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Abstract | Congenital anomalies of the kidney and urinary tract (CAKUT) refer to a spectrum of structural renal 
malformations and are the leading cause of end-stage renal disease in children. The genetic diagnosis of 
CAKUT has proven to be challenging due to genetic and phenotypic heterogeneity and incomplete genetic 
penetrance. Monogenic causes of CAKUT have been identified using different approaches, including single 
gene screening, and gene panel and whole exome sequencing. The majority of the identified mutations, 
however, lack substantial evidence to support a pathogenic role in CAKUT. Copy number variants or single 
nucleotide variants that are associated with CAKUT have also been identified. Numerous studies support the 
influence of epigenetic and environmental factors on kidney development and the natural history of CAKUT, 
suggesting that the pathogenesis of this syndrome is multifactorial. In this Review we describe the current 
knowledge regarding the genetic susceptibility underlying CAKUT and the approaches used to investigate the 
genetic basis of CAKUT. We outline the associated environmental risk factors and epigenetic influences on 
CAKUT and discuss the challenges and strategies used to fully address the involvement and interplay of these 
factors in the pathogenesis of the disease.
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Introduction
Congenital anomalies of the kidney and urinary tract 
(CAKUT) collectively refer to a diverse group of struc-
tural malformations that are characterized by defects 
in embryonic kidney development (Figure 1). CAKUT 
constitute ~20–30% of all congenital malformations and 
their prevalence has been estimated to range between 
three and six per 1,000 births.1–3 The most common mal-
formation is ureteropelvic junction obstruction (~20%);3 
other phenotypes include kidney agenesis, multicystic 
dysplastic kidneys, kidney dysplasia, kidney hypoplasia, 
vesicoureteral reflux (VUR), megaureter, ectopic ureter, 
horseshoe kidney, duplex collecting system, and pos-
terior urethral valves, although whether posterior ure-
thral valves share a common aetiology with the other 
anomalies is debated (Figure 1). Some anomalies occur 
concurrently in CAKUT, such as VUR and duplex col-
lecting system.4 Successful detection of CAKUT in utero 
has substantially improved in conjunction with increased 
availability and utility of prenatal ultrasonography, but 
many cases still remain undiagnosed until after birth 
when overt symptoms, such as hydronephrosis, cause 
urinary tract infections.3

Kidney development is a multi-stage process that 
begins with induction of the ureteric bud from the 
nephric duct, followed by mesenchymal-to-epithelial 
transition and branching morphogenesis, and termi-
nates with the completion of nephron patterning and 

elongation.4 Disturbances to normal nephrogenesis, 
due to exposure to environmental risk factors or the 
dysfunction of genes that direct this process, can lead to 
CAKUT (Figure 2).5 Our current understanding of the 
mechanisms involved in the pathogenesis of CAKUT and 
the genes involved in renal development and nephro-
genesis has mostly been derived from mouse models. 
These models have led to the identification of numerous 
candidate genes that might cause CAKUT in humans. 
Further information regarding renal development that 
has been gained from knockout mouse models has been 
detailed elsewhere.5–7

Data from national and regional renal registries in 
Europe show that CAKUT are the leading cause of end-
stage renal disease (ESRD) in children, accounting for 
41.3% of children that receive renal replacement therapy 
(RRT).8 Data from the European Renal Association–
European Dialysis and Transplant Association Registry 
consisting of >200,000 patients undergoing RRT, revealed 
that the estimated median age of RRT initi ation was 31 
and 61 years in patients with and without CAKUT, respec-
tively.9 The age of onset of RRT was lowest in patients 
with renal dysplasia (16 years) and generally varied within 
CAKUT sub-phenotypes.9 Treatment outcomes and sur-
vival rates are better for patients with CAKUT than for 
patients with other kidney diseases, such as type 1 dia-
betic nephropathy, because of lower associated cardio-
vascular mortality.9 The number of adults with ESRD due 
to CAKUT is reported to be 2.2%, but this figure may 
well be an underestimation.9 Some patients with CAKUT 
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are asymptomatic during childhood and remain undi-
agnosed, but might develop hypertension, proteinuria, 
and renal impairment in adulthood.9,10 Disease diagno-
sis undoubtedly needs to be optimized and should rely 
both on clinical information and genetic and molecular 
findings in order to improve prognostic counselling and 
personalized disease management.

A genetic predisposition to CAKUT is supported by 
the co-occurrence of these anomalies with multi-organ 
defects and the frequency of familial cases.5 CAKUT can 
occur either in an isolated form (when only CAKUT are 
present), or might occasionally develop in associ ation with 
other congenital anomalies. An estimated 34% of infants 
born with CAKUT over a 26-year period in North-Eastern 
France had associated congenital anomalies.3,11 The most 
frequent syndromes associated with CAKUT included 
vertebral defects, anal atresia, cardiac defects, tracheo-
oesophageal fistulae, renal anomalies, limb abnormali-
ties, and Prune belly, Meckel–Gruber, renal-coloboma, 
renal cysts and diabetes, branchio-oto-renal, and Fraser 
syndromes.11 A family history of renal abnormalities is 
present in ~10% of CAKUT patients.12 An epidemiologi-
cal study found that 51% of index Turkish patients with 
CAKUT—diagnosed on the combined basis of a renal 
ultrasound examination and family history—had at 
least one first-degree relative with CAKUT.13 The most 
common anomaly in first-degree relatives was a duplex 
collecting system (Figure 1). The high frequency of a posi-
tive family history in this cohort, however, might be biased 
by parental consanguinity.13

In this Review, we summarize the key findings from 
genetic studies of CAKUT, epidemiological research on 
environmental risk factors for CAKUT, and data regard-
ing the known epigenetic factors (Figure 2). Furthermore, 
we discuss the application of recent genetic techniques 
to identify causative mutations in patients with CAKUT, 
as well as the challenges for the clinical interpretation of 
genetic abnormalities and genetic counselling.

