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Abstract

HCT-8 cells become rapidly resistant to either 4-h (HCT-8/4hR) or
7-day (HCT-8/7dR) repeated exposures to fluorouracil (FUra). The HCT-

8/7dR cells were studied in more detail to determine their mechanism of
resistance to FUra. Thymidylate synthase activity, binding of 5-fluorode-

oxyuridylate to thymidylate synthase, and incorporation of FUra into
RNA were not different between the parental and resistant sublines. How
ever, folylpolyglutamate synthetase activity was markedly decreased in
this subline using tetrahydrofolate, 5,10-methylenetetrahydrofolate, and

methotrexate as substrates. Northern blot analysis revealed decreased
folylpolyglutamate synthetase mRNA expression in HCT-8/7dR cells as
compared to HCT-8 cells. These findings indicate that low-dose continuous

exposure schedules to FUra are cytotoxic primarily due to inhibition of
thymidylate synthase and underscores the role of 5,10-methylenetetrahy

drofolate polyglutamates in this inhibition.

Introduction

The fluoropyrimidine antimetabolite, FUra,3 is the most commonly

used chemotherapeutic agent for the treatment of colon cancer. FUra
produces its anticancer effects by inhibition of TS and/or incorpora
tion of FUra into RNA or DNA (1). FdUMP, a metabolite of FUra,
provides potent inhibition of TS by the formation of a covalently
bound ternary complex of TS:FdUMP:CH2FH4 and inhibits formation
of thymidylate and DNA synthesis. Incorporation of FUra into RNA
has been correlated with cytotoxicity in several in vitro and in vivo
systems (2-4). The mechanisms of resistance to FUra operating in the

clinical setting may be complex. Resistance has been correlated with
defective drug uptake or with alterations in the activities of anabolic
(FUra activating) and/or catabolic enzymes (5-9). Reductions in the
activity of uridine phosphorylase, uridine kinase, orotate-phosphori-
bosyltransferase, and uridylate kinase, as well as an increase in phos-

phatase activity, have been associated with resistance to this drug.
Deficiencies of thymidylate kinase have been mainly associated with
resistance to the nucleoside, FdUrd, but have also been described in
FUra-resistant cell lines. Both an increased activity of the target

enzyme (TS) and an altered enzyme have been reported to lead to
fluoropyrimidine resistance (1).

Both experimental and clinical data suggest that pulse FUra in
contrast to continuous infusion FUra might have different mechanisms
of cytotoxicity. The mechanisms of resistance operating under condi
tions of low (constant) selection pressure (as in the clinic) may be
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different from the mechanisms of resistance described previously
under conditions of high (one step) selection pressure. Two different
sublines resistant to FUra have been recently described by this labo
ratory (10). Both were selected from wild-type HCT-8 cells by re

peated exposure to a constant concentration of FUra, either adminis
tered for 4 h (HCT-8/4hR) at 1000 Â¿Â¿Mor for 7 days (HCT-8/7dR) at

15 JAMto mimic the dose schedules used in the clinic (pulse versus
continuous infusion). The two resistant cell lines obtained displayed
different mechanisms of FUra resistance: decreased incorporation of
FUra into RNA in the high-dose, pulse-resistant subline HCT-8/4hR

and impaired polyglutamylation of the TS cofactor CH2FH4 in the
low-dose, continuous-resistant subline HCT-8/7dR (10). We now re

port that decreased activity of FPGS, the enzyme responsible for
synthesis of folate and MTX polyglutamates, is likely responsible for
the observed resistance in the HCT-8/7dR cell line. In addition,

mRNA levels of FPGS arc decreased proportionally in the resistant
cell line. This is the first report of acquired resistance to FUra asso
ciated with decreased expression of FPGS enzyme activity.

Materials and Methods

Chemicals. FUra and FHj were purchased from Sigma Chemical Co.
(St. Louis, MO). MTX (dissolved in saline) was obtained in clinical form from
Lederle Laboratories (Pearl River, NY). [6-3H]FUra and [-'H]MTX were pur
chased from Moravek Biochcmicals (Brea, CA). t.-[2,3-1H]Glutamic acid was

obtained from New England Nuclear (Boston, MA). (i//)-CHjFH4 used in the

FPGS assay was prepared by the addition of HCHO (final concentration, 0.6
ITIM)to the standard reaction mixture containing (<//)-FH4 at appropriate con

centrations. MTX polyglutamate standards were obtained from B. Schircks
Laboratories (JoÃ±a. Switzerland). DEAE-cellulose (DE-52) was purchased

from Whatman (London. England). Restriction endonucleases were purchased
from Promega Biotec or New England Biolabs. DNA molecular size markers
were purchased from Bcthesda Research Laboratories. Nylon membrane was
purchased from Schleicher & Schuell. All other chemicals were reagent grade
and obtained from standard commercial sources. Media and serum for culture
were purchased from Grand Island Biological Co. (Grand Island, NY).

