AD

Award Number: DAMD17-03-1-0024

TITLE: Activation of Polymine Catabolism as a Novel Strategy for Treating and/or
Preventing Human Prostate Cancer

PRINCIPLE INVESTIGATOR: Carl W. Porter, Ph.D.

CONTRACTING ORGANIZATION: Health Research, Incorporated

Buffalo, NY 14263

REPORT DATE: March 2006

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.



REPORT DOCUMENTATION PAGE OMB NG oA 0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
01-03-2006 Final 1 Mar 2003 — 28 Feb 2006
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Activation of Polymine Catabolism as a Novel Strategy for Treating and/or 5b. GRANT NUMBER
Preventing Human Prostate Cancer DAMD17-03-1-0024
5¢c. PROGRAM ELEMENT NUMBER
6. AUTHOR(S) 5d. PROJECT NUMBER
Carl W. Porter, Ph.D. 5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Health Research, Incorporated
Buffalo, NY 14263

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES
Original contains colored plates: ALL DTIC reproductions will be in black and white.

14. ABSTRACT

We proposed that activation of polyamine catabolism as opposed to inhibition of polyamine biosynthesis will have a
therapeutic effect against prostate carcinoma. Thus, we found that (a) conditional overexpression of the polyamine catabolic
enzyme spermidine /spermine N1-acetyltransferase (SSAT) causes growth inhibition in LNCaP prostate carcinoma cells via a
unigue mechanism and (b) transgenic overexpression of SSAT in TRAMP mice markedly suppresses prostate tumor
development. Both effects were found to occur via SSAT mediated metabolic flux through the polyamine pathway leading to
depletion of the critical SSAT cofactor acetyl-CoA and interference with fat metabolism. Genetic deletion of SSAT had no effect
on tumor development in the TRAMP mouse while heterozygous expression of the polyamine biosynthetic enzyme ornithine
decarboxylase unexpectedly enhanced tumor growth while reducing tumor invasion into the seminal vesicles. Taken together,
the findings suggest that a specific small molecule inducer of SSAT will suppress the development of prostate cancer.

15. SUBJECT TERMS
Prostate Cancer

16. SECURITY CLASSIFICATION OF: 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF PAGES USAMRMC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
U U U uu 59 code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18




DAMD17-03-1-0024 Final Report (03/15/2006) PORTER, Carl W.

Table of Contents

L0 YT P 1
S 208 e 2
INEFOAUCTION .. e et e e e 4
20T Y 4
Key Research Accomplishments.......cocoiiiiii i e, 9
Reportable OULCOMES. .. ... e e e e e e e e ee e 10
1670 ] 0 To1 1V ] (0] 1 1= T PP PPTEPIPTR 11
Salaried PersONNEl. ... ... e 11
REIEIENCES ... et 12

N 0] =T Lo o= 14



DAMD17-03-1-0024 Final Report (03/15/2006) PORTER, Carl W.

DAMD17-03-1-0024
I. REPORT BODY (Tables & Figures located in Appendix 1)
A. Introduction:

Polyamines are organic cations found in all cells and known to be essential for the
initiation and maintenance of cell growth. As such, polyamine biosynthesis has been targeted as
an anticancer strategy. The relationship of polyamines to the prostate is unique among all tissues
since in addition to synthesizing these molecules for cell growth, the gland produces massive
quantities for export into semen. It might, therefore, be expected that prostatic tumors could
exhibit atypical polyamine-related regulatory responses (1). In recognition of the unique
physiology of the prostate gland, Heston and collaborators proposed that targeting polyamine
biosynthesis may be particularly effective against prostate cancer (2). Although most of these
efforts have focused on inhibition of polyamine biosynthesis, we propose that activation of
polyamine catabolism may have unique therapeutic potential against prostate carcinoma. The
concept derives from our studies with polyamine analogs where, for example, we have shown that
polyamine analogs such as N*N'!-diethylnorspermine (DENSPM) down-regulate polyamine
biosynthesis at the level of ornithine decarboxylase (ODC) and S-adenosylmethionine
decarboxylase (SAMDC) and at the same time, potently (i.e. >200-fold) up-regulate polyamine
catabolism at the level of spermidine/spermine N*-acetyltransferase (SSAT, 3). Several lines of
evidence support the idea that analog induction of SSAT and hence, activation of polyamine
catabolism, is critically responsible for DENSPM drug action (4-10). These various studies relate
to SSAT induction in the context of analog treatment but they do not address what happens when
SSAT is selectively induced in cells. In the absence of a specific SSAT inducer, this could only be
evaluated using genetic systems such as conditional overexpression as a means to mimic small
molecule induction of the enzyme. We have previously shown that conditional overexpression of
SSAT leads to polyamine pool depletion and growth inhibition in MCF-7 breast carcinoma cells
(11). On the basis of rationale suggesting that prostate carcinoma may be more sensitive to
perturbations in polyamine homeostasis, we proposed in this project to investigate the metabolic
and antiproliferative consequences of conditional SSAT overexpression in in vitro and transgenic
overexpression in in vivo systems. The bottom-line goal of these studies was to genetically
validate the concept that small molecule induction of SSAT will be a useful anticancer strategy
against prostate cancer and thus, worthy of small molecule discovery and development. On the
basis of findings obtained over the past 3 years as reviewed below, it now seems apparent that
activation of polyamine catabolism, as opposed to inhibition of polyamine biosynthesis,
represents a viable polyamine-directed anticancer strategy for prostate cancer. The findings also
revealed a previously unknown metabolic relationship between polyamine metabolism and fat
metabolism. In fact, it would appear that unique and unforeseen metabolic mechanisms initiated
and sustained by SSAT account for the antitumor and antiproliferative effects enzyme
over-expression.

B. Originally Proposed Tasks
Task 1. To evaluate the cellular and metabolic consequences of conditional SSAT

over-expression in cultured LNCaP cells as a means to genetically validate the antiproliferative
potential of this strategy .
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Task 2. To determine the generality of cellular and metabolic consequences seen in Task 1 on
representative prostate cancer cell lines in which SSAT has been adenovirally transduced.

Task 3. To confirm that responses to SSAT over-expression seen in vitro (as determined in Tasks
1 and 2) are translatable to antitumor activity using three novel in vivo approaches. These include
(a) conditional regulation of SSAT in LNCaP tumors to evaluate therapeutic potential, (b)
adenoviral based SSAT therapy of human prostate tumor xenografts to test therapeutic generality
and (c) cross-breeding SSAT over-expressing transgenic mice (12) with prostate carcinoma prone
(TRAMP, 13) mice to evaluate chemopreventive potential.

C. Progress according to task:

Task 1. To evaluate the cellular and metabolic consequences of conditional SSAT over-expression
in cultured LNCaP cells as a means to genetically validate the antiproliferative potential of this
strategy .

On the basis of findings with polyamine analogs, we hypothesized that activation of the
polyamine catabolism at the level of SSAT will also inhibit cell growth and this Task set out to
genetically validate that hypothesis in prostate cancer cells. Previously, this laboratory, did so in
breast cancer cells where SSAT-induced polyamine pool depletion correlated nicely with growth
inhibition (11). As noted above, the expectation was that prostate cancer cells would be more
sensitive to such metabolic perturbations. To summarize this work, SSAT was conditionally
over-expressed in LNCaP prostate carcinoma cells via a tetracycline-regulatable (Tet-off) system.
Tetracycline removal resulted in a rapid ~10-fold increase in SSAT mRNA and a ~20-fold
increase in enzyme activity. Consistent with this response, high levels of the SSAT products
N*-acetylspermidine, N*-acetylspermine and N*,N*2-diacetylspermine were found to accumulate
both intracellularly and extracellularly. SSAT induction led to significant growth inhibition which
in contrast to MCF-7 cells (11), was not accompanied by polyamine pool depletion. Rather,
intracellular spermidine and spermine pools were elevated or maintained at control levels by a
robust compensatory increase in biosynthesis at the levels of ODC and SAMDC activities. This,
in turn, gave rise to a high rate of metabolic flux through both the biosynthetic and catabolic
pathways—a new concept in polyamine biology (Figure 1). Interruption of that flux with
a-difluoromethylornithine (DFMO), an inhibitor of ODC and well-known antiproliferative agent,
unexpectedly prevented growth inhibition during Tet removal. As diagramed in our newly revised
figure for metabolic flux, it appears that flux-induced growth inhibition may derive from excess
product accumulation (i.e. acetylated polyamines) and/or to metabolite depletion such as a ~50%
reduction in S-adenosylmethionine (SAM) pools or a ~50% decrease in the SSAT cofactor
acetyl-CoA. In summary, the results demonstrate that activation of polyamine catabolism by
conditional SSAT overexpression leads to: (a) altered polyamine pool homeostasis (b) a
compensatory increase in polyamine biosynthesis, (c) heightened metabolic flux through both the
biosynthetic and catabolic pathways, (d) depletion of metabolite pools such as the polyamine
precursor SAM and the SSAT cofactor, acetyl-coenzyme A (acetyl-CoA) and (e) rapid and
sustained growth inhibition. Whether these responses are unique to prostate derived tumor cells
remains to be demonstrated. Overall, this important study shows that activation of polyamine
catabolism gives rise to growth inhibition and thereby provides genetic validation of the idea that
small molecule induction of SSAT may be effective as an anticancer strategy for treating prostate
cancer. The above work is fully summarized in Kee et al., (14, Appendix).
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Task 2. To determine the generality of cellular and metabolic consequences seen in Task 1 on
representative prostate cancer cell lines in which SSAT has been adenovirally transduced.

As shown in Figure 2, we have successfully prepared and purified a SSAT expressing
adenovirus in which human SSAT cDNA was cloned into a replication-deficient adenoviral
system containing an internal ribosomal entry site (IRES) for GFP. Thus, both SSAT and GFP
were under the control of a CMV promoter for maximum expression. The virus was prepared in
human 293 cells which seemed to be immune to adverse effects on cell growth. The goal of these
studies was to use the adenovirus to transduce SSAT into a number of prostate cancer cell lines and
examine the effects on polyamine metabolism and cell growth. The expectation was that findings
would be similar to those with LNCaP cells in Task 1, namely, that growth would be inhibited. An
unexpected complication was that while the SSAT adenovirus could be used to transduce SSAT
into 293 cells in the absence of toxicity, it could not be similarly used in transducing LNCaP or
PC-3 cells which were cytotoxically affected. In these prostate carcinoma cells, the MOI for
SSAT-bearing adenovirus was the same as that of the vector-bearing adenovirus. Northern blots
indicated that SSAT was not effectively transduced presumably because it had aged for nearly one
year after being purified. In view of these unforeseen difficulties and in consideration of the
success of Task 3, we submitted in 2004 a shift of work (SOW) request in which we proposed to
abandon Task 2 and focus on additional cross-breeding opportunities under Task 3. These include
making use of genetically altered mice currently that are now under development in the Porter
laboratory. The SOW to do this work was approved and we are expanding our efforts in Task 3 to
include genetic crosses with these new mice as they become available. In the past cycle, we began
crossing TRAMP mice with SSAT knock-out mice and ODC heterozygous mice (see Task 3).

Task 3. To confirm that responses to SSAT over-expression seen in vitro (as determined in Tasks 1
and 2) are translatable to antitumor activity in vivo.

As noted in Task 1, we have found that activation of polyamine catabolism via conditional
overexpression of SSAT has antiproliferative consequences in LNCaP prostate carcinoma cells
growing in culture (14). In this Task, we sought to examine the in vivo consequences of SSAT
over-expression in a mouse model for prostate cancer termed TRAMP (TRansgenic
Adenocarcinoma of the Mouse Prostate, 13). Although the overall effect was established
relatively quickly, considerable effort was expended accumulating the ancillary data necessary for
publication in the Journal of Biological Chemistry (15, see Appendix). This included quantitation
of prostate and liver SSAT gene expression in mouse cohorts of the SSAT / TRAMP cross,
confirming that the tumor suppressive effect of SSAT extended beyond 30 wks, investigating the
effects of SSAT-induced metabolic flux on acetyl-CoA and S-adenosylmethionine pools, and
documenting the loss of abdominal and subdermal fat in SSAT transgenic mice as support for the
effects of metabolic flux on acetyl-CoA pools. The overall effect can be summarized as follows.
TRAMP female C57BL/6 mice that express the SV40 early genes (T/t antigens) under an
androgen-driven probasin promoter (12) were cross-bred with male C57BL/6 transgenic mice that
systemically over-express SSAT (13). Experiments were staged by small animal nuclear magnetic
resonance image (MRI) tracking of tumor appearance and growth (i.e. Fig. 5). At 30 wks of age
(Fig. 3), the average genitourinary tract weights for TRAMP mice were 1,417 + 181 mg compared
to 344 + 52 mg for TRAMP/SSAT mice. Thus, transgenic overexpression of SSAT suppressed
outgrowth of prostate tumors. Since this could represent a delay in tumor development, we
examined the effects at a later age. By 36 wk, the average TRAMP genitourinary tract increased
by ~2-fold relative to the 30 wk data while those of TRAMP/SSAT actually decreased by 33% as
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opposed to growing larger (Fig. 3). Since the differential effect increased between groups, we
conclude that the tumor suppressive effect was not temporary but rather progressive.
Immunohistochemistry revealed that SV40 large T-antigen expression in the prostate epithelium
was similar in TRAMP versus TRAMP/SSAT mice indicating that the driving oncogene was
intact and unaffected. Consistent with the 18-fold increase in SSAT activity in the TRAMP/SSAT
transgenics, intracellular N*-acetylspermidine and putrescine pools were markedly increased (i.e.
35-fold and 16-fold, respectively) relative to the TRAMP mice while spermidine and spermine
pools were largely unaffected due to a compensatory 5- to 7-fold increase in the biosynthetic
enzyme activities of ODC and SAMDC. The latter led to heightened metabolic flux through the
polyamine pathway and an associated ~70% reduction in the SSAT cofactor acetyl-CoA and a
~40% reduction in the polyamine aminopropyl donor S-adenosylmethionine in TRAMP/SSAT
compared to TRAMP prostatic tissue (Fig. 4). In addition to elucidating the antiproliferative and
metabolic consequences of SSAT overexpression in a prostate cancer model, these findings
provide genetic support for the discovery and development of specific small molecule inducers of
SSAT as a novel therapeutic strategy targeting prostate cancer. This work is summarized in the J.
Biological Chemistry publication by Kee et al. (15, see Appendix). On the basis of the above
findings, Dr. Porter was recently awarded a NCI RAND grant to search by high throughput
screening of the NCI compound library for specific small molecule inducers of SSAT as an
anticancer agent leads. Given the fact that transgenic overexpression of SSAT affected normal
prostates of mice as well as neoplastic prostates, such compounds may find usefulness in treating
prostatic hyperplasia.

In addition to the antitumor implications, the findings of Task 1 and 3 provide the first
definitive linkage between polyamine catabolism and fat metabolism via the SSAT coenzyme
acetyl-CoA. The finding is strongly supported by the observations that SSAT-transgenic mice
lack fat (Fig. 5) and a significant proportion (i.e. ~33%) of SSAT-knock-out mice accumulate fat
(see Fig 6). The latter finding has important implications for a possible role of SSAT in fat
homeostasis, a lead that is being explored under separate funding mechanisms. At a minimum, it
is consistent with recent strategies by other groups to use interference with fat biosynthesis [i.e.
fatty acid synthase (FAS) inhibitors] as an anticancer approach to prostate cancer (16).

To compliment the above findings, we initiated studies in which SSAT-null mice were
crossed with TRAMP mice (17) and observed that null expression of the enzyme had no effect on
prostate tumor growth (Fig. 6). Preliminary biochemical analysis of various tissues including
prostate and prostate tumors mice failed to show any major perturbations of polyamine
metabolism (data not shown). Taken together, the findings are consistent with the SSAT
transgenic studies and further, imply that there is no therapeutic merit for SSAT-inhibition as an
anticancer strategy in prostate. While waiting for additional genetically altered mice to be
developed (see below), we have also examined the effects of ODC heterozygosity on
tumorigenesis in the TRAMP mouse since a decrease in biosynthesis might mimic an increase in
catabolism via SSAT (18). These are relatively difficult crosses but on the basis of animals
obtained thus far, it appears that ODC haploinsufficiency actually enhances prostate tumorigenesis
in the TRAMP mouse (Fig. 8). Further, the tumors tend to be more restricted to the prostate gland
and they do not move out into the seminal vesicles as is typical of tumors in the C57 BI/6 TRAMP
background. Preliminary biochemical findings on various tissues including prostate tumors from
TRAMP and TRAMP/ODC*" show no major perturbations in polyamine metabolism despite a
reduction in ODC gene dose (data not shown). The promoting effect of ODC heterozygosity on
tumorigenesis is highly unexpected based on the known role of this enzyme in carcinogenesis and
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tumor growth and the finding may reflect something unique about the context of prostate cells and
tissue. Accumulation of significant numbers of TRAMP/ODC*" mice is time consuming but will
be continued over the next year in the absence of DOD funding since we believe that this is an
important and somewhat unexpected finding.

Based on our success with SSAT and consistent with our earlier SOW for Task 2, projected
plan was to cross-breed TRAMP mice with mice having altered expression of other polyamine
catabolic enzymes (19-20). Our laboratory was first to report on the genomic identification and
biochemical characterization of two such enzymes, polyamine oxidase (PAQO) and a previously
unknown enzyme, spermine oxidase (SMO; 19). Originating such mice was not proposed under
the original grant but it represents a natural progression to the SSAT findings. Thus, we have
attempted to derive a SMO knock-out mouse over the past year without success; none of 280
microinjected embryonic stem cell clones screened gave enzyme of enzyme deletion. This effort
is continuing with a new construct targeting a different region of the SMO gene. A SMO
knock-out mouse will then be used to extend studies in Task 3 as described in the SOW for Task 2;
namely to cross the TRAMP mice with a SMO knock-out mouse with the expectation that it will
suppress tumorigenesis since SMO has the potential to be a major source of H,0, production and
hence of genetic instability. We have also attempted to derive a PAO transgenic mouse for similar
purposes. Offspring from the transgenic PAO founder mice have been analyzed and found to
selectively over-express the enzyme protein in the muscle and kidney which is of no use for our
prostate cancer studies.

Lastly, we have also undertaken to determine whether the antitumor effect of activated
polyamine catabolism as seen in the TRAMP mouse model can be applied to other tumor types.
Stated otherwise, we sought to determine if the tumor suppression seen in the TRAMP mouse was
unique to prostate cancer or whether it could be generalized to other tumor models. Thus, we have
begun a collaboration with Dr. Frank Berger (University of South Carolina) studying the APC™"
mice which are genetically predisposed to develop intestinal tumors. Since the animal studies were
performed by Dr. Berger, we did not feel that an extension of animal work was necessary. The
study can be summarized as follows. The effects of differential SSAT expression on intestinal
tumorigenesis was investigated in the Apc*"™* (MIN) mouse. When MIN mice were crossed with
SSAT-overproducing transgenic mice, they developed 3- and 6-fold more adenomas in the small
intestine and colon, respectively, than normal MIN mice. Despite accumulation of the SSAT
product N*-acetylspermidine, spermidine and spermine pools were only slightly decreased due to a
huge compensatory increase in polyamine biosynthetic enzyme activities that gave rise to
enhanced metabolic flux. When MIN mice were crossed with SSAT knock-out mice, they
developed 75% fewer adenomas in the small intestine suggesting that under basal conditions,
SSAT contributes significantly to the MIN phenotype. Despite the loss in catabolic capability,
tumor spermidine and spermine pools failed to increase significantly due to a compensatory
decrease in biosynthetic enzyme activity giving rise to a reduced metabolic flux. Loss of
heterozygosity (LOH) at the Apc locus was observed in tumors from both SSAT-transgenic and
-deficient MIN mice, indicating that LOH remained the predominant oncogenic mechanism. In
similarity to our conclusions in the TRAMP mouse for prostate cancer, we propose a model in
which SSAT expression alters flux through the polyamine pathway giving rise to metabolic events
that promote tumorigenesis. The difference relative to the findings in the prostate suggests that
tissue and metabolic contexts may play a major role in determining the nature of the tumor
response to activated polyamine catabolism. It also raises considerations relating to the
therapeutic potential of this approach. At a minimum, however, these findings strongly implicate
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an important if not differential role for SSAT in tumorigenesis. The findings of that study were
recently published in Cancer Research by Tucker et al., (21, see Appendix; note that Dr. Porter
was the corresponding author for this manuscript).

D. Unscheduled Findings.

Findings under Tasks 1 and 3 provided genetic evidence for the discovery and development of
small molecule inducers of SSAT as potential anticancer agents. Although this process has not yet
begun, we have hit upon a relevant lead involving a widely used anticancer agent (14). The
finding could have important implications in understanding drug action and in designing new
anticancer drug combinations. The lead derives from an Affymetrix Oligonucleotide array
analysis of >10,000 genes of A2780 ovarian carcinoma cells exposed to oxaliplatin or cisplatin.
Unexpectedly, SSAT was among the top 20 up-regulated genes. We went on to confirm by
Northern blot that SSAT gene expression increased in a dose-dependent manner, with oxaliplatin
being twice as effective as cisplatin. The 15-fold increase in oxaliplatin-induced SSAT mRNA
was accompanied by only a 2-fold increase in enzyme activity. In cells treated 2 h with oxaliplatin
and then exposed for 24 h to the polyamine analogue, N*,N*!-diethylnorspermine (DENSPM), a
synergistic >200-fold increase in SSAT activity was observed together with markedly reduced
polyamine pools. Cytotoxicity analysis of oxaliplatin treatment followed by low dose DENSPM
suggests a distinctly greater than additive drug interaction. Although these studies were conducted
under conditions selected for microarray analysis (i.e. short exposures/high dose) we have since
deployed oxaliplatin at pharmacologically attainable (i.e. 5 uM for 20 h) and found an even greater
increase in SSAT mMRNA which during cotreatment with DENSPM, increased synergistically to
even greater SSAT levels than described above. These results reveal a mechanistic synergy
whereby oxaliplatin potently induces SSAT mRNA and DENSPM facilitates its translation to
enzymatically active protein. These findings are described in detail in Molecular Cancer
Therapeutics article by Hector et al., (22, see Appendix) and subsequently used to obtain NCI
funding with Dr. L. Pendyala which began in 2005. With appropriate in vitro and in vivo
optimization, these findings could lead to an effective therapeutic strategy. While oxaliplatin is
not usually used in treating prostatic cancer, there have been some reports that it is quite active
against this disease.

