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The epidermal growth factor receptor (EGFR) is thought to mediate the action of the mitogens EGF
and tumour growth factor-a (TGF-«) in a variety of cancers, including those of the lung, breast and
ovary. A number of new selective inhibitors of EGFR tyrosine kinase have now been developed
as potential new antitumour agents. We used a potent inhibitor of this tyrosine kinase, 6-amino-4-
[(3-bromophenyl)amino]-7-(methylamino)quinazoline (SN 25531; PD 156273), to determine the
responses of primary cultures derived from patients with cancer of the lung, ovary, breast, cervix and
endometrium. Cells were cultured in 96-well plates and proliferation assessed by incorporation
of 3H-thymidine. Measured growth inhibitory concentrations ICs, values) varied from 1nM to 14 uM
with a 1000-fold differential between sensitive and resistant cultures. Results were compared with
rates of proliferation, estimated using a paclitaxel-based method. We also measured the IC5y values
for the tyrosine kinase inhibitor using a number of established human cell lines, and compared them
with EGFR content using fluorescent antibody staining and flow cytometry. The presence of EGFR
was found to be necessary, but not sufficient, for in vitro response. Only a small number of cell lines
(3 of 7 for lung, 1 of 7 for ovarian, 2 of 3 squamous cell and 0 of 12 for melanoma) were sensitive to the
tyrosine kinase inhibitor. In contrast, 40 of the 50 primary cultures (including 14 of 15 lung cancer
samples and 14 of 19 ovarian cancer samples) were sensitive. © 1998 Elsevier Science Ltd. All rights
reserved.
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INTRODUCTION
THE EPIDERMAL growth factor receptor (EGFR) family is
thought to mediate the mitogenic action of epidermal growth
factor (EGF) in epithelial tissues. Binding of growth factor to
EGFR activates its cytoplasmic tyrosine kinase, setting in
motion a cascade of signals that are necessary for stimulation
of cellular proliferation and suppression of apoptosis [1,2].
Expression of EGFR and secretion of tumour growth factor-o
(TGF-o), which activates EGFR, provides an autocrine
growth signal for a variety of cancers, including those of the
lung, breast and ovary [3,4]. The EGFR family, thus pro-
vides new targets for anticancer therapy. Quercetin, thiazoli-
dinediones, tyrphostins and quinazoline derivatives have been
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shown to inhibit EGFR tyrosine kinase activity [5-10]. Some
of these inhibitors are exquisitely selective in an isolated
enzyme system, possessing 50% inhibitory concentrations of
less than 10 pM [10].

At least one inhibitor of EGFR tyrosine kinase is being
tested in clinical trials [11], raising the question of whether
patients’ tumours could be tested individually for response to
this therapy. This approach is well established with anti-
oestrogens, such as tamoxifen, where the status of oestrogen
receptors on tumour cells can be used to individualise treat-
ment [12]. At least some cell lines have been shown to
respond 2 vitro to inhibitors of EGFR tyrosine kinase [13-17].

In this paper, we explore the possibility that culturing
tumour cells from cancer patients in the presence of an inhib-
itor of EGFR provides a method of selecting patients who
might respond to treatment. We have previously developed
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methods for the short-term culture of cells from surgical
specimens from melanoma [18] and ovarian cancer [19], with
the aim of determining responses to cytotoxic agents. We
have shown that the response to the anticancer drug pacli-
taxel provides information not only on drug sensitivity but
also on culture doubling time [19]. In this study, we used 6-
amino-4-[(3-bromophenyl)amino]-7-(methylamino)quinazo-
line (SN 25531; PD 156273; structure shown in Figure 1), a
potent inhibitor of EGFR tyrosine kinase [10], to determine
whether primary cultures of human cancer tissue can be
classified as EGF-dependent or EGF-independent according
to their response i vitro. We utilised surgical samples from a
number of carcinomas, including those of the breast, ovary,
cervix and lung. We also carried out studies using human
tumour cell lines, in conjunction with flow cytometric analy-
sis of surface EGFR, to determine whether the presence of
such receptors is related to the effects of the inhibitor. These
results allow comparison between the responses of primary
tumours and established cell lines.

