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SUMMARY
A series ofAdriamycin-resistant human breast MCF-7 and human
colon DLD-1 cancer cell lines were established by stepwise
selection. The concentration of Adriamycin required to inhibit cell
proliferation by 50% (lCsc) in the parent breast line (MCF-7),
Adriamycin-resistant lines (MCF-Ad5 and MCF-Adl 0), and a 5-
fluorouracil (5-FU)-revertant line (MCF-R) was 0.005, 3.3, 6, and
4.9 �M, respectively. The Adriamycin IC50 value for the resistant
colon line (DLD-Ad) was 8.2 �M, 68-fold higher than that for its
parent line (DLD-1) (IC50 = 0.12 SM). The MCF-Ad5 and MCF-
Adi 0 cells were cross-resistant to 5-FU, with respective 5-FU
IC50 values of 1 1 .7 and 22.5 �M, or 7.3- and 1 4-fold less sensitive
than their parent MCF-7 (IC50 = 1 .6 �zM) line. The MCF-R line
completely reverted in sensitivity to 5-FU, with an IC50 of 1 .7 �M.

The resistant DLD-Ad line was 3.5-fold more resistant to 5-FU
than was the parent DLD-1 line. Using both the 5-fluoro-2’-
deoxyuridine-5’-monophosphate binding and catalytic assays for
measurement of thymidylate synthase (TS) activity, there was
significantly increased TS activity in the resistant MCF-Ad5 (2.4-

and 2.5-fold), MCF-Adl 0 (1 1 .5- and 6.8-fold), and DLD-Ad (4.8-
and 1 0.7-fold) lines, for binding and catalytic assays, respectively,
compared with their parent MCF-7 and DLD-1 lines. The level of
TS in cytosolic extracts, as determined by Western immunoblot
analysis, was markedly increased for the resistant MCF-Ad5 (31-
fold), MCF-Adl 0 (46-fold), and DLD-Ad (52-fold) cells. Measure-
ment of TS mRNA levels by Northern analysis revealed elevation
of TS mRNA in the resistant MCF-AD5 (1 6.7-fold), MCF-Adl 0
(31 -fold), and DLD-Ad (55-fold) cells. Southern analysis showed
that this increase in TS mRNA was not accompanied by any
major rearrangements or amplification of the TS gene. Incorpo-
ration of 5-FU into the RNA and DNA of the resistant MCF-Adl 0
cells was not significantly different, compared with that for parent
MCF-7 cells. These studies suggest that exposure of human
breast and human colon cancer cells to Adriamycin leads to
overexpression of TS, with concomitant development of resist-
ance to 5-FU.

The fluoropyrimidine 5-FU is an important antineoplastic

agent and has displayed clinical efficacy in the treatment of
solid tumors of the breast, head and neck, and gastrointestinal

system (1-3). The established cytotoxic mechanisms of action

of 5-FU have been previously well characterized and include 1)

inhibition of TS by the metabolite FdUMP, with resultant

inhibition of thymidylate formation and subsequent inhibition

of DNA synthesis, 2) incorporation into RNA, and 3) incorpo-

ration into DNA (1-11).

One of the main obstacles to the clinical use of this drug has
been the development of resistance to 5-FU. Various mecha-

nisms of resistance to fluoropyrimidine chemotherapy have

been well described (1, 3, 5, 12-20). They include the following:

1) relative deficiency of the intracellular folate substrate 5,10-

methylene-H4PteGlu, 2) enhanced activities of the catabolic

enzymes acid and alkaline phosphatase, leading to a decreased

intracellular accumulation of the active metabolites, 3) de-

creased levels of anabolic enzyme activities, with consequent

decreased formation of the active metabolites, 4) decreased
incorporation of 5-FU into RNA, and 5) changes in the target
enzyme, TS, including altered affinity for FdUMP or increased
intracellular enzyme activity. Recent studies by Scanlon and

colleagues (21, 22) have shown cross-resistance to 5-FU in a
human ovarian carcinoma A2780 cell line made resistant to

cisplatin. Their analysis revealed that the resistance to 5-FU
was due to a 3-fold increase in TS expression.

In the present study, we have established Adriamycin-resist-
ant human breast MCF-7 and human colon DLD-1 carcinoma

cell lines, by stepwise increases in the selective concentration
of Adriamycin. These lines were markedly resistant to Ad.ria-

mycin and, as well, were cross-resistant to 5-FU. These Adria-
mycin-resistant cell lines showed significant overexpression of
TS, which appears to be associated with the development of
resistance to 5-FU.

Materials and Methods
Chemicals. 5-FU, dUMP, dextran (clinical grade), bovine serum

albumin fraction V, and acid-washed activated charcoal were purchased
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from Sigma Chemical Co. (St. Louis, MO). Adriamycin was supplied

by Adria Laboratories (Columbus, OH). [6-3H]FdUMP (18 Ci/mmol),
[5-3H]dUMP (20 Ci/mmol), [methyl-3Hjthymidine (60 Ci/mmol), and

[6-3H]5-FU (20 Ci/mmol) were purchased from Moravek Biochemicals
(Brea, CA). 5’-[a-32P]dCTP (3000 Ci/mmol) was obtained from New

England Nuclear (Boston, MA). All other chemicals were obtained

from Sigma Chemical Co. or the National Institutes of Health supply

room.

