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Expression and localization of alpha-tubulin N-acetyltransferase 1 in the 
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Abstract. 	The structure of microtubules is essential for the fertilizing ability of spermatozoa. Acetylation of α-tubulin 
plays an important role in flagellar elongation and spermatozoa motility. Previous reports have suggested that alpha-tubulin 
N-acetyltransferase 1 (ATAT1) is the main acetyltransferase involved in the acetylation of α-tubulin. Although ATAT1 is 
reported to express in the testis, no information is available regarding its expression in elongated spermatids, epididymis, 
and mature spermatozoa. Hence, it remains unclear whether ATAT1 is involved in spermatozoa maturation and capacitation. 
Therefore, we evaluated the expression of ATAT1 in the mouse male reproductive system using immunostaining and western 
blotting. Our results showed that ATAT1 was expressed in spermatids during spermiogenesis in mouse testes, but its expression 
varied according to the seminiferous tubule stage. We observed ATAT1 in the cytoplasm of round spermatids, the flagella of 
elongated spermatids, and in the cytoplasm of step 16 spermatids, just before its release into the lumen. In addition, ATAT1 
was expressed in epithelial cells of the epididymis. In spermatozoa of the cauda epididymis, ATAT1 expression was primarily 
observed in the midpiece of the spermatozoa. The localization of ATAT1 protein in the male germline was observed during 
spermiogenesis as well as during spermatozoa maturation. Our results suggest that ATAT1 may be involved in the formation 
of flagella and in the acetylation process, which has attracted attention in recent years regarding male infertility.
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In mammalian testes, spermatogenesis occurs within seminiferous tubules, where spermatogonia differentiate into spermatocytes 
and spermatids. Spermatogenesis can be classified into 12 different 
stages according to the composition of the spermatogenic cells [1]. 
Furthermore, the stages of spermatid differentiation are divided 
into steps 1–16, with spermatids after step 8 termed as elongating 
spermatids. Testicular spermatozoa are functionally immature and 
acquire motility and potential fertilizing ability during transit through 
the epididymis, in a process known as spermatozoa maturation. 
Spermatozoa undergo several changes during storage in the epididymis 
until ejaculation [2]. Research studies have extensively focused on 
spermatogenesis and the spermatozoa maturation process because 
ejaculated spermatozoa have to swim a long distance in the female 
reproductive tract to reach an oocyte, and defects in spermatozoa 
motility often lead to fertilization failure [3].
The main component of spermatozoa flagella is the axoneme, 

comprising the “9 + 2 microtubule structure”, molecular motors, i.e., 
dyneins, and their regulatory structures. Microtubules are formed by 
dimers of α- and β-tubulin and are highly conserved among species, 

ranging from animals to eukaryotic protozoa. These ubiquitous 
organelles play a wide variety of roles in mitosis, intracellular traf-
ficking, cell morphology, and movement of flagella and cilia in 
eukaryotes [4]. Spermatozoa motility is also regulated by the sliding 
of microtubules and dyneins are responsible for generating the force 
required to produce the complex beating pattern of spermatozoa 
flagella [5].
Tubulins undergo various post-translational modifications to 

regulate microtubule structure stabilization, motility, and other 
functions [6, 7]. In particular, acetylation of α-tubulin is known 
to regulate microtubule stability and function [8]. Alpha-tubulin 
N-acetyltransferase 1 (ATAT1) is responsible for the acetylation of 
mammalian α-tubulin at lysine 40 [9–12]. α-tubulin is not acetylated 
in many tissues of ATAT1-deficient mice, suggesting that ATAT1 is the 
major acetyltransferase in mice [13, 14]. Furthermore, ATAT1-deficient 
mice exhibit abnormalities in spermatozoa morphology and function, 
such as shortened flagella combined with a decreased progressive 
forward motion, as well as no acetylation of tubulin in testicular germ 
cells and spermatozoa [15]. Moreover, spermatozoa from patients 
with asthenozoospermia exhibit low levels of acetylated α-tubulin 
[16]. Therefore, ATAT1-mediated acetylation of α-tubulin may play 
an important role in flagellar elongation during spermatogenesis and 
spermatozoa maturation, particularly while transitioning through the 
epididymis. Previous studies have reported that ATAT1 is expressed 
in spermatocytes and round spermatids in rats [17]. However, no 
information is available regarding the potential changes in ATAT1 
expression at each seminiferous tubule stage. Thus, we aimed to 
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investigate the expression and localization of ATAT1 during mouse 
spermatogenesis to determine the relationship between ATAT1 and 
flagellar elongation.
The acetylation level of α-tubulin is reported to increase in the 

epididymis during spermatozoa maturation [18]. Since spermatozoa 
are mostly transcriptionally and translationally silent, the luminal 
environment of the epididymis is responsible for spermatozoa 
functional changes [19–25]. Epididymal vesicles containing vari-
ous types of proteins, lipids, and non-coding RNAs [2, 26–28] are 
secreted from epididymal cells into the lumen and transported to 
spermatozoa [29, 30], thereby facilitating the functional maturation 
of spermatozoa. It is possible that some acetyltransferases, such 
as ATAT1, are secreted from epididymal cells and are involved 
in spermatozoa maturation via α-tubulin acetylation. However, it 
remains unclear which acetyltransferases are present in the vesicles 
to regulate this modification in the epididymis and none of the studies 
have analyzed the epididymis in ATAT1-deficient mice [15].
After ejaculation, spermatozoa must undergo capacitation, a series 

