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Abstract
Background: Precise regulation of cell-cell communication is
vital for cell survival and normal function during embryo-
genesis. The Wnt protein family, a highly conserved and ex-
tensively studied group, plays a crucial role in key cell-cell
signaling events essential for development and regeneration.
Congenital anomalies of the kidney and urinary tract (CAKUT)
represent a leading cause of chronic kidney disease in children
and young adults, and include a variety of birth abnormalities
resulting from disrupted genitourinary tract development
during embryonic development. The incidence and pro-
gression of CAKUT may be related to the Wnt signal trans-
duction mechanism. Summary: This review provides a com-
prehensive overview of the classical Wnt signaling pathway’s
role in CAKUT, explores related molecular mechanisms and
provides new targets and intervention methods for the future
treatment of the disease. Key Messages: The Wnt signal is
intricately engaged in a variety of differentiation processes
throughout kidney development. © 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

The development of the urinary system involves in-
tricate and multifaceted processes that are meticulously
coordinated both spatially and temporally. In recent
years, the rapid advancements in molecular biology re-
search revealed the significant role of Wnt signaling
components during urinary system development. Ele-
vated expression of these components underscores the
pivotal role of Wnt signaling in urinary system mor-
phogenesis. Notably, disruption of Wnt expression has
been connected to various human kidney diseases and
developmental anomalies, including congenital anoma-
lies of the kidney and urinary tract (CAKUT), cystic
kidney disease, acute and chronic kidney disease (CKD),
and renal carcinoma. This review provides a compre-
hensive examination of the expression, regulation, and
function of classical Wnt/β-catenin signaling in CAKUT.

The Wnt/β-Catenin Signaling Pathway

The discovery of the Int-1 gene by Nusse and Varmus in
1982 marked the inception of the Wnt/β-catenin signaling
pathway [1]. Subsequently, the identification of theWingless
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(Wg) gene as a homolog of Int-1 in 1987 led to the term “Wnt
gene [2].” Currently, the mammalian genome encompasses
19 Wnt proteins, forming a conserved signaling molecules
family [3]. These cysteine-rich proteins, typically consisting
of about 400 amino acids, feature an N-terminal signal
peptide for secretion [4]. Wnt signaling pathways can be
categorized into canonical Wnt/β-catenin and noncanonical
Wnt pathways [5]. The canonical Wnt pathway primarily
regulates cell survival, proliferation, and fate decisions, while
the noncanonical Wnt pathway (planar cell polarity and
Wnt/Ca2+ pathway) controls cell polarity and migration,
forming an interconnected regulatory network. This review
focuses predominantly on the canonical Wnt pathway.

Porcupine O-acyltransferase is an enzyme that palmi-
toylates immature Wnt proteins in the endoplasmic re-
ticulum of Wnt-producing cells [6]. Wntless (WLS) or
Evenness interrupted (Evi) is essential for lipid-modified
Wnts to be secreted and transported to the cell surface via
the Golgi apparatus after palmitoylation [7]. The mech-
anism of how extracellular Wnt signals is transmitted to
target cells is still under investigation. Wnt proteins in-
teract to transmembrane receptor proteins Frizzled (Fz)
and low-density lipoprotein receptor-related protein on
target cell surfaces, inducing cytoplasmic accumulation of
β-catenin and activating downstream signaling cascades.

The extracellular signal, membrane, cytoplasmic, and
nuclear segments make up the Wnt/β-catenin pathway.
Extracellular signals, mediated by Wnt proteins, interact
with cell membrane receptors Fz and lipoprotein receptor-
related protein 5/6. The cytoplasmic segment includes Di-
shevelled (Dvl), glycogen synthase kinase-3β (GSK-3β),
AXIN, adenomatous polyposis coli (APC), and β-catenin.
T-cell-specific transcription factor/lymphoid enhancer-
binding factor family members and β-catenin down-
stream target genes, such as c-Myc and cyclinD1 are involved
in the nuclear section [8]. In the absence of Wnt signaling,
the β-catenin degradation pathway is active, leading to the
transcriptional inhibition ofWnt signaling. Activation of the
canonical Wnt pathway inhibits this degradation pathway,
resulting in β-catenin accumulation in the cytoplasm and its
translocation to the nucleus. Nuclear β-catenin associates
with transcription factors like lymphoid enhancer-binding
factor 1/T-cell-specific transcription factor to regulate gene
transcription [5] (shown in Fig. 1).

