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ABSTRACT

In in vitro systems, the spermine analogue, A"^V"-bis(ethyl)norsper-

mine (BENSPM), suppresses the polyamine biosynthetic enzymes, orni-

thine and S-adenosylmethionine decarboxylase (ornithine decarboxylase
and S-adenosylmethionine decarboxylase, respectively), greatly induces
the polyamine catabolic enzyme, spermidine/spermine A"-acetyltrans-

ferase (SSAT), depletes polyamine pools, and inhibits cell growth. Against
MALME-3 M human melanoma xenografts, BENSPM and related homo

logues demonstrate potent antitumor activity that has been found to cor
relate positively with their ability to induce SSAT activity in vitro. Herein,
we further evaluate the antitumor activity of BENSPM and at the same
time characterize the biochemical effects of BENSPM treatment on
polyamine metabolism of selected normal and tumor tissues.

At 40 mg/kg 3 times/day for 6 days Â¡.p.,BENSPM suppressed growth of
MALME-3 M human melanoma xenografts during treatment and for 65
days afterwards. Similar antitumor activity was obtained with 120 mg/kg
once daily for 6 days and 40 mg/kg once daily for 6 days, indicating that
against this tumor model, the dosing schedule can be relaxed up to sixfold
without compromising antitumor activity. When MALME-3 M tumor-

bearing mice were retreated with BENSPM 2 weeks after the first treat
ment at 40 mg/kg 3 times/day for 6 days, initial tumor volumes of 85 mm3
were reduced to 10 mm3. Analysis of melanoma, liver, and kidney tissues

from mice treated with 40 mg/kg 3 times/day for 6 days revealed relatively
similar accumulations of BENSPM in all tissues at levels greater than the
original total content of polyamine pools. By 2 weeks following treatment,
BENSPM pools in normal tissues were almost gone, whereas in tumor
tissues significant amounts (40%) were still retained. The biosynthetic
enzymes, ornithine decarboxylase and 5-adenosylmethionine decarboxy

lase, gave no indication of enzyme suppression (or increase) by the ana
logue as typically occurs in vitro. By contrast, SSAT was induced from an
average of 50 pmol/min/mg in control tissues to 320 pmol/min/mg in
liver, 1255 pmol/min/mg in kidney, and 13,710 pmol/min/mg in
MALME-3M tumor. Two weeks later, SSAT activity was still 12 times

higher in tumor than in kidney. Polyamine pools (putrescine, spermidine,
and spermine) were reduced after treatment in all tissues and approached
near-total depletion in the tumor. Good antitumor activity and even more

potent induction of SSAT (i.e., 26,680 pmol/min/mg) was also observed in
PANUT-3 human melanoma xenografts. Overall, the Findings reveal

meaningful antitumor activity by BENSPM against 2 human melanoma
xenografts and provide in vivo evidence consistent with SSAT-induced

polyamine depletion playing a determining role in at least the initial phase
of the antitumor response.

INTRODUCTION

Increases in polyamine biosynthetic activity are a well recognized
component of proliferative responses and among the early events in
carcinogenesis (1). Since depletion of intracellular polyamine pools
results in inhibition of cell growth (2), polyamines have been among
the sites targeted in anticancer initiatives (3, 4). Typically, polyamine
depletion is accomplished with specific inhibitors of biosynthetic
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enzymes such as ODC3 and SAMDC. The best known of these com
pounds, a-difluoromethylornithine (2, 5), has undergone limited an-

ticancer clinical trials and, more recently, has been evaluated as a
chemopreventive agent (6). Recently, new inhibitors of SAMDC have
been described and demonstrated to have sufficient antitumor activity
in animal model systems to warrant clinical trials (7, 8).

As an alternative to the use of enzyme inhibitors to deplete
polyamine pools, we have focused on minimally modified spermidine
and spermine derivatives (9). By mimicking intracellular conditions of
polyamine excess, appropriately designed analogues elicit several ho-

meostatic responses that suppress polyamine biosynthesis and, at the
same time, have the potential to increase polyamine catabolism and
excretion (8). Specifically, ODC and SAMDC are rapidly down-

regulated posttranscriptionally (10, 11), whereas the catabolic enzyme
SSAT is potently induced (12-14) via transcriptional and posttran-
scriptional events (15-17). Concomitantly, there is indication that
polyamine uptake is also down-regulated (18, 19). The end result of

these complex homeostatic responses is rapid and near total depletion
of the natural polyamine pools (13, 20). Although this in itself is
sufficient to inhibit cell growth, there is indication that direct analogue
effects at possible polyamine binding sites such as DNA may also be
involved (21-23). Although these various events are known to occur

in most cell types under culture conditions, the effects of these ana
logues in in vivo model systems remain to be established.

