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Abstract: The adult mammalian kidney is a poorly regenerating organ that lacks the stem cells

that could replenish functional homeostasis similarly to, e.g., skin or the hematopoietic system.

Unlike a mature kidney, the embryonic kidney hosts at least three types of lineage-speci�c stem

cells that give rise to (a) a ureter and collecting duct system, (b) nephrons, and (c) mesangial cells

together with connective tissue of the stroma. Extensive interest has been raised towards these

embryonic progenitor cells, which are normally lost before birth in humans but remain part of the

undifferentiated nephrogenic rests in the pediatric renal cancer Wilms tumor. Here, we discuss the

current understanding of kidney-speci�c embryonic progenitor regulation in the innate environment

of the developing kidney and the types of disruptions in their balanced regulation that lead to the

formation of Wilms tumor.

Keywords: kidney; organogenesis; pediatric cancer; stem cells; differentiation; self-renewal

1. Introduction

Stem cells form a fundamental basis not only for normal development and tissue
homeostasis but also for tumorigenesis. The adult mammalian kidney is mostly devoid of
stem cells and is thus considered a non-regenerative organ, especially when regeneration is
de�ned by the ability to generate new nephrons and regain �ltration capacity [ 1]. Contrary
to this, the embryonic kidney hosts at least three types of lineage-speci�c stem cells (referred
to here as progenitors) that give rise to the ureter and collecting duct system, nephrons,
and the connective tissue of the stroma [2,3]. These progenitor cells have raised substantial
interest for use in regeneration-based renal medicine, but the safety of the undifferentiated
cell maintenance in postnatal kidneys is a signi�cantly less discussed topic.

An integral part of the safety assessment is a thorough understanding of tissue-
residing progenitor regulation. The mechanisms guiding the maintenance and differen-
tiation of tissue-speci�c progenitors are aberrantly reactivated in many cancers [ 4]. This
is especially obvious in embryonic-derived tumors such as Wilms tumor (WT; Figure 1),
medulloblastoma, and retinoblastoma.

Nephrons—the functional �ltration units of mammalian kidneys—and renal stroma
are derived from metanephric mesenchyme containing distinct progenitor pools for both
lineages [5,6]. Metanephric tissue is normally lost before birth in humans but remains part
of the undifferentiated nephrogenic rests in Wilms tumor patients [ 7,8]. Understanding
the differences between normal tissue-residing progenitors and cancer-causing stem cells
is required to set the stage for better characterization of transformations that turn normal
kidney progenitors into Wilms tumor stem cells. This may essentially help with predict-
ing individualized disease prognosis and tumor chemosensitivity, thus facilitating better
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patient strati�cation and identi�cation of the patients requiring aggressive treatment strate-
gies [9]. This review gives an overview of kidney development followed by a summary of
how collecting duct and nephron progenitors contribute to normal renal morphogenesis in
order to better facilitate the understanding of their fundamental similarities and differences
with Wilms tumor biology.

Figure 1. Nephroblastomatosis and Wilms tumor. ( A) An example of human postnatal kidney with nephrogenic rests
(asterisks) of the nephroblastomatosis, which are seen as tightly packed darker blue cells in the renal cortex. (B) An example
of human kidney with the classical morphology of Wilms tumor. It resembles embryonic kidney by exhibiting blastemal ( B),
stromal (S), and epithelial cells (arrows), which, however, fail to organize into typical tissue structures.

2. Wilms Tumor

Wilms tumors (Figure 1) are one of the most common solid tumors in children with an
incidence of 1:10,000, usually appearing before the age of �ve. Although good treatment
options exist for some histological tumor types and their survival rates are good, other
types, like anaplastic Wilms tumors, still have a 5-year survival of only 50%. Therefore,
there remains a clear clinical need for the improvement of Wilms tumor therapeutic options;
to achieve this, a better basic understanding of these tumors is essential.

As reviewed extensively elsewhere [ 7], Wilms tumors have been intriguing clinicians,
pathologists, and cancer geneticists for a long time. The tumors are the direct result of
problems during the embryonic development of the kidney, and it was one of the cancer
types based on which Alfred Knudson developed his two-hit model for tumor suppressor
genes [10]. It is widely believed that nephrogenic rests—embryonic tissues that are retained
in the postnatal kidney—are the precursor lesions of Wilms tumors, and indeed, the tumors
themselves contain cell types normally found only in the embryonic kidney. A subset
of cases, the ones caused by the loss of theWilms Tumor1(WT1) tumor suppressor gene,
additionally present with the development of ectopic, non-renal tissues, especially striated
muscle. All this points to the disruption of normal development as the primary cause of
Wilms tumors. We therefore need to understand normal kidney development in order to
really understand Wilms tumors and exploit this understanding to develop better and more
speci�c therapies. At the same time, the primary defect leading to Wilms tumors could be
considered a naturally occurring model to understand normal kidney development.

