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Abstract | The advent of next-generation sequencing technologies has enabled genetic nephrology research to 
move beyond single gene analysis to the simultaneous investigation of hundreds of genes and entire pathways. 
These new sequencing approaches have been used to identify and characterize causal factors that underlie 
inherited heterogeneous kidney diseases such as nephronophthisis and congenital anomalies of the kidney and 
urinary tract. In this Review, we describe the development of next-generation sequencing in basic and clinical 
research and discuss the implementation of this novel technology in routine patient management. Widespread 
use of targeted and nontargeted approaches for gene identification in clinical practice will require consistent 
phenotyping, appropriate disease modelling and collaborative efforts to combine and integrate data analyses. 
Next-generation sequencing is an exceptionally promising technique that has the potential to improve the 
management of patients with inherited kidney diseases. However, identifying the molecular mechanisms that 
lead to renal developmental disorders and ciliopathies is difficult. A major challenge in the near future will be how 
best to integrate data obtained using next-generation sequencing with personalized medicine, including use of 
high-throughput disease modelling as a tool to support the clinical diagnosis of kidney diseases.

Renkema, K. Y. et al. Nat. Rev. Nephrol. 10, 433–444 (2014); published online 10 June 2014; doi:10.1038/nrneph.2014.95

Introduction
Inherited kidney diseases—the leading cause of chronic 
kidney disease (CKD) in children—are associated with 
an increased risk of mortality, cardiovascular morbidity 
and growth impairment.1,2 A subset of kidney disorders 
has been attributed to single gene changes and clear-
cut molecular diagnostic tests for these disorders have 
become available.3 However, complex inheritance pat-
terns suggest a multigenic aetiology for the majority of 
inherited kidney diseases. Traditionally, genetic testing in 
DNA diagnostic laboratories involved sequential Sanger 
sequencing of known disease genes. However, the diag-
nostic yield of next-generation sequencing exceeds that of 
Sanger sequencing in genetically heterogeneous diseases 
(including inherited kidney disorders) because multiple 
genes can be analysed in a single experiment.4 Thus, the 
introduction of next-generation sequencing has provided 
revolutionary opportunities for  comprehensive genetic 
testing in research and diagnostics.

Limited knowledge of the genetic background of inheri-
ted kidney disorders precludes molecular confirmation 
of a diagnosis in many patients. Identification of novel 
disease genes will likely facilitate greater use of molecular 
diagnostics and reduce the need for invasive diagnostic 
procedures, such as renal biopsy. Importantly, molecular 
diagnostics can be performed at an early stage of disease, 
often enabling a broader set of therapeutic options and a 
lengthened window of opportunity to ameliorate disease 
progression.5 The identification of underlying genetic 

defects will also improve estimations of recurrence risk 
during genetic counselling and enable prenatal testing.

Identification of disease genes in nephronophthisis 
and congenital anomalies of the kidney and urinary tract 
(CAKUT) is particularly complex because damaging 
mutations often occur in more than one gene,  resulting 
in digenic or oligogenic inheritance.3,6,7 This finding 
suggests that the collective mutational load determines 
the phenotype of these diseases.7 Nephronophthisis is 
generally considered to be a recessive disorder, whereas 
CAKUT show diverse inheritance patterns, therefore, 
different filtering strategies apply to the analysis of 
 next-generation sequencing data in these diseases.

In this Review, we outline current use of next- 
generation sequencing in kidney disease research and 
diagnostics, focusing on nephronophthisis and CAKUT. 
We summarize the approaches used for novel gene 
identification as well as current insight into the genetic 
background of inherited kidney diseases in the context of 
technical challenges and ethical considerations. Finally, 
we highlight the potential of data obtained using next-
generation sequencing to improve diagnostics, facili-
tate prognostics and genetic counselling and enable 
the development of targeted therapies for patients with 
inherited kidney diseases.

Advances in sequencing approaches
Sanger sequencing is a straightforward and highly sensi-
tive tool for mutation identification (Box 1).8–10 However, 
in genetically heterogeneous disorders with multiple 
causal genes, sequential Sanger sequencing of all known 
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and suspected genes is time consuming and not cost-
effective.4 Using next-generation sequencing approaches, 
complete genomes of individuals can now be determined 
within days. These methods have been used very suc-
cessfully to quickly identify causal genetic defects and 
disease mechanisms.11

The appropriate application and combination of novel 
sequencing methods with conventional gene-discovery 
strategies should be considered for each patient and 
research project. For example, single nucleotide poly-
morphism (SNP) microarray analysis can be used to 
identify copy number variations and regions of homo-
zygosity in the genome (Box 1).12 This powerful tool is 
often used in research and diagnostics to narrow down 

Key points

 ■ Next-generation sequencing has enabled increasingly accurate and cost-effective 
methods for mutation detection in patients with inherited kidney disorders

 ■ As renal ciliopathies and congenital anomalies of the kidney and urinary tract 
are highly heterogeneous disorders, high-throughput sequencing approaches are 
required for identification of causal genes in research and diagnostics

 ■ Challenges for implementation of next-generation sequencing in clinical practice 
include ethical considerations and accurate interpretation of genetic variants

 ■ National and international multidisciplinary collaborations involving nephrologists, 
geneticists, biologists and bioinformaticians are crucial to enable elucidation 
of the genetic backgrounds of inherited kidney diseases in the research and 
diagnostics settings

the genetic region of interest and reduce the number 
of genes to be analysed. Moreover, the performance of 
linkage analysis in large families with genetic disorders 
that have a dominant inheritance pattern can help to 
identify co-segregating genetic regions for follow-up 
with next-generation sequencing methods.

