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Abstract- Effects of chloramhucil (CA) on growth of Walker carcinoma 256 and on enzymes involved 
in the synthesis of thymidine monophosphate are described. A single intraperitoneal dose (25 mg/kg) 
or multiple doses (8 mg/kg;day for 3 days) of CA were “curative” for drug-sensitive (WS) tumors. 
Thymidylate (dTMP) synthetase activity of WS tumors was significantly decreased (approximately 25”J 
at 3 hr, reached its lowest level (approximately SO”, loss) at 12 hr. and remained at this level up 
to 60 hr after administration of 25 mg.‘kg of CA. Dihydrofolate (FAH,) rcductase activity did not 
change significantly up to 36 hr and then slowly dccreascd (approximately XY’,, loss) by 60 hr. Thymidinc 
(TdR) kinase activity of WS tumors was not affected. Treatment of WS tumors with multiple doses 
of CA also resulted in pronounced inhibition of dTMP synthetase activity (approximately So”,, loss). 
some decrease (approximately I5”,, loss) in FAHL reductasc activity and no change in TdR kinase 
activity. A Chlorambucil-resistant strain (WR) of Walker carcinoma was developed. In contrast to 
WS, after treatment with CA the cnLvme activities of WR tumors remained essentially the same as 
those from untreated ammals. 1,1 c-irroincubation of partially purified dTMP synthetase enzymes from 
either WS or WR tumors with CA Inhibited both enzymes to the same extent (approximately 50”,, 
loss at I.25 x IO -’ M). TdR kinasc and FAH, reductasc actlvitics were not inhibited up to 
1.75 x IO-‘M CA. The results of these studies support the concept that CA exerts cqtotoxic activity 
by inhibition of dTMP synthetasc. 

Activities of dTMP synthetasc and TdR kinase were found to bc significantly altered in WR tumors 
as compared to WS tumors. The activity of dTMP synthctasc was decreased approximately 20”,, and 
that of TdR kinase was increased approximately ?5”<, in WR tumors. Resistance to CA may be due. 
in part. to increased dependence of WR tumors on the salvage pathway for synthesis of dTMP. 

Biological alkylating agents. such as nitrogen mus- 
tards, ethyleneimines, and esters of alkylsulphonic 
acids have received considerable attention for their 
tumor inhibiting activities [l-3]. These compounds 
are highly reactive and have been shown to interact 
with a variety of nucleophilic groups on enzymes 
[4,5], nucleic acids [6,7] and reduced folate coen- 
zymes [S]. A common effect of alkylating agents is 
the inhibition of DNA synthesis at dose levels which 
do not inhibit synthesis of other macromolecules 
[3,9]. It has been suggested that DNA is the primary 
target site and that bifunctional alkylating agents act 
primarily by alkylation and crosslinking of guanine 
moieties in DNA [7]. However, experiments with 
whole animals have failed to show a good correlation 
between the amount of alkylating agent bound to 
cellular DNA and the sensitivity of the tumor to alky- 
lating agent. Therefore, other investigators have 
argued in favour of molecular sites other than DNA 
as the most volnerable targets for these drugs 

