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ABSTRACT
The nephron is the functional unit of the kidney, but the mechanism of nephron formation during human development is unclear. We conducted a detailed analysis of nephron development in humans and mice by
immunolabeling, and we compared human and mouse nephron patterning to describe conserved and divergent
features. We created protein localization maps that highlight the emerging patterns along the proximal–distal
axis of the developing nephron and benchmark expectations for localization of functionally important transcription factors, which revealed unanticipated cellular diversity. Moreover, we identiﬁed a novel nephron subdomain
marked by Wnt4 expression that we fate-mapped to the proximal mature nephron. Signiﬁcant conservation was
observed between human and mouse patterning. We also determined the time at which markers for mature
nephron cell types ﬁrst emerge—critical data for the renal organoid ﬁeld. These ﬁndings have conceptual
implications for the evolutionary processes driving the diversity of mammalian organ systems. Furthermore,
these ﬁndings provide practical insights beyond those gained with mouse and rat models that will guide in vitro
efforts to harness the developmental programs necessary to build human kidney structures.
J Am Soc Nephrol 29: ccc–ccc, 2018. doi: https://doi.org/10.1681/ASN.2017091036

Studies predominantly in mouse and rat models
have provided a blueprint for mammalian nephrogenesis.1,2 Nephron formation involves a complex
series of interactions among nephron progenitor
cells (NPCs), overlying interstitial progenitor cells
and underlying epithelial cells at the branch tips of
the developing ureteric epithelial collecting duct
network.1–3 Nephrogenesis within the Six2+/Cited1+
NPC pool4,5 is promoted by Wnt9b/Ctnnd1, Lif,
Bmp7, and FAT4 signaling.6–15 Signaling initiates a
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subset of NPCs to form pretubular aggregates (PTA)
beneath the ureteric epithelial branch tips and PTAs
activate synthesis of transcriptional regulators (Pax8)
Signiﬁcance Statement
Conserved and divergent molecular and anatomical features
of mouse and human nephron patterning. Nephrons are the
functional unit of the kidney. Mouse studies have provided a
general framework fornephron formationbuthow nephrons
develop in the human kidney is unclear. We analyzed human
fetal kidney development demonstrating similar inductive
processes at play in human and mouse kidney development,
albeit with species-speciﬁc dynamics. Using high-resolution
mapping of transcriptional factors, we compared the
emergence of cellular diversity during human and mouse
nephrogenesis. A deep conservation was observed in the
emerging patterns that likely reﬂects similar underlying
regulatory processes between mouse and man. These data,
which also address the ﬁrst appearance of mature cell
markers within developing nephrons, benchmark human
nephron development and will inform in vitro model systems
to recapitulate normal human nephrogenesis.
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and signaling factors (Wnt4 and Fgf8) that are essential for
further progression of the nephrogenic program.16–18 In this,
Wnt4 is critical for a mesenchymal to epithelial transition that
establishes the renal vesicle (RV), the precursor for each
nephron.16,19–21
In addition to a classic apical-basal epithelial polarity, the
RV displays proximal–distal polarity relative to the adjacent
ureteric epithelium. Although careful lineage mapping has not
been performed, evidence suggests cells positioned in close
contact with the ureteric epithelium generate fates of the distal
tubule and connecting segment, whereas the proximal region
forms podocytes and parietal epithelium of the renal corpuscle.22,23 The RV undergoes a complex morphogenesis through
comma-shaped body and S-shaped body (SSB) stages with a
concurrent increase in regional cell complexity along the
proximal–distal axis and the formation of a patent–luminal
connection between the distal SSB and ureteric epithelialderived collecting duct network.24
Genetic analysis and in vitro studies have demonstrated
that Notch, Bmp, PI3-kinase, Fgf, and Wnt signaling pathways play critical roles in the elaboration of proximal–distal
pattern in the RV to SSB transition. Distal cells express Wnt4,
and exhibit high levels of Lef1, a transcriptional target and
mediator of canonical Wnt signaling.22 Elevating Wnt signaling in vitro leads to an inhibition of proximal and expansion
of distal cell identities, consistent with an instructive role for
Wnt signaling in promoting distal cell fates.25 Lgr5, a Wnt
target, is expressed in a subdomain of the distal SSB,
delineating a distal tubule precursor population, and also
suggests Wnt dependency in distal identity formation.25,26
Further evidence indicates Fgf818 and appropriate levels of
Bmp signaling are also critical.25 At the transcriptional level,
distal development is contingent on the activity of Pou3f3 and
Lhx1.27,28
The medial segment of the SSB is demarcated by high expression of genes encoding multiple Notch pathway components: the Notch ligands Jag1 and Dll1, Notch receptors Notch1
and Notch2, the Notch pathway modulator Lfng, and Notch
transcriptional targets Hes1, Hes5, and HeyL.29–31 Genetic
analysis has demonstrated Notch signaling through Notch2
is required for normal development of proximal tubule segments and components of the renal corpuscle.30,31 The transcription factors Irx3 and Hnf1b are both required for medial
development.32,33 In the proximal-most region of the nephron, normal podocyte identity development is dependent on
the action of several transcriptional regulators, notably Mafb,
Tcf21, and Foxc2.34–36 The ongoing function of these factors
beyond the SSB stage are unclear, although conditional removal of Tcf21 later in mature podocytes indicates a continuing role in podocyte programs.34 Of note, the precise mapping
of distal, medial, and proximal markers to determine potential
overlap, has not been performed.
Macroanatomic analyses of the developing human kidney
suggest a broadly similar architecture to its murine counterpart.37–40
However, molecular analyses of progenitor compartments
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comparing the mouse and human kidney have identiﬁed distinct regulatory features that may underlie differences in
nephron-forming programs.41,42 Here, we performed detailed comparative molecular and cellular analyses to extend
an understanding of early nephron patterning in the developing mouse and human kidney. Overall, these studies argue
for similar processes at play, although we observed unanticipated cellular diversity in the early epithelializing human
nephron. In addition, fate-mapping of cells within a Wnt4+
domain provides a register for the positioning of proximal cell
fates within the developing SSB that is likely shared between
mouse and man. The complexity of emerging patterns in the
human nephron will guide and inform in vitro efforts to recapitulate human nephrogenesis.

