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Lay Summary

Congenital anomalies of the kidney and urinary tract are
the predominant cause of impaired kidney function in
infants, children, and adolescents. The symptoms are
diverse, ranging from relatively mild manifestations such
as vesicoureteral reflux (backward flow of urine to the
kidneys) to severe forms such as renal agenesis (absent
kidneys). So far, in only w10% of the affected in-
dividuals, disease-causing variants in known disease-
associated genes can be identified. Within this study,
in 3 families with children affected by congenital
anomalies of the kidney and urinary tract, rare variants in
the gene FOXD2 (forkhead box D2) could be identified.
Further analyses, for example, of mice and renal cells,
suggested that FOXD2 could play a role in the renal and
urogenital development and seems to be important for
maintenance of the filtering function of the kidneys. The
focus of this study was therefore on the characterization
of FOXD2 as a gene associated with the development of
congenital anomalies of the kidney and urinary tract and
its underlying pathomechanisms.

KM Riedhammer et al.: FOXD2 dysfunction in syndromic CAKUT c l i n i ca l i nves t iga t ion
Congenital anomalies of the kidney and urinary tract
(CAKUT) are the predominant cause for chronic kidney
disease below age 30 years. Many monogenic forms have
been discovered due to comprehensive genetic testing like
exome sequencing. However, disease-causing variants in
known disease-associated genes only explain a proportion
of cases. Here, we aim to unravel underlying molecular
mechanisms of syndromic CAKUT in three unrelated
multiplex families with presumed autosomal recessive
inheritance. Exome sequencing in the index individuals
revealed three different rare homozygous variants in
FOXD2, encoding a transcription factor not previously
implicated in CAKUT in humans: a frameshift in the Arabic
and a missense variant each in the Turkish and the Israeli
family with segregation patterns consistent with autosomal
recessive inheritance. CRISPR/Cas9-derived Foxd2 knockout
mice presented with a bilateral dilated kidney pelvis
accompanied by atrophy of the kidney papilla and
mandibular, ophthalmologic, and behavioral anomalies,
recapitulating the human phenotype. In a complementary
approach to study pathomechanisms of FOXD2-
dysfunction–mediated developmental kidney defects, we
generated CRISPR/Cas9-mediated knockout of Foxd2 in
ureteric bud–induced mouse metanephric mesenchyme
cells. Transcriptomic analyses revealed enrichment of
numerous differentially expressed genes important for
kidney/urogenital development, including Pax2 and Wnt4
as well as gene expression changes indicating a shift
toward a stromal cell identity. Histology of Foxd2 knockout
mouse kidneys confirmed increased fibrosis. Further,
genome-wide association studies suggest that FOXD2 could
play a role for maintenance of podocyte integrity during
adulthood. Thus, our studies help in genetic diagnostics of
monogenic CAKUT and in understanding of monogenic and
multifactorial kidney diseases.
Kidney International (2024) 105, 844–864; https://doi.org/10.1016/
j.kint.2023.11.032
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C ongenital anomalies of the kidney and urinary tract
(CAKUT) are the most important cause of renal
replacement therapy in children aged 0 to 14 years in

Europe (41.3%) and the most frequent cause of chronic
kidney disease (CKD) up to the age of 30 years.1,2 CAKUT
comprises a broad spectrum of malformations of the kidney
and urinary tract, ranging from vesicoureteral reflux to renal
agenesis leading to kidney failure requiring dialysis and kid-
ney transplantation.3 CAKUT can occur in either isolated or
syndromic forms.4,5

Much progress has been made over the last years con-
cerning disease-associated gene identification by using next-
Kidney International (2024) 105, 844–864
generation sequencing approaches. Several monogenic
forms of CAKUT have been identified, mostly inherited in an
autosomal dominant, but also autosomal recessive, fashion.
More than 45 genes associated with isolated monogenic
CAKUT and >135 genes associated with syndromic CAKUT
are known.6,7 Furthermore, copy number variants play an
important role in CAKUT.4 Nevertheless, only w10% of
CAKUT cases can be genetically solved, and incomplete
penetrance and variable expressivity are often observed.
Monogenic CAKUT is more frequent if severe kidney affec-
tion occurs (renal agenesis/dysplasia) in syndromic/familial
cases and if there is parental consanguinity.3,8 Judging from
familial clustering of CAKUT and a large number of CAKUT
manifestations in monogenic mouse models, there is evidence
for not yet described monogenic causes of CAKUT in
humans.3,9

Among the genes implicated in CAKUT by mouse models
are 2 encoding transcription factors of the forkhead box
(FOX) gene family: Foxd1 and Foxd2. Both genes are highly
similar in structure and sequence and likely have partially
redundant functions.10 No human individuals with CAKUT
resulting from FOXD1 or FOXD2 disease-causing variants
have been described to date. Here, we report the identification
of a homozygous frameshift variant and 2 homozygous
missense variants in FOXD2 in 3 unrelated families impli-
cated in autosomal recessive syndromic CAKUT with renal
hypoplasia, facial dysmorphies, and proteinuria. Systematic
phenotyping of Foxd2 knockout (KO) mice did not only
confirm the renal anomalies previously reported in the liter-
ature but also recapitulated extrarenal features observed in
affected individuals.10 Transcriptome analyses in a Foxd2
mutant mouse metanephric mesenchyme cell line suggests
845
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Figure 1 | Pedigree of (a) the Arabic family, (b) the Turkish family, and (c) the Israeli family. The solid symbols indicate affected
individuals; circles, females; squares, males; arrows, index and also affected cousin. The double horizontal bars indicate consanguinity. (d) Renal
ultrasound of the Arabic index individual (right kidney). (e–h) Facial photographs of the siblings of the Turkish family (downslanting palpebral
fissures, deeply set eyes, laterally extended eyebrows, micro-retrognathia, and mild ptosis on the left eye). (i) Renal biopsy of individual II-2 of
the Turkish family. Note glomerular hypertrophy, mesangial increase, and segmental sclerosis (arrow; hematoxylin and eosin stain). (j)
Illustration of the FOXD2 (forkhead box D2) protein showing location of the variants. (k) Multiple alignment analysis using Clustal X software
(http://www.clustal.org/clustal2) demonstrating that methionine (M) in position 210 of FOXD2 is evolutionary conserved. (l) Three-dimensional
structural analyses showing the noncovalent interactions between the mutated site and its surrounding residues for the p.(Met210Val) and
p.(Met210Arg) variants in FOXD2. (i) Wild-type structure of residue MET210 having 4 polar interactions (sky blue), 2 van der Waals interactions
(green), 4 hydrophobic interactions (blue), and 2 hydrogen bonds (purple). (ii) Mutant-type residue 210VAL (family 2) having 2 polar
interactions (sky), 1 van der Waals interaction (green), and 1 hydrogen bond (purple). (iii) Mutant-type residue 210ARG (family 3) having 5 polar
interactions (sky blue), 3 hydrogen bonds (purple), and 1 ionic bond (gold). Duplicate/triplicate structures are illustrated to make overlapping
interactions or bonds visible. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Pax2 and Wnt4 as Foxd2 downstream targets, providing a
putative pathomechanism potentially involving diversion of
the lineage identity toward renal stroma cells.

METHODS
Detailed methods can be found in the Supplementary Methods.

Human genetics
In case of family 1 (Figure 1a), the study was approved by the local
ethics committee of the Technical University of Munich (521/16 S)
and performed according to the standard of the Helsinki Declaration
of 2013. Written informed consent was obtained from all partici-
pants or their legal guardians. The family described in this study is
part of a larger hereditary kidney disease cohort (“NephroGen”;
>1000 families), including 313 CAKUT families, located at the
Institute of Human Genetics, Technical University of Munich,
Munich, Germany.

A DNA sample of the index case (VI-3) was analyzed by exome
sequencing (ES) using the SureSelect Human All Exon 60 Mb V6 kit
(Agilent) and the HiSeq 4000 (Illumina) sequencer as previously
described.11 Other family members were analyzed by targeted Sanger
846
sequencing using the ABI capillary sequencer 3730 (Applied Bio-
systems). To identify additional individuals affected by CAKUT and
carrying biallelic damaging FOXD2 variants, a number of collabo-
rating laboratories (total of 5000 cases analyzed) were contacted and
a GeneMatcher search was conducted.12

Family 2 (Figure 1b) was identified through GeneMatcher,12 and
all individuals participating in this study were enrolled after
obtaining signed informed consent in accordance with human
subject research protocols approved by the Ethics Committee of
Istanbul University – Cerrahpasa, Cerrahpasa Medical Faculty (No.:
139896, Date: October 22, 2020).

Microarray studies were performed in affected individuals (II-1
and II-2) using the Illumina Infinium HumanCytoSNP-12 v2.1
(300K) microarray chip and Illumina BlueFuse Multi v4.5 Software.
ES was performed in the 2 affected girls, 1 unaffected boy, and their
parents (i.e., II-1, II-2, II-3, I-1, and I-2; Figure 1b) using the Human
Core Exome Panel v3.0 (Twist Bioscience) and the MGI-T7 (MGI
Tech) sequencer. Homozygosity mapping was performed using ES
data via HomSI software (a homozygous stretch identifier from next-
generation sequencing data), which was developed by the Advanced
Genomics and Bioinformatics Research Center in the Scientific and
Technological Research Council of Türkiye.13 Sanger sequencing was
Kidney International (2024) 105, 844–864
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performed in all individuals of the family to validate the sequence
variation prioritized by ES using the ABI 3130 genetic analyzer.

