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BACKGROUND: The prostate and testis expression (PATE)-like family of proteins are expressed mainly in the male genital tract. They are
localized in the sperm head and are homologous to SP-10, the acrosomal vesicle protein also named ACRV|. Our aim was to characterize
the expression and functional role of three PATE-like proteins in the testis and ejaculated sperm.

METHODS: The expression and localization of PATE-like proteins in human testis biopsies (n = 95) and sperm cells were assessed by RT—
PCR, immunohistochemistry and immunofluorescence staining (at least 600 sperm cells per specimen). The function of the PATE protein was
tested by the hemizona assay and hamster egg penetration test (HEPT).

RESULTS: PATE and PATE-M genes and proteins were present almost exclusively in germ cells in the testis: immunoflourescence showed
that the percentage of germ cells positive for PATE, PATE-M and PATE-B was 85, 50 and 2%, respectively. PATE and PATE-M proteins were
localized in the equatorial segment of the sperm head, while PATE-B protein was localized in the post-acrosomal region. A polyclonal anti-
body (Ab, at 1:50 and 1:200 dilutions) against the PATE protein did not inhibit sperm—zona binding in the hemizona assay (hemizona index of
89.6 + 10 and 87 + 36%, respectively). However, there was inhibition of sperm—oolemma fusion and penetration in the HEPT (penetration
index: without Ab 7 + 3.9; Ab dilution of 1:100, 4 + 3.5; Ab dilution of 1:20, 0.6 + 1.2, P < 0.001).

CONCLUSIONS: Our data suggest that PATE protein is involved in sperm—oolemma fusion and penetration but not sperm—zona binding.
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Introduction

The first step of fertilization requires binding of sperm to the zona pel-
lucida of the oocyte and penetration, followed by fusion with and
penetration of the oolemma plasma membrane. Sperm binding is
mediated by a complex of zona pellucida, recognized by carbohydrate-
binding proteins on the sperm surface (Nixon et al., 2007). Following
sperm penetration into the zona pellucida, the equatorial segment is
believed to be the sperm—oolemma fusion site that involves oolemmal
microvilli wrapping around the sperm head (Hoshi et al., 1994; Evans
et al., 1997). The equatorial segment is formed in the late spermatid
stage, and it is maintained until it is incorporated into the oocyte
(Toshimori, 1998). The fusion capacity of the equatorial segment

has been demonstrated experimentally by fusion with liposomes
(Arts et al., 1997).

Much effort has been made to identify the molecules involved in the
process of sperm—oocyte binding and fusion. Among those molecules
are CD46 (membrane cofactor protein; Anderson et al., 1993; Inoue
et al., 2003), mSLLPI (mouse sperm lysozyme-like protein; Herrero
et al, 2005), CRISP-1 (epididymal-derived cysteine-rich secretory
protein |; Cuasnicu et al., 1984; Da Ros et al., 2008), ERp57 (Pdi3a;
Ellerman et al., 2006), lzumo (Inoue et al., 2005), the acrosomal
vesicle protein SP-10 (Hamatani et al., 2000) and the three ADAMs
(a disintegrin and metalloprotease domain) proteins (Evans et al.,
[995; Yuan et al., 1997; Primakoff and Myles, 2000).
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The prostate and testis expression (PATE) gene was discovered
during the search to identify tissue-specific antigens for targeted
cancer therapy (Bera et al., 2002). An RT—PCR analysis demonstrated
that PATE mRNA is additionally expressed in the epididymis and
seminal vesicle (Soler-Garcid et al., 2005). PATE was identified as a
small secreted protein with a signal peptide of 21 amino acids and a
molecular weight of 14 kDa. Confocal microscopy of immunostained
sperm smears demonstrated that the PATE protein was localized in
a band-like pattern in the equatorial segment of the sperm head
(Soler-Garcid et al., 2005).

The human PATE gene was localized on chromosome |1g24.2
and is telomerically juxtaposed to the SP-10 gene. BLASTP analysis
of the PATE amino acid sequence against the ‘non-redundant’
National Center for Biotechnology Information database revealed
similarities to SP-10. PATE and SP-10 genes encode proteins that
contain 10 cysteine residues that conform to the three-fingered
protein (TFP) domain, suggesting that the two genes may be part
of a single chromosomal locus (Hoshi et al., 1994; Wassarman
et al., 2001). Monoclonal antibody (Ab) against the SP-10 peptide
dose dependently and significantly decreased sperm binding and
penetration to the oolemma in the zona-free hamster egg penetra-
tion test (HEPT) of human sperm (Hamatani et al., 2000). The
involvement of SP-10 in sperm—oolemma binding was further sup-
ported by its localization at the equatorial segment of sperm cells
(Hoshi et al., 1994).

Pattern-search techniques revealed three additional PATE-like
genes, designated PATE-B, PATE-M and PATE-DJ (Levitin et al.,
2008), which were localized to the same 11924 genomic locus as
the PATE gene in a cluster of genes encoding secreted proteins that
comprise a typical TFP/Ly-6/uPAR domain. The PATE-B gene was
mainly expressed in the prostate, with lower expression levels in the
testis. This was in contrast to the PATE-M and PATE-DJ genes that
displayed higher expression levels in the testis compared with the
prostate (Levitin et al., 2008).

