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Abstract—Two strategies for modulation of S-fluorouracil (FUra) activity were compared in vivo in
advanced murine CDS8F, breast tumors with regard to three parameters: chemotherapeutic activity,
inhibition of thymidylate synthase (TSase) activity, and incorporation of FUra into RNA, (FU)RNA.
Inhibition of TSase by FUra was modulated by leucovorin (LV), and the incorporation of FUra into
RNA was increased by the administration of otherwise lethal doses of FUra followed by uridine “rescue”.
Thymidylate synthase activity was inhibited substantially (49%) by low-dose FUra at 25 mg/kg, but was
not further enhanced (48%) by repeated daily treatments at the same dose (FUrays,,). Inhibition of
TSase was somewhat enhanced (55%) by the addition of LV to FUray.,, and a greater therapeutic
effect was obtained with FUra,s.4 + LV over FUra,s4 alone. FUra as a single agent at the maximum
tolerated weekly dose of 100 mg/kg inhibited TSase activity 66-73%. This inhibition was further
enhanced slightly by the addition of LV (71-82%), and its therapeutic efficacy was greater than with
FUrays, 4 with or without LV. However, in contrast to low dose FUra,s 4, the antitumor effect of FUra, g
was not enhanced by LV. (FU)RNA increased with FUra dose from 0.4 (FUra,s) to 2.2 nmol/mg DNA
(FUra ). At a very-high-dose of FUra (200-225 mg/kg) followed by uridine “rescue”, TSase inhibition
was not further enhanced, but both (FU)RNA (4.8 nmol/mg DNA) and the therapeutic efficacy
were increased. Since TSase could not be further inhibited at doses above FUra,y, the increased

0006-2952/92 $5.00 + 0.00
© 1992. Pergamon Press Ltd

chemotherapeutic efficacy correlated with increased (FU)RNA.

5-Fluorouracil (FUra$§) causes cell death through at
least two mechanisms, inhibition of thymidylate
synthase (TSase) by the metabolite FAUMP, and
incorporation of FUra (after conversion to FUrdTP)
into RNA, (FU)RNA [1]. Although these mech-
anisms are not mutually exclusive, it is important to
determine which pathways can be modulated to
further improve the therapeutic activity of FUra.
In the present study, antitumor activity was
measured in advanced murine CDS8F, breast tumors
after 3 weekly treatments of FUra using either
leucovorin (LV) to enhance TSase inhibition by
increased formation or stabilization of the ternary
FAUMP-TSase-CH,H,PteGlu complex, or “very-
high-dose” FUra in conjunction with uridine “rescue”
{2] to enhance incorporation into RNA. Experiments
were performed with six groups of tumor-bearing
animals including a saline-treated control group, two
groups on different schedules of FUra at equal
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§ Abbreviations: FUra, 5-fluorouracil; Urd, uridine; LV,
leucovorin (5-formyltetrahydrofolate); MTD, maximum
tolerated dose (the dose that provides an LD, over 4 weekly
courses of treatment); TSase, thymidylate synthase (EC
2.1.1.45); (FU)RNA, FUra incorporated into RNA; and
TKase, thymidine kirase.

weekly dose intensities (“low-dose” FUra, 25 mg/kg
g.d. X 4/week; “high-dose” FUra, 100 mg/kg/
week), both with and without the addition of LV,
and the final group which received “very-high-dose”
FUra at 200-225 mg/kg/week followed by delayed
uridine “rescue”. Biochemical experiments also were
performed at the same dose levels to observe the
effects of various doses and regimens on inhibition
of TSase and on the incorporation of FUra into
RNA.

MATERIALS AND METHODS

Materials. [6-*H]Fluorouracil (20 Ci/mmol) and
[5-*H]deoxyuridine monophosphate (20 Ci/mmol)
were purchased from Moravek. FUra, leucovorin
and uridine were obtained from the Sigma Chemical
Co. Leucovorin was also obtained from the
Department of Health, Education and Welfare,
USPHS, National Cancer Institute. These agents
were dissolved in 0.85% NaCl immediately before
use, and administered i.p. with the desired dose
contained in 0.1 mL/10 g of mouse body weight.

