scrutinized gene enrichment in cells mapped to patterns 1-8, and compared
these against the conventional sScRNA-seq clustering algorithms (Supplementary figure 7A
vs. Supplementary figure 3D). Mapped cells displayed similar gene enrichment to the
conventional clustering with signatures associated with proximal-distal nephron cells, but
with distinct differences. Validation by /n situ hybridization for genes of interest showed
co-expression of in cell population highlighting additional cell states e.g. COL4A4 and
GATA3, TMEM?72and CAPNEG, and EFNBZand PCDH9I (Supplementary figure 7B-G).

In reconciling the gene expression profiles generated by spatial mapping to S-shape

body nephrons with those from conventional clustering algorithms (Supplementary figure
7A vs. Supplementary figure 3D), several genes highlighted different views reached by
these methods. SLC39A8, encoding a transmembrane zinc transporter reported to exhibit
preweaning lethality in mouse mutants (International Mouse Phenotyping Consortium).
Through conventional gene enrichment analysis, SL C39A8was differentially expressed in
clusters 13, 14, 15, (Supplementary table 2) but not cluster 16 (Figure 3D and Figure 4A,
D). However, differential gene expression based on spatially mapped cells showed SLC39A8
to be expressed in a distal subdomain of the S-shaped body nephron equivalent to pattern 2;
RNA-Scope /n situhybridization confirmed this distribution /n vivo (Supplementary figure
7A, H). The increased temporal resolution provided by spatial mapping of transcriptomes
therefore accurately identified SL.C39A8as a differentially expressed gene marking a
previously uncharacterized region of the S-shaped body nephron. Likewise, transcriptomic
analyses of LAMPS, a lysosome-associated membrane glycoprotein required for normal
neural activity (Tiveron et al., 2016), showed enrichment in clusters 7, 9, and 11

but not in S-shaped body clusters. However, spatial mapping predicted expression and
LAMP5 transcripts mapped to a narrow region of the proximal S-shaped body (pattern 6;
Supplementary figure 71). A striking example showing complementary strengths of applying
spatial transcriptomics comes from the analysis of H#NF4A which encodes a transcriptional
regulator required for proximal tubule development and linked to CAKUT (Marable et al.,
2018, 2020). HNF4A expression was predicted to overlap with LAMP5in the proximal
S-shaped body in pattern 6, despite divergent expression at earlier stages of nephrogenesis.
This prediction was borne out mapping expression in vivo (Supplementary figure 7J), with
HNF4A mapping to a small domain within the S-shaped body (discussed further in Figure
6). In summary, mapping of RNA profiles to protein domains provides a temporal resolution
of gene expression patterns identifying distinct subdomains and gives detailed molecular
insight into cell diversification underlying nephron differentiation.

Beyond the single gene: gene networks in development and disease

To build a richer view of gene expression environments and facilitate rapid data

mining to pinpoint cell-disease/dysgenesis relationships, we applied a regularized
Bayesian machine learning approach building cell type-specific and nephron lineage-based
functional gene networks, combining the scRNA-seq data with ~1500 publicly available
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human genomic datasets (Greene et al., 2015; Wong et al., 2018) (Figure 5A, https://
sckidney.flatironinstitute.org/genenetwork).

As a first step, we constructed cell type-specific/non-specific gene interactions. For each cell
type, all genes were analyzed for cell type-specific expression and functional relatedness.
Gene-pairs were labelled as cell type-specific (categorized as ‘positive’) when both genes
were differentially expressed in the same cell type and co-annotated in a shared GO
biological process term. Gene-pairs not co-expressed in the same cell type but with similar
or different functional roles were used as negatives. These labelled positive and negative
gene pairs allowed us to develop a supervised approach to predict cell-type specific
functional relatedness for all pairs of genes by training a regularized Naive Bayesian
classifier (Greene et al., 2015; Wong et al., 2018) to distinguish between positive and
negative gene pairs across 1,541 genome-scale data sets (Supplementary table 5, Star
Methods). Using the trained classifier for each cell type, we predicted cell-type specific
functional relatedness for every pair of genes as an edge score (0~1) in a weighted gene
functional network, and generated a total of 18 cell type networks.

To validate these networks, we first explored genes with known expression, function

and interacting partners. JAGZ, which is active in proximal nephron development (Liu

et al., 2013), was identified as being tightly connected to Notch pathway components
NOTCH1I and HESI in the proximal/medial renal vesicle network where JAGI was strongly
expressed (Figure 5B) but as expected not in the distal most connecting tubule region

where JAGI expression was absent (Supplementary figure 8A). To focus on renal dysgenesis
and disease, genes published and linked to kidney disease (KD) - with an emphasis on
CAKUT (Hildebrandt, 2010; Vivante et al., 2014) - were hierarchically clustered based on
their cell type-enriched gene expression in the Human Nephrogenesis Atlas. Of the 272
genes, 199 (~75%) were enriched in distinct cell-types (Figure 5C). Proximal epithelial

cells abutting the podocytes showed strong expression of the lipid and solute transporter
proteins LRPZ, SLC7A9, SLC3A1, and SLC5AZ, which are components of adult proximal
tubule cells (Supplementary figure 8B). PAX8and WNT4 defined early differentiation and
epithelialization stages, Other gene sets exhibiti cell-type specific expression of multiple
pathway components; for example, expression of the Notch pathway genes JAGZ, NOTCHZ
and LFNG was proximal biased (Supplementary figure 8C), consistent with published
mouse and human studies (Chen and Al-Awaqati, 2005; Cheng et al., 2007; Chung et al.,
2016; Lindstrom et al., 2018b).

Genes linked to a range of renal disease categories (nephrotic syndrome, renal tubular
acidosis, kidney stone, CAKUT) have previously been mapped to adult mouse cell
transcriptomes (Park et al., 2018). Analysis of the 20 CAKUT genes evaluated by Park

et al. highlights the complementary insight from comparisons to developmental data. As
examples, EYAIand SALLI are required for nephron progenitor self-renewal (Basta et
al., 2014; Xu et al., 2014) and show expression in nephron progenitors consistent with

this role. However, in the adult mammalian kidney, £YAZ and SALLI map to podocytes
and unknown cell-types, that may not relate to CAKUT (Park et al., 2018; Ransick et al.,
2019) (Supplementary figure 8D). In contrast, JAGZ is known to have multiple functions in
the kidney. JAG1 is required for patterning of the nephron (Cheng et al., 2007; Liu et al.,
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2013) and in the differentiation and maintenance of collecting duct cell-types in the adult
kidney (Chen et al., 2017). Developmental and adult datasets identify each cell population
(Supplementary figure 8D). Collectively, direct comparison of the CAKUT gene subset
showed a stronger association with relevant cell types within the developmental data, as
expected for a developmental category of disease genes (Supplementary figure 8E).

The nephrogenic cell type-specfic gene functional networks have the power to predict
disease-associated gene candidates (those with high functional relatedness to known disease
genes) (Krishnan et al., 2016). We explored disease-associated genes by integrating the
nephrogenic cell-type specific functional gene networks and gene expression, previously
verified CAKUT/KD causative genes, and genome-wide association studies (GWAS)
covering 966,864 individuals with reduced glomerular filtration rate (GFR) (Hwang et al.,
2007; Kottgen et al., 2009; Pattaro et al., 2016; Wuttke et al., 2019). The GWAS studies
provide information complementary to the developmental kidney networks. It provides a
pool of disease gene candidates but no information on tissue or cell type-specificity or about
gene expression. We prioritize these candidates based on their act in the developmental
functional networks, selecting genes with connectivity patterns that are more similar to
CAKUT/KD genes than non-CAKUT/KD genes (OMIM database) (p < 0.05, Wilcoxon
test).

