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ABSTRACT Hepatitis B virus produces a small (154-
amino acid) transcriptional transactivating protein, HBx,
which is required for viral infection and has been implicated in
virus-mediated liver oncogenesis. However, the molecular
mechanism for HBx activity and its possible influence on cell
proliferation have remained obscure. A number of studies
suggest that HBx may stimulate transcription by indirectly
activating transcription factors, possibly by influencing cell
signaling pathways. We now present biochemical evidence that
HBx activates Ras and rapidly induces a cytoplasmic signaling
cascade linking Ras, Raf, and mitogen-activated protein kinase
(MAP kinase), leading to transcriptional transactivation. HBx
strongly elevates levels of GTP-bound Ras, activated and
phosphorylated Raf, and tyrosine-phosphorylated and acti-
vated MAP kinase. Transactivation of transcription factor
AP-1 by HBx is blocked by inhibition of Ras or Raf activities
but not by inhibition of Ca2+- and diacylglycerol-dependent
protein kinase C. HBx was also found to stimulate DNA
synthesis in serum-starved cells. The hepatitis B virus HBx
protein therefore stimulates Ras-GTP complex formation and
promotes downstream signaling through Raf and MAP ki-
nases, and may influence cell proliferation.

The hepatitis B virus HBx protein is a transactivator of
transcription (1-3) which activates the specific RNA poly-
merase II transcription factors AP-1 (refs. 4-7; J.B., R.
Lucito, M. Doria, and R.J.S., unpublished work), AP-2 (4),
and NF-KB (9-12) and RNA polymerase III transcription
factor TFIIIC (13). HBx is also required to establish wood-
chuck hepatitis virus infection in woodchucks (14, 15). Al-
though HBx has been implicated in hepatitis B virus-induced
hepatocellular carcinoma (16), this point remains controver-
sial (17, 18).
The mechanism by which HBx induces transcriptional

transactivation is unknown. A few studies have suggested
that HBx might perhaps bind to and directly activate certain
transcription factors (19-21), although this has not been
proven. HBx does not possess significant structural or se-
quence homologies with other known transactivators, nor
does it bind DNA directly (unpublished observations). HBx
contains a short sequence of limited homology to Kunitz-like
protease inhibitors (22), but such an activity has not been
convincingly demonstrated for HBx. In contrast, several
studies have suggested that HBx most likely acts indirectly,
since a variety of transcription factors are activated by the
protein (6, 13, 23). Thus, HBx could conceivably act on
components of cellular signal transduction pathways. In this
regard, most studies found no requirement for Ca2+/
diacylglcerol-dependent protein kinase C (PKC) activity in
mediating HBx transactivation (7, 12, 24, 25), although there
is one report of such a requirement (6).

We have explored the ability ofHBx to influence cell signal
transduction pathways. We particularly focused on the Ras,
Raf, mitogen-activated protein kinase (MAP kinase) pathway
because its activation could explain many of the transacti-
vational activities ascribed to HBx and because some evi-
dence has been presented that HBx-induced transactivation
may involve Raf activity (24). We now show that HBx
induces a high level of Ras activity by stimulating Ras-GTP
cycling, which transduces its signal downstream, activating
Rafand MAP kinase activities. Establishment ofthis cascade
is also shown to be vital for HBx transactivational activity
and to lead to an increase in cellular DNA synthesis.