In the present study, the expression and localization of three PATE-
like genes and proteins were characterized in the testis and in ejacu-
lated sperm cells. The possible biological role of PATE protein in
sperm—zona binding and sperm—oolemma binding and penetration
was assessed using the human hemizona assay (HZA) and the
HEPT, respectively.

Materials and Methods

Human semen, testis samples and oocyte
samples

Semen, testicular tissue and oocyte samples were obtained from volun-
teers after they provided informed written consent. All human studies
were approved by the local Institutional Review Board Committee in ac-
cordance with the Helsinki Declaration of 1975.

Animals

Experiments using hamsters were conducted in accordance with the La-
boratory Animal Care Regulations of Tel-Aviv Medical Center.

Collection of human sperm cells and
testicular tissue samples

Sperm collection

Semen ejaculates were provided by donors with normal semen para-
meters according to the World Health Organization (WHO, 2010) cri-
teria. Semen was obtained by masturbation after 2—3 days of sexual
abstinence. Liquefied semen was centrifuged at 400g for 10 min, washed
three times in human tubule fluid (HTF, Irvine Scientific, CA, USA) con-
taining 1% human serum albumin (HSA, Sigma Chemicals, MO, USA),
or with phosphate-buffered solution (PBS), depending on the assay proto-
col (Yogev et al., 1999).

Testicular tissue collection
Men with azoospermia undergoing testicular sperm extraction (TESE)
were enrolled in the study. Three biopsies from each testis were taken
to extract spermatozoa for ICSl. One biopsy was divided into two
pieces and the smallest piece was used for molecular and histological ana-
lyses (Yogev et al., 2006).

Histological assessment

The testis biopsies were categorized according to four histological pat-
terns: obstructive azoospermia (normal spermatogenesis), maturation
arrest (complete arrest of spermatogenesis at the stage of primary sperm-
atocyte), focal spermatogenesis (some seminiferous tubules with complete
spermatogenesis and some tubules deprived of germ cells) and Sertoli cell
only (absence of germs cells in all tubules).

RT-PCR

Total RNA from 95 testis biopsies with different pathologies was extracted
using the GeneElute™ Mammalian Total RNA Kit (Sigma, MO, USA) fol-
lowing the instructions of the manufacturer. Single-stranded cDNA from
RNA samples of each tissue was synthesized using the Revert Aid™ First-
strand cDNA Synthesis kit (Fermentas, Burlington, Canada). Forward and
reverse oligonucleotide primers were designed using the DNA sequences
obtained from the PATE-like sequences and were chosen such that they
always spanned an intron (Soler-Garcid et al., 2005; Levitin et al., 2008).
PCR amplification of PATE-like DNA was performed using FAST start
enzyme (Roche, Heidelberg, Germany). Whenever no mRNA was
detected, the result was reconfirmed by repeating the PCR two more
times. All the samples were tested for the expression of B-actin, a
control for the RNA isolation, one or more germ cell markers (RBMI,
DAZ, CDY2 or BOULE) and spermatid markers (CDY| transcripts;
Kleiman et al., 2001, 201 ). As the same PCR product size was obtained
for cDNA and genomic DNA with S-actin primers, RNA samples were
tested in each case with and without the reverse transcriptase step in
order to detect any genomic DNA contamination.

Primary polyclonal Abs

SOL-1 polyclonal Abs (pAbs) raised in rabbit, produced in Dr Pastan’s la-
boratory in the National Institutes of Health, MD, USA, were used to
detect the presence of PATE protein. The SOL-1 pAbs were obtained
by immunizing rabbits with bacterial full-length recombinant PATE
protein (rPATE) that had undergone renaturation and refolding as previ-
ously described (Soler-Garcia et al., 2005). Rabbits were primary immu-
nized with rPATE protein in complete Freund’s adjuvant followed by
three booster injections of rPATE protein in incomplete Freund’s adjuvant.
This anti-PATE antisera could detect as little as 50 pg of PATE protein in
western blot analysis. The rabbit and mouse pAbs against PATE-B and
PATE-M, respectively, were produced in Dr Wreschner’s laboratory in
Tel-Aviv  University, Israel. Anti-PATE-B pAbs were prepared by
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immunizing rabbits with recombinant whole PATE-B protein, synthesized
in and secreted by human embryonic kidney cells (HK293) that had
been stably transfected with a eukaryotic expression vector comprising
DNA coding for the fusion protein PATE-B-hFc. The secreted PATE-B-hFc
fusion protein was then purified from the spent medium of these cells by
affinity chromatography on protein-sepharose and used to immunize the
rabbits by means of an immunization protocol similar to that described
above for the PATE protein. Analysis of the obtained polyclonal
anti-PATE-B antisera showed recognition of the PATE-B protein down
to a dilution of at least 1:3000. For the generation of anti-PATE-M poly-
clonal Abs, mice were immunized (as above) with recombinant bacterial
human PATE-M protein. This PATE-M protein comprises sequences
coded by exon | and exon 3 and is designated PATE-M small (Levitin
et al., 2008). Analysis of the obtained Abs showed recognition and speci-
ficity for both the complete human PATE-M protein (exons |, 2 and 3) and
PATE-M small, down to a 32 000-fold dilution of the anti-sera. Affinity-
purified anti-PATE-M Abs were used for some experiments, which were
obtained by the passage of the polyclonal anti-PATE-M antisera through
an Affigel-10 (BioRad) column to which human PATE-M-hFc fusion
protein had been covalently linked.