Next-generation sequencing is a very versatile technol-
ogy that is applicable to various research questions. In 
basic research, samples are sequenced with high cover-
age (nucleotides are read many times, known as deep 
sequencing) to detect mutations or large genomic events 
in a specific subset of cells (for example, populations that 
occur in low percentages in the kidney). Thus, in basic 
research, next-generation sequencing enables a small 
number of cells to be sequenced at a very high resolution. 
Archived material can also be sequenced in an effort to 
‘catalogue’ genetic variants in small patient cohorts. A 
large number of genes can be sequenced per sample to 
detect prognostic and/or predictive genomic biomarkers 
or novel drug targets (proteins or entire pathways).

The implementation of next-generation sequencing in 
molecular genetic testing enables a more cost-effective 
approach than previous methods with a higher diagnostic 
yield than ever before.13–15 The most commonly applied 
approach—whole-exome sequencing—involves targeted 
capture of protein-coding DNA in combination with mas-
sively parallel sequencing, which facilitates determina-
tion of all the coding variation present in an individual 
genome (Box 1). This approach has accelerated the dis-
covery of genes that underlie Mendelian diseases such as 
nephronophthisis and nephrotic syndrome.11,16–18 Next-
generation sequencing enables thousands of genes to 
be analysed simultaneously or a smaller subset of genes 
(a ‘mini-genome’ or disease-specific panel) to be exam-
ined in a single assay. Massively parallel sequencing of 
a carefully selected part of the genome (for example, 
the exome or a specific set of genes relevant to a disease 
pheno type) leads to a higher sequencing coverage than 
does whole-genome sequencing and, therefore, highly 
accurate DNA variant calling for the region of interest.19

Successful methods for targeted enrichment of pooled 
multiplexed barcoded samples, such as microarray-based 
genomic enrichment, molecular inversion probes and in-
solution enrichment have been developed to overcome 
laborious and costly enrichment methods for multiple 
samples (Box 1).20–23 These enrichment strategies have 
made next-generation sequencing feasible in a diagnos-
tic setting. Whole-exome sequencing has been estimated 
to identify the disease-causing gene in ≥50% of studies 
that focus on rare, clinically well-defined Mendelian 
diseases (with a bias towards recessive disorders).16 
The implementation of next-generation sequencing in 
clinical practice has changed the way genetic counsel-
lors and other clinicians approach genetic testing. For 
example, comprehensive genetic testing can be applied 
at an early stage of the diagnostic process, especially 
when the disease-associated genes are known. These 
developments set the stage for the application of next-
generation sequencing to facilitate clinical diagnosis and 
 personalized disease-risk profiling.

Box 1 | Genetic analysis techniques

Sanger sequencing
This approach (also known as capillary or first-generation sequencing) is based 
on the incorporation of labelled chain-terminating dideoxynucleotides during 
polymerase chain reaction (PCR), followed by electrophoretic size separation and 
subsequent visualization of the label signals.

Single nucleotide polymorphism array
A microarray-based technique used to detect copy number variations (deletions 
and duplications) in the genome and identify regions of homozygosity. Such 
regions can serve as a focus for targeted next-generation sequencing in patients 
with suspected nephrogenetic disorders.

Next-generation sequencing
Next-generation sequencing (also known as massively parallel sequencing) 
encompasses several high-throughput sequencing approaches.
 ■ Targeted sequencing involves sequencing selected parts of the genome. This 

approach is especially suitable for the diagnosis of genetically heterogeneous 
disorders.

 ■ Gene panel sequencing is the simultaneous sequencing of selected known and 
candidate disease-causing genes.

 ■ Whole-exome sequencing is targeted sequencing of the exome (that is the 
protein-coding part of the genome), which constitutes 1–2% of the human 
genome. The application of whole-exome sequencing in diagnostics and 
research has enabled the discovery of novel disease genes.

 ■ Whole-genome sequencing is sequencing of the entire genome, including 
non-coding, regulatory DNA.

Enrichment
Enrichment is the selective capture or isolation of regions of interest from a DNA 
sample prior to sequencing.

DNA pooling
This practical method reduces the costs of sequencing studies that include large 
numbers of DNA samples. Multiple DNA samples are pooled for genotyping in 
one experiment. Unique barcoding of each sample is required to enable tracing 
of individual sample data.
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Diagnostics
Sequencing strategies
Previously, Sanger sequencing of one or a few selected 
genes was the preferred genetic test for patients with 
inherited kidney diseases. Now, with the advent of next-
generation sequencing in genome diagnostics laborato-
ries, the analysis of large gene sets is being applied in 
kidney disease diagnostics. Two approaches are currently 
being used; first, whole-exome sequencing followed by 
analysis of the genes of interest, and second, sequencing 
of sets of kidney-disease-specific genes. Importantly, the 
first approach is not hypothesis driven and can identify 
novel genetic causes of disease. Another advantage is 
that the experimental set-up is identical for all patients, 
facilitating quality control. However, whole-exome 
sequen cing is fairly expensive and can generate dozens 
of variants requiring individual follow-up. The second 
approach produces high-coverage sequencing data; the 
costs of targeted sequencing of hundreds of genes at a 
high coverage are similar to those of Sanger sequen cing 
of one gene per patient.24 However, gene discovery is 
not possible and adding new genes to the panel requires 
redesign of the assay. Currently, both methods are being 
implemented in genome diagnostics laboratories.

