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ABSTRACT

To test the relationship between the concentration of epidermal growth
factor (EGF) receptors and tumor growth in vivo, we measured the rate
of growth of several independently isolated A431 cell lines in athymic
mice. This series of A431 clonal variants with differing extents of EGF
receptor gene amplification and protein expression were implanted into
athymic mice and the time to solid tumor formation and rate of growth
were measured. Results of these experiments indicate that the degree of
gene amplification and concentration of EGF receptors are directly
correlated with the growth of these cells as solid tumors in host animals.
Complementary DNA hybridization analysis revealed no change in the
extent of gene amplification and expression in implanted cells versus
excised tumors nor any evidence of further gene rearrangement in vivo.
A high concentration of EGF receptors appears to facilitate the growth
of tumor cells in vivo and in vitro.

INTRODUCTION

Retroviral one genes are derived from cellular protoonco-
genes which appear to participate in regulation of normal
cellular growth and metabolic pathways (1). One subgroup of
one genes is directly related to known growth factor pathways.
\-sis, the transforming protein of simian sarcoma virus (2)
corresponds to the ÃŸsubunit of platelet-derived growth factor
(3, 4). The protooncogene product, c-sis, functions as a growth
factor which stimulates growth via activation of cell surface
platelet-derived growth factor receptors (5). EGF* receptor,

which is the protooncogene for the transforming protein of
avian erythroblastosis virus erb B (6-9), functions as a growth
factor receptor.

As pointed out by Duesberg (10), protooncogenes give rise
to retroviral one genes, but the role of hyperactivity of protoon
cogenes themselves in tumor growth remains incompletely de
fined. Two possible routes to excessive activity of a protoon
cogene product exist. A point mutation may lead to a structural
change in the gene product, as in the case of ras (11, 12). The
resulting altered protein may have increased activity or no
longer be subject to metabolic constraints. Alternatively, as
appears to be the case with myc, altered expression control
regions may result in overexpression of a normal protein ( 13,
14). Overexpression without structural mutations may bypass
normal constraining influences on cell growth.
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In the case of the EGF receptor, both routes may exist, \-erb
B, the viral correlate, may be transforming because it has deleted
regulatory regions of the EGF receptor to constitutively over-
express protein tyrosine kinase activity (15-18). EGF receptor
genes are amplified and the intact receptor protein is overex-
pressed in A431 human epidermoid carcinoma cells (7-9).
Increased levels of EGF receptors have also been found in other
human tumors including gliomas and meningiomas (19), squa-
mous carcinoma of the lung (20), and others (21). A related
gene, neu. also appears to be amplified in certain human tumors
(22).

To test the hypothesis that the concentration of EGF recep
tors is related to tumor proliferation in vivo, we have investi
gated the relationship between EGF receptor concentration and
growth of variant A431 cells in nude mice. Because the high
concentration of EGF receptors in A431 cells results from gene
amplification (23), it was possible to select in cell culture a
series of variants which have differing extents of gene ampi Â¡lÃ¬
cation and EGF receptor protein expression (23-25). The abil
ity of variant A431 cells to grow as solid tumors in nude mice
has been correlated with the extent of their gene amplification
and EGF receptor mRNA expression both in vivo and in vitro.
Results of these studies suggest that the degree of gene ampli
fication and the concentration of EGF receptors directly influ
ence the growth of these cells as solid tumors in host animals.

MATERIALS AND METHODS

Cell Cultures. A431 cells express high levels of EGF receptors and
in contrast to normal cells with much lower numbers of EGF receptors
are growth inhibited by EGF (26, 27). Sublines 1, 29Â»and 180 were
selected as variants able to proliferate in the presence of concentrations
of EGF normally growth inhibitory to A431 cells (24). Sublines 29R
and 18R were selected from 290 and 180, respectively, as revenants
whose growth was again inhibited by EGF (23, 25). 29Â¡(EGF-inhibited)
cells were cloned from 29R cells by limiting dilution in the absence of
EGF. 29, cells (EGF stimulated) were cloned from 290 cells by limiting
dilution in the presence of 10 MMEGF and have been continuously
maintained in 10 nM EGF. 29n cells (EGF null) were derived from 29,
cells by subculturing at low density into DME/F12 medium plus 5%
newborn calf serum in the absence of EGF. The rate of 29n cell growth
was no longer influenced by EGF.

