
Whole-Exome Sequencing in the molecular diagnosis of 
individuals with congenital anomalies of kidney and urinary tract 
and identification of a new causative gene

Mir Reza Bekheirnia, MD, FACMG1,2,3,4, Nasim Bekheirnia, MBS, MS1,2,4, Matthew N. 
Bainbridge, PhD5, Shen Gu, PhD1, Zeynep Hande Coban Akdemir, PhD1, Tomek Gambin, 
PhD1, Nicolette K. Janzen, MD3,4, Shalini N. Jhangiani, MS5, Donna M. Muzny, MS5, Mini 
Michael, MD4,6, Eileen D. Brewer, MD4,6, Ewa Elenberg, MD4,6, Arundhati S. Kale, MD4,6, 
Alyssa A. Riley, MD4,6, Sarah J. Swartz, MD4,6, Daryl A. Scott, MD, PhD1,4, Yaping Yang, 
PhD1, Poyyapakkam R. Srivaths, MD4,6, Scott E. Wenderfer, MD, PhD4,6, Joann Bodurtha, 
MD, MPH7, Carolyn D. Applegate, MS7, Milen Velinov, MD, PhD8, Angela Myers, MD9, Lior 
Borovik, MS9, William J. Craigen, MD, PhD1,4, Neil A. Hanchard, MD, PhD1,4, Jill A. 
Rosenfeld, MS1, Richard Alan Lewis, MD1,4,10, Edmond T. Gonzales, MD3,4, Richard A. 
Gibbs, PhD1,5, John W. Belmont, MD, PhD1,4, David R. Roth, MD3,4, Christine Eng, MD1, 
Michael C. Braun, MD4,6, James R. Lupski, MD, PhD1,4,5,11, and Dolores J. Lamb, PhD2,3,12

1 Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX, USA

2 Center for Reproductive Medicine, Baylor College of Medicine, Houston, TX, USA

3 Scott Department of Urology, Baylor College of Medicine, Houston, TX, USA

4 Texas Children's Hospital, Houston, TX, USA

5 Human Genome Sequencing Center, Baylor College of Medicine, Houston, TX, USA

6 Renal Section, Department of Pediatrics, Baylor College of Medicine, Houston, TX, USA

7 Johns Hopkins Children's Center, Institute of Genetic Medicine, Baltimore, MD, USA

8 NYS Institute for Basic Research in Developmental Disabilities, Staten Island, NY, USA

9 Sanford Children's Hospital, Sioux Falls, SD, USA

10 Department of Ophthalmology, Baylor College of Medicine, Houston, TX, USA

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

Corresponding author: Mir Reza Bekheirnia, MD, FACMG, Assistant Professor, Department of Molecular and Human Genetics; 
K12 Scholar, Department of Urology, Texas Children's Hospital, Address: Texas Children's Hospital, 1102 Bates St., Suite# 245, 
Houston, TX 77030 , USA, Tel: 832-824-4227, Fax: 832-825-9330, bekheirn@bcm.edu. 

Supplementary Data
Supplementary Methods: Whole-Exome Sequencing, Validation of selected SNVs, Validation of selected CNVs by aCGH, 
References for known CAKUT genes, Accession numbers
Table S1. Description of the cohort (probands of 62 families) in detail with basic demographic, phenotypic information, type of 
sample (saliva or blood), the summary of the genetic findings, and the pattern of segregation.
Figure S1. Copy-number variants (CNVs) inference from WES data
Table S2. Benign SNVs and variants of uncertain significance (VUS) in 19 CAKUT known genes identified in 62 families with 
CAKUT using Whole-Exome Sequencing
Table S3. Further allele frequencies and prediction data for the SNVs presented in Tables 2 and S2

HHS Public Access
Author manuscript
Genet Med. Author manuscript; available in PMC 2017 April 07.

Published in final edited form as:
Genet Med. 2017 April ; 19(4): 412–420. doi:10.1038/gim.2016.131.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/authors/editorial_policies/license.html#terms


11 Department of Pediatrics, Baylor College of Medicine, Houston, TX, USA

12 Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, USA

Abstract

Purpose—To investigate the utility of whole-exome sequencing (WES) to define a molecular 

diagnosis in patients clinically diagnosed with congenital anomalies of kidney and urinary tract 

(CAKUT).

Methods—WES was performed in 62 families with CAKUT. WES data were analyzed for Single 

Nucleotide Variants (SNVs) in 35 known CAKUT genes, putatively deleterious sequence changes 

in new candidate genes, and potentially disease-associated copy-number variants (CNVs).

Results—In approximately 5% of families, pathogenic SNVs were identified in PAX2, HNF1B, 
and EYA1. Observed phenotypes in these families expand the current understanding about the role 

of these genes in CAKUT. Four pathogenic CNVs were also identified using two CNV detection 

tools. In addition, we found one deleterious de novo SNV in FOXP1 among the 62 families with 

CAKUT. Database of clinical BMGL laboratory was queried and seven additional unrelated 

individuals with novel de novo SNVs in FOXP1 were identified. Six of these 8 individuals with 

FOXP1 SNVs, have syndromic urinary tract defects, implicating this gene in urinary tract 

development.

Conclusion—We conclude that WES can be used to identify the molecular etiology (SNVs, 

CNVs) in a subset of individuals with CAKUT. WES can also help identify novel CAKUT genes.
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INTRODUCTION

The diagnosis of congenital anomalies of the kidney and urinary tract (CAKUT) is based on 

the recognition of a broad spectrum of renal and urinary tract malformations which, in 

aggregate, constitute the most common cause of end-stage renal disease (ESRD) in 

children. 1,2 CAKUT may result in chronic kidney disease (CKD) which leads to severe 

impairment of physical and psychosocial development. 3 Socioeconomically, CAKUT poses 

a substantial economic burden to families and health care systems. CAKUT is a clinically 

heterogeneous phenotype that encompasses renal agenesis, renal hypo/dysplasia (RHD), 

multicystic kidney dysplasia (MCDK), cross-fused ectopia, duplex renal collecting system, 

ureteropelvic junction obstruction (UPJO), mega-ureter, posterior urethral valves (PUV), and 

vesicoureteral reflux (VUR).

