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Abstract

The kidney is a key organ in the human body that excretes toxins and sustains the water—electrolyte balance. During embryonic
development and disease progression, the kidney undergoes enormous changes in macrostructure, accompanied by a variety of
microstructural histological changes, such as glomerular formation and sclerosis, tubule elongation and atrophy, interstitial
establishment, and fibrosis progression. All of these rely on the frequent occurrence of cell death and growth. Notably, to
overcome disease, some cells regenerate through self-repair or progenitor cell differentiation. However, the signaling mecha-
nisms underlying kidney development and regeneration have not been elucidated. Recently, Wnt signaling has been noted to play
an important role. Although it is a well-known developmental signal, the role of Wnt signaling in kidney development and
regeneration is not well recognized. In this review, we review the role of Wnt signaling in kidney embryonic development, tissue
repair, cell division, and progenitor cell differentiation after injury. Moreover, we briefly highlight advances in our understanding
of the pathogenic mechanisms of Wnt signaling in mediating cellular senescence in kidney parenchymal and stem cells, an
irreversible arrest of cell proliferation blocking tissue repair and regeneration. We also highlight the therapeutic targets of Wnt
signaling in kidney diseases and provide important clues for clinical strategies.
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Introduction

The kidney is a key organ in the human body that removes
toxins and metabolic wastes by excreting urine. In addition,
the kidney executes filtration and reabsorption, has endocrinal
functions to regulate water—electrolyte balance, stabilize
blood pressure, boost erythropoiesis, and promote bone for-
mation and growth. Although weighing only about 0.5% of
the total body weight, the kidney’s blood distribution occupies
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over 20% of the cardiac input [1]. To accomplish its tasks
satisfactorily, the embryonic kidney develops extremely com-
plex structures, including the nephron, peritubular capillary
plexus, and interstitium [2]. Even though each kidney has a
compensated brother, the kidney is still vulnerable to injury
and age-related deterioration. Irrespective of the primary
cause, various kidney diseases commonly involve the patho-
logical feature of fibrosis [3, 4]. Notably, kidney fibrosis is an
irreversible and intricate problem [5-7]. Furthermore, our
knowledge of the underlying mechanisms still has vast gaps.
Some developmental signals have caught the attention of sci-
entists. Although silent after birth, those developmental sig-
nals may be utilized in the resurgence of boosting after dis-
ease. Among the numerous signals, Wnt signaling molecules
undoubtedly stand at the forefront.

The Wnt family is a series of secretory glycoproteins with a
cysteine-rich region. Through binding to frizzled (Fzd) recep-
tor and the low-density lipid receptor family members Lip5
and Lrp6 in the cell membrane, Wnt molecules transmit their
signals. The Wnt signaling cascades are mainly triggered by
the downstream effector 3-catenin [8, 9]. In both embryonic
and diseased stages, many Wnt family members participate in
a multitude of cell regeneration and inactivation processes
[10—12]. This evokes Wnt signaling as a double-edged sword
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initiating or terminating normal kidney function. In the present
review, we focus on the role of Wnt signaling in kidney de-
velopment and regeneration. Furthermore, we explore the role
of Wnt signaling in cellular senescence, an irreversible arrest
of cell proliferation blocking tissue repair and regeneration.
We also highlight some therapeutic targets of Wnt signaling
and provide clues for the development of novel clinical
strategies.

Wnt signaling in kidney development

Due to their complicated structure, kidneys undergo an impor-
tant evolutionary process from embryonic intermediate meso-
derm (IM) during development. In mammals, the embryonic
kidney goes through three stages, i.e., the pronephros, the
mesonephros, and the metanephros during maturation [13,
14]. There must be a series of signaling pathways involved
in kidney development. Among the multiple signals, Wnt sig-
naling, which is intimately involved in kidney development, is
at a unique position.

As an evolutionary conserved signaling pathway, Wnt sig-
naling plays an important role in low vertebrate pronephros
and mammalian metanephros development [12]. Activated by
the downstream canonical Wnt/[3-catenin signaling pathway
and the noncanonical Wnt signaling pathway, a number of
Wnt molecules have been found to be intimately involved in
nephrogenesis through the regulation of differentiation, pro-
liferation, mesenchymal-to-epithelial trans-differentiation
(MET), tubulogenesis, and morphogenesis [15-18].
However, its authentic role in kidney development is still
not systematically clarified. Here, we review the role of Wnt
signaling in kidney development, highlighting the important
role of Wnt signaling in the metanephros in mammals.