Immunofluorescent staining of ejaculated
sperm cells and testicular biopsies

Ejaculated fresh or frozen human sperm cells were isolated by the Isolate
kit (Irvine Scientific) followed by centrifugation for |5 min at 400g. The
sperm cells were diluted in PBS and centrifuged for 10 min at 400g to
discard seminal plasma, and resuspended in PBS. This step was performed
three times. For the investigation of sperm cells from ejaculates, |5-pl
smears containing ~200 000 cells were made on a clean slide and left
to dry for 10 min. Examination of cells from testicular biopsies involved
a wet cytological smear of the biopsy sample which was carried out as
follows. Testicular tissue was shredded and the released cells were
washed and suspended in sucrose (0.1-M BDH, Dorest, UK), after
which they were spread on microscope slides layered with paraformalde-
hyde solution at pH 9.2 (Fluka, Bosch, Switzerland) and Triton X-100
(Sigma, St. Louis, MO, USA). The slides were washed twice with PBS,
the cells were fixed in 4% formaldehyde for 60 min, washed twice with
PBS and blocked for 30 min in 3% bovine serum albumin. The slides
were washed twice with PBS and incubated with 50-pl primary Ab over-
night at 4°C in a humid chamber. After incubation, the slides were washed
four times with PBS and rhodamine-conjugated secondary Ab goat anti-
rabbit immunoglobulin G Alexa Fluor 568 (Sigma; for PATE and PATE-B
primary Ab) or goat-anti-mouse (Jackson; for PATE-M primary Ab)
were applied in 50 pl (1:100 dilution) and incubated for | h at 25°C in
a humid chamber in the dark. They were then washed three times with
PBS, the sperm acrosome was stained with 6% Pisum sativum agglutinin
fluorescein isothiocyanate (PSA-FITC) and counterstained for | h at
25°C in a humid chamber in the dark. The slides were then washed
three times with PBS and once with distilled water and left to air dry.
4 ,6-Diamidino-2-phenylindole (DAPI; 16 wl) supplemented with anti-
fading reagent (Vysis, Inc., IL, USA) was applied for nucleus staining and
a coverslip was placed on the sperm smear and left overnight at 4°C,
after which the samples were observed with a fluorescent microscope.
At least 600 sperm cells were counted in each specimen.

A dual staining of sperm cells was performed as described above to de-
termine the presence and localization of PATE-like proteins in capacitated,
acrosome-intact and acrosome-reacted sperm cells. Fresh ejaculate was
divided into three portions. The first tube contained untreated ejaculated
sperm cells 30 min after ejaculation (0 h), the second tube contained
sperm cells incubated for 4 h in HTF containing 3% HSA (capacitating
treatment labeled ‘4 h no ionophore’) and the third tube contained

sperm cells incubated for 3 h in HTF medium with 3% HSA followed by
I 'hin 5 wM A23187 calcium ionophore (Sigma) in HTF at 37°C (labeled
‘4 h ionophore-treated’). Each test was performed independently in dupli-
cate in the samples from three different donors, and at least 600 sperm
cells were counted on each slide.

When testicular biopsies were used, 5 um sections of paraffin-
embedded testicular tissue were mounted on slides, deparaffinized
and heated to induce antigen retrieval at a controlled temperature in a
microwave processor in |0-mM citrate buffer, pH 6, for 5 min at 97°C.
The slides were immunostained using the above-mentioned sperm
immunostaining protocol.

Immunohistochemistry

Immunohistochemical staining of PATE-like proteins was performed on 24
biopsies using a three-step indirect process. Sections of paraffin-embedded
testicular biopsies fixed in Bouin’s solution were processed by the
labeled-(strept) avidin—biotin peroxidase complex method. The pAbs
against PATE and PATE-M were used as primary Abs. Immunohistochem-
istry was performed using the Histostain Plus Broad Spectrum kit (Invitro-
gen, CA, USA). This kit uses biotinylated secondary Abs to locate the
bound primary Ab, followed by the binding of streptavidin horse-radish
peroxidase conjugate. The complex is visualized with hydrogen peroxidase
substrate and 3,30-diaminobenzidine (DAB) tetrahydrochloride chromo-
gen, which produces a dark brown precipitate that is readily detected
by light microscopy. The sections were counterstained with Mayer’s
hematoxylin, dehydrated and mounted for microscopic examination.

Human hemizona assay

Unfertilized oocytes from failed IVF procedures were rinsed three times in
the control medium, and then cut using Leitz micromanipulators. The
matching hemizonae were separately co-incubated (4 h, 37°C) in 50-pl
droplets containing spermatozoa derived from samples preincubated in
1:50 or 1:200 dilutions of Abs against PATE. One control included the
sibling hemizona which was incubated with untreated sperm cells, and
this represented a score of 100% to which all the other treatments
were compared. The other control included sperm cells that were incu-
bated with 1:50 and 1:200 dilutions of pre-immune rabbit serum. Four
zona pellucidas were bisected and incubated with the pre-immune
rabbit serum as well as with the untreated sperm cells. After the
co-incubation period, the hemizonae were vigorously pipetted to dislodge
loosely attached sperm cells. The number of the tightly bound sperm cells
was counted twice using a phase contrast microscope (Gamzu et dl.,
1994). The results are given as a hemizona index (HZI) of treated
sperm attached to the hemizona divided by the number of untreated
sperm bound to the sibling hemizona (expressed as percentage + SD).

