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From the Dipartimento di Sanità Pubblica e Biologia Cellulare, Sezione di Anatomia, Università di Roma “Tor Vergata,”
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Okadaic acid (OA) causes meiotic progression and
chromosome condensation in cultured pachytene sper-
matocytes and an increase in maturation promoting fac-
tor (cyclin B1/cdc2 kinase) activity, as evaluated by H1
phosphorylative activity in anti-cyclin B1 immunopre-
cipitates. OA also induces a strong increase of phospho-
rylative activity toward the mitogen-activated protein
kinase substrate myelin basic protein (MBP). Immuno-
precipitation experiments with anti-extracellular sig-
nal-regulated kinase 1 (ERK1) or anti-ERK2 antibodies
followed by MBP kinase assays, and direct in-gel kinase
assays for MBP, show that p44/ERK1 but not p42/ERK2 is
stimulated in OA-treated spermatocytes. OA treatment
stimulates phosphorylation of ERK1, but not of ERK2,
on a tyrosine residue involved in activation of the en-
zyme. ERK1 immunoprecipitated from extracts of OA-
stimulated spermatocytes induces a stimulation of H1
kinase activity in extracts from control pachytene sper-
matocytes, whereas immunoprecipitated ERK2 is unef-
fective. We also show that natural G2/M transition in
spermatocytes is associated to intracellular redistribu-
tion of ERKs, and their association with microtubules
of the metaphase spindle. Preincubation of cultured
pachytene spermatocytes with PD98059 (a selective in-
hibitor of ERK-activating kinases MEK1/2) completely
blocks the ability of OA to induce chromosome conden-
sation and progression to meiotic metaphases. These
results suggest that ERK1 is specifically activated dur-
ing G2/M transition in mouse spermatocytes, that it con-
tributes to the mechanisms of maturation promoting
factor activation, and that it is essential for chromosome
condensation associated with progression to meiotic
metaphases.

Male meiosis is a process in which a dyploid spermatocyte
gives rise to four haploid round spermatids after a single round
of DNA replication followed by two subsequent cell divisions.
The homologous chromosomes are segregated in the two
daughter cells (secondary spermatocytes) during the first mei-
otic division, whereas the sister chromatids, through a process
resembling mitosis, are segregated during the second division

to generate haploid cells. The prophase of male first meiotic
division is a lengthy process which ensures the correct pairing
and the crossing over between homologous chromosomes. In
the mouse, this process lasts approximately 10 days, during
which the homologous chromosomes become partially con-
densed, anneal to each other, and are maintained in proximity
by a structure called the synaptonemal complex. After genetic
exchange (crossing over) has occurred, the synaptonemal com-
plex disappears and chromosome condensation allows the sites
of DNA exchange to become visible as chiasmata. As for mitotic
division, the nuclear envelope breaks down and microtubules
are assembled into a spindle. The chromosomes become aligned
to the equator of the meiotic spindle and the two sets of homol-
ogous chromosomes are separated during the anaphase. While
the meiotic prophase is considerably long, metaphase and an-
aphase transitions are rather short. Due to the difficulty of
isolating homogenous populations of synchronized cells, and
the length of meiosis I in spermatocytes, not much is known
about the molecular mechanisms controlling the different steps
of mammalian male meiosis (for review, see Ref. 1).

Most of the information about cell cycle regulation during
meiosis in metazoan cells has been obtained using Xenopus
laevis oocytes naturally arrested in late G2 of the first meiotic
division. Induction of G2/M progression by progesterone re-
quires the expression of the proto-oncogene mos (2–4), activa-
tion of the mitogen-activated protein kinase (MAPK)1 cascade,
and finally activation of the cyclin Bzcdc2 complex, also known
as mitosis-promoting factor, or maturation-promoting factor
(MPF, for review, see Ref. 5). Microinjection of antibodies block-
ing MAPK kinase are able to block MAPK activation triggered
by activated Mos, and to block Xenopus oocyte maturation (6)
and Mos cytostatic activity at metaphase (7). Furthermore, a
dominant negative p42 extracellular signal-regulated kinase 2
(ERK2) is able to block Mos-induced MPF activation in Xeno-
pus oocyte extracts (8). Finally, it has been reported that acti-
vation of MPF and meiotic progression by progesterone could
be bypassed by injection of constitutively active forms of
MAPKs (9–10). Although these observations strongly suggest a
role for MAPKs in meiotic progression and regulation of MPF
activity in Xenopus oocytes, the mechanism of this regulation is
still unknown. The activity of MPF is regulated at multiple
steps, such as cyclin B synthesis, phosphorylation/dephospho-
rylation events (11, 12), and nuclear export (13, 14). During G2,
the cyclin Bzcdc2 complex accumulates in the oocyte, but it is
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kept inactive through phosphorylation of Thr14 and/or Tyr15 by
the wee1 kinase(s). Inactivation of wee1 kinases and/or activa-
tion of the activating phosphatase cdc25 trigger dephosphoryl-
ation of Thr14 and Tyr15 and cause activation of MPF (11, 15).
Recently, a possible link between activation of MAPKs and
MPF has been proposed on the base of the finding that MAPK-
activated p90rsk binds to and phosphorylates the wee1 homo-
logue Myt1 (16). This phosphorylation inhibits Myt1 activity
and interferes with inhibition of MPF activity in vitro.

In the mouse oocytes, meiotic resumption is under the neg-
ative control of cAMP (1). When cAMP levels drop there is an
increase in the activity of MPF and MAPKs resulting in the
germinal vesicle breakdown and progression through the first
meiotic division. On the contrary of what has been observed in
Xenopus oocyte maturation, activity of Mos is dispensable for
the G2/M transition after prophase I in both female and male
mice (17, 18), even though Mos might participate in some
aspects of meiotic maturation in mouse oocytes (19, 20). The
oocyte proceeds to the second meiotic division and arrests at
metaphase II with the sister chromatids aligned on the spindle,
due to the concerted action of Mos and MAPKs, which, at this
stage, prevent cyclin destruction and consequent MPF inacti-
vation (5). Indeed, Mos-knock out animals showed lack of MII
arrest and high rate of parthenogenetic activation of ovulated
oocytes (17, 18).

A similar synchronization of events can be artificially repro-
duced in mouse spermatocytes by treatment with the serine/
threonine phosphatase inhibitor okadaic acid (OA) (21–23). OA
overcomes the checkpoints that normally delay the progression
of the meiotic cycle of mid- and late pachytene spermatocytes
and induces nuclear envelope breakdown and chromosome con-
densation resembling that observed during G2/M transition
after prophase I. The meiotic progression of mouse spermato-
cytes induced by OA is accompanied by an increase in H1
kinase activity, which is considered a sign of MPF activation
(22). The increase in H1 kinase activity during OA-induced
G2/M transition in mouse spermatocytes is due to a concurrent
activation of a cyclin/cdk activity detectable in precipitates
using p13suc1-conjugated agarose (23), suggesting that activa-
tion of MPF actually occurs under these experimental
conditions.

It is not known whether, in addition to MPF, Mos and
MAPKs are also required for G2/M progression during meiosis
in mouse spermatocytes. Targeted gene disruption of Mos did
not produce a clear phenotype in the male mice, and did not
result in sterile animals. However, it cannot be ruled out that,
in the absence of Mos, redundant mechanisms of MAPK acti-
vation, e.g. via Raf-1 and/or MEKKs (24), substitute for its
function. In this study we have examined the activity of MPF
and MAPKs during meiotic progression artificially induced in
mouse spermatocytes by OA treatment. We found that OA
induces a sustained activation of both MAPKs and MPF with
similar time courses. OA induces phosphorylation and activa-
tion of p44/ERK1, but not of p42/ERK2. Immunoprecipitated
p44-ERK1 from OA-stimulated male meiotic germ cells was
able to induce MPF activation in extracts from control sper-
matocytes in vitro. Preincubation of cultured pachytene sper-
matocytes with PD98059 (a selective inhibitor of ERK activat-
ing kinases MEK1/2) completely blocked the ability of OA to
induce chromosome condensation and progression to meiotic
metaphases. Our results suggest an important function for
ERK1/MAPK in male mouse meiotic progression, as also indi-
cated by changes in its subcellular distribution during natu-
rally occurring G2/M transition.

