
slips in Dulbecco's modlfled Eagle's medium 
(DMEM) supplemented w~ th  10% fetal bovne serum 
(FBS) and incubated for 24 hours. Cells were then 
incubated In DMEM contanng 0.25% FBS for 48 
hours before mcronjecton. One to 2 hours after 
microinjecton, cells were switched to medum con- 
tanng 10% FBS and a 1 : 1000 d u t o n  of BrdU (Am- 
ersham. Arlngton Heights, IL). After 18 to 24 hours of 
incubation, cells wereflxed and processed (16). After 
permeabiizaton, cells were denatured with 1 M HCI 
for 30 m n .  For detecton of human ntegrn expres- 
slon, cells were probed w ~ t h  the human integrln p,- 
specific mAbs TS2/16 (6) or P5D2 (Developmental 
Hybridoma Bank). After Incubation w ~ t h  secondary 
antbodes, cells were blocked with mouse immuno- 
globul~n IgG before staning w ~ t h  fluorescen sotho-  
cyanatelabeled antibodies to BrdU (Becton Dickin- 
son. San Jose, CA). The cDNAs were njected at a 
concentration of 0.1 mg/ml. In control experiments, 
injection of pBJ-1 vector alone at twice the molar 
concentration of p,, cDNA had no effect on DNA 
synthess, Injection of 10 times this concentration of 
vector alone nhibted DNA synthess by 46%, sub- 
stantially lower than the n h b t o n  by pic (95%). Ap- 
proximately 100 expressing cells, with equivalent ex- 
presslon levels as determned by microfluor~metry 
(1 I ) ,  were analyzed per varant 

19. C3H 10T1/2 cells were cultured In DMEM (Gibco. 
Grand Island, NY) supplemented w~th 10% FBS (Gem- 
i n  Boproducts, Cabasas, CA). Nuclear mcro~nject~ons 
were petformed as descr~bed [L. D. Chong et a/., Cell 
79, 507 (1994)l. Twenty-four hours before mlcroinjec- 
tion, cells were plated on etched glass cover sl~ps In a 
typcal experiment, -50 cells were Injected w~th elther 
p, (0.1 mg/ml) or p,, (0 2 mg/ml) expression vector 
[cDNA concentrations were adjusted to generate cells 
that expressed equvaent amounts of protein as deter- 
mned by microfluorimetry (1 I)]. Approximately 50% of 
the injected cells expressed proten. 

20. The D l  30A mutaton of p, was generated as previ- 
ously described (14). An Xba I-Hind I fragment of 
the 5'  end of p, cDNA containing t hs  mutaton was 
then used to construct D130A p,, (1 7). 

21 Quiescent 10T1/2 cells that had been malntaned in 
0.25'6 serum (18) were Injected with p,, cDNA (0.2 
mg/m) 0. 4, 8, 12, or 16 hours after the additon of 
DMEM containing 10% FBS. BrdU (1 : I 000  dilution) 
was added 18 hours after the sw~tch to 10% FBS, 
and after incubation for an additional 6 hours, cells 
were fixed and staned as prevousy described (18). 
In control experiments, maximal expression was 
acheved 1 hour after cDNA injection. Approxmately 
100 expressng cells were analyzed per time pont.  

22. Quiescent 10T1/2 cells that had been maintaned In 
0.25% serum (18) were injected wlth pic cDNA (0.1 
mg/ml) 1 to 4 hours after the addltlon of DMEM 
supplemented w ~ t h  10% FBS. After 18 hours, cells 
were flxed and stained (16) Cells were probed w ~ t h  
mAb P5D2 to integrin P, and affinity-purlfled rabbit 
antbodies to cycin A or cyclin E [M. Ohtsubo. A. M. 
Theodoras, J. Schumacher. J. M. Roberts, M. Pa- 
gano, Mol. Cell. Biol. 15, 261 2 (1 995)l. Approximate- 
ly 50 expressng cells were analyzed for each cycin 