Cell culture. The origin of the human breast cancer MCF-7 cell

line has been previously well described (23). The resistant sublines that

were selected in vitro in a stepwise fashion for resistance to Adriamycin
were maintained in medium containing Adriamycin at concentrations

of 5 or 10 MM, for the MCF-Ad5 and MCF-AdlO lines, respectively.
The MCF-R line was derived by maintaining the MCF-AdlO line in

the absence of Adriamycin. The human colon cancer DLD-1 cell line

was generously provided by Dr. A. Fojo (Medicine Branch, National

Cancer Institute, Bethesda, MD). The resistant DLD-Ad line was
selected in vitro for resistance to Adriamycin and was maintained in

medium containing Adriamycin at a concentration of 5 �zM. Cell lines
were grown in 75-cm2 plastic tissue culture flasks (Falcon Labware,

Oxnard, CA), in growth medium containing RPMI 1640 with 10%

dialyzed fetal bovine serum and 2 mM glutamine. Dialyzed fetal bovine

serum was purchased from GIBCO (Grand Island, NY). All other

medium components were obtained from Biofluids Co. (Rockville, MD).

All of the resistant cell lines used in these experiments were maintained

in the absence of Adriamycin for a minimum of 1 week before study.

Cell growth studies. Plastic 25-cm2 tissue culture flasks (Falcon
Labware) were seeded with 4.9-ml suspensions of 4-5 x i0� cells/ml

MCF-7, MCF-Ad5, MCF-AdlO, MCF-R, DLD-1, and DLD-Ad cell
lines and were incubated at 37’. After a 24-hr incubation, 0.1 ml of 5-

FU or Adriamycin at various concentrations was added to each flask.
Sterile water (0.1 ml) was added to control flasks. All experiments were

carried out in duplicate. After a 72-hr incubation at 37’, cells were

trypsinized and counted using a ZBI Coulter counter (Coulter Elec-

tronics Inc., Hialeah, FL). The concentration of drug that produced
50% inhibition of cell growth was determined from the plot of percent-

age of control growth (cell number) versus the logarithm of drug

concentration.

In the thymidine-reversal growth experiments, the parent MCF-7

and resistant MCF-AdlO lines were treated with thymidine, at a final
concentration of iO� M, and 5-FU, at final concentrations of 10_6, 3 x
10-6, i0-�, and 3 x iO-� M. The cells were incubated at 37’ for 72 hr,

after which the cells were harvested and counted as described above.
The doubling times for the MCF-7, MCF-Ad5, MCF-AdlO, MCF-R,

DLD-1, and DLD-Ad lines were 18, 22, 24, 20, 18, and 22 hr, respec-
tively.

Measurement of DNA synthesis. Human breast MCF-7, MCF-
Ad5, and MCF-AdlO cancer cells, in the logarithmic phase of growth,

were incubated with 1 �Ci/ml [methyl-3H]thymidine (specific activity,

60 Ci/mmol) for 30 mm. The cells were denatured with 2 ml of 10%

trichloroacetic acid and washed four times with ice-cold PBS, and the
precipitated macromolecules were then solubilized with 1 ml of 1 M

NaOH. A 0.5-ml aliquot of the solubilized preparation was assayed for

radioactive counts, by being dissolved in 10 ml of liquid scintillation
fluid (3a70B; Research Products Internatl. Corp., Mt. Prospect, IL)

and counted in a liquid scintillation counter. The remainder of the

preparation was assayed for protein content, according to the method

ofBradford (24).

DNA synthesis in human breast MCF-7, MCF-AdlO, and MCF-R

cancer cells was also determined by autoradiography, as described by

Baserga and Malamud (25) and Whang-Peng et al. (26). In brief, cells
in the logarithmic phase of growth were incubated with 1 �sCi/ml

[methyl-3H]thymidine (specific activity, 60 Ci/mmol) for 2 hr at 37’.

Cells were harvested in 10 ml of a hypotonic solution of 1% sodium

citrate/0.075% potassium chloride. Autoradiography was performed on

slides of acetic acid/ethanol-fixed cell suspensions, with Kodak NTB-
2 autoradiography emulsion (Eastman Kodak, Rochester, NY). After

an exposure time of 3 days at 4’, autoradiograms were developed in

Kodak D-19b for 4 mm at 15’ and fixed in Kodak F5. The slides were

then stained with Giemsa for cell counting. The thymidine labeling

index was determined by scoring 1000 cells on slides prepared from

each cell line and was defined as the percentage ratio between labeled

and total tumor cells.

TS binding assay. Human breast MCF-7, MCF-Ad5, MCF-AdlO,

and MCF-R and human colon DLD-1 and DLD-Ad cancer cells, in the

logarithmic phase of growth, were washed three times with PBS,

harvested, and resuspended in 0.1 M KH2PO4, pH 7.2. Cell lysis was

accomplished by sonication using three 2-3-sec bursts. The extracts

were centrifuged at 10,000 x g for 30 mm, and the supernatants were

immediately assayed. The reaction was carried out in a total volume of

200 z1, containing 75 �M 5,10-methylene-H4PteGlu, 3 pmol of [6-3H]

FdUMP, 100 mM 2-mercaptoethanol, and 50 mM KH2PO4, pH 7.2.

