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Abstract Nephropathies arise from conditions that alter
nephron development or trigger nephron damage during neo-
natal, juvenile, and adult stages of life. Much evidence sug-
gests that a key role in maintaining kidney integrity, homeo-
stasis, and regenerative capacity is played by a population of
progenitor cells resident in the organ. Although the primary
goals in the field of renal progenitor cells are understanding
their ability to regenerate nephrons and to restore damaged
kidney function, the discovery of these cells could also be
used to elucidate the molecular and pathophysiological basis
of kidney diseases. As a result, once the identification of a
subset of progenitor cells capable of kidney regeneration has
been obtained, the increasing knowledge about their charac-
teristics and about the mechanisms of renal development had
pointed out the possibility of understanding the molecular
basis of kidney diseases, so that, nowadays, some renal disor-
ders could also be related to renal progenitor dysfunction. In
this review, we summarize the evidence on the existence of
renal progenitors in fetal and adult kidneys and discuss their
role in physiology as well as in the pathogenesis of renal
disorders with a particular focus on childhood age.
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Introduction

Kidney health depends on the complete integrity and func-
tionality of the nephrons and their cellular components. There
is a lot of evidence suggesting that a key role in maintaining
tissues integrity, homeostasis, and regenerative capacity is
played by stem or progenitors cells resident in the organs [1,
2]. A stem cell (SC) is defined as a cell that exhibits two
properties: self-renewal, which is the ability to go through
numerous cycles of cell division while maintaining indefinite-
ly an undifferentiated state, and multi-potency, which is the
ability to generate a progeny of differentiated cells or their
precursors. Progenitor cells, instead, are characterized by the
potential to differentiate along one or more particular cell
lineages, but they display a limited or null self-renewal poten-
tial [3]. In this review, we summarize the evidence on the
existence of renal progenitors in fetal and adult kidneys and
discuss their role in physiology as well as in the pathogenesis
of renal disorders with a particular focus on childhood age.

Renal progenitors from development to adult life

In mammals, the metanephros arises from the reciprocal in-
teraction of two structures, the ureteric bud (UB) and the
metanephric mesenchyme (MM). While growing, the UB
progressively divides into several ramifications, generating
the portion of the nephron from the renal papilla to the
collecting ducts system of the mature kidneys. On the other
hand, MM originates renal corpuscles (or glomeruli) and
proximal tubules, the loop of Henle, distal tubule, and the
connecting segment [4–6]. During MM and UB interactions,
MM differentiates into two portions representing two distinct
cell lineages: the cap mesenchyme (CM) and the stromal
mesenchyme (SM). CM surrounds the tips of UB’s branches
and undergoes epithelial transformation in its more peripheral
portion, giving rise to renal vesicle, comma- and S-shaped

F. Becherucci : P. Romagnani
Pediatric Nephrology and Dialysis Unit, Meyer Children’s
University Hospital, Florence, Italy

F. Becherucci : E. Lazzeri : L. Lasagni : P. Romagnani
Excellence Centre for Research, Transfer and High Education for the
development of DE NOVO Therapies (DENOTHE), University of
Florence, Florence, Italy

P. Romagnani (*)
Department of Clinical and Experimental Biomedical Sciences,
University of Florence, Viale Pieraccini 6, 50139 Florence, Italy
e-mail: p.romagnani@dfc.unifi.it

