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STUDY QUESTION: Is junctional adhesion molecule A (JAM-A), a sperm protein essential for normal motility, expressed in the murine
post-testicular pathway and involved in sperm maturation?

SUMMARY ANSWER: JAM-A is present in the prostate and seminal vesicles and in all three regions of the epididymis where it is secreted
in epididymosomes in the luminal fluid and can be delivered to sperm in vitro.

WHAT IS KNOWN ALREADY: JAM-A shares with the plasma membrane Ca2+ATPase 4 (PMCA4, the major Ca2+ efflux pump in mur-
ine sperm) a common interacting partner, CASK (Ca2+/CaM-dependent serine kinase). JAM-A, like PMCA4, plays a role in Ca2+ regulation,
since deletion of Jam-A results in significantly elevated intracellular Ca2+ levels and reduced sperm motility. Recently, PMCA4 was reported to
be expressed in the epididymis and along with CASK was shown to be in a complex on epididymosomes where it was transferred to sperm.
Because of the association of JAM-A with CASK in sperm and because of the presence of PMCA4 and CASK in the epididymis, the present
study was performed to determine whether JAM-A is expressed in the epididymis and delivered to sperm during their maturation.

STUDY DESIGN, SIZE, DURATION: The epididymides, prostate and seminal vesicles were collected from sexually mature C57BL/6J
and Institute for Cancer Research mice and antibodies specific for JAM-A and Ser285 -phosphorylated JAM-A (pJAM-A) were used for the
analysis. Tissues, sperm and epididymal luminal fluid (ELF) were studied. Epididymosomes were also isolated for study. Caput and caudal
sperm were co-incubated with ELF individually to determine their abilities to acquire JAM-A in vitro.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Sections of all three regions of the epididymis were subjected to indirect
immunofluorescence analysis. Epididymal tissues, fluid, sperm, prostate and seminal vesicle tissues were analyzed for JAM-A and/or pJAM-A via
western blotting analysis. The relative amounts of JAM-A and pJAM-A among epididymal tissues, ELF and sperm were detected by western blot
via quantification of band intensities. Epididymosomes were isolated by ultracentrifugation of the ELF after it was clarified to remove cells and tis-
sue fragments, and the proteins western blotted for JAM-A and pJAM-A, and exosomal biochemical markers. FACS analysis was used to quantify
the amount of JAM-A present on caput and caudal sperm, as well as the amount of JAM-A acquired in vitro after their co-incubation with ELF.

MAIN RESULTS AND THE ROLE OF CHANCE: Western blots revealed that JAM-A is expressed in all three regions of the epididymis,
the prostate and seminal vesicles. As confirmed by indirect immunofluorescence, a western blot showed that JAM-A has a higher expression in
the corpus and caudal regions, where it is significantly (P < 0.01) more abundant than in the caput. Both JAM-A and Ser285-phosphorylated
JAM-A (pJAM-A) are secreted into the ELF where it is highest in the distal regions. In the ELF, both JAM-A and pJAM-A were detected in epidi-
dymosomes. Western blotting of sperm proteins showed a significant (P < 0.01) increase of JAM-A and pJAM-A in caudal, compared with
caput, sperm. Flow-cytometric analysis confirmed the increase in JAM-A in caudal sperm where it was 1.4-fold higher than in caput ones. Co-
incubation of caput and caudal sperm with ELF demonstrated ~2.3- and ~1.3-fold increases, respectively, in JAM-A levels indicating that epidi-
dymosomes transfer more JAM-A to caput sperm that are less saturated with the protein than caudal ones.

LARGE SCALE DATA: Not applicable.
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LIMITATIONS, REASONS FOR CAUTION: First, although the ELF was clarified prior to ultracentrifugation for epididymosome isola-
tion, we cannot rule out contamination of the epididymosomal proteins by those from epididymal epithelial cells. Second, the JAM-A detected
in the prostate and seminal vesicles might not necessarily be secreted from those organs and may only be present within the tissues, where it
would be unable to impact sperm in the ejaculate.

WIDER IMPLICATIONS OF THE FINDINGS: Although performed in the mouse the study has implications for humans, as the highly
conserved JAM-A is a signaling protein in human sperm. There is physiological significance to the finding that JAM-A, which regulates sperm
motility and intracellular Ca2+, exists in elevated levels in the cauda where sperm gain motility and fertilizing ability. The study suggests that
the acquisition of JAM-A in the epididymal tract is involved in the mechanism by which sperm gain their motility during epididymal maturation.
This increased understanding of sperm physiology is important for aspects of ART.

