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Abstract.  Spermatozoa acquire fertilization ability through post-translational modifications. These membrane 
surface alterations occur in various segments of the epididymis. Quiescin sulfhydryl oxidases, which catalyze thiol-
oxidation reactions, are involved in disulfide bond formation, which is essential for sperm maturation, upon transition 
and migration in the epididymis. Using castration and azoospermia transgenic mouse models, in the present study, 
we showed that quiescin sulfhydryl oxidase 1 (QSOX1) protein expression and secretion are positively correlated with 
the presence of testosterone and sperm cells. A two-dimensional in vitro epithelium-sperm co-culture system provided 
further evidence in support of the notion that both testosterone and its dominant metabolite, 5α-dihydrotestosterone, 
promote epididymal QSOX1 secretion. We also demonstrated that immature caput spermatozoa, but not mature 
cauda sperm cells, exhibited great potential to stimulate QSOX1 secretion in vitro, suggesting that sperm maturation 
is a key regulatory factor for mouse epididymal QSOX1 secretion. Proteomic analysis identified 582 secretory 
proteins from the co-culture supernatant, of which 258 were sperm-specific and 154 were of epididymal epithelium-
origin. Gene Ontology analysis indicated that these secreted proteins exhibit functions known to facilitate sperm 
membrane organization, cellular activity, and sperm-egg recognition. Taken together, our data demonstrated that 
testosterone and sperm maturation status are key regulators of mouse epididymal QSOX1 protein expression and 
secretion.
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Epididymal maturation and transition are prerequisite steps for the 
functional competence of testicular sperms. Since spermatozoa are 

considered transcriptionally and translationally inactive, acquisition 
of additional components from the epididymal epithelium allows 
for post-testicular surface rearrangements and/or attachments of 
fertility-essential proteins, lipids, and small RNAs prior to ejacula-
tion [1, 2]. Accumulating evidence supports that the epididymis 
exhibits a segmental-specific cellular signature, with distinct gene 
expression patterns, which enables the creation and maintenance 
of a stage-wise and maturation-requiring microenvironment [3–5]. 
For example, it is known that testicular sperm cells are immotile; 
however, upon epididymal migration from the caput toward the 
cauda, activation or inhibition of specific signaling pathways and 

protein post-translational modifications trigger sperm motility [6]. 
Therefore, a better understanding of sperm-epididymal epithelial 
interactions would contribute to fertilization success.

The epididymis is a continuous and convoluted duct, with a single 
layer of epithelial cells surrounding the lumen. Upon sperm transition 
in the epididymis, spermatozoa progressively change their surface 
compositions and maturation status along with alternations in the 
epididymal microenvironment [4, 5]. All these changes in the sperm 
membrane surface are thought to be driven primarily by interactions 
between spermatozoa and the complex components bathed within the 
epididymal lumen [7]. Disulfide bonds are formed between sulfur 
atoms of pairs of cysteine residues (thiol groups) within or across 
proteins. An earlier study showed that among post-spermiogenesis 
modifications, the formation of disulfide bonds is essential for the 
stabilization of sperm structure [8]. In addition, the oxidation of thiol 
groups is also critical for stabilizing various sperm structures, such as 
the chromatin, sperm midpiece, and tail [8]. Evidence from previous 
publications have demonstrated that an increased amount of disulfide 
bonds detected on the sperm membrane, from the caput toward the 
cauda epididymis, coincide with the advances in sperm maturation 
status, demonstrating that disulfide bond formation is part of the 
maturation process during sperm epididymal transition [9]. Among 
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the different maturation processes, the increased potential for forward 
motility is the most obvious alteration. Scientists have demonstrated 
that sulfhydryl oxidation is important for the stabilization of sperm 
tail structure and maintenance of motility wave patterns [10]. For 
example, outer dense fiber protein 1 (ODF1), a flagellar protein, is 
oxidized to form disulfides during the epididymal transition and 
is associated with the bending torque of the tail. Hetherington et 
al. also demonstrated that sperm cells from ODF1-knockout mice 
exhibit thinner filament fibers and fail to fertilize oocytes, owing to 
defective sperm movement [11].

Quiescin sulfhydryl oxidase (QSOX) catalyzes the thiol-oxidation 
reaction of 2R-SH + O2 → R-SS-R + H2O2. The hypothetical functions 
of QSOX include generation of disulfide bonds within seminal 
plasma proteins or maturating spermatozoa, preservation of sperm 
membrane integrity, antimicrobial activity (through the release of 
H2O2), and protection of spermatozoa against the harmful effects 
of thiols after ejaculation [12, 13]. Two splice variants (QSOX1a, 
b) of human QSOX1 gene have been reported. QSOX1a contains 
a complete transmembrane domain and is translated by the whole 
sequence of 3314 nucleotide bases that encodes 747 amino acids; 
QSOX1b, on the other hand, encodes a peptide of 604 amino acids, 
is a spliced variant of QSOX1a, and is known to be a secretory form 
of QSOX1 protein in the absence of the transmembrane domain [14, 
15]. Similar to that in humans, the mouse QSOX1 family contains 
four splice variants, QSOX1a to d; mouse QSOX1a consists of a 
transmembrane domain (748 amino acids), whereas all other isoforms 
(QSOX1b to d) are truncated forms without a transmembrane domain, 
due to alternative splicing variants (661, 568, and 154 amino acids 
for mouse QSOX1b, c, and d, respectively) [16, 17].

We have previously described that the secretory form of the mouse 
QSOX1 protein, QSOX1c, is detected mainly in the epididymal lumen 
and exhibits a region-specific distribution in the epididymis. Luminal 
detection of QSOX1c suggested that this protein is secreted into the 
lumen by the epididymal epithelium and likely plays a role at different 
maturation stages of spermatozoa [18]. In an earlier study, we showed 
that the expression and secretion of mouse epididymal QSOX2 is 
regulated by a fine coordinated mechanism between testosterone and 
glutamate [19]. Although we also demonstrated that mouse QSOX1c 
could aggregate defective human and mouse sperm in vitro and in 
vivo [20], the regulatory mechanism directing QSOX1c secretion 
remains unknown. Thus, in this study, we aimed to apply different 
mouse models with a two-dimensional polarized co-culture system, 
to investigate potential regulatory factors responsible for epididymal 
QSOX1 protein secretion.

Materials and Methods

Chemicals, reagents, and antibodies
Chemicals and reagents were obtained from Sigma-Aldrich (St. 

Louis, MO, USA) unless stated otherwise. Rabbit polyclonal anti-
QSOX1, which detects all splicing variants, was purchased from 
Abcam (catalog no. Ab82713, Cambridge, UK). To specifically 
investigate QSOX1 variant c (secretory QSOX1), anti-QSOX1c 
anti-serum was generated and kindly provided by Dr. S.H. Li from 
the Mackay Memorial Hospital (Taiwan), as previously described 
[20, 21]. For use as the western blot loading control, rabbit polyclonal 
anti-eukaryotic elongation factor 2 antibody (catalog no. Ab40812) 
was purchased from Abcam. For indirect immunofluorescence, rabbit 
polyclonal anti-calreticulin antibody (catalog no. Ab92516, Abcam), 
which is an endoplasmic reticulum (ER) marker, was obtained from 
Abcam. The mouse monoclonal anti-enhanced green fluorescent 

protein (eGFP) antibody was purchased from Invitrogen (catalog no. 
MA5-15256; Waltham, MA, USA). All secondary antibodies were 
obtained from Jackson ImmunoResearch (West Grove, PA, USA).