1. KEY RESEARCH ACCOMPLISHMENTS:

o Conditional expression of SSAT in LNCaP prostate carcinoma cells leads to disturbances in
polyamine homeostasis and a compensatory increase in metabolic flux through both the
biosynthetic and export arms of the polyamine pathway. Inhibition of ODC prevents growth
inhibition, and thereby validates a causal linkage between flux and growth inhibition. The
role of flux in growth inhibition is a novel concept that differs from the original expectation
that growth inhibition would be due to SSAT-induced polyamine pool depletion. Published
in Kee et al., (2004a, Appendix).

e  We showed for the first time that overexpression of SSAT impacts on other aspects of
cellular metabolism including SAM pools and acetyl-CoA pools. The former may affect
methylation and the latter can affect such processes as fatty acid synthesis, intermediate
metabolism and histone acetylation. On the basis of in vivo studies with SSAT-altered mice
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it now appears that reduction in acetyl-CoA pools is a major contributor to cell growth
inhibition. Published in Kee et al., (2004a, 2004b, Appendix).

Cross-breeding SSAT transgenic mice with TRAMP mice that are genetically predisposed to
prostate cancer, markedly suppresses tumor development and this effect correlates closely
with very signficant reductions in prostatic acetylCoA pools. The extent of the antitumor
effect is greater than seen with any previously reported cross-breeding of TRAMP mice and
the linkage between SSAT and acetyl-CoA (i.e. fat metabolism) is entirely novel. This also
leads to the possible linkage between SSAT and regulation of fat accumulation (i.e. obesity).
Published in Kee et al., (2004b, Appendix).

Taken together, the data provide in vitro and in vivo genetic validation of the concept that
pharmacological induction of SSAT could represent an effective therapeutic strategy for
prostate cancer. Recent recognition that oxaliplatin and cisplatin drugs potently induce
SSAT may be relevant to this idea as well. The latter is published in Hector et al., (2004,
Appendix).

We are now able to detect and quantitate acetyl-CoA as well as malonyl-CoA (a major
regulator of fat oxidation) by capillary electrophoresis, which will be used to study the
downstream consequences of SSAT-induced metabolic flux (unpublished) and how it relates
to growth inhibition in the LNCaP cell system. We were the first to assay acetyl-CoA and
malonyl-CoA in this manner. Published in Kee et al., (2004a, Appendix).

Cross-breeding of TRAMP mice with SSAT null mice appears to have minimal effect on
prostate tumorigenesis while cross-breeding to achieve ODC heterozygosity appears to
promote TRAMP tumorigenesis (unpublished finding).

In collaborative studies with Dr. Frank Berger, we found that cross-breeding of SSAT
transgenic mice with APC™" mice promotes intestinal tumorigenesis which is opposite to the
effect seen in the TRAMP model. Interestingly crossing the SSAT-knock out mice had the
opposite effect, increasing intestinal tumorigenesis. The findings demonstrate the apparent
importance of genetic and/or metabolic context in determining the outcome of
SSAT-induced metabolic flux. The findings also reinforce the importance of the SSAT gene
in tumor biology. Published in Tucker et al., (2005, Appendix).

I1l. REPORTABLE OUTCOMES: (Reprints of articles attached in Appendix)

Kee, K., Vujcic, S., Kisiel, N., Diegelman, P., Kramer, D.L., and Porter, C.W. Activation of
polyamine catabolism as a novel strategy for treating and/or preventing prostate cancer. Proc.
Am Assoc. Cancer Res. 44:1277, 2003.

Hector, S., Porter, C.W., Kramer, D.L., Clark, K., Pendyala, Activation of polyamine

catabolism by oxaliplatin in A2780 ovarian carcinoma cells. Activation of polyamine
catabolism by oxaliplatin in A2780 ovarian carcinoma cells. Proc AACR, 2004.

Kee, K., Vujcic, S., Merali, S., Diegelman, P., Kisiel, N., Powell, C.T., Kramer, D.L. and
Porter, C.W. Metabolic and antiproliferative consequences of activated polyamine catabolism
in LNCaP prostate carcinoma cells. J. Biol. Chem. 279:27050-27058, 2004.
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e Kee, K., Foster, B.A., Merali, S., Vujcic, S., Mazurchuk, R., Hensen, M.L., Diegelman, P.,
Kisiel, N., Kramer, D.L., and Porter, C.W. Activated polyamine catabolism depletes
acetyl-CoA and suppresses prostate tumor growth in the TRAMP mouse. J. Biol. Chem.
279:40076-40083, 2004.

e Hector, S., Porter, C.W., Kramer, D.L., Clark, K. Chen, Y. and Pendyala, L. Polyamine
catabolism in platinum drug action: Interactions between oxaliplatin and the polyamine
analogue N*, N**-diethylnorspermine at the level of spermidine/spermine N*-acetyltransferase.
Molec. Cancer Therap. 3:813-822, 2004.

e Tucker JM, Murphy JT, Kisiel N, Diegelman P, Barbour KW, Davis C, Medda M, Alhonen L,
Janne J, Kramer DL, Porter CW, Berger FG. Potent modulation of intestinal tumorigenesis in
Apc™™* mice by the polyamine catabolic enzyme spermidine/spermind N*-acetyltransferase.
Cancer Res. 65:5390-5398, 2005. (CWP Corresponding Author)

IV. CONCLUSIONS

We have genetically validated the hypothesis that activated polyamine catabolism at the
level of SSAT has profound antitumor effects against prostate cancer at both the in vitro and in
vivo levels. These finding provide genetic evidence for the concept that selective small molecule
induction of SSAT may be effective in treating prostate hyperplasia and cancer. The findings
further defines the downstream metabolic consequences of this strategy include marked reduction
of acetyl-CoA pools in a manner that correlates very closely with suppression of tumor growth.
This is the first recognition of a biological consequence deriving from altered flux through the
polyamine pathway. Since this seems to occur selectively in both the normal and neoplastic
prostate and since the phenotypic consequences of sustained transgenic overexpression of SSAT
include only hair loss and female infertility, a small molecule induction of SSAT would appear to
be selectively directed at prostate disease. Lastly, we have clearly shown that the in vivo antitumor
responses to perturbations in SSAT activity are highly dependent on tissue and metabolic context
with prostate tumors being suppressed by induction of SSAT and intestinal tumors being
augmented by induction of SSAT. While clearly indicating the importance of SSAT in
tumorigenesis, these findings provide cautionary guidance in the pharmacological use of an SSAT
modulating agent.

V. PERSONNEL WHO RECEIVED SALARY.

Mary Hensen Animal Technician
Jason Jell Predoctoral Student
Kristin Kee Predoctoral Student
Nicholas Kisiel Biochemistry Technican
Lihui Ou Predoctoral Student
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Figure 1
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Figure 1. Metabolic ratchet model for polyamine homeostasis. Large arrows represent the
primary pathways for polyamine biosynthesis (left) and catabolism (right). Various metabolites
are shown which are either substrates or products of these pathways. Substrates and precursors
utilized in polyamine biosynthesis include ornithine (Orn), methionine (Met) and the SAMDC
aminopropyl donor, S-adenosylmethionine (SAM) while substrates utilized in polyamine
catabolism include spermidine (Spd), spermine (Spm), acetyl-CoA (AcCoA), and FAD.
Compounds produced during polyamine biosynthesis include the natural polyamines (PA’s), the
SAMDC by-product decarboxylated S-adenosylmethionine (dcSAM), the Spd and Spm synthase
by-product, 5’methylthioadenosine (MTA) and the decarboxylase by-product, CO,. Compounds
produced during catabolism include the PAO product putrescine (Put) and the by-products
hydrogen peroxide (H20,), the aliphatic aldehyde 3-acetamidopropanal (RCHQO’s), and FADHs.
In response to SSAT-induced decreases in Spd and Spm, polyamine biosynthesis increases, giving
rise to a sustained rise in metabolic flux. As flux through the pathway increases (such as that
occurring in SSAT-over-expressing LNCaP cells or in SSAT-transgenic mice), substrate
utilization and product accumulation increase; conversely, as flux decreases (such as that
occurring in SSAT-knockout mice), substrate utilization and product accumulation decrease. The
cellular response to alterations in flux depend upon the particular metabolites that change and how
effectively the cell or tissue can react to that change. This Figure appears in publication by Tucker
et al., (2005) as Figure 6. We note that an authority in the field J. Janne has embraced our novel
concept of polyamine metabolic flux in a recent review (Janne et al., 23)
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Figure 2
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Figure 2. SSAT mRNA expression in adenovirally transduced 293 cells. The highest expressing
clone (lane 1) was selected for further amplification and purification. The finding also indicates

that the SSAT adenovirus can be raised in human cells.
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Figure 3
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Figure 3. Comparison of GU tracts. (A) GU tracts of the four genetic cohorts deriving from the
TRAMP x SSAT cross at 30 wk. Note that the GU tracts of SSAT mice were smaller than those of
wild-type mice and that the GU tracts of TRAMP/SSAT mice were much smaller and less variable
in size and shape than those of TRAMP mice. (B) GU tract weights at 30-wk of four genetic
cohorts deriving from the TRAMP x SSAT cross. The GU tracts of TRAMP/SSAT animals
weighed less than TRAMP mice (*p < 0.0001), and GU tracts of SSAT mice were also different
from wild-type (*p < 0.0001) as determined by Student’s unpaired t-test. (C) Comparison of GU
tracts for TRAMP and TRAMP/SSAT mice at 36 wk of age. During the period 30 to 36 wk period,
the average TRAMP GU tract increased by 200% while the average TRAMP/SSAT GU tract
remained statistically the same.
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Figure 4. Downstream effects of SSAT overexpression. (A) Metabolic consequences to SSAT
overexpression.  Activation of polyamine catabolism at the level of SSAT results in a
compensatory increase in the activities of the polyamine biosynthetic enzymes ODC and SAMDC.
This activated polyamine synthesis minimizes polyamine pool depletion despite massive
production of AcSpd. At the same time, it gives rise to heightened metabolic flux through the
biosynthetic and catabolic pathways (not shown). The possible downstream consequences
connecting heightened metabolic flux to growth inhibition include over-production of pathway
products such as Put and AcSpd and/or depletion of critical metabolic precursors such as the
aminopropyl donor SAM and the SSAT cofactor acetyl-CoA, both of which are markedly
decreased in SSAT transgenic and TRAMP/SSAT bigenic animals. (B) SAM levels in prostate
and liver tissues of TRAMP/SSAT littermates as determined on tissue extracts by HPLC. Note
that SAM pools were much lower (>40%) in the prostate and liver of SSAT and TRAMP/SSAT
mice. (C) Acetyl-CoA levels in prostate and liver tissues of TRAMP x SSAT littermates as
detected by HPCE. Note that during SSAT overexpression, there was significant reduction
(~70%) of acetyl-CoA in the prostates of SSAT and TRAMP/SSAT mice but not in the livers.
Data represents mean + standard error, where n = 3 animals per group. Statistical significance
(p-value) was determined by ANOVA with Fisher’s PLSD test for pair-wise comparisons.
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Figure 5

Wild-type
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Figure 5. Abdominal fat stores in wild-type and SSAT transgenic mice at 30 wk. A
Comparison of dissected mice (upper panel) shows the presence of large abdominal/mesenteric fat
deposits in wild-type animals (left) and the absence of similar deposits in the SSAT transgenic
animals (right). Representative high resolution transaxial MR images (lower panels) of wild type
(left) and SSAT (right) mice. Note the presence of abdominal and sub-dermal fat (seen as bright
areas) in wild-type mice and the absence of similar deposits in SSAT transgenic mice.
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Figure 6

SSAT-wt

SSAT-ko
(30%)

Figure 6. MRI quantitation of body fat composition according to SSAT status of mice.
Representative whole animal MRI ventral views of SSAT-transgenic mouse (left),
SSAT-wild-type mouse (center) and SSAT-knockout mouse (right). The numbers indicate the
percent body fat composition as guantified by MRI. Approximately 30% of the SSAT-ko mice
(Fig. 3A) are significantly heavier than SSAT-wt mice. These findings support an association

between SSAT, acetyl-CoA and fat accumulation.
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Figure 7
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Figure 7. Effect of SSAT deletion on prostatic tumorigenesis in the TRAMP mouse.
TRAMP mice were cross bred with SSAT null mice (both in the C57 BI/6 background). Prostate
glands and genitourinary tract (GU) weights were obtained at 30 wks. Observations thus far
suggest that in both TRAMP and TRAMP/SSAT null, tumors originate in the prostate and rapidly
spread to the seminal vesicles (as per GU weights). Note the difference in scale for the two tissues.
Thus, the majority of the GU weight derives from the prostate and the difference between the two
mouse cohorts was not found to be significant (p <0.05). Additional mice are being accumulated
for these studies.
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Figure 8
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Figure 8. Effect of ODC haploinsufficiency on prostatic tumorigenesis in the TRAMP
mouse. TRAMP mice were cross bred with heterozygous ODC mice (both in the C57 BI/6
background). Genitourinary tract (GU) weights were obtained at 30 wks. Unlike TRAMP mice
that typically show tumor invasion of the seminal vesicles, the majority of the TRAMP/ODC+/-
tumors remained confined to the prostate. Despite large variation in tumor size, there is clear
indication among individual animals that ODC heterogeneity promotes tumorigenesis within the
prostate gland. Additional animals will be analyzed during the next year in order to counter the
experimental variability.
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Figure 9. Effect of SSAT overexpression on intestinal tumorigenesis. APC™" mice were
crossed with SSAT transgenic (SSAT-tg, (left) or SSAT knock-out (SSAT-ko, right) mice (all in
the C57 BI/6 background). Tumor counts were determined over the entire length of small
intestine. At 40 days, tumor counts were much higher in the APC™" x SSAT transgenic (127 +
23.5) than in the APC™" mice (51 + 8). Thus, SSAT over- expression markedly increased the
number of tumors in both the intestine relative to the APC™" mice. In contrast, SSAT deletion
markedly decreased the number of intestinal tumors (i.e. 10 + 3 vs 45 + 6). Similar trends were
also seen in the colon which typically contains fewer tumors than the small intestine. Overall, the
trend is opposite that seen for prostate tumor size in the TRAMP model; an effect attributed to
metabolic context responses to SSAT modulation.
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Depletion of intracellular polyamine pools invariably
inhibits cell growth. Although this is usually accom-
plished by inhibiting polyamine biosynthesis, we rea-
soned that this might be more effectively achieved by
activation of polyamine catabolism at the level of sper-
midine/spermine N'-acetyltransferase (SSAT); a strat-
egy first validated in MCF-7 breast carcinoma cells. We
now examine the possibility that, due to unique aspects
of polyamine homeostasis in the prostate gland, tumor
cells derived from it may be particularly sensitive to
activated polyamine catabolism. Thus, SSAT was condi-
tionally overexpressed in LNCaP prostate carcinoma
cells via a tetracycline-regulatable (Tet-off) system. Tet-
racycline removal resulted in a rapid ~10-fold increase
in SSAT mRNA and an increase of ~20-fold in enzyme
activity. SSAT products N'-acetylspermidine, N'-acetyl-
spermine, and N!,N'2.-diacetylspermine accumulated in-
tracellularly and extracellularly. SSAT induction also
led to a growth inhibition that was not accompanied by
polyamine pool depletion as it was in MCF-7 cells.
Rather, intracellular spermidine and spermine pools
were maintained at or above control levels by a robust
compensatory increase in ornithine decarboxylase and
S-adenosylmethionine decarboxylase activities. This, in
turn, gave rise to a high rate of metabolic flux through
both the biosynthetic and catabolic arms of polyamine
metabolism. Treatment with the biosynthesis inhibitor
a-difluoromethylornithine during tetracycline removal
interrupted flux and prevented growth inhibition. Thus,
flux-induced growth inhibition appears to derive from
overaccumulation of metabolic products and/or from de-
pletion of metabolic precursors. Metabolic effects that
were not excluded as possible contributing factors in-
clude high levels of putrescine and acetylated poly-
amines, a 50% reduction in S-adenosylmethionine, and a
45% decline in the SSAT cofactor acetyl-CoA. Overall,
the study demonstrates that activation of polyamine ca-
tabolism in LNCaP cells elicits a compensatory increase
in polyamine biosynthesis and downstream metabolic
events that culminate in growth inhibition.

Cell growth is dependent on a sustained supply of poly-
amines, which is typically met by the integrated contributions
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of biosynthesis, catabolism, uptake, and export, each of which
is sensitively regulated by effector molecules that, in turn, are
controlled by intracellular polyamine pools (1). Thus, ornithine
decarboxylase (ODC)! and S-adenosylmethionine decarboxy-
lase (SAMDC) control biosynthesis, a polyamine transport sys-
tem modulates uptake, and spermidine/spermine N!-acetyl-
transferase (SSAT) regulates polyamine catabolism and export
out of the cell. Neoplastic cell growth is associated with ele-
vated polyamine biosynthetic activity, even when the sur-
rounding normal tissue itself is rapidly proliferating, such as
the intestinal mucosa (2—4). Thus, the rationale for targeting
polyamines in antitumor strategies relates to their critical role
in supporting neoplastic cell growth and to the overexpression
of biosynthetic enzymes in tumor versus normal tissues (3, 5,
6).

The biology and metabolism of polyamines in the prostate is
distinctly different from that of other tissues. In addition to
synthesizing these molecules for epithelial cell replacement,
the gland produces massive quantities of spermine (Spm) for
export into reproductive fluids (7-10). The only major tissue
that synthesizes polyamines for export, the prostate, and pre-
sumably tumors derived from it, may be dependent on novel
and therapeutically exploitable homeostatic mechanisms. For
example, we have observed that, in contrast to other cell lines,
two of three prostate carcinoma lines failed to regulate poly-
amine transport in response to polyamine analogues or inhib-
itors (11). Very recently, Rhodes et al. (12) performed a meta-
analysis of four independent microarray datasets comparing
gene expression profiles of benign versus malignant patient
prostate samples (12). Their study showed that polyamine bio-
synthesis was the most consistently and significantly affected
metabolic, signaling, or apoptotic pathway. More particularly,
the study revealed a synchronous network of genes contribut-
ing to polyamine biosynthesis was up-regulated while genes
detracting from polyamine biosynthesis were down-regulated.
In support of these findings, clinical studies by Bettuzzi et al.
(13) indicate a significant increase in transcripts of the poly-
amine biosynthetic enzymes, ODC and SAMDC, in human
prostatic cancer relative to benign hyperplasia.

! The abbreviations used are: ODC, ornithine decarboxylase; CoA,
coenzyme A; AcSpd, N'-acetylspermidine; AcSpm, N'-acetylspermine;
deSAM, decarboxylated S-adenosylmethionine, DiAcSpm, N*!,N'2-
diacetylspermine; DENSPM, N',N''-diethylnorspermine; DFMO, a-di-
fluoromethylornithine; HPCE, high performance capillary electrophore-
sis; HPLC, high performance liquid chromatography; MTA, 5'-methyl-
thioadenosine; PAO, polyamine oxidase; Put, putrescine; SAM,
S-adenosylmethionine; SAMDC, S-adenosylmethionine decarboxylase;
Spd, spermidine; Spm, spermine; SSAT, spermidine/spermine N'-
acetyltransferase; Tet, tetracycline; TRAMP, transgenic adenocarcinoma
of mouse prostate; tTA, tetracycline-repressible transactivator; dansyl,
5-dimethylaminona-phthalene-1-sulfonyl.

This paper is available on line at http://www.jbc.org



Activated Polyamine Catabolism

In recognition of the unique physiology of the prostate gland,
Heston and collaborators (14, 15) were among the first to pro-
pose that targeting polyamine biosynthesis may be particularly
effective against prostate cancer. Most of these efforts have
made use of known inhibitors of ODC or SAMDC (16-19).
Gupta et al. (20) showed that the ODC inhibitor, a-difluorom-
ethylornithine (DFMO) effectively suppressed development of
prostate cancer in the TRAMP mouse model. As an alternative
approach to the use of enzyme inhibition, we propose that
disruption of polyamine homeostasis at the level of polyamine
catabolism may have unique therapeutic potential against
prostate carcinoma. It has been demonstrated, for example,
that polyamine analogues such as N!,N'!-diethylnorspermine
(DENSPM) down-regulate polyamine biosynthesis at the level
of ODC and SAMDC and, at the same time, potently (i.e.
>200-fold) up-regulate polyamine catabolism at the level of
spermidine/spermine N'-acetyltransferase (SSAT) (1, 21-27).
Several lines of evidence support the idea that analogue induc-
tion of SSAT and hence, activation of polyamine catabolism, is
a critical determinant of DENSPM drug action. For example,
DENSPM growth inhibition among tumor cell lines correlates
with the extent to which SSAT is induced (23-25), and ana-
logues that differentially induce SSAT inhibit cell growth in a
correlative manner (22, 26, 27). As more direct evidence for this
relationship, McCloskey et al. (28) showed that DENSPM-re-
sistant Chinese hamster ovary cells are unable to induce SSAT.
Recently, Chen et al. (29, 30) reported that small interference
RNA interference with DENSPM induction of SSAT prevented
polyamine pool depletion while blocking analogue-induced apo-
ptosis in human melanoma cells.

The studies cited above relate to SSAT induction in the
context of analogue treatment, but they do not address what
happens when SSAT is selectively induced in cells. In an ear-
lier report (31), we showed that conditional overexpression of
SSAT leads to polyamine pool depletion and growth inhibition
in MCF-7 breast carcinoma cells. On the basis of rationale
suggesting that prostate carcinoma may react differently to
perturbations in polyamine homeostasis, we investigated the
consequences of conditional SSAT overexpression in LNCaP
prostate carcinoma cells.

