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Associated Endoplasmic Reticulum Membranes in Mouse

and Human Testes
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Mitochondria-associated endoplasmic reticulum membranes (MAMs)
regulate important cellular functions including calcium signaling,
bioenergetics, and apoptosis during neurodevelopment and carcinogenesis,
but its function in male reproduction and spermatogenesis remains enigmatic
because the field lacks a complete understanding of the proteome within
testis MAMs. To better understand the biological processes and molecular
functions of MAM in testes, a global mass spectrometry-based proteomic
evaluation of MAM proteins from human and mouse testes are reported here,
respectively. The evaluation and analysis showed that the components of

Among these MCSs, the association of
ER and mitochondria was first described
in 19591; thus these tight structural con-
tacts were called mitochondria-associated
ER membrane (MAM), or referred to
as MERCs (mitochondria ER contacts)
in some literature. In this physical con-
tact structure, between 5 and 20% of the
mitochondrial surface is closely appos-
ing to ER, in living Hela cells; =20%
of the mitochondrial surface is in direct

MAM were highly conserved not only between different species (human and
mouse) but also between different tissues (testes and brains). Bioinformatics
interrogation of these MAM protein catalogues uncovered that 815 new
potential linkages specifically existed in mouse testes compared with mouse
brains. In addition, a comparative analysis showed that 1347 proteins
(account for ~96.56%) were highly conservatively expressed in both human
and mouse testis MAMs. Furthermore, functional analysis revealed that
testis-specific MAM proteins were related to spermatogenesis, male gamete
generation, as well as sexual reproduction. The data identified, for the first
time, numerous MAM proteins in mouse and human testes, which provide a
possibility to define the relationship between testis MAM proteins and

reproductive diseases.

1. Introduction

The endoplasmic reticulum (ER) and mitochondrion are two cen-
trally important cellular organelles. As the largest membrane-
bound organelle in eukaryotic cells, ER is branched and spread
throughout the cytosol, forming several distinct domains with
other organelles known as membrane contact sites (MCSs).
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contact with the ER.?®l The distances
between physiological ER-mitochondria
contacts vary between approximately 10
and 30 nm.®! The existence of physical
roles of MAM was reported that facilitates
a variety of signaling processes between
the two organelles including Ca*" trans-
mission, phospholipid exchange, intra-
cellular trafficking, autophagy, ER stress,
mitochondrial biogenesis, and inflam-
masome formation.

Several studies recently demon-
strated that the linkage between MAM
and Ca’" signaling hub is critical for
transport of the ion to and from the
mitochondrion.’7! It has been also
shown that ER-mitochondria junction
is involved in the regulation of lipid synthesis, Ca’* signaling,
and the control of mitochondrial biogenesis and intracellular
trafficking.”! On the one hand, Ca?* is required by mitochondria
for generating ATP via the tricarboxylic acid cycle since several
mitochondrial enzymes involved in ATP synthesis (e.g., some de-
hydrogenases) are regulated by Ca?*".# On the other hand, ER
stored Ca?* flows through the MAM, and into the mitochondria
where it facilitates ATP production. In addition, Ca** ion chan-
nels including uniporters, ryanodine receptors (RYR), VDACI,
and IP3R are enriched within the MAM.”!% Because a high
Ca’* concentration is required to elicit a response at the mito-
chondrial surface, at this time, MAM association will become
tighter to ensure enough local concentrations (Ca’" puffs) ca-
pable of driving an effect. However, excessive Ca’" uptake by
mitochondria can lead to opening of the mitochondrial perme-
ability transition pore and signaling for apoptosis.’l Any dys-
function in these highly regulated Ca*" trafficking processes can
cause mitochondrial dysfunction or initiate the unfolded protein
response (UPR).
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Significance Statement

Increasing lines of evidence suggest that abnormal MAM struc-
tures or loss function of proteins atthe MAM are related to
neurodegenerative diseases and cancer. However, the nature
and characterization of the proteins from MAM in mammal
testes have not been identified yet. In this study, we first report
that both human and mouse testis MAMs contain numerous
conserved specific proteins by a global mass spectrometry-
based proteomic. Comparatively, we found that ~70.98%
(1993/2808) of testis MAM proteins are conserved with mouse
brain, suggesting the MAM proteins in testis may play similar
roles to those in brain. Moreover, total 815 MAM proteins were
found to specifically existin mouse testis MAMs compared
with mouse brain MAMs. Of note, a large portion of MAM pro-
teins in testes has been reported to cause male infertility by
gene knockout studies in current literature, such as TDRKH,
DAZL, DAZAP1 and SPACA1. Therefore, we speculate that
MAM proteins identified in testes might play essential roles in
spermatogenesis and male fertility. In summary, our findings
identified numerous MAM proteins from mouse and human
testes, for the first time, and may provide a novel insightto un-
derstand the function of testis MAM proteins in male fertility.