Animals and hormone manipulations
Ten-week-old male Institute of Cancer Research (ICR) mice were 

obtained from the National Laboratory Animal Center, Taiwan, and 
acclimatized (3 mice/cage) for 1 week prior to the experiments. To 
examine the effect of sperm cells on QSXO1 protein expression, the 
Cre/loxP system was used to generate sperm-null knockout mice. As 
described earlier, Vasa was used as a germ-line specific promoter and 
Elp1 (also known as inhibitor of kappa light polypeptide gene enhancer 
in B-cells, kinase complex-associated protein [IKBKAP] in mice), a 
critical gene in the meiosis process, was flanked by two loxP sites 
[22]. After recombination, spermatogenesis was disrupted in Vasa-
Cre:Elp–/– animals and characterized in terms of the absence of sperm 
cells in the epididymis, as described earlier [22]. The animal housing 
room was maintained at a constant temperature (22–24°C) with a 
12 h/12 h alternating light/dark cycle. The animals were provided 
water and standard mouse lab chow (Oriental yeast, Tokyo, Japan) 
ad libitum. Animal experiments were carried out with the regulation 
and permission of the Institutional Animal Care and Use Committee 
protocol at National Taiwan University (NTU-107-EL-00102, Taiwan). 
To evaluate QSOX1 expression at different postnatal developmental 
stages, epididymal tissues were harvested from 20-, 30-, 40-, 50-, 
60-, and 80-postpartum day mice. To investigate the effects of sex 
hormones on QSOX1 protein expression and secretion, loss- and 
restoration-of-function animal models were established. Briefly, 10 
adult ICR mice were randomly allocated into the sham operation (n = 
3) and castration (n = 7) groups. Castration was performed by means 
of bilateral removal of the testes, following which the remaining 
epididymis was placed back into the abdominal cavity. Animals in 
the sham operation group underwent the same surgical procedures, 
except for the removal of testes. Fourteen days post-surgery, four 
castrated animals received only 100 μl corn oil (catalog no. C8267, 
Sigma-Aldrich) as vehicle controls (castration + corn oil), while three 
other castrated mice were subcutaneously administered testosterone 
propionate (catalog no. T1875, Sigma-Aldrich, 5 mg/kg body weight, 
dissolved in 100 μl corn oil) for 10 consecutive days (castration + 
testosterone).

Collection of epididymal sperm cells and epididymal fluid
After the mice were euthanized, the epididymes were carefully 

dissected from their fat and connective tissue, and mouse epididymes 
were punched using an 18 G syringe needle in 50 μl PBS, on a 
temperature-controlled dissection stage (Tokai Hit, Fujinomiya, Japan). 
To release sperm cells from either the caput or cauda epididymal 
lumen, a further 5 min incubation at 37°C was allowed. Epididymal 
fluid and sperm cells were separated by means of centrifugation at 
600 × g for 10 min, following which the epididymal sperm cells were 
washed twice with pre-warmed PBS before further experiments. To 
obtain a sufficient amount of epididymal fluid, the epididymal fluid 
from three male mice at the same postnatal time point was pooled. The 
sperm cells and epididymal fluid were used without further storage.

Immuno-blotting
For protein sample preparation, freshly obtained epididymes were 

homogenized on ice with tissue homogenization buffer (250 mM 
sucrose, 1 mM ethylenediaminetetraacetic acid [EDTA], 20 mM Tris/
HEPES, 1% Triton™ X-100, pH 7.4) supplemented with protease 
inhibitor cocktail tablet (EDTA-free, Roche, Mannheim, Germany). 
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Protein concentrations were determined using the bicinchoninic acid 
(BCA) protein assay kit (Pierce Biotechnology, Rockford, IL, USA), 
according to the manufacturer’s instructions. Equivalent amounts 
of total protein were resuspended in lithium dodecyl sulfate loading 
buffer (NuPAGE™; catalog no. NP0007, Thermo Fisher Scientific, 
Waltham, MA, USA) in the presence of a reducing agent (50 mM 
dithiothreitol, catalog no. NP0009, Thermo Fisher Scientific). The 
samples were heated at 95°C for 10 min and cooled on ice before 
loading on the gels. The Bio-Rad Mini-PROTEIN® electrophoresis 
system was used (Bio-Rad Laboratories, Hertfordshire, DX, USA) 
according to the manufacturer’s protocol, as previously described [18, 
23]. Briefly, proteins were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (gradient T-Pro EZ Gel Solution, 
catalog no. JB02-B010M, T-Pro Biotechnology, NTC, Taiwan) and 
wet-blotted onto polyvinylidene difluoride membranes (Immobilon-P, 
Millipore, Billerica, MA, USA). After blocking for 1 h with blocking 
buffer (Tris-buffered saline/Triton™ X-100 [TBST; 5 mM Tris, 250 
mM sucrose, pH 7.4, 0.05% v/v Tween-20] supplemented with 5% 
milk powder) at room temperature (RT), the blots were incubated 
with primary antibody (1:1000 dilution for QSOX1 and 1:5000 
dilution for QSOX1c), overnight at 4°C. After washing in TBST, 
anti-mouse or anti-rabbit secondary antibodies were added to the 
blots at a 1:10000 dilution and incubated at RT for an additional 1 
h. Protein signals were visualized using chemiluminescence (Merck, 
Kenilworth, NJ, USA) and detected using the ChemiDoc™ XRS+ 
system (Bio-Rad Laboratories, Hercules, CA, USA). The relative 
intensity of each band was semi-quantified using the ImageJ (NIH) 
software. When necessary, the blots were stripped with stripping 
buffer (Restore™ Western Blot Stripping Buffer, catalog no. 21059, 
Thermo Fisher Scientific) and re-probed for other proteins of interest.

Cell culture
Mouse caput epididymal epithelial cells (meCap18), which lack 

an endogenous androgen receptor [24], were kindly provided by Dr. 
Petra Sipilä (University of Turku, Finland) and used as a control 
cell line for steroid-induced QSOX1 secretion experiments. The 
cells were cultured in Dulbecco’s modified Eagle medium (DMEM, 
Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine 
serum (FBS) and 1% antibiotic-antimycotic (Gibco), at 37.5°C, in a 
humidified atmosphere with 5% CO2. Immortalized mouse distal caput 
epididymal epithelial cells (DC2) obtained from Applied Biological 
Materials (catalog no. T0599 Richmond, BC, Canada) were cultured 
in Iscove’s modified Dulbecco’s medium (Gibco) supplemented with 
10% FBS and 1% antibiotic-antimycotic medium (Gibco), at 33°C, 
in a humidified atmosphere with 5% CO2. For whole cell lysates, 
after the designed treatments, the cells were rinsed three times with 
ice-cold Dulbecco’s phosphate-buffered saline (DPBS, Gibco) and 
subsequently scraped into radioimmunoprecipitation assay buffer 
lysis buffer (catalog no. BP115, Boston BioProducts, Boston, MA, 
USA) supplemented with EDTA-free protease inhibitors (Roche). 
The cells were lysed on ice for 15 min and sonicated for 1 min in an 
ice-cold water bath. Lysates were centrifuged at 10,000 × g for 10 
min at 4°C, to remove the cellular debris. Protein quantification was 
performed using a BCA protein assay kit (Pierce Biotechnology), 
and cell lysates were stored at –20°C until use.

Mouse QSOX1-eGFP plasmid construction and transient 
transfection

The plasmid mRNA containing mouse QSOX1 (mQSOX1, vari-
ant 1, clone ID no. OMu01097, accession no. nm_001024945. 1) 
nucleotide sequence was purchased from GenScript (Piscataway, 

NJ, USA). The 2263 bp QSOX1 sequence was cloned into the 
pcDNA3.1(+)-eGFP vector using BamHI/NotI restriction enzymes 
from the original pcDNA3.1-C-(k)DYK vector. To amplify the 
plasmid, the mQSOX1-eGFP plasmid was transformed into One 
Shot™ TOP10 competent E. coli (catalog no. C404010, Invitrogen), 
and the bacteria were spread onto ampicillin-containing lysogeny 
broth (LB) agar plates and incubated at 37°C for 12–16 h. Isolated 
single colonies were selected and amplified in LB broth containing 
ampicillin, at 37°C for 12–16 h, on a constant rotating shaker (225 
rpm). The plasmid was extracted using the QIAprep® Spin Miniprep 
Kit (catalog no. 27106X4, Qiagen, Hilden, Germany), according 
to the manufacturer’s protocol. The concentration and quality of 
the plasmid were determined using a Picodrop Microliter UV/Vis 
spectrophotometer (Pico p100, Hinxton, UK). To validate the plasmid 
structure, it was cleaved using BamHI/NotI restriction enzymes. The 
cleaved vector and DNA fragments were separated using 1% agarose 
gel electrophoresis and visualized using ultraviolet illumination, 
after ethidium bromide staining.