Kidney development

As a simple and transient structure, the pronephros develops
with the emergence of paired nephric ducts (ND) at embryonic
day 8.5 (E 8.5) in mice and about E 22 in humans [19-21]. At
E 10 in mice, the mesonephric tubules appear, while at this
time, the pronephric tubules are incompletely degraded, and
the Wolffian duct (WD) reaches the cloaca [22]. The meso-
nephros develops from mesonephric tubules and has a tran-
sient function of filtration. One subset of the mesonephric
tubules develops into the male reproductive system [23]. In
human and murine organisms, the pronephros and mesoneph-
ros are transient organs and degenerate at the embryonic stage
[2]. Unlike in lower vertebrates, such as zebrafish and
Xenopus, where the pronephros is functional at the embryonic
and larval stages [24, 25], the metanephros begins at E 32 in
human and E 10.5 in mice [26]. Notably, the metanephros is
permanent and will develop into a functional adult kidney in
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mammals. The metanephros is composed of ureteric bud (UB)
and metanephric mesenchyme (MM). The UB protrudes from
the caudal end of the mesonephric duct and invades MM to
promote the development and maturation of the metanephros
(Fig. 1). After formation of the cap mesenchyme (CM) by
contact of UB cells with the MM, the UB develops into the
collecting duct (CD) system under the induction of the MM.
The MM also undergoes morphogenesis through MET [27],
to form a comma-shaped body and further extend into an S-
shaped body. The upper and middle branches of S-shaped
corpuscles are distal tubules and proximal tubules. The lower
branches form a scooped cyst-like structure, in which the lat-
eral cells differentiate into glomerular parietal epithelial cells
and the inner cells differentiate into podocytes. In addition,
near the middle branches, the glomerular capillary loop forms
after protruding of capillary globules into the ladle-like sac-
like structure and eventually develops into a mature glomeru-
lus (Fig. 2) [28-30]. Finally, the metanephros becomes the
permanent and functional adult kidney in mammals.

Role of Wnt signaling in pronephros development

Despite the transient expression in mammals, the pronephros
in fish and amphibians is functional during their larval stages
and consists of glomus, pronephric tubules, and pronephric
duct [31, 32]. Several findings have implicated that Wnt sig-
naling is involved in pronephros development. In zebrafish
pronephros development, Wnt5a is located in the pronephric
glomerulus and plays a role via non-canonical Wnt signaling
pathway [33, 34]. Besides glomus, the development of neph-
ric tubules is also tightly associated with Wnt signaling. A
report showed that both Wntl1b and Wntl1 are mediators
of pronephric tubule formation and play an important role in
pronephros development in Xenopus [35]. In addition, Wnt4
is also critically required for pronephric tubulogenesis in
Xenopus [36]. It has also been shown that DKK 1, an inhibitor
of Wnt/3-catenin signaling activation, leads to pronephric tu-
bule formation failure in zebrafish. Other reports have also
shown that Fzd receptors, including Fzd8 and Fzd3, take part
in pronephric nephrogenesis. They act as vital players in the
late differentiation of pronephric tubules and ducts [37] and
trigger pronephric nephrogenesis via the non-canonical Wnt/
JNK signaling pathway [38]. These findings reveal that Wnt
signaling plays a key role in controlling pronephric develop-
ment in lower vertebrate models.

Role of Wnts in UB branching

Metanephros maturation relies on the mutual inductions
between the UB and MM. First, the UB stimulates the
MM to differentiate into the epithelia of glomeruli and
renal tubules. In turn, the MM facilitates further branching
of the UB and differentiation into CDs [39]. In UB
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Fig. 1 Schematic overview of pronephros
kidney development in mice from
E 8.5 to E11.5. a The pronephros
originates from the IM at E 8.5 in
mice. b The mesonephros tubules
appear when the WD reaches the
cloaca at E 10. ¢ The UB forms
from the WD and begins growing
toward the MM. d As the UB
branches into the MM, the
metanephros is formed

branching, the ligands involved in Wnt signaling play cen-
tral roles in their development.

Some studies suggest that Wntl1 is essentially involved in
the UB branching. As early as E 8.25 in the mouse embryo,
Wntl1 could be detected in the tips of the branching ureteric
epithelium and is essential for metanephric kidney development
especially early UB branching. Wntl1-deficient mice die
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within 2 days post-partum and have defects in UB branching,
even if newborn mice have normal nephron organization and
other phenotypes [40].

