
Submitted 15 July 2021
Accepted 5 September 2021
Published 23 September 2021

Corresponding authors
Wei Li, leways@ioz.ac.cn
Guoping Li, guoping_li@yahoo.com

Academic editor
Terje Svingen

Additional Information and
Declarations can be found on
page 14

DOI 10.7717/peerj.12210

Copyright
2021 Chen et al.

Distributed under
Creative Commons CC-BY 4.0

OPEN ACCESS

Adam21 is dispensable for reproductive
processes in mice
Yinghong Chen1,2, Chao Liu1,3, Yongliang Shang4, Liying Wang1,2, Wei Li1,2,3

and Guoping Li5

1 State Key Laboratory of Stem Cell and Reproductive Biology, Institute of Zoology, Stem Cell and
Regenerative Medicine Innovation Institute, Chinese Academy of Sciences, Beijing, China

2University of Chinese Academy of Sciences, Beijing, China
3 Fertility Preservation Lab, Reproductive Medicine Center, Guangdong Second Provincial General Hospital,
Guangzhou, China

4Advanced Medical Research Institute, Shandong University, Jinan, China
5The MOH Key Laboratory of Geriatrics, Beijing Hospital, National Center of Gerontology, Beijing, China

ABSTRACT
Background. As a group of membrane-anchored proteins, the proteins containing a
disintegrin and metalloprotease domain (ADAMs) control many biological processes,
especially for male fertility. Mouse Adam21 was previously found to be specifically
expressed in the somatic cells and germ cells of testes, but its functional role during
spermatogenesis and male reproductive processes is still unknown.
Methods.Adam21-null mice were created using the CRISPR/Cas9 system. Quantitative
real-time PCR was used for analyzing of gene expression. Histological, cytological and
immunofluorescence stainingwere performed to analyze the phenotypes ofmouse testis
and epididymis. Intracellular lipid droplets (LDs) were detected by Oil red O (ORO)
staining and BODIPY staining. Fertility and sperm characteristics were also detected.
Results. Here, we successfully generated an Adam21 conventional knockout mouse
model via CRISPR/Cas9 technology so that we can explore its potential role in male
reproduction. We found that male mice lacking Adam21 have normal fertility without
any detectable defects in spermatogenesis or sperm motility. Histological analysis of
the seminiferous epithelium showed no obvious spermatogenesis difference between
Adam21-null and wild-type mice. Cytological analysis revealed no detectable defects in
meiotic progression, neither Sertoli cells nor Leydig cells displayed any defect compared
with that of the controlmice. All these results suggest thatAdam21might not be essential
for male fertility in mice, and its potential function still needs further investigation.

Subjects Developmental Biology, Genetics, Andrology
Keywords Adam21, Spermatogenesis, Male infertility, ADAMs

INTRODUCTION
About ten to fifteen percentage of couples are affected by infertile problems, with
approximately equal contributions from both sides (Cooke & Saunders, 2002). Male
infertility can be categorized as azoospermia (with zero sperm count), oligospermia
(with diminished sperm count), Asthenozoospermia (with reduced motility of sperm),
teratozoospermia (with abnormal sperm morphology), as well as combinations of
these multiple defects (Huang et al., 2020b). Spermatogenesis is a complex and highly
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orchestrated process in the seminiferous epithelium where various germ cells undergo
successive mitotic divisions, meiotic divisions, spermiogenesis and finally the mature
spermatozoa (Hess & Renato De Franca, 2008; Wang et al., 2019). More than 2000 genes
were reported to be expressed only in the testis (Schultz, Hamra & Garbers, 2003).
Nevertheless, the functions of many this kind of genes remain to be elucidated.

A disintegrin and metalloproteinase (ADAMs) are a fascinating family of membrane-
anchored, multidomain and multifunctional proteases. All ADAMs contain pro-
metalloprotease, disintegrin, cysteine-rich, EGF-like, spacer, transmembrane, and
cytoplasmic tail domains, and they regulate critical events that occur at the cell surface,
including extracellular and intracellular signaling, cell adhesion, and cell migration
(Weber & Saftig, 2012; White et al., 2005). ADAMs were initially found to be a novel
type I transmembrane glycoproteins during an analysis of sperm-egg fusion (Blobel et al.,
1992; Wolfsberg et al., 1993; Wolfsberg et al., 1995). Until now, about 40 ADAMs family
members have been reported in the mammalian genome, including 21 members in
humans and 37 members in mice, about half of these genes are expressed specifically
or predominately in testis, which implies their potential function in male reproduction
(Reiss & Saftig, 2009). The majority of the testis-specifically expressed ADAM proteins are
produced in spermatogenic cells as precursors and processed by removing prodomains or
both prodomains and metalloprotease domains to form mature and functional proteins,
and these modified proteins are secreted and present on the surface of mature sperm (Cho,
2012). More importantly, some of these surface-displayed ADAMs in sperm can form
complexes, such as ADAM1-ADAM2 (Cho et al., 2000), ADAM2-ADAM3-ADAM4 (Han
et al., 2009), ADAM2-ADAM3-ADAM5 (Kim et al., 2006), and ADAM2-ADAM3-ADAM6
(Han et al., 2009), which are indispensable for sperm–egg interactions, and can help sperm
migration from the uterus to the oviduct in mice. For example, Adam1−/−, Adam2−/− and
Adam3−/− mice displayed fertilization defects. The depletion of Adam1, Adam2 or Adam3
impaired both sperm migration from the uterus into the oviduct through the uterotubal
junction (UTJ) and binding of sperm to zona pellucida (Cho et al., 1998; Nishimura et
al., 2004; Xiong, Wang & Shen, 2019; Yamaguchi et al., 2009), Additionally, the knockout
of Adam6 in mice causes male subfertility and deficits in sperm ascent into the oviduct
(Voronina et al., 2019). Currently, some of the reproductive ADAMs are well-studied,
broadening our understanding of the molecular mechanisms underlying sperm functions
and fertilization. But the function of some testis-specifically expressed ADAMs still need
further investigation.

