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Abstract

Objective: GREB1L has been linked prenatally to Potter’s sequence, as well as less severe 

anomalies of the kidney, uterus, inner ear, and heart. The full phenotypic spectrum is unknown. 

The purpose of this study was to characterize known and novel pre- and postnatal phenotypes 

associated with GREB1L.

Methods: We solicited cases from the Fetal Sequencing Consortium, screened a population-

based genomic database, and conducted a comprehensive literature search to identify disease cases 

associated with GREB1L. We present a detailed phenotypic spectrum and molecular changes.

Results: One hundred twenty-seven individuals with 51 unique pathogenic or likely pathogenic 

GREB1L variants were identified. 24 (47%) variants were associated with isolated kidney 

anomalies, 19 (37%) with anomalies of multiple systems, including one case of hypoplastic 

left heart syndrome, five (10%) with isolated sensorineural hearing loss, two (4%) with isolated 

uterine agenesis; and one (2%) with isolated tetralogy of Fallot.
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Conclusion: GREB1L may cause complex congenital heart disease (CHD) in humans. 

Clinicians should consider GREB1L testing in the setting of CHD, and cardiac screening in the 

setting of GREB1L variants.

1 | INTRODUCTION

GREB1L (growth regulation by estrogen in breast cancer 1-like; MIM: 617782) was 

discovered in two studies as a gene responsible for severe congenital anomalies of the 

kidneys and urinary tract (CAKUT), including renal agenesis and hypodysplasia (MIM: 

617805).1,2 Prenatal cases in these studies were often characterized by Potter’s sequence; 

postnatal presentations included unilateral renal anomalies, as well as uterine agenesis 

and dysgenesis, aortic stenosis, and sensorineural hearing loss (MIM: 277000, 619274). 

Determining the full spectrum of phenotypes associated with pathologic variants of 

GREB1L involves understanding multiple complex genetic factors such as incomplete 

penetrance and variable expressivity. Human investigations have been limited by fetal 

demise, and neonatal or childhood death. The full extent of manifestations of GREB1L-

associated disorders and the molecular mechanism(s) of pathogenesis are unknown.

GREB1L was initially reported in two independent cohorts of individuals with severe forms 

of CAKUT. De Tomasi, et al. conducted classical linkage analysis in multiple familial 

CAKUT cases (most families included cases of bilateral renal agenesis), followed by exome 

sequencing and a collapsing analysis of sporadic cases of CAKUT.1 Sanna–Cherchi, et 

al. assembled a cohort of 612 individuals with renal agenesis, severe hypodysplasia, and 

multicystic dysplastic disease.2 Both investigations found enrichment of rare, deleterious 

GREB1L variants, and used animal models to functionally validate the gene’s role in 

CAKUT.

Severe forms of CAKUT, such as renal agenesis and hypodysplasia, often cause fetal demise 

or neonatal death. Consistently, far fewer loss of function (LoF) GREB1L variants are 

found in the gnomAD population database than expected by chance (LOEUF score = 0.07, 

indicating a gene highly intolerant to inactivation in the extant human population).3 This 

intolerance, and perinatal lethality have made it challenging to determine the full phenotypic 

spectrum related to GREB1L, as affected individuals are rare, and often die before extra 

renal manifestations can be investigated or sequencing can be performed. Paradoxically, 

cohorts affected by familial CAKUT have included healthy relatives bearing GREB1L 
disease-causing variants without apparent disease.1,4

GREB1L has been associated with congenital anomalies of other organ systems. One of 

the GREB1L discovery cohorts included an individual with sensorineural hearing loss.2 

Schrauwen, et al. subsequently demonstrated that GREB1L variants were responsible for 

isolated inner ear malformations and sensorineural hearing loss.5 This finding was validated 

in multiple following studies also demonstrating isolated ear anomalies and deafness caused 

by GREB1L variants.6–8 These cranial abnormalities have been further validated by the 

