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ABSTRACT

Chronic kidney disease is a leading cause of mortality and
morbidity in Western countries and is estimated to affect
11% of the adult population. The possibility of treatment
of chronic kidney disease has been severely impaired by
our poor knowledge of the regenerative properties of the
kidney. Recent results obtained in humans, together with
genetic tagging experiments performed in rodents, demon-
strated that the epithelial components of the cortical neph-
ron share a unique progenitor, which can generate
podocytes as well as tubular cells. Accordingly, lineage
tracing experiments demonstrated that bone marrow-
derived interstitial or papillary cells are not involved in
the repair of injured adult renal epithelium. In addition,

assessment of the markers CD24 and CD133 in adult
human Kkidney as well as genetic tagging in rodents
allowed us to identify a hierarchical population of renal
progenitors arranged in a precise sequence within Bow-
man’s capsule. The results of all of these studies suggest
that the kidney contains a “renopoietic system,” with a
progenitor localized at the urinary pole of Bowman’s cap-
sule, from where it can initiate the replacement and regen-
eration of glomerular, as well as tubular, epithelial cells.
Knowledge of renal progenitor cell biology may enable a
better comprehension of the mechanisms of renal repair
as well as more effective targeted therapies for acute and
chronic kidney diseases. STEM CELLS 2009,27:2247-2253
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INTRODUCTION

Chronic kidney disease (CKD) is a leading cause of mortality
and morbidity in Western countries and is estimated to affect
11% of the adult population [1]. It can progress to end-stage
renal disease (ESRD), which has no cure and requires renal
replacement therapy, that is, dialysis or renal transplantation.
The number of patients with ESRD is growing consistently
with rising cumulative costs that are even greater than the
direct treatment costs of cancer [1]. The possibility of treat-
ment of CKD has been severely impaired by our poor knowl-
edge of the regenerative properties of the kidney [2]. Indeed,
although the resection of an adult kidney does not lead to the
regeneration achieved in the liver, the mammalian kidney
shares with the majority of organs the ability to repopulate
and at least partially repair structures that have sustained
some degree of injury [2—4]. In most adult tissues, the process
of wounding to replace the damaged or dead cells is main-
tained through the presence of stem/progenitor cells [5, 6].
The discovery of stem cells in adults was introduced by the
notion that multipotent progenitors can be found in adult bone
marrow and that these cells are responsible for the constant
production of blood [7]. These progenitors were thus named
as hematopoietic stem cells and are characterized by two
main properties, self-renewal and multilineage differentiation
potential [7]. It is generally accepted that hematopoietic stem
cells are generated during embryonic development and colo-
nize the bone marrow, ultimately giving rise to the adult he-
matopoietic system, which represents a paradigm in stem cell

biology [7]. Learning from the hematopoietic system has
helped to identify a pool of tissue-specific, resident, self-
renewing, and differentiating progenitors within many ana-
lyzed tissues, thus opening the possibility of understanding
the regenerative mechanisms of adult tissue. However, the
kidney has presented many challenges in the identification
and characterization of stem cells [8§—14]. Indeed, it was pro-
posed that the cells that elicit kidney repair come from the
proliferation of neighboring cells, interstitial or papillary cell
transdifferentiation, the recruitment of stem cells from the
bone marrow, or the generation of new epithelial cells from
an unknown renal stem cell population [2-14]. Taken as a
whole, the kidney appears to be extraordinarily complex, but
on anatomical analysis this complexity is reducible to fairly
simple terms. Each kidney is made up of slightly more than 1
million microscopic units, the nephrons, which are all essen-
tially alike and consist of a filtering bed composed of a capil-
lary tuft, or glomerulus, which drains directly into a long,
elaborate tubule [15] (Fig. 1). These million-odd glomerular-
tubular units empty into common collecting ducts, which then
unify to generate the ureter [15]. Thus, each nephron is func-
tionally and anatomically independent, suggesting that it
should harbor its putative stem cell bulk to repair injury. It
follows that putative renal stem cells should be functionally
characterized by two main properties, self-renewal and multi-
lineage differentiation potential, and might also share some
phenotypic properties with hematopoietic stem cells. In addi-
tion, nephrons are generated repetitively during kidney orga-
nogenesis from a mesenchymal progenitor population [15]. In
analogy with the hematopoietic system, a putative stem cell
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compartment of the kidney may be established during embry-
onic life. Thus, drawing on understanding of kidney develop-
ment in search of cells with phenotypic and functional fea-
tures of multipotent progenitors is crucial to clarifying the
possible existence of a “renopoietic system” and to address
the mechanisms of renal repair.