MATERIALS AND METHODS

Tumour samples

Formal consent was obtained from all patients, using
guidelines approved by the Auckland Area Health Board
Ethics Committee. Tissue was obtained by the pathologist
from tumours removed at surgery and was immediately sent
to the histopathology laboratory where a portion was placed
into growth medium. This contained a-MEM supplemented
with insulin (10 pg/ml), transferrin (10 ng/ml), sodium sele-
nite (10ng/ml), penicillin (100 Units/ml), streptomycin
(100 pg/ml) and fetal bovine serum (FBS; 5%). Solid tumour
specimens obtained from the pathologist were disaggregated
immediately or after overnight storage at 4°C. In one experi-
ment, a suspension of fibroblasts was also prepared from
normal tissue surrounding the tumour. Normal, adipose, or
grossly necrotic material was removed and the tumour tissue
was minced finely at room temperature using crossed scal-
pels. The mince was pushed through a stainless steel screen
(0.65 mm mesh size) using a round-ended dental probe. The
tumour cells, which were present as small cellular aggregates,
were partially enriched by repeated gentle centrifugation
(twice at 100 g for 5min and once 25 g for 2 min) and resus-
pension in growth medium. The process was carefully mon-
itored by phase contrast microscopy. Cytospins were
prepared and examined by a histopathologist to ensure that
the aggregates contained mainly tumour cells.

Chemosensitivity assay

Cells in the tumour aggregates were counted in a haemo-
cytometer to provide an estimate of total cell density. Plates
(96-well) were coated with agarose, as previously described
[18], in order to prevent growth of fibroblasts. Cultures were
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Figure 1. Structure of the tyrosine kinase inhibitor 6-amino-
4-[(3-bromophenyl)amino]-7-(methylamino)quinazoline.
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set up to contain approximately 940, 1880, 3750 or 7500
cells/well in a volume of 0.15ml. The different cell densities
were required to ensure that there was a linear relationship
between cell dose and proliferation. Cultures were incubated
with growth medium containing various concentrations of
either EGFR kinase inhibitor or paclitaxel, for 7 days. Pro-
liferation was assessed by addition of [?’H-methyl]-thymidine
(0.04 nCi per well, 0.1 uM final concentration), together with
5-fluorodeoxyuridine (0.1 pM, to prevent endogenous synth-
esis), 24 h prior to harvest [19]. 1C5o values (defined as the
drug concentrations causing 50% inhibition of thymidine
incorporation as compared with that of control cultures) were
determined as previously described [20]. In some -cases,
separate cultures were set up to estimate proliferation. They
were incubated for 7 days and labelled with >H-thymidine for
the final 24h. Cytospins, were then prepared for radio-
autography by the emulsion dipping method and the propor-
tion of labelled cells measured. The labelled cells were also
identified cytologically by a histopathologist.

Cell lines

The melanoma cell lines SKMEL-5, MALME-3M, LOX-
IMVI, the ovarian lines OVCAR-4, OVCAR-5, OVCAR-8
and SKOV-3, the lung line H460 and the cervix line A431
were kindly provided by Mr Richard Camalier, National
Cancer Institute, U.S.A. New Zealand melanoma cell lines
were developed from pathologically confirmed malignant
melanoma. The origins of the cell lines, some of which have
been reported previously [19,20] are described in Table 1.
Cell lines were cultured with the inhibitor in 96-well plates
for 5 days and proliferation was assessed by incorporation of
3H-thymidine added over the final 6 h.

EGFR expression

Cell lines were tested for high affinity EGFR content by
labelling with anti-EGFR antibody by a modification of a
previously published method [21]. Cells were lifted from the
culture plate using growth medium containing 2mM ethy-
lene diamine tetra-acetic acid (EDTA) and disaggregated by
passage through a 26G needle. The cells were diluted with
phosphate buffered saline (PBS) containing 2% FBS (PBS/
FBS), centrifuged and washed in PBS/FBS. Samples of 10°
cells were suspended in a solution containing anti-EGFR
antibody (DAKO M&886; DAKO Corporation, California,
U.S.A. diluted 1:10 in PBS/FBS and left for 45 min on ice,
according to the manufacturer’s recommendations. Control
cell samples were suspended with the isotype control anti-
body (DAKO X927) under similar conditions. Samples were
then washed and incubated with a secondary antibody (FITC
IgG, Tago 6240; Tago Inc., California, U.S.A.) for a further
45 min, centrifuged, resuspended in 200l PBS/FBS and
analysed on a Beckton Dickinson FACScan. Samples were
gated on forward and side scatter in order to analyse single
cells for EGFR content. Cell frequency was plotted against
fluorescence intensity and the ratio of median fluorescence
intensities of the anti-EGFR antibody and control antibody
treated suspensions was calculated.

