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Summary. Adenocarcinoma of the pancreas presents a
formidable challenge both experimentally and clinically,
whereby effective anticancer therapy is lacking. We have
recently explored a relatively new class of antitumor
agents in pancreatic cancer cell lines and have found the
bis-ethyl derivatives of spermine to show considerable pro-
mise. In the present paper, we report the results of in vivo
studies demonstrating the antitumor activity of two of
these N-alkylated analogues, N1, N14-bis(ethyl)homosper-
mine (BEHSPM) and NI ,Nll-bis(ethyl)norspermine
(BENSPM) in athymic (nude) mouse xenografts of two
human pancreatic ductal adenocarcinoma cell lines,
PANC-1 (poorly differentiated) and BxPC-3 (moderately
well-differentiated). BENSPM was found to exert greater
antitumor activity in vivo than either BEHSPM or other
conventional agents, largely because higher doses could be
given due to its lower toxicity to mice. BENSPM shows
greater activity than any other agent we have thus far tested
against our pancreatic-cancer models. Optimal schedules
of administration have yet to be determined. Nevertheless,
of the analogues tested, BENSPM presently appears to be
the analogue of choice for further development.

Introduction

Pancreatic adenocarcinoma is notorious for its relative re-
sistance to available therapeutic modalities. Despite claims
that nihilism should be avoided in evaluating the disease
[15], conventional therapy offers at best a few months’
prolongation of life and some palliation of symptoms
[13, 16, 17]. We have explored polyamine inhibitors as
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promising experimental approaches to the treatment of
pancreatic cancer [7—9]. Recently, analogues of naturally
occurring polyamines have been developed and found to
exert encouraging antiproliferative activity when tested
against pancreatic-adenocarcinoma cell lines in culture
[11, 12]. These bis-ethyl derivatives of spermine have also
been shown to be active against human brain tumor [1],
certain lung cancer [6], colon carcinoma [20], and melano-
ma cell lines [22]. In pancreatic cancer cell lines and cer-
tain other cells, N1, N11-bis(ethylnorspermine (BENSPM)
is more potent than NI, Nl4-bis(ethyl)homospermine
(BEHSPM) in suppressing the major biosynthetic enzymes
ornithine decarboxylase (ODC) and S-adenosylmethionine
decarboxylase (AdoMetDC) and in inducing the intercon-
version enzyme spermidine/spermine Nl-acetyltransferase
(SSAT) [12]. However, the correlation of SSAT induction
with antiproliferative activity varies among the tumor
models tested [6, 12, 22; Bergeron et al., submitted for
publication].

The current study documents the in vivo activity of
BENSPM and BEHSPM in established (250-350 mm3)
athymic (nude) mouse xenografts of two human pancreatic
ductal adenocarcinoma cell lines, PANC-1 (poorly differ-
entiated) and BxPC-3 (moderately well-differentiated). In
BxPC-3, BEHSPM and BENSPM were compared with
two regimens commonly used in the treatment of clinical
pancreatic adenocarcinoma — S-fluorouracil (5FU) alone
and the combination of SFU, doxorubicin (Adriamycin),
and mitomycin C (FAM). At the highest dose used,
BENSPM was found to display greater antitumor activity
than the other analogues or regimens tested. BENSPM was
extremely well tolerated and is the most active agent we
have tested to date in our models of pancreatic cancer.

Materials and methods

Materials. BENSPM and BEHSPM were synthesized as hydrochloride
salts as previously described [2]. SFU and doxorubicin were obtained
commercially. Mitomycin C was kindly supplied by Bristol-Myers.

Tumor models. The characteristics of the cell lines used in this study have
been described elsewhere [11, 18, 19]. PANC-1 and BxPC-3 were ob-
tained from the American Type Culture Collection (Rockville, Md.).
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Fig. 1A, B. Comparison of the in vivo antitumor effects of BEHSPM
and BENSPM (at 2 dose levels) against athymic (nude) mouse xeno-
grafts of PANC-1. (See Table 1 for details of the therapy.) Treatment
extended from day 27 through day 32 as indicated by the bar in A.
A actual tumor volumes and growth curves. B Tumor volumes relative to
those measured on day 28. Each group comprised 10 animals