STUDY FUNDING AND COMPETING INTEREST(S): The work was supported by NIH-RO3HD073523 and NIH-5P20RR015588
grants to P.A.M.-D. The authors declare there are no conflicts of interests.
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Introduction
Sperm that leave the testis are morphologically mature but functionally
incompetent, as they lack synthetic machinery. As they enter and tra-
verse the epididymis, an extended convoluted duct, their exposure to
epididymal luminal fluid (ELF) contributes to their maturation (Cosen-
tino and Cockett, 1986). During this process, which lasts ~5–10 days
in mice (Robaire et al., 2006), sperm acquire many molecular compo-
nents from the ELF on their plasma membrane to promote their mat-
uration (Young and Goodman, 1982; Cooper, 1998; Jones, 1998).
Recent work has shown that transmembrane proteins, similar to gly-
cosyl phosphatidylinositol (GPI)-linked proteins, are secreted into the
luminal fluid and are carried on epididymosomes, membranous vesi-
cles (Frenette and Sullivan, 2001; Saez et al., 2003; Martin-DeLeon,
2006, 2016), which are thought to transfer proteins to the sperm sur-
face (Sullivan, 2016; Sullivan and Mieusset, 2016).

Recently it was shown that plasma membrane Ca2+ATPase 4
(PMCA4), a transmembrane protein and the major Ca2+ efflux protein
in murine sperm (Wennemuth, 2003), is carried on epididymosomes
and can be delivered to sperm during their epididymal maturation (Patel
et al., 2013). PMCA4 is an essential sperm protein whose absence leads
to loss of motility (Okunade et al., 2004; Schuh et al., 2004), similar to
the loss of junctional adhesion molecule A (JAM-A) (Shao et al., 2008),
which is an essential transmembrane sperm protein involved in the regu-
lation of intracellular Ca2+. A key regulator of sperm function, intracellu-
lar Ca2+ is significantly elevated in Jam-A null sperm (Aravindan et al.,
2012). Interestingly, these sperm have significantly reduced PMCA4
activity (Aravindan et al., 2012) and electron dense mitochondria, due
to calcium overload (Shao et al., 2008). This histopathology in Jam-A null
sperm is shared with Pmca4 null sperm (Okunade et al., 2004) where
significant losses of progressive and hyperactivated motility lead to infer-
tility (Okunade et al., 2004; Schuh et al., 2004).

Furthermore, in sperm JAM-A and PMCA4 share a common interact-
ing partner, Ca2+/CaM-dependent serine kinase (CASK), which they
bind sequentially via a PDZ (PSD-95/D1g/ZO-1)-ligand interaction, to
respectively promote or inhibit Ca2+ efflux and maintain Ca2+ homeo-
stasis (Aravindan et al., 2012). It is noteworthy that CASK is also an epi-
didymal secretory protein (Burkin et al., 2004; Patel et al., 2013), and
interestingly has been shown to co-immunoprecipitate with PMCA4
from epididymosomes in murine ELF (Patel et al., 2013). Based on these

observations, we hypothesized that JAM-A may also be expressed in
the epididymis and secreted in the luminal fluid where it can be acquired
by sperm transiting the epididymal tract during their maturation.

Like PMCA4, JAM-A was shown to be expressed in testicular germ
cells and is present in elongated spermatids (Shao et al., 2008; Patel
et al., 2013). However, in somatic cells JAM-A is expressed at tight junc-
tions in endothelial and epithelial cells, and is known to be present in the
Sertoli-Sertoli tight junctions in the seminiferous tubules of the testis
(Shao et al., 2008). Thus, it is possible that JAM-A could be expressed in
the epididymal epithelium. Consequently, we also hypothesized that it is
present in the prostatic and seminal vesicle epithelium/secretions where
other epididymal proteins are expressed (Zhang et al., 2004; Andrews
et al., 2015), to enhance maturation of ejaculated sperm.

Materials andMethods

Animal and reagent use
The studies, conducted in mice, are in agreement with the Guide for the
Care and Use of Laboratory Animals published by the National Research
Council of the National Academies (2011) and animal care followed
guidelines outlined by the Animal Care and Use Committee at the
University of Delaware. All mice used throughout the investigation were of
the C57BL/6J and Institute for Cancer Research strains and were sexually
mature (at least 3 months of age). All enzymes and chemicals were from
Fisher Scientific Co. (Malvern, PA, USA), Sigma (St. Louis, MO, USA) or
Invitrogen (Carlsbad, CA, USA), unless otherwise specified.

