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Exome-wide Association Study Identifies
GREB1L Mutations in Congenital Kidney Malformations
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Renal agenesis and hypodysplasia (RHD) are major causes of pediatric chronic kidney disease and are highly genetically heterogeneous.
We conducted whole-exome sequencing in 202 case subjects with RHD and identified diagnostic mutations in genes known to be asso-
ciated with RHD in 7/202 case subjects. In an additional affected individual with RHD and a congenital heart defect, we found a homo-
zygous loss-of-function (LOF) variant in SLIT3, recapitulating phenotypes reported with Slit3 inactivation in the mouse. To identify
genes associated with RHD, we performed an exome-wide association study with 195 unresolved case subjects and 6,905 control sub-
jects. The top signal resided in GREBIL, a gene implicated previously in Hoxb1 and Shha signaling in zebrafish. The significance of
the association, which was p = 2.0 x 1075 for novel LOF, increased to p=41x 107 for LOF and deleterious missense variants com-
bined, and augmented further after accounting for segregation and de novo inheritance of rare variants (joint p = 2.3 x 10~7). Finally,
CRISPR/Cas9 disruption or knockdown of greb1l in zebrafish caused specific pronephric defects, which were rescued by wild-type human
GREBIL mRNA, but not mRNA containing alleles identified in case subjects. Together, our study provides insight into the genetic land-
scape of kidney malformations in humans, presents multiple candidates, and identifies SLIT3 and GREBIL as genes implicated in the
pathogenesis of RHD.

Introduction

Congenital anomalies of the kidney and urinary tract
(CAKUT [MIM: 143400]) are the predominant cause of
end-stage renal disease (ESRD), requiring dialysis or trans-
plantation in children and young adults.'”” Within the
CAKUT phenotypic spectrum, renal agenesis and hypodys-
plasia (RHD [MIM: 191830]) are particularly severe condi-
tions, affecting ~0.5% of the general population.®'° To
date, more than 75 genes have been implicated in the

causation of isolated or syndromic forms of RHD but
collectively account for 10%-15% of cases. Both dominant
and recessive inheritance of RHD have been described, and
identified mutations include both point mutations and
copy-number variations (CNVs).' %!

Because chronic kidney disease has a large impact on sur-
vival, extended families enabling traditional gene map-
ping are rare. In such a setting, the analysis of de novo
mutations is a validated approach for gene discovery but
requires ascertainment of parent-child trios. However, in
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the absence of parental biospecimens, exome-wide case-
control association studies using gene-level collapsing
approaches are emerging as a cost-efficient and powerful
alternative for identifying rare variants with large effect
on disease.””*’ These studies are founded on the popula-
tion genetic prediction that disease-causing variants for
traits that impact survival will be under strong purifying
selection and will be extremely rare or absent in the
general population. With the availability of large popula-
tion databases such as Exome Aggregation Consortium
(EXAC),’° population-specific polymorphisms can be
filtered rapidly from case and control subjects, thereby
restricting the association analysis to exceedingly rare
variants that are most likely to impart a large risk on dis-
ease phenotype. Once a gene has been identified by
collapsing analysis, one can evaluate each qualifying
variant that drives this signal and conduct additional
tests, such as segregation in available family members
and functional modeling in cellular or animal systems
to test function.

Here, we report dominant LOF mutations in GREBIL as a
cause for severe renal malformations, demonstrating that
even with modest case sample size, exome-wide collapsing
analysis for ultra-rare variants can lead to the identification
of Mendelian dominant alleles for developmental traits
characterized by high genetic heterogeneity.

Subjects and Methods

Study Samples
We studied 612 individuals affected by RHD (Table S1) and 6,905
control subjects. For 202 RHD-affected case subjects, we performed
whole-exome sequencing (WES); for an additional 410 case sub-
jects, we performed targeted next-generation sequencing for
GREBIL. All 202 RHD-affected case subjects were subjected
initially to DNA microarrays for exclusion of pathogenic CNVs
as described.'*"!” All control subjects were subjected to WES. Writ-
ten informed consent was obtained from all the participants. The
study was approved by the Institutional Review Board at each site.
As controls, we used 6,905 exomes performed on individuals un-
dergoing WES at the Columbia Institute of Genomic Medicine
(IGM) for indications unrelated to kidney disease. These included
healthy parents of children referred for various neurological and
metabolic disorders (Table S2).

Whole-Exome Sequencing

WES was performed on 202 RHD-affected case subjects through
the Yale Center for Mendelian Genomics as described.''!*3"32
In brief, for each capture experiment, 3 ug of genomic DNA was
fragmented, linkers were ligated to the ends, and a library was pre-
pared. Genomic DNA was annealed to Roche V2 capture probes,
and bound genomic DNA was eluted and subjected to sequencing.
Next-gen sequencing was then performed on an Illumina HiSeq
2500 machine. Sequence reads were converted to FASTQ format
and mapped to the reference genome. We used uniform proced-
ures for variant calling in case and control subjects to avoid intro-
duction of technical bias in the study. Exome samples in both case
and control subjects were processed using a consistent alignment

and variant calling pipeline, consisting of primary alignment
using bwa-0.5.10, duplicate removal using Picard tools, index
realignment and variant calling using GATK 3.6, and variant
annotation using snpEff-3.3, AnnoVar, and SeattleSeq, with En-
sembl-GRCh37.73 annotations.

