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Abstract

Calcium signalling is critical for successful fertilization. In spermatozoa, capacitation, hyper-
activation of motility and acrosome reactions are all mediated by increases in intracellular
Ca?*. Our previous reports have shown that deficiency of MTMR14, a novel phosphoinosi-
tide phosphatase, induces a muscle disorder by disrupting Ca>* homeostasis. Recently, we
found that MTMR14 is also expressed in the testes; however, whether deficiency of
MTMR14 in the testes also alters the Ca®* concentration and impairs male fertility remains
entirely unknown. In the present study, we found that MTMR14 is also expressed in the tes-
tes and mature sperm cells, suggesting that deficiency of MTMR14 might have some effect
on male fertility. Both in vivo fertility and in vitro fertilization tests were then performed, and
we found that MTMR 14"~ male mice showed decreased fertility. A series of experiments
were then arranged to test the testis and sperm parameters; we found that MTMR14 defi-
ciency caused small size of the testes, small numbers of both total and immotile sperm,
expanded membrane of sperm tail, a decreased proportion of acrosome reaction, and in
contrast, an increased proportion of abnormal sperm and augmented apoptosis, etc. Further
study also found that the muscle force of the vas deferens decreased significantly in KO
mice. Intracellular calcium homeostasis in the testes and epididymis was impaired by
MTMR14 deletion; moreover, the relative mRNA expression levels of ltpr1, Iltpr2, and Ryr3
were dramatically decreased in MTMR14 KO mice. Thus, MTMR14 deletion impairs male
fertility by causing decreased muscle force of the vas deferens and intracellular calcium
imbalance.

Introduction

In mammals, Ca®" signalling plays an important role in almost every step, such as sperm
capacitation, motility and the fusion between sperm and eggs [1,2]. The intracellular Ca®* con-
centrations can be increased by either Ca®" influx through plasma membrane ion channels or
Ca’" release from intracellular stores; however, low intracellular Ca®* concentrations are
maintained through mechanisms involving the plasma membrane Ca®* pump ATPase and the
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mitochondria [3,4]. In spermatozoa, capacitation, hyperactivated motility and acrosome reac-
tions are all regulated by increases in intracellular Ca*" concentrations ([Ca®*];) [5].

Several Ca**-permeable ion channel proteins participate in fertilization of mammalian
sperms [6-10]. CatSper (a pH-regulated, calcium-selective ion channel) and KSper (Slo3) are
core regulators of sperm tail calcium entry and hyperactivated sperm motility [6,7]. To date,
only the four mammalian CatSper members (CatSpers 1-4) are restrictively expressed in the
testes and have clearly been shown to be required for male fertility [8,9,10]. Male mice defi-
cient in any of the four CatSpers are completely sterility but exhibit no other apparent abnor-
malities. KSper/Slo3, a pH-dependent K(+) current, is thought to be composed of subunits
encoded by the slo3 gene, although the equivalence of KSper- and Slo3-dependent currents
remains uncertain. KSper/Slo3 is the primary spermatozoon K(+) current; KSper/Slo3 may
plays a pivotal role during the acquisition of normal morphology and sperm motility when
sperms are faced with hyperosmotic challenges, and KSper/Slo3 is critical for fertility [11,12].
With the development of the sperm patch-clamp technique, CatSper and KSper have been
confirmed as the primary spermatozoon ion channels [13]. In addition, many other channels
have been proposed to play a role in regulating sperm activity without direct measurements,
including the voltage-gated proton channel Hvl in human sperm tails and the P2X2 ion chan-
nel identified in the midpiece of mouse sperm [14,15]. Mutations and deletions in sperm-spe-
cific ion channels such as L-typ Ca>" channels affect male fertility in both mice and humans
without affecting other physiological functions. The uniqueness of sperm ion channels makes
them ideal pharmaceutical targets for contraception. Thus, it is very worthwhile to identify
and characterize new proteins that might affect male fertility by regulating ion channels in
sperm.

MIP/MTMR14, a novel phosphoinositide phosphatase, and its inactivating mutations were
found in human centronuclear myopathy in 2006 [16,17]. Since then, its mouse and zebrafish
homologies have also received much attention. To further clarify its function, Dr. Qu’s lab
knocked out the gene encoding this phosphatase and characterized some of the resulting phe-
notypes as follows. First, they found that deficiency of this gene induces a muscle disorder by
disrupting Ca®* homeostasis [18]; In MTMR14 knockout mice, spontaneous Ca** leakage
from the sarcoplasmic reticulum occurred. This leakage was due to the decreased metabolism/
dephosphorylation and the following accumulation of MIP substrates such as PI(3,5)P2 and PI
(3,4)P2. second, they found that MTMR14 might also be involved in regulation of the ageing
process [19,20]; and third, they found that MTMR14 also plays an important role in the regula-
tion of autophagy [21,22,23]. The role of MTMR14 in autophagy in zebrafish was also reported
by another group [24].

It was reported that MTMR14 is highly expressed in heart and skeletal muscle, and our data
showed that it is also highly expressed in the testes [18]; however, the role of MTMRI14 in the
testes was completely unknown. In this report, we show that deficiency of MTMR14 signifi-
cantly impaired male fertility; accordingly, the total number of sperm, the ratio of motile
sperm, and the proportion of sperm undergoing acrosome reaction were significantly
decreased in MTMR14 KO mice, whereas the ratio of abnormal sperm was dramatically
increased. Briefly, the spermatogenesis and fertility of MTMR14 KO mice are impaired.