In recent years, MAM has aroused tremendous interest in sci-
ence, especially in the field of neuron and cancer. Several stud-
ies have linked defective MAM to some major neurodegenera-
tive diseases, including Alzheimer’s disease (AD), Parkinson’s
disease (PD), amyotrophic lateral sclerosis/frontotemporal de-
mentia (ALS/FTD), and Huntington’s disease (HD).”!*2 In
this regard, MAM alteration is associated with many neurode-
generative diseases. Some MAM localized proteins take essen-
tial roles in the UPR, such as vesicle-associated membrane
protein-associated protein B (VAPB), whose mutations cause the
devastating disease ALS."®l Additionally, a variety of ER chaper-
ones involved in protein folding are present in MAM, includ-
ing Calnexin, Calreticulin, BiP, ERp44, ERp57, and the Sigma 1
receptor (SIGMAI1R), among which mutations in SIGMA1R
have been identified in frontotemporal lobar degeneration co-
occurring with ALS (FTLD-ALS).'>!¥ The Sigmalr knockout
mice displayed locomotor deficits associated with muscle weak-
ness, axonal degeneration, and motor neuron loss.!>) Further-
more, loss function of SIGMAI1R in motor neurons affected
endoplasmic reticulum-mitochondria contacts, disturbed intra-
cellular calcium transfer, activated endoplasmic reticulum stress,
and led to damaged mitochondrial dynamics and transport.!'’!
Reciprocally, structural uncoupling of ER from mitochondria in-
duces ER stress and the UPR, resulting in a vicious spiral to dev-
astate cellular functions.!'”!

In addition, many studies have now shown that ER stress/UPR
signaling cascades play critical roles in the endometrial men-
strual cycle, ovarian folliculogenesis and oocyte maturation,
spermatogenesis, fertilization, as well as pre-implantation em-
bryo development.'®! More interestingly, during entire spermato-
genesis, the morphology, localization, and energy metabolism
of mitochondria tend to change dynamically in different cell
types inside testes. In fact, mitochondria harbor three main
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kinds of cristae morphologies in testicular cells, which are
orthodox-type in Sertoli cells, spermatogonia, preleptotene, and
leptotene spermatocytes; intermediate type in zygotene sperma-
tocytes; and condensed type in pachytene spermatocytes and
early spermatids.'2% Therefore, there is no reason to believe
that the mitochondrial morphology changing pattern will not
be related to metabolic status during spermatogenesis to meet
with the dynamic energy requirements. The molecular functions
regulated by MAM are also crucial for germ cell development,
including Ca?" signaling, mitochondrial biogenesis, autophagy,
mitophagy, and apoptosis; however, most of them await conclu-
sive evidence stating the exact role of MAM play since the testic-
ular MAM protein components have not been identified for now.
A clear mechanism to connect the activities of the MAM to sper-
matogenesis and reproductive diseases remains to be elucidated
primarily because the field lacks a complete understanding of the
proteome within this region.

In this study, we report a mass spectrometry-based proteomic
characterization of the MAM subcellular region isolated from
human and mouse testis tissues. In contrast to several previ-
ous studies on the MAM, for the first time, our study in mam-
mal testis tissues allows us to provide a snapshot of the MAM
proteins for elucidating the mechanism of germ cells develop-
ment during spermatogenesis. By mining our MAM proteomic
data, we discovered that MAM protein components are highly
conserved across both tissues (testis and brain) and species (hu-
man and mouse). We also employed a quantitative validation
for those unique MAM proteins between different tissues and
species to furnish a robust list of proteins and MAM-related bio-
logical processes for future studies in spermatogenesis. Together,
our finding further confirmed the previous MAM components
and molecular functions, more importantly, we identified the
MAM proteome in both mouse and human testes for the first
time, which may provide new clues to uncover the many differ-
ent facets of the MAM proteins involved and their importance in
spermatogenesis.

2. Experimental Section

Animals and Tissue Collections: Mouse testes and brains were col-
lected from adult wild-type C57BL/6 mice, and human testis
tissues were collected from the patients who underwent pro-
static carcinoma surgery. All animal work in this study was per-
formed following the protocol approved by the Institutional An-
imal Care and Use Committee of the Huazhong University of
Science and Technology. Mice were housed and maintained un-
der specific pathogen-free conditions with a temperature and
humidity-controlled animal facility in the Tongji Medical College,
Huazhong University of Science and Technology.

All human procedures were carried out according to the pro-
tocols approved by the Medical Ethics Committee of the Center
for Reproductive Medicine, Tongji Medical College, Huazhong
University of Science and Technology. The study was approved
by the Institutional Review Board of the Center, and all the par-
ticipants gave their informed written consent to the procedures
of the study.

MAM Isolation: MAMs were isolated using a previously de-
scribed method.”?!) Briefly, the isolation process can be divided
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into two main sections. In the first, a crude mitochondria frac-
tion was purified from tissues. In the second, crude mitochon-
dria were fractionated to the pure mitochondria and MAM frac-
tion. In detail, killed three mice by decapitation and immediately
washed the brains and testes in ice-cold buffer-1 (225 mm man-
nitol, 75 mw sucrose, 0.5% BSA, 0.5-mm EGTA and 30-mwm Tris—
HCl pH 7.4), then washed in ice-cold buffer 3 (225 mm mannitol,
75 mwM sucrose and 30-mm Tris—HCI pH 7.4), and ice-cold buffer-
1 again. Tissues were subsequently homogenized by 15 strokes
using Potter-Elvehjm glass motorized homogenizer at 500 rpm in
4 °C cold room in buffer-1. After centrifuging twice at 740 g for
5 min and one time centrifuge at 9000 g for 10 min, the crude mi-
tochondrial fractions were extracted from unbroken nuclei and
a cytosolic fraction containing lysosomes and microsomes and
suspended in ice-cold buffer-2 (225 mm mannitol, 75 mm su-
crose, 0.5% BSA, and 30 mm Tris—HCI pH 7.4). Centrifuge mito-
chondrial suspension at 10 000 g for 10 min twice and resuspend
the crude mitochondrial pellet in ice-cold MRB (mitochondria re-
suspending buffer): 250-mm mannitol, 5 mm HEPES (pH 7.4)
and 0.5 mm EGTA. By laying the crude mitochondria fraction on
the Percoll (Sigma-Aldrich) gradient medium (225 mm mannitol,
25 mm HEPES (pH 7.4), 1 mm EGTA and 30% Percoll (vol/vol))
and following ultracentrifuge, MAM fractions were finally aspi-
rated from the gradient after the centrifuge at 95 000 g for 30 min
at 4 °C in a Beckman Coulter Optima L-100 XP Ultracentrifuge
(SW40 rotor, Beckman, Fullerton, CA, USA). All centrifuges were
performed at 4 °C and other experimental operations were per-
formed on ice.