EXPERIMENTAL PROCEDURES

Materials—The inhibitor of polyamine oxidase (PAO), N'-methyl-N>-
(2,3-butadienyl)butane-1,4-diamine (MDL-72527) was generously pro-
vided by Aventis Pharmaceuticals Inc. (Bridgewater, NJ). The ODC
inhibitor DFMO was obtained from Ilex, Inc. (San Antonio, TX). Tetra-
cycline (Tet), aminoguanidine, polyamines, and the acetylated poly-
amines N'-acetylspermidine (AcSpd) and N'-acetylspermine (AcSpm)
were purchased from Sigma-Aldrich, whereas N',N'2-diacetylspermine
(DiAcSpm) was provided as a gift from Dr. Nikolaus Seiler (Laboratory
of Nutritional Oncology, Institut de Recherche Contre les Cancers,
Strasbourg, France). SAM was purchased from Sigma-Aldrich, and the
SAM metabolites, decarboxylated S-adenosylmethionine (dcSAM) and
5-methylthioadenosine (MTA), were synthesized and kindly provided
by Drs. Canio Marasco and Janice Sufrin (Roswell Park Cancer Insti-
tute). Radioactive compounds 1-[1-'*Clornithine, [acetyl-1-'*C] coen-
zyme A, [a-*?P]dCTP were purchased from PerkinElmer Life Sciences,
and S-adenosyl-L-[carboxyl-*C]lmethionine was obtained Amersham
Biosciences. Acetyl-coenzyme A (acetyl-CoA) was purchased from Sig-
ma-Aldrich and solubilized as described by Liu et al. (32). Geneticin
(G418) and hygromycin B were obtained from Clontech Laboratories,
Inc. (Palo Alto, CA) and Invitrogen, respectively.

Cell Culture—LNCaP prostate carcinoma cells engineered to consti-
tutively express the tetracycline-repressible transactivator (tTA) (33),
designated LNGK9 (34), were cultured in RPMI 1640 media supple-
mented with 2 mM glutamine (Invitrogen), 10% Tet-approved fetal
bovine serum (Clontech Laboratories, Inc.), penicillin at 100 units/ml,
streptomycin at 100 units/ml (Invitrogen), and 150 pug/ml hygromycin B
at 37 °C in the presence of humidified 5% CO,. Aminoguanidine (at 1
mM) was routinely included in the media as an inhibitor of copper-de-
pendent bovine serum amino oxidases to prevent conversion of extra-
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cellular polyamines to toxic products. Cells were harvested by
trypsinization and counted electronically (Coulter Model ZM, Coulter
Electronics, Hialeah, FL).

Transfections—LNGK9 cells expressing the tTA were seeded at 2 X
108 cells per 100-mm culture dishes in the absence of hygromycin B and
Tet. The following day, fresh media were replaced and cells were co-
transfected with the tTA-responsive pTRE-SSAT plasmid (31) and a
G418-resistance selection plasmid pcDNA3 (Invitrogen) at a ratio of
20:1 using FuGENE 6 (Roche Applied Science) according to manufac-
turer’s protocol. Stably transfected clones were selected in medium
containing 500 pg/ml antibiotic G418, 150 pg/ml hygromycin B, and 1
ng/ml Tet. Healthy G418-resistant clones were selected and tested for
SSAT mRNA by Northern blot analysis in the presence or absence of 1
ug/ml Tet. With the Tet-off system, SSAT transcription is induced in
the absence of Tet (—Tet) but not in its presence (+Tet). A Tet concen-
tration of 1 ug/ml was found to fully and consistently suppress SSAT
gene expression during routine cell culture passage. Clones that ex-
pressed low basal level of SSAT mRNA under +Tet conditions and high
induced levels of SSAT mRNA under —Tet conditions were selected for
further study. Clones were maintained continuously under 1 pg/ml
+Tet until experiments were initiated.

Northern Blot Analysis—Northern blot analysis was carried out as
described by Fogel-Petrovic et al. (35) with modifications. Briefly, total
RNA was extracted with an RNeasy® Mini kit (Qiagen Inc., Valencia,
CA), and its concentration was determined by UV spectrophotometry.
RNA samples (5 pg/lane) were separated on 1.5% agarose/formaldehyde
gels and transferred to a Duralon-UV membrane (Stratagene, La Jolla,
CA). The membrane was cross-linked in a Stratalinker™ 1800, hybrid-
ized to [*?P]dCTP random-labeled cDNA probes (Stratagene) for detec-
tion of SSAT mRNA (36), and exposed for autoradiography. A glyceral-
dehyde-3-phosphate dehydrogenase signal was used as a loading
control.

Polyamine Enzymes and Polyamine Pools—SSAT, ODC, and SAMDC
activities were assayed as described previously (27, 37). Polyamine
enzyme activities were expressed as picomoles of AcSpd generated per
minute/mg of protein for SSAT and as nanomoles of CO,/h/mg of protein
for ODC and SAMDC. Intracellular polyamines, including acetylated
derivatives of spermidine (Spd) and Spm were extracted from cell
pellets with 0.6 N perchloric acid, dansylated, measured by reverse
phase high-performance liquid chromatography (HPLC) as described by
Kramer et al. (38), and expressed as picomoles/10° cells. Extracellular
polyamines and acetylated polyamines were extracted from media as
described by Kramer et al. (39), containing fetal bovine serum, Tet, and
L-glutamine but not G418 or hygromycin B. A total of 50 ul of dansy-
lated sample was injected for HPLC, and data were collected and
analyzed as noted above. Extracellular polyamine pools were expressed
as nanomoles/equivalent volume (ml1)/10° cells.

S-Adenosylmethionine and Metabolite Pools—Intracellular SAM and
its metabolites, dcSAM and MTA, were extracted from cell pellets with
0.6 N perchloric acid and measured by HPLC according to chromato-
graphic conditions reported by Yarlett and Bacchi (40) with modifica-
tions as described by Kramer et al. (38). Briefly, samples (50 ul) were
eluted from a C18 column (40 °C) at a flow rate of 0.8 ml/min with a
linear gradient starting with solvent A (0.1 m NaH,PO,, 8 mM octane
sulfonic acid, 0.05 mMm EDTA, 2% acetonitrile) at 80% and solvent B
(0.15 mm NaH,PO,, 8 mM octane sulfonic acid, 26% acetonitrile) at 20%.
Over the course of 30 min, the gradient increased to 100% solvent B for
10 min. Effluent was monitored with a Waters 2487 dual wavelength
UV detector, and data were processed using instrumentation described
for polyamine pool analysis and expressed as picomoles/10° cells.

Measurement of Acetyl-CoA—High performance capillary electro-
phoresis (HPCE) separation and quantitation of acetyl-CoA in biologi-
cal samples followed the method of Liu et al. (32). Cells were lysed and
processed by using a solid-phase extraction. Extracts were then ana-
lyzed on a Beckman P/ACE MDQ capillary electrophoresis system
equipped with a photodiode array detector and an uncoated fused silica
CE column of 75-um inner diameter and 60 cm in length with 50 cm
from inlet to the detection window (Polymicro Technologies, Phoenix,
AZ). Electrophoretic conditions were according to Liu et al. (32) with
modifications. Briefly, the capillary was preconditioned with 1 M NaOH
and Milli-Q water for 10 min each at 20 p.s.i. and then equilibrated with
100 mm NaH,PO, running buffer containing 0.1% B-cyclodextrin (pH
6.0) for 10 min. After each run, the capillary was rinsed with 1 M NaOH,
Milli-Q water, and running buffer for 2 min each. The injection was
done hydrodynamically at a pressure of 0.5 p.s.i. for 10 s. Injection
volume was calculated using CE Expert Lite software from Beckman.
Separation voltage was 15 kV at a constant capillary temperature of
15 °C. To establish the standard calibration curves, solutions contain-
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Fic. 1. Conditional overexpression
of SSAT mRNA in LNCaP clones
transfected with Tet-regulatable hu-
man SSAT c¢DNA. LNGKY9 cells, a sub-
line of LNCaP, were transfected with
the Tet-repressible human SSAT
plasmid. Stably transfected clones re-
sistant to neomycin were selected and
tested for their responsiveness to Tet by
Northern blot analysis. Representative
examples from over 100 selected clones
were cultured for 48 h in the presence (+)
or absence (—) of 1 ug/ml Tet. Note the
endogenous (endo) and exogenous (exo,
i.e. plasmid transcript) mature SSAT
mRNA can be distinguished on the basis
of size (i.e. ~1.3 versus ~1.5 kb, respec-
tively). For quantitation, the exogenous
and endogenous SSAT mRNA bands were
scanned fluorometrically, normalized to
the glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) signal, and expressed as
-fold increase (Fold 1 )in —Tet relative to
+Tet. Blots are representative of findings
from three separate experiments.
hnRNA, heteronuclear RNA.

SSAT

SSAT

SSAT/LNGK9 Clone 53 Cells

Time after Tet removal (h)
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Fic. 2. Time-dependent increases in SSAT mRNA and activity
in SSAT/LNGKY clone 53 following Tet removal. Tet was removed
for the indicated time, and cells were harvested for total RNA isolation
and SSAT enzyme activity. An amount of 5 ug of total RNA was loaded
onto each Northern blot lane. Note that following removal of 1 ug/ml
Tet, both SSAT mRNA and activity increased rapidly before reaching a
plateau between 24 and 48 h. For quantitation, SSAT mRNA bands
were scanned fluorometrically, normalized to the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) signal, and expressed as -fold in-
crease (Fold 1) relative to +Tet at 0 h (lane I). As expressed by -fold
increase, SSAT activity increased in parallel to SSAT mRNA. This blot
is representative of findings from three separate experiments. hnRNA,
heteronuclear RNA.

ing the acetyl-CoA and the internal standard (isobutyryl-CoA, 41 nmol)
were prepared at concentrations ranging from 1 to 200 nmol. Standards
were processed as described above for cell lysates and resuspended in 10
wul of water. The detector response was (r > 0.99) for all acetyl-CoA
species over the above concentration range. Coenzyme As were moni-
tored with a photodiode array detector at the maximum absorbance
wavelength (253.5 nm). Data were collected and processed by using
Beckman P/ACE 32 Karat software version 4.0. Cellular acetyl-CoA
levels were expressed as nanomoles/10° cells.

RESULTS

Derivation of Transfected Cells—Cells transfected with the
human SSAT ¢cDNA were selected in neomycin and grown as
clones in the presence of 1 pug/ml Tet. Of the 100 SSAT/LNGK9
clones screened (data not shown), those most sensitive to Tet
regulation were selected according to the differential expres-
sion between SSAT mRNA in +Tet (SSAT-off) versus mRNA in
—Tet (SSAT-on) (Fig. 1). Based on these criteria, clone 53 was
selected for further study, because it displayed low SSAT
mRNA in +Tet and an 8-fold increase in total SSAT mRNA
(exogenous and endogenous) under —Tet conditions for 48 h.
Nearly identical responses were also obtained with several

exo —
endo —

GAPDH
Fold | 1 1 1 4 2 1

exo —
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GAPDH
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Fic. 3. Effects of conditional SSAT overexpression on growth
kinetics of LNCaP prostate carcinoma cells. SSAT/LNGK9-clone
53 cells were cultured in the presence (+7Tet, [J) or absence (—Tet, []) of
1 pg/ml Tet for the indicated time and collected for growth analysis.
Removal of Tet ((J) resulted in an inhibition of cell growth over the
course of 8 days. Note that addition of 1 ug/ml Tet at 96 h (e ) leads to
a resumption of cell growth. Data represent means = S.E., where n is 3.

other clones. Transfected human SSAT ¢cDNA (~1.5 kb) was
distinguishable from the smaller endogenous transcript (~1.3
kb) by differences in polyadenylation, which became apparent
during enzyme induction (35). Although the exogenous 1.5-kb
transcript levels increased with Tet removal, the endogenous
1.3-kb transcript levels remained at basal levels, indicating
that the presence or absence of the antibiotic did not affect
endogenous gene expression. Tet-regulated expression of SSAT
mRNA and activity was characterized from 0 to 144 h in clone
53 (Fig. 2). Following Tet removal, SSAT mRNA increased
significantly by 6 h and plateaued by 24 h at levels ranging
between 10- and 20-fold greater than the 0-h sample. Induction
of mRNA was closely paralleled by increases in SSAT activity,
which reached a maximum of ~20-fold by 24 h (see Figs. 2
and 4).

Effects of SSAT Overexpression on Cell Growth and Poly-
amine Metabolism—As shown in Fig. 3, SSAT overexpression
caused significant inhibition of cell growth at ~2 days following
Tet removal, which was sustained through the 6-day experi-
ment. Growth inhibition appeared to be cytostatic rather than
cytotoxic, because there was no obvious decline in cell number
as would be expected with apoptosis and because addition of
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Fic. 4. Time-dependent effects of conditional SSAT overexpression on polyamine biosynthetic enzyme activities. Tet was removed
from SSAT/LNGKO9-clone 53 cells for the indicated time after which cells were harvested for polyamine enzyme activities for SSAT, ODC, and
SAMDC. Following Tet removal, both SSAT activity (¢ ) increased sharply to a maximum of ~20-fold (A), and ODC activity (M) increased sharply
to ~10-fold (B) at 48 h before undergoing a steady decline. By contrast, SAMDC activity (e ) increased steadily over the course of 144 h to a
maximum of ~18-fold that of basal levels (C). Enzyme activities of SSAT/LNGK9-clone 53 cells grown continuously in the presence of Tet remained
relatively unchanged from 0 h (data not shown). Data represents mean values = S.E., where n is 3.
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Fic. 5. Time-dependent effects of conditional SSAT overexpression on intracellular and extracellular polyamines. Similar to the
experiment as described in Fig. 4, SSAT/LNGK9-clone 53 cells were grown in the absence of Tet for the indicated time and then harvested for
polyamine pool analysis by HPLC. Intracellular polyamines pools increased transiently for 24 h following Tet removal and then decreased steadily.

Note that, even at 144 h, Put, Spd, and Spm pools remained similar to

or slightly above basal levels (0 h) (A). Intracellular AcSpd and AcSpm

increased markedly following Tet removal (B). At the same time, huge amounts of AcSpd accumulated in the media (C) indicating that acetylated
products are readily exported. Significant levels of DiAcSpm were detected intracellularly and extracellularly (B and C). (AcSpd, N'-acetylsper-
midine; AcSpm, N'-acetylspermine; DiAcSpm, N*,N'%-diacetylspermine; Put, putrescine; Spd, spermidine; Spm, spermine). Data represent

means *+ S.E., where n is 3.

Tet at 96 h resulted in a rapid resumption of cell growth (Fig.
3). The time-dependent effects of Tet removal on enzyme activ-
ities and polyamine pools are shown in Figs. 4 and 5. SSAT
increased steadily to 22-fold by 48 h before declining slowly
from 48 to 144 h (Figs. 2 and 4). This steady decrease in SSAT
activity and mRNA may be due to a homeostatic adjustment of
gene expression and/or to a time-dependent selection of cells
that express lower levels of SSAT. Consistent with the ob-
served rise in enzyme activity, acetylated polyamines increased
under —Tet conditions (Fig. 5). Intracellular AcSpd increased
remarkably from undetectable levels (<10 pmol/10° cells) to
10,420 pmol/10° cells by 48 h. Other SSAT products, AcSpm
and DiAcSpm, which are rarely seen in cells (31), accumulated
to 390 pmol/10° cells and 2,340 pmol/10° cells, respectively, by
48 h and remained elevated during the course of the 144-h
experiment. Putrescine (Put) pools also rose remarkably due
presumably to back-conversion of Put from Spd via AcSpd (Fig.
5) and to forward synthesis due to increased ODC activity
(described below). Despite the massive accumulation of acety-
lated polyamines, intracellular levels of Spd and Spm failed to
decrease. In fact, the levels of Put, Spd, and Spm increased
substantially during the first 24 h following SSAT induction,
after which they declined slowly to levels that were above (i.e.
Put and Spd) or close to (i.e. Spm) 0 h levels. Enzyme activity
data in Fig. 4 (B and C) strongly suggest that these pools were
sustained by compensatory increases in ODC and SAMDC

activities, which rose ~10-fold and ~8-fold, respectively, dur-
ing the first 48 h of SSAT overexpression (Fig. 4A).

Analysis of cell culture media revealed huge amounts of
acetylated polyamines following SSAT overexpression (Fig.
5C). In particular, AcSpd and DiAcSpm, which were barely
detectable in +Tet culture media, were as high as 128,210
pmol/equivalent ml/10° cells and 11,500 pmol/equivalent ml/
106 cells, respectively, 144 h following Tet removal. These
extracellular levels were actually 10-fold higher than intracel-
lular levels on the basis of 10° cells. The finding is consistent
with the tenet that acetylation by SSAT facilitates export of
polyamines out of the cell (41-43). Taken together, the above
findings indicate that SSAT induction leads to a strong meta-
bolic flux through both the biosynthetic and catabolic arms of
the polyamine pathway. As additional indication for this inter-
pretation, we observed increased conversion of SAM to dcSAM
via the SAMDC reaction and increased intracellular accumu-
lation MTA, a well known by-product of dcSAM that is stoi-
chiometrically released during the Spd and Spm synthase re-
actions (Fig. 6).

Effects of PAO and ODC Inhibition on SSAT-induced Growth
Inhibition and Pool Dynamics—Data in Figs. 4 and 5 indicate
that SSAT overexpression and inhibition of cell growth in
LNCaP cells were not due to depletion of intracellular Spd and
Spm pools. Thus, our next experiments were designed to inves-
tigate the basis for SSAT-induced growth inhibition in LNCaP
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cells. Because polyamine oxidase (PAO) is functionally located
downstream of SSAT, and because the enzyme liberates toxic
by-products (hydrogen peroxide and reactive aldehydes) having
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Fic. 6. Effects of SSAT overexpression on SAM, dcSAM and
MTA pools. Tet was removed from SSAT/LNGK9-clone 53 cells for the
indicated times after which cells were harvested and extracted for SAM
pool analysis by HPLC. Note that upon Tet removal (—Tet), intracellu-
lar levels of the SAMDC substrate SAM (e ) declined steadily to ~50%
at 96 h while the SAMDC product dcSAM ([J) increased steadily to a
maximum of 250% at 96 h. At the same time, the biosynthetic by-
product of dcSAM metabolism MTA (A) increased to a maximum of
~400% at 48 h. The findings are consistent with accelerated polyamine
metabolic flux due to increased polyamine biosynthesis and acetylation
in —Tet cells. The limit of detection for MTA is <5 pmol/10° cells. Data
represent means *= S.E., where n is 3.
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Fic. 7. Effects of PAO or ODC inhibition on SSAT-induced cell
growth inhibition. SSAT/LNGK9-clone 53 cells were grown in the
presence and absence of Tet and treated with either a PAO inhibitor (10
uM MDL-72527 (A)) or an ODC inhibitor (1 mm DFMO (B)) for the
indicated time and then analyzed for prevention of cell growth inhibi-
tion. When included during Tet removal, the PAO inhibitor MDL-72527
failed to prevent growth inhibition by SSAT (A), whereas the ODC
inhibitor DFMO was very effective in preventing SSAT-induced growth
inhibition (B). Data represent means = S.E., where n is 3.

Activated Polyamine Catabolism

clear cytotoxic potential (44), we first examined whether the
PAO inhibitor MDL-72527 might prevent growth inhibition
during SSAT-mediated deregulation of polyamine catabolism.
As shown in Fig. 7A, the presence of 10 um MDL-72527 during
—Tet failed to abrogate growth inhibition. The substantial in-
crease in acetylated polyamines during inhibitor treatment
relative to —Tet alone confirms that PAO was effectively
blocked (Table I). We next considered that growth inhibition
might be due to metabolic flux resulting from up-regulation of
ODC and polyamine biosynthesis. To test this hypothesis, the
specific ODC inhibitor DFMO was added to the media during
Tet removal to interrupt metabolic flux. As others have re-
ported (45), wild-type LNCaP cells are inherently resistant to
DFMO. SSAT-off (+Tet) cells treated with 1 mm DFMO grew
similarly to cells not treated with DFMO (Fig. 7). The more
unexpected finding was that DFMO treatment of SSAT-on
(=Tet) cells effectively prevented growth inhibition. Thus, by
inhibiting ODC, a relationship between metabolic flux and the
antiproliferative effect was established. Importantly, ODC in-
hibition fully prevented accumulation of acetylated polyamines
(Table I) and thereby provided direct evidence for interruption
of polyamine flow from biosynthesis to catabolism. In experi-
ments to be discussed below (see Fig. 10D), interference with
flux by DFMO is further confirmed by the fact that there is no
accumulation of MTA, the by-product of Spd and Spm
synthesis.

The basis for sustained cell growth in the presence of DFMO
is not clear by the polyamine analysis shown in Table I. At 48 h,
Put and Spd pools are very low and Spm pools remain as high
as those seen in the growth-inhibited —Tet cells. It is possible
that, although most cells seem to rely on Spd for cell growth
(18), LNCaP cells may grow under conditions of severe Put and
Spd limitation by relying on Spm pools and a small amount of
Spd back-converted from Spm via the SSAT/PAO pathway.
Consistent with this idea, Spm pools were maintained at near
to control levels for more than 96 h (data not shown).

Metabolic Flux and Depletion of Polyamine Precursor
Stores—Enhanced metabolic flux may deplete metabolites and
polyamine precursors and thereby limit their availability for
cell growth. Such molecules include the biosynthetic precursors
ornithine, methionine, SAM, and the SSAT cofactor acetyl-
CoA. As shown in Fig. 8, the inclusion of 1 mM ornithine or
methionine in the —Tet media failed to prevent SSAT-induced
growth inhibition indicating that the amino acids were not
limiting to cell growth.

