
Variants in ALX4 and their association with genitourinary 
defects

Ching H. Chen1, Juan C. Bournat1, Nathan Wilken1,2, Jill A. Rosenfeld3,4, Jason Zhang1, 
Abhishek Seth1,2,5, Carolina J. Jorgez1,2,5

1Center for Reproductive Medicine, Baylor College of Medicine, Houston, TX, USA

2Department of Urology, Baylor College of Medicine, Houston, TX, USA

3Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX, USA

4Baylor Genetics Laboratories, Baylor College of Medicine, Houston, TX, USA

5Division of Urology, Department of Surgery, Texas Children’s Hospital, Houston, TX, USA

Abstract

Background: Genitourinary anomalies occur in approximately 1% of humans, but in most 

cases, the cause is unknown. Aristaless-like homeobox 4 (ALX4) is an important homeodomain 

transcription factor. ALX4 mutations in humans and mouse have been associated with craniofacial 

defects and genitourinary anomalies such as cryptorchidism and epispadias.

Objectives: To investigate the presence and the functional impact of ALX4 variants in patients 

with genitourinary defects.

Materials and methods: Two separate patient cohorts were analyzed. One includes clinical 

exome-sequencing (ES) data from 7500 individuals. The other includes 52 ALX4 Sanger-

sequenced individuals with bladder exstrophy-epispadias complex (BEEC). Dual luciferase assays 

were conducted to investigate the functional transcriptional impact of ALX4 variants in HeLa cells 

and HEK293 cells.

Results: A total of 41 distinct ALX4 heterozygous missense variants were identified in the ES 

cohort with 15 variants present as recurrent in multiple patients. p.G369E and p.L373F were the 

only two present in individuals with genitourinary defects. A p.L373F heterozygous variant was 

also identified in one of the 52 individuals in the BEEC cohort. p.L373F and p.G369E were 

tested in vitro as both are considered damaging by MutationTaster, although only p.G369E was 

considered damaging by PolyPhen-2. p.L373F did not alter transcriptional activity in HeLa and 

HEK293 cells. p.G369E caused a significant 3.4- and 1.8-fold decrease in transcriptional activities 

relative to wild-type ALX4 in HEK293 and HeLa cells, respectively.
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Discussion and conclusions: Our study supports the idea that transcription factors like 

ALX4 could influence the normal development of the GU tract in humans as demonstrated in 

mouse models as ALX4 variant p.G369E (predicted pathogenic by multiple databases) affects 

ALX4 function in vitro. Variant p.L373F (predicted pathogenic by only MutationTaster) did not 

affect ALX4 function in vitro. Exon-sequence information and mouse genetics provide important 

insights into the complex mechanisms driving genitourinary defects allowing the association of 

transcriptional defects with congenital disorders.
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1 |  INTRODUCTION

At least 1% of human fetuses will have congenital anomalies affecting the genitourinary 

(GU) system.1 The frequency of reports of GU malformations has increased in recent 

decades.2 Advances have been made regarding the discovery of the genetic causes of GU 

defects, especially in upper malformations in which mutations in over 40 single genes cause 

kidney disease in 5%−20% of patients.3,4 Unfortunately, less is known about genetic causes 

of lower GU tract anomalies. Birth defects of the lower GU system affect the bladder, 

urethra, or genitalia and range from rare anomalies, such as bladder exstrophy-epispadias 

complex (BEEC), and prune belly syndrome to common ones such as hypospadias and 

cryptorchidism. A subset of these defects can be linked to environmental and hormonal 

signal perturbation.5–7 A small subset of genes has been established as important for 

the development of the lower GU tract.1,8–12 Although the common GU defects such as 

hypospadias and cryptorchidism are not life-threatening, they must be repaired surgically 

and can carry potential long-term sequelae such as infertility, cancer, and, possibly, because 

of underlying pleiotropic causes, an increased risk for neurodevelopmental disorders, 

including autism. Consequently, their etiology is an important subject of investigation.13–16

One of the most complex birth defects involving the lower GU tract is BEEC. BEEC ranges 

from the more severe phenotypes of cloacal exstrophy (CE) and classic bladder exstrophy 

(CBE) to the less severe phenotype of epispadias.17 Historically, BEEC malformations 

were fatal disorders, but advances in medical care have improved patient survival and 

quality of life.18 Transgenic mouse models serve as a useful tool for understanding the 

molecular mechanisms underlying complex diseases such as BEEC. Unfortunately, because 

of the severity of BEEC phenotypes, most mouse models are expected to be embryonic 

or perinatal lethal, and the association between gene defect and phenotype is difficult to 

establish. An example of such a mouse model of BEEC is the Tp63-null mouse that dies 

several hours after birth because of multiple anomalies that include absence of limb and 

craniofacial abnormalities.19 Several years after the report by Mills et al, it was reported that 

Tp63-null mice had features that mimic human BEEC.20 Epispadias has been described 

in mice homozygous for a targeted mutation of aristaless-like homeobox 4 (Alx4).21 