MATERIALS AND METHODS

Preparation of Testicular Cells—Testes of adult CD1 mice (Charles
River Italia) were used to prepare germ cells. After dissection of the
albuginea membrane, testes were digested for 15 min in 0.25% (w/v)
collagenase (type IX, Sigma) at room temperature under constant shak-
ing. Digestion was followed by two washes in minimum essential me-
dium (Life Technologies, Inc.), hence seminiferous tubules were cut in
pieces using a sterile blade and further digested in minimum essential
medium containing 1 mg/ml trypsin for 30 min at 30 °C. Digestion was
stopped by adding 10% fetal calf serum and the released germ cells were
collected after sedimentation (10 min at room temperature) of tissue
debris. Germ cells were centrifuged for 10 min at 1,500 rpm at 4 °C and
the pellet resuspended in 20 ml of elutriation medium (120.1 mM NaCl,
4.8 mM KCl, 25.2 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgSO4(7H2O),
1.3 mM CaCl2, 11 mM glucose, 1 3 essential amino acid (Life Technol-
ogies, Inc.), penicillin, streptomycin, 0.5% bovine serum albumin).
Germ cells at pachytene spermatocyte, round spermatid, and elongated
spermatid steps were obtained by elutriation of the unfractionated
single cell suspension as described previously (25). Homogeneity of cell
populations ranged between 80 and 85% (pachytene spermatocytes) and
95% (round spermatids), and was routinely monitored morphologically.
Mature spermatozoa were obtained from mature mice as described
previously (26). Spermatogonia (27) and Sertoli cells (27, 28) were
obtained from prepuberal mice as previously described.

Cell Culture and Treatments—After the elutriation, pachytene sper-
matocytes were cultured in minimum essential medium, supplemented
with 0.5% bovine serum albumin, 1 mM sodium pyruvate, 2 mM sodium
lactate, in 6-well dishes at a density of 106 cells/ml at 32 °C in a
humified atmosphere containing 95% air and 5% CO2. After 12 h, cells
were treated with 0.5 mM OA, or 5 mM OA, or equal volumes of the
solvent dimethyl sulfoxide, and culture was continued for up to 6 h. For
time course experiments, aliquots were taken at different time points
and processed as described below. In order to test the effect of inhibition
of ERK-activating kinases, before OA treatments, cells were preincu-
bated for 12 h with the specific inhibitor of MEK1/2 kinases PD98059
(Calbiochem, catalog number 513000) at the concentration of 50 mM, or
equal volumes of the solvent dimethyl sulfoxide. For cytological and
immunofluorescence analyses, and kinase assays, aliquots of the same
samples were taken and processed accordingly.

Staining of Spermatocyte Nuclei with Giemsa—106 cells were col-
lected by centrifugation at 1,000 3 g for 15 min at 4 °C, pellets were
resuspended in 4 ml of KCl, 75 mM hypotonic solution and incubated for
15–20 min at 37 °C. Cell lysates were fixed by adding 0.5 ml of meth-
anol:acetic acid solution (3:1) and incubated at 4 °C for 1 h. After a
10-min centrifugation at 1,000 3 g, pellets were washed 4 times with 4
ml of methanol:acetic acid solution (3:1), with a 10-min incubation at
room temperature between each wash. After the last wash, pellets were
resuspended in 200–500 ml of methanol:acetic acid solution (3:1) and
the solution was dropped from 10 to 15 cm onto glass slides to allow
spreading of the nuclei. Slides were stained in 5% Giemsa dye dissolved
in 0.15 mM NaH2PO4 containing 3% methanol. Slides were washed with
0.15 mM NaH2PO4 containing 3% methanol, allowed to dry and
mounted with coverslide. Nuclei were observed by light microscopy.

Immunofluorescence Analysis—Control or OA-treated spermatocytes
were spotted on poly-L-lysine-coated glass slides and fixed at room
temperature for 15 min in PBS containing 4% paraformaldheyde. Cells
were then permeabilized for 5 min in PBS containing 0.1% Triton X-100
and incubated for 30 min at room temperature with 1% fetal calf serum
in PBS. After 3 washes in PBS, cells were incubated for 1 h at 37 °C
with rabbit polyclonal anti-ERK1 (Santa Cruz Biotechnology, catalog
number sc-93-G) and mouse monoclonal anti-b-tubulin (Sigma, catalog
number T4026), both at a final concentration of 1 mg/ml, as primary
antibodies. Following 5 washes (10 min in PBS), cells were incubated
for 1 h at 37 °C with cyanin 3-conjugated anti-rabbit IgGs (Chemicon,
catalog number AP132C, 1:400 dilution) and fluoresceinated anti-
mouse IgGs (Sigma, catalog number T4026, 1:200 dilution) as second-
ary antibodies. To stain DNA, 0.1 mg/ml Hoechst dye (Sigma) was
added to the solutions containing the secondary antibodies. Control
experiments were performed using either rabbit or mouse non-immune
IgGs in the first incubation, or the secondary antibodies alone. After 5
more washes in PBS, slides were mounted in 50% glycerol in PBS and
immediately examined by fluorescence microscopy.

H1 Kinase Assay—Approximately 2 3 105 cells were collected by
centrifugation at 2,000 3 g for 10 min, resuspended in 10 ml of storage
solution (10 mM p-nitrophenyl phosphate, 20 mM b-glycerophosphate,
0.1 mM sodium orthovanadate, 5 mM EGTA, 10 mg/ml leupeptin, and 10
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mg/ml aprotinin) and immediately frozen at 280 °C. Before the assay,
cells were thawed on ice and lysed for 10 min on ice in 50 ml of hypotonic
H1 kinase buffer (25 mM Mops, pH 7.5, 60 mM b-glycerophosphate, 15
mM EGTA, 15 mM MgCl2, 0.1 mM sodium orthovanadate, 1 mM dithio-
threitol, 10 mg/ml leupeptin, and 10 mg/ml aprotinin). Cell extracts were
centrifuged for 10 min at 10,000 3 g at 4 °C, and soluble extracts were
collected and used for H1 kinase assays. Kinase reactions using 10–15
ml of soluble extracts were carried out for 60 min at 30 °C in a total
volume of 25 ml in H1 kinase buffer containing 100 mg/ml H1 (type III-S;
Sigma), 1 mg/ml cAMP-dependent protein kinase inhibitor (Sigma), and
0.3 mM [g-32P]ATP (0.1 mCi/ml). Reactions were stopped spotting 20 ml
onto P81 paper squares (Whatman) and immediately immersing them
into 0.1% phosphoric acid. Paper squares were washed 5 times for 10
min and air dried. Radioactivity incorporated into H1 was determined
by scintillation counting. Values were normalized for protein content,
determined according to Bradford (29).

Myelin Basic Protein (MBP) Kinase Assay—Samples were collected
and frozen as described for the H1 kinase assay. Cells were thawed on
ice and lysed for 10 min on ice in 50 ml of MBP kinase buffer (20 mM

Hepes, pH 7.4, 20 mM b-glycerophosphate, 1 mM dithiothreitol, 0.1 mM

sodium orthovanadate, 2 mM EGTA, 20 mM MgCl2, 5 mg/ml leupeptin, 5
mg/ml aprotinin). Reactions were carried out for 30 min at 30 °C in 25 ml
of MBP kinase buffer containing 0.3 mM [g-32P]ATP (0.2 mCi/ml) (Am-
ersham Pharmacia Biotech) and 0.5 mM MBP-derived peptide (Santa
Cruz Biotechnology, catalog number sc-3011) as a specific substrate for
MAPKs. Reactions were stopped by adding 1 volume of 20% trichloro-
acetic acid, and proteins were allowed to precipitate on ice for 10 min
using 2 mg/ml bovine serum albumin as carrier. After centrifugation at
8,000 3 g for 10 min, aliquots of the supernatant fractions were spotted
onto P81 phosphocellulose paper and processed as described for the H1
kinase assay (26).

