
no1 series. They were exposed to x-ray film (XAR-5, 13. I. Andersson et d., Acta Physiol. Scand. 126, 311 North Carolina Memorial Hospital and F. Askin for 
Kodak Laboratories) with intensifyin screens for (1986); A. Nilsson et d., Science 233, 571 (1986). their help in collection of human fetal tissues; D. 
16 to 18 hours at -70°C to give a p i t  to intensitv 14. R. A. Richmond, M. R.  Benedict, J. R. Florini, B. Bell, D. McGhee, and E. Hovt for their technical 
of hybridization. Slides were dipped in NTB-3 A. Toly, Endo+nology 116, 180 (1985); C. D. assistance; M. Jansen for probision of the cDNA 
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with distilled water, air-dried, and exposed in sealed 15. N. C. Dulak and H.  M. Temin, J. Cell. Pbswl.  81, ee, and P. Peuusz for he1 ful discussions, V.H. is a 
boxes for 5 to 21 days to 4°C. Photoemulsion was 153 (1973); H. Marquardt et d., J. Bwl. Chem. 256, recipient of a Research Fefowshi from the Medical 
develo ed with D l 9  developer (Kodak), fixed, 6859 (1981). Research Council of Canada  and'^.^.^. is a recipi- 
washel, air-dried, stained with hematoxylin and 16. V. K. M. Han et d., in preparation. ent of a Research Career Development Award from 
eosin, dehydrated in an ascending ethanol series and 17. K. H .  Cox et d., Dev. Bwl. 101, 485 (1984). the USPHS (HD00435). Su ported by grant R01- 
then xylene, and mounted and cover slips applied 18. A. M. Maxam and W. Gilbert, MethodsEnzynzol. 65, HD08299 from the U S P H ~ ~ ~  March of Dimes 
with Permount. The hybridization signal was visual- 499 (1980). basic research grant 1-758 (A.J.D.). 
ized with the bright- and dark-field optics of a Leitz 19. P. W. J. Ri by et d., J .  Mol. Bwl. 113, 237 (1977). 
photomicroscope. 20. We thank f ie  staff of the gynecological unit of the 1 October 1986; accepted 11 February 1987 

A Chimeric, Ligand-Binding V-erbB/EGF Receptor combined with a 1.7-kb Aha 11-~tu I re- 
striction fragment coding for the complete 

Retains Transforming Potential cytoplasmic portion of (AEV-H)-~Y~B and 
cloned into Sac IISma I double-dlgested 

HEIMO RIEDEL, JOSEPH SCHLESSINGER,* AXEL ULLRICH pUC12 (8). A 3.7-kb Sac I-Xrnn I restric- 
tion fragment from this subclone containing 

Comparison of amino acid sequences from human epidermal growth factor (EGF) the entire coding region of the chimeric 
receptor and avian erythroblastosis virus erbB oncogene product suggests that v-erbB receptor was then introduced into an expres- 
represents a truncated avian EGF receptor gene product. Although both proteins are sion vector downstream of a 640-bp Sma I- 
transmembrane tyrosine kinases, the v-erbB protein lacks most of the extracellular Sac I restriction fragment with Harvey sar- 
ligand-binding domain and a 32-amino acid cytoplasmic sequence present in the coma virus long terminal repeat promoter 
human EGF receptor. To test the validity of the proposed origin of v-erbB and to sequences and upstream of 3'-untranslated 
investigate the functional significance of the deleted extracellular sequences, a chimeric sequences of the gene coding for the hepati- 
gene encoding the extracellular and the transmembrane domain of the human EGF tis B virus surface antigen (9) providing 
receptor joined to sequences coding for the cytoplasmic domain of the avian erbB transcription stop and polyadenylation sig- 
oncogene product was constructed. When expressed in Ratl fibroblasts, this reconsti- nals. The vector also contained a dihydrofo- 
tuted gene product (HER-erbB) was transported to the cell surface and bound EGF. late reductase (DHFR) gene under SV40 
Its autophosphorylation activity was stimulated by interaction with the ligand. early promoter control to permit gene am- 
Expression of the HER-erbB chimera led to anchorage-independent cell growth in soft plification by methotrexate selection (1 0) in 
agar and EGF-induced focus formation in Ratl monolayers. Thus, it appears that v- addition to a neomycin resistance gene (11, 
erbB protein sequences in the chimeric receptor retain their transforming activity 12) for the initial selection of transfectants. 
under the influence of the human extracellular EGF-binding domain. Sequences of the Escherichza coli plasmid 

