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Abstract

Spermatozoa are not fully mature after being released from the testis. They gradually

become mature and acquire the capacity for progressive motility and fertilization ability

through post-translational modifications that occur in different segments of the

epididymis. Among these modifications, disulfide bond formation is essential for sperm

protein and structure stability, including chromatin condensation, sperm midpiece, and

tail stabilization. The quiescin sulthydryl oxidase 1 (QSOX1), which catalyzes the thiol-

oxidation reaction has been identified in the epididymis. We have demonstrated that

QSOX1 exhibits a region-specific distribution in the epididymis, and appears at the

acrosome region of the caput sperm. However, the functional role and the regulation of

QSOX1 secretion in the epididymis are still unknown.

This thesis focuses on the understanding of secretory regulation of QSOXI1 in the

epididymis. Through Western blotting and indirect immunofluorescent studies, we

showed that mouse secretory QSOX1 was upregulated at postnatal day 30, suggesting the

potential involvement of testosterone and/or sperm cells on the regulation and stimulation

of QSOXI secretion. To closely mimic in vivo situation, we set up a 2D polarized co-

culture system to investigate the effects of these stimuli and to measure the level of

QSOX1 secretion in vitro. Our data showed that QSOX1 secretion was increased after
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co-incubating with sperm cells (especially in caput sperm cells) but not when co-

incubating with testosterone or its metabolites, DHT. Liquid chromatography-tandem

mass spectrometry (LC-MS/MS) and comparing proteome analysis were used to identify

and characterize the possible regulatory molecules that were being released from sperm.

We identified 582 secretory proteins that were exclusively present in the sperm-enriched

group and further categorized 258 caput sperm proteins that might be responsible for

stimulating QSOX1 secretion in the epididymis.

In conclusion, our study provides solid evidence that QSOX1 secretion is likely regulated

by sperm-epididymis epithelium interaction rather than by testosterone stimulation. This

result may further explain the role of QSOX1 upon sperm maturation.

Key words: epididymal protein secretion, QSOX1, sperm co-culture, proteome analysis
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CHAPTERI Introduction

1.1. Interactions between spermatozoa and the epididymis

Produced by the testis, mammalian spermatozoa completed their morphological

changes (i.e. spermiogenesis) within the testis. They gain additional fertility and

motility after undergoing post-testicular modifications in the epididymis. The idea of

post-testicular modification was first described in the early nineteenth century, and later

been proven to be essential for spermatozoa maturation and storage [1-3].

The epididymis is a long, complex, convoluted duct with a single layer of

epithelium surrounding the lumen and connects the efferent ducts to the vas deferens

[4]. The composition of epididymal epithelial cells contain several cell types creating a

complex microenvironment suitable for the maturating spermatozoa, Anatomically, the

epididymis consists of three main regions, from head to tail are caput, corpus, and cauda.

Each region exhibits a highly regional-specific microenvironment because the

proportion of different cell types sequentially changes throughout the epididymis [5, 6].

In addition, the epididymal-blood barrier restricts the exchange between luminal

components and blood plasma and thus protect spermatozoa from circulating toxic

components during their last maturation steps [7].
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Due to the characteristics described above, spermatozoa progressively change

their maturation status in parallel with the changes of the epididymal microenvironment,

indicates that epididymis plays an important and essential role in spermatozoa

maturation, transport, concentrate, protection, and storage [8]. During this sequential

modification, spermatozoa lack active gene transcription and de novo protein

translation [9]; therefore, all those additional changes on sperm were primarily driven

by interactions between spermatozoa and the complex components bathed within the

epididymal lumen and lead to protein, sugar, lipid additional to or removal from the

sperm membrane surface [10].

1.2. The importance of disulfide bond formation during sperm transit in the

epididymis

During post-testicular modification processes, spermatozoa undergo substantial

remodeling on the membrane. The changes of sperm membrane composition could

result from the removal of surface proteins from the testicular sperm, modifications on

the pre-existing surface proteins or the binding of additional epididymal proteins to the

maturing epididymal spermatozoa [6]. Among different changes and modifications, the

disulfide bond formation process is essential for the stabilization of sperm structure.

Disulfide bonds are formed between the sulfur atoms of pairs of cysteine residues
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within or across proteins and can affect protein structure and/or functions. Studies have

suggested that oxidation of thiol groups can stabilize various sperm structures,

including chromatin, sperm midpiece and tail (Fig. 1) [11].

1.2.1.  Membrane modification

The amount of disulfide bond on the sperm membrane (in both head and tail)

exhibits a progressive increase from caput toward cauda epididymis and coincides with

the advances of maturation stages of sperm cells, the evidence supporting that disulfide

bond formation on the spermatozoa is a part of the maturation process during sperm

epididymal transit [12]. Among different maturation processes, the increased potential

for forwarding motility is the most obvious alteration [13]. Scientists had demonstrated

that sulfhydryl oxidation is important for the maintenance and stabilization of sperm

tail structure and contributes to normal motility wave patterns [14, 15]. During

epididymal transit, the beating pattern of sperm flagellar gradually becomes more

vigorous [16]. Many proteins have been shown to be sperm motility-promoting proteins

after additional disulfide bonds were formed within their protein structure. For example,

outer dense fiber protein 1 (ODF1), one of the flagellar proteins are oxidized to form

disulfides during epididymal transit and is associated with the bending torque of the tail.
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Hetherington et al. demonstrated that sperm cells from OFD1 knock out mice exhibit

thinner filament fibers and fail to fertilize oocyte [17].

1.2.2. Nucleus stabilization

It has been reported that sperm chromatin condensation was positively correlated

to sperm capacity for fertilizing an oocyte in natural [18]. Disulfide bond formation

occurs within sperm nuclear protamine is part of sperm chromatin condensation

processes [19]. Much of the research showed that protamine can condense sperm

chromatin and stabilized the sperm head morphology by forming the intermolecular

disulfide bonds to sperm DNA [20]. Condensation of sperm chromatin is essential for

fertility, and early embryo development, therefore, intermolecular disulfide bonds

formation is required for the acquisition of fertilization ability of spermatozoa [21].

Base on the above-mentioned studies, disulfide bond formation plays a critical role

during sperm maturation. Defects in disulfide bond formation will result in sperm

dysfunction and fertility failure. However, the exact mechanism of thiol to disulfide

bond processes as well as candidate proteins trigger or regulate this fertility essential

process in the epididymis is still unclear.

d0i:10.6342/NTU201903813



Normal: $=S m +DTT: S-H

. A. Condense sperm chromatin

\\) W gﬂﬁ B. Stabilize mitochondria membrane and fiber

Figure 1. Importance of disulfide bond formation to sperm stabilization.

(modified from [22, 23])

1.3. Introduction of QSOX1 protein

The quiescin sulfhydryl oxidase (QSOX), which can catalyze the thiol-oxidation

reaction 2R-SH + O, - R-SS-R + H»0», have been identified in several tissues

including in male genital tract in mammalian species [24]. The possible functions of

QSOX protein in the male genital tract were first described in the epididymal and

seminal fluids of rodent species [25]. These include generation of disulfide bonds

within seminal plasma proteins or spermatozoa, the preservation of spermatozoan

membrane integrity, antimicrobial activity (through the release of H»0.), and the

protection of spermatozoa against the harmful effects of thiol after ejaculation [26].

There are two known isoforms of QSOX proteins, QSOX1 and QSOX2, and in

this thesis, we focus specifically on QSOXI1 isoform. OSOXI was observed up-

regulated in human fibroblasts when these cells reached quiescence state, hence being

named the Quiescin Q6 gene at first discovery [27]. QSOXI1 protein is characterized as

-5-
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a FAD-dependent transmembrane protein with two functional domains: the N-terminal

thioredoxin TRX domain which can catalyze disulfide bond formation, and the C-

terminal Erv enzyme domain which is responsible for redox reaction [28]. QSOX1 is

ubiquitously expressed in almost all organs/tissues, and its expression level is

particularly high in the tissue involved in disulfide-rich proteins secretion (for example

skin apocrine glands, pancreas, reproductive tracts), suggesting QSOX1 may involve

in the oxidative folding process of secreted proteins [24, 29, 30]. At the cellular level,

QSOXI1 protein can be detected in the ER, Golgi and secretory granules indicating

QSOX1 may participate in disulfide bond formation of secretory proteins that are

regulated by secretory pathway [29, 31, 32]. In addition to protein folding, QSOX1 has

also been shown to involve in the elaboration of the extracellular matrix, redox

regulation, cell cycle control [27, 30, 33].

1.3.1.  QSOX1 variants

Two splice variants of the human OSOX/ gene have been reported, QSOX1a with

a complete transmembrane domain is translated by the whole sequence of 3314

nucleotide bases, which encodes 747 amino acids. QSOX1b, a spliced variant from

QSOXla, is a secretory protein in the absence of the transmembrane domain, which

encodes a peptide of 604 amino acids [27, 29]. Based on their cellular localization and
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properties, QSOX1a may trigger the disulfide bonds formation within the cell or on the

cell surface, whereas QSOX1b may function as a secreted oxidase to inhibit the

function of extracellular reducing agents [34].

1.3.2. QSOX1 in the epididymis and its relationship with sperm

In the epididymis, QSOX1 is detected mainly in the principal cells. The secretory

QSOX1 isoform in mouse is called QSOX1c¢ with a molecular weight of 63kDa, it is

the dominant isoform detected in the mouse epididymis, and shows region-specific

distribution through the epididymis. From the immunofluorescence staining of our

earlier study, QSOXIc is first detected in the distal region of the caput epididymis and

progressively enrich from caput toward cauda (Fig. 2). The luminal detection of

QSOXlc suggests that this protein may be secreted into the lumen by epididymal

epithelial cells and likely play a role at different maturating stages of spermatozoa [35].

The activity of sulfhydryl oxidase in the epididymis has been described by Chang

and Morton in 1975, and this activity can maintain thiol/disulfide homeostasis of sperm

cells without any additional need of cofactors. They suggested that this protein is a

protective enzyme that can preserve spermatozoa structure and function in the

epididymis [36]. From our earlier data, we observed that QSOXIc associated at

different regions of sperm surface on the sperm head, mid-piece, and principal piece of
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the tail (Fig. 3) [35]. However, the regulatory pathway directing QSOX1 ¢ secretion and

the actual functions of the QSOX1c¢ association on the sperm membrane surface and its

relationship with the sperm maturation process remain unknown.

Figure 2. QSOX1c shows the region-specific distribution in the mouse

epididymis. [35]

" QSOXI1c/DAPI

N

Figure 3. QSOXIc exhibits distinctive association on different maturation status

sperm. [35]
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1.4. Protein secretion in the epididymis

1.4.1.  Different secretory pathways

The proteins in the epididymal lumen are originating from various sources [6]. (1)

Testicular compounds flow into the proximal region of the epididymis through the

efferent ducts: these components, for instance, testicular factor basic fibroblast growth

factor can regulate gamma-glutamyl transpeptidase activity in the epididymis can

normally be rapidly absorbed by the caput region of the epididymis. [37]. (2) The de

novo proteins synthesized and secreted by epididymis epithelial cells: for example,

WAP-type four-disulfide core domain protein § (WFDCS8) [38]. (3) Proteolysis products

from the pre-existing proteins within the original luminal environment: for example,

angiotensin I-converting enzyme (ACE) which is known as a proteolysis product of

sperm protein [39]. (4) Metabolic byproducts originated from spermatozoa during the

transition and maturation processes. For instance, acetylcarnitine is a byproduct of

sperm energy metabolism [40].

Among all the above-mentioned protein sources, proteins that are synthesized and

secreted by epididymal epithelium cells contribute to the major protein source found in

the epididymis lumen [6]. The protein secretory activity can be divided into two major

pathways, the classical merocrine secretion, and the non-classical apocrine secretion.
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In the classical pathway of merocrine secretion, the principal cells featured protein

secretion contain abundant rough endoplasmic reticulum (ER), a large Golgi complex

and detectable coated pits on the apical side of the cell surface [41, 42]. Proteins that

are classified into this secretory pathway are synthesized in the ER, glycosylated in the

Golgi complex, and then packed into large secretory granules (150-300 nm) or small

Golgi derived vesicles (60-70 nm) [43]. Those vesicles contain proteins formed by the

Golgi will subsequently move to and fuse with the cell surface plasma membrane and

then release those contents into the epididymal lumen [44-46]. Some researches

indicated that the secretion activity of large secretory granules are mostly regulated by

specific stimuli, while the small vesicles undergo the constitutive secretion without any

additional stimulation [47].

Another secretory pathway called apocrine secretion is ER/Golgi independent

non-classical pathway. It has been reported that the biosynthesis of proteins that will

undergo apocrine secretion is hormone-dependent [48]. Membrane-bound secretory

granules are not involving in this pathway, rather, a portion of the plasma membrane

from the apical cell shows the protrusions blebs upon the release of vesicle contents. In

the epididymal principal cells, these blebs are directed towards the lumen side [49].

Although scientists initially considered those apical bleb structures were artifacts from

fixation procedures during electron microscopy staining, but later advanced fixation

-10 -
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methods proved the vascular perfusion and apical blebs are prominent features of

principal cells in several species [50, 51]. In the mouse and human epididymis, apical

blebs are observed throughout the entire lumen and exhibit different morphologies,

suggesting that the formation process is dynamic and heterogeneous. After apical blebs

detach from the membrane surface and release into the lumen, the membrane of these

blebs become fragmented and their contents including ER elements, free ribosomes,

glycogen and vesicle of various sizes, such as epididymosome can thereafter be released.