RESULTS
Response of primary cultures to EGFR tyrosine kinase inhibitor
A high success rate (>80%) was obtained in the culture of
tumour cells from patients with a variety of cancer types.
Cultures were obtained from cancer of the ovary (19), lung
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(15), endometrium (four), cervix (four) and breast (three),
pancreas (one), colon (one), omentum (one) and fallopian
tube (one). There was also one glioma. Twenty-nine of the
cultures were tested at the end of the assay by auto-
radiography and cytology. The labelled cells were identified
as tumour cells and the proportion of labelled cells was found
to vary between <1 and 70% (median 10%). All cultures were
assayed for growth inhibition by the tyrosine kinase inhibitor
and by paclitaxel. A high proportion (40 of 50) of the primary
cultures (including 14 of 15 lung cancer samples and 14 of 19
ovarian cancer samples) were sensitive to the inhibitor
(Figure 2). A primary culture of fibroblasts was also tested and
found to be insensitive. Culture doubling times, estimated
from the paclitaxel data using a previously developed method
[19], were found to vary from 57 h to approximately 7 weeks
(Figure 3). Clinical details of patients in this study will be
described in a separate publication.

Response of cell lines to EGFR tyrosine kinase inhibitors

The response to the tyrosine kinase inhibitor of 29 cell
lines, 19 of which were early passage cell lines (< 25 passages)
was determined. None of the 12 melanoma cell lines of the
panel were sensitive to the inhibitor, with one (LOX) found
to be reproducibly stimulated by the presence of the inhibitor
(up to 6-fold, depending on the drug concentration). Of the

Table 1. Tumour sources of cell lines

Age

Line (years) Sex  Tumour

NZSQ1 45 M Poorly differentiated squamous cell
carcinoma metastatic to cervical
lymph nodes

Poorly differentiated squamous cell
carcinoma of vulva

Adenocarcinoma of lung

Poorly differentiated adenocarcinoma
of lung

Poorly differentiated grade IIT
adenocarcinoma of lung

Well differentiated mesothelioma of lung

Poorly differentiated adenocarcinoma
of lung

Moderately differentiated grade III
papillary serous cystadenocarcinoma
of ovary

NZzZV1 83 F

NZL1 63
NZL2 79

RS

NZL3 55 F

NZL5 62
NZL6 70

2=

NZOV1 57 F

NZOV2 81 F Poorly differentiated grade III serous
adenocarcinoma of ovary

NZOvV4 59 F Adenocarcinoma of ovary

NZM1 47 M Malignant melanoma metastatic to
obturator lymph node

NZM2 47 M Malignant melanoma metastatic to
inguinal lymph node

NZM3 69 M Malignant melanoma metastatic to
subcutis of neck

NZM4 56 M Metastatic malignant melanoma,
(peritoneal effusion)

NZM5 79 M Malignant melanoma metastatic to
axillary lymph node

NZM7 36 M Malignant melanoma metastatic to
cervical lymph node

NZMO9 80 M Malignant melanoma metastatic to
axillary lymph node

NZMo6 72 F Malignant melanoma metastatic to
small bowel

NZM10 52 M Malignant melanoma metastatic to lung
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cell lines, only six of 29 were sensitive to the tyrosine kinase
inhibitor (Figure 2), significantly less than for primary cul-
tures (P<0.001). Three of seven of the lung lines, one of
seven of the ovarian lines and two of three of the squamous
cell lines responded (Figure 2). The 1,000-fold range of 1Cs5¢
values (20nM to 14 pM) enabled cell lines to be classified as
either sensitive or resistant to the inhibitor. 1C5¢ values for a
series of nine other analogues of the inhibitor showed a
similar pattern (results not shown). The estimated culture
doubling times for the lines was in general much shorter than
those of the primary cultures (Figure 3).

The presence of EGFR for a panel of cell lines was deter-
mined by flow cytometry and was detectable in all cell lines,
except the melanoma lines. A number of lines exhibiting mod-
erate to high numbers of receptors were found to be insensitive
to the inhibitor (Figure 4). The primary fibroblast culture was
also tested and found to contain detectable EGFR.