Materials and methods
Animals

MTMR14"" mice (C57BL/6] background) were generously provided by Dr. Cheng-Kui Qu
(Case Western Reserve University, U.S.A.). The mice at 6 and 12 weeks were maintained at a
12 h light/dark cycle with ad libitum access to food and water. The genotypes of both the
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original mice and their offspring were confirmed by PCR before further experiments. All of
the methods and experimental protocols involving animals were performed in accordance
with national and international guidelines and approved by our own institutional board (the
Animal Care and Use Ethics Committee of South-Central University for Nationalities, No:
SCUEC-2016-SJHO01). This study was approved by this committee.

Real-time PCR

Total-RNA isolation, single-strand cDNA synthesis and real-time PCR were performed
according to the manufacturer’s instructions. The primer sequences used in this project are

shown in the Table 1 [25].

Immunohistochemical staining of testicular tissue sections

Immunohistochemical experiments were performed as described previously [26,27]. Briefly,
freshly dissected testes from WT and MTMR147/” mice were fixed in 4% paraformaldehyde
(PFA), dehydrated in 25% sucrose/PBS overnight, and sectioned. The sections were blocked
with 10% normal goat serum and permeabilized in 0.3% Triton X-100. After blocking, the sec-
tions were incubated with anti-MTMR14 primary antibody (Abcam, Cat No. Ab102575) at
4°C overnight. After three washes with PBS, the sections were incubated with horseradish per-
oxidase donkey anti-rabbit antibody for 2 h. Then, the DAB method was performed to detect
the signals. In the negative control group, normal rabbit serum IgG was used as a substitute for
the primary antibody. Following preparation, the slides were analysed, and different images

were captured.

Table 1. Sequence information for primers.

Gene Forward Reverse
MTMRI14 5’ -AGACCTCATTCACCGAAGCA-3’ 5’ -TGTCACCACTCCGAAGAACA-3'
SIX5 5’ - CTGCAGTCTGAAGTCCCACA-3' 5’ - ACCCCTAGTGCCCACACATA-3’
Atg7 5’ -AAACAGGCCACAGAAAATGG-3’ 5’ -TGCGCTGACCTATCTGGAAT-3’
Atg9 5’ - TCTGTTTGGCTTTGGCTTTT -3’ 5’ - CATAGAAGCAGCCAGGAAGG-3’
SEPT4 5’ - TCAAGTTGAGGACGATGCTG-3' 5’ - TCTCCCGGATTAGCTTCTCA-3’
RAD51IC 5’ - CCTCCACGGACACTAAGCAT-3’ 5’ - CACAGACCAGGAGTCAGCAA-3’
RAD23B 5’ - TTTCAGGGCAGAAGAGCAGT-3’ 5/ -TCTGCAGGTTTGTGTCCAAG-3'
ADADI 5’ - TACAGGGAGCCTTGCTGAGT-3’ 5’ - CCTTGTGCCCAATTCAAACT-3’
ZFP35 5’ - GGCCGGACTAGTTCAAGGAT-3’ 5’ - CCCCACAAGGCAGATTTTTA-3’
TSNAXIPI 5’ -CACCATCCTCAAGACCACCT-3’ 5’ - TCTGCACAAATGGCTCACTC-3’
Spaglel 5'-AGCAAGCCAGAGACATCCAT-3' 5'-CCAGAAATCTTCCCAACAGC-3'
Spagl6s 5'-CTCTGACACAATGAGTATGG-3' 5'-CTACAGGAAATTCTGAATCC-3'
HMGB2 5’ - TAGCCCTGGCTGTCCTAGAT-3' 5’ - TGCATAAGGCTCTGGGTTCT-3’
HOOK1 5’ - CAGCAGACACAAGGGAGACA-3' 5’ - GCCAGCTCAATCTGGCTTAC-3’
Actin 5'-AGAGGGARATCGTGCGTGAC-3" 5'-CAATAGTGATGACCTGGCCGT-3'
Itprl 5'-TGATTTCTTTTCTGGATGGGTG-3" 5'-TTGACTTGCTTCGGAACTCTG-3'
Itpr2 5' -TGAAGGACCCGACAGAATACAC-3' 5'-AGGCATCCGATGARAGGCT-3"
Itpr3 5'-TCTCACCTCCGAGCACTACATT-3"' 5'-CTTGTGAGGCTTGCCTACAAA-3'
Ryrl 5'-TCCGAGACCAACAAGAGCAAGT-3' 5'-CCAGACATACGACTCCTGACCA-3"'
Ryr2 5'-ACGGATGCTCAGTCTCAGAGGA-3"' 5'-AGTGTGACTGCCGTGCTTGG-3"
Ryr3 5'-GGTAARACCTGAGTTCACGACAAGC-3" 5'-CAAGCTGATTCTGGAGACAGTCAC-3"

https://doi.org/10.1371/journal.pone.0206224.t001
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Immunofluorescence

Spermatogonial cells and mature sperm from different species were isolated as follows. The
cauda epididymides and vas deferens of WT/MTMR14-deficient male mice were carefully
excised. After removal of adipose tissue and blood vessels, tissues were transferred into 1 mL
of PBS. The ductus deferens was squeezed gently with forceps to extrude sperm. The cauda
was lightly minced and squeezed gently and then incubated at 37°C to allow the remaining
sperm to swim out into the medium. The immunofluorescence of the spermatogonial cells and
sperm was performed as described previously with some modifications [28]. Briefly, the sperm
were isolated, placed on a coverslip and allowed to settle for 15 min. Adherent cells were
washed with PBS and subsequently fixed with 4% PFA, permeabilized with 0.1% Triton X-100
in phosphate-buffered saline (PBS), and blocked in 3% bovine serum albumin (BSA) in PBS
for 1 h. After incubation with primary antibody for 1.5 h, the samples were washed with PBS
three times and incubated in diluted FITC-conjugated secondary antibody for 1 h. After
counter-staining with propidium iodide (PI), the images were collected with a Zeiss LSM700
confocal microscope (Zeiss, Germany).

