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SUMMARY

A low-calciummicroenvironment is essential for spermatozoa tomature in the epididymis; however, it

remains unclear how dysregulation of epididymal luminal calcium is associated with male infertility.

Using a warfarin-induced vitamin K2 deficiency rat model, we found that vitamin-K-dependent g-glu-

tamyl carboxylase (GGCX) and matrix Gla protein (MGP) were essential in extracellular calcium

signaling of the intercellular communication required for epididymal sperm maturation. We found

that GGCX andMGP co-localized in the vesicular structures of epididymal cells and spermatozoa. Cal-

cium-regulatedMGP binds to proteins in a biphasic manner; sub-millimolar calcium enhances, whereas

excessive calcium inhibits, the binding. Bioinformatic analysis of the calcium-dependent MGP-bound

proteome revealed that vesicle-mediated transport and membrane trafficking underlie the intercel-

lular communication networks. We also identified an SNP mutation, rs699664, in the GGCX gene of

infertile menwith asthenozoospermia. Overall, we revealed that the GGCX-MGP system is integrated

with the intercellular calcium signaling to promote sperm maturation.
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INTRODUCTION

Proper intercellular communication is essential for multicellular organisms to function and survive normally,

and aberrant exchange of informationmay result in pathological conditions and diseases. Extracellular ves-

icles (EVs; also known as exosomes and microvesicles) are the information carriers for cell-to-cell commu-

nication in most cell types (Schneider and Simons, 2013; Tkach and Thery, 2016). One cell type that heavily

relies on intercellular communication is the spermatozoon, which is generated in the testis and whose tran-

scription is halted, for the cell cycle is arrested until fertilization (Braun, 1998). Spermatozoa have to ex-

change numerous cellular components by interacting with the epithelial cells that nurture and protect

them while they transit through and mature in the epididymis (Dacheux and Dacheux, 2014; Hermo and

R.B, 2002; Robaire and Hinton, 2015). The cell-cell cross talk among spermatozoa and the various types

of epididymal cell takes place in the luminal microenvironment, in which a unique composition of epidid-

ymal fluid is formed and regulated for special needs of these cells, such as metabolic demands (Cornwall,

2009; Robaire and Hinton, 2015; Turner, 2002; Zhou et al., 2018). The epididymal epithelium, at the front line

in contact with spermatozoa, is responsible for the formation of the epididymal luminal microenvironment

and conveying the epigenetic and environmental factors to the spermatozoa and thus plays a critical role in

the regulation of male fertility as well as the health of offspring (Chen et al., 2016a, 2016b; Conine et al.,

2018; Hansen et al., 2010; Latchoumycandane et al., 2002; Sharma et al., 2016, 2018; Smythies et al.,

2014; Sun et al., 2018). However, the physiological roles of the constituents of the epididymal luminal micro-

environment, the medium for the communication between spermatozoa and epididymal cells, remain

largely unknown.

One feature of the epididymal luminal microenvironment is a low level of calcium (Cornwall, 2009; Levine

and Marsh, 1971; Turner, 2002). An aberrantly high Ca2+ level in the lumen can result in defective sperma-

tozoa and impaired fertility, without affecting spermatogenesis (Luconi et al., 1996; Schuh et al., 2004). The

epithelial calcium channel TRPV6 has been reported to be important for epididymal luminal calcium

homeostasis (Weissgerber et al., 2011). However, we have found that TRPV6 co-localizes with the

calcium-activated anion channel TMEM16A in some epididymosomes of the very proximal and the very

distal epididymis. This co-localization is absent from the caput and proximal corpus epididymidis where

supposedly most of the calcium is reabsorbed (Gao da et al., 2016). This suggests the presence of another
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calcium reabsorption mechanism in addition to the TRPV6-mediated pathway. It is known that vitamin K

(VK) is a key modulator of extracellular calcium homeostasis in maintaining bone health and preventing

ectopic calcification in blood vessels and other systems (Schurgers et al., 2013; Wallin et al., 2008; Weber,

2001). We therefore examined whether the vitamin-K-dependent (VKD) calcium regulation mechanism also

functions in the regions of epididymis where the TRPV6-TMEM16A coupled complex is absent, and, if so,

how VKD calcium regulation is involved in the cell-cell communications that take place in the epididymal

luminal microenvironment.

The epididymal epithelium actively secretes and absorbs epididymosomes, the EVs in the epididymal

luminal microenvironment (Chen et al., 2016a; Conine et al., 2018; Sharma et al., 2016, 2018; Sullivan

et al., 2005). Interestingly, EVs are also known as matrix-calcifying vesicles (Lotvall et al., 2014), an annota-

tion suggesting that EVs and extracellular calcium homeostasis are functionally correlated. EVs are

released in response to environmental stress by factors promoting calcification (Kapustin et al., 2011,

2015; Reynolds et al., 2004). In the vasculature, released EVs are loaded with MGP, a VK2-dependent calci-

fication-inhibiting protein that requires the carboxylation by GGCX to prevent extracellular calcification

(Reynolds et al., 2004). We speculate that GGCX and MGP are important for homeostatic calcium regula-

tion in the epididymis, a mechanism that has not previously been studied.

To sustain the carboxylation activity, GGCX relies on the VK cycle, in which VK is reduced by vitamin

K epoxide reductase (VKOR) and continues the carboxylation reaction (Rishavy and Berkner, 2012; Schurg-

ers et al., 2013; Stafford, 2005; Tie and Stafford, 2016). Warfarin is the specific inhibitor of the VKOR complex

subunit 1 (VKORC1) able to interfere with the VK cycle (Hirsh et al., 2001; Piatkov et al., 2010). We therefore

used the warfarin-induced VK2 deficiency model of adult rats to examine if GGCX and MGP participate in

homeostatic calcium regulation in the epididymis.

