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Recent preclinal and clinical data indicate that the main
mechanisms of 5-fluorouracil (5-FU) cytotoxicity depend on
the mode of administration. To gather further insight into the
major causes of acquired 5-FU resistance, drug-sensitive
human gastric (M2), colon (HT29) and breast (MCF7) cancer
cell lines were repeatedly exposed to a fixed concentration of
5-FU given either for 1 or 24 h. Although equieffective doses
(1Cso) of 5-FU were used, resistance to a 1 h exposure of 5-FU
developed faster in all models than to a 24 h exposure. Cell
lines with acquired resistance to a 1 h application of 5-FU
were only partly cross-resistant to a 24 h exposure, whereas
lines with resistance to protracted application of 5-FU
displayed significant cross-resistance to the 1 h schedule.
Resistance to methotrexate was only seen in cell lines with
acquired resistance to 24 h of 5-FU. All 5-FU-resistant cell
lines showed reduced Incorporation of 5-FU into cellular
RNA. Furthermore, elevations of thymidylate synthase were
seen in all cell lines with resistance to 24 h of 5-FU but also in
one cell line with resistance to a bolus schedule. No
alterations in folylpolyglutamate synthase developed in the
resistant cell lines. These data support the concept that the
main mechanisms of 5-FU cytotoxicity depend on the mode
of application. Incorporation of fluorouridine triphosphate
into RNA appears to be the most important mechanism of
action for 5-FU bolus schedules, whereas inhibition of
thymidylate synthase becomes more important as the
infusion time is prolonged. These data could have implica-
tions on the interaction of 5-FU given at different schedules
with various other cytostatic agents. [«(" 1998 Lippincott
Williams & Wilkins.]
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Introduction

5-Fluorouracil (5-FU) is one of the most frequently
used antineoplastic agents. The drug has documented
activity in a variety of human solid tumors, including
head and neck cancer, breast cancer, gastric cancer,
and colorectal carcinoma.'™® Initially, 5-FU was de-
signed to act as a specific inhibitor of thymidylate
synthase, the rate-limiting enzyme in pyrimidine de
novo synthc:sis.4 However, subsequent biochemical
evaluation demonstrated that 5-FU is extensively
metabolized in the cell and can influence a variety of
crucial biochemical pathways. After uptake into the
cell, 5-FU is converted along various pathways to
cytotoxic metabolites and at least three different
reactions have been described which can contribute
to cytotoxicity: (i) conversion to fluorodesoxyuridine
monophosphate (FAUMP), which inhibits thymidylate
synthase;s'(’ (ii) metabolization to fluorouracil-triphos-
phate (FUTP), which is subsequently incorporated
into RNA;”® and (i) incorporation into cellular DNA
as fluorodesoxyuridine triphosphate (dFUTP).” Cur-
rently it is still unclear which of the above-mentioned
mechanisms is most important for clinical activity and
which biochemical pathways mainly contribute to
toxicity.

Clinically, 5-FU is administered in different sche-
dules which differ in their pattern of side effects and
might also show incomplete cross-resistance. The
classical way of administration has been i.v. push
injection, given either weekly or on five consecutive
days every 4-5 weeks.' With bolus injection, the
dose-limiting side effects are myelosuppression and
mucositis. If the drug is infused for a prolonged period
of time, a significantly higher dose can be adminis-
tered.'"'? With the protracted infusion schedule, the
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most prominent side effects are diarrhea and hand-
foot syndrome. These differences in the pattern of side
effects indicate that the metabolism and the mode of
action of 5-FU may depend on the administration
protocol. Furthermore, it has been demonstrated that
clinical resistance to bolus 5-FU can be overcome by
protracted infusion schedules.'*'*

Aschele and co-workers could demonstrate in a
human colorectal carcinoma cell line (HCT 8) that the
mechanisms of acquired resistance to 5-FU are
different when different selection procedures are
used. Cells with acquired resistance to a short-term
exposure (4 h) displayed resistance by reduced
incoporation of FUTP into RNA. However, when cells
were made resistant to a continuous exposure of 5-FU
(7 days) the main mechanism of resistance appeared to
be reduced activity of folylpolyglutamate synthase and
consequently insufficient inhibition of thymidylate
synthase.'s“(’

