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MATERIALS

ABSTRACT

INTRODUCTION
It has been shown that murine and human myeloid leukemia
cells are frequently still dependent on known hematopoietic
growth factors for cell division and also that they will differen
tiate under the influence of these factors (1). Because hemato
poietic malignant cells retain responsiveness to growth factors,
we examined the histolÃ³gica! range of and the frequency of
growth response of nonhematopoietic human tumors to EGF.3
The biological properties and role of EGF in normal mam
malian development have been extensively studied (2, 3). Pre
liminary in vitro studies on a small number of human tumors
in the clonogenic agar assay indicated that EGF significantly
increased tumor growth of both epithelial and mesenchymal
human malignancies (4, 5). Previously, we investigated the
effects and interactions of EGF, insulin, hydrocortisone, and
estradiol on the growth of human tumors in our clonogenic
agar assay cultured at a reduced serum concentration. Under
the conditions of our agar assay, EGF when supplemented with
all three factors was the most effective combination in stimu
lating colony growth (6). Recently, we reported that greater
than 80% of human tumor specimens grew successfully in vitro
in the CAM monolayer culture with EGF hormone-supple
mented medium (7). Tumor origin of increased cell growth was
confirmed by morphology with Papanicolaou stains and cytogenetics. Using this primary human tumor culture method, we
demonstrated that, like myeloid malignancies, human tumors
are frequently dependent on EGF for in vitro growth and that
this growth is an enhancement of cellular division. We also
showed that the addition of EGF to cultures does not affect the
chemosensitivity of cell cycle-independent drugs, such as Adriamycin and cisplatin.
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Materials. Enzyme disaggregation medium was Ham's F-12 (K. C.
Biological*. Lenexa, KS) with 10% fetal bovine serum (K.C. Biologi
cals), 0.75% collagenase III (Cooper BiomÃ©dical,MÃ¤hern, PA), and
0.005% DNase (Sigma Chemical Company, St. Louis, MO). Culture
medium was Ham's F-12 with 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid buffer (2.7 mg/ml) (Sigma), 10% swine serum (J. R.
Scientific, Woodland, CA), penicillin-streptomycin (100 units/ml)
(GIBCO, Grand Island, NY), and hormone supplementation: EGF (5
ng/ml); transferrin (10 ^g/nil): insulin (5 fig/ml); hydrocortisone (0.5
Mg/ml) (Collaborative Research, Lexington, MA); and estradiol (0.27
Mg/ml) (Sigma). Attachment medium was the culture medium with
0.6% Methylcellulose 4000 (Fisher Scientific, Houston, TX). Phos
phate-buffered saline was Dulbecco's (GIBCO) and Hanks' balanced
salt solution (Fisher). Culture dishes were 24-well plates (Costar, Cam
bridge, MA) subsequently coated with CAM (LifeTrac, Ltd., Irvine,
CA).
Primary Human Tumor Cell Culture Method. Sterile, freshly obtained
solid human tumor specimens with histology confirmed by a pathologist
were collected from patients undergoing diagnostic or therapeutic sur
gical procedures. The tumor specimens were mechanically dissociated
with a scalpel to the size of 1 mm and then treated with 0.75%
collagenase HI and 0.005% DNase in Ham's F-12 with 10% fetal