Overall, our data reveal a role of VK2-dependent GGCX-MGP pathway in extracellular calcium-dependent

vesicle-mediated cell-to-cell communication during sperm maturation. In extending the biological rele-

vance of VKD-MGP signaling from rats to humans, we also identified an SNP mutation of GGCX

rs699664, which has been reported to cause a change from 325Arg to Gln, in association with idiopathic

asthenozoospermia in infertile patients. Our study suggests that mutations of GGCX or dysfunction of

the GGCX-MGP system in calcium-regulated epididymal sperm maturation is the pathological cause in

some infertile men.
RESULTS

Dynamic Cellular Localization of GGCX and MGP in the Rat Epididymis

As a first step to determine the expression level of the VK-cycle-associated proteins in the epididymis, real-

time PCR method was used, and results showed that the mRNAs of GGCX, MGP, and VKORC1 were all

expressed in the wild-type (WT) rat epididymis, whereas VKORC1L1 was detected at a negligible level (Fig-

ure 1A). The mRNA levels of the GGCX substrate MGP were about 10-fold higher in the epididymis than in

the testis and other organs. High MGPmRNA expression was also detected in the kidney, an organ sharing

many similar physiological properties with the epididymis. GGCXmRNA expression was stable throughout

postnatal development of the epididymis, whereas MGP mRNA increased moderately at early ages then

decreased slightly toward adulthood (Figure 1B). Western blots of rat epididymis and kidney showed

the expected band for GGCX at about �88 kDa and for MGP at about �12 kDa (Figure 1C, arrows). The

bands below the expected size of GGCX might represent its degradation products, as demonstrated in

other studies (Tie et al., 2016). Noteworthy, a strong band was detected above the expected size of

MGP at �32 kDa, which is a common characteristic of immunoblotting for MGP observed in other studies

(Lomashvili et al., 2011), and in this study it was attributable to an MGP-mediated calcium-dependent pro-

tein complex, described in the subsequent section.

To determine the cellular distribution and subcellular localization of the proteins, we performed confocal

imaging and immunofluorescence labeling experiments. The results showed that both GGCX and MGP

proteins were absent when the spermatozoa first entered the initial segment, but they appeared strongly

in the epithelial cells of the caput and corpus epididymidis, then slightly decreased in the cauda epididy-

midis of WT males (Figures 1D and 1E). No MGP was detected in basal cells (Figure S1). Higher-magnifica-

tion images showed that GGCX was mainly located in the intracellular granular organelles of epithelial

cells, particularly enriched in the apical stereocilia of principal cells as well as in the cytoplasmic droplets
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Figure 1. The Expression Patterns of Vitamin K Cycle-Associated Proteins in Rats

(A) qPCR of GGCX, MGP, VKORC1, and VKORC1L1 mRNA in different tissues of adult WT rats.

(B) GGCX andMGPmRNA in the key postnatal stages (days 6–10 and weeks 3–12) of the rat epididymis. Results are means

(GSD) of three rats in panels A and B.

(C) Immunoblot of GGCX and MGP proteins in the tissue lysates of the epididymis and kidney from WT rats. Arrows

indicate the bands of expected size of GGCX (�88 kDa) and MGP (�12 kDa). Actin serves as the loading control. Note the

additional band detected at �32 kDa by MGP antibody larger than its expected size, a characteristic of MGP-mediated

calcium-dependent complex aggregation as described in this study.

(D and E) Immunolabeling of GGCX (D, red) and MGP (E, red) proteins in cryosections of the WT adult rat epididymis. CD,

cauda epididymidis; CPS, corpus; CPT, caput; IS, initial segment. Clear cells are labeled for B1-VATPase in green. Nuclei

and spermatozoa heads are labeled with DAPI in blue. (L), lumen. Scale bars, 20 mm.

(F) Higher magnification showing GGCX immunolabeling in the granular organelles of principal cells. Arrows: apical

stereocilia or principal cells; asterisks: the cytoplasmic droplets of spermatozoa.

(G) Higher magnification showing the MGP-labeled vesicular structures (double arrows) at the head of spermatozoa near

the apical domain of principal cells. Scale bars,10 mm in F and G.
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Figure 2. Co-localization of MGP and GGCX Proteins in Vesicular Structures of Epithelial Cells and Spermatozoa

in the Epididymis

(A) Representative projections of stacks of serial confocal images showing the double-immunofluorescence labeling of

MGP (red) and GGCX (green) in the different regions of the rat epididymis. CD, cauda epididymidis; CPS, corpus; CPT,

caput; IS, initial segment. (L) lumen; (I) interstitial tissue. Scale bar, 20 mm.

(B) Three-dimensional reconstruction and orthogonal views (xy, xz, yz) of higher magnification of stacks of confocal

images demonstrating the co-localization of MGP and GGCX (yellow) in both intracellular and extracellular vesicular

structures of epithelial cells (arrows) and cytoplasmic droplets (double arrows) of spermatozoa in the lumen of CPS and

CD. Long arrows indicate the xy, xz, and yz dimensions. DAPI (blue) was used to visualize nuclei and sperm heads. (L),

lumen.

Scale bars, 10 mm.
of spermatozoa in the lumen (Figure 1F, arrows and asterisks). Consistent with the notion of a secretory pro-

tein on EVs, MGP immunolabeling was accumulated in the vesicular structures of the apical membrane of

principal cells and in the luminal contents, especially in the corpus region. The MGP-positive vesicle-like

structures were not only enriched in the apical membrane punctae of principal cells but were also aligned

in rows on the surface of the sperm head (Figure 1G, double arrows).

To determine the cellular colocalization of MGP and GGCX, double-immunofluorescence labeling of rat

epididymal cryosections were performed (Figure 2). Colocalization patterns of MGP and GGCX were en-

riched in the corpus and cauda epididymidis, but scarce co-localization was observed in the initial

segment and caput regions (Figure 2A). Three-dimensional projections of higher-magnification micro-

graphs showed that the colocalization was found in vesicular structures of the epithelial cells and the

cytoplasmic droplets of spermatozoa in the lumen (Figure 2B). These data suggest that in situ MGP

carboxylation by GGCX occurs not only in epididymal epithelial cells but also in the epididymal luminal

microenvironment.
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Defective Epididymal Sperm Function andMale Fertility after Inhibition of GGCX byWarfarin

Administration to Rats

To investigate the reproductive function of the VKD proteins GGCX and MGP in vivo, we established a

warfarin-induced VK2-deficient rat model by using a modified protocol supplemented with VK1 to avoid

VK1-deficiency-induced hemorrhage, as described previously (Price et al., 1998). Compared with the WT

rats, all rats in the VK1 control (VK1 CTL) and VK1 co-administered with 15 mg (+15 mg) and 30 mg

(+30 mg) warfarin showed normal body weight (Figure 3A) and expected organ-to-body ratios for the

testes, epididymides, kidneys, and spleens (Figure 3B). To evaluate fertility (Figure 3C), adult male

rats in each group were mated with WT female rats. The mean litter size in the +15 mg and +30 mg

groups was significantly smaller in a dosage-dependent manner than in control groups, whereas the

rats in the VK1 control group had normal litter sizes, as did those of the WT rats. To elucidate the de-

fects underlying the subfertility, the numbers of spermatozoa from the caput and the cauda epididymi-

dis were measured (Figure 3D). The results showed that warfarin treatment reduced the cauda sperm

count in a dosage-dependent manner, whereas the caput sperm count showed no significant difference.