Multiple lines of evidence suggest that genetic factors contribute to CAKUT. This evidence 

includes familial segregation of CAKUT cases and, the identification of causative genes. 4 

Discovery of an underlying genetic etiology facilitates molecular diagnosis and can aid 

physicians and family members by clarifying associated risks and allowing improved genetic 

counseling.
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Whereas in the past, genetic diagnosis was limited to the analysis of individual candidate 

genes, whole-exome sequencing (WES) provides an opportunity to arrive at an accurate 

molecular diagnosis with a single test. 5,6 WES is able to identify Single Nucleotide Variants 

(SNVs), however recently it has been used to uncover even small CNVs encompassing a 

single gene or even one exon. 7 Extraction of CNV information from WES data is 

challenging partly due to the potential artifacts introduced during the exon targeting and 

amplification steps of WES.8 Moreover, WES can enhance gene discovery for novel 

potential contributory genes.

Initial reports of clinical WES at a Clinical Laboratory Improvement Amendments (CLIA) 

certified laboratory indicated a molecular diagnostic rate of 25% for patients referred for 

genetic evaluation 5,6. However, neurological phenotypes constituted 80% of the patient 

population in that study. The clinical utility of using WES in common, sporadic birth defects 

is under active investigation. Current evaluations of CAKUT patients involve diagnostic 

imaging, however involvement of other organs may go undiagnosed during such evaluations. 

Here we investigated the utility of WES to define a molecular diagnosis (SNVs and CNVs) 

in patients clinically diagnosed with CAKUT.

METHODS

Patients and their families were recruited from the pediatric urology and renal diseases 

clinics at the Texas Children's Hospital, Houston Texas, USA. Inclusion criteria included 

individuals with non-syndromic forms of CAKUT (as defined above) and individuals with 

syndromic forms of CAKUT for which a genetic etiology had not been identified. Exclusion 

criteria included individuals with syndromic forms of CAKUT in which an underlying 

genetic etiology was known and individuals with non-syndromic and non-familial forms of 

vesicoureteral reflux (VUR). Therefore, individuals with syndromic features without a 

known diagnosis were included in the study. The study protocol was approved by the 

Institutional Review Board for the Protection of Human Subjects at Baylor College of 

Medicine. Standard procedures were used to recruit subjects for this study. Demographics of 

the families and phenotypic details of subjects with CAKUT are summarized as Table 1 and 

Table S1. Blood samples or saliva-based specimens were collected by standard procedures, 

according to the families' wishes. DNA extraction was performed with a QIAmp kit 

(QIAGEN) per manufacturer's instructions. DNA was quantified with nanodrop, and 1ug of 

DNA was used for WES. In familial multiplex cases, WES was performed on the affected 

available family members most distantly related observed in their respective pedigrees (see 

Figure 1). Among apparently isolated, singleton cases, we performed WES on the proband 

and the two apparently unaffected parents (case-parent trios in 20 families), when both 

parents were available. In all other cases, WES was performed only on the proband.

Whole-Exome Sequencing analysis

WES analysis started with conversion of raw sequencing data (bcl files) to the fastq format 

by Casava. Then, the short reads were mapped to a human genome reference sequence 

(GRCh37) by the Burrows-Wheeler Alignment (BWA). Subsequently, the recalibration was 

done by GATK,9 and variant calling was performed by the Atlas2 suite. 10 The Mercury 
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pipeline is available in the cloud via DNANexus (http://blog.dnanexus.com/2013-10-22-run-

mercury-variant-calling-pipeline/).

SNV prioritization and filtering workflow

After detection of all bi-allelic (homozygous or compound heterozygous) and de novo 
variants from WES data, we established a SNV prioritization workflow. This included 

sequential analysis of bi-allelic predicted loss of function variants (stopgain, frameshift 

indels and splicing); bi-allelic missense variants; de novo truncating variants; and de novo 
missense variants. Finally, we further examined the shared rare variants among affected 

family members and parents to detect potential mosaic variants in parents. This SNV 

prioritization workflow was followed by subsequent filtering of variants based on their 

frequencies (MAF <= 0.1%) in internal and external databases including Baylor-Hopkins 

Center for Mendelian Genomics (BHCMG), Exome Aggregation Consortium (ExAC), 

Exome Variant Server (ESP), 1000 Genome Project, and the Atherosclerosis Risk in 

Communities Study (ARIC) databases. To retrieve potentially deleterious and conserved 

missense changes, we utilized various bioinformatics tools including Phylop conservation 

score and Mutation Taster, SIFT, and PolyPhen-2 prediction scores. Next, these potential 

rare causative variants were analyzed in terms of: 1) gene function and the associated 

phenotype in OMIM and Pubmed; 2) gene-associated animal models; 3) tissue expression of 

the encoded protein; 4) association with already known gene/genes linked to the patient's 

phenotype in terms of i) gene networks; ii) gene families iii) coexpression; iv) physical 

protein-protein interaction; v) predicted protein-protein interaction vi) molecular pathways 

and 5) location of the variant with respect to functional protein domains. The resulting most 

promising candidate variants were further confirmed and segregated by Sanger sequencing. 

Finally, the confirmed variants in candidate genes were interrogated in BHCMG and Baylor 

Miraca Genetics Laboratories (BMGL) databases and/or through GeneMatcher for the 

identification of additional affected cases with similar phenotypes.

