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Abstract

Intraflagellar transport protein 20 (IFT20) is essential for spermatogenesis in mice. We discovered

that COPS5 was a major binding partner of IFT20. COPS5 is the fifth component of the constitutive

photomorphogenic-9 signalosome (COP9), which is involved in protein ubiquitination and degra-

dation. COPS5 is highly abundant in mouse testis. Mice deficiency in COPS5 specifically in male

germ cells showed dramatically reduced sperm numbers and were infertile. Testis weight was

about one third compared to control adult mice, and germ cells underwent significant apoptosis

at a premeiotic stage. Testicular poly (ADP-ribose) polymerase-1, a protein that helps cells to

maintain viability, was dramatically decreased, and Caspase-3, a critical executioner of apoptosis,

was increased in the mutant mice. Expression level of FANK1, a known COPS5 binding partner,

and a key germ cell apoptosis regulator was also reduced. An acrosome marker, lectin PNA,

was nearly absent in the few surviving spermatids, and expression level of sperm acrosome

associated 1, another acrosomal component was significantly reduced. IFT20 expression level

was significantly reduced in the Cops5 knockout mice, and it was no longer present in the

acrosome, but remained in the Golgi apparatus of spermatocytes. In the conditional Ift20 mutant
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mice, COPS5 localization and testicular expression levels were not changed. COP9 has been

shown to be involved in multiple signal pathways, particularly functioning as a co-factor for

protein ubiquitination. COPS5 is believed to maintain normal spermatogenesis through multiple

mechanisms, including maintaining male germ cell survival and acrosome biogenesis, possibly

by modulating protein ubiquitination.

Summary sentence

COPS5 is essential for mouse spermatogenesis and particularly in maintaining male germ cell

survival and acrosome biogenesis.
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Introduction

COPS5 was initially identified as c-Jun activation domain-binding
protein-1 (Jab1) [1], a c-Jun coactivator, and subsequently discovered
to be the fifth component of the constitutive photomorphogenic-9
signalosome (COP9, CSN), which phosphorylates target proteins,
leading to their ubiquitination and degradation by the 26S pro-
teasome [2]. Therefore, COPS5 is also known as Jab1 and CSN5.
COPS5 is a receptor within the COP9 signalosome and binds sub-
strate proteins [3]. COP9, first identified in the plant, Arabdopsis,
in 1992, was a multisubunit complex involved in signal trans-
duction of photomorphogenesis [4]. Mammalian COP9 homolog
was discovered in 1998, and purified mammalian COP9 complex
contains eight subunits, named as S1–S8 according to its size on
sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-
PAGE) [5]. The COP9 complex is highly conserved among most
multicellular eukaryotes, and nomenclature of the complex and its
subunits was unified to avoid repeated nomenclature in different
organisms, namely “the COP9 signalosome complex” [6]. COP9
signalosome complex plays multiple functions, including neddyla-
tion and ubiquitination [7, 8]; cell cycle control [9, 10]; apoptosis,
especially for COPS5 through different pathways [11, 12]; cell
proliferation, protein phosphorylation and signal transduction [13,
14]; DNA damage response; and tumorigenesis [15]. Among the
subunits of the COP9, COPS5 receives more attention due to its
unique characteristics, which include the following: (1) isopeptidase
activity [16]; (2) functioning either as a subunit of the complex or
as a single unit outside the complex [17, 18]; and (3) being the most
conserved protein among the eight subunits [19].

COPS5 encodes a protein with a molecular mass of 38 kDa. It
contains a c-Jun–binding domain that provides the catalytic center
to the complex for the CSN isopeptidase activity [20–22], an Mpr1-
Pad1-N-terminal domain that is responsible for regulating the cullin
deneddylation process by activating the CRL Cullin-RING family
of ubiquitin ligase activity [23–25], a nuclear export signal domain,
and a p27-binding domain (PBD) at the C-terminal end. Through
the binding of P27 to PBD, COPS5 carries p27 protein out of the cell
nucleus [26].

Being a pivotal CSN subunit, COPS5 takes part in crucial biolog-
ical activities of the CSN complex, mainly in the nucleus. However,
the nuclear accumulation of COPS5 seems to be dependent on other
CSN components [27]. A large portion of COPS5 was discovered in
free form in both cytoplasm and nucleus. Therefore, a striking feature
of COPS5 is its reported interaction with a wide range of proteins
and its modulation of their activities and stability, suggesting a broad
range of biological activities for the protein, particularly in tumori-
genesis [28]. COPS5 has been shown to functionally interact with

several tumor-related genes, including p27, p57, MDM2, and p53,
PD-L1, NcoR, Bcl2. As an oncogene, it is aberrantly overexpressed
in various human cancers [29–31], presumably through regulation of
gene amplification, miRNA, and other signaling pathways, including
IL6-Stat3, HER2-AKT, TGF-β, Wnt, NF-κB, MIF-PI3K-AKT, and
Bcr-Abl signals [32–34].

As a major component of COP9, COPS5 is engaged in functions
of the complex, such as in cell proliferation and cell cycle pro-
gression, apoptosis, DNA damage response, reactive oxygen species
regulation, hypoxia, and senescence [35–37]. Besides cancer, COPS5
has been associated with a number of other diseases including the
following: chronic mountain sickness [38]; Vitiligo [39]; foam cell
formation and atherosclerotic [40]; cardiac hypertrophy [41]; amy-
loid pathology in vivo [42]; chronic rhinosinusitis; and nasal poly-
posis [43]. COPS5 also associates with the core-glycosylated form
of cystic fibrosis transmembrane conductance regulator (CFTR) to
target misfolded CFTR to the degradative pathway [44]. Recent
discoveries have identified it as an intracellular (negative) modulator
of BMP signaling in chondrocytes and other cells [45], and it is also
necessary for T-cell signaling [46].

