
with visible light may avoid the usual photo- 
dynamic perturbation entirely and facilitate 
protracted fluorescence observations of liv- 
ing cells. 

REPERENCES AND NOTES 

1. W. L. Peticolas, J. P. Goldsborough, K. E. Reick- 
hoff, Phys. Rev. Lett. 10, 43 (1963). 

2. T. Wilson and C. Sheppard, Theory and Practice o f  
Scanning Optical Microscopy (Academic Press, New 
York, 1984). 

3. 1. G. White. W. B. Amos. M. Fordham. I. Cell Biol. > d 

105, 41 (1987). 
4. K. S. Wells, D. R. Sandison, J. H.  Strickler, W. W. 

Webb, in Handbook ofBiological Confocal Microscopy, 
J. Pawley, Ed. (Plenum, New York, 1990); W. W. 
Webb, K. S. Wells, D. R. Sandison, J. Strickler, in 
A n  International Conference on Digitized Video Micros- 
copy, B. Herman and K. Jacobson, Eds. (Liss, New 
york, in press). 

5. H.  E. Keller, in Handbook of Biological Confocal 
Microscopy, J. Pawley, Ed. (Plenum, New York, 
1990). 

6. M. Goppert-Mayer, Ann .  Phys. (Paris) 9, 273 
(1931). 

7. J. A, ~aldemanis and R. L. Fork, I E E E  J. Quantum 
Electron. OE-22, 112 (1986); F. W. Wise, I. A. 
Walmsley, C. L. Tang, Opt .  Lett. 13, 129 (1988). 

8. J. P. Hermann and J. Ducuing, Phys. Rev .  A 5, 
2557 (1972). 

9. The number n,  of photons absorbed per fluoro- 
phore per pulse depends on T,, f,, p ~ ,  and A, as 

where c is the speed of light, h is the Planck 
quantum of action, and 6 is the two-photon absorp- 
tion cross section; saturation is neglected, and the 
paraxial approximation is assumed. 

10. R. R. Birge, Acc. Chem.  Res. 19, 138 (1986). 
11. L. Parma and N. Onemetto, Chem.  Phys. Lea.  54, 

541 (1978). 
12. R. Y. Tsien and A. Waggoner, in Handbook of 

Biological Confocal Microscopy, J .  Pawley, Ed. (Ple- 
num, New York, 1990). 

13. If certain chemical bonds are photolyzed, an inactive 
("caged") derivative of a molecule can be converted 
into its active form. See (14, 15). 

14. J. A. McCray and D. R. Trentham, Annu.  Rev.  
Biophys. Biophys. Chem.  18, 239 (1989). 

15. T. Milburn el al. ,  Biochemistry 28, 49 (1988). 
16. R. P. Haugland, Molecular Probes Handbook ofFluores- 

cent Probes and Research Chemicals (Molecular Probes, 
Eugene, OR, 1989). 

17. L. Goodman and R. P. Rava, Acc. Chem.  Res. 17, 
250 (1984). 

18. S. M. Kennedy and F. E. Lytle, Anal .  Chem.  58, 
2643 (1986). 

19. D. A. Parthenopouplos and P. M. Rentzepis, Science 
245, 843 (1989). 

20. We thank F. Wise and R. Proctor for advice, aid, 
and use of their CPM. S. Wells provided advice and 
data on the LSM, T. Ryan some digital image 
reductions, and E. Kable the stained cultured cells. 
This research is a project of the NIH Developmental 
Resource for Biophysical Imaging Opto-electronics 
(RR04224) and the NSF National Insuumentatio~l 
Facility for Optical Microscopy (DIR-8800278), 
and was also supported under NSF grants BBS 
8714069 and DMB-8609084. W.D. was an IBM 
predoctoral fellow, J.H.S. an NIH trainee, and 
W.W.W. an NIH Fogarty Scholar during part of the 
time during which this research was conducted. 

27 October 1989; accepted 8 February 1990 

Association of Human Papillomavirus Types 16 and 
18 E6 Proteins with p53 

Human papillomavirus type 16 (HPV-16) is a DNA tumor virus that is associated with 
human anogenital cancers and encodes two transforming proteins, E6 and E7. The E7 
protein has been shown to bind to the retinoblastoma tumor suppressor gene product, 
pRB. This study shows that the E6 protein of HPV-16 is capable of binding to the 
cellular p53 protein. The ability of the E6 proteins from different human papillomavi- 
ruses to form complexes with p53 was assayed and found to correlate with the in vivo 
clinical behavior and the in vitro transforming activity of these different papillomavi- 
ruses. The wild-type p53 protein has tumor suppressor properties and has also been 
found in association with large T antigen and the ElB 55-kilodalton protein in cells 
transformed by SV40 and by adenovirus type 5, respectively, providing further 
evidence that the human papillomaviruses, the adenoviruses, and SV40 may effect 
similar cellular pathways in transformation. 

