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Inhibition of Ras-Induced DNA Synthesis by 
Expression of the Phosphatase MKP-I 

Hong Sun, Nicholas K. Tonks, Dafna Bar-Sagi 

Mitogen-activated protein kinases (MAP kinases) are common components of signaling 
pathways induced by diverse growth stimuli. Although the guanidine nucleotide-binding 
Ras proteins are known to be upstream activators of MAP kinases, the extent to which 
MAP kinases directly contribute to the mitogenic effect of Ras is as yet undefined. In this 
study, inhibition of MAP kinases by the MAP kinase phosphatase MKP-1 blocked the 
induction of DNA synthesis in quiescent rat embryonic. fibroblast REF-52 cells by an 
activated mutant of Ras, V1"Ras. These results suggest an essential role for activation of 
MAP kinases in the transition from the quiescent to the DNA replication phase of the 
eukaryotic cell cycle. 

Mitogen-activated protein kinases or extra- 
cellular signal-regulated kinases (p4Zmapk or 
ERK2 and p44""pk or ERK1, hereafter re- 
ferred to as MAP kinase) are protein serine- 
threonine kinases that are activated by 
various mitogenic stimuli (1 ). The binding 
of a growth factor to its receptor tyrosine 
kinase induces formation of multi~rotein 
complexes in the plasma membrane that 
trigger conversion of Ras from an inactive 
guanosine diphosphate (GDP)-bound 
form to an active guanosine triphosphate 
(GTP)-bound state (2). Activated Ras then 
initiates a cascade of sequential phosphoryl- 
ation events in which the serine-threonine 
kinase Raf phosphorylates and activates 
MAP kinase kinase (also known as MEK) 
( 3 ) ,  a dual specificity kinase, that in turn 
phosphorylates both threonine and tyrosine 
regulatory sites in MAP kinase (4), thus 
leading to activation of its kinase function. 
Once activated, MAP kinase can phosphor- 
ylate other serine-threonine kinases such as 
p90r" and transcription factors including 
p6ZTCF or Elk-1 (5). Expression of oncogen- 
ic V12Ras, in which GlyL2 is mutated to Val 
and the resulting protein is locked in the 
GTP-bound form, leads to constitutive acti- 
vation of MAP kinase (6). However, wheth- 
er activation of MAP kinase is an oblieatorv " ,  

step for the mitogenic effect of Ras has yet to 
be established. 

Cold Spring Harbor Laboratory, 1 Bungtown Road, Post 
Office Box 100, Cold Spring Harbor, NY 1 1724-2208, 
USA. 

MAP kinase phosphatase 1 (MKP-1) is 
encoded by the mitogen-inducible gene 
3CH134 (7). MKP-1 inactivates p4Zmapk 
and p44""pk by dephosphorylating both 
phosphothreonine and phosphotyrosine 
regulatory sites in the enzymes (8). MKP-1 
appears to be highly specific for the dephos- 
phorylation of MAP kinase, because tran- 
sient expression of the phosphatase in COS 
cells leads to selective dephosphorylation of 
MAP kinase from the spectrum of phospho- 
tyrosine-containing proteins. Furthermore, 
we have demonstrated that a catalvticallv 
inactive mutant phosphatase in which 
Cvs258 is changed to Ser forms a s~ecific " 

complex with its substrate, the phosphoryl- 
ated form of MAP kinase. The selectivity of 
MKP-1 toward MAP kinase has also been 
reported for CL100, the human homolog of 
MKP-1 (9, lo) ,  and the related phospha- 
tases PAC1 in lymphocytes (1 1 ) and MSG5 
in yeast Saccharomyces cerewisiae (12). In 
addition, MKP-1 or CLlOO does not dephos- 
phorylate p34'dc2, another serine-threonine 
kinase regulated by phosphorylation of 
threonine and tvrosine residues (9. 13). 