Recently, we have reported potent antitumor activity against
MALME-3M human melanoma xenografts by BESPM and its homo
logues, Ar',A''4-bis(ethyl)homospermine and BENSPM, in nude athy-

mic mice (24). Of interest was the correlation between antitumor
activity and analogue ability to induce SSAT in MALME-3M cells

growing in vitro (12, 13, 25). The most potent enzyme inducer,
BENSPM, produced the greatest antitumor effect in the xenograft
system. The present studies further evaluate the antitumor activity of
BENSPM against human melanoma xenografts and at the same time,
examine the in vivo effects of the analogue on polyamine metabolism,
giving particular attention to induction of SSAT activity and its pos
sible role as a determinant of drug action in vivo.

MATERIALS AND METHODS

Materials. The spermine analogue BENSPM was synthesized and purified
as described previously (26-28). MALME-3M human melanoma cells were

generously provided by Dr. Robert Shoemaker (National Cancer Institute,
Frederick, MD) and the PANUT-3 human melanoma cells by Dr. Beppino

Giovanella and Dr. J. Mendoza (Stehlin Foundation, Houston, TX) (29, 30).
Xenografts. All antitumor studies involved human tumors implanted into

nude athymic mice. Cultured MALME-3M or PANUT-3 human melanoma
cells were injected s.c. (IO7 cells/injection) into 20-g female HarÃanSprague-

Dawley nude athymic mice (HSD, Indianapolis, IN). After at least 3 in vivo
passages, tumor fragments 40 50 mm3 representative of nonnecrotic, melanotic

areas of the tumor were implanted s.c. into mice with a trocar. Tumor growth
was monitored twice weekly by bidimensional caliper measurements, and
tumor volume determined as described elsewhere (24). When tumor values
were in the range of 100 mm1 (30-40 days for MALME-3M and 20 days for

' The abbreviations used are: ODC, ornithine decarboxylase; SAM, S-adenosylme
thionine; SAMDC, 5-adenosylmethionine decarboxylase; BENSPM, /V'./V-bislethyl)-
norspermine; SSAT, spermidine/spermine-W-acetyltransferase; 3x/d, 3 times/day; q8h.
every 8 h; X6d, for 6 days; PUT, putrescine; SPD. spermidine; SPM, spermine.
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PANUT-3), mice were divided into groups of 5 with a similar distribution of

tumor sizes. Eight to 10 mice were included in control groups. All studies were
performed in accordance with guidelines under approved Roswell Park Cancer
Institute protocols 2I4M or 245M.

Treatment. The SPM analogue, BENSPM, was dissolved in saline shortly
before each course of treatment regimen and kept frozen until just before use.
To evaluate schedule dependence, groups of 5 mice bearing s.c. MALME-3M

melanoma were given i.p. injections with 40 mg/kg (per injection) 3x/d (q8h)
X6d; 120 mg/kg (per injection) I X/d X6d, or 40 mg/kg (per injection) 1X/d
X6d beginning on day 44 postimplantation. A group of control animals re
ceived i.p. saline injections 3x/d (q8h) X6d. Tumor volumes were monitored
twice per week until the median volume for each group exceeded 1200 mm3,

at which time the animals were euthanized. As an indication of drug toxicity.
animal weights were also recorded at the time of tumor volume determinations.