The assessment of cauda epididymidal spermatozoa by computer-assisted semen analysis (CASA) re-

vealed that the percentage of total and progressively motile spermatozoa, straight line velocity (VSL),

and averaged path velocity (VAP) were significantly decreased in the warfarin-treated groups compared

with those of the control groups (Figures 3E–3H). Images captured during CASA showed that cauda but

not caput spermatozoa were sluggish and frequently aggregated (Figure 3I). Numerous granules were

accumulated around spermatozoa in the cauda epididymidal lumen of the warfarin-treated groups, also

in a dose-dependent manner. The cauda spermatozoa of +15 mg and +30 mg treated rats displayed a

significantly higher percentage of missing heads or a bent head wrapped around the neck when

compared with controls (Figure 3J). Gross anatomical analysis of epididymal cryosections showed

that there were some detached epithelial cells in the lumen of the caput, corpus, and cauda regions

of warfarin-treated rats, whereas they were seldom found in the initial segment (Figure 3K). It was noted

that the F-actin cytoskeleton immunofluorescent signals were also significantly reduced in the smooth

muscle cells of warfarin-treated rats, whereas no obvious difference was found in the control groups

(Figure 3L). Spermatogenesis in the testis was unaffected in any group (Figure 3M).
Dysregulation of Epididymal Luminal Microenvironment and Homeostatic Calcium

Dysregulation in the Epididymis of Warfarin-Treated Rats

The male subfertility, reduced sperm count, defective sperm motility, and exfoliation of the epididymal

epithelium in warfarin-treated rats point to a potential disorder of the epididymal microenvironment in

these rats. To evaluate this possibility, we performed MGP and GGCX double-immunofluorescence la-

beling, as well as TUNEL staining of the epididymis. The intracellular co-localization of MGP and

GGCX in the epididymal epithelium was decreased, and there was an accumulation of detached cells

and larger granules, especially in the epididymis of +30 mg warfarin-treated rats (Figure 4A). The

MGP immunofluorescent signals from clear cells and principal cells in the epithelium were reduced

dramatically in the +15 mg and +30 mg groups in a dose-dependent manner, suggesting that warfarin

treatment caused serious epididymal epithelial cellular dysfunction. TUNEL analysis showed a few

apoptotic cells in the epididymal lumen of the +15 mg group and numerous cells in the +30 mg group

(Figure 4B).

Unstained epididymal cryosections were analyzed by X-ray fluorescence (XRF) to reveal the relative Ca2+

intensity in different groups (Figure 5A). Results were correlated with optical histological images to

assess the distribution of elements in the same area of the tissue. The Ca2+ concentration tended to

be higher in warfarin-treated +15 mg and +30 mg groups than in control rats. Each XRF image was

divided into an epithelial portion and a luminal portion for quantification (Figure 5B). The relative

Ca2+ intensity was about 1.5 and 3times greater, respectively, in the epithelium and luminal area in

the +30 mg group than in the control groups. To confirm the Ca2+ distribution change in the epididymal

lumen after warfarin treatment, epididymal fluid collected from the vas deferens (VD) was analyzed by

inductively coupled plasma mass spectrometry (ICP-MS) (Figure 5C). The Ca2+ concentration within

the VD fluid was not significantly different in any group. However, after eliminating the interference of

Ca2+ in the spermatozoa, the Ca2+ density ratio of VD fluid versus spermatozoa was significantly elevated

by about three times in the +15 mg group and four times in the +30 mg group when compared with

control groups.
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Figure 3. Functional Analysis of Warfarin-Treated Rat Epididymal Sperm and Male Fertility

(A–C) Body weights (A), organ-to-body weight ratios for the testes, epididymis, kidneys, and spleens (B) as well as the litter size (C) of rats from +15mg and

+30mg warfarin-treated groups versus WT and VK1 supplemented control groups. (D) CASA quantification of the concentration of motile caput and cauda

spermatozoa.

(E–H) The percentage of motile (E) and progressive (F) sperm and the comparison of VSL (G) and VAP (H) parameters of cauda sperm from warfarin-treated

and control rats.

(I) Images of caput and cauda sperm during CASA experiments. Note the numerous granular vesicles in the contents of cauda epididymidis of the warfarin-

treated rats but not in the controls nor the caput contents.

(J) Percentage of defective cauda sperm from warfarin-treated rats versus controls.

(K) H&E staining showing gross anatomy of epididymis of each group. Arrowheads indicate the detached epithelial cells in the lumen.

(L) Immunofluorescent labeling showing the reduced F-actin in the smooth muscle layer (arrows) in the basal compartment of warfarin-treated epididymis.

(M) Immunolabeling of g-H2AX (red) in testicular sections showing normal spermatogenesis in the testes of each group. Nuclei are labeled in blue with DAPI.

Scale bars, 50 mm. Bar graph data herein and in subsequent figures show the means (GSD) of at least three rats or trials; ns: no significant difference; *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Decreased Carboxylation Level of MGP in Warfarin-Treated Rats

To examine theMGP carboxylation status in the epididymis after warfarin treatment, double-immunofluores-

cence labeling was performed onWT rat epididymal cryosections with an anti-full length MGP antibody and

the conformation-specific anti-Gla residue antibody that recognizes proteins containing active g-carboxy-

glutamyl (Gla) residues (Figure 6A). Most of the MGP in the WT rat epididymis was recognized by the

anti-Gla residue antibody, both in the epithelium and in the lumen. Western blot results confirmed the pres-

ence of an anti-Gla residue antibody identified-MGP band at�12 kDa (Figure 6B). These results suggest that

the extent of binding of the anti-Gla residue antibody reflects the MGP carboxylation status. The immuno-

labeling of the Gla-residues in the epididymis from the different groups was undertaken to assess the MGP

carboxylation level (Figure 6C). The signals from Gla residues were reduced in warfarin-treated epididy-

mides, confirming that warfarin treatment promotes the inactive uncarboxylated form of MGP (ucMGP).
Identification of Biphasic Calcium-Dependent MGP-Mediated Complex Aggregation and