Forty genes, across ten cell-types, were finally selected (Supplementary table 4). Ephrin B2
(EFNB2) was identified in the pre-podocyte cluster (cluster 6) as a close neighbor to JAG,
SLITZ, and BMP4 (in situ hybridization also shown in Supplementary figure 7F). JAGI
has strong links to Alagille syndrome and kidney abnormalities (Li et al., 1997; Spinner et
al., 2001), and the regulation of angiogenesis (Benedito et al., 2009). SLIT2/ROBO?2 ligand
receptor signalling is important at several stages of kidney organogenesis (Grieshammer

et al., 2004), and this pathway is required in the renal corpuscle for normal assembly of

the slit-diaphragm regulating podocyte foot-process assembly (Fan et al., 2016). BMP4 is
upregulated during early human renal corpuscle formation (Kim et al., 2019), mutations

to BMP4 have been linked to CAKUT (Weber et al., 2008), and Bmp4 is required for
normal renal corpuscle formation (Ueda et al., 2008). While there is no current data on the
role of EFNBZin human congenital kidney abnomalies, £/nb2 has been associated with
glomerular vascular assembly (Takahashi et al., 2001) and is linked to angiogenesis outside
of the kidney (Wang et al., 2010). SNPs were associated with £FNVB2in all of the four
GWAS studies and we confirmed EFNBZ expression in the developing renal corpuscle and
vasculature (Figure 5D; Supplementary figure 8F). The combined EFNBZ2, JAG1, SLITZ,
BMP4 network in the pre-podocyte cells was enriched for GO terms indicating vascular
and tubular development (Figure 5E; data not shown) suggesting the mixture of known

and putative KD/CAKUT genes regulate the formation of the renal corpuscle and its
vascular architecture, pointing to a developmental category of vascular abnormalities in
renal corpuscle/glomerulus assembly linked to £FNVBZ2 dysregulation.

Expression of a second set of genes with strong connections to KD/CAKUT genes -
PAPFA2, TNFRSF11B, CDH3 - coincide in cluster 18. PappaZ2is connected to salt-induced
hypertension in rats (Cowley et al., 2016), and 7NMFRSF11B, also known as Osteoprotegerin,
is linked to hypertension and chronic kidney disease (Bernardi et al., 2017), while CDH3
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has not previously been published as a KD/CAKUT gene or renal dysfunction. 7TNFRSF11B
was confirmed to be strongly expressed in the macula densa and also more broadly in the
distal tubule (Supplementary figure 8G, H). Strikingly, PAPPAZwas robustly connected to
Renin (REN) a key component of the Renin Angiotensis System (RAS), while CDH3was
connected to both Angiotensin | Converting Ensyme (ACE) and Angiotensinogen (AGT7),
two critical components of the production of Angiotensin. The link between cluster 18
and predicted gene/disease associations to the macula densa, raises the possibility that

the PAPPA2, TNFRSF11B, CDH3gene set may couple to functional macula densa/RAS
programs. Collectively, these illustrative examples highlight how intersecting single-cell
transcriptomics and functional gene networks can provide potential insight into gene
associations linked to development and disease.

Exploring precursor-product relationships in the developing nephron

Precursor-product relationships are poorly understood in the nephron and the complexity
of gene expression patterns, convoluted morphogenesis, and activation of genes at multiple
times in different nephron segments have prevented genetic lineage tracing.

To explore precursor-product relationships, we performed whole transcriptome correlation
analyses between all genes expressed in each of the six developmental S-shaped body
cell-types and all the orthologs expressed in the twenty-two resolved final fates found

in the adult mouse nephron (Little et al., 2007; Ransick et al., 2019). Adult podocytes,
parietal epithelium, proximal tubule, distal portions of the loop of Henle, the distal tubule,
and connecting tubule showed positive correlation and with the same spatial ordering of
cells observed in the S-shaped body (Figure 6A). Adult cell signatures from the inner
medullary region and from specialized cells in the connecting tubule correlated poorly to the
developmental transcriptomes.

Given that transcription factors impart and maintain cell fates, we examined if their
transcriptional boundaries found in the adult mouse nephron or in the S-shaped body

are forming or maintained in positional relative domains (Supplementary figure 9A, B).
Transcription factor domains resembling those of the adult nephron were evident in the
S-shaped body, and vice versa. Proximally, adult mouse podocyte markers MAFB, WTI,
and CREB3L2were enriched in developing human podocytes (cluster 8 - human annotations
used), proximal tubule genes HNF4A, HNF4G, and HNF1A were detected in putative
proximal precursors (cluster 12). Shifting distally, /RXZ, /RX2, and MECOM, normally
enriched in the loop of Henle and macula densa, were expressed in cluster 18, and distal

and connecting tubule genes EMX1, TFAPZA, and TFCPZL1 were expressed in clusters

16 and 17. Further, broad transcription factor domains predicted from the adult mouse
nephron (Pou3f3, Irx1, Hnf4a) (Figure 6C) were identifiable in the developing nephron from
their onset of their expression in the S-shaped body through later developmental stages
(Figure 6D). These data are consistent with an anatomical pre-positioning of precursor
populations along the proximal distal S-shaped body axis that relate to mature progeny.
Hnf4a, one of few genes demonstrated to be functionally required for mature proximal
tubule formation (Marable et al., 2018, 2020), was first detected at a protein level in a
narrow cell-layer between proximal WT1* and medial JAG1* S-shaped body cells (Figure
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4D, Supplementary figure 7J; Supplementary figure 10A) raising the possibility that the
entire proximal convoluted tubule arises from a small cell-population in the proximal S-
shaped body.

We further examined the predicted domain structures in the S-shaped body in light of

the conservation in nephron morphogenesis for evidence that the S-bends may bring into
juxtaposition progenitor cell types fated to interact in regulation of kidney function in

the adult kidney. The macula densa is an asymmetric plaque of 20-30 cells in the distal
nephron abutting the renal corpuscle, regulating renal blood flow and filtration within the
renal corpuscle through local and systemic signaling (Mundel et al., 1992; Wilcox et al.,
1992; Peti-Peterdi and Harris, 2010). Interestingly, PAPPA2 highlights a small population
of cells in the distal limb of the S-shaped body in which PAPPA2 is asymetrically
positioned towards the forming podocytes (Figure 2D). Careful temporal analysis of the
PAPPA2* domain across developmental stages of nephrons showed PAPPAZ2 persists in
this configuration maintaining close contact with the developing renal corpuscle through to
mature stages where PAPPA2 highlights an anatomically identifiable macula densa (Figure
6E). These data are consistent with the early interaction of physiologically linked cell
regions of the nephron enabled by the morphogenesis of the nephron anlagen.