Congenital Abnormalities of Kidney and Urinary Tract

CAKUT encompasses a group of developmental dis-
orders characterized by abnormal anatomical structures
in the urinary system [9]. The estimated prevalence of

CAKUT ranging from 4 to 60 per 10,000 births [10, 11].
CAKUT constitutes 30%–50% of congenital malforma-
tions in children and contributes significantly to CKD,
affecting 30–60% of children with CKD and leading as the
primary cause in this age group’s end-stage renal disease
[12–14]. According to clinical manifestations, CAKUT
can be divided into renal abnormalities (including renal
agenesis, hypoplasia, dysplasia, and multicystic dysplasia,
etc.), ureteral abnormalities (including megaureter, ves-
icoureteral reflux, and obstruction at the ureteropelvic
junction, etc.), and bladder and urethral abnormalities
(such as posterior urethral valve) [15, 16]. CAKUT has
been further classified as non-syndromic or syndromic,
with studies indicating that 34% of infants with urinary
system congenital abnormalities exhibit malformations in
other systems [17]. There are over 200 clinical syndromes
including the CAKUT phenotype, including renal colo-
boma syndrome, branchiootorenal syndrome, diabetic
syndrome, renal cysts, and Zaki syndrome [18, 19].

The pathogenesis of CAKUT stems from the disrup-
tion of normal nephrogenesis, influenced by environ-
mental, genetic, and epigenetic factors. The formation of
the mammalian kidney is a multistage process that in-
volves interactions between different cell types and
molecular pathways. The kidney grows through the
phases of the pronephros, mesonephros, and meta-
nephros after originates from the intermediate meso-
derm. The metanephros, the permanent kidney, un-
dergoes key stages of metanephrogenesis, including
ureteric bud (UB) induction, mesenchymal-to-epithelial
transition (MET), branching morphogenesis, and
nephron patterning [10]. During development, the
pronephros and mesonephros degenerate, and the
metanephric kidney becomes the permanent kidney,
crucial for hormone regulation and maintaining water
and electrolyte balance [20]. The UB extends from the
nephric duct, initiating branching and invasion of
metanephric mesenchyme (MM), leading to nephron
formation. This process involves mesenchymal-to-
epithelial transition, progressing through condensed
mesenchyme, renal vesicle formation, and the develop-
ment of comma-shaped and S-shaped bodies, ultimately
giving rise to mature kidney structures [21–24] (shown in
Fig. 2).

Wnt Signaling and CAKUT

Considering the Wnt signaling pathway controls cel-
lular functions including differentiation, proliferation,
MET, tubulogenesis, andmorphogenesis from the earliest
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Fig. 1. Diagram describe the complexity of Wnt signal trans-
duction starting from the processes involved in Wnt ligand bio-
genesis and secretion by Wnt-producing cells followed by a
comprehensive overview of the molecular signaling events ulti-
mately resulting in enhanced transcription of specific genes inWnt

receiving cells. Goli, Golgi apparatus; Porc, Porcupine
O-acyltransferase; ER, endoplasmic reticulum; Fz, frizzled; LRP,
lipoprotein receptor-related protein; Dvl, Dishevelled; Gsk-3,
glycogen synthase kinase-3; APC, adenomatous polyposis coli.
Modified from Nusse and Varmus [1].
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phases of embryogenesis, it is essential to kidney devel-
opment. The subsequent section of this review explores
the important relationship between CAKUT and Wnt
signaling pathway components and their pathophysio-
logical effects (shown in Tables 1, 2; Fig. 2).