Based on the work of Ardalan et al., a 24 h infusion
schedule of 5-FU given once a week is frequently used
for the treatment of colorectal cancer'' and is currently
compared to bolus 5-FU injection in the ongoing
EORTC tral. This 24 h infusion schedule of adminis-
tration lies somewhat between i.v. bolus injection and
protracted infusion over several weeks. In order to
gather further insight into mechanisms of acquired
resistance to a 24 h exposure in comparison to
acquired resistance to a bolus injection, we developed
model systems based on 5-FU-sensitive human breast,
gastric and colorectal carcinoma cell lines which were
evaluated for their mechanisms of resistance. Addition-
ally to biochemical evaluation, the cross-resistance
patterns of these 5-FU-resistant to other antimetabilites
like methotrexate and tomudex were evaluated.

Materials and methods
Drugs and chemicals

[*H]5-dUMP (sp. act. 18.2 Ci/mmol) and [*H]G-FAUMP
(sp. act. 18.0 Ci/mmol) were from Moravek (Brea,
CA); [*H]5-FU (sp. act. 25 Ci/mmol) from DuPont (Bad
Homberg, Germany). Purified L caseéi thymidylate
synthase was obtained from D Priest (University of
South Carolina, Charleston, SC). CH,PteGlu was a gift
from Sapec Fine Chemicals (Lugano, Switzerland),
Culture media RPMI 1640 and DMEM were from
Seromed (Berlin, Germany), and Leibowitz L-15 from
Boehringer (Mannheim, Germany). Tomudex was
provided by Zeneca (Macclesfield, UK) and 5-FU by
Pharmacia (Erlangen, Germany). All other reagents
were from Sigma (Deisenhofen, Germany).
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Cell lines

The human colon carcinoma cell line HT29 and the
breast carcinoma cell line MCF7 were obtained from
the ATCC (Rockville, KD). The human gastric carci-
noma cell line M2 was established from ascitic fluid of
a patient with advanced gastric adenocarcinoma prior
to the initiation of chemotherapy. All cell lines were
grown as monolayers in Leibovitz L-15 or RPMI 1640,
supplemented with 10% fetal calf serum at 37°C in an
atmosphere of 5% CO, in air.

Cytotoxicity assay

To determine the activity of the drugs, a modified
sulforhodamine B assay as described by Skehan et al.!”
was used. In brief, cells were seeded in 96-well
microtiter plates and allowed to attach for 24 h. The
drugs were added for the given incubation period, the
cells were washed and incubated in drug-free medium
for an additional 96 h. The medium was removed, the
cells were fixed with 10% trichloroucetic acid for at
least 1 h, washed five times with tap water, stained
with a 0.4% solution of sulforhodamine B in 1% acetic
acid, washed five times with 1% acetic acid and the
dye was solubilized by the addition of 150 ul Tris
buffer (pH 8.5). The absorbance was determined in a
Dynatech microplate reader at 570 nm. The concen-
tration of drug to inhibit cell growth by 50% was
obtained from semilogarithmic dose-response plots.
For all experiments, six wells were used for one drug
concentration. All experiments were repeated three
times and mean values calculated.

Selection of drug-resistant cell lines

To establish cell lines with acquired resistance to 5-FU,
the following selection procedure, which mimics the
clinical development of resistance by exposing cells
repeatedly to a fixed, not increasing concentration of
the drug was used. Wild-type lines MCF7, HT29 or M2
were seeded into 25 cm?® tissue flasks at a defined
density (500000 celis/flask). The seeding was chosen
to allow the cells to reach complete confluence after
around 6 days when not treated. To develop resistance
the wild-type cells were exposed to 5-FU for either 1 h
(R1) or 24 h (R24) starting 24 h after seeding. For each
cell line and each given schedule of 5-FU, equieffective
concentrations (the individual ICs, for the given wild-
type cell line) were used (Table 1). No dose escalations
were performed during the selection period. After
drug exposure, cells were gently washed and incu-