[lcrl2]. 
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Chlorambucil [p-.V.N-di-(P-chloroethyl) amino- 
phenylbutyric acid] is a bifunctional alkylating agent. 
useful for the treatment of chronic lymphocytic leuke- 
mia and testicular carcinoma [Z]. It has been shown 
to inhibit synthesis of DNA and RNA in L-l tumor 
cells 1131. Recently, it has been shown that chloram- 
bucil (CA) at “curative” doses can cause accumulation 
of DNA. RNA, protein and glutathione [ 1 I], interfere 
with the biosynthesis of histone proteins [14]. and 
inhibit incorporation of r3H]thymidine into DNA 
[ 151 of drug-sensitive Yoshida ascites sarcoma cells. 
We have conducted studies to investigate the action 
of CA using a drug-sensitive (WS) and a drug-resis- 
tant (WR) form of the Walker carcinoma 256. The 
effects of CA on regression of the WS and WR forms 
of the tumor and activities of selected tumor enzymes 
involved in the synthesis of thymidine monophos- 
phate (dTMP) were examined. Thymidylate synthe- 
tase (EC 2. I, 1.6). is responsible for & /UX:O dTMP syn- 
thesis. It requires tetrahydrofolate (FAH,) which is 
produced by dihydrofolate reductase (X6,7.8-tetrahyd- 
rofolate: NADP+ oxidorcductase. EC I .5.1.3). The 
alternate or salvage pathway for dTMP synthesis is 
through thymidine kinase (ATP: thymidine 5’-phos- 
photransferase. EC 2.7.2.2 I ). These enzymes were 
selected because dTMP is a regulatory metabolite in 
DNA synthesis [16]. The results of these studies are 
presented in this paper. 
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Tuf77or r~ctrzsi;itrr7ftrrii)ir, Six-week-old malt Wistar 
rats (Canadian Breeding Farm and Lnhoratories Ltd., 
Quebec, Canada) weighing 140-.I60 g wcrc used for 
all experiments. Walker carcinomn tumor sensitive to 
alkyiating agents was obtained through the courtesy 
of Prof. A. C. Wallace, Dept. of Pntholog,. Univ. c? 
Western Ontaio. London, Canada and was propa- 
gated by regular transl?fantattitn into male rats every 
10 days. A suspension of tumor c&s from a i0 I? 
day old drum-sen~itivc and ~irLi~-rcs~st~~ltt tumor was 
prepared in sterile snlinc [17] and 0.2 mt of’ this sus- 
pension cont~~iliin~ ~~pprosirn~~tcl~ :! x IV cells wits 
injected im. into the vei~tro~l~cdi~l region of each 
thigh. Tumor resistant to CA was obtnincd by 
repeated trcatmcnt with pro_erossivcly increasing 
doses of the drug. The resistance was maintained by 
rcgulor treatment with 75 mg’kg of CA cvcry 8 days 
aft‘ter ii~p~~~~it~ltiol~ of the tumor in animals. Matsurc- 
mcnts of tumor size wcrc mado with calipers and 
tumor weight was calculated on the ~~s~u~~~p~~t?~~ that 
tumors were prolate spheroids \vith 2 dcnsit) of I.0 
[I%]. 

Twrtnirnr .schctl~rlf~.s. CA solu tian was made fresh 
doily by dissolving in a minimum vol. of %‘I,, ethanol 
and difuting with l”,, . codium bicarbonate solution 
(ethanol-bicarbonate solution ratio 1:5). Concen- 
trations were adjusted so that all animals received 
0.2 0.3 ml of solution. The drug \V;LS administered by 
the i.p. route. Control animals wcrc given the same 
vuL of cthanot.-bicarbonntc solution. Treatment was 
initiated on day 8 after tumor transplantntion. 

~~1~~~~~~~ tis.sLlt,. The rats wcrc killed by cervical dislo- 
cation. The tumor tissue was corefuIly sc~ll-~~tcd from 
muscle and necrotic tissue and was cooled in ;I petri 
dish on ice. Extracts for enzyme activity ~~w~sc~re 

ments wcrc prepared tither from fresh tumor or from 
tissue stored at -70 for 1 2 days. Et?zyme activities 
were stable in the frozen tissue. 

Extracts were obtained by b~~i~o~cni~in~ 2 g tissue 
in 8 ml of Tris-HCi buffer (50 mM. pH 7.4) contair1i71p 
L mh4 EDTA and IO mM ~-tnr1.~:1ptoethani?l. Homo- 
genizatiun was at 4oocf rpm for 2 min in a glass-teffon 
homogenizer. The homogenate was ccntrifugcd at 
37,fXx)g for 30 min and the supernatant was retained 
for the assays of enzytie activities. 

