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Abstract:

Study question: Which genes are confidently linked to human male infertility?

Summary answer: Our systematic literature search and clinical validity assessment reveals that a

total of 67 genes are currently confidently linked to 81 human male infertility phenotypes.

What is known already: The discovery of novel male infertility genes is rapidly accelerating with the
availability of Next-Generation Sequencing methods, but the quality of evidence for gene-disease
relationships varies greatly. In order to improve genetic research, diagnostics and counseling, there is

a need for an evidence-based overview of the currently known genes.

Study design, size, duration: We performed a systematic literature search and evidence assessment
for all publications in Pubmed until June 2018 covering genetic causes of male infertility and/or

defective male genitourinary development.

Participants/materials, setting, methods: Two independent reviewers conducted the literature
search and included papers on the monogenic causes of human male infertility and excluded papers
on genetic association or risk factors, karyotype anomalies and/or copy number variations affecting
multiple genes. Next, the quality and the extent of all evidence supporting selected genes was
weighed by a standardized scoring method and used to determine the clinical validity of each gene-
disease relationship as expressed by the following six categories: no evidence, limited, moderate,

strong, definitive or unable to classify.

Main results and the role of chance: From a total of 23,031 records, we included 1,286 publications
about monogenic causes of male infertility leading to a list of 471 gene-disease relationships. The

clinical validity of these gene-disease relationships varied widely and ranged from definitive (n=36) to
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42  strong (n=12), moderate (n=33), limited (n=86) or no evidence (n=154). A total of 150 gene-disease

43 relationships could not be classified.

44 Limitations, reasons for caution: Our literature search was limited to Pubmed.

45  Wider implications of the findings: The comprehensive overview will aid researchers and clinicians in
46  the field to establish gene lists for diagnostic screening using validated gene-disease criteria and
47  identify gaps in our knowledge of male infertility. For future studies, the authors discuss the relevant
48  andimportant international guidelines regarding research related to gene discovery and provide

49  specific recommendations to the field of male infertility.

50  Study funding/competing interest(s): This work was supported by a VICI grant from The Netherlands

51  Organisation for Scientific Research (918-15-667 to JAV).

52

53
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58 Introduction

59 Introduction

60 Infertility, a common disorder with a world-wide prevalence affecting 15% of all couples in the
61 reproductive age, is defined as the inability to conceive within one year of unprotected sexual
62  intercourse (Zegers-Hochschild et al. 2009). It is suggested that approximately 7% of the male
63  population is affected by a factor of infertility and that these collectively explain half of all infertile

64  couples (Krausz and Riera-Escamilla 2018; Irvine 1998; Winters and Walsh 2014).

65  The etiology of infertility is highly heterogeneous, which is not surprising when considering that both
66  male and female reproductive systems need to function in a combined and precisely coordinated
67  fashion in order to conceive a child. Appropriate genetic regulation is one of the most important and
68  indispensable prerequisites to control the coordination and timing of sexual development and
69 fertility. Because of the complexity of the gamete development, the interference of a genetic origin is
70  suspected. Studies aiming to elucidate the genetic basis of fertility defects in both human and mice
71 have defined numerous crucial pathways for male infertility, including sexual differentiation,
72 development of the genitourinary system and gametogenesis (Krausz and Riera-Escamilla 2018;
73 Jamsai and O'Bryan 2011). Currently more than 900 male infertility genes have been described in the

74  Jackson Laboratory’s Mouse Genome Informatics (MGI) database (http://www.informatics.jax.org/),

75 and 2,300 testis-enriched genes are currently known in human (Schultz, Hamra, and Garbers 2003).

76 Genetic testing in infertility

77 It is currently thought that at least 15% of all human male infertility patients can be explained by
78  genetic defects (Krausz and Riera-Escamilla 2018). Since the discovery of an extra X chromosome in
79  Klinefelter patients (47,XXY) as the first genetic cause of infertility in the late 1950’s (Ferguson-Smith
80  etal. 1957; Jacobs and Strong 1959), more than 3,500 papers have been published on the genetics of

81  male infertility, implicating various common genetic origins as well as hundreds of other genes in
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82  male infertility. Despite these large numbers, genetic diagnostic testing is usually confined to
83  karyotyping, AZoospermia Factor (AZF) deletion screening and Cystic Fibrosis Transmembrane
84  conductance Regulator (CFTR) mutation analysis and leaves a vast majority of patients unexplained.
85  Currently a genetic diagnosis is reached in about 4% of all infertile males - a number that has not
86 increased since the late 1990’s (Tuttelmann, Ruckert, and Ropke 2018; Johnson 1998). This is in sharp
87  contrast to the increase in diagnostic yield seen for other conditions with a strong genetic
88  component and increase in large-scale technologies for genetic testing since then (Rehm 2017;
89  Tuttelmann, Ruckert, and Ropke 2018). Importantly, the lack of a genetic diagnosis limits clinicians in
90 providing personalized information about the potential success of Assisted Reproductive
91 Technologies (ART), resulting in many couples undergoing these invasive procedures such as
92  TEsticular Sperm Extraction (TESE), without any chance of success. ART may lead to a situation where
93 infertility becomes an inherited condition. Therefore, a lack of genetic diagnosis limits counseling for
94  couples involved with regard to the reproductive health of offspring that can be conceived by ART

95  (Belva et al. 2016).

96  The diagnostic yield for genetic testing in male infertility remains low for several reasons. Firstly, the
97 condition is highly heterogeneous and thousands of genes are thought to play a role in
98  spermatogenesis (Schultz, Hamra, and Garbers 2003). High-impact mutations in any of these genes
99  will always remain at very low frequency in the population because of their impact on fitness. This
100 means that in order to find recurrently mutated genes and confidently linked novel genes to
101  infertility, one has to screen large cohorts of patients for pathogenic variants in large numbers of
102  genes. This has been laborious and expensive for a long time due to limitations of traditional genetic
103  assays such as Sanger sequencing. Since the first introduction of Next-Generation Sequencing (NGS)
104  in 2005, the technology has evolved to allow rapid and affordable sequencing of large amounts of
105 DNA (Metzker 2010). This has expedited sequencing of large gene panels, all coding genes (the
106  exome) and even whole genomes (Payne et al. 2018). In contrast to other fields in medical genetics

107 and oncology where NGS has revolutionized disease gene identification as well as genomic
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108  diagnostics, the use of NGS in male infertility has only recently commenced and its use in routine

109  diagnostics is still very limited.

110  The second reason underlying a disappointingly low diagnostic yield for male infertility is that the
111  interpretation of genetic data is hampered by gaps in our understanding of the biology of male
112 spermatogenesis and (in)fertility. This urgent need for better understanding of cellular, molecular
113 biochemical and genetic mechanism(s) is highlighted by a recent study of the World Health

114  Organization, who listed this need as one of the key areas of research focus (Barratt et al. 2017).

115 Clinical validity assessment of gene-disease relationships

116  With the introduction and advances in genomics, the number of genes associated to male infertility
117  has expanded in recent years. However, the amount of genes confidently linked to disease is still very
118  limited in comparison to developments in other genetic diseases such as intellectual disability
119  (Tuttelmann, Ruckert, and Ropke 2018; Vissers, Gilissen, and Veltman 2016). This is caused in part by
120  a lack of solid evidence linking variation in individual genes to human male infertility. The notion of
121  sub-optimal quality of evidence in male infertility research is not limited to genetic studies but is
122 considered a general concern in the field of reproductive biology (Barratt 2016; Evers 2013; Glujovsky

123 et al. 2016).

124  In order to robustly link gene dysfunction to disease, one needs to consider multiple levels of
125  evidence. This is especially important since insufficient, inconclusive and low-quality evidence may
126  result in incorrect and misleading conclusions about gene-disease relationships. Moreover, if this
127  wrongful gene-disease relation is not identified and corrected, it may lead to inappropriate diagnoses
128 and even mismanagement and counseling of infertile couples involved. Furthermore, these
129  incorrectly characterized genes may complicate follow-up research by contaminating candidate

130  disease gene lists and pathway analyses.
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131 To evaluate genetic variant pathogenicity, standard guidelines such as those provided by the
132  American College of Medical Genetics and Genomics (ACMG) are invaluable (Richards et al. 2015).
133  Their well-established framework combines variant allele frequency in control populations,
134  computational prediction programs such as SIFT (Kumar, Henikoff, and Ng 2009) and PolyPhen
135  (Adzhubei et al. 2010), as well as functional evidence and variant segregation evidence to classify
136  sequencing variants into (likely) benign, pathogenic or variants of uncertain significance (VUS). These
137  guidelines, however, have been developed for diagnostic purposes and are based on the assumption
138  that the causal link between the gene and the condition has already been established. So whereas
139  individual genetic variants may be considered pathogenic, unfortunately, the majority of candidate
140  genes in male infertility still have questionable evidence and cannot be confidently linked to human

141 disease.

