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ABSTRACT

Congenital anomalies of the kidney and urinary tract (CAKUT) occur in three to six of 1000 live births, represent
about 20% of the prenatally detected anomalies, and constitute the main cause of CKD in children. These disorders
are phenotypically and genetically heterogeneous. Monogenic causes of CAKUT in humans and mice have been
identified. However, despite high-throughput sequencing studies, the cause of the disease remains unknown in
most patients, and several studies support more complex inheritance and the role of environmental factors and/or
epigenetics in the pathophysiology of CAKUT. Here, we report the targeted exome sequencing of 330 genes,
including genes known to be involved in CAKUT and candidate genes, in a cohort of 204 unrelated patients with
CAKUT; 45% of the patients were severe fetal cases. We identified pathogenic mutations in 36 of 204 (17.6%)
patients. These mutations included five de novo heterozygous loss of function mutations/deletions in the PBX
homeobox 1 gene (PBX1), a gene known to have a crucial role in kidney development. In contrast, the frequency of
SOX17 and DSTYK variants recently reported as pathogenic in CAKUT did not indicate causality. These findings
suggest that PBX1 is involved in monogenic CAKUT in humans and call into question the role of some gene variants
recently reported as pathogenic in CAKUT. Targeted exome sequencing also proved to be an efficient and cost-
effective strategy to identify pathogenic mutations and deletions in known CAKUT genes.
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Congenital anomalies of the kidney and urinary tract (CAKUT)
refer to a heterogeneous group of malformations of the kidney and
the urinary tract due to defects in embryonic kidney
development, a complex process that involves reciprocal interac-
tion between the ureteric bud and the metanephric mesenchymal
tissue. Prevalence of CAKUT has been estimated between three
and six per 1000 live births. These kidney defects are frequently
detected in utero by prenatal ultrasonography and account
for 15%-20% of all of the prenatally detected congenital anom-
alies .! Their severity is extremely variable, but CAKUT represent
the leading cause of CKD in children.? Genetic and environmental
factors are proposed to be involved in CAKUT. Except for poste-
rior urethral valves that usually appear as sporadic, familial clus-
tering of CAKUT has been frequently described?; however, the
heritability estimates remain unknown. In some families, CAKUT
are inherited as a Mendelian monogenic disease, mostly trans-
mitted as an autosomal dominant trait with variable expressivity.
Although in these cases CAKUT are frequently associated with
extrarenal anomalies (>100 syndromes including renal or urinary
abnormalities, with a Mendelian transmission, have been de-
scribed),* they can also present with isolated kidney diseases, par-
ticularly at prenatal ultrasound screening. Identification of the
molecular defect in these patients is important to provide genetic
counseling to the families. A monogenic cause of CAKUT was
reported to be identified in approximately 10%-15% of patients
presenting with isolated CAKUT.> Among the approximately 50
genes with reported mutations, PAX2 and HNFIB are the
two genes most frequently mutated in syndromic or isolated
CAKUT.®7 Copy number variations (CNVs) have also been shown
to be frequently associated with syndromic as well as isolated
CAKUT; however, these CNVs are frequently attributable to
known genomic disorders.®-10 Recently, the simultaneous analysis
of multiple candidate genes in parallel by next generation se-
quencing (NGS) was reported not to lead to a substantial increase
in the proportion of patients with CAKUT with identified muta-
tions,!! suggesting that inheritance may frequently be more com-
plex and/or involve noncoding regions, epigenetic modifications,
or somatic mutations.

Here, we report targeted NGS of 330 genes known to be
either involved in CAKUT or candidate genes in a large cohort
of 204 unrelated patients with CAKUT, which led to the iden-
tification of a novel CAKUT gene, PBX1.

RESULTS

Patient Cohort

Two hundred four unrelated patients with CAKUT were included
(K1-K204 in Supplemental Table 1). Criteria for inclusion were
CAKUT involving both kidneys or unilateral CAKUT associated
with either extrarenal defects or familial history of CAKUT (Table
1). Patients with posterior urethral valves were not included in the
study. Fifty of the 204 patients had been previously tested for
mutations in HNFIB (involved in renal cysts and diabetes syn-
drome) and/or PAX2 (involved in papillorenal syndrome) and/or
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EYAI (involved in branchio-oto-renal syndrome) by Sanger se-
quencing and were revealed to be negative, and nine fetuses had
been tested for mutations in RET (involved in bilateral kidney
agenesis'?), with one identified as carrying a variant of unknown
significance.!? In addition, we also tested 11 patients suspected to
suffer from branchio-oto-renal syndrome because of branchial
and/or ear abnormalities but without any renal phenotype (nor-
mal renal ultrasound) (BO1-BO11 in Supplemental Table 1). Sex
ratio was 116 boys, 89 girls, and ten patients for which sex was
unknown. Not including the 11 BO patients, 79 patients presented
extrarenal anomalies. Fifty-five patients had familial history of
renal disease affecting first-degree relative(s) (parents, children,
or affected siblings), and eight additional patients had history of
renal disease in more distant family. Moreover, seven patients
had a parent with branchial defects and/or deafness (five), colo-
boma (one), or diabetes (one) without renal defect (Supplemental
Table 1, Table 1). Ninety-three (45%) cases were fetuses affected
with extremely severe renal anomalies at fetal ultrasound screen-
ing, which led to termination of pregnancy after parents’ request
and case by case evaluation by a multidisciplinary prenatal com-
mittee in accordance with the French law. Autopsy was performed
after informed consent in all cases.

