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Abstract

Purpose: Congenital anomalies of the kidneys and urinary tract (CAKUT) constitute the leading
cause of chronic kidney disease in children. In total, 174 monogenic causes of isolated or
syndromic CAKUT are known. However, syndromic features may be overlooked when the initial
clinical diagnosis of CAKUT is made. We hypothesized that the yield of a molecular genetic
diagnosis by exome sequencing (ES) can be increased by applying reverse phenotyping, by
re-examining the case for signs/symptoms of the suspected clinical syndrome that results from the
genetic variant detected by ES.

Methods: We conducted ES in an international cohort of 731 unrelated families with CAKUT.
We evaluated ES data for variants in 174 genes, in which variants are known to cause isolated
or syndromic CAKUT. In cases in which ES suggested a previously unreported syndromic
phenotype, we conducted reverse phenotyping.

Results: In 83 of 731 (11.4%) families, we detected a likely CAKUT-causing genetic variant
consistent with an isolated or syndromic CAKUT phenotype. In 19 of these 83 families (22.9%),
reverse phenotyping yielded syndromic clinical findings, thereby strengthening the genotype-
phenotype correlation.
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Conclusion: We conclude that employing reverse phenotyping in the evaluation of syndromic
CAKUT genes by ES provides an important tool to facilitate molecular genetic diagnostics in
CAKUT.

Keywords

Congenital anomalies of the kidneys and urinary tract (CAKUT); Exome sequencing; Monogenic
disease causation; Renal developmental gene

Introduction

Congenital anomalies of the kidneys and urinary tract (CAKUT) comprise a broad spectrum
of birth defects that are caused by impaired embryonic development of the genitourinary
tract.1=3 They represent the most frequent birth defect and the leading cause of chronic
kidney disease (CKD) in children and young adults (49%) and frequently lead to end-

stage renal disease.*® It has been hypothesized that CAKUT may occur because of
germline variants in single genes that constitute a Mendelian disease on the basis of

the following arguments: (1) familial occurrence; (2) presence of CAKUT as part of
multiorgan syndromes, the fact that specific genes govern renal development; (3) existence
of monogenic mouse models with CAKUT:; and (4) the congenital nature of CAKUT.6-8
Owing to the rapid advances in high-throughput DNA sequencing within the past years,

174 genes have been identified to cause CAKUT in humans, if mutated.® These genes can
be categorized on the basis of their resulting phenotypes: 23 genes cause isolated CAKUT,
ie, without extrarenal symptoms (Supplemental Table 1). These genes are closely linked

to dysregulated renal and urinary tract morphogenesis, eg, ACE, AGT, AGTRI, and REN,
which cause renal tubular dysgenesis'? or the genes that converge in the SLIT2-ROBO2
pathway.1 In contrast, 16 genes are known to cause syndromic CAKUT, here defined

as the presence of extrarenal manifestations in =250% of cases with pathogenic variants

in these 16 genes (Supplemental Table 2). Pathogenic variants in these genes cause an
impairment of renal and urinary tract development, concomitantly disturbing development of
other organ systems. Many of them, such as 2AX212 are transcription factors that mediate
developmental processes in a variety of organ systems. A number of these monogenic
human CAKUT genes have been shown to interact in certain developmental pathways
(reviewed in van der Ven et al®). In addition to these 23 forms of isolated CAKUT (ie,
restricted to the kidneys and urinary tract; Supplemental Table 1) and the 16 forms of
syndromic CAKUT in humans (Supplemental Table 2), 135 multiorgan syndromes caused
by single-gene alterations in 135 distinct monogenic genes are known to facultatively exhibit
CAKUT features in <50% of cases (Supplemental Table 3). In this latter group of genes
causing syndromes with facultative CAKUT, the pathogenetic mechanisms are often not
fully unraveled. However, these genes can still be considered candidate genes for CAKUT.

The broad interindividual phenotypic variability has been previously considered a general
feature of CAKUT and has been explained to be predominantly due to both the complex
underlying mechanisms in urinary tract development and variable expressivity, which is
especially apparent within the high number of autosomal dominant CAKUT traits (reviewed
in van der Ven et al®).
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Finally, in some instances, CAKUT can be phenocopied by variants in other genes
that mimic CAKUT phenotypes, such as small kidneys or hydronephrosis. This applies
particularly to renal cystic ciliopathies!3 (Supplemental Table 4).

