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Cdc25A is a novel phosphatase functioning early in the
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The cdc25* tyrosine phosphatase is a key mitotic
inducer of the fission yeast Schizosaccharomyces pombe,
controlling the timing of the initiation of mitosis.
Mammals contain at least three cdc25* homologues
called cdc25A, cdc25B and cdc25C. In this study we
investigate the biological function of cdc25A. Although
very potent in rescuing the S.pombe cdc25 mutant,
cdc25A is less structurally related to the S.pombe enzyme.
Northern and Western blotting detection reveals that
unlike cdc25B, ¢dc25C and cdc2, cdc25A is predomin-
antly expressed in late G1. Moreover, immunodepletion
of cdc25A in rat cells by microinjection of a specific
antibody effectively blocks their cell cycle progression
from Gl into the S phase, as determined by laser
scanning single cell cytometry. These results indicate that
cdc25A is not a mitotic regulator but a novel phosphatase
that plays a crucial role in the start of the cell cycle. In
view of its strong ability to activate cdc2 kinase and its
specific expression in late G1, cdc2-related kinases
functioning early in the cell cycle may be targets for this
phosphatase.
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Introduction

The growth of eukaryotes results from their consecutive
progression through four distinct phases called G1, S, G2
and M. This process, named cell cycle progression, is
controlled mainly in the G1 and G2 phases. The cell’s
commitment to grow or differentiate is made in G1. On the
other hand, the timing of the initiation of mitosis is
determined in G2, ensuring the complete duplication of the
cell’s genetic information before cell division is allowed to
take place. The molecular mechanism for the G2 control is
best understood in the fission yeast Schizosaccharomyces
pombe. The onset of mitosis is triggered by the activation
of the cdc2* kinase complex containing a B-type cyclin
called Cdc13 as a regulatory subunit (Goebl and Byers, 1988;
Hagan er al., 1988; Solomon et al., 1988; Booker et al.,
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1989). During the S and G2 phases, this kinase is
phosphorylated at the Tyr15 residue by another kinase called
weel* and also by its sibling mikl *, remaining inactivated
(Russell and Nurse, 1987; Lundgren et al., 1991). When
cells are ready to divide, the cdc2™ kinase is activated by
dephosphorylation with a specific tyrosine phosphatase called
cdc25* and initiates mitosis (Russell and Nurse, 1986;
Gould et al., 1990).

Higher eukaryotes contain a similar cdc2* Kkinase
complex initially identified as a mitosis promoting factor
(MPF). This kinase is controlled by a similar mechanism.
During the interphase, MPF remains inactive because of
phosphorylation at both the Thr14 and Tyrl5 residues of
cdc2 kinase (Solomon et al., 1990; Krek and Nigg, 1991).
Human cells contain a weel* kinase counterpart, which
phosphorylates the Tyrl5 residue (Igarashi er al., 1991;
Parker and Piwnica-Worms, 1992). The identity of the
enzyme phosphorylating Thr14 is unclear. When cells are
ready to enter the M phase, both Tyr15 and Thr14 undergo
dephosphorylation, resulting in the activation of cdc2 kinase.
This dephosphorylation is catalysed by phosphatase(s)
homologous to cdc25+ (Gautier et al., 1991). Thus, the
principal mechanism for G2 regulation is highly conserved
from yeast through to humans. However, mammals contain
at least three cdc25* phosphatase homologues, called
cdc25Hs (cdc25C), cdc25Hu2 (cdc25B) and cdc25Hu3
(cdc25A) (Sadhu et al., 1990; Galaktionov and Beach, 1991;
Nagata et al., 1991; Okayama et al., 1992). cdc25B has the
ability to dephosphorylate both Tyr15 and Thr14 (Honda
et al., 1993), whereas cdc25C dephosphorylates cdc2 kinase
yet undergoes phosphorylation and concomitant activation
by cdc2 kinase, forming a positive feedback loop (Hoffmann
et al., 1993).

