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Abstract: The genetic landscape of male infertility is highly complex. It is estimated that at least
4000 genes are involved in human spermatogenesis, but only few have so far been extensively
studied. In this study, we investigated by whole exome sequencing two cases of idiopathic non-
obstructive azoospermia (NOA) due to severe hypospermatogenesis. After variant filtering and
prioritizing, we retained for each patient a homozygous loss-of-function (LoF) variant in a testis-
specific gene, C1orf185 (c.250C>T; p.Gln84Ter) and CCT6B (c.615-2A>G), respectively. Both variants
are rare according to the gnomAD database and absent from our local control cohort (n = 445).
To verify the implication of these candidate genes in NOA, we used the CRISPR/Cas9 system to
invalidate the mouse orthologs 4930522H14Rik and Cct6b and produced two knockout (KO) mouse
lines. Sperm and testis parameters of homozygous KO adult male mice were analyzed and compared
with those of wild-type animals. We showed that homozygous KO males were fertile and displayed
normal sperm parameters and a functional spermatogenesis. Overall, these results demonstrate that
not all genes highly and specifically expressed in the testes are essential for spermatogenesis, and
in particular, we conclude that bi-allelic variants of C1orf185 and CCT6B are most likely not to be
involved in NOA and male fertility.

Keywords: spermatogenesis; non-obstructive azoospermia; genetics of male infertility; whole exome
sequencing; CRISPR/Cas9; C1orf185; CCT6B

1. Introduction

Infertility, or the inability to conceive, remains a prevalent and ongoing global health
concern [1]. Infertility is currently estimated to affect 9% of reproductive-aged couples
worldwide, with approximately half involving a male factor [2,3]. The male factor is related
to a variety of causes ranging from genetic abnormalities to lifestyle choice [4]. The genetic
landscape of male infertility is highly complex as semen and testis histological phenotypes
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are extremely heterogeneous. It is estimated that at least 4000 genes are involved in human
spermatogenesis, but only few have so far been extensively studied [5].

A comprehensive and in-depth understanding of genetic factors in spermatogenesis
abnormalities will play important roles in the clinical diagnosis, treatment, and genetic
counseling of male infertility. Currently, the discovery of novel genetic factors in idiopathic
infertility is a major challenge in the fields of reproductive medicine and andrology. The
highest frequency of known genetic factors contributing to male infertility (25%) is in
azoospermia [6]. The diagnostic yield of genetic tests in azoospermia varies depending on
the etiology of the disorder, with a diagnosis yield of approximately 90% for congenital
bilateral absence of vas deferens (obstructive azoospermia) and only 30% due to a sper-
matogenic defect (NOA) [7]. This last condition is known as non-obstructive azoospermia
(NOA) and is considered as the most severe form of male infertility. In addition, non-
obstructive azoospermic men showed the worst health status impairment and should be
strictly followed-up regardless of their fertility status [8].

The use of whole exome sequencing (WES) for the detection of disease-causing variants
of genetic diseases is a major clinical application of next generation sequencing (NGS).
WES allowed the discovery of an increasing number of monogenic defects of NOA with
a current list of 38 candidate genes [7]. However, a major difficulty remains as to how
to proceed with the many candidates with a possible but unconfirmed pathogenic effect
(variants of unknown significance, VUS) that remains after filtering with all available
methods. Functional analyses, especially for genes that are not yet well characterized, can
be time-consuming and expensive [9].

The mouse model, due to its amenability and its genetic and physiological similarities
with man, is extensively used to study human health and diseases. The creation of geneti-
cally modified mice as models of human disease has remarkably changed our ability to
understand the molecular mechanisms and cellular pathways underlying disease states.
Knockout (KO) mice have been pivotal in studying gene function in vivo. Historically,
the study of KO animals is the “gold standard” to determine whether a gene’s function is
essential in vivo. In the era of CRISPR/Cas9-based genome engineering, the generation
of genetically modified mice becomes much more flexible, accurate, efficient, and cost-
effective. The functions of testis-specific genes can be assessed in vivo by creating male
mice carrying a null mutation in the genes of interest. Upon the production of KO mouse
lines, the essentiality of the deleted genes can be readily determined by examining the
fertility of homozygous male offspring.

In the present study, we investigated by WES two unrelated infertile patients born from
consanguineous parents and displaying idiopathic non-obstructive azoospermia associated
with severe hypospermatogenesis. After variants filtering and prioritizing, we retained
for each individual a homozygous truncating variant in a testis-specific gene (C1orf185 or
CCT6B). To study the impact of loss-of-function (LoF) bi-allelic variants of these genes in
sperm production and male fertility, we generated two KO mouse lines by introducing
homozygous frameshift mutations in the corresponding orthologs 4930522H14Rik and
Cct6b. Homozygous KO males were fertile and showed normal sperm production, thus
excluding an essential role of these genes for spermatogenesis and male fertility.

Overall, these results demonstrate the primordial role of in vivo testing of the impact of
candidate testis-specific genes on spermatogenesis and male fertility through the production
of KO mouse lines after WES investigation of infertile patients and the identification of
candidate LoF variants. The current and future efforts to examine the molecular and genetic
factors responsible for spermatogenesis and fertilization should give a better understanding
of the etiologies of male infertility and enable improves in patient care [4].
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2. Material and Methods
2.1. Patients and Biological Samples

Two unrelated infertile men were included in the present study displaying non-
syndromic infertility due to idiopathic non-obstructive azoospermia. Subjects were re-
cruited at the Clinique des Jasmins in Tunis (Tunisia).

Informed consent was obtained from all individuals participating in the study accord-
ing to local protocols and the principles of the Declaration of Helsinki. The study was
approved by local ethics committees, and samples were then stored at the Fertithèque
collection declared to the French Ministry of Health (DC-2015–2580) and the French Data
Protection Authority (DR-2016–392).