Genetic causes of CAKUT
Multiple lines of evidence support the assumption that 
CAKUT can be caused by a defect in a single gene. 
Firstly, multiplex families with CAKUT have been 

Key points

 ■ Approaches to discover genetic causes of congenital anomalies of the kidney 
and urinary tract (CAKUT) include candidate gene and whole exome sequencing, 
and genome-wide linkage and copy number variant (CNV) analyses

 ■ The majority of sporadic cases of CAKUT cannot yet be explained by monogenic 
causes

 ■ Certain CNVs are associated with an elevated risk of CAKUT, indicating that 
CNV analysis should become part of the diagnostic procedure

 ■ Chromosomal imbalances and single nucleotide variants in non-coding regions 
contribute to congenital malformations, suggesting that genomic regulatory 
elements might also function in the pathogenesis of CAKUT

 ■ Epigenetic and gestational environmental risk factors can influence kidney 
development and/or fibrosis and might also increase susceptibility to CAKUT

 ■ Collaborative efforts are needed to collect large cohorts of patients with CAKUT 
and to integrate the data from epidemiologic, clinical, genomic, epigenomic, 
transcriptomic, and proteomic studies

described in the literature, suggesting an autosomal 
dominant mode of inheritance with reduced pene-
trance.14–17 Secondly, well known, rare genetic syndromes 
characterized by a phenotype associated with CAKUT 
and extrarenal anomalies caused by single-gene defects 
also indicate that CAKUT can have a monogenic etiol-
ogy.5 Mutation screening studies conducted in a series 
of patients with CAKUT have resulted in a list of can-
didate genes that might cause CAKUT in an autosomal 
dominant or, less frequently, recessive pattern of inheri-
tance.5 These investigations revealed that the clinical 
phenotype and severity of CAKUT can vary markedly 
among patients, both within and between families with 
the same under lying mutation, leading to the hypothesis 
of an  underlying  oligogenic model of inheritance.5

In 1995, the first single gene defect described as being 
causative of CAKUT was a frameshift deletion in PAX2 
in a family with optic nerve colobomas, renal hypoplasia, 
and VUR.18 HNF1B was the second gene to be implicated 
in CAKUT following the discovery of a heterozygous 
mutation in two siblings with renal cysts and diabetes 
syndrome.19 Both of these findings were followed by 
several studies with larger patient cohorts that confirmed 
PAX2 and HNF1B mutations as important causes of syn-
dromic and isolated CAKUT.20–22 These genes are esti-
mated to explain ~15% cases of CAKUT, subsequently 
rendering them the first and most important genes to 
screen for diagnostic purposes. Mutations in PAX2 are 
more frequently associated with renal dysplasia or hypo-
plasia, whereas mutations in HNF1B are more frequently 
associated with cystic kidneys.20–22 Several additional 
genes underlying syndromic forms of CAKUT have 
been identified (Table 1). The detection of a pathogenic 
mutation in syndromic cases is particularly important to 
facilitate early recognition and/or monitoring and timely 
treatment of clinically significant co-morbidities.

Approaches to study genetic susceptibility
Approaches to discover new genes that cause CAKUT 
have so far included candidate gene studies, genome-
wide linkage analyses, whole exome sequencing, and 
copy number variation analyses. Genetic studies fol-
lowed by functional tests using any of the in vitro and 
in vivo models available for CAKUT provide an initial 
framework for the classification of mutations that may 
potentially cause disease.

Candidate gene studies
Gene discovery for non-syndromic CAKUT has been 
less successful than for syndromic CAKUT, but some 
candidate genes proposed from knockout mouse models 
have been validated by the identification of mutations in 
patients (Table 1). Mutation screening of candidate genes 
has identified disease-causing mutations in 6–20% of 
patients with CAKUT in a heterozygous state. Mutations 
have so far been reported in genes including BMP7, 
CHD1L, CDC5L, EYA1, GATA3, RET, ROBO2, SALL1, 
SIX2, SIX5, FRAS1, and FREM2.20,23,24 The majority of 
studies, however, have lacked co-segregation analyses, 
statistically rigorous methods, and functional evidence 
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to support the claim of causality or association with 
CAKUT. The number of genes and variants that have a 
true pathogenic effect in CAKUT, therefore, is probably 
overestimated and the detection of a predicted deleteri-
ous variant in any of the above genes should not by itself 
imply pathogenicity. In addition, databases assembled 
from large-scale sequencing projects in the general pop-
ulation, such as the Exome Aggregation Consortium,25 
serve as useful reference sets of variants and reveal that 
loss-of-function variants in previously reported disease-
causing genes for CAKUT are also present in the general 
population. Such resources will be useful for comparing 
the frequency of candidate variants observed in patients 
with CAKUT with a control dataset.

