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Abstract
Background: Focal segmental glomerulosclerosis (FSGS) is a
histological pattern of glomerular damage that includes idio-
pathic conditions as well as genetic and non-genetic forms.
Among these various etiologies, different phenotypes within
the spectrumof congenital anomalies of the kidney and urinary
tract (CAKUT) have been associated with FSGS. Summary:Until
recently, the main pathomechanism of how congenital kidney
and urinary tract defects lead to FSGS was attributed to a
reduced number of nephrons, resulting in biomechanical stress
on the remaining glomeruli, detachment of podocytes, and
subsequent inability to maintain normal glomerular architec-
ture. The discovery of deleterious single-nucleotide variants in
PAX2, a transcription factor crucial in normal kidney devel-
opment and a known cause of papillorenal syndrome, in in-
dividuals with adult-onset FSGS without congenital kidney
defects has shed new light on developmental defects that
become evident during podocyte injury. Key Message: In this
mini-review, we challenge the assumption that FSGS in CAKUT
is caused by glomerular hyperfiltration alone and hypothesize a
multifactorial pathogenesis that includes overlapping cellular
mechanisms that are activated in both damaged podocytes as
well as nephron progenitor cells. © 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

Focal segmental glomerulosclerosis (FSGS) describes a
histological pattern of glomerular impairment conse-
quential to podocyte injury and detachment [1]. FSGS is
clinically characterized by (nephrotic range) proteinuria
and loss of glomerular filtration rate due to progressive
sclerosis in a subset of glomeruli [2], which reflects the
inability of damaged podocytes to maintain the complex
glomerular architecture. Podocytes are postmitotic cells
with the ability to replicate DNA, but incapable of
completing cytokinesis [3]. In case of podocyte loss, a
subset of parietal epithelial cells positioned along Bow-
man’s capsule, known as podocyte progenitors, can
produce new podocytes [4]. Nevertheless, the process of
podocyte regeneration often proves to be inefficient and
may contribute to the development of FSGS. As such,
podocytopathies are among the most frequent causes of
kidney failure in adults and children.

Historically, FSGS lesions are classified according to
their various etiologies [5]. It is hypothesized that
permeability factor-mediated forms of FSGS are caused
by an auto-immune response due to (an) unknown
circulating factor(s) (for a recent review, see [6]). In
addition, a variety of direct (toxic) causes of podocyte
injury such as viral infections (e.g., HIV1 virus, hepatitis
C virus, Epstein-Barr virus, cytomegalovirus, parvovirus
B19), the use of nephrotoxic agents (e.g., lithium, heroin,
anabolic steroids), or hyperfiltration-mediated injury
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due to obesity, congenital heart disease, or sickle cell
anemia have been associated with FSGS. In addition, the
advent of genomic technologies has now uncovered
pathogenic single-nucleotide variants (SNVs) in more
than 80 podocyte-associated genes that cause genetic
FSGS. Most familial forms of FSGS follow a Mendelian
pattern of inheritance. However, also non-Mendelian
forms have been described, which include high-risk
APOL1 genotypes in people who identify as black, Af-
rican American, Afro-Caribbean, and/or Latina/Latino.
As is expected from the pathogenesis of FSGS, the vast
majority of implicated genes are expressed in podocytes
and play a role in their cell function, including main-
taining foot process interdigitation with those from
neighboring podocytes, forming the glomerular slit
membrane and stabilization of the actin cytoskeleton.
An extensive discussion of all identified genetic factors
that play a role in podocytopathies is beyond the scope of
this manuscript, but has been elegantly presented in [4].