The Adam21 gene was first cloned from a human testis cDNA library, and it mapped
to human chromosome 14 and mouse chromosome 12 (Hooft van Huijsduijnen, 1998;
Seldin, Hirohata & Apte, 2000). Adam21 (also known as Adam31) mRNA was initially
reported to be exclusively present in testes examined by Northern blot (Liu & Smith, 2000).
Adam21 was lately reported to produce two types of transcript isoforms with different
developmental stages and cellular localizations by reverse transcription-polymerase chain
reaction (RT-PCR) (Yi et al., 2010). ADAM21 protein was predominantly expressed in
Leydig cells and Sertoli cells in the testes of mice (Liu & Smith, 2000). Moreover, ADAM21
protein was also found to be expressed in the TM3 Leydig cell line, TM4 Sertoli cell
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line and testicular germ cells but absent from mature sperm (Yi et al., 2010). TM3 and
TM4 are two distinct epithelial cell lines derived from testis of the immature BALB/c
mouse. These cell lines have been identified as Leydig (TM3) and Sertoli (TM4) cells
(Mather, 1980). In addition, Adam21 mRNA and ADAM21 protein were also found in
the neurogenic subventricular zone (SVZ) compartment of adult rats and mice, and it is
associated with neurogenesis and axonal growth in developing and adult rodent central
nervous system (Yang, Baker & Hagg, 2005). All these previous results suggest that the
testis-specifically expressed ADAM21 protein might participate in male reproduction. To
test this possibility, we generated Adam21 conventional knockout mice via CRISPR/Cas9
technology, but found that the knockout of Adam21 didn’t display any reproductive defect
in either male or female mice, indicating that this testis-specifically expressed gene is
dispensable for mouse fertility.

MATERIALS & METHODS
Animal experiments
Mice (C57BL/6N) were obtained from the Experimental Animal Center of Institute of
Zoology and maintained in a 12:12 light/ dark cycle with food and water available ad
libitum in cages held at 23 ± 2 ◦C. All individualized ventilated cages were capable of
hosting at most five mice, and mice were randomly divided into different cages. An
Adam21-knockout mouse model (C57BL/6N) was created by CRISPR/Cas9-mediated
genome engineering, and two guide RNAs (5′-GCCAGGACACAATCTCGACATGG-
3′and 5′-AGCCGCCTATGCACTAAGTTTGG-3′) were designed for this study, which
will be co-injected with Cas9 into fertilized eggs for knockout mice production. All the
2-month male mice were sacrificed by cervical dislocation before testes collection. All
the experiments and studies on laboratory animals were carried out in accordance with
guidelines approved by the Institutional Animal Care and Use Committee of the Institute
of Zoology (IACUC-#08-133, IOZ20180013), Chinese Academy of Sciences.

RNA extraction and quantitative real-time PCR
Total RNA was extracted from wild-type and Adam21-knockout adult mice testes or
other tissues as previously described (Xu et al., 2016). cDNA was synthesized by the
PrimeScriptTM RT Reagent Kit (TaKaRa, RR037A). Primer sets for Adam21 and β-actin
were used (Table S2). Real-time PCR was performed using the Roche Light Cycler R© 480
System, and the results were analyzed with the LightCycle480 SW 1.5.1.

Fertility assay
The male fertility assessment experiments were performed as previously described (Han
et al., 2020). Each 8-week-old Adam21+/− and Adam21−/− male mice was caged with
2 Adam21+/−females (7 or 8 weeks old). The female fertility tests were carried out as
previously described (Sun et al., 2018). 7-week-old Adam21+/− and Adam21−/− female
mice was housed with Adam21+/−males (8–9-week-old). Copulatory plugs were checked
daily, and plugged females with visibly growing abdomen were separated into single cages
for monitoring pregnancy.
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Sperm motility and sperm count assays
Sperm were released in phosphate-buffered saline (PBS, Gibco, C14190500BT) from the
incisions of the cauda epididymis for 10min at 37 ◦C. And then the swim-up suspensionwas
used for the analysis of sperm motility with an Olympus BX51 microscope through a 20X
phase objective (OLYMPUS, Japan). Viewing areas in each chamber were imaged using a
CCD camera (Olympus). The samples were analyzed via computer-assisted semen analysis
(CASA) using the Minitube Sperm Vision Digital Semen Evaluation System (12500/1300,
Minitube Group, Tiefenbach, Germany). The incubated sperm solution was then diluted
1:10 and sperm number was counted with a hemocytometer.

Immunofluorescence
Spermatocyte surface spreading was carried out using the drying-down technique
previously described (Peters et al., 1997; Xu et al., 2016). The 10ml aliquots from the
epididymal sperm sample were spread onto the surface of slides, and then the slides dried at
room temperature. Frozen testes were cut into 5µm thick sections using a cryo-microtome
(CM1950, Leica Biosystems) and then mounted on slides. The frozen sections were firstly
fixed using 4% paraformaldehyde (PFA, P1110, Solarbio), and then the fixed sections as
well as surface-spread spermatocytes and spermatozoa were washed with PBS for 3 times
and blocked in 5% bovine serum albumin(BSA) with 0.1% Triton X-100 for at least 30
min, incubated overnight at 4 ◦C with the corresponding primary antibodies, followed
by incubation with the secondary antibodies at 37 ◦C for 1 h. Moreover, the intracellular
lipid droplets (LDs) were stained with 1 µg/ml BODIPY–PBS solution for 10 min at room
temperature (RT). Finally, 4′,6-diamidino-2-phenylindole (DAPI) was used to stain the
nuclei. The images were taken by a Zeiss LSM 880 microscope. Antibody information was
listed in Table S3.

ORO staining
Oil red O (ORO) staining was performed as reported previously (Khawar et al., 2021).
Briefly, 5 µm thick frozen testes sections were cut and fixed using 4% PFA for 15 min
followed by washing three times with 1X PBS. After rinsing, sections were incubated
in 60% (vol/vol) isopropyl alcohol for 5 min and air-dried. Subsequently, the air-dried
sections were stained for 15min using 60%ORO solution. Next, to remove the background
staining, the slides were rinsed using 70% ethanol for 5 s. Subsequently, the slides were
rinsed with water and counterstained using Harris hematoxylin. Glycerol/ PBS (9:1) was
used to mount tissues and then processed further.

Serum hormone measurement
Blood collected from control and mutant mice was clotted for 1 h at room temperature
and centrifuged at 1,000 g for 20 min. The serum LH, FSH and testosterone levels were
measured with ELISA kits (Beijing Sinouk Institute of Biological Technology).

Harvesting of tissues and histological analysis
Testes and cauda epididymiswere dissected immediately following euthanization by cervical
dislocation. The tissues were then fixed in Bouin’s fixative for at least 24 h, dehydrated and
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embedded in paraffin; sections (5 µm) were cut and collected on glass slides. Following
deparaffinization, the slides were stained with Haematoxylin and Eosin (H&E) or stained
with Periodic Acid Schiff (PAS)-hematoxylin for histological analysis.

Phylogenetic analysis
The phylogenetic trees were constructed using MEGA X (Kumar et al., 2018) with the
Neighbor-Joining (NJ) method (Saitou & Nei, 1987), the bootstrap test (Felsenstein, 1985),
1,000 replicates) and Jones-Taylor-Thornton (JTT) model (Jones, Taylor & Thornton,
1992). The motif analysis was performed with the MEME Suite (Bailey et al., 2015) and
TBtools (Chen et al., 2020). And the genes of ADAM family with testis-enriched or testis-
specific expression have been summarized and described according to previous papers
(Cho, 2012; Edwards, Handsley & Pennington, 2008; Weber & Saftig, 2012; Yi et al., 2010).