of physiological modifications in the female reproductive tract that 
allow spermatozoa to fertilize an oocyte [31]. Interestingly, the 
acetylation of lysine residues in mouse spermatozoa is enhanced by 
capacitation, suggesting that lysine acetylation may be a modula-
tor of spermatozoa capacitation [32]. These findings indicate that 
spermatozoa microtubules are acetylated during epididymal transit 
and capacitation. However, it remains unknown whether ATAT1, 
the major acetyltransferase in mice, is involved in the acetylation 
process in spermatozoa.
In the present study, we examined ATAT1 expression patterns in 

mouse testes and epididymis to gain new insights into the possible 
roles of ATAT1 during spermiogenesis, sperm maturation, and sperm 
capacitation.

Materials and Methods

Animals
C57BL/6N mice were purchased from Japan SLC (Shizuoka, 

Japan). Testes and epididymis were collected from four male mice 
(aged 12–24 weeks), which were euthanized in accordance with 
the Guide for the Care and Use of Laboratory Animals published 
by Tohoku University. All animals were cared for and experimental 
procedures were conducted in accordance with the Regulations for 
Animal Experiments and Related Activities at Tohoku University. 
The study was approved by the Tohoku University Institutional 
Animal Care and Use Committee (approval number: 2016AgL-005).

Mice spermatozoa preparation
The cauda epididymis from each animal was placed in 1 ml of 

phosphate-buffered saline (PBS; Nacalai Tesque, Kyoto, Japan) 
in a 1.5 ml plastic tube. The medium containing spermatozoa was 
incubated at 37°C for 30 min for the swim-up under a 5% CO2 
humidified atmosphere. Following this, 600 µl of the upper layer 
were collected and washed three times using centrifugation (5,000 
rpm, 5 min, 25°C). The supernatant was discarded and the samples 
for western blotting were stored at −80°C. All subsequent experiments 
were performed using spermatozoa samples pooled from four mice.

Western blot analysis
Western blot analysis was performed to determine the expression 

levels of ATAT1 in the testes and spermatozoa. The samples were 
homogenized in Radioimmunoprecipitation (RIPA) Buffer (Nacalai 
Tesque) containing a protease inhibitor cocktail (Nacalai Tesque), 
centrifuged (10,000 rpm, 5 min, 4°C), and the supernatants were 
collected. The samples were suspended in an equivalent volume 
of 2 × sample buffer (Nacalai Tesque), sonicated, and incubated at 
100°C for 5 min. The sample concentration was adjusted to 1 μg/μl, 
and equal amounts of protein were separated via 10% SDS-PAGE 
and transferred to polyvinylidene difluoride membranes (Merck, 
Darmstadt, Germany). Nonspecific binding sites on the membranes 
were blocked by incubating membranes in 3% Bovine serum albumin 
(BSA) in PBS for 1 h at 25°C. After blocking, the membranes were 
incubated with a rabbit polyclonal anti-ATAT1 antibody (1:3,000; 
Novus Biologicals; Centennial, CO, USA) overnight at 4°C. For the 
antibody pre-absorption test, the primary antibody was preincubated 
with a 10-fold molar excess of the epitope-blocking peptide (Novus 
Biologicals) overnight at 4°C and used as a negative control. The 
membranes were washed three times with PBS containing 0.1% 
Tween-20 (PBS-T) and treated with horseradish peroxidase-conjugated 
anti-rabbit immunoglobulin G antibody (1:2,000; Promega, Madison, 
WI, USA) for 2 h at 25°C. Following three additional washes with 
PBS-T, the membranes were treated with Chemi-Lumi-One (Nacalai 
Tesque), and images were obtained using a LAS-3000-mini Lumino 
Image Analyzer (Fujifilm, Tokyo, Japan). Following image analysis, the 
membranes were incubated in WB Stripping Solution (Nacalai Tesque) 
for 30 min at 25°C to remove antibodies and, subsequently, membrane 
blocking was performed as described above. The membranes were 
incubated with mouse monoclonal anti-α-tubulin antibody (1:5,000; 
Santa Cruz Biotechnology, Dallas, TX, USA) overnight at 4°C. The 
membranes were washed and incubated for 2 h at 25°C with secondary 
horseradish peroxidase-conjugated anti-mouse immunoglobulin 
G antibody (1:2,000; Promega). The membranes were developed, 
imaged, and analyzed as described above. Each protein was detected 
and quantified using ImageGauge V4.22 software (Fujifilm).

