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Abstract 5-Fluorouracil (FUra) is one of the few effec-
tive agents in the treatment of patients with colorectal
cancer. Its effects on the target enzyme thymidylate
synthase (TS) can be modulated by leucovorin (LV) or
cisplatin (CDDP). Tumor size and differentiation of
tumor characteristics can influence therapeutic efficacy.
We therefore studied the relationship between tumor
size (cutoff point 200 mm3) and the antitumor activity
of FUra and its modulation by LV in murine Colon 26
and Colon 38 tumors. The doubling time of tumors
measuring '200 mm3 was about 160% longer. The
antitumor effect of FUra in these large tumors was
decreased and could not be modulated by LV. In addi-
tion, three subtypes of Colon 26 (Colon 26-A, Colon
26-B, and Colon 26-10) were identified and character-
ized for tumor-induced weight loss, TS activity, re-
sponse to chemotherapy, and histological features.
Mice bearing Colon 38 and Colon 26-10 did not lose
weight as a result of tumor growth. Colon 26-A caused
a weight loss of up to 19%, whereas mice with Colon
26-B tumors remained within 10% of their initial
weight and tolerated at least 2.5 times more tumor load
than did mice bearing Colon 26-A, which induces
cachexia. Among untreated tumors, TS catalytic activ-
ity was highest in Colon 26-B (5536 pmolmg pro-
tein~1h~1) and lowest in Colon 38 (799 pmolmg
protein~1h~1); Colon 26-A and Colon 26-10 had inter-
mediate activities (about 2500 pmolmg protein~1h~1).
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5-Fluoro-2@-deoxyuridine monophosphate (FdUMP)
binding was comparable in the three Colon 26 subtypes
but was lower in Colon 38. The antitumor activity of
FUra could be modulated by LV in Colon 38, Colon
26-10, and Colon 26-A but could not in Colon 26-B,
with complete responses (CR) being obtained in Colon
26-10 and Colon 38. The latter two were highly sensi-
tive to CDDP, followed by Colon 26-A and Colon 26-B
(CRs: 50%, 40%, 25%, and 0, respectively). Further-
more, necrosis was noted in Colon 26-B and Colon 38
but not in Colon 26-A. In conclusion, (1) the antitumor
activity of FUra in large tumors is decreased and can-
not be modulated by LV and (2) characteristics and
sensitivity to chemotherapeutics can vary substantially
in closely related tumors of the same origin.
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Introduction

5-Fluorouracil (FUra) in combination with the modu-
lator leucovorin (LV) is now recommended for treat-
ment of patients with advanced colorectal cancer, but
the effect in terms of survival remains limited [1, 2].
FUra has to be metabolized to the nucleotide level and
acts by incorporation of its metabolite 5-fluoro-
uridine-5@-triphosphate (FUTP) into RNA [3] and by
decreased DNA synthesis caused by 5-fluoro-2@-
deoxyuridine monophosphate (FdUMP)-mediated in-
hibition of thymidylate synthase (TS) activity [4, 5].
The latter effect can be increased by LV [5—7]. Cis-
platin (CDDP) has an unclear inhibitory effect on TS
and can produce a synergistic antitumor effect when
combined with FUra [8, 9]. Addition of CCDP to
fluoropyrimidine therapy has increased responses in
patients with advanced colorectal cancer [10]. Combi-
nation of FUra, LV, and CDDP has resulted in a 51%
response rate in advanced colorectal cancer [11]. Other



combinations of fluoropyrimidines with platinum or
platinum analogues (oxaliplatin) are currently being
investigated for treatment of patients with colorectal
cancer [12].

A large tumor load is associated with decreased
therapeutic efficacy by mechanisms such as decreased
accessibility for drugs, metastases with altered charac-
teristics, and development of heterogeneity in the tu-
mor itself [13, 14]. It is suspected that modulation of
cytotoxic drugs and their cytostatic action is decreased
in large tumors; however, this has never been described.
Therefore, we investigated the effectiveness of FUra
and LV modulation of FUra in murine Colon 26 and
Colon 38 tumors with a large volume as compared with
moderately sized tumors. These preclinical tumor mod-
els are commonly used as a panel to test novel chemo-
therapeutics against colorectal cancer, to study the
process of metastasis, and also for mechanistic studies
of chemotherapeutics [3, 7, 9, 15—43]. These two tu-
mors have been induced at the Southern Research
Institute (SRI, Birmingham, Ala.) with N-methyl-N-
nitrosourethan or 1,2-dimethylhydrazine, respectively
[15]. For example, though originating from one source,
Colon 26 can develop different characteristics, such as
a decreased growth rate, different responses to cyto-
statics, or histological structural changes after various
passages [15—17, 34, 44]. For instance, Sugimoto et al.
[34] have demonstrated that in vitro adaptation of
Colon 26 to serum-free conditions leads to develop-
ment of tumors with new pheno- and genotypes. The
effect of these mutations could result in changes in
metastatic features or altered enzyme activities.

Tanaka et al. [35, 36] related weight loss and tumor-
induced cachexia with metastases in Colon 26. Differ-
entiation of the metastatic abilities of the Colon 26
tumor results in altered cachexic features [35, 36]. Fur-
thermore, if mutations lead to increased target enzyme
activity, it is likely that these changes could account for
the ineffectiveness of chemotherapeutics as seen in the
clinic, where tumor heterogeneity for TS activity has
been observed [5].