Statistical analysis
All results are presented as the mean ± SEM. The statistical significance of the differences
between the mean values for the various genotypes was measured using a two-tailed
unpaired Student’s t -tests implanted in GraphPad prism 9. The *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001 levels were considered significant. ns, not significant.

RESULTS
Expression pattern of Adam21 and the generation of Adam21-
knockout mice
To gain insights into Adam21 expression pattern, we firstly performed QRT-PCR analysis
of Adam21 in different adult tissues of mice or during development from juvenile to adult
mice. After calculation and quantification, we found that Adam21 prominently expressed
in the testes (Fig. 1A). We noticed that Adam21 expression was at minimal or background
levels during the first wave of spermatogenesis at 18 days postpartum (dpp) (Fig. 1B),
when the first wave of meiosis is about to be completed. These results are consistent with
previous reports (Liu & Smith, 2000; Yi et al., 2010) and published transcriptome data from
the Mouse ENCODE Project (Yue et al., 2014). The testis-specific expression of Adam21
makes it a candidate gene to be involved in male fertility. To test this hypothesis, we
generated Adam21-knockout mice via the CRISPR-Cas9 system that targeted the whole
open reading frame (ORF) which is located at exon 2 of Adam21 gene (Fig. 1C). Sanger
sequencing and genotyping were performed to show that we have got mice with 2,324
bp deletion in exon 2 of Adam21 (Figs. 1C and 1D). Furthermore, we found that the
Adam21mRNA was completely absent in the Adam21−/− testes compared with that of the
Adam21+/+ testes by QRT-PCR (Fig. 1E), indicating that the knockout mice were indeed
Adam21–null.

Adam21-knockout mice have normal testis size and seminiferous
tubules
Adam21−/− mice were viable and appeared normal, displaying no obvious abnormalities
in development or behavior. We examined the testis morphology as well as testis/body
weight ratio of adult Adam21−/− and Adam21+/+ mice, and no significant difference in
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Figure 1 The expression of Adam21 and the generation of Adam21−/− mice. (A) Expression pattern
analysis of Adam21 in different tissues of 2-month-old adult mice by QRT-PCR. (B) Expression pattern
analysis of Adam21 during development of 6, 8, 10, 18, 25, 35, 60 dpp mice by QRT-PCR. (C) Schematic
strategy of Adam21−/− mice construction by CRISPR-Cas9-mediated genome editing. Sanger sequenc-
ing results of knockout mice to confirm the successful deletion of 2,324 bp in Adam21 gene. (D) Genotyp-
ing of Adam21−/− mice. Primer sets for genotyping were used (Table S1). (E) Quantification of Adam21
mRNA level in testes from 2-month-old control and Adam21−/− mice (n = 3 independent experiments).
Data are presented as means± SEM;∗∗∗∗P < 0.0001.

Full-size DOI: 10.7717/peerj.12210/fig-1

testis size (Fig. 2A), body weight (Fig. 2B), testis weight (Fig. 2C), or the percentage of testis
weight compared to body weight (Fig. 2D) between knockout and control male mice were
noted. To examine more subtle testicular defects, we carried out histological examination
of testes sections by hematoxylin-eosin staining, and the results revealed that seminiferous
tubules of Adam21−/− mice displayed normal structure and no obvious defects compared
with that of wild-type mice were found (Fig. 2E).

The knockout of Adam21 doesn’t impair spermatogenesis and
meiosis
Spermatogenesis is a cyclic process during which germ cells undergo a series of
developmental steps following a tightly regulated time schedule. The cycle of the
seminiferous epithelium can be subdivided into 12 stages in mouse testes according to
steps in spermatid development using Bouin’s-fixed normal testes and sections stained with
the Periodic Acid Schiff (PAS) technique and hematoxylin (Ahmed & De Rooij, 2009). To
further explore the distribution and arrangement of spermatogenic cells in the seminiferous
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Figure 2 The knockout of Adam21 doesn’t affect testis size and seminiferous tubule. (A) Representa-
tive image of testes from 2-month-old Adam21+/+ and Adam21−/− mice. (B) Body weight of 2-month-old
Adam21+/+ and Adam21−/− male mice. (C) Testis weight of 2-month-old Adam21+/+ and Adam21−/−

mice. (D) Testis/body weight ratios in 2-month-old Adam21+/+ and Adam21−/− mice. (E) Histological
analysis of the seminiferous tubules of Adam21+/+ and Adam21−/− mice by H&E staining. n: indicates in-
dependent experiments. Data are presented as means± SEM; ns: indicates no difference.

Full-size DOI: 10.7717/peerj.12210/fig-2

epithelium of Adam21−/− mice, we carefully checked the 12 stages of spermatogenesis
in Adam21- knockout testes. We found that the testicular tubules of knockout mice had
well-organized architecture and normal spermatogenesis with presence of full array of
germ cells ranging from spermatogonia to elongated spermatids which are similar to that
of the wild-type testes (Fig. 3A). In order to analyze Adam21 deficient spermatocytes,
we identified the various stages of meiotic prophase by staining for a component of the
synaptonemal complex, SYCP3 (Zickler & Kleckner, 1999) and a marker of the formation
and repair of meiotic DNA double-strand breaks (DSBs), γ-H2AX (Hunter et al., 2001)
in the surface-spread spermatocyte nuclei. We found that cells in meiotic prophase of
Adam21-null mice have typical four different cytological stages: leptotene, zygotene,
pachytene and diplotene meiotic cells (Fig. 3B). And then, we counted the number of cells
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at different stages of meiotic prophase and quantified the ratios of each meiotic prophase
stage identified in the spermatocytes of Adam21- knockout and wild-type testes and found
no obvious difference (Fig. 3C). Thus, we concluded that the knockout of Adam21 doesn’t
affect meiosis and spermatogenesis in mice.

The knockout of Adam21 doesn’t affect sperm counts, morphology
and motility
As sufficient sperm counts, vigorous sperm motility and well-defined sperm morphology
are critical factors required for normal oocyte fertilization and overall pregnancy rate in
mammals, and defects in any of these factors often cause male infertility. To investigate
whether the absence ofAdam21 impairs spermiogenesis, we examined the cauda epididymis
by histological analysis and found that sperm density of Adam21−/− mice appeared to
be normal in the cauda epididymis compared to that of Adam21+/+ mice (Fig. 4A).
We further counted the total spermatozoa in the cauda epididymis and found that
Adam21−/− male mice had normal epididymal sperm numbers compared with that
of their littermates (Fig. 4B). To further test whether the knockout of Adam21 had any
impact on sperm morphology, we performed single-sperm immunofluorescence using the
acrosome-specific marker sp56, and DAPI was co-stained to indicate the sperm nucleus.
The sperm morphological characteristics were observed using a confocal microscopy,
and the results showed that the majority of knockout and wild-type sperm had normal
morphology (Fig. 4C). In addition, we measured the motile sperm rate in Adam21+/+ and
Adam21−/− mice via CASA system, and the Adam21-depleted sperm displayed similar
motility with wild-type sperm (Fig. 4D). And other motility-related parameters that we
detected also showed no defects in Adam21−/− mice compared with that of Adam21+/+

mice (Figs. 4E–4H), including the percentage of progressive spermatozoa, average path
velocity (VAP), straight line velocity (VSL) and curvilinear velocity (VCL). In a nutshell,
the Adam21-null mice showed no gross defects in sperm counts, sperm morphology and
sperm motility.