Immunohistochemistry
The epididymis and testes were dissected and fixed in 4% (para-

formaldehyde) PFA in PBS overnight at 4°C. The fixed tissues were 
dehydrated and embedded in paraffin. Paraffin-embedded sections (4 
µm) were mounted on glass slides. The sections were deparaffinized 
using xylene, dehydrated using ethanol, and subsequently incubated 
with HistoVT One (Nacalai Tesque) at 90°C for 30 min to promote 
antigen retrieval. The sections were then washed with distilled water, 
incubated with 3% BSA in PBS at 25°C for 1 h, and subsequently 
incubated with rabbit polyclonal anti-ATAT1 antibody (1:200; Novus 
Biologicals) overnight at 4°C. For the antibody pre-absorption test, 
the primary antibody was preincubated with a 10-fold molar excess 
of synthetic peptide (Novus Biologicals) at 4°C overnight and used as 
a negative control in immunofluorescent analysis. After incubation, 
the sections were incubated with Alexa Fluor 488-labeled anti-rabbit 
and Alexa Fluor 568-labeled anti-mouse secondary antibodies (1:500; 
Thermo Fisher Scientific; Waltham, MA, USA) at 4°C for 2 h. Nuclei 
were counterstained with Hoechst 33342 (1:5,000; Nacalai Tesque) 
or/and propidium iodide (PI, 1:5,000; Fujifilm Wako Pure Chemical, 
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Osaka, Japan). Images were captured using a BZ‐X710 fluorescence 
microscope (Keyence; Osaka, Japan) and analyzed using BZ-X 
Viewer software. In each seminiferous tubule, the development 
stage of spermatids was classified into stages I–VI, VI–VIII, and 
IX–XII based on the nuclear morphology according to the criteria 
described previously [33].

Immunocytochemistry for spermatozoa
Epididymal spermatozoa were suspended in PBS, collected via 

centrifugation at 5,000 rpm for 5 min at 4°C, and fixed with 2% 
paraformaldehyde and 0.1% Triton X-100 in PBS for 1 h at 4°C. 
The samples were washed twice with PBS and blocked with 3% 
BSA in PBS for 60 min at 4°C. The suspensions were incubated 
overnight with the indicated primary antibody at 4°C [rabbit poly-
clonal anti-ATAT1 antibody (1:200; Novus Biologicals) and mouse 
monoclonal anti-acetylated-α-tubulin antibody (1:200; Santa Cruz 
Biotechnology)]. The antibody pre-absorption test for the primary 
antibody was performed as described above. After incubation, the 
sections were incubated with Alexa Fluor 488-labeled anti-rabbit 
and Alexa Fluor 568-labeled anti-mouse secondary antibodies 
(1:500; Thermo Fisher Scientific) at 4°C for 2 h. Nuclei were 
counterstained with Hoechst 33342 (1:5,000). Images were captured 
using a BZ-X710 fluorescence microscope and analyzed using the 
BZ-X Viewer software.

Results

Expression of ATAT1 in testes
Western blotting analysis revealed a band at the molecular weight 

(47 kDa) corresponding to ATAT1, which was abolished by incubating 
the anti-ATAT1 antibody with the blocking peptide, suggesting 
that the anti-ATAT1 antibody specifically bound to ATAT1 (Fig. 
1A). In the immunostained sections of the testes, signals from the 
anti-ATAT1 antibody were observed in the seminiferous tubules 
and interstitium. However, ATAT1 signals were almost absent in 
pre-absorbed sections incubated with the anti-ATAT1 antibody 
and the blocking peptide, except for the interstitium and the basal 
compartment of the seminiferous tubules (Figs. 1B, B’, C, C’). At the 
cellular level, the ATAT1 signals in spermatids entirely disappeared 
after pre-absorption with the blocking peptide, whereas ATAT1 
staining was observed in some cells of the basal compartment of 
the seminiferous tubules and interstitium (Figs. 1D, E), suggesting 
that the immunostaining signals of ATAT1 in spermatids reflected 
the bona fide localization of ATAT1.
Next, we focused on ATAT1 localization in round and elongating 

spermatids and during spermiogenesis. The seminiferous tubule 
stages can be roughly classified into three groups (stages I–VI, 
VII–VIII, and IX–XII) (Figs. 2A–C). We detected weak ATAT1 
signals in round spermatids at stages I–VI; a slight increase in the 
fluorescent intensity from ATAT1 was detected in round spermatids 
as they moved to stages VII–VIII (Figs. 2A’, B’). In the beginning 
of stages IX–XII in elongating spermatids, ATAT1 signals were 
observed mainly in the region between the nucleus (Hoechst+) 
and flagellum (acetylated tubulin+) (Fig. 2C’). Along the length of 
the flagellum, ATAT1 distribution was observed throughout stages 
I–VIII (Figs. 2A”, B”). Additionally, ATAT1 signals were enhanced 

just before the release of spermatozoa into the lumen and could be 
observed as small round-shaped particles around the nuclei of step 16 
spermatids at stages VII–VIII (Fig. 2B”). These results suggest that 
ATAT1 is continually expressed in round and elongating spermatids, 
whereas their intracellular localization changes dynamically during 
spermiogenesis.