T HE HUMAN PAPILLOMAVIRUSES 

(HPVs) that infect the anogenital 
area can be se~arated on the basis of 

their clinical associations into two distinct 
groups. The first group, including HPV-6 
and HPV- 11, is generally associated with 
benign anogenital warts that infrequently 
progress to cancer and have been referred to 
as "low-risk" viruses. The "high-risk" group, 
including HPV-16 and HPV-18, is associat- 
ed with-lesions that are at high risk for 

u 

malignant progression and with almost all 
cervical carcinomas (1). The ability of cloned 
viral genomes derived from the high-risk but 
not the low-risk HPVs to transform cells in 
culture suggests that these papillomavirus 
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types have an etiologic role in these tumors 
(2). In cervical carcinomas and in cell lines 
derived from cervical carcinomas, the E6 
and E7 open reading frames (ORFs) of the 
high-risk HPVs are regularly found to be 
intact and actively transcribed, implicating 
the E6 and E7 genes in the malignant 
phenotype (3, 4). Support for this role is 
provided by genetic analyses that establish 
the requirement for both E6 and E7 for the 
efficient transformation of primary human 
squamous epithelial cells by HPV-16 (5 ) .  

DNA tumor viruses appear to exert some 
of their proliferative and oncogenic effects 
on the host cell through interactions with 
cellular proteins. The HPV-16 E7 protein, 
like SV40 large T antigen (6)  and adenovi- 
rus E1A (7) ,  is capable of binding pRB (8). 
The E7  proteins of both high-risk and low- 
risk genital type HPVs have been shown to 
bind to pRB (9). The E7 proteins of HPV-6 

and HPV-11 bind with 20-fold and 5-fold 
lower afiities, respectively, than the E7 
proteins of HPV-16 and HPV-18. Thus, 
the ability of E7  to bind pRB per se does not 
alone allow for the qualitative discrimina- 
tion between the diffirent biologic proper- 
ties of these viruses. The oncogenic poten- 
tial of the E6 protein encoded by the high- 
risk HPVs has been revealed in transforma- 
tion studies with primary human cells (5, 
10). Like the E7 protein, which is 98 amino 
acids in size, the E6 protein is small (158 
amino acids), and it is likely that its trans- 
forming properties may also result from the 
ability to form complexes with and poten- 
tially modulate the activity of critical cellular 
proteins that regulate cellular growth and 
differentiation. Since the large T antigen of 
SV40 (11, 12) and the E1B 55-kD protein 
of adenovirus 5 (13) can form a complex 
with the p53 protein, we explored the possi- 
bility that HPV-16 E6 also encodes a p53 
binding protein. Although formerly classi- 
fied as a dominantly acting oncogene (14- 
16) wild-type p53 has been shown to have 
tumor suppressor properties (1 7-22). 

The possibility that HPV-16 E6 or E7  
bound -to or interacted with ~ 5 3  was as- 
sessed by an in vitro binding assay similar to 
that used to show E7 complex formation 
with pRB (8). For these experiments, la- 
beled HPV-16 E6 and E7 proteins synthe- 
sized in rabbit reticulocyte lysates were 
mixed with lysates of unlabeled mouse F9 
cells. The F9 cells contain wild-type p53 
protein that, unlike mutant p53 protein, 
binds efficiently to SV40 large T antigen 
(19, 23). The mixture was incubated with 
antibodies directed against p53, and the 
immunoprecipitate was analyzed for the 
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presence of labeled E6 or E7 protein. The monodonal antibodies that reaphe dis- 
HPV-16 E6 protein was wpcecipitated by tinct epitopes on the murine p53 protein 
either PAb421 (24) or PAb246 (25), two (Fig. 1). An irrelevant monodonal antibody 