Most Alx4-null mice die at birth as the result of gastroschisis.22 Genetic and physical 

mapping identified Alx4 as the gene responsible for the Strong’s luxoid (Lst) phenotype 
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described in mutants mice.23 There are several Lst mouse lines that arose spontaneously or 

during mutagenesis screenings.24,25 The penetrance and the expressivity of the different Lst 
phenotypes are sensitive to genetic background, with homozygous mutant mice having a 

range of phenotypes that includes polydactyly of all four limbs, craniofacial defects, dorsal 

alopecia, weakness of the ventral body wall, open eyelids at birth, and, in males, anomalies 

of the phallus and cryptorchidism.26–29

Mutations in and/or deletions of ALX4 have been associated with several developmental 

disorders, such as autosomal dominant parietal foramina,30–34 autosomal recessive 

frontonasal dysplasia,35–37 craniosynostosis,38 and Potocki-Shaffer syndrome, which can 

include GU defects.30,39,40 As the mouse Alx4 phenotype involves GU defects ranging 

from common cryptorchidism to rare epispadias, and because these defects intersect with 

our interest in understanding the genetic basis of GU defects, variants in ALX4 were 

investigated in a cohort of individuals undergoing clinical exome sequencing (ES) as well 

as a different cohort of 52 children who presented with BEEC. As ALX4 is an important 

transcription factor, the transcriptional impact of two ALX4 variants was investigated in 

vitro using site-directed mutagenesis and luciferase reporter assays.

2 |  METHODS AND MATERIALS

2.1 |  Selection of study patients

This study was approved by and under the oversight of the Institutional Review Board of 

Baylor College of Medicine (BCM), Houston, TX. Two different patient populations were 

analyzed. One group included 52 patients with BEEC (11 with epispadias, 30 with CBE, and 

11 with CE). Subject data and specimens were obtained following informed consent by the 

subjects at Texas Children’s Hospital (TCH). Approved informed consents were obtained 

from the appropriate parents or legal guardians. A sample of blood was obtained at the time 

of consent when the patients underwent surgery. Saliva samples were collected from the 

parents. DNA was extracted from all samples using the Qiagen Puregene DNA extraction 

kit according to the manufacturer’s protocol.41 Data from the other cohort included ~ 7500 

individuals undergoing clinical ES at the Baylor Genetics (BG) Laboratory42 that were 

examined for all called variants in ALX4. The ES protocol, including library construction, 

exome capture by VCRome version 2.1, HiSeq next-generation sequencing, and data 

analysis, was developed by the Human Genome Sequencing Center at Baylor College 

of Medicine and adapted for the clinical test of ES.43,44 Individuals in this group have 

diverse clinical manifestations, most often including nervous system dysfunction such as 

developmental delay.42

2.2 |  SNV detection

From the cohort of 52 patients with BEEC, the 4 exons of ALX4 were PCR amplified and 

Sanger-sequenced. No other genetic information was available from these patients. For PCR 

reactions, 50 ng of gDNA was amplified using Phusion High-Fidelity PCR Master Mix 

with GC Buffer (NEB). After PCR, the product was purified using the ExoSAP-It kit (USB 

Scientific). Purified products were sequenced using Sanger sequencing combined with ABI 

3730xl DNA analyzers for capillary electrophoresis and fluorescent dye terminator detection 
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(GENEWIZ). Data were analyzed using Mutation Surveyor (SoftGenetics). Bioinformatics 

assessment to determine the potential pathogenicity of the mutation was performed 

using PolyPhen-2,45 SIFT-Provean,46 and MutationTaster.47 Primer sequences are indicated 

as follows: (a) Exon1F: cagagaaagaagagggggaga, (b) Exon1R: cgggaaaaacaaactccaag, 

(c) Exon2F: ggtgaagaggctcagattgg, (d) Exon2R: gtcgctctagttgggacagg, (e) Exon3F: 

gaacagtttgcactgcctga, (f) Exon3R: ggcctcccacactctggtat, (g) Exon4F: aacactcaagaggggcttca, 

(h) Exon4R: caggccaggttcctaagagg.

2.3 |  Site-directed mutagenesis

Human ALX4 plasmid ID HsCD00294887 was obtained from Harvard Medical School. The 

ALX4 open reading frame was subcloned into the expression vector pcDNA3.1 (Invitrogen) 

to generate the pcDNA3.1-ALX4 expression plasmid. The p.L373F and p.G369E single 

nucleotide variants in the pcDNA3.1-ALX4 expression plasmid were generated using the 

QuikChange Lighting Site-Directed Mutagenesis Kit (Agilent Technologies) following the 

manufacturer’s protocol. Mutations were validated through Sanger sequencing (GENEWIZ).

