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Abstract-MAW1 colonic cancer cells respond to sequential treatment in vitro with carboxypeptidase 
G2 and trimetrexate by a delay in cell growth as measured by cell numbers, but an increase in 
incorporation of 75-Se-selenomethionine per cell. The cells are not methionine auxotrophs. 

In 1971, Bertino et al. [l] reported successful inhi- 
bition of growth of L1210, L5178Y and Walker 256 
tumour cells in vitro resulting from their exposure to 
0.25 units/ml of carboxypeptidase Gl, an enzyme 
which inactivates reduced and non-reduced folates 
by deglutamylation. The enzyme carboxypeptidase 
G2 [2] shares the same specificity, and since it retains 
its activity linked to an antibody [3] can be targeted 
to tumour cells in ho. 5-Methyl-tetrahydrofolate, 
which constitutes a high proportion of the folates 
present in serum, would be the prime subject of 
attack by extracellular tumour-located carboxy- 
peptidase: 5-methyl-tetrahydrofolate deprivation 
should lower the tetrahydrofolate available to the 
cell via methionine synthetase. The MAW1 cell line, 
derived from a moderately differentiated human 
colonic adenocarcinoma which has been passaged 
repeatedly in nu/nu mice [4] provides a model to 
study growth delay in the presence of carboxy- 
peptidase G2 and trimetrexate, a folate antagonist 
lacking a glutamate moiety and thus unimpaired 
by the enzyme. The synthesis of DNA in Friend 
leukaemia cells becomes compromised at folate 
levels of 0.3 ng (0.6 pmol)/106 cells, i.e. around one- 
tenth those for efficient growth [5]. The deprivation 
needs to be sustained for a cytotoxic effect. Mouse 
hepatoma cells deprived of supplements for 5 days 
so that their methylene tetrahydrofolate levels fall 
to one-tenth the concentration of folate replete cells 
(i.e. to 0.5 pmol/106 cells) revert to normal growth 
after only 4 hr of leucovorin rescue [6]. Colonic 
cancer cells are likely to be resilient to direct folate 
deprivation since their inherent folate levels can be 
higher than in normal colon or liver tissues [7] and 
elevated levels of thymidine kinase [8] may accen- 
tuate dependence on salvage pathways for thymi- 
dine. However, if distortion of cellular metabolism 
in colonic cancer cells by carboxypeptidase G2 can 
be demonstrated, the selective deprivation engen- 
dered by antibody-targeted enzyme in vivo can be 
used as a starting point to design regimens to treat 
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this recalcitrant disease by combination of the 
enzyme with antipyrimidine or antipurine antag- 
onists. 

MATERIALS AND METHODS 

Tritiated thymidine and 75-Se-selenomethionine 
were obtained from Amersham International 
(Amersham, U.K.). Culture flasks and plates were 
supplied by Costar. Media for cell culture and foetal 
calf serum were supplied by Gibco (Uxbridge, 
U.K.). Cells were maintained routinely in medium 
containing 10% heat inactivated foetal calf serum, 
2mM L-glutamine, 20mM HEPES, 100 units of 
penicillin and 1OOpg of streptomycin per mL. Tri- 
metrexate glucuronate (TMQ) was a gift from War- 
ner Lambert Ltd. It was administered to cells in 
aqueous solution. 

Primary culture of MAWI tumour cells. A human 
colonic tumour was grown as a xenograft (MAWI) 
in outbred nude (nu/nu) mice [4]. Tumour tissue was 
cut up into fragments and the MAW1 cell line was 
developed from a spill culture, i.e. from cells released 
from washing the tissue fragments. Cells were plated 
out in 25 cm* flasks at lo6 cells/flask in primary 
culture medium (DMEM + 20% foetal calf serum 
+ 200 units of penicillin + 200 pg streptomycin/ml). 
Twenty-four hours later flasks were exposed to fresh 
primary culture medium containing heat-inactivated 
rabbit anti-nude mouse serum (l/30 dilution in 
medium). Established cell lines, seeded at lo5 cells 
per 25 cm* flask reached confluency at 7-10 days. 