Targeted Next-Generation Sequencing

High-throughput next-generation sequencing for GREBIL was
conducted in 410 additional RHD-affected case subjects using
the Fluidigm microfluidic PCR capture coupled to next-genera-
tion sequencing on a HiSeq 2500 (Illumina) as described.****
In brief, to cover all 33 coding exons and intron/exon bound-
aries of GREBIL, we designed target-specific primer pairs accord-
ing to the guidelines of the Access Array user guide (Fluidigm).
The maximal amplicon size is set to 290 bp anticipating subse-
quent NGS paired-end reads of 2 x 150 bases. Universal primer
sequences required for Illumina-compatible amplicon tagging
and for downstream indexing were added at the 5’ end of all
target-specific primers. We then generated 48 x 10-plex primer
pools. 48 DNA-containing samples were combined with each
of the 48 primer solutions into 2,304 separate microreaction
chambers. PCR products were then harvested and transferred
to a 96-well microtiter-plate. In a second PCR reaction, Illumina
sequence-specific adaptors and sample barcodes were attached.
We indexed up to 96 total DNA samples by attaching 96
different barcodes after processing 2 different 48.48 Access
Arrays. Subsequently, all 96 barcoded samples were pooled and
submitted for next-generation sequencing on a single lane of
an Illumina HiSeq 2500 instrument. To sequence the Fluidigm-
specific barcodes and perform a multiplexed paired-end run,
we substituted the Illumina index sequencing primer with
custom Fluidigm-specific index primer and extended the index
read length to decipher the whole Fluidigm barcode. Analysis
of targeted resequencing and variant calling was performed
using TarSVM, a support vector machine-based algorithm specif-
ically designed to assess microfluidic PCR-derived next-genera-
tion sequencing data.*®

Clinical Annotation and Variant Prioritization

After exome or targeted resequencing, all variants were annotated
based on their predicted effect on protein function using
Annovar’® and SnpEff*” annotation software. Allelic frequencies
were estimated based on public databases including ExAC,
gnomAD, dbSNP, and the 1000 Genomes Project, as well as
6,905 internal control subjects. Prediction of pathogenicity was
computed using algorithms such as PolyPhen®® and Combined
Annotation Dependent Depletion (CADD).** Additional resources
for facilitating variant interpretation and establishing genetic cau-
sality included ClinVar, the Human Gene Mutation Database
(HGMD), Online Mendelian Inheritance in Man (OMIM), and
an in-house curated list of genes known to be associated to human
or mouse models of CAKUT, followed by systematic review of the
literature. Clinical interpretation of variants was based on Amer-
ican College of Medical Genetics (ACMG) recommendations.*’
All listed variants in Tables 1, 3, and S3 were confirmed by Sanger
sequencing according to standard protocols.

Case-Control WES Harmonization and Collapsing
Analysis for Rare Variants Association

We conducted extensive QC and harmonization analyses between
case and control exomes to minimize spurious results as well as
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Table 1. Diagnostic Variants in Established CAKUT Genes Identified in the Discovery Cohort

cuUMcC ExAC Reported Side Additional
Chr:position controls MAF as CAKUT (L, R, CAKUT Extrarenal Family
(hg19) Gene Variant Consequence CADD MAF (%) (%) Pathogenic OMIM Syndrome Case Sex Phenotype B) Phenotype Phenotype History Inheritance
8:72127888  EYA1 ¢.1436T>A  p.Leu479* 450 O 0 NA branchio-otic DC1 M renal B - BOR syndrome Y (info NA) father
syndrome 1 hypoplasia features
(602588)
10:8106047  GATA3 c.872_ p-Tyr291Serfs* NA 0 0 NA hypoparathyroidism DC2 F  renal L - synechiae Y (paternal NA
873delAT 12 sensorineural hypoplasia vulvae side with
deafness and renal chronic
dysplasia (146255) kidney
disease)
10:102509646 PAX2 ¢.187G>A p-Gly63Ser 340 O 0 ClinVar papillorenal DC3 M renal L - - Y (mother de novo
Pathogenic  syndrome (120330) agenesis with RHD)
10:102568963 PAX2 ¢.892_ p-Gly298Hisfs* NA 0 0 NA papillorenal DC4 F  renal B cysts bilateral nervus NA father
895delGGCA 7 syndrome (120330) hypoplasia opticus
coloboma,
atrial septum
defect, obesity
16:20359916 UMOD ¢.707C>G  p.Pro236Arg 259 0 0 HGMD* medullary cystic DC5 M renal B VUR, hyperuricaemia Y (mother NA
kidney disease 2 hypoplasia hydronephrosis and
(603860) brother
with RHD)
17:36099434 HNFIB c.541C>T p-Argl81* 370 O 0 Clinvar renal cysts and DC6 M multicystic B VUR epispadia N De novo
pathogenic/ diabetes syndrome dysplastic
HGMD? (137920) kidney
19:46271428 SIXS  c.675C>A p-Tyr225* 370 0 0 NA branchio-oto-renal DC7 M renal L - - N Mother
syndrome (610896) dysplasia

Abbreviations are as follows: B, bilateral; BOR, branchio-oto-renal; CADD, combined annotation dependent depletion score; CAKUT, congenital anomalies of the kidney and urinary tract; CUMC, Columbia University Medical
Center; del, deletion; ExAC, Exome Aggregation; F, female; fs, frameshift; M, male; HGMD, human gene mutation database; L, left; MAF, minor allele frequency; NA, not available; OMIM, online Mendelian inheritance in
man; R, right; RHD, renal hypodysplasia; VUR, vesicoureteral reflux.

2HGMD references.®®°”




Table 2. Top Signals Identified from the Loss-of-Function Variant Burden Test between 195 RHD-Affected Case Subjects and 6,905 Control

Subjects

Frequency of

Frequency of Qualifying Frequency of

Total Qualifying Total Qualifying Qualifying Variants Loss-of-Function OR (95% CI) p Value

Variants in 195 Variants in 6,905 Variants in Control Alleles in EXAC  (Cases versus (Cases versus
Rank Gene Case Subjects Control Subjects in Case Subjects Subjects Database Controls) Controls)
1 GREBIL 3 0 0.0154 0 441 x 10°° Inf (14.7-inf) 2.04 x 10°°
2 VPS28 2 0 0.0103 0 2.60 x 107* Inf (6.7-inf) 7.51 x 107*
3 MFN1 2 0 0.0103 0 2.25 x 107* Inf (6.7-inf) 7.51 x 107*
4 BCORL1 2 0 0.0103 0 1.19 x 10°* Inf (6.7-inf) 7.51 x 10°*
5 ZBTB3 2 1 0.0103 1.45x107*  1.08 x 10°* 71.3 (3.7-4077)  0.0022
6 SLC39A6 2 1 0.0103 1.45x107*  1.25x 10°* 71.3 (3.7-4077)  0.0022
7 SUCLGI 2 1 0.0103 1.45 x 107* 1.55 x 1073 71.3 (3.7-4077)  0.0022
8 MYOT 2 1 0.0103 1.45x107* 273 x 107* 71.3 (3.7-4077)  0.0022
9 ZNF277 2 1 0.0103 1.45x107*  3.48 x 1073 71.3 (3.7-4077)  0.0022
10 CCDC81 2 2 0.0103 2.90 x 107* 1.41 x 1073 35.7 (2.6-488.8) 0.0043
11 GCC2 2 2 0.0103 2.90 x 107* 7.85 x 1074 35.7 (2.6-488.8) 0.0043