The impact of SSAT overexpression on acetyl-CoA pools was
investigated, because, in addition to serving as a cofactor to
SSAT, the molecule is critically involved in fatty acid synthesis,
histone acetylation, and other metabolic processes that could
affect cell growth. As shown by electropherogram (Fig. 9A),
acetyl-CoA was detectable by HPCE as a distinct and highly
reproducible peak. Peak changes under —Tet versus +Tet con-
ditions were quantitated relative to the internal standard

TaBLE I
Polyamine pools under conditions of SSAT overexpression and enzyme inhibition in LNCaP cells

Polyamine pools (cells)®

SSAT/LNGK9 clone 53 48-h treatment®

Put AcSpd Spd AcSpm DiAcSpm Spm
pmol/10%cells
+Tet Untreated <10 <10 685 = 10 <10 <10 4,180 *= 102
—Tet Untreated 960 + 25 16,910 + 623 885 = 70 525 = 20 5,300 = 320 3,050 + 147
+Tet 1 mMm DFMO <10 <10 40 = 2 <10 <10 3,850 + 88
—Tet 1 mm DFMO <10 320 = 80 90 = 15 40 = 3 <10 3,455 + 373
+Tet 10 pm MDL-72527 215 £ 15 <10 1,135 = 68 <10 <10 4,390 * 328
—Tet 10 um MDL-72527 985 + 160 21,795 + 852 1,110 = 57 1,030 = 55 8,765 = 345 2,625 = 179

“ Treatment began at Tet removal.
® Data are expressed as means + S.E., where n is 3.
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isobutyryl-CoA. Following analysis, intracellular acetyl-CoA
pools were found to decrease by ~25% at 48 h and by ~45% at
96 h (Fig. 9B) suggesting a cause-and-effect linkage. The in-
ability of acetyl-CoA to penetrate cells precluded more defining
prevention studies such as those involving amino acids (Fig. 8).
Attempts to prevent growth inhibition with exogenous 1 mm
pyruvate as an acetyl-CoA precursor, proved unsuccessful
(data not shown). It is puzzling, however, that these pools were
not protected during DFMO prevention of growth inhibition
(Fig. 10A). Because inhibition of ODC by DFMO results in a
marked increase in SAMDC activity and deSAM pools (Fig. 6),
it is possible that acetylated polyamines may be back-converted
to Put and Spd and then forward-converted to Spd and Spm
due to excess dcSAM. These would then become available for
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Fic. 8. Effects of polyamine precursors on SSAT-induced cell
growth inhibition. SSAT/LNGK9-clone 53 cells grown in the presence
and absence of Tet were simultaneous treated with 1 mM of the poly-
amine precursors, ornithine (A) or methionine (B), for the indicated
time and analyzed for prevention of growth inhibition. Note that both
amino acids failed to prevent SSAT-induced growth inhibition when
included during Tet removal. Data represent means + S.E., where n
is 3.
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re-acetylation by overexpressed SSAT. If sufficiently rapid, this
cycling could account for the depleted acetyl-CoA pools during
DFMO treatment.

As noted above, SAM pools were significantly reduced 12 h
following Tet removal (Fig. 6). Repletion experiments were not
feasible because, like acetyl-CoA, SAM does not penetrate cells
effectively. Although SAM pools fell ~50% at 96 h (Figs. 6 and
10B), Spd and Spm pools did not similarly decline indicating
that there was at least sufficient levels to sustain polyamine
biosynthesis. A further disconnect between SAM levels and
growth inhibition was noted in the finding that SAM pools
remained reduced during treatment with DFMO (Fig. 10B),
even though growth inhibition was prevented. Finally, we note
that, as SAM pools declined, dcSAM pools increased in a cor-
relative manner. Because the accumulation of dcSAM may
cause growth inhibition (46), we considered that the significant
rise in decSAM seen following SSAT induction might be toxic
(Fig. 6). This possibility, however, was also excluded by the
finding that DFMO markedly increased dcSAM pools while
preventing growth inhibition (Fig. 10C). Accumulation of the
dcSAM metabolite, MTA, is also capable of exerting an anti-
proliferative effect (47, 48), but this seems unlikely in the
present system, because there was no indication of Spd and
Spm pool depletion, which is usually regarded as a major
indication of MTA toxicity via feedback inhibition of the Spd
and Spm synthases (49).

DISCUSSION

We have previously shown that activation of polyamine ca-
tabolism by conditional overexpression of SSAT led to growth
inhibition in MCF-7 breast cancer cells (31). We undertook the
present study to examine whether LNCaP prostate tumor cells
might respond differently to such perturbations in polyamine
homeostasis. The data presented here are consistent with this
possibility. Although both cell lines expressed a similar ~20-
fold increase in SSAT activity, growth inhibition in MCF-7
breast carcinoma cells correlated closely with a depletion in
intracellular polyamine pools (31). By contrast, growth inhibi-
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absence of Tet (—Tet, hatched bar) for 48 and 96 h and analyzed by HPCE for acetyl-CoA. A, an electropherogram from HPCE showing levels of
acetyl-CoA in clone 53 cells and an exogenous internal standard, isobutyryl-CoA in the presence (+7Tet¢) and absence (—Tet) of Tet at 96 h. The
internal standard isobutyryl-CoA was added to each sample to allow for calculation of loss during extraction. Note that the acetyl-CoA peak is much
lower in —Tet cells compared with +Tet cells. Quantitation of the peaks (B) reveals a 25% decline in acetyl-CoA by 48 h and a 45% decline by 96 h
in —Tet cells (hatched bars) when compared with their levels in +Tet cells (open bars). Data represent means + S.E., where n is 3.
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tion in LNCaP prostate carcinoma cells took place in the ab-
sence of polyamine pool depletion. As will be discussed below,
the difference appears to be due to the ability of LNCaP cells to
metabolically compensate for activated catabolism or con-
versely, to the inability of MCF-7 cells to mount such a
response.

The idea of activating polyamine catabolism derived from
observations made with polyamine analogues (23-27). We note
that conditional overexpression of SSAT produces a 10- to
20-fold increase in SSAT activity, whereas induction by poly-
amine analogues such as DENSPM reaches ~1000-fold in cer-
tain cell lines. A significant portion of DENSPM-induced en-
zyme protein, however, is inhibited by analogue binding and is
unable to acetylate polyamines (50). Accumulation of acetyl-
ated products represents a better indication of SSAT functional
overexpression in cells. Thus, the seemingly modest 20-fold
increase in SSAT activity seen here in LNCaP cells resulted in
exceedingly high levels of intracellular and extracellular acety-
lated polyamines, which undoubtedly had a profound impact on
the metabolic equilibrium of polyamines. We also note that
enzyme induction is also associated with polyamine species
such as DiAcSpm that are rarely seen in cells unless SSAT is
overexpressed (31) or analogue-induced (29).

It was expected that the massive acetylation of Spd and Spm
and their export into the media would deplete intracellular
pools as was previously seen in MCF-7 cells (31). In LNCaP
cells, however, depletion of Spd and Spm was averted by a
compensatory increase in polyamine biosynthesis: ODC activ-
ity rose by ~16-fold at 48 h following Tet removal and SAMDC,
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Fic. 11. Diagrammatic representation of the possible causes of
growth inhibition in SSAT overexpressing LNCaP cells. Activa-
tion of polyamine catabolism by overexpressing SSAT causes growth
inhibition in LNCaP cells, which is not accompanied by polyamine pool
depletion. It is, however, associated with compensatory increase in
polyamine biosynthetic activity that leads to heightened flux thru poly-
amine metabolism. When biosynthesis is interrupted by the ODC in-
hibitor, DFMO, growth inhibition is prevented (not shown), thus link-
ing flux to the antiproliferative effect. The possible causes of growth
inhibition emanating from heightened flux are presented as accumula-
tion of product or by-product excess (left panel) or as depletion of critical
precursors and cofactors (right panel). Of the product/by-product possi-
bilities, overproduction of hydrogen peroxide (H,0,) and reactive alde-
hydes (such as acetamidopropanal), dcSAM, and MTA have been ex-
perimentally eliminated (italic type). Of the possible precursor
possibilities, depletion of ornithine and methionine has been experi-
mentally excluded (italic type). Thus, the possibilities that were not
excluded and that may contribute to growth inhibition include accumu-
lation of acetylated polyamine products, decreased levels of the poly-
amine aminopropyl donor, SAM, and/or a reduction in stores of the
SSAT co-factor, acetyl-CoA.

by ~8-fold. Thus, instead of decreasing, intracellular poly-
amine pools actually increased rapidly despite the diversion of
huge amounts of Spd and Spm to intracellular and extracellu-
lar acetylated polyamines. Although a similar up-regulation of
polyamine biosynthesis has been reported in SSAT stably
transfected cell lines and most tissues of transgenic mice (51—
53), it is likely to have evolve over time via a process of selec-
tion. By contrast, the increase in ODC and SAMDC activities in
LNCaP cells began almost simultaneously with SSAT activa-
tion. The net effect of this response was heightened flux
through the biosynthetic pathway as indicated by the decline in
SAM pools and by the related rise in MTA, a by-product of the
Spd and Spm synthase reactions. The relationship between
this flux and cell growth was clearly established by the obser-
vation that DFMO, an inhibitor of ODC, effectively prevented
SSAT-induced growth inhibition. The finding is particularly
significant, because DFMO typically inhibits, rather than pre-
vents, cell growth (16). Whether this linkage is common to
prostate-derived tumor cells or whether it is MCF-7 cells that
are unusual remains to be determined. If the former is con-
firmed, the finding is consistent with other known biochemical
idiosyncrasies regarding polyamine metabolism in prostate
carcinoma cell lines (11, 15).

SSAT-induced growth inhibition in the absence of polyamine
pool depletion raises obvious questions regarding the basis for
the antiproliferative effect. As diagrammed in Fig. 11, the high
rate of metabolic flux through both the biosynthetic and cata-
bolic arms of the pathway suggests that accumulation of path-
way products or by-products may reach toxic levels (left panel)
or that certain metabolites may become growth-limiting (right
panel). The various possibilities that were experimentally elim-
inated as causes of flux-induced growth inhibition include:
elaboration of PAO toxic by-products, accumulation of dcSAM,
and depletion of the amino acids ornithine and methionine
(Fig. 11, italic type). Possibilities that were not clearly elimi-
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nated include high levels of acetylated polyamines and Put,
depletion of SAM pools, and decreases in acetyl-CoA pools (Fig.
11).

Our HPCE analysis of acetyl-CoA pools revealed that these
pools decreased by 45% during SSAT induction in LNCaP cells.
To our knowledge, this is the first time that such a linkage has
been demonstrated between polyamine metabolism and deple-
tion of acetyl-CoA stores. We examined this possibility with the
view that the massive amounts of acetylated polyamines being
generated may render the SSAT cofactor acetyl-CoA limiting
for critical cellular functions such as fatty acid synthesis, cho-
lesterol synthesis, and histone regulation. Indeed, fatty acid
synthase expression and lipidogenesis are known to be in-
creased by androgens and highly relevant to the normal pros-
tate biology and prostate cancer (54-56). In addition, Ettinger
et al. (57) recently showed that androgen independence in
LNCaP xenograft models is closely associated with dysregula-
tion of enzymes that coordinately control lipogenesis and cho-
lesterol synthesis. These various findings imply a high depend-
ence of prostate cancer on acetyl-CoA stores.

Taken together, findings indicate that activation of poly-
amine catabolism at the level of SSAT leads to: (a) altered
polyamine pool homeostasis, () a compensatory increase in
polyamine biosynthesis, (¢) heightened metabolic flux through
both the biosynthetic and catabolic pathways, (d) synthesis of
enormous quantities of acetylated polyamines, (e) significant
depletion of critical metabolite pools such as the polyamine
precursor S-adenosylmethionine (SAM) and the SSAT cofactor,
acetyl-CoA, and (f) inhibition of cell growth. We emphasize that
this analysis applies strictly to selective SSAT overexpression
and not to enzyme induction by polyamine analogues such as
DENSPM, which in addition to potently inducing SSAT also
down-regulate polyamine biosynthesis and, thereby, preclude
the heightened metabolic flux seen in LNCaP cells. Impor-
tantly, studies from our laboratory (58) have shown that cross-
breeding SSAT transgenic mice that are genetically predis-
posed to develop prostate cancer (i.e. TRAMP mice (59) results
in metabolic responses similar to those seen in LNCaP cells
and leads to a marked suppression of prostate tumor
outgrowth.

Although the present findings are based on an artificial
system (i.e. conditional overexpression of SSAT), there are
many pharmacological examples of SSAT induction by classes
of drugs other than polyamine analogues to levels comparable
to those obtained here (43). For example, we and others have
shown that anticancer drugs unrelated to polyamines can also
elicit very significant increases in SSAT gene expression. Max-
well et al. (60) found that SSAT was the most potently induced
gene by the antimetabolite 5-fluorouracil from among >3000
represented in a gene profiling study of MCF-7 cells. Similarly,
we have shown that SSAT mRNA is among the top 10 genes
induced by the DNA-alkylating platinum compounds, oxalipla-
tin and cisplatin (61). Finally, studies from our laboratory (58)
have shown that cross-breeding SSAT transgenic mice that are
genetically predisposed to develop prostate cancer (i.e. TRAMP
mice (59)) markedly suppressed genitourinary tumors. These
findings support the possibility that selective small molecule
inducers of SSAT may have therapeutic and/or preventive po-
tential against prostate cancer.
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The enzyme spermidine/spermine N'-acetyltransferase
(SSAT) regulates the catabolism and export of intracellu-
lar polyamines. We have previously shown that activation
of polyamine catabolism by conditional overexpression of
SSAT has antiproliferative consequences in LNCaP pros-
tate carcinoma cells. Growth inhibition was causally
linked to high metabolic flux arising from a compensatory
increase in polyamine biosynthesis. Here we examined
the in vivo consequences of SSAT overexpression in a
mouse model genetically predisposed to develop prostate
cancer. TRAMP (transgenic adenocarcinoma of mouse
prostate) female C57BL/6 mice carrying the SV40 early
genes (T/t antigens) under an androgen-driven probasin
promoter were cross-bred with male C57BL/6 transgenic
mice that systemically overexpress SSAT. At 30 weeks of
age, the average genitourinary tract weights of TRAMP
mice were ~4 times greater than those of TRAMP/SSAT
bigenic mice, and by 36 weeks, they were ~12 times
greater indicating sustained suppression of tumor out-
growth. Tumor progression was also affected as indicated
by a reduction in the prostate histopathological scores.
By immunohistochemistry, SV40 large T antigen expres-
sion in the prostate epithelium was the same in TRAMP
and TRAMP/SSAT mice. Consistent with the 18-fold in-
crease in SSAT activity in the TRAMP/SSAT bigenic mice,
prostatic N'-acetylspermidine and putrescine pools were
remarkably increased relative to TRAMP mice, while
spermidine and spermine pools were minimally de-
creased due to a compensatory 5-7-fold increase in bio-
synthetic enzymes activities. The latter led to heightened
metabolic flux through the polyamine pathway and an
associated ~70% reduction in the SSAT cofactor acetyl-
CoA and a ~40% reduction in the polyamine aminopropyl
donor S-adenosylmethionine in TRAMP/SSAT compared
with TRAMP prostatic tissue. In addition to elucidating
the antiproliferative and metabolic consequences of SSAT
overexpression in a prostate cancer model, these findings
provide genetic support for the discovery and develop-
ment of specific small molecule inducers of SSAT as a
novel therapeutic strategy targeting prostate cancer.
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Although prostate cancer can be clinically managed in its
early phases, the inability to control the more aggressive late
stage disease has prompted the search for novel therapies. We
became interested in the possibility that strategies targeting
polyamine homeostasis may be effective against prostate can-
cer. The prostate has the highest level of polyamine biosynthe-
sis of any tissue, and it is the only tissue in which polyamines
are purposely synthesized for export. More particularly, mas-
sive amounts of polyamines are excreted by the prostate into
semen. Thus, we reasoned that polyamine homeostasis may be
altered in the prostate relative to other tissues and that tumors
derived from this gland may exhibit atypical regulatory re-
sponses to polyamine analogues and inhibitors (1). An addi-
tional rationale for targeting polyamines in prostate cancer
derives from a recent meta-analysis of four independent mi-
croarray data sets comparing gene expression profiles of benign
and malignant patient prostate samples showing that poly-
amine metabolism was the most systematically affected of all
biochemical and signaling pathways (2). Genes that supported
polyamine biosynthesis were up-regulated, while those that
detracted from biosynthesis were down-regulated. The findings
agree with earlier clinical studies showing a significant in-
crease in ornithine decarboxylase (ODC)' and S-adenosyl-
methionine (AdoMet) decarboxylase transcripts in human pros-
tatic cancer relative to benign hyperplasia (3).

Polyamines have been targeted in anticancer strategies for
some time (4). Various antagonists such as the ODC inhibitor
a-difluoromethylornithine (DFMO), AdoMet decarboxylase in-
hibitor (SAM486), and the polyamine analogue N*,N'!-diethyl-
norspermine have undergone clinical testing as therapeutic
and/or preventive agents (5, 6). Recognizing the unique physi-
ology of the prostate gland, Heston and collaborators (7, 8) have
proposed that polyamine inhibitors may be particularly effec-
tive against prostate cancer. In support of this concept, Gupta
et al. (9) have shown that DFMO is effective in depleting
polyamine pools and in preventing development of prostate
cancer in the transgenic adenocarcinoma of mouse prostate
(TRAMP) model (10).

Targeting polyamines has traditionally involved interference
with or down-regulation of polyamine biosynthesis with small
molecule inhibitors or analogues, respectively. As an alterna-

! The abbreviations used are: ODC, ornithine decarboxylase; AcSpd,
N'-acetylspermidine; DFMO, a-difluoromethylornithine; GU, genito-
urinary; HPCE, high performance capillary electrophoresis; MR, mag-
netic resonance; Put, putrescine; AdoMet, S-adenosylmethionine; Spd,
spermidine; Spm, spermine; SSAT, spermidine/spermine N'-acetyl-
transferase; Tag, SV40 large T antigen; TRAMP, transgenic adenocar-
cinoma of mouse prostate; H&E, hematoxylin and eosin; PBS, phos-
phate-buffered saline; AcSpm, acetylspermine.
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tive to blocking biosynthesis, we propose that activation of
polyamine catabolism by inducing the rate-limiting enzyme
spermidine/spermine N'-acetylspermine transferase (SSAT)
may offer distinct advantages. The approach derives from our
studies of the polyamine analogue N! N'l-diethylnorspermine
that, in addition to down-regulating ODC and AdoMet decar-
boxylase, very potently up-regulates SSAT in tumor cells and
tissues (11-14). The latter was shown to occur to a greater
degree in human tumor xenografts than in normal host tissues
(15). Correlations between SSAT induction and growth inhibi-
tion have been repeatedly suggested by early work in a variety
of tumor types (14, 16, 17). Recently that relationship was more
precisely defined by the finding that SSAT-targeted small in-
terfering RNA minimizes analogue-mediated enzyme induction
and at the same time prevents polyamine pool depletion and
apoptosis (18, 19).

We have previously reported that conditional overexpression
of SSAT in MCF-7 breast carcinoma cells leads to polyamine
pool depletion and growth inhibition (20). As a prelude to the
present study, we showed that conditional enzyme overexpres-
sion in LNCaP prostate carcinoma cells causes growth inhibi-
tion that differed from that seen in MCF-7 cells in that it was
not accompanied by polyamine pool depletion (21). Instead cells
averted the latter by increasing polyamine biosynthesis at the
levels of ODC and AdoMet decarboxylase activities causing
heightened metabolic flux through the biosynthetic and cata-
bolic pathways. In a critical experiment, it was shown that
interruption of flux by blocking ODC activity prevented growth
inhibition (21). Additional studies concluded that growth inhi-
bition deriving from overexpression of SSAT was probably at-
tributable to overproduction of pathway products such as
acetylated polyamines or to depletion of polyamine precursor
metabolites such as AdoMet and/or the SSAT cofactor acetyl-
CoA (21). Whatever the downstream mechanism, these in vitro
data suggest that activation of polyamine catabolism by selec-
tive induction of SSAT may constitute an effective antitumor
strategy against prostate cancer.

The goal of the present study was to further validate the
above concept by providing critical in vivo evidence based on a
genetic approach. For this purpose, we utilized the TRAMP
model that is genetically engineered to develop prostate cancer
(10, 22, 23). Cross-breeding these mice with SSAT transgenic
mice that systemically overexpress the enzyme (24) resulted in
a profound suppression of prostate tumor outgrowth that may
be related to consequences emanating from depletion of acetyl-
CoA pools.

EXPERIMENTAL PROCEDURES

Materials—The polyamines putrescine (Put), spermidine (Spd),
spermine (Spm), and acetylated polyamine N'-acetylspermidine (Ac-
Spd) were purchased from Sigma. Acetyl-CoA was also purchased from
Sigma and solubilized as described by Liu et al. (25).

Breeding and Screening of Transgenic Animals—TRAMP mice (10),
heterozygous for the transgene rat probasin-SV40 large T antigen (PB-
Tag) (lineage of founder 8247; Jackson Laboratory, Bar Harbor, ME)
were maintained in a pure C57BL/6 background. Mouse tail DNA was
isolated using the DNeasy® tissue kit (Qiagen Inc., Valencia, CA).
Genotyping of TRAMP animals was performed by PCR according to the
Jackson Laboratory protocol.

We previously generated mice that systemically overexpressed SSAT
under its endogenous murine gene promoter (24). These SSAT trans-
genic mice, in the CD2F1 genetic background (24), were backcrossed for
>8 generations into C57BL/6, the same genetic background as the
TRAMP mouse. The SSAT transgenic mice are characterized by pro-
nounced hair loss by 3—4 weeks of age (24), making genotyping unnec-
essary. Since female SSAT transgenic mice are infertile and male mice
have normal reproductive capabilities, the latter were cross-bred with
female TRAMP mice to generate the bigenic mice used in this study.

