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Genomics of Kidney Disease

Clinical Integration of Genome Diagnostics for
Congenital Anomalies of the Kidney and Urinary Tract

Rik Westland

Abstract

! Kirsten Y. Renkema,? and Nine V.A.M. Knoers*>

Revolutions in genetics, epigenetics, and bioinformatics are currently changing the outline of diagnostics and
clinical medicine. From a nephrologist’s perspective, individuals with congenital anomalies of the kidney and
urinary tract (CAKUT) are animportant patient category: notonly is CAKUT the predominant cause of kidney failure
in children and young adults, but the strong phenotypic and genotypic heterogeneity of kidney and urinary tract
malformations has hampered standardization of clinical decision making until now. However, patients with
CAKUT may benefit from precision medicine, including an integrated diagnostics trajectory, genetic counseling,
and personalized management to improve clinical outcomes of developmental kidney and urinary tract defects. In
this review, we discuss the present understanding of the molecular etiology of CAKUT and the currently available
genome diagnostic modalities in the clinical care of patients with CAKUT. Finally, we discuss how clinical
integration of findings from large-scale genetic, epigenetic, and gene-environmentinteraction studies may improve

the prognosis of all individuals with CAKUT.

CJASN 16: 128-137, 2021. doi: https://doi.org/10.2215/CJN.14661119

Introduction
Aberrant embryonic kidney and urinary tract devel-
opment results in a spectrum of different clinical
phenotypes, which are collectively referred to as
congenital anomalies of the kidney and urinary tract
(CAKUT) (1-3). The spatiotemporal character of
molecular disturbances is hypothesized to define
the kidney and urinary tract defects of individuals
(4) because early embryonic maldevelopment leads to
kidney parenchyma malformations, whereas later
interferences underlie ureteral anomalies (5). Mackie
and Stephens (6) have proposed that the position of
ureteric-bud formation on the nephric duct deter-
mines the CAKUT phenotype: insertion too low into
the bladder results in vesicoureteral reflux, while
insertion that is too high leads to obstructive urop-
athy (7). Although not consistently categorized
within the CAKUT spectrum, lower urinary tract
aberrations include dramatic phenotypes such as
posterior urethral valves and bladder exstrophy (8).
CAKUT is characterized by high phenotypic vari-
ability between cases and co-occurrence of different
anomalies within the same individual (9,10). Genetic
defects are known to underlie CAKUT, however,
incomplete or nonpenetrance is often observed in
affected families (11), and identical genetic mutations
could result in different CAKUT subphenotypes be-
tween individuals and even within the same
families, a phenomenon known as variable expres-
sivity (12). In addition, epigenetic and environmental
factors may directly affect the CAKUT phenotype and
also display indirect effects on the long-term clinical
outcome of patients (1).

From a clinical perspective, it is incredibly relevant
to unravel the genetic, epigenetic, and environmental
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underpinnings of kidney and urinary tract malfor-
mations because CAKUT is the major cause of kid-
ney failure in childhood. The European Society for
Paediatric Nephrology/European Renal Association—
European Dialysis and Transplant Association registry
from 2016 reported CAKUT in approximately 30% of
children with kidney failure, which was almost two-
fold the incidence of the second most frequent cause
(glomerulopathies) of childhood kidney failure (13).
Notably, the median age to start RRT in patients with
CAKUT compared with patients without CAKUT (31
versus 61 years, respectively) (14) emphasizes the
essential role of pediatric and adult nephrologists in
the prevention of kidney failure in affected individu-
als. Nevertheless, early-phase identification of patients
who will develop CKD often remains problematic
(15-17). Recent advancements of genetics and bio-
informatics have completely revolutionized the field
of medical genetics and now offer opportunities for
development of clinical frameworks in genetic kidney
diseases such as CAKUT (2,18). In this review, we discuss
how these genetic diagnostic methods are currently
integrated in the care for patients with CAKUT, and
how they enable future development of precision-
medicine approaches for developmental kidney and
urinary tract defects.