29Â¡,29â€ž,and 29, cells were grown in DME/F12 (1:1) medium
containing 5% newborn calf serum. Other cell lines were grown in
DME/F12 (1:1) medium containing 10% calf serum. EGF (10 nM) was
added where indicated.

Quantitation of EGF Receptors. EGF receptors present in A431
sublines l, 1Kâ€ž.ISâ€ž.and 29R were measured by quantitative immuno-
precipitation (28, 29) using a monoclonal anti-EGF receptor antibody
(29). EGF receptors present in sublines 29Â¡,29â€ž,and 29, were measured
by '"I-labeled EGF binding (26, 30). Twenty-four h prior to assay the
cells were changed to DME/F-12 medium plus 0.5% newborn calf
serum. At the time of assay, subconfluent cells were washed twice with
phosphate-buffered saline and fixed for 10 min at room temperature
with 0.2% paraformaldehyde. Cells were harvested by scraping, pel
leted, and suspended in binding buffer (DME/FI2 plus 0.2% bovine
serum albumin plus 0.02% NaN3). Assays were done in 96-well micro-
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titer plates with glass wool filters. '"I-labeled EGF was labeled accord
ing to Hunter and Greenwood (31) to specific activities of 4.5-9 x IO4

cpm/ng. Binding reactions were incubated 2 h at room temperature.
Nonspecific binding was measured with unlabeled EGF in 200-fold
excess. The 2 methods of receptor quantitation have been shown to
give equivalent results (29).

DNA and RNA Preparation. DNA was prepared from cells and tissues
by the procedure of Maniatis et al. (32). RNA was prepared according
to Chirgwin et al. (33).

Nucleic Acid Probes. The ligand binding region-specific probe of the
EGF receptor gene was a nick-translated DNA fragment from base pair
550-1350 (8). The kinase region specific probe was the 760 base pair
Â£coRI-excisable insert (7). Both were nick translated to specific activi
ties of 5 x 108-1 x 10'cpm/Mg.

EGF Receptor DNA Measurements. The relative amplification of
EGF receptor DNA in cell lines was estimated by comparative dot blot
and Southern blot analysis. For dot blots, DNA was immersed in a
boiling water bath in 0.5 M NaOH for 5 min. An equal volume of 1.6
MTris-HCl, pH 7-1 M NaCl was then added and the DNA was quenched
on ice and filtered on nitrocellulose previously wet in 20x SSPE (32).
The nitrocellulose was then vacuum dried at 80"C for 2 h. The prehy-
bridization solution contained 5x SSPE, 5x Denhardt's solution, 50%

formamide, 0.1 % sarkosyl, and herring sperm DNA (200 Mg/ml). Nick-
translated probe was added to the prehybridization solution and hy
bridization was allowed to proceed for 16-24 h. The blots were rinsed
3 times for 5 min each at room temperature in 2x SSPE plus 0.1%
sarkosyl, then 2 times, 15 min each, at 65C in the same solution, then
2 times, 15 min each at 65Â°Cin 0.1 x SSPE plus 0.1% sarkosyl.

Gels for Southern blots were soaked for 10 min in 0.25 M HCI, then
in 2 changes of 1.5 M NaCl plus 0.5 M NaOH for 20 min each, then in
2 changes of 1.5 M NaCl plus 1 M Tris, pH 7.4. The gel was blotted in
20x SSPE overnight. The blot was dried and hybridized as for dot
blots.

EGF Receptor mRNA Quantitation. RNA dot blots were performed
as described by Thomas (34).

Tumor Growth. Cells to be implanted were rinsed in PBS, trypsinized,
suspended in PBS, and pelleted. The cells were resuspended in PBS
and counted. Cells, 4 x IO7,or, for the experiment in Fig. 3, IO7cells,

were injected s.c. in each mouse (35). Tumor sizes were measured and
converted to the volume of a sphere; shown are mean Â±SD of at least
5-6 mice for each cell line tested (see Fig. 3).

RESULTS

Tumor Growth of A431 Clones Containing Different Concen
trations of EGF Receptors. A series of A431-derived cell clonal
lines which display a range of EGF surface receptor concentra
tions were implanted s.c. into athymic mice at 4 x IO7 cells/
animal. Tumor size was measured as described in "Materials
and Methods" at the intervals indicated in Fig. 1. Following

implantation of the A431 cell lines, there was an apparent
latent period before a progressive increase in tumor size was
evident. Fig. 1 shows that cell lines with progressively higher
EGF receptor numbers had shorter latency periods preceding
measurable tumor formation. In addition, such cell lines had
an increased rate of tumor growth once the tumor was estab
lished. The association between tumor growth and EGF recep
tor content was most apparent with line 18, i.e., tumor growth
was significantly slower in line 180, which contains a low EGF
receptor number, in comparison to a revertant of this cell line,
18R, which contains a high EGF receptor number. 18R cells
have increased EGF surface receptor expression and an in
creased amplification of the EGF receptor gene compared to
180 cells, and the relative difference in EGF receptor number
between the original subline and its revertant is particularly
great in line 18 (23-25).