MATERIALS AND METHODS
Ras Activation Assays. Chang cells were serum starved by

culture in Dulbecco's modified Eagle's medium (DMEM)
with 0.5% calf serum for 48 hr, infected by incubation for 3
hr with recombinant HBx-expressing adenovirus (Ad-X)
vectors at 25 plaque-forming units per cell, and labeled with
[32P]orthophosphate (0.5 mCi/ml; 1 Ci = 37 GBq) for 3 hr in
phosphate-free DMEM with 2% calf serum. Uninfected cells
were stimulated with phorbol 12-myristate 13-acetate ["12-
O-tetradecanoylphorbol 13-acetate" (TPA), 50 ng/ml] for S
min during [32P]orthophosphate labeling. Cells were rinsed
twice with ice-cold phosphate-buffered saline (PBS) and
lysed by 30 min of incubation at 40C in lysis buffer [50 mM
Hepes, pH 7.4/1% (vol/vol) Triton X-100/100 mM NaCl/5
mM MgCl2/1 mM Na3VO4/10 mM NaF/1 mM phenyl-
methanesulfonyl fluoride (PMSF) with aprotinin (20 jug/ml)
and leupeptin (10 pg/ml)]. Lysates were clarified by micro-
centrifugation for 3 min at 10,000 x g at 40C, the supernatant
was precleared with protein G-Sepharose, and immunopre-
cipitation was performed for 60 min at 40C with Ras antibody
Y13-259 (26) (a gift from A. Pelicer, New York University) at
5 pg per sample. Y13-259 was omitted from control samples.
Immune complexes were collected by precipitation with
protein G-Sepharose and washed eight times in 50 mM
Tris HCl, pH 7.5/20 mM MgCl2. Bound nucleotides were
eluted by incubation for 20 min at 65°C in 20 mM Tris HCl,
pH 7.5/20 mM EDTA/2% SDS. Nucleotides were separated
by thin-layer chromatography (TLC) on PEI-cellulose plates
in 0.75 M KH2PO4 (pH 3.5), visualized by autoradiography
and quantitated by scintillation counting of spots from the
TLC plate. Phosphate contents were corrected by factors of
1/3 for GTP avd 1/2 for GDP. Percent GTP-Ras was calcu-
lated from the ratio of corrected values for GTP/(GTP +
GDP). Data shown are the average of three independent
experiments.

Transfection and Infection of Cells. Chang cells at 30o
confluence were transfected with DNA plasmids by calcium

Abbreviations: Ad, adenovirus; MAP kinase, mitogen-activated
protein kinase; PKC, protein kinase C; PMSF, phenylmethanesulfo-
nyl fluoride; TPA, 12-0-tetradecanoylphorbol 13-acetate.
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phosphate precipitation using 20 t.g of plasmid DNA per
10-cm plate. Plasmids consisted ofthe Ras dominant negative
mutant Asn-17 (27), Raf dominant negative mutant C4 (28),
and pCMV-HBx or pCMV-HBxo (J.B. et al., unpublished
work). Where indicated, cells were infected with Ad-X
recombinant viruses or treated with TPA and/or calphostin
C as described above. Transfection efficiencies were typi-
cally in the range of 80%o of cells. This was determined by
cotransfection of a plasmid encoding -3-galactosidase and
staining for activity in cells in situ. We have found that these
high efficiencies are typical of Chang liver cells when trans-
fected at low cell density.

Band-Shift Assays. Electrophoretic band-shift assays were
carried out essentially as described (29). Double-stranded
oligodeoxynucleotides for probe or competitor corresponded
to the AP-1 site in the collagenase promoter: 5'-GGATGT-
TATAAAGCATGAGTCACTCAGGGGCGCA-3'. Nuclear
extract was prepared by the modified Dignam et al. protocol
(30) and 3 Mg of protein was used for binding reactions in 30
,ul containing 10 fmol of 32P-5'-end-labeled double-stranded
oligodeoxynucleotide (-106 cpm per reaction), 1 jg of
poly[d(I-C)], 1 mM MgCl2, 5 mM dithiothreitol, 5 ag of
bovine serum albumin, 0.3 mM PMSF, 0.6 mM EDTA, 10%o
(vol/vol) glycerol, 20 mM Hepes (pH 8.0), and 100 mM KCl.
Reaction mixtures were incubated for 30 min at 23°C. DNA-
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protein complexes were resolved by electrophoresis in 4%
polyacrylamide gels containing 50mM Tris HCI (pH 8.0), 200
mM glycine, and 1 mM EDTA; electrophoresis buffer con-
tained 50 mM Tris HCl (pH 8.5), 200 mM glycine, and 1 mM
EDTA. Gels were dried and autoradiographed, and bands
were quantitated by densitometry. Where indicated, unla-
beled double-stranded competitor was added simultaneously
with the labeled oligonucleotide.