The function of COPS5 was also studied in mouse models. When
the gene was inactivated globally, homozygous mutant embryos
died soon after implantation, suggesting a role in early embryonic
development and growth potential [47]. A floxed Cops5 mouse
model was generated, and the function of the gene in specific cell
type/tissues was investigated. COPS5 acts at distinct developmental
stages to coordinate proliferation, survival, and positive selection of
thymocytes [48]. It is an essential regulator of early embryonic limb
development in vivo [49].

Even though the role of COPS5 in somatic systems, particularly
in cancer was intensively studied, few studies have been conducted
to investigate its function in reproduction. It has been shown that
COPS5 might be associated with the pathophysiology of preeclamp-
sia [50], and in ovary, COPS5 is involved in oocyte meiosis and
follicle differentiation [51, 52]. A testis-specific transcription factor,
FANK1 has been shown to be a COPS5-binding partner [53, 54].
Fank1-knockdown transgenic mice displayed reduced sperm number
and increased apoptotic spermatocytes [55]. Our laboratory has
investigated the role of intraflagellar transport (IFT) proteins in
male fertility and the regulation of spermiogenesis [56–59]. IFT20, a
component of the IFT-B complex and essential for spermatogenesis,
was used as bait in a yeast two-hybrid screen, and COPS5 was
identified to be a major binding partner. Therefore, we hypothesized
that COPS5 would have a role in ciliogenesis and thus formation
of the flagellum during spermatogenesis. We first examined its
localization in male germ cells and found that the protein was present
in cytoplasm of spermatocytes, the acrosome of round spermatids,
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and the acrosome and manchette of elongating spermatids. To
further investigate its function in male germ cells, we used germ
cell-specific conditional inactivation of the gene and discovered that
the germ cells underwent dramatic apoptosis during meiosis. In the
conditional knockout mice, male germ cells developed to round
spermatids but showed defects in acrosome biogenesis. This study
demonstrates that COPS5 participates in at least two important
functions in male germ cells, regulation of spermatocyte apoptosis,
and acrosome biogenesis.

Materials and methods

Ethics statement

All animal research was approved by Virginia Commonwealth Uni-
versity Institutional Animal Care (Protocol number: AD1000167)
and Wayne State University Institutional Animal Care with the
Program Advisory Committee (Protocol number: 18-02-0534).

Direct yeast two-hybrid assay

To detect the interaction between mouse COPS5 and mouse IFT20,
full-length mouse Ift20 and Cops5 cDNAs were amplified using the
following primers: Ift20 forward: 5’-GAATTCATGGCCAAGGACA
TCTTGGGC-3’; Ift20 reverse: 5’-GGATCCCTTTCTGAAAAATAA
ATTGGTC-3’; and Cops5 forward: 5’-GAATTCATGGCAGCTTCC
GGGAGTGGTA TG-3’; Cops5 reverse: 5’-GGATCCCTAAGCAAC
GTTAATCTGATTAAA-3’. After the TA clone and sequencing,
the two cDNAs were cloned into pGADT7 and pGBKT7.
IFT20/pGADT7 and COPS5/pGBKT7 were cotransformed into
the AH109 host strain using the Match-Maker two-hybrid
system 3 (Clontech, Mountain View, CA, USA) according to the
manufacturer’s instructions. The plasmid pGADT7 containing
40 large T antigen and plasmid pGBKT7 containing p53 were
cotransformed into AH109 as the positive controls. The AH109
transformants were streaked out in complete drop-out medium
lacking tryptophan, leucine, and histidine to test for histidine
prototrophy.

Generation of Cops5 conditional knockout mice

Cops5flox/flox mice were generated previously by Dr. Ruggero
Pardi, and Stra8-iCre mice were purchased from the Jackson
Laboratory (Stock No: 008208). To conditionally knockout Cops5
gene in mouse germ cells, 3- to 4-month-old Cops5flox/flox females
were crossed with 3 to 4-month-old Stra8-cre males to obtain
Stra8-iCre; Cops5flox/+ mice. Then, 3- to 4-month-old Stra8-iCre;
Cops5flox/+ males were crossed back with Cops5flox/flox females
again. The Stra8-iCre; Cops5flox/flox were considered to be the
homozygous KO mice, and Stra8-iCre; Cops5flox/+ mice were
used as the controls. Genomic DNA was isolated to genotype the
offspring. The following primers were used for genotyping: Stra8-
iCre forward: 5′-GTGCAAGCTGAACAACAGGA-3′; Stra8-iCre
reverse: 5′-AGGGACACAGCATTGGAGTC-3′, Cops5 forward: 5′-
GCCTGCATTACCGGTCGATGCAACGA-3′; Cops5 reverse: 5′-
GTGGCAGATGGCGCGGCA-3′.

Assessment of fertility and fecundity

Cops5 KO and control mice (�6-week-old) were paired with 3- to
4-month-old wild-type females for at least 2 months. Mating cages
typically consisted of one male and one female. The presence of
vaginal plugs was checked, and the pregnancy of females and the
number of pups were recorded.

Spermatozoa counting

The mice were sacrificed and sperm were collected from the cauda
epididymis in 37◦C phosphate-buffered saline (PBS) solution and
fixed for 15 min at room temperature with 4% formaldehyde.
Cells were counted using a hemocytometer chamber under a light
microscope, and sperm number was calculated by standard methods.

Spermatozoa motility analysis

Sperm were collected after swimming out from the cauda epididymis
in warm PBS. Sperm motility was observed using an inverted micro-
scope (Nikon, Tokyo, Japan) equipped with 10× objective. Movies
were recorded at 15 frames/sec with a SANYO (Osaka, Japan)
color charge-coupled device, high-resolution camera (VCC-3972),
and Pinnacle Studio HD (version 14.0) software. For each sample,
10 fields were analyzed. Individual spermatozoa were tracked using
Image J (National Institutes of Health, Bethesda, MD) and the plug-
in MTrackJ. Sperm motility was calculated as a curvilinear velocity
(VCL), which is equivalent to the curvilinear distance (DCL) traveled
by each individual spermatozoon in 1 s (VCL = DCL/t).