Of note, the clinical implementation of genetic testing in
podocytopathies has additionally resulted in phenotypic
expansion of several genes that were previously attributed to
other genetic kidney diseases, such as Alport syndrome
(COL4A3-5), Dent’s disease (CLCN5, OCRL), and autoso-
mal dominant tubulointerstitial disease (UMOD) [7–10]. In
this perspective, the recent observations that pathogenic
SNVs inPAX2, a gene historically associatedwith syndromic
congenital anomalies of the kidney and urinary tract
(CAKUT) [11, 12], cause isolated forms of genetic FSGS
were surprising as its functions were not directly linked to
podocyte biology. Animal experiments on kidney mass
reduction, however, have demonstrated that adaptive
changes as a consequence to excessive nephron workload
result in podocyte injury, detachment and ultimately loss,
and, as such, hyperfiltration-mediated FSGS forms [13, 14].
The fact that FSGS lesions have been found in individuals
with CAKUT phenotypes such as vesicoureteral reflux
(VUR), unilateral kidney agenesis, and congenital obstruc-
tive uropathy [15–17], which all may have a reduced
nephron number, suggests such a pathogenesis. However,
most individuals who developed FSGS due to pathogenic
SNVs inPAX2 did not exhibit a CAKUTphenotype and had
normal kidneys on ultrasound, indicating other potential
cellular mechanisms, and phenotypic expansion of disease.

In this mini-review, we set out to describe an overview
of genetic FSGS due to pathogenic SNVs in develop-
mental kidney genes as well as the potential mechanisms
of how their dysfunction leads to podocytopathy. We
challenge the assumption that FSGS in CAKUT is caused
by biomechanical stress on the podocyte alone, and
suggest a more complex pathophysiology that includes

overlapping molecular responses of injured podocytes in
FSGS and nephron progenitor cells during kidney de-
velopment (Fig. 1).

FSGS in CAKUT

CAKUT are among the most frequent human devel-
opmental defects with a combined prevalence of 1 in ~300
live births [18, 19]. The broad spectrum of CAKUT en-
compasses isolated defects of kidney tissue (kidney
agenesis, kidney hypodysplasia, multicystic kidney dys-
plasia, duplex kidneys or ectopic kidney tissue), upper
urinary tract defects such as ureteropelvic junction ob-
struction (UPJO), VUR and ureterovesical junction ob-
struction, and lower urinary tract malformations that
mainly include posterior urethral valves (PUVs) [20]. All
of these conditions have their own individual clinical and
epidemiological characteristics, but collectively make up
the predominant cause of kidney replacement therapy in
children (30–50% of pediatric cases with kidney failure
[21]). The main reason to group these different structural
anomalies together is the frequent co-occurrence of
multiple CAKUT phenotypes within one affected indi-
vidual [22], as well as the fact that identical pathogenic
SNVswithin genes attributed to CAKUT result in different
phenotypes between individuals and even within families
(i.e., variable expressivity) [20]. These clinical observations
strongly point toward a shared molecular etiology of
disease. However, despite the fact that nowadays more
than 60 genes have been identified in the pathogenesis of
nonsyndromic and more than 100 genomic disorders are
associated with CAKUT phenotypes, a molecular diag-
nosis can only bemade in ~10%of patients. The previously
mentioned extreme heterogeneity of disease, relatively
high percentage of incomplete penetrance, and variable
expressivity within families, and the fact that relatively
milder phenotypes such as low-grade VUR or antenatal
hydronephrosis may completely resolve over childhood,
still significantly hamper genetic discovery in CAKUT.

Experiments in animal models with 80–90% kidney
mass reduction have led to the glomerular hyperfiltration
hypothesis in the 1980s, which postulates that increased
glomerular flow/pressure in the reduced number of rem-
nant nephrons results not only in an increased single
nephron glomerular filtration rate but also in endothelial
cell injury with subsequent platelet activation as well as
permeability changes of the glomerulus (Fig. 1). This
downward spiral of multifactorial glomerular injury
damages the podocyte and leads to FSGS in rats, especially
when they were fed a high-protein diet to accelerate
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glomerular hyperfiltration [13]. The kidney mass reduction
model differs from the development of human FSGS, as the
latter is better characterized by a slower and chronic onset
[23]. Acute glomerular hemodynamic changes alone may
therefore be insufficient to underlie FSGS lesions in hu-
mans [24]. Nevertheless, unbiased stereological methods
have indeed identified an association between a low po-
docyte number, density, and increased cell volume per
glomerulus and the development of glomerulosclerosis,
persistent proteinuria, and kidney failure [25]. This “po-

docyte depletion hypothesis” is based on the low regen-
eration capacity of human podocytes [26] and may explain
why a subset of individuals with kidney disease, obesity, or
a very low birth weight develop chronic kidney disease later
in life, while others do not.