Immunoprecipitation and Immunoblot Analyses. Lysates
were prepared in 20 mM Tris HCl, pH 8.0/40 mM
Na4P207/50 mM NaF/5 mM MgCl2/100 uM Na3VO4/10mM
EGTA/2% Triton X-100/1% sodium deoxycholate/0.2%
SDS/6 mM PMSF with leupeptin (40 pg/ml) and aprotinin
(40 ug/ml). For each sample, 200 ug of protein lysate was
subjected to SDS/11o PAGE, transferred to nitrocellulose,
and immunoblotted with antibody to p42 MAP kinase or
p42/p44 MAP kinase. Immune complexes were visualized
with the ECL chemiluminescence system (Amersham). For
assay of MAP kinase activity, MAP kinase was immunopre-
cipitated from cell lysates prepared in the buffer described
above. Immunoprecipitates were suspended in 20 tl of
myelin basic protein substrate (2 mg/ml; Sigma) and 20 la of
reaction mixture containing 5 ,uCi of [t-32P]ATP, 10 ,uM ATP,
40 mM MgCl2, and 40 mM Hepes (pH 7.5) (31). After
incubation for 30 min at 30°C, reactions were stopped by

B -*

/7 Q2t0

V,
AQ
-7.

-.0-1

c
-71

C,

GTP a

percent Ras-GTP

increase over basal

45±10 66±8 64±7 43± -1 _t_ lo

1.0 1.5x 1 4x 1Ox *p wh_a w _W

C A, + cold com petitor
A A A

C'2i .7 1I

* ; 4

No
d

1 2 3 4 5 6 7 8 9 10 11

FIG. 1. Effect of HBx on Ras activation. (A) HBx-induced increase in GTP-bound Ras in serum-starved Chang liver cells. Ras protein was
immunoprecipitated with Ras-specific monoclonal antibody Y13-259 (26) from cells labeled with [32P]orthophosphate that had been infected with
Ad-CMV-X or Ad-CMV-Xo for 3 hr. Nucleotides were eluted, separated by TLC, and visualized by autoradiography; spots were removed from
plates and quantified by scintillation counting. Positions of GDP and GTP standards are indicated. (B) Requirement for Ras activity in HBx
induction of AP-1 DNA-binding activity in recombinant Ad-X-infected cells. Chang liver cells were transfected with the Ras dominant negative
(d.n.) mutant Asn-17 (27) for 48 hr and then infected with Ad-CMV-X or Ad-CMV-X, for 3 hr. Duplicate plates of cells were pretreated with
5 nM calphostin C (CalC) for 3 hr prior to infection. Cells were harvested, nuclear extracts were prepared, and equal amounts of protein were
used to measure AP-1 DNA-binding activity by band-shift assay using a 32P-labeled oligonucleotide probe containing one AP-1 binding site.
Reactions were carried out by incubation of 3 ug of nuclear extract protein, labeled oligonucleotide, and 1 jg of poly[d(I-C)] for 30 min at 23°C.
Protein-DNA complexes were resolved by electrophoresis in 4% polyacrylamide gels and visualized by autoradiography. (C) Requirement for
Ras activity in HBx induction of AP-1 in transfected cells. Serum-starved Chang liver cells were transfected with plasmids expressing HBx or
HBxO, with and without a plasmid expressing the Ras Asn-17 dominant negative (d.n.) mutant. Cells were harvested and nuclear extracts were
assayed for AP-1 DNA-binding activity as described for B. In competition experiments, a 100-fold molar excess of unlabeled ("cold")
oligonucleotide was added to the binding reaction mixture.
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addition of 40 /4 2x Laemmli sample buffer, and proteins
were denatured and subjected to SDS/18% PAGE and au-
toradiography. Antibodies to MAP kinases were obtained
from Upstate Biotechnology (Lake Placid, NY).

[3HJThymidine Incorporation. Chang liver cells were serum
starved for 24 hr and then either uninfected or infected with
Ad-CMV-X or Ad-CMV-Xo viruses at 25 plaque-forming
units per cell. Normal medium with serum was added.
[3H]Thymidine (5 ,&Ci/ml) was added for 30 min after infec-
tion at time 0 (30 min after infection), 3 hr, and 24 hr. Equal
numbers of cells were rinsed twice with ice-cold PBS and
lysed in 40 mM Tris HCl, pH 8.0/10 mM EDTA/0.2% SDS.
Samples were precipitated with trichloroacetic acid and
incubated in 0.3 M NaOH for 30 min at 60°C before scintil-
lation counting. Data shown are the average of three inde-
pendent experiments.