On the contrary, the mechanism regulating the G1/S
transition is far less clear. In the budding yeast the
cdc2*/CDC28 kinase controls both transitions (Forsburg
and Nurse, 1991). In mammalian cells, however, cdc2 kinase
appears to regulate the G2/M transition only. Recently,
several cdc2-related kinases, such as cdk2, cdk3, cdk4 and
cdkS, have been identified from mammals by expression
cloning using a CDC28 mutant of the budding yeast as a
host or by cross-hybridization (Elledge and Spottswood,
1991; Ninomiya-Tsuji ez al., 1991; Meyerson et al., 1992).
Cdk?2 is active during the S and G2 phases (Rosenblatt ez al.,
1992), and immunodepletion of this protein results in
inhibition of DNA synthesis (Fang and Newport, 1991). In
addition, mammalian cells contain multiple G1-type cyclins
called cyclin C, D and E. Cyclins D and E are associated
with cdk4 and cdk?2 kinases, respectively. Cdk4 is expressed
in late G1 and early S (Dulic ez al., 1992; Koff et al., 1992).
Interestingly enough, these cdc2-related kinases possess the
conserved Tyr phosphorylation site which is originally found
in cdc2, and their activity appears to be regulated by
phosphorylation and dephosphorylation at this Tyr residue
(Gu et al., 1992; Matsushime et al., 1992).
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In this report we show that cdc25A, one of the three
mammalian cdc25 homologues, is a novel tyrosine
phosphatase that plays a crucial role in the start of the cell
cycle. We also suggest that the target for this phosphatase
may be cdc2-related kinases expressed early in the cell cycle.

Results

Structural comparison of rat and human cdc25A and
cdc25B
We and others previously have identified and cloned two
human cdc25* homologues called cdc25A and cdc25B by
trans-complementation of a S.pombe mutant or by PCR
(Galaktionov and Beach, 1991; Nagata eral., 1991;
Okayama et al., 1992). We concluded that cdc25B displayed
properties as a mitotic inducer (Nagata et al., 1991; Honda
et al., 1993). To facilitate analysis of the biological role of
cdc25A, we decided to work with an immortal untrans-
formed rat kidney fibroblast cell line called NRK. This cell
line has a unique property of reversible transformability by
a combination of growth factors, such as EGF and TGF-8.
First we isolated full-length rat cdc25A and cdc25B
cDNAs and compared their structures with the human
counterparts. The rat cdc25A and cdc25B ¢cDNAs were 3.4
and 2.8 kb in size and encoded 525 and 574 amino acid
proteins, respectively, whereas their human cognates are
composed of 523 and 566 amino acids (Galaktionov and
Beach, 1991; Nagata er al., 1991). Their amino acid
sequences were compared (Figure 1). Cdc25A and cdc25B
retain 84 and 78% amino acid sequence identities between

CDDC25A

241 Akkkkkk R*P***XADX**G P SSCSTRAV**ADX *H* % * *xR* — %K
°

299 *X*XVKADV**PTQLP—**** X xTXF* %k k% % % % FHS* Xk *kkkkkk k Ak kK k% K ShkkkR

e o o S o0n A6068 066 S0 s * o6

358 kkkkkkkx ARRRACCERRRRR AR REARRRRER RN RRARRRRERRCCRRR AT AP RRR R RS

o8 asesE RN e W6 e ves B sana
418 RRRARREEEREAERARERAAREEREAREEARRRRELEERR XA RER SRR RA SRR R R ANE

a s v e
Haenak * *% %

CDC25B 1 KKK XPQKS* AKX X AKTARKLAX XX KRAKSAFGEAKDA Xk X A KEX KX G Xk k k k kA kKA XY

61 N****GSETPKTQU**LSFQN***D* & % % % %

358 LAkxxkkx Fhokkskh® Sk ARGT AR KKk GRA Ak Ak kA k kAR KRR KK KKK A KA KKK EEw

S0 AU 6 & 0 66 WNS G seen . o .
417 KERREARKARBEAR AR CRRE AR KA R ERRENKARCERED AR KT AR R RHARTRANR R ART &

®osee s s o . . $6 80900 688 9000 @ ¢ a0
477 KA E AR R A AR R R R AR AR AR RN R DR AR R AR A A AR AR R AR AR RRR AR RARR RN AR

