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We have recently reported (J. Filmus, M. N. Pollak, R. Cailleau, and R. N. Buick, Biochem. Biophys. Res.
Commun. 128:898-905, 1985) that MDA-468, a human breast cancer cell line with a high number of epidermal
growth factor (EGF) receptors, has an amplified EGF receptor gene and is growth inhibited in vitro
pharmacological doses of EGF. We have derived several MDA-468 clonal variants which are resistant to
EGF-induced growth inhibition. These clones had a number of EGF receptors, similar to normal human
fibroblasts, and had lost the EGF receptor gene amplification. Karyotype analysis showed that MDA-468 cells
had an abnormally banded region (ABR) in chromosome 7p which was not present in the variants. It was
shown by in situ hybridization that the amplified EGF receptor sequences were located in that chromosome,
7pABR. Five of the six variants studied were able to generate tumors in nude mice, but their growth rate was
significantly lower than that of tumors derived from the parental cell line. The variant that was unable to
produce tumors was found to be uniquely dependent on EGF for growth in soft agar.

We have recently reported that MDA-468, a human breast
cancer cell line, has an amplified epidermal growth factor
receptor (EGFR) gene (3). Consequently these cells show a
very high number of EGFR (approximately 1.5 x 106 recep-
tors per cell). Despite the amplification, the EGFR from
MDA-468 cells show characteristics similar to those of
receptors from normal cells. The usual band of 170,000
daltons is detected by immunoprecipitation with EGFR-
specific monoclonal antibodies (12), and the normal EGFR
mRNA-related species have been found with Northern blot
analysis (3). Also, as in other cell lines, incubation with
epidermal growth factor (EGF) induces the downregulation
of the EGFR (12).
Gene amplification and overexpression of the EGFR had

been reported for different types of tumors (8, 9, 14), and it
has been proposed that increased expression of EGFR may
confer a selective growth advantage under conditions of
limiting EGF (5). To study the chromosomal basis for EGFR
gene amplification in MDA-468 cells and the relationship of
this amplification to in vivo growth, we have generated
several clonal MDA-468 variants which have lost the EGFR
gene amplification. For generation of the variants we took
advantage of the fact that high EGF concentrations, which
are mitogenic for a wide variety of cells in culture, induce
growth inhibition in MDA-468 cells (3). Similar EGF-
induced growth inhibition has been reported for a squamous
carcinoma cell line (A431) (6), which also has a high number
of EGFR as a consequence of gene amplification (18). Here
we present a comparative study of the parental unselected
MDA-468 cells and six randomly chosen variants.

MATERIALS AND METHODS
Cell culture. The MDA-468 cell line was derived from a

human breast carcinoma (19). It was routinely cultured in
L-15 medium supplemented with 10% fetal calf serum (FCS)
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and passaged by trypsinization. A human fibroblast cell line
(427N), derived from a skin biopsy of a normal individual,
was kindly provided by R. A. Phillips and cultured in alpha
medium supplemented with 10% FCS.

Isolation of MDA-468 variants. A total of 107 MDA-468
cells were plated in several 10-cm culture dishes and allowed
to attach overnight before the addition of EGF (10-7 M). The
EGF-containing medium was changed twice weekly. After
14 days, colonies were isolated by cloning rings, transferred
to microwells, and subsequently propagated in L-15 medium
with 10% FCS supplemented with 10-8 M EGF.

['251]EGF-binding assay. Binding studies were carried out
in triplicate on subconfluent cells grown on 35-mm dishes as
described previously (4).