1.4.2.  Potential regulation mechanisms for epididymal protein secretion

Previous studies have reported that half of the epididymal proteins are modulated

by androgen in either positively or negatively manner. Other 43% of the proteins are

modulated by factors like estrogen, retinoids, temperature and so on. The rest of the 6%

of the proteins are not affected or regulated by any currently known factors [6, 52].

1.4.2.1. Testicular regulation

Testicular factors flow into the epididymis involve in the control of the caput

protein secretion [6]. According to Brooks, these factors contain both stimulatory and

inhibitory components [53]. This suggestion is supported by the in vivo efferent duct

ligation study as some proteins were disappeared after efferent ducts ligation and cannot

-11-
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be rescued by high dosage testosterone administration, indicating that those testicular

factors are nonandrogenic and are likely proteinous rather than steroids [54, 55].

1.4.2.2. Androgen regulation

Testosterone and dihydrotestosterone (DHT) are the major androgens in the

epididymis. Testosterone produced by Leydig cells in the testis will convert to

dihydrotestosterone by 5-alpha-reductase in the epididymis [56]. Androgen can be

delivered not only to the apical part of the epithelium through the epididymal flow, but

it can also be delivered from the basal epithelium through the circulation [57].

Numerous studies have demonstrated that these androgens control the development and

function of the epididymis in a concentration-dependent manner [58]. Besides relying

on the luminal concentration of the androgens, the secretory activity of some

epididymal proteins also depends on the expression of the steroid receptors such as

androgen receptors (AR) and estrogen receptors (ER) on the surface [56].

1.4.2.3. Spermatozoa regulation

The testicular factors-dependent and androgen-dependent mechanisms likely

regulate the majority portion of epidydimal proteins secretion [59]. However,

spermatozoa per se has been shown to affect epididymal physiology and protein

secretion [60]. For example, in vitro co-cultured of spermatozoa with specific regions

-12 -
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of primary bovine epididymal cells stimulated the protein secretion [61]. It proves that

spermatozoa can act as a lumicrine factor and initiate the effects on epididymal protein

secretion via interactions with the epididymal epithelium.

-13-
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1.5. Aim of this thesis

As secretory QSOX1 isoform, QSOXlc is the dominant isoform in the mouse
epididymis. The aim of this thesis is to investigate the regulatory stimulus for the
secretion of mouse epididymal QSOX1. This may facilitate our understanding of the
role of QSOXI1 protein and its isoforms on the sperm physiology and the sperm

maturation process in general.

-14 -
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CHAPTER 2 Materials and methods

2.1. Animals

Experimental procedures involving the alive animals were conducted with the

approval of IACUC protocols at National Taiwan University (Taiwan NTU-104-EL-

00081). Specific pathogen-free outbred ICR mice were purchased from BioLASCO

Taiwan Co., Ltd (Taipei, Taiwan). Mice were housed in the certified animal facility at

the National Taiwan University Veterinary Hospital under the controlled-lighting

regime (12 h light: 12 h dark), the temperature was maintained at 21-22 °C, and supplied

with food and water ad libitum.

2.2. Tissue and protein sample preparation

Mice were euthanized with CO; followed by cervical dislocation. Organs from

male ICR mice were carefully dissected from fat and connective tissue, then separated

for paraffin-embedded sample blocks and for protein analysis (for Western blotting).

For paraffin block, organs were first fixed in 10% neutral buffered formalin on the

shaker for 24 h (no longer than 48 h) at room temperature, standard dehydration and

paraffin embedding procedures were followed and subsequently sectioned at 5 um

thickness for immunostaining processes.
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For Western blotting, protein samples were prepared as follows. To distinctively

analyze the QSOXI1 level in epididymis tissue and lumen, proteins from tissue and

lumen fluid were separated. After removing the fat and blood vessels, mouse

epididymis was punched by an 18G syringe needle in PBS on a temperature-controlled

dissecting stage and further incubated for 5 min at 37 °C to allow the release of sperm

cells from the epididymal lumen. Then the swim out sperm with epididymal fluid were

collected as the epididymal fluid sample. Epididymis tissue without fluid was

homogenized on ice in homogenization buffer (250 mM sucrose (Sigma-Aldrich, St.

Louis, MO, USA), 1 mM EDTA (Sigma-Aldrich, St. Louis, MO, USA), 20 mM

Tris/HEPES (Sigma-Aldrich, St. Louis, MO, USA), 1 % Triton X-100 (Sigma-Aldrich,

St. Louis, MO, USA), pH 7.4) using glass homogenizer. Epidydimal fluid, tissue

homogenates were supplemented with protease inhibitor (EDTA free cocktail tablet,

Roche, Mannheim, Germany) and store at -80 °C until use.

To prepare whole-cell lysate of the epididymal epithelium cell line, the SV40-

immortalized mouse caput epididymal epithelial (meCap18) stable cell line, a kind gift

from Dr. Petra Sipila (Turku University, Turku, Finland), meCap18 was extracted with

RIPA Lysis Buffer (AMRESCO, OH, USA) and supplemented with protease inhibitor

(EDTA free cocktail tablet, Roche, Mannheim, Germany) and store at -80 °C until use.
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2.3. Stable cell line culture

MeCap18 were cultured in Dulbecco's Modified Eagle Medium, (DMEM, Gibco,

USA) supplemented with 10% fetal bovine serum and 1% Antibiotic-Antimycotic

(Gibco, USA). The cells were maintained in a humidified incubator at 37°C with 5%

CO». Immortalized Mouse Distal Caput Epididymal Epithelial Cell Line (DC2, Applied

Biological Material Inc., BC, Canada) were cultured in Iscove’s Modified Dulbecco's

Medium, (IMEM, Gibco, USA) supplemented with 10% fetal bovine serum and 1%

Antibiotic-Antimycotic (Gibco, USA). The cells were maintained in a humidified

incubator at 33°C with 5% COa,. For sub-culturing, cells were first rinsed twice in

Dulbecco's Phosphate-Buffered Saline (dPBS) (Gibco) before being trypsinized with

0.25% trypsin. Cells were detached by incubation with trypsin for 15 min at 37°C. Cells

suspension was collected and centrifuged at 1500 xg for 10 min, at 4°C. The cell pellet

was subsequently resuspended with cell culture medium and seeded back to a new flask

at a proper density according to the experimental requirements.
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2.4. Immunofluorescent staining

For paraffin slide staining, tissue sections were deparaffinized with 100% xylene,
rehydrated with 100%-80% ethanol, and washed in deuterium-depleted water (DDW).
Slides were subsequently transferred to 10 mM citrate buffer (pH 6.0) for heated-
mediated antigen retrieval (HMAR) using a specialized microwave at 95°C for 2 cycles
of 5 min each. After deparaffinization, slides were permeabilized with 100% pre-cold
methanol for 10 min at -20°C. Permeabilized samples were rinsed twice with PBS,
followed by a 1 h incubation in blocking buffer (5% BSA (Sigma-Aldrich) diluted in
PBS) at room temperature. Sections were subsequently incubated with primary
antibodies, anti-QSOX1 (1:100 in PBS, Abcam83712) for 1 h at room temperature and
then overnight at 4°C. After rinse 3 times with filtered PBS, slides were incubated with
secondary antibody, donkey anti-rabbit Alexa594 (1:150 dilution in blocking buffer,
Jackson ImmunoResearch) for 1.5 h at dark before further rinsed 3 times with filtered
PBS. Finally, nuclei were stained with mounting medium in the presence of diamidino-
2- phenylindole (DAPI) (Vector Lab, Orton Southgate, Peterborough, UK). Slides were
observed and fluorescent images were taken under the Olympus 1X83 epifluorescent
microscopy (Olympus, Tokyo, Japan).

For cell staining, cells were first grown on the coverslips coated with Poly-L-lysine
(Sigma, P4832) in a proper density (i.e. 2x10° cells were seeded in each well in a 12-
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well plate and allowed further growing for 24 h). After cells reach an 80% confluency,
they were rinsed twice with filtered PBS, fixed, and permeabilized with 80% acetone
at -20°C for 10 min. Fixed cells were dried in a ventilated hood before proceeding
further for blocking for 30 min at room temperature using 1% filtered BSA. Standard

immunostaining procedures were followed as mentioned above.

2.5. Electrophoresis, SDS-PAGE, and Western blotting

The concentration of all protein samples was quantified using the BCA Protein
Assay Kit (Pierce Biotechnology, Rockford, IL, USA) following the manufacturer’s
protocols. The equal amount of total protein from each sample was mixed with 1X LDS
sample loading buffer (Invitrogen) and 10% reducing agent (50 mM dithiothreitol, DTT,
Invitrogen) and boiled for 10 min at 95°C in a dry bath. After denaturing the protein,
samples were immediately vortexed to prevent further aggregation, briefly spin down,
and cooled on ice before loading on the gel. Proteins were separated by an 8-15%
gradient SDS-PAGE gel (gradient T-Pro EZ Gel Solution, T-Pro Biotechnology, NTC,
TW) using Bio-Rad Mini-PROTEIN® electrophoresis system (Bio-Rad Laboratories
Ltd., Hertfordshire, DX).

For SDS-PAGE protein gel staining, a highly sensitive method was used. SDS-
PAGE was first fixed by fixation buffer (50% methanol, 7% acetic acid) twice for 30

min, then stained by SYPRO ruby gel stain (Invitrogen) for overnight at room
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temperature in dark. After SYPRO ruby stain, the gel was washed by washing buffer

(10% methanol, 7% acetic acid) for 1 h to remove the excessive staining and visualized

by ChemiDoc™ Imaging Systems (Bio-Rad).

For Western blotting, proteins on the SDS-PAGE gel were transferred onto a

polyvinylidene difluoride membrane (Immobilon-P, Millipore, Billerica, MA, USA).

After blocking with 5% milk (Difo skim milk powder, BD) dissolved in 1X TBST (5

mM Tris, 250 mM sucrose, pH 7.4 with 0.05% v/v Tween 20) for 1 h at room

temperature on shaker, the membrane was washed once with TBST and further

incubated with primary antibodies against QSOX1 (1:200) and GFP (1:500) for 1 h at

room temperature, and then for overnight at 4 °C. For loading control, EEF2 (1:50000)

and beta-actin (1:1000) were used and primary antibody incubation was carried out at

room temperature for 1 h. Blots were subsequently incubated with secondary antibody

for 1 h at room temperature, washed with TBST three times and protein signals were

chemically developed by the Clarity™ Western ECL Blotting Substrates (Bio-Rad) and

visualized by ChemiDoc™ Imaging Systems (Bio-Rad).

2.6. Human QSOX1-eGFP plasmid construction

The plasmid containing human QSOX1 (hQSOXI1) nucleotide sequence was

purchased from GenScript Corporation (Piscataway, NJ). The 2263 bp QSOXI
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sequence was cloned in pcDNA3.1(+)-P2A-eGFP vector by BamHI/Notl restriction
enzymes. To amplify the plasmid, the hQSOX1-eGFP plasmid was transformed into
One Shot TOP10 Competent E.coli (Invitrogen), and the bacteria were spread onto
ampicillin containing LB agar plate and incubated at 37°C for 12-16 h. Isolated single
colonies were picked up and amplify in the LB broth containing ampicillin at 37°C for
12-16 h on a constant rotating (255 rpm) shaker. The plasmid was extracted by
QIAprep® Spin Miniprep Kit (Qiagen) according to the manufacturer’s protocol. The
concentration and the quality of the plasmid were determined by Picodrop Microliter
UV/Vis Spectrophotometer (Pico p100, Hinxton, UK).

To validate the plasmid structure, the plasmid was cleavage by restriction enzyme
BamHI-HF and NotI-HF. The cleaved vector and DNA fragment were separated by 1%
agarose gel electrophoresis and visualized by ultraviolet illumination after ethidium

bromide staining.

2.7. In vitro hormone treatment assays and cell-spermatozoa co-culture assays

2.7.1. Cell transfection

Human QSOX1-eGFP plasmid was chemically transfected to meCap18 and DC2
by Lipofectamine™ 3000 Transfection Reagent (Invitrogen). In brief, approximately

2x10° cells were cultured with DMEM and IMEM (supplement with 10% FBS and 1%
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Antibiotic-Antimycotic) in 24-well plate for 24 h to reach 90% confluence. Thirty

minutes before transfection, medium was refreshed. Standard transfection protocol and

procedures were followed according to the manufacturer’s instruction. 24 h after the

transfection, transfection efficacy was evaluated by Olympus IX83 epifluorescent

microscopy. To further validate the expression and secretion of hQSOX1-eGFP in

transfected cells, the transfected cells proceed with indirect immunofluorescent staining

as described above. Secretory hQSOX1-eGFP protein was detected by Western blotting

using both anti-QSOX1 (Abcam) and anti-GFP (Invitrogen) from the collected medium.

2.7.2.  Establishment of in vitro co-culture system

To establish the co-culture model, hQSOX1-eGFP protein secretion activity was

first evaluated in the cell culture medium. hQSOX1-eGFP transfected cells were

washed with dPBS to remove FBS and phenol red from the original culture medium.

