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Biallelic Pathogenic GFRA1 Variants Cause Autosomal
Recessive Bilateral Renal Agenesis
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ABSTRACT
Background Congenital anomalies of the kidney and urinary tract (CAKUT) are one of the most common mal-
formations identified in the fetal stage. Bilateral renal agenesis (BRA) represents themost severe and fatal formof
CAKUT. Only three genes have been confirmed to have a causal role in humans (ITGA8,GREB1L, and FGF20).

Methods Genome sequencing within a diagnostic setting and combined data repository analysis identi-
fied a novel gene.

Results Two patients presented with BRA, detected during the prenatal period, without additional recogniz-
able malformations. They had parental consanguinity and similarly affected, deceased siblings, suggesting
autosomal recessive inheritance. Evaluation of homozygous regions in patient 1 identified a novel, nonsense
variant inGFRA1 (NM_001348097.1:c.676C.T,p.[Arg226*]).We identified184patients inour repositorywith
renal agenesis and analyzed their exome/genome data. Of these 184 samples, 36 were from patients who
presented with isolated renal agenesis. Two of them had loss-of-function variants in GFRA1. The second
patient was homozygous for a frameshift variant (NM_001348097.1:c.1294delA, p.[Thr432Profs*13]). The
GFRA1 gene encodes a receptor on the Wolffian duct that regulates ureteric bud outgrowth in the develop-
ment of a functional renal system, and has a putative role in the pathogenesis of Hirschsprung disease.

Conclusions These findings strongly support the causal role of GFRA1-inactivating variants for an auto-
somal recessive, nonsyndromic formof BRA. This knowledgewill enable early genetic diagnosis and better
genetic counseling for families with BRA.

JASN 32: 223–228, 2021. doi: https://doi.org/10.1681/ASN.2020040478

Congenital anomalies of the kidney and urinary
tract (CAKUT) are one of the most common mal-
formations identified in the fetal stage. They com-
prise a broad phenotypic spectrum of renal and
urinary tract malformations, ranging from milder
presentations such as duplex ureter, to severe fatal
phenotypes of bilateral renal agenesis (BRA). Renal
agenesis is defined as the complete absence of renal
tissue, and can be unilateral or bilateral.1 Whereas
unilateral renal agenesis is compatible with life,
BRA usually results in death in utero or during the
perinatal period.1,2 Syndromic and nonsyndromic
forms of renal agenesis are known. Themost common
syndromic associations include branchio-oto-renal

syndrome (EYA1, SIX5 genes; MIM 113650), Fraser
syndrome (FRAS1, FREM2, GRIP1 genes; MIM
219000), Pallister–Killian syndrome (GLI3 gene;
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MIM 146510) and Townes–Brock syndrome (SALL1 gene; MIM
107480).

To date, mutations in about 40 genes are known to lead to
CAKUT.3 However, so far, only three genes—ITGA8,4

GREB1L,5 and FGF206—have been shown to cause renal agen-
esis in humans. Identification of candidate genes for BRA re-
mains a challenge, not only due to the rarity of the condition
but also due to its early mortality.

GFRA1 is an important receptor component for glial cell
line–derived neurotrophic factor (GDNF) protein. GDNF/
GFRA1 and tyrosine kinase RETsignaling complex are crucial
for initiation of the ureteric bud (UB) during renal morpho-
genesis. Defects in the UB formation result in renal agenesis
and can cause perinatal lethality.7–11 Therefore, the GFRA1
gene is considered a likely causal candidate for BRA.

We present two unrelated families with recurrent, nonsyn-
dromic BRA and homozygous loss-of-function (LoF) variants
in GFRA1. The gene has been shown to have a crucial role in
renal morphogenesis in animal models,12,13 supporting a
causal role for BRA in humans.

METHODS

Genome Sequencing
Written and informed consent, as per the institutional proto-
cols, was obtained from both families for genetic studies. DNA
was extracted using standard methods from dried blood spots
from the index case and parents (family 1) submitted on filter
cards (CentoCard). For family 2, the genomic analysis was
performed on DNA obtained from fetal liver tissue (taken
during autopsy), and from blood DNA from both parents.

