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(8-9)]. Although the presence of various cell adhesion
We previously showed in a primary culture of rat molecules on the surface of spermatogenic and Sertoli

testicular cells that spermatogenic cells specifically cells has been reported [reviewed in (5-7)], the question
bind to somatic Sertoli cells and that this interaction of whether they truly participate in the functional in-
is needed for spermatogenic cells to differentiate in teraction between the two cell types is still a matter ofvitro. Adopting an expression cloning procedure, we debate. Among such molecules, b1,4 galactosyltrans-here isolated a cDNA coding for a spermatogenic cell

ferase (10) and N-cadherin (11) are strong candidatesprotein whose expression gave a cultured cell line the
as proteins responsible for Sertoli-spermatogenic cellability to bind to Sertoli cells. The protein, 243 amino
adhesion, since their antibodies inhibited the bindingacids with a putative N-terminal signal peptide and a
of the two cell types in vitro.C-terminal Cys-rich region, turned out to be the rat

Tres and Kierszenbaum observed that spermato-homologue of a testicular protein called Tpx-1 whose
genic cells specifically bound to Sertoli cells in a pri-function had yet to be determined. A polyclonal anti-
mary culture of rat testicular cells, and suggested thatbody raised against bacterially expressed Tpx-1 sig-
this interaction was important for the proliferation andnificantly inhibited the binding of spermatogenic cells
differentiation of spermatogenic cells (12). We have de-to Sertoli cells. The above results indicated that Tpx-

1 is a testicular cell adhesion molecule responsible for veloped a similar primary culture of rat testicular cells,
the specific interaction between spermatogenic and in which spermatogenic cells advance in their differen-
Sertoli cells. q 1998 Academic Press tiation in terms of the occurrence of testis-specific gene

expression (13, 14). In this culture, spermatogenic cells
are maintained in association with Sertoli cells, and
spermatogenic differentiation was abrogated when theThroughout the mammalian spermatogenic path-
two cell types were placed on the opposite side of away, differentiating spermatogenic cells remain in
permeable membrane (15). This indicated that an asso-close contact with somatic Sertoli cells [reviewed in (1,
ciation with Sertoli cells is needed for spermatogenic2)], and this has been considered to be essential for the
cells to differentiate in culture. We here intended toproliferation, differentiation and survival of spermato-
functionally clone the molecule(s) responsible for thegenic cells as well as for the cyclic function of Sertoli
specific interaction between spermatogenic and Sertolicells [reviewed in (3-5)]. It has thus been postulated
cells, making use of this primary culture system.that many important materials and signals are mutu-

ally transferred between the two cell types. However,
MATERIALS AND METHODSthe molecular basis for such an interaction remains to

be clarified. It is likely that the two cell types communi- Cell culture. Dispersed testicular cells were prepared from testes
cate with each other by direct cell-cell contact [reviewed dissected from 20-day-old Donryu rats and primary cultured at 32.5

7C in a mixture of F12 and L15 media (1:1) with 10% fetal calf serumin (5-7)] and/or via paracrine mechanisms [reviewed in
(FCS)2 and norepinephrine (1 mg/ml) as described previously (13, 14).
Jurkat Tag cells (provided by G. Crabtree), a human acute lympho-
cytic leukemia cell line expressing SV40 large T-antigen, were main-1 To whom correspondence should be addressed at Faculty of Phar-
tained in RPMI1640 medium supplemented with 10% FCS.maceutical Sciences, Kanazawa University, Takara-machi, Kana-

zawa, Ishikawa 920-0934, Japan. Fax: (81) 76-234-4480. E-mail:
nakanaka@kenroku.kanazawa-u.ac.jp.

2 Abbreviations used: AA1, autoantigen 1; AEG, acidic epididymalThe nucleotide sequence for the rat Tpx-1 cDNA has been deposited
in the DDBJ, EMBL and GenBank nucleotide sequence databases glycoprotein; CRISP, Cys-rich secretory proteins; FCS, fetal calf se-

rum; GST, glutathione S-transferase.under accession number AB009662.
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Cell adhesion assay. Testicular cells were primary cultured on Western blots. Proteins were separated on a 12% polyacrylamide
gel containing SDS and electrophoretically transferred onto a polyvi-coverslips (fÅ3 cm) for 3 days. Cultured spermatogenic cells con-

sisting mostly of spermatocytes (15) were detached from Sertoli cells nylidene difluoride membrane (Millipore, Bedford, MA). The mem-
brane was blocked with 0.2% skim dry milk and incubated with aby pipetting and spun down, and the cells (5 1 105) were added to