Targeted gene panel sequencing, and later on, exome sequencing (ES) allowed the
identification of pathogenic variants in these monogenic genes in cohorts of patients

with CAKUT, leading to a detection rate of 6% to 20% in pediatric cohorts.5:14-22 |n

104 pediatric renal transplant recipients, ES revealed a monogenic cause of CAKUT

as causative of CKD in 11% of the total cohort and in 18% of the 55 patients with
CAKUT.23 Furthermore, in several studies on adult patients with CKD, including those
with CKD of unknown cause, a pathogenic variant in a gene causative of CAKUT and
thus the diagnosis of CAKUT could be established using ES in 2% to 12%.24-28 The
comparability of these studies to available pediatric studies is however limited because

of very diverse inclusion criteria and an often unrecognizable congenital onset of the
disease. A major caveat of molecular genetic diagnostics is the problem that mild extrarenal
(syndromic) manifestations can easily be overlooked during the initial clinical evaluation.®
Reverse phenotyping is an approach in which specific clinical features are interrogated

in a subsequent clinical examination once a likely molecular genetic diagnosis has been
established.2® This method has been shown to detect causative genetic variants in genes
that cause syndromic Mendelian diseases, including renal diseases such as pediatric-onset
steroid-resistant nephrotic syndrome, 3031 renal cystic ciliopathies,32 and also CAKUT.15

Another major weakness of ES is the long list of potentially deleterious variants after

initial filtering. This is a particular problem in CAKUT, in which 25 of the 39 primary
CAKUT genes (Supplemental Tables 1 and 2) and 61 of the 135 syndromic genes with
facultative CAKUT (Supplemental Table 3) are inherited in an autosomal dominant manner,
necessitating to consider heterozygous variants, which are much more abundant in ES results
than biallelic recessive variants. Because rare syndromic (extrarenal) phenotypes are often
clinically very specific and scarce,® they offer a strong independent route of confirmation
because of (1) their rarity, (2) their specificity, and (3) the fact that they are initially missed,
giving an opportunity for testing an unbiased (reverse) hypothesis, when contacting the
clinician on the basis of the genetic finding resulting from ES evaluation.

We hypothesized that reverse phenotyping might increase the diagnostic yield of ES in
families with CAKUT. Therefore, we examined an international cohort of 731 CAKUT-
affected families using ES and systematically attempted reverse phenotyping in equivocal
cases, ie, in patients in whom the a priori phenotype was not sufficiently explained by the
variant detected by ES. We show here that reverse phenotyping facilitated identification of
19 of 83 (22.9%) genetic variants within the total number of 83 of 731 (11.4%) families with
CAKUT in whom we detected the likely causative variant by ES.

Materials and Methods

Enrollment of families with CAKUT

This study was approved by the institutional review board of the University of Michigan
and of Boston Children’s Hospital as well as the institutional review boards of institutions
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where families were recruited. In total, 731 unrelated families with at least 1 individual
affected by CAKUT were enrolled between September 2005 and October 2019 after
obtaining informed consent (822 affected individuals; a total of 1362 individuals, including
unaffected relatives). The clinical diagnosis of CAKUT was made by the index patient’s
pediatric nephrologist or urologist on the basis of clinical examination and medical
imaging studies. CAKUT was defined as any abnormality of number, size, shape, or
anatomical position of the kidneys or upper genitourinary tract (from ureteropelvic to
ureterovesical junction) or lower genitourinary tract (from ureterovesical junction to
external urethral orifice), including at least 1 of the following manifestations: renal
agenesis, renal hypodysplasia, multicystic dysplastic kidney, hydronephrosis, ureteropelvic
junction obstruction, hydroureter, vesicoureteral reflux, ectopic or horseshoe kidney, duplex
collecting system, ureterovesical junction obstruction, neurogenic bladder, epispadias/
hypospadias, posterior urethral valves, and cryptorchidism. Although isolated CAKUT in
an individual was defined as CAKUT representing the only phenotypic organ manifestation
reported, syndromic CAKUT was defined as the presence of at least 1 extrarenal
(syndromic) feature in addition to CAKUT. A family was defined as affected by syndromic
CAKUT if at least 1 CAKUT-affected individual presented with at least 1 extrarenal feature.
Unaffected relatives were enrolled, where available, to enable determination of segregation
of genetic variants within the family. Where feasible, the enrolling physician was requested
to screen reportedly asymptomatic relatives by renal ultrasound imaging to rule out a
nonovert presentation of CAKUT such as unrecognized unilateral renal agenesis.