3. Embryonic Kidney

Kidney morphogenesis is a classic example of balanced reciprocal tissue interac-
tions [11–13]. Much of our basic understanding of how the kidney develops derives from
the classicalin vitro tissue recombination/induction experiments in different model organ-
isms that are complemented with in vivo gene inactivation studies in mice [ 14,15]. These
experiments have demonstrated that the mammalian kidney derives from the intermediate
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mesoderm, which gives rise to the three spatiotemporally distinct kidneys called pro-,
meso-, and metanephros [15–17]. Organogenesis of the metanephros, the de�nitive kidney,
utilizes epithelial ureteric bud (UB) branching morphogenesis for growth and patterning
of the future organ, while nephron differentiation occurs in the nascent metanephric mes-
enchyme that surrounds each UB tip (Figure 2). Each newly formed UB is responsible for
keeping the majority of the metanephric mesenchyme population intact while inducing
its subpopulation to undergo stepwise mesenchyme-to-epithelium transformation in the
armpits of T-bud epithelium to form functional nephron [ 18]. Orchestrated repetition
of this cycle in a highly regulated manner ensures the maintenance of all relevant cell
types until the completion of kidney organogenesis. Renal stroma is a part of the mes-
enchymal population that caps the nephron-forming mesenchyme and is critical not only
for the formation of mesangial cells and interstitium, but also actively participates in the
regulation of branching morphogenesis, and the proper differentiation of nephrons and
vasculature [19–24]. While the innervation and vascular network formation are essential
features of functional kidney development and recent studies indicate a presence of en-
dothelial precursors in embryonic kidney, these topics are not discussed here (for insights,
see [25–33]).

Figure 2. The illustration of kidney lineages and their origins. The left illustration shows a schematic presentation of
an embryonic kidney with the bifurcated ureteric bud (UB, blue), which is derived from epithelial conversion of the
intermediate mesoderm called the Wolf�an duct. As illustrated in the middle scheme, the ureteric bud is subdivided into
trunk and tip regions, where tips represent undifferentiated cells and trunks are occupied by differentiation-committed
cells. Upon epithelium maturation, collecting ductal cells differentiate into specialized intercalated and principal cell types.
Metanephric mesenchyme (MM, green), which surrounds the epithelial UB, lineages are depicted on the right. Metanephric
mesenchyme is composed of cap condensate mesenchyme, which contains nephron progenitors, and stromal cells. The
nephron progenitors in the cap condensate undergo mesenchyme-to-epithelium transition to initiate differentiation of all
the segments of nephron (glomerulus and segmented tubuli) in the armpits of UB. The stromal cells of MM differentiate
into renal stroma lineages.
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3.1. Kidney Induction

Renal development begins by the mesenchyme-to-epithelium transition through which
the intermediate mesoderm differentiates into the epithelial nephric (Wolffian) duct that
subsequently grows towards the posterior end of the embryo and simultaneously specifies
the metanephric mesenchyme in the posterior part of the embryo [ 34]. After connection
to the cloaca (the future urogenital sinus), which occurs at embryonic day 10.5 (E10.5) in
mice, the induction of the definitive kidney takes place when the epithelial nephric duct
forms a single bud that grows into adjacent metanephric mesenchyme to establish the
ureteric bud (UB) [35,36]. Kidney development in humans begins around gestational days
28 to 30. Over the last couple of years, great leaps have been made in understanding the
detailed developmental timing of human kidney differentiation and its molecular and
morphological mechanisms [ 37–39]. These studies support the previous view established
based on earlier studies that despite some differences, renal differentiation in mice and
humans is well-conserved.

It is generally accepted that after kidney induction, the budding and the �rst UB
branching event are cellularly and molecularly distinct from the subsequent branch-
ing events, which are closely interlinked with nephrogenesis [ 40,41]. For example, the
nephric duct giving out the initial UB and the UB itself are composed of a pseudos-
trati�ed epithelium, and the transcriptional pro�le of early metanephric mesenchyme
diverges from that of the cap mesenchyme representing the nephron progenitor popu-
lation (https://www.gudmap.org/chaise/record/#2/RNASeq:Replicate/RID=16-2PQ2
(accessed on 27 January 2021)) [42–46]. The initial UB formation is followed by elonga-
tion, subsequent enlargement of the UB tip into an ampulla, and �nally bifurcation of the
ampulla into T-shaped branches [41]. Somehow, through mostly unknown mechanisms,
formation of the �rst T-bud establishes a molecular machinery that is able to maintain
the nephrogenic program in the nascent metanephric mesenchyme until approximately
gestational week 30 to 32 in humans and early postnatal days in mice, both of which are
beyond the cessation of branching morphogenesis itself [47–50].