Presented are the 11 highest ranked genes (p < 5 X 1073) that have qualifying heterozygous loss-of-function variants enriched in case subjects versus control
subjects on the basis of whole-exome sequencing collapsing analysis. p value is calculated using Fisher’s exact test. Abbreviations are as follows: Cl, confidence
interval; EXAC, Exome Aggregate Consortium database; inf, infinite; OR, odds ratio.

false negative findings due systematic bias from multiple sources
including capture platform and sequencing, as well as population
structure. This method was successfully used for similarly designed
case-control WES studies on amyotrophic lateral sclerosis and idio-
pathic pulmonary fibrosis to identify disease-causing genes.”*?*
After variant calling using uniform procedures, resulting calls
and their underlying quality statistics were then stored in a data-
base of variants (AnnoDB) that powers the Analysis Tool for
Annotated Variants (ATAV) analyses. ATAV is designed to detect
complex disease-associated rare genetic variants by performing
association analysis on annotated variants derived from whole-
genome sequencing or WES data stored in AnnoDB (see Web
Resources). After we ensured that the alignment and variant call
data were obtained exactly the same way, we next verified that
all variant calls in samples involved in an analysis were of
comparable quality and each consensus coding sequence (CCDS)
exon has adequate coverage between case and control subjects.
Coverage data were parsed from a compressed mpileup file gener-
ated by the main alignment/genotyping pipeline, transformed
into an optimized binned text-based format, and bulk-loaded to
servers. Coverage values were coded as one of five possible values
(<3x%,3-9%, 10-19%, 20-200x, or >201x) calculated in windows
of 10,240 bp. We next performed site-level coverage harmoniza-
tion across genes to enable our collapsing analysis framework to
control for potential with differential sequence coverage between
case and control subjects. First, the number of bases with at least
10x coverage was calculated for each CCDS exon plus 10 bp
into each intron for each sample. Next, we selected bases with
similar mapping qualities and a minimum depth of coverage of
10x in case and control subjects, and we removed sites that
were differentially captured and sequenced in both case and con-
trol subjects. Using this harmonization procedure, each CCDS site
that showed an absolute difference in the percentage of case sub-
jects covered at 10x compared to control subjects of greater than
6% was excluded. The pruning of differentially covered sites re-
sulted in retention of 30.42 Mb of CCDS sequence (91.5%) for

case-control collapsing analysis. We then selected qualifying
variants based on the following criteria: (1) quality thresholds
including read depth >10x, mapping quality >40, genotype qual-
ity >50, quality by depth >2; (2) predicted functional conse-
quence, selecting CCDS variants predicted to result in amino
acid change or a LOF (defined as frameshift, stop-gain, or splice
site variant); (3) absence in external population databases in
ExAC, gnomAD, NHLBI Exome Sequencing Project (ESP) Exome
Variant Server (EVS); and (4) low frequency in our combined
case and control dataset (minor allele frequency [MAF] <
0.000141; i.e., we did not allow for any variant to be observed
more than once in either the case subjects, the control subjects,
or the case and control subjects together). The primary analyses
involved burden tests using two models: (1) LOF variants in case
and control subjects (Table 2) and (2) case-control burden
for LOF plus deleterious nonsynonymous missense variants
(extended model to incorporate ultra-rare missense variants with
MAF = 0 predicted to be deleterious based on CADD score > 20;
Table S5). To test robustness of our results, we conducted another
burden analysis involving genetic matching of case and control
subjects; we selected 8,749 individual autosomal markers with a
MAF > 1% that were not in linkage disequilibrium (R* < 0.2) to
perform principal component analysis using smartpca.*’ We
removed 2,787 control subjects after genetic matching to establish
a final dataset of 195 case subjects and 4,118 control subjects
(Table S6). All these analyses were conducted under a dominant
model.

To incorporate inheritance information into our collapsing/
burden test statistics for GREB1L, we computed the joint probabil-
ity and p value for association (Fisher’s exact test) with the trans-
mission for segregating and de novo mutations using the formula
“-2*In(Fisher’s P-val)-2*In(LOD score P-val)-2*In(de novo P-val)
~chisquare(6 df).” The LOD score p value for four informative
meioses under an autosomal-dominant model with rare disease
allele frequency is 0.00936. The expected probability “mu” of
de novo missense mutations in GREBIL was estimated based on
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Samocha et al.*? Since GREBIL does not have an absolute estimate
of de novo mutations, we computed the probability of de novo
missense by using 307 genes with CCDS size comparable to
GREBIL (for which probabilities were available) and obtained a
point estimate of 6.6 x 107> (1 SD range 5.2 x 107> to 8.4 x
1073). As a conservative measure, we assumed as if we had trio
data available for all 195 index case subjects, then the probability
of observing at least one de novo in 195 independent trios was
P(X > = 1) where X~Poisson(2*195*mu) = 0.0254.