142 Recently, the Clinical Genome Resource (ClinGen) has developed an extensive framework to assess
143 the clinical validity of a gene-disease relationship (Strande et al. 2017). However, the overall number
144  of validated disease genes is currently very limited (n=333) and does not contain any genes involved
145 in male infertility. Another, more simplified and pragmatic version of this framework was recently
146 published to more easily assess the clinical validity of gene-disease relationships (Smith et al. 2017).
147 In this study, we applied this latter gene-disease scoring system to curate all available information on
148  the genetics of human male infertility from 1958 up to June 2018. This analysis allowed us to
149  objectively classify the evidence for the involvement of genes in male infertility as non-existing,
150 limited, moderate, strong or definitive. The results from this work may be useful in both research and
151  diagnostics, for example for developing diagnostic gene panels and hopefully help to strengthen

152  genetic research in male infertility.
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153 Materials and methods

154 Search strategy and study selection

155 Two independent reviewers conducted a literature search in Pubmed according to the PRISMA
156  guidelines (Moher et al. 2009) for English articles in peer-reviewed journals. The search was
157  performed on several occasions with the last search taking place on the 21* of June 2018 without
158  further restrictions on publication date. The search query and screening strategy aimed to collect all
159 records of genetics research in defective male reproductive development and function
160  (Supplemental Table S1). We excluded all papers that did not describe human patients. Since the
161  scope of our review is limited to monogenic causes of male infertility and/or defective male
162  genitourinary development, we excluded papers describing chromosomal aneuploidies, complex
163 chromosomal rearrangement or copy number variations not attributable to a single gene, polygenic
164  and multifactorial causes, as well as variants that are associated with infertility, but do not directly
165 influence gene function such as SNP or genome-wide association studies. We also excluded genetic
166  disorders causing severe syndromic forms of infertility, affecting multiple organ systems (in addition
167  to the reproductive system). This for instance excludes syndromes which compromise viability, or
168  cause physical or intellectual disabilities to such a degree that patients are unlikely to seek for help to

169 reproduce (Supplemental Table S1).

170 We included patients with delayed puberty, completely sex-reversed individuals with male
171  phenotype (46,XX maleness) and male patients with partial virilization and a Prader score of 4, or
172 more. We used reviews on the genetics of human male infertility to supplement our strategy with
173  papers that were not identified in our systematic search, but did report potential gene-disease
174  relationships. Publication inclusions of doubt were resolved by discussion and consensus between all

175 authors.

176
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177 Data extraction and assessment of clinical validity

178 From eligible papers presenting original data, we extracted the gene names, patient phenotypes,
179  inheritance pattern, method of discovery and whether or not single nucleotide or copy number
180  variants were identified in the genes mentioned in infertile men. After extraction of the gene names
181  from all records, we employed a recently published gene-disease scoring system to establish the

182  strength of evidence for the relationship between a gene and male infertility (Smith et al. 2017).

183 A detailed description of the evidence assessment and a assessment template are described in
184  Supplemental Table S2 and S3. In short, for each gene, we collected evidence for the most likely
185 mode of inheritance (recessive, dominant, X-linked, Y-linked) of the infertility (sub)phenotype
186  primarily based on evidence provided in the original papers and from model organisms. If the human
187 mode of inheritance was unclear, we used computational methods based on statistical learning to
188 predict the most likely mode of inheritance (Quinodoz et al. 2017; Lek et al. 2016). All variants
189 described were re-classified using the standard ACMG guidelines for the interpretation of sequence
190 variants (Richards et al. 2015). Only patients who had a variant(s) that 1) match the expected or

191  proved inheritance pattern of the disease and 2) were classified as “Pathogenic”, “Likely pathogenic”

192  or “Uncertain significance” were eligible for scoring.

193 Except for variants in CFTR which may be more common due to founder effects in North European
194 populations (Bombieri, Seia, and Castellani 2015), we used a maximum allele frequency of 1% in the
195  general population as a threshold value. Variants causing fully penetrant monogenic severe male
196 infertility suffer from strong selection in the general population and are unlikely to reach higher allele
197  frequencies than 1% (Eilbeck, Quinlan, and Yandell 2017). Variants that were more common were
198  classified as (likely) benign. Next to various freely available population databases such as GhomAD
199  (Lek et al. 2016), we also used an anonymized local database with exome variants found in 3,347

200 fathers of children who have been referred for trio Whole Exome Sequencing (WES) in the Radboud
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201  University Medical Centre. The healthy fathers reflect the general Dutch population and to our

202  knowledge conceived naturally.

203 In order to award points for statistical evidence in autosomal recessive (AR) forms of infertility
204  described in families, we used the Logarithm of the ODds (LOD) scores from the original paper. If no
205 LOD score was given, we used a simplified formula as provided by the Clinical Genome Resource

206  Gene Curation Working Group (Strande et al. 2017). For dominant/X-linked diseases we used:

207  Z(LOD score) =log10 and for recessive diseases we used: Z(LOD score) =

0.5Segregations

1
0.25# affected individuals—1 7 c# unaffected individuals*

208 log10 For gene function, disruption, protein interaction

209  and model organism evidence, we critically reviewed available information from the original articles,
210  cited papers, other (more recent) papers from Pubmed, the Protein Atlas database(Uhlen et al.
211 2015), the STRING database (Szklarczyk et al. 2017) and the Mouse Genome Informatics database
212 (Smith et al. 2018). The first paper describing a variant in a potential disease gene was used as the
213  index patient. In line with this, points for independent publications were only given from the second
214  publication on describing variants in the same gene in unrelated patients. We then calculated the
215  sum of the assigned points for each gene and determined the clinical validity category according to
216  the original method (Smith et al. 2017). All genes received a denomination based on the points
217 gathered; 1-2 points: “No evidence”; 3-8 points: “Limited”; 9-12: “Moderate”; 13-15: “Strong”; 16-17
218 points: “Definitive”. Similar to the publication selection process, disagreements and debatable cases

219  were solved by consensus between all authors.

220 In order to prevent bias in gene-disease evaluation, a second and a third reviewer independently
221  reviewed and verified a random selection 12 and 16 gene-disease relationships, respectively. A
222  maximum difference of 1 point per gene-disease relationship was allowed if the classification was

223 not altered. All other cases were discussed and re-evaluated after consensus was obtained.

224 Overview of biological knowledge
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225 From all genes with at least limited evidence, we also extracted 1) the reported or expected results of
226 semen analysis (if available), Il) whether the patients described are sporadic or familial cases, and 1)
227  whether the type of infertility was isolated, a reproductive organ syndrome, endocrine disorder or
228  part of another syndrome. All genes with at least limited evidence were plotted according to their

229 biological function.

230
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231 Results:

232 Search strategy and study selection

233 With our search strategy, we aimed to identify all publications covering the genetics of male
234 infertility, including those underlying syndromes affecting the endocrine system, disorders of sex
235  development and genitourinary anomalies. Our search yielded a grand total of 23,031 publications
236 that date from 1958 - 2018. Based on title and abstract, 18,095 studies were excluded because the
237  publication was not in written English, or the study topic did not match our inclusion criteria
238  (Supplemental Table S1). Although severe syndromes including male infertility phenotypes were
239  excluded because affected patients are unlikely to seek for help to reproduce because of severe
240  physical or intellectual disabilities, we included milder syndromes and syndromes affecting the
241 reproductive organs only. A total of 4,936 publications were left. Since the scope of our systematic
242 review is monogenic male infertility, we then excluded papers based on full-text screening which
243 described genetic association or risk factors (n=668), AZF deletions (n=469), CNVs affecting multiple
244  genes (n=28) or chromosomal anomalies (n=1,180). In addition, we excluded 803 publications that,
245 based on full-text analysis in retrospect, were not covering the topic of the genetics of male infertility
246  and we excluded 41 papers of which the full text was unavailable. We then screened the reference
247  lists from included reviews (n=576) and were able to add another 115 publications that were not
248  identified by our search strategy. In total, our search yielded 1,286 publications that met our

249 inclusion criteria (Figure 1).