In case of family 3 (Figure 1c), the study was approved by the
Rabin Medical Center Institutional Review Board (6826). Signed
informed consent for participation in the study was received from
the family. Chromosomal microarray analysis was performed using
the CytoScan 750K Array (Applied Biosystems). The index case
underwent commercial multigene panel testing (Blueprint Genetics).
Subsequently, duo ES for the proband (Figure 1c, IV-5) and her
mother (Figure 1c, III-9) was performed at the Genetics Institute in
the Tel Aviv Sourasky Medical Center. Targeted capture of protein-
coding regions was performed using xGen Exome Hyb Panel v2
(Integrated DNA Technologies). Paired-end libraries were sequenced
on the NovaSeq 6000 system (Illumina). At least 97% of target bases
were covered at $20� (95% at >100�). Data analysis was per-
formed at the Raphael Recanati Genetics Institute, Petah Tikva,
Israel, using the Emedgene platform (Emedgene Technologies) and
the Franklin genetic analysis and variant classification platform
(Franklin by genoox; https://franklin.genoox.com). Because no
disease-causing variant was identified, data were subsequently
reanalyzed for suspicious, rare homozygous variants, and a variant in
FOXD2 was prioritized. While this manuscript was in preparation, a
preprint version describing the findings in families 1 and 2 was
published in medRxiv.14 Upon reanalysis, the striking clinical and
molecular similarities between the affected individuals in these
families and the index case in family 3 were noted.

The GeneBank (National Center for Biotechnology Information)
sequence FOXD2 NM_004474.4 (corresponding to the canonical
Ensembl transcript ENST00000334793.6) was used as reference.
NP_004465.3 protein sequence was also selected for further bio-
informatic analyses.

In silico prediction and multiple sequence alignment for
missense variants, and protein modeling for FOXD2 p.(Met210Val)
and p.(Met210Arg) missense variants (families 2 and 3). In silico
predictions were performed using Sorting Intolerant From Tolerant
(SIFT; https://sift.bii.a-star.edu.sg/), Protein Variation Effect
Analyzer (PROVEAN; http://provean.jcvi.org/index.php/), Poly-
morphism Phenotyping v2 (PolyPhen-2; http://genetics.bwh.
harvard.edu/pph2/), Mutation Taster (https://www.mutationtaster.
org/), Combined Annotation Dependent Depletion (CADD;
https://cadd.gs.washington.edu/), Rare Exome Variant Ensemble
Learner (REVEL; https://sites.google.com/site/revelgenomics/?pli¼1),15

ClinPred (https://sites.google.com/site/clinpred/),16 and MutPred2
(http://mutpred.mutdb.org/).17

Multiple sequence protein alignment was performed using Clustal
Omega version 1.2.2 (https://www.ebi.ac.uk/Tools/msa/clustalo/).

FOXD2 protein structure and Protein Data Bank (PDB) files were
absent in the RCSB Protein Data Bank (https://www.rcsb.org/).
Therefore, the preexisting model based in the AlphaFold database
(https://alphafold.ebi.ac.uk/entry/O60548) was used. Gibbs free en-
ergy minimization of the wild-type (wt) protein structure was per-
formed with the RepairPDB command of FoldX software18 with the
following syntax:

foldx –command¼RepairPDB –pdb¼ AF-O60548-F1-
model_v2.pdb –water¼CRYSTAL.

Four in silico tools, which estimate the impact of missense vari-
ants on protein stability and calculate the changes in unfolding Gibbs
free energy, DDG, were used. Protein stability predictions were
calculated with DynaMut2,19 INPS-3D,20 FoldX,18 and PremPS21

using the AlphaFold structure of FOXD2 as an input PDB file.
Kidney International (2024) 105, 844–864
The DDG values between the wt protein and results of altered
amino acid substitution were calculated for the p.Met210Val and
p.Met210Arg variants in FOXD2. Finally, 3-dimensional (3D)
structures of the wt and altered FOXD2 protein structures were
generated with DynaMut2. The DDG values (in kilocalorie per mole)
for both variants were interpreted as follows: Predicted DDG < 0 is
destabilizing in the case of DynaMut2 and INPS-3D. Predicted DDG
> 0 is destabilizing in the case of FoldX 5.0 and PremPS.

Clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 gene editing in mice and mouse phenotyping
Mice were maintained in individually ventilated cages with water and
standard mouse chow according to the Directive 2010/63/EU,
German laws, and German Mouse Clinic (GMC) housing condi-
tions. All tests were approved by the responsible authority of the
district government of Upper Bavaria, Germany.

The Foxd2 KO mouse model was derived using CRISPR/Cas9
technology using the web-based CRISPOR design tool22 and sys-
tematically characterized in the GMC phenotyping screen as previ-
ously described.23,24 Homozygous Foxd2 KO mice (10 males, 7
females), heterozygous Foxd2 KO mice (8 males, 10 females), and wt
controls (33 males, 36 females) were analyzed by the GMC at
Helmholtz Zentrum München, Neuherberg, Germany (http://www.
mouseclinic.de).23–25 The phenotypic tests were part of the GMC
screen and performed according to standardized protocols as pre-
viously described.26–29 More details and the description of the
immunohistochemistry and image analysis can be found in the
Supplementary Methods.

Cell culture, Foxd2-deficient metanephric mesenchyme cell
model generation using CRSPR/Cas9 technology, and
transcriptome analyses
CRISPR/Cas9 gene targeting on mk4 metanephric mouse cells was
performed as previously described.30,31 Bioinformatics analysis was
performed using the Galaxy platform (https://usegalaxy.org/) as
previously described.32 Quantitative polymerase chain reaction
(qPCR) in different mk4 clones carrying different homozygous
frameshift alleles to exclude clonal effects was performed using the
GoTaq qPCR Master Mix (Promega; catalog number A6001).
Immunofluorescence analyses were performed as previously
described (anti-Pax2 antibody: ab79389 [Abcam], 1:200).33 Gel
electrophoresis and Western blotting were likewise performed as
previously described (anti-Pax2 antibody: ab150391, EPR8586
[Abcam]).34

3D cell culture
CMUB-1 and mK cells were cultured in Dulbecco’s modified
Eagle’s medium with GlutaMax medium with addition of 10%
fetal bovine serum, 1% penicillin/streptomycin, and 1% sodium
pyruvate at 37 �C under 5% CO2. To obtain the mK3 cell su-
pernatant, mK3 cells were cultured 48 hours in serum-free
medium before medium collection. Thirty milliliters of me-
dium were then filtered using a 0.2 mm filter and added to a
centrifugation concentration filter system with cutoff pore sizes
of 3 kDa and centrifugation performed at 4000g for 30 minutes,
resulting in an w50-times concentration. For CMUB-1 3D
Matrigel cell cultures, Lab-Tek II Chamber Slides (Thermo
Fisher) were coated with a Matrigel–cell suspension and 150 ml
of medium was added after solidification.
847
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FOXD2 genome-wide association study locus fine mapping
A previous genome-wide association study (GWAS) meta-analysis of
the urinary albumin-to-creatinine ratio (UACR) has identified the
FOXD2 locus.35 We therefore attempted to identify the responsible
variants underlying the association signal by using the statistical fine-
mapping method SuSiE.36 SuSiE selects single nucleotide poly-
morphisms (SNPs) with a high probability to causally affect a given
trait—here the UACR—even if a genetic locus contains many highly
correlated genetic variants and/or multiple SNPs with a causal effect.
We used the R package susieR (version 0.12.27) to fine-map the 1
MB genomic region centered at the SNP showing the strongest
statistical association with UACR, rs1337526. For linkage disequi-
librium matrix calculation, we used a genotype set of 15,000
randomly selected participants of European ancestry from the UK
Biobank as in Teumer et al.35 To match the linkage disequilibrium
reference as closely as possible, GWAS summary statistics of UACR
based on data from 436,392 participants of the UK Biobank
(application number 20272) were used as input. We used the default
parameters in susieR functions, except for setting var_y to 1 and
max_iter to 100000. The identified credible set SNPs were screened
for their association with the UACR in up to 127,862 independent
participants of the CKDGen Consortium.35 For visualization, cred-
ible set SNPs were positioned in the IGV browser of the human
kidney snATAC-seq open chromatin peaks (http://www.susztaklab.
com/human_kidney/igv/) from Sheng et al.37 to examine their po-
sition with respect to cell type–specific open chromatin peaks. The
regional association plot was created by LocusZoom version 1.4.38

The podocyte cis-coaccessibility network was kindly provided by
Muto et al.39 Only connections with a coaccessibility score of >0.25
targeting the FOXD2 promoter were displayed.

We performed phenome-wide association studies of the 2 most
likely causal fine-mapped variants using GWAS summary statistics of
human traits and diseases from the UK Biobank40 (TOPMed-
imputed PheWeb at https://pheweb.org/UKB-TOPMed/) and Finn-
Gen41 (release DF9 data at https://r9.finngen.fi/). Phenome-wide
association study queries were based on the rs identifier of the
variants.

Kidney gene expression profiles
To determine the localization of FOXD2 gene expression within the
adult human kidney, we leveraged publicly available single-cell RNA
sequencing data from 47 samples from the Kidney Precision Medi-
cine Project (accessible through https://atlas.kpmp.org/). Lake et al.
provided a detailed description of the experimental setup and cell
type identification processes.42

Code availability
Codes for transcriptome analysis and plotting are available under
https://github.com/gwangjinkim/foxd2_analysis.

Ethics approval and consent to participate
This project has received approval from the local ethics committee of
the Technical University of Munich (521/16 S), from the Ethics
Committee of Istanbul University – Cerrahpasa, Cerrahpasa Medical
Faculty (No: 139896, Date: October 10, 2020), as well as from the
Rabin Medical Center Institutional Review Board in Petah Tikva
(6826). Human samples collected as part of the Kidney Precision
Medicine Project (KPMP) consortium (https://KPMP.org) were
obtained with informed consent and approved under a protocol by
the KPMP single institutional review board of the University of
Washington Institutional Review Board (IRB 20190213). All
848
participants provided informed consent, and the research conformed
to the principles of the Helsinki Declaration.

