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Abstract: During human kidney development, cells of the proximal nephron gradually differentiate
into podocytes and parietal epithelial cells (PECs). Podocytes are terminally differentiated cells that
play a key role in both normal and pathological kidney function. Therefore, the potential of podocytes
to regenerate or be replaced by other cell populations (PECs) is of great interest for the possible
treatment of kidney diseases. In the present study, we analyzed the proliferation and differentiation
capabilities of podocytes and PECs, changes in the expression pattern of nestin, and several early
proteins including WNT4, Notch2, and Snail, as well as Ki-67, in tissues of developing, postnatal, and
pathologically changed human kidneys by using immunohistochemistry and electron microscopy.
Developing PECs showed a higher proliferation rate than podocytes, whereas nestin expression
characterized only podocytes and pathologically changed kidneys. In the developing kidneys, WNT4
and Notch2 expression increased moderately in podocytes and strongly in PECs, whereas Snail
increased only in PECs in the later fetal period. During human kidney development, WNT4, Notch2,
and Snail are involved in early nephrogenesis control. In kidneys affected by congenital nephrotic
syndrome of the Finnish type (CNF) and focal segmental glomerulosclerosis (FSGS), WNT4 decreased
in both cell populations, whereas Notch2 decreased in FSGS. In contrast, Snail increased both in
CNF and FSGS, whereas Notch2 increased only in CNF. Electron microscopy revealed cytoplasmic
processes spanning the urinary space between the podocytes and PECs in developing and healthy
postnatal kidneys, whereas the CNF and FSGS kidneys were characterized by numerous cellular
bridges containing cells with strong expression of nestin and all analyzed proteins. Our results
indicate that the mechanisms of gene control in nephrogenesis are reactivated under pathological
conditions. These mechanisms could have a role in restoring glomerular integrity by potentially
inducing the regeneration of podocytes from PECs.

Keywords: podocytes; PECs; developing kidneys; WNT4; Notch2; Snail; CNF; FSGS

1. Introduction

The metanephric mesenchyme (MM) is the source of the nephrons in the definitive
human kidney. After induction, the cells of the MM condense and undergo a mesenchymal-
to-epithelial transition (MET), which results in the formation of renal vesicles. These
vesicles grow and further differentiate, passing through several morphological stages
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(comma-shaped body, S-shaped body, capillary-loop stage, etc.) until they finally give rise
to mature nephrons [1,2]. The proximal end of the developing nephrons differentiates into
podocytes and parietal epithelial cells (PECs), which form the Bowman’s capsule [3].

Podocytes are interesting cells, showing both epithelial and mesenchymal characteris-
tics at the same time. They can be first discerned at the S-shaped stage when, following
MET, they acquire epithelial features [4]. However, already during the capillary loop stage,
they undergo the reverse process of epithelial-to-mesenchymal transition (EMT) and regain
mesenchymal characteristics, while losing some but not all epithelial markers [5]. However,
of the three known types of EMT, none can fully explain the final outcome of podocyte de-
velopment [6]. Another feature that distinguishes podocytes from all the other nephron and
glomerular cells is their inability to divide, as they are terminally differentiated cells arrested
in a postmitotic state. In fact, the forced re-entry of podocytes into the cell cycle results in
cell death due to mitotic catastrophe [7]. The loss of podocytes seems to be a key factor in
glomerular disorders [8] and the progression of chronic kidney disease (CKD) leading to
end-stage kidney disease [1]. It was, however, demonstrated that lost podocytes could be
replaced by newly formed ones, which suggested that the source of these new podocytes is
the PECs [9], which can be first distinguished in the S-shaped body as they begin expressing
different markers [10]. They form a simple squamous epithelium, which is continuous
with the proximal convoluted tubule at the urinary (tubular) glomerular pole [11]. Near
the vascular pole, some cells of the parietal layer express markers and have ultrastructural
features of podocytes, comprising about three-quarters of human glomeruli [12]. Although
PEC pathology is mostly associated with crescentic glomerulonephritis, both the prolifera-
tion and detachment of PECs were described in other glomerular diseases such as focal
segmental glomerulosclerosis (FSGS) [13–15]. Cells expressing stem cell markers near the
urinary pole of Bowman’s capsule could differentiate into podocytes under appropriate
conditions [16]. Lineage tracing studies have also shown that PECs could be the source
of podocyte progenitors both during normal nephrogenesis [17] and under pathological
conditions [18]. It was suggested that podocyte progenitors migrate along with the parietal
layer of the Bowman’s capsule towards the vascular pole, where they can cross onto the
glomerular tuft and reach their final destination [17]. However, this process was shown to
be functionally inefficient. Ultrastructural studies disclosed cellular processes spanning
the urinary space and connecting the glomerular tuft with the wall of Bowman’s capsule.
There are controversies about whether those processes originate from podocytes [19,20] or
PECs [21] or whether they belong to differentiating podocyte progenitors [22]. By now, the
formation of these cellular bridges has been demonstrated in rat models of nephritis [23]
suggesting that they may represent additional pathways for the replacement of damaged
podocytes [18]. However, there is no evidence of the existence of these bridges during
normal human nephrogenesis.

There are several markers of podocytes and/or PECs that were shown to change dur-
ing normal nephrogenesis and glomerulogenesis, as well as under pathological conditions.
One of them is nestin, an intermediate filament protein expressed in different precursors
and stem cells during early development [24]. During earlier stages of development, nestin
is expressed in both podocytes and PECs, but in the later stages and in postnatal kidneys, its
expression is present only in podocytes [25]. Nestin expression is more intense in podocytes
of kidneys affected by congenital nephrotic syndrome of the Finnish type (CNF) compared
to podocytes of healthy kidneys. However, the percentage of nestin-positive podocytes
does not differ between healthy and CNF kidneys [25,26].

Notch receptors are highly conserved transmembrane proteins involved in direct
cell–cell signaling that affect proliferation, apoptosis, and differentiation during the de-
velopment of a multitude of organs [27,28]. Notch2 is normally expressed in developing
nephrons but its expression significantly decreases in mature kidneys [29]. An increased
expression of Notch2 has been described in the podocytes and PECs of both mice and
humans with nephrotic glomerulopathies, indicating its possible role in the pathogenesis
of these diseases [30–33].
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Wnts are cysteine-rich paracrine factors involved in many developmental processes
such as axis formation [34], organogenesis [35], and the proliferation of stem cells [36].
Wnt4 is the main nephrogenesis control signal secreted by the metanephric mesenchyme as
it begins to undergo MET [37,38]. Changes in the expression of Wnt4 signaling have been
described both in experimental models and human samples of CKD [39,40].

Snail is a member of a zinc-finger transcription factor superfamily necessary for the
formation of the mesoderm and neural crest [41], EMT [42], left–right asymmetry [43],
and cell survival and division [44]. Snail expression is present in mouse metanephric
mesenchyme; however, it becomes downregulated prior to MET and is not present in the
healthy mature kidney tissue [45]. Upregulation of Snail expression has been shown in
podocytes of the nephrotic kidneys of mice, rats, and humans, implying its potential role in
the dedifferentiation and pathological transformation of podocytes [6,46,47].

The summarized information about the investigated proteins can be found in Table 1.
Information about the differentiation of podocytes and PECs during human nephrogenesis
is limited since most investigations have been performed on animal models or patholog-
ically changed kidneys. Our study was undertaken in order to analyze changes in the
expression of different markers in podocytes and PECs during successive stages of human
kidney development, as well as in healthy postnatal and nephrotic kidneys. These specific
markers were chosen as they have an important role in the process of EMT, which is crucial
for podocyte differentiation. We also investigated the presence of intercellular commu-
nications between the podocytes and PECs during normal development and in kidneys
affected by CNF and FSGS.

Table 1. Existing information about the analyzed proteins.

Protein Type of Protein Functions
Expression in

Developing Kidneys
(Animal Models)

Expression in Nephrotic
Kidneys (Human Samples

and Animal Models)

nestin intermediate filament

expressed in stem and
precursor cells as a

placeholder for more
mature intermediated

filaments

at early stages expressed
both in podocytes and

PECs; at later stages only
in podocytes

increased expression in
podocytes

Notch2 transmembrane
receptor

mediates proliferation,
apoptosis, EMT, and

differentiation

highly expressed in
nephrons at earlier
stages, decreases as

nephrons mature

increased expression in both
podocytes and PECs

WNT4 paracrine signaling
molecule

mediates axis
prolongation,

organogenesis, MET,
proliferation

highly expressed in
nephrons at earlier
stages, decreases as

nephrons mature

both increases and decreases
have been described,

depending on the specific
disease

Snail transcription factor

mediates formation of
mesoderm and neural

crest, EMT, cell survival
and division

present in metanephric
mesenchyme before
induction of MET,
downregulated as
nephrons mature

increased expression in
podocytes

2. Results

The first immature glomeruli consist of several cell populations including podocytes,
and the mesangial cells and endothelial cells of the glomerular tuft capillaries. Podocytes
are continuous with PECs at the vascular glomerular pole. PECs mostly consist of simple
squamous epithelium, whereas some of them show a cuboidal appearance, particularly
those situated towards the vascular pole (also called peripolar cells). In places, cellular
extensions bridge the urinary space between the podocytes and PECs (schematic drawing,
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Figure S1). Lower magnification images demonstrating the tissue architecture of the
analyzed samples can be found in the Supplementary Materials (Figure S2).

2.1. Semi-Thin Sections and Electron Microscopy of Developing, Postnatal, and CNF
Human Kidneys

In the 38th week of kidney development, low-magnification electron micrographs
show the whole glomerulus widely connected to the vascular pole. Numerous cytoplasmic
extensions between the podocytes and PECs bridge the rest of the urinary space (Figure 1A).