Immunoprecipitation and Immunokinase Assays—Control or OA-
treated spermatocytes (approximately 2 3 106 cell/sample) were col-
lected by centrifugation at 2,000 3 g for 10 min, and washed twice in
ice-cold PBS. Cells were homogenized in either H1 kinase buffer or
MBP kinase buffer and cytosolic fractions were collected after centrif-
ugation at 10,000 3 g for 10 min at 4 °C. For immunoprecipitation, 1 mg
of mouse monoclonal anti-cyclin B1 antibody (Santa Cruz Biotechnol-
ogy, catalog number sc-245) or rabbit polyclonal anti-ERK1 (Santa Cruz
Biotechnology, catalog number sc-93-G) or anti-ERK2 antibody (Santa
Cruz Biotechnology, catalog number sc-154-G) were preincubated for 60
min with a mixture of protein A- and protein G-Sepharose beads (Sig-
ma) under constant shaking at 4 °C. At the end of the incubation, the
beads were washed once with 20 mM Tris-HCl, pH 7.8, containing 0.5 M

NaCl, twice with 20 mM Tris-HCl, pH 7.8, and then incubated for 90
min at 4 °C with the soluble spermatocyte cell extracts (0.5 mg of
protein) under constant shaking. Sepharose bead-bound immunocom-
plexes were rinsed three times with PBS containing 0.05% bovine
serum albumin, and twice with either H1 kinase buffer or MBP kinase
buffer. Anti-cyclin B1 pellets were then incubated with 1 mg of H1, 1 mg
of cAMP-dependent protein kinase inhibitor, and 0.3 mM [g-32P]ATP
(0.1 mCi/ml) in H1 kinase buffer (total volume 30 ml) for 30 min at 30 °C.
Anti-ERKs pellets were incubated with either 0.5 mM MBP-derived
peptide or 1 mg of full-length MBP (Sigma, catalog number M1891) and
0.3 mM [g-32P]ATP (0.1 mCi/ml) in MBP kinase buffer (total volume 30
ml) for 30 min at 30 °C. Samples incubated with the MBP-derived
peptide were processed as described in the paragraph describing the
MBP kinase assay. As for the samples incubated with H1 or with the
full-length MBP protein, at the end of the incubation, pellets were
separated by centrifugation (3,000 3 g for 5 min) and the supernatants
were diluted in SDS-PAGE sample buffer (62.5 mM Tris-HCl, pH 6.8,
10% glycerol, 2% (w/v) SDS, 0.7 M 2-mercaptoethanol, and 0.0025%
(w/v) bromphenol blue). Radioactivity incorporated into H1 or MBP was
analyzed by autoradiography after separation of the proteins on SDS-
PAGE gel. In some experiments, immunoprecipitation pellets were
washed two additional times with PBS, immunocomplexes were then
eluted in SDS-PAGE sample buffer for Western blot analysis.

Kinase Assays in MBP-containing SDS-PAGE Gels—Control or OA-
treated spermatocytes were collected as described above for MBP ki-
nase assays. Soluble extracts were diluted in SDS-PAGE sample buffer
and separated on polyacrylamide gels containing 0.1 mg/ml full-length
MBP. After the run, SDS was removed by washing the gel twice in 20%
2-propanol in 50 mM Tris-HCl, pH 8.0, for 1 h at room temperature.
Proteins were then denatured by incubation of the gel in 6 M guanidine
HCl at room temperature for 1 h, and renatured overnight with five
washes in 50 mM Tris-HCl, pH 8.0, containing 0.04% Tween 20 and 5
mM 2-mercaptoethanol. The gel was then preincubated for 1 h at 25 °C
in 50 mM Hepes, pH 8.0, containing 2 mM dithiothreitol and 10 mM

MgCl2. Phosphorylation of MBP was carried on for 1 h at 25 °C in 10 ml
of preincubation buffer adding 0.5 mM EGTA, 2 mM cAMP-dependent
protein kinase inhibitor, 40 mM ATP, and 100 mCi of [g-32P]ATP. The
reaction was stopped by immersing the gel in 5% trichloroacetic acid
solution containing 10 mM sodium pyrophosphate. The gel was washed
for 5–10 times in the same solution, dried, and subjected to
autoradiography.

Activation of MPF by Immunoprecipitated Activated ERK1—Sper-
matocyte cell extracts from control or OA-treated cells were immuno-
precipitated with either anti-ERK1 antibody or anti-ERK2 antibody
essentially as described for the MBP-immunokinase assay. After the
washes with MBP kinase buffer, immunocomplexes were incubated for
30 min with a soluble cell extracts from untreated spermatocytes (ap-
proximately 0.2 mg/sample) at 30 °C under constant shaking. At the
end of the incubation, soluble cell extracts and immunocomplexes were
separated by centrifugation at 3,000 3 g for 5 min, and H1 kinase
activity was measured in the supernatant fractions as described above.

Western Blot Analyses—Spermatocyte cell extracts were separated
on 10% SDS-PAGE, transferred onto nitrocellulose membrane (Amer-
sham Pharmacia Biotech) and subjected to Western blot analysis with
anti-ERK1 (100 ng/ml) (Santa Cruz Biotechnology, catalog number
sc-93-G), anti-ERK2 (100 ng/ml) (Santa Cruz Biotechnology, catalog
number sc-154-G), or PanERK (300 ng/ml) (Transduction Laboratories,
catalog number E17120) rabbit polyclonal antibodies, or the mouse
monoclonal antibody anti-p-ERK (400 ng/ml) (Santa Cruz Biotechnol-
ogy, sc-7383). The first antibody incubation was carried on for 90 min at
room temperature. Second antibody incubation was carried out with
either 1:10,000 dilution of anti-rabbit-IgGs antibody, or with 1:5,000
dilution of anti-mouse IgGs antibody conjugated to horseradish perox-
idase (Amersham Pharmacia Biotech). Immunostained bands were de-
tected by the ECL chemiluminescent method (Amersham Pharmacia
Biotech). The anti-p-ERK monoclonal antibody specifically recognizes
tyrosine-phosphorylated active ERKs, and we tested its specificity by
treatment of cell extracts with calf intestine alkaline phosphatase,
which completely suppressed recognition of the relative bands, unless
calf intestine alkaline phosphatase treatment was performed in the
presence of phosphatase inhibitors (data not shown).

RESULTS

Activation of Cyclin B1/cdc2 (MPF) during the OA-induced
G2/M Transition in Mouse Spermatocytes—It has been previ-
ously reported that treatment of mouse spermatocytes with the
serine/threonine phosphatase inhibitor OA, in the presence of
5% fetal calf serum, is able to induce G2/M progression in
approximately 90% of the cells within 4–6 h (21, 22). OA
triggered nuclear envelope breakdown and chromosome con-
densation and this phenomenon was accompanied by a 2–4-
fold increase in H1 kinase activity (22, 23), which was inter-
preted to reflect activation of MPF, since it was also detected in
p13suc1-agarose precipitates (23). In our experimental condi-
tions, treatment with 5 mM OA in the absence of fetal calf serum
induced a dramatic chromatin condensation which was ob-
served in about 90% of the cells (Fig. 1A, right side), suggesting
that serum is not required for G2/M transition induced by OA
treatment. Activation of H1 kinase activity was accompanied
by a rapid (2-fold activation after 1 h) and sustained increase in
H1 kinase activity that reached a maximum (5-fold) between 4
and 6 h (Fig. 1B). To investigate whether the increase in H1
kinase activity was indeed due to activation of MPF, we immu-
noprecipitated MPF activity from control and treated cells us-
ing a monoclonal antibody that recognizes cyclin B1 (see “Ma-
terials and Methods”), the major cyclin component of MPF in
these cells (30). Immunoprecipitates from control and OA-
treated cells were incubated with purified H1 and [g-32P]ATP,
and the soluble fractions were then analyzed by SDS-PAGE
and autoradiography for phosphorylation of the H1 substrate
(Fig. 1C). Densitometric analysis indicates that 4-h treatment
of spermatocytes with OA induced a 4-fold increase in cyclin
B1/cdc2 kinase activity (Fig. 1D), demonstrating that the in-
crease in H1 kinase activity observed in the cytosolic extracts
(Fig. 1B) is actually due to activation of MPF.