o
537 ARRAEANCRANARNARERREARRARRRDEOLRGAE RN E

Fig. 1. The amino acid sequences of rat cdc25A and cdc25B
compared with the human cognates. Asterisks denote the sequence of
human enzymes. The highlighted region indicates the phosphatase
domain. Filled circles on the sequences show amino acids identical to
S.pombe cdc25+. The nucleotide sequences have been deposited in the
EMBL/Genbank databases under the accession numbers D6236 and
D6237.
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human and rat, respectively. In both phosphatases, the
catalytic domain residing in the 160 amino acid C-terminal
region is highly conserved (Galaktionov and Beach, 1991;
Nagata et al., 1991). However, amino acid conservation in
this region is extraordinarily high in cdc25A, marking 98 %
identity versus 89% for cdc25B. This unusually high
conservation of the cdc25A’s catalytic domain between two
species must be a reflection of its functional importance.
Both cdc25A and cdc25B from rat and human rescued a
temperature-sensitive cdc25 mutant of S.pombe, but cdc25A
was ~ 10-fold more potent than cdc25B, irrespective of the
temperatures used for complementation and the source of
the genes (Table I). Consistent with this, the cells rescued
by cdc25A exhibited a morphology similar to that of the wild-
type cells (Figure 2). Despite the ability to efficiently rescue
a cdc25 mutation, cdc25A is no more closely related to the
S.pombe cdc25* in amino acid sequence. As indicated by
dots in Figure 1, cdc25B rather retains a higher similarity
to the S.pombe enzyme throughout the entire sequence.

cdc25A mRNA is expressed early in the cell cycle

Since mammalian cells contained at least three cdc25+
homologues and both cdc25B and cdc25C were expressed
in G2 (Sadhu er al., 1990; Nagata et al., 1991), we next
examined the cell cycle dependency of cdc25A expression
in rat NRK cells. NRK cells were arrested in G1 by contact
inhibition and serum deletion, and were induced to start the
cell cycle by replating at a low cell density with medium
containing serum and the two growth factors. Cells were
harvested every 3 h and the levels of the mRNAs for cdc25A,
cdc25B, cdc2 and B-actin were determined by Northern
blotting. In parallel, their cell cycle progression was
monitored by flow cytometry. As shown in Figure 3, 12 h
after stimulation cells began to enter the S phase, and at
18—21 h most cells reached the G2 phase. cdc2 mRNA was
undetectable in G1, but became visible in S and highly
induced in G2. cdc25B mRNA began to be induced at 12 h,
slightly behind cdc2 mRNA, and peaked in G2, in good
agreement with our previous report (Nagata et al., 1991).
On the contrary, cdc25A mRNA started to be expressed in
G1 3-6 h after stimulation and peaked at 9 h, just before
the onset of the S phase. This pattern of cdc25A expression
was not specific to the rat gene. As shown in Figure 4,
virtually identical results were obtained with KD cells, an
untransformed mortal human fibroblast cell clone. In KD

Table I. Complementation of a S.pombe cdc25 mutant by cdc25A and
cdc25B

Gene % Complementation

35°C 36°C 37°C
Rat
cdc25A 27 26 10
cdc25B 4 3 1
Human
cdc25A 33 27 10
cdc25B 4 3 <0.1
CAT <0.1 <0.1 <0.1

CAT is the chloramphenicol acetyltransferase gene and was used as a
negative control.



cells, however, a considerable amount of cdc25B mRNA
was detectable in the quiescent state, but its biological
significance is currently unclear.

cdc25A protein is predominantly expressed in late G1
To confirm the expression of cdc25A in G1, we performed
immunoblot detection in synchronized NRK cells. A
polyclonal antibody was generated against MYSRLKKL, the
C-terminal eight amino acids, which was unique to cdc25A.
This polyclonal antibody called anti-cdc25A-peptide detected
rat cdc25A protein expressed in Escherichia coli. Its
specificity was confirmed by suppression of detection with
an excess amount of the peptide used for the antibody
production (data not shown). When NRK cells were
analysed, the antibody visualized a 65 kDa protein as a
specific band which was slightly larger than the molecular
weight (59 kDa) calculated from the deduced amino acid
sequence.

To further confirm the specificity of the anti-cdc25A-
peptide antibody, we generated another polyclonal antibody,
but this time against a whole GST-fused human cdc25A
protein made in E. coli. Immunoglobulin (Ig) G was purified
from the antiserum with protein A —Sepharose and pretreated
with E. coli-produced GST-fused human cdc25B protein to
eliminate those that react with GST or the sequence common
in cdc25 phosphatases. The final Ig preparation, termed anti-
cdc25, did not react with GST or GST-fused cdc25B (data
not shown), but efficiently detected GST-fused cdc25A by
immunoblotting (Figure 5, lane e). An NRK cell extract
prepared 6 h after growth stimulation was first immuno-
precipitated with anti-cdc25A and then immunoblotted with
anti-cdc25A-peptide following SDS —PAGE (Figure 5, lane
b). As a positive control, the GST-fused rat cdc25A protein
was similarly immunoprecipitated and blotted (lane d). The
GST-fused cdc25A protein was used instead of the original
cdc25A because IgG comigrated with cdc25A and hindered
its detection. In parallel, the same amount of the 6 h NRK

