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A Role of TMEM16E Carrying a Scrambling Domain in Sperm
Motility
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Laboratory of Biochemistry & Immunology, Immunology Frontier Research Center,a and Department of Experimental Genome Research, Research Institute for Microbial
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Transmembrane protein 16E (TMEM16E) belongs to the TMEM16 family of proteins that have 10 transmembrane regions
and appears to localize intracellularly. Although TMEM16E mutations cause bone fragility and muscular dystrophy in hu-
mans, its biochemical function is unknown. In the TMEM16 family, TMEM16A and -16B serve as Ca2�-dependent Cl�

channels, while TMEM16C, -16D, -16F, -16G, and -16J support Ca2�-dependent phospholipid scrambling. Here, we show
that TMEM16E carries a segment composed of 35 amino acids homologous to the scrambling domain in TMEM16F. When
the corresponding segment of TMEM16A was replaced by this 35-amino-acid segment of TMEM16E, the chimeric molecule
localized to the plasma membrane and supported Ca2�-dependent scrambling. We next established TMEM16E-deficient
mice, which appeared to have normal skeletal muscle. However, fertility was decreased in the males. We found that
TMEM16E was expressed in germ cells in early spermatogenesis and thereafter and localized to sperm tail. TMEM16E�/�

sperm showed no apparent defect in morphology, beating, mitochondrial function, capacitation, or binding to zona pellu-
cida. However, they showed reduced motility and inefficient fertilization of cumulus-free but zona-intact eggs in vitro.
Our results suggest that TMEM16E may function as a phospholipid scramblase at inner membranes and that its defect af-
fects sperm motility.

Transmembrane protein 16E (TMEM16E), also called
anoctamin 5 (Ano5) or gnathodiaphyseal dysplasia 1 (GDD1),

belongs to the TMEM16 family of proteins, which carry 10 trans-
membrane regions with cytosolic N- and C-terminal extensions
(1–3). There are 10 human TMEM16 family proteins (TMEM16A
to -H, -J, and -K [Ano1 to -10]). TMEM16E is highly expressed in
muscle and bone (4–6). TMEM16E was originally identified as the
causative gene for an autosomal dominant disorder, GDD, in
which the cysteine residue at amino acid position 356 was mutated
to glycine or arginine in two families (7). Subsequently,
TMEM16E homozygous and compound heterozygous mutations
(missense or frameshift mutations) and a dominant missense mu-
tation were found in patients with autosomal muscular dystro-
phies (8–10) and GDD (11). A recent cohort analysis of 786 pa-
tients with autosomal recessive limb-girdle muscular dystrophies
(LGMD) and generic myopathy found that about 4% and 3% of
the patients, respectively, carried pathological homozygous or
compound heterozygous TMEM16E mutations (12).

Despite the severe phenotypes seen in human patients with
TMEM16E mutations, TMEM16E’s biochemical and physiologi-
cal functions have not been determined (13). Since TMEM16A,
the first-identified TMEM16 family protein, functions as a Ca2�-
dependent Cl� channel (14–16), TMEM16E was also thought to
be a Cl� channel (12). We demonstrated that TMEM16F supports
Ca2�-dependent phospholipid scrambling at plasma membranes
(6, 17), and TMEM16F’s ability to scramble phospholipids was
recently confirmed by two other groups (18, 19). Furthermore, Yu
et al. (18) showed that replacing a small region (35 amino acids) in
mouse TMEM16A’s transmembrane IV-V region (Asp554 to
Lys588) with the corresponding region from TMEM16F fully con-
ferred scramblase activity to TMEM16A. Thus, this region of
TMEM16F was designated a scrambling domain (SCRD).

We previously expressed each TMEM16 family member in a
TMEM16F-null cell line and found that not only TMEM16F but

also TMEM16C, -16D, -16G, and -16J support Ca2�-dependent
phospholipid scrambling at plasma membranes (6). Patch-clamp
analysis performed with 293T cells expressing each TMEM16 fam-
ily member confirmed Cl�-channel activity only in TMEM16A and
-16B. We found neither Cl�-channel nor scramblase activity in
TMEM16E and concluded that this was due to its intracellular
localization (7). In this study, we sought to determine the activity
and physiological function of TMEM16E in mice. We first con-
firmed the presence of TMEM16E in the intracellular membranes
of mouse skeletal muscle using a hamster monoclonal antibody
(MAb) against mouse TMEM16E. We also found that a 35-ami-
no-acid segment in the transmembrane IV-V region of
TMEM16E is highly homologous to the SCRD of TMEM16F.
When this segment of TMEM16E was substituted for the corre-
sponding region of TMEM16A, the resulting chimeric molecule
localized to the plasma membrane and strongly promoted phos-
pholipid scrambling.

We next established TMEM16E-deficient mice. Unlike human
patients with a loss-of-function TMEM16E mutation, TMEM16E�/�

mice had no apparent skeletal muscle abnormalities. However,
fertility in the males was strongly reduced by impaired sperm mo-
tility. Collectively, our findings indicate that TMEM16E may sup-
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port phospholipid scrambling at the intracellular membrane ar-
chitecture and that its defect affects sperm motility.

MATERIALS AND METHODS
Mice. C57BL6/J and W/Wv mice were purchased from Japan SLC.
B6D2F1 mice were purchased from CLEA Japan, and their eggs were used
for in vitro fertilization (IVF). Mice with a conditional TMEM16E deletion
were generated by Unitech as a custom order. Briefly, a targeting vector
was designed to replace the 1.6-kb DNA fragment containing exon 2 of
TMEM16E with a neo-loxP cassette (20). A diphtheria toxin A (DT-A)
sequence driven by the thymidine kinase (tk) promoter was placed at the
5= end of the vector. C57BL6/J ES cells (clone Bruce 4) were transfected
with the targeting vector, and G418-resistant clones were screened for
homologous recombination by PCR. Positive clones were injected into
blastocysts from BALB/c mice, and TMEM16E�/NeoFRT mice (FRT, FLP
recombination target) were crossed with CAG-CRE mice (21) to obtain
TMEM16E�/� mice.

The TMEM16E genotype was determined by PCR using a forward
primer (5=-GGTTGTATTGGTTCTTAAATTGTGG) and two reverse
primers (5=-AACCGAAGACTGTCACATGTGGAAT for the wild type
and 5=-AATTCATTCTCGATTCTTGATGG for the mutant allele). All
mice were housed in specific-pathogen-free facilities at the Kyoto Univer-
sity Graduate School of Medicine and at the Research Institute for Micro-
bial Diseases, Osaka University. All animal experiments were conducted
according to protocols approved by the Kyoto University Animal Care
and Use Committee and by the Animal Research Committee of the Re-
search Institute for Microbial Diseases, Osaka University.