Magnetic Resonance (MR) Imaging—Longitudinal analysis of pros-
tate cancer progression in TRAMP mice using MR imaging has been
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Fic. 1. SSAT expression in the prostates and livers from SSAT
transgenic mice. Total RNA was isolated from the prostates and
livers of littermates obtained from the TRAMP X SSAT cross and
subjected to Northern blot analysis and enzyme activity assay (33, 39).
Note the presence of a 3-kb heteronuclear SSAT RNA and a 1.7-kb
mature SSAT mRNA. For quantitation, the 1.7-kb SSAT mRNA bands
were scanned densitometrically and normalized to the glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) signal. Both SSAT mRNA and
activity were expressed as -fold increase (Fold 1) of wild-type tissue.
SSAT mRNA was highly expressed in both prostate and liver of the
SSAT (S) and the bigenic TRAMP/SSAT (TxS) mice but poorly ex-
pressed in the wild-type (WT) and TRAMP (T) animals. Northern blots
are representative of those obtained during two experiments using 30
ug of total RNA/lane.

reported by Hsu et al. (26). More specifically, it was used to assess
tumor volume and to track tumor development in TRAMP and TRAMP/
SSAT mice. High resolution MR imaging scans were performed using a
General Electric CSI 4.7T/33-cm horizontal bore magnet (GE NMR
Instruments, Fremont, CA) with upgraded radio frequency and com-
puter systems. MR imaging data were acquired using a custom de-
signed 35-mm radio frequency transceiver coil and a G060 removable
gradient coil insert generating a maximum field strength of 950 mil-
liteslas/m. Transaxial, T1-weighted images were acquired through the
lower abdomen with a standard spin echo MR imaging sequence. Im-
ages were comprised of 20 X 1-mm thick slices with a 3.2X 3.2-cm field
of view acquired with a 192 X 192 matrix to provide contiguous image
data of the prostate tumor. Acquisition parameters consisted of an echo
time/repetition time = 10/724 ms and 4 number of excitations.
Pathology—Mouse genitourinary (GU) tracts consisting of bladder,
urethra, seminal vesicles, ampullary gland, and the prostate were ex-
cised and weighed. The correlation of GU weight as a function of cancer
progression in the TRAMP mouse is well documented by Kaplan-Lefko
et al. (27). Once GU tracts were grossly examined and documented by
fixed angle photography, the dorsal, lateral, ventral, and anterior lobes
of the prostate as well as the seminal vesicles were microdissected and
placed into multichamber cassettes for fixation in 4% paraformalde-
hyde for 4 h at 4 °C after which they were paraffin-embedded, sectioned
at 5 um, and stained with hematoxylin and eosin (H&E). H&E slides
were reviewed by two experienced morphologists without knowledge of
the genotype or age of the mice. Each prostatic lobe (dorsal, lateral,
ventral, and anterior) was scored according to the grading system
established by Gingrich et al. (28). The histological scores were then
averaged and expressed as mean *= S.E.
Immunohistochemistry—Slides containing 5-um sections were
quenched with aqueous 3% hydrogen peroxide for 30 min and rinsed
with PBS/T (500 ul/liter Tween 20) to remove endogenous peroxidases.
Antigen retrieval involved continuous microwaving of the slides in 10
mM citrate buffer (pH 6.0) for 20 min. Cooled slides were washed for 5
min in PBS/T at room temperature and blocked with 0.03% casein in
PBS/T for 30 min prior to the addition of primary antibodies. For
anti-SV40 large T antigen staining, monoclonal anti-SV40 large T an-
tigen antibody (catalog number 554149, BD Pharmingen) was used at a
1:400 dilution in a humidity chamber. Following overnight incubation
at 4 °C, slides were washed with PBS/T and incubated for 30 min with
secondary biotinylated anti-rabbit and anti-mouse immunoglobulins
from the LSAB+ kit (DAKO, Carpinteria, CA) diluted according to the
manufacturer’s protocol. The slides were then washed with PBS/T and
complexed with streptavidin (LSAB+ kit, DAKO, prediluted) for 30
min. Immunoreactive anti-SV40 large T antigen was detected by the
application of the substrate 3,3’-diaminobenzidine tetrahydrochloride
(DAKO) for 5 min. All sections were counterstained with hematoxylin.
Analytical Methods—Tissues were snap-frozen in liquid nitrogen,
crushed into a fine powder in a mortar or a Bio-Pulverizer (BioSpec
Products, Inc., Bartlesville, OK), and then sonicated on ice in Tris/
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Genitourinary Tract
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Fic. 2. Comparison of GU tracts. A, GU tracts of the four genetic cohorts deriving from the TRAMP X SSAT cross at 30 weeks. Note that the
GU tracts of SSAT mice were smaller than those of wild-type mice and that the GU tracts of TRAMP/SSAT mice were much smaller and less
variable in size and shape than those of TRAMP mice. B, GU tract weights at 30 weeks of four genetic cohorts deriving from the TRAMP X SSAT
cross. The GU tracts of TRAMP/SSAT animals weighed less than TRAMP mice (¥, p < 0.0001), and GU tracts of SSAT mice were also different
from wild type (*, p < 0.0001) as determined by Student’s unpaired ¢ test. C, comparison of GU tracts for TRAMP and TRAMP/SSAT mice at 36
weeks of age. During the period of 30-36 weeks, the average TRAMP GU tract increased by 200%, while the average TRAMP/SSAT GU tract

remained statistically the same (see Table I for detailed analysis).

EDTA buffer for polyamine enzyme activities and pool analysis. SSAT
activity was assayed as described previously (29) and expressed as pmol
of N*-[**Clacetylspermidine generated/min/mg of protein. Decarboxyl-
ase activities were determined by a CO, trap assay and expressed as
pmol of CO, released/h/mg of protein (30). Polyamines and the acety-
lated derivatives of Spd and Spm were measured by high pressure
liquid chromatography following methods reported by Kramer et al.
(30). For Northern blot analysis, frozen tissues were crushed into a fine
powder using a mortar and pestle after which total RNA was extracted
with guanidine isothiocyanate (31) and purified by CsCl gradient cen-
trifugation (32). RNA was loaded onto a gel at 30 pug/lane and subjected
to Northern blot analysis following procedures described by Fogel-
Petrovic et al. (33).

Acetyl-CoA Determinations—High performance capillary electro-
phoresis (HPCE) separation and quantitation of acetyl-CoA in tissue
samples as recently described (21) was carried out following the method
of Liu et al. (25). Tissues extracts were then analyzed on a Beckman
P/ACE MDQ capillary electrophoresis system (Fullerton, CA) equipped
with a photodiode array detector and an uncoated fused silica capillary
electrophoresis column of 75-um inner diameter and 60 cm in length
with 50 cm from inlet to the detection window (Polymicro Technologies,
Phoenix, AZ). Electrophoretic conditions were according to Liu et al.

(25) with minor modifications as described previously (21). Data were
collected and processed by Beckman P/ACE 32 Karat software version
4.0. Acetyl-CoA levels were expressed as nmol/g of tissue.

Statistics—Statistical significance (p value) was determined by Stu-
dent’s ¢ test or analysis of variance with Fisher’s protected least signif-
icant difference test at a 95% confidence level using a StatView com-
puter program (SAS Institute Inc., Cary, NC).

RESULTS AND DISCUSSION

The goal of this study was to provide in vivo genetic valida-
tion for the concept that activating polyamine catabolism at the
level of SSAT will give rise to an antitumor response due to
homeostatic perturbations in polyamine metabolism. The effort
was catalyzed by our recent reports showing that conditional
overexpression of SSAT inhibits in vitro growth of both MCF-7
breast carcinoma cells (20) and LNCaP prostate carcinoma
cells (21). Consistent with these findings, we now demonstrate
that overexpression of SSAT markedly suppresses tumor out-
growth of early and advanced prostatic cancer in TRAMP mice.
As will be discussed, this may be due to unusual sensitivity of
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prostate-derived tumors to polyamine perturbations and/or to
novel metabolic disturbances emanating from compensatory
responses to activated polyamine catabolism.

SSAT-overexpressing transgenic male mice were cross-bred
with female TRAMP mice to yield four cohorts of offspring: wild
type, SSAT transgenic mice, and TRAMP and TRAMP/SSAT
bigenics 15 weeks of age. Prostate and liver tissues were ex-
cised from wild-type, SSAT, TRAMP, and TRAMP/SSAT mice
to confirm SSAT mRNA expression and enzyme activity. As
shown in Fig. 1, prostate gland SSAT mRNA levels were ele-
vated 32- and 35-fold in both SSAT and TRAMP/SSAT cohorts,
respectively, relative to wild-type mice. Consistent with SSAT
gene overexpression prostatic enzyme activity in both
SSAT and TRAMP/SSAT mice was elevated by ~18-fold. SSAT
mRNA in liver of SSAT and TRAMP/SSAT mice was increased
20- and 30-fold over wild-type mice, but unlike the prostate,
enzyme activities were only increased 3- and 2-fold, presum-
ably due to tissue-specific differences in translational control
(24). The data confirm that overexpression of SSAT occurs in
the prostate of transgene-bearing mice.

Longitudinal assessment of the prostate by MR imaging was
used to monitor tumor appearance and development in repre-
sentative TRAMP animals. GU tumors were first apparent at
~20 weeks of age in TRAMP animals. By 30 weeks, all TRAMP
mice had visible prostate tumors that, with time, infiltrated the
seminal vesicles as is typical in the pure C57BL/6 genetic
background (10, 22, 27, 34). As observed using MR imaging and
confirmed at necropsy, some TRAMP mice exhibited predomi-
nantly prostatic tumors, while the majority showed significant
prostate tumors with seminal vesicle involvement. Both pathol-
ogies were reduced in the TRAMP/SSAT mice. On the basis of
tumor size in TRAMP mice, the experimental end point was set
at week 30.

The suppressive effect of SSAT overexpression on tumor
outgrowth is apparent in comparisons of dissected GU tracts
shown in Fig. 2A. Gross examination of both wild-type and
SSAT animals revealed GU tracts that were generally uniform
in size and shape. As graphed in Fig. 2B, GU tracts of the SSAT
mice were significantly smaller (178 + 30 mg) than those of the
wild-type mice (504 + 11 mg) despite close similarities in body
weight (~29.7 = 0.6 versus 28.5 * 0.5 g, respectively). All of the
TRAMP mice displayed visible evidence of prostatic tumors
with variable involvement of the seminal vesicles. On the basis
of weight, TRAMP GU tracts (1,435 = 181 mg) were, on aver-
age, 4 times larger than those of TRAMP/SSAT mice (356 = 62
mg). Taken together, the data indicate that SSAT overexpres-
sion effectively suppresses tumor outgrowth in the TRAMP
model. Since by itself, the 30-week data may reflect a delay in
tumor development as opposed to a sustained antitumor effect,
we examined tumor size at a later time point. For this, 36
weeks was the longest time possible without encountering tu-
mor excess. Relative to the 30-week data, the average GU tract
weight in the TRAMP mice became 200% larger, while that in
the TRAMP/SSAT mice at 36 weeks remained statistically
unchanged. Thus, suppression of tumor outgrowth became
even more exaggerated during the 30-36-week period. Al-
though these findings suggest that the survival time of the
TRAMP/SSAT mice would be significantly extended beyond
that of the TRAMP mice, such studies were precluded by the
strong tendency of the older bigenics to develop skin
pathologies.

Histopathological analysis from littermates of the TRAMP
and SSAT transgenic crosses at 30 weeks demonstrated that
the prostate tumors of TRAMP mice were heterogeneous, rang-
ing from high grade prostatic intraepithelial neoplasia (grade
3) to poorly differentiated adenocarcinoma (grade 6), while
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Fic. 3. Sections of microdissected dorsal prostate. A, represent-
ative H&E histological sections of the epithelium of the dorsal lobe of
the mouse prostate. The four lobes of the prostate were graded and
reported in Table I. TRAMP/SSAT prostates consistently displayed
lower tumor grades than TRAMP prostates, which exhibited high grade
prostatic intraepithelial neoplasia and well differentiated prostate car-
cinoma. The SSAT prostates showed normal epithelium. B, immuno-
histochemical detection of SV40 large T antigen. Expression of SV40
large T antigen was detected by immunohistochemistry in the epithe-
lium of the dorsal lobe of 30-week-old TRAMP and TRAMP/SSAT mice
but not in wild-type and SSAT mice. Large T antigen was also ex-
pressed in the glandular epithelial cells lateral, ventral, and anterior
lobes (data not shown). Prostate tissues were analyzed from three mice
per group. (H&E staining; microscopic magnification, 200X.)

tumors from TRAMP/SSAT mice were more homogeneous with
a moderate range of prostatic intraepithelial neoplasia lesions
(grades 2 and 3) and only rare evidence of well differentiated
adenocarcinoma (grade 4) (Fig. 3A). Consistent with previous
reports (28), disease in the TRAMP mouse was apparent in the
dorsal, lateral, and ventral lobes with substantial seminal ves-
icle involvement, and it tended to be heterogeneous among
mice. When all prostate lobes were averaged (Table I), the
mean TRAMP/SSAT mouse grade (4.2) was significantly lower
than that of the TRAMP mice (5.0) suggesting interference
with disease progression. A similar trend was also seen at 36
weeks. Thus, while the major effect of SSAT overexpression is
most obviously manifested as suppression of tumor outgrowth,
there is also a delay in tumor progression. Because prostatic
disease in the C57BL/6 background infiltrated the seminal
vesicles, we derived an index to quantify overall GU disease.
Thus, the average histological grades of the four lobes were
averaged and then multiplied by the mean GU tract weight to
derive a GU disease index for each cohort of animals (Table I).
Based on this determination, the disease index at 30 weeks in
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TABLE 1
Genitourinary disease index of TRAMP/SSAT mice at 30 weeks

Average prostate grade”

Mouse genotype Age No. of animals Average GU weight GU disease index® p value?
Overall Highest Total®
wk g

TRAMP 30 15 2.1*0.1 29*0.1 5.0 £ 0.2 1.44 +0.18 744 +1.12 <0.0001
TRAMP/SSAT 30 10 2.0 £0.2 22*+0.2 42+1.0 0.36 = 0.06 1.51 = 0.27 ’
TRAMP 36 8 2.8+04 35*+04 6.3 = 0.7 2.92 + 0.81 22.57 = 9.75 0.06
TRAMP/SSAT 36 6 25*05 3.2=*05 5.6 = 1.0 0.24 = 0.12 2.08 = 1.33 ’

“ See Fig. 3A for representative histology of the prostate epithelium.

® The average prostate total grade for wild-type or SSAT mice was 2.0.

¢ GU disease index = (average overall grade + average highest grade) X average GU weight as determined per animal.

@ Statistical significance (p value) was determined by analysis of variance with Fisher’s protected least significant difference test.

TaBLE II
Tissue polyamine metabolism in TRAMP X SSAT littermates
Data represent mean values = S.E. where n = 3.
Polyamine enzyme activities Polyamine pools
Mouse genotype Tissue
SSAT OoDC AdoMet DC AcSpd® Put Spd Spm
pmol/min/mg protein pmol/himg protein pmol/mg protein

Wild type Prostate 5+1 <20 60 = 33 <40 140 = 12 3,710 * 402 7,990 * 739
SSAT Prostate 90 = 20 190 =23 560 = 81 2,440 = 613 3,730 = 805 7,350 *= 423 7,030 + 458
TRAMP Prostate 5+1 <20 50 = 19 <40 214 + 34 4,830 * 443 7,960 + 881
TRAMP/SSAT Prostate 90 = 28 100 =21 370 =88 1,390 = 187 3,520 = 529 4,780 = 858 5,280 * 662
Wild type Liver 15 +4 <20 120 = 45 <40 <40 7,900 * 368 8,510 + 225
SSAT Liver 50 = 12 180 = 32 940 + 134 790 + 210 4,260 + 805 13,990 * 794 5,060 *+ 146
TRAMP Liver 152 <20 110 = 75 <40 <40 9,510 = 1389 10,840 + 1,507
TRAMP/SSAT Liver 30 =4 210 £ 15 550 *= 45 710 = 241 4,520 £ 1,235 15,010 + 2,376 5,770 * 935

“ AcSpm not detected in any samples.

the TRAMP/SSAT mice (1.51 = 0.27) was found to be ~5-fold
lower than that of the TRAMP mice (7.44 + 1.12).

The suppression of tumor outgrowth seen here is consistent
with a previous report showing that SSAT transgenic animals
are more resistant to the development of skin papillomas under
the two-stage skin carcinogenesis protocol (35). However, both
studies differ from a report indicating that transgenic overex-
pression of SSAT in the mouse skin causes an increase in
chemically induced tumor incidence (36). This is unexpected
since our observations over the last 7 years find that sponta-
neous tumor formation was not increased in SSAT transgenic
mice.2 While the basis for this discrepancy is not immediately
apparent, it is reasonable to consider that it may be due to
promoter-dictated gene expression and/or to tissue-specific re-
sponses. For example, various tissues of the SSAT transgenic
mouse adapt differently at the level of polyamine pool profiles
(24) with some tissues, such as small intestine, displaying a
greater effect on Spd than Spm pools and others, such as liver,
showing a greater effect on Spm than Spd pools. Similarly
different responses may be expected at the level of compensa-
tory ODC induction, which as discussed below seems integral
to the antitumor effect.

While several studies have undertaken genetic crosses with
TRAMP mice, only one reports a negative effect on tumor
outgrowth but not as great as that seen here. Abdulkadir et al.
(37) showed that prostate tumorigenesis was impaired when
Egrl-deficient mice were crossed with TRAMP mice. More par-
ticularly, the appearance of grossly evident tumors was delayed
from 20 weeks in the TRAMP mouse to 35 weeks in the
TRAMP X Egrl™~ mice. Of the reports in which TRAMP mice
have been treated with various therapeutic and prevention
agents, the most relevant involves chemoprevention of prostate
carcinogenesis with the ODC inhibitor DFMO. Gupta et al. (9)
found that DFMO in the drinking water of TRAMP mice from
8 to 28 weeks of age reduced the weight of the prostate and GU
tracts by ~60% at 28 weeks while at the same time eliminating

2 K. Kee, D. L. Kramer, and C. W. Porter, unpublished observations.

distant metastases. This is less than the 75% difference in GU
weights seen here at 30 weeks. It is interesting to consider,
however, that the Gupta study achieved the antitumor effect by
pharmacologically decreasing polyamine biosynthesis, while
the present study appears to have achieved a comparable effect
by increasing polyamine biosynthesis secondary to SSAT over-
expression as will be discussed below.

Before investigating the mechanistic basis for the tumor
suppressive effect, we first determined that the SSAT overex-
pression did not interfere with expression of the driving onco-
gene in the TRAMP model Tag. Reduced expression of this
transgene could originate systemically at the level of reduced
androgen production, for example, or locally at the level of
oncogene regulation. Both possibilities were eliminated by im-
munostaining for Tag protein levels in histological sections of
30-week TRAMP and TRAMP/SSAT prostates and tumors (Fig.
3B). Comparable levels of Tag were detected in the prostate
epithelium of TRAMP and TRAMP/SSAT mice. Only minimal
background staining was seen in the wild-type or SSAT trans-
genic mouse prostates or in appropriate controls lacking pri-
mary antibody. The findings confirm that Tag expression was
not diminished in the TRAMP/SSAT mice and therefore was
not responsible for the observed antitumor effects of SSAT.

To determine how polyamine-related events contribute to
suppression of tumor outgrowth, we measured the activities of
SSAT and the biosynthetic enzymes ODC and AdoMet decar-
boxylase as well as tissue polyamine and acetylated polyamine
pools in both tumors and liver at 30 weeks. As shown in Table
II, SSAT activity in the prostate tissue was elevated ~20-fold
in both the SSAT and TRAMP/SSAT mice compared with wild-
type and TRAMP mice. The more modest 2—3-fold enhance-
ment of SSAT activity in the liver despite a 20-fold increase
SSAT mRNA (38, 39) would seem to reflect tissue-specific
translational control of this gene (38, 39). Increases in SSAT
activity were accompanied by a profound (i.e. >10-fold) rise in
biosynthesis at the level of ODC and AdoMet decarboxylase
activities in both the prostate and the liver. As previously
described in LNCaP cells (21), this represents a compensatory
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Fic. 4. Downstream effects of SSAT overexpression. A, metabolic consequences to SSAT overexpression. Activation of polyamine catabolism
at the level of SSAT results in a compensatory increase in the activities of the polyamine biosynthetic enzymes ODC and AdoMet decarboxylase
(SAMDC). This activated polyamine synthesis minimizes polyamine pool depletion despite massive production of AcSpd. At the same time, it gives
rise to heightened metabolic flux through the biosynthetic and catabolic pathways (not shown). The possible downstream consequences connecting
heightened metabolic flux to growth inhibition include overproduction of pathway products such as Put and AcSpd and/or depletion of critical
metabolic precursors such as the aminopropyl donor AdoMet (SAM) and the SSAT cofactor acetyl-CoA, both of which are markedly decreased in
SSAT transgenic and TRAMP/SSAT bigenic animals. B, AdoMet (SAM) levels in prostate and liver tissues of TRAMP/SSAT littermates as
determined on tissue extracts by high performance liquid chromatography. Note that AdoMet pools were much lower (>40%) in the prostate and
liver of SSAT and TRAMP/SSAT mice. C, acetyl-CoA levels in prostate and liver tissues of TRAMP X SSAT littermates as detected by HPCE. Note
that during SSAT overexpression, there was significant reduction (~70%) of acetyl-CoA in the prostates of SSAT and TRAMP/SSAT mice but not
in the livers. Data represents means = S.E. where n = 3 animals per group. Statistical significance (p value) was determined by analysis of
variance with Fisher’s protected least significant difference test for pairwise comparisons. PAO, polyamine oxidase; dcSAM, decarboxylated
AdoMet.

homeostatic response to activated polyamine catabolism. These
changes in enzyme activities produced significant disturbances
in tissue polyamine profiles particularly involving the acetyl-
ated polyamines. Although AcSpm remained undetectable,
AcSpd increased from undetectable levels in the prostate and
liver of wild-type and TRAMP mice to extraordinarily high
levels in SSAT and TRAMP/SSAT mouse tissues. Another ma-
jor finding was the accumulation of huge amounts of Put in

both prostate and liver of SSAT-bearing mice, presumably due
to the back conversion of Spd due to SSAT overexpression and
to the forward conversion of ornithine due to high levels of
ODC activity.