a monolayer of the Sertoli cells (1.51 106). After a three-hour culture, primary antibody in a buffer consisting of 10 mM Tris-HCl (pH 8),
0.15 M NaCl, and 0.5% Tween 20. The membrane was washed andthe coverslips were taken out with forceps and washed by shaking

them exactly five times in the culture medium. The number of sper- reacted with a secondary antibody conjugated with alkaline phospha-
tase. The signals were detected using the Immun-Star system (Bio-matogenic cells remaining attached to the Sertoli cells was deter-

mined under a phase-contrast microscope. Ten randomly-chosen mi- Rad Laboratories).
croscopic fields were examined, and the cell numbers are presented Immunohistochemistry. Spermatogenic cells prepared from 20-
relative to that of initially loaded spermatogenic cells taken as 100; day-old rats were fixed with 4% paraformaldehyde and 2% sucrose
i. e., the cell adhesion index. To determine the function of cloned for 15 min at room temperature, then with methanol for 1 min at
cDNA, the binding of Jurkat Tag cells expressing the DNA to Sertoli room temperature. The fixed cells were treated first with affinity-
cells was examined as described above. purified anti-Tpx-1 IgG, then with a FITC-conjugated secondary anti-

body, and examined under a confocal laser microscope.Cloning of Tpx-1 cDNA. Poly(A)-containing RNA (5 mg) prepared
from cultured spermatogenic cells was used to synthesize cDNA us- Antibodies used in this study. Mouse anti-GST monoclonal anti-
ing a commercial kit (Great Lengths cDNA Synthesis Kit; Clontech, body (B-14; Santa Cruz Biotechnology, Santa Cruz, CA); alkaline
Palo Alto, CA), and the resulting cDNA was ligated with the pcDNAI/ phosphatase-labeled anti-rabbit IgG antibody (Bio-Rad Labora-
Amp vector (Invitrogen, NV Leek, Netherlands). The cDNA library tories); alkaline phosphatase-labeled goat anti-mouse IgG antibody
consisted of 2 1 106 independent clones with insert sizes ranging (Bio-Rad Laboratories), fluorescein-conjugated goat anti-rabbit IgG
from 0.5 to 3 kbp. The library (200 mg DNA) was introduced into antibody (Immunotech, Marseilles, France).
Jurkat Tag cells (5 1 107) by electroporation using Gene Pulser (Bio-
Rad Laboratories, Hercules, CA) at 0.25 kV with a capacitance of RESULTS960 mF. The cells were cultured in RPMI1640 medium with 10% FCS
for 48 h and then subjected to a screening in the cell adhesion assay

Expression cloning of a cell adhesion molecule of sper-with Sertoli cells. The cells remaining attached to the Sertoli cells
were detached by pipetting and selected again in the same adhesion matogenic cells. When rat testicular cells were pri-
assay. Plasmid DNA was then recovered from the selected cells and mary cultured, spermatogenic cells were maintained in
amplified in E. coli TOP10F*. The DNA was introduced again into association with Sertoli cells that grew as a monolayer
Jurkat Tag cells (1 1 107), and the cells were subjected to another (Fig. 1A). In order to identify the molecule(s) responsi-round of screening. After four rounds of this screening, plasmid DNA

ble for the specific interaction between the two cellwas extracted from the selected cells and about 50 cDNA clones were
sequenced. We obtained three clones that contained reasonably long types, we first established a quantitative cell adhesion
open reading frames. The inserts of these clones were ligated with assay. Cultured spermatogenic cells were isolated and
the pHook-2 vector (Invitrogen), and the resulting DNA (40 mg) was loaded on the Sertoli cell culture, and the mixture was
introduced into Jurkat Tag cells (1 1 107) by electroporation. After left for 3 h. The culture was then washed carefully anda 48-h culture, the cells expressing the cDNA (11 105) were collected

cell adhesion indices were determined as described inusing phOx-coated magnetic beads (Capture-Tec pHook-2 kit; In-
vitrogen) and subjected to the final cell adhesion assay with Sertoli the Materials and Methods section. In this assay, sper-
cells. About 80% of the cells selected by the above procedure ex- matogenic cells were shown to bind to Sertoli cells
pressed an introduced DNA when examined with a control pHook- much more efficiently than did a cultured T-cell line,
2-lacZ DNA (data not shown). Eventually, one clone (#97) coded for Jurkat Tag (Fig. 1B).a protein possessing the desired activity.