Samples were incubated at 37’ for 30 mm, following which 1 ml of a
buffered charcoal slurry (prepared by mixing 10 g of acid-washed
activated charcoal with 2.5 g ofbovine serum albumin, 0.25 g of dextran,

and 100 ml of ice-cold water) was added. The mixtures were vortexed,

allowed to stand at room temperature for 10 mm, and then centrifuged

at 10,000 x g for 30 mm. An 8O0-�tl sample of the supernatant was

counted by liquid scintillation. The results were corrected for exchange

of [3H]FdUMP with bound nonradioactive FdUMP present in the

cytosols. We have previously shown that 7% of FdUMP bound to TS

is exchanged during 30 mm under our assay conditions (27). Control

experiments were performed, in which varying concentrations of Adri-

amycin (i0� to 10_6 M) were added to the reaction mixtures. The
inclusion of Adriamycin did not change the absolute levels of TS.

TS catalytic assay. Cell extracts from MCF-7, MCF-Ad5, MCF-

AdlO, MCF-R, DLD-1, and DLD-Ad lines were obtained as described

above. The assay was performed in a final volume of 200 zl, containing

i0� M [5-3H]dUMP, 100 mM 2-mercaptoethanol, 50 mM KH2PO4, pH

7.2, and 50 �zl of cytosolic extract. Samples were incubated at 37’ for

30 mm. The reaction was stopped by addition of 100 �tl of ice-cold 20%

trichloroacetic acid. Unmetabolized [5-3H]dUMP was removed by ad-

dition of 200 �sl of an albumin-coated activated charcoal solution. The

samples were vortexed and allowed to stand at room temperature for

10 mm. The charcoal was sedimented by centrifugation at 10,000 x g
for 30 mm. A 250-�zl sample of the supernatant was then assayed for
[3H1H20 radioactivity by liquid scintillation counting.

FdUMP affinity determination (K�). Cell extracts from MCF-7

and MCF-AdlO were obtained as described above. The assay was

performed in a final volume of 200 �zl, containing 75 �zM 5,10-methylene-
H4PteGlu, [6-3H]FdUMP at concentrations ranging from 40 pM to 40
nM, 100 zM 2-mercaptoethanol, 50 mM K2P04, and aliquots of cytosol

(50 Ml). The reaction mixtures were incubated for 30 mm at 37’,

enzyme-bound and free [6-3H]FdUMP was determined, and affinity
calculations were performed as previously described by Lockshin and

Danenberg (28).

Incorporation of 5-FU into nucleic acids. Exponentially growing

human breast MCF-7, MCF-AdlO, and MCF-R cancer cells were

treated with [3H]5-FU (1 �sM; final specific activity, 40 �Ci/mmol) for
4 hr at 37’. The cells were then washed three times with ice-cold PBS

and fractionated for RNA and DNA fractions, as outlined previously
by Chu and Fischer (29, 30) and Harkrader et al. (31). Cellular RNA

was hydrolyzed in 0.2 M NaOH, and DNA was hydrolyzed in 1 M

perchloric acid. Then, 200-�tl samples of the hydrolysates were added

to scintillation vials containing 10 ml of 3a70B counting cocktail, and
tritium radioactivity was measured in a Packard Tricarb liquid scintil-

lation counter.

Isolation of total RNA. Human breast and human colon cancer
cells were harvested from 150-cm2 tissue culture flasks with a rubber

policeman and washed three times with ice-cold PBS, and their total

RNA was isolated according to the method of Chomczynski and Sacchi

(32). After extraction, the RNA was stored at -80’ for use in Northern

blot analysis.

RNA blot hybridization (Northern) analysis. For Northern
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transfer analysis, 30 sg/sample of total cellular RNA were denatured,

fractionated on a 1 % formaldehyde-agarose gel, and transferred to a

Nytran filter membrane (Schleicher and Schuell, Keene, NH), by a

modification of the method of Ayusawa et al. (33). The membrane was

baked for 2 hr at 80’ in a vacuum oven. Prehybridization of the
membrane for 2 hr at 42’ in 50% formamide, 5x SSC, 5x Denhardt’s

solution, 20 mM Na2HPO4/NaH2PO4, pH 7.4, 200 �g/ml salmon sperm
DNA, 0.1% SDS, was then followed by hybridization for 24 hr in the

same solution with 1 x i0� cpm/ml 32P-labeled nick-translated TS
cDNA probe. The cDNA for human TS was a generous gift from Dr.

T. Seno (Saitama Cancer Center Research Institute, Saitama-ken,
Japan). The hybridized filter was initially washed twice with 2x SSC

at room temperature, followed by a 1-hr wash at 65’ with 0.2x SSC,
0.1% SDS. Autoradiography was performed using Kodak XAR-5 film

exposed for 2-4 dayS at -70’.

Western immunoblot analysis. Human breast and colon cancer

cells were harvested in PBS and centrifuged at 1000 x g for 10 mm at
4’ . Cell extracts were then prepared as described above. Protein con-

centrations were determined by the Bio-Rad protein assay (24), and
equivalent amounts of protein from each sample were resolved by SDS-

polyacrylamide gel electrophoresis, using 15% acrylamide, according to

the method of Laemmli (34). The gels were then electroblotted onto
nitrocellulose membranes. Antibody staining was performed with the

use of a TS polyclonal primary antiserum (Vioooo dilution) and a horse-

radish peroxidase-conjugated secondary antibody (‘/ioooo dilution) (Bio-

Had Laboratories, Richmond, CA). The TS polyclonal antibody was
raised against HeLa TS in rabbits and was a generous gift from Dr. B.