ATAT1 expression in epididymis
Next, we evaluated the localization of ATAT1 in the epididymis 

using immunostaining. A strong ATAT1 signal was detected in the 
cytoplasm of epithelial cells of the caput, corpus, and cauda regions 
in the epididymis (Figs. 3A, A’, B, B’, C, C’), whereas these signals 
were almost absent in pre-absorbed sections (Figs. 3D–F). The 
intensity of the ATAT1 signal in the epithelia of the corpus and cauda 
regions was higher than that in the epithelium of the caput region 
(Figs. 3A, A’, B, B’, C, C’). Strong spot-like signals were observed 
occasionally on the apical side of epithelia in the caput region (Figs. 
3A, A’). Interstitial cells in the caput and corpus epididymis were 
negative for ATAT1; however, some interstitial and peritubular cells 
were positive for ATAT1 in the cauda epididymis (Figs. 3C, C’). In 
the lumen of epididymal tubules, which showed weak staining for 
ATAT1, we could not determine whether ATAT1 was localized in 
the spermatozoa using low magnification immunohistochemical 
images (Fig. 3).
At a higher magnification, we found both weak and strong ATAT1 

signals in the cauda epididymis. Most images showed very weak 
ATAT1 signals around the Hoechst- and PI-positive spermatozoa 
nuclei, whereas the other images showed strong ATAT1 signals with 
Hoechst-negative/PI-positive parts, both of which became negative 
after pre-absorption (Fig. 4).

ATAT1 expression in spermatozoa
Western blotting confirmed the ATAT1 expression in spermatozoa 

(Fig. 5A). Immunocytochemistry demonstrated the ATAT1 localiza-
tion along the midpiece of spermatozoa (Fig. 5B). Pre-absorbed 
samples incubated with the anti-ATAT1 antibody and blocking peptide 
exhibited no immunoreactivity as determined via western blot analysis 
and immunocytochemistry (Figs. 5A, B). These results suggest that 
ATAT1 is localized in the midpiece of matured spermatozoa in the 
cauda epididymis.

Discussion

In this study, we showed the localization of ATAT1 in the testes 
and epididymis. We observed weak staining for ATAT1 in round 
spermatids, along the length of the flagellum, whereas stronger ATAT1 
signals were observed around the head region of step 16 spermatids 
and in the epididymal epithelium. Additionally, we demonstrated the 
presence of ATAT1 in the midpiece of matured spermatozoa in the 
cauda epididymis. Collectively, our findings indicate that ATAT1 
is continuously expressed in male mouse germline cells, from the 
differentiation steps of round spermatids to mature spermatozoa and 
in the epididymal epithelium.
Our findings showed that ATAT1 is continually localized in the 

flagella of elongating spermatids. Earlier reports showed that sper-
matozoa from ATAT1-deficient mice were morphologically abnormal 
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Fig. 2.	 A–C: Immunohistochemical analysis of alpha-tubulin N-acetyltransferase 1 (ATAT1). Expression patterns for each seminiferous tubule stage. A’, 
A’’, B’, B’’, and C’: Enlarged figures of the white square above. Blue: Hoechst 33342; green: ATAT1; red: acetylated-α-tubulin; scale bars = 200 μm.

Fig. 1.	 Detection of alpha-tubulin N-acetyltransferase 1 (ATAT1) expression in mice testes. A: ATAT1 detected using western blotting analysis. B, B’, D: 
Immunohistochemistry image showing ATAT1 localization in seminiferous tubules. C, C’, E: preabsorbed sections of testis. Blue: Hoechst 33342; 
green: ATAT1; scale bars = 200 μm (B, B’, C, C’) or 50 μm (D, E). E-Sp: elongated spermatid; R-Sp: round spermatid; asterisk: interstitium.
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and exhibited relatively short tails [15], suggesting that ATAT1 plays 
an important role in spermiogenesis. However, the expression of 
ATAT1 in elongating spermatids has not been revealed in mouse testes 
[14]. In the current study, by using an ATAT1-specific antibody, we 
succeeded in performing a detailed immunohistochemical analysis of 
spermatids at a higher magnification and showed ATAT1 expression 
in round and elongating spermatids. From the data presented in this 
study and a previous deficient mice study [15], we surmise that 
acetylation of α-tubulin via ATAT1 in spermatids is important for 
the formation of a normal spermatozoa tail during spermiogenesis.
The highly dense spot-like signals of ATAT1 around the nuclei of 

step 16 spermatids imply that ATAT1 is present in the cytoplasmic 
droplet, called the residual body. Since most of the cytoplasmic 
droplets are removed from spermatozoa during spermatogenesis 
[33], it is possible that the majority of ATAT1 may also be removed 
after spermatogenesis. However, our results indicate that ATAT1 is 
continuously localized in the midpiece of spermatozoa residing in 

the cauda epididymis. N-acetyltransferases utilize acetyl coenzyme 
A (acetyl-CoA) as an acetyl donor [34, 35]. Therefore, it is likely 
that ATAT1 functions as an N-acetyltransferase in the midpiece of 
spermatozoa, which is where mitochondria, the source of acetyl-
CoA, are also localized. Although previous studies have indicated 
that ATAT1 is expressed in testicular germ cells [14, 15, 17] and is 
involved in flagella formation in spermatozoa [15], this study provides 
the first confirmation of the ATAT1 expression in the flagellum of 
elongated spermatids and mature spermatozoa after spermatogenesis.
We found that ATAT1 was expressed in the midpiece of epididy-

mal spermatozoa. Mammalian spermatozoa acquire motility in the 
epididymis [22–25] and a major goal of spermatozoa maturation is 
to modify flagellar function to provide motility. It has been reported 
that the spermatozoa motility is affected by the acetylation level 
of α-tubulin in spermatozoa tails [18]. Additionally, some infertile 
men exhibit low levels of α-tubulin acetylation in spermatozoa 
tails [16]. These findings suggest that α-tubulin acetylation is a 