Screening the Candidate Genes and Identification of
PBX1 as a Novel Gene Involved in Monogenic CAKUT
Among the 330 genes, 275 were candidate genes with no mu-
tation reported in patients with CAKUT so far (Supplemental
Table 2). Analysis of these genes in the 204 individuals with
renal involvement led to the identification of 125 heterozygous
variants never reported in the Exome Aggregation Consor-
tium (ExAC) database in a total of 88 genes in 92 patients
(Supplemental Tables 1 and 3). In one of these genes, PBXI,
we identified five heterozygous loss of function mutations/de-
letions (Figure 1, Table 2). The first mutation (family 1) was a
frameshift mutation (p.Asnl43Thrfs*37) in a 21-year-old
adult affected with renal hypoplasia and deafness. She has an
eGFR of 40 ml/min per 1.73 m®. The second one (family 2)
was a nonsense mutation (p.Argl84*) in a child presenting
with small hyperechogenic kidneys with cysts, developmental
delay, growth retardation, and long and narrow face. She had
eGFR of 51 ml/min per 1.73 m? at the age of 11 years old. The
third one (family 3) was a splice mutation (c.511-2A>G) in a
fetus with renal hypoplasia and oligoamnios. The autopsy
showed extremely severe oligonephronia. RNA was not avail-
able to study the effect of that mutation on splicing, but the
mutation is predicted to lead to total loss of the 3’ splice site
and skipping of exon 4, resulting in a frameshift. The two last
patients presented with a heterozygous deletion removing the
whole PBX1 gene indicated by a reduced number of reads for
the nine exons of the gene (Figure 1). The first one (family 4)
was a 39-year-old adult woman followed for small and dys-
plastic horseshoe kidney also affected with profound deafness.
She was the oldest patient of our series and had stage 3B renal
failure (eGFR=40 ml/min per 1.73 m?) at last evaluation. The
second one (family 5) was an infant with a single small
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Table 1. Renal and extrarenal phenotypes of the cohort encompassing 204 patients with CAKUT and 11 patients with

branchial and/or ear defect (215 patients)

. Extrarenal Family History
Phenotype Patients a
Phenotype Renal Defect Nonrenal Defect

Main CAKUT phenotype

Bilateral kidney agenesis 46 14 14

Bilateral multicystic dysplasia 12 3 2

Unilateral kidney agenesis 15 10 7 20<

Unilateral kidney agenesis plus secondary CAKUT phenotyped 23 7 6 10

Unilateral multicystic dysplasia 5 3 2

Unilateral multicystic dysplasia plus secondary CAKUT phenotype®® 9 4 2 1f

Renal hypoplasia 22 10 6 10

Renal hypoplasia plus secondary CAKUT phenotype®® 34 12 9 2¢h

Renal dysplasia' 21 8 7

Renal dysplasia plus secondary CAKUT phenotyped'J 6 1 2

Other® 11 7 6

Total 204 79 63 7
Branchial signs and/or ear defect without CAKUT phenotype " "1 0

?Includes Mullerian anomalies, urogenital sinus, testis agenesis, anal atresia, cardiopathy, VATER (vertebrae, anus, trachea, esophagus, renal) syndrome, di-
aphragmatic hernia, cystic adenomatoid lung malformation, lung isomerism, bone defect (ribs, vertebra, or polydactyly), eye defect (coloboma or morning glory
syndrome), external ear abnormalities, deafness, branchial defect, pancreatic hypoplasia, abnormal teeth, liver defect, microcephaly, dysmorphic features, central

nervous system anomaly, intellectual disability, and mellitus diabetes.
PParent with BO without renal defect.
Parent with deafness without renal defect.

“Includes all patients with two CAKUT phenotypes (e.g., unilateral kidney agenesis plus contralateral multicystic dysplastic kidney and renal hypoplasia plus

pelviureteric junction obstruction).

°Does not include unilateral multicystic dysplasia plus unilateral kidney agenesis, which is counted in the unilateral kidney agenesis plus secondary CAKUT di-

agnosis.
fParent with diabetes without renal defect.

9Does not include renal hypoplasia plus unilateral kidney agenesis, which is counted in unilateral kidney agenesis plus secondary CAKUT diagnosis, or renal hy-
poplasia plus unilateral multicystic dysplasia, which is counted in multicystic kidney dysplasia plus secondary CAKUT.

PParent with coloboma without renal defect.

'Renal dysplasia was defined by histology of the kidney and/or hyperechogenicity of the renal parenchyma at ultrasound with or without cysts.
'Does not include renal dysplasia plus unilateral multicystic dysplasia, plus unilateral renal agenesis, or plus renal hypoplasia and/or plus renal ectopy, plus hy-

dronephrosis, or plus vesicoureteral reflux.

“Includes vesicoureteral reflux, pelviureteric junction obstruction, obstructive megaureter, hydronephrosis without further known diagnosis, and renal ectopy.

hyperechogenic kidney also presenting developmental delay,
microcephaly, and facial dysmorphism (with long and narrow
face as well as abnormal ear lobes). He had normal renal func-
tion at the age of 18 months old. Comparative Genomic Hyb-
rization (CGH) array analysis (Agilent 60 K) performed on
DNA from patients’ lymphocytes confirmed presence of a
2.46-MbD deletion at 1q23.3q24.1 including PBX1 and seven
other genes in a family 4’ patient and a 9.1-Mb deletion on the
long arm of a chromosome 1 including PBX1 together with
130 other genes (Supplemental Figure 1) in a family 5 patient.
De novo occurrence of the deletion in patients K136 (family 5)
was confirmed by fluorescence in situ hybridization on par-
ents’ lymphocytes, which was normal (Supplemental Figure
2). The pelviureteric junction obstruction in the patient’s
mother (shown in gray in Figure 1) is thus an incidental as-
sociation. Sanger sequencing (families 1-3) or analysis of four
microsatellite markers located in PBXI (family 4) allowed us
to show that the mutations/deletion in these families also oc-
curred de novo (Figure 1, Supplemental Table 4). In all five fam-
ilies, misclassification of the parents was excluded by analysis of
at least 12 unlinked microsatellite markers located on various
chromosomes (Supplemental Table 4) and the identification of a
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paternally inherited CNVon 1p (family 5) (Supplemental Figure
2). Moreover, by retrospective analysis of our cohort of patients
with CAKUT, we identified another individual not included in
the 204 patients screened by targeted NGS, in whom a de novo
6.2-Mb deletion, including PBX1, had been identified by CGH
array analysis. This patient presented with small hyperechogenic
kidneys, developmental delay, and facial dysmorphism, similar to
the patient from family 5. He already had severe proteinuria asso-
ciated with a rapidly progressing renal failure (¢GFR=60 ml/min
per 1.73 m?) at the age of 10 years old.