Cell Lines. The human colon adenocarcinoma cell line, HCT-8, and a
FUra-resistant subline, HCT-8/7dR, selected with a low selection pressure

technique as previously described (11) were grown as a monolaycr.
Inhibition of Cell Growth. Exponentially growing cells (seeded at 1 X IO4

cells/ml) were exposed to various concentrations of MTX, TMTX, or FUra.
After the desired time of exposure (4 h, 24 h, or 72 h), cells were removed and
washed in 37Â°Cdrug-free complete medium several times. Drug-free control

cells were washed an equal number of times. The cells were resuspcnded to the
initial volume and incubated for 96 h. In all experiments, cells were counted
after 96 h using a Model 2B Coulter Counter. The percentage of growth
inhibition and ED5I, values were determined from plots of the percentage of
control growth versus the logarithm of drug concentration. All the experiments
were repeated at least once.

Folylpolyglutamate Synthetase Activity Assay. Exponentially growing
cells were harvested, washed with ice-cold phosphate-buffered saline twice,
and then resuspended in 0.1 M Tris-HCl buffer (pH 8.85) containing 0.1 M

BME. Cell extracts were obtained by sonicating at 30 W for 20 s on ice 4 times
followed by centrifugation at 12,000 X g for 30 min at 4Â°C,and the super

natant was used immediately for the assay. FPGS activity was determined as
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described by McGuire et al. (12). Enzyme activity is expressed as nmol of
|'H]glulamate/h/mg of protein incorporated into the polyglutamate fraction.

Each complete assay was repeated at least once.
Enzyme Preparation for FPGS Characterization. Cell extracts were

stirred at ()Â°C,and solid ammonium sulfate was added to 30% saturation over

30 min. The mixture was stirred on ice for another 30 min. and the precipitate
was collected by centrifugation at lO.(KK)X # for 15 min and redissolved in 0.1
MTris-HCl buffer (pH 7.5) containing 50 mm BME and 10 niM benzamidine.

The preparation was dialyzed overnight against two changes of the same
huiler, and the insoluble material was removed by centrifugation. This step
resulted in a 2- to 4-fold purification.

HPLC Analysis of MTX Polyglutamates. Samples were prepared for
HP1.C analysis by the standard assay method except where indicated. The
reaction products were then boiled for 5 min and centrifuged at 2().(HH)X g for
10 min at 4Â°C.The supernatant was stored at -2()Â°Cuntil analysis by HPLC.

HPLC analysis was performed using a modification of the method of Cash-
more ci al. (13). Fractions were collected, and the radioactivity in each 1-ml

fraction was measured in a scintillation counter. MTX polyglutamate standards
were added to certify the radiolabeled peaks.

Determination of Gene Copy Number and mRNA Levels of FPGS.
Genomic DNA and cytoplasmic RNA were isolated as previously described
(14). Human FPGS gene copy numbers were determined by Southern blot
analysis of EroRl-digested DNA using a 12P-radiolabeled. 600 base pair.

PCR-amplified FPGS cDNA fragment from plasmid PTZ18U containing hu

man FPGS cDNA sequences as the probe. The primers used for PCR were
F337 (5' CAGCCCATCAGTCCTGAGCTC 3') and F969 (5' GATGTGGG-
CTGGAACACAGGT 3'). FPGS mRNA levels were determined by Northern

blot analysis using the same FPGS cDNA probe described as above. The FPGS
cDNA probes were labeled to high specific activity (1 X 10s cpm/^ig of DNA)
with [y-'-PjdCTP, random oligonucleotidcs, and the Klenow fragment of DNA

polymerase. Equal loading of RNA samples on ihe gels was monitored by
lin.hum bromide staining and by probing the blots with a control 36B4 cDNA

probe (800 base pairs) (15).

