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Whole-exome sequencing study of hypospadias

Zhongzhong Chen,1,2,7,8,* Yunping Lei,3,7 Richard H. Finnell,3,4,7 Yu Ding,1,7 Zhixi Su,5 Yaping Wang,1 Hua Xie,1,*

and Fang Chen1,6,*

SUMMARY

Hypospadias results from the impaired urethral development, which is influenced
by androgens, but its genetic etiology is still unknown. Through whole exome
sequencing analysis, we identified NR5A1, SRD5A2, and AR as mutational hot-
spots in the etiology of severe hypospadias, as these genes are related to
androgen signaling. Additionally, rare damaging variants in cilia-related outer
dynein arm heavy chain (ODNAH) genes (DNAH5, DNAH8, DNAH9, DNAH11,
and DNAH17) (p = 8.5 3 10�47) were significantly enriched in hypospadias cases.
The Dnah8 KO mice exhibited significantly decreased testosterone levels, which
had an impact on urethral development and disrupted steroid biosynthesis. Com-
bined with trios data, transcriptomic, and phenotypical and proteomic character-
ization of amousemodel, ourwork links ciliary geneswith hypospadias. Overall, a
panel of ODNAH genes with rare damaging variants was identified in 24% of
hypospadias patients, providing significant insights into the underlying patho-
genesis of hypospadias as well as genetic counseling.

INTRODUCTION

Hypospadias is one of the most common male congenital disorders. It occurs in approximately 2 per 1,000

pregnancies which included live births, stillbirths, and elective terminations of pregnancy.1 The prevalence

has been increasing during the period of 1980–2010.1 The androgen-dependent signals have fundamental

roles in masculinization and are crucial for the developmental process of the external genitalia,2 which has

lifelong effects on the urinary function, fertility, and sexual health.3 The development of hypospadias is

influenced by androgens, specifically testosterone (T), and dihydrotestosterone (DHT).2 Testosterone is

themajor androgen4 and can be converted to DHT. Even with the recent advances in explaining the genetic

regulation of masculinization using genomic sequencing,2 the genetic etiology of hypospadias remains far

from fully understood.5

Hypospadias is considered to be a complex congenital disorder caused by multiple genetic and environ-

mental interacting factors.6 In studies of hypospadias in human cohorts, the majority of genetic investiga-

tions have either focused common variant analysis such as genome-wide association studies (GWASs) or

narrowly focused on known key genes in hypospadias cohorts.7,8 To date, hypospadias risk-associated

variants have been reported in populations of European descent using GWASs, explaining approximately

9.4% of the observed genetic variance.9,10 Recently, Kalfa and colleagues attempted to address the

‘‘missing heritability’’ in hypospadias using a targeted next-generation sequencing (NGS) panel including

336 genes.11 While their findings are informative, the ‘‘missing heritability’’ question was not completely ad-

dressed.5 Previous investigations demonstrated that missense and loss-of-function (LoF) variants are more

likely than other variant types to adversely affect protein function; therefore, they are consideredmore likely

to be causative thanother types of genetic variants.12 Rare damaging variants (LoF anddeleteriousmissense

variants), which dramatically alter protein sequences, may explain the unaccounted ‘‘missing heritability’’

not accounted for by GWAS analyses, and have been effectively used in identifying causal genes in birth

defect diseases, such as neural tube defects.13,14 These data suggest that the rare damaging variants

may contribute to the etiology of hypospadias in humans; however, there is a paucity of such data that

has been published on human hypospadias to date. A more extensive unbiased genetic approach sup-

ported by strong statistical evidence is needed to better understand the genetic etiology of hypospadias.5

Unlike most previous hypospadias studies that focused primarily on common variant associations

using GWASs9,10 or candidate genes resequencing using NGS method,11 whole-exome sequencing
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(WES) or whole-genome sequencing (WGS) which include all coding genes may impact the number

of detectable variants and is more likely to study the ‘‘missing heritability’’ of hypospadias, especially

for the discovery of novel causative genes. In this study, we performed WES and RNA sequencing in a

large hypospadias cohort. Mice models and label-free quantitative proteomics were used to evaluate

the genetic effects of novel identified genes to hypospadias. To date, no published studies had applied

WES to discern the genetic landscape of a large cohort of hypospadias patients, and this approach was

undertaken in the belief that it would provide significant insights into the genetic etiology of

hypospadias.

RESULTS

Mutations in AR, NR5A1, and SRD5A2 genes function as mutational hotspots in severe

hypospadias

We performed WES on 191 patients with severe hypospadias (Figure 1A) (Table S1) with a mean depth of

142X and achieved a 99.9% breadth of coverage of target nucleotides (Figure S1). Population sequencing

efforts have identified that each hypospadias participant contains on average approximately 123 rare

damaging variants (Figure S1), which is close to the number of the protein-truncating variants reported

in the UK biobank array.15 Our initial analysis focused on comparing the burden of rare damaging vari-

ants in 191 Han Chinese individuals with severe hypospadias to 208 normal Han Chinese controls in 336

candidate gene set from study by the Kalfa team11 (Figure 1A). The results demonstrated that rare

damaging variants in six genes CNTNAP3, HLA-DRB1, NR5A1, SRD5A2, DMD, and AR were significantly

increased in hypospadias cases as compared to controls (p < 0.01) (Figure 1B). However, no gene was

associated with hypospadias after multiple-test correction (q > 0.05). We further investigated the burden

of rare damaging variants in 30 previously reported known hypospadias risk-associated gene set.8,16 We

identified that 27.2% (52/191) of hypospadias patients carried at least one rare damaging variant in 21

genes, including: NR5A1, SRD5A2, AR, GLI2, HSD3B2, GLI3, AKR1C3, ESR2, FGFR2, HSD3B1,

MAP3K1, BMP4, BMP7, CHD7, DGKK, ESR1, FGF8, HOXA4, SHH, SP7, WT1 (Figure 1C). All 21 previously

reported hypospadias risk-associated genes were included in burden analysis. Results showed that mu-

tations in AR, NR5A1, and SRD5A2 were significantly increased in severe hypospadias compared with

controls (p < 0.01, binomial test) (Figure 1C)(Table 1), indicating that they may function as mutational hot-

spots in the etiology of severe hypospadias. Furthermore, rare damaging mutations of NR5A1, SRD5A2,

and AR genes occurs in approximately 14% of all severe hypospadias cases, whereas only one rare

damaging mutation was found in these three genes in 208 Chinese controls. Additionally, all of the

variants were classified as pathogenic or likely pathogenic (Table 2) according to the ACMG/AMP

guidelines.