Figure 1. Semi-thin and ultrastructural sections show ultrastructural characteristics of late fetal,
postnatal, and CNF kidneys. podocytes (p), PECs (pc), vascular pole (vp), basement membrane
(bm), urinary space (us), and glomerular basement membrane (gbm). (A) 38th developmental week;
glomerular tuft podocytes and PECs widely communicate (arrow) at the vascular pole. (B) 38th
developmental week; numerous interdigitating cytoplasmic processes (inset, arrows) connect adjacent
podocytes. (C) Postnatal healthy kidneys; podocytes communicate by cellular bridges (arrows) with
PECs. (D) Postnatal healthy kidneys; long cytoplasmic extensions of podocytes and PECs bridge
(arrow) the urinary space. (E) CNF kidneys; podocytes and PECs are connected by cytoplasmic
extensions or by closely apposed cellular areas (arrows). (F) CNF kidneys; podocytes send numerous
thick cytoplasmic extensions (arrow) through the urinary space towards the PECs.

A higher magnification of the podocytes in the 38th developmental week shows numer-
ous interdigitating cytoplasmic processes between the neighboring glomerular podocytes.
(Figure 1B).

Semi-thin sections of healthy postnatal human kidneys show a centrally positioned
glomerulus containing blood vessels, mesangial cells and podocytes, and PECs of Bow-
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man’s capsule lying on the basement membrane. PECs are either in the form of simple
squamous epithelium or cuboidal cells, which bridge the urinary space by cytoplasmic
extensions, connecting them to the podocytes (Figure 1C).

In higher magnification electron micrographs of the postnatal kidneys, cytoplasmic
extensions are observed between the PEC population and podocytes on the surface of the
glomerulus. It appears that the interdigitating cytoplasmic protrusions from both types of
cells join in the urinary space (Figure 1D).

In the kidneys affected by CNF, semi-thin sections show longer areas of association
between the podocytes and PECs and a thickened basement membrane. Some PECs are
cuboidal or even cylindric in shape. An accumulation of the extracellular matrix is observed
in the glomerulus (Figure 1E).

In electron micrographs of CNF kidneys, PECs contact podocytes using the abundant
thick cytoplasmic extensions that bridge the urinary space. A thickening of the basement
membrane and extracellular matrix accumulation are also observed (Figure 1F).

The average length of intercellular bridges in x40 magnification immunofluorescent
microphotographs was 24.9 ± 10.486 µm (SD). The smallest bridge measured 9.95 µm,
whereas the largest was 44.32 µm. Analysis of high-magnification TEM images revealed
even smaller bridges, the smallest measuring 1.878 µm in length and 0.821 µm in width at
its narrowest point.

2.2. Proliferation of Glomerular Cells (Ki-67 Staining) in Developing, Postnatal, and Human
Kidneys Affected by CNF and FSGS

In the 8th week of kidney development, the first immature glomeruli develop in the
central part of the kidney tissue. Although the central part of the glomerulus (glomerular
bulk) shows numerous proliferating cells, the surface layer of cuboidal podocyte precursors
shows proliferation only occasionally. At the same time, PECs contain several proliferating
cells, particularly in the transitional area between the podocytes and PECs (peripolar
region). Some PECs have an oval appearance and bridge the developing urinary space,
thus connecting them with the podocytes on the surface of the glomerular tuft (Figure 2A).

By the 10th developmental week, the glomeruli become larger and the number of
proliferating cells increases primarily in the glomerular bulk (mesangial and endothelial
cells) but not in the podocyte cell population. In contrast, PECs show strong proliferating
activity, particularly in the peripolar region. In several places, the close association between
the proliferating or non-proliferating PECs and glomerular podocytes can be observed to
bridge the urinary space (Figure 2B).

During further fetal development, proliferation decreases both in the glomerular bulk
and in the PECs (Figure 2C), whereas by the end of the fetal period, PECs proliferate only
occasionally (Figure 2D). In the postnatal period, proliferating cells are seen in the bulk of
the glomerulus, however, they are missing in the surface cells corresponding to podocytes.
Proliferating PECs are rarely observed (Figure 2E).

In CNF kidneys, proliferating mesangial cells in the bulk of the glomeruli are seen only
occasionally, whereas neither podocytes nor PECs show increased proliferations (Figure 2F).

In contrast to CNF, kidneys affected by FSGS show groups of proliferating PECs
bridging the urinary space in the affected glomeruli. In addition, individual proliferating
cells are observed inside the glomerular tuft (Figure 2G).

Statistical analysis reveals the strongest proliferation of podocytes (10%) and particu-
larly PECs (35%) in the earliest developmental stages. During further development, the
proliferation of both podocytes and PECs gradually decreases to reach only 1% of prolif-
erating podocytes and 18% of PECs in the postnatal period. Throughout the investigated
period, the proliferation of PECs is significantly higher than the podocyte proliferation.
In CNF kidneys, the number of podocytes entering the cell cycle is higher (3%) than in
the healthy postnatal kidneys, whereas the number of proliferating PECs is lower (15%)
(Figure 2H).
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Figure 2. Proliferating (Ki-67-positive) podocytes and PECs during human kidney development,
in postnatal, healthy, and pathologically changed kidneys (CNF, FSGS); podocytes (p), PECs (pc),
peripolar cells (pe). (A–D) Normal developing kidneys; Ki-67-positive cells (arrows) predominate
in the glomerular bulk in the earlier stages and characterize PECs, podocytes, and peripolar cells.
(E) Postnatal healthy kidneys; a reduced number of Ki-67-positive cells (arrow) is observed in the
podocytes and PECs. (F) CNF kidneys; proliferating cells are seen only occasionally (arrow) and an
accumulation of unspecific staining can be observed in disintegrating cells (arrowhead). (G) FSGS
kidneys; groups of proliferating cells (arrow) connect PECs and podocytes. (H) Graph showing
percentages of Ki-67-positive cells (podocytes and PECs) during development, postnatally, and in
CNF and FSGS samples. Error bars show SD. * p < 0.05; ** p < 0.01; *** p < 0.001.
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2.3. Expression of Nestin in Human Podocytes and PECs of Developing, Postnatal, and CNF and
FSGS Kidneys

In the 10th developmental week, the immature podocytes of the S-shaped body
have the form of tall, closely packed epithelial cells, whereas PECs are presented as a
simple squamous epithelium. Although podocytes show strong cytoplasmic expression of
nestin, small cytoplasmic dots of nestin expression characterize the thin cytoplasm of PECs.
The developing urinary space between the podocytes and PECs is bridged by the whole
podocyte body, containing strong cytoplasmic nestin expression (podocytes at these early
developmental stages mostly do not have developed cytoplasmic processes). Moderate
nestin expression is also observed in the nearby mesenchymal cells (Figure 3A).

Figure 3. Expression of nestin in podocytes and PECs of developing and healthy postnatal kidneys
and in kidneys affected by CNF and FSGS; mesenchymal cells (mc), podocytes (p), PECs (pc), peripo-
lar cells (pe), urinary space (us). (A) 10th developmental week; the body of a podocyte bridges the thin
urinary space (asterisk). (B) 38th developmental week; PECs become nestin-negative. (C) Postnatal
healthy kidneys; expression of nestin decreases in the podocytes. (D) CNF kidneys; strong expression
of nestin is present in the podocytes. (E) Early-stage FSGS kidneys; strong expression of nestin
characterizes podocytes. (F) Late-stage FSGS kidneys; numerous nestin-positive cells bridge (asterisk)
the urinary space.



Int. J. Mol. Sci. 2022, 23, 7501 8 of 22

During further development, strong cytoplasmic nestin expression characterizes
podocytes and also other glomerular cells (mesangial cells and endothelial cells of the
glomerular capillaries), whereas PECs show no further nestin expression. Occasionally,
nestin-positive cells can be observed in the surrounding mesenchyme, probably belonging
to the cells in the vascular wall (Figure 3B).

In the postnatal period, podocytes display a significant reduction in the intensity of
nestin expression, whereas PECs are completely devoid of nestin expression (Figure 3C).

In kidneys affected by CNF, strong nestin expression reappears in the podocytes and
other glomerular cell populations. Strong nestin expression also characterizes cells in
the transition zone between the podocytes and PECs (peripolar cells), whereas PECs are
nestin-negative (Figure 3D).

In the early stages of FSGS, strong nestin expression is seen in the podocytes and
cells bridging the urinary space (Figure 3E), whereas, along with the progression of FSGS,
a blurred appearance of nestin expression is observed in the glomerular cells (including
podocytes). Numerous cells bridge the space between the podocytes and PECs (Figure 3F).

2.4. Expression of Notch2 in the Developing and Postnatal Podocytes and Kidneys Affected by CNF
and FSGS

In the 10th week of developing kidneys, Notch2 expression characterizes several
kidney structures including different parts of the nephron and collecting system. In the
immature glomeruli, strong expression of Notch2 is seen only in some podocytes, whereas
the expression in other podocytes and glomerular cells is weak or completely missing.
Moderate expression of Notch2 is observed in PECs (Figure 4A).

In the mid-gestation period (16th developmental week), Notch2 expression increases in
the whole glomerulus but is particularly strong in some podocytes (close to the vascular pole).

Notch2 expression is also seen in PECs and the cytoplasmic processes bridging the
urinary space (Figure 4B).

By the end of the 38th week, unequal moderate Notch2 expression is observed in
podocytes, whereas it increases in most of the PECs. Stronger Notch2 expression character-
izes proximal tubules and distal tubules at the vascular pole of the glomerulus (Figure 4C).