Renal Abnormalities
Renal Agenesis, Hypoplasia, Dysplasia
Plenty of studies have highlighted the significant ex-

pression of various Wnt ligands during urinary system
development, making them potential candidates for

Fig. 2. Diagram depicts the major events in mammalian nephrogenesis. MM, metanephric mesenchyme; ND,
nephric duct; UB, ureteric bud; WD, Wolffian ducts. Modified from Boivin et al. [25].
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CAKUT diseases (shown in Table 2). While the pronephros
is transiently expressed in mammals and then diminishes, it
performs a crucial function in the larval stages of fish and
amphibians Wnt-4 gene knockdown in Xenopus embryos
led to the lack of pronephric tubules [26]. The current
knowledge about the Fz receptor is scarce, only several Fz
genes (such as Fz1, 3, 4, 7, 8, and 9) have been found to be
localized in developing kidneys [27]. In Xenopus, inhibiting
Xfz8 led to abnormalities in pronephric tubule branching
and disrupted the tubules’ and the pronephric duct’s epi-
thelial morphogenesis [28]. Some studies have discovered
prominent Fz7 expression in the mesonephros, suggesting
Fz7 is involved in epithelialization [29].

Previous research indicates that developing kidneys
expressed Wnt-2b. To investigate the potential role of
Wnt-2b in nephrogenesis, Lin et al. [30] detected the
expression of Wnt-2b in perirenal mesenchymal cells. In
vitro functional studies have shown that cells expressing
Wnt-2b could stimulate ureteral development, but could
not induce tubule formation [30].

Wnt-4 is initially expressed in pretubular mesenchy-
mal cells and maintains its expression during kidney

development [31]. Patients with Wnt-4 mutations are
associated with renal defects and Müllerian-duct re-
gression, highlighting the clinical relevance of this sig-
naling pathway [32, 33]. Considering that, infer thatWnt-
4 is essential for kidney development. To investigate this
hypothesis, Stark et al. [34] utilized gene targeting
technology in embryonic stem cells to produce mice
lacking the Wnt-4 gene. As expected, Wnt-4−/− mice did
not survive beyond 24 h after birth and had small agenic
kidneys composed of undifferentiated mesenchyme. This
transformation of mesenchymal cells was found to be
mediated by Wnt-4. And speculated that Wnt-4 may
regulate mesenchymal aggregation through the modu-
lation of cell adhesion factors, such as cadherins and
integrins [34]. Subsequently, Kispert et al. [35] provided
further proof that Wnt-4 functions as a significant au-
toregulator of the MET. Wnt-4 signaling also governs the
fate of smooth muscle cells by activating the Bmp-4 gene.
The absence of smooth muscle cell differentiation results
in a secondary deficit in the renal vessels’ maturation as
well as an accompanying shortage in the pericytes sur-
rounding the growing vessels [36].

Table 1. Wnt components involved in kidney development

Wnt
components

Developmental roles

Extracellular segment
Wnt-2b Stimulate ureter development
Wnt-3 Affects the development of the cloaca
Wnt-4 Initiate pronephric tubules development, MET, and the maturation of nephrons
Wnt-5a Regulate IM extension and interaction between the MM and WD
Wnt-6 Induce kidney tubule development
Wnt-7b Mediate the establishment of a cortico-medullary axis
Wnt-9b Regulate differentiation, proliferation and condensation of mesenchyme cells, induce MET, stimulate renal

tubule morphogenesis
Wnt-11 Regulate pronephric development, ureteric branching and nephron maturation
WLS Unclear

Membrane segment
Fz Mediate UB growth and regeneration of new nephrons
LRP5/6 Disrupt the signaling network consisting of Ret cascades

Cytoplasmic segment
DVL Affect the development of renal cilia
GSK-3β Affects epithelial differentiation and full segregation of nephrons
AXIN Regulate the development of ureteral bud/collecting duct
APC Affect renal development(unclear) and increase susceptibility to renal carcinoma
β-catenin Regulate branching morphogenesis, urethral formation and nephrogenic progenitor cell population