Phenol red and FBS free FluoroBrite™ DMEM medium containing 1% Antibiotic-

Antimycotic was added to each well for further incubation. Cell culture medium was

collected at different the time point (12, 24, 36, 48, and 60 h after incubation) and

centrifuged at 3000 xg at 4°C for 10 min to remove the cellular debris. Fluorescent

intensity correlated to the concentration of hQSOX1-eGFP in the medium was then

measured by SpectraMax® M5 Multi-Mode Microplate Readers (Molecular Devices).
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Based on the fluorescent intensity accumulating curve allowing us to determine a

treatment starting point, we chose the secretion plateau time point 48 h post-medium

exchange (after changing medium into FluoroBrite™ DMEM)), as our 1 treatment time

point.

2.71.3.  Androgen treatment assays

After the protein secretion of QSOX1-eGFP transfected cells reach a plateau in the

absence of exogenous stimulation (at 48 h post-medium exchange), 5 nM, 10 nM, 20

nM, and 40 nM testosterone (Sigma-Aldrich, St. Louis, MO, USA) and DHT (Sigma,

St. Louis, MO, USA) were respectively added into each well. To examine the effects of

androgen, fluorescent intensity was measured at a 4 h interval.

2.7.4.  Animal preparation and acquisition of epididymal spermatozoa

Adult male mice, (over 12 weeks of age), were used in this study. After

euthanization with CO2, mouse epididymides were removed immediately and bathed in

pre-warmed Whitten’s HEPES medium (100 mM NacCl, 4.7 mM KCl, 1.2 mM KH>PO4,

1.2 mM MgSOys, 5.5 mM glucose, 1| mM Pyruvic acid, 4.8 mM Calcium L-lactate

hydrate, 20 mM HEPES, PH 7.4). Spermatozoa from the caput and cauda regions were

collected separately. Briefly, epididymides were subjected to the removal of fat and

blood vessels under the dissecting microscopy on a Thermo controlled (37°C) working
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stage (Tokai HIT, Japan). To prevent the contamination of cells debris, an 18G needle

was used to create pores on the epididymis tissue to allow spermatozoa swimming out

of the epididymis. Sperm suspension was collected and further filtered through the 40

um pore size Falcon™ Cell Strainers (Fisher Scientific), with a 15 min incubation for

allowing motile spermatozoa to swim up at 37°C. Motile spermatozoa collected from

the upper three-quarters of the suspension used to conduct further co-culture assay. The

remain epididymal fluid was replaced to cell culture medium to prevent the epididymal

fluid contamination. Direct interaction and indirect interaction assay were set up using

Transwell® (Corning, 3470) with a 0.4 um pore size membrane (Fig. 7A).

2.8. Proteomics analyses

2.8.1.  Sample preparation

To identify the potential protein candidates that are responsible for sperm-

epithelium communication, culture medium from the co-culture system described

above were collected. Without and with sperm co-culture groups were control and

sample group. After removing the cell debris (centrifuged at 3000 xg for 10 min at 4°C),

the medium was further concentrated via vivaspin concentrators with a molecular

weight cut-off at 3000 kDa (GE Healthcare). To achieve sufficient concentration of the

collected medium, the co-culture supernatant was centrifuged at 3260 xg at 4°C until a
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15 to 30-fold decrease in sample volume was achieved. During the concentration

procedures, both solvent and low molecular-weight solutes would flow through the

membrane and the remaining proteins were collected from the upper side of the

membrane. After resuspension of the concentrated medium, filtered PBS was used to

gradually replace the concentration buffer. To visualize the differences between groups,

electrophoresis was carried out and the SDS-PAGE gel was stained with SYPRO-ruby

gel stain as mentioned above.

2.8.2.  In-soluble digestion of proteins / MS analysis

For identifying the protein candidates that are being secreted into the medium upon

sperm-epithelium co-culture experiments, LC/MS/MS was performed. Soluble protein

samples were first denatured by reduction buffer (2 mM DTE / 8 M Urea) for 1hr at

37°C. Lys-C (1 h, 37°C) and Trypsin (16 h, 37°C) were subsequently used as the

digestion enzymes, and the digested peptides were suspended in 0.1% formic acid and

were desalted by zip tip. LC/MS/MS was performed using Orbitrap Fusion™ Tribrid™

Mass Spectrometer (Thermo Scientific™).

The mass spectra data files were analyzed using Mascot Daemon (version: 2.6.0;

Matrix Science, London, UK) searched against the SwissProt Mus musculus protein

database (dated: 5/17/2019). Only two missed cleavages were allowed and a MASCOT

score >35 to identify proteins of interest (score: E-value <0.05 are reported). These
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protein IDs were converted into Uniprot gene ID for future categorization and molecule

function annotation studies. Protein IDs that reach the above-mentioned requirements

were first categorized into three major subgroups: (1) sperm origin, (2)

epithelium/luminal fluid origin and (3) uncategorized based on published literature [62,

63].

2.8.3. Gene ontology (GO) analysis and network analysis

Following GO analysis, PANTHER (protein analysis through evolutionary

relationships) (v14.1) was used to classify proteins based on their protein biological

process and molecular function.

The protein network analysis was conducted using the Cytoscape (v3.7.1) with the

addition of ClueGo plugin (v2.5.4) [64]. GO Biological Process Annotation

(downloaded 27.02.2019) for caput sperm protein, epididymal lumen protein, and

uncharacterized protein were compared for gene enrichment (right-sided

hypergeometric test) using Benjamini-Hochberg multiple test correction. Network

parameters were set as follows: GO Tree Levels (min = 3, max = 8), GO term restriction

(min #genes = 5, min % = 4), and GO Term Connection Restriction (Kappa score

threshold = 0.4). Only terms with a p-value <0.05 were shown.
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CHAPTER 3 Results

3.1 Post-natal QSOXI1 protein expression and secretion in the epididymis.

To investigate the potential stimuli for post-natal QSOX1 secretion, epididymis

tissue sections from 20, 30, 40, 50, 60, and 80-day-old ICR mice were subjected to

immunofluorescent study using anti-QSOXI1c antibody which can specifically detect

secretory QSOXlc. The fluorescence micrographs illustrating the overall expression

patterns of QSOXIc in the epididymis were presented in Figure 4. In the epididymis of

the 20 and 60 day-old mice, only weak, but unified luminal QSOXIlc signal was

detected throughout the epididymis. In marked contrast, an increase in positive

QSOXIc signal was detected in the lumen of the corpus segment of epididymis in 30-

day-old mice and gradually shift toward to cauda segment of the epididymis in 40-day-

old (Fig. 4).

To further quantify the dynamic changes of QSOXIc at different post-natal stages,

Western-blotting analysis was carried out. As shown in Figure 5A-B, the QSOXlc

signal was detected at 63kDa in both epididymis tissue homogenate and epididymal

fluid extracted from the epididymal lumen, and the signal intensity was gradually

increased along with post-natal development of the animal (Fig. SA-B). As the total

amount of QSOX1 protein increased in an older animal, to subjectively quantify the
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ratio of “secreted QSOX1 (i.e. QSOXlc)” at different developmental stages, the
intensity of QSOXIc signal measured in the fluid was normalized with the intensity
total QSOXI1 signal in the whole tissue homogenates. As showed in Figure 5C, a two-

fold (2.42 times) increase of QSOX1c¢ protein in the epididymal lumen was detected in

30D 40D

day 30 post-natal samples, and the signal became steadily afterward (Fig. 5C)
60D 80D

20D 50D

Figure 4. Detection of secretory QSOX1c in the mouse epididymis.

QSOX1

caput

corpus

cauda

Epididymal tissue sections from mice of different post-natal (20,30, 40, 50, 60, 80 days)
ages were subjected to anti-QSOX1c¢ antibody examination. As shown on the left that
from the top to the bottom of those images depicted three major epididymal segments,

caput corpus and cauda, and positive QSOX1c was showed in red color.
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Secretory QSO X1 ratio
A c (Fluid / Tissue)

Secretory QSOXI in epididymal fluid
kDa 20D 30D 40D 50D 60D 80D

Secretory QSOXI in total epididymis tissue
kDa 20D 30D 40D 50D 60D 80D

“] - -

EEFZ‘ \..-—W |

vy
fold change to 20 day

postnatal (day)

Figure 5. QSOXI1 protein secretion ratio at different postnatal stages of mouse

epididy mis.

Protein samples were collected from the epididymis from 20, 30, 40, 50, 60, and 80-
days-old mice (A) Distinct signal at 63kDa from the Western blotting results indicated
secretory QSOXlc level in the epididymal fluid. (total protein loaded: 30ug) (B)
Epididymis tissue homogenates (Total protein loaded: 30 pg) without epididymal fluid
was analyzed by Western blotting. EEF2 as an internal control was used for loading
control. (C) Ratios between secretory QSOX1 (QSOXIc¢) and total epididymal QSOX1
protein were quantified. X-axis indicated the post-natal age of the mice, and the Y-axis

showed the fold change of Western-blotting signal as compared with those at day 20.
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3.2 Successful QSOXI1 overexpression system established for co-culture model.

To demonstrate QSOX1 secretion behavior in vitro and to investigate potential

exogenous stimuli for QSOX1 secretion, the transfected QSOX1-eGFP cell culture

model was set up. The construction map was shown in Figure 4A. After transformation

constructed plasmid into competent E.coli TOP10 cells (Invitrogen), positive colonies

were selected for further DNA extraction. The structure of the plasmid was validated

by restriction enzyme digestion which was expected to cleave constructed vector into

two distinct bands at 6200bp (for eGFP vector), and at 2263bp (for QSOX1). As showed

in Figure 4B, the three chosen colonies all displayed two distinctive bands upon plasmid

purification.

The corrected plasmid was then amplified by E.coli, and transiently transfected

into meCapl8 stable cell line to overexpress the QSOX1-eGFP fusion protein. As

showed in Figure 4C, the cells were successfully transfected, and the QSOX1-eGFP

fusion protein located at the same peri-nuclear cellular localization as the endogenous

QSOX1 (Fig. 4D). The overexpression of QSOX1-eGFP fusion protein was further

validated by Western blotting as a single protein band corresponded to the molecular

weight of the QSOXI1-GFP fusion protein was identified at 97kDa in the culture

medium from transfected cells indicating the positive secretory activity of QSOX1-

eGFP fusion protein (Fig. 4E).

-30-

d0i:10.6342/NTU201903813



B g bp
Human QSOX1
22 10000 —|
203 8000 —
6000 —|
5000 —
@’ﬁz‘ 4000 —
f % 3000 —

2500 —|

\_/ -

DIC

kDa Anti-QSOX1 Anti-GFP

S . —Scoretory QSOX1-cGFP

100 —

75 —

Figure 6. Plasmid construction of recombinant human QSOX1-eGFP and
transfection results in the meCap18 stable cell line.

(A) The whole sequence of human QSOX1 was subcloned into a BamHI-Notl restriction
site in the pcDNA 3.1-eGFP vector. (B) Extracted DNA was separated by 1% agarose
gel under 150mv for 40 mins. Lane 1: 1 K DNA ladder, lane 2-4: BamH1-HF and Not1-
HF digestion products from three different E.coli colonies. (C) Low magnification
images of meCapl8 cells showed the transfection efficiency of QSOX1-eGFP fusion
protein. (D) In line with known cellular localization of endogenous QSOXI, the
QSOX1-eGFP fusion protein (shown in green) was distributed in the peri-nuclear
cytosol of epididymal epithelium. (E) The western blotting analysis was applied to
demonstrate the presence of QSOX1-eGFP fusion protein in the cell culture medium.
Both QSOX1 and eGFP proteins were identified at the same molecular weight showing
QSOX1-eGFP fusion protein can be secreted into the medium.
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3.3 Invitro co-culture system revealed regulatory stimulus for QSOX1 secretory

After validation on the secretion capability of QSOX1-eGFP fusion protein in

transfected cell (Fig. 6E), we continued to investigate the regulatory mechanism

underlying QSOXI1 protein secretion using in vitro sperm-epididymal epithelium

(meCap18) co-culture system. A schematic illustration on the experimental setup was

shown in Figure 7. Transfected monolayer meCap18 secreting the fusion protein in the

medium was used and culture medium was collected for the detection of fluorescent

intensity which can be correlated with the secretory activity of QSOXI1 upon

stimulation. To minimize the detection and measurement bias from unstable QSOX1 -

eGFP secretion in the absence of exogenous stimuli, the starting time point for

additional stimuli was first determined. 24 h after cell transfection, regular culture

medium (with serum) was replaced by serum-free FluoroBrite™ DMEM (as time point

0) to maximize the detection of accumulative fluorescence intensity. As showed in

Figure 7 (left panel), QSOX1-eGFP concentration was gradually increased during the

first 36 h and became steady after 36 h post-medium exchange. Due to the experimental

variability at 36 h (data are not shown), we considered 48 h time point was the most

stable and appropriate time point for the addition of exogenous stimuli (e.g. hormones

or spermatozoa).
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Figure 7. Illustration of procedures for the co-culture model and the measurement
of secretory QSOXI1.
Amplified QSOX1-eGFP plasmid was transiently transfected into meCaplS8.

FluoroBrite™ DMEM was used for reducing autofluorescence and maximize the

detection of the fluorescent signals. The eGFP fluorescent intensity which correlated

QSOXI1 concentration in the medium was measured at 8, 12, 24, 36, 48, and 60 h post-

medium exchange. Data were represented as Mean + SEM.
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331 Androgen showed little effects on QSOXI secretion in epididymal

epithelium cells

Two important events occurring at post-natal day 30 are the emergence of

spermatozoa in the epididymal lumen and the 1% testosterone surge, to test the effects

of androgen on epididymal QSOX1 secretion, transfected meCap18 cells and DC2 cells

were separately treated with two most commonly seen forms of androgen: testosterone

(T) and dihydrotestosterone (DHT). For data presented in this sets of experiments, the

y-axis was expressed as fold change to control (without stimuli). The x-axis indicated

the incubation time post-medium exchange as mentioned above. Both T and DHT were

added into the medium at 48 h time point.