Overexpression of SIX2 and BMP4 human RNA in 
zebrafish, containing heterozygous mutations found in 
patients with CAKUT, has helped validate the patho-
genic effect of these mutations on kidney development.26 
Similarly, in vitro analyses of mutations in SOX17, 
WNT4, and RET have revealed differences in signalling 
activity between the variant and wild-type proteins.27–29 
Although these genes have a well characterized func-
tion in kidney development, some parents in affected 
pedigrees were healthy carriers of mutations,  suggest-
ing that the degree of penetrance of these mutations 
can be low and as a result, risk stratification of carri-
ers is difficult and/or that the pathogenesis of CAKUT 
is multifactorial.26

Linkage studies
Linkage analyses have been successful for mapping rare 
Mendelian diseases and susceptibility loci implicated in 
common diseases, such as Alzheimer disease, insulin- 
dependent diabetes mellitus, and breast cancer, by dem-
onstrating co-segregation of genetic markers with a 
disease in a family-based approach.30–32 This approach is 
particularly powerful for identifying candidate genomic 
regions that include variants with a large effect, but has 
not been as straightforward or successful for mapping 
candidate regions in families with CAKUT. Families with 
traits such as renal agenesis, hypoplasia, or dysplasia are 
particularly hard to ascertain because they occur less fre-
quently than abnormalities of the urinary tract, and most 
cases are either truly sporadic or familial with incomplete 
penetrance.3 Moreover, due to ethical and financial bar-
riers, systematic renal ultrasound screening of relatives 
is not routinely performed to accurately distinguish 
 between unaffected and asymptomatic family members. 

The majority of published linkage studies on CAKUT 
have focused on familial VUR, which occurs in ~1% 
of children.33 Linkage analyses performed to date have 
assumed an autosomal dominant model of inheritance 
with reduced penetrance (70–85%). Linkage has been 
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Figure 1 | Illustrative 3D models of congenital abnormalities of the kidney and 
urinary tract (CAKUT) that were created using the modelling tools ZBrush (Pixologic, 
Inc.) and 3ds Max (Autodesk, Inc.), to illustrate the phenotypic spectrum of CAKUT. 
The black arrows indicate the site of obstruction in ureteropelvic junction obstruction 
and posterior urethral valves. The red arrows indicate the abnormal flow of the urine 
from the bladder to the ureter or kidney occurring in vesico-ureteral reflux.
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found at multiple loci, with few loci reaching genome-
wide significance and almost none of them confirmed in 
independent families. A genome-wide linkage scan 
in 12 families with VUR showed linkage in 60% of the 
families on chromosome 12p11–q13 under a recessive 
model, but the specific gene remains elusive.34 A large 
Somalian family with eight of 12 children presenting with 
CAKUT showed linkage on chromosome 8q24 under an 
autosomal recessive model of inheritance. Subsequent 
screening of the only predicted gene within the interval, 
KHDRBS3, did not reveal any mutations.35 Seven Italian 
multi- generation pedigrees with CAKUT have also been 
studied, with evidence of linkage for renal hypodysplasia 
on chromosome 1p32–33 under an autosomal dominant 
model with reduced penetrance in three of the seven 
families.36 Follow-up studies on this locus have yet to 
be performed.

Linkage analysis in CAKUT might be further com-
plicated by incomplete genetic penetrance, which 
obscures the true mode of inheritance; clinical and 
genetic hetero geneity within families; family members 
with the underlying genetic cause who appear unaffec-
ted or are insufficiently phenotyped; linkage peaks that 
have not yet been thoroughly sequenced; and false-
positive reported linkage peaks. Moreover, CAKUT 

may be caused by a number of low-penetrant genes that 
contribute to disease risk in combination with environ-
mental risk factors. Linkage analysis, however, is not 
sufficiently powerful to detect susceptibility loci with a 
small effect size. In addition, linkage signals might point 
to genetic defects within non-coding regions that require 
 additional characterization.

Targeted next-generation sequencing
Technological advancements in high- throughput sequen-
cing methods have enabled next- generation sequencing 
(NGS) and consequent identification of genetic causes of 
sporadic cases of CAKUT. Analysis of multiple genes in 
parallel using NGS in patients with CAKUT has demon-
strated that <10% patients with isolated CAKUT carry 
variants in previously implicated genes, such as HNF1B, 
PAX2, EYA1, SIX5, and RET.23,24,37 This finding implies 
that the majority of causes of CAKUT are still unknown. 
Meanwhile, the list of novel variants requiring functional 
charac terization to determine whether they are true 
risk factors or harmless polymorphisms has expanded. 
Interestingly, this list now includes missense variants in 
FRAS1, FREM2, and GRIP1, in which recessive mutations 
have been previously characterized as causative of Fraser 
syndrome.38 This overlap raises the question as to whether 
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Figure 2 | The potential effect of the interplay between environmental, epigenetic, and genetic factors on kidney 
development. At the environmental level, changes in the in utero environment are postulated to influence epigenetic 
mechanisms that can modulate gene expression by changing the composition of chromatin. At the epigenetic level, key 
epigenetic marks include DNA methylation and tri-methylation of lysine 27 of histone 3 (H3K27me3) at repressed genes, 
and acetylation of the latter residue (H3K27me1) and mono-methylation of lysine 4 at histone 3 (H3K4me1) at active 
genes. Changes in epigenetic marks might repress or activate genes involved at different stages of renal development. At 
the genetic level, genetic variants (indicated by stars), including single nucleotide variants or CNVs could occur in regulatory 
regions and affect the transcription of genes involved in renal development; within coding regions, leading to changes in 
protein expression or function; or in genes producing non-coding miRNAs that can regulate protein translation at a post-
transcriptional level. Genes that are essential for kidney development, therefore, are subject to environmental, epigenetic, 
and genetic modifications, which could disrupt their regulation and result in increase susceptibility to CAKUT. Abbreviations: 
CAKUT, congenital anomalies of the kidney and urinary tract; CNV, copy number variant; mRNA, microRNA.
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loss-of-function mutations in genes associ ated with Fraser 
syndrome could cause subtler pheno types, such as isolated 
CAKUT, when present in a heterozygous state.24,38

Whole exome sequencing in a candidate-free approach 
has also led to the identification of new genes involved 
in CAKUT, including ITGA8 and TRAP1, providing 
further evidence that CAKUT might in some cases be an 
auto somal recessive disease.39,40 Recessive mutations in 
ITGA8 have been identified in two families with bilateral 
renal agenesis. Furthermore, mutations in TRAP1 have 
been detected at a frequency of 0.15% in CAKUT and 
0.6% in CAKUT with VACTERL (vertebral anomalies, 
anal atresia, cardiac defects, tracheoesophageal fistula 
and/or esophageal atresia, renal and radial anomalies and 
limb defects).41,42 Recessive mutations in both genes are, 
 therefore, a novel but rare cause of these conditions.