2.4 |  Luciferase assay

pGL3-P3-Luc was a generous gift from Dr Paul A. Hamel.48 Each variant of ALX4 was 

co-transfected with pGL3-P3-Luc and Renilla vectors (pRL-TK Promega) into human HeLa 

and HEK293 cells. A concentration of 500 ng of ALX4 construct DNA was used for 

each transfection. HeLa and HEK293 cells were seeded at 300000 cells/ well in 12-well 

plates and incubated overnight. Transfection mixtures were prepared in Opti-MEM (Thermo 

Fisher Scientific) using Lipofectamine 3000 (Thermo Fisher Scientific) per manufacturer’s 

instructions, and transfection was conducted per manufacturer’s protocols. As a positive 

control, we used pGL3-control plasmids (Promega), which provided high readings of 

luciferase activity, and all transfections were done in conjunction with a Renilla expression 

plasmid as an internal control. Cell lysates were collected 24 h post-transfection using 1X 

Passive Lysis Buffer, which was provided as a part of the Promega Dual-Glo Luciferase 

Assay Kit (Promega). Cell lysates were centrifuged, and the supernatants were utilized for 

reading. Luciferase activities were normalized to Renilla activities. The luciferase assays 

were conducted independently in triplicate and compiled. Promoter-less plasmid (pGL3-

Basic) and pRL-TK Renilla luciferase activities were not affected by any of the ALX4 
constructs (data not shown). The luciferase readings for mutated ALX4 were normalized 

for transfection efficiency, compared with the wild-type (WT) ALX4, and presented as 

normalized luciferase units. Each biological replicate has two technical replicates. These 

data were used to determine the statistical significance for each construct of the luciferase 

assays using GraphPad Prism ANOVA. The results were shown as the mean ± standard error 

of the mean (SEM).

3 |  RESULTS

3.1 |  ALX4 variants identified in patients with genitourinary (GU) tract defects

We surveyed variants in ALX4 among 7,500 individuals undergoing clinical ES.42 Most 

individuals in this group have indications of nervous system dysfunction, with only 350 

(4.7%) having an indication of lower GU tract defect [cryptorchidism or undescended testis 
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(207 cases), hypospadias (106 cases), micropenis (32 cases), genitalia defects (38 cases), 

sex reversal (two cases), urogenital defects (one case), epispadias (zero case), exstrophy 

(three cases), and cloacal abnormalities (six cases)]. Forty-one distinct missense single 

nucleotide variants (SNV) in ALX4 were identified in 228 individuals (3.0%) Figure 1. 

Twenty-six variants were identified in only one individual with 46.2% of these predicted 

to be pathogenic by PolyPhen-2. Seven of these variants were novel as they had not been 

reported in any database,however, as none of the individuals carrying these variants had a 

GU phenotype, they were not studied in vitro. The remaining 15 SNV seen more than once 

are shown in Table 1. With the exception of the two probands carrying the predicted benign 

p.Q111P variant, a subset of the probands carrying any of these 15 variants had part of 

their phenotypes explained by a variant or CNV in genes other than ALX4. Three variants 

were observed in individuals with genital anomalies (p.R63Q, p.G369E and p.L373F). 

p.R63Q was detected in six individuals, with only one having an unclear diagnosis of 

genital anomalies,however, it was not possible to determine the exact anomalies in this 

proband. Therefore, this variant was not investigated further. The other two SNVs (p.G369E 

and p.L373F) were present in at least 10 individuals, and both of them were considered 

damaging according to MutationTaster.47 However, only p.G369E was considered damaging 

when PolyPhen-2 was used. All individuals with these SNVs had phenotype information 

available that is indicated in Tables 2 and 3. Although this study focused on SNVs, we 

noticed a deletion of 12 nucleotides (p.P105_Q109del) in 113 individuals, 10 of whom had 

a GU phenotype ranging from common to rare including ambiguous genitalia, BEEC, and 

urogenital sinus. This deletion was not further investigated because it is commonly reported, 

and GU abnormalities were not over-represented among carriers.

As Alx4-mutant mice had epispadias, the four exons of ALX4 were sequenced in patients 

with BEEC defects: 11 with epispadias, 30 with CBE, and 11 with CE. Sanger sequencing 

identified two synonymous (p.L293L and p.A243A) and a de novo missense heterozygous 

variant p.L373F Figure 2A–C. The frequency of p.L373F is 223 of 281,712 alleles (MAF 

= 0.00079, including one homozygote) in a presumed healthy general population (gnomAD 

database) with a higher incidence in the African population (0.00820) followed by Latino 

population (0.00034). The frequency of p.L373F SNV in gnomAD in males (n = 76 531) 

compared with that in females (n = 64 325) is significantly lower (92 vs 131). In our ES 

population, we observed a higher number of males carrying this variant (nine of 14). This 

variant was also identified in three other databases with similar incidences Table 2. Of 

the 7500 individuals undergoing clinical ES, 14 (0.1% allele frequency) of them carried 

p.L373F with at least 5 of them being of African descent. The 14 individuals presented a 

diverse range of phenotypes, with 9 of them having phenotypes observed in Alx4 mutant 

mice and two of them having genitalia defects Table 2. Chi-square testing indicates that 

the presence of this variant was not significantly different in our ES cohort from that in 

the gnomAD database (P = .6506). Of the two boys with lower genital defects, one of 

them has cryptorchidism and the other has sex reversal associated with androgen deficiency. 