Cdc25A functions in G1

cell extract as for lane b was directly immunoblotted with
anti-cdc25A-peptide (lane a) or anti-cdc25A (lane d). The
detection of GST-fused cdc25A in lane ¢ proved that anti-
cdc25A was able to effectively recognize and precipitate rat
cdc25A. When incubated with NRK cell extracts, anti-
cdc25A precipitated and specifically visualized by direct
blotting the same 65 kDa band as detected with anti-cdc25A-
peptide (lanes b and d). Comparison of their intensities
indicates that ~50% of the cdc25A protein in the cell extract
was immunoprecipitated with anti-cdc25A. Thus, the two
antibodies independently raised against different regions of
cdc25A recognized the same 65 kDa band. From these
results we concluded that the 65 kDa band was indeed the
rat cdc25A protein.

To determine the cell cycle-dependent production of the
cdc25A protein, NRK cells were similarly arrested in G1
and induced to start growth by replating at a low density
with medium containing serum, EGF and TGF-g, as for the
Northern analysis. But this time, cell cycle progression was
monitored for 27 h. In this particular experiment, NRK cells
entered the G2 phase 18—21 h after stimulation, and most
of the cells returned to G1 by 24 h (Figure 5). As an internal
control, the cdc2 protein was quantitated. In accordance with
the level of the mRNA, the cdc2 protein started to appear
at 12 h (early S phase), increased significantly at 18 h (S
to G2 phase), and peaked at 21—24 h (G2 to M and G1).
The Gl-arrested NRK cells contained a band detectable by
the anti-cdc2 mAb, but whether it was cdc2 itself or an
antigenically-related protein was unclear. In contrast, the
cdc25A protein began to appear at 3 h (slightly ahead of
the mRNA), peaked at 6 h and decreased in early S phase.
At 24 h when the cells re-entered the Gl phase, the
production of the cdc25A protein was up again. Thus, the
cdc25A protein was produced most in G1 and least in G2.
These results indicate that, unlike cdc25B and cdc25C,
cdc25A is not a mitotic regulator, but is a novel phosphatase
which may function early in the cell cycle.

Fig. 2. The morphology of a temperature-sensitive S.pombe cdc25 mutant rescued by rat or human cdc25A or cdc25B. The S.pombe strain cdc25-22
leul-32 h~ was transfected with the pcD2 vector containing rat cdc25A cDNA (a), rat cdc25B cDNA (b), the chloramphenicol acetyltransferase gene
as a negative control (¢), human c¢dc25A ¢cDNA (d) or human cdc25B cDNA (e). Cells were then spread on minimal medium agar plates and
incubated at 23°C for 24 h and then at 34°C for 5 days. (f) Wild-type strain grown under identical conditions.
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Fig. 3. Cell cycle-dependent expression of cdc25SA mRNA in NRK
cells. NRK cells were arrested by contact inhibition and serum
depletion, and stimulated to grow by replating in DMEM containing
5% FCS, EGF and TGF-8 (see Materials and methods for details).
Cell cycle patterns were analysed by flow cytometry (a). Cells were
harvested at the indicated time, and total RNA (b) was prepared and
analysed by Northern blot hybridization with rat cdc25B cDNA (c), rat
cdc25A c¢DNA (d) and rat cdc2 cDNA (e) as probes. As an internal
control, rat S-actin mRNA (f) was quantitated.