Fertility testing

The fertility of the MTMR14”~ males was investigated by mating with WT females. Mating
tests (male:female = 1:1)were performed with 28 homozygous male mice (MTMR14™") for at
least 3 months. Detailed information about the experimental design is shown in Table 2.
Females were checked for the presence of vaginal plugs and/or pregnancy. Pregnant females
were removed to holding cages to give birth. The numbers and sizes of the litters sired by each
group of males were determined.

Sperm isolation

Sperms were isolated as previously described with some modifications [29]. Briefly, the caudal
epididymis was excised and dissected from the fat, blood vessels and connective tissues. Then,
it was transferred into human tubal fluid to squeeze out the sperm using a fine scissor. The
human tubal fluid contained 25 mM sodium bicarbonate and 3 mg/mL BSA (pH 7.2-7.4).

In vitro fertilization

Superovulation and in vitro fertilization were performed [29]. Briefly, oocytes were recovered
from superovulated female mice 13-17 h after a 7.5 U hCG (human chorionic gonadotropin)
injection, and the cells were pretreated with 7.5 U of PMSG (pregnant mare’s serum gonado-
tropin) for 48 h. Sperm were collected from the cauda epididymides of WT and MTMR14”-
mice and capacitated in human tubal fluid at 37°C for 1 h. Capacitated sperm suspension was
added to the fertilization droplets to yield a motile sperm concentration of 1.5-2*10°/mL.

Table 2. MTMR14”" male mice were sub-infertile.

Matings Number of matings Litters Proportion pregnant Total number of offspring Offspring per litter
Group ot o) (%) (Mean%S.D.)
1 WT WT 28 28 100 210 7.5+0.9
2 MTMRI14 '/ WT 28 14 43 99 7.1+0.7
3 MTMR14 '/ MTMRI14 '/ 28 11 39 85 7.7+0.8

Note: The mating experiments lasted for 3 months. During this period, once the female was plugged or pregnant, she was removed from the mating cage to give birth,

and the number of offspring was determined.

https://doi.org/10.1371/journal.pone.0206224.t002
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After six hours of co-incubation, the oocytes were moved into M2 medium. The presence of
double pronuclei was considered fertilization at 10-11 h after fertilization.

Ratio of testis/body weight

WT and MTMR14/" mice at six and twelve weeks were weighed and sacrificed to isolate their
testes. Then, the weights of these testes were also determined. The ratios of testis weight to
body weight were calculated.

Histological analysis

Histological analysis of testes from WT and MTMR14/" mice was performed as previously
described [30]. Briefly, testes fixed in Bouin’s solution and embedded in paraffin were cut into
3 um sections using a Leica SM2000R microtome (Leica, Wetzlar, Germany). These sections
were stained with haematoxylin and eosin for optical microscopy.

Sperm counts

Mature sperm from WT and MTMR14'/" mice were isolated as described above. The sperm
were transferred into 3 mL of DMEM and incubated at 37°C/5% CO, for 30 min. After capaci-
tation, the sperm from WT and MTMR14-/- mice were divided into two aliquots. One aliquot
was then taken and fixed in 4% PFA to count the total number of sperm, while the other ali-
quot was used to count the number of non-motile sperm, which was subtracted from the total
number of spermatogonia to obtain the number of motile sperm.

Morphological assessment of spermatozoa

Mature sperm from WT and MTMR14"/" mice were isolated as described above. The sperm
were collected in a micro-centrifuge tube and kept on ice for 30 min. The tubes were centri-
fuged at 600 x g for 5 min to pellet the sperm. Then, the pellets were re-suspended in PBS and
kept on ice to inhibit sperm motility until use.

For fixation, the sperm pellets were resuspended in freshly prepared 4% PFA in PBS and
incubated on ice for 1 h. The fixed sperm was mounted on clean slides and sealed with cover-
slips. Sperm morphology was analysed with an Olympus microscope (Melville, NY, U.S.A.)
using differential interference contrast optics. From each slide, randomly selected fields were
observed, and the proportions of defective sperm were counted. Sperm with the following
morphological characteristics were counted as defective: malformed heads, hairpin bends at
the middle or tail of the sperm.

Electron microscopy

For transmission electron microscopy, cauda epididymides from age-matched WT and
MTMR14”" male mice were placed immediately into fixative solution containing 3% glutaral-
dehyde, prepared as described [31]. Selected areas were sectioned and examined using a Hita-
chi H-600 electron microscope.

