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ABSTRACT

Mutants of the human KB carcinoma cell line resistant to a cytotoxic
conjugate of epidermal growth factor (EGF) and Pseudomonas exotoxin
(PE) were selected. EGF-PE and the drug verapamil, which enhanced
EGF-PE cytotoxicity, were used in the selection process. These mutants
also showed some cross-resistance to PE. All of the EGF-PE resistant
variants displayed lower levels of I2SI-EGF binding, 20-50% of parental

KB levels, without altered affinity for EGF and grew at a slower rate
than the parental cell line KB-3-1. These results indicate that EGF-PE
resistant KB cells have a complex phenotype which includes a reduction
in the number of EGF receptors and reduced sensitivity to unconjugated
PE. Resistance to toxin-conjugates, although pleiotropic, is specific and
does not lead to resistance to multiple other anticancer drugs, nor are
independently selected multidrug resistant KB lines resistant to PE.
These results argue that protocols for cancer treatment could effectively
use specifically designed cytotoxic toxin conjugates as an adjunct to
conventional chemotherapy.

INTRODUCTION

Cell growth is controlled by growth factors that interact with
specific receptors on the cell surface. One of the best studied of
these is the epidermal growth factor receptor (1). Recently this
receptor was shown to be structurally related to the v-erbB
oncogene (2). Human KB cells which contain about 150,000
EGF receptors per cell have been used to determine the pathway
by which EGF3 and the EGF receptor are internalized and
degraded (3, 4). It has also been shown that following EGF-
induced down regulation of the EGF receptor, the level of EGF
receptor mRNA and the rate of EGF receptor synthesis is
increased (5). The EGF receptor in KB cells also appears to be
a good target for conjugates of EGF with toxins. To learn more
about the mechanism of action of EGF and EGF toxin conju
gates, we have begun to isolate mutants of KB cells resistant to
a cytotoxic conjugate composed of EGF and Pseudomonas
exotoxin. Six EGF-PE resistant clones were isolated and char
acterized. This paper describes the isolation and preliminary
biological characterization of these clones. Their biochemical
characterization will be reported elsewhere.4

Recently, toxins coupled to monoclonal antibodies or growth
factors have been proposed as agents for the treatment of human
cancer (6). It is believed this treatment method will supplement
conventional chemotherapeutic agents to which cancer cells
often become resistant. Therefore, one aspect of the EGF-PE
resistant cells that has been given special attention in this work

Received 8/11/86; revised 11/24/86, 3/4/87; accepted 3/10/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

' Present address: Biotechnology Research Center, Meloy Laboratories, Inc.,

4 Research Court, Rockville, MD 20850
1To whom requests for reprints should be addressed, at National Cancer

Institute, NIH, Building 37, Room 4E16, Bethesda, MD 20892.
3The abbreviations used are: EGF, epidermal growth factor; DMEM, Dulbec-

co's modified Eagle's medium; FBS, fetal bovine serum; PE, Pseudomonas exo
toxin A; ET, epidermal growth factor-toxin resistant; PBS, phosphate-buffered
saline.

4.1. Hwang, N. Richer!, I. Pastan, and M. M. Gottesman. manuscript in

preparation.

is whether or not these EGF-PE resistant cells are cross-
resistant to conventional chemotherapeutic agents such as vin-
blastine, Adriamycin, and colchicine, and whether multidrug
resistant cell lines which were specifically selected for resistance
to these chemotherapeutic agents show any cross-resistance to
EGF-PE.

MATERIALS AND METHODS

Materials. Mouse EGF was purchased from Bethesda Research
Laboratories. A monoclonal antibody against the transferrin receptor,
designated HB21, was obtained from American Type Culture Collec
tion, propagated as ascites in BALB/c mice, and purified as described
(7). Pseudomonas exotoxin A was a gift from Dr. S. Leppla, USA
MR110, Fort Detrick, MD. Conjugates of EGF and HB21 with PE
were prepared as previously described (7, 8). Verapamil was a gift from
Knoll Pharmaceutical Co., Whippany, NJ. Ethyl methanesulfonate was
purchased from Sigma Chemical Co. Colchicine, Adriamycin, and
vinblastine were purchased from Sigma. EGF was radioiodinated by
using a method described by Hunter and Greenwood to a specific
activity of 2.7 x 10' cpm/nmol (9).