In cluster 18, PAPPAZ s co-expressed with locally expressed transcriptional regulators
including /RX1, IRX2, and ERBB4. These factors are more broadly expressed than

the macula densa, in the distal loop of Henle and distal tubule, suggesting cluster 18

may contain progenitors for multiple distal cell identities (Supplementary figure 3D,
Supplementary figure 9A; (Reggiani et al., 2007; Alarcén et al., 2008; Veikkolainen et

al., 2012). Re-analyzing week 17 kidney scRNA-seq data, extending to more mature stages
of nephrons (Tran et al., 2019), suggests PAPPAZ"I NOSI* macula densa cells emerge after
the S-shaped body stage (Supplementary figure 10B-D). Genes tightly correlating with
PAPPAZ, and expressed in the mature macula densa in the week 17 data (Supplementary
figure 10E, F), could be detected already in the in the S-shaped body. These include

many members of the Iroquois-class homeodomain family of transcription factors /RX1,
IRX2, IRX3, IRX5, and IRX6 (but not /RX4). Further, examining the distribution in the S-
shaped body of six transcription factors strongly correlated with PAPPAZin the sScCRNA-seq
data (IRX1, TFAP2A, TFAP2B, EMX2, TFCP2L1, MECOM), confirmed an overlap with
PAPPAZ2. Their overlap highlighted a transcriptionally distinct, narrow subset of POU3F3*/
CDH1* cells in the distal S-shaped body as a potential precursor to the macula densa (Figure
6E,F; Supplementary figure 11A-F).

Discussion

Next-generation views of biological systems need to integrate detailed single cell approaches
with the spatial organization of cells in the developing and functional anatomy. Three
leading paths to delineate spatial expression patterns include the capture of mMRNA from
spatially defined regions, multiplexed sequential /in situ hybridizations, and spatial mapping
of profiled transcriptomes to anatomical origins. Commercial systems are now available

for the capture of mMRNA from groups of cells on tissue sections (10XGenomics Spatial
Transcriptomics), making a significant advance but not yet achieving a cellular resolution.
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Several groups have also analysed spatial transcriptional signatures of thousands of genes
in sections and cultured cells using sequential and multiplexed /n situ hybridization,

albeit primarily with a two-dimensional resolution (Lignell et al., 2017; Xia et al., 2019).
However, when biological structures adopt complex morphologies through time and space,
across hundreds of micrometers or milimeters of nontransparent tissue, resolving spatial
relationships for cell transcriptomes and epigenomes remains a challenge. In Drosophila
development, this challenge was met by first generating a spatial gene expression atlas at a
relatively high voxel resolution, deeply profiling cell transcriptomes using SCRNA-seq, then
through probabilistic mapping, aligning transcriptomes to their inferred expression domains
along the embryonic axes (Karaiskos et al., 2017). Adopting a similar approach here —
integrating spatial, transcriptomic and protein information sources — generates a model for
cell relationships as nephron assembly progresses. The data describes a range of previously
uncharacterized transient transcriptomic and protein states at each point of the differentiation
trajectories, insights consolidated within the framework of the Human Nephrogenesis

Atlas (https://sckidney.flatironinstitute.org/). This serves as a valuable resource that can

be leveraged with excellent existing data collections such as those harboured in the
Genitourinary Developmental Molecular Anatomy Project (GUDMAP: Little et al., 2007;
McMahon et al., 2008).

Our studies have led to a testable model for nephrogenesis (Figure 2B; Supplementary figure
1C) where the morphological progression is depicted against the localization of markers,
and a developmental lineage map is proposed, assigning cluster cell identities (Figure 3C).
The annotation of clusters to precise anatomical bins is based on extensive validation of
early expression patterns in human nephrogenesis (Lindstrém et al., 2018d, 2018c, 2018b,
2018a; Kim et al., 2019; Tran et al., 2019) in combination with work performed in the
mouse (Kobayashi, 2005; Grote et al., 2007; Georgas et al., 2009). A notable difference in
the developmental progression of the earliest stages of mouse and human nephrogenesis
challenges current ontological descriptions of mammalian nephrogenesis. The classical
definition of a pretubular aggregate based on model systems, predominantly the mouse

and rat, is a non-epithelial cell-aggregate which rapidly transitions to a fully epithelial renal
vesicle encasing a lumen (Saxen, 1987; Georgas et al., 2009; Mugford et al., 2009; Gao
etal., 2017). In human nephrogenesis, the pretubular aggregate is a less transient structure
and shows evidence of a partial epithelialization, with the initiation of the synthesis and
deposition of CDHL1 in an apical-distal polarized manner in distal cells adjacent to the
ureteric epithelium (Lindstrom et al., 2018a). Additionally, nephron progenitors can exhibit
plasticity after initial inductive responses, reverting back to a nephron progenitor state
(Lawlor et al., 2019). Both the plasticity of progenitors and the step-wise acquisition of
epithelial characteristics present challenges to ontological descriptions of cells undergoing
these early transitions. While we have annotated cell profiles in this study as best fits the
accepted nomenclature, considering the renal vesicle as fully epithelial structure with an
enclosed lumen, we recognize this may not capture the fluidity of transitional states that
are present and note this in the lineage-map. Further, there is no current understanding

of developmental plasticity, determination and resulting cell fates, amongst epithelial
progenitor states, identified during subsequent morphogenesis of the renal vesicle, though
the activation of transcriptional determinants demarcating particular cell-types in the adult
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nephron (e.g., HNF4A for the proximal tubule) are consistent with the specification of

some adult cell fates by the S-shaped body stage. Consequently, the cell cluster to adult

fate map relationships we propose in this study should not be regarded with a fixed,
deterministic view, but as a reasonable set of predictions that provides a coherent framework
for the current data which will undoubtedly be rigorously explored and challenged in future
experimental studies.

Nephron progenitors display complex cell behaviors associated with cell division including
the detaching and reattaching to the collecting duct progenitors located at the tips of the
growing epithelium (O’Brien et al., 2018), while cell cycling regulated by Fgf8 controls
emerging distal nephron identitites (Grieshammer et al., 2005). Close scrutiny of cell cycling
within the nephrogenic lineage will be required to determine its impact on differentiaton.
Overall, the data point to the emergence of cell-fates within a stereotypical program of
epithelial morphogenesis which prefigures a progressive increase in cellular complexity.
Consistent with lineage tracing studies in mouse nephron progenitor cells (Boyle et al.,
2008; Kobayashi et al., 2008), single cell analysis points to a common precursor of distal
and proximal epithelial tubular segments in the human nephron. Distinct proximal-distal
programs correlate with proximal-distal positioning within the renal vesicle and later
structures, which is itself dependent on the time of recruitment of committed cells into

the renal vesicle and likely differential signaling networks (Lindstrom et al., 2018a). Many
of the precursor populations begin to show some characteristics of transcription factor
expression and function-associated gene expression profiles pre-figuring adult cell types by
the S-shaped body stage (Supplementary figure 9), for instance HNF4A* cells in the medial
limb of the S-shaped body. While previous work has indicated Hnf4a deficient kidneys
perturb proximal tubule development (Marable et al., 2018, 2020), there are as yet no formal
genetic fate-mapping from Hnf4a* cells in the S-shaped body to their adult counterparts.
The potential links from precursors to their physiologically active progeny will facilitate
optimization and analysis of synthetic strategies to generate adult cell types from stem cell
systems.