MGP-Binding Targets

Western blotting of MGP in the WT rat kidney and epididymis showed two bands at �32 and �12 kDa. To

determine if the �32 kDa band was caused by nonspecific binding of anti-MGP antibody, we conducted

western blots with MGP antigen peptide (Figure 7A) and found both the 12 and 32 kDa bands were almost

diminished, which could mean that the 32 kDa bands contain MGP antigen but are tightly aggregated to

other proteins with a size roughly around 20 kDa.Western blot analysis in the presence of extra EDTA, Ca2+,

andMg2+ (Figures 7B–7D0) showed that the intensity of the�32 kDa bands was increased in the presence of

250 mM EDTA (a calcium chelator) in the homogenates, whereas increasing Ca2+ from 2 to 10 mM reduced

the intensity. The intensity seemed slightly decreased in the presence of Mg2+. Increasing the Ca2+ concen-

tration from 25 to 100 mM further diminished the amount of the 32 kDa band, as well as most of other pro-

teins including actin, but not the 12 kDa MGP protein (Figure S2). All these results suggest that the MGP

aggregate formation with target proteins is dependent on the presence of low calcium concentration

and is inhibited by excessive calcium and magnesium. The biphasic calcium dependence of MGP-bound

aggregation was confirmed with western blot of protein lysates from immortalized mouse epididymal

DC2 cells in the presence of various calcium concentrations (Figures 7E and 7E0).

To identify the target proteins, we analyzed the 32 kDa bands excised from SDS-PAGE gels by in-gel digestion

and liquid chromatography-tandem mass spectrometry (LC-MS/MS). The analysis yielded over 1,000 proteins

(detected in at least two of five trials of three rounds of proteomic experiments of three animals) in both the

32 kDa bands of epididymis and kidney with molecular sizes ranging from 10–530 kDa (data not shown). Of

these proteins, 102 and 112 proteins were identified with molecular size between 20 and 25 kDa in the

32 kDa bands of the epididymis and kidney, respectively (Figure 7F). Bioinformatic analyses using STRING

free online software on these proteomes from the epididymis and kidney and their common genes, respec-

tively, were performed. Results showed that sorting complex required for transport (ESCRT) and Rab proteins

responsible for vesicle-mediated transport andmembrane trafficking, as well as the response to oxidative stim-

ulus, are the keyprotein-protein interaction networks (Figures 7F’, S3, andS4). As proof ofMGPbindingwith the

identified proteins, we picked LCN2 (�22 kDa) for the verification for its commercially available antibody and

high expression level in the epididymis (Figure S5). Double immunofluorescence labeling of MGP and LCN2

revealed the co-localization in the luminal content but not in the epididymal epithelium (Figures 7G and 7G0).
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Figure 4. Warfarin-Treated Rats Show Microenvironment Disorders and Apoptotic Epididymal Epithelial Cells

(A) Confocal projection and superimposed differential interference contrast images of CPS cryosections double

immunolabeling for MGP (red) and GGCX (green) of rats under wild-type, VK1 control, +15 mg, and +30 mg warfarin

conditions. Arrowheads indicate the shedding of epithelial cells and larger vesicles into the lumen of warfarin-treated

epididymides.

(B) Triple-fluorescent labeling for TUNEL (red), clear cell marker B1-VATPase (green) and epithelial cell marker E-Cadherin

(white) of epididymal cryosections of the different groups. Note the reduced signals of B1-VATPase and E-cadherin in the

epithelium of +15 mg and +30 mg warfarin-treated groups in a dosage-dependent manner. There are numerous TUNEL-

positive cells (asterisks) and some B1-VATPase positive cells (arrowheads) in the lumen, particularly in the +30 mg group.

Inset: higher magnification image showing the +30 mg treated epididymis.

Scale bars, 50 mm in A and B, 10 mm in the inset.
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Figure 5. Synchrotron-Based Elemental XRF Imaging and ICP-MS Analysis Revealed Calcium Homeostatic

Dysregulation in the Epididymis after Warfarin Administration to Rats

(A and B) (A) Light microscopical images arranged in the first row, the boxes indicate the selected regions for XRF analysis

in the unstained sections. The second row are XRF elemental maps in the epididymis corpus region of different groups.

The elemental maps of Ca2+ were acquired using XFM beamline. The third row presents the relative quantitative

concentration of Ca2+ in the regions and summarized in histograms as in panel B. (L), lumen.

(C) ICP-MS analysis of relative Ca2+ density in whole VD fluid and the ratio of Ca2+ density within sperm-free VD fluid

versus spermatozoa.
GGCX Gene Mutations in Infertile Men with Asthenozoospermia

To check whether mutations of human VKD MGP and GGCX affect male fertility, we screened for potential

mutations in the exons of MGP and GGCX in a cohort of 199 patients with idiopathic asthenozoospermia

and 110 fertile controls. The sperm samples collected from fertile healthy donors exhibited normal motility,

morphology and sperm counts. We observed a significant association of an SNP mutation rs699664 in

GGCX with male infertility under the recessive model (Figure 8A). The rs699664 is a non-synonymous

T/C SNP in the eighth exon of GGCX (Figure 8B), and the allele T is considered regressive (Kinoshita

et al., 2007). As reported in the National Center for Biotechnology Information (NCBI) database, this mu-

tation leads to a change from 325Arg to Gln in GGCX, which is in the transmembrane region of GGCX. Our

results suggest that the VKD GGCX-MGP system could be a target for clinical screening and potentially for

the treatment of idiopathic male infertile cases.
DISCUSSION

In this study, we demonstrate that the VKD enzymeGGCX and its substrateMGP play a crucial role in the extra-

cellular calcium-dependent vesicle-mediated cell-cell communication involved in the homeostatic regulation of
218 iScience 14, 210–225, April 26, 2019



Figure 6. Decreased Protein Carboxylation in the Epididymis of Warfarin-Treated Rats

(A) Double immunolabeling with antibodies against Gla-residue-containing proteins (red) and MGP (green) in CPS

epididymides showing the similar cellular localization of Gla residues and MGP. Enriched co-localization (yellow) of Gla-

residue-containing proteins and MGP in the apical pole of principal cells and luminal vesicular contents (inset).

(B) Immunoblot of Gla-residue-containing proteins in rat epididymal and kidney lysates. Arrow indicates the expected

size of MGP at �12 kDa. Actin: loading control.

(C) Immunolabeling of Gla-residue-containing proteins (red) in CPS epididymides of rats from warfarin-treated and

control groups. Blue: DAPI labeling for nuclei. (L), lumen.

Scale bars, 20 mm in A and C, 10 mm in the inset.
luminalmicroenvironmentandspermmaturation in theepididymis.BothGGCXandMGPproteinsarepresent in

vesicular structures in the cytoplasm of epididymal cells and on the surface of spermatozoa in the lumen. This

specific cellular localization pattern suggests that GGCX and MGP proteins function in the epididymal lumen

microenvironment via the regulation of vesicle-mediated intercellular communication.

