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The development of the human kidney is a complex process that requires interactions between epithelial and mesenchymal cells,
eventually leading to the coordinated growth and differentiation of multiple highly specialized stromal, vascular, and epithelial cell types.
The application of molecular biology and immunocytochemistry to the study of cell types involved in renal morphogenesis is leading to a
better understanding of nephrogenesis, which requires a fine balance of many factors that can be disturbed by various prenatal events in
humans. The aim of this paper is to review human kidney organogenesis, with particular emphasis on the sequence of morphological
events, on the immunohistochemical peculiarities of nephron progenitor populations and on the molecular pathways regulating the
process of mesenchymal to epithelial transition. Kidney development can be subdivided into five steps: (i) the primary ureteric bud (UB);
(i) the cap mesenchyme; (jii) the mesenchymal—epithelial transition; (iv) glomerulogenesis and tubulogenesis; (v) the interstitial cells.
Complex correlations between morphological and molecular events from the origin of the UB and its branching to the metanephric
mesenchyme, ending with the maturation of nephrons, have been reported in different animals, including mammals. Marked differences,
observed among different species in the origin and the duration of nephrogenesis, suggest that morphological and molecular events may be
different in different animal species and mammals. Further studies must be carried out in humans to verify at the morphological,
immunohistochemical, and molecular levels if the outcome in humans parallels that previously described in other species.
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Early kidney development, given its complexity, has become a
paradigm for the fascinating phenomenon of mesenchymal-to-
epithelial transition, for branching morphogenesis, and, in a
general sense, for human organogenesis (Dressler, 2008). The
development of the human kidney is a complex process that
requires interactions between epithelial and mesenchymal cells,
eventually leading to the coordinated development of multiple
highly specialized stromal, vascular, and epithelial cell types, a
peculiar feature of the kidney architectural and functional
complexity (Gruenwald and Popper, 1940; Dressler, 2006).
Overall, kidney morphogenesis appears as a self-regulating
process whereby kidney function, i.e., nephron fluid flow,
orchestrates multiple, mutually dependent cellular processes
within the developing nephron, including epithelial cell
movements during tubulogenesis (Drummond and Vasilyev,
2010).

In recent years, the application of new techniques such as
molecular biology and immunocytochemistry to the study of
cell types involved in renal morphogenesis has represented a
key challenge in nephrology, leading to better understanding
of kidney development during prenatal and postnatal life.
Nephrogenesis requires a fine balance of many factors that can
be disturbed by various prenatal events in humans as well as
in animal models (Rodriguez et al., 2004; Miihle et al., 2010).
Recent studies have highlighted multiple factors that play a role
in the epigenetic modulation of kidney development, including
maternal diet, stress and hypertension, drugs administered to
the mother or to the newborn (namely antibiotics, non-steroid
anti-inflammatory drugs), prematurity, low birth weight, and
intrauterine growth restriction. All these factors may lead to
a disturbance of nephrogenesis, resulting in low nephron
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numbers at birth, which may represent the main factor favoring
the development of hypertension and, eventually, of end stage
renal disease in childhood or adulthood (Puddu et al., 2009;
Fanos et al., 2010).

The clinical importance of nephron mass is well recognized in
the literature: clinical surrogates for low nephron numbers and
susceptibility to hypertension and renal disease in humans have
been presented in recent studies (Luyckx and Brenner, 2010;
Bertram et al., 201 I; Table ).

A marked interindividual variability in renal maturation has
recently been observed by our group in autopsies of preterm
infants: this should in all likelihood represent a major risk factor
of progressive renal disease in adulthood (Faa et al.,, 2010).

To investigate in depth the mechanisms of renal
development, genetic manipulation in a variety of animal models
has been used to discover the cellular and molecular signals that
define the morphological transitions (Reidy etal., 2009). It must
be emphasized that limitations on extrapolation from animal
studies should be taken into account particularly in rodents, in
which the achievement of nephrogenesis covers the lactation
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TABLE |I. Clinical surrogates for low nephron number and susceptibility
to hypertension and renal disease in humans (from Luyckx and Brenner,
2010; mod)

| Low birth weight; ELBW; VLBW

2 Preterm birth

3 Short stature

4 Reduced kidney volume (ultrasound)
5 Low kidney mass (scintigraphy)

6 Glomerulomegaly (biopsy)

7 Gene polymorphisms: PAX2, RET

8 IDM

LBW, low birth weight; ELBWV, extremely low birth weight; VLBW, very low birth weight;
IDM, infant diabetic mother.

period, whereas it normally ends before birth at 35-36 weeks of
gestation in humans (Symonds et al., 2009).

The aim of this paper is to review human kidney
organogenesis, with particular emphasis on the sequence of
morphological events which, starting from the indifferentiated
intermediate mesenchymal cells and from their cross-talking
with the elongating and branching ureteric bud (UB), eventually
give origin to the complexity of the mature human kidney.

In particular, we shall focus on morphological and
immunohistochemical peculiarities of nephron progenitor
populations and on the molecular pathways regulating the
process of mesenchymal-to-epithelial transition, the main
development responsible for the origin of the nephron, the
functional unit of the kidney.