pBR322 allowed plasmid DNA replication u NTIL RECENTLY, THE NORMAL the signal peptide for membrane transloca- in E. colz. Expression plasmids were purified 
biological role of cellular homologs tion (24 amino acids), most of the extracel- from E. wli HBlOl by the alkaline extrac- 
of transforming genes was poorly lular ligand-binding domain (amino acids tion procedure (13) followed by a gel filtra- 

understood. Some of these genes have now 1-555), and 32 carboxyl-terminal amino tion purification step. Normal Ratl fibro- 
been shown to encode growth factors or acids. We have been interested in character- blasts were transfected by the calcium phos- 
growth-factor receptors, which when consti- izing the structural alteration that led to the phate precipitation method (14) and select- 
tutively expressed or structurally altered may generation of an oncogene from a normal ed for neomycin and methotrexate 
result in loss of normal growth control and growth factor receptor gene. Therefore, we resistance. 
thus oncogenesis. Two members of the tyro- have replaced the EGF binding region miss- The ability of transfected cells to bind 
sine kinase oncogene family, v-erbB and v- ing from the v-erbB protein to determine increased levels of '25~-labeled EGF was 
fks, are highly homologous to receptors for whether the presence of this domain is used to determine whether mutant EGF 
epidermal growth factor (EGF) (1, 2) and sufficient to regenerate a normal, ligand- receptors were properly synthesized and 
macrophage colony-stimulating factor CSF- responsive receptor from a transforming transported to the cell surface of Ratl recipi- 
1 (3), respectively. The chemically activated protein. The polypeptide generated by this ent cells. Two transfected cell lines used for 
neu oncogene product has also been shown gene fusion consists of normal human extra- subsequent experiments displayed dramati- 
to be structurally similar to the epidermal cellular ligand-binding and transmembrane cally, increased '25~-labeled EGF surface 
growth factor (EGF) receptor and to v-erbB domains linked to oncogenic avian cytoplas- binding relative to control Ratl  cells 
(4-6) and probably represents another cell mic sequences. (1 x lo4 receptors per cell). The HER- 
surface receptor for an unknown ligand with Cloned complementary DNA (cDNA) se- erbB1 line expressed about 8 x lo4 and 
unknown biological activity. quences coding for the human EGF receptor HER-erbB2 about 6 x 10' chimeric mole- 

Amino acid sequence comparison sug- (HER) ligand-binding and transmembrane cules per cell, which compares with 
gested that v-erbB was derived from the domains (residues -24 to 646) (2) were 
avian EGF receptor gene by gene truncation fused in vitro without sequence alteration ~ o ~ ~ ~ G ~ $ ~ e ~ ~ ~ , ~ ~ $ ~ ~ t ~ ~ D ~ $ ~ ~ ~ $  
as a consequence of the recombination event with cytoplasmic domain sequences of the v- vard, South San Francisco, CA 94080. 
that created the avian erythroblastosis virus wbB oncogene (AEV-H strain) (7). A 2-kb ~~~~~~~6~~~~~ 
(2). Both molecules are transmembrane ty- Sac I-Nar I restriction fragment coding for 
rosine kinases; when aligned with the hu- the complete extracellular and transmem- 22:;::; ~ ~ ~ e ~ ~ $ F ) , s ~ ~ ~ ~ F ~ ~ ~  
man EGF receptor sequence, v-erbB lacks brane domain of the EGF receptor was 20850. 
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Flg. 1. (A) Immunoprecipitation of ["Slmeth- 
ionine-labeled HER-erbR chimera. Stable trans- 
fected Ratl cell lines were selccted through the 
use of media supplemented with 400 kg of 
Geneticin (Gibco Laboratories) per milliliter 
starting 2 days aftcr transfection.  medium supple- 
mented with app 
otrexatc (Gibco I 
lyxd fetal bovir 
selection of amp 
mvcin-resistant ccll 11ncs. Human epidermold car- 
cinoma cells A431 urcre cdmred in Dulbecco's 
minimum essential medium (D,MEM) containing 
4.5 mg of glucose per liter. Confluent ccll mono- 
layers in 8-cm culture dishes were washed twice 
with phosphate-buffered saline (PBS), 5 ml of 
methionine-frce medium prepared from a mini- 
mum essential medium select aminc kit (Gibco 
Laboratories) was added, and the incubation con- 
tinued for 17 hours with 300 pCi of L-["Slmeth- 
ionine at 1000 Ci/mmol (Amersham). Cells were 
washed twice with PRS before being lysed and 
immunoprecipitated as described (22) using hu- 
man EGF rcccpt~ HabRI (23). Half the 
number of A431 used as compared to 
the Rat1 cell lin~ rkers are indicated in 
kilodaltons. (B) lated autophosphory- 
lation of HER-ernn receptors. Detergent cell 
lysates dilutcd to 0.5% TS-100 in 0.4 ml were 