RESULTS AND DISCUSSION
Ras is a member of a family of low molecular weight
GTP-binding proteins that play key roles in the regulation of
proliferation and differentiation of all eukaryotic cells by
initiating a cascade of threonine and serine phosphorylation
events through Raf and MAP kinases (32, 33). Ras proteins
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bind guanine nucleotides with high affinity, possess an in-
trinsic guanosine triphosphatase (GTPase) activity that cy-
cles between an active GTP-bound state and an inactive
GDP-bound state, and link receptor and nonreceptor signal-
ing pathways (34). To study the effect of HBx on the
activation of Ras, we assayed for the conversion of the
inactive, GDP-bound form ofRas into the active, GTP-bound
form (Fig. 1A). The HBx gene was introduced into Chang
liver cells via a replication-defective recombinant Ad vector
that expresses the HBx gene in place of regions Ela and Elb
(Ad-CMV-X). A control virus (Ad-CMV-Xo) contains a mu-
tated HBx open reading frame lacking all AUG codons
(HBxo) and therefore fails to synthesize HBx protein. Studies
from our lab have demonstrated that recombinant Ad-X
vectors are genetically silent other than for expression of
HBx protein (ref. 12; J.B. et al., unpublished work). The use
of a recombinant Ad vector permitted rapid introduction of
HBx into cells and kinetic analysis of HBx induction of
cellular signaling pathways. Expression of HBx stimulated
formation of Ras-GTP (active) complexes by 1.4-fold (64%)
over that in unstimulated (basal) control cells (45%) or those
containing HBxo virus (43%) (Fig. 1A). A kinetic analysis
showed that HBx activation ofRas plateaued by 3 hr after its
introduction (data not shown), which correlates in time with
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FIG. 2. Effect of HBx on Raf and MAP kinase activities. (A) Effect of Raf dominant negative mutant C4 on HBx induction of AP-1
DNA-binding activity. Serum-starved Chang liver cells were transfected for 48 hr with plasmids encoding Raf mutant C4 and then infected with
Ad-CMV-X or Ad-CMV-Xo. Nuclear extracts were prepared 3 hr later and equal amounts of protein were used to measure AP-1 DNA-binding
activity by band-shift assay as described in the legend to Fig. 1. cold compet., unlabeled oligonucleotide competitor. (B) HBx-induced
phosphorylation ofMAP kinase. Cells were infected with Ad-CMV-X or Ad-CMV-Xo, or stimulated with insulin (10 pg/ml) or TPA (50 ng/ml),
or left untreated. Whole cell extracts were resolved by SDS/PAGE, and proteins transferred to nitrocellulose for immunoblot analysis with a
polyclonal antibody to pp42/44 (lanes 1-3) or pp42 (lanes 4-6) MAP kinase. The slower migrating form ofMAP kinase corresponds to activated
(phosphorylated, P) kinase. (C) MAP kinase activity induced by HBx. Cells were infected with Ad-CMV-X or Ad-CMV-Xo, or stimulated with
insulin or TPA, or left untreated as described above. Cell lysates were immunoprecipitated with antibody to MAP kinase, and washed
immunoprecipitates were incubated with purified myelin basic protein and [-t32P]ATP at 30°C for 30 min. Kinase reactions were stopped by
the addition of Laemmli sample buffer and analyzed by SDS/PAGE and autoradiography.
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maximal induction of AP-1 DNA-binding activity in these
cells (J.B. et al., unpublished work). Levels of Ras-GTP
induced at 3 hr by HBx were also comparable to maximal
stimulation with phorbol ester (TPA) forS min (Fig.1A) and
levels of stimulation typically observed by others (e.g., refs.
27 and 34).
These data suggested that the ability ofHBx to activate Ras