Greb1L mutant mouse that developed craniofacial abnormalities such as exencephaly and 

cleft lip.4

Zhao et al. Page 2

Prenat Diagn. Author manuscript; available in PMC 2024 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The GREB1L discovery cohorts also included individuals with uterine malformations.1,2 

Subsequent investigation focused on individuals with Mayer-Rokitanksy-Küster-Hauser 

syndrome (MIM 277000: characterized by uterine-vaginal atresia, variably accompanied 

by cardiac, skeletal, auditory, and renal anomalies) demonstrated that variants in GREB1L 
also caused this disease presentation.9–11 These cohorts included individuals with isolated 

uterine anomalies in the absence of other urogenital findings. Rare, putatively deleterious 

GREB1L variants are more common in cohorts of individuals with scoliosis.12

Finally, simple cardiac anomalies in humans have been attributed to GREB1L variants. De 

Tomasi and colleagues identified GREB1L variants in cases that included as part of their 

phenotype the following: left ventricular hypertrophy, aortic stenosis, and retroesophageal 

subclavian artery.1 Additionally Greb1l homozygous knockout mouse embryos develop 

crisscross heart, characterized by torsion of the atrioventricular plane, perpendicular crossing 

inflows to the right and left ventricles, and the displacement of the right ventricle (RV) 

superiorly and leftward of the LV.1,13 Bernheim and colleagues demonstrated important 

mechanistic insights preceding this anomaly in mice. Loss of GREB1L resulted in impaired 

ribosome biogenesis, growth arrest of cardiac precursor cells, and malpositioning of the 

cardiac outflow tract.13 However, to our knowledge, complex cardiac anomalies, as observed 

in this animal model, have not been described in humans with GREB1L variants.

The phenotypic spectrum of GREB1L-associated disease has been defined by studies 

focusing on these phenotypic descriptions (renal and uterine anomalies and sensorineural 

hearing loss). Intriguingly, Greb1L knockout mice demonstrated a broader phenotype 

including major anomalies of multiple other organ systems.1 Furthermore, GREB1L is 

expressed broadly in human fetal and adult organs beyond the kidney, gonads, and ear.1 

Given this background, and evidence suggesting that anomalies secondary to GREB1L 
variants lead to stillbirth or early death, we sought to characterize phenotypes associated 

with perinatal disease and congenital anomalies.

2 | METHODS

2.1 | Fetal sequencing consortium

We solicited investigators from the Fetal Sequencing Consortium (FSC) for cases of 

perinatal disease attributable to variants in GREB1L. The FSC is a growing community 

of clinical and research experts from more than 30 institutions worldwide working to study 

the genetic contribution to perinatal disorders and improve clinical care.14 Members meet 

regularly to collaborate on ongoing cases and to build a novel repository of fetal genomic 

data. We solicited the FSC for cases in which clinical exome or genome sequencing of 

fetuses or infants identified pathogenic or likely pathogenic variants in GREB1L. From this, 

we identified two sporadic cases and one affected family. These included two variants which 

have not been previously described to our knowledge. This research was approved by the 

institutional review boards of Johns Hopkins University, the University of North Carolina, 

and Columbia University.
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2.2 | Retrospective cases from the institute of genomic medicine

The Columbia Institute for Genomic Medicine (IGM) maintains exome and genome 

sequence data from 123,992 individuals, which are analyzed using the in-house Analysis 

Tool for Annotated Variants (ATAV).15 Individuals were recruited for multiple indications, 

including the study of congenital anomalies and neurodevelopmental disorders (e.g., 

epilepsy, autism, CAKUT, cardiovascular disease). Healthy relatives of the research 

participants were recruited as well. Using ATAV, we screened for GREB1L variants 

meeting the following criteria: gnomAD allele frequency <0.01, minimum read-depth 

of 10×, minimum Phred genotype score of 20, and minimum variant Phred quality of 

30. This returned 294 unique variants in 280 individuals. We then excluded previously 

published cases. Using American College of Medical Genetics and Genomics (ACMG) 

criteria, we annotated two variants as pathogenic or likely pathogenic, which have not 

been previously described to our knowledge. We also used the IGM database to assess the 

coverage of GREB1L by commonly used exome capture kits. We surveyed all available, 

exome-sequenced cases in the IGM and determined the portion of coding variants with 10× 

coverage.