Analysis of sperm acrosome reaction

For the acrosome reaction, spermatozoa were capacitated for 1.5 h in Tyrode’s medium sup-
plemented with 3 mg/mL fatty acid-free BSA and 25 mM sodium bicarbonate and then incu-
bated for 5-20 min at 37°C in 5% CO, with Tyrode’s medium plus 20 uM calcium ionophore
A23187 (Sigma-Aldrich). For the determination of the proportion of sperm that had under-
gone an acrosome reaction, sperm were fixed and stained with Coomassie brilliant blue R250
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as described previously [25]. At least 200 spermatozoa from each male were examined for the
presence or absence of the characteristic dark blue crescent.

TUNEL

TUNEL assay for apoptotic cell detection was performed using the In Situ Cell Death Detec-
tion Kit (Boehringer Mannheim GmbH, Mannheim, Germany) according to the standard pro-
tocol. Testis tissues from 4 pairs of WT and MTMR14”" mice were used for TUNEL analysis.
The TUNEL-positive spermatogenic cells in approximately 100 seminiferous tubules of each
mouse were counted, and the apoptotic indices were then determined by calculating the ratio
of total numbers of TUNEL-positive cells to the numbers of counted seminiferous tubules.
The software used for the statistical analysis was Image Pro-Plus, version 6.0.

Apoptosis detection by flow cytometry

Sperm from WT and MTMR14”" mice were freshly collected and washed with PBS twice. The
detection of apoptosis by flow cytometry was performed according to the instruction manual
of the FITC-Annexin V apoptosis detection kit (BD Biosciences, San Diego, CA, USA). Briefly,
5*10° cells were resuspended in 500 pL of Annexin V binding buffer, and 5 uL of Annexin
V-FITC and 5 uL of PI were added. The cells were gently mixed and incubated for 10-15 min
in the dark. Within one hour, the cells were analysed by flow cytometry (Coulter Epics XL,
Beckman). The data were analysed using WinMDI software.

Tension measurements of mouse vas deferens

Muscle contraction of mouse vas deferens was measured as described elsewhere with some
modifications [32,33]. Briefly, following cervical dislocation, vas deferens from age-matched
WT and MTMR14”" male mice weighing 20-25 g were isolated. Vas deferens were suspended
in individual organ baths containing oxygenated physiological saline solution [PSS, containing
(in mM) 135 NaCl, 5 KCl, 1 MgCl,, 2 CaCl,, 10 HEPES, and 10 glucose, pH 7.4] at 37°C and
were connected to an isometric force transducer under a resting tension of 0.5 g. After 60 min
of equilibration, the muscles were precontracted with high K™ (140 mM). Ryanodine (30 uM)
was also used in this experiment to examine the inhibitory effects of the calcium channel of
ER.

Calcium imaging

The analysis of [Ca®"]; in spermatozoa or mature sperm from WT and age-matched
MTMR14 /" mice was performed as previously described [34]. Briefly, the spermatozoa or
mature sperm were isolated as described above and washed twice with HS buffer ((mM): 30
HEPES, 135 NaCl, 5 KCl, 2 CaCl,, 1 MgSO4, 10 glucose, 10 lactic acid, and 1 pyruvic acid, pH
7.4). Cells were resuspended in 1 mL of HS and incubated with 20 uM Fura-2AM for 30 min.
After two washes with HS, the adherent cells were resuspended in HS and incubated for 30
min to allow for de-esterification of the dye. Fluorimetric determination of calcium concentra-
tion was performed using a Polychrome V monochromator (Till-Photonics, Grifelfing, Ger-
many) and/or a charge-coupled device camera coupled to an inverted microscope (IX71,
Olympus, Germany). Intracellular calcium concentrations were determined as the proportions
of detected fluorescence intensities at 340 nm to 380 nm. Fluorescence images were acquired
and analysed with the Metafluor for Olympus software.
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Fig 1. MTMR14 was expressed in mouse testes, spermatogonia, and mature sperm. (A) Real-time PCR analysis of
mRNA expression profiles of MTMR14 in mice. The tissues of mouse skeletal muscle, heart, testis, epididymis, vas
deferens, spermatogonium, sperm, liver, lung, spleen, thymus, and ovary were harvested. Then, their total mRNA
levels were prepared, reverse transcribed, and analysed by real-time PCR. Beta-actin was used as a control. (B)
Immunohistochemical localization of MTMR14 in mouse testes. Testis sections were obtained from KO/WT male
mice, incubated with primary anti-MTMR14 antibody, and counterstained with haematoxylin and eosin. The scale bar
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was 100 um. The sections from KO mice testes were used as negative controls and did not show any labelling. (C)
Immunofluorescence detection of MTMR14 in spermatogonia; single spermatogenic cells were isolated from WT mice
and incubated with primary anti-MTMR14 antibody and FITC-conjugated secondary antibody. After counter-staining
with PI, the fluorescence signal was detected using a confocal microscope. The scale bar was 2 pm. Separate replicate
experiments in both WT and MTMR14 mice were performed at least three times. (D) Immunofluorescent detects of
MTMRI14 in mature mouse sperm. Mature sperm were isolated from mouse vas deferens and stained as described
above. These data demonstrated that MTMR14 was expressed in mouse testis, spermatogonium, and mature sperm,
suggesting that MTMR14 plays a role in male fertility.

https://doi.org/10.1371/journal.pone.0206224.9001

Statistics

The results are expressed as the mean + SD. Student’s t-test was performed using Origin soft-
ware, version 9.0 (OriginLab, Northampton, USA). P < 0.05 was considered statistically
significant.