Identifying causal mutations
Next-generation sequencing provides a wealth of data on 
genetic variation. The use of this approach for novel gene 
identification in individual patients poses a challenge 
in determining which variants most likely influence 
disease.11 The complexity of data processing, analysis 
and interpretation requires the development of appro-
priate bioinformatics tools. Thus, various filtering and 
prioritization strategies have been employed to deter-
mine the causal mutation among variants identified by 
next- generation sequencing, depending on the presumed 
mode of inheritance of the disease, pedigree structure, 
the extent of locus heterogeneity and the combination of 
outcomes from additional analyses (for example, linkage 
and copy number variation analyses).11,25,26 Comparing 
data generated using next-generation sequencing with 
in-house and publically available databases and increas-
ing the number of patients and healthy individuals 
included in analyses have been shown to be useful in 
gene-hunting strategies for rare Mendelian disorders.27,28

A de novo mutation is a genetic alteration present in a 
patient but not in either parent. The de novo hypothesis, 
which states that new mutations might be responsible for 
dominant diseases in a significant number of sporadic 
cases,29–31 might apply to patients with sporadic kidney 
disease. A de novo approach involving exome sequen-
cing in offspring–parent trios (that is, the affected patient 
and both parents) has been successfully used to iden-
tify the causal gene in sporadic cases of various diseases 
at the extremes of the phenotypic spectrum.31–34 Such an 
approach might also be applicable to sporadic patients 
with kidney disease.

The development and use of consistent, validated bio-
informatics pipelines facilitates complex data handling 
in research and diagnostics. Scoring systems, such as the 

Residual Variation Intolerance Score (RVIS), can help to 
identify variants and genes that are most likely to have a 
role in disease.35 The RVIS system was developed using 
data from 6,503 human whole-exome sequences pro-
vided by the National Heart, Lung, and Blood Institute 
Exome Sequencing Project.36 Genes responsible for 
Mendelian diseases were shown to be less tolerant to 
functional genetic variation than genes that do not cause 
any known disease.35 Such an intolerance ranking system 
can aid in interpreting individual genomes and identify-
ing pathogenic mutations for  follow- up. A curated 
method (using a list of causal genes for medically action-
able genetic conditions) to classify actionable variants 
from exome sequencing data has also been described, 
underscoring the need for a centralized resource that 
provides information on pathogenicity.37 Such an 
approach requires standardized analysis methods, inter-
national collaboration for the integration of molecular 
data, consistent phenotypic data and experimental proof 
in the appropriate model systems.

Remaining challenges
Interpretation of variants of unknown clinical signifi-
cance (VUS) remains a major challenge in diagnostics, 
particularly as resources for functional testing on an 
individual patient basis are limited. The development 
of high-throughput models of disease that use patient-
derived material might help to clarify the implications 
of VUS. Furthermore, sharing of data on VUS between 
institutes is essential to identify overlapping results and 
determine the importance of these variants. The vast 
infrastructure and expertise required to implement next-
generation sequencing in diagnostics currently make the 
technique available for only a selection of highly spe-
cialized institutions. This situation is likely to change 
as the cost of next-generation sequencing continues 
to decrease.

The most important ethical consideration arising from 
next-generation sequencing technology is whether or not 
to disclose incidental findings. The frequency of high-
penetrance actionable pathogenic or likely pathogenic 
incidental variants is <3.4% in individuals of European 
descent and <1.2% in those of African descent.37 The 
ethical, legal and counselling issues surrounding the dis-
closure of genetic variants and data sharing, examining 
health benefits, patient autonomy and testing in children 
have been discussed previously38–41 and are beyond the 
scope of this Review. However, with regards to inciden-
tal findings, there is an increasing consensus that life-
saving data and data of immediate clinical utility should 
be disclosed.39

Genetic testing in kidney disease
DNA research and diagnostics in the field of nephro-
genetics has particularly benefitted from next- generation 
sequencing, partly as a result of parallel analyses of the 
large suite of genes and pathways that regulate renal 
homeostasis. For example, simultaneous sequencing 
of 446 candidate genes in 36 children with steroid-
resistant nephrotic syndrome (SRNS) revealed definite 
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or probable pathogenic variants in a subset of 24 SRNS-
associated genes in 70% of patients with familial disease 
and 15% of sporadic patients, demonstrating the poten-
tial of this approach in clinical practice.42 Massive parallel 
sequencing of the PKD1 and PKD2 genes in a cohort of 
25 patients with autosomal dominant polycystic kidney 
disease (ADPKD), showed a sensitivity of 99.2%, with a 
turnaround time of 1–2 weeks and a 70% reduction in 
cost compared with Sanger sequencing.43 These results 
suggest that next-generation sequencing could replace 
Sanger sequencing as the standard approach to clinical 
genetic testing in ADPKD.

In autosomal recessive diseases, such as nephronoph-
thisis, the powerful combination of homozygosity map-
ping and exome sequencing is a successful strategy to 
identify causal gene defects.44 A study that used a method 
of homozygosity mapping in which SNP-array analysis 
was used to detect small segments of homo zygosity in 
72 patients from non-consanguineous families showed 
that the known causative mutations reside within these 
segments in 93% of patients with nephronophthisis or 
SRNS.45 An unexpected genetic diagnosis of congenital 
chloride diarrhoea in a patient referred with suspected 
Bartter syndrome (renal salt-wasting disease) provided 
proof-of-concept for whole-exome sequencing as a clini-
cal tool in the evaluation of patients with undiagnosed 
genetic disorders.46 These studies illustrate the great 
potential for next-generation sequencing to reduce costs 
and turnaround times in diagnostics while, most impor-
tantly, achieving a detection rate per gene comparable to 
the Sanger standard.

Targeted capture and sequencing of selected gene 
panels is a sensitive and cost-effective method for diag-
nosis of heterogeneous and well-defined syndromes for 
which multiple causal genes are known, such as Bardet-
Biedl Syndrome, nephronophthisis and monogenic dia-
betes mellitus (also known as maturity-onset diabetes of 
the young).13,47 As next- generation sequen cing facilitates 
screening of multiple genes in large patient cohorts, the 
occurrence of hetero geneity in kidney diseases is less of 
a challenge when using this approach than with Sanger 
sequencing. However, pleiotropic effects and complex 
inheritance patterns with incomplete penetrance remain 
a challenge. In the future, we anticipate that every patient 
with newly diagnosed kidney disease will enter a cycle of 
advanced, next- generation sequencing and renal mini-
genome analyses with subsequent diagnosis, therapy and 
counselling adjustment according to the unique genomic 
alterations of their specific condition.