The effects of retreatment with a second course of BENSPM [40 mg/kg
3x/d (q8h) X6d] 19 days after the first was examined. In this experiment, the
MALME-3M tumor grew more rapidly than in the first, and the initial treat

ment round was begun 31 days postimplantation. In this same experiment, the
effects of a single course of BENSPM treatment at 40 mg/kg 3x/d (q8h) X6d
was examined on s.c. PANUT-3 human melanoma xenograft. Treatment was

begun on day 21 postimplantation.
Tissue Processing. Following treatment with 40 mg/kg BENSPM 3 X/d

(q8h) X6d, 2 representative control and analogue-treated mice were sacrificed

2 or 16 h following the last analogue injection. Likewise, 2 control and treated
mice were sacrificed 2 weeks later. In all cases, similarly sized (200 mg) tissue
samples of nonnecrotic representative areas of tumor as well as liver and
kidney were removed and frozen immediately on dry ice. Samples were then
cut in two, weighed, and sonicated to homogeneity in 10 ITIMTris/HCl buffer
containing 0.5 mM EDTA, 5 HIMdithiothreitol, and 50 UMpyridoxal phosphate.
The whole homogenate was either processed for polyamine analysis or then
cemrifuged at 10,000 x g for 20 min, and the supernatant extract was used for
enzyme assays and polyamine/analogue determinations. Duplicate enzyme
assays and polyamine determinations were performed on each tissue sample.

Enzyme Assays. ODC and SAMDC activities were assayed according to
the methods of Pegg and Seely (31) and Pegg and Poso (32), respectively,
based on the trapping and quantitation of radiolabeled CO2 released from
l-'4C-labeled ornithine or 5-adenosylmethionine (New England Nuclear, Bos

ton, MA). For the SSAT enzyme assay, the tissue extract was centrifuged for
l h at 35.000 rpm in a Spinco 40 rotor. Using this supernatant. SSAT activity
was determined according to the method of Libby (33). In the case of
BENSPM-treated tumor tissues, the enzyme extract was diluted so that activity

fell within the linear range of the assay. It should be noted that this assay also
measures enzyme activities other than SSAT that are capable of acetylating
spermidine. However, in the case of BENSPM-treated tissues, we have found

that the preponderance (>97%) of the total acetylating activity is SSAT (18).
Polyamine Pools. Tissue samples that had been weighed previously were

sonicated to homogeneity in 10 mM Tris/HCl buffer described under "Tissue
Processing." Homogenate samples were then treated with an equal volume of

1.2 M perchloric acid and centrifuged, and the supernatant assayed for
polyamines and BENSPM by high pressure liquid chromatography. The latter
is a modification of the methodology of Kabra et al. (34), in which methanol
was substituted for acetonitrile to separate polyamines derivatized by dansy-

lation. The system is described in detail elsewhere (22, 35). Polyamine and
BENSPM levels were calculated based upon internal standard (1,2-diamino-

heptane) levels and external standard curves. Polyamine levels were expressed
on the basis of mg protein as determined by the method of Bradford (36) using
a commercial kit (Bio-Rad Laboratories, Richmond, CA).

RESULTS

To determine the extent to which the BENSPM scheduling could be
relaxed and yet retain antitumor activity, treatment began with 40
mg/kg 3x/d (q8h) X6d since, in a previous study (24), this dose
yielded very similar antitumor activity to that produced by 80 mg/kg.
In the first experiment of this study, the MALME-3M tumor doubled

at approximately the same rate as seen previously with a median
doubling rate of 13 days. Treatment with the 40 mg/kg schedule of
BENSPM gave slightly better results than before (Fig. 1), suppressing
tumor growth for 65 days after treatment as compared to 45 days
previously. It should be noted that suppression of tumor growth is

arbitrarily designated as the length of time following treatment re
quired for the median tumor volume of a treatment group to exceed
200 mm3. In the case of the 3 schedule variations (40 mg/kg 3X/d

X6d, 120 mg/kg l x/d X6d, or 40 mg/kg l x/d X6d), suppression of
tumor growth was very similar for all 3 treatments (Fig. \A). This
conclusion, however, is based on median tumor volumes for 5 mice.
In fact, 2 of 5 individual tumors began to regrow earlier under the 40
mg/kg 1X/d schedule (Fig. 1C) than under the other 2 (Fig. l, B and
D). None of the 3 schedules produced greater than a 10% weight loss,
indicating minimal host toxicity.