E~m7c ucrititks. Reactions were initiated by addi- 
tion ok substrates and corrections were made for sub- 
strate blanks. Spcctrophotomctric assays were con- 
ducted at 35 in a Unicam SPXfKt or SPI 700 quipped 
with program controller and scale expansion acces- 
series. In this report one enrymc unit refers to the 
synthesis of I nmolc of product per hr and enzyme 
activity is expressed per mg protein determined by 
the method of Lowry (at al. [19]. 
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Mann, Toronto, Ontario; and PPO, POPOP and k@ct of CA 011 the cmicitics qf‘rn,-JWI~S in druy-srrzsit- 
Triton X-100. Amersham Searle, Oakville, Ontario. ice umi drupxsistunt tmors 

RESULTS 

Tumors were palpable 6 days after trallspl~I]tation 
and were 16-I8 mm in diameter when treatments 
were initiated on day 8. Untreated rats died between 
16 and 20 days after transplantation. Figure 1 shows 
the growth and regression of WS tumors in control 
and CA treated animals. Single doses of CA were ad- 
ministered at 5. 10 and 25 mg/kg. A significant de- 
crease in tumor size compared to the control was 
observed 36-48 hr after treatment. The decrease in 
growth rate of the tumor was related to the dose of 
CA administered. At the maximum tolerated dose 
(25 m&kg), complete eradication of the tumor mass 
was achieved in 8g-85 per cent of the animals. No 
tumors could be detected by palpation up to 40days 
and no mortality was recorded up to 60 days after 
treatment. This dose is considered a “curative” dose 
in these experiments. Similarly. treatment with multi- 
ple doses of CA (5 mg,%g/day or 8 mg/kg/day) for 3 
days was also found to inhibit proliferation of WS 
tumors and eventually eradicate the tumor mass in 
all animals (Fig. I). 

The growth rates of untreated WR tumors and of 
tumors treated with a single dose of 25 mg/kg are 
shown in Fig. 2. The growth of the treated tumors 
was only slightly slower than WR tumors growth in 
untreated animals. Administration of multiple doses 
of CA 8 mg/kg/day for 3 days also failed to retard 
growth of WR tumors. 

A. Siqle rlosv trecrtrnrat. Figure 3 shows activities 
of the enzymes in WS and WR tumors from control 
animals and from animals given 25 mg,/kg of CA. A 
pronounced inhibition of dTMP synthetase activity 
was observed in WS tumors after CA treatment (Fig. 
3A). The synthetase activity was inhibited (approxi- 
mately 25 per cent) at 3 hr (first sample analyzed post 
medication), reached its lowest level (approximately 
50 per cent of zero time) at 12 hr and the activity 
remained at this level up to 60 hr (last sample ana- 
lyzed) after administration of the alkylating agent. In 
contrast. treatment with CA of rats bearing drug- 
resistant tumors resulted only in a slight decrease (ap- 
proximately IO”,,, Fig. 3A) at 3 hr but thereafter ac- 
tivity rapidly recovered from inhibition and reached 
the same level as in the control group by 9 hr post 
treatment. The activities of dTMP synthetase in un- 
treated WS and WR tumors remained essentially un- 
changed during this period (Fig. 3A). Thymidine 
kinase activity was not affected (P < 0.05) after a 
single dose of CA treatment in WS or WR tumors 
(Fig. 3B). There appeared to be no consistent differ- 
ence in FAH, reductase activity between control and 
treatment groups in WS tumors up to 24 hr after 
treatment but activity in the treated group was less 
than in the control group (P < 0.05) at 36, 48 and 
60 hr after administration of CA (Fig. 3C). The FAH, 
reductase activity of WR tumors remained unchanged 
after treatment with the drug. 

Administration of a lower dose (1Omg kg) of CA 
also resulted in a rapid decrease of dTMP synthetase 
activity in WS tumors (maximum reduction 40 per 

20 I I I I I 

3 

Days after treatment 

Fig. 1. Effects of i.p. doses of ch~o~mb~cil on the growth of sensitive Walker carcinoma, e-4 
control; --c single dose (5 mg/kg); ----A-- single dose (10 mgikg); --o--- single dose (25 mgikg); 
O-----D multiple doses (8 mg,/kg/day for 3 days). Each point is the mean value for 1620 tumors. 

Vertical bars indicate standard error. 
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cent compared to control animals at 9 hr). After 9 hr 
the enzyme activity steadily increased and by 48 hr 
reached the same levels as in the control group (data 
not shown). At this dose CA afforded only temporary 
regression of tumor. 