Antibodies and fluorescent dyes
A rabbit polyclonal anti-JAM-A antibody (ab180821) from Abcam (Cam-
bridge, MA, USA) was used for the detection of JAM-A protein in western
blotting and a rat monoclonal anti-JAM-A (BV12) antibody (ab16896) was
used for immunofluorescence and flow-cytometric studies. Previously used
to detect JAM-A in sperm and testis (Shao et al., 2008), the BV12 antibody
used for immunofluorescence and flow cytometry was also used for western
blots and revealed a band with the characteristic MW (~34–40 KDa), in the
absence of non-specific bands (Supplementary Fig. 1).

Rat monoclonal anti-CD9 antibody (sc-18869), mouse monoclonal anti-
HSC70 antibody (sc-7298) and a rabbit polyclonal anti-Ser285-phosphory-
lated JAM-A (sc-17430) were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA) and used for westerns. Alexa Fluor 647 goat anti-rat
(ab150159) was obtained from Abcam (Cambridge, MA, USA) and Alexa
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Fluor 488 goat anti-rat was obtained from Invitrogen. Fluoro-Gel II with
DAPI (17985-50) was purchased from Electron Microscopy Sciences
(Hatfield, PA, USA).

Collection of tissues, ELF and sperm
The procedure for the collection of tissues, fluid and sperm was similar to
that previously described (Deng et al., 2000; Zhang et al., 2004; Patel et al.,
2013). Groups of 4–5 males were used for pooled samples for each
experiment, which was performed at least three times. Epididymal tissues
were dissected into the three regions (caput, corpus and cauda) and along
with the prostate and the seminal vesicles were minced in 1× phosphate-
buffered saline (PBS). The fluid and tissues of each epididymal region were
transferred to separate Eppendorf tubes and allowed to gravity settle. The
supernatant, without tissue fragments, was centrifuged at 500g for 15 min
at room temperature to pellet sperm and recover the raw ELF. Following
this, the sperm pellet and tissues were washed twice with 1 ml of PBS and
frozen separately at −80°C until ready for processing. The supernatant
from the original sperm pellet or the raw ELF was centrifuged at 13 000g
for 20 min at 4°C to remove cellular debris, and the clarified supernatant,
designated as ELF, was stored at −80°C until processing.

Fractionation of ELF for epididymosome
collection
Clarified ELF, obtained as described above, was subjected to ultracentrifu-
gation at 120 000g for 2 h at 4°C using an Optima L-70 centrifuge with a
Ti60 rotor (Beckman), as previously described (Griffiths et al., 2008), to
isolate the soluble from the insoluble fraction (the vesicles) (Griffiths et al.,
2008; Patel et al., 2013).

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis and western blot analysis
Preparation of protein extracts from the epididymal tissues, luminal fluid,
sperm, prostate and seminal vesicles was performed as outlined previously
(Zhang et al., 2004), using testis tissue as a positive control. The total protein
concentration was analyzed using the bicinchoninic acid protein assay kit
(Pierce, Thermo Scientific, Rockford, IL, USA), according to manufacturer’s
protocol. Samples for electrophoresis were prepared in 2× Laemmli sample
buffer with dithiothreitol (100mM) and urea (125mg/ml) and heated for
5min at 100°C. Sixty micrograms of protein from tissues, fluid, sperm and
epididymosomes were loaded per lane on 10% polyacrylamide gels and
transferred onto nitrocellulose membrane (Amersham Biosciences,
Piscataway, NJ, USA). Western blotting was performed with the
WesternBreeze Chemiluminescent Immunodetection Kit (Invitrogen) acc-
rding to manufacturer’s protocol. Membranes were incubated with 2% block-
ing solution for 2 h at 4°C and then incubated in primary antibodies: rabbit
polyclonal anti-JAM-A (1:500), rat monoclonal (BV12) anti-JAM-A antibody
(1:500) or rabbit polyclonal phospho-JAM-A antibodies (1:500) overnight at
4°C. Non-specific primary antibody binding was removed with 3× washes of
1× TBST solution (20mM Tris, pH 8.0, 150mM NaCl and 0.5% Tween 20)
and proteins were visualized using alkaline phosphatase (AP)-conjugated sec-
ondary antibodies and reagents from the Western blotting detection kit
(Invitrogen). The membrane was washed six times more for 15 min with 1×
TBST before using the ECL kit (Bio-Rad, Hercules, CA, USA) to detect
chemiluminescence. The actual amounts of protein loaded on the gels were
assessed using heat shock cognate 70 (HSC70), which is a biochemical
marker of epididymosomes, as an internal loading control for normalization.
Thus, the membranes were re-probed with the anti-HSC70 antibody
(1:1000) immediately after probing with the anti-JAM-A/anti-pJAM-A anti-
bodies (Supplementary Fig. 2) or after stripping (Supplementary Fig. 1). This
was followed by using the appropriate AP-conjugated secondary antibody.