RESULTS
Differentiation of NPCs into Early Nephron Structures
and Establishment of Transitory Cell Lineages

In the mouse, Six2+/Cited1+ NPCs give rise to the entire nephron.4,5 A similarly positioned population of Six2+/Cited1+
cells is present within the developing human kidney and this
population displays a similar transcriptional proﬁle in mousehuman comparisons.40,42 In vitro induction experiments show
that a SIX2+-enriched cell population from the human fetal
kidney generates nephron-like cell types.43 Here, we focus on
the process of nephron formation by the nephron progenitor
population comparing week 16–17 human fetal kidneys with
the mouse kidney at early (embryo day 15.5 [E15.5]) and late
(postnatal day 2 [P2]) stages of development. Tables 1 and 2
summarize the proteins studied, their functional properties,
localization and disease association, and overlap comparing
human and mouse datasets.
During differentiation, mouse NPCs downregulate expression of transcription factors associated with the NPC-state
including Cited1 and Six2; Six2 is required for the self-renewal
of NPCs.44 Conversely, early commitment of NPCs is highlighted by the activation of genes encoding other transcriptional regulators such as Pax8, Lef1, and Lhx1, and novel signal
components such as the Notch ligand Jag1, Wnt4 and
Fgf8.17,22,28,29 Consistent with canonical Wnt signaling triggering nephrogenesis,6,10 activation of the canonical Wnt
target Lef1 precedes subsequent expression of Pax8, Fgf8
Wnt4, and Lhx1 in the PTA to RV transition.16–18,28 Thus,
Lef1 provides one of the ﬁrst indicators of initiation of
nephrogenesis.22
SIX2 and CITED1 downregulation in human NPCs at week
16–17 resembles the E15.5 mouse kidney; however, each protein shows a distinct, human-speciﬁc pattern of retention in
speciﬁc regions of developing nephron intermediates42 (Supplemental Figure 1). CITED1 remains detectable in the proximal
PTA, and SIX2 is found in the proximal PTA, RV, and SSB. In the
mouse, low Cited1 and Six2 levels were detected in PTAs and the
proximal RV, respectively. Lef1, which is only observed in
J Am Soc Nephrol 29: ccc–ccc, 2018
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Table 1. Expression and localization patterns for antibodies and in situ hybridization performed in study
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Proteins detected in ﬁgures are summarized and related to data on whether proteins are causative of human or mouse kidney disease/phenotype.

