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SUMMARY: Complementary DNA corresponding to total poly(A)"'—RNA from the human
A43]1 epidermoid carcinoma cell 1line was cloned in the phage expression vector
Agtll. An epidermal growth factor (EGF) receptor cDNA clone was obtained by
screening of the expression library with a rabbit polyclonal arif2 body (IgG),
raised to the purified A431 EGF receptor, in combination with ['“’I]protein A
of S. aureus. The cloned cDNA was able to select, by hybridization, messenger
RNA which was translated in Xenopus oocytes and yielded an immunoprecipitable
EGF receptor protein of M, =160,000. The insert of this cDNA (phEGFR-1), {is
approximately 880 base pairs in length and encodes the carboxyterminal portion
of the EGF receptor protein. Its sequence 1s evolutionarily conserved among
vertebrates as shown by hybridization to unique chromosomal DNA sequences from
human, baboon, dog, rat, mouse and froge. © 1984 academic Press, Inc.

The receptor for epidermal growth factor (EGF) is a plasma membrane bound
glycoprotein, possessing an intrinsic protein kinase activity (1,2). The EGF
receptor is an interesting protein from the standpoint of its major role in
mediating the multiple biological effects that binding of EGF elicits in cells
(3). Furthermore the erb B transforming protein of avian erythroblastosis
virus has been shown to be a truncated EGF receptor protein, lacking the
extracellular EGF binding domain - (4,5). This suggests that abnormal
expression of EGF receptors could contribute to uncontrolled growth of cells

as for example in tumorigenesis.
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We are Interested in studying how the gene for EGF receptor is regulated
in cells during different physiological, hormonal and developmental states.
In order to obtain a suitable probe for these studies, a cDNA library was
prepared from messenger RNA of the human epidermoid carcinoma cell line, A431,
and cloned in the phage expression vector Agtll (6,7). Screening of this
library with an antibody to the EGF receptor yielded one EGF receptor cDNA
clone. This DNA sequence 1s evolutionarily conserved among vertebrates,

indicating the very essential function of this protein in diverse cell types.

MATERIALS AND METHODS

Construction and immunological screening of am A431 cDNA expression library

Total poly(A)+—RNA was isolated from human A43] epidermoid carcinoma
cells as described previously (8). Double stranded cDNA was synthesized from
the poly(A) -RNA by conventional procedures (9). This material was methylated
by incubation with Eco RI methylase & S-adenosylmethionine, and made blunt
ended by incubation with the Klenow fragment of E. coli DNA polymerase I and
all four deoxynucleotide triphosphates. Synthetic Eco RI linkers were added
to the c¢cDNA (9), which was then digested with Eco RI. ¥ Following an extraction
with phenol, cDNA was size fractionated on a column of Sepharose CL-4B. cDNA
of 500 base pairs and larger was pooled, ligated into the Eco RI site of
Agtll (6,7), and the mixture packaged in vitro (9). The resultant library
(containing approximately 450,000 recombinants) was screened with a rabbit
polyclonal antibody (IgG; #986) raised to qgrified EGF receptor protein from
A431 cells (10,11), in combination with [ I]labelled S, aureus protein A
prepared by the IODO—BEAD method (12). The protocol used for screening was a
modification of t of Young and Davis (7). The IgG was used at a dilution
of 1 in 5,000. I]protein A was used at 1 x 10° cpm/ml.

Bybrid-selected mRNA translation in Xenopus oocytes

phEGFR-1 and pBR322 plasmid DNAs were linearized by digestion with Bam
HI, denatured in 0.5M NaOH and applied to nitrocellulose filters (13). DNA
filters were hybridized with 250 ug of A431 poly (A)Y-RNA under standard
conditions (13). After extensive washing of the filters, bound RNA was eluted
by boiling in 1mM EDTA for 1 minute. After addition of 5Sug of E. coli tRNA
as carrier, the RNA was extracted with phenol and precipitated with ethanol.
Each RNA precipitate was dissolved in 5 ul of oocyte injection buffer1 and
microinjected into oocytes, obtained from Xenopus laevis. Injection of total
A431 poly(A) -RNA, labelling and solubilization of oocytes and
immunoprecipitation of EGF receptor proteins were as described .

DNA sequencing

The sequence of the phEGFR-1 insert was determined by dideoxy sequencing
(14) of appropriate restriction fragments after subcloning into M13mpl8.