We therefore also evaluated the various properties
and TS activity of three subtypes of Colon 26 (Colon
26-A, Colon 26-B, and Colon 26-10) derived from the
same parent but maintained in different laboratories.
An attempt was made to correlate possible differences
with the therapeutic efficacy of FUra $LV and
CDDP.

Materials and methods

Mice and drugs

In the Netherlands, FUra was purchased from Hoffman-La Roche
(Mijdrecht, The Netherlands) and diluted with sterilized and pyro-
gen-free phosphate-buffered saline (PBS); LV was obtained from
Lederle Cyanamid (Etten Leur, The Netherlands); and CDDP was

supplied by Bristol-Myers Squibb (Woerden, The Netherlands). At
Buffalo, FUra and LV were obtained from Sigma Chemical Co. (St.
Louis, Mo., USA). FUra was dissolved in sterile 0.9% saline. CDDP
was purchased from Bristol-Myers (Syracuse, N.Y., USA) and dis-
solved in 0.9% saline. BALB/c and C57B1/6 mice in Amsterdam
were obtained from Harlan/Cpb (Zeist, The Netherlands), and Har-
lan (Prattvile, Ala.) delivered BALB/c mice in Buffalo and kept them
at five to six animals per cage with access to water and food ad
libitum. Animal experiments were performed according to the rules
of the local Animal Ethics Committees.

Drugs were given i.p. on weekly schedules. In both Amsterdam
and Buffalo the maximum tolerable dose (MTD) was defined as the
dose producing a maximal drug-related weight loss of 10% but not
causing drug-related deaths. In Amsterdam, treatment with FUra
alone could be given at a dose of 100 mg/kg [9, 23, 24, 26—28,, 30, 31,
37, 39]. In combination with LV the optimal schedule was 50 mg/kg
LV given at 1 h before and simultaneously with FUra [23, 24, 39]. In
Buffalo, 100 mg/kg FUra caused 80% deaths (data not shown) and
FUra alone was thus given at a safe dose of 80 mg/kg [38]. CDDP
was used at a dose of 9 mg/kg.

Histological evaluation

Tumors were removed from untreated mice. Formalin-fixed paraffin
samples were stained with hematoxylin-eosin for further histological
evaluation. Necrosis was assessed by histological evaluation of five
to ten tumor samples.

Tumor and antitumor activity

Colon 26 and Colon 38 are murine (adeno-) carcinomas. For experi-
ments in Amsterdam, Colon 38 and a Colon 26 tumor (later named
Colon 26-A) were originally provided by Dr. P. Lelieveld of the
REPGO-TNO Institute (later named Medical Biological Labora-
tory, TNO; Rijswijk, The Netherlands). This institute received the
tumors from SRI [44]. Colon 26-A samples (passage 42, originally
frozen on 17 November 1977) and Colon 38 samples (passage 28,
frozen on 25 Mach 1980) were implanted into mice at the labora-
tories of the Free University on 05 January 1984 and subsequently
maintained by transplantation. Samples from the original passages
were kept in liquid nitrogen, frozen with 10% dimethylsulfoxide
(DMSO), and transplanted before the 20th transplantation round to
avoid differentiation from the original tumor. Colon 26-10 cells
(provided by Dr. W.D. Klohs, Ann Arbor, Mich., USA) [21] were
originally derived from a Colon 26 tumor and established as a cell
line. In Amsterdam, Colon 26-10 cells were injected into the flanks of
BALB/c mice, which led to a new tumor line named Colon 26-10.
Colon 26-B is another Colon 26 tumor, which was also initially
obtained from Dr. T.H. Corbett during his stay at SRI and sub-
sequently propagated at the Roswell Park Cancer Institute in the
laboratory of Dr. Y.M. Rustum. Approximately every 3 months,
tumors were taken out of the bank and retransplanted s.c. into
BALB/c mice. Prior to banking, tumor fragments were tested for
mycoplasma. For further evaluation, Colon 26-B was transported to
Amsterdam, where experiments were repeated to compare the two
tumors, which originated from the same source but were maintained
in different laboratories. The characteristics are summarized in
Table 1.

Tumors were maintained in female BALB/c (all Colon 26 vari-
ants) and C56B1/6 (Colon 38) mice and were transplanted in frag-
ments of 1—5 mm3 into both flanks of 2-month-old female mice,
when experiments were initiated. Mice were weighed at least three
times a week to monitor toxicity and to determine the amount of
drugs to be given. Tumor volumes were obtained by caliper
measurement using the formula height]length]width]0.5, which
was shown to be one of the most reliable and reproducible methods
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Table 1 Characteristics of
murine colon tumors Tumor Colon 26-A Colon 26-B Colon 26-10 Colon 38

Type Undifferentiated Undifferentiated Undifferentiated Differentiated colon
colon carcinoma, colon carcinoma colon carcinoma adenocarcinoma
local fibrosarcoma

Source SRI&/TNO, Rijswijk SRI/Buffalo SRI/Ann Arbor SRI/TNO, Rijswijk
Host BALB/c BALB/c BALB/c C57B1/6
Take rate! 100% 95—100% 95—100% 90—95%
Necrosis ! # $ ##