To precisely evaluate the strength of association between
PBXI mutations and CAKUT, we used a binomial probability
test. The P value for identifying three de novo loss of function
mutations in that gene among 204 patients was <0.001 (Sup-
plemental Figure 3). The identification of three de novo loss of
function mutations together with two de novo large deletions
encompassing the gene among 204 patients with CAKUT
strongly support the causal effect of the PBXI mutations.

Screening the Known CAKUT Genes
In 31 of the 204 patients, we identified 24 pathogenic mutations
in seven known genes associated with highly penetrant

Genetics of CAKUT 2903


http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017010043/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017010043/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017010043/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017010043/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017010043/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017010043/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017010043/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017010043/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2017010043/-/DCSupplemental

BASIC RESEARCH | www.jasn.org

A Fam“y 1 M1:c.428delA Fam“y 2 M2:¢.550C>T Fam“y 3 M3: c.511-2A>G
(p-Asn143Thrfs*37) (p-Arg184*)
| | |
+/+ ++ +/+ ++ 4 4+
ale
1] Il 1l K186
NT K175 + K179 M3 S+
M1 /+ M2 /+
CTCAGT T g
CAGf\CAACTCAG CTCCTGCGAGAGC att c cagGCCTG®G
U AVAVAV ATAVAVAVAVAVAY Father / \ IWAAAYAYNA ,-" /\/\ Father /}/\/\ /\‘f.\"/\/ \/\ AV /\
Mother AN L VANAN NN, Mother ANV /\\ A/ /\s\';/\/,-'\) & /,\/Xl/,\/\/X,L\,;"/.\
K175 AT £ \Yavi / o/
Sister e'q\ ,r W\ / N /\/\/\/\/ VA \
e \ )/A 2(_\.._
K179 _.r‘ /\/\ /\ ] AN \ \}.f\!
B Family 4 M4: c.(?_-30)_(*220_?)del C Family 5  M5: c.(?_-30)_(*220_?)del
A1 A3 A2_ A1
| 81; B2 Bs‘} ;BB : Read numbers = Read numbers
Ci C1 CZT c2 w
i B B3 o~ HEBd |
E E4 E1= E2
F2 F1 K181 F3 F4 ++
M4/+ }
Gf.r fez il 1(31 I
H1 H2 _A2 H3= H2 [ I K136
82; £Bs M5 /+
c1 PBX1 exons PBX1 exons
D
E
F1 :
/
G iG3
HoH  HH3

Figure 1. Identification of de novo PBX1 mutations in three families and deletions in two families. (A) Pedigrees of three families with
one affected individual (in black) carrying a de novo point mutations in PBX1. The affected individual in family 1 (K175) was a 21-year-
old woman presenting with renal hypoplasia and deafness. The affected individual in family 2 (K179) was a 12-year-old girl presenting
with small hyperechogenic kidneys with cysts, developmental delay, growth retardation, and long and narrow face. The affected in-
dividual in family 3 (K186) was a male fetus with extremely severe renal hypoplasia. Loss of function mutations (deletion of one base
leading to a frameshift, nonsense mutation, or nucleotide change in the consensus acceptor splice site located in 3’ of intron 3)
identified in patients K175, K179, and K186, respectively, were validated by Sanger sequencing. Absence of the mutation in the
parents showed de novo occurrence in all patients. NT, not tested. (B) Pedigree of family 4 with a 40-year-old woman (K181) affected
with small and dysplastic horseshoe kidney and deafness. NGS analysis of patient DNA revealed a reduced number of reads for all of
the exons of PBX1 (in red) compared with the mean number of reads for the 37 other DNAs analyzed in the same run (in green),
suggesting deletion of one PBX1 allele. Haplotypes of the affected woman and her parents were generated using four known mi-
crosatellite markers upstream and downstream of PBX1 (markers A, B, G, and H) as well as four intragenic PBX1 markers (markers C-F).
Genomic positions of the microsatellite markers (on Human Genome version GRCh38.p7 from Ensembl) are A (D1S2675):
chr1:162,240,203-162,240,364; B (D152844): chr1:162,979,036-162,979,218; C (in PBX1 intron 1): chr1:164,562,253-164,562,694; D
(in PBX1 intron 2): chr1:164,651,731-164,652,170; E (in PBX1 intron 2): chr1:164,707,219-164,707,656; F (in PBX1 intron 8):
chr1:164,833,830-164,834,270; G (D152762) chr1:166,986,900-166,987,137; and H (D1S196): chr1:167,635,063-167,635,195. De-
letion of a <4-Mb region encompassing PBX1 located on the maternally inherited chromosome was shown by the lack of maternal
contribution for markers C-F (genotypes are in Supplemental Table 3). (C) Pedigree of family 5 with a 2-year-old infant boy (K136)
presenting with a single hyperechogenic kidney associated with developmental delay, microcephaly, and facial dysmorphism (with
long and narrow face as well as abnormal ear lobes). The mother was presenting pyeloureteric junction obstruction. NGS analysis of
K136 DNA revealed a reduced number of reads for all of the exons of PBXT (in red) compared with the mean number of reads for the 38
other DNA analyzed in the same run (in green), suggesting deletion of one PBX1 allele. Validation of this deletion and identification of
its extent and de novo occurrence were performed by CGH analysis (Supplemental Figure 1).