Zona-free HEPT

The sperm penetration assay, or zona-free hamster oocyte penetration
assay, measures the ability of sperm to undergo capacitation, acrosome re-
action, fusion—penetration through the oolemma, and decondensation
within the cytoplasm of an oocyte (Samplaski et al., 2010). The effect of
Abs against PATE on sperm/oocyte fusion was evaluated by HEPT as pre-
viously described (Samuel et al., 1987). Briefly, fresh human semen
obtained from known fertile donors was mixed with an equal volume of
TEST yolk buffer (Irvine Scientific), incubated for 10 min at 37°C, cooled
at room temperature and transferred overnight to 4°C. Sperm sedimenta-
tion took place during 22 h in vertical tubes and the clear supernatant
was then discarded. Sedimented sperm cells were washed and resuspended
in Biggers Whitten Whittingham (BWW) medium. Abs against PATE were
added to tubes containing sperm at 1:20 and |:100 dilutions. Another tube
containing sperm without Ab was used as a control. The BWW medium
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(100 wl) was carefully added to each tube, and all tubes were incubated at
37°C at an angle of ~30° for ~ 1.5 h to allow the sperm to swim-up. The
upper 100 wl were collected from each tube, washed with BWW and resus-
pended, giving a final suspension of 5 million motile spermatozoa per ml
(according to the WHO criteria, 2010). Standard procedures were utilized
for the recruitment of hamster oocytes. Between 20 and 25 freshly prepared
zona-free eggs were added to each drop of 100 ! sperm cells. The drops
were covered with paraffin oil and incubated under identical conditions for
an additional 2 h. The eggs were collected, washed three times in drops of
BWW and mounted on slides. The eggs were flattened and fixed with 2—
5% glutaraldehyde for | min, ethyl alcohol 95% for | min and stained with
acetolacmoid stain [0.5% Lacmoid stain (Sigma) in 45% acetic acid] for
| min. They were then examined under a phase contrast microscope. A
swelling sperm head was the criteria for fertilization. The number of attached
sperm cells and the number of swollen sperm heads in each egg were
counted. The percentage of ova penetrated by spermatozoa (penetration
rate, PR) and the number of sperm penetrations per oocyte (penetration
index, Pl) were recorded.

Statistical analysis

Data are expressed as mean + SD. The different groups of HZA were
compared by the paired sample t-test. In the HEPT, the PR was compared
by the Pearson x? test followed by the Fisher's exact test. The comparison
between different groups of Pl and attachment was evaluated by the non-
parametric Kruskal—Wallis test followed by the Mann—Whitney test. A P
value <0.05 was considered as significant. All statistics were performed at
the Statistical Department of Tel Aviv University using SPSS version 15.0
software package.

Results

RNA expression of PATE-like genes in
testicular biopsies

The histological classification of the testicular biopsies was reinforced
by the assessment of expressed germ cell-specific markers (RBMI,
DAZ, CDY2, BOULE and CDY). Biopsies with Sertoli cells only did
not express any of these markers. PATE and PATE-M were expressed
almost exclusively in biopsies with germ cells, as mMRNA was present in
only a few biopsies containing Sertoli-only cells. Weak expression of
PATE-B (a pale band in RT—PCR) was detected in a few biopsies
with normal spermatogenesis (two of six samples) even after testing
with three different sets of primers and increasing the number of
cycles to 40 (Table I).

Expression and localization of PATE-like
proteins in testicular tissue

Twenty-four biopsies underwent immunohistochemistry and immuno-
fluorescence staining tests with available Abs for PATE, PATE-M and
PATE-B proteins. Ten of them were defined as obstructive azoosper-
mia, three as maturation arrest, seven as focal spermatogenesis and
four as Sertoli cell-only azoospermia. Similar to the RNA results,
PATE and PATE-M proteins were detected in germ cells during sperm-
atogenesis but not in somatic cells (Sertoli cells). These proteins were
immunohistochemically detected in the cytoplasm of spermatogonia
and spermatocytes, as well as in all stages of spermatid cells (Fig. ).
Immunofluorescence staining of PATE and PATE-M proteins revealed
cytoplasmic staining in circles around the nucleus in most cells and
staining in the spermatid cells (data not shown). Low background
staining was demonstrated when the biopsies were analyzed for auto-
fluorescence when only a secondary Ab was used.

PATE-B protein could not be detected with the rabbit anti-PATE-B
antisera in the paraffin-embedded biopsies by immunohistochemistry
(Fig. 1) or by immunofluorescence staining methods (data not
shown). This suggests that the PATE-B protein is either not present
in testis or that it is present at very low levels in testicular cells. This
finding correlates well with our findings of PATE-B expression as ana-
lyzed by RT—PCR in 23 biopsies derived from testicular samples that
showed focal spermatogenesis. None of these samples demonstrated
the presence of PATE-B mRNA by RT—PCR, whereas PATE and
PATE-M mRNA was detected in ~75% of such cases (Table I). Fur-
thermore, the anti-PATE-B rabbit antisera was used at a concentration
(sera dilution of 1:100) 25-fold higher than that used for anti-PATE
sera to detect the PATE protein (sera dilution 1:2500). The absence
of any staining at this high concentration of the anti-PATE-B antisera
additionally serves as a convenient control for the specificity of the
anti-PATE antisera that readily detects the PATE protein in all the
germ cells.