Production of rabbit anti-nude mouse spleen anti- 
bodies. Freshly excised nude mouse spleen cells, 
teased apart, were injected i.v. (lo8 cells) into rabbits 
(three injections at 2-week intervals). Rabbit serum 
obtained 2 weeks after the final injection was heated 
to inactivate complement, (56”, 30 min). 

Treatment of MAWI cells in RPMI 1640 with 
carboxypeptidase G2 and Trimetrexate glucuronate 
(TMQ). (i) MAW1 cells received carboxypeptidase 
G2 treatment for 96 hr, TMQ treatment for the final 
48 hr and 75-Se-selenomethionine for 19 hr. On day 
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1, MAW1 cells (105) were plated out from main- 
tenance medium into RPM1 1640 + 10% foetal calf 
serum in 1-mL wells. On days 2 and 3, the cells, 
apart from controls, were treated in triplicate with 
3 units/ml or 5 units/ml of carboxypeptidase G2. 
On day 4, groups of cells were treated with 0, SO,75 
or 100 PM TMQ (final concentration per well). Five 
hours after the TMQ all cells received 75Se- 
selenomethionine (0.5 &i/well). On day 5, cells 
were washed three times with saline, trypsinized and 
counted in a LKB-Wallac 8000 y-counter. The 75 
Se-selenomethionine incorporated was expressed as 
the per cent of the counts per ruin incorporated by 
control cells. Concentrations of stock solutions in 
media were adjusted so that constant volumes of 
100 PL were added to wells. 

(ii) On day 1, MAWI cells were set up (5 x 104) 
in RPM1 1640 (2 mL). The test wells [9] were treated 
for days 2-5 with 10 units of carboxypeptidase G2 in 
the above medium, (2 mL) while control cells were 
kept in medium alone. On day 5, the test wells were 
treated with TMQ (5OpM) also. 75-Se-seleno- 
methionine (1 &i) was added 5 hr later to three 
test and three control wells. On day 6, cells from 
these wells were washed, harvested and counted 
as before. The remaining test and control wells were 
replenished daily with RPM1 1640 to determine the 
capacity of the test wells to regrow after the removal 
of the enzyme and TMQ. On days 7,10 and 11 cells 
which had received isotope as above on days 6, 9 
and 10, respectively, were harvested and counted. 

Response of MAWI cells to methionine or homo- 
cysteine in EMEM. MAW1 cells (5 x 104) were 
plated out in EMEM medium (2 mL) or EMEM 
supplemented with L-homocysteine or with L- 

methionine (15 mg/L). The relative cell numbers 
were compared by haemocytometry after 5 days’ 
growth. The comparative incorporation of tritiated 
thymidine (sp. act. 5 Ci/mmol, 1 &i/well, 3 hr 
pulse) for cells in EMEM or EMEM and homo- 
cysteine was measured and compared to the incor- 
poration of the isotope by cells growing in DMEM 
under standard conditions. The cells were washed 
three times with saline, trypsinized and centrifuged. 
The pellet was digested in 2% sodium dodecyl 
sulphate overnight, scintillation fluid (Optiphase 
Hisafe, LBK) was added and disintegrations deter- 
mined with a Beckmann scintillation counter (LS 
7500). 

Statistical analyses of cellular responses to enzyme 
and TMQ. (i) A deviance table was constructed to 
show all terms which might be included in a saturated 
log-linear model of per cent survival rates [lo], and 
expected survival rates calculated from a selected 
model were compared with the experimental data. 

(ii) An analysis of variance table was produced for 
the cell numbers/lo6 cells for test and control groups, 
the sources of variation being considered as time, 
treatment and time x treatment. 