Copy-number variants (CNVs) inference

To identify CNVs, our WES data was analyzed by CoNIFER 11 software and CoNVex 

algorithms. 12 In CoNVex, as a first step, read depth information from WES data was 

extracted. Then, the general additive model (GAM) correction method was performed to 

remove the systemic bias from the read depth information. After this step, Smith-Waterman 

algorithm was used to infer the CNV state and score the detected CNV regions. Each 

potential CNV region was assigned a confidence score. We further filtered CoNVex-detected 

CNV calls by selecting those that have an associated confidence score >=5 and number of 

probes >= 5. Afterwards, these detected CNV calls by CoNVex were overlapped with CNV 

calls detected by CoNIFER by using Granges function in R Bioconductor GenomicRanges 

Package. Overlapping CNVs with previous studies were subjected for validation by 

aCGH. 13,14 Non-overlapping CNVs were also investigated. Among them, rare CNVs (not 

present or present with low frequency from Database of Genomic Variants [http://

dgv.tcag.ca]) involving genes potentially contributing to kidney abnormalities were selected 

for array comparative genomic hybridization (aCGH) validation. The flowchart of CNV 

discovery from WES data is provided (Figure S1a).
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SNV and CNV interpretation criteria

SNV interpretation was performed from the most recent guidelines published by America 

College of Medical Genetics and Genomics (ACMG). 15 Accordingly, only variants that met 

strict criteria were called pathogenic. CNV interpretation was based on size, gene content, 

overlap with known disease-associated regions, and phenotype overlap according to ACMG 

guidelines for postnatal CNV calling. 16

Known CAKUT associated genes 4,17

In this study Codified software (https://www.scienceexchange.com/labs/codified-genomics) 

was used to search WES data for pathogenic SNVs, variants of uncertain clinical 

significance (VUS) and benign SNVs in the following 19 dominantly inherited genes 

reported to be associated with CAKUT: BMP4, BMP7, CDC5L, CHD1L, DSTYK, EYA1, 
GATA3, HNF1B, KAL1, PAX2, RET, ROBO2, SALL1, SIX1, SIX2, SIX5, SOX17, TNXB, 
UPK3A. The following recessive CAKUT genes were interrogated for 2 SNVs: AGT, ACE, 
REN, AGTR1, FRAS1, FREM2, GRIP1, HPSE2, LRP4, and ROR2. In addition, we 

searched for pathogenic SNVs in the following 6 dominantly inherited genes: GLI3, JAG1, 
NOTCH2, TFAP2A, TBX18, and WNT4.

Codified Genomics software was used to annotate, filter and prioritize variants. Variants 

were filtered as previously described. 5 Annotations were generated by Annovar 18 and 

VEP 19 against the UCSC, RefSeq and Ensembl gene models. Variants and genes were 

further annotated using dbNSFP, 20 Illumina body map, Uniprot, HPO and OMIM databases 

amongst others. Variants were prioritized based on patient phenotype similarity to known 

disease genes, mutation type, and for nonsynonymous variants, predicted deleteriousness.

RESULTS

We performed WES on 112 individuals from 62 families with CAKUT (Table 1 and Table 

S1). Probands were mostly children and young adults ranging in age from 2 months to 24 

years. Thirty-one percent of the probands had more than one organ (other than the kidney 

and urinary tract) involved, which suggests that these patients potentially harbor a syndromic 

form of CAKUT. In approximately 16% of the families, WES was performed in a familial 

mode since more than one individual was affected with CAKUT. The most common 

phenotypic indications were ‘renal dysplasia’ and ‘agenesis/hypoplasia’.

WES results were interrogated for SNVs in known genes that cause CAKUT as described in 

methods. Pathogenic SNVs were identified in three known genes (EYA1, HNF1B, and 
PAX2) in 3 families (approximately 5%) (Table 2). Two of these variants were frameshift 

variants and one was a splice site variant, each suggesting a loss-of-function mechanism. 

The frameshift variant in HNF1B is a novel pathogenic allele. Pedigrees of these families are 

illustrated as Figure 1. Among the pathogenic SNVs identified in these three families, two 

were de novo from trio analyses, and one was inherited from an affected parent. All selected 

SNVs identified in the probands and their parents (when available) were confirmed by 

Sanger sequencing.
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Among the three families with pathogenic SNVs, clinical assessment had not identified 

anomalies of any other organs prior to WES. Importantly, WES elicited further clinical 

assessment and the delineation of the additional organ system involvement in Families 1 and 

2 retrospectively. In Family 3, defects in other organs have not been observed clinically.

The initial diagnosis of Family 1 with p.G24fs SNV in PAX2 was a familial form of renal 

dysplasia and membranous nephropathy. After the familial variant was identified and in 

recognition of the current understanding of the phenotype of patients with PAX2 variants 

(Renal-Coloboma syndrome, [MIM: 120330]), the first degree relatives were referred to an 

ophthalmologist with expertise in the diagnosis and management of genetic disorders. This 

clinical evaluation revealed optic nerve colobomata and other congenital optic nerve 

abnormalities in those first degree relatives who were proven to be variant carriers.

After the initial clinical diagnosis of cystic renal dysplasia (CRD) in Family 2, and in light 

of the WES results (p.Q378fs in HNF1B), the patient's clinical presentation was further 

reviewed. The patient had a recent diagnosis of gout and elevated liver function tests (LFTs). 

The patient also had increased echogenicity of the pancreas (one of known signs of HNF1B 
variants) noted previously by abdominal ultrasound, whose significance became apparent 

after the genetic analyses. A known recurrent de novo intronic variant (c.867+5G>A) was 

identified in EYA1 in the proband of Family 3, who has VUR and multicystic dysplastic 

kidney (MCDK). Both parents were negative for this variant based on both trio WES and 

Sanger sequencing.

In this study, we also defined variants of uncertain clinical significance (VUSs) in 19 

dominantly inherited known CAKUT genes (Table S2). In this cohort, SNVs were not 

identified in SIX1, SOX17, GATA3, or UPK3A. Benign SNVs and VUSs were identified in 

BMP7, CDC5L, CHD1L, SALL1, SIX5, SIX2, ROBO2, BMP4, KAL1, TNXB, RET, 

PAX2, EYA1, and DSTYK (Table S2). Further allele frequencies and prediction data for all 

SNVs identified in known CAKUT genes in this cohort are summarized as Table S3. 

Probability of Loss-of-Function score (pLI) is also provided in this table. The closer pLI 

score approaches to 1 (unity), the more LoF (loss-of-function) intolerant the gene appears to 

be (http://exac.broadinstitute.org). We attempted to confirm all VUSs with Sanger 

sequencing. Details of confirmation are provided in Table S2.