Histology on tissue sections

Testes and epididymides of adult mice were fixed in 4% formalde-
hyde solution in PBS for at least 24 h, paraffin embedded, and
5 μm sections were stained with hematoxylin and eosin, using
standard procedures. Slides were examined using a BX51 Olympus
microscope (Olympus Corp., Melville, NY; Center Valley, PA), and
photographs were taken with a ProgRes C14 camera (Jenoptik Laser,
Jena, Germany).

Western blot analysis

Tissue samples from 3- to 4-month-old mice were homogenized
in lysis buffer (50 mM Tris–HCl, pH 8.0; 170 mM NaCl; 1%
NP40; 5 mM EDTA; 1 mM DTT; and protease inhibitors (Complete
mini; Roche diagnostics GmbH, Mannheim, Germany)) using Ultra
Turrax and collecting supernatants after centrifuged at 13,000 rpm
for 10 min at 4◦C and using Bio-Rad DCTM protein assay kit (Bio-
Rad, Hercules, California, USA) to test the protein concentration by
Lowry assay. Protein samples were denatured at 95◦C for 10 min,
then separated by SDS-PAGE and transferred onto polyvinylidene
fluoride membranes (Millipore, Billerica, MA). The membranes
were then soaked in a Tris-buffered saline solution, containing 5%
nonfat milk powder and 0.05% Tween 20 and blocked for at least
1 h. The membranes were incubated with indicated antibodies
(Anti-COPS5/JAB1: Sigma, St. Louis, MO, USA, 1:2,000, Cat
No: J3020; β-actin: Cell Signaling Technology, 1:2,000, Cat No:
4967 S; PARP: Cell Signaling Technology, 1:2,000, Cat No: #9542;
Caspase-3: Cell Signaling Technology, Boston, MA, USA, 1:2,000,
Cat No: #9665; FANK1: Santa Cruz Biotechnology, Dallas, Texas,
USA, 1:1,000, Cat No: SC-398057; sperm acrosome associated 1
(SPACA1), 1:4,000, produced by Dr. Oko’s laboratory at Queen’s
University, Canada; GAPDH: Santa Cruz Biotechnology, 1:2,000,
Cat No: SC-32233; Anti-IFT20: 1:2,000, produced by Dr. Gregory
Pazour’s laboratory at the University of Massachusetts Medical
School, Table 1) at 4◦C overnight, washed three times with Tris-
buffered saline solution containing 0.05% Tween 20 (TBST), and
then incubated at room temperature with secondary antibody at
a dilution of 1:2,000 for at least 1 h. After washing with TBST
twice and lastly washing with TBS, the bound antibodies were
detected with Super Signal Chemiluminescent Substrate (Pierce,
Rockford, IL).
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Table 1. Antibody information.

Name Catalogue number Purpose Dilution

Anti-COPS5/JAB1 J3020, SIGMA Western blot 1:2000 for western blot; 1:200 for IF
β-Actin 4967 S, Cell Signaling Technology Western blot 1:2000
PARP #9542, Cell Signaling Technology Western blot 1:2000
Caspase-3 #9665, Cell Signaling Technology Western blot 1:2000
FANK1 SC-398057, Santa Cruz Biotechnology Western blot 1:1000
SPACA1 Dr. Oko’s Laboratory Western blot 1:4000
GAPDH SC-32233, Santa Cruz Biotechnology Western blot 1:2000
Anti-IFT20 Dr. G.J.P.’s Laboratory Western blot 1:2000 for western blot; 1:200 for IF
Anti-α-tubulin T9026-2ML, SIGMA IF 1:200
Anti-SOX9 ab185966, Abcam IF 1:200
Anti-rabbit IgG 711166152, Jackson ImmunoResearch IF 1:200
Anti-mouse IgG DI-2488, Vector Laboratories IF 1:400

TUNEL staining analysis

The paraffin-embedded testis sections were heated at 60◦C for 1 h.
Then the samples were deparaffinized with xylene twice and washed
with 100% ethanol twice. After rehydrating with 70% ethanol for
5 min and 35% ethanol for 5 min, the slides were incubated with
3% H2O2 in methanol at room temperature for 20 min. Afterward,
the sections were incubated and labeled following the manufacturer’s
instructions for the In Situ Cell Death Detection Kit (Roche, cat.
No.11684795910). Identical protocol and reagent catalog numbers
of double labeling of presumed apoptotic cells with fragmented DNA
and Sertoli cell marker SOX 9 (Abcam, ab185966) were used as
described in previous studies [60]. The only difference is new camera
used for acquisition: Retiga QI-R6 camera (Teledyne QImaging,
Surrey, BC, Canada) operated by MetaMorph 7.10.2.240 software
(Molecular Devices, San Jose, CA).

Plasmid transfection, immune-fluorescence, and

coimmunoprecipitation assays

To test the colocalization of mouse COPS5 and mouse IFT20 in
CHO cells, full-length Cops5 was amplified using the same primer
set as to make the yeast expression construct, and the cDNA was
cloned into pEGFP-N2 vector. FLAG-tagged IFT20 plasmid was
provided by Dr. Gregory Pazour at University of Massachusetts.
IFT20/FLAG and COPS5/GFP were cotransfected into the CHO
cells using the transfection kit according to the manufacturer’s
instructions. After culturing the cells for another 2 days, the medium
was discarded and the cells were washed with PBS once more. Then
the cells were fixed and permeabilized with methanol at −80◦C
for 7 min. The samples were washed three times with PBS and
blocked with 10% goat serum for 30 min at 37◦C. Then the samples
were incubated overnight with the primary antibody (Anti-Flag:
Sigma, 1:200, Cat No: F3165-2MG). Following secondary antibody
(CyTM3 AffiniPure F (ab’)2 Fragment Donkey Anti-Rabbit IgG
(H + L): Jackson ImmunoResearch, 1:200, Cat No: 711166152;
DyLight 488 Horse Anti-Mouse IgG Antibody: Vector Laboratories,
Burlingame, CA, 1:400, Cat No: DI-2488) incubation, the slides
were washed three times with PBS and mounted using VectaMount
with 4′, 6-diamidino-2-phenylindole (DAPI) (Vector Laboratories)
and sealed with a cover slip. Images were captured by a confocal
laser-scanning microscopy (Zeiss LSM 700).