27766
31549; 27766
28390
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AQP1

LDL Receptor Related Protein 2
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LRP2
SLC3A1
SLC12A1
SLC12A3
CUBN
PODXL
WT1

Stage First Observed
Gene Name
Gene Symbol

Table 2. First point of detection for commonly used protein markers of mature tubule segments in the human kidney
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the mouse kidney in conjunction with PTA formation showed a
sporadic distribution within human NPCs, close to the PTA
transition zone (Figure 1, A and B), consistent with in situ hybridization analysis of LEF1 expression (Figure 1C). To examine
whether the “earlier” onset of LEF1 production in human NPCs
reﬂected a relative staging disparity, we immunolabeled Lef1 in
the P2 mouse kidney (Supplemental Figure 2). As described by
Rumballe and colleagues,45 at P2 the kidney cortex is more
densely packed with epithelial structures, fewer NPCs are visible,
and structurally recognizable cap mesenchyme populations are
infrequent. Commitment to nephron formation is accelerated at
P2 relative to E15.5.46 However, as at early stages, most Lef1 was
restricted to forming nephrons. Occasional Six2+/Lef1+ cells
were observed in the cap mesenchyme clearly distinct from
the more extensive SIX2 + /LEF1 + population in human
NPCs (Supplemental Figure 2). PAX8 was also detected
within a similar NPC domain in the human but not the mouse
kidney, extending throughout the RV by epithelialization
(Figure 1D, Supplemental Figure 3, A, A’, and E). Anti-PAX2
and anti-PAX8 antibodies showed distinct patterns of immunoreactivity (Supplemental Figure 3E). Together these data
suggest a temporal and spatial divergence or change in cellular
dynamics associated with NPC induction in the human kidney (see Discussion).
Unlike LEF1 and PAX8, WNT4 mRNA and JAG1 were ﬁrst
detected at PTA stages where expression localized to distally
located cells (Figure 1, E, E’, F, and F’), a more restricted region
at both PTA and RV stages to the mouse.16 JAG1 was absent from
early PTAs but present within intracellular vesicles in cells of the
late PTAs/early RVs that lay closest to the ureteric bud tip, as in
the mouse (Figure 1E, Supplemental Figures 1 and 3C’). By the
RV stage, JAG1 localized to the cell surface on the lateral cell of
distally located cells (Figure 1E, Supplemental Figure 3C’). At
this stage of nephrogenesis, CDH1, a homophilic cell adhesion
factor with a broad role in epithelial formation,47 was ﬁrst evident in the distal RV (Figure 1E, Supplemental Figure 3C’’) as in
the mouse.48 However, JAG1 extended beyond distal CDH1 producing cells to medial regions of the RV. At this stage, low levels
of the transcriptional regulatory factor SOX9 were evident in a
few distal cells of the human RV, a more limited distribution to
the mouse at morphologically equivalent stages (Supplemental
Figure 1).49 The order of appearance for these proteins/genes
during induction was LEF1, followed by PAX8 and WNT4, then
JAG1 and LHX1 (data not shown).
In summary, LEF1 and PAX8 activation within morphologically distinct human NPCs likely indicate early inductive signaling not visible in the mouse NPC population. However, the
activation of WNT4, LHX1, SOX9, CDH1, and JAG1 and the
localization of PAX8 and LEF1 in forming nephrons was quite
similar between the two species, as were the parallel morphologic changes accompanying early stages of nephron induction.
Developmental Progression from RVs to SSB Nephrons