The Clinical Spectrum of Phenotypes of
Congenital Anomalies of the Kidney and
Urinary Tract

Overall, CAKUT affects 1:100-500 newborns and is
the most frequent developmental defect in humans
(19,20). The umbrella term CAKUT refers to the
extensive spectrum of malformations of the kidney
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and urinary tract. Most phenotypes comprise permanent
defects (e.g., malformations of the kidney parenchyma);
however, mild antenatally detected hydronephrosis and
low-grade vesicoureteral reflux may completely resolve
during growth and development (21,22). The phenotypic
complexity of CAKUT is often clinically subdivided into
anatomic order (Figure 1): (I) parenchymal defects of the
kidney such as agenesis, hypoplasia, dysplasia, or multi-
cystic dysplastic kidney; (2) ureteral defects such as
uretero-pelvic junction obstruction, ureterovesical junction
obstruction, primary nonobstructive nonrefluxing mega-
ureter, and vesicoureteral reflux; and (3) lower urinary
tract malformations such as bladder exstrophy, bladder
agenesis, and posterior urethral valves or urethral agen-
esis. In addition, spatial disturbances in urinary tract
development are hypothesized to determine the presence
of unilateral or bilateral defects (4), and may also result in
duplex kidney (with or without a ureterocele), ectopic
kidney tissue and/or ureteral orifice, and a horseshoe
kidney. Moreover, co-occurrence of CAKUT is a regular
finding within individual patients and is not intrinsically
limited to anatomic boundaries. For example, approxi-
mately one in three cases with unilateral kidney agenesis
or multicystic dysplastic kidney have vesicoureteral reflux
or ureteropelvic junction obstruction on the contralateral
side (23,24).

Although unique phenotypes often occur in affected
individuals, the anatomic subdivision of CAKUT derived
from imaging studies helps clinicians to determine follow-
up strategies on diagnostics, prognostics, and management.
Standardized guidelines to uniformize clinical decision
making for individuals with different CAKUT phenotypes
have not been developed due to the absence of systemat-
ically performed longitudinal studies. In part, the unavail-
ability of such studies prevents clinicians from discriminating
between patients with an impaired survival of kidney
function progressing to kidney failure from those patients
who have a more benign course. Furthermore, parents or
family members of a child with CAKUT often inquire on
recurrence risks and, in addition, the evolution of medical
care implicates that the majority of patients with CAKUT
now reach fertile age; both situations exemplify the need for
individualized genetic counseling of patients with CAKUT
and their family members. Thus, improved understanding
of the molecular etiology of CAKUT seems the obvious
starting point in the development of standardized clinical
guidelines to improve the prognosis for patients.

Current Understanding of the Etiology of Congenital
Anomalies of the Kidney and Urinary Tract

Implementation of next-generation sequencing—based
genetic testing has significantly enhanced our knowledge
of the etiologic basis of many diseases and has added to
personalized patient care by contributing to patient treat-
ment and genetic counseling, including recurrence-risk
estimation and family planning. Thus, to improve the
accuracy of precision-medicine strategies for CAKUT,
better understanding of the molecular underpinnings of
kidney and urinary tract maldevelopment is a top priority.
Here, we highlight the essential aspects of the complex
etiologic landscape of CAKUT.
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Figure 1. | Overview of CAKUT phenotypes, discerning parenchy-
mal defects of the kidney, ureteral abnormalities, and posterior
urethral valves as a lower urinary tract abnormality.

Monogenic Congenital Anomalies of the Kidney and
Urinary Tract

The assumption that CAKUT is a monogenic disorder in
10%-15% of the cases is based on several clinical observa-
tions (2,3,11). First, it is well described that CAKUT
segregates within families (approximately 10%-25%) (25),
frequently in an autosomal dominant mode of inheritance
with incomplete penetrance and variable expressivity. Second,
sporadic CAKUT can be part of a specific genetic syndrome
affecting multiple organ systems of an individual. These
syndromes are predominantly explained by heterozygous
loss-of-function mutations or structural variants (see below)
that occur de novo (e.g., loss-of-function mutations in HNF1B or
large heterozygous deletions that disrupt multiple genes
(26,27)), but also homozygous (e.g., in consanguineous families
or by a founder effect in isolated populations) or compound
heterozygous mutations leading to autosomal recessive dis-
ease have been reported (27-30). Finally, the observation that
single-gene knockout mice show developmental kidney and
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urinary tract defects further supports the monogenic etiology
of CAKUT (31).