250  The systematic literature search revealed a total of 150-200 publications per year in the past 10 years
251  and showed that the majority of publications from the last few years report on monogenic causes of
252  male infertility (46% in 2017), followed by genetic association or risk factor analysis (28% in 2017)
253  (Figure 2A and B). Furthermore, the absolute number of karyotype studies has been relatively stable

254  over the past 20 years at approximately 30 publications per year.

255 Data extraction and evaluation of evidence
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256  From the 1,286 included publications, we extracted 438 unique HUGO approved gene names and 471
257  gene-disease relationships (Figure 1). The number of gene-disease relationships is higher than the
258 number of genes because several genes were described in multiple male infertility phenotypes. A
259  further look into the discovery method of these gene-disease relationships showed that DNA
260  sequencing has been the most commonly used technique for novel gene discovery and replication
261  studies (84% of all publications). At the moment a shift from Sanger sequencing to Next-Generation

262  Sequencing methods is taking place (Figure 2C).

263  We then assessed the clinical validity of each gene-disease relationship by using the simplified
264  scoring system designed to establish the strength of a relationship between a single gene and a
265  Mendelian disease (Smith et al. 2017) (Supplemental Table S2 and S3). In short, the scoring system
266  takes into account the total of unrelated patients, the number of papers that reproduced the initial
267  finding, the number of unique pathogenic variants and the evidence of gene disruption by the variant

268  and the phenotype of model organisms.

269  After excluding genes that did not contain any potentially pathogenic variant or were unable to be
270  classified, a total of 173 gene-disease relationships were curated and classified into the following
271  categories definitive (n=36), strong (n=12), moderate (n=33), limited (n=86) and no evidence (n=6).
272  We identified a total of 67 genes that can at least be moderately linked to a total of 81 male
273  infertility or abnormal genitourinary development phenotypes showing autosomal recessive (n=42),
274  autosomal dominant (n=26), X-linked (n=11) and Y-linked (n=2) inheritance patterns. Patients were
275  found sporadic (n=15), in families (n=10) or in both (n=56) and led to either isolated (n=18),
276  reproductive organ or endrocrine syndrome (n=49) or a syndromic form of infertility (n=14). A
277  summary of the results is depicted in Table 1 and Supplemental Table S4; full scoring is available in
278  Supplemental Table S5. In 154 cases, no (likely) pathogenic variants were identified and were
279  therefore also classified as “No evidence” for involvement in human infertility without further

280  curation of other evidence (Supplemental Table S6). In 150 cases, we could not evaluate the gene-
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281  disease relationship because either the inheritance pattern remains unclear or suggests polygenic
282  inheritance, the technical quality of the identification method was too poor or the exact variant

283  information could not be retrieved (Supplemental Table S7).

284  The results show that the total number of confidently linked genes is growing steadily at about 3
285  genes per year (Figure 2D). The increase of NGS methods being used has caused an exponential
286  growth in novel candidate genes. However, the vast majority of these are currently classified as

287 “Limited evidence”.

288 Overview of human genes involved in human male infertility

289  Taking into account that normal functioning of the male reproductive system is biologically mostly
290  dictated by the hypothalamic—pituitary—gonadal axis functioning, the origins of male infertility can be
291  divided in three major groups: pre-testicular, testicular and post-testicular. We grouped all genes
292  with at least limited evidence for an involvement in human male infertility into these three groups
293 based on their reported biological function (Figure 3) to assess whether the curated genes play a role

294  inthese biological processes.

295  Our results show that pre-testicular forms of infertility are mostly syndromic and caused by
296  endocrine abnormalities, characterized by low levels of sex steroids and abnormal gonadotropin
297  levels. Post-testicular causes include ejaculatory disorders or obstructions, which impair the
298  transport of spermatozoa from the testis. These obstructions can be caused by a congenital
299  unilateral or bilateral absence of the vas deferens. The most common genetic cause of obstructive
300 azoospermia (OA) are biallelic variants in the CFTR gene (Anguiano et al. 1992; Culard et al. 1994;
301 Dumur et al. 1990; Oates and Amos 1994; Patrizio et al. 1993) and variants in the recently identified

302  X-linked gene ADGRG2 (Patat et al. 2016).

303  Despite the fact that monomorphic forms of teratozoospermia are extremely rare, the majority of

304  genes known to cause isolated testicular forms of infertility are involved in such disorder (n=8, 53%
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305  of all 15). The number of genes confidently linked to oligozoospermia or azoospermia when mutated

306  remains limited (n=7, 47% of all 15).

307
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308 Discussion

309 Male infertility is a complex multifactorial condition which pathogenesis can be explained by
310 environmental causes, urological conditions such as retrograde ejaculation, defective endocrine
311  control of spermatogenesis such as hypogonadotropic hypogonadism or by the occurrence of genetic
312 alteration in genes important for proper reproductive functioning. This standardized clinical validity
313  assessment focused on the genetic causes of infertility and provides a systematic and comprehensive
314  overview of all genes implicated as a monogenic cause of male infertility. Our study aimed to provide
315  an overview of all currently available evidence and gene-disease relationships, as well as formulate a

316  set of recommendations for future studies involving the genetics of male infertility.

317 Clinical validity of gene-disease relationships in male infertility

318 In our literature search, we identified 471 gene-disease relationships that were subjected to critical
319  evaluation. Hereto we used a framework that was designed for interpretation of new research
320 findings in a clinical context in an unbiased way (Smith et al. 2017). The method that we used is a
321 simplified version of the extensive framework used by ClinGen to curate gene-disease relationships
322  and results in similar evidence categories. The method was previously described and proved to be
323 reliable, reproducible and similar to the conclusions of the ClinGen method which makes the method
324  suitable for robust and rapid evaluation of genes in both research and diagnostic sequencing settings

325  (Smith et al. 2017).

326  The clinical validity of the 471 gene-disease relationships varied widely and ranged from definitive
327  (n=36) to strong (n=12), moderate (n=33), limited (n=86) or no evidence (n=154). A total of 150 gene-
328  disease relationships could not be curated because the tool that we used was not suitable for the
329  type of inheritance pattern observed: we only assessed genes with highly penetrant Mendelian
330 inheritance patterns and excluded mitochondrial and polygenic inheritance patterns (n=45).
331  Furthermore, in several cases the quality of the variant detection was problematic (n=5), essential

332 information like variant information was missing (n=8), or there was insufficient evidence for
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333  establishment of the inheritance pattern (n=92) in the original article(s). These results demonstrate
334  that the quality of evidence for gene-disease relationships and reporting of the results varies greatly -
335 a matter that is often not examined or acknowledged in original publications and/or literature

336 reviews.

337  The curation of all gene-disease relationships was performed with the currently available evidence
338 identified in this literature search. The results are not static and as knowledge increases over time
339  the outcome may be subjected to changes over time. Hence, we expect that a large number of the
340 genes that are currently classified as “Limited”, “No evidence” or “Unable to classify” may still play

341  animportant role in male infertility and should therefore not be omitted from future genetic studies.

342  The number of candidate gene-disease relationships is growing exponentially as a result of the
343  availability of NGS methods and the first half of 2018 has already yielded more novel gene-disease
344 relationships than the full year of 2017 (Figure 2D). However, the number of confidently linked gene-
345 disease relationships is not growing at the same pace. The major reason for this is that most genes
346 have only been found mutated in single patients and functional evidence is lacking. We expect the
347 number of genes confidently linked to azoospermia to grow in the coming years by large-scale data
348  sharing, especially since this is a common form of infertility and genetic components are very likely to

349 play an important role in its etiology (Krausz and Riera-Escamilla 2018).

350 Importance of re-evaluation of evidence

351 The recent availability of large genetic population reference databases facilitates re-evaluation of
352  reported disease-associated variants and allows to determine whether the population frequency of
353  the variant is in line with a reported link to a disorder associated with reduced fitness such as male
354  infertility. Previous reports have shown that healthy participants on average have ~54 exonic variants
355  that were previously reported to be pathogenic, but based on their allele frequency were likely to be

356  misclassified (Lek et al. 2016).
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357  The systematic re-classification of reported genetic sequencing variants in male infertility using this
358 information resulted in some interesting observations. For example, PICK1 is regularly mentioned as
359  a gene that causes globozoospermia in human patients (De Braekeleer et al. 2015; Ray et al. 2017;
360  Krausz and Riera-Escamilla 2018). However, only one patient with one homozygous variant has ever
361 been described in the initial report of a Chinese globozoospermia patient, and no new patients were
362  published since (Liu, Shi, and Lu 2010). The article was published in 2010, six years before the release
363  of gnomAD which is currently the largest database with allelic information from 123,136 exomes and
364 15,496 genomes. The variant described in the original publication is present in 1.74% of the East

365 Asian population (http://gnomad.broadinstitute.org/variant/22-38471068-G-A). Calculating the

366  Hardy-Weinberg equilibrium using the incidence of globozoospermia (0.1 % of all male infertility
367  patients) (Holstein et al. 1973) suggests that the maximum allele frequency of this variant can be
368  0.026%, which is much lower than the observed frequency. Importantly, this maximum allele
369 frequency is still an overestimate as it assumes that all globozoospermia patients are explained by
370  this PICK1 variant. Although the gnomAD database includes females, may contain male infertility
371 patients and the variant may have reduced penetrance, it is highly unlikely that this particular variant

372 is causing globozoospermia in this patient based on the allele frequency.