Fig. 2. In vim assockion of pa?& HWdb HW-11 HPV-16 HW-18 BPV-1 
l o m ? h  E6 pmtck~~ with Hrlld- r;- --II*-1[+1419 - 7 -- ---- a-E6 
type hu-p53. Reticulocytc lysates 97 - 
containing labeled E6 proteins of 
the indicated papillomaviruses were 
mixed with ather unlabeled rcticu- 68 - 

locyrr lysates programmed with hu- 
p53 (+) or no cRNA (-), and 43 - 
immunoprecipitated with PAb421, 
a monodonal antibody to p53 (32). 29 - 
These mixed lysates were imrnuno- 
precipitated with either PAM19 E6 -18 - 
(419) or antibody to HPV-16 E6 
(a-E6) as controls, on the miKturcs 14 - 
of lysatcs containing labded HPV- 
16 E6 and unlabeled hu 53. The 
n u m h  at the left of ;Ke 
indicate daolln ske m a i n  kibxlaltons). A cDNA encoding wild-type h ~ - ~ 5 3  (28) and the E6 
ORFs of HPV-6b, HW-11, HPV-16, HPV-18, and BPV-1 were each doncd into pGEM-1 or 
@EM-2 prokaryatic expnssion veaon. The HPV-16 E6 plasmid has becn dcsaibed (35). Thc E6 
ORFs of HPV typcs 6b, 11, and 18, and of BPV-1 were donad by polymerase chain mction (PCR) 
amplificaaon from done-  I11-length viral gcnomes. Restriction sites Sal I and Hind III were 
incorporated into the 5' sense and 3' antisense ohgonudcotide primers, mpatively, to fidtate 
cloning into the pGEM polylirjkcr (38). Each of the dones was verified by DNA sequence analysii. The 
complete hu-p53 EDNA sequence derived h the original done php53c-1 (27) was doncd into the 
Bam HI site of the @EM-2 polylinkcr. The mixing experiment was modified from a previously 
published method (8). The plasmids were linearized 3' to their respective termination dons,  and 
cRNA tramxibed from the SP6 or T7 romonrs was used to direct synthesis of [3SS]cystcine labeled 
E6 proteins and unlabeled hu-p53 in &bit miadocyte lysate. Afm dilution with an equal volume of 
cell lysis buffer, equal volumes of p53 protcins were incubated for 3 to 12 hours at 4°C with amounts 
(3 x I d  cprn) of each of the di&rent E6 proteins. Incorporation of label into I11-length E6 proteins 
was verified by gcl electrophoresis and fluorography. Volumes were adjusted with a 1: 1 mix of rabbit 
reticulocyte l p t e  and a l l  lysis bu&r. Immunopmipitated proteins were separated on a 12% 
polyaaylamide gel (36) and visualized by fluorography (37). The pro on of labeled E6 proteins 
coimmunoprecipitated by PAb42l aria determined bv comDarinr inwt ofthe labeled E6 ~rotcins 

FN. 1. Coimmunopradpitation of labeled HPV- F9 Lysate 
16 E6 protch with wild-type murinc p53 (mu- 
p53). Thc [3sS]cyst&e-labelcd, in viacwransl?t- 
ed E6 proteins were incubated with unl?bcled F9 

as detenn&ed %; nichldmcctic acid (TCA) pmipi&tion kith ihc Camounts of coimmumpr&ipitated 
E6 proteins in e cxciscd d bands. Thcx measurements indicate that 12% of the inout HPV-16 E6 

Lysts 
buffer 

and-6.8% of the input HPk-18 E6 proteins were coimmunoprecipitated in comPlcx~with hu-p53. 

6 APRIL 1990 

cell lysates or cell lysis M a ,  and immunoprrdpi- 246 419 421 

tated with either PAb421 (a s p i e s  cross-reactive, 
p53-spccific m o n M  antibody r e a p k h g  4 6  - 
amino acid residues 370 to 378 of the mu-p53 
pmtcin) (24, 24, or PAb246 (a monodonal 
antibody m o p i z k y  a confbrmationdependent 
cpimpe spammg res~dues 88 to 109 and present 
ordusivdy on wild-type mu-p53) (25). PAb419, a 3 0  - 
SV40 large T-spcafic monodonal antibody, was 
used as a conttol(24). The n u m b  at the left of 
the figure indicate molecular size standads (in 
kilodaltons). The mixing experiments are a modi- 
fication of a previously published method (9). 21.5- 