ERK Kinases Expression in Testicular Cells—To investigate
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the role of MAPKs in the male meiosis, we analyzed the ex-
pression of ERK1 and ERK2 in germ cells and somatic cells of
the testis by Western blot analysis. Spermatogonia were iso-
lated from 8-day-old mice, Sertoli cells were isolated from 17-
day-old mice, and spermatocytes, round and elongated sperma-
tids, and spermatozoa were isolated from adult mice (see
“Materials and Methods”). As shown in Fig. 2, both ERK1 and
ERK2 were expressed in all the cells examined. The anti-ERK1
antibody recognized two major bands in cytosolic extracts, a
44-kDa band which corresponds to ERK1 and a 42-kDa band
that corresponds to ERK2. Although this antibody recognized
both MAPK isoforms, it showed some specificity toward ERK1,
as shown by the staining of only the 44-kDa band in mouse
spermatozoa, where the levels of MAPKs are much lower than
in the other cells. The anti-ERK2 antibody mainly recognized
the p42 ERK2 isoform, even though a fainter band correspond-
ing to p44 ERK1 was also detected in most samples (Fig. 2).
These data indicate that these antibodies recognize only p44
ERK1 and p42 ERK2, although with variable degree of cross-

reactivity, and not other MAPK isoforms. They also indicate
that both ERKs are expressed in pre-meiotic, meiotic, and
post-meiotic germ cells as well as in Sertoli cells. Mature sper-
matozoa have lower amounts of both MAPKs.

Activation of MAPKs during the OA-induced G2/M Transi-
tion in Mouse Spermatocytes—In mouse oocytes, a parallel
activation of MPF and MAPKs occurs during G2/M transition of
both meiotic divisions (31) and MAPK activation is necessary
for chromosome condensation in these cells (32). To test
whether G2/M transition induced by OA in mouse spermato-
cytes also involves activation of MAPKs, we measured kinase
activity in soluble cell extracts using a peptide derived from
MBP as a specific substrate for MAPKs. OA triggered activa-
tion of MAPKs in pachytene spermatocytes with a time course
similar to that seen for MPF (Fig. 3). An increase in MAPK
activity was detectable as early as 60 min after OA stimulation
(75% increase) and reached a maximum (5-fold increase) after
4 h of treatment.

Specific Activation of ERK1 during the OA-induced Meiotic
G2/M Transition—To investigate whether the increase in
MAPK activity was attributable to ERK1 and/or ERK2,
MAPKs were immunoprecipitated with either anti-ERK1 or
anti-ERK2 antibodies and MBP kinase activity of the immuno-
precipitates was measured. Both antibodies immunoprecipi-
tated MBP kinase activity from control spermatocytes, how-
ever, while OA induced a 2-fold activation of MBP kinase
immunoprecipitated with anti-ERK1, it induced only a small
increase in the activity precipitated with anti-ERK2 (Fig. 4A).
Since the two antibodies have a certain degree of cross-reactiv-
ity between p44 ERK1 and p42 ERK2 (Fig. 2), it is likely that
the small increase in activity measured in the anti-ERK2 im-
munoprecipitates is due to ERK1 co-precipitating with ERK2.
On the other hand, the actual degree of specific ERK1 stimu-
lation might be masked by co-immunoprecipitating ERK2 in
anti-ERK1 immunoprecipitates. Furthermore, when the im-
munoprecipitates were incubated with the full-length MBP
protein and [g-32P]ATP, followed by SDS-PAGE and autora-
diography, we observed a more evident phosphorylation of
MBP after OA treatment in anti-ERK1 than in anti-ERK2
immunoprecipitates (Fig. 4B). These data suggest that OA
essentially induces activation of ERK1, rather than of ERK2 in
mouse spermatocytes. To test this assumption, we utilized an
in-gel kinase assay of spermatocyte extracts with the full-
length MBP protein, which is a substrate also for other protein

FIG. 1. Activation of cyclin B1/cdc2 (MPF) during the OA-in-
duced G2/M transition in mouse spermatocytes. A, Giemsa stain-
ing of nuclei from control spermatocytes (left side) and spermatocytes
treated for 4 h with 5 mM OA (right side). Magnification: 3 420. B, H1
kinase assay on cell extracts from middle-late pachytene mouse sper-
matocytes treated with 5 mM OA for the indicated times. C, phospho-
rylation of H1 by anti-cyclin B1 immunoprecipitates from control and
OA-treated spermatocytes. Immunoprecipitated cyclin B1zcdc2 com-
plexes from 2 3 106 cells were assayed for kinase activity using H1 as
substrate. After separation by centrifugation and several washes, im-
munocomplexes were resuspended in H1 kinase reaction buffer and
incubated under constant shaking for 30 min at 30 °C. After separation
by centrifugation, the soluble fraction was analyzed by SDS-PAGE and
autoradiography. This experiment was repeated three times with sim-
ilar results. D, densitometric analysis of the bands shown in C to
evaluate the degree of H1 phosphorylation by MPF in control and
OA-treated spermatocytes.

FIG. 2. ERK kinase expression in mouse testicular cells. Immu-
noblot analysis of protein extracts (50 mg) from the indicated cell types
using affinity purified anti-ERK1 or anti-ERK2 polyclonal antibodies.
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kinases. OA induced a large increase in MBP kinase activity of
two major polypeptide bands, of approximately 55 and 44 kDa
(Fig. 5A). Control in-gel kinase assays performed without ad-
dition of the MBP substrate showed that the p55 and p44 bands
do not represent OA-induced autophosphorylating kinases
(data not shown). Only the 44-kDa polypeptide band showed a
time course of activation comparable to the time course of
MAPK activation measured in whole cell extracts using the
MBP-derived peptide shown in Fig. 3, with a maximum of
activation between 4 and 6 h. The ;55-kDa band appeared to
be maximally stimulated after just 1 h of OA treatment, sug-
gesting that it corresponds to a OA-activated protein kinase

which phosphorylates MBP in a region different from the frag-
ment specifically phosphorylated by MAPKs. Moreover, the
44-kDa band co-migrated with ERK1, as shown by parallel
Western blot analysis of spermatocyte extracts using either
specific anti-ERK1 and anti-ERK2 antibodies (Fig. 5B), or an
anti-MAPKs antibody (Pan-ERK) which recognize several
other isoforms of this family (Fig. 5C). Densitometric analysis
of the 44-kDa band detected in the MBP in-gel kinase assay
shown in Fig. 5A revealed a 4-fold increase after 4 h of treat-
ment with OA. This degree of activation is similar to MAPK
activation measured in whole cell extracts using the MBP-
derived peptide shown in Fig. 3. These results confirm that the
actual increase in ERK1 activity induced by OA treatment is
higher than the 2-fold increase detected with the immunoki-
nase assay shown in Fig. 4, and that ERK2 is not activated by
OA treatment.