ES and variant calling

Genomic DNA was subjected to ES at the Yale Center for Mendelian Genomics, followed
by variant calling, homozygosity mapping, and family analysis. ES data was then examined
for potentially deleterious variants in any of the 23 known isolated CAKUT genes
(Supplemental Table 1) and the 16 known syndromic CAKUT genes (Supplemental Table
2), followed by an additional analysis for variants in the 135 genes, in which variants

are known to cause syndromes with facultative CAKUT, if mutated (Supplemental Table
3), and in 46 genes known to cause, if mutated, renal cystic ciliopathies as frequent
phenocopies of CAKUT (Supplemental Table 4). Assessment of deleteriousness of the
remaining variants was performed using our previously published criteria® and as further
outlined in Supplemental Methods.

Reverse phenotyping

In patients in whom ES resulted in a likely CAKUT-causing variant of a gene that is

known to cause syndromic CAKUT or a syndrome with facultative CAKUT, the enrolling
physician was contacted and requested to conduct reverse phenotyping, ie, to query for
additional and specific signs/symptoms by history taking, physical examination, or advanced
diagnostic measures in the affected individual and their relatives, if applicable. The specific
phenotypic details that the physician was prompted to search for were taken from OMIM
and the primary literature reports (see Supplemental Tables 1-4 for references) on the gene
in which a likely deleterious variant was detected. In case an in-person examination could
not be performed, we resorted to telehealth consultations or reports from previous notes.
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After returning the result of reverse phenotyping, the genotype—phenotype correlation was
reassessed and the final diagnostic verdict was made.

Results

Clinical characteristics of 731 families with CAKUT

We enrolled an international cohort of 822 individuals with CAKUT from 731 unrelated
families and subjected their DNA samples to ES, including 540 reportedly unaffected
relatives (1362 individuals in total). Clinical characteristics are listed in Table 1. We
observed a predominance of male individuals with CAKUT (475/822; 58%). Extrarenal
manifestations (syndromic CAKUT) were present in 153 of 822 (19%) enrollees with
CAKUT (Table 1). Using homozygosity mapping, we detected significant homozygosity by
descent (=60 Mb)33 in 106 of 822 (13%) affected individuals (ie, 101/731 [14%] families).
For 77 of 822 (9%) affected individuals, CKD was reported at enrollment or in the clinical
course. The phenotypic spectrum of CAKUT was broad. In total, 113 of 822 (14%) affected
individuals had unilateral renal agenesis, a severe form of CAKUT.8

Detection of likely deleterious variants in 85 of 588 (14.5%) families with isolated CAKUT

We first analyzed ES data from the 588 of 731 families with an a priori clinical phenotype of
isolated CAKUT (Figure 1A, upper horizontal oval) for likely deleterious variants within

the 23 genes known to cause isolated CAKUT (Supplemental Table 1), the 16 genes

known to cause syndromic CAKUT (Supplemental Table 2), and the 135 candidate genes
known to cause syndromes with facultative CAKUT (Supplemental Table 3). We identified
a likely deleterious variant in 85 of 588 (14.5%) families with isolated CAKUT (Figure

1A, intersecting segments of upper horizontal oval and the 3 vertical ovals). These 85
variants were detected in 41 of the 174 genes in question. For the 588 families with

isolated CAKUT (Figure 1A, upper horizontal oval), we hypothesized to identify likely
deleterious variants predominantly in the 23 genes known to cause isolated CAKUT, if
mutated (Supplemental Table 1), which was the case for 32 of 85 (38%) families (Figure
1A, intersecting segment of upper horizontal oval and red vertical oval). We also identified
likely deleterious variants in the 16 genes known to cause syndromic CAKUT, if mutated
(Supplemental Table 2), in 18 of 85 (21%) families with isolated CAKUT (Figure 1A,
intersecting segment of upper horizontal oval and dark green vertical oval). In addition, we
detected likely deleterious variants in the 135 candidate genes for syndromes with facultative
CAKUT (Supplemental Table 3) in 35 of 85 (41%) families. Because variants in those genes
have been previously reported to cause multiorgan syndromes with CAKUT involvement

in <50% of cases (Supplemental Table 3), we hypothesized that reverse phenotyping may
facilitate detection of initially overlooked extrarenal features and strengthen the genotype—
phenotype correlation toward a sufficient diagnostic level.