The knockout of Adam21 doesn’t affect luteinizing hormone (LH),
follicle stimulating hormone (FSH), testosterone levels and their
fertility
Spermatogenesis is regulated by both endocrine and paracrine hormones. LH and FSH
secreted by the pituitary gland are main endocrine factors which interact with specific
receptors (LHR and FSHR) expressed by the Leydig and the Sertoli cells, respectively.
Testosterone synthesized by the Leydig cells mainly engages in the paracrine regulation
of spermatogenesis (Chen, Ge & Zirkin, 2009; Cooke & Saunders, 2002). Since Adam21
was expressed in the Sertoli cells and Leydig cells, we speculated that Adam21 might
have some relationship with the blood-testis barrier (BTB) integrity or hormonal
interactions. We firstly analyzed the cytoskeletal structures and nuclei of Sertoli cells
in Adam21−/− and Adam21+/+ mouse testes by immunofluorescence staining with
antibodies against β-tubulin andWT1, respectively (Liu et al., 2016;O’Donnell & O’Bryan,
2014). In Adam21−/− testes, the microtubules were oriented in linear arrays parallel to the
long axis of the Sertoli cells, from the base to the apex, forming a longitudinally oriented
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Figure 4 The sperm counts, spermmotility and spermmorphology of Adam21−/− mice are normal.
(A) Histological analysis of the caudal epididymidis of Adam21+/+ and Adam21−/− mice by H&E staining.
(B) The sperm counts in the caudal epididymidis were detected in Adam21+/+ and Adam21−/− mice. (C)
Immunofluorescence staining of sp56 (green) in Adam21+/+and Adam21−/− spermatozoa. (D) Motile
sperm in Adam21+/+ and Adam21−/− mice. (E) Progressive sperm in Adam21+/+ and Adam21−/− mice.
(F) The average path velocity of sperm from Adam21+/+ and Adam21−/− mice. (G) The straight line
velocity of sperm from Adam21+/+ and Adam21−/− mice.(H) The curvilinear velocity of sperm from
Adam21+/+ and Adam21−/− mice. n: indicates independent experiments. Data are presented as means
± SEM; ns: indicates no difference.

Full-size DOI: 10.7717/peerj.12210/fig-4

cage-like structure around the Sertoli cell nuclei, which were similar to the cytoskeleton
and nuclei of Sertoli cells in that of the control testes (Fig. 5A). All these results suggested
that the knockout of Adam21 may not affect the morphology of Sertoli cells. We then
detected the localization of ZO-1 which is a major tight junction (TJ) structural protein
by immunofluorescence, but the result showed that the knockout of Adam21 didn’t
compromise the BTB integrity (Fig. 5B). We also detected the protein level of HSD3B1
which is a key steroidogenic enzyme by immunofluorescence and LDs stored in Leydig
cells by ORO Staining (Fig. 5C) and BODIPY staining (Fig. 5D), while the results in the
knockout mice displayed similarity to that of the control mice. Furthermore, we collected
the serum of 2-month-old control and Adam21 knockout mice, and then measured their
LH (Fig. 5E), FSH (Fig. 5F) and testosterone (Fig. 5G) concentrations in the prepared sera,
but we found that the levels of the three hormones in the Adam21−/− mice were similar to
that of the control, too. Therefore, the knockout of Adam21 didn’t have adverse effects on
the LH, FSH and testosterone concentrations in serum. To investigate whether Adam21−/−

mice were fertile, we conducted a fertility test of Adam21−/− mice and Adam21+/− mice,
and found that neither male nor female Adam21−/− mice displayed any infertility, they
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produce similar amount of litter to that of the control mice (Figs. 5H and 5I). Thus, we
concluded that Adam21 might be dispensable for reproduction in mice.

Phylogenetic analysis of ADAMs family proteins
To address why the testis specific expressed gene is not essential to male reproduction,
we conducted phylogenetic analysis of the ADAM21 related proteins. We found that
ADAM21 is evolutionary conserved frommouse to human in mammals (Fig. 6A). In mice,
the testis-specifically expressed ADAMs can be divided into two major groups according
to gene structure. Group 1 contains ADAM1, 4, 6, 20, 21, 24, 25, 26, 29, 30 and 34, all
of which lack introns in their open reading frames (ORFs). Group 2 includes ADAM2,
3, 5, 18 and 32, and all of them consist of multiple small exons and occupy large regions
of the corresponding genome (Edwards, Handsley & Pennington, 2008; Weber & Saftig,
2012; Yi et al., 2010). The reproductive ADAMs contains the same domains reported in
other ubiquitously-expressed ADAMs (Cho, 2012;White et al., 2005). To further assess the
functional diversification of murine ADAMs, 10 conserved motifs were predicted using
the MEME Suite (Fig. 6B). Additionally, ADAM21, 29, 26, 34, 24, 20 and 25 were clustered
into a group in which bootstrap values show up 99% of the time using MEGA X software
(Fig. 6C), suggesting these proteins might be redundant in their functions to make sure
the genetics information could be transferred to the next generation efficiently.

DISCUSSION
Animal models have advanced our understanding of the reproductive development defects
underlying human infertility. Studies on knockout mouse models have expanded our
knowledge about the roles of specific genes engaged in stem-cell renewal, meiosis and
spermiogenesis (Cooke & Saunders, 2002). Here, we focused on Adam21, a conserved and
testis-specific gene, to study its role in reproduction. We found that loss of Adam21 in
male mice doesn’t show adverse impact on spermatogenesis and fertility. The architecture
of testicular tubules, the progression of meiosis and sperm characteristics in Adam21−/−

mice are totally normal in comparison with that of the control mice. Additionally, all the
testicular ADAMs in mice are expressed in spermatogenic cells. Apart from other ADAMs,
Adam21 is expressed in both testicular somatic and germ cells (Liu & Smith, 2000; Yi et al.,
2010). And we didn’t find any defects in either Sertoli or Leydig cells because Adam21−/−

mice displayed no apparent changes in the protein level or distribution of ZO-1, WT1,
β-tubulin and HSD3B1, and the intracellular lipid droplets (LDs) are also similar to that
of the control mice. Furthermore, the reproductive related hormones such as LH, FSH
and testosterone were not affected by Adam21 knockout, suggesting that the ablation of
Adam21 didn’t affect the normal functions of Sertoli cells and Leydig cells.