In a second experiment (Fig. 2), the antitumor effects of BENSPM
retreatment 14 days following an initial treatment (at 40 mg/kg 3x/d
X6d) were examined. The MALME-3M tumor grew slightly faster in

this experiment with a doubling time of 10 days so that the first
treatment was begun earlier (day 31). In Fig. 2, group median tumor
volumes are shown as well as individual tumor volumes. During the
first treatment (days 31-36), there was a significant tumor regression

that is made more apparent in the expanded tumor volume scale (Fig.
25). The median tumor volume fell from a maximum of 85 mm3 to 30
mm3 after the first treatment. Following the second treatment with
BENSPM (days 55-60), tumor volumes fell to <10 mm3. Approxi

mately 30-40 days after the second treatment, tumor regrowth began

to occur in 4 of 6 animals. Tumors in the 2 remaining animals below
detectable levels for 140 days postimplantation.

Various parameters related to polyamine metabolism were investi
gated in normal and tumor tissues taken from control mice and mice
treated with BENSPM at 40 mg/kg 3X/d X6d. At 16 h after the last
injection of BENSPM, ODC and SAMDC activities were unexpect
edly not suppressed (or increased) in tumor or the normal tissues,
kidney, and liver (Table 1). By contrast, SSAT was markedly increased
in all 3 tissues and especially in the melanoma, where it increased
from a basal mean level of an average of 75 pmol/min/mg to 13,710â€”

about 10 times higher than that of kidney. Two weeks later, SSAT
remained highest in the tumor (â€”3040 pmol/min/mg), where it was

still well above that initially attained in the normal tissues.
Polyamine pool analyses revealed decreases in total polyamine

pools of all tissues (Table 2). Typically, PUT pools remained the same
or increased, whereas SPD or SPM pools were greatly decreased.
Within the 3 tissues, the greatest depletion of polyamines occurred in
the melanoma. Although 2 weeks after treatment, the polyamine pools
of all 3 tissues were variable, they seemed to be close to control levels.
Of interest is the large pool of PUT (average of 330 pmol/mg) in the
tumor together with /V'-acetylspermidine (average of 210 pmol/mg),

both of which may be attributable to the sustained high levels of SSAT
activity in this tissue.

At 16 h following treatment, BENSPM levels were very similar in
normal and tumor tissues. In all cases, they were near to or greater
than the total polyamine pool levels of untreated tissues (Table 2).
Two weeks after treatment, BENSPM was found to be selectively
retained in the melanoma tissues at 40% of the original level, while in
the normal tissues, liver, and kidney, analogue pools fell to <10% of
the original amount.

The effects of BENSPM on another human melanoma xenograft,
PANUT-3, were also examined. The tumor was selected because it
was found to be highly responsive to SSAT induction by N'JV'2-bis-

(ethyl)spermine in vitro (25). The antitumor activities are compared
in Fig. 3 with those of MALME-3M melanoma up to the point of
retreatment. The PANUT-3 tumor grew very fast with a doubling time

of 7 days. Thus, treatment began on day 21. Unlike with
MALME-3M, there was no indication of tumor regression during
treatment of the PANUT-3 xenografts, and suppression of tumor

growth lasted for only about 12 days following treatment. This latter
effect could not be quantitatively compared with MALME-3M
within the context of this experiment, since the MALME-3M tumor
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Fig. I. A, comparison of schedule variation in BENSPM treatment of MALME-3M human melanoma xenografts in nude athymic mide. BENSPM was administered i.p. at 40 mg/kg

3 x/d (q8h) (A). 120 mg/kg l x/d (â€¢),and 40 mg/kg l x/d {â€¢)on days 44-49 postimplantation (6 days). Each treatment group represents the median value for at least 5 mice and
control ( + ) represents 10. Biochemical studies were performed on 2 control mice and 2 mice treated with BENSPM (40 mg/kg 3x/d X5dl at 16 h and 2 weeks after the last injection.
ÃŸ-ÃŸ,plots of effects of BENSPM at 40 mg/kg/d 3x/d X6d (fi). 40 mg/kg 1x/d x6d (Ci. and 120 mg/kg 1x/d X6d (D) on tumor volume to show the median values (â€”) and the
individual tumors (---- ) for treated animals. Note that the growth of all tumors was suppressed at 40 mg/kg 3 X/d X6d (ÃŸ),whereas at 40 mg/kg I X/d X6d (C). 2 of 5 tumors began
to regrow fairly early. At 120 mg/kg 3x/d X6d (D), l of 5 tumors began to regrow early. Note also that total tumor regrowth suppression was also apparent in 1-2 individual tumors

at 120 days under all treatments.

was retreated 19 days after initial treatment. It is clear, however, that
up until the time of retreatment, regrowth had not yet occurred.