bated with 5 ml of drug-free medium. The cell density
was evaluated daily by an inverted phase-contrast
microscope and the time to reach confluence was
determined for each flask. This time period (passage
time) was found to be very constant for all wild-type
cell lines (5 days for HT29, 6 days for MCF7 and 6 days
for M2). After drug exposure all cell lines showed a
significant prolongation of the time needed to reach
confluence compared to the non-treated controls.
With repeated drug exposure, the passage time of the
drug-treated cells declined and finally reached the
values of the corresponding wildtype cell lines
indicating the development of resistance. Futher drug
exposure was performed for an additional two
passages after the resistant cell lines had reached the
same growth kinetics as the wildtype lines. The
resistant lines were then expanded and aliquots were
frozen for further analysis. Cell lines made resistant to
a 1 h exposure of 5-FU were labled with the suffix ‘R1’
and cell lines resistant to 24 h of 5-FU as ‘R24".

Enzyme assays

All biochemical assays were performed with cells
which had not been exposed to 5-FU for at least 2
weeks. Drug resistance was confirmed at each time
using aliquots of the cells which were biochemically
evaluated. All assays were repeated four times and
mean values were calculated.

Preparation of cell extract. Cells in logarithmic
growth were gently trypsinized, washed two times
with ice-cold PBS and the dry pellet was resuspended
in 100 ul of extraction buffer. The extraction buffer

Comparison of short or long exposure to 5-FU

contained 20 mmol/l1 Tris-HCI, pH 7.5, 250 mmol/1
sucrose, 2 mmol/l dithiothreitol, 1.5 mmol/l MgCl,
and 1 mmol/l EDTA. The cells were lysed by
alternately freezing in dry ice/ethanol for 5 min and
thawing in a 37°C water bath for 5 min. The lysates
were centrifuged at 500 g for 5 min at 4°C and the
supernatant was transferred into 1.5 ml Eppendorf
tubes and centrifuged at 8800 g for 15 min at 4°C. The
second supernatant was transferred into new tubes
and kept on ice to be used as cell extract.

Protein concentration. The protein concentration
was determined according to the method of Brad-
ford.'®

Thymidylate synthase catalytic activity. For this
assay, the endogenous nucleotides were removed by
filtration through centrifugal columns, filled with
Sephadex G25, as described by Zhang et al.'® The
thymidylate synthase catalytic assay was performed
according to Dolnik and Chen.?® The reaction cocktail
contained 220 mmol/l Tris-HCl, 4 mmol/1 dithiothrei-
tol, 1.5 mmol/1 EDTA, 2.25 mmol/1 MgCl,, 150 mmol/
NaF, 4.5 mg/ml BSA, 50 mmol/1 CH,O and 225 umol/1
[*H)5-dUMP (sp. act. 18.2 Ci/mmol).

The reaction cocktail and the cell extract were
prewarmed to 37°C and the reaction was started by
mixing 10 ul of 4.5 mmol/1 HyPteGlu, (in 100 mmol/1
Tris-HCI, pH 7.5 and 10 mmol/1 dithiothreitol), 20 ul
ot the reaction cocktail and 30 ul of the filtered cell
extract. The reaction tubes were incubated in a 37°C
water bath. After 30 min, 200 ul of 10% charcoal
(suspended in 2% trichloroacetic acid, ice cold) were
added. The mixture was agitated briefly and kept on
ice for 15 min, then centrifuged at 8800 g for 15 min

Table 1.
HT29 HT29 Rt HT29 R24 M2 M2 R1 M2 R24

ICso 5-FU 1 h (uM) 456+ 152 1692 +249 4200+855 238+63 848+ 121 1604 +219

RF - 3.7 9.21 - 3.56 6.74

p value - 0.0025 0.0021 0.028 0.017
ICso 5-FU 24 h (uM) 46+18.6 115+ 36 212+65 27+ 11 752429 207+32

RF - 2.50 4.57 - 2.78 7.67

p value - 0.032 0.0001 - 0.01 0.004
ICso MTX 24 h (uM) 0.23+0.02 0.25+0.03 0.41+0.02 0.40+0.14 0.26+0.02 0.68+0.08

RF - 1.09 1.78 - 0.65 1.70

p value - 0.18 0.04 - 0.12 0.05
ICso tomudex (uM) 6.51+05 6.9+0.2 15.2+0.4 1.4+05 73+1.3 50+1.8

RF - 1.07 234 - 5.2 36

p value - 0.12 0.05 - 0.006 0.0017

RF=resistance factor; |Cs, of resistant cell line divided by IC5, of the corresponding wild-type line.
p values were calculated by two-sided t-test comparing ICs, of resistant line to ICsq of the corresponding wild-type line. ICgp values in uM.
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at 4°C. Then 100 pl of the supernatant was transferred
into 7 ml scintillation vials and counted for radio-
activity.