Significant excess of mutations were identified in ODNAH genes in severe hypospadias

The omnigenic theory proposed that genetic mutations near genes that are expressed in relevant tissues

contribute substantially to heritability.17 Given that the development of hypospadias is affected by

androgen signaling, and the major androgen is testosterone, which is produced by testes, we proposed

that defects of genes specifically expressed in testis might be closely associated with hypospadias.5 To bet-

ter understand the genetic contribution of genes specifically and highly expressed in the testis tissue, we

carried out genetic burden tests to investigate the role of rare damaging variants in 950 testis-specific high-

ly expressed (tissue enriched) genes18 and their orthologs for further exploring the risk of severe hypospa-

dias. Significant excess of rare damaging variants was identified in 9 genes (IQCM, DNAH8, SPATA31A6,

CCDC168, DNAH17, SPATA31A3, GOLGA8T, WDR87, and DNHD1) (p < 0.01) (Figure S2). Although no

gene passed the Bonferroni multiple-test correction, enrichment of rare damaging variants across two

testis-specific genes (DNAH8 and DNAH17) were initially identified from outer dynein arm heavy chain

(ODNAH) gene. It suggests that ODNAH gene family may potentially contribute to the genetic etiology

of hypospadias. We then showed that the ODNAH gene set (DNAH5, DNAH8, DNAH9, DNAH11, and

DNAH17) demonstrated a significant increase in the number of rare damaging variants after the Bonferroni

multiple-test correction. Twenty-seven rare damaging variants in DNAH8, DNAH9, and DNAH17 were

selected in the available severe hypospadias cases, of which 96.4% (26/27) were confirmed by Sanger

sequencing (Figure 2A). All 26 variants were identified as heterozygous (Figure 2A) and very rare or novel

from gnomAD database (Table 3). After removing the false positive mutation, a significant excess of rare

damaging variants was identified in ODNAH genes in patients with severe hypospadias compared to

208 Han Chinese controls (p = 4.8 3 10�17, binomial test) (Table S2) (Figure 1D). When compared to

2,504 controls from 1KGP, we found a higher burden of rare damaging variants in ODNAH genes (odds
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ratio, 22.2, 95% CI, 13.5 to 37.0; p = 1.2 3 10�33) (Table S2). Among all 51 detectedODNAH rare damaging

variants, 19.6% (10/51) of the variants were located in the dynein heavy domain (Figure 2B). Apart fromOD-

NAH genes, the genetic burden in the inner dynein arm heavy chain (IDNAH) genes from the DNAH family

(TF316836) was further evaluated (Table S3). Only DNAH1 and DNAH2 showed significant enrichments of

rare damaging variants (p < 0.01, binomial test). Overall, rare damaging variants of the ODNAH genes

identified in 22.5% of (43/191) sporadic severe hypospadias cases, are believed to contribute to the genetic

etiology of hypospadias.

Figure 1. High-impact rare genetic variants in severe hypospadias

(A) Analytic workflow of rare damaging variants in candidate genes, known genes and novel causative genes in hypospadias.

(B) Manhattan plot of genetic burden in 336 known and candidate genes11 in severe hypospadias. The horizontal dashed red and blue line indicates the

preset threshold of p = 1 3 10�4 and p = 1 3 10�2, separately.

(C) Rare damaging variants in known risk-associated genes in patients with severe hypospadias. The asterisks indicate genes with significant excess of rare

damaging variants (*p < 0.05, **p < 0.01, ***p < 0.001).

(D) Rare damaging variants were enriched in ODNAH genes for 191 individuals with severe hypospadias compared to 208 Han Chinese controls from 1000

Genomes Project (1KGP). Significance of association was displayed with p values.
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Excess of ODNAH variants were confirmed in patients with mild hypospadias

To further evaluate our initial observation of significant differences between severe and mild hypospadias

cases, we performed a replication study using 50 mild hypospadias patients. Rare damaging variants of

ODNAH genes were found in 30% (15/50) of samples from patients with mild hypospadias. Overall, a sig-

nificant excess of rare damaging variants was found in ODNAH genes in mild hypospadias patients (p =

2.0 3 10�11, binomial test) and the combined result yielded statistical significance with p = 1.7 3 10�18

(binomial test) compared to 208 Han Chinese controls (Table S2). To strengthen the genetic evidence of

ODNAH genes, we also investigated rare damaging variants in ODNAH genes in 104 Japanese people

in Tokyo (JPT) from 1 KG. Rare damaging variants in ODNAH genes were identified in 1.9% (2/104) of

JPT, significantly (p = 3.23 10�6, binomial test) less than rare damaging variants compared to 50mild hypo-

spadias patients (15/50). When compared 241 hypospadias cases to 2,504 controls from 1KGP, we found a

higher burden of rare damaging variants inODNAH genes (odds ratio, 22.8, 95% CI, 14.3 to 37.1; p = 8.53

10�47) (Figure 3A) (Table 4). There was no excess of rare damaging variants in severe hypospadias cases

compared with mild hypospadias cases (odds ratio, 0.89, 95% CI, 0.45 to 1.85; p = 0.65) (Table S4)

(Figure 3B).

Dysregulated expression and dynamic network in AR and ODNAH mutated hypospadias

To better understand how AR and ODNAH genes variants contribute to severe hypospadias, 12 hypospa-

diac prepuce samples and six non-hypospadiac prepuce samples (controls) were analyzed using RNA-seq.

The gene expression of AR in AR-mutated cases, DNAH8 in DNAH8-mutated cases and DNAH17 in

DNAH17-mutated cases was significantly differentially expressed from the controls (Figure 4A). Unsuperv-

ized hierarchical cluster analysis revealed that 15 out of 30 previously reported hypospadias risk-associated

genes were differentially expressed between hypospadias and control samples (Figure 4A). The network

propagation analysis indicated that rare damaging variants in AR may directly alter the expression of

GLI1, GLI2, ATF3, and CHD7, and indirectly affect the expression of DNAH17 through protein-protein in-

teractions (PPIs) (Figure 4B). Compared to controls, AR, DNAH17, ATF3, CHD7, and the homeobox genes

(HOXA4 and HOXB6) were differentially expressed in patients with DNAH8mutations (Figure 4C), whereas

13 genes might be indirectly affected by mutations in DNAH17 (Figure 4D). Additionally, AR, ATF3, CHD7,

and DNAH17, which act as the crucial nodes with the highest connectivity in these three subnetworks as

shown in the Venn diagram of Figure 4A, might be closely associated with the development of

hypospadias.