The percentage of boys with cryptorchidism carrying this variant in the ES database was 

small (1/207, 0.5%). The frequency of cryptorchidism among carriers of p.L373F was not 

enriched, as compared with the ES cohort as a whole (P = .8545).
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A heterozygous p.G369E variant was identified in 10 (five males and five females) of the 

7500 individuals undergoing ES (0.07% allele frequency), with one of them having GU 

defects Table 3. This variant was not seen in dbSNP or the 1000 Genomes database. In 

gnomAD, the allele count for p.G369E was 155 of 281 568 total alleles (MAF = 0.00055, 

no homozygotes), mostly seen in female 106 (68.4%). The incidence of this heterozygous 

variant in females (n = 64 271) in the general population is significantly different (P < .0001) 

from that in males (n = 76 513)-. p.G369E is predicted to be damaging by PolyPhen-2 (score 

of 0.960 in HumVar and 0.998 in HumDiv), SIFT, and MutationTaster. Sanger sequencing of 

the fetus with micropenis in the ES cohort indicates that this variant is maternally inherited 

Figure 2D–F. The incidence of micropenis in the general population is 1.5:10.000,49 and one 

of the 32 boys (3.1%) with micropenis in the ES database carries this variant. Chi-square 

testing based on the presumed healthy individuals in the gnomAD database indicated that 

p.G369E was not significantly different in our ES cohort from that in the control databases 

(P = .6807). However, the frequency of micropenis among carriers of p.G369E was greater 

than the frequency in the ES cohort as a whole (P = .0291).

3.1.1 |  Variant p.G369E has loss of transcriptional activity—ALX4 is a 

homeodomain protein that can bind with palindromic repeats of a consensus monomer 

binding sequence (5’TAAT3’) separated by a variable number of nucleotides. ALX4’s 

highest affinity is toward palindromic DNA sequences, composed of two inverted TAAT 

half sites and separated by a 3-basepair nucleotide spacer, TAATnnnATTA, called the P3 

binding element.38,48,50 ALX4-P3 reporter assays have been used to test the pathogenicity 

of different ALX4 variants (p.V7F, p.K211E, and p.P306L).38 To study the functional 

consequences of p.L373F and p.G369E, these mutations were introduced in a mammalian 

expression vector that contained human ALX4 cDNA under the control of a CMV promoter 

(pcDNA3.1-ALX4). Each of these vectors was co-transfected with a reporter vector (pGL3-

P3-Luc), which contains a P3 responsive element (ALX4-binding element) controlling the 

expression of the firefly luciferase reporter gene. The transcriptional activity of p.L373F 

and p.G369E was measured and assessed in two different cell types previously used to test 

ALX4 expression and function.50,51 p.G369E exhibited a 3.4- (P < .0001) and 1.8-fold (P 
< .01) decrease in transcriptional activities relative to controls in HEK293 and HeLa cells, 

respectively Figure 3. The p.L373F variant did not alter transcriptional efficiency in either 

cell type (P > .05) when compared with control.

4 |  DISCUSSION

ALX4 is an important developmental homeobox gene composed of 4 exons with a 

highly conserved carboxy-terminal regionFigure 1D.31 ALX4 variants inside and outside 

the homeobox region are associated with disease. Variants causing parietal foramina are 

present in both inside (p.Q246X, p.R216Q, p.R218Q, p.R272P, p.S207X, p.R216G) and 

outside the homeobox region (p.Q140X).31,32,34,38 p.V7F and p.K211E associated with 

craniosynostosis and outside the homeobox region have been shown in vitro to have a gain-

of-function effect that could be because of loss of interaction of ALX4 with its upstream 

repressor TWIST1.38 In silico prediction tools have high sensitivity but low specificity.52–54 

A study using PolyPhen2 in 2,314 TP53 missense variants indicated that from the variants 
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predicted to be deleterious, only 58% were true-positive, but of the variants predicted to 

be benign, 96% were true-negative.52 As the incidence of true-negative variants is very 

high when PolyPhen2 is used, the in vitro function of only one predicted benign variant 

(p.L373F) was tested. p.L373F was selected because despite being predicted as benign by 

PolyPhen2, it was predicted to be damaging by MutationTaster, and it was identified de 

novo in a boy with epispadias. As predicted by PolyPhen2, p.L373F did not affect ALX4 
DNA-binding and transcriptional activity of ALX4. However, p.L373F may still affect 

additional ALX4 functions such as interactions with other proteins, and only future in vivo 

experiments will be able to prove the pathogenicity of this variant.

The predicted pathogenic variant, p.P306L (which was seen in multiple individuals in our 

ES cohort, but in none noted to have GU defects), was tested in vitro by a different 

group of investigators and showed no effect.38 We tested the predicted pathogenic variant, 

p.G369E, and found a decrease in luciferase activity, suggesting that this variant could 

affect the transcriptional activity of ALX4. The only individual carrying ALX4 p.G369E 

with a genital defect (micropenis) was a fetus. It is unknown if this proband had additional 

penile or genital defects,however, anomalies observed in Alx4-deficient mice were also 

present (skeletal abnormalities, mild platyspondyly, fifth finger clinodactyly, bilateral 

club feet, mild brachycephaly, hypotelorism, and cleft lip/palate). In addition, the fetus 

exhibited kidney abnormalities. Three additional individuals carrying p.G369E had kidney 

and ureter abnormalities Table 3. This variant is rare with a low incidence in gnomAD 

(MAF = 0.00055), especially in females (68.4%). The fetus with micropenis inherited the 

variant p.G369E from his mother. Defects of genitalia are common in males (1:200 for 

hypospadias), but uncommon in females (1:448 000 for epispadias in females),55 suggesting 

that p.G369E could be associated with defects of genitalia, but as such defects are not 

common in females, the defect is less frequently reported.