Immunoprecipitation of the EGFR. Cells were labeled with
[35S]methionine for 16 h, lysed, and immunoprecipitated as
described previously (16). Ri, a monoclonal antibody
against the EGFR, was provided by M. Waterfield. Sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis on
slab gels was carried out with the buffer system of Laemmli.
Gels were dried under vacuum and exposed to a film at
-700C.
DNA isolation and blotting. High-molecular-weight

genomic DNA was isolated by SDS-proteinase K lysis,
organic extraction, and NaCl-ethanol precipitation (7). DNA
was digested with HindIII, electrophoresed in 0.8% agarose
gels, and transferred to a Zetabind membrane (21). Hybrid-
izations and washings were performed under high-stringency
conditions. Probe-related nonspecific background was re-
duced as described elsewhere (26).
A cDNA clone (pE7), isolated and provided by G. Merlino

et al. (18), was used. It encodes a portion of the EGFR gene
and is highly homologous to a portion of the v-erbB
oncogene. The probe was 32P nick-translated as described
previously (20).
RNA isolation and blotting. Total RNA was isolated by

guanidine isothiocyanate solubilization and centrifugation
over a CsCl cushion. Polyadenylated [poly(A)+] RNA (4 ,ug)
purified by passage over oligo(dT)-cellulose, was denatured
with glyoxal and dimethyl sulfoxide, and electrophoresis
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TABLE 1. Estimates of ['25I]EGF-binding sites per cell

No. of
Cell line binding

sites/cell

MDA-468..... 1.5 x 106
Si...... 1.6 x 104
S4 ..... 3.3 x 104
S5 ..... 1.8 x 104
S10..... 4.2 x 1i4
S11..... 6.6 x 104
S12..... 3.8 x 104
427-N..... 5.1 x 104

was performed in a 1.1% agarose gel. The RNA was then
transferred to a Zetabind filter (23) and hybridized under
high-stringency conditions.

Effect of EGF on growth in plastic-adherent cultures. A
total of 104 cells were plated in triplicate in 35-mm plates
containing L-15 medium supplemented with 10% FCS and
allowed to attach overnight, after which various concentra-
tions of EGF were added. Cells were incubated at 37°C for 7
days, with medium changes every 48 h. The cells were then
trypsinized and counted by hemacytometer.

Effect of EGF on growth in soft agar cultures. A total of 104
cells were plated in triplicate in 35-mm plates in a two-layer
system of agar (0.3%, wt/vol) on agar (0.5%, wt/vol) in L-15
medium supplemented with 10% FCS and various concen-
trations of EGF. Cells were incubated at 37°C, and colony
counts were performed after 3 weeks, with .60 cells desig-
nated a clonal unit.

In vivo growth. To compare the tumorigenicity of the
parental MDA-468 cells and the variants, 5 x 106 cells were
injected subcutaneously in female nude mice (5 to 6 weeks
old). Five mice were used for each cell line. After 9 weeks,
mice were sacrificed and the tumors were excised and
weighed. For measurement of growth rate, 107 cells were
injected subcutaneously in nude mice; seven mice were used
for each cell line. The diameters of tumors were measured
with a caliper every 6 days, starting 14 days after the
injection. Tumor volume was estimated by the formula V =
L x W2 x 0.5, where V is volume, L is length, and W is
width. Estimates of tumor volume were plotted versus days
after inoculation, and the tumor doubling time was calcu-
lated from the resulting graph.

Karyology. Harvesting, slide preparation, and chromo-
some analysis with G- and C-banding techniques were per-
formed as described previously (24). A minimum of 25
banded cells were analyzed per specimen, with results
expressed by the International System of Human Cytogenic
Nomenclature recommendations (10). In situ hybridization
analysis was performed as described previously with a
3H-labeled pE7 probe (25).

RESULTS
EGFR gene and its expression in MDA-468 and EGF-

resistant variants. The frequency of the appearance of clones
resistant to EGF-induced growth inhibition in the MDA-468
line was approximately 1 in 106 cells. Since our experiments
were not initiated with a clonal population ofMDA-468 cells,
it was not possible to estimate the rate of generation of clonal
variants in the parental line. Several clones were isolated in
two different experiments and from different plates. Six of
those clones were randomly chosen for this comparative
study. All of them were similar in morphology to MDA-468
cells.