Progress in our understanding of the cellular and molecular
mechanisms of kidney development may provide methods for
improved diagnosis of renal anomalies and, hopefully, targets
for prevention and treatment of childhood kidney disease
(Reidy et al., 2009).

Historical Notes

The first studies on the sequence of events regulating human
nephrogenesis go back to 1842, when Bowman (1842) first
described the “invagination” of the capillary tuft inside the
developing nephron, originating the immature glomerulus and
the capsule. The early phases of renal development in the
human embryo were better defined by Golgi (1889), who
first described the “S-shaped” bodies as one of the early
structures that originate the glomerular capsule. According to
Golgi C., the contemporary development of blood vessels and
“S-shaped” tubules is at the basis of glomerulogenesis. The
intimal and complex interactions between epithelial cells and
the capillary tuft give rise, according to Golgi, to the mature tuft.
Herring (1900) first surmized that the nephron might originate
from a nest of undifferentiated mesenchymal-like cells and not
from the branching UB. In addition, he identified the “comma”
bodies as the precursors of the “S-shaped” bodies, and
described the multiple steps of the differentiation of the cells
lining the glomerular capsule, eventually differentiating into
parietal cells and mature podocytes.

Zimmermann (1933) revealed the intimate relationships
among the endothelial cells, the basal membranes, and the
invaginated capsular epithelial cells, and named as mesangial
cells the fibroblast-like cells interposed between the capillaries.
Noel and Pigeaud (1932) hypothesized that the tuft may
originate from a nodule of metanephric blastema in contact with
an S-shaped tube. According to the latter authors, the tuft and
the glomerular capsule should be considered, at their origin,
two separate entities, which subsequently fuse, thus originating
the mature glomerulus. Montaldo and Murri (1958) studied the
relationship between the glomerular capillaries, the epithelial
cells surrounding the glomerular capillaries and the mesangial
cells at their basis. Montaldo also hypothesized that basal
membranes might originate from the synthetic activity of both
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epithelial and mesangial cells. Hall (1956) first studied the
ultrastructure of the glomerulus in the developing kidney of the
rat and described the differentiation of the inner cells of the
capsule toward mature podocytes. Moreover, he revealed
the complex structure of the basement membrane and its
subdivision into inner and outer lamina rara and lamina densa.
Kurtz (1958) applied electron microscopy to the study of
human fetal kidneys and showed that the glomerulus originates
from a nest of mesenchymal cells which differentiate into
podocytes and endothelial cells, both contributing to the
synthesis of the basal membrane. Benedetti and Marinozzi
(1958) contributed to better knowledge of the mesangial cells
during kidney development. They first hypothesized a common
origin for mesangial and endothelial cells and suggested that
mesangial cells might function as pericytes, regulating the caliber
of glomerular capillaries. The hypothesis of Benedetti and
Marinozzi was confirmed by Farquhar and Palade (1962) who
first gave functional evidence of the existence of a “third” cell
type in the renal glomerulus, the mesangium. In her PhD thesis,
Lazorthes-Herland (1961) supported Herring’s theory and
clearly demonstrated that the entire glomerulus originates
from the same mesenchymal progenitors.

Stages of Kidney Development and Branching

The mature kidney of mammals is the final product of three
embryonic excretory organs, i.e., the pronephros, the
mesonephros, and the metanephros (O’Rahilly and Muecke,
1972). The metanephros takes origin from the UB, a branching
epithelial tube originating from the Wolffian duct, and the
mesenchymal cells which originate from the intermediate
mesenchyme (Poladia et al., 2006) and are programmed to
make epithelial precursors (Stark et al., 1994) in response

to inductive signals from the UB (Schmidt-Ott et al., 2005;
Dressler, 2008). The nephron and the collecting system have
different developmental histories: the former arises from
mesenchymal cells, which undergo mesenchymal—epithelial
transition, whereas the latter forms from the reiterated
branching of the UB (Constantini and Kopan, 2010; Rumballe
etal, 2010).

The analysis of kidney development will be subdivided into
five steps: (i) the primary UB; (ii) the cap mesenchyme; (iii) the
mesenchymal—epithelial transition; (iv) glomerulogenesis and
tubulogenesis; (v) the interstitial cells.

The Primary Ureteric Bud

The complex process of human nephrogenesis develops
from the primary nephric duct, also known as the common
mesonephric duct, or Wolffian duct, which represents the first
epithelial component of the human urogenital system. The
primary UB originates at the posterior end of the Wolffian duct
as a solid aggregate of epithelial cells that proliferate, migrate,
and progressively invade the surrounding metanephric
mesenchyme (Watanabe and Costantini, 2004; Fig. I).

Preliminary data we have obtained indicate that MUC | is
able to discriminate between committed and uncommitted cap
mesenchymal cells (Locci, unpublished data).

In humans, the development of the UB from the Wolffian
duct begins at the 28th day of gestation (Yosypiv, 2008). It
branches in a highly reproducible manner, and the nephron
formation is induced at each of its tips. These branches will form
the collecting system, including collecting ducts, renal pelvis,
ureter, and bladder trigone (Reidy and Rosenblum, 2009).
Numerous factors expressed in a specific spatial and temporal
pattern play a role in the UB origin, elongation, and branching
(Constantini, 2006). Multiple gene regulatory networks have
been reported to act either as inducers (c-Ret, ETv4, ETV5,
GDNF, SOX8, SOX9, Wntl |, Angiotensin Il, FGFRI, FGFR2,
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Fig. I. Schematicrepresentation ofinteractions between branching
UB tips and the metanephric mesenchyme.