Results
Expression of MTMR14 in murine testis, spermatogonia and mature sperm

Our previous paper reported that MTMR14 is highly expressed in heart and skeletal muscle, as
determined by northern blotting and western blotting analysis [18]. However, the expression
of MTMR14 at the mRNA and protein levels in murine testes remained unclear and was
explored in this research for the first time. As shown in Fig 1A, MTMR14 mRNA is widely
expressed in many tissues, including reproductive organs, in male mice. The mRNA expres-
sion levels in the testes and spermatogonia are relatively higher. The immunohistochemical
results demonstrate that incubation of sections of WT testes with the MTMR14-specific anti-
body results in intense immunostaining in seminiferous tubules, whereas the negative control
only shows very faint, unspecific staining or no signal (Fig 1B). Thus, these data indicate that
the MTMR14 protein exists in seminiferous tubules.

To further confirm the expression of MTMR14 in the reproductive organs of male mice, we
then immunostained the spermatogonia from testes or mature sperm from epididymides and
vas deferens using the anti-MTMR14-specific antibody. As shown in Fig 1C, the spermatogo-
nia exposed to the anti-MTMR14 antibody exhibited a fluorescein isothiocyanate (FITC)-
derived fluorescence pattern in the cytoplasm but not in the nucleus. However, mature sperm
showed an obvious signal in the midpiece of the sperm, not in the head or tail (Fig 1D). The
negative controls did not exhibit any FITC fluorescence, although PI staining was still very
obvious. The immunofluorescence localization of MTMR14 in reproductive cells was consis-
tent with the RT-PCR results in Fig 1A. Taking these results together, we concluded that
MTMRI14 is also expressed in mouse testes, spermatogonia, and mature sperm.

MTMR14-deficient male mice are subfertile

The testis is the main organ for male reproduction. During the routine MTMR14""" and
MTMR14"" mating process, we did not observe any abnormalities in heterozygous male mice.
To test whether deficiency in MTMRI14 in the testes impairs male fertility, four mating experi-
ments using WT and MTMR147/” mice were designed. Among these mice, group 3 was not
used because male fertility is the main research focus. As shown in Table 2, in group 1, every
female was pregnant and gave birth (28/28), with an average litter size of 7.5. However, in
group 2, half of the WT female mice (14/28) did not become pregnant when mated with
MTMR14 /" male mice. For the mice that became pregnant, the litter size (7.1) was comparable
to that in group 1. Moreover, the data that we obtained from group 3 were very similar to

PLOS ONE | https://doi.org/10.1371/journal.pone.0206224 November 9, 2018 8/22


https://doi.org/10.1371/journal.pone.0206224.g001
https://doi.org/10.1371/journal.pone.0206224

o @
@ : PLOS | ONE MTMR14 deletion impairs male fertility

100 - .
) N
S 80 -
= N

N
= 60 -
& N
o 40 -

@)
Q . T
< o
S 20

g =

KO

PLOS ONE | https://doi.org/10.1371/journal.pone.0206224 November 9, 2018 9/22


https://doi.org/10.1371/journal.pone.0206224

®PLOS | one

MTMR14 deletion impairs male fertility

Fig 2. MTMR14 mutation impaired the fertilization ability of sperm in vitro. (A) Representative results of mouse
2-cell embryos derived from in vitro fertilization using sperm from WT and MTMRI14 " mice, respectively (n = 4). (B)
Summary of fertilization ratios of oocytes fertilized using WT and MTMR14”" mice. The proportions of fertilization
for WT and MTMR14"" groups were 81.3% (130/160) and 25.3% (40/158), respectively. **: P < 0.01. These results
indicated that MTMR14 deficiency damages fertility in male mice.

https://doi.org/10.1371/journal.pone.0206224.9002

those from group 2, suggesting that deficiency in MTMR14 might exert no harmful effects on
female fertility.

To further confirm the phenotype obtained above, in vitro fertilization was then performed.
The superovulated oocytes from C57BL/6 WT mice were collected and divided into two parts
randomly and then were incubated with the sperm from age-matched WT and MTMR14™"
mice. As shown in Fig 2, in vitro fertilization ability of sperm from MTMR14”" mice signifi-
cantly decreased. This phenotype prompted us to take a closer look at the testes of MTMR14-
deficient mice. Then, WT and MTMR14 "~ male mice were examined regarding their overall
morphological features, considering the ratio of testis weight to body weight. The organs of the
testes were dissected, and images were obtained, and we found that the testes from
MTMR14"" male mice were slightly smaller than those from their WT littermates, as shown in
Fig 3A. At the same time, we also noted that the MTMR14”" mice were obviously fatter than
the control mice (Fig 3B), resulting in a significant decrease in the ratio of testis to body weight
in MTMR14 " mice. Moreover, this difference slightly increased in the older mice (Fig 3C).
These results suggested that MTMR14 deletion could damage fertility in male mice.

Spermatogenesis was impaired in MTMR14-deficient mice

Testes from WT and MTMR14”~ mice were dissected and examined by histological analyses.
Six mice from each genotype were tested. Moreover, the proportion of motile sperm cells in
MTMR14"" mice also decreased by half compared to that in WT control group (Fig 4C). To
further confirm this finding, a series of genes that have been reported to be involved in sper-
matogenesis were analysed by RT-PCR. As shown in Fig 4D, the relative mRNA expression
levels of eight genes among the thirteen genes we tested—-RAD23B, ADAD1, ZFP35,
TSNAXIPI, Spaglél, Spagl6s, HMGB2, and HOOK1 -were all decreased in KO testes, in
which MTMR14 was absent. Taken together, these data demonstrated that spermatogenesis
was impaired in MTMR14”" mice.