Mouse QSOX1-eGFP plasmid was chemically transfected into 
meCap18 and DC2 cells using Lipofectamine™ 3000 Transfection 
Reagent (catalog no. L3000001, Invitrogen). In brief, 2 × 106 cells 
were cultured in 24-well plates for 24 h, until 90% confluence. 
Thirty minutes before transfection, the medium was refreshed and 
the standard transfection protocol was followed, according to the 
manufacturer’s instructions. Twenty-four hours after transfection, the 
transfection efficiency was evaluated using an IX83 epifluorescent 
microscope (Olympus, Tokyo, Japan). To further validate the expres-
sion and secretion of mQSOX1-eGFP in transfected cells, western blot 
analysis and indirect immunofluorescence staining were performed 
using antibodies against QSOX1, secretory QSOX1c, and eGFP.

Establishment of an in vitro two-dimensional sperm-
epididymal epithelium co-culture system

To establish an in vitro polarized co-culture system, mQSOX1-
eGFP-transfected cells were cultured in Transwell® (catalog no. 3470, 
Corning, New York, USA) with a 0.4 µm pore size membrane. The 
cells were washed twice with DPBS before incubation with Phenol 
Red and FBS-free FluoroBrite™ DMEM medium (Gibco). The cell 
culture medium was collected at different time-points (12, 24, 36, 
48, and 60 h post-transfection) and centrifuged at 3000 × g, 4°C 
for 10 min, to remove the cellular debris. The cultured supernatant 
was further concentrated using a Vivaspin™ protein concentrator 
spin column (GE Healthcare, Chicago, IL, USA) with a molecular 
weight cut-off of 3 kDa (Vivaspin™ 2 MWCO 3000; catalog no. 
28932240). The fluorescence intensity, which correlated with the 
concentration of mQSOX1-eGFP, was measured using a SpectraMax® 
M5 Multi-Mode Microplate Reader (Molecular Devices, San Jose, 
CA, USA).

To standardize the measurement with minimal spontaneous secre-
tion, all stimulation experiments were performed after spontaneous 
QSOX1-eGFP protein secretion reached a plateau, in the absence 
of exogenous stimulation. To examine the effects of sex steroids on 
QSOX1 secretion, 5–40 nM testosterone or 5α-dihydrotestosterone 
(DHT, Sigma-Aldrich) was added to transfected epididymal epithelial 
cells, following which the accumulated fluorescence intensity was 
measured, at intervals of 12 h, until 60 h post-transfection. To 
investigate the effects of sperm cells on QSOX1 secretion, sperm 
cells from caput or cadua epididymis were retrieved as described 
above and incubated further in pre-warmed Whitten’s HEPES medium 
(WH medium, 100 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 
mM MgSO4, 5.5 mM glucose, 1 mM pyruvic acid, 4.8 mM calcium 
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L-lactate hydrate, 20 mM HEPES, pH 7.4). The sperm suspension was 
collected and further filtered through a 40 µm pore size Falcon™ Cell 
Strainer (Fisher Scientific, Hampton, NH, USA). Direct and indirect 
interaction assays were performed using Transwell® (Corning) with 
a 0.4 µm pore size membrane.

Proteomic analysis using liquid chromatography-tandem mass 
spectrometry (LC-MS/MS)

To identify candidate proteins responsible for sperm-epithelium 
communication, media from the lower chamber of the above-
mentioned indirect co-culture system were collected and analyzed. 
Media in the presence and absence of 2 × 106 caput sperm cells were 
used as the stimulation and control groups, respectively. To achieve a 
sufficient protein concentration, the collected medium was centrifuged 
at 3300 × g, 4°C until a 15- to 30-fold concentrated volume was 
achieved. Soluble protein samples were denatured in reduction buffer 
(2 mM dithioerythritol/8 M urea) for 1 h 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 desalted using Ziptips. Liquid chromatography-tandem mass 
spectrometry was performed using an 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 was used to identify proteins of interest 
(score: E-value < 0.05). These protein IDs were converted into UniProt 
gene IDs for future categorization and molecular function annotation 
studies. Protein IDs that reached 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 [2, 4, 7, 25–28].

Gene Ontology (GO) analysis and network analysis
Protein network analysis was conducted using Cytoscape (version 

3.7.1), with the addition of the ClueGo plugin (version 2.5.4) [29]. 
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 (minimum number of genes = 5, minimum % 
= 4), and GO term connection restriction (kappa score threshold = 
0.4). Only terms with P ≤ 0.05 are shown. Following GO analysis, 
PANTHER (protein analysis through evolutionary relationships; 
version 14.1) was used to classify proteins based on their biological 
process and molecular function.

Statistical analyses
Results are expressed as mean ± standard deviation. Comparative 

studies of means were performed using one-way analysis of variance, 
followed by Kruskal-Wallis test. Statistical significance was set at 
P < 0.05.

Results

Postnatal epididymal QSOX1 protein expression coincided 
with the presence of spermatozoa and testosterone surge

To investigate potential stimuli for postnatal mouse epididymal 
QSOX1 protein expression and secretion, whole epididymal tissue 
and epididymal fluid from 20-, 30-, 40-, 50-, 60-, and 80-day-old 

ICR mice were collected and subjected to western blot analysis. 
The QSOX1 antibody, which detected both membrane and secretory 
forms of QSOX1 at 75 kDa and 63 kDa, respectively, was used for 
whole tissue analysis. As shown in Fig. 1A, while a weak signal 
was detected in the postnatal tissue on day 20, at the molecular size 
of 75 kDa, which corresponds to the membrane form of QSOX1, 
an apparent increase in total QSOX1 was detected after day 30 in 
postnatal samples, which coincided with the first appearance of sperm 
cells and testosterone surge in the epididymis. In agreement with our 
earlier finding [18], the dominant form of epididymal QSOX1 at the 
later postnatal stages was the secretory form, QSOX1c, present at ~65 
kDa (Fig. 1A). The secretory activity of QSOX1c was evidenced as 
we also detected a significant increase (2.4-fold increase) of QSOX1c 
protein in postnatal epididymal fluid using anti-QSOX1c antibody, 
after day 30 (Fig. 1B), while the luminal QSOX1c signal became 
relatively stable 30 days after birth (Fig. 1B).

In most cases, epididymal protein expression and secretion are 
regulated by luminal factors [19], and to demonstrate whether sperm 
cells or other stimuli (e.g., steroid hormones) affect QSOX1 protein 
expression and secretion, we applied the castration model, as described 
earlier [19]. As shown in Fig. 1C, removal of the testes significantly 
decreased epididymal QSOX1 protein expression (62.5% decrease 
when compared to the sham operation group), and supplementation 
with exogenous testosterone rescued QSOX1 protein expression 
(238.9% increase when compared to the castration group, Fig. 1C). 
When we further dissected QSOX1 signal into membrane or secretory 
form, we observed no significant changes in the percentage of either 
membrane or secretory QSOX1 in castrated animals; however, upon 
testosterone supplementation, an increase in secretory QSOX1 was 
apparent (74.7% and 89.5% in the castration and testosterone addition 
groups, respectively), suggesting that testosterone affected not only 
total QSOX1 protein expression but also altered QSOX1 secretion 
activity (Fig. 1C). Interestingly, when we examined the effect of 
sperm cells on secretory QSOX1 protein expression in azoospermic 
mice (Vasa-Cre:Elp1–/–), despite no apparent changes in the size or 
the morphology of the epididymis, a sharp decline (59%) in QSOX1c 
was detected at 65 kDa (Fig. 1D).