Yates and Dr. I. K. Dev (Wellcome Research Laboratories, Burroughs
Wellcome Co., Research Triangle Park, NC).

Extraction and analysis of DNA. Exponentially growing cells
were washed twice with ice-cold PBS, scraped with a rubber policeman,

and treated with a nucleic acid extraction buffer, containing 1% SDS,

0.4 M NaC1, 10 mM EDTA, 10 mM Tris . HC1, pH 7.6, and proteinase
K (150 �sg/ml), at 37’ for an overnight incubation. After phenol/

chloroform extraction and ethanol precipitation, nucleic acids were
then treated with RNase (100 �sg/ml) at 37’ for 1 hr. A repeat phenol/

chloroform extraction and ethanol precipitation were performed, after
which the DNA was dissolved in 2 mM Tris . HC1, pH 7.4, 1 mM
EDTA. Southern analysis was done by digestion of 15 �sg of the isolated
genomic DNA with the appropriate restriction endonucleases, fraction-
ation of the DNA fragments on 0.8% agarose gels, and transfer to a
Nytran filter membrane (Schleicher and Schuell). The membrane was

hybridized to a 32P-radiolabeled human TS cDNA insert probe and
then processed exactly as described above for the Northern blot analy-

sis.

Protein determination. Protein concentration was determined
according to the Bio-Rad protein assay, based on the Bradford dye-
binding procedure (24).

Results

In vitro cytotoxicity studies. The MCF-Ad5 and MCF-

AdlO human breast cancer cell lines were selected sequentially

by exposure of the parent MCF-7 line to stepwise increases in

Adriamycin concentration in the selection medium. Once the

degree of resistance remained stable at each step (the IC50 was

the same in two successive determinations), the cells were then

maintained in 5 or 10 �zM Adriamycin, respectively. As shown

in Table 1, the growth inhibition assay revealed that the

Adriamycin 1C50 values for the MCF-Ad5 and MCF-AdlO lines

were 4.3 and 9 zM, respectively. These lines were 860- and

1800-fold more resistant to Adriamycin than was the parent

MCF-7 line (IC50 = 5 nM). The MCF-R line remained resistant

to Ad.riamycin (IC50 4.9 sM), despite being in drug-free

medium for up to 40 weeks. The sensitivity of these four cell

lines to 5-FU was then determined. The 5-FU IC50 values for

TABLE 1
Growth-inhibitory effect (ICse) of 5-FU and Adriamycmn against
human breast cancer (MCF-7) cells and human colon cancer (DLD-
1) cellsin culture
Human breast and colon cancer cells in the exponential phase of growth were
incubated with Adriamycin (1 0� to 1 0’#{176}M) and 5-FU (1 0� to 10� M) at 37#{176}for
72 hr. The lC� values (concentrations producing 50% growth inhibition) were
determined as described in Materials and Methods. The McF-7 line represents the
parent breast cancer line, and MCF-R is the revertant line of MCF-Adl 0 that was
maintained in the absence of Adriamycin for more than 40 weeks. The resistant
MCF-Ad5 and MCF-Adl 0 lines were maintained in Adnamycin concentrations of 5
and 10 �M, respectively. The DLD-1 line represents the parent colon cancer line,
and OLD-Ad was maintained in 5 �M Adnamycin. Results shown represent mean
± standard error from at least five separate experiments, each done in duplicate.

IC�
Get line

Adriamycin 5-FU

MM

MCF-7 0.005 ± 0.001 1 .6 ± 0.5
MCF-Ad5 4.30 ± 1 .20 1 1 .7 ± 2.8
MCF-AdlO 9.00 ± 1.20 22.5 ± 2.6
MCF-R 4.90 ± 1 .00 1 .7 ± 0.7
OLD-i 0.10 ± 0.04 8.2 ± 0.2
DLD-Ad 7.20 ± 1 .40 29.0 ± 3.5

the MCF-Ad5 and MCF-AdlO lines were markedly increased,

11.7 and 22.7 �tM, respectively, whereas the parent MCF-7 and

the MCF-R lines had respective IC50 values of 1.6 and 1.7 �tM.

In all determinations of Adriamycin and 5-FU cytoxicity

against the resistant cell lines, at least four concentrations of

each drug were tested against parent MCF-7 cells, to ensure

that the cytotoxic activity of the drug was consistent from one

experiment to the next.

The stability of the resistance phenotype in the absence of

Adriamycin was examined in the most resistant line, MCF-

AdlO (Fig. 1A). When this line was passaged without Adria-

mycin for 2, 4, 8, 12, and 40 weeks, the Adriamycin IC50

remained unchanged. In contrast, the resistance of this cell line

to 5-FU required the continued presence of Adriamycin in the

growth medium. The 5-FU 1C50 decreased to 6 �sM when these

cells were drug-free for 2 weeks, and by 4 weeks these MCF-R

cells had reverted to a sensitivity to 5-FU that was indistin-

guishable from that of the parent MCF-7 cells, with an IC50 of

1.7 �sM. When the MCF-R cells were then regrown and main-

tamed in 10 �M Adriamycin, they quickly regained resistance

to 5-FU. These cells were 3-fold resistant to 5-FU 2 weeks after

being placed in drug-containing medium (Fig. 1B). By 10 weeks,

these MCF-R cells were maximally resistant to 5-FU, with an

IC50 of 25 �zM (Fig. 1B).