Thymidylate syntbase level. A complex binding
assay, based on the stoichiometric formation of a
covalent ternary complex of thymidylate synthase, 6-
[PH]FdUMP and CH,H PteGlu was used. The following
components were added to a 1.5 ml tube: 15 pl of
800 nmol/l CH,HPteGlu, and 15 ul of 830 nmol/l 6-
[5H]FdUMP (18 Ci/mmol), 10 ul of 1 mg/ml aprotinin
and 60 ul of the filtered cell extract. The mixture was
agitated briefly and incubated in a 25°'C water bath for
3 h. After 3 h, 50 ul of the reaction solution was
transferred into a tube containing 10 ul of 6% SDS. The
tubes were agitated, heated at 95°C for 3 min and the
ternary complex was separated from unbound 6
[*H]JFdUMP by gel centrifugation. The eluents were
collected and counted for radioactivity.

Folate levels. The amount of cellular folate was
determined by the complex binding assay described
by Priest et al.*' The reaction mixture contained L.
caseii thymidylate synthase (65 pU/ml), 6-[*H]FdUMP
(125 nmol/), sodium abscorbate (50 mmol/1), sucrose
(213 mmol/), EDTA (1 mmol/l) and Tris-HCl
(50 mmol/), pH 7.5. The reaction was started by
adding 100 g of cell extract to the reaction mixture in
amber colored 1.5 ml tubes. After 60 min in a 25 C
water bath, 95 ul of the reaction solution was
transferred into tubes containing 5 ul of 20% SDS.
The tubes were agitated and heated at 95°C for 3 min.
The ternary complexes were separated from unbound
FAUMP by passing 25 pl through 400 ul Sephadex G
25 centrifugal columns. The eluents from the columns
were collected directly into scintillation vials and
counted for radioactivity. The amount of the
CH,H PteGlu was calculated based on the specific
activity of 6-[*H]FdUMP.

Uptake and retention of metbotrexate The influx
and efflux kinetics of radiolabeled methotrexate were
determined as indirect markers for the uptake of
folates and folate polyglutamylation, respectively. For
these assays, cells were brought in suspension in
growth medium at a concentration of 1 X 10° cells/
ml. Cell suspension (1 mD) was transferred into
1.5 ml tubes and incubated at 37 C in a shaking
water bath. Uptake was started by addition of
radiolabeled methotrexate (final concentration
10 uM). Samples were taken at 1, 5, 10, 20, 30 and
60 min. For determination of drug retention, cells
were washed and incubated with drug-free medium
for another 2 h with samples taken at regular
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intervals. Samples were washed two times with ice-
cold PBS and the dry pellet was lysed by adding 1 ml
of 1 N NaOH. Then 100 ul of the supernatant was
removed and transferred into scintillation vials for
determination of radioactivity.

Incorporation of FUTP into cellular RNA. Cells in
logarithmic phase were seeded at a concentration of
1 x 10° cells/tissue culture dish (Falcon), allowed to
grow for 24 h, washed twice with phosphate-
buffered saline and then incubated with 4 ml of
RPMI-medium containing 5-FU at the individual 1Cs,
for the respective wild-type line plus 10 uCi of
["H]S-FU (DuPont; sp. act. 25 Ci/mmol) for 1 and
24 h, respectively. Following drug exposure, cells
were washed three times with 5 ml of phosphate-
buffered saline and incubated in drugfree RPMI
medium for 12 h. Thereafter, cells were harvested
with a rubber policeman and washed twice with
5 ml of phosphate-buffered saline. The nucleic acid
isolation was performed with Trizol reagent (Gibco/
BRL) according to the instruction for total RNA
isolation. The mRNA purification was performed
with Oligotex mRNA Kkits (Quiagen). Detection of
[*H]5-FU incorporation into RNA was performed by
counting the radioactivity of 5 ug of mRNA, in a
Beckmann scintillation counter.