Recently, mkmbers of the Jun kinase 
(INK) (14) or stress-activated protein ki- 
nase (SAPK) (15) family have been iden- 
tified. These enzymes are distantly related 
to MAP kinase, and they are also regulated 
by threonine and tyrosine phosphorylation. 
We therefore examined whether MKP-1 
had the capacity to dephosphorylate these 
enzymes. In parallel in vitro assays, approx- 
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imately 30 times more recombinant MKP-1 
was needed to inactivate JNKs than to in- 
activate p42mapk (16). In addition, we com- 
pared the sensitivity of p42mapk or JNKl 
toward MKP-1 when they were co-ex- 
pressed in rat embryonic fibroblast REF-52 
cells. Following transfection, the ectopi- 
cally expressed kinases were isolated by im- 
munoprecipitation and assayed for kinase 
activity. In the absence of MKP-1, p42"dpk 
and JNKl could each be activated when 
cells were treated with 12-O-tetradecanoyl 

p4Papk JNK1 
A -  - 
MKP-1 0 0 1 4 MKP-1 0 0 1 4 
TPA - + + + UV - + + +  

MBP- l m  GST-cJun- 

B - JNKl - 
V12Ras 0 0 1 2 4 Vi2Ras 0 0 1 2 4 
TPA + - - -  - UV + - - - -  

Fig. 1. (A) Comparison of sensitivity of p42mapk 
and JNKl toward MKP-1 in REF-52 cells. Plasmid 
expressing epitope-tagged p42mapk or JNKl was 
transfected into REF-52 cells together with O,1, or 
4 pg of plasmid expressing MKP-1. Where indi- 
cated, cells were exposed to 200 nM TPA or 80 
J/m2 UV before harvesting. The ectopically ex- 
pressed ~ 4 2 ~ ~ 0 ~  (left panel) or JNKl (right panel) 
was isolated by immunoprecipitation and assayed 
for kinase activity with the substrate myelin basic 
protein (MBP) or GST-c-Jun(5-89), respectively 
(27). (6) Comparison of activation of and 
JNKl by V12Ras in REF-52 cells. The plasmid 
expressing epitope-tagged p42-pk or JNKl was 
transfected into REF-52 cells together with O,1,2, 
or 4 pg of plasmid expressing V12Ras. Cells were 
treated with TPA or UV where indicated. The rel- 
evant kinases were isolated by immunoprecipita- 
tion and assayed with either MBP (left panel) or 
GST-c-Jun(5-89) (right panel), respectively. (C) 
Inhibition of Ras-induced activation of 5XSRE- 
CAT reporter by MKP-1 in a transient transfection 
assay in HeLa cells. CAT activity was measured 
from HeLa cells transfected with wild-type 
5XSRE-CAT plasmid or its pm18 mutant deriva- 
tive together with either plasmid vector, MKP-1 or 
PTP1 B expression plasmids, in the presence or 
absence of V12Ras expression plasmid (28). 

phorbol-13-acetate (TPA), or ultraviolet 
(UV) radiation, respectively (Fig. 1A). Co- 
expression of MKP-1 readily inhibited the 
TPA-induced p42mapk activity, whereas the 
UV-induced JNKl activity was largely un- 
affected by MKP-1 (Fig. 1A). These data 
further indicate the high degree of selectiv- 
ity of MKP-1 for MAP kinase. 

It has been reported that JNKs can be 
partially activated by Ras in certain systems 
(14, 17). Therefore, we also compared the 
ability of p42mapk and JNKl to be activated 
by V12Ras in REF-52 cells. Plasmids encod- 
ing p42mapk or JNKl were transfected into 
REF-52 cells together with V12Ras expres- 
sion plasmid. The relevant kinases were 
immunoprecipitated and assayed for kinase 
activity. V12Ras was a potent activator of 
p42mapk, resulting in a greater than 40-fold 
activation of its kinase activity (Fig. 1B). In 
contrast, JNKl was poorly activated by 
V12Ras (approximately twofold activation), 
but could be efficiently activated by UV 
(Fig. 1B). These data suggest that in REF- 
52 cells, activation of MAP kinase, but not 
JNKs, constitutes a preferential signaling 
pathway for Ras. Therefore, JNKs do not 
represent potential targets for MKP-1 in 
this experimental system. 