Validation of the two-dimensional polarized culture system
To elucidate the potential stimulatory factors for QSOX1 secretion, 

we established an in vitro two-dimensional polarized culture system 
and an analysis platform. As shown in Fig. 2A, the mQSOX1-eGFP 
plasmid was transiently transfected into the epididymal epithelium 
after a polarized monolayer was observed. Culture supernatants 
were collected, centrifuged, measured, and analyzed at intervals 
of 12 h. To standardize the measurement, the transfection rate was 
calculated based on the % of cells expressing eGFP and used for 
signal intensity correction in each measurement. As shown in Fig. 
2B, when the anti-eGFP antibody was used, the QSOX1-eGFP 
fusion protein was detected in the perinuclear region, similar to the 
known cellular localization of endogenous QSOX1 (Fig. 2B), and 
the signal of the QSOX1-eGFP fusion protein largely overlapped 
with the ER marker calreticulin, in both meCap18 and DC2 cells, 
suggesting that QSOX1-eGFP fusion proteins might be secreted via 
the ER-mediated secretory pathway (Fig. 2B). Overexpression of 
the QSOX1-eGFP fusion protein was validated using western blot. 
A single protein band corresponding to the molecular weight of the 
QSOX1-eGFP fusion protein, at ~97 kDa, was detected in the cell 
lysates of both meCap18 and DC2 (Fig. 2C). Moreover, to demonstrate 
the secretory activity of these transfected cells, culture supernatants 
from transfected meCap18 and DC2 cells were collected for ELISA 
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detection. Based on the data provided in Fig. 2D, no significant 
changes in the eGFP signal were detected in the meCap18 culture 
supernatant; in contrast, positive secretory activities were measured in 
the DC2 culture supernatant (Fig. 2D). To minimize the detection of 
spontaneous secretion, time-course eGFP detection from the collected 
culture supernatant was performed. We measured a gradual increase 
in eGFP signal, from 12 h to 36 h post-transfection, in DC2 cells; 
however, the accumulated eGFP signal became relatively stable 
between 36 h and 60 h post-transfection, indicating that without 
exogenous stimuli, spontaneous secretion of the QSOX1-eGFP 
fusion protein reached a plateau at 36 h. Thereafter, we applied 
36 h post-transfection as the time-point to start our stimulatory 
experiments (Fig. 2D).

Testosterone and DHT stimulated epididymal QSOX1 
secretion

To examine whether the most important male sex steroids, 
testosterone and DHT, stimulated QSOX1 secretion, two mouse 
epididymal epithelial cell lines, meCap18 and DC2, were used. 
When meCap18 was used, no significant elevation of the QSOX1 
signal was detected in the culture medium, after addition of either 
testosterone or DHT (Fig. 3A). In contrast, when DC2 was used, a 
dose-dependent increase in QSOX1 signals was observed in both 
testosterone- and DHT-addition groups. Interestingly, as compared 
to the testosterone effect, a persistent stimulatory effect was observed 
from 36 h to 52 h, upon addition of DHT (Fig. 3B). Although many 
reasons could lead to the observed lack of changes in QSOX1 signal 
in meCap18 cells, such as low ligand-receptor binding efficiency, 
dull secretory activity, or responses to stimuli, one of the many 

Fig. 1. Effects of testosterone and spermatozoa on QSOX1 protein expression and secretion in the mouse epididymis. (A) Epididymal tissue from 20- to 
80-postnatal day mice were analyzed using western blot, and a representative blot has been presented. Postnatal epididymal QSOX1 expression 
coincided with the presence of spermatozoa and 1st testosterone surge at day 30. (B) Epididymal fluid collected from 20 to 80-postnatal day mice 
was subjected to western blot analysis for the detection of secretory QSOX1 (QSOX1c). A significant 2.4-fold increase in QSOX1c was detected 
at postnatal day 30, following which the signal became steady. For each postnatal time-point, epididymal fluid from 3 individual animals was 
collected, for quantitative analysis. (C) Epididymal tissues from loss- and gain-of-function mouse castration models were homogenized to examine 
the effect of testosterone on QSOX1 protein expression. Ten ICR mice were randomly allocated into sham operation (n = 3), castration+corn oil (n 
= 4, IP 100 μl corn oil), and castration+testosterone (n = 3, IP 5 mg/kg body weight in 100 μl dissolved in corn oil) groups. Significant deceases in 
both membrane and secretory forms of epididymal QSOX1 were detected after castration; addition of exogenous testosterone rescued epididymal 
QSOX1 protein expression. (D) Azoospermia mouse model supported a positive association between the presence of sperm and epididymal QSOX1 
protein expression, as a pronounced decline (–59%) in QSOX1c was detected in the absence of sperm cells. Four animals for each phenotype (wild-
type or Vasa-Cre:Elp–/–) were used for western blot quantification analysis, and a representative blot has been presented. Statistical analysis was 
performed as described in the Materials and Methods section. Bars represent mean +/– standard deviation. Statistical significance was considered at 
P < 0.05 (*). N.S indicates a non-significant difference.
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possibilities may be meCap18’s natural lack of endogenous androgen 
receptors, that results in no or minimal response to either testosterone 
or DHT stimulation [26].

Caput, but not cauda spermatozoa, stimulated epididymal 
QSOX1 secretion

As we showed a significant decrease in QSOX1 protein expression 
in azoopsermic mice (Fig. 1D), we further evaluated whether sperm 
cells of different maturation statuses resulted in different levels of 
stimulatory outcomes. Caput or cauda spermatozoa, representing 
immature or fully mature sperm cells, respectively, were used as 
exogenous stimuli. As sperm effects on epididymal proteins may be 
due to their direct physical contact or via intercellular communications 
by means of secretory or releasing factors, we established direct 
and indirect sperm-epididymal epithelium co-culture systems, as 
illustrated in Fig. 4. Because meCap18 did not respond to our earlier 
steroid stimulations and showed relatively low transfection and 

overexpression outcomes, to ensure successful detection of the signal, 
only DC2 cells were used in the following sets of experiments. To 
correct for the effects of residual luminal components on QSOX1 
secretion, which may bias our measurements, we first established the 
baseline signal intensity using epididymal fluid as the stimulus. As 
shown in Fig. 4A, epididymal fluid significantly stimulated QSOX1 
secretion, as compared to that in the control group (WH medium). 
This was likely due to the presence of luminal testosterone or DHT, 
which supports our earlier findings (Fig. 3). However, when caput 
sperm cells were used as a stimulus, a sharp increase (3.26-fold) 
was detected in the QSOX1 signal, indicating that sperm could 
serve as a stimulatory factor for the secretion of mouse epididymal 
QSOX1 (Fig. 4A). In both direct and indirect assays, caput sperm, 
but not cauda sperm, efficiently stimulated QSOX1 secretion, and 
a dose-dependent stimulation effect was observed when caput 
spermatozoa were used (Fig. 4B–C). Interestingly, we observed a 
better stimulatory effect when the indirect assay was applied (1.2- to 

Fig. 2. Validation of mouse QSOX1-eGFP transfection and secretion in epididymal epithelial cell lines. (A) Mouse caput epididymal epithelium were 
transiently transfected with mouse QSOX1-eGFP plasmid. After the designed experimental procedures, the culture supernatant was collected for 
ELISA detection of the eGFP signal. (B) Indirect immunofluorescent staining against eGFP was used to validate the presence of transfected 
mQSOX1-eGFP fusion protein. The perinuclear eGFP staining was similar to the known cellular localization of endogenous QSOX1. The eGFP 
signal largely overlapped with calreticulin, an ER marker, indicating that eGFP-QSOX1 is involved in the ER-mediated secretory pathway. 
Representative images from DC2 cells have been presented. (C) Western blot analysis for QSOX1c confirmed the presence and overexpression of 
transfected mQSOX1-eGFP, at the size of ~97 kDa, both in meCap18 and DC2 cells. Representative western blot images have been presented. (D) 
Culture supernatants from transfected meCap18 and DC2 cells were collected at intervals of 12 h, following which the accumulated eGFP signals 
were measured. No apparent changes were detected from the meCap18 culture supernatants. An elevated signal was detected in the DC2 culture 
supernatants at 24 h and 36 h post-transfection; the fact that the signal became steady after 36 h indicated a minimal spontaneous secretion activity 
after this time-point. Statistical analysis was performed, as described in the Materials and Methods section. Bars represent mean +/– standard 
deviation. Statistical significance was considered at P < 0.05 (*). N.S. indicates a non-significant difference.
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2.6-fold vs. 2- to 6-fold increase for direct and indirect stimulations, 
respectively), indicating that non-physical communication between 
spermatozoa and epididymal epithelium via secretory and/or sperm 
releasing factors may exist and stimulate mouse epididymal QSOX1 
secretion (Fig. 4B–C).