Pediatr Nephrol (2014) 29:711–719
DOI 10.1007/s00467-013-2686-2



bodies and, finally, mature nephrons. This cell population is
characterized by the expression of the homeobox gene Six2
(sine oculis-related homeobox 2 homologue), Hox11 (homeo-
box 11) paralogues, Osr1 (odd-skipped related 1) and Pax2
(paired box gene 2), as well as Cited1 (CBP/p300-interacting
transactivator, with Glu/Asp-rich carboxy-terminal domain 1),
Eya1 (eyes absent homologue), Sall1 (salt-like 1), and WT1
(Wilms tumor). Six2 is essential to maintain SC characteristics
such as self-renewal and multi-potency [4], so that the lack of
its expression determines the interruption of nephron forma-
tion early in embryonic kidney organogenesis because the CM
compartment is not maintained [7]. Moreover, during embry-
onic nephrogenesis, the self-renewing ability is lost by CM
cells, but it is still not completely clear if this is determined by
disappearance of self-renewal ability itself or by the progres-
sive commitment of Six2+ cells toward a more differentiated
phenotype. Six2 marks a nephron progenitor population that
gives rise to the epithelial cells of cortical nephrons, including
podocytes, proximal, distal and connecting tubular cells [7].
Recently, Lgr5 (leucine-rich repeat-containing G-protein-
coupled receptor 5) has been identified in mice as a marker
of a nephron-specific progenitor population in the early-
patterned S-shaped bodies that originates the thick ascending
limb, the distal convoluted tubule, and the connecting seg-
ment, suggesting that the commitment toward specific cell
lineages occurs very early during kidney development [8].
On the other hand, SM is characterized by the expression of
FoxD1 (forkhead box D1) and localizes between UB branches
and growing nephrons, contributing to the interstitial popula-
tion of mature kidneys [4].

In humans, all of the branches of the UB and the nephrons
have been formed by the 32nd to 36th week of gestation.
However, these structures are not yet mature and will continue
to grow and differentiate even after birth, during the perinatal
period, as the generation of Henle’s loop occurs [3]. The
capacity of generating new nephrons is lost at the time of birth
so that, once matured, human kidneys have an estimated num-
ber of nephrons of one million per kidney or more [9, 10]. This
nephron endowment is roughly proportional to body mass [3].

Human renal progenitors While developmental biology was
elucidating the steps that characterize kidney organogenesis,
allowing to expand our knowledge about stem and progenitor
cells’ origin, determination, and commitment during embryo-
genesis, the search for renal stem/progenitor cells in mamma-
lian kidney has been performed also using different research
strategies. In rodents, lineage-tracing studies definitively
proved the existence of a common renal embryonic progenitor
for glomerular and tubular epithelial cells. These strategies
could not be applied in humans, so that the identification of a
similar population has been based on different criteria, such as
the expression of specific cell-surface markers and the ability
to self-renew and to give rise to one or more differentiated

mature cell types. In human embryonic kidneys, renal
multipotent progenitors are characterized by the expression
of the surface molecules CD133, a marker of several different
types of adult resident stem cells, and CD24, a marker of
human MM, and by the expression of the transcription factors
Bmi-1 (B lymphoma Mo-MLV insertion region 1 homolog)
and Oct-4 (octamer-binding transcription factor 4), both typ-
ical of SC phenotype, in the absence of the expression of
lineage-specific markers [11]. These cells share the expression
of CD133 and CD24 surface markers with adult renal progen-
itors (Fig. 1) [11, 12]. The isolation of CD133+CD24+ cells
allowed their phenotypical and functional characterization: in
fact, they show self-renewal potential, high cloning efficiency,
and the ability to generate either podocytes and cells with
phenotypic features of proximal and distal tubular mature
cells, when cultured in specific inductive medium (Fig. 1)
[12, 13]. More importantly, when injected in mouse models
of tubular or glomerular damage, these cells showed the
potential to improve or restore the anatomic integrity of dif-
ferent structures of the nephron, as well as their function
[12–14]. During renal organogenesis, these cells are first
localized in condensed MM-derived primordial structures,
then in renal vesicles, comma-shaped bodies, and in the prox-
imal as well as in the distal loops of the S-shaped bodies,
representing an elevated percentage of cells of these structures
in the early phases of metanephros formation. Their number
significantly reduces during development, when the mature
structures of the kidney appear, representing only about 2% of
renal cells in the adult kidney. In this setting, they become
selectively localized as a major cluster within the Bowman’s
capsule, or as scattered cells in the elongating tubules [11, 15],
suggesting that CD133+CD24+ adult renal progenitors repre-
sent a subset of multipotent embryonic progenitors that persist
in human kidneys from early stages of nephrogenesis [11, 16].
During development, renal progenitors act as precursors to all
renal epithelial cells of the cortical nephron, differentiating
toward either glomerular either tubular epithelial cell lineages,
through a graded series of committed progenitors, as demon-
strated by clonal in vitro studies as well as in vivo transplan-
tation experiments (Fig. 1) [11–13, 15, 17]. In adult human
kidney, bipotent renal progenitors localize at the urinary pole
of the Bowman’s capsule and are characterized by the expres-
sion of progenitor markers in absence of lineage markers
(Fig. 1), while podocyte-committed progenitors localize along
the Bowman’s capsule close to the vascular pole and are
characterized by co-expression of progenitors and podocyte
markers (Fig. 1). Finally, tubular-committed progenitors that
are scattered within the proximal tubule, the thick ascending
limb, the distal convoluted tubule, and the connecting segment
and can generate cells of all these portions of the tubular
compartment, are characterized by expression of renal pro-
genitor markers in presence of low levels of tubular markers
[11–13, 15, 17].
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Moreover, very recent findings suggest that tubular-
committed progenitors scattered along the proximal and distal
tubule are distinguishable from the subset of renal progenitors
localized within the Bowman’s capsule by the expression of
the surface marker vascular adhesion molecule 1 (VCAM1),
or CD106. CD133+CD24+CD106− (Fig. 1) cells represent
tubular-committed progenitors that display resistance to apo-
ptotic stimuli and exert regenerative potential for injured
tubular tissue [15]; this population has the same embryologi-
cal origin of the more immature CD133+CD24+CD106+ cells
localized to the urinary pole, remaining separated from that
when the Henle’s loop forms after birth [3]. Taken together,
these results strongly suggest that the adult kidney contains a
“nephropoietic system”, a term that defines a hierarchical
system of progenitor showing different commitment, and the
capacity to generate all the epithelial cell subtypes of the
cortical nephron (Fig. 1). Bowman’s capsule may therefore
represent an SC niche, which is a specific site in adult tissues
where SCs reside [16], and cellular regeneration probably
represents the main regenerative strategy in humans and mam-
mals [3, 12–15, 17]. Understanding the mechanisms that lead
to determination, growth, proliferation, differentiation,