TD" 3.0 days 2.9 days 4.1 days 4.9 days
CWL# 19.2% 8.5% 0 0
MLS$ 20 days 20 days 25 days '40 days
FUra sens.% $ $ ### ##

! Percentage of successfully transplanted tumors
"Tumor-doubling time
# Cachexic weight loss, defined as the loss of weight just before anticipated death
$Median life span after transplantation of a tumor measuring 1—5 mm3; only Colon 26-A acounted
100% of tumor-induced deaths, whereas mice with other tumors were often killed after tumors had
reached a diameter of 2 cm
% Sensitivity to FUra treatment: $0.25'GDF(1.0, ##median GDF'2.0, ###meidan
GDF'2.0 and complete response rate '50%
&Obtained from Dr. D.P. Griswold and from Dr. T.H. Corbett during their stay at SRI. Dr. Corbett is
currently at Wayne State University, Detroit, Michigan

in both our laboratories and others. In addition, irregularities in
tumor shape, such as those often observed in Colon 38, can more
easily be corrected with this method by the use of three instead of
two axes [46]. When tumors had reached 50—200 mm3 in size,
treatment was started and this day was designated as day 0. Mice
bearing tumors with an initial size of '200 mm3 were excluded
from standard evaluation, although treatment was nonetheless
given. This cutoff point was based on an agreement made with other
laboratories [26, 42, 47] at the Free University and with several
collaborative groups within Europe [including the European Or-
ganization for Research and Treatment of Cancer (EORTC) Screen-
ing and Pharmacology Group] to ensure that data would be compa-
rable. As a general policy, mice bearing tumors with a diameter of
'2 cm were euthanized. Tumor volumes were obtained every 3—4
days and were expressed relative to volumes measured on day 0.
Since most of these data were obtained retrospectively and survival
analysis was allowed at the time at which these experiments were
carried out, a median life span (MLS) could be calculated. The MLS
was defined as the day after transplantation on which the median
part of a group had died.

The antitumor activity was evaluated by analyzing (a) the tumor-
doubling time (TD), representing the time in which the tumors
doubled their size after the start of treatment; (b) the growth-delay
factor [GDF"(TD treated mice !TD untreated mice)/TD un-
treated mice]; (c) the maximal mean tumor volume of treated ani-
mals/tumor volume of untreated animals (T/C max); and (d) the
percentage of complete regressions (CR) as defined by Van Laar
et al. [38]. More than one T/C value recorded for mice with normal-
sized tumors was included in the tables so as to compare these T/C
values with those noted for mice bearing large tumors, who died
earlier. Four different antitumor-activity scoring systems were used,
since each type of tumor responds in a different way. For instance,
the GDF of sensitive tumors cannot be calculated if many CRs are
achieved; thus, the T/C max is a better alternative. However, for
mice who would die very early due to cachexia, the T/C value would
not be reliable and would cover only a short period.

The influence of tumor size on antitumor activity was studied by
analyzing the data from previous experiments [7, 9, 23, 24, 26—31, 37,
38]. This approach was chosen because the growth of Colon 38
tumors is quite heterogenous and many mice would be required to
produce enough large tumors in one experiment; this was not con-
sidered ethical. Therefore, it was felt that a retrospective study

involving a large number of tumors would be adequate to provide
a sufficient number of large tumors. The data from published experi-
ments involving animals with a tumor size of '200 mm3, which
were initially excluded, were now reanalyzed and compared with
data compiled from previously published experiments. The analysis
was not done in Colon 26-10 and in experiments with the LV-FUra
combination in Colon 26-B, because tumor growth in these models
is more homogeneous and many more experiments would be re-
quired to produce a sufficient number of large tumors.

Enzyme assays

Tumors (size 100—200 mm3) were removed from untreated mice and
immediately frozen in liquid nitrogen. TS activity was measured
both with a ligand-binding assay to determine the number of free
FdUMP-binding sites of TS and with a 3H-release assay to deter-
mine the rate of conversion of dUMP into deoxythymidine mono-
phosphate (dTMP) and, thereby, the catalytic activity of TS. The
latter assays were performed at two substrate concentrations: 1 lM
dUMP (nonsaturated) and 10 lM dUMP (saturation concentra-
tion). Potential inhibition of TS was determined by the addition of
10 nM FdUMP; dissociation constants (K

*
values) for FdUMP were

calculated using Dixon plots for competitive inhibition. Both assays
were performed with saturating folate concentrations according to
published methods [7, 39, 45].

Statistical analysis

Student’s t-tests for unpaired data were used for statistical analysis.
A P value of (0.05 was considered significant.

Results

Histological evaluation

The amount of necrosis and tumor differentiation were
evaluated by examination of histological cross sections
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Fig. 1a–d Histological examples (HE staining) of a Colon 26-A,
b Colon 26-B, c Colon 26-10, and d Colon 38. Note that the
amount of necrosis between Colon 26-A and Colon 26-B differs. The
adenocarcinoma Colon 38 is well differentiated, but the Colon 26
subtypes are poorly differentiated carcinomas as described by Cor-
bett et al. [15, 16] and Van Kraanenburg-Voogd et al. [44]

(Fig. 1). Colon 38 is a well-differentiated adenocarci-
noma as described by Corbett et al. [15, 16]. This
tumor has the largest amount of necrosis ('80%). All
Colon 26 tumors are poorly differentiated. Colon 26-A
does not show necrosis; both Colon 26-10 and Colon
26-B show some extent of necrosis, with Colon 26-B
showing a somewhat higher extent (Table 1, Fig. 1).