EMBRYONIC RENAL PROGENITOR

When we talk about kidney formation, we should be aware
that the mammalian organism forms three excretory organs,
all of which are derived from the intermediate mesoderm
(Fig. 1) [15, 16]. The first and most primitive organ, called
the pronephros, forms in a rudimentary way and becomes
functional in some fish, whereas it has no obvious function in
the mammalian embryo (Fig. 1A, 1B) [15, 16]. After a short
time, it disappears and is replaced by the second organ, the
mesonephros (Fig. 1C, 1D), which is found in higher fish and
amphibians, where it also functions as an hemopoietic organ
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Figure 1. Series of schematic diagrams
depicting the morphological events during
mammalian kidney development. The
mammalian organism forms three excre-
tory organs, all of which are derived from
the intermediate mesoderm. (A, B): The
first and most primitive organ, the pro-
nephros, becomes functional in some fish
although it has no obvious function in the
mammalian embryo and after a short time
it disappears. Longitudinal (A) and cross
section (B) of the pronephros. (C, D): The
pronephros is replaced by the mesoneph-
ros, which is found in high fishes and
amphibians, whereas it degenerates and is
replaced by the definitive kidney, the
metanephros, in mammals. Longitudinal
(C) and cross section (D) of the meso-
nephros. (E): The metanephros generates
when the Wolffian duct elongates posteri-
orly and encounters the metanephric mes-
enchyma where the ureteric bud emerges.
The metanephros and its generation of
adult mammalian kidney is shown in a
longitudinal section. (F): Scheme of a
mature nephron and its developmental ori-
gin: the glomerulus, proximal tubule,
Henle’s loop, distal tubule, and connecting
tubule derive from the metanephric mesen-
chyme, whereas the collecting ducts derive
from the ureteric bud.
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and is composed of nephrons surrounded by hematopoietic
and lymphoid tissue dispersed throughout the organ [15-17].
This strict relationship between the kidney and the bone mar-
row during development is explained by the observation that
the mesonephros represents a relevant portion of an axial,
mesodermally derived region of the embryo, the aorta-gonad-
mesonephros [18]. The aorta-gonad-mesonephros serves as a
major niche for development of hematopoietic stem cells as
well as of a variety of mesenchymal progenitors, including
the mesenchymal aggregates that generate the third kidney
design, the metanephros, which represents the adult mamma-
lian kidney in birds and mammals (Fig. 1E) [18]. Induction of
the mature kidney occurs through reciprocal interactions
between an epithelial component, the Wolffian duct, and the
metanephric mesenchyme. During the induction process, cells
of the metanephric mesenchyme condense around the tips of
the growing bud; then they undergo a burst of proliferation
and convert to an epithelial cell type (Fig. 2). These early epi-
thelial cells form a spherical cyst called the renal vesicle [15,
16] (Fig. 2B). The renal vesicle then undergoes a series of
invaginations and elongations to generate the comma-shaped
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Figure 2. Series of schematic diagrams depicting the morphological events and the localization of CD24"CD133" renal progenitors during the
different phases of nephron development. Mesenchymal cells near the tips of the branching ureteric bud are induced and differentiate through a
series of forms: aggregate (A), renal vesicle (B), comma-shaped bodies (C), and S-shaped bodies (D). Also shown is the developing vasculature
within the glomerular cleft of an S-shaped body (E) and the glomerulus in a more mature nephron (F). The tubular segments of the mature neph-
rons empty into the collecting ducts and eventually the ureter. Development proceeds in a radial manner so that older nephrons are centrally
located and newer nephrons are added at the periphery as indicated. Cells of the ureteric bud are stained in green. CD24"CD133" renal
progenitors are stained in red. (A): CD24"CD133" renal progenitors (red) localize in the condensed mesenchyme but not in the uninduced mes-
enchyme (white) or in the ureteric bud (green). (B): CD247CD133™" renal progenitors localize in a primary vesicle but not in the uninduced
mesenchyme (white) or in the ureteric bud (green). (C): CD24"CD133" renal progenitors localize in the comma bodies but not in the uninduced
mesenchyme (white) or in the ureteric bud (green). (D): CD24"CD133" renal progenitors localize in the S-shaped body, in the proximal loop, as
well as in the distal loop, but not in the uninduced mesenchyme (white) or in the ureteric bud (green). (E): CD24*"CDI133" renal progenitors
(red) localize in an S-shaped body after colonization by primordial capillaries and mesangium. (F): In maturing glomeruli, CD247CD133™ renal
progenitors (red) selectively persist as a subset of cells of the Bowman’s capsule localized opposite to the vascular pole.