Transient Suppression of greb1/ and In Vivo
Complementation Studies in Zebrafish

All studies performed in zebrafish were approved by the Duke
University Institutional Animal Care and Use Committee (IACUC).
Reciprocal blast of human GREBIL (GenBank: NP_001136438.1)
against the D. rerio genome identified a single zebrafish ortholog
(61% amino acid identity; 73% similarity). We designed a splice
blocking morpholino (MO) targeting the splice donor site of
exon 17 (5'-CACATAGCTGCATCTCTCACCTTGT-3’; Gene Tools;
Figure S3A). To determine MO efficiency, we injected 4 ng MO
in WT (Ekkwill, EK) zebrafish embryos (1 nL/embryo) obtained
by natural mating at the 1- to 4-cell stage and harvested embryos
at 2 days post-fertilization (dpf) for RNA extraction. We extracted
total RNA with Trizol (Invitrogen) according to manufacturer’s in-
structions. We performed RT-PCR with resulting RNA using the
QuantiTect Reverse Transcription kit (QIAGEN), amplified the re-
gion flanking the MO target site, and migrated it on a 1% agarose
gel (Figure S3B). PCR fragments were extracted from the gel
(QIAquick gel extraction kit, QIAGEN) and cloned using the
TOPO TA cloning kit for sequencing (ThermoFisher). Individual
colonies were Sanger sequenced according to standard protocols
and analyzed with Lasergene software (DNASTAR) to characterize
aberrant splicing. We optimized in vivo complementation assays
with a MO dose curve (1 ng, 2 ng, 3 ng, 4 ng; 45-50 embryos/
batch; repeated; Figure S3D), and all subsequent assays were con-
ducted with 2 ng MO. To rescue MO phenotypes, we obtained a
custom-synthesized WT human GREBIL open reading frame
(ORF) construct corresponding to GenBank: NM_001142966.2
(GeneArt, ThermoFisher) and cloned it into the pCS2+ vector
backbone using LR clonase II recombination (ThermoFisher).
We conducted site-directed mutagenesis as described** and gener-
ated capped mRNA with the mMessage mMachine SP6 kit
(ThermoFisher) using linearized plasmid as a template. To rescue
MO phenotypes or test the effect of mRNA alone, we injected
200 pg GREBIL WT or mutant mRNA for all experiments.

CRISPR/Cas9 Genome Editing of greb1lin Zebrafish

We used ChopChop to design two non-overlapping single guide
RNAs (sgRNA) targeting exons 8 and 10 of greb1l (GRCz10 En-
sembl Transcript ID: ENSDART00000057268.6; exon 8, 5'-GGAT
GAGCCAGATTGCATGC-3' and exon 10, 5-CGACAGGTCCAC
CAAAAAAG-3'; Figure S3A). We synthesized sgRNAs using the
Gene Art precision gRNA synthesis Kit (Invitrogen) per manufac-
turer’s instructions. To test sgRNA efficiency, we co-injected
100 pg sgRNA with 200 pg Cas9 protein (PNA Bio) into zebrafish
embryos (WT; Ekkwill, EK) at the 1-cell stage and we assessed (1)
percentage of embryos targeted and (2) estimated mosaicism in in-
dividual embryos as described.** Briefly, we harvested FO mutant
embryos at 2 dpf for genomic DNA extraction using proteinase K
(Life technologies) digestion, and we PCR amplified regions flank-
ing the sgRNA targets. To assess percentage of embryos targeted,

we performed heteroduplex analysis of the amplified product by
heat denaturation and slow reannealing (95°C for 5 min, ramp
down to 85°C at —1°C/s, and then to —0.1°C/s). We migrated
resulting products corresponding to FO mutants (n = 8-10) and
uninjected controls (n = 2) on a precast 15% polyacrylamide gel
(ThermoFisher) and visualized it post-migration with ethidium
bromide staining and a UV lamp. To estimate mosaicism, we
cloned PCR products using the TOPO TA cloning kit for
sequencing (ThermoFisher) and Sanger sequenced 16-24 colonies
per embryo corresponding to 4 mutants and 1 control embryo per
sgRNA. We cataloged indels proximal to the protospacer adjacent
motif (PAM) using DNAStar (Lasergene).

Assessment of the Zebrafish Proximal Convoluted
Tubule

To assess the proximal renal convoluted tubule in morphants and
mutants, we conducted whole-mount immunostaining with an
antibody against Na™-K™-ATPase alpha-1 subunit (a6F, DSHB) as
described.'*** Briefly, the larval batches were fixed at 4 dpf in
Dent’s solution (80% methanol, 20% dimethylsulfoxide) over-
night at 4°C. We rehydrated larvae with a decreasing series of
methanol and phosphate-buffered saline with 0.1% TWEEN-20
(PBST); rehydrated larvae were then washed with PBST (0.1%
Tween). The pronephros was then stained with primary antibody
(a6F, Developmental Studies Hybridoma B 1:20 dilution) and goat
anti-mouse IgG secondary antibody (488 Alexa Fluor, Invitrogen;
1:500 dilution). We acquired lateral images with an AZ100 flores-
cent microscope (Nikon), digital sight black and white camera
(Nikon), and NIS Elements software (Nikon) at 4x magnification.
We measured the area of the proximal renal convoluted tubule
with ImageJ (NIH) and determined statistical differences between
pairs of batches with an unpaired t test (GraphPad software; see
Table S7). Measurements were normalized to control embryos.

Results

Exome Sequencing Identifies Diagnostic Mutations in
the Minority of RHD-Affected Case Subjects from Our
Cohort

To identify disease-causing mutations in genes previously
associated with Mendelian forms of CAKUT, we annotated
all high-quality variants in our 202 RHD-affected case sub-
jects and 6,905 internal exome control subjects (Tables S1
and S2) based on the following criteria: (1) located within
genes previously associated to CAKUT or CAKUT pheno-
copies in humans; (2) absent or exceedingly rare (MAF <
0.001) in population controls (ExAC, gnomAD, 1000
Genomes project); (3) protein-changing alterations (stop
gain, splice, frameshift, nonsynonymous changes) pre-
dicted to be deleterious according to the CADD score; (4)
reported to be pathogenic for human kidney phenotype
in clinical databases (ClinVar pathogenic or likely patho-
genic; HGMD pathogenic); and (5) occurring de novo in
simplex case subjects or segregating in any available
affected relatives.

