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8-Chloroadenosine-3’,5’-monophosphate (8-ClcAMP) is a novel antitumour agent currently under-
going phase I clinical trials in several European centres. In this study, its antitumour activity against
human tumour xenografts and its dependence on schedule were investigated. When administered by
continuous infusion at doses of 100 or 50 mg/kg/day to nude mice bearing human tumour xenografts, 8-
CIcAMP inhibited the growth of the HT 29 colorectal, ZR-75-1 breast, HOX 60 and PE04 ovarian and
PANC-1 pancreatic carcinoma xenografts. However, these infusion schedules produced hypercalcae-
mia and severe weight loss. In an attempt to optimise antitumour activity and minimise toxicity,
several other schedules were studied. In comparison with continuous administration of 8-ClIcAMP at
50 mg/kg/day for 14 days which, although producing complete growth inhibition in the HOX 60 model,
was associated with a marked body weight loss, schedules in which the infusion was interrupted
(infusion on either days 0-4; 7-11 or days 0-2; 6-8) produced minimal weight loss but also reduced
antitumour activity. However, co-administration of salmon calcitonin with continuous infusion of 8-
ClcAMP prevented both hypercalcaemia and body weight loss in 3/6 animals while still producing
marked inhibition of tumour growth. These data indicate that 8-ClcAMP has broad-spectrum anti-
tumour activity and the major side-effect of hypercalcaemia may at least in part be ameliorated by the
use of salmon calcitonin. © 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION
8-CHLOROADENOSINE-3’,5’-MONOPHOSPHATE (8-CIcAMP) is
an analogue of cAMP that exhibits growth inhibitory activity
against tumour cells both @ wvizro and n vivo [1-4]. Its
mechanism of action has been proposed to involve differential
modulation of the two isoforms of protein kinase A (PKA-I
and PKA-II) [5]. Increased PKA-I expression is associated
with cell transformation and proliferation, while increased
PKA-II levels are linked with increased differentiation and
growth inhibition [6]. 8-CIcAMP has been demonstrated to
reduce PKA-I and increase PKA-II expression and is associ-
ated with growth inhibition in tumour cells. More recently,
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8-CIcAMP has been proposed to act as a prodrug of 8-
chloroadenosine (8-Cl-adenosine) which might then act
either as an antimetabolite [7-11] or as a modulator of PKA
isozymes [12]. 8-CIcAMP is currently undergoing phase I
clinical studies [13-15] in which it is being administered by
continuous infusion, and several studies have observed
hypercalcaemia to be dose limiting [14, 15].

The aim of the present study was to investigate the activity
of 8-CIcAMP in a spectrum of human tumour xenograft
models to provide an indication of range of activity and to
help identify potential phase II activities. The effects of dif-
ferent schedules of infusion on the antitumour activity and
toxicity were compared and the possibility of using salmon
calcitonin to ameliorate drug-induced hypercalcaemia was
explored.
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MATERIALS AND METHODS
Reagents
8-CIcAMP (sodium salt) was supplied by Dr Y-S. Cho-
Chung (NIH, Bethesda, Maryland, U.S.A.).

Xenograft studies

Xenografts were initiated from either cultured cell lines
(HT 29 colorectal, ZR-75-1 breast, PE04 ovarian and PANC-1
pancreatic carcinomas) or a primary tumour (HOX 60 ovarian
carcinoma) and were grown subcutaneously in the flanks of
nude mice (Harlan Olac Ltd., U.K.). Animals were at least
8 weeks old at the time of experimentation and were main-
tained in negative pressure isolators (LLa Calhene, U.K.).
Mice bearing the ZR-75-1 breast carcinoma xenograft were
also implanted with a slow-release 17-oestradiol pellet
(0.72mg released over 60 days, supplied by Innovative
Research of America, Ohio, U.S.A.). Tumour fragments
were implanted subcutaneously into the flanks of nude mice
and allowed to grow to 4-6 mm in diameter (over a period of
approximately 1 month). Animals were then allocated to
treatment or control groups, with 6-8 animals/group. Treat-
ment consisted of implanting (under anaesthetic) Alzet mini
pumps (ALZA Corporation, Palo Alto, California, U.S.A.)
delivering, for a maximum of 7 days, either 8-CIcAMP (5-
100 mg/kg/day) or vehicle (water) into the flank opposite the
tumour. Where the drug was given for 14 days, a new pump
was implanted after 7 days. Certain animals additionally
received salmon calcitonin administered subcutaneously
(1IU/mouse/day) into the flank. Tumour size was measured
twice weekly using calipers and the volume calculated
according to the formula: 0.5 x length x width?. Relative
tumour volumes were calculated for each individual tumour
by dividing the tumour volume on day ¢ (V,) by the tumour
volume on day 0 (I/y) multiplied by 100%.