Proteomic identifications on sperm- and epididymal-derived 
secretomes

To identify potential secretory components that are responsible 
for inter-cellular communications, we collected supernatants from 
the lower chamber of an indirect co-culture system for proteomic 
identification, at 52 h of co-incubation of cauda sperm with DC2 
(Fig. 5A). This time-point was chosen based on the detection of 
a significant increase in QSOX1-eGFP signals at this time-point 
in Fig. 4C. Among the 1871 proteins identified in the co-culture 
supernatant, 773 proteins were exclusively present in the sperm-
containing group (stimulated), and 582 proteins were considered 
significant and reliable protein IDs, based on the criteria described 
in the Materials and Methods section (Fig. 5B, circle in purple). A 
literature search was performed to categorize the origins of these 
proteins. Among the 582 protein IDs, 258 were sperm-specific or 
sperm-origin proteins (Fig. 5C, Supplementary Table 1), 154 were 
epithelial-origin proteins (Fig. 5D, Supplementary Table 2), and 170 
protein IDs could not be specified. Further analyses showed that 
the majority of the proteins released from sperm cells had known 

functions related to cellular catalytic activity (144 proteins, such as 
oxidoreductase and phospholipase) and cellular binding activity (70 
proteins, such as hemoglobin and synaptotagmin) (Fig. 5C). Similar to 
sperm-origin proteins, a large proportion of epithelial-origin proteins 
were responsible for cellular catalytic activity (76 proteins) and cellular 
binding activity (50 proteins). It is worth noting that we also identified 
many proteins that are known to facilitate structural rearrangement 
or regulate molecular functions, and can be important to facilitate 
sperm maturation. Because we were interested in the sperm-derived 
secretome, which might be responsible for stimulating QSOX1 
secretion, GO analysis of these 258 proteins was performed. As shown 
in Fig. 6, most of the identified sperm-origin proteins belonged to 
the following categories: metabolic process, oxidoreductase activity, 
antibiotic catabolic process, regulation of RNA process, and Golgi 
vesicle transportation. These proteins secreted or released from 
sperm cells may promote or activate various cellular activities, to 
promote the secretion or transportation of cytosolic proteins, such 
as QSOX1 (Fig. 6).

Discussion

Spermatozoa are not functionally mature after being released 
from testes. They acquire the capacity for progressive motility and 
fertilization ability through PTMs that occur in different segments 
of the epididymis [1, 4, 27, 28]. Among these PTMs, disulfide bond 

Fig. 3. Testosterone and 5α-dihydrotestosterone (DHT) stimulate QSOX1 secretion in vitro. (A) Upon transfection of meCap18 with mQSOX1-eGFP, 
neither testosterone nor DHT stimulated QSOX1 secretion, as no significant changes were detected in the eGFP signal, at all time-points measured. 
(B) When DC2 was used, testosterone exerted a dose-dependent stimulatory effect at 36 h. In comparison to testosterone, DHT showed persistent 
stimulatory effects on QSOX1 secretion, until 52 h. Statistical analysis was performed as described in the Materials and Methods section. Six 
experimental repeats were performed for each concentration tested, at each time-point. Bars represent mean +/– standard deviation. Statistical 
significance was considered at P < 0.05 (*).
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formation is essential for sperm proteins and structural stabilization. 
Quiescin sulfhydryl oxidases, which catalyze thiol oxidation and 
disulfide bond formation, have been identified in the epididymis 
[12, 18, 23]. In this study, we showed that mouse QSOX1 protein 
expression was upregulated from postnatal day 30, which coincided 
with the presence of sperm cells and the 1st surge in epididymal 
testosterone, suggesting the involvement of testosterone and sperm 
cells in the regulation and stimulation of QSOX1 protein expression/
secretion. Moreover, we observed that secretory QSOX1 (QSOX1c) 
became more dominant at the later maturation stages in mice, which 
is consistent with our earlier finding that QSOX1 was mostly detected 
in the secretory form within the epididymal lumen in adult mice 
[18], which may also explain its function in eliminating defective 
sperm cells in adult animals [20]. To mimic the in vivo situation, we 
established a 2D-polarized sperm-epididymal epithelium co-culture 
system to investigate the effects of potential stimuli and measure the 
level of QSOX1 secretion in vitro. Our data showed that QSOX1 
secretion can be stimulated via the addition of sex steroid hormones 

(testosterone and DHT) and sperm cells, and that the stimulatory 
effects were more apparent in the presence of caput sperm cells, 
suggesting that besides male sex steroids (such as testosterone and 
DHT), sperm cells per se and sperm maturation status are also the 
key regulators for mouse epididymal QSOX1 protein expression and 
secretion. LC-MS/MS and proteome analysis identified 582 secretory 
proteins that were exclusively present in the sperm-stimulated group. 
Further analysis showed that 258 sperm-origin proteins might be 
responsible for stimulating QSOX1 secretion in the epididymis.

Interactions between epididymal epithelium and spermatozoa in 
the facilitation of sperm maturation have been studied intensively 
in the past decades [2, 30–33]. Since sperm cells are considered 
inactive in gene and de novo protein synthesis, essential surface 
modifications for competent sperm-egg interactions rely mostly 
on constant epididymal epithelium-sperm interactions. It is known 
that the region-specific composition of epididymal epithelial cells 
creates a suitable microenvironment for stage-wise sperm maturation. 
For example, luminal acidification established by cell-cell cross-

Fig. 4. In vitro evaluation of sperm as a factor for QSOX1 secretion. (A) Transfected DC2 was used to examine the effects of exogenous stimuli on the 
secretion of QSOX1. Epididymal fluid exerted significant stimulatory effect (1.42-fold) on QSOX1 secretion. A 3.26-fold increase in eGFP signal 
was detected when 2 × 106 caput sperm cells were co-cultured with DC2, which indicated that the caput sperm was more effective in stimulating 
epididymal QSOX1 secretion than luminal factors. (B) In the direct stimulation assay, we observed dose-dependent stimulatory effects on QSOX1 
secretion from the caput sperm, but not the cauda sperm, at 52 h. (C) In the indirect stimulation assay, we observed dose-dependent effects from 
the caput sperm, but not the cauda sperm, on promoting QSOX1 secretion, at 52 h. Moreover, the level of stimulation was more apparent (2- to 
6-fold), as compared to that upon direct stimulation (1.2- to 2.6-fold). For each concentration tested at each time-point, 6 experimental repeats were 
performed. Bars represent mean +/– standard deviation. Statistical significance was considered at P < 0.05. Asterisks indicate levels of significance, 
* P < 0.05; ** P < 0.01.
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talk between epididymal clear cells and principal cells maintains 
epididymal sperm in a quiescent state [30, 33–35]. The complexity 
of the transcriptome network and endocrine, lumicrine, and paracrine 
factors tightly regulate epididymal protein expression, synthesis, 
and secretion [2–4, 26, 27]. Consistent with this, we observed that 
epididymal QSOX1 protein expression coincided with the postnatal 
testosterone surge, with peaks detected at days 30 and 60. Moreover, 
our in vitro data provided solid evidence that an essential male sex 
steroid, testosterone, and its catalytic metabolite, DHT, efficiently 
promoted QSOX1 secretion. Interestingly, although testosterone 
and DHT could both induce QSOX1 secretion at similar levels in 
DC2 cells, at 36 h, DHT showed a more persistent stimulatory effect 
until 52 h. One of the possibilities behind this observation could 
be that testosterone has to be converted into a more biologically 
active metabolite DHT by 5-alpha reductase; however, compared to 
testosterone, DHT is a primary and more dominant form of androgen 
in the male reproductive organ. Therefore, despite the fact that 
DC2 utilizes testosterone and converts testosterone into the active 
metabolite DHT, under our in vitro setup, DHT likely binds to the 
AR with higher affinity, so DC2 may utilize DHT more efficiently 
and directly, without additional conversion processes. Future cell 

uptake experiments with fluorescently labeled testosterone and DHT 
may confirm this hypothesis.

