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in testicular germ cells or somatic cells, are essential
TESK1 (testis-specific protein kinase 1) is a serine/ for male germ cell differentiation (6). However, little

threonine kinase, with a unique structure composed of is known about molecular mechanisms which control
an N-terminal protein kinase domain and a C-terminal spermatogenesis.
proline-rich domain. Northern blot analysis revealed We earlier identified rat and human cDNA clonesthat TESK1 mRNA is predominantly expressed in tes- encoding a novel protein serine/threonine kinase,ticular germ cells. We present here evidence that ex-

termed TESK1 (testis-specific protein kinase 1) (7). Thepression of TESK1 mRNA and protein in the rat testes
genomic organization and chromosomal localizationis developmentally regulated and increases after 20-22
of the mouse TESK1 gene were also elucidated (8).postnatal days. To identify cells which express TESK1
TESK1 has a unique structure composed of an N-termi-mRNA and protein during male germ cell differentia-
nal protein kinase domain and a C-terminal proline-tion, in situ hybridization and immunohistochemistry
rich domain. The kinase domain of TESK1 is phyloge-were done using frozen sections of adult rat testes.
netically related to those of LIM-kinase 1 (LIMK1) andProminent expression of TESK1 mRNA and protein
LIM-kinase 2 (LIMK2), with about 50% sequence iden-was detected in testicular germ cells at stages of late
tity (7-11). Northern blot analysis on RNAs from ratpachytene spermatocytes to round spermatids, but not

in somatic cells such as Sertoli and Leydig cells. Ex- tissues revealed that the major and relatively broad
pression of TESK1 mRNA and protein at specific stages band of TESK1 mRNA of about 3.6-kb was almost ex-
of testicular germ cells suggests a role for this kinase clusively expressed in the testis, whereas a 2.5-kb band
in spermatogenesis, particularly at stages of meiosis was faintly detectable in other tissues and cell lines
and/or early spermiogenesis. q 1998 Academic Press (7). Northern analysis also showed that TESK1 mRNA

was detected in germ cell-enriched preparations from
rat testes and in purified populations of pachytene
spermatocytes and round spermatids of mouse testes.

Spermatogenesis is a highly coordinated process con- Expression of TESK1 mRNA in mouse testes was de-
sisting of three major successively occurring events; tectable only after the 18-20th days of postnatal devel-
spermatogonial mitotic renewal and differentiation opment (7). As mouse spermatocytes begin to undergo
into spermatocytes, meiotic division of spermatocytes meiosis and to generate haploid round spermatids on
into haploid spermatids, and spermiogenesis, a mor- 18-20th postnatal days (4), the developmental expres-
phological change of spermatids into highly differenti- sion of TESK1 mRNA in the mouse testis appeared to
ated spermatozoa (1-4). These events are synchronized be consistent with the temporal appearance of round
in each seminiferous tubule and are thought to be regu- spermatids. Based on these findings, we suggested that
lated by numerous gene products which are expressed the TESK1 gene product may play a role at and/or after
at each stage of germ cell differentiation (5). Recent the meiotic stages of spermatogenesis (7).
studies on gene-disrupted mice demonstrated that var- In the present study, we examined expression pat-
ious gene products, including secretary factors, tran- terns of TESK1 mRNA and protein in the rat testis
scription factors and DNA repair enzymes, expressed during postnatal development, using Northern and

western blot analyses. We also examined types of cells
and at what stages of spermatogenesis TESK1 mRNA1 To whom correspondence should be addressed. Fax: /81-92-642- and protein are expressed, making use of in situ hybrid-2645. E-mail: kmizuscb@mbox.nc.kyushu-u.ac.jp.
ization and immunohistochemistry on frozen sectionsAbbreviations used: HRP, horseradish peroxidase; PBS, phos-

phate-buffered saline; TESK1, testis-specific protein kinase 1. of adult rat testes. It became clear that TESK1 mRNA
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also counterstained with methyl green, and the stage of germ cellsand protein are expressed in testicular germ cells at
was identified on the basis of nuclear morphology and topographicalstages of late pachytene spermatocytes to round sper-
relationships in the seminiferous tubule, as described (1).matids.