In this second MALME-3M experiment, comparisons of polyamine
metabolism were made with PANUT-3 xenografts. This time, tissues

were taken 2 h after the last injection to determine whether ODC and
SAMDC activities were suppressed at time points earlier than 16 h.
Findings with these enzymes were similar to those seen at 16 h (Table
1)â€”the activities were not suppressed and in some cases, they were

somewhat increased (data not shown). SSAT induction in the
PANUT-3 tumor was even greater than in MALME-3M (Fig. 4),

which in this experiment rose to 9,230 pmol/min/mg, whereas PA
NUT-3 rose to an average of 26,680 pmol/min/mg. The 2-week post-

treatment tissue analyses were not performed.
Polyamine pools were reduced in all tissues and most impressively

in the two melanomas (Table 3). BENSPM levels were higher in the
MALME-3M tumor than in the first experiment, perhaps because

samples were taken 2 h after the last treatment injection instead of 16
h. The levels of BENSPM in the PANUT-3 tumors were similar to
those in the MALME-3M tumors. Liver analogue levels were some

what lower than either tumor or kidney (Table 3).

DISCUSSION

The antitumor activity of BENSPM has been previously reported in
2 human tumor xenograft systems: melanoma and pancreatic carci
noma. Chang et al. (37) found that at suboptimal doses (30 mg/kg
3X/d X6d), the analogue exerted meaningful antitumor activity
against the PANC-1 human pancreatic carcinoma. At doses of 40 and

80 mg/kg 3X/d X6d, we previously reported that BENSPM showed
impressive antitumor activity against MALME-3M human melanoma

xenografts in the absence of significant host toxicity (24). In the
present study, we began with the lower of these 2 doses and demon
strated that the schedule could be relaxed from 40 or 80 mg/kg 3 X/d
to 120 mg/kg IX/d or even 40 mg/kg IX/d and still retain similar
antitumor activity. The findings thus reveal a fairly broad chemother-
apeutic window against the MALME-3M tumor ranging from 80
mg/kg 3x/d X6d to 40 mg/kg 1X/d X6dâ€”a 6-fold decrease in total

drug delivered.
The benefit of retreatment with BENSPM was also demonstrated.

Significant tumor regression was achieved under this schedule, and 2
of 6 animals were rendered apparently tumor-free for the course of the

experiment (140 days). These findings indicate that: (a) there is no
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Days (40 mg/kg 3x/d, d31-36 & d66-60)

Days (Rx-40 mg/kg 3x/d, d31-36 4k d5S-60)

Fig. 2. A, MALME-3M human melanoma xenografts treated with BENSPM at 40
mg/kg 3x/d on days 31-36 postimplantation and then identically retreated on days 55-60.
â€”¿�,median tumor volume (control group ( + ) and treated group (â€¢)]. , tumor
volumes for individual mice of the treated group. B, enlargement of broken line enclosure
of the lop panel to more clearly show tumor responses to treatment by BENSPM. Note that
the median tumor volume for the BENSPM-treated group was reduced from a peak of 85
mm1 on day 31 to <10 mm3 on day 79. Two of 6 treated animals were apparently

tumor-free on day 110.

Although enzyme suppression by polyamines has been known to
occur in in vitro systems since 1973 (38), to our knowledge, it has not
been examined in vivo. It is important to note, however, that although
ODC and SAMDC activities are not suppressed, they are not elevated
either. Since the latter typically occurs with polyamine depletion (9),
BENSPM is presumably exerting some regulatory effect on the en
zymes by preventing their rise.

In both the MALME-3M and PANUT-3 xenograft systems, induc

tion of SSAT was as impressive as has been observed in vitro with the
same cell lines (25). Relative to control tissues, SSAT activity in the
tumor tissues increased to extremes even though the BENSPM tissue
content of tumor and normal tissues were similar. This difference in
tissue responsiveness to SSAT induction is consistent with the extreme
heterogeneity in SSAT induction that has been found in in vitro
systems (8, 12-14). It also confirms that the high inducibility of SSAT

in these melanoma lines, which has been observed in vitro (13, 25),
also occurs in vivo. It may be relevant that in the MALME-3M tumor,

SSAT levels remain very high at 2 weeks following treatment and
may, therefore, be related to sustained suppression of tumor growth.
Alternatively, they may simply reflect the continued presence of an
alogue in these tissues. Appropriate examination of these possibilities
will require new model systems that are currently under development.