Reverse phenotyping facilitates assessment of variant pathogenicity

Previous evidence indicated that in families who present with isolated CAKUT to the
enrolling physician, (mild) extrarenal features may be overlooked and missed because of
incomplete penetrance and broad phenotypic heterogeneity of syndromic CAKUT (see
Introduction).
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We therefore used reverse phenotyping as an independent and specific criterion for
assessment of variant deleteriousness (see Material and Methods). In 10 of 85 CAKUT
families (11.8%) with a priori isolated CAKUT, reverse phenotyping revealed additional rare
clinical features after ES, which were not detected during the initial clinical examination at
enrollment. We interpreted the reverse detection of the specific finding on the basis of the
detected variants as confirmatory for the candidate of the detected variant for each of those
genes (Figure 1A, black arrows; Supplemental Table 5). This led to reallocation of 8 (5 +

3) families with an a priori isolated CAKUT phenotype to a post-ES syndromic CAKUT
phenotype (Figure 1A, black semicircular arrows). In 2 families, reverse phenotyping
revealed additional affected relatives, who were later confirmed to share the variant with the
index patient, thereby strengthening the genotype—phenotype correlation based on familial
segregation (Figure 1A, black circular arrow).

As an example of reverse phenotyping that confirmed a specific molecular genetic diagnosis,
the index individual from family B3947 was enrolled with the a priori phenotype of bilateral
hydronephrosis, left-sided vesicoureteral reflux grade 5, and left hydroureter. By ES, we
detected a likely deleterious heterozygous variant in P7PN11 (Supplemental Table 6), a gene
in which variants cause Noonan syndrome (OMIM 163950), a multiorgan syndrome with
facultative CAKUT (Supplemental Table 3). The variant we detected has been previously
reported to be causative of Noonan syndrome.3* However, owing to the a priori phenotype,
which was limited to isolated CAKUT, a specific genotype—phenotype correlation that
would allow to make a final diagnosis was lacking (Figure 1A, upper right intersecting
segment). We approached the enrolling physician to perform reverse phenotyping in his
patient to detect the presence of features of Noonan syndrome. The following extrarenal
features were detected: microcephaly, ptosis, myopia, widely spaced teeth, and pectus
carinatum (Supplemental Table 5). Because these features, when occurring together, are
fairly specific for and frequent in Noonan syndrome,34 we changed this individual’s post-ES
phenotype from isolated CAKUT to syndromic CAKUT most likely because of the variant
in PTPN11 (Figure 1A, right black semicircular arrow, which reallocates the family from
isolated CAKUT to syndromic CAKUT).

Conversely, among the 35 families with a priori isolated CAKUT and a variant detected in a
candidate gene for a syndrome with facultative CAKUT (Figure 1A, upper right intersecting
segment), reverse phenotyping confirmed the absence of extrarenal features in 23 of 35
(65.7%) families after ES (Figure 1A, red semicircular arrow), rendering these variants

even more unlikely to represent the cause of CAKUT in these families. In the remaining 9
families within this group, reverse phenotyping could not be accomplished because of loss
of follow-up. We therefore rejected the assumed molecular genetic diagnosis suggested by
ES in these 32 (23 + 9) families with isolated CAKUT listed in Supplemental Table 7 and in
turn considered these families’ ES results as inconclusive (included in Figure 2D).

Detection of variants likely causative of isolated CAKUT in 6.2% of families

As shown in Figure 1B (left panel), in 588 families with isolated CAKUT, we detected likely
deleterious variants in a total of 45 families (6.2%), ie, variants in isolated CAKUT genes in
32 families and variants in syndromic CAKUT genes in 13 families with isolated CAKUT.

Genet Med. Author manuscript; available in PMC 2022 August 01.
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Of 18 families with a priori isolated CAKUT, 5 had to be reallocated to a post-ES syndromic
phenotype after reverse phenotyping (Figure 1A, semicircular arrows). These 45 of 731
(6.2%) families with isolated CAKUT, in whom we made a molecular genetic diagnosis, are
depicted in Figure 2A.

