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Increased Sensitivity to Long-term 5-Fluorouracil Exposure of Human Colon
Cancer HT-29 Cells Resistant to Short-term Exposure
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Toshima-ku, Tokyo 170-8455

A 5-fluorouracil (5-FU)-resistant subline of human colon cancer HT-29 cells was developed by
repeated 1-h exposuren vitro to 5-FU. This subline (HT-29/5-FU/S) had 8-fold resistance to 5-FU
in a 1-h exposure assay. However, it had rather increased sensitivity to 5-FU when assayed after a
continuous 96-h exposure to it. Significantly less 5-fluorouridine!&riphosphate was produced in
the resistant cells, leading to a lower level of 5-FU incorporation into the cellular RNA. The
reduced activity of orotate phosphoribosyltransferase might explain these results. In contrast, the
HT-29/5-FU/S cells were more sensitive to the inhibition df situ thymidylate synthase (TS) by 5-
FU than were the parent cells. The lowein situ TS activity may have made HT-29/5-FU/S cells
more sensitive to TS inhibition by 5-FU as compared with the parent cells. The fact that HT-29/5-
FU/S was more resistant to short-term 5-FU exposure but more sensitive to long-term exposure
than the parent line confirmed the existence of different modes of action of 5-FU, depending on
the exposure time.
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5-FUis a unique anticancer agent with two major phar-were exposed for a short time and a FdUrd-like profile
maco-biochemical actions: of its active metabolites, FUTPwhen they were continuously exposed for a long firfie.
is fraudulently incorporated into RNA and impairs the These results suggested that 5-FU exerts RNA-directed
multiple functions of RNA, while FAUMP blocks the cat- action under short exposure conditions and DNA-directed
alytic activity of TS by forming a ternary covalent com- action under long, continuous exposure conditions. The
plex with its co-substrate, 5, 10-GHH,, which inhibits = former requires a high 5-FU concentration, while for the
DNA synthesis. Thus 5-FU potentially exerts both RNA- latter, a low concentration is sufficient.
and DNA-directed actions against target cells. In view of the dual actions of 5-FU, which depend on

One of the factors determining which action 5-FU pref-the exposure time, it might be possible to develop a sub-
erentially exerts on the target cells seems to be theiline which acquires resistance to short/long exposure to 5-
innate biochemical characteristics of 5-FU metabolism. IfFU, but does not show cross-resistance to long/short
the resultant intracellular concentration of FUTP orexposure. Based on this idea, we have established some 5-
FAUMP is lower than the effective level, 5-FU may exert FU-resistant sublines of human gastro-intestinal cancer
only one of its dual actions. However, it seems to exercell lines by repeated long-term exposure to 5-FU. How-
dual actions against the majority of cancer cells, althouglever, we failed to obtain a subline of the type we had
the efficacy of such actions varies. Another determinant igexpected. In the present study, we tried repeated 1-h expo-
the length of the exposure time to 5-FU. We have previsure of human colon cancer HT-29 cells to 5-FU, and
ously developed a method for the kinetic analysis of theestablished a subline named HT-29/5-FU/S. This subline
cell-killing action of anticancer agents which can classifyis resistant to short-term exposure to 5-FU, exhibited no
them into cell cycle phase-nonspecific (type 1) drugs andcross-resistance to long-term exposure to 5-FU, and had
cell cycle phase-specific (type Il) druyd. According to  rather higher sensitivity than its parent cells.
this analysis, FUrd and FdUrd showed typical kinetic pro-
files for type | and Il drugs, respectively. 5-FU had aMATERIALS AND METHODS
FUrd-like kinetic profile for cell killing action when cells

: : Chemicals [*H]5-FU (655 GBg/mmol) was purchased
To whom requests for reprints should be addressed. from NEN Life Science Products (Wilmington, DE):

2The abbreviations used are: 5-FU, 5-fluorouracil; FUrd, 5-fluo- -4 3
rouridine; FdUrd, 5-fluoro-2deoxyuridine; FUTP, 5-fluorouri- [PH]FAUMP (481 GBg/mmol), *H]FUrd (740 GBa/

dine-3-triphosphate; FAUMP, 5-fluoro-gleoxyuridylate; 5,10- Mmol) and {fH]dUrd (740 GBag/mmol) were from
CH,-FH,, 5,10-methylenetetrahydrofolate; duUrd,-dgoxyuri- ~ Moravek Biochemicals (Brea, CA); Sulfornodamine B
dine; OPRT, orotate phosphoribosyltransferase; PRPP, 5-phosvas from Sigma Chemical Co. (St. Louis, MO). All other

phoribosyl-1-pyrophosphate; TS, thymidylate synthase. chemicals were of analytical grade.
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Cell lines HT-29, a human colon cancer cell line, was tion proceeded as described previo@siyjhe radioactivity
obtained from American Type Culture Collection (Rock- of fractions containing FUTP or FAUMP was measured.
ville, MD) through Dainippon Pharmaceutical Co., Tokyo. Assay of 5-FU-anabolizing enzymes The activities of