Novel CAKUT gene identification: Forkhead Box P1 (FOXP1)

Trio analyses, consisting of WES in the proband and both biological parents to evaluate for 

new mutations, were performed in 20 families. We confirmed relationship (paternity and 

maternity) in the trios by review of the de novo SNVs in each family. There was no proband 

with more than expected number of de novo SNVs (>2) in the coding exonic region of the 

genome, well within the expected rate of 1.20 × 10−8 per nucleotide per generation. 21 We 

identified a de novo SNV (p.P225T) in FOXP1 [MIM: 605515] in a proband with 

hydrocephaly and unilateral renal agenesis (Family 38) (Figure 1). This patient was enrolled 

initially into this study at age 4 months. Later, the patient manifested delay in gross motor 

and speech development. In addition, he was diagnosed with strabismus and left optic 

atrophy. The pedigree of this family is shown as Figure 1 (Family 38).
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We next attempted to identify other subjects/families with variants in FOXP1. The database 

of Whole Genome Laboratory (WGL) at BMGL was queried for other de novo SNVs in 

FOXP1. We identified seven more de novo SNVs in this gene among approximately 5000 

patients (Table 3). Relationship (paternity and maternity) were confirmed by inheritance of 

rare SNVs from each parent in cases 3-8. In case 2, paternity was confirmed by inheritance 

of rare SNVs from the father. Maternity, however could not be genetically confirmed per 

consent, and was verified by pregnancy history.

All eight individuals had neurodevelopmental phenotypes consistent with loss-of-function 

variants in FOXP1 [MIM: 613670]. However, four out of eight individuals also had upper 

urinary tract defects, and five of them had defects in lower genitourinary (GU) tract, 

including undescended testis, hypospadias, neurogenic bladder, inter alia. In addition, these 

patients have brain and heart involvement, which are consistent with the role of FOXP1 in 

development of these two organs. 22–24 CNS malformations including hydrocephaly and 

cardiac defects are among the phenotypes of the patients in this study. The genotypes and 

phenotypes of these individuals (6/8 with upper or lower urinary tract defects) are 

summarized as Table 3. pLI score of FOXP1 is 1, which suggests this gene is intolerant to 

loss-of-function variants.

CNV discovery from WES data

CNVs were inferred from WES data as described in Methods. Pathogenic CNVs and CNVs 

of uncertain clinical significance are summarized as Table 4. A de novo 22q11.1q11.21 

triplication was identified in Family 34, in which the proband had syndromic VUR. 

Thistriplication is proximal to the DiGeorge region, consistent with the gain of genetic 

material seen with type I supernumerary inv dup(22)(q11), associated with cat eye 

syndrome25 [MIM: 115470] (Family 34). This patient's phenotype has overlap with 

Goldenhar or Oculo-Auriculo-Vertebral spectrum (OAV, [MIM: 164210]) and VATER 

Association [MIM: 192350]. The patient was an 11-year-old Latin American male with 

short stature, imperforate anus, thumb anomaly, severe gastroesophageal reflux (GERD), 

VUR, neurogenic bladder, right renal hypoplasia with evidence of scarring/renal damage, 

bilateral ear tags, ocular Duane anomaly, and left microphthalmia. Patient had normal 

cognition, although with some difficulty in Mathematics.

Three other pathogenic CNVs were found in regions associated with known syndromes, 

namely 16p11.2 deletion,16p11.2 duplication, and 16p13.11 duplication. CNVs in all 

individuals in Table 4 were validated by aCGH. Parental studies were also performed by 

aCGH. In Family 34, in which samples were available from both parents, the CNV was 

found to be de novo. The flowchart of copy-number data inference (a), CoNIFER (b) and 

aCGH data (c) for de novo 22q11 triplication appears as Figure S1.

DISCUSSION

During the past four years, WES has become a powerful clinical test to define both 

recognized and previously undefined genes and potential variant susceptibilities to establish 

molecular diagnoses for birth defects. Clinical WES identifies pathogenic SNVs in 

approximately 25% of pediatric cases (mostly syndromic) that represent diagnostic 
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dilemmas refractory to clinical diagnosis despite previous extensive medical evaluations 5,6. 

Nevertheless, the utility of WES for molecular diagnosis in isolated birth defects including 

CAKUT remains uncertain. This study shows that WES can be used in the diagnostic setting 

to define the molecular defects that underlie CAKUT and to reveal additional insights into 

the clinical presentation of the disorder. In addition, WES can be used for the identification 

of new candidate genes.

In Family 1 (Figure 1 and Table 2), the diagnosis of Renal Coloboma Syndrome (RCS, 

[MIM: 120330]) was possible only after WES result became available. Prior to WES, the 

proband was on immunosuppressants for proteinuria; however, after molecular diagnosis 

management is being altered to a tapering dose of immunosuppressive therapy. This allows 

avoidance of unnecessary immunosuppression since the etiology of kidney disease is not 

immunologic in this family. The molecular diagnosis of this family obtained by WES thus 

affected clinical decision making for the patient and the prognosis and management for 

family members. These data also expand the phenotype related to PAX2 pathogenic variants 

as the proband has membranous nephropathy and other family members have proteinuria 

and renal dysplasia. To date, focal segmental glomerulosclerosis (FSGS) has been reported 

with PAX2 variants; 26 membranous nephropathy is a novel finding. In Family 2, a novel 

frameshift pathogenic SNV (p.Q378fs) was identified in HNF1B. This molecular diagnosis 

concluded by WES further substantiated the clinical phenotype as described in the results, 

minimizing the necessity for additional diagnostic evaluation. The variant in this family is 

novel, which adds to our current knowledge of diseases related to HNF1B gene.

The phenotype of Family 3 with the de novo EYA1 variant suggests that underlying genetic 

predisposition can lead to or at least exacerbate renal pathology in patients with VUR. 

Variants in EYA1 can cause Branchio-Oto-Renal syndrome (BOR, [MIM: 113650]), an 

autosomal dominant disorder characterized by sensorineural, conductive, or mixed hearing 

loss, structural defects of the outer, middle, and inner ear, branchial fistulas or cysts, and 

renal abnormalities ranging from mild hypoplasia to agenesis. The c.867+5G>A SNV does 

not affect the invariant splice site: nevertheless, RNA analysis of samples from patients with 

BOR showed that this SNV affects EYA1 splicing, producing an aberrant mRNA transcript 

that lacks exon 8 and results in premature termination in exon 9. 27 The proband in this 

family will be evaluated for hearing impairment, since the SNV in this individual causes 

BOR. This family provides another example that WES can improve the clinical diagnosis of 

syndromic forms of CAKUT beyond clinical evaluation alone.