Nephronophthisis
Nephronophthisis is one of the renal ciliopathies—
a group of inherited kidney disorders characterized 
by disruption in the function of primary cilia.48 These 
antenna-like sensory organelles are present on nearly 
all interphase nucleated eukaryotic cells, including the 
apical surface of renal tubular cells.49 The connection 
between cilia dysfunction and renal disease was first 
established by the discovery that polycystin-1, which 
has a role in ADPKD, is located in the primary cilia.50,51 

The phenotypic spectrum of renal ciliopathies includes 
ADPKD, autosomal recessive polycystic kidney disease 
(ARPKD), nephronophthisis, glomerulocystic kidney 
disease and medullary sponge kidneys.52

Nephronophthisis characterized by chronic tubulo-
interstitial nephritis is the leading genetic cause of end-
stage renal disease (ESRD) in children.53 The estimated 
incidence is 0.01–0.20 cases per 10,000 live births.54 The 
onset of nephronophthisis is usually marked by poly-
dipsia and polyuria as a result of a defect in urine con-
centration but infantile nephronophthisis might present 
with severe hypertension.55 Additional findings include 
small-to-normal-sized hyperechogenic kidneys with 
reduced corticomedullary differentiation on abdominal 
ultrasonography and histopathological alterations charac-
terized by thickened or disrupted tubular basement mem-
branes, tubular atrophy and dilation, interstitial fibrosis 
and occasional renal cysts.56–58 In 10–15% of patients, 
nephronophthisis is associated with extra-renal symp-
toms, including retinal degeneration (Senior–Løken syn-
drome, Bardet Biedl syndrome and Alström syndrome), 
cerebellar vermis hypoplasia (Joubert  syndrome), exto-
dermal dysplasia (Sensenbrenner syndrome and Ellis 
van Creveld syndrome) and skeletal  abnormalities 
(Jeune syndrome).48

As symptoms at presentation are nonspecific, nephro-
nophthisis is diagnosed an average of 3.5 years after 
onset—when kidney damage is at an advanced stage.59 
In addition, a mutation in one of the 17 genes associ-
ated with nephronophthisis is detected in only 30–40% 
of patients, hampering molecular confirmation of diag-
nosis.53 The development of next-generation sequencing 
has contributed to the discovery of novel disease genes in 
patients with nephronophthisis and will likely accelerate 
the eluci dation of the highly heterogeneous aetiology of 
this disease.17,60 Clinical management of the disease should 
involve a screening plan with accurate phenotyping and 
detailed clinical history, a thorough clinical examination 
including screening for extra-renal manifestations, appro-
priate genetic testing, counselling, specialist referral and 
regular review.61

Genetics
Nephronophthisis is an autosomal recessive disease. Causal 
mutations in the NPHP1 gene are detected in up to 30% 
of patients,53,62 whereas mutations in the other 16 NPHP 
genes seem to be causal in <3% of patients (Table 1).62,63

Next-generation sequencing
The human NPHP1 to NPHP9 genes were discov-
ered using linkage analysis and Sanger sequencing 
approaches. SDCCAG8 (also known as NPHP10) was 
the first nephronophthisis gene to be identified using a 
combination of homozygosity mapping and targeted 
exome sequencing.17 In this study, in which >800 can-
didate ciliopathy genes were sequenced, homozygous 
mutations in SDCCAG8 were found in 10 affected fami-
lies.17 Conversely, ANKS6 (also known as NPHP16) 
was discovered using targeted sequencing of 32 can-
didate ciliopathy genes in a cohort of >1,000 patients 
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with a nephronophthisis-related phenotype; six muta-
tions in six affected families were identified.60 The latter 
approach, which enables numerous candidate genes to 
be sequenced simultaneously in a large patient cohort, 
might enable the identification and confirmation of many 
nephronoph thisis genes. In a diagnostic setting, targeted 
sequen cing of known nephronophthisis genes identifies 
causal pathogenic mutations in 12–25% of patients with a 
 nephronophthisis-related ciliopathy.64–66

To date, proteomic studies have identified >1,000 dif-
ferent ciliary proteins.67 Mutations in only 50 genes have 
been associated with renal ciliopathies and mutations in 
17 of these genes have been associated with nephronoph-
thisis.62 As an estimated 85% of all recessive mutations are 
located within the coding regions of the genome, whole-
exome sequencing is an efficient method for candidate 
gene discovery.68 The WDR19 (NPHP13) gene was identi-
fied using whole-exome sequencing in a patient with 
nephronophthisis associated with Sensenbrenner syn-
drome.69 Subsequently, ZNF423 (NPHP14) and CEP164 
(NPHP15) were identified using homozygosity mapping 
in conjunction with whole-exome sequen cing.70 A study 

that identified a causative mutation in seven out of 10 
affected brother and sister pairs with a nephronophthisis- 
related ciliopathy also demonstrated the diagnostic utility 
of this approach.68

Although nephronophthisis typically follows a mono-
genic inheritance pattern, evidence supports  oligo genic 
inheritance in some patients. An individual who had 
nephronophthisis as a result of two heterozygous mis-
sense mutations in NPHP2 and NPHP3 has been 
described.7 Furthermore, three mutations in two NPHP 
genes were identified in patients from six different fami-
lies.7 A potential epistatic effect of heterozygous NPHP6 
and AHI1 mutations was suggested in patients with 
Joubert syndrome and NPHP1 mutations that contrib-
uted to the occurrence of extra-renal symptoms.6 The 
occurrence of oligogenic inheritance further emphasizes 
the necessity of next-generation sequencing approaches 
in the  identification of causative genetic variants 
for nephronophthisis.