(Fig. 2C) and then the S-shaped bodies (Fig. 2D). At this
stage, the proximal end of the S-shaped body becomes
invaded by blood vessels, differentiates into podocytes and
parietal epithelial cells, and then generates the glomerular tuft
[15, 16] (Fig. 2E, 2F). Simultaneously, the middle and the
distal segments of the S-shaped body that had remained in
contact with the ureteric bud epithelium fuse to form a single,
continuous epithelial tube and begin to express proteins that
are characteristic of tubular epithelia [15, 16]. Concurrent
with these events the growth and repeated branching of the
ureteric bud form the system of the collecting ducts that join
with the nephron and empty into the ureter. These inductive
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steps are reiterated throughout the growing kidney so that
older nephrons are located in the center and newer nephrons
are added at the periphery. In humans the process continues
until it stops immediately before birth. Mostly based on clonal
analysis in vitro and ex vivo, several researchers previously
suggested that individual nephron progenitors are multipotent
in their capacity to generate distinct regions of the nephron
[19, 20] and that they constitute a common embryonic pro-
genitor population for tubular and glomerular epithelial cells.
However, which cells within this pool represent renal progeni-
tors and how multiple nephron lineages form during this pro-
tracted developmental process was unclear. Very recently,
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studies performed in transgenic rodents for the homeodomain
transcriptional regulator Six2 have demonstrated the existence
of a multipotent nephron progenitor population in the cap
mesenchyme [21]. Indeed, pulse labeling of Six2-expressing
nephron progenitors at the onset of kidney development sug-
gested that the Six2-expressing population is maintained by
self-renewal and is multipotent, generating the multiple
domains of the whole cortical nephron [21]. Accordingly,
descendants of a Six2™ cell can be found within molecularly
distinct compartments of a single nephron: podocytes, proxi-
mal and distal tubule structures, and the connecting tubule,
demonstrating that a single multipotent progenitor is the
source of both the glomerular and tubular epithelial cells
that constitute the adult cortical nephron [21]. Although line-
age tracing studies in rodents definitively proved the exis-
tence of a common renal embryonic progenitor for glomeru-
lar and tubular epithelial cells, these strategies cannot be
applied in humans. However, by using the application of a
combination of markers such as CD24, a surface molecule
that has been used to identify different types of human stem
cells [22-24], CD133 (a marker of hematopoietic and other
types of adult tissue stem cells) [24, 25], the Polycomb
group protein Bmi-1 (a transcription factor that is critical for
maintenance of stem cell self renewal) [26, 27], and the
stem cell-specific transcription factors Oct-4 [28], we identi-
fied a subset of cells in embryonic human kidneys that ex-
hibit stem cell phenotypic and functional features [29].
Indeed, surface expression of CD133 and CD24 allowed us
to recover a subset of cells in the primordial nephron that
displayed self-renewal and multidifferentiation potential [29]
(Fig. 2). When injected into mice with acute renal failure,
CD24*CD133" progenitors purified from embryonic tissues
regenerate cells of different portions of the nephron, reduce
tissue necrosis and fibrosis, and improve renal function [29].
CD24*CD133" progenitors are located in condensed mesen-
chyme-derived primordial structures (Fig. 2A), primary
vesicles (Fig. 2B), comma-shaped bodies (Fig. 2C), and S-
shaped bodies (Fig. 2D). In S-shaped bodies, CD247CD133"
progenitors are located in the proximal loop, which will give
rise to both podocytes and Bowman’s capsule of the primi-
tive glomerulus, as well as in the distal loop (Fig. 2D); how-
ever, when a primitive vascular tuft is evident within the
cup-shaped glomerular precursor region, CD24"CD133"
progenitors are detected only in parietal epithelial cells of
Bowman’s capsule (Fig. 2E). In maturing glomeruli,
CD24%CDI133" progenitors are selectively localized at the
urinary pole of Bowman’s capsule (Fig. 2F). Accordingly,
CD24%CD133" progenitors are enriched in the kidneys at 8-
9 weeks of gestation, when the developing kidney consists
mostly of immature metanephric mesenchyme-derived struc-
tures, whereas they substantially decrease during 10-14
weeks of gestation when terminally differentiated nephrons
appear, representing <2% of whole renal cells in mature
kidneys [29]. Taken altogether, these data suggest that a sin-
gle multipotent progenitor is the source of both glomerular
and tubular epithelial cells that constitute the cortical neph-
ron in mammalian kidneys during development.