A cell-type of particular biomedical significance is the macula densa. Twenty-six percent of
the world’s population is affected by hypertension (Kearney et al., 2005). The macula densa
regulates blood pressure systemically through the renin-angiotensin system (Peti-Peterdi and
Harris, 2010). It comprises around 20-30 cells on the glomerular facing side of the distal
nephron tubule, a critical positioning for local regulation of renal filtration (Peti-Peterdi and
Harris, 2010). Macula densa cells secrete local signals in response to elevated Na* levels

to constrict nearby afferent arterioles, reducing blood flow into the glomerulus, decreasing
renal filtration. Interestingly, cells in population 18 in the S-shaped body (Figure 6A-E),
characterized by a narrow asymmetric domain of PAPPA2, share several features of cells

of the adult macula densa. Putative macula densa progenitors postioned at the second
hair-pin bend along the proximal to distal trajectory of the convoluted nephron anlagen,
have a close spatial association with the developing renal corpuscle, presaging an adult
functional, anatomical association. Thus, the highly conserved morphogenesis evident from
comparing the mouse and human developmental models, may reflect the early generation of
cellular relationships essential to critical physiological regulation in the functioning kidney.
Considering the size of this cell population and that of adjacent podocytes at the S-shaped

Dev Cell. Author manuscript; available in PMC 2022 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindstrom et al.

Page 16

body stage, there may be little further replication of either cell type to the adult kidney,
stabilizing their interactions, and local assembly of renal filtration systems. This model
predicts a large component of nephron diversity, all proximal tubule segments, and the
ascending and descending loops of Henle, emerges from a progenitor pool within proximally
adjacent populations of the S-shaped body. (Figure 6B, F). Recent data on the role of 7/ap2b
in distalizing the mouse and zebrafish nephron (Chambers et al., 2019, 2020; Marneros,
2020) suggest a gradual acquitision and fine-tuning of cell identitites consistent with our
data. Though we focus on the nephrogenic lineage, the distal nephron shares several
important characteristics with the ureteric epitheliuam including Hoxb7 driven transgene
expression (Lindstrom et al., 2018a; Combes et al., 2019a) and likely the ureteric epithelium
generates intercalated and principal cell types (Combes et al., 2019a; Ransick et al., 2019).
Strikingly, this can be recapitulated within /in vitro systems (Howden et al., 2021) and serves
as an important reminder for careful scrutiny of normal development.

Cell fate analyses in the developing mouse kidney provide additional insights in support

of this view. Lgr5-expressing cells in the distal S-shaped body have been fate-mapped to
multiple distal segments, namely the thick ascending limb of the loop of Henle, the distal
convoluted tubule segment, and the macula densa (Barker et al., 2012). The scRNA-seq data
shows LGR5 is expressed broadly in the distal portion of renal vesicles and in S-shaped
body nephrons in populations 14, 15, 16, 17, 18 (Supplementary figure 3D; strongest in
population 16 in the S-shaped body nephron, Figure 6B). The human single cell data

also predict an overlap with five members of the IRX family of transcriptional regulators
(Kim et al., 2012), of which /rxZ and /rx2show a similar configuration in the putative
macula densa anlagen to the macula densa of the adult mouse kidney (Supplementary figure
9). The question of plasticity and clonality in nephrogenesis has been examined in the
mouse nephron using random clonal cell labelling concluding that there is little regional
intermixing within the epithelialized nephron (Rinkevich et al., 2014). The current study
highlights regionally expressed target genes that could be vehicles for further insightful
lineage analysis to establish when lineage decisions are locked in within the developing
mouse nephron.

Cell identities and their behavior are underpinned by complex gene interaction networks.
We utilized the power of predicting gene networks and applied this to the resolved cell
transcriptomes, analyzing gene networks for over 200 genes involved in KD/CAKUT.
These were further compared against 4 GWAS studies totaling ~1M individuals with

data on altered GFR. The predicted KD/CAKUT genes were expressed as predicted and
combinations of new and known genes were identified within networks. The integration of
existing public data with single cell omic analyses represents a step forward for predicting
gene interactions and genes likely responsible for disease. Importantly, disease manifesting
in the adult may have altered developmental gene activity as a root cause. The data here
will facilitate evaluating genetic linkage of human disease associated genes to developmental
programs in the human kidney.

In vitrokidney-like cell that are generated in organoid systems imperfectly recapitulate
normal kidney cell types (Combes et al., 2019b; Tran et al., 2019). However, implanting
organoids into the kidney can normalize some deficiencies (van den Berg et al., 2018;
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Low et al., 2019; Tran et al., 2019). The Human Nephrogenesis Atlas benchmarks the

early developmental steps where proximal-distal nephron lineages likely develop, precisely
outlines the transcriptional profiles of each precursor state, and as such provides a blueprint
for building next-generation organoid models.

In summary, our analysis, integrating space and time across across SCRNA-seq and
three-dimensional protein imaging datasets of the human nephrogenic program, generates
the most comprehensive view to date of mammalian nephrogenesis. Spatial modelling
and transcriptional analysis support an early commitment of some cell types, while
others maintain a more extended progenitor capability for distinct regions of the kidney.
The data made broadly accessible through the Human Nephrogenesis Atlas (https://
sckidney.flatironinstitute.org/) will serve as a valuable resource for mining regulatory
pathways generating nephron cell types, facilitating approaches to generate functional
nephron structures /n vitro and identifying potential developmental relationships in gene
associations linked to kidney disease.

Limitations of the Study

To label and visualize proteins in the nephron forming program, we leveraged clearing by
benzyl benzoate and benzyl alcohol (BABB) against antibodies and secondary fluorescent
labelling. Intact human and mouse nephrons were thus analyzed within their niche and
post-digital extraction, the voxel-based data was suitable for image registration and machine-
learning to scrutnize patterns. Dehydration steps and treatment with clearing agents can
induce tissue deformation (Richardson and Lichtman, 2015). We cannot eliminate the
possibility of subtle variations created by the protocol though these would likely be fairly
minimal given the successful registration of data collected from different nephron progenitor
samples.

The protein data highlighted eight major domains in the S-shaped body (Figure 4A)
whereas previous two-dimensional analysis of sectioned material has resolved nine to ten
(Lindstrém et al., 2018b). Post image-registration with WT1, MAFB, FOXC2, and SIX2
labelling did not separate pattern 8 into its sub-types; parietal and visceral cells. Integrating
complementary approaches such as metal-conjugated multiplex imaging mass cytometry
(Singh et al., 2019), multiplexed /n situhybridization (Lignell et al., 2017; Xia et al., 2019),
multiomic single cell analyses (Miao et al., 2021), and genetic fate-mapping (Kobayashi et
al., 2008) will likely refine the lineage maps and cell-states, and help determine how the
patterns estimate cell-states within a diversifying lineage-tree.

Signicant variability has been documented between mRNA expression and the cellular
profiles of encoded protein protein which could compromise the mapping of sScCRNA-
seq data to protein maps of nephron precursors (Liu et al., 2016). Though the data
successfully predicted gene/cell/structure relationships, spatial transcriptomics such as
CITE-seq (Stoeckius et al., 2017) and seg-FISH (Lignell et al., 2017) will likely

provide additional resolution. Perhaps the most significant limitation is the inability to
experimentally address questions of cell commitment and cell fate in the human kidney.
Human kidney organoid models may provide one option though it is not clear whether
organoid systems replicate the stereotypical early nephron morphogenesis reported here.
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Parallel genetic analysis in the mouse is a reasonable approach given similarities between
mouse and human programs.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and
will be fulfilled by Nils O. Lindstrém (nils.lindstrom@med.usc.edu), Olga Troyanskaya
(ogt@genomics.princeton.edu) and Andrew P. McMahon (amcmahon@med.usc.edu).