Whole-genome sequencing reveals the complete 
genetic code of an individual. Some evidence exists for a 
role of variation in noncoding DNA in ciliopathies. For 
example, expression levels of two adjacent nonhomo-
logous genes, TMEM216 and TMEM138, were shown to 
be associated with Joubert syndrome through a mecha-
nism mediated by a regulatory element that binds in a 
noncoding intergenic DNA region.71 Mutations in either 
TMEM216 or TMEM138 give rise to an indistinguish-
able ciliopathy phenotype, suggesting that both proteins 
have an important role in ciliogenesis.71,72 Moreover, 
epigenetic regulation of ciliary Tuba3a protein expres-
sion in murine retinal pigment epithelium has been 
demonstrated using conditional knockdown of DNA 
methyltransferase 1, which resulted in a defect in 
photoreceptor outer segment morphogenesis.73 Thus, 
noncoding regulatory elements might be important in 
ciliopathy aetiology. In addition to identification of non-
coding regulatory elements, whole-genome sequencing 
permits detection of unrecognized exonic sequences 
and structural rearrangements, including copy number 
variations.74 As the costs of next-generation sequen cing 
continue to decrease, whole-genome sequencing on a 
large scale is likely to become more important in the 
foreseeable future.

Congenital anomalies of the kidney and urinary tract
CAKUT encompasses a range of structural malforma-
tions that are a risk factor for early mortality: renal 
agene sis, kidney dysplasia, multicystic dysplastic kidney, 
duplex collecting system, obstructive ureteral and ure-
thral abnormalities.75,76 As environmental factors can 
be involved in CAKUT aetiology, it is not regarded as a 
pure genetic (or monogenetic) disorder. CAKUT is the 
leading cause of ESRD in children and, therefore, has a 
major impact on growth and maturation, often coupled 
with disturbed cognitive development.77,78 As a result of 
diminished renal function, patients become dependent on 
dialy sis and/or require renal transplantation and have a 
poor life expectancy. Current genetic testing is incomplete 
and is usually performed only in syndromic or severe 

Table 1 | Human genes that have been implicated in nephronophthisis

Gene Alternative 
name

Location Gene product MIM 
number

Reference(s)

NPHP1 NPHP1 2q13 Nephrocystin 1 607100 142, 143

INVS NPHP2 9q31.1 Inversin 243305 144

NPHP3 NPHP3 3q22.1 Nephrocystin 3 608002 145

NPHP4 NPHP4 1p36.31 Nephrocystin 4 607215 146, 147

IQCB1 NPHP5 3q13.33 IQ motif-containing 
protein B1

609237 148

CEP290 NPHP6 12q21.32 Centrosomal protein 
of 290 kDa 

610142 129

GLIS2 NPHP7 16p13.3 Zinc finger 
protein GLIS2

608539 63

RPGRIP1L NPHP8 16q12.2 Retinitis pigmentosa 
GTPase regulator-
interacting 
protein 1-like

610937 149

NEK8 NPHP9 17q11.2 Serine/threonine-
protein kinase Nek9

609799 150

SDCCAG8 NPHP10 1q43 Serologically defined 
colon cancer antigen 8

613524 17

TMEM67 NPHP11 8q22.1 Meckelin 609884 66

TTC21B NPHP12 2q24.3 Tetratricopeptide 
repeat protein 21B

612014 151

WDR19 NPHP13 4p14 WD repeat-containing 
protein 19

608151 69

ZNF423 NPHP14 16q12.1 Zinc finger protein 423 604557 70

CEP164 NPHP15 11q23.2 Centrosomal protein 
of 164 kDa 

614848 70

ANKS6 NPHP16 9q22.33 Ankyrin repeat and 
SAM domain-
containing protein 6

615370 60

IFT172 NPHP17 2p23.3 Intraflagellar transport 
protein 172

607386 152

Abbreviation: MIM, Mendelian Inheritance in Man.
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isolated patients with CAKUT; a conclusive diagnosis 
is obtained in only a very small percentage of patients.79 
Thus, diagnostics, prognostics and recurrence risk esti-
mation for CAKUT are insufficient. Understanding the 
causes of CAKUT is of great importance to patients 
and their families as this will facilitate early detection and 
enable genetic  counselling to be improved.

Genetics
Although familial clustering and the occurrence of multi-
organ syndromes with CAKUT phenotypes suggest 
a role for genetics in disease pathogenesis, the genetic 
background of human CAKUT is largely unknown.80–83 
As CAKUT is a developmental disorder with a highly 
heterogeneous background, it is noteworthy that numer-
ous studies in animal models have shown that variants in 
genes expressed during embryonic kidney development 
have an important role in disease aetiology.84,85 Diverse 
modes of inheritance have been observed for CAKUT, 
including dominant, recessive, X-linked and complex 
inheritance patterns.86–89 To date, the only genetic screen-
ing that is offered to patients comprises HNF1B and 
PAX2 gene mutation analysis. Moreover, most patients 
with CAKUT are not offered DNA diagnostics.90

Previous efforts to identify genetic factors fundamen-
tal to human CAKUT mainly focused on genome-wide 
association studies, linkage analyses and small-scale 
candidate gene sequencing. This limited approach led 
to causal gene detection in only a small percentage 
(≤12%) of the patients investigated.91 Interestingly, copy 
number variation was detected in 16.6% of individ-
uals in a large cohort of patients with congenital renal 
agenesis and hypo dysplasia (n = 522).92 These patients 
had significantly larger gene-disrupting events than 
matched controls, indicating that large (>100 kb), rare 
(frequency <0.01) copy number variations in known 
and novel genes are involved in CAKUT pathogenesis. 
The most  commonly deleted locus was HNF1B (in 2.3% 
of patients).