ADULT RENAL PROGENITOR

The observation that nephrons are generated repetitively dur-
ing kidney organogenesis from a single multipotent progenitor
population suggests that small numbers of renal progenitors
could exist also in the adult and contribute to kidney homeo-
stasis and repair after injury. In addition, phylogenetic obser-
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vations suggest the existence of renal progenitors in adult kid-
neys. Indeed, in response to acute renal injury, the adult fish
kidney exhibits a nephron neogenic response with de novo
nephron development [17]. Although a similar neogenic
response is not observed in mammals, the new nephrons that
form in fish after injury follow the same pattern of develop-
ment as is observed during nephrogenesis in developing mam-
malian kidneys [15-17]. Specifically, basophilic clusters of
cells adjacent to collecting ducts form renal vesicles and S-
shaped tubules, and the tubular outgrowths then fuse with the
collecting ducts. Glomerular development results in glomeruli
with vascular tufts, parietal and visceral epithelia, and a clear
Bowman’s space [17]. The nephrons develop over a period of
2-4 weeks after induction of injury, suggesting that develop-
ment of new nephrons requires long periods of time in adult
kidneys [17]. This neogenic response provides a unique model
for studying developing nephrons in an adult vertebrate orga-
nism and suggests that renal progenitors could persist in adult
kidneys also after mammalian development. Drawing on de-
velopmental processes, Humphreys et al. [30] have performed
lineage tracing experiments using transgenic mice to mark
cells derived from the renal embryonic progenitors in adult
kidneys. In this model, the Six2 promoter drives a fusion pro-
tein of green fluorescent protein (GFP) and Cre recombinase.
GFPCre is expressed transiently in renal epithelial precursors
during the developmental period of active nephrogenesis [30].
No GFPCre expression is present in the adult, and no expres-
sion is observed after injury. When Six2-GFPCre mice are
crossed with a floxed STOP reporter strain, Cre-dependent re-
moval of the stop sequence in progeny leads to constitutive
and heritable expression of a marker gene such that all mes-
enchyme-derived renal epithelial cells, from Bowman’s cap-
sule to the junction of the connecting segment and collecting
duct, are heritably labeled [30]. In contrast, the entire intersti-
tial compartment and the collecting ducts are unlabeled. After
the induction of acute kidney injury, the repair of injured
nephrons was accomplished by intrinsic cells localized within
the GFP-labeled cortical nephron, suggesting that repair of
injured nephrons is predominantly accomplished only by one
or more population(s) of resident epithelial renal cells that
represent the direct progeny of the Six2-expressing population
renal embryonic progenitor. Of note, these results also demon-
strate that the contribution of any extratubular renal stem/pro-
genitor cell to repopulation of the tubular epithelium is irrele-
vant. This is noteworthy, because previous studies suggested
that progenitor cells with regenerating potential for renal epi-
thelium could be located in the renal interstitium or among
cells of the collecting ducts [8—10]. However, this does not
rule out a potential role for interstitial cells in the repair pro-
cess in response to damage, possibly through secretion of
growth factors or cytokines that induce the migration/prolifer-
ation of tubular epithelial cells [31]. The absence of label
dilution after injury and repair also definitively demonstrates
that bone marrow-derived cells do not directly contribute to
renal repair, a finding that had already been suggested also by
other studies [32, 33]. A possible relationship between the
embryonic renal progenitor and a putative adult progenitor is
also suggested by studies in humans. Indeed, assessment of
the CD24 and CD133 markers in adult human kidney allowed
us to identify a population of renal progenitors selectively
localized at the urinary pole of Bowman’s capsule [34] (Fig.
3). The conclusion that CD24"CD133" cells in the adult
human kidney represent a residual population directly derived
from the CD247CD133" embryonic kidney progenitor popu-
lation cannot be definitively established without lineage track-
ing, although the similarity of location and the analysis of
phenotypic and functional features suggest a strict relationship
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Figure 3. Hierarchical distribution of renal progenitors in adult
human glomeruli. CD24"CD133" renal progenitors (red) are local-
ized at the urinary pole and are in close contiguity with podocytes
(blue) at one extremity (the vascular stalk) and with tubular renal
cells (white) at the other extremity. A transitional cell population
(CD247CDI133"PDX™, red/blue) displays features of either renal pro-
genitors (red) or podocytes (blue) and localizes between the urinary
pole and the vascular pole. At the vascular stalk of the glomerulus,
the transitional cells are localized in close continuity with cells that
lack progenitor markers but exhibit the podocyte markers and the
phenotypic features of differentiated podocytes (blue). Endothelial
cells: yellow; mesangial cells: green; podocytes: blue; proximal tubu-
lar cells: white; renal progenitors: red.