The key transcription factors required for kidney induction include Eya1, Hox11
paralogues A and D, Pax2, Sall1, Six1 and Wt1 [45,51–55], and their roles have been
extensively reviewed elsewhere [56,57]. It is also well-established that the simultane-
ous activation of receptor tyrosine kinase signaling, especially downstream of the glial
cell line-derived neurotrophic factor (GDNF), rearranged during transfection (RET), and
fibroblast growth factor (FGF) receptor, together with inhibitory actions of bone morpho-
genetic protein signaling are required for UB formation and metanephric mesenchyme
induction [ 43,58–60]. Less is known about the detailed regulatory relationships between
signaling pathways and transcription factors, but of the above-mentioned transcription
factors, Eya1, the Hox11 paralogues, Pax2, and Six1 are required for Gdnf expression and
thus the activation of RET signaling, which in turn mediates its effects through transcrip-
tion factors Etv4 and -5 [43,61–63]. Substantially more work is needed to map the exact
regulatory roles of signaling pathways, transcriptional targets and phosphoproteomic
control of cellular events during the early kidney induction.

3.2. Ureteric Bud Branching Morphogenesis Orchestrates Embryonic Kidney Growth and
Nephron Formation

After the �rst UB bifurcation and establishment of metanephric mesenchyme, branch-
ing continues for 12 successful cycles to complete 85% of branching events by E16.5, after
which the UB trunk elongation phase and completion of the �nal branch generations occur
before birth [ 49,50,64]. Cellularly, UB branching happens through proliferation in both the
tips and trunks, with the difference that the cell cycles are signi�cantly faster in the tips than
in the trunks [ 63,65]. Cell divisions in the UB employ a unique process of luminal mitosis,
where epithelial cells partially delaminate from the epithelial sheet to divide in the luminal
site followed by re-insertion of the mother and daughter cells back to the epithelium a few
cells apart from each other [66]. Such a process requires extensive cellular movements,
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which are made possible through the dynamic and constant remodeling of adhesions and
the actin cytoskeleton required for normal branching to progress [ 42,63,67–69]. In addition
to proliferation, UB trunk elongation and thinning occur through oriented cell divisions
and cellular rearrangements known as convergent extension [ 70,71], which also likely
continues to contribute to kidney growth after birth.

A combination of mathematical modeling and highly accurate imaging has generated
new information that challenges the traditional view of the UB branching pattern being
a stereotypic repetition of dichotomous bifurcations with occasional tip trifurcation and
very rare lateral branching events mainly observed in cultured kidneys [ 50,72]. A bi-phasic,
time-dependent branching pattern was recently suggested based on the �ndings that rapid
and reproducible branching during the early kidney development (up to E15.5 in mice) is
followed by more non-stereotypic branching events closer to birth when the rate of new tip
formations is also signi�cantly decreased [ 64]. This is suggested to progressively generate
variability in the 3D structure of the UB tree. Support for asymmetry in UB branching
exists [73], but the signals that contribute to the slowing down and eventual cessation of
UB morphogenesis remain elusive.

4. Renal Progenitor Populations

The embryonic kidney, unlike in its mature form, contains progenitor cells that can
assemble the entire collecting duct, the connective tissue of stroma, and the whole nephron
with its functional segments (Figure 2) [ 43,74,75]. The most UB tip-adjacent metanephric
mesenchyme, termed `cap mesenchyme', is the source of nephron progenitors—a cell
population that self-renews during each round of UB tip bifurcation and is maintained
until late gestation in human and early postnatal stages in mice, after which this source of
new nephrons is irreversibly lost [ 13,47,50]. Nephron progenitors, which surround each
UB tip, are the best characterized renal progenitor population and are discussed separately
in a designated section. UB tips host another embryonic progenitor population, which
is capable of populating the entire collecting duct system of the mature kidney but is
also already permanently lost in utero. Self-renewing stromal progenitors surround the
nephron progenitor population and differentiate into mesangial cells and renal stromal
lineages (Figure 3) [75].