Measurement of plasma calcium concentration
Plasma was collected at the stated time and total calcium
analysed using a Kodak Ektachem biochemical analyser.

RESULTS
Antitumour activity of 8-ClcAMP
8-CIcAMP was administered to animals bearing a range of
human tumour xenografts to assess the range of its anti-
tumour activity. When the drug was given by continuous
infusion at doses of 100 and 50 mg/kg/day over a 7-day per-
iod, it significantly inhibited growth of the HT 29 colorectal,
ZR-75-1 breast, PE04 and HOX 60 ovarian and PANC-1
pancreatic carcinoma xenografts (Figure 1). Inhibition was
most marked towards the end of the infusion period and
tumours regrew on discontinuation of the drug (data not
shown). To assess effects at lower doses, doses of 5, 10 and
25 mg/kg/day were studied against the HT 29 and ZR-75-1
xenografts (Figure 2). All these doses significantly inhibited
the growth of the HT 29 xenograft at day 3 but at day 7 only
25 mg/kg/day produced significant inhibition. This dose (but
not lower doses) also produced significant inhibition in the
ZR-75-1 model at day 7 (Figure 2b).

Toxiciry of 8-ClcAMP

Animals lost weight at doses of 50 or 100mg/kg 8-
CIlcAMP/day over the infusion period (see Figure 4). On
discontinuation of the drug, the mice rapidly regained weight.
The rapid timescale of the weight changes suggests that they
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may have resulted from dehydration. Since dehydration can
arise from hypercalcaemia which has also been observed in
phase I human studies, it was of interest to determine
whether hypercalcaemia was evident in animals treated with
8-CIcAMP. Plasma calcium concentrations were therefore
measured at the end of the infusion period after administration
of 50 and 100 mg 8-ClcAMP/kg/day; values were significantly
elevated in all drug-treated animals (Figure 3; Mann—Whitney
test, 50 mg versus control P<0.0001; 100 mg versus control,
P=0.0007).

The only lethalities were observed in mice hosting the ZR-
75-1 breast carcinoma xenografts and receiving 8-CIcAMP at
100 mg/kg/day. Since only these animals received oestrogen
supplementation it seems likely that co-administration of
these two agents produced increased toxicity.

Schedule dependency of the antitumour activity and toxicity of
8-ClcAMP

The effect of introducing breaks into the continuous
infusion on antitumour activity and toxicity was investigated
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Figure 1. Activity of 8-ClcAMP against colon, breast, ovarian
and pancreatic carcinoma xenografts. (a) HT 29 colon carci-
noma, (b) ZR-75-1 breast carcinoma, (c) PE04 ovarian carci-
noma xenograft, (d) PANC-1 pancreatic carcinoma xenograft,
(e) HOX 60 ovarian carcinoma xenograft. Tumour size is
expressed as a percentage of the starting volume and each
point represents the mean of 6-8 xenografts. Bars represent
standard errors of the mean. Statistical comparisons were
made with control tumours at the same time point; *P<0.05,
Mann-Whitney test. ll—H, control; A---A, 50mg/kg/day;
O==---0, 100 mg/kg/day.
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Figure 2. Activity of lower doses of 8-CIcAMP (25, 10 and 5 mg/kg) against the growth of the (a) HT 29 colorectal and (b) ZR-75-1
breast carcinoma xenograft. Bars represent standard errors of the mean. Statistical comparisons are made with control
tumours at the same time point; *P<0.05, Mann-Whitney test.
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Figure 3. Effect of 8-CIcAMP on plasma calcium concentra-
tion after a 7-day infusion. Individual values are shown. Bars
indicate mean values.
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using the HOX 60 xenograft model. 8-CIcAMP was admin-
istered at a dose of 50 mg/kg/day. Three schedules were
compared—schedule A, continuous treatment for 14 days;
schedule B, treatment for 5 days, no treatment for 2 days,
then resumption of treatment for 5 days and schedule C,
treatment for 3 days, no treatment for 4 days, resumption of
treatment for 3 days (Figure 4). Schedule A produced
marked inhibition of tumour growth with little increase in size
over the treatment period, although tumour growth procee-
ded after discontinuation of treatment (Figure 4a). This
schedule was associated with major loss in body weight
(approximately 30%), although recovery was rapid on dis-
continuation of the drug (Figure 4b). Schedules B and C
produced some growth inhibition relative to controls, but
markedly less than that obtained using a continuous schedule
(Figure 4a), and these animals demonstrated minimal weight
loss (Figure 4b).