Dnah8-knockdown mice decreased testosterone production, impact the urethral

development and dysregulated steroid biosynthesis

Given the fact that rare damaging variants inODNAH genes were significantly enriched in both severe and

mild hypospadias, we further evaluated the in vivo functional and pathogenetic effect ofODNAH genes on

testosterone level and hypospadias phenotype through investigating the Dnah8-knockout (Dnah8�/�)
mouse generated by CRISPR/Cas9 technology. We designed two sgRNAs targeting exon 4 on Dnah8 to

completely excise exon 4 (Figure 5A). Deletion of the 439 bp target sequence was verified by Sanger

sequencing (Figure S3). Mouse genotypes were confirmed by PCR (Figure 5B). We investigated the expres-

sion of Dnah8 in the testicles of adult mice, including WT, HET, and HO mice (Figure S4). Immunohisto-

chemistry staining revealed that Dnah8 (brown) was expressed in the center of seminiferous tubule, with

a particularly strong localization in the cytoplasm of round spermatids and flagella of elongated spermatids

in mouse testes. Compared to the WT group, the expression of Dnah8 on the flagella of mature sperm in

Table 1. Burden analysis of rare damaging variants in SRD5A2, NR5A1 and AR by severe hypospadias vs. control

comparison

Genes

Number of rare damaging variantsa

PbSevere hypospadias (N = 191) Han Chinese controls (N = 208)

SRD5A2 10 0 6.3 3 10�4

NR5A1 10 0 6.3 3 10�4

AR 9 1 9.0 3 10�3

aRare damaging variants (LoF and D-mis) with MAF<0.1% in 1KGP and ExAC databases.
bP-value based on binomial test by severe hypospadias vs. control.
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the seminiferous tubules of the HET group was significantly decreased. In the HO group, no obvious

expression was detected. Sexually mature WT, HET, and HO male mice (8–10 weeks old) were individually

caged with sexually mature (8–10 weeks old) WT C57BL/6 female mice (one male with three females) for

2 months, and copulatory plugs were checked every morning. Normal mounting and copulatory plugs

were all observed in three groups. However, male mice in the HO group failed to produce offspring

over 2 months of breeding, whereas WT and HET group males routinely produced offspring. HO mice

lead to male infertile. Since androgen signaling errors are responsible for the development of hypospa-

dias2 and urethra closure occurs during embryogenesis, we initially detected the concentration of testos-

terone, which is the major androgen.4 Compared to the wildtype (Dnah8+/+) mice at E16.5, intratesticular

testosterone levels decreased 30% (p < 0.05) in heterozygous (Dnah8+/�) mice and 59% (p < 0.01) in

homozygous (Dnah8�/�) mice (Figure 5C). We further investigated the expression of Dnah8 in fetal testis

in WT, HET and HO mice. Compared to WT mice, the immunofluorescence staining results demonstrated

that Dnah8 was significantly decreased in both HET mice and HO mice (Figure 5D). Next, examination of

Table 2. Rare damaging variants in SRD5A2, NR5A1 and AR featuring severe hypospadias

Sample Sex

Age

(month) Phenotype Gene Chr. Positiona
Minor/major

allele

Protein

change SIFTb PP2c ACMG/AMP

S156 M 38 Severe NR5A1 9 124482790 A/G p.L452F D D Likely pathogenic

S72 M 58 Severe NR5A1 9 124482915 A/G p.P410L D D Likely pathogenic

S21 M 28 Severe NR5A1 9 124493095 T/C p.D309N D D Likely pathogenic

S149 M 29 Severe NR5A1 9 124493095 T/C p.D309N D D Likely pathogenic

S50 M 12 Severe NR5A1 9 124500119 A/G p.R281C D D Likely pathogenic

S48 M 25 Severe NR5A1 9 124500239 A/G p.R241W D D Likely pathogenic

S47 M 23 Severe NR5A1 9 124500621 G/GA p.R114Gfs*182 NA NA Pathogenic

S44 M 20 Severe NR5A1 9 124500709 T/C p.R84H D P Likely pathogenic

S5 M 36 Severe NR5A1 9 124503139 T/G p.R62S D D Likely pathogenic

S102 M 16 Severe NR5A1 9 124503183 C/T p.Y47C D D Likely pathogenic

S8 M 9 Severe AR X 67545318 T/C p.Q58* NA NA Pathogenic

S107 M 20 Severe AR X 67545325 T/A p.Q60L D P Likely pathogenic

S50 M 12 Severe AR X 67545325 T/A p.Q60L D P Likely pathogenic

S191 M 22 Severe AR X 67546343 A/G p.W399* NA NA Pathogenic

S137 M 18 Severe AR X 67643285 T/C p.P549L D D Likely pathogenic

S95 M 25 Severe AR X 67686057 G/A p.K606E D D Likely pathogenic

S45 M 16 Severe AR X 67711620 A/C p.L702I D D Likely pathogenic

S1 M 24 Severe AR X 67722899 A/G p.R841H D D Likely pathogenic

S107 M 20 Severe AR X 67723804 T/C p.S909F D D Likely pathogenic

S182 M 53 Severe SRD5A2 2 31526224 T/C p.R246Q D D Likely pathogenic

S184 M 26 Severe SRD5A2 2 31526224 T/C p.R246Q D D Likely pathogenic

S172 M 35 Severe SRD5A2 2 31529348 G/GA p.F219Sfs*60 NA NA Pathogenic

S97 M 34 Severe SRD5A2 2 31529419 T/C p.G196S D D Likely pathogenic

S143 M 18 Severe SRD5A2 2 31533629 T/C p.W140* NA NA Pathogenic

S167 M 19 Severe SRD5A2 2 31533640 T/G p.Y136* NA NA Pathogenic

S151 M 42 Severe SRD5A2 2 31580690 A/G p.Q71* NA NA Pathogenic

S3 M 19 Severe SRD5A2 2 31580885 A/G p.Q6* NA NA Pathogenic

S4 M 12 Severe SRD5A2 2 31580885 A/G p.Q6* NA NA Pathogenic

S14 M 19 Severe SRD5A2 2 31580885 A/G p.Q6* NA NA Pathogenic

NA, not available; ACMG/AMP, the guidelines of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology.
aPositions are given in bp from GRCh38.
bSIFT predictions: D, deleterious.
cPolyPhen-2 (PP2) predictions: B, benign; D, probably damaging; P, possibly damaging.
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external genitalia revealed abnormal penile morphology with varying degrees in HO mice at E16.5 (Fig-

ure 5E). Abnormal penile morphology was detected in 26.7% (n = 12/45) of the HET and HO mice. All of

these mice showed ectopic opening of the urethral duct at the base of the penis. In contrast, no abnormal

penile morphology was observed in WT mice (n = 0/35). This difference was statistically significant

(p = 0.0075, Fisher test). In the WT group, an obvious urethral opening was observed, and

the urethral plate epithelium on both sides had fused in the midline to form a closed urethral seam. In

contrast, the HET group showed no obvious urethral opening, and the urethral plate epithelium on

both sides did not fuse at the midline. The HO group exhibited an obvious abnormal dehiscent urethral

opening.

Testosterone is a steroid hormone produced in men mainly by Leydig cells in the testes. Since all

rare damaging variants in DNAH8 genes were heterozygous mutations identified in hypospadias

patients, combined with transcriptomic characterization, we further investigated the possible

mechanism by which Dnah8+/� mice are implicated in hypospadias. Specifically, we used label-free

quantitative mass spectrometry to analyze the protein levels in the testes of both HET and WT mice

at E16.5. A total of 708 differentially expressed proteins were detected (p < 0.05) in the testes of HET

mice compared with WT mice. As the genetic related genes of hypospadias affect its development

mainly through biological processes,7 we annotated the differentially expressed proteins and conducted

a GO biological process by David database.19 Multiple significant biological process (q < 0.05) were

found to be involved in the differentially expressed proteins between WT and HET (Figure 5F)

(Table S5), including steroid biosynthesis, protein transport, translocation, transport, ATP synthesis,

and sterol biosynthesis. Steroid biosynthesis is the top significantly enriched biological process after

Bonferroni correction (q = 2.3 3 10�4). Meanwhile, to localize Dnah8 presence in fetal testis, we per-

formed the immunofluorescence staining of 3b-hydroxysteroid dehydrogenase (3b-HSD), a fetal Leydig

cell specific marker and steroid biosynthesis-related protein, on E16.5 testis sections. Results showed

that fetal Leydig cells were present in WT mice but fewer in number at E16.5 in both HET mice and

HO mice (Figure 5G).