Expression and localization of PATE-like
proteins in testicular cytology

Immunofluorescence staining was performed on isolated cells from
three testicular biopsies (taken during TESE procedures in obstructive

azoospermic men). The staining pattern (Fig. 2) was similar in the
three patients analyzed. This test confirmed previous results that

Table | Detection of mMRNA for the prostate and testis expression (PATE)-like genes by RT-PCR in 95 human testicular

biopsies, categorized according to histological pattern.

Gene Pathology
. obstructwe (norma|) ....................................
(n=17,%) (n=36,%)
PATE 100 78
PATE-M 100 72
*PATE-B 33° 0*

Focal spermatogenesis

Maturation Sertoli cell only

arrest (n = 8, %) (n = 34,%)
100 3
100 9
Not tested 0*

The percentage of biopsies expressing the PATE-like genes was calculated for each category.

n, number of specimens.
*Tested in 6 obstructive, 23 focal spermatogenesis and 2 Sertoli cell-only specimens.
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Figure | Immunohistochemistry staining of prostate and testis expression (PATE) and PATE-M proteins in paraffin-embedded human testicular
biopsy. DAB staining generated a brown color at the position of the Ab. (A—D) and (F) Testicular section of obstructive azoospermia with complete
spermatogenesis, magnification of x400. (A) Control for immunostaining without any primary rabbit Ab. (B) Control with pre-immune rabbit serum
as primary Ab. Similar results were observed with pre-immune mouse serum (not shown). (C) Anti-PATE-B staining of a testicular section showing the
absence of expression of the PATE-B protein. (D) Anti-PATE detected PATE protein in all stages of spermatogenesis. Note that Sertoli cells (SC) are
uniformly negative for the PATE protein. (E) Staining of a testicular section of a focal spermatogenesis sample with anti-PATE antibodies showing the
expression of PATE protein in the cytoplasm of spermatogonia (SPG) and spermatocytes (SPC) and in all stages of spermatids (SPD) but not in tubules
containing only SC (asterisk at bottom left of E), magnification of x200. (F) Anti-PATE-M staining showing the expression of PATE-M protein in the
cytoplasm of SPG and SPC and in SPD but not in SC. (G) and (H) indicate the square insets of (D and E).

localized the PATE and PATE-M proteins to the cytoplasm of sperma-
tocytes and verified the specific localization of these proteins in differ-
ent stages of spermatid cell development. When considering all cells (a
total of 600—1000 cells) present in the examined fields, the percent-
age of stained cells was 85, 50 and 2% for PATE, PATE-M and PATE-B
proteins, respectively. After the preparation, the majority of cells
observed in these fields are germ cells and some are Sertoli cells.
Nevertheless, it is difficult to identify all the different kinds of germ
cells that are present. The PATE and PATE-M proteins were
present in all steps of spermatid cell development, i.e. in the cytoplasm
and around the region later destined to be the acrosome, in the early
stages, and in a band-like pattern around the acrosome in the later
stages. This localization of the PATE-M protein to the cytoplasm cor-
related with the immunohistochemical analyses (Fig. ), that also
showed the protein to be present solely in the cytoplasm of the
cell. As whole cell mounts were used for these analyses (Fig. 2), the
cytoplasmic contents of the cell encompass the nucleus of the cell,

giving the impression of nuclear-localized PATE-M protein.
However, our extensive investigations using many different focal
planes supported cytoplasmic, and not nuclear, localization of all the
PATE-like proteins. Entire Sertoli cells could not be detected using
this technique: Sertoli cell nuclei were observed only in slides
stained for PATE-M protein and, as expected, no expression of this
protein was detected. Only a few testicular cells (2% stained cells)
of the specimens expressed PATE-B protein. In such cells PATE-B
protein was observed in the cytoplasm of spermatocytes and

around the acrosome of the spermatids.

Localization of PATE-like proteins on
ejaculated sperm cells
PATE-like proteins were immunostained to confirm that the PATE

protein is associated with human sperm as well as to determine its lo-
cation on sperm. PATE and PATE-M proteins were localized in a band-
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Figure 2 PATE, PATE-B and PATE-M proteins localization in germ cells isolated from human testicular tissue. PATE proteins were stained with
rhodamine-conjugated secondary Ab (red), the acrosome with Pisum sativum agglutinin fluorescein isothiocyanate (PSA—FITC, green) and the
nucleus with 4’,6-diamidino-2-phenylindole DAPI (blue). The percentage of stain cells was 85, 50 and 2% for PATE, PATE-M and PATE-B proteins,
respectively. Staining of PATE and PATE M proteins was detected in the cytoplasm of spermatocytes and spermatids and around the acrosome in
different stages of spermatids. PATE-B protein was observed in the cytoplasm of spermatocytes and around the acrosome of the spermatids. Mag-

nification x 1000.