The introduction of next-generation sequencing has
extensively defined this part of the genetic landscape of
CAKUT. Currently >50 genes related to CAKUT etiology
have been identified (for a recent list of genes implicated in
CAKUT see [2]). The potential diagnostic value of genetic
studies in kidney disease has recently been demonstrated
in a large exome-based genetic screen of 3037 adults with
CKD due to various causes (32). Interestingly, the authors
found the highest diagnostic yield in patients with con-
genital or cystic kidney disease (24%; odds ratio, 24.4; 95%
confidence interval, 10.6 to 56.4, versus a reference group of
diabetic nephropathy). In a recent study of individuals
with familial CAKUT, Van Der Ven et al. (28) identified
pathogenic mutations in 13 known genes for isolated or
syndromic CAKUT phenotypes in 29/232 (13%) families.
Overall, the reported diagnostic yields of targeted sequenc-
ing screens range from 2% to 15% and appear heavily
dependent on cohort characteristics (e.g., CAKUT pheno-
type, inclusion criteria, population of cases and controls)
and the platform used for sequencing (10,28,33-35).

One important clinical benefit derived from recent large-
scale, whole-exome sequencing (WES) studies is the iden-
tification of pleiotropy for genes implicated in syndromic
forms of CAKUT (36). For example, PAX2 (heterozygous
mutations in this gene were originally associated with
papillorenal syndrome [Online Mendelian Inheritance in
Man (OMIM) #120330] [37]) has been implicated in steroid-
resistant nephrotic syndrome and FSGS in adults and
children (38,39), whereas heterozygous mutations in
HNFI1B (known to cause the renal cysts and diabetes
[RCAD] syndrome [OMIM #137920] [40]) also underlie
isolated hyperuricemia, hypomagnesemia, and extrarenal
features (41-43).

Copy-Number Variants in Congenital Anomalies of the
Kidney and Urinary Tract

Structural aberrations in a considerable number of base
pairs (i.e., copy-number variants) may represent “healthy”
genetic variation or be the basis of human developmental
diseases (44,45) such as neurodevelopmental delay, cardiac
defects, autism spectrum disorder, and CAKUT. Several
theoretic models propose how a particular copy-number
variant leads to a developmental phenotype, ranging
from a simplex model where dosage imbalance of one
gene within the copy-number variant is responsible for the
developmental phenotype to a model in which multiple
modifier genes within and/or outside the copy-number
variant ultimately determine the combination of develop-
mental defects (46). Similar to syndromic CAKUT caused
by single gene defects, these copy-number variant-based
genomic disorders are characterized by incomplete pene-
trance and phenotypic variability (2).

The group of Sanna-Cherchi and Gharavi (47) first
described the role of copy-number variants in the molec-
ular etiology of CAKUT in a cohort of patients with kidney
parenchymal defects. By performing genome-wide geno-
typing using single nucleotide polymorphism (SNP) ar-
rays, the authors discovered that the burden of large
and rare exonic copy-number variants in affected pa-
tients was much higher than in population-based controls.

In addition, they identified disease-causing copy-number
variants in 10% of patients and potentially pathogenic
copy-number variants in 6% of patients (47). Next, the
investigators replicated these findings in smaller cohorts
of patients with CAKUT (48,49) before expanding copy-
number variant analysis to 2824 patients, encompassing
the entire CAKUT spectrum (29). This study confirmed the
increased burden of large, rare, exonic copy-number
variants in individuals with CAKUT by comparing
them to >21,000 population-based controls (29). Inter-
estingly, patients with kidney parenchymal defects were
particularly enriched for exonic deletions, whereas pa-
tients with vesicoureteral reflux and posterior urethral
valves showed a pronounced burden of exonic duplica-
tions (29), again emphasizing the genetic heterogeneity of
CAKUT. Overall, a genomic disorder was diagnosed in
4% of patients and was predominantly identified in those
with kidney parenchymal defects (e.g., deletion loci on
chromosomes 17q12 [renal cysts and diabetes syndrome]
and 22q11.2 [DiGeorge syndrome; OMIM #188400]). Only
six pathogenic loci were implicated in 65% of CAKUT
cases with a known genomic disorder, i.e., chromosomes
17q12, 22q11.2, 16p11.2, 1q21.1, 4p~ (Wolf-Hirschhorn
syndrome; OMIM #194190), and 16p13.11 (29). For the
majority of these genomic disorders, a simplex copy-
number variant model in which dosage imbalances of one
particular gene driver lead to CAKUT has been proposed
(29,40,50-52). However, complex models of pathogenic
structural variants in the etiology of CAKUT still need to
be studied.