cdc25A is required for the start of the cell cycle

To identify the biological role of cdc25A, the anti-cdc25A
antibody was microinjected into NRK cells and their cell
cycle progression was examined. NRK cells were sparsely
plated on culture dishes, arrested in G1 by serum depletion
and induced to start the cell cycle by the addition of 5% FCS,
EGF and TGF-3. One hour later, an anti-cdc25A or a control
Ig solution containing 1% fluorescein isothiocyanate (FITC)-
dextran was microinjected into the cells. FITC-dextran was
used to identify injected cells. Twenty-four hours later, the
number of injected cells and those that were entering, or
were already in, the M phase (rounded and dividing cells)
was counted (see Figure 7). Under these growth stimulation
conditions, which did not include the replating step, the start
of the cell cycle was slightly slower and less synchronized
than that in Figure 6, and none of the cells entered the M
phase before this time. As summarized in Table II, in three
separate experiments ~20% of the cells injected with the
control Ig were entering, or had already entered, the M
phase. On the contrary, only <3% of the cells injected with
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Fig. 4. Cell cycle-dependent expression of cdc25A mRNA in human
cells. KD cells were analysed as described in Figure 3. The cell cycle
progression was monitored by flow cytometry (a). Total RNA (b) was
prepared and analysed by Northern blot hybridization with 32P-labelled
human cdc25C (c), cdc25B (d), cdc25A (e) and cdc2Hs (f) as probes.
As an internal control, human (-actin mRNA was quantitated (g).
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Fig. 5. Immunoprecipitation and immunoblot detection of rat cdc25A
by two independently-raised antibodies. An NRK cell extract 6 h after
growth factor addition (lane b) and an E.coli lysate containing GST-
fused cdc25A protein (lane ¢) were immunoprecipitated with the anti-
cdc25A antibody, electrophoresed and immunoblotted with the anti-
cdc25A-peptide antibody. The same amount of the 6 h NRK cell
extract was electrophoresed and immunoblotted with anti-cdc25A-
peptide (lane a) or anti-cdc25A (lane d) without prior immunoprecipi-
tation. An E.coli lysate containing GST-fused cdc25A protein was also
electrophoresed and directly blotted with anti-cdc25A (lane e).
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Fig. 6. Cell cycle-dependent expression of cdc25A and cdc2 proteins
in NRK cells. NRK cells were arrested in G1 and stimulated to grow
as described in Figure 3. Cell cycle patterns at each time point were
determined by flow cytometry (A). 20 pg cell extracts were
electrophoresed on a 10% SDS—polyacrylamide gel, and the cdc25A
and cdc2 proteins were detected by Western blot using the anti-
cdc25A-peptide antibody or the anti-cdc2 mAb (B). In lane NRS,

20 pg of the 6 h cell extract was electrophoresed and detected with
normal rabbit serum following blotting.

the anti-cdc25A antibody was in the M phase. The block
in the cell cycle progression by anti-cdc25A was also
confirmed by almost no increase in the cell number after
a 28—30 h incubation.

To identify the point at which anti-cdc25A blocked the
cell cycle, we quantitated the DNA content of the injected
cells by propidium iodide (PI) staining followed by laser
scanning single cell cytometry. Cells were prepared, injected
and incubated similarly, but this time for 22 h, to determine
the DNA content of the cells before they enter the M phase.
Injected cells were identified by the presence of FITC-
dextran, marked and fixed with ethanol followed by RNase
A treatment and PI staining. The marked cells were scanned
by an argon laser scanning microscope, the intensity of
fluorescent light emitted from DNA-bound PI was digitized
in 256 grades and the total PI fluorescence intensity in each
nucleus (relative DNA content) was calculated by the IBAS
image analysis system. To validate this new method for cell
cycle analysis, the DNA contents of NRK cells in both log
and stationary phases were determined (Figure 8A and B,
respectively). As shown in this figure, the distribution pattern
of DNA content in these cells was very similar to those
generally obtained by flow cytometry (Vindelov et al.,
1983). To avoid confusion, anti-cdc25A and control Ig were
injected into cells grown in separate dishes. Consequently,
it had to be confirmed that cells in two separate dishes had
progressed in the cell cycle to the same extent after 22 h
incubation. Therefore, ~ 500 uninjected cells near injected
cells in each dish were analysed. As shown in Figure 8C

Cdc25A functions in G1

and D, uninjected cells in both dishes had similar cell cycle
patterns; 55% of the cells were in S or G2 and 45% stayed
in G1. The cells injected with control Ig entered the cell cycle
to the same extent as uninjected cells (54% in S or G2 and
46% in G1; Figure 8D), indicating that neither injection of
an irrelevant antibody nor mechanical damage to cells by
a needle influenced cell cycle progression. On the contrary,
the injection of anti-cdc25A effectively blocked the cells from
starting the cell cycle; 76% of the cells remained in G1 and
few reached G2 (Figure 8E). These data strongly indicate
that cdc25A is required for cells to enter and/or progress
in the S phase.