Despite the generation of large amounts of AcSpd, Spd pools
remained relatively unaffected in the TRAMP/SSAT prostate
tumors relative to TRAMP mice, while Spm decreased by
~33%, presumably due to back catabolism. This modest reduc-



40082

tion in prostatic Spm pools hardly seems sufficient to account
for the observed tumor growth suppression. As in LNCaP cells
(21), the data suggest that the compensatory increase in poly-
amine biosynthesis and related metabolic flux may be playing
a critical role in growth inhibition. More particularly, SSAT
overexpression leads to massive acetylation and potential loss
of cellular polyamines. To maintain a normal polyamine pro-
file, the system responds by up-regulating ODC and AdoMet
decarboxylase activities leading to a heightened metabolic flux
through both arms of the pathway. Thus, ornithine is more
rapidly converted to Spd and Spm, which in turn are more
rapidly acted upon by SSAT to yield acetylated products. These
findings are nearly identical to those elucidated in SSAT-over-
expressing LNCaP prostate carcinoma cells (21) where activa-
tion of polyamine catabolism was also accompanied by in-
creased polyamine biosynthesis. As a result, the Spd and Spm
pools were unaffected despite massive production of acetylated
polyamines. In a defining experiment, the relationship between
this compensatory increase in ODC and growth inhibition in
LNCaP cells was confirmed by the finding that growth inhibi-
tion is prevented by treatment with the ODC inhibitor DFMO.
The compensatory increase in ODC and AdoMet decarboxylase
activities in response to activated polyamine catabolism has
been previously noted in various other tissues of the SSAT
mouse (24) and, thus, is not unique to the prostate. The conse-
quence of this effect, however, seems to be selective for both the
male and female reproductive tracts since, as noted above,
these are the only two organs that are underdeveloped in SSAT
transgenic mice.

Guided by earlier findings in the LNCaP system (21), we
examined the downstream consequences connecting height-
ened metabolic flux to growth inhibition or, in this case, sup-
pression of tumor outgrowth (Fig. 1). Hence we focused on two
classes of contributing events: toxic accumulation of metabolic
products such as acetylated polyamines or depletion of critical
metabolic precursors such as the aminopropyl donor AdoMet
and/or the SSAT cofactor acetyl-CoA. Among the accumulated
products, Put and AcSpd represent possible sources of tumor
growth inhibition in bigenic mice and were not investigated
further. On the precursor depletion side, the polyamine amino-
propyl donor AdoMet and the SSAT cofactor acetyl-CoA were
found to be significantly decreased in both SSAT and TRAMP/
SSAT prostates. AdoMet pools were 40% lower in bigenic than
in TRAMP mice (Fig. 4B). Even greater decreases were ob-
served in the livers of SSAT transgenic mice. Although AdoMet
is known to be critically involved in methylation reactions, it
seems doubtful that the 40% pool reduction seen in the prostate
tumors was growth-limiting since the liver showed a much
greater decrease (85%) without obvious pathology and since the
polyamines synthesized using AdoMet, Spd and Spm, were not
decreased in the prostate tumors of bigenics. This does not,
however, exclude the possibility that AdoMet is being prefer-
entially diverted to polyamine biosynthesis at the expense of
methylation reactions.

Attention was then focused on acetyl-CoA, which in addition
to serving as a cofactor to SSAT is critically involved in fatty
acid metabolism, cholesterol synthesis, and chromatin struc-
ture involving histone acetylation. Acetyl-CoA was impres-
sively ~90% lower in prostates of SSAT mice than in wild-type
mice and ~70% lower in TRAMP/SSAT mice than in TRAMP
mice (Fig. 4C). By contrast, the acetyl-CoA pools in the livers of
SSAT-bearing mice relative to non-SSAT-bearing mice were
not similarly affected, consistent with the primary role of this
organ in fat metabolism. Given the metabolic significance of
acetyl-CoA, it is conceivable that the 70% reduction in pools
seen in TRAMP/SSAT mice could impact negatively on tumor
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Fic. 5. Abdominal fat stores in wild-type and SSAT transgenic
mice at 30 weeks. A comparison of dissected mice (upper panel) shows
the presence of large abdominal/mesenteric fat deposits in wild-type
animals (left) and the absence of similar deposits in the SSAT trans-
genic animals (right). Representative high resolution transaxial MR
images (lower panels) of wild-type (left) and SSAT (right) mice are
shown. Note the presence of abdominal and subdermal fat (seen as
bright areas) in wild-type mice and the absence of similar deposits in
SSAT transgenic mice.

growth. An indication that such perturbations may, in fact,
interfere with fatty acid metabolism is strongly suggested by
the observation that SSAT mice have markedly depleted
abdominal and subdermal fat stores relative to wild-type
mice (Fig. 5), an effect not previously reported in the original
characterization of these mice (24).

As previously reported (21), acetyl-CoA was also found to
be decreased during conditional overexpression of SSAT in
LNCaP cells although not to the same extent as seen here. In
cells, the effect correlated closely with growth inhibition, but it
could not be causally linked to it. There are many previous
reports suggesting a critical role for fatty acid metabolism in
the prostate and prostate cancer. Intracellular lipidogenesis
and de novo fatty acid metabolism at the level of fatty-acid
synthase expression are known to be increased by androgens
and have been implicated in aberrant growth of prostate tumor
cells (40—42). The concept that tumors are more dependent
than normal tissues on de novo fatty acid synthesis has led to
the development of fatty-acid synthase inhibitors as anticancer
agents for specific tumor types including prostate cancer (43—
45). Recently Pflug et al. (45) demonstrated that the up-regu-
lation of fatty-acid synthase expression plays a role in tumor-
igenesis in the TRAMP model and that prostate tumor cells are
particularly sensitive to fatty-acid synthase inhibition. Since
acetyl-CoA and malonyl-CoA are condensed by fatty-acid syn-
thase to ultimately generate the 16-carbon polyunsaturated
fatty acid palmitate, these findings imply a high dependence of
prostate cancer on acetyl-CoA stores. In addition to playing a
critical role in fatty acid metabolism, acetyl-CoA is also in-
volved in controlling chromatin structure via histone acetyla-
tion. The latter opens chromatin structure and transcription-
ally activates certain genes including some that mediate cell
growth (46). Under conditions of limiting acetyl-CoA, such as
those achieved in the prostate, it is possible that transcription
of these growth-related genes may be repressed.

CONCLUSIONS

The present data provide unique insights into the in vivo
biological potential of SSAT as a modulator of polyamine ho-
meostasis, cellular metabolism, and tumor cell growth. These
findings are reinforced by similar in vitro observations in
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SSAT-overexpressing LNCaP cells (21). Both findings indicate
that SSAT overexpression leads to up-regulation of ODC activ-
ity and to heightened metabolic flux through the polyamine
pathway, which, in turn, has a significant impact on AdoMet
and acetyl-CoA metabolism in both prostate cancer cells and
tumors. To our knowledge, this has not been previously re-
ported. The further possibility that these various metabolic
perturbations may be responsible for the observed antitumor
effect lends a novel dimension to SSAT induction that was not
previously appreciated. More importantly, this study provides
in vivo validation for the idea that pharmacological induction of
SSAT may represent an effective therapeutic or preventive
strategy. The finding that the normal prostate was underde-
veloped in the SSAT transgenic mice would seem to indicate
that such an approach may be best suited for prostate cancer in
part because the organ itself appears to be uniquely dependent
on acetyl-CoA as discussed above. The findings further suggest
that a specific small molecule inducer of SSAT may find use-
fulness in targeting prostate cancer. There are a number of
compounds that induce SSAT (5) with the best known being
polyamine analogues such as N',N'l-diethylnorspermine (13,
47, 48). Although such analogues are potent inducers of SSAT,
they also down-regulate polyamine biosynthesis, a response
that would preclude heightened metabolic flux, which appears
to be critical to the antiproliferative effect seen here (21). In
addition, down-regulation of polyamine biosynthetic enzymes
may account for the toxicity of polyamine analogues (12, 15, 16)
since it is known that, unlike SSAT overexpression, which
permits normal development except for hair loss and hypode-
veloped reproductive tracts, ODC knock-out is embryonically
lethal in mice (49). When taken together with the current data,
these rationales present a compelling case for the discovery and
development of a specific small molecule inducer of SSAT as a
potential anticancer agent. In addition to having single agent
potential, such a molecule may find application in augmenting
the activity of certain clinically useful anticancer agents. For
example, we have recently shown (50) that oxaliplatin and
cisplatin potently up-regulate SSAT gene expression and that
co-treatment with N',N'!-diethylnorspermine potentiates in-
duction of SSAT enzyme activity as well as inhibition of cell
growth. Presumably a specific SSAT inducer would behave
similarly but with less host toxicity.
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Abstract

A great deal of experimental evidence connects induction
of polyamine catabolism via spermidine/spermine N'-ace-
tyltransferase (SSAT) to antiproliferative activity and
apoptosis. Following our initial observation from gene
expression profiling that platinum drugs induce SSAT, we
undertook this present study to characterize platinum drug
induction of SSAT and other polyamine catabolic enzymes
and to examine how these responses might be enhanced
with the well-known inducer of SSAT and clinically rele-
vant polyamine analogue, N',N''-diethylnorspermine
(DENSPM). The results obtained in A2780 ovarian cancer
cells by real-time quantitative RT-PCR and Northern blot
analysis show that a 2-hour exposure of A2780 cells to
platinum drugs induces expression of SSAT, a second
SSAT (SSAT-2), spermine oxidase, and polyamine oxidase
in a dose-dependent manner. At equitoxic doses, oxalipla-
tin is more effective than cisplatin in SSAT induction. The
most affected enzyme, SSAT, increased 15-fold in mRNA
expression and 2-fold in enzyme activity. When combined
with DENSPM to further induce SSAT and to enhance
conversion of mRNA to activity, oxaliplatin increased
SSAT mRNA 50-fold and activity, 210-fold. Polyamine
pools declined in rough proportion to levels of SSAT
induction. At pharmacologically relevant oxaliplatin expo-
sure times (20 hours) and drug concentrations (5 to
15 pmol/L), these responses were increased even further.
Combining low-dose DENSPM with oxaliplatin produced a
greater than additive inhibition of cell growth based on
the sulforhodamine-B assay. Taken together, the findings
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confirm potent induction of polyamine catabolic enzymes,
such as SSAT by platinum drugs, and demonstrate that
these biochemical responses as well as growth inhibition
can be potentiated by co-treatment with the polyamine
analogue DENSPM. With appropriate in vitro and in vivo
optimization, these findings could lead to clinically rele-
vant therapeutic strategies. [Mol Cancer Ther 2004;
3(7):813-22]

Introduction

Platinum drugs are an important component of modern
chemotherapy regimens. Cisplatin (cis-diamminedichloro
platinum II) is the prototype platinum drug showing ac-
tivity in many cancers, including testicular, ovarian, head
and neck, and bladder. Oxaliplatin (frans-I1-1,2-diaminocy-
clohexane oxalato platinum II) is a third-generation
platinum drug which in addition to exhibiting activity in
tumors that are traditionally sensitive to cisplatin (1, 2) has
shown activity in colon cancer, a disease in which cisplatin
is inactive (3). Oxaliplatin is approved for the treatment of
colorectal cancer in the United States.

Many in vitro studies and some in vivo studies indicate
that oxaliplatin is non-cross-resistant to cisplatin (4-7).
Comparative cytotoxicity studies of cisplatin and oxalipla-
tin conducted in the NCI human tumor cell line panel
indicate that the two drugs may have different mechanisms
of action (8). Both drugs produce intra- and inter-strand
DNA-platinum adducts (7, 9, 10) that are believed to
account for cytotoxicity. To gain insight into other potential
mechanisms of platinum drug action, we did gene
expression profiling of A2780 ovarian carcinoma cells
exposed to cisplatin or oxaliplatin (11). Affymetrix oligo-
nucleotide arrays revealed a large number of genes that
were up- or down-regulated by both platinum drugs. Self-
Organizing Map cluster analysis indicated that the expres-
sion changes for many genes were progressive with time
and that the greatest increases or decreases occurred 16
to 24 hours following a 2-hour, ICyy drug exposure. Of
particular interest, the polyamine catabolic enzyme sper-
midine/spermine N 1—acetyltransferase (SSAT) was among
the top 10 genes up-regulated by oxaliplatin and among the
top 20 genes up-regulated by cisplatin. This unexpected
and provocative finding warranted further investigation.

The requirement of polyamines in cell growth is typically
met by a biosynthetic pathway regulated by ornithine
decarboxylase and S-adenosylmethionine decarboxylase
and balanced by a polyamine catabolic or back-conversion
pathway regulated by SSAT. Because tumor cells typical-
ly contain higher polyamine levels and greater rates of

Mol Cancer Ther 2004;3(7). July 2004
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polyamine biosynthetic activity than their normal tissue
counterparts (12), antitumor strategies have been devel-
oped to deplete polyamine pools. Traditionally, this has
been achieved with specific inhibitors of the biosynthetic
enzymes ornithine decarboxylase or S-adenosylmethionine
decarboxylase. More recently, this has been accomplished
with regulators of polyamine metabolism, such as the poly-
amine analogue N N 11—diethylnorspermine (DENSPM),
which down-regulates both ornithine decarboxylase and
S-adenosylmethionine decarboxylase while potently up-
regulating SSAT and polyamine catabolism (13). Several
lines of evidence strongly suggest that SSAT is a key det-
erminant of DENSPM action (14-16) and directly respon-
sible for the differential sensitivity of various cell types to
the analogue (17). DENSPM has been evaluated in phase I
clinical trials (18, 19).

Polyamine catabolism or back-conversion is mediated
by the sequential action of SSAT and polyamine oxidase
(PAO). Thus, spermine and spermidine are acetylated by
SSAT and then oxidized to spermidine and putrescine,
respectively, by PAO (20). In addition, acetylated spermi-
dine is efficiently exported out of the cells, thus, contrib-
uting to polyamine pool depletion (21). Two additional
genes involved in polyamine catabolism have recently been
identified: spermine oxidase (SMO) and a second SSAT
(SSAT-2). SMO differs from PAO in its preference for the
direct oxidation of unacetylated spermine to spermidine
(22), a reaction that effectively bypasses the SSAT/PAO-
mediated back-conversion pathway (23). Human SSAT-2
is located on chromosome 17 (24) and shares 46%
amino acid sequence identity with SSAT that is located
on the human chromosome X (25). The substrate spe-
cificity of the new enzyme is distinctly different from
that of SSAT and it seems from transfection studies,
that the enzyme may be isolated from intracellular poly-
amines by organelle compartmentalization (24). Under
conditions of induction, both enzymes have the potential
to impact on polyamine homeostasis and, thus, affect cell
growth.

We have undertaken the current study because our
earlier Affymetrix data identified SSAT induction as a
prominent gene response to platinum drugs and because
SSAT induction has been causally linked to growth in-
hibition and apoptosis (26, 27). The goals of this investiga-
tion are to further characterize the effect of platinum drugs
on SSAT and other components of polyamine catabolism
and to examine how these responses might be exaggerated
by drug combinations involving the well-known SSAT
inducer DENSPM.

Materials and Methods

Drugs

Oxaliplatin was a gift from Dr. Paul Juniewicz of Sanofi-
Synthelabo (Malvern, PA). Cisplatin was purchased from
Sigma Chemical Co. (St. Louis, MO). DENSPM was gen-
erously provided by Dr. Ronald Merriman from Pfizer
Pharmaceuticals (Ann Arbor, MI).

Cell Culture

A2780 human ovarian carcinoma cell line was a gift
from Dr. Ozols (Fox Chase Cancer Center, Philadelphia,
PA). The Mycoplasma-free cells are maintained in RPMI
1640 supplemented with 10% fetal bovine serum and 1%
L-glutamine and maintained at 37°C in humidified 5%
CO, atmosphere. This cell line shows similar sensitivity to
both oxaliplatin and cisplatin. The human melanoma cell
lines MALME-3M and SK-MEL-28 were obtained from
American Type Culture Collection (Manassas, VA) and
cultured as previously described (27). The transformed
human kidney HEK-293 cells were obtained from Life
Technologies (Gaithersburg, MD) and cultured as previ-
ously described (22).

DrugTreatment Conditions

All drug treatments were conducted on logarithmically
growing cells that were plated the previous day. Initial
experiments were carried out to validate the previous
Affymetrix data (11). For these, cells (1 X 10°/25 ¢cm? cul-
ture flask) were exposed to ICyg to ICyy concentrations of
either oxaliplatin or cisplatin for 2 hours, and incubated
for 24 hours in drug-free medium. Control cultures were
identically manipulated but, in the absence of drug. To study
the effects on gene expression, activity, and polyamine
pools, 5 x 10° cells/175 cm? culture flask were exposed to
the drug(s). For sequential drug treatments, cells were
exposed for 2 hours to oxaliplatin (32 umol/L), washed
thoroughly with PBS, and incubated in drug-free or in 10
umol/L DENSPM-containing medium for 24 hours.
DENSPM treatment alone consisted of incubating cells in
drug-free medium for 2 hours, followed by incubation in
10 pmol/L DENSPM for 24 hours. For concurrent drug
treatments, cells were exposed to 32 umol /L oxaliplatin and
10 pmol/L DENSPM for 2 hours, washed free of the drugs,
and re-incubated for a further 24 hours in DENSPM. Cells
were harvested at the end of each of the two treatments and
assayed for gene expression, enzyme activity, and poly-
amine pools as described below. SSAT induction and
polyamine pool depletion were also examined during treat-
ment with pharmacologically relevant exposure time and
concentrations of oxaliplatin. Thus, cells were treated with 5,
10, and 15 pmol/L oxaliplatin for 20 hours, cells washed free
of the drug, and incubated for another 24 hours before
harvesting the cells. For evaluating the combined effect with
DENSPM, cells were treated concurrently with 10 umol/L
oxaliplatin and 10 pmol/L DENSPM for 20 hours, followed
by a further 24 hours in drug-free medium; single agent
treatments were carried out under identical exposure and
further incubation conditions.

Cell Growth

Growth inhibition experiments were carried out using
sulforhodamine-B micro-culture colorimetric assay as pre-
viously described (5). Sulforhodamine-B assay is a colori-
metric assay in which the protein biomass is determined
by dye binding to basic amino acids (28). In sequential
drug treatment, cells were first treated for 2 hours with
oxaliplatin, washed free of drug, and then incubated
in DENSPM-containing medium (at the concentrations
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indicated) for an additional 24 hours. In concurrent drug
treatment, cells were exposed to varying concentrations of
oxaliplatin and 0.5 pmol/L DENSPM for 2 hours, washed
free of the drugs, and then incubated in 0.5 pumol/L
DENSPM-containing medium for an additional 24 hours.
Following either sequential or concurrent drug treatments,
cells were incubated in drug-free medium for a further 48
hours, before fixation and staining with sulforhodamine-B.

Northern Blot Analysis

Northern blot analysis was used in initial experiments
to evaluate the effect of oxaliplatin on the expression of
both the heteronuclear mRNA (3.5 kb) and the processed
mature mRNA (1.3 kb), as described previously (29).
Briefly, total RNA was extracted with RNeasy Mini Kit
(Qiagen Inc., Valencia, CA). RNA samples (10 pg/lane)
were separated on 1.5% agarose/formaldehyde gels and
transferred to nylon membrane. The membrane was
hybridized to **P-labeled ¢cDNA probes for detection of
SSAT mRNA and exposed for autoradiography. The
glyceraldehyde-3-phosphate dehydrogenase signal was
used as a loading control.

Real-time Quantitative RT-PCR

Real-time quantitative RT-PCR (QRT-PCR; Tagman
assay) with PE-ABI Prism 7700 Sequence Detection System
was used to measure the expression of SSAT, SSAT-2, SMO,
and PAO. The mRNA levels of the gene of interest and that
of the internal standard (B-actin) were measured concur-
rently from the same cDNA preparations. Total RNA was
extracted using Qiagen RNeasy spin columns (Qiagen,
Valencia, CA). cDNA was synthesized using Superscript II
reverse transcriptase followed by PCR with PE-ABI 7700
(Foster City, CA). The detection and quantitation of PCR
product with PE-ABI 7700 is by fluorescence with the use of
gene specific primers and a fluorogenic probe. The com-
parative Cr method of quantitation was used as described
previously (5). All mRNA expression values are ratios to
p-actin and all values are x1072. Data shown are fold in-
crease for treated relative to untreated controls.

The primers and probes for SSAT, SSAT-2, and p-actin
were purchased from Applied Biosystems Inc. (Foster City,
CA), as ready-to-use kits (SSAT, Assay on Demand, Assay
no. Hs00161511_m1; SSAT-2, Assay-on-Demand, Assay no.
Hs00374138_g1; p-actin, pre-developed assay reagent, part
no. 4310881E). The SSAT probe lies on the exon 3/exon 4
junction (accession no. NM_002970). The SSAT-2 probe lies
on the exon 2/exon 3 junction (accession no. AF348524).
Primers and probes for SMO and PAO were designed
through Applied Biosystems Inc., under ““Assay-by-De-
sign”” option and are as follows:

SMO (accession no. AK000753)

Forward primer: 5 -GGCAGTGGCCGAGATCTG-3

Reverse primer: 5 -CGCCGAGGTTTTGGAATGTT-3

Probe: 5 -FAM-TTCACAGGGAACCCC-NFQ-%

PAO (accession no. XM_113593)

Forward primer: 5 -GGTTCCGGAAGCTCATTGG-3'

Reverse primer: 5 -GGCAATGAACCCACAGAGAAC-¥

Probe: 5 -FAM-TGGACAGACGCAAAGG-NFQ-%
(Reverse)
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Both Assay on Demand and Assay by Design probes are
MGB (Minor Groove Binding) with a ¥ FAM (6-carboxy-
fluorescein) reporter dye and 3 NFQ (non-fluorescent
quencher).