It is interesting to note that dTMP synthctasc ac- 
t&it) of WR tumors was significantly lower (approxi- 
rnately 20 pw cwt) than control WS tumors. On the 
other hand. TdR kinasc activity was s~~niI~cantly 
higher (~11~pro~~in~ltely 30 30 per cent) in control WR 
tumors than in control WS tumors. 

B. ,~~~~~~j~)~[, tios~~ irrtri~,ct~. The efyects of multiple 
doses of CA (8 mg.:kg:dny) for 3 days on dTMP svn- 
thctase. TdR kinase and FAH, reductase actitifics 
of WS and WR tumors arc shown in Fig. 3. Aftcr 
CA treatment of WS tumors there was pronounced 
inhibition of dTMP synthctase activity (approxi- 
mately SO per cent). some decrease in FAEI, reductasc 
activity (approximatclq 15 per cent) and no significant 
change in TdR kinasc activity. The dTMP synthetase, 
FAHz reductase and TdR kinasc activities in WR 
tumors rcmaincd csscntiatly unchanged after udminis- 
tration of C‘A in niLiltiplc doses. These results are in 
aqcmcnt with data on enzymes obtained ;tfter ad- 
mliiistr~~tion of a single “curative” dose of CA (Z&J 
sq”vr). 

These studies were undertaken to detertnine if CA 
has the ability to inactivate the same enzymes in cell 
fret extract. The ctrect of different concentrations of 
CA on dTMP sqnthetase activity of WS and WR 
tumors are shown in Fig. 5. The dTMP synthetasc 
actibitics of both WS and WR tumors were inhibited 
to almost the same extent in the presence of CA. The 
loss of dTMP synthetase activity was found to be 
related to the coliccntration of CA in the reaction 

mixture and the duration of incubation. At 
I.25 x IO-” M concentration of CA, approximately 
50 per cent loss of dTMP synthetasr activity W;IS 
observed after 6Omin of Incubation. Thcrc U;IX ;I 
further decrease in activity when tho concentration 
of alkylating agent ws increased to 1.3 x I& ’ M: 
only 25 per cent of the initial :ictivitl rcili~lii~c~1 after 
30 min. Dialysis of ~.~~-iIl~lcliv~itc~i e?z?mc against 
Tris-HCI. pH 7.5 or Tris hulTcr c~~~~t~~~~ii~~g mcrcap- 
toethanol 0.05 M failed to restore cn/\;mc activit!. 
The substrate. dCMP (up to 500 /IM) ;IISO failed to 
stabiliyc dTMP synthctase from CA inactivation. 
There was little or no inhibition of TdR kinasc ;III~ 
FAHz rcductase activities up to 1.25 i IO-’ M con- 
centration of CA. 

I~Isc’t:ssIoI\’ . , 

The response of WS tumors after treatment with 
CA was essentialI> similar to that rcportcd for the 
solid form of pl~~sln~~c~t(~n~~l in hamsters with othcl 
~~lkyl~~tiiig agents in carlicr stazes of tumor regression 
[26]. Our results, howcvcr, dllfcr from the elrcct of 
CA on sensitive Yoshida ascitcs sarcom:t [I I]. whcrc 
a single dose (8 mg,‘kg) of the drug was rcportcd to 
be “curative”. One obvious reason for the difference 
in sensitivity of drug-scnsitivc Walker carcinoma to 
CA as compared to that of drug-scnsitivc Yoshida 
ascites sarcoma is that in these studies the solid form 
of the tumor was used. Other investigators have also 
reported that sensitivity of ;I tumor to the same drug 
can vary according to its site of implantation 127. 2x1. 
Of particular intcrcst was the observation thal mutti- 
pie treatments with CA wcrc more ctfcctive in cradi- 
cation of tumor mass than a maximal t~~icr~~t~~~ single 
dose (25 mgikp) cvcn though the total dose (1 5 mg kg) 
Ic>r multiple trcatmcnts was iowcr th:tn li>r the sin& 
lrcatmcnt. 

