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Abstract

Background: Isolated hypogonadotropic hypogonadism (IHH) and Kallmann syn-
drome (KS) are rare genetic diseases that cause male infertility. The chromodomain
helicase DNA-binding protein 7 (CHD7) gene is commonly associated with KS and
IHH. We speculated that CHD7 variants may be associated with male infertility.
Methods: Two hundred males with azoospermia and 120 with oligozoospermia were
recruited. The patients underwent clinical examination and reproductive hormone
testing. A panel of genes including CHD7 and others related to spermatogenic failure
was sequenced by targeted-gene exome sequencing.

Results: Three patients with severe oligozoospermia had CHD?7 variants (a detec-
tion rate of 0.94% (3/320)). After prediction software analysis, two of the variants
c.3464G>A (p.R1155H) and c.4516G>A (p.G1506S) were predicted to be likely
pathogenic. Although predicted to be benign, the variants of ¢.2824A>G (p.T942A)
located in the chromodomain 2 could not be excluded as disease causing. The pa-
tients with variants had small testicular volumes. In particular, the testes of the pa-
tient with a p.G1506S variant varied in size (left, 8 ml; right, 4.5 ml). Two patients
(patients 31 and 120) had low E2 levels and two (patients 83 and 120) had low T lev-
els. Ultimately, these variants were classified as “variants of unknown significant”
that may be associated with male infertility.

Conclusions: There may be a relationship between the CHD7 gene missense variants
and male infertility. These variants are easier to find in patients with azoospermia

and severe oligospermia whose testosterone levels are decreased.
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1 | INTRODUCTION

Infertility is defined as unprotected sexual intercourse for
more than one year without pregnancy (Zegers-Hochschild
etal.,2009). About 7% of men suffer from infertility problems,
and male infertility accounts for about half of infertile couples
(Krausz & Riera-Escamilla, 2018; Winters & Walsh, 2014).
Infertile males often exhibit abnormalities in semen quality,
such as azoospermia and oligozoospermia. Male infertility
can be divided into three categories: acquired, congenital,
and unexplained. At least 15 to 30% of male infertility may
be caused by genetic factors (Krausz et al., 2006; Krausz,
Forti, & McElreavey, 2003). Congenital male infertility can
result from genetic factors or a developmental syndrome
(Skakkebaek, Rajpert-De Meyts, & Main, 2001). Although
many studies in the last decades have tried to find the cause
of male infertility, most infertile men have been classified as
having unexplained infertility, most likely due to genetic mu-
tations associated with spermatogenic failure. In recent years,
more than 600 genes associated with male infertility have
been reported in the Jackson Laboratory's Mouse Genome
Informatics database (http://www.informatics.jax.org/), and
2,300 testicular-specific genes have been found in humans
(Schultz, Hamra, & Garbers, 2003). With the development
of high-throughput sequencing technology, the number of
genes associated with male infertility has increased in recent
years. Although the number of genes is very large, research
into these genes is at an early stage, and gene analysis has
not been widely used in clinical diagnosis. Clinical genetic
diagnosis remains focused on karyotype analysis, detection
of azoospermia factor (AZF) microdeletions, and detection of
mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene in obstructive azoospermia.

Isolated hypogonadotropic hypogonadism (IHH) is a rare
genetic disease that causes male infertility, manifesting as hy-
pogonadotropic hypogonadism with or without anosmia or
hyposmia (Boehm et al., 2015). IHH accompanied by anos-
mia is called Kallmann syndrome (KS); if IHH is not accom-
panied by olfactory dysfunction, it is called normosmic IHH
(nIHH). THH is a genetically heterogeneous disease. In addi-
tion to infertility, it can present with various developmental
abnormalities related to puberty. These symptoms are caused
by dysfunctions in the production, secretion, and action of
hypothalamic gonadotropin-releasing hormone (GnRH)
(Zhou et al., 2018). Recently, more than 30 genes have been
reported to be involved in IHH, including ANOSI, FGFRI1/
FGFS8, PROK2/PROKR2, and CHD?7, all of which regulate
the development and migration of GnRH neurons during em-
bryonic development, as well as the synthesis, secretion, and
action of GnRH (Kim, 2015).