Based on earlier studies and measured physiological serum androgen

concentration [65], 5 nM, 10 nM, 20 nM, and 40 nM testosterone and DHT were used.

Androgen was added into cell culture medium at 48 h time point. As shown in Figure

8A, 12 h after co-incubation of testosterone (60 h time point), a significant increase

(1.1-1.3 fold) in QSOXI1 secretion was measured. When a different mouse epididymal

epithelium stable cell line, DC2 was used, similar to that of meCapl8 cell line, only

little effect (~1.3 fold increase) on QSOXI1 secretion was observed after 40nM

testosterone treatment for 4 h (Fig. 8B); therefore, testosterone and DHT treatments

only have little effects on QSOX1 secretion behavior under our in vitro experimental
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Figure 8. Effect of testosterone treatments on QSOXI1 secretion behavior in vitro.

Actual raw values from each time point were normalized to the control group and
expressed as fold change. Time points 36 h and 48 h were groups without any treatment.
(A) Results of the effect of testosterone on meCapl8. (B) Results of the effect of
testosterone on DC2. Black bar: control (only transfected cells without testosterone).
Green bar: 5 nM T. Blue bar: 10 nM T. Purple bar: 20 nM T. Red bar: 40 nM T. Data
were represented as Mean + SEM; *p < 0.05, in comparison with control; NS = no

significant difference to control.
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Figure 9. Effect of DHT treatments on QSOXI1 secretion behavior in vitro.

Actual raw values from each time point were normalized to the control group and
expressed as fold change. Time points 36 h and 48 h were groups without any treatment.
(A) Results of the effect of DHT on meCap18. (B) Results of the effect of DHT on DC2.
Black bar: control (only transfected cells without testosterone). Green bar: 5 nM DHT.
Blue bar: 10 nM DHT. Purple bar: 20 nM DHT. Red bar: 40 nM DHT. Data were
represented as Mean + SEM; *p <0.05, in comparison with control; NS = no significant

difference to control.
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3.3.2 Spermatozoa facilitate QSOXI secretion

Since spermatozoa is a potential candidate for regulating QSOX1 secretion in the
epididymis. The sperm and meCapl8 co-culture system were carried out to evaluate
direct and indirect interactions. For the direct experimental setup, sperm cells recovered
from either caput or cauda region was co-incubated with epididymal epithelium in
which sperm cells can directly interact with the meCapl18 (Fig. 10A). For indirect
experimental setup, sperm cells were separated from meCap18 by Transwell® system
to prevent direct physical contact with the meCap18 (Fig. 11A).

In the direct co-culture system, significant increase in QSOXI1 secretion was
observed after 4 h when 2 million caput sperm cells were co-incubated (Fig. 10B, red
bars). When 1 million caput sperm cells were used, significant changes were detected
after 8 h co-incubation (Fig. 10B, blue bars). The stimulation of QSOXI secretion
seemed to require a threshold number of sperm cells as adding 0.5 million sperm cells
didn’t facilitate QSOX1 secretion (Fig. 10B, green bars); moreover, QSOX1 secretion
pattern also exhibited a time-dependent manner as showed in Figure 10B. To examine
whether sperm cells of different maturation stages (e.g. caput sperm vs. cauda sperm)
can elicit distinct QSOX1 secretion behavior, we also recovered cauda sperm cells for
further direct co-incubation treatment. As showed in Figure 10C, only 2 million cauda
sperm cells were able to result in significant secretion of QSOX1 after 8 h (time point
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56 h) of co-incubation (Fig. 10C).

To investigate whether sperm cells are able to stimulate epididymal QSOXI1
secretion without direct physical interactions with the epithelium; in another word,
whether sperm cells are able to stimulate epididymal QSOX1 secretion via secreting
sperm-origin molecules, an indirect co-culture system using Transwell® separator with
0.4 um membrane pore size was applied (Fig. 11A). When 0.5, 1, and 2 million caput
sperm were added into the upper chamber, QSOX1 level was 1.9, 2.3, and 4.9 times
more than those of control at 4 h of co-incubation, 1.7, 1.7, and 3.1 times more than
those of control at 8 h of co-incubation and 2.0, 2.1, and 3.6 times more than those of
control at 12 h of co-incubation (Fig. 11B). In contrast, when cauda sperm cells were
used, only 2 million cauda sperm cells can stimulate QSOX1 secretion, and the level of
QSOXI1 concentration detected in the medium was much lower (1.12 times more than
control at 52 h time point and 1.17 times more than control at 56 h time point) than
when caput sperm cells were used (Fig. 11C). During the sperm isolation processes,
spermatozoa were isolated from standard swim-out process on the temperature-
controlled stage, and epididymal fluid was further replaced by culture medium via
centrifugation and washing step (1 time, 800g, Smin); however, it is still possible that
remaining epididymal fluid may lead to misinterpretation of QSOX1 secretion in our

in vitro study. To demonstrate the effects of epididymal fluid on QSOX1 secretion,
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meCap18 was incubated with epididymal fluid in the absence of sperm cells. As show
in Fig. 11D, after epididymal fluid incubation for 12 h, a minor increase of QSOX1
level (1.4 fold) was detected when compared with control group; however, the fold
change was minor when compared with experimental group in the presence of

spermatozoa(3.3 fold) (fig. 11D).
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Figure 10. Effect of different mature status spermatozoa on QSOXI1 secretion

in direct co-culture system.

(A) Schema of direct co-culture systems. (B) Results of QSOX1 secretion from direct
co-culture system using caput spermatozoa. (C) Results of QSOX1 secretion from
direct co-culture system using cauda spermatozoa. (B-C) X-axis: transfected cell
incubation time after changing the medium into Fluorbrite DMEM; y-axis: fluorescent
intensity which corelated to QSOX1 concentration. Black bar: control group, only
transfected cells; green bar: 0.5 million spermatozoa treatment; blue bar: 1 million

spermatozoa treatment; red bar: 2 million spermatozoa treatment. Data were
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represented as Mean + SEM; *p <0.05, in comparison with control; NS = no significant

difference to control.
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Figure 11. Effect of different mature status spermatozoa on QSOXI1 secretion in

indirect co-culture system.

(A) Schema of indirect co-culture systems. (B) Results of QSOXI1 secretion from
indirect co-culture system using caput spermatozoa. (C) Results of QSOX1 secretion
from indirect co-culture system using cauda spermatozoa. (D) The effects of epididymal
fluid on mecap18. (B-C) X-axis: transfected cell incubation time after changing the
medium into Fluorbrite DMEM; y-axis: fluorescent intensity which corelated to
QSOXI1 concentration. Black bar: control group, only transfected cells; green bar: 0.5
million spermatozoa treatment; blue bar: 1 million spermatozoa treatment; red bar: 2
million spermatozoa treatment. Data were represented as Mean + SEM; *p < 0.05, in

comparison with control; NS = no significant difference to control.
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3.4 Spermatogenesis defect (Elp17-) mouse showed low level of epididymal

QSOX1 protein expression.

To further investigate the effect of sperm on QSOXI1 protein expression and
secretion, well-established Cre/loxP system was used for generating sperm null knock
out mouse. As described in earlier publication, Vasa as the promoter can specifically
express Cre protein in germ cells which can give rise to germ-line specific knockout
animal when mated with /oxP site flanked animals. In this study, Elp/(also known as
IKBKAP [inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase
complex-associated protein] in mouse) is a critical gene in meiosis process was flanked
by two loxP sites. After recombination, the spermatogenesis process was disrupted in
Vasa-Cre and Elp '™/ animal and is characterized with the absence of sperm cells in
the epididymis (In collaboration with Dr. Fu-Jung Lin at Department of Biochemical
Science and Technology, NTU). As shown in Figure 12, the epididymis from wild type
mouse and Elp knock-out mouse were homogenized for Western-blotting analysis, and
the data indicated that Elp/ knock out mouse exhibited low level of secretory QSOXlc,
suggesting the role of spermatozoa on the protein expression of epididymal QSOXlc

(Fig. 12).
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Figure 12. QSOXI1c¢ expression in ElpI knock out mouse epididymis.

Anti-QSOX1c antibody was used to detect secretory QSOXI1 in the spermatogenesis

defect transgenic animal. A single band at 63 kDa was observed in wild type mouse

epididymis, but not in Elpl/”- mouse. EEF2: internal control; total protein loaded:

35ug/well.
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3.5 Proteomic analysis

To identify different molecule present in the culture medium, 1-D SDS-PAGE was

first performed. Culture medium from both with or without sperm group were first

concentrated, and protein concentrations were determined as above-mentioned, 90ug

of total protein was loaded into each well and separated by electrophoresis. Sypro ruby

(Invitrogen) was used to visualize the differences, a set of protein signals around 20-

25kDa was observed exclusively from the medium containing sperm cells (Fig. 13A);

however, due to the poor resolution of in gel-staining, in solution protein analysis was

further performed.

LC/MS/MS identified 1358 and 1871 protein IDs in the control and treatment

group, respectively (Fig. 13B). Based on selection criteria mentioned in the Materials

and Methods section (two missed cleavages were allowed, and a MASCOT score >35),

we further selected 582 proteins of interest (Fig. 13B, small green circle) for future

analyses. Compared with proteome database published by recent papers [62, 63], those

582 protein IDs can further be classified into three groups: caput sperm origin protein

(majority part for further analysis, see table 1 for the complete list of 258 protein IDs),

epididymal epithelium origin protein, and uncharacterized protein (Fig. 13C).

Proteins of different origin (sperm, epididymal epithelium, and uncategorized)

were subjected to bioinformatic analysis. To analyze the functions of these protein, GO
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annotation approach was used; to analysis the potential biological involvement of these

proteins, biological process analysis was applied. Processes related to biological

adhesion, cellular component organization or biogenesis, cellular process,

developmental process, immune system process, localization, metabolic process,

multicellular organismal process, reproduction response to stimulus were observed in

all of the three groups. However, cell proliferation was only observed exclusively in

uncharacterized group of proteins (Fig. 14A). The results of molecular function

annotation indicated that binding activity and catalytic activity were the top two main

functions of these proteins (Fig. 14B)

In order to study the correlation of these 582 proteins, a comparative network

analysis was conducted to find GO Biological Process terms enriched in each group

(Fig. 15). Terms with caput sperm protein, epididymal fluid protein and uncharacterized

protein were shown in orange, blue and green respectively. The correlation of those

proteins was performed by the overlapping of the terms and the edge distance. Proteins

identified as caput spermatozoa origin showed specific terms like mitochondria

biological processes, Golgi vesicle transport, regulation of apoptosis. Proteins that are

categorized as luminal fluid specific protein involved in the regulation of receptors,

negative regulation of protein complex assembly. For those of uncharacterized proteins,

most of them were related to the regulation of RNA processes. Although the majority
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of the 582 proteins were involved in metabolic processes and catalytic processes, some

proteins showed in all clusters are related to sperm fertility, motility and chromatin

assembling. As the GO analysis is for predicting protein functions, proteins involved in

stimulating QSOX1 secretion can be predicted. The top3 pieces of GO biological

process ontology for caput sperm group described cellular process, localization, and

metabolic process. Proteins in those terms had catalytic activity or involved in transport

events (Fig. 16). The predictions were described in chapter 4.
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Figure 13. Summary of proteomic analysis.

(A) Representative 15% Sypro Ruby-stained gel. Left panel: culture medium from
control group (transfected meCapl8 cell); right panel: culture medium from sperm
treated group (B) Mass spectrometry identified 1358 and 1871 protein IDs in control
(Ctrl.) and sperm-treated (Treat) group, respectively. Venn diagram illustrating the
overlapping relationship of protein identification between control and treatment groups.
Among 773 proteins that were exclusively presented in treatment group, 582 proteins
reached the selection criteria of MASCOT scoring >35 (showed in green). (C) Those
582 unique proteins presented in sperm co-culture medium were classified based on
their origins. 258 proteins were classified as caput sperm proteome (orange arrow), 94
proteins belonged to epididymal epithelial proteome (blue arrow), and 230 proteins

were uncharacterized.
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Figure 14. GO analysis performed using PANTHER (v14.1).

Panther gene ontology (GO) analysis for differentially enriched proteins in caput sperm

protein group, epididymal lumen protein group, and uncharacterized group. (A)

Enriched proteins in different groups were classified in different categories based on

the biological processes, and (B)were also classified based on the molecular functions.
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Figure 15. Enriched biological process GO annotation clusters distribution view.

Diagram indicating functional enrichment of GO categories for caput sperm group (in
orange), fluid protein group (in blue) and uncharacterized protein group (in green)
Functionally grouped network with terms as nodes linked based on their kappa score
level (>0.4). The node size represents the term enrichment significance. Functionally

related groups partially overlap. No difference in grouped terms are shown in gray.
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Figure 16. Proteins classified in the top3 sub-class terms of the biological process

ontology.