Effect of tumor origin on life span and weight loss

In Table 1 the histological characteristics and features
of the tumors studied are summarized. In Fig. 2,

c
Fig. 2a Relative weight changes and b absolute tumor volumes
determined in untreated Colon 26-subtype-bearing mice. Data rep-
resent mean values for 3—7 experiments. Graphs start at 10 days
after transplantation and are continued to the MLS. SD values are
omitted for purposes of legibility but remain with a 20% limit. (black
circles Colon 26-A, white triangle Colon 26-B, white circles Colon
26-10.) Note that mice bearing Colon 26-A ultimately tolerate
a lower tumor load than mice bearing Colon 26-B, but they show
a 2-fold greater weight loss
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Table 2 Antitumor activity of
FUra$LV on normal (N) and
large (¸) murine colon
carcinomas. Data represent
mean values$SD (NS Not
significant)

Tumors Treatment TD GDF T/C in %
(n) (size)! (days) (mean/median) (day)

Colon 26-A:
207 !(N) 3.0$0.8*4
35 !(L) 4.5$1.7

107 FUra 100 (N) 5.2$1.6*4 0.7NS/0.8 63*3(7), 43(10)
22 FUra 100 (L) 9.2$3.5 1.0/1.1 76(7)

106 LV-FUra 100 (N) 10.9$3.8NS 2.6*4/3.2 46*4(7), 31(10)
11 LV-FUra 100 (L) 10.4$4.2 1.2/0.9 63(7)

Colon 26-B:
101 !(N) 2.9$1.1*4
22 !(L) 4.7$1.2
15 FUra 80 (N) 7.5$4.6NS 1.6NS/1.1 28*1(10)
5 FUra 80 (L) 8.7$4.4 0.9/0.7 54(10)

Colon 38:
115 !(N) 4.9$1.1*4
41 !(L) 7.9$3.1
47 FUra 60 (N) 16.3$2.6*2 2.3*4/2.5 18*4(17)
22 FUra 60 (L) 19.3$6.7 1.4/1.6 27(17)
57 FUra 100 (N) 26.5$1.2NS 4.4*4/4.3 14*4(17)
28 FUra 100 (L) 24.0$5.2 2.0/2.0 19(17)
72 LV-FUra 100 (N) 31.7$1.9*4 5.5*4/5.4 8*4(17)
16 LV-FUra 100 (L) 26.4$6.5 2.3/2.6 18(17)

*1P(0.05; *2P(0.02, *3P(0.01, *4P(0.001. Additional calculations: FUra 100 (N) as compared
with LV-FUra 100 (N), P(0.001 for all parameters in both Colon 26-A and Colon 38; FUra 100 (L) as
compared with LV-FUra 100 (L), NS for all parameters in Colon 26-A and Colon 38. Colon 38: FUra 60
(N) as compared with FUra 100 (N)—TD P(0.01, GDF P(0.02, T/C P(0.05; FUra 60 (L) as
compared with FUra 100 (L) — TD, GDF, T/C P(0.001
! (N) Tumor volume of 50—200 mm3, (¸) tumor volume of '200 mm3. Each specific antitumor
parameter of the normal-sized group is compared with the corresponding parameter of larger tumors.
For example, the T/C of FUra 100 (N) is compared with that of FUra 100 (L)

growth characteristics and tumor-induced cachexia
from all Colon 26 subtypes are shown. Figure 2a
illustrates that mice inoculated with Colon 26-B or
Colon 26-10 could tolerate larger tumors than could
mice inoculated with Colon 26-A, which developed
more severe cachexia and died as a consequence
(Fig. 2b). At the time of death, each mouse bearing
Colon 26-A lost about 20% of its initial weight (data
of these individual mice are not shown), whereas
mice bearing Colon 26-B or Colon 26-10 tolerated
much larger tumor volumes and had to be euthanized
only when tumor diameters reached the permitted
2 cm. The 14% weight loss shown by Colon 26-A-
bearing mice at day 10 indicates that not all mice died
at the MLS. At this point, Colon 26-10 did not induce
any weight loss and mice with Colon 26-B tumors lost
only a mean of 8.5% of their initial weight. In addition,
when Colon 26-B tumors had reached a volume of
400 mm3 (the volume at which Colon 26-A-bearing
mice generally died), the weight loss in these mice did
not exceed 5% (data not shown). At this point, mice
bearing Colon 26-A were close to anticipated death and
were euthanized before they could die of tumor-in-
duced cachexia.

Effect of tumor size on TD, the antitumor activity
of FUra, and modulation with LV

To relate tumor size with therapy failure, we retrospec-
tively analyzed the results of experiments performed
previously [7, 9, 23, 24, 26—31, 37—39]. At day 0, when
treatment started, volumes of large Colon 26-A, Colon
26-B, and Colon 38 tumors were 273, 361, and
457 mm3, respectively. Tumor volumes in the normal-
sized groups were about 100—125 mm3. The growth
behavior of large tumors differed from that of normal-
sized tumors; a decline of up to 50% of the normal
growth rate was seen in both Colon 26 and Colon 38.
A lower deceleration of growth rate was observed in
treated groups with large tumors (Table 2; Figs. 2, 3).
In terms of GDF and T/C, all groups of mice with
normal-sized tumors responded better than those with
large tumors (Table 2). Mice treated with FUra showed
a dose-dependent response in large Colon 38 tumors
that was with the results of compiled experiments and
the trend seen in previous studies [23, 28, 30, 31].