Chromodomain helicase DNA-binding protein 7 (CHD7)
gene (MIM 608892) is one of nine members of the CHD pro-
tein family, which have the common function of hydrolyzing

ATP and changing the structure of the nucleosome (Marfella
& Imbalzano, 2007). The CHD7 gene is located on chromo-
some 8q12 and has 38 exons and a size of 188 kb (Vissers
et al., 2004). It encodes 2,997 amino acids and the CHD7
protein has five nuclear localization signals (Schnetz
et al.,, 2009). Mutations in CHD7 can lead to a syndrome
involving multiple organ disorders, called CHARGE syn-
drome (coloboma, heart defect, atresia choanae, growth and
developmental retardation, genital hypoplasia, ear anomalies/
deafness; MIM 214800) (Vissers et al., 2004). In addition to
CHARGE syndrome, CHD7 mutations are commonly re-
ported in KS and [HH.

Because IHH usually leads to male infertility, we designed
a gene panel that included IHH-related genes and others re-
lated to spermatogenic failure. We sequenced 200 patients
with azoospermia and 120 patients with oligozoospermia
using the gene panel to determine relationships between male
infertility and genetic mutations. In this study, we detected
three CHD7 missense variants in patients with severe oli-
gozoospermia. We describe here the relationships between
CHD?7 variants and male infertility.

2 | MATERIAL AND METHODS

2.1 | Ethical Compliance

All patients agreed to participate in the research and signed
informed consent. This study was approved by the Ethics
Committee of the First Hospital of Jilin University.

2.2 | Patients

Three hundred and twenty patients with failure of spermato-
genesis (200 azoospermic and 120 oligozoospermic), rang-
ing from 21 to 39 years, were recruited by the Center for
Reproductive Medicine, The First Hospital of Jilin University.
Semen samples of the patients were obtained after a 3- to
7-day period of ejaculatory abstinence, and semen analyses
were performed three times within an interval of three months
according to the World Health Organization guidelines (5th).
Absence of spermatozoa in the semen ejaculate, if detected
three times, was considered azoospermia. A sperm concen-
tration of <15 x 10%ml was considered oligozoospermia.
These patients all excluded abnormal female factors. Patients
with known causes of male infertility were excluded, in-
cluding those with obstructive causes, infectious factors,
genitourinary injury, chromosomal abnormalities, and AZF
microdeletions. Family genetic history and personal habits
were collected by using a questionnaire survey. Physical ex-
aminations were conducted by the experienced andrologists.
Family history included whether there is a history of genetic
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disease, hypertension, diabetes, and other special diseases.
Physical examinations included examination of male sexual
characteristics such as penis length, testicle size and texture,
beard, hair distribution, and laryngeal knots. The patients’
medical histories were unremarkable for infertility risk fac-
tors. The patients were tested for reproductive hormone
levels including luteinizing hormone (LH), follicle stimulat-
ing hormone (FSH), testosterone (T), and estradiol (E2) by
electrochemiluminescent immunoassays to assess endocrine
status.

2.3 | Targeted-gene exome sequencing

An in-house targeted gene panel (Beijing Medriv Academy
of Genetics and Reproduction, Beijing, P. R. China), which
included CHD7, was used for sequencing on the Illumina
MiSeq platform (Illumina Inc., San Diego, CA, USA). The se-
lected targeted next-generation sequencing and data analysis
were performed as described previously (Yang et al., 2018).
Briefly, DNA from peripheral blood samples was first ex-
tracted using a DNA extraction kit (Beijing Tiangen Biotech
Co., Ltd., Beijing, China) and then sequenced using the target
gene panel on the [llumina MiSeq platform. The gene panel
contained 52 genes involved in spermatogenesis failure, in-
cluding CHD?. Fifty-two genes contained in the panel are
listed in Table S1. After sequencing, low-quality base se-
quences and adaptor sequences were removed, and sequence
alignment was performed using the hg19 human reference se-
quence using Burrows-Wheeler aligner software. Duplicated
reads from library and PCR preparation were removed using
Picard tools. Variants with minor allele frequencies >1% in
the databases, intronic variants, and synonymous variants
unlikely to be deleterious were excluded. Nonsynonymous
variants and splice site variants were retained.

The target gene variants were named by reference to the
CHD?7 gene sequence in the National Center for Biotechnology
Information database (NM_017780.4). The prediction of the
effect of the identified variants on protein function was based
on three software programs: PolyPhen-2 (http://genetics.bwh.
harvard.edu/pph2/), SIFT (http://sift.jcvi.org/), and Mutation
Taster (http://www.mutationtaster.org/). The results were fur-
ther confirmed by conventional PCR and Sanger sequencing
(ABI 3730XL, BGI Genomics, Shenzhen, China). The result-
ing PDB files were then opened using SPDBV_4.10_PC soft-
ware to view the three-dimensional protein model (Pitteloud
et al., 2006).

