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Abstract

Purpose: Spermatogenesis requires a large amount of energy, which is primarily pro-
duced by the mitochondrial electron transfer chain. Mitochondrial dysfunction af-
fects male infertility, suggesting a relationship between the electron transfer chain
and male infertility. COXFA4L3 (C150RF48) is an emerging subunit protein of cy-
tochrome oxidase specifically expressed in germ cells during spermatogenesis, and
it may be involved in male infertility. Therefore, to investigate whether COXFA4L3
could be a marker of mitochondrial dysfunction in the sperm, this study examined the
protein expression and localization profile of COXFA4L3 in the sperm of male patients
with infertility.

Methods: Twenty-seven semen samples from a male infertility clinic at the
Reproductive Center of Yokohama City University Medical Center were used to
analyze sperm quality parameters and the expression and localization of energy
production-related proteins. These data were compared with the outcomes of infer-
tility treatment.

Results: The expression levels of COXFA4L3 varied significantly between samples.
Furthermore, COXFA4L3 was ectopically localized to the acrosome.

Conclusions: Ectopic expression of COXFA4L3 and PNA-stained acrosomes may be
useful parameters for fertility treatment selection. Assessing the acrosomal localiza-

tion of COXFA4L3 will expedite pregnancy treatment planning.
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1 | INTRODUCTION

Infertility, defined as the inability to conceive despite 1year of
regular unprotected intercourse, is a severe problem affecting ap-
proximately 15% of couples worldwide."? Approximately, 50% of
cases involve male partners® with impaired spermatogenesis, in-
cluding oligozoospermia, asthenozoospermia, and azoospermia.* A
distinguishing feature of infertility is that its frequency of occur-
rence does not vary by region or income.’ The prevalence of male
infertility has increased by 0.291% per year globally from 1990 to
2017°% therefore, infertility should be a “global health problem”
that must be urgently addressed.

Various etiologies have been proposed for male infertility, but
idiopathic male infertility, for which no exact cause can be iden-
tified, accounts for 30%-40% of all male infertility cases.” These
patients often have abnormal semen parameters despite no his-
tory of diseases affecting fertility and normal findings on phys-
ical examination and endocrine, genetic, and biochemical tests.
However, it is difficult to obtain information on the cause of male
infertility using conventional semen examination, and there is an
urgent need to establish testing methods for the analysis of sperm
function.”

Mitochondria play a central role in cellular metabolism, sig-
naling, energy production, and oxidative stress induction.
Many studies have shown that defects in mitochondrial func-
tions, such as the electron transport chain (ETC), reactive oxy-
gen species (ROS), mtDNA integrity, calcium homeostasis, and
apoptotic pathways, are correlated with sperm parameters.” !
Therefore, the assessment of mitochondrial dysfunction as a
driver of male infertility is critical to understanding the exact
mechanisms underlying mitochondrial dysfunction in sperm and
is an essential step toward developing a primary remedy for male
infertility.'213

The ETC is composed of four complexes and an ATP syn-
thase. The terminal enzyme cytochrome c oxidase (COX) contains
tissue-specific isoforms that modulate its activity’ and regulate
the total activity of ETC as a rate-limiting enzyme.**"*® Proper
functionality of the ETC is essential for mitochondrial perfor-

mance, such as motility and vigor,io’“'17

and its dysfunction is
associated with male infertility.'® For example, mitochondrial
membrane potential, a measure of mitochondrial ETC activity, is
positively correlated with sperm motility and viability.!” The ex-
pression levels of COX subunit proteins (MT-CO1 and COX6C)
are positively correlated with sperm quality and sperm morphol-
ogy.zo’21 Therefore, it is reasonable to analyze the expression dy-
namics of ETC proteins to identify new prognostic indicators for
male infertility.

Human ejaculated semen contains somatic cell components
(e.g., white blood cells) in addition to sperm. Therefore, sperm-
specific ETC proteins are suitable markers for analyzing mitochon-

drial protein dynamics in semen samples. Coxfa4l3 (also called

C150rf48, Nmesl1, MISTRAYV, and MOCCI) is a novel isoform of
COX and is expressed in mouse male germ cells and inflammation-
induced immune cells.?*2° During spermatogenesis, Coxfa4 is ex-
pressed in spermatogonia, and isoform conversion to COXFA4L3
occurs during late spermatogenesis,?® suggesting that Coxfa4l3 is
involved in the regulation of mitochondrial activity during sper-
matogenesis. Therefore, COXFA4L3, human homolog of mouse
Coxfa4l3, is considered an excellent marker of mitochondrial dys-
function in sperm.

As the first step in elucidating the link between the regu-
lation of ATP production and male infertility, we examined the
protein expression profile of COXFA4L3 in the sperm of male
patients with infertility. The results showed that COXFA4L3 ex-
pression levels differ significantly in sperm from male infertile
patients and that this protein is expressed ectopically in the acro-
some and the middle part of the sperm. Furthermore, we report
that the ectopic expression of COXFA4L3 as a new sperm param-
eter could provide a new clue for selecting infertility treatment

options for patients.

2 | MATERIALS AND METHODS

2.1 | Participants

We examined 27 semen samples obtained from a male infertil-
ity clinic at the Reproductive Center of Yokohama City University
Medical Center between February and July 2023.

2.2 | Sperm preparation

The human semen was then pipetted and liquefied. The samples
were washed twice with phosphate-buffered saline (PBS) (137 mM
NaCl, 2.68mM KCI, 10mM Na,HPO,, and 2mM NaH,PO,, pH7.4)
and resuspended in PBS as a sperm suspension for subsequent

experiments.