Western Blot Analysis: Western blots were performed on lysates
from isolated cell components which were lysed in a lysing
buffer containing: 50 mwm Tris-HCl, pH 7.5, 150 mm NaCl,
2mwm EDTA, 2mwm EGTA, and 1% SDS supplemented with a pro-
tease inhibitor mixture (Roche Molecular Biochemical). Protein
concentration was determined using the BCA kit (Pierce). Pro-
tein samples were separated by SDS-PAGE and blotted to PVDF
membranes (Millipore). After blocking in 5% non-fat milk, the
following primary antibodies were used: rabbit anti-Calnexin
polyclonal antibody (Cat. ET1611-86, HuaBio Inc., China),
rabbit anti-Calreticulin monoclonal antibody (Cat.ET1608-60,
HuaBio Inc., China), rabbit anti-GRP75 monoclonal antibody
(Cat.M1603-1, HuaBio Inc., China), rabbit anti-SIGMA1R poly-
clonal antibody (Cat.15168-1-AP, Proteintech, China), rabbit anti-
DAZL polyclonal antibody (Cat.12633-1-AP, Proteintech, China),
rabbit anti-TDRKH polyclonal antibody (Cat.13528-1-AP, Pro-
teintech, China), mouse anti-alpha Tubulin antibody (Cat. 66031-
1-Ig, Proteintech, China), rabbit anti-VAMP3 polyclonal anti-
body (Cat.10702-1-AP, Proteintech, China), rabbit anti-PGK1
polyclonal antibody (Cat. 17811-1-AP, Proteintech, China), and
mouse anti-ATP5A antibody (Cat. ab14748, abcam, USA). Af-
ter incubation of the blots with horseradish peroxidase (HRP)-
conjugated secondary antibodies (GE), signals were detected us-
ing the ECL (Bio-Rad), and immunoblot images were visualized
by Image Lab system (Bio-Rad).

Transmission Electron Microscopy (TEM): For TEM analysis,
testis tissues were cut into small pieces and fixed in 0.1 M ca-
codylate buffer (pH = 7.4) containing 3% paraformaldehyde and
3% glutaraldehyde plus 0.2% picric acid for 2 h in 4 °C, then for
1h at RT (room temperature) on a rotator. Samples were washed
with 0.1 M cacodylate buffer three times, and post-fixed with 1%
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0s04 in the 0.1 m cacodylate buffer for 1.5 h at RT. Subsequently,
dehydration was performed using ethanol, followed by infiltra-
tion of propylene oxide and Eponate with BDMA overnight at
RT. After infiltration, samples were embedded in Eponate mix-
ture (Electron Microscopy Sciences, Hatfield, PA, USA). Ultra-
thin sections with a 60-70 nm thickness were cut with diamond
knives and collected on TEM nickel grids. The ultra-structure of
the samples photographed using a transmission electron micro-
scope (Phillips CM10) at 80 kv.

Immunocytochemistry and Immunofluorescence Microscopy:
Mouse testes were fixed for overnight in 4% PFA, followed by
cryoprotection in 30% sucrose and freezing in OCT. Five um sec-
tions were cut; the antigen was recovered in boiled citrate using
microwave and permeabilized with 0.5% Triton X-100 in PBS.
Then the sections were blocked for 1 h and stained overnight
at 4 °C with appropriate primary antibodies and Alexa Fluor
488 or Cy3-conjugated secondary antibodies in 10% normal
goat serum in 1xPBS. Nuclei were counterstained with DAPI.
Laser confocal scanning images were captured with a Nikon Al
inverted spectral confocal microscope. Postacquisition analysis
was performed using Adobe Photoshop CS5; all samples were
acquired and adjusted simultaneously with identical settings.

LC-MS/MS Analyses: LC-MS/MS analyses were performed us-
ing a nanoflow EASY-nLC 1000 system (Thermo Fisher Scien-
tific, Odense, Denmark) coupled to an LTQ-Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). A
two-column setting was adopted for all analyses. Samples were
first loaded onto an Acclaim PepMap100 C18 Nano Trap Column
(5 um, 100 A, 100°mid x 2 cm, (Thermo Fisher Scientific, Sun-
nyvale, CA, USA)) and then analyzed on an Acclaim PepMap
RSLC C18 column (2 pum, 100 A, 75° mid x 25 cm (Thermo
Fisher Scientific, Sunnyvale, CA, USA). The mobile phases con-
sisted of Solution A (0.1% formic acid) and Solution B (0.1%
formic acid in ACN). The derivatized peptides were eluted using
the following gradients: 5-28% B at a flow rate of 200 nL min ! in
90 min, 28-35% B in 10 min, 90% B for 20 min. Data-dependent
analysis was employed in MS analysis. The 15 most abundant
ions in each MS scan were automatically selected and fragmented
in HCD mode to achieve the high mass accuracy in MS/MS
spectra. The resolution was set to 60 000 for MS and 15 000 for
MS/MS, and the AGC target was set as 10° for MS and 5 x 10*
for MS/MS. For MS/MS analysis, the isolation window was set
as 2.0 Da, normalized collision energy as 35.0, activation time as
0.1 ms, and the starting mass as 100.0 Da.