Southern blot hybridization

Genomic DNAs were purified from cultured A431 cells, human blood cells,
baboon liver, dog liver, rat liver, mouse liver, chicken spleen and Xenopus
laevis liver by standard procedures (9). 10 g of each DNA was digested with
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Bam HI, electrophoresed in agarose gels and transferred__to nitrocellulose
5. Nitrocellulose blots were hybridized with [““P)llabeled probes
corresponding to the avian erythroblastosis viral oncogene erb B (16) or
phEGFR-1, Probes were prepared by nick translation of gel purified
restriction fragments. Hybridization was carried out at 63°C in 6XSSC (9)
containing 0.5% SDS, 5x Denhardts solution (9), 250 ug/ml salmon testes DNA,
50mM Na phosphate and the labelled probe at 2x10° cpm/ml. Post-hybridization
washes consisted of several changes of 2xSSC/0.1% SDS (at room temperature)
followed by 6xSSC/0.1% SDS at 63°C. After a final rinse in 2xSSC, the filters
were air dried and exposed to X-ray film.

RESULTS AND DISCUSSION

The aim of the present work was to obtain, by molecular cloning of cDNA,
a probe for studies of EGF receptor gene expression. Total polyadenylated RNA
was isolated from human A431 epidermoid carcinoma cells, a cell line that
produces relatively high amounts of EGF receptor protein ( ~0.15% of total
cellular protein) (17,18). These cells would therefore be expected to contain
a correspondingly higher amount of EGF receptor messenger RNA when compared to
other cells. Double stranded ¢DNA was synthesized from this mRNA (Materials
and Methods) and cloned in the phage expression vector Agtll (6,7). This
vector was constructed such that cDNA is inserted into the unique Eco RI site
within the 3' end of the lac Z gene. Foreign proteins, encoded by the cDNA,
are expressed in hybrid form with the B3-galactosidase protein. Approximately
450,000 recombinant phage were screened (as plaques) for production of EGF
receptor antigen by solid phase immunoassay with a polyclonal antibody (IgG,
#986) raised in rabbits to purified EGF receptor protein from A431 cells
(10,11) . Antigen-antibody complexes were identified by secondary reaction
with [1251]1abe11ed 8. aureus protein A, followed by autoradiography. Three
antigen positive recombinants were obtained after the initial screening
experiment. These were then rescreened at lower plating density under the
same conditions used for the primary screening. One recombinant phage,
AhEGFR-1 , remained antigen positive after two cycles of rescreening and
after plaque purification. The imsert of AhEGFR-1 consisted of a single Eco
RI fragment, approximately 880 base palrs in Ilength. This fragment was
subcloned into pBR322 and the subclone was designated phEGFR-1.

Purified phEGFR-1 DNA was used to select, by hybridization, complementary

messenger RNA which was then translated in vivo in Xenopus oocytes (Materials
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and Methods). To assay for synthesis of EGF receptor proteins, the oocytes
were homogenized in a detergent buffer and the supernatants incubated with
antibody against the A431 EGF receptor. Immunocomplexes were then bound to
insoluble protein A Sepharose and washed repeatedly. The final immunoprecipi-
tates were analyzed by sodium dodecyl sulfate - polyacrylamide gel electro-
phoresis followed by fluorography. As shown in Figure 1, lane 3, mRNA
selected by phEGFR-]1 yielded an immunoprecipitable EGF receptor protein of
M.=160,000 after translation in oocytes, In contrast, hybrid-selected
translation with an equivalent amount of filter bound pBR322 DNA did not yield
this product nor any other (Figure 1, lane 4). This indicates that the result
obtained for phEGFR-1 was not due simply to nonspecific binding of RNA to the