Mouse RVs progress through a series of morphogenetic events
that remain poorly understood.2 The ontology for the mouse
J Am Soc Nephrol 29: ccc–ccc, 2018
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Figure 1. Nephron progenitor induction in human and mouse nephrogenic niches. (A–F) and (D’–F’) Immunoﬂuorescent stains and in
situ hybridization on human and mouse kidneys, respectively. Ages and stains as speciﬁed on ﬁelds. Yellow, red, and cyan dashed lines
indicate cap mesenchyme, ureteric bud, and nephrons, respectively. Stars in (F) and (F’) indicate the nephron axes: green, distal;
orange, proximal; magenta start indicates ureteric bud. Scale bars on immunoﬂuorescence data indicate 10 mm. For single-channel
views see Supplemental Figures 1 and 3. CSB, comma-shaped body; IPC, interstitial progenitor cells; UB, ureteric bud.
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and human SSB comprises six terms/anatomic domains: renal
connecting tubule of SSB, distal segment of SSB, medial segment of SSB, proximal segment of SSB, visceral epithelium of
SSB, and parietal epithelium of SSB (www.gudmap.org); although where the boundaries of each domain lie is not clear.
Further, there is ﬂuidity in gene expression domains with
genes expressed in the RV adopting new patterns within the
SSB. Several genes have been shown to identify discrete domains at this stage and loss of their activity results in altered
patterning of the nephron. Notable genes, with the normal
domains and regions altered on loss-of-function in parentheses, include mutations Hnf1b (distal/medial; loss of proximal/
medial nephron regions), Sox9 (distal; none reported), Cdh1
(distal/medial; none reported), Lef1 (distal/medial; none reported), Jag1 (medial; loss of proximal/medial nephron regions), Hes1 (medial; none reported), Wt1 (proximal; none
reported), Foxc2 (proximal; loss of podocyte identity), and
Mafb (proximal; loss of podocyte identity).25,30,31,33,49–51
As in the mouse SSB, the connecting and distal segments were
demarcated by strong labeling of HNF1B, CDH1, SOX9, and
PAX8 (Figure 2, A, B, and D, PAX8 in Supplemental Figure 1),
the medial and proximal segments by JAG1high, DLL1, HES1,
LEF1, but also HNF1B (Figure 2, A–C and E; DLL1 data not
shown) and the proximal, parietal, and visceral segments by
WT1, MAFB, FOXC2, and JAG1low (Figure 2, A, B, and D).
Rather than sharp boundaries of gene expression, the
gradual reduction of gene expression at proximal and distal
boundaries generated partially overlapping domains of gene
expression, and consequently, a greater potential for cell heterogeneity than is recognized by the current ontology. For
example, the region between the distal and the medial domains
displayed strong LEF1 labeling and lower but overlapping labeling for SOX9 and JAG1. Similarly, Wnt4/WNT4 transiently
demarcates a subset of the proximal segment of the SSB that
directly contacts the ureteric epithelium, a region sandwiched
between the presumptive renal corpuscle lineages and medial
segment; Wnt4/WNT4 expression was rapidly lost after the
SSB stage (Figure 2F). Though boundary positions may shift
along the proximal distal axis; overall, human and mouse
nephrons displayed conserved boundaries of gene activity
though transitions varied. As examples, human WT1 extends
further into the medial segment than mouse Wt1, whereas
human JAG1 shows sharper boundaries than its mouse counterpart (Figure 2, B and D).
Mapping Transcription Factors to the Developing
Human Nephron Reveals Additional Cellular
Complexity

To better deﬁne the domains in the human SSB and relate the
molecular organization between the RVand SSB, we performed
immunostaining for 14 transcription factors present in the
mouse and human RV and SSB (WT1, FOXC2, MAFB,
LHX1, LEF1, SOX9, GATA3, HNF1B, HOXD11, PAX2,
PAX8, SIX1, SIX2, and POU3F3) and mapped their localization to nephron models extending the current mouse-focused
6
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understanding of individual factors to a high-resolution synthesis of the data (Figures 3 and 4).17,22,27,28,33,35,41,44,49,50,52–54
Simpliﬁed comparative domain maps made on the basis of
the markers above were compiled for the mouse and human RV
(Figures 3A and 4A) and SSB (Figures 3B and 4B). These maps
predict additional molecular diversity beyond those deﬁned by
current working ontologies (Figure 5C). The human RV
model indicated the presence of at least six domains (Figure
5A): two distal domains (1–2), a large medial (3), and three
proximal (4–6) domains. The SSB model suggested nine domains (Figure 5A); domains 4 and 6 were intersected by multiple protein domains so additional molecular heterogeneity is
expected within these cell populations. The mouse models
displayed analogous domains (Figure 5B). To test whether
the predicted cellular diversity from these models was reﬂected by actual molecular diversity, we costained human RVs
and SSBs for WT1, FOXC2, and MAFB, which are predicted
to divide the RV into regions 1, 2, 3–5, and 6, and distinguish
between domains 1–3, 4, 5, 6, 7, and 8–9 in the SSB (Figure
5D). Consistent with the model, this analysis detected predicted domains on the basis of the presence, absence, and levels of
these three factors (Figure 5E). Further, the transcription factors HOXD11, GATA3, and SOX9 separated the RVs into domains 1, 2–5, and 6 and 1, 2, 2–3, 4, and 5–9 in the SSB (Figure
5G), as predicted (Figure 5F). In summary, there is clearly
greater molecular and cellular heterogeneity in the early
stages of nephrogenesis than previously documented. Further,
the conservation in the observed heterogeneity between the
mouse and human suggests a functional relevance to the
emerging pattern of the mammalian nephron.
Delineating the Emergence of Mature Nephron
Segment Markers in the Early Nephron