Data Analysis: Raw MS files were analyzed by MaxQuant
version 1.5.2 (http://www.maxquant.org). MS/MS spectra were
searched by the Andromeda search engine against the decoy
UniProt-mouse database (Version May 2017, 59 345 entries) sup-
plemented with 262 frequently observed contaminants and for-
ward and reverse sequences. The search included variable mod-
ifications of methionine oxidation and N-terminal acetylation,
and fixed modification of carbamidomethyl cysteine. For rank-
ing of the absolute abundance of different proteins within a sin-
gle sample, the intensity based absolute quantification (iBAQ)
algorithm was used. In the main Andromeda search precursor
mass and fragment mass were identified with an initial mass tol-
erance of 6 and 20 ppm, respectively. Minimal peptide length was
set to seven amino acids and a maximum of two mis-cleavages
was allowed. The false discovery rate (FDR) was set to 0.01 for
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peptide and protein identifications. MS runs from testes and
brains were analyzed with or without the “match between runs”
option. For matching, a retention time window of 30 s was se-
lected. In the case of identified peptides that were all shared be-
tween two proteins, these were combined and reported as one
protein group. Proteins matching to the reverse database were fil-
tered out. The annotation of GO annotation and KEGG analysis
were derived from UNIPROT database. GO annotation, KEGG
analysis, volcano plot, and heat map were calculated by our home-
made MATLAB package.

3. Results

3.1. Quantitative Proteomic Analyses of the MAM Proteome in
Human and Mouse Testes

Compared with numerous research of MAM in brain and liver,
the testicular MAM component has not been reported yet. To elu-
cidate the MAM profile in testes, we first isolated MAM from
human testes, mouse testes, and mouse brains (three replicates
for each sample) according to a well-established method?! as
shown in Figure 1A. Several organelle marker proteins were em-
ployed by western blot to confirm the purity of isolated MAM
(Figure 1B). Calnexin, Calreticulin, and Sigmar1R are three com-
monly acknowledged MAM and ER markers,>?4 which all pre-
sented at comparable levels in our isolated MAM and ER frac-
tions. Glucose-regulated protein 75 (GRP75) was reported to be
enriched in MAM fraction and have a critical function as a chap-
erone and an ER-mitochondria tethering protein by bridging the
gap between IP3R (an ER-localized protein) and VDAC.”® Tubu-
lin as a cytosolic marker should be absent in crude mitochondrial
fraction (Mc), pure mitochondrial fraction (Mp), MAM and ER.
Therefore, these data suggest that the MAM was isolated repro-
ducibly and purely in this study.

To determine the physical location of MAM within mam-
malian testes, we then visualized the abundant existence of MAM
in germ cells of mouse testes by transmission electron micro-
scope (TEM). Indeed, we found that MAM structure existed in
round spermatids (Figure 1C), which is consistent with the lo-
cation of MAM in brain tissues.?* To identify the MAM pro-
teins within testes, we then further solubilized and digested
the MAM fractions followed by LC-MS/MS analyses. Raw data
produced by LTQ-Orbitrap Elite mass spectrometer were subse-
quently searched by Andromeda search engine against the de-
coy UniProt-mouse database and Swiss-Prot human database,
which yielded 2808 proteins from mouse testes (mT), 2478
proteins from mouse brain (mB), and 2155 proteins from hu-
man testes (hT) (Table S1, Supporting Information). Impor-
tantly, several previous identified MAM proteins were detected
in our MAM catalogue, including mitofusin 2 (MFN2),?) mi-
tochondrial fission protein Fission 1 homologue (FIS1), and its
interaction protein BAP31,?) FUN14 domain-containing pro-
tein 1 (FUNDC1),?”! and vesicle-associated membrane protein-
associated protein B (VAPB).”®) Therefore, the consistency
between our data and the previous studies further revealed the re-
liability of our proteome dataset. Furthermore, we identified four
novel proteins in our testis MAM proteome list: DAZL (deleted
in azoospermia-like) and TDRKH (tudor and KH domain
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containing protein), PGK1 (phosphoglycerate kinase 1), and
VAMP3 (vesicle-associated membrane protein 3) (Figure 1B).
DAZL and TDRKH had been reported to relate with spermato-
genesis and piRNA biogenesis,?”) PGK1 participated in the gly-
colytic pathway, and VAMP3 involved in vesicular transport,
whose biological function in spermatogenesis is still largely un-
known. Western blot showed that TDRKH, PGK1, and VAMP3
were ubiquitously expressed in both testis and brain MAM frac-
tions, whereas DAZL was specifically expressed in testis MAM
fractions not in brain MAM due to Dazl is mammal testis-specific
genel®” (Figure 1B). In addition, immunofluorescence further re-
vealed that TDRKH co-localizes with mitochondrial marker pro-
tein ATPS5A in mouse testes, providing the possibility for its lo-
cation in MAM (Figure 1D). Taken together, we identified >2000
proteins, for the first time, which expressed in testis MAM frac-
tions from human and mouse.