2.2. WES and Variant Filtering

Genomic DNA was isolated from blood samples or saliva using the Oragen DNA
Extraction Kit (DNA Genotek Inc., Ottawa, ON, Canada). Genetic data were obtained from
Novogene (Hong Kong, China, HiSeqX). Coding regions and intron/exon boundaries were
sequenced after enrichment using SureSelect Human All Exon V6 from Agilent.

An alignment-ready GRCh38 reference genome (including alternative sequences (ALT),
decoy, and human leukocyte antigens (HLA)) was produced using “run-gen-ref hs38DH”
from Heng Li’s bwakit package [10]. The exomes were analyzed using a bioinformatics
pipeline developed in-house. The pipeline consists of two modules, both distributed under
the GNU General Public License v3.0 and available on github.

The first module (https://github.com/ntm/grexome-TIMC-Primary, accessed on
5 November 2018) takes FASTQ files as input and produces a single merged GVCF file, as
follows. Adaptors are trimmed and low-quality reads are filtered with fastp 0.20.0 [11],
reads are aligned with BWA-MEM 0.7.17 [12], duplicates are marked using samblaster
0.1.24 [13], and BAM files are sorted and indexed with samtools 1.9 [14]. SNVs (single
nucleotide variants) and short indels are called from each BAM file using strelka 2.9.10 to
produce individual GVCF files [15]. These are finally merged with GVCFs.pl to obtain a
single multi-sample GVCF, which combines all exomes available in our laboratory.

The second module (https://github.com/ntm/grexome-TIMC-Secondary, accessed
on 20 November 2018) takes this merged GVCF as input and produces annotated analysis
ready TSV files. This is achieved by performing up to 15 streamlined tasks including the
following: low-quality variant calls (read depth (DP) < 10, genotype quality for variant
filtration (GQX) < 20, or less than 15% of reads supporting the ALT allele) are discarded;
Variant Effect Predictor v92 [16] is used to annotate the variants and predict their impact,
allowing us to filter low-impact variants and/or prioritize high-impact ones (e.g., stop-gain
or frameshift variants) [16]; gene expression data from the Genotype-Tissue Expression
project (GTEx v7) are added; variants with a minor allele frequency greater than 1% in
gnomAD v2.0, 3% in 1000 Genomes Project phase 3, or 5% in NHLBI (National Heart, Lung,
and Blood Institute) ESP6500 are filtered. Variants are also compared to those obtained
from 485 exomes of healthy control individuals or of patients presenting a clearly different
phenotype. Because all variants result from the same bioinformatics pipeline, this allows us
to filter artifacts due to the pipeline itself as well as genuine variants that may be missing
from public databases, but are actually not so rare in our cohorts. Finally, the resulting TSV
files can be opened with spreadsheet software such as LibreOffice Calc or Microsoft Excel
for further filtering and sorting, in order to identify candidate causal variants.

2.3. Sanger Verification of the Variant

Variants identified by WES were subjected to Sanger verification using an ABI 3500XL
Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). Analyses were performed
using SeqScape software 3.0 (Applied Biosystems, Foster City, CA, USA). Primer sequences
and their expected product sizes are summarized in Supplementary Table S3.

https://github.com/ntm/grexome-TIMC-Primary
https://github.com/ntm/grexome-TIMC-Secondary
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2.4. CRISPR/Cas9—Mediated Mice Genome Edition

CrispR/Cas9 gene editing was used to knockout 4930522H14Rik and Cct6b, respec-
tively, as described in Supplementary Figure S1A. To produce a large frameshift deletion,
we designed a dual-gRNA targeting a single coding exon at the beginning of the gene of
interest (Supplementary Table S4). Guide RNA, TracRNA, ssDNA, and Cas9 were pur-
chased from Integrated DNA Technologies. Oocyte injection and embryo transfer were
performed by the Transgenic Core Facility of the Faculty of Medicine, University of Geneva.
Briefly, gRNA and TracRNA were annealed at equimolar concentration prior to complex
formation with the Cas9 nuclease. Ribonucleoprotein complexes were co-injected into
B6D2F1 oocytes. Microinjected oocytes were introduced into pseudopregnant host females
and carried to term. Edited founders were identified by PCR and Sanger sequencing
from digit biopsies. Mice carrying the desired modification events (frameshift mutation)
were crossed with B6D2F1 to ensure germline transmission and eliminate any possible
mosaicism. Heterozygous animals with the same modification were then mated to generate
homozygous offspring (Supplementary Figure S1B).

2.5. Mice Genotyping Strategy

DNA for genotyping was isolated from tail biopsies. Tail biopsies (2 mm in length)
were digested in 200 µL of Direct PCR Lysis Reagent (Tail) (Viagen Biotech Inc, Los Angeles,
CA, USA) and 0.2 mg of proteinase K for 12–15 h at 55 ◦C followed by 1 h at 85 ◦C for
proteinase K in activation. The DNA was directly used for PCRs. PCR products were
separated by 2% agarose gel electrophoresis. Genotypes were determined according to the
migration pattern. Primers are described in Supplementary Table S5. Sequence analyses
were carried out on ABI3500XL (Applied Biosystems). Sequences were analyzed using
seqscape software (Applied Biosystems).

2.6. Phenotypic Analysis of Mutant Mice

All procedures were conducted in Geneva until the birth of the modified litters (F0
generation). Animals of interest were then transferred to the University Grenoble Alpes
(UGA). All animal work was conducted according to the ethical guidelines of the French
local Ethical Committee (ComEth Grenoble No. 318, Ministry Agreement Number #7128
UHTA-U1209-CA) and the Direction Générale de la Santé (DGS) for the State of Geneva.

Mice were housed with unlimited access to food and water and were sacrificed by
cervical dislocation after they were eight weeks old, which means that they were pubescent
and that their reproductive organs were fully established.