A [1251]EGF-binding assay was performed to estimate the
number of EGFR in the different MDA-468 variants. All the
variants lost the overexpression seen in parental unselected
MDA-468 cells and had a number of EGFR, similar to
normal human fibroblasts (Table 1). A number of other
human breast cancer cell lines have been reported to express
levels of receptors in the same range as the MDA-468
variants (3).

Immunoprecipitation of the EGFR from the MDA-468
variants was performed. Autoradiographs of SDS-
polyacrylamide gels of the immunoprecipitates from the
unselected MDA-468 line and a typical variant (S10) are
shown in Fig. 1A. All the variants showed a 170-kilodalton
(kDa) band, indicating that no major structural alterations
occurred in the EGFR. The intensity of the EGFR band in
the parental line and in the variants was consistent with the
EGF-binding data.
To establish the relationship between the decreased num-

ber of EGFR in the variants and the EGFR gene amplifica-
tion in unselected MDA-468 cells, a Southern blot analysis
was performed with a cDNA probe for the EGFR gene
(pE7). All the variants showed bands with intensities similar
to those of normal human fibroblasts, indicating that they
had lost the EGFR amplification. Figure 1B shows the
hybridization pattern of a typical variant (Si), MDA-468
cells, and normal human fibroblasts. The degree of amplifi-
cation of MDA-468 cells was estimated to be approximately
20-fold by scanning densitometry. An interesting feature of
the hybridization pattern of the variants was the loss of a
4.9-kilobase band present not only in the parental tumor line
but also in normal fibroblasts from the patient from whom
the MDA-468 line was derived (3). The presence or absence
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FIG. 1. Comparative analysis of EGFR. (A) Immunoprecipita-

tion. A total of 106 cells were labeled, lysed, and immunoprecipi-
tated with Ri, a monoclonal antibody against EGFR. The immuno-
precipitates were run on SDS-polyacrylamide gel electrophoresis.
Lanes: a, MDA-468; b, MDA-468 immunoprecipitated with nonspe-
cific mouse immunoglobulin G IgG; c, S12. KD, Kilodalton. (B)
Southern blots of 10 (lanes a and b) or 30 ,ug (lane c) of DNA were
digested, fractionated, transferred to a membrane, and hybridized
with a cDNA probe for the EGFR gene (pE7). A DNA digested with
HindIll was used as size markers. Lanes: a, MDA-468; b, S1; c,
normal human fibroblasts. Kb, kilobases. (C) Northern blot.
Poly(A)+ RNA (4 ,ug) was denatured, fractionated, transferred to a
membrane, and hybridized with pE7. Human 28S and 18S rRNAs
were used as size markers. Lanes: a, MDA-468; b, S5; c, normal
human fibroblasts.
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of that band in HindIII-restricted DNA from different normal
individuals is probably the result of a restriction enzyme-
specific polymorphism (3, 17) and suggests that the variants
all lost one of the alleles that codes for the EGFR gene. No
differences in the hybridization banding pattern of the paren-
tal cells and the variants were detected when EcoRI or
BamHI was used as the restriction enzymes (data not
shown).

Figure 1C shows a Northern blot analysis for mRNA
encoded by the EGFR gene in parental unselected MDA-468
cells, a typical variant (S5), and normal human fibroblasts.
The intensity of the EGFR-related mRNA bands correlates
with the results of the [1251]EGF-binding assay, the
MDA-468 variants showing levels of expression similar to
those of normal human fibroblasts. The variants express the
same EGFR-related mRNA species as the parental cell line,
10.0- and 5.6-kilobase species being the most prevalent
transcripts. Scanning densitometry allowed us to estimate
that these transcripts were approximately 30-fold more
abundant in the parental cell line.
Chromosomal basis for EGFR gene amplification in