FGF8, p53, MMP-9, Cofilinl, Destrin, AT IR, AT2R, and PAX2),
or inhibitors (Spry|, class 3 semaphorins, Robo2, Slit2, BMP4,
FoxCl, and FoxC2; Yosypiv, 2008).

The GDNF/c-Ret/VWnt!| pathway is considered the major
positive regulator of UB development. The c-RET signaling
pathway plays multiple crucial roles during human kidney
development. Its earliest role is evident in the Wolffian duct,
where it promotes cell movements that give rise to the first UB
tips. The correct outgrowth from the primary UB domain is
essential for further kidney development, as shown by the
perinatal lethality due to bilateral renal agenesis in RET
knock-out mice (Jain, 2009). A further role of RET in kidney
morphogenesis is well evidenced by the fact that kidneys
developing in the absence of GDNF/RET display severe
branching abnormalities (Michos et al., 2010).

A significant role within the c-RET signaling pathway is
played by SOX genes, a family of important developmental
regulators, which are expressed at the tips of the growing
UB, where they direct epithelial branching. Their relevance
is highlighted by the occurrence of severe kidney defects,
ranging from renal hypoplasia to renal agenesis, in SOX8/9
double mutants (Schedl et al., 2010). Lastly, a balanced action of
RET tyrosine kinase on distal ureter maturation controls the
fine tuning of the ureter/bladder connection (Uetani et al.,
2009).

The glial cell-line-derived neurotrophic factor (GDNF) is
secreted by the metanephric mesenchyme under control of the
transcription factor PAX2 (Brophy etal., 2001; Majumdar etal.,
2003; Constantini, 2006), and interacts with the c-Ret tyrosine
kinase receptor expressed on the UB tip cells to induce
branching (Pachnis et al., 1993). The activity of the GDNF/c-
Ret/Wntl pathway is inhibited by Spryl, a critical regulator of
GDNF/RET-mediated kidney induction (Basson et al., 2005).
GDNF has been shown to drive arborization in culture cells
and, when applied near the Wolffian duct, to induce the
production of supernumerary UBs (Sainio et al., 1997). A
number of genes whose expression is induced in the UB by
GDNEF has been identified, including two ETS transcription
factors, Etv4 and Etv5: these factors are required for Wolffian
duct cell movements that give rise to the UB, as well as for later
UB growth and branching (Lu et al., 2009).

The role of GDNF in early kidney development has been
evidenced in knock-out mice, where the lack of GDNF blocks
the development of the UB (Pichel et al., 1996; Sanchez et al.,
1996; Moritz et al., 2008).

PAX2 and PAX8 expression is necessary for morphogenesis
and guidance of the primary nephric duct in the early phases of
kidney development (Grote et al., 2006; Fig. 2) and protects
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Fig. 2. Main molecular pathways involved in the origin of the
primary UB from the Wolffian duct.

nephron progenitor cells during nephrogenesis (Benetti et al.,
2007). Several data suggest that PAX2 is also involved in
nephron regeneration in some animals, such studies on the
adult zebrafish. Following gentamicin-induced renal injury, renal
stem cells have been shown to coalesce to form mesenchymal
clusters that express PAX2, and then epithelialize into renal
vesicles, which give rise to primitive nephrons that fuse

with pre-existing renal tubules (Hopkins et al., 2010). Again,
aminoglycosides are able to inhibit UB branching in the fetus,
when administered antenatally, thus inducing at birth a reduced
number of nephrons (Gilbert et al., 1996).

Moreover, human adult kidney tubule cells (HK2s) in vitro,
when treated with the histone deacetylase inhibitor valproic
acid, showed a functional conversion to renal progenitors, and
underwent an epithelial-mesenchymal transition, by means of
the re-expression of high PAX2 levels (Hopkins et al., 2010).
Studies on PAX genes in kidney development suggest that
decreased PAX2 protein levels, due to its mutation, cause an
excessive amount of apoptosis in the UB tips, followed by loss
or paucity in UBs (Ostrom et al., 2000; Eccles et al., 2002;
Cohen et al,, 2007). The PAX2 gene is normally expressed
in the mesonephric duct, in UB cells, in the condensing cap
mesenchyme and in early epithelial structures derived from the
process of mesenchymal—epithelial transition, and is quickly
downregulated as the tubular epithelium matures (Dressler
etal., 1990). An altered expression of PAX2 in the fetal kidney
has been reported following a maternal low protein diet
(Welham etal., 2005), after exposure to dexamethasone (Singh
et al,, 2007) and as a consequence of accelerated neonatal
growth (Simeoni et al., 201 1).

The involvement of the renin-angiotensin system (RAS) has
been proposed in the regulation of the development of the
UB (Yosipiv, 2004; Song et al., 2010a,b). According to this
hypothesis, angiotensin |l produced by stromal cells stimulates
UB branching, upregulating PAX2 via AT2R. Moreover,
angiotensin I, acting via the ATIR, may down-regulate the
Spryl expression (Yosypiv, 2008). The RAS gene mutations
determine a spectrum of anomalies of the renal collecting
system in humans and in mice, due to defects in UB branching
(Yosypiv, 2008; Song et al., 2010b).