To test fertility, pubescent homozygous KO and WT males (8 week-old) were mated
with WT females for at least two months. The females were checked for the presence of
vaginal plugs and pregnancy. The number of mice achieving a pregnancy and the litter
size of each mating set or pregnancy were recorded. We tested in this study (due to the
COVID-19 pandemic) a single KO animal and at least two WT animals for each mouse
line. Because the main aim of this study was to validate or invalidate the implication of the
identified candidate genes in NOA, we focused our phenotypic analysis on quantitative
spermatogenic defects in KO mice, leading to oligozoospermia or azoospermia. The
qualitative defects such as morphological and functional defects of sperm cells produced
by KO animals were not fully investigated in this study, and therefore related data are not
reported in the present paper.

To determine sperm concentration, adult males were euthanized and sperm samples
were collected from the cauda epididymis and vas deferens. Spermatozoa were released in
1 mL of PBS solution by making a series of incisions in these ducts. Sperm number was
determined using a hemocytometer under a light microscope, after 2 min of fixation by
paraformaldehyde 4% to immobilize motile cells. Sperm motility and morphology were
examined under a light microscope to rule out any obvious abnormalities compared to
WT animals.
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To analyze testicular integrity, testes from adult wild-type (WT) and KO mice were
fixed by immersion in 4% paraformaldehyde (PFA) for 14 h, embedded in paraffin, and
sectioned (7 µm). For histological analysis, after being deparaffinized, slides were stained
with hematoxylin and eosin. The colored sections were digitized at ×20 magnification
through an axioscan slide scanner (Zeiss, Germany) equipped with a motorized X–Y-
sensitive stage.

2.7. Statistical Analyses

n represents the number of biological replicates. For sperm analyses, for each replicate,
more than 100 sperm were assessed per condition. Statistical analyses were performed
with GraphPAD prism software 6 (San Diego, CA, USA). t-Tests were used to compare the
WT and KO samples. Data represent mean ± SEM or SD, as indicated. Statistical tests with
a two-tailed p-value ≤ 0.05 were considered significant.

3. Results
3.1. Medical Assessment of Two Infertile Men Displaying Idiopathic Non-Obstructive Azoospermia

Two unrelated men, P0280 and P0365, with an age of 44 and 43 years, respectively,
sought medical care at the Clinique des Jasmins in Tunis (Tunisia) for primary infertility.
Both patients were of North African origin and were born from related parents (Figure 1A).
Analyses of their ejaculates evidenced a total absence of sperm cells (Table 1). P0280
presented very small testes (<5 mL) with elevated follicular stimulating hormone (FSH)
level (37 UI/L normal range: 1.5–12.4) whereas P0365 had a normal FSH level (5.73 UI/l)
and a testis volume ranging between 10–15 mL (normal > 15 mL). Patients did not present
any symptom related to hypogonadism. Plasmatic testosterone level in these subjects
was normal, ranging from 3.45 to 7.3 ng/mL. Karyotypes were normal (46,XY) and Y
chromosome microdeletion within the AZF (azoospermia factor) region was excluded.

Table 1. Clinical and biological characteristics of the studied subjects.

P0365 P0280

Age (years) 43 44

Geographical origin Tunisia Tunisia

Consanguinity Yes (1st degree) Yes (1st degree)

Testosterone (ng/mL)
(N: 2.5–10.6) 5.52 3.45

FSH (UI/l)
(N: 1.5–12.4) 5.73 37

Karyotype 46,XY 46,XY

AZF microdeletions Negative Negative

Testicular volume
(left/right, mL) (N: >15) 10–15/10–15 <5/<5

Testicular histology Severe
hypospermatogenesis

Severe hypospermatogenesis associated
with seminiferous tubules hyalinization

Sperm retrieval Positive (rare
spermatozoa) Negative

N = normal range.

Men displaying NOA may have sperm cells in their testes that could be retrieved
through a surgical procedure such as microdissection testicular sperm extraction (mTESE) [17].
mTESE was performed in both patients for assisted reproduction. Histological analysis
of the testicular fragments evidenced a severe quantitative defect of spermatogenesis
(Figure 1B). P0365, a sub-testicular phenotype of hypospermatogenesis characterized by
the rarefaction of germ cells within the seminiferous tubules, leads to an extremely low
production of elongated spermatids. The mTESE procedure was positive in this case
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and allowed us to retrieve few sperm cells with bad quality. For P0280, the testicular sub-
phenotype was more severe compared to P0365 and evidenced severe hypospermatogenesis
associated with seminiferous tubules hyalinization. As expected for this case, mTESE failed
to retrieve spermatozoa.

Figure 1. Genetic investigation of two idiopathic cases of non-obstructive azoospermia (NOA) and
functional assessment of variant pathogenesis. (A) Pedigrees of the two studied subjects P0365
and P0280. Black color indicates individuals with primary infertility. (B) Histology of testicular
seminiferous tubules obtained from the studied subjects after multifocal testicular biopsies showing a
severe hypospermatogenesis in subject P0365 and a testicular degeneration in subject P0280 compared
to the control (upper panel). Scale bars = 100 µm. (C) Location of the identified variants in the
candidate genes and the corresponding electropherograms obtained by Sanger sequencing. P0365
has a homozygous stop-gained variant in C1orf185 (c.250C>T; p.Gln84Ter) whereas P0280 carries a
homozygous variant affecting a splice acceptor consensus sequence in CCT6B (c.615-2A>G).
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3.2. WES and Variant Filtering

We used a WES-based strategy to investigate two patients in order to identify the
potential genetic origin responsible for their infertility. Given the familial history of consan-
guinity, we postulated that these genetic factors had a likely autosomal recessive inheritance.
Therefore, we focused our analyses on homozygous variants with an allelic frequency (AF)
<1%. After variant filtering and prioritizing, we selected and retained for each patient a
homozygous truncating variant in C1orf185 or CCT6B. All the identified variants were rare
(AF = 5.02 × 10−3 and 3.53 × 10−3, respectively) according to the gnomAD database and
were absent from our local control cohort (n = 445). These candidate genes were predicted,
according to in silico databases, to be highly and specifically expressed in testes contrasting
with an unknown biological function. We also looked for other genes with another tissue
expression pattern and did not find any relevant candidate variants. We paid particular
attention to genes with high expression in both male and female gonads when analyzing
the exome data from P0280. The familial history of this subject showed that he has two
infertile sisters. This information could orientate us toward a common genetic cause that
explains the infertility of these siblings, particularly if the women display primary ovarian
insufficiency, a comparable phenotype with NOA in men. However, these cases have not
been documented and in addition, we were unable to obtain their DNA samples to perform
genetic segregation analyses.