Besides Wntl1, Wnt5a is also necessary for metanephric
kidney development. In mice, Wnt5a could be detected at the
posterior end of the IM at E 9.5, in the whole area of the IM at E
10.5, in the WD/UB epithelia at E 11.0, and in the metanephros
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Fig. 2 The locations and roles of Wnts in different nephron patterning
during kidney development. a The metanephros is derived from the UB
and MM. b CM is formed by the condensation of MM cells under the
induction of UB. Wnt9b plays a crucial role in this process. ¢ The RV is
formed from the pretubular aggregate. Wnt4 and Wnt7b play important
roles in medulla morphogenesis. In addition, Wnt4 is an inducer of MET

and progenitor cell development. d UB branching morphogenesis.
Wnt2b, Wnt5a, and Wntl1 are involved in this process. Besides, Wnt5a
also has a role in the formation of CDs. e-g Nephron morphogenesis.
Transition of the RV to a comma-shaped body and an S-shaped body. h
The nephron consists of the glomerulus, the proximal tubules, the loop of
Henle, the distal tubule, and the CDs
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from E 13.5 to E 15.5. Wnt5a-deficient mice die shortly there-
after birth and exhibit duplicated ureters, medullary loss, renal
agenesis, and horseshoe kidneys. In Wnt5a-deficient mice, the
development of ureteric tree is affected by severely deregulated
basement membrane organization. Furthermore, Wnt5a is cru-
cial for the development of CDs derived from the kidney UB
tree via bone marrow (BM) formation [41, 42]. Later, condi-
tional Wnt5a-deficient mice have been generated; they exhibit
the phenotype of bilateral duplex kidney and ureter formation
in response to double UB outgrowth. In the mutant mice, the
IM is also shortened and broadened. Thus, Wnt5a plays a role
in IM development before the formation of the UB [43]. Both
receptors of Wnt5a, Rorl and Ror2, are primarily expressed in
the mesenchyme between the MM and the WD, and are essen-
tial for UB outgrowth and branching morphogenesis during
kidney development. In Rorl/Ror2 double mutant mice, the
formation of UB is abnormal owing to the loss of MM. One
report suggested that Wnt5a-Rorl/Ror2 is necessary for the
formation of MM at the proper position in kidney organogen-
esis [44]. These results suggest that Wnt5a is important for
promoting UB branching and CD formation.

Another Wnt protein, Wnt2b, previously called Wntl3, is
widely expressed in the perinephric mesenchymal cells at E
11.5. As an early mesenchymal signal, Wnt2b directly stimu-
lates UB branching during kidney development via regulating
epithelial-mesenchymal transition (EMT). Notably, with the
need for cooperation with kidney mesenchyme, Wnt2b in-
duces UB branching morphogenesis and tubule formation
[45]. These observations suggest that Wnt2b is a guiding sig-
nal to trigger mesenchyme activation. While Wnt2b is able to
induce UB branching in in vitro experiments, there have been
no reports about Wnt2b-deficient mice to directly show its
roles in kidney development. Thus, the molecular mediators
of Wnt2b in kidney development remain to be determined.
Therefore, these genetic approaches have highlighted the crit-
ical roles of Wnt signaling in initiating UB branching and
suggested deficiencies in several Wnts have been directly
linked to serious kidney developmental defects.

Role of Wnts in nephron maturation

Normal kidney function crucially relies on the proper devel-
opment of nephrons. In mammals, the maturation of nephron
mainly relies on nephron progenitors. After UB branching into
the MM, the mesenchyme condenses and forms a cap-like
structure, called CM, to cap the tips of the UB. CM cells are
supposed to be in a signaling state and serve as the nephron
progenitors [46]. Hence, by continuous branching of the UB
and induction of the MM, the nephrons are driven to matura-
tion with a fundamental composition of three parts: a glomer-
ulus for blood filtration [47], a tubule that reabsorbs and se-
cretes solutes, and a CD that transports the modified filtrate to
a waste disposal site [48, 49]. Therefore, in mammals, new
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nephrons are formed from the mesenchymal progenitor cells,
which are housed in the renal vesicle (RV) formed by the
aggregation of the MM. Notably, Wnt signaling is the driving
force for nephron progenitor cell (NPC) differentiation [50].

Several reports have shown that Wnt4 is necessary for kid-
ney progenitor cell development. Wnt4 is first expressed in
pretubular mesenchymal cells at E 11.5, and then in the epi-
thelial CM, comma-shaped bodies, and S-shaped bodies. Of
note, Wnt4 is essential for generating NPCs [51]. Reports
have shown that Wnt4 is strongly expressed in NPCs, which
originate from the pretubular cell aggregates. To induce mes-
enchyme differentiation and MET during nephrogenesis [51,
52], Wnt4 is crucial for the maturation of nephrons. Through
modulating cell adhesion factors during kidney development
[51], Wnt4 plays a critical role in tubule, mesenchymal, and
ureteric epithelial structure formation [53-55].