Structures and acrosome reactions were impaired in MTMR14'/ sperm

Mature sperm from both the epididymis and vas deferens were examined under light micros-
copy. As shown in Fig 5A, there were striking differences in sperm morphology between WT
and KO mice. In KO mice, approximately 28% of mutant sperm was abnormal, as reflected in
abnormal heads, junctions between heads and midpieces, hairpin structures in the principal
piece and in the tail, or truncated flagella, whereas only 12% of WT sperm had abnormal mor-
phology (Fig 5B). At the same time, transmission electron microscopy analysis of epididymal
sperm revealed that, although MTMR14”" sperm did not display any obvious loss of microtu-
bule structure, the membranes of sperm tails expanded and creased (Fig 5C).

After capacitation, mature sperm must undergo the acrosome reaction before successful
fusion with the oocyte. The acrosome reaction was therefore determined by modified Coomas-
sie blue staining. Without calcium ionophore A23187, which should bypass the need to acti-
vate other calcium channels, even in WT sperm, only 5% of capacitated sperm underwent the
acrosome reaction. In contrast, even fewer mutant sperm could undergo the acrosome reac-
tion. After treatment with A23187 for only 5 min, the proportions of sperm from both the WT
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Fig 3. Analysis of male reproductive organs in MTMR14”" mice. (A) Representative examples of whole-mount
preparations of reproductive organs from WT and MTMR14”" mice. (B) Representative photos showing that
MTMRI14”" mice are fatter than their littermates. (C) The ratios of testis to body weights at six and twelve weeks were
significantly decreased in MTMR14”" mice (n = 10). *: P < 0.05. These data demonstrated that MTMR14 deficiency
alters the normal size of reproductive organs in male mice, suggesting that MTMR14 participates in regulating the
growth of male mice, especially the reproductive organ testis.

https://doi.org/10.1371/journal.pone.0206224.9003

and the KO mice that underwent the acrosome reaction dramatically increased, with approxi-
mately 50% in WT mice but less than 10% in mutants. This finding suggests the MTMR14-de-
ficient mice show defects in the acrosome reaction even after stimulation with A23187.
However, if the treatment lasted for 20 min, almost all of sperm in both groups underwent the
acrosome reaction (Fig 5D and 5E), while the difference between these two genotypes no lon-
ger existed. These data suggest that deficiency in MTMR14 did not cause any loss of the ele-
ments necessary for the acrosome reaction.

Deficiency of MTMR14-induced apoptosis in testis

Spermatogenesis is a highly ordered process dependent on well-balanced germ cell prolifera-
tion, differentiation and death in the testes [35]. Apoptosis is a process of programmed cell
death and acts as a partner for autophagy in a cooperative manner to induce germ cell death
[36]. To explain why spermatogenesis was impaired in MTMR14 KO mice, we designed the
following experiments. First, TUNEL assay was performed to detect apoptosis in the sections
of testes from age-matched WT and MTMR14 "~ mice. As shown in Fig 6A and 6B, we found
that the proportion of apoptotic cells in MTMR14 KO testes was much higher than that in
WT. To further confirm this finding, the spermatozoa from WT and MTMR14 ™" littermate
testes were also collected and then were stained with Annexin V/PI and analysed by flow
cytometry to determine the apoptotic ratio. Further, the data were in accordance with that we
obtained by TUNEL assay (Fig 6C and 6D). All of these data suggest that deficiency in
MTMR14 induced both apoptosis in mouse sperm.

Deficiency of MTMR14 contributed to decreased muscle contraction of the
vas deferens

Contraction of the vas deferens participates in ejaculation. To uncover the mechanisms of
decreased fertility in MTMR14 "~ mice, we evaluated high K*-evoked smooth muscle contrac-
tions in isolated vas deferens from age-matched WT and MTMR14'/" mice without or with
ryanodine (30 M) treatment (n = 7). As shown in Fig 7, in WT mice, the contraction of the
vas deferens was significantly decreased after the addition of ryanodine (P < 0.01), while con-
traction of the vas deferens in MTMRI14"/" mice was significantly less than that of WT mice
(P < 0.01). However, contraction of the vas deferens in MTMR14’/ mice was not affected by
the addition of ryanodine (ns: no significant difference).

Deficiency of MTMR14 impaired the homeostasis of [Ca*'];

Ca’" plays an important role in the regulation of fertilization between sperm and oocytes.
Therefore, we next determined the effects of MTMR14 deficiency on the concentrations of
[Ca**]; in spermatogonial cells and mature sperm using calcium imaging techniques and flow
cytometry, respectively. As shown in Fig 8A, the concentration of [Ca**]; in spermatogonial
cells derived from MTMR14'/" mouse testes was significantly higher than that of WT mice