RESULTS
Clinical case

Family 1 (Arabian Peninsula). In this consanguineous
family, the index individual (VI-3) had facial dysmorphism
(low-set ears, hypertelorism, downslanting palpebral fissures,
and retrognathia), developmental delay, and congenital
bilateral hypoplastic kidneys (Figure 1d) and underwent
allogenic kidney transplantation at 11 years of age. At 7 years
of age, he had CKD G4 (estimated glomerular filtration rate
26 ml/min per 1.73 m2 [modified Schwartz formula]43) and
proteinuria of 2.7 g/24 h. His parents are first-degree cousins.
Three first cousins once removed—individuals V-13, V-14,
and V-19 (see Figure 1a for a detailed pedigree of the fam-
ily)—were similarly affected. V-19 had bilateral hypoplastic
kidneys, developmental delay, and retrognathia. At 6 years of
age, she had CKD G3 (estimated glomerular filtration rate 11
ml/min per 1.73 m2) and proteinuria of 5.0 g/24 h. Allogenic
kidney transplantation was done at 7 years of age. Relatives V-
13 and V-14, brothers of V-19, were also affected by a similar
phenotype (Table 1; Supplementary Case Report).

Family 2 (Türkiye). In this consanguineous family, the fe-
male index individual (II-1) was diagnosed with kidney fail-
ure at the age of 6 years. Initial ultrasonography showed
bilateral hypoplastic kidneys with increased echogenicity. She
received a preemptive kidney transplant from her father at the
age of 6 years. In addition to kidney failure, the individual had
dysmorphic findings including downslanting palpebral fis-
sures, deeply set eyes, laterally extended eyebrows, micro-
retrognathia, and mild ptosis on the left eye (Figure 1e and
f and Table 1), as well as high palate, dental crowding, fusi-
form fingers, sandal gap in both sides, and central obesity
noted on physical examination. Eye examination performed
at the age of 6 years showed left esotropia and bilateral pos-
terior subcapsular cataract as well as grade I hypertensive
retinopathy.

The sister of the index individual (II-2) was referred to
the pediatric nephrology department because of persistent
proteinuria at the age of 7 years. Her height was 117
� �2.61 cm, and she also had dysmorphic findings
(Figure 1g and h and Table 1). Serum creatinine level was
normal for the age (i.e., 0.35 mg/dl, corresponding to an
estimated glomerular filtration rate of 138 ml/min per 1.73
m2; creatinine-based “bedside Schwartz” equation
[2009]).43 Renal ultrasound showed bilateral increased renal
parenchymal echogenicity and left kidney hypoplasia. Kid-
ney biopsy was compatible with focal segmental glomer-
ulosclerosis (FSGS; Figure 1i). Dysmorphic features
included downslanting palpebral fissures, laterally extended
eyebrows, micro-retrognathia, left deviation of nasal axis,
tapering of distal phalanges of fingers, sandal gap in both
sides, short toes, and central obesity. A full ophthalmo-
logical examination was found to be normal. At 17 years of
age, laboratory findings were compatible with CKD G3
Kidney International (2024) 105, 844–864
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Table 1 | Overview of the clinical phenotype of the affected individuals of the Arabic, the Turkish, and the Israeli family

Family 1: Arabic family Family 2: Turkish family Family 3: Israeli
familyVI-3 V-13 V-14 V-19 II-1 II-2

Genetic and
proband data
FOXD2 variant,
chromosomal
position (hg19)

chr1:g.47904596dup n.t. n.t. chr1:g.47904596dup chr1:g.47904435A>G chr1:g.47904435A>G chr1:g.47904436T>G

FOXD2 variant,
cDNA position
and protein
position
(NM_004474.4,
NP_004465.3)

c.789dup, p.(Gly264Argfs*
228)

n.t. n.t. c.789dup,
p.(Gly264Argfs*
228)

c.628A>G, p.(Met210Val) c.628A>G, p.(Met210Val) c.629T>G,
p.(Met210Arg)

gnomAD MAF 0 0 0 0 0 0 0
Zygosity Homozygous L L Homozygous Homozygous Homozygous Homozygous
Inheritance From parents L L Only mother tested

(heterozygous
carrier)

From parents From parents Only mother tested
(heterozygous
carrier)

Consanguinity þ þ þ þ þ þ þ
Sex Male Male Male Female Female female Female
Age at the last
examination, yr

8 Deceased at
age 6 yr

n.d. n.d. 12.7 16.9 7

Kidney
Congenital
anomalies of
the kidney and
urinary tract

þ (Bilateral kidney hypoplasia) þ
(Hypospadias)

þ (Horseshoe
kidney,
hypospadias)

þ (Bilateral kidney
hypoplasia)

þ (Bilateral kidney hypoplasia) þ (Kidney hypoplasia
on the left side)

þ (Bilateral kidney
hypoplasia)

KF þ (10 yr) n.d. þ þ (6 yr) þ (6 yr) - þ (5 yr)
Kidney
transplantation

þ (11 yr; allogenic) � þ (6 yr, 25 yr;
allogenic)

þ (7 yr; allogenic) þ (6 yr) - þ (7 yr; allogenic)

Neurodevelopment
Developmental
delay

þ þ þ þ þ þ þ

Dysmorphic
features
Facial
dysmorphies

þ (Mandibular retrognathia, micrognathia,
severe dental abnormalities, high-arched
palate, hypertelorism, downslanting
palpebral fissures, exophthalmos, flat
nasal bridge, low-set dysplastic ears)

þ
(Micrognathia)

þ
(Micrognathia,
crowded
teeth)

þ (Micrognathia,
discrete
retrognathia)

þ (Downslanting palpebral
fissures, deeply set eyes, laterally
extended eyebrows, micro-
retrognathia, mild ptosis on the
left eye, high palate, dental
crowding)

þ (Downslanting
palpebral fissures,
laterally extended
eyebrows, micro-
retrognathia, left
deviation of the nasal
axis)

þ (Downslanting
palpebral fissures,
ptosis, mild
retrognathia)

(Continued on following page)
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with an estimated glomerular filtration rate of 38 ml/min
per 1.73 m2 (modified Schwartz formula).43

Family 3 (Israel). The proband was born to parents of
Bedouin descent who are first cousins. During pregnancy, at
35 weeks of gestation, small kidneys were noted. On the third
day of life, she had an elevated creatinine level of 1.7 mg/dl,
which gradually decreased. Around age 2 years, she first
presented with nephrotic syndrome, which did not respond
to steroid treatment. Renal ultrasound showed bilateral
dysplastic kidneys, and the left kidney was noted to be in the
left central abdomen with small hypoechogenic findings
suspicious for cysts and possibly dilated renal pelvis. Kidney
biopsy was planned but not done owing to difficult access to
the kidneys. She was treated with angiotensin-converting
enzyme inhibitors and angiotensin receptor blockers with
fluctuations in the degree of proteinuria, but levels always
remained within the nephrotic range. Treatment with tacro-
limus was also attempted but discontinued because of a rapid
increase in the individual’s creatinine levels and hyperkalemia.
Her renal functions worsened over time, and, at the age of 5
years and a half, she was started on peritoneal dialysis. At the
age of 7 years, she underwent allogenic kidney trans-
plantation. Medical history is also significant for mild devel-
opmental delay, which resolved, esotropia, and
hypermetropia. She follows up with cardiology for left ven-
tricular dysfunction attributed to hypertension, which
improved with treatment. She also had short stature below
the third percentile in the growth chart since age 3 years,
likely because of chronic kidney failure.

On the last examination, she had microcephaly (2.8 SDs
below the mean), downslanting palpebral fissures, ptosis,
mild retrognathia, and a small, prominent chin. She had a
unilateral preauricular pit also seen in her mother and an
unaffected brother.

Genetic results
Family 1 (Arabian Peninsula). ES of individual VI-3 (index)

led to the prioritization of a homozygous frameshift variant in
FOXD2 NM_004474.4:c.789dup, p.(Gly264Argfs*228). The
variant is not listed in gnomAD (Genome Aggregation Data-
base, v.2.1.1, http://gnomad.broadinstitute.org/) and predicted
to result in a protein of nearly the same length as wt FOXD2
but with a changed amino acid composition within the C-
terminal half of the protein, leaving the DNA-binding domain
intact (Figure 1j). As FOXD2 is a single-exon gene
(NM_004474.4), nonsense-mediated decay due to the frame-
shift variant cannot be expected (see Supplementary Methods
for details on the filtering process of ES and Supplementary
Table S1 for a list of homozygous variants below minor allele
frequency 1.0% detected with ES in the index individual of
family 1). Supporting the hypothesis that FOXD2 represents an
essential gene during mammalian development, no FOXD2
homozygous loss-of-function variants are reported in gnomAD
v.2.1.1.

Subsequent Sanger sequencing confirmed the segregation
of the variant: parents of VI-3 are heterozygous carriers of the
Kidney International (2024) 105, 844–864
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variant. The clinically similarly affected maternal first cousin
once removed (V-19) was found to be a homozygous carrier,
while the maternal great-aunt (IV-6) and mother of V-19 are
heterozygous carriers of this variant (Supplementary
Figure S1). Further segregation of the variant could not be
performed because of limited accessibility/missing consent of
relatives.

Family 2 (Türkiye). Homozygosity mapping revealed runs
of homozygosity located in chromosome 1, w11.6 Mb long
(chr1:g.47,607,000-59,155,000, hg19). The identified ho-
mozygous stretch showed that both affected siblings were
sharing the runs of homozygosity; however, parents and the
unaffected sibling were heterozygous for the region of in-
terest (Supplementary Figure S2A). ES was then performed
for the index case (II-1), affected and unaffected siblings (II-
2 and II-3), as well as healthy consanguineous parents (I-1
and I-2). ES analyses resulted in the prioritization of a ho-
mozygous missense variant NM_004474.4:c.628A>G,
p.(Met210Val) in FOXD2 (predicted as deleterious with
CADD, REVEL, ClinPred, and MutPred2), which is located
within the disease-segregating homozygous region and is not
listed in gnomAD (see Supplementary Table S2 for a list of
filtered candidate variants detected with ES in the Turkish
index individual).

Sanger sequencing results confirmed that the p.Met210Val
variant in FOXD2 is segregating with the disease in the
family (Supplementary Figure S2B). The homozygous
missense variant is located at the methionine residue at
amino acid position 210 within the DNA-binding domain of
FOXD2 (NP_004465.3), which is completely conserved
among different species until the level of Danio rerio
(Figure 1j and k).