activation, and recruitment after an injury of renal progenitors
is essential to a deep comprehension of renal diseases and to
their modulation for clinical and therapeutic purposes.

Renal progenitors and childhood nephropathies

Nephropathies arise from conditions that alter nephron devel-
opment or trigger nephron damage during neonatal, juvenile,
and adult stages of life [4]. The identification of a subset of
progenitor cells capable of kidney regeneration and the in-
creasing knowledge about their characteristics and about the
molecular keys of kidney development had pointed out the
possibility of understanding their role in kidney diseases,
especially those related to childhood and adolescence. So
nowadays, some renal disorders of infancy could be
interpreted as renal progenitors’ dysfunction.

Renal hypoplasia Renal hypoplasia is defined as the presence
of congenitally small kidneys with a reduced number of
nephrons but normal architecture. Pure renal hypoplasia is a
rare condition, so it is frequently found associated to renal
dysplasia, defined as the presence of malformed renal tissue

Fig. 1 Schematic representation of the human “nephropoietic system”.
Diagram showing the development of different types of nephron epithe-
lial cells from multipotent progenitors to mature cells. From a single cell
type, the multipotent progenitor, all mature nephron epithelial cells
emerge through a hierarchical series of lineage decisions via different
committed-progenitor cells. Thus, nephropoiesis can be depicted as a
hierarchical differentiation tree, with a multipotent epithelial progenitor
at the root and the mature epithelial cells as the leaves. The multipotent
progenitor is characterized by expression of renal progenitor markers
CD133 and CD24, as well of the adhesion molecule CD106, in absence