Results

Drug Sensitivity Studies. We previously reported that the HCT-
8/7dR cell line was approximately 7-fold resistant to 7-day exposures

to FUra, as measured by a clonogenic assay (10). We postulated that
the HCT-7dR cell line would he cross-resistant to short-term expo

sures to MTX (4 to 24 h) hut not to continuous exposure to this drug,
as has been described for CEM MTX-resistant cell lines with a de

creased ability to form MTX polyglutamates (16). Fig. 1 shows that
the ED5(, for MTX is 4-fold greater for the HCT-8/7dR cell line when
exposure to MTX is 4 h; it is 3.5-fold greater with a 24-h exposure,
and with a 72-h exposure, growth in both cell lines is equally inhibited

by MTX. In contrast, there were no significant differences noted

Table 1 Aclivitv of I-TdS in HCT-N parenteral ami the FUra-resistant eell Urn1.
HCT-8l7dR

Sensitive and resistant cells in the exponential phase of growth were collected, and
cytosolic extracts were prepared as an enzyme source. Assay conditions are described in
"Materials and Methods."

Activity (nmol/mg ofprotein/h)Substrate(d/)-FH4

MTXHCT-83.2

Â±0.4"

3.7 Â±0.4
3.9 Â±0.5HCT-8/7dR0.8

+ 0.1
0.3 Â±0.06
0.7 Â±0.1

' Mean Â±SD (Iwo assays in duplicale samples).
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Fig. 2. Dependence of FPGS activity on FH4 (A ) or MTX (R ) concentration. Partially
purified FPGS enzyme from HCT-8 and HCT-8/7dR cells, prepared as described in
"Materials and Methods." The assay contained either FH4 or MTX in the concentrations
indicated. After a 2-h incubation, the product was assayed as described in "Materials and
Methods."
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Fig. 1. Inhibitory effect (ED.su) on growth of HCT-8 sublines after various times of
exposure to MTX. HCT-8 (open .Ã¯vinhols.dashed lines) und HCT-8/7dR (closed .svinhois,
solili lines') cells (1 X IO4) were exposed to MTX for 4 h (O, â€¢¿�),24 h (A, A), and 72 h

(D, â€¢¿�),regrown in drug-free medium for a total of 46 h. and then counted: the EDsu was
determined as the mean Â±SE (SE < 20%, n > 3).

between the HCT-8 parenteral and the HCT-8/7d resistant cell lines

with trimetrexate, a folate analogue that is not polyglutamylated (data
not shown).

Activity of FPGS in the HCT-8 Parenteral and FUra-resistant
Cell Lines. The activities of TK, TS, uridine kinase, uridine phos-
phorylase, and orotate-phosphoribosyltransferase using saturating

concentrations of substrates were similar in the three cell lines (10).
However, the FPGS activity in HCT-8/7dR cells, was markedly, de
creased with three different substrates: (i//)-FH4, (rf/)-CH2FH4, and
MTX (Table 1). The activity in the HCT-8/7dR cell line with the three

substrates ranged from 8% (with MTX as the substrate) to 25% [with
(i//)-FH4 as substrate]. Mixing experiments, in which a cell extract of
the HCT-8/7dR subline was added to partially purified FPGS from
HCT-8 cells, indicated that no inhibitors of FPGS were present in the
HCT-8/7dR cell line cytosol (data not shown).

Characterization of FPGS. Several preliminary studies were
done with a partially purified cytosol fraction (0 to 30% ammonium
sulfate) to determine if the low FPGS activity observed was due to an
alteration in the structure of FPGS in the resistant cell line. The pH
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Table 2 Distribution of F/YAS'reaction producÃsusing MTX as substrati.'

4-NHi-10-CHj-Ple(iluâ€ž levels were determined by HPLC analysis as described in "Materials and Methods.'

CelllinesHCT-8HCT-8/7dR

HCT-8/7dR"Reaction

time(h)2

22n

=1802

770
870n

=294

64
994-NH2/i

=362

2058â€¢lO-CHj-PtcGlu,,

forms (pmol/mg ofprotein)n=4

Â«=546

2612

32 28/(

= 6 n =1-6Hill)

866
16 1103Â«

=3-6114

32
134

' Five times more enzyme was used.