In order to determine whether MKP-1 
can inhibit Ras signaling events mediated 
by MAP kinase, we used a transient expres- 
sion assay based on a reporter plasmid, 
5XSRE-CAT, which contains five copies of 
the serum response element (SRE) (18) 
placed adjacent to a basic promoter element 
and linked to CAT (chloramphenicol 
acetyltransferase). The SRE from the c-fos 
promoter binds the transcription factor 

p62TCF, which on phosphorylation by MAP 
kinase can activate transcription through 
the SRE promoter (19). The pm18 muta- 
tion, which contains a single base substitu- 
tion in the SRE, abolishes p62TCF binding, 
and thus the mutant SRE is not induced in 
cells stimulated with TPA (18). We ob- 
served induction of CAT activity in HeLa 
cells when V12Ras was expressed with the 
5XSRE-CAT reporter (Fig. 1C). However, 
the pm18 mutant derivative was not re- 
sponsive to V12Ras, which suggests that all 
of the signals from Ras to the SRE require 
p62TCF. Hence the activation of SRE by 
V12Ras can be used as a readout of the 
activation of MAP kinase. Co-expression of 
V12Ras with the MAP kinase-specific phos- 
phatase MKP-1 abolished Ras-induced ac- 
tivation of the SRE, whereas expression of a 
broad specificity tyrosine phosphatase, 
PTPlB, had no apparent effect (Fig. 1C). 
Therefore, these results demonstrate that 
MKP-1 can effectively block signaling re- 
sponses downstream of MAP kinase. 

We also used the 5XSRE-CAT reporter 
to monitor activation of MAP kinase in 
single cells. Quiescent REF-52 cells that 
had been grown to confluence and deprived 
of serum were microinjected with the re- 
porter plasmid. Activation of the promoter 
was then detected by immunocytochemical 
staining with an antibody to CAT. When 
V12Ras expression plasmid and 5XSRE- 
CAT were injected with either a vector 
control (20) or a plasmid expressing the 
tyrosine phosphatase PTPlB (Fig. ZB), ex- 
pression of CAT was readily detected. How- 
ever, when V12Ras expression plasmid and 
5XSRE-CAT were injected with a plasmid 

Fig. 2. Block of V"%as-induced ex- ? oression of 5XSRE-CAT bv microin- 
iection of MKP-1 in  RE^-52 cells. 
Quiescent REF-52 cells were mi- 
croinjected with 5XSRE-CAT report- 
er plasmid, plasmid expressing 
V12Ras, and plasmid expressing 
PTP1 B (A and 6) or MKP-1 (C and 
D). Cells were immunostained simul- 
taneously with antibody to Ras [(A) 
and (C), fluorescein staining] and an- 
tibody to CAT [(B) and (D), rhoda- 
mine staining]. In parallel, cells were 
examined for the expression of the 
ohosohatase with anti-PTP1 B stain- 
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expressing MKP-1, SRE induction was 
blocked, as judged by the lack of CAT 
staining (Fig. 2D). The amount of VIZRas 
expressed was comparable under both con- 
ditions, as determined by simultaneous 
counterstaining with an antibody to Ras 
(Fig. 2, A and C). Expression of each phos- 
phatase was also verified by immunostain- 
ing (Fig. 2, E and F). Microinjection of 
recombinant MKP-1 protein also antago- 
nized the induction of 5XSRE-CAT report- 
er mediated by recombinant VIZRas pro- 
tein, TPA, or epidermal growth factor (20). 
These data indicate that we can observe the 
ability of MKP-1 to antagonize MAP kinase 
function in single cells. 

To  address the question of whether the 
activity of MAP kinase is essential for the 
transition from the quiescent (Go) to the 
DNA replication (S) phase of the cell cycle, 
we used microinjection and immunocyto- 

chemistry to examine the effects of MKP-1 
on V12Ras-induced DNA synthesis in qui- 
escent REF-52 cells. DNA synthesis was 
monitored by immunostaining of bromode- 
oxyuridine (BrdU) incorporated into newly 
synthesized DNA. In quiescent REF-52 
cells injected with vector alone, less than 
5% of the cells stained positive for BrdU 
(20). However, of the cells microinjected 
with VIZRas expression plasmid, -40% 
were BrdU-positive, which indicates that 
they had entered S phase (Fig. 3C). This 
stimulation of DNA synthesis was inhibited 
by -90% when MKP-1 was expressed with 
V12Ras (Fig. 3, A and C). In contrast, the 
expression of PTPlB had no apparent effect 
on VIZRas-induced DNA synthesis (Fig. 3, 
A and C). Again, the expression of Ras was 
verified under both conditions by simulta- 
neous staining with antibody to Ras (Fig. 
3A). To  ensure that the inhibitory effect of 