Subconfluent F9 cell cultures were lyscd on ice for 
112 hour in 0.5 ml pa 10-an plate of cell &is E" - - 
bu&r [1% NP-40, 100 mh4 ais-HCI (pH 8.0), 
and 100 mM NaCI]. The HPV-16 E6 ORF from 1 4  3- 
nudeotides 79 to 559 was doMd from the pmri- 
ously described plasmid p1224 (35) into the 
plylinker of the pdwyotic expression vector 
pGEM-2. The plasmid was limarized with Eco 
RI 3' to the E6 ORF and complementary RNA (cRNA) transaibed from the T7 promata was used to 
dirm synthesis of [35S]cystcine-labeled E6 protcins in rabbit reticulocytc fysarrs (total cRNA from 1.5 
pg of template DNA for 100 pl of reaction). The reticulocyte lysates were dcued with PAM1 after 
translation to m o v e  any endogenous p53. Afm dilution with an equal volume of a l l  lysis bu&r, the 
labeled E6 proteins (3 x I d  cpm) were incubated for 3 to 12 hours at 4°C with 200 pl of either a lysatc 
of F9 ceh (4 x 106 cdls) or cell lysis WEr. The miaures were immunoprecipitatcd with either 50 or 
200 4 of PAb421 or 200 pl of PAb246, and the proteins wcrt separated on a 14% polyaaylarnide gel 
(36) and visualized by fluorography (37). 

[PAM19 (24)], specific h r  W40 large T 
antigen, did not immunopcecipitate E6 
from the mixtures, and in lysis buffkc with 
no p53, PAM21 was unable to immunopre- 
apitate E6 protein. Similar experiments 
with HPV-16 E7 proteins revealed no bind- 
ing to p53 (26). Use of either 50 or 200 pl 
of PAb421 precipitated the same amount of 
labeled HPV-16 E6, wnlirming that the 
experiments were carried out in antibody 
excess. 

The binding of HPV-16 E6 to p53 pro- 
tein prompted us to investigate whether the 
E6 proteins of other papillomaviruses asso- 
ciated with genital tract lesions w d d  also 
wmplcx with p53 protein. The E6 proteins 
of all genital type HPVs are highly wn- 
sewed [45 to 70% amino aad similarity to 
HPV-16 E6 (26)] and may be arptaed to 
have similar biological functions. Although 
the bovine papillomavim type 1 (BPV-1) 
E6 protein sequence is only 25% similar to 
HPV-16 E6, it was also assayed fbr p53 
protein binding because it has also been 
shown to have transfbcrning properties (27). 
Inthisatpeciment,mixedartraasweccused 
with in v i m l a t e d  wild-type human 
p53 (hu-p53) (28) (Fig. 2). The E6 proteins 
of both HPV-16 and HPV-18 a d d  be 
wpcecipitated by the PAM21 antibody only 
in the lysates containing hu-p53. No labeled 
HPV-6, HPV-11, or BPV-1 E6 protein was 
d e t d  in wmplex with p53 protein. Den- 
sitometcy showed the E6-specific signal 
h m  HPV-18 to be 50% that of HPV-16 
E6. 

Attempts to wimm~fl~pcecipitate labeled 
hu-p53 protein from sknilar mixtures in 
which hu-p53 was labeled and the HPV-16 
E6 protein was unlabeled with HPV-16 E6- 
speciiic antisera were not s u c c d  (26, 
suggesting that the E6 antibody might be 
interfixhg with p53-E6 wmplex formation. 
To circumvent this problem, the coding 
sequence for an ll-amino acid peptide wr- 
responding to an antigenic determinant of 
the influenza hemagglutinin protein (HA1) 
(29) was added in fiamc to tfie 5' ends of E6 
ORFs of HPV types 11, 16, and 18. An 
antibody to this epitope w d d  then be used 
to immunopredpitate the E6 fusion pro- 
teins. An analogous experiment to that pre- 
sented in Fig. 2 was carried out in which 
rabbit reticulocyte lysates wntaining the in- 
dividual labeled E6 fusion protcins were 
mixed with lysates wntaining labeled hu- 
p53 protein or lysates derived from extracts 
in the absence of translated protein (Fig. 3). 
The antibody (12CA5) directed against the 
epitope e0iaendy precipitated each of the 
E6 fusion proteins (Fig. 3). Furd~ecmort, 
when this lysate was mixed with labeled hu- 
p53 artraas, the p53 protein w d d  readily 
be identified in wmplex with the modified 
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Fig. 3. Coprecipitation of E6-p53 complexes +p53 
Swn mimurs of hu-p53 and E6 proteins bearing 
the HA1 epitope (WHAI). Labeled %HA1 