To carry out genome sequencing (GS), DNAwas fragmented
by sonication and Illumina (San Diego, CA) adapters were ligated
to generate fragments for sequencing, on a HiSeqX platform (Il-
lumina), to yield an average coverage depth of at least 303. For the
index case of family 1, an average coverage depth of 55.83 was
obtained, with 99.4% of the target DNA covered at least 103. For
the index case of family 2, an average coverage depth of 32.73was
obtained, with 99.0%of the targetDNAcovered at least 103. Raw
sequence data analysis, including base calling, de-multiplexing,
alignment to the hg19 human reference genome (Genome Ref-
erenceConsortiumGRCh37), and variant callingwere performed
using the HiSeq Analysis Software version 2.0 pipelines (Illu-
mina). The short reads were aligned to the GRCh37 (hg19) build
of the human reference genome using the Isaac aligner algorithm.
Variant calling was performed on the alignment files for single
nucleotide variants and insertion-deletions using Starling Small
Variant Caller.14 Canvas andMantawere used for detecting struc-
tural variants and copy number variants.15,16 Variants were anno-
tated using SnpEff and in-house, ad hoc bioinformatics tools.17

Variant Analysis
After variant annotations, filtering and prioritization were
performed with a tool developed in-house (CENTOGENE).

The system allows for annotated variants to be imported and
customized filtering that takes into account variant- and
phenotype-related parameters (frequencies, zygosity, type of
variant, Human Phenotype Ontology terms, mode of inheri-
tance, among others).

Variants were selected for reporting by considering the com-
patibility with the suspected phenotype and expected disease
mechanism. All provided clinical data, family history, consan-
guinity, disease onset/course, available test results, and clinical
suspicions were considered. For variant interpretation, the type
of variant and frequency in public databases, such as gnomAD,
ExAc, and disease-centered databases, such as Human Gene
Mutation Database and CentoMD, were considered.

Data Repository Analysis
A search was conducted in CENTOGENE data repository18

using the term “renal agenesis.” Patient clinical data were in-
dividually curated on the basis of the provided phenotype
(isolated unilateral renal agenesis or BRA) and syndromic re-
nal agenesis. Exome/genome data were analyzed to search for
rare, high-effect biallelic variants in GFRA1.

Sanger Validation and Cosegregation Analysis
The variant-containing exons of the GFRA1 gene
(NM_005264.5) were amplified (primers available upon re-
quest) and Sanger sequenced from both forward and reverse
orientation on a 3730xl sequencer (Thermo Fisher Scientific,
Waltham, MA) in available family members. Exon numbering
was used according to reference sequence NM_005264.5 (11
exons). Variant nomenclature followed standard Human
Genome Variation Society recommendations.19

Detected GFRA1 variants were submitted to the Leiden
Open Variation Database repository under the variant identi-
fiers 0000663717 (family 1) and 0000663718 (family 2).

RESULTS

Family 1
The index patient was a male newborn from healthy, consan-
guineous parents from the United Arabs Emirates. Family his-
tory was positive for renal agenesis in a female sibling who died

Significance Statement

Bilateral renal agenesis (BRA) represents the most severe form of
congenital anomalies of the kidney and the urinary tract. Currently,
only three genes are known to cause nonsyndromic BRA in humans.
The rarity and the high mortality of BRA make it challenging to
identify additional loci. Genome sequencing identified a novel
causal association of GFRA1 variants with BRA in humans. Two
homozygous, putative, loss-of-function variants (p.Arg226* and
p.Thr432Profs*) were found in index cases with BRA from two un-
related consanguineous families by prioritizing homozygous vari-
ants and conducting a dedicated database search. These findings
have implications for early genetic diagnosis and genetic counsel-
ing for families with BRA.
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in the neonatal period. Additionally, there were four siblings
who were asymptomatic (Figure 1, A1). The index patient
presented with BRA, Potter facies, lung hypoplasia, and hyp-
oxic respiratory failure. He died soon after birth.

Due to the clinical suspicion of an underlying autosomal
recessive disease, GS was performed for the index patient
and parents.

