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Mechanisms of action of FAUMP[10]: Metabolite activation
and thymidylate synthase inhibition
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Abstract. FAUMP[10] is a multimer of FAUMP, a suicide
inhibitor of thymidylate synthase (TS), and was designed to
bypass resistance to 5-fluorouracil (SFU). The aim of the
study was to compare the effect of FAUMP[10] with SFU and
5-fluoro-2-deoxyuridine (FUdR) in their efficacy to inhibit
their target TS in resistant cells. Therefore cell lines FM3A/0,
FM3A/TK- (deficient in thymidine kinase) and FM3A/TS-
(deficient in thymidylate synthase) were used to determine
TK dependency and specificity for TS inhibition. FAUMP[10]
inhibited cell growth with greater potency than SFU and
FdUMP. Direct folate-based inhibitors Raltitrexed,
GW1843U89 and Pemetrexed were also evaluated using
these cell lines. In TK-deficient cells these folate-based
inhibitors had greater potency than the fluoropyrimidines
(FPs). Surprisingly, Pemetrexed even inhibited cell growth in
TS-deficient cells. Incubation with nucleotidase and phospha-
tase inhibitors resulted in a reduction of cytotoxicity of
FAUMP[10], indicating that the drug can be degraded out-
side the cells. In the TS in situ inhibition assay (TSIA) 24 h
exposure of FM3A cells to 0.5 uM FAUMP and 0.05 yM
FAUMP[10] decreased TSIA to 7 and 1% of control. Inhibition
of nucleotidase and phosphatase activities reduced the effect
of FAUMP[10], while the inhibitory effect was lower in
cells lacking TK. FAUMP[10] can enter the cells intact, but
also to some extent after dephosphorylation. In conclusion,
FAUMP[10] can bypass resistance to FUdR by direct inhibition
of TS.

Introduction

The pro-drugs 5-fluorouracil (SFU) and 5-fluoro-2'-deoxy-
uridine (FUdR) are widely used as standard treatment of

Correspondence to: Professor G.J. Peters, Department of Medical
Oncology, VU University Medical Center, PO Box 7057, 1007 MB
Amsterdam, The Netherlands

E-mail: gj.peters@vumc.nl

Key words: FAUMP[10], 5-fluorouracil, thymidylate synthase,
thymidine kinase

advanced colorectal carcinoma (1), however the response
rates have been suboptimal with an objective tumor response
of 10-20%. Meta-analysis attempts have shown that the
efficacy of SFU can be improved by either schedule alteration
or biochemical modulation with leucovorin (LV) (2). How-
ever, severe toxicities are a clinical problem that needs to be
diminished. Drug resistance is also a limitation in the treatment
of patients with these drugs (3).

One important mechanism of action of SFU and FUdR is
inhibition of thymidylate synthase (TS) via the metabolite
FAUMP. TS is an essential enzyme for de novo synthesis of
thymidylate ({TMP), a precursor for DNA synthesis. FAUMP
is a potent suicide inhibitor of TS, but either cellular uptake
or intracellular activation to FAUMP may limit the effect of
5FU (2). Therefore a multimer of FAUMP, FAUMP[10] was
synthesized (4,5), which acts as a pro-drug of FAUMP (Fig. 1).

FAUMP[10] itself is 100% 10-mer and is relatively stable
in cell culture medium, with more than 50% present as multi-
mers of at least 6 nucleotides after 48 h at 37°C (6). After
cellular uptake, FAUMP may be released intracellularly to
inhibit TS. FAUMP[10] was 400 times more cytotoxic than
5FU towards H630 cells (4). In the 5FU-resistant TS-
overexpressing variant H630-10, resistance to FAUMP[10]
was reduced 10-fold compared to 100-fold for SFU (5). These
data indicate that FAUMP[10] might exert its action not only
by direct inhibition of TS, but also indirectly via one of its
metabolites.