12CA5 

proteins were mixed with either labeled hu-p53 or 
reticulocyte lysate and immunoprecipitated by 200- 

PAb421 (24) or 12CA5 (29), a monoclonal anti- 97 - 
body specific for the HA1 epitope. The numbers 
at the I& of the figure indicate molecular size 68- 
standards (in kilodaltons). The method of in viao 

p53 transcription and translation of [35S]cysteine-la- 
beled proteins, and mixing and immunoprecip- 43- 

itation were described in Fig. 2. The HA1 epitope 
derived from the influenza virus hernagglutinin 
protein has been previously described in detail (Y- 
P-Y-D-V-P-D-Y-A-S-L) (29). A sequence coding 3s - 
for this epitope was cloned downstream of a 
methionine initiation codon and was fused via a 

EG-HAI P-G spacer to amino acid 2 of E6. The coding 
region for the I I-amino acid epitope and spacer 
was incorporated into the 5' oligonudeotide 
primers used for PCR amplification of the E6 ,,, 
ORFs bdbre cloning into *EM. PCR amplifi- 
cation and cloning was canied out as described in 
Fig. 2. Sal I and Hind Ill sites were incorporated 
into the 5' and 3' oligonucleotide primers, respec- 
tively, to facilitate cloning into the pGEM ply-  
Linket (39). All clones were sequenced to confirm 
the addition of the HA1 coding region in frame 
with d o n  2 of the respective wild-type E6 
sequence. The propomon of input p53 in complex with the E6 protein and coinmunoprecipitated by 
the 12CA5 antibody was determined by first measuring the dliciency of E6 immunoprecipitation by 
this antibody by comparing the amount of input E6, as determined by TCA precipitation, with the 
amount of immunoprecipitated E6 p m t  in the excised gel bands. Thc amount of coimmunoprecipi- 
taring p53 in the excised gel bands was measured and the amount in complex with E6 was derrnnincd 
takinginto account the &ciency of E6 immunoprocipitation by 12CA5. ' h e  amount of input p53 was 
determined bv TCA precipitation. and from these measurements om d d  determine that 12% of the 
input h ~ - ~ 5 3 w a s  asrbciaied with-HP~-16 E6 and 7.3% of input hu-p53 was associated with HPV-18 
E6. 

E6 proteins of HPV-16 and HPV-18, but 
not HPV- 1 1. 

These experiments show that the E6 pro- 
teins of HPV-16 and HPV-18 can assaciate 
with wild-type hu-p53 in vitro. Although 
there is no evidence for the association of E6 
proteins of HPVd or HPV-11 with p53 
protein, it is possible that they do associate 
but with an &ty below that necessary for 
detection in the in viao assay used in this 
study. 

The small DNA tumor viruses with their 
limited coding capacity may principally af- 
fect cellular pathways by moddating the 
activities of key cellular proteins. The E6 
and E7 ORFs are well c o ~ r v e d  among 
human papillomaviruses regardless of their 
associated risk for mahgnant progression 
and it is likely that E6 and E7 wnmbute to 
the proliferation of basal cells of the squa- 
mow epithelium infected by these viruses. 
The putative roles of pRB and p53 in cell- 
cycle regulation (30) suggests that inactiva- 
tion or modulation of the activities of these 
proteins may result in cellular proliferation 
and altered differentiation, thus permitting 
the expansion of a pool of squamous epithe- 
lial cells for the replication of viral particles. 
Intrinsic differences in the E6 and E7 pro- 
teins of high-risk and low-risk genital p&~- 
lomaviruses may account for the differences 

in transforming potential of these viruses, 
since these functions map to these genes. It 
is tempting to speculate- that the 6bserved 
differences in the carcinogenic potential of 
these vimses may relate to diflkrences in the 
interactions with cellular proteins such as 
pRB and p53. The ability of the transform- , 
ing proteins encoded by the human papillo- 
mavimses, the adenoviruses, and SV40 to 
bind to the same cellular proteins suggests 
that they all transform by perturbing the 
same cellular pathways (Fig. 4). 