Immunohistochemistry. The frozen sections prepared as above
were rehydrated and immersed in 0.3% hydrogen peroxide in metha-

MATERIALS AND METHODS nol for 15 min to inactivate endogenous peroxidase activity. Then
the sections were blocked with PBS (pH 7.4) containing 1% bovine
serum albumin and 0.5 mg/ml goat IgG for 30 min and reacted over-Northern hybridization. Total RNA of rat testes was extracted
night with an anti-TESK1 antiserum (TK-C21). After washing withby the acid guanidine thiocyanate/phenol/chloroform method (12).
PBS containing 0.075% Brij 35, the sections were reacted for 1 hTotal RNA (10 mg each) was denatured with formaldehyde, electro-
with HRP-conjugated goat anti-rabbit IgG Fab and visualized withphoresed on 1.0% agarose gels, and transferred onto a Hybond-N
3,3 *-diaminobenzidine and hydrogen peroxide, as described above.nylon membrane. Blots were probed with 32P-labeled full-length rat

TESK1 cDNA and analyzed using a BAS1000 Bio-Image Analyzer
(Fuji Film), as described (7).

RESULTS
Immunoprecipitation and immunoblotting. Decapsulated rat tes-

ticles were homogenized in 10 volumes of RIPA buffer (50 mM Tris-
Developmental Changes in Expression of TESK1HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycho-

mRNA in the Rat Testislate, 0.1% SDS, 10 mM EDTA, 100 mM phenylmethylsulfonyl fluo-
ride, 10 mg/ml leupeptin), using a Potter-Elvehjem homogenizer.

We first examined developmental changes in expres-After centrifugation at 10,000 1 g for 20 min, supernatants were
preadsorbed with Protein A-Sepharose (40 ml of 50% slurry) for 1 h sion of TESK1 mRNA in rat testis. Total RNA was
at 47C and centrifuged. The supernatants were incubated overnight prepared from testes of prepuberal (7- to 24-day-old)
at 47C with anti-TESK1 antiserum and Protein A-Sepharose, and and sexually mature (56-day-old) rats and subjected to
centrifuged. Immunoprecipitates were washed three times with

Northern blot analysis. The two mRNA species of 3.3-RIPA buffer and used for immunoblot analysis. Immunoblot analysis
kb and 3.6-kb were detected, which differed in develop-was performed, as described (7). Rabbit anti-TESK1 antiserum (TK-

C21) was raised against the peptide corresponding to the C-terminal mental patterns of expression (Fig. 1A). The shorter
21 amino acid residues (CHRGHHAKPPTPSLQLPGARS) of rat 3.3-kb mRNA was almost continuously present
TESK1 protein. throughout 7-56th postnatal days. In contrast, the 3.6-

Haptenization of oligo-DNA probes. Oligo-DNA containing sense kb mRNA was detectable only after the 20th day of
or antisense sequence of rat TESK1 mRNA (1844-1901) or comple- postnatal development, and the level of expression
mentary sequence of rat 28S rRNA (13) with additional 3 and 2

gradually increased, the highest level being observedrepeats of adenine-thymine-thymine (ATT) at 5* and 3 * ends respec-
in adults. The expression pattern of the 3.6-kb, but nottively, was synthesized and used as the probe for in situ hybridiza-

tion. The probes were haptenized by generating thymine-thymine the 3.3-kb, TESK1 mRNA in the rat testis is similar to
(T-T) dimers by ultraviolet (UV) light irradiation, as described pre- that of TESK1 mRNA in the mouse testis previously
viously (13, 14). The optimal dose of UV irradiation for T-T dimeriza- reported (7).tion for these oligo-DNA probes was determined to be 12,000 J/m2

by dot-blot hybridization, as described (15).
Specificity of Anti-TESK1 Antiserum andIn situ hybridization. Procedures used have been described in