Although Adam21 was identified as an evolutionary conserved and testis-specific
expressed gene, we didn’t find any developmental or reproductive defects after carefully
examining the spermatogenesis and fertility of Adam21-null mice. According to our
phylogenetic analysis, ADAM21 was divided into the same group with other 6 homologues
in mice (ADAM29, 26, 34, 24, 20 and 25), and some of them or even all of them might
have redundant functions in male reproduction. Among the 6 homologues, ADAM24
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is essential for male fertility, and the knockout of Adam24 leads to male subfertility in
mice (Zhu et al., 2009), while others haven’t been carefully examined in mice. Thus, only
all these redundant genes were knocked out, their potential functions can be revealed.
In addition to ADAM21, mice lacking testis-specific ADAM32 were reported to have
normal fertility, testicular integrity, and sperm characteristics (Lee, Hong & Cho, 2020),
suggesting that Adam21may be not the only ADAM family members which is dispensable
for fertility. The functional redundancy and compensation are well-documented in male
fertility. Many family genes were reported to be dispensable for male mouse fertility, such
as Prss44, Prss46, and Prss54 (Holcomb et al., 2020); Prss55 (Khan et al., 2018); Tex37 (Khan
et al., 2018) and Tex55 (Jamin et al., 2021); Rybp (He et al., 2020); Stk31/Tdrd8 (Zhou et al.,
2014). The functional redundancy provides multiple ways to produce functional sperm,
thus make sure their genetic information could be efficiently transferred into the next
generation.

Adam21 may not be required for normal spermatogenesis and reproduction.
Alternatively, it may only be required for male reproduction during some stress conditions.
For example, some genes have been reported to protect the spermatogenesis from toxic
environmental stress, such as MAGE genes and Ggnbp1, they are not required for normal
spermatogenesis, but can ensure proper gamete production in response to stress, while
their knockout resulted in sensitiveness to genotoxic stress (Fon Tacer et al., 2019; Han
et al., 2020). In addition to that, some chemicals and heavy metal have been reported to
be toxic for the spermatogenesis, such as BPA, phthalates, dioxins, cadmium and so on
(Bucci & Meistrich, 1987; Chung et al., 2011;Harman & Richburg, 2014; Zhang et al., 2013).
Thus, although the knockout of Adam21 does not affect the male reproduction in mice, it
may make the knockout mice sensitive to these kinds of stresses. If this possibility could
be demonstrated in mice, it may be applied to human beings because a lot of people’s
sperm qualities are sharply decreased in the past decades due to either life-style changing
or environmental pollutions (Deng et al., 2016; Huang et al., 2020a).

CONCLUSIONS
Although Adam21 was highly expressed in both testicular somatic and germ cells, the
knockout of Adam21 displayed neither testicular somatic cells nor germ cells defect in
comparison to that of the control mice, and the knockout of this gene does not affect the
reproductive processes at all in mice.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was supported by the National Key R&D Program of China (grant
2016YFA0500901), the National Science Fund for Distinguished Young Scholars
(81925015), and the National Natural Science Foundation of China (grants 91649202).
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Chen et al. (2021), PeerJ, DOI 10.7717/peerj.12210 14/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.12210


Grant Disclosures
The following grant information was disclosed by the authors:
National Key R&D Program of China: 2016YFA0500901.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Yinghong Chen performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the paper, and approved the final draft.
• Chao Liu and Yongliang Shang analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the paper, and approved the final draft.
• Liying Wang analyzed the data, prepared figures and/or tables, and approved the final
draft.
• Wei Li and Guoping Li conceived and designed the experiments, authored or reviewed
drafts of the paper, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The procedures of using and treating mice were approved by the Institutional Animal
Care and Use Committee of the Institute of Zoology (#08-133, IOZ20180013).

Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Institutional Animal Care and Use Committee of the Institute of Zoology approved
this research (#08-133, IOZ20180013).

Data Availability
The following information was supplied regarding data availability:

The data are available as Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12210#supplemental-information.

REFERENCES
Ahmed EA, De Rooij DG. 2009. Staging of mouse seminiferous tubule cross-sections.

Methods in Molecular Biology 558:263–277 DOI 10.1007/978-1-60761-103-5_16.
Bailey TL, Johnson J, Grant CE, NobleWS. 2015. The MEME suite. Nucleic Acids

Research 43:W39–W49 DOI 10.1093/nar/gkv416.
Blobel CP,Wolfsberg TG, Turck CW,Myles DG, Primakoff P, White JM. 1992. A

potential fusion peptide and an integrin ligand domain in a protein active in sperm-
egg fusion. Nature 356:248–252 DOI 10.1038/356248a0.

Chen et al. (2021), PeerJ, DOI 10.7717/peerj.12210 15/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.12210#supplemental-information
http://dx.doi.org/10.7717/peerj.12210#supplemental-information
http://dx.doi.org/10.7717/peerj.12210#supplemental-information
http://dx.doi.org/10.1007/978-1-60761-103-5_16
http://dx.doi.org/10.1093/nar/gkv416
http://dx.doi.org/10.1038/356248a0
http://dx.doi.org/10.7717/peerj.12210


Bucci LR, MeistrichML. 1987. Effects of busulfan on murine spermatogenesis: cyto-
toxicity, sterility, sperm abnormalities, and dominant lethal mutations.Mutation
Research/DNA Repair 176:259–268 DOI 10.1016/0027-5107(87)90057-1.

Chen C, Chen H, Zhang Y, Thomas HR, FrankMH, He Y, Xia R. 2020. TBtools: an
integrative toolkit developed for interactive analyses of big biological data.Molecular
Plant 13:1194–1202 DOI 10.1016/j.molp.2020.06.009.

Chen H, Ge RS, Zirkin BR. 2009. Leydig cells: from stem cells to aging.Molecular and
Cellular Endocrinology 306:9–16 DOI 10.1016/j.mce.2009.01.023.

Cho C. 2012. Testicular and epididymal ADAMs: expression and function during
fertilization. Nature Reviews Urology 9:550–560 DOI 10.1038/nrurol.2012.167.

Cho C, Bunch DO, Faure JE, Goulding EH, Eddy EM, Primakoff P, Myles DG. 1998.
Fertilization defects in sperm from mice lacking fertilin beta. Science 281:1857–1859
DOI 10.1126/science.281.5384.1857.

Cho C, Ge H, Branciforte D, Primakoff P, Myles DG. 2000. Analysis of mouse fertilin
in wild-type and fertilin beta(-/-) sperm: evidence for C-terminal modification,
sterility, sperm abnormalities, and dominant lethal mutations. Developmental Biology
222:289–295 DOI 10.1006/dbio.2000.9703.