It is possible that changes other than EGF receptor number
have also occurred in the sublines described above which have

Tirne(d)
Fig. 1. Growth in athymic mice of tumors arising from implantations of 18,,.

18K, 29R, and clone l A431 cells. Cells (4 x 107/mouse) were implanted and
tumor size was measured as described under "Materials and Methods." Shown
are mean tumor volumes Â±SD (bars) for 5-6 mice in each group. Similar results
were obtained in three experiments of similar design using varying numbers of
cells in the initial inoculum.
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Ko receplorpercell)

29S l 4 nM 84 (10-)
\29n 1 8 nM 75 Â¡10*)

0.1 0.2 0.3 04
ng Bound

Fig. 2. Scatchard analysis and growth curves in vitro of 29â€ž29â€ž,and 29Â¡cells.
A, Scatchard analysis of 29â€žand 29,; B, Scatchard analysis of 29i. The number of
receptors per cell was calculated assuming one molecule of EGF is bound per
EGF receptor (29). C, growth curves of the same cell lines in vitro with 10 nM
EGF in the growth medium. Growth of 29n in the absence of EGF was similar togrowth in the presence of 10 nM EGF (data not shown). // /'. bound to free ratio.

been in culture for many generations. To reduce the possibility
of time-dependent random phenotypic drift among cell lines,
line 290 was subcloned by limiting dilution in the presence of
10 nM EGF. The resulting subline (29S), which is growth
stimulated by EGF, was subsequently divided into 2 aliquots
and propagated in the presence or absence of EGF. After 3
passages representing approximately 20 population doublings,
the growth rate of the cells cultivated in the absence of EGF
was unaffected by the addition of 10 nM EGF (29n). In contrast,
the growth rate of the cells propagated in the presence of EGF
remained stimulated by the hormone. Fig. 2 illustrates the
differences in the surface expression of EGF receptors in addi
tion to the differential effect of EGF on their rate of prolifera
tion in vitro.

As an additional comparison, 29R, which is growth inhibited
by EGF (like the original A431 parental cell line), was sub-
cloned by limiting dilution and subjected to the same type of
analysis (Fig. 2, B and C). A comparison of the three cell lines
shows the relationship between high EGF receptor number and
EGF-dependent growth inhibition in vitro.

The 3 cell lines described in Fig. 2 were implanted (IO7 cells/

animal) into athymic mice from subconfluent cell cultures.
Tumor size was monitored over a 48-day period. Fig. 3 shows
that cells with higher EGF-receptor number had a shorter
latency period before measurable tumors developed. Once the
tumors were established, the rate of tumor growth was similar
and rapid for all three cell lines.
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Fig. 3. Growth in athymic mice of tumors arising from implantations of 29|,29,, and 29,, cells. Cells ( IO') were implanted in each animal. Shown are average

tumor volumes of six mice in each group.

18C

IN
Bglll

OUT
Rl Bgl II

29R

IN
Bgl II

OUT H-MEL

Rl Bgl II Rl Bgl II

versus the tumors which developed. EGF receptor gene concen
tration was quantitated by dot blot analysis. Fig. 5/1 shows the
results of such a dot blot of DNA from 180 and 18R lines, both
for the cells used for implants and for the tumors which arose
from those implants. As a comparison a preparation of DNA
from 29R cells is included on the blot. 18R DNA is more than
10-fold enriched for EGF receptor sequences relative to 18o
DNA. 29R DNA contains approximately 10 times as many
EGF receptor sequences as does 18R DNA. The EGF receptor
gene content of the DNA from any given tumor is, however,
approximately the same as that of the cells from which the
tumor arose. Fig. 5 demonstrates this for IS,, and 18Rcells and
tumors, the subline-revertant pair which has the greatest relative
difference in EGF receptor gene amplification, receptor expres
sion, and tumor growth rates, and we have found the same
results for all other A431 cell lines and tumors studied (data
not shown).