ALX4 p.V7F and p.K211E were inherited from a presumably unaffected parent.38 Some 

ALX4 variants considered disease-associated (p.R216Q, p.R218Q, p.S207X, p.V7F, and 

p.K211E) are present in presumed healthy individuals in the gnomAD, Go-ESP, TOPMed, 

and/or 1000-genomes databases, suggesting an incomplete penetrance of the phenotypes 

caused by ALX4 variants or perhaps the existence of undiagnosed patients, probably 

because of mild symptoms. The pLI score (probability of loss-of-function intolerance) 

for ALX4 is not indicative of intolerance to loss of function (0.36), although the observed/

expected (o/e) ratio is low (0.23, 90% CI 0.11–0.52), supporting some selection against loss-

of-function variants. Some of these variants, such as heterozygous p.R272P that disrupts 

DNA binding, are autosomal dominant.31 Others, like p.Q225E, are considered autosomal 

recessive.36 Novel homozygous ALX4p. Q98Sfs*83 was present in two unrelated boys with 

frontonasal dysplasia type-2 and monorchism. One of the boys inherited the variant from his 

heterozygous father who had a unilateral atrophic testis indicating possible pathogenicity of 

the variant in a heterozygous state.37 The mode of inheritance of ALX4 variant seems to 

be complex. In some cases, is it autosomal recessive, in others autosomal dominant, and in 

others could be polygenic.

The variant p.G691S in the RET gene is a common polymorphism (allele frequency of 20% 

in dbSNP database) associated with VUR. However, in conjunction with variants p.R982C 
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in RET or p.R93W in GDNF, it is associated with severe renal defects demonstrating 

that RET p.G691S alone has a mild or moderate effect but modulates the penetrance of 

other variants to cause a severe defect.56,57 Similar to the RET variant, ALX4 missense 

variants could act as a modifier. In the heterozygous state, sufficient ALX4 functionality 

could remain so that carriers will not always manifest an abnormal GU phenotype, but 

when combined with other variants and/or genetic backgrounds (multifactorial inheritance), 

result in occurrence of an abnormal GU phenotype. Therefore, GU birth defects could 

be multifactorial, and the observed ALX4 variants are low-penetrance mutations that in 

a heterozygous state predispose individuals to, but do not cause, GU malformations by 

themselves. The incomplete penetrance for ALX4-associated phenotypes is supported by 

animal data.22 Even though 98% of Alx4 null mice lack ventral abdominal wall musculature 

and die, 2% of Alx4 null mice survive because the ventral body wall defect is small enough 

to heal spontaneously.22 This suggests variable expressivity of the phenotype and could be 

the reason for the diversity of phenotypes observed in our patients. Many of the described 

copy number variants and mutations related to GU defects and BEEC are rare and in some 

cases inherited from a supposedly healthy parent.11,57,58 Similar low-penetrance mutations 

have been observed in other candidate genes for BEEC, such as TP63.59 The increasing 

use of ES as well as copy number variants information continues to provide insights 

into the disorders of transcriptional regulation. Such insights have contributed significantly 

in our understanding of the etiologies of malformation syndromes caused by defects in 

transcription factor. In conclusion, our work supports the idea that transcription factors like 

ALX4 could influence the normal development of the GU tract in humans as demonstrated 

in mouse models.

ACKNOWLEDGMENTS

This study was supported in part by the NIH Multidisciplinary K12 Urologic Research (KURe) Career 
Development Program K12DK0083014. We would like to thank the patients and their families for their cooperation 
and for allowing us to share their information. We would like to thank Carolyn Schum for helpful editing of 
the manuscript and Dr Xia Fan for helpful revision of the manuscript and performing Sanger sequencing in the 
ES patients. The authors would like to thank the Genome Aggregation Database (gnomAD) and the groups that 
provided exome and genome variant data to this resource. A full list of contributing groups can be found at 
https://gnomad.broadinstitute.org/about.

Funding information

National Institute of Digestive Diseases and Kidney, Grant/Award Number: K12DK0083014

CONFLICT OF INTERESTS

The Department of Molecular and Human Genetics at Baylor College of Medicine receives revenue from clinical 
genetic testing conducted at Baylor Genetics Laboratory.

REFERENCES

1. Rasouly HM, Lu W. Lower urinary tract development and disease. Wiley Interdiscip Rev Syst Biol 
Med. 2013;5:307–342. [PubMed: 23408557] 

2. Gallentine ML, Morey AF, Thompson IM Jr. Hypospadias: a contemporary epidemiologic 
assessment. Urology. 2001;57:788–790. [PubMed: 11306407] 

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. 2018;29:36–50. [PubMed: 
29079659] 

Chen et al. Page 8

Andrology. Author manuscript; available in PMC 2023 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://gnomad.broadinstitute.org/about


4. Verbitsky M, Westland R, Perez A, et al. The copy number variation landscape of congenital 
anomalies of the kidney and urinary tract. Nat Genet. 2019;51:117–127. [PubMed: 30578417] 