Cells and Culture. KB cells were obtained from the American Type
Culture Collection, subcloned twice, and a single recloned cell line, KB-
3-1, was used as the parent cell line in this study. On the basis of
karyotype analysis and cell surface antigens, these KB cells appear to
be a I Ida variant. A multidrug resistant subline was derived from KB-
3-1 by a series of step selections in colchicine (10) and grown in 1 Mg/
ml colchicine (KB-C1). Sublines of KB-3-1 resistant to 1 Mg/ml of
Adriamycin or vinblastine (KB-AI and KB-V1, respectively) were se
lected as previously described (11). KB-3-1 and sublines were cultured
in monolayer using DMEM (GIBCO) containing 10% FBS (GIBCO),
penicillin-streptomycin (50 lU/ml and 50 Mg/ml, respectively; GIBCO)
and glutamine (GIBCO) at 1 HIMin a controlled atmosphere of 5%
CO2 (v/v) and 95% air (v/v) at 37Â°C.

Toxin-conjugate resistant sublines were maintained in selective me
dium containing EGF-PE (1.7 nM) and verapamil (10 Mg/ml). Drug
resistant lines were maintained in medium containing the selecting drug
added at 1 Mg/ml. Stock drug solutions (2 mg/ml) of Adriamycin,
vinblastine, and colchicine were prepared in dimethyl sulfoxide (Aid-
rich) and were added to the growth medium at the concentrations
indicated. Cells were propagated as described (10-12).

Selection and Isolation of Mutant Sublines Resistant to EGF-PE.
Mutant sublines of KB-3-1 were selected for resistance to EGF-PE and
isolated as follows. Briefly, cells were treated for 24 h with 150 Mg/ml
of the mutagen ethyl methanesulfonate, and then transferred to fresh
DMEM containing 10% FBS and incubated for 10 days at 37Â°C.EGF-

PE (17 nM) and verapamil (20 Mg/ml) were added, and after 10 h at
37Â°Cthe medium was replaced by fresh medium. Colonies were picked

10-14 days later and recloned in selected medium. Resistant colonies
were designated ET (EGF-toxin resistant). Some clones were recloned
several times in selective medium. Clone 28 was remutagenized with
ethyl methanesulfonate and reselected in medium containing 6.8 nM
EGF-PE and 10 Mg/ml verapamil.

Cell Killing Assay. KB-3-1 cells and sublines of KB-3-1 were grown
for 1 day in medium without toxic conjugate or drugs before use.
Relative plating efficiency was determined by plating 300 cells in 60-
mm dishes overnight in complete medium and then adding the indicated
amounts of EGF-PE, either with or without verapamil (10 Mg/ml) or
drug. After incubation at 37Â°Cfor 8 days, the dishes were stained with

0.5% mÃ©thylÃ¨neblue in 50% ethanol and the number of colonies was
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Fig. 3. Binding of '"I-EGF to sublines of KB-3-1 as a function of '"I-EGF
concentration (left) and Scatchard analysis of '"I-EGF binding to KB-3-1 sublines
(right). KB-3-1 cells (O), 12 (A), 19 (A), 22 (X), 28 (O) (top) and KB-3-1 (O),
sublines 10 (â€¢),and 30 (â€¢)(bottom) were each plated in duplicate at a cell density
of 2 x 10s cells/well in 24-well tissue culture dishes. The medium was replaced
with 0.5 ml of fresh DMEM containing 10% FBS. After l h at 37"C, plates of

cells were chilled on ice for 15 min prior to the addition of various amounts of a
mixture of '"I-EGF and EGF from 0.5 nM to 8 nM and processed as described
in "Materials and Methods."