DISCUSSION

The results demonstrate a clear demarcation among pri-
mary cultures of tumour cells into those that are either sensi-
tive or resistant to a phenylquinazoline-based inhibitor of
EGFR tyrosine kinase. A 1,000-fold differential in 1C5¢ values
is apparent for most of the primary cultures, consistent with
the hypothesis that the inhibitor is arresting cell growth as a
consequence of inhibiting EGFR-dependent signal transduc-
tion. The high success rate of culture reflects an altered
technical approach, where the tumour cells are grown as
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— Other
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Figure 2. 1C5¢ values for the tyrosine kinase inhibitor using

primary cultures of tumour cells from patients with carcino-

mas (open bars) and established cell lines (solid bars). The
types of tumours are shown at the right of the graph.
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Figure 3. Relationship between estimated culture doubling

times and ICs, values for the tyrosine kinase inhibitor. Primary
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melanoma (@), ovarian carcinoma (Hl), lung carcinoma (A)
and squamous cell carcinoma (¢).

small aggregates (generally 10-50 cells per aggregate and small
enough to be pipetted during set-up of cultures), rather than
as a single cell suspension. In our experience, the success rate
of primary cultures of carcinomas, as well as the degree of
thymidine incorporation, is much higher when the tumour
cells are cultured in such a way, allowing at least some of the
tumour architecture and extracellular matrix components to
remain. The extracellular matrix and associated integrins may be
important for short-term substrate-independent growth [22].

It is also possible to categorise established cell lines into
those that are sensitive or resistant to the tyrosine kinase
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Figure 4. Relationship between epidermal growth factor

receptor (EGFR) content, as measured using fluorescently

labelled antibody and flow cytometry and ICs, values for the

tyrosine kinase inhibitor. Tumour cell lines were derived from

melanoma (@), ovarian carcinoma (ll), lung carcinoma (A)

and squamous cell carcinoma (¢). A value for normal fibro-
blasts is also shown (V).
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inhibitor. The 1Csy values for the sensitive lines are
approximately 10-fold higher than those for the sensitive pri-
mary cultures (Figure 2). The reason for the lower differ-
ential, in comparison with the primary cultures, is not clear,
but may result from the fact that the primary cultures grow
on a layer of agarose [18], while the established cell lines
grow directly on the culture plate surface. These cell lines
were also cultured on agarose-coated plates, but were found
not to grow (results not shown), suggesting that they have
adapted to growth on plastic surfaces.

The response of cell cultures to paclitaxel allows estima-
tion of cell culture doubling times [19] and thus comparison
of drug sensitivity and growth rate (Figure 3). In general,
primary cultures that are resistant to the tyrosine kinase
inhibitor have longer doubling times, although there is con-
siderable overlap. The established cell lines, as expected, have
shorter doubling times. A number of the primary cultures
were also subject to autoradiography following 24 h exposure
to >H-thymidine on the final day of the culture period. The
percentage of labelled cells, which varied from <1 to 70%,
indicates a wide range in the proportion of cycling cells. The
percentages are not related to the measured doubling times
and probably reflect wide variations in the proportion of dif-
ferentiated or non-proliferating tumour cells in the samples.
The results are consistent with wide variations in S-phase
fractions reported for clinical tumour samples, such as those
from ovarian cancer [23].

A number of cell lines were labelled for EGFR using a
specific antibody and the labelling quantitated by flow cytom-
etry (Figure 4). The presence of EGFR appears to be neces-
sary, but not sufficient, for response to the tyrosine kinase
inhibitor. The anti-EGFR antibody labelled none of the mel-
anoma lines, with the exception of LOX, whereas all of the
carcinoma lines were labelled. The A431 line, which is
known to overexpress EGFR [14], showed the highest inten-
sity of labelling (Figure 4).

EGFR can lead to signal transduction stimulation through
at least two pathways. The first is through a complex series of
proteins, including Grb-2, Sos, Ras, Raf and the MAP kinase
cascade [1]. This pathway initiates gene activation leading to
mitogenesis, while a second pathway involves activation of
the STAT1 pathway and inhibition of mitogenesis [24]. The
balance of these two pathways (and perhaps others) leads to
the response of an individual cell line. In this regard, one of
the lines tested (LOX) was interesting in that growth, as
measured by thymidine incorporation, was reproducibly
stimulated by the presence of the inhibitor.

In conclusion, we have shown that a high proportion of pri-
mary cultures from patients with carcinomas of the lung, ovary,
cervix and breast respond to a specific inhibitor of EGFR tyr-
osine kinase by cessation of growth. A similar phenomenon is
observed in established cell lines, although the proportion of
carcinomas responding (6 of 29) is significantly less than that
for primary cultures (40 of 50). Labelling of EGFR in cell lines
demonstrates that, although all of the carcinomas contained
EGFR, not all responded to the EGFR tyrosine kinase inhi-
bitor. If this result applies to the primary cultures, it may mean
that immunochemical detection of EGFR in carcinomas will
not indicate whether such carcinomas are potentially respon-
sive to tyrosine kinase inhibitors. Culture methods, such as
those used here, may be useful for determining responses of
individual patients to EGFR tyrosine kinase inhibitors that are
likely to be tested clinically in the near future.
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