Foly-polyglutamcte synthase (FPGS) activity assay.
Cell line pellets were stored in liquid nitrogen until
analysis. On the day of the assay, the cell pellet was
suspended in 1 ml buffer (Tris-HCl 10 mM, EDTA
1.5 mM, dithiothreitol 0.5 mM, Na molybdate
10 mM, trypsin  soybean inhibitor 0.2 mg/ml,
pH 7.5). The cell suspension was freeze-thawed
three times, followed by 3 x 10 s of sonication in
ice, and centrifuged for 30 min at 10500 g (4 C).
The supernatant (cytosol) was kept on ice until
assayed. Proteins were measured using Coomassie G-
250 (Protein Assay Reagent; Biorad, Paris, France)
with human serum albumin as standard. FPGS
activity was measured according to the method
described by Montero and Llorentc," and consisted
of incorporating an additional [”C]glutumic acid
residue into the glutamate chain of aminopterin.
Each cytosol was assayed in duplicate. The assay
consisted of incubating 100 ul of cytotosl with ["'cl-
glutamic acid (isotopic dilution, 250 uM final con-
centration) in a total volume of 250 pl. After 2 h
incubation at 37 C, the reaction was stopped by
addition of 50 gl of 40% trichloracetic acid. Tubes
were then centrifuged for 10 min at 3000 g. The
supernatant was analyzed for the presence of
aminopterin - polyglutamates by HPLC using an



RP18 5 um Lichrospher column and a radioactive
flow monitor (LD 506; Berthold, Wildbad, Germany).
Results are expressed as pmol/h/mg protein. The
limit of sensitivity was 25 pmol/h/mg protein.
Interassay reproducibility was evaluated through
repeated analysis of single-use aliquots of a cell line
cytosol (n=5; CV=9.45%).

Comparison of short or long exposure to 5-FU
Results

Development of resistance
To develop cell lines with acquired resistance, cells

were repeatedly exposed to the concentration of 5-FU
(either for 1 or 24 h) which reduced cell growth to
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Figure 1. Kinetics of the development of acquired resistance to either a 1 or 24 h incubation of 5-FU. Cells were seeded and

treated 24 h later with the ICs, of 5-FU. Flasks were then evaluated daily and the time recorded which was needed by the treated
cells to grow to 100% confluence (passage time). Cells were then trypsinized, transfered into new flasks and the treatment was
repeated until the passage time of drug-treated cells equaled that of untreated controls. As can be seen, resistance to 1 h
exposure developed faster in cell lines compared to 24 h exposure. (A) Line HT29. (B) Line M2. (C) Line MCF7.
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50% in wild-type cells compared to untreated controls
(Csp). The development of resistance was monitored
by recording the length of passage time (number of
days until cells become confluent). We assumed that
cells had became resistant when their passage time
after drug exposure equaled that of the corresponding,
untreated wild-type cells. Although equieffective con-
centrations of 5-FU were used (ICs, for each line),
resistance to a 1 h application developed faster in all
cell lines than resistance to a 24 h incubation. The
number of passages until resistance had developed
were 4, 7 and 5 for lines HT29, M2 and MCF7 after 1 h
exposure. The corresponding numbers of passages to
develop resistance to 24 h of 5-FU were 8, 9 and 9,
respectively. The development of resistance is graphi-
cally shown in Figure 1(A-C).

Stability and degree of resistance

To assess the stability of the acquired resistance, cell
lines were further grown without drug challenge. The
acquired resistance to 5-FU in cell line HT29 R1 and
HT29 R24 and in cell line M2 R1 and M2 R24 was
stable without further drug exposure for at least 30
passages (representing approximately 3 months). In
contrast the resistance in breast carcinoma cell line
MCF7 R24 was rapidly lost and the cells regained
sensitivity to 5-FU after only 10 passages. Because of
this instability of acquired resistance, MCF7 R1 and
MCF7 R24 cell lines were not further evaluated.