Specific Phosphorylation of ERK1 on a Tyrosine Residue
Involved in Enzyme Activation during the OA-induced Meiotic
G2/M Transition—We also performed Western blot analysis on
spermatocyte cell extracts using a mouse monoclonal anti-
phospho-ERK (anti-p-ERK) antibody, which specifically recog-
nizes an epitope corresponding to amino acids 196–209 of
ERK1 of human origin phosphorylated on Tyr204 (identical to
the corresponding ERK2 sequence). This antibody specifically
recognize both mouse ERK isoforms only when they are tyro-
sine phosphorylated in the corresponding mouse epitopes,
which reflects the activated state of these enzymes (33). Fig. 6
shows that OA treatment clearly increases the phosphorylation
of ERK1, but not of ERK2, on the tyrosine residue present in
the epitope recognized by this antibody. These data confirm
that OA induces activation of ERK1, rather than of ERK2 in
mouse spermatocytes.

Subcellular Redistribution of ERKs in Mouse Spermatocytes
during the G2/M Transition—The localization of ERKs in
mouse spermatocytes was investigated by immunofluorescence
analysis, using the anti-ERK1 polyclonal antibody (Fig. 7). In
untreated cells, mostly represented by mid-late pachytene

FIG. 3. Activation of MAPKs during the OA-induced G2/M tran-
sition in mouse spermatocytes. MBP kinase assay on cell extracts
from middle-late pachytene mouse spermatocytes treated with 5 mM OA
for the indicated times, using a MBP-derived peptide as a specific
substrate for MAPKs and cell extracts from 2 3 106 cells (see “Materials
and Methods” for details).

FIG. 4. OA treatment activates ERK1 but not ERK2 in mouse
spermatocytes. A, MBP kinase assay in anti-ERK1 and anti-ERK2
immunoprecipitates from control and OA-treated spermatocytes (5 mM,
4 h). After ERKs were immunoprecipited from 2 3 106 cells, a kinase
assay was performed using the same MBP-derived peptide used in Fig.
3 as a specific MAPK substrate. Data represent the mean 6 S.D. of
triplicate determinations from three separate experiments. B, phospho-
rylation of the full-length MBP protein by anti-ERK1 and anti-ERK2
immunoprecipitates from control and OA-treated spermatocytes. After
immunoprecipitation of ERKs, a kinase assay was performed using the
full-length MBP protein as a substrate, and the soluble fraction was
analyzed by SDS-PAGE and autoradiography.

FIG. 5. OA treatment activates different MBP kinases in mouse
spermatocytes, but specifically activates ERK1 and not other
MAPKs. A, kinase assay in SDS-PAGE gels containing 0.1 mg/ml of the
full-length MBP protein. Soluble extracts (50 mg) from spermatocytes
treated with 5 mM OA for the indicated times were separated by SDS-
PAGE. After removal of SDS and a cycle of protein denaturation and
renaturation, a direct in-gel kinase assays was performed by adding
[g-32P]ATP (see “Materials and Methods” for details). This experiment
was repeated four times with similar results. B, parallel immunoblot
analysis using specific anti-ERK1 and anti-ERK2 antibodies of cell
extracts (50 mg) from spermatocytes treated for 4 h with 5 mM OA. C,
parallel immunoblot analysis using the pan-ERK antibody of cell ex-
tracts (50 mg) from control or OA-treated spermatocytes.
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spermatocytes, and a few contaminating round spermatids,
anti-ERK1 immunostaining was uniformely observed in the
cytoplasm and nucleus, with no evident localization in partic-
ular subcellular compartments; however, the rare cells in met-
aphase showed a peculiar distribution of anti-ERK1 staining
(Fig. 7, third row, right panel). Indeed, a higher level of ERK1
immunopositivity was associated with the microtubules of the
meiotic spindle, as demonstrated by the double staining with
anti-b-tubulin antibody (Fig. 7, third row, middle panel). On
the other hand, anti-ERK1 and anti-tubulin staining was neg-
ative where the condensed chromosomes are localized. In OA-

treated cells, in which formation of the meiotic spindle is im-
paired (34) and the chromosomes condense to form a ring
structure, both anti-tubulin and anti-ERK1 stainings maintain
a diffuse distribution, whereas they are absent in the area were
the condensed chromatin is found (Fig. 7, fourth row, middle
and right panels). Considering the degree of ERK2 cross-reac-
tivity (see Fig. 2) of the anti-ERK1 antibody used for immuno-
fluorescence experiments, we cannot rule out that the subcel-
lular localization seen for ERK1 reflects, at least in part, also
the localization of ERK2. This result shows that ERKs concen-
trate in the meiotic spindles during physiological G2/M transi-
tion in mouse spermatocytes.

OA-activated ERK1 Induces MPF Activity in Mouse Sperma-
tocyte Cell Extracts—It has been reported that in Xenopus
oocytes activation of ERK2 is required for Mos-dependent ac-
tivation of MPF (8). We investigated whether ERK1, which
appears to be specifically activated during the OA-induced
G2/M transition in mouse spermatocytes, is able to play a
similar role. To test this hypothesis, we immunoprecipitated
cell extracts from spermatocytes incubated for 4 h in the ab-
sence or presence of 5 mM OA with either the anti-ERK1 or
anti-ERK2 antibody. The immunoprecipitated ERKs were in-
cubated for 30 min with a cytosolic extract from untreated
spermatocytes to test the eventual ability of the immunopre-
cipitated ERKs to activate endogenous MPF in these extracts.
After separation from the immunoprecipitates, H1 kinase ac-
tivity was measured in the cell extracts. As shown in Fig. 8, a
2-fold increase in H1 kinase activity was measured in cytosolic
extracts incubated with anti-ERK1 immunoprecipitates from
OA-treated cells as compared with anti-ERK1 immunoprecipi-
tates from control cells. ERK2 immunoprecipitated from OA-

FIG. 6. OA treatment specifically stimulates phosphorylation
of ERK1, but not ERK2, on a tyrosine residue required for en-
zyme activation. A, immunoblot analysis of protein extracts (70 mg)
from control or OA-treated (5 mM, 4 h) mouse pachytene spermatocytes
using the monoclonal anti-p-ERK antibody, which specifically recog-
nizes an epitope corresponding to amino acids 196–209 of ERK1 of
human origin phosphorylated on Tyr204 (identical to the corresponding
ERK2 sequence, and cross-reactive with mouse ERKs). This experiment
was repeated three times with similar results. B, the same samples
shown in A were probed with a mixture of anti-ERK1 and anti-ERK2
polyclonal antibodies to show that OA treatment does not affect the
expression levels of the two ERK isoforms.

FIG. 7. Subcellular redistribution of ERKs in mouse spermatocytes during the G2/M transition. Fluorescence microphotographs of
untreated (first, second, and third row) and OA-treated (fourth row) mouse spermatocytes subjected to double indirect immunofluorescence
analysis with mouse monoclonal anti-b-tubulin (middle panels) and rabbit polyclonal anti-ERK1 (right panels) antibodies, or to immunofluores-
cence analysis with non-immune mouse or rabbit IgGs as a control. All samples were also stained with Hoechst for the visualization of chromatin
(left panels). Magnification: 3 1050.
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treated cells was not able to induce such an increase. These
data show that, following OA treatment, ERK1, but not ERK2,
is able to trigger MPF activation in cytosolic extracts of un-
stimulated spermatocytes.