23. The cytoplasmc truncation of p, (pll) was gener- 
ated by inserting an Xba I linker into the Hind Ill site 
of the p, cDNA clone B3 (14). The COOH-terminal 
sequence of pll IS Gly-Leu-Aa-Leu-Leu-Leu-le- 
T r p - L y s - L e ~ ' ~ ~ .  An Xba I fragment contanng this 
mutation was then subcloned Into the Xba I slte of 
pBJ-1 to generate piA. The pic cytoplasmic trun- 
cations A766, A774, and 4792 were generated, 
with the use of site-directed mutageness [W. P. 
Deng and J. A. Nickoloff, Anal. Biochem. 200, 81 
(1992)], by lntroduclng stop codons at positions 
767, 775, and 793 of p,,, respectively. Mutants 
were ver fed by DNA sequencing. 

24. We thank W. Puzon for techn~cal assistance, B 
Cessna for help in preparing the manuscript, M. 
Davs for the pBJ vector. M. Hemler for mAb TS2/16, 
K. Yamada for antibody 13, and J. Roberts and M. 
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Association of the Yeast Pheromone Response 
G Protein py Subunits with the MAP 

Kinase Scaffold Ste5p 
Malcolm S. Whiteway,* Cunle Wu, Thomas Leeuw, Karen Clark,? 

Anne Fourest-Lieuvin, David Y. Thomas, Ekkehard Leberer 

The mating response pathway of the yeast Saccharomyces cerevisiae includes a het- 
erotrimeric guanine nucleotide-binding protein (G protein) that activates a mitogen- 
activated protein (MAP) kinase cascade by an unknown mechanism. An amino-terminal 
fragment of the MAP kinase scaffold protein Ste5p that interfered with pheromone- 
induced cell cycle arrest was identified. A haploid-specific interaction between the amino 
terminus of Ste5p and the G protein p subunit Ste4p was also detected in a two-hybrid 
assay, and the product of a signaling-defective allele of STE4 was defective in this 
interaction. In cells with a constitutively activated pheromone response pathway, epitope- 
tagged Ste4p was coimmunoprecipitated with Ste5p. Thus, association of the G protein 
and the MAP kinase cassette via the scaffolding protein Ste5p may transmit the G protein 
signal. 

T h e  pheromone response pathway of S .  
cerevisiae is a well-studied system of signal 
transduction ( 1 ,  2).  Many genes that are 
required for haploid yeast cells to  mate have 
been identified in genetic screens. Charac- 
terization of the products of these genes has 
provided a n  outline of the molecular mech- 
anism of this pathway, which includes a G 
protein encoded by the genes GPAl  ( G a  
subunit) (3 ) ,  STE4 ( G P  subunit), and 
STE18 ( G y  subunit) (4).  This G protein is 
coupled to cell type-specific receptor pro- 
teins encoded by the STE2 and STE3 genes 
(5).  T h e  py  subunits of the activated G 
protein stimulate the downstream elements 
of the pathway (4 ) ,  which include the 
Ste20p protein kinase (6 ,  7)  and a set of 
kinases that are similar to MEK kinase, 
MEK (MAP kinase kinase), and MAP ki- 
nase of higher cells and are encoded by the 
STE1 1 (8 ) ,  STE7 (9 ) ,  and FLJS3IKSSI (10) 
genes, respectively. 

T h e  STES gene encodes a protein 
(Ste5p) of 917 amino acids, different re- 
gions of which physically interact with the 
members of the MAP kinase cascade (1 1- 
13).  Thus, Ste5p has been proposed to act 
as a scaffold to organize the kinases (2 ,  11). 
However, it is not clear how the elements of 
this cascade are activated in response to the 
py subunits of the G protein. Because MAP 
kinase activation is the hallmark of many 
signaling pathways in mammalian cells, 
characterization of this process is of general 
im~ortance.  W e  now show that,  in the 
yeast pheromone response pathway, the G 
protein (3 subunit can associate with the 
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NH,-terminus of the MAP kinase scaffold 
S te jp ,  suggesting a mechanism for direct 
activation. 