Athymic (nude) mouse xenografts were developed from the cell lines by
the s.c. implantation of 107 cells into the shoulder region of 4- to
5-week-old male nude mice. After approximately 4 months, palpable
tumors developed, and these tumors were subsequently passaged by
trocar implantation of 1 mm fragments of the solid tumors. The tumors
were passaged once in nude mice prior to their use in the in vivo
experiments. Palpable, measurable tumors were obtained within
2 -3 weeks and treatable tumors, in 3 -4 wecks, with BXPC-3 growing
somewhat slower than PANC-1. The tumor growth rate on the second
(experimental) passage was similar to that on the first passage of the
tumors from solid tumor fragments (as opposed to direct cell inocula-
tion). Histology was verified from each tumor passage. Tumors were
measured in three dimensions without correction for skin thickness, and
tumor volume was calculated according to the formula for a hemiellip-
soid [23]:
Volume = 1/, (4r/3)(I/2)(wi2)(h) = 0.52361wh,

where [ represents length; w, width; and &, beight. Animals were
weighed on the same days on which tumors were measured three times
weekly (Monday, Wednesday, and Friday). Treatment was begun when
average tumor volumes had reached 250350 mm?.

Results

The response of PANC-1 xenografts to BEHSPM and to
two doses of BENSPM is shown in Fig. 1, and that of
BxPC-3 to BEHSPM, BENSPM, 5FU, and FAM is shown
in Fig. 2. Several measures of antitumor response are sum-
marized in Table 1. All analogues were giveni.p. q 8 h for
6 days. The dose of BEHSPM was considered to be maxi-
mal, since animals treated at doses higher than 5—6 mg/kg
g 8 h suffered significant weight loss [5]. The 30 mg/kg
q 8 h dose of BENSPM used in the present study was
considered to be maximal at the time the experiments were
conducted, and the 5 mg/kg q 8 h dose was included for
comparison with BEHSPM. However, no toxicity was
found at the highest dose of BENSPM as shown in Fig. 3,
and it was subsequently found that higher doses of
BENSPM could be tolerated by nude mice [5]. Neverthe-
less, the activity of BENSPM was impressive in the two
pancreatic-tumor models tested.

The assessment of responses to the polyamine ana-
logues and the other agents tested are shown in Table 1.
Actual tumor regressions amounting to 33% and 36% of
the pretreament volume were induced in PANC-1 and
BxPC-3 by BENSPM given at 30 mg/kg q 8 h. Estimates
of the log cell kill obtained using the method of Corbett et
al. [14] are also shown in Table 1. In BxPC-3 xenografts,
these estimates of log cell kill show little difference be-
tween the polyamine analogues and the conventional
chemotherapeutic regimens and are more conservative in
nature than are the findings of the other assessment of
antitumor activity noted in Table 1, i.e., tumor regression.
However, tumor regression is the criterion used in clinical
trials to assess efficacy and is, in our opinion, the more
relevant and dramatic measure of antitumor response to
BENSPM. Although the regression documented for
BENSPM in vivo was transitory, it should be pointed out
that this analogue could have been given for longer periods
and/or at higher doses and that the actual antitumor activity
we noted is thus lower than that which would be expected
at an optimal dose and/or schedule.

Discussion

bis-Ethyl analogues of spermine have been shown to in-
hibit cell proliferation and depress polyamine pools in
human brain tumor [1], lung-cancer [6], colon carcinoma
[20], melanoma [22], and pancreatic adenocarcinoma cell
lines [12] as well as the rodent murine 1.1210 leukemia [3],
Chinese hamster ovary (CHO) [21], B16 murine melano-
ma [Bergeron et al., submitted for publication], and onco-
gene-transfected Rat-1 cell lines [10]. As summarized by
Bernacki et al. [5], among the analogues tested to date,
BENSPM exerts the greatest in vivo activity.

BENSPM displays interesting pharmacologic activity
in that it induces striking (several hundred-fold) elevations
of spermidine/spermine Nl-acetyltransferase (SSAT) ac-
tivity. Although it is tempting to attribute its slightly supe-
rior in vitro antiproliferative activity to its ability to induce
SSAT, an imperfect correlation of its SSAT induction with
its antiproliferative activity exists [12], and the order of
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Fig. 2A -D. Comparison of the in vivo antitumor effects of BEHSPM,
BENSPM (at 2 dose levels) SFU, and FAM against athymic (nude)
mouse xenografts of BXPC-3. (See Table 1 for details of the therapy.)
Treatment extended from day 30 through day 35 as indicated by the bar
in A. A Acmal tumor volumes and growth curves for all groups (n = 10
animals each). B—D Tumor volumes relative to those measured on day
31. B Effect of BENSPM as compared with BEHSPM. C Effect of
BENSPM as compared with SFU. D Effect of BENSPM as compared
with FAM
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Fig. 3A, B. Effects of BEHSPM and BENSPM on the bedy weight of
athymic (nude) mice. A Mice bearing xenografts of PANC-1; these ani-
mals were treated from day 27 through day 32. (See Table 1 for details of
the therapy). B Mean weights of athymic (nude) mice bearing xenografts
of BxPC-3; these animals were treated from day 30 through day 35. No
weight loss observed in any treatment group was significantly greater
than that seen in untreated control animals. There was no drug-related
mortality