like pattern lying in the equatorial segment of the sperm head, and
PATE-B proteins appeared in a band-like pattern in the post-
acrosomal region of the sperm head (Fig. 3). Only second Ab was
used as a negative control. PATE, PATE-B and PATE-M proteins
were detected in 90, 80 and 50% of the counted sperm cells, respect-
ively. A dual staining of acrosomal cap (PSA-FITC) and PATE-like pro-
teins (rhodamine-conjugated secondary Ab) enabled us to further
identify the specific localization of the PATE-like proteins in the acro-
some intact (Al) and acrosome-reacted (AR) sperm cells (Fig. 3). It
should be noted that induction of the acrosome reaction does not
result in the complete simultaneous removal of the acrosome from
all such treated sperm cells, and that some cells display intermediate
PSA-FITC levels. Sperm cells showing more than two-thirds of the acro-
some without fluorescence or with a fluorescing band at the equatorial
segment were considered to be AR (Risopatron et al., 2001). A band-
like pattern was detected at the equatorial zone for the PATE and
PATE-M proteins in both the AR and the Al sperm cells, whereas
this pattern was seen at the post-acrosomal region for the PATE-B
protein. The number of sperm cells stained at the equatorial zone
(PATE and PATE-M) and at the post-acrosomal region (PATE-B) was
counted in AR and in Al sperm cells. The same staining pattern was
detected in both Al and AR sperm cells, for all three PATE-like proteins
tested. The of PATE-
like genes and proteins in testis and ejaculate are summarized in Table II.

expression and localization patterns

PATE was chosen for further study in sperm—zona binding and
sperm—oolemma binding tests because it was the most widely
expressed among the PATE-like genes in germ cells and spermatozoa
and because sufficient amount of Ab was available.

Polyclonal Ab against the PATE protein and
sperm-zona binding in the HZA

The role of the PATE protein during fertilization was assessed by an
HZA. The test was repeated independently three times with three dif-
ferent donors and was performed in duplicate or triplicate (I8
oocytes). The average HZ| was 89.6 + 10% in sperm treated with a
[:50 dilution of pAb against PATE, and 87 + 36% in sperm treated
with a 1:200 dilution of the same Ab. Sperm cells incubated with
the pre-immune rabbit serum showed an average HZI of 128 +
53% of zona pellucida binding ability compared with the untreated
sperm cells. As such, there were no significant differences between
the treated sperm cells and either the control untreated sperm cells
or the pre-immune rabbit serum-treated sperm cells, and between
the Ab diluted 1:50- and 1:200-treated sperm cells. Furthermore,
these experiments were repeated with an additional 20 oocytes
using dilutions of anti-PATE pAb ranging from 1:10 to 1:800. These
experiments showed no effect on the binding of sperm cells to the
hemizona, even at the very highest concentration of pAb (I:10).
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Figure 3 Expression and localization of PATE, PATE-B, PATE-M on acrosome intact (Al) and acrosome-reacted (AR)-ejaculated human sperm cells.
Sperm cells were incubated with polyclonal antibodies directed against each PATE-like protein and with PSA-FITC (green color) for acrosome staining.
Antibodies that bound the PATE-like proteins were detected with rhodamine-conjugated secondary Ab (red). The acrosome was considered to be
intact when the anterior half of the head of a sperm cell was fluorescent bright green. Relevant negative controls (pre-immune sera) for the rabbit
anti-sera and mouse anti-sera are shown. A band-like pattern was detected in the equatorial zone for PATE and PATE-M and at the post-acrosomal
region for PATE-B, in AR and in the Al sperm cells. No similar staining of PATE-like proteins was seen in the control cells, and only a non-specific
smear was occasionally seen in the heads of control sperm cells. Magnification x 1000.

This clearly demonstrates that there is no effect of the Ab on the
sperm-cell binding ability.

The sperm were incubated with various dilutions of pAb against PATE.
The percentage of hamster oolemma which were penetrated by
spermatozoa (PR) and the average number of sperm penetrations
per oolemma (Pl) were measured. While the sperm PR was 95.6%
without pAb, the rates decreased significantly (Pearson x? P <
0.001) and in a dose-dependent fashion after prior incubation of
sperm with pAb against PATE (1:100 = 87.5%; 1:20, 32.1%). The PI
also decreased significantly (Kruskal—Wallis test, P < 0.001) following
incubation of sperm with pAb against PATE (without Ab 7.3 + 3.9; Ab
dilution of 1:100, 4 + 3.5; Ab dilution of 1:20, 0.6 + 1.2). The average
number (+ SD) of sperm cells attached per oolemma did not differ
significantly between the control and the pAb-treated groups

[without Ab 37.4 + 36.4 (n=23); 1:100, 46.8 & 32.1 (n=8]; 1:20,
454 4 36.1 (n=28)].

Discussion

Resolving the molecular basis of sperm—egg interaction is of immense
strategic importance to the development of novel methods for fertility
regulation and for the diagnosis of human infertility. As part of the
global joint effort to understand this interaction, we focused our atten-
tion on the novel PATE-like family (Levitin et al., 2008). One member
of this family, the PATE protein, is localized in sperm cells and, as such,
may be involved in sperm—oocyte interaction. In the present study,
we report that the PATE and PATE-M genes were expressed in tes-
ticular germ cells and PATE-B gene was expressed rarely and at
much lower levels. The respective proteins were present in the
head of ejaculated spermatozoa. PATE and PATE-M were localized
to the equatorial segment and PATE-B to the post-acrosomal region
of ejaculated spermatozoa and this localization did not change follow-
ing the acrosome reaction. Moreover, the PATE protein appeared to
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Table Il Summary of gene expression and protein
localization of the PATE-like family in human testis.

Gene RNA Protein Protein
expression localization in localization in
in testis testicular germ ejaculated
cells (% of sperm cells (% of
stained stained sperm
testicular cells) cells)
PATE In germ cells Cytoplasm of Equatorial segment
spermatogonia and  (90%)
spermatocyte.