Oligonucleotide-directed random mu- 
tagenesis (14, 15) was performed on  two 
regions of STES (1 6! 17),  and the mutant 
libraries were screened to identify dotni- 
nant-negative mutants of Ste5p (18).  For 
this screen, the STES libraries were trans- 
formed into strain YELl06 (W303-la  
sstl ::LEL12) and tested for galactose-depen- 
dent interference with the a factor-specific 
growth arrest signal (15).  Plasmids from 
clones with a strong interference phenotype 
were rescued and retransformed into 
YEL106 to confirm that the phenotype was 
plasmid dependent. Four of the mutations 
resulted in major structural changes to 
S te ip ;  CW1-2 was a deletion of amino 
acids 376 to 546, and CW4-8, CW3-1,  and 
CW2-1 were COOH-terminal truncations 
leaving the NH,-terminal 394, 241, and 
214 amino acids, respectively. In addition, 
CW2-8 was a deletion of amino acids 215 
and 216. All these mutants blocked the 
cons t i t~~ t ive  cell cycle arrest caused by de- 
letion of G P A l .  T h e  two internal deletions, 
CW2-8 and CW1-2,  allowed weak mating 
of a STES-deleted strain, whereas the three 
COOH-terminal deletions did not. 

Although expression of mutant CW2-1 
blocked both the constitutive cell cycle ar- 
rest caused bv deletion of GPAl  and cell 
cycle arrest iAduced by mating pheromone 
(Fig. I ) ,  it did not block cell cycle arrest 
caused by overexpression of the hyperactive 
stel 1-1 allele (Fig. 1A).  This observation 
suggests that the Ste5p dominant-negative 
mutant may act at  a step between the G 
protein and the MAP kinase cascade, a 
result consistent with the placement of 
Ste5p function in the pheromone response 
pathway by analysis of hyperactive and null 
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Fig. 1. Effect of dominant-negative Ste5p on cell cycle arrest. (A) Block of 
pheromone-induced cdl cycle arrest, but not hyperactive Stel 1 p-mediated 
arrest, by dominant-negative SteSp. Cells of the pheromone-supersensitive 
strain YELl06 (6) transformed with various plasmids were tested for cell cycle 
arrest. First row, growth of cells containing the two vector plasmids pRS313 
(UR43+) and pRS316 (HIS3+) (35). Second row, growth of cells containing 
plasmid pRS316 and plasmid pCW2-1, which overexpresses the NH,-termi- 
nus of Ste5p. Third row, growth of cells overexpressing both the NH,-termi- 
nus of Ste5p and a hyperactive allele of STEl1 (36). DN, dominant negative; 

mutations (19). We tested whether the 
NH2-terminus of Ste5p functioned in a 
dominant-negative manner through seques- 
tration of components other than the mem- 
bers of the MAP kinase cascade. Overex- 
pression of Ste4p together with the NH2- 
terminal fragment of Ste5p reestablished 
cell cycle arrest in response to pheromone 
(Fig. 1B). Therefore, the dominant-nega- 
tive phenotype of the Ste5p NH,-terminus 
results, at least in part, from the creation of 
a limiting concentration of Ste4p. 

To investigate whether the .NH,-termi- 
nus of Ste5p physically interacts with Ste4p, 
we fused the nucleotide sequence encoding 
the NH2-terminal 214 amino acids of Ste5p 
to that encoding the LexA binding domain 
of plasmid pBTM116 (20), to generate plas- 
mid M276p16 (21). We then used the two- 
hybrid assay (22) to test for interaction with 
Ste4p. When transformed into yeast strain 

Table 1. Two-hybrid analysis of Ste4p and 
Ste5p association. 