In healthy postnatal kidneys, a reduction of Notch2 expression is seen in the glomeru-
lus, with the exception of some individual podocytes that show moderate Notch2 reactivity.
Moderate Notch2 expression is also observed in the PECs (Figure 4D).

In kidneys affected by CNF, moderate-to-strong expression in the form of fine granules
characterizes all glomerular cells (including podocytes) and PECs. Strong expression of
Notch2 is seen in the mesenchyme closely surrounding the affected glomerulus as well as
some cells bridging the urinary space (Figure 4E).

In FSGS kidneys, the Notch2 signal is missing both in the podocytes and PECs, whereas
it is strong in the cells participating in the formation of thick bridges between the podocytes
and PECs corresponding to peripolar cells (pe) (Figure 4F).

Statistical analysis of Notch2 expression during development shows its gradual in-
crease in PECs, having its peak in the 38th developmental week (p = 0.002) and then
decreasing in the postnatal period. During the same period, Notch2 expression of nearly
equal intensity is found in the podocytes, during both development and in the postnatal
period (Figure 4G). Compared to the healthy postnatal kidneys, expression of Notch2 is
significantly higher in both PECs (p < 0.001) and podocytes (p < 0.001) of CNF kidneys,
whereas it is much lower in FSGS kidneys in both cell populations (p < 0.001 for PECs;
p = 0.002 for podocytes) (Figure 4H).
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Figure 4. Expression of Notch2 in the developing podocytes and PECs in postnatal healthy kidneys
and in kidneys affected by CNF and FSGS; mesenchyme (m), podocytes (p), PECs (pc), peripolar
cells (pe), urinary space (us). (A) 10th developmental week; cells bridging the urinary space are
seen (inset, asterisk). (B) 16th developmental week; cellular bridges (asterisk) connect podocytes
and PECs (inset). (C) 38th developmental week; cellular processes (asterisk) span the urinary space
(inset). (D) Postnatal healthy kidneys; moderate Notch2 expression is seen in podocytes and PECs.
(E) CNF kidneys; peripolar cells (asterisk, inset) bridging the urinary space show moderate Notch2
expression. (F) FSGS kidneys; strong expression of Notch2 (asterisk) is seen in some glomerular cells,
and only occasionally in the peripolar cells. (G) Overall expression pattern of Notch2 in healthy
developing kidneys. (H) The comparison of the expression pattern between healthy and nephrotic
kidneys shows significant differences in both podocyte and PEC subpopulations. Error bars show SD.
* p < 0.05; ** p < 0.01; *** p < 0.001.
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2.5. WNT4 Expression in the Podocytes and PECs of Developing and Healthy Postnatal Kidneys
and in Kidneys Affected by CNF and FSGS

In the 10th week of human kidneys, WNT4 is strongly expressed in the nephrons and
glomeruli as well as in the surrounding mesenchyme. Fine granular WNT4 expression is
seen throughout the glomerulus. Some podocytes show more extensive expression than
others, whereas all PECs show strong expression (Figure 5A).

Figure 5. Expression of WNT4 in the developing podocytes and PECs in healthy postnatal kidneys
and in CNF and FSGS kidneys; podocytes (p), PECs (pc), urinary space (us). (A) 10th developmental
week; some podocytes are bridging (asterisk) the developing urinary space. (B) 16th developmental
week; some podocytes bulge (asterisk) into the urinary space towards PECs. (C) 38th developmental
week; at several places, podocytes bridge (asterisk) the urinary space. Wider contact between
podocytes and parietal cells can be seen in some places (inset). (D) Postnatal healthy kidneys;
podocyte expression of WNT4 is mild-to-moderate, whereas some PECs retain strong expression.
(E) CNF kidneys; some cells (asterisk) are bridging the urinary space (inset). (F) FSGS kidneys; several
cells and their cytoplasmic extensions bridge (asterisks) the urinary space. (G) Overall expression
pattern of WNT4 in healthy developing kidneys. (H) Comparison of the expression pattern between
healthy and nephrotic kidneys shows significant differences between PECs of healthy and CNF and
FSGS kidneys. Error bars show SD. ** p < 0.01.
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In the 16th week of kidney development, WNT4 expression increases to very strong
in some centrally positioned glomerular cells and some PECs, whereas the podocytes
and most of the remaining PECs show moderate expression in the form of small dots
(Figure 5B).

By the 38th week, more PECs acquire strong positivity, whereas podocytes display
moderate expression (Figure 5C).

In healthy postnatal kidneys, most of the glomerular cells retain moderate WNT4
expression, with the exception of some centrally positioned cells, which show strong WNT4
expression. All PECs show strong WNT4 expression (Figure 5D).

In the CNF kidneys, the WNT4 signal is moderate-to-strong in some podocytes and
PECs as well as in the cells bridging the urinary space (Figure 5E).

In kidneys affected by FSGS, mild-to-moderate granular WNT4 expression character-
izes both the glomerular cell population and PECs (Figure 5F).

Statistically, in the earliest developmental stages, both podocytes and PECs show
quite a strong expression of WNT4, which decreases during the first half of fetal develop-
ment. However, by the end of the fetal period, podocytes continuously show low WNT4
expression, whereas PECs’ WNT4 expression reappears to reach an expression that was
characteristic of early development. WNT4 expression is significantly higher in PECs
(p = 0.049) compared to the podocytes of postnatal kidneys (Figure 5G). Strong expression
of WNT4 in the PECs and its low expression in podocytes characterize healthy postnatal
kidneys, whereas the expression decreases in CNF kidneys and particularly in PECs of
FSGS kidneys (p = 0.007) (Figure 5H).

2.6. Snail Expression in the Developing and Healthy Postnatal Human Kidneys and Kidneys
Affected by CNF and FSGS

In the cortex of the 10th week of developing human kidneys, the mesenchyme of the
metanephric cup shows moderate-to-strong cytoplasmatic Snail expression as well as the
ampulla at the tips of the collecting system (Figure 6A).

In the 16th week of human kidney development, Snail expression is weak in immature
glomeruli and nephron tubules. Occasionally, some centrally positioned glomerular cells
and cells in the peripolar region show strong cytoplasmatic Snail expression, whereas
moderate nuclear expression is present in some glomerular cells and PECs (Figure 6B).

During further development, Snail expression remains weak both in the glomeruli
and tubules. Compared to podocytes, PECs show moderate-to-strong expression of Snail,
both cytoplasmatic and nuclear (Figure 6C).

In healthy postnatal kidneys, Snail expression is weak. Occasionally, rare podocytes
and PECs, as well as some centrally positioned glomerular cells, show moderate Snail
cytoplasmatic expression or weak nuclear expression (Figure 6D).

In kidneys affected by CNF, cytoplasmatic Snail expression increases to strong and
nuclear expression to moderate in some podocytes and PECs as well as in some central
glomerular cells (Figure 6E).

In FSGS kidneys, both cytoplasmatic and nuclear Snail expression increases to moder-
ate in some podocytes and PECs, particularly in groups of cells bridging the urinary space
between the two cell populations (Figure 6F).

Statistical measurements show that during human kidney development, Snail ex-
pression increases both in PECs and podocytes to reach maximal levels in the 38th week
(p = 0.024). In the postnatal healthy period, Snail expression reduces again in both PECs
and podocytes (Figure 6G). Compared to healthy kidneys, CNF kidneys show significantly
stronger expression in both cell populations (p < 0.001). In kidneys affected by FSGF, the
expression of Snail is significantly stronger than in healthy postnatal kidneys (p < 0.001)
but is less extensive than in CNF (p < 0.001) (Figure 6H).
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Figure 6. Expression of Snail in the developing podocytes and PECs in healthy postnatal and CNF
and FSGS kidneys; metanephric cup (mc), ampulla (a), podocytes (p), PECs (pc), peripolar cells (pe),
urinary space (us). (A) 10th developmental week; Snail expression is seen in the metanephric cup and
ampulla of the collecting system. (B) 16th developmental week; moderate cytoplasmatic expression
of Snail characterizes some centrally positioned glomerular cells (arrow), whereas some PECs and
peripolar cells show nuclear Snail expression (arrowheads). (C) 38th developmental week; nuclear
expression of Snail can be observed in some podocytes and PECs (arrowheads). (D) Postnatal healthy
kidneys; weak nuclear Snail expression is present in some glomerular cells (arrowhead). (E) CNF
kidneys; nuclear Snail expression can be found in some podocytes and glomerular cells (arrowheads).
(F) FSGS kidneys; nuclear expression of Snail is observed in some podocytes and PECs that form
bridges over the urinary space (arrowheads). (G) Overall expression pattern of Snail in the podocytes
and PECs of healthy developing kidneys. (H) Comparison in the expression pattern between healthy
and CNF and FSGS kidneys shows significant differences in both cell types. Error bars show SD.
* p < 0.05; **** p < 0.0001.
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2.7. Expression of Nephrin and Synaptopodin Markers and Their Co-Expression with WNT4,
Notch2, and Snail in Developing, Healthy Postnatal, and Human Kidneys Affected by CNF
and FSGS

Co-localization of mild Notch2 and nephrin expression characterizes podocytes on the
surface of the glomerular tuft and cells spanning the urinary space towards the differentiat-
ing PECs in the 10th week of human kidney development (Figure 7A).