Developmental Changes in Expression of TESK1detail elsewhere (13, 14). Testes from adult male Wistar rats (7-8
weeks old) were cut into small pieces and fixed in 4% paraformalde- Protein in the Rat Testis
hyde in phosphate-buffered saline (PBS) (pH 7.4) for 4 h at 47C.
The tissues were then immersed in 30% sucrose containing 0.02% To determine if TESK1 mRNA is translated to pro-
diethylpyrocarbonate for 2 h at 47C, then were embedded in OCT tein in the testis, immunoblot analysis was performed,
compound (Miles) and frozen in ethanol/dry ice. The frozen sections using anti-TESK1 antiserum raised against the C-ter-
(8 mm thickness) were mounted onto silane-coated glass slides. They minal peptide of TESK1 protein. Extracts of adult ratwere baked, rehydrated and treated with 0.2 N HCl for 20 min and

testis were immunoprecipitated with an anti-TESK1proteinase K (1 mg/ml) at 377C for 10 min. After post-fixation with
4% paraformaldehyde in PBS (pH 7.4), the sections were immersed antiserum, separated on SDS-PAGE and analyzed by
in 2 mg/ml glycine, and kept in 40% formamide in 4 1 SSC (1 1 immunoblotting, using the same antibody. The one ma-
SSC: 150 mM NaCl, 15 mM sodium citrate) for 30 min. Hybridization jor immunoreactive band migrating at around 68-kDa
was performed overnight at 377C with the T-T dimerized oligo-DNA

was similar to the molecular mass (67,984 Da) pre-probe (1 mg/ml) in the hybridization solution (10 mM Tris-HCl, pH
dicted from rat TESK1 sequence (Fig. 1B, lane 1). This7.4, 600 mM NaCl, 1 mM EDTA, 40% formamide, 1 1 Denhardt’s

solution, 0.25 mg/ml yeast tRNA, 0.125 mg/ml salmon testis DNA, band was not seen when testis extracts were immuno-
10% dextran sulfate). After washing with 50% formamide in 2 1 precipitated with preimmune serum (Fig. 1B, lane 2)
SSC, 0.51 SSC, and 0.2 1 SSC, the haptenized probes were detected or with anti-TESK1 antiserum preincubated with theimmunohistochemically using horseradish peroxidase (HRP)-conju-

antigenic peptide (Fig. 1B lane 3). These results sug-gated anti-(T-T dimer) antibody (14). The sections were blocked with
gest that the 68-kDa immunoreactive band representsPBS containing 5% bovine serum albumin, 0.5 mg/ml normal mouse

IgG, 0.1 mg/ml salmon testis DNA, 0.1 mg/ml yeast tRNA and 300 the TESK1 protein endogenously expressed in the rat
mM NaCl for 1 h and reacted overnight with HRP-conjugated mouse testis and that this antiserum has specificity suitable
anti-(T-T dimer) antibody placed in the blocking solution. After wash- for immunohistochemical studies.ing with PBS containing 0.075% Brij 35, HRP sites were visualized

Using this antiserum, we examined developmentalusing 3,3 *-diaminobenzidine and hydrogen peroxide in the presence
of nickel and cobalt ions, as described (13, 14). The sections were changes in the expression of TESK1 protein (Fig. 1C).
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FIG. 1. Developmental changes of expression of TESK1 mRNA and protein in rat testis. (A) Developmental changes of TESK1 mRNA
expression in rat testes. Total RNAs (10 mg each) from rat testes on different postnatal days (D) were analyzed, using the rat TESK1 cDNA
probe, as described in ‘‘Materials and Methods’’. (B) Immunoprecipitation and immunoblotting of TESK1 protein. Total proteins (8 mg) in
extracts from 8-week-old rat testes were immunoprecipitated with anti-TESK1 antiserum (lanes 1 and 3) or preimmune serum (lane 2),
and the precipitates were run on SDS-PAGE and immunoblotted with anti-TESK1 antiserum. In lane 3, anti-TESK1 antiserum was
pretreated with excess amounts of antigenic peptide prior to immunoprecipitation. Positions of molecular weight marker proteins are
indicated on the left. IgH, immunoglobulin heavy chain. (C) Developmental changes of expression of TESK1 protein in rat testes. Homoge-
nates from rat testes on different postnatal days (containing 6.3 mg protein) were immunoprecipitated with anti-TESK1 antiserum and
analyzed by immunoblotting, as in (B).