A 5-FU-resistant subline, HT-29/5-FU/S, was establisheduridine/thymidine phosphorylase and kinase and OPRT
by repeated 1-h exposure of HT-29 cells to increasingvere measured as described by Petrsal” Briefly,
concentrations of 5-FU ( 0.5 to 10Mi phosphorylase was assayed using 08 f@H]FUrd or
Drug sensitivity assays The sensitivity of cellsn vitro [H]FdUrd, 2.5 nM pB-mercaptoethanol and 100 Mn
was determined by means of the sulforhodamine B &issaysodium phosphate buffer (pH 6.4); kinase was assayed
with a minor modification. Briefly, cells were cultured using 0.5 v [*H]FUrd or PH]FdUrd, 5 nM ATP, 5 nM

with the drug for 96 h (continuous exposure), or for 1 hMgCl,, 15 mM 2-glycerophosphate and 50MnTris-HCI

with the drug followed by 96 h without the drug (1-h (pH 8.0); OPRT was assayed using 0.® ffiH]5-FU, 2
exposure). After culture, the adherent cells were fixed inmM PRPP, 5 il MgCl,, 15 nM 2-glycerophosphate, 0.6
10% trichloroacetic acid, washed and dried. Sulfor-mM a,B3-methyleneadenosine diphosphate and 58 m
hodamine B (0.4% wt/vol. in 1% acetic acid) was addedTris-HCI (pH 8.0). These mixtures were incubated at
to stain the cells, and unbound sulforhodamine B was37°C with 40-50ul of the cytosol in a total volume of
removed by washing with 1% acetic acid. The cells werel00 ul for 20 min, and the reaction was stopped by heat-
air-dried, and the bound sulforhodamine B was solubi-ing at 90-100°C. After centrifugation at 14,000 rpm for 2
lized in 10 nM unbuffered Tris base (pH 10.5). The opti- min in a Tomy model MR-150 centrifuge (Tokyo), PO

mal density was read on an automated spectrophotometriaf the supernatant was charged with the cold carrier on a
plate reader at a wavelength of 525 nm. PEl-cellulose thin-layer chromatography sheet and devel-
5-FU incorporation into RNA Cells at the logarithmic oped with water. The spots of substrate and product were
growth phase were incubated with 30® [*H]5-FU for distinguished under UV and excised, and the level of
1 h at 37°C. Four million cells harvested with trypsin radioactivity in each was measured.

were washed twice with phosphate-buffered saline, thenn situ TS assay Thein situ TS activity was measured as
treated twice with 2.5 ml of 10% (wt/vol.) perchloric acid, described previousR. Cells (810° cells/ml) were incu-
and RNA was extracted by shaking the precipitated resibated with or without 5-FU for 5 h at 37°C. j8}dUrd

due in 5 ml of IN perchloric acid for 18 h at 4°C. After (final 37 kBg/ml) was added 2 h after the start of the
centrifugation, the supernatant was transferred to a tubencubation. The reaction was terminated by transferring
to which another 5 ml of N perchloric acid washing the 1004l aliquots into centrifuge tubes containing 2@0of
residue was added. The radioactivity levels in aliquots ofa 10% activated charcoal suspension in 4% aqueous
the RNA extract were measured using a Beckman modadrichloroacetic acid. The tubes were vigorously stirred by
LS 7500 scintillation counter (Fullerton, CA) and the vortexing, then centrifuged at 14,000 rpm for 2 min in a
RNA content was estimated by measuring the UV absorKubota model KM-15200 microfuge (Tokyo). The radio-
bance at 260 nm. activity in 150ul of the supernatant was determined in a
Assay for intracellular active metabolites of 5-FU  scintillation counter.

Approximately 16 cells were incubated at 37°C with 300

UM [PH]5-FU for 1 h to measure FUTP level or with 10 ResULTS

UM [*H]5-FU for 5 h to measure FAUMP level. The cells

were washed twice with €a Mg*-free phosphate-buff- Sensitivity to 5-FU and FdUrd When cells were
ered saline, disrupted in 1 ml of 1% NP-40 in a lysisexposed to various concentrations of 5-FU for 1 h and
buffer (10 nM Tris-HCI, 5 M EDTA, 50 nM NaF and cultured without the drug for 96 h, the JGralues of 5-