PGAD LexA P-GA activity* 
Strain plasmid plasmid 

L40 Control? 
L40 St&wt 
L40 St&wt 
L40 Ste4 Hp121-1 
L40 St& Hp121-3 
L40 St&-19 
L40 St& D62N 
L40 Stel8 wt 
DL40 Controls 
DL40 Stel8 wt 
DL40 Ste4 wt 

'$-Galactosidase activity was determined by standard 
techniques (23). Values are means of duplicate assays of 
two independent tm~'~sfomts.  tControl plasmid 
was NSTl expressing a COOH-terminal fragment of the 
Beml protein. $Control plasmid was LexA larnin 
(20). $Control plasmid was p O 2 F . N  (23). wt, wild 
type; NT, NH,-terminus. 

Glu, glucose; Gal, galactose; Gal + pheromone, galactose plus 5 pg of 
a-factor. (B) Suppression of dominant-negative Ste5p by overproduction of 
Ste4p. Cdls of strain YELIOG transformed with various plasmids were em- 
bedded in galactose medium lacking histidine and uracil, and treated with 20 
pI of synthetic a-factor (1 00 &ml) (Sigma) as described (4). (Left panel) The 
response of cells containing the two control plasmids, pRS313 and pRS316; 
(center panel) the response of cells containing plasmids pRS316 and pCW2- 
1 ; (rigM panel) the response of cells containing plasmid pCW2-1 and plas- 
mid pL19 (29), which overexpresses Ste4p. 

L40 (12), the combination of plasmid 
M276p16 and plasmid pKB40.1 (23), which 
encodes a fusion of Ste4p and the Gal4p 
trans-activation domain, allowed hiitidine- 
independent growth and increased P-galac- 
tosidase expression several hundredfold (Ta- 
ble 1). Thus, the two-hybrid assay detected 
interaction between Ste4p and the NH2- 
terminus of Ste5p. However, P-galactosidase 
activity was not increased when these two 
plasmids were introduced into strain DL40 
(24), an a/a diploid derivative of L40, show- 
ing that the interaction is haploid specific. 
Introduction of plasmid pKB24.5 (23), 
which encodes Stel8p fused to the Gal4p 

trans-activation domain, into these diploid 
cells increased p-galactosidase expression. 
This increase required all three ~lasmids, 
showing that the haploid specificity of the 
interaction of Ste4p with the NH,-terminus 
of Ste5p resulted from the absence of Stel8p 
in diploid cells. The P and y subunits of G 
proteins are tightly associated and function 
as a single unit (23,25), and both Ste4p and 
Stel8p are required for activation of down- 
stream elements of the   her om one response 
pathway (4). 

We investigated the biological relevance 
of the association between Ste4p and Ste5p 
by examining the association of mutant ver- 

Fig. 2 lmmunoprecipitation of pro- lrnrnunopreclpltatfon - . . 
teks from yeast extracts with anti- 
bodies to HA-Ste4p and to Ste5p. 

. . loral 
Anti-HA Anti-Ste5p extract 
-.._ . . . . 

(Upper panel) A specific band for 
Ste5p was detected after immuno- +a 6 8 8 8 +* 
~recioitation with antibodies to HA- 
~ te4p  in an extract of yeast induced 
by galactose (Gal) but not after 
growth in medium containing glu- 
cose (Glu). The detection of Ste5p 
after immunoprecipitation with anti- tSte5p 
bodies to Ste5p shows that com- 
parable amounts of Ste5p were 
present in cells grown in glucose or 
galactose. (Lower panel) A specif- 
ic band for HA-tagged Ste4p was 
detected after immunoprecipitation 
with rabbi antibodies to Ste5p in 
extracts of yeast induced with ga- 
lactose. The faint band detected in 
the extract of noninduced cells re- IgG 
sults from a weak cross-reaction of . (mouse)" +Ha-Ste4p 