Figure 7. Expression of nephrin and synaptopodin and their co-expression with Notch2, WNT4,
and Snail in developing, healthy postnatal human kidneys and kidneys affected by CNF and FSGS;
podocytes (p), PECs (pc), peripolar cells (pe), urinary space (us). (A) 10th developmental week;
Notch2 and nephrin co-localize in a cell (arrow) bridging the urinary space. (B) 22nd developmental
week; nephrin expression characterizes the cytoplasm of a cell (arrow) bridging the urinary space.
(C) Postnatal healthy kidneys; co-expression of Notch2 and nephrin is observed in the cytoplasm
of the cell (arrow) connecting the glomerulus with PECs. (D) Postnatal healthy kidneys; strong
expression of WNT4 is present in a cell bridging (arrow) the urinary space. (E) Postnatal healthy
kidneys; co-localization of synaptopodin and Snail characterizes the cytoplasm of cells bridging
(arrow) the urinary space. (F) Postnatal healthy kidneys; control staining characterized by omitting
the primary antibody shows an absence of positive signals. (G) CNF kidneys; strong synaptopodin
expression is visible in some podocytes. (H) FSGS kidneys; nephrin expression is present in some
PECs (arrow).

In the 22nd week of kidney development, nephrin expression characterizes podocytes
and individual cells spanning the urinary space but not the PECs (Figure 7B).

In postnatal kidneys, stronger co-expression of nephrin and Notch2 is observed in
podocytes and individual cells bridging the urinary space and coming into contact with
PECs (Figure 7C).
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A strong WNT4 signal is observed in cells bridging the urinary space and connecting
the podocytes with PECs (Figure 7D) in healthy postnatal kidneys.

In the 1.5-year-old healthy kidney, co-expression of synaptopodin and Snail is observed
in podocytes and a cell that bridges the urinary space and widely attaches to the PECs,
which are synaptopodin-negative (Figure 7E).

Control staining of a 1.5-year-old normal kidney tissue sample shows an absence of
cytoplasmic staining after staining with the secondary antibodies but without the applica-
tion of the primary antibody. Orange staining of autofluorescent erythrocytes is also visible,
similar to the other micrographs (Figure 7F).

In CNF, synaptopodin expression is strong in places, whereas it is missing in podocytes.
Weaker synaptopodin expression characterizes the peripolar cells, whereas it gradually
disappears in PECs along the length of Bowman’s capsule (Figure 7G).

In FSGS, a weak WNT4 signal co-expresses with atypically distributed nephrin
strongly in the podocytes and mildly in the peripolar cells, whereas nephrin is missing in
PECs (Figure 7H).

3. Discussion

The earliest stages of nephrogenesis are characterized by MET of cells that give rise
to future nephrons. The proximal parts of these developing nephrons are the common
origin of both podocytes and PECs. The precursors of these two cell populations can first
be distinguished at the S-shaped body stage when they begin expressing different proteins,
as the podocyte progenitors initiate a process of EMT [5]. It is believed that podocyte
progenitor cells can be recruited from the stem cell population among PECs near the urinary
pole, which migrate and gradually acquire the podocyte phenotype [9], thus becoming
so-called “peripolar cells” or “parietal podocytes” [12,48]. In our study, we observed
several bridges between the podocytes and PECs spanning the glomerular urinary space
in developing and postnatal kidneys. In addition, in CNF and FSGS samples, the cellular
bridges showed strong expression of Notch2, WNT4, and Snail, similar to their levels
during normal development. Similar findings have been shown in vivo in animal models
of glomerular disease [23]. In the cellular bridges, the expression of podocyte markers was
also observed and it was suggested that those cells might serve as a replacement for the
lost podocytes [22]. In murine models of crescentic glomerulonephritis, podocyte “bridges”
formed first and partially displaced PECs, thus causing the formation of crescents [20]. The
formation of cellular bridges has already been described during the normal development
of the neural tube [49], suggesting the importance of this type of cellular communication
for the normal development of different organs.

Our study showed that during the earliest stages of kidney development, the intense
proliferation of both podocytes and PECs gradually decreased during further development
and was accompanied by the increase in size and maturity of the glomeruli. The PEC
proliferation was significantly higher compared to podocytes in all developmental stages,
which corresponds to the fact that mature podocytes are postmitotic cells incapable of
proper division [9]. In the nephrotic kidneys, the proliferation of podocytes was only
slightly increased. This could represent an attempt to restore normal glomerular function
by replacing defective podocytes. However, this process can cause more harmful than
positive effects, since mature podocyte mitosis is inefficient and produces aneuploid cells
that quickly detach from the glomerular surface and die [7].

The pattern of nestin expression in the observed glomerular subpopulations showed
only weak expression in PECs in the earliest developmental stages, whereas they were
completely devoid of nestin expression during further development and postnatally. This
is in accordance with nestin being an immature cell marker that is replaced by other
intermediate filaments with the progression of cell differentiation [24]. As for podocytes,
nestin expression was present throughout the development and in the postnatal kidneys.
Although the expression was strong during development, it became mild in the postnatal
kidneys indicating the final differentiation of mature podocytes. It is unusual for fully
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differentiated cells to express nestin. However, among glomerular cell populations, this
is the case only with podocytes [17]. A possible reason for such podocyte characteristics
could be that they are the only glomerular cell type to undergo a special type of EMT [6].
It was shown that nestin has an important role in the structural integrity of podocytes
and is able to increase their mechanical stability in rats [50]. In the podocytes of CNF and
FSGS kidneys, nestin expression became strong again, similar to its expression during
development. The blurred appearance of nestin expression in later stages of FSGS might be
the result of the advanced sclerotic changes and accumulation of the extracellular matrix.
The dedifferentiation process of human podocytes in CNF could explain the reappearance
of nestin’s embryological expression pattern in pathologically changed kidneys [26].

WNT4 is one of the main signaling molecules that initiate nephrogenesis and MET,
processes that enable the formation of renal vesicles. It also modulates cell adhesion
molecules important for tubule formation and nephron maturation [51]. In mice, it is
highly expressed in all the nephron structures during early nephrogenesis, but its expres-
sion significantly decreases as the nephrons mature and finally becomes undetectable
in adults [52]. Our results on human developing kidneys showed a high expression of
WNT4 during early nephrogenesis (8th to 10th week) in both podocytes and PECs, and
a decrease in expression as nephrons undergo maturation (16th week), which is in line
with the aforementioned studies. Although the podocyte expression of WNT4 continued
to steadily decrease towards the postnatal stages, PEC expression increased to the levels
observed during early nephrogenesis. It was suggested that in the absence of canonical Wnt
signaling, prospective PEC differentiation is prevented and a switch towards podocyte fate
is initiated [53]. Furthermore, it was shown that under pathological conditions, PECs could
dedifferentiate and begin expressing some mesenchymal markers, which was accompanied
by a significant decrease in WNT4 levels [54]. Therefore, we presume that high WNT4
levels in PECs serve to maintain the cell population in a stable differentiated state and
prevent switching to a podocyte-specific fate. In CNF and FSGS kidneys, we found a
slight but non-significant decrease in podocyte WNT4 levels but a significant decrease in
PEC WNT4 levels. We propose that the decrease in WNT4 in PECs could be the result
of their endeavor to replace the damaged podocytes by generating new ones from stem
cells (present among PECs), which requires the inhibition of Wnt signaling [54]. Studies on
the role of canonical Wnt signaling in nephrotic diseases have yielded opposing results.
For example, in diabetic kidney disease mouse models, increased canonical Wnt signaling
directly caused podocyte damage [55]. It was also suggested that sustaining Wnt signaling
protects cells from high glucose-induced stress [56]. A study on WNT4 expression in human
kidney diseases demonstrated that changes in WNT4 mRNA levels correlated with some
clinical parameters depending on the specific disease [40]. Specifically, WNT4 levels in
FSGS samples were found to have a negative correlation with albuminuria, meaning an
increase in WNT4 could be protective.

Notch2 signaling also has a significant role in early nephrogenesis. It can probably
mediate MET by WNT4-independent mechanisms [57] and it is necessary for the determina-
tion of the proximal cell’s fate during nephron segmentation [29]. Although its expression
seems to be pivotal for the specification of podocytes during early nephrogenesis, the
process of podocyte differentiation depends on its downregulation [58]. Upon completion
of the glomerular development, Notch2 signaling decreases significantly in podocytes but
increases in many patients and models of glomerular disease [59]. In our study, during the
early stages of kidney development, Notch2 was widely expressed in several structures
and its expression in podocytes was higher than in PECs. During later development (38th
week), Notch2 expression decreased in podocytes and increased in PECs. In the healthy
postnatal kidneys, Notch2 expression decreased in both cell populations, except in some
individual podocytes. Similar expression patterns were also observed in other studies [29].
In our study, kidneys affected by CNF showed a significant increase in Notch2 expression,
whereas a significant decrease characterized podocytes and PECs of FSGS kidneys. Similar
to our study, multiple studies have also demonstrated increased Notch2 expression in
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proteinuric nephropathies [29,59,60]. The decrease in Notch2 expression in our FSGS sam-
ples correlated with the podocyte apoptosis described in the study where a loss of Notch2
signaling was associated with FSGS [61]. Interestingly, another study demonstrated that
sustained Notch2 signaling could also lead to the apoptosis of podocytes [62]. Taking all of
this into consideration, it is suggested that Notch2 signaling must be delicately regulated
for normal podocyte development and function.