Figure 2. Sanger confirmation and mapping of rare damaging mutations in the DNAH5, DNAH8, DNAH9, DNAH11, and DNAH17 genes

(A) 26 selected rare damaging variants in DNAH8, DNAH9, and DNAH17 that were confirmed by Sanger sequencing in severe hypospadias cases.

(B) Mapping of rare damaging mutations in the DNAH5, DNAH8, DNAH9, DNAH11, and DNAH17 genes in severe hypospadias cases.

ll
OPEN ACCESS

6 iScience 26, 106663, May 19, 2023

iScience
Article



ODNAH genes cause hypospadias by impairing steroid biosynthesis and may be inherited

through unaffected mothers

Based on the genomic data obtained and our mouse model, we proposed thatODNAH genes are likely to

cause hypospadias by adversely affecting the steroid biosynthesis and androgen signaling, as well as

altering the expression ofAR,NR5A1, and SRD5A2 (Figure 6A). Furthermore,ODNAH genes are expressed

at higher average mRNA levels in testis tissue compared to other 26 tissues based on the Human Protein

Atlas (www.proteinatlas.org), indicating that they may contribute to the abnormal morphogenesis (Fig-

ure 6B). To examine the transmission patterns that are caused by either inherited or de novo mutations,

we recruited samples from two family based trios with mutations ofODNAH genes to decipher the genetic

predisposition. Among these two trios, one ultra-rare (MAF = 1.6 3 10�5 in the ExAC database) variant

(DNAH8, NM_001206927.1:c.4690C>T, p.Pro1564Ser or p.P1564S) was identified in DNAH8 (Figure 6C).

Another ultra-rare (MAF = 8.3 3 10�6 in the ExAC database) variant (DNAH11,

NM_001277115.1:c.9721G>A, p.Ala3241Thr or p.P3241T) was identified in DNAH11 (Figure 6C). Both are

damaging variants and located in a highly conserved region and were inherited from the mothers. This

strongly suggested an association with the observed hypospadias.

Table 3. 26 rare damaging variants in DNAH8, DNAH9 and DNAH17 featuring severe hypospadias

Sample Sex Age (month) Gene Chr. Positiona
Minor/major

allele

Protein

change SIFTb PP2c
MAF in

ExACd

MAF in

gnomADe

S34 M 20 DNAH17 17 78444611 A/C p.A3841S D P NAf NAf

S83 M 14 DNAH17 17 78485003 C/G p.S2505W D D NAf NAf

S190 M 15 DNAH17 17 78486468 A/G p.S2286L D P 4.1E-04 3.3E-04

S144 M 12 DNAH17 17 78495023 A/G p.A1993V D D NAf NAf

S96 M 15 DNAH17 17 78501865 A/C p.Q1733H D D NAf NAf

S169 M 42 DNAH17 17 78558136 G/A p.L717P D D 8.2E-06 4.1E-06

S168 M 58 DNAH8 6 38815517 A/T p.I1128N D D NAf NAf

S34 M 20 DNAH8 6 38866657 G/A p.M2189V D D 9.1E-05 1.2E-04

S47 M 23 DNAH8 6 38882946 G/A p.Y2632C D D 5.8E-05 4.6E-05

S57 M 30 DNAH8 6 38906309 C/G p.G3084R D D NAf NAf

S152 M 37 DNAH8 6 38921373 G/A p.N3510S D D 1.2E-04 1.2E-04

S102 M 16 DNAH8 6 38931965 G/T p.L3810R D D 4.9E-05 5.1E-05

S29 M 23 DNAH8 6 38990172 T/C p.T4405M D P 4.0E-04 3.6E-04

S143 M 18 DNAH9 17 11617450 T/C p.P315L D D 7.4E-05 4.5E-05

S136 M 34 DNAH9 17 11689807 A/G p.V1329M D P 9.1E-05 7.7E-05

S157 M 26 DNAH9 17 11690263 G/A p.N1481D D D 1.5E-04 1.3E-04

S143 M 18 DNAH9 17 11690263 G/A p.N1481D D D 1.5E-04 1.3E-04

S31 M 18 DNAH9 17 11744818 T/C p.R2045W D D 2.5E-05 2.0E-05

S70 M 27 DNAH9 17 11747587 A/G p.R2144Q D P 1.3E-04 1.0E-04

S113 M 17 DNAH9 17 11756614 C/T p.M2262T D D NAf NAf

S21 M 28 DNAH9 17 11891840 T/C p.R3726W D D 4.3E-04 3.8E-04

S100 M 11 DNAH9 17 11891840 T/C p.R3726W D D 4.3E-04 3.8E-04

S25 M 12 DNAH9 17 11923889 T/C p.A3942V D D 4.5E-04 5.6E-04

S143 M 18 DNAH9 17 11923889 T/C p.A3942V D D 4.5E-04 5.6E-04

S24 M 22 DNAH9 17 11961880 A/T p.M4286K D P 2.6E-04 2.2E-04

S92 M 10 DNAH9 17 11962116 T/C p.R4365C D D 1.6E-05 8.1E-06

aPositions are given in bp from GRCh38.
bSIFT predictions: D, deleterious.
cPolyPhen-2 (PP2) predictions: B, benign; D, probably damaging; P, possibly damaging.
dMAF from Exome Aggregation Consortium (ExAC) database.
eMAF from Genome Aggregation Database (gnomAD) database.
fNot available.
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DISCUSSION

Hypospadias is a male-specific congenital disorder. Testosterone is the major androgen, which is respon-

sible for the development of hypospadias. This study represents the first large-scale WES investigation to

explore the genetic contribution of rare damaging variants and their potential impact on the etiology of

hypospadias. Results indicated that WES has clear technical benefits over limited gene panels as it includes

all coding genes and can discover novel causative genes in hypospadias. In addition to confirming that 27%

of severe hypospadias patients were found to carry rare damaging variants in the previously reported hypo-

spadias risk-associated genes, this study provides significant findings in several respects.