3 | RESULTS

In this study, 320 infertile men were tested using an in-house
targeted gene panel that contained 52 genes associated with
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spermatogenic failure to find the cause of azoospermia or
oligozoospermia. Three patients were found to carry variants
in the CHD7 gene. All variants were verified by Sanger se-
quencing, and the mutated sequences were highly conserved
(Figures 1 and 2a). P31 carried a c.3464G>A (p.R1155H) var-
iant, P83 carried a c.2824A>G (p.T942A) variant, and P120
carried a ¢.4516G>A (p.G1506S) variant. These three vari-
ants have been reported in the dbSNP135 database (Table 1).
According to SIFT, PolyPhen-2.0 and Variant Taster soft-
ware, two variants (p.R1155H and p.G1506S) were predicted
to be pathogenic. The p.T942A missense variant was consid-
ered disease causing according to Mutation Taster analysis,
but considered benign according to SIFT and PolyPhen-2.0
analysis (Table 2). These three variants have also been de-
scribed in the gnomAD database; the Allele frequency (AF)
in East Asian was 0 for p.R1155H, 0.0013 for p.T942A, and
0.0006 for p.G15068S. The variant of p. T942A was located in
the functional domain of chromodomain 2 and p.R1155H in
the helicase N domain. The variant of p.G1506S was located
near the helicase C domain (Figure 2b,c).

The CHD?7 gene variants have been reported to be associ-
ated with CHARGE syndrome and IHH syndrome, but none
of the patients with three variants we detected showed the
main manifestations of either CHARGE or IHH syndromes.
Clinical data about the patients are given in Table 3. Semen
analysis showed severe oligozoospermia and physical exam-
ination exhibited normal male sexual characteristics of all the
patients except a smaller testicular volumes. Scrotal colour
Doppler ultrasonography revealed small testicular volumes
(<15 ml). In particular, testes of P120 were the smallest and
varied in size (left, 8 ml; right, 4.5 ml). The hormonal profile
of P31 showed low E2 level, and that of P83 showed low
T level; P120 had low levels of both T and E2. These three
variants underwent an olfactory test to rule out the possibility
of KS syndrome. Unable to distinguish odors such as alcohol,
white vinegar, water and shampoo, it was intended to diag-
nose KS syndrome. Our patients can distinguish these odors
normally. Ultimately, the three variants detected in this study
were classified as “variants of unknown significant” that may
be associated with male infertility.

4 | DISCUSSION

In this study, three patients with severe oligozoospermia
were found to carry CHD?7 variants, a detection rate of 0.94%
(3/320). The relationship between CHD?7 variants and male
infertility has not been studied previously. The three vari-
ants of unknown significant of CHD7 gene were discovered
accidentally by gene panel detection in patients with sper-
matogenic failure. Therefore the situation was discussed in
this paper. In the previous studies, 70% to 90% of patients
with CHRGE syndrome carried pathogenic heterozygous
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FIGURE 1

mutations in CHD7 gene (Bergman et al., 2012; Janssen
et al., 2012; Zentner, Layman, Martin, & Scacheri, 2010).
In addition to FGFRI, CHD7 is the second most important
disease-causing gene associated with IHH or KS (Pitteloud
et al., 2006). At present, the genetic model of CHD7 has not
been well studied, but it may involve autosomal dominant
inheritance. The incidence of CHD?7 is about 6% in patients
with IHH (Dode & Hardelin, 2010). According to the report
of Marcos et al., the incidence of CHD7 mutation in patients
with KS was 6.2%, whether or not these patients had some
symptoms of CHARGE syndrome (Marcos et al., 2014). The
detection rate of CHD7 variants in this study was much lower
than in previous reports; however, finding CHD7 variants
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Sanger sequencing of CHD7 gene variants identified in patients. (a) ¢.2824A>G (p.T942A) variant in P83. (b) ¢.3464G>A
(p-R1155H) variant in P31. (c) c.4516G>A (p.G1506S) variant in P120

in patients with male infertility has important implications
for the genetic counseling and fertility guidance for these
patients.