Wnt9b, also known as Wntl4 or Wntl5, is abundant in the
WD epithelium at E 9.5 and in the UB stalk from E 10.5 to E
14.5 [56]. Wnt9b-deficient mice lack intermediate progenitor
cells and are embryonically lethal owing to the lack of mature
nephrons and the large volume of peripheral mesenchyme and
some rudimentary epithelia. As an autonomous activator to dif-
ferentiate and renew progenitor cells, Wnt9b interacts with the
adjacent RV and acts as the earliest inducer of MET in the orga-
nization of the urogenital system [57]. Wnt9b is also a key factor
to regulate the balance of mesenchymal progenitor cell differen-
tiation and cooperates with the signals from the stroma to pro-
mote differentiation of the progenitor cells [58, 59]. Besides its
crucial role in the proliferation and commitment of progenitor
cells, Wnt9b also has a direct action on tubule morphogenesis
through a non-canonical Wnt/PCP signaling pathway [60].

Wntl1 is also involved in the normal nephrogenic program
and contributes to the final kidney size. Wntl1 plays a direct
role in the behavior of NPCs during kidney development [61].
Wntll-mutant mice exhibit an accelerated and prematurely
exhausted nephron progenitor pool, leading to disrupted tubular
morphology, glomerular cysts, and smaller kidneys. Of note,
Wntl1 is essential for the polarized distribution of NPCs.
Wntl1 deficiency results in the abnormal dispersal of NPCs to
intermix with interstitial progenitor cells, suggesting its impor-
tant role in NPC programming. Faulty regulation of Wnt signal-
ing results in defects and malformations in nephron maturation.
Therefore, the unique and precise regulation of Wnt signaling is
fundamental for NPCs.

Role of Wnt receptors and B-catenin in kidney
development

Though binding to the Fzd receptor and Lrp5 or Lrp6, Wnt
signaling is started, leading to the activation of the downstream
effector (3-catenin. As important members of Wnt signaling, they
are also required for nephric tubule morphogenesis [62, 63].
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During kidney development, 3-catenin is essential for mes-
enchymal progenitors to induce the formation of RV. The
gain-of-function mutants of (3-catenin are lethal within 24 h
after birth, characterized by damaged epithelial branching and
absence of tubulogenesis [64, 65].

Recently, studies also suggested that Fzd receptors such as
Fzd7 and Fzd8 are expressed in the mesonephric duct and me-
sonephric tubules to play an important role in the morphoge-
netic movements of the proximal and intermediate tubules [66].
Interestingly, inversin, a molecular switch between Wnt signal-
ing pathways also plays a role in regulating these processes.
Besides Fzd receptors, Lip6 is also intimately correlated with
the embryonic kidney development. It has been reported that
Lrp6-deficient mice present with abnormal kidneys with severe
urogenital defects due to the inability of induction of UB
branching [62]. These results suggest an indispensable role of
Wnt/-catenin signaling and its upstream receptors in kidney
development.

Whnt signaling in kidney medullary morphogenesis

The medulla of the adult kidney is responsible for regulating
the concentration of urine [67] and is made up of medullary
CDs, loops of Henle, vasa recta, and the interstitium. It is
noteworthy that Wnt signaling is also involved in the devel-
opment of these tissues.

Wnt7b is expressed in the stalk of the UB and unique for
kidney medullary morphogenesis. Reports have shown that
Wnt7b-deficient mice die at E 9.5 and fail to form the renal
medulla, while kidney size and cortical development in
Wnt7b homozygote mutants are not affected [68].

Furthermore, Wnt4 and several Wnt/[3-catenin target genes
are highly expressed in the medullary interstitium of the kid-
ney [69]. Wnt4 is also expressed in the medullary stroma and
plays an important role in kidney medullary morphogenesis.
During embryonic kidney development, Wnt4 determines the
fate of the smooth muscle cells in the medullary stroma and
controls the differentiation of periureteric stroma cells [70].

In addition, nuclear (3-catenin, an active form of (3-catenin,
is also strongly expressed in the medullary renal stromal cells.
B—cazﬁ/ ~ mice, a conditional knockout mouse model with
renal stroma-specific 3-catenin deletion, exhibit impaired
condensation of metanephros mesenchyme cells and reduced
expression of Wnt9b in the ureter epithelium, which leads to
abnormal MET [59]. Stromal mutation of 3-catenin results in
impaired nephrogenesis, blocking the differentiation of NPCs
in the developing kidney [71].