Family 2
A consanguineously married couple was evaluated for antena-
tally detected malformations on level-2 ultrasound studies.
This was their fifth pregnancy, with the first and fourth having
miscarried in the late first trimester due to unidentified causes.
The second and third pregnancies were terminated due to BRA
at the 18th and 20th week, respectively. A genetic etiology was
not evaluated (Figure 1, A2). The current pregnancy was

conceived spontaneously. The first-trimester maternal serum
screen was low risk for aneuploidies and the nuchal translucency
scan did not show any abnormal findings. The specialized
ultrasonography scan at 20 weeks revealed oligohydramnios
(amniotic fluid index, 3.1 cm). Because of this, fetal details
could not be evaluated, and the urinary bladder and kidneys
could not be visualized. Fetal growth was normal and the
ductus venosus showed reduced flow. Another ultrasono-
graphic scan was performed because of suspected BRA, and
it showed anhydramnios with absent kidneys, consistent with
the suspicion of BRA. The parents were counseled about the
nature of the abnormality and the fatal outcome linked to
BRA. After this, the parents opted for a therapeutic termina-
tion of the pregnancy and a fetal autopsy was performed for
the detailed phenotype of the malformation. Nonsyndromic,
isolated renal agenesis was confirmed via the autopsy.Microscopic
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Figure 1. Pedigree analysis and variants (sanger) found in the two families. (A) Simplified pedigree of (A1) family 1 and (A2) family 2.
The shaded symbols represent individuals affected with BRA. Genotypes are indicated below tested individuals. (B) Corresponding
chromatograms showing a substitution of cytosine (blue) to thymine (red), leading to (B1) a premature stop codon (family 1), and (B2)
deletion of one adenine (green) residue (family 2), with introduction of a frameshift and premature stop codon. A control sample (wild
type), parent (heterozygote), and index patient (homozygote) are shown for each family. SAB, spontaneous abortion; TOP, termination
of pregnancy.
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examination of the colon was not performed. The fetal chro-
mosomalmicroarray was normal. Targeted exome sequencing
did not identify a causative gene for BRA. After this, genome
sequencing was performed to ascertain a genetic basis for the
renal agenesis.

Genome and Database Analyses
In family 1, an analysis focusing on homozygous regions iden-
tified a nonsense variant in the GFRA1 gene (NM_005264.5:
c.676C.T, p.Arg226*). The variant is located in exon 6, and it
is very rare—present in only one out of 251,436 alleles in
gnomAD (last accessed March 24, 2020) and detected for
the first time in the CentoMD database.11,12 The variant was
confirmed by Sanger sequencing in the index patient (homo-
zygous) and parents (heterozygous) (Figure 1, B1). This variant
was classified as pathogenic according to the revised American
College of Medical Genetics and Genomics criteria: PVS1 (LoF
variant in a gene where LoF is a knownmechanism of disease),
PM2 (absent or very rare in controls from gnomAD, ExAc, and
CentoMD) and PS3 (well-established in vivo functional studies
supportive of a damaging effect).

We then queried the CENTOGENE data repository with
the aim of identifying additional cases with LoF variants in
GFRA1. The gene was considered a casual candidate on the
basis of the previous reports on the function of the mouse
ortholog.13,20,21 From approximately 40,000 patient samples
with exome sequencing/GS data, 184 samples were identified
as having renal agenesis (Human Phenotype Ontology term),
provided as part of the clinical information. A detailed evalu-
ation of the clinical information allowed for the identification
of 148 patients with a syndromic presentation, including mal-
formations in other systems, intellectual disability, or other
neurologic features. Moreover, 36 patients presented with iso-
lated renal agenesis, two of these patients had LoF variants in
GFRA1 (family 1 and family 2).

In family 2, GS performed for diagnostic purposes did not
reveal any clinically relevant variant in the established diag-
nostic genes. A frameshift variant was identified in exon 11 of
GFRA1 (NM_005264.5: c.1294delA, p.Thr432Profs*), which
introduces a premature stop codon 12 positions downstream.
The variant is not known in gnomAD (last accessedMarch 24,
2020) and was detected for the first time in CentoMD. The
variant was confirmed by Sanger sequencing in the index pa-
tient (homozygous) and parents (heterozygous) (Figure 1,
B2). This variant was classified as pathogenic according to
the revised American College of Medical Genetics and Geno-
mics criteria: PVS1 (LoF variant in a gene where LoF is a
known mechanism of disease), PM2 (absent or very rare in
controls from gnomAD, ExAc, and CentoMD), and PS3 (well-
established in vivo functional studies supportive of a damaging
effect). Additional rare, coding, homozygous variants identi-
fied are shown in the Supplemental Table 1. These variants
were excluded from further analysis on the basis of lower evo-
lutionary conservation and lack of evidence showing a link to
renal development/agenesis. Given the previous report of