In the compiled group of Colon 38 and Colon 26-A
tumors with a normal volume the addition of LV of
FUra improved all the antitumor parameters (Table 2;
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Fig. 3a, b Antitumor activity of weekly ]4 FUra $LV given to
mice with a normal and b large Colon 38 tumors. Graphs are
continued to the MLS, values are expressed $SEM and might
therefore not be visible, and numbers can be derived from Table 2.
(Black circle Untreated, white triangles 60 mg/kg FUra, black tri-
angels 100 mg/kg FUra, black inverted triangles 50 mg/kg LV given
at 1 h before and with 100 mg/kg FUra.) Normal-sized tumors:
100 mg/kg FUra as compared with 100 mg/kg FUra#LV at days
7 and 42 P(0.05, days 3 and 14 P(0.01, other days P(0.001.
FUra 100 mg/kg as compared to 60 mg/kg at days 3 and 7 P'0.05
(not significantly different"NS), day 10 P(0.05, day 17 P(0.01,
other days P(0.001. Large tumors: FUra as compared with FUra
#LV"NS all days. 100 mg/kg FUra as compared with 60 mg/kg
at days 10, 14, and 28 P(0.01, day 21 P(0.05, day 24 P(0.02,
day 17 P(0.001

Figs. 3a, 4a) as previously describe in separate experi-
ments [7, 23, 24, 39]. However, the modulating effect of
LV on FUra therapy was not seen when tumors were
larger than 200 mm3; all antitumor parameters of the
FUra#LV group were the same as those determined
for FUra alone (Table 2; Figs. 2b, 3b).

Effect of tumor origin on antitumor activity
and LV modulation

These data derive from normal-sized tumors. Of the
Colon 26 subtypes, only Colon 26-A and Colon 26-10
were sensitive to LV modulation (Tables 2, 3). The data
from various experiments conducted over an 8-year
period were compiled and are shown in Fig. 4a. In this
figure the antitumor effect of FUra against Colon 26-A
was significantly improved by LV (P(0.001). Also, in
the separate published experiments performed over an

Fig. 4a, b Antitumor activity of weekly ]4 FUra $LV given to
mice with a normal and b large Colon 26-A tumors. Graphs are
continued to the MLS and values are expressed $SEM. (Black
circles Untreated, black triangles 100 mg/kg FUra, black inverted
triangles 50 mg/kg LV given at 1 h before and together with
100 mg/kg FUra.) Normal-sized tumors: FUra #LV significantly
(P(0.001) better than FUra alone; large tumors: no significant
difference

8-year period, these differences were reproducible and
significant [7, 23, 24, 39]. The MTD of FUra deter-
mined in Buffalo was slightly lower (80%) than that
established in Amsterdam. Because a dose dependency
might be causing a lack of modulation of the antitumor
activity of FUra by LV in mice bearing Colon 26-B
(T/C at day 11 of 0.31 and 0.35 for FUra with and
without the addition of LV, respectively), we trans-
ported Colon 26-B to Amsterdam. In Dutch laborator-
ies we could give 100 mg/kg FUra to Colon 26-B bear-
ing mice. However, also under these circumstances an
antitumor effect of FUra could not be enhanced signifi-
cantly by LV (Table 3). The antitumor effect of
100 mg/kg FUra could also be enhanced by LV in mice
with Colon 38 tumors (Table 2, Fig. 3a).

All Colon 26 subtypes were relatively resistant to
FUra, except for Colon 26-10, in which CRs of even up
to 50% were seen. FUra given to mice with Colon 38
and Colon 26-A tumors (data from [7, 27, 28, 30])
showed a dose-dependent response (Table 2, Fig. 3).
No CR was observed when 60 mg/kg FUra was used.
Only higher doses of FUra (100 mg/kg)$LV could
achieve CRs in Colon 38-bearing mice (12.5% and
15%, respectively).
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Table 3 Antitumor activity of
FUra$LV in various murine
Colon 26 ademocarcinomas.
Data represent mean
values$SD (NS Not
significant, NE not evaluable
since tumors did not regrow)

Tumor Therapy! TD (days)" GDF# T/C (%)$ n% CR (%)&

Colon 26-A — 3.0$0.8 207 0
FUra 100 5.2$1.6 0.7/0.8 43$19 (10) 102 0
LV-FUra 100 10.9$3.8* 2.6*/3.2 31$11 (10)* 106 0

Colon 26-B' — 3.4$0.8 10 0
FUra 100 6.1$1.7 0.8/0.9 22$11 (11) 12 0
LV-FUra 100 9.8$5.2NS 1.9NS/1.7 15$5 (11)NS 13 0

Colon 26-10 — 4.1$2.6 10 0
FUra 100 NE NE 9.5$5 (10) 12 100
LV-FUra 100 NE NE 2.3$3 (10)* 12 100