Table 2 Binding of'"I-EGF to parental and mutant KB cells

CellLineExperiment

1KB-3-1ET-12ET-19ET-22ET-28Experiment

2KB-3-1ET-

10ET-30Kt

(nM)1.010.790.620.540.651.461.501.33Binding
capacity

(receptors/cell)148,00054,60081,00033,00033,600141,00071,40084,000

a cell suspension as previously described (15). Dishes were incubated
at 37Â°Cfor 14 days and colonies were counted and photographed.

RESULTS

Isolation of EGF-PE Resistant Cells. Six independent EGF-
PE resistant clones of KB cells were isolated in a single step as
described under "Materials and Methods." Verapamil, which

increases the killing of KB cells by EGF-PE (12), was included
in the selection medium; no resistant clones could be isolated
in the absence of verapamil. The resistance to EGF-PE of clones
ET-12, ET-19, ET-22, ET-28, and ET-30 was determined in
the presence and absence of verapamil (Fig. 1). All clones were
at least 100-fold resistant to EGF-PE; ET-22 and ET-28 were
over 1000-fold resistant. Verapamil decreased the amount of
EGF-PE required to kill both the parent KB-3-1 and the resist-

60 120 180
INCUBATION TIME AT 37Â°C (MINUTES)

240 360

Fig. 4. Uptake of '"I-EGF at 37'C in sublines of KB-3-1. Uptake of '"I-EGF
by KB-3-1 (â€¢),ET-28, subclone 4 (A), and ET-30, subclone 1 (â€¢)was determined
as described in "Materials and Methods."

10Â«

6

DAYS IN CULTURE
Fig. 5. Growth curves of KB-3-1 and three PE-EGF resistant cell lines. Cells

were plated in 60-mm dishes and at various times duplicate dishes were trypsinized
and counted with a Coulter Counter. Points, mean. KB-3-1 (â€¢);ET-IO (O); ET-
19 (A); ET-28 (D)-

ant clones. However, resistance to EGF-PE was apparent
whether or not verapamil was present. Cell lines cultivated in
the absence of EGF-PE for 3-6 months gradually lost their
drug resistance, so for these studies, all lines were maintained
in selective medium containing 1.7 nM EGF-PE and 10 /xg/ml
verapamil until 1-2 days prior to use. Lines growing in the
presence of EGF-PE and verapamil maintained their phenotype
as described below for more than 2 years, but minor variations
in I25I-EGF binding have been observed (see below).

Cross-Resistance of EGF-PE Resistant Cells to Other Toxins.
Because cells selected with one toxin are frequently cross-
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Fig. 6. Growth of wild-type and mutant cells in agar containing 20% serum. Cell lines were as follows: A, KB-3-1; B, ET-IO; C, ET-12; D, ET-19; E, ET-22; F,
ET-28: O, ET-30.

Table .1 Relative resistance or sensitivity of ET and multidrug resistant lines to
colcHicine, Adriamycin, and vinhlastine

Cloning
efficiency

Fold-resistance
(50% lethal dose)

Colchicine Adriamycin Vinblastine

KB-3-1 48 1 1 1

ETlinesET-IOET-12ET-19ET-22ET-28ET-30Multidrug

resistantlinesClAlVI31416262341419182.92.131.61.60.9263121040.50.41.10.70.90.9IOS293100.91.22.21.20.90.69644167

resistant to other toxins or toxic substances, we examined the
cross-resistance of the EGF-PE resistant cells to Pseudomonas
exotoxin, ricin, diphtheria toxin, and PE coupled to an antibody
to the transferrin receptor (HB21-PE). These studies were done
in a simplified spot assay for cell killing using multiwell dishes.
Cells were incubated with increasing amounts of toxin for 3
days and the amount of toxin reducing cell growth by 50%
(LOâ„¢)was determined visually. A typical result is shown in
Fig. 2 and the data from several experiments are summarized
in Table 1. As expected, the cells also showed a high degree of
resistance to EGF-PE in this assay, although the numbers using
this assay are semiquantitative and not as accurate as those
obtained using the colony-forming assay. These results have
been confirmed in some cases using a colony-forming assay
(data shown in parentheses in Table 1). The ET cells also
showed some cross-resistance to PE and to HB21-PE. There
was minimal cross-resistance to diphtheria toxin. Three of the
resistant clones (ET-IO, ET-28, and ET-30) showed slightly

increased sensitivity to ricin.
EGF Binding of Resistant Cells. Because the resistant cells

were much more resistant to EGF-PE than to PE alone or to
other toxins, it seemed likely that they would have a decreased
number of EGF receptors. The number of EGF receptors and
their affinity for EGF was measured as described under "Ma-