between the human CD241TCD133" progenitors isolated from
embryonic kidneys and those isolated from adult kidneys.
Accordingly, CD247CD133™ progenitors isolated from adult
human kidneys also exhibited self-renewal potential, regener-
ated tubular structures in different portions of the nephron,
and reduced the morphologic and functional kidney damage
in mice affected by acute renal failure, suggesting that these
cells can participate in tubular regeneration in adult human
kidneys [3, 12, 34]. Interestingly several previous studies
demonstrated that the proximal tubule arises at a variety of
angles from Bowman'’s capsule and that at least one part of
the tubuloglomerular junction has an area of intermediate
appearance, with prominent microvilli on parietal cells in
humans, mammals, and fish (Fig. 3). These findings suggest
that parietal epithelium may be able to change to tubular and
that this change may occur particularly as the kidney grows,
during severe renal disorders [35-39], or during aging [40].
However, in most cases repair of epithelial cells does not
depend on cells generated from multipotent progenitors but
directly derives from the migration of epithelial cells from the
neighboring epithelia, as reported previously also for the skin
[41, 42]. Several studies suggested that the tubular epithelium
can be self-renewing after acute kidney injury and that differ-
entiated tubular cells proliferate and migrate to replace the
neighboring dead cells [32, 33, 43]. Interestingly, Vogetseder
et al. [44, 45] proposed that the rapid proliferative response
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of the tubular epithelium to injury stems from the fact that
the tubular epithelium is resting in the G; phase rather than
Gy and, thus, is primed to enter the cell cycle if disturbed.
The fact that a large fraction of the cells are in the G; phase
of the cell cycle, ensures a rapid proliferative response when
needed. Thus, renal stem/progenitor cells might contribute to
tubular epithelium repair, but this contribution probably
occurs only when a renal tubular injury cannot be spontane-
ously repaired through the migration of neighboring
unwounded tubular cells.

