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ABSTRACT Entry into mitosis during the somatic cell
cycle is regulated in response to signals that monitor the
completion of DNA replication, the integrity of the nuclear
genome, and, possibly, the increase in cellular mass during the
cell cycle. It has been postulated that the operation of this cell
cycle control involves the gradual accumulation of rate-limiting
mitotic inducers, which trigger nuclear division when their
cellular concentration reaches a critical level. We have cloned
a human gene, which we call CDC25, whose product may
function as a mitotic inducer. This human gene encodes a
protein with a predicted molecular mass of 53,000 daltons
whose C-terminal domain shares about 37% sequence identity
with the fission yeast cdc25* mitotic inducer. The human
CDC25 gene rescues the defect of a fission yeast temperature-
sensitive (ts) cdc25* mutant that is unable to initiate mitosis. In
HeLa cells CDC25 mRNA levels are very low in G, and increase
at least 4-fold as cells progress towards M phase. These data
suggest that in human cells, as in fission yeast, the accumula-
tion of CDC2S mitotic inducer during G, may play a key role
in regulating the timing of mitosis.

Genetic investigations of the fission yeast Schizosaccharo-
myces pombe have established that the cell cycle timing of
entry into mitosis is governed by expression of the cdc25*
and niml™* mitotic inducer genes and the inhibitor gene weel*
(1-5). The products of these genes operate in a control
network that determines cell size at mitosis and thereby
coordinates growth with division. These mitotic control
elements appear to act together to regulate function of the
p34°¢<2 M-phase protein kinase, whose activity is believed to
be rate-limiting for the initiation of M phase (4-7). The mitotic
inducer encoded by cdc25* plays a key role in this control.
In wild-type cells, cdc25* gene function is required for entry
into mitosis, p34°9°2 dephosphorylation, and kinase activa-
tion (2, 3, 6-9). Incremental increases in cdc25* gene dosage
cause a corresponding decrease in cell size at mitosis, show-
ing that the level of cdc25" expression is rate-limiting for
entry into M phase in wild-type cells (3). It has been shown
recently that in fission yeast the levels of cdc25" mRNA and
protein increase as cells proceed through interphase, peaking
at mitosis (10). These data suggest that in fission yeast the cell
cycle timing of mitosis is regulated by the cyclic accumula-
tion of the cdc2$ mitotic inducer, which when accumulated to
a critical level, brings about p34°9°2 kinase activation and the
initiation of mitosis (11-13).

One of the best strategies to investigate the mitotic control
in mammalian cells is to identify mammalian homologs of
fission yeast mitotic control elements. One approach to this
has been to rescue yeast mitotic control mutations with
mammalian cDNA libraries made in expression vectors.
Although this method was used to clone a human cdc2
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homolog (14), the success of this approach has so far been
limited. We have used a two-stage strategy that circumvents
potential problems to clone a human cdc25 homolog. In the
first stage, a cdc25 homolog from the highly divergent bud-
ding yeast Saccharomyces cerevisiae was cloned by rescue of
a fission yeast temperature-sensitive (ts) cdc25" mutation
(15). The isolation of a S. cerevisiae cdc25 homolog, named
MIH]I, established that the cdc25 mitotic inducer gene was
conserved among broadly divergent species and identified
sequence similarities that were also likely to be generally
conserved among eukaryotes. Here we report the second
stage of this approach in which we have used the sequence
similarities between the two yeast cdc25 homologs and a
Drosophila cdc25 homolog that has been independently iden-
tified by genetic analysis (16) to design a pair of highly
degenerate oligonucleotide sets that were then used to clone
a human cdc25 homolog by polymerase chain reaction (PCR)
(17, 18). The product of the human cdc25 homolog shares a
conserved C-terminal domainT with the yeast and Drosophila
cdc25 proteins. The human cdc25 homolog rescues a fission
yeast cdc25" mutant, indicating functional as well as struc-
tural conservation of cdc25 homologs. We also report that the
human cdc25 homolog, which we call CDC25, is expressed
predominantly in G, phase in HeLa cells, indicating that
periodic accumulation of the cdc25 mitotic inducer may be an
evolutionarily conserved feature of the mitotic control in
somatic cells.