Fig. DNA 3. synthesis Inhibition by of MKP-1. V a - i n d u c e d  (A) Qui- A 3  

escent REF-52 cells were mlcroin- 
jected with plasmids expressing 
V12Ras and PTPlB (a and b) or 
plasmids expressing V12Ras and 
MKP-1 (c and d). Cells were immu- 
nostained simultaneously with anti- 
body to Ras (a and c, fluorescein 
staining) and antibody to BrdU (b 
and d. rhodamine staininal. The u r  

fields here visualized and photo- 
graphed with a Zeiss Axiophot fluo- 
rescence microscope. (B) Quies- 
cent REF-52 cells were microin- 
jected wlth bacterially expressed 
V12Ras protein together with plas- 
mid expressing PTPl B (e) or 
MKP-1 (f). BrdU incorporation was 
detected by ~mrnunoh~stochem~cal 
staining. The fields were visualized 
and photographed with phase- 
contrast microscopy. (C) Quantita- 
tion of cells stained positively for 
BrdU. BrdU-positive cells are ex- 
pressed as a percentage of the total 
number of cells injected. In one set 
of experiments (left panel), V12Ras 
expression plasmid was injected 
together with expression plasmid 
for PTPlB or MKP-1. The results 
shown represent an average of 
three independent experiments in 
which 250 to 350 cells were inject- 
ed for each condition. The error 
bars lndlcate standard devlatlon. 
The percentage of BrdU-pos~t~ve 
cells In one determination In whlch 
-250 cells were Injected wlth 
V12Ras expresslon plasmld and a 
vector control, illustrates that ex- 
presslon of PTPl B d~d not slgnlfl- 
cantly affect V12Ras-lnduced DNA 
synthesis. In a second set of exper- 
lments (rlght panel), recomblnant - -  

+v12~as  expresslon plasrn~d +V12Ras recomblnant protetn 
V12Ras proteln was Injected to- 
gether wlth PTPl B or MKP-1 ex- 
pression plasmld uslng -400 cells for each condltlon. 

MKP-1 on VIZRas-induced DNA synthesis 
does not reflect a difference in the onset of 
expression of the two proteins from their 
respective plasmids, we co-injected purified 
recombinant V12Ras protein together with 
PTPlB or MKP-1 expression plasmids (Fig. 
3, B and C). Again, Ras-induced DNA 
synthesis was blocked by expression of 
MKP-1 but not of PTPlB. 

Our results demonstrate that MKP-1 can 
antagonize MAP kinase activation and u 

block VIZRas-induced mitogenesis in quies- 
cent cells. Expression of inactive mutants of 
p42mapk (ERK2) or p44m"pk (ERKl), in 
which the lysine residue that is essential for 
binding adenosine triphosphate has been 
mutated to arginine, inhibited the activa- 
tion of an AP-1 reporter by mitogenic stim- 
uli, including Ras (21 ). However, the effects 
of such mutants on cell-cycle progression 
have not been addressed. Expression of in- 
active point mutants of p44mapk, mutated at 
the regulatory threonine and tyrosine phos- 
phorylation sites, inhibited cell growth as 
assessed by the number of viable colonies 
recovered in a transient transfection assay 
(22), but the point of the cell cycle at which 
these mutants exert their effect has not been 
established. We have demonstrated a high 
degree of specificity of MKP-1 for MAP 
kinase and have exploited this specificity to 
establish that the activation of MAP kinase 
is required for VIZRas-induced transition 
from quiescence to the S phase of the cell 
cycle. Our results not only establish an es- 
sential role for MAP kinase in the mitogenic 
effects of Ras but also suggest that MKP-1 
may now be used to ascertain whether the 
activation of MAP kinase is essential for 
normal mitogenic signaling and for transfor- 
mation by cytoplasmic oncoproteins. 