We identified pathogenic mutations in 7/202 RHD-
affected individuals based on ACMG criteria (3.5% of the
study cohort). These mutations mapped to five genes
known to be implicated in CAKUT (EYAI [MIM: 601653],
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Figure 1. Quantile-Quantile (QQ) Plot

Expected versus observed p values of the rare loss-of-function
model for whole-exome sequencing collapsing analysis in 195
RHD-affected case subjects and 6,905 control subjects. The signal
for GREBIL is indicated.

GATA3 [MIM: 131320], PAX2 [MIM: 167409], HNFIB
[MIM: 189907], and SIX5 [MIM: 600963]),*°" as well as
a mutation in UMOD (MIM: 191845), which can produce
a phenocopy of CAKUT (Table 1). Guided by these muta-
tions, clinical follow-up corrected the classification of
two case subjects predicted to have a syndromic disease
(Branchio-oto-renal [BOR] syndrome [MIM: 113650] in
case DC1; renal coloboma syndrome [MIM: 120330] in
case DC4) and also uncovered rare phenotypic associations
(atrial septum defect, macrosomia, and obesity in case
DC4; epispadias in case DC6). Other identified rare vari-
ants in CAKUT genes that did not meet the ACMG criteria
for pathogenicity were classified as variants of unknown
significance (VUS).

Identification of Rare Variants that Define Possible
Phenotypic Expansion of Known Syndromes,
Phenocopies of RHD, or Affecting Genes whose
Inactivation Results in CAKUT in the Mouse

Next, we annotated our exome data for mutations in genes
implicated in human malformation syndromes that some-
times include genitourinary defects as part of their clinical
spectrum, as well as genes whose inactivation results in
CAKUT in the mouse. We identified 28 rare variants in
18 genes (absent or exceedingly rare in public databases
such as ExAC and gnomAD, as well as in our internal
6,905 control subjects) in 26 independent RHD-affected
case subjects (Tables S3 and S4). In particular, we identified
a homozygous frameshift variant (c.1193delC, resulting in
the protein change p.Thr398Serfs*37) in SLIT3 (MIM:
603745), in a European case subject with complex CAKUT
and patent foramen ovale. The variant is absent in all data-

bases and our control subjects, and the alleles were trans-
mitted by two heterozygous, unaffected parents. The tar-
geted inactivation of $lit3 in the mouse causes congenital
diaphragmatic hernia, cardiac defects, and renal agenesis
or hypoplasia.”’ These findings thus nominate biallelic
mutations in SLIT3 as a recessive cause of syndromic
CAKUT in humans.

We also highlight four individuals harboring LOF vari-
ants in WNT5A (MIM: 164975), SETBP1 (MIM: 611060),
T (MIM: 601397), and HSPA4L because mutations in these
genes have been reported to cause multi-organ defects,
including the urinary tract, in humans or mice.”*>> How-
ever, the patients harboring these LOF variants had only
isolated kidney malformations and therefore, owing of
the lack of statistical evidence, incomplete match with ex-
pected phenotypes, and absence of functional studies,
these genes were classified as candidates, requiring further
investigation of causality in larger cohorts.

Rare Variant Collapsing Analysis and Segregation
Studies Identify GREBI1L as a Susceptibility Gene for RHD
To identify susceptibility genes for RHD, we performed
an exome-wide case-control association study in the 195
RHD-affected case subjects without a definitive genetic
diagnosis and our 6,905 control subjects. Our study focused
on gene-based collapsing analysis of rare variants, a robust
method for discovery of mutations contributing to
disease.??>>* To achieve this, we first conducted extensive
quality control (QC) and we performed site harmonization
to avoid spurious findings due to imbalance in sequence
coverage between case and control subjects (see Subjects
and Methods). After elimination of differentially covered
sites, we excluded 8.5% of the bases, providing a total
of 30.42 Mb of CCDS exons for collapsing analyses.
After pruning, case and control subjects had 96.051% and
96.3% of CCDS bases covered at 10X or more, respectively.
Because RHD is rare and heterogeneous, we modeled domi-
nant inheritance of ultra-rare, highly deleterious variants,
with qualifying variants defined as LOF and predicted dele-
terious nonsynonymous variants that are absent in EXAC,
dbSNP, and the 1000 Genomes Project. The analysis of
rare LOF variants yielded 11 genes with a Fisher’s exact
test p value < 5.0 x 1072 and minimal genomic inflation
(Table 2, Figure 1). The top signal was GREBIL, which
harbored three heterozygous LOF variants in 195 case sub-
jects (two stop-gain and one frameshift, 1.5% of case sub-
jects) and zero LOF variants in 6,905 control subjects (p =
2.0 x 1075 OR = inf). Among the top 11 signals, GREBIL
was the gene most depleted by LOF mutations in ExAC
and gnomAD. GREBIL is also ranked in the top 0.04™
percentile among the most negatively selected genes, as
measured by the Gene-level integrated Metric of Negative
Selection.’® The analysis of aggregate rare LOF and delete-
rious nonsynonymous variants yielded a near exome-
wide significant signal for GREBIL (p = 4.1 x 10°% OR
8.7,95% CI 3.66-18.72; Table S5). The GREBIL signal was
not influenced by population structure, since the results
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Table 3.

Rare Heterozygous GREB1L Variants Identified in the Discovery and Additional Cohorts

CuMC

Chr:position Controls  EXAC Side Additional CAKUT

(hg19) Variant Consequence CADD MAF (%) MAF (%) Case Sex CAKUT Phenotype (L, R, B) Phenotype Extrarenal Phenotype  Family History Inheritance

18:18963516 ¢.37C>T p-Argl3* 370 0 0 DC8 M multicystic L congenital - Y (maternal side, NA

dysplastic kidney megaureter phenotype NA)

18:18975373 ¢.383G>A  p.Argl28His 340 O 0 DCY9 F renal agenesis L - unicornate uterus, Y (info NA) NA

agenesis of left ovary

18:19053090 ¢.2281G>C p.Glu761GIn 238 0 0 DC10 F renal dysplasia L duplication - Y (uncle with father

of the ureter double collecting
system)