CAKUT, namely HNFI1B, PAX2, EYAI, ANOSI, GATA3, CHD7,  EYAI by Sanger sequencing and remained unsolved. Renal
and KIF14 (Figure 2, Table 3). Three of the mutations/dele-  phenotypes, extrarenal anomalies, and mutation inheritance
tions, affecting GATA3 or KIF14, were identified in patients  are shown in Table 3 (Supplemental Table 1). As frequently
who had been previously screened for HNFI1B, PAX2, and/or  observed for patients with mutations in these genes, 16 of the
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Patient Kidney Renal Function Extrarenal Nucleotide Change Protein Change
Phenotype Phenotype
K175 Bilateral hypoplasia eGFR=40 ml/min Deafness plus c.[428delAJ;[=] p.[Asn143Thrfs*37];[=]
per 1.73 m? (21 yr) scoliosis
K179 Bilateral cystic eGFR=51 ml/min Dysmorphic features c.[550C>TI;[=] p.[Arg184*];[=]
hypodysplasia per 1.73m? (11 yr) plus developmental
delay
K186 Bilateral hypoplasia with Oligoamnios No c.[511-2A>G];[=]
oligonephronia
K181 Hypoplasic horseshoe eGFR=40 ml/min Deafness c.[(?_—30)_(*220_7?del];[=]
kidney, absence of per 1.73 m? (39 yr)
corticomedullar
differentiation
K136 Unilateral agenesis/small Normal renal Dysmorphic features c.[(?_—30)_(*220_7?)del];[=]

hyperechogenic kidney function (18 mo)

plus intellectual

disability

patients had extrarenal symptoms. Notably, the fetuses with
biallelic KIF14 mutations presented severe microcephaly and
agenesis of the corpus callosum as recently reported.'* Four-
teen patients were sporadic, and de novo occurrence of the
mutation was shown for the five families with available parental
DNA. Somatic mosaicism in the mother was identified in one
patient with a PAX2 mutation. Ten patients had a family history
of CAKUT (Supplemental Table 1, Table 3), and presence of the
mutation was shown in the affected related individual in the
seven tested families. In addition, in six patients with a family

Figure 2. Identification of causative mutations/deletions in 36 of the 204 CAKUT
cases. For each gene (ANOS1, CHD7, EYA1, GATA3, HNF1B, KIF14, PAX2, and
PBX1), the proportions of patients with mutations and deletions are shown in dark and
light colors, respectively. All of the mutations/deletions are heterozygous, except for
KIF4, for which they are biallelic.

J Am Soc Nephrol 28: 2901-2914, 2017

history of branchial and/or ear defect (three patients), deafness
(one patient), diabetes (one patient), or coloboma (one pa-
tient), mutations were inherited from a parent with branchial
and/or ear defect (EYAI), diabetes (HNFI1B), coloboma
(PAX2), or deafness (GATA3) but no renal defect in agreement
with incomplete penetrance of the renal defect associated with
mutations in these genes.!>~17 Altogether, 11 mutations were
large deletions removing all exons of HNFI1B (eight), GATA3
(two), or PAX2 (one); five were intragenic deletions removing
few exons of PAX2 (two), EYAI (one), ANOSI (one), or KIF14
(one; homozygous); and 18 were point mu-
tations (including small deletions up to 9
bp), all absent from the EXAC, except for
one EYAI mutation that was present
with a frequency of one of 66,722 in the
European population. The 15 heterozygous
large deletions were confirmed by either
CGH or multiplex ligation—dependent

ANOS1 mut ® del m

CHD7  mut probe amplification, and the homozygous
EYAl mut m del = .

GATA3 mut m del m deletlor} of KIF14 was conf{rmed by
HNF1B mut m  del m  sequencing of a cDNA synthesized from
KIF14  mut m  del :

oy o o kidney RNA of the affected fetus (Supple-
PBXI mut m del mental Figure 4).

None

We also identified 21 rare heterozygous
damaging variants in 12 genes reported as
involved in dominant forms of CAKUT in a
total of 17 individuals with CAKUT (Table
4). Extrarenal symptoms usually associated
with mutations in some of these genes were
never observed in these patients. All of the
variants were missense predicted to be
damaging by at least three of the five pre-
diction programs used, and 13 of them,
affecting a total of ten genes (BICCI,
CDC5L, CHDIL, NOTCH2, RET, SALLI,
SALL4, TBCIDI, TBX18, and TNXB),

Genetics of CAKUT 2905
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Table 3. Causative mutations in known genes associated with highly penetrant CAKUT phenotype

Patient PheRneor::ayIpea Extrarenal Phenotype (é::::l NM_ref Nucleotide Change Protein Change
Rare variants in individuals
with CAKUT
K4 RH Bifid uterus HNF1B 000458  c.[(?_—30)_(*220_?del];[=]
K50 UMD+ No HNF1B 000458  c.[(?_—30)_(*220_?del];[=]
K103 RD+ No HNF1B 000458  c.[(?_—30)_(*220_?del];[=]
K124 RD+ No HNF1B 000458  c.[(?_—30)_(*220_?del];[=]
K143 RD+ No HNF1B 000458  c.[(?_—30)_(*220_?del];[=]
K172 UMD+ Diabetes plus cryptorchidy HNF1B 000458  c.[(?_—30)_(*220_?del];[=]
K185 RD No HNF1B 000458  c.[(?_—30)_(*220_?del];[=]
K203 RD No HNF1B 000458  c.[(?_—30)_(*220_?del];[=]
K170 RH+ No HNF1B 000458  c.[344+2_+5del];[=]
K72 RH Papillary excavation PAX2 003987  c.[(?_—30)_(*220_?del];[=]
K62 RH Eye coloboma PAX2 003987  c.[?—30_410+?del];[=]
K79 RD Papillary coloboma PAX2 003987  c.[44—7_496+7del];[=]
K117 RH No PAX2 003987  c.[183C>AJ[=] p.[Ser61Arg];[=]
K133 RH+ Papillary coloboma PAX2 003987  c.[76del];[=] p.[Val26Cysfs*3];[=]
K146 RH+ No PAX2 003987  c.[446dell;[=] p.[Pro149GInfs*10];[=]
K148 RH No PAX2 003987  c.[76dup];[=] p.[Val26Glyfs*28];[=]
K176 RH+ No PAX2 003987  c.[331G>A];[=] p.[Ala111Thr];[=]
K199 Oth Papillary coloboma PAX2 003987  c.[212G>A];[=] p.[Arg7 1Lys];[=]
K80 UKA+ Preauricular pit plus ear tag EYA1 000503  c.[557—7_1597+7?del];[=]
K78 BKA No EYA1 000503  c.[967-1G>C Ii[=]
K119 RH Branchial defect plus deafness EYA1 000503  c.[1459T>C];[=] p.[Ser487Pro];[=]
K135 UKA Preauricular pit EYA1 000503  c.[553C>Tl[=] p.[GIn185*;[=]
K145 RH Branchial defect EYA1 000503  ¢.[1338_1346del];[=] p.[Asn446_Tyrd48del];[=]
K101 UKA Ear tag plus external ear GATA3 001002295  c.[(?_—30)_(*220_?del];[=]
canal stenosis
K167 UKA Deafness plus intellectual disability ~GATA3 001002295  c.[(?_—30)_(*220_?)del];[=]
K48 RH+ No GATA3 001002295  c.[829C>TI;[=] p.[Arg277*];[=]
K158 BKA No ANOS1 000216  c.[?—30_255+7del]
K26 BKA No ANOS1 000216  c.[769C>T;[=] p.[Arg257*];[=]
K160 UKA Deafness plus branchial CHD7 017780  c.[5050G>A[;[=] p.[Gly1684Ser];[=]
defect plus colobomatous
microphtalmia
K73 RH+ Lissencephaly plus agenesis KIF14 014875 c.[3567—7_4072+7del];
of corpus callosum [(3567-?_4072+?del)]
K195 BKA Craniostenosis plus KIF14 014875 c.[3910C>TJ;[1090C>T] p.[GIn1304*];[Arg364Cys]
microcephaly plus agenesis
of corpus callosum
Rare variants in individuals
with branchial signs and/or
ear defect without CAKUT
phenotype
BO4 No Branchial defect plus EYA1 000503  c.[1081C>T];[=] p.[Arg361*];[=]
preauricular pit
plus deafness
BO5 No Branchial defect SIX1 005982  c.[273_274insC];[=] p.[Tyr92Leufs*62];[=]