The p53 gene product appears to be a 
negative regulator of cell proliferation (30). 
The gene has been found to be mutated in 
Friend virus-induced mouse leukemias (31), 
and mutations have been noted in a high 
percentage of colon carcinomas (22) and in 
human lung carcinomas (32). Mutant forms 
of the mu&e p53 clones can immortalize 
primary rat embryo fibroblast cells (14, 20) 
and cooperate with an activated ras onco- 
gene to transform ceIls (14, 15, 17-19). 
There is evidence that mutated forms ofp53 
that are transforming are trans-dominant 
over wild-type p53 (20, 22). These activat- 
ing mutations- result in confbrmational 
changes in the protein enabling it to bind to 
the heat shack protein hsp70. This change 
in confbrmation is associa& with enhanced 
protein stability (17). The trans-dominant 

phenotype of the mutated p53 protein may 
be explained by its ability to oligimerizt 
with wild-type p53, drawing it into this 
complex and effectively inactivating it (16, 
19). The SV40 large T antigen and adenovi- 
rus E1B 55-kD proteins form complexes 
with p53 protein resulting in increased half- 
life (33), presumably also inactivating its 
normal function as a negative regulator of 
cellular growth. The consequence of the 
interaction of E6 with p53 is likely to be 
different. Levels of E6 in cervical carcinoma 
cell lines and in HPV-16- or HPV-18- 
transformed cell lines are low (4). Levels of 
p53 are undetectable in HeLa cells despite 
the presence of translatable mRNA (34), 
and our analysis of p53 in a series of addi- 
tional carcinoma cell lines indicates that 
several contain low levels of this protein 
(26). Furthermore, we have found that the 
levels of p53 in human keratinoqtes trans- 
formed by HPV-16 are low when compared 
to the levels in primary keratinoqtes or in 
SV40-transfbrmed keratinocytes (26). This 
raises the possibility that E6 may facilitate 
the degradation of p53. The rapid degrada- 

Adonoviruses 

/5lG', 

Papillomaviruses - 
(96.a.) (1 58 a.a) 

Fig. 4. Schematic rcpmtation of the common 
cellular p r o t e i n - b i i  properties shared by the 
transforming proteins &om the diffetcnt DNA 
tumor viruses. Both pRB and p53 bind to large T 
antigen of SV40 (6, 11), whereas each binds to 
separate adenovirus- (7, 12) and HPV-encoded 
proteins. Sequences required for cellular transfor- 
mation are also required for binding of SV40 
large T antigen to pRB and p53 (6, 40), and for 
biding of E1A and E7 to pRB (7,9). Altho+ 
the sequences required for E1B 55-kD and E6 
binding to p53 have not been defined, each of 
these proteins is required for full transformation 
of primary cells (5, 10). 
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tion of the protein in the cell would have the 
same functional result as SV40 large T 
antigen, adenovirus E1B 55-kD protein, or 
a mutated form of the p53 protein in elim- 
inating wild-type p53 and thus preventing it 
from its function as a regulator of cell 
growth. 

REFERENCES AND NOTES 

1. H. Zur Hausen and A. Schneider, in T h e  Papilloma- 
viruses, vol. 2 of T h e  Papovaviridae, P. M. Howley 
and N. P. Salzman, Eds. (Plenum, New York, 
1987), pp. 245-263. 

2. R. Schlegel, W. C. Phelps, Y.-L. Zhang, M. Bar- 
bosa, E M B O  J. 7, 3181 (1988); A. Storey et al., 
ibid., p. 1815; C. D. Woodworth, J. Doninger, J. A. 
DiPaolo, J. Virol. 63, 159 (1989). 

3. C. C. Baker et al., J. Virol. 61, 962 (1987); H. 
Shirasawa et al., ibid. 62, 1022 (1988). 

4. E. Schwarz et al., Nature 314, 111 (1985); A. 
Schneider-Gadicke and E. Schwan, E M B O  J. 5, 
2285 (1986); D. Smotkin and F. 0. Wettstein, Proc. 
Natl.  Acad. Sci. U . S . A .  83, 4680 (1986). 

5. K. Munger, W. C. Phelps, V. Bubb, P. M. Howley, 
R. Schlegel, J. Virol. 63, 4417 (1989); P. Hawley- 
Nelson, K. H. Vousden, N. L. Hubbert, D. R. 
Lowy, J. T. Schiller, E M B O  J. 8, 3905 (1989). 