C1orf185 (chromosome 1 open reading frame 185) is located on chromosome 1 (1p32.3).
The canonical transcript (ENST00000371759.7; NM_001136508.2) contains five exons coding
for a protein of 199 residues. We identified a nonsense variant (c.250C>T; p.Gln84Ter)
located in exon 3 and was suspected to either produce a truncated protein or to induce the
degradation of the mRNA by the nonsense-mediated mRNA decay (NMD). CCT6B (chap-
eronin containing TCP1 subunit 6B) is located on chromosome 17 (17q12). The canonical
transcript (ENST00000314144.10; NM_006584.4) contains 14 exons coding for a protein of
530 residues. We identified in this gene a splicing variant (c.615-2A>G) affecting the second
nucleotide of the splice acceptor consensus sequence located in intron 5 (Figure 1C). The
homozygous state of these variants was confirmed by Sanger sequencing (Figure 1C). In
conclusion, we identified two homozygous loss-of-function variants in two testis-specific
genes with an unknown function that appear to be good candidates to explain the infertility
and the spermatic phenotype observed in our patients.

3.3. Generation of KO Mice by CRISPR/Cas9 System

To study the impact of the identified candidate variants in C1orf185 and CCT6B, we tar-
geted the corresponding mouse orthologs 4930522H14Rik and Cct6b, respectively, using the
CRISPR/Cas9 system. Before starting this procedure, we compared and aligned the DNA and pro-
tein sequences from each ortholog to confirm their homology (Supplementary Tables S1 and S2).
We also performed a phylogenetic analysis on protein sequences to understand the evolu-
tion of these genes among species and compared the tissue expression profile between the
orthologs in human and mice (Supplementary Figures S2–S5). We showed that mouse genes,
similar to their human orthologs, are specifically expressed in the testes (Figures S3 and S5).
We did not identify a paralogue for C1orf185. However, we found a paralog of CCT6B
named CCT6A that has a distinct ortholog in mice, Cct6a.

We then designed for each gene two guide RNAs (gRNAs) targeting two coding
sequences located in a single exon to produce a large intra-exonic frameshift deletion. The
Cas9 protein and the dual-gRNAs were injected during ICSI procedure in mature oocytes.
We then transferred embryos in pseudopregnant females and obtained 21 and 34 pups (F0
generation) after targeting 4930522H14Rik and Cct6b, respectively. The allelic mutational
events were counted to estimate the efficiency of our strategy. We obtained a mutational
rate of 100% by targeting 4930522H14Rik and Cct6b. We then selected a frameshift large
intragenic deletion and backcrossed mutated females (suspected fertile) from F0 generation
with WT males to obtain heterozygous mice (F1 generation). F1 heterozygous males were
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then mated with heterozygous females carrying the same mutation to obtain homozygous
mutated mice (F2 generation).

3.4. Phenotypic Analysis of Adult KO Male Mice

Phenotypic analyses were carried out for the homozygous KO male mice in parallel
with the same-aged WT controls from the F2 generation to investigate spermatic and
testicular phenotypes. In addition, we tested the fertility of homozygous KO animals. No
abnormal somatic development or behavior was observed in any of the KO mouse lines
generated in this study.

The 4930522H14Rik (Ortholog of C1orf185) KO line was generated using two gRNAs
designed to target two coding sequences located in exon 2 (Figure 2A). Genotyping was
performed using PCR followed by gel electrophoresis and Sanger sequencing of the PCR
products (Figure 2B). We selected a 77 bp frameshift deletion (c.41-117del) to generate the
KO line (Figure 2B). Homozygous KO males sired pups of comparable litter size as WT
(p-value = 0.195) (Figure 2C). We performed morphological and histological analysis of
the testes and showed no significant differences in appearance and testis to body weight
ratio (p-value = 0.221) (Figure 2D). We collected and analyzed the content of the cauda
epididymis and showed that homozygous adult KO males displayed a normal sperm
count (Figure 2E) (data not shown) without a significant difference compared to the control
animals (p-value = 0.615). Histological analysis of testicular section from KO and WT
animals showed normal architecture of the testicular parenchyma (Figure 2F). We analyzed
numerous sections of seminiferous tubules and observed a functional spermatogenesis in
KO compared to WT (Figure 2F).