The normalization approach was as described (http://bitesizebio.com/
23411/the-4-important-steps-for-western-blot-quantification/).

To quantify the intensity of the bands, images from shorter film expo-
sures were selected and the Image J software (Rasband, 1997) was used to
subtract the background from the JAM-A/pJAM-A band and that of the
HSC70 loading control. The HSC70 band with the highest intensity was
selected and all HSC70 values were divided by it to obtain their relative
intensities. JAM-A values were divided by the relative HSC70 values in
their respective lanes to obtained normalized values. The presence of
JAM-A in its phosphorylated state (pJAM-A) was similarly assessed.

Statistical analysis
Experiments were performed at least three times and the mean ± SEM of
the normalized data for band density analyzed using a Student’s t-test
or ANOVA with SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). The
assumption of a parametric test was made by conducting the test of homo-
geneity of variances. When there was significance, data were analyzed by
the Dunnett’s T3 test; otherwise, the least significant difference (LSD) test
was used. P < 0.05 was considered statistically significant.

Indirect immunofluorescence
Mouse tissues from the three epididymal regions and from the testis were
collected after euthanasia and imbedded in OCT (Tissue Tek, Torrance,
CA, USA) and frozen at −80°C. Cryostat sections of 20 μm were kept at
−80°C until use. A 1:1 ratio of acetone:methanol solution was used to fix
the slides for 20 min at −20°C before air drying and being placed in protein
blocker, 2% bovine serum albumin (BSA) in PBS for 1–2 h at room tem-
perature. The slides were then incubated at 4°C overnight with a 1:50 rat
anti-JAM-A primary antibody and washed twice with 1× PBS for 20 min.
Sections were then incubated for 1 h at room temperature, in the dark,
with 1:200 Alexa Fluor 647-conjugated goat anti-rat (ab150159). The
slides were washed twice with 1× PBS for 20 min and then mounted with
Fluoro-Gel II with DAPI (Electron Microscopy Sciences) and cover-slipped.
The sections were imaged using a Zeiss LSM 780 (Carl Zeiss Inc.,
Gottingen, Germany) confocal microscope. Controls were prepared by
replacing primary antibody with rat IgG.

Analysis of sperm uptake of JAM-A from ELF
in vitro
Caput and caudal sperm collected from 2 to 3 sexually mature mice, as previ-
ously outlined (Griffiths et al., 2008; Patel et al., 2013), were incubated in ELF
recovered in PBS with 2 μM zinc acetate and protease inhibitor (#P2714,
Sigma) at a pH of 5.5 or the PBS vehicle (control). Half of the sperm suspen-
sion was incubated in 200 μl ELF and the other half in 200 μl PBS control. All
samples were incubated for 2 h at 37°C then washed 3×with PBS and centri-
fuged at 500g for 15min at room temperature. Cells were fixed with 1.5%
paraformaldehyde for 1 h at room temperature, washed 3× for 15min each
with 1× PBS and then permeabilized with 0.1% Triton X-100 for 10 min at
room temperature. Permeabilized cells were processed for indirect immuno-
fluorescence by incubation in 2% BSA blocking solution for 30 min and then
in 1:200 rat anti-JAM-A primary antibody for 1 h at room temperature.
Sperm were washed 3× with PBS and incubated in 1:200 Alexa Fluor 488
goat anti-rat for 30 min in the dark. Cells were again washed 3× for 15 min
with PBS and re-suspended in 1ml PBS for fluorescence analysis.