2.3 | Parameter assessment and fertility treatment
outcome study

The sperm concentration, motility rate, and motility velocity were
measured using a Sperm Motility Analysis System (SMASTM,;
DITECT Ltd., Tokyo, Japan). Sperm static oxido-reduction poten-
tial was measured using the MiOXSYS™ system. In addition, 17
samples were followed up to determine the effectiveness of the
infertility treatment and classified as spontaneous pregnancy, in-
trauterine insemination (IUl), in vitro fertilization (IVF), intracyto-
plasmic sperm injection (ICSI), and unsuccessful pregnancy. The

experimental data for all samples are listed in Table S1.
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2.4 | Immunostaining analysis

Immunostaining was performed using a standard method.?¢ Briefly,
the sperm suspension was adjusted to 1 x 10 sperm/mL, placed on
MAS-coated glass slides (Matsunami Glass, Osaka, Japan) equipped
with a flexiPERM (Sarstedt, Nimbrecht, Germany), and incubated
at 37°C for 3h to attach the sperm. The sperms were fixed with
4% paraformaldehyde, permeabilized with 0.3% Triton X-100, and
blocked with 5% skim milk for 1h at 25°C. A monoclonal anti-
body (mAb) and Alexa Fluor 546 goat anti-mouse IgG (H+L) (Life
Technologies) were used as primary and secondary antibodies, re-
spectively. For acrosome detection, Alexa Fluor 488-conjugated
peanut agglutinin (PNA) (3pg/mL; Invitrogen) was used, and for nu-
clear staining, 4/,6-diamidino-2-phenylindole (DAPI) was used (1 pg/
mL; Fujifilm Wako Pure Chemical Co. Japan). Slides were examined
using a confocal microscope (LSM5; ZEISS, Jena, Germany), and 30-
200 sperms per coverslip were counted in at least five fields. The

experimental data for all samples are listed in Table S1.

2.5 | Antibodies

The mAbs used in this study were established in our laboratory using
MIHS methods?”?8 and are listed in Table S2. The specificity of each
antibody was confirmed using western blotting (WB) by recombi-
nant proteins (Figure 1A).

Reproductive Medicine and Biology

2.6 | Transfection of eukaryotic expression vectors
into Hela cells

Coxfa4, Coxfa4l2, and Coxfa4l3 genes were overexpressed by
transfecting Hela cells using a previously reported method and ex-
pression vectors.?® Briefly, plasmids used for cell transfection were
obtained using a silica purification protocol.?? Plasmids were trans-
fected into exponentially growing Hela cells via electroporation
(NEPA21; NepaGene Co., Chiba, Japan). After 48 h of cultivation, the

cells were used for the experiments.

2.7 | Protein expression using Escherichia coli
expression vector

The target sequence was introduced into the pCold vector to ex-
press the maltose-binding protein (MBP) tag sequence using restric-

tion enzyme processing.

2.8 | Western blotting

Sperm suspended in PBS were centrifuged at 700g, and the pellet
was resuspended in 8M urea in PBS. The sperms were sonicated
and then centrifuged at 114008 for 3min at 4°C. The supernatant
was used for WB. Cells collected from culture dishes (HEK293T and
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FIGURE 1 Confirmation of specificities of mAbs used in this study. (A) Western blot of exogenously expressed Coxfa4 isoforms in HelLa
cells using anti-Coxfa413 mAb. (B) Protein expression analysis using Western blot in human cell lines (HEK293T and HeLa) and human sperm.
(C) Localization of Coxfa4l3 in mouse sperm. Nuclei were stained with DAPI and apical parts with PNA-Alexa Fluor 488, and Coxfa4l3 was

visualized using corresponding mAbs labeled with Alexa Fluor 546.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/alexa-fluor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/primary-and-secondary-antibodies
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/primary-and-secondary-antibodies
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/primary-and-secondary-antibodies
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/primary-and-secondary-antibodies

FUJISAWA ET AL.

4 0f 9 - — -
_I_Wl LEY Reproductive Medicine and Biology

Hela cells) were processed as previously described.?” WB was per-

formed according to the standard protocol.*°

2.9 | Statistical analysis
Unpaired Student's t-test was performed using descriptive statis-
tics in Microsoft Office 365 Excel (Microsoft, Redmond, WA, USA).

Statistical significance was set at p <0.05.

3 | RESULTS

The semen parameters of the 27 samples used in this study were
analyzed using a Sperm Motility Analysis System and MiOXSYS
(Table 1 and Table S1). The mean values of most semen parameters
were closer to the abnormal values than to the average values re-
ported in the literature values,® indicating low sperm quality. Thus,
these patients were identified as eligible for infertility treatment ac-
cording to the guidelines. However, there was a large gap between
the maximum and minimum values in each patient's data, indicating
a significant variation in semen parameters.

A human anti-COXFA4L3 mAb was established to analyze
COXFA4L3 protein expression (clone 5A10). The binding spec-
ificity of the mAb was confirmed using HelLa cell extracts over-
expressing COXFA4L3 fused to glutathione S-transferase (GST)
(Figure 1A). Tubulin and COXFA4I1 proteins, ubiquitously expressed
in HEK293T and Hela cells, were detected using the correspond-
ing mAbs. In contrast, the anti-GAPDS and anti-COXFA4L3 mAbs
used in this study reacted only with protein extracts from sperm,
confirming that these two mAbs have germ cell-specific reactivity
(Figure 1B). Immunohistochemistry using anti-COXFA4L3 and anti-
GAPDS mAbs stained only the sperm midpiece and tail regions of
the mouse (C57BL/6J) sperm, respectively (Figure 1C). These results
indicate that this mAb is a valuable antibody for specifically detect-
ing mitochondrial COXFA4L3 for immunostaining.