It is likely that both GGCX and MGP proteins on the sperm surface and in the cytoplasmic droplets arise

from epithelial cells via epididymosomes. Consistently, our proteomic analysis of these biphasic cal-

cium-dependent MGP-binding proteins indicate that vesicle-mediated transport and stress-inducedmem-

brane trafficking are the key underlying protein-protein interactions. We speculate that the spermatozoa

exert metabolic demands on the epididymal cells as well as provide survival signals to them to sustain a

microenvironment that meets the needs of the spermatozoa during their transit through epididymis. We

found that optimal extracellular calcium is the mediating cofactor.

By using the warfarin-induced VK2 deficiency rat model, we found that VK cycle disruption resulted in

epididymal sperm defects, epithelial exfoliation, and macro-granules accumulation in the epididymal

lumen and male infertility. We attribute these phenotypes to the excessive calcium in the epididymis as

a result of inactive ucMGP caused by GGCX inhibition after warfarin treatment. The increased ucMGP in

the epididymal lumen loses the ability to bind Ca2+, which eventually leads to local calcium deposition

and promotes calcium phosphate crystal nucleation, as reported from in vitro studies (Schurgers et al.,

2007; Yagami et al., 1999). Our results therefore showed that VK2 is essential for epididymal sperm matu-

ration and male fertility. Alternatively, they indicated a potential use of warfarin as a male contraceptive by

targeting GGCX-MGP.

One unanticipated finding was that, in the MGP western blot assays of epididymal and kidney lysates, we

always observed an unknown band at around 32 kDa, a band approximately 20 kDa larger than that of MGP.

Our results indicated that this band is a protein complex containing MGP. Moreover, we found that the
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Figure 7. VKD Protein MGP-Mediated Biphasic Calcium-Dependent Complex Aggregation and Binding Target Identification

(A) Western blot detection of MGP in total homogenates of kidney and epididymis fromWT rats. A band at�12 kDa (arrow), corresponding to the molecular

weight of MGP, and another band at �32 kDa (double arrow), �20 kDa larger than MGP, were detected. Both bands were almost abolished by the

preincubation with a 10-fold excess of the immunizing peptide of MGP (+MPG peptide) compared with controls.

(B) The�32 kDaMGP-antibody-detected protein bands (double arrow) were significantly enriched in the presence of 250mM EDTA compared with controls,

whereas the 12 kDa bands remained unchanged (arrow).

(C–D0) (C and D) Western blot showing the �32 kDa bands in the presence of 2–10 mM Ca2+ or 10 to 100 mM Mg2+. (C0 and D0) Bar graph showing 32 kDa

band/actin intensity ratio in the presence of ions as indicated.

(E and E0) (E) Western blot of proteins lysates from DC2 cells in the presence of various calcium concentrations and (E0) the summary of the biphasic effect of

externally added calcium on the MGP-detected 32 KDa band intensity.

220 iScience 14, 210–225, April 26, 2019



Figure 7. Continued

(F and F0) (F) Venn diagram of proteins of molecular size 20–25 kDa detected in the 32 kDa band of the epididymal and kidney lysates analyzed by in-gel

digestion and LC-MS/MS. (F0) Reactome pathways enrichments analysis of the candidate proteome of epididymis as in panel F. FDR, false discovery rate.

(G and G0) (G) Double immunolabeling of MGP (red) and one of 20 kDa proteins detected in the epididymal �32 kDa band, LCN2 (green), in the WT rat

corpus epididymidis. (G0) Orthogonal views of high-magnification image showing the predominant colocalization (arrows) of MGP and LCN2 in cytoplasmic

droplets of spermatozoa in the lumen. Nuclei and heads of spermatozoa are labeled blue with DAPI. Scale bar, 10 mm.
32 kDa band was intensified by lowering calcium concentration with the chelation of EDTA and diminished

by increasing the concentration of calcium or magnesium in the crude lysates. Although EDTA binds with

higher affinity to magnesium than calcium, the higher sensitivity of the 32 kDa MGP band toward calcium

suggests that the complex is mainly regulated by calcium rather than by magnesium. The binding of MGP

to targeted proteins can also be explained by its special chemical property as well as the unique microen-

vironment in the epididymis. The inactive form (ucMGP) is a protein with an isoelectric point of 8.8, so that

at the acidic pH of �6.8 in the epididymal lumen (Breton et al., 1996; Levine and Marsh, 1971; Shum et al.,

2009), the ucMGP protein carries five positive charges; the active cMGP would indeed be charge neutral

after the addition of five negatively charged gamma-carboxyl groups by GGCX. Thus, cMPG is likely water

insoluble, whereas ucMGP is soluble. However, cMGP (carboxylated MGP) has a much stronger binding

affinity for divalent calcium ions than ucMGP, and five calcium ions can interact with each MGP molecule

(Hackeng et al., 2001; Huang et al., 2003). After calcium binding, cMGP carries ten positive charges, which

dramatically increases its water solubility. We speculate that this highly charged cMGP can bind to the

negatively charged moieties in the extracellular matrix, including phosphate-containing macromolecules

and phosphatidylserine-containing phospholipid membranes, which are present in EVs (Skotland et al.,

2018). In another scenario, cMGP could also bind to the inorganic calcium compound hydroxyapatite

(Hackeng et al., 2001; Huang et al., 2003), whereas magnesium can interfere with the affinity of cMGP for

calcium (Roy and Nishimoto, 2002). It is likely that the high-calcium condition triggers the formation of hy-

droxyapatite-like compounds that competitively bind to MGP with the organic proteins and subsequently

lead to pathological conditions (Tan et al., 2012).

Consistently, our result of titrating calcium concentrations versus the density of the 32 kDa MGP band in

cultured DC2 cell lysates (see Figure 7E) revealed that sub-millimolar levels of calcium favor MGP-protein

complex formation, which would occur in the sub-millimolar calcium environment of epididymal fluid

(Levine and Marsh, 1971; Turner, 2002; Weissgerber et al., 2011). Moreover, when the calcium but not mag-

nesium concentration was increased to as high as 25 to 100mM, proteins in the lysates could not be electro-

phoresed normally in the PAGE gel, but the intensity of the�12 kDa band was indeed increased compared

with actin and the 32 kDa bands, which is believed to be due to the increased solubility of cMGP with

excessive calcium in the protein extracts. This also suggests that most MGP is in the active form under

physiological conditions of the epididymis and kidney. The diminished 32 kDa bands under high calcium

concentration also suggest that the MGP-complex is not susceptible to the reducing conditions of western

blot analysis but to the availability of the divalent ions. Taken together, our results show that MGP-medi-

ated protein-complex aggregation is dependent on sub-millimolar calcium levels, whereas excessive

calcium levels inhibit aggregation. We propose that, under the physiological low calcium microenviron-

ment of the epididymal lumen, MGP-meditated calcium-dependent macromolecules transport is essential

for sperm maturation and plays a critical role in epididymosome-mediated transgenerational information

transfer from father to offspring.