nitrocellulose filter. Translation of total A431 poly(A)"'—RNA followed by

C p(A)Y  phEGFR-I pBR322
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FIG. 1. Hybrid-selected translation of EGF receptor messenger RNA in Xenopus
oocytes. Batches of 20 oocytes were injected with RNA, incubated in Barth's
medium containing [’’S] mwethionine, and then processed for immunoprecipitation
with antibody to the A431 EGF receptor (Materials and Methods).
Immunoprecipitates were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis followed by fluorography. Lane ! 18 the immunoprecipitate
obtained from uninjected oocytes. Lane 2 is that obtained from oocytes
injected with total A431 poly(A)*-RNA, Lanes 3 and 4 are the
immunoprecipitates obtained from oocytes injected with phEGFR-1 and pBR322
hybrid-selected mRNAs respectively. The migration of molecular weight
standards is indicated.
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immunoprecipitation with antibody to the EGF receptor resulted in the M, =
160,000 protein and a second protein of M, = 100,000. The smaller protein is
structurally related to the EGF receptor and 1s present 1in A431 cells
(19,20). It corresponds to the N-terminal EGF binding domain of the receptor
and 1s encoded by a mRNA of 3.0 Kb in length (5). The receptor related
protein was not observed after phEGFR-1 hybrid-selected mRNA translation in
oocytes (Figure 1, lane 3), indicating a lack of homology of phEGFR-1 with
this mRNA.

The cDNA insert of phEGFR-1 was characterized by restriction endonuclease
mapping and partial DNA sequencing. The nucleotide sequence and the
corresponding amino acid sequence are presented in Figure 2. This sequence
agreed in its entirety with a portion of the EGF receptor nucleotide sequence
recently reported by Ullrich and co-workers (5), who used synthetic
oligonucleotide probes to isolate EGF receptor cDNAs. phEGFR-! contains the
sequence information for approximately 190 of the carboxyterminal amino acids

of the EGF receptor as well as a portion of the 3' untranslated region of the

BER THR SER ARG THR PRD LEU LEU SER SER LEU SER ALA THR SER ASN ASN SER THR VAL
TCCACGBTCACBGACTCCCCTCCTBAOBGCTCTCTBAGBGTGEGCAACCAGBCAACAATTCCACCOTE 60

ALA  CYS ILE ASP ARG ASN OGLY LEU OGLN BER CYS PRO ILE LYS BLU ASP SER PHE LEU GLN
CGCTTBCATTBGATABAAATEGEOBCTGCAAABCTGETLCCCATCAAGBGBAAGACAGBCTTICTTGBCAG 120

ARG TYR SER SER ASP PRO THR BLY ALA LEU THR BLU ASP  SER ILE ASP  ASP THR  PHE LEU
COGATACABCTCABACCCCACABGBCGCCTTGACTOAGBACABCATABACGBACACCTTCCTC 180

PRO VAL PRO  BLU TYR ILE ASN GLN SER VAL PRO LYS ARG  PRD ALA GLY SER VAL OLN ASN
CCABTBCCTBAATACATAAALCCABTCCGBYTCCCAAPABGBCCCGCTOBOBCTCTOBTYTOBLCAGAAT 240

PRO VAL TYR HIS ASN GLN PRO LEU ASN PRO ALA PRO SER ARG ASP PRO HIS TYR GLN ASP
CCTBTCTATCACAATCAGCCTCTGEAACCCCGCGECCCAGBGCAGAGACCCACACTACCAGBGAC 300

PRO  HIS SER THR  aLA vaL 6LY ASN PRO GLU TYR LEU  ASN THR VAL BLN PRO THR CYS VAL
CCCCACABCACTBCAGTOGEBCAACCCCBAGBTATCTCAACACTBTCCABCCCACCTGTOBTC 3460

ASN  SER THR PHE  ASP S8ER PRO ALA MIS TRP  ALA BLN LYS BLY SER HIS GLN ILE SER LEU
AACAGCACATTCBACABCCCTGECCCACTGOEGECCCAGAAABBCAGBCCACCAAATTABCCTG 420

ASP  ASN PRO ASP TYR GLN GLN ASP PHE PHE PRO LYS GLU ALA LYS PRO ASBN GLY ILE PHE
BACAACCCTBACTACCAGCAGGBGACTTCTTTCCCAAGBGBGAAGBGCCAABCCAAATOBOBCATCTTT 480

LYS 6LY SER THR  ALA 8Ly ASN ALA GLU TYR LEU ARG VAL ALA PRO GLN SER SER oLy PHE
AABBEBCTCCACABCTBAARATGCAGBGAATACCTAABGBGBTCBEBCCACAAABCABTGBAATTT 340