Family 3 (Israel). A chromosomal microarray analysis
(Raphael Recanati Genetics Institute) was inconspicuous, but
showed regions of homozygosity $3 Mb in 6.4% of all
autosomal regions tested. A renal malformation panel and
nephrotic syndrome panel (Blueprint Genetics) followed by
ES for the index individual and her mother were negative for
disease-causing variants that fully explained the index in-
dividual’s phenotype. Variants of uncertain significance in
FN1 and TBC1D8B and a single variant in PKHD1 were
detected, all of which were inherited from the unaffected
mother (see Supplementary Table S3).

Because of parental consanguinity, revision of the exome
data focusing on rare homozygous variants was performed,
which identified a homozygous missense variant
NM_004474.4:c.629T>G, p.(Met210Arg) in FOXD2. This
variant is absent from the gnomAD database. It affects the
same conserved amino acid as seen in family 2. The CADD
PHRED score for this variant is 28.6.

Gibbs free energy calculation and the change in 3D protein
structure in FOXD2 missense variants c.628A>G, p.(Met210Val)
and c.629T>G, p.(Met210Arg) (families 2 and 3)
The starting free energy DG for the FOXD2 protein model was
817.623 kcal/mol, and it was lowered to 719.079 kcal/mol to a
Kidney International (2024) 105, 844–864
more stable state after the RepairPDB command of FoldX was
applied. 3D protein models for wt FOXD2 and the potential
changes in noncovalent bonds caused by the p.(Met210Val)
and p.(Met210Arg) variants are displayed in Figure 1l. The
p.(Met210Val) variant decreased protein stability and was
predicted as “destabilizing” with all 4, and the p.(Met210Arg)
variant decreased protein stability and was predicted as
“destabilizing” with 3 of 4 different protein stability prediction
tools upon point mutations. The DDG scores calculated for
both variants are displayed in Supplementary Table S4.

Fine mapping of the FOXD2 UACR GWAS locus
prioritizes 2 underlying variants. The FOXD2 locus (1p33) has
been previously associated with UACR in large GWAS meta-
analyses of adult study participants.35 In agreement, the
affected individuals carrying rare biallelic FOXD2 variants
show significant proteinuria, with one of them even showing
the histological finding of FSGS on kidney biopsy. We now
performed fine mapping of UACR-associated genetic variants
in the FOXD2 locus in 436,392 participants of the UK Biobank
to prioritize the variants most likely to cause the association
signal (Figure 2; see Methods). Fine mapping yielded 2 inde-
pendent sets of UACR-associated variants that contained 8 and
21 variants, all of which were also associated with UACR in a
direction-consistent manner in an independent sample of up
to 127,862 participants of the CKDGen Consortium
(Supplementary Table S5).35 The variants with the highest
posterior probability to cause the association signal with UACR
in each set were both common SNPs upstream of FOXD2,
rs17453832 and rs1337526 (Figure 2b). Interestingly, using
publicly available scATAC-seq data from the human kidney,37

rs17453832 overlaps accessible chromatin regions exclusively
in podocytes, the relevant cell type for albuminuria of
glomerular origin, as observed in FSGS (Figure 2c). Moreover,
a cis-coaccessibility network derived from podocytes in an
independent scATAC-seq data set39 revealed a putative
connection between rs17453832 and the FOXD2 promoter/
exon (Figure 2d; see Methods), further supporting rs17453832
as a regulatory variant of FOXD2 in podocytes that leads to an
association with UACR. Additional investigation of FOXD2 in
single-cell RNA-sequencing expression data (see Methods)
showed >2.69-fold enriched expression in podocytes
compared to all other cell types (P ¼ 5.9 � 10�120). Fine-
mapped variants in the FOXD2 locus were not associated
with other diseases in the UK Biobank or the FinnGen data sets
after correction for multiple testing (see Methods); the asso-
ciation with the lowest P value was with “gestational edema
and proteinuria without hypertension” (P ¼ 3 � 10�5;
FinnGen).

Foxd2 deficiency in mice leads to multidevelopmental
phenotypes. To investigate the consequences of Foxd2
dysfunction in mice, Foxd2 KO mice were generated using
CRISPR/Cas9 technology and comprehensively phenotyped.
Reverse transcription polymerase chain reaction and cDNA
analysis confirmed the absence of Foxd2 transcript in
homozygous mutant animals (Supplementary Figure S3A).
Homozygous Foxd2 KO mice were viable and were born
851



Figure 2 | From top to bottom: (a) regional association plot, (b) posterior inclusion probability (PIP) plot, (c) RefSeq gene track and 8
snATAC-seq peak tracks, and (d) podocyte cis-coaccessibility network (CCAN) at the FOXD2 (forkhead box D2) locus. In the regional
association plot, the association P values from a genome-wide association study of the urine albumin-to-creatinine ratio (UACR) from the UK
Biobank were plotted on the �log10 scale. The correlation (r2) of genetic variants in the region with the lead single nucleotide polymorphism
(SNP) rs1337526 is indicated as color gradients. The r2 was based on 1000 Genomes EUR genotype data phase 3, November 2014 release. In
the PIP plot, only SNPs in 95% credible sets (i.e., the set of SNPs that contains a variant with effect on UACR with probability $ 95%) are
shown. The color indicates the credible set membership. The vertical axis indicates the PIP value of the SNPs. The 8 ATAC-seq open chromatin
tracks were retrieved from http://www.susztaklab.com/human_kidney/igv/. Two gray vertical dashed lines were placed at positions where
credible set SNPs overlap with open chromatin peaks in a podocyte, a relevant cell type for albuminuria. The CCAN plot shows all connections
with a coaccessibility score of >0.25 targeting the FOXD2 promoter as red curved lines. CDIC, collecting duct intercalated cell; CDPC,
collecting duct principal cell; chr1, chromosome 1; DCT, distal convoluted tubule; Endo, endothelial cell; Immune, immune cell; LOH, loop of
Henle; Podo, podocyte; PT, proximal tubule.
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approximately according toMendelian distribution. Compared
with wt and heterozygous littermates, more homozygous
newborns died shortly after birth (Supplementary Figure S3B).

At 16 weeks, micro–computed tomography analyses
revealed a changed mandible morphology in homozygous
Foxd2 KO mice (Figure 3a–d; n ¼ 4 wt and n ¼ 2 homozy-
gous females and n ¼ 4 wt and n ¼ 4 homozygous males;
using landmarks that have already been described in
852
rodents44), including an abnormally shortened condylar
process and a flattened tip of the coronoid process in male
homozygous Foxd2 KO mice (Figure 3b–d). Importantly,
homozygous Foxd2 KO mice display smaller mandibles
(micrognathia or mandibular hypoplasia), as measured with
distance 3–5 (Figure 3d).

Ophthalmic evaluation identified changes in the appear-
ance of the optic disc, imaged using the en face optical
Kidney International (2024) 105, 844–864

http://www.susztaklab.com/human_kidney/igv/


Figure 3 | Mandibular alterations and defective optic disc in homozygous (hom) Foxd2 (forkhead box D2) knockout (KO) mice. Micro–
computed tomography representative images of the (a) skull and (b) mandible from control (wild-type [wt]) and hom Foxd2 KO male mice. In
(a), the coronoid (left side) and condylar (right side) processes are highlighted by dash line rectangles; and in (b), by a magnified inset and
arrows, respectively. (c) Volume matching of male control (gray) and mutant (red) mandibles at an identical scale, allowing easy qualitative
comparison of the described morphological changes. (d) Mandibular morphometric analysis comparing distance measurements between
several anatomical landmarks: (1) dorsal-most point of the coronoid process; (2) anterodorsal side of the condylar process; (3) ventral-most
point of the condylar process; (4) posterior-most point of the angular process; and (5) ventral-most point of the front lower part of the
mandible. The condylar process is shorter (distances 1–2 and 3–4) and slightly wider (distance 2–3) in mutants than in control animals. These
landmarks have already been described in rodents.44 n ¼ 4 wt and n ¼ 2 homozygous females and n ¼ 4 wt and n ¼ 4 homozygous males.

ðcontinuedÞSingle values and mean � SD values are shown. Test for statistical significance was not performed because of the low animal
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coherence tomography modality as a darker ring around the
optic nerve head (Figure 3e). Spectral-domain optical
coherence tomography images revealed that homozygous
Foxd2 KO mice have posterior deformation of the optic nerve
head surface (Figure 3f). We noted different severity in the
alterations of the optic nerve in these mice. The total retinal
thickness was not significantly altered; only for severely
affected eyes, a much thinner total retinal thickness was
measured (data not shown).

Although macroscopy did not reveal malformations of the
urinary system, microscopic analysis by standard hematoxylin
and eosin staining detected bilateral dilation of the renal
pelvis. Among 6 homozygous Foxd2 KO mice examined (4
males, 2 females), bilateral dilation of the renal pelvis was
present in 2 homozygous males (33% penetrance; Figure 4a).
A clearly narrowed cortex and a decreased size of the renal
papilla (Figure 4a and b) accompanied the dilation. For better
visualization of the papilla, we used immunohistochemical
staining with aquaporin-2 as a marker for the collecting tu-
bules and detected a reduction in the diameter of the ducts
(Figure 4c). To rule out that the bilateral dilation of the renal
pelvis observed in homozygous mutants represented a back-
ground lesion, we performed hematoxylin and eosin staining
of kidneys from 126 wt animals randomized by age and
background strain. We detected bilateral renal pelvis dilation
in only 4 of 126 wt animals (Fisher exact test, P ¼ 0.0239).
Taken together, our results support the diagnosis of a renal
pelvis dilation in homozygous mutant mice with a penetrance
of 33%. The bilateral dilation of the renal pelvis was appar-
ently not secondary to an obstructive lower urinary tract
lesion. Additional histological parameters of the kidneys are
described in Supplementary Table S6A and B and
Supplementary Figure S4.

Further, we found a significantly increased (on average
doubled) cytokeratin 8 expression level in the renal cortex of
homozygous Foxd2 KO mice compared with wt controls,
determined by algorithm-based cell counting (2-sample t test,
P < 0.001; Figure 5; Supplementary Figure S5), indicating
tubular epithelial injury.