Inhibition of ERK Activating Kinases (MEKs) Prevents OA-
induced Chromosome Condensation—In order to establish the
contribution of the MAPK/ERK pathway in chromosome con-
densation during OA-induced meiotic male G2/M transition, we
preincubated cultured mouse spermatocytes with the specific
MEK1/2 inhibitor PD98059 (35), which was predicted to impair
selectively ERK activation by OA. We found that treatment
with 0.5 mM OA, instead than 5 mM, was sufficient to induce
nuclear envelope breakdown and chromosome condensation
typical of G2/M transition (Fig. 9A). Overnight preincubation
with 50 mM PD98059 completely blocked the massive induction
of metaphase by subsequent treatment with 0.5 mM OA (Fig.
9A). Under these conditions, PD98059 inhibited OA-induced
ERK1 activation, as measured by MBP phosphorylation by
anti-ERK1 immunoprecipitates (Fig. 9B). Interestingly,
PD98059 pretreatment did not affect OA-induced MPF activa-
tion, measured through phosphorylation of H1 by either total
spermatocyte cell extracts or anti-cyclin B1 immunoprecipi-
tates (data not shown). Thus, ERK1 induction by OA is essen-
tial for chromosome condensation in spermatocytes undergoing
the first meiotic division, independently from its ability to
participate in MPF activation.

DISCUSSION

The present data, in addition to confirming that the increase
in H1 kinase activity previously observed in the OA-induced
G2/M transition in mouse pachytene spermatocytes (22, 23) is
actually due to activation of MPF (the cyclin B1zcdc2 complex),
also demonstrate that the OA-induced G2/M transition is asso-
ciated with an increase in MAPK activity, with a timing par-
allel to that of MPF activation and to that of chromosome
condensation. The increase of MAPK activity is due to selective
activation of the ERK1 isoform, and it is associated with in-
creased phosphorylation of a tyrosine residue involved in en-
zyme activation. MPF activation might be directly responsible
for the further chromosome condensation observed during the
OA-induced G2/M meiotic transition. Indeed, it has been re-
cently shown that cdc2 can phosphorylate and activate the 13 S
condensin multisubunit protein complex which is essential for
mitotic chromosome condensation (36). However, studies in
mouse oocytes also suggest that MAPKs can play a direct role
in chromosome condensation independently from the state of
MPF activity (19, 32). Indeed we found that blocking OA-
induced ERK1 activation through preincubation of spermato-
cytes with PD98059, a selective inhibitor of ERK-activating
MEK1/2 kinases, is able to prevent the formation of metaphase
chromosomes. Since this treatment did not block OA-induced
MPF activation, it can be concluded that activation of ERK1,
rather than of MPF, is strictly required for chromosome con-
densation during male meiotic methaphase I.

We also observed that the natural G2/M transition of sper-
matocytes is associated to changes in the subcellular localiza-
tion of ERKs, which reorganize from a diffuse cytoplasmic
distribution in pachytene spermatocytes to an apparent asso-
ciation with the meiotic spindle in metaphase spermatocytes.
The redistribution of ERKs at metaphase appears to be de-
pendent on spindle assembly, since in OA-treated cells, where
the spindle formation is impaired (34), ERKs remain diffused
in the cytoplasm.

The effects of OA on the cell cycle are thought to be mediated
by inhibition of serine-threonine phosphatase 2A (PP-2A) with
the consequent activation of the cdc2 kinase (37). The observa-
tion that purified PP-2A dephosphorylates in vitro activating

residues of cdc2 kinase, such as Thr161, would suggest a direct
regulation of MPF activity by PP-2A (38, 39), whereas experi-
ments performed with Xenopus egg extracts indicate that
PP-2A acts by inhibiting the activity of the dual specificity
phosphatase cdc25 (40). Dephosphorylation of Thr14 and Tyr15

of cdc2 by cdc25 results in activation of MPF (12). This mech-
anism could be part of a positive feedback, since activated MPF
is able to phosphorylate and activate cdc25 (41, 42). In addition
to cdc2, other protein kinases are able to phosphorylate and
regulate cdc25 (43). For instance, it has been shown that cdc25
associates with Raf-1 in both mammalian somatic cells and frog
meiotic oocytes, and it can be activated in vitro in a Raf-1-de-
pendent manner (44). Raf-1 is a well known upstream activator
of ERK1/ERK2 and it is present in mouse spermatocytes (45).2

We now show that OA-activated ERK1 is able to induce acti-
vation of MPF in spermatocyte cell extracts, suggesting that
OA might regulate MPF activity by downstream activation of
multiple Raf-dependent pathways (cdc25 and/or ERK1), and
that the Ras/Raf pathway might be functional in male meiotic
cells.

PP-2A has been reported to dephosphorylate critical threo-
nine residues of MAPKs required for enzyme activation (46–
48), and OA stimulates MAPK activity in several cell systems
(8, 49). In agreement with a direct role of PP-2A on both MPF
and MAPK regulation, we found that OA treatment induced a
concomitant increase of MPF and MAPK activity in mouse
spermatocytes. Furthermore, inhibition of OA-induced ERK1
activation by preincubation of mouse spermatocytes with
PD98059 did not prevent MPF activation, confirming that ac-
tivation of cdc25 by OA is sufficient to trigger activation of the
cyclin Bzcdc2 complex during the male meiotic G2/M transition.
Thus, our data suggest that OA overcomes the physiological
regulation of the cell cycle events in spermatocytes by inhibit-
ing PP-2A activity. However, since activation of ERK1 leads to

2 C. Sette and A. Bianchini unpublished observation.

FIG. 8. OA-activated ERK1 induces MPF activity in mouse
spermatocyte cell extracts. ERKs were imunoprecipitated from con-
trol spermatocytes or spermatocytes treated with 5 mM OA for 4 h using
either anti-ERK1 or anti-ERK2 antibodies. Immunocomplexes were
washed thoroughly and 200 mg of cytosolic extracts from untreated
pachytene spermatocytes were added and incubated with the immuno-
complexes for 30 min at 30 °C under constant shaking. After separation
by centrifugation, an H1 kinase assay was performed on the soluble cell
extracts that had been incubated with either anti-ERK1 or anti-ERK2
immunoprecipitates from control and OA-treated cells (see “Materials
and Methods” for details). Data represent the mean 6 S.D. of triplicate
determinations from three separate experiments.
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activation of MPF in spematocyte cell extracts, it is conceivable
that a differential temporal activation of ERK1 and MPF oc-
curs during physiological meiotic progression in these cells.
Furthermore, we report here that OA induces a 5-fold increase
in MPF activity in the absence of serum, whereas the increase
in H1 kinase activity in spermatocytes cultured in the presence
of serum varies between 2- and 4-fold (22, 23). Although these
differences could be simply due to culture conditions, it is also
possible that growth factors present in serum are able to trig-
ger partial activation of MAPKs (and consequently of MPF),
lowering the apparent effect of OA. In agreement with this
hypothesis, we observed that MAPK activity was higher in
spermatocytes cultured in the presence of serum, and that
OA-induced MAPK activation was less evident under these
conditions.2

In Xenopus oocytes, Mos-dependent activation of MPF re-
quires ERK2 (8, 10), whereas we found that OA selectively
activates ERK1, but not ERK2, during meiotic progression of
primary spermatocytes. This is a further example of dimor-
phism in the regulation of cell cycle events between male and
female meiosis in mammals (1). Activated ERK1 immunopre-
cipitated from OA-treated spermatocytes can activate H1 ki-
nase activity in extracts from control pachytene spermatocytes.
Since we found that the increase in H1 kinase activity induced
by OA measured in the spermatocyte cell extracts corresponds
to that immunoprecipitated by the anti-cyclin B1 antibody,
these results indicate that ERK1 might be directly involved in
MPF activation in these cells. Recently, it has been shown that
MAPKs, via activation of p90rsk kinase (50) and the consequent
inactivation of the cdc2 inhibitory kinase Myt1, can regulate
MPF activity in Xenopus oocytes (16). It is, therefore, possible
that similar mechanisms are also functional in male meiosis.