50 mM NaCl; pH 7.5), and centrifuged at 75,@80fdr 20 FU for HT-29 and HT-29/5-FU/S were 0.1 and 0.7Mm
min at 4°C in a Beckman model TL-100 ultracentrifuge respectively (Fig. 1A), which indicated 8-fold resistance.
(Palo Alto, CA). Cold aM trichloroacetic acid was added However, when cells were continuously exposed to 5-FU
to 500 ul of the supernatant to produce a final concentra-for 96 h, the IG, values of 5-FU for HT-29 and HT-29/5-
tion of 0.6M and the mixture was centrifuged. The super-FU/S were 0.14 and 0.033/M, respectively. These
natant was added to 2 vol. of cold Freon containingresults sdemonstrate that HT-29/5-FU/S was resistant to
17.7% trin-octylamine, and the mixture was vortexed and short-term exposure, but became more sensitive to long-
centrifuged. The last procedure was repeated until the pkterm exposure to 5-FU (Fig. 1B). HT-29/5-FU/S also
of the aqueous phase became 7, when this phase was sepowed significant collateral sensitivity to FdUrd (Fig.
arated and filtered through Ultrafree C3HV. The filtrate 1C).

was analyzed using a Shimadzu model LC-10A HPLC5-FU incorporation into RNA The amount of 5-FU
(Tokyo) equipped with an Inertsil ODS column (2600 incorporated into the cellular RNA was measured after
mm, 4-mm particle size; GL Sciences, Tokyo). The elu-incubation of the cells with 30QM [*H]5-FU for 1 h and
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A after post-incubation for 24 h in drug-free medium. Under
both conditions, the amount of 5-FU incorporated into

100 RNA in HT-29/5-FU/S was 60% less than in HT-29 cells
I (Fig. 2). TheP values (Student’s test) were 0.0003 for A
I and 0.0002 for B.
I Levels of active metabolites of 5-FUIntracellular FUTP
I level was assessed after 1-h incubation with 200
sol [®H]5-FU (Table 1). The level in HT-29/5-FU/S cells was
I one-fourth of that in HT-29 cells. FAUMP level was mea-
sured after 5-h incubation with M [*H]5-FU. It was
[ also lower in the resistant cells, but the difference was not

Cell number (T/C%)

as marked as in the case of FUTP.

Activities of 5-FU-anabolizing enzymes The activities

of five enzymes involved in 5-FU anabolism were mea-
sured (Table I). Only OPRT showed lower activity in

HT-29/5-FU/S cells. Uridine phosphorylase/kinase and
B thymidine phosphorylase exhibited rather higher activity
in the resistant cells. There was no significant difference

5-FU (mM)

1or in thymidine kinase activity between the two cell lines.
-~ | In situ TS activity and its sensitivity to 5-FU Cells
% [ were incubated with or without 5-FU for 5 h and ihe
g [ situ TS activity was determined for the last 3 h (Fig. 3).
& [ The basal levels of TS activity measured in the absence of
-g sor 5-FU were 70.47.1 and 35.87.1 (pmol/mg protein/3 h)
2 i for HT-29 and HT-29/5-FU/S cells, respectively; the TS
= - activity in the 5-FU resistant cells was about 50% lower
o - than that in the parent cell$£0.0004). The values of
L percentage inhibition af situ TS in HT-29 and HT-29/5-
ol L) MNP | PP FU/S cells were 0 and 21% atuM 5-FU, and 40 and
0.01 0.1 1 85% at 10uM 5-FU, respectively. This demonstrates that
5-FU (M) HT-29/5-FU/S cells were more sensitive to TS inhibition
C by 5-FU than HT-29 cells.
100
Y
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Fig. 2. The incorporation of 5-FU into RNA in HT-29 and HT-

Fig. 1. Sensitivity of HT-29 and HT-29/5-FU/S cells to 5-FU 29/5-FU/S cells. Cells were exposed to 3@d@ 5-FU for 1 h

and FdUrd. Cells were exposed to various concentrations of 5¢A) or incubated without the drug for 24 h after 1 h exposure to
FU for 1 h then cultured without the drug for 96 h (A) or cul- 300 uM 5-FU (B) and then RNA was extracted as described in
tured with 5-FU (B) or FdUrd (C) continuously for 96 h. The “Materials and Methods.” Each column is the mean of 3 deter-
relative cell number was measured by a sulforhodamine B assayninations with the bar indicating the standard deviation. The
Each point is the mean of 4 determinations with a coefficient ofopen and shaded columns denote HT-29 and HT-29/5-FU/S,
variation of less than 10%©  HT-2@  HT-29/5-FU/S. respectively.
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Table I. FAUMP/FUTP Levels in HT-29 and HT-29/5-FU/S Cells

Products (pmol/ mg protein)

Substrate Incubation time (h}) - P value
Metabolite HT-29 HT-29/5-FU/S

300 uM 5-FU 1 FUTP 67948 16x14.6 0.0036

10 uM 5-FU 5 FdUMP 4.140.13 2.280.57 0.0209

Table Il. Enzyme Activity of 5-FU Anabolism in HT-29 and HT-29/5-FU/S Cells
Activity (nmol/mg protein/20 min)