Antibodies and reagents. Monoclonal antibodies against mouse
TMEM16E were generated in Armenian hamsters as described previously
(22). Briefly, the TMEM16E C-terminal region (amino acids 847 to 904,
referred to as TMEM16E-c) was fused to glutathione S-transferase (GST)
or maltose binding protein (MBP), synthesized in Escherichia coli BL21,
and purified with glutathione-Sepharose (GE Healthcare) or amylose
resin (New England BioLabs). The purified protein was injected subcuta-
neously (s.c.) into Armenian hamsters four times at 2-week intervals, and
a booster injection was administered into the footpad. Lymphocytes from
the immunized hamsters’ popliteal and inguinal lymph nodes were fused
with mouse NSOBcl-2 myeloma (23), and hybridomas were selected in
HAT medium (Dulbecco’s modified Eagle’s medium [DMEM] contain-
ing 10% fetal calf serum [FCS; Gibco], 10% NCTC-109 [Gibco], 1% non-
essential amino acids [Gibco], 5.5 U/ml human interleukin-6 [IL-6] [pro-
vided by Ajinomoto], 100 �M hypoxanthine, 0.4 �M aminopterin, and
16 �M thymidine). Hybridomas were screened by enzyme-linked immu-
nosorbent assay (ELISA) using MBP-fused TMEM16E-c. A positive clone
was cultured in GIT medium (Nihon Pharmaceutical), and the antibodies
were purified using protein A-Sepharose (GE Healthcare). Rabbit anti-
mouse TMEM16F serum was as previously described (6). Mouse anti-�-
tubulin MAb (clone AB-1), goat anti-mouse basigin, rabbit anticalnexin,
and mouse anti-Golgin97 MAb were from Oncogene Science, Santa Cruz,
ENZO Life Sciences, and Thermo Fisher Scientific, respectively. We ob-
tained horseradish peroxidase (HRP)-conjugated goat anti-mouse Igs,
goat anti-rabbit Igs, and rabbit anti-goat Igs from Dako, AffiniPure goat
anti-Armenian hamster IgG from Jackson ImmunoResearch, and anti-
Flag MAb (M2) from Sigma-Aldrich. Mouse IL-3 was produced as previ-
ously described (24). Rabbit anti-mouse SPACA1 antibody was described
previously (25). HRP-mouse antiphosphotyrosine MAb (clone 4G10)
was from Millipore.

cDNAs. Mouse cDNAs for TMEM16F (NCBI; GenBank accession no.
NM_175344) and TMEM16A (GenBank accession no. BC062959.1), as
well as the edited cDNA for TMEM16E (NCBI; GenBank accession no.
NM_177694.5), were described previously (6). TMEM16A cDNAs carry-
ing the SCRD of TMEM16F (amino acids 525 to 559) or TMEM16E
(amino acids 521 to 555) were constructed by fusing three DNA fragments
using In-Fusion HD cloning kits (TaKaRa Clontech). The authenticity of
the sequences was confirmed by sequencing.

Cell lines, TMEM16F�/� Ba/F3 cells, and transformation. Mouse
Ba/F3 cells were maintained in RPMI medium containing 10% FCS, 45
U/ml mouse IL-3, and 50 �M 2-mercaptoethanol. Mouse C2C12 and
human 293T cells were cultured in DMEM containing 10% FCS. Plat-E
cells (26) were cultured in DMEM containing 10% FCS, 10 �g/ml blasti-
cidin S, and 1 �g/ml puromycin.

The TMEM16F�/� Ba/F3 cell line was established by the use of the
clustered regularly interspersed short palindromic repeats (CRISPR)-Cas
(CRISPR-associated) system (27). In brief, a pair of target DNA sequences
(5=-CACCGGGATGAAGTCGATTCGCCTC and 5=-AAACGAGGCGA
ATCGACTTCATCCC) were designed with the CRISPR Design Tool at
Feng Zhang’s laboratory (www.genome-engineering.org/crispr/?page_id
�41). The annealed fragments were inserted into a BbsI-digested pX330
vector (Addgene). Ba/F3 cells (1.0 � 106) were transfected twice with 10
�g of the plasmid by electroporation using an NEPA21 system (Nep-
agene) (140 V, 5 ms), cultured at 37°C for 3 days, and subjected to limiting
dilution. The mutated allele was identified by sequencing the DNA frag-
ment flanking the CRISPR-Cas target site. For the transformation of
TMEM16F�/� Ba/F3 cells, cDNAs were introduced into pMXs-puro c-
enhanced green fluorescent protein (c-EGFP) to express a protein tagged
with EGFP at the C terminus. Retroviruses were produced in Plat-E, con-
centrated by centrifugation as described previously (28), and used to in-
fect TMEM16F�/� Ba/F3 cells. After repeating the infection process twice,
transformants were selected in the presence of 2 �g/ml puromycin and
sorted by the use of FACSAria II (BD Biosciences).

To analyze the cellular localization of EGFP-tagged TMEM16, 293T
cells were transfected using Fugene 6 (Promega) with pMXs-puro carry-
ing cDNA for the N- or C-terminally EGFP-tagged TMEM16 or its deriv-
atives. Stable transformants, selected by culturing with 1 �g/ml puromy-
cin, were grown on gelatin-coated glass dishes and observed by confocal
microscopy (FV-1000D; Olympus).

Real-time PCR. RNA was isolated using Isogen (Nippon Gene) and
an RNeasy Micro kit (Qiagen) and subjected to reverse transcription
(RT) with a High Capacity RNA-to-cDNA kit (Thermo Fisher Scien-
tific). An aliquot of the product was amplified in a mixture containing
LightCycler 480 SYBR green I Master (Roche Diagnostics) according
to the manufacturer’s instructions. We used the following primers: for
TMEM16A, 5=-ACCCCGACGCCGAATGCAAG and 5=-GCTGGTCCTG
CCTGACGCTG; for TMEM16B, 5=-GAGGCGCACACCTGGGTCAC
and 5=-ATGGGGCGTGGATCCGGACA; for TMEM16C, 5=-GCCAG-
CAATTGCCAACCCCG and 5=-GCAGTCCGACTCCTCCAGCTCT; for
TMEM16D, 5=-ACAGGCATGCTCTTCCCCGC and 5=-GCGATCACTG
CTCGGCGTCT; for TMEM16E, 5=-AGCAGCTCCAGCTTCGGCCT
and 5=-TTCACGCTCTGCAGGGTGGC; for TMEM16F, 5=-GCGCCAG
GCAGAGCTCGAAT and 5=-AGAAGACGGCGCTCGCACAC; for
TMEM16G, 5=-ACATGTGCCCGCTGTGCTCC and 5=-GGGCCGAGG
CCTCTCCTCAA; for TMEM16H, 5=-TGGAGGAGCCACGTCCCCAG
and 5=-GCGGGGCAGACCCTTCACAC; for TMEM16J, 5=-GCTGTGGT
GGTGACTGGGGC and 5=-CCAGGCGCGTGGATTTCCCA; for
TMEM16K, 5=-TGGGGGCAGAAGCAGTCGGT and 5=-GGCCTGTGG
GTAGCCAGGGAT; and for GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase), 5=-ATGGTGAAGGTCGGTGAA and 5=-TTACTCCTTGG
AGGCCATGT.

Whole-cell lysates and solubilized membrane fractions. To prepare
whole-cell lysates from the testis, chilled buffer A (50 mM Tris-HCl buffer
[pH 7.5], 1 mM EDTA, 0.25 M sucrose, and a protease inhibitor cocktail
[Complete Mini; Roche Diagnostics]) was added to the testis (about 10 ml
per g testis) and homogenized twice with a Polytron PT 3100 system
(Kinematica) at 5,000 rpm for 30 s. After an equal volume of buffer A was
added, the mixture was centrifuged at 800 � g for 10 min, and Complex-
ioLyte 47 (CL47; Logopharm) was added to the supernatant at a ratio of
3:1. For sperm homogenates, sperm were collected from the cauda epi-
didymis of 2- to 6-month-old mice, solubilized by incubation in CL47 for
2 h at 4°C, and centrifuged at 20,000 � g for 15 min to remove nuclei.

Solubilized membrane fractions were prepared as described previ-
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ously (24). In brief, tissues in buffer A were homogenized 2 to 6 times
using a Polytron system as described above and were successively centri-
fuged at 4°C at 800 � g for 10 min and at 100,000 � g for 60 min. The
precipitates were solubilized by incubation for 2 h in CL47 at 4°C, and
debris was removed by centrifugation at 20,000 � g for 15 min. The
protein concentration was determined with a Pierce bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific).