the secondary antibodies to mouse 
immunoglobulin G (IgG) with rabbit 
IgG. Because of its comigration 
with immunoglobulins, HA-Ste4p 
cannot be detected with antibodies 
to mouse IgG after immunoprecipitation with mouse antibodies. The lower molecular weight band that 
corresponds to a cross-reaction with an unknown protein is more marked in the total extract lane for the 
cells grown in glucose because more protein was loaded. 
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sions of Ste4p with the S te ip  NH2-termi- 
nus. Plasmid pKB41.1 is identical to plas- 
mid pKB40.1 with the exception that it 
contains allele 4-19 of STE4, whrch en- 
codes a change at amino acid 278 (F to FF) 
of Ste4p that affects its ability to interact 
with Stel8p and to signal (23). This mutant 
version of Ste4p did not interact with the 
NH2-terminus of Ste5p (Table I) .  Thus, 
preventing the formation of the py dimer, 
either by a mutation in Ste4p that prevents 
Stel8p association or by blocking Stel8p 
expression in a diploid, eliminates the asso- 
ciation of Ste4p with the NH2-terminus of 
Stein. A similar correlation between mu- 
tants defective in signaling and in associa- 
tion was observed for Ras and Raf in the 
two-hybrid assay (20, 26). 

In contrast, Ste4p encoded by the hap- 
loid-lethal Hpl2 1-1 and Hpl21-3 alleles in 
plasmids pKB86.6 and pKB85.60, respec- 
tively (27), did interact with the Ste5p 
NH2-terminus (Table I ) ,  consistent with 
previous data showing that these mutant 
Ste4 proteins do not interact wit11 Gpalp  
but still associate with Stel8p and activate 
downstream elements of the pheromone re- 
sponse pathway. A dominant-negative mu- 
talnt of Ste4p (D62N) (15) also associated 
with the NH,-terminus of Steip (Table l ) ,  
consistent with the notion that such mu- 
tants interact with, but cannot activate, an 
effector nrotein 115). 

\ ,  

We used coilnruunoprecipitatio~~ to es- 
tablish biochelnically that Ste4p and Steip 
associate. Strain YELlZl (W303-lA 
ste4: : LEU2) was transformed with ~laslnid 
pLi5 and the transformants were grown in 
medium containing galactose; plasmid pL55 
is pRS313GAL that expresses, under the 
control of the GAL1 promoter, Ste4p tagged 
at the NH2-terminus with an epitope (HA)  
from influenza hemagglutinin (28). Overex- 
pression of HA-Ste4p activated the phero- 
mone response pathway, resulting in mor- 
phological changes and cell cycle arrest (29). 
Proteins from these cells were irnmunopre- 
cipitated with either alltibodies to Ste5p 
(30) or antibodies (12CAi) to the H A  
epitope, separated by SDS-polyacrylarnide 
gel electrophoresis, and detected by immu- 
noblot alwalysis (31). HA-Ste4p was specifi- 
cally coirnmunoprecipitated with the anti- 
bodies to Ste5p, and Ste5p was specifically 
coimmu~loprecipitated with the antibodies 
to H A  (Fig. 2). Thus, in cells with an acti- 
vated pheromone response pathway, Ste4p 
and Ste5p are present in a complex. 

It remains to be deter~uined whether this 
r~~teraction between Ste4p and Ste5p oc- 
curs in uninduced cells or is a transient 
result of activation of the phero lno~~e  re- 
sponse pathway. Other researchers have not 
detected an ilnteraction between Ste4p and 
Ste5p deleted for the NH,-terminal 24 a m -  
no acids (1 1 ,  13). This result may reflect a 

role for the extreme NH,-terminus of Ste5p 
in interactions with Ste4n. or it mav be 

L ,  

consistent with studies that have sh;lwn 
that protein domains can g117e stronger sig- 
nals in the two-hybrid system than com- 
plete proteins (20). 