First, among the previously reported genes leading to the risk of hypospadias, we demonstrated that three

testosterone signaling associated genes (Figure 6): nuclear receptor subfamily 5 group A member 1

(NR5A1), steroid reductase 5a type 2 (SRD5A2), and androgen receptor (AR) genes function as mutational

hotspots in the etiology of severe hypospadias. In testis Leydig cells, NR5A1 activates the transcription of

several genes involved in steroidogenesis, which leads to the synthesis of testosterone required for the

development of external genitalia in a male embryo.20 SRD5A2 is known to convert testosterone to

DHT, whereas ARmediates the androgenic effects of testosterone and DHT. With respect to hypospadias,

genetic factors are involved in the testis determination, gonadal steroid synthesis (testosterone and DHT),

hormonal biosynthesis, or the transduction mediated by AR.21 Given the fact that hypospadias is affected

by multiple genes and pathways,8,16 it should be no surprise that the genetic contribution of key genes is

Figure 3. Burden of rare damaging variants in ODNAH genes between hypospadias cohort and 1KGP, as well as

different type of hypospadias cohort

(A) Rare damaging variants were enriched in ODNAH genes for 241 individuals with hypospadias compared to 2,504

controls from 1000 Genomes Project (1KGP).

(B) No rare damaging variants were enriched inODNAH genes for 191 individuals with severe hypospadias compared to

50 individuals with mild hypospadias. Significance of association was displayed with p values; errors bars indicated 95%

confidence intervals (CIs) of the corresponding log10 (Odds ratios).

Table 4. Burden analysis of rare damaging variants in ODNAH genes by hypospadias vs. control comparison

Genes

Number of rare damaging variantsa

OR(95% CI)e PfSevereb, N = 191 Mildc, N = 50 Alld, N = 241 1KGP Controls, N = 2,504

ODNAH 51 15 66 30 22.8 (14.3–37.1) 8.5 3 10�47

DNAH5 10 3 13 7 19.3 (7.1–57.5) 7.9 3 10�10

DNAH8 7 2 9 7 13.3 (4.4–42.6) 2.0 3 10�6

DNAH9 13 1 14 7 20.7 (7.7–61.3) 1.0 3 10�10

DNAH11 13 7 20 2 103.6 (24.9–934.9) 1.4 3 10�19

DNAH17 8 2 10 7 14.8(5.0–46.3) 3.0 3 10�7

aRare damaging variants (LoF and D-mis) with MAF<0.1% in 1KGP and ExAC databases.
bSevere hypospadias.
cMild hypospadias.
dSevere and mild hypospadias.
eORs and 95% CIs were estimated by hypospadias vs. 2,504 controls from 1000 Genomes Project (1KGP).
fP-value based on binomial test by 241 individuals with hypospadias vs. 2,504 controls from 1KGP.
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not well defined. Our study suggests that mutations in the AR and NR5A1 genes were enriched in severe

hypospadias. Alterations in the AR gene led to the androgen insensitivity syndrome (AIS), including both

the complete (CAIS) and the partial form (PAIS). More ARmutations are found in individuals with CAIS than

in individuals with PAIS.22 This study demonstrated that rare damaging mutations in AR are more strongly

Figure 4. Differential mRNA expression of known hypospadias risk genes in AR, DNAH8, and DNAH17 mutated severe hypospadias cases

compared with controls

(A) Hierarchical clustering and Venn diagram of 15 differentially expressed genes in AR, DNAH8, and DNAH17 mutated patients compared with controls.

(B) Predicted protein-protein interactions (PPIs) network of AR, differentially expressed genes directly or indirectly interacted with AR in AR mutated cases

based on PPIs, and expression level of four co-regulated genes in AR mutated cases.

(C) Predicted protein-protein interactions (PPIs) network of DNAH8, differentially expressed genes directly or indirectly interacted with DNAH8 in DNAH8

mutated cases based on PPIs, and expression level of four co-regulated genes in DNAH8 mutated cases.

(D) Predicted protein-protein interactions (PPIs) network of DNAH17, differentially expressed genes directly or indirectly interacted with DNAH8 inDNAH17

mutated cases based on PPIs, and expression level of four co-regulated genes in DNAH17 mutated cases. The asterisk indicates a statistical difference

(*p < 0.05, **p < 0.01, ***p < 0.001) by Student’s t test.
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associated with severe hypospadias than with mild hypospadias. The Nr5a1�/� male mice implicated

androgen deficiency with lowered testosterone,23 and LoF mutations in NR5A1, tend to be associated

with severe hypospadias.24 Between 5% and 20% of disorders of sex development patients withNR5A1mu-

tations without CAIS, suggesting NR5A1 deficiency might act in a dose-dependent manner.25 Since the

treatment paradigm of CAIS and PAIS may differ, AR andNR5A1mutations are crucial for optimal urologic

patients’ management. Furthermore, several studies have been reported in which patients diagnosed with

PAIS carried mutations in SRD5A2.26 Inactivating mutations in SRD5A2 can lead to a broad spectrum of

masculinizing defects, including hypospadias of varying degrees.27 Even though both AR and SRD5A2

mutations impaired the conversion of testosterone to DHT, the management of such patients is different.

While hormone replacement therapy is an effective option for SRD5A2 deficiency, resistance to AR-

directed therapies is still a challenge. Taken together, mutations in SRD5A2, AR, and NR5A1 are crucial

for understanding the genetic heterogeneity of hypospadias. Due to the possible treatment variability

of this disorder, sequence analysis of SRD5A2, AR, and NR5A1 should be considered in order to better

inform the diagnosis and treatment of hypospadias patients. Although other candidate genes CNTNAP3,

HLA-DRB1, and DMD were moderately enriched in rare damaging variants, further research is required to

understand their mediated mechanisms in hypospadias.

Another interesting discovery arising from our study is the significant enrichment of rare damaging variants

of ODNAH genes in 24% of our hypospadias cohort. DNAH genes encode axonemal dynein heavy chain.

Axonemal dyneins form the inner and outer chains, and through the ATPase activity of their heavy chains,

play an important role in the beating of both cilia and sperm.28 In contrast to IDNAH genes or inner dynein

arms (IDAs), the significant excess of rare damaging variants inODNAH genes is indicative of their being a

major factor in hypospadias causation. Hypospadias has lifelong effects on the urinary function and

fertility,3 which were mediated by testosterone signaling related genes, such as NR5A1.2 In the absence

of testosterone, spermatogenesis rarely proceeds beyond meiosis.29 Among the five ODNAH genes or

outer dynein arms (ODAs), mutations in DNAH17,30 and DNAH831 have recently been shown to result in

isolated male infertility. Although rare damaging variants in ODNAH genes were reported to cause infer-

tility, their roles in testosterone production are unknown. ODNAH genes, which are mainly expressed in

human testis and are therefore sex-limited, are expected to undergo differential selection. Deleterious mu-

tations that impact either viability before reproduction or fertility are not expected to be transmitted to

subsequent generations.32 Consistent with the inheritance of male-infertility-causative mutations,33 this

study suggests that hypospadias-causative mutations may be inherited through unaffected mothers,

who should therefore be a central part of future genomic studies. Ongoing efforts are required to recruit

additional hypospadias patients for evaluation of this inheritance model.