To extend our rat study on VKD proteins to human reproductive health, we identified a significant differ-

ence in the GGCX SNP mutation rs699664 in the asthenozoospermic samples compared with controls,

but we found no differences in MGP. It is known that theGGCX rs699664 SNPmutation results in the amino

acid change from 325Arg to Gln in GGCX (De Vilder et al., 2017) and is associated with bone density in

elderly women (Kinoshita et al., 2007; Rieder et al., 2007). Asthenozoospermia is considered a common

cause of male infertility characterized by a reduction in both sperm motility and normal sperm morphology

(Sanchez-Alvarez et al., 2012). Although the causes of asthenozoospermia are not yet fully understood, an

abnormal redox state could be involved in its pathology (Balercia et al., 2004; Sun et al., 2014). Biochem-

ically, the VK cycle is a redox cycle (Ivanova et al., 2018; Stafford, 2005) and it may regulate not only the ho-

meostasis of calcium but also the redox status of cells and tissues.

Previous investigations indicate that MGP’s carboxylation status does not affect its secretion into the extra-

cellular environment (Price et al., 1994; Wajih et al., 2004). Consistently, not all MGP in the epididymal
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Figure 8. GGCX Gene Mutations in Infertile Male Patients with Asthenozoospermia

(A) The association between genotypes of GGCX rs699664 and male infertility was assessed in 199 infertile patients with

asthenozoospermia and 110 fertile controls under the recessive model. In this the GGCX rs699664 is assumed allele T

recessive and a one-sided p < 0.05 was considered to be significant.

(B) The location of rs699664 is on the eighth exon of GGCX gene with the single nucleotide variation from C (green) to T

(red), which results in a residue change from arginine325 (R, green) to glutamine325 (Q, red).
lumen is carboxylated. The co-localization of GGCX and MGP suggests that both proteins are secreted in

vesicular forms and that uncarboxylated MGP can be activated by GGCX carboxylation in situ in the lumen.

Therefore, both GGCX carboxylation and the prevention of MGP mineralization may be regulated by the

epididymal luminal microenvironment. We speculate that dysregulation of such luminal GGCX-MGP sys-

tem is the underlying cause of sperm maturation defects from warfarin administration and from the

GGCX rs699664 mutation. Since the amino acid in position 325 of GGCX is near the MGP’s binding site,

which is located outside the ER lumen (De Vilder et al., 2017; Tie and Stafford, 2016), it is believed to

stay outside of the vesicles and encounter ucMGP in the epididymal luminal microenvironment after its

release. It is speculated that the substitution of 325Arg/Gln affects the enzymatic activity of GGCX (De

Vilder et al., 2017). Since ucMGP is a peptide containing five positive charges and the 325Arg amino

acid of GGCX is singly positively charged and, in addition, it has been hypothesized that all the five g-glu-

tamyl residues of MGP are carboxylated in one round by GGCX in sequential order (Rishavy and Berkner,

2012), the function of 325Arg in GGCX is therefore likely to stabilize the MGP g-glutamyl residues binding

by dynamic charge-charge interaction with GGCX promoting the sequential carboxylation. Themutation of

positively charged 325Arg to a neutral 325Gln moiety in the GGCX rs699664 SNP mutation might thereby

result in an unfavorable condition for MGP binding during carboxylation, leading to unsuccessful MGP

carboxylation and eventually male infertility.

In summary, our study demonstrates that the VK2-dependent protein MGP and its carboxylation enzyme

GGCX play an essential role in epididymal spermmaturation and male fertility in rats and that the mutation

of GGCX is associated with one form of human male infertility. Our study also suggests that the VKD

signaling axis is a promising target for the development of diagnostic products and therapies for male

infertility. We also showed that the GGCX-MGP system participates in vesicle-mediated transport, presum-

ably between epithelial cells and spermatozoa in the epididymis and that it is subject to the regulation by

luminal calcium in a biphasic manner. In view of the versatile function of EVs in many physiological
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processes and the ubiquitous expression of MGP, our findings also provide insight into the physiology of

VKD GGCX-MGP-dependent calcium signaling in other organs, such as kidney.

Limitations of the Study

Although this study provided insights into the VKD regulation of epididymal spermmaturation, subsequent

studies are necessary to elucidate clearly the molecular mechanism of the GGCX-MGP system for sperm

maturation in men. Such studies include providing the direct evidence for the exact roles and contributions

of the GGCX mutations, defining the calcium-dependent MGP-mediated intercellular interaction net-

works, determining the physiological roles of biphasic calcium dependence of MGP-protein complexation,

as well as identifying the potential transepithelial transportation pathways for these complexes across

epididymis.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.03.030.
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 1 

Transparent Methods 

Study approvals for animals and human samples 

The studies involving human subjects were approved by the Medical Ethics 

Review Board of Shanghai Institute of Planned Parenthood Research. All the 

individuals signed the informed consent forms. Animal care and use strictly 

followed institutional guidelines and governmental regulations. Experiments were 

performed exactly as approved by the IACUC at ShanghaiTech University. All 

rats were maintained in the animal housing facility provided by Shanghai Model 

Organisms until end-point experiments. 

 

Animal grouping and warfarin administration 

Male Sprague-Dawley rats around 6-7 weeks old were purchased from Shanghai 

SLAC Laboratory Animal Co. Ltd. Rats of around 8 weeks old were divided 

randomly into four groups: negative control (WT) without any injection; vitamin 

K1 control (VK1 CTL) only received 1.5 mg/100g body weight of vitamin K1 

(Tokyo Chemical Industry); low dosage warfarin-treated group (+15mg) received 

15 mg/100g body weight of warfarin (Tokyo Chemical Industry) and 1.5 mg/100g 

body weight of vitamin K1; high dosage warfarin-treated group (+30mg) received 

30 mg/100g body weight warfarin and 1.5 mg/100 g body weight of vitamin K1. 