plus deafness

PP2, Polyphen2; MT, MutationTaster; GVDV, Grantham variation score and Grantham difference score; RH, renal hypoplasia; NA, not available; UMD, unilateral
multicystic dysplasia; RD, renal dysplasia; Oth, other; UKA, unilateral kidney agenesis; BKA, bilateral kidney agenesis; NFE, non-Finnish European population.
®Plus indicates presence of (a) secondary CAKUT phenotype(s).
PConsidered as deleterious when =50.
“Considered as deleterious when =C25.
dPatient with sporadic case.

®Patient with familial case.

fParent affected with diabetes without renal defect.

9Parent affected with coloboma without renal defect.

PMutation transmitted to a son with coloboma without renal defect.
'Parent affected with BO without renal defect.

IParent affected with deafness without renal defect.

“Clinical information not available.
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Table 3. Continued
PP2 Sift MT Grantham® GVDV* No. of Missense Splice ExAC Inheritance Ref.
Deleterious Scores Effect, %
0 NA® 36
0 Affected mother®
0 Affected mother®
0 De novo®
0 De novo
0 Affected mother
0 NA®
0 NA®
-100 0 NA®
0 Germinal mosaicism/ 37
two affected children®
0 NAC
0 De novo
1 0 de 110 Co 4/5 0 De novo®
0 Affected mother® 38
0 NAC
0 Unaffected mother 39
(somatic mosaicism)®
0.998 0 dc 58 Cco 4/5 0 Affected mother® 40
0.974 0 dc 26 Co 3/5 -49 0 NAS" 41
0 Affected mother'
-100 0 Affected father® 42
0.132 0.07 dc 74 COo 2/5 0.0015% NFE Affected father' 43
0 Affected mother' 44
0 Affected father®
0 Affected father! 45
0 NA®
0 De novo® 46
0 Unaffected mother® 47
0 NA 48
0.929 0 dc 56 C55 5/5 -38 0 Father* 49
0 NA®
1 0 dc 180 (e0] 4/5 0 One mutation from
each parent®
0 De novo 50
0 Affected mother'

were absent from the ExAC. This suggests a causative effect for
these variants, which remains to be shown. Of note, two of
these variants were present in individuals with a pathogenic
mutation identified (one variant in CDC5L in a child with a
causative mutation in CHD7 and one in TBXI8 in a fetus
with a causative de novo mutation in GATA3), thus questioning
the effect of these additional variants. Other patients were
carrying variants in several genes, which may suggest

J Am Soc Nephrol 28: 2901-2914, 2017

oligogenic inheritance but also, highlights the arduousness
of the interpretation of the variants (Table 4).

In addition, using less stringent criteria for variant filtering,
we identified four previously reported mutations with fre-
quency in the ExAC that was above the one to 5000 threshold
(Table 4). The RET p.Asp567Gln variation in a fetus with bi-
lateral kidney agenesis (that patient has already been report-
ed!3) was inherited from his unaffected father and not carried
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Table 4. Variants in other genes reported in dominant forms of CAKUT, including previously reported variants and novel rare
variants

Patient Renal a Extrarenal Phenotype Gene NM_ref Nucleotide Change
Phenotype
Novel rare variants
in individuals with
CAKUT
K94 UKA+ Didelphys uterus BICC1 001080512 c.[2264C>G];[=]
K127 UKA+ No BICC1 001080512 c.[1052G>A][;[=],
K160 UKA Deafness plus branchial defect plus CDC5L 001253 c.[2240T>G];[=]
colobomatous microphtalmia
K162 RH+ Palate cleft plus CDC5L 001253 c.[251C>G];[=]
preauticular pit
K70 BMD No CHD1L 004284 c.[1557A>C];[=],
K127 UKA+ No DSTYK 015375 c.[2674G>A];[=]
K32 RH No NOTCH2 024408 c.[1063G>A];[=]
K70 BMD No NOTCH2 024408 c.[5156G>A];[=]
K190 RH+ No NOTCH2 024408 c.[854G>A];[5903C>T]
K83 BMD No RET 020975 c.[2063C>T];[=]
K91 UKA No RET 020975 c.[1903C>T;[=]
K69 BMD No SALL1 002968 c.[3771C>G];[=]
K70 BMD No SALL4 020436 .[2492G>Al[=]
K29 BKA Small testis SIX5 175875 c.[2189C>T];[=]
K56 RD Interventricular communication plus TBC1D1 015173 c.[2790G>Al;[=]
intrauterine growth retardation
K105 RH+ No TBC1D1 015173 c.[2152C>T];[=]
K21 BMD No TBX18 001080508 c.[610C>T]; [=]
K48 RH+ No TBX18 001080508 c.[1483C>A];[=]
K192 BKA No TBX18 001080508 c.[772A>G]; [=]
K169 UKA+ No TNXB 019105 c.[563C>T]; [=]
Previously reported
variants' in
individuals with
CAKUT
K3 BKA Right ventricular dilation RET 020975 c.[1699G>A];[=]
K32 RH No RET 020975 c.[2081G>A];[=]
K127 UKA+ No SOX17 022454 c.[775T>A]; [=]
Previously reported
variants' in
individuals with BO
BO11 No Deafness DSTYK 015375 c.[654+1G>A];[=]