MDA-468 cells. To investigate the chromosomal basis for the
EGFR gene amplification in MDA-468 cells and its loss in the
variants, karyotypic analysis was performed. The detailed
karyology of all the MDA-468 variants will be published
elsewhere. A typical chromosome spread for MDA-468 is
shown in Fig. 2. Of particular interest was the finding of an
abnormally banded region (ABR) in MDA-468 cells, since
ABRs have been associated with amplified chromosomal
domains (1). The ABR was located in the short arm of
chromosome 7, close to the reported location for the normal
EGFR gene (17). The MDA-468 cells also showed two other
alterations of chromosome 7: an isochromosome of the short
arm [iso(7p)] and an unidentified translocation to 7p (7p+).
The 7pABR was distinct from the 7p+ marker both by its
banding pattern (Fig. 2, insert p) and by its centromere index
(a reflection of the arm length ratio). Of importance to this
study was the fact that although all cells from the parental
cell line demonstrated the 7pABR marker, direct examina-
tion of all the variants failed to demonstrate the presence of
the 7pABR marker (Fig. 2). In contrast, the 7p+ and the
iso(7p) markers were found in all clones. In addition to the
aforementioned alterations, most variants demonstrated
identifiable alterations of chromosome 7 not found in the
parental MDA-468 cell line [e.g., S10, del(7) (pll); Sli,
iso(7q); S12, t(7;11) (pll;qll)] (Fig. 2). In addition to struc-
tural alterations that could be identified, an unidentified
translocation involving 7p (differing from the 7pABR) was
recognized in two clones (S10 and S12, Fig. 2).

In situ hybridization was carried out to identify the chro-
mosomal loci of amplified EGFR genes in the parental
MDA-468 cell line. A final probe DNA concentration of 0.5
,ug/ml was used, with slides incubated for 14 days. To ensure
correct identification of all chromosomes, cells were Q-
banded and photographed prior to in situ hybridization. The
total grain distribution to 53 cells was examined, with 25%
(13 of 53) of all cells exhibiting one or more grains on the
7pABR. Results revealed that 14% of all grains (19 of 139)
were localized to the 7pABR chromosome, with 79% (15 of
19) of the grains localized to this marker residing along the
ABR (Fig. 3). Label other than that observed on the 7pABR
marker appeared to be distributed at random over the
remaining chromosomes, with no significant binding to the
7p+ marker. Under the experimental conditions used, we
were unable to detect the nonamplified locus of the EGFR
gene.

Effect of EGFR gene amplification on growth in tissue
culture and in vivo. The effect of EGF on the growth of the
MDA-468 variants was studied. Under the serum-containing
conditions used, all the variants showed a stimulation (be-
tween 5 and 48% at 10-9 M EGF), whereas parental unse-
lected MDA-468 cells were growth inhibited, as already
shown (3). The results of a representative experiment includ-
ing MDA-468 and variants S1 and S4 are presented in Fig. 4.
We also compared the effect of EGF on the proliferation of

MDA-468 cells and the variants in soft agar. The MDA-468
line has a plating efficiency of approximately 5%, and the
variants displayed a range of plating efficiencies (<0.01 to
5%). While anchorage-independent growth of MDA-468 was
inhibited by EGF, all the variants were strongly stimulated,
including S4, which was the only variant that did not grow at
all in agar in the absence of added EGF. The dose response
effect of EGF on the soft agar growth of MDA-468 cells and
variant S4 is shown in Fig. 4 (inset).

Finally, we compared the in vivo tumorigenicity of the
MDA-468 cells and the variants in nude mice. A total of 5 x
106 cells were injected subcutaneously, and 9 weeks later the
mice were sacrificed and the tumors were excised and
weighed. MDA-468 cells and five of the six variants gave rise
to progressively growing tumors. The tumors were assessed
histopathologically and were classified as poorly differenti-
ated adenocarcinomas. No significant differences could be
seen between the tumors grown from parental unselected
MDA-468 and the five subclones in terms of gross morphol-
ogy or degree of normal cell infiltration. S4 was the only
variant that did not produce any tumors, even 16 weeks after
injection. The tumors generated by MDA-468 cells were
significantly larger at 9 weeks of growth than the ones
generated by the variants (Table 2). Repeat experiments at
later times confirmed that these differences were a stable
property of the variants (data not shown).
The growth rate of the parental line and four variants (S5,