Snail is a transcription factor involved in both normal and pathological EMT. It is
normally expressed in the metanephric mesenchyme prior to MET, keeping it in an un-
differentiated state. In mice, the Snail becomes downregulated at the initiation of renal
vesicle formation and remains silent during further development as well as in mature
kidneys [45]. In contrast to these findings, our results showed a significant increase in Snail
expression during later development (38th week), particularly in PECs. However, a study
on mouse podocytes revealed that Slug, a member of the Snail family with equivalent
functions, is normally upregulated in differentiated podocytes [63]. We speculate that the
podocyte precursors need to express Snail in order to initiate EMT but subsequently lower
its expression to allow podocyte maturation and expression of podocyte-specific proteins.
This could explain Snail expression among PECs. However, more detailed studies on Snail
and Slug expression in human developing kidneys are necessary to draw any meaningful
conclusions. In CNF and FSGS kidneys, Snail expression was significantly upregulated in
both podocytes and PECs, which corresponds to studies conducted on nephrotic rats and
mice [46,47]. Snail expression in mature podocytes causes the reactivation of EMT and the
dedifferentiation and downregulation of nephrin expression [47]. It is worth noting that
CNF is caused by mutations in the NPHS1 (nephrin) gene, so podocytes of those kidneys do
not have functional nephrin regardless of Snail expression. Interestingly, even though Snail
is a transcription factor, we have observed significant cytoplasmatic staining in addition
to typical nuclear staining. Cytoplasmatic staining of transcription factors, such as MSX
homeodomain proteins, has previously been described [64]. In fact, Snail itself has been
described as sometimes having a cytoplasmatic rather than nuclear localization [65], and
this could be attributed to the different posttranslational modifications of Snail that can
either induce its import into the nucleus or export into the cytoplasm [66]. Although cyto-
plasmatic Snail does not induce EMT [65], it may have other functions as it has been shown
that Snail can directly act on other proteins, such as p53, by blocking their DNA-binding
domain and inhibiting their function [67].

4. Materials and Methods
4.1. Human Tissue Processing

In our study, a total of 20 human kidney samples were investigated, including embry-
onic and fetal tissue, postnatal healthy, and pathologically altered tissue in CNF and FSGS
(Table 2). Samples of human kidney tissues belong to the archive collection of human em-
bryos and fetuses in the Department of Anatomy, Histology, and Embryology, at the School
of Medicine, University of Split. Samples were collected with the permission of the Ethical
and Drug Committee of the University Hospital in Split in accordance with the Helsinki
Declaration (class: 003-08/16-03/0001, approval number: 2181-198-03-04-16-0024). Previ-
ously, embryonic and fetal tissue specimens were obtained after spontaneous abortions
or tubal pregnancies, and only conceptuses with no signs of macerations, abnormalities,
or morphological changes were included in the study. The ages of conceptuses between
the 8th and 38th weeks were estimated by external measurements including crown–rump
length and menstrual data. Postnatal kidney tissue was collected after the accidental death
of a healthy 1.5-year-old child, as well as kidney tissue from patients with CNF and FSGS
obtained after nephrectomy. All tissues were evaluated by a pathologist and the diagnosis
of CNF was additionally confirmed by genetic analysis in a clinical laboratory, which
revealed a pathogenic (according to ACMG classification) homozygous missense mutation
c.1096 A > C; pSer366Arg in NPHS1 (the gene was detected in all three patients) [68].
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Table 2. The human kidney samples analyzed in the study.

Weeks/Months/Years Number of Kidney Samples Status

8 weeks 4

Human conceptuses
10 weeks 3
16 weeks 1
22 weeks 2
38 weeks 2

1 year
3 Healthy postnatal kidneys1 year 6 months

7 years

3 years 3 CNF kidneys5 years

1 year

4 FSGS kidneys1 year 4 months
6 years
10 years

4.2. Immunofluorescence Staining

Tissue samples were fixed in 4% paraformaldehyde in PBS (phosphate-buffered saline)
and dehydrated at increasing ethanol concentrations. The dehydrated samples were
embedded in paraffin and placed on slides after they were cut to a thickness of 5 µm.
The immunofluorescence staining procedure started with deparaffinization in xylene and
rehydration in water. Afterwards, samples were placed in a steamer in a sodium citrate
buffer (pH 6.0) for 30 min. After washing in PBS, slides were coated in blocking buffer
(ab64226, Abcam, Cambridge, UK) for a period of 30 min and then incubated overnight
at room temperature in a humid chamber with the primary antibody or a combination
of two primary antibodies, to analyze co-expression with double immunofluorescence
staining (Table 3). The next day, the slides were washed in PBS and coated with appropriate
secondary antibodies for 1 h. After washing again in PBS, the nuclei were stained with
DAPI (4′6-diamidino-2-phenylindole), a DNA-binding solution. Next, the slides were
rinsed with distilled water and covered with coverslips. Exclusion of primary antibodies
from the staining procedure was used as a control for the specificity of staining. The
slides were observed under a fluorescence microscope (Olympus BX61, Tokyo, Japan) and
photographed using a DP71 digital camera (Nikon, Tokyo, Japan) with NIS-Elements F
software [68].

Table 3. Primary and secondary antibodies used in the study.

Antibodies Host Code no. Dilution Source

Primary

Anti-NOTCH2 Rabbit ab8926 1:100 Abcam, Cambridge, UK
Anti-WNT4 Rabbit ab91226 1:25 Abcam, Cambridge, UK
Anti-SNAIL Goat ab53519 1:400 Abcam, Cambridge, UK
Anti-nestin Rabbit ab93157 1:200 Abcam, Cambridge, UK
Anti-Ki-67 Mouse M7240 1:100 DAKO, Santa Clara, CA, USA

Anti-nephrin Goat sc-32530 1:200 Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA

Anti-synaptopodin Rabbit ab117702 1:300 Abcam, Cambridge, UK

Secondary

Alexa Fluor®488
AffiniPure Anti-

Mouse lgG (H + L)
Donkey 715-545-150 1:400 Jackson Immuno Research

Laboratories, Ely, UK

Alexa Fluor®488
AffiniPure Anti-
Goat lgG (H + L)

Donkey 705-545-003 1:400 Jackson Immuno Research
Laboratories, Ely, UK

Alexa Fluor®488
AffiniPure Anti-

Rabbit lgG (H + L)
Donkey 711-545-152 1:400 Jackson Immuno Research

Laboratories, Ely, UK

Rhodamine Red™-X (RRX)
AffiniPure Anti-Goat IgG (H + L) Donkey 705-295-003 1:400 Jackson Immuno Research

Laboratories, Ely, UK
Rhodamine Red™-X (RRX)

AffiniPure Anti-Mouse IgG (H + L) Donkey 715-295-151 1:400 Jackson Immuno Research
Laboratories, Ely, UK
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4.3. Preparation of the Tissue for Electron Microscopy (TEM)

Tissues samples for electron microscopy were fixed for 24 h in 4% paraformaldehyde
in PBS at 4 ◦C, washed with PBS, and then cut with a vibratome (Vibratome Series 1000,
Pelco 101, Ted Pella, Inc., Redding, CA, USA) into semi-thin sections of 1 µm thickness and
stained using toluidine blue. Next, the samples were fixed in 1% osmium tetroxide for 1 h,
dehydrated in ethanol, and incorporated into LX 112 resin. Ultra-thin sections (0.05 µm)
were sliced from semi-thin sections and stained with uranyl acetate and lead citrate. The
samples were observed with a transmission electron microscope (TEM; JEM JEOL 1400,
Japan) [68].

4.4. Data Acquisition and Quantitative Analysis

We analyzed the proliferation of glomerular subpopulations by calculating the per-
centage of proliferating cells. For each observed glomerulus, three independent researchers
counted the number of all podocyte nuclei and podocyte nuclei that expressed Ki-67 using
ImageJ software (NIH, Bethesda, MD, USA). The percentage of Ki-67-positive podocytes
was then calculated as the ratio between the two numbers, and the overall percentage was
expressed as the mean ± SD. The same procedure was performed for PECs. In order to
analyze the expression of Notch2, WNT4, and Snail, figures had to be prepared beforehand.
All figures were captured at x40 magnification and for each figure analyzed, we extracted
three to five 50-pixel by 150-pixel rectangular areas containing podocytes and the same
number of areas containing PECs, using Adobe Photoshop (version 9.0). We then acquired
intensity histograms for the green or red fluorescence channels of the extracted podocytes
and PECs in ImageJ software (NIH, Bethesda, MD, USA). Background thresholds were
determined based on negative control images by three experienced histologists. The area
under the curve (AUC) of the fluorescence intensity histograms was used to quantify
protein expression. The AUC analysis routine in GraphPad Prism 9.3.1 software (Graph
Pad, La Jolla, CA, USA) was used to calculate AUCs [69]. Afterwards, AUC values were
divided by the number of rectangular areas used for each particular figure in order to allow
the comparison between different groups of samples. We used three technical replicates
per analyzed developmental and pathologic sample. Only podocytes at the periphery of
glomeruli were analyzed. All graphs were made using GraphPad Prism 9.3.1 software
(Graph Pad, La Jolla, CA, USA).

Additionally, we measured the length of the intercellular bridges in x40 magnification
immunofluorescent and high-magnification TEM micrographs with ImageJ software (NIH,
Bethesda, MD, USA). We only measured the bridges that spanned the entire urinary space
and took the measurement as the shortest distance between the points of contact on the
glomerular tuft and the wall of Bowman’s capsule.

Two-way ANOVA with Fisher’s LSD post hoc test was used to determine peaks or
nadirs in protein expression of podocytes or PECs during normal kidney development,
and to ascertain whether there were significant differences in protein expression between
the observed groups of samples. Statistical significance was set at p < 0.05.

5. Conclusions

The proliferation rate and nestin expression among podocytes and PECs decrease dur-
ing normal human kidney development. WNT4 levels continuously decrease in podocytes,
whereas in PECs they increase back to their early developmental levels. Notch2 expression
is initially higher in podocytes than in PECs but this relationship changes during later devel-
opment and postnatally. Snail is continuously downregulated in both cell populations, with
the exception of a transient increase during later fetal development (38th week). Numerous
cell bridges and extensions of podocytes and PECs can be observed spanning the urinary
space in the developing and postnatal glomeruli. In CNF and FSGS kidneys, the expression
of all observed factors is changed to the levels present in the developing glomeruli, whereas
increased formation characterizes cellular bridges. Our results suggest that the mechanisms



Int. J. Mol. Sci. 2022, 23, 7501 19 of 22

present during normal development are reactivated under pathological conditions in an
attempt to restore glomerular integrity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23147501/s1.