To conduct coimmunoprecipitation (co-IP) assay, plasmids
expressing IFT20/Flag and COPS5/GFP were cotransfected into
COS-1 cells, and co-IP assay was performed following previously

described methods [61]. Briefly, the supernatant of cell lysates
was precleaned with protein A beads at 4◦C for 30 min, and the
precleared extract was then incubated with the anti-Flag antibody or
normal mouse IgG as a negative control at 4◦C for 2 h. The mixture
was then incubated with protein A beads at 4◦C overnight. The
beads were washed with immunoprecipitation buffer (50 mM NaCl,
50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 1% Triton X-100, 1 mM
PMSF, proteinase inhibitor) three times. The collected samples were
then subjected to Western blot analysis with an anti-Flag antibody
and an anti-GFP antibody (Roche, 1:1000, Cat No: 11814460001).

Isolation of spermatogenic cells and

immunofluorescence analysis

Testes were separated from 3–4 month mice and incubated in a
15-mL centrifuge tube with 5-mL DMEM containing 0.5 mg/mL
collagenase IV and 1.0 μg/mL DNase I (Sigma-Aldrich) for 30 min
at 32◦C and shaken gently. Then the testes were washed once with
PBS after centrifugation at 1,000 rpm for 5 min under 4◦C and the
supernatant was discarded. Afterward, the cell pellet was fixed with
5 mL paraformaldehyde containing 0.1 M sucrose and shaken gently
for 15 min at room temperature. After washing three times with
PBS, the cell pellet was resuspended with 2 mL PBS and loaded on
positively charged slides. The slides were stored in a wet box at room
temperature after air drying. Afterward, the spermatogenic cells were
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 5 min
at 37◦C. Finally, the samples were incubated overnight with the
primary antibody (Anti-COPS5/JAB1: Sigma, 1:200, Cat No: J3020;
Anti-IFT20: 1:200, produced by Dr. Gregory Pazour’s laboratory at
the University of Massachusetts Medical School). Images were also
captured by a confocal laser scanning microscopy (Zeiss LSM 700).

Transmission electron microscopy

Mouse testes tissues were fixed in 3% glutaraldehyde/1% para-
formaldehyde in 0.1 M sodium cacodylate, pH 7.4 at 4◦C for
overnight and processed for electron microscopy. Images were taken
with a Jeol JEM-1230 transmission electron microscope.

Results

COPS5 is a binding partner of IFT20

A direct yeast two-hybrid assay was conducted to confirm the
interaction between IFT20 and COPS5. Like the positive control,
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Figure 1. Identification of COPS5 as a binding partner of IFT20, a major spermatogenesis regulator. A. IFT20 interacts with COPS5 in yeast. Pairs of indicated

plasmids were cotransformed into AH109 yeast, and the transformed yeast were grown on either selection plates (lacking tryptophan, leucine, and histidine) or

nonselection plates (lacking tryptophan and leucine). Notice that all the yeast except AH109 grew on the nonselection plate. Yeast expressing IFT20/COPS5 and

P53/large T antigen pairs grew on selection plate. B. COPS5 colocalizes with IFT20 in CHO cells. When expressed alone, COPS5 was present in the whole cells, and

IFT20 as vesicles. When the two proteins were coexpressed, COPS5 was present as cytoplasmic vesicles and colocalized with IFT20. C. Coimmunoprecipitation

of COPS5 with IFT20. COS-1 cells were cotransfected with COPS5/GFP and IFT20/Flag. The cell lysate was immunoprecipitated with anti-Flag antibody and then

subjected to Western blot analysis with anti-FLAG and anti-GFP antibodies. The cell lysate immunoprecipitated with a mouse normal IgG was used as a control.

The anti-Flag antibody pulled down both IFT20/Flag and COPS5/GFP.

the yeast cotransformed with the two plasmids expressing COPS5
and IFT20 grew on the selection medium (Figure 1A), indicating that
the two proteins interact in yeast. To further examine interaction
of the two proteins, CHO cells were transfected with the plasmids
expressing the two proteins. When the CHO cells expressed COPS5
only, the protein was present in the entire cell body (Figure 1B,
upper panel). IFT20 was present as cytoplasmic vesicles (Figure 1B,
middle panel). However, when CHO cells expressed both proteins,
COPS5 was only present in cytoplasmic vesicles and colocalized with
IFT20 (Figure 1B, lower panel). In addition, we transfected COS-
1 cells with COPS5/GFP and IFT20/Flag expression plasmids and
conducted a coimmunoprecipitation assay. The Flag antibody pulled
down both Flag-tagged IFT20 and COPS5, suggesting an interaction
between two proteins (Figure 1C).