Domain 6 in the SSB closely aligns with the domain of Wnt4/
WNT4 expression (Figure 2F). To delineate this precursor/mature-segment relationship, we performed Wnt4-CRE–mediated
fate-mapping in the mouse kidney. At P2, NPC populations
are depleted and the remaining Six2-expressing cells are
found within epithelializing structures (Figure 6A). Wnt4 is
at this point expressed in some PTA stages, but predominantly in RVs and SSBs (Figure 6A). Therefore, injection of
tamoxifen at P3 into neonatal Wnt4CreERT2;Rosa26td-Tomato
mice4,55 results in stable activation of td-Tomato in descendants of domain 6. Analysis of kidneys in adult mice at week 8
showed td-Tomato+ cells generated exclusively LTL and Lrp2+
proximal tubule cells in the kidney cortex (Figure 6, B and
C)56,57; labeled cells were negative for renal corpuscle markers
and for Umod, Slc12a1, and Slc12a3, which demarcate
the ascending loop of Henle and the distal convoluted
tubule.58–60
The observation that distinct transcriptional domains exist
within the SSB begs the question, when are functional proteins
mediating physiologic actions of mature nephron segments
ﬁrst detected? Temporally, mature nephron segments ﬁrst
emerge between week 10 and 11 of human development.40
J Am Soc Nephrol 29: ccc–ccc, 2018
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Figure 2. Nephron patterning through to the SSB stage in human and mouse kidneys. (A–F) and (A’–F’) Immunoﬂuorescent stains and
in situ hybridization on human and mouse kidneys, respectively. Ages and stains as speciﬁed on ﬁelds. Stars in (F) and (F’) indicate the
nephron axes: green, distal; orange, proximal; magenta indicates the ureteric bud. Scale bars indicate 10 mm. CLN, capillary loop stage
nephron; CSB, comma-shaped body; IPC, interstitial progenitor cells; UB, ureteric bud.
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Figure 3. Transcription factor maps in the human renal vesicle and SSB nephron. (A and B) Single-channel immunoﬂuorescent stains
with DAPI showing transcription factor localization patterns in renal vesicles and SSB nephrons. Nephron model schematics indicate
where the transcription factor is present; a two-level color scheme used to indicate strong and weak detection where applicable. Scale
bars indicate 10 mm. Proximal (p), medial (m), and distal (d) segments indicated on ﬁelds.
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Figure 4. Transcription factor maps in the mouse renal vesicle and SSB nephron. (A and B) Single-channel immunoﬂuorescent stains
with DAPI showing transcription factor localization patterns in renal vesicles and SSB nephrons. Nephron model schematics indicate
where the transcription factor is present; a two-level color scheme used to indicate strong and weak detection where applicable. Scale
bars indicate 10 mm. Proximal (p), medial (m), and distal (d) segments indicated on ﬁelds.
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Figure 5. Diversity in the human and mouse renal vesicle and SSB nephron. (A–C) Predicted cellular diversity in the human and mouse
RV and SSB and current ontological terms. (D and E) Predicted and tested subdomains identiﬁed by detection of WT1, FOXC2, and
MAFB in human nephrons. (F and G) Predicted and tested subdomains identiﬁed by detection of SOX9, GATA3, and HOXD11 in
human nephrons. Dashed magenta line outlines nephrons. Dashed orange line indicates region where the transcription factor is detected.