UKA, unilateral kidney agenesis; NA, not available; RH, renal hypoplasia; BMD, bilateral multicystic dysplasia; NFE, non-Finnish European; EAS, East Asian; AMR,
Latino; SAS, South Asian; BKA, bilateral kidney agenesis; RD, renal dysplasia; FIN, Finnish; OTH, Other populations.

®Plus indicates presence of (a) secondary phenotype(s).

PNumber of programs that predicted the variant as damaging among Polyphen2 (probably and possibly damaging), Sift (deleterious), Mutation Taster (deleterious),
Grantham (considered as deleterious when =50), and Grantham variation score and Grantham difference score (considered as deleterious when =C25).

Only variant frequencies in the population with the higher level are indicated.

9Sporadic.

°Familial.

Variant reported in the literature with a frequency in the EXAC above the one to 5000 threshold.

9Clinical information not available.

"Mother affected with deafness without renal defect.
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No. of Missense

Amino Acid Change . b ExAC® Inheritance Ref. Other Variant(s)
Deleterious Scores
p.[Thr755Arg];[=] 4/5 0 NAC
p.[Cys351Tyr];[=] 3/5 0 Unaffected mother plus DSTYK, SOX17f
affected brother®
p.[Leu747Trp];[=] 4/5 0 Father? CHD7 causative
p.[Thr84Ser]; [=] 5/5 0 NA®
p.[Lys519Asn];[=] 4/5 0 NAY NOTCHZ2, SALL4
p.[Asp892Asn];[=] 3/5 0.0075% NFE Unaffected mother plus affected BICC1, SOX17
brother®
p.[Asp355Asn];[=] 3/5 0.0015% NFE NAC RET'
p.[Arg1719GIn][=] 3/5 0.012% EAS NA® CHD1L, SALL4
p.[Arg285His] 4/5; 5/5 0.0087% AMR; O One from each parenth
[Ala1968Val]
p.[Ser688Phe];[=] 5/5 0 Unaffected father®
p.[Arg635Cys];[=] 5/5 0.012% SAS Unaffected mother plus affected
brother®
p.[Asn1257Lys];[=] 4/5 0 NAC
p.[Arg831GIn];[=] 3/5 0 NA CHD1L, NOTCHZ2
p.[Ser730Leu];[=] 4/5 0.012% NFE NAd
p.[Met930lle];[=] 3/5 0 NA?
p.[Arg718Cys];[=] 4/5 0.015% FIN NAd
p.[His204Tyr];[=] 5/5 0.0015% NFE NAd
p.[GIn495Leu];[=] 5/5 0 Unaffected father® GATA3 causative
p.[lle258Vall;[=] 3/5 0 NAC
p.[Pro188Leu];[=] 3/5 09 NAC
p.[Asp567Asn];[=] 3/5 0.11% OTH Unaffected father (absent in 13
affected sister)®
p.[Arg694Gin];[=] 2/5 0.049% SAS NA 18 NOTCH2
p.[Tyr259Asn];[=] 2/5 1.75% OTH Unaffected father plus affected 19 BICC1, DSTYK
brother®
0.088% AMR NAC 20

by his sister, who presented with a less severe renal phenotype.
This variant was identified in 19 individuals without CAKUT
(seven being unrelated) from our in-house exome database
(>8000 exomes). The RET p.Arg694Gln variation detected
in a fetus with bilateral hypoplasia has been reported in a pa-
tient with Hirschsprung disease without associated renal in-
volvement.!® This mutation has low pathogenicity scores. The
SOX17 p.Tyr259Asn variation, previously reported to be as-
sociated with vesicoureteral reflux,!® was identified in a patient

J Am Soc Nephrol 28: 2901-2914, 2017

also carrying missense variants in BICCI and DSTYK. That
SOX17 variant was inherited from his unaffected father. It is
found with a frequency of one in 181 in the European popu-
lation in the ExAC and in 82 individuals without CAKUT in
our in-house exome database. Finally, the DSTYK splice var-
iant (c.654+1), recently reported in a large family with CA-
KUT,20 was identified in a BO individual with normal renal
ultrasound scan. That variant is found in the ExAC database
with a frequency of one in 3563 in the European population

Genetics of CAKUT 2909



BASIC RESEARCH | WWWw.jasn.org

and was identified in 11 individuals without CAKUT (ten be-
ing unrelated) in our in-house exome database.

Burden Analyses of Rare Variants in Patients with
Unsolved Cases

Finally, for the 168 patients with no mutation identified in
PBX1 or any of the highly penetrant CAKUT genes (HNF1B,
PAX2, EYAI, ANOSI, GATA3, CHD7, or KIF14), we
performed a burden test to look for genes with an enrichment
in rare variants. When considering only loss of function var-
iants, we did not identify any gene with nominal P value
<C0.05. When considering loss of function plus missense, we
identified a few genes with nominal P value <0.05, but none of
them reached significance with Bonferroni correction
(P<1.5X10~*). These results are shown in Supplemental
Table 5.