Equatorial segment
of spermatids (85%)

Cytoplasm of Equatorial segment
spermatogonia and  (50%)
spermatocyte.

Equatorial segment

of spermatids (50%)

Cytoplasm of
spermatocytes.
Equatorial segment
of spermatids (2%)

PATE-M  In germ cells

PATE-B Post-acrosomal

segment (80%)

Present in only
a few biopsies

be involved in sperm—oolemma fusion but not in earlier steps of fer-
tilization, such as sperm—zona pellucida binding, acrosome reaction
and sperm—oolemma attachment.

PATE mRNA was reportedly expressed in tissues of the male
genital tract, including the prostate, testis, epididymis and seminal
vesicle (Soler-Garcia et al., 2005). In the present study, the expression
of the PATE and PATE-M genes was detected in only a few biopsies that
were deprived of germ cells, and contained only somatic cells (Sertoli
cell only; Table I). The exceptions (e.g. | of the 34 samples categor-
ized as Sertoli cell only for PATE, and 3 samples for PATE-M) in
gene expression could have resulted from the non-homogenous distri-
bution of germ cells in human testis, such that one small biopsy could
be depleted of germ cells while another biopsy from the same testis
may contain a few germ cells (Silber et al., 1997). The absence of
PATE mRNAs in some specimens with focal spermatogenesis may
be attributed to the same reason. The absence of germ cell-specific
markers (RBMI, DAZ, CDY2, BOULE and CDY) in Sertoli-cell-only
biopsies and their presence in focal spermatogenesis biopsies re-
inforce the histological classification and minimize any possible mis-
classification. Such seldom occurring atypical expression had been
observed previously with some testicular genes (Kleiman et dl.,
2007, 2011). Assessment of the level of expression by quantitative
RT—PCR may have clarified if the expression of PATE-M observed
in the three Sertoli cell-only specimens was caused by very low
levels of transcript. Low levels, close to the basal level, of expression
are seldom detected by regular RT—PCR (Kleiman et al., 201 1).

In agreement with the very low expression of PATE-B previously
observed in testis by northern blot and RT—PCR (Levitin et al.,
2008), PATE-B gene was barely detected by RT—PCR in 2 of the 6 bi-
opsies with normal spermatogenesis and in none of the 23 with hypos-
permatogenesis. In accordance with this, PATE-B protein was
detected only in very few testicular germ cells (Table II).

In situ hybridization of PATE mRNA in testis indicated its predom-
inant expression in the spermatogonia, leading to the hypothesis that
the PATE protein may be involved in spermatogenesis, in addition to
its association with sperm cells (Soler-Garcid et al., 2005). Our current
histological and cytological studies demonstrated that PATE and
PATE-M proteins are chiefly expressed in germ cells and localized
the proteins in the cytoplasm of spermatogonia, spermatocytes and
spermatids, as well as in a band-like pattern around the forming acro-
some in all stages of spermatids and sperm cells (Figs. | and 2). The
expression of these proteins in all stages of germ cell development
is suggestive of their possible general function during spermatogenesis.
However, PATE-B protein was detected only in sporadic germ cells
by cytological immunofluorescence studies on testes but not in
paraffin-embedded sections, probably owing to its low level of
expression in testes (almost undetectable by RT—PCR) and the
lower sensitivity of immunohistochemistry method in comparison to
immunofluorescence.

In ejaculated sperm cells, PATE and PATE-M proteins are present in
the equatorial segment, while PATE-B is present in the post-acrosomal
region of the sperm head. The discrepancy between the subcellular
localization of PATE/PATE-M and PATE-B suggests that these highly
homologous proteins may have different functions in sperm cells.
The localization of PATE-B was originally reported as being in the
acrosome (Levitin et al., 2008). Our studies repeatedly observed post-
acrosomal localization in 80% of the sperm cells, and not in the acro-
some, counted in three different normozoospermic men. Its low level
in testes in contrast with the high percentage of ejaculated sperm cells
containing PATE-B protein suggest that it might be secreted by sexual
accessory tissues into the semen fluid where it becomes associated
with sperm cells in a similar manner as proposed for the PATE
protein (Soler-Garciad et al., 2005). Both proteins are secreted from
transfected cells into the medium (Soler-Garcia et al., 2005; Levitin
et al., 2008). Interestingly, it has been shown that PATE-B up-regulates
the activity of homomeric nAChR7 (nicotinic acetylcholine receptor 7),
which is also present in the posterior post-acrosomal region of sperm
cells (Kumar and Meizel, 2005; Levitin et al., 2008).

For successful fertilization, the sperm cell undergoes a complex
series of steps. It undergoes capacitation, penetrates the cumulus,
binds to the zona pellucida, acrosome reacts, penetrates the zona,
attaches to the oolemma, undergoes gamete membrane fusion, pene-
trates the ooplasm and participates in activation of the oocyte (Yana-
gimachi, 1994; Stein et al., 2004; Rubinstein et al., 2006).

The role of PATE-B protein localized in the post-acrosomal region is
unknown at present. Proteins that are localized to the post-acrosomal
region could have a role in oocyte activation (Sutovsky et al., 2003),
therefore it would be interesting to investigate the involvement of
PATE-B in fertilization.