As the specificity of the anti-COXFA4L3 mAb was confirmed,
proteins from the sperm of six patients (YN1-YN6) were subjected
to WB to examine COXFA4L3 expression (Figure 2A). To rule out
the possibility of contamination with somatic cells, such as leu-
kocytes, in the semen samples, the expression level of glyceral-
dehyde 3-phosphate dehydrogenase (GAPDS), a sperm-specific
glycolytic protein, was analyzed using WB. Both bands were
quantified, and the ratio of expression levels was calculated as
COXFAA4L3 expression/GAPDS expression (Figure 2B). We nor-
malized COXFA4L3 expression to GAPDS expression levels in
human semen and observed significant differences in COXFA4L3
expression. When quantified and graphed relative to YN-1, YN-2
was the lowest, with a maximum difference of approximately 20-
fold, indicating that COXFA4L3 expression varied considerably
between patients.

To determine the cause of the variation in COXFA4L3 ex-
pression, COXFA4L3 protein expression in sperm was examined

immunohistochemically. Sperms from 21 patients (YN7-YN27)
were subjected to both PNA staining and immunocytochemistry
using an anti-COXFA4L3 mAb, and at least 30 sperm staining for
one patient was analyzed (Figure 3A). As expected, we confirmed
that GAPDS was localized to the sperm tail, and COXFA4L3 was
located in the basal region of the sperm flagellum, called the mid-
piece. COXFA4L3 was detected ectopically near the acrosome in
addition to the sperm midpiece, as shown in Figure 3A. Staining for
PNA, which specifically stains functional apical bodies, revealed
that COXFA4L3 exhibits dual localization to the acrosome in ad-
dition to the midpiece because the COXFA4L3 signal merged with
that of the PNA staining. Although there have been reports on the
acrosomal localization of mitochondrial proteins in mice,?2°2 this
is the first report of such dual and ectopic localization in human
sperm. Furthermore, the frequency of sperms with dual localiza-
tion varied among patients (Figure 3B). Based on these observa-
tions, the variation in COXFA4L3 expression observed in the WB
may be due to the ectopic acrosomal localization of COXFA4L3, in
addition to the sperm midpiece.

We examined whether COXFA4L3 is involved in acrosome
function. COXFA4L3 is incorporated into the COX complex. If
COXFAA4L3 is involved in energy production, other COX subunit
proteins, such as COX4l1, should be localized in the acrosome.>* The
data demonstrated that COX4l1 was observed in the midpiece of
the sperm of the patients, but no localization to the acrosome was
observed (Figure 4). Thus, the COX complex was not observed in the
acrosome, and COXFA4L3 was localized as a free protein. As individ-
ual COX subunit proteins are thought to have no independent func-
tions,®> COXFA4L3 localized within the acrosome is not expected
to contribute to acrosome function. The results showed that sperm

TABLE 1 Semen parameter values obtained from the current
study.

Outcome of infertility treatment

(N=16)
3+4+5
1+2(N=5) (N=11)
Semen
Sperm density (x10°/mL) 17.0+10.7 16.2+13.0
Semen volume (mL) 1.9+1.0 2.6+1.2
Total number of sperm 39.5+49.4 38.9+21.5
(x10%/ejaculate)
Sperm motility
Total motility (%) 27.3+20.1 29.2+19.9
Progressive motility (%) 454+3.8 45.0+71
Oxidative stress
ORP (mV/10° sperm/mL) 1.3+2.1 4.6+3.9

Note: All values were represented as “value + standard deviation.”

No correlation exists between the semen parameters and pregnancy
outcomes after fertility treatment. Fertility treatment pregnancy
outcomes were categorized as 1: natural pregnancy (two cases), 2: Ul
(three cases), 3: IVF (one case), 4: ICSI (three cases), 5: unsuccessful
pregnancy (seven cases).
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FIGURE 2 Expression of COXFA4L3 (A)
and GAPDS in human sperm from infertile
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. Sample YN-1 YN-2 YN-3 YN-4 YN-5 YN-6
patients. (A) GAPDS and COXFA4L3
protein expression in male infertile human anti-GAPDS  — = e o= R R
sperm samples (YN-1 to YN-6). Glycolytic
GAPDS proteins were used to normalize anti-COXFA4L3 . L=al - ' .
their protein levels. (B) Relative expression
1.

of COXFA4L3 and GAPDS proteins in
human sperm samples (based on YN1 (B)
ratio).

COXFA4L3/GAPDS (Ratio)

formed acrosomes even in the absence of COXFA4L3, indicating
that COXFA4L3 was not essential for acrosome formation. Thus, the
ectopic expression of COXFA4L3 in the acrosome would not have
the least beneficial effects on sperm.

In this study, 21 of 27 male patients were assessed for semen
parameters. The results were classified as 1: natural pregnancy (two
cases), 2: Ul (three cases), 3: IVF (one case), 4: ICSI (three cases),
5: unsuccessful pregnancy (seven cases), and UT: untraceable (five
cases) and compared to the semen parameters of these patients.
Higher fertility levels and higher oxidative stress (ORP) were cor-
related, although the difference was not significant. No correlations
were observed for any of the other parameters. Next, 16 samples
for which follow-up data were available were examined for a cor-
relation between the two new parameters (ectopic localization of
COXFA4L3 and PNA positivity) and the efficacy of infertility treat-
ment (Table 2). None of the parameters of PNA staining or ectopic
localization of COXFA4L3 correlated with the efficacy of infertility
treatment; however, the values of sperm that were PNA-positive
and did not show ectopic localization decreased with increasing
treatment levels. As natural pregnancy and Ul were approximately
equal, a significant difference was observed when both were com-
bined and compared with other treatments (p <0.05). This suggests
that sperm that are PNA-positive and do not have ectopic localiza-
tion may be considered normal sperm, and if this percentage is 17%

or higher, IUl may result in a pregnancy outcome.