Author Contributions: Conceptualization, M.O. and M.S.-B.; methodology, I.K., N.F., B.B., S.M. and
I.B.; software, M.O., B.B. and M.J.; validation, N.F., M.S.-B. and S.M.; formal analysis, I.K., M.J., B.B.
and M.O.; investigation, I.B., M.S.-B. and M.O.; resources, I.B., K.V., M.S.-B. and M.S.; data curation,
N.F., S.M. and I.K.; writing—original draft preparation, M.O., M.S.-B. and I.K.; writing—review and
editing, M.J., N.F., M.S. and B.K.; visualization, M.O., N.F., I.K., B.B., M.J. and B.K.; supervision,
M.S.-B., K.V., M.S. and B.K.; project administration, K.V., S.M., M.S., I.B. and B.K.; funding acquisition,
M.S.-B. and K.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Croatian Science Foundation, grant number IP-06-2016-
2575 and the Ministry of Science, Education, and Sports of the Republic of Croatia, grant number
021-2160528-0507.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and the permission of the Ethical and Drug Committee of the University
Hospital of Split (class: 003-08/16-03/0001, approval number: 2181-198-03-04-16-0024).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical concerns.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Kuure, S.; Vuolteenaho, R.; Vainio, S. Kidney morphogenesis: Cellular and molecular regulation. Mech. Dev. 2000, 92, 31–45.

[CrossRef]
2. Solic, I.; Racetin, A.; Filipovic, N.; Mardesic, S.; Bocina, I.; Galesic-Ljubanovic, D.; Glavina Durdov, M.; Saraga-Babic, M.;

Vukojevic, K. Expression Pattern of alpha-Tubulin, Inversin and Its Target Dishevelled-1 and Morphology of Primary Cilia in
Normal Human Kidney Development and Diseases. Int. J. Mol. Sci. 2021, 22, 3500. [CrossRef] [PubMed]

3. Arakawa, M.; Tokunaga, J. A scanning electron microscope study of the human Bowman’s epithelium. Contrib. Nephrol. 1977,
6, 73–78. [CrossRef] [PubMed]

4. Sorokin, L.; Ekblom, P. Development of tubular and glomerular cells of the kidney. Kidney Int. 1992, 41, 657–664. [CrossRef]
5. Nagata, M.; Shibata, S.; Shigeta, M.; Yu-Ming, S.; Watanabe, T. Cyclin-dependent kinase inhibitors: p27kip1 and p57kip2

expression during human podocyte differentiation. Nephrol. Dial. Transplant. 1999, 14 (Suppl. S1), 48–51. [CrossRef]
6. May, C.J.; Saleem, M.; Welsh, G.I. Podocyte dedifferentiation: A specialized process for a specialized cell. Front. Endocrinol. 2014,

5, 148. [CrossRef]
7. Lasagni, L.; Lazzeri, E.; Shankland, S.J.; Anders, H.J.; Romagnani, P. Podocyte mitosis—A catastrophe. Curr. Mol. Med. 2013,

13, 13–23. [CrossRef]
8. Sato, Y.; Wharram, B.L.; Lee, S.K.; Wickman, L.; Goyal, M.; Venkatareddy, M.; Chang, J.W.; Wiggins, J.E.; Lienczewski, C.;

Kretzler, M.; et al. Urine podocyte mRNAs mark progression of renal disease. J. Am. Soc. Nephrol. JASN 2009, 20, 1041–1052.
[CrossRef]

9. Ronconi, E.; Sagrinati, C.; Angelotti, M.L.; Lazzeri, E.; Mazzinghi, B.; Ballerini, L.; Parente, E.; Becherucci, F.; Gacci, M.;
Carini, M.; et al. Regeneration of glomerular podocytes by human renal progenitors. J. Am. Soc. Nephrol. JASN 2009, 20, 322–332.
[CrossRef]

10. Smeets, B.; Dijkman, H.B.; Wetzels, J.F.; Steenbergen, E.J. Lessons from studies on focal segmental glomerulosclerosis: An
important role for parietal epithelial cells? J. Pathol. 2006, 210, 263–272. [CrossRef]

11. Ohse, T.; Pippin, J.W.; Chang, A.M.; Krofft, R.D.; Miner, J.H.; Vaughan, M.R.; Shankland, S.J. The enigmatic parietal epithelial cell
is finally getting noticed: A review. Kidney Int. 2009, 76, 1225–1238. [CrossRef]

12. Bariety, J.; Mandet, C.; Hill, G.S.; Bruneval, P. Parietal podocytes in normal human glomeruli. J. Am. Soc. Nephrol. JASN 2006,
17, 2770–2780. [CrossRef]

13. Achenbach, J.; Mengel, M.; Tossidou, I.; Peters, I.; Park, J.K.; Haubitz, M.; Ehrich, J.H.; Haller, H.; Schiffer, M. Parietal epithelia
cells in the urine as a marker of disease activity in glomerular diseases. Nephrol. Dial. Transplant. 2008, 23, 3138–3145. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/ijms23147501/s1
https://www.mdpi.com/article/10.3390/ijms23147501/s1
http://doi.org/10.1016/S0925-4773(99)00323-8
http://doi.org/10.3390/ijms22073500
http://www.ncbi.nlm.nih.gov/pubmed/33800671
http://doi.org/10.1159/000399754
http://www.ncbi.nlm.nih.gov/pubmed/852304
http://doi.org/10.1038/ki.1992.101
http://doi.org/10.1093/ndt/14.suppl_1.48
http://doi.org/10.3389/fendo.2014.00148
http://doi.org/10.2174/156652413804486250
http://doi.org/10.1681/ASN.2007121328
http://doi.org/10.1681/ASN.2008070709
http://doi.org/10.1002/path.2051
http://doi.org/10.1038/ki.2009.386
http://doi.org/10.1681/ASN.2006040325
http://doi.org/10.1093/ndt/gfn235
http://www.ncbi.nlm.nih.gov/pubmed/18458033


Int. J. Mol. Sci. 2022, 23, 7501 20 of 22

14. Kihara, I.; Tsuchida, S.; Yaoita, E.; Yamamoto, T.; Hara, M.; Yanagihara, T.; Takada, T. Podocyte detachment and epithelial cell
reaction in focal segmental glomerulosclerosis with cellular variants. Kidney Int. Suppl. 1997, 63, S171–S176. [PubMed]

15. Moeller, M.J.; Soofi, A.; Hartmann, I.; Le Hir, M.; Wiggins, R.; Kriz, W.; Holzman, L.B. Podocytes populate cellular crescents in a
murine model of inflammatory glomerulonephritis. J. Am. Soc. Nephrol. JASN 2004, 15, 61–67. [CrossRef] [PubMed]

16. Sagrinati, C.; Netti, G.S.; Mazzinghi, B.; Lazzeri, E.; Liotta, F.; Frosali, F.; Ronconi, E.; Meini, C.; Gacci, M.; Squecco, R.; et al.
Isolation and characterization of multipotent progenitor cells from the Bowman’s capsule of adult human kidneys. J. Am. Soc.
Nephrol. JASN 2006, 17, 2443–2456. [CrossRef]

17. Appel, D.; Kershaw, D.B.; Smeets, B.; Yuan, G.; Fuss, A.; Frye, B.; Elger, M.; Kriz, W.; Floege, J.; Moeller, M.J. Recruitment of
podocytes from glomerular parietal epithelial cells. J. Am. Soc. Nephrol. JASN 2009, 20, 333–343. [CrossRef]

18. Lasagni, L.; Romagnani, P. Glomerular epithelial stem cells: The good, the bad, and the ugly. J. Am. Soc. Nephrol. JASN 2010,
21, 1612–1619. [CrossRef]

19. Gibson, I.W.; Downie, I.; Downie, T.T.; Han, S.W.; More, I.A.; Lindop, G.B. The parietal podocyte: A study of the vascular pole of
the human glomerulus. Kidney Int. 1992, 41, 211–214. [CrossRef]

20. Hir, M.L.; Keller, C.; Eschmann, V.; Hahnel, B.; Hosser, H.; Kriz, W. Podocyte bridges between the tuft and Bowman’s capsule: An
early event in experimental crescentic glomerulonephritis. J. Am. Soc. Nephrol. JASN 2001, 12, 2060–2071. [CrossRef]

21. Smeets, B.; Uhlig, S.; Fuss, A.; Mooren, F.; Wetzels, J.F.; Floege, J.; Moeller, M.J. Tracing the origin of glomerular extracapillary
lesions from parietal epithelial cells. J. Am. Soc. Nephrol. JASN 2009, 20, 2604–2615. [CrossRef] [PubMed]

22. Ohse, T.; Vaughan, M.R.; Kopp, J.B.; Krofft, R.D.; Marshall, C.B.; Chang, A.M.; Hudkins, K.L.; Alpers, C.E.; Pippin, J.W.;
Shankland, S.J. De novo expression of podocyte proteins in parietal epithelial cells during experimental glomerular disease. Am.
J. Physiol. Renal Physiol. 2010, 298, F702–F711. [CrossRef] [PubMed]

23. Peti-Peterdi, J.; Sipos, A. A high-powered view of the filtration barrier. J. Am. Soc. Nephrol. JASN 2010, 21, 1835–1841. [CrossRef]
[PubMed]

24. Lendahl, U.; Zimmerman, L.B.; McKay, R.D. CNS stem cells express a new class of intermediate filament protein. Cell 1990,
60, 585–595. [CrossRef]