Families 1, 2, and 3 exemplify the effect of WES on the clinical management of the patients 

and families, since identification of the SNVs in PAX2, HNF1B, and EYA1 respectively 

warranted further investigations in other organ systems. We identified only a fraction of 

families (3/62 = 4.8%) with pathogenic SNVs, similar to a recent large study that evaluated 

749 individuals from 650 families with CAKUT for variants in 17 known CAKUT genes 

(6.3%). 28

CAKUT is a clinically heterogeneous clinical spectrum and thus many more genes and 

causal variants are likely to be identified. Next generation sequencing (NGS) and 

specifically WES have improved discovery of novel causative genes. 7,29–34 We have 
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identified a novel genes (FOXP1) that likely contribute to the CAKUT phenotype. We found 

8 novel different de novo pathogenic SNVs, from both clinical and research WES, in FOXP1 
in unrelated individuals. As summarized as Table 3, the phenotypes observed in these 

individuals suggest a clinical pattern that may be potentially recognizable. Structural brain 

anomalies (including hydrocephaly), intellectual disability, developmental delay, cardiac 

defects, hypotonia, behavior problems and renal/GU defects are some of the more common 

features of this syndrome. Six out of eight individuals in this study (Table 3) have known 

renal/GU phenotype in addition to other organ involvements. Although de novo disruptions 

in FOXP1, were recently discovered to cause intellectual disability [OMIM# 613670], 23,24 

here we defined a new syndrome which is characterized by hydrocephalus/brain 

malformation, cognitive impairment, cardiac defects, and CAKUT attributable to a single 

gene with pleiotropic effect. We recommend that patients with pathogenic or likely 

pathogenic variants in FOXP1 should have renal ultrasound. Upper tract defects may remain 

undiagnosed if ultrasound is not performed.

Although FOXP1 has been shown to have important roles in the developmental process of 

key organs including lung, heart and brain, 22,24,35 there is no data regarding the role of this 

master transcription factor in kidney and urinary tract development. In this study we showed 

the role of FOXP1 in CAKUT and lower urinary tract defect. All of the FOXP1 SNVs 

identified in this study were de novo and novel variants. These variants included frameshift, 

as documented for other birth defects such as the megacystis microcolon intestinal 

hypoperistalsis syndrome due to de novo SNVs in ACTG2. 36

Based on previous investigations, CNVs account for about 16% of CAKUT cases. 13 We 

hypothesized that CNVs underlie a substantive fraction of birth defects in our families as 

well; therefore, we inferred CNV data with two detection tools. There are some known 

limitations to CNV discovery from WES data. 37 One primary limitation is a high false 

positive rate, particularly for small CNVs. We used a stringent approach to identify 

potentially pathogenic CNVs for validation by aCGH. Approximately 6.5% (4/62) of our 

cohort have pathogenic CNVs related to the patients’ phenotype.

The four pathogenic CNVs identified (Table 4) are in disease-associated regions and have 

been evaluated based on ACMG guidelines. Although the fraction of families with 

pathogenic CNVs (6.5%) is lower than studies designed specifically to identify CNV, we 

included only known pathogenic CNVs and not copy-number variants of uncertain 

significance.

Among the most intriguing CNVs identified in this study is triplication of 22q11. Although 

the patient with proximal 22q11 triplication did not have chromosome analysis to determine 

if a marker chromosome was present, the gain of euchromatic genetic material is the same as 

what is seen in cat eye syndrome. Urogenital malformations are present in ~70% of reported 

individuals with this syndrome and include male and female genital malformations, renal 

agenesis, hydronephrosis, VUR, dysplastic or cystic kidneys, and bladder defects.38 

Individuals with partial gains of the cat eye critical region and renal anomalies have been 

described, providing evidence that the distal portion of the region, including CECR2, 
SLC25A18, and ATPV1E1, may be responsible for these features.39 Our patient carried a 
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clinical diagnosis of OAV; however, after uncovering the CNV triplication, most of his 

features are consistent with cat eye syndrome.

Our findings support the concept that WES could be an adjuvant diagnostic tool even in 

cases of non-syndromic CAKUT, since the involvement of other organs may be subtle or not 

manifest at the time of primary evaluation. WES may identify novel candidate genes, as 

exemplified here, and uncover underlying CNVs that contribute to CAKUT spectrum.

This study reports the use of WES for molecular diagnosis of the genetic contribution to 

CAKUT. Nearly 5% of individuals with CAKUT have pathogenic SNVs in known key genes 

that can be uncovered by WES. In addition, 6.5% of these patients have pathogenic CNVs 

that were extracted from WES data. In some families, organ involvement beyond CAKUT 

was sought retrospectively, after the review of WES results. We identified previously 

unrecognized genes and genetic variants (both SNVs and CNVs) in this cohort and 

expanded the phenotype of several known genes. Pathogenic SNVs in FOXP1 in individuals 

with GU/Renal phenotype strongly suggests an important role for this gene in urinary tract 

development.
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Figure 1. 
Pedigrees and genotypes of the families with pathogenic SNVs in genes known to cause 

CAKUT and a novel CAKUT gene (Family 38, FOXP1). * denotes individuals for whom 

WES were performed. NT means not tested. Family 1. Solid black fill shows renal dysplasia 

and solid grey fill means proteinuria. CG/CG is normal and CG/C- denotes heterozygous 

deletion of G (c.70delG) in PAX2. Family 2. Proband has cystic renal dysplasia. C/C is 

normal and C/CC is heterozygous duplication of C (c.1132dupC) in HNF1B. Family 3. 

Proband has vesicoureteral reflux and multicystic dysplastic kidney (MCDK). G/G is normal 

and G/A denotes heterozygous splice site variant (c.867+5G>A) in EYA1. Family 38. 

Proband has unilateral renal agenesis and hydrocephaly. G/G is normal and G/T denotes 

heterozygous de novo FOXP1 p.P225T SNV.

Bekheirnia et al. Page 13

Genet Med. Author manuscript; available in PMC 2017 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bekheirnia et al. Page 14

Table 1

Demographics and different phenotypes of the 62 families with CAKUT who underwent Whole-Exome 

Sequencing.