Quantification of JAM-A on sperm by flow
cytometry
Flow cytometry was used to quantify JAM-A in caput and caudal sperm
soon after they were collected from the animals, as well as after they were
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co-incubated with ELF. Sperm samples collected from the animals were
immediately washed in PBS, fixed and processed for indirect immunofluores-
cence as described above. A population of ~50 000 cells from each group
was analyzed for the amount of JAM-A present using a FACSCalibur
(Becton Dickinson, San Diego, CA, USA) flow cytometer equipped with an
argon laser at 488 nm excitation. Flow cytometry was also used to quantify
the amount of JAM-A acquired on sperm following co-incubation in ELF.

Results

Detection of JAM-A in the epididymal tract
and the accessory organs
The presence of JAM-A in the epididymal tract was analyzed using
western blots. Figure 1A shows the presence of the protein in the tis-
sues of all three epididymal regions at ~40 kDa. Statistical analysis
shows differential expression among the three regions with the caput
containing the lowest levels of the protein, being significantly lower
than the corpus (P < 0.01) and the cauda (P = 0.01) (Fig. 1B). For the

accessory organs, the prostate and seminal vesicle, western blots also
showed the presence of JAM-A (Fig. 1C).

Immunofluorescence analysis was used to confirm JAM-A’s expres-
sion in the epididymis. Sections of the caput, corpus and cauda were
stained with the rat monoclonal anti-JAM-A (BV12) antibody (ab16896).
Expression was seen in all three regions and was lowest in the caput
(Fig. 2), corroborating the western blot data. In the corpus and caudal
regions, JAM-A was distributed throughout the epithelial cells in the
duct, with staining seen in both the basal and the luminal lining (Fig. 2),
from which proteins are secreted into the lumen. Although the immuno-
fluorescence assay is not quantitative, the corpus appeared to be more
intensely fluorescent than the cauda.

Presence of JAM-A in the ELF
Using either of the anti-JAM-A antibodies, ab180821 or ab16896
(BV12), western blot analysis detected the presence of JAM-A in the
ELF of all three regions of the epididymis (Fig. 3A). Statistical analysis
shows differential expression in the ELF with the caudal fluid having sig-
nificantly (P < 0.01) higher levels of JAM-A than the corpus which had
significantly (P = 0.02) higher levels than the caput (Fig. 3B). When
anti-Ser285-phosphorylated JAM-A antibody was used to probe the
ELF, the amounts of pJAM-A were similar to that of JAM-A, with the
cauda showing the highest levels (Fig. 3C and D). The HSC70 band for
the caudal ELF in Fig. 3C is less dense than those for the corpus and
caput, indicating that it accounts for proportionately less of the same
amounts of proteins loaded for all three regions. For each sample, we
loaded 60 μg proteins containing HSC70 produced in a fairly constant
amount. However, because many other proteins are being released
over time into the ELF, the relative amount of HSC70 in the total pro-
tein output decreases with time. It should be noted that the relative
levels of HSC70 in the total proteins, like that for other extracellular
vesicular proteins such as α-tubulin, typically vary with the sperm stor-
age period in the cauda. After prolonged storage, a large variety of
proteins are released in the ELF via epididymosomes. Thus in Fig. 3C,
HSC70 constitutes a smaller proportion of the total proteins than that
in Fig. 3A where mating or spontaneous seminal emission might have
occurred just before sacrifice of the animal(s). This difference for cau-
dal constituents, using α-tubulin as a loading control, can also be seen
in a recent paper where sperm from the three regions were purified
on a percoll gradient (Nixon et al., 2015).

Immunodetection of JAM-A and pJAM-A
in caput and caudal sperm
To detect the level of JAM-A protein in maturing sperm, western blot
analysis was performed and revealed significantly (P < 0.01) higher levels
of JAM-A in caudal, compared with caput, sperm (Fig. 4A and B). The
increase was confirmed by flow-cytometric analysis, which showed a
1.4-fold increase in the percentage of cells with the highest fluorescence
intensity (M1 region) in the cauda, compared with the caput (Fig. 4C). In
line with these findings, Western blots showed that pJAM-A levels were
significantly (P < 0.01) higher in caudal sperm where there was ~1.5-
fold increase in the mean band density (Fig. 4D and E).