25. Vukojevic, K.; Raguz, F.; Saraga, M.; Filipovic, N.; Bocina, I.; Kero, D.; Glavina Durdov, M.; Martinovic, V.; Saraga-Babic, M.
Glomeruli from patients with nephrin mutations show increased number of ciliated and poorly differentiated podocytes. Acta
Histochem. 2018, 120, 748–756. [CrossRef]

26. Filipovic, N.; Vukojevic, K.; Bocina, I.; Saraga, M.; Durdov, M.G.; Kablar, B.; Saraga-Babic, M. Immunohistochemical and
electronmicroscopic features of mesenchymal-to-epithelial transition in human developing, postnatal and nephrotic podocytes.
Histochem. Cell Biol. 2017, 147, 481–495. [CrossRef]

27. Penton, A.L.; Leonard, L.D.; Spinner, N.B. Notch signaling in human development and disease. Semin. Cell Dev. Biol. 2012,
23, 450–457. [CrossRef]

28. Yamamoto, S.; Schulze, K.L.; Bellen, H.J. Introduction to Notch signaling. Methods Mol. Biol. 2014, 1187, 1–14. [CrossRef]
29. Sirin, Y.; Susztak, K. Notch in the kidney: Development and disease. J. Pathol. 2012, 226, 394–403. [CrossRef]
30. Asanuma, K.; Oliva Trejo, J.A.; Tanaka, E. The role of Notch signaling in kidney podocytes. Clin. Exp. Nephrol. 2017, 21, 1–6.

[CrossRef]
31. Kato, H.; Susztak, K. Repair problems in podocytes: Wnt, Notch, and glomerulosclerosis. Semin. Nephrol. 2012, 32, 350–356.

[CrossRef] [PubMed]
32. Lasagni, L.; Ballerini, L.; Angelotti, M.L.; Parente, E.; Sagrinati, C.; Mazzinghi, B.; Peired, A.; Ronconi, E.; Becherucci, F.;

Bani, D.; et al. Notch activation differentially regulates renal progenitors proliferation and differentiation toward the podocyte
lineage in glomerular disorders. Stem Cells 2010, 28, 1674–1685. [CrossRef] [PubMed]

33. Waters, A.M.; Wu, M.Y.; Onay, T.; Scutaru, J.; Liu, J.; Lobe, C.G.; Quaggin, S.E.; Piscione, T.D. Ectopic notch activation in
developing podocytes causes glomerulosclerosis. J. Am. Soc. Nephrol. JASN 2008, 19, 1139–1157. [CrossRef]

34. Niehrs, C. On growth and form: A Cartesian coordinate system of Wnt and BMP signaling specifies bilaterian body axes.
Development 2010, 137, 845–857. [CrossRef] [PubMed]

35. Wang, J.; Sinha, T.; Wynshaw-Boris, A. Wnt signaling in mammalian development: Lessons from mouse genetics. Cold Spring
Harb. Perspect. Biol. 2012, 4, a007963. [CrossRef] [PubMed]

36. Wray, J.; Hartmann, C. WNTing embryonic stem cells. Trends Cell Biol. 2012, 22, 159–168. [CrossRef]
37. Halt, K.; Vainio, S. Coordination of kidney organogenesis by Wnt signaling. Pediatr. Nephrol. 2014, 29, 737–744. [CrossRef]
38. Torban, E.; Dziarmaga, A.; Iglesias, D.; Chu, L.L.; Vassilieva, T.; Little, M.; Eccles, M.; Discenza, M.; Pelletier, J.; Goodyer, P. PAX2

activates WNT4 expression during mammalian kidney development. J. Biol. Chem. 2006, 281, 12705–12712. [CrossRef]
39. Kato, H.; Gruenwald, A.; Suh, J.H.; Miner, J.H.; Barisoni-Thomas, L.; Taketo, M.M.; Faul, C.; Millar, S.E.; Holzman, L.B.; Susztak, K.

Wnt/β-catenin pathway in podocytes integrates cell adhesion, differentiation, and survival. J. Biol. Chem. 2011, 286, 26003–26015.
[CrossRef]

40. Kiewisz, J.; Skowronska, A.; Winiarska, A.; Pawlowska, A.; Kiezun, J.; Rozicka, A.; Perkowska-Ptasinska, A.; Kmiec, Z.;
Stompor, T. WNT4 Expression in Primary and Secondary Kidney Diseases: Dependence on Staging. Kidney Blood Press. Res. 2019,
44, 200–210. [CrossRef]

41. Nieto, M.A.; Sargent, M.G.; Wilkinson, D.G.; Cooke, J. Control of cell behavior during vertebrate development by Slug, a zinc
finger gene. Science 1994, 264, 835–839. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/9407451
http://doi.org/10.1097/01.ASN.0000102468.37809.C6
http://www.ncbi.nlm.nih.gov/pubmed/14694158
http://doi.org/10.1681/ASN.2006010089
http://doi.org/10.1681/ASN.2008070795
http://doi.org/10.1681/ASN.2010010048
http://doi.org/10.1038/ki.1992.29
http://doi.org/10.1681/ASN.V12102060
http://doi.org/10.1681/ASN.2009010122
http://www.ncbi.nlm.nih.gov/pubmed/19917779
http://doi.org/10.1152/ajprenal.00428.2009
http://www.ncbi.nlm.nih.gov/pubmed/20007346
http://doi.org/10.1681/ASN.2010040378
http://www.ncbi.nlm.nih.gov/pubmed/20576805
http://doi.org/10.1016/0092-8674(90)90662-X
http://doi.org/10.1016/j.acthis.2018.08.015
http://doi.org/10.1007/s00418-016-1507-7
http://doi.org/10.1016/j.semcdb.2012.01.010
http://doi.org/10.1007/978-1-4939-1139-4_1
http://doi.org/10.1002/path.2967
http://doi.org/10.1007/s10157-016-1247-y
http://doi.org/10.1016/j.semnephrol.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22958489
http://doi.org/10.1002/stem.492
http://www.ncbi.nlm.nih.gov/pubmed/20680961
http://doi.org/10.1681/ASN.2007050596
http://doi.org/10.1242/dev.039651
http://www.ncbi.nlm.nih.gov/pubmed/20179091
http://doi.org/10.1101/cshperspect.a007963
http://www.ncbi.nlm.nih.gov/pubmed/22550229
http://doi.org/10.1016/j.tcb.2011.11.004
http://doi.org/10.1007/s00467-013-2733-z
http://doi.org/10.1074/jbc.M513181200
http://doi.org/10.1074/jbc.M111.223164
http://doi.org/10.1159/000498989
http://doi.org/10.1126/science.7513443
http://www.ncbi.nlm.nih.gov/pubmed/7513443


Int. J. Mol. Sci. 2022, 23, 7501 21 of 22

42. Cano, A.; Perez-Moreno, M.A.; Rodrigo, I.; Locascio, A.; Blanco, M.J.; del Barrio, M.G.; Portillo, F.; Nieto, M.A. The transcription
factor snail controls epithelial-mesenchymal transitions by repressing E-cadherin expression. Nat. Cell Biol. 2000, 2, 76–83.
[CrossRef] [PubMed]

43. Isaac, A.; Sargent, M.G.; Cooke, J. Control of vertebrate left-right asymmetry by a snail-related zinc finger gene. Science 1997,
275, 1301–1304. [CrossRef] [PubMed]

44. Cai, Y.; Chia, W.; Yang, X. A family of snail-related zinc finger proteins regulates two distinct and parallel mechanisms that
mediate Drosophila neuroblast asymmetric divisions. EMBO J. 2001, 20, 1704–1714. [CrossRef]

45. Boutet, A.; De Frutos, C.A.; Maxwell, P.H.; Mayol, M.J.; Romero, J.; Nieto, M.A. Snail activation disrupts tissue homeostasis and
induces fibrosis in the adult kidney. EMBO J. 2006, 25, 5603–5613. [CrossRef]

46. Li, Y.; Kang, Y.S.; Dai, C.; Kiss, L.P.; Wen, X.; Liu, Y. Epithelial-to-mesenchymal transition is a potential pathway leading to
podocyte dysfunction and proteinuria. Am. J. Pathol. 2008, 172, 299–308. [CrossRef]

47. Matsui, I.; Ito, T.; Kurihara, H.; Imai, E.; Ogihara, T.; Hori, M. Snail, a transcriptional regulator, represses nephrin expression in
glomerular epithelial cells of nephrotic rats. Lab. Investig. J. Tech. Methods Pathol. 2007, 87, 273–283. [CrossRef]

48. Yamaguchi, H.; Kaku, H.; Onodera, T.; Kurokawa, R.; Morisada, M. Peripolar cells in guinea pigs under experimental hyperplasia
of juxtaglomerular cells induced by long-term, low-dose calcium condition. Exp. Toxicol. Pathol. 1994, 46, 283–286. [CrossRef]

49. Pyrgaki, C.; Trainor, P.; Hadjantonakis, A.K.; Niswander, L. Dynamic imaging of mammalian neural tube closure. Dev. Biol. 2010,
344, 941–947. [CrossRef] [PubMed]

50. Eladl, M.A.; Elsaed, W.M.; Atef, H.; El-Sherbiny, M. Ultrastructural changes and nestin expression accompanying compensatory
renal growth after unilateral nephrectomy in adult rats. Int. J. Nephrol. Renov. Dis. 2017, 10, 61–76. [CrossRef]

51. Stark, K.; Vainio, S.; Vassileva, G.; McMahon, A.P. Epithelial transformation of metanephric mesenchyme in the developing
kidney regulated by Wnt-4. Nature 1994, 372, 679–683. [CrossRef] [PubMed]