Wnt signaling in kidney regeneration

The kidney is a key organ in the human body with complicat-
ed structures. In adult kidneys, it is difficult to regenerate the

whole kidney for its diverse composition of different cells and
sophisticated structures [72]. However, there is the hope that
among the 25 distinct cell types, several kinds of cells still
have limited abilities to self-repair or regenerate after injuries
[73]. To date, there are three major strategies to achieve renal
regeneration and repair: recruitment of circulating stem cells,
differentiation of the somatic stem cells and resident cell de-
differentiation or proliferation [74]. Notably, these processes
are majorly involved in renal tubular cells, glomerular parietal
cells, stem cells and renal progenitor cells, and 3D kidney
organoids (Fig. 3).

Renal tubular cells

Renal tubular cells are the major kidney parenchymal cells and
are responsible for reabsorption and secretion. As epithelial
cells, they are vulnerable to injury by strong stimuli and be
induced to undergo apoptosis, necrosis, and senescence.
However, renal tubular cells also possess the capability of
self-repair or regeneration under mild stimulation. This is the
reason why some acute kidney injury (AKI) patients could
recover. Interestingly, Wnt signaling also plays a role in renal
tubular cell recovery. Although only a few studies have been
published, reports have shown that several Wnts are related to
cell regeneration in renal tubular cells.

After AKI injury, renal Wnt4 expression is rapidly upregulat-
ed in the proximal tubules, inducing the upregulation of PCNA,
cyclin D1 and cyclin A, which are cell proliferative markers [75].
This suggests that Wnt4 is responsible for tubular cell prolifera-
tion and repair. Consistently, modified pyrimidine,pyrimidine, a
novel Wnt agonist, couldpromote cell proliferation by activating
the Wnt/3-catenin/cyclin D1 pathway [76], and the a novel Wnt
agonist, could promote cell proliferation by activating the Wnt/(3-
catenin/cyclin D1 pathway [76], and the specific ablation of {3-
catenin in renal tubular cells promotes apoptosis and aggravates
kidney injury [77].

Another report has shown the effects of Wnt on renal tu-
bular cell regeneration. Wnt6 is progressively lost after acute
tubular injury. Ectopic expression of Wnt6 induces tubular
cell epithelialization and triggers tubule formation in the 3D
culture, through binding to the Fzd7 receptor [66, 78]. It fol-
lows that activation of Wnt/3-catenin is instrumental for tu-
bular repair and regeneration after AKI.

Glomerular parietal epithelial cells

Although located on the inner side of Bowman’s capsule, glo-
merular parietal epithelial cells (GPECs) are capable to migrate
and differentiate into podocytes [79]. Furthermore, more and
more studies have shown that GPECs have the characteristics
of progenitor cells, as they simultaneously express CD133,
and CD24, which are stem cell markers.
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Fig. 3 Role of Wnt signaling in kidney cellular senescence and
regeneration. Wnt9a acts as an inducing factor in cellular senescence.
On the contrary, Wnt signaling also plays an advantageous role in

Interestingly, Wnt/[3-catenin signaling is also necessary for
parietal epithelial cell fate decision in embryo. During the late
stages of nephrogenesis, [3-catenin deficiency in renal epithe-
lial cells at the late S-shaped body stage leads to the missing
tubule layer, and especially, the failed lineage specification of
GPEC:s. In the absence of Wnt/[3-catenin, the proper differen-
tiation of prospective GPECs is blocked and cells switch to the
visceral, podocyte-specific cell fate. These direct lineages
switch results in the small and underdeveloped capillary tufts.
Finally, these conditional {3-catenin knockout mice are born
with abnormal kidneys and decreased kidney function [80].

Another interesting study shows that GPECs could regain
the plasticity of kidney progenitors from terminally differen-
tiated state, through EMT after renal injury. These reverted
cells are expressed with both epithelial and mesenchymal
markers, suggesting the de-differentiation of GPECs.
Notably, these EMT-transformed GPECs express CD24, a
kidney progenitor marker. Interestingly, some Wnts are po-
tentially involved in this process. In the growth of these
CD24+ cells, the levels of Wnt4 and Wnt7b, which are stim-
ulators of renal epithelial integrity and proliferation, are sig-
nificantly decreased; however, levels of Wnt5b and Wnt6
(expressed in the migratory mesenchymal cells) are highly
increased. Consistently, the translocation of 3-catenin from
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promoting regeneration in tubular cells, glomerular parietal cells, stem/
progenitor cells, and 3D kidney organoids

the cell membrane to the cytoplasm, a hallmark of EMT, also
occurs in CD24+ cell propagation [81]. Although further stud-
ies are still needed, these results undoubtedly demonstrate the
important role of Wnt/3-catenin signaling in the transition of
GPECs to renal progenitors. Hence, more studies should be
performed to clarify the subtle regulation of Wnt signaling on
GPECs reverting into an embryonic phenotype. This would
certainly provide new strategies to promote renal tissue repair
and regeneration.