Genetic evidence has established that 
the Ste20p kinase acts between the G pro- 
tein and the MAP kinase cascade (6). 
Ste20p pl~os~horylates Stel  lp ,  the MEK 
kinase homolog, and thus may act as a MEK 
kinase kinase in the activation of the down- 
stream elelnents of the pheromone response 
pathway (32). Binding of the G protein 
subunits to Steip may facilitate interaction 
of Ste20p with Stel  lp. A n  alternative mod- 
el is that Ste20p-mediated phosphorylation 
of Stel  l p  may occur in the absence of the 
G protein association with Ste5p, but sub- 
seauent activation of the MAP kinase cas- 
sette may require a signal generated by G 
proteirl-Ste5p association. Ste20p acts up- 
stream of the S t e l l p  kinase in the 
pseudohyphal growth pathway, but this 
pathway is independent of both Steip and 
the G protein subunits (33). Our identifi- 
cation of a physical association of Ste4p 
with Ste5p suggests that receptor-mediated 
activation of the G protein can be trans- 
mitted to the MAP kinase cascade through 
this association. 
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~ 1 1 t h  pGH-KT  that had also been d~gested viith 
these two enzymes, to create pGEX-KT-S5C. The 
latter p a s m ~ d  vias expressed In E coli and the pro- 
teln pur~fied as described [D. B Smith and K. S. 
Johnson, Gene 67, 31 (1 98811. Approx~mately 100 
mg of purlfed Ste5 fuson prote~n was used to im- 
munize a female Nevi Zeaand wh~te rabbit accord- 
n g  to standard protocols [E, tiarlow and D. Lane, 
Ant~bod~es. A Laboratoy Manual (Cold Sprlng Har- 
bor Laboratory Press, Cold Spring Harbor, NY, 
198811. Subsequent booster njections were per- 
formed every 3 weeks, and blood samples viere 
collected 10 days after each boost. The Ste5p-spe- 
cifc antibodies viere purlfled from the ant~serurn as 
descr~bed [J. C. Tallan J. B Olmsted, R D Gold- 
man, J. CellBlol. 97, 1277 (1 983)l. Br~efly, GST-S5C 
was immob~l~zed on a n~trocellulose strlp, whch vias 
then incubated w~ th  nonfat m~lk  (5'') n phosphate- 
buffered sallne (PBS) for 1 hour. The strip vias 
washed three ttnes with PBS, incubated viith ant-  
serum for 3 hours, and washed ~11 th  PBS three more 
tmes (10 mln each) Antibodies viere eluted ~v i th  0.2 
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M gycine and 1 mM EGTA (pH 2 7) for 20 m n  Ths 
eluton step was repeated, and the pooled eluates 
viere qulckly neutralzed w t h  t r~s  base 
ldent~cal volumes of cell cultures were harvested at 
an op t ca  densty at 598 nm of -1 3 and viashed In 
1 .2 M sorbtol. Cells were resuspended In precplta- 
t ~ o n  buffer [50 mM trls (pH 7 5), 100 mM NaCI, 50 
mM NaF, 5 mM EDTA, 1 mM Na,VO,, 0.07% Tr~ton 
X-I001 conta~n~ng a protease lnh~bitor cocktall and 
1 bovne serum abumn,  and broken w~ th  glass 
beads n a M~n i  Beadbeater (B~ospec). After two se- 
quent~al centrifugat~ons at 5000 and 10,000g (each 
for 4 mln), the supernatant vias Incubated w~ th  antl- 
bodes for 1 hour Antbody-antgen complexes were 
Incubated w ~ t h  proten A- or proten G-Sepharose 
beads (1 . I )  (Pharmaca) for polyclonal and monoco- 
n a  ant~bod~es, respectively Beads were sed~mented 
at 1000g, washed three tmes w ~ t h  prec~p~tatlon buff- 
er, and resuspended in equal volumes of y s s  buffer 
Equal volumes of the varlous preclp~tatons were an- 
alyzed by ~mmunoblot analysis Samples viere sep- 
arated by SDS-polyacryamide gel eectrophoress 
(8 or 1096 gels) [U K Laemmll, Nature 227, 680 
(1 97011 and transferred electrophoret~caly (Multiphor 
chamber, Pharmaca) to ntrocellulose fllters Fters 
were Incubated sequent~ally ~ 1 1 t h  prlmary antbodes 
(rabbt or mouse) and secondary antbodies (horse- 
rad~sh perox~dase-conjugated goat ant~bod~es to 