373 Despite the gene-disease relation being based on the wrong data, PICK1 deficiency has been shown
374  toresult in disruption of acrosome formation in mice and PICK1 is expressed in human testis (Xiao et
375 al. 2009). Hence, based on these observations the gene remains an important candidate gene for
376  human male infertility. Similar discrepancies in originally published allele frequencies and currently
377  available allele frequencies were found in several other genes including NLRP14

378  (http://gnomad.broadinstitute.org/variant/11-7060977-A-T) (Westerveld et al. 2006), SEPTI12

379  (http://gnomad.broadinstitute.org/variant/16-4833970-C-T) (Lin et al. 2012) and RHOXF1

380  (http://gnomad.broadinstitute.org/variant/X-119243190-C-T) (Borgmann et al. 2016).
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381  Evidence from animal models was often strong and genetic studies clearly benefit from a wealth of
382  studies describing hundreds of well-characterized male infertility mouse models (de Boer, de Vries,
383  and Ramos 2015; Kherraf et al. 2018). However, caution is urged in drawing conclusions about gene
384  function and inheritance mode based on mouse models only. The mouse and human reproductive
385  system are notidentical and genes may have (slightly) different functions or transmit disease through
386  different modes of inheritance (Lieschke and Currie 2007). For this reason, we included statistical
387  evidence from large human datasets to supplement the evidence from animal models (Lek et al.
388  2016; Quinodoz et al. 2017). In case the evidence for inheritance pattern was clearly contradictory

389  between mice and human, we did not evaluate the gene-disease relationship (n=92).

390 Recommendations for genetic testing in male infertility

391 During our study, we noted that international guidelines for nomenclature and interpretation of
392  sequencing variants were often not followed even long after the introduction and world-wide
393  acceptation of these guidelines (den Dunnen et al. 2016; Richards et al. 2015). We identified several
394 errors in nomenclature of sequencing variants and in some cases the variants were not named in a
395 meaningful and unequivocal manner rendering them unusable for assessment. This is in conflict with
396  the FAIR Data Principles for data management and stewardship (Wilkinson et al. 2016). Furthermore,
397  many publications did not mention the expected or proven inheritance pattern or made doubtful

398 conclusions about the mode of inheritance.

399 In order to ensure efficient sharing and downstream use of newly identified sequencing variants and
400 genes, it is crucial to report variants in an unambiguous and standardized way. In adherence to the
401  standard ACMG guidelines and the best practice guideline of Dutch Genome Diagnostic Laboratories,
402  we have made a list of recommendations for future reporting of novel male infertility variants
403  (Supplemental Table S8). Furthermore, our literature study shows that the quality of evidence of a
404  gene-disease relationship varies greatly. We recommend the use of public and local genomic

405 reference databases, statistical and functional experiments to build evidence for causality
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406  (Supplemental Table S9). Due to the sporadic nature of some forms of male infertility, it can be very
407 challenging to acquire multiple patients with variants in the same gene. There are multiple online
408  platforms such as Matchmaker Exchange available for researchers and clinicians which have proven

409  to successfully match patients and uncover rare and novel causes of disease (Philippakis et al. 2015).

410 The genetics of human male infertility: overview and future perspectives

411  Our work shows that the field of genetics of male infertility is rapidly expanding due to the
412  introduction of NGS methods (Figure 2). However, currently of all 471 gene-disease relationships
413  described, only 17% (n=81 gene-disease relationships involving 67 genes) have been at least
414  moderately linked to the disease and an additional 18% (n=86 gene-disease relationships involving 84
415  genes) are candidate gene-disease relationships with only limited evidence for involvement of the
416  gene in a male infertility phenotype (Table 1, Supplemental Table S4; Figure 3). Caution should be

417  warranted when using genes with limited or no evidence for diagnostic screening.

418  Similar to other fields in medical genetics, the field of genetics in male infertility has largely focused
419 on inherited variation. Our analysis indicates that 52% of all gene-disease relationships with at least
420  moderate evidence for an involvement in male infertility show an autosomal recessive inheritance
421  pattern (n=42 of 81 gene-disease relationships involving 40 genes). Importantly, many of these genes
422  have been identified in consanguineous families and many of these are associated with very specific
423  and rare sperm defects. It is therefore unlikely that these genes will play a major role in the more
424  common quantitative sperm defects encountered in outbred populations. In contrast, our analysis
425  revealed that only 32% of all gene-disease relationships (n=26 of 81, involving 20 genes) with at least
426  moderate evidence for causing male infertility has an autosomal dominant inheritance pattern, most

427  of which are syndromic presentations.

428 It may perhaps not be surprising that there is only a limited number of autosomal dominant genes
429  described for male infertility, as pathogenic variation in these genes can only be passed through the

430  maternal line. Importantly, however, studies in intellectual disability and developmental delay have
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431  recently pointed to an important role for de novo germline mutations resulting in autosomal
432  dominant disease (Vissers, Gilissen, and Veltman 2016). The de novo mutation hypothesis for male
433  infertility is further underscored by the fact that de novo chromosomal and structural variations are
434  well-known causes of male infertility: Klinefelter syndrome (47,XXY) and AZF deletions almost
435  exclusively occur de novo (Lanfranco et al. 2004; Colaco and Modi 2018). The role of de novo point
436  mutations, however, remains unexplored in male infertility so far. At the moment, only 3 autosomal
437  dominant genes are moderately linked to isolated male infertility (DMRT1, KLHL10, SYCP3).
438  Unfortunately, for none of these genes parental samples were studied to find out whether the

439  variant was paternally or maternally inherited or occurred de novo.

440 Genetic testing in diagnostic settings

441  In clinics, genetic testing is offered to infertile men to establish a molecular diagnosis that can be
442 used predict the potential success of fertility treatment options, such as In Vitro Fertilization (IVF),
443 IntraCytoplasmic Sperm Injection (ICSI) combined with TEsticular Sperm Extraction (TESE) or
444 PErcutaneous Sperm Aspiration (PESA) and the risk of transmitting infertility to the next generation.
445  Several studies have shown that men with male factor infertility experience more negative emotional
446  impact such as depressive symptoms, stigma and reduced self-esteem, than men whose partners
447  were infertile or men of couples diagnosed with unexplained infertility (Fisher and Hammarberg
448  2012). The standard use of NGS in the diagnostic work-up of male infertility could lead to more men
449  receiving a diagnosis, or explanation, and therefore possibly influence this emotional burden in a

450 positive way.

451  The recommendations for genetic testing during the diagnostic work-up of male infertility have only
452  minimally changed over the last 20 years and most of these recommendations still focus on the well-
453  known and common causes of male infertility that were already known in the 1990’s (Barratt et al.
454  2017; Jungwirth 2018). For cost-efficiency, there are guidelines to help stratify patient groups to

455  receive pre-conceptive genetic tests such as karyotype analysis, AZF deletion tests or a screening for
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456  pathogenic variants in a single gene involved in a specific phenotype such as CBAVD or Kallmann
457  syndrome. A recent World Health Organization study on the diagnosis on male infertility suggested
458  to at least perform karyotyping and AZF deletion tests in men with non-obstructive azoospermia or
459  extreme oligoasthenoteratozoospermia (OAT) without a history of a known cause of spermatogenic
460 failure such as chemotherapy, varicocele, orchitis or bilateral cryptorchidism (Barratt et al. 2017).
461  However, after stratification, in approximately 40% of all male infertility patients no genetic cause is
462  found with the above mentioned tests (Krausz and Riera-Escamilla 2018) and this strongly suggests
463  that much more genetic research is required and at the same time the use of other diagnostic assays

464 should be considered.