Age of probands (mean, SD) 6.5 years, 5.8 years

Sex of probands (M/F) 1.29

Other organ affected (syndromic)
19 (31%)

a

Mode of analysis

    Familial (more than one affected individual in the family) 10 (16%)

    Sporadic: case-parent trios 20 (32%)

    Sporadic: single cases 32 (52%)

Diagnosis of probands

    Renal dysplasia 14 (23%)

    Renal agenesis/hypoplasia 12 (19%)

    Posterior urethral valve 10 (16%)

    Vesicoureteral reflux (VUR) 9 (15%)

    Duplicated collecting system (DCS) 7 (11%)

    Ureteropelvic junction obstruction (UPJO) 5 (8%)

    Fusion anomaly: horseshoe kidney and crossed fused ectopia 4 (6%)

    Anterior urethral valve 1 (2%)

    Total number of families 62 (100%)

a
Two more syndromicfamilies were identified after WES results became available; accordingly, total syndromic= 21 (34%)

Genet Med. Author manuscript; available in PMC 2017 April 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bekheirnia et al. Page 15

Ta
b

le
 2

Pa
th

og
en

ic
 S

N
V

s 
in

 3
5 

kn
ow

n 
ge

ne
s 

id
en

tif
ie

d 
in

 6
2 

fa
m

ili
es

 w
ith

 C
A

K
U

T
 b

y 
W

ho
le

-E
xo

m
e 

Se
qu

en
ci

ng

F
am

ily
ID

G
en

e
Se

x
E

th
ni

ci
ty

R
en

al
ph

en
ot

yp
e

G
en

om
e

bu
ild

C
hr

:
po

si
ti

on
N

uc
le

ot
id

e
ch

an
ge

A
m

in
o-

ac
id

ch
an

ge

O
th

er
 o

rg
an

de
fe

ct
s

Se
en in

C
M

G

E
SP

E
A

/A
A

C
A

D
D

sc
or

e
F

re
qu

en
cy

in
 E

xA
c

N
um

be
r

of
 L

O
F

 in
E

xA
c

F
am

ily
se

gr
eg

at
io

n
C

om
m

en
t

1
PA

X
2

M
,F

Sp
an

is
h

R
H

D
H

g1
9

10
: 1

02
50

95
28

c.
70

de
lG

p.
G

24
fs

O
pt

ic
 n

er
ve

 c
ol

ob
om

a 
(p

re
vi

ou
sl

y 
un

di
ag

no
se

d)
no

N
/R

N
/R

35
0

5
Y

es
; m

ul
tip

le
 

in
di

vi
du

al
s,

 A
D

K
no

w
n 

pa
th

og
en

ic
 v

ar
ia

nt
, 

im
pa

ct
s 

m
ed

ic
al

 m
an

ag
em

en
t

2
H

N
F1

B
M

M
ix

ed
 

C
au

ca
si

an
 

an
d 

A
fr

ic
an

 
C

ar
ib

be
an

C
R

D
H

g1
9

17
: 3

60
70

58
4

c.
11

32
du

pC
p.

Q
37

8f
s

G
ou

t, 
el

ev
at

ed
 L

FT
s 

(r
ec

en
t d

ia
gn

os
is

) 
an

d 
in

cr
ea

se
d 

ec
ho

ge
ni

ci
ty

 
of

 p
an

cr
ea

s 
(n

ot
 n

ot
ed

 
pr

io
r 

to
 W

E
S)

no
N

/R
N

/R
35

0
0

D
e 

no
vo

 b
y 

W
E

S 
an

d 
Sa

ng
er

N
ov

el
 p

at
ho

ge
ni

c 
va

ri
an

t, 
im

pa
ct

s 
m

ed
ic

al
 m

an
ag

em
en

t

3
E

Y
A

1
F

A
A

V
U

R
, M

C
D

K
H

g1
9

8:
 7

21
83

98
8

c.
86

7+
5G

>
A

n/
a

N
o

no
N

/R
N

/R
16

.6
1

0
4

D
e 

no
vo

 b
y 

W
E

S 
an

d 
Sa

ng
er

K
no

w
n 

re
cu

rr
en

t p
at

ho
ge

ni
c 

va
ri

an
t i

n 
B

O
R

; M
C

D
K

 in
 

th
is

 p
at

ie
nt

 w
ith

 V
U

R
 li

ke
ly

 
du

e 
to

 th
is

 v
ar

ia
nt

, i
m

pa
ct

s 
m

ed
ic

al
 m

an
ag

em
en

t

A
A

 A
fr

ic
an

 A
m

er
ic

an
; A

D
, a

ut
os

om
al

 d
om

in
an

t, 
B

O
R

; 
B

ra
nc

hi
o-

ot
o-

re
na

l s
yn

dr
om

e;
 C

A
D

D
, C

om
bi

ne
d 

A
nn

ot
at

io
n 

D
ep

en
de

nt
 D

ep
le

tio
n;

 C
hr

, c
hr

om
os

om
e 

; C
M

G
, C

en
te

r 
fo

r 
M

en
de

lia
n 

G
en

om
ic

s;
 C

R
D

, C
ys

tic
 r

en
al

 d
ys

pl
as

ia
; E

SP
, E

xo
m

e 
Se

qu
en

ci
ng

 P
ro

je
ct

; E
xA

c,
 

E
xo

m
e 

A
gg

re
ga

tio
n 

C
on

so
rt

iu
m

 ; 
L

F
T

, l
iv

er
 f

un
ct

io
n 

te
st

s;
 L

O
F

, l
os

s-
of

-f
un

ct
io

n;
 M

C
D

K
, M

ul
tic

ys
tic

 d
ys

pl
as

tic
 k

id
ne

y;
 N

/R
, n

on
e 

re
po

rt
ed

, R
H

D
, R

en
al

 h
yp

od
ys

pl
as

ia
; V

U
R

, V
es

ic
ou

re
te

ra
l r

ef
lu

x.