5. Reutter H, Qi L, Gearhart JP, et al. Concordance analyses of twins with bladder exstrophy-
epispadias complex suggest genetic etiology. Am J Med Genet A. 2007;143A:2751–2756. 
[PubMed: 17937426] 

6. Bonde JP, Flachs EM, Rimborg S, et al. The epidemiologic evidence linking prenatal and postnatal 
exposure to endocrine disrupting chemicals with male reproductive disorders: a systematic review 
and meta-analysis. Hum Reprod Update. 2016;23:104–125. [PubMed: 27655588] 

7. Sheth KR, Kovar E, White JT, et al. Hypospadias risk is increased with maternal residential 
exposure to hormonally active hazardous air pollutants. Birth Defects Res. 2019;111(7):345–352. 
[PubMed: 30694020] 

8. Carmichael SL, Ma C, Choudhry S, Lammer EJ, Witte JS, Shaw GM. Hypospadias and genes 
related to genital tubercle and early urethral development. J Urol. 2013;190:1884–1892. [PubMed: 
23727413] 

9. Geller F, Feenstra B, Carstensen L, et al. Genome-wide association analyses identify variants 
in developmental genes associated with hypospadias. Nat Genet. 2014;46:957–963. [PubMed: 
25108383] 

10. Jorgez CJ, Rosenfeld JA, Wilken NR, et al. Genitourinary defects associated with genomic 
deletions in 2p15 encompassing OTX1. PLoS One. 2014;9:e107028. [PubMed: 25203062] 

11. Reutter H, Keppler-Noreuil K, Keegan C, Thiele H, Yamada G, Ludwig M. Genetics of Bladder-
Exstrophy-Epispadias Complex (BEEC): systematic elucidation of Mendelian and multifactorial 
phenotypes. Curr Genom. 2016;17:4–13.

12. von Lowtzow C, Hofmann A, Zhang R, et al. CNV analysis in 169 patients with bladder exstrophy-
epispadias complex. BMC Med Genet. 2016;17:35. [PubMed: 27138190] 

13. Kollin C, Ritzen EM. Cryptorchidism: a clinical perspective. Pediatr Endocrinol Rev. 
2014;11(Suppl 2):240–250. [PubMed: 24683948] 

14. Butwicka A, Lichtenstein P, Landen M, et al. Hypospadias and increased risk for 
neurodevelopmental disorders. J Child Psychol Psychiatry. 2015;56:155–161. [PubMed: 
25048198] 

15. Nissen KB, Udesen A, Garne E. Hypospadias: Prevalence, birth-weight and associated major 
congenital anomalies. Congen Anomal. 2015;55:37–41.

16. Rotem RS, Chodick G, Davidovitch M, Hauser R, Coull BA, Weisskopf MG. Congenital 
abnormalities of the male reproductive system and risk of autism spectrum disorders. Am J 
Epidemiol. 2018;187:656–663. [PubMed: 29452340] 

17. Tourchi A, Inouye BM, Di Carlo HN, Young E, Ko J, Gearhart JP. New advances in the 
pathophysiologic and radiologic basis of the exstrophy spectrum. J Pediatr Urol. 2014;10:212–218. 
[PubMed: 24461194] 

18. Borer JG, Vasquez E, Canning DA, Kryger JV, Mitchell ME. An initial report of a novel 
multi-institutional bladder exstrophy consortium: a collaboration focused on primary surgery and 
subsequent care. J Urol. 2015;193:1802–1807. [PubMed: 25813562] 

19. Mills AA, Zheng B, Wang XJ, Vogel H, Roop DR, Bradley A. p63 is a p53 homologue required for 
limb and epidermal morphogenesis. Nature. 1999;398:708–713. [PubMed: 10227293] 

20. Cheng W, Jacobs WB, Zhang JJ, et al. DeltaNp63 plays an anti-apoptotic role in ventral bladder 
development. Development. 2006;133:4783–4792. [PubMed: 17079275] 

21. Matsumaru D, Haraguchi R, Moon AM, et al. Genetic analysis of the role of Alx4 in the 
coordination of lower body and external genitalia formation. Eur J Hum Genet. 2014;22:350–357. 
[PubMed: 23942202] 

22. Qu S, Niswender KD, Ji Q, et al. Polydactyly and ectopic ZPA formation in Alx-4 mutant mice. 
Development. 1997;124:3999–4008. [PubMed: 9374397] 

23. Qu S, Tucker SC, Ehrlich JS, et al. Mutations in mouse Aristaless-like4 cause Strong’s luxoid 
polydactyly. Development. 1998;125:2711–2721. [PubMed: 9636085] 

24. Kienle M, Strong LC. Hematological studies of anemia in luxoid mice of a polydactylous descent: 
blood studies on mice of several strains. Blut. 1959;5:335–343. [PubMed: 14408995] 

Chen et al. Page 9

Andrology. Author manuscript; available in PMC 2023 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Palmer K, Fairfield H, Borgeia S, et al. Discovery and characterization of spontaneous mouse 
models of craniofacial dysmorphology. Dev Biol. 2016;415:216–227. [PubMed: 26234751] 