TESK1 protein was faint in extracts of rat testes at Immunohistochemical Localization of TESK1 Protein
14th-20th postnatal days. The level of TESK1 protein in the Rat Testis
significantly increased at 22-24th postnatal days and

To determine the localization of TESK1 protein inthe highest level of expression was detected in adult
the rat testis, immunohistochemical analysis was maderat testis. The expression pattern of TESK1 protein
using TK-C21 TESK1-specific antiserum. Low-magni-during postnatal development correlated well with the
fication views of testis sections revealed the specifictotal amounts of two TESK1 mRNA isoforms.
staining of seminiferous tubules with anti-TESK1 anti-
serum, but not with preimmune serum (Figs. 3A andIn situ Localization of TESK1 mRNA in Rat Testis
3B). Variable staining intensity between tubules seems

To identify cells in which TESK1 mRNA is expressed to reflect differences in stage of seminiferous epithelial
in testis, frozen sections of adult rat testis were in situ cycle of each tubule (Fig. 3A). High-magnification views
hybridized with the T-T dimerized antisense oligo-DNA revealed that TESK1 protein is expressed in testicular
probe complementary to TESK1 mRNA and localiza- germ cells, preferentially at stages of pachytene sperm-
tion of the probe was immunohistochemically detected atocytes to round spermatids (Figs. 3C and 3D), find-
using a monoclonal antibody specific to T-T dimer. In- ings in accord with results of in situ hybridization. Lit-
tense hybridization signals were detected in testicular tle or no staining was detected in germ cells at other
germ cells at the stages of late pachytene (stages IX- stages, including spermatogonia, leptotene and zy-
XII) and diplotene (stage XIII) of meiotic prophase and gotene spermatocytes. Reactions were nil in Sertoli or
early round spermatids (stages 1-8) (Figs. 2A and 2D). Leydig cells. The expression pattern of TESK1 protein
Weak signals were also detected in early pachytene during rat spermatogenesis is included in Table 1.
spermatocytes (stages I-VIII) and spermatids at stages
9-10, but no or little signal in spermatogonia, leptotene

DISCUSSIONand zygotene spermatocytes, late spermatids, and so-
matic Sertoli and Leydig cells. When the T-T dimerized
sense oligo-DNA was used as a control probe, no posi- When examining localization of TESK1 mRNA and

protein in rat testis using in situ hybridization andtive staining was observed (Figs. 2B and 2E). The T-T
dimerized oligo-DNA complementary to 28S rRNA was immunohistochemistry, TESK1 mRNA and protein

were expressed in testicular germ cells at specificalso used as a positive reference (Figs. 2C and 2F). The
expression of TESK1 mRNA during spermatogenesis stages of spermatogenesis, particularly from the late

pachytene spermatocytes to round spermatids. No posi-is summarized in Table 1. TESK1 mRNA is predomi-
nantly expressed in testicular germ cells at stages of tive signals were seen in somatic cells such as Sertoli

and Leydig cells. The high level of expression of thepachytene spermatocytes to early spermatids.
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FIG. 2. In situ localization of TESK1 mRNA in rat testis. Frozen sections of adult rat testis were hybridized with the T-T dimerized
antisense oligo-DNA probe complementary to TESK1 mRNA (A and D), sense oligo-DNA probe as a control (B and E), or 28S rRNA
complementary probe as a positive reference (C and F). Serial sections of stages I-III (A-C) and V-VI (D-F) of seminiferous tubules are
shown. Arrowheads indicate positive cells. P, pachytene spermatocytes; RS, round spermatids. Bar, 100 mm.