RESULTS 

Establishment of MAWZ cell line 

MAW1 xenografts, maintained over many pass- 
ages resemble the histology of the original human 

Table 1. Treatment of MAWI cells in RPM1 1640 with 
carboxypeptidase G2 and TMQ: 75-Se-selenomethionine 

incorporated (cpm as % of untreated control) 

Dose of carboxypeptidase G2 
(%) 

Dose of TMQ (units/mL) 
(N) 0 3 5 

0 100 57 32 
50 70 44 28 
75 64 37 26 
100 60 33 24 

colon adenocarcinoma, with well differentiated gob- 
let cells, low columnar cells and signet ring cells. 
Expression of carcinoembryonic antigen has been 
retained. 

The cell line was characterized as a “low-producer” 
of carcinoembryonic antigen: early cultures released 
60-70 ng/mL/106 cells, but this diminished beyond 
the fourth passage to 20 ng/mL/l@ cells remaining 
steady thereafter [ll]. Tissue typing identified anti- 
gens consistent with the expression of HLA A, B 
and C [ll]. Injection of 5 x lo7 MAW1 cells into the 
flanks of nu/nu mice resulted in poorly differentiated 
solid xenografts in contrast to the original histology. 
The in vitro doubling time of MAWI cells varies 
slightly according to conditions but the shortest 
doubling time recorded is 18 hr in DMEM primary 
culture medium. 

Cytotoxicity of rabbit anti-nude mouse serum anti- 
bodies 

In the presence of rabbit complement the anti- 
serum was toxic to nude mouse spleen cells and 
fibroblasts, while the MAW1 tumour cells survived 
treatment. 

Treatmentof MAWIcells in RPMI 1640 with carboxy- 
peptidase G2 and TMQ 

(i) The greatest inhibition of growth was observed 
with 100 PM TMQ and 5 units of enzyme per mL, but 
significant inhibition was apparent in the presence of 
enzyme alone at 3 units/ml or TMQ alone (50 PM). 
The agents appeared to act in concert but not addi- 
tively. Full results are given in Table 1. 

(ii) The cell numbers from haemocytometry and 
75-Se-selenomethionine incorporation in the recov- 
ery phase after removal of enzyme and TMQ are 
given in Table 2. Whereas the control cells grew 
steadily towards confluence and in so doing had 
incorporated proportionately less isotope per 106 
cells, the test cell numbers had not increased sig- 
nificantly in 4 days. These cells appeared to be larger 
and to have increased uptake of isotope per lo6 cells. 

Response of MAWI cells to methionine or homo- 
cysteine in EMEM 

After 5 days the mean cell count was seven-fold 
greater in medium containing methionine than in 
unsupplemented EMEM, but only three-fold greater 
in medium containing homocysteine. Thymidine 
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Table 2. Recovery of MAW1 cells in RPM1 1640 after treatment with carboxypeptidase 
G2 (5 units/ml) and TMQ (50 @f) 

Time post TMQ 
Cell number 

x l@ 
75Se cpm per 

lo6 cells 

24 hr Test 7.03 f 0.2 25119 k 944 
Control 13.76 -c 0.4 26280 + 831 

48 hr Test 7.6 2 1.2 29199 f 3651 
Control 38.6 k 3.0 13594 2 1280 

72 hr Test 4.8 f 1.6 40807 k 16079 
Control 35.1 2 8.0 16596 k 4226 

96 hr Test 4.4 f 1.0 36552 f 8948 
Control 38.0 * 1.4 11022 k 615 

Results are mean 2 SD. 

Table 3. Response of MAWI cells to methionine or homocysteine in EMEM 

EMEM 
EMEM + 

homocysteine 
EMEM + 
methionine 

Mean cell count 1.9 x 10’ 5.77 x 10’ 
Relative count 1 3 

Mean 3H incorporation (tritiated thymidine) 

$Od$rminations) 23548 5976 37491 7549 

1.30 x 108 
7 

DMEM 

26466 3695 

incorporation, expressed as the dpm/ld cells did not 
differ notably between cells grown in DMEM and 
EMEM but was increased somewhat in the EMEM 
containing homocysteine (Table 3). 