4 | DISCUSSION

In patients with reduced sperm motility, the expression levels of pro-
teins associated with energy and metabolism are higher than those
associated with sperm motility and structure.®® A positive correla-
tion between sperm quality and MT-CO1 and COX6C expression has

=
«

YN-1  YN-2  YN-3

YN-4 YN-5 YN-6

Specimen Number

been reported.20 In the current study, the expression levels of sperm-
specific glycolytic system proteins (GAPDS) and electron transfer sys-
tem complex 4 protein (COXFA4L3) were compared using WB, and
significant differences in expression levels were observed between pa-
tient samples. However, when this difference in expression was com-
pared with semen parameters, such as sperm motility, no correlation
was observed. To obtain insights into these differences, we examined
protein localization of COXFA4L3. The mouse ortholog was detected
only in the sperm midpiece of mice but not in the acrosome (unpub-
lished data). This protein was ectopically localized to the acrosome of
the patient's sperm. To the best of our knowledge, this is the first study
to show that a respiratory chain complex protein is localized in the
human acrosome. However, Coxfa413 does not show acrosome locali-
zation in mice. Acrosome localization is diverse in the sperm of infertile
patients, and infertile patients with more sperm that do not show acro-
some localization are more likely to achieve a good outcome by natural
pregnancy or [Ul. These findings suggest that ectopic localization to
the acrosome is expected to be an aberrant trait. Thus, COXFA4L3 can
be used as a protein marker to evaluate abnormal sperm.

The sperm acrosome is essential for sperm binding and entry into
oocytes. Functional acrosome-deficient sperm result in very low fer-
tilization rates after ICSI®; therefore, a functional acrosome is es-
sential for fertilization of the egg. Acrosome biogenesis is subdivided
into four phases: Golgi, cap, acrosome, and maturation.®® Several
models have been proposed to explain the origin of the membrane
components of the acrosome, either as direct Golgi derivatives® or
secretory granules.40 However, the leading hypothesis is that the
acrosome is a lysosome-associated organelle.?*° Recently, it was
reported that the mitochondrial inner membrane protein ANT4 lo-
calizes to the acrosome in mouse spermatozoa.®? Together with our
observations, it is expected that the inner mitochondrial membrane
may contribute to acrosome formation, although its functional rel-
evance remains unclear.®® MT-CO1, COX6C, and COX4l1 do not
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FIGURE 3 COXFA4L3 and GAPDS localization in human sperm. (A) Nuclei were stained with DAPI and acrosome with PNA-Alexa Fluor
488. GAPDS and COXFA4L3 were visualized using the corresponding mAbs labeled with Alexa Fluor 546. (B) The proportion of spermatozoa
with COXFA4L3 localized in the acrosome (N=21).

COX4l1

S5um

FIGURE 4 COX4l1 localization in human sperm. Nuclei were stained with DAPI and acrosome with PNA-Alexa Fluor 488. COX411 was
visualized using corresponding monoclonal antibodies labeled with Alexa Fluor 546.
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TABLE 2 Correlation of immunocytochemical data and outcome
of infertility treatments.

Outcome of infertility treatment

(N=16)

3+4+5
Normal Abnormal 1+2(N=5) (N=11)
PNA L3 acrosome
+ + 53.1+18.2 59.0+19.7
- + 24+3.3 % % % 51+8.6
+ - 17.5+7.9 7.3+5.3
- - 27.0+£9.2 28.6+18.9

Note: PNA-based staining patterns in 27 sperm samples and the
percentage of ectopic localization of COXFA4L3 in the acrosome. A
statistically significant difference (***p <0.05) in the percentage of
sperms with PNA (+) ectopic expression of COXFA4L3 was observed
between natural pregnancy + IUI (1+2) and IVF/ICSI/failed pregnancy
(3+4+5).

localize to the acrosome?! and this report, whereas COXFA4L3
does, suggesting that functional differences between these sub-
unit proteins may influence their localization to the acrosome, even
though they are the same ETC complex 4 proteins.

In recent years, the use of assisted reproductive technologies as
a treatment for male infertility has increased year by year.*? These
options include intrauterine insemination (IUI), IVF, and ICSI. Among
them, IUl is the first choice, as it is generally noninvasive and safer.*?
IUIl, which has been applied to infertility treatment since 19574
usually involves three to six cycles, making it time-consuming to
decide whether to proceed with alternative therapies. Therefore,
several acceptable initial sperm qualities for I|Ul implementa-

tion, such as progressive motility rate***

and total motile sperm
count,**"*8 have been proposed. A few reports have linked total
sperm count”” and sperm morphology49 to outcomes. Minimum
sperm quality criteria for artificial insemination and IVF treatment
have been proposed; however, there is a high degree of variability,*°
and no reliable criteria have been established to date.’® Therefore,
to avoid ineffective treatment, it is essential to know the relation-
ship between sperm quality and pregnancy before Ul and to decide
whether to implement more advanced fertility treatments, such as
artificial insemination or 1CSI.*%°! The current study showed that
if the proportion of normal sperm (PNA-positive and COXFA4L3-
negative acrosomes) is more significant than 17%, an excellent ther-
apeutic response can be expected during spontaneous pregnancy
or IUl. These results may be useful as critical prognostic indicators
of IUl success and as early indicators for deciding whether to per-
form more invasive and costly IVF or ICSI.