utes at 
been b o ~  
rose (Ph: 
tion cont 

1.8 x lo6 EGF receptor molecules on the 
surface of A431 human epidermoid carcino- 
ma cells. The '25~-labeled EGF binding was 
specific in that it was abolished in the pres- 
ence of excess unlabeled growth factor. It 
also correlated with receptor levels detected 
by immunoprecipitation with a monoclonal 
antibody specific for human EGF receptor 
(Fig. 1A). Metabolically labeled [35~]meth- 
ionine and immunoprecipitated HER-erbB 
protein migrated slightly faster than the 
human EGF receptor glycoprotein of A431 
cells on SDS gels, probably because of struc- 

Fig. 2. (A) Mitogenic response of stably express- 
ing Ratl  fibroblasts to EGF. Confluent monolay- 
ers of stably expressing Ratl  fibroblasts in 2.2- 
cm, 12-well culture dishes were grown to quies- 
cence in medium containing 0.5% fetal bovine 
serum for 48 hours. DNA synthesis was stirnulat- 
ed by adding various amounts of mouse EGF 
(Collaborative Research) and was monitored 18  
hours later by a 4-hour pulse-labeling with 0.5 
FCi of [methyl-3H]thymidine at 339 pCi1mg and 
84 Cilmrnol (Amersham). Cells were washed 
three times with cold PBS, and soluble radioactiv- 
ity was extracted with 1 ml of 10% trichloroacetic 
acid for 1 hour at 4°C followed by one wash with 
the same solution at 4°C. Cells were solubilized in 
0.5 ml of 0 . W  NaOH and 1% SDS for 30 
minutes at 3 X ,  and the lysate was brought to 
neutralpH by adding 0.5 ml of 2M tris buffer at 
p H  6.8. The incorporated radioactivity was deter- 
mined by using 10 ml of aqueous scintillation 
cocktail (Aquasol, New England Nuclear). The 
average of two measurements is shown for each 
data point (5% error). Normal Ratl  cells were 
used as a control. (B) EGF-induced cell-focus 
formation. Normal and transfected (HER-erbB1, 
HER-erbB2, and HERc; see also legend to Fig. 
3) Ratl  cells were plated at 20% confluency and 
grown in normal culture medium containing 10% 
fetal bovine serum in the presence (+) or absence 
(-) of 100 ng of EGF per milliliter for 1 week. 
The width of the panels corresponds to 3.3 mm. 

B HER-erbB 
A431 Control , Control 

S 

a 
~f EGF ic 
5 min- ir 

- 97 ["PIATP at 5000 Cilmmol (Amersham) was 
added for 0.5 minute at 4°C. The reaction was 
topped by adding 20 pI of SDS samplc buffer, 
nd samples \Irere analyzed on SDS polvac~?.lam- 
3e gels (24). The HER-wbR 1 cxpression product 

ratirre Kesearch) per ml~~ l l~ te r  for I ; shown at levcls comparable to those of the other 
PC. Antibody (MabRI) (23) that had construm and in addition at a tenfold higher concen- 
lnd for 30 minutes to protein A-Sepha- tration (x10). The monoclonal antibody used (RI) 
~rmacia) \Ifas then added, and the incuba- does not rec0plk.r the endogenous Ratl cell EGF 
inued for 15 minutes at 4°C. The washed meptor. Five nmcs as many Katl cells (nonuansfcct- 

immunuprecipitates (volume of 30 FI) were ed a$ a control) a? A431 cells were used per q r i -  
adjusted to 5mM MnCI2, and 15 pCi of y- ment. Size markm arc indicated in kilodaltons. 

turd differences at the carboxyl terminus of 
the two molecules (Fig. 1A). Thus the in 
vitro constructed hybrid gene directs expres- 
sion of a protein that is faithfully transport- 
ed to the cell surface, is able to bind EGF, 
and therefore constitutes a functional chi- 
meric receptor. 