In addition to hormones, the maturation status of migrating sperm 
cells has been considered a critical factor that regulates epididymal 
activities. In agreement with this, we observed that compared to 
cauda sperm, caput sperm cells, which are considered “immature 
sperm cells”, were more effective in stimulating QSOX1 secretion 
in vitro. Upon post-testicular modification, disulfide bond forma-
tion is essential for the stabilization of sperm structure and sperm 
membrane proteins. The amount of disulfide bonds on the sperm 
membrane exhibits a progressive increase from the caput toward the 
cauda epididymis, and coincides with advances in sperm maturation 
status. This essential thiol-to-disulfide bond conversion supports 
the need for the QSOX protein in the maturation of spermatozoa 
[9]. In agreement with this concept, we also detected the presence 
of QSOX2 in the co-culture supernatant, and based on the known 
epididymal distribution of QSOX2 [18], it was detected in the co-
culture supernatant, suggesting epithelium-initiated proactive secretion 
activity or a stimulated secretory mechanism initiated by immature 
sperm. Sperm-epididymal epithelium interactions have long been 
thought to be unidirectional, from the epithelium toward sperm cells, 

Fig. 5. Proteomic identification of sperm-epithelium interactomes responsible for QSOX1 secretion. (A) To identify sperm-releasing factors that might be 
responsible for stimulating QSOX1 secretion, supernatant from the lower chamber of the indirect co-culture (sperm-DC2) system was collected 
at 52 h, for proteomics analysis. (B) After subtracting protein IDs from the control group (without the presence of sperm cells), 773 proteins were 
found to be exclusively present in the stimulated group (in grey). Based on MASCOT proteomic criteria described in the Materials and Methods 
section, 582 proteins were considered reliable IDs (in purple circle). (C) Further analyses showed that among the 582 identified IDs, 258 were 
sperm-origin proteins. The majority of sperm-origin proteins (55.8%) had known function for catalytic activity, while around 27% were responsible 
for the cellular binding process. (D) Analysis of 154 epididymal epithelium proteins indicated that two major functions for epithelium secretomes 
were related to catalytic activity (49.4%) and cellular binding process (32.5%).
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and it is known that during sperm transit in the epididymis, sperm 
receives additional proteins, mRNA, sugars, and lipids from the 
epithelium, via specific tethering and cargo transfer mechanisms [2, 
36–38]. However, a proactive signaling mechanism from the sperm 
towards the epididymal epithelium should also be considered. Most 
of the current studies have focused on unidirectional epithelium-to-
sperm interactions [2, 4, 7, 28, 39–41], and there is little information 
available regarding sperm proactive participation in the stimulation of 
epididymal protein secretion. Using the azoospermia mouse model, 
we observed a sharp decrease in epididymal QSOX1c levels. In 
combination with an in vitro assay, we demonstrated that epididymal 
QSOX1 secretion was highly correlated with sperm maturation status, 
which was evidenced by the fact that caput spermatozoa elicited 
significantly 3–6-fold more QSOX1 protein secretion into the culture 
medium than epididymal fluid or cauda sperm cells alone. Since 
one of the intriguing observations was that indirect assay showed 
a better stimulatory effect on QSOX1 secretion from caput sperm, 
we hypothesize that sperm transit within the epididymal does not 
necessary require physical contact with the epithelium as it does in 
the oviduct. Interestingly, there is evidence from literature or our 
observation that the binding of sperm to epididymal epithelium 
is hardly observed. However, we do not believe that contact of 
immature sperm with epithelial cells inhibits QSOX1 expression, 
as both direct and indirect assays showed pronounced stimulatory 
effects on QSOX1 secretion. Thus, one of the reasons could be that 
when immature sperm cells migrate through the epididymal lumen, 
the secretion or release of “communication molecules” serves better 
as stimulation signals to the epithelium for QSOX1 secretion, which 
could also be a combined effect of various molecules (those we 

identified from the proteomics data of the indirect assay) that were 
being secreted or released by sperm during epididymal transition. 
Taken together, our data demonstrated that not only epididymal 
luminal factors but also immature sperm cells actively stimulate 
the epididymal epithelium to secrete maturation-essential proteins 
(such as QSOX1), thus facilitating sperm membrane stabilization.

Based on proteomics identification, the majority (55.8%) of sperm-
releasing factors belong to catalytic activity; these sperm-origin 
proteins are likely to serve as signals or promote cellular activity of 
the epithelium to release or secrete molecules that facilitate sperm 
maturation and surface modifications, which was also evidenced 
by the fact that many identified epithelium releasing factors are 
known to have the functions related to cellular adhesion or binding 
(Supplementary Table 2). Of particular interest is that we identi-
fied dynamin-2 (DNM2), a large GTPase with a region-specific 
epididymal distribution present in our co-culture supernatant. DNM2 
is highly expressed in both caput epididymal principal cells and in 
the sperm acrosome region [7, 28, 42], DNM2 is known to regulate 
bi-directional membrane trafficking events [43], which supports 
our idea of bi-directional sperm-epithelium communication that is 
essential for sperm maturation. The epididymis exhibits distinct gene 
and protein expression patterns, ensuring segmental-specific functions 
essential for different steps of sperm maturation [4, 5, 44, 45]. In 
line with this, we also identified the presence of beta-defensin 20, 
47 and lipocalin 5, 8 (Lcn) in the co-culture supernatant, and these 
proteins have been shown to be located at the proximal region of the 
epididymis and have been postulated to facilitate sperm maturation 
and motility acquisition upon sperm epididymal transition [44, 46, 47].

In conclusion, we showed that epididymal QSOX1 secretion 

Fig. 6. Panther Gene Ontology (GO) analyses of proteomics data based on biological processes and molecular functions. Reliable protein IDs (n = 582) 
were processed for Panther GO analysis. Subcategories were created and are shown using different colors. Associated molecular functions have also 
been indicated accordingly. The majority of the identified proteins exhibited a known function related to metabolic process, oxidoreductase activity, 
and antibiotic catabolic process. Other proteins identified were also highly related to sperm maturation processes, such as sperm oocyte recognition, 
sperm-oocyte binding, chromatin assembly, plasma membrane organization, and lipid modification. Another group of proteins were found to have 
function in regulating Golgi vesicle transport, which might be responsible for the ER-mediated cellular secretory pathway of epididymal QSOX1.
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can be stimulated by both steroids (testosterone and DHT) and 
immature sperm cells. Epididymal sperm with different maturation 
statuses exhibited different stimulatory effects on QSOX1 secretion. 
Moreover, using a combination of a co-culture system and proteomics 
analysis, we demonstrated that sperm cells could actively participate 
in signaling the epididymal epithelium to secrete proteins that are 
essential for sperm membrane surface modification.

Conflict of interests: The authors declare no conflicts of interest that 
could prejudice the impartiality of the research reported.

Acknowledgements

We thank Prof. Shang-Te Hsu (Academia Sinica, Taiwan) for 
his technical support in the proteomics analysis. This study was 
supported by grants (nos. 108L7865, 109L7865, and 110L7813 to 
PS TSAI).

References

 1. Kuo YW, Li SH, Maeda K, Gadella BM, Tsai PS. Roles of the reproductive tract in 
modifications of the sperm membrane surface. J Reprod Dev 2016; 62: 337–343. [Med-
line]  [CrossRef]

 2. Nixon B, De Iuliis GN, Hart HM, Zhou W, Mathe A, Bernstein IR, Anderson AL, 
Stanger SJ, Skerrett-Byrne DA, Jamaluddin MFB, Almazi JG, Bromfield EG, 
Larsen MR, Dun MD. Proteomic Profiling of Mouse Epididymosomes Reveals their 
Contributions to Post-testicular Sperm Maturation. Mol Cell Proteomics 2019; 18(Suppl 
1): S91–S108. [Medline]  [CrossRef]

 3. Browne JA, Leir SH, Yin S, Harris A. Transcriptional networks in the human epididy-
mis. Andrology 2019; 7: 741–747. [Medline]

 4. Sipilä P, Björkgren I. Segment-specific regulation of epididymal gene expression. Repro-
duction 2016; 152: R91–R99. [Medline]  [CrossRef]

 5. Sullivan R, Légaré C, Lamontagne-Proulx J, Breton S, Soulet D. Revisiting structure/
functions of the human epididymis. Andrology 2019; 7: 748–757. [Medline]

 6. Freitas MJ, Vijayaraghavan S, Fardilha M. Signaling mechanisms in mammalian 
sperm motility. Biol Reprod 2017; 96: 2–12. [Medline]