*P(0.001
! Doses are expressed in mg/kg
"Tumor-doubling time
# Growth-delay factor; mean and median values are given
$Maximal T/C values are given in parentheses; day after the start of treatment
% Total number of tumors analyzed
&Complete response (in only 1 experiment where FUra and FUra#LV were compared in Colon 26-10.
The CR rate of single-agent FUra was 53% in 4 subsequent experiments, total n"48)
' Colon 26-B treated in Amsterdam. Colon 26-B in Buffalo: TD of 80 mg/kg FUra$LV, 8.4 and 8.0
days, respectively. Modulation of FUra by LV was analyzed per tumor subtype

Table 4 Antitumor activity of
CDDP in various murine Colon
26 carcinomas. Mice were
treated with 9 mg/kg CDDP at
weekly intervals. Data represent
mean values$SD (CR
complete response, NE not
evaluable)

Tumor TD GDF T/C %" n# CR (%)
(Days)! (median) (day)

Colon 26-A 33.6$3.8* 8.3* 17$10* (10) 12 25
Colon 26-B$ 6.9$4.7 0.8 37$17 (10) 13 0
Colon 26-10 NE% NE 13 (14) 12 50
Colon 38 33$2.1 3.8 4 (21) 6 40

*P(0.001 versus Colon 26-B in Amsterdam
! Tumor-doubling time
"Maximal percentage of T/C
# Total number of tumors analyzed
$Colon 26-B treated in Amsterdam
% Not evaluable as insufficient numbers of treated tumors doubled their initial volume

Effect of tumor origin on CDDP sensitivity

CDDP was included in these experiments, since it had
previously been shown that if the right dose and sche-
dule are given, the compound can be active [9, 16, 31,
37] in colon cancer [11]. The experiments with CDDP
showed marked differences in the CDDP sensitivity of
the three Colon 26 subtypes, which initially derived
from the same source (Table 4). Colon 26-10 was the
most CDDP-sensitive tumor, followed by Colon 38. In
all, 25% of all mice with Colon 26-A tumors could be
cured, whereas no CR was observed in mice bearing
Colon 26-B. Also, assessment by GDF and T/C max
revealed that Colon 26-A was more sensitive than Co-
lon 26-B to CDDP. To exclude circumstantial influen-
ces such as the dissolving of drugs, mouse breed, or
food, Colon 26-B was tested in The Netherlands. Al-
though a variation in CDDP sensitivity in these two
experiments with Colon 26-B was seen, Colon 26-B
remained significantly less sensitive to CDDP than the
other two Colon 26 subtypes (Table 4).

Effect of tumor origin on TS activity

The differences in response to LV modulation of FUra
observed between various tumors might be explained
by differences in the initial TS levels. To delineate the
outcome of these experiments we included the TS acti-
vities of Colon 26-A and Colon 38 (tumors in which the
antitumor activity of FUra could be modulated by LV
and that are resistant and sensitive to FUra, respective-
ly [7, 23, 24, 39]) and related them to the TS levels of
Colon 26-B and Colon 26-10.

No significant variation in the number of free
FdUMP-binding sites was observed among the three
different subtypes of Colon 26 (Table 5). This might
indicate that the number of FdUMP-binding sites is
not an important parameter of the failure of LV modu-
lation in Colon 26-B. In Colon 38, lower numbers of
FdUMP-binding sites were found, which might partly
explain its sensitivity to FUra therapy and the success-
ful LV modulation of FUra. The catalytic activity of
TS was 2 times higher in Colon 26-B as compared
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Table 5 FdUMP binding and
TS catalytic activity in different
murine colon carcinomas. Data
represent mean values$SD for
3—8 tumors (ww wet weight)

Tumor FdUMP binding TS catalytic activity Ratio Ratio
(fmol/mg ww) (pmol/mg protein~1h~1)! TSCA/FB" 10/1#

1 lM dUMP 10 lM dUMP

Colon 26-A [39] 126$55 935$337 2324$720 18.4 2.5
#10 nM FdUMP 249$144 (27) 1267$547 (55) 5.1

Colon 26-10 90$8 922$180 2852$339 31.7 3.1
#10 nM FdUMP 229$28 (25) 1597$173 (56) 7.0

Colon 26-B 122$33 1744$127 5536$387 45.4 3.2
#10 nM FdUMP 271$70 (16) 2745$307 (50) 10.1

Colon 38 [39] 54$5 335$138 799$228 14.3 2.4
#10 nM FdUMP 49$19 (14) 376$104 (47) 7.7

! Numbers in parentheses represent percentages of control values
"Ratio of TS catalytic activity at 10 lM dUMP/FdUMP binding
# Ratio of TS catalytic activity at 10 versus 1lM dUMP

with Colon 26-A and Colon 26-10 at both low
(nonsaturated) and high (saturated) dUMP concentra-
tions. The ratio of catalytic activity to free FdUMP-
binding sites was calculated to determine whether en-
zymic properties of TS also differ among the tumors.
This ratio was again significantly higher in Colon 26-B
(Table 5). The possibility that protein concentration in
tumors would account for the difference was ruled out
as these were comparable for all tumors (data not
shown).