However, most renal pathological conditions that ulti-
mately lead to ESRD originate within the glomerulus, and it
has now been established that depletion of podocytes, the vis-
ceral epithelium of the capillary tuft, is central in initiation of
glomerulosclerosis, which is the common final pathway of all
glomerular diseases leading to ESRD [46-48]. In glomerular
diseases such as diabetic nephropathy, glomerulonephritis, or
preeclampsia, significant numbers of podocytes are lost as a
result of apoptosis, necrosis, or excretion of living cells into
the urine. Unlike tubular cells, podocytes are postmitotic cells
that cannot undergo complete cell division and are therefore
unable to regenerate themselves [48, 49]. Interestingly,
CD247CD133"% progenitors are physically located within
Bowman’s capsule, the only place in the kidney that appears
to be contiguous with both tubular cells and glomerular podo-
cytes [12], suggesting that CD24"CD133" progenitors might
be responsible for podocyte regeneration after injury. Accord-
ingly, previous studies have suggested the existence of transi-
tional cells exhibiting a mixed phenotype between the parietal
epithelial cells and the podocyte at the vascular pole of the
glomerulus [50-52] (Fig. 3). In addition, CD247CD133™
progenitors represent common progenitors of tubular cells and
podocytes during renal development [29]. Very recently, we
demonstrated that CD247CD133" cells consist of a hierarchi-
cal population of progenitors that are arranged in a precise
sequence within Bowman’s capsule and exhibit heterogeneous
potential for differentiation and regeneration [53]. Cells
localized to the urinary pole that expressed CD133 and CD24,
but not podocalyxin (PDX) or other podocyte markers
(CD24TCD133"PDX ™ cells), could regenerate both tubular
cells and podocytes (Fig. 3). In contrast, cells localized
between the urinary pole and vascular pole that expressed
both progenitor and podocytes markers (CD247CD133"
PDX") could regenerate only podocytes [53] (Fig. 3).
Finally, cells localized to the vascular pole did not exhibit
progenitor markers but displayed phenotypic features of dif-
ferentiated podocytes (CD24-CD133 PDX™ cells) [53] (Fig.
3). These findings in humans were also confirmed in a paral-
lel study performed in rodents by Appel et al. [54], who also
demonstrated that transitional cells with morphological and
immunohistochemical features of both parietal epithelial
cells and podocytes could be detected at the glomerular vas-
cular stalk. More importantly, using an elegant model of
genetic tagging of parietal epithelial cells in a triple-trans-
genic doxycycline-inducible mouse line, the same authors
unequivocally demonstrated that podocytes are recruited
from parietal epithelial cells, which proliferate and differen-
tiate from the urinary to the vascular stalk, generating novel
podocytes. Thus, these findings suggest that within the glo-
merulus a gradient exists, whereby podocytes at the glomeru-
lar tip would represent the “oldest” podocytes, which in turn
might be most susceptible to damage. In summary, various
lines of evidence demonstrate that podocytes can be
recruited from a progenitor population localized at the uri-
nary pole of Bowman’s capsule. These findings explain how
the growing glomerulus is covered with podocytes despite
their inability to undergo cell division.
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TowARD THE IDENTIFICATION OF
A RENOPOIETIC SYSTEM

Remission of disease and regression of renal lesions are widely
observed in experimental animals and even in humans [4].
However, the repair of injured renal tissue in mammals is not
sustained by the generation of new nephrons and frequently
leads to a nonfunctioning mass of fibrotic tissue [4]. In con-
trast, early in gestation, injured fetal tissues can be completely
recreated, without fibrosis, in a process resembling regenera-
tion [15, 16]. In addition, in response to acute damage, some
fish display an effective neo-nephrogenic potential in adult-
hood [16] whereby new nephrons form from a residual progen-
itor pool following a sequence that strictly resembles the devel-
opment of mammalian nephrons [15-17]. Although mammals
have retained much of the molecular machinery used by organ-
isms such as fish, their regenerative potential is only limited.
So how does the adult kidney replenish cells lost through dam-
age or aging? Recent results demonstrate that, during develop-
ment, mammalian nephrons derive from a single multipotent
progenitor that generates glomerular as well as tubular epithe-
lial cells and that cells with identical markers and properties
also exist in adult mammalian kidneys [3, 12, 21, 29, 30, 33,
53, 54]. Adult renal progenitors are localized at the urinary
pole of Bowman’s capsule, the only place of the nephron from
where they can initiate the replacement and regeneration of
glomerular, as well as tubular, epithelial cells [3, 12, 33, 53,
54]. Thus, converging evidence suggests that the kidney con-
tains a renopoietic system and that the urinary pole of Bow-
man’s capsule may represent a stem cell niche, which is a spe-
cific site in adult tissues where stem cells reside [5, 55].
Accordingly, embryonic stem cells, once differentiated toward
renal tubular cells, migrated to the urinary pole of Bowman’s
capsule after injection into developing kidneys [56], which is a
selective property of stem cell niches [5, 55].

The existence of a renal progenitor system in adult mam-
malian kidneys raises the question of why the kidney’s regen-
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