MATERIALS AND METHODS

Cloning Human CDC25 ¢DNA. The 40-mer 5’ degenerate
oligonucleotide set had the sequence: 5'-AT!
GATNATNGAYTGYMGNTWYGARTAYGART-3’,
whereR=A+G,Y=T+C,M=A+C,S=G=C, and
W = A + T. The underlined sequence contains Xho I and Cla
I restriction enzyme sites, and the 3’ proximal 28 nucleotides
correspond to the peptide sequence Ile-Ile-Asp-Cys-
Arg-(Phe or Tyr)-Glu-Tyr-Glu-(Phe or Tyr). This oligonucle-
otide is 16,384-fold degenerate. The 44-mer 3’ degenerate
oligonucleotide set had the sequence: 5'-ATCTCGAGYT-
TRTANCCNCCRTSNARNANRTANAYNTCNGGRTA-
3’. The underlined sequence contains an Xho 1 site, and the
reverse complement of the 3’ proximal 36 nucleotides cor-
respond to the peptide sequence (Tyr-Pro-(Glu or Asp)-(Val
or Ile)-Tyr-(Ile or Leu)-Leu-(His or Asp)-Gly-Gly-Tyr-Lys.
This oligonucleotide set is 16,777,216-fold degenerate. The
0.1-ml PCR reaction mixture consisted of 50 mM KCl; 10 mM
Tris (pH 8.3); 1.5 mM MgCl,; 0.01% gelatin; 0.2 mM each of
dATP, dCTP, dGTP, and dTTP; 0.025 unit of Thermus
aquaticus (Taq) DNA polymerase (Perkin-Elmer/Cetus), 10

Abbreviations: PCR, polymerase chain reaction; ts, temperature-
sensitive.

*To whom reprint requests should be addressed.

TThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M34065).
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ung of each oligonucleotide set, and 5 ug of a HeLa cDNA of the gene) and then ligated into pSM1 and pSM2 digested
library made in vector pCD (19) by Steve Hanks (Salk with BamHI and Xho 1. The pSM plasmids are pBR322/
Institute) and kindly provided by Steve Gould (University of LEU2/2-um chimeras containing the simian virus 40 early
California, San Diego). Forty cycles of 94°C for 1 min, 45°C promoter upstream of a polylinker (20, 21). The pSM2 clone

for 2 min, and 72°C for 3 min were performed in a DNA containing CDC25 cDNA in correct transcription orientation
thermal cycler (Perkin—Elmer/Cetus). The reaction products was called pSM25H, and the pSM1 derivative containing
were digested with Cla I and Xho I restriction enzymes and CDC25 cDNA in the opposite orientation was called
separated on a 1.5% agarose gel; the 280-nucleotide product pSM25H-rev. Both plasmids were transformed into a Sc.
was cloned into the Cla 1/Xho I-digested vector pBluescript pombe c¢dc25-22 leul-32 ura4-DI8 strain. Transformants
SK (pBSK) (Stratagene). Three clones were sequenced. were isolated, grown to midlogarithmic phase in EMM
They all were at least 99% identical. The HeLa CDC25 PCR +leucine liquid medium (22) at 25°C, collected by centrifu-
clone was used as a probe to obtain cDNA clones from a gation, and resuspended in YES medium (22). These cultures

HeLa (D98/AH-2) cDNA library in vector Lambda ZAP 11 were incubated at 25°C for 4 hr and then incubated for a
(Stratagene). pBSK phagemids were derived by in vivo further 6 hr at 35°C. Cell number was monitored with a

excision using the manufacturer’s protocol. The longest Coulter Counter model ZM. Cells were stained with Calco-
clone, pBSK1, was sequenced completely. fluor (fluorescent brightener 28, Sigma F-6259).

Expression of Human CDC25 ¢DNA in Fission Yeast. The Analysis of Human CDC25 mRNA Levels. Cell synchrony
complete CDC25 cDNA from pBSK1 was isolated by diges- and RNA blot hybridization (Northern) analysis were per-
tion with BamHI and Xho I (the BamHI site is at the 3’ end formed as described (23). The CDC25 probe was made with
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Fi1G. 1. Sequence of human CDC25 ¢DNA clone. Key restriction enzyme sites are noted.
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the full-length cDNA. The actin probe is as described (24).
Autoradiographs were quantified with an LKB Ultroscan XL
laser densitometer.