 7. Zhou W, De Iuliis GN, Dun MD, Nixon B. Characteristics of the Epididymal Luminal 
Environment Responsible for Sperm Maturation and Storage. Front Endocrinol (Laus-
anne) 2018; 9: 59. [Medline]  [CrossRef]

 8. Calvin HI, Bedford JM. Formation of disulphide bonds in the nucleus and accessory 
structures of mammalian spermatozoa during maturation in the epididymis. J Reprod 
Fertil Suppl 1971; 13(Suppl 13): 13: 65–75. [Medline]

 9. Shalgi R, Seligman J, Kosower NS. Dynamics of the thiol status of rat spermatozoa 
during maturation: analysis with the fluorescent labeling agent monobromobimane. Biol 
Reprod 1989; 40: 1037–1045. [Medline]  [CrossRef]

 10. Cabrillana ME, Monclus MLA, Lancellotti TES, Boarelli PV, Vincenti AE, Fornés MM, 
Sanabria EA, Fornés MW. Thiols of flagellar proteins are essential for progressive motil-
ity in human spermatozoa. Reprod Fertil Dev 2017; 29: 1435–1446. [Medline] [CrossRef]

 11. Hetherington L, Schneider EK, Scott C, DeKretser D, Muller CH, Hondermarck H, 
Velkov T, Baker MA. Deficiency in Outer Dense Fiber 1 Is a Marker and Potential Driver of 
Idiopathic Male Infertility. Mol Cell Proteomics 2016; 15: 3685–3693. [Medline] [CrossRef]

 12. Chang TS, Zirkin BR. Distribution of sulfhydryl oxidase activity in the rat and hamster 
male reproductive tract. Biol Reprod 1978; 18: 745–748. [Medline]  [CrossRef]

 13. Ostrowski MC, Kistler WS. Properties of a flavoprotein sulfhydryl oxidase from rat 
seminal vesicle secretion. Biochemistry 1980; 19: 2639–2645. [Medline]  [CrossRef]

 14. Coppock DL, Kopman C, Scandalis S, Gilleran S. Preferential gene expression in 
quiescent human lung fibroblasts. Cell Growth Differ 1993; 4: 483–493. [Medline]

 15. Thorpe C, Hoober KL, Raje S, Glynn NM, Burnside J, Turi GK, Coppock DL. 
Sulfhydryl oxidases: emerging catalysts of protein disulfide bond formation in eukaryotes. 
Arch Biochem Biophys 2002; 405: 1–12. [Medline]  [CrossRef]

 16. Holt JE, Stanger SJ, Nixon B, McLaughlin EA. Non-coding RNA in spermatogenesis 
and epididymal maturation. Adv Exp Med Biol 2016; 886: 95–120. [Medline]  [CrossRef]

 17. Vandavasi VG, Putnam DK, Zhang Q, Petridis L, Heller WT, Nixon BT, Haigler CH, 
Kalluri U, Coates L, Langan P, Smith JC, Meiler J, O’Neill H. A structural study of 
CESA1 catalytic domain of arabidopsis cellulose synthesis complex: evidence for CESA 
trimers. Plant Physiol 2016; 170: 123–135. [Medline]  [CrossRef]

 18. Wang TE, Li SH, Minabe S, Anderson AL, Dun MD, Maeda KI, Matsuda F, Chang 
HW, Nixon B, Tsai PJ. Mouse quiescin sulfhydryl oxidases exhibit distinct epididymal 
luminal distribution with segment-specific sperm surface associations. Biol Reprod 2018; 
99: 1022–1033. [Medline]

 19. Wang TE, Minabe S, Matsuda F, Li SH, Tsukamura H, Maeda KI, Smith L, O’Hara 
L, Gadella BM, Tsai PS. Testosterone regulation on quiescin sulfhydryl oxidase 2 synthe-

sis in the epididymis. Reproduction 2021; 161: 593–602. [Medline]  [CrossRef]
 20. Wang TE, Yeh LY, Kuo-Kuang Lee R, Lu CH, Yang TH, Kuo YW, Joshi R, Tsai PS, 

Li SH. Secretory mouse quiescin sulfhydryl oxidase 1 aggregates defected human and 
mouse spermatozoa in vitro and in vivo. iScience 2021; 24: 103167. [Medline]  [CrossRef]

 21. Li SH, Lee RK, Hsiao YL, Chen YH. Demonstration of a glycoprotein derived from 
the Ceacam10 gene in mouse seminal vesicle secretions. Biol Reprod 2005; 73: 546–553. 
[Medline]  [CrossRef]

 22. Lin FJ, Shen L, Jang CW, Falnes PO, Zhang Y. Ikbkap/Elp1 deficiency causes male 
infertility by disrupting meiotic progression. PLoS Genet 2013; 9: e1003516. [Medline]  
[CrossRef]

 23. Kuo YW, Joshi R, Wang TE, Chang HW, Li SH, Hsiao CN, Tsai PJ. Identification, 
characterization and purification of porcine quiescin Q6-sulfydryl oxidase 2 protein. BMC 
Vet Res 2017; 13: 205. [Medline]  [CrossRef]

 24. Kirchhoff C, Araki Y, Huhtaniemi I, Matusik RJ, Osterhoff C, Poutanen M, Samalecos 
A, Sipilä P, Suzuki K, Orgebin-Crist MC. Immortalization by large T-antigen of the adult 
epididymal duct epithelium. Mol Cell Endocrinol 2004; 216: 83–94. [Medline] [CrossRef]

 25. Sipilä P, Krutskikh A, Pujianto DA, Poutanen M, Huhtaniemi I. Regional expression 
of androgen receptor coregulators and androgen action in the mouse epididymis. J Androl 
2011; 32: 711–717. [Medline]  [CrossRef]

 26. Sipilä P, Pujianto DA, Shariatmadari R, Nikkilä J, Lehtoranta M, Huhtaniemi IT, 
Poutanen M. Differential endocrine regulation of genes enriched in initial segment and 
distal caput of the mouse epididymis as revealed by genome-wide expression profiling. 
Biol Reprod 2006; 75: 240–251. [Medline]  [CrossRef]

 27. Skerget S, Rosenow MA, Petritis K, Karr TL. Sperm proteome maturation in the mouse 
epididymis. PLoS One 2015; 10: e0140650. [Medline]  [CrossRef]

 28. Zhou W, Sipilä P, De Iuliis GN, Dun MD, Nixon B. Analysis of epididymal protein 
synthesis and secretion. J Vis Exp 2018. [Medline]  [CrossRef]

 29. Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, Fridman 
WH, Pagès F, Trajanoski Z, Galon J. ClueGO: a Cytoscape plug-in to decipher func-
tionally grouped gene ontology and pathway annotation networks. Bioinformatics 2009; 
25: 1091–1093. [Medline]  [CrossRef]

 30. Battistone MA, Merkulova M, Park YJ, Peralta MA, Gombar F, Brown D, Breton S. 
Unravelling purinergic regulation in the epididymis: activation of V-ATPase-dependent acidi-
fication by luminal ATP and adenosine. J Physiol 2019; 597: 1957–1973. [Medline] [CrossRef]

 31. Breton S, Nair AV, Battistone MA. Epithelial dynamics in the epididymis: role in the 
maturation, protection, and storage of spermatozoa. Andrology 2019; 7: 631–643. [Medline]

 32. Breton S, Ruan YC, Park YJ, Kim B. Regulation of epithelial function, differentiation, 
and remodeling in the epididymis. Asian J Androl 2016; 18: 3–9. [Medline]  [CrossRef]

 33. Shum WW, Ruan YC, Da Silva N, Breton S. Establishment of cell-cell cross talk in the epi-
didymis: control of luminal acidification. J Androl 2011; 32: 576–586. [Medline] [CrossRef]

 34. Shum WW, Da Silva N, Brown D, Breton S. Regulation of luminal acidification in the 
male reproductive tract via cell-cell crosstalk. J Exp Biol 2009; 212: 1753–1761. [Med-
line]  [CrossRef]

 35. Park YJ, Battistone MA, Kim B, Breton S. Relative contribution of clear cells and 
principal cells to luminal pH in the mouse epididymis. Biol Reprod 2017; 96: 366–375. 
[Medline]  [CrossRef]