The identification of autosomal dominant causes 
of CAKUT by whole exome sequencing is challenging 
unless multiple family members are affected, which can 
help refine the large number of identified variants to only 
those that are shared by affected individuals. Databases, 
such as PhenomeCentral,41 DECIPHER,42 ClinGen,43 
LOVD,44 and Matchmaker Exchange45 are being assem-
bled to enable the discovery of patients with similar 
phenotypes who have had their genome sequenced 
at different centres but who share the same candidate 
variants. The advantage of co-segregation analysis was 
illustrated when genome-wide linkage analysis was used 
in a family with seven affected members together with 
whole exome sequencing in two of the family members, 
in order to identify a new candidate gene for CAKUT.46 
A hetero zygous variant in DSTYK was the only variant 
that fulfilled the following filtering criteria: absent from 
public databases; mapped within the linkage intervals; 
and shared by all of the affected individuals. Variants 
in DSTYK were subsequently found in 2.3% of an inde-
pendent cohort with CAKUT.46 Dstyk is expressed in 
the developing mouse nephron and is essential for the 
development of multiple organs in zebrafish.46 The com-
bination of genome-wide linkage analysis, whole exome 
sequencing, and functional studies has, therefore, pro-
vided substantial evidence for the involvement of DSTYK 
in CAKUT. 

A de novo mutation paradigm in more commonly 
occurring disorders has been supported by exome 
sequencing of patient–parent trios, where an increased 
exonic de novo mutation rate in clinically and genetically 
heterogeneous disorders, such as intellectual disability, 
schizophrenia, and autism spectrum disorders has been 
revealed.47–49 Approximately 50% of mutations in PAX2, 
and microdeletions that span HNF1B are estimated to 
occur de novo, but evidence for de novo mutations in 
other genes is currently lacking.50 The interpretation of 
the phenotypic consequences of de novo mutations in 
patients with CAKUT still requires considerable effort. 
Nonetheless, a model or comprehensive catalogue of 
de novo mutations across hundreds of genes that poten-
tially contribute to kidney development and/or function 
could also explain why CAKUT is relatively common 
and mostly sporadic. 

Table 1 | Genes implicated in syndromic or non-syndromic CAKUT

Gene Disease MIM#

Autosomal recessive mode of inheritance

ACE Renal tubular dysgenesis111 267430

AGT Renal tubular dysgenesis111 267430

AGTR1 Renal tubular dysgenesis112 267430

CHRM3 Prune-belly-like syndrome113 1188494

FRAS1 Fraser syndrome24 219000

FREM1 Bifid nose with or without renal agenesis and anorectal 
malformations114

608980

FREM2 Fraser syndrome24 219000

GRIP1 Fraser syndrome115 219000

HPSE2 Urofacial syndrome116 236730

ITGA8 Renal agenesis39 191830

LRP4 Cenani–Lenz syndrome associated with renal agenesis117 212780

REN Renal tubular dysgenesis111 267430

ROR2 Robinow syndrome with hydronephrosis118 268310

Autosomal dominant mode of inheritance

BICC1 Multicystic kidney dysplasia119 601331

BMP4 CAKUT26,120 NA

DSTYK CAKUT46 612666

EYA1 Branchio-oto-renal syndrome and renal hypoplasia20 602588

FAM58A STAR syndrome121 300707

FGF8 Hypogonadotropic hypogonadism122 612702

FGFR1 Kallmann syndrome123 147950

GATA3 Hypoparathyroidism, sensorineural deafness and renal 
dysplasia124

146255

GLI3 Pallister–Hall syndrome125 146510

HNF1B Multicystic kidney dysplasia, renal hypoplasia, renal cysts 
and diabetes syndrome126,127

137920

JAG1 Alagille syndrome128 118450

KAL1 Kallmann syndrome129 308700

NOTCH2 Alagille syndrome with renal anomalies130 610205

PAX2 Renal coloboma syndrome and  CAKUT131 120330

PAX8 Hypothyroidism and renal agenesis132 218700

RET Renal agenesis and Hirschsprung disease27 191830

ROBO2 Vesicoureteral reflux133 610878

SALL1 Townes–Brocks syndrome134 107480

SEMA3A Kallmann syndrome135 614897

SIX1 Branchio-oto-renal syndrome  and branchiootic syndrome136 608389 
and 
608389