Cross-resistance

The four resistant cell lines HT29 R1, HT29 R24, M2
R1 and M2 R24 were evaluated for cross-resistance to
various schedules of 5-FU and other antimetabolites.
The results are summarized in Table 1. Both cell lines

selected for resistance by 24 h incubation (HT29 R24
and M2 R24) showed significant resistance to the
selection schedule of 5-FU (24 h) as wellastothe 1 h
application (resistance factors 9.21 and 6.74, respec-
tively). However, cell lines with acquired resistance to
1 h incubation appeared to be not completely cross-
resistant to 24 h of 5-FU (resistance factors for 24 h of
5-FU were only 2.50 and 2.78 for lines HT29 R1 and
M2 R1, respectively) (Table 1).

Cell lines HT29 R24 and M2 R24 displayed low
levels of cross-resistance to methotrexate [resistance
factors 1.78 (»=0.04) and 1.70 (»=0.05), respectively],
whereas no resistance to methotrexate was seen in
both R1 lines. A different pattern of cross-resistance
was observed for tomudex, a specific, folate-based
inhibitor of thymidylate synthase. Both M2 lines were
highly crossresistant to this drug, whereas no
resistance was seen in HT29 R1 and only borderline
resistance in HT29 R24 cells.

Biochemical characterization of 5-FU
resistance

The biochemical changes in the drug-resistant cell
lines are summarized in Tables 2 and 3. The colon
cancer cell line HT29 had higher baseline levels of
thymidylate synthase than the gastric carcinoma line
M2. Both lines with acquired resistance to a 24 h
incubation of 5-FU showed significantly elevated levels
of thymidylate synthase (complex binding assay and
catalytic activity) compared to their corresponding
wild-type lines. Also line HT29 R1 displayed a
significant elevation of thymidylate synthase, whereas
no changes were seen in M2 R1 (Table 2).

No changes in the cellular folate pools were
detectable in both 5-FU-resistant colorectal cancer cell
lines. In contrast, lines M2 R1 and M2 R24 displayed

Table 2. Thymidylate synthase level, thymidylate synthase catalytic activity, FPGS activity and cellular folate pools in 5-

FU-sensitive and 5-FU-resistant cell lines

Line Thymidylate o] Thymidylate p Folate pools (pmol/ p FPGS activity®
synthase content synthase catalytic mg protein) (pmol/h/mg
(FAUMP-binding) activity (pmol/min/ protein)
(pmol/mg protein) mg protein)

HT29 472+24 - 427+144 - 28.34+10.9 - 205.5

HT29 R1 16.3+9.9 0.004 177.5+914 0.0047 30.8+9.0 0.36 192.3

HT29 R24 125+56.1 0.009 136.2+80.7 0.007 31.7+154 0.15 175.5

M2 0.81+0.56 - 14.8+10.7 - 26.9+9.6 - 126.8

M2 R1 0.71+0.31 0.37 14.2+8.4 0.40 168+2.8 0.053 197.2

M2 R24 1.83+1.06 0.02 39.9+18.2 0.008 179437 0.064 118.8

“Experiments were performed in duplicate only.
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reductions of their cellular folate pools compared to
the M2 wildtype line which reached borderline
significance in both cases.

The amount of incorporation of FUTP into cellular
mRNA is summarized in Table 3. All four 5-FU-resistant
cell lines incorporated less FUTP into their mRNA than
the drug-sensitive wild-type lines. These differences
were statistically significant for three lines (HT29 R24,
M2 R1 and M2 R24). In separate eperiments, the
uptake of 5-FU into the cells was evaluated. No
differences were found between drug-sensitive and
drugresistant lines, which rules out differences in

Table 3. Incorporation of [°H]5-FU into cellular mRNA in
5-FU-sensitive and 5-FU-resistant cell lines (1 h 5-FU)
(mean value of four experiments + SD)

Line c.p.m.J/5 ug Percent p
mRNA (compared
to wild line)
HT29 135+23 - -
HT29 R1 84420 62.2 0.05
HT29 R24 73+17 58.4 0.040
M2 243+ 34 - -
M2 R1 152+29 62.5 0.036
M2 R24 144+ 37 59.2 0.044
A
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membrane transport as a cause for reduced incorpora-
tion of FUTP into RNA.