Similar growth studies were performed on the human colon

carcinoma line DLD-1 and its corresponding Adriamycin-re-

sistant line, DLD-Ad. The DLD-Ad line was 68-fold more

resistant to Adriamycin than its parent DLD-1 line. As seen in

Table 1, when these lines were tested for sensitivity to 5-FU,

the DLD-Ad line was 3.5-fold more resistant to 5-FU than was

the DLD-1 parent line. When the DLD-Ad line was passaged

without Adriamycin for more than 4 weeks, its sensitivity to 5-

FU was identical to that of the parent cell line, with an IC50 of

8 �tM (data not shown).

In the thymidine-reversal growth studies, the presence of

thymidine completely protected against the growth-inhibitory

activity of 5-FU, in both the parent and resistant MCF-AdlO

cells (data not shown). These results suggest that inhibition of

TS or some other DNA-mediated process may be an important

determinant of 5-FU cytotoxicity in these two cell lines.
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Fig. 1. A, Effects of maintenance in Adriamycin-free medium on resist-
ance of MCF-Adi 0 to 5-FU and Adnamycin. The MCF-Adi 0 line was
incubated in the absence of Adnamycin and, at the intervals indicated,
was assayed for sensitivity to 5-FU (#{149})and Adnamycin (0), as described
in Materials and Methods. lCse values were determined using at least
five drug concentrations, with each concentration assayed in duplicate.
B, The MCF-R line was incubated in the presence of i 0 �M Adnamycin
and, at the intervals indicated, was assayed for sensitivity to 5-FU, as
described in Materials and Methods.

Measurement of DNA synthesis. Incorporation of [3H}

thymidine into DNA was the same for parent MCF-7 (2.1
nmol/mg of DNA) and revertant MCF-R (2.3 ± 0.2 nmol/mg

of DNA) cells. There was a slight increase in thymidine incor-

poration into the DNA of the resistant MCF-AdlO (3.0 ± 0.2

nmol/mg of DNA) cells.
When light microscopic autoradiography with [3H]thymidine

was performed to more accurately determine the proliferative

activity of each of these cell lines, the thymidine labeling index

for the parent MCF-7 (47 ± 2%), resistant MCF-AdlO (41 ±

4%), and revertant MCF-R (46 ± 3%) cell lines was equivalent.

TS as a determinant of resistance. Increased expression
of the critical target enzyme, TS, is a principal mechanism of

resistance to 5-FU. TS activity, as measured by the FdUMP

binding assay, was 2.4- and 11.5-fold increased in the resistant

MCF-Ad5 and MCF-AdlO lines, respectively, when compared
20 with the TS activity in the parent MCF-7 line (Table 2). These

values were significantly different for both the MCF-Ad5 (P2 =

0.04) and the MCF-AdlO (P2 0.0001) lines, when compared
16 with the parent cell line. The revertant MCF-R and parent

MCF-7 lines had equivalent TS activity. Measurement of

� FdUMP binding activity in the human colon DLD-Ad line2 � revealed a 4.8-fold increase in TS level, compared with its

parent DLD-1 line (P2 = 0.0001). We found that the relative

8 � differences in TS levels among parent and Adriamycin-resist-
ant human breast and colon cancer cells were equivalent when

s� standardized either to cytosolic protein concentration or to cell

4 count (data not shown).

Using the FdUMP binding assay, TS activity in sensitive

MCF-7 and resistant MCF-AdlO cells was measured following

24-hr exposure to concentrations of either 1 jsM Adriamycin or

1 �zM 5-FU. There were no measurable differences in TS activity

after exposure to either drug, when TS activities measured

before and immediately after acute drug exposures were corn-

pared (data not shown).

TS activity, as measured by the catalytic assay, was 2.7- and

6.8-fold increased in the MCF-Ad5 and MCF-AdlO lines, re-

spectively, when compared with the parent MCF-7 line (Table

2). The MCF-R line had slightly lower TS catalytic activity

than the parent MCF-7 line. The resistant DLD-Ad line had

10.7-fold increased TS catalytic activity, compared with its

parent DLD-1 line.

In all of these experiments measuring TS activity, the Adri-

amycin-resistant cell lines were maintained in medium without

Adriamycin for at least 1 week. We also measured TS activity

in the resistant MCF-Ad5 and MCF-AdlO lines when these cell

lines were maintained in Adriamycin-containing media. Under

these conditions, as determined by the FdUMP binding assay,

TS activity was equivalent to that obtained when these cells

were maintained in the absence of Adriamycin (data not

shown).

The tightness of binding of FdUMP to TS extracted from

both sensitive MCF-7 and 5-FU-resistant MCF-AdlO breast

cancer cells was determined by measuring the respective dis-

sociation constants, Kd, of their TS-FdUMP-5,10-methylene-

H4PteGlu complexes. There was no difference in TS binding

affinity, inasmuch as the K,, values for FdUMP binding to TS

of the sensitive MCF-7 and resistant MCF-Ad cells were 0.67

and 0.61 nM, respectively (data not shown).