Fig. 3.	 Detection of alpha-tubulin N-acetyltransferase 1 (ATAT1) expression in mice epididymis. A, A’, B, B’, C, C’: caput, corpus, and cauda epididymis. 
D–F: preabsorbed sections of caput, corpus, and cauda epididymis. Blue: Hoechst 33342; green: ATAT1; scale bars = 100 μm.
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key requirement for spermatozoa motility. Moreover, spermatozoa 
from ATAT1-deficient mice show lower progressive motility [15]. 
It was predicted that ATAT1 is responsible for α-tubulin acetylation 
in spermatozoa tails to modulate flagellar function. It is known that 
α-tubulin is acetylated in spermatozoa tails during epididymal transit 

in rats [18, 36]. Furthermore, we found that ATAT1 was present in 
the epididymal epithelium. Epididymosomes, which are secreted 
from epididymal epithelial cells, contain several proteins critical to 
spermatozoa maturation and fertilization, such as those belonging to 
the zona pellucida family and disintegrin and metalloproteinase (i.e., 

Fig. 4.	 Detection of alpha-tubulin N-acetyltransferase 1 (ATAT1) expression in mice cauda epididymis. Blue: Hoechst 33342; green: ATAT1; red: PI, 
scale bars = 20 μm. Arrow shows ATAT1-positive cells co-stained with PI, but not with Hoechst 33342.

Fig. 5.	 Detection of alpha-tubulin N-acetyltransferase 1 (ATAT1) expression in mouse spermatozoa. A: ATAT1 detected using western blot analysis. B: 
Immunocytochemistry image showing ATAT1 localization in mouse spermatozoa. Blue: Hoechst33342; green: ATAT1; red: acetylated-α-tubulin; 
scale bars = 20 μm.
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ADAMs) family [37, 38]. Recently, acetyltransferases were reported 
to be present within epididymosomes [39]. Therefore, ATAT1 is 
presumed to be included in these epididymosomes. Supporting our 
hypothesis, we observed strong ATAT1 signals occasionally in the 
Hoechst negative/PI-positive parts of the cauda epididymis, which are 
considered to be rich in RNAs [40]. It is possible that the RNA-rich 
luminal content of epididymis either contains cytoplasmic droplets 
from the testes or secreted material from epididymal epithelial 
cells. Thus, ATAT1 may be functional during epididymal transit, 
even if most testicular spermatozoa ATAT1 is removed, along with 
the cytoplasmic droplet during spermiogenesis. We propose that 
ATAT1 localizes in spermatozoa, is expressed in epididymal epithelial 
cells, and plays a role in spermatozoa maturation in the epididymis. 
Therefore, the functional role of ATAT1+ particles in the epididymal 
lumen in the maturation process of spermatozoa should be further 
explored in the future.
Immunocytochemical analyses revealed that ATAT1 was pres-

ent in the midpiece of epididymal spermatozoa. A previous study 
showed that the acetylation level of lysine in the midpiece of mouse 
spermatozoa was increased via capacitation treatment, suggesting 
that lysine acetylation is one of the modulators of spermatozoa 
capacitation [32]. However, it is not clear which acetyltransferases are 
involved in this process. It is well established that ATAT1 is a major 
acetyltransferase that regulates the acetylation levels of α-tubulin 
lysine 40 in mammals, including mice [9–15]. Therefore, ATAT1 
may play a role during spermatozoa capacitation by modulating 
lysine acetylation in the midpiece of the spermatozoa tail. ATAT1-
deficient mice are not completely infertile but show a decline in 
litter size [15], which is consistent with our hypothesis that ATAT1 
is involved in promoting spermatozoa function, such as spermatozoa 
capacitation, and is necessary for an optimal fertilization. Other 
acetyltransferases, such as chromodomain Y-like proteins, are also 
present in mature spermatozoa [36]. Therefore, further research is 
required to clarify the relationship between these acetyltransferases 
and spermatozoa capacitation. Even with the current technology 
available, the specific control of acetyltransferases in spermatozoa 
is difficult. If a new technique to examine the regulation of protein 
activity in spermatozoa could be developed, a more detailed analysis 
would be possible.
In conclusion, we showed that ATAT1 is expressed in the male 

germline and in the epididymal epithelium in mice, implying that 
ATAT1 is an important regulator of spermatozoa function. Future 
research is necessary to clarify the molecular function of ATAT1 
regarding the dynamic changes in α-tubulin acetylation in germ 
cells during spermatogenesis, epididymal transit, and spermatozoa 
capacitation.

Acknowledgments

We are grateful to H. Saito for the technical instruction and as-
sistance. We are grateful to K Sakai, S Kurata, and H Kanno for 
the useful discussions and encouragement, and to Y Takemoto for 
the secretarial assistance.