52. Iglesias, D.M.; Hueber, P.A.; Chu, L.; Campbell, R.; Patenaude, A.M.; Dziarmaga, A.J.; Quinlan, J.; Mohamed, O.; Dufort, D.;
Goodyer, P.R. Canonical WNT signaling during kidney development. Am. J. Physiol. Renal Physiol. 2007, 293, F494–F500.
[CrossRef] [PubMed]

53. Grouls, S.; Iglesias, D.M.; Wentzensen, N.; Moeller, M.J.; Bouchard, M.; Kemler, R.; Goodyer, P.; Niggli, F.; Grone, H.J.;
Kriz, W.; et al. Lineage specification of parietal epithelial cells requires β-catenin/Wnt signaling. J. Am. Soc. Nephrol. JASN 2012,
23, 63–72. [CrossRef] [PubMed]

54. Swetha, G.; Chandra, V.; Phadnis, S.; Bhonde, R. Glomerular parietal epithelial cells of adult murine kidney undergo EMT to
generate cells with traits of renal progenitors. J. Cell. Mol. Med. 2011, 15, 396–413. [CrossRef]

55. Dai, C.; Stolz, D.B.; Kiss, L.P.; Monga, S.P.; Holzman, L.B.; Liu, Y. Wnt/β-catenin signaling promotes podocyte dysfunction and
albuminuria. J. Am. Soc. Nephrol. JASN 2009, 20, 1997–2008. [CrossRef]

56. Lin, C.L.; Wang, J.Y.; Huang, Y.T.; Kuo, Y.H.; Surendran, K.; Wang, F.S. Wnt/β-catenin signaling modulates survival of high
glucose-stressed mesangial cells. J. Am. Soc. Nephrol. JASN 2006, 17, 2812–2820. [CrossRef]

57. Boyle, S.C.; Kim, M.; Valerius, M.T.; McMahon, A.P.; Kopan, R. Notch pathway activation can replace the requirement for Wnt4
and Wnt9b in mesenchymal-to-epithelial transition of nephron stem cells. Development 2011, 138, 4245–4254. [CrossRef]

58. Walsh, D.W.; Roxburgh, S.A.; McGettigan, P.; Berthier, C.C.; Higgins, D.G.; Kretzler, M.; Cohen, C.D.; Mezzano, S.; Brazil, D.P.;
Martin, F. Co-regulation of Gremlin and Notch signalling in diabetic nephropathy. Biochim. Biophys. Acta 2008, 1782, 10–21.
[CrossRef]

59. Murea, M.; Park, J.K.; Sharma, S.; Kato, H.; Gruenwald, A.; Niranjan, T.; Si, H.; Thomas, D.B.; Pullman, J.M.; Melamed, M.L.; et al.
Expression of Notch pathway proteins correlates with albuminuria, glomerulosclerosis, and renal function. Kidney Int. 2010,
78, 514–522. [CrossRef]

60. Sharma, M.; Callen, S.; Zhang, D.; Singhal, P.C.; Vanden Heuvel, G.B.; Buch, S. Activation of Notch signaling pathway in
HIV-associated nephropathy. AIDS 2010, 24, 2161–2170. [CrossRef]

61. Tanaka, E.; Asanuma, K.; Kim, E.; Sasaki, Y.; Oliva Trejo, J.A.; Seki, T.; Nonaka, K.; Asao, R.; Nagai-Hosoe, Y.; Akiba-Takagi, M.; et al.
Notch2 activation ameliorates nephrosis. Nat. Commun. 2014, 5, 3296. [CrossRef] [PubMed]

62. Niranjan, T.; Bielesz, B.; Gruenwald, A.; Ponda, M.P.; Kopp, J.B.; Thomas, D.B.; Susztak, K. The Notch pathway in podocytes
plays a role in the development of glomerular disease. Nat. Med. 2008, 14, 290–298. [CrossRef] [PubMed]

63. Davidson, G.; Dono, R.; Zeller, R. FGF signalling is required for differentiation-induced cytoskeletal reorganisation and formation
of actin-based processes by podocytes. J. Cell Sci. 2001, 114, 3359–3366. [CrossRef] [PubMed]

64. Kero, D.; Vukojevic, K.; Stazic, P.; Sundov, D.; Mardesic Brakus, S.; Saraga-Babic, M. Regulation of proliferation in developing
human tooth germs by MSX homeodomain proteins and cyclin-dependent kinase inhibitor p19INK4d. Organogenesis 2017,
13, 141–155. [CrossRef] [PubMed]

65. Lundgren, K.; Nordenskjöld, B.; Landberg, G. Hypoxia, Snail and incomplete epithelial-mesenchymal transition in breast cancer.
Br. J. Cancer 2009, 101, 1769–1781. [CrossRef] [PubMed]

66. Wu, Y.; Zhou, B.P. Snail: More than EMT. Cell Adhes. Migr. 2010, 4, 199–203. [CrossRef]
67. Yastrebova, M.A.; Khamidullina, A.I.; Tatarskiy, V.V.; Scherbakov, A.M. Snail-Family Proteins: Role in Carcinogenesis and

Prospects for Antitumor Therapy. Acta Nat. 2021, 13, 76–90. [CrossRef]

http://doi.org/10.1038/35000025
http://www.ncbi.nlm.nih.gov/pubmed/10655586
http://doi.org/10.1126/science.275.5304.1301
http://www.ncbi.nlm.nih.gov/pubmed/9036854
http://doi.org/10.1093/emboj/20.7.1704
http://doi.org/10.1038/sj.emboj.7601421
http://doi.org/10.2353/ajpath.2008.070057
http://doi.org/10.1038/labinvest.3700518
http://doi.org/10.1016/S0940-2993(11)80101-6
http://doi.org/10.1016/j.ydbio.2010.06.010
http://www.ncbi.nlm.nih.gov/pubmed/20558153
http://doi.org/10.2147/IJNRD.S121473
http://doi.org/10.1038/372679a0
http://www.ncbi.nlm.nih.gov/pubmed/7990960
http://doi.org/10.1152/ajprenal.00416.2006
http://www.ncbi.nlm.nih.gov/pubmed/17494089
http://doi.org/10.1681/ASN.2010121257
http://www.ncbi.nlm.nih.gov/pubmed/22021707
http://doi.org/10.1111/j.1582-4934.2009.00937.x
http://doi.org/10.1681/ASN.2009010019
http://doi.org/10.1681/ASN.2005121355
http://doi.org/10.1242/dev.070433
http://doi.org/10.1016/j.bbadis.2007.09.005
http://doi.org/10.1038/ki.2010.172
http://doi.org/10.1097/QAD.0b013e32833dbc31
http://doi.org/10.1038/ncomms4296
http://www.ncbi.nlm.nih.gov/pubmed/24526233
http://doi.org/10.1038/nm1731
http://www.ncbi.nlm.nih.gov/pubmed/18311147
http://doi.org/10.1242/jcs.114.18.3359
http://www.ncbi.nlm.nih.gov/pubmed/11591823
http://doi.org/10.1080/15476278.2017.1358337
http://www.ncbi.nlm.nih.gov/pubmed/28933666
http://doi.org/10.1038/sj.bjc.6605369
http://www.ncbi.nlm.nih.gov/pubmed/19844232
http://doi.org/10.4161/cam.4.2.10943
http://doi.org/10.32607/actanaturae.11062


Int. J. Mol. Sci. 2022, 23, 7501 22 of 22

68. Kosovic, I.; Filipovic, N.; Benzon, B.; Bocina, I.; Glavina Durdov, M.; Vukojevic, K.; Saraga, M.; Saraga-Babic, M. Connexin
Signaling in the Juxtaglomerular Apparatus (JGA) of Developing, Postnatal Healthy and Nephrotic Human Kidneys. Int. J. Mol.
Sci. 2020, 21, 8349. [CrossRef]

69. Punda, H.; Mardesic, S.; Filipovic, N.; Kosovic, I.; Benzon, B.; Ogorevc, M.; Bocina, I.; Kolic, K.; Vukojevic, K.; Saraga-Babic, M.
Expression Pattern of 5-HT (Serotonin) Receptors during Normal Development of the Human Spinal Cord and Ganglia and in
Fetus with Cervical Spina Bifida. Int. J. Mol. Sci. 2021, 22, 7320. [CrossRef]

http://doi.org/10.3390/ijms21218349
http://doi.org/10.3390/ijms22147320

	Introduction 
	Results 
	Semi-Thin Sections and Electron Microscopy of Developing, Postnatal, and CNF Human Kidneys 
	Proliferation of Glomerular Cells (Ki-67 Staining) in Developing, Postnatal, and Human Kidneys Affected by CNF and FSGS 
	Expression of Nestin in Human Podocytes and PECs of Developing, Postnatal, and CNF and FSGS Kidneys 
	Expression of Notch2 in the Developing and Postnatal Podocytes and Kidneys Affected by CNF and FSGS 
	WNT4 Expression in the Podocytes and PECs of Developing and Healthy Postnatal Kidneys and in Kidneys Affected by CNF and FSGS 
	Snail Expression in the Developing and Healthy Postnatal Human Kidneys and Kidneys Affected by CNF and FSGS 
	Expression of Nephrin and Synaptopodin Markers and Their Co-Expression with WNT4, Notch2, and Snail in Developing, Healthy Postnatal, and Human Kidneys Affected by CNF and FSGS 

	Discussion 
	Materials and Methods 
	Human Tissue Processing 
	Immunofluorescence Staining 
	Preparation of the Tissue for Electron Microscopy (TEM) 
	Data Acquisition and Quantitative Analysis 

	Conclusions 
	References