6. J. A. DeCaprio et al., Cell 54, 275 (1988). 
7. P. Whyte et al., Nature 334, 124 (1988). 
8. N. Dyson, P. M. Howley, K. Miinger, E. Harlow, 

Science 243, 934 (1989). 
9. K. Miinger, B. A. Wemess, N. Dyson, E. Harlow, 

P. M. Howley, E M B O  J. 8,4099 (1989). 
10. S. Watanabe, T. Kanda, K. Yoshiike, J. Virol. 63, 

965 (1989). 
11. D. P. Lane and L. V. Crawford, Nature 278, 261 

(1979). 
12. D. I. H .  L i r  and A. J. Levine, Cell 17,43 (1979). 
13. P. Sarnow, Y. S. Ho, J. Williams, A. J. Levine, Cell 

28, 387 (1982). 
14. J. R. Jenkins, K. Rudge, G. A. Curries, Nature 312, 

651 (1984). 
15. D. Eliyahu, A. Raz, P. Gruss, D. Givol, M. Oren, 

ibid., p. 646; L. F. Parada, H. Land, R. A. Wein- 
berg, D. Wolf, V. Rotter, ibid., p. 649. 

16. B. Rovinski and S. Benchimol, Oncogene 2, 445 
(1988). 

17. C. A. Finlay et al., Mol. Cell.  Biol. 8, 531 (1988). 
18. D. Eliyahu et al., Oncogene 3, 313 (1988). 
19. P. Hinds, C. Finlay, A. J. Levine, J. Virol. 63, 739 

(1989). 
20. C. A. Finlay, P. W. Hinds, A. J. Levine, Cell 57, 

1083 (1989). 
21. H.  Masuda, C. Miller, H.  P. Koeffler, H.  Battifora, 

M. J. Cline, Proc. Natl.  Acad. Sci. U . S . A .  84, 7716 
(1987). 

22. B. Vogelstein et al., Science 244, 207 (1989); S. J. 
Baker et al., ibid., p. 217. 

23. D. Pemica et al., Virology 134, 477 (1984). 
24. E. Harlow, L. V. Crawford, D. C. Pim, N. M. 

Williamson, J. Virol. 39, 861 (1981). 
25. J. W. Yewdell, J. V. Gannon, D. P. Lane, ibid. 59, 

444 (1986). 
26. B. A. Wemess and P. M. Howley, unpublished 

results. 
27. J. T. Schiller, W. C. Vass, D. R. Lowy, Proc. Natl.  

Acad. Sci. U . S .  A .  81, 7880 (1984); Y. C. Yang, H. 
Okayama, P. M. Howley, ibid. 82, 1030 (1985). 

28. R. Zakut-Houri, B. Bienz-Tadmor, D. Givol, M. 
Oren, E M B O  J. 4, 1251 (1985). 

29. J. Field et al., Mol. Cell.  Biol. 8, 2159 (1988). 
30. N. C. Reich and A. J. Levine, Nature 308, 199 

(1984); J. A. DeCaprio et al., Cell 58, 1085 (1989); 
P.-L. Chen, P. Scully, J.-Y. Shew, J. Y. J. Wang, W.- 
H. Lee, ibid., p. 1193. 

31. M. Mowat, A. Cheng, N. Kimura, A. Bemstein, S. 
Benchimol, Nature 314, 633 (1985). 

32. T. Takahashi et al. ,  Science 246, 491 (1989). 
33. N. C. Reich, M. Oren, A. J. Levine, Mol. Cell.  Biol. 

3, 2143 (1983). 
34. G. Matlashewski, L. B ~ S ,  D. Pim, L. Crawford, 

Eur. J .  Biochem. 154, 665 (1986). 
35. W. C. Phelps, C. L. Yee, K. Miinger, P. M. Howley, 

Cell 53, 539 (1988). 
36. U. K. Laemmli, Nature 227, 680 (1970). 
37. W. M. Bonnet and R. A. Laskey, Eur. J. Biochem. 

46, 83 (1974). 
38. Sequences of the oligonucleotide primers used for 

PCR amplification were: HPV-6b 5' sense, CAGTC- 
GACACCATGGAAAGTGCAAATGCCTCC and 3' 
antisense, GTAAGCTTTAGGGTAACATGTCT- 
TCC; HPV-115' sense, GCGTCGACCACCATGG- 
AAAGTAAAGATG and 3' antisense, GCAAGCTT- 
AGGGTAACAAGTCTTC; HPV-18 5' sense, GC- 
GTCGACCACCATGGCGCGCTTTGAG and 3' 
antisense, GCAAGCTTATACTTGTGTTTCTC; 
BPV-15' sense. GCGTCGACCACCATGGACCT- 
GAAACCTTTTG and 3' antisense, GCAAGC- 
TTCTATGGGTATTT,GGACCTTG. 