Class 3 semaphorins are involved in UB branching. They
are a family of guidance proteins involved in branching
morphogenesis of epithelial structures. Semaphorin3a
(Sema3a) is expressed in UB cells throughout kidney
development, and participates in patterning the UB tree as an
essential and negative regulator of UB branching. Its inhibitory
effects on UB growth and branching involve its ability to
downregulate GDNF signaling, to inhibit the vascular
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endothelial growth factor-A (VEGF-A), and to decrease the
activity of the Akt survival pathway (Reidy et al., 2009).

The fibroblast growth factor (FGF) was also found to be
fundamental for early kidney formation and critical for ureteric
branching (Fig. 2). The role of FGF in nephrogenesis was first
suggested by its expression in the rat metanephric mesenchyme
as an inducer of early events in renal development, which
maintain the survival of metanephric mesenchymal cells
(Perantoni et al., 1995) through the interaction between FGF2
and BMP7, a member of the bone morphogenic protein family
(Dudley et al., 1999). FGF receptors (FGFRs) are expressed in
the UB cells: they are critical mitogens in the development of
multiple organs, and deletion of FGF ligands and receptors are
embryonic lethal. The crucial role of FGF signaling in kidney
development was better explained by showing that conditional
knockout of FGFRI and FGFR2 in the rat led to severe
dysgenetic effects, cystic alterations, inability of the UB to
elongate or branch and renal agenesia (Poladia et al., 2006).
Conditional deletion of murine FGFRI and 2 in metanephric
mesenchyme leads to renal agenesis, with unbranched UBs
(Hains et al., 2008).

Recently, a role for p53 has been hypothesized in the
regulation of metanephric development on the ground of a
spectrum of congenital anomalies of the kidney and urinary
tract, including UB ectopia and delayed branching of the UB in
p53 knockout embryos (Saifudeen et al., 2009).

Matrix metalloproteinases, particularly MMP-9, are
produced in the early stages of renal morphogenesis and are
required to enable developing collecting tubules to invade the
surrounding metanephric mesenchyme (Lelongt et al., 1997).

Development, growth, and branching of the UB requires
many cellular changes, including migration and changes in shape
that involve the actin cytoskeleton (Short et al., 2010). Recent
studies have clearly shown the role of actin depolymerizing
factors, Cofilinl, and Destrin, in normal growth and branching
of the UB. The simultaneous lack of both genes in mouse
embryos resulted in the arrest of branching morphogenesis at
an early stage, with disruption of normal epithelial organization
of the UB cells and defects in cell migration (Kuure et al., 2010).

Similarly to the kidney, a reduced arborization of the
developing structures during a pathological process is observed
in other organs, such as the brain and the lung (Fanos, 2011 in
press).

The Cap Mesenchyme

While epithelial cords originating from the UB are branching
into the metanephric mesenchyme, some metanephric
mesenchymal cells, including self-renewing progenitor cells
(Boyle etal., 2008), condensate and aggregate around the tips of
epithelial branches, transforming themselves into the cap
mesenchymal cells (Sariola, 2002; Rosenblum, 2008). Cap
mesenchyme progressively undergoes mesenchymal-to-
epithelial transition (Stark et al., 1994; Kispert et al., 1998),
which will form most of the epithelia of the nephron (Carroll
et al., 2005; Fig. 3a,b).

The molecular phenotype of renal progenitor cells has been
identified by comparing the expression pattern of the
metanephric mesenchyme to that of the adjacent intermediate
mesoderm in the mouse at embryonic day 10. Challen et al.
(2004) identified CD24 as an early metanephric mesenchyme-
specific marker. Recent immunohistochemical studies on stem
cell markers in the human fetal kidney evidenced the adhesion
molecule NCAM exclusively localized in the metanephric
mesenchymal cells and in its nephron progenitors derivative,
whereas EpCAM, an epithelial surface marker absent from the
metanephric mesenchyme, increased its expression along
nephron differentiation (Metsuyanim et al., 2009). Moreover,
the intermediate mesoderm is characterized by the expression
of few other molecular markers, including the Lim-type
homeobox gene, Lhx| (Barnes et al., 1994; Dressler, 2009).
A transcription factor complex, including Eyal and Six|, is
required for the initial specification of the metanephric
mesenchyme from the intermediate mesoderm, at the caudal
end of the urogenital ridge (Li et al., 2003), as shown by the
abnormal apoptosis of organ primordia and kidney absence
(Xu et al,, 1999).