DISCUSSION

Whole-exome sequencing is currently considered as the opti-
mal approach for identifying new genes involved in human
diseases. However, targeted exome sequencing, because it of-
fers the advantage to analyze larger series of patients for the
same cost, may prove more efficient for mutation identification
in the context of highly genetically heterogeneous diseases,
such as CAKUT, provided that the gene selection is relevant.
Analysis of candidate genes allowed us to identify five de novo
PBX1 mutations/deletions, including three loss of function
point mutations, showing that this gene is a novel CAKUT
gene. PBXI encodes the Pre-B Cell Leukemia Transcription
Factor 1, a TALE homeodomain transcription factor known to
play a crucial role in several developmental processes and
modify Hox gene activity.?! In the mouse, Pbx1 was notably
shown to play a role during kidney development.?2:23 It is ex-
pressed in the nephrogenic mesenchyme, weakly in the in-
duced mesenchyme and strongly in the stroma after ureteric
bud invasion. Its expression decreases when cells undergo ep-
ithelial differentiation, whereas it increases in glomerular cells
at the stage of capillary loop extension. Except for Pdgfrb,
which was recently reported as a direct target gene during
vascular patterning,?* Pbx1 transcriptional targets in the kid-
ney remain largely unknown. Although no defect was reported
in Pbx1*"~ kidneys, a majority of Pbx1 '~ embryos exhibit
hypoplastic kidneys (30% with unilateral kidney agenesis),
poorly defined cortical and medullary regions (E13.0), and a
reduced number of differentiating nephrons (E14.5). Mutant
kidneys were also reported to be mispositioned caudally. His-
tologic analysis revealed defects in ureteric branching and ab-
normal expansion of induced mesenchyme, arising from a
mesenchymal dysfunction that led to a reduced mesenchymal
to epithelial differentiation.23 PbxI '~ mouse kidney pheno-
types are thus highly reminiscent of those of the patients with
heterozygous PBX1 mutations (hypoplastic kidneys [all pa-
tients], unilateral agenesis [K136], oligonephronia [K186],
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and horseshoe kidney with absence of corticomedullar differ-
entiation [K181]). A phenotype associated with haploinsuffi-
ciency in human but not in mouse has already been reported
for other transcription factor—encoding genes involved in kid-
ney development (e.g., HNFIB, SIX1, and SIX2).

In 2012, Sanna-Cherchi et al.® reported a 0.5-Mb de novo
deletion at 1q32, including PBX1I, in a patient with renal hy-
poplasia. More recently, the study of overlapping deletions on
the long arm of chromosome 1 in several patients presenting
with renal malformation associated with other defects sugges-
ted that haploinsufficiency of PBX1 might be responsible for
the renal phenotype.?> Our data confirm that hypothesis, be-
cause three PBX1 mutations were de novo point mutations
leading to a null allele. As for CAKUT associated with hetero-
zygous mutations in genes encoding other transcription fac-
tors (HNFIB, PAX2, EYAI, and SALL1I), the severity of the
renal disease associated with PBXI defect seems variable: the
oldest patient presents with stage 3 renal failure (eGFR of 40
ml/min per 1.73 m?) at the age of 39 years old, whereas the
fetal case showed major renal hypoplasia leading to oligohy-
dramnios. This could be due to variants in modifier genes.
Associated deafness was present in two of the five patients
with PBXI mutation/deletion who were not carrying addi-
tional mutation or deletion of PAX2, GATA3, EYAI, or SIX1,
four genes with mutations that may lead to deafness. In a
mouse cochlear hair cell line, Pbx1 is coexpressed with
Gata3,%¢ suggesting that PBXI mutations might be responsible
for deafness. However, the majority of patients with large de-
letions at 1g23.3q24.1 removing PBX1 do not have deafness.?>
Microcephaly, facial dysmorphism, ear anomalies, and devel-
opmental delay in a family 5 patient were reported in other
patients with large deletions at that locus?>; however, devel-
opmental delay and facial dysmorphism were also present in
the patient from family 2 carrying a PBX1 nonsense mutation.
Screening of larger series of patients with CAKUT for muta-
tions in PBX1 will be necessary to more precisely evaluate their
association with extrarenal phenotypes.

Our strategy of targeted exome sequencing also allowed us
to improve the efficiency of identification of causative muta-
tions in patients with known CAKUT compared with our pre-
vious workflow (by Sanger sequencing and MLPA analysis), in
which only HNF1B, PAX2, and/or EYAI were screened. Alto-
gether, causative mutations, including the five PBXI muta-
tions, were identified in 36 of the 204 (17.6%) patients with
CAKUT. This rate is far above that reported recently by a sim-
ilar NGS approach (six of 453),!! and this is likely due, at least
in part, to the fact that the spectrum of phenotypes included
was different. We only included CAKUT affecting both kid-
neys and/or familial and/or syndromic forms, excluding pos-
terior urethral valves known to be most frequently sporadic,
whereas Nicolaou et al.!! included unilateral forms and many
posterior urethral valves. The rate of mutation that we ob-
served here is also higher than that reported by Thomas
et al.® but close to that reported by Weber et al.> or Madariaga
et al.” Of note, the proportion of patients with HNFI1B, PAX2,
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or EYAI mutations is probably slightly biased downward, be-
cause our cohort included 50 patients already known not to
carry mutations in these genes. Interestingly, 40% of the iden-
tified mutations are deletions, removing either a few exons or
the whole gene. Indeed, a major advantage of NGS is the iden-
tification of both point mutations and deletions (intragenic
and whole-gene deletions) in a sole experiment. In addition to
HNFI1B deletions, heterozygous deletions, which would
not have been diagnosed by our previous workflow, were
identified in PAX2, EYAI, GATA3, and ANOSI. Also, one
homozygous intragenic deletion of KIF14 was shown in a con-
sanguineous family. No mutation was identified in ITGAS or
FGF20, two genes recently reported as responsible for autoso-
mal recessive bilateral kidney agenesis.?”>28

Among variants identified in this study, some are in other
genes previously reported as responsible for dominant CAKUT
(Table 4). However, although these variants met criteria sup-
porting their pathogenicity (absence or low frequency in the
ExAC and pathogenicity scores indicating deleterious effect),
in the seven patients whose parents could be tested, the vari-
ants were inherited from an unaffected parent (Table 4), thus
questioning their causality. In one patient with renal cystic
hypodysplasia and deafness, compound heterozygous variants
in NOTCH?2 were shown in the index patient, the significance
of which is unknown. Growing numbers of available data re-
garding the frequency of variants among large control popu-
lations can lead variants initially considered as pathogenic to
be reclassified. The frequency of the SOX17 p.Tyr259Asn var-
iation in the ExAC and our in-house database indicates that
this variant is likely not causative, although it could be an at-
risk allele as recently proposed.?? As for the DSTYK splice
variant (c.654+1)20 that we identified in a BO individual with-
out any renal involvement, the rate of this variant in the ExAC
and our in-house database supports that, if involved in the
development of a CAKUT phenotype, it has an incomplete
penetrance. This highlights the fact that one must be cautious
when interpreting variants reported as pathogenic in the lit-
erature. Indeed, some of them can reveal as low-penetrance
alleles, modifiers, or even frequent polymorphisms instead of
causative mutations.