Plasma clinical chemistry parameters affected by renal
dysfunction showed mild to moderate deviations in homo-
zygous Foxd2 KO mice compared with wt controls analyzed in
parallel. Although sodium levels, and in trend also chloride
levels, were slightly decreased predominantly in female ho-
mozygous Foxd2 KO mice, maybe as a sign of volume over-
load due to reduced urine output, a significant increase in
plasma potassium and urea levels in male homozygous Foxd2
KO mice was observed (Figure 4d–f and h). The index
=

Figure 3 | (continued) number. (e) Representative images of eyes of 16-
the en face optical coherence tomography modality. Foxd2�/� fundus a
alterations of the optic disc (green arrow). (f) Spectral-domain optical co
optic nerve morphology. Eleven of 17 hom Foxd2 KO mice showed clear o
online version of this article at www.kidney-international.org.
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individual of family 1 also had increased plasma potassium
and urea levels owing to reduced kidney function, but plasma
sodium levels were normal. Interestingly, although in general
no increase in plasma creatinine concentrations in homozy-
gous Foxd2 KO mice was observed, 2 homozygous Foxd2 KO
animals showed high values compared with controls
(Figure 4g). One of them was studied by histological analyses,
and the high creatinine and elevated urea levels were in line
with the already described histopathological alterations in the
kidneys, including increased cytokeratin 8 expression
compatible with increased fibrosis (Figure 5; Supplementary
Figure S5).

Behavioral alterations consequent to Foxd2 loss were also
observed. In the open field test of spontaneous reactions to a
novel environment, 8-week-old homozygous Foxd2 KO mice
were clearly hypoactive and hypoexploratory (Supplementary
Figure S6). This was indexed by decreased total distance
traveled (2-way analysis of variance genotype effect: F1,81 ¼
19.93; P < 0.0001) and total rearing activity (2-way analysis of
variance genotype effect: F1,81 ¼ 59.36; P < 0.0001) compared
to wt controls. Heterozygous Foxd2 KO mice were also
hypoactive and hypoexploratory compared with wt mice,
albeit with less severity than homozygous KO mice
(Supplementary Table S7).

Generation of Foxd2-deficient metanephric mesenchyme cell
models. To further investigate FOXD2 function for proper
renal development and to understand how biallelic FOXD2
dysfunction may cause bilateral renal hypodysplasia/CAKUT
in humans and mice, Foxd2-deficient immortalized mouse
metanephric cell models (mk4 cells) were generated using
CRISPR/Cas9 technology. mk4 cells represent ureteric bud–
induced metanephric mesenchyme cells undergoing epithe-
lial conversion.

The targeted FOXD2 region was chosen to closely replicate
the homozygous frameshift variant identified in family 1.
Four suitable mk4 clones carrying different homozygous
Foxd2 variants resulting in a change in the reading frame were
chosen (Table 2; Supplementary Figure S7 [only clone F7
shown]). Foxd2 is a transcription factor previously implicated
in renal development in mice10; however, at the time of Foxd2
KO mouse analysis, RNA sequencing analysis was unavailable
and the precise role of mammalian renal development has
remained elusive. Therefore, transcriptome analysis
comparing the homozygous mutant mk4 with control mk4
cells transfected with nontargeting single guide RNA (sgRNA)
was performed. Clone F7 carrying the frameshift variant
NM_00859.3:c.801insT (p.Tyr268Leufs*109) was chosen as
the frameshift that most closely resembles the one predicted
week-old hom Foxd2 KO mice and age-matched wt littermates using
ppearance around the optic nerve displays a darker signal, indicating
herence tomography images through the optic nerve showed altered
ptic disc alterations. To optimize viewing of this image, please see the

Kidney International (2024) 105, 844–864

http://www.kidney-international.org


wt hom wt hom
145

150

155

160

165

Sodium

m
m
ol
/l

* *** ***ns

Female Male

P = 0.116

wt hom wt hom
105

110

115

120

Chloride

m
m
ol
/l

ns ns

Female Male

P = 0.063 P = 0.077

wt hom wt hom
3

4

5

6

Potassium

m
m
ol
/l

ns

Female Male

P = 0.283

wt hom wt hom
0

5

10

15

20

Creatinine

µm
ol
/l

ns ns

Female Male

P = 0.059 P = 0.903

wt hom wt hom
0

5

10

15

20

Urea

m
m
ol
/l

ns

Female Male

P = 0.157

Ki
dn

ey
 o

ve
rv

ie
w

H
&

E
IH

C 
aq

ua
po

rin

Re
na

l p
ap

ill
a

WT le� kidney WT right kidney Mut. le� kidney Mut. right kidney

WT

WT Mut.

Mut.

a

b

c

d e f g h

Figure 4 | Histopathological renal alterations in 16-week-old mice. (a) Representative overview pictures of hematoxylin and eosin (H&E)
staining from the left and right kidneys of wild-type (wt) and homozygous (hom) Foxd2 (forkhead box D2) knockout (KO) mice. Note the
normal kidney morphology observed in the wt animal compared with bilateral mild renal pelvis dilation (marked with an asterisk) in the hom
KO mouse. Note the reduced size of the renal papilla (marked in red) and the cortex, which is clearly narrowed (yellow). (b) H&E stains show a
higher magnification of the renal papilla. (c) Immunohistochemistry (IHC) aquaporin-2 clearly shows a reduction in diameter of the collecting
ducts in the mutant mouse. (d–h) Plasma clinical chemistry analyses of parameters frequently altered in the case of renal dysfunction,
including plasma levels of (d–f) electrolytes, (g) creatinine, (h) and urea. Significance according to the Mann-Whitney test: *P < 0.05, ***P <
0.001. Mut., mutant; NS, not significant. To optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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for the allele of the index individual. Five biological replicates
per condition were used for transcriptome analysis.

RNA sequencing results. Transcriptomics analyses revealed
a number of differentially regulated genes (Figure 6a). Gene
Kidney International (2024) 105, 844–864
Ontology (GO) term analysis of differentially expressed genes
comparing clone F7 with a control clone revealed extracellular
matrix organization (GO:0043062, P ¼ 3.46 � 10�8)/extracel-
lular matrix (GO:0030198, P ¼ 3.378 � 10�7) as top hits
855
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Figure 5 | Homozygous Foxd2 (forkhead box D2) knockout (KO) increases cortical cytokeratin 8 (CK8) expression. Representative
examples of CK8 staining tissue image analysis of the renal cortex. Kidney overview with the marked cortex and inner medulla of (a) a control
(wild type) and (e) a mutant (homozygous KO) animal. The magnified renal cortex of (b,c) a control and (f,g) a mutant kidney. The magnified
inner medulla of (d) a control and (h) a mutant kidney. Brown indicates CK8 H-DAB (hematoxylin and 3,3’-diaminobenzidine)
immunohistochemistry (see also Supplementary Figure S5). GM, glomerulus. To optimize viewing of this image, please see the online version
of this article at www.kidney-international.org.
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followed by several terms related to renal/urogenital develop-
ment as top hits among genes downregulated in the mutant
clone: kidney development (GO:0001822, P ¼ 5.73 � 10�7),
renal system development (GO:0072001, P¼ 6.57� 10�7), and
urogenital development (GO:0001655, P ¼ 7.45 � 10�7) with
24 to 27 of 6331 genes (adjusted P ¼ 0.000655 for all 3 terms).
Genes comprised were Mmp17, Smad9, Fgf1, Emx2, Col4a4,
Tfap2a, Sim1, Wnt2b, Adamts1, Tgfb2, Aqp1, Cys1, Pax2, Npnt,
Egr1, Agt, Lrp4, Prlr, Col4a3, Igf1, Wnt4, Fgfr2, Id3, Fras1, Gli2,
Pygo1, and Enpep (Supplementary Figure S8A and B). Inter-
estingly, among upregulated genes in Foxd2 mutant versus
control cells, top Gene Ontology term hits were related to
leukocyte migration, antigen presentation, and chemotaxis
followed by regulation of mitogen-activated protein kinase
856
activity (GO:0043405, P ¼ 2.96 � 10�10; Table 3;
Supplementary Figure S8A and B). Transcriptome analysis of
Foxd2 mutant clone F7 compared with unedited control cells
further suggested a significant upregulation of Nfia (log2 fold
change ¼ 7.27; adjusted P ¼ 3.358 � 10�7; Figure 6a;
Supplementary Figure S9A).

qPCR validation of a set of selected targets showed a
highly significant correlation with the relative expression
levels determined by RNA sequencing (Pearson R ¼ 0.8955;
P < 0.0001; Supplementary Figure S9A). To exclude clone-
specific effects, top gene hits from the Gene Ontology
analysis with potential influence on renal development were
confirmed by qPCR, comparing control cells with different
Foxd2 mutant mk4 clones (E4, F6, F7, and H9). These
Kidney International (2024) 105, 844–864
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Table 2 | Foxd2 variants created for in vitro experiments using
CRISPR/Cas9 technology

Clone cDNA NM_00859.3

mk4 clone E4 c.794insA
p.(Tyr265fs*)

mk4 clone F6 c.794A>G,792-793delTAinsGGG
p.(Tyr265Trypfs*88)

mk4 clone F7 c.801insT
p.(Tyr268Leufs*109)

mk4 clone H9 c.800-803delCTTA
p.(Tyr268Alafs*83)

CRISPR, clustered regularly interspaced short palindromic repeats; Foxd2, forkhead
box D2.
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included single gene hits related to early kidney development
and/or known to cause renal hypoplasia, such as Pax2,Wnt4,
and Fgfr2. In addition, Emx2 was found to be downregulated
in Foxd2 mutant mk4 cells compared with control cells.
Although qPCR confirmed downregulation in all clones
compared with control cells, the log 2 relative expression
value for Emx2 was <1, suggesting a rather minor effect
(data not shown). In addition, higher gene expression of
Fat4 in mutant clones was confirmed compared with wt
cells. qPCR also confirmed the strong downregulation of
Fat2 in all mutant clones compared with control cells (see
Supplementary Figures S8C and S9B for a full set of qPCR-
validated genes).