3.2. MAM Proteins Conserved across Mouse Testes and Brains

To explore the conservation levels and molecular functions of
MAM proteins between testis and brain, we compared the pro-
tein composition of MAM isolated from mouse testes (n = 3) and
mouse brains (n = 3). A total of 1993 proteins were overlapped
between the mT and mB (Figure 2A and Table S2, Supporting In-
formation) account for ~80.42% (1993/2478) of the total mouse
brain amounts, which is significantly higher than the conserva-
tion ratio of mouse livers relative to mouse brains (=24.17%,
293/1212) as previously reported.’?) Gene ontology (GO) anal-
ysis showed that the 1993 conserved proteins between testes
and brains belonged to the top five significantly enriched terms
in biological process (BP), cell component (CC), and molec-
ular function (MF) categories (Figure 2B). Further cell com-
ponent association analysis showed that over 80% conserved
proteins were related to cytoplasmic part and cytoplasm, suggest-
ing MAM proteins may participate in cytoplasmic biology path-
ways. Organelle associations from GO annotations revealed that
most conserved proteins are localized primarily in the mitochon-
drion (=31.31%, 624/1993) and with a few percentage found in
endoplasmic reticulum (=16.86%, 336/1993) followed by Golgi
apparatus (=12.19%, 243/1993) (Figure 2C and Table S3, Sup-
porting Information). Further KEGG analysis was used to elu-
cidate statistically significant top ten biological pathways from
this list of 1993 conserved proteins (Figure 2D). Among the top
ten KEGG pathways, the oxidative phosphorylation runs first, in-
dicating significant contribution of mitochondria to the MAM
function. Most of the other KEGG pathways are related to the
major devastating neurodegenerative diseases including Parkin-
son’s disease (PD), Alzheimer’s disease (AD) and Huntington’s
disease (HD) (Figure 2D). These results showed that most of the
biological processes are not tissue-specific, but a large number
of biological processes are involved in neurodegenerative disease
pathway, such as PD, AD, and HD. A comparison of identified
conserved proteins to human diseases and disorders revealed
that a high percentage of conserved genes tend to be related to
several types of cancer, neurodegenerative diseases, drug addic-
tion, and metabolic diseases (Figure 2E). This tendency is likely
because the attribution of MAM dysfunction to neurodegenera-
tive diseases has received sustained interest, and a mountain of
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Figure 1. Mitochondria-associated ER membrane (MAM) purified and identified from testes and brains. A) Schematic overview of MAM purification
process. The MAM was isolated from human testes, mouse testes, and mouse brains separately by differential centrifugation followed by flotation
on a self-forming Percoll gradient. Three replicates were used for each type of tissues. B) Protein components of subcellular fractions separated from
the testes and brains were verified by western blot. Calnexin and Calreticulin are two ER and MAM markers. GRP75 as an ER-mitochondria tethering
protein, which is highly expressed in MAM and pure mitochondria followed by ER fraction. Tubulin is a cytosolic marker and used for confirmation of
MAM purification. Sigmar1R is an ER and MAM enriched protein. DAZL, TDRKH, PGK1, and VAMP3 are four identified novel MAM proteins with labelled
red star. A total of 30 g of proteins were loaded on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for each samples. H,
homogenate; Mc, crude mitochondrial fraction; ER, endoplasmic reticulum; MAM, mitochondria-associated ER membrane; Mp, pure mitochondrial
fraction. C) Representative TEM images showing the abundant distribution of MAM structure in mouse round spermatids (upper panel) highlighted
by yellow arrow of insert (lower panel). MT, mitochondria; ER, endoplasmic reticulum. D) Immunofluorescence showing TDRKH (newly identified
protein) co-localized with ATP5A (a mitochondrial marker). Nuclei were counterstained with DAPI. Zoom indicate the physical magnification of insert.
Scale bar = 10 um.

reliable evidences have confirmed that there is probably some-
thing wrong with the patients’ MAM, ! whereas scant attention
has been focused on the function of MAM in male reproduc-
tion and spermatogenesis. Targeted further substantiation and
study of the MAM protein enriched in these disease pathways
could lead to a systematic understanding for a MAM-based mech-
anism for these disorders, also the emerging picture of MAMs
could provide a potential insight into the significant biological
processes of MAM proteins conserved across both testes and
brains. Therefore, our work, at least in part, provides a global
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snapshot of the MAM profile between testis and brain, making
it a potentially better reference point in male reproduction and
spermatogenesis.

3.3. Protein Correlation Profile Comparison between Mouse
Testis and Brain

To quantitatively compare the MAM protein expression levels in
mT to mB, we performed clustering analysis followed by the GO
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and KEGG pathway to study the overlapped proteins. Dramat-
ically, the heat-map displayed a great distinction between mT
and mB MAM proteins (Figure 2F), therein, 216 proteins (red
dots) were up-regulated and 442 proteins (green dots) were down-
regulated in mT compared to that of mB (Figure 2G and Table S4,

A B Biological Process
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Supporting Information). Cell component analysis exhibits that
most significantly changed proteins were membrane and mito-
chondria proteins (Figure S1A, Supporting Information). Fur-
thermore, the KEGG pathway revealed that most of the down-
regulated proteins were cytokine-cytokine receptor pathway,
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oxidative phosphorylation (OXPHOS) and neurodegenerative
disease related pathways, whereas most up-regulated proteins in
mT were ribosome associated (Figure S1B, Supporting Informa-
tion). These data suggest that the lower research abundance of
MAM proteins are present in male reproductive system com-
pared to the numerous studies in brain, leaving a huge research
space for MAM protein functions in testes.