Nuclear segment
TCF/LEF Unclear
c-Myc May involve in the pathogenesis of PKD

LEF/TCF, lymphoid enhancer-binding factor 1/T-cell-specific transcription factor.
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Nishita et al. [37] proposed that Wnt-5a deficient mice
exhibited dysregulation in the positioning and prolifer-
ation of MM cells, resulting in spatial and temporal
aberrations in the interaction betweenMM andWD. This
led to inappropriate GDNF signaling in the WD. Their
findings indicated that the Wnt-5a signaling pathway
plays a indispensable role in regulating MM morpho-
genesis. Some researchers have proposed the participa-
tion of Wnt-5a in orchestrating UB development. It
promotes the formation of the basement membrane and
organization of collective duct epithelial cells, which are
essential for kidney-collecting duct patterning [38].

Wnt-6 exhibits early stage expression in UB and cell
lines expressing Wnt-6 have the capacity to induce tu-

bulogenesis in vitro. The expression of Wnt-6 stimulates
the interaction between epithelial and mesenchymal
tissues while also governing mesenchymal development,
thereby promoting the formation of kidney tubules
[39, 40].

Wnt-9b is abundantly expressed in the cells of the WD
epithelium and later in the UB stalk [41]. Mouse embryos
deficient in Wnt-9b can develop to term but typically die
away 24 h after birth. Histological analysis reveals an
absence of intermediate precursor stages, ultimately re-
sulting in a lack of nephrons and the presence of some
rudimentary epithelia. Recent research by Lemire et al.
[42] reported 4 patients with bilateral renal agenesis
hypoplasia who had homozygous Wnt-9b mutations

Table 2. Wnt components in animal models and human urinary system phenotypes

Wnt
components

Animal model Human urinary system phenotype

Extracellular segment
Wnt-2b N/A N/A
Wnt-3 Wnt-3−/− mice cannot develop mesoderm, knockdown of Wnt-3 in

zebrafish resulted in cloaca malformations
Tetra-amelia syndrome ? (OMIM#
273395)

Wnt-4 Wnt-4−/− mice die shortly after birth, Müller duct regression and renal
dysgenesis

SERKAL syndrome ?(OMIM#
611812)

Wnt-5a Wnt-5a−/− mice led to CAKUT, Wnt-5a knockdown in zebrafish caused
glomerular cysts and renal tubule dilation

Robinow syndrome
(OMIM#180700)

Wnt-6 N/A N/A
Wnt-7b Wnt-7b−/− mice resulted in the absence of the renal medulla N/A
Wnt-9b Wnt-9b −/− mice died within 24 h of birth and displayed vestigial

kidneys,Wnt-9b−/flox mice develop cystic kidneys
Bilateral renal agenesis?

Wnt-11 Wnt-11−/−mice disrupt UB branching and lead to a decreased number of
glomeruli

N/A

WLS Knock-in mice carrying WLS mutations exhibited cystic medullary
hydronephrosis

Zaki syndrome(OMIM#619648)

Membrane segment
Fz Fz4 and Fz8 double knockout mice observed UB growth and kidney size

defects
N/A

LRP5/6 Lrp−/− resulted in hypoplastic and/or cystic kidneys N/A

Cytoplasmic segment
DVL N/A Robinow syndrome

(OMIM#616331)
GSK-3β N/A N/A
AXIN N/A N/A
APC Conditional deletion of Apc in mice leads to the presence of numerous

kidney cysts
N/A

β-catenin Conditional deletion or overexpression of β-catenin causes various renal
defects