Genet Med. Author manuscript; available in PMC 2017 April 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bekheirnia et al. Page 16

Ta
b

le
 3

FO
X

P1
 s

in
gl

e 
nu

cl
eo

tid
e 

va
ri

an
ts

 (
SN

V
s)

 id
en

tif
ie

d 
in

 o
ne

 in
di

vi
du

al
 f

ro
m

 th
is

 c
oh

or
t (

Fa
m

ily
 3

8)
 a

nd
 7

 a
dd

iti
on

al
 (

ca
se

s 
2-

8 
fr

om
 c

lin
ic

al
 W

E
S 

da
ta

ba
se

) 
in

di
vi

du
al

s 
w

ith
 p

at
ho

ge
ni

c 
no

ve
l d

e 
no

vo
 S

N
V

s.
 S

ix
 o

ut
 o

f 
ei

gh
t c

as
es

 h
av

e 
sy

nd
ro

m
ic

 f
or

m
 o

f 
ki

dn
ey

 a
nd

 g
en

ito
ur

in
ar

y 
tr

ac
t d

ef
ec

ts
. T

hi
s 

st
ro

ng
ly

 s
ug

ge
st

s 
an

 im
po

rt
an

t r
ol

e 
fo

r 
FO

X
P1

 in
 K

id
ne

y 
an

d 
G

U
 tr

ac
t d

ev
el

op
m

en
t.

C
as

e 
N

um
be

r
G

en
om

e 
bu

ild
C

hr
: 

po
si

ti
on

SN
V

P
ro

te
in

 c
ha

ng
e

C
A

D
D

 s
co

re
F

re
qu

en
cy

 in
 E

xA
c

N
um

be
r 

of
 L

O
F

 
in

 E
xA

c

Se
gr

eg
at

io
n

P
he

no
ty

pe

C
as

e 
1 

(F
am

ily
 

38
)

H
g1

9
3:

 7
10

90
67

5
c.

C
67

3A
p.

 P
22

5T
24

.7
0

2
D

e 
N

ov
o

H
yd

ro
ce

ph
al

y,
 G

D
D

 a
nd

 
un

ila
te

ra
l r

en
al

 a
ge

ne
si

s

C
as

e 
2

H
g1

9
3:

 7
10

27
08

5
c.

12
40

_1
24

1d
el

p.
L

41
4f

s
35

0
2

D
e 

N
ov

o
H

yd
ro

ce
ph

al
y,

 b
ra

in
 a

tr
op

hy
, 

se
iz

ur
e,

 D
D

, V
SD

, n
eu

ro
ge

ni
c 

bl
ad

de
r,

 h
yd

ro
ne

ph
ro

si
s,

 
te

th
er

ed
 c

or
d,

 a
nd

 b
eh

av
io

r 
pr

ob
le

m
s

C
as

e 
3

H
g1

9
3:

 7
10

90
50

2
c.

84
4-

84
5d

el
p.

V
28

3f
s

35
0

2
D

e 
N

ov
o

B
ila

te
ra

l v
en

tr
ic

ul
ar

 e
nl

ar
ge

m
en

t 
of

 b
ra

in
, I

D
, D

D
, h

yp
ot

on
ia

, 
ho

rs
es

ho
e 

ki
dn

ey
, U

D
T

, 
hy

po
sp

ad
ia

s,
 a

nd
 f

ac
ia

l 
dy

sm
or

ph
ic

 f
ea

tu
re

s

C
as

e 
4

H
g1

9
3:

 7
10

21
78

4
c.

 1
57

4G
>

A
p.

 R
52

5Q
34

0
2

D
e 

N
ov

o
G

D
D

, m
eg

a 
ci

st
er

na
 m

ag
na

, 
se

iz
ur

e,
 h

yp
ot

on
ia

, c
on

ce
al

ed
 

pe
ni

s,
 r

et
ra

ct
ab

le
 t

es
ti

s,
 a

nd
 

sk
el

et
al

 a
bn

or
m

al
iti

es

C
as

e 
5

H
g1

9
3:

 7
10

21
81

5
c.

15
43

C
>

G
p.

H
51

5D
27

.7
0

2
D

e 
N

ov
o

G
D

D
, h

ip
 c

on
tr

ac
tu

re
s,

 
dy

sm
or

ph
ic

 f
ea

tu
re

s,
 s

ho
rt

 
st

at
ur

e,
 m

ild
 s

co
lio

si
s,

 
ab

no
rm

al
ly

 p
os

iti
on

ed
 th

um
bs

, 
dy

sm
or

ph
ic

 f
ea

tu
re

s,
 a

nd
 U

D
T

C
as

e 
6

H
g1

9
3:

 7
10

19
95

8
c.

16
53

-2
A

>
T

N
/A

24
.8

0
2

D
e 

N
ov

o
D

D
, a

ta
xi

a,
 m

ild
 d

is
ta

l 
ar

th
ro

gr
yp

os
is

, A
SD

, d
ys

m
or

ph
ic

 
fa

ci
al

 f
ea

tu
re

s,
 s

tr
ab

is
m

us
, 

ve
rt

ic
al

 n
ys

ta
gm

us
 a

nd
 s

no
ri

ng
, 

ri
gh

t 
du

pl
ic

at
ed

 c
ol

le
ct

in
g 

sy
st

em
, a

nd
 t

ra
be

cu
la

ti
on

 o
f 

th
e 

po
st

er
io

r 
ur

in
ar

y 
bl

ad
de

r 
w

al
l

C
as

e 
7

H
g1

9
3:

 7
10

27
03

4
c.

12
91

_1
29

2d
el

p.
T

43
1f

s
35

0
2

D
e 

N
ov

o
M

ac
ro

ce
ph

al
y,

 G
D

D
, I

D
, 

dy
sm

or
ph

ic
 f

ea
tu

re
s,

 
hy

pe
re

xt
en

si
bi

lit
y,

 jo
in

t 
co

nt
ra

ct
ur

es
 (

3r
d 

fi
ng

er
 

ca
m

pt
od

ac
ty

ly
),

 d
ro

op
y 

ey
el

id
s,

 
an

d 
tw

o 
ca

fe
 a

u 
la

it 
sp

ot
s

C
as

e 
8

H
g1

9
3:

 7
10

21
73

5
c.