References

	 1.	 Griswold MD. Spermatogenesis: The commitment to meiosis. Physiol Rev 2016; 96: 
1–17. [Medline]  [CrossRef]

	 2.	 James ER, Carrell DT, Aston KI, Jenkins TG, Yeste M, Salas-Huetos A. The role of 
the epididymis and the contribution of epididymosomes to mammalian reproduction. Int J 
Mol Sci 2020; 21: E5377. [Medline]  [CrossRef]

	 3.	 Lehti MS, Sironen A. Formation and function of sperm tail structures in association with 
sperm motility defects. Biol Reprod 2017; 97: 522–536. [Medline]  [CrossRef]

	 4.	 Goodson HV, Jonasson EM. Microtubules and microtubule-associated proteins. Cold 
Spring Harb Perspect Biol 2018; 10: a022608. [Medline]  [CrossRef]

	 5.	 Summers KE, Gibbons IR. Adenosine triphosphate-induced sliding of tubules in trypsin-
treated flagella of sea-urchin sperm. Proc Natl Acad Sci USA 1971; 68: 3092–3096. 
[Medline]  [CrossRef]

	 6.	 Konno A, Setou M, Ikegami K. Ciliary and flagellar structure and function--their regula-
tions by posttranslational modifications of axonemal tubulin. Int Rev Cell Mol Biol 2012; 
294: 133–170. [Medline]  [CrossRef]

	 7.	 Ikegami K, Setou M. Unique post-translational modifications in specialized microtubule 
architecture. Cell Struct Funct 2010; 35: 15–22. [Medline]  [CrossRef]

	 8.	 LeDizet M, Piperno G. Identification of an acetylation site of Chlamydomonas alpha-
tubulin. Proc Natl Acad Sci USA 1987; 84: 5720–5724. [Medline]  [CrossRef]

	 9.	 Kormendi V, Szyk A, Piszczek G, Roll-Mecak A. Crystal structures of tubulin acetyl-
transferase reveal a conserved catalytic core and the plasticity of the essential N terminus. 
J Biol Chem 2012; 287: 41569–41575. [Medline]  [CrossRef]

	10.	 Taschner M, Vetter M, Lorentzen E. Atomic resolution structure of human α-tubulin 
acetyltransferase bound to acetyl-CoA. Proc Natl Acad Sci USA 2012; 109: 19649–19654. 
[Medline]  [CrossRef]

	11.	 Friedmann DR, Aguilar A, Fan J, Nachury MV, Marmorstein R. Structure of the 
α-tubulin acetyltransferase, αTAT1, and implications for tubulin-specific acetylation. Proc 
Natl Acad Sci USA 2012; 109: 19655–19660. [Medline]  [CrossRef]

	12.	 Akella JS, Wloga D, Kim J, Starostina NG, Lyons-Abbott S, Morrissette NS, Dougan 
ST, Kipreos ET, Gaertig J. MEC-17 is an α-tubulin acetyltransferase. Nature 2010; 467: 
218–222. [Medline]  [CrossRef]

	13.	 Shida T, Cueva JG, Xu Z, Goodman MB, Nachury MV. The major α-tubulin K40 
acetyltransferase alphaTAT1 promotes rapid ciliogenesis and efficient mechanosensation. 
Proc Natl Acad Sci USA 2010; 107: 21517–21522. [Medline]  [CrossRef]

	14.	 Kim GW, Li L, Ghorbani M, You L, Yang XJ. Mice lacking α-tubulin acetyltransferase 
1 are viable but display α-tubulin acetylation deficiency and dentate gyrus distortion. J 
Biol Chem 2013; 288: 20334–20350. [Medline]  [CrossRef]

	15.	 Kalebic N, Sorrentino S, Perlas E, Bolasco G, Martinez C, Heppenstall PA. αTAT1 
is the major α-tubulin acetyltransferase in mice. Nat Commun 2013; 4: 1962. [Medline]  
[CrossRef]

	16.	 Bhagwat S, Dalvi V, Chandrasekhar D, Matthew T, Acharya K, Gajbhiye R, Kulkar-
ni V, Sonawane S, Ghosalkar M, Parte P. Acetylated α-tubulin is reduced in individuals 
with poor sperm motility. Fertil Steril 2014; 101: 95–104.e3. [Medline]  [CrossRef]

	17.	 Nakakura T, Suzuki T, Nemoto T, Tanaka H, Asano-Hoshino A, Arisawa K, Nishi-
jima Y, Kiuchi Y, Hagiwara H. Intracellular localization of α-tubulin acetyltransferase 
ATAT1 in rat ciliated cells. Med Mol Morphol 2016; 49: 133–143. [Medline]  [CrossRef]

	18.	 Parab S, Shetty O, Gaonkar R, Balasinor N, Khole V, Parte P. HDAC6 deacetylates 
alpha tubulin in sperm and modulates sperm motility in Holtzman rat. Cell Tissue Res 
2015; 359: 665–678. [Medline]  [CrossRef]

	19.	 Bedford JM. Changes in the electrophoretic properties of rabbit spermatozoa during pas-
sage through the epididymis. Nature 1963; 200: 1178–1180. [Medline]  [CrossRef]