Mesenchymal and progenitor cells

Stem cells are a class of cells with infinite self-renewal
ability and could also differentiate into specialized somatic
cells under the induction by the local microenvironment.
There are several kinds of stem cells, such as mesenchymal
stem cells (MSCs), pluripotent stem cells (PSCs), embry-
onic stem cells (ESCs), and induced PSCs (iPSCs). It is
noteworthy that they have beneficial effects on kidney re-
generation and therapeutic effects on kidney injury.
Notably, Wnt signaling is an important self-renewal and
differentiation factor for stem cells.

Reports have shown that bone marrow MSCs (BMSCs)
complete the repair by releasing microvesicles containing an
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miRNA-mRNA network which can actively participate in the
renal tubular epithelial cell regeneration via TGFR—-Wnt—
EMT signaling [82, 83]. Furthermore, BMSC input could in-
hibit inflammation, which helps in the differentiation into re-
nal tubular cells [84, 85]. Another report has shown that hu-
man PSCs could differentiate into mature podocytes through
activation of the Wnt pathway [86]. Moreover, Wnt4-
transfected ESCs differentiate into tubular structures express-
ing AQP2, a precursor form of tubule-like structures [87]. In
addition, Wnt agonists such as CHIR99021, can stimulate
differentiation in PSCs in the MM and UB to produce nephron
structures which contain several different segments [88].
Notably, these iPSCs could generate renal organoids in vitro.

Progenitor cells are considered to be similar to stem cells,
possessing differentiation potential, and are frequently called
“endogenous stem cells”. Recently, renal progenitor cells
have been recognized as the parietal cells distributed in
Bowman’s capsule and renal tubular epithelium, especially
the S3 fragment of the proximal tubule. The S3 segment of
the proximal tubule is the most susceptible to acute tubule
necrosis and could be found in urine. Reports have shown that
Wnt signaling can promote urine-derived renal progenitor
cells to differentiate into proximal tubule epithelium, indicat-
ing a new strategy for stimulating nephrogenesis [89]. In ad-
dition, Wnt3 exerts pro-regenerative effects and is upregulated
in cisplatin-treated renal progenitor cells [90].

New nephrons are formed from Fzd9b and lefl co-expressing
progenitor cells in the zebrafish kidney, while the expression of
Wnt ligands Wnt9a and Wnt9b is induced in distal tubules and
CDs. Thus, the Wnt receptor Fzd9b is required to mediate Wnt
signaling during zebrafish kidney regeneration [91].

Three-dimensional kidney organoids

The technology of kidney organoids provides new avenues for
recapitulating kidney developmental processes, modeling kid-
ney disease pathogenesis, and holding great promise for
patient-specific drug validation. Wnt signaling also plays an
essential role in the process of three-dimensional (3D) kidney
organoid formation [92].

A study has suggested that Wnt4 regulates nephrogenesis
during kidney organoid development. There is no obvious
visiblely morphological difference between wild-type and
Wnt4 "~ organoids in the CRISPR/Cas9 knockout mouse
ESC line except the failure to undergo nephrogenesis and
formation of kidney structures [93]. Besides the role of ep-
ithelialization, Wnt4 also has a strong stimulatory effect on
podocyte formation and differentiation from PSCs [94]. In
addition, treatment with CHIR99021, a GSK3[3 inhibitor
which activates Wnt signaling, can induce the generation
of micro-organoids including patterning nephrons after 4
or 5 days in human PSCs. Meanwhile, qPCR confirmed that
the expression of Wntl1 is upregulated [95]. Otherwise,

stimulation with Wnt3a and EGF can result in the formation
of branched tubular structures in intestinal epithelial cells
[96].

These studies have shown several molecular, morpho-
logic, and functional characteristics of 3D kidney
organoids. In conclusion, Wnt signaling offers new oppor-
tunities for regenerative medicine and suggests that it may
be critical to the regeneration of nephrons for the treatment
of human kidney diseases. Although the importance of
Whnt signaling has been reported, the molecular pathways
still require more research.