Animals. First generation syngeneic transplants of
CDSF, breast tumors were obtained from a tumor
cell brei made by pooling 34 spontaneous
CDS8F, murine mammary tumors [3, 4]. When the
transplanted tumors were advanced in growth (34
weeks), the tumor-bearing mice were distributed
among experimental groups so that mice carrying
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tumors of approximately equal weight (averaging
approximately 100 mg) were represented in each of
four or six treatment groups (see Tables 1 and 2).
Food and water were consumed ad lib. FUray
(100 mg/kg) is the weekly maximum tolerated dose
(MTD) in the CD8F; murine tumor-host system.
The dose (mg/kg) of FUra is indicated in subscript
for each treatment group.

Tumor measurements. Two axes of the tumor (the
longest axis, L, and the shortest axis, W) were
measured with a Vernier caliper. Tumor weight was
estimated according to the formula: tumor weight
(mg) = L (mm) x W (mm)?/2,

Biochemical studies. TSase and (FU)RNA were
measured in tumors of separate groups of mice of
the same age that received portions of the same
tumor brei at the same time of transplant.

Measurement of “unbound” thymidylate synthase
activity. Tumor tissues were excised, immediately
frozen in liquid nitrogen and stored at -70°
until the time of processing. Tumors (300-500 mg)
were homogenized with a motor-driven teflon-glass
homogenizer with 4 vol. of a solution of Tris~HCI
(100 mM, pH 7.6), 2-mercaptoethanol (20 mM) and
sodium fluoride (100 mM).

Other researchers have routinely added phos-
phatase inhibitors such as CMP, AMP [5,6] or
levamisole in the homogenization buffer. However,
we obtained optimal activity with NaF alone (data
not shown). In our hands, the addition of 1 mM
levamisole provided no additional enhancement of
TSase activity above that achieved with NaF alone,
whereas the addition of 5 mM AMP or 15 mM CMP
gave slight or substantial apparent inhibition of TSase
activity, respectively, when included with NaF.
Also, the addition of the protease inhibitor,
phenylmethylsulfonyl fluoride (PMSF, 1mM), to
the homogenization buffer provided no enhancement
of TSase activity.

Homogenates were centrifuged at 4° (100,000 g,
60min or 12,000g, 30 min) and the supernatant
fractions were placed on ice. TSase activity was
assayed by the release of tritium from [5-3H]dUMP
as described by Roberts [7]. The assay was conducted
under conditions where activity was linear with time
and added protein. The assay mixture (50 puL)
contained [5-*H]dUMP (10uM, 1.0 Ci/mmol),
CH,H,PteGlu (100 uM) and 25uL of protein.
Protein was determined by the method of Lowry et
al. [8].

Incorporation of precursors into RNA and DNA.
[5-*H]FUra (1.0 mCi/mmol) used to measure the
time course of incorporation into nucleic acids was
injected i.p. in saline. Tumor tissue was harvested
at the indicated time after treatment and immediately
frozen in liquid N,. Tissues were homogenized in
10 mM Tris-HCI, 150 mM NaCl and 1 mM EDTA,
pH 7.6. Sodium dodecyl sulfate was added to 0.5%
and the homogenate was then sonicated for 30 sec,
and digested with Pronase (20 ug/mL; predigested
for 2 hr at 37°), for 60 min at 37°, and extracted with
chloroform/isoamyl alcohol (24:1, v/v). Nucleic
acids were precipitated with 10% trichloroacetic acid
(TCA) to determine total incorporated radioactivity.
Other samples were first treated with alkali (0.4 M
NaOH, for 90 min at 37°) to determine alkali-stable
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acid-precipitable activity. Insoluble material was
filtered onto GF-C filters, washed twice with ice-
cold 5% TCA and then heated for 30 min at 50° in
a scintillation vial with 1 mL of BCS scintillation
fluid (Amersham)/1 M hyamine hydroxide in MeOH
(ICN) (9:1, v/v). BCS fluid (10 mL) was added and
the radioactivity was determined. The difference
between the total and alkali-stable radioactivity was
assumed to represent radioactivity in RNA. DNA
was measured by the diphenylamine color reaction