The top3 pieces of GO biological process ontology for caput sperm group. (A) Under

the cellular process and localization was 6 proteins involved in secretion and

exocytosis events. (B) The majority of the metabolic process was enzyme.
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Chapter 4. Discussion

The mammalian epididymis supplies a complex microenvironment necessary for
sperm maturation [66]. Regional variations in the epithelium gene and luminal protein
profiles have been described in several species, such as the rat [67], mouse [68], boar
[69], and human [70]. The observed diversity is partly owing to the dynamic and
constant processes of absorption and secretion by the epididymal epithelium cells [71].
The specificity of the epididymal secretion at each epididymal segment is gradually
established during postnatal development [72]. For example in mouse, the
differentiation of the epididymal epithelium starts in the caput region around 2 weeks
after birth, and followed by the corpus segment at 3 weeks and finally, the cauda regions
around 4 weeks [73]. It has been shown that postnatal epididymal protein secretion is
dynamic and under specific regulation at different postnatal development time point
[74], in line with this, we observed that QSOX1 secretion activity was significantly
increased at postnatal day 30 suggests that QSOX1 secretion might be regulated by
specific luminal stimuli at around postnatal day 30.

Androgens (primarily testosterone and its more active metabolite
dihydrotestosterone (DHT)) are the major group of hormones that control epididymal
biological processes, such as differentiation and the function of the epididymal

epithelium [75, 76]. However, other factors, such as testicular factors or spermatozoa
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may also be involved in the regulation of epididymal protein secretion [60, 77]. Among

those potential regulatory factors, 1% androgen surge and the emergence of sperm in the

epididymis are critical events occurring at postnatal day 30 [78-81]. To test the

androgen effects, two cell lines were used in the in vitro evaluation system. Hormone

requires its corresponding surface receptor to initiate cellular effects, due to limited

androgen receptor expressed in the meCapl8 stable cell line [82], it might not

efficiently stimulate the QSOX1 secretion in meCapl8 cells. To overcome these

potential reasons, another mouse epididymis epithelium cell line called DC2 (distal

caput epididymal epithelial cells), which show normal expression of androgen receptor

on cell surface [83], was also used for androgen stimulation test. We observed that

testosterone and DHT (ranged from 5-40 nM) treatments showing little effects on

QSOX1 protein secretion behavior (compare to spermatozoa stimulation results) in

both meCap18 and DC2, suggesting that androgens, at least testosterone, and DHT may

not be the major regulators for QSOX1 secretion in the epididymis.

The essential role of epididymis on the maturation process of sperm cells has been

studied intensively in the past decades; while most of the studies focused on uni-

directional influences of the epididymal epithelium to sperm, whether sperm cells can

actively participate in the regulation of epididymis biological processes is poorly

understood. Nevertheless, the effect of sperm cells on the epididymal epithelium is
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likely occurring at different levels. For example, epididymis basal cells number

decreased and expressed fewer F4/80 antigen when spermatozoa were absent from the

proximal lumen [84]. Moreover, Carlos et al. demonstrated that co-incubation of the

epididymal epithelium with spermatozoa enhanced epididymal protein secretion and

greatly changed the pattern of secretory protein expression in caput cells [61]. In order

to investigate the effect of spermatozoa on QSOX1 secretion, an in vitro co-culture

system was established. Spermatozoa and epithelium co-culture has been described in

much literature to study the relationship between spermatozoa and reproductive tracts

[85-88]. For example, in 1992, Klinefelter described a Transwell® co-culture system

that separated rat spermatozoa and primary rat epididymal epithelium cells [89]. In this

study, to investigate the effects of sperm cells on the epididymal epithelium,

spermatozoa were co-incubated with meCap18 stable cell line using both direct co-

culture and Transwell® indirect co-culture systems. From the direct co-culture system,

both caput and cauda sperm can facilitate QSOX1 secretion, and under our

experimental setup, we observed caput sperm cells were more efficient and more potent

than that of cauda sperm. This is likely due to the fact that when compared with cauda

sperm cells, proteins on the surface of caput sperm are less stable and require QSOX1

to facilitate intra-molecular disulfide bond formation to stabilize their structure. The

other reason could be the region specific bioreaction, those cauda sperm need to
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specifically stimulate cauda epithelium instead of caput epithelium.

The possible stimulatory mechanisms underlying our observed QSOX1 secretion

could due to either direct physical contact of spermatozoa per se to the epithelium or

from the indirect stimulation of proteins and molecules that are being secreted/shed

from sperm cells. To investigate the later possibility, spermatozoa were separated by

Transwell® system as described earlier [89]. Compared to cauda sperm, QSOXI

secretion was significantly increased under caput sperm stimulation supporting our

earlier speculation that caput sperm may require more QSOX1 to facilitate their surface

modification than those of cauda sperm. Interestingly, we observed that the amount of

QSOX1 secretion in the indirect caput sperm co-culture system was about 3 times more

than the direct caput sperm co-culture system. These results suggested that (1) sperm

can alter epithelium behavior via direct contact [90] and may have negative effect on

QSOX1 secretion in epididymis, (2) sperm cells can stimulate QSOXI secretion

without direct physical interaction with the epididymal epithelium, likely due to their

active shedding off proteins and molecules upon the transit in the epididymis, and the

shed proteins and molecules from sperm cells might be more efficient to stimulate

QSOXI secretion in the epididymis; however, detail mechanism and exact regulation

require further investigation.

As we hypothesized that sperm cells can actively secrete or passively shed off
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proteins and molecules that subsequently stimulate QSOXI1 secretion, the co-culture

medium from the lower chamber of indirect Transwell® system was collected from for

proteomic analysis. Many proteomic approaches have been described to identify

protein candidates, for instance, one-dimensional and two-dimensional differential gel

electrophoresis gel staining, protein microarrays, and Mass spectrometry-based method

[91]. Among those that have been described, the liquid chromatography (LC)-MS or

tandem MS (MS/MS)-based proteomics technologies provides highly sensitive

analytical capabilities for generating proteomic profiles [92]. From our 1-D protein gel

staining, a set of additional protein signal was detected in the medium when sperm cells

were added; however, due to the low resolution of this approach, LC/MS/MS was

conducted to identify the complete proteome profile in both control and sperm-treated

groups. LC/MS/MS identified 1358 and 1871 proteins in the control and treatment

group, respectively. After subtracting protein IDs that were identified in both groups,

582 candidate proteins were exclusively presented in the sperm-treated group. Among

these 582 proteins that were detected from the lower chamber of indirect Transwell®

system, some may be the proteins released by spermatozoa (and passed through the

pored membrane), some may be the proteins secreted by meCapl8 which were

stimulated by spermatozoa. Based on comparative proteomics with previous studies

that have characterized the mouse caput sperm proteome and caput lumen fluid
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proteome, these 582 proteins were classified into three groups: caput sperm protein,

epididymal epithelium protein, uncharacterized protein. A previous study of the mouse

caput sperm proteome 258/582 proteins and 94/582 proteins were classified into caput

sperm protein (sperm origin) and epididymal epithelium protein (epididymal

epithelium origin), respectively; the rest of 230 proteins were classified as

uncharacterized protein (unknown origin) in this study.

In recent years, bioinformatics, protein network analysis, functional annotations,

and pathway information advance the phenotype characterization of identified protein

IDs [93]. Based on our data, a number of GO categories are enriched specifically in the

caput sperm proteins group, epididymal epithelium protein group, and uncharacterized

protein group. Gene set enrichment analysis was developed to classified the major

protein profile in each group. Moreover, top 3 biological processes showed up in all

three groups were a cellular process (e.g. metabolic process, cellular component

organization, cellular response to stimulus), metabolic process (e.g. cellular, organic,

primary metabolic process) and localization (e.g. cellular localization, the

establishment of protein localization, macromolecule localization). To our specific

interest, caput sperm origin proteins in culture medium involved in those top3 ontology

could be the stimuli in the regulatory pathway of QSOX1 secretion.

The biological processes on the establishment of localization are known to
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participate in exocytosis, vesicle budding from membrane vesicle fusion and vesicle-

mediated transport to the plasma membrane. These results suggested that “localization

proteins” in the co-culture medium might involve in regulating the trafficking of

epididymal secretory proteins. The results of molecular function annotation indicated

that binding activity (including protein binding, heterocyclic compound binding, small

molecule binding) and catalytic activity (including hydrolase activity, oxidoreductase

activity, transferase activity) were the top two main functions of these proteins. In the

network analysis result, the main group of proteins from caput sperm and epithelium

were classified in the metabolic process, suggested that QSOX1 secretion regulation

might be related to sperm metabolic process, and maybe upregulated by the metabolic

by-products released from sperm cells.

To look more details on the proteins classified in the top3 biological process of

caput origin protein group, there are 6 proteins participated in protein trafficking or

fusion events. The predicted relationship of those proteins and QSOXI secretion is

shown in Figure 17. After released by sperm, those protein can directly reach to the

epithelium cells and trigger QSOXI1 secretion, or the membrane fusion protein can

indirectly stimulated QSOX1 secretion by helping vesicles (containing stimuli) fusion

to epithelium membrane (Fig. 17). In the top3 biological process ontology, proteins

with catalytic activity behavior are the main group of proteins. The predicted
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relationship of those enzymes and QSOXI1 secretion is shown in Figure 18. Antoher

possibility for QSOX1 secretion might be that epididymal sperm releases factors that

subsequently stimulate metabolic processes of epithelium and indirectly stimulate or

accelerate the secretion of QSOX1 from the epididymal epithelium (Fig 18, lower

panel).

In conclusion, based on our in vitro co-culture model, androgens are not the major

stimuli for QSOX1 secretion; however, the QSOX1 secretion level was up-regulated in

the presence of spermatozoa indicated that epididymal spermatozoa can facilitate

QSOX1 secretion. Although we have identified some specific molecules originated

from spermatozoa which might be the potential stimuli for QSOX1 secretion, the exact

mechanism and molecules involved in the regulation of epididymal QSOX1 secretion

require further studies. Future works should focus on functional study targeting specific

molecules identified in the medium (especially those of sperm origin) to demonstrate

the regulatory mechanism of QSOX1 secretion in the epididymis.
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Figure 17. Predicted regulatory pathway of QSOXI1 secretion in the epididymis.

(A) The relationship of the QSOX1 secretion and those proteins participated in

exocytosis and membrane fusion process. (B) The relationship of the QSOX1

secretion and the enzyme release from sperm.
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List of caput sperm origin protein IDs in sperm epithelium co-culture