The influx and efflux kinetics of radiolabeled
methotrexate are shown in Figure 2(A and B). There
were no differences in drug uptake between drug-
sensitive and drug-resistant cells. The retention of
radiolabeled methotrexate was measured over a 2 h
period after incubation in drug-free medium. Again, no
differences in the amount of radioactivity retained in
the cells were observed between drug-resistant and
wild-type cell lines. The results make it unlikely that
significant changes in FPGS activity have developed in
the drug-resistant cell lines.

FPGS activity was measured in cytosol using the
polyglutamylation of aminopterin. As indicated in
Table 2, no significant changes in enzyme activity
could be detected between drug-sensitive and drug-
resistant cell lines, which is in concordance with the
data obtained from the methotrexate retention studies.

Discussion

5-FU is one of the most frequently used cytotoxic
drugs with documented activity in a variety of
malignancies, most notably in breast carcinoma and
gastrointestinal tract cancers. 5-FU is cytotoxic to the
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Figure 2. Uptake and retention of [*H]methotrexate in 5-FU sensitive and 5-FU-resistant cell lines derived from human colon
(HT29) (A) and gastric (M2) (B) cell lines. Cells were incubated in medium containing 10 xM [*H]methotrexate for 2 h, washed
and reincubated in drug-free medium for an additional 2 h. Radioactivity was measured after cell lysis by 1 N NaOH.
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cell by at least two different mechanisms: incorpora-
tion of FUTP into cellular RNA and inhibition of
thymidylate synthase.“‘-"25 Direct incorporation of
dFUTP into DNA is a further mechanism which might
contribute to cytotoxicity; however, the clinical
importance of this pathway has not been elucidated
so far.

The mechanisms of 5-FU resistance which were
identified in model systems and clinical material are
multiple and encompass changes in the anabolizing or
catabolizing enzymes, increased levels of dUMP which
will compete with FdUMP for the binding to
thymidylate synthase, reduced activity of FPGS, altered
binding affinity of thymidylate synthase, and reduced
incorporation into RNA.>*-?

However, knowledge about the mechanisms of
resistance in relation to various administration sche-
dules of 5-FU is limited. Recently, Aschele et al.
developed two colorectal carcinoma cell lines resistant
to different schedules of 5-FU. They could demonstrate
that the mechanisms of 5-FU resistance differed,
depending on the selection procedure. In cells made
resistant to short-term exposure of 5-FU (4 h), reduced
incorporation of FUTP into RNA appeared to be the
major mechanism of resistance. Furthermore, these
cells were still sensitive to a 7 day exposure of 5-FU. In
contrast, cells with acquired resistance to a prolonged
exposure of 5-FU over 7 days were not only resistant to
the selection schedule but also to short-term exposure
(4 h). The major mechanism of resistance in these
cells appeared to be a reduction in FPGS activity and
the rapid recovery of thymidylate synthase activity,
whereas 5-FU uptake and FUTP incorporation into
cellular RNA were not affected.'>'®

Since a 24 h infusion of 5-FU has become a frequently
used schedule of administration in Germany and several
other European countries, demonstrating clinical activ-
ity even in pretreated colorectal cancer patients,'*2°
we sought to establish a model system for acquired
resistance to this schedule and to elucidate the
mechanisms of resistance. To establish resistance in
vitro, drug-sensitive cells were repeatedly exposed to a
fixed dose of 5-FU which resulted in the development
of stable resistance in four cell lines originating from
colorectal and gastric cancer. In concordance with the
finding of Aschele et al., there was no complete cross-
resistance between the two schedules of 5-FU.
Although cell lines with acquired resistance to the 1 h
application displayed some degree of cross-resistance
to the 24 h exposure of 5-FU, the degree of resistance
was low (only 2.5- and 2.7-fold, respectively). This is
reflected in the clinical experience that patients who
have developed resistance to a bolus application of 5-FU
might still respondtoa 24 h infusion.'>'* On the other
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hand, both cell lines with resistance to a 24 h
administration were highly cross-resistant (9.2- and
6.7fold, respectively) to a 1 h exposure. A recent
German cooperative study has demonstrated a high
response rate (39%) and an encouraging long survival
time for chemotherapy naive patients treated with a
24 h infusion of 5-FU in combination with high-dose
leucovorin.*! However, patients progressing on this
treatment have not routinely been treated with a bolus
schedule and thus clinical experience concerning the
activity of a bolus schedule after failure to a 24 h
infusion is not available at present.