Discussion

Unlike yeast (Russell and Nurse, 1986), mammals contain
at least three distinct cdc25* homologues, all of which
possess a tyrosine phosphatase activity and the ability to
rescue a S.pombe cdc25 mutant (Sadhu et al., 1990;
Galaktionov and Beach, 1991; Nagata eral., 1991;
Strausfeld et al., 1991). However, they greatly differ in their
ability to act as cdc25* phosphatase. As we reported
previously (Nagata er al., 1991), cdc25B (cdc25Hu2) is
more active than cdc25C (cdc25Hs) in both complementation
assay and mitosis induction assay (Enoch and Nurse, 1990).
cdc25A is 10 times more potent than cdc25B, irrespective
of whether they are human or rat genes (Table I). Despite
its strong ability to act as a mitotic inducer in the fission
yeast, the biological role of cdc25A is unlikely to be as a
mitotic regulator.

As we have shown in this paper, the expression of cdc25A
mRNA began in early G1, peaked late in G1 and decreased
in G2, in both human and rat cells. The level of the cdc25A
protein behaved similarly. Consistent with its expression
pattern, immunodepletion of cdc25A by microinjection of
a specific antibody effectively blocked cells to start the cell
cycle, and most of the cells remained in G1 with few
reaching G2. These results lead us to conclude that cdc25A
is not a mitotic regulator, but is a crucial factor that is
required for cells to enter or to progress in the S phase. Thus,
despite its strong ability to activate cdc2 kinase, cdc25A
sharply differs in biological function from the other cdc25s
(Sadhu et al., 1990; Nagata et al., 1991). Consequently, the
target for this phosphatase is unlikely to be cdc2 kinase. As
we have shown, neither mRNA nor protein of cdc2 is
detectable in late G1, the time when cdc25A protein is
produced at maximum levels.

Fission as well as budding yeast utilizes cdc2/cdc28 kinase
as a key component for cell cycle progression in both G1
and G2 (Forsburg and Nurse, 1991). In contrast, higher
eukaryotes appear to employ cdc2-related kinase(s), instead
of cdc2, for G1 regulation (Th’ng ez al., 1990). Among the
cdc2-related kinases identified to date, those called cdk
require cyclin for their activity and are highly related to cdc2
kinase. These include cdk2, cdk3, cdk4 and cdkS (Elledge
and Spottswood, 1991; Lew er al., 1991; Matsushime ez al.,
1991, 1992; Ninomiya-Tsuji et al., 1991; Xiong et al.,
1991; Koff et al., 1991; Meyerson et al., 1992). Cdk2 is
expressed at highest levels during the S and G2 phases
(Rosenblatt et al., 1992), whereas the cdk4 gene product
accumulates during the G1 phase and declines in the S phase
in macrophage (Matsushime ez al., 1992). Cdk2 kinase is
associated with cyclin E and is active in the G1 phase of
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Fig. 7. Effect of anti-cdc25A injection on cell growth. NRK cells were arrested in G1 phase by serum depletion and stimulated by serum and the

growth factors. Cells were then microinjected with anti-cdc25A antibody or control Ig. 24 h later, cells were photographed under a blue excitation or
a phase contrast (see also Table II for quantitation). (A—D) The morphology of cells microinjected with control Ig (A and B) or anti-cdc25A (C and
D). (A and C) FITC-labelled (antibody microinjected) cells. (B and D) Phase contrast images of A and C, respectively. The white arrow indicates a

dividing cell.

HeLa cells (Dulic et al., 1992; Koff et al., 1992). On the
other hand, cdk4 kinase is associated with cyclin D and
phosphorylates the retinoblastoma gene product (Matsushime
et al., 1992). Interestingly, these cdk kinases contain the
conserved Thr and Tyr phosphorylation sites initially found
in cdc2 kinase, and the activity of these kinases appears to
be regulated by a similar mechanism. Indeed, it has been
shown that cdk2 kinase is phosphorylated at Thr14 and Tyr15
in vivo, and that its dephosphorylation activates the kinase
(Gu et al., 1992; Sebastian et al., 1993). These data suggest
that early cell cycle checkpoints are regulated by the
cdc2-related kinases, which may in turn be regulated by some
cdc25-related phosphatases. Our data that cdc25A
phosphatase functions in G1 yet has an ability to activate
cdc2 kinase, suggest that this phosphatase may be a putative
regulator of the cdk kinases. The unusually high conservation
of the cdc25As catalytic domain between primate and rodent
may be indicative of its general importance in mammalian
cell cycle control.