might account for its transcriptional transactivation activi-
ties. This was directly addressed by determining whether
HBx induction of AP-1 DNA-binding activity is prevented by
transfection of Chang cells with a Ras dominant negative
mutant (Asn-17) that blocks formation of (active) Ras-GTP
(27). Chang cells were found to be very efficiently transfected
by plasmid DNAs (average 801% efficiency), determined by in
situ staining of cells for expression of the 3-galactosidase
gene expressed from a cotransfected plasmid (data not
shown) that is under the control ofthe Ad major late promoter
and is not responsive to HBx (12). As reported previously,
HBx induces strong activation of AP-1 DNA-binding activity
in a variety of cell lines (refs. 6 and 7; J.B. et al., unpublished
work). AP-1 binding complexes were examined by DNA
band-shift assay (Fig.1B). Transfection of cells with the Ras
dominant negative mutantfully blocked subsequent induc-
tion of AP-1 by HBx delivered from a viral vector or
induction by TPA. As expected, mutant HBxO failed to
induce AP-1/DNA complexes (Fig. 1B), consistent with its
failure to activate Ras. When HBx or HBxo genes were
introduced into cells by transfection of plasmids rather than
by infection with recombinant viruses, cotransfection with
the Ras dominant negative inhibitor also prevented activation
of AP-1 DNA-binding activity by HBx (Fig. 1C). These data
therefore confirm that the activation of Ras and induction of
AP-1 observed with the recombinant Ad-CMV-X vector are
mediated by the HBx protein and not by unexpected gene
activities from the viral vector. Moreover, since the HBx and
Ras dominant negative mutant genes are controlled by the
same promoter, we can exclude the possibility that the
dominant negative Ras simply suppressed HBx synthesis.
HBx induction of AP-1 was unaffected by treatment of cells
with calphostin C, a highly potent and specific inhibitor OfCa2+/diacyllgycerol-dependent PKCs (35), at a concentra-
tion (S nM) that largely blocked induction of AP-1 complexes
by TPA (Fig. iB). This result agrees with previous reports
from our lab and others demonstrating that in most cells HBx
activates transcription factor AP-1 without a requirement for
PKC a, (3, or y(refs. 7,12,24, and 25; J.B. etal. ,unpublished
work). Thus HBx activation of Ras is required for transac-
tivation of AP-1.
To map the downstream events transduced by HBx-

activated Ras, the activity ofRafwas next examined. The Raf
family of serine/threonine kinases function downstream of
Ras in mammalian cells (27), as shown by the ability of a
dominant negative mutant ofRafkinase (Raf C4) to block Ras
functions (36). Cells were transfected with the Raf C4 mutant
and then infected with HBx orHBxo recombinant Ad vec-

tors. The Raf C4 dominant negative mutant blocked HBx
induction of AP-1 DNA-binding activity to levels of unin-
duced (basal) cells (Fig. 2A). The Raf C4 mutant also largely
prevented TPA induction ofAP-1 DNA-binding activity (Fig.
2A). The inability of TPA to block induction of AP-1 ob-
served in Figs. 1 and 2 reflects the failure to transfect >80%
of cells with Ras or Raf dominant negative plasmids. These
results therefore illustrate the requirement for HBx-activated
Raf in induction of AP-1 DNA-binding activity. Activation of
Raf requires phosphorylation onserine residues, which
causes a characteristic retarded mobility in electrophoretic

gels(37). Aslower migrating, hyperphosphorylated form of

Raf was evident by immunoblot assay and was maximally
induced by 3 hr after introduction of HBx, but was not
observed with HBxO (data not shown). These results confirm

that activated Raf is linked in a signaling cascade induced by
HBx and leading to transcriptional transactivation.

In mammalian cells Raf transduces signals to MAP kinase
by first phosphorylating and activating MAP kinase kinase
(Mek) (38). Activated Mek activates MAP kinase by tyrosine
and threonine phosphorylation (39, 40). We next determined
whether HBx stimulates signaling downstream ofRaf to MAP
kinase. Lysates from control and Ad-CMV-X (HBx)-infected
cells were resolved by SDS/PAGE, and the separated pro-
teins were transferred to nitrocellulose and probed with a