BN-PAGE, SDS-PAGE, and Western blotting. Blue native PAGE
(BN-PAGE) (29) was performed with a NativePAGE Novex Bis-Tris gel
system (Life Technologies). In brief, samples were mixed with a one-third
volume of 4� NativePAGE sample buffer and 5% G-250 sample additive
and were separated by electrophoresis on NativePAGE Novex 4% to 16%
Bis-Tris gels. Proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane (Merck Millipore) and fixed in 8% acetic acid for 15
min. For SDS-PAGE, samples in SDS sample buffer (62.5 mM Tris-HCl
[pH 6.8], 2% SDS, 10% glycerol, 5% �-mercaptoethanol, 0.01% bro-
mophenol blue) were separated by electrophoresis on a 7.5% or 10%
polyacrylamide gel and transferred to a PVDF membrane. For Western
blotting, PVDF membranes were incubated in blocking buffer (TBS con-
taining 10% skim milk and 0.01% Tween 20) at room temperature for 1 h
and incubated at 4°C overnight with primary antibodies in Can Get Signal
Solution 1 (Toyobo Life Science) or blocking buffer. The membranes were
then incubated at room temperature for 1 h with secondary antibodies in
Can Get Signal Solution 2 or blocking buffer, and the target protein was
visualized with Immobilon Western chemiluminescent HRP substrate
(Merck Millipore).

Density-gradient fractionation. Mouse C2C12 cells were infected
with a retrovirus carrying cDNA for C-terminally Flag-tagged TMEM16E.
The transformants (7.0 � 105) were suspended in 500 �l of 20 mM Tris-
HCl buffer (pH 7.5) containing 5 mM MgCl2, 5 mM CaCl2, and a protease
inhibitor cocktail and then homogenized on ice in a Dounce homogenizer
with a tightly fitting pestle and passed through a 25-gauge needle. Unbro-
ken cells were removed by centrifugation, and the homogenates were
centrifuged at 100,000 � g at 4°C for 3 h through 4.4 ml of 0% to 30%
OptiPrep (Alere Technologies). Fractions (0.5 ml each) were collected
from the top and analyzed by SDS-PAGE followed by Western blotting.

For skeletal muscle analyses, mouse skeletal muscle (250 mg) was ho-
mogenized using a Polytron homogenizer and 5 ml of buffer B (20 mM
Tris-HCl buffer [pH 7.5] containing 0.3 M sucrose) with a protease in-
hibitor cocktail. The homogenates were centrifuged at 800 � g for 10 min
at 4°C, and the membrane fraction was collected by centrifugation at
20,000 � g for 30 min. The precipitates were suspended in buffer B and
analyzed by density gradient fractionation using 0% to 30% OptiPrep as
described above. Samples from each fraction were diluted by adding 1.5
volumes of buffer B and spun at 100,000 � g at 4°C for 1 h. Precipitates
were dissolved in 150 �l of CL47 containing a protease inhibitor cocktail,
rotated overnight at 4°C, subjected to BN-PAGE, and analyzed by West-
ern blotting.

Separation of mouse sperm into heads and tails. Sperm from the
cauda epididymis of 2- to 6-month-old mice were collected into cold
phosphate-buffered saline (PBS) (250 �l/epididymis). Heads and tails of
sperm were separated by mild sonication followed by Percoll density gra-
dient centrifugation essentially as described previously (30). In brief, 2 �
107 sperm in 500 �l of PBS were subjected 15 times at 4°C to a 1-s flash of
sonication at output level 1 using ultrasonic disrupters (UR-20P; Tomy
Seiko). Samples were layered on 90% (vol/vol) Percoll (GE Healthcare) in
Tris-buffered saline (TBS; 25 mM Tris-HCl [pH 7.5], 150 mM NaCl) and
centrifuged at 15,000 � g for 15 min at 4°C. Sperm heads in the pellet and
tails at the interphase were collected, diluted 5-fold with TBS, and centri-
fuged at 9,000 � g for 5 min. The precipitates were suspended in 200 �l of
CL47 containing a cocktail of protease inhibitors and incubated at 4°C for
2 h. Alternatively, the precipitates were suspended in 200 �l of SDS sample
buffer and heated at 85°C for 30 min. After cell debris was removed by
centrifugation, the supernatant was subjected to SDS-PAGE.

Mass spectrometry. The cell lysates from tibialis anterior muscle were
subjected to iodixanol density gradient centrifugation as described above.
Proteins were dissolved in SDS sample buffer, incubated at room temper-
ature for 30 min, separated by 7.5% SDS-PAGE, and stained with Pierce
Silver Stain for mass spectrometry (MS; Thermo Fisher Scientific). MS
analysis was carried out using a TripleTOF 5600� system (AB Sciex) and
ProteinPilot software at Kyoto University Medical Research Support
Center.

PtdSer exposure. Phosphatidylserine (PtdSer) exposure on the cell
surface of Ba/F3 cells was assayed as described previously (17). In brief, 105

cells in early exponential phase were washed twice in annexin V binding
buffer (10 mM HEPES-NaOH [pH 7.4], 140 mM NaCl, 1 mM CaCl2),
suspended in 1 ml of annexin V binding buffer containing 5 �g/ml pro-
pidium iodide (PI) and Cy5-annexin V (Biovision; diluted 1,000-fold),
and incubated for 5 min at 20°C. A Ca2� ionophore, A23187 (Sigma-
Aldrich), was added to the mixture to achieve a final concentration of 3
�M. Annexin V-positive cells in the PI-negative population were analyzed
by FACSAria II at 20°C for 4 min.

To detect PtdSer in sperm, a D89E mutant of mouse milk fat globule
epidermal growth factor 8 (D89E) was produced and purified as described
previously (31) and labeled with an Alexa Fluor 647 protein labeling kit
(Thermo Fisher Scientific). Sperm were incubated in TYH medium
(119.37 mM NaCl, 4.78 mM KCl, 1.19 mM MgSO4, 1.19 mM KH2PO4,
25.07 mM NaHCO3, 1.71 mM CaCl2, 5.56 mM D-glucose, 1 mM sodium
pyruvate, 4 mg/ml AlbuMAX I [Gibco]) (32) containing 1.25 �g/ml Alexa
Fluor 647-conjugated D89E at 37°C for 10 min. The sperm were then
transferred to TYH medium containing 1% methylcellulose in a 35-mm-
diameter glass dish, centrifuged at 500 � g for 3 min, and observed by
confocal microscope (FV-1000D; Olympus).

Histological analysis and serum creatine kinase. Testis was fixed
overnight at 4°C in PBS containing 4% paraformaldehyde (PFA), succes-
sively incubated at 4°C overnight in PBS containing 25% and 30% su-
crose, embedded in Tissue-Tek OCT compound (Sakura-Finetek), and
frozen in isopentane in liquid nitrogen. Tissues were sectioned at 10 �m
with a cryostat (CM3050S; Leika Microsystems), fixed on APS (amino
silane)-coated glass slides (Matsunami Glass), and stained with hematox-
ylin and eosin. The sections were dipped 10 times each in distilled water,
70% ethanol, and 80% ethanol and were dehydrated once in 90% ethanol
and twice in absolute ethanol. The sections were incubated 3 times in
xylene for 2 min, air dried, mounted with Mount-Quick (Daido Sangyo),
and observed with a microscope (Biorevo BZ-9000; Keyence). For skeletal
muscles, the tibialis anterior muscle was frozen in isopentane. Cryosec-
tions (10 �m) were fixed in 4% PFA for 5 min at room temperature and
stained with hematoxylin and eosin.

For serum creatine kinase, blood collected from 7- to 10-month-old
mice was left overnight at 4°C, and the serum was recovered by centrifu-
gation at 6,000 rpm for 5 min. The creatine kinase was quantified as a
custom service at Oriental Yeast.