Animals were administrated daily to maintained the designed dosage for 

consecutive 4 weeks before subjected to fertility test for at least 8-12 days on 1:2 

ratio with wild type female rats at age about 10 weeks old, followed by other 
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endpoint experiments as described below. The experimental procedures to 

create the vitamin K2 deficiency model were performed on the basis of previous 

studies with some modifications (Price et al., 1998). 

 

Total RNA extraction and qRT-PCR 

Total RNA was extracted from various tissues using Trizol reagent (Invitrogen) 

according to the manufacture introduction. First-strand cDNA was synthesized 

using qPCR RT Master Mix (Qiagen). Quantitative RT-PCR analysis was set up 

with the Prism 7000 Sequence Detection System (Applied Biosystems) using 

SYBR Green PCR Master Mix (Qiagen). Primers of rat GGCX, MGP, VKORC1 

and VKORC1L1 were designed as follows: ggcx: 5’-

GCTGCTCCCGCCTCAGATAAA-3’, 5’-TAAGTA GGGTCACGACACTCT-3’; 

mgp: 5’-CAGCCCTGTGCTATGAATC-3’ 5’-AAGG TGTTGGCATTTCTCC-3’, 

vkorc1: 5’-GTGTCTGTCGCTGGTTCTC-3’, 5’-GCA TTGATGGCATAGGTG-3’, 

vkorc1l1: 5’-CTCCATCTACGCCTACCAC-3’, 5’-AG ACCAAATCCTCGACCC-3’. 

The thermal cycling conditions comprised an initial denaturation step at 95°C for 

30 seconds, followed by 40 cycles of amplification at 95°C for 5 seconds, 60°C 

for 30 seconds. The relative transcript levels were quantified using the ΔCt 

method with RPS18 (Sangon Biotech) as an internal control.  
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Immunoblotting 

Equal amounts of protein samples of kidney and epididymis were subjected to 

SDS-PAGE and transfer to PVDF membranes. The membranes were incubated 

with primary antibodies including anti-GGCX (NBP2-16651, Novus Biologicals; 

1:1000), anti-MGP (ab192396, Abcam; 1:2000) and anti-γ-carboxyglutamyl (Gla) 

residues (3570, Sekisui Diagnostics; 1:500) respectively, further treated with 

peroxidase-conjugated secondary antibody (711-036-152, Jackson 

ImmunoResearch; 1:2500). The bound antibodies were visualized by an 

enhanced chemioluminescence kit (ThermoFisher Scientific). The optical 

densities of the bands were quantified by using Image J software (NIH). 

 

Immunofluorescence, TUNEL and histological analysis 

For immunofluorescence, rat tissues were dehydrated in 30% (w/v) sucrose and 

cryosectioned in 5-10 µm slices. Sections were hydrated in PBS, antigen 

retrievaled with 1%w/v SDS, blocked with 1% w/v BSA and then incubated with 

primary antibodies as follows: GGCX (NBP2-16651, Novus Biologicals; 1:100); 

MGP (ab192396, Abcam; 1:100), LCN2 (ab63929, Abcam; 1:100); Gla residues 

(3570, Sekisui Diagnostics; 1:50); γ-H2AX (2577S, Cell Signaling Technology; 

1:200); B1-V-ATPase (a gift from Dr. Sylvie Breton, Harvard Medical School; 

1:800); E-cadherin (610181, BD Pharmingen; 1:1000). Secondary antibody 

included FITC-conjugated goat-anti-rabbit or donkey-anti-chicken (111-095-144, 

703-095-155, Jackson; 1:50), Cy3-conjugated donkey-anti-rabbit/mouse (711-
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165-152/715-165-150, Jackson; 1:800) and Cy5-conjugated donkey-anti-mouse 

(715-175-151, Jackson; 1:100). The double labeling of two rabbit origin primary 

antibodies was performed as described previously using a TSA amplification kit 

(10017450; PerkinElmer) (Gao da et al., 2016). The localization of F-actin of the 

epididymis and spermatozoa was revealed by using FITC-conjugated phalloidin 

(P5282-1MG, Sigma; 1:200). Click-iT Plus TUNEL Assay (C10618; Invitrogen) 

was utilized to detect in suit apoptosis, following the manufacture introduction. 

Photomicrographs were taken with an A1R (Nikon) confocal microscopy. For 

histological analysis, epididymal cryoprotected sections (5 µm) were stained with 

a hematoxylin and eosin kit (60524ES60; Yeasen) and then examined using 

NanoZoomer (Hamamatsu Photonics). 

 

Mating studies and sperm motility analysis 

For fertility analysis, adult male rats (12-13 weeks) in WT, VK1 CTL, +15mg and 

+30mg groups were paired with WT virgin females (1:2) for 7d. The litter size of 

each cage was counted within 10d after birth. Spermatozoa were harvested by 

dissecting the cauda or caput epididymidis in 37°C pre-warmed BWW medium, 

containing 25 mM KCl, 95 mM NaCl, 1.7 mM CaCl2, 1.2 mM MgSO4, 25 mM 

NaHCO3, 1.2 mM KH2PO4, 5 mM glucose, 0.5 mM sodium pyruvate, 11 mM 

sodium lactate, 4 mg/mL bovine serum albumin, 0.002% (w/v) phenol red (pH 7.4, 

the osmolality ~320-330 mosmol/kg). The semen parameters were examined 
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using a computer- assisted semen analysis system (CASA) (HTM-TOX IVOS 

sperm motility analyzer, Hamilton Thorne Research).  

 

X-ray fluorescence imaging 

Epididymis were cryosectioned at 10 μm thickness and fixed on Mylar thin films. 

Samples were analyzed at the BL15U1 hard X-ray microprobe at the Shanghai 

Synchrotron Radiation Facility (SSRF). The incident X-ray energy was set to 12 

keV. A Si (111) double-crystal was applied to monochromatize the continuous 

synchrotron X-ray from an undulator X-ray source. The incident X-ray irradiated 

on the samples at 45°, and a 50 mm2 silicon-drift detector was arranged at a 90° 

angle to the incident X-ray. The samples were raster scanned with a step size of 

6 µm × 5 µm and dwell time of one second per step. The relative quantitative 

concentration of Ca element in different groups was measured by calculating 

pixels using Excel software. Samples were subsequently captured by optical 

microscope (Eclipse Ti, Nikon) to align with XRF data.  