465  Testing all patients for all genetic anomalies was very costly for a long time. However, in light of the
466  recent developments of novel sequencing technologies, it is now possible to consolidate one or
467  multiple tests in a single NGS assay which will help to cut the costs. The first examples of NGS-based
468  screening methods have been described for male infertility (Oud et al. 2017; Fakhro et al. 2018; Patel
469 et al. 2018). The European Society of Human Genetics (ESHG) and the European Society for Human
470 Reproduction and Embryology (ESHRE) have recently made a recommendation for developing and
471 introducing new tests, specifically for extended carrier screening (Harper et al. 2018). Genetic tests
472  should be designed to achieve high clinical validity, establish clinical utility, minimize secondary
473  findings such as carriership of cancer-predisposing variants as the capacity of follow-up counseling is
474  limited and furthermore they emphasized that providers should take into account that there are
475 inter- and intra-population and individual differences for genetic risk and disease. For example, when
476  considering the effect of immigration of non-European populations on counseling and interpretation

477 of uncommon disease-associated variants (Harper et al. 2018).

478  With the current rise of NGS in the field of male infertility, the number of novel pathogenic variants
479  and genes will grow rapidly (Figure 2). The identification of novel disease genes allows for selection

480  of genes for male infertility gene panels. For diagnostic purposes, gene panels should contain genes
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481  with a minimal level of evidence of involvement with disease. We recommend to include genes with
482  an evidence classification of at least “Moderate” for the composition of diagnostic gene panels. We
483  recommend the inclusion of genes involved in syndromic forms of male infertility. The severity of
484  several syndromes relies on the damaging effect of the mutation(s) and the spectrum may span
485  combinations of recognizable associated features to isolated infertility. It is therefore possible that
486  patients referred to for infertility suffer from a mild syndrome which features were missed or not

487 present upon anamnesis.

488 Conclusion

489 In this clinical validity assessment, we evaluated a total of 471 gene-disease relationships involving
490 438 genes with reported monogenic association to male infertility and identified 81 gene-disease
491  relationships with at least moderate evidence for a role in male infertility. Both our results as well as
492 our objective approach and recommendations may aid the robust and rapid identification and

493  incorporation of novel genes in male infertility diagnostics.

494
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1110  Figure 1: PRISMA flow chart. Our search and screening strategy to identify publications and genes
1111  eligible for clinical validity assessment. AR: Autosomal Recessive; AD: Autosomal Dominant; XL: X-

1112 linked; YL: Y-linked

1113  Figure 2: Genetic studies in male infertility. A) Graphical overview of genetic studies in male
1114  infertility. B) Graphical representation of type of genetic research in male infertility. C) The use of
1115  Sanger Sequencing and Next Generation Sequencing for the discovery of genes in male infertility. D)

1116  Increase of genes linked to human male infertility.

1117  Figure 3: Biological overview of the genetics of male infertility. The color of each gene indicates the

1118  amount of evidence: Brown: Definitive; Red: Strong; Orange: Moderate.

1119  Table 1: Results gene-disease relationships; only showing at least moderate evidence
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Screening ldentification

Eligibility

Inclusion

Records identified through Pubmed search on
the 21st of June 2018:

h=23,031

v

Abstract and title

screening:
n=23,031

\4

Full-text screening:
n=4,936

V

Reviews included:
n=57/76

\4

Additional articles from

reference lists:

Excluded
n=18,095
1. Publication not in English: 2,505

2. Study not in humans: 4,562
3. Study topic irrelevant: 11,028

Excluded
n=3,189
4. Association study: 668

5. AZF deletion: 469
6. Multiple genes affected: 28
7. Karyotype anomaly: 1,180

8. Irrelevant: 803
9. Full text unavailable: 41

n=115
M V/
Papersincluded:
n=1,286
V/
Gene names and disease hames extracted from publication:
Number of genes=438
T T —— Number of gene-disease relationships: 471
V/ V
Definitive: Strong: Moderate: Limited No evidence: Not evaluated:
N=36 n=12 n=33 N=86 n=154 n=150
AR 22 4 16 51 05
AD 8 4 14 27 45
N/A
XL 5 3 5 7/ 14
YL 1 1 0 1 1

Evidence assessment
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Table 1: Results gene-disease relationships; only showing at least moderate evidence

HGNC gene | Synonym Gene | . Expected result semen Type of Inherltan.ce Score Conclusion First 2
Broad category Disease category Disorder . Cases . o pattern in ¥ * references
name s locus analysis infertility o
human
i - (Patat et al.
. Abnormal development of Congenital Bilateral Absence of . . Isolated X
ADGRG2 Xp22.13 Post-testicular vas deferens the Vas Deferens; OMIM:300985 Azoospermia Sporadic infertility XL 10 Moderate 2016; Yang
et al. 2017)
(Knebelma
Reproductive nnetal.
AMH 19p13.3 Pre-testicular Abnormal de\_/elopment of Persistent Mullerian Duct Ollgo?sthenoteratozoo_sp Familial/sporadic system AR 17 Definitive 1991;
reproductive organs Syndrome; OMIM: 261550 ermia, hematospermia Carre-
syndrome
Eusebe et
al. 1992)**
Reproductive (Imbeaud
AMHR2 12q13.13 Pre-testicular Abnormal de\./elopment of Persistent Mllerian Duct Ollgo?sthenoteratozoo.sp Familial/sporadic system AR 17 Definitive et al. 1995;
reproductive organs Syndrome; OMIM:261550 ermia, hematospermia Imbeaud et
syndrome ok
al. 1996)
Endocrine (Franco et
Kallmann syndrome; Azoospermia, - . disorder/Repro . al. 1991;
OMIM:308700 oligozoospermia Familial/sporadic ductive system XL 18 Definitive Bick et al.
Kk
ANOS1 KALL Xp22.31 Pre-testicular Abnormal hypothalamus syndrome 1992)
development and function . Endocrine
Isolated Hypogonadotropic Azoospermia disorder/R (Sato etal.
Hypogonadism (normosmic); oli ozoops erm,ia Familial/sporadic dlz:t:v:rs S:Z:: XL 15 Strong 2004; Li et
OMIM:308700 gozoosp v al. 2016)**
syndrome
(Obici et al.
. . Testicular amyloidosis; Azoospermia, . . Syndromic 2004;
APOA1L 11g23.3 Testicular Pre-meiotic arrest OMIM:105200 oligozoospermia Familial/sporadic infertility AD 12 Moderate Scalvini et
al. 2007)**
(DiLauro et
Pre-testicular Abnormal development of Partial androgen insentitivity Azoospermia, Familial/sporadic REF;"‘;S:;“VE XL 17 Definitive L?)lt.)i?cgafo
reproductive organs syndrome; OMIM:312300/300633 oligozoospermia P 4
syndrome etal
AR Xql2 1992)**
(Akin et al.
. Pre-meiotic arrest/Meiotic Non-obstructive azoospermia; Azoospermia, - . Isolated _— 1991; Yong
Testicular arrest OMIM:NA oligozoospermia Familial/sporadic infertility X 17 Definitive et al.
1994)**
(Dieterich
AURKC 19q13.43 Testicular Spermiogenesis defect Macrozoospermia; OMIM:243060 Teratozoosperm |_a: Familial _Isolat_e_d AR 17 Definitive e'_c 2l 2.007;
Macrozoospermia infertility Dieterich et
al. 2009)**
Reproductive (Bhoj et al.
BNC2 9p22.3- Post-testicular Abnormal development of Hypospadias; OMIM:NA Normozoosperm.la, sporadic system AD 10 Moderate 2011;
p22.2 urethra (PS300633) oligozoospermia Baxter et al.
syndrome ok
2015)
Endocrine (Kotan et
ccDC141 20312 Pre-testicular Abnormal hypothalam_us Kallmann syndrome; OMIM:NA Ollgozoosperr_nla, Familial/sporadic dlsor_der/Repro AR 9 Moderate al. 2914;
development and function (PS147950) azoospermia ductive system Hutchins et
syndrome al. 2016)**
CCDC39 3(26.33 Testicular Spermiogenesis defect Primary ciiary diskinesia; Oligoasthenozoospermia Familial/sporadic Syndromic AR 14 Stron {Merveille
4eb- permice OMIM:613807 € P P infertility e etal. 2013;