Fig. 3.

a:Schematicrepresentation of the process of mesenchymal-epithelial transition (MET): cap mesenchymal cells origin PTA, renal vesicles,

comma-bodies, S-shaped bodies and, eventually, glomeruli. b: Nephrogenesis in human fetal kidney (1 | weeks of gestation): arrows indicate the
metanephric mesenchyme giving rise to cap mesenchymal cells around the tips of Y-shaped UB branches.
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Two gene products are mainly involved in the process of
metanephric mesenchyme differentiation toward the cap
mesenchyme, PAX2 and Wnt4. PAX2 is probably the most
important, being highly expressed at the tip of the UB, in the
surrounding condensing mesenchyme and in the renal vesicle
(Batchelder et al., 2009). It probably plays a double, and in
some way, an opposite role. Indeed, while it induces the
differentiation of the metanephric mesenchyme toward the
nephron lineage, giving rise to the cap mesenchymal cells, it
blocks the differentiation of the progenitor cells toward the
non-nephron lineage, thus downregulating the generation of
the nephrogenic interstitium (Fig. 4). According to this
interpretation, PAX2 might be fundamental in fixing the
epithelial phenotype within the metanephric mesenchyme, thus
imprinting an epithelial fate by the activation of epithelia-specific
genes and by the repression of non-epithelial ones, in such a way
establishing a developmental boundary between the nephron
and non-nephron lineages (Tamimi et al., 2008).

The condensed cap mesenchyme is hypothesized to
generate a population of stem progenitor cells at the periphery
of the nephrogenic zone in the developing kidney (Bard et al.,
1994; Plecineanu et al., 2010; Boyle et al., 2008). Multipotent
renal progenitor cells in the embryonic kidney strongly
expressing Sall| (Fig. 5) are able to form colonies (Osafune etal.,
2006). Salll -positive progenitor cells have been shown to
partially reconstitute a three-dimensional kidney structure in an
organ culture setting (Nishinakamura, 2008). These stem-like
cells are also marked by the expression of Six2 (Kobayashi etal.,
2008), a transcription factor responsible for maintaining cells
in a progenitor state and for inhibiting their differentiation
(Self et al., 2006).

The Six2-positive and Osr|-expressing cap mesenchymal
cells surrounding the UB tips represent the nephron progenitor
population of the metanephros (Kreidberg, 2010; Fig. 5) and
give rise to all segments of the uriniferous tubule with the
exception of the collecting ducts. Functional inactivation of
the homeobox gene Six2 results in premature and ectopic
differentiation of mesenchymal cells into epithelia, followed
by depletion of the progenitor cell population within the
metanephric mesenchyme. Failure to renew the mesenchymal
cells results in severe renal hypoplasia (Self et al., 2006).

The cessation of nephrogenesis, occurring at 35-36 weeks in
humans or postnatal week | in rodents, arises from the terminal
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commitment of this progenitor field to nephron formation.
It follows that, in humans, no new nephrons arise after birth,
hence no postnatal renal stem cell is capable of true nephron
differentiation. This may have outstanding relevance in clinical
practice.

The zinc finger protein Salll is essential for UB attraction
toward the mesenchyme: it is strongly expressed in the
metanephric mesenchyme by multipotent nephron progenitors
which form colonies and originate the cap mesenchyme, upon
Whnt4 stimulation (Nishinakamura, 2003). The essential role of
Salll in kidney nephrogenesis has been shown in deficient Sall |
mice, which die in the perinatal period with kidney agenesia
(Nishinakamura and Takasato, 2005).

Recently, Ho et al. (2010) showed that MicroRNAs (miRs)
miR-10a, miR-106b[no virgola] and miR-17-5p promote the
survival of nephron progenitors cap mesenchymal cells by
downregulating the expression of the pro-apoptotic protein
Bim. MiRs promote survival of nephron progenitors, thus
determining nephron endowment during kidney development
by increasing the nephron number at birth. Podocyte specific
deletion of dicer, the most important miRNA-processing
enzyme, has been shown to result in severe alterations of
cytoskeletal dynamics (Harvey et al., 2008), leading to rapid
glomerular and tubular injury (Ho et al., 2008) and eventually
inducing glomerulosclerosis (Shi et al., 2008).

WTI has been proposed as a master control gene that
regulates the expression of a large number of genes that have a
critical role in kidney development (Kreidberg, 2010), as shown
by the occurrence of renal agenesis in mouse embryos when it
was lacking (Kreidberg et al., 1993). The WT]I expression
increases in the cap nephrogenic progenitors and promotes
differentiation toward the epithelial phenotype. It encodes a
zinc finger protein that acts both as an RNA binding protein and
as a transcription factor that binds to several target genes,
including members of the bone morphogenic protein family
(Bmp 4, Smad 4) and Hedgehog (Smo, Hhat) pathways, as well as
PAX2, VEGF-A, and Salll (Kreidberg and Hartwig, 2008;
Hartwig et al., 2010). Recent studies have identified a new set
of WTI target genes suggesting a broad role for WTI in the
epigenetic regulation of gene expression during kidney
development (Kreidberg, 2010).

Recent data from our group confirm in the human kidney
the relevant role played by WTI during nephrogenesis. Its
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Fig. 4. Differentation of the metanephric mesenchyme.
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Fig. 5. Schematic representation of the main molecular pathways
involved in the interaction between cap mesenchyme and the UB tip
cells.

Fig. 6. Main molecular pathways regulating the early phases of
mesenchymal-epithelial transition.

expression pattern suggests a main role in the regulation of the
process of mesenchymal—epithelial transition and in maturation
of podocytes (Fanni et al., 2011).