To obtain the Cct6b KO mouse line, we generated two gRNAs targeted two coding
sequences within exon 4 (Figure 3A). We performed PCR followed by gel electrophoresis
and Sanger sequencing of the PCR products in order to genotype mice (Figure 3B). A 155 bp
frameshift deletion (c.354_505del) was chosen to create the KO line (Figure 3B). Litter size
from homozygous KO males was comparable to the control (Figure 3C). Statistical analyses
could not be performed for this test because we obtained a single litter from KO males before
euthanizing the mouse line due to the restrictions on the use of animal facilities during the
first wave of the COVID pandemic. Otherwise, we can conclude that Cct6b KO males were
not sterile. Then, morphological and histological analysis of testes showed no significant
differences in appearance and testis to body weight ratio (p-value = 0.457) (Figure 3D). After
extraction and analysis of sperm from the cauda epididymis, we showed that homozygous
adult KO males had a normal sperm count (Figure 3E) and (data not shown) without
significant difference from WT males (p-value = 0.862). Histological analysis of testicular
sections from KO and WT animals showed that they presented similar parameters with
normal parenchyma architecture and functional spermatogenesis (Figure 3F).
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Figure 2. 4930522H14Rik editing, genotyping strategy, and phenotypic analyses of mutated animals.
(A) Schematic presentation of 4930522H14Rik highlighting the targeted exon in red (exon 2/5)
and showing the approximate location of the sequences targeted by the dual gRNAs. (B) Gel
electrophoresis of the PCR products using a primer set that amplifies the region containing the
intra-exonic deletion. DNA fragments migrate according to their molecular size (WT allele: 457 bp
and KO allele: 380 bp). Genotyping strategy was completed by Sanger sequencing of PCR products
for F0–F1 generations. (C) Average litter size of WT and KO male mice. (D) Comparison of testis
to body weight ratios between WT (n = 8) and KO (n = 5) animals. (E) Comparison of sperm count
between WT (n = 10) and KO (n = 5) animals. (F) Histological analyses of WT and KO testicular
sections after hematoxylin and eosin staining. Scale bar = 100 µm.
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Figure 3. Cct6b editing, genotyping strategy, and phenotypic analyses of mutated animals.
(A) Schematic presentation of Cct6b highlighting the targeted exon in red (exon 4/14) and showing
the approximate location of the sequences targeted by the dual gRNAs. (B) Gel electrophoreses of
the PCR products using a primer set that amplifies the region containing the intra-exonic deletion.
DNA fragments migrate according to their molecular size (WT allele: 535 bp and KO allele: 380 bp).
Genotyping strategy was completed by Sanger sequencing of PCR products for F0–F1 generations.
(C) Litter size of WT and KO males (a single litter was recorded due to a short mating period).
(D) Comparison of testis to body weight ratios between WT (n = 6) and KO (n = 5) animals. (E) Com-
parison of sperm count between WT (n = 7) and KO (n = 5) animals. (F) Histological analyses of WT
and KO testicular sections after hematoxylin and eosin staining. Scale bars = 100 µm.
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4. Discussion

Currently, the discovery of new candidate genes and causal variants in idiopathic male
infertility is a major challenge in the fields of andrology and reproductive medicine. The
recent development of high throughput sequencing (HTS) techniques and the availability of
WES for research and clinical practice allowed for the discovery of several novel candidate
genes responsible for spermatogenic defects and male infertility [18–20]. Non-obstructive
azoospermia (NOA) is a frequent and very severe cause of male infertility characterized
by a strong genetic basis. Taking into account the high number of genes predominantly or
specifically expressed during spermatogenesis and involved in biological processes such
as mitosis, meiosis, cell differentiation, genome stability, and retro-element neutralization,
NOA is expected to be highly heterogeneous and could be mainly caused by monogenic
mutations [21]. In 2018, Fakhro et al. investigated by WES a cohort of 75 unrelated subjects
displaying idiopathic NOA and identified monogenic causes in 10 cases (13%) [22]. In 2020,
Chen et al. investigated by WES a large cohort of 314 infertile subjects presenting NOA
or severe oligospermia and identified 20 novel candidate genes affecting 25 patients [23].
During the same year, Krausz et al. published a paper reporting the identification of five
novel NOA candidate genes by testing 147 selected patients displaying a spermatogenic
arrest [24].

Despite the robustness of WES to study the genetic component of idiopathic NOA,
many deleterious variants in genes with uncharacterized biological function are classified
as variants of unknown clinical significance (VUS) [25]. Although gene-expression analysis
reveals the presence of thousands of testis-enriched genes, the biological function of most
of these genes remain unknown [26,27]. In this study, we reported the identification of
homozygous LoF variants in two testis-enriched and specific genes of unknown function
C1orf185 (c.250C>T; p.Gln84Ter) and CCT6B (c.615-2A>G). To assess the implication of these
candidate genes in NOA and male fertility, we invalidated their mouse orthologs using
the CRSIPR/Cas9 system and generated two KO lines. The same strategy has previously
allowed us to gain a better understanding of the genetic etiology of several spermatogenic
defects such as NOA and monomorphic teratozoospermia [28–30].

Using CRSIPR/Cas9 technology, gene edition in mice is now relatively easy and
fast, allowing for the generation of several knockout and/or knockin lines in only a few
months [31]. The method used in this study consisted of using two gRNAs with a distance
of approximately 100 bp from each other and targeting a single exon in the gene of interest.
The dual-gRNAs and the Cas9 protein were injected into mature oocytes during the ICSI
procedure. Experimenting with this new strategy, we significantly increased the efficiency
of this system and generated sufficiently large frameshift deletions in pups of generation
F0, allowing us to establish KO lines by performing a single cycle of oocyte injection. In
addition, the introduction of large intra-exonic deletions of approximately 100 bp allows
for fast genotyping. Indeed, the use of a single set of primers in PCR allows for the
amplification in the same reaction of the mutated and the WT alleles, which can be easily
differentiated after a simple gel electrophoresis. Using this strategy, we performed PCR
and Sanger sequencing to genotype pups from F0 and F1 generations and only PCR for
further genotyping, thus facilitating the management of mouse colonies.

In this study, we focused our phenotypic analyses to study the reproductive system and
demonstrate whether adult male mice exhibited an altered spermatogenesis. We performed
a fertility test by mating homozygous KO males with WT females and observing the litter
size following at least two months. We observed that 4930522H14Rik−/− and Cct6b−/−

males displayed normal fertility compared to WT males born from the same parents. We
also showed that KO males from both lines presented normal sperm parameters and
spermatogenesis compared to control littermates.

In June 2021 and during the preparation of our manuscript, Yang et al. published
an interesting paper reporting the reproductive phenotype of Cct6b−/− mice generated by
the CRISPR/Cas9 system by targeting the same exon (4/14). Concordant with what we
describe here, they found that males exhibited no differences in development, fertility, testis
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weight, sperm counts, total motility, and spermatogenesis relative to control littermates,
thus confirming our results [32].

During the past five years, many teams searching for target proteins for non-hormonal
male contraceptive drugs published their studies reporting the dispensable role of nu-
merous testis-enriched genes in spermatogenesis and male fertility through a massive
production of KO mice using the CRISPR/Cas9 system [26,33–36]. Reporting genetic vari-
ants and genes non-associated with male infertility individually is important and necessary
to avoid the further creation of these KO mouse lines and the duplication of efforts and to
avoid loss of time and significant expenses.