COPS5 is highly expressed in the testis but not

epididymal sperm and is present in unique organelles

in male germ cells

COPS5 tissue distribution was examined by Western blot analy-
sis. The protein was only detected in the testis, spleen, and brain
when a less sensitive visualizing system was used (Figure 2A. upper
panel). However, when a more sensitive system was used, it was
found that COPS5 was present in most tissues examined, except
kidney (Figure 2A, middle panel). Even though COPS5 was highly
expressed in the testis, the protein was not detected in epididymal
sperm (Figure 2B). Expression of COPS5 during the first wave of

spermatogenesis was also analyzed. The protein was expressed as
early as 8 days after birth, and the level was increased with age
(Figure 2C). Localization of COPS5 in male germ cells was investi-
gated in isolated germ cells. The protein was present in the cytoplasm
of spermatocytes, highly concentrated in acrosomes of round and
elongating spermatids and in the manchette of elongating spermatids
(Figure 2D).

Inactivation of mouse Cops5 gene resulted in infertility

associated with significantly reduced testis weight

and sperm number

High expression of COPS5 in the testis, particularly in germ cells,
suggests a role for this gene in spermatogenesis. To examine a
potential role, the floxed Cops5 mice were crossed to Stra8-iCre mice
so that the Cops5 gene was specifically disrupted in male germ cells
(Cops5 KO). Genotyping using specific primer sets indicated that
homozygous mutant mice were obtained (Supplemental Figure S1).
Examination of total testicular COPS5 protein expression by West-
ern blot revealed that only a trace amount of COPS5 was present in
the knockout mice (Figure 3A). The homozygous knockout mice
were grossly normal, and fertility of 2-month-old control and
mutant mice were evaluated by breeding to wild-type 3- to 4-month-
old females with normal fertility. All mice tested showed normal
mating behavior, and vaginal plugs were observed in the females.
However, through 2 months of breeding test, even though seven

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz154#supplementary-data
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Figure 2. Tissue distribution of COPS5 and its localization in male germ cells. A. Analysis of tissue distribution of mouse COPS5 protein by Western blot. Left:

representative Western blot results. When using a low-sensitivity Pico system, COPS5 was only detected in the testis, spleen, and brain (upper panel). When

using a high-sensitivity Femto system, COPS5 was also detected in other somatic tissues, except kidney (middle panel). β-Actin was analyzed as a loading

control (bottom panel). Right: relative COPS5 protein expression levels normalized to β-actin. B. COPS5 is not expressed in the epididymal sperm. Epididymal

sperm were collected from cauda epididymis, and Western blot was conducted. COPS5 protein was detected in the testis, but not sperm. C. Testicular COPS5

expression levels during the first wave of spermatogenesis. COPS5 was detectable from day 8 after birth; its expression was up-regulated at day 12, and further

increased from day 22 after birth. D. Examination of COPS5 localization in normal male germ cells. Testicular cells were isolated, and immunofluorescence

staining was conducted. COPS5 signal was observed in the cytoplasm of spermatocytes (arrow); it localizes on the acrosome of round (arrow heads) and

elongating (dotted arrows) spermatids. In elongating spermatids, COPS5 also localizes in the manchette.

control mice showed normal fertility, none of the seven homozygous
mutant mice sired any pups/litters (Table 2). Testis weight and testis
weight/body weight were significantly reduced in the homozygous
mutant mice (Figure 3B). The cauda epididymal sperm counts
were dramatically reduced in the mutant mice (Table 2). Only
a few sperm were present in the knockout mice and most of
them showed abnormal morphology (Figure 3C and D), and sperm
motility was significantly reduced (Figure 3E and F, Supplemental
Movies S1).

Impaired spermatogenesis in the Cops5 KO mice

Testes weights and cauda epididymal sperm counts were signifi-
cantly reduced in Cops5 knockout mice, indicating an impairment

of spermatogenesis. Therefore, morphology of the testes and epi-
didymides in adult control and Cops5 mutant mice was exam-
ined. In control mice, the seminiferous tubules showed normal
spermatogenesis (Figure 4A, upper panel), and the cauda epididy-
mal lumen was filled with mature spermatozoa (Figure 4B, upper
panel; Supplemental Figure S3, left). In the Cops5 knockout mice,
seminiferous tubule structure was completely disrupted and elon-
gating spermatids were rarely observed (Figure 4A, lower panel;
Supplemental Figure S2). In some mice, the epididymal lumen was
devoid of mature sperm; instead, some abnormal germ cells were
present (Figure 4B, lower panel). In other mutant mice, some sperm
with normal morphology were discovered in the epididymal lumen,
but their density was dramatically lower than that of the control mice
(Supplemental Figure S3, right).

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz154#supplementary-data


COPS5 is essential for mouse spermatogenesis, 2020, Vol. 102, No. 1 239

Table 2. Fertility, fecundity, and sperm count of control and conditional Cops5 mutant mice. To test fertility, adult and 6-week-old males

were bred with wild-type females for at least 2 months. Litter size was recorded for each mating and sperm number was counted.

Genotype Male fertility Litter size (n = 7) Sperm count (106, n = 10)

Control 7/7 7.14 ± 1.77 10.2 ± 2.88
Cops5 KO 0/7 0 0.47 ± 0.96

Figure 3. Significantly reduced testis weight, sperm number, motility, and abnormally formed sperm in the conditional Cops5 knockout mice. A. Representative

Western blot result showing only a trace amount of COPS5 protein was expressed in the testes of Cops5 conditional knockout mice (n = 3). B. Significantly

reduced testis size in the Cops5 knockout mice. Left: representative image of testes from three control and three conditional Cops5 knockout mice. Right: mean

testis/body weight of the control and knockout mice, showing a statistically significant reduction in weight (∗), P < 0.05. C. Representative images of epididymal

sperm from a control mouse and a conditional Cops5 knockout mouse. D. Significantly increased percentage of abnormal sperm in the Cops5 mutant mice

(n = 10). E, F. Percentage of motile sperm and sperm motility was reduced in the conditional Cops5 knockout mice (n = 10). Statistically significant differences

(∗); P < 0.05.