16
06

_1
62

2d
up

p.
F5

41
fs

35
0

2
D

e 
N

ov
o

St
ru

ct
ur

al
 b

ra
in

 a
bn

or
m

al
iti

es
, 

G
D

D
, a

gg
re

ss
iv

e 
be

ha
vi

or
 a

nd
 

hy
pe

ra
ct

iv
ity

, h
yp

er
op

ic
 

Genet Med. Author manuscript; available in PMC 2017 April 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bekheirnia et al. Page 17

C
as

e 
N

um
be

r
G

en
om

e 
bu

ild
C

hr
: 

po
si

ti
on

SN
V

P
ro

te
in

 c
ha

ng
e

C
A

D
D

 s
co

re
F

re
qu

en
cy

 in
 E

xA
c

N
um

be
r 

of
 L

O
F

 
in

 E
xA

c

Se
gr

eg
at

io
n

P
he

no
ty

pe

as
tig

m
at

is
m

, h
yp

ot
on

ia
, a

nd
 a

nk
le

 
tig

ht
ne

ss

A
SD

, a
tr

ia
l s

ep
ta

l d
ef

ec
t; 

C
A

D
D

, C
om

bi
ne

d 
A

nn
ot

at
io

n 
D

ep
en

de
nt

 D
ep

le
tio

n;
 C

hr
, c

hr
om

os
om

e 
, D

D
, d

ev
el

op
m

en
ta

l d
el

ay
; E

xA
c,

 E
xo

m
e 

A
gg

re
ga

tio
n 

C
on

so
rt

iu
m

; G
D

D
, g

lo
ba

l d
ev

el
op

m
en

ta
l d

el
ay

; 
ID

, i
nt

el
le

ct
ua

l d
is

ab
ili

ty
; L

O
F,

 lo
ss

-o
f-

fu
nc

tio
n;

 U
D

T
, u

nd
es

ce
nd

ed
 te

st
is

; V
SD

, v
en

tr
ic

ul
ar

 s
ep

ta
l d

ef
ec

t

Genet Med. Author manuscript; available in PMC 2017 April 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bekheirnia et al. Page 18

Ta
b

le
 4

C
op

y-
nu

m
be

r 
va

ri
an

ts
 (

C
N

V
s)

 id
en

tif
ie

d 
(f

ro
m

 W
E

S 
da

ta
 o

f 
62

 f
am

ili
es

) 
w

hi
ch

 a
re

 r
el

ev
an

t t
o 

th
e 

pa
tie

nt
's

 p
he

no
ty

pe

F
am

ily
 I

D
C

hr
om

os
om

al
 r

eg
io

n
C

N
V

 T
yp

e
St

ar
t 

(M
b)

E
nd

 (
M

b)
Si

ze
 (

M
b)

N
um

be
r 

of
 g

en
es

Sy
nd

ro
m

e
P

he
no

ty
pe

P
ar

en
ta

l S
tu

di
es

C
om

m
en

ts

Fa
m

ily
 3

4
22

q1
1

T
rp

16
.6

3
18

.6
4

2.
01

33
C

at
 e

ye
 s

yn
dr

om
e

V
U

R
, f

ur
th

er
 d

et
ai

ls
 in

 
te

xt
 (

m
ul

tip
le

 
an

om
al

ie
s)

D
e 

N
ov

o
Pa

th
og

en
ic

Fa
m

ily
 3

9
16

p1
3.

11
D

up
15

.1
2

16
.2

9
1.

17
19

16
p1

3.
11

 d
up

M
C

D
K

, f
ac

ia
l 

dy
sm

or
ph

ic
 f

ea
tu

re
s

U
nk

no
w

n
Pa

th
og

en
ic

Fa
m

ily
 1

0
16

p1
1.

2
D

up
29

.6
8

30
.2

0
0.

52
35

16
p1

1.
2 

du
p

So
lit

ar
y 

ki
dn

ey
, 

ps
yc

hi
at

ri
c 

di
so

rd
er

, 
hy

po
th

yr
oi

di
sm

U
nk

no
w

n
Pa

th
og

en
ic

Fa
m

ily
 3

1
16

p1
1.

2
D

el
28

.8
3

29
.0

4
0.

21
13

16
p1

1.
2 

de
l

V
U

R
, s

ei
zu

re
, D

D
, 

L
D

, a
nd

 o
pt

ic
 e

de
m

a
U

nk
no

w
n

Pa
th

og
en

ic

Fa
m

ily
 3

3
3q

29
D

up
19

7.
51

19
7.

59
0.

08
2

-
V

U
R

, c
at

ar
ac

t, 
an

d 
gr

ow
th

 d
el

ay
U

nk
no

w
n

V
U

S

Fa
m

ily
 2

5
2p

24
.3

D
el

15
.3

0
15

.3
8

0.
08

1
-

PU
V

, h
et

er
ot

ax
y

In
he

ri
te

d
V

U
S

Fa
m

ily
 2

1
4q

35
.1

D
up

18
5.

99
18

9.
11

3.
12

30
-

PU
V

In
he

ri
te

d
V

U
S

D
D

, d
ev

el
op

m
en

ta
l d

el
ay

; d
el

, d
el

et
io

n;
 d

up
, d

up
lic

at
io

n;
 L

D
, l

ea
rn

in
g 

di
sa

bi
lit

y;
 M

C
D

K
, m

ul
tic

ys
tic

 d
ys

pl
as

tic
 k

id
ne

y;
 P

U
V

, p
os

te
ri

or
 u

re
th

ra
l v

al
ve

; t
rp

, t
ri

pl
ic

at
io

n;
 V

U
R

, v
es

ic
ou

re
te

ra
l r

ef
lu

x;
 V

U
S,

 
va

ri
an

t o
f 

un
ce

rt
ai

n 
cl

in
ic

al
 s

ig
ni

fi
ca

nc
e

Genet Med. Author manuscript; available in PMC 2017 April 07.


	Abstract
	INTRODUCTION
	METHODS
	Whole-Exome Sequencing analysis
	SNV prioritization and filtering workflow
	Copy-number variants (CNVs) inference
	SNV and CNV interpretation criteria
	Known CAKUT associated genes 4,17

	RESULTS
	Novel CAKUT gene identification: Forkhead Box P1 (FOXP1)
	CNV discovery from WES data

	DISCUSSION
	References
	Figure 1
	Table 1
	Table 2
	Table 3
	Table 4