Our results are inconsistent with the earlier report by
Galaktionov and Beach (1991) that cdc25A is activated by
cyclin B in vitro. Although the reason for the discrepancy
is unclear, it is quite clear that the cdc25A protein is produced
mainly in G1, the phase when cyclin B is produced the least.
On the other hand, their results on antibody injection are
similar to ours, but as we have shown, immunodepletion
of cdc25A blocked cells to start DNA synthesis.
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Table II. The effect of anti-cdc25 injection on cell cycle progression

Antibody Cells injected Cells in M phase %
Control Ig

Exp. 1 29 5 17.2
Exp. 2 65 13 20.0
Exp. 3 31 6 19.4
Anti-cdc25A

Exp. 1 74 2 2.7
Exp. 2 37 0 <217
Exp. 3 121 3 25

Rounded and dividing cells were taken as those in M phase (see
Figure 7).

Materials and methods

Cells and chemicals

KD (human lip skin primary fibroblast cell) and NRK-49F (normal rat kidney
cell line) were obtained from the American Type Culture Collection. KD
cells were maintained in 5% CO, at 37°C in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum (FCS;
Commonwealth Serum Lab., Australia), 100 U/ml penicillin G and 100
ug/ml streptomycin. NRK cells were maintained in 5% CO, at 35°C in
the same medium but supplemented with 5% FCS. Crude human platelet-
derived TGF-@8 was prepared as described (Assoian er al., 1983). EGF was
obtained from King Fermentation, Japan.
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Fig. 8. Cell cycle analysis of anti-cdc25A-injected cells. NRK cells
were injected with anti-cdc25A antibody or control Ig. (A) Log phase
cells; (B) Gl-arrested cells; (C) control Ig-injected cells;

(D) uninjected cells near control Ig-injected cells; (E) anti-cdc25A-
injected cells; (F) uninjected cells near anti-cdc25A-injected cells.

Expression cloning

Trans-complementation cloning of rat cdc25A was performed as described
previously (Okazaki er al., 1990). The temperature-sensitive lethal mutant
strain cdc25-22 leul-32 h= of S.pombe was used as a cloning host. A
normal rat kidney cell line (NRK-49F) cDNA library was constructed in
the pcD2 vector (Chen and Okayama, 1987) and transfected into the mutant
yeast together with the pAL19 transducing vector. Cells were spread on
minimum medium agar plates and incubated at 23°C for 24 h and then at
34°C for 4—5 days to select complemented colonies. Small molecular weight
DNAs were prepared from the growing colonies (Rothstein, 1985) and
transfected into the E.coli strain HB101 to recover cDNA clones (Inoue
et al., 1990).

Colony hybridization

A size-selected NRK cDNA sublibrary (> 3.0 kb cDNA) was screened under
a low stringency hybridization condition. The Bg/Il — Ndel fragment (0.66
kb) of the human cdc25A cDNA and the Nael —Sacl fragment (0.71 kb)
of the human cdc25B cDNA were used as the 5’ region probes to isolate
full-length clones for rat cdc25A and cdc25B cDNAs.

Complementation assay

The S.pombe strain cdc25-22 leul-32 h~ was transfected with the pcD2
vector containing the human cdc25A cDNA, the human cdc25B (cdc25Hu2)
cDNA, the rat cdc25A cDNA, the rat cdc25B cDNA or the chloramphenicol
acetyltransferase gene. Cells were then spread on minimal medium and
incubated at 23, 34, 35 and 36°C for 5 days. The number of colonies was
then counted. The percentage of complementation was calculated by dividing
the number of colonies grown at the non-permissive temperatures by the
number of colonies grown at 23°C.

Cdc25A functions in G1

Cell cycle analysis

NRK cells grown to confluence were incubated in DMEM containing 0.05 %
FCS for 48 h. Cells were stimulated to growth by replating at a density
of 2 x 105 cells/10 cm dish) in DMEM containing 5% FCS. KD cells
were arrested in G1 by incubating in DMEM with 0.2% FCS for 48 h.
Cells were then growth-stimulated by replating at a density of 2 X 105
cells/10 cm dish in DMEM containing 10% FCS. Cells were harvested
after incubation for the indicated time.

PI-labelled nuclei were prepared from synchronized cells using CycleTest
(Becton-Deckinson, CA). 2 X 10 cells were analysed with a fluorescence-
activated cell analyser as described previously (Vindelov et al., 1983). The
percentage of cell population in each phase was calculated with the SOBR
model in the CELFIT program written for the FACScan cell analyser
(Becton-Deckinson, CA).