To further understand the molecular and biological functions
of tissue-specific proteins in our MAM list, 815 mT-specific pro-
teins and 485 mB-specific proteins (listed in Table S2, Support-
ing Information) were subjected to the GO and KEGG path-
way analysis, respectively, as shown in Figure 3. All the top five
biological processes hit by mT-specific proteins were all male
reproduction-associated (Figure 3A), including spermatogenesis
(11%), male gamete generation (11%), and sexual reproduction
(13%). Intriguingly, we found that most of mT-specific proteins
from our mT MAM list are essential for spermatogenesis and
male fertility by searching the current literatures, and the knock-
out mouse models of a large part of them displayed male in-
fertility due to spermatogenesis arrest or other developmental
defects (Table S5, Supporting Information). For the cell compo-
nent, most of the mouse testis—specific proteins were from or-
ganelle part and cilium, and surprisingly, among the top five
enriched molecular functions, RNA binding runs the highest
core (Figure 3A), probably due to two aspects. On the one hand,
some proteins involved in RNA biogenesis and metabolism in-
deed exist in MAM fraction, especially the piRNA biogenesis re-
lated proteins, including TDRD6, MAEL, PIWIL1, DDX4, and
GPAT?2, all of which are regulators for piRNA biosynthesis and
metabolic processes, and their knockout male mice showed in-
fertility resulting from piRNA production defects. On the other
hand, the shuttle proteins can change their location according to
different stage. For example, DAZAP1 (deleted in azoospermia-
associated protein 1) is an ubiquitous hnRNP protein that is ex-
pressed most abundantly in the testis; its knockout male mice
were sterile with small testes, and the seminiferous tubules were
atrophic with increased numbers of apoptotic cells.*!] Predom-
inantly, DAZAP1 located in cytoplasmic, at some stage of sper-
matozoides development, it translocated to nuclear, shuttling be-
tween nuclei and cytoplasm at different germ cell development
stage. In mid-pachytene spermatocytes, it is localized in both the
cytoplasm and the nuclei and is clearly excluded from the sex
vesicles. In round spermatids, it localizes mainly in the nuclei,
whereas in elongated spermatids, it localizes to the cytoplasm.?4

www.proteomics-journal.com

These results indicated that MAM proteins may play unique
roles due to the distinctive development pattern during sper-
matogenesis and spermiogenesis. In comparison, all the top five
biological processes hit by mB-specific proteins were neuron
signaling pathway-related (Figure 3B), such as trans-synaptic sig-
naling (17%) and neuron transmission, which are in agreement
with previous reports. As to the cell component analysis, unlike
mT cell components enrichment without precise location, mB
MAM proteins were most localized in neuron part (>38%), like
synapse, presynapse, and postpresynapse (Figure 3B). This dis-
crepancy of cell component between mT and mB indicates the
unique role of tissue-specific MAM proteins.

To further examine the contribution of these tissue-specific
MAM proteins to high-level functions and utilities of the biologi-
cal system for human diseases, KEGG analyses were also carried
out to represent the enriched function pathways (Figure 3C,D).
The top ten enriched pathways in mT include Spliceosome, RNA
transport, and protein export, all of which were also cellular com-
mon pathways as shown in Figure 3C. Comparatively, the distri-
bution of mB-specific proteins mainly focused on the function of
neuron (Figure 3D), including retrograde endocannabinoid sig-
naling, glutamatergic synapse, GABAergic synapse, drug addic-
tion, and synaptic vesicle cycle; the dysfunction of these path-
ways will impair synaptic transmission, messenger transport,
and psychological disorders. Intriguingly, the majority of KEGG
pathways were unknown classes, 65% in mT and 53% in mB
(Figure 3E and F), suggesting the poor understanding of the
functions of these proteins. Additionally, the searched KEGG
pathways in mT were far less than those in mB, which might
also probably result from more exhaustive research of mB
than mT.

3.4. MAM Proteins are Highly Conserved between Human and
Mouse Testes

Human testis samples provide us a unique opportunity to
mine the protein conservation profile across human and mouse
species. Due to the great different chromosome number, pro-
tein accession number and peptide sequence between human
and mouse, we first performed database matching to extract pro-
teins available both in human and mouse. Data matching of the
peptide catalogues between the human and mouse testes yielded
to 1395 proteins in total, 1347 proteins in common, 44 proteins

Figure 2. GO analysis and expression comparisons reveal the tremendous difference of overlapped MAM proteins between the mT and mB. A) Venn
diagram showing the count of overlapped proteins and specific proteins in mT and mB. Of the total 3293 MAM proteins found in the mT and mB,
1993 were shared between mT and mB, 815 were specifically identified in mT, and 485 were specifically identified in mB, respectively. B) Overview of
GO analysis of the overlapped proteins, including biological process, cell component and molecular function. Top five terms sorted by p-value for each
category are displayed, with the left y-axis showing the protein percentage and the right y-axis showing the protein counts. The cut-off of p-value was
set to 0.05, and terms of same category were sorted by p-values. C) Pie chart showing the organelle localization associations for the 1993 conserved
proteins obtained from GO annotation. D) Top ten enriched KEGG pathways sorted by p-value. The association between the overlapped proteins and
human disease sorted by count. Note: p-value = 0.07(red dash line) and p-value = 0.05 (blue dash line) as two selected cut-off highlighted on the figure,
as an indicator to show how significant the results are based on genome background enrichment. E) The association between the overlapped proteins
and human diseases sorted by count. p-values are shown in brackets. F) Heat map for the unsupervised hierarchical clustering from mT (n = 3) and
mB (n = 3) overlapped proteins cohort. The Euclidean distance and absolute distance were used as a group linkage method and a distance measure,
respectively. Dark red represents the up-regulated proteins, and dark blue represents the down-regulated proteins. G) Volcano plot showing up-regulated
(red) and down-regulated (green) proteins in mouse testes as compared with mouse brains (cut-off: fold change =2, p<0.01). Among a total of 1993
overlapped proteins, 216 were >2-fold up-regulated and 442 were >2-fold down-regulated in mouse testes.
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Figure 3. GO and KEGG pathway analysis of the mouse testis—specific and mouse brain—specific MAM proteins. A) Overview of GO analysis of the
815 mouse testis—specific MAM proteins. B) Overview of GO analysis of the 485 mouse brain—specific MAM proteins. Note: Top five terms sorted by
p-value for each category are displayed, with the left Y axis showing the protein percentage and the right Y axis showing the protein counts in (A) and (B).
C) Top ten enriched KEGG pathways for the 815 mouse testis—specific MAM proteins sorted by p-value. D) Top ten enriched KEGG pathways for the 485
mouse brain—specific MAM proteins sorted by p-value. Note: p-value = 0.01(red dash line) and p-value = 0.05 (blue dash line) as two selected cut-off
highlighted on the figure, as an indicator to show how significant the results are based on genome background enrichment in (C) and (D). E) All enriched
KEGG pathways of the 815 mouse testes—specific MAM proteins sorted by p-value. F) All enriched KEGG pathways of the 485 mouse brain—specific MAM
proteins sorted by p-value.