18:19076465 ¢.3197G>C p.Argl066Pro 340 O 0 DC11 F renal agenesis L - - N NA

18:19080529 ¢.3998_ p-Leul334Profs* NA 0 0 DC12 F renal agenesis R - - Y (mother affected mother

3999insC 18 with RHD)

18:19088497 ¢.4680C>A p.Tyr1560* 450 O 0 DC13 M renal agenesis B bladder agenesis  Potter sequence Y affected sister (VUR),
mother (uterus
anomaly)

18:19088517 ¢.4700T>C p.Leul567Pro 282 0 0 DC14 F renal agenesis L - - N de novo

18:19095467 ¢.4991A>C p.Tyr1664Cys 280 O 0 DC15 M renal agenesis L - - N NA

18:19095544 ¢.5068G>A p.Vall690Met 296 O 0 DC16 F renal agenesis L - - Y (sister affected sister (VUR),

with VUR) father (affection
status unknown)

Additional Cohort

18:18983941 ¢.818G>T  p.Gly273Val 139 0 0 AC1 M renal agenesis L - - NA

18:19029567 ¢.1490C>G p.Ala497Gly 145 0 0 AC2 F renal agenesis R - - NA

18:19053090 ¢.2281G>C p.Glu761GIn 268 0 0 AC3 M multicystic R congenital - father

dysplastic kidney megaureter

18:19076563 ¢.3295C>T p.GIn1099* 400 O 0 AC4 F multicystic R - - Y (mother affected mother

dysplastic kidney with RHD)

18:19088463 ¢.4646T>C p.Vall549Ala 279 0 0 ACS F renal agenesis L - agenesis of the N NA

uterus, Henoch
Schonlein Purpura
18:19093889 ¢.4843G>A p.Vall615lle 222 0 0 AC6 F renal dysplasia B congenital Y (two first cousins mother
hydronephrosis have VUR, side
of family NA)

18:19095440 ¢.4964T>C p.11e1655Thr 226 0 0 AC7 F renal agenesis L - genua valga, flat feet, N father

right neurosensorial
hypoacusia
18:19102661 ¢.5651G>A p.Arg1884His 28,6 O 0 AC8 M renal hypoplasia L - - N NA

Abbreviations are as follows: B, bilateral; CADD, combined annotation dependent depletion score; CAKUT, congenital anomalies of the kidney and urinary tract; CUMC, Columbia University Medical Center; del, deletion; EXAC,
Exome Aggregation Consortium; F, female; fs, frameshift; L, left; M, male; MAF, minor allele frequency; NA, not available; RHD, renal hypodysplasia; R, right; VUR, vesicoureteral reflux. GREB1L RefSeq ID: NM_001142966.2.
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Thelollipops in black and gray indicate loss-
of-function mutations and non-synony-
mous mutations, respectively. Numbers on
the mRNA schematic indicate the coding
exons in GREBIL; numbers on the protein
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were robust to secondary analyses using case and control
subjects matched by principal component analysis (PCA)
(p=3.0x 107% OR 9.9, 95% CI 3.9-23.1; Table S6).

Altogether, we identified previously unreported delete-
rious GREBIL variants (three LOF, six missense) in 9/195
(4.6%) of case subjects (Table 3 and Figure S1). Parent
and family member DNAs were available for four individ-
uals harboring mutations. In three of them (two LOF
and one missense), the mutation segregated in affected
individuals following a dominant model. Moreover, the
¢.4700T>C (p.Leul567Pro) substitution, present in a case
subject with isolated unilateral renal agenesis and unaf-
fected parents, occurred de novo (Figure S1E). These data
strongly implicate dominant mutations in GREBIL as a
cause of RHD. A posteriori calculation of the joint probabil-
ities based on exome-wide collapsing analysis with segre-
gation and de novo occurrence yielded a highly significant
combined p value of 2.3 x 1077.

Additional Deleterious GREB1L Mutations Detected in an
Independent Cohort

To test the genetic contribution of GREBIL in RHD
further, we conducted a targeted resequencing study us-
ing microfluidic PCR enrichment and coupled to next-
generation sequencing (Fluidigm) to screen the 33 exons
(31 coding, 2 noncoding) of GREBIL in an additional 410
independent RHD-affected case subjects as previously
described.'***?* We identified additional novel hetero-
zygous mutations (one LOF and seven predicted delete-
rious missense variants) in eight case subjects (2.0%,
Table 3). The LOF variant c.3295C>T (p.GIn1099*) was
detected in a case subject with unilateral multicystic
dysplastic kidney and was inherited from an affected
mother with renal hypodysplasia (Figure S1B). Thus, in
aggregate, we identified previously unreported delete-
rious mutations (4 LOF and 13 missense, Figure 2) in
17/605 RHD-affected case subjects from our two cohorts
combined (2.8%).

GREB1 domain (1175-1923)

p-Glu761GIn, p.GIn1099*, p.Vall549Ala,
p-Vall615lle, p.1le1655Thr, p.Arg1884His.

Functional Analysis of greb1l Variants in Zebrafish
GREBIL encodes growth regulation by estrogen in breast
cancer 1 like, a protein of poorly understood function.
Consultation of transcriptomic data from the Genitouri-
nary Development Molecular Anatomy Project (GUDMAP)
demonstrated that Greb1l is expressed robustly in murine
metanephric mesenchyme at embryonic day 11.5. It is
also expressed in the genital tubercule but not in other
lower urinary tract structures. We confirmed expression
of Greb1l in developing murine kidney, ureter, and bladder
(embryonic day 15, Figure S2). The human protein atlas
reports nonspecific expression with two commercial
antibodies. We also attempted to examine expression by
immunohistochemistry but failed to detect a specific
signal in human and mouse tissue with a custom antibody.
Analysis of transcriptome human adult tissue from
Genotype-Tissue Expression (GTEx) demonstrates highest
expression in testes and thyroid gland and minimal
expression in liver and Kidney. There are no other data in
mammalian expression or function, but prior studies
implicated greb1] expression in Hoxb1 and Shha signaling
in zebrafish.>”**