SIX2 Renal hypodysplasia26 NA

SIX5 Branchio-oto-renal syndrome136 610896

SOX17 CAKUT28 613674

TFAP2A Branchio-oto-renal syndrome138 113620

UPK3A Renal dysplasia139 NA

WNT4 Mullerian aplasia and hyperandrogenism29 158330

Abbreviations: CAKUT, congenital anomalies of the kidney and urinary tract; MIM, Mendelian inheritance 
in man; NA, not applicable; STAR, toe syndactyly, telecanthus, and anogenital and renal malformations.
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Copy number variant analysis
Chromosomal imbalances, such as large genomic dele-
tions and duplications, can give rise to complex pheno-
types that usually involve intellectual disability and 
multiple congenital anomalies.51 These imbalances lead 
to the loss or gain of the affected genomic regions.51 
Renal anomalies are also associated with syndromes 
caused by genomic deletions, such as Williams, Alagille, 
branchio-oculo-facial, Kallmann, and renal cysts and 
diabetes syndromes.52–55 Traditional techniques for the 
detection of large chromosomal deletions include stan-
dard karyo typing or fluorescent in situ hybridization, 
which can detect deletions between 500 kb and 5 Mb in 
length.56 Smaller copy number variants (CNVs) can now 
be detected using high-resolution microarrays, such as the 
array comparative genomic hybridization (array-CGH) 
and single nucleotide polymorphism (SNP) microarrays. 
Both types of array offer advantages regarding throughput, 
cost, and genomic resolution, especially with the availabil-
ity of customized arrays that can detect CNVs of at least 
500 bp.56 Coding CNVs that contain three or more exons 
can also be detected by whole exome sequencing.57

As previously discussed, microdeletions of chromo-
some 17q12 spanning HNF1B recurrently occur de novo in 
patients with CAKUT and renal disease, with or without 
diabetes mellitus.55 Genomic deletions in this region 
associ ate with an earlier onset of the renal phenotype than 
in patients with point mutations in HNF1B.55 In addition, 
a large deletion identified by array-CGH affecting PAX2 
was recently described for the first time as a rare cause of 
renal coloboma syndrome in addition to already known 
smaller gene deletions and point mutations.58 A genome-
wide CNV analysis using a SNP microarray in 522 individ-
uals with renal agenesis or hypoplasia revealed rare CNVs 
>100 kb that disrupted gene-coding regions in 16.6% of 
patients.59 When 192 patients with renal hypodysplasia 
of European ancestry were compared to 4,733 matched 
controls, the burden of large (>100 kb) rare CNVs was 
found to be significantly higher in cases of renal hypodys-
plasia (P = 4.8 × 10–11).59 A total of 34 known CNVs previ-
ously associated with genomic disorders were identified 
in 10.5% of this cohort. The most frequent of these CNVs 
comprised deletions at the 17q12 and 22q11 loci that 
cause renal disease and diabetes syndrome and DiGeorge 
syndrome, respectively.59 In a subsequent study, CNVs 
>200 kb were found in 10.1% of patients with a broad spec-
trum of CAKUT conditions, including renal hypoplasia, 
dysplasia, agenesis, multicystic dysplasia, duplex collect-
ing system, VUR, vesicoureteric or ureteropelvic junction 
obstruction and posterior urethral valves (Figure 1).60 
These studies suggest that CNVs contribute to the aetiol-
ogy of CAKUT and implicate the genes within the CNV 
loci (for example, KIF26B and PBX1 that are associated 
with kidney defects in mice) and the non-coding regions 
that might function as essential regulatory elements 
in kidney development, as contributors to disease.59,61,62 
We conclude that nephrogenesis is sensitive to variation in 
gene dosage, which underscores the importance of detect-
ing CNVs in patients with congenital abnormalities as part 
of the diagnostic procedures.

Public databases, such as ECARUCA,63 DECIPHER,42 
ISCA,64 PubMed, and the Database of Genomic 
Variants,65 are available to check whether newly identi-
fied CNVs already exist in healthy or diseased indi-
viduals. A systematic analysis of CNVs recorded in 
the DECIPHER database showed that CNV-associated 
phenotypes overlap more frequently than expected by 
chance with those of Mendelian diseases caused by single 
genes that are located within or adjacent to the reported 
CNVs.66 In cases where identified CNVs have not been 
associated with a genetic disease before or do not contain 
a gene of potential relevance, the interpretation of their 
effect in any disease is extremely challenging. Generally, 
a pathogenic effect is suggested when CNVs are absent 
from healthy individuals and when there is phenotypic 
resemblance among patients with overlapping CNVs.67 
From here, further investigation is still required to deter-
mine the gene(s) that contributes to the phenotype, 
which is particularly difficult when the CNV affects the 
dosage of multiple genes. In this case, extensive func-
tional characterization—such as RNA expression ana-
lysis, or functional studies in model organisms—should 
be undertaken before any claims of causality are made.67 
Functional analyses have been performed in five indi-
viduals with multi-organ defects (including renal anoma-
lies) who harbour overlapping microdeletions on 8q24.3, 
which encompasses only three genes.68 Genetic knock-
down of the three genes within this region in zebrafish 
revealed that knockdown of scrib (a planar cell polar-
ity effector) contributed to coloboma and renal defects, 
whereas knockdown of the splicing factor puf60 induced 
cardiac anomalies.68 The combined abnormal dosage of 
scrib and puf60 exacerbated other phenotypes, includ-
ing craniofacial defects and short stature. Chromosomal 
imbalances spanning SCRIB could, therefore, be a poten-
tial cause for renal coloboma syndrome in humans, but 
whether loss-of-function mutations in SCRIB could 
also cause a similar phenotype in humans still needs to 
be determined.

Whole genome sequencing
Genetic studies in unexplained diseases are generally 
shifting from CNV analysis and whole exome sequen-
cing to whole genome sequencing (WGS). Whole exome 
sequencing can miss interesting variants located in 
exons that have not been captured and variants in non- 
coding regions. WGS has become more affordable since 
its development and enables the detection of all classes 
of genetic change, including single nucleotide variants, 
CNVs, and other structural variations, such as transloca-
tions.69 Extensive clinical and genetic investigation of a 
cohort of 50 patients with severe intellectual disability, 
involving targeted gene analysis, genomic microarray 
analysis, and whole exome sequencing, failed to iden-
tify any pathogenic mutations.70 Subsequent utility of 
WGS in the same patients and their unaffected parents 
identified de novo coding single nucleotide variants and 
CNVs that affected known candidate genes for intel-
lectual disability in 21 of the patients.70 As illustrated 
by this example, not only could WGS improve genetic 
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diagnosis in CAKUT, but it would also enable the detec-
tion of genetic abnormalities in non-coding regions that 
might confer a pathogenic effect.