2.3 | Literature review

We first conducted a comprehensive literature review of published human cases with 

disease caused by rare variants in GREB1L. This review was conducted by searching 

for the term “GREB1L″ in two databases of peer-reviewed manuscripts (PubMed [https://

pubmed.ncbi.nlm.nih.gov] and Mastermind16 [https://genomenon.com/mastermind]) for the 

term “GREB1L.” PubMed returned 41 unique articles and Mastermind returned an 

additional 372 unique articles. These articles were each manually reviewed to identify 

unique cases in which fetal or postnatal disease was found to be caused by rare variants 

in GREB1L. Variants were then manually re-annotated using diagnostic criteria of the 

ACMG.17 Only individuals with pathogenic or likely pathogenic variants were included, 

which were present in 23 articles.1,2,4–6,8–12,18–30 We also characterized the ascertainment 

criteria with which these studies identified individuals.

2.4 | Combined cohort

Cases from the FSC, IGM, and literature review were combined, and each individual was 

categorized based on phenotype including isolated anomalies, anomalies of multiple organ 

systems, and no apparent disease. We then classified the unique variants by phenotype. For 

variants that were found in more than one case, the individual phenotypes were combined to 

determine the phenotype associated with each variant. Variants were categorized as protein 

disrupting (loss of canonical splice site, stop-gain, or frameshift) or as missense. Mean 

(SD) of rare exome variant ensemble learner (REVEL) scores were determined for missense 

variants. REVEL is an in silico prediction of the deleteriousness of missense variants, 

particularly LoF, variants.31,32

3 | RESULTS

We identified two sporadic cases, and one affected family from the FSC. The familial 

case consisted of a maternally inherited variant (c.4881_4882delCA [p.His1627frameshift]), 
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which resulted in one pregnancy with bilateral renal agenesis and ventricular hypertrophy 

and systolic dysfunction, another pregnancy with bilateral renal agenesis and aortic 

stenosis, and a living son with unilateral renal agenesis. Details regarding whether further 

genitourinary anomalies were present are not available. The mother had a normal renal 

ultrasound, and no known anomalies. This was previously described in a report not 

identified in our literature search.33 Another case consisted of sporadic bilateral renal 

agenesis presenting in a male fetus found to have a nonsense GREB1L variant (c.5016G>A 

[p. Trp1672Ter]). In this case the inheritance is unknown, and no other anomalies were 

identified. Additionally, we identified a female infant with prenatally diagnosed complex 

CHD (hypoplastic left heart syndrome and anomalous pulmonary venous connection; Figure 

1), an ectopic, dysplastic kidney, hemivertebrae, and scoliosis found to have a de novo 

variant (c.4440C>A; p.Phe1480>Leu). A review of the IGM identified two cases, each 

from the investigation of individuals with congenital kidney anomalies. These included one 

individual with a unilateral renal agenesis and renal ectopy and a variant with unknown 

inheritance (c.4777del [p.Leu1593frameshift]), and another individual with unilateral renal 

agenesis, renal ectopy, renal dysplasia, and vesicoureteral reflux bearing a variant with 

unknown inheritance (c.4276_4277del [p.Val1426frameshift]). A literature review identified 

46 unique variants, including six that were independently identified in multiple studies.

Combining cases from the FSC, IGM, and literature review provided a cohort of 127 

individual cases with multiple phenotypes (Table 1). In order of frequency, these consisted 

of 66 (52.0%) individuals with isolated renal anomalies, 25 (19.7%) individuals with 

anomalies of multiple organ systems, 21 (16.5%) healthy relatives of probands with no 

apparent disease, 10 (7.9%) individuals with isolated sensorineural hearing loss, four (3.1%) 

individuals with isolated uterine anomalies, and one (0.8%) individual with isolated CHD.