91
RESULTS

Therapeutic studies. In each of four separate
experiments, CD8F; mice bearing advanced first
passage CDS8F, breast tumors were separated into
six treatment groups of ten mice each. Each group
received three courses of weekly treatment as
follows: (1) saline-treated control; (2) “low-dose”
FUra at 25 mg/kg q.d. X 4 (FUrags4); (3) FUrazsx 4
+ LV; (4) “high-dose” FUra at 100 mg/kg (FUra,q);
(5) FUra,g + LV; and (6) “very-high-dose” FUra
at 200 or 225 mg/kg followed by uridine “rescue”.
Observations recorded 1 week after the last course
of treatment in each experiment are presented in
Table 1, and the statistical analysis of the pooled
results of these four experiments is presented in
Table 2.

FUra treatment of these CD8F, breast tumors
produced statistically significant tumor growth
inhibition, relative to saline-treated controls, at both
the “low-dose™ FUra (25 mg/kg q.d. X 4/week) and
the “high dose” FUra (100 mg/kg/week) regimens.
However, despite the fact that these two regimens
were designed to deliver the same dose intensity
of FUra, it is apparent that the schedule of
administration markedly affected the results of
treatment. The “high-dose” regimen (group 4)
resulted in a mean tumor size of 710 mg, which was
found to be significantly smaller than the mean
tumor weight of 1531 mg obtained with the “low-
dose” FUra regimen (group 2; P < 0.001).

The magnitude of the modulatory, enhancing
effect of LV on the activity of FUra also appeared
to be somewhat dependent upon the schedule of
administration of FUra. Where LV was added to
“low-dose” FUra (group 3) the mean tumor weight
was 963 mg, which was significantly smaller than the
1531 mg obtained in mice treated with the same
regimen of FUra without LV (group 2), P < 0.001.
However, when LV was added to high dose FUra
(group 5), the mean tumor weight (600 mg) did not
prove to be significantly different compared to mice
treated with “high-dose” FUra alone (710 mg, group
4).

Very-high-dose FUra (200 or 225 mg/kg/week)
with uridine rescue produced the greatest degree of
tumor growth inhibition of all the treatment groups
in each of the four experiments. The mean tumor
growth inhibition produced by the very-high-dose
FUra regimen was found to be significantly greater
than that produced by FUra, either alone (group
4) or with modulatory LV (group 5), P <0.02.

Biochemical studies. The biochemical effects of
LV addition to FUra were investigated initially by



Table 1. Comparative effects on body weight change, host toxicity and tumor growth inhibition after FUra;s .4 or FUra y, each with or without LV, or with
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observing the time course of TSase activity using
pooled tumor samples. As shown in Fig. 1, TSase
activity was inhibited by 49% after the first of four
daily FUra,; treatments. This inhibition did not
appear to be cumulative since TSase was inhibited
to the same degree (48%) after two further daily
injections. TSase activity gradually returned to
control levels after the final injection. Addition of
LV to low-dose FUrays.4 showed a trend toward
enhancing the inhibition of TSase. After a single
injection of FUra,s + LV, TSase was inhibited 55%.
This level of inhibition was maintained until the last
injection, and TSase activity then gradually returned
to control levels, However, at high-dose FUrayqy, a
single bolus dose was sufficient to inhibit TSase 66%
and this inhibition was maintained over at least 4
days when TSase was inhibited 73%. Addition of
LV to high-dose FUra showed a similar trend to that
at low-dose FUrays 4 in that the degree of inhibition
appeared to be enhanced slightly by the addition of
LV, However, TSase activities of separate tumors
of the same transplant group can vary, with standard
deviations of 15% being common. Therefore, while
a trend toward enhancement of TSase inhibition by
LV was observed, it appeared not to be statistically
significant.