10

Journal of the American Society of Nephrology

J Am Soc Nephrol 29: ccc–ccc, 2018

www.jasn.org

BASIC RESEARCH

Figure 6. Fate mapping of SSB nephron Wnt4 expression to an adult nephron segment. (A) In situ hybridization on P2 mouse kidneys
for Six2 and Wnt4. (B and C) td-Tomato+ cells in a week 8 mouse kidney post fate-mapping from P3. Immunoﬂuorescent stains as
stated on ﬁelds. DT, distal tubule; LOH, loop of Henle; PT, proximal tubule; RC, renal corpuscle; TAL, thin ascending limb of the loop of
Henle.
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However, how their emergence reﬂects patterning within the
SSB or later capillary loop stage nephron (CLS) that forms
from elongation of the SSB is unclear. To address this question,
we examined the distribution of well characterized proteins
that have been used as markers of mature nephron identities in
pluripotent stem cell-derived organoid models of kidney development; from proximal to distal: the renal corpuscle and
podocyte markers PODXL, NPHS2, WT1, and MAFB; proximal tubule markers SLC3A1, LRP2, CUBN, and AQP1; ascending loop of Henle markers SLC12A1 and UMOD; and
distal convoluted tubule marker SLC12A3. LRP2, CUBN,
PODXL, MAFB, WT1, and NPHS2 were ﬁrst detected at the
SSB stage (Figure 7). SLC3A1 was ﬁrst detected at low levels in
the late SSB, whereas AQP1, UMOD, and SLC12A1 emerged in
CLS nephrons. UMOD and SLC12a3 were ﬁrst detected after
the CLS in more elongated loops of Henle and distal tubules,
respectively (Figure 7, Tables 1 and 2). These data are consistent with the general view of a proximal to distal progression in
the local production of key proteins underlying regional nephron functions. However, each of these proteins are present at
markedly elevated levels in functional nephrons (compare
high and low power ﬁelds in Figure 7).

DISCUSSION

Wereportadetailed characterizationoftheanatomicand molecular
patterning of the human nephron from induction to SSB formation. The ﬁndings complement recent descriptions of human kidneydevelopment and comparative studies of the mouse and human
nephrogenic niche.40,42 The data lead to four important ﬁndings.
First, inductive programs are demonstrably active in NPCs in the
human nephrogenic niche. Second, there is signiﬁcantly greater
cellular diversity in developing nephrons with strong conservation
between the human and mouse kidney. Third, fate tracing to link
emerging patterns with mature structures demonstrates that a
Wnt4+ population localized to the proximal SSB comprises proximal tubule precursors in the mouse, and likely the human kidney.
Finally, the analysis of segment speciﬁc markers of mature nephron
cell-types connects patterning with the emerging regional anatomy
of the functional mammalian nephron.
Early Inductive Responses Initiate in the Human Cap
Mesenchyme

In the mouse, Lef1 is ﬁrst detected in the PTA and is thought to
be a direct response to canonical Wnt/b-catenin signaling from
the ureteric bud.6,22 This is considered a key event in nephron
induction, followed by the activation of Wnt target genes Pax8,
Wnt4, and Lhx1, each essential for nephron formation and epithelialization.16,17,19–21,28 In the human niche, LEF1 is detected
in NPCs nearest to the ureteric tip and in NPCs connecting to
developing PTAs and RVs, whereas in the mouse LEF1 has a later
onset in already formed RVs. Thus, human NPCs display overt
Wnt-driven commitment to nephrogenesis at an earlier stage the
mouse. Further, the human niche appears to form a continuum
12
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of LEF1+/PAX8+ NPCs extending to coalescing PTAs and RVs, a
population not readily detected in either the E15.5 or P2 mouse
kidney. A clear physical separation between NPCs and already
committed progeny may not occur until the RV stage and it is
only after incorporation into the PTA and RV that WNT4 and
LHX1 turn on, as in the E15.5 and P2 mouse kidney.
One explanation for the differences here may be the distinct
kinetics of mouse and human nephrogenesis. Previous estimates suggest that the transition from PTA to SSB can takes up
to 3–8 days in humans, but ,24 hours in mice. 4 0
Consequently, a more protracted process in the human kidney
could lend increased temporal resolution, enabling
distinct stages in the nephrogenic program to be more readily
distinguished. Interestingly, the temporal order to the NPC
induction with LEF1, likely reporting elevated Wnt signaling,
followed by PAX8, WNT4, and LHX1 is consistent with genetic studies in the mouse that have placed Pax8 upstream of
Wnt416 and Wnt4 upstream of Lhx1.10
Cellular Diversity and Patterning of the Early Nephron