MPF is also a major target of endogenous checkpoints con-
trolling the timing of meiotic events (1). Genomic integrity is a
prerequisite for the progression of the cell cycle, as shown by
targeted disruption of genes involved in DNA mismatch repair,
such as Pms2 (51) and Mlh1 (52–53), or in DNA recombination,
such as Dmc1 (54, 55), which leads to a meiotic arrest resulting
in sterility in male and female mice. A possible link between
the DNA damage checkpoint and the progression of the meiotic
cell cycle is represented by serine-threonine kinases such as
ATM and chk1. Targeted disruption of ATM, a phosphatidyl-

inositol 3-kinase-related protein kinase homologous to the
yeast DNA-damage checkpoint protein Rad3 (56), causes
mouse infertility due to meiotic arrest (57–60) in the early
prophase I (61). A protein kinase that acts downstream to ATM
is chk1, which is associated with meiotic chromosomes in
mouse pachytene spermatocytes (62) and has been shown to
phosphorylate and indirectly inhibit the cdc25 in yeast and
mammalian mitotic cells (63–65). MPF activity and meiotic
progression in spermatocytes is also regulated by temporal
expression of germ cell-specific genes (66). For instance,
HSP70-2, a heat-shock protein specifically expressed in
pachytene spermatocytes and associated with synaptonemal
complexes, seems to function as a molecular chaperone re-
quired for the assembly of cyclin B1zcdc2 complex formation
and activity in pachytene spermatocytes (67). Mice carrying
targeted disruption of HSP70-2 display a spermatogenic block
in late prophase I, due to failure of chromosomes to desynapse
(68, 69). A similar phenotype, i.e. arrest in late prophase I
coupled to low cyclin B1zcdc2 kinase activity, was also observed
in mice carrying targeted disruption of another spermatocyte-
specific gene, cyclin A1 (70).

Activation of ERK1 during OA-induced meiotic progression,
its association with the metaphase spindle, its ability to acti-
vate MPF in extracts from mouse spermatocytes, and the ob-
servation that it is required for OA-induced chromosome con-
densation at metaphase (independently from its ability to
induce MPF activation) indicate that ERK1 might play a role in
the G2/M transition in male meiosis. It is known that ERK1 is
activated by extracellular signals (24), and this might imply
that the environment surrounding spermatocytes within the
seminiferous epithelium acts in concert with intracellular
mechanisms to regulate the ordered progression of male meio-
sis through prophase I.

Acknowledgments—We thank Dr. Donatella Farini for help with
spermatocyte cell cultures, Dr. Susanna Dolci for advice with germ cell
isolation and culture, and Dr. Luisa Campagnolo for advice with im-
munofluorescence experiments.

REFERENCES

1. Handel, M. A., and Eppig, J. J. (1998) Curr. Top. Dev. Biol. 37, 333–358
2. Sagata, N., Oskarsson, M., Copeland, T., Brumbaugh, J., and Vande Woude,

G. F. (1988) Nature 335, 519–525
3. Sagata, N., Watanabe, N., Vande Woude, G. F., and Ikawa, Y. (1989) Nature

FIG. 9. Preincubation with the
MEK1/2 inhibitor PD98059 prevents
the ability of OA to trigger ERK1 ac-
tivation and chromosome condensa-
tion associated with meiotic progres-
sion in mouse spermatocytes. A,
Giemsa staining of nuclei from control
spermatocytes preincubated for 12 h with
or without 50 mM PD98059, and subse-
quently treated for 5 h with or without 0.5
mM OA. All panels show spermatocyte nu-
clei with different degrees of chromosome
condensation, with the exception a Sertoli
cell nucleus in the second panel (indicated
by an asterisk). Magnification: 3 160. B,
phosphorylation of the full-length MBP
protein by anti-ERK1 immunoprecipi-
tates from control spermatocytes preincu-
bated for 12 h with or without 50 mM

PD98059, and subsequently treated for
5 h with or without 5 mM or 0.5 mM OA.
After immunoprecipitation of ERK1, a ki-
nase assay was performed using the full-
length MBP protein as a substrate, and
the soluble fraction was analyzed by SDS-
PAGE and autoradiography.

Activation of ERK1 in Meiotic G2/M Progression33578

 by guest on June 21, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


342, 512–518
4. Sagata, N., Daar, I., Oskarsson, M., Showalter, S. D., and Vande Woude, G. F.

(1989) Science 245, 643–646
5. Sagata, N. (1997) Bioessays 19, 13–21
6. Kosako, H., Gotoh, Y., and Nishida, E. (1994) EMBO J. 13, 2131–2138
7. Kosako, H., Gotoh, Y., and Nishida, E. (1994) J. Biol. Chem. 269, 28354–28358
8. Huang, C. Y., and Ferrell, J. E., Jr. (1996) EMBO J. 15, 2169–2173
9. Gotoh, Y., Masuyama, N., Dell, K., Shirakabe, K., and Nishida, E. (1995)

J. Biol. Chem. 270, 25898–25904
10. Haccard, O., Lewellyn, A., Hartley, R. S., Erickson, E., and Maller, J. L. (1995)

Dev. Biol. 168, 677–682
11. Morgan, D. O. (1995) Nature 374, 131–134
12. Morgan, D. O. (1997) Annu. Rev. Cell Dev. Biol. 13, 261–291
13. Hasting, A., Karlsson, C., Clute, P., Jackman, M., and Pines, J. (1998) EMBO

J. 17, 4127–4138
14. Yang, J., Bardes, E. S., Moore, J. D., Brennan, J., Powers, M. A., and Korn-

bluth, S. (1998) Genes Dev. 12, 2131–2143
15. Coleman, T. R., and Dunphy, W. G. (1994) Curr. Opin. Cell Biol. 6, 877–882
16. Palmer, A., Gavin, A-C., and Nebreda, A. R. (1998) EMBO J. 17, 5037–5047
17. Colledge, W. H., Carlton, M. B., Udy, G. B., and Evans, M. J. (1994) Nature

370, 65–68
18. Hashimoto, N., Watanabe, N., Furuta, Y., Tamemoto, H., Sagata, N.,

Yokoyama, M., Okazaki, K., Nagayoshi, M., Takeda, N., Ikawa, Y., and
Aizawa, S. (1994) Nature 370, 68–71

19. Verlhac, M. H., Kubiak, J. Z., Weber, M., Geraud, G., Colledge, W. H., Evans,
M. J., and Maro, B. (1996) Development 122, 815–822

20. Choi, T., Rulong, S., Resau, J., Fukasawa, K., Matten, W., Kuriyama, R.,
Mansour, S., Ahn, N., and Vande Woude, G. F. (1996) Proc. Natl. Acad. Sci.
U. S. A. 93, 4730–4735

21. Handel, M. A., Caldwell, K. A., and Wiltshire, T. (1995) Dev. Genet. 16,
128–139

22. Wiltshire, T., Park, C., Caldwell, K. A., and Handel, M. A. (1995) Dev. Biol.
169, 557–567

23. Rhee, K., and Wolgemuth, D. (1997) Development 124, 2167–2177
24. Robinson, M. J., and Cobb, M. H. (1997) Curr. Opin. Cell Biol. 9, 180–186
25. Meistrich, M. L. (1977) Methods Cell Biol. 15, 15–54
26. Sette, C., Bevilacqua, A., Bianchini, A., Mangia, F., Geremia, R., and Rossi, P.

(1997) Development 124, 2267–2274
27. Rossi, P., Dolci, S., Albanesi, C., Grimaldi, P., Ricca, R., and Geremia, R. (1993)

Dev. Biol. 155, 68–74
28. Grimaldi, P., Piscitelli, D., Albanesi, C., Blasi, F., Geremia, R., and Rossi, P.