bovine serum for 16 h at 37Â°Cunder continuous agitation to form
single cell suspensions. Cells were then washed in Hanks' balanced salt
solution. The number of viable cells was determined by a homocytometric count of trvpan blue-negative nucleated cells greater than 10 /Â»m
excluding lymphocytes, granulocytes, and mesothelial cells using a
phase-gradient imaging microscope at x400 magnification.
The single-cell suspension was diluted with the attachment medium
in 4 inoculum tÂ¡trations (3,125; 6,250; 12,500; and 25,000 cells) per
well in 24-well plates precoated with CAM. All remaining wells were
seeded with 25,000 cells per well. In the experiment comparing colony
number and size, the cell dose inoculum was reduced to 2,000; 4,000;
8,000; and 16,000 cells to prevent tumor cell overgrowth secondary to
EGF response and to allow clear delineation of colony size. All assays
were performed in duplicate.
Cultures were incubated at 37'C in a humidified 5% CO2- air
atmosphere. After 24 h of incubation, the medium was aspirated. The
adherent cells remaining in the wells were washed with Dulbecco's
solution. The controls were fed with hormone-supplemented Ham's F12 culture medium including EGF at 5 ng/ml (the optimal concentra
tion in a dose-response curve of 1 to 50 ng/ml of EGF as determined
in 10 human tumor specimens). The experimental wells were fed with
the same hormone-supplemented culture medium but without any
added EGF. In addition, one control well was fixed with 95% ethanol
for 10 min to record the starting well population, and one control well
had 5 /tCi/ml of tritiated thymidine to provide a record of the back
ground cell population. A tritiated thymidine control rather than an
ordinary Day 2 culture control was used to measure the tendency of
nondividing cells toward cellular enlargement during in vitro culture.
Cultures were incubated in a humidified 5% CO2-air atmosphere for
5 days. On the sixth day, all cultures were refed by a 100% medium
exchange. On the 14th day (total incubation period, 13 days), the
cultures were washed with Dulbecco's phosphate-buffered saline, fixed
in 70% ethanol for 20 min, and stained with 0.05% crystal violet.
Tumor cell growth was determined quantitatively by the absorbance of
crystal violet-stained cultures integrated over the surface of the monolayer cultures with a Nikon/Joyce-Loeble Magiscan2 image analysis
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The effect of epidermal growth factor (EGF) on the in vitro growth of
186 malignant human tumor specimens (45 melanomas, 32 sarcomas,
and 56 lung, 16 gynecological, 14 breast, 12 genitourinary, and 11
gastrointestinal carcinomas) was evaluated in the cellular adhesive matrix
human tumor culture system supplemented with transferrin, insulin,
hydrocortisone, and estradiol. EGF increased tumor growth by at least
50% in 81% of the 186 tumors and by over 100% in 54%. The enhanced
growth induced by EGF was related to an accelerated cellular division
independent of tumor type and not to an ulerease in the actual number of
clonogenic units. The drug concentrations of cell cycle-independent Adriamycin and cisplatin needed to achieve a 90% tumor cell kill were not
altered by the responsiveness of the tumor to EGF.