The catalytic activity detected in Colon 38 tumors
was much lower than that observed in the different
Colon 26 subtypes. This is possibly related to the sensi-
tivity FUra and LV-modulation of Colon 38. The ratio
of TS catalytic activity at 10 versus 1 lM dUMP was
calculated to demonstrate possible variations in en-
zyme kinetics. In the case of a high Michaelis constant
(K

.
), a lower ratio would be found. This ratio, however,

was comparable for all tumors. The inhibition of TS
activity that could be achieved by the addition of
10 nM FdUMP in the assay was comparable with
respect to absolute TS activity for Colon 26 tumors.
Indeed, the K

*
values found for FdUMP among the

four different tumors were in the same range, varying
from 1 to 2.5 nM FdUMP. In Colon 26-B tumors the
TS catalytic activity could be decreased to 16% by
10 nM FdUMP but remained the highest value found
among all tumors analyzed. This accounted for the
slightly higher ratio found between inhibited TS cata-
lytic activity at 10 and 1 lM dUMP in Colon 26-B. The
ratios mentioned were comparable with those obtained
in previous experiments and with those found in hu-
man colorectal cancer [7, 9, 39, 45] and indicate that
enzyme kinetics did not vary significantly.

Discussion

The present study shows that a large tumor size nega-
tively influences the therapeutic efficacy of FUra modu-

lation by LV in murine tumor models. Furthermore,
subtypes of Colon 26 that derived from the same source
developed variable toxic effects in mice and showed
distinct variability in the tumor response to FUra
modulation by LV.

Tumor mass has been associated with resistance to
chemotherapy [13, 14]. Vascularity, cell-kinetic cha-
nges, and genetic mutations are held responsible for
these phenomena. The reduced growth rate of all large
tumors might be held responsible for some of the obser-
vations in this study, but it is clear that other factors
must cause the decreased sensitivity of FUra modula-
tion by LV. Drug availability in the tumor center could
be decreased in large tumors. For instance, in the center
of large tumors, increased intenstitial pressure gradi-
ents cause radial fluid flow from the center to the
periphery [14]. As a consequence, larger molecules
such as LV might have difficulties in reaching central
tumor cells, possibly explaining the lower modulation
achieved in large tumors. Significant FUra uptake in
Colon 26-A has been observed by Visser et al. [40]. The
presence of FUra has also been demonstrated in the
center of Colon 38 tumors [32], although at lower
levels than in the viable rim of tumors. Since the mecha-
nism of LV uptake differs from the of FUra [48—50],
the smaller FUra molecule would reach the tumor
center better than LV; thus, the efficacy of modulation
could be diminished in large tumors. This phenomenon
might be supported by the observation that the dose-
dependent relationship of FUra persisted in large tu-
mors, whereas the LV modulation had disappeared in
large tumors.

Analysis of the tumor characteristics of three Colon
26 subtypes indicated marked differences in the present
study, the most pronounced being tumor-induced
cachexia and the amount of necrosis. Different charac-
teristics for a Colon 26 variant have been published by
Tanaka et al. [35, 36], who investigated weight loss and
cachexia in mice bearing this Colon 26 tumor. This
group found Colon 26 metastasis to be accountable
for tumor-induced cachexia without anorexia. The
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cachexia was associated with wasting of muscle and
adipose tissue accompanied by hypoglycemia, hyper-
corticism, and disorders of hepatic function. As
compared with age-matched controls, these (CD2F

1
)

mice showed about 30% loss of weight associated with
tumors of approximately 6 g from 28 days until death
at 45 days after inoculation of 106 parent Colon 26
cells.

In our experiments, Colon 26-A-bearing mice lost
about 20% of their initial weight at the time just before
anticipated death at a median of 20 days after tumor
implantation, when tumors weighed about 500 mg
each. The difference in MLS as compared with that
reported by Tanaka et al., can be related to the differ-
ence in mouse strain, as BALB/c mice were used in our
study. These mice did not tolerate more than 1 g of
total Colon 26-A burden. Another factor might be that
the cell lines used by Tanaka et al. [35, 36] had de-
veloped other genetic mutations and therefore lost
some metastatic features. Corbett et al. [15—17] im-
planted 107 cells in BALB/c mice and the MLS ranged
from 27 to 35 days. Our data are more consistent with
those observations, as the additional period required to
develop a solid tumor from a cell suspension will also
cause a time delay. The differences in MLS could also
be explained by an alteration of tumor characteristics.
The SRI group of Corbett [16] described Colon 26 as
being highly invasive and metastatic with '90% lung
involvement, whereas Colon 38 was a lowly metastatic
((5% lung metastasis) and less invasive tumor.
Table 1 and Fig. 1 reveal less weight loss and relatively
long survival for mice with Colon 38, Colon 26-10, and
Colon 26-B tumors. For mice with those tumors the
absence of weight loss might be explained by acquired
lower metastatic potential or by lower induction of
interleukin 1 (IL-1) or tumor necrosis factor (TNF),
factors known to cause cachexia [51]. Colon 26-10 was
selected by creation of a cell line from a solid tumor;
cells capable of surviving in vitro cell-growth condi-
tions might not have the metastatic abilities of their
parent Colon 26 cells.