 

Microperfusion of the rat vas deferens and Inductively coupled plasma mass 

spectrometry (ICP-MS) 

Microperfusion of the rat vas deferens was performed as previously described 

(Yeung et al., 2004). Briefly, adult male rats were anesthetized with sodium 

pentobarbitone by intraperitoneal injection. The very distal cauda epididymidis 

was isolated together with the proximal vas deferens and cannulated with 
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polyethylene tubing with a tip diameter of ∼300–400 μm, and perfused 

simultaneously at a rate of ~100 μl/min with air by an infusion pump (Genie Touch, 

Kent Scientific). The collected sperm-fluid samples were first weighted before 

diluted 10 times (weight/volume) with 10 mM Tris-HCI (pH 7.4) subsequently 

centrifuged at 6000 × g, and the supernatant fluid was transferred to a new 

Eppendorf tube. An equal volume to the supernatant of 10 mM Tris-HCI (pH 7.4) 

with 1% (v/v) Igepal and 1% (v/v) Triton X-100 was added to, respectively, the 

supernatant and pellet for solubilization. All the samples were digested through 

repeated freezing and thawing, and finally diluted to 1 ml with 2% (v/v) nitric acid 

(MOS grade), stored at 4°C for ICP-MS. The quadrupole-based NexION 2000 S 

ICP Mass Spectrometer equipped with a TYPE C ST3 Nebulizer and a quartz 

cyclonic spray chamber (PerkinElmer) was used throughout the experiment. 

Before analysis, the ICP-MS was tuned by using a 10 mg/L multi-element 

standard solution. Samples were injected with an autosampler, and ICP-MS was 

operated in kinetic energy discrimination mode using ultra-high purity ammonia 

gas with a flow rate of 4.5 ml/min for all metals. ICP-MS operational parameters 

included: RF power, 1600 W; plasma gas flow, 18 l/min; auxiliary gas flow, 1.20 

l/min; and nebulizer gas flow: 0.96 l/min. 

 

In-gel digestion and LC-MS/MS analysis 

The in-gel digestion and LC-MS/MS workflow has been described previously 

(Shevchenko et al., 2006). Briefly, after Coomassie blue staining, the SDS-PAGE 
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gels containing protein bands of interest were carefully excised, cut into 1 mm×1 

mm pieces, and transferred into a microcentrifuge tube. They were destained with 

50% (w/v) ammonium bicarbonate/acetonitrile (1:1), dehydrated by the addition 

of neat acetonitrile, and dried in a vacuum concentrator. Protein disulfide bonds 

were reduced by 10 mM dithiothreitol at 56 °C for 1 hour and subsequently 

alkylated with 55 mM iodoacetamide at room temperature for 45 min in darkness. 

The dry gel pieces were saturated with trypsin buffer followed by overnight 

incubation at 37°C. The resulting peptide digestion products were extracted in 5% 

(v/v) formic acid for 15 min in a 37°C shaker. The obtained samples were then 

subjected to LC-MS/MS analysis with standard protocol for proteomic analysis 

on an Easy-nLC 1200 system coupled in-line with a Thermo Orbitrap Fusion 

tribrid mass spectrometer (Thermo Scientific). 

 

Human samples 

199 patients with idiopathic asthenozoospermia were recruited from Shanghai 

Jiai Genetics & IVF Institute. The samples of 110 fertile male controls who had 

fathered at least one child were obtained in the Shanghai Human Sperm Bank. 

The genomic DNA was extracted from peripheral blood for SNP screening. All of 

the exons of the GGCX and MGP gene were amplified by polymerase chain 

reaction (PCR) using LightCycler 480II (Roche Diagnostics). Then the Illumina 

HiSeq X10 platform (Illumina) was used to detect SNPs.  
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Statistical analyses 

Data are presented as means ± SD and P-values of < 0.05 or below were 

considered significant. Student’s t-test was performed to compare the differences 

between two groups, and multiple comparisons using ANOVA. SNP analysis 

used association function of SNPassoc package in R version 3.2.4. A one-sided 

P<0.05 was considered to be significant. 
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Supplemental Figure Titles and Legends 

 

Figure S1. Subcellular localization of MGP in the epididymal epithelial cells, Related to Figure 1. Double-immunofluorescence 

labelling of MGP (red) and basal cell marker, Keratin-14 (green) in the caput and corpus regions of the rat epididymis. Arrows indicated 

the basal cells. Nuclei and spermatozoa heads are labeled with DAPI in blue. CPT: caput; CPS: corpus. Scale bars:10 µm. 
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Figure S2. Electrophoresis behaviour of MGP and MGP-bound proteins in the presence of high calcium concentration, 

Related to Figure 7. (A) Coomassie blue stained SDS-PAGE gel after transfer still showing intensify bands at ~12 kDa corresponding 

to the molecular weight of MGP (arrow). (B) In the presence high concentration Ca2+, the intensity of ~32 kDa MGP-antibody-detected 

bands (double-arrow) was significantly diminished while the intensity of ~12 kDa bands remains unchanged or even slightly increased 

versus actin bands or the ~32kDa bands. 
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Figure S3. Protein-protein interaction analysis of the 20-25kDa proteome of the 32kDa band detected using antibody raised 

from full-length MGP in rat epididymis and kidney, Related to Figure 7. (A) The 102 candidate proteins in epididymis. (B) The 

112 candidate proteins in kidney. (C) The 56 common candidate proteins detected in both epididymis and kidney. Notably, the proteins 

involved in Endosomal Sorting Complex Required for Transport (ESCRT) and vesicle-mediated transported pathways, such as Chmp 

and Rab proteins, are the key common genes found in both epididymis and kidney interaction networks.  
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Figure S4. Functional protein association network analysis of the 20-25kDa proteome of the ~32kDa band detected using 

antibody raised from full-length MGP in the rat epididymis and kidney, Related to Figure 7. Gene Ontology, Reactome 

Pathways and INTERPRO Protein Domain and Features enrichment analyses using STRING free online software on the 102 

candidate proteins in epididymis (A,A’,A’’) and the 112 candidate proteins in kidney (B,B’,B’’). (C,C’,C’’) Gene Ontology enrichment 

analysis in the 56 common candidate proteins detected in both epididymis and kidney. From the analyses, the significantly enriched 

gene sets involve the ESCRT, cellular responses to external stimuli and vesicle-mediated transport as revealed by the protein-protein 

interaction networks. 

 

 

Figure S5. Spatial localization of LCN2 in the rat epididymis, Related to Figure 7. Regional localization of LCN2 (green) in the 

WT rat epididymis. Nuclei and heads of spermatozoa are labeled blue with DAPI. Scale bars: 20 µm. 
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