Sperm uptake of JAM-A from ELF in vitro
Both caput and caudal sperm were able to acquire JAM-A following
co-incubation with ELF combined from all three regions of the

Figure 1 Western blot analysis reveals that junctional adhesion mol-
ecule A (JAM-A) is expressed in murine epididymal tissues, prostate
and seminal vesicles. Sixty micrograms of proteins were loaded in (A)
and (C). JAM-A was detected using a rabbit polyclonal anti-JAM-A anti-
body (1:500 dilution). An ~40 kDa JAM-A band is present in the testis
(positive control) and all three epididymal regions. Blots were stripped
and re-probed for heat shock cognate 70 (HSC70) as a loading control
to analyze the intensities of the bands via densitometry, using Image J
software. The relative expression of JAM-A is seen in (B) where values
are expressed as mean ± SEM for three independent experiments.
Significant differences are seen between caput and corpus (P < 0.01)
and caput and cauda (P = 0.01), using ANOVA. (C) Protein extracts
from tissue of the whole prostate and seminal vesicles revealed the typ-
ical JAM-A band seen in testis (positive control).
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epididymis. Flow cytometry detected an ~2.3-fold increase of JAM-A
(as detected by the mean fluorescence intensity) in caput sperm in
ELF, compared with control sperm co-incubated in PBS, while the
increase for caudal sperm was ~1.3-fold (Fig. 5A and B).

Detection of JAM-A in epididymosomes
When isolated epididymosomes were probed in western analysis,
JAM-A (Fig. 6A), as well as pJAM-A (Fig. 6B), was found to be

Figure 2 Indirect immunofluorescence of frozen sections of the murine epididymis reveals different regional distribution of JAM-A. The IgG control,
in the first column for each of the three regions, when stained with the secondary antibody and the DAPI staining shows only the blue DNA staining of
the nuclei, with no signal and low background. On the other hand, the rat monoclonal anti-JAM-A antibody showed a signal (red) in ducts of the three
epididymal regions, in addition to the blue DAPI staining of the nuclei. When the DNA- and JAM-A-staining images were merged and the inset
enlarged, the JAM-A signal could be seen throughout the walls of the ducts (arrows) of the corpus and cauda and was least abundant in the caput.

Figure 3 Western blot analysis shows that the murine luminal fluids contain JAM-A and Ser285-phosphorylated JAM-A (pJAM-A). Sixty micrograms
of proteins were loaded in each lane and JAM-A was detected (A) and can be seen to be differentially distributed (B) with the levels being significantly
higher in the cauda than the caput (P = 0.02) and in the corpus than the cauda (P = 0.004), using ANOVA. (C) Anti-pJAM-A antibodies revealed
pJAM-A bands, which also varied in intensity (D) and were significantly greater (P = 0.003) for corpus, compared with caput, and cauda compared with
corpus (P = 0.01), using ANOVA. These results are from four independent experiments, using 12 animals, N = 4, mean ± SEM.

136 Wu et al.



present. Detection of HSC70 exosomal biochemical marker is con-
sistent with the finding that the collected vesicles were exosomes/
microvesicles (Fig. 6A and B). Western analysis also showed that
CD9 tetraspanin biochemical exosomal marker was also present in
the epididymosomes (data not shown).

Discussion
Our research has shown that JAM-A functions in conjunction with
PMCA4 and CASK to regulate calcium levels within spermatozoa
(Aravindan et al., 2012). Both PMCA4 and CASK have been detected in

Figure 4 Western and flow-cytometric analyses indicate that JAM-A and pJAM-A exist in different amounts in caput and caudal sperm. (A) The
characteristic JAM-A band is seen for caput and caudal sperm with a greater intensity in the latter (60 µg proteins loaded in both lanes). (B) Band
intensities were significantly different (P < 0.01), for N = 3, mean ± SEM. (C) The difference in the expression of JAM-A in caput and caudal sperm
was confirmed by flow-cytometric analysis. The IgG control (black), which consisted of a 1:1 mixture of caput and caudal sperm is shown, to com-
pare with the specificity of the anti-JAM-A antibody used for caput (blue) and caudal (red) sperm. With ~50 000 cells analyzed for each group, the
graph shows a right shift for caudal sperm, indicating a 1.4-fold increase in the percentage of cells with the highest level of fluorescence, compared
with caput sperm. (D) pJAM-A expression is seen in both sperm types (with 60 µg proteins loaded), and the relative amounts displayed in the bar
graph (E), which reveals a significant (P < 0.01) increase in caudal (~1.5-fold), compared with caput sperm. N = 3, mean ± SEM, using the
Student’s t-test.