Detection of likely deleterious variants in 30 of 143 (21.0%) families with syndromic CAKUT

Next, we analyzed ES data from 143 of 731 families with an a priori clinical phenotype

of syndromic CAKUT (Figure 1A, lower horizontal oval) for likely deleterious variants
within the 23 genes known to cause isolated CAKUT (Supplemental Table 1), the 16 genes
known to cause syndromic CAKUT (Supplemental Table 2), and the 135 candidate genes
for syndromes with facultative CAKUT (Supplemental Table 3). We identified a likely
deleterious variant in 30 of 143 (21.0%) families (Figure 1A, intersecting segments of lower
horizontal oval and the 3 vertical ovals). These 30 variants were detected in 23 of the

174 genes in question. On the basis of the a priori phenotype (syndromic CAKUT), we
hypothesized that we would identify likely deleterious variants predominantly in the genes
known to cause syndromic CAKUT (Supplemental Table 2) and the candidate genes for
syndromes with facultative CAKUT (Supplemental Table 3), if mutated. From the total

of 30 variants detected, 3 (10%) were detected in isolated CAKUT genes (Figure 1A,
intersecting segment of lower horizontal oval and red vertical oval), 12 (40%) were detected
in syndromic CAKUT genes (Figure 1A, intersecting segment of lower horizontal oval and
dark green vertical oval), and 15 (50%) occurred in the candidate genes for syndromes

with facultative CAKUT (Figure 1A, intersecting segment of lower horizontal oval and light
green vertical oval).

On the basis of our previous observations in isolated CAKUT, we hypothesized that
reverse phenotyping could reveal concealed (mild) syndromic features likewise in families
with syndromic CAKUT. We performed reverse phenotyping and identified additional rare
features in 9 of 15 families (60%), thereby confirming a syndromic genotype—phenotype
correlation (Figure 1A, lower circular arrow; Supplemental Table 5).

Detection of variants likely causative of syndromic CAKUT in 5.2% of families

As shown in Figure 1A, in 143 families with syndromic CAKUT, we detected likely
deleterious variants in a total of 30 families. In addition, those 8 (5 + 3) families with a priori
isolated CAKUT, in whom we identified a syndromic phenotype after reverse phenotyping,
had to be reallocated to the subset of syndromic families (Figure 1A, black semicircular
arrows), thereby leading to the identification of a molecular genetic diagnosis in 38 of 731
(5.2%) families with CAKUT (Figure 2B and Figure 1B, right panel).

By ES and reverse phenotyping, a likely monogenic cause of CAKUT can be detected in
11.4% of families

In summary, by ES and reverse phenotyping, we identified the likely monogenic cause

of CAKUT in 83 of 731 (11.4%) families (Figure 2A and 2B). In 19 of these 83

(22.9%) families, assignment of disease causation was directly facilitated by reverse
phenotyping (Figure 1B, black and hatched subsegments; Supplemental Table 5). Detailed
clinical data and information on variants are listed in Supplemental Table 6. Of these
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83 variants, 12 (14%) were predicted to result in a truncated protein (ie, a premature

stop of translation, frameshift, or obligatory splice site disruption), and 16 (19%) variants
had previously been reported as disease-causing in the literature, including 8 variants that
are categorized as pathogenic in ClinVar (Supplemental Table 6). Novel, ie, previously
unreported, nontruncating heterozygous variants in dominant genes without proven de novo
status are difficult to assess in terms of definite pathogenicity and would therefore be
classified as variants of unknown significance in a clinical diagnostic setting. We therefore
additionally labeled 56 families to whom this pertains (Supplemental Table 6). Among the
37 genes in which these deleterious variants were identified, GREBIL was the most frequent
with likely deleterious variants in 10 families. Furthermore, in descending order, variants in
the following genes were accountable for CAKUT in at least 5 families: £YAI, ROBOZ,
PAX2, SRGAPI, and SALL 1 (Supplemental Table 6). We detected recurrent variants in
EYAI (families B1481 and B3542) and PAX2 (families B1677, B3358, and B3775).

Detection of likely phenocopies of CAKUT in 1.4% of families

Pathogenic variants in renal cystic ciliopathy genes have been previously shown to act as
phenocopies of CAKUT.8 We thus interrogated families, in whom no likely deleterious
variants in the a priori CAKUT genes (Supplemental Tables 1-3) were detected, for variants
in 46 genes known to cause renal cystic ciliopathies (Supplemental Table 4). We detected
likely causative variants in 10 of 731 (1.4%) families with CAKUT (Figure 2C). Strikingly,
7 of 10 (70%) variants were predicted to cause a truncation of the protein, and 7 of 10
(70%) variants had previously been reported as disease-causing in the literature (details on
families and variants are outlined in Supplemental Table 8). In 5 of 10 (50%) families,
reverse phenotyping strengthened the genotype—phenotype correlation by clarification of the
CAKUT phenotype and detection of extrarenal features (Supplemental Table 5).