ILE oLy ALA il

ATTEBOABCATGEACCACGBGBGAGBOATAGBGTATBAGCCCTAAAAATCCAGACTCTTTCGATACCTC 600
ABBACCAAGCCACAGBGCABBTCCTCCATCCCAARACAGBGCCATGCCCBCATTAGCTETTAGACTE 460
CACABACTGBOTTTTGBGCAACGBTTTACACCOACTABCCAGGBAABTACTTCCACCTCOAGGCAC 720
ATTTTGBGOBGAAGTTGCATTCCTTTGTICTTCAAACTGTGBAAGBCATTTACABAAACGBGCATCCA 780
BCAAGBAATATTBTCCCTTTBAGBGCAGBGAAATTTATCTTTCAAAGBGAGOBTATATTTBAGBGGAATT B840

FIG. 2. Nucleotide sequence analysis of phEGFR-1. The insert of phEGFR-1 was
excised with Eco RI and mapped with Hinc II, Pvu II and Pst I. After cutting
with Hine II (at position 358) and Eco RI, the fragments were subcloned into
M13(mpl18). Dideoxy sequencing was carried out in both directions from the
Hinc II site. The nucleotide sequence obtained and the corresponding amino
acid sequence are presented.
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FIG. 3. Evolutionary conservation of EGF receptor cDNA sequence. 10 ug of
genomic DNA from the indicated sources was digested with Bap HI,
electrophoresed in a 0.7% agaros%2 gel, transferred to nitrocellulose and
hybridized with nick-translated, [’“P]labelled probes corresponding to erb B
(lanes 1, 2) or phEGFR-1 (lanes 3-10). After hybridization and washes, the
filters were autoradiographed. Molecular weight standards were Hind III
fragments of A ., Their sizes In Kilobase pairs (Kh) are indicated.

receptor mRNA. It does not extend 5' into the sequences encoding the kinase
domain of the EGF receptor and which are highly conserved between the human
EGF receptor and the v-erb B oncogene of avian erythroblastosis virus (4).

The phEGFR-1 sequence 1is evolutionarily conserved among vertebrate
species, as shown by hybridization of {32P]labe11ed, nick-translated phEGFR-1
DNA to a Southern blot containing Bam HI digested total genomic DNA 1isolated
from humap, baboon, dog, rat, mouse, frog and chicken (Figure 3). The human
cDNA hybridized to one or more Bam HI restriction fragments in the DNAs from
all but chicken (Figure 3). The failure to react significantly with chicken
DNA was not due to DNA degradation as a [32P]Iabe11ed probe derived from the

avian erythroblastosis viral erb B oncogene (mixture of the Bam 0.5 and Bam -
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RI 0.5 fragments, ref. 16) was found to hybridize to unique fragments in this
DNA (Figure 3, lane 2). There is marked divergence at the nucleotide level
between the carboxyterminal portion of the human and chicken EGF receptors,
whereas the corresponding region 1s more conserved between humans and
amphibians. It would be interesting to examine the gene in reptiles and other
birds to determine the point at which this divergence occurred as well as how
it occurred. Hybridization of A431 cellular DNA with the erb B probe revealed
one fragment ( ~ 6 Kb) in common with those that hybridized to phEGFR-1
(compare lanes ! and 3 of PFigure 3). Several additional fragments were also
observed with the erb B probe. These must lie upstream of the 6 Kb fragment
in the EGF receptor chromosomal gene. Similarly, the 1large ( ~ 23 KXb)
fragment, specific to the human probe, must lie downstream to the other
fragments. It is evident that the chromosomal EGF receptor gene is very
large.

Interestingly, only two out of the three human fragments that hybridized
with phEGFR-1 are amplified in A431 cells. The origin of the unamplified
fragment is unknown. It could conceivably be derived from an unamplified EGF
receptor allele or closely related gene. We found no evidence of any
rearrangement within the region of the chromesomal gene corresponding to
phEGFR-1 (21). Our results indicate that the carboxyterminal portion as well
as the kinase domain of the EGF receptor are evolutionarily conserved.

In conclusion, a cDNA corresponding to part of the human EGF receptor has
been obtained by expression cloning in Agtll. The cDNA has been used to
verify, by hybrid-selection, that the product of translation of EGF receptor
messenger RNA in Xenopus oocytes 1s a M. = 160,000 protein, previously
demonstrated from studies involving total messenger RNA from A431 cellsl. Its
sequence 1s evolutionarily conserved, indicating that it may provide a useful
probe for studies concerning the expression of EGF receptor mRNA in different

cells and species.

1. Simmen, F.A., Schulz, T.Z., Headon, D.R., Wright, D.A., Carpenter, G. and
0'Malley, B.W. submitted.
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