The most striking aspect of the cnrqmatic cktta \\;Is 
the marked and rclativety cart\ reduction in dTMP 
svnthctase activity after CA treatment in drug-sensi- 
tlve tumors. The regression of tumor growth and cvcn- 
tually complete “cure” was found to hc related lo 
the decrease in dTMP yy,nthctase activity. In contrast, 
dTMP synthetasc activity of drug-resistant tumors 
remained essentially the same ;IS the control anim;~ls 
after trentmcnt with CA. The ii) rii~ct inactivation c\- 
pcriments showed that of the three cn? mcs studicci. 
only dTMP synthetase activity, was ilii~lbitc~1 h! (‘4. 

in the ~jrLlg_sc~lsit~vc tumors. Smcc dTMP aynthctasc 
is csscntial for cell division. thcsc rcsutts suggest that 
tumor rcgrcssion wits due in p:irt to the loss of ;ic- 
tivity of this key cnzymc. 

Rcccnt results indicate that incorporation 01 
[“Hldcoxyuridine into DNA was scloctivcly inhibited 
by CA in drug-sensitive Walker carcinoma ;tscitcs 
cells*. In contrast, uptake of [“Hlthqmidinc was not 
aRccted. These results LIISO provide support for the 
kc) role of dTMP synthetase inhibition in relation 
to cytotoaicitg of CA. 

The slight dccrcasc in FAH 2 rcductase activity was 
likely a secondary response because it was not 
observed until 36 hr alicr a~l~ninistr~tion of CA. One 
possible reason for dccrcased FAH, rcductasc :tctivtty 
ml’:; be the dccreasetl rcquircment for rcduccd folatc 
coenzymcs. 
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Fig. 3. Effects of a single i.p. dose of chlorambucil (25 mgikg) on thymidylatc synthetase (A); thymidine 
kinase (B) and dihydrofolate reductase (C) activities of sensitive (WS) and chloramhucil-resistant (WR) 
Walker carcmoma. The results obtained with tumors from treated animals are shown by the solid 
line ; the dotted line ----- show activities of tumors from control animals. Each point represents 

a mean value for 16-20 tumors. Vertical bars indicate standard error. 
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Fig. 4. Effects of multiple doses (8 mg,ikg,/day for 3 days) of alkylating agent on thymidylate sbnthetase. 
thymidine kinase and dihydrofolate rcductase activities of sensitive (WS) and resistant (WR) Walker 
carcinoma. The results obtained from control animals are shown by open bars: the stippled bars 
indicate enzyme activities of tumors from treated animals. Each bar represents the mean value (k 

the standard error) for l6- 20 tumors. 
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Fig. 5. 1/r rirro inhibition of thymidylate synthetase from sensitive (WS) and resistant (WR) Walker 
carcinoma on treatment with chlorambucil. Control l - -@’ chlorambucil I x IO-” M , . A- : 

I x 10w” M ---m- and 1 x IO-” M l - 

Alth~~u~h, acquired resistance to alkylating agents 
is a common ~~hetlometlon observed in both experi- 
mental animals and man, the biochemical 
mechanisms responsible for the development of resist- 
ance to this class of drugs are poorly understood [29]. 
Yoshida ascites sarcoma cells resistant to CA were 
shown to have decreased permeability and lower pro- 
tein binding capacity as compared to drug-sensitive 
cells [JO]. In the present investigation, the activity 
of dTMP synthetase was decreased and that of TdR 
kinasc was increased in drug-resistant tumors. Since 
TdR kinase activity was not inhibited on treatment 
with CA in r?co or by &ro, it is possible that increased 
levels of TdR kinase activity in WR tumors may also 
be a contributory factor in the resistance to this alky- 
lating agent. 

In summary. of the three enzymes studied. dTMP 
synthetase was the only enzyme whose activity was 
markedly decreased upon treatment with CA in ciao 
and irl t*it~+o. These results suggest that anti-tumor ac- 
tivity of CA may occur by inhibition of the reactions 
leading to DNA synthesis rather than by alkylation 
of DNA. Experiments are now in progress to deter- 
mine further the relevance of the effect on dTMP syn- 
thetase and its relation to cytotoxic activity by use 
of other bifunctional alkylating agents. Studies are 
also underway to investigate the interaction between 
CA and dTMP synthetase by the use of [‘4C]chlor- 
ambucii and purified enzyme from Walker carcinoma. 
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to Mr. S. K. Srinivasan. 
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