Western immunoblot analysis. Cell extracts were ana-

TABLE 2
TS activity in human breast and human colon cancer cells
Human breast and human colon cancer cells in the logarithmic phase of growth
were harvested, and cytosolic extracts served as the source of enzyme. TS activity
was determined using the FdUMP binding and catalytic assays, as described in
Materials and Methods. Results shown are mean ± standard error of at least four
separate experiments, each done in duplicate. The MCF-Ad5 (P2 = 0.04), McF-
AdlO (P2 0.0001), and DLD-Ad (P2 = 0.0001) lines were associated with a
significantly increased level of TS, as determined by the FdUMP binding assay.
Statistical analysis was performed using a two-tailed Students t test.

Ce� hoe �nd� assay Cata� assay

pinol/mg ofprotein pmol/min/mg o(proteu�

MCF-7 0.16 ± 0.04 4.0 ± 0.2
MCF-Ad5 0.38 ± 0.09 1 1.0 ± 3.0
MCF-AdiO 1.84 ± 0.27 27.0 ± 5.0
MCF-R 0.ii ± 0.05 2.4 ± 0.2
OLD-i i .45 ± 0.07 3.7 ± 0.i4
OLD-Ad 7.00 ± 0.30 39.6 ± 2.iO
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lyzed by Western blot, to determine whether the differences in

TS activities corresponded to changes in the amount of im-

munoreactive enzyme, as illustrated in Fig. 2. Equivalent

amounts of total cytosolic protein (200 jig) were loaded onto

each lane. In addition, 1 ng of purified human recombinant TS

(a generous gift from Dr. Daniel Santi, Department of Bio-

chemistry and Biophysics, University of California, San Fran-

cisco) was loaded onto one lane, to verify the migration position

of TS. The primary TS antiserum employed in these experi-

ments was polyclonal in nature and, thus, stained a number of

bands. It is known, however, that the molecular weight of the

denatured monomeric form of TS is 35,000, which was con-

firmed by the position of staining with purified human recom-

binant TS. As seen in Fig. 2, lanes B and E, representing MCF-

7 and MCF-R, reveal no staining for TS. However, Fig. 2, lanes
C and D, representing MCF-Ad5 and MCF-AdlO, reveal signif-

icant staining for TS. Negligible amounts of TS were noted in

the parental human colon cancer DLD-1 line (Fig. 2, lane F),

whereas there is significant TS in Fig. 2, lane G, representing

DLD-Ad. Quantitation of the band densities by densitometric
scanning of photograph negatives revealed 31- and 46-fold

increased expression of TS, respectively in the MCF-Ad5 and

MCF-AdlO lines. Similar analysis of the human colon cancer
lines showed a 52-fold increased expression of TS in the resist-

ant DLD-Ad line.
RNA blot hybridization and Southern blot analysis.

Analysis of TS mRNA levels by Northern blot hybridization

(Fig. 3) revealed a single 1.6-kilobase mRNA species that

hybridized with the radiolabeled human TS cDNA. There were

16.7- and 31-fold elevated TS mRNA levels, respectively, in the

MCF-Ad5 (Fig. 3, lane D) and MCF-AdlO (Fig. 3, lane C) lines,

compared with the parent MCF line (Fig. 3, lane A). The

revertant MCF-R line (Fig. 3, lane B) had the same level of TS

mRNA as the parent MCF-7 line. There were 55-fold increased

TS mRNA levels in the DLD-Ad cells (Fig. 3, lane F), compared

with parental DLD-1 cells (Fig. 3, lane E). The mRNA from

each of these lines appeared intact and equally loaded and

transferred, based on ethidium bromide staining of the gel and

on hybridization analysis of the blot with a radiolabeled human

/3-actin probe (Fig. 3).

In order to determine the potential roles of structural gene

kD A BCDE F G

50-

39-

27 -

Fig. 2. Western immunoblot analysis of TS from parent and Adriamycin-
resistant MCF-7 and OLD-i cells. Cytosolic extracts from cells in the
exponential phase of growth were prepared as described in Materials
and Methods. Proteins (200 �g) were resolved on a SDS-polyacrylamide
gel. Staining of the Western blot was performed using polyclonal TS
primary antiserum (1/i� dilution) and horseradish peroxidase-conju-
gated secondary antibody (1/ioooo dilution). Human recombinant TS pro-
tein (i ng) was applied to the gel to verify the position of TS staining
(lane A). Proteins were from parent MCF-7 (lane B), resistant MCF-Adi 0
(lane C) and MCF-Ad5 (lane D), revertant MCF-R (lane E), parent OLD-i
(lane F), and resistant OLD-Ad (lane G) cells. Quantitation of signal
densities was performed by densitometric scanning (Beckman DU-65
spectrophotometer).

ABCDEF

Fig. 3. Northern blot analysis of TS mRNA in parent and Adriamycin-
resistant MCF-7 and OLD-i cells. Total RNA (30 �cg) from each cell line
was fractionated on a 1% formaldehyde-agarose gel, transferred to a
Nytran membrane, hybridized with 32P-radiolabeled TS cONA insert, and
autoradiographed, as described in Materials and Methods. TS mRNA is
1 .6 kilobases. The filters were then stripped of the TS probe and
rehybndized with a human �3-actin probe, to control for loading and
integrity of mRNA. RNAs were from parent OLD-i (lane E), resistant
OLD-Ad (lane F), resistant MCF-Adi 0 (lane C) and MCF-Ad5 (lane 0),
revertant MCF-R (lane B), and parent MCF-7 (lane A) cells. Quantitation
of signal densities was performed by densitometric scanning (Beckman
OU-65 spectrophotometer).