To test directly whether GREBIL has a role in renal
morphogenesis and to assess the impact of discovered al-
leles, we generated a zebrafish model. Reciprocal BLAST
analysis with human GREBIL identified a single zebrafish
greb1l ortholog (61% amino acid identity; 73% similarity),
against which we designed a splice blocking MO targeting
the splice donor site of exon 17 (Figures S3A-S3C).
RT-PCR and subsequent sequencing of cDNA from in-
jected embryos showed the MO to be efficient, almost
completely abolishing endogenous greb1l mRNA and
inducing the generation of a message missing exon 17
and terminating translation in exon 18 (of 34). Next, we
injected WT embryos (n = 50/injection, replicated) with
progressively increasing MO doses (1, 2, 3, and 4 ng)
and at 4 dpf we fixed and incubated larvae with an
antibody against Na*-K"-ATPase that stains the pro-
nephros.'**> We then imaged renal structures and we
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Figure 3. Suppression or Mutation of greb1/in Zebrafish Results in Renal Hypoplasia

(A) Schematic of a 4-day post fertilization zebrafish larva (dpf; lateral view); renal tubule is outlined in blue with the proximal convolu-
tion shown in red (arrow).

(B) Representative fluorescent images of renal proximal convoluted tubules immunostained with Na*-K*-ATPase antibody (a6F) in 4 dpf
larvae. Red dashed line in the upper left panel indicates the region measured.

(C-E) Quantification of proximal renal tubule size as indicated by measurement of lateral images (see B). Statistical differences were
calculated with a Student’s t test and are indicated with ns (not significant), **p < 0.01, ***p < 0.001, ****p < 0.0001.

Abbreviations are as follows: MO, morpholino; WT, wild-type; sgRNA, single guide RNA; F1’, progeny of two sgRNA1 FO mutants.
p-R241Q (p.Arg241GIn; 1s147048716) and p.A926V (p.Ala926Val; 1s569900756) present in controls are benign (minor allele frequency
0.0001053 and 0.001361 in gnomAD, respectively). p.R1066P (p.Arg1066Pro; hypomorph), p.L1567P (p.Leul567Pro; null), p.11655T
(p-1le1655Thr; null), and p.V1690M (p.Val1690Met; hypomorph) are exclusive to RHD-affected case subjects. Error bars represent stan-
dard error of the mean (SEM); n = 31-55 larvae/batch, repeated; see Table S7 for details.
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quantified the area of the proximal renal convoluted tu-
bule. We observed progressive, dose-dependent reduction
of this structure (Figures 3B and S3D, Table S7). As a direct
test of specificity, we rescued this pathology by co-inject-
ing 2 ng of MO with 200 pg of human GREBIL WT mRNA
(which by itself did not result in a phenotype; Figures 3C
and S3, Table S7).

To validate our transient reagent, we generated grebl1l
CRISPR mutants. Injection of either of two non-overlap-
ping guide (g)RNAs (against exons 8 and 10, respectively)
and Cas9 protein into the cell of 1-cell stage embryos
yielded FO mutants with high mosaicism (95%-100% of
mRNAs sequenced from four embryos per sgRNA carried
insertion/deletion [indel] mutations proximal to the
PAM; Figures S3E-S3H). Phenotypic analysis of FO mutants
recapitulated the morphant phenotype, both qualitatively
and quantitatively (Figures 3B and 3D, Table S7). More-
over, upon intercrossing FO adults into the F1’ generation,
we observed persistence of the renal phenotype in larval
batches of animals bearing a grebll 4 bp deletion
(c.827_830delGCAT) in exon 8 (Figure 3B, Table S7).

We next used in vivo complementation in morphants
to test the pathogenicity of wvariants discovered in
RHD-affected case subjects. We chose four amino acid
substitutions detected in case subjects (p.Argl066Pro,
p-Leul567Pro, p.lle1655Thr, and p.Vall1690Met) and two
control variants present at low frequency in ExAC
(p-Arg241Gln, p.Ala926Val). In each instance, we asked
whether co-injection of MO with human mRNA bearing
each of the six variants could rescue the renal pathology
similar to controls. Replicate testing showed that the
mRNA harboring the control alleles complemented the
morphant phenotype whereas the four variants origi-
nating from affected individuals failed to rescue the convo-
lution defects (Figure 3C, Table S7). Together, these data
support a role for GREBIL in renal morphogenesis and pro-
vide biological evidence for the pathogenic potential of
some of the discovered missense variants.

Discussion

We conducted whole-exome or targeted sequencing in a
total of 612 RHD-affected case subjects and compared re-
sults to more than 140,000 publicly available as well as
to 6,905 internal control subjects to define the mutational
landscape of RHD. Using highly rigorous ACMG criteria,
annotation of variants in genes known to cause human
CAKUT or diseases that might phenocopy kidney malfor-
mations resulted in the identification of pathogenic
mutations in 7/202 case subjects (3.5%). These mutations
affected six known genes. Of these, five are known suscep-
tibility genes for CAKUT, while mutations in UMOD gives
rise to medullary cystic disease (MIM: 603860),°° a condi-
tion characterized by tubulointerstitial disease and renal
failure that can result in atrophic kidneys and may be mis-
diagnosed as RHD. These data are consistent with prior

studies showing mutations in known genes in very vari-
able proportion of CAKUT-affected case subjects, ranging
from 1% to 17%.'%>"°°

Next, we identified unique rare LOF variants in five
genes that are either implicated in human multiorgan syn-
dromes (SETBP1, WNTS5A) or whose inactivation in the
mouse results in kidney and urinary tract malformations
(SLIT3, HSPA4L, T). Most convincingly, the homozygous
SLIT3 ¢.1193delC mutation (p.Thr398Serfs*37) was found
in an affected individual with right renal agenesis, left ves-
icoureteral reflux, kidney cysts, and patent foramen ovale.
The variant was inherited from two heterozygous parents,
is absent in all population and internal control subjects,
and was predicted to result in premature termination of
the protein. Members of the Slit gene family encode guid-
ance molecules that interact with roundabout (Robo) ho-
molog receptors to regulate cell migration during neural,
cardiac, and renal development.®'~®* Mice harboring Slit3
homozygous mutations display phenotypes reminiscent
of those reported in the affected individual from our
cohort, as well as congenital diaphragmatic hernia.’’ Our
data implicate mutations in SLIT3 as a recessive form of
human CAKUT, and the identification of additional
RHD-affected case subjects with biallelic SLIT3 mutations
will further confirm these findings.