N/A

Nuclear segment
TCF/LEF N/A N/A
c-Myc N/A N/A

N/A, not applicable; ?, indicates that the relationship between the phenotype and gene is provisional.
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from two independent families, thereby establishing a
link between Wnt-9b and renal defects in humans. Prior
research has demonstrated the active role of Wnt-9b
signaling in progenitor cells, with progenitor cells fail-
ing to expand in Wnt-9b mutants. Using Lyso-tracker,
Karner et al. [43] discovered that the wild-type mesen-
chymal cells exhibited a proliferation rate approximately
five times higher than that of Wnt-9b mutants. These
results imply thatWnt-9b may regulate mesenchymal cell
differentiation and proliferation. Wnt-9b acts upstream
of Wnt-4 and is recognized as the initial inducer of MET
in urogenital system development. The paracrine action
of Wnt-9b induces the expression of Wnt-4, Pax8, and
Fgf8 in the ventral CM. As mentioned earlier, these genes
play a role in the nephrogenesis process. Therefore, it is
not surprising that Wnt-9b is crucial for the initial in-
duction from the UB to the CM and the condensation of
mesenchymal cells [25, 44, 45].

Genetic and experimental evidence from previous
studies establishes the essential role of Wnt-11 in me-
diating convergent extension movements during zebra-
fish gastrulation [46]. The Wnt-11 gene is distinctly
identified at the tips of the UB epithelium, indicating a
potential role in regulating ureteric branching events. All
Wnt-11 deficient mice did not survive beyond 2 days
post-partum. NewbornWnt-11−/−mice exhibited normal
nephron organization, although the glomeruli number
was nearly halved compared to the wild-type. The small
kidney size may be attributed to defective ureteric
branching morphogenesis. It has been demonstrated that
the ureteric epithelial branching process heavily depends
on the Ret/Gdnf pathway. Interestingly, Gdnf expression
is diminished inWnt-11−/−mice kidneys, and conversely,
Wnt-11 expression is significantly reduced in Ret/Gdnf
mutants. Recent image-based modeling indicates that the
dense packing of ureteric tips is facilitated by the positive
feedback loop between Wnt-11 and Gdnf [47]. Hence,
ureteric branching morphogenesis is regulated by the
interaction of Wnt-11 and Ret/Gdnf signals within a
regulatory circuit [48]. In Wnt-11 mutants, nephron
progenitor differentiation was accelerated, polarized
distribution was disrupted, and the early depletion of the
nephron progenitor pool occurred. Nephron progenitors
were shown to lose stable attachments to the tips of the
ureters whenWnt-11 is absent by live imaging [49]. All of
these factors contribute to defects and malformations in
nephron maturation.

Distinct spatial and temporal patterns of β-catenin
expression observed during kidney development under-
score the tight regulatory control of this protein throughout
the developmental process. β-catenin exhibits expression in

key regions, including the ureteric epithelium, MM, and
various stages of developing nephrons [25]. Previous in-
vestigations have revealed the essential role of Gata3 in
initiating normal ureteric budding. Loss of β-catenin
specifically in the WD causes a simultaneous decrease in
Gata3 expression and, remarkably, ectopic ureter budding
[50]. Furthermore, targeted knockout of β-catenin within
ureteric epithelial cells results in reduced expression of
transcription factors like Emx2. Strikingly, mice deficient in
Emx2 and those lacking β-catenin manifest analogous
phenotypes, characterized by renal agenesis and ureteral
branching defects. This strongly supports the hypothesis
that β-catenin governs Emx2 expression, thereby regulating
branching morphogenesis [51]. Moreover, overexpression
β-catenin has been observed in the tissues of individuals
with renal dysplasia, suggesting its potential involvement in
the disease’s pathogenesis [52]. Recent research conducted
by Xue et al. [53] has revealed that overexpression of
lncRNA 4933425B07Rik (Rik) may inhibit the Wnt/β-
catenin signaling, resulting in a cascade of CAKUT phe-
notypes, primarily characterized by renal hypoplasia. Mice
models with directed overexpression of β-catenin in the
ureteric epithelium display significant abnormalities in
nephrogenesis and branching morphogenesis [54]. When
β-catenin is deleted from the kidney’s condensed mesen-
chyme, its target genes are reducing expression, resulting in
a decreased nephrogenic progenitor cell population [55].