39. The 3' antisense primers for HPV-11 and HW-18 
were the same acthose used to clone the wild-type 
E6 ORFs. For HW-16, the E7 3' antisense oligo- 
nucleotide primer 5'-GGTACCTGCAGGATCAG- 
CCATG-3' was used. The 5' oligonucleotide prim- 

er sequences used were (5'-3'): HPV-11 E6, GCG- 
TCGACCACCATGTACCCGTACGACGTGCC- 
GG ACTACGCG AGCCTGCCGGGCCTGGAA- 
AGTAAAGATGCCTCCAC; HPV-16 E6, GCGT- 
CGACCACCATGTACCCGTACGACGTGCCG- 
GACTACGCGAGCCTGCCGGGCCTGTITC- - - - - - - - - - - - 
AGGACCCACAGGAGCG; HPV-18-E6, GCGT- 
CGACCACCATGTACCCGTACGACGTGCC- 
GGACTACGCGAGCCTGCCGGGCCTGGCG- 
CGCITTGAGGATCCAAC. 

40. F. I. Schmeig and D. T. Simmons, Virology 164, 
132 (1988). 

41. We are gratefid to J. Bolen, K. Miinger, and R. 
Schlegel for a critical reading of the manuscript. We 
thank J. Bolen, N. Dyson, E. Harlow, and K. 
Miinger for helpfid discussions during the course of 
this study, and J. Byme for oligonucleotide synthe- 
sis. B.A.W. was supported by a National Research 
Council-NIH Research Associateship. 

11 December 1989; accepted 15 February 1990 

EGF Receptor and erbB-2 Tyrosine Kinase Domains 
Confer Cell Specificity for Mitogenic Signaling 

The epidermal growth factor (EGF) receptor (EGFR) can efficiently couple with 
mitogenic signaling pathways when it is transfected into interleukin-3 (IL-3)- 
dependent 32D hematopoietic cells. When expression vectors for erbB-2, which is 
structurally related to EGFR, or its truncated counterpart, ANerbB-2, were introduced 
into 32D cells, neither was capable of inducing proliferation. This was despite 
overexpression and constitutive tyrosine kinase activity of their products at levels 
associated with potent transformation offibroblast target cells. Thus, EGFR and erbB- 
2 couple with distinct mitogenic signaling pathways. The region responsible for the 
specscity of intracellular signal transduction was localized to a 270-amino acid 
stretch encompassing their respective tyrosine kinase domains. Thus, tissue- or cell- 
specific regulation of growth factor receptor signaling can occur at a point &er the 
initial interaction of growth factor with receptor. Such specscity in signal transduc- 
tion may account for the selection of certain oncogenes in some malignancies. 

T HE INTERACTION OF G R O W H  FAC- 

tors with specific membrane recep- 
tors triggers a series of intracellular 

events that are of critical importance in the 
regulation of normal cell proliferation. Sub- 
version of these mitogen-responsive path- 
ways plays a determinant role in the neoplas- 
tic process (1). Little is known about the 
nature of such signaling pathways and the 
specificity of receptor-pathway coupling. 
The cDNA of a foreign receptor introduced 
into a nalve cell can confer responsiveness to 
its ligand, indicating that regulation of cell 
proliferation involves growth factor recep- 
tor expression and ligand availability (2, 3). 
Intracellular specificity in signaling path- 
ways may also exist as indicated by findings 
that different subsets of cellular proteins are 
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phosphorylated in response to various 
growth factors (4). 

EGFR and erbB-2 genes differ in their 
efficiency of transformation for NIH 3T3 
fibroblasts, suggesting that they may couple 
with different efficiency to one or more 
intracellular signal transduction pathways 
(5, 6). We initially sought to compare mito- 
genic signaling by these two genes in the 
hematopoietic line 32D, which lacks either 
receptor and is normally dependent on inter- 
leukin-3 (IL-3) for proliferation (7). For 
this purpose the eukaryotic expression vec- 
tors, LTR-EGFR (6) and LTR-erbB-2 (5), 
were transfected into 32D cells by electro- 
poration (8). These vectors contained the 
transcriptional initiation sequences of the 
Moloney murine leukemia virus (M-MuLV) 
long terminal repeat, along with the Ecogpt 
selectable marker (9) ,  which confers resist- 
ance to mycophenolic acid (9).  After trans- 
fection and marker selection, viable cell lines 
designated 32D-EGFR and 32D-erbB-2 
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