(b)

Mean body weight (g)

0 T T 1
0 10 20 30

Day

Figure 4. Effect of different schedules of administration of 50 mg/kg/day 8-ClcAMP on (a) mean relative tumour volumes and (b)

mean body weights of groups of animals bearing the HOX 60 ovarian carcinoma xenograft. Three schedules were compared

[1-=-=-[1 schedule A, continuous treatment tor 14 days; @-- - @ schedule B, treatment for 5 days, no treatment for 2 days, then

resumption of treatment for 5 days and A----A schedule C, treatment for 3 days, no treatment for 4 days, resumption of
treatment tor 3 days; control pumps (li—H) contained sterile water.
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Effect of calcitonin on hypercalcaemia and antitumour activity of
8-ClcAMP

Salmon calcitonin was used to prevent hypercalcaemia
produced by 8-ClcAMP. Co-administration of calcitonin
(1IU/mouse/day) and 8-CIcAMP resulted in minimal (0-
5%) body weight loss in 3 of 6 (50%) animals after 7 days
treatment (Figure 5). Plasma calcium levels within these 3
animals (2.31, 2.38 and 2.70 mM) were within the range of
those in animals receiving calcitonin alone (range 1.86-—
2.72mM) consistent with calcitonin preventing this toxicity
(Figure 6a). Only a single calcium value was available for 1 of
the 3 animals that lost weight after this combination, but this
was high (3.22 nm), consistent with a very marked (28%) loss
in body weight. The antitumour activity of the combination is
shown in Figure 6(b). Calcitonin alone had no effect on
tumour growth, and when combined with 8-CIcAMP, the
effect was equivalent to that of 8-CIcAMP alone. These data
indicate that while calcitonin is able to prevent toxicity in
certain animals treated with 8-ClcAMP, it does not affect
antitumour activity.
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Figure 5. The effect of calcitonin and 8-ClcAMP alone or in

combination on individual animal body weight after 7 days.

8-ClcAMP was administered at 100 mg/kg/day and calcitonin
at 1 IU/mouse/day for 7 days.
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DISCUSSION

This study demonstrates that 8-ClIcAMP, when given by
continuous infusion, inhibits the growth of a range of human
tumour types in nude mice including carcinomas of the
colon, breast, ovary and pancreas. The drug is currently
undergoing several phase I clinical studies, all of which use
continuous infusion-based schedules [13—15]. Initial indica-
tions of antitumour activity have already been observed with
a partial response being obtained in a colorectal cancer and
disease stabilisation in two colorectal and one lung car-
cinomas [13]. Overall results of broad-spectrum activity
suggest that the compound merits phase II clinical studies in
a range of disease types provided that toxicity problems can
be overcome.

The major toxicity observed in these nude mice studies
was a persistent weight loss which reversed rapidly on cessa-
tion of the infusion (e.g. Figure 4b). The weight gain
achieved by the animals was so rapid that it could only be
explained by rehydration. This would be consistent with 8-
CIcAMP producing dehydration as a result of hypercalcaemia
(the dose-limiting toxicity observed in human phase I studies
[14,15]). Hypercalcaemia in the animals in the present study
was confirmed by direct measurement of plasma calcium
level. In the clinical studies, hypercalcaemia necessitated ces-
sation of infusion to allow patient recovery. Interrupting the
infusion in the xenograft study clearly allowed the weight loss
to be rapidly reversed, with longer breaks in the schedule
allowing more complete recovery. However, this was
achieved at the expense of tumour regrowth, since only
tumour stasis was maintained during the period of infusion.
An alternative strategy was to co-administer an antidote such
as calcitonin. Salmon calcitonin is used to treat malignancy-
associated hypercalcaemia and can usually decrease serum
calcium concentrations in hypercalcaemic patients [16]. Co-
administration of calcitonin alongside 8-ClcAMP to animals
bearing the HT29 colorectal xenograft prevented weight loss
in 3 of 6 treated animals. These 3 animals had plasma cal-
cium levels that were within the range in animals receiving
calcitonin alone and approached the value of those receiving
vehicle only. It may be that the inability to prevent weight loss
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Figure 6. Effect of calcitonin and 8-ClcAMP alone or in combination on (a) plasma calcium concentrations and (b) tumour
volume in mice bearing the HT 29 colorectal carcinoma xenograft. 8-ClcAMP was administered at 100 mg/kg/day and calcitonin
at 1IU/mousel/day for 7 days. Individual values are shown. Bars indicate mean values.
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in certain animals is due to suboptimal scheduling or dosing
of the calcitonin. Since the antitumour activity of 8-ClcAMP
in this group of animals was not compromised by calcitonin,
the combination of calcitonin with 8-CIcAMP is currently
being investigated in further clinical studies.