WNT4, DSTYK, TRAP1, and TNXB are novel CAKUT 
candidate genes.93–96 Statistically significant associations of 
MMP3 genotypes and MMP3 and MMP1 haplotypes with 
CAKUT have also been reported.97 Novel genomic strat-
egies are necessary to speed up ascertainment of genetic 
causes for heterogeneous diseases such as CAKUT. Lack of 
genotype–phenotype correlations and phenotypic hetero-
geneity also hamper novel gene discovery in this disease. 
It has been hypothesized that in a substantial proportion 
of patients with CAKUT, the disease can be explained by 
rare single gene defects in many different genes.3 Applying 
next-generation sequencing in large patient cohorts in 
combination with the appropriate model systems will 
make the identification of novel CAKUT genes feasible 
and enable important advances in DNA diagnostics.

Next-generation sequencing
Efforts to identify genetic abnormalities in renal develop-
ment have underlined the heterogeneity of CAKUT. 
Animal mutant models that show disruption of kidney 
tubulogenesis suggest new candidate genes.98,99 Mutation 

screening in large patient groups followed by functional 
characterization studies are required to investigate 
whether these candidates genes might cause the disorder 
in humans. Exome-sequencing experiments have identi-
fied variants in TRAP1 that are likely to cause CAKUT.94 
A study that combined linkage analysis with sequen-
cing of the associated genetic locus detected DSTYK 
gene mutations in CAKUT, suggesting that this gene 
is a major determinant of human urinary tract devel-
opment downstream of FGF signalling.95 Similarly, a 
deleterious mutation in the TNXB gene was identified 
using coupled linkage and exome analysis in a family 
with vesicoureteral reflux.93 Heterozygous mutations 
in the FRAS1 and FREM2 genes have been identified in 
nonsyndromic CAKUT.100 Using a whole-exome sequen-
cing approach in families with several fetuses who had 
bilateral renal agenesis, homozygous mutations in the 
integrin α8-encoding gene ITGA8 were identified and 
functionally characterized.87 Mutations in 12 of 17 
known dominant CAKUT-causing genes were found 
in a large cohort of 749 individuals from 650 families.86 
Collectively, these results warrant the implementation of 
next-generation sequencing in diagnostics for CAKUT.

Models of inherited kidney disease
After a few years of preliminary studies, next-generation 
sequencing remains in an exploratory phase. Screens of 
thousands of genes in archived patient material and small 
patient cohorts has resulted in the identification of novel 
mutated genes in renal diseases; however, the pathophysio-
logical importance of these genes has not yet been com-
prehensively addressed. An indisputable need exists to 
functionally test many of the novel variants identified.

To prove that a particular genetic variant identified 
by any sequencing method actually causes the observed 
phenotype requires good model systems with measurable 
outcomes. Example systems frequently used in kidney 
disease are cellular reporter assays (short-interfering 
RNA [siRNA], luciferase or green-florescent protein-
based assays), electrophysiological assays, in silico pre-
diction models, 3D cell culture or tubulogenesis assays, 
ex vivo kidney explant models and a variety of in vivo 
models (Figure 1). 3D spheroid reconstitution assays can 
be used to investigate the functions of candidate genes 
in cilia formation. Pathophysiologically relevant murine 
kidney inner medullary collecting duct cell lines such as 
IMCD3 or mpkccd are very useful in these assays because 
they form tubule or spheroid structures within 3 days, 
making them amenable to siRNA medium-throughput 
approaches.101,102 If differences in the frequency, shape 
and/or length of cilia are observed after siRNA ‘knock-
down’ of a candidate gene, the cells can be reconstituted 
with the human orthologue (which is not affected by the 
siRNA designed for the mouse orthologue) to determine 
whether rescue of the ciliary phenotype occurs. When 
phenotypic rescue is observed, any human variants found 
in the candidate gene can be functionally validated. This 
approach has been extensively validated as a tool for gene 
discovery in nephronophthisis and other cystic renal dis-
eases such as the Birt–Hogg–Dubé syndrome.17,70,102–104 
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Furthermore, modelling nephronophthisis in 3D renal 
spheroids is tractable to drug intervention studies.101,103

The zebrafish pronephros is an appropriate model for 
testing novel human variants of unknown pathogeni city 
in vivo because it is sensitive to disruptions in ciliary 
function.105 As pronephric cysts develop within 4 days 
of fertilization and can be identified by external exami-
nation of the embryo using standard light microscopy, 
zebrafish have become a favourite model organism in 
the field. Moreover, microscopic embryos require little 
space and can be used in high-throughput drug screens 
(three embryos per well in a 96-well plate).106 Similar 
to the 3D spheroid approach, the function of human 
variants identi fied using next-generation sequencing 
can be tested using reconstitution assays. The zebrafish 
orthologue can be silenced using morpholinos and 
then reconstituted by co-injection with either the 
wild-type human orthologue or with patient allelic 
variants of unknown pathological relevance. For ciliary 

proteins, a measure of disturbed gastrulation is used as a 
 quantifiable read-out.107–109

Modelling CAKUT to test patient variant alleles 
is somewhat more challenging than modelling 
nephronophthisis because the underlying molecu-
lar defects are diverse and involve several cell types. 
Cell-based in vitro assays will almost certainly not be 
informative for functional testing of CAKUT patient 
alleles found using next-generation sequencing unless 
an individual signalling pathway is to be interrogated 
(for example Sonic hedgehog signalling).110 Dissecting 
the contribution of novel alleles will, therefore, largely 
rely on tissue-based or in vivo assays. For CAKUT, an 
attractive model that is amenable to siRNA gene knock-
down is ex vivo renal explants of embryonic mice.111,112 
Whether such assays are useful only for loss-of-function 
alleles mimicked by siRNA remains to be determined; 
however, reconstitution of gene knockdown with patient-
derived missense alleles seems unlikely to be efficient 
because levels of transfection and transduction are low 
throughout entire organs. Renal explants can also be 
used to trace individual cells in the developing kidney—
for example, Lgr5+ stem cells.113 Combined with genetic 
manipulation (for example, inducible Cre-based del-
etion of a gene of interest), lineage tracing could offer a 
tremendous advance to understanding spatiotemporal 
factors that influence CAKUT development.