The role of Wnt signaling in kidney cellular
senescence

Cellular senescence, induced by a number of stresses such as
DNA damage, inflammation, and mitochondrial dysfunction,
is a form of permanent cell cycle arrest. With a halted reacti-
vation of proliferation, senescent cells undoubtedly bring a
series of damage to kidneys. It is noteworthy that in the early
stages of clinical nephropathies, senescent cells accumulate.
These senescent cells not only lose their capacity to regenerate
and replicate DNA, but also release cytokines of the
senescence-associated secretory phenotype (SASP) to nega-
tively influence neighboring cells. More and more reports have
shown that kidney diseases involve a clinical manifestation of
accelerated senescence. However, the underlying signaling
mechanisms remain to be elucidated. Recently, our group
and others reported that Wnt signaling reactivation is intimate-
ly associated with cellular senescence in adult kidneys [97-99].

Our recent studies showed that Wnt9a is upregulated in
various chronic kidney diseases and responsible for renal tu-
bular cell senescence (Fig. 3). These senescent tubular cells
show growth arrest and have lost their epithelial characteris-
tics. Besides that, they can also secrete SASP cytokines to
accelerate renal fibrosis [100, 101]. Hence, the modulation
of senescent cells is critical for controlling the outcome of
kidney diseases. In fact, cellular senescence is also thought
to contribute to tissue aging in vivo. Interestingly, our most
recent studies showed that Klotho, an endogenous inhibitor of
Wnt signaling, exhibits beneficial effects in age-related kidney
fibrosis and the associated mitochondrial dysfunction [102,
103]. However, the detailed role of Wnt signaling in kidney
cellular senescence still requires further study.

Although cellular senescence has been implicated as a ma-
jor cause of aging-related diseases, it can also play a positive
role. It is noteworthy that cellular senescence is also associated
with mammalian kidney development and vertebrate proneph-
ros development. Senescent cells are activated by Wnt signal-
ing pathways during mesonephros development [104—106].
However, whether Wnt signaling is essential in kidney devel-
opmental senescence is still not clear.
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Therapeutic potentials of targeting Wnt
signaling

In the embryonic or acute injury stage, Wnt signaling plays an
important role in the normal programming of development
and cell regeneration. However, the reactivation of Wnt sig-
naling in adult kidneys is majorly responsible for the deterio-
ration of chronic kidney diseases (CKDs) [101, 107-111],
suggesting its double-edged role in kidney diseases. The
sustained activation of Wnt signaling in kidneys would pro-
mote disease progression [112—115], through the induction of
cellular senescence, clarifying the inhibitory pathway by
which retarding Wnt signaling is of significance to the treat-
ment of CKDs. Although the inhibitory factors of Wnt signal-
ing still need more investigations, there are some promising
inhibitors of Wnt signaling at the receptor-ligand level such as
Klotho, Dickkopfl (DKK1), secreted Fzd-related proteins
(sFRPs), and Wnt inhibitory factor (WIF) (Fig. 4). Targeting
Wnt signaling with these inhibitors holds promise for future
treatment of CKD patients.

Klotho

Klotho has been identified decades ago as an abundantly
expressed anti-aging protein in normal adult kidneys. Klotho
deficiency is highly related to the progression of CKD [116,
117]. Interestingly, our recent studies have verified that
Klotho is also an endogenous Wnt antagonist. The secreted
form of Klotho possesses the capability of binding to multiple
Wnt ligands such as Wntl, Wnt4, and Wnt7a, to further block
the activation of (3-catenin, the downstream effector of Wnt
signaling. It could be speculated that Klotho blocks the bind-
ing of Wnt ligand to its receptor Lrp. Hence, as an inhibitor of
Wht signaling at the ligand level, Klotho has potent inhibitory
effects on Wnt signaling. Therefore, it is not surprising that

Fig.4 Therapeutic targets against switch on

canonical Wnt signaling. Wnt a
signaling is regulated at the

receptor-ligand level. Klotho,

sFRPs, and WIF inhibit Wnt sig-

naling through direct binding to
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signaling. Wnt signaling is
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increased expression of Klotho can reduce renal fibrosis and
improve the kidney function [115, 118].