PE-EGF (ng/ml)

Fig. 7. Dose-response curves of the parental KB-3-1 line compared with three
multidrug resistant KB lines and two PE-EGF resistant ET sublines were deter
mined by plating 300 cells in 60-mm dishes, incubating overnight at 37'C. and
16-18 h later adding increasing amounts of PE-EGF. After 8-10 days at 37'C
the dishes were stained as described in "Materials and Methods." KB-3-1 (â€¢);
KB-C1 (O); KB-Al (Â»);KB-V1 (O); ET-12 (A): ET-22 (â€¢).

terials and Methods." The data are shown in Fig. 3 and sum

marized in Table 2. When compared to the parental KB-3-1
cells, all the resistant lines had a decrease in the number of
EGF receptors. Mutant cell lines contained from 22-54% as
much receptor as the parental line. No significant changes in
the KAof EGF binding was detected. Some variation in the
number of receptors was observed in different experiments.
Each cell line was studied at least twice and was always com
pared with the parental cell. The data shown in Table 2 are
representative.

Uptake of '"I-EGF in EGF-PE Resistant Cells. One possible

defect that could account for resistance to EGF would be the
failure to endocytose EGF-containing conjugates. ' "I-EGF up
take was measured in KB-3-1 cells and two resistant lines (ET-
28 and ET-30). Cells were incubated at 4Â°Cfor 2 h in the

presence of 0.5 nM EGF, then washed with ice-cold PBS, and
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their ability to accumulate and degrade EGF was measured
(Fig. 4). Both resistant lines took up less EGF than the parent
line but the kinetics of uptake appeared to be similar to that of
the parental line. Cell supernatants collected after 240 min at
37Â°Cwere analyzed on a PD-10 sizing column for '"I-EGF
degradation (results not shown) and I25I-EGF from parent and

mutant cell lines was completely degraded. These data indicate
that the ability of 2 EGF-PE resistant cells to endocytose EGF
is normal. The reduced amounts of EGF taken up appears to
be related to a decrease in EGF receptor number on the cell
surface.

Growth of EGF-PE Resistant Cells. During the characteriza
tion of these EGF-PE resistant cell lines, we noted that they
appeared to grow more slowly than the parental KB-3-1 cell
line, even in the absence of EGF-PE. To confirm this observa
tion, the growth of the resistant cells was measured under
standard culture conditions on plates and in agar.

Fig. 5 shows growth curves for KB-3-1 and three resistant
cell lines on tissue culture dishes in medium containing 10%
fetal bovine serum (ET-10, 19, and 28). It is evident that the
three clones grow more slowly than the parent and ET-10 and
ET-19 achieve a much lower saturation density. The growth of
the cells was also evaluated in agar containing 10% serum (Fig.
6). After 7 days of growth, all the EGF-PE resistant cells were
found to form fewer colonies and the colonies were small except
for those formed by ET-22. These studies show that most of
the ET resistant cells have a slower growth rate and grow less
well in agar than KB-3-1 cells. There is no correlation, however,
between the rate of growth and their degree of resistance to
EGF-PE.

Resistance of EGF-PE Resistant Sublines to Colchicine, Adri-
amycin, and Vinblastine. Because growth factor-toxin conju
gates or antibody-toxin conjugates may eventually be used to
treat some types of human cancers, cross-resistance of EGF-
PE resistant lines to conventional chemotherapeutic agents was
examined. As shown in Table 3, the EGF-PE resistant lines
were very slightly resistant to colchicine but not to Adriamycin
and vinblastine. Also shown in Table 3 is the level of drug
resistance of three multidrug resistant KB cell lines we have
developed (10, 11). They are highly resistant to colchicine,
Adriamycin, and vinblastine (11).