heterozygous GFRA1 and RET variants in a patient and a pos-
sible oligogenic inheritance,22 we also analyzed the RET gene
in detail, but no relevant variants were identified. The se-
quence chromatogram of the variants identified is shown in
Supplemental Figures 1 and 2.

DISCUSSION

By combining GS, prioritization of homozygous regions, and
data repository analysis, we have identified biallelic LoF vari-
ants in GFRA1 as causal of BRA in humans. The gene has been
considered a candidate for BRA due to its function and exist-
ing studies in animal models.12,13

This gene encodes a member of the GDNF receptor family
of proteins. GDNF is a structurally related, potent neurotro-
phic factor that plays key roles in the control of neuron sur-
vival and differentiation.12,23,24 GFRA1 is a receptor for GDNF
and mediates activation of the RET tyrosine kinase receptor.25

GDNF binds GFRA1, which is expressed in early kidney de-
velopment and throughout branching morphogenesis, and
forms a signaling complex with the receptor tyrosine kinase
RET.25 GDNF-GFRA1-RET signaling activates cellular path-
ways that are required for normal induction of the UB from
the Wolffian duct.24,25 Targeted disruptions of the Gdnf and
Ret genes result in very similar phenotypic defects in the kid-
neys, along with the complete loss of the enteric neurons
throughout the digestive tract.8–10,26 Similarly, Gfra1-
deficient mice demonstrate agenesis of the kidney and absence
of enteric neurons.27,28 Even conditional loss of the Gfra1 pro-
tein in the Wolffian duct epithelium before ureteric branching
is enough to cause renal agenesis in mice.12 Additionally, con-
ditional ablation ofGfra1 inmice during late gestation induces
rapid and widespread neuronal death in the colon, leading to
colon aganglionosis reminiscent of Hirschsprung disease
(HD).23

Patients with HD are three- to 18-fold more likely to have
CAKUT. RET and GDNF mutations have been described in
both patient groups,29–31 in agreement with the observation in
mice. RET mutations have been identified in a spectrum of
congenital malformations involving the RET axis, including
isolated HD, isolated CAKUT, or both together.32 Whereas
Skinner et al.30 reported 30% of RET variants in their series
of 29 fetuses with renal agenesis, Jeanpierre et al.31 reported
RET variants in only 7% of their larger series of 105 patients.

In humans, missense variants inGFRA1 have been reported
in patients with HD.33,34 Despite the screening of GFRA1 in
patients with CAKUT, no causative variants were identified
until now.29,30 In this study, we identified two unrelated pa-
tients out of 36 cases with unilateral renal agenesis or BRA. In
both cases, parental consanguinity and positive family history
with affected siblings suggested an autosomal recessive dis-
ease. These characteristics are probably the main differences
from the patients that were investigated in previous studies.
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On the other hand, GFRA1 variants have been reported in
patients with HD, but not in cases with vesicoureteral reflux35

or CAKUT in general (Human Gene Mutation Database).
There is, however, one exception: a rare, missense variant in
GFRA1 inherited with other two RET variants has been re-
ported in a patient with right cystic dysplasia, left dysplasia,
bilateral megaureter, and cryptorchidism. The authors postu-
lated a possible oligogenic effect of the variants. Although in-
herited from an unaffected parent, RET variants were shown
to influence activity of mitogen-activated protein ki-
nase in vitro.22 The GFRA1 variant (NM_001348097.1:
c.1328G.A, p.Gly443Asp) is currently of unknown clinical
significance (PM2, absent from controls in gnomAD, accessed
March 24, 2020; and BP4, multiple lines of computational
evidence suggest no effect on gene or gene product). Other
variants in GFRA1 have been detected in patients with central
hypoventilation syndrome and HD; similarly, their pathoge-
nicity is, so far, unclear.34,36

Various additional morphogenetic pathways have previ-
ously been implicated to be essential for proper renal morpho-
genesis. These signaling pathways include the BMP- (TGFB),
NOTCH-, Hedgehog-GLI-, and FGF-related cascades, and ca-
nonical WNT/b-catenin signaling that converge and partially
modulate one another during the development of the kidneys
and the urinary tract.37–39 Thus, other candidate genes would
deserve attention.