S10, Sll, and S12) was also compared (S4 did not produce
tumors and Si grew very poorly). The growth rate of the
parental unselected MDA-468 cells was significantly higher
(Fig. 5). From the slope of the growth curve we estimate the
doubling time of tumors generated by the parental line at 6
days, whereas the variants showed a doubling time of 9 to 10
days.
The six MDA-468 variants described in this paper have

also proven to be very stable with respect to growth prop-
erties in culture, even when passaged without the addition of
EGF. After being passaged for more than 1 year, no rever-
tants have been found, and they still show resistance to the
EGF-induced growth inhibition found in the parental
MDA-468 cells. We confirmed this genetic stability after the
generation of tumors in mice. When DNA extracted from
tumors produced by MDA-468 cells and several variants was
analyzed by Southern blot analysis, the intensity of hybrid-
ization with the EGFR gene probe pE7 was similar to the
intensity detected in DNA from the cell lines used for the
generation of the tumors (data not shown).

DISCUSSION

In this paper we have presented a comparative study on
six clonal variants derived from a human breast cancer cell
line which overexpresses EGFR as a consequence of gene
amplification. The six variants show EGFR levels similar to
normal human fibroblasts, have lost the EGFR amplification,
and are resistant to the EGF-induced growth inhibition
shown by the parental cell line.
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FIG. 2. Pictorial documentation of chromosome 7 alterations in the parental MDA-468 cell line (P) and six variants (Si, S4, S5, S10, S11,
and S12). Top: G-banded mid-metaphase cell from the parental cell line MDA-468. The modal number of this line was 58, with several clonal
structural alterations observed. The arrows indicate the three different structural alterations involving chromosome 7. Bottom: Insets depict
G-banded profile of the altered chromosome 7's from the parental cell line and each variant.

Kawamoto et al. (11) have studied variants derived from
A431, another tumor cell line which has an amplified EGFR
gene and is growth inhibited by EGF. Those variants had a
wide variation in the number of EGFR. Generally, clones
with a high number of EGFR (but not as high as the parental
line) were still growth inhibited under the influence of EGF
doses above 10-9 M, whereas clones with fewer receptors
were resistant to that dose. We have concluded, therefore,
that there is a quantitative relationship between EGFR and
growth response, and when an optimum amount of EGFR is
exceeded, growth inhibition results after exposure to EGF.
Our results are consistent with this model, although the lack
of variants with an intermediate number of EGFR did not

allow us to investigate whether there is a threshold number
of EGFR for the EGF-induced inhibition that occurs in
MDA-468 cells.
Southern blot analysis with Hindlll as the restriction

enzyme (Fig. 1) suggests that the MDA-468 variants have
lost one of the alleles that code for the EGFR gene. This is
consistent with the karyological data, which show that
chromosome 7, which harbors an ABR containing the am-
plified EGFR gene, has been lost in all the variants.

Although we have not yet performed in situ hybridization
analysis of the EGFR gene in the variants, the intensity of
the EGFR gene-related bands in the Southern blots of these
variants clearly suggests that the ABR of chromosome 7 was

MOL. CELL. BIOL.
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the only location for the amplified EGFR gene. In A431 cells
the amplified EGFR sequences have been found in two
different marker chromosomes (17). The presence of the
amplified EGFR gene in more than one location and the
reported instability in the chromosome population of A431
cells (17) can explain the finding of EGF-resistant variants
with a broad variation in the number of EGFR genes (15).
This was not found in MDA-468 variants, and this further
supports the 7pABR chromosome as the only location for
the amplified EGFR sequences. Such a single localization of
the amplified genes may account for the high frequency of
variants detectable in the absence of mutagenesis.
EGF plays an important role in the proliferation of dif-

ferent types of cells, including cells from the breast epithe-
lium (2, 22). It has been proposed that EGFR overexpression
may confer a growth advantage under conditions of limiting
EGF (5). The recently reported finding that a significant
proportion of a very malignant type of human glioblastoma