In summary, these results demonstrate that 8-ClcAMP has
broad-spectrum antitumour activity against a range of xeno-
grafts of different tumour types. Weight loss and hypercal-
caemia observed after continuous infusion might be
ameliorated by the use of calcitonin.

1. Cho-Chung YS, Clair T, Tortora G, Yokozaki H. Role of site
selective cCAMP analogues in the control and reversal of malig-
nancy. Pharmacol Ther 1991, 50, 1-33.

2. Tagliaferri P, Katsaros D, Clair T, er al. Synergistic inhibition of
growth of breast and colon human cancer cell lines by site-
selective CAMP analogs. Cancer Res 1988, 48, 1642—1650.

3. Ramage AD, Langdon SP, Ritchie AA, Burns D], Miller WR.
Growth inhibition by 8-chloro cyclic AMP of human HT29 colo-
rectal and ZR-75-1 breast carcinoma xenografts is associated
with selective modulation of protein kinase A isoenzymes. Eur ¥
Cancer 1995, 31A, 969-973.

4. Ally S, Clair T, Katsaros D, er al. Inhibition of growth and
modulation of gene expression in human lung carcinoma in
athymic mice by site-selective 8-Cl-cCAMP. Cancer Res 1989, 49,
5650-5655.

5. Rohlff C, Clair T, Cho-Chung YS. 8-Cl-cAMP induces down-
regulation of the Rla subunit and up-regulation of the RIIP
subunit of cAMP-dependent protein kinase leading to type II
holoenzyme-dependent growth inhibition and differentiation of
HL-60 leukemia cells. ¥ Biol Chem 1993, 268, 5774-5782.

6. Cho-Chung YS. Perspectives in cancer research: role of cAMP
receptor proteins in growth, differentiation and suppression of
malignancy: new approaches to therapy. Cancer Res 1990, 50,
7093-7100.

S.P. Langdon er al.

7. Van Lookeren Campagne MM, Diaz FJ, Heimans ]JJ, et al. 8-
Chloroadenosine 3’5’-monophosphate inhibits the growth of
Chinese hamster ovary and MOLT-4 cells through its adenosine
metabolite. Cancer Res 1991, 51, 1600-1605.

8. Langeveld CH, Jongenlen CAM, Heimans JJ, et al. Growth
inhibition of human glioma cells induced by chloroadenosine, an
active metabolite of 8-chloro cyclic adenosine 3’,5’-monophos-
phate. Cancer Res 1992, 52, 3994-3999.

9. Taylor CW, Yeoman LC. Inhibition of colon tumour cell growth
by 8-chloro-cAMP is dependent upon its conversion to 8-chloro-
adenosine. Anti-Cancer Drugs 1992, 3, 485-491.

10. Han Z, Chaterjee D, Wycke JH. Proliferation of nontransformed
cells is inhibited by adenosine metabolites of but not by parental
8-Cl-cyclic AMP. ¥ Pharmacol Exp Ther 1993, 265, 790-793.

11. Boe R, Gjertsen BT, Doskeland SO, Vintermyr OK. 8-Chloro-
cAMP induces apoptotic cell death in a human mammary carci-
noma cell (MCF-7) line. Br ¥ Cancer 1995, 72, 1151-1159.

12. Lange-Carter CA, Vuillequez JJ, Malkinson AM. 8-Chloroade-
nosine mediates 8-chloro-cyclic AMP-induced down-regulation
of cyclic AMP-dependent protein kinase in normal and neoplas-
tic mouse lung epithelial cells by a cyclic AMP-independent
mechanism. Cancer Res 1993, 53, 393-400.

13. Tortora G, Ciardiello F, Pepe S, ez al. Phase I clinical study with
8-chloro-cAMP and evaluation of immunological effects in can-
cer patients. Clin Cancer Res 1995, 1, 377-384.

14. Saunders MP, Calisbury AJ, Harris AL, er al. Phase I study of
the protein kinase A regulator 8-chloro cyclic AMP. Proc Am
Assoc Cancer Res 1995, 36, 241.

15. Cummings J, Langdon SP, Ritchie AA, et al. Pharmacokinetics,
metabolism and tumour disposition of 8-chloroadenosine-3’,5’-
monophosphate in breast cancer patients and xenograft bearing
mice. Ann Oncol 1996, 7, 291-296.

16. Thiebaud D, Burckhardt P, Jaeger P, Azria M. Effectiveness of
salmon calcitonin administered as suppositories in tumor-
induced hypercalcemia. Am ¥ Med 1987, 82, 745-750.

Acknowledgement—We are grateful to Dr Y.S. Cho-Chung for the
generous supplies of 8-CIcAMP.