"9SUS9I| [eUOEUISIUT 0 7 AN-DON-Ag-DJ€ Jopun
a|ge|rene apew si 1| "Aumadiad uljuudaid ayy Aejdsip 03 asuadl| e AlxHolq pajuelb sey oym ‘Japuny/ioyine ay sl (Mainal 1aad Ag payiiad jou

sem yaiym) udaud siys 1oy 1spjoy 1ybBuAdod syl "8T0Z ‘vz Jaquierdas palsod UoIsIaA SIY) :€55SZ/TOTT 0T/Bio 10p//:sdny :1op uudaid Aixyoig


https://doi.org/10.1101/425553
http://creativecommons.org/licenses/by-nc-nd/4.0/

Blanchon et
al. 2012)
(Blanchon
. . . Primary ciliary diskinesia; . " . Syndromic etal. 2012;
CCDC40 17g25.3 Testicular Spermiogenesis defect OMIM:613808 Asthenozoospermia Familial/sporadic infertility AR 11 Moderate Suiet al.
2016)
Pre-meiotic arrest/Meiotic Oligoasthenoteratozoospermia Oligoasthenoteratozoos Syndromic (Imtiaz et
CDC14A 1p21.2 Testicular arrest/Spermiogenesis OMIM:NA (PS258150) with g ermia P Familial i::fertilit AR 11 Moderate al. 2018)
defect deafness; OMIM:616958 v )
CEP290 12021.32 Testicular Spermiogenesis defect Leber Congenital Amaurosis; Asthenozoospermia Sporadic Syndromic AR 9 Moderate (Yzer etal.
e permice OMIM:611755 P P infertility 2012)
i mospogal | | TeeeoE T
CFAP43 WDR96 10g25.1 Testicular Spermiogenesis defect abnormalities of the sperm P Ny _p g Familial/sporadic . N AR 16 Definitive i >ha
flagella: OMIM:617592 Abnormalities of the infertility et al.
agella; i Sperm Flagella 2017)**
. . Teratozoospermia: (Tang et al.
Multiple morphological . i :
CFAP44 WDR52 3g13.2 Testicular Spermiogenesis defect abnormalities of the sperm Multiple Mc_)r_phologlcal Familial/sporadic _Isolat_e_d AR 16 Definitive 2017; sha
flagella: OMIM:617593 Abnormalities of the infertility etal.
geta; i Sperm Flagella 2017)**
" . Teratozoospermia: o
Multiple morphological . . =
CFAP69 7021.13 Testicular Spermiogenesis defect abnormalities of the sperm Multiple Mc.n'.phologlcal Familial .Isolat.e.d AR 9 Moderate (Dong et al. %
Abnormalities of the infertility 2018) ©
flagella; OMIM:617959
Sperm Flagella o)
(Dumur et g
Congenital Bilateral/Unilateral al. 1990; CID
CFTR 7931.2 Post-testicular Abnorn\::l 32\;:1:ﬁ:1ent of Absence of Vas Deferens; Azoospermia Familial/sporadic il:foelrattiﬁtd AR 16 Definitive Anguiano -|<
OMIM:277180 v etal. |2
1992)* [
P Z
. Endocrine {kim et al. (W)
Abnormal hypothalamus Kallmann syndrome without Oligozoospermia disorder/Repro 2008; e
Pre-testicular VP . CHARGE phenotype; g P Y Familial/sporadic . P AD 16 Definitive Jongmans o
development and function azoospermia ductive system =
OMIM:612370 et al. =
syndrome 20000* |5
CHD7 8qg12.2 {Kim etal. |3
Isolated Hypogonadotropic Endocrine 2008: T
. Abnormal hypothalamus Hypogonadism (normosmic) . . . disorder/Repro o - =}
Pre-testicular development and function without CHARGE phenotype; Azoospermia Familial/sporadic ductive system AD 16 Definitive Toemtrr;:ska S?_J
OMIM:612370 d . =
syndrome 2014)** §.
IC
Congenital adrenal insufficiency . Endocrine (Rubtsov et a
ith partial 46.XY | Normozoospermia, disorder/R al. 2009; D
CYP11A1 P450SCC 15¢24.1 Pre-testicular Adrenal gland dysfunction WIth partial 26, XY sex reversa oligozoospermia, Familial/sporadic |sor_ er/Repro AR 16 Definitive Sahakitrung |
(Prader stage 4; 5 or 6); azoospermia ductive system ruang et al
OMIM:613743 syndrome 2011)**
46,XX Disorders of Sex . (Kandemir
Endocrine and
Development (Prader scale 4; 5 or disorder/R Yord
CYP11B1 P450C11 8q24.3 Pre-testicular Adrenal gland dysfunction 6) due to congenital adrenal Azoospermia Familial/sporadic dlsotr_ e ipro AR 17 Definitive :gga;r.n
hyperplasia (11-beta-hydroxylase u:y:jriyr::m Chabre'et
deficiency); OMIM: 202010 al. 2000)**
46,XY Disorders of Sex ) Endocrine (Ahlgren et
Development (Prader stage 4, 5 or Normozoospermia, disorder/Repro al. 1992:
CYP17A1 P450C17 10¢24.32 Pre-testicular Adrenal gland dysfunction 6) due to 17-alpha- oligozoospermia, Familial/sporadic . P AR 16 Definitive T
. ductive system Imai et al.
hydroxylase/17,20-lyase azoospermia syndrome 1992)**
deficiency; OMIM: 202110 4
Normazoospermia Endocrine (Shozu et
Pre-testicular Adrenal gland dysfunction Aromatase exc.ess syndrome with oligozoospermia, Familial/sporadic dlsor.der/Repro AD 17 Definitive al. 2003;
Aromatas gynaecomastia; OMIM: 139300 . ductive system Demura et
CYP19A1 15g21.2 azoospermia x
e syndrome al. 2007)
. . 46,XX Disorders of Sex . " . Endocrine (Marino et
Pre-testicular Adrenal gland dysfunction Development (Prader scale 4; 5 or Azoospermia Familial/sporadic disorder/Repro AR 9 Moderate al. 2015;
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6) due to aromatase deficiency; ductive system Mazen et
OMIM:613546 syndrome al.2017)
(Cabrera,
. Vogiatzi,
Classic congenital adrenal Oligozoospermia Syndromic and New
Pre-testicular Adrenal gland dysfunction hyperplasia; OMIM:201910 azoospermia Familial/sporadic |nffart|l|t.y/Endo AR 17 Definitive 2001;
crine disorder 3
PA50c21 Ezquieta et
CYP21A2 . 6p21.33 al. 2007)**
{Sugino et
Non-classic adrenal hyperplasia Oligozoospermia Endocrine al. 2006;
Pre-testicular Adrenal gland dysfunction (late onset or no CAH symptoms); a:gzoos :rmia ’ Familial/sporadic disorder AR 17 Definitive Nandagopal
OMIM: 201910 P etal.
2011)%*
. (Lopes et
Sertoli cell only
. L Non-obstructive azoospermia; . - Isolated al. 2013;
DMRT1 9p24.3 Testicular syndrome/_Prejx—melotlc OMIM:NA(PS258150) Azoospermia Sporadic infertility AD 9 Moderate Tewes et al.
arrest/Meiotic arrest
2014)
KTu/C14 . e . .
. . . Primary ciliary dyskinesia; . - Syndromic (Omran et
DNAAF2 orf:.f:/P 14q21.3 Testicular Spermiogenesis defect OMIM:612518 Asthenozoospermia Familial infertility AR 10 Moderate al. 2008)
Teratozoospermia: (Ben Khelifa
Multiple morphological . P 5 et al. 2014;
. . . . Multiple morphological - " Isolated .
DNAH1 3p21.1 Testicular Spermiogenesis defect abnormalities of the sperm . Familial/sporadic . N AR 16 Definitive Wambergu
abnormalities of the infertility
flagella; OMIM:617576 sperm flagella eetal
P g 2016)**
(Koscinski
DPY19L2 12q14.2 Testicular Spermiogenesis defect Globozoospermia; OMIM:613958 Teratozoosperm!a: Familial/sporadic .Isolat.e.d AR 16 Definitive etal. 2011;