Experimental Model and Subject Details

Data code and availability—Single-cell RNA-seq data have been deposited at GEO and
are publicly available as of the date of publication. Accession numbers are listed in the key
resources table. For microscopy or other additional data reported in this paper contact Dr.
Lindstrom. All original code will be made available at Zenodo. DOIs and URLS are listed in
the key resources table.

Animal studies—All animal work performed in this study was reviewed and approved
by the Institutional Animal Care and Use Committees (IACUC) at the University of
Southern California. All work adhered to institutional guidelines. Embryos were recovered
at embryonic day 15.5 following timed matings of Swiss Webster mice. The sex of embryos
was not known.

Human samples—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 14 to 17 weeks of gestation were provided by collaborators at Family Planning
Associates. 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 Maller, 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). Only kidneys that were intact within
the kidney capsule were analyzed.

Immunofluorescent labelling of mouse and human kidneys—Whole embryonic
day 15.5 Swiss Webster kidneys were dissected, decapsulated in 1xPBS by standard
dissection tools and fixed for 20 min at 4°C in 4% PFA without shaking. Human kidneys
were carefully decapsulated in 1xPBS, placed on surgical gauze in 10cm Petri dish
submerged in 1xPBS. Blunt-ended forceps were used to hold the kidney and 3 mm thick
cortical slices were sliced off manually using a scalpel. Human kidney slices were fixed
4% PFA in 1xPBS for 45 minutes at 4°C without shaking. Human and mouse kidneys were
subsequently washed with several rounds of 1xPBS.
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For preparation for immunofluorescent staining slices and kidneys were blocked for 1hr

in 1xPBS with 2% SEA Block and 0.1% TritonX100 at 4°C with gentle movement. The
primary antibodies were resuspended in blocking solution and kidney tissue incubated in
primary antibody at 4°C with gentle movement for 48 hr. Samples were washed up to 8

hr through several rounds of 1xPBS with 0.1% TritonX100. Secondary antibodies were
resuspended in blocking solution and tissue incubated at 4°C with gentle movement for

48 hr. Washing steps for primary antibody were repeated. Tissue was counterstained in 1
ug/ml Hoechst 33342 in 1xPBS for 2 hr prior to final wash in 1xPBS. For dehydration steps
prior to clearing steps, the tissue was passed through a series of increasing concentrations of
methanol (50%, 75%, 100%) 1 hr for each step. To clear tissue the dehydrated tissue was
immersed in 50% Benzyl alcohol, Benzyl benzoate (BABB) / 50% methanol solution for a 1
hr. Full clearing was achieved in 100% BABB. The tissue was stored at 4°C in the dark.

Antibodies used were validated on frozen sections of mouse and human kidneys and are
detailed in the Key Resource Table.

In situ hybridization and RNA-scope—RNAscope probes were designed and
purchased (Advanced Cell Diagnostics) and reactions performed on human kidney
cryosections according to manufacturer’s recommendations. The Multiplex Fluorescent
Reagent kit v2 was used. Probes were used for SLC39A8, TMEM?72, COL4A4, LAMPS,
HNF4A, EFNBZ and are detailed in the Key Resource Table.

All jn situ hybridization stains were performed on human kidney cryosections as
described in detail at the GUDMAP website: https://www.gudmap.org/Research/Protocols/
McMahon.html and as used previously on human sections (Lindstrém et al., 2018Db).

Image acquisition—Imaging of cortical slices (3D) was performed on a Leica SP8 using
a 40X objective (40x/1.30 Oil HC PL APO CS2). 1024x1024 images were captured at 0.35
um optical intervals with a 1.5x zoom for human samples and 2x zoom for mouse kidneys.
Channels were captured sequentially. Images were captured at 12-bit depth over a 0-4095
range. Care was taken to ensure voxels were not saturated.

Image Processing Pipeline—Confocal image stacks were loaded into Amira (versions
6.1.1, 6.2, and 6.3), nephrons volumes were digitally marked by hand using the
segmentation panel and paint brush tool, extracted at full resolution into individual volumes
and channels, and scrutinized. 251 human nephrons were extracted from 14 separate
kidneys ranging between 13 and 17 weeks. 177 mouse nephrons were extracted from 16
separate E15.5 C57BL/6J kidneys). Nephrons were binned into anatomical terms: pretubular
aggregate, renal vesicle, comma-shaped body, s-shaped body based on size, morphology,
and protein patterns. For visualization of the nephrogenic developmental progression e.g.
Supplementary figure 1A-B, the adjacent ureteric tip and stalk were extracted to provide
orientation. The developmental progressions for human and mouse nephrogenesis as
depicted in Figure 2A and Supplementary figure 1C, respectively, are representative for
each species. Nuclei, and cells positive for JAG1 and CDH1 were manually counted within
stacks.
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Image Data Preparation for 3D Mapping—The image processing pipeline, ANTs and
Woolz are freely available from the GitHub repositories:

Registration pipeline: https://github.com/ma-tech/RenalObjectRegistrationPipeline
ANTSs: https://github.com/ANTSX/ANTs
Woolz: https://github.com/ma-tech/Woolz

To process, register and combine protein localization assay images from both human

and mouse renal objects allowing quantitative comparison of protein abundance a mainly
automated image processing pipeline was developed. The pipeline, written in Python, makes
extensive use of both the Advanced Normalization Tools (ANTS) (Tustison et al., 2014) and
the Woolz image processing systems — the latter redeveloped for the Mouse Atlas Databases
www.emouseatlas.org. ANTs was used for elastic and some affine image registration; Woolz
for all other image processing tasks including the affine registration of S-shaped body-stage
nephrons.

Confocal images were organized into assays, with each assay composed of the set of
segmented images obtained from a single nephron. In all cases each assay contained the
DAPI and JAG1 channel images for reference, but the assays also contained a selection

of two other channels from the set CDH1, LEF1, SALL1, SIX2, SOX9, TROMA1, WT1,
LHX2, PAX2, HNF1B, FOXC2, MECOM, EMX2, TFAP2A, POU3F3, ERBB4, PAPPA2,
CDH6, MAFB, and CLDNS5. Four classes were used to group the assays of nephron
objects, namely human and mouse renal vesicles and human and mouse s-shaped body
stage nephrons.

The confocal images were rescaled using rescaling factors of 0.4103 within the image
plane and a factor of 0.9889 across planes to achieve cubic voxels. Composite DAPI and
JAG1 channel rescaled images were created by combining the voxel values of these two
channel with a JAG1:DAPI weighting ratio of 4:1. The composite images were created to
combine the broad coverage of the DAPI channel with the directional coverage of the JAG1
channel. A Gaussian blurred version of each of the rescaled images was also generated for
visualization and registration using an isotropic Gaussian filter with a sigma value of two
voxels.