Among the aforementioned target genes for WTI, an
important role has been assigned to Bmp-7 (Gai et al., 2009),
which has been reported to be highly expressed during early
embryonic kidney development in the renal progenitor cells
(Dudley et al., 1995; Luo et al.,, 1995), in the UB cells and,
eventually, in mature podocytes (Kazama et al., 2008). The role
of Bmp-7 in nephron growth and differentiation and, in
particular, in kidney stem cell survival, has been better clarified
in the Bmp-7 null embryos which showed poorly developed
kidneys characterized by oligonephronia, mainly due to the
premature loss of the progenitor population (Dudley et al.,
1995; Luo et al., 1995).

A member of the FGF family, FGF8, is highly expressed in the
cap mesenchyme condensating in the pre-tubular aggregates
(PTA) around each branch of the UB, and may play an important
role in nephron induction and maintenance of the renal
progenitor population in the cap mesenchyme (Perantoni etal.,
2005). FGF8 is also required for cell survival at distinct stages of
nephrogenesis and for regulation of gene expression in nascent
nephrons (Grieshammer et al., 2005).

Mesenchymal-Epithelial Transition

The complex process of transition from spindle-shaped
mesenchymal cells toward epithelial cells with adherens
junctions, better known as mesenchymal—epithelial transition,
occurs in the cap mesenchymal cells, the self-renewing
progenitor cells located around the UB tips. Epithelial
differentiation involves morphological changes, from a
comparatively disordered mesenchyme to an organized simple
epithelium (Fig. 6). Morphological changes in progenitor cells
are paralleled by the activation of a large number of “epithelial”
genes, including genes encoding for cytokeratins, desmosomal
components, adherens and tight junctions, basement-
membrane collagens, laminin types, and, conversely, by the
inactivation of “mesenchymal” genes, including those encoding
for vimentin and collagen (Kispert et al., 1998; Carroll et al,,
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2005). This complex process likely occurs in a defined order,
controlled by the new transcription factors activated at this
time (Davies et al., 1999).

A critical phase during nephrogenesis is the transition
between the aggregation process, which gives rise to the cap
mesenchyme and the pre-tubular clustering (Fig. 7), and the
epithelial transformation. During the progression from the cap
mesenchyme toward the renal vesicle (Fig. 8), marked changes
have been described as concerns gene expression. In particular,
Six2 and Cited2 showed a decreased expression, whereas Lhx |
and the FGF8 expression was found to progressively increase
(Brunskill et al., 2008). Wnt-4 has the ability to induce the
mesenchymal-to-epithelial transformation of the PTA of cap
mesenchymal cells to become the renal vesicles (Kispert et al.,

Fig. 7.
PTAs.

Nephrogenesis in human fetal kidney (1 | weeks of gestation):




HUMAN KIDNEY DEVELOPMENT

Fig. 8. Nephrogenesisin human fetal kidney (I | weeks of gestation):
renal vesicle.

Fig. 10. Nephrogenesis in human fetal kidney (11 weeks of
gestation): S-shaped body.

1998). During the process of aggregation, cap mesenchymal
cells express increasing amounts of the signaling molecule Wnt-
4, in an autocrine positive feedback loop, so that Wnt-4 signals
drive Wnt-4 expression further, thus regulating the progressive
epithelial transformation of cap mesenchymal cells (Stark et al.,
1994; Fig. 6). Cap mesenchymal cells respond to Wnt-4 signaling
by differentiating into the renal vesicle, a simple tubule
undergoing extensive growth, segmentation, and differentiation
that will end with the origin of the mature proximal nephron
(Figs. 8—10; Park etal., 2007). This process was confirmed by the
failure to generate epithelial renal vesicles in Wnt-4 mutants
(McMahon etal., 2008). The Wnt4 expression is closely related
to the FGF8 expression, since inactivation of FGF8 in early
mesoderm results in the absence of Wnt-4 (Perantoni et al.,
2005).

Fig. 9. Nephrogenesisin human fetal kidney (I | weeks of gestation):
Comma shaped body.
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Mesenchymal—epithelial transition occurs under epigenetic
control: cap progenitor cells exhibit a bivalent histone
methylation signature, characteristic of pluripotent cells, while
further stages of the epithelial differentiation are marked by
epigenetic modifications, including loss of repressive marks and
gain of new activation marks on the PAX2 promoters (El-Dahr
etal, 2010).

Very little research has focused on the relationship between
differentiation of the cap mesenchymal cells during kidney
development and the conditions the fetus encounters in the
uterus, including the kind of nutrition, pollutants, drugs, and
infections the mother is exposed to, and fetal hypoxia. Recent
research indicates that the major effect of fetal hypoxia is
represented by a block in the process of the epithelial-to-
mesenchymal transition occurring in the cap mesenchyme,
mediated by the down-regulation of Wnt-4 (Wilkinson et al.,
2010). An hypoxia-induced block in the differentiation of cap
mesenchyme may lead to a lesser degree of UB branching and
failure to develop nephron structures, ending in a reduction in
nephron number and kidney size.

Glomerulogenesis and Tubulogenesis

Most nephrons in human kidneys are endowed with 36 weeks
of gestation (Ho et al., 2008). Their number ranges from
300,000 up to 1,800,000 per kidney, due to both genetic and
environmental causes occurring during pregnancy and largely
not fully defined (Georgas et al., 2009).