Current mouse and human kidney anatomic ontologies (www.
gudmap.org) propose three terms for the RV and six terms for
the SSB. The mapping of 14 transcription factors, chosen for
their readily identiﬁable nuclear organization and direct relevance to patterning events themselves, identiﬁed at least six
domains in the RV, dividing the RV into three distal and medial domains, and three proximal domains. Domain six corresponded to the region where active NPC recruitment was
occurring displaying the highest levels of SIX2 presumably
reﬂecting the recent recruitment from SIX2+ NPCs and the
perdurance of SIX2 mRNA and protein in recruited cells.
MAFB+ cells ﬁrst emerged in this RV domain. In the SSB,
we detected nine domains with additional diversity detected
in the distal and medial segments, each comprising three domains. Of note, domain six in SSBs faithfully recapitulated an
expression domain of WNT4 in the SSB (Figure 2F). This region of the SSB is in close proximity to the ureteric epithelium
(Figure 2, D and F), where it would be predicted to receive high
levels of collecting duct–derived ligands such as WNT9B and
LIF.6,15 Importantly, costaining with selected proximal (WT1,
FOXC2, MAFB) and distal (HOXD11, GATA3, SOX9) protein
marker sets validated predictions from the composite models
on the basis of the distribution of single factors.
The organization predicted here can be further tested through
single-cell RNA analysis and should serve as a useful template for
relational mapping of these datasets and for exploring the in vivo
relevance of nephron patterning processes in in vitro kidney
organoid models of mouse and human nephrogenesis. Establishing direct evidence to link domains of emerging cell diversity
to the distinct anatomy of the mature nephron is challenging,
especially where coexpression of more than one factor, or levels
of factor activity, complicate genetic approaches. However, we
were able to show that the SSB-speciﬁc Wnt4 domain corresponds with cells fated to give rise to proximal tubule cells. Similar studies will only be possible in the human kidney in organoid
J Am Soc Nephrol 29: ccc–ccc, 2018
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Figure 7. Activation of mature cell-lineage markers in the early development nephron. Immunoﬂuorescent stains for markers of the
distal, proximal, loop of Henle, and renal corpuscle domains of the nephron. Stains as speciﬁed on ﬁelds. Tissue from a week 5–16
human kidney. Scale bar is 10 mm and 50 mm in higher and lower magniﬁcation ﬁelds, respectively. aLOH, ascending loop of Henle;
DT, distal tubule; Po, podocytes; PT, proximal tubule; UB, ureteric bud.

models, and these will only be relevant to normal development if
normal nephrogenic programs are shown to occur in vitro.
Nephron Patterning and Mature Kidney Markers

Analysis of the onset of detectable levels of several key markers
of mature cell types in the adult nephron suggest a proximal to
J Am Soc Nephrol 29: ccc–ccc, 2018

distal hierarchy in nephron maturation, which is consistent
with distal identities forming last during kidney development.40 Delayed development of distal identities compared
with proximal ones may reﬂect a primary need to generate a
proximal ﬁltration device before any other functions are necessary, and a secondary requirement for recovery of low
Human Nephron Patterning
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molecular weight compounds (e.g., glucose, sodium), as
would be critical to organismal ﬁtness. Mature distal cell types
have not been reported in pluripotent stem cell-derived renal
organoids,61–63 also suggestive of a late developmental time for
the maturation of these fates or the absence of environmental
cues directing their development.

CONCISE METHODS
The protocols as relating to human kidney material, animal husbandry, in situ hybridization, immunolabeling, and microscopy are
as described previously in this series of articles.40,42 Speciﬁc details
pertinent to this study are described here.

Animal Care and Embryo Collection
All animal work was reviewed and institutionally approved by Institutional Animal Care and Use Committees at the University of Southern California and performed according to institutional guidelines.
Wnt4GCE mice were generated as described previously4 and were
mated with Rosa26tdToamto mice (B6.Cg-Gt(ROSA)26Sortm14
(CAG-td-Tomato)Hze/J)55 obtained from Jackson Laboratories.
Timed matings were set up to recover neonates at the appropriate
age. Tamoxifen was injected at P3 and kidneys collected at week
8. Three experimental animals were sectioned and stained for this
analysis.