Image Registration—For each of the nephron object classes a representative assay

was selected as the basis of the class model and each assay was then registered to

the corresponding model using a multi-stage registration process. First a general affine
transform was established to align each assay object with its model using the Gaussian
blurred combined DAPI - JAG1 images. While ANTs was used for renal vesicle affine
registration, ANTs proved unreliable when establishing an initial affine registration of
S-shaped bodies due to their morphology, so landmarks manually placed using WoolzWarp
were used to identify the proximal, medial, and distal compartments. From these landmarks,
least squares affine transforms were computed using Woolz. With the transformations that
oriented and scaled assay images to their corresponding models established, ANTs was used
to elastically register combined (but not blurred) DAPI — JAG1 images to their models using
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a cross-correlation similarity metric. The resulting affine and elastic transforms were then
used to register all channels of all assays to their models. With all assays of all models
aligned, model images were subsequently composed from the combined registered single
channel assay images.

Extracting 3D protein patterns from registered models—For each protein with
imaging data, we first found the average protein expression at each voxel across all images
for the protein in both the renal vesicle and S-shaped body image sets. We then normalized
across all voxels so that the intensities of each protein had a mean 0 and standard deviation
of 1 within both the renal vesicle and the S-shaped body datasets. Selecting the set of

18 or 19 proteins with imaging data for renal vesicle and S-shaped body, respectively, we
performed k-means clustering on each set of voxels, treating each voxel as an 18 or 19
-dimensional point in genomic space. We use the k-means implementation in the stats R
package for clustering, and tested values of k ranging from 2 to 20. We then visualized

the resulting spatial patterns using Fiji, manually removing patterns that corresponded to
background noise. The code for generating 3D protein patterns and integrating across single-
cell and spatial data is available at https://github.com/flatironinstitute/fetal_kidney_clusters.

Capture, sequencing, and processing of single-cell RNA transcriptomes—
Single cells were isolated from two replicate week 14 kidneys as previously described
(Lindstrém et al., 2018a). The nephrogenic niche was dissociated by enzymatic digestion
by placing the decapsulated but intact whole kidneys in collagenase A/ pancreatin, an
enzymatic cocktail described elsewhere (Brown et al., 2015) that biased cell dissociation to
the nephrogenic niche. The kidneys were kept incubated at 37°C in a nutator and shaken at
450rpm to release cells from the nephrogenic niche over a 40-50min period. Released cells
were stained for DRAQ5+ (ThermoFisher Scientific) and DAPI (ThermoFisher Scientific)
to identify live and intact and dead cells, respectively. DRAQ5+/DAPI- cells were selected
by FACS. Per repeat, 7000 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., 2018a). Cell transcriptomes were sequenced by Hi-Seq
(IMlumina) in 8 separate runs with ~ 120,000 reads per cell. 24,254 cells were sequenced

to a mean of 2644 genes per cell (Supplementary figure 2A).

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., 2018a).

Computational isolation of nephrogenic lineage—To begin analyzing the cell
transcriptomes we assessed and filtered transcriptome qualities using Seurat (Satija et al.,
2015). Cells with more than 3000 genes per cell, fewer than 5% of reads mapping to
mitochondrial genes, and a Good-Turing estimate greater than 0.7 (Good, 1953) were kept
for downstream analyses. We deliberately set the gene content to 3,000 in order to keep
only cells that displayed very rich information. Analyses with a 1000-6000 gene range
provided greater cell-numbers (24008 cells), but made resolving putative S-shaped body
cell-types challenging (analyses not shown). We therefore focused on the 8,316 cells with
a gene content greater than 3000 and clustered these using the Seurat R package. We ran
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Principal Component Analysis on the dataset and used 39 principal components 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 39 resulting clusters (Supplementary
figure 2D). Based on the differential expression test (FindAllMarkers function, bimod test)
and expression of marker genes we determined that 24 of the clusters, a total of 6,667 cells,
were nephrogenic (Supplementary figure 2E).

Genes linked to cell-cycling (e.g. TOPZ2A and MKI167) were expressed strongly in several
clusters (Supplementary Figure 2E) and on closer scrutiny against genes with known
periodicity during cell- cycle phases (Dominguez et al., 2016), clusters containing cells

in the cell-cycle were categorized based on cycle-stage (Supplementary figure 2F). Non-
cycling nephrogenic cells (2893 cells) were selected for downstream analyses (nephrogenic
lineage clusters in Supplementary figure 2F). To maximally resolve precursor populations,
the nephron progenitor cells were initially removed (C/TEDI?, SIX2%), and differentiating
cells (clusters 20,27,19,25,18,17,26,5) reiteratively reclustered and identified based on
marker gene expression and gene enrichment analyses (Supplementary figure 2G, H).

The subclustering was repeated as described above (using 30 principal components, and
clustering explored using a range of nearest neighbour values ranging between 4 and 30),
analyzing the differentially expressed genes between resulting clusters for segregation of
known marker genes of the predicted subdomains. We identified 3 clusters displaying a
very early nephron signature, which we termed pretubular aggregate clusters. Similarly,

we identified 5 clusters that consisted of transcriptomes from renal vesicle cells, and

6 clusters from S-shape body nephrons (see Results section for details of annotations).

Note that cluster numbers in Supplementary figure 2G, H do not correspond to those in
Supplementary figure 2C—F). Resolved transcriptomes of differentiating cells were then
remerged with the nephron progenitors (Figure 3A) and cell relationships explored by
Similarity Weighted Nonnegative Embedding (SWNE) (Supplementary figure 2J) (Wu et al.,
2018) which showed three main trajectories corresponding to distal, proximal, and podocyte
fates, with the clusters distributed along the trajectories in an order reflecting developmental
progression. The SWNE projection was consistent with the tSNE plot (Supplementary
figure 2J vs. Figure 3A). Based on marker gene analysis (Supplementary table 2) and work
outlined in the Results section, the cluster annotations 1 to 18 were assigned to the resolved
clusters based on developmental relationships.

Single cell RNA sequencing data availability—The human week 14 scRNA-seq data
presented in this work is GEO accession number GSE139280.

Zonal human week 17 scRNA-seq data was obtained as described (Tran et al., 2019)
GSE127344.

Adult mouse nephron scRNA-seq data was obtained as described (Ransick et al., 2019)
GSE129798.

Computing cell relationships from single cell RNA sequencing data—Cell

relationships were computed by graph-based dimensionality reduction (Menon et al., 2018)
and Zhou and Troyanskaya https://www.biorxiv.org/content/10.1101/2020.04.12.022806v1).
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Mapping single cells to voxel data—To map single cells to protein patterns, we
imputed gene expression for only those genes with matching proteins confocal imaging

data using the SAVER algorithm (Huang et al., 2018). All other genes were not imputed

or altered as described below. Similarly, the protein information was not imputed but rather
used the k-means predicted protein patterns. For each gene with matching protein data, we
normalized its expression across the single-cell data. Genes were scaled to give each gene
mean expression of 0 and standard deviation 1 across all cells. We next selected the fourteen
genes with matching confocal imaging data that were highly expressed in the S-shaped body
scRNA-seq clusters (EMX2, MECOM, POU3F3, SOX9, PAXZ2, PAPPAZ, HNF1B, LHXI,
ERBB4, KRT8, CDH6, JAG1, MAFB, and WT1I). We further selected the 8 protein patterns
identified (see Results) and added a null pattern with zero expression of all proteins. We
computed the Euclidean distance between the vector of highly expressed genes and the
corresponding vector of pattern centers for each cell and each pattern center. Each cell was
assigned to the closest pattern center. We identify genes differentially expressed in the cells
assigned to each pattern using the FindAllMarkers function in the Seurat package.