FSGS lesions have also been observed in children with a
solitary functioning kidney due to unilateral kidney agenesis
[16] and in healthy kidney transplantation donors after
donation [27]. As nephrogenesis exclusively takes place
during gestation, both conditions could be considered as a

Fig. 1. Potential pathomechanisms of how pathogenic variants in genes involved in kidney development
contribute to FSGS. The multifactorial pathogenesis of FSGS caused by deleterious SNVs in nephrogenesis genes
consists of intrinsic podocytic factors, impaired podocyte endowment, and biomechanical stress on the glo-
merular environment. Displayed is a cross section of the glomerular capillary loop (inlay) with podocytes
(yellow), glomerular basement membrane (purple), and endothelial cells (red).
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clinical model for nephron number reduction and subse-
quent podocyte depletion. Because all CAKUT phenotypes
may lead to a low nephron/podocyte endowment to some
extent, the landmark observations that FSGS occurs in
different CAKUT phenotypes date back to almost 50 years
ago, when Kincaid-Smith identified FSGS lesions in pedi-
atric nephrectomized kidneys from young patients with
VUR and/or atrophic pyelonephritis [15]. This observation
has since then been confirmed by others, and is relatively
common in cohorts of individuals with kidney failure due to
VUR. Hinchcliffe et al. [28] performed a histological review
of 86 pediatric nephrectomy specimens from VUR patients
and found FSGS in 18 (21%) kidneys, 9 (10%) of patients
who were less than 5 years old. On the contrary, no FSGS
lesions were found in 18 nephrectomized kidneys affected
by hypodysplasia without VUR. The authors therefore
speculate that other factors than biomechanical stress on
podocytes induced by glomerular hyperfiltration may drive
the development of FSGS and kidney failure due to VUR
[28]. In addition, Steinhardt et al. described a cohort of
pediatric patients with different CAKUT phenotypes
(UPJO, duplex kidneys, and PUV) and found FSGS lesions
in a large number of nephrectomized specimens throughout
the spectrum of obstructive uropathy (UPJO 14/20 [70%],
duplex kidney 10/12 [83%], PUV 4/5 [80%]) [17]. Inter-
estingly, FSGS was only identified in the co-occurrence of
profound tubule-interstitial and peri-glomerular inflam-
mation, indicating potential lead points for unraveling its
exact pathomechanisms [17]. As a kidney biopsy or ne-
phrectomy is generally not performed in children with
CAKUT, one has to take into account that the reported
proportions of FSGS in CAKUT have been calculated in
severely affected kidneys with impaired function from
highly selected populations.

WT1: A Genetic Link between Kidney Development
and FSGS

The WT1 gene on Chr.11p13 encodes a transcription
factor with a fundamental role during early kidney devel-
opment. Cells from the intermediate mesoderm that express
WT1 regulate the formation and sustaining of the meta-
nephric mesenchyme (MM) as well as its interaction with
the outgrowing ureteric bud. This process will give rise to the
mammalian kidney. In addition, WT1 is required for
nephron progenitor cells from the MM to epithelialize into
embryonic podocytes [29]. WT1 also functions as a tumor
suppressor gene, and constitutional and somatic variants
lead tomixed clusters of nephrogenic rests within the kidney
that predispose to nephroblastoma [30]. Given all these