The zygosity of detected variants correlates with measured homozygosity by descent

To test for consistency of identified likely causative variants within pedigrees, we correlated
the zygosity of variants with the relative amount of homozygosity by descent (Table 2).
Concordant with the high number of queried genes that are inherited in an autosomal
dominant fashion, we identified predominantly heterozygous variants (77/93; 83%) across
the cohort. As expected, these heterozygous variants were enriched in families with low
amounts of homozygosity by descent. In contrast, all 5 of 93 (5%) likely deleterious
homozygous variants occurred in families with significant amounts of homozygosity by
descent (= 60 Mb). Conversely, in 4 of the 5 of 93 (5%) families, in whom we identified
compound heterozygous variants, homozygosity by descent was below our threshold of 60
Mb, as expected.33 Across the cohort, we detected 5 of 93 (5%) variants that were found to
be de novo. We were able to determine segregation of the identified variant within at least 1
parent of the index individual in 53 of 93 (57%) families.

Discussion

We here performed ES and reverse phenotyping in a cohort of 731 families with CAKUT.
We detected a likely monogenic cause of CAKUT in 11.4% of families (Figure 2). We found
that reverse phenotyping facilitated assignment of likely causative variants by detection of
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rare specific syndromic extrarenal phenotypes a posteriori on the basis of the likely causative
variant detected by ES in 22.9% of families (Figure 1). In addition, we showed that renal
cystic ciliopathies cause phenocopies of CAKUT in 1.4% of families.

Enrollment of an international cohort of 731 families with CAKUT

To our knowledge, this study represents, so far, the largest and geographically most diverse
CAKUT cohort studied using ES. This cohort is >3-fold larger than our previous study

on monogenic causes of CAKUT® (Table 1). Another recently published study by Rao et
al'® showed a diagnostic rate of 17% in a pediatric cohort of 159 Chinese individuals with
CAKUT. However, detailed clinical information on these individuals is not available, which
complicates comparability with our study. In a similar study, Lei et al? applied ES on 163
Chinese families with a prenatal diagnosis of CAKUT and identified causative variants in
12.3% of cases, whereof 8% of variants occurred in CAKUT genes, and 4.3% of variants
occurred in genes causative of renal cystic ciliopathies. Adult cohorts previously studied
using ES to a significant extent involved indistinct phenotypes, such as CKD of unknown
cause, which to their nature harbor a higher likelihood of being caused by nonmonogenic
conditions.22:26:35 |n a study from our group, in which ES was applied to adults with CKD
from 114 families, CAKUT was found to be the underlying disease in 12% and thus was the
most frequent cause.4

Reverse phenotyping helps discern likely causative variants from inconclusive findings

Analysis of ES data yielded a high number of likely deleterious variants in genes previously
reported to cause syndromes with facultative CAKUT in families with a priori isolated
CAKUT (Figure 1A). These 135 distinct monogenic genes make up 78% of the total 174
genes we considered in our analysis, and 61 of the 135 monogenic syndromes are inherited
in an autosomal dominant manner (Supplemental Table 3). Hence, we had to consider

an abundance of heterozygous variants, which are called in ES evaluation much more
frequently than biallelic variants, rendering the identification of false positive findings likely.
Particularly, for many of these genes, the pathophysiological basis is not fully understood
and is based on few cases with extensive multiorgan phenotypes (Supplemental Table 3).

To distinguish likely disease alleles from inconclusive findings, we conducted reverse
phenotyping, finding that it may confirm likely causality of alleles detected by ES in
22.9% of the 83 families with likely deleterious variants (Figure 1A and B). In contrast, by
confirming the absence of extrarenal features in 23 families with a priori isolated CAKUT,
reverse phenotyping showed to be critical in rejecting potential disease-causing variants
resulting from ES, categorizing them as inconclusive findings because of an insufficient
genotype—phenotype correlation (Supplemental Table 7). We found that the fraction of
individuals in whom we detected a likely causative variant was high in syndromic compared
with isolated CAKUT cases (Figure 2). This observation is consistent with previous
results from our group®15 and others.2122 Reverse phenotyping shows to be particularly
helpful in increasing the diagnostic yield of syndromic CAKUT. Efficient usage of reverse
phenotyping in evaluating genetic renal diseases has also been shown for steroid-resistant
nephrotic syndrome30 and renal cystic ciliopathies.32
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Renal cystic ciliopathies cause phenocopies of CAKUT in 1.4% of cases