TABLE 3
Incorporation of 5-FU into RNA and DNA of human breast cancer
cells

Human breast cancer cells in the exponential phase of growth were incubated with
[6-3H]5-FU (1 MM; final specific activity, 40 MCi/mmol) at 37#{176}for 4-hr. Cells were
extracted and fractionated for RNA and DNA, as described in Materials and
Methods. Results shown are mean ± standard error of at least four separate
experiments.

Cefiline
5-FU incorporation

RNA DNA

pmol/mg of RNA pmol/mg of DNA

MCF-7 30 ± i .0 0.46 ± 0.08
MCF-AdiO i5 ± 6.8 0.80 ± 0.iO
MCF-R i9 ± 5.i 0.42 ± 0.05

rearrangement and amplification in TS mRNA elevation,

analysis of TS genes in parent and resistant MCF-7 and DLD-

1 lines by Southern blotting of genomic DNA was performed.

The genomic DNAs were digested with restriction endonu-

cleases HindIII and EcoRI, fractionated by agarose gel electro-

phoresis, and transferred onto a Nytran membrane. The blots

were then incubated with a radiolabeled human TS cDNA

insert. All the DNA fragments generated by restriction diges-

�- TS tion were of the same size and intensity in the parent MCF-7
and resistant DLD-1 lines, suggesting no significant re-

arrangements of gene structure or amplification of TS-specific

DNA (data not shown).

Incorporation into nucleic acids. Incorporation into both
RNA and DNA has been correlated with 5-FU cytotoxicity in

a number of in vitro and in vivo systems. Consequently, we

determined the amount of 5-FU incorporation into both of

these nucleic acids. As shown in Table 3, the level of 5-FU

incorporation into the RNA of the most resistant line, MCF-

AdlO, was 50% of that found in the parent MCF-7 line. The

extent of 5-FU incorporation into the RNA of the revertant

MCF-R line, however, was 60% of that in the parent cell line
and not significantly different from that obtained in the MCF-

AdlO line, 19 pmol/mg versus 15 pmol/mg, respectively.
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The levels of 5-FU incorporation into the DNA of MCF-7
and MCF-R cells were equivalent, whereas the resistant MCF-
AdlO line had 2-fold greater levels of incorporated fluorinated

pyrimidines in its DNA (Table 3).

Discussion

The results of the present study demonstrate that human
breast MCF-7 and human colon DLD-1 cancer cells selected

for resistance to Adriamycin develop cross-resistance to 5-FU.
Although the degree of cross-resistance to 5-FU is substantially

less than the degree of resistance to the selecting agent, Adri-

amycin, this observation is consistent with that reported by

others, in that the greatest resistance occurs against the select-

ing agent and cross-resistance to other drugs is less (35-37).

Comparison of the stability of the resistance phenotype in the
breast cancer cell lines, however, reveals a significant difference

between these two agents. When resistant MCF-AdlO cells

were maintained in Adriamycin-free medium for up to 8

months, there was no change in Adriamycin IC50 values. In

contrast, there was a dramatic decrease in the relative 5-FU

resistance when these cells were removed from Adriamycin-

containing medium for a 4- to 6-week period.
Previous studies have defined overexpression of multidrug-

resistance gene (mdr-1) mRNA and its protein product, P-

glycoprotein (38), as well as overexpression of glutathione-S-

transferase (39), as playing potentially important roles in the

development of resistance to Adriamycin in these resistant
MCF-7 breast cancer cells. Our studies demonstrate that the

process of Adriamycin selection resulted in significantly in-

creased expression of TS. This result has been confirmed using

biochemical methods, including FdUMP binding and TS cata-
lytic assays, as well as Western immunoblot analysis. A resist-

ant human colon cancer line, DLD-Ad, was established by

exposure of the parent DLD-1 line to Adriamycin-containing
medium. As noted in the resistant breast cancer cells, there
was a similar increase in TS protein expression in the resistant

DLD-Ad line. Moreover, this increase in TS level was associ-
ated with development of cross-resistance to 5-FU. The asso-

ciation between intracellular levels of TS protein and 5-FU

sensitivity is further strengthened by the characteristics of the

revertant MCF-R line, in which the cells have regained sensi-

tivity to 5-FU and have a similar TS level and catalytic activity

as the parent MCF-7 line. Thus, taken together, these findings

indicate that the specific mechanisms of resistance to Adria-
mycin and to 5-FU in these cell lines are different. However,

the continued selective pressure of Adriamycin within the

growth medium appears to be a critical factor in establishing

and maintaining the enhanced intracellular expression of TS
protein and subsequent cross-resistance to 5-FU.

A number of studies have previously demonstrated that TS

is expressed primarily in the S phase of the cell cycle (40-45).
Given these earlier studies, we determined whether Adriamycin

might be affecting the proportion of cells in the S phase, for

the Adriamycin-resistant cells. We used two different tech-

niques; the first was a thymidine incorporation study and the

second was an autoradiographic study of thymidine labeling
index, to assess the proliferative rate of these cells. Our results

indicate that the increased expression of TS protein in the

Adriamycin-resistant MCF-AdlO cells is not due to an en-

hanced rate of DNA synthesis in these cells, because the levels

of thymidine incorporation and the thymidine labeling indices

ofthe parent MCF-7, resistant MCF-AdlO, and revertant MCF-

R cells were equivalent.