Depletion of COPS5 caused significantly increased

apoptosis and reduced FANK1 expression

Histological examination of the testis in Cops5 knockout mice
revealed a significant loss of germ cells, by what appeared to be
apoptosis. To test this hypothesis, TUNEL staining was conducted
on testes sections from control and Cops5 knockout mice. As a
negative control, the section was not incubated with fluorescence
probe (Figure 5A, panel a); as a positive control, the section was
treated with DNAse I, and almost all cells were positive (Figure 5A,
panel b). In the control mice, only an occasional apoptotic cell was
seen in the seminiferous tubules (Figure 5A, panel c). However, the
numbers of TUNEL-positive cells in the Cops5 knockout mice was
significantly increased (Figure 5A, panel d). To distinguish the cell
type of the apoptotic cells, a Sertoli cell marker SOX 9 was double
labeled of presumed apoptotic cells with fragmented DNA. It showed
that DNA fragmentation appears solely in germ cells and not in
the neighboring Sertoli cells, near/within adluminal compartment
of the seminiferous tubules (Figure 5B). The level of apoptosis was
further examined by Western blot analysis using two antibodies,
anti-poly (ADP-ribose) polymerase-1 (PARP), a protein that helps
cells to maintain viability, and anti-Caspase-3, a critical inducer of

apoptosis. PARP expression level was dramatically reduced in the
Cops5 knockout mice; however, in contrast, Caspase-3 expression
level was significantly increased (Figure 5C). FANK1 is another
factor that is known to inhibit apoptosis in male germ cells, and
its knock-down [47] resulted in a phenotype similar to that in the
present study of Cops5 knockout mice. Therefore, because FANK1
is reportedly a COPS5 binding partner [46], we also examined
testicular FANK1 expression levels in the Cops5 knockout mice.
Compared to the control mice, FANK1 expression level was dramat-
ically reduced in the knockout mice (Figure 5D).

Acrosome biogenesis was affected in the absence of

COPS5
Even though there was a significantly increased number of apop-
totic germ cell in the seminiferous tubules, some germ cells were
able to complete meiosis and develop into round spermatids and
even a few elongated spermatids. Because COPS5 is present in
the acrosome of round and elongating spermatids, we examined
acrosome biogenesis in the knockout mice. Testicular cells, iso-
lated from control and Cops5 knockout mice, were double stained
with an anti-COPS5 antibody and lectin peanut agglutinin (PNA),
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Figure 4. Abnormal spermatogenesis and loss of cauda epididymal sperm in the conditional Cops5 knockout mice. A. Representative histology of testis. Normal

spermatogenesis can be observed in the images of control mice (upper panels). The lower panels show abnormal spermatogenesis in the Cops5 knockout

mice. A number of degenerating germ cells (arrows) are seen in the lumen of seminiferous epithelium exhibiting severe hypospermatogenesis, with very few

developed elongated spermatids. B. Representative histology of epididymis. In the control cauda epididymis (upper panel), numerous mature sperm were

stored in the lumen. In the knockout mice (lower panels), round bodies (possibly sloughed germ cells) and cellular debris were seen with the rare developed

sperm.

an acrosome marker. In the control mice, both COPS5 antibody
and PNA-lectin positively stained spermatids and the two signals
were colocalized (Figure 6A, upper panel). However, in the Cops5
knockout mice, not only was the COPS5 signal absent, the lectin
PNA signal for the acrosome was also absent in the spermatids
(Figure 6A, lower panel). The expression of SPACA1, an acrosome
component [62], was also examined by Western blot analysis, and
its level was significantly reduced in the Cops5 knockout mice
(Figure 6B).

COPS5 determines IFT20 expression level and

localization in male germ cells, but its localization and

expression was not changed in the Ift20 knockout mice

The interaction between COPS5 and IFT20 propelled us to fur-
ther examine the functional relationship of these two proteins in
vivo. We first compared IFT20 expression levels and localization
in the control and Cops5 knockout testes. Western blot analysis
revealed that testicular IFT20 expression level was significantly
reduced in the Cops5 knockout mice (Figure 7A). Immunofluo-
rescence staining demonstrated that in the control mice, IFT20
was present in Golgi bodies of spermatocytes and the acrosomes
of round spermatids (Figure 7B, left panel). However, in Cops5
knockout mice, even though IFT20 was still present in the Golgi
bodies of spermatocytes (Figure 7B, middle panel), the protein was
no longer localized in the acrosome of round spermatids; instead,
it was present as individual vesicles in the cytoplasm (Figure 7B,
right panel). COPS5 expression level and localization were also
examined in the Ift20 knockout mice (Ift20 KO). Western blot
result showed that COPS5 expression level was comparable between
the control and Ift20 KO (Figure 7C). As in the control mice,

COPS5 was still localized in the acrosome in the Ift20 KO mice
(Figure 7D).

Ultrastructural changes in the seminiferous tubules of

the COPS5 knockout mice

To investigate the structural basis for the molecular changes observed
in the absence of COPS5, the seminiferous tubule ultrastructure
was examined. In control mice, the acrosome was well formed
in round and elongating spermatids (Figure 8A and B). In Cops5
KO, significant numbers of apoptotic cells were also present in
the Cops5 KO testis (Figure 8C), with evidence of Sertoli cell
phagocytosis (Figure 8D). Acrosome formation was absent in
most round spermatids (Figure 8E), and in other spermatids, an
abnormal acrosome was formed or a very thin acrosome was
attached to the Sertoli cell membrane by an abnormal ectoplasmic
specialization (Figure 8F). Large vacuoles were present in the
epithelium and were presumably the spaces remaining after Sertoli
cell phagocytosis of the apoptotic cells (Figure 8G). The few germ
cells that developed into elongating spermatids had abnormal nuclei
(Figure 8H).