Common Variants in Congenital Anomalies of the Kidney
and Urinary Tract

From a population genetics viewpoint, common variants
with small effects may provide an alternative molecular
diagnosis in relatively common CAKUT phenotypes such as
vesicoureteral reflux, antenatal hydronephrosis, horseshoe
kidney, and duplex kidney. These common variants are
identified by genome-wide association studies (GWAS)
using genome-wide genotyping techniques. GWAS have
contributed to our understanding of several kidney diseases
such as IgA nephropathy, membranous nephropathy, and
CKD (53-55). GWAS often require large cohorts of cases and
population-matched controls to pick up significant signals,
which is a major explanation for the current low number of
GWAS studies in CAKUT. Darlow and coworkers (56)
performed a genome-wide linkage and association study in
1147 European children with primary nonsyndromic ves-
icoureteral reflux and identified the chromosomal 10q26
locus as a major genetic contributor in vesicoureteral reflux,
although the investigators were unable to identify a can-
didate gene in this region. Van Eerde et al. (57) conducted a
two-stage, case-control study investigating 567 candidate
SNPs in patients with vesicoureteral reflux with or without
the presence of a duplex kidney. Common SNPs in four
known CAKUT genes (GREMI1, EYA1, ROBO2, and
UPK3A) were associated with primary vesicoureteral reflux
or duplex kidneys, however, none of these signals reached
genome-wide significance (57).

One common limitation of GWAS results is that indi-
vidual risk loci have such small effects that the clinical
applicability of these findings for patients is limited.
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However, with the improvement of genetic methods,
bioinformatic tools, and statistical genetic analyses, the
next step is to generate oligo- or polygenic risk scores from
GWAS data. Polygenic risk scores combine the sum of all
known variants to calculate an overall risk of developing a
particular disease (58). Recently, this approach was used
for coronary artery disease, inflammatory bowel disease,
and diabetes mellitus (59). In this study, generation and
validation of genome-wide risk scores for the aforemen-
tioned traits identified a relative risk for disease develop-
ment comparable to monogenic causes (59). Nevertheless,
large-scale investigations including GWAS are needed
before polygenic risk scores can be implemented in clinical
medicine (58), and for CAKUT in particular.

Epigenetic Mechanisms in Congenital Anomalies of the
Kidney and Urinary Tract

Epigenetics investigates causes of disease that result
from gene expression modification. Given the tightly
orchestrated molecular mechanisms that are active during
kidney and urinary tract development, determination of
epigenetic factors that regulate DNA transcription repre-
sent an important opportunity to understand the etiology
of CAKUT (60). Among the best-studied epigenetic mech-
anisms in kidney disease are DNA cytosine methylation
and histone tail modification (e.g., acetylation, phosphor-
ylation, and methylation) (61). Both mechanisms alter the
chromatin structure and may activate or, reciprocally,
silence expression of key regulator genes leading to de-
fective kidney and urinary tract development and differ-
entiation (62). Li et al. (63) performed genome-wide
methylome analyses in mice to identify functional
epigenome-modifying enzymes and genome regions im-
portant in kidney development. Systematic targeting of
DNA methyltransferases (Dnmt3a and Dnmt3b) and a
hemimethylase responsible for methylation of newly syn-
thesized DNA (Dnmtl) revealed that tissue-specific loss
of Dnmtl during kidney development in mice leads to
hypodysplastic kidneys with undifferentiated nephrons
and absence of fetal urine production (63). Depletion of
Dnmtl resulted in changes in cytosine methylation and
expression levels in 415 genes. Among these candidate
genes was Umod, a gene that encodes Tamm-Horsfall
protein that has previously been implicated as major
susceptibility gene in human CKD development (54).