ATP content, mitochondrial activity, and tyrosine phosphoryla-
tion. Sperm (1.5 � 106 to 3.0 � 106) were boiled for 2 min in 100 �l of
boiling extraction buffer (0.1 M Tris-HCl [pH 7.8], 4 mM EDTA). After
the debris was removed by centrifugation at 20,000 � g for 5 min, the ATP
concentration was measured as described previously (33). In brief, the
sample was incubated with 0.5 �g/ml firefly luciferase and 50 �g/ml lu-
ciferin in a reaction mixture containing 15.8 mM Tricine, 0.3 mM EDTA,
0.34 mM Na3PO4, 10.3 mM MgSO4, 0.9 mM Triton X-100, 4.4 mM di-
thiothreitol (DTT), and 0.27 mM coenzyme A. The bioluminescence was
measured by the use of a microplate reader (Infinite M200; Tecan). For
mitochondrial activity analyses, sperm were incubated at 37°C for 20 min
with 1.0 �M JC-1 (Thermo Fisher Scientific) in TYH medium (34) and
observed by confocal microscopy. To detect the tyrosine phosphorylation
of sperm proteins, sperm were suspended in SDS sample buffer without
�-mercaptoethanol and heated at 96°C for 5 min. After debris was re-
moved by centrifugation at 13,000 rpm at 4°C for 15 min, the supernatant
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was separated by SDS-PAGE, followed by Western blotting with HRP-
conjugated antiphosphotyrosine MAb.

Fertility, sperm motility, and flagellar trajectory. To assess fertility,
12-week-old male mice were mated for 2 months with 12-week-old wild-
type female mice (one male crossed with two female mice). The pregnant
female mice were separated from the other mice 3 to 5 days before deliv-
ery, and the number of pups was counted on the day of delivery.

To assess sperm motility, sperm in TYH medium at 37°C were allowed
to swim out from cauda epididymis for 10 min or 120 min and were placed
on standard count 2-chamber slides (Leja) (depth, 100 �m) that had been
preheated to 37°C. Sperm motility parameters (curvilinear velocity
[VCL], straight-line velocity [VSL], and average path velocity [VAP])
were evaluated by a computer-assisted system (HTM-CEROS version
12.3; Hamilton Thorne). The straightness of the sperm trajectory was
calculated by the following formula: (VSL/VAP) � 100. Sperm that satis-
fied the criteria of VAP values of 	50 �m/s and straightness values
of 	50% were classified as having progressive motility.

Sperm flagellar movement was examined as described previously (35).
Briefly, sperm in TYH medium were placed on a glass chamber slide (Leja)
(depth, 20 �m), and their motion was observed with an Olympus BX-53
microscope equipped with a high-speed camera (HAS-L1; Ditect). Flagel-
lar movement was recorded at 200 frames per s, and 10 fields were ob-
served for each sample in triplicate. Sperm flagellar waveform and
frequency were analyzed using sperm motion-analyzing software (Boh-
Bohsoft).

In vitro fertilization. Sperm were placed in a 100-�l drop of TYH
medium, covered with paraffin oil (Nacalai Tesque), and incubated at
37°C for 2 h. Eight-week-old B6D2F1 female mice were injected with 5 IU
of pregnant mare serum gonadotropin 62 h before in vitro fertilization
(IVF) and with 5 IU of human chorionic gonadotropin 14 h before IVF.
Eggs were collected from the oviduct. In some cases, eggs were treated
with 330 �g/ml hyaluronidase (Sigma-Aldrich) or 1 mg/ml collagenase
(Sigma-Aldrich) at 37°C for 10 min to prepare cumulus-free or zona-free
eggs, respectively. The eggs (50 to 60 cumulus-intact eggs, 25 to 30 cumu-
lus-free eggs, or 10 to 20 zona-free eggs) were placed in a 100-�l TYH
drop. The eggs were incubated with 2.0 � 105 sperm for 6 h at 37°C,
washed with TYH medium, further incubated for 18 h, and observed
using a Hoffman modulation contrast microscope (IX71; Olympus). To
assay the ability of sperm to bind the zona pellucida layer, sperm (2.5 �
105) were incubated at 37°C for 30 min with 10 cumulus-free eggs in 100
�l of TYH medium, fixed with 0.1% PFA, and observed by the use of an
Olympus IX-71 microscope.

Treadmill exercise test. Mice at 2 months of age were acclimatized for
2 days to the environment by running on a horizontal treadmill (TM-
MV1; Osaka Microsystem) at 10 m/min for 10 min. The endurance test
was started at 10 m/min for 10 min, and then the speed was incrementally
increased by 3 m/min every 3 min to 22 m/min. Once the speed reached to
22 m/min, the mice were forced to run until they were exhausted. The
criterion of exhaustion was that the mice stayed on electric shock bars at
the bottom of treadmill for more than 10 s. The exercising period was
recorded from the time when the speed reached to 22 m/min to the time
when the mice were exhausted.

RESULTS
TMEM16E cellular localization. TMEM16E is strongly expressed
in mouse muscle and bone (4). To examine its cellular distribu-
tion, mouse myoblast C2C12 cells (36) were transformed with
Flag-tagged mouse TMEM16E. Cellular organelles were separated
from extracts of the transformed cells by iodixanol-base density
gradient centrifugation (37). Each gradient fraction was then sep-
arated by SDS-PAGE and analyzed by Western blotting, which
revealed that the exogenously expressed Flag-tagged TMEM16E
of about 106 kDa cofractionated with calnexin at the endoplasmic
reticulum (ER) (38) but not with Golgin97 in the Golgi apparatus
(39) (Fig. 1A).

To examine the cellular distribution of the endogenous
TMEM16E, muscle extracts were separated by SDS-PAGE and
analyzed by Western blotting using a hamster anti-mouse
TMEM16E MAb that we prepared. However, the presence of a
large amount of protein with a molecular size (about 100 kDa)
similar to that of TMEM16E hampered this analysis (Fig. 1B). The
tandem mass spectrometry (MS/MS) analysis of the 100-kDa pro-
tein band revealed that it was sarcoplasmic reticulum Ca2�-
ATPase 1 (SERCA1) (Fig. 1C). To overcome this problem, mem-
brane fractions were separated from skeletal muscles by density
gradient centrifugation, and the proteins in each fraction were
solubilized and subjected to BN-PAGE (29). Western blotting
with the anti-TMEM16E MAb showed that TMEM16E behaved as
a protein of 540 kDa and cofractionated with calnexin (Fig. 1D),
suggesting that the endogenous mouse TMEM16E localizes to
the ER.