polyclonal antibody to the pp42 and pp44 forms of MAP
kinase (Fig. 2B, lanes 1-3) or only the pp42 form (lanes 4-6).
Between 2.5 and 5 hr after introduction of HBx, correspond-
ing to maximal activation of AP-1 DNA-binding complexes,
a significant proportion of an electrophoretically slower form
of MAP kinase was observed only in cells containing HBx or
stimulated with insulin for 15 min. The electrophoretic shift
is characteristic of activated MAP kinase due to enhanced
phosphorylation (8). The ratio ofphosphorylated to nonphos-
phorylated p42 MAP kinase averaged 3% for basal and HBxo
samples, 20%6 for HBx and insulin induction, and 50% for
induction by TPA. Activation of MAP kinase by HBx was
independently confirmed byexamining the ability of MAP
kinase immunoprecipitates to phosphorylate a specific sub-
strate, myelin basic protein. MAP kinase activity was en-
hanced 10- to 20-fold in lysates from cells containing HBx for
2.5-5 hr orfrom cells treated with insulin for 15 mm, but not
in uninduced cells or those containing HBxo (Fig. 2C).
Moreover, MAP kinase immunoprecipitates obtained from
cells transfected with the Raf C4 mutant prior to introduction
of HBx lackedsignificant MAP kinase-phosphorylating ac-
tivity (data not shown). These results thereforelink Ras, Raf
kinase, and MAP kinase activities in a signaling pathway
activated by HBx and suggest that MAP kinase is a down-
stream effector of HBx transactivation activities.

it was next shown that HBx directly activates the Ras, Raf,
MAP kinase cascade and does not induce secretion of auto-
crine factors that then activate receptor tyrosine kinases
coupled to Ras. Conditioned medium obtained from cells
expressing HBx for 3 hr failed to induce AP-1 DNA-binding
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liver cells were serum starved and infected by Ad-CMV-X for 3 hr,
when maximal activation of Ras and AP-1 activities is induced.
Conditioned medium (cond. med.) from these cells was used to
culture uninfected serum-starved Chang cells for 3 hr. AM-1 DNA-
binding activity in nuclear extract was analyzed by electrophoretic
band-shift assay.
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In conclusion, we have shown that a fundaw
of HBx protein is the activation of a signalin
links Ras, Raf kinase, and MAP kinase and the
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factors that regulate or activate Ras-GTP c(
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We thank E. Skolnick, R. Lake, and S. Jamal for a
This work was supported by National Institutes o
CA56533 and CA54525 to R.J.S.

1. Twu, J. S. & Schloemer, R. H. (1987) J. Virol

2. Spandau, D. F. & Lee, C. H. (1988) J. Virol. 62, 427-434.
3. Zahm, P., Hofschneider, P. H. & Koshy, R. (1988) Oncogene

3, 169-177.
4. Seto, E., Mitchell, P. J. & Yen, T. S. B. (1990) Nature (Lon-

don) 344, 72-74.
5. Twu, J.-S., Lai, M.-Y., Chen, D.-S. & Robinson, W. S. (1993)

Virology 192, 346-350.
6. Kekule, A. S., Lauer, U., Weiss, L., Luber, B. & Hofschnei-

der, P. H. (1993) Nature (London) 361, 742-745.
7. Natoli, G., Avantaggiati, M. L., Chirillo, P., Costanzo, A.,

Artini, M., Balsano, C. & Levrero, M. (1994) Mol. Cell. Biol.
14, 989-998.

8. Howe, L. R., Leevers, S. J., Gomez, N., Nakielny, S., Cohen,
P. & Marshall, C. J. (1992) Cell 71, 3335-3342.

9. Seto, E., Yen, T. S. B., Peterlin, B. M. & Ou, J.-H. (1988)
Proc. Natl. Acad. Sci. USA 85, 8286-8290.

20 25 10. Levrero, M., Balsano, C., Natoli, G., Avantaggiati, M. L. &
Elfassi, E. (1990) J. Virol. 64, 3082-3086.

11. Twu, J. S., Wu, J. Y. & Robinson, W. S. (1990) Virology 177,
406-410.

iBx. Chang cells 12. Lucito, R. & Schneider, R. J. (1992) J. Virol. 66, 983-991.
fith recombinant 13. Aufiero, B. & Schneider, R. J. (1990) EMBO J. 9, 497-504.
I normal medium 14. Chen, H., Kaneko, S., Girones, R., Anderson, R. W., Horn-
tin with [3H]thy- buckle, W. E., Tennant, B. C., Cote, P. J., Gerin, J. L., Pur-
d 24 hr. Control cell, R. H. & Miller, R. H. (1993) J. Virol. 67, 1218-1226.
m for the same 15. Zoulim, F., Saputelli, J. & Seeger, C. (1994) J. Virol. 68,
nt of [3H]thymi- 2026-2030.