An explanation for the difference in FUra sensitivity
of the various Colon 26 variants might be related to
differences in uptake possibly influenced by cachexia.
Differences in [18F]-FUra uptake had previously been
reported for Colon 26 and Colon 38 [40]. Although the
distribution of FUra differs within different mouse
strains, this cannot explain the variation of responses
seen among the Colon 26 subtypes, as all of these were
transplanted into BALB/c mice. In recent experiments
comparing Colon 26-A and Colon 26-10, both tumors
were transplanted into the same mouse [52]. The same
sensitivity profile and drug distribution was observed
for both tumors, whether the tumors were in the same
mouse or in different mice. From this observation we
can conclude that during the treatment period, Colon
26-A (which causes cachexia) did not affect drug uptake
and efflux in Colon 26-10.

The exact degree of metastasis in Colon 26-10 is
unknown, but it is low, as we did not observe weight
loss or tumors in other organs such as the lungs or the
liver. Colon 26-B is another alternation or selection of
Colon 26 that is intermediate to Colon 26-A and Colon
26-10 in terms of causing weight loss. It is known that
the phenotypic and genotypic characteristics of Colon
26 can alter, depending on the site of metastasis, the
metastatic potential, and culture under serum-free con-
ditions [34, 43]. Yusa and co-workers [43] also de-
scribed that the metastatic potential of a variant of
Colon 26 could be increased by transfection of the
activated c-erbB-2 gene and that tumors would show
different morphological characteristics after this trans-
fection. Variations observed in Colon 26-10 and Colon
26-B might be caused by mutation(s) from the original
tumor (Colon 26-A).

The potential of Colon 26 to develop variants has
been described by Sugimoto et al. [34], who correlated
in vitro serum-free cell-culture conditions with the de-
velopment of Colon 26 variants. Our study described
the development of new tumor subtypes between two
Colon 26 tumors that originated from one source but
were maintained at laboratories on a different conti-
nent (Table 1). Also, we describe the development of
a new tumor subtype (Colon 26-10) as a result of
maintenance of tumor cells as a single-cell suspension
followed by retransplantation. Both Colon 26 subtypes
(Colon 26-10 and Colon 26-B) have more necrosis and
fewer cachexic features than the parent tumor. In this
sense, Colon 26 tumors might be regarded as a family
of heterogeneous tumors. The differences in histology
observed between Colon 26-A and Colon 26-B might
add support to this conclusion. Van Kraanenburg-
Voogd and co-workers [44] observed a change in Co-
lon 26 histology (from an undifferentiated carcinoma to
an undifferentiated carcinoma with local fibrosar-
coma), changes in growth characteristics (the TD was
slightly increased), and changes in sensitivity to drugs
(lomustine was found to be active, whereas it proved to
be inactive at SRI). In our study, Colon 26-A and
Colon 26-B were growing at the same rate as they did
in Van Kraanenburg-Voogd et al.’s studies [44]. The
response to CDDP was reported in 1975 to be high in
Colon 26, but responses were moderate in our experi-
ments with Colon 26-A and low in those with Colon
26-B. Also, the variations in the response to LV modu-
lation of FUra in Colon 26-A and Colon 26-B de-
scribed in this study might indicate that this tumor line
can change when maintained in different laboratories.

Furthermore, the level of TS catalytic activity was
about twice as high in Colon 26-B, which might explain
the lack of modulation by LV, since more folate cofac-
tor would be required to form the stable ternary com-
plex between TS and FdUMP. The reason for this
resistance remains unclear but might involve mutations
in Colon 26, resulting in higher TS catalytic activity,
which has also been observed in tumors treated with
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FUra [39]. The relationship between levels of TS cata-
lytic activity and the response to FUra in this study is
not clear. Apparently there is a threshold above which
high or very high levels do not determine differences in
antitumor activity. In addition, Peters et al. [5, 45]
have observed marked heterogeneity of TS levels detec-
ted in colorectal tumors of untreated versus FUra
treated patients and have related these observations to
the antitumor activity of FUra. The observations of
necrosis in Colon 26-B and, to a lower extent, in Colon
26-A might be related to the difference in sensitivity,
since vascularization enables drugs to penetrate the
tumor tissue. Moreover, high thymidine phosphorylase
(TP) levels are seen in Colon 26-A [26]. Since TP, also
known as epithelial growth factor, is associated with
angiogenesis [53], Colon 26-A is likely to be well vas-
cularized.

The observations that large-volume colon tumors
show resistance to modulation of FUra by LV have not
previously been described. Therefore, these observa-
tions might lead to a new approach in the treatment of
very large colon tumors; rather than a dose reduction
of FUra with the addition of LV, the highest possible
dose of FUra might yield better therapeutic efficacy.
Higher doses of FUra can be given when it is combined
with uridine [24, 28], which protects against both he-
matological and gastrointestinal toxicity. Our observa-
tions on the differences between tumors and the effect
of tumor load have implication for preclinical studies,
since experiments may not be reproducible in different
laboratories. However, these tumor models remain im-
portant for the development of new drug strategies and
for mechanism studies. Actually, that one tumor model
has different variants makes it eminently suitable for
the study of different aspects of drug development, e.g.,
the implantation of two different tumors in one mouse
[52]. Experiments should be initiated when the tumor
volume reaches a range of 50—200 mm3 and passages
should be performed for a limited number of times to
avoid the development of new variations. The question
as to whether TS activity in untreated tumors can
predict the success rate of chemotherapy cannot totally
be answered by the results of this study. The finding,
however, that modulation of FUra by LV diminished
in tumors with high TS catalytic activity might be of
prognostic value and should be evaluated clinically.
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