Exome-wide association studies offer a powerful
approach to identify disease-causing genes. This design
was made possible by the availability of a large in-house
control exome dataset and a rigorous analytic pipeline
that harmonized sequence coverage between case and con-
trol subjects. The availability of external population data-
bases also enabled rapid elimination of common variants
from the cohorts, restricting the analysis to novel variants
with a higher likelihood of deleteriousness. The top signal
was in GREB1L, which harbored three LOF variants in case
subjects and none in control subjects (p = 2.0 x 107°).
When we introduced novel missense deleterious substitu-
tions as qualifying variants (absent from public databases
such as EVS, ExAC, gnomAD, and 1000 Genomes), the
strength for association increased to near-exome-wide sig-
nificance (p = 4.1 X 1075 OR 8.7). Post hoc incorporation
of segregation and de novo probabilities with the results
from our collapsing analysis yielded highly statistical
significant evidence for genetic association (p = 2.3 X
1077), strongly implicating dominant mutations in
GREBIL as a cause of RHD. Targeted resequencing of
GREBI1L in additional 410 case subjects with renal agenesis
or hypodysplasia identified eight additional novel delete-
rious variants, including a fourth truncating mutation
(c.3295C>T [p.GIn1099*]), which again was inherited
from an affected parent. Altogether GREBIL mutations
were identified in 2.8% of RHD-affected case subjects in
our cohort, and the finding of four LOF mutations suggests
haploinsufficiency as the mechanism leading to the
phenotype.

The precise function of GREBIL is not known. It
has sequence homology to GREBI, an estrogen-regulated
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gene expressed in hormone-responsive breast cancer® that
is expressed in the distal renal vesicle during nephrogene-
sis.®® Prior studies have identified that greb1l is positively
regulated by a Hoxbl and Shha signaling in zebrafish,
implicating greb1l in two pathways known to be important
for nephrogenesis.>”*® To determine pathophysiological
relevance of GREBIL to RHD and to interpret the effect
of novel missense mutations, we conducted transient sup-
pression and CRISPR/Cas9 genome editing studies of greb1l
in zebrafish embryos. We used a direct anatomical surro-
gate, the convolution of the proximal pronephric tubule,
as an established readout for CAKUT.'**> CRISPR/Cas9 de-
letions of greb1l in FO mutants and MO-induced suppres-
sion resulted in pronephric convolution defects that were
reproducible and specific (the latter rescued by re-introduc-
tion of human GREB1L mRNA), thus establishing GREBIL
as a susceptibility gene for RHD. We did not observe in vivo
complementation with mRNA containing alleles derived
from RHD-affected case subjects; however, randomly
selected rare missense variants from ExAC complemented
the phenotype. Our GREBIL findings pose additional ques-
tions about its cellular and molecular function and further
studies will be required to define its cellular localization,
interacting partners, and involvement in developmental
processes of the kidney.

In summary, we describe a multi-tiered study (whole-
exome case-control study followed by targeted sequencing)
involving 612 RHD-affected case subjects and 6,905
control subjects. Our data provide insight into the geneti-
cally heterogeneous mutational landscape of human
CAKUT and provide evidence for the identification of
SLIT3 and GREBIL as disease susceptibility genes. Recently,
dominant mutations in GREB1L were identified in inde-
pendent families segregating dominant kidney malforma-
tions.® Because RHD can have incomplete penetrance,
we suspect that functionalization of additional GREB1L var-
iants found in case subjects but present at low frequency in
control subjects will identify additional pathogenic muta-
tions and will potentially increase the contribution of this
locus to RHD. Future studies of the genetic architecture of
RHD will require larger cohorts for discovery of new genes
and consideration of noncoding sequence variants, or addi-
tional inheritance patterns, such as somatic mosaicism and
oligogenic inheritance.

Supplemental Data

Supplemental Data include four figures, seven tables, and Supple-
mental Acknowledgments and can be found with this article on-
line at https://doi.org/10.1016/j.ajhg.2017.09.018.

Acknowledgments

We thank all individuals with RHD and their family members for
participating to this study. This work was supported by grants
from the National Institutes of Health (RO01DK103184 and UL1
TR0O00040 to S.S.-C.; RO1IDK108805 to M.G.S.; RO1DKO088767
to EH.; PSODK096415 to N.K.; P30DK096493 to N.K. and

EED.; ROIDKO80099 to A.G.G.,; U54DK104309 to A.G.G;
RO1DK105124 to K. Kiryluk), the American Heart Association
grant-in-aid 13GRNT14680075 to S.S.-C., the Joint Italian Ministry
of Health and NIH Young Investigators Finalized Research 2012 to
S.S.-C. and G.M.G., the National Human Genome Research Institute
Centers for Mendelian Genomics (HG006504 to R.P.L.), and the
Fondazione Malattie Renali nel Bambino (to G.M.G.). M.G.S. is sup-
ported by the Charles Woodson Clinical Research Fund. A.-M.K. and
A.L.-B. are funded by the Polish Ministry of Health. We acknowledge
the Polish Kidney Genetics Network (POLYGENES), the Polish Reg-
istry of Congenital Malformations (PRCM), the NZOZ Center for
Medical Genetics (GENESIS) in Poznan, Poland, and the Dutch
Kidney Foundation for the Kolff post-doc abroad grant (150KK95
to R.W.). The list of contributors for the 6,905 exome controls used
in this study is available in the Supplemental Data.

Received: July 25, 2017

Accepted: September 22, 2017

Published: November 2, 2017; corrected online November 17,
2017

Web Resources

1000 Genomes, http://www.internationalgenome.org/

Annotated Variants (ATAV) analyses, https://redmine.igm.cumc.
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