of expression of lineage markers. The intermediate cellular states are the
common tubular progenitor and the podocyte progenitor. The common
tubular progenitor is characterized by co-expression of progenitor
markers CD133 and CD24 and absence of CD106, in presence of low
expression of tubular progenitor markers and can proliferate and differ-
entiate into proximal tubular cells, cells of the loop of Henle, distal tubular
cells, and cells of the connecting segment. The podocyte progenitor is
characterized by co-expression of CD133, CD24, and CD106, as well as
low levels of podocyte markers and can proliferate and differentiate into
functional podocytes
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elements, including primitive tubules, interstitial fibrosis, and/
or the presence of cartilage in the renal parenchyma [18].
Renal hypoplasia, particularly the oligomeganephronic form,
results from developmental arrest of theMMbetween the 14th
and the 20th week of fetal life: this causes a decrease in the
number of developing nephrons, leading to hypertrophy of the
remaining ones [18]. As previously described, during intra-
uterine life, signals originating from the branching UB induce
surrounding progenitor cells of the MM to differentiate and
form individual nephrons. In mammals, nephron number
varies widely due to genetic or environmental abnormalities
altering production and/or function of factors that regulate not
only the process of UB branching and subsequent
mesenchyme-to-epithelium transition (MET) but also the pro-
genitor’s pool size, growth, and/or differentiation. In mice, the
complete loss of GDNF (glial cell-derived neurotrophic fac-
tor) and RET (REarranged during Transfection) or GFRA1
(GDNF family receptor alpha 1), which are critical compo-
nents of the GDNF/Ret pathway, results in failure to form an
UB, with agenesis of the kidneys and ureters and prenatal
death [19]. Similarly, PAX2mice mutants, which are unable to
respond to inductive signals, lack GDNF production from
MM and therefore the generation and the arborization of the
UB [4]. Interestingly, in humans, allelic variants of RET and
PAX2 genes are associated with a significant decrease in
newborn kidney size, probably influencing nephron number
through an effect on UB arborization [20]. Consistently, het-
erozygous mutations in PAX2 lead to the renal-coloboma
syndrome, also known as papillo-renal syndrome, an autoso-
mal dominant disease characterized by ocular abnormalities
and renal hypoplasia [21]. Moreover, mutations in EYA1 and
SIX1 or SIX5 genes are responsible for brachio-oto-renal syn-
drome, a complex phenotype comprising bilateral renal hypo-
dysplasia [22]: Eya1 interacts with members of the SIX family
genes, which encode for transcription factors that control the
expression of Pax2 and GDNF in the renal progenitors of
MM. Other pathways and molecules, including sonic hedge-
hog (Shh), bone morphogenic protein 7 (BMP-7), and fibro-
blast growth factor 2 (FGF-2), which control UB branching,
as well as p53, which has a demonstrated role in the regulation
of metanephric development, have been involved [23]. A
recent study has reported a cooperative role for Dlg1 (discs-
large homolog 1) and Cask (calcium/calmodulin-dependent
serine protein kinase) scaffolding proteins in maintaining the
nephron progenitor population, potentially via a mechanism
involving effects on FGF signaling, as suggested by DLG1.
CASK double-knockout mice, whose kidneys were severely
hypoplastic and dysplastic, demonstrated rapid, premature
depletion of nephron progenitors/stem cells, reduced prolifer-
ation, and increased apoptosis of cells in the nephrogenic zone
and a progressive decrease in the number of cells expressing
Six2, in association with reduced levels of components of the
Ras pathway, which is activated by FGF [24].

Recent evidence that Wnt (wingless-type MMTV
integration site family) signaling alterations in renal progeni-
tors can alter nephron growth and induce renal hypoplasia
comes from the observation that WNT9B and WNT4 knock-
out mice lack UB branching and MET, resulting in rudimen-
tary, non-functioning kidneys [25]. A similar phenotype has
been described in β-catenin loss-of-function mutant mice and
β-catenin is thought to have an important function in the early
phases of MET, acting as an intracellular mediator of Wnt9b
and Wnt4 [25]. However, in a mouse model of conditional β-
catenin knockout, with specific deficiency of expression in
renal epithelial cells at the S-shaped body stage, hypoplastic
kidneys with a thin cortex and reduced renal function were
described. At a more detailed level, kidneys presented a high
proportion of glomeruli with underdeveloped capillary tuft
and cystic dilatation of the Bowman’s capsule; to be noted,
these alterations did not affect juxtamedullary glomeruli that
represent the earlier developing nephrons. Moreover, the au-
thors described the substitution of progenitors of the
Bowman’s capsule with mature, fully differentiated
podocytes, demonstrating a switch in differentiation of pro-
genitors toward the podocyte lineage when they become
deficient for β-catenin expression, thus conclusively proving
that β-catenin/Wnt signaling is crucial during the late stages
of nephrogenesis and for renal progenitor lineage specification
[26].