Antifolates are the oldest class of antimetabolites and have
been in clinical use for many years (7). New TS inhibitors
have been developed that are direct inhibitors of TS and
direct inhibitors of one or both of the two folate-dependent
enzymes of de novo purine synthesis (8-10). After preclinical
evaluation, many have moved to clinical trials. Several
antifolates can inhibit more than one pathway in folate meta-
bolism. These inhibitors include GW1843U89, Raltitrexed
(ZD1694, Tomudex), Thymitaq (Nolatrexed) and Alimta
(pemetrexed, LY231514). GW1843U89 (11) and Thymitaq
(12) are in earlier phases of clinical development (10).
Raltitrexed and Alimta have shown potency in phase II/III
clinical trials for several tumor types, including mesothelioma
and colorectal cancer (13-16). Raltitrexed is currently approved
only in Europe for the treatment of colon cancer, but
Pemetrexed is registered for treatment of both mesothelioma
and non-small cell lung cancer (NSCLC).
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Figure 1. Chemical structure of FAUMP[10].

In this study, we have determined the role of TS inhibition
in the action of FAUMP[10] using the TS in situ assay (TSIA),
which evaluates intracellular TS inhibition. Cell lines deficient
in either thymidine kinase (TK) or TS and inhibitors of FAUMP
degradation were used to study the importance of these path-
ways. The effects were also compared to direct, folate-based
inhibition of TS.

Materials and methods

Cell culture. FM3A/0 cells are derived from mouse mammary
carcinoma. FM3A/TK- cells are deficient in the key enzyme
TK, which confers resistance to FUdR (17). FM3A/TS- cells
are deficient in TS, and were cultured with 20 M thymidine.
The cell lines were cultured in RPMI supplemented with 10%
heat inactivated FCS and 20 mM HEPES buffer. Cells were
grown in suspension in a humidified atmosphere containing
5% CO, at 37°C.

Chemicals. FAUMP[10] was synthesized as described earlier
(4-6). The precursors of FAUMP[10], SFU, FAUMP, 5-fluoro-
2'-deoxyuridine (FUdR) were obtained from Sigma (The
Netherlands). The antifolates used were generously provided
by the following persons/institutions: Alimta (Eli Lilly,
Indianapolis, USA), GW1843U89 (Dr R. Ferone, Glaxo/
Welcome), AG337 (Nolatrexed, Thymitaq; Dr R.C. Jackson,
Agouron/Pfizer), and ZD1694 (Raltitrexed, Tomudex; Dr
F.T. Boyle, AstraZeneca Pharmaceuticals/Aston, UK). These
antifolates have different transport mechanisms and various
polyglutamylation and accumulation patterns which are all
important for drug sensitivity (7). Tritiated deoxycytidine ([5-
SH]-deoxycytidine), tritiated FAUMP (*H-FdUMP) and
tritiated dUMP [5-H]-dUMP were obtained from Moravek
Biochemicals (CA, USA).

Drug cytotoxicity. Drug cytotoxicity was determined using the
MTT-assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) (Sigma Chemicals, St. Louis, MO, USA) as
described previously (18). Briefly, 10,000 cells/well were
seeded in triplicate in 96-well flat bottom plates. After 24 h,
increasing concentrations of drugs were added. After 72 h of
continuous exposure to the drugs, 10 x1 MTT (5 mg/ml) was
added to each well for 3 h. Subsequently, the formed crystals
were dissolved by adding 0.004 N HCI in isopropanol. Optical
density was measured at 540 nm. In order to determine the
potential breakdown of the drugs by extracellular nucleo-
tidases or aspecific phosphatases, cells were incubated with

2.5 mM a,B-methylene-ADP (AOPCP) or 15 mM 2-glycerol-
phosphate (2GP), respectively. These concentrations were
previously shown to prevent nucleotidase or phosphatase
mediated breakdown of fluorinated pyrimidine nucleotides (19).