In another experiment (Fig. 2A), TSase inhibition
was substantially inhibited (75%) by treatment with
FUrays, and was further inhibited (84%) after
treatment with high-dose FUrayp, but was not
further significantly enhanced by treatment at still
higher FUra doses (i.e. FUra;;5; FUragns + Urd),
Although the very-high-dose of FUra,y with uridine
rescue showed the best chemotherapeutic activity,
the inhibition of TSase by FUray,s was not
significantly greater than that produced by FUra,
{Fig. 2A) and further increases in dose beyond
FUra;o did not provide further decreases in TSase
activity.

The incorporation of FUra into RNA after
treatment with increasing doses of FUra was also
measured in animals transplanted with the same
tumor brei in the same experiment (Fig. 2B).
(FU)RNA increased in a linear fashion from
0.4 nmol/mg DNA after one treatment with FUra,s
to2.2 nmol/mg DNA at FUra, . The highest amount
of (FU)RNA (4.8 nmol/mg DNA) was found at the
very-high-dose of FUray;s.

In another experiment, the time courses of both
TSase inhibition and (FU)RNA accumulation were
investigated at either FUra,g, or FUrays followed
by two of the scheduled Urd “rescue” doses (Urd, sy
and Urdssgo). The results are shown in Fig. 3. TSase
activity was inhibited (Fig. 3B) over the duration of
the experiment, and there were no significant
differences between the TSase activities of the
FUra; group and the FUra,s group. However,
even after receiving two doses of Urd, the (FU)RNA
content of the FUra,,s group was significantly higher
than that of the FUra, group (Fig. 3A).

Since there were no significant differences between
the TSase activities in tumors of FUra-treated
and Furays-treated groups, and (FU)RNA was
significantly higher in the tumors of FUrays-treated
animals, and the greatest antitumor activity was
observed in the FUraxs-treated groups, the cor-
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Table 2. Statistical analysis of pooled tumor growth inhibition values obtained after
treatment with FUray,, or FUra,y,, each with or without leucovorin, or with
FUrayy, 15 followed by uridine “rescue”*

Body weight Dead/ Tumor weight
Treatment change (g) total (N) (mg)

1. Saline +1 7/40 4417 + 328
2. FUragsxs -4 1/40 1531 + 124+
3. FUray, s + LV -6 3/40 963 + 85¢
4. FUraym +3 0/40 710 + 51t
S. FUra + LV -1 1/40 600 + 82
6. FUrayy or 55

+ Urd “rescue” -5 2/39 370 = 46+

* Treatment groups are described in the legend to Table 1. The tumor weight
values are means = SEM. N = total number of tumor-bearing animals evaluated.
+ Significantly different (P < 0.05) compared to the preceding group.

Thymidylate synthase activity
Relative to saline control

0 1 i 1 1 1 I A 1 1 1 1

o 1 2 3 4 5 6 7 8 9 10 11 12
FUzsxah A A A
FUsoo 4 Days after treatment

Fig. 1. Effect of leucovorin (LV) treatment on FUra
inhibition of tumor thymidylate synthase in vivo over time.
Mice were treated with FUy.4 = LV or FU,o0 = LV.
Subscripts = mg/kg. Activity was measured prior to
scheduled FUra treatment on the day indicated. Tumors
from three mice were pooled, homogenates were prepared,
and thymidylate synthase activity was determined. LV
treatment: LV,y-2 hr—FUra,-4.5 hr—LV,y\-16.5 hr—
LVp6.5 hr— LV .

relation with enhanced antitumor activity was with
the level of (FU)RNA which, in turn, correlated
with FUra dosage.