Another epigenetic mechanism relevant to CAKUT de-
velopment includes small noncoding RNAs (i.e., micro-
RNAs [miRs]) that target mRNA and disturb protein
synthesis by degradation of mRNA and/or inhibition of
translation. By performing targeted sequencing, Kohl et al.
(64) identified 73 kidney developmental miR genes in 1213
patients with isolated CAKUT. In addition, the authors
found potentially pathogenic variants in two miRs
(MIR19B1 and MIR99A) in two of 1213 (0.2%) individuals.
Another ex vivo study using ureteral tissue discerned seven
specific miRs that were upregulated in CAKUT, although
their exact role in kidney development remains to be
elucidated (65). Interestingly, the top miR (hsa-miR-144) is
situated at the chromosomal 17q11.2 locus, which is rich
in copy-number variants. Notwithstanding that this find-
ing points toward a link between structural variations
and epigenetic changes in the development of CAKUT,

Precision Medicine in CAKUT, Westland et al. 131

mechanistic epigenetic studies in CAKUT are still in an
early phase.

Environmental Factors in the Development of Congenital
Anomalies of the Kidney and Urinary Tract

Environmental factors can directly disturb kidney and
urinary tract development, but the in utero environment
may also play an indirect role in the long-term health of an
individual (i.e., a phenomenon described as “fetal pro-
gramming”) (66). For example, the developmental origins
of health and disease hypothesis has associated the paren-
tal and intrauterine environment with permanent changes
in the epigenome and, as such, the clinical phenotype (67).
One striking example of fetal programming is the robust
association between low birth weight, a proxy for intra-
uterine environmental circumstances, and a reduced neph-
ron number (68). Other well-described environmental
hazards in the etiology of CAKUT are maternal obesity
and maternal diabetes (69-71). Because nephrogenesis
takes place until the 34th-36th gestational week, clinicians
should specifically be cautious not to prescribe medications
that disturb kidney and urinary tract development in
pregnant women and prematurely born infants (72,73).

To date, most studies have focused on the perinatal
period to identify environmental factors that play a role in
the molecular underpinnings of CAKUT. The gut micro-
biome is an important postnatal environmental factor
recently implicated in the etiology and disease progression
of CKD (74). The relationship between the gut microbiota
composition and CKD appears to be bidirectional: toxins
produced due to kidney failure affect the gut microbiome
diversity, and the microbiome in turn may directly de-
crease kidney function (74). Patients with CAKUT have an
increased risk for urinary tract infections often leading to
frequent use of antibiotics (75). A recent study in children
with different CAKUT phenotypes reported that gut
microbiota-derived short chain fatty acids, such as pro-
pionate and butyrate, were indeed associated with CKD
and hypertension in patients (76). As methodologies to
determine the host-microbiota interactions are not yet fully
standardized, more studies are needed to determine the
exact role of the microbiome in CKD in general, and in
CAKUT in particular.

Current Molecular Diagnostic Tools for Patients with
Congenital Anomalies of the Kidney and Urinary Tract