26. Forsthoefel PF. Genetics and manifold effects of Strong’s luxoid gene in the mouse, including 
its interactions with Green’s luxoid and Carter’s luxate genes. J Morphol. 1962;110:391–420. 
[PubMed: 13894155] 

27. Forsthoefel PF. The embryological development of the effects of strong’s luxoid gene in the mouse. 
J Morphol. 1963;113:427–451. [PubMed: 14079603] 

28. Forsthoefel PF, Forsthoefel PF. Responses to selection for plus and minus modifiers of some effects 
of Strong’s luxoid gene on the mouse skeleton. Teratology. 1968;1:339–351. [PubMed: 5759552] 

29. Curtain M, Heffner CS, Maddox DM, Gudis P, Donahue LR, Murray SA. A novel allele of 
Alx4 results in reduced Fgf10 expression and failure of eyelid fusion in mice. Mamm Genome. 
2015;26:173–180. [PubMed: 25673119] 

30. Wu YQ, Badano JL, McCaskill C, Vogel H, Potocki L, Shaffer LG. Haploinsufficiency of ALX4 
as a potential cause of parietal foramina in the 11p11.2 contiguous gene-deletion syndrome. Am J 
Human Genet. 2000;67:1327–1332. [PubMed: 11017806] 

31. Wuyts W, Cleiren E, Homfray T, Rasore-Quartino A, Vanhoenacker F, Van Hul W. The ALX4 
homeobox gene is mutated in patients with ossification defects of the skull (foramina parietalia 
permagna, OMIM 168500). J Med Genet. 2000;37:916–920. [PubMed: 11106354] 

32. Mavrogiannis LA, Antonopoulou I, Baxova A, et al. Haploinsufficiency of the human homeobox 
gene ALX4 causes skull ossification defects. Nat Genet. 2001;27:17–18. [PubMed: 11137991] 

33. Bertola DR, Rodrigues MG, Quaio CR, Kim CA, Passos-Bueno MR. Vertical transmission of a 
frontonasal phenotype caused by a novel ALX4 mutation. Am J Med Genet A. 2013;161A:600–
604. [PubMed: 23401352] 

34. Altunoglu U, Satkin B, Uyguner ZO, Kayserili H. Mild nasal clefting may be predictive for ALX4 
heterozygotes. Am J Med Genet A. 2014;164A:2054–2058. [PubMed: 24764194] 

35. Kayserili H, Uz E, Niessen C, et al. ALX4 dysfunction disrupts craniofacial and epidermal 
development. Hum Mol Genet. 2009;18:4357–4366. [PubMed: 19692347] 

36. Kayserili H, Altunoglu U, Ozgur H, Basaran S, Uyguner ZO. Mild nasal malformations and 
parietal foramina caused by homozygous ALX4 mutations. Am J Med Genet A. 2012;158A:236–
244. [PubMed: 22140057] 

37. El-Ruby M, El-Din Fayez A, El-Dessouky SH, et al. Identification of a novel homozygous 
ALX4 mutation in two unrelated patients with frontonasal dysplasia type-2. Am J Med Genet A. 
2018;176:1190–1194. [PubMed: 29681084] 

38. Yagnik G, Ghuman A, Kim S, et al. ALX4 gain-of-function mutations in nonsyndromic 
craniosynostosis. Hum Mutat. 2012;33:1626–1629. [PubMed: 22829454] 

39. Hall CR, Wu Y, Shaffer LG, Hecht JT. Familial case of Potocki-Shaffer syndrome associated with 
microdeletion of EXT2 and ALX4. Clin Genet. 2001;60:356–359. [PubMed: 11903336] 

40. Ferrarini A, Gaillard M, Guerry F, et al. Potocki-Shaffer deletion encompassing ALX4 in a 
patient with frontonasal dysplasia phenotype. Am J Med Genet A. 2014;164A:346–352. [PubMed: 
24376213] 

41. Jorgez CJ, Weedin JW, Sahin A, et al. Aberrations in Pseudoautosomal Regions (PARs) found in 
infertile men with Y-chromosome microdeletions. J Clin Endocrinol Metab. 2011;94:674–679.

42. Yang Y, Muzny DM, Xia F, et al. Molecular findings among patients referred for clinical whole-
exome sequencing. JAMA. 2014;312:1870–1879. [PubMed: 25326635] 

43. Bainbridge MN, Wang M, Wu Y, et al. Targeted enrichment beyond the consensus coding 
DNA sequence exome reveals exons with higher variant densities. Genome Biol. 2011;12:R68. 
[PubMed: 21787409] 

44. Reid JG, Carroll A, Veeraraghavan N, et al. Launching genomics into the cloud: deployment 
of Mercury, a next generation sequence analysis pipeline. BMC Bioinformatics. 2014;15:30. 
[PubMed: 24475911] 

45. Adzhubei IA, Schmidt S, Peshkin L, et al. A method and server for predicting damaging missense 
mutations. Nat Methods. 2010;7:248–249. [PubMed: 20354512] 

46. Choi Y, Chan AP. PROVEAN web server: a tool to predict the functional effect of amino acid 
substitutions and indels. Bioinformatics. 2015;31:2745–2747. [PubMed: 25851949] 

Chen et al. Page 10

Andrology. Author manuscript; available in PMC 2023 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