To examine the expression of EGF receptor genes, an anal
ogous dot blot analysis of EGF receptor RNA was performed
(Fig. SB). RNA from 180 cells, from 2 separate tumors which
arose from 180cell implants, from 18Rcells, from an 18Rtumor,
and from 29R cells was used. The levels of EGF receptor RNA
expressed for each cell line or tumor correlate with the level of
DNA amplification found except that 29R cells do not express
as much EGF receptor mRNA as would be expected from the
relative levels of gene amplification; moreover, the number of

29R 180

IN OUT IN OUT

Fig. 4. Southern blot analysis of IK,,,29R, and A2058 human melanoma cells.
IN, DNA from cells implanted into nude mice; III I. DNA from tumors arising
from implants. Rl, Â£coRI-cut DNA; Bgl II, Bglll-cut DNA. DNA (10 Mg/lane)
was used. pEGFRi (kinase region-specific probe), 5.4 x 10s cpm/jig, was used as
probe. H-MEL, A 2058 human melanoma cells.

Analysis of EGF Receptor Gene Amplification in Tumors. To
examine the possibility that gene rearrangement among differ
ent sublines had occurred, DNA from lines 180, 29R, and, as a
control, A2058 cells (a human melanoma line unrelated to
A431 cells) (36) was subjected to Southern blot analysis. DNA
both from cells used for tumor implants and from tumors
removed from the animals was examined. Fig. 4 shows that the
EGF receptor gene of 29R cells is greatly amplified relative to
line 18o, which has an EGF receptor gene content only slightly
greater than that of A2058 melanoma cells. The EGF receptor
gene number of tumors arising from IS,, and 29R in each case
is similar to that of the cells implanted (Fig. 4). The restriction
pattern for 180 and 29R, for both cells implanted and for
resultant tumors, is the same for both EcoRl and BgKl diges
tion. This pattern is also the same as that for A20S8 cells,
indicating that no gross rearrangements occurred during growth
in the animals.

To examine more closely the EGF receptor gene content of
different sublines of A431 and of cells used to induce tumors

0.5 M9

1.0 M9

2.0

5.0 M9

B

5M9

10 M9

20/ig

Fig. 5. A, DNA dot blot. 180, 18R, and 29R DNA. Blots were probed with
ligand binding region-specific probe (see "Materials and Methods'). B, RNA dot
blot. 18o. 18Â«,and 29R RNA. Blots were probed with ligand binding region-
specific probe (see "Materials and Methods"). Two separate tumors arising from

18o cells are shown. IN, cells implanted; OUT, excised tumors.
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receptors expressed in 29R cells is only about 1.4 times that in
18R cells (Fig. 1). It may be that above a certain level of
expression additional restraints are imposed; however, as with
the case for gene copy number, the amount of EGF receptor
mRNA expression in each tumor is approximately the same as
that of the cells from which it arose, indicating that during the
time of tumor growth in the animals the extent of EGF receptor
gene amplification and mRNA expression of each cell line
remained the same as in the cells implanted. Although the dot
blots in Fig. 5 were probed with the ligand binding region-
specific probe the ratio of signal strengths between cell lines or
tissues is the same whether kinase- or binding region-specific
probe is used (data not shown).

Fig. 6 shows additional dot blot studies with 295 and 29Â¡cell
lines and with the clone I line. For each, DNA from the cells
and from each of two resulting tumors was blotted and probed
with both kinase and receptor region-specific probes. For com
parison, cell DNA from 180 and 29R DNA is also included;
again, levels of EGF receptor DNA from cells implanted and
from tumors arising from those cells is similar. This effect is
true using both ligand binding region- and kinase region-specific

probes.

DISCUSSION

The extent of amplification of the EGF receptor gene appears
to be directly correlated with the rate of growth of tumors in
athymic mice. Clone 18R A431 cells, with approximately 20-
fold more EGF receptors than clone 180, had an apparent
latency period before measurable tumor growth of 2 compared
to 20 days for 180 cells; and the rate of growth of 18R tumors
was significantly faster. Clone 1 cells with an intermediate
concentration of EGF receptors had latency periods and growth
rates intermediate to clones 18R and IS,,.