Both R24 lines, but not the R1 lines, showed low
levels of crossresistance to methotrexate. Further-
more, both R24 cell lines and also M2 Rl cells
displayed significant cross-resistance to tomudex, a
new folate-based thymidylate synthase inhibitor. Pre-
liminary results of tomudex given to colon cancer
patients after failing 5-FU-based therapy also indicate
cross-resistance.>’

The mechanisms of resistance were multifactorial in
all cell lines. Most notably, all four 5-FU-resistant cell
lines showed statistically significant reductions of
FUTP incorporation into mRNA. This is different from
the observation made by Aschele ef al.'® In their cell
lines, FUTP incorporation into RNA was only de-
creased in the cells resistant to 4 h of 5-FU but
remained unchanged in cells with acquired resistance
to a 7 day exposure. Cellular thymidylate synthase
levels were significantly higher in both R24 cell lines
and in HT29 R1 cells compared to the corresponding
wild-type cell lines. An interesting, up to now
unexplained finding is the fact that this elevation of
thymidylate synthase in line HT29 R1 did not result in
cross-resistance to tomudex. A possible explanation
could either be reduced binding affinity of thymidylate
synthase or formation of tomudex polyglutamates in
the resistant cell line. Further studies assessing the
affinity of isolated enzymes from the resistant cells are
in progress.

Significant alterations in the celiular folate levels
were seen for both 5-FU-resistant M2 cell lines. Folate
pools were reduced to 62.4 and 66.5% in lines M2 R1
and M2 R24, respectively.

If retention of radiolabeled methotrexate after
incubation of cells in drugfree medium is taken as
an indirect marker for activity of FPGS, there appeared
to be no differences between drug-sensitive and drug-
resistant cells; findings which were supported by the
direct determination of FPGS activity. Thus, unlike in
the cell line with acquired resistance to a 7 day
exposure which has been described by Aschele et al.,
alterations in FPGS did not contribute to resistance to a
24 h application of FU in this model.



These data support the concept that the major
mechanism of 5-FU cytotoxicity varies with different
schedules of application.*? If 5-FU is given as bolus
injection, incorporation into RNA appears to be the
major mechnism of cytotoxicity. Consequently, me-
chanisms of resistance consist of reduced incorporation
of FUTP into RNA as demonstrated by Aschele and our
current work. If the exposure time of 5-FU is prolonged,
there appears to be a gradual shift from RNA-mediated
cytotoxicity to inhibition of thymidylate synthase. While
mechanisms affecting the inhibition of thymidylate
synthase were the only biochemical alterations detect-
able in cells with resistance to 5-FU given over several
weeks, indicating that thymidylate synthase-mediated
cytotoxicity might be the only mechanism of action for
these prolonged exposure times, our data indicate that
the 24 h exposure appears to kill cells by RNA and
thymidylate synthase-mediated mechanisms. Conse-
quently, both R24 cell lines displayed mechanisms of
resistance that affected RNA incorporation and thymi-
dylate synthase inhibition clinically. This shift in
mechanism of action results in a completely different
pattern of side effects. Myelosuppression and oral
mucositis are the most prominent side effects of bolus
injection, whereas mucositis and diarrhea are dose
limiting for the 24 h infusion, and diarrhea and hand-
foot syndrome become the major side effects for a
protracted infusion schedule over several weeks.

Therefore 5-FU probably has to be regarded as being
two different drugs depending on the administration
schedule. If so it may be rational to combine 5-FU
given as bolus and protracted infusion in order to take
advantage of these two different modes of action.
Laboratory and clinical evidence have been reported to
support this concept. Sobrero et al. could show that
combining 5-FU as short-term exposure (4 h) and as
protracted exposure (7 days) results in synergistic
antitumor activity.**** Furthermore, the treatment
schedule developed by DeGramont et al. combining
bolus injection and protracted infusion has demon-
strated significant antitumor activity, and has been
proven to be superior compared to a standard 5-FU
bolus regimen in advanced colorectal cancer.”! Addi-
tional studies will have to determine whether these
changes in the mode of action with different infusion
schedule will also have impact on the activity and
interactions of 5-FU when given in combination
protocols with other cytostatic agents.
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