Excitingly, Klotho is also beneficial to stem cell renewal
and survival. Klotho-modified MSCs have superior therapeu-
tic effects in AKI that are associated with the inhibition of
Wnt/3-catenin signaling [119]. Further studies have also
shown that adipose-derived MSC transplantation promotes
Klotho expression in diabetic nephropathy, blocks Wnt/{3-
catenin signaling, and attenuates renal injury [120]. These
results suggest that Klotho and stem cells mutually reinforce
each other. Hence, as stem cells possess the ability of self-
renewal and differentiation, exogenous supplementation of
Klotho could provide greater therapeutic potentials in kidney
diseases beyond its inhibitory function on Wnt signaling.
However, the role of Klotho in kidney stem/progenitor cells
still needs further study.

DKK1

The DKK gene family encodes secretory proteins including
DKK1 to DKK4 [121]. DKKI1 is a major member of the
family and acts as a secretory Wnt signaling antagonist
through disrupting Wnt binding to its co-receptors Lrp5/6
[122, 123]. In kidney development, DKK1 inhibits UB
branching and nephron formation via canonical Wnt signal-
ing, and together with Wnt7b, it controls the morphogenesis
of renal medulla [124]. Another study has suggested that
Wnt7b is important for kidney repair and regeneration.
DKKI1 significantly suppresses the activities of Wnt7b pro-
duced by macrophage from the injured kidney, while DKK2
enhances the repair process [125]. However, mounting evi-
dence indicates that DKK1 could protect against renal fibrosis
and inflammation via inhibiting Wnt signaling [126], suggest-
ing its potential role in retarding chronic kidney diseases.
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Secreted Fzd-related proteins

Secreted Fzd-related proteins (sFRPs), a heterogeneous family
of five secreted glycoproteins (sFRP1 to sFRP5) in mammals,
are antagonists of Wnt signaling. Several studies have sug-
gested that SFRPs directly bind to Wnt ligands to block their
interaction with receptors. Indeed, the expression of each
sFRP varies in different way. Through acting on non-
canonical Wnt/PCP signaling, sFRP1 protects against kidney
damage and inhibit the increase in myofibroblast counts [127].
Furthermore, sFRP3 and sFRP5 act as tumor suppressor
genes, delaying the progression of carcinogenesis in kidneys
[128]. Interestingly, recent studies have shown that sFRP5
inhibits high phosphate-induced calcification in vascular
smooth muscle cells, an important indicator of CKD-mineral
and bone disorder [129, 130]. All of these pieces of evidences
indicate their potential application value in kidney diseases.
However, the high application value of sFRPs in kidney dis-
eases needs to be further explored.

Whnt inhibitory factor

Whnt inhibitory factor (WIF-1) is another secretory protein that
has been proposed as one of the Wnt antagonists. WIF-1 di-
rectly binds to Wnts and blocks the binding of Wnts to recep-
tors [131]. Most studies involve tumors and suggest that WIF-
1 is a tumor suppressor. WIF-1 overexpression could inhibit
kidney tumor cell growth and promote apoptosis through
inhibiting Wnt signaling activity [132]. However, the role of
WIF-1 in other CKDs is still unclear and should be fully
investigated. Manipulation of this signaling pathway by di-
verse strategies may eventually translate into effective treat-
ments for patients with various kidney disorders.

Conclusions

In summary, we have presented a general review of our current
knowledge of the role of Wnt signaling in kidney embryonic
development and regeneration after injury. Wnt signaling
plays a critical role in nephric tubules development and NPC
maturation and guidance, and is a critical factor in normal
kidney organogenesis. However, the reactivation of Wnt sig-
naling is highly related to the progression of kidney diseases
and cellular senescence. Of note, some Whnts are still beneficial
for the induction of tubular cell repair, GPEC differentiation,
and mesenchyme stem cell self-renewal. These observations
suggest that Wnt signaling serves as a double-edged sword
from the initial to the final stage in kidney development and
disease progression.

Considering there are 19 Wnt members in mammals, this
heterogeneity of Wnt effects must be related to the effects of
every single Wnt member. In addition to its myriad of roles in

kidney development and regeneration, Wnt signaling also
takes part in tubular cellular senescence and the aging process,
highlighting that it is necessary to maintain balanced Wnt
signaling activity in the kidney. Wnt signaling plays a com-
plex role in exerting both positive and negative effects in the
kidney. Although much remains to be discovered in this re-
search area, there is the hope that the iceberg under the sea
surface will gradually be revealed. Nevertheless, future stud-
ies should focus on the therapeutic target potential of Wnt
signaling, optimally modulating the balance in Wnt signaling,
and taking into account both benefits and disadvantages, in
kidneys. This will bring us one step closer to the development
of effective treatment strategies for kidney diseases in the
human population.
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