To investigate Foxd2 KO on protein level, Western blotting
was performed to confirm Pax2 downregulation. This
revealed markedly reduced Pax2 protein levels in Foxd2-
deficient cells (3 independent experiments with 3 replicates
each per condition; Figure 6b and c).
Figure 6 | Differential gene expression in Foxd2 (forkhead box D2) m
blot analysis showing a strong reduction of Pax2 protein in mutant (clo
dehydrogenase (Gapdh) as a loading control. n ¼ 3 biological replicates p
biological replicates per condition and Gapdh as a control protein, confi
Student t test, ****P < 0.0001. CPM, counts per million; FC, fold change;
please see the online version of this article at www.kidney-international
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3D tubuloid models. The human probands we identified
presented with renal hypoplasia, which could be a result of
impaired renal tubule development/branching morphogen-
esis defect during renal development to which reduced Pax2
expression could contribute. Given the low penetrance of the
CAKUT phenotype in Foxd2 mutant mice also previously
observed by Hogan and coworkers,10 in line with the “3R”
principles for animal procedures, we decided to validate the
effects of FOXD2 dysfunction on renal tubule formation us-
ing 3D tubuloid models to reduce the number of animals
killed. To study the effect of Foxd2 dysfunction in meta-
nephric mesenchyme cells on ureteric bud–derived tubule
formation, we used so-called conditioned medium from wt
and Foxd2 mutant metanephric mesenchyme cells. This
revealed significantly lower rates of tubule formation when
conditioned medium from mutant cells was applied
compared with conditioned medium derived from wt cells or
medium treated with glial cell line–derived neurotrophic
factor (GDNF) and fibroblast growth factor (FGF) additions
(Supplementary Figure S10).

DISCUSSION
FOXD2 encodes a transcription factor of the large, evolu-
tionarily conserved, forkhead box gene family important for
various processes in humans, such as organogenesis or
metabolism.45 FOX genes share a “winged helix” DNA-
binding domain consisting of 3 N-terminal a-helices, 3 b-
strands, and 2 loops toward the C-terminal region. Different
FOX genes have been associated with inherited human dis-
eases and carcinogenesis.46 Notably, FOXC1, a gene associated
with syndromic ophthalmological disease (Axenfeld-Rieger
utant cells. (a) Glimma plot visualizing hits of interest. (b) Western
ne E4) versus control cells using glyceraldehyde-3-phosphate
er condition. (c) Quantitative analysis of Pax2 levels combining the 3
rming a lower Pax2 protein amount in mutant cells than in controls.
NS, not significant; Rep, replicate. To optimize viewing of this image,
.org.
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Table 3 | Gene Ontology term analysis comparing mk4 clone F7 with wild type

P Adjusted P

Down
Extracellular matrix organization 3.456442E�8 0.000152
Renal system development 6.571659E�7 0.000655
Urogenital system development 7.447146E�7 0.000655
Positive regulation of the steroid metabolic process 3.479562E�6 0.002186
Inner ear development 3.807702E�6 0.002186

Up
Cell chemotaxis 6.340431E�11 4.250202E�8
Positive regulation of vasculature development 1.506551E�10 7.765204E�8
Antigen processing and presentation of endogenous antigen 1.544546E�10 7.765204E�8
Regulation of MAP kinase activity 2.957847E�10 1.321828E�7
Regulation of protein serine/threonine kinase activity 1.459391E�9 3.668544E�7

MAP, mitogen-activated protein.
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syndrome, type 3; Mendelian Inheritance in Men, MIM
#602482), has recently been linked to autosomal dominant
CAKUT.47

In addition, several other FOX genes (FOXL2, FOXA2, and
FOXA3) have been proposed as candidate genes for mono-
genic CAKUT in a recent ES study.48

However, no representative of the “D” subfamily has been
linked to a monogenic disease in humans thus far. FOXD2
(FREAC-9 and MF-2) is well expressed in the renal cortex.49

Of note, the FOXD2 locus (1p33) has recently been associated
with urinary albumin levels in genome-wide meta-analyses35

and Foxd2 RNA is highly enriched in podocytes and was
implicated in maintenance of podocyte integrity.50 Protein-
uria up to the nephrotic range was reported in the index
individual of family 1 and his female first cousin once
removed, albuminuria with FSGS on kidney biopsy was
Figure 7 | Key players in the network of assumed Foxd2 (forkhead b
mouse kidney is largely restricted to the mesenchymal stroma, Foxd2 is
expression.10,74 Foxd2 dysfunction leads to reduced PAX2 protein levels
Pax2 expression in the ureteric bud–induced metanephric mesenchyme
mutant cells may indicate a compensatory mechanism for reduced Pax2
the metanephric mesenchyme during mammalian kidney development,
enhances Emx2 gene expression, and Emx2 expression is downregulated
change into Foxd1-positive renal interstitium–like cell types, suggesting t
by the upregulation of Fat4 in Foxd2 mutant cells as Fat4 encodes an a
progenitor renewal.64 Fgfr2 (and Fgfr1) is believed to act downstream o
Conditional knockout of Fgfr2 in metanephric mesenchyme cells leads t
deficiency of Fgfr2 in stromal cells69 (see Discussion for further details). A
Curr Top Dev Biol. 2016;117:31–6474 and Walker KA, Sims-Lucas S, Bates
urinary tract development. Pediatr Nephrol. 2016;31:885–895.75

858
present in individual II-2 of family 2, and nephrotic syn-
drome was reported in the affected individual of family 3 (see
clinical cases in the Results section and Supplementary Case
Report). In line with this, fine mapping of the FOXD2
UACR GWAS locus revealed a likely podocyte-specific regu-
latory SNP (Figure 2). Together, this could support a role of
FOXD2 in podocyte maintenance and hence in proteinuric
kidney disease in general.

Our study suggests that the abrogation of FOXD2 function
can result in CAKUT. Foxd2 KO mice have previously been
reported to show renal hypoplasia and hydroureters, however,
at a reduced penetrance of 40%.10 Also, in KO mice generated
for this study, renal anomalies could only be identified at a
reduced penetrance of 33% and were rather subtle
(Figure 4a–c), underlining the variable expressivity of
CAKUT. Foxd2 shares close sequence homology with Foxd1
ox D2) function. Although Foxd1 expression in the developing
found in the cap mesenchyme where it plays a role in Pax2
(see the Results section and Figure 6b and c). Eya1 is important for
(embryonic day 11.5 in the mouse), and Eya1 upregulation in Foxd2
expression via a feedback loop.76 Pax2 activates Wnt4 expression in
and Wnt4 expression is downregulated in Foxd2 mutant cells.70 Pax2
in Foxd2 mutant cells.61 Nephron progenitor cells lacking Pax2 can

hat Pax2 represses a renal interstitial cell program.62 This is supported
typical cadherin expressed by stromal cells inhibiting nephron
f Eya1 and upstream of Pax2 in the metanephric mesenchyme.77

o congenital anomalies of the kidney and urinary tract in mice and
dapted from McMahon AP. Development of the mammalian kidney.
CM. Fibroblast growth factor receptor signaling in kidney and lower
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(Bf2). A (partial) redundancy of the 2 could explain the
reduced penetrance of CAKUT in Foxd2 KO mice.10,51 Of
note, in contrast to Foxd2 mutant mice, homozygous Foxd1
KO mice die shortly after birth of kidney failure due to hy-
poplastic kidneys.52 Furthermore, despite their phylogenetic
relation and genomic homology, humans and mice are known
to not respond completely alike to interventions/gene KO.
This could also explain the differences in expressivity between
the renal mouse and human phenotypes in this study (milder
in mice than in affected individuals).53

In Northern blot experiments, mRNA transcripts of Foxd2
were detected in the kidney, facial regions (tongue, nose, and
maxilla), and brain.51 Developmental delay presenting as
delayed motor milestone achievement and delayed speech
development was noted in the affected individuals of families
1 and 2 (see clinical case in the Results section and Supple-
mentary Case Report). Unfortunately, no cranial magnetic
resonance imaging data were available except for individual
II-1 of family 2, in whom enlarged ventricles and an enlarged
subarachnoid space were noted at the age of 13 years (see
Supplementary Case Report). Furthermore, facial anomalies
in affected individuals were compatible with the previously
detected expression patterns. A neurological phenotype was
not reported in Foxd2 KO mice in the literature. However,
Foxd1 KO mice present with small cerebral hemispheres with
reduced development of the ventral telencephalon.10,54,55

Facial alterations, in turn, were not reported in Foxd2 KO
mice in the literature, but could be detected in the meticu-
lously phenotyped Foxd2 KO mice of this study (Figure 3a–d),
in line with the facial dysmorphies of the affected individuals
of families 1 to 3 (Figure 1e–h and Table 1).10,51,56,57

Furthermore, behavioral changes were identified in Foxd2
KO mice of this study (hypoactivity in the open field test;
Supplementary Figure S6). This can be indicative of neuro-
developmental alterations in Foxd2 KO mice. Taken together,
it can be assumed that FOXD2 plays an important role in
neuronal, branchial arch, and facial development.

Transcriptome analysis of mk4 CRISPR/Cas9-mediated
homozygous Foxd2 frameshift mutants gave a valuable
insight into the possible mechanisms of CAKUT in the
described families. Pathway analysis showed significant
enrichment of differentially expressed genes important for the
development of the renal/urogenital system (Table 3). Pax2 was
downregulated in all mk4 clones (Figure 6a; Supplementary
Figure S8C) as were Pax2 protein levels on the Western blot
(Figure 6b and c). PAX2 haploinsufficiency is known to be
associated with papillorenal syndrome in humans (MIM
#120330), which comprises a CAKUT phenotype with eye
anomalies.58 Of note, no overt eye anomalies were reported in
the affected individuals described in this study. However, there
is Foxd2 RNA expression around the eye vesicle in mice during
embryonic development.59 In line with this, the generated
Foxd2 KO mice showed alterations of the optic disc and nerve
(Figure 3e and f), which might have been missed on routine
ophthalmological examination of the affected individuals.
Interestingly, there were alterations on eye examination of
Kidney International (2024) 105, 844–864
individual II-1 of family 2 and in the index individual of family
3. However, these did not involve the optic nerve and disc (see
clinical case in the Results section).