Globozoospermia infertility Harbuz et
al. 2011)**
. . Occult Fanconi Anemia; OMIM:NA . - " Isolated (Krausz et
FANCA 16024.3 Testicular Sertoli cell only syndrome (P$227650) Azoospermia Familial/sporadic infertility AR 10 Moderate al. 2018)
Endocrine (Falardeau
Pre-testicular Abnormal hypothalam_us Kallmann syndrome; OMIM: Ollgozoosperr_nla, Familial/sporadic dlsor_der/Repro AD 14 Strong et al. 2008;
development and function 612702 azoospermia ductive system Trarbach et
* %k
FGF8 10624.32 syndmme 2. 2010)
Isolated Hypogonadotropic Endocrine (Falardeau
Pre-testicular Abnormal hypothalam_us Hypogonadism (normosmic); Ollgozoospermla, Familial/sporadic dlsor_der/Repro AD 10 Moderate et al. 2008;
development and function azoospermia ductive system Trarbach et
OMIM:612702
syndrome al. 2010)
Endocrine (Dode et al.
. Abnormal hypothalamus Kallmann syndrome; Oligozoospermia, " . disorder/Repro —_ 2003; sato
Pre-testicular development and function OMIM:147950 azoospermia Familial/sporadic ductive system AD 17 Definitive et al.
syndrome 2004)**
FGFR1 KAL2 8pll.23 . (Kim et al.
Isolated Hypogonadotropic Endocrine 2005;
. Abnormal hypothalamus y_p g p Oligozoospermia, " . disorder/Repro . . !
Pre-testicular development and function Hypogonadism (normosmic); 2200spErMia Familial/sporadic ductive system AD 17 Definitive Pitteloud et
P OMIM:147950 P v al. 2006)**
syndrome
Endocrine (Phillip et
. o . Isolated Hypogonadotropic Oligozoospermia, - . disorder/Repro al. 1998;
FSHB 11p14.1 Pre-testicular Pituitary gland dysfunction Hypogonadism; OMIM:229070 azoospermia Familial/sporadic ductive system AR 12 Moderate Lindstedt et
syndrome al. 1998)**
(Tapanaine
Hypergonadotropic Endocrine netal.
FSHR 2pl6.3 Pre-testicular Pre-meiotic arrest hypogonadism; OMIM:NA Oligozoospermia Familial . AR 11 Moderate 1997;
disorder
(PS147950) Franca et
al. 2017)
Abnormal development of 46,XY Disorders of Sex Oligoz00spermia Reproductive (Lourenco
GATA4 8p23.1 Pre-testicular i P Development (Prader scale 4; 5 or g P o Familial system AD 12 Moderate etal. 2011;
reproductive organs Lt . azoospermia .
6) resulting in anomalies of syndrome Igarashi et
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testicular development; al.2018)
OMIM:615542
Endocrine (Bouligand
. Abnormal hypothalamus Isolated Hypogonadotropic Oligozoospermia, " . disorder/Repro et al. 2009;
GNRH1 8p212 Pre-testicular development and function Hypogonadism; OMIM:614841 azoospermia Familial/sporadic ductive system AR 10 Moderate Chanetal.
syndrome 2009)
Endocrine (de Roux et
. o . Isolated Hypogonadotropic Oligozoospermia o disorder/Repro . al. 1997;
GNRHR 4q13.2 Pre-testicul Pituit land dysfuncti ! F lial AR 17 Definit! !
a re-testicuiar ftultary gland dystunction Hypogonadism; OMIM:146110 azoospermia amfia ductive system etinitive Layman et
syndrome al. 1998)**
46,XY Disorders of Sex (Neocleous
Abnormal development of Development (Prader scale 4; 5 or Normozoospermia, Reproductive et al. 2012;
HSD17B3 9g22.32 Pre-testicular X P 6) resulting in anomalies of oligozoospermia, Familial/sporadic system AR 12 Moderate Costa-
reproductive organs . .
testicular development; azoospermia syndrome Barbosa et
OMIM:264300 al. 2013)**
Adrenal hyperplasia due to 3p- Normozoospermia, Syndromic (azlh;gi;_t
HSD3B2 1p12 Pre-testicular Adrenal gland dysfunction hydroxysteroid dehydrogenase oligozoospermia, Familial/sporadic _y . AR 15 Strong ) !
deficiency; OMIM: 201810 azoospermia infertility Welzel et
! i al. 2008)**
Abnormal development of Normozoospermia, Reproductive (ch)rgl:)%‘(:)'et
INSL3 19p13.11 Pre-testicular ) P Cryptorchidism; OMIM:219050 oligozoospermia, Familial/Sporadic system AD 12 Moderate . !
reproductive organs azoospermia syndrome Marin et al.
P! Y 2001)**
Endocrine (de Roux et
. Abnormal hypothalamus Kallmann syndrome; Oligozoospermia, " . disorder/Repro . al. 2003;
Pre-testicular development and function OMIM:614837 azoospermia Familial/sporadic ductive system AR 7 Definitive Seminara et
%k
KISS1R GPRS4 19p13.3 syndrome al. 2003)
Isolated Hypogonadotropic Endocrine (de Roux et
. Ab| | hypothal g . Olj ia, - . disorder/R L 1. 2003;
Pre-testicular normal hypotna am.us Hypogonadism {normosmic); |gozoosperr.n|a Familial/sporadic |sor. er/Repro AR 17 Definitive 2 .
development and function azoospermia ductive system Seminara et
OMIM:614837 o
syndrome al. 2003)
Meiotic Isolated (Yatsenko
KLHL10 17921.2 Testicular arrest/Spermiogenesis Oligozoospermia; OMIM:615081 Oligozoospermia Sporadic . N AD 10 Moderate
infertility et al. 2006)
defect
(Weiss et
Hypogonadotropic hypogonadism; Oligozoospermia Endocrine al. 1992;
LHB 19¢13.3 Pre-testicular Pituitary gland dysfunction OMIM:228300 azoospermia Familial/sporadic disorder AR 17 Definitive Va_ldes—
Socin et al.
2004)**
R ducti
el:;:/ost:m ve (Laue et al.
. . . Leydig cell dysfunction with Normozoospermia, o . . 1996;
Testicul Leydi Il dysfunct ’ Familial/s d d End AR 17 Definit ’
esticutar eycig cell dystunction hypogonadism; OMIM:238320 oligozoospermia amilial/Sporadic syn_rome/ nde etinitive Misrahi et
crine system
disorder al. 1997
LHCGR LHR 2pl6.3 Reproductive
F;ystem (Shenker et
. . . Male precocious puberty; Normozoospermia, L . . al. 1993;
Testicular Leydig cell dysfunction OMIM:176410 oligozoospermia Familial/sporadic syngrome/Endo AD 17 Definitive Kremer et
crine system o
) al. 1993)
disorder
{Kott et al.
. . 5 Primary ciliary dyskinesia; . s . Syndromic 2012; Liu
LRRC6 8q24.22 Testicular Spermiogenesis defect OMIM:614935 Asthenozoospermia Familial/Sporadic infertility AR 13 Strong and Luo
2018)
(Fukami et
5 . . al. 2006;
Abnormal development of 46,XY Disorders of Sex Normozoospermia, Reproductive Ogata
MAMLD1 CXorf6 Xq28 Pre-testicular reproductive OFI)' ans Development (Prader scale 4; 5 or oligozoospermia, Familial/sporadic system XL 15 Strong Fuﬁam}
P & 6); OMIM:300758 azoospermia syndrome 4
and Wada
2008)**
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Sertoli cell only
syndrome/Pre-meiotic