Genomic regulatory regions
Chromosomal imbalances and deleterious mutations can 
affect non-coding regions of DNA that contain regulatory 
elements, such as enhancers or silencers, which can result 
in altered gene expressions critical for kidney develop-
ment and/or CAKUT. This hypothesis is supported by the 
detection of pathogenic mutations in regulatory genomic 
regions in patients with congenital malformations. The 
activity of an enhancer in driving the expression of PTF1A 
was abolished by homozygous or compound hetero-
zygous mutations that were identified by WGS in familial 
cases of isolated pancreatic agenesis.71 One of the famil-
ial cases had a 7.6 kb deletion that included the entire 
putative enhancer. PTF1A coding mutations were already 
known to cause syndromic pancreatic agenesis.71 In the 
case of congenital heart diseases, putative enhancers 
within the TBX5 locus were sequenced in 260 Brazilian 
children born with isolated congenital heart defects.72 
A homozygous SNP was identified in an enhancer down-
stream of TBX5 and was shown to abrogate the ability 
of the enhancer to drive expression within the heart in 
transgenic mouse and zebrafish models.72 Coding muta-
tions in TBX5 are known to cause Holt–Oram syndrome, 
which is characterized by heart and limb defects,73 but 
the enhancer mutation is associated with isolated cardiac 
anomalies without limb involvement.72

Alterations in microRNA (miRNA) expression might 
also be involved in the pathogenesis of developmental 
abnormalities. miRNAs are small non-coding RNAs of 
~21 nucleotides that regulate gene expression in a post-
transcriptional manner. They hybridize to complemen-
tary sites in the 3'-untranslated region of their target 
mRNAs through their 5'-proximal seed sequence in order 
to direct mRNA degradation or inhibit protein transla-
tion.74 To date, dysregulation of miRNAs by chromo-
somal imbalances has mainly been linked to cancers, 
such as Wilms tumour, where loss of heterozygosity at 
2q37 results in a heterozygous deletion of miR-562, which 
targets EYA1, a renal developmental gene.75 Autosomal 
dominant progressive hearing loss was the first example 
of a Mendelian disease associated with a point mutation 
in an miRNA. Causal mutations were found in the seed 
sequence of miR-96, which is expressed in the hair cells 
of the inner ear.76 Studies on the function of miRNAs in 
kidney development are currently in their infancy. Upon 
inhibiting the pathway of miRNA biogenesis in murine 
renal tubules, multiple defects arise, such as hydro ureter, 
hydronephrosis, tubular and glomerular cysts, low 
nephron endowment, and ureteropelvic junction obstruc-
tion (Figure 1).77,78 Similarly, podocyte-specific inhibition 
of miRNAs leads to proteinuria, tubular and glomerular 
injury, and enhances apoptosis of nephron progenitors.79 
The genes involved in autosomal dominant poly cystic 
kidney disease, PKD1 and PKD2, are regulated by 
miR-17.80,81 Cyst growth was successfully ameliorated in 
a mouse model of polycystic kidney disease upon deletion 

of the miR-17~92 locus in developing renal tubules. 
Finally, the miR-92a directly targets the 3'-untranslated 
region of HNF1B and its expression negatively correlates 
with Hnf1b levels in murine kidneys.81

Deep RNA-sequencing has identified 51 miRNAs in 
murine embryonic kidneys, but their function remains 
undefined.82 These data suggest that miRNAs are impor-
tant in fine-tuning the expression of renal developmen-
tal genes and their misexpression may contribute to 
the pheno typic variability observed in CAKUT. RNA 
sequencing enables the analysis of transcription at a 
genome-wide level, including the detection of differential 
expression of miRNAs.83 NGS is, therefore, becoming the 
method of choice for investigating the association of any 
type of genetic factor in CAKUT.

Complex genetic aetiology
CNVs and single gene mutations do not explain the 
majority of sporadic cases of CAKUT, rather, complex 
interactions of multiple genetic and environmental 
factors probably account for a substantial proportion of 
cases. Association studies using a large number of patients 
and ethnicity-matched controls have facilitated major 
advances in unravelling the genetic component of numer-
ous complex diseases. Here, we discuss the advances that 
have been made in the past decade by association studies 
in CAKUT and chronic kidney disease (CKD).

Gene-based or genome-wide association studies
Only a limited number of association studies have been 
published for CAKUT, the majority of which have 
focused on candidate genes. An association test, known 
as the transmission disequilibrium test (TDT), provides 
a family-based method for the identification of risk vari-
ants by testing the transmission of alleles from hetero-
zygous parents to affected offspring. A TDT analysis 
was performed for six genes (AGTR2, HNF1B, PAX2, 
RET, ROBO2, and UPK3A) in affected patients with 
VUR from the UK and Slovenia, but no evidence for an 
association between common variants in these genes and 
VUR was found.84 Another approach was performed in 
a Dutch population of 207 patients with VUR and 554 
controls, where the association between VUR and 
common genetic variants in 44 genes that are assumed 
to contribute to ureteric budding was investigated.85 The 
top 14 SNPs that reached significance were subsequently 
included in a follow-up analysis in 202 patients and 892 
controls but none reached genome-wide significance.85 
The top genes in this study were GREM1, EYA1, and 
ROBO2 for VUR, and EYA1 and UPK3A for a duplex 
collecting system. Single gene-based association studies 
found polymorphisms in MMP3, BMP4, and AGTR2 to 
be associated with an increased risk of CAKUT.86–88