One limitation of this study was that only sperm specimens from
infertile male patients were analyzed. To elucidate the cause of the
acrosome with COXFA4LS3, it is necessary to compare the sperm lo-
calization between infertile and normal male samples. Moreover, it
may be possible to obtain statistically significant results by increas-

ing the sample size.
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5 | CONCLUSION

This study confirmed that the mitochondrial protein COXFA4L3 was
ectopically localized in the human sperm acrosome. This combined
sperm parameter of ectopic localization and acrosome functional-
ity may be helpful as a good prognostic indicator for patient selec-
tion for Ul and IVF/ICSI. This study provides a novel perspective on
human sperm formation and may facilitate the development of novel

therapeutic strategies.

ACKNOWLEDGMENTS
We are grateful to Drs. K. Yoshida and M. Yoshida for their help-
ful discussions and Editage (www.editage.jp) for the English lan-
guage editing. This study was supported by AMED (grant numbers
JP201m0203011J0002 and JP15km0908001) and JSPS KAKENHI
(grant number 21K09391).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

ETHICS APPROVAL

The study design was approved by the Yokohama National University
Ethics Committee on Life Science and Medical Research Involving
Human Subjects and the Institutional Review Board of Yokohama
City University Medical Center. All procedures were performed fol-
lowing the ethical standards of the responsible committee on human
experimentation (institutional and national), the Helsinki Declaration

of 1964, and its later amendments.

INFORMED CONSENT
Written informed consent was obtained from all the patients before

their inclusion in the study.

ORCID
Shin-ichi Kashiwabara "= https://orcid.org/0000-0003-3674-6173
https://orcid.org/0000-0003-0909-478X

https://orcid.org/0000-0001-7305-6599

Yasushi Yumura

Yasuyuki Kurihara

REFERENCES

1. Agarwal A, Mulgund A, Hamada A, Chyatte MR. A unique view
on male infertility around the globe. Reprod Biol Endocrinol.
2015;13:37. https://doi.org/10.1186/s12958-015-0032-1

2. Kuroda S, Usui K, Sanjo H, Takeshima T, Kawahara T, Uemura H,
et al. Genetic disorders and male infertility. Reprod Med Biol.
2020;19(4):314-22. https://doi.org/10.1002/rmb2.12336

3. llacqua A, Izzo G, Emerenziani GP, Baldari C, Aversa A. Lifestyle and
fertility: the influence of stress and quality of life on male fertility.
Reprod Biol Endocrinol. 2018;16(1):115. https://doi.org/10.1186/
$12958-018-0436-9

4. Kumar N, Singh AK. Trends of male factor infertility, an import-
ant cause of infertility: a review of literature. J Hum Reprod Sci.
2015;8(4):191-6. https://doi.org/10.4103/0974-1208.170370

5. WHO laboratory manual for the examination and processing of
human semen. 6th ed. Geneva: World Health Organization; 2021
License: CC BY-NC-SA 3.0 IGO.


http://www.editage.jp
https://orcid.org/0000-0003-3674-6173
https://orcid.org/0000-0003-3674-6173
https://orcid.org/0000-0003-0909-478X
https://orcid.org/0000-0003-0909-478X
https://orcid.org/0000-0001-7305-6599
https://orcid.org/0000-0001-7305-6599
https://doi.org/10.1186/s12958-015-0032-1
https://doi.org/10.1002/rmb2.12336
https://doi.org/10.1186/s12958-018-0436-9
https://doi.org/10.1186/s12958-018-0436-9
https://doi.org/10.4103/0974-1208.170370

8of 9
Wl LEY: Reproductive Medicine and Biology

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

21.

FUJISAWA ET AL.

Sun H, Gong TT, Jiang YT, Zhang S, Zhao YH, Wu QJ. Global, re-
gional, and national prevalence and disability-adjusted life-years
for infertility in 195 countries and territories, 1990-2017: re-
sults from a global burden of disease study, 2017. Aging (Albany
NY). 2019;11(23):10952-91. https://doi.org/10.18632/aging.
102497

Irigoyen P, Pintos-Polasky P, Rosa-Villagran L, Skowronek MF,
Cassina A, Sapiro R. Mitochondrial metabolism determines the
functional status of human sperm and correlates with semen pa-
rameters. Front Cell Dev Biol. 2022;10:926684. https://doi.org/10.
3389/fcell.2022.926684

Vertika S, Singh KK, Rajender S. Mitochondria, spermatogenesis,
and male infertility - an update. Mitochondrion. 2020;54:26-40.
https://doi.org/10.1016/j.mito.2020.06.003

Boguenet M, Bouet PE, Spiers A, Reynier P, May-Panloup P.
Mitochondria: their role in spermatozoa and in male infertility. Hum
Reprod Update. 2021;27(4):697-719. https://doi.org/10.1093/hu-
mupd/dmab001

Durairajanayagam D, Singh D, Agarwal A, Henkel R. Causes and
consequences of sperm mitochondrial dysfunction. Andrologia.
2021;53(1):e13666. https://doi.org/10.1111/and.13666

Costa J, Braga PC, Rebelo I, Oliveira PF, Alves MG. Mitochondria
quality control and male fertility. Biology (Basel). 2023;12(6):827.
https://doi.org/10.3390/biology12060827

Castellini C, D'Andrea S, Cordeschi G, Totaro M, Parisi A, Di Emidio
G, et al. Pathophysiology of mitochondrial dysfunction in human
spermatozoa: focus on energetic metabolism, oxidative stress and
apoptosis. Antioxidants (Basel). 2021;10(5):695. https://doi.org/10.
3390/antiox10050695