SSAT Activity

SSAT activity assay was done as described previously
(17). In brief, the reaction mixture consists of [14C]acetyl-
CoA, spermidine, and cell extract in Tris-HCl buffer
and the ["*Clacetylated spermidine product generated by
the enzyme reaction is captured on discs and subjected
to radioactivity counting. The activity is expressed as
pmol/min/mg protein.

Polyamine Pools

Intracellular polyamine pools and acetylated polyamine
pools were extracted with 0.6 N perchloric acid, dansylated
and analyzed using reverse phase high-performance liquid
chromatography with fluorescence detection as previously
described (16).
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Figure 1. Effect of platinum drugs on SSAT mRNA. A, changes in SSAT
mRNA in A2780 cells following exposure to increasing concentrations of
either oxaliplatin or cisplatin, measured by real-time QRT-PCR. Cells were
treated for 2 hours with IC4q, IC55, ICs0, IC55, and ICgo concentrations of
oxaliplatin at 2.8, 4.8, 8.5, 17, and 32 umol/L, respectively, or cisplatin at
2.6, 4.0, 6.4, 12, and 25 pmol/L, respectively, followed by 24 hours
incubation in drug-free medium before RNA extraction. SSAT/R-actin
mRNA in control cells was 2.7 + 0.1. Columns, mean fold change
(relative to untreated controls) from two separate experiments, each
consisting of three separate PCRs; bars, SE. B, Northern blot analysis of
A2780 cells exposed to oxaliplatin versus cisplatin. Cells were treated for
2 hours with oxaliplatin or cisplatin at ICs0, IC75, and ICgo concentrations
followed by 24 hours incubation in drug-free medium before RNA
extraction and hybridization. SSAT mRNA bands were scanned densito-
metrically, normalized to glyceraldehyde-3-phosphate dehydrogenase, and
expressed as fold increase for treated relative to control (CON). The data
show that the heteronuclear (Pre mRNA, ~ 3.5 kb) as well as the mature
message (~ 1.3 kb) increased with treatment.
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Figure 2. Effect of oxaliplatin or cisplatin on SSAT-1 mRNA expression
in MALME-3M and SK-MEL-28 cells as evaluated by Northern blot analysis.
Cells were treated for 2 hours with oxaliplatin (OxaliPt) or cisplatin (CisPt)
at 32 or 50 pmol/L and then incubated in drug-free medium for an additional
24 hours before RNA isolation (10 ng total RNA loaded per lane). Data are
representative of findings from two experiments.

Results
The changes in SSAT gene expression previously noted by
Affymetrix analysis were evaluated by real-time QRT-PCR
after a 2-hour exposure of cells to ICy, to ICgy concentration
of oxaliplatin or cisplatin followed by a 24-hour incubation
in drug-free medium. As shown in Fig. 1A, there was a
dose-dependent increase in the SSAT expression following
treatment with either platinum drug. At equitoxic concen-
trations, oxaliplatin was more effective at increasing SSAT
mRNA than cisplatin. Oxaliplatin increased expression
2-fold at an IC; concentration and ~ 16-fold at an ICq, dose.
Northern blot analysis was carried out on oxaliplatin-
and cisplatin-treated A2780 cells (Fig. 1B). A major increase
in mature SSAT mRNA (~1.3 kb) was accompanied by a
concomitant increases in heteronuclear pre-processed SSAT
mRNA (~3.5 kb), suggesting an increase in SSAT gene
transcription (30). The increases in both the heteronuclear
and mature SSAT mRNA were concentration dependent
and confirm the QRT-PCR observation, that at equitoxic
concentrations, oxaliplatin is a more potent inducer of
SSAT than cisplatin. To determine whether SSAT induction
by platinum drugs was unique to A2780 cells, induction
of SSAT was examined in MALME-3M and SK-MEL-28
human melanoma cell lines. Northern blot analysis (Fig. 2)
revealed that in similarity to A2780 cells, oxaliplatin
induced SSAT expression by 3- to 5-fold in these cell lines.
Although the ICy, of oxaliplatin produced a 15-fold
increase in SSAT mRNA, SSAT activity rose by only
~2-fold (Fig. 3A). This is consistent with a known
translational control of SSAT message that limits induction
of SSAT activity (30). As shown in Fig. 3B, this modest
increase in activity was associated with a ~30% reduction
in the cellular spermine, 40% decrease in spermidine, and
60% decrease in putrescine. Despite these polyamine
changes, the actual SSAT products, acetylspermine or acetyl-
spermidine, were not detected in polyamine pool analysis.
We have previously shown that SSAT activity is under
posttranscriptional regulation and that significant mRNA

induction is not always followed by comparable increases
in enzyme activity (30, 31). This translational block can be
overcome by posttreatment with a natural polyamine, such
as spermine, or even more effectively, with a polyamine
analogue, such as DENSPM (30). Thus, nonspecific induc-
tion of SSAT mRNA by inhibitors of proteins synthesis, for
example, could be converted to huge increases in enzyme
activity by posttreatment with DENSPM (30). Following
this paradigm, we first treated cells for 2 hours with
32 pmol/L oxaliplatin to transcriptionally induce SSAT
mRNA and then exposed them to 10 umol/L DENSPM for
24 hours to facilitate translation of message and stabiliza-
tion of enzyme protein. The effects of this drug combina-
tion on SSAT gene expression and SSAT activity and the
resulting impact on intracellular polyamine pools are
shown in Fig. 4A and B. Oxaliplatin alone increased SSAT
mRNA 15-fold, DENSPM increased it 5-fold, and the drug
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Figure 3. Effect of oxaliplatin on SSAT mRNA, activity, and polyamine
pools in A2780 cells. A, changes in SSAT mRNA and enzyme activity in
A2780 cells following exposure to 32 umol/L oxaliplatin for 2 hours and
incubation in drug-free medium for 24 hours. Open bars, control cells that
did not receive the drug; filled bars, oxaliplatin-treated cells. SSAT/p-actin
mRNA in control cells was 3.1 + 0.24; SSAT enzyme activity in control
cells was 29.1 + 0.3 pmol/min/mg protein. Gene expression data:
Columns, mean fold change (relative to untreated controls) from two
separate experiments, each consisting of three separate PCRs; bars, SE.
Enzyme activity data: Columns, mean fold change (relative to untreated
controls), where n = 3; bars, SE. B, changes in putrescine, spermidine,
and spermine pools in A2780 cells following exposure to 32 pmol/L
oxaliplatin for 2 hours and incubation in drug-free medium for 24 hours.
Open bars, control cells that did not receive the drug; filled bars,
oxaliplatin-treated cells. Columns, means (n = 3); bars, SE. Putrescine in
control cells was 604 + 130 pmol/10° cells; spermidine, 3,704 + 496
pmol/10° cells; spermine, 2,387 + 332 pmol/10° cells.
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Figure 4. Effect of oxaliplatin alone (32 pmol/L oxaliplatin for 2 hours

followed by 24 hours in drug-free medium), DENSPM alone (2 hours drug-
free medium followed by 10 pmol/L DENSPM for 24 hours), or oxaliplatin
plus DENSPM (32 pmol/L oxaliplatin for 2 hours followed by 10 pmol/L
DENSPM for 24 hours) on (A) SSAT mRNA, SSAT activity, and (B)
polyamine pools. In A, SSAT/B-actin mRNA in control cells was 3.1 +
0.24; SSAT enzyme activity in control cells was 29.1 + 0.3 pmol/min/mg
protein. Gene expression data: Columns, mean fold change (relative to
untreated controls) from two separate experiments, each consisting of
three separate PCRs; bars, SE. Enzyme activity data: Columns, mean fold
change (relative to untreated controls), where n = 3; bars, SE. In B,
polyamine pools are expressed as pmol/10° cells + SE, where n = 3.
Ac-SPD, N'-acetylspermidine.

combination brought a 50-fold increase. An even greater
interaction between the two drugs was seen at the level of
SSAT activity. Relative to the untreated control, oxaliplatin
increased enzyme activity ~2-fold, DENSPM, 7-fold and
the drug combination, 210-fold. We note that these fold
increases in activity almost certainly underestimate the
actual increase in activity because nonspecific cellular
acetyltransferases detected by the assay contribute signif-
icantly to the basal enzyme levels but to a much lesser
extent to the drug-induced levels (17). Consistent with the
increase in SSAT activity, all the polyamine pools were
markedly lowered after each of the three drug treatments
(Fig. 4B). They were most affected, however, by the
sequential combination, which produced a 76% depletion
in putrescine, a 92% depletion of spermidine, and a 62%
depletion of spermine pools. A very significant increase in
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N'-acetylspermidine (i.e., from not detectable levels to
182 pmol/ 10° cells) was observed in cells treated with the
drug combination, with the presumption that even more
product was probably exported into the media.

We next determined whether the potent increase in SSAT
mRNA and activity was affected by how the two drugs were
combined. Thus, the effects of a 2-hour concurrent exposure
to oxaliplatin (32 pumol/L) and DENSPM (10 pmol/L)
followed by 24 hours DENSPM was compared with the
sequential exposure described above. As shown in Fig. 5, the
increase in SSAT mRNA and activity was significantly
greater when oxaliplatin and DENSPM were administered
concurrently and then followed by additional DENSPM
treatment. SSAT activity rose 423-fold during concurrent
treatment as compared with 210-fold during sequential
treatment. Under these same conditions, near total depletion
of all three polyamines was achieved (i.e., putrescine was
depleted by 97%; spermidine, by 97%; and spermine, by 76%).

We next examined the effects of platinum drugs on
the expression of the three recently identified polyamine
catabolic enzymes: SMO (22), PAO (20), and SSAT-2 (24).
As shown in Fig. 6, both platinum drugs induced all three
genes in a dose-dependent manner with SMO expression
being the most affected followed by PAO and SSAT-2. The
effect of the drug combination on these genes was then
examined (Fig. 7). In similarity to observations in other cell
lines (24), DENSPM did not increase SSAT-2 mRNA levels
in A2780 cells. It did, however, increase PAO and SMO, but
not as effectively as oxaliplatin. Following 24 hours treat-
ment with 10 pmol/L DENSPM, the fold change for SMO,
PAO, and SSAT-2, mRNA was 2.5-, 1.4-, and 0.7-fold, re-
spectively, compared with 7-, 3-, and 3.2-fold, respectively,
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Figure 5. Effect of drug (oxaliplatin and DENSPM) exposure schedule on
SSAT mRNA and activity. For sequential exposures, cells were treated
with 32 umol/L oxaliplatin for 2 hours, followed by 10 pmol/L DENSPM
for 24 hours; the mRNA and activity levels in control cells are as shown
in Fig. 4. For concurrent exposure, cells were treated with 32 pmol/L
oxaliplatin and 10 pmol/L DENSPM for 2 hours, followed by 10 umol/L
DENSPM for 24 hours. SSAT/p-actin mRNA in control cells was 4.7 + 0.4;
SSAT enzyme activity in control cells was 24 + 1.0 pmol/min/mg protein.
Gene expression data: Columns, mean fold change (relative to untreated
controls) from two separate experiments, each consisting of three sepa-
rate PCRs; bars, SE. Enzyme activity data: Columns, mean fold change
(relative to untreated controls), where n = 3; bars, SE.
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Figure 6. Changes in mRNA expression for SSAT-2, SMO, and PAO in

A2780 cells following exposure to increasing concentrations of either
oxaliplatin or cisplatin, measured by real-time QRT-PCR. The experimental
details are the same as those described for Fig. 1. Aliquots of the same
cDNA generated for SSAT mRNA expression experiments described in
Fig.1A are used here for the measurement of SSAT-2 (A), SMO (B), and
PAO (C) expression. The levels of SSAT-2, SMO, and PAO mRNA in
control (no drug) were 27.5 £ 0.7, 0.9 +£ 0.2, and 1.9 + 1.0, respectively.
Columns, mean fold change (relative to untreated controls) from two
separate experiments, each consisting of three separate PCRs; bars, SE.

with 32 pmol/L oxaliplatin for 2 hours. The sequential drug
combination induced significantly more SMO mRNA than
either drug alone, whereas induction of PAO and SSAT-2
was similar to that of oxaliplatin alone (Fig. 7). Thus, the
fold increase in expression of SMO was 2.5-fold by
DENSPM alone, 7-fold by oxaliplatin alone, and 16-fold,
by the drug combination. Concurrent treatment conditions
yielded nearly identical effects on the three genes as
sequential treatment (data not shown).

Considering that clinical pharmacokinetic studies of
oxaliplatin indicate a 20-hour half-life for the free platinum
and that the plasma concentrations of free and total

platinum are in the order of 5 to 15 umol/L (32, 33), we
evaluated the effect of a 20-hour exposure of 5, 10, and
15 pmol/L oxaliplatin followed by a 24 incubation in drug-
free medium on SSAT mRNA, activity, and polyamine
pools. As shown in Fig. 8A, these pharmacologically rele-
vant treatment conditions induced higher levels of SSAT
mRNA and activity than those seen under the more
intensive treatment conditions depicted in Fig. 4. Similarly,
cellular spermine and spermidine pools were depleted by
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Figure 7. Effect of combining oxaliplatin with DENSPM on the

expression of SSAT-2, SMO, and PAO mRNA. A2780 cells treated with
oxaliplatin alone, DENSPM alone, or oxaliplatin followed by DENSPM were
analyzed for levels of SSAT-2, SMO, and PAO mRNA using real-time QRT-
PCR as described in Fig. 4. Aliquots of the same cDNA generated for SSAT
mRNA expression experiments described in Fig. 4 are used here for the
measurement of SSAT-2 (A), SMO (B), and PAO (C) expression. The
levels for SSAT-2, SMO, and PAO mRNA in control (no drug) were 35.6 +
7.8,1.1 £0.1,and 0.9 + 0.02, respectively. Columns, mean fold change
(relative to untreated controls) from two separate experiments, each
consisting of three separate PCRs; bars, SE.
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Figure 8. A, effects of pharmacologically relevant exposure time (20
hours) and concentrations (5, 10, or 15 pmol/L) of oxaliplatin on SSAT
mRNA and enzyme activity. Cells were treated with oxaliplatin at the
defined dose for 20 hours followed by a 24-hour incubation in drug-free
medium, before extraction. SSAT/p-actin mRNA in control cells was 12.4
+ 0.82; SSAT enzyme activity in control cells was 23.0 + 2.1 pmol/min/
mg protein. B, effect of a concurrent 20 hours treatment of cells with 10
pmol/L oxaliplatin and 10 pmol/L DENSPM on SSAT mRNA and enzyme
activity. Cells were treated with either drug alone or oxaliplatin and
DENSPM combination followed by a 24-hour incubation in drug-free
medium before extraction. SSAT/p-actin mRNA in control cells was 17.0
+ 0.68; SSAT enzyme activity in control cells was 16.9 + 0.72 pmol/min/
mg protein. A and B, gene expression data: Columns, mean fold change
(relative to untreated controls) from three separate experiments, each con-
sisting of six separate PCRs; bars, SE. Enzyme activity data: Columns,
mean fold change (relative to untreated controls), where n = 3; bars, SE.

~80% at the highest oxaliplatin dose and there was a
significant accumulation of the SSAT product, N '-acetylsper-
midine. Under these same oxaliplatin treatment conditions,
concurrent treatment with 10 mol/L DENSPM followed by a
24-hour incubation in drug-free medium resulted in massive
250-fold increase in SSAT mRNA and nearly 1,700-fold
increase in enzyme activity (Fig. 8B). This led to a near-total
depletion in cellular spermine and spermidine.

Because induction of SSAT has been convincingly linked
to the antiproliferative effects of DENSPM (14-16), we
sought to determine whether the substantial increases in
SSAT activity seen with the drug combinations would
translate into similarly enhanced effects on cell growth. A
dose response of DENSPM alone for 24 hours revealed an
ICs of ~1 pmol/L (Fig. 9A). Because the concentration of
DENSPM used in enzyme induction studies (10 pmol/L)
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was cytotoxic in the growth inhibition assay, we used
analogue concentrations that minimally affected cell
growth on their own. Thus, 0.1, 0.25, and 0.5 umol/L
DENSPM reduced growth by 0%, 10% and 20%, respec-
tively. Figure 9B depicts the dose-response curves follow-
ing 2 hours exposure of cells to oxaliplatin at concentrations
ranging from 0.1 to 100 pmol/L followed by a 24-hour
exposure to each of the above DENSPM concentrations and
a further 48 hours in drug-free medium. When combined
sequentially with 0.5 umol/L DENSPM, the oxaliplatin-
dose-response curve shifted ~1 log to the left, indicat-
ing DENSPM sensitization of the cells to oxaliplatin.
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Figure 9. Growth inhibition dose-response curves to DENSPM alone (A)
or oxaliplatin combined with low-dose DENSPM (B). B, O, oxaliplatin;
V, oxaliplatin (2 hours) followed by 0.1 umol/L DENSPM for 24 hours; O,
oxaliplatin (2 hours) followed by 0.25 umol/L DENSPM for 24 hours; ,
oxaliplatin (2 hours) followed by 0.5 pmol/L DENSPM for 24 hours; A, is
concurrent 2 hours exposure to oxaliplatin and DENSPM (0.5 pmol/L)
followed by 24 hours DENSPM (0.5 pmol/L). Data are percentage growth
as determined by (As70 .m Of treated cells/As70 m Of untreated
cells) x 100. Columns, means, where n = 3to 9; bars, SE. In A, the arrow
arrow indicates the 0.5 umol/L DENSPM with zero oxaliplatin.
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Concurrent exposure to oxaliplatin and 0.5 pumol/L
DENSPM followed by 24 hours DENSPM at 0.5 umol/L
shifted the curve even further to the left and, thus, pro-
duced even greater sensitization to oxaliplatin. As shown in
Fig. 8B, concentrations of oxaliplatin which themselves
were not growth inhibitory became growth inhibitory in
combination with 0.5 pmol/L DENSPM to an extent that
was greater than that produced by DENSPM alone.

Discussion

The work presented here indicates that the platinum drugs
oxaliplatin and cisplatin have a profound effect on the
expression of SSAT, the polyamine catabolic enzyme that
acetylates spermidine and spermine and thereby promotes
their degradation and/or export out of the cell. Under the
conditions of these experiments, both oxaliplatin and
cisplatin increased SSAT mRNA in A2780 cells more
effectively than the best known inducer of SSAT gene
expression, DENSPM (34). Thus, our earlier observation
made with Affymetrix analysis that platinum drugs
potently induce SSAT was confirmed here by real-time
QRT-PCR and by Northern blot analysis. SSAT gene
expression increased in a dose-dependent manner with
both drugs from ~2-fold at IC;y up to >10-fold at ICy
concentrations and oxaliplatin tended to have a greater
effect on SSAT gene expression than cisplatin at the
equitoxic concentrations. The observation by Northern
blotting that SSAT heteronuclear RNA also increased
would seem to indicate that in similarity to DENSPM
(29), platinum drugs induced SSAT expression by activat-
ing gene transcription, an observation that warrants further
investigation.

In addition to polyamine analogues (34), a relatively
large number of agents have been shown to induce SSAT
activity, such as hormones, growth factors, toxic com-
pounds, drugs, and pathophysiologic insults (35). Recently,
it was shown that SSAT is the most potently induced gene
from among 2,400 candidate genes in MCF-7 breast cancer
cells treated with 5-flurouracil (36). Given the wide range of
agents that induce SSAT, it is tempting to consider that
polyamine acetylation may represent a generalized stress
response. This interpretation, however, is offset by the fact
that expression of other polyamine catabolic enzymes, such
as SMO, PAO, and SSAT-2, is also increased, suggesting a
more concerted metabolic response to the drug. It is also
relevant that our earlier Affymetrix studies of platinum
drug-treated cells indicated a 2-fold decline in expression
of the polyamine biosynthetic enzyme, S-adenosylmethio-
nine decarboxylase expression (11), although this finding
has not yet been validated and explored in a manner
similar to these studies with SSAT. The finding that under
pharmacologically relevant treatment conditions, oxalipla-
tin induces both SSAT mRNA and enzyme activity and that
the levels of enzyme induction are similar to those attained
with DENSPM suggests that SSAT induction could
represent a previously unrecognized contributor to oxali-
platin mechanism of action.

A major finding of this present study is that the platinum
drug-induced SSAT mRNA can be converted to a massive
increase in enzyme activity by co- or posttreatment with
the polyamine analogue DENSPM. More specifically, oxali-
platin increased SSAT activity by ~2-fold, DENSPM by
~7-fold, and the combination of oxaliplatin and DENSPM
by >200 or 400-fold, depending on drug combination
schedule. As indication of enzyme functionality, polyamine
pools were almost totally depleted due presumably to
acetylation followed by either export or oxidation by PAO.
The DENSPM/SSAT interaction was further enhanced
when cells were concurrently exposed to oxaliplatin and
DENSPM for 20 hours, treatment conditions reflecting
exposures obtained during clinical studies (32, 33). The
combination increased the SSAT enzyme activity by 1,676-
fold, whereas as single agents, oxaliplatin and DENSPM
induced a 4.2- and 3.5-fold increases in enzyme activity,
respectively. Although induction of SSAT is a notoriously
heterogeneous response among cell lines (37), we note that
the basal SSAT enzyme activity and the polyamine pool
levels in these cells are similar to those reported for other
cell lines, such as MCF-7 breast cancer cells and various
human melanoma cell lines (37). The finding that DENSPM
enhances the oxaliplatin effect significantly is consistent
with previous reports from our laboratory showing that
“super-induction” of SSAT mRNA by inhibitors of protein
synthesis resulted in minor increases in enzyme activity
unless followed by treatment with polyamines or a
polyamine analogue which facilitate translation and stabi-
lization of the enzyme protein and greatly amplified the
initial MRNA response at the level of SSAT activity (30, 31).
Such an amplification of SSAT has not, however, been
previously shown with a clinically relevant anticancer
agent, such as the platinum drugs. The implications of this
effect are raised by the fact that SSAT induction is causally
linked to either the apoptotic or antiproliferative effects of
DENSPM (14-16). Some of the more defining evidence for
this relationship is as follows: (1) cells made resistant to
DENSPM are unable to induce SSAT (38); (2) conditional
overexpression of SSAT leads to growth inhibition in both
MCE-7 breast cancer cells (26) and in LNCaP prostate
carcinoma cells (39); and (3) transient transfection of cells
with SSAT-directed siRNA prevents the induction of SSAT
and apoptotic response (27). An obvious possibility that
flows from this evidence is that this drug combination may
have similarly enhanced effects on cell growth and/or
cytotoxicity and, thus, therapeutic potential. Thus, using a
SSAT-based rationale for combining oxaliplatin and
DENSPM, we examined the effects of analogue concen-
trations which themselves, were minimally cytotoxic. As
shown in Fig. 9, at least one such dose (0.5 umol/L) which
is known to be clinically achievable (18, 19), potentiated
oxaliplatin cytotoxicity. Despite the promising nature of
these findings, more detailed studies in which the drug
combination is pharmacologically and mechanistically
optimized are likely to produce cytotoxicity responses
approaching true drug synergy. It is also relevant that
induction of SSAT gene expression by platinum drugs was
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not unique to A2780 cells but also occurs in additional cell
types, as shown here for melanoma cells MALME-3M and
SK-MEL-28. How it compares to normal cells and, thus, to
drug selectivity has not yet been determined.