RESULTS

Isolation of Human CDC25 cDNA Clone. Protein sequence
comparison of the known cdc25 homologs (15, 16) revealed
aregion of =35% identity extending for =150 amino acids in
the C-terminal portions of the proteins. We designed a pair of
degenerate oligonucleotides corresponding to two of the
most conserved regions for use in PCR (17, 18). The oligo-
nucleotide sets were highly degenerate: the 5’ set was 16,384-
fold degenerate over 28 nucleotides, and the 3’ set was
>16,000,000-fold degenerate over 36 nucleotides (see Mate-
rials and Methods). These oligonucleotide sets amplified the
expected 280-nucleotide fragment in PCR reactions with Sc.
pombe cdc25* or S. cerevisiae MIHI genes as templates.
Amplification from a HeLa cell cDNA library produced a
predominant 280-nucleotide-long DNA product. DNA se-
quence analysis of this fragment revealed an open reading
frame encoding a polypeptide having about 40% identity to
the yeast cdc25 homologs. A similar degree of sequence
identity has been reported with the Drosophila cdc2S ho-
molog (16).

The 280-nucleotide DN A fragment was used as a probe to
isolate cDNA clones from a HeLa cell cDNA library. The
longest cDNA contained a 1.4-kilobase open reading frame
that potentially encodes a 473-amino acid protein with a
predicted molecular mass of 53 kDa (Fig. 1). This protein
shares a conserved C-terminal region with the other known
cdc2S homologs (Fig. 2). Most of the homology is located in
the region that starts at amino acid position 290 and extends
for 183 residues to the C terminus. This region of the human
protein is 37% identical to the C-terminal region of fission
yeast cdc25* gene product and 28% identical to the equiva-
lent C-terminal region of the cdc2S homolog encoded by the
budding yeast MIHI gene. The human and Drosophila cdc25
protein homologs are 49% identical in this region. The
N-terminal halves of the four cdc25* homologs share little or
no sequence similarity.

Human CDC25 Gene Rescues Fission Yeast cdc25* Muta-
tion. To investigate whether the fission yeast cdc25* gene and
its human homolog have similar roles in the mitotic control,
we determined if the human gene could rescue a fission yeast
cdc25" mutation that confers a ts defect in mitotic initiation.
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The human CDC25 gene was placed under the control of the
simian virus 40 early promoter, which directs moderate levels
of expression in fission yeast (20). Plasmid pSM25H con-
tained CDC25 cDNA in the correct orientation for expres-
sion. A plasmid containing CDC25 cDNA in the reverse
orientation, pSM25H-rev, was used as a control. These
plasmids were transformed into a cdc25-22 leul-32 ts mutant.
Cell number was monitored as logarithmic-phase transform-
ant cultures were shifted from 25°C to 35°C. Plasmid pSM25H
rescued the cdc25-22 G, arrest, whereas pSM25H-rev did not
(Fig. 3A). The cdc25-22 leul-32 mutant transformed with
pSM25H was able to grow and to divide at 35°C until reaching
stationary phase. The degree of rescue was variable among
individual cells (probably a result of variation in plasmid copy
number), but most of the cells divided at 1-2 times wild-type
size (Fig. 3B). Plasmid pSM25H also was able to rescue a
mutant in which the CDC25 gene had been deleted (data not
shown). These data establish that the human homolog of
cdc25™ is able to function as a mitotic inducer in fission yeast
and suggests that CDC25 is likely to function in the mitotic
control in human cells.

Human CDC25 Gene Is Expressed Predominantly in G,. To
further explore the possibility that human CDC25 functions
as a mitotic inducer gene in human cells, we next determined
if CDC25 mRNA is expressed periodically in the HeLa cell
cycle. HeLa cells grown in suspension culture were sepa-
rated on the basis of size by centrifugal elutriation (see
Materials and Methods). Cell cycle profiles of the fractions
were monitored by flow-cytometry analysis of propidium
iodide-stained cells to measure nuclear DNA content. The
samples were processed for total RN A, and Northern blots of
the samples were probed with CDC25 and B-actin gene
probes. The first fractions eluted, containing the smallest
cells, were highly enriched in cells that were in G, phase (Fig.
4A). The human CDC25 mRNA levels were very low in these
cells and increased as the fraction of G,+M cells in the
samples increased. The level of a B-actin mRNA remained
constant through the cell cycle. Laser densitometry of the
autoradiograph indicated that the level of CDC25 mRNA
relative to B-actin mRNA increased about 4-fold from the first
to the last fraction.