Rivera Nieves AM, Wauford BM, Fu A. Mitochondrial bioener-
getics, metabolism, and beyond in pancreatic p-cells and diabe-
tes. Front Mol Biosci. 2024;11:1354199. https://doi.org/10.3389/
fmolb.2024.1354199

Villani G, Greco M, Papa S, Attardi G. Low reserve of cytochrome
c oxidase capacity in vivo in the respiratory chain of a variety of
human cell types. J Biol Chem. 1998;273(48):31829-36. https://
doi.org/10.1074/jbc.273.48.31829

Dalmonte ME, Forte E, Genova ML, Giuffré A, Sarti P, Lenaz G.
Control of respiration by cytochrome c oxidase in intact cells: role
of the membrane potential. J Biol Chem. 2009;284(47):32331-35.
https://doi.org/10.1074/jbc.M109.050146

Kadenbach B, Ramzan R, Vogt S. High efficiency versus max-
imal performance—the cause of oxidative stress in eukaryotes: a
hypothesis. Mitochondrion. 2013;13(1):1-6. https://doi.org/10.
1016/j.mito.2012.11.005

Ruiz-Pesini E, Lapefa AC, Diez-Sanchez C, Pérez-Martos A,
Montoya J, Alvarez E, et al. Human mtDNA haplogroups associ-
ated with high or reduced spermatozoa motility. Am J Hum Genet.
2000;67(3):682-96. https://doi.org/10.1086/303040

Barbagallo F, La Vignera S, Cannarella R, Aversa A, Calogero AE,
Condorelli RA. Evaluation of sperm mitochondrial function: a key
organelle for sperm motility. J Clin Med. 2020;9(2):363. https://doi.
org/10.3390/jcm9020363

Agnihotri SK, Agrawal AK, Hakim BA, Vishwakarma AL, Narender
T, Sachan R, et al. Mitochondrial membrane potential (MMP) regu-
lates sperm motility. In Vitro Cell Dev Biol Anim. 2016;52(9):953-
60. https://doi.org/10.1007/s11626-016-0061-x

Amaral A, Ramalho-Santos J, St John JC. The expression of poly-
merase gamma and mitochondrial transcription factor a and the
regulation of mitochondrial DNA content in mature human sperm.
Hum Reprod. 2007;22(6):1585-96. https://doi.org/10.1093/hum-
rep/dem030

Takakura Y, Machida M, Terada N, Katsumi Y, Kawamura S, Horie
K, et al. Mitochondrial protein C150RF48 is a stress-independent
inducer of autophagy that regulates oxidative stress and

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

autoimmunity. Nat Commun. 2024;15(1):953. https://doi.org/10.
1038/541467-024-45206-1

Lee CQE, Kerouanton B, Chothani S, Zhang S, Chen Y, Mantri
CK, et al. Coding and non-coding roles of MOCCI (C150RF48)
coordinate to regulate host inflammation and immunity. Nat
Commun. 2021;12(1):2130. https://doi.org/10.1038/s41467-
021-22397-5

Endou M, Yoshida K, Hirota M, Nakajima C, Sakaguchi A,
Komatsubara N, et al. Coxfa4l3, a novel mitochondrial electron
transport chain complex 4 subunit protein, switches from Coxfa4
during spermatogenesis. Mitochondrion. 2020;52:1-7. https://doi.
org/10.1016/j.mit0.2020.02.003

Zhou J, Wang H, Lu A, Hu G, Luo A, Ding F, et al. A novel gene,
NMES1, downregulated in human esophageal squamous cell car-
cinoma. Int J Cancer. 2002;101(4):311-6. https://doi.org/10.1002/
ijc.10600

Tian Y, Liu H, Zhang C, Liu W, Wu T, Yang X, et al. Comprehensive
analyses of Ferroptosis-related alterations and their prognostic
significance in glioblastoma. Front Mol Biosci. 2022;9:904098.
https://doi.org/10.3389/fmolb.2022.904098

Kanemori Y, Koga Y, Sudo M, Kang W, Kashiwabara S, lkawa M,
et al. Biogenesis of sperm acrosome is regulated by pre-mRNA al-
ternative splicing of Acrbp in the mouse. Proc Natl Acad Sci USA.
2016;113(26):E3696-E3705. https://doi.org/10.1073/pnas.15223
33113

Sakaguchi A, Nakajima C, Sawano A, Tanaka Y, Kurihara Y. Rapid
and reliable hybridoma screening method that is suitable for pro-
duction of functional structure-recognizing monoclonal antibody.
J Biosci Bioeng. 2021;131(6):696-702. https://doi.org/10.1016/j.
jbiosc.2021.02.006

Sakaguchi A, Tanaka Y, Shoji E, Takeshima T, Sakamaki R, Matsuba
T, et al. Rapid, simple, and effective strategy to produce monoclo-
nal antibodies targeting protein structures using hybridoma tech-
nology. J Biol Eng. 2023;17(1):24. https://doi.org/10.1186/s1303
6-023-00345-9

Li JF, Li L, Sheen J. Protocol: a rapid and economical procedure for
purification of plasmid or plant DNA with diverse applications in
plant biology. Plant Methods. 2010;6(1):1. https://doi.org/10.1186/
1746-4811-6-1

Kuwahara S, lkei A, Taguchi Y, Tabuchi Y, Fujimoto N, Obinata M,
etal. PSPC1, NONO, and SFPQ are expressed in mouse Sertoli cells
and may function as coregulators of androgen receptor-mediated
transcription. Biol Reprod. 2006;75(3):352-9. https://doi.org/10.
1095/biolreprod.106.051136