Antibody-Directed Analyses
Immunoﬂuorescence staining was performed as outlined previously40
with the following primary antibodies: PAX2 (AF3364, 1:500; R&D
Systems; 901001, 1:500; Biolegend), PAX8 (189249, 1:1000; Abcam),
HES1 (11988, 1:300; Cell Signaling), SALL1 (PP-K9814–00, 1:500;
R&D Systems), WT1 (ab89901, 1:1000; Abcam), FOXC2 (AF6989,
1:500; R&D Systems), LHX1 (sc-19341, 1:300; Santa Cruz Biotechnology), LEF1 (2230, 1:300; Cell Signaling; sc-8591, 1:100; Santa
Cruz Biotechnology), SOX9 (ab185230, 1:1000; Abcam), GATA3
(AF2605, 1:300; R&D Systems), HNF1B (sc-22840, 1:300; Santa
Cruz Biotechnology), HOXD11 (ab60715, 1:300; Abcam), POU3F3
(PA5–64311, 1:1000; Thermo Fisher Scientiﬁc), SIX1 (12891, 1:1000;
Cell Signaling), JAG1 (AF599, 1:300; R&D Systems), CUBN (sc20607, 1:500; Santa Cruz Biotechnology), AQP1 (ab168387, 1:1000;
Abcam), AQP2 (sc-9882, 1:300; Santa Cruz Biotechnology), SLC3A1
(HPA038360, 1:500; Sigma), CALB1 (C9848, 1:300; Sigma), MAFB
(sc-10022, 1:300; Santa Cruz Biotechnology), NPHS2 (ab50339,
1:10,000; Abcam), LRP2 (MBS690201, 1:1000; MyBioSource),
SLC12A1 (HPA018107, 1:1000; Sigma), UMOD (AF5144 and
AF5175, 1:500; R&D Systems), SLC12A3 (HPA028748, 1:300;
Sigma), SIX2 (SAB1401533, 1:500; Sigma Aldrich), SIX2
(MBS610128, 1:1000; MyBioSource), CITED1 (ab55467, 1:300; Abcam), KRT8 (troma-1, 1:50; DSHB), b-laminin (sc-33709, 1:300;
Santa Cruz Biotechnology), and CDH1 (610182, 1:300; BD Transduction Laboratories). Secondary antibodies were purchased from
Molecular Probes (Thermo Fisher Scientiﬁc) and used at a 1:1000
dilution.
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Sample Numbers Analyzed
The number (n) of independent human fetal kidneys analyzed for
each antibody were as follows: CITED1 (n=6), LEF1 (n=6), KRT8
(n=6), SIX2 (n=6), PAX8 (n=3), WT1 (n=6), JAG1 (n=6), CDH1
(n=6), FOXC2 (n=6), HNF1B (n=6), HES1 (n=3), SOX9 (n=4),
MAFB (n=5), LHX1 (n=3), GATA3 (n=4), HOXD11 (n=3), PAX2
(n=4), SIX1 (n=5), SIX2 (n=5), POU3F3 (n=3), SLC3A1 (n=3),
SLC12A1 (n=4), SLC12A3 (n=4), PODXL (n=3), LRP2 (n=4),
CUBN (n=4), UMOD (n=3), AQP1 (n=4), NPHS2 (n=4), CALB1
(n=4), and SALL1 (n=3).

In Situ Hybridization and Confocal Imaging
In situ hybridization on frozen sections of mouse and human kidney
samples followed previously published procedures40,42 (https://www.
gudmap.org/Research/Protocols/McMahon.html). Imaging of immunoﬂuorescent and in situ hybridization signals was performed as
described previously.40,42

Nephron Models
To generate nephron models of transcription factor patterns,
kidneys were immunostained for each transcription factor. Schematized anatomic models were generated for nephrons representing twodimensional sections through the mid-line of RVs or SSB nephrons.
Immunoﬂuorescent stains were considered, and localization patterns
binned into visually distinguishable levels of protein intensity. Each
antibody stain was detectable within a range, and was binned into three
categories, thereby likely reducing actual complexity: absent, detected,
or detected at a high level (gray, medium intensity color, intense color).
Each factor map is underpinned by examining greater than ﬁve RVand
SSB stages, together with intermediate stages, to produce maps representing the location of speciﬁc sets of markers. Sample numbers are
indicated elsewhere in the Concise Methods section. To generate intersection maps of protein localization patterns, semitransparent
maps were superimposed in Illustrator (Adobe) (Figure 4, A and
B). On merging, larger and smaller domains became apparent, highlighted by the distribution of the various markers. Domains which
were intersected multiple times in analysis of adjacent sections were
simpliﬁed into a single broader domain (e.g., domain 4).
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