TS in situ activity. For the TSIA assay, tritiated deoxycytidine
was used, which, after cellular uptake, was converted to
tritiated dCMP, subsequently to tritiated dUMP, and by TS to
dTMP, releasing tritiated water (20). TSIA was evaluated in
control cells and after a 4-h drug exposure, a 4-h exposure
followed by incubation in drug-free medium (DFM), and a
24-h exposure. Potential breakdown by extracellular nucleo-
tidases or aspecific phosphatases was inhibited by addition of
2.5 mM AOPCP or 15 mM 2GP, respectively.

TS activity and FAUMP binding assay. Activity of TS was
determined at the approximate half-saturating (1 M) and
saturating substrate concentration (10 xM dUMP) in which
the [5-*H]-dUMP is converted to dTMP (21). The FAUMP
binding assay was performed as described previously (22,23).
In brief, 50 ul enzyme suspension from supernatants, 50 pl
6.4 mM N5 ,N10-methylene tetrahydrofolate (CH,-THF), 15 ul
570 nM [6-*H]-FdUMP in a total volume of 250 ul in Tris-HCI
buffer (200 mM, pH 7.4) were used. The reaction was
started by adding the enzyme and was incubated at 37°C for
1 h and stopped by adding 500 pl 10% activated charcoal.
After centrifugation, radioactivity was estimated by liquid
scintillation counting of 250 y1 supernatant.

Results

Drug cytotoxicty. The effect of FAUMP[10] on cell growth
was compared with the compounds FAUMP, 5FU and FUdR.
As shown in Table I, FM3A/0 and FM3A/TK- cells were
both sensitive to SFU treatment, while the activity of SFU was
potentiated by LV. FM3A/0 cells were more sensitive to FUIR
and FAUMP than to 5FU treatment. FM3A/TK- cells were
resistant to both FUdR and FAUMP treatment. Interestingly,
FdUMP[10] strongly inhibited cell growth in both FM3A cell
lines, with an ICs, value as low as 0.022-3 nM and a much
lower resistance factor than FUdR and FAUMP. To determine
whether the drugs are cleaved in- or outside the cells, FM3A/0
and FM3A/TK- cells were incubated with nucleotidase and
phosphatase inhibitors. FAUMP and FAUMP[10] cytotoxicity
decreased 6- to 8-fold after incubation with these inhibitors,
indicating that the drug can be degraded outside the cells.
Surprisingly, SFU cytotoxicity also decreased 2- to 4-fold.
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Table I. Sensitivity of FM3A cells to SFU, FAUMP, FAUMP[10] in comparison to antifolates.
Drug FM3A/0 FM3A/TK- RF FM3A/TS- RF
5FU 310425 220+42 0.78 230+130 0.7
SFU+LV 160+£90 87+30 0.5 2600+520 16
FUdR 5.0%1.3 2467+23.3 4932 nd
FdUMP 2.8+0.46 2667+32.9 945° nd
FAUMPI[10] 0.022+0.005 3.0+0.7 136¢ nd
Raltitrexed 164 5+2 0.32 >100000 >1000°
Nolatrexed 1280+400 496+230 0.42 >100000 >100°
GW1843U89 164+82 72+16 04 >10000 >100°
Pemetrexed 36+8 24+6 0.72 348+110 100

Values represent IC5, (nM). FM3A cells were exposed to the drugs for 72 h. Values are means + SEM of 3 separate experiments. RF represents
the resistance factor, which represents the dependency on TK or TS for the drug to be active. RF is calculated by dividing the ICs, value of the
drug in FM3A/TK" or FM3A/TS" through the ICs, value of that drug in FM3A/0 cells. nd, not done; *p=<0.05, °p<0.005).

Table II. TS levels in untreated FM3A/0 and FM3A/TK- cells
using different assays.

Table III. TS inhibition of FAUMP[10], FAUMP, 5FU and
FUdR in FM3A/0 cells.