Note added in proof: While this manu- 
script was under review, Cowley and col- 
leagues and Mansour and colleagues (30) 
reported that constitutively active MAP ki- 
nase kinase can transform NIH 3T3 cells. 
Their conclusion is consistent with that 
discussed in this report. 
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DNA. Alternatively, cells were transfected using 8 pg 
of P C G - H A - ~ ~ ~ " ' ~ ~ ~  or pSG5-Flag-JNKI and 1 or 4 
k g  of pCEP4-MKP-I -Myc, supplemented with vec- 
tor pCEP4 to give a total of 16 k g  of DNA. After an 
12-hour incubation with DNA-CaPO, precipitates, 
cells were Incubated in DMEM containing FBS 
(0.5%) for 24 hours. Where indicated, cells were 
treated with TPA or UV (wavelength, 254 nm) before 
harvesting. Cells were ysed in ysis buffer [50 mM tris 
(pH 7.51, 150 mM NaCI, 0.5% NP-40,5 mM EDTA, 1 
mM DTT, 1 mM vanadate, 1 pM okadaic acid, 1 mM 
benzamdine, 1 mM phenylethylsulfonyl fluoride, leu- 
peptin (10 pg/ml), and aprotinin (10 pglml)], and 
ysates were clarified by centrifugation. Myc epitope 
tagged ~ 4 2 ~ ~ 0 ~  was immunoprecipitated with 
monoclonal antibody 9EI 0 (American Type Culture 
Collection), HA eptiopetagged p42"'"Pk was immu- 
noprecipitated with monoclonal antibody 12CA5 
(Babco), and Flag epitopetagged JNKI was immu- 
noprecipitated with monoclonal antibody M2 (IBI- 
Kodak). Immune complexes were collected by bind- 
ing to proten A-Sepharose, washed extensively in 
ysis buffer, then assayed for 10 min at 30°C in kinase 
assay buffer with ether myein basic protein or GST- 
c-Jun(5-89) as described above (16). 

28. HeLa cells were cultured in DMEM supplemented 
with FBS (576) and transfected by means of the lipo- 
fection method with 1 pg of 5XSRE-CAT reporter 
plasmid or its pm18 mutant derivative; 3 pg ofvector 
pCEP4, pCEP4-MKP-l-Myc, or pCEP4-PTPl B; 
and 1 k g  of pDCR or pDCR-V12Ras, together with 2 
pg of SV40-@-Gal. After an 18-hour incubation with 

Lipofectin (BRL), cells were incubated in DMEM con- 
taining FBS (0.5%) for 24 hours. Lysates were then 
prepared, normalized for p-galactosidase activity, 
and assayed for CAT activity. The sequence of SRE 
is 5'-GGATGTCCATATTAGGACATCT-3', and its 
pm18 derivative contains a single G to T base 
change at position 2 (18). 

29. REF-52 cells were plated onto glass cover slips and 
cultured in DMEM supplemented with FBS (10%). 
The cells were grown to confluence, then placed in 
starvation medium (DMEM with 0.5% FBS) for 24 
hours before microinjection. A plasmid mixture con- 
taining 5XSRE-CAT (62 pg/ml), pDCR-V12Ras (5 
pg/ml), and pCEP4-PTPl B or pCEP4-MKP-l-Myc 
(62 pg/ml) in microinjection buffer [50 mM Hepes (pH 
7.21, 100 mM KCI, and 5 mM NaHPO,] was micro- 
injected into cell nuclei. Sixteen hours after injection, 
cells were fixed in 3.7% formaldehyde in phosphate- 
buffered saline (PBS) for 1 hour, then permeabilized 
with 0.1% Triton X-100 in PBS for 3 min at room 
temperature. The cover slips were incubated with a 
mixture of rat antibody to Ras (Y13-259) (25) and 
rabbit antibody to CAT (5 prime, 3 prime) in PBS 
containing BSA (2 mg/ml) and then with a mixture of 
fluorescein-conjugated goat antibody to rat immu- 
noglobin G (IgG) and rhodamine-conjugated goat 
antibody to rabbit IgG (Cappel). PTPl B was detect- 
ed with monoclonal antibody FG6 (Oncogene Sci- 
ences), and Myc epitopetagged MKP-1 was de- 
tected with monoclonal antibody 9E10 and the ap- 
propriate fluorescein-conjugated secondaiy anti- 
bodies. To monitor DNA synthesis, quiescent REF- 
52 cells were microinjected with a plasmid mixture 
containing pDCR-V12Ras (5 pg/ml) together with 
pCEP-PTPIB or pCEP4-MKP-l-Myc (62 pglml). 
Alternatively, bacterially expressed V12Ras protein 
(1.7 mg/ml) (26) was injected together with plasmid 