Furthermore, our study demonstrated that the knockout of Dnah8 mice significantly decreases testos-

terone levels, dysregulated steroid biosynthesis, andmay complement known ciliary function. Our research

revealed the importance of Dnah8 in the production of testosterone required for the formation of the male

urethra. Binding of testosterone to AR activates AR signals,34 which regulated various hypospadias risk-

associated genes.16 In addition to AR signaling, ESR1 signaling remains important for the development

of male urethra. Imbalance of AR and ESR1 signaling may result in the development of hypospadias.35

The dysregulation of AR and the estrogen-responsive gene ATF3 in DNAH8, and DNAH17 mutated hypo-

spadias provided further support that such a link exists (Figure 4). Together with the hub role of AR in the

PPI network comprised of proteins encoded by previously reported hypospadias risk-associated genes,16

Figure 5. Generation of Dnah8-KO mice by CRISPR-Cas9, testosterone levels, immunofluorescence and proteomic analysis

(A) Schematic diagram of the CRISPR/Cas9 targeting region for Dnah8.

(B) PCR genotyping of Dnah8 wildtype (WT, Dnah8+/+) (453 bp), heterozygous (HET, Dnah8+/�) (453 bp and 831 bp), and homozygous (HO, Dnah8�/�)
(831 bp) mice.

(C) Intratesticular testosterone levels as measured by ELISA in WT, HET, and HO mice at E16.5, n = 3/group. Results are represented as mean G SEM, the

asterisk indicates a statistical difference (*p < 0.05, **p < 0.01).

(D) Immunofluorescence of Dnah8 (green) in testes obtained fromWT, HET, and HO with E16.5 mice. Nuclei are stained with DAPI (blue). Scale bar: 100 mm.

(E) Urogenital tracts were evaluated for Dnah8-mice at E16.5. Single arrow marks the normal urethral opening; multiple arrows show ectopic urethral

opening.

(F) Label-free quantitative mass spectrometry-based proteomics demonstrated thatDnah8 knocdownmice significantly dysregulated the biological process

of steroid biosynthesis.

(G) Immunofluorescence of 3b-HSD (Leydig cell specific marker) in testes obtained from WT, HET, and HO with E16.5 mice. Nuclei are stained with DAPI

(red). Scale bars = 100 mm.
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we posit that ODNAH genes are likely to cause hypospadias by inactivating testosterone, which may

disrupt the AR signals. As androgen is a major steroid hormones, the significantly dysregulated steroid

biosynthesis (Figure 5F) supported this hypothesis. Cilia play crucial roles for the proper development

and function of the male reproductive organs, including the testes and the quality of sperm.36 Disruptions

in ciliary function can lead to various developmental and reproductive disorders, including infertility31 and

congenital abnormalities.37 Bardet-Biedl Syndrome (BBS) is a rare autosomal recessive ciliopathy that af-

fects ciliary function and is associated with various complications, including hypospadias.37 Although the

exact relationship between BBS and hypospadias is not fully understood, it is thought to be related to

the role of cilia in urethral development.38 Although ciliary function can be affected by androgen levels,39

it is unclear whether cilia affect androgens and how they do so. Our current study demonstrated that ciliary

gene may affect androgen levels, which in turn affect urethral development, providing novel insights into

the existing pathogenesis of hypospadias.

Finally, this study provides a more complete understanding of the genetic architecture of hypospadias.

Defining the genetic architecture of a complex disease is central to the clinical goals of human genetics,

which is aid in disease screening, diagnosis, prognosis, and therapy.40 Hypospadias are a heterogeneous

category of male birth defects and are considered to be multifactorial inheritance. However, the genetic

architecture underlying hypospadias remains incompletely understood. Recently, an ‘‘omnigenic’’ model

of inheritance was proposed that many complex traits are directly affected by a relatively small number

of core genes and are largely driven by peripheral genes with no direct role in disease.17 According to

the omnigenic theory, genetic mutations near genes that are expressed in relevant tissues contribute sub-

stantially to heritability, while genes which are specifically expressed in other tissues contribute little or

nothing.17 Thus, we proposed that rare damaging mutations of core genes such as testis specific or highly

expressed genes would lead to hypospadias. As expected, our study demonstrated that rare damaging

Figure 6. Potential mechanism, tissue expression and pedigree analysis of ODNAH genes in the development of hypospadias

(A) ODNAH, NR5A1, SRD5A2, AR genes increase risk of hypospadias by affecting the synthesis or androgenic effects of testosterone.

(B) DNAH5, DNAH8, DNAH9, DNAH11, and DNAH17 are highly expressed in testis compared with other tissues.

(C) Two pedigrees with rare damaging mutations of DNAH8 and DNAH11 inherited from mothers are shown. The pedigree plot with shapes for male

(square), female (circle). The shapes that are shaded indicate hypospadias case.
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variants is heavily concentrated in ODNAH genes. Together with the mouse model, the results provide

convincing evidence thatODNAH genes tend to have strong effects as the role of core genes. The severity

of hypospadias can vary widely, ranging from mild to severe cases, and can be considered a phenotypic

continuum. Although the goal of this study is to hunt for core genes that drive hypospadias, it should be

noted that the accumulation of extremely rare damaging variants might yielded more severe subtype of

hypospadias. Compared to mild hypospadias cases, there was no excess of rare damaging variants iden-

tified in severe hypospadias cases (Table S4). In addition, we found that each hypospadias participant con-

tains on average approximately 120 rare damaging variants (Figure S1). Therefore, other rare damaging

variants or environmental factors might perturb genetic systems to produce phenotypes. Our recent study

showed that triple compound rare damaging variants (two variants from SLC25A5 and one variant from AR)

in the same patient rather than single mutation yielded severe hypospadias.35 Additionally, this study

showed that compound rare damaging variants of DNAH17 p.A3841S and DNAH8 p.M2189V were found

in the same patient with severe hypospadias (Table 3). The omnigenic model also extends the idea of

‘‘widespread pleiotropy’’ on different traits,17 which were demonstrated in hypospadias. For example, ge-

netic variants inDNAH8 are associated with male infertility31 and hypospadias.DNAH11 variants are signif-

icantly associated with congenital heart diseases (CHDs).41 The recent study showed that boys born with

hypospadias increased cardiovascular risk,42 indicating that DNAH11 might be important to understand

the pleiotropy between CHDs and hypospadias. In brief, this study improves our understanding of genetic

architecture of hypospadias, especially the genetic etiology of core genes in hypospadias.

In conclusion, this study demonstrated the importance of utilizingWES in exploring rare damaging variants

in hypospadias in an effort to explain the ‘‘missing heritability’’ unidentified in previously published GWASs

and targeted genes NGS panel analyses of hypospadias cohorts. Our studies demonstrated that mutations

in NR5A1, SRD5A2, and AR genes are crucial for establishing an optimal treatment program for hypospa-

dias patients. In addition, this manuscript now provides unequivocal evidence that mutations in the OD-

NAH genes (ODNAH5,ODNAH8,ODNAH9,ODNAH11,ODNAH17) contribute to the risk of hypospadias

by affecting steroid biosynthesis and the synthesis of testosterone (Figure 6A). This study also comple-

ments known ciliary function and will be informative for the genetic counseling of families dealing with

hypospadias.