DISCUSSION

The schedule and dose of leucovorin for in vivo
studies have been reviewed recently by Mini and
coworkers [10]. In prior studies by our group [11]
leucovorin was administered i.p. at 500 mg/kg at
—1, +4, +21 and +28 hr with FUra at 100 mg/mL.
This dose and schedule of LV were found to be
effective in enhancing the activity of FUra (i.e.
occasionally synergistic but with increased host
toxicity). Other researchers [12,13] reported
enhanced therapy in tumor-bearing mice with LV
administered (50 or 100 mg/kg) at —1 and Ohr in
combination with FUra at 100 mg/kg. For this study,
the 100 mg/kg dose of leucovorin was employed and

“ I~ A TSase Inhibition

Saline FUys FUggp FUyyg FUgag+Urd

Thymidylate synthase activity
pmol/min/mg protein

| B (FU) RNA

nmol FU(RNA)/mg DNA
w

FUzs FlUqpp FUyy5 FUpgg+Urd

Fig. 2. Comparison of {(A) the effect of TSase inhibition

(N = 5) and (B) incorporation of FUra into RNA (N =

4) with increasing dose of FUra. The schedule for uridine

“rescue” was FUy;-2 hr— Urd,sp. Tumors were excised

and frozen S hr after FUra treatment. Values are means
+ SD.

was found to produce an enhanced antitumor effect
in combination with FUra at 25 mg/kg. The schedule
of LV administration was similar to that utilized
previously [11].

In the CD8F; mammary tumor model, the dose
of FUra appeared to be the key factor with regard
to both of the two biochemical mechanisms of FUra
action studied here and also the attendant therapeutic
effects. Greater incorporation of FUra into RNA
and greater antitumor activity were seen with greater
doses of FUra. The duration of TSase inhibition was
not increased by LV + FUra over that of high-dose
FUra, and once TSase was inhibited to a nearly
maximal extent (i.e. at the MTD of FUra,y),
subsequent improvement in therapeutic activity was
dependent upon other mechanisms of which the
increased incorporation of FUra into RNA appeared
to be of great importance. This increase of (FU)RNA
can be accomplished by several strategies such
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Fig. 3. Time course of (A) (FU)RNA and (B) thymidylate

synthase inhibition after treatment with FU,p, or with FU

followed by uridine *rescue”. Uridine schedule: FUra-

2hr = Urd;s0-2.5 hr — Urdyge9-17 hr — Urdyspp-8 hr —

Urdysge. Key: (*) not significant; and (**) significantly
different from FU,y (P < 0.05).

as using biochemical modulators of FUra [N-
{phosphonacetyl)-L-aspartate (PALA), metho-
trexate (MTX), 6-methylmercaptopurine riboside
(MMPR)] or “rescue” of very-high-dose FUra with
Urd [1].

These results are consistent with previous literature
reports that stress the importance of (FU)RNA to
the cytotoxicity of FUra. The recent review of FUra
by Parker and Cheng [14] emphasized the therapeutic
importance of (FU)RNA, and an earlier review by
Valeriote and Santelli [15] stated that both DNA-
and RNA-directed actions of FUra contribute to the
overall cytotoxicity. Chabner [16] has stated that
any prospective mechanism and therapy study of
FUra should include measurements of both TSase
activity and (FU)RNA. However, the relatively
large number of reports attributing optimum
therapeutic activity to the LV + FUra combination
only report measurement of TSase activity;
{(FU)RNA has been neglected.

Our results reaffirm that the dose of FUra is an
important determinant of the effect of FUra on
its key biochemical targets, TSase activity and
(FU)RNA; namely, the greater the dose, the greater
the (FU)RNA effect, and the greater the antitumor
activity. A review of pertinent literature over the
past 15 years reveals identical findings. Thus, where
both biochemical targets of FUra have been
measured in the same therapeutic study, low-dose
fluoropyrimidine resulted in cytotoxicity that was
prevented by thymidine, whereas high-dose fluoro-
pyrimidine produced growth-inhibition refractory to
thymidine (17-22]. For example, Hakala and
coworkers [19] reported that “celis were found to
fall into two categories, those for which dTMP
synthetase is growth-limiting at relatively low FUra
concentration, and those for which it is not .. .”
and “at ‘high’ FUra concentrations the incorporation
into RNA became growth-limiting for all cells”.
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Despite the fact that high-dose FUra;p and low-
dose FUra,s.4 were administered in our studies at
equal weekly-dose intensities, the difference in their
schedule of administration also made a difference in
the therapeutic result: FUra;y produced superior
therapeutic activity over FUrags 4.