By interrogating ES data of families without a likely deleterious variant in a gene causative
of CAKUT for variants in genes known to cause renal cystic ciliopathies (Supplemental
Table 4), we detected phenocopies of CAKUT in 1.4% of families (Figure 2), Renal cystic
ciliopathies have previously been shown to resemble CAKUT and vice versa.8 212324
Because many of these diseases, such as Bardet-Biedl syndrome or Joubert syndrome,
exhibit extrarenal features,13 we hypothesized that reverse phenotyping could strengthen the
genotype-phenotype correlation, which was the case in 5 families (Supplemental Table 5).

Limitations of ES

ES is limited to detecting only variants occurring in coding exons and within intron-exon
boundaries. Thus, a major limitation of our study is that potential noncoding variants, such
as cryptic splice sites, may have systematically been missed. There are hints for noncoding
variants to cause CAKUT?3®; however, there is only little evidence to date. Previous data
implicate that approximately 90% of variants with large effects occur within protein-coding
exons.3” In addition, copy number variants have been shown to cause CAKUT in up to
16.6% of cases.38-40

In conclusion, we showed that a likely monogenic cause of CAKUT can be detected using
ES and reverse phenotyping in 11.4% of families. We suggest that reverse phenotyping be
systematically applied to families with CAKUT to increase the diagnostic yield of molecular
genetic diagnostics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Phenotype: A priori isolated CAKUT (588/731 families)

Genotype: Likely deleterious variants detected in 85 families
(41/174 known CAKUT genes; Tables 1-3)
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Figure 1. Procedural flowsheet for detection of likely deleterious variants and effect of reverse
phenotyping in 731 familieswith CAKUT.

A. Of 731 families, 588 with a priori diagnosis of isolated CAKUT (upper horizontal oval)
and 143 families with a priori diagnosis of syndromic CAKUT (lower horizontal oval) were
subjected to ES. ES data were interrogated for variants in the 23 genes known to cause
isolated CAKUT (red oval; Supplemental Table 1), 16 genes known to cause syndromic
CAKUT (dark green oval; Supplemental Table 2), and 135 candidate genes for syndromes
with facultative CAKUT (light green oval; Supplemental Table 3), if mutated. Intersections
of the ovals indicate the number of families in which a likely deleterious variant was
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detected. Black arrows depict the effect of reverse phenotyping on confirming the genotype—
phenotype correlation, leading to, (1) reallocation of 8 (5 + 3) families from an a priori
isolated CAKUT phenotype to a post-ES syndromic CAKUT phenotype (semicircular black
arrows); (2) detection of additional and more specific features for the syndrome post-ES in
families with an a priori syndromic CAKUT phenotype (lower circular arrow; 9 families),
which was confirmatory of syndromic CAKUT; and (3) confirmation of isolated CAKUT
in families with the a priori phenotype of isolated CAKUT by revealing additional evidence
(upper circular black arrow; 2 families). Detailed information on the yield of reverse
phenotyping in these families is available in Supplemental Table 5. The red arrow denotes
23 of 35 families with isolated CAKUT, which had a likely deleterious variant in 1 of

the 135 candidate genes for a syndrome with facultative CAKUT (Supplemental Table 3),
in which no extrarenal features could be detected by reverse phenotyping, rendering the
variants unlikely to be the cause of CAKUT (details in Supplemental Table 7). B. Summary
of molecular diagnosis of isolated vs syndromic CAKUT resulting from ES and reverse
phenotyping from Figure 1A. The 45 of 731 (6.2%) families with a post-ES diagnosis of
isolated CAKUT and detection of a likely monogenic cause of their disease (compared with
Figure 2A) consist of 32 families with detection of a likely causative variant in a gene
known to cause isolated CAKUT (left panel; orange bar) and 13 families with detection of
a likely causative variant in a gene known to cause syndromic CAKUT (dark green bar), of
which 2 have been confirmed by reverse phenotyping (cross-hatched segment of dark green
bar). The 38 of 731 (5.2%) families with post-ES syndromic CAKUT and detection of a
likely monogenic cause of their disease (compared with Figure 2B) consist of 3 families
with detection of a likely causative variant in a gene known to cause isolated CAKUT