	20.	 Bedford JM. Morphological changes in rabbit spermatozoa during passage through the 
epididymis. J Reprod Fertil 1963; 5: 169–177. [Medline]  [CrossRef]

	21.	 Bedford JM. Effects of duct ligation on the fertilizing ability of spermatozoa from 
different regions of the rabbit epididymis. J Exp Zool 1967; 166: 271–281. [Medline]  
[CrossRef]

	22.	 Blandau RJ, Rumery RE. The relationship of swimming movements of epididymal 
spermatozoa to their fertilizing capacity. Fertil Steril 1964; 15: 571–579. [Medline]  
[CrossRef]

	23.	 Orgebin-Crist MC. Sperm maturation in rabbit epididymis. Nature 1967; 216: 816–818. 
[Medline]  [CrossRef]

	24.	 Orgebin-Crist MC. Maturation of spermatozoa in the rabbit epididymis: delayed fer-
tilization in does inseminated with epididymal spermatozoa. J Reprod Fertil 1968; 16: 
29–33. [Medline]  [CrossRef]

	25.	 Orgebin-Crist MC. Studies on the function of the epididymis. Biol Reprod 1969; 1(Suppl 
1): 1: 155–175. [Medline]  [CrossRef]

	26.	 Belleannée C, Calvo É, Caballero J, Sullivan R. Epididymosomes convey different 
repertoires of microRNAs throughout the bovine epididymis. Biol Reprod 2013; 89: 30. 
[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/26537427?dopt=Abstract
http://dx.doi.org/10.1152/physrev.00013.2015
http://www.ncbi.nlm.nih.gov/pubmed/32751076?dopt=Abstract
http://dx.doi.org/10.3390/ijms21155377
http://www.ncbi.nlm.nih.gov/pubmed/29024992?dopt=Abstract
http://dx.doi.org/10.1093/biolre/iox096
http://www.ncbi.nlm.nih.gov/pubmed/29858272?dopt=Abstract
http://dx.doi.org/10.1101/cshperspect.a022608
http://www.ncbi.nlm.nih.gov/pubmed/5289252?dopt=Abstract
http://dx.doi.org/10.1073/pnas.68.12.3092
http://www.ncbi.nlm.nih.gov/pubmed/22364873?dopt=Abstract
http://dx.doi.org/10.1016/B978-0-12-394305-7.00003-3
http://www.ncbi.nlm.nih.gov/pubmed/20190462?dopt=Abstract
http://dx.doi.org/10.1247/csf.09027
http://www.ncbi.nlm.nih.gov/pubmed/2441392?dopt=Abstract
http://dx.doi.org/10.1073/pnas.84.16.5720
http://www.ncbi.nlm.nih.gov/pubmed/23105108?dopt=Abstract
http://dx.doi.org/10.1074/jbc.C112.421222
http://www.ncbi.nlm.nih.gov/pubmed/23071318?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1209343109
http://www.ncbi.nlm.nih.gov/pubmed/23071314?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1209357109
http://www.ncbi.nlm.nih.gov/pubmed/20829795?dopt=Abstract
http://dx.doi.org/10.1038/nature09324
http://www.ncbi.nlm.nih.gov/pubmed/21068373?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1013728107
http://www.ncbi.nlm.nih.gov/pubmed/23720746?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M113.464792
http://www.ncbi.nlm.nih.gov/pubmed/23748901?dopt=Abstract
http://dx.doi.org/10.1038/ncomms2962
http://www.ncbi.nlm.nih.gov/pubmed/24268707?dopt=Abstract
http://dx.doi.org/10.1016/j.fertnstert.2013.09.016
http://www.ncbi.nlm.nih.gov/pubmed/26700226?dopt=Abstract
http://dx.doi.org/10.1007/s00795-015-0132-1
http://www.ncbi.nlm.nih.gov/pubmed/25411052?dopt=Abstract
http://dx.doi.org/10.1007/s00441-014-2039-x
http://www.ncbi.nlm.nih.gov/pubmed/14089901?dopt=Abstract
http://dx.doi.org/10.1038/2001178a0
http://www.ncbi.nlm.nih.gov/pubmed/13970203?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0050169
http://www.ncbi.nlm.nih.gov/pubmed/6080554?dopt=Abstract
http://dx.doi.org/10.1002/jez.1401660210
http://www.ncbi.nlm.nih.gov/pubmed/14236832?dopt=Abstract
http://dx.doi.org/10.1016/S0015-0282(16)35401-2
http://www.ncbi.nlm.nih.gov/pubmed/6074957?dopt=Abstract
http://dx.doi.org/10.1038/216816a0
http://www.ncbi.nlm.nih.gov/pubmed/5691162?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0160029
http://www.ncbi.nlm.nih.gov/pubmed/5406325?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod1.Supplement_1.155
http://www.ncbi.nlm.nih.gov/pubmed/23803555?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.113.110486


YANAI et al.66

	27.	 Sullivan R, Saez F. Epididymosomes, prostasomes, and liposomes: their roles in mam-
malian male reproductive physiology. Reproduction 2013; 146: R21–R35. [Medline]  
[CrossRef]