Insight into the molecular background of kidney diseases
has resulted in the development of genetic tests and
improvement of genetic counseling for patients with
kidney disease, whereas revolutionary advances in se-
quencing techniques and bioinformatic tools for big data
analyses have led to the implementation of next-generation
sequencing platforms in genome diagnostics laboratories
for standardized use in health care (77,78). After having
analyzed single genes one by one by Sanger sequencing for
many years, the first next-generation sequencing-based
efforts were focused on targeted gene panels that contain
a specific set of genes within the context of a certain
phenotype. Targeted gene panel sequencing facilitated
faster and cheaper sequencing of multiple genes in parallel
for many individuals at the same time, at reduced costs,
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and with a higher diagnostic yield (79). For kidney diseases
specifically, gene panels were designed and implemented
in genome diagnostics laboratories (80-82). Gene-panel
sequencing involves capture of the DNA regions of interest,
followed by sequencing. However, gene-panel enrichment
is limited by its design. Consequently, the identification
and implementation of additional genes requires redesign of
the panel and repetitive optimization and validation of the
approach, which is cost inefficient in a rapidly changing
genetic environment. Because the costs for next-generation
sequencing have decreased, WES has become the pre-
dominant approach in genome diagnostics. WES includes
all of the coding exons of the genome, which facilitates
gene-panel analysis without redesign of the experiment in
case of updates. A WES-based test combined with variant
analysis aimed at the genes of interest is known to have
multiple advances over targeted gene-panel capture and
sequencing (83): (1) newly identified genes can easily be
added to the analysis without adjustment and validation
of the laboratory flow—because the nephrogenetics field is
evolving fast, with causal genes being identified on a
regular basis, a flexible approach like WES facilitates rapid
test updates; (2) gene-panel analysis from WES data
prevents the identification of incidental findings; (3) data
on the full exome is available and can be released for
further investigation in case the molecular cause has not
been identified, leading to a higher diagnostic yield (84);
and (4) WES results in a considerable reduction of di-
agnostic time and health care costs, especially when applied
early in the diagnostic process (80,85).

Although the application of next-generation sequencing
has resulted in a rapid increase in the identification of
disease-causing genes and the direct implementation in
genome diagnostics, the translation to care for patients
with CAKUT has been slow (80). Possible reasons could be:
(1) because most of CAKUT etiology is still unexplained,
the diagnostic value for WES in kidney disease and
CAKUT specifically remains limited (32,35,86), (2) identi-
fication of variants of unknown clinical significance with
limited options for follow-up experiments in diagnostics,
(3) the risk of identification of medically actionable in-
cidental findings, (4) financial issues and logistic imprac-
ticalities, and (5) nephrologists unaccustomed to using
genetic tests as diagnostic and prognostic clinical modal-
ities. In addition, although WES can be used to detect
pathogenic copy-number variants, SNP microarrays cur-
rently remain the preferred modality for clinical genetic
studies in syndromic CAKUT due to better accuracy and
much lower costs.

We see great opportunities for improvement of CAKUT
DNA testing by creating awareness among clinicians on the
testing procedure and the concomitant options for coun-
seling. We believe that the use of genetic testing in CAKUT
in an early stage of the diagnostic trajectory will be
beneficial to patients and their relatives because the test
outcome can aid in disease classification and manage-
ment. Recent investigations showed that approximately
50% of patients with CKD with disease onset at <25 years
of age received a revision of the original clinical diagnosis
based on genetic testing (32,86-88). Therefore, a genetics-
first approach could result in a considerably shorter and
less complicated diagnostic process, maximizing the

opportunities to improve the clinical outcome of patients
at an early stage (89). This might also be the case for
CAKUT. For example, genetics-first approaches with
rapid return of results could prevent invasive diagnostic
procedures and the use of immunosuppressive agents in
patients with CAKUT who have secondary proteinuria
and hypertension, a late clinical phenotype that mirrors
primary glomerulopathies. Furthermore, the ESCAPE
study has shown that strict BP control in children with
kidney parenchymal defects slows down CKD progres-
sion (90). Because mild kidney hypodysplasia can be
missed by fetal ultrasound, genetic testing can shed light
on the exact diagnosis, leading to better BP management
and, as such, direct improvement of the clinical outcome.

The complexity of CAKUT prevents a one-size-fits-all
genomic diagnostic approach for all patients with CAKUT.
Before implementation of every form of personalized
genetic testing, we should (besides taking the potential
diagnostic yield into account) look at the test’s costs, the
payer’s situation, and ethical considerations regarding the
return of incidental findings. For example, performing SNP
microarray testing in syndromic CAKUT shows a high
diagnostic yield to detect pathogenic copy-number variants
at relatively low costs (approximately $50-$200), whereas
WES (approximately $1000) in familial CAKUT and spo-
radic cases with kidney parenchymal defects detects
approximately one pathogenic variant in five to ten
patients. Therefore, we feel that standard genetic testing
of syndromic and severe CAKUT cases is reasonable and
should be considered globally. However, in the case of
isolated ureteral phenotypes or posterior urethral valves,
our current understanding of the genetic architecture still
is very limited and the diagnostic yield of genetic studies
in patients with these particular kidney and urinary tract
anomalies appears too low for standard clinical genetic
screening at this moment.