FM3A/0 FM3A/TK-

FdUMP binding 1129+142.6 1060+63.5
(fmol/mg protein)

Catalytic activity
1 uM dUMP 1630+252.3 1729+113.7
(pmol/h/mg protein)
10 uM dUMP 3163+458 .4 3238+230.4
(pmol/h/mg protein)

TS in intact cells
TS in situ activity 52452 86x1.7

(pmol/h/10° cells)

TS activity in untreated FM3A/0 and FM3A/TK" cells was deter-
mined with the FAUMP binding assay and the TS catalytic assay, at
substrate concentrations at half-saturating (1 #M, which is around
the Km value) and at saturating conditions (10 #M). The activity of
TS in situ was determined for untreated cells with the TS in situ assay.
Values are means + SEM from 3 separate experiments.

Next, we determined the effect of various folate-based TS
inhibitors on cell growth in the FM3A cell lines (Table I).
Both FM3A/0 and TK- cells were sensitive to these TS
inhibitors. Growth of the TK-deficient cells was inhibited about
2- to 3-fold better than in wild-type cells. To confirm if the
observed cytotoxicity was specifically related to TS inhibition,
FM3A cells, deficient in TS (FM3A/TS-), were also tested
with these drugs (Table I). This cell line is highly resistant to
treatment with these TS inhibitors, with an ICy, greater than
100 M. Pemetrexed showed a smaller increase in ICs, value
in these cells.

4h+20h
Drug 4h DFM 24 h
Controls 100 100 100
1000 nM 5FU 47+8 70+14 20+4
5 nM FUdR 00 55+2 00
500 nM FdUMP 19+4 61+9 7£2
500 nM FAUMP + inhibitors 1143 81«10 26+5
50 nM FAUMPJ[10] 72 69+7 1=1
50 nM FAUMP[10] + inhibitors  35+7 96+16 56+9

Values are % of untreated control cells, controls were set at 100%
for each separate experiment. Intact FM3A cells were exposed to
the drugs for 4 and 24 or 4 h followed by 20 h drug-free medium
(DFM). TSIA was measured by addition of tritiated deoxycytidine
for the last hour of the assay. Inhibitors consist of a mixture of 15 mM
2GP and 2.5 mM AOPCP. Values are means + SEM of 3-5 separate
experiments.

TS in situ activity. Both FM3A/0 and FM3A/TK- have similar
levels of intracellular TS, measured using different assays
(Table II). In both cell lines, TS in situ activity was strongly
inhibited by both the nucleotides FAUMP and FAUMP[10],
while 5 nM FUdR completely inhibited TS in situ activity. In
contrast, SFU only partially inhibited in situ TS activity
(Table III). This inhibition was partially retained when incu-
bated in drug-free medium. In FM3A/TK- cells, FAUMP,
FAUMPJ[10] and FUdR were inactive (TSIA >82%), while
1 uM 5FU itself reduced TSIA to 60+3%, but only after 24 h
exposure. These data indicated that the action of FAUMP[10]
was partially dependent on degradation to FUdR. In order to
determine whether this was an extra- or intracellular process,
we incubated cells with AOPCP and 2GP, which significantly
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protected cells from the inhibitory effects of FAUMP[10],
indicating that the nucleotide is indeed broken down. However,
there was still a substantial in sifu TS inhibition when the
drugs remained present, indicating a direct effect of
FAUMP[10] on TS activity. Surprisingly, FAUMP itself was a
potent inhibitor of TS activity in situ, which even seemed to
be increased by the inhibitors after 4 h, but not after culture
in drug-free medium or after 24 h. It is also remarkable that
after 24 h continuous exposure with nucleotide breakdown
inhibitors the TS in situ activity is less inhibited.