Foxd2 is strongly expressed in renal condensed mesen-
chyme at embryonic day 11.5, similarly to Pax2.10 Pax2 is
activated in the mesenchyme in response to induction by the
ureteric bud and is subsequently downregulated in more
differentiated cells derived from the mesenchyme. With
reduced Pax2 protein levels, kidney mesenchyme cells fail to
aggregate and do not undergo the sequential morphological
changes characteristic of epithelial cell formation, demon-
strating an essential role for Pax2 function for early
mesenchymal-epithelial transition.60 Interestingly, we also
detected a downregulation of Emx2 in Foxd2 mutant versus
control cells by transcriptomics. Pax2 enhances Emx2 gene
expression, and digenic loss of function of Pax2 and Emx2 is
known to result in CAKUT similar to what is found in Foxd2
KO mice and to the phenotype observed in the affected in-
dividuals of this study.10,61

Intriguingly, Pax2 is also implicated in establishing the
nephron-interstitium boundary during kidney development:
nephron progenitor cells lacking Pax2 fail to differentiate into
nephron cells, but can switch fates into Foxd1-positive renal
interstitium–like cell types, suggesting that Pax2 function
maintains nephron progenitor cells by repressing a renal
interstitial cell program.62 Our findings suggest that the lack
of Foxd2 results in reduced Pax2 levels. Therefore, it seems
possible that Foxd2 dysfunction will divert lineage identity
toward renal stroma cells. In line with this hypothesis, we
could detect significantly increased cytokeratin 8 expression
in the renal cortex of homozygous Foxd2 KO mice compared
with wt controls (Figure 5; Supplementary Figure S5). Kera-
tins such as cytokeratin 8 are markers of tubular epithelial
injury preceding renal fibrotic changes.63 Fittingly, individual
II-2 of family 2 featured fibrotic changes on kidney biopsy in
terms of FSGS (Figure 1i).

This hypothesis is further supported by the upregulation
of Fat4 in Foxd2 mutants (Supplementary Figure S8C).
Fat4 encodes an atypical cadherin expressed by stromal
cells inhibiting nephron progenitor renewal.64 In contrast,
there was a marked downregulation of Fat2 in Foxd2
mutant cells (Figure 6a; Supplementary Figure S8C).
Although Fat4 has been shown to play a role in kidney
tubule elongation and planar cell polarity in renal cells, the
role of Fat2 in renal development and homeostasis is un-
clear.65 The Drosophila orthologue fat has been implicated
in cell proliferation and morphogenesis in a contact-
dependent manner.66 We also observed a strong upregula-
tion of Nfia in Foxd2 mutant cells (Figure 6a). Hap-
loinsufficiency of NFIA has been associated with brain
malformations and CAKUT, and upregulation could be a
compensatory mechanism in Foxd2 KO cells.67,68

In contrast, Fgfr2 was downregulated in mutant Foxd2 cells
versus controls (Figure 6a). Conditional KO of Fgfr2 in
metanephric mesenchyme cells leads to CAKUT in mice
including hypo-/dysplastic kidneys and hydroureters.
859



c l i n i ca l i nves t iga t i on KM Riedhammer et al.: FOXD2 dysfunction in syndromic CAKUT
Interestingly, in these mice devoid of mesenchymal Fgfr2
expression, there is no Fgfr2 in stromal cells either, also
indicating a disturbance in stromal cells in Fgfr2 KO mice.69

Further, Pax2 activates Wnt4 expression in the meta-
nephric mesenchyme during mammalian kidney develop-
ment,70 potentially explaining reduced Wnt4 gene expression
in Foxd2 mutant cells (Figure 6a; Supplementary Figure S8C).
Wnt4 protein plays a role in mesenchymal-epithelial transi-
tion and is essential for tubulogenesis in the developing
kidney through a noncanonical Wnt-signaling pathway.71,72

Of note, Wnt4 signaling can be substituted by other Wnt
proteins such as Wnt7b,73 which was also downregulated in
Foxd2 mutant mk4 cells (Supplementary Figure S9B).
Figure 710,61,62,64,69,70,74–77 summarizes the network of
assumed Foxd2 function (adapted from McMahon74 and
Walker et al.75; with the presumed feedback loop76).

In line with the hypothesis of an impaired Pax2-Wnt4 axis
due to Foxd2 dysfunction abrogating proper mesenchymal-
epithelial transition and tubulogenesis, we could indeed
show significantly lower rates of tubule formation when
conditioned medium from Foxd2 mutant cells was applied
compared with conditioned medium derived from wt cells in
3D tubuloid models (Supplementary Figure S10).

In addition, we observed higher Eya1 expression in Foxd2
mutant cells compared with control cells (Supplementary
Figure S8C). Eya1 is important for Pax2 expression in the
ureteric bud–induced metanephric mesenchyme, and Eya1
upregulation in Foxd2 mutant cells may indicate a compen-
satory mechanism for reduced Pax2 expression via a feedback
loop.76 Gdnf expression, which is vital for ureteric bud in-
duction, was unchanged in Foxd2 mutants (Supplementary
Figure S9B). This is in line with Eya1 upregulation in the
context of reduced Pax2 levels, as both genes regulate Gdnf
expression.76,78 Hence, it does not seem likely that the renal
hypoplasia phenotype observed in the index individuals of the
presented families is a result of impaired Gdnf expression.

This study has several limitations. The affected in-
dividuals of families 1 to 3 do not share the same type of
variant. Family 1 segregates a homozygous frameshift variant
in FOXD2, families 2 and 3 feature a homozygous missense
variant affecting the same codon. However, as FOXD2 is a
single-exon gene (NM_004474.4), nonsense-mediated decay
cannot be assumed, and this makes the frameshift variant
not a clear-cut loss-of-function variant but probably leads to
an altered protein. Interestingly, no homozygous truncating
variants are listed in gnomAD, illustrating that there is
constraint for this type of variant in FOXD2. This supports a
causative role of the frameshift variant. Unfortunately, no
patient-derived cells could be obtained in affected in-
dividuals of family 1 to clarify FOXD2 expression. This limits
the transferability of the KO experiments in this study. In
contrast, it cannot be denied that Foxd2 KO recapitulates the
phenotype of the affected individuals of this study (all
families 1–3). Furthermore, family 2 segregates a protein-
altering variant—identified by a stringent filtering pro-
cess—and features striking phenotypic overlap in affected
860
individuals in comparison to family 1. In families 2 and 3, it
could be shown by in silico analysis that the missense variant,
located in the DNA-binding domain, destabilizes the mature
protein. Hence, we believe that both missense variants
abrogate proper FOXD2 function, which can be related to by
KO experiments. Of course, further studies are needed to
experimentally clarify causality of the described variants in
FOXD2 (according to MacArthur et al.79). Finally, a limita-
tion of our cell culture model is that we investigated similar
but not identical FOXD2 variants in vitro compared with the
variants we identified in human individuals with CAKUT.

In conclusion, our findings indicate that the syndromic
CAKUT phenotype in the presented families is caused by
FOXD2 dysfunction, putatively causing a shift of nephron
progenitor cells undergoing mesenchymal-epithelial transi-
tion toward a stromal cell identity, resulting in fibrotic
changes in the kidney. The observed human and Foxd2 KO
mouse phenotypes highlight an important role of Foxd2 in
kidney and craniofacial development. The observed kidney
alterations are in line with the enrichment of differentially
expressed genes important in extracellular matrix organiza-
tion and renal/urogenital development in Foxd2 mutant
metanephric mesenchyme cells.

It is intriguing that FOXD2 dysfunction could result in a
phenotype of both renal malformation and podocyte damage.
As the FOXD2 locus was also previously associated with
urinary albumin in genome-wide meta-analyses35 and we
have now identified a likely podocyte-specific regulatory SNP
within this locus, FOXD2 could represent an interesting target
in common kidney diseases in terms of tackling proteinuria
and renal fibrosis. Consequently, our findings are building
bridges between rare monogenic and common complex
kidney disease.
APPENDIX
Web resources