We wished to verify these findings using an independent
method of cell synchronization. A population of HeLa cells
arrested in S phase was prepared by using a double thymidine
block (23). Upon removal of thymidine, the majority of the
cells proceeded through S phase and entered G, in a syn-
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FiG. 2. Sequence comparisons among cdc25 homologs. The C-terminal regions of cdc25 homologs from HeLa (25Hs), Drosophila (stg), Sc.
pombe (25Sp), and S. cerevisiae (MIH1) are compared. Identical matches are boxed. Positions that are identical among three or more of the
gene products are indicated with the conserved residue below the MIH1 sequence. Positions at which there are two pairs of conserved residues
are indicated with an asterisk. In this C-terminal region, the percentage identity between the product of the human gene and stg, 25Sp, and MIH1

is 44%, 29%, and 22%, respectively.
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FiG.3. Human CDC25 gene rescues fission yeast cdc25' mutant.
A cdc25-22 leul-32 ura4-D18 strain, containing pSM25H or pSM25H-
rev, growing in YES medium at 25°C, was shifted to 35°C at the 4-hr
time point. (A) Growth curve. (B) Cells containing pSM25H grown
for 5 hr at 35°C and then stained with Calcofluor, which binds to the
cell plate.

chronous fashion (Fig. 4B). Northern blot analysis showed
that human CDC25 mRNA levels rose as cells progressed
from S into G, phase, followed by a decrease as cells
proceeded further into G;.

These data establish that the level of human CDC25 mRNA
increases as HeLa cells progress into G, phase and approach
mitosis. At the present time we don’t know if the periodic
increase in CDC25 mRNA level is due to increased transcrip-
tion or increased stability of the mRNA.

DISCUSSION

Strategy for Cloning Human Homologs of Yeast Genes. The
strategy used for identifying the human cdc25 homolog
utilized two powerful gene cloning techniques that allowed us
to divide a difficult cloning task into two more simple steps.
We first cloned the budding yeast cdc25 homolog by rescue
of a fission yeast cdc25" mutation (15). With the sequences
of the homologous genes from both yeasts, we were then able
to design degenerate oligonucleotide primers that were used
to clone the human cdc25 homolog by PCR. This approach
should be broadly applicable to the cloning of many types of
higher eukaryotic homologs of genes first identified in yeast.
In spite of the extreme divergence between the two yeasts, it
is frequently possible to clone gene homologs from genomic
DNA libraries of budding yeast by rescue of fission yeast

Proc. Natl. Acad. Sci. USA 87 (1990)

A
50 4
40
13
30
L 42
201
41
10
0O 10O §
Fraction &
=
= a
+ il c
o ';
S nEN:
o - .
X £
wn
B o
a)
O

10 1 1 Y | L. 1p
0 - 8 12 16 20 24
Time, hr

- a8

Fic. 4. Human CDC25 is expressed late in the HeLa cell cycle.
(A) Cells in a HeLa suspension culture were separated on the basis
of size by elutriation centrifugation. Aliquots from each sample were
either stained with propidium iodide for fluorescence-activated cell
sorting or were processed for total RNA and subsequent Northern
analysis. (Upper) Fraction of cells in each sample that had a 4N DNA
content (N = one haploid gene content) and so therefore must be in
G, or M phase, together with the relative level of CDC25 mRNA
normalized to B-actin mRNA. (Lower) Northern blot probed with
human CDC25. This blot was then washed and rehybridized with a
B-actin gene probe (data not shown). (B) Cell cycle progression in a
HeLa suspension culture was arrested in S phase with a double
thymidine block (23). At the 0-hr time point, thymidine was washed
out. Aliquots at each time point were processed as described above.
(Upper) Fraction of cells in each sample that had a 4N DNA content
(N = one haploid gene content), together with the relative level of
CDC25 mRNA normalized to B-actin mRNA. (Lower) Northern blot
probed with human CDC25. This blot was then washed and rehy-
bridized with a B-actin gene probe (data not shown).

mutants. In practice, the cloning of homologous genes from
both yeasts by cross-species rescue of mutations often may
provide the most efficient route to the identification of
sequences that are likely to be generally conserved among all
eukaryotes. Having identified sequences conserved between
the two yeasts, highly degenerate oligonucleotide sets can be
made that should have a high probability of hybridizing to
divergent homologs in PCR amplifications. Indeed, the PCR
primers described here have been used to clone cdc25
homologs from mouse, Xenopus, Dictyostelium, and other
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species (P.R., unpublished data). We have used the same
approach to clone homologs of fission yeast sucl!™ and
budding yeast CKS1I genes, which encode small proteins that
interact with the p34°42/CDC28 mitotic kinase (25).