Discussion

FdUMP[10] is an active compound which either acts as a
pro-drug for FUdR, or after its uptake can inhibit TS directly.
Both actions are favorable, since resistance to fluoropyrimi-
dines can be due to either a decreased uptake, a decreased
activation or less efficient inhibition of TS (3,24-26).
FAdUMP[10] can potentially bypass each mechanism and its
favorable therapeutic effect can be due to a combination of
these effects. FAUMP[10] has a higher activity than SFU and
FUdR in the NCI 60-cell line screening panel, and has a
higher activity in cells overexpressing TS (4). Also in our
study FAUMP[10] showed a higher activity than both SFU
and FUdR. However, resistance mechanisms depending on
activation of either SFU or FUdR can not always completely
be bypassed (4) since TK-deficient cells showed a reduced
sensitivity to FAUMP[10]. However, FM3A/TK- cells were
more sensitive to FAUMP[10] than to FUdR or FAUMP. The
resistance factor for FAUMP was comparable to that of
FUdR, indicating equal levels of dependency to TK for cyto-
toxic action. Since nucleotidase and phosphatase inhibitors
reduced the cytotoxic activity, it is expected that FAUMP[10]
may be degraded outside the cell to some extent.

Although FAUMP[10] may have two pathways by which it
is active, it was not clear how much each pathway will contri-
bute to each effect. In this study we focused on the relation
between the initial cellular effect, TS inhibition, and the final
effect, growth inhibition. Both untreated FM3A/0 and FM3A/
TK- cells had equal levels of TS concentration. Therefore, the
difference in sensitivity to FAUMP[10] can not be explained
by differences in TS activities in these cell lines.

The reduced folate leucovorin (LV, folinic acid), is usually
given in combination with SFU and enhances TS inhibition
mediated by the SFU metabolite, FAUMP (2). A difference in
sensitivity was observed between wild-type cells and TK and
TS deficient cells to 5-FU/LV treatment. FM3A/TK- cells
were more sensitive when 5FU was combined with LV,
which may indicate that the mechanism of action in these
cells changes to cell death due to TS inhibition, in contrast to
the mechanism of action of SFU only, which may also be due
to incorporation into RNA (2). FM3A/TS- cells were less
sensitive to SFU when LV was added, which also indicated
that enhancement of cellular response is predominantly due
to formation of a complex with TS and CH2THF in the wild-
type cells. Without addition of LV a different mechanism is
of more importance in the induction of cell death.

Other antifolates, including Raltitrexed, Nolatrexed,
GW1843U89 and Pemetrexed were also evaluated. As
expected, FM3A/TS- cells were insensitive to antifolate
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treatment. However, these cells were relatively sensitive to
Pemetrexed. This can be explained based on previous studies
showing that Pemetrexed has other targets additional to TS
inhibition. Most likely this is due to inhibition of GARFT
(27) and dihydrofolate reductase (DHFR) (28).

Although the extent of degradation was not quantified,
these data provide clear evidence that degradation of
FAUMP[10] to FUdR can be important, since inhibition of
FAdUMP[10] degradation to a deoxynucleoside markedly
decreased the TS inhibition. This effect may be different
between various tumor types. In the presence of the
nucleotide breakdown inhibitors there was still a substantial
TS inhibition, indicating a direct effect of FAUMP[10]. The
decreased TS inhibition after 24 h with these nucleotide
breakdown inhibitors may be an indirect effect, because TS
inhibition will lead to dUMP accumulation (29), which will
be broken down by the cells. In patients this leads to
deoxyuridine accumulation (30). In the presence of the
breakdown inhibitors, dUMP might not be degraded and will
therefore accumulate in the cells. This will subsequently
reduce TS inhibition, by competition with FAUMP (31-33).
Alternatively exposure of cells to SFU leads to an induction
of TS (34), which may reduce the effect as well.

Since many tumor cells contain a relatively high nucleo-
tidase and/or phosphatase levels (19), its activation can be
rather tumor specific. This will lead to a tumor-specific uptake
and activation of FAUMP[10], which at least partially
explains its better therapeutic effect compared to SFU in
several in vivo model systems. Future studies should attempt
to characterize the contribution of each pathway in in vivo
models.
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