Results of statistical analyses on data from Tables 1 
and 2 

The deviance table (Table 4) shows all terms that 
might be included in a saturated model. The subset 
of terms selected as the simplest adequate model of 
the observed survival percentages are marked with 
an asterisk. This subset includes a minimal model 
which serves to fix marginal totals determined by the 
fact that 

% surviving cells + % dead cells = 100% 

Table 4. Deviance table 

Term 
Degrees of Approximate 

freedom Deviance P-value 

(Minimal 
model) 
TMQ x CPG2 
% Survival X 
TMQ 
% Survival X 
CPG2 
% Survival X 
TMQ x CPG2 

g) - 
0.3 

3* 41 GO.0005 

2’ 182 ~0.0005 

6* 42 *0.0005 

* Selected terms 

for all treatment combinations. 
It also includes explanatory terms which must have 

associated P-values below the chosen significance 
(0.05). The expected survival percentages derived 
from this selected model are given in Table 5. For 
comparison with the observed data in Table 1. An 
analysis of variance table (Table 6) is given for data 
from Table 2. 

DISCUSSION 

The aim of the experiments undertaken was to 
establish whether a regimen of carboxypeptidase G2- 
determined folate deprivation in MAW1 human 
colonic cancer cells, followed by trimetrexate 
administration would cause a measurable distur- 
bance in cellular metabolism over 4-6 days. The 
duration of the experiments was chosen to cor- 
respond with enzyme retention by antibody targeting 

Table 5. Expected per cent survival of MAW1 cells in 
response to carboxypeptidase G2 and TMQ according to 

selected model 

Dose of carboxypeptidase G2 

Dose of ThfQ 0 (7) 5 
(!w (units/mL) 

0 97 56 36 
50 
75 

2: 42 27 
38 24 

100 60 35 22 
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Table 6. Analysis of variance of numbers of cells (from Table 2) 

Source of variation df(mv) ss ms vr 
Approximate 

P-value 

Time 
Treatment 
Time X treatment 
Residual 
Total 

3 57945 19315 12.25 <O.OOl 
1 387795 387795 245.85 &O.OOl 

15?1) 70775 23592 14.96 <o.OiN 
23660 1577 

22(l) 

Where df (mv) is degrees of freedom (missing value); ss is sums of squares; ms is mean square; 
vr is variance ratio. 

in vivo. 75Se-selenomethionine labelling has been 
shown to correlate well with cell numbers in vitro 
[12]. The accumulation of 75Se-selenomethionine 
into MAW1 cells was diminished markedly by 
exposure of the cells for 72 hr to 3-5 units of carboxy- 
peptidase G2 per mL of RPM1 1640 medium. 
Measurable depression of counts could be achieved 
by 24 hr exposure of the cells to at least 50 PM TMQ. 
Despite extensive investigations varying the time, 
enzyme units and TMQ levels between 2-5 days, 3- 
5 units and 50-100 PM, respectively, combining the 
reagents sequentially depressed the cell-labelling at 
best to a plateau of around 25% control incor- 
poration (representative experiment, Table 1). Simi- 
lar results, not shown here, were obtained in 
DMEM. A clearer picture emerged when the growth 
of the cells was followed after the enzyme and TMQ 
were removed and the cells were re-exposed to 
replete medium. While the control cells grew to 
confluence and apparently required less exogenous 
methionine, the residual treated cells remained slug- 
gish though their methionine uptake per cell 
increased, reflected in the isotope levels. 