Resistance of Multidrug Resistant Cells to EGF-PE. We have
isolated multidrug resistant KB cells by selection in either
colchicine (Cl), Adriamycin (Al), or vinblastine (VI). These
mutant cells were examined for their resistance to EGF-PE
(Fig. 7). Very little cross-resistance to EGF-PE was detected in
Al and VI. Cell line Cl appeared to be about 8-fold more
resistant to EGF-PE than KB-3-1. In this experiment ET-10
and ET-22 were found to be 330-fold and >33,000-fold resistant
to EGF-PE. We conclude that cell lines with high resistance to
vinblastine, Adriamycin, and colchicine do not show a high
level of resistance to EGF-PE.

DISCUSSION

Human KB carcinoma cells which express the EGF receptor
were exposed to a toxic conjugate of EGF and PE (EGF-PE)
and six independent resistant clones were isolated. These clones
were at least 100 and in some cases more than 10,000-fold
more resistant than the parental KB-3-1 cell line to PE-EGF.
All the clones had reduced EGF binding, but the binding was
reduced only 2- to 5-fold, not enough to account for the very
high level of resistance to EGF-PE. The mutants were also
moderately cross-resistant to unconjugated Pseudomonas exo-

toxin and another conjugate of Pseudomonas exotoxin with an
antibody to the human transferrin receptor. This cross-resis
tance could reflect a defect in the ability of the cell to respond
to Pseudomonas toxin, as could occur if the toxin were not
entering the cytoplasm, or if the translation apparatus of the
cell were altered.

The rate of EGF uptake and degradation was determined in
two mutants. They displayed the same kinetics as the parental
line, although the total amount of EGF internalized and de
graded was diminished as expected from their somewhat de
creased capacity to bind EGF. Thus, resistance to EGF-PE
appears to result from a pleiotropic phenotype involving a
change in sensitivity to PE, reduced EGF receptor number, and
other unknown changes in the cell, not including a defect in
endocytosis. Since most of the mutants were selected in a single
step, and appeared independently, we assume that these changes
are the consequence of a single mutation. In addition, most of
the mutants have a decreased growth rate and grow poorly in
agar. These changes are also probably due to the same mutation.
To date we have not been able to isolate complete revenants to
see if all these properties are linked. We did not obtain any
mutants which had very low or undetectable levels of EGF
receptoras described in A431 cells (16) and 3T3 cells previously
(17). This result may indicate that KB cells require the EGF
receptor for survival and loss of the receptor is lethal.

Growth factor-toxin conjugates and antibody-toxin conju
gates (immunotoxins) are currently being evaluated as alterna
tive agents for therapy of cancer. Therefore, it was of interest
to determine if the EGF-PE resistant mutants also became
resistant to drugs used for conventional chemotherapy. Some
of the lines were slightly resistant to colchicine but not to
Adriamycin or vinblastine. Conversely, mutant cells with a high
level of resistance to Adriamycin, vinblastine, and colchicine
were effectively killed by EGF-PE, although the multidrug
resistant cells initially selected in colchicine were slightly re
sistant to EGF-PE. These results indicate that conventional
drugs and growth factor-toxin conjugates could be used together
since resistance to one agent does not necessarily confer resis
tance to the other class of agents.

ACKNOWLEDGMENTS

We would like to thank Mark Willingham for preparing the photo
graphs of cells growing in agar, Betty Lovelace for cell culture assist
ance, Ann Schombert and Althea Gaddis for secretarial assistance, and
Ray Steinberg for help with the photography.

REFERENCES

1. Carpenter, G., and Cohen, S. Epidermal growth factor. Ann. Rev. Biochem.,
48: 193-216, 1979.

2. Downward, J., Yarden, Y., Mayeso, E., Scarce, G., Totty. N., Stockwell, P.,
Ullrich, A., Schlessinger, I., and Waterfield, M. D. Close similarity of
epidermal growth receptor and v-erbB protein sequences. Nature (Lond.),
307: 521-527, 1984.

3. Willingham, M. C, and Pastan, I. Transit of epidermal growth factor through
coated pit of the Golgi system. J. Cell Biol., 94: 207-212, 1982.