In the mouse, the reduction of kidney size and UB
growth defects seen in the Fz4 and Fz8 knockout mouse
models is similar to the phenotypes seen in mouse models
deficient in Wnt-11, suggesting Fz4 and Fz8 may co-
operate to transduce the Wnt-11 signal. Additionally, it
showed striking functional redundancy among several Fz
receptors, just like Wnt ligands [56]. In zebrafish, the
Fz9b mutation decreased the total number of kidney
nephrons, resulted in tubule morphological defects, and
inhibited the regeneration of new nephrons after injury
[57]. Axin2 shows elevated expression at the branching
tips of the UB while being expressed at lower levels in the
stalk. This implies that Axin2 likely plays a crucial role in
the development of the ureteral bud and collecting duct
[58]. The application of GSK-3 inhibitors in isolated
kidney mesenchymes, led to complete nephron segre-
gation and extensive epithelial differentiation, indicating
the significant role of GSK-3 during the initial phases of
nephrogenesis [59].

A critical stage in the secretion of all Wnt ligands is the
transportation of Wnt from the Golgi apparatus to the
cell membrane, which is carried out by WLS [60]. Several
studies have demonstrated that WLS mutations affect
convergent extension processes, similar to Wnt-11 [61].
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The reciprocal regulation between Wnt and WLS is vital
for embryonic axis formation and organogenesis [62].
Zaki syndrome is characterized by a pleiotropic multi-
organ condition. WLS is the only genetic factor known to
cause this disorder. WLS knock-in mouse embryos ex-
hibit a variety of developmental defects, including evident
cystic medullary hydronephrosis [19]. Our research
group previously reported a case ofWLS gene compound
heterozygous mutation (p.Tyr476Cys and p.Arg139Cys)
causing right renal hypoplasia in children [63]. However,
the exact relationship between the WLS protein and
kidney development disorders remains unclear. It is likely
that the WLS protein affects the concentration of Wnt
ligands transported to the cell membrane, which in turn
may lead to associated phenotypes.

Polycystic Kidney Disease
Wnt-9b−/flox mice develop cystic kidneys, indicating a

later function for Wnt-9b in renal tubule development.
Cyst formation arises from abnormalities in planar cell
polarity, which relies on noncanonical Wnt signaling via
Wnt-9b [43]. Insufficient or excessive levels of β-catenin
can results in the onset and progression of diseases and
also assume a dual function in polycystic kidney disease
(PKD), where either the loss or gain of its activity con-
tributes to the progression of the disease [64].

Renal tissues from both animal models of PKD and
PKD patients exhibit elevated c-Myc expression. This
observation implies that the increased expression of
c-Myc might have a crucial role in the development of
PKD [58]. Previous studies have shown that Dvl affects
the development of renal cilia by impacting the non-
canonical Wnt/PCP signaling pathway. Aberrant ex-
pression and distribution of Dvl protein can eventually
lead to cystic kidney disease [65].

Prior research has reported that targeted removal of
the APC in the renal epithelium of mice results in
neonatal mortality, with subsequent histological exami-
nation revealing the presence of numerous kidney cysts.
Moreover, the absence of APC not only leads to the
development of multiple dysplastic foci but also signifi-
cantly heightens the susceptibility to renal carcinoma.
This dual impact on both structural integrity and the risk
of malignancy highlights the far-reaching implications of
APC in renal health [66, 67].