human testis—specific, and four proteins mouse testis—specific ~ proteins were localized in the cellular cytoplasm part, which is
(Figure 4A and Table S6, Supporting Information). Therefore, involved in multiple biological processes such as component or-
the majority of MAM proteins (96.56%) were conserved across  ganization and transport to regulate the protein/RNA/cadherin
human and mouse species, much higher than the conserva-  binding functions (Figure 4B). Organelle association analyses
tion between mouse testes and brains (60.52%). Most of the  showed that ~37.20% of conserved proteins are associated with
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Figure 4. Biological significance of MAM proteins conserved between human and mouse testes. A) Venn diagram showing the counts of overlapped
MAM proteins and specific MAM proteins in human and mouse testes. Of the total 1395 identified proteins, 1347 were shared by human and mouse
testes. 44 were human testis—specific and four were mouse testis—specific. B) Overview of GO analysis of the 1347 overlapped proteins, including
biological process, cell component and molecular function. Top five terms sorted by p-value for each category are displayed, with the left Y axis showing
the protein percent and the right Y axis showing the protein counts. C) Pie chart showing the organelle associations for the 1347 overlapped proteins
obtained from GO annotation. D) Top ten enriched KEGG pathways for the 1347 overlapped proteins sorted by p-value. Note: p-value = 0.01(red dash
line) and p-value = 0.05 (blue dash line) as two selected cut-off highlighted on the figure, as an indicator to show how significant the results are based on
genome background enrichment. E) Heat-map for the unsupervised hierarchical clustering from human testis (hT) and mouse testis (mT) overlapped
MAM proteins cohort. The Euclidean distance and absolute distance were used as a group linkage method and a distance measure, respectively. Dark
red represents up-regulated proteins, and dark blue represents down-regulated proteins. F) Volcano plot showing up-regulated (red) and down-regulated
(green) MAM proteins in mouse testes as compared with human testes (cut-off: fold change = 2, p < 0.01). Among a total of 1347 overlapped proteins,
146 were up-regulated and 152 were down-regulated in mouse testes.
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mitochondria, and =21.75 and 11.88% of conserved proteins
are identified to locate in ER and Golgi apparatus, respectively
(Figure 4C and Table S7, Supporting Information). In addition,
the top ten enriched KEGG pathways contains Parkinson’s dis-
ease, oxidative phosphorylation, carbon metabolism (Figure 4D),
displaying a similar distribution with that of overlapped proteins
between mT and mB, with most of the KEGG pathways neuron-
associated (Figure 2D), indicating the conserved molecular func-
tions between human and mouse and the substantial linkage of
MAM to these diseases.

To characterize the difference between human and mouse
testes, protein abundance was calculated and it was found that
146 proteins were up-regulated and 152 proteins were down-
regulated significantly in mouse testes (mT) relative to human
testes (hT), respectively (Figure 4E,F and Table S8, Supporting
Information). Most of the significantly changed proteins were lo-
calized in mitochondria and organelle membrane (Figure S2A,
Supporting Information), further suggesting the high quantity
of the purified MAM fractions. Top ten enriched KEGG pathway
analyses of those changed proteins showed that olfactory trans-
duction runs the highest score, followed by Parkinson’s disease,
and oxidative phosphorylation. (Figure S2B, Supporting Informa-
tion), which indicates these MAM proteins may have critical roles
in mouse and human related diseases consistent with the previ-
ous research of published literature in these pathways.

4, Discussion

Numerous proteins have been recently proved to participate in
the interaction and communication between the mitochondria
and the ER, highlighting the emerging roles of this region in
bioenergetics, cell survival and cell death. However, a majority
of published MAM located proteins were studied in brain and
liver, whereas scant attention has been focused on their contri-
butions on the regulation of spermatogenesis. It is interesting to
note that abundant MAM distribution exited in testes under TEM
observation which is the golden standard to prove the existence of
numerous physical links between the mitochondria and the ER
tomography.**l More importantly, several reported proteins play
a significant role in male reproduction, which have been identi-
fied in MAM of mouse testes, and their knockout mouse mod-
els displayed male infertility defects, including sperm acrosome
membrane-associated protein 1 (Spacal),?* DAZL,* and cAMP
response element modulator (CREM).1*S]