 36. Nixon B, De Iuliis GN, Dun MD, Zhou W, Trigg NA, Eamens AL. Profiling of epididy-
mal small non-protein-coding RNAs. Andrology 2019; 7: 669–680. [Medline]

 37. Trigg NA, Eamens AL, Nixon B. The contribution of epididymosomes to the sperm 
small RNA profile. Reproduction 2019; 157: R209–R223. [Medline]  [CrossRef]

 38. Zhou W, Stanger SJ, Anderson AL, Bernstein IR, De Iuliis GN, McCluskey A, 
McLaughlin EA, Dun MD, Nixon B. Mechanisms of tethering and cargo transfer during 
epididymosome-sperm interactions. BMC Biol 2019; 17: 35. [Medline]  [CrossRef]

 39. Anderson AL, Stanger SJ, Mihalas BP, Tyagi S, Holt JE, McLaughlin EA, Nixon B. 
Assessment of microRNA expression in mouse epididymal epithelial cells and spermato-
zoa by next generation sequencing. Genom Data 2015; 6: 208–211. [Medline]  [CrossRef]

 40. Păunescu TG, Shum WW, Huynh C, Lechner L, Goetze B, Brown D, Breton S. High-
resolution helium ion microscopy of epididymal epithelial cells and their interaction with 
spermatozoa. Mol Hum Reprod 2014; 20: 929–937. [Medline]  [CrossRef]

 41. Sullivan R. Epididymosomes: a heterogeneous population of microvesicles with multiple 
functions in sperm maturation and storage. Asian J Androl 2015; 17: 726–729. [Medline]

 42. Zhou W, De Iuliis GN, Turner AP, Reid AT, Anderson AL, McCluskey A, McLaugh-
lin EA, Nixon B. Developmental expression of the dynamin family of mechanoenzymes 
in the mouse epididymis. Biol Reprod 2017; 96: 159–173. [Medline]

 43. Jackson J, Papadopulos A, Meunier FA, McCluskey A, Robinson PJ, Keating DJ. Small 
molecules demonstrate the role of dynamin as a bi-directional regulator of the exocytosis 
fusion pore and vesicle release. Mol Psychiatry 2015; 20: 810–819. [Medline]  [CrossRef]

 44. Belleannée C, Calvo E, Thimon V, Cyr DG, Légaré C, Garneau L, Sullivan R. Role of 
microRNAs in controlling gene expression in different segments of the human epididymis. 
PLoS One 2012; 7: e34996. [Medline]  [CrossRef]

 45. Belleannée C, Thimon V, Sullivan R. Region-specific gene expression in the epididymis. 
Cell Tissue Res 2012; 349: 717–731. [Medline]  [CrossRef]

 46. Pujianto DA, Muliawati D, Rizki MD, Parisudha A, Hardiyanto L. Mouse defensin beta 
20 (Defb20) is expressed specifically in the caput region of the epididymis and regulated by 
androgen and testicular factors. Reprod Biol 2020; 20: 536–540. [Medline]  [CrossRef]

 47. Wu P, Liu TL, Li LL, Liu ZP, Tian LH, Hou ZJ. Declined expressing mRNA of beta-
defensin 108 from epididymis is associated with decreased sperm motility in blue fox 
(Vulpes lagopus). BMC Vet Res 2021; 17: 12. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/27009019?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/27009019?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2016-028
http://www.ncbi.nlm.nih.gov/pubmed/30213844?dopt=Abstract
http://dx.doi.org/10.1074/mcp.RA118.000946
http://www.ncbi.nlm.nih.gov/pubmed/31050198?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/27222594?dopt=Abstract
http://dx.doi.org/10.1530/REP-15-0533
http://www.ncbi.nlm.nih.gov/pubmed/31033221?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/28395326?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29541061?dopt=Abstract
http://dx.doi.org/10.3389/fendo.2018.00059
http://www.ncbi.nlm.nih.gov/pubmed/5292801?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2765609?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod40.5.1037
http://www.ncbi.nlm.nih.gov/pubmed/27363428?dopt=Abstract
http://dx.doi.org/10.1071/RD16225
http://www.ncbi.nlm.nih.gov/pubmed/27770032?dopt=Abstract
http://dx.doi.org/10.1074/mcp.M116.060343
http://www.ncbi.nlm.nih.gov/pubmed/667259?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod18.5.745
http://www.ncbi.nlm.nih.gov/pubmed/7397095?dopt=Abstract
http://dx.doi.org/10.1021/bi00553a016
http://www.ncbi.nlm.nih.gov/pubmed/8396966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12176051?dopt=Abstract
http://dx.doi.org/10.1016/S0003-9861(02)00337-5
http://www.ncbi.nlm.nih.gov/pubmed/26659489?dopt=Abstract
http://dx.doi.org/10.1007/978-94-017-7417-8_6
http://www.ncbi.nlm.nih.gov/pubmed/26556795?dopt=Abstract
http://dx.doi.org/10.1104/pp.15.01356
http://www.ncbi.nlm.nih.gov/pubmed/29800099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/33784244?dopt=Abstract
http://dx.doi.org/10.1530/REP-20-0629
http://www.ncbi.nlm.nih.gov/pubmed/34667943?dopt=Abstract
http://dx.doi.org/10.1016/j.isci.2021.103167
http://www.ncbi.nlm.nih.gov/pubmed/15901639?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.105.039651
http://www.ncbi.nlm.nih.gov/pubmed/23717213?dopt=Abstract
http://dx.doi.org/10.1371/journal.pgen.1003516
http://www.ncbi.nlm.nih.gov/pubmed/28662655?dopt=Abstract
http://dx.doi.org/10.1186/s12917-017-1125-1
http://www.ncbi.nlm.nih.gov/pubmed/15109748?dopt=Abstract
http://dx.doi.org/10.1016/j.mce.2003.10.073
http://www.ncbi.nlm.nih.gov/pubmed/21764902?dopt=Abstract
http://dx.doi.org/10.2164/jandrol.110.012914
http://www.ncbi.nlm.nih.gov/pubmed/16641146?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.105.047811
http://www.ncbi.nlm.nih.gov/pubmed/26556802?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0140650
http://www.ncbi.nlm.nih.gov/pubmed/30199011?dopt=Abstract
http://dx.doi.org/10.3791/58308
http://www.ncbi.nlm.nih.gov/pubmed/19237447?dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btp101
http://www.ncbi.nlm.nih.gov/pubmed/30746715?dopt=Abstract
http://dx.doi.org/10.1113/JP277565
http://www.ncbi.nlm.nih.gov/pubmed/31044554?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/26585699?dopt=Abstract
http://dx.doi.org/10.4103/1008-682X.165946
http://www.ncbi.nlm.nih.gov/pubmed/21441423?dopt=Abstract
http://dx.doi.org/10.2164/jandrol.111.012971
http://www.ncbi.nlm.nih.gov/pubmed/19448084?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19448084?dopt=Abstract
http://dx.doi.org/10.1242/jeb.027284
http://www.ncbi.nlm.nih.gov/pubmed/28203710?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.116.144857
http://www.ncbi.nlm.nih.gov/pubmed/31020794?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/30780129?dopt=Abstract
http://dx.doi.org/10.1530/REP-18-0480
http://www.ncbi.nlm.nih.gov/pubmed/30999907?dopt=Abstract
http://dx.doi.org/10.1186/s12915-019-0653-5
http://www.ncbi.nlm.nih.gov/pubmed/26697376?dopt=Abstract
http://dx.doi.org/10.1016/j.gdata.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/25015675?dopt=Abstract
http://dx.doi.org/10.1093/molehr/gau052
http://www.ncbi.nlm.nih.gov/pubmed/26112475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/28395327?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25939402?dopt=Abstract
http://dx.doi.org/10.1038/mp.2015.56
http://www.ncbi.nlm.nih.gov/pubmed/22511979?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0034996
http://www.ncbi.nlm.nih.gov/pubmed/22427067?dopt=Abstract
http://dx.doi.org/10.1007/s00441-012-1381-0
http://www.ncbi.nlm.nih.gov/pubmed/33060057?dopt=Abstract
http://dx.doi.org/10.1016/j.repbio.2020.09.003
http://www.ncbi.nlm.nih.gov/pubmed/33413374?dopt=Abstract
http://dx.doi.org/10.1186/s12917-020-02697-6