Figure 3. The illustration of embryonic kidney's stem cell populations. ( A) Schematic presentation of different kidney
stem cells in their innate niches that are present during the mammalian renal organogenesis. Bifurcated ureteric bud (UB,
light blue) has two tips that host collecting duct progenitors (CDP, dark blue rectangles). Immediately adjacent to the
epithelial ureteric bud are nephron progenitors (NP, dark red circles), which are located in the cap mesenchyme (CM)
compartment of metanephric mesenchyme (MM, green). Nephron progenitors' stemness depends on their localization
in their relationship with ureteric bud tips. Nephron progenitors that are in the armpits of the ureteric bud represent
more differentiation-committed nephron progenitors (CNP, red circles), which can shuffle back and forth of the nephron
progenitors in the cap mesenchyme compartment (NP, dark red circles). Fully committed nephron progenitors end up
to pretubular aggregates (PA, purple balls), which are the first precursor forms of differentiating nephrons. The most
cortical metanephric mesenchymal (MM, green) cells are stromal (S) cells, which also contain the stromal progenitors (SP,
yellow-brownish rectangles) surrounding the outermost layer of nephron progenitors. ( B) Embryonic kidney at day 14.5 of
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mouse development stained with NCAM (red), which labels all nephron progenitor and stromal progenitor cells of the
metanephric mesenchyme. CALBINDIN staining (green) visualizes ureteric bud epithelium. Arrows point to an approxi-
mate nephron-to-stromal progenitor boundary, asterisks mark ureteric bud (green) tips where the collecting duct progenitors
reside, and PA demarcates pretubular aggregate. (C) Embryonic kidney at day 14.5 of mouse development stained with
SIX2 (pink), which speci�cally visualizes nephron progenitors only and calbindin (green) labels ureteric bud epithelium.
Arrows point to the most cortical nephron progenitors, which are in direct contact with the surrounding stromal progenitors
visualized by nuclear Hoechst staining (blue). Asterisks mark ureteric bud (green) tips where the collecting duct progenitors
reside, diamond points to the committed nephron progenitors, PA demarcates pretubular aggregate and RV is renal vesicle.

5. Collecting Duct Progenitors

It has been known for a long time that GDNF expressed by the nephron progenitors
in the metanephric mesenchyme is both required and suf�cient for UB outgrowth from the
nephric duct [ 13,76–80]. More recently, GDNF-activated RET signaling has been demon-
strated to coordinate cellular events related to collecting duct progenitor behaviors [ 43].
The identi�cation of Etv4 and Etv5 as transcription factors that mediate the GDNF/RET
signaling effects to the target cells in the UB tips together with genetic labelling experiments
demonstrated that a substantial number of cellular movements constantly occur not only
within the UB tips but also from the tips to the trunk regions [ 41,42,61–63,81]. It is clear
from the chimera experiments that the wild type-derived epithelial cells are competent
to populate UB tips and trunks, while RET signaling-de�cient cells failed to settle in the
tips. Thus, GDNF/RET signaling in�uences the cellular movements and the position of
an individual cell in a given UB, suggesting not only that the way cells move within the
epithelium in�uences UB branching morphogenesis but also that the cell's localization
within the UB greatly in�uences its potency.

GDNF/RET Signaling Regulates Collecting Duct Progenitors through MAPK/ERK Activity

Further insight into the function of GNDF in UB cell fate regulation came from the
studies utilizing a Gdnf mouse model, which lacks the gene's 3' untranslated region (3'-
UTR) [82]. Insertion of a strong bovine growth hormone polyA signal after the stop-codon
in Gdnf endogenous locus abolishes normal 3'UTR function and results in the excess
production of endogenous GDNF at the mRNA and protein levels (Gdnf-hypermorphic
allele). The increased expression is likely due to the lack of binding sites for microRNA and
other RNA binding proteins that are normally present in such regulatory regions [82,83].
The elevated but spatially intact expression of GDNF in the mutant mice results in severely
expanded UB tips with short trunks that gave rise to short and expanded ureters with
misplaced connections to the bladder [84]. The analysis of mutant kidneys showed that
the formation of an enlarged primary UB is at least partially attributed to the transiently
increased mitosis in the caudal nephric duct at E10.5, the stage when primary UB formation
begins. Thereafter, the mitotic index of UB tip epithelial cells rapidly normalizes simultane-
ously with a surge of apoptosis in the UB lumen. This may suggest that the kidney has an
inherent mechanism that tries to rehabilitate the normal morphology under pathological
conditions. Cellular tracking experiments revealed the hindrance of emigration in the tip
epithelial cells, which got stuck in the tips and failed to populate and elongate the UB
trunks. This demonstrates that GDNF supports collecting duct progenitor expansion as UB
tips remain enlarged due to the emigration defect throughout kidney morphogenesis.

Our own results show that GDNF affects collecting duct progenitor cells via activa-
tion of mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK) [84]. This is supported by the earlier RET mutant models, where MAPK/ERK acti-
vation was blocked [ 85,86]. Only MAPK/ERK inhibition, not PI3K/AKT or SRC inhibition,
rescues the UB tip morphology and trunk length in kidneys with endogenously increased
GDNF. Live-imaging of developing kidneys expressing a �uorescence resonance energy
transfer (FRET)-based biosensor for ERK has demonstrated the dynamic activation pattern
with signi�cant heterogeneity not only between tissues (UB tips vs. cap mesenchyme) but
also among seemingly homogenous cell populations [ 87]. Heterogeneity in MAPK/ERK
