Muckle-Wells Syndrome;

Oligozoospermia,

Syndromic

(Tran et al.

NLRP3 1q44 Testicular arrest/Me_lotlc ) OMIM:191900 azoospermia Familial/sporadic infertility AD 9 Moderate 2012)
arrest/Spermiogenesis
defect
syndromic (Muscatelli
. . Congenital Adrenal Hypoplasia; Oligozoospermia, - . . . _— et al. 1994;
Pre-testicular Adrenal gland dysfunction OMIM:300200 azoospermia Familial/sporadic IZ:::ZZ‘/)::: XL 17 Definitive Meloni et
al. 1996)**
NROBL DAXL Xp212 Late-onset adrenal failure or (Zsza(;g:)_et
isolated h dotropi Olj i Isolated § !
Pre-testicular Adrenal gland dysfunction isolate yp_ogona otropic |gozoosperr_n|a, Familial/sporadic _so a_e_ XL 17 Definitive Mantovani
hypogonadism; OMIM:NA azoospermia infertility et al
(PS147950) 2002)%*
Abnormal development of 46,XY Disorders of Sex Oligozoospermia Reproductive afl\/;)llozt' Tjn
Pre-testicular i P Development (Prader scale 4; 5 or g P T Familial/Sporadic system AD 17 Definitive : !
reproductive organs azoospermia etal.
6); OMIM:612965 syndrome
2007)**
(Bashambo
Abnormal development of 46,XX Disorders of Sex Reproductive oetal =
NRSAL sF1 90333 Pre-testicular reproductive oF:' ans Development (Prader scale 4; 5 or Azoospermia Sporadic system AD 10 Moderate 2016; a
s P & 6); OMIM:617480 syndrome Baetenset |@
al. 2017)** ;%
Leydig cell <
evaigeel (Ropke et |0
dysfunction/Sertoli cell only e . . . R !
Pre-testicular syndrome/Pre-meiotic Isolated spermatogenic failure; Oligozoospermia, Sporadic Endocrine AD 14 Strong al. 2013; 3
o OMIM: 184757 azoospermia disorder Safarietal. [
arrest/ Pituitary gland 2014)** =z
dysfunction (@)
. . . Mild Primary ciliary dyskinesia; . e Syndromic (Paffetal. |£
PIH1D3 Xqg22.3 Testicular Spermiogenesis defect OMIM:300991 Asthenozoospermia Familial infertility XL 9 Moderate 2017) ?
Endocrine (Pitteloud [
. Abnormal hypothalamus Kallmann syndrome; Oligozoospermia, . . disorder/Repro et al. 2007; =
PROK2 3p13 Pre-testicular development and function OMIM:610628 azoospermia Familial/Sporadic ductive system AR 15 Strong Leroyetal. |
syndrome 2008)** |5
Endocrine {Dode et al. %.
. Abnormal hypothalamus Kallmann syndrome; QOligozoospermia, - . disorder/Repro . 2006; Sinisi |5
PROKR2 20p12.3 Pre-testicular development and function OMIM:244200 azoospermia Familial/sporadic ductive system AR 17 Definitive et al. =k
syndrome 2008)** &
- Syndromic (Micaliet |3
Palmoplantar hyperkeratosis with . i U)
Ab| | devel t of fertility/R 1. 2005;
RSPO1 1p34.3 Pre-testicular norma e\./e opment o squamous cell carcinoma of skin Azoospermia Familial/Sporadic inie .I fty/Repro AR 12 Moderate 2 ®
reproductive organs ductive system Parmaetal.
and sex reversal; OMIM: 610644 P
syndrome 2006)
Endocrine (Young et
. Abnormal hypothalamus Kallmann syndrome; Oligozoospermia - . disorder/Repro al. 2012;
SEMA3A 7921.11 Pre-testicul . ! ! F lial d . AD 10 Moderat !
q re-testicular development and function OMIM:614897 azoospermia amilial/sporadic ductive system oderate Hanchate
syndrome et al. 2012)
Endocrine (F;lrgza(;.ljl-;.et
SOX10 22q13.1 Pre-testicular Abnormal hypothalam_us Kallmann syndrome; OMIM:NA Ollgozoosperr_nla, Familial/sporadic dlsor_der/Repro AD 15 Strong Vaaralahti
development and function (PS147950) azoospermia ductive system et al
syndrome 2014)**
Isolated hypogonadotropic Endoctine (Kelberman
SOX2 3q26.33 Pre-testicular Abnormal hypothalam.us hypogonadism (normosmic); Ollgozoosperr.nla, Familial dlsor.der/Repro AD 15 Strong et al. 2006;
development and function azoospermia ductive system Stark et al.
OMIM:NA (PS147950) ok
syndrome 2011)
. . Sutt: t
Abnormal development of 46,XX Disorders of Sex Reproductive (alu 28;18'
SOX3 Xg27.1 Pre-testicular X P Development (Prader scale 4; 5 or Azoospermia Sporadic system XL 12 Moderate y !
reproductive organs Moalem et
6); OMIM:NA syndrome al, 2012)**
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. . Cox et al.
. Abnormal development of 46,XX Disorders of Sex . o . Reproductive 2(011' Vetro
Pre-testicular . Development (Prader scale 4; 5 or Azoospermia Familial/Sporadic system AD 11 Moderate !
reproductive organs etal
6); OMIM:NA syndrome
SOX9 17q924.3 2011)**
Abnormal development of 46,XY Disorders of Sex Oligozoospermia Reproductive (Katoh-
Pre-testicular reproductive organs Development (Prader scale 4; 5 or azoospermia ! Sporadic system AD 9 Moderate Fukui et al.
6); OMIM:NA (PS400044) syndrome 2015)
{Dam et al.
SPATA16 3g26.31 Testicular Spermiogenesis defect Globozoospermia; OMIM: 102530 Teratozoosperm!a: Familial/sporadic _Isolat_e_d AR 9 Moderate 2097;
Globozoospermia infertility Elinati et al.
2016)
Abnormal development of 46,XY Disorders of Sex Normozoospermia, Reproductive ('I':lifglgzn;t
SRD5A2 2p23.1 Pre-testicular reproductive organs Development (Prader scale 4; 5 or oligozoospermia, Sporadic system AR 18 Definitive Hiort at all.
6); OMIM:264600 azoospermia syndrome 1996)**
46,XX Disorders of Sex Reproductive (Numabe .et
Pre-testicular Abnormal de\_/elopment of Development (Prader scale 4; 5 or Azoospermia Sporadic system YL 17 Definitive al. 1992;
reproductive organs 6); OMIM:400045 syndrome Fechner et
! al. 1993)**
SRY Ypll.2 (Domenice =
Abnormal development of 46,XY Disorders of Sex Qligozoospermia Reproductive et al. 1998; a
Pre-testicular reproductive organs Development (Prader scale 4; 5 or azoospermia ! Sporadic system YL 15 Strong Assumpcao @
6); OMIM:400044 syndrome et al. )
2002)** g
(zhu et al. CIU
. . . . Teratozoospermia: - . Isolated . 2016; <
SUN5 20qg11.21 Testicular Spermiogenesis defect Acephalic sperm; OMIM:617187 Acephalic spermatozoa Familial/sporadic infertility AR 16 Definitive Elkhatib et IZ
al. 2017)** |
(Miyamoto %
SYCP3 12¢23.2 Testicular Meiotic arrest Non obsct)l;\t;llc;l\:/;;gg;permla, Azoospermia Sporadic il:foelfttiﬁ;jy AD 11 Moderate esttilj,fzfgﬁ' g
al. 2011)** |=
Endocrine (Topaloglu  |@
. Abnormal hypothalamus Kallmann syndrome; Oligozoospermia, ” . disorder/Repro . et al. 2009; =
TACRS 4924 Pre-testicular development and function OMIM:614840 azoospermia Familial/sporadic ductive system AR 16 Definitive Guranet al. g
syndrome 2009)** 8
(Yatsenko %
. . Non-obstructive azoospermia; . ) Isolated etal. 2015; |
TEX11 Xpl1l Testicular Meiotic arrest OMIM:309120 Azoospermia Sporadic infertility XL 15 Strong Vang et al. g
2015+ |8
(Okutman |
TEX15 8pl2 Testicular Meijotic arrest Non—obs‘;:'\:::’t;l\:zla;gso;permla, Azoospermia Familial i:foelrattiﬁ'?y AR 12 Moderate 3;::":;:1:".
2018)**
Leydig cell
dysfunction/Sertoli cell only
TRIM37 17q22 Testicular syndrome/pre_—m_elotlc Mulibrey nanism; OMIM:253250 Ollgoasthenozoos_permla, Familial/sporadic S_yndr(?r_mc AR 9 Moderate {Karlberg et
arrest/Meiotic azoospermia infertility al.2011)
arrest/Spermiogenesis
defect
Endocrine (Kim et al.
. Abnormal hypothalamus Kallmann syndrome; Oligozoospermia, . . disorder/Repro 2010; lzumi
WDR11 10q26.12 Pre-testicular development and function OMIM:614858 azoospermia Familial/Sporadic ductive system AD 12 Moderate et al.
syndrome 2014)**
46,XY Disorders of Sex Normozoospermia, Reproductive (Clarkson et
WT1 11p13 Pre-testicular Abnormal de\./elopment of Developr.nent (Pra.de:' scale 4; 5 or oligozoospermia, Sporadic system AD 16 Definitive al. 1993;
reproductive organs 6) without Wilm's tumor; . Kohler et al.
OMIM:NA (PS400044) azoospermia syndrome 2001)**
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Abbreviations: HGNC: HUGO Gene Nomenclature Committee; OMIM: Online Mendelian Inheritance in Man; PS: Phenotype Series; AR: Autosomal Recessive; AD: Autosomal
Dominant; XL: X-linked; YL: Y-linked

Full table including gene-disease relationships with “Limited evidence” and “No evidence” available in Supplemental Table S4.
*Details about the score available in Supplemental Table S5.

**Additional references are available in Supplemental Table S5
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