Discussion

IFT is a highly conserved mechanism for cilia formation [63]. Our
laboratory analyzed the roles of several IFT components in the
formation of sperm, which have the typical “9 + 2” motile axonemal
complex [64], and discovered that these IFTs were essential for male
fertility and sperm formation [56–59]. To explore the mechanisms
underlying these important functions, we did yeast two-hybrid screen
using IFT components as bait. COPS5 was identified as a major
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Figure 5. Depletion of COPS5 caused significantly increased apoptosis and reduced FANK1 expression. A. Examination of apoptosis in the testes of a control

mouse and a Cops5 knockout mouse by TUNEL staining. Green signal indicates the apoptotic cells. Negative control (panel a): the control testis section was

not incubated with fluorescent probe; positive control (panel b): the control testis section was treated with DNase 1, and incubated with fluorescent prove; few

apoptotic cells were present in the control mouse (panel c); increased number of apoptotic germ cells were observed in the Cops5 knockout mice (panel d). B.

Double labeling of presumed apoptotic cells with fragmented DNA (green; TUNEL labeling) and a Sertoli cell marker SOX 9 (red; immunofluorescence) in the wild

type (A) and KO (B, C) mice. (A, B) By exclusion, DNA fragmentation appears solely in germ cells and not in the neighboring Sertoli cells, near/within adluminal

compartment of the seminiferous tubules. (C) Fluorescence channel-separated detail of TUNEL-positive cells shown in panel B, including the grayscale-rendered

labeling of SOX9 (C), TUNEL (C’), and total DNA counterstained by DAPI (C”), and a merged pseudo-colored image (C”’). C. Testicular expression levels of PARP

and active Caspase 3 in control and Cops5 knockout mice by Western blot analysis (n = 3). Decreased PARP and increased active Caspase 3 expression were

observed in the Cops5 knockout mice. P < 0.05 (∗). D. Examination of testicular FANK1 expression (n = 3). FANK1 expression level was dramatically reduced in

the Cops5 knockout mice. (∗) P < 0.05.

binding partner of IFT20. Interaction between IFT20 and COPS5
was further confirmed by colocalization and co-IP experiment in
vitro. In colocalization assay, even though COPS5 only was present
in the whole cell body, it was only present in the cytoplasmic vesicles
and exactly colocalized with IFT20 when IFT20 was coexpressed.
This strongly indicates that the two proteins interact and IFT20
drives COPS5 to the cytoplasmic vesicles. Therefore, we decided
to further investigate the function of this gene in male fertility
and spermatogenesis. Even though COPS5 has been shown to play
important roles in many other somatic systems, the highest level
of its protein expression among the tissues examined was in testis,
indicating a particularly important role in male fertility, which was

subsequently confirmed in the male germ cell-specific knockout mice
as described here.

During the first wave of spermatogenesis, COPS5 protein was
expressed throughout the entire spermatogenesis process. Weak
COPS5 signal was present in the cytoplasm of spermatocytes. In
round spermatids, it was localized in the acrosome; in elongating
spermatids, it was present in both the acrosome and manchette,
which are unique structures present only in male germ cells [65].
Given that IFT20 is also present in the acrosome and manchette and
is essential for spermiogenesis, the pattern of COPS5 localization
strongly suggested that COPS5 has a function that could be related
to IFT20. Testicular expression level of IFT20 was significantly
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Figure 5. Continued.

reduced in the Cops5 knockout mice. IFT20 localization was also
changed in the Cops5 knockout mice. Even though IFT20 was still
present in Golgi vesicles in the Cops5 knockout mice, it was no
longer present in the acrosome of round spermatids. Instead, the

IFT20 signal was scattered near the location where the acrosome
should form. Reduced IFT20 expression level in the Cops5 knockout
mice might be caused by degradation of the protein due to instability
in the absence of COPS5. Acrosome formation was also affected as
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Figure 6. Acrosome biogenesis was affected in the absence of COPS5. A. Representative images of testicular cells isolated from control (upper panel) and

Cops5 knockout mice (lower panel) stained with specific anti-COPS5 antibody (red) and the acrosome marker peanut-lectin PNA (green). Acrosome staining

was observed in spermatids from the control germ cells (arrow head), but no peanut-lectin staining was observed in spermatids (white arrows) of the Cops5

knockout mouse. B. Expression level of SPACA1 protein, a marker of acrosome, was examined by Western Blot. Compared with controls, there was an obviously

decreased expression of SPACA1 protein in the Cops5 mutant mouse testis.

evaluated by specific acrosome staining and TEM examination.
In contrast, COPS5 expression level and localization was not
changed in the testis-specific IFT20 knockout mice. It appears
that COPS5 is an upstream player of IFT20 and determines IFT20
localization on the acrosome. In the conditional Ift20 knockout
mice, acrosome formation was not affected [56]. In somatic cells,
IFT20 is involved in vesicle trafficking through Golgi bodies toward
centrioles [66], which function as the template for cilia formation
[67]. In male germ cells, IFT20 is on the acrosome surface, and the
localization appears to be dependent on other proteins. Thus,
failure of IFT20 localization in the acrosome area in Cops5 KO
males might be either a direct effect due to absence of COPS5,
or a secondary effect of disrupted acrosome formation in the
absence of COPS5. Given that very few cells developed into

elongating spermatids in the Cops5 knockout mice, it is not known
if COPS5 is also essential for manchette formation/function and
IFT20 localization in the manchette. Due to extremely low sperm
count in the conditional Cops5 knockout mice, we were not
able to further analyze epididymal sperm. We expect that most
epididymal sperm from the knockout mice have no or an abnormal
acrosome.