In the combined cohort of 127 individuals, 51 unique pathogenic and likely pathogenic 

variants were identified (Table 2). Forty variants of uncertain significance were excluded. 

The cohort included multiple families, as well as sporadic cases in which identical 

variants were identified. Twenty-six variants were found in multiple individuals. And 23 

variants were found in individuals with different phenotypes, including 16 variants found 

in unaffected relatives with no known disease phenotype. The genetic and phenotypic 

details of each individual are listed in Table S1. Of the 51 unique variants, 24 (47.1%) 

were associated with cases of isolated kidney anomalies, 19 (37.3%) were associated with 

anomalies in multiple organ systems, five (9.8%) were associated with isolated sensorineural 

hearing loss, two (3.9%) were associated with isolated uterine agenesis, and one (2.0%) was 

associated with isolated CHD (Figure 2). Two cases of CHD were classified as moderate or 

of great complexity using the Bethesda classification system.34 These consisted of one case 

of hypoplastic left heart syndrome accompanied by renal ectopy and one case of isolated 

tetralogy of Fallot (Table S1).

Our literature review identified 23 peer-reviewed articles describing individuals with 

GREB1L-associated disease, including one study cited by another retrieved from 

Mastermind (Table 3).21,35 These included investigations into the genetic basis of congenital 

anomalies of the kidney, ear, and uterus, as well as in the setting of perinatal disorders. 

Eight studies of severe CAKUT (renal agenesis and renal hypodysplasia) identified 28 
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variants in GREB1L; three additional kidney disease studies (including less severe forms of 

CAKUT and related nephropathy) identified five variants. Five studies of perinatal disorders, 

including congenital anomalies (organs other than the uterus, kidneys, or ears), stillbirth, 

and critical illness identified five variants. Four studies of uterine anomalies identified nine 

variants. Three studies of sensorineural hearing loss identified six variants. These studies 

predominantly employed exome sequencing of proband-parent trios or extended families 

(Table S2).

Overall, 24 (47.1%) of variants were missense, with a mean (SD) REVEL score of 0.36 

(0.21). Protein truncating (frameshift, nonsense, and splice site disruption) comprised the 

remaining 27 (52.9%) variants. The distribution of protein truncating and missense variants 

did not differ (p-value = 0.84 by chi-square test) across phenotypic categories (isolated renal, 

multiple organ systems, isolated sensorineural hearing loss; isolated uterine and cardiac 

cases were excluded given sample sizes of 2 and 1 respectively). Of the 51 unique variants, 

27 were found in multiple individuals, and 17 were found in probands, as well as apparently 

unaffected relatives.

Finally, we determined the exome sequencing coverage of GREB1L within IGM cases to 

assess for blind spots in previous clinical and research exome sequencing. This database 

included exome sequencing using commercial capture kits (Agilent V4, Agilent V5, 

IDTERPv1, IDTERPv2, Roche Nimblegen, and Roche Nimblegen V2). All kits except the 

IDTERPv1 had >90% mean 10× coverage of GREB1L, however the mean (SD) and median 

(minimum, maximum) 10× coverage with exome capture by IDTERPv1 was 0.24 (0.43) and 

0.00 (0.00, 1.00) respectively (Table 4).

4 | DISCUSSION

We assembled a combined cohort of individuals with disease secondary to pathogenic and 

likely pathogenic GREB1L variants. The phenotypic spectrum of these cases demonstrated 

several important aspects of GREB1L-associated disease, including an association with 

complex CHD in humans. Previously reported disease caused by GREB1L variants included 

congenital anomalies of the kidney, uterus, vagina, and sensorineural hearing loss. However, 

these descriptions were based on phenotype-driven, forward genetics studies of cohorts 

with anomalies in these organ systems. We identified two cases of complex CHD using 

the FSC multisite network of investigators and a broad literature search using Mastermind, 

which includes genetic data from online Supporting Information S1. This work demonstrates 

the importance of broad research collaborations, such as the FSC, as well as deep search 

algorithms when determining the phenotypic spectrum of rare genetic disorders.