1000 Genomes Project human polymorphism database, http://www.1
000genomes.org/
AlphaFold database, https://alphafold.ebi.ac.uk/entry/O60548
ANNOVAR, https://annovar.openbioinformatics.org/en/latest/
Burrows-Wheeler aligner, https://bio-bwa.sourceforge.net/
Combined Annotation Dependent Depletion (CADD) https://cadd.gs.
washington.edu/
ClinPred, https://sites.google.com/site/clinpred/
ClinVar, https://www.ncbi.nlm.nih.gov/clinvar/
Clustal Omega, https://www.ebi.ac.uk/Tools/msa/clustalo/
Database of Genomic Variants (DGV) http://dgv.tcag.ca/dgv/app/home
dbSNP, http://www.ncbi.nlm.nih.gov/SNP/
DECIPHER, https://decipher.sanger.ac.uk/
DynaMut2, https://bio.tools/dynamut
Expression atlas, https://www.ebi.ac.uk/gxa/home
FinnGen release DF9, https://r9.finngen.fi/
FoldX, https://foldxsuite.crg.eu/
Galaxy platform12, https://usegalaxy.org/
Genome Analysis Tool Kit, https://gatk.broadinstitute.org/hc/en-us
Genome Aggregation Database (gnomAD v.2.1.1), http://gnomad.
broadinstitute.org/
Homozygous Stretch Identifier (HomSI), https://bio.tools/homsi
Human Gene Mutation Database (HGMD�), http://www.hgmd.cf.ac.uk
Human Kidney snATAC-seq Peaks, http://www.susztaklab.com/human_kidney/
igv/
Leiden Open Variation Database (LOVD), https://www.lovd.nl
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INPS-3D, https://inpsmd.biocomp.unibo.it/inpsSuite/default/index3D
Mutation Taster, https://www.mutationtaster.org
MutPred2, http://mutpred.mutdb.org/
National Heart, Lung, and Blood Institute Exome Sequencing Project, http://evs.
gs.washington.edu/EVS/
Online Mendelian Inheritance in Man�, http://www.omim.org/
Picard tool, https://broadinstitute.github.io/picard
Polymorphism Phenotyping v2 (PolyPhen-2), http://genetics.bwh.harvard.edu/
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positions of 47,600,000 and 59,200,000 on chromosome 1 (box).
FOXD2 (forkhead box D2) resides here. (B) Chromatograms of the
missense variant NM_004474.4:c.628 A>G), p.(Met210Val) observed
in FOXD2. Affected individuals carried the variant homozygously,
whereas the healthy parents were heterozygous for the variant. The
unaffected sibling had a wild-type sequence.
Supplementary Figure S3. (A) Reverse transcription polymerase
chain reaction and cDNA synthesis confirm the absence of Foxd2
(forkhead box D2) transcript in homozygous (hom) knockout (KO)
animals. (B) Decreased viability in hom Foxd2 KO newborns. Pie charts
representing different genotype proportions. The “expected”
genotype percentages are those anticipated according to Mendelian
distribution after double heterozygous (het) mating. The “born
offspring” genotype proportions show the genotype proportions
determined in pups born from such mating, and the “viable offspring”
show the genotype percentages in offspring that survived weaning.
Percentages were calculated by dividing the observed number of
pups with the respective genotype by the total number of offspring
(n ¼ 143 born; n ¼ 116 weaned) that was genotyped multiplied by
100. wt, wild type.
Supplementary Figure S4. Other histopathological renal alterations
in 16-week-old mice. (A) Representative images of periodic acid–
Schiff (PAS) staining of a wild-type (wt) mouse and a Foxd2 (forkhead
box D2) homozygous knockout (KO) mouse. No alterations such as
thickening of the glomerular and tubular basement membrane or
increased proliferation of mesangial cells or Bowman’s capsule are
observed. (B) Hematoxylin and eosin (H&E) staining shows mild and
focal alterations found only in homozygous KO mice. From left to
right: examples of tubular basophilia, hyaline intratubular cast, and
presence of clear vacuoles (arrows) in the renal tubular epithelium.
Supplementary Figure S5. (A) Foxd2 (forkhead box D2) homozygous
knockout (KO) increases cortical cytokeratin 8 (CK8) expression. Foxd2
homozygous KO mice show highly increased CK8 expression. Data
are expressed as mean � SD. Two-sample t test, ***P < 0.001.
Representative examples of tissue image analysis CK8 staining of the
renal cortex. Overview of (B) kidney with the marked cortex, section
wild-type (C) preanalysis and (D) postanalysis, and homozygous KO
mice (E) preanalysis and (F) postanalysis. Yellow indicates marked
region; red, positive cells; blue, negative cells; and brown, CK8 H-DAB
immunohistochemistry.
Supplementary Figure S6. Foxd2 (forkhead box D2) homozygous
(hom) knockout (KO) causes hypoactivity and hypoexploration in a
novel mildly stressful environment. Foxd2 hom KO mice show clear
(A) hypoactivity (decreased distance traveled) and (B)
hypoexploration (decreased rearing) during the 20-minute open field
test compared with wild-type (wt) controls at 8 weeks. Data are
expressed as mean � SD. ***P < 0.001, genotype effect in 2-way
analysis of variance.
Supplementary Figure S7. (A) Illustration of Foxd2 (forkhead box
D2) protein showing Foxd2mutant clone F7. (B) Amino acid sequence
of human wild-type (WT) FOXD2 (NP_004465.3), human mutant
FOXD2 p.(Gly264Argfs*228), mouse WT Foxd2 (NP_032619.1), and
mouse Foxd2 clone F7.
Supplementary Figure S8. Transcriptome analysis results of Foxd2
(forkhead box D2) mutant cells versus controls. (A) Heatmap Gene
Ontology term kidney morphogenesis. (B) Heatmap Gene Ontology
term mitogen-activated protein kinase (MAPK) signaling. (C) Quanti-
tative polymerase chain reaction (PCR). Confirmation of the selected
genes of interest from transcriptomics in all 4 different clones versus
control cells using real-time PCR analysis (y axis: log 2 relative
expression values [Log2RQ]). In agreement with RNA sequencing re-
sults, we could not detect differences in Foxd1 gene expression;
however, they confirmed downregulation of Fgfr2, Wnt4, Fat2, and
862
Pax2 and upregulation of Eya1 and Fat4 in Foxd2 mutant versus
control cells. Data shown for n ¼ 1 biological experiment. Error bars
indicate the SD of technical duplicates.
Supplementary Figure S9. (A) Pearson correlation of quantitative
polymerase chain reaction (qPCR) validated genes showing a highly
significant correlation with the relative expression levels determined
by RNA sequencing (Pearson R ¼ 0.8955; P < 0.0001). (B) qPCR
validation of the selected genes of interest found to be differentially
regulated by transcriptomics (y axis: log 2 relative expression values
[Log2RQ]; see also Figure 6 in the main text).
Supplementary Figure S10. (A) Schematic overview of the CMUB-1
Matrigel culture. Cell culture medium from mk3 Foxd2 (forkhead box
D2) mutant or wild-type cells was concentrated by centrifugation
and added to wild-type CMUB-1 cells in Matrigel on day 0 (“condi-
tioned medium”). Normal (nonconditioned) medium containing
additional GDNF and FGF1 served as a positive control. Differenti-
ation of CMUB-1 cells into 3-dimensional (3D) tubuloids was visu-
alized by fluorescence microscopy. Graphics created with
BioRender.com. (B–E) Confocal images of 3D CMUB-1 cell culture
shows formation of different types of 3D structures after 7 days of
differentiation. A graphical abstract of structure types is presented
in (G). Immunofluorescence was performed using the cell surface
marker Na/K adenosine triphosphatase (Na/K-ATPase) or b-catenin
(both in green), cytoskeleton marker F-actin (red), and nucleus
marker 4ʹ,6-diamidino-2-phenylindole (DAPI; blue). Bar ¼ 30 mm. (B)
CMUB-1 cells under addition of GDNF/FGF1 (positive control). (i)
Confocal overview image displaying different ureteric bud tubuloid
types. The arrow indicates outgrowing tubule. The cross indicates
lumen. (ii) Tubule with lumen (cross). (iii) The arrows mark round
cyst with budding (top) and elongation (right). (C) Negative control,
CMUB-1 cells plus normal culture medium barely showed tubule
formation. (i) Overview image. (ii) Round cyst with lumen (cross). (D)
Addition of wild-type conditioned medium resulted in tubule for-
mation similar to what we observed upon addition of GDNF- and
FGF-treated medium. (i) Overview image showing a tubule with
elongation (arrow). (ii) Tubule with continuous lumen (cross)
developed. (iii) Structures with several elongations (arrow) was
observed. (E) Conditioned medium from Foxd2mutant cells resulted
in reduced tubulogenesis and budding/elongation as compared
with wild-type conditioned medium. (i) Overview image. (ii) Close-
up of a cyst with lumen (cross) typically seen in ureteric bud culture
plus mutant conditioned medium. (F) Statistical analysis of structure
types observed. The positive control GDNF/FGF1 showed signifi-
cantly increased tubule formation as well as elongations/buddings
and protuberances compared with negative control and both
mutant conditioned media. Negative control (normal medium) as
well as both mutant conditioned media resulted in the formation of
cysts/spheroids without signs of budding or elongation, while wild-
type conditioned medium showed a significant increase in tubulo-
genesis, elongations/buddings, and protuberance formations
compared with both mutant conditioned media and negative
control. n ¼ 3 independent experiments. Per experiment, 94 to 102
structures were counted. For P-value calculation, an unpaired Stu-
dent t test was conducted. *P < 0.05. (G) Graphical description and
definition of structures seen in ureteric bud 3D culture. (H) Diameter
of structures of each condition was analyzed. GDNF/FGF1 treatment
resulted in diameters of w50 mm, reflecting a collecting tubule
diameter. Nonconditioned and mutant conditioned media resulted
in diameters of w25 mm, while wild-type conditioned medium
resulted in diameters of w35 mm. n ¼ 2 independent experiments.
Per experiment, 94 to 101 structures were counted. An unpaired
Student t test was performed to analyze P value. *P < 0.05, ***P <
0.001, ****P < 0.0001. ns, not significant.
Kidney International (2024) 105, 844–864
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Supplementary References.
Supplementary Table S2. List of filtered candidate variants detected
with exome sequencing in the index individual (II-1) of family 2.
Supplementary Table S3. Additional variants reported on next-
generation sequencing in the index case of family 3.
Supplementary Table S4. Online in silico analysis tools used for
evaluating protein stability changes on the p.(Met210Val) and
p.(Met210Arg) missense variants in FOXD2 (forkhead box D2), and
Gibbs free energy calculation results. INPS-3D and DynaMut2: DDG <

0 is destabilizing; DDG > 0 is stabilizing PremPS and FoldX: DDG >
0 is destabilizing; DDG < 0 is stabilizing.
Supplementary Table S6. (A,B) Histological parameters of the
examined kidneys. GM, glomeruli; H&E, hematoxylin and eosin; hom,
homozygous knockout; NAD, no alteration determined; wt, wild type.
Supplementary Table S7. Total distance traveled and total rearing
activity of wild-type (wt) control mice and heterozygous (het) and
homozygous (hom) Foxd2 (forkhead box D2) knockout mice.
Supplementary File (Excel)
Supplementary Table S1, Sheet 1. List of homozygous variants at
minor allele frequency (MAF) 1.0% detected with exome sequencing
in the index individual of family 1. Variants listed as “benign” or likely
“benign” in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) have been
deleted for the sake of clarity. Only intronic variants �20 bp to the
exon-intron boundary are shown.
Supplementary Table S1, Sheet 2. List of rare homozygous variants
detected with exome sequencing in the index individual of family 3.
Filters applied included homozygosity in the proband but not the
mother, absence from the gnomAD database, high or moderate
quality as determined by the automated pipeline, and variant type
that included missense, splice, or intronic variants.
Supplementary File (Excel)
Supplementary Table S5. Summary statistics of fine-mapped urinary
albumin-to-creatinine ratio (UACR)–associated variants
at FOXD2 (forkhead box D2) locus in the UK Biobank and CKDGen
Consortium.
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