Ureteral Abnormalities
Duplex Ubs
Wnt-5a expression during the process of nephro-

genesis follows specific temporal patterns, with successive
expressions in IM, MM, and WD/UB epithelium [41]. In

zebrafish, glomerular cysts developed and renal tubules
dilated as a result of Wnt-5a knockdown. Global Wnt-5a
knockout in mice produced pleiotropic kidney abnor-
malities, including hydronephrosis, agenesis, fused kid-
ney, and duplex kidney/ureter [68]. One receptor or co-
receptor for Wnt-5a has been discovered as Ror2, a
member of the receptor tyrosine kinase family [69]. In an
initial study, the Ror2 gene was reported to cause Rob-
inow syndrome, which is characterized by skeletal ab-
normalities [70]. Interestingly, several renal diseases, such
as duplex kidney/ureter and kidney agenesis, have been
observed in relation to Robinow syndrome [71]. Subse-
quently, Yun et al. [72] delved into exploring the role of
the Wnt-5a/Ror2 signaling in kidney and made signifi-
cant breakthroughs. Duplex Ubs were produced by
conditional ablation of Wnt-5a in the mesoderm at E7.5,
suggesting that Wnt-5a aided in the formation of IM
prior to the appearance of the metanephros. When one
copy of Wnt-5a was additionally deleted in Ror2 ho-
mozygous mutant mice, the incidence of duplex col-
lecting systems significantly increased. These results
imply that the dysgenesis of IM extension may be a
mechanism by which theWnt-5a/Ror2 signaling pathway
contributes to the development of duplex kidneys [72].

Aberrant Ureter-Bladder Link
Recently, some scholars have suggested that Wnt-7b

can be a candidate gene for clinical manifestations such as
bladder ureteral reflux [73]. Some research indicates that
an aberrant ureter-bladder link is the cause of the renal
medulla’s absence in Wnt-5a-deficient kidneys [74].

Bladder and Urethral Abnormalities
Bladder Exstrophy
Bladder exstrophy is a rare disease, occurring in

around 1 out of every 30,000 live births [75]. Niemann
et al. [76] looked into a family whose four affected
fetuses had urogenital and craniofacial abnormalities as
well as autosomal recessive tetra-amelia. Finding aWnt-
3 mutation (Q83X) in tetra-amelia suggests that Wnt-3
is crucial in the development of human limbs and the
craniofacial and urogenital regions. Mice with a
knockout of the Wnt-3 gene exhibit an inability to
develop mesoderm during their embryonic develop-
ment. Knockdown of Wnt-3 in zebrafish resulted in
expansion of the cloaca lumen and disorganization of
the cloaca epithelium [77]. Moreover, a highly con-
served 32 kb intergenic region betweenWnt-3 andWnt-
9b has been identified by a genome-wide association
analysis as a possible susceptibility locus for bladder
exstrophy [78].
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Co-seeding mesenchymal stem cells (MSCs) with
donor-matched CD34+ hematopoietic stem cells/
progenitor cells has shown synergistic enhancing ef-
fects on various facets of bladder tissue. The results
observed with Wnt-5a overexpressing MSCs closely align
with those previously reported in the co-transplantation
of CD34+ hematopoietic stem cells/progenitor cells with
MSCs, highlighting Wnt-5a as a potentially crucial factor
in tissue regeneration following bladder dilation [79].

Urethral Abnormalities
Exposure to exogenous estrogen or environmental

endocrine disruptors can cause hypospadias or mas-
culinization by interfering with the genetic regulation
of the Wnt-4, 5a, 7a, and 9a pathways during devel-
opment [80].The present findings also suggest that the
Wnt ligand receptor Fz1 exhibits selective expression in
the urethral epithelium, implying that it may have
particular functions in the urethral epithelium’s early
development [81]. Knocking out β-catenin in the
mesenchyme and ectoderm cells can cause severe
hypospadias [82].