The depletion of polyamine pools achieved in the tumor is the most
complete thus far reported in vivo for any polyamine-directed agent

Table 1 Effect of BENSPM on MALME-3M melanoma and host tissue
polyamine-related enzymes

Enzyme activities

Tissue

BENSPM- ODC SAMDC SSAT
treated" (nmol/h/mg) (nmol/h/mg) (pmol/min/mg)

16 h posttreatment
Tumor

Kidney

Liver

2 weeks posttreatment
Tumor

Kidney

Liver

0.23/0.13"

0.21/0.16
0.16/0.14
O.I 8/0.21
0.11/0.08
0.21/0/15

0.17/0.20
0.28/0.99
0.14/0.13
0.13/0.13
0.06/0.06
0.06/0.08

0.35/0.28
0.42/0.41
0.25/0.36
0.56/0.47
1.05/1.68
1.23/1.03

0.62/0.65
0.96/2.14
0.26/0.33
0.49/0.37
1.27/1.32
1.01/1.14

67/83
11,490/15,930

6/8
1,616/895

11/8
347/294

70/75
2,810/3,275

5/3
272/248

6/5
90/60

" 40 mg/kg 3x/d x6d.
'' Duplicate mice with each value representing the mean of duplicate assays.

apparent cumulative toxicity with BENSPM under conditions of re-

treatment; (b) tumors treated with one course of BENSPM are not
resistant to a second; and (c) the retreatment schedule is an effective
strategy for reducing tumor mass. Thus, retreatment may ultimately
prove useful in clinical trials of BENSPM.

We have also demonstrated that another human melanoma xe
nograft, PANUT-3, is also sensitive to BENSPM. Its responsiveness to
the analogue, however, was not as great as that of MALME-3M

despite the fact that SSAT was induced in vitro and in vivo to greater
levels in PANUT-3 than in MALME-3M. Among homologues of

BENSPM that differentially induced SSAT in vitro, there was found to
be a positive correlation between enzyme induction in vitro and an-

titumor activity (24). Although the present data seem to suggest that
this correlation has been compromised, it may reflect the differences
in the extent to which elevated SSAT levels are retained after treat
ment (not measured in the PANUT cells).

The biochemical effects of BENSPM were both interesting and
unexpected. Analogue suppression of ODC and SAMDC activities has
been well documented in vitro but was not observed to occur in vivo.

Table 2 Effect of BENSPM on MALME-3M melanoma and host tissue polyamine and
analogue pools

Tissue16

hposttreatmentTumorKidneyLiver2

weeksposttreatmentTumorKidneyLiverRF.NSPM-

PUTtreated"60/20"+

20/2020/20+

100/4020/20+

90/10020/50+

370/29020/30+

20/2020/20+

20/20SPD

SPMpmol/mg

protein320/290

450/38050/20
40/30240/260
540/440100/100
260/250570/460

620/50080/90
170/200330/270

330/360560/160''
200/80340/320

530/520210/210
360/370490/660
660/760530/530

400/330BENSPM1020/1535'860/1705''1180/1470'620/47090/15040/40
" BENSPM 40 mg/kg 3x/d x6d.
h Duplicate mice with each value representing the mean of duplicate determinations.
' Also contained a peak that was similar in height to the spermine peak of this tissue

and that was presumed by location to be a monoethyl metabolite peak of BENSPM.
d Also contained high levels of /V-acetylspermidine (240/180 pmol/mg protein).
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Fig. 3. Comparison of BENSPM antitumor activity against MALME-3M human mel
anoma (A) and PANUT-3human melanoma (ÃŸ).The MALME-3 data are taken from Fig.
2 and presented here on an abbreviated scale similar to that for PANUT-3for comparison
purposes. The plot for MALME-3 stops at the point of retreatment (see Fig. 2). +, control;
â€¢¿�BENSPM 40 mg/kg 3x/d, X6d.