The identification of OSR1 as an essential gene for the
maintenance of the renal progenitor pool during primary
nephrogenesis allowed to clearly demonstrate that in humans
the final nephron number might also be set by genes that
establish or sustain the pool of CD133+CD24+ renal progen-
itor cells during development [20]. In fact, kidney SCs of
embryonic intermediate mesoderm are critically dependent
on the expression of OSR1, which is one of their earliest
genetic markers, becoming expressed long before that mor-
phological signs of MM specification occur [4]; in mice,
homozygous inactivation of OSR1 induce failure to form
MM, leading to renal agenesis [27]. Finally, the identification
of an allelic variant ofOSR1 in children with reduced newborn
kidney size and function strongly supports the fundamental
role of this gene in establishing renal progenitor pool in
embryonic kidney and in opposing to their differentiation,
thus contributing to the pool maintenance in adult life [20].
In addition, OSR1mutants completely lack the expression of
Eya1 and Pax2, as well as that of Six2 and Cited1 in the
metanephric region. Indeed, OSR1 lies genetically upstream
of the Pax2/Eya1/Hox11 and the Six2/Cited1 complexes: the
first one drives GDNF expression and thus regulates the
growth of the UB, while the latter is thought to be critical in
the maintenance of self-renewal of the nephron progenitor/
stem cell population and in delaying the differentiation cas-
cade following an inductive signal [20], as loss of Six2 results
in premature loss of this cellular compartment due to
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differentiation [28]. Osr1 is also required for the expression of
other transcriptional factors, including Lim1, Six1 and Six4,
Sall1, WT1, and GDNF, which are essential to UB outgrowth
and are required for nephron development, as the loss of their
functions in the developing MM results in either renal agen-
esis or hypoplasia [28]. All these genes are nowadays well-
recognized markers of early renal progenitors cells specifica-
tion: it is easy to comprehend how mutations in genes critical
for the conversion of MM to epithelia are responsible for a
reduction in the endowment of renal progenitors cells, finally
leading to childhood-onset renal hypoplasia.

Environmental factors have also been linked to the devel-
opment of renal hypoplasia: maternal malnutrition, stress,
diseases such as diabetes, utero-placental insufficiency, and
maternal and neonatal drugs have been associated with a
reduced nephron endowment in the newborn. In addition,
premature birth has been recognized as a risk factor indepen-
dent from low birth weight for reduced nephron number in
neonates and it has been associated, both in animals and in
humans, with abnormal glomerulogenesis, probably related to
accelerated nephrogenesis after birth, podocytopenia, and in-
creased risk of focal segmental glomerulosclerosis (FSGS)
and chronic kidney disease (CKD) later in life [29, 30]. As
nephrogenesis takes place entirely before birth, intrauterine
growth restriction or retardation (IUGR) is the most widely
studied environmental phenomenon influencing renal devel-
opment [31]. In rodents and in other animal models, maternal
protein restriction during pregnancy and lactation lead to
IUGR and to a significant reduction in nephron number in
the offspring, resulting in renal hypoplasia. This effect could
be antagonized by the administration, during embryonic life,
of retinoic acid (RA), the active metabolite of vitamin A
(retinol), which has been demonstrated to have a stimulatory
effect on nephrogenesis in both in vivo and in vitro studies
[31, 32]. It is in fact well recognized that vitamin A mild-to-
severe deficiency during intrauterine life directly affects neph-
ron number, leading to renal hypoplasia, which can be
prevented by the administration of vitamin A or RA [9]. A
direct relationship between circulating vitamin A levels during
pregnancy and nephron number has been demonstrated either
in animals or in humans, supporting the hypothesis that reti-
noids modulate nephron number in a dose-dependent manner
and that an optimal level is required in fetal kidneys for normal
nephrogenesis [9]. Moreover, in rodents, a severe deficit of
vitamin A during pregnancy determines renal congenital ab-
normalities similar to those described in retinoic acid nuclear
receptors (RARs) and retinoid X receptors (RXRs) knock-out
mice [9, 32]. Furthermore, renal agenesis was described in
mice deficient in the RA-generating enzyme RALDH2, while
variants in human ALDH1A2 gene, encoding for an enzyme
that catalyzes the synthesis of RA from retinaldehyde, is
associated with an increased umbilical cord level of RA and
increased newborn kidney size [20], thus demonstrating the