- 2.3 Kb FPGS

-Iluman36B4

Fig. 3. Analysis of FPGS mRNA by Northern blot hybridization. RNA was isolated
from HCT-8 and HCT-8/7dR cells, and Northern analysis was performed as described in
"Materials and Methods." The 36B4 probe was used to control for RNA loading. Kb,

kilobases.

optima for both enzymes was 8.5, as has been previously described for
other mammalian enzymes (16). Studies of substrate dependency us
ing (i//)-FH4 or MTX as substrates showed that Vmaxwas markedly
decreased in the HCT-8/7dR subline (Fig. 2). Product analysis of the
reaction of the enzyme after incubation with MTX or (i//)-FH4 (Table
2) indicated that both wild-type and resistant enzyme formed similar
long-chain polyglutamate products.

Expression of FPGS mRNA in the Wild Type and HCT-8/7dR
Cell Line. Northern analysis of the expression of this enzyme was
performed to determine if the decrease in enzyme activity observed
was a consequence of decreased mRNA in the HCT-8/7dR cell line. A
single 2.3-kilobase mRNA species was observed when a mRNA was

probed with a human FPGS cDNA probe (Fig. 3). Of interest was the
marked decrease in the mRNA level of the HCT-8/7dR cell (about
25% of the HCT-8 mRNA level), paralleling the decreased FPGS

enzyme in this cell line.
Southern Analysis. No differences in the band patterns either

quantitatively or qualitatively were found when DNA from HCT-8
cells or the HCT-8/7dR cell line was restricted with EcoRI and ana
lyzed with a FPGS cDNA probe as described in "Materials and Meth
ods" (data not shown).

Discussion

Several known determinants of FUra resistance, such as TS activity,
binding of FdUMP to TS, and incorporation of FUra into RNA, were
ruled out as causes of the FUra resistance in HCT-8/7dR cells. Pro

longation of TS inhibition after drug removal is an important deter
minant of FUra cytotoxicity (17, 18). When FUra was withdrawn and
cells were kept in drug-free medium, thymidylate synthesis recovered
more rapidly in the HCT-8/7dR subline as compared to the parenteral

cell line, approaching 80% of untreated controls at 24 h and 48 h (14).
The levels of CH2FH4 were found to be decreased in HCT-8/7dR
cells, providing a possible explanation for these findings (14). Poly-

glutamylation of CH2FH4 results in a decreased rate of dissociation
of FdUMP from the covalently bound ternary complex of TS:
FdUMP:CH2FH4 and consequently in more prolonged TS inhibition

(19). Polyacrylamide gel electrophoresis analysis of the intracellular
polyglutamates of CH2FH4 and FH4 clearly showed a lack of long-
chain polyglutamates in the HCT-8/7dR cells (10). Therefore, the

defective polyglutamylation of the TS cofactor, CH2FH4, may explain
the less prolonged inhibition of TS in this subline.

The decreased level of folate polyglutamates measured in this sub-

line could be due to decreased synthesis and/or increased breakdown.
A defective uptake of leucovorin was an unlikely explanation because
a similar increase (approximately 3-fold, data not shown) in CH2FH4
and FH4 pools occurred in the three cell lines after a 3-h leucovorin

exposure, providing indirect evidence that the reduced folate carrier
uptake system is not altered in this cell line.

There are two apparently independent enzyme systems responsible
for the formation and degradation of the polyglutamates. Hydrolysis
of polyglutamates is catalyzed by FPGH, while FPGS catalyzes the
formation of the polyglutamates.

The FPGH activities in the parenteral and HCT-8/7dR cell lines
were similar.4 However, the FPGS activity in HCT-8/7dR cells was

markedly decreased as compared with HCT-8 cells regardless of using
FH4, CH2FH4, or MTX as substrates. FPGS activity in the HCT-8/7dR

cells was further characterized using partially purified FPGS. FPGH
activity at pH 8.5 was negligible and would not affect measurements
of FPGS activity (20). Mixing experiments did not reveal the presence
of soluble inhibitors or activators.

Southern blot analysis indicated that no amplification or rearrange
ments were observed for the FPGS gene. However, Northern blot
analysis revealed that FPGS mRNA was expressed at significantly
lower levels in HCT-8/7dR cells as compared with HCT-8 cells. Thus,
decreased folate polyglutamylation in HCT-8/7dR cells correlated

with decreased FPGS activity and FPGS expression. Whether the
decreased FPGS expression is the result of a decreased transcription
rate or a change in posttranscriptional regulation is under study.

The observation that decreased FPGS activity is associated with
resistance to continuous exposure to FUra is a newly described mech
anism of resistance to this drug. In view of the clinically related
treatment schedule used to obtain this resistant cell line, it will be of
importance to examine tumor samples from patients after treatment
with FUra for evidence for this resistance mechanism.
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