Annotating cell type-specific and functionally related genes—To establish genes’
functional relatedness in a cell type-specific manner, we first constructed gold standards by
labelling gene pairs as cell type-specific (positive examples) if both genes were differentially
expressed within a cell type (fold change > 0, Wilcoxon test adjusted p-value < 0.05), or
non-specific if at least one gene did not fit the criteria. These positive gene pairs were further
filtered by determining their relatedness using a set of 618 expert-selected GO biological
process terms (GO evidence codes: EXP, IDA, IPI, IMP, IGI and IEP). Pairs of genes that
were co-annotated were treated as positive examples (i.e., functionally related). Gene pairs
that were not both expressed in the same cell type (could still be functionally related or

not but here treated as not fitting our criteria) were used as negatives. These gold standards
allowed us to train a classifier to predict gene pairs that were both cell-type specific and
functionally related.

. positive: if both genes were differential expressed in the current cell type and
functionally related;

. negative: if both genes are from other cell types and functionally related; or if
both genes are from other cell types and not functionally related.

Building developmental kidney gene functional networks—To predict functional
relatedness for pairwise genes, for each developmental kidney cell type, we build a

classifier by integrating labeled cell type-specific genes pairs with 1,541 genome-scale data
sets (including 1533 human gene expression data sets from GEO, interaction data from
BioGRID, IntAct, MINT and MIPs, transcription factor co-regulation from JASPAR, genetic
perturbation (c2:CGP) and microRNA target (c3:MIR) from MSigDB) (Supplementary 5).

We downloaded 1533 human gene expression data sets from GEO (https://
www.ncbi.nlm.nih.gov/geo/). The Pearson correlation was calculated for each gene pair,
and further normalized with Fisher’s z transform. The resulting z scores were discretized
into bins ((-infinity, -1.5), [-1.5, -0.5), [-0.5, 0.5), [0.5, 1.5), [1.5, 2.5), [2.5, 3.5), [3.5,
infinity)).
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BioGRID interactions (https://thebiogrid.org/) were discretized into five bins, labeled 0 to 4,
where the bin number reflected the number of protein, genetic and/or chemical experiments

supporting the gene interaction. For the remaining databases, edges were discretized into the
presence or absence of an interaction.

To estimate shared transcription factor regulation, binding motifs were downloaded from
JASPAR (http://jaspar.genereg.net/). Genes were scored for the presence of transcription
factor binding motif at their promoter regions using MEME (Bailey et al., 2009).
Specifically, for each transcription factor, FIMO (Grant et al., 2011) was used to scan for
significant motif matches within the 1-kb sequence upstream of each gene. Motif matches
were treated as binary scores (present if P < 0.001). The final score for each gene pair was
obtained by calculating the Pearson correlation between the motif association vectors for the
two genes.

Chemical and genetic perturbation (c2:CGP) and microRNA target (c3:MIR) profiles were
downloaded from MSigDB (http://www.gsea-msigdb.org/gsea/msigdb/index.jsp). Each gene
pair’s score was the sum of shared profiles weighted by the specificity of each profile
(1/len(genes)). The resulting scores were converted to z scores and discretized into bins
((=infinity, -1.5), [-1.5, -0.5), [-0.5, 0.5), [0.5, 1.5), [1.5, 2.5), [2.5, 3.5), [3.5, 4.5), [4.5,
infinity)).

A regularized naive Bayesian classifier was trained between positive and negative gene
pairs, using gene co-expression or interaction in each data set as feature inputs. A C++
library (Huttenhower et al., 2008) that implements Bayesian integration can be accessed at
https://functionlab.github.io/sleipnir-docs/index.html. Using the learned classifier, for every
gene pair, we predicted its cell-type specific functional relatedness as an edge score (0 ~ 1)
in a gene functional network.

We assessed the network performance on CAKUT disease genes. We curated 272 genes
involved in congenital and/or kidney disease from public literature review. Using OMIM
genes that are not associated with kidney diseases as background, the median network
prediction accuracy (in terms of AUC) on CAKUT disease genes is 0.72 (with the highest
performance of 0.77), significantly higher than the mean prediction AUC of 0.67 on kidney
disease genes (p-value = 1.2e-5, Wilcoxon rank sum test).

Identifying genes functionally associated with kidney disease using gene
functional networks—To identify candidate genes functionally related to KD/CAKUT,
we integrated literature-curated KD/CAKUT-associated genes with cell type-specific gene
functional networks. In each functional network, among genes differentially expressed in
that cell type, we selected genes whose interactions to KD/CAKUT genes were significantly
stronger than the interactions to 4,029 non-KD disease genes in the OMIM database
(Wilcoxon test, p-value <0.05). To further strengthen the disease potential of each predicted
gene, we intersected the candidate gene list against the GFR GWAS enrichment of each
gene. The GFR GWAS association suggested kidney abnormal function. Using each of

four GWAS traits, we calculated the enrichment of GWAS signals in the gene bodys using
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Vegas?2 (Mishra and Macgregor, 2015) and filtered the candidate gene list by selecting
significant ones (p-value < 0.05) in at least two studies.

Additional resources—The Human Nephrogenesis Atlas (https://
sckidney.flatironinstitute.org/) displays sScRNA-seq data in three displays (1) as a lineage
tree with expression levels averaged across the cluster, (2) as an anatomical diagram of the
nephrogenic niche using the same values as in the lineage tree, and (3) as a tSNE plot.

The atlas enables individual or multi-gene searches for gene networks within each cell-type
as defined in the 18 clusters. Further, 3D rendering views are presented for the predicted
protein patterns as well as the protein abundance for each of the proteins used for the
construction of the S-shaped body nephron.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research highlights

Mouse and human kidneys undergo a conserved stereotypical developmental
program.

Transcriptomes were mapped to protein-based developmental models.
Data predict lineage relationships in early human nephron development.

View lineage and interaction predictions: https://sckidney.flatironinstitute.org/
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Figure 1 —. Assembly of the Human Nephrogenesis Atlas
Schematics and data illustrating: (A) Basic principles of human nephrogenesis. Schematic

depicts genitourinary system in human fetus (left), a cross section of a developing human
kidney (middle), and the proposed nephrogenic program (right). Dashed lines indicate
magnified portions shown in a left to right direction. Shades of blue from lightest to darkest
in kidney cross section indicate inner medulla, outer medulla, cortex, nephron progenitors,
developing nephrons. Ureteric epithelium is shown in grey and maturing nephrons beyond
the S-shaped body stage in dark grey. Renal corpuscles as indicated (pink/blue). (B)
Visualization of immunofluorescently labelled nephrons in 3D. (C) Image registration

of nephron protein data into multiplexed models. (D) Single cell RNA profiling of

human nephrogenesis. (E) Establishing a lineage tree for nephrogenesis. (F) Computational
approaches to predict protein patterns in 3D space. (G) Spatial mapping of RNA to protein
models. (H) Building cell-type specific functional gene networks. (1) Linking precursors
with their mature progeny.
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Figure 2 - The developmental progression of human nephrogenesis
(A) Immunofluorescently labelled human nephrons rendered in 3D shown from most