The TMEM16E scrambling domain. Among the TMEM16
family proteins, TMEM16E shares the highest homology with
TMEM16F (46.4% amino acid sequence identity), and yet it lacks
TMEM16F’s ability to support Ca2�-dependent phospholipid
scrambling on the plasma membrane (6). This absence of scram-
bling ability is partly due to TMEM16E’s intracellular localization.
Recently, Yu et al. (18) showed that inserting the SCRD from
mouse TMEM16F into TMEM16A, which has no scrambling abil-
ity, is sufficient to confer scramblase activity. TMEM16F’s SCRD
spans 35 amino acids in the region from transmembrane IV to
transmembrane V. The amino acid sequences of TMEM16A,
-16B, -16E, and -16F at this region are aligned in Fig. 2A, showing
that 10 and 7 amino acids in this domain are identical or homol-
ogous among these four members. TMEM16E has an additional 7
amino acids (E525, K526, E542, S546, M551, F554, and Q555) that
are identical or similar to TMEM16F. Ten residues were specifi-
cally conserved between TMEM16A and -16B, both of which have
Cl�-channel activity. Among these 10 residues, only three amino
acids (W530, K533, and M534) were found in TMEM16E (Fig.
2A). These results suggested that this segment of TMEM16E
might work as a SCRD. To examine this possibility, we replaced
the DNA fragment coding this segment in TMEM16A with the
corresponding region of TMEM16E or -16F, generating
TMEM16A-E SCRD and TMEM16A-F SCRD (Fig. 2B).
TMEM16A, -16E, -16F, and the chimeric TMEM16A-E SCRD
and TMEM16A-F SCRD proteins were fused to EGFP and stably
expressed in 293T cells. Fluorescence microscopy showed that
TMEM16A, TMEM16F, and TMEM16A-F SCRD localized to the
plasma membrane (Fig. 2C). Regardless of whether EGFP was
attached to the N or C terminus of TMEM16E, TMEM16E-EGFP
was mostly found at intracellular membranes, which were stained
with ER-tracker to confirm that TMEM16E localized to the ER
(Fig. 2C and D). On the other hand, TMEM16A-E SCRD localized
to the plasma membrane, indicating that the 35-amino-acid seg-
ment of TMEM16E did not block TMEM16A’s localization to the
plasma membrane.

Of the 5 TMEM16 family members (TMEM16C, -16D, -16F,
-16G, and -16J) that promote Ca2�-dependent phospholipid
scrambling (6), mouse Ba/F3 cells expressed only TMEM16F (Fig.
3A). Accordingly, when TMEM16F was mutated using the
CRISPR/Cas9 system (Fig. 3B), the ability of TMEM16F�/� Ba/F3
cells to expose PtdSer in response to A23187, a Ca2� ionophore,
was severely inhibited (Fig. 3C). Next, TMEM16F�/� Ba/F3 cells
were stably transformed with TMEM16A, TMEM16E, TMEM16F,
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TMEM16A-E SCRD, or TMEM16A-F SCRD (Fig. 3D). As previ-
ously reported (6, 18), transformants expressing TMEM16F or
TMEM16A-F SCRD, but not TMEM16A or TMEM16E, exposed
PtdSer in response to A23187 (Fig. 3E and F). Notably, the
TMEM16A-E SCRD transformants also exposed PtdSer in re-
sponse to A23187, indicating that the 35-amino-acid segment of
TMEM16E worked as a SCRD. TMEM16F’s ability to expose Ptd-
Ser was weaker than that of TMEM16A-E SCRD or TMEM16A-F
SCRD. TMEM16F required a higher Ca2� ionophore concentra-
tion than did TMEM16A-E SCRD and TMEM16A-F SCRD to

expose PtdSer (data not shown), supporting the idea that
TMEM16A is more sensitive than TMEM16F to Ca2� (18).

TMEM16E-deficient mice. We established a mouse line with
floxed TMEM16E alleles. These mice were crossed with transgenic
mice that ubiquitously expressed CRE recombinase, thereby pro-
ducing TMEM16E�/� mice (Fig. 4A and B). Intercrossing
TMEM16E�/� mice produced offspring at a nearly Mendelian
ratio (28 TMEM16E�/�, 48 TMEM16E�/�, and 26 TMEM16E�/�).
When solubilized membrane fractions from skeletal muscles were
analyzed by BN-PAGE, Western blotting with anti-TMEM16E

FIG 1 TMEM16E’s cellular localization. (A) TMEM16E in C2C12 cells. Homogenates of C2C12 cells expressing Flag-tagged mouse TMEM16E were separated
by density gradient centrifugation using 0% to 30% OptiPrep, and 10-�l aliquots of each fraction were analyzed by SDS-PAGE followed by Western blotting with
anti-Flag MAb, anticalnexin antibody (Ab) (endoplasmic reticulum [ER]), and anti-Golgin97 Ab (Golgi apparatus). Molecular mass standards (Precision Plus
Standard; Bio-Rad) are shown on the left. (B) SDS-PAGE and Western blotting for TMEM16E in skeletal muscle. Solubilized membrane fractions (5 �g of
protein) from TMEM16E�/� (�/�) and TMEM16E�/� (�/�) skeletal muscles were separated by 7.5% SDS-PAGE and analyzed by Western blotting with an
anti-TMEM16E MAb. Upper panel: the nonspecific band around 100 kDa is indicated by an arrowhead. Lower panel: the membrane was stained with Coomassie
brilliant blue (CBB). (C) Identification of the 100-kDa bands as SERCA1. Homogenates of skeletal muscle tissues from TMEM16E�/� and TMEM16E�/� mice
were partially purified by density gradient centrifugation, separated by SDS-PAGE, and subjected to silver staining. The major band around 100 kDa (arrowhead)
was analyzed by mass spectrometry (right table). Unused ProtScore, a measure of peptides that are unique to an assigned protein and that are not claimed by
others. Peptide (95%), the number of distinct peptides matching a target protein sequence with at least 95% confidence. Accession, GenBank accession number.
(D) TMEM16E in mouse skeletal muscle. Upper panel: homogenates from mouse skeletal muscle were analyzed by density gradient centrifugation, and 30-�l
aliquots of each fraction were analyzed by BN-PAGE followed by Western blotting with anti-TMEM16E. Molecular mass standards (NativeMark unstained
protein standards; Life Technologies) are shown at the left. Lower panel: aliquots of each fraction were analyzed by SDS-PAGE, followed by Western blotting with
anticalnexin Abs.
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MAb revealed a broad band around 540 kDa in the wild-type
tissues but not in the TMEM16E�/� tissues (Fig. 4C). Although
human patients carrying TMEM16E mutations suffer from
muscular dystrophy (8, 12), the skeletal muscles in the
TMEM16E�/� mice, regardless of age or sex, had no apparent
abnormalities (Fig. 4D and data not shown). The serum crea-
tine kinase levels were also comparable in the TMEM16E�/�

and wild-type mice (Fig. 4E). In a forced-running test, the
performances of the TMEM16E�/� and wild-type mice were
similar (Fig. 4F).

Subfertility in TMEM16E�/� males. TMEM16E�/� mice
grew normally after birth and had no abnormalities in appearance
or behavior. On the other hand, our preliminary analysis indi-
cated that the number of offspring from crossing TMEM16E�/�

mice was significantly smaller than that from wild-type mice. To
determine the differences in fertility between male and female
TMEM16E�/� mice, wild-type female mice were crossed with

TMEM16E�/�, TMEM16E�/�, or TMEM16E�/� male mice and
vice versa. As shown in Fig. 5A, the TMEM16E�/� and wild-type
females produced similar numbers of offspring when mated with
wild-type males (9.11 
 1.26 versus 7.56 
 1.5 pups). On the
other hand, wild-type female mice crossed with TMEM16E�/�

males delivered half as many pups (4.35 
 1.86 pups) as those
bred to wild-type males.

Real-time RT-PCR analysis showed higher TMEM16E mRNA
levels in the testis than in skeletal muscle (Fig. 5B). BN-PAGE analysis
using the anti-TMEM16E MAb detected a strong band at 720 kDa in
wild-type but not TMEM16E�/� testis lysates (Fig. 5C). The differ-
ence in size between the TMEM16E proteins detected in the testes
(720 kDa) and muscle (540 kDa) (Fig. 4C) suggests that TMEM16E
exists as a hexamer in the testis or that TMEM16E associates with
different molecules in the muscle and testis.