TESK1 gene product in male germ cells at and after contained a 0.6-kb 3 *-untranslated region with two
polyadenylation signals (AATAAA) and a poly(A) tail,meiotic stages suggests that TESK1 protein plays an

important role in meiotic cell division and/or early sper- while the latter contained a shorter 0.3-kb 3 *-untrans-
lated region with a poly(A) tail downstream of a 5*-sidemiogenesis.

Northern blot analysis revealed two mRNA species AATAAA signal (7). Based on these observations, two
mRNA species detected in the rat testis are probablyof 3.3-kb and 3.6-kb, as expressed in the rat testes. In

an earlier study we described the relatively broad band generated by an alternative use of two polyadenylation
signals. There have been reports of plural transcriptsof TESK1 mRNA of about 3.6-kb detected in adult rat

testis (7). This broad band is probably composed of 3.6- of a single gene expressed in the testis and with distinct
temporal patterns during postnatal development (16-kb and 3.3-kb mRNA species detected in the present

study. As reported earlier (7), we isolated from a rat 21). In some cases they are known to be generated by an
alternative polyadenylation (16-18), but the moleculartestis cDNA library two types of clones containing 3.6-

kb and 3.3-kb inserts of TESK1 cDNAs; the former mechanisms remain unknown.

110

AID BBRC 9099 / 695a$$$482 07-24-98 17:32:45 bbrcg AP: BBRC



Vol. 249, No. 1, 1998 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

FIG. 3. Immunohistochemical localization of TESK1 protein in the rat testis. The frozen sections of adult rat testis were reacted with
anti-TESK1 antiserum (A, C and D) or preimmune serum (B), and visualized with HRP-conjugated goat anti-rabbit IgG. Higher magnification
of seminiferous tubules at stage VII (C) and at stage XI (D) shows expression of TESK1 protein in cells at specific stages. Arrowheads in
(A) indicate positive cells. Arrowheads in (C) and (D) indicate various cell types. L, leptotene spermatocytes; P, pachytene spermatocytes;
S, spermatids (numbers indicate their stages). Bars; 250 mm in (A) and (B), and 100 mm in (C) and (D).

In the mouse testis, the TESK1 mRNA of about 4.0- pression suggest that the stage-specific gene expression
of these genes is regulated in a similar manner, andkb was detected only after the 18-20th postnatal day

(7). Developmental expression of 3.6-kb mRNA in the the functional relationships between these kinases will
be investigated.rat testis is similar to that of TESK1 mRNA in the

mouse testis, suggesting that their expression is regu- In the 5*-flanking region of the mouse TESK1 gene,
there are several putative binding sites for transcrip-lated by a similar mechanism. On the other hand, in

contrast to the mouse testis, the low-level but discern- tion factors, as predicted by computer analysis (8).
Among them, a cAMP-response element (CRE; TGA-ible expression of 3.3-kb TESK1 mRNA was observed in

rat testis throughout the postnatal development. The CGTCA) and a Myb binding element (CCGTTTC) are
notable, because recent studies on mice lacking genesphysiological significance of the existence of 3.3-kb

mRNA only in the rat testis is unknown, but detection of the factors (CREMt and A-Myb) which can bind to
these elements revealed that they are involved in ex-of TESK1 protein at 14-18th postnatal days by immu-

noblot analysis indicates that the 3.3-kb mRNA can be pression of several testicular germ cell-specific genes
and are essential for spermatogenesis (24-26). Thetranslated to the protein product.

Several serine/threonine kinases with expression stage-specific expression of TESK1 mRNA in the testic-
ular germ cells suggests that it may possibly be regu-patterns similar to that of TESK1 have been reported,

including Mak (male germ cell-associated protein ki- lated under control of these transcription factors. In
addition we noted the CTCAGAA consensus sequencenase), Nek2 (NIMA-related kinase 2) and Ayk1 (au-

rora-family kinase 1), the expression of which was de- at or near transcription initiation sites of the testis-
specific isoforms of three genes, TESK1, calspermintected at stages of late pachytene spermatocytes to

round spermatids (15, 21-23). Similar patterns of ex- and LIMK2t, which are specifically expressed in testic-
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