critical roles ofWT1, it is not surprising that many different
isoforms exist in concert during development, and that
(post-)transcriptional regulation and epigenetic mecha-
nisms (e.g., chromatin remodeling, activation of miRNA
expression) further determine activating or repressingWT1
in a temporo-spatial manner. The pluripotency of WT1 is
also highlighted by the many different genomic disorders
that are attributed to SNVs and structural variations in-
volving this gene. For example, heterozygousmicrodeletions
of Chr.11p3 lead to Wilms’ tumor, aniridia, genitourinary
abnormalities and mental retardation syndrome due to the
co-occurring heterozygous deletion of PAX6 at this locus,
whereas autosomal dominant missense mutations in WT1
can cause Denys-Drash syndrome, a rare genetic disorder
characterized by glomerular dysplasia, diffuse mesangial
sclerosis, Wilms’ tumor, and ambiguous genitalia, and
heterozygous intronic splicing mutations cause Frasier
syndrome, a syndrome that involves genital dysgenesis in
XY males and streak gonads and primary amenorrhea in a
subset of XX females. Individuals with Frasier syndrome
develop progressive diffuse mesangial sclerosis or FSGS
during childhood or young adulthood. Compared toWilms’
tumor, aniridia, genitourinary abnormalities and mental
retardation and Denys-Drash syndrome, Frasier syndrome
more frequently includes malignancies of the internal
genitalia and has a lower prevalence of Wilms’ tumor.
Besides these well-described genomic disorders, autosomal
dominant mutations in exons 8 and 9 have been identified
in children with nonsyndromic nephrotic proteinuria or
congenital nephrotic syndrome, which may be due to
variable expressivity of disease. An analysis of patients with
pathogenic SNVs in WT1 demonstrated that missense
variants affecting DNA-binding residues more often
demonstrated with diffuse mesangial sclerosis (74%) and
early steroid-resistant nephrotic syndrome onset, while
truncating mutations were more frequently associated with
the development ofWilms’ tumor (78%) and typically later-
onset steroid-resistant nephrotic syndrome [31]. As can be
derived from the abovementioned genomic disorders,WT1
plays a pivotal role in kidney development but less than 10%
of individuals carrying pathogenic SNVs in WT1 have a
phenotype that belongs to the clinical spectrum of CAKUT,
such as duplex kidney horseshoe, VUR, and UPJO [31, 32].
This proportion is much lower than the reported propor-
tions of structural abnormalities in the genitourinary tract of
patients. Following this observation, it remains unclear if the
development of FSGS or diffuse mesangial sclerosis is the
result from WT1 dysfunction during kidney development
and subsequent lower podocyte endowment, or comes from
the direct functions of WT1 on the mature podocytes of
patients (Fig. 1).
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PAX2: A Kidney Development Gene Attributed to
Cause Isolated Familial FSGS

PAX2 is a transcription factor that contains a DNA-
binding paired box domain, and heterozygous dele-
terious SNVs in this gene cause autosomal dominant
papillorenal syndrome. The kidneys in papillorenal
syndrome usually show hypodysplasia and contain less
but larger nephrons [33], which is consistent with the
expression of PAX2 in mesenchymal progenitor cells
during kidney development. Other CAKUT pheno-
types such as obstructive uropathy have also been
associated with pathogenic PAX2 variants [34]. Ocular
abnormalities include, among others, optic disk dys-
plasia and retinal coloboma, but also hearing, neuro-
logical, and skeletomuscular abnormalities can be
identified in affected individuals. Nevertheless, in
accordance with a hallmark of CAKUT etiology,
pathogenic SNVs in PAX2 may result in extremely
variable phenotypes that include isolated congenital
kidney defects but also phenotypes without any in-
volvement of the kidney and urinary tract. For a de-
tailed overview of the clinical implications of papil-
lorenal syndrome, see [33].

By performing exome-sequencing and stringent
variant selection in an index family of autosomal
dominant FSGS, Barua et al. [11] identified previously
unreported disease-segregating SNVs in a highly con-
served domain of PAX2, which were predicted to be
deleterious. Additional sequencing in affected individ-
uals of a familial FSGS cohort identified another seven
extremely rare and predicted to be deleterious SNVs in
PAX2, which consisted of 4% of the total familial FSGS
cohort. Only one of the carriers with FSGS had a co-
existing CAKUT phenotype. A follow-up study in a
pediatric cohort of steroid-resistant nephrotic syndrome
and FSGS presented additional evidence of phenotypic
expansion of extremely rare pathogenic PAX2 SNVs
with the identification of heterozygous missense SNVs
in 1.3% of cases [12]. Since the publication of these
landmark papers, others, too, have reported on the
incidence of PAX2 mutations in nonsyndromic FSGS
(see Table 1) [35–42].