Roles of the Putative CDC25 Mitotic Inducer. We have
presented evidence showing that the human CDC25 gene
shares a number of structural and functional features with
cdc25 homologs identified in the yeasts and Drosophila.
Human CDC25 encodes a protein of predicted molecular
mass of 53 kDa, which is very close to the predicted molec-
ular mass of 54 kDa for the Drosophila and budding yeast
cdc25 homologs. The fission yeast cdc25 protein has a
somewhat larger predicted molecular mass of 67 kDa. The
C-terminal half of the human CDC25 protein ranges in
identity from about 25% to 45% relative to the C-terminal
regions of the other cdc25 homologs. No primary sequence
homology is apparent between any of the N-terminal halves
of the cdc2S5 homologs. This suggests that sequences essential
and possibly sufficient for function are located in the C-
terminal halves of the cdc25 homologs. This suggestion is
supported by the observation that expression of a truncated
form of the MIHI gene product, lacking the N-terminal
quarter of the protein, complemented the product of a fission
yeast cdc25" mutation (15).

Expression of human CDC25 in fission yeast rescued a
cdc25" mutation, showing that the product of the human
cdc25 homolog is capable of functioning as a mitotic inducer
in fission yeast. Although we do not yet have any direct
evidence establishing a mitotic function of CDC25 in human
cells, the rescue of a fission yeast cdc25” mutation by
CDC25, together with data demonstrating mitotic inducer
functions for cdc25 homologs in the budding yeast and
Drosophila (15, 16), strongly suggest that CDC2S5 is likely to
function as an inducer in the mitotic control of human cells.

The proposed mitotic function of human CDC25 is further
supported by the observation that CDC25 mRNA is predom-
inantly expressed late in the cell cycle. A similar pattern of
cdc25 gene expression has been seen in the mitotic cell cycles
of fission yeast and Drosophila (10, 16). In fission yeast it has
been shown that appearance of the cdc25* gene product, a
phosphoprotein migrating with the apparent molecular mass
of 80 kDa, oscillates during the cell cycle, increasing during
G, and peaking at mitosis. In fission yeast it has been shown
that the level of cdc25* expression is rate-limiting for the
initiation of mitosis, and it has been proposed that the cyclic
accumulation of p80°9?* during interphase drives the mitotic
cycle in fission yeast (3, 10). The apparent similarities of gene
function and pattern of expression of the cdc25 homologs
suggest the possibility that the mitotic cycle of some types of
human cells may be driven by the rate of accumulation of
CDC25 gene product during G,.

Although genetic evidence from fission yeast indicates that
cdc25 protein, p80°4°?, functions as a mitotic inducer by
promoting activation of the p34°9°? protein kinase (3, 4), the
biochemical mechanism by which this occurs remains un-
known. However, new biochemical evidence suggests that
p80°9%5 may be involved in regulating the p34<d<? kinase

Proc. Natl. Acad. Sci. USA 87 (1990) 5143

activity by modifying the phosphorylation state of p34¢d<2,
Upon shift of a cdc25” mutant from the permissive to
restrictive temperature, cells arrest in late G, with inactive
p34°d< kinase (6, 7). At the arrest point, p34°9°2 is maximally
phosphorylated on tyrosine and threonine residues (9). Upon
shift of cdc25" cells down to the permissive temperature,
p34°9°2 rapidly becomes dephosphorylated and activated as a
kinase. These observations, together with mutagenesis stud-
ies showing that alteration of the p34°2 tyrosine phosphor-
ylation site enhances its activity as a mitotic inducer, suggest
that p34°9°? is activated by dephosphorylation (9). We pro-
pose that cdc25 mitotic inducer promotes the dephosphory-
lation of p34°d<2, either by activating phosphatases or inhib-
iting kinases.
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