Northern blot analysis

Total RNA was prepared from cultured cells by the modified guanidine
thiocyanate method (Okayama er al., 1987). Northern blot analysis was
carried out as described (Maniatis et al., 1989). 20 pg total RNA were loaded
in each lane, electrophoresed on a 1% agarose gel containing 0.66 M
formaldehyde, transferred to a Biodyne™ Transfer membrane (Paul
Ultrafine Filtration Corp., Glen Cove, NY) and hybridized with each probe
labelled with 32P using a Multi Primer Labeling Kit (Amersham Corp.).
Hybridized filters were washed in 0.2 X SSC at 60°C. The probes used
are the 0.7 kb Bg/lI—Ndel fragment of human cdc25A; the 1.7 kb
Nael —Nael fragment of human cdc25B ; the 1.2 kb EcoRI—EcoRI fragment
of human cdc25C; the 0.6 kb Notl—Bg/Il fragment of human cdc2; the
1 kb Xhol — Xhol fragment of rat cdc25A; the 1.3 kb NotI — EcoRI fragment
of rat cdc25B; and the 1.1 kb Mrol—Eco105I fragment of rat cdc2.

Antibody production

The anti-cdc25A-peptide rabbit antiserum was produced against the
C-terminal decapeptide of rat cdc25A, MYSRLKKL, coupled to keyhole
limpet hemocyanin (Maniatis er al., 1989). The anti-cdc2 mAb that
recognizes the KIRLESE sequence was obtained from MBL. The anti-
cdc25A rabbit antibody was generated against the whole GST-fused human
cdc25A protein produced in E.coli with the pPGEXT2 vector (Pharmacia)
containing the Ncol —Smal fragment of the human cdc25A cDNA. The anti-
cdc25A antibody was purified with protein A —Sepharose, and those that
react with GST or the conserved regions of cdc25 phosphatases were
eliminated by treatment with GST-fused human cdc25B protein. A GST-
fused rat cdc25A protein was produced in E. coli from the pGEXT2 vector
containing the Ncol —BamHI fragment of the rat cdc25A cDNA, and was
purified.

Immunoprecipitation

NRK cells (5 X 105) were lysed in 500 pl lysis buffer (10 mM Tris—HCI,
pH 7.8, 1% NP-40, 0.15 M NaCl, 1 mM EDTA and 10 mg/ml aprotinin).
200 pg cell extracts were incubated with 2 pg anti-cdc25A and then incubated
with 20 ul protein A—Sepharose (Yamanashi et al., 1992). Immuno-
precipitates were resuspended in 100 ul SDS sample buffer, and 10 ul each
(20 pg as the original cell extracts) was used for Western blot analysis.

Western blot analysis

20 pg cell extracts were electrophoresed on 10% SDS—PAGE and
transferred to a Hybond-ECL filter (Amersham Corp.) using the semi-dry
electroblotting apparatus. The ECL filter was blocked by soaking in 5%
non-fat dried milk in 10 mM Tris—HCI (pH 7.2) containing 150 mM NaCl
and 0.05% Tween 20 for 1 h, and incubated with anti-cdc25A-peptide, anti-
cdc25A or the anti-cdc2 mAb. The filters were then treated with horseradish
peroxidase-conjugated anti-rabbit or mouse Ig (diluted 1:500) (Amersham
Corp.), and signals were detected using the ECL system (Amersham Corp.).

Microinjection and laser scanning single cell cytometry

NRK cells were seeded on 3.5 cm dishes at a concentration of 10# cells/dish
and were arrested in G1 by incubating in DMEM containing 0.05% serum
for 48 h. Cells were then stimulated to start the cell cycle with medium
containing 5% FCS, EGF and TGF-8. 1 h later, cells were microinjected
with a phosphate-buffered saline-dialysed antibody solution (0.3 mg/ml),
containing 1% FITC-dextran (mol. wt = 145 000) by using the AIS injection
system (Zeiss, Germany), and were incubated for 22 or 24 h. Successfully-
injected cells were identified by detecting FITC-dextran, fixed with 100%
ethanol, treated with 0.1 mg DNase-free RNase A per ml, and stained with
4.16 mg PI per ml. Stained cells were then scanned with an argon laser
microscope (Zeiss, Germany). The following parameters were used for the
laser scanning: contrast, 394; brightness, 9208; zooming, 1; frame,
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512 X 512 dots; scanning time, 8 s/frame; objective lens, 20X Plan-
Neofluar lens. The fluorescence intensity for each dot was digitized in 256
grades and stored as an image data file on an optical disk. The contour
of each nucleus was extracted and the total PI fluorescence intensity of each
nucleus (relative DNA content) was calculated with the IBAS digital image
analysis system (Zeiss, Germany).
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