(1993) Mol. Endocrinol. 7, 1217–1225
29. Bradford, M. M. (1976) Anal. Biochem. 72, 248–254
30. Chapman, D. L., and Wolgemuth, D. J. (1994) Dev. Biol. 165, 500–506
31. Page, A. W., and Orr-Weaver, T. L. (1997) Curr. Opin. Genet. Dev. 7, 23–31
32. Verlhac, M. H., Kubiak, J. Z., Clarke, H. J., and Maro, B. (1994) Development

120, 1017–1025
33. Hamilton, M., and Wolfman, A. (1998) J. Biol. Chem. 273, 28155–28162
34. Alexandre, H., Van Cauwenberge, A., Tsukitani, Y., and Mulnard, J. (1991)

Development 112, 971–980
35. Alessi, D. R., Cuenda, A., Cohen, P., Dudley, D. T., and Saltiel, A. R. (1995)

J. Biol. Chem. 270, 27489–27494
36. Kimura, K., Hirano, M., Kobayashi, R., and Hirano, T. (1998) Science 282,

487–490
37. Felix, M. A., Cohen, P., and Karsenti, E. (1990) EMBO J. 9, 675–683
38. Lee, T. H., Solomon, M. J., Mumby, M. C., and Kirschner, M. W. (1991) Cell 64,

415–423
39. Lee, T. H., Turck, C., and Kirschner, M. W. (1994) Mol. Biol. Cell 5, 323–338
40. Clarke, P. R., Hoffmann, I., Draetta, G., and Karsenti, E. (1993) Mol. Biol. Cell

4, 397–411

41. Hoffmann, I., Clarke, P. R., Marcote, M. J., Karsenti, E., and Draetta, G. (1993)
EMBO J. 12, 53–63

42. Izumi, T., and Maller, J. L. (1993) Mol. Biol. Cell 4, 1337–1350
43. Izumi, T., and Maller, J. L. (1995) Mol. Biol. Cell 6, 215–226
44. Galaktionov, K., Jessus, C., and Beach, D. (1995) Genes Dev. 9, 1046–1058
45. Sorrentino, V., McKinney, M. D., Giorgi, M., Geremia, R., and Fleissner, E.

(1988) Proc. Natl. Acad. Sci. U. S. A. 85, 2191–2195
46. Anderson, N. G., Maller, J. L., Tonks, N. K., and Sturgill, T. W. (1990) Nature

343, 651–653
47. Sontag, E., Fedorov, S., Kamibayashi, C., Robbins, D., Cobb, M., and Mumby,

M. (1993) Cell 75, 887–897
48. Alessi, D. R., Gomez, N., Moorhead, G., Lewis, T., Keyse, S. M., and Cohen, P.

(1995) Curr. Biol. 5, 283–295
49. Casillas, A. M., Amaral, K., Chegini-Farahani, S., and Nel, A. E. (1993)

Biochem. J. 290, 545–550
50. Kalab, P., Kubiak, J. Z., Verlhac, M. H., Colledge, W. H., and Maro, B. (1996)

Development 122, 1957–1964
51. Baker, S. M., Bronner, C. E., Zhang, L., Plug, A. W., Robatzek, M., Warren, G.,

Elliott, E. A., Yu, J., Ashley, T., and Arnheim, N. (1995) Cell 82, 309–319
52. Baker, S. M., Plug, A. W., Prolla, T. A., Bronner, C. E., Harris, A. C., Yao, X.,

Christie, D. M., Monell, C., Arnheim, N., Bradley, A., Ashley, T., and
Liskay, R. M. (1996) Nat. Genet. 13, 336–342

53. Edelmann, W., Cohen, P. E., Kane, M., Lau, K., Morrow, B., Bennett, S., Umar,
A., Kunkel, T., Cattoretti, G., Chaganti, R., Pollard, J. W., Kolodner, R. D.,
and Kucherlapati, R. (1996) Cell 85, 1125–1134

54. Yoshida, K., Kondoh, G., Matsuda, Y., Habu, T., Nishimune, Y., and Morita, T.
(1998) Mol. Cell 1, 707–718

55. Pittman, D. L., Cobb, J., Schimenti, K. J., Wilson, L. A., Cooper, D. M.,
Brignull, E., Handel, M. A., and Schimenti, J. C. (1998) Mol. Cell 1, 697–705

56. Hoekstra, M. F. (1997) Curr. Opin. Genet. Dev. 7, 170–175
57. Barlow, C., Hirotsune, S., Paylor, R., Liyanage, M., Eckhaus, M., Collins, F.,

Shiloh, Y., Crawley, J. N., Ried, T., Tagle, D., and Wynshaw-Boris, A. (1996)
Cell 86, 159–171

58. Xu, Y., Ashley, T., Brainerd, E. E., Bronson, R. T., Meyn, M. S., and Baltimore,
D. (1996) Genes Dev. 10, 2411–2422

59. Elson, A., Wang, Y., Daugherty, C. J., Morton, C. C., Zhou, F., Campos-Torres,
J., and Leder, P. (1996) Proc. Natl. Acad. Sci. U. S. A. 93, 13084–13089

60. Plug, A. W., Peters, A. H., Xu, Y., Keegan, K. S., Hoekstra, M. F., Baltimore,
D., de Boer, P., and Ashley, T. (1997) Nat. Genet. 17, 457–461

61. Barlow, C., Liyanage, M., Moens, P. B., Tarsounas, M., Nagashima, K., Brown,
K., Rottinghaus, S., Jackson, S. P., Tagle, D., Ried, T., and Wynshaw-Boris,
A. (1998) Development 125, 4007–4017

62. Flaggs, G., Plug, A. W., Dunks, K. M., Mundt, K. E., Ford, J. C., Quiggle, M. R.,
Taylor, E. M., Westphal, C. H., Ashley, T., Hoekstra, M. F., and Carr, A. M.
(1997) Curr. Biol. 7, 977–986

63. Furnari, B., Rhind, N., and Russell, P. (1997) Science 277, 1495–1497
64. Sanchez, Y., Wong, C., Thoma, R. S., Richman, R., Wu, Z., Piwnica-Worms, H.,

and Elledge, S. J. (1997) Science 5, 1497–1501
65. Peng, C. Y., Graves, P. R., Thoma, R. S., Wu, Z., Shaw, A. S., and Piwnica-

Worms, H. (1997) Science 277, 1501–1505
66. Eddy, E. M., and O’Brien, D. A. (1998) Curr. Top. Dev. Biol. 37, 141–200
67. Zhu, D., Dix, D. J., and Eddy, E. M. (1997) Development 124, 3007–3014
68. Dix, D. J., Allen, J. W., Collins, B. W., Mori, C., Nakamura, N., Poorman-Allen,

P., Goulding, E. H., and Eddy, E. M. (1996) Proc. Natl. Acad. Sci. U. S. A.
93, 3264–3268

69. Dix, D. J., Allen, J. W., Collins, B. W., Poorman-Allen, P., Mori, C., Blizard,
D. R., Brown, P. R., Goulding, E. H., Strong, B. D., and Eddy, E. M. (1997)
Development 124, 4595–4603

70. Liu, D., Matzuk, M. M., Kong Sung, W., Guo, Q., Wang, P., and Wolgemuth,
D. J. (1998) Nat. Genet. 20, 377–380

Activation of ERK1 in Meiotic G2/M Progression 33579

 by guest on June 21, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Raffaele Geremia
Claudio Sette, Marco Barchi, Andrea Bianchini, Marco Conti, Pellegrino Rossi and

Progression of Mouse Pachytene Spermatocytes
Activation of the Mitogen-activated Protein Kinase ERK1 during Meiotic

doi: 10.1074/jbc.274.47.33571
1999, 274:33571-33579.J. Biol. Chem. 

  
 http://www.jbc.org/content/274/47/33571Access the most updated version of this article at 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/274/47/33571.full.html#ref-list-1

This article cites 70 references, 31 of which can be accessed free at

 by guest on June 21, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/content/274/47/33571
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;274/47/33571&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/274/47/33571
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=274/47/33571&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/274/47/33571
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/274/47/33571.full.html#ref-list-1
http://www.jbc.org/