In this study, we first performed mass spectrometry-based pro-
teomic analyses to identify the MAM proteins in human and
mouse testes; in the meanwhile, mouse brains were used as
comparison tissues. Interestingly, ~70.98% (1993/2808) proteins
identified in mouse testis MAMs are also expressed in mouse
brain—which may be contributed by the two organs, brain and
testis—are more conversed and have high rank of importance
to mammals during the long period of natural evolution. Previ-
ous genome-wide scale analyses have shown that the interaction
of the central nervous system is highly conserved across species
and genes expressed in the brain have the strongest conserved
connectivity.’”] Therefore, itis not surprising that the testis MAM
proteins, in our study, displayed a higher conserved features
compared to those brain MAM proteins. In addition, several
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proteins that have been well-studied to localize in the MAM are
identified in both testis and brain MAM list, including GRP78,
VDACs, VAPB, Bap31, MEN2, and OPA1, which further sub-
stantiated the reliability of the MAM fraction and supported the
conservation across testis and brain. Of the total 3293 proteins
identified in mouse testes and mouse brain, organelle anal-
ysis demonstrated that ~48.17% proteins belong to the ER
and mitochondria fraction. The left proteins associated with
other organelles, such as Golgi apparatus, plasma membrane,
cytoskeleton, lysosome, endosome, autophagysome, and ribo-
somes, should not be discounted as contaminants due to their
tight contacts with ER and/or mitochondria.®3# Conversely, the
existence of these proteins in an MAM fraction supports the prob-
ability of emerging theories for organelle interconnectivity.

Consistent with previously reported molecular functions of
MAM fraction, statistically validated pathway analysis through
IPA elucidated the significant attributes of our MAM cata-
logues, involving in citrate cycle, fatty acid metabolism, gly-
colysis/gluconeogenesis, oxidative phosphorylation, intracellu-
lar transport, and protein binding. As a comparison, these
molecular pathways and functions were conserved across tis-
sues (testis and brain) and species (human and mouse), in-
dicating their pivotal role in maintaining the normal cellular
physiological condition. Interestingly, a large number of MAM
proteins were associated with more than one organelle, and
several molecular pathways acquired the interaction between
different organelles. Take VAPB protein, for example, VAPB
(vesicle-associated membrane protein-associated protein B) was
shown to bind to the outer mitochondria protein PTPIP51 (ty-
rosine phosphatase interacting protein 51) to tether ER and mi-
tochondpria; the biochemical interaction between VAPB and PT-
PIP51 was verified independently.*” Upon modulating VAPB
and PTPIPS51 expression level, ER-mitochondria contacts and
Ca’" exchange between the two organelles were changed, and
monitoring Ca*" homeostasis was a physiological readout of ER—
mitochondria associations.*?l The overexpression of VAPB or
PTPIP51 to tighten ER-mitochondria contacts impairs au-
tophagosome formation.”®! Since a large number of MAM pro-
teins are multifunctional, complexity in regulating MAM func-
tion might be in place.

In addition, both ER and mitochondria are highly dynamic
structures resulting in coordinately dynamic MAM system
of communication to satisfy the different cellular demand.!'%
Inspirationally, the morphology and location of testicular mito-
chondria went through huge changes in the process of sper-
matogenesis during the seminiferous epithelial cycle, gradually
changing from orthodox, intermediate, condensed and then back
to intermediate type as described before.l'”) Also, some mito-
chondria are lost in the so-called residual bodies, during the
differentiation of spermatids into sperm (spermiogenesis), like
much of the cytoplasm, whilst those remaining rearrange in
elongated tubular structures and are packed helically around the
anterior portion of the flagellum.*!! Eventually mature mam-
malian sperm only possess 22-75 mitochondria arranged end
to end in the mid-piece.*”) Therefore, an association was pos-
tulated to exit between germ cell mitochondrial morphology
and metabolic status during spermatogenesis. In fact, testis-
specific morphogenetic events suggest that the survival of differ-
ent germ cell types is dependent on their preferred substrates and
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carbohydrate metabolism way, including anaerobic (glycolysis)
and aerobic (OXPHOS).*¥) Concomitant with the reports, MAM
are involved in all these significant functions of testicular mito-
chondria, indicating the pivotal role of MAM in regulating sper-
matogenesis and spermiogenesis. However, research on testicu-
lar MAM is still a great gap compared with the study on neuron
system, and the potential mechanisms under the MAM function
need to be excavated more deeply in the future.

In the past, dysfunction of an individual organelle type was
generally viewed as contributing alone to a specific pathology,
but it is now accepted that communication between organelles
is widespread and that disruption of such exchange is detrimen-
tal to human health. It is much more apparent for MAM in the
pathogenesis of a growing number of diseases, and particularly
those related to neurodegenerative disease and cancer. Neverthe-
less, it remains an important challenge to definitely elucidate the
accurate relationship between aberrant organelle communica-
tion and the development of specific pathologies. Moreover, it is
still an enigma whether these abnormalities of MAM are a cause
or a consequence of human diseases.

In a word, compared with the increasing evidences that
demonstrate strong associations between MAM and neurode-
generative diseases, MAM composition and functions in regu-
lating spermatogenesis remain largely unknown. Dose testicular
MAM contain distinct sets of proteins, which would be used for
specific MAM functions for the unique germ cell developmen-
tal process. Mechanisms under the linkage between MAM and
mitochondria are still poorly understood. Does the protein com-
position of MAM change in different germ cell types and under
different metabolic conditions such as oxidative stress? Does the
MAM modulate the location, morphology, and the number of tes-
ticular mitochondria? It is important to resolve these questions
and develop a comprehensive understanding of the functional
components of MAM, how they adapt to stress, and how alter-
ations in this platform contribute to the development of human
disease in the future.
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