Potential Mechanisms on How PAX2 Dysfunction
Leads to FSGS

The identification of pathogenic SNVs in PAX2 in
individuals with isolated and non-isolated genetic
forms of FSGS has fueled the debate on potential

pathomechanisms of such variants leading to podocyte
injury, detachment, and loss. In human kidney and
urinary tract development, PAX2 plays a significant
role by orchestrating the interaction between the
protruding ureteric bud into the MM, which is the
source of nephron progenitor cells ultimately differ-
entiating into nephron cells such as podocytes. As such,
deleterious SNVs in PAX2 may contribute to less ep-
ithelialization of nephron progenitor cells and thus a
lower podocyte number and density. As the current
resolution of clinical imaging methods is insufficient to
identify this podocyte depletion, kidneys of affected
individuals will not appear as abnormal. Additional
“hits” to podocyte function such as high salt intake,
glomerular hypertension, infection, medication, and
others may even further set off FSGS development in
individuals with a pathogenic SNV in PAX2. In this
context, the differences in podocyte endowment as well
as in exposure to environmental factors may underlie
the variable expressivity and incomplete penetrance
that is observed between these individuals with PAX2-
driven FSGS (Table 1) [11].

Another potential explanation can be found in the
shared cellular pathway of PAX2 and WT1, which plays
an abovementioned role in kidney development as well as
in podocyte biology. In kidney and urinary tract devel-
opment, PAX2 and WT1 expression overlaps both spa-
tially and temporarily and their regulation is reciprocally
arranged; i.e., PAX2 represses WT1 and vice versa.
Disturbances in this tightly regulated interaction result in
impaired podocyte function due to podocyte foot process
effacement and underdeveloped endothelial fenestrae in
mice [43].

By the generation of podocytes using induced
pluripotent stem cells (iPSCs) from an individual who
developed FSGS during adulthood due to an ultra-rare
heterozygous missense mutation in PAX2 (c.565G>A,
p.G189R), Longaretti et al. [36] provided a dual per-
spective on the pathogenesis of podocyte injury in
FSGS caused by deleterious PAX2 SNVs. First, in a
series of in vitro experiments, patient iPSCs developed
into podocytes with normal structure and function,
which challenges the concept that podocyte architec-
ture is primarily affected by this missense SNV in
PAX2. In addition, the authors showed that G189R-
PAX2 iPSCs showed a marked reduction in normal
ureteric bud morphogenesis compared to iPSCs from
healthy controls, whereas correction of this variant by
gene-editing restored normal ureteric budding in
tubule-like structures. Both findings indicate a pivotal
role of abnormal nephrogenesis and lower podocyte
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Table 1. Reported pathogenic PAX2 SNVs in familial FSGS

Ref Self-
reported
ethnicity

Familial or
individual
case

DNA change Amino acid
change

Age at
presentation,
years

Diagnosis Biopsy-
proven

CAKUT

Barua [11]
(2014)

White F c.491C>A p.Thr164Asn 8 FSGS Yes None

Barua [11]
(2014)

African
American

F c.239C>T p.Pro80Leu 7–11 Proteinuria Unknown None

Barua [11]
(2014)

European F c.565G>A p.Gly189Arg 17–68 FSGS Yes Bilateral pelvis

Barua [11]
(2014)

Unknown F c.398C>T p.Ser133Phe Unknown Proteinuria Yes None

Barua [11]
(2014)

Middle
Eastern

F c.167G>A p.Arg56Gln 36 FSGS Unknown None

Barua [11]
(2014)

East Indian F c.448A>G p.Thr150Ala 31–32 FSGS Yes None

Barua [11]
(2014)

European
America

F c.310C>T p.Arg104* 15–24 FSGS Yes Papillorenal
syndrome

Vivante [12]
(2019)

Arab F c.69-70InsG p.Val26Glyfs*28 1 FSGS Yes Coloboma,
cardiomyopathy,
microcephaly

Vivante [12]
(2019)

Egypt F c.254G>T p.Gly85Val 10–35 FSGS Yes (2/3) None

Vivante [12]
(2019)