5. Conclusions

Whole exome sequencing (WES) is a robust and one of the most comprehensive
genetic tests to identify rare disease causing variants and new candidate genes in a wide
variety of spermatogenic defects associated with male infertility. Functional interpretation
performed in candidate genes is now a critical step to validate their involvement in the
studied phenotype. Among the available approaches nowadays, generation of transgenic
animal models presents a powerful tool to study the function of candidate genes and their
physiopathological implication. The recent development of the CRISPR/Cas9 system has
made this process easier and faster, thus combining the use of WES to identify candidate
genes and CRISPR/Cas9 to generate knockout mice is a very promising strategy to improve
the genetic diagnosis yield and refine the interpretation of variants found in new candidate
genes in male infertility.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells11010118/s1. Table S1: Comparison between orthologous genes in human and mouse
(gene structure, Transcript and protein products; Table S2: Alignment of orthologs DNA and protein
sequences; Table S3: Set of primers used for Sanger verification of the variant identified by WES
in NOA subjects; Table S4: Characteristics of gRNAs used for CRISPR/Cas9 mouse gene edition;
Table S5: Set of primers used for mouse line genotyping; Figure S1: Gene editing using CRISPR/Cas9
system to generate knockout (KO) mouse lines; Figure S2: Tissue expression pattern of C1orf185 and
its mouse ortgholog 493022H14Rik; Figure S3: phylogenetic tree of C1orf185 showing their orthologs
and paralogs (if present); Figure S4: Tissue expression pattern of CCT6B and its mouse ortolog Cct6b;
Figure S5: phylogenetic tree of CCT6b showing their orthologs and paralogs (if present).

Author Contributions: Z.-E.K., P.F.R., C.A. and S.N. designed the study and supervised all laboratory
work. They have full access to all of the data in the study and take responsibility for the integrity
of the data and its accuracy. All authors read, corrected, and made a significant contribution to
the manuscript. R.Z. and S.F.B.M. recruited patients. A.B. performed micro-TESE procedure. C.C.,
N.T.-M., I.L., P.F.R. and Z.-E.K. produced and analyzed the genetic data. Y.N., L.W., F.K. and S.N.
generated knockout mice. Z.-E.K., C.C. and C.L. performed genotyping and phenotypic analysis of
mouse lines. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Inserm–Bettencourt Foundation (R20007CS U1209-2018-
2021) and the FLAGEL-OME project (ANR-19-CE17-0014).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by local ethics committees. Samples were then stored in
the Centre de Resources Biologiques Germethèque (certification under ISO-9001 and NF-S 96–900)
according to a standardized procedure, or were part of the Fertithèque collection declared to the
French Ministry of Health (DC-2015–2580) and the French Data Protection Authority (DR-2016–392).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: We thank all the individuals for their cooperation as well as all the referring
physicians. We very much appreciate the collaboration with the PIC-GIN platform and we particularly
thank Yasmina Saoudi for her kind help.

Conflicts of Interest: The authors have declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/cells11010118/s1
https://www.mdpi.com/article/10.3390/cells11010118/s1


Cells 2022, 11, 118 13 of 14

References
1. Inhorn, M.C.; Patrizio, P. Infertility around the Globe: New thinking on gender, reproductive technologies and global movements

in the 21st Century. Hum. Reprod. Update 2015, 21, 411–426. [CrossRef] [PubMed]
2. Boivin, J.; Bunting, L.; Collins, J.A.; Nygren, K.G. International estimates of infertility prevalence and treatment-seeking: Potential

need and demand for infertility medical care. Hum. Reprod. Oxf. Engl. 2007, 22, 1506–1512. [CrossRef] [PubMed]
3. Pathak, U.I.; Gabrielsen, J.S.; Lipshultz, L.I. Cutting-edge evaluation of male infertility. Urol. Clin. North Am. 2020, 47, 129–138.

[CrossRef] [PubMed]
4. Fainberg, J.; Kashanian, J.A. Recent advances in understanding and managing male infertility. F1000Research 2019, 8. F1000

Faculty Rev-670. [CrossRef]
5. Jan, S.Z.; Vormer, T.L.; Jongejan, A.; Röling, M.; Silber, S.J.; de Rooij, D.G.; Hamer, G.; Repping, S.; van Pelt, A.M.M. Unraveling

transcriptome dynamics in human spermatogenesis. Dev. Camb. Engl. 2017, 144, 3659–3673. [CrossRef] [PubMed]
6. Krausz, C.; Riera-Escamilla, A. Genetics of male infertility. Nat. Rev. Urol. 2018, 15, 369–384. [CrossRef]
7. Cioppi, F.; Rosta, V.; Krausz, C. Genetics of azoospermia. Int. J. Mol. Sci. 2021, 22, 3264. [CrossRef]
8. Boeri, L.; Ventimiglia, E.; Cazzaniga, W.; Pederzoli, F.; Fallara, G.; Pozzi, E.; Belladelli, F.; Baudo, A.; Frego, N.; Capogrosso, P.; et al.

Risk of health status worsening in primary infertile men: A prospective 10-year follow-up study. Andrology 2021. [CrossRef]
9. Petersen, B.-S.; Fredrich, B.; Hoeppner, M.P.; Ellinghaus, D.; Franke, A. Opportunities and challenges of whole-genome and

-exome sequencing. BMC Genet. 2017, 18, 14. [CrossRef] [PubMed]
10. Li, H.; Durbin, R. Fast and accurate long-read alignment with burrows-wheeler transform. Bioinformatics 2010, 26, 589–595.