including inhibitors of ODC and SAMDC (39). Immediately follow
ing treatment, the extent of polyamine depletion in the tumor tissues
seemed more than sufficient to inhibit cell growth as indicated by in
vitro findings (12, 13, 25). By 2 weeks, however, the pools recovered
to a point in the MALME-3M tumor at which tumor regrowth might

be considered possible. Yet, we have observed that regrowth does not
occur until several weeks later. These data suggest that although the
initial antitumor response during and immediately following treatment
may be due to polyamine depletion, the sustained inhibition of tumor
growth could be mediated by other mechanisms. These may be due to
analogue effects at other sites such as nucleic acids (21-23) or to

secondary events that derive from the initial polyamine depletion.
In the absence of apparent ODC and SAMDC suppression, it is

curious that polyamine pools have become so depleted. One possibil
ity is that SSAT induction may be responsible. The enzyme has the
capabilities of promoting polyamine catabolism by back-conversion

to PUT and of increasing excretion of acetylated polyamines out of
cells (40, 41). In fact, the polyamine profiles are somewhat consistent
with a SSAT role in their depletion since PUT pools are not decreased,
and in some cases are markedly increased (Table 3) as a possible result
of increased back-conversion activity (41). In addition, when suffi

cient intracellular SPD (substrate) is present, such as in tumor tissue
at 2 weeks following treatment, significant levels of acetylated SPD
were observed (Table 2). Presumably, large amounts of acetylated
SPD are also secreted out of the cells. Thus, polyamine pool depletion
may be due to the massive induction of SSAT coupled with analogue
prevention of compensatory increases in ODC and SAMDC activities
as noted above. It is interesting that induction of a polyamine catab-

olizing enzyme may be more effective than inhibition of biosynthetic
enzymes as a means to achieve in vivo polyamine depletion and tumor
growth inhibition.

The similar accumulation of BENSPM in all tissues immediately
following treatment clearly indicates that uptake and accumulation of
the analogue are not responsible for selectivity of drug action. How
ever, differential SSAT induction between normal and tumor tissues at
this same time could be involved. A potentially more interesting
finding with BENSPM is that it seems to be selectively retained by
tumor tissues following treatment, suggesting that this may be linked
to sustained suppression of tumor growth.

In summary, the antitumor activity of BENSPM continues to appear
promising in what can be regarded as a very challenging tumor model
system. In this study, we have demonstrated the existence of a mean
ingful chemotherapeutic window against MALME-3M tumor and an-

titumor activity against a second human melanoma xenograft in the
absence of significant host toxicity. Polyamine depletion achieved in
vivo is sufficient to account for the initial antitumor response and
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Fig. 4. Comparison of SSATactivities in normal and tumor tissues of BENSPM-treated
mice bearing MALME-3M and PANUT-3 human melanomas. Note that the units for
SSATactivity are in thousands. Tumor growth kinetics for these treatments are presented
in Fig. 3.

Table 3 Comparison of BENSPM effects on polyamine analogue pools in 2 human
melanoma xenografts and host tissues

TissueMALME-TumorKidneyLiverPANUT-3TumorKidneyLiverBENSPM-treated"3M

melanoma (2h-+-+-+PUTposttreatment)65/4Qh80/11015/1560/705/590/60SPDpmol/mg290/2951

80/40165/175100/113465/445205/120SPMprotein431/415180/35370/460243/215555/61

X)325/245BENSPM2525/1685'1925/2290'1450/1190'melanoma

(2 hposttreatmenl)_â€¢f-+_+15/40''125/855/1550/90<5/5130/80420/24060/40''205/210140/100450/570150/130610/6IX)115/55420/445285/220480/550215/1951

860/2220'1720/1980'1410/1335'

" BENSPM 40 mg/kg 3x/d x6d.
* Duplicate mice with each value representing the mean of duplicate determinations.
' Also contained a peak that was similar in height to the spermine peak of this tissue.
d Also contained high (125/100 pmol/mg protein) W-acetyl SPD.
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perhaps secondarily to the sustained antitumor response. The bio
chemical data are consistent with the possibility that SSAT could play
a determining role in the initial antitumor response. Since BENSPM
is representative of a class of agents that are both mechanistically and
functionally unique among currently available experimental or tradi
tional anticancer agents, its further development towards clinical trial
seems warranted.
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