In conclusion, our study shows that biallelic LoF variants in
GFRA1 lead to autosomal recessive, nonsyndromic BRA. Our
findings have implications for early genetic diagnosis and
counseling for families with BRA.

DISCLOSURES

C. Beetz, A. Bertoli-Avella, S. Khan, R.Merdzanic, O. Paknia, M. Rocha, and
A. Rolfs are employees of CENTOGENE GmbH. P. Bauer is currently em-
ployed by CENTOGENE GmbH and has ownership interest in CENTOGENE
B.V. All remaining authors have nothing to disclose.

FUNDING

None.

ACKNOWLEDGMENTS

We would like to thank the families for contributing to this study.
Dr. Veronica Arora and Dr. Aida M. Bertoli-Avella wrote the manuscript;

Dr. AymanW. El Hattab and Prof. RatnaDua Puri are treating physicians; Prof.
Ishwar C. Verma was the primary treating physician, designed the study, and
edited the manuscript; Dr. Suliman Khan, Dr. Maria Eugenia Rocha, and Dr.
Rijad Merdzanic analyzed the next-generation sequencing data; Dr. Aida M.
Bertoli-Avella, Dr. Omid Paknia, Prof. Arndt Rolfs, and Prof. Peter Bauer
supervised the diagnostic workflows, procedures, and database analyses; Dr.
Suliman Khan, Dr. Christian Beetz, and Prof. Peter Bauer contributed to the
study design and made substantial contributions to the manuscript.

SUPPLEMENTAL MATERIAL

This article contains the following supplemental material online at http://
jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2020040478/-/
DCSupplemental.

Supplemental Table 1. Homozygous variants found in raw data analysis.
Supplemental Figure 1. Chromatograph for the variant detected in family 1

NM_005264.5: c.676C.T, (p.Arg226*).
Supplemental Figure 2. Chromatograph for the variant detected in family 2

NM_005264.5: c.1294delA, (p.Thr432Profs*).

REFERENCES

1. Yalavarthy R, Parikh CR: Congenital renal agenesis: A review. Saudi
J Kidney Dis Transpl 14: 336–341, 2003

2. Klein J,Gonzalez J,MiraveteM, Caubet C, Chaaya R,Decramer S, et al.:
Congenital ureteropelvic junction obstruction: Human disease and
animal models. Int J Exp Pathol 92: 168–192, 2011

3. van der Ven AT, Vivante A, Hildebrandt F: Novel insights into the
pathogenesis of monogenic congenital anomalies of the kidney and
urinary tract. J Am Soc Nephrol 29: 36–50, 2018

4. Humbert C, Silbermann F, Morar B, Parisot M, Zarhrate M, Masson C,
et al.: Integrin alpha 8 recessive mutations are responsible for bi-
lateral renal agenesis in humans. Am J Hum Genet 94: 288–294,
2014

5. Brophy PD, Rasmussen M, Parida M, Bonde G, Darbro BW, Hong X,
et al.: A gene implicated in activation of retinoic acid receptor targets is
a novel renal agenesis gene in humans. Genetics 207: 215–228, 2017

6. Barak H, Huh SH, Chen S, Jeanpierre C, Martinovic J, Parisot M, et al.:
FGF9 and FGF20maintain the stemness of nephronprogenitors inmice
and man. Dev Cell 22: 1191–1207, 2012

7. TangMJ,Worley D, SanicolaM, Dressler GR: The RET-glial cell-derived
neurotrophic factor (GDNF) pathway stimulates migration and che-
moattraction of epithelial cells. J Cell Biol 142: 1337–1345, 1998

8. Moore MW, Klein RD, Fariñas I, Sauer H, Armanini M, Phillips H, et al.:
Renal and neuronal abnormalities in mice lacking GDNF. Nature 382:
76–79, 1996