We then aimed at cloning the molecule(s) responsible
Preparation of anti-Tpx-1 antibody. The region between nucleo- for this interaction, using an expression cloning proce-

tide positions 345 and 807 (amino acids 89-243) of clone #97 was dure which was adopted for cloning a cell adhesion
inserted into a pET-15b (Novagen, Madison, WI)-derived His-tag vec-

protein presumably involved in embryo implantationtor, and the resulting DNA was introduced into E. coli BL21. Expres-
(18). We chose the human T-cell line Jurkat Tag assion of the His-tagged Tpx-1 was induced with 1 mM isopropyl b-D-

thiogalactoside. The His-tagged Tpx-1 recovered as inclusion bodies parent cells for the following reasons; the cells grow in
were separated on a 15% polyacrylamide gel containing SDS. A por- suspension, do not bind to Sertoli cells (see Fig. 1B),
tion of the gel containing the fusion protein was excised and the and express SV40 large T-antigen that allows a plas-
protein was electroeluted using Maxyield-NP (Atto, Tokyo, Japan). mid containing the SV40 replication origin to replicateTpx-1 fused with glutathione S-transferase (GST) was similarly pre-

extrachromosomally. A cDNA library prepared frompared by inserting the region between nucleotide positions 345 and
807 into a vector (pGX-KG; Amersham Pharmacia Biotech, Tokyo, the mRNA of cultured spermatogenic cells was intro-
Japan), and E. coli BL21 was transformed with the resulting DNA. duced into Jurkat Tag cells, and the cells that acquired
The GST-Tpx-1 fusion protein (GST-Tpx-1c) was purified from E. coli, the ability to bind to Sertoli cells were selected as de-
as was the His-tagged protein. GST was purified using glutathione scribed in the Materials and Methods section. AfterSepharose (Amersham Pharmacia Biotech, Stockholm, Sweden) un-

four rounds of screening, plasmids containing theder standard procedures. Rabbits were immunized with about 0.4
mg of the purified His-tagged Tpx-1, and the antibody titer was deter- cDNA were recovered from the selected cells and se-
mined by Western blots of GST-Tpx-1c. The total IgG fraction was quenced. We obtained three cDNA clones that con-
obtained from sera by successive fractionation with ammonium sul- tained the complete coding sequences for reasonably
fate precipitation and DEAE-cellulose chromatography (16). IgG spe- large peptides. To determine whether these cDNAcific to Tpx-1 was further purified through an affinity chromatogra-

coded for proteins with the desired activity, the finalphy with His-tagged Tpx-1-conjugated Ni-NTA agarose (Qiagen, Hil-
den, Germany). cell adhesion assay was conducted. Two of the clones
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Structure of the cell adhesion protein. The cDNA
clone encoded a protein with 243 amino acids including
an N-terminal hydrophobic sequence and a Cys-rich
region at the C-terminal half (Fig. 3A). Characteristi-
cally, the Cys residues repeated five times with an in-
terval of eight amino acids near the C-terminus (Fig.
3A). The entire amino acid sequence of this protein
showed a significant similarity to that of a testicular
protein called Tpx-1 or autoantigen 1 (AA1); 85, 65,
and 68% identity with mouse, guinea pig, and human
proteins, respectively (Fig. 3B). We thus concluded that
the protein is the rat homologue of Tpx-1. Tpx-1 is a
member of the CRISP (standing for Cys-rich secretory
proteins) family of proteins, which contain the N-termi-
nal signal peptide and are rich in Cys residues at the
C-terminal half (18, 19).

Role of Tpx-1 in spermatogenic and Sertoli cell adhe-
sion. In order to assess the role of Tpx-1 in the specific
adhesion of spermatogenic cells to Sertoli cells, a poly-
clonal antibody was raised against a bacterially-ex-
pressed His-tagged Tpx-1. The specificity of the anti-
body was first examined by Western blots. E. coli pro-
teins containing a GST-Tpx-1 fusion protein were
analyzed with anti-Tpx-1 and anti-GST antibodies in
the presence and absence of corresponding antigen pro-
teins. As seen in Fig. 4A, GST-Tpx-1c of about 44 kDa
was detectable with either antibody. When the reaction
with primary antibodies was conducted in the presence
of GST-Tpx-1c or GST, the signal with anti-Tpx-1 dis-
appeared only in the presence of GST-Tpx-1c (lanes
1-3), while that with anti-GST was abolished by the
addition of either protein (lanes 4-6). These results
showed that the antibody raised against bacterially-
expressed Tpx-1 specifically recognizes the Tpx-1 pro-
tein in Western blots. The same antibody was then
examined to determine whether it reacts with native

FIG. 1. Specific binding of spermatogenic cells to Sertoli cells
in vitro. (A) A phase-contrast microscopic view of primary cultured
testicular cells of 20-day-old rats. Spermatogenic cells are main-
tained in association with Sertoli cells that grow attached to dishes.
Scale bar Å 50 mm. (B) Adhesion of spermatogenic cells and Jurkat
Tag cells to Sertoli cells. Shown are the mean and standard devia-
tions from one experiment of three with similar results.