role of RA for proper kidney development. RA influences
nephrogenesis through an effect on UB branching, probably
stimulating mesenchymal cells expressing RARs to release
branching factors. Ret plays a key role: genetic deletion of
RARs leads to impaired UB growth and branching and to
downregulation of Ret in the UB, while forced expression of
Ret in mice deficient for RARs genetically rescues renal
development, restoring UB growth [33]. Finally, RA regulates
several genes expressed during renal organogenesis, such as
transcriptional factors of the Hox family, hepatic nuclear
factor 1, Lim1, epidermal growth factor (EGF), transferrin
receptor, and Ret, strongly suggesting the need for RA for
proper kidney organogenesis and branching nephrogenesis.
Consistently, in zebrafish RA has been reported to be required
to modulate renal progenitor differentiation: RA signaling is
necessary for podocyte formation and/or survival, as well as
for establishing the normal pattern of nephron segmentation,
inducing, in particular, proximal segment fates determination
and preventing the expansion of distal segment fates [34].

These experiments show how important this molecule is
for renal progenitors during kidney development and the
dramatic effects of disturbing the RA signaling pathway, thus
further suggesting that renal hypoplasia could also result from
perturbations in renal progenitor cells physiology [35, 36].

Although the evidence for a role of number and properties
of renal progenitors in the pathogenesis of renal hypoplasia
are still limited, the above-reported examples and, in particu-
lar, the role of OSR1 and RA alterations in inducing renal
hypoplasia through alteration of renal progenitors suggest
that, as already described for other organs, alterations of
nephron progenitors during kidney development may repre-
sent a critical determinant of disease.

Glomerular disorders Several results suggest that an altered
growth and/or differentiation ability of renal progenitors may
also be responsible for the generation of kidney disorders, a
concept that is widely accepted in several SC systems [37, 38].
Indeed, in crescentic glomerulonephritis, a glomerular disor-
der characterized by an unfavorable prognosis and rapid pro-
gression towards glomerulosclerosis and end-stage renal dis-
ease (ESRD), an abnormal response to podocyte injury causes
aberrant renal progenitor proliferation, the formation of
hypercellular lesions, and the obliteration of Bowman’s space,
leading to the generation of pseudo-crescents and crescents
[39–42]. Recent results suggest that these hyperplastic glo-
merular lesions may be initiated by glomerular vascular injury
and glomerular basement-membrane breakage, which cause
plasma leakage, and trigger the proliferation of renal progen-
itors and loss of their polarity [43]. Interestingly, an inade-
quate regenerative response of renal progenitors to podocyte
injury associated with extracellular matrix production by renal
progenitors was also proposed as the possible cause of FSGS
lesions [43]. Indeed, podocyte damage is a key event initiating
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progression towards glomerulosclerosis [44]. Podocyte repre-
sents a terminally differentiated and post-mitotic cell, highly
specialized in the maintenance of the integrity and selectivity
of the glomerular filtration barrier (GFB), and therefore pro-
videdwith only limited proliferation abilities. However, recent
studies demonstrated that new podocytes could be recruited
from renal progenitors localized on the surface of the
Bowman’s capsule [11–14, 45]. Renal progenitors of the
Bowman’s capsule can proliferate and amplify in response
to injury, a capacity that no longer exists once they are com-
mitted to differentiate into podocytes. Indeed, in three distinct
mouse models of FSGS, as well as in human biopsies,
podocyte injury was associated with focal activation of renal
progenitors, which invaded the affected segment of the glo-
merular tuft and deposited extracellular matrix [43]. These
observations suggest that the response of renal progenitors to
podocyte injury is a crucial determinant of progression to-
wards glomerulosclerosis. The recruitment of renal progeni-
tors to podocytes needs to be tightly regulated. Indeed, renal
progenitors that differentiate into podocytes start the expres-
sion of the cell-cycle inhibitors p21, p27, and p53 and of other
podocyte-specific markers, while decrease that of Notch that
seems to be essential to permit the correct differentiation
[46–48]. In addition, recent studies suggest that blockade of
the chemokine stromal-derived factor-1 (SDF-1/CXCL12)
with a specific antagonist also increases podocyte number,
reduces proteinuria, and ameliorates renal function, in mouse
models of diabetic nephropathy, by enhancing renal progeni-
tor differentiation towards the podocyte phenotype [49].