Several genes are involved in regulating the complex process
of glomerulogenesis. Sema3a is an essential negative regulator
of endothelial cell survival in developing glomeruli, and plays
a crucial role in podocyte differentiation (Reidy et al., 2009).
Indeed, Sema3a deletion resulted in trouble in renal vascular
patterning, with an excess of endothelial cells, whereas its
overexpression resulted in glomerular hypoplasia,
characterized by glomerular endothelial cell apoptosis, delayed
and abnormal podocyte foot process development, complete
absence of slit diaphragms, and congenital proteinuria.

The renal vesicle may be considered the first epithelial
structure originating from the cap mesenchyme (Fig. 8).
Formation of a mature nephron requires segmentation and
patterning of the renal vesicle, followed by fusion with the
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Fig. I1. Nephrogenesis in human fetal kidney (I | weeks of
gestation): arrow indicates the fusion between the distal
compartment of a S-shaped body and a collecting tubule originating
from a branch of the UB.

ureteric component of the fetal kidney (Fig. | I) to forma patent
contiguous uriniferous tubule (Georgas et al., 2009).

Four stages of nephron development have been defined:
Stage |, corresponding to the appearance of the renal vesicle
(Fig. 8); stage Il, characterized by the transformation of the renal
vesicle into the comma-shaped body (Fig. 9) and then into the
S-shaped bodies (Fig. 10); stage lll, also defined as the capillary
loop stage (Fig. |1); stage IV, or the maturing nephron stage
(Little et al., 2007; Fig. 12). The first stage is characterized by
the progression of the mesenchymal—epithelial transition,
with transformation of the solid pretubular aggregates of
mesenchymal cells into roundish epithelial structures with a
central lumen, the renal vesicles. At the molecular level, eight
markers have been identified as specific of the cells of the distal
renal vesicle, i.e., Dkkl, Papss2, Grebl, DIII, Pcsk9, LhxI,
Bmp2, and Pou3f3, whereas two others, Tmem100 and Wtl,
were strongly expressed in the proximal renal vesicle, probably
reflecting the differential developmental programs of the
proximal and distal cell populations in which renal vesicle cells
may be subdivided at this stage of nephron differentiation
(Georgas et al., 2009). In the second stage, clear segmentations
of the renal vesicle give rise to the “comma-shaped body” and
to the “S-shaped body.” At the stage of Comma-shaped body,
the developing nephron may be subdivided into a proximalanda
distal segment, characterized by the expression of intercellular
adhesion molecules such as Cadherin-6 and E-cadherin. Recent
data from our group clearly show the expression in the
Comma- and s-shaped bodies of thymosin Beta 10,2 member of
beta thymosins, a family of peptides which play essential roles in
many cellular functions (Gerosa et al., 2010).

Notchl, in concert with Notch2, has been shown to
contribute to segmentation of the Comma-shaped body and to
the origin of the S-shaped body (Surendran et al., 2010), which
has been demonstrated to be organized into three segments,
proximal, medial, and distal: the cells of the proximal segment
further differentiate to form the parietal (Bowman capsule) and
visceral (podocytes) epithelium of the glomerulus; those of
the median segment give rise to the proximal tubules, whereas
those of the distal segment drive the process of fusion with the
collecting tubules (Georgas et al., 2009; Fig. |3). The third stage,
the capillary loop stage, is characterized by the appearance and
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development in the renal cortex of the primitive loop of Henle.
Only during the fourth stage, following the subdivision of

the medulla into outer and inner medulla, does the loop of
Henle develop its medullary portion. During stage lll, the renal
vasculature undergoes rapid developmental changes, including
the appearance of the glomerular capillary system, the
differentiation of the presumptive endothelium of the renal
corpuscle and the development of renal arteries and veins.
Recent immunohistochemical studies, carried out in kidneys of
human fetuses, clearly showed the absence of vascular markers
such as CD31| and CD34 in primitive nephrons and their
appearance, during the third stage, in the endothelial cells of
the mature glomerular tufts (Fonseca Ferraz et al., 2008).

Stage IV is characterized by the final differentiation of the
main components of the renal corpuscles and the tubular
segments, including proximal tubules, the loop of Henle,
distal tubules, and by development of the juxtaglomerular
complex, macula densa, mesangium, and part of the afferent
arterioles. During this stage, the renal interstitium differentiates
into different components, including cortical, medullary,
perihilar, and nephrogenic zone interstitia (Little et al., 2007).

Podocytes evolve from columnar epithelial cells and develop
an arborized structure within the glomerulus, with their foot
processes attached to the glomerular basal membrane. Parl, a
member of the Partitioning defective protein family, is required
for normal differentiation of podocytes by establishing and
maintaining a polarized podocyte structure (Reidy and Tufro,
2011). Recently, a role in podocyte development has been
proposed for CD 10, which appeared to be highly expressed
in the undifferentiated metanephric mesenchyme and, during
differentiation, in precursors of podocytes and of Bowman
capsule cells (Faa etal., 201 ). Mesangial cells, which constitute
approximately 30—40% of the glomerular cell population have
been proposed to originate from the cap mesenchymal cells
which originate the non-nephron lineage and are characterized
by the expression of Foxd| (Kobayashi et al., 2008). Over the
years, numerous studies focused on determining the origin of
mesangial cells have been carried out: although all the data
suggest that mesangial cells migrate, together with endothelial
cells, into the glomerulus from the outside, their origin could
not be conclusively determined (Holthofer etal., 1995). Asingle
hematopoietic stem cell has been demonstrated to differentiate
into glomerular mesangial cells, thus supporting the hypothesis
of the hematopoietic origin of the mesangium (Masuya et al.,
2003), probably deriving from the granulocyte/macrophage
lineage (Abe et al., 2005). The scarcity of studies on the
mechanisms that differentiate cell types along the axis of the
nephrogenic interstitium, including mesangial cells, may in
large part be due to the fact that specific molecular and
immunohistochemical markers distinguishing these early
decision events are unavailable (Dressler, 2009).