16. Kim, C.-M., Koike, K., Saito, I., Miyamura, T. & Jay, G.
(1991) Nature (London) 353, 317-320.

imulated) cells 17. Lee, T.-H., Finegold, M. J., Shen, R. F., DeMayo, J. L., Woo,
bssing cells also S. L. C. & Butel, J. S. (1990) J. Virol. 64, 5939-5947.
at of unstimu- 18. Guilhot, S., Fowler, P., Portillo, G., Margolskee, C. R., Fer-
xactivates Ras rari, F., Bertoletti, A. & Chisani, F. V. (1992) J. Virol. 66,K ciae a 2670-2678.
P kinases. 19. Faktor, 0. & Shaul, Y. (1990) Oncogene 5, 867-872.
anase pathway 20. Unger, T. & Shaul, Y. (1990) EMBO J. 9, 1889-1895.
wth and prolif- 21. Maguire, H. F., Hoeffler, J. P. & Siddiqui, A. (1991) Science
of cell DNA 252, 842-844.

ere introduced 22. Takada, S. & Koike, K. (1990) Proc. Natl. Acad. Sci. USA 87,
stimulation of 5628-5632.
nes by [3H]thy- 23. Colgrove, R., Simon, G. & Ganem, D. (1989) J. Virol. 63,Ies 3~tyi

4019-4026.
eted [ sHethymi- 24. Cross, J. C., Wen, P. & Rutter, W. J. (1993) Proc. Natl. Acad.
fected, serum- Sci. USA 90, 8078-8082.
ad no effect on 25. Murakami, S., Cheong, J.-H., Ohno, S., Matsushima, K. &
refore indicate Kaneko, S. (1994) Virology 199, 243-246.
in Chang cells 26. Furth, M. E., Davis, L. J., Fleurdelys, B. & Skolnick, E. M.
se experiments (1982) J. Virol. 43, 294-304.
rmidine uptake 27. Feig, L. A. & Cooper, G. M. (1988) Mol. Cell. Biol. 8, 3235-
kesisorrepair,3243.

ir than that of
28. Bruder, J. T., Heidecker, G. & Rapp, U. R. (1992) Genes Dev.~rthanthat of6, 545-556.

tesis. Addition- 29. Smeal, T., Angel, P., Meek, J. & Karin, M. (1989) Genes Dev.
by flow cytom- 3, 2091-2100.
alls expressing 30. Dignam, J., Lebovitz, R. & Roeder, R. (1983) Nucleic Acids

Res. 11, 1475-1489.
mental activity 31. Sturgill, T. W. & Wu, J. (1991) Biochim. Biophys. Acta 1092,
g cascade that 32. Lange-Carter, C. A., Pleiman, C. M., Gardner, A. M.,
at accounts or Blumer, K. J. & Johnson, G. L. (1993) Science 268, 315-319.
ivation effiects 33. Moodie, S. A., Willumsen, M. B., Weber, M. J. & Wolfman,
lab using bio- A. (1993) Science 260, 1658-1662.
nonstrated that 34. Boguski, M. S. & McCormick, F. (1993) Nature (London) 366,
tsm and that it 643-653.
n (M. Doria, R. 35. Kobayashi, E., Nakano, H., Morimoto, M. & Tamsoki, T.
s, although the (1989) Biochem. Biophys. Res. Commun. 159, 548-553.
es formation of 36. Rapp, U. R., Heidecker, G., Huleithel, J. M., Cleveland, L.,
Dn cytoplasmic Choi, W. C., Pawson, T., Ihle, J. N. & Anderson, W. B. (1988)ctple asmic Cold Spring Harbor Symp. Quant. Biol. 53, 173-184.
amplex forma- 37. Morrison, D. K., Kaplan, D. R., Rapp, U. & Roberts, T. M.

(1988) Proc. Natl. Acad. Sci. USA 85, 8855-8859.
38. Huang, W., Alessandrini, A., Crews, C. M. & Erikson, R. L.

4dvice on assays. (1993) Proc. Natl. Acad. Sci. USA 90, 10947-10951.
f Health Grants 39. Cobb, M. H., Boulton, T. G. & Robbins, D. T. (1991) Cell

Regul. 2, 965.
40. Ray, L. B. & Sturgll, T. W. (1988) Proc. Natd. Acad. Sci. USA

1.61, 3448-3453. 85, 3753.

Proc. Natl. Acad. Sci. USA 91 (1994)