Chung JY, Kim YJ, Kim JY, Lee SG, Park JE, KimWR, Yoon YD, Yoo KS, Yoo YH, Kim
JM. 2011. Benzo[a]pyrene reduces testosterone production in rat Leydig cells via
a direct disturbance of testicular steroidogenic machinery. Environmental Health
Perspectives 119:1569–1574 DOI 10.1289/ehp.1003391.

Cooke HJ, Saunders PT. 2002.Mouse models of male infertility. Nature Reviews Genetics
3:790–801 DOI 10.1038/nrg911.

Deng Z, Chen F, ZhangM, Lan L, Qiao Z, Cui Y, An J, Wang N, Fan Z, Zhao
X, Li X. 2016. Association between air pollution and sperm quality: a sys-
tematic review and meta-analysis. Environmental Pollution 208:663–669
DOI 10.1016/j.envpol.2015.10.044.

Edwards DR, Handsley MM, Pennington CJ. 2008. The ADAMmetalloproteinases.
Molecular Aspects of Medicine 29:258–289 DOI 10.1016/j.mam.2008.08.001.

Felsenstein J. 1985. Confidence limits on phylogenies: an approach using the bootstrap.
Evolution 39:783–791 DOI 10.1111/j.1558-5646.1985.tb00420.x.

Fon Tacer K, MontoyaMC, Oatley MJ, Lord T, Oatley JM, Klein J, Ravichandran
R, Tillman H, KimM, Connelly JP, Pruett-Miller SM, Bookout AL, Binshtock
E, Kaminski MM, Potts PR. 2019.MAGE cancer-testis antigens protect the
mammalian germline under environmental stress. Science Advances 5:eaav4832
DOI 10.1126/sciadv.aav4832.

Han C, Choi E, Park I, Lee B, Jin S, KimDH, Nishimura H, Cho C. 2009. Compre-
hensive analysis of reproductive ADAMs: relationship of ADAM4 and ADAM6
with an ADAM complex required for fertilization in mice. Biology of Reproduction
80:1001–1008 DOI 10.1095/biolreprod.108.073700.

Han T,Wang L, TangW, Zhang Z, KhawarMB, Li G, Jiang H, Liu C. 2020. GGNBP1
ensures proper spermiogenesis in response to stress in mice. Biochemical and
Biophysical Research Communications 525:706–713 DOI 10.1016/j.bbrc.2020.02.118.

Chen et al. (2021), PeerJ, DOI 10.7717/peerj.12210 16/20

https://peerj.com
http://dx.doi.org/10.1016/0027-5107(87)90057-1
http://dx.doi.org/10.1016/j.molp.2020.06.009
http://dx.doi.org/10.1016/j.mce.2009.01.023
http://dx.doi.org/10.1038/nrurol.2012.167
http://dx.doi.org/10.1126/science.281.5384.1857
http://dx.doi.org/10.1006/dbio.2000.9703
http://dx.doi.org/10.1289/ehp.1003391
http://dx.doi.org/10.1038/nrg911
http://dx.doi.org/10.1016/j.envpol.2015.10.044
http://dx.doi.org/10.1016/j.mam.2008.08.001
http://dx.doi.org/10.1111/j.1558-5646.1985.tb00420.x
http://dx.doi.org/10.1126/sciadv.aav4832
http://dx.doi.org/10.1095/biolreprod.108.073700
http://dx.doi.org/10.1016/j.bbrc.2020.02.118
http://dx.doi.org/10.7717/peerj.12210


Harman JG, Richburg JH. 2014. Cisplatin-induced alterations in the functional sper-
matogonial stem cell pool and niche in C57/BL/6J mice following a clinically relevant
multi-cycle exposure. Toxicology Letters 227:99–112 DOI 10.1016/j.toxlet.2014.03.019.

He Z, Yan RG, Zhang XN, Yang QE. 2020. Ring 1 and YY1 binding protein expressed
in murine spermatocytes but dispensable for spermatogenesis. Gene 11(1):84
DOI 10.3390/genes11010084.

Hess RA, Renato De Franca L. 2008. Spermatogenesis and cycle of the seminif-
erous epithelium. Advances in Experimental Medicine and Biology 636:1–15
DOI 10.1007/978-0-387-09597-4_1.

Holcomb RJ, Oura S, Nozawa K, Kent K, Yu Z, RobertsonMJ, Coarfa C, MatzukMM,
IkawaM, Garcia TX. 2020. The testis-specific serine proteases PRSS44, PRSS46,
and PRSS54 are dispensable for male mouse fertilitydagger. Biology of Reproduction
102:84–91 DOI 10.1093/biolre/ioz158.

Hooft Van Huijsduijnen R. 1998. ADAM 20 and 21; two novel human testis-specific
membrane metalloproteases with similarity to fertilin-alpha. Gene 206:273–282
DOI 10.1016/s0378-1119(97)00597-0.

Huang T, Yin Y, Liu C, Li M, Yu X,Wang X, Zhang H, Muhammad T, Gao F, LiW,
Chen Z-J, Liu H, Ma J. 2020b. Absence of murine CFAP61 causes male infertility due
to multiple morphological abnormalities of the flagella. Science Bulletin 65:854–864
DOI 10.1016/j.scib.2020.01.023.

Huang G, Zhang Q,WuH,Wang Q, Chen Y, Guo P, Zhao Q. 2020a. Sperm quality and
ambient air pollution exposure: a retrospective, cohort study in a Southern province
of China. Environmental Research 188:109756 DOI 10.1016/j.envres.2020.109756.

Hunter N, Borner GV, LichtenM, Kleckner N. 2001. Gamma-H2AX illuminates
meiosis. Nature Genetics 27:236–238 DOI 10.1038/85781.

Jamin SP, Petit FG, Demini L, PrimigM. 2021. Tex55 encodes a conserved putative
A-kinase anchoring protein dispensable for male fertility in the mouse. Biology of
Reproduction 104:731–733 DOI 10.1093/biolre/ioab007.

Jones DT, TaylorWR, Thornton JM. 1992. The rapid generation of mutation data
matrices from protein sequences. Computer Applications in the Biosciences 8:275–282
DOI 10.1093/bioinformatics/8.3.275.

KhanM, Jabeen N, Khan T, Hussain HMJ, Ali A, Khan R, Jiang L, Li T, Tao Q, Zhang
X, Yin H, Yu C, Jiang X, Shi Q. 2018. The evolutionarily conserved genes: Tex37,
Ccdc73, Prss55 and Nxt2 are dispensable for fertility in mice. Scientific Reports
8:4975 DOI 10.1038/s41598-018-23176-x.

KhawarMB, Liu C, Gao F, Gao H, LiuW, Han T,Wang L, Li G, Jiang H, LiW. 2021.
Sirt1 regulates testosterone biosynthesis in Leydig cells via modulating autophagy.
Protein Cell 12:67–75 DOI 10.1007/s13238-020-00771-1.