Induced pluripotent stem cells (iPSCs) can also be 
used to test the function of variants identified using 
next-generation sequencing. Generating iPSC lines 
from patient fibroblasts or urine is fairly straight forward 
and offers the perfect genetic model.114 Patient-derived 
iPSCs can be tested for regulated differentiation into rel-
evant renal lineages, accommodating tissue-like studies 
that can be combined with renal-specific, fluorescently 
tagged reporter constructs. Stem cell technologies 
enable the efficient introduction of Bacterial Artificial 
Chromosomes (BACs) into human iPSC patient and 
control cell lines.115 The BAC-reporter approach enables 
better recapitulation of endogenous gene expression, 
including microRNA and post-translational regulatory 
mechanisms, than does standard gene overexpression.116 
Stimulating these lines to undergo renal differentiation 
will enable patient-specific disturbances in renal cell reg-
ulation and/or cilia regulation to be identified. If iPSC 
lines with an identified gene mutation are used, reconsti-
tution of the wild-type allele (introduced by transcrip-
tion activator-like effector nuclease-mediated transfer 
of BAC containing the wild-type gene of interest) can 
be examined for phenotypic rescue.117 Initial protocols 
for differentiation into renal lineages are emerging.118,119 
This approach to examining allelic contribution to 
disease is particularly exciting and should develop 
rapidly but it is not yet sufficiently mature to scale up to 
 high-throughput or to be of substantial diagnostic value.

Data integration
Systems biology approaches that involve the integration 
of molecular datasets to unravel the aetiology of hetero-
geneous diseases are becoming increasingly feasible. 
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Figure 1 | Kidney disease modelling. a | The zebrafish pronephros is a suitable 
in vivo model for renal development and gene expression studies. The function of 
human variants identified using next-generation sequencing can be tested in this 
model using gene-silencing and reconstitution assays. The image shows a wild-
type zebrafish (top) and a zebrafish with a mutation resulting in a ciliary defect 
(bottom). The arrow indicates a pronephric cyst. b | Mouse kidney explants can be 
used in developmental studies to investigate the effects of mutations on branching 
patterns and trace individual cells in the developing kidney. c | Fibroblasts or urine 
cells collected from patients can be used to generate iPSCs, enabling tissue-like 
and patient-specific in vitro studies. Bringing iPSCs into renal differentiation 
facilitates the identification of patient-specific effects of disturbances in renal cell 
regulation and cilia function. iPSC lines can also be used to generate 3D renal 
spheroids in which the effects of candidate gene variants on cilia formation can be 
studied. Both iPSCs and 3D renal spheroids can be used for high-throughput drug 
screening. Abbreviaton: iPSC, induced pluripotent stem cell.
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For example, a combination of tandem affinity purifi-
cation and mass spectrometry was used to identify 
seven proteins that interact with the Leber congenital 
amaurosis-related protein RPGRIP1 and the Joubert and 
Meckel–Gruber-syndrome-related protein RPGRIP1L 
(also known as protein fantom).120 One of these inter-
acting proteins, serine/threonine protein kinase NEK4, 
was identified as a prominent component of RPGRIP1-
associated and RPGRIP1L-associated protein complexes. 
These complexes are thought to be cilium-specific scaf-
folds that recruit a NEK4 signalling network, which is 
important for cilium stability. Downregulation of NEK4 
in ciliated cells led to a substantial decrease in cilium 
assembly, defining NEK4 as a ciliopathy candidate gene.120

On a larger scale, a similar method was used to iden-
tify 850 proteins that interact with nine nephronoph-
thisis, Joubert and Meckel–Gruber syndrome-associated 
proteins.102 Analysis of a subset of the corresponding 
genes identified two novel nephronophthisis and Joubert 
syndrome genes in 250 patients, ATXN10 and TCTN2. 
The latter gene was confirmed using a mouse knockout 
model.102 These studies demonstrate the efficacy of integ-
rating proteomics data, sequencing data and functional 
modelling to identify novel disease genes and disease 
pathways for renal ciliopathies. Furthermore, in a novel 
reconstitution assay at the proteomic level, reconsti tution 
of a cell line with a missense allele in LCA5 disrupted 
the interflagellar interactome, which enabled a molecular 
signature to be assigned.121 The combination of chroma-
tin immunoprecipitation followed by sequen cing (ChIP-
Seq) and RNA sequencing enables the identi fication 
of novel transcriptional mechanisms that underlie 
disease.122 ChIP-Seq can identify genome-wide tran-
scriptional DNA-binding sites and histone modifications 

(which regulate gene expression) in intragenic and inter-
genic regions, whereas RNA sequencing can be used to 
analyse mRNA levels, splicing variants, noncoding RNA 
and microRNA on a genome-wide scale.