Douglas C, Parekh N, Kahn LG, Henkel R, Agarwal A. A novel ap-
proach to improving the reliability of manual semen analysis: a par-
adigm shift in the workup of infertile men. World J Mens Health.
2021;39(2):172-85. https://doi.org/10.5534/wjmh.190088

Ren M, XuY, Erdjument-Bromage H, Donelian A, Phoon CKL, Terada
N, et al. Extramitochondrial cardiolipin suggests a novel function of
mitochondria in spermatogenesis. J Cell Biol. 2019;218(5):1491-
502. https://doi.org/10.1083/jcb.201808131

Ren M, Xu Y, Phoon CKL, Erdjument-Bromage H, Neubert TA, Rajan
S, et al. Condensed mitochondria assemble into the Acrosomal ma-
trix during Spermiogenesis. Front Cell Dev Biol. 2022;10:867175.
https://doi.org/10.3389/fcell.2022.867175

Cunatova K, Reguera DP, Vrbacky M, Fernandez-Vizarra E, Ding
S, Fearnley IM, et al. Loss of COX4l1 leads to combined respi-
ratory chain deficiency and impaired mitochondrial protein
synthesis. Cells. 2021;10(2):369. https://doi.org/10.3390/cells
10020369

Kadenbach B. Regulation of mammalian 13-subunit cytochrome
c oxidase and binding of other proteins: role of NDUFA4. Trends
Endocrinol Metab. 2017;28(11):761-70. https://doi.org/10.1016/j.
tem.2017.09.003


https://doi.org/10.18632/aging.102497
https://doi.org/10.18632/aging.102497
https://doi.org/10.3389/fcell.2022.926684
https://doi.org/10.3389/fcell.2022.926684
https://doi.org/10.1016/j.mito.2020.06.003
https://doi.org/10.1093/humupd/dmab001
https://doi.org/10.1093/humupd/dmab001
https://doi.org/10.1111/and.13666
https://doi.org/10.3390/biology12060827
https://doi.org/10.3390/antiox10050695
https://doi.org/10.3390/antiox10050695
https://doi.org/10.3389/fmolb.2024.1354199
https://doi.org/10.3389/fmolb.2024.1354199
https://doi.org/10.1074/jbc.273.48.31829
https://doi.org/10.1074/jbc.273.48.31829
https://doi.org/10.1074/jbc.M109.050146
https://doi.org/10.1016/j.mito.2012.11.005
https://doi.org/10.1016/j.mito.2012.11.005
https://doi.org/10.1086/303040
https://doi.org/10.3390/jcm9020363
https://doi.org/10.3390/jcm9020363
https://doi.org/10.1007/s11626-016-0061-x
https://doi.org/10.1093/humrep/dem030
https://doi.org/10.1093/humrep/dem030
https://doi.org/10.1038/s41467-024-45206-1
https://doi.org/10.1038/s41467-024-45206-1
https://doi.org/10.1038/s41467-021-22397-5
https://doi.org/10.1038/s41467-021-22397-5
https://doi.org/10.1016/j.mito.2020.02.003
https://doi.org/10.1016/j.mito.2020.02.003
https://doi.org/10.1002/ijc.10600
https://doi.org/10.1002/ijc.10600
https://doi.org/10.3389/fmolb.2022.904098
https://doi.org/10.1073/pnas.1522333113
https://doi.org/10.1073/pnas.1522333113
https://doi.org/10.1016/j.jbiosc.2021.02.006
https://doi.org/10.1016/j.jbiosc.2021.02.006
https://doi.org/10.1186/s13036-023-00345-9
https://doi.org/10.1186/s13036-023-00345-9
https://doi.org/10.1186/1746-4811-6-1
https://doi.org/10.1186/1746-4811-6-1
https://doi.org/10.1095/biolreprod.106.051136
https://doi.org/10.1095/biolreprod.106.051136
https://doi.org/10.5534/wjmh.190088
https://doi.org/10.1083/jcb.201808131
https://doi.org/10.3389/fcell.2022.867175
https://doi.org/10.3390/cells10020369
https://doi.org/10.3390/cells10020369
https://doi.org/10.1016/j.tem.2017.09.003
https://doi.org/10.1016/j.tem.2017.09.003

FUJISAWA ET AL.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Siva AB, Kameshwari DB, Singh V, Pavani K, Sundaram CS,
Rangaraj N, et al. Proteomics-based study on asthenozoosper-
mia: differential expression of proteasome alpha complex. Mol
Hum Reprod. 2010;16(7):452-62. https://doi.org/10.1093/
molehr/gaq009

Moreno RD. Human globozoospermia-related genes and their
role in acrosome biogenesis. WIREs Mech Dis. 2023;15(2):e1589.
https://doi.org/10.1002/wsbm.1589

Berruti G. Towards defining an ‘origin’-the case for the mammalian
acrosome. Semin Cell Dev Biol. 2016;59:46-53. https://doi.org/10.
1016/j.semcdb.2016.01.013

Friend DS, Fawcett DW. Membrane differentiations in freeze-
fractured mammalian sperm. J Cell Biol. 1974;63(2 Pt 1):641-64.
https://doi.org/10.1083/jcb.63.2.641