Future Diagnostic Opportunities for Patients with
Congenital Anomalies of the Kidney and Urinary Tract
The next step will be the implementation of whole-
genome sequencing (WGS) in routine diagnostics. WGS
comprises the sequencing of the full DNA of an individual,
without enrichment of a part of the genome. WGS has the
potential to capture all classes of genetic variation—
including noncoding variants and structural variants—
but, in light of the huge amount of data produced, WGS
will also lead to enormous challenges in interpreting the
data. Moreover, WGS data should be carefully integrated
with broad -omics data on gene expression, epigenetics,
metabolomics, and proteomics, as well as with detailed
clinical and environmental information to differentiate
common benign variants from rare damaging variants
and prioritize or classify them as such (Figure 2). Although
still predominantly in a preclinical phase, data scientists are
now developing bioinformatics pipelines that allow such
integration of multiomics data with information on biol-
ogy and phenotypes in machine learning systems (91-95).
Given the phenotypic complexity of CAKUT, standardized
classification of developmental kidney and urinary tract
defects, for example according to the Human Ontology
Project nomenclature (96), is essential in the development
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congenital anomalies of the kidney and urinary tract; NICU, neonatal intensive care unit; IncRNA, long noncoding RNA; miRNA, micro-RNA;

SNP, single nucleotide polymorphism; XL, X-linked.

of such frameworks for clinical use. Moreover, ingenious
methods that integrate other data sources (e.g., expression
data from patient-derived material) will be crucial for the
development of genome diagnostic modalities based on
statistics and artificial intelligence (97,98). We further see
great relevance for functional characterization of genetic
variants in a diagnostic setting. The growing identification
of variants that have an unknown effect on the disease
require the appropriate model systems (99). For kidney
diseases, the use of urine-derived cells is under investiga-
tion as a noninvasive tool in functional diagnostics for
kidney disease (100,101). Although these experimental
diagnostic tools contain great promise, successful trans-
lation and implementation of integrated diagnostics ap-
proaches to the clinic requires close interdisciplinary
teamwork including clinicians, biomedical researchers,
and bioinformaticians (102). It seems likely that the first
integrated genomic diagnostic approaches will be intro-
duced into clinical care in the coming decade. For clinicians
caring for patients with CAKUT, we expect these diagnos-
tic algorithms to strengthen the classic anatomic approach
with genetic, epigenetic, and environmental risk factors
and robust clinical parameters (e.g., imaging studies, early
biomarkers for CKD progression in blood and urine),
ultimately leading to a better prognosis of individuals with
kidney and urinary tract malformations.

In summary, CAKUT is characterized by a variable clinical
outcome that reflects the complex genetic, epigenetic, and
environmental basis of this frequently occurring human
developmental defect. Although the advent of next-generation
sequencing and bioinformatic tools has improved our under-
standing of the molecular landscape of CAKUT, the etiol-
ogy currently remains unknown for the majority of cases.
Therefore, integration of large-scale human genetic, epige-
netic, and environment studies is essential to further define
the molecular architecture of CAKUT. When the findings of
such studies are combined with diagnostic imaging studies

and biochemical parameters of disease progression, clinical
decisions will comprise more accurate assessment of risk
factors and complications of CAKUT, as well as realistic
predictions of kidney function survival and overall prog-
nosis. Moreover, insight into the molecular background
opens doors to develop new therapeutic strategies that
prevent or halt disease progression and improve the clinical
outcome of these patients. Yet, to be embraced fully by
clinicians, such complex precision-medicine approaches still
have to overcome practical challenges such as awareness,
fast interpretation of genome-wide genetic data, and short
test-to-diagnosis turnover times, as well as financial hurdles
and societal-ethical issues regarding return of results and
incidental findings. Despite these challenges of modern
clinical medicine, we strongly feel that understanding the
molecular basis of CAKUT is the way forward for precision
medicine for individuals with developmental kidney and
urinary tract defects.
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