Limitations of the study

There are three limitations to our study. (1) Although this is the largest WES analysis in hypospadias cohort,

the sample size for WES is relatively modest compared with many WES. Therefore, the statistical power is

still limited for specific gene and gene sets. (2) The severity of hypospadias can vary widely and be thought

of as a phenotypic continuum. In some cases, some individuals with milder forms of hypospadias may not

be diagnosed. (3) Although DNAH8 deficiency provides insights into the understanding of the develop-

ment of hypospadias through androgen reduction, the more functional consequences of other ODNAH

genes are warranted to better understanding the validity of their roles in the development of hypospadias.

Additionally, the cause of male infertility, whether it is due to hypospadias or defects in sperm flagella,

remains unclear and warrants further research.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-DNAH8 Antibody Abcam Cat# ab121989; RRID:AB_11127702

Anti-HSD3B1 Antibody Abcam Cat# ab55268; RRID:AB_942015

Anti-Rabbit IgG H&L (goat), Alexa Fluor� 488 Abcam Cat# ab150077; RRID:AB_2630356

Anti-mouse IgG H&L (goat), Cy3 Servicebio Cat# GB21301; RRID:AB_2923552

Biological samples

Blood samples and foreskin specimen

from children with hypospadias

This study N/A

Chemicals, peptides, and recombinant proteins

4,6-diamidino-2-phenylindole (DAPI) Servicebio G1012

Animal Genomic DNA Quick Extraction

Kit for PCR Analysis

Beyotime D0065S

TaKaRa Ex Taq� Takara RR001A

Water-DEPC Treated Water Sangon Biotech B501005

4% Paraformaldehyde Fix Solution Beyotime P0099

1X PBS Buffer Sangon Biotech B540626

Critical commercial assays

Testosterone ELISA kit Beyotime PT872

Deposited data

1KGP data 1000 Genome Project www.internationalgenome.org

ExAC data ExAC http://exac.broadinstitute.org

RNA expression data for different tissues Human Protein Atlas www.proteinatlas.org (BioProject: PRJEB4337)

GnomAD data GnomAD https://gnomad.broadinstitute.org

Experimental models: Organisms/strains

Mouse: C57BL/6 DNAH8+/+ Shanghai Model Organisms Center N/A

Mouse: C57BL/6 DNAH8-/+ Shanghai Model Organisms Center This study

Mouse: C57BL/6 DNAH8-/- Shanghai Model Organisms Center This study

Oligonucleotides

Genotyping primer: DNAH8 P1 Forward

AAGGGCTGCTGGCAGAATAC

This study N/A

Genotyping primer: DNAH8 P2 Reverse

ATCCTGATGTCCCCGAGTGT

This study N/A

Genotyping primer: DNAH8 P3 Forward

CAGAGGTTTCTCCGTGGAGTC

This study N/A

Genotyping primer: DNAH8 P4 Reverse

TTCAGCGTCTTACAGCCACC

This study N/A

Software and algorithms

PolyPhen-2 PolyPhen-2 http://genetics.bwh.harvard.edu/pph2/

SIFT SIFT http://sift.bii.a-star.edu.sg/

TreeFam database TreeFam http://www.treefam.org/
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Further information and any related requests should be directed to and will be fulfilled by the lead contact,

Dr. Zhongzhong Chen (zhongzhongchen@gmail.com).

Materials availability

All reagents generated in this study being made available upon request to the lead contact.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects and samples

A total of 243 hypospadias patients with mean age 2.3G 0.1 years, including 241 sporadic patients and two

trios (an affected proband with both parents), were enrolled from 2011 to 2019 at Shanghai Children’s Hos-

pital, Shanghai Jiaotong University. All patients were non-consanguineous Chinese and having patholog-

ically diagnosed hypospadias recruited from the Department of Urology at Shanghai Children’s Hospital.

According to the abnormal location of the urethral opening, the patients were divided into three

categories: mild (glandular), moderate (penile), or severe (in the scrotum or perineum). Of the 241 sporadic

patients ultimately enrolled, there were 79.3% severe cases and 20.7%mild cases (Table S1). We performed

WES on genomic DNA extracted from blood samples of all 241 sporadic patients and two trios. For the

RNA sequencing analysis, 18 outer layers of prepuces of children who underwent consecutive circumcision

either because of phimosis (controls; n = 6) or because of hypospadias repair (ARmutated severe hypospa-

dias, n = 4;DNAH8mutated severe hypospadias, n = 4;DNAH17mutated severe hypospadias, n = 4), were

included.

The study was conducted with the approval of the Ethics Committee of the Shanghai Children’s Hospital in

China (approval #: 2020R018-E01). Each patient was informed of the purpose of the study and written con-

sent forms were obtained from all participants or their parent/legal guardian.

Generation of Dnah8-knockout mouse model

A mouse model of the Dnah8 knockout was generated by using CRISPR-Cas9 technology. Briefly, Cas9

mRNAwas in vitro transcribed withmMESSAGEmMACHINE T7 Ultra Kit (Ambion, Austin, TX, USA) accord-

ing to the manufacturer’s instructions. Two sgRNAs targeted to delete exons 4 were in vitro transcribed

using the MEGAshortscript Kit (ThermoFisher, USA). One sgRNA targeted to intron 3 of gene Dnah8

was 5’- AGACTTAAAGACCTTCCCGAAGG -3’; the other sgRNA targeted to intron 4 of gene Dnah8 was

5’- CATTATCTTAAGAACACTCT GGG-3’. In vitro-transcribed Cas9 mRNA and sgRNAs were injected

into zygotes of C57BL/6Jmouse and transferred to pseudopregnant recipients. The F0mice were validated

by PCR and sequencing using primer pairs: F-5’-AAGGGCTGCTGGCAGAATAC-3’; R-5’-ATCCT-

GATGTCCCCGAGTGT-3’. The positive F0 mice were chosen and crossed with C57BL/6J mice to obtain

F1 heterozygous Dnah8 knockout mice. The genotype of F1 mice was identified by PCR and confirmed

by DNA sequencing. Male and female F1 heterozygous mice were intercrossed to produce the

Continued
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STRING STRING https://www.string-db.org

R 4.1.0 R studio https://www.r-project.org/

GraphPad Prism 7 GraphPad Software https://www.graphpad.com/scientific-software/prism/

ImageJ ImageJ https://imagej.nih.gov/ij/
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homozygous Dnah8 knockout mice. All animal handling and experimental procedures were carried out in

accordance with the guidelines stipulated and approved by the Ethics Committee of the Shanghai Jiao

Tong University Affiliated Sixth People’s Hospital.