9. Pichel JG, Shen L, Sheng HZ, Granholm AC, Drago J, Grinberg A, et al.:
Defects in enteric innervation and kidney development in mice lacking
GDNF. Nature 382: 73–76, 1996

10. Sánchez MP, Silos-Santiago I, Frisén J, He B, Lira SA, BarbacidM: Renal
agenesis and the absence of enteric neurons in mice lacking GDNF.
Nature 382: 70–73, 1996

11. Taraviras S, Marcos-Gutierrez CV, Durbec P, Jani H, Grigoriou M,
SukumaranM, et al.: Signalling by the RET receptor tyrosine kinase and
its role in the development of the mammalian enteric nervous system.
Development 126: 2785–2797, 1999

12. Keefe Davis T, Hoshi M, Jain S: Stage specific requirement of Gfra1 in
the ureteric epithelium during kidney development. Mech Dev 130:
506–518, 2013

13. Cacalano G, Fariñas I, Wang LC, Hagler K, Forgie A, Moore M, et al.:
GFRalpha1 is an essential receptor component for GDNF in the de-
veloping nervous system and kidney. Neuron 21: 53–62, 1998

14. Raczy C, Petrovski R, Saunders CT, Chorny I, Kruglyak S, Margulies EH,
et al.: Isaac: Ultra-fast whole-genome secondary analysis on Illumina
sequencing platforms. Bioinformatics 29: 2041–2043, 2013

15. Roller E, Ivakhno S, Lee S, Royce T, Tanner S: Canvas: Versatile and
scalable detection of copy number variants. Bioinformatics 32:
2375–2377, 2016

16. Chen X, Schulz-Trieglaff O, Shaw R, Barnes B, Schlesinger F, Källberg
M, et al.: Manta: Rapid detection of structural variants and indels for
germline and cancer sequencing applications. Bioinformatics 32:
1220–1222, 2016

JASN 32: 223–228, 2021 GFRA1 and AR Renal Agenesis 227

www.jasn.org CLINICAL RESEARCH

http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2020040478/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2020040478/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2020040478/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2020040478/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2020040478/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2020040478/-/DCSupplemental


17. Trujillano D, Bertoli-Avella AM, Kumar Kandaswamy K, Weiss ME,
Köster J, Marais A, et al.: Clinical exome sequencing: Results from 2819
samples reflecting 1000 families. Eur J Hum Genet 25: 176–182, 2017

18. Trujillano D, Oprea GE, Schmitz Y, Bertoli-Avella AM, Abou Jamra R,
Rolfs A: A comprehensive global genotype-phenotype database for
rare diseases. Mol Genet Genomic Med 5: 66–75, 2016

19. den Dunnen JT, Dalgleish R, Maglott DR, Hart RK, Greenblatt MS,
McGowan-Jordan J, et al.: HGVS recommendations for the description
of sequence variants: 2016 update. Hum Mutat 37: 564–569, 2016

20. Enomoto H, Hughes I, Golden J, Baloh RH, Yonemura S, Heuckeroth
RO, et al.: GFRalpha1 expression in cells lacking RET is dispensable for
organogenesis and nerve regeneration. Neuron 44: 623–636, 2004

21. Paratcha G, Ledda F, Ibáñez CF: The neural cell adhesion molecule
NCAM is an alternative signaling receptor forGDNF family ligands.Cell
113: 867–879, 2003

22. Chatterjee R, Ramos E, Hoffman M, VanWinkle J, Martin DR, Davis TK,
et al.: Traditional and targeted exome sequencing reveals common,
rare and novel functional deleterious variants in RET-signaling complex
in a cohort of living US patients with urinary tract malformations. Hum
Genet 131: 1725–1738, 2012

23. Uesaka T, Jain S, Yonemura S, Uchiyama Y, Milbrandt J, Enomoto H:
Conditional ablation of GFRalpha1 in postmigratory enteric neurons
triggers unconventional neuronal death in the colon and causes a
Hirschsprung’s disease phenotype.Development 134: 2171–2181, 2007

24. Sariola H, Saarma M: Novel functions and signalling pathways for
GDNF. J Cell Sci 116: 3855–3862, 2003

25. Jing S, Wen D, Yu Y, Holst PL, Luo Y, Fang M, et al.: GDNF-induced
activation of the ret protein tyrosine kinase is mediated by GDNFR-
alpha, a novel receptor for GDNF. Cell 85: 1113–1124, 1996