Zaidi, et al., described an excess burden of de novo variants in genes expressed in the 

developing heart in individuals with severe CHD. This included an individual with tetralogy 

of Fallot and a single left coronary artery found to have a nonsense variant in GREB1L 
(c.4119G>A; p.Trp1373*).21 CHD in this case was primarily attributed to a nonsense 

de novo variant in NAA15, a gene encoding a ribosomal component that facilitates post-

translational acetylation, and which is associated with neurodevelopmental impairment 

and CHD.36 Both genes are associated with autosomal dominant, incompletely penetrant 
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disease. Given the shared roles of NAA15 and GREB1L in ribosome function, this case 

may represent digenic disease, in which heterozygous loss of each gene impaired ribosome 

biogenesis, disrupted growth of cardiac precursor cells, and led to a malpositioned cardiac 

outflow tract, as found with homozygous loss of GREB1L in mouse.13

Using the FSC, we also identified an individual bearing a de novo missense variant in 

GREB1L (c.4440C>A; p.Phe1480>Leu) with hypoplastic left heart syndrome, double-outlet 

RV, total anomalous pulmonary venous return, hemivertebrae, scoliosis, as well as an 

ectopic, hypoplastic kidney. No other genetic disorders were identified by exome sequencing 

in this individual. While human CHD has been described related to GREB1L, this has 

been limited to aortic stenosis and thickening of the LV.1 Intriguingly, a complex structural 

cardiac anomaly known as crisscross heart was found in homozygous Greb1L knockout 

mice prior to embryonic lethality.1,13 This anomaly was preceded by impaired ribosome 

biogenesis, growth arrest of cardiac precursor cells, and malpositioning of the cardiac 

outflow tract. This mechanism may mediate human CHD. Three individuals with CHD in 

our cohort had outflow tract anomalies: aortic stenosis, double-outlet RV, and tetralogy of 

Fallot. Additionally, left ventricular hypertrophy may represent fetal cardio renal syndrome 

caused by increased systemic vascular resistance in the setting of bilateral renal agenesis.37 

Interestingly, the GREB1L variants associated with complex CHD lie in exons 24 and 

26, near previously described variants associated with aortic stenosis and left ventricular 

hypertrophy in exons 26 and 27.1,12 This region in GREB1L is highly homologous to a 

region in GREB1, which includes a putative glycosyltransferase domain.38 The significance 

of the clustering of variants associated with CHD is unclear given that three of the four 

variants are protein disrupting (two stop-gain and one splicing disruption).

Our combined cohort included four types of CHD found in five individuals: (1) tetralogy 

of Fallot, (2) hypoplastic left heart syndrome with double-outlet RV and total anomalous 

pulmonary venous return, (3) hypertrophic LV found in two individuals, and (4) aortic 

stenosis. These cases support two important hypotheses. First, GREB1L LoF variants may 

cause complex CHD in humans. To our knowledge, human CHD attributed to GREB1L has 

been limited to aortic stenosis and hypertrophic left ventricles. The mouse Greb1L knockout 

model demonstrates complex CHD, but this has not yet been reported in humans with 

GREB1L variants to our knowledge. Second, human cases of CHD may arise secondary to 

cardiac outflow tract anomalies. The mouse Greb1L complex CHD is preceded by disrupted 

development of the outflow tract. Outflow tract anomalies in humans could account for the 

tetralogy of Fallot, double-outlet RV, and aortic stenosis. Hypertrophy of the LV could be 

attributable to undetected outflow tract obstructions, or alternatively could represent fetal 

cardiorenal syndrome related to renal agenesis.37

Determining the full spectrum of GREB1L-associated disease has been limited by several 

factors. As demonstrated by our literature review, human studies of GREB1L have focused 

predominantly on anomalies of the kidney, uterus, vagina, and sensorineural hearing loss. 