Regional differentiation and maturation of the tubules is
accompanied by a number of morphological changes, paralleled
by changes in the activity of multiple transcription factors.
Some components that have been shown to play a key role in
the earlier stages of kidney development, e.g., PAX2, are
progressively downregulated and disappear before tubule
maturation (Dressler and Douglass, 1992). Regional
differentiation and maturation of the renal tubules are
accompanied by the increase in activity of multiple transcription
factors, including WT-1 and PAX8.

This design of sequential steps in nephron development has
been generally considered typical of all mammals. Recently,

a paper by our group showed that piglet kidneys are
characterized during nephrogenesis by peculiar morphological
events, with marked differences compared with humans
(Gerosa et al., 2011). Such information should be taken into
account when experimental data in piglets are extrapolated to
humans, especially for clinical purposes.
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Fig. 12. Different phases of glomerulogenesis: (a) angioblasts (arrow) start to interact with the prossimal segment of a S-shape body;
(b and c) differentiation between visceral and parietal epithelial cells parallels differentiation of vascular and mesangial cells; (d) advances stages of

glomerular morphogenesis.

The Interstitial Cells

Besides the Six2-positive cells of the cap mesenchyme (see
above in The Cap Mesenchyme section), metanephric
mesenchymal cells give origin to the Foxd|-positive cells, the
first actors in the non-nephron lineage and a self-renewing
progenitor population for the medullary interstitium, the renal
capsule, putatively mesangium, and pericytes of the kidney
(Kobayashi et al., 2008). The interstitial cell fate should be
repressed by PAX2 which probably represents a developmental
boundary between the nephron and non-nephron lineages,
maintaining and favoring the nephron lineage. A number of
subcomponents of the renal interstitium are defined early
during kidney development, including cells located at the
periphery of the developing organ that give rise to the renal
capsule, fibroblasts, and resident macrophages (Little et al.,
2007).

The gene encoding the T-box transcription factor Tbx 18 is
expressed in undifferentiated mesenchymal cells surrounding
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the distal ureter stalk, which are able to differentiate into
periureteral muscle fibers. The ureteric mesenchyme derives
from a distinct cell population that is separated early in kidney
development from the other mesenchymal cells of the renal
system (Kispert et al., 1998). Several genes, with specific
expression in the periureteric mesenchyme, have been shown
to depend upon Tbx|8: among them, SOX9 is required for
correct differentiation of the ureteric smooth muscle layer
(Kispert et al., 1998).

Angioblast mesenchyme induction during early kidney
development is mediated by VEGF-A, which appears to act
on the angioblast population under WT1 control (Gao et al.,
2005).

Recently, HOXI10 genes have been shown to play a critical
role in the developing of the stromal cell compartment and
in regulating patterning, differentiation, and integration of
different stromal cell types. HOX10 mutant kidneys did not
form a renal capsule, they exhibited decreased nephrogenesis,
and developed hydronephrosis (Wellik, 2010).

1265



1266

FAAET AL.

Collecting tubules

Glomerulus

Proximal m

Fig. 13. Organization of the S-shaped body intothreesegments:
proximal, medial, and distal.

Conclusions

The picture illustrated herein, which deals with the
hypothesized sequence of morpho-molecular changes
occurring during kidney development, reflects up- and down-
regulation of genes expressed in the UB epithelial cells, as well
as in the metanephric mesenchyme and in stromal cells, during
renal development. This complex picture clearly shows that
mutations or altered epigenetic modulation in genes expressed
during nephrogenesis may compromise ureteric elongation and
branching and, subsequently, the process of mesenchymal—
epithelial transition. As a consequence, even subtle changes in
the complex reciprocal interactions between all these cell types
may have severe consequences on the ultimate development
of the human kidney. Complex correlations between
morphological and molecular events starting with the origin of
the UB and its branching into the metanephric mesenchyme,
and ending with the maturation of nephrons, have been
reported in different animal species. However, more studies
must be carried out on humans, to verify if the outcome in
humans parallels that previously described in other species at
the morphological,immunohistochemical, and molecular levels.
Marked differences observed among different species in the
origin and duration of nephrogenesis suggest that
morphological and molecular events may be different. Future
contributions are needed to better understand the nature of
events culminating in the formation of the mature metanephros
in humans. In particular, knowledge concerning the intimate
mechanisms underlying patterning of nephron precursors of
distinct kidney must improve in the next few years to link top
basic research to clinical settings, namely for prevention of
acute kidney injury and end-stage renal disease.
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