magnitude of the differences argues against the hypothesis
that its induction of SSAT plays a major role in its in vivo
activity. As seen in the present study, at similar, roughly
equimolar doses of BEHSPM and BENSPM (5 mg/kg
doses), the resultant antitumor activity was quite similar.
The major difference in the two analogues appears to be
that of host toxicity, which enabled the administration of
much larger doses of BENSPM, which seemed to show
some preferential cytotoxicity for the pancreatic cancer
xenografts. Recently, Bernacki et al. [5] treated human
melanoma MALME-3 xenografts with 40 to 80 mg/kg
doses given three times daily for 6 days and found that a
tumor-growth delay of 46 days occurred at either dose.
These authors estimated that the maximal individual dose
on the same schedule might be as high as 120 mg/kg. At
the time our experiments were performed, 30 mg/kg doses
given for 6 days was felt to represent a nearly maximal
dose of BENSPM. Clearly, nude mice couid have tolerated
higher doses, and at this point, one can only speculate as to
the improvement in antitumor response that might have
been obtained using higher doses. Thus, optimal doses and
schedules of administration of BENSPM remain to be de-
termined.
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Table 1. Assessment of antitumor effects of N-alkylated polyamine ana-
logues in xenografts of human pancreatic adenocarcinoma

Treatment and response assessment ~ Tumor model
PANC-1 BxPC-3

Control tumor-doubling time 4.5 2 days 6.0x1.4 days
BENSPM, 30 mg/kg doses:2

% Tumor regression? 33.0% 36.7%

Growth delay 14 days 5 days

Estimated log cell kille 0.94 025
BENSPM, 5 mg/kg doses:

% Tumor regression 2.7% 15.2%

Growth delay 7 days 5 days

Estimated log cell kill 0.47 0.25
BEHSPM, 5 mg/kg doses:

% Tumor regression 0 14.9%

Growth delay 8 days 5 days

Estimated log cell kill 0.54 0.25
5FU, 30 mg/kg daily:

% Tumor regression NA 11.21%

Growth delay 6 days

Estimated log cell kill 0.30
FAM:2

% Tumor regression NA 13.7%

Growth delay 6 days

Estimated log cell kill 0.30

a All N-alkylated polyamine analogues were given i.p. every 8 h for
6 days; SFU was given once daily for 6 days; and FAM treatment con-
sisted of 20 mg/kg 5FU, given on days 30, 37, 57, and 64; 2.5 mg/kg
Adriamycin (doxorubicin) given on days 30 and 57; and 3.0 mg/kg
mitomycin C given on day 30 only. Controls received a comparable
volume of normal saline. Control and treatment groups comprised 10
animals each

b 9% Tumor Regression represents the average percentage of decrease in
tumor volume from the largest pretreatment value

¢ Estimated log cell kill represents the estimate of log cell kill based on
growth delay as determined using the method of Corbett et al. [14],
which takes into account the tumor-doubling time

NA, Not applicable

Nevertheless, the studies reported support the conclu-
sion that BENSPM is an active agent in xenografts of
human pancreatic adenocarcinoma, a disease for which
effective therapy is sorely lacking. Indeed, the activity
demonstrated to date for BENSPM in human lung cancer,
melanoma, and pancreatic cancer — all relatively chemore-
sistant solid adult tumors — makes it an attractive agent for
further development.

Acknowledgements. The authors wish to thank Ms. M. Reynolds, Dr. G.
Wang, and Mr. V. Woods for their excellent technical assistance.

References

1. Basu HS, Feuerstein BG, Deen DF, Lubich WP, Bergeron RIJ,
Samejima K, Marton LJ (1989) Correlation between the effects of
polyamine analogues on DNA conformation and cell growth. Cancer
Res 49: 55915597

2. Bergeron RJ, Garlich JR, Stolowich NJ (1984) Reagents for the
step-wise functionalization of spermidine, homospermidine, and bis-
(3-aminopropyl)-amine. J Org Chem 49: 2997 3001

TN

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Bergeron RJ, Hawthorne TR, Vinson JRT, Beck DE Jr, Ingeno MJ

(1989) Role of the methylene backbone in the antiproliferative activ-
ity of polyamine analogues on L1210 cells. Cancer Res 49:
2959-2964