The ability of cells expressing the chimeric 
receptor to bind increased levels of EGF 
demonstrated the formation and mainte- 
nance of a functional extracellular domain. 
We tested the functional integrity of the 
intracellular domain by analyzing the auto- 

phosphorylation activity of the erbB portion 
of the chimeric receptor. Irnmunopre- 
cipitates of the chimeric protein were incu- 
bated with [ 3 2 ~ ] y - A ~ ~  and analyzed by 
SDS-polyacrylamide gel electrophoresis 
and autoradiography. Like the EGF recep- 
tor from A431 cells, the HER-erbB chimeric 
receptor demonstrated autophosphorylation 
activity in immunoprecipitates (Fig. 1B). 
When compared with a similar amount of 
EGF receptor from A431 cells, the HER- 
erbB chimera displayed weaker specific auto- 
phosphorylation activity (Fig. 1B). 

- B +EGF - EGF 

Cont 

u.l 
EGF concenlrall 
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A fully functional HER-erbB chimeric 
receptor should display signal transfer be- 
tween extracellular and intracellular do- 
mains, that is, EGF-stimulable autophos- 
phorylation activity. EGF induced auto- 
phosphorylation of the chimeric receptors 
three- to fivefold. similar to the levels ob- 
served for the normal receptor, when exam- 
ined after a 30-second incubation (Fig. 1B). 
Thus, ligand-responsiveness of the v-erbB 
cytoplasmic domain was restored in the 
chimeric protein. 

To test if this restoration of ligand-re- 
sponsiveness was sufficient to convert the 
oncogenic v-erbB domain into a domain 
capable of transmitting a normal, EGF- 
stimulated mitogenic signal, we analyzed the 
proliferative response of stably transfected 
Ratl fibroblast lines HER-erbB1 and HER- 
erbB2 to EGF exposure. The ability of EGF 
to stimulate cells to synthesize 
DNA was determined by measuring 
[3H]thymidine incorporation over a 4-hour 
period after serum starvation. Control Ratl 
fibroblasts displayed EGF-dependent 
[3H]thymidine incorporation mediated by 
their endogenous rat EGF receptors (Fig. 
2A). In contrast, Ratl cells expressing the 
chimeric HER-erbB receptor exhibited a 
decreased mitogenic response to EGF. This 
inhibitory effect on the endogenous EGF 
response was more pronounced in the high- 
expression line HER-erbB2, where it dra- 
matically reduced sensitivity to EGF. 

Long-term exposure of HER-erbB-ex- 
pressing Ratl cells to 100 ng of EGF per 
milliliter resulted in severe inhibition of 
growth, whereas growth of control Ratl 
cells was not affected by this dose of the 
growth factor. The effect was strongest for 
HER-erbB2 and weaker for H E R - d B 1  
with lower expression levels. Therefore, 
HER-erbB expression interfered with the 
normally ~ ~ ~ r e c e ~ t o r - m e d i a t e d  mitogenic 
response of Ratl cells in a dose-dependent 
manner. 

Further evidence that restoration of lig- 
and-responsiveness did not convert v-erbB 
to a normal protein was the finding that 
transforming activity was not abolished in 
tlle chimera. The remaining transforming 
activity, however, was now inducible by 
EGF. When nearly confluent monolayers of 
stably transfected Ratl fibroblasts were ex- 
posed to EGF at 100 nglrnl for several days, 
formation of cell foci was observed for cells 
expressing the HER-erbB fusion product 
(Fig. 2B). Focus formation in HER-erbB 
Ratl cells was more pronounced at lower 
levels of expression (HER-erbB1) than at 
higher levels (HER-erbB2), probably be- 
cause of the strong growth inhibition suf- 
fered by cells expressing HER-erbB2. No 
cell foci were observed without the addition 