(#78 and #97) were inserted into the pHook-2 vector,
and the resultant DNA was introduced into Jurkat Tag
cells. We were unable to ligate the insert of the third
clone with pHook-2 for an unknown reason. Cells ex-
pressing the cDNA were selected using magnetic beads,
and their ability to bind to Sertoli cells was examined.

FIG. 2. Cell adhesion assay of the cloned cDNA. Jurkat Tag cellsThe cells with clone #97 bound to Sertoli cells as effi-
expressing the pHook-2 vector alone, the cDNA clone #78, the cDNAciently as did spermatogenic cells, but those expressing
clone #97, and the control spermatogenic cells were analyzed forclone #78 or the vector alone did not (Fig. 2). These their ability to bind to Sertoli cells. Cell adhesion indices with the

results showed that clone #97 is the one that coded for mean and standard deviations from one experiment of three with
similar results are shown.a protein with the desired activity.
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FIG. 3. Structure of the protein encoded by clone #97. (A) Nucleotide and deduced amino acid sequences of the protein encoded by the
cDNA clone #97. The N-terminal hydrophobic sequence and a presumed polyadenylation signal are underlined, and the five Cys residues
appearing every nine amino acids near the C-terminus are circled. The nucleotides and amino acid residues are numbered relative to the
5*-end of the cDNA and the translation start codon, respectively. (B) Similarity in the amino acid sequence of the protein encoded by clone
#97 to mouse, guinea pig and human Tpx-1. Amino acid residues are aligned to give a maximum similarity; gaps are indicated by slashes.
Amino acid residues identical to those of the rat Tpx-1 are shown by horizontal bars, and those conserved among the four proteins are
asterisked.
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FIG. 4. Role of Tpx-1 in spermatogenic-Sertoli adhesion. (A) Western blots of a GST-Tpx-1 fusion protein. Escherichia coli proteins
containing GST-Tpx-1 were analyzed with a polyclonal antibody raised against bacterially-expressed His-tagged Tpx-1 or an anti-GST
antibody. The reaction with primary antibodies was conducted in the presence (lanes 2, 3, 5, and 6) and absence (lanes 1 and 4) of the
corresponding antigen proteins. (B) Immunohistochemical detection of Tpx-1 in spermatogenic cells. Spermatogenic cells of 20-day-old rats
were subjected to an immunofluorescence analysis with an affinity-purified anti-Tpx-1 antibody (left) and control normal rabbit IgG (right)
and examined under a confocal laser microscope. Scale bar Å 100 mm. (C) Effect of anti-Tpx-1 on adhesion between spermatogenic and
Sertoli cells. Cell adhesion assays were conducted in the presence of an anti-Tpx-1 antibody or normal rabbit IgG. The extent of cell adhesion
is shown relative to that with no added antibody. The mean and standard deviations from one experiment of three with similar results are
shown.

Tpx-1. When spermatogenic cells of 20-day-old rats and Sertoli cells. The adhesion was inhibited in a man-
ner responding to the amount of added antibody, andwere immunohistochemically analyzed with the affin-

ity-purified anti-Tpx-1 antibody, most of the cells the maximum inhibition was about 50% (Fig. 4C). The
control normal rabbit IgG showed little effect. Theseshowed signals (Fig. 4B). We then assessed the effect

of anti-Tpx-1 on the adhesion between spermatogenic results indicated that Tpx-1 is responsible, at least in
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part, for the adhesion between spermatogenic and Ser- showed that Tpx-1 functions as a cell adhesion protein
not for the sperm-egg interaction but for the associationtoli cells.
between spermatogenic and Sertoli cells.

Sertoli cells appear to functionally interact with sper-DISCUSSION
matogenic cells in a fashion different from that focused
on in this study; that is, they play a central role in theA number of cell adhesion proteins such as cadher-

ins, Ca2/-independent cell adhesion molecules and in- exclusion of degenerating spermatogenic cells (15, 25),
and they presumably induce the apoptosis of spermato-tegrins exist in the testis, seemingly on the surface of

both spermatogenic and Sertoli cells (5-7). Although genic cells via the Fas/Fas-ligand system (26). It is nec-
essary to clarify the molecular basis underlying suchsuch proteins are likely candidates responsible for the

specific contact between these two cell types, no direct interactions for a deeper understanding of the mamma-
lian spermatogenic pathway.evidence of this has been presented. We attempted in

this study to isolate the cDNA for the molecule(s) that
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