(left panel; orange bar); 17 families with detection of a likely causative variant in a gene
known to cause syndromic CAKUT (central bar), of which 5 have been reallocated from

a priori isolated CAKUT by reverse phenotyping (black segment); and 18 families with
detection of a likely causative variant in a candidate gene for a syndrome with facultative
CAKUT (right bar), of which 3 have been reallocated from a priori isolated CAKUT by
reverse phenotyping (black segment); 9 families revealed additional syndromic features
(cross-hatched segment of light green bar). CAKUT, congenital anomalies of the kidneys
and urinary tract; ES, exome sequencing.
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in a known CAKUT gene in 83 of 731
families (11.4%), ie., in families with
isolated CAKUT: 45 of 731; 6.2% (A) and
syndromic CAKUT: 38 of 731; 5.2% (B).

52%

(C) Likely causative variant was
detected in a gene causing a
phenocopy of CAKUT in
10 of 731 families (1.4%).

(D,E) Inconclusive: no causative variant
was detected in 638 of 731 families
(87.2%), ie., in families with
isolated CAKUT (529/731; 72.3%) (D) and
syndromic CAKUT (109/731; 14.9%) (E).

[ 1solated CAKUT phenotype
V/777] Syndromic phenotype

(D)

Figure 2. Results from exome sequencing evaluation of 731 familieswith CAKUT for likely
causative variantsin known CAKUT-causing genes and for phenocopies of CAKUT.

Exome sequencing (ES) data of 822 affected individuals with CAKUT from 731 unrelated
families were analyzed for likely causative variants in the genes known to cause, if

mutated, isolated CAKUT (23 genes, Supplemental Table 1), syndromic CAKUT (16 genes,
Supplemental Table 2), and a syndrome with facultative CAKUT (135 genes, Supplemental
Table 3) and for genes that represent a phenocopy of CAKUT (46 genes, Supplemental
Table 4). The pie chart summarizes the findings for all 731 families, which is divided into
the following subgroups. A. The clear blue segment denotes 45 of 731 (6.2%) families

with isolated CAKUT, in which a likely causative variant in 1 of the genes known to

cause CAKUT, if mutated, was detected. B. The hatched blue segment denotes 38 of 731
(5.2%) families with syndromic CAKUT, in which a likely causative variant in 1 of the
genes known to cause CAKUT, if mutated, was detected. C. The purple segment denotes

10 of 731 (1.4%) families with CAKUT, in which a likely causative variant in a gene
causing a phenocopy of CAKUT was detected. D. The clear yellow segment denotes 529

of 731 (72.3%) families with isolated CAKUT and inconclusive ES evaluation. E. The
hatched yellow segment denotes 109 of 731 (14.9%) families with syndromic CAKUT and
inconclusive ES evaluation. The outer ring segments denote the absolute number of families
out of all 731 families with CAKUT; the inner circle segments show percentage of families
from total (731 families = 100%). CAKUT, congenital anomalies of the kidneys and urinary
tract.
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Clinical characteristics of the 822 affected individuals from 731 families with CAKUT included in the study

Characteristics n(N=822 %
Sex

Female 347 42

Male 475 58
Extrarenal manifestations (syndromic CAKUT)

Yes 153 19

No 669 81
Homozygosity by descent

260 Mb 106 13

<60 Mb 716 87
Reportedly CKD at enrollment or in the clinical course

Yes 7 9

No or not mentioned 745 91
CAKUT phenotype

Isolated distal CAKUT (eg, PUV) 41 5

Distal? CAKUT with additional proximal phenotype 87 1

Proximalb unilateral CAKUT 349 42

Proximal bilateral concordant CAKUT 213 26

Proximal bilateral discordant CAKUT 105 13

CAKUT phenotype without detailed specification 27 3

Unilateral renal agenesis 113 14€

CAKUT, congenital anomalies of the kidney and urinary tract; CKD, chronic kidney disease; PUV, posterior urethral valve.
a_. S .
Distal CAKUT: from ureterovesical junction to external urethral orifice.

bProximaI CAKUT: from kidney to ureterovesical junction.

Unilateral renal agenesis is listed here as a separate distinctive feature (unilateral renal agenesis vs no unilateral renal agenesis) because it is

recognized as a severe form of CAKUT in respect to renal development.8 Because these 113 families may have exhibited additional CAKUT
phenotypes, they are additionally listed in the CAKUT phenotype section of this table under Proximal unilateral CAKUT, Proximal bilateral
concordant CAKUT, or Proximal bilateral discordant CAKUT.
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