Kim T, Oh J, Woo JM, Choi E, Im SH, Yoo YJ, KimDH, Nishimura H, Cho C. 2006.
Expression and relationship of male reproductive ADAMs in mouse. Biology of
Reproduction 74:744–750 DOI 10.1095/biolreprod.105.048892.

Chen et al. (2021), PeerJ, DOI 10.7717/peerj.12210 17/20

https://peerj.com
http://dx.doi.org/10.1016/j.toxlet.2014.03.019
http://dx.doi.org/10.3390/genes11010084
http://dx.doi.org/10.1007/978-0-387-09597-4_1
http://dx.doi.org/10.1093/biolre/ioz158
http://dx.doi.org/10.1016/s0378-1119(97)00597-0
http://dx.doi.org/10.1016/j.scib.2020.01.023
http://dx.doi.org/10.1016/j.envres.2020.109756
http://dx.doi.org/10.1038/85781
http://dx.doi.org/10.1093/biolre/ioab007
http://dx.doi.org/10.1093/bioinformatics/8.3.275
http://dx.doi.org/10.1038/s41598-018-23176-x
http://dx.doi.org/10.1007/s13238-020-00771-1
http://dx.doi.org/10.1095/biolreprod.105.048892
http://dx.doi.org/10.7717/peerj.12210


Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018.MEGA X: molecular evolutionary
genetics analysis across computing platforms.Molecular Biology and Evolution
35:1547–1549 DOI 10.1093/molbev/msy096.

Lee S, Hong SH, Cho C. 2020. Normal fertility in male mice lacking ADAM32 with testis-
specific expression. Reproductive Biology 20:589–594
DOI 10.1016/j.repbio.2020.09.001.

Liu L, Smith JW. 2000. Identification of ADAM 31: a protein expressed in Leydig cells
and specialized epithelia. Endocrinology 141:2033–2042 DOI 10.1210/endo.141.6.7497.

Liu C,Wang H, Shang Y, LiuW, Song Z, Zhao H,Wang L, Jia P, Gao F, Xu Z, Yang L,
Gao F, LiW. 2016. Autophagy is required for ectoplasmic specialization assembly in
sertoli cells. Autophagy 12:814–832 DOI 10.1080/15548627.2016.1159377.

Mather JP. 1980. Establishment and characterization of two distinct mouse testicular ep-
ithelial cell lines. Biology of Reproduction 23:243–252 DOI 10.1095/biolreprod23.1.243.

Nishimura H, Kim E, Nakanishi T, Baba T. 2004. Possible function of the ADAM1a/
ADAM2 Fertilin complex in the appearance of ADAM3 on the sperm surface.
Journal of Biological Chemistry 279:34957–34962 DOI 10.1074/jbc.M314249200.

O’Donnell L, O’BryanMK. 2014.Microtubules and spermatogenesis. Seminars in Cell &
Developmental Biology 30:45–54 DOI 10.1016/j.semcdb.2014.01.003.

Peters AH, Plug AW, Van Vugt MJ, De Boer P. 1997. A drying-down technique for
the spreading of mammalian meiocytes from the male and female germline.
Chromosome Research 5:66–68 DOI 10.1023/a:1018445520117.

Reiss K, Saftig P. 2009. The a disintegrin and metalloprotease (ADAM) family of
sheddases: physiological and cellular functions. Seminars in Cell and Developmental
Biology 20:126–137 DOI 10.1016/j.semcdb.2008.11.002.

Saitou N, Nei M. 1987. The neighbor-joining method: a new method for recon-
structing phylogenetic trees.Molecular Biology and Evolution 4:406–425
DOI 10.1093/oxfordjournals.molbev.a040454.

Schultz N, Hamra FK, Garbers DL. 2003. A multitude of genes expressed solely in
meiotic or postmeiotic spermatogenic cells offers a myriad of contraceptive targets.
Proceedings of the National Academy of Sciences of the United States of America
100:12201–12206 DOI 10.1073/pnas.1635054100.

SeldinMF, Hirohata S, Apte SS. 2000. Chromosomal mapping of Adam9, Adam15 and
Adam21.Matrix Biology 19:185–187 DOI 10.1016/s0945-053x(00)00062-7.

Sun Z, Zhang H,Wang X,Wang QC, Zhang C,Wang JQ,Wang YH, An CQ, Yang
KY,Wang Y, Gao F, Guo C, Tang TS. 2018. TMCO1 is essential for ovarian follicle
development by regulating ER Ca(2+) store of granulosa cells. Cell Death and
Differentiation 25:1686–1701 DOI 10.1038/s41418-018-0067.

Voronina VA, Harris FM, Schmahl J, Galligan C, Oristian D, Zamfirova R, Gong G, Bai
Y, FuryW, Rajamani S, Walls JR, PoueymirouWT, Esau L, Gale NW, Auerbach
W,Murphy AJ, Macdonald LE. 2019. Deletion of Adam6 in Mus musculus leads to
male subfertility and deficits in sperm ascent into the oviduct. Biology of Reproduc-
tion 100:686–696 DOI 10.1093/biolre/ioy210.

Chen et al. (2021), PeerJ, DOI 10.7717/peerj.12210 18/20

https://peerj.com
http://dx.doi.org/10.1093/molbev/msy096
http://dx.doi.org/10.1016/j.repbio.2020.09.001
http://dx.doi.org/10.1210/endo.141.6.7497
http://dx.doi.org/10.1080/15548627.2016.1159377
http://dx.doi.org/10.1095/biolreprod23.1.243
http://dx.doi.org/10.1074/jbc.M314249200
http://dx.doi.org/10.1016/j.semcdb.2014.01.003
http://dx.doi.org/10.1023/a:1018445520117
http://dx.doi.org/10.1016/j.semcdb.2008.11.002
http://dx.doi.org/10.1093/oxfordjournals.molbev.a040454
http://dx.doi.org/10.1073/pnas.1635054100
http://dx.doi.org/10.1016/s0945-053x(00)00062-7
http://dx.doi.org/10.1038/s41418-018-0067
http://dx.doi.org/10.1093/biolre/ioy210
http://dx.doi.org/10.7717/peerj.12210


Wang T, Gao H, LiW, Liu C. 2019. Essential role of histone replacement and modifica-
tions in male fertility. Frontiers in Genetics 10:962 DOI 10.3389/fgene.2019.00962.

Weber S, Saftig P. 2012. Ectodomain shedding and ADAMs in development. Develop-
ment 139:3693–3709 DOI 10.1242/dev.076398.

White J, Bridges L, De Simone D, TomczukM,Wolfsberg T. 2005. Introduction to the
ADAM family. In the ADAM family of proteases. Netherlands: Springer.