Enzyme P value
HT-29 HT-29/5-FU/S
Uridine phosphorylase 2.60.72 7.151.05 0.0285
Uridine kinase 4.620.48 8.1&0.36 0.0105
Orotate phosphoribosyltransferase +aB4 4.640.24 0.0041
Thymidine phosphorylase 1%5.7 21.24.7 0.0774
Thymidine kinase 1721.8 14.51.2 0.261
5-FU_ by repeated 1-h exposure to stepwise-increasing concen-
M) H trations of 5-FU. This subline manifested 8-fold resistance
n . .
- to 5-FU in a 1-h exposure assay. In contrast, it showed
rather higher sensitivity to 5-FU and FdUrd under a 96-h
. — exposure condition (Fig. 1).
- Ascheleet al also established 5-FU-resistant sublines
of human colon cancer (HCT-8) using two different expo-
10 }ﬁ sure scheduleg®) One subline developed by repeated 4-h
l exposure to 5-FU showed 3-fold resistance to short-term

exposure to 5-FU but retained full sensitivity to long-term
exposure. Decreased incorporation of 5-FU into cellular
RNA was found in this cell line. Another subline devel-
Fig. 3. In situ thymidylate synthase inhibition by 5-FU in HT- oped after repeated 7-day exposure to 5-FU exhibited 10-
29 and HT-29/5-FU/S cells. Cells were incubated with or with- fold increased resistance to |0ng_term exposure and
out 5-FU for 5 h, and*H]dUrd was added 2 h later after the 5ked cross-resistance to short-term exposure to B:FU.
start of incubation.In situ TS activity was measured as ecreased expression of folypolyglutamate synthetase

described in “Materials and Methods.” Each column is the mea . .
of 3 determinations with the bar indicating the standard devia\Was reported as a novel mechanism of resistance to 5-FU

tion. The open column denotes HT-29 and the shaded on# this cell line
denotes HT-29/5-FU/S. We studied the mechanism of resistance to short-term
exposure and the increased sensitivity to long-term expo-
sure to 5-FU in HT-29/5-FU/S cells. A significant reduc-
tion of 5-FU incorporation into cellular RNA was
observed in HT-29/5-FU/S cells, and this may account for
DISCUSSION the resistance to 1-h exposure to 5-FU, in view of our pre-
vious kinetic analysis of the cell-killing action of 5-FU. In
We have established two sublines of human stofhachaccordance with this, significantly reduced production of
and colon (Inab&t al, unpublished data) cancer cell lines FUTP was observed (Table I). However, a comparative
with acquired resistance to long-term exposure to 5-FUstudy of pyrimidine enzymes involved in 5-FU activation
Both of them also showed resistance to short-term expofor the two cell lines did not reveal the cause of the
sure to 5-FU. The major mechanism of resistance in thesdecrease of FUTP. OPRT activity was significantly lower,
sublines was the decreased production of two activébut the activity of uridine phosphorylase/kinase was rather
metabolites, FUTP and FAUMP. In the present study, weigher in HT-29/5-FU/S than in HT-29 cells. If the latter
established a subline of human colon cancer HT-29 cellpathway is not effective because of a deficiency in the

] 20 40 60 80 100

in situ TS (pmol/mg protein/3 h)
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ribose-1-phosphate pool, the decreased activity of OPRTo 5-FU, in which DNA-directed action through TS inhi-

may contribute to the decreased production of FUTP. bition seems to be predominant. The difference in the
An increased level of TS as a target enzyme of 5-FUeffective concentrations of 5-FU (see Figs. 1 and 3) might
can be a mechanism of resistance to 5-FU. Capual be caused by the difference in exposure time between

reported elevated levels of TS protein and m-RNA andthese two experiments.

amplification of the TS gene in human colon H630 cells In conclusion, an HT-29 subline that had acquired 8-

which acquired resistance to continuous exposure to 5fold increased resistance to short-term exposure to 5-FU
FU.X Therefore, we determined the basal levelno§itu showed collateral sensitivity to the same drug under a
TS activity and the inhibitory effect of 5-FU. The basal long-term exposure condition. This result provides addi-

activity of thein situ TS in HT-29/5-FU/S cells was sig- tional evidence for the hypothesis that 5-FU exerts differ-

nificantly lower than that in HT-29 cells. Probably as aent modes of cytotoxic action depending on the exposure
result of the lower TS activity, the inhibitory effect of 5- time and treatment schedule.

FU onin situ TS was more potent in HT-29/5-FU/S than

in HT-29 cells (Fig. 3). This could explain the increased(Received November 10, 1997/Revised December 15, 1997/
sensitivity of HT-29/5-FU/S cells to long-term exposure Accepted December 24, 1997)
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