(P < 0.01). Similarly, the results of flow cytometry in Fig 8B also supported that MTMR14
deletion resulted in an increase of [Ca*']; in spermatogonial cells (P < 0.01, n = 25 cells/5
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Fig 4. Spermatogenesis was defective in MTMR14”" mice. (A) Testicular histological sections of WT and
MTMR14"" mice at eight weeks were stained using haematoxylin and eosin. The results of six separate replications
were very similar. (B) Age-matched WT and MTMR14"~ male mice were sacrificed to obtain the sperm from both
sides of the testes, epididymis, and vas deferens. These sperm were collected and counted. The total number of sperm
was reduced in MTMR14”" mice (n = 8). *: P: <0.05. (C) The ratio of motile sperm in MTMRI14”" mice significantly
decreased compared with age-matched WT mice (n = 8). *: P < 0.05. (D) Effects of MTMR14 deficiency on the mRNA
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expression levels of spermatogenic genes. RT-PCR was performed to detect the relative expression levels of the
following genes: SIX5, Atg7, Atg9, SEPT4, RAD51C, RAD23B, ADADI, ZFP35, TSNAXIP1, Spagl6l, Spagl16s,
HMGB?2, and HOOK1. MTMR14 was used as a positive control. *: P <0.05; **: P <0.01; ***: P < 0.001; ns: not
significant. These results demonstrated that the deletion of MTMR14 damaged spermatogenesis in mice.

https://doi.org/10.1371/journal.pone.0206224.9004

mice). In contrast, the concentration of [Ca*]; in mature sperm derived from MTMR14/°
mouse epididymis significantly decreased, compared with that of WT mice (P < 0.01,n = 28
cells/5 mice). To further elucidate the effects of MTMR14 deficiency on the homeostasis of
[Ca®*];, the mRNA expression levels of six calcium channel receptors-Itprl, Itpr2, Itpr3, Ryrl,
Ryr2 and Ryr3 -in mature MTMR14'/” sperm were examined by RT-PCR [37,38]. The results
in Fig 8D indicated that mRNA levels of Itprl, Itpr2 and Ryr3 all significantly decreased, con-
sistent with decreased fertility in male mice. However, the expression levels of the other three
genes were not affected. These data demonstrate that MTMR14 is involved in regulating the
homeostasis of [Ca*]; in male mouse reproductive cells.

Discussion

In this study, we showed that MTMR14 deficiency damaged male fertility ability. In
MTMR14"" mice, spermatogenesis, sperm structure and acrosome reaction ability were also
damaged, while sperm apoptosis in the testes significantly increased. Moreover, the deletion of
MTMR14 in male mice decreased the smooth muscle of the vas deferens and interrupted the
homeostasis of [Ca®"]; in both the spermatogonia and sperm. These changes induced by
MTMR14 deficiency led to male sub-infertility.

Our previous research showed that MTMR14 was highly expressed in smooth muscle cells
and heart cells [18]. This study first reported that MTMR14 mRNA was also highly expressed
in several reproductive organs and tissues, such as testis, epididymis, vas deferens, spermato-
gonium and sperm (Fig 1A). This finding was further supported by the intense expression of
MTMR14 proteins in spermatogonia and mature sperm. The high expression of MTMR14
suggests that male fertility is affected by MTMR14, deficiency of which can lead to male abnor-
mal fertility or infertility. This hypothesis is further supported by the results of both in vitro
fertilization and in vivo mating experiments (Table 2).

To test this hypothesis, we investigated the effects of MTMR14 deficiency on male fertility
both in vitro and in vivo. The in vitro fertilization results in Fig 2A proved that MTMR14 defi-
ciency significantly decreased the proportion of fertilization in mice, while the mating results
were consistent with the in vitro fertilization results. These data strongly suggest that the fertil-
ity of MTMR14'/" male mice was impaired. This impairment may be due to three causes: (1)
damage to spermatogenesis, (2) loss of sperm-hyperactivated motility, and (3) fertilization
abilities of sperm in MTMR14 KO mice. The decreased testis/body weight in MTMR14 KO
mice meant fewer sperms and decreased fertility (Fig 3). This phenotype may be due to the
functional abnormality of male reproductive system rather than systemic effects, which
showed no harmful effects on other organs/systems yet. To elucidate the underlying mecha-
nisms of decreased fertility in MTMR14 KO mice, histological analysis of testis was performed.
On the one hand, the results in Fig 4A demonstrated that MTMR14 deletion led to abnormal
structures of seminiferous tubules and fewer spermatogonia, suggesting that MTMR14 defi-
ciency altered the structure of the testis and spermatogenesis, which were further supported by
the decreased total number of sperm in MTMR147/” male mice. On the other hand, the
decreased proportion of motile sperm in MTMR14 KO mouse sperm suggested that MTMR14
deficiency damaged the hyperactivation ability of sperm, which could contribute to damaged
fertility ability. Finally, the decreased mRNA expression levels of spermatogonial genes, such
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Fig 5. Both morphology and the acrosome reaction of sperm were impaired in MTMR14”" mice. (A) Sperm with different
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midpiece (d), hairpin in the principle piece (e), and hairpin in the tail (f) structure; red arrows indicate abnormal regions. (B)
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WT at x10,000 (a) and x30,000 (c) and from MTMR14 /" mice at x10,000 (b) and x30,000 (d) and representative images of axonemes
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epididymal sperm tails (f) expanded and creased. (D) Representative images of sperm that underwent acrosome reactions from WT
and MTMR14”" mice; characteristic light blue staining of the reacted acrosome is visible in WT mice, whereas in MTMR14” sperm,
the acrosome reaction was barely found. (E) Statistical data of the proportions of sperm undergoing acrosome reactions at different
time points after capacitation using calcium ionophore A23187. For each sample, at least 200 sperm were checked and counted. *:

P < 0.05. These data suggested that MTMR14 plays an important role in regulating the fertilization ability of sperm in mice.
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Fig 7. Deficiency of MTMR14 contributed to the decreased muscle contraction of the vas deferens. Vas deferens
was isolated from age-matched WT and MTMR14” mice, and muscle contractions were measured. In WT mice,
ryanodine significantly decreased the contraction of the vas deferens induced by high K*. In contrast, in MTMR14"-
mice, ryanodine failed to alter contraction of the vas deferens induced by high K*. **: P < 0.01. These data suggested
that MTMR14 plays a role in contraction of the vas deferens in mice.

https://doi.org/10.1371/journal.pone.0206224.9007

as RAD51C, ADADI, and ZFP35, also supported that spermatogenesis was abnormal in
MTMR14 KO mice.

To explore the mechanisms of decreased fertility in male mice, the changes in structure and
acrosome reaction ratios in MTMR14 KO sperm were studied by microscopic and staining
techniques, respectively (Fig 4). On the one hand, MTMR14 deletion led to an increased pro-
portion of abnormal sperm, which could result in fewer sperm ascending from the oviduct res-
ervoir and/or reaching the oviduct ampulla, leading to subfertility [32]. However, this might
not be the main reason for decreased fertility in KO mice due to the minor correlation between
abnormal structure and sperm motility. On the other hand, in KO mice, damaged fertility
might be due to reduced numbers of mitochondria, which supply energy for sperm swimming
and hyperactivation. At the same time, MTMR14 deficiency did not alter the proportion of
acrosome reactions. This outcome further proved that MTMR14 can result in subfertility
rather than infertility.

Our previous study reported that MTMR14 deficiency induced autophagy in different spe-
cies [24,34]. In this research, we found that MTMR14 deficiency also caused obvious apoptosis
in testes (Fig 5). Increased apoptosis can partly explain why the total number of sperm in KO
mice significantly decreased. It is also possible that increased apoptosis in spermatogonial cells
and/or mature sperm contributed to subfertility in MTMR14 KO mice.
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cytometry. Statistical data are shown (n = 4). (E) Real-time PCR was used to detect the relative mRNA expression levels of three IP3 receptors (Itprl,
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no statistic difference. These results demonstrated that MTMR14 regulates the homeostasis of [Ca>*];, suggesting that MTMR14 was involved in
regulating spermatogenesis and fertilization.

https://doi.org/10.1371/journal.pone.0206224.9008

To further determine the mechanisms of MTMR147/"induced subfertility, the contraction
force changes in the vas deferens were examined. The contractility of vas deferens induced by
high K* in MTMR14 KO mice was significantly decreased, which could damage ejaculation
and lead to poor fertility. High K induced the activation of voltage-gated L-type Ca** chan-
nels, leading to extracellular Ca*" influx into the cytoplasm and increased [Ca**];. The signifi-
cant decrease in high K*-induced contraction in MTMR14 KO vas deferens suggested that
Ca®" played a crucial role in regulating the contraction of the vas deferens in mice. However,
the reduced contractility of the vas deferens in MTMR14 KO mice failed to respond to stimu-
lus with ryanodine, an inhibitor of internal calcium release channels, while contraction of the
vas deferens in their WT counterparts significantly decreased. These data suggested that
abnormal contraction of the vas deferens in KO mice might be regulated by extracellular
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Ca’" influx rather than internal Ca** release. Taking these outcomes together, we found that
the reduced high K*-induced contraction of the vas deferens in MTMR14 KO mice was due to
homeostasis of [Ca**]; being interrupted.

Calcium ion leads to an increase in [Ca**]; via two pathways: extracellular Ca*" influx
through voltage-gated L-type Ca®* channels; and internal Ca®* release from the sarcoplasmic
reticulum. The basal level of [Ca®*]; in the spermatogonia derived from MTMR14 KO testes
was significantly higher than in their WT counterparts, consistent with the observation in skel-
etal smooth muscles [18]. In contrast, in mature sperm derived from MTMR14 KO epididymi-
des, the concentration of [Ca**]; was significantly lower than that in their WT counterparts.
The decreased [Ca®"]; in mature sperm could explain why the proportion of fertilization in
vitro and the successful rate of mating in MTMR14 KO mice were poor. Although the changes
in [Ca®*]; in male reproductive cells at different phases (immature and mature) were different,
these two changes shared a common characteristic: homeostasis of [Ca®"]; was interrupted. It
is possible that in the spermatogonia, the increased [Ca**]; interrupted normal spermatogene-
sis in MTMR14 KO mice, while in mature sperm, decreased [Ca®"]; damaged hyperactivation
and fertilization. In particular, the decreased level of calcium receptor genes, such as Itprl,
Itpr2 and Ryr3, further enhanced the effects of decreased [Ca®"]; and contributed to subferti-
lity in MTMR14 KO mice. However, the exact roles of calcium receptor genes in MTMR14
deficiency-induced subfertility require further investigation.

In conclusion, MTMR14 deficiency led to subfertility in male mice. The deletion of
MTMR14 in mice increased apoptosis, leading to abnormal structure and damaging fertility
ability in male reproductive cells. All of these alterations could be correlated with interrupted
[Ca®"];. These new findings could be helpful in elucidating the mechanisms of male infertility
and in developing new contraceptive drugs.
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