Flg. 3. Anchorage-indeped- 
dent soft agar growth. Nor- 
mal and stably expressing 
(HER-dB1, HER-t~bB2, 
and HERc) Ratl cells were 
plated in 5 ml of DMEM 
containing 10% fetal bovine 
serum and 0.25% agar 
(Difco, agar noble) on a 
bottom layer of 0.5% agar 
in 5 ml of medium (lo' cells 
per 6-un culture dish). Col- 
onies were scored after 2 
weeks. The complete human 
EGF receptor was expressed 
from cDNA under the con- 
trol of early SV40 transcrip- 
tional elements in the plas- 
mid also used for HER-erbB 
ex~ression. Cell surface re- 
&tor numbers had been Control HERC 
d&ermined to be 1 x 10' 
per cell by '251[EGF] bind- 
ing. The height of the panels 
corresponds to 3.3 mm. 

of EGF, or under any conditions for control 
Ratl or A431 cells. Furthermore, Ratl cells 
expressing normal human EGF receptor 
(HERc, lo5 receptors per cell) at levels 
comparable to H E R - d B  1 and under SV40 
early promoter control generated no foci in 
the presence or absence of EGF (Fig. 2B). 

The transforming activity of the HER- 
erbB chimera was also demonstrated by the 
ability of transfected Ratl cells to form 
colonies in soft agar in the absence of EGF 
(Fig. 3). Once again, this property was not 
observed for Ratl cells overexpressing 
HERc. We were not able to test possible 
EGF stimulation of this transforming activi- 
ty since EGF induced soft agar colony for- 
mation of the control Ratl fibroblasts, as 
others have observed for NRK cells (15). 

The experiments reported here demon- 
strate that attachment of the complete extra- 
cellular ligand-binding domain of the hu- 
man EGF receptor restored ligand inducibil- 
ity of the intracellular v-erbB tyrosine kinase. 
Although the v-erbB tyrosine kinase re- 
gained its ligand responsiveness in the chi- 
mera, mere restoration of the EGF receptor 
extracellular domain did not regenerate a 
normal, nontransforming protein. A basal 
level of transforming activity was still detect- 
able as colony forming ability in soft agar in 

the absence of EGF. This weak, unstimulat- 
ed activity appeared to be enhanced by 
overexpression of the chimeric protein (16). 
Furthermore, the residual transforming po- 
tential of the chimeric receptor could actual- 
ly be stimulated by EGF as determined by 
ligand-induced focus formation in cell 
monolayers. This finding strongly suggests 
that the transforming potential resides in 
intracellular features unique to v-erbB se- 
quences. 

The carboxyl-terminal deletion in the chi- 
mera (and v-erbB) is likely to be predomi- 
nantly responsible for the transforming po- 
tential of this protein. This sequence dele- 
tion in a domain that is thought to be 
important in receptor-specific signal genera- 
tion removes the major autophosphorylated 
tyrosine residue in the human receptor ho- 
molog and is also a structural characteristic 
of other tyrosine kinase oncogene-proto- 
oncogene pairs, such as c-finsv-fi (17), c- 
s~clv-src (Is), and the close relatives insulin 
receptorlv-ms (19, 20). We do not yet know 
if the tyrosine residue deletion is the key to 
transformation or if the total deleted portion 
is responsible for this effect. Since regulated 
phosphorylation of cytoplasmic components 
is thought to be a key event in the cellular 
signaling process stimulated by growth fac- 
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tors, one must consider the possibility that 
the structural differences between erbB and 
the EGF receptor may lead to a constitutive, 
basal level of ligand-independent substrate 
phosphorylation activity. Alternatively, the 
specificity of phosphorylation may be al- 
tered. The chimeric HER-erbB molecule 
represents a homolog of the v-j%zs oncogene 
that carries an apparently intact ligand-bind- 
ing domain. It offers the possibility of char- 
acterizing in detail enzymatic parameters of 
the receptor kinase and represents a model 
for studying ligand-stimulated transforma- 
tion in an autocrine or paracrine scenario. 

We observed inhibition of EGF-stirnulat- 
ed mitogenesis in Ratl cells expressing the 
HER-erbB chimera. This effect was dosage- 
dependent and led to cell death after several 
days of EGF exposure, which is reminiscent 
of A431 cells that overexpress normal and 
altered human EGF receptors (2, 21). 
Whether this phenomenon can also be at- 
tributed to the carboxyl-terminal deletion or 

other criteria, such as receptor overexpres- 
sion, structural differences between v-wbB 
and c-erbB sequences, or incompatibility of 
avian receptor signaling h c t i o n s  with Ratl 
cell signal transduction pathways, is current- 
ly unclear. 