Phenotypic evaluations (autopsy, audiography, renal ultrasound, echocardiography, etc.) 

were not uniform in these studies, and negative results were often not reported. Therefore, 

the incidence of congenital anomalies may be underestimated. Studies have mostly utilized 

exome sequencing, which has variable GREB1L coverage. GREB1L is highly intolerant 
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to LoF variants at the population level. Consistent with this intolerance, individuals 

with GREB1L variants have been observed to have disease incompatible with survival 

or reproduction: fetal demise, stillbirth, renal agenesis, Potter’s sequence, cyanotic heart 

disease, and uterine agenesis. Data regarding the timing of diagnosis (pre- or postnatal) 

were not uniformly provided in literature cases. Prenatal presentations frequently included 

Potter’s sequence and subsequent lethality. Paradoxically, postnatal presentations (including 

unaffected relatives and those with minor anomalies) have also been found bearing GREB1L 
variants, including protein truncating variants. The variable expressivity and incomplete 

penetrance of GREB1L-associated disease may explain this apparent paradox. Loss of 

GREB1L function may confer a risk of severe early presentations of pre- and perinatal 

disease, mediated by unknown second hit(s). Population-level LoF variants in GREB1L 
would be expected to be rare, as alleles would be unlikely to persist through multiple 

generations. As we demonstrated, the description of GREB1L-associated disease may also 

have been limited by poor coverage in exome capture.

We could not identify a pattern between molecular changes in GREB1L and the observed 

phenotypes. We found highly variable phenotypes associated with GREB1L variants. Of 

the variants found in multiple individuals, most (23 of 26) resulted in different phenotypic 

presentations, and 16 variants were found in individuals with no apparent disease. Disruptive 

protein truncating variants were found across phenotypes, and missense variants varied 

widely in the predicted deleteriousness as assessed by REVEL scores. Grouping variants 

associated with phenotypes not compatible with survival or reproduction (bilateral renal 

agenesis, uterovaginal agenesis, stillbirth, complex CHD) demonstrated a similar distribution 

of protein truncating variants as well as predicted deleteriousness of missense changes. 

Scarce data exist regarding the functional domains or molecular role of GREB1L. Without 

these insights, it is as yet unclear how molecular changes in GREB1L relate to the 

variable-observed phenotypes. A bias toward maternal inheritance has been proposed for 

disease attributable to GREB1L.1,12 We could not clarify patterns of inheritance given 

heterogeneous, limited data compiled from multiple sources. Additionally, cases identified 

in the IGM were not confirmed by Sanger sequencing.

These findings have important implications for clinical care and human genetics research. 

Clinicians should strongly consider genome sequencing or verify GREB1L coverage by 

exome sequencing when testing individuals with presentations consistent with GREB1L-

associated disease. Clinicians and researchers should consider this when re-analyzing exome 

sequenced negative cases. Clinicians may consider analysis or re-analysis of GREB1L for 

individuals with CHD, especially anomalies of the outflow tract. Clinicians should consider 

screening individuals with GREB1L variants and their relatives for the full spectrum of 

associated diseases, including uterine anomalies, sensorineural hearing loss, as well as 

CHD, especially outflow tract anomalies. Finally, a basic investigation into the molecular 

function of GREB1L is urgently needed. This may illuminate the mechanism of its variable 

penetrance and incomplete expressivity, as well as novel phenotypes related to GREB1L.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

What is Already Known?

• GREB1L is associated prenatally with Potter’s sequence, and postnatally with 

less severe anomalies of the kidney, uterus, inner ear, and heart.

• Known cardiac anomalies are aortic stenosis and ventricular hypertrophy.

What does this Study Add?

• We identified complex congenital heart disease (CHD) associated with 

GREB1L.

• Clinicians should consider GREB1L testing in the setting of CHD, 

particularly outflow tract anomalies.