AND METHODS

BIOLOGICAL EFFECT OF EGF

in 28 (62%). Similarly (Fig. 1C), a 50% growth increment by
EGF was seen in 26 of 32 sarcomas (24 soft tissue, 8 bone)
(81%) and a 100% growth increase in 17 (53%). As shown in
Fig. ID, the growth effect of EGF was particularly striking for
breast carcinomas [13 tumors (93%) with 100% growth in
crease] but less impressive for genitourinary carcinomas [only
4 specimens (33%) experienced growth doubling]. All 11 gas
trointestinal carcinomas (7 colon, 3 stomach, and 1 pancreas)
responded to EGF by a greater than 50% growth increase, and
removal of nonadherent cells on Day 2. All wells were initially inocu
lated with 25,000 cells per well. Cultures were then incubated for 5 8 of these tumors (73%) had a greater than 100% growth
days in a humidified 5% COi-air atmosphere. After a 5-day drug increment. Of the 16 gynecological tumors (13 ovarian, 3
exposure, the chemotherapy drugs were removed, and all cultures were endometriti), 13 (81%) increased growth by 50% and 9 (56%)
refed by a 100% medium exchange. On Day 14, the cultures were by 100%. Most important, 59 of these 186 tumors (32%) would
washed, fixed, and stained as described above in the primary human have had inadequate /// vitro growth, as defined by an absor
tumor cell culture method. Using the Magiscan2 image analysis, tumor
cell survival was measured by the absorbance of the control and drug- bance of less than 500 above that of the background cell
population, without EGF supplementation.
exposed cultures minus the absorbance of the tritiated thymidine back
Effect of EGF on Colony Size. We next examined if the
ground cell population.
growth effect of EGF was the result of an increase in the number
of clonogenic units or an enhancement of colony size compared
RESULTS
with colony size in cultures without EGF. In 23 human tumors
Human Tumor in Vitro EGF Growth Response. The addition (10 lung carcinomas, 8 melanomas, and 5 sarcomas) plated
of exogenous EGF (5 ng/ml) significantly stimulated the in with and without EGF supplementation at 4 reduced tumor
vitro growth as measured by absorbance image analysis of 186 cell-dose titrations of 2,000 to 16,000 cells per well, EGF did
human tumor specimens in the CAM-tumor culture assay at a not significantly affect the total number of colonies but did
markedly increase the actual colony size. A critical examination
concentration of 25,000 tumor cells per well: 56 lung carcino
mas (P < 0.001); 45 melanomas (P < 0.001); 32 sarcomas (P with a bright-field microscope at x400 magnification revealed
< 0.001); 16 gynecological malignancies (P< 0.001); 14 breast that this phenomenon was an increase in the number of cells
carcinomas (/' < 0.001); 12 genitourinary carcinomas (P < per colony and not in individual cell size. As demonstrated in
0.006); and 11 gastrointestinal carcinomas (P = 0.001).
Fig. 2A, the in vitro growth of 23 tumors at a dose of 2,000
Of the 56 lung carcinomas (30 adenocarcinomas and 14 cells per well without EGF resulted in a cumulative total of 174
squamous cell, 7 small cell, and 5 poorly differentiated carci colonies with a median colony size of approximately 32 cells
nomas), EGF increased cell growth by at least 50% in 44 (79%) per colony. In contrast (Fig. 25), the addition of EGF (5 ng/
and by 100% in 21 (38%) (Fig. \A), independent of histology. ml) in the same 23 tumors at the same concentration of 2,000
In the 45 melanoma specimens (all of metastatic origin), EGF cells per well resulted in a cumulative total of 170 colonies with
enhanced growth (Fig. IB) by 50% in 38 (84%) and by 100% a median colony size of approximately 512 cells per colony. As
shown in Table 1, this shift to an increase in colony size with a
3000
similar total number of colonies was also seen in a human lung
adenocarcinoma specimen at higher cell dose titrations of
2500
4,000; 8,000; and 16,000 cells per well. This EGF effect was
O Ã³2000
identical within the 3 histolÃ³gica!subtypesâ€”lungcarcinoma,
tu Â«
m Z
melanoma, and sarcoma.
3 Â«1500
CL $
Effect of EGF on Drug Survival Curves. If EGF only accel
erated cellular division, then the drug sensitivity of cell cycle1000
independent drugs, such as Adriamycin and cisplatin, should
500
not be significantly affected. Five parallel cultures with and
without EGF were performed. Tumor cell growth was quantisystem with subtraction of the absorbance of the tritiated thymidine
background cell population. The number of cells per colony and cell
size were measured at X400 magnification using a bright-field imaging
microscope. The data were analyzed using the nonparametric sign test
(8).
In Vitro Drug Sensitivity. To evaluate the drug sensitivity of cell
cycle-independent drugs, Adriamycin and cisplatin were included in the
medium with and without EGF in 4 different concentrations (as defined
by the drug's sensitivity against normal bone marrow cells) (9) after the
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Fig. 1. In vitro growth (absorbance) of 56 lung carcinomas (A); 45 melanomas
(Hi: 32 sarcomas ((.'): and 16 gynecological (â€¢),14 breast (O), 12 genitourinary
(A), and 11 gastrointestinal (A) carcinomas (in cultured with EGF (ordinate) and
without EGF (abscissa).
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Fig. 2. Total number of colonies (ordinate) and approximate number of cells
per colony (abscissa) in cultures without EGF (A) and with EGF (B).
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Table 1 Effect ofEGF on colony size and colony number of a human lung
adenocarcinoma plated at reduced cell dose inoculum titrations in the CAMhuman tumor culture assay
colonies4,000
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Approximate
no. of
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of cells as measured by absorbance, a critical culture condition
or growth factor is still needed by some human tumors to show
linear cell-inoculum growth response at higher cell concentra
tions.
DISCUSSION
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Fig. 4. Parallel in vitro growth inhibition (ordinate) of a lung adenocarcinoma
at increasing cell density (abscissa) with EGF (â€¢)and without EGF (O).

.067

.200
CISPLATIN

Fig. 3. Drug survival curves and 1CÂ»concentrations (+) of Adriamycin in a
lung squamous cell carcinoma (A) and cisplatin in a malignant fibrous histocytoma (li) cultured with EGF (â€¢)and without EGF (O).