	28.	 Martin-DeLeon PA. Epididymosomes: transfer of fertility-modulating proteins to the 
sperm surface. Asian J Androl 2015; 17: 720–725. [Medline]

	29.	 Belleannée C. Extracellular microRNAs from the epididymis as potential mediators of 
cell-to-cell communication. Asian J Androl 2015; 17: 730–736. [Medline]

	30.	 Sharma U, Conine CC, Shea JM, Boskovic A, Derr AG, Bing XY, Belleannee C, 
Kucukural A, Serra RW, Sun F, Song L, Carone BR, Ricci EP, Li XZ, Fauquier L, 
Moore MJ, Sullivan R, Mello CC, Garber M, Rando OJ. Biogenesis and function of 
tRNA fragments during sperm maturation and fertilization in mammals. Science 2016; 
351: 391–396. [Medline]  [CrossRef]

	31.	 Austin CR. The capacitation of the mammalian sperm. Nature 1952; 170: 326. [Medline]  
[CrossRef]

	32.	 Ritagliati C, Luque GM, Stival C, Baro Graf C, Buffone MG, Krapf D. Lysine acetyla-
tion modulates mouse sperm capacitation. Sci Rep 2018; 8: 13334. [Medline]  [CrossRef]

	33.	 Russell LD, Ettlin RA, Sinha-Hikim AP, Clegg ED. Histological and Histopathological 
Evaluation of the Testis. (first ed.), Cache River Press, Clearwater, Florida 1990.

	34.	 Kilbane AJ, Petroff T, Weber WW. Kinetics of acetyl CoA: arylamine N-acetyltransfer-
ase from rapid and slow acetylator human liver. Drug Metab Dispos 1991; 19: 503–507. 
[Medline]

	35.	 Minchin RF, Butcher NJ. The role of lysine(100) in the binding of acetylcoenzyme 
A to human arylamine N-acetyltransferase 1: implications for other acetyltransferases. 
Biochem Pharmacol 2015; 94: 195–202. [Medline]  [CrossRef]

	36.	 Parab S, Dalvi V, Mylavaram S, Kishore A, Idicula-Thomas S, Sonawane S, Parte P. 
Tubulin acetylation: A novel functional avenue for CDYL in sperm. Cytoskeleton (Hobo-
ken) 2017; 74: 331–342. [Medline]  [CrossRef]

	37.	 Girouard J, Frenette G, Sullivan R. Comparative proteome and lipid profiles of bovine 
epididymosomes collected in the intraluminal compartment of the caput and cauda epi-
didymidis. Int J Androl 2011; 34: e475–e486. [Medline]  [CrossRef]

	38.	 Nixon B, De Iuliis GN, Hart HM, Zhou W, Mathe A, Bernstein IR, Anderson AL, 
Stanger SJ, Skerrett-Byrne DA, Jamaluddin MFB, Almazi JG, Bromfield EG, 
Larsen MR, Dun MD. Proteomic profiling of mouse epididymosomes reveals their 
contributions to post-testicular sperm maturation. Mol Cell Proteomics 2019; 18(Suppl 1): 
S91–S108. [Medline]  [CrossRef]

	39.	 Belleannee C, Belghazi M, Labas V, Teixeira-Gomes AP, Gatti JL, Dacheux JL, 
Dacheux F. Purification and identification of sperm surface proteins and changes during 
epididymal maturation. Proteomics 2011; 11: 1952–1964. [Medline]  [CrossRef]

	40.	 Rieger AM, Nelson KL, Konowalchuk JD, Barreda DR. Modified annexin V/prop-
idium iodide apoptosis assay for accurate assessment of cell death. J Vis Exp 2011; 2597. 
[Medline]

http://www.ncbi.nlm.nih.gov/pubmed/23613619?dopt=Abstract
http://dx.doi.org/10.1530/REP-13-0058
http://www.ncbi.nlm.nih.gov/pubmed/26112481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/26178395?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/26721685?dopt=Abstract
http://dx.doi.org/10.1126/science.aad6780
http://www.ncbi.nlm.nih.gov/pubmed/12993150?dopt=Abstract
http://dx.doi.org/10.1038/170326a0
http://www.ncbi.nlm.nih.gov/pubmed/30190490?dopt=Abstract
http://dx.doi.org/10.1038/s41598-018-31557-5
http://www.ncbi.nlm.nih.gov/pubmed/1676662?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25660616?dopt=Abstract
http://dx.doi.org/10.1016/j.bcp.2015.01.015
http://www.ncbi.nlm.nih.gov/pubmed/28681565?dopt=Abstract
http://dx.doi.org/10.1002/cm.21381
http://www.ncbi.nlm.nih.gov/pubmed/21875428?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2605.2011.01203.x
http://www.ncbi.nlm.nih.gov/pubmed/30213844?dopt=Abstract
http://dx.doi.org/10.1074/mcp.RA118.000946
http://www.ncbi.nlm.nih.gov/pubmed/21472858?dopt=Abstract
http://dx.doi.org/10.1002/pmic.201000662
http://www.ncbi.nlm.nih.gov/pubmed/21540825?dopt=Abstract