rabbt or mouse ~mmunoglobul~n G) (Bio-Rad) In trls- 
buffered sal~ne contanng I"/o bovine serum albu- 
m n ,  lmmunoblots were developed vi th the Amer- 
sham ECL kit 
C Wu, M Wh~teway, D Y. Thomas, E Leberer, J 
6/01 Cliem 270, 1 5984 (1 995) 
H. LIU, C. Styles, G R F~nk, Sc~ence 262, 1741 
(1 993) 
R J Sa~ki eta1 , /bid 239, 487 (1988) 
R S Skorsk and P H~eter, Genet~cs 122,19 (1989). 
The hyperactve STEI I allele s te l  1-1 was amplifed 
by PCR from plasmd pSL1654 (79) w~ th  primers 
5'-CGGGATCCGTCGACATGCATAAAGAGAGAC- 
CA-3' (added S a  I s~te underllned) and 5'-GG& 
TAGTGGTACCTGTTTCTTCGTGCTTCC-3' (add- 
ed Kpn I slte underllned), dgested ~11 th  S a  I and Kpn 
I, and then gated to pRS316GAL that had been 
dgested w~ th  S a  I and Kpn I. 
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CDC25 Phosphatases as Potential 
Human Oncogenes 

Konstantin Galaktionov, Arthur K. Lee, Jens Eckstein, 
Giulio Draetta, Jason Meckler, Massimo Loda, David Beach* 

Cyclin-dependent kinases (CDKs) are activated by CDC25 phosphatases, which re- 
move inhibitory phosphate from tyrosine and threonine residues. In human cells, 
CDC25 proteins are encoded by a multigene family, consisting of CDC25A, CDC258, 
and CDC25C. In rodent cells, human CDC25A or CDC25B but not CDC25C phos- 
phatases cooperate with either Ha-RASGEV or loss of RB I  in oncogenic focus for- 
mation. Such transformants were highly aneuplo~d, grew in soft agar, and formed 
high-grade tumors in nude mice. Overexpression of CDC25B was detected in 32 
percent of human primary breast cancers tested. The CDC25 phosphatases may 
contribute to the development of human cancer. 

A family of related cycl~n-dependent kl- 
nases (CDKs) regulates progressloll 
through each phase of the cell divis~on 
cycle (1). These proteins are pos~tlvely 
regulated by association w ~ t h  cycllns (2) 
and activat~ng phosphorylat~on by the 
CDK-act~vat~ng k~nase (CAK) (3) .  Nega- 
tlve regulation of the CDKs is ach~eved 
~ndependently by at least two different 
mechanisms: binding of the ~nhibitory 
subunits (p21, p16, p15, p27, and p18) (4) 
and phosphorylat~on of conserved threo- 
lnme and tyroslne residues, usually at po- 
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s~tions 14 and 15 in CDKs (5).  In fiss~on 
yeast, phosphorylat~on on ~ n h l b ~ t o r ~  resl- 
dues is negated by the CDC25 dual spec- 
lfic~ty phosphatase, whose only known 
fiinct~on is the removal of inh~bitory phos- 
phate on the CDC2 k~nase (6). In hu- 
mans, there are three CDC25-related 
genes that share approxnnately 40 to 500"' 
armno acld identity (7 ,  8).  Human 
CDC25 genes f ~ ~ n c t ~ o n  at the G ,  or S 
phase of the cell cycle (9)  and at the G, or 
M phase (8,  10). Several lnarnmalian cell 
cycle genes participate In neoplastic trans- 
formatlo11 (1). As a rule, these genes func- 
tlon early 111 the cell cycle In G I  or at the 
G I  -S border. Because some of the CDC25 
genes have been ilnpl~cated in the progres- 
s ~ o n  from G1 to the S phase, we reasoned 
that CDC25 ~nlght display oncogenlc 
properties in lnalnrnalian cells. 