A relationship between EGF receptor concentration and tu
mor growth was supported by studies of clone 29 cells where
the extent of EGF receptor gene amplification was closely
controlled by subculturing at low cell densities in medium
lacking EGF. Under these conditions EGF receptor gene am
plification occurs (25), presumably because of the ability of

18029R 10 29S 29Â¡
A t t

IN OUT OUT IN OUT OUT IN OUT OUT

0.2 M9 â€¢ â€¢

0.5 M9 â€¢ â€¢ â€¢ â€¢ â€¢ â€¢

1.0jug A A A A Â» m A A A

2.0ng 1

18029R 1C 29, 29,

IN OUT OUT IN OUT OUT IN OUT OUT

B

0.2 Mg

0.5 ng

1.0 M9

2.0 fig

Fig. 6. DNA dot blot. I80, 29â€ž,clone 1, 29,, and 29Â¡DNA. Blots were
hybridized to the 5' (A) and 3' (A) region-specific probes described under "Ma
terials and Methods."

these cells to bind and utilize low concentrations of EGF and
TGFs present in culture medium. In culture, cells with higher
concentrations of EGF receptors grow more rapidly than those
with lower concentrations of EGF receptors (23). When EGF
is added to culture medium, growth responses depend on the
concentration of "activated" EGF receptors (25, 37). The re

sponse is biphasic with growth increasing as ligand-activated
receptors increase to an optimal level; higher concentrations of
activated EGF receptors result in growth inhibition (25, 26).
This inhibition results in patterns of growth in response to
EGF of stimulated, null, or inhibited condition, depending on
the concentration of ligand and available receptor. In vivo the
extent of gene amplification would presumably optimize growth
relative to the ambient concentration of activating ligand, and
the inhibitory pattern seen in vitro with high concentrations of
both ligand and receptor would not occur. As shown in Fig. 3,
in subline 29 A431 cells with recent changes in the extent of
gene amplification, there was also a close correlation between
the latency period before measurable tumor growth and EGF
receptor concentration, suggesting that this selected, measured
parameter was the major determinant of the different rates of
growth of cells in athymic mice. We cannot exclude changes in
these A431 cells other than the extent of amplification of the
EGF receptor gene which was selected for. If present, these
other changes may also have contributed to the rate of tumor
formation in athymic mice.

It was possible that EGF receptor gene amplification would
occur during growth of A431 clonal lines in athymic mice, but
the concentrations of EGF receptor DNA and mRNA did not
change significantly between that present in cells implanted and
excised tumors. Cells from some of the tumors were placed
back into culture and EGF receptor DNA and RNA concentra
tions confirmed (data not shown). It is not clear whether
conditions in vivo are less strongly selective for EGF receptor
gene amplification or whether the time required for tumor
growth in animals plus features of the in vivo environment were
less conducive to gene amplification. Because the levels of EGF
receptor gene amplification did not change between growth in
cell culture and growth in athymic mice, the concentration of
EGF receptors appeared to be the major factor correlating with
latency period to tumor formation and with rate of tumor
growth. It is likely that increased concentrations of EGF recep
tors, utilizing available EGF or TGFs, form more activated
EGF receptors, enhancing cell growth in vivo and in vitro.

The present studies do not indicate whether protooncogene
EGF receptors function as an oncogene. All A431 cells studied
have amplified EGF receptor genes (7), are aneuploid (23, 38),
and may contain oncogenes unrelated to the EGF receptor.
A431 cells are known to contain a gene rearrangement which
results in production of a secreted amino terminal EGF binding
fragment of the holo-EGF receptor (7-9, 39). There was, how
ever, no evidence for EGF receptor gene rearrangement occur
ring from A431 cells in culture to those grown in athymic mice.
The present observed correlation is between rate of tumor
formation and EGF receptors. One A431 cell clone with a
distinct morphology, clone 4, (40) repeatedly failed to form
tumors in athymic mice despite having amplified EGF receptor
genes (7) (data not shown). Interactions between implanted
cells and the host animal are complex, and the concentration
of EGF receptors may be only one of the factors determining
tumor formation; nonetheless, higher concentrations of EGF
receptors do appear to enhance tumor growth. Use of 5' and
3'-specific complementary DNA probes and Southern blot

analysis indicated amplification of the intact EGF receptor
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gene; changes in relative amplification or expression of the 3'

erb B region were not detected (data not shown). Growth in
vivo therefore appears to depend on activation of the receptor
via EGF or TGFs. The growth advantage of high EGF receptor
numbers observed in cell culture (22, 24) appears to operate in
vivo as well, suggesting that the high concentrations of EGF
receptors in some human tumors may significantly contribute
to their growth.
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