The testis is composed of several types of cells (germ cells,
Sertoli cells, and Leydig cells). Germ cells start developing soon

FIG 2 Chimeric TMEM16A mutants carrying the SCRD of TMEM16F or TMEM16E. (A) The putative TMEM16 SCRD. Top: schematic structure of TMEM16.
The SCRD, located in the transmembrane region from IV to V in TMEM16E and -16F, is shown in pink. Bottom: amino acid sequence alignment of TMEM16A
(positions 554 to 588), -16B (558 to 592), -16E (521 to 555), and -16F (525 to 559), showing identical (red) and homologous (orange) amino acids. Amino acids
that were identical and homologous between TMEM16A and -16B and between TMEM16F and -16E are highlighted in blue and green, respectively. (B) A
schematic representation of TMEM16A, -16E, -16F, TMEM16A-E SCRD, and TMEM16A-F SCRD. The number above each chimeric construct shows the amino
acid position in TMEM16A. In the chimeric constructs, the 35-amino-acid segment in TMEM16A (positions 554 to 588) was replaced with the corresponding
region of TMEM16E or -16F. TMEM16 proteins were fused to EGFP at the C terminus. (C) Stable transformants of 293T cells expressing EGFP-tagged
TMEM16A, -16F, -16E, -16A-F SCRD, and -16A-E SCRD were observed by confocal microscopy. Phase-contrast and GFP images are shown. Cells expressing
TMEM16E-GFP were stained with ER-tracker (ER-Tracker Blue-White DPX; Thermo Fisher Scientific), and the images were merged. Scale bars, 15 �m. (D)
Stable transformants of 293T cells expressing N-terminally EGFP-tagged TMEM16E were observed by confocal microscope. Phase-contrast and GFP images are
shown. The cells were also stained with ER-tracker as described above. Scale bars, 20 �m.
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after birth (40). To determine which cell types express TMEM16E,
mouse testis was collected and analyzed by BN-PAGE weekly after
birth. As shown in Fig. 6A, TMEM16E was present in the testis of
2-week-old mice and its levels gradually increased thereafter, sug-
gesting that TMEM16E expression begins in spermatocytes and is
maintained in spermatozoa. Accordingly, W/Wv mice, which can-
not produce differentiating germ cells due to a deficiency in a c-kit
receptor that is indispensable for spermatogenesis (40), did not

carry TMEM16E in the testis (Fig. 6A). Spermatozoa exit the testis
to enter the epididymis, where they mature sufficiently to move
toward oocytes (41). Broad bands of TMEM16E of 500 to 720
kDa were detected in mature sperm collected from the caudal
epididymis (Fig. 6B). When sperm were separated into head
and tail regions, higher numbers of TMEM16E were found in
the basigin-positive tail region than in the SPACA1-positive
head regions (Fig. 6C). Despite strong TMEM16E expression in

FIG 3 Phosphatidylserine scrambling by a TMEM16A chimera carrying the TMEM16E SCRD. (A) PCR of TMEM16 family members in mouse Ba/F3 cells. Total
RNA from Ba/F3 cells was subjected to PCR using specific primers for the protein indicated above the lane. (B) Western blotting for TMEM16F. Whole-cell
lysates (6 �g) from wild-type (�/�) and TMEM16F�/� (�/�) Ba/F3 cells were separated by SDS-PAGE and analyzed by Western blotting with an anti-
TMEM16F antibody (arrowhead, TMEM16F). As a loading control, the membrane was stained with CBB. The major bands around 40 kDa are shown in the lower
panel. (C) Ca2�-dependent PtdSer scrambling. Wild-type and TMEM16F�/� Ba/F3 cells were treated with 3 �M A23187 at 20°C in the presence of 1 mM CaCl2
and Cy5-annexin V. Cy5-annexin V staining was monitored by flow cytometry for 200 s. The results are expressed as mean fluorescence intensity (MFI) values.
The average value from three experiments was plotted with standard deviations (SD). (D) EGFP-tagged TMEM16A, -16E, -16F, -16A-E SCRD, and -16A-F SCRD
were expressed in TMEM16F�/� Ba/F3 cells, and EGFP in the transformants was analyzed by flow cytometry. (E and F) Ca2�-dependent PtdSer scrambling by
chimeric TMEM16A proteins. (E) TMEM16F�/� Ba/F3 cells and transformants expressing TMEM16A, -16E, -16F, -16A-E SCRD, or -16A-F SCRD were treated
in triplicate with 3 �M A23187, and the PtdSer exposure on EGFP-expressing cells was monitored for 200 s. The average values are plotted with SD. (F)
Representative histograms for the distribution of the annexin V-bound population of each transformant at 125 s are shown.
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FIG 4 Generation of a TMEM16E-knockout mouse. (A) Schematic of wild-type and null TMEM16E alleles and the targeting vector, showing exons as boxes and
indicating major recognition sites for restriction enzymes. The long and short arms for homologous recombination are indicated in the bottom line. In the
targeting vector, exon 2 is flanked by two loxP sequences (pink arrowheads). PGK-neo (Neor) flanked by FRT sequences (green arrowheads) is inserted
downstream of exon 2, and a diphtheria toxin A fragment (DTA) is at the 5= site of the long homologous sequence. The NeoFRT allele shows the allele established
by homologous recombination with the targeting vector. In the floxed allele, the Neor gene was deleted by the use of FLPe recombinase, and exon 2 was then
deleted by crossbreeding with mice carrying Cre recombinase. (B) Genotyping of the TMEM16E-null mice. Tail DNA from TMEM16E�/� (�/�),
TMEM16E�/� (�/�), and TMEM16E�/� (�/�) mice was analyzed by PCR using the primers indicated in the schematic diagram at the bottom. In the diagram,
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the testis and sperm, the testis and epididymis weights were
comparable in TMEM16E�/� and TMEM16E�/� mice (Fig. 6D
and E), as were the numbers of sperm obtained from the caudal
epididymis (Fig. 6F). The testis morphologies also appeared to
be similar in the TMEM16E�/� and TMEM16E�/� mice
(Fig. 6G).

Motility deficits in TMEM16E�/� sperm. The ability of
TMEM16E�/� sperm to fertilize eggs was assayed in vitro. When
cumulus-intact eggs from superovulated B6D2F1 mice were incu-
bated with capacitated TMEM16E�/� sperm for 6 h, more than
90% of the eggs were successfully fertilized (Fig. 7A). The percent-
age of fertilized eggs was strongly reduced, to less than 25%, in the
experiments using TMEM16E�/� sperm. The TMEM16E�/�

sperm could not fertilize hyaluronidase-treated cumulus-free eggs
but fully fertilized collagenase-treated zona-free eggs.

Sperm incapable of penetrating the zona pellucida often have
low motility (42–44). Thus, we examined TMEM16E�/� sperm
motility by incubating sperm from the caudal epididymis in TYH
medium for 10 min or 2 h. The sperm motility was analyzed by a
computer-assisted CEROS system. More than 95% of the
TMEM16E�/� sperm could move, similarly to wild-type sperm.
However, the values for all of the motility parameters (VAP [av-
erage path velocity], VSL [straight-line velocity], and VCL [curvi-
linear velocity]) were significantly reduced in the TMEM16E�/�

sperm (Fig. 7B). The absence of TMEM16E strongly reduced the
percentage of sperm that moved in a straight line, particularly

after capacitation (64% versus 31%). We next plotted the VCL
and straightness (an index of the departure of sperm motion from
a theoretical straight line) of individual sperm. The VCL was lower
in noncapacitated TMEM16E�/� sperm than in TMEM16E�/�

sperm, but the straightness index in the majority of the
TMEM16E�/� sperm was similar to that of TMEM16�/� sperm
(Fig. 7C). Incubation in TYH medium for 2 h had little effect on
the VCL but reduced the straightness of the TMEM16E�/� sperm.
These results indicated that the TMEM16E deficiency caused
sperm sluggishness, leading to inefficient in vitro fertilization and
subfertility in vivo.