immature stages (left) to most mature stages of S-shaped body nephrons (right). (B)
Schematic for nephrogenesis for an equivalent range of nephrons as shown in A, displaying
separation of precursor identities over time. Immunofluorescent labels, features, and
developmental stages as indicated on fields. Key defines cell profiles and markers. (C)
Strategy for image registration and examples of registered 3D S-shaped body nephrons.
A multi-stage registration process that utilized landmarks (green marks and colored lines
linking matching landmarks), a general affine transform, and an elastic (ANTS) transform.
Successfully registered examples of two S-shaped body nephrons shown at as orthogonal
sections through the middle at two angles. Dotted lines indicate proximal distal axes. p:
proximal. d: distal. gc: glomerular cleft. I: lumen. (D) Average localization patterns for
proteins based on registered nephrons. Immunofluorescent labels as indicated on fields.
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Figure 3 - Single cell analyses and spatial mapping resolve precursor transcriptomes
(A) tSNE plot of 18 cell clusters of cells from human nephrogenic lineage with cell-types

and marker genes indicated. (B) Graph-based dimensionality reduction plots of all cell
transcriptomes (clusters 1-18) color coded according to cell clustering in Figure 3A. Marker
genes for each endpoint shown as inserts. (C, D) Lineage tree model for nephrogenesis
placing cell transcriptomes in clusters 1-18 into a tree formation and into an anatomical
schematic for the nephrogenic niche. Colors and numbers correspond to cluster colors in
Figure 3A. Arrows indicate direction of differentiation. Dotted arrow indicates uncertain
relationship. Stages and precursor regions or identities as annotated. White areas with small
grey dots in D mark the ureteric epithelium and the interstitium which did not form part of

these analyses.
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Figure 4 - Unsupervised clustering approaches predict precursor populations

(A) Workflow of computational approach used to apply k-means clustering to 3D multi-
dimensional voxel-based data and resulting predictions of combinatorial protein patterns. (B,
C) Protein abundance across predicted protein patterns in renal vesicles and S-shaped body
nephrons. (D) Schematic of mapping of cells to 8 protein patterns in the S-shaped body
nephron and proportion of cells of the selected clusters mapping to each protein pattern.

(E) Graph-based dimensionality reduction plots of all cell transcriptomes (clusters 1-18)
showing cells spatially mapped to S-shaped body patterns. Colors in E correspond to protein
patterns as shown in D. CNT: connecting tubule. D/M: distal/medial. P: Proximal. DT:
distal tubule. aLOH: analage of loop of Henle. dLOH: putative analage of descending loop
of Henle. PTd: analage of proximal tubule. PTp: analage of proximal tubule and parietal
epithelium. RC: renal corpuscle.
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Figure 5 - Cell-type specific functional gene networks in development and disease
(A) Schematic for building cell-type specific functional gene networks. (B) Functional

gene network for JAGL1 (in bold) in the proximal/medial renal vesicle (cluster 11). (C)
Hierarchical clustering of 199 CAKUT genes across cell cluster identities 1-18. High/Low
as indicated. S8B and s8C annotations indicate regions highlighted in Supplementary
figure 8B, C. (D) In situ hybridization for EFNBZ2 on human fetal kidney. (E) Example

of quadruple gene network for EFNBZ, JAG1, SLITZ, and BMP4— in bold. Scales and
stains as indicated. Expression levels and edge weights as indicated by scales on panels.
PTA: pretubular aggregate. RV: renal vesicle. CSB: comma-shaped body nephron. SSB:
S-shaped body nephron. CNT: connecting tubule. LOH/MD: loop of Henle/Macula densa
precursor. RC: renal corpuscle. Gene network thresholds set for visualization purposes to
ensure network simplicity.
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(A) Correlation of gene expression between adult mouse clusters and human developmental
clusters in S-shaped body. (B) Proposed model for relationships between S-shaped body
precursors and adult nephron cell-types based on correlation analyses. (C) Expression

of transcription factors in the adult mouse nephron. (D) Immunofluorescent stains for
transcription factors in human nephrons. White arrowheads indicate putative macula

densa precursors. Schematics indicating the area each protein is detected in S-shaped

body nephrons. Schematics also summarize data in Supplementary figure 11. (E-F)
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Immunofluorescent labelling of human nephrons during serial stages of development and
schematic indicating relationship between macula densa precursors and mature derivatives.
MD: macula densa. CLSN: capillary loop stage nephron. Labelling as indicated on fields.
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Page 40

REAGENT or RESOURCE

Antibodies and Probes SOURCE IDENTIFIER
anti-Ap-2-a Cell Signaling 3215S
anti-Cdhl BD Transduction laboratories 610182
anti-Cdh6 R&D AF2715
anti-Cldn5 Novus Biologicals NB120-15107
anti-Emx2 R&D AF6470
anti-Erbb4 R&D MAB1131
anti-Foxc2 R&D AF6989
anti-Hnflb Santa Cruz sC-22840
anti-Hnf4a R&D MAB4605
anti-Irx1 SIGMA HPA043160
anti-Jagged1 R&D AF599
anti-Krt8 DSHB TROMA-1
anti-Lefl Cell Signaling 2230
anti-Lhx1 Santa Cruz sc-19341
anti-Mafb R&D MAB3810
anti-Mafb Santa Cruz sc-10022
anti-Mecom R&D MAB75061
anti-Pappa2 R&D AF1668
anti-Pax2 Biolegend 901001
anti-Pax8 Abcam ab189249
anti-Podxl R&D AF1658
anti-Pou3f3 Thermo Scientific PA5-64311
anti-Pou3f3 Novus Biologicals NBP1-49872
anti-Salll R&D PP-K9814-00
anti-Six2 Mybiosource MBS610128
anti-Six2 ProteinTech 11562-1-AP
anti-Sox9 Abcam ab185230
anti-Tfcp2l1 Novus Biologicals AF5726
anti-Tfap2a Cell Signaling 3215
anti-Tfap2b Cell Signaling 2509S
anti-wtl Abcam ab89901
RNA-Scope SLC39A8 ACD 556831
RNA-Scope TMEM72 ACD 556851-C2
RNA-Scope COL4A4 ACD 557261-C3
RNA-Scope LAMP5 ACD 487691-C3
RNA-Scope HNF4A ACD 442921-C2
RNA-Scope EFNB2 ACD 430651
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REAGENT or RESOURCE

Deposited data GEO accession number Reference

Human week 14 scRNA-seq data GSE139280 (this study)

Zonal Human week 17 scRNA-seq data GSE127344 (Tran et al., 2019)
Adult mouse nephron scRNA-seq GSE129798 (Ransick et al., 2019)
Experimental models: Organisms/strains

Swiss Webster mice Lab stock

Software and algorithms URL DOI/Reference

ANTSs

https://github.com/ANTsX/ANTSs

10.5281/zenodo.5138159

Woolz

https://github.com/ma-tech/Woolz

10.5281/zen0do.5138133

Registration pipeline

https://github.com/ma-tech/
RenalObjectRegistrationPipeline

10.5281/zeno0d0.5138175

Amira versions 6.1.1, 6.2, and 6.3

Themofisher

CellRanger version 2.1

10xgenomix

Code for 3D protein patterns & single-cell +
spatial data integration

https://github.com/flatironinstitute/
fetal_kidney_clusters

10.5281/zenodo.5138196

Code for Bayesian integration

https://functionlab.github.io/sleipnir-docs/
index.html

(Huttenhower et al., 2008)

(Butler et al., 2018; Stuart et al.,

Seuratv2, 3,4 https://satijalab.org/seurat/ 2019)
Additional resources URL Reference
Human Nephrogenesis Atlas https://sckidney.flatironinstitute.org this study
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