Ramalho-Santos J, Moreno RD, Wessel GM, Chan EK, Schatten
G. Membrane trafficking machinery components associated with
the mammalian acrosome during spermiogenesis. Exp Cell Res.
2001;267(1):45-60. https://doi.org/10.1006/excr.2000.5119
Agarwal A, Maldonado Rosas |, Anagnostopoulou C, Cannarella R,
Boitrelle F, Munoz LV, et al. Oxidative stress and assisted repro-
duction: a comprehensive review of its pathophysiological role and
strategies for optimizing embryo culture environment. Antioxidants
(Basel). 2022;11(3):477. https://doi.org/10.3390/antiox11030477
Allahbadia GN. Intrauterine insemination: fundamentals revisited.
J Obstet Gynaecol India. 2017;67(6):385-92. https://doi.org/10.
1007/513224-017-1060-x

Mastroianni L Jr, Laberge JL, Rock J. Appraisal of the efficacy of
artificial insemination with husband's sperm and evaluation of in-
semination technics. Fertil Steril. 1957;8(3):260-6. https://doi.org/
10.1016/s0015-0282(16)61358-4

Campana A, Sakkas D, Stalberg A, Bianchi PG, Comte |, Pache T,
et al. Intrauterine insemination: evaluation of the results according
to the woman's age, sperm quality, total sperm count per insemina-
tion and life table analysis. Hum Reprod. 1996;11(4):732-6. https://
doi.org/10.1093/oxfordjournals.humrep.a019244

McGovern P, Quagliarello J, Arny M. Relationship of within-
patient semen variability to outcome of intrauterine insemination.
Fertil Steril. 1989;51(6):1019-23. https://doi.org/10.1016/s0015
-0282(16)60736-7

Arny M, Quagliarello J. Semen quality before and after process-
ing by a swim-up method: relationship to outcome of intrauterine

47.

48.

49.

50.

51.

Reproductive Medicine and Biology

insemination. Fertil Steril. 1987;48(4):643-8. https://doi.org/10.
1016/s0015-0282(16)59479-5

Horvath PM, Bohrer M, Shelden RM, Kemmann E. The relationship
of sperm parameters to cycle fecundity in superovulated women
undergoing intrauterine insemination. Fertil Steril. 1989;52(2):288-
94. https://doi.org/10.1016/s0015-0282(16)60857-9

Brasch JG, Rawlins R, Tarchala S, Radwanska E. The relationship
between total motile sperm count and the success of intrauterine
insemination. Fertil Steril. 1994;62(1):150-4. https://doi.org/10.
1016/s0015-0282(16)56831-9

Francavilla F, Romano R, Santucci R, Poccia G. Effect of sperm mor-
phology and motile sperm count on outcome of intrauterine insem-
ination in oligozoospermia and/or asthenozoospermia. Fertil Steril.
1990;53(5):892-7.

Dcunha R, Hussein RS, Ananda H, Kumari S, Adiga SK, Kannan
N, et al. Current insights and latest updates in sperm motility
and associated applications in assisted reproduction. Reprod Sci.
2022;29(1):7-25. https://doi.org/10.1007/s43032-020-00408-y
Dickey RP, Pyrzak R, Lu PY, Taylor SN, Rye PH. Comparison of the
sperm quality necessary for successful intrauterine insemination
with World Health Organization threshold values for normal sperm.
Fertil Steril. 1999;71(4):684-9. https://doi.org/10.1016/s0015-
0282(98)00519-6

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Fujisawa Y, Kikuchi S, Kuba F, Oishi K,
Murayama S, Sugiyama T, et al. Ectopic expression of the
mitochondrial protein COXFA4L3 in human sperm acrosome
and its potential application in the selection of male infertility
treatments. Reprod Med Biol. 2024;23:e12602. https://doi.
org/10.1002/rmb2.12602



https://doi.org/10.1093/molehr/gaq009
https://doi.org/10.1093/molehr/gaq009
https://doi.org/10.1002/wsbm.1589
https://doi.org/10.1016/j.semcdb.2016.01.013
https://doi.org/10.1016/j.semcdb.2016.01.013
https://doi.org/10.1083/jcb.63.2.641
https://doi.org/10.1006/excr.2000.5119
https://doi.org/10.3390/antiox11030477
https://doi.org/10.1007/s13224-017-1060-x
https://doi.org/10.1007/s13224-017-1060-x
https://doi.org/10.1016/s0015-0282(16)61358-4
https://doi.org/10.1016/s0015-0282(16)61358-4
https://doi.org/10.1093/oxfordjournals.humrep.a019244
https://doi.org/10.1093/oxfordjournals.humrep.a019244
https://doi.org/10.1016/s0015-0282(16)60736-7
https://doi.org/10.1016/s0015-0282(16)60736-7
https://doi.org/10.1016/s0015-0282(16)59479-5
https://doi.org/10.1016/s0015-0282(16)59479-5
https://doi.org/10.1016/s0015-0282(16)60857-9
https://doi.org/10.1016/s0015-0282(16)56831-9
https://doi.org/10.1016/s0015-0282(16)56831-9
https://doi.org/10.1007/s43032-020-00408-y
https://doi.org/10.1016/s0015-0282(98)00519-6
https://doi.org/10.1016/s0015-0282(98)00519-6
https://doi.org/10.1002/rmb2.12602
https://doi.org/10.1002/rmb2.12602

	Ectopic expression of the mitochondrial protein COXFA4L3 in human sperm acrosome and its potential application in the selection of male infertility treatments
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Participants
	2.2|Sperm preparation
	2.3|Parameter assessment and fertility treatment outcome study
	2.4|Immunostaining analysis
	2.5|Antibodies
	2.6|Transfection of eukaryotic expression vectors into HeLa cells
	2.7|Protein expression using Escherichia coli expression vector
	2.8|Western blotting
	2.9|Statistical analysis

	3|RESULTS
	4|DISCUSSION
	5|CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ETHICS APPROVAL
	INFORMED CONSENT
	REFERENCES