Discussion

In the study of CAKUT, we recognize the complexity
of its pathogenic mechanisms, involving developmental
signaling pathways, genetic factors (gene mutations,
copy number variations), and environmental factors
(such as poor diet, maternal diseases, placental dys-
function, and drug intake). Over 50 genes are linked to
CAKUT in humans, with HNF1β and PAX2 being the
most common pathogenic genes, accounting for 5% to
15% of all CAKUT patients. Multiple signaling path-
ways, including Wnt, BMP, and GDNF/Ret, regulate
urinary system development. Disruptions in these
pathways and their interactions can lead to congenital
anomalies in CAKUT [83]. Therefore, the genetic as-
sociation discovered in CAKUTmay suggest therapeutic
development strategies, and gene therapy and stem cell
transplantation are promising treatment methods for
hereditary kidney disease. The diagnosis of CAKUT
predominantly depends on conventional imaging
methods including urinary system ultrasound, urog-
raphy and nuclear imaging. Contemporary researchers
suggest the next phase should incorporate whole-
genome sequencing into standard diagnostic proce-
dures. The meticulous integration of whole-genome
sequencing data with comprehensive omics informa-
tion, epigenetics, encompassing gene expression, pro-

teomics, and metabolomics, along with detailed envi-
ronmental and clinical data, is crucial. This integrated
approach aims to distinguish between benign variants
and infrequent deleterious ones, prioritizing and cate-
gorizing them appropriately. There are also emerging
biomarkers available to assess early kidney damage, such
as the PAX2 protein, the urine EGF/urine MCP1 ratio
and the 98-peptide signature in amniotic fluid [84–86].
Unfortunately, the therapies for CAKUT are mostly
limited to symptom management; there is not an de-
finitive cure at currently. If the disease worsens further,
renal replacement therapy is necessary, among which
kidney transplantation is the most fundamental treat-
ment method for children with end-stage renal disease.
Therefore, early prevention and diagnosis of CAKUT are
crucial. In the early stages of pregnancy, it is essential to
implement comprehensive protective measures for
pregnant women, along with actively pursuing scientific
and reasonable prenatal interventions.

The development of a functional kidney relies on
precise coordination among various signaling molecules,
with the Wnt pathway playing a pivotal role. This
pathway is crucial not only in kidney development but
also in conditions like acute kidney injury, CKD, and
renal cancer. While significant alterations in gene ex-
pression have been identified in individuals with CAKUT,
the precise molecular mechanisms of the disorder remain
incompletely understood. In both human and murine
CAKUT models, researchers have observed aberrant
expression of transcription factors, signaling pathways,
and numerous growth factors (Table 2). Recent years
have witnessed significant advancements in this field,
including the identification of new targets in the Wnt
signaling and a clearer understanding of its underlying
mechanisms. Notably, there is a growing repertoire of
small molecule Wnt agonists and inhibitors that hold
promise for modulating this signaling pathway, poten-
tially transforming it into an effective therapeutic ap-
proach for various kidney disorders. Emerging research
findings indicate that drug interventions might also hold
potential for addressing structural birth defects arising
from Wnt signaling pathway abnormalities during
pregnancy. For instance, the administration of a Wnt
agonist (CHIR99021) has shown promise in partially
restoring embryonic development, and 4-Phenylbutyric
acid (4-PBA) can rescue the decreased mutant WLS
expression in vitro, opening up exciting possibilities for
future therapeutic strategies.

In conclusion, over the past two decades, the concerted
application of cutting-edge gene screening technologies,
microarray analyses, and the development of animal gene
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knockout/knock-in models has yielded significant in-
sights into the pivotal roles of specific molecules and
signaling pathways in urinary system development. The
findings stemming from this body of research may serve
as a crucial experimental and theoretical foundation for
pioneering clinical strategies aimed at the treatment and
prevention of CAKUT. The integration of key embryonic
kidney development signals into molecular diagnostic
approaches for renal dysplasia and hereditary nephrop-
athy represents an important frontier in this field. Such
efforts may further advance the prospects for renal repair
and regeneration in cases of kidney damage. However, it
is essential to acknowledge that our journey in this do-
main is far from complete, and numerous fundamental
questions remain unanswered. Chief among these is the
exploration of the noncanonical Wnt signaling pathway’s
influence on urinary system development and its specific
interplay with the canonical signaling pathway. These
questions represent fertile ground for future research and
may uncover new avenues for advancing our under-
standing of kidney development and its associated
pathologies.
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