Except for KIF14, no ballelic mutation was identified in any
of the genes previously reported in recessive forms of CAKUT.
As in the work by Nicolaou et al.,!'! we did not identify any
significant increase in rare variants in any of the tested genes,
reflecting the complexity of genetic studies in CAKUT. More-
over, no pathogenic mutation or rare variant of unknown sig-
nificance was identified in 40% of our series (Supplemental
Table 1). Although mutations or CNVs in gene(s), noncoding
regions, or microRNAs not targeted by our capture library
could be involved in some of these patients, somatic events
and/or environmental factors or epigenetic mechanisms likely
explain at least part of this large fraction of patients. The fa-
milial aggregation of CAKUT as well as the wide spectrum of
severity of the phenotypes suggest a complex genetic architec-
ture as observed in neurodevelopmental disorders.3® This
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would fit with a model in which various combinations of var-
iants as well as environmental factors will cause early kidney
development insults and act together to alter renal and urinary
tract formation. The timing, severity, location, and extent of
the “deviation from an optimal renal developmental program”
may determine the ultimate phenotype. Collaborative effort
will be essential in the future to test a larger number of indi-
viduals by whole-exome sequencing, classify variants, and
establish high-throughput functional assays to successfully de-
cipher the complex genetic mechanisms of CAKUT and be
able to propose appropriate genetic tests and counseling for
the families.

During the review process of the paper, Le Tanno et al.3!
reported a novel series of de novo 1q23.3-q24.1 microdeletions
in patients with syndromic CAKUT. The patient carrying the
smallest deletion, limited to PBX1, presented with mild de-
velopmental delay and hearing loss, which was observed in
two patients of our series harboring PBXI point mutations.

CONCISE METHODS

Design of the Targeted SureSelect Library

The 330 genes included in our panel are shown in Supplemental Table
2 and include 55 genes with mutations reported in the literature in
patients with isolated and/or syndromic CAKUT and 275 candidate
genes (including 104 genes with knockout in mouse that led to kidney
developmental defects, 84 genes involved in cellular processes/signal-
ing pathways relevant for kidney development, 11 genes with a role in
ureter/bladder development, 57 genes encoding reported targets of
transcription factors WT'1 or HNF1B, and 19 homologs of genes in
the sublists above expressed during kidney/lower urinary tract devel-
opment). The custom SureSelect gene panel was designed using the
SureDesign software (Agilent). The target regions covered 1.38 Mb,
including coding exons and splice junctions.

Targeted Exome Sequencing and Prioritization of

the Variants
DNA was extracted from blood cells (living patients) or frozen tissues

(fetuses). The study was approved by the Comité de Protection des
Personnes pour la Recherche Biomédicale Ile de France 2, and
informed consent was obtained from the patients or parents. Illu-
mina-compatible precapture barcoded genomic DNA libraries were
constructed, and a series of 16 or 36 barcoded libraries was pooled at
equimolar concentrations. The capture process was performed ac-
cording to the SureSelect protocol (Agilent) and sequencing on an
Mlumina HiSeq2500. Sequences were aligned to the reference human
genome hgl19 using the Burrows—Wheeler Aligner.

The mean depth of coverage ranged from 215 to 719, with =98% of
the bases covered at least 30 X (Supplemental Material). Variants were
prioritized according to their frequency in the EXAC database’? and
their predicted damaging effect. For known CAKUT genes, we se-
lected previously published variants as well as nonsense, frameshift,
splice variants, and missense predicted as damaging by at least three
of five used prediction programs (Polyphen2, Sift, MutationTaster,
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Grantham score, and Align-GVGD) (Supplemental Material) with a
minor allele frequency =1/5000 for genes involved in dominant
forms and =1/1000 for those involved in recessive forms. For candi-
date genes, only variants that were absent from the ExAC were
retained.

To evaluate duplication and large deletion events, for each indi-
vidual, the relative read count for each targeted region was determined
as the ratio of the read count for that region divided by the total
absolute read counts of all targeted regions of the design. The ratio
of the relative read count of a region in a given individual over the
average relative read counts in other individuals of the run resulted in
the estimated copy number for that region in that individual (method
adapted from ref. 33).

Burden Test
To look for an excess of rare variants in the 330 genes in patients with

CAKUT, we conducted a burden test using the Madsen and Browning>*
Wilcoxon rank sum test and the SKAT-o test?> as implemented
in EPACTS software (http://genome.sph.umich.edu/wiki/EPACTS).
For the patients, we included the 168 patients with no mutation
identified in PBX1I or any of the highly penetrant CAKUT genes
(HNF1B, PAX2, EYAI, ANOSI1, GATA3, CHD?7, or KIF14). For the
controls, we used 426 unrelated individuals who were unaffected
parents of children presenting with immune deficiency that were
sequenced by whole-exome sequencing on the same genomic plat-
form. Variants in patients and controls were called together. Variants
were filtered according to their frequency in public databases (the
ExAC, dbSNP, 1000G, and EVS) using two different thresholds
(<0.01% and <0.001%), and we then considered either loss of func-
tion variants (nonsense, frameshift, splice, start loss, and stop loss)
or loss of function plus missense predicted as damaging by Polyphen2
(score >0.470) and Sift (score <0.05). Large deletions were not taken
into account in this analysis.
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