2

A@

2 1

q2a

50

FIG. 3. In situ hybridization of the EGFR gene in MDA-468
cells. Schematic representation of G-banded mid-metaphase chro-
mosome 7pABR. Stippling depicts the loci of the ABR. Dots depict
autoradiographic grains localized to this marker following in situ
hybridization with 3H-labeled cDNA encoding the EGFR (pE7).
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FIG. 4. Effect of EGF concentration on cell proliferation. A total
of 104 cells were plated in triplicate in 35-mm plates and incubated at
370C for 7 days. Points represent percent change in cell number for
cells grown in various EGF-supplemented media compared with
cells grown in control media. Symbols: 0, MDA-468; *, S1; A, S4.
Inset: Effect of EGF on growth in soft agar cultures. A total of 10i
cells were plated in triplicate in a two-layer system of agar and
incubated at 37°C for 3 weeks. Points represent plating efficiency
(colony definition, .60 cells) for cells grown in various EGF-
supplemented media. Symbols: 0, MDA-468; A, S4.

show EGFR gene amplifications (14) also suggests that
elevated receptor expression could be involved in the growth
advantage underlying tumor progression. To test this hypo-
thesis, we compared tumorigenicity in nude mice after the
injection of MDA-468 cells and the six clonal variants. Our
results show (Table 2) that the parental cell line was able to
generate significantly larger tumors than the nonamplified
variants. The basis for this size difference at 9 weeks of
growth is primarily due to a growth rate advantage, since
doubling time for the parental cells was significantly shorter
(Fig. 5). Although we cannot discard the possibility that
differences other than the lack of EGFR amplification are
responsible for the slower growth of the tumors generated by
the variants (e.g., immunogenicity, other growth factor-
related receptors), it is highly unlikely that common differ-

TABLE 2. Weight of tumors generated by MDA-468 cells and
variants in nude mice

Mean
Cell line tumor wt

(mg) + SE

MDA-468 ........................................... 117 ± 39
Si ............................................ 2±1
S4 ........................................... 0
S5 ........................................... 25±13
S10............................................ 30 10
S11 ................. .......................... 36 12
S12 ............................................ 14 3

VOL. 7, 1987
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FIG. 5. Time course of tumor growth. Each point is the mean
value for seven tumors grown in different mice. Standard errors for
S5, S10, and S12 are not shown for reasons of clarity, but they did
not exceed 20% of the mean value. Symbols: *, MDA-468; x, S5;
A, S10; O, Sll; 0, S12.

ences other than lack of EGFR gene amplification are
present in the six independently isolated clones. The data
may therefore reflect a progression-related growth advan-
tage provided to the tumor by amplification of the EGFR
gene.

Despite the fact that five of the six variants were able to
produce tumors in nude mice, a causative role cannot be
excluded for EGFR amplification in the generation of the
original MDA-468 tumor. Growth of the tumor in vivo or
propagation of the cell line in culture might have elicited
secondary changes affecting other transformation-related
genes.

It is of interest that the only variant that did not generate
tumors in nude mice (S4) was also the only one that did not
grow in soft agar without the addition of EGF. After the
addition of EGF, however, its anchorage-independent
growth was dramatically stimulated (Fig. 4, inset). On the
other hand there was no significant difference in proliferative
behavior on plastic between the S4 cells and the other
variants. The differential effect of EGF on the growth of cells
in anchorage-independent conditions as opposed to anchor-
age-dependent conditions has also been noted for other cell
types (13). The S4 variant may provide a model system for
studying the molecular basis for anchorage-independent
growth of epithelial cells.
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