It appears as a consequence that any condition that impairs
renal progenitors proliferation or their ability to correctly
activate and differentiate in response to injury to restore glo-
merular podocytes endowment could be responsible for the
progressively irreversible podocytes depletion and, as previ-
ously described, glomerular scarring and glomerulosclerosis
development. In fact, it was previously reported that renal
progenitors could be found in sclerotic areas of glomeruli
affected by FSGS [50]. Moreover, recent studies reported that
activated renal progenitors expressing CD44 acquire the abil-
ity to produce extra-cellular matrix (ECM), both in mice and
in humans [43, 51, 52]. These matrix molecules initially
accumulate along Bowman’s basement membrane, leading
to its thickening, and subsequently form “bridge” connections
from the capsule and the glomerular capillary tuft, which are
usually referred to as synechiae, a histological hallmark of
FSGS. These structures, finally, are thought to facilitate the
passage of ECM-producing renal progenitors from Bowman’s
capsule inside the glomeruli, where they ultimately lead to
advanced sclerotic lesion formation [46]. Moreover, in human
biopsies from patients with minimal change disease that is
characterized by the absence of glomerular scarring, CD44
was barely expressed [51], underlying a different pathogenic
process for this condition. Interestingly, collapsing

glomerulopathy, initially considered as a variant of FSGS
and now usually treated as a separate entity, has recently been
related to an abnormal and dysregulated renal progenitor
proliferation in response to massive podocyte injury [46].
Segmental to global collapse of the capillary tuft and pro-
nounced epithelial cell hyperplasia, often referred to as
pseudo-crescents, are the histological characteristic of collaps-
ing glomerulopathy. Recent studies demonstrated that the-
se hyperplastic lesions also mainly consist of renal
progenitors at different stages of differentiation toward
the podocyte lineage [39].

Interestingly, very recent results suggest that strong pro-
teinuria may lead to an impairment of the capacity of renal
progenitors to differentiate into mature podocytes, thus gen-
erating FSGS and other types of glomerular cellular lesions
when strong proteinuria occurs. Proteinuria is a common sign
of glomerular disease and characterizes FSGS as well as
nephrotic syndrome and other glomerulopathies. We recently
demonstrated that proteinuria represents not only a conse-
quence but also a key determinant of glomerular injury and
damage progression by suppressing podocyte regeneration.
Indeed, different components of proteinuria exert distinct
effects on renal progenitor survival and differentiation towards
a podocyte lineage. In particular, albumin, the main constitu-
ent of nephrotic proteinuria, prevents human renal progenitor
differentiation into podocytes in vitro by sequestering RA,
which is a critical driver of progenitors differentiation in
multi-organ systems, thus impairing retinoic acid response
element (RARE)-mediated transcription of podocyte-specific
genes. In adriamycin nephropathy, a mouse model of human
FSGS blocking endogenous RA synthesis increased protein-
uria and worsened glomerulosclerosis by reducing podocyte
number, while treatment with RA reverted RARE activity and
induced expression of podocyte markers in renal progenitors,
resulting in a decrease of proteinuria and an increase in
podocytes number [53]. Our results also suggest that, when
in addition to albuminuria, larger proteins, like IgG and trans-
ferrin, are lost, a combined toxic effect not only blocks renal
progenitors’ differentiation into podocytes but also promotes
their death. This provides a possible explanation for the ob-
servation that when non-selective proteinuria occurs, renal
function declines faster. These findings may explain why
reducing proteinuria delays CKD progression, and provide a
biological rationale for the clinical use of pharmacological
agents to induce regression of glomerular diseases.