pCEP4-PTP1 B or pCEP4-MKP-I -Myc (62 pg/ml). 
Although microinjections are done into cell nuclei, 
some spillover to the cytoplasm occurs, thus en- 
abling the recombinant proteins to be delivered to 
the cytosol. After injection, BrdU (10 kM) was add- 
ed to the medium, and cells were fixed 28 hours 
after injection in acid alcohol (ethano1:water:acetic 
acid, 90:5:5) at -20°C for 1 hour. The cover slips 
were first incubated with rat antibody to Ras (Y13- 
259), then with mouse antibody to BrdU (Cell Pro- 
liferation Kit, Amersham), and finally with a mixture 
of fuorescein-conjugated goat antibody to rat IgG 
and rhodamine-conjugated goat antibody to 
mouse gG. Alternatively, after antibody to BrdU 
was applied, horseradish peroxidase-conjugated 
antibody to mouse IgG was used and detected by 
histocytochemical color development with Amer- 
sham's Cell Proliferation Kit. 
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Restoration of X-ray Resistance and V(D)J 
Recombination in Mutant Cells by Ku cDNA 
Vaughn Smider,* W. Kimryn Rathmell,* Michael R. Lieber, 

Gilbert Chut 

Three genetic complementation groups of rodent cells are defective for both repair of 
x-ray-induced double-strand breaks and V(D)J recombination. Cells from one group lack 
a DNA end-binding activity that is biochemically and antigenically similar to the Ku 
autoantigen. Transfection of complementary DNA (cDNA) that encoded the 86-kilodalton 
subunit of Ku rescued these mutant cells for DNA end-binding activity, x-ray resistance, 
and V(D)J recombination activity. These results establish a role for Ku in DNA repair and 
recombination. Furthermore, as a component of a DNA-dependent protein kinase, Ku may 
initiate a signaling pathway induced by DNA damage. 

X-rays and oxidative metabolism induce 
DNA double-strand breaks, which must be 
repaired if cells are to survive. In yeast, 
double-strand break repair (DSBR) occurs 
mainly by homologous recombination ( 1 ) .  
However, in mammalian cells, DSBR ap- 
pears to occur by a different pathway: X- 
ray-sensitive mutant cells fall into nine ge- 
netic complementation groups; three of 

these (groups 4, 5, and 9) are severely de- 
fective for DSBR (2 )  but show at most a 
mild deficit in homologous recombination 
( 3 ,  4) .  

V(D)J recombination is another path- 
way that involves the resolution of DNA 
double-strand breaks. The pathway rear- 
ranges DNA by cleavage and rejoining of 
segments from the immunoglobulin or T - .  

cell receptor genes in a way that is indepen- 
V. Smider, W. K Rathmel, G. Chu, Department of Med- 
cine. Stanford Universitv Medical Center. Stanford, CA dent of extensive DNA ( 5 ) .  Lit- 
94305. USA tle is known about the  rotei ins or genes - 
M. R. Lieber, Department of Pathology, Washington Uni- involved, but early steps q u i r e  the lym- 
versity School of Medicine, 660 South Euclid Avenue, St. 
Louis, MO 631 10, USA. phocyte-specific recombination-activating 

*This work is the result of an equal contribution from the 
genes RAG-I and RAG-2, which are suffi- 

f~rst two authors. cient for activating V(D)J recombination in 
tTo whom correspondence should be addressed. nonlymphoid cells. 
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