TMEM16E�/� sperm had no apparent abnormality in their
morphology (Fig. 8A) and in the beating ability of flagella (Fig.
8B). They bound to the zona pellucida layer of cumulus-free eggs
as efficiently as the wild-type sperm (Fig. 8C). The ATP content
and mitochondrial membrane potential were also apparently nor-
mal in TMEM16E�/� sperm (Fig. 8D and E). The tyrosine phos-
phorylation of sperm proteins (45, 46) and the PtdSer exposure
on the sperm head (47, 48) that occurred during the sperm capac-
itation were indistinguishable between the wild-type and
TMEM16E�/� sperm (Fig. 8F and G). These results confirm that
the capacitation and acrosome reaction take place normally in
TMEM16E�/� sperm but that their ability to penetrate or drill
into the zona pellucida layer is defective due to their sluggish mo-
tility.

green and yellow lines represent the long and short arms. Black arrows indicate the common forward primer; red and blue arrows indicate reverse primers for the
wild-type and null alleles. The pink arrowhead indicates a loxP sequence. (C) BN-PAGE and Western blotting. Solubilized membrane fractions (15 �g protein)
from TMEM16E�/� or TMEM16E�/� skeletal muscles were separated by BN-PAGE and analyzed by Western blotting with a hamster anti-TMEM16E MAb. A
arrowhead indicates the TMEM16E band. The membrane was stained with CBB as a loading control. The major band of �100 kDa represents SERCA. (D)
TMEM16E�/� muscle had no apparent abnormalities. Cryosections of the tibialis anterior muscle from 6-month-old TMEM16E�/� and TMEM16E�/� male
mice were stained with hematoxylin and eosin and observed under a microscope. Scale bar, 50 �m. (E) Serum concentration of creatine kinase (CK) in
TMEM16E�/� (n � 4) and TMEM16E�/� (n � 5) male mice at 7 to 10 months of age. (F) Endurance test for TMEM16E�/� and TMEM16E�/� mice. Five mice
for each genotype were subjected to the forced-running test at the speeds indicated above the x axis, and the percentages of mice that were still running at the
indicated times were plotted.

FIG 5 TMEM16E expression in mouse testis. (A) Fertility is reduced in TMEM16E�/� males. Nine males with a TMEM16E�/� (�/�) or TMEM16E�/�

(�/�) genotype and 9 males with a TMEM16E�/� (�/�) genotype were mated for 2 months with TMEM16E�/� or TMEM16E�/� females. Each dot
represents the number of pups born from a single breeding pair; the red line shows the average litter size. P values were determined by Student’s t test. **,
P � 0.01. (B) TMEM16E mRNA levels in the testis and skeletal muscle, measured by real-time PCR, and expressed relative to GAPDH mRNA. The values
shown are averaged from 3 independent experiments and are shown with 
SD values (bars). P values for the different pairs were determined by the
Student t test. **, P � 0.01. (C) Membrane fractions from the testis of TMEM16E�/� or TMEM16E�/� mice were solubilized, and aliquots (15 �g protein)
were separated by BN-PAGE and analyzed by Western blotting with an anti-TMEM16E MAb (upper panel). The arrowhead indicates TMEM16E. Lower
panel: the membrane stained with CBB.
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DISCUSSION

TMEM16A is a Ca2�-dependent Cl� channel, and TMEM16F
scrambles phospholipids. Yu et al. compared the amino acid se-
quences in TMEM16A- and -16F paralogs (18) and showed that
TMEM16F carries a specific domain (SCRD) responsible for
scrambling phospholipids. Here, we applied this information to
TMEM16E and found that TMEM16E also has a SCRD in the
corresponding region (from transmembrane IV to transmem-
brane V). Our cell-based assay did not detect phospholipid-
scrambling activity in TMEM16E, which localizes intracellularly
(6). The amino acid residues involved in binding Ca2�, inferred
through a mutational analysis of mouse TMEM16A (49) and by
X-ray structural analysis of Nectria haematococca TMEM16 (3),
are well conserved in TMEM16E. Although we cannot rule out the
possibility that TMEM16E lacks other domains necessary for
scrambling of phospholipids, it is tempting to think that
TMEM16E supports Ca2�-activated phospholipid scrambling at

the intracellular membrane architecture. TMEM16E is present
not only in mammals but also in chickens, zebrafish, Drosophila
melanogaster, and Xenopus tropicalis. As shown in Fig. 9A,
TMEM16E’s SCRD is phylogenetically well conserved; 18 of the 35
amino acids in the SCRD are identical or homologous among
these animals. In particular, K526, E542, M551, F554, and Q555
(numbering according to mouse TMEM16E) were found in the
SCRD of TMEM16E in all these animals, suggesting that
TMEM16E may support phospholipid scrambling in intracellular
membranes as a conserved function in various animals.

There are 10 members in the mouse TMEM16 family. Of these,
not only TMEM16F but also TMEM16C, -16D, -16G, and -16J
support phospholipid scrambling in a TMEM16F�/� fetal thymo-
cyte line (6). Recently, in both Aspergillus fumigatus and Nectria
haematococca, TMEM16 was shown to scramble phospholipids in
a cell-free reconstituted system (3, 50). Figure 9B shows the
aligned amino acid sequences of the SCRD (or its corresponding

FIG 6 TMEM16E expression in mouse sperm. (A) TMEM16E in testis germ cells. Whole-cell lysates (7.5 �g protein) from the testis of C57BL6/J mice at the
indicated age or from W/Wv mice at 6 weeks of age were separated by BN-PAGE and analyzed by Western blotting with an anti-TMEM16E MAb (upper panel).
In the lower panel, samples (7.5 �g protein) were separated by SDS-PAGE and analyzed by Western blotting with an anti-�-tubulin MAb. The arrowhead
indicates TMEM16E. (B) Whole-cell lysates from the testis or sperm of TMEM16E�/� (�/�) or TMEM16E�/� (�/�) mice were separated by BN-PAGE and
analyzed by Western blotting with the anti-TMEM16E MAb (upper panel). The arrowhead indicates TMEM16E. The lower panel shows the membrane stained
by CBB. (C) Localization of TMEM16E in sperm tail. Sperm (intact) were separated into head and tail. The lysates of each fraction (corresponding to 0.75 � 106

to 2 � 106 sperm) were separated by BN-PAGE and analyzed by Western blotting with anti-TMEM16E MAb. The lysates were also separated by SDS-PAGE and
subjected to Western blot analysis performed with antibasigin antibody or anti-SPACA1 MAb. (D to G) No apparent abnormality in the testis and sperm of
TMEM16E�/� mice. (D and E) The testis (D) and epididymis (E) were removed from wild-type and TMEM16E�/� mice at 5 to 12 months of age and were
weighed. (F) Sperm were recovered from the cauda epididymis and counted. The values in panels D to F represent the average results of three experiments and
are shown with SD values (bars). (G) Cryosections were prepared from the testis of 7-month-old wild-type and TMEM16E�/� mice, stained with hematoxylin
and eosin, and observed under a microscope. Scale bars, 50 �m.
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region) of all mouse TMEM16 family members and of A. fumiga-
tus and N. haematococca TMEM16. The aforementioned 7 amino
acids conserved between TMEM16E and -16F (E525, K526, E542,
S546, M551, F554, and Q555, with TMEM16E’s numbering) were
also found in the SCRD of TMEM16C and -16D. However, only a
few amino acids were conserved in mouse TMEM16G and
TMEM16J and in A. fumigatus and N. haematococca TMEM16. It
will be interesting to examine whether these less-conserved
SCRDs can confer scramblase activity in a chimeric TMEM16A
molecule.