High-throughput genotyping technologies allow 
the rapid genotyping of >1 million SNPs across the 
whole genome and enable genome-wide association 
studies (GWAS) in a hypothesis free, unbiased manner. 
The only study to date that has exploited these advan-
tages conducted a genome-wide TDT analysis in 410 
patient–parent trios from Ireland using 643,691 SNPs, 
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as well as a GWAS in 500 unrelated patients with VUR 
and 851 controls using 580,000 SNPs. No SNP was sig-
nificantly associated with VUR using either approach.89 
A GWAS performed in 494 controls and 436 cases with 
hypospadias (a congenital malformation of the male 
external genitalia that affects ~1 in 750 births) showed 
a significant association between common variants in 
DGKK and hypospadias, a result that was confirmed 
in two replication cohorts.90 Association studies might 
not have been as successful in CAKUT because specific 
sub-phenotypes, such as VUR, are common malforma-
tions that need larger sample sizes in order to increase 
the statistical power to detect genome-wide significance. 
Increases in sample size might facilitate GWAS to identify 
associated loci that confer risk of CAKUT, as shown with 
recent GWAS in CKD, where cohorts of >50,000 indi-
viduals with CKD enabled the detection of risk variants 
in APOL1,91–92 UMOD, SHROOM3, and STC1.93,94

Environmental factors
The complex aetiology of CAKUT implies that both 
genetic and environmental factors contribute to the 
natural history of disease; we thus also need to under-
stand the effects of several environmental factors before 
and during pregnancy to elucidate the pathogenesis 
(Figure 2).95 A case-control study in Colorado consisting 
of 189 infants with renal agenesis and 940 control infants, 
investigated the association of renal agenesis with mater-
nal and paternal age, maternal weight gain, maternal 
diabetes mellitus, infant birth weight, and time since last 
delivery.96 Renal agenesis was significantly associated with 
pre-gestational maternal diabetes mellitus (OR = 4.98; 
95% CI 1.08–22.93) after adjusting for maternal age, eth-
nicity, and alcohol exposure. Children born to African 
American women were also more likely to develop renal 
agenesis (OR = 2.19; 95% CI 1.26–3.95). None of the 
other measured factors, such as age or alcohol consump-
tion, reached significance.96 A larger case-control study 
in Washington involved 20,032 control participants and 
1,994 patients who were diagnosed with renal dysplasia 
and/or agenesis and obstructive uropathy, and developed 
CKD by 21 years of age.97 A range of maternal characteris-
tics were measured, including age, race, education, urban 
or rural residence, smoking, previous pregnancies, dia-
betes mellitus, and body mass index (BMI). The adjusted 
odds ratios for CKD associated with maternal character-
istics were 1.54 for pre-gestational diabetes mellitus (95% 
CI 1.13–2.09), 1.24 for maternal overweight (95% CI 
1.05–1.48), 1.26 for maternal obesity (95% CI 1.05–1.52), 
and 2.88 for low birth weight (95% CI 2.28–3.63).97 
Consistent with these results, a Canadian study published 
an additional evaluation of maternal diabetes mellitus 
associated with CAKUT, where it was refined into pre-
gestational and gestational diabetes mellitus depending 
on whether it was diagnosed before or after 20 weeks in 
pregnancy, respectively. Early exposure to diabetes mel-
litus increased the risk of CAKUT, with an odds ratio of 
1.67 (95% CI 1.14–2.46).98 The effect of pre-gestational 
diabetes mellitus warrants monitoring of glycaemia 
in pregnant women and long-term follow-up of renal 

function in the offspring. Animal studies also support 
the effect of maternal diabetes mellitus on CAKUT risk, 
as hyperglycaemia is negatively correlated with nephron 
endowment in murine models.99 These models have also 
indicated an association of calorie and protein intake, and 
gestational hypoxia with reduced nephron endowment, 
hypertension, and microalbuminuria.100,101

Epigenetics
Epigenetic modifications have been postulated as a 
mechanism that facilitates the interaction between envi-
ronmental factors during development with the genome, 
and its impact on disease susceptibility. Epigenetics refers 
to heritable changes that are not caused by alterations in 
the nucleotide sequence itself. The most common studied 
mechanisms of epigenetic modification include DNA 
methylation at CpG dinucleotides, histone acetylation, 
histone phosphorylation, and histone methylation. These 
modifications modulate the structure of the chromatin 
and change its accessibility to transcription factors, allow-
ing certain regions to become accessible (or inaccessible) 
to transcription factors and consequently for genes to 
be expressed or silenced (Figure 2). As previously dis-
cussed, gene expression levels during development can 
be affected by CNVs or single nucleotide changes located 
within enhancers and miRNAs. In contrast, epigenetic 
modifications are reversible and susceptible to environ-
mental stress, thus enabling developmental and temporal 
 variability in gene  expression patterns.102