Generally, patients with ITHH have lower levels of sex hor-
mones. Levels of FSH and LH are low or normal in patients
with IHH although with the help of the negative feedback mod-
ulation of the hypothalamic-pituitary-gonadal axis. It usually
indicates hypogonadism. These findings indicate defects in hy-
pothalamic or pituitary function (Crowley, Filicori, Spratt, &
Santoro, 1985). IHH or KS usually causes an irreversible delay
in puberty in women, who present with hypoestrogenic amen-
orrhea at the age of 17; men with IHH or KS have low testos-
terone at age 18 (Bhagavath et al., 2006). The three patients
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FIGURE 2 Conservation and locations of the CHD7 gene variants. (a) The conservation of variants (p.T942A, p.R1155H, and p.G1506S) was
analyzed across different species. (b) Schematic of the CHD7 protein (amino acid 1 to 2,997) and locations of identified variants. The functional

domains of CHD7 are shown as follows: blue, chromodomain 1; green, chromodomain 2; yellow, helicase N; pink, helicase C; purple, BRK. (c)

Structural model of CHD7 helicase domains are shown as follows: yellow, a-helix; green, p-sheet; purple, the loops. The location of pathogenic

variants (p.R1155H and p.G1506S) is indicated by arrows

TABLE 1 CHD?7 variants identified in patients with idiopathic male infertility
Sequence Amino acid Chromosomal Sample
Variant no. Exon variant change locution Reported rs number ID
1 14 c.3464G>A p-R1155H chr8:61741307 Yes 1s762669262 P31
2 10 c.2824A>G p.-T942A chr8:61734475 Yes rs370194460 P83
3 19 c.4516G>A p-G1506S chr8:61750797 Yes rs750258756 P120

with CHD?7 variants in this study presented with severe oli-
gozoospermia but not azoospermia, which may be related to
their hormone levels. The levels of testosterone were low in two
of the patients (P83 and P120), but FSH and LH levels were
normal in all three patients. In addition, the testicular volume
of these patients were smaller than that of normal men, espe-
cially the P120 testis were the smallest and vary in size on both
sides. This indicated that the patients did not show symptoms
of IHH or that the symptoms were mild. To induce pubertal de-
velopment or maintain sex hormone levels in adult males, most

IHH patients need long-term testosterone replacement therapy
(TRT) (Han & Bouloux, 2010). More than 10% of HH patients
may achieve reversal of hypogonadism, and some patients can
achieve normal sperm counts (Raivio et al., 2007). A patient
with KS with a truncated CHD7 mutation showed that hypo-
gonadotropic dysfunction could be reversed by TRT (Laitinen
et al., 2012). Therefore, our patients with low testosterone may
also benefit from TRT treatment. However, it is important to
inform the patients about the risk of hereditary CHD?7 defects
in offspring before treatment.
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Mutations in CHD7 can cause CHARGE syndrome,
which is characterized by multiple organ defects, nIHH,
and KS. Different types of CHD7 mutations lead to a vari-
ety of clinical phenotypes. In general, CHARGE syndrome
is caused by very harmful protein-truncating mutations,
whereas nIHH is caused by less harmful missense mutations
(Marcos et al., 2014). All variants detected in our patients
were missense variants in highly conserved amino acid sites,
and two of them occurred in functional domains of CHD7
(p-T942A variant located in the chromodomain 2 domain and
p-R1155H in the helicase N domain). These domains play an
important role in the chromatin remodeling activity of the
CHD7 protein. Although the p.G1506S variant was not lo-
cated in a catalytically active domain, bioinformatics analysis
showed that the mutation could affect the function of pro-
tein. Therefore, the three variants detected in this study were
classified as “variants of unknown significant” that may be
associated with male infertility.

Wen et al. reported that a male patient with KS with some
symptoms of CHARGE syndrome carried a p.E2191K mu-
tation in CHD?7. In pedigree analysis, the patient's mother
and younger brother were found to have the same mutation
without any clinical symptoms (Wen, Pan, Xu, Wang, &
Hu, 2018). In another study, six patients with IHH had rare
mutations of CHD7. These mutations were inherited from
one of the parents, but none of the parents manifested any
characteristics of CHARGE syndrome or IHH (Goncalves
et al., 2019). Our patients showed only severe oligozo-
ospermia without characteristics of CHARGE syndrome
or olfactory abnormalities. Thus, CHD7 variants may have
incomplete penetrance. These phenotypic differences may
be related to modified genes or to the impact of environ-
mental factors.

5 | CONCLUSIONS

Our results suggest that there may be a relationship between
the CHD7 gene missense variants and male infertility. These
variants are easier to find in patients with azoospermia and
severe oligospermia whose testosterone levels are decreased.
Although variants in CHD7 are commonly sporadic, genetic
counseling of these patients is important because of potential
autosomal dominant inheritance and reports of incomplete
penetrance.
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