A more striking phenotype was the dramatic increase in the
presence of apoptotic cells in seminiferous tubules. Normal sper-
matogenesis requires a well-organized cell population within the
seminiferous tubules [68]. Up to 75% of germ cells undergo apopto-
sis in the seminiferous tubules to keep the balance [69]. Disruption
of the balance between cell survival and apoptosis has been demon-
strated to impair spermatogenesis, which can lead to male infertility
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Figure 7. COPS5 determines IFT20 expression level and localization in male germ cells, but COPS5 localization and expression were not changed in the Ift20

knockout mice. A. Analysis of testicular IFT20 expression in control and Cops5 knockout mice by Western blot. The expression level of IFT20 was reduced

remarkably in the knockout mice (n = 3). B. IFT20 localization in germ cells of the control and Cops5 knockout mice by immunofluorescence staining (red). IFT20

was localized in the Golgi body of a spermatocyte (arrows) and acrosome of a round spermatid (arrow heads). In the Cops5 knockout mouse, IFT20 was still

present in the Golgi body of the spermatocyte but was no longer seen in the spermatid acrosome. However, the protein was present as small vesicles near

one side of the nucleus. C. Expression levels of COPS5 in control and Ift20 conditional knockout mice. Compared with control mice, there was no change in

the COPS5 expression level; D. COPS5 was still present in the acrosome of spermatids from the Ift20 knockout mice. The testicular cells were double stained

with COPS5 antibody (red) and the acrosome marker lectin PNA (green). Like in the control mouse, COPS5 was still present in the acrosome. Unlike the Cops5

knockout mice, acrosome staining was not affected in the Ift20 knockout mice.

associated with azoospermia, asthenozoospermia, hypospermatoge-
nesis, and oligozoospermia [70, 71].

Apoptosis, also called programmed cell death, is an evolutionarily
conserved cell death process. In adult mammals, germ cell apoptosis
is conspicuous during normal spermatogenesis, especially the first
wave of spermatogenesis [72]. Apoptosis is a choice to control germ
cell number and eliminate defective GCs during testicular develop-
ment and spermatogenesis [73]. Two major pathways, the mitochon-
drial pathway and the cell death receptor pathway, are involved in
mammalian apoptosis. Recently, another novel pathway caused by
UPR (unfolded protein response) in response to ER (endoplasmic
reticulum) stress is also critical to germ cell elimination. Several
growth factor candidates, such as KL (kit ligand, also known as SCF),
bFGF (basic FGF), leukemia inhibitory factor, TGF-βs, forskolin,
and RA (retinoic acid), were found to act as survival factors in the
process of germ cell proliferation and differentiation [74–79]. Some
testis-specific genes also contribute to germ cell apoptosis/survival,
and these genes include FANK1, RHBDD1, Spata17, and LM23
[55, 80–82]. Among these growth factors and genes, FANK1, also
named Fibronectin type 3 and ankyrin repeat domains 1 protein, is
of particular interest. FANK1 is a testis-specific transcriptional factor

that controls germ cell apoptosis through regulation of apoptosis-
related gene expression [53]. It has been shown that FANK1 is a
COPS5 binding partner [54]. One mechanism for COPS5 to regulate
germ cell apoptosis might be through the modulation of FANK1
expression.

Our study clearly demonstrated that COPS5 participates in at
least two functions: (1) controlling germ cell survival/apoptosis and
(2) acrosome biogenesis. How this protein plays such important
roles in spermatogenesis remains to be determined. However, as
documented in the introduction, COPS5 conducts multiple biolog-
ical functions independently or as a cofactor of CSN [17, 18]. Of
particular interest to the present study, the CSN complex is an essen-
tial regulator of the ubiquitin conjugation pathway [7, 8]. Protein
ubiquitination is a posttranslational modification of proteins, which
involves the attachment of ubiquitin [83]. During spermatogenesis,
it has been shown that ubiquitination regulates the morphogenesis
and function of organelles and structures in developing germ cells,
including nuclear condensation, acrosome formation, and membrane
trafficking [84–86]. Ubiquitination has also been associated with
apoptosis [87]. It is noteworthy that FANK1 has been reported to be
ubiquitinated in vitro [88]. Thus, it is possible that FANK1 undergoes
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Figure 8. Ultra-structural changes in the seminiferous tubules of Cops5 knockout mice. A. Normally developed elongating spermatids (arrows) in a control

mouse. B. Normally developed round spermatid in a control mouse, showing a well-developed acrosome (arrow) and a prominent Golgi apparatus (G). C.

Representative apoptotic germ cells in the seminiferous epithelium of the Cops5 KO. D. Apoptotic cells are being engulfed by Sertoli cells. The upper arrow is

pointing to a Sertoli cell nucleus. The black debris is the left-over material after digestion (lower arrow). E. Step 4 round spermatid showing failure of acrosome

formation in the flattened area under the Golgi apparatus (G), where the acroplaxome is also missing. F. A round spermatid in the Cops5 KO that has a thin

acrosome but formed an abnormal ectoplasmic specialization (ES) with the Sertoli cell. G. The arrows point to vacuoles, presumably the space left remaining

after apoptotic cells have been phagocyted by Sertoli cells. H. Two elongated spermatids that formed what appear to be normal acrosomes, but show abnormal

nuclear structures.

ubiquitination in germ cells. In the absence of COPS5, FANK1
ubiquitination level was changed, and this could have induced
apoptosis. In addition to FANK1, other proteins including IFT20
might also require COPS5 to be ubiquitinated. Thus, identification of
the proteins ubiquitinated globally in male germ cells will provide a
greater understanding of the mechanism of COPS5 in the regulation
of spermatogenesis.

Although infertile, the conditional Cops5 knockout testis still
generated a few elongated spermatids and a few epididymal sperm.
However, these cells were abnormal. It would be interesting to
examine function of these sperm by IVF and ICSI in the future so
that multiple aspects of the mutant sperm can be characterized, and
mechanisms of COPS5 in male fertility can be further investigated.
Due to impaired motility, we do not expect IVF will succeed. It
would be difficult to predict outcome of ICSI because this will also
be dependent on many aspects of sperm DNA.
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