The generation and integration of datasets from high-
throughput experiments requires systematic curation 
to ensure high-quality data and international compa-
rability. The SYSCILIA consortium aims to assess the 
quality of high-throughput experiments and to develop 
bio informatic and analytical tools to exploit large cilia 
datasets.123 An example is the SYSCILIA gold standard: 
a list of verified ciliary genes that can be used for statisti-
cal analyses and as a reference resource.124 Importantly, 
integ ration of various datasets and the connection to 
human disease requires accurate and consistent pheno-
typing. Genotypic and phenotypic heterogeneity hampers 
the accurate assessment of clinical manifestations, leading 
to an errone ous or ambiguous clinical diagnosis.125 The 
Human Phenotype Ontology is emerging as a widely 
accepted standardized phenotyping methodology to 
facilitate diagnostics and correlation analyses.126,127

Novel therapeutic targets
A major task in inherited kidney disease research is the 
development of noninvasive therapies to prevent disease 
progression towards ESRD. Currently, the treatment 
options for renal ciliopathies are limited to the correction 
of fluid and electrolyte imbalances, dialysis and renal 
transplantation. Next-generation sequencing has enabled 
greater understanding of the pathogenesis of disease; 
progress in the treatment of genetic dis orders is the next 
step. Systems biology approaches that integrate data 
from different sources can be applied to identify novel 
therapeutic targets and model organisms can then be 
used to screen potential drugs in an unbiased approach. 
Moreover, investigating the pharmaco dynamics of effec-
tive drugs identified using a drug screen might expose 
underlying molecular mechanisms.

Several examples exist of use of model organisms to test 
potential drug targets. An early report describes use of 
the PCK rat model of ARPKD and the pcy murine model 
of nephronophthisis to determine the efficacy of a vaso-
pressin V2 receptor antagonist in ameliorating the kidney 
phenotypes.128 Administration of this agent resulted in 
a reduction in renal volume and renal cyst formation, 
presumably through lowering of renal cAMP levels. The 
role of cAMP in ciliopathies is unknown but the protein 
encoded by NPHP6 (CEP290) modulates activity of the 
transcription factor ATF4, which is implicated in cAMP-
dependent cystogenesis.129,130 Various signalling pathways 
implicated in ciliopathies can be targeted with medica-
tion. For example, inhibition of the mammalian target 
of rapamycin (mTOR) pathway, which is regulated by 
polycystin-1, has been used successfully to treat PKD in 
animal models.131,132 In zebrafish models of renal cilio-
pathies (generated using morpholino oligonucleotides), 
addition of the mTOR inhibitor rapamycin rescued the 
phenotype of renal cysts and severe oedema and restored 
renal function.133 Similar results were obtained using 
the cyclin-dependent kinase inhibitor roscovitine. In an 
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Figure 2 | Next-generation sequencing for the diagnosis of nephrogenetic disorders. 
Patients with suspected nephrogenetic disorders are referred to nephrologists and 
clinical geneticists for genetic testing. DNA is isolated from peripheral blood 
lymphocytes and prepared for next-generation sequencing. A step-wise approach—
involving sequencing of a selected gene panel, whole-exome sequencing and whole-
genome sequencing in combination with single nucleotide polymorphism array 
analysis and comparison with the genomes of healthy individuals—is used to 
identify candidate variants. These variants are validated using Sanger sequencing 
and segregation analysis in family members. The pathogenicity of variants of 
unknown clinical significance is determined using functional testing in the 
appropriate cell or animal models. When the causative mutation is identified, 
patients and their families receive clinical genetic counselling. Additional genetic 
testing can be offered to family members.
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untargeted approach, screening of a library of 115 well-
defined chemical compounds targeted at various sig-
nalling pathways in zebrafish models of PKD identified 
histone deacetylase inhibitors as compounds that mod-
erate body curvature, defective laterality and kidney cyst 
formation.134 The researchers speculate that these inhibi-
tors suppress the process of cell proliferation that induces 
cyst formation in patients with PKD.

Future treatments for nephrogenetic disorders com-
prise gene therapies and regenerative medicine. The 
potential of gene therapy has been demonstrated in 
syndromic ciliopathies, such as Bardet–Biedl syndrome. 
Ectopic expression of the human BBS4 gene rescued 
retinal, obese and hydrocephalus phenotypes in Bbs4-
deficient mice despite tissue-specific variable expres-
sion of the transgene.135 Adult zebrafish can generate 
new nephrons in response to kidney injury but this 
phenomenon has not been observed in mammals. The 
identification of nephron progenitor cells, as well as the 
genes and molecular pathways that underlie neonephro-
genesis in zebrafish offers a promising prospective for 
renal  regeneration in humans.136

Conclusions
Understanding the genetic background of inherited 
kidney diseases is essential to improve the clinical care 
of affected patients. Next-generation sequencing has 
contributed to the discovery of novel disease genes and 
greatly improved the diagnostics toolbox for inherited 
kidney disease. This technology will further accelerate 
the elucidation of the highly heterogeneous aetiology 
of nephronophthisis and CAKUT. Variable disease out-
comes in patients with the same genetic defect suggest 
an important role for modifiers in disease aetiology and 
progression.137–139 This role should be investigated as 
these modifiers might have an important role in CAKUT 
and nephronophthisis aetiology.

In Europe, large ongoing collaborative efforts including 
the EURenOmics and SYSCILIA consortia facilitate the 
integrated use of large well-phenotyped cohorts, the gen-
eration of translational patient databases, application of 
next-generation sequencing platforms and use of various 
disease models that enable functional testing of patient 
variants of unknown pathogenicity.123,140 For rare dis-
eases with complex genetics and heterogeneous pheno-
types, these types of multinational consortia form optimal 
infrastructure to reach mutual goals and directly imple-
ment findings into clinical practice. Furthermore, data 
collection can be improved by giving patients an active 
role in the form of online questionnaires at multiple time 
points. This approach facilitates the collection of a wealth 
of unique information that would be difficult to obtain in 
the clinic to a similar extent.141

Critical to the success of next-generation sequen-
cing in nephrology clinical practice is the awareness of 
nephrologists (particularly paediatric nephrologists) 
and clini cal geneticists (the phenotyping experts and 
sub sequently the applicants for the appropriate genetic 
test). Multidisciplinary outpatient clinics provide a centre 
of expertise and facilitate a very efficient collaborative 
approach that stimulates the use of next-generation 
sequencing in general clinical practice (Figure 2). Such 
collaborations and the implementation of new  sequen cing 
technologies are likely to enable optimal patient care.
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