In addition, other effects of high-dose FUra may
overshadow any benefit of increased TSase inhibition
by FUra, with or without LV. This is also consistent
with reports in which a high-dose of either FdUrd
alone [23] or FUra alone [24] produced the same
degree of cell kill as a FUra-LV combination.

The lowest level of FUra used in the present study
was 25 mg/kg. At this dose and also at FUrayy, there
appeared to be a trend toward enhanced inhibition
of TSase by leucovorin. However, even if statistical
significance could be demonstrated, the magnitude
of this enhancement is less than 5-10%.

Enhancement of the TSase inhibitory effect of
FUra by LV has been demonstrated in in vitro
[23,24] and in vivo biochemical studies [25].
However, in these studies suboptimal doses of FUra
were used in order to demonstrate the enhanced
effect of LV treatment. Although similar low doses
would not be used to treat cancer in the clinic, where
drugs are typically escalated to limiting toxicity,
these suboptimal doses of FUra have been referred
to as “therapeutic” doses because cell growth
inhibition does occur at these lower doses. It should
be noted that higher doses of FUra alone produced
equal or greater therapeutic effects than the
combination of LV + FUra in several of these
studies {19, 20, 24]. A suboptimal dose of FUra was
employed in these studies only to magnify the
biochemical interrelationships of LV + FUra in the
formation of the ternary complex with TSase. These
interrelationships are valid observations, but it may
be misleading to consider exogenous LV necessary
for the optimal therapeutic activity of FUra at clinical
doses of FUra.

Although, all the data in our literature review and
in the extensive review of Parker and Cheng [14] as
well as our own results indicate that high-dose FUra
can produce its effects by at least the two mechanisms
of thymidylate synthase inhibition and incorporation
of FUra into RNA,, in a clinical regimen where FUra
is being administered in a combination at relatively
low dose it is likely that TSase inhibition is the main
effect of FUra and it is possible that a subset of
these patients could benefit from exogenous
leucovorin. There is clinical evidence which suggests
that leucovorin may be more effective against cancers
with low levels of thymidylate synthase activity since
an inverse relationship between TSase activity and
drug {FUra + leucovorin) response was reported
[26].

The reporting of only one parameter {e.g. TSase
activity and not (FU)RNA] also can be misleading.
For example, Fig. 1 indicates that FUra,s with or
without LV produces much stronger inhibition of
TSase than low-dose FUrays. Since the therapeutic
results clearly demonstrated that FUra;y gives
antitumor activity greater than FUrays.,, in the
absence of (FU)RNA data one interpretation would
be that the biochemical basis for this greater
therapeutic activity is that TSase is more strongly
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inhibited at the higher dose. Yet an examination of
both the TSase and (FU)RNA data (Fig. 2) provides
the alternative and appropriate explanation that
(FU)RNA adds a complementary effect to the
already pronounced TSase inhibition.

Over recent years the importance of (FU)RNA
has been recognized, and the potential effects of
(FU)RNA are beginning to be investigated [27-31].

One contributory effect due to (FU)RNA appears
to be the loss of thymidine kinase (TKase) [32].
Other short half-life, proliferation-related enzymes
such as ornithine decarboxylase [32] and/or certain
regulatory proteins (transcription factors) which are
coded for by short half-life mRNAs may also
be preferentially affected by (FU)RNA. These
additional effects may also contribute to the cellular
injury produced by the TSase block by FAUMP;
however, the (FU)RNA-related loss of TKase means
that both the salvage (i.e. TKase) and de novo (i.e.
TSase) pathways producing thymidylate for DNA
synthesis are blocked simultaneously. On this basis
alone, it is not surprising that the greater doses of
FUra, which produce a greater amount of (FU)RNA,
lead to greater antitumor activity. In addition, the
dose of FUra need not necessarily be raised beyond
the MTD of FUra alone, as there are a number of
biochemical modulators (PALA, MTX, MMPR,
Urd rescue) that can produce a therapeutically
important increase in (FU)RNA [1].
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