PATE is a sperm-associated secreted protein detected by immuno-
fluorescence in a band-like pattern to the equatorial segment of the
sperm head (Soler-Garcid et al., 2005 and Fig. 3 of the present
study). Due to the fact that proteins that are localized to the sperm
equatorial segment are known to have a role during fertilization
(Evans et al., 1997; Hamatani et al., 2000; Wolkowicz et al., 2008),
the PATE protein became a candidate for being involved in fertiliza-
tion. As expected from its equatorial segment localization on the
sperm cell, binding and acrosome reaction assays failed to indicate
any involvement of PATE protein in sperm—zona pellucida binding.
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Indeed, these tests were performed based on the gene and protein
similarity between PATE and SP-10, which localizes to the acrosome
and equatorial segment of the sperm head, and based on the
various reports regarding SP-10 involvement in zona pellucida
binding and oolema fusion steps (Foster et al., 1994; Coonrod et dl.,
1996; Hamatani et al., 2000).

Pre-incubation of sperm cells with an Ab against the PATE protein
significantly decreased the average number of sperm cell penetrations
per oolemma but had no influence on the number of sperm cells
that attached to the oolemma. This may imply that different sets of
proteins are involved in the processes of attachment and fusion—
penetration, and that the PATE protein may participate only in the
fusion —penetration step of fertilization. It should be noted that our
results indicating the participation of PATE protein in the process of
sperm—oolemma fusion—penetration were obtained with polyclonal
antisera directed against the rPATE. These intriguing initial findings
obviously need to be examined in more extensive investigations
with appropriate negative controls, such as pre-immune sera and
the inclusion of soluble competing PATE protein in the assay, as
well as the use of highly purified anti-PATE Ab generated by affinity
purification procedures.

Analysis of the PATE protein amino acid sequence provided
support for its involvement in the sperm—oolemma fusion and pene-
tration steps. The predicted |27 amino acid sequence analysis showed
that PATE is a cysteine-rich protein with a secretory phospholipase A2
(sPLA;) motif at the carboxyl terminus (Bera et al., 2002; Soler-Garcia
et al., 2005). The sPLA; motif is found in a group of enzymes with a
conserved catalytic site and Ca”>"-binding loop that catalyzes the
release of fatty acids and lysophospholipids from glycerophospholipids
in the presence of Ca*™ (Masuda et al., 2004). The presence of the
phospholipase motif and the low molecular weight of the PATE
protein suggest that it could exhibit phospholipase activity (Bera
et al., 2002). Masuda et al (2004) evaluated the localization of sPLA,
in the somatic and germ cells of the testis, in the epididymis, vas def-
erens, seminal vesicles and prostate of mouse male reproductive
organs. Possible functions of sPLA; in mammalian male reproductive
organs include (i) production of lipid mediators (Masuda et dl.,
2004), (i) regulation of spermatogenesis (Masuda et al., 2004),
(iii) regulation of sperm functions, including the acrosome reaction
and fertilization (Fleming and Yanagimachi, 1984; Riffo and Parraga,
[996) and (iv) defense against micro-organisms invading these
tissues (Buckland et al., 2000). The phospholipase activity may be an
important property of the PATE protein, given that mammalian
sperm undergo extensive plasma membrane remodeling during matur-
ation in the epididymal duct (Christova et al., 2002), and thus may be
involved in both maturation and function of germ cells. Riffo and
Parraga (1997) localized PLA; on the anterior tip of the human
sperm head and demonstrated through HEPT experiments that Abs
against PLA, inhibit sperm—oolemma fusion but not sperm-—
oolemma attachment (as was proposed in the present paper for the
functional role of PATE). An additional phospholipase, predominantly
localized to the equatorial region of the sperm, was suggested to be
involved in oocyte activation (Young et al., 2009).

The functional role of PATE in sperm—egg interaction is further in-
ferred from characterization of the molecular sequence. Both PATE
and SP-10 amino acid sequences contain a recognizable TFP/Ly-6/
uPAR family motif (Ploug and Ellis, 1994). This family is serologically

and structurally related to cell surface proteins, which are anchored
to the plasma membrane through a C-terminal glycosyl-
phosphatidylinositol (GPI) attachment (McKenzie et al., 1977). They
are also related to the protein family members that contain the
TFP/Ly-6/uPAR domain but do not comprise a GPI anchor, and
are thus likely to be secreted from the cell. The TFP/Ly-6/uPAR
family includes complement-binding regulatory protein CD59 (Wang
et al, 1995), urokinase-type plasminogen activator (Ohkura et dl.,
1994) and snake venom postsynaptic neurotoxin (Tsetlin and
Hucho, 2004). As a member of the secreted TFP/Ly-6/uPAR
protein family, the PATE-like proteins participate in cell—cell
interactions.

In conclusion, the PATE protein is expressed on the equatorial
segment of human sperm and seems to participate in the steps of
sperm—oolemma fusion and penetration, as a member of a set of pro-
teins which are involved in this process. Its function during spermato-
genesis and maturation still needs to be assessed. The function of
PATE-M and PATE-B has not yet been clarified. The present study
provides further data for understanding the expression of PATE-like
genes and the localization of the proteins, together with evidence
for a function during spermatogenesis and fertilization. Further
studies are warranted to clarify the additional functions of the PATE
protein in the testis, the role of the other PATE-like proteins in sperm-
atogenesis and fertilization, and to discover their putative ligand(s) in
the oolemma.
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