26. Schuchardt A, D’Agati V, Larsson-Blomberg L, Costantini F, Pachnis V:
Defects in the kidney and enteric nervous system of mice lacking the
tyrosine kinase receptor Ret. Nature 367: 380–383, 1994

27. Enomoto H, Araki T, Jackman A, Heuckeroth RO, Snider WD, Johnson
EM Jr., et al.: GFR alpha1-deficient mice have deficits in the enteric
nervous system and kidneys. Neuron 21: 317–324, 1998

28. Tomac AC, Grinberg A, Huang SP, Nosrat C, Wang Y, Borlongan C,
et al.: Glial cell line-derived neurotrophic factor receptor alpha1 avail-
ability regulates glial cell line-derived neurotrophic factor signaling:

Evidence frommice carrying one or twomutated alleles.Neuroscience
95: 1011–1023, 2000

29. Pini Prato A, MussoM, Ceccherini I, Mattioli G, Giunta C, Ghiggeri GM,
et al.: Hirschsprungdisease and congenital anomalies of the kidney and
urinary tract (CAKUT): A novel syndromic association. Medicine (Balti-
more) 88: 83–90, 2009

30. Skinner MA, Safford SD, Reeves JG, Jackson ME, Freemerman AJ:
Renal aplasia in humans is associated with RET mutations. Am J Hum
Genet 82: 344–351, 2008

31. Jeanpierre C, Macé G, Parisot M, Morinière V, Pawtowsky A, Benabou
M, et al.: Société Française de Foetopathologie: RET and GDNF mu-
tations are rare in fetuses with renal agenesis or other severe kidney
development defects. J Med Genet 48: 497–504, 2011

32. Jain S: The many faces of RET dysfunction in kidney.Organogenesis 5:
177–190, 2009

33. Borrego S, Fernández RM, Dziema H, Niess A, López-Alonso M,
Antiñolo G, et al.: Investigation of germline GFRA4 mutations and
evaluation of the involvement of GFRA1, GFRA2, GFRA3, and GFRA4
sequence variants in Hirschsprung disease. JMedGenet 40: e18, 2003

34. Luzón-Toro B, Espino-Paisán L, Fernández RM, Martín-Sánchez M,
AntiñoloG, Borrego S: Next-generation-based targeted sequencing as
an efficient tool for the study of the genetic background in Hirsch-
sprung patients. BMC Med Genet 16: 89, 2015

35. Shefelbine SE, Khorana S, Schultz PN, Huang E, Thobe N, Hu ZJ, et al.:
Mutational analysis of the GDNF/RET-GDNFR alpha signaling complex
in a kindred with vesicoureteral reflux. HumGenet 102: 474–478, 1998

36. Sasaki A, Kanai M, Kijima K, Akaba K, HashimotoM, Hasegawa H, et al.:
Molecular analysis of congenital central hypoventilation syndrome.
Hum Genet 114: 22–26, 2003

37. Chi L, Zhang S, Lin Y, Prunskaite-Hyyryläinen R, Vuolteenaho R, Itäranta
P, et al.: Sprouty proteins regulate ureteric branching by coordinating
reciprocal epithelial Wnt11, mesenchymal Gdnf and stromal Fgf7 sig-
nalling during kidney development. Development 131: 3345–3356,
2004

38. Gill PS, Rosenblum ND: Control of murine kidney development by
sonic hedgehog and its GLI effectors. Cell Cycle 5: 1426–1430, 2006

39. Reidy KJ, Rosenblum ND: Cell and molecular biology of kidney de-
velopment. Semin Nephrol 29: 321–337, 2009

228 JASN JASN 32: 223–228, 2021

CLINICAL RESEARCH www.jasn.org



Supplementary table: Homozygous variants found in raw data analysis.  Rare homozygous coding variants remaining as candidates in family 1 and 2. 
Homozygous variants detected in other samples in our or external data repositories (healthy individuals or affected with a distinct phenotype) were excluded.  