From the deviance table, it can be seen that the 
simplest model that adequately explains the data 
must include all terms except TMQ X carboxy- 
peptidase G2 concentrations. If graphs are drawn for 
the per cent survival rates (y-axis, linear) versus 
the TMQ PM concentrations (x-axis, log scale) for 
observed and expected data at concentrations of 
enzyme, 0, 3 or 5 units/ml (not shown) the “good- 
ness of fit” of our selected model, which is high 
since P-values associated with terms included are 
extremely small, is further illustrated by the virtual 
superimposition of the graphs. The negative slope of 
the graphs illustrates the dependence of per cent 
survival on TMQ concentration. This has P Q 0.0005. 
The dependence of per cent survival on con- 
centration of carboxypeptidase G2 is illustrated by 
the “stacking” of the graphs, i.e. per cent survival at 
dose 3 units/ml is completely below dose 0 and per 
cent survival at dose 5 units/ml is completely below 
3 units/ml. This dependence has P + 0.0005 also. 
Finally the convergence of the three graphs at higher 
concentrations of TMQ suggests that the interaction 
(P < 0.0005) per cent survival X TMQ X carboxy- 
peptidase G2 is a mutual inhibitory effect. In con- 
sidering a mutually inhibitory effect it should be 
borne in mind that at 5 units/ml of carboxypeptidase 
G2 the graph shows almost zero gradient, or in other 
words, at high doses of enzyme, increasing the dose 
of TMQ does little to increase cytotoxicity. 

The analysis of variance table (Table 6) shows that 
the P-value for the main effect (of treatment) is well 
below the significance level of 0.05. 

There is an implicit proviso in our experiments 
that if low levels of folate cofactors limit the full 
use of homocysteine, via methyl tetrahydrofolate- 
homocysteine methyl transferase [13], incorporation 
of labelled methionine would overestimate cell num- 
bers in relation to controls. Any inherent tendency 
to methionine dependence would be present in both 
tests and controls. The comparative rates of growth 
in DMEM and EMEM supplemented with homo- 
cysteine or methionine do not suggest that the cells 
are total methionine auxotrophs. 

The following conclusions can be drawn. The 
MAWI cell line is relatively resistant to TMQ by 
comparison with the response of other cell lines [ 141. 
It seems unlikely that TMQ is excluded by the MAW1 
cells: it is a lipophilic drug which does not depend 
on methotrexate transport pathways for cell entry 
[15]. Since naive MAWI cells respond to 2 PM 
methotrexate treatment (data not shown) the insen- 
sitivity to TMQ is surprising. A supposition could be 
that the dihydrofolate reductase binding in these 
cells is particularly dependent on polyglutamylated 
cofactor. A significant disturbance in protein syn- 
thesis can be achieved in MAW1 cells within 4-6 
days’ exposure to levels of enzyme which could be 
sustained at the site of a tumour xenograft in vivo by 
an appropriate antibody [9]. Irreversible cytotoxicity 
has not been achieved here using the enzyme as a 
single agent, which was disappointing in view of 
earlier results [l]. It may be relevant that some cells 
which had been shown to be particularly responsive 
to folate deprivation by carboxypeptidase Gl are 
also methionine dependent, for example L1210 and 
L5178Y [16]. The Walker 256 rat adenocarcinoma 
which responds to carboxypeptidase Gl treatment 
in vivo is thymidine kinase deficient, which defect 
would lower its capacity to rely on thymidine salvage 
in low folate conditions. The MAW1 cells do not 
manifest these increased susceptibilities. 

For malignant cells with fairly low resilience to 
folate deprivation, antitumour antibody-targeted 
carboxypeptidase G2 and TMQ given sequentially 
could be promising partners for selective therapy. 
More resistant cells, such as those of colonic cancer, 
may need concomitant treatment with conventional 
drugs. The increased levels of phosphoribosyl pyro- 
phosphate resulting from folate deprivation [17] 
should enhance the conversion of 6-mercapto- 
purine by hypoxanthine-guanine-phosphoribosyl- 
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transferase [18] making this drug an appropriate 
partner for the enzyme. An exciting new devel- 
opment has emerged recently whereby the carboxy- 
peptidase-catalysed deglutamylation is used to 
convert a prodrug into an active alkylating drug. This 
approach has proved effective in delaying the growth 
of human choriocarcinoma xenografts in nude mice 
[19]. Successful transposition to colonic cancer xen- 
ografts will be aided by understanding the role of 
folate deprivation in conjunction with the attack 
of the released alkylating agent, particularly if a 
prolonged interval is needed to effect plasma clear- 
ance of untargeted enzyme. 
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