Although the direction of change in TS expression, as deter-

mined by the biochemical TS binding assay and the Western

immunoblot system, was equivalent for parent, resistant, and

revertant human breast and colon cancer cell lines, the relative

changes in TS levels were different. In all the cell lines exposed

to Adriamycin, the Western immunoblot analysis revealed a

more dramatic increase in TS than did the TS binding assay.

Our Scatchard analysis of the TS protein from parent MCF-7

and resistant MCF-AdlO cells revealed no alterations in affinity
of TS for FdUMP, suggesting that the TS protein in these two
lines was qualitatively the same. Although differences in sen-

sitivity between the two assays may account for some of this

observed discrepancy, it is conceivable that some of the in-

creased amount of immunoreactive TS protein is biologically

nonfunctional.
The increase in immunoreactive TS in the Adriamycin-

resistant breast and colon cancer cells was associated with
changes in the steady state levels of TS mRNA. As shown in

Fig. 3, Northern blot hybridization revealed significant eleva-

tions in TS mRNA content in the resistant MCF-Ad5, MCF-

AdlO, and DLD-Ad cells, compared with revertant MCF-R and
parent MCF-7 and DLD-1 cells. This increase in TS mRNA,

however, was not the result of amplification or structural gene

rearrangements in the TS gene, because Southern analysis did

not suggest any qualitative or quantitative differences between

resistant and parent human breast and colon lines. Thus, the

increase in overall TS activity and the increase in immunore-
active cytosolic TS in the resistant breast and colon cancer

cells suggest either a transcriptional or a posttranscriptional

regulatory event. Scanlon and co-workers (21, 22) previously

reported that human ovarian cancer A2780 cells made resistant
to cisplatin were cross-resistant to 5-FU. Furthermore, their

study provided evidence suggesting that the expression of TS

protein in this cisplatin-resistant line was regulated at a tran-

scriptional level. A number of other studies have also shown

that expression of the TS gene is controlled at both the tran-

scriptional and posttranscriptional levels (42-47).

We have examined other potential mechanisms that might

contribute to the development ofthe 5-FU resistance phenotype

in the Adriamycin-resistant breast cancer cells. Specifically, we

have compared the level of 5-FU incorporation into the RNA

and DNA of resistant MCF-AdlO and parent MCF-7 cells. As

seen in Table 3, there was 2-fold less incorporation of 5-FU
into RNA of the resistant line, compared with its parent line.

However, the revertant MCF-R line had the same level of
incorporated 5-FU as the resistant line from which it was

derived. Thus, this result, along with the fact that the revertant

MCF-R line had completely regained sensitivity to 5-FU, sug-
gests that the decreased level of 5-FU incorporation into RNA
is not a major determinant of 5-FU resistance in these cell

lines. Moreover, our growth studies show that thymidine corn-

pletely protects against the growth-inhibitory effects of 5-FU

in the resistant MCF-AdlO line, consistent with the reasoning

that RNA-mediated effects may not be an important determi-

nant of 5-FU cytotoxicity in this cell line.

The Adriamycin-resistant MCF-7 breast cells have been

previously well characterized, in terms of the underlying mech-

anisms responsible for their Adriamycin resistance (38, 39).
Overexpression of the mdr-1 gene and its protein product P-
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glycoprotein, with a resultant decrease in intracellular drug
accumulation, appears to be an important process associated

with Adriamycin resistance (35, 36, 48-53). Other studies have

shown that P-glycoprotein expression is increased in normal
and malignant tissues of the liver, kidney, and intestine, per-

haps in response to constant exposure to naturally occurring

toxins (54).
A number of recent studies have shown that cross-resistance

can develop between Adriamycin and the antifolates metho-
trexate and trimetrexate. Using the Chinese hamster cell model,

Rice et al. (55) have determined that the observed frequency of
simultaneous acquisition of resistance to methotrexate and

Adriamycin is 10-100 times higher than that predicted from

the independent frequencies of each selected alone. Recent

studies by Assaraf et al. (56) and Arkin et al. (37) provide
evidence that cross-resistance to the antifolate trimetrexate is

associated with the multidrug-resistance phenotype. Our obser-
vation that treatment with Adriamycin results in cross-resist-

ance to the antimetabolite 5-FU suggests that malignant cells
have a variety of intrinsic adaptive mechanisms to circumvent

the effects of a host of cytotoxic stresses. Induction of TS in
response to continuous exposure to Adriamycin may represent

a situation similar to induction of P-glycoprotein in response
to natural toxins and to the natural products. Because normal
and malignant cells of the intestine are constantly exposed to
natural toxins, it is conceivable that TS expression in these

cells is maintained at an increased level. Thus, this TS-de-

pendent resistance may, in part, explain the significant de novo

resistance of gastrointestinal malignancies to fluoropyrimidine

therapy.

In summary, human breast MCF-7 and human colon DLD-

1 cancer cell lines that are resistant to Adriamycin develop
cross-resistance to 5-FU. Our analysis suggests that this resist-

ance to 5-FU is due to an enhanced expression of TS protein.

Additional studies are needed to more specifically define the
underlying molecular mechanisms of the induction of TS by
Adriamycin. However, this observation that exposure to Adri-

amycin can lead to resistance to 5-FU may have clinical impli-
cations, because both of these agents are commonly used in the
treatment of human malignancies.
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