Table 1.
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33 0.69 Talin-1 OS=Mus musculus OX=10090 GN=Tlul PE=1 8V=2
17 9.21 Glutamine synthetase OS=Mus musculus OX=10090 GN=Ghul PE=1 SV=6
36 10.37 lamin B [Mus musculus]
21 4.26 Aldehyde dehydrogenase, mitochondrial OS=Mus musculus OX=10090 GN=Aldh2 PE=1 SV=1
21 2.63 Heat shock-related 70 kDa protein 2 Ow E__m musculus OX=10090 GN=Hspa2 PE=1 SV=2
2 0.57 TPA_exp: muclear pore compl iled-coil protein TPR [Mus musculus]
2 5.06 Retinal dehydrogenase 1 0S=Mus musculus 0X=10090 GN=Aldhlal PE=1 V=5
26 7.93 Keratin, type II cytoskeletal 8 OS=Mus nmsculus OX=10090 GN=Krt8 PE=1 SV=4
19 1.24 Hypoxia up-regulated protein 1 OS=Mus musculus 0X=10090 GN=Hyoul PE=1 §V=1
17 3.14 muclear i in K 0S=Mus musculus 0X=10090 GN=Hnmpk PB=1 SV=1
19 2.26 Serum albumin OS=Mus musculus OX=10090 GN=AIb PE=1 SV=3
14 2.59 Tubulin alpha-3 chain OS=Mus musculus 0X=10090 GN=Tuba3a PE=1 8V=1
14 1.33 Heat shock 70 kDa protein 1-like OS=Mus musculus 0X=10090 GN=Hspall PE=1 SV=4
23 0.69 TQ motif containing GTPase activating protein 1 [Mus musculus]
18 5.14 Keratin, type I cytoskeletal 19 OS=Mus musculus OX=10090 GN=Krt19 PE=1 SV=1
11 2.29 Zona pellucida-binding protein 1 0S=Mus musculus 0X=10090 GN=Zpbp PE=1 SV=2
13 0.26 CAD protein OS=Mus nmsculns ON 10090 GN=Cad PE=1 SV=1
18 0.94 2 dehyd ial OS=Mus musculus 0X=10090 GN=Ogdh PE=1 §V=3
15 1.87 Sulfite oxidase, mitochondrial 0S=Mus musculus OX=10090 GN=Suox PE=1 §V=2
12 6.21 Glutathione S- Eﬂmmonmmo Mu 7 OS=Mus musculus 0X=10090 GN=Gstm7 PE=1 SV=1
15 2,02 [acylating], mi ial OS=Mus musculus QX=10090 GN=Aldh6al PB=1 §V=1
13 1.91 Probable D-lactate dehydrogenase, mitochondrial 0S=Mus musculus 0X=10090 GN=Ldhd PE=1 SV=1
16 1.23 Catenin beta-1 OS=Mus musculus OX=10090 GN=Ctasbl PE=1 SV=1
13 0.96 alpha-N-acetylglucosaminidase precursor [Mus musculus]
15 2.52 Keratin, type II cytoskeletal 7 OS=Mus nmscuius OX=10090 GN=Krt7 PE=1 SV=1
12 2.61 Core histone macro-H2A.1 OS=Mus musculus 0X=10090 GN=H2afy PE=1 SV=3
13 0.99  gelsolin isoform 2 [Mus musculus]
6 1.77 Sperm acrosome membrane-associated protein 1 OS=Mus mmsculus OX=10090 GN=Spacal PE=1 SV=1
18 4 Nucleobindin-2 0S=Mus musculus 0X=10090 GN=Nucb2 PE=1 SV=2
14 3.14 3-ketoacyl-CoA thiolase, mitochondrial OS=Mus musculus OX=10090 GN=Acaa2 PE=1 $V=3
18 1.99 Plastin-2 OS=Mns muscnlus OX=10090 GN=Lcpl PE=1 SV=4
1 0.56 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 OS=Mus musculus OX=10090 GN=Atp2a2 PE=1 $V=2
1 0.6 Catenin alpha-1 OS=Mus musculus 0X=10090 GN=Ctnnal PE=1 §V=1
12 7.1 408 ribosomal protein §8 OS=Mus musculus OX=10090 GN=Rps8 PE=1 §V=2
7 0.89 Mitochondria-satiag profein 0S=Mus muscalus OX=10090 GN=Spatal8 PE=1 sv=2
11 1.56 family member 5 0S=Mus musculus OX=10090 GN=Enpp5 PE=1 SV=3
1 2.54 mnnun\g?ﬁognromhrm.ﬁ@ PP1-gamma catalytic subunit OS=Mus musculus 0X=10090 GN=Ppplcc PE=1 §V=1
8 0.6 Succinate fl in subunit, mi ial OS=Mus musculus 0X=10090 GN=Sdha PE=1 SV=1
14 0.96 Disintegrin and metalloproteinase domain-containing protein 7 OS=Mus rmusculus 0X=10090 GN=Adam7 PE=2 §V=2
16 0.58  Angiotensin-converting enzyme OS=Mus musculus OX=10090 GN=Ace PE=1 SV=3
12 0.76 DnaJ homclog subfamily C member 10 OS=Mus musculus OX=10090 GN=Dnajc10 PE=1 §V=2
12 5.69 408 ribosomal protein §2 OS=Mus musculns OX=10090 GN=Rps2 PE=1 §V=3
6 2.33  Epididymal-specific lipocalin-5 OS=Mus musculus OX=10090 GN=LcnS PE=1 §V=1
5 0.66 L-lactate mbEdSma_umo A-like 6B [Mus musculus]
6 221 receptor 1 0S=Mus mmusculns OX=10090 GN=Pgrmcl PE=1 SV=4
10 0.93  calnexin, partial [Mus musculus domesticus]
1 0.07 Bpiplakin OS=Mus musculus OX=10090 GN=BEppk1 PE=1 §V=2
6 2.12 Glutathione S- Rmﬂwmonmmo Mul Om =Mus EEQEE 0X=10090 GN=Gstm1 PE=1 SV=2
8 0.64 Dolichyl-di t subunit 2 03=Mus musculus OX=10090 GN=Rpn2 PE=1 §V=1
7 1.52 608 ribosomal protein L3 OS=Mus EEEEE 0X=10090 GN=Rpl3 PE=1 8V=3
9 0.58 MICOS complex subunit Mic60 OS=Mus musculus 0X=10090 GN=Immt PE=1 SV=1
6 4.31 Fatty acid-binding protein 9 OS=Mus musculus OX=10090 GN=Fabp9 PE=1 §V=2
13 8.21 Glutathione S-transferase Mu 5 OS=Mus musculus 0X=10090 GN=Gstm5 PE=1 SV=1
6 1.07 Epithelial cell adhesion molecule OS=Mus musculus OX=10090 GN=Epcam PE=1 §V=1
4 0.72 F-actin-capping protein subunit beta OS=Mus musculus OX=10090 GN=Capzb PE=1 SV=3
8 0.78 Non-specific lipid-transfer protein OS=Mus nmgculus OX=10090 GN=Scp2 PE=1 §V=3
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SwissProt
NCBIprot
SwissProt

CLUS MOUSE  Chu
SODM_MOUSE ~ Sod2
RPN1 MOUSE  Rpnl

SwissProt MA2B2_ MOUSE Man2b2

SwissProt

ECHI_MOUSE = Echl

SwissProt GOGAS MOUSE Golga$

SwissProt
SwissProt

ACRO MOUSE  Act
ERP44 MOUSE = Erpd4

NCBIprot Q8KIM3_MOUSE Prkar2a
SwissProt LMAN2 MOUSE Lman2

SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt

SPESP_MOUSE  Spespl
PPT1 MOUSE  Pptl
ODPB_MOUSE  Pdhb
CACP_MOUSE  Crat
ARF5 MOUSE  Arf5
HEXB_MOUSE  Hexb
CD166_MOUSE ~ Alcam
TPYR2 MOUSE ~ Ppa2
CISY MOUSE  Cs
THIL_MOUSE  Acatl
MIC19 MOUSE  Chchd3
RCN1_MOUSE  Renl

SwissProt LMAN1_MOUSE Lmanl

SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt

GBBI_MOUSE  Gmbl

SC23A_MOUSE  Sec23a
DPEP3_MOUSE Dpep3
ROP1_MOUSE = Ropnl
HBB2 MOUSE Hbb-b2
MYHI0_MOUSE Myhl0
TOM22_MOUSE Tomm22
TMF1_ MOUSE = Tmfl
AT1A]1 MOUSE Atplal
KAD3_MOUSE  Ak3

BGAL_MOUSE  Glbl

NCBIprot B2RWH8_MOUSE Gm4846

NCBIprot GCSH_MOUSE ~ Gesh
SwissProt RAB1IB_MOUSE Rablb
SwissProt HIBCH MOUSE Hibch
SwissProt CLPP_MOUSE  Clpp
SwissProt ODP2 MOUSE  Diat
SwissProt  RL13_ MOUSE = Rpll3
SwissProt ASGL1_MOUSE Asrgll
SwissProt ECHM_MOUSE  Echsl
SwissProt 3HIDH MOUSE Hibadh
SwigsProt LYPD4 MOUSE Lypd4
SwissProt FAHD1_MOUSE Fahdl
SwissProt ACOT2_ MOUSE Acot2

SwissProt A1AT1_MOUSE Serpinala

NCBIprot E9PWQ7 MOUSE  Zan
SwissProt H10_MOUSE  HIf0
SwissProt AT2B4 MOUSE Atp2b4
SwissProt SYTL4 MOUSE  Syl4
SwissProt G6PE_MOUSE = Hépd
SwissProt LETM1 MOUSE Letml
SwissProt  NSF_MOUSE Nsf
SwissProt GPRL1_MOUSE Glipr1ll
SwissProt ISC2A_ MOUSE Tsoc2a
SwissProt ETFB_MOUSE  Etfb
SwissProt NHLC3_MOUSE Nhirc3
SwissProt AT2B1 MOUSE Atp2bl
SwissProt TM9S2 MOUSE Tm9sf2
SwissProt HPDL_MOUSE  Hpdl
SwissProt SUCB1_MOUSE = Sucla2
SwissProt FSCB_MOUSE =~ Fscb

41
236
228
222
216
211
204
203
200
195
191
191
190
181
178
m
169
169
160
159
158
158
157
157
156
155
155
153
151
150
150
149
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146
144
142
137
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133
133
131
131
131
130
128
126
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122
119
17
114
13
109
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107
104
104
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51623
24619
68486
115537
36095
82318
48898
46823
45561
40404
44674
34467
38912
70794
20517
61077
65051
38090
51703
44787
26318
38090
577153
37353
86106
54213
23987
15868
228855
15527
121729
112910
25410
73074
61604
18577
22173
43010
29781
67899
24250
33928
31454
35417
26979
25156
49626
45974
584262
20848
132984
75974
88872
82937
82561
27057
22403
27606
38171
134662
75280
39884
50082
114909
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SoxasBs
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0.93
135
0.45
04

1.03
0.51
0.68
1.26
0.92
0.88
1.59
1.36
0.92
0.62
178
101
0.58
0.75
0.51
0.95
0.62
1.44
034
0.76
035
0.73
1.87
2.73
0.06
1.24
0.11
0.21
1m
0.26
0.15
0.97
114
0.81
0.53
0.29
138
0.87
0.5

0.61
0.6

0.65
0.41
032
0.07
0.5

0.14
0.25
0.16
0.23
0.44
0.6

L12
0.84
04

0.14
033
0.53
0.53
0.16

Clusterin OS=Mus muscutus 0X=10090 GN=Clu PE=1 §V=1
manganese superoxide dismutase [Mus musculus]
Dolichyl-dij i ide--protein subunit 1 OS=Mus musculus OX=10090 GN=Rpnl PE=1 SV=1
Epididymis-specific alpha-mannosidase OS=Mus musculus 0X=10090 GN=Man2b2 PE=1 §V=2
Delta(3,5)-Delta(2,4)-dienoyl-CoA i 08=Mus musculus 0X=10090 GN=Bch1 PB=1 V=1
Golgin subfamily A member 5 OS=Mus musculus OX=10090 GN=Golgas PE=1 §V=2

Acrosin O8=Mus musculus 0X=10090 GN=Acr PE=1 8V=1

Endoplasmic reticulum resident protein 44 OS=Mus musculus OX=10090 GN=Erp44 PB=1 SV=1

CAMP-dependent protein kinase type II-alpha regulatory subunit [Mus musculus]

Vesicular intogral-membrane protein VIP36 OS=Mus musculus OX=10090 GN=Lman2 PE=1 SV=)

Sperm equatorial segment protein 1 OS=Mus musculus 0X=10090 GN=Spesp1 PE=1 SV=2

Palmitoyl-protein thioesterase 1 OS=Mus musculus OX=10090 GN=Pptl PE=1 SV=2

Pyruyate El subuit beta, ial OS=Mus musculus 0X=10090 GN=Pdhb PE=1 SV=1
Carnitine O-acetyltransferase OS=Mus musculus 0X=10090 GN=Crat PE=1 SV=3

ADP-ribosylation factor 5 OS=Mus musculus OX=10090 GN=Arf5 PE=1 SV=2

Beta-hexosaminidase subunit beta OS=Mus musculus OX=10090 GN=Hexb PE=1 SV=2

CD166 antigen OS=Mus muscutus 0X=10090 GN=Alcam PE=1 SV=3

Inorganic pyrophosphatase 2, mitochondrial OS=Mus musculus 0X=10090 GN=Ppa2 PE=1 §V=1

Citrate synthase, mitochondrial OS=Mus musculus 0X=10090 GN=Cs PE=1 §V=1

Acetyl-CoA acetyltransferase, mitochondrial OS=Mns musculus OX=10090 GN=Acat]1 PE=1 SV=1

MICOS complex subunit Mic19 O8=Mus musculus OX=10090 GN=Chchd3 PE=1 §V=1

Reticulocalbin-1 0§=Mus musculus 0X=10090 GN=Ren1 PB=1 $V=1

Protein ERGIC-53 OS=Mus musculus 0X=10090 GN=Lmanl PE=1 SV=1

Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 OS=Mus musculus 0X=10090 GN=Cnb1 PE=1 SV=3
Protein transport protein Sec23A OS=Mus musculus OX=10090 GN=Sec23a PE=1 SV=2

Dipeptidase 3 OS=Mus musculus 0X=10090 GN=Dpep3 PE=1 §V=1

Ropporin-1 08=Mus musculus OX=10090 GN=Ropnl PE=1 SV=1

Hemoglobin subunit beta-2 0S=Mus musculus OX=10090 GN=Hbb-b2 PE=1 §V=2

Myosin-10 OS=Mus musculus OX=10090 GN=Myh10 PE=1 V=2

Mitochondrial import receptor subunit TOM22 homolog OS=Mus musculus OX=10090 GN=Tomm?22 PB=1 §V=3
TATA element modulatory factor OS=Mus musculus 0X=10090 GN=Tmf1 PE=1 SV=2

Sodium/potassium-transporting ATPase subunit alpha-1 O8=Mus musculus OX=10090 GN=Atplal PE=1 §V=1
GTP:AMP K3, mitochondrial OS=Mus musculus OX=10090 GN=Ak3 PB=1 §V=3
Beta-galactosidase OS=Mug musculus OX=10090 GN=GIbl PB=1 SV=1

flayin-containing monooxygenase 13 [Mus musculus]

Gosh protein [Mus musculus]

Rag-related protein Rab-1B OS=Mus musculus 0X=10090 GN=Rablb PE=1 SV=1

3-hydroxyisobutyryl-CoA hydrolase, mitochondrial 0S=Mus musculus OX=10090 GN=Hibch PE=1 §V=1

ATP-dependent Clp protease ic subunit, ial O8=Mus musculus 0X=10090 GN=Clpp PE=1 SV=1
Dil i i idu of pyruyate complex, 0S=Mus musculus 0X=10090 GN=Dlat PE=1 SV=2
608 ribosomal protein L13 OS=Mus musculus OX=10090 GN=Rpl13 PE=1 §V=3

TIsoaspartyl peptidase/L-asparaginase OS=Mus musculus OX=10090 GN=Asrgl1 PB=1 SV=1

Enoyl-CoA hydratase, mitochondrial OS=Mus nmsculns OX=10090 GN=Echs1 PE=1 §V=1

3 i i ial 08=Mus musculus 0X=10090 GN=Hibadh PE=1 §V=1
Ly6/PLAUR domain-containing protein 4 OS=Mus musculus OX=10090 GN=Lypd4 PE=1 SV=1
Acylpyruyase FAHD1, mitochondrial OS=Mus musculus OX=10090 GN=Fahdl PE=1 SV=2