. Reference deleted
. Bernacki RJ, Bergeron RJ, Porter CW (1992) Antitumor activity of

N,N’-bis(ethyl)spermine homologs against human MALME-3 mela-
noma xenografts. Cancer Res (in press)

. Casero RA Jr, Celano P, Ervin SJ, Porter CW, Bergeron RJ, Libby

PR (1989) Differential induction of spermidine/spermine N'-acetyl-
transferase in human lung-cancer cells by the bis(ethyl)polyamine
analogues. Cancer Res 49: 3829-3833

. Chang BK, Black O Jr, Gutman R (1984) Inhibition of growth of

human or hamster pancreatic cancer cell line by o-difluoromethylor-
nithine alone and combined with cis-diamminedichloroplatinum(II).
Cancer Res 44: 5100-5104

. Chang BK, Gutman R, Black O Jr (1986) Combined effects of

o-difluoromethyl-ornithine and doxorubicin against pancreatic
cancer cell lines in culture. Pancreas 1: 49—54

. Chang BK, Gutman R, Chou T-C (1987) Schedule-dependent inter-

action of o-difluoromethylornithine and cis-diamminedichloroplat-
inum(Il) against human and hamster pancreatic cancer cell lines.
Cancer Res 47: 22472250

Chang BK, Libby PR, Bergeron RJ, Porter CW (1988) Modulation
of polyamine biosynthesis and transport by oncogene transfection.
Biochem Biophys Res Commun 157: 264-270

Chang BK, Porter CW, Bergeron RJ (1991) Cellular responses to
polyamine analogues and inhibitors in human pancreatic adenocarci-
noma cell lines. J Cell Pharmacol 2: 133137

Chang BK, Bergeron RJ, Porter CW, Vinson JRT, Liang Y, Libby
PR (1992) Regulatory and antiproliferative effects of N-alkylated
polyamine analogues in human and hamster pancreatic-adenocarci-
noma cell lines. Cancer Chemother Pharmacol 30: 183—188
Connolly MM, Dawson PJ, Michelassi F, et al (1987) Survival in
1001 patients with carcinoma of the pancreas. Ann Surg 206:
366-373

Corbett TH, Roberts BJ, Leopold WR, Peckham JC, Wilkoff LJ,
Griswold DP Jr, Schabel FM Jr (1984) Induction and chemother-
apeutic response of two transplantable ductal adenocarcinomas of the
pancreas in C57BL/6 mice. Cancer Res 44: 717 ~726

Douglass HO (1987) Pancreatic cancer: nihilism is obsolete! Pan-
creas 2: 230-232

Gastrointestinal Tumor Study Group (1985) Radiation therapy com-
bined with Adriamycin or 5-fluorouracil for the treatment of locally
unresectable pancreatic carcinoma. Cancer 56: 2563 —2568
Gastrointestinal Tumor Study Group (1987) Further evidence of
effective adjuvant combined radiation and chemotherapy following
curative resection of pancreatic cancer. Cancer 59: 2006-2010
Lieber M, Mazzetta JA, Nelson-Rees W, Kaplan M, Todaro G
(1975) Establishment of a continuous tumor-cell line (PANC-1)
from a human carcinoma of the exocrine pancreas. Int J Cancer 15:
741-747

Loor R, Nowak NJ, Manzo ML, Douglass HO, Chu TM (1982) Use
of pancreas-specific antigen in immunodiagnosis of pancreatic
cancer. Clin Lab Med 2: 567578

Pegg AE, Wechter R, Pakala R, Bergeron RJ (1989) Effect of
NL,N'2-bis(ethyl)-spermine and related compounds on growth and
polyamine acetylation, content, and excretion in human colon tumor
cells. J Biol Chem 264: 20

Pegg AE, Pakala R, Bergeron RJ (1990) Induction of sper-
midine/spermine N!-acetyltransferase activity in Chinese-hamster
ovary cells by N, Nll-bis(ethyl)norspermine and related compounds.
Biochem J 267: 331-338

Porter CW, Ganis B, Libby PR, Bergeron RJ (1991) Correlations
between polyamine analogue-induced increases in spermidine/sper-
mine Nl-acetyltransferase activity, polyamine pool depletion, and
growth inhibition in human melanoma cells lines. Cancer Res 51:
3715-3720

Rockwell SC, Kallman RF, Fajardo LF (1972) Characteristics of a
serially transplanted mouse mammary tumor and its tissue-culture
adapted derivative. J Natl Cancer Inst 49: 735747