137JAM-A is an epididymal sperm protein



epididymal tissues and have been shown to be associated with epididy-
mal sperm maturation (Burkin et al., 2004; Patel et al., 2013). In the pre-
sent study, both indirect immunofluorescence and western analysis
revealed the presence of JAM-A in all three regions of the murine epi-
didymis and showed that it is more abundant in the distal region than in
the caput. Immunofluorescence localized it within the epithelial lining, on
both the apical and basal membranes, while western analysis showed
that it is also present in the accessory organs, the seminal vesicles and
the prostate. Similar to SPAM1, a sperm protein expressed in the epi-
didymis and the accessory organs and released in the secretions (Zhang
et al., 2004), JAM-A is likely to appear in the seminal plasma where it is
able to interact with sperm. It should be noted that PMCA4 and CASK,
which interacts with JAM-A, are present in human seminal plasma and
prostasomes (Andrews et al., 2015).

Western blotting showed that JAM-A is present in the Ser285-phos-
phorylated state, as well as the unphosphorylated state in the ELF.
With a protein of 300 amino acids, phosphorylation of JAM-A at
Ser285 occurs near the C-terminal PDZ-binding ligand (Naik and
Eckfeld, 2003) and this is likely to result from its interaction with CASK
at its PDZ domain (Mukherjee et al., 2008). It should be noted that as
post-translational modification of JAM-A is associated with its activa-
tion and signaling activity (Naik et al., 2003), we hypothesize that the
presence of JAM-A in its phosphorylated state (pJAM-A) in the luminal
fluids may be associated with the existence of JAM-A in a JAM-A-
CASK complex. This would be similar to the PMCA4-CASK complex
seen in the ELF (Patel et al., 2013).

In the luminal fluids, there were regional differences in the levels of
both JAM-A and pJAM-A: levels were significantly higher in the cauda
than in the corpus, where they were significantly higher than in the
caput. It should be noted that the difference in JAM-A and pJAM-A

levels in ELF between the cauda and the other regions is likely to be
exaggerated because HSC70 accounts for relatively less of the total
proteins after prolonged sperm storage. As mentioned earlier, the dif-
ferences seen in the fluid might be more reflective of sperm storage
time rather than protein expression levels. Therefore, conservatively,
it can be stated that JAM-A and pJAM-A are significantly higher in the
distal, compared with the proximal, ELF.

The presence of JAM-A and pJAM-A in all three regions indicates
that this protein is involved in both the maturation and storage of
sperm, which occur in the proximal and distal epididymal regions,
respectively (Anakwe et al., 1991). Sullivan and Mieusset (2016) have
reported that in both mice and human (where JAM-A is also present in
sperm, Shao et al. 2008), sperm gain motility and fertilizing ability in the
cauda epididymis. It is of physiological relevance that the levels of JAM-A,
which is known to regulate sperm motility (Shao et al., 2008), are highest
in ELF in the cauda where sperm motility is attained. Thus, it appears
that the acquisition of JAM-A by sperm in the cauda, similar to that of
PMCA4 (Patel et al., 2013), is involved in the mechanism by which sperm
motility and fertilizing ability are acquired by sperm during epididymal
maturation. It might also be argued that the lower levels of JAM-A in the
caput might play a physiological role in preventing maturation during the
early stages of sperm transit, to avoid premature aging.

When JAM-A and pJAM-A were analyzed in caput and caudal sperm
via western analysis, the levels were significantly higher in the latter
(Fig. 4); corresponding to the regional abundance of the protein in ELF.
Flow-cytometric analysis corroborated this finding for JAM-A. This
observation signifies that as sperm traverse the epididymal tract they
acquire JAM-A. To date, testicular sperm that enter the epididymis
have not been analyzed for the presence of JAM-A. However, the find-
ing that JAM-A is expressed in elongated spermatids (Shao et al., 2008)

Figure 5 Flow-cytometric analysis reveals that caput and caudal sperm have different capacities for JAM-A uptake from epididymal luminal fluid
(ELF) in vitro. The acquisition of JAM-A is seen in caput (A) and caudal (B) sperm, respectively, following co-incubation in ELF combined from all three
epididymal regions or phosphate-buffered saline (PBS) (control) for 90 min at 37°C. Analysis of ~50 000 cells/group revealed uptake in both caput and
caudal cells, as reflected in a right shift of the graph for ELF compared with the control. The resulting increase in JAM-A is ~2.3-and ~1.3-fold for caput
and caudal sperm, respectively, compared with the control.
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suggests that it is present on the plasma membrane of testicular sperm
entering the epididymis, although the relative amount compared with
epididymal sperm is unknown. It should also be noted that since the
level of pJAM-A was assessed based on the HSC70 level rather than
the total proteins, the higher level detected in caudal sperm does not
necessarily reflect a greater level of phosphorylation, but merely the
presence of more JAM-A.