Wolfsberg TG, Bazan JF, Blobel CP, Myles DG, Primakoff P, White JM. 1993. The
precursor region of a protein active in sperm-egg fusion contains a metalloprotease
and a disintegrin domain: structural, functional, and evolutionary implications.
Proceedings of the National Academy of Sciences of the United States of America
90:10783–10787 DOI 10.1073/pnas.90.22.10783.

Wolfsberg TG, Straight PD, Gerena RL, Huovila AP, Primakoff P, Myles DG,White
JM. 1995. ADAM, a widely distributed and developmentally regulated gene family
encoding membrane proteins with a disintegrin and metalloprotease domain.
Developmental Biology 169:378–383 DOI 10.1006/dbio.1995.1152.

XiongW,Wang Z, Shen C. 2019. An update of the regulatory factors of sperm migration
from the uterus into the oviduct by genetically manipulated mice.Molecular
Reproduction and Development 86:935–955 DOI 10.1002/mrd.23180.

Xu Z, Song Z, Li G, Tu H, LiuW, Liu Y,Wang P,Wang Y, Cui X, Liu C, Shang Y, De
Rooij DG, Gao F, LiW. 2016.H2B ubiquitination regulates meiotic recombina-
tion by promoting chromatin relaxation. Nucleic Acids Research 44:9681–9697
DOI 10.1093/nar/gkw652.

Yamaguchi R, Muro Y, Isotani A, Tokuhiro K, Takumi K, Adham I, IkawaM, OkabeM.
2009. Disruption of ADAM3 impairs the migration of sperm into oviduct in mouse.
Biology of Reproduction 81:142–146 DOI 10.1095/biolreprod.108.074021.

Yang P, Baker KA, Hagg T. 2005. A disintegrin and metalloprotease 21 (ADAM21) is
associated with neurogenesis and axonal growth in developing and adult rodent
CNS. Journal of Comparative Neurology 490:163–179 DOI 10.1002/cne.20659.

Yi C,Woo JM, Han C, Oh JS, Park I, Lee B, Jin S, Choi H, Kwon JT, Cho BN, Kim
DH, Cho C. 2010. Expression analysis of the Adam21 gene in mouse testis. Gene
Expression Patterns 10:152–158 DOI 10.1016/j.gep.2010.01.003.

Yue F, Cheng Y, Breschi A, Vierstra J, WuW, Ryba T, Sandstrom R, Ma Z, Davis C,
Pope BD, Shen Y, Pervouchine DD, Djebali S, Thurman RE, Kaul R, Rynes E,
Kirilusha A, Marinov GK,Williams BA, Trout D, Amrhein H, Fisher-Aylor K,
Antoshechkin I, De Salvo G, See LH, Fastuca M, Drenkow J, Zaleski C, Dobin A,
Prieto P, Lagarde J, Bussotti G, Tanzer A, Denas O, Li K, Bender MA, ZhangM,
Byron R, GroudineMT, McCleary D, Pham L, Ye Z, Kuan S, Edsall L, Wu YC,
RasmussenMD, Bansal MS, Kellis M, Keller CA, Morrissey CS, Mishra T, Jain D,
Dogan N, Harris RS, Cayting P, Kawli T, Boyle AP, Euskirchen G, Kundaje A, Lin
S, Lin Y, Jansen C, Malladi VS, Cline MS, Erickson DT, Kirkup VM, Learned K,
Sloan CA, RosenbloomKR, Lacerda De Sousa B, Beal K, Pignatelli M, Flicek P,
Lian J, Kahveci T, Lee D, KentWJ, Santos MRamalho, Herrero J, Notredame C,
Johnson A, Vong S, Lee K, Bates D, Neri F, Diegel M, Canfield T, Sabo PJ, Wilken

Chen et al. (2021), PeerJ, DOI 10.7717/peerj.12210 19/20

https://peerj.com
http://dx.doi.org/10.3389/fgene.2019.00962
http://dx.doi.org/10.1242/dev.076398
http://dx.doi.org/10.1073/pnas.90.22.10783
http://dx.doi.org/10.1006/dbio.1995.1152
http://dx.doi.org/10.1002/mrd.23180
http://dx.doi.org/10.1093/nar/gkw652
http://dx.doi.org/10.1095/biolreprod.108.074021
http://dx.doi.org/10.1002/cne.20659
http://dx.doi.org/10.1016/j.gep.2010.01.003
http://dx.doi.org/10.7717/peerj.12210


MS, Reh TA, Giste E, Shafer A, Kutyavin T, Haugen E, Dunn D, Reynolds AP,
Neph S, Humbert R, Hansen RS, De Bruijn M, Selleri L, Rudensky A, Josefowicz
S, Samstein R, Eichler EE, Orkin SH, Levasseur D, Papayannopoulou T, Chang
KH, Skoultchi A, Gosh S, Disteche C, Treuting P,Wang Y,Weiss MJ, Blobel GA,
Cao X, Zhong S,Wang T, Good PJ, Lowdon RF, Adams LB, Zhou XQ, PazinMJ,
Feingold EA,Wold B, Taylor J, Mortazavi A,Weissman SM, Stamatoyannopoulos
JA, Snyder MP, Guigo R, Gingeras TR, Gilbert DM, Hardison RC, Beer MA, Ren
B, Mouse EC. 2014. A comparative encyclopedia of DNA elements in the mouse
genome. Nature 515:355–364 DOI 10.1038/nature13992.

Zhang GL, Zhang XF, Feng YM, Li L, Huynh E, Sun XF, Sun ZY, ShenW. 2013. Ex-
posure to bisphenol A results in a decline in mouse spermatogenesis. Reproduction,
Fertility, and Development 25:847–859 DOI 10.1071/RD12159.

Zhou J, Leu NA, Eckardt S, McLaughlin KJ, Wang PJ. 2014. STK31/TDRD8, a germ
cell-specific factor, is dispensable for reproduction in mice. PLOS ONE 9:e89471
DOI 10.1371/journal.pone.0089471.

Zhu GZ, Gupta S, Myles DG, Primakoff P. 2009. Testase 1 (ADAM 24) a sperm surface
metalloprotease is required for normal fertility in mice.Molecular Reproduction and
Development 76:1106–1114 DOI 10.1002/mrd.21076.

Zickler D, Kleckner N. 1999.Meiotic chromosomes: integrating structure and function.
Annual Review of Genetics 33:603–754 DOI 10.1146/annurev.genet.33.1.603.

Chen et al. (2021), PeerJ, DOI 10.7717/peerj.12210 20/20

https://peerj.com
http://dx.doi.org/10.1038/nature13992
http://dx.doi.org/10.1071/RD12159
http://dx.doi.org/10.1371/journal.pone.0089471
http://dx.doi.org/10.1002/mrd.21076
http://dx.doi.org/10.1146/annurev.genet.33.1.603
http://dx.doi.org/10.7717/peerj.12210