Wilms tumor Wilms tumor (WT), also known as
nephroblastoma, is the most common pediatric renal malig-
nancy, accounting for 6 % of all childhood cancers [54]. It
represents an useful setting for studying the relation between
development and tumorigenesis: indeed, it is viewed as a
prototype of differentiation failure in human neoplasia, as it
recapitulates the histology of the nephrogenic zone of the
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growing fetal kidney [54, 55]. In fact, recent studies point to
an early renal stem/progenitor multipotent population that
undergoes malignant transformation as the source for WT.
Indeed, WT cells show similarities in terms of genetic, epige-
netic, and phenotypic properties to human fetal mesenchymal
progenitors and are therefore likely to be derivatives of the
same lineage [54, 55]. These cells probably represent an
upstream progenitor for CD133+CD24+ cells that are already
committed to an epithelial phenotype. In fact, recent results
suggest that CD133+CD24+ population may instead repre-
sent the cell source of origin of papillary human renal
cell carcinoma that nevertheless represents a malignancy
of adult life [56].

Acute kidney injury Acute kidney injury (AKI) represents a
complication of many clinical settings in children. Following
AKI, kidney undergoes a regenerative response leading in
most cases to complete recovery of renal function. However,
a glowing debate has been raised about the cell source for
tubule regenerating cells. A great amount of evidence, either
in humans or in animal models of AKI, supports a role for
surviving, less injured intrinsic cells localized within the tu-
bular epithelium, which proliferate and migrate to replace the
neighboring dead cells and reline denuded tubules, restoring
the structural and functional integrity of the kidney [57, 58]. It
has recently been demonstrated that in adult human kidney,
CD133+CD24+CD106− cells represent tubular-committed pro-
genitors scattered within the proximal and distal convoluted
tubule, but mostly localize in the S3 segment of the proximal
tubule. This tubular portion is highly susceptible to ischemia and
toxic insults, typical of AKI from different causes, but also has a
remarkable capacity to repair its structure and function [57].
Interestingly, CD133+CD24+CD106− tubular progenitors share
with bipotent CD133+CD24+CD106+ progenitors of the
Bowman’s capsule resistance to apoptotic stimuli and regenera-
tive potential for injured tubular tissue [15, 58]. As a conse-
quence, although tubular progenitors represent only a small
amount of all tubular cells in healthy kidneys, following injury
they are the cells that preferentially survive, being enriched
proportionally to the severity of damage [15]. In addition, this
population proliferates and represents the predominant
regenerating population in the kidney of patients affected by
acute and chronic tubular disorders [59]. Similar regenerative
properties have been demonstrated in evolutionary distant animal
classes such as insects or fish [3, 58]. Moreover, only tubular
progenitors, but not differentiated tubular cells, engrafted, gener-
ated novel tubular cells and improved renal function when
injected into mice models of AKI, further confirming that the
phenotype of these cells is stable and distinct from that of
differentiated tubular cells, at least in humans [15]. What the real
mechanisms of tubular regeneration are, and what the contribu-
tion of progenitor cells versus differentiated tubular cells is, is still
a matter of debate. In fact, the existence of a compartment of

tubular progenitors does not rule out the contribution of differ-
entiated tubular cells to repair tubular injury in adult mammalian
kidneys, as suggested by evolutionary studies that demonstrated
that usually more than one mechanism is involved in regenera-
tion of a tissue because this confers an advantage during evo-
lution. Further studies are encouraged in order to under-
stand whether different mechanisms of regeneration con-
tribute to tubular repair and regeneration during AKI
[57, 58].

Conclusions

Kidney health depends on the complete integrity and func-
tionality of the nephrons and their components parts develop-
ing in the early phases of life. As already described, a large
body of evidence has recently suggested that renal progenitors
of adult human kidney can regenerate injured podocytes as
well as damaged tubular epithelial cells, suggesting that they
represent a source for nephron regeneration. However, there is
a long way to go in our understanding of molecular mecha-
nisms that drive pathologic behaviors and their differences
with what happens in physiological conditions.We founded in
the hope that studies on renal progenitor cells will eventually
lead to the creation of innovative treatments for kidney dis-
eases. For this, it is of striking importance to acquire detailed
information about how self-renewal and fate decision of renal
progenitor cells in physiological conditions as well as in
response to injury occurs and may be perturbed or modulated,
to the aim of obtaining novel tools to prevent and treat kidney
diseases.
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