European F c.862-1G>A Splice variant 20 FSGS Yes (1/2) None

Vivante [12]
(2019)

European F c.275C>T p.Thr92Met 18 FSGS Yes None

Xiong [35]
(2022)

Chinese I c.754C>T p.Arg115* 8 Proteinuria Yes Bilateral kidney
hypodysplasia

Longaretti
[36] (2021)

Unknown I c.565G>A p.Gly189Arg Adult-onset FSGS Unknown Unknown

Hu [37]
(2021)

Chinese F c.76_77insG p.Val26Glyfs*28 15 FSGS Yes Bilateral kidney
hypodysplasia

Ammar [38]
(2021)

Tunisian F c.232A>C p.Ile78Leu Unknown FSGS Unknown Unknown

Bito [39]
(2020)

Caucasian I c.430C>T p.Gln144* 16 FSGS Yes None

Rachwani
Anil [40]
(2019)

Unknown I c.418C>T p.Arg140Ile 14 FSGS Yes Bilateral kidney
hypodysplasia

Saida [41]
(2020)

Unknown I c.70-
72delinsA

p.Gly24Argfs*29 6 FSGS Yes Coloboma,
normal-sized
kidneys

Okumura [42]
(2015)

Unknown I c.1023C>A p.Tyr341* 28 FSGS Yes Papillorenal
syndrome

Okumura [42]
(2015)

Unknown I c.57–58 ins
GTGAACC

p.Gln22Argfs*34 14 FSGS Yes Coloboma, normal
kidneys

Okumura [42]
(2015)

Unknown I c.224-
225insAC

p.Gly76Profs*8 38 FSGS Yes Papillorenal
syndrome

CAKUT, congenital anomalies of the kidney and urinary tract; F, familial case; FSGS, focal segmental glomerular sclerosis; I, individual
case; SNV, single-nucleotide variant.
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endowment in the development of FSGS caused by
PAX2 dysfunction [36]. Second, the importance of
podocyte endowment is further highlighted by the
observation that patient-derived podocytes exposed to
the nephrotoxic agent puromycin aminonucleoside
were less viable and more susceptible to additional cell
injury than exposed podocytes from healthy controls.
Transcriptomic analysis of exposed patient podocytes
showed marked changes compared to healthy exposed
podocytes in the regulation of focal adhesion path-
ways, which are critical for podocyte function in their
cell interaction with the glomerular basement mem-
brane. From this study, one could hypothesize that the
dual vulnerability of a lower podocyte endowment and
the higher susceptibility of affected podocytes to in-
jury, which are both induced by pathogenic PAX2
SNVs, predispose to the development of genetic FSGS
(Fig. 1). Naturally, this hypothesis will require addi-
tional validation by in vivo experiments before de-
finitive conclusions can be drawn on the role of PAX2
dysfunction in FSGS.

Reactivation of Kidney Developmental Genes
Orchestrates Repair during Kidney Injury

Table 1 shows an overview of clinical characteristics of
all reported individuals with pathogenic PAX2 variants in
FSGS. A subset of patients demonstrated additional phe-
notypes that are compatible with the spectrum of papil-
lorenal syndrome (n = 10), whereas others had non-
syndromic (isolated) FSGS (n = 9) or the information about
additional phenotypes was incomplete (n = 2). Interest-
ingly, the majority of identified pathogenic PAX2 SNVs in
nonsyndromic FSGS contained missense mutations (7/9,
78%), while truncating SNVs were much more frequently
observed in individuals with papillorenal syndrome (8/10,
80%) (Table 1). Both patients with an unknown phenotype
had a PAX2 missense SNVs. This finding is relevant as it
may indicate different pathomechanisms: while shortening
or absence of PAX2 due to truncating variants increases the
probability of a reduced number of nephrons and podo-
cytes due to a CAKUT phenotype, less deleterious PAX2
missense SNVs in nonsyndromic FSGS are more likely to
lead to normal shaped kidneys on ultrasound. However,
additional triggers or hits caused by environmental factors
during childhood or early adulthood may induce re-
activation of developmental pathways, which ultimately
lead to the development of FSGS. A similar mechanism has
been identified in kidney tubular cells from rodents as well
as humans that indeed re-express developmental genes