Acyl A thi 2, ial OS=Mus musculus OX=10090 GN=Acot2 PB=1 §V=2
Alpha-1-antitrypsin 1-1 0S=Mus musculus OX=10090 GN=Serpinala PE=1 S§V=4

zonadhesin precursor [Mus muscutus]

Histone H1,0 08=Mus musculus 0X=10090 GN=H1{0 PE=2 SV=4

Plasma membrane calcium-transporting ATPase 4 0S=Mus musculus OX=10090 GN=Atp2b4 PE=1 SV=1
Synaptotagmin-like protein 4 OS=Mus musculus 0X=10090 GN=Syfl4 PE=1 §V=1

GDH/6PGL endoplasmic bifunctional protein OS=Mus musculus 0X=10090 GN=H6pd PE=1 $V=2
Mitochondrial proton/calcinm exchanger protein OS=Mus musculus OX=10090 GN=Letm1 PE=1 SV=1
Vesicle-fusing ATPase OS=Mus musculus OX=10090 GN=Nsf PE=1 V=2

GLIPRI1-like protein 1 0S=Mus musculus 0X=10090 GN=Glipr111 PE=1 §V=1

TIsochorismatase domain-containing protein 2A OS=Mus musculus 0X=10090 GN=Isoc2a PE=1 SV=1
Electron transfer flavoprotein subunit beta O8=Mus musculus 0X=10090 GN=Etfb PE=1 §V=3

'NHL repeat-containing protein 3 0S=Mus musculus OX=10090 GN=Nhlrc3 PE=1 SV=1

Plasma membrane calcium-transporting ATPase 1 OS=Mus musculus OX=10090 GN=Atp2bl PE=1 §V=1
Transmembrane 9 superfamily member 2 OS=Mus musculus 0X=10090 GN=Tm9sf2 PE=1 V=1

4 i like protein OS=Mus musculus OX=10090 GN=Hpdl PE=2 §V=1
Succinate--CoA ligase [ADP-forming] subunit beta, mitochondrial OS=Mus musculus OX=10090 GN=Sucla2 PE=1 $V=2
Fibrous sheath CABYR-binding protein OS=Mus musculus 0X=10090 GN=Fscb PE=1 §V=1
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SwissProt GSTK1 MOUSE Gstkl

SwissProt CUZDI_MOUSE Cuzdl
SwissProt COPG2_MOUSE Copg2
SwissProt TMED3_MOUSE Tmed3
SwissProt CBR1_MOUSE ~ Cbrl

SwissProt FA7IB_MOUSE Fam7lb
SwissProt SRPRB_MOUSE  Srorb
SwissProt SDHB_MOUSE  Sdhb

SyissProt ABHDA_MOUSE Abhd10
SwissProt GTR3_MOUSE  Slc2a3
SwissProt BPHL MOUSE  Bphl

SwissProt TX101 MOUSE Tex101
SwissProt BCHA_MOUSE Hadha
SwissProt NDUV2_MOUSE Ndufv2
SwissProt HDHD3_MOUSE Hdhd3
NCBIprot GCP60_MOUSE Achd3
SwissProt TMX1_MOUSE  Tmxl
NCBIprot Q30KN1_MOUSE Defb47
SwissProt DBLOH_MOUSE Diablo
SwissProt K2C71 MOUSE Krt71
SwissProt RL1S8A_MOUSE Rpli8a
NCBIprot QOVDQ2_MOUSE Gykll
SwissProt RABSB_MOUSE RabSb
SwissProt CYBSB_LMOUSE CybSb
SwissProt RL32 MOUSE = Rpi32
SwissProt TXD12 MOUSE Txndcl2
SissProt MIC27_MOUSE  Apool
SwissProt CATC_MOUSE ~ Ctsc

SwissProt VAPB_MOUSE  Vapb

SyissProt VAMP3_MOUSE Vamp3
SwissProt SSDH_MOUSE  AldhSal
SwissProt  MVP_MOUSE ~ Myp

NCBIprot BPNT!_MOUSE Bpntl
SwissProt ABDI2 MOUSE Abhd12
SwissProt NDUAS_MOUSE Ndufa8
SwissProt ODPAT_MOUSE Pdha2
SwissProt  KBL_MOUSE ~ Geat

SwissProt TIMS0_MOUSE Timm50
SwissProt ACSL1_ MOUSE  Acsll

SwissProt ESTSA_MOUSE Ces5a
SwissProt NSDHL_MOUSE Nsdil
SwissProt ERAP1 MOUSE Erapl
SwissProt TIM16_MOUSE Paml6
SwissProt MACD1_MOUSE Macrodl
SwissProt SIATI_MOUSE  Stogall
SwissProt THEM4 MOUSE Themd
SwissProt AMRP_MOUSE  Lrpapl
SwissProt PREB_MOUSE ~ Preb

SwissProt OLPT1_ MOUSE Clptml
SwissProt QSOX2_MOUSE Qsor2
SwissProt PPIF_MOUSE ~ Ppif

SwissProt NDUSS_MOUSE NdufsS
SwissProt GALNS_MOUSE  Galns
SwissProt  RL8_MOUSE  Rol8

SwissProt IAH1 MOUSE  Iahl

SwissProt APOA1_MOUSE Apoal
SwissProt OCAD1 MOUSE Ociadl
SyissProt DFB20_MOUSE Defb20
SwissProt ITM2B_MOUSE Itm2b
SwissProt ARGI2 MOUSE ~ Arg2

SwissProt PREP_MOUSE Pitrml
SwissProt DNJC3_MOUSE Dnajc3
SwissProt HEXA MOUSE Hexa

SwissProt CABYR_MOUSE Cabyr
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0.64
0.37
0.19
0.39

02
0.77
049
047
0.17
0.68

0.6
0.17
0.86
0.83
0.15
031
151
0.61
0.25
0.84
0.15
0.71
0.67

1.2
142
0.54
0.28
0.37
044
0.26

02
0.89

0.1
0.88
0.22
0.21
0.4
0.12
0.14
037
0.08
035
0.27
0.32
0.38
035

0.1
0.12
0.18
0.21
0.93
034
035
0.57
0.51
0.17
2.09
0.32
0.39
0.12
0.08
0.15

03

Glutathione S-transferase kappa 1 OS=Mus musculus 0X=10090 GN=Gstkl PE=1 8V=3
CUB and zona pellucida-like domain-containing protein 1 OS=Mus musculus 0X=10090 GN=Cuzd1 PB=1 §V=2
Coatomer subunit gamma-2 OS=Mus mmsculus OX=10090 GN=Copg?2 PE=1 SV=1
T ibrane emp24 domai ining protein 3 0S=Mus musculus 0X=10090 GN=Tmed3 PE=1 $V=1
Carbony] reductase [NADPH] 1 OS=Mus musculus 0X=10090 GN=Cbr1 PE=1 SV=3
Protein FAM71B OS=Mus musculus OX=10090 GN=Fam71b PE=3 §V=3
Signal recognition particle feceptor m_;_E_;oS 0S=Mus musculus OX=10090 GN=Srprb PE=1 §V=1
Succinate iifur gubunit, mif ial OS=Mus musculus QX=10090 GN=8dhb PE=1 8V=1
ic acid acyl ide esterase, mitochondrial OS=Mus musculus OX=10090 GN=Abhd10 PE=1 SV=1
Solute carrier family m facilitated glucose transporter member 3 03=Mus musculus 0X=10090 GN=F1c2a3 PE=1 §V=1
'Valacyclovir hydrolage OS=Mus musculus OX=10090 GN=Bphl PE=1 SV=1
‘Testis-expressed protein 101 OS=Mus muscutus OX=10090 GN=Tex101 PE=1 8V=1
Trifunctional enzyme u..__uaE.. alpha, E—So_uoumna Om Mus masculus 0X=10090 GN=Hadha PE=1 §V=1
NADH fla ial OS=Mus musculus OX=10090 GN=Ndufy2 PE=1 §V=2
Haloacid like hydrolase d protein 3 08=Mus musculus 0X=10090 GN=Hdhd3 PE=1 $V=1
RecName: Full=Golgi resident protein GCP60; AltName; Full=Acyl-CoA-binding domain-containing protein 3; AltName: Full=Golgi complex-associated protein 1; Short=GOCAP1; AltName: Full=Golgi phosphoprotein 1; Short=GOLPH1; AltName: F
Thioredoxin-related transmembrane protein 1 OS=Mus muscutus OX=10090 GN=Tmx1 PE=1 SV=1
‘beta-defensin 130-like precursor [Mus musculus]
Diablo homolog, mitochondrial OS=Mus musculus 0X=10090 GN=Diablo PB=1 SV=2
Keratin, type II cytoskeletal 71 OS=Mns mmsculns 0X=10090 GN=K1t71 PE=1 SV=1
608 ribosomal protein L18a OS=Mus musculus 0X=10090 GN=Rpl18a PE=1 §V=1
Glycerol kinase-like 1 [Mus musculus]
Ras-related protein Rab-SB OS=Mus mmsculus 0X=10090 GN=RabSb PE=1 §V=1
Cytochrome b5 type B OS=Mus musculus 0X=10090 GN=Cyb5b PE=1 §V=1
608 ribosomal protein 132 0OS=Mus musculus 0X=10090 GN=Rpl32 PE=1 §V=2
‘Thioredoxin domain-containing protein 12 OS=Mus mmsculus OX=10090 GN=Txndc12 PE=1 §V=1
MICOS complex subunit Mic27 OS=Mus musculus 0X=10090 GN=Apool PE=1 §V=1
Hv:._onnhﬁ Enn_hmo 1 Omlgam EE_QEE 0X=10090 GN=Ctsc PB=1 SV=1
Ve iated protein B OS=Mus musculus OX=10090 GN=Vapb PE=1 $V=3
<ou§o %89»8@ membrane EoSE 3 om =Mus musculus 0X=10090 GN=Vamp3 PB=1 SV=1
5; e ial OS=Mus musculus OX=10090 GN=Aldh5al PE=1 SV=1
Major vault protein OS=Mus musculus 0X=10090 GN=Mvp PE=1 §V=4
Bisphosphate 3'-nucleotidase 1 [Mus musculus]
Monoacylglycerol lipase ABHD12 OS=Mus musculus OX=10090 GN=Abhd12 PE=1 §V=2
NADH iqui 1 alpha subunit 8 08=Mus musculus OX=10090 GN=Ndufa8 PE=1 8V=3
Pyruvate dehydrogenase B1 component subunit alpha, testis-specific form, mitochondrial OS=Mus musculus OX=10090 GN=Pdha2 PB=1 SV=1
2-amino-3. yme A ligase, mitoch ial OS=Mus musculus OX=10090 GN=Gcat PE=1 SV=2
itochondrial import inner memb: 1 subunit TIMS0 OS=Mus musculus 0X=10090 GN=Timm50 PE=1 8V=1
Long-chain-fatty-acid--CoA ligase 1 OS=Mus musculus OX=10090 GN=Acsl1 PE=1 SV=2
Carboxylesterase SA OS=Mus musculus OX=10090 GN=Ces5a PE=2 SV=1
Sterol-4-alpha-carboxylate 3-dehydrogenase, decarboxylating OS=Mus musculus OX=10090 GN=Nsdkl PE=1 $V=1
gégﬂéégo 1 0S=Mus musculus OX=10090 GN=Erap1 PE=1 SV=2
hondrial import inner t trans] subunit TIM16 OS=Mus musculus OX=10090 GN=Pam16 PE=1 SV=1
ADP-ribose glycohydrolase MACROD1 OS=Mas musculus 0X=10090 GN=Macrod1 PE=1 SV=2
Bet: ide alpha-2,6-si 1 0S=Mus mmusculus OX=10090 GN=St6gall PE=1 SV=2
Acyl-coenzyme A .._Ho@m:umwa THEM#4 OS=Mus musculus 0X=10090 GN=Them4 PE=1 §V=1
Alpha-2- el iated protein O3=Mus musculus 0X=10090 GN=Lrpapl PE=1 §V=1
Prolactin regulatory element-binding protein OS=Mus mmsculus OX=10090 GN=Preb PE=1 SV=1
Cleft lip and palate transmembrane protein 1 homolog OS=Mus muscalus OX=10090 GN=Clptm1 PE=1 §V=1
Sulfhydryl oxidase 2 OS=Mus musculus 0X=10090 GN=Qsox2 PE=1 §V=1
Peptidyl-prolyl cis-trans isomerase F, mitochondrial OS=Mug mmsculns OX=10090 GN=Ppif PE=1 SV=1
NADH dehydrogenase [ubiquinone] iron-sulfur protein 5 OS=Mus musculus OX=10090 GN=Ndufs5 PB=1 §V=3
N-acetylgalactosamine-6-sulfatase OS=Mus musculus OX=10090 GN=Galns PE=1 SV=2
608 ribosomal protein L8 OS=Mus muscutus OX=10090 GN=Rpl8 PE=1 SV=2
Isoamyl acetate-hydrolyzing esterase 1 homolog OS=Mus musculus OX=10090 GN=Iahl PE=1 SV=1
‘Apolipoprotein A-I 0S=Mus muscilus OX=10090 GN=Apoal PE=1 SV=2
OCTA domain-containing protein 1 OS=Mus muscnius OX=10090 GN=Ociadl PE=1 SV=1
Beta-defensin 20 0S=Mus musculus OX=10090 GN=Defb20 PE=3 §V=1
Integral membrane protein 2B OS=Mus musculus 0X=10090 GN=Itm?b PE=1 SV=1
Arginase-2, mitochondrial OS=Mus mmsculus 0X=10090 GN=Arg2 PE=1 8V=1
Presequence protease, mitochondrial OS=Mus musculus 0X=10090 GN=Pitrm1 PB=1 SV=1
Dna] homolog subfamily C member 3 OS=Mus musculus OX=10090 GN=Dnajc3 PE=1 SV=1
Beta-hexosaminidase subunit alpha OS=Mus musculus OX=10090 GN=Hexa PE=1 §V=2
Calcium-binding tyrosine phosphorylation-regulated protein OS=Mus musculus 0X=10090 GN=Cabyr PE=1 $V=1
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NCBlprot Q9Z2P7_MOUSE Vtilb
NCBIprot DGUOK_MOUSE  Dguok

SwissProt
SwissProt
SwissProt
SwissProt.