4. Willingham, M. C., Haigler, H. T., FitzGerald, D. J. P., Gallo, M. G.,
Rutherford, A. V., and Pastan, I. The morphologic pathway of binding and
intemalization of epidermal growth factor in cultured cells. Exp. Cell Res.,
146: 163-175, 1983.

5. Clark, A. J. L., Ishii, S., Richert, N., Merlino, G. T., and Pastan, I. Epidermal
growth factor regulates the expression of its own receptor. Proc. Nati. Acad.
Sci. USA, Â«2:8374-8378, 1985.

6. Thorpe, P. E., Mason, D. W., Brown, A. N. F., Simmonds, S. J., Ross, W.
C. F., Cumber, A. J., and Forrester, J. A. Selective killing of malignant cells
in a leukemic rat bone marrow using an antibody ricin conjugate. Nature
(Lond.), 297:594-596, 1982.

7. FitzGerald, D. J. P., Padmanabhan, R., Pastan, I., and Willingham, M. C.
Adenovirus-induced release of epidermal growth factor and Pseudomonas

2965

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/11/2961/2427793/cr0470112961.pdf by guest on 19 M

ay 2023



EGF-TOXIN CONJUGATE-RESISTANT HUMAN CELLS

toxin into the cytosol of KB cells during receptor mediated endocytosis. Cell,
32:606-617. 1983.

8. FitzGerald, D. J. P., Trowbridge, I. B., Pastan, I., and Willingham, M. C.
Enhancement of toxicity of anti-transferrin receptor antibody Pseudomonas
exotoxin conjugates by adenovirus. Proc. Nati. Acad. Sci. USA, 80: 4134-
4138, 1983.

9. Hunter, W. H., and Greenwood, F. C. Preparation of iodine-131-labeled
human growth hormone of high specific activity. Nature (Lond.), 194: 495-
496, 1962.

10. Akiyama, SI.. Fojo, A., Hanover, J. A., Pastan, I., and Gottesman, M. M.
Isolation and genetic characterization of human KB cell lines resistant to
multiple drugs. Somatic Cell Mol. Genet., //: 117-126, 1985.

11. Shen. D-W., Cardarelli, C., Hwang, J., Comwell, M., Kichert, N., Ishii, S.,
Pastan, I., and Gottesman, M. M. Multiple drug-resistant human KB carci
noma cells independently selected for high-level resistance to colchicine.
Adriamycin or vinblastine show changes in expression of specific proteins.
J. Biol. Chem., 267: 7762-7770, 1986.

12. Akiyama, S-I., Gottesman, M. M., Hanover, J. A., FitzGerald, D. J. P.,
Willingham, M. C., and Pastan, I. Verapamil enhances the toxicity of

conjugates of epidermal growth factor with Pseudomonas exotoxin and
antitransferrin receptor with Pseudomonas exotoxin. J. Cell Physiol., 720:
271-279, 1985.

13. Bradford, M. M. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem., 72: 248-254, 1976.

14. Lyall, R. M., Pastan, I., and Willingham, M. C. EGF induces receptor down-
regulation with no receptor recycling in KB cells. J. Cell Physiol., 122:166-
170, 1985.

15. Gottesman, M. M. Using mutants to study cAMP-dependent protein kinase.
Methods Enzymol., 99: 197-206, 1983.

16. Behzadian, M. A., and Shimizu, N. Variant of A431 cells isolated by ricin
A conjugated monoclonal antibody directed to EGF receptor: phosphoryla-
tion of EGF receptor and phosphatidylinositol. Somatic Cell Mol. Genet.,
//: 579-591, 1985.

17. Schneider, C. A., Lim, R. W., Terwilliger, E., and Herschman, H. R.
Epidermal growth factor-nonresponsive 3T3 variants do not contain epider
mal growth factor receptor related antigens or mRNA. Proc. Nati. Acad. Sci.
USA, Â«J:333-336, 1986.

2966

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/11/2961/2427793/cr0470112961.pdf by guest on 19 M

ay 2023