To determine whether JAM-A can be acquired by sperm from the
ELF in vitro, caput and caudal sperm were separately co-incubated with
ELF combined from all three regions. The results demonstrate that
sperm can acquire JAM-A from the luminal fluids with caput sperm
having an ~2.3-fold increase in JAM-A after co-incubation, compared
with the control. For caudal sperm, there was only an ~1.3-fold
increase in JAM-A. These findings suggest that caudal sperm are more
saturated with JAM-A than caput sperm, reflecting in vivo acquisition of
JAM-A as sperm transit the epididymis and arrive in the cauda where
they are stored.

The vehicles for delivery of epididymal secretory proteins from the
luminal fluid to the sperm surface are thought to be exosomes/microve-
sicles, known as epididymosomes (Saez et al., 2003; Griffiths et al., 2008;

Sullivan, 2016; Sullivan and Mieusset, 2016). These are released into the
ELF from the epithelial lining via the apocrine pathway (Hermo and
Jacks, 2002). In our study, epididymosomes that were isolated from the
ELF showed the presence of both JAM-A and pJAM-A (Fig. 6) in their
cargo. The presence of pJAM-A in epididymosomes indicates that they
carry JAM-A in a form that is activated (Naik et al., 2003) and likely com-
plexed with CASK (Mukherjee et al., 2008). The findings therefore sug-
gest that JAM-A is carried and delivered to sperm in both the inactive
unphosphorylated and the activated phosphorylated states.

The mechanism(s) by which epididymosomes and other extracellu-
lar vesicles deliver transmembrane proteins to sperm are unlikely to
include endocytosis (Martin-DeLeon, 2016), as occurs in somatic cells
(Raposa and Stoorvogel, 2013). Schwarz et al. (2013) have suggested a
fusogenic mechanism and Al-dossary et al. (2015) used Super-
resolution Structured Illumination Microscopy to provide strong sup-
porting evidence for this pathway, one that is likely to be responsible
for the delivery of JAM-A and pJAM-A to sperm.

Conclusion
We have shown that JAM-A, which is an essential protein for normal
sperm motility, is also an epididymal secretory protein that can be
acquired by sperm during epididymal maturation. This testicular pro-
tein was also detected in the accessory organs and is likely to contrib-
ute to the molecular components of the murine seminal plasma of the
ejaculate. The highest levels of JAM-A and pJAM-A are present in the
caudal ELF and caudal sperm where motility and fertilizing ability are
gained. This implies a role for JAM-A in the mechanism underlying the
attainment of these characteristics during sperm maturation. Detected
in both its unphosphorylated and its Ser285-phosphorylated states in
epididymosomes, JAM-A is likely to be acquired by sperm in the inacti-
vated as well as the activated state. As a highly conserved signaling pro-
tein (Naik and Eckfeld, 2003), JAM-A is expected to play a role in the
post-testicular maturation of human sperm, as suggested by the pres-
ence of its interacting partner, CASK, in human prostasomes
(Andrews et al., 2015).
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Supplementary data are available at Molecular Human Reproduction
online.

Authors’ roles
K.Z.W. and P.A.M.-D. designed the experiments and analyzed the data,
K.Z.W. performed most of the experiments, K.L. performed some of
the westerns, D.S.G. carried out the FACS analysis, and K.Z.W. and
P.A.M.-D. wrote the paper.

Funding
National Institutes of Health (RO3HD073523 and 5P20RR015588 to
P.A.M.-D.).

Conflict of interest
The authors declare there are no conflicts of interests.

Figure 6 Immunoblot of epididymosomal proteins shows the pres-
ence of JAM-A and pJAM-A. Following ultracentrifugation of the clari-
fied ELF to isolate epididymosomes, 60 µg of proteins from the pellet
were loaded and the blots revealed (A) JAM-A and (B) pJAM-A.
Sperm proteins were used as a positive control. When the membrane
was re-probed with HSC70, a biochemical marker for exosomes, a
positive band was detected, consistent with the presence of epididy-
mosomes. Only one set of HSC70 bands is shown since the same ali-
quots of epididymosomal proteins were used for both the JAM-A and
pJAM-A membranes.
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