PLBL2 MOUSE Plbd2
GPDA_MOUSE  Gpdl
PCCA_MOUSE  Pcca
PCCB_MOUSE  Pccb

NCBIprot Q9TWP8_MOUSE Ndufy3

SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
NCBIprot
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt

LAT1_MOUSE  Slc7a5
BCAT2 MOUSE Bcat2
GALT2_MOUSE Galnt2
ENPP1_MOUSE Enppl
NDUS4_MOUSE Ndufs4
CC136_MOUSE Ccdc136
GCC2_MOUSE ~ Gec2
NDUA2_MOUSE Ndufa2
MCCB_MOUSE  Mcoc2
ESYT1 MOUSE Esytl
TPP1_MOUSE  Tppl
FAF2 MOUSE  Faf2
TMX3_MOUSE = Tmx3
GLPK2 MOUSE  Gk2

SwissProt DHRS4_ MOUSE Dhrs4

SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt

COQ9_MOUSE ~ Coq9
SDF2L_MOUSE Sdf211
PPBT_MOUSE  Alpl
ADA28 MOUSE Adam28
BAP31_MOUSE Bcap31
BASLMOUSE = Bsg

NCBIprot Q80VE6_MOUSE Nup205

SwissProt
SwissProt
NCBIprot
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt
SwissProt

ADT4_MQUSE §1c25a31
LCN8_MOUSE  Lcn8
SCAM2_MOUSE Scamp2
FIS1_MOUSE  Fisl
DYSF MOUSE  Dysf
NBSR3_MOUSE Cyb5r3
DIJB11_MOUSE Dnajbll
IVD_MOUSE Ivd
NDUS8_MOUSE Ndufs8
NDUB4_MOUSE Ndufb4
RABI8 MOUSE Rabl8
DBIL5_MOUSE  Dbils
5SNT1B_MOUSE Nt5clb
OST48_MOUSE Ddost
P5CR2_MOUSE Pycr2

SwissProt HPCL1_MOUSE Hpeall
SwissProt MPPA MOUSE Pmpca
SwissProt IQGA2_MOUSE  Iqgap2
SwigsProt GPDIL_MOUSE Gpdll
SwissProt ZFPL1 MOUSE Zfpll
SwissProt LYRIC_MOUSE Mtdh
SwigsProt ECHB_MOUSE Hadhb
SwissProt HINT2_MOUSE Hint2
SwissProt TMED4_MOUSE Tmed4

SwigsProt NAGAB_MOUSE
SwissProt NDUA7 MOUSE
SwissProt MYOSB_MOUSE
SwissProt THIKA MOUSE
SwissProt PCKGM_MOUSE
SwigsProt DHRS1_MOUSE

Dhrs]

SwissProt

S38AA_MOUSE S1c38210

SwissProt ACADL_MOUSE Acadl

SwissProt
NCBIprot
SwissProt

LY65B_MOUSE Ly6g5b
FSIP2_ MOUSE ~ Fsip2
MSPD2_MOUSE Mospd2
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0.33
0.14
0.29
0.4

0.05
0.16
0.09
0.08
0.1

0.14
0.13
0.24
0.13
0.02
0.46
0.15
0.07
0.23
0.08
0.09
0.15
0.15
0.13
0.43
0.16
0.1

0.16
0.11
0.09
0.13
0.53
0.11
1.09
0.02
0.28
0.23
0.1
0.19
0.32
0.44
13

0.07
0.09
0.29
0.21
0.08
0.02
0.12
0.13
0.14
0.09
0.27
0.38
0.09
0.39
0.04
0.21
0.06
0.28
0.04
0.19
0.21
0.01
0.15

GES30 [Mus musculus]

deoxyguanosine kinase 1 [Mus musculus]

Putative phospholipase B-like 2 OS=Mus mmsculns 0X=10090 GN=Plbd2 PE=1 SV=2

Glycerol-3-phosphate dehyd: [NAD(+)], ic O§=Mus musculus OX=10090 GN=Gpd1 PE=1 §V=3
Propionyl-CoA carboxylase alpha chain, mitochondrial OS=Mus musculus 0X=10090 GN=Pcca PE=1 §V=2
Propionyl-CoA oﬁgwﬁumo _uoB chain, mitochondrial OS=Mus mmsculns OX=10090 GN=Pccb PE=1 SV=2

NADH dohyd: ( f in 3 [Mus musculus]
Large neutral amino gﬁh n.nEuE»on small m=_uEE 1 08=Mus musculus 0X=10090 GN=Slc7a5 PB=1 SV=2
Branched-chai hondrial OS=Mus musculis 0X=10090 GN=Bcat2 PE=1 SV=2
P ide N. i 2 08=Mus musculus 0X=10090 GN=Galnt2 PE=1 §V=1
i i family member 1 OS=Mus musculus OX=10090 GN=Enpp] PE=1 SV=4
NADH dehyd: iquis i fur protein 4, mitochondrial OS=Mus musculus OX=10090 GN=Ndufs4 PE=1 V=3
RecName: Full=] wew\mON domain-containing protein KCTD12; AltName: Full=Pfetin; AltName: Full=Predominantly fetal expressed T1 domain

GRIP and coiled-coil domain-containing protein 2 OS=Mus musculus OX=10090 GN=Gec2 PE=1 SV=2

NADH dehyd [ubiqui 1 alpha subunit 2 OS=Mus musculus 0X=10090 GN=Ndufa2 PE=1 $V=3
CoA beta chain, mitochondial OS=Mus musculus 0X=10090 GN=Mccc2 PB=1 §V=1

Extended synaptotagmin-1 OS=Mns musculus OX=10090 GN=Esytl PE=1 SV=2

Tripeptidyl-peptidase 1 OS=Mus musculus OX=10090 GN=Tppl PE=1 SV=2

FAS-associated factor 2 09=Mus musculus 0X=10090 GN=Faf2 PE=1 §V=2

Protein disulfide-isomerase TMX3 OS=Mus musculug OX=10090 GN=Tmx3 PE=1 §V=2

Glycerol kinase 2 OS=Mus musculus OX=10090 GN=Gk2 PB=1 §V=1

Dehydrogenase/reductase SDR family member 4 OS=Mus musculus 0X=10090 GN=Dhrs4 PE=1 §V=3

‘Ubiquinone biosynthesis protein COQ9, mitochondrial OS=Mus nmsculus 0X=10090 GN=Coq9 PE=1 SV=1

Stromal cell-derived factor 2-like protein 1 0S=Mus musculus OX=10090 GN=Sdf211 PE=1 §V=2

Alkaline phosphatase, tissue-nonspecific isozyme OS=Mus musculus 0X=10090 GN=Alp] PE=1 SV=2

Disintegrin and metalloproteinase domain-containing protein 28 OS=Mus musculus OX=10090 GN=Adam?28 PE=1 SV=3

B-cell receptor-associated protein 31 OS=Mus musculus 0X=10090 GN=Bcap31 PE=1 §V=4

Basigin 0S=Mus musculus OX=10090 GN=Bsg PE=1 §V=2

Nup205 protein, partial [Mus musculus]

ADP/ATP translocase 4 OS=Mus musculus 0X=10090 GN=Slc25a31 PE=1 §V=1

Epididymal-specific lipocalin-8 OS=Mus musculus 0X=10090 GN=Lcn8 PE=2 SV=1

PREDICTED: secretory carrier-associated membrane protein 2 isoform X1 [Mus musculus]

Mitochondrial fission 1 protein OS=Mus musculus OX=10090 GN=Fis1 PB=1 §V=1

Dysferlin OS=Mus mmgculus OX=10090 GN=Dysf PE=1 SV=3

NADH-cytochrome bS reductase 3 0S=Mus musculus 0X=10090 GN=Cyb5r3 PE=1 $V=3

DnaJ homolog subfamily B-member 11 OS=Mus musculus OX=10090 GN=Dnajb11 PB=1 §V=1

Isoyaleryl-CoA %E&ownnnmp ES&E:E 0S=Mus nmscuius OX=10090 GN=Ivyd PE=1 §V=1

NADH dehyd: [ dfur protein 8, mitochondrial 08=Mus musculus 0X=10090 GN=Ndufs8 PE=1 §V=1

NADH [ubiqui 1 beta. subunit 4 OS=Mus musculus 0X=10090 GN=Ndufb4 PE=1 §V=3

Rag-related protein Rab-18 OS=Mus musculus OX=10090 GN=Rab18 PE=1 SV=2

Diazepam-binding inhibitor-like 5 OS=Mus musculus OX=10090 GN=DbilS PE=1 §V=1

Cytosolic 5™ :Emoonn_bmo 1B Ow EE E:moEE 0X=10090 GN=Nt5c1b PE=2 SV=2

Dolichyl-di 48 kDa subunit OS=Mus musculus OX=10090 GN=Ddost PE=1 SV=2

Pyrroline-5-carboxylate reductase 2 Om -Mus musculus 0X=10090 GN=Pycr2 PE=1 §V=1

Hippocalcin-like protein 1 0S=Mus musculus OX=10090 GN=Hpcall PE=1 §V=2

Mitochondrial-processing peptidase subunit alpha OS=Mus musculus OX=10090 GN=Pmpca PE=1 8V=1

Ras GTPase-activating-like protein IQGAP2 OS=Mus musculus 0X=10090 GN=Iqgap2 PE=1 §V=2

Glycerol-3-phosphate dehydrogenase 1-like protein OS=Mus musculus OX=10090 GN=Gpd1l PE=1 §V=2

Zinc finger protein-like 1 OS=Mus muscutus 0X=10090 GN=Zfpl1 PE=1 V=1

Protein LYRIC O8=Mus musculus 0X=10090 GN=Mtdh PB=1 §V=1

Trifunctional enzyme subunit beta, mitochondrial OS=Mus musculus OX=10090 GN=Hadhb PE=1 SV=1

Histidine triad mucleotide-binding protein 2, mitochondrial OS=Mus musculus OX=10090 GN=Hint2 PE=1 SV=1

Ti emp24 d: protein 4 0S=Mus musculus 0X=10090 GN=Tmed4 PE=1 §V=1

Alpha-N-acetylgalactosaminidase OS=Mus mugculus OX=10090 GN=Naga PB=1 SV=2

NADH dehyd [ubiqui 1 alpha subunit 7 OS=Mus musculus 0X=10090 GN=Ndufa7 PE=1 $V=3

Unconventional myosin-Vb OS=Mus musculus 0X=10090 GN=Myo5b PE=1 8V=2

3-ketoacyl-CoA thiolase A, peroxisomal OS=Mus mmsculns OX=10090 GN=Acaala PE=1 SV=1

P ate car inase [GTP], ial OS=Mus musculus OX=10090 GN=Pck2 PE=1 SV=1

Dehydrogenase/reductase SDR family member 1 OS=Mus musculus 0X=10090 GN=Dhrs1 PE=1 §V=1

Putative sodium-coupled neutral amino acid transporter 10 OS=Mus nmsculus 0X=10090 GN=Slc38a10 PE=1 §V=2

Long-chain specific acyl-CoA dehydrogenase, mitochondrial OS=Mus musculus OX=10090 GN=Acadl PB=1 §V=2

Lymphocyte antigen 6 complex locus protein G5b OS=Mus musculus OX=10090 GN=Ly6g5b PE=1 SV=1

RecName: Full=Fibrous sheath-interacting protein 2

Motile sperm domain-containing protein 2 0S=Mus musculus 0X=10090 GN=Mospd2 PE=1 §V=2
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SwissProt NDUS1_MOUSE Naufsl
SwissProt ABCD3_MOUSE Abcd3
SwissProt RAB10_MOUSE Rab10
SwissProt TM9S4_MOUSE Tm9sf4
SwissProt SCAM1_MOUSE Scampl
SwissProt SUCA_MOUSE  Suclgl

37
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35
35

19726
75426
22527
T4644
38004
36132

SN SIS

e e e e

(SN
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0.17
0.06
0.21
0.12
0.12
0.12

NADH-ubiqui 75 XDa subunit, mif ial OS=Mus mmsculus 0X=10090 GN=Ndufs1 PE=1 SV=2
ATP-binding cassette sub-family D member 3 OS=Mus musculus OX=10090 GN=Abcd3 PE=1 SV=2

Rag-related protein Rab-10 OS=Mus musculus OX=10090 GN=Rab10 PB=1 SV=1

Transmembrane 9 superfamily member 4 OS=Mus mmsculus OX=10090 GN=Tm9sf4 PE=1 SV=1

Secrefory carrier-associated membrane protein 1 0S=Mus musculus 0X=10090 GN=Scampl PE=1 §V=1

Succinate--CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial OS=Mus musculis OX=10090 GN=Suclgl PE=1 SV=4
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