tated at 5 exponential pointsâ€”no drug and 4 increasing drugdose concentrations. The IC<>oS
were then calculated and com
pared. In 6 human tumors (3 sarcomas, 1 melanoma, and 1
lung and ovarian carcinoma each), Adriamycin survival curves
were constructed by plotting the log of the tumor cell survival
in cultures with and without EGF against the drug dose. In all
6 tumor specimens, EGF supplementation did not significantly
affect the Adriamycin drug concentration needed to achieve a
90% tumor cell growth reduction. The increase in cell growth
by EGF only shifted the drug survival curve upward and parallel
to the survival curve constructed from cultures without EGF.
One example, the in vitro response of a lung squamous cell
carcinoma to Adriamycin, is shown in Fig. 3A, in which the
slope and 1C,,,,values of cultures with and without EGF are
unchanged. Similarly, in 4 human tumors (2 sarcomas and 1
ovarian and 1 lung carcinoma), cisplatin survival curves were
determined. The ICoo cisplatin values of cultures with and
without EGF were identical. As shown in Fig. 3B, the addition
of EGF induced a pattern of an upward and parallel cisplatin
survival curve with the same ICW concentration.
In Vitro Culture Limitations of Tumor Growth. In 9 of the 23
human tumors plated at the 4 cell concentrations of 2,000;
4,000; 8,000; and 16,000 cells per well with and without EGF
supplementation, a decrease in cell growth was observed with
increasing cell density. However, this reduction in growth was
not related to inhibition by cellular overgrowth. The cultures
without EGF exhibited the same growth plateau or decrease at
the same cell-dose inoculum despite lower absolute growth
compared with the cultures with EGF. As shown in Fig. 4,
although cultures with EGF achieved a higher absolute number
405

Our data demonstrated that primary human tumors with in
vitro culture supplementation with transferrin, insulin, hydrocortisone, and estradici are frequently responsive to EGF and
that this EGF response is related to accelerated cellular division
and not to an increase in clonogenic units. In the 186 human
tumors (81%) tested, the addition of exogenous EGF increased
tumor growth by 50% or greater in 79% or more of each of the
tumor cell cultures tested, except genitourinary carcinomas
(only 5 of 12 cultures increased growth by 50% or more). Not
only is this high frequency of human tumor responsiveness to
EGF important, but the finding that some human tumors, such
as breast carcinomas (64%), have little in vitro growth without
EGF also suggests that particular hormone-responsive tumors
may depend totally on growth factors like EGF for expansion.
This potent mitogenic activity of EGF has been reported for
many types of malignant human epithelial and mesenchymalderived cells in liquid and agar cultures (4-6,10). Furthermore,
EGF has been shown to increase the frequency of anal squa
mous cell carcinoma more than 3-fold in 1,2-dimethylhydrazine-treated male mice (11). However, 75% of the genitourinary
carcinomas in this study demonstrated satisfactory in vitro
growth (absorbance above 500) without EGF supplementation,
and a number of other tumors with a marked response to EGF
also had significant in vitro growth without EGF. Whether
growth without EGF represents an extreme sensitivity to the
small amount of EGF present in serum or the independence of
EGF as a growth factor requirement needs further investigation.
EGF enhancement of the rate of cell cycle rather than in
crease in absolute number of competent stem cells by EGF
suggests that it may act as an important progression signal for
cellular proliferation. In the 23 human tumors plated at reduced
cell concentrations with and without EGF supplementation,
EGF was observed not to significantly affect colony numbers
but to dramatically increase the number of cells per colony.
This potentiation of cellular division was a generalized phenom
enon unrestricted by the histological tumor type studied.
If the effect of EGF on tumor growth is only an acceleration
of cellular division, then cell cycle-independent che mo therapeu
tic drugs should not be altered in their tumor cell kill activity.
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As shown for the cell cycle-independent drugs Adriamycin and
cisplatin, EGF did not change the drug concentration needed
to achieve a 90% tumor cell kill. Whether EGF affects the in
vitro chemosensitivity of cell cycle-dependent drugs like 5fluorouracil is currently being examined.
We have no explanation why a number of some human tumor
specimens have a growth plateau at the same cell-dose inoculum
with and without EGF instead of being limited by the absolute
total cell growth. Of the 25,000 cells originally seeded per well,
only approximately 10% adhered in culture and generated
growth. This growth plateau even at very low cell concentrations
suggests that an inhibitory substance may not be the mechanism
of growth inhibition but rather that the cells require some
crucial culture condition or factor in addition to EGF supple
mentation.
These studies indicate that a large percentage of human
tumors, epithelial and mesenchymal, have a dependency for
EGF or EGF-like molecules for growth. Questions such as
whether there are subpopulations within the tumor responsive
to EGF, which stage of tumor differentiation is the exact stage
responsive to EGF, and whether there are other important
growth factors, like /S-transforming growth factor, that interact
and favorably affect tumor growth are being investigated.