47. Schwarz JM, Rodelsperger C, Schuelke M, Seelow D. MutationTaster evaluates disease-causing 
potential of sequence alterations. Nat Methods. 2010;7:575–576. [PubMed: 20676075] 

48. Hudson R, Taniguchi-Sidle A, Boras K, Wiggan O, Hamel PA. Alx-4, a transcriptional 
activator whose expression is restricted to sites of epithelial-mesenchymal interactions. Dev Dyn. 
1998;213:159–169. [PubMed: 9786416] 

49. Nelson CP, Park JM, Wan J, Bloom DA, Dunn RL, Wei JT. The increasing incidence of congenital 
penile anomalies in the United States. J Urol. 2005;174:1573–1576. [PubMed: 16148654] 

50. Qu S, Tucker SC, Zhao Q, de Crombrugghe B, Wisdom R. Physical and genetic interactions 
between Alx4 and Cart1. Development. 1999;126:359–369. [PubMed: 9847249] 

51. Ghasemvand F, Nezafat N, Hesami Tackallou S, Momenzadeh D, Rahmanzadeh S. Differential 
expression of aristaless-like homeobox 4: a potential marker for gastric adenocarcinoma. 
Gastroenterol Hepatol Bed Bench. 2016;9:286–294. [PubMed: 27895854] 

52. Miosge LA, Field MA, Sontani Y, et al. Comparison of predicted and actual consequences of 
missense mutations. Proc Natl Acad Sci USA. 2015;112:E5189–5198. [PubMed: 26269570] 

53. Schiemann AH, Stowell KM. Comparison of pathogenicity prediction tools on missense variants in 
RYR1 and CACNA1S associated with malignant hyperthermia. Br J Anaesth. 2016;117:124–128. 
[PubMed: 27147545] 

54. Gallion J, Koire A, Katsonis P, Schoenegge AM, Bouvier M, Lichtarge O. Predicting phenotype 
from genotype: Improving accuracy through more robust experimental and computational 
modeling. Hum Mutat. 2017;38:569–580. [PubMed: 28230923] 

55. Tantibhedhyangkul J, Copland SD, Haqq AM, Price TM. A case of female epispadias. Fertil Steril. 
2008;90(2017):e2011–2013.

56. Yang Y, Houle AM, Letendre J, Richter A. RET Gly691Ser mutation is associated with primary 
vesicoureteral reflux in the French-Canadian population from Quebec. Hum Mutat. 2008;29:695–
702. [PubMed: 18273880] 

57. Chatterjee R, Ramos E, Hoffman M, 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. 2012;131:1725–1738. [PubMed: 
22729463] 

58. Weber S, Taylor JC, Winyard P, et al. SIX2 and BMP4 mutations associate with anomalous kidney 
development. J Am Soc Nephrol. 2008;19:891–903. [PubMed: 18305125] 

59. Ching BJ, Wittler L, Proske J, et al. p63 (TP73L) a key player in embryonic urogenital 
development with significant dysregulation in human bladder exstrophy tissue. Int J Mol Med. 
2010;26:861–867. [PubMed: 21042780] 

Chen et al. Page 11

Andrology. Author manuscript; available in PMC 2023 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. 
Workflow of analysis of missense single nucleotide variants (SNV) identified in ALX4 in 

a database of 7500 ES clinical cases and a cohort of 52 probands with BEEC. Variants 

in black had been reported in gnomAD, and the ones in red are not present in gnomAD. 

Variants from ES were classified according to presence in only one proband (A) or more 

than one proband (B). In addition, variants were classified on the basis of PolyPhen2 

prediction as benign (green boxes) or damaging (orange boxes). Variants present in patients 

with specified lower GU defects (pink boxes) were selected for in vitro testing. (C) Sanger 
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sequencing of individuals with BEEC. (D) SNV in the 4 ALX4 exons tested in vitro by 

our group as well as Yagnik et al38 Gain of function (GoF) and loss of function (LoF) are 

indicated
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FIGURE 2. 
A de novo SNV p.L373F and a maternally inherited p.G369E were identified in boys with 

genitourinary defects. Chromatogram indicating (A) mother of epispadic boy with a C 

nucleotide in position 1117. (B) Boy with epispadias with a T nucleotide together with a 

C nucleotide in position 1117. (C) Father of epispadic boy with a C nucleotide in position 

1117. (D) Mother of boy with micropenis with an A nucleotide together with a G nucleotide 

in position 1106. (E) Boy with micropenis with an A nucleotide together with a G nucleotide 

in position 1106. (F) Father of boy with micropenis with an G nucleotide in position 1106
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FIGURE 3. 
Luciferase activities of ALX4 variants in HEK293 and HeLa cells. HEK293 (A) and HeLa 

cells (B) were transfected with ALX4 expression plasmids: wild-type (WT), p.G369E and 

p.L373F variants. From three independent experiments in each cell line, p.G369E displayed 

a loss of function (HEK293: **P < .001; HeLa: *P < .01), while p.L373F variant did 

not significantly alter transcriptional efficiency relative to WT ALX4 (P > .05). Renilla 

transfection was used as an internal transfection control. The results were shown as the mean 

± SEM
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