The issue of the physiological functions of TMEM16E in intra-
cellular membranes remains. TMEM16E loss-of-function muta-
tions cause muscular dystrophy in humans (12) (Fig. 9C) and

sperm motility defects in mice (this report), while autosomal
dominant mutations cause GDD (11). Although it is possible that
TMEM16E performs different functions in these tissues, a com-
mon function is more likely. Phospholipids are synthesized at the
cytoplasmic leaflets of the ER and are quickly flipped to the lume-
nal leaflet in an energy-independent mechanism (51). Although
TMEM16E at the ER might be a candidate for this flipping activity,
its specific expression in the muscle, bone, and testis may not
support this possibility.

The clinical features of muscular dystrophy caused by a loss-
of-function TMEM16E mutation(s) are similar to those of mus-
cular dystrophy caused by defective dysferlin (52). Since dysferlin
helps to repair damaged skeletal muscle membranes via a mem-

FIG 7 Reduced motility of TMEM16E�/� sperm. (A) In vitro fertilization. Sperm from TMEM16E�/� (�/�) or TMEM16E�/� (�/�) littermate pairs was
incubated with cumulus-intact, cumulus-free, or zona-free wild-type eggs in vitro, and the percentages of eggs carrying pronuclei (zona-free eggs; n � 10 to 20)
and of eggs that had reached the 2-cell stage (cumulus-intact eggs, n � 50 to 60; cumulus-free eggs, n � 25 to 30) were counted. The average values from three
independent experiments are plotted and are shown with SD values (bars). P values were obtained by Student’s t test. **, P � 0.01. (B) Sperm from three
TMEM16E�/� or TMEM16E�/� mice were allowed to swim out from the dissected cauda epididymis in TYH medium for 10 min (noncapacitating) or 2 h
(capacitating). The curvilinear velocity (VCL), straight-line velocity (VSL), and average path velocity (VAP) were then measured using a computer-assisted
sperm analysis system. Cells with a VAP value of less than 10 �m/s were classified as immotile. Progressiveness was determined as described in Materials and
Methods. The average values for each parameter were plotted with 
SD values (error bars). Student’s t test was performed for the indicated data sets. **, P � 0.01.
(C) Straightness of sperm movement. Noncapacitating and capacitating sperm were allowed to swim out as described for panel B. The straightness of sperm
movement was assessed as described in Materials and Methods and was plotted against the VCL. Each dot represents individual sperm from two pairs of
TMEM16E�/� and TMEM16E�/� mice.
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brane fusion process (53), Monjaret et al. (52) proposed that
TMEM16E may also be involved in repairing sarcolemmal mem-
branes. Ferlin-1, a dysferlin homolog, functions in Ca2�-depen-
dent sperm-vesicle fusion (54). Defective ferlin-1 causes sperm
infertility in C. elegans (55), which supports the proposal that
dysferlin/ferlin and TMEM16E are involved in similar pathways.

TMEM16E is expressed in both immature and mature sperm. Al-
though we cannot rule out the possibility that TMEM16E in ma-
ture sperm regulates their motility, we prefer the hypothesis that,
like ferlin-1 (54), TMEM16E affects sperm motility by regulating
spermatogenesis.

There are two known plasma membrane repair mechanisms

FIG 8 Morphological and functional analysis of TMEM16E�/� sperm. (A) Morphology of TMEM16E�/� sperm. Sperm were prepared from
TMEM16E�/� (�/�) or TMEM16E�/� (�/�) caudal epididymis, cultured for 10 min in TYH medium, and observed under a confocal microscope. Scale
bars, 30 �m. (B) Sperm flagellar movement. TMEM16E�/� or TMEM16E�/� sperm were cultured in TYH medium for 10 min or 2 h, and their movement
was monitored with a high-speed camera. For each sample, 5 to 10 sperm per field were analyzed for 10 fields, and the representative movement is
schematically shown. (C) Binding of sperm to zona pellucida. Cumulus-free wild-type eggs were incubated with TMEM16E�/� or TMEM16E�/� sperm
that were capacitated by incubating for 2 h in TYH medium. At 30 min, the eggs were washed, fixed, and observed by confocal microscope. Eggs enclosed
in a box are shown in a magnified image in the middle panels. Scale bars, 100 �m. (D) ATP content. TMEM16E�/� or TMEM16E�/� sperm were incubated
for 10 min or 2 h in TYH medium, and their ATP content was quantified. Error bars indicate SD (n � 3 each). (E) Mitochondrial function. TMEM16E�/�

or TMEM16E�/� sperm were incubated in TYH medium for 10 min, stained with 10 �M JC-1, and observed under a confocal microscope. Scale bars, 30
�m. (F) Tyrosine phosphorylation (p-Tyr) in capacitated sperm. TMEM16E�/� or TMEM16E�/� sperm were incubated for 10 min or 2 h in TYH
medium. (Upper panel) The cell lysates were separated by SDS-PAGE and analyzed by Western blotting with antiphosphotyrosine MAb. In the lower
panel, the membrane was stained with CBB as a loading control. (G) PtdSer exposure in sperm heads. TMEM16E�/� or TMEM16E�/� sperm were
incubated in TYH medium for 10 min, stained with Alexa Fluor 647-labeled D89E, and observed under a confocal microscope. Sperm enclosed in a box
are shown in magnified images in the middle panels. Scale bar, 50 �m.
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(56). In one, the Ca2�-triggered exocytosis of the damaged mem-
brane reduces membrane tension, followed by endosomal sorting
complex required for transport (ESCRT)-mediated sealing of the
membrane. In the second, damaged membranes are endocyto-
sed and degraded via the activity of multivesicular bodies
(MVBs). MVBs are formed by the inward budding of limited
endosomal membranes (57). We recently showed that
TMEM16F, a Ca2�-dependent phopholipid scramblase, is in-
volved in the shedding of microparticles at the plasma mem-
brane (58). TMEM16E may be involved in the budding of mem-
branes to form multivesicular bodies, although TMEM16E
mainly localizes to ER. To confirm this possibility, it would be

necessary to determine whether the TMEM16A-E SCRD chi-
mera can support microparticle production. Point mutations
found in GDD patients appear to make the TMEM16E domi-
nant-active (11, 59). It will be interesting to examine the struc-
ture of intracellular membranes in cells expressing these
mutants. Loss-of-function TMEM16E mutations produce dif-
ferent phenotypes in humans and mice; this might be explained
by differing contributions of the two membrane-repair mech-
anisms in human and mouse tissues. Finally, based on our
findings, it will be important to investigate whether human
male patients with asthenozoospermia carry TMEM16E de-
fects.

FIG 9 TMEM16E’s SCRD in various animals, SCRD in mouse TMEM16 family members, and TMEM16E’s mutations in human patients. (A) The sequence
alignment of mouse TMEM16A amino acids in the SCRD and surrounding regions with those in TMEM16E in human, mouse, chicken, zebrafish, Drosophila,
and Xenopus. (B) Sequence alignment of mouse TMEM16 family members (TMEM16A to TMEM16K) with TMEM16 from Aspergillus fumigatus (A.f.) and
Nectria haematococca (N.h.), showing the SCRD (yellow highlight), amino acid residues that are conserved (i.e., that are identical or homologous) in all aligned
members in each group (red), residues that are conserved specifically between mouse TMEM16A and -16B (blue), and residues that are conserved between mouse
TMEM16E and -16F (green). (C) Point mutations in TMEM16E in human patients. The structure of human TMEM16E based on the tertiary structure of
TMEM16 of N. haematococca (3) is schematically shown. Orange dots indicate the position of the point mutations in human patients with LGMD and nonspecific
myopathies (12). The autosomal dominant mutations at C356 and T513 in GDD patients are also shown (7, 11).
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