The hybrid receptor approach used in 
these experiments may provide a powerful 
means of identifying growth factor receptor 
domains that are crucial in the initiation of 
the cascade of events that leads to normal 
cell division or oncogenesis. 
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Extended Culture of Mouse Embryo Cells Without 
Senescence: Inhibition by Serum 

DERYK T. LOO, JANICE I. FUQUAY, CATHLEEN L. RAWSON, 
DAVID W. BARNES* 

Mouse embryo cells cultured in vitro in serum-supplemented media undergo growth 
crisis, resulting in the loss of genomically normal cells prior to the appearance of 
established, aneuploid cell lines. Mouse embryo cells established and maintained for 
multiple passages in the absence of serum did not exhibit growth crisis or gross 
chromosomal aberration. Cells cultured under these conditions were dependent on 
epidermal growth factor for survival. Proliferation was reversibly inhibited by serum 
or platelet-free plasma, suggesting that mouse embryo cultures maintained by conven- 
tional procedures are under the influence of inhibitory factors. 

M OUSE EMBRYO CELLS CULTURED 

in conventional serum-supple- 
mented media rapidly lose prolif- 

erative potential, leading to growth crisis or 
senescence followed by the appearance of 
genomically altered immortalized (estab- 
lished) cell lines. Swiss, BALB, and NIH 
lines (3T3, 3T6, and 3T12) as well as C3H 
10T112, which are commonly used in stud- 
ies of carcinogenesis and growth control, 
were derived in this way and exhibit near- 
tetraploid karyotypes with major chromo- 
somal abnormalities ( 1 4 ) .  Because extend- 
ed culture of some cell types has been 
achieved by replacing serum in the culture 
medium (5-ll), we developed a serum-free 
approach to the culture of mouse embryo 
cells. These procedures allowed extended 
cell proliferation in the absence of detectable 
crisis or gross genomic alterations. Growth 
of cultures derived under these conditions 

was markedly inhibited by both serum and 
plasma, suggesting the presence of circulat- 
ing inhibitors distinct from platelet-associat- 
ed factors. 

Cells from 16-day-old mouse embryos 
were cultured in nutrient medium supple- 
mented with 10% calf serum (14) or in 
medium in which serum was replaced with 
insulin, transferrin, epidermal growth factor 
(EGF), high-density lipoprotein (HDL), 
and fibronectin. This medium was devel- 
oped originally for the growth of the serum- 
derived, established C3H 10T112 and Swiss 
NIH 3T3 mouse embryo cell lines (12, 13) 
and will also support the growth, at least in 
the short term, of early passage mouse em- 
bryo cells cultured initially in serum. 
Growth of serum-derived cultures in this 
medium is enhanced by the addition of 
platelet-derived growth factor (PDGF). The 
medium formulation is related in nutritional 

and hormonal composition to other media 
developed for the growth of established 
lines of mouse embryo cells (14, 15). 

Cultures carried in serum-containing me- 
dia, in the presence or absence of additional 
supplementation with the above factors, un- 
derwent a well-defined crisis (Fig. 1). A 
single batch of unheated serum was used for 
the serum-containing cultures for the dura- 
tion of the experiment. Similar results were 
obtained when the experiment was repeated 
with a different batch of serum or with heat- 
inactivated serum (56"C, 30 minutes). Cul- 
tures maintained in serum-free media grew 
exponentially without a significant time lag 
and represented a major portion of the 
population of embryo cells initially plated. 
Cell number in primary cultures 6 days after 
plating was three times higher in serum-free 
medium than in serum-containing medium. 
Cells of serum-free cultures appeared mor- 
phologically homogeneous upon light mi- 
croscopic examination by the second or 
third passage and remained so upon long- 
term culture. 

Cultures were derived in serum-free medi- 
um from both BALBIc and Swiss embryos. 
Initiation and long-term growth in the ab- 
sence of serum was carried out with three 
independent Swiss mouse embryo cultures; 
similar results were observed in all cases. 
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