[CrossRef] [PubMed]
11. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. Fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
12. Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv 2013, arXiv:1303.3997.
13. Faust, G.G.; Hall, I.M. SAMBLASTER: Fast duplicate marking and structural variant read extraction. Bioinformatics 2014, 30,

2503–2505. [CrossRef] [PubMed]
14. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; 1000 Genome Project

Data Processing Subgroup. The sequence alignment/map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
[PubMed]

15. Kim, S.; Scheffler, K.; Halpern, A.L.; Bekritsky, M.A.; Noh, E.; Källberg, M.; Chen, X.; Kim, Y.; Beyter, D.; Krusche, P.; et al. Strelka2:
Fast and accurate calling of germline and somatic variants. Nat. Methods 2018, 15, 591–594. [CrossRef]

16. McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S.; Ritchie, G.R.S.; Thormann, A.; Flicek, P.; Cunningham, F. The Ensembl variant effect
predictor. Genome Biol. 2016, 17, 122. [CrossRef] [PubMed]

17. Bouker, A.; Halouani, L.; Kharouf, M.; Latrous, H.; Makni, M.; Marrakchi, O.; Zouari, R.; Fourati, S. Step-by-step loupes-MTESE
in non-obstructive azoospermic men, a retrospective study. Basic Clin. Androl. 2019, 29, 11. [CrossRef]

18. Beurois, J.; Cazin, C.; Kherraf, Z.-E.; Martinez, G.; Celse, T.; Touré, A.; Arnoult, C.; Ray, P.F.; Coutton, C. Genetics of teratozoosper-
mia: Back to the head. Best Pract. Res. Clin. Endocrinol. Metab. 2020, 34, 101473. [CrossRef] [PubMed]

19. Mitchell, M.J.; Metzler-Guillemain, C.; Toure, A.; Coutton, C.; Arnoult, C.; Ray, P.F. Single gene defects leading to sperm
quantitative anomalies. Clin. Genet. 2017, 91, 208–216. [CrossRef]

20. Touré, A.; Martinez, G.; Kherraf, Z.-E.; Cazin, C.; Beurois, J.; Arnoult, C.; Ray, P.F.; Coutton, C. The genetic architecture of
morphological abnormalities of the sperm tail. Hum. Genet. 2021, 140, 21–42. [CrossRef]

21. Cerván-Martín, M.; Castilla, J.A.; Palomino-Morales, R.J.; Carmona, F.D. Genetic landscape of nonobstructive azoospermia and
new perspectives for the clinic. J. Clin. Med. 2020, 9, 300. [CrossRef]

22. Fakhro, K.A.; Elbardisi, H.; Arafa, M.; Robay, A.; Rodriguez-Flores, J.L.; Al-Shakaki, A.; Syed, N.; Mezey, J.G.; Abi Khalil, C.;
Malek, J.A.; et al. Point-of-care whole-exome sequencing of idiopathic male infertility. Genet. Med. Off. J. Am. Coll. Med. Genet.
2018, 20, 1365–1373. [CrossRef] [PubMed]

23. Chen, S.; Wang, G.; Zheng, X.; Ge, S.; Dai, Y.; Ping, P.; Chen, X.; Liu, G.; Zhang, J.; Yang, Y.; et al. Whole-exome sequencing of a
large chinese azoospermia and severe oligospermia cohort identifies novel infertility causative variants and genes. Hum. Mol.
Genet. 2020, 29, 2451–2459. [CrossRef] [PubMed]

24. Krausz, C.; Riera-Escamilla, A.; Moreno-Mendoza, D.; Holleman, K.; Cioppi, F.; Algaba, F.; Pybus, M.; Friedrich, C.; Wyrwoll, M.J.;
Casamonti, E.; et al. Genetic dissection of spermatogenic arrest through exome analysis: Clinical implications for the management
of azoospermic men. Genet. Med. Off. J. Am. Coll. Med. Genet. 2020, 22, 1956–1966. [CrossRef]

25. Oud, M.S.; Volozonoka, L.; Smits, R.M.; Vissers, L.E.L.M.; Ramos, L.; Veltman, J.A. A systematic review and standardized clinical
validity assessment of male infertility genes. Hum. Reprod. Oxf. Engl. 2019, 34, 932–941. [CrossRef]

26. Lu, Y.; Oura, S.; Matsumura, T.; Oji, A.; Sakurai, N.; Fujihara, Y.; Shimada, K.; Miyata, H.; Tobita, T.; Noda, T.; et al. CRISPR/Cas9-
mediated genome editing reveals 30 testis-enriched genes dispensable for male fertility in mice. Biol. Reprod. 2019, 101, 501–511.
[CrossRef]

27. Schultz, N.; Hamra, F.K.; Garbers, D.L. A multitude of genes expressed solely in meiotic or postmeiotic spermatogenic cells offers
a myriad of contraceptive targets. Proc. Natl. Acad. Sci. USA 2003, 100, 12201–12206. [CrossRef]

28. Coutton, C.; Vargas, A.S.; Amiri-Yekta, A.; Kherraf, Z.-E.; Mustapha, S.F.; Tanno, P.; Wambergue-Legrand, C.; Karaouzène, T.;
Martinez, G.; Crouzy, S.; et al. Mutations in CFAP43 and CFAP44 cause male infertility and flagellum defects in trypanosoma and
human. Nat. Commun. 2018, 9, 686. [CrossRef]