and proteins that include PAX2, LHX1, SOX9, GATA3 after
injury [44–48]. Reactivation of these developmental
pathways leads to expression of epidermal growth factor,
insulin-like growth factor, transforming growth factor-β,
and the canonical Wnt signaling pathway, which all are
pivotal in cell fate determination and cell migration [49]. It
is therefore not unlikely to suspect the upregulation of
similar developmental pathways during podocyte injury,
and that individuals carrying pathogenic missense SNVs in
PAX2 or other developmental kidney genes progress to
FSGS due to maladaptive podocytic repair responses. In-
depth gene*time interaction testing of single-cell RNA-
sequencing data (scRNA-seq) derived from early stage
podocytopathies is required to identify groups of kidney
developmental genes that are downregulated during
maturation and re-expressed during podocytopathy and
repair. Fortunately, the large Nephrotic Syndrome Study
Network (NEPTUNE) research framework has provided
open access to glomerular scRNA-seq via GEO Accession
viewer (nih.gov) to test this hypothesis in the upcoming
years.

Future Directions

The advent of genomic methodologies has un-
covered novel pathomechanisms in podocyte injury
and FSGS development. Although nephrogenesis has
been completed before birth, developmental patho-
mechanisms seem to play a pivotal role in the cellular
response of podocytopathies. To better understand
how developmental genes contribute to FSGS, it is
highly necessary to determine podocyte numbers in a
clinical setting, so that clinicians can identify patients
at increased risk to develop FSGS due to lower po-
docyte endowment. Current technologies that com-
bine a kidney biopsy with imaging modalities such as
MRI are ready for prime time in glomerulopathies
[50], but may be less suitable for CAKUT since this is
a relative contraindication for kidney biopsy. When
tissue is available from such patients, the recent
improvement in the power and resolution of spatially
resolved transcriptional techniques will most likely
give important new insights in the activated mecha-
nisms in podocyte injury and repair. These techniques
allow for the distinct identification, localization, and
transcriptional profiling of independent podocytes if
applied in an early stage of disease [48]. Using a
spatially resolved transcriptional technique in FSGS
biopsies therefore may potentially dissect the acti-
vation of expressed development genes and other
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relevant pathophysiological pathways in podocyto-
pathies. Another potential technology that would not
require a kidney biopsy would be scRNA-seq of urine-
derived podocytes from CAKUT patients or indi-
viduals with developmental kidney gene defects.
These so-called liquid kidney biopsies use the prin-
ciple that kidney cells, including podocytes and
proximal tubular cells, are increasingly excreted in
urine of individuals affected by kidney diseases (such
as cystinosis, FSGS, acute kidney injury) than in
healthy individuals. Limitations of this method that
still need to be overcome are the relatively low yield of
podocytes compared to a kidney biopsy and the lack
of spatial orientation. Nevertheless, scRNA-seq of
urine-derived podocytes could still provide a non-
invasive and patient-friendly method to identify the
pathomechanisms crucial in podocytopathy and re-
pair. Additional integration with data from other
multi-omics technologies and functional validation
studies using model systems such as kidney organoids
would ultimately provide a powerful approach to
identify molecular targets for the development of
tailored therapies for patients such as RNA inter-
ference and stem cell therapies to support or restore
normal glomerular architecture. The effects of these
targeted therapies are now studied in different
functional models of kidney disease and transplan-
tation with one of the main challenges being its de-
livery into the kidney [44, 51].

Conclusion

In summary, genes that play a role during kidney and
urinary tract development have also been attributed to
the etiology of FSGS. Although the exact pathogenesis
has not been elucidated, their role seems multifactorial

and includes intrinsic podocyte characteristics, a lower
total podocyte number, and biomechanical stress
within the podocyte environment. Our hope for the
next decade is that high-resolution translational
techniques will further dissect podocyte biology and set
the stage for precision medicine strategies that will lead
to better outcomes for individuals with genetic forms
of FSGS.
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