The mechanisms underlying the effects of environ-
mental factors on epigenetic marks are not yet fully 
understood, but several examples exist that support such 
an interplay. Maternal depression has been observed to 
influence the epigenetic marks on genes that are crucial 
during human development.103 The methylation status 
of ~1,400 genetic regions were shown to vary across 237 
neonates and 75% of the variation could be explained by 
differences in the in utero environment, such as mater-
nal smoking, depression, BMI, and infant birth weight, 
whereas the genotype alone could explain only 25% of 
the variation.104 In kidney fibrosis, TGF-β1 increases the 
expression of histone methyltransferases, leading to an 
increase in histone methylation at H3K4 at critical pro-
fibrotic gene promoters and consequently increasing 
their expression.105 A genome-wide cytosine methylation 
survey in samples of tubules from healthy individuals 
and patients with CKD showed that differentially methy-
lated regions mainly overlap with putative enhancer 
regions and contain binding motifs for kidney-specific 
transcription factors, such as SIX2.106 The subsequent 
differences in gene expression correlated with changes 
in the methylation pattern and affected numerous 
genes in the TGF-β pathway.106

Epigenetic changes might also contribute to the devel-
opment of CKD by influencing developmental and pro-
fibrotic pathways.106 Interestingly, PAX2 functions in an 
epigenetic network that determines tissue specificity by 
recruiting PTIP, a ubiquitous nuclear protein that acts 
as a H3K4 methyltransferase cofactor, thereby promot-
ing the assembly of a histone H3K4 methyltransferase 
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complex at DNA target sites of PAX2.107 Podocyte-specific 
loss of Ptip in mice resulted in glomerular sclerosis and 
mesangial expansion later in life.108 Regulation of histone 
methylation in a spatial and temporal manner can there-
fore be achieved via developmental and tissue-specific 
DNA-binding proteins, such as PAX2, which induce the 
intermediate mesoderm to become kidney epithelial cells. 
Altogether, these data suggest that epigenetic changes 
could be instructive and predetermine disease suscepti-
bility, or they could activate certain  pathways in response 
to renal injury.

Phenotypically discordant monozygotic twins have 
become an important model in epigenetic studies as they 
offer the opportunity to control for potential confound-
ers, such as differences in genetic background or in utero 
environment.109 Genetic differences between mono-
zygotic twins might occur due to somatic mosai cism, 
as well as epigenetic changes due to environmental dif-
ferences. A pair of 30-year-old monozygotic twins who 
were discordant for congenital renal agenesis, were ana-
lyzed by whole exome sequencing, CNV analysis based 
on exome data, and reduced-representation  bisulfite 
sequencing, in order to identify differential patterns in 
DNA methylation.110 The analyses revealed 514 differ-
entially methylated regions between the twins, but no 
differential single nucleotide variants or CNVs. Although 
regulatory regions of the genome were not checked for 
differences at the sequence level, this study suggests that 
environmental factors can contribute to the pathogenesis 
of CAKUT via epigenetic modifications.110

Based on these data, epigenetic studies in CAKUT 
present novel opportunities to understand disease mech-
a nisms as they might explain the interaction between 
genetic and environmental risk factors and how vari-
able genetic penetrance might arise. An investigation into 
the association between epigenetic changes and CAKUT 
in a large case-control study should now be performed. In 
addition, elucidating the patterns of epigenetic modifica-
tions in fetal and adult kidney tissues will provide insight 
into their potential role in kidney development and func-
tion and will provide information about the genes that 
are controlled by epigenetic machinery in response to 
environmental exposures. Understanding the epigenetic 
basis of kidney development might provide new insights 
into the pathogenesis of CAKUT. The ultimate goal is to 
improve clinical practice by identifying epigenetic bio-
markers that can serve as predictive indicators and can 
be modified by therapeutic drugs. The heterogeneity of 

epigenetic alterations between tissue types and epigenetic 
variations between development and adulthood, however, 
make it difficult to collect appropriate samples, thus cre-
ating a considerable challenge for epigenetic studies on 
CAKUT in humans.

Conclusions
The development of new genetic techniques, such as 
NGS, array–CGH, and microarrays for CNV detection 
have enabled the identification of plausible pathogenic 
variants and CNVs in CAKUT and have revealed new 
pathways involved in the pathogenesis of structural renal 
abnormalities. These genetic findings provide an oppor-
tunity to develop an ideal diagnostic CAKUT genetic test 
in clinical practice to facilitate early diagnosis, better man-
agement of the disease, and genetic counselling. Several 
challenges must first be overcome to reach these aims. As 
the list of identified variants continue to grow, the develop-
ment of high-throughput functional assays is becoming 
more vital for the discrimination of rare polymorphisms 
from truly disease-causing variants. Genome-wide studies 
with larger numbers of population-matched affected and 
control individuals are required in order to improve the 
power for detection of variants throughout the genome 
and to allow for statistical testing of the association of 
variants in new genes with CAKUT. Sharing samples and 
sequencing data with other laboratories would facilitate 
this required increase in patient numbers and statistical 
power. In addition, the combination of traditional tech-
niques with more modern techniques, such as linkage 
analysis, array–CGH, methylome profiling, and WGS, 
should be the preferred choice to study familial cases of 
CAKUT with an unexplained cause. Furthermore, to fully 
comprehend the contribution of disease-associated vari-
ants to the development of the disease and understand 
how disease progression is influenced by the environment 
and epigenetic mechanisms, multi-disciplinary efforts are 
required to collect and integrate data from epidemiologic, 
genomic, epigenomic, transcriptomic, and proteomic 
studies. Such efforts will not only help unravel the patho-
genesis of CAKUT, but will also identify new avenues for 
attractive therapeutic targets, such as drugs that can target 
epigenetic mechanisms that can be altered in individual 
cell types. Despite the complexity in understanding the 
genetics of CAKUT, the clinical application of such find-
ings will be extremely valuable in patient and family coun-
selling, symptom management, prevention of CKD, and 
the design of new therapeutic agents.
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In the HTML and PDF versions of this article originally published online, the black arrow 
was missing from the ‘Posterior urethral valves’ panel in Figure 1. This error has now been 
corrected in print and online.
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