http://doi.org/10.1093/humupd/dmv016
http://www.ncbi.nlm.nih.gov/pubmed/25801630
http://doi.org/10.1093/humrep/dem046
http://www.ncbi.nlm.nih.gov/pubmed/17376819
http://doi.org/10.1016/j.ucl.2019.12.001
http://www.ncbi.nlm.nih.gov/pubmed/32272984
http://doi.org/10.12688/f1000research.17076.1
http://doi.org/10.1242/dev.152413
http://www.ncbi.nlm.nih.gov/pubmed/28935708
http://doi.org/10.1038/s41585-018-0003-3
http://doi.org/10.3390/ijms22063264
http://doi.org/10.1111/andr.13090
http://doi.org/10.1186/s12863-017-0479-5
http://www.ncbi.nlm.nih.gov/pubmed/28193154
http://doi.org/10.1093/bioinformatics/btp698
http://www.ncbi.nlm.nih.gov/pubmed/20080505
http://doi.org/10.1093/bioinformatics/bty560
http://doi.org/10.1093/bioinformatics/btu314
http://www.ncbi.nlm.nih.gov/pubmed/24812344
http://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://doi.org/10.1038/s41592-018-0051-x
http://doi.org/10.1186/s13059-016-0974-4
http://www.ncbi.nlm.nih.gov/pubmed/27268795
http://doi.org/10.1186/s12610-019-0091-9
http://doi.org/10.1016/j.beem.2020.101473
http://www.ncbi.nlm.nih.gov/pubmed/33183966
http://doi.org/10.1111/cge.12900
http://doi.org/10.1007/s00439-020-02113-x
http://doi.org/10.3390/jcm9020300
http://doi.org/10.1038/gim.2018.10
http://www.ncbi.nlm.nih.gov/pubmed/29790874
http://doi.org/10.1093/hmg/ddaa101
http://www.ncbi.nlm.nih.gov/pubmed/32469048
http://doi.org/10.1038/s41436-020-0907-1
http://doi.org/10.1093/humrep/dez022
http://doi.org/10.1093/biolre/ioz103
http://doi.org/10.1073/pnas.1635054100
http://doi.org/10.1038/s41467-017-02792-7


Cells 2022, 11, 118 14 of 14

29. Kherraf, Z.-E.; Christou-Kent, M.; Karaouzene, T.; Amiri-Yekta, A.; Martinez, G.; Vargas, A.S.; Lambert, E.; Borel, C.; Dorphin,
B.; Aknin-Seifer, I.; et al. SPINK2 deficiency causes infertility by inducing sperm defects in heterozygotes and azoospermia in
homozygotes. EMBO Mol. Med. 2017, 9, 1132–1149. [CrossRef] [PubMed]

30. Pierre, V.; Martinez, G.; Coutton, C.; Delaroche, J.; Yassine, S.; Novella, C.; Pernet-Gallay, K.; Hennebicq, S.; Ray, P.F.; Arnoult, C.
Absence of Dpy19l2, a new inner nuclear membrane protein, causes globozoospermia in mice by preventing the anchoring of the
acrosome to the nucleus. Dev. Camb. Engl. 2012, 139, 2955–2965. [CrossRef] [PubMed]

31. Kherraf, Z.-E.; Conne, B.; Amiri-Yekta, A.; Kent, M.C.; Coutton, C.; Escoffier, J.; Nef, S.; Arnoult, C.; Ray, P.F. Creation of knock
out and knock in mice by CRISPR/Cas9 to validate candidate genes for human male infertility, interest, difficulties and feasibility.
Mol. Cell. Endocrinol. 2018, 468, 70–80. [CrossRef] [PubMed]

32. Yang, P.; Tang, W.; Li, H.; Hua, R.; Yuan, Y.; Zhang, Y.; Zhu, Y.; Cui, Y.; Sha, J. T-Complex protein 1 subunit zeta-2 (CCT6B)
deficiency induces murine teratospermia. PeerJ 2021, 9, e11545. [CrossRef]

33. Miyata, H.; Castaneda, J.M.; Fujihara, Y.; Yu, Z.; Archambeault, D.R.; Isotani, A.; Kiyozumi, D.; Kriseman, M.L.; Mashiko, D.;
Matsumura, T.; et al. Genome engineering uncovers 54 evolutionarily conserved and testis-enriched genes that are not required
for male fertility in mice. Proc. Natl. Acad. Sci. USA 2016, 113, 7704–7710. [CrossRef]

34. Oyama, Y.; Miyata, H.; Shimada, K.; Fujihara, Y.; Tokuhiro, K.; Garcia, T.X.; Matzuk, M.M.; Ikawa, M. CRISPR/Cas9-mediated
genome editing reveals 12 testis-enriched genes dispensable for male fertility in mice. Asian J. Androl. 2021. [CrossRef]

35. Park, S.; Shimada, K.; Fujihara, Y.; Xu, Z.; Shimada, K.; Larasati, T.; Pratiwi, P.; Matzuk, R.M.; Devlin, D.J.; Yu, Z.; et al.
CRISPR/Cas9-mediated genome-edited mice reveal 10 testis-enriched genes are dispensable for male fecundity. Biol. Reprod.
2020, 103, 195–204. [CrossRef] [PubMed]

36. Sun, J.; Lu, Y.; Nozawa, K.; Xu, Z.; Morohoshi, A.; Castaneda, J.M.; Noda, T.; Miyata, H.; Abbasi, F.; Shawki, H.H.; et al.
CRISPR/Cas9-based genome editing in mice uncovers 13 testis- or epididymis-enriched genes individually dispensable for male
reproduction. Biol. Reprod. 2020, 103, 183–194. [CrossRef] [PubMed]

http://doi.org/10.15252/emmm.201607461
http://www.ncbi.nlm.nih.gov/pubmed/28554943
http://doi.org/10.1242/dev.077982
http://www.ncbi.nlm.nih.gov/pubmed/22764053
http://doi.org/10.1016/j.mce.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29522859
http://doi.org/10.7717/peerj.11545
http://doi.org/10.1073/pnas.1608458113
http://doi.org/10.4103/aja.aja_63_21
http://doi.org/10.1093/biolre/ioaa084
http://www.ncbi.nlm.nih.gov/pubmed/32561905
http://doi.org/10.1093/biolre/ioaa083
http://www.ncbi.nlm.nih.gov/pubmed/32588039

	Introduction 
	Material and Methods 
	Patients and Biological Samples 
	WES and Variant Filtering 
	Sanger Verification of the Variant 
	CRISPR/Cas9—Mediated Mice Genome Edition 
	Mice Genotyping Strategy 
	Phenotypic Analysis of Mutant Mice 
	Statistical Analyses 

	Results 
	Medical Assessment of Two Infertile Men Displaying Idiopathic Non-Obstructive Azoospermia 
	WES and Variant Filtering 
	Generation of KO Mice by CRISPR/Cas9 System 
	Phenotypic Analysis of Adult KO Male Mice 

	Discussion 
	Conclusions 
	References