• Clinicians should consider pre- and postnatal screening for cardiac anomalies 

in the setting of GREB1L variants.
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FIGURE 1. 
Complex congenital heart disease (CHD) in a female infant with a de novo missense 

GREB1L variant (c.4440C>A; p.Phe1480>Leu). In addition to renal ectopy, renal 

hypoplasia, hemivertebrae, and scoliosis, the infant had multiple cardiac anomalies. These 

consisted of hypoplastic left syndrome, double-outlet RV, and total anomalous pulmonary 

venous return. (A), An echocardiogram apical view demonstrates a hypoplastic LV with 

atresia of the mitral valve. (B), An apical view with anterior angulation and 2-D and color 

Doppler image shows both great arteries arising from the RV. (C), A suprasternal view 

demonstrates a left APVC draining into the IV. Abbreviations: AMV, atretic mitral valve; 

APVC, anomalous pulmonary venous channel; Ao (aorta), IV, innominate vein; LV, left 

ventricle; RA, right atrium; RV, right ventricle; TV, tricuspid valve.
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FIGURE 2. 
GREB1L phenotypic spectrum and variants. (A), Phenotype classes found in unique 

pathogenic and likely pathogenic GREB1L variants. In the Euler diagram, the number 

of unique variants is shown for each affected organ system. The area of each ellipse is 

proportional to the number of variants in each group. Isolated kidney anomalies were 

associated with 24 unique variants. Isolated sensorineural hearing loss was associated with 

five unique variants. Isolated uterine anomalies were associated with 2 unique variants. An 

isolated cardiac anomaly was found in one individual with a unique variant. 19 variants were 

associated with multiple anomalies, most often kidney anomalies accompanied by uterine 

and/or musculoskeletal anomalies. (B), Map of disease-causing variants in GREB1L. The 

pathogenic and likely pathogenic variants found in GREB1L are shown mapped above the 

exon structure of GREB1L. Missense variants are shown in blue and protein disrupting are 

shown in red. Variants identified only in individuals with congenital anomalies are shown 

with gray stems, and variants found in affected individuals as well as in relatives with 
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no known disease are shown with black stems. Four variants found to be associated with 

cardiac anomalies are shown with higher stems.
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TABLE 1

The prevalence of phenotypes in combined cohorts.

Phenotype category Individuals (n = 127)

Isolated renal anomalies 66 (52.0%)

 Unilateral or bilateral renal absence 48

 Multiple renal anomalies 10

 Renal hypo- or dysplasia 4

 Urinary tract dilation and related anomalies of the urethra or ureters 3

 Renal ectopy or fusion 1

Anomalies of multiple organ systems 25 (19.7%)

No apparent disease (healthy relatives) 21 (16.5%)

Isolated sensorineural hearing loss 10 (7.9%)

Isolated uterine anomaly 4 (3.1%)

Isolated congenital heart disease (tetralogy of fallot) 1 (0.8%)
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TABLE 3

Published studies of GREB1L-associated disease.

Ascertainment criteria of literature cases Publications (n = 23) Pathogenic/Likely pathogenic variants identifieda (n = 46)

Renal agenesis or renal hypodysplasia 8 27

Perinatal disorders 5 5

Sensorineural hearing loss 3 6

Other renal anomalies or nephropathy 3 5

Uterine anomalies 4 9

a
46 unique variants were identified, 6 of which were independently found in multiple studies.
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TABLE 4

GREB1L coverage by exome capture kit.

Kit Mean 10× coverage (SD) Median 10× coverage (min, max)

Agilent V4 0.97 (0.17) 1.00 (0.00, 1.00)

Agilent V5 0.90 (0.15) 0.99 (0.00, 1.00)

IDTERPv1 0.24 (0.43) 0.00 (0.00, 1.00)

IDTERPv2 1.00 (0.00) 1.00 (0.00, 1.00)

Roche Nimblegen 0.99 (0.03) 1.00 (0.67, 1.00)

Roche Nimblegen V2 0.93 (0.16) 0.97 (0.14, 1.00)
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