We introduced CDC25A, B, or C on a 
mammalian constitutive expression vector 
Into llorlnal mouse embryo f~broblasts at 

SCIENCE VOL 269 15 SEPTEklBER 1995 

early passage (1 1). Cells were transfected 
with these plaslnlds elther alone or 111 com- 
binatlon with oncogenlc versions of H-RAS 
ln which Gly" was changed to Val (G12V) 
or mutant p53 [where Glu2j8 was changed 
to Lys (E258K)I. The cells were then plated 
~n eltl~er llonselect~ve or selective (G418) 
med~a. After 4 to 5 weeks, the plates were 
stained and photographed to detect the for- 
mation of potentially transforlned focl. In 
these assays, we observed oncogenic coop- 
eration between CDC25A or CDC25B and 
H-RASC'"" (Flg. 1A). No cooperation be- 
tween CDC25C and RAS was detected. A 
few weak foc~ were formed upon transfec- 
tlon of CDC25A alone, and only slightly 
more were observed wlth the comblnat~on 
of CDC25A and mutant p53 (Fig. 1A). No 
focus forlnat~on was observed with 
H-RAS"j2" alone (12). Clones isolated 
from the CDC25A-RAS and CDC25B- 
RAS foci ln~ldly overexpressed CDC25 pro- 
tens (two to three tllnes more protein than 
that 111 parental cells) (13). G418-selected 
colon~es were counteil to assess transforma- 
tion efficiency (14). In all experiments, 
similar numbers of the G418-selected colo- 
nles were obtained. 

h/licroscopical examination of the cells 
expressing CDC25A and RAS or CDC25B 
and RAS revealed a transformed cell mor- 
phology indicated by multilayer growth, 
loose attachment to the substrate, and an- 
euploidy (1 4). Cells from ind~vidual foc~  
readily grew In the presence of G418, wh~ch  
demonstrates that they represent cells 
transfected with the plasmids rather than 
spontaneously transforlned mouse cells. 
Cells cotransfected w ~ t h  CDC25A or 
CDC25B and H-RAS""" together with 
relevant controls were tested for the a b ~ l ~ t y  
to form colonies 11-1 soft agar (15). At 3 
weeks we detected for~nat~on of tight colo- 
mes with cells derlved from any of three 
independent focl of the cells transfected 
w ~ t h  R24S and CDC25A or RAS and 
CDC25B cotransfected cells (Fig. 2). To 
ver~fy the tumorigenlc potentla1 of these 
cells, we ~ntroduced them Into nude mice 
(15). After 20 to 25 days, we detected 
tumor formatlo11 ~n all exper~mental anl- 
mals injected w ~ t h  cells transfected w ~ t h  
CDC25A and RAS or CDC25B and RAS 
(111 each case elght mice were Injected). 
The average size of tumors 25 days after 
~nlec t~on was 5.6 i 1.7 mm for CDC25A- 
RAS and 7.4 i 2.5 lnln for CDC25B-RAS 
transfectlon. No tumors were detected in 
mice injected with G418-selected cells that 
had been transfected w ~ t h  either RAS or 
CDC25 alone or w ~ t h  the parental vector 
plaslnid (Table 1). 

In hiunan tumors, mutations in RAS of- 
tell coinc~de with mutations or deletions in 
the tumor suppressor genes p53 and RBI .  
We therefore invest~gated whether defects 
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