 

PopMaxFreq (Population maximum frequency): indicates the highest frequency of the variant observed in databases. PhyloP scores indicate evolutionary 
conserved positions (high positive). CADD (Combined Annotation-Dependent Depletion) ranks genetic variants, including single nucleotide variants (SNVs) and 
short inserts and deletions (InDels), throughout the human genome reference assembly. RAW score above 4 are considered most as likely pathogenic (ref. PMID:  
30371827). 

 

Chr Genomic 
coordinate 

Gene Reference seq: nucleotide 
change 

Reference seq.: protein change Variant_type dbSNP OMIM phyloP Cadd_raw PopFreq
Max 

chr10 117884826 GFRA1 NM_005264.5:c.676C>T NM_005264.5:p.Arg226* Nonsense rs191814086 601496 6.762 14.5264 0.0008 

chr17 3653725 ITGAE NM_002208.4:c.1945A>G NM_002208.4:p.Met649Val Missense rs770556756  -0.126 -3.68351 0 

chr1 94685934 ARHGAP29 NM_001328664.1:c.220G>C NM_001328664.1:p.Val74Leu Missense rs574016258 610496 3.205 0.932488 0.002 

chr10 102849625 TLX1NB NM_001085398.1:c.38G>C NM_001085398.1:p.Arg13Pro Missense rs151326673 612734 
 

1.6072 0.0002 

chr10 111886247 ADD3 NM_001320591.1:c.1594G>A NM_001320591.1:p.Asp532Asn Missense rs757097119 601568 [Cerebral palsy, 
spastic quadriplegic, 3] 

9.602 6.98095 0.0002 

chr10 117824012 GFRA1 NM_001348097.1:c.1294delA NM_001348097.1:p.Thr432fs Frameshift   601496 
  

0 

chr10 124336125 DMBT1 NM_007329.2:c.494C>T NM_007329.2:p.Ala165Val Missense rs200063826 601969 0.647 0.619438 0.0031 

chr10 124339277 DMBT1 NM_007329.2:c.863A>G NM_007329.2:p.Gln288Arg Missense rs764477516 601969 -0.888 -2.18407 0.0044 

chr10 127530438 DHX32 NM_018180.2:c.1417A>C NM_018180.2:p.Asn473His Missense rs756666817 607960; 611883 6.158 5.70413 0.0011 

chr2 21360860 TDRD15 NM_001306137.1:c.521C>T NM_001306137.1:p.Ser174Phe Missense rs530287177 
 

0.423 4.85385 0.001 

chr2 26717916 OTOF NM_001287489.1:c.791G>A NM_001287489.1:p.Arg264Gln Missense rs370475628 603681 [Auditory neuropathy 
type 1,Deafness type 9] 

6.127 6.54147 0.0002 

chr2 186671879 FSIP2 NM_173651.3:c.17846T>G NM_173651.3:p.Leu5949Arg Missense rs762024267 615796 [Spermatogenic 
failure 34] 

4.056 3.82643 0.0017 

chr2 201501670 AOX1 NM_001159.3:c.2383A>C NM_001159.3:p.Lys795Gln Missense 
 

602841 3.405 4.68488 0 

chr8 11970471 ZNF705D NM_001039615.3:c.707C>G NM_001039615.3:p.Ala236Gly Missense rs773967266 
 

0.666 1.26954 0 

chrX 50053245 CCNB3 NM_033031.2:c.2076G>C NM_033031.2:p.Glu692Asp Missense rs782385072 300456 1.724 -0.76569 0.0001 

chrX 55248225 PAGE5 NM_130467.4:c.167G>T NM_130467.4:p.Arg56Leu Missense rs753525619 301009 -1.629 0.638329 0.0004 

chrX 78618155 ITM2A NM_004867.4:c.475A>G NM_004867.4:p.Asn159Asp Missense rs780824997 300222 6.368 4.85555 0.0002 

chrX 134988296 SAGE1 NM_018666.2:c.568A>G NM_018666.2:p.Ile190Val Missense rs782222781 300359 -0.125 -1.31576 0.001 



Supplementary figure 1 : Chromatograph of variant detected in family 1  NM_005264.5: c.676C>T, (p.Arg226*) 

 

 

 

 

 



Supplementary figure 2: chromatograph od variant detected in family 2  NM_005264.5: c.1294delA, (p.Thr432Profs*)
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