METHOD DETAILS

Rare variants and functional annotation

We systematically investigated the mutation patterns of rare damaging variants in a Chinese cohort

composed of 191 severe hypospadias cases and 208 controls of the Han Chinese population (CHS +

CHB)from the 1KGP43 (1000 Genomes Project) (www.internationalgenome.org). Then we confirmed our re-

sults in 50 mild hypospadias cases and two trios. We performed theWES analysis and functional annotation

using the method of Chen.14 The missense variants that were predicted to be probably deleterious by both

Sorting Intolerant From Tolerant (SIFT)44 and Polymorphism Phenotyping version 2 (PolyPhen-2),45 were

annotated as probably deleterious missense variants (D-mis). Variants with a minor allele frequency

(MAF) > 1% in the hypospadias or controls cohort were excluded. Rare probably damaging variants [LoF

(loss of function, including splice acceptor/donor, stop gain/lost, initiator codon and frameshift indels)

and D-mis] were further selected that had a MAF < 0.1% in the 1KGP and ExAC databases (http://exac.

broadinstitute.org). The candidate rare damaging variants in 30 previously reported hypospadias risk asso-

ciated genes8,16 were interrogated to demonstrate their genetic contribution to the etiology of hypospa-

dias.ODNAH gene family (DNAH5,DNAH8,DNAH9,DNAH11 andDNAH17) (TreeFam accession number:

TF316836) members were identified using the EMBL-EBI database (http://www.treefam.org/family/

TF316836). Twenty-seven identified variants in DNAH8, DNAH9 and DNAH17 were selected to be further

validated by Sanger sequencing. These rare variants were also annotated with MAFs from gnomAD

database (v170228) (https://gnomad.broadinstitute.org) via VEP.46 Additionally, candidate rare damaging

variants for known genes were classified according to the guidelines of the American College of Medical

Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP).47 Of note, PP3 is

used to support a deleterious effect on the gene or gene product based on multiple lines of computational

evidence. PM2 is applied when the variant is absent from controls or if the MAF in ExAC database < 0.1%.

PP2 is applied when missense variant in a gene with a low rate of benign missense variation. PP4 is applied

when patient’s phenotype or family history highly specific for a disease with a single genetic etiology. If the

variants are located in a mutational hot spot or well-established functional domain, then PM1 will be

applied. When the variants are ‘‘non-frameshift deletions/insertions’’ in a non-repeat region or stop-loss

variants, PM4 will be applied. PVS1 is applied when there is a null variant in a gene where loss of function

(LoF) is a known mechanism of disease.

RNA sequencing and differential gene expression analysis

RNA-Seq fastq files were generated from the Illumina NovaSeq 6000 sequencer. Skewer software48 was

used to dynamically remove the 3’ ends, linker sequences, and low mass fragments of raw reads. Quality

assessment was carried out by FastQC tool (www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Trimmed clean reads were then mapped to the human reference genome (GRCh38) using STAR.49 The

transcriptome was assembled via StringTie software50 based on the Ensembl database51 annotation.

The FPKM (Fragments Per Kilobase of transcript per Million mapped reads) method was applied to assess

differentially expressed genes. Function heatmap.2 was utilized to create the graphical display of the

dendrogram.52 GeneSense53 and STRING (https://www.string-db.org) were used to identify protein-pro-

tein interactions (PPIs). RNA expression data for 27 different tissues that were obtained from 95 individuals

as part of the Human Protein Atlas18 (www.proteinatlas.org) (BioProject: PRJEB4337).

Genotyping analysis

Genotyping for the Dnah8 gene was performed using standard PCR conditions. Forward (F) and reverse

(R) primers were: mutant-P1(F): 50-AAGGGCTGCTGGCAGAATAC-30, mutant-P2(R): 50-ATCCTGATG

TCCCCGAGTGT-30 , wildtype-P3(F): 50-CAGAGGTTTCTCCGTGGAGTC-30, wildtype-P4(F): 50-TTCAGC

GTCTTACAGCCACC-30. Expected band sizes were 453 bp for wildtype and 831 bp for knockout

(Dnah8–/–) animals, respectively, and heterozygous mice showed both bands.

Testosterone measurement

The intratesticular samples were collected at each experimental time point for the quantitative measure-

ment of testosterone levels. Testosterone levels in the medium were determined using a mouse
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testosterone (T) enzyme-linked immunosorbent assay (ELISA) (Beyotime Institute of Biotechnology,

Jiangsu, China) according to the manufacturer’s instructions. Independent measurements of testosterone

levels in each group (wildtype mice, Dnah8+/- mice and Dnah8-/- mice) were repeated three times at E16.5.

Immunofluorescence staining

Using the embedded specimen previously described from which 6mm thick sections were cut using a

paraffin-microtome (RM2235; Leica Biosystems). Sections were mounted on slides treated with Polylysine,

bake at 60 �C for 8 hours. After xylene dewaxing and gradient alcohol rehydration, citrate buffer (pH6.0,

0.01 mol/L) was used for antigen repair by microwave repair. These sections were washed with PBS three

times and blocked with 5% bovine serum albumin having 0.1% Triton X-100. After blocking, the testicular

sections were immersed in primary antibody for 12 hours at 4�C and then incubated with a secondary anti-

body at 37�C for 1-2 hours.Anti-DNAH8 (1:100, ab121989, Sigma-Aldrich) and anti-HSD3B1(1:200, ab55268,

Sigma-Aldrich) were used as primary antibodies. IgGH&L (Alexa Fluor 488, ab150077, Abcam) and IgGH&L

(Cy3, GB21301, Servicebio) were used as secondary antibodies. The nuclei were stained simultaneously

with 40,6-diamidino-2-phenylindole (DAPI). All the images were captured using a I8 microscope (Leica

Microsystems).

Label-free quantitative mass spectrometry-based proteomics and LC-MS/MS analysis

Fetal male mice were obtained from 16.5 day pregnant mice, and bilateral testicular tissues were obtained

by surgical operation. SDT (4% SDS, 100mM Tris HCl, pH7.6) buffer was used for the cleavage and protein

extraction testis obtained from WT, and HET with E16.5 mice. BCA protein assay kit (Bio Rad, USA) was

used to quantify the amount of protein. 20 mg protein of each sample was mixed with 5X loaded buffer

solution and boiled for 5 minutes, then protein was separated in SDS-PAGE gel (constant voltage 180V,

45 minutes). Protein digestion was performed by trypsin according to the Filtration Assisted Sample Prep-

aration (FASP) procedure. For each HE and WT sample, three technical replicates were analyzed.

LC-MS/MS analysis, protein identification and quantification, and bioinformatics analysis are completed by

Applied Protein Technology (APL, Shanghai) company. Use MaxQuant 1.6.14 software to combine and

search the original MS data of each sample using Label-free quantitative (LFQ) method for identification

and quantitative analysis. P value is calculated by significance B algorithm.54 Differentially expressed pro-

teins were annotated by David database.19

QUANTIFICATION AND STATISTICAL ANALYSIS

Binomial testing and Fisher’s exact test were performed for burden analysis of rare coding variants by com-

parisons of hypospadiac patients and controls. Two-tailed Student’s t tests were conducted to determine

the differentially expressed genes. Testicular testosterone levels are shown as the mean G standard error

of the mean (SEM) and corresponding statistical analyses were performed using one tailed t-test. Differ-

ences were considered to be significant at P < 0.05 and are represented by *, those at P%0.01 are indicated

by **, and those at P%0.001 are represented by ***. All statistical analyses were performed by R software

(http://www.R-project.org).
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