Synergy between DENSPM and cisplatin has been
reported against murine cell lines L1210 leukemia and
B16F1 melanoma both in vitro and in vivo systems (40).
Synergy between N 'N 12—die’chylspermine (DESPM) and
cisplatin was reported in cisplatin-sensitive and -resistant
2,008 ovarian carcinoma cells (41). Another study reported
that pretreatment of human brain tumor cell lines with
polyamine analogues, such as DENSPM, increased the
incorporation of platinum into the linker regions of DNA
and also the cytotoxicity of cisplatin (42). To our knowl-
edge, only one other laboratory has reported a relationship
between cisplatin and polyamine analogues that converges
at SSAT. Marverti et al. (41) found that cisplatin-resistant
cell lines were cross-resistant to the polyamine analogue
DESPM and that there is a reduced ability by the poly-
amine analogue to induce SSAT in the resistant cells. Their
studies further showed a reduced SSAT protein turnover
following treatment with DESPM in cisplatin-sensitive
cells relative to the resistant cells, indicating that cisplatin
resistance modulates the SSAT response to DESPM at the
transcriptional and posttranscriptional levels (43). In dis-
tinction to the present study, these investigators did not
determine that cisplatin induces SSAT expression or that a
polyamine analogue can potently augment this response.

In conclusion, our study showed that platinum drugs
and especially oxaliplatin potently induce SSAT gene
expression and that, this induction can be amplified by
DENSPM by mechanisms that would seem to involve
analogue-facilitated translation of the platinum-drug in-
duced mRNA into enzyme protein. It is also clear that the
platinum drug effects on polyamine catabolism are not
limited to SSAT but include the enzymes SMO, PAO, and
SSAT-2. We propose that with further refinement, these
observations can be translated to clinical benefit. This belief
is consistent with the facts that polyamine metabolism
represents a validated target for therapeutic intervention,
SSAT induction is known to inhibit cell growth, the potent
SSAT inducer DENSPM has undergone clinical evaluation,
and oxaliplatin is an important chemotherapeutic agent for
treating various human cancers.
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Abstract

Intracellular polyamine pools are homeostatically maintained
by processes involving biosynthesis, catabolism, and trans-
port. Although most polyamine-based anticancer strategies
target biosynthesis, we recently showed that activation
of polyamine catabolism at the level of spermidine/spermine
N'-acetyltransferase-1 (SSAT) suppresses tumor outgrowth in
a mouse prostate cancer model. Herein, we examined the
effects of differential SSAT expression on intestinal tumori-
genesis in the Apc™™* (MIN) mouse. When MIN mice were
crossed with SSAT-overproducing transgenic mice, they
developed 3- and 6-fold more adenomas in the small intestine
and colon, respectively, than normal MIN mice. Despite
accumulation of the SSAT product, N'-acetylspermidine,
spermidine and spermine pools were only slightly decreased
due to a huge compensatory increase in polyamine biosynthetic
enzyme activities that gave rise to enhanced metabolic flux.
When MIN mice were crossed with SSAT knock-out mice, they
developed 75% fewer adenomas in the small intestine,
suggesting that under basal conditions, SSAT contributes
significantly to the MIN phenotype. Despite the loss in
catabolic capability, tumor spermidine and spermine pools
failed to increase significantly due to a compensatory decrease
in biosynthetic enzyme activity giving rise to a reduced
metabolic flux. Loss of heterozygosity at the Apc locus was
observed in tumors from both SSAT-transgenic and -deficient
MIN mice, indicating that loss of heterozygosity remained the
predominant oncogenic mechanism. Based on these data, we
propose a model in which SSAT expression alters flux through
the polyamine pathway giving rise to metabolic events that
promote tumorigenesis. The finding that deletion of SSAT
reduces tumorigenesis suggests that small-molecule inhibition
of the enzyme may represent a nontoxic prevention and/or
treatment strategy for gastrointestinal cancers. (Cancer Res
2005; 65(12): 5390-8)

Introduction

Cell proliferation, differentiation and cell death depend on or
are affected by a sustained supply of intracellular polyamine
pools. Enzymes such as ornithine decarboxylase (ODC) and
S-adenosylmethionine decarboxylase (SAMDC) contribute to the
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de novo biosynthesis of polyamines, whereas catabolic enzymes
such as spermidine/spermine N'-acetyltransferase-1 (SSAT) and
polyamine-directed oxidases play important roles in lowering
polyamine pools by export and in catalyzing their interconversion
(1-4). Alterations in polyamine homeostasis, whether pharmaco-
logically- or genetically induced, lead to changes in intracellular
polyamine pools that have important ramifications in cell
physiology and cell growth. For example, increased ODC and
SAMDC activity, and the associated elevations in intracellular
polyamines, have been implicated in certain cancers, including
those of the gastrointestinal tract (3, 5-10). As such, polyamines
and their key biosynthetic enzymes have been viewed as attractive
targets for the treatment and prevention of cancer. Findings to be
presented here suggest that catabolic enzymes such as SSAT may
represent even more compelling targets in gastrointestinal cancers.

SSAT, which is encoded by the X-linked SatI gene, is the rate-
limiting enzyme of polyamine catabolism. It catalyzes the acetyla-
tion of spermine and spermidine in response to cell stress (4) and to
excess polyamines (11). Acetylated polyamines are either oxidized
by polyamine oxidase, which leads to the back-conversion of higher
polyamines (i.e., spermine) to lower polyamines (i.e., spermidine and
putrescine or more typically, they are efficiently excreted out of the
cell as a means of lowering intracellular polyamine pools (1, 2).
Whether achieved genetically (12, 13) or pharmacologically with
polyamine analogues (14, 15), induction of SSAT typically gives rise
to growth inhibition or apoptosis, depending upon the cell type and
the extent of enzyme overexpression. In such experiments, growth
inhibition has been closely linked to depletion of intracellular
polyamine pools (12) and disturbances in polyamine metabolism
(13), whereas apoptosis has been associated with downstream
events emanating from polyamine oxidase-mediated oxidation of
acetylated polyamines and the associated release of oxida-
tively reactive by-products such as hydrogen peroxide and the
aldehyde, 3-acetamidopropanal (4, 16, 17).

The relationship between SSAT and cancer is only now being
defined. Because maintenance of cell proliferation requires
a constant supply of polyamines (1-3), it might be expected that
tumor cells would keep polyamine biosynthetic activity high and
catabolic activity low, so as to create a selection pressure favoring
polyamine availability. Several studies showing induced apoptosis
in tumor cells overexpressing SSAT are consistent with this
paradigm (1, 13, 16, 17). Conditional overexpression of SSAT
in LNCaP prostate carcinoma cells has been shown to bring about
near total growth inhibition (13). Extending this finding to
an in vivo system, we recently reported that cross-breeding SSAT-
overexpressing transgenic mice with prostate cancer-predisposed
TRAMP [transgenic adenocarcinoma of mouse prostate; ref. (18)]
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mice inhibits tumor outgrowth (19). This provocative finding
suggests quite clearly that high levels of SSAT expression can exert
tumor-suppressive effects. However, in contrast to expectations,
polyamine pools were not significantly depleted by SSAT in either
LNCaP cells or in prostate tumors of TRAMP mice (13, 19). Rather,
the antitumor effect seems to be directly related to a compensatory
up-regulation of polyamine biosynthesis in response to SSAT
overproduction. This, in turn, leads to heightened metabolic flux
through the biosynthetic and catabolic arms of the pathway and an
associated depletion of metabolic precursors such as the SSAT
cosubstrate acetyl-CoA. On the assumption that this somewhat
unexpected metabolic response may be unique to prostate-derived
tumors, we sought to determine the consequences of SSAT
overexpression in a murine model of intestinal cancer.

Apc™™/* mice (MIN) carry a truncation mutation (the Min
allele) within the adenomatous polyposis coli (4pc) tumor
suppressor gene (20, 21). The same gene defect is frequently
seen in both inherited and spontaneous colon cancer in humans
(22). Heterozygous ApcMi"/ * animals are predisposed to the
development of multiple adenomas in the small intestine and, to
a much lesser extent, in the colon (20, 21). The formation of these
polyps is initiated by loss of heterozygosity (LOH) at the Apc
locus (23), which leads to stabilization of the transcription factor
{p-catenin, constitutive activation of the WNT signaling pathway,
and induced expression of target genes, such as those encoding
cyclin D1, ¢-MYC, and others (24). Of relevance to the cur-
rent study, polyamine metabolism is known to be directly related
to P-catenin expression via c-MYC-mediated transactivation of
ODC (25). Indeed, ODC mRNA levels and polyamine pools have
been shown to be increased in the small intestine and colon of
MIN mice (26). Furthermore, treatment of MIN mice with the
specific ODC inhibitor a-difluoromethylornithine causes a reduc-
tion in intestinal polyamines and a significant decrease in tumor
number (26, 27). Thus, there is a strong rationale for examining
the consequences of altered SSAT expression in this particular
model system. Herein, we report that transgenic overexpression of
SSAT markedly increases tumor development in the MIN mouse,
whereas genetic depletion of the enzyme has the opposite effect.

Materials and Methods

Animals. Apc‘w"/ " mice (MIN) in the C57BL/6] background (21) were
obtained from the Jackson Laboratories (Bar Harbor, ME), and maintained
by breeding MIN males to C57BL/6] females. Heterozygous progeny were
identified by PCR analysis of tail DNA using allele-specific primers (20).

SSAT transgenic mice (SSAT-tg, genotype Satl* /%), which carry multiple
copies of a full-length murine Satl gene, have been previously described
(28). These animals express elevated levels of SSAT enzyme activity in most
tissues (28). Carriers of the transgene were identified by the occurrence of
hair loss, which begins at about 3 to 4 weeks of age in these animals (28).
Prior to onset in the present mice, the transgene was introduced into the
C57BL/6] background by 10 generations of back-crossing. Mice containing
the SSAT transgene and the Apc™™’* mutation were generated by mating
female MIN mice to male SSAT-tg mice.

Generation of embryonic stem cells carrying a targeted inactivating
mutation within the X-linked Satl gene was described earlier (29). These
cells were injected into C57BL6/6] blastocysts to produce chimeric mice
that were bred to yield SSAT knock-out mice (SSAT-ko, genotypes Satl /=
and Sat1~"¥). Male MIN/SSAT-ko mice (genotype Apc™™/*/Sat1~'Y) contain
the inactive SSAT-ko allele within the Apc™™’* background, and were
produced by mating female SSAT-ko mice to male MIN mice. The presence
of the SSAT-ko allele was determined by PCR using three primers:
20 pmol each of two allele-specific forward primers (wild-type primer,

5-CTCCTCCTGCTGTTCAAGTA-3'; null primer, 5~-TACCTGCCCATTC-
GACC-3') and 40 pmol of a reverse primer that recognizes both the wild-
type and null alleles (5-CAGTTCCTGGGGACGAC-3'). Reaction mixtures
containing all three primers were subjected to 34 cycles of standard PCR
conditions with a 56°C annealing temperature. Products were resolved
using 5% acrylamide gel electrophoresis and stained with ethidium bromide
for the presence of wild-type SSAT allele (408 bp) or the null allele (615 bp).

Tumor scoring. Tumor burdens were determined as described
previously (30). Following cervical dislocation, the small and large intestines
were removed, flushed free of debris, sliced longitudinally, and fixed flat
between sheets of filter paper for 3 hours in 10% buffered formalin. Fixed
tissues were stained with 0.002% methylene blue. Adenomatous polyps were
counted under a dissecting microscope by a single observer who was
blinded to the genotypes of the animals. Upon counting, each tumor was
classified as being >1 or <1 mm in diameter using an ocular micrometer. All
data are reported as mean * SE, except where noted. Student’s ¢ test was
used to compare the means of each group; differences were considered to
be significant if P values were <0.05.

Enzyme and polyamine analyses. Biochemical analyses were done on
mice that were different from those used for intestinal tumor counts but
which were derived from the same litter. Tissues were excised from 9-week-
old mice under a dissecting microscope, and tumor tissue was snap-frozen
and stored at —70°C. Following removal of tumors, the normal small
intestinal and colonic mucosa was scraped from the muscularis externa
layer with a glass slide and snap-frozen. Frozen mucosa and tumor tissues
were crushed into a fine powder using a Bio-Pulverizer (BioSpec Products,
Inc., Bartlesville, OK). Tris/EDTA (pH 7) breaking buffer was added to ~ 50
to 100 mg of sample for sonication and centrifugation to obtain the soluble
supernatant extracts for enzyme and polyamine analyses.

SSAT activity was assayed radiochemically as described previously (31)
and expressed as picomoles of N'-[''Clacetylspermidine generated per
minute per milligram of protein. Both ODC and SAMDC activities were
determined by a CO, trap assay as previously described (32), and reported
as nanomoles of radiolabeled CO, per hour milligram of protein.

For intracellular polyamine pool analysis, buffered extracts were further
extracted with 1.2 N perchloric acid, and dansylated prior to assessment by
high-performance liquid chromatography using methods described else-
where (12).

Histologic analysis of tumors. Tumor tissues for histologic analysis were
removed and fixed for a minimum of 3 hours in 10% formalin, after which
they were rolled, embedded in paraffin, sectioned, and stained with H&E.
Stained sections were observed at 100X magnification under a light
microscope.

Assessment of loss of heterozygosity. Intestinal epithelial cells from
tumors or from adjacent histologically normal regions were collected using
a PixCell Ile Laser Capture Microdissection System (Arcturus, Mountain
View, CA). The cells were incubated for 12 hours at 50°C in 0.5 mg/mL
proteinase K, 10 mmol/L Tris-HCI (pH 8.0), 50 mmol/L KCl, 0.45% NP40,
and 0.45% Tween 20 (33) and genomic DNA was extracted by standard
methods. LOH at the Apc locus was determined using PCR-based methods
(23, 34). A 155-bp fragment of the Apc gene was amplified in the presence
of [**P]dCTP; the forward primer was 5-TCTCGTTCTGAGAAA-
GACAGAAGCT-3', and the reverse primer was 5-TGATACTTCTTC-
CAAAGCTTTGGCTAT-3'. The resulting product was digested with
Hindlll, resolved by gel electrophoresis in 8% acrylamide, and visualized
by autoradiography. The wild-type Apc allele yields a 123 bp product,
whereas the Min allele yields a 144 bp product. Quantitation of relative
band intensities was carried out by densitometry (Storm 860 Imager and
Image Quant 5.2 software; Molecular Dynamics, Sunnyvale, CA).

Results

SSAT overproduction enhances tumor development in MIN
mice. To test the effects of elevated SSAT expression on intestinal
tumorigenesis in the MIN mouse model, we intercrossed MIN
(genotype Apc™™/*) and SSAT-tg (genotype Sat1%¢’®) mice. The latter
were produced and characterized in an earlier study (28), and were
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shown to express increased levels of SSAT mRNA and enzyme
activity in most tissues, including the small intestine and colon. The
genotypes of the progeny of the cross of MIN females and SSAT-tg
males were determined at weaning, and were found to segregate in a
non-Mendelian fashion. The number of MIN/SSAT-tg progeny
(Apc™™/* [Sat1'°) was only about 1/3 of that expected (Table I;
P = 46 x 10~°). Furthermore, SSAT-tg segregants (Apc*’*/Sat1%¢’°)
were also reduced in number relative to mice with wild-type (Apc” )
or MIN (Apc™™/*) genotypes (Table 1; P = 0.013), although the
deficiency of this genotype was not as dramatic as that for MIN/
SSAT-tg progeny. Thus, overproduction of SSAT seems to be
deleterious to survival, particularly in combination with APC
haploinsufficiency. Although the basis for this phenomenon is
unknown, it is likely manifested during gestation because there were
no noticeable increases in postnatal mortality. Normal Mendelian
segregation of genotypes was observed previously in a cross of SSAT
transgenic and TRAMP mice (13, 19). The deficiency of MIN/SSAT-tg
progeny in the current cross may be related to the report of Jacoby
et al. (26, 27), who observed that treatment with the ODC inhibitor
a-difluoromethylornithine during embryonic development is selec-
tively lethal to fetuses bearing a heterozygous mutation in the
Apc gene.

Previous work showed that SSAT mRNA and enzyme concen-
trations in the small intestine and the colon are ~ 10-fold higher in
SSAT transgenic as compared with nontransgenic mice (28). We
carried out similar activity measurements on MIN and MIN/SSAT-
tg tissues (Fig. 14). We consistently observed higher SSAT levels in
normal small intestinal mucosa (P = 0.03) and in colonic tumors
(P = 0.01) of the MIN/SSAT-tg progeny. There was a tendency
toward higher SSAT activities in MIN/SSAT-tg intestinal tumors
and in normal colon tissue, but the differences did not reach
statistical significance. SSAT enzyme activities were significantly
higher in colonic tumors relative to normal mucosa in MIN/SSAT-
tg mice (P = 0.01), but not in MIN mice. Small intestinal tumors
exhibited slightly higher activities relative to normal tissues in both
MIN and MIN/SSAT-tg progeny, but the increases were not
statistically significant. One difficulty with these assays is that
SSAT-specific activities are masked by the high levels of nonspecific
acetyltransferases in tissue extracts (35), leading to an underesti-
mation of the magnitude of change in SSAT expression.
Thus, we consider the accumulation of the SSAT reaction product
N'-acetylspermidine (see below) to be a more reliable indicator of
increased SSAT enzyme activity in MIN/SSAT-tg mice.

Development of adenomatous polyps in the MIN/SSAT-tg mice
was determined at 9 weeks of age over the full length of the small
and large intestines, and compared with that in their non-

Table 1. Genotypes of progeny resulting from crossing
MIN females (Apc™™*) to SSAT-tg males (Sat1%9’°)

Genotype Observed*  Predicted
Ape** 109 (37.7%) 72 (25%)
Ape'*/Sat1 !0 63 (21.8%) 72 (25%)
ApcMz:nH 95 (329%) 72 (25%)
Apc™n 1 5at1%1° 22 (7.6%) 72 (25%)

*Observed progeny distribution (percentage of total based on 289
mice).

transgenic MIN littermates. Total number of tumors in the small
intestines of MIN mice (Fig. 1B) were similar to previously reported
values (30). However, the MIN/SSAT-tg mice developed ~ 3-fold
more tumors in the small intestine (P < 0.01), including ~ 2-fold
increase in tumors <1 mm in diameter and a 4-fold increase in
tumors >1 mm in diameter (Fig. 1B). Although tumor incidence
was lower in colon than small intestine (Fig. 1B), all of the colo-
nic polyps were >1 mm and the MIN/SSAT-tg mice contained
about 6-fold more tumors than nontransgenic MIN mice
(P < 0.0001). On average, tumor sizes in either the small intestine
or the colon were not significantly different between MIN and
MIN/SSAT-tg mice. These data indicate that the presence of the
SSAT transgene potently enhances tumorigenesis in both the small
intestine and colon of MIN mice.

SSAT overexpression is accompanied by compensatory
increases in polyamine biosynthetic activity in MIN mice. To
gain insight into the mechanisms underlying increased tumor
development in MIN/SSAT-tg mice, we measured the activities of
the two key polyamine biosynthetic enzymes ODC and SAMDC.
Enzyme activities in normal mucosa and in tumors of the small
intestine and colon were determined, and found to be dramatically
different between MIN/SSAT-tg and MIN progeny. ODC levels in
MIN/SSAT-tg mice were about 3- to 5-fold higher in normal mucosa
of both the small intestine (P < 0.0005) and the colon (P < 0.00001)
relative to the MIN mice (Fig. 2). Increases of 7- to 10-fold were
observed in tumors of the small intestine (P < 0.0005) and the colon
(P < 0.003; Fig. 2). Similarly, SAMDC activities in MIN/SSAT-tg mice
were significantly increased relative to MIN mice in the normal
mucosa of both the small intestine (i.e., ~20-fold; P < 0.002) and
colon (i.e., >10-fold; P < 0.01). SAMDC in MIN/SSAT-tg tumors were
also higher than MIN tumors in the small intestine (i.e., >40-fold;
P < 0.04) and in the colon (i.e., >50-fold; P < 0.001; Fig. 2).

These results indicate that the presence of the SSAT transgene is
associated with increases in both ODC and SAMDC activities in
normal tissues and in polyps of the gastrointestinal tract. Thus, the
increase in polyamine catabolic activity mediated by SSAT
overexpression is metabolically offset by a large compensatory
increase in biosynthetic activity. This finding, which is consistent
with earlier characterization of various normal tissues of the SSAT
transgenic mouse (19, 28), implies that metabolic flux through the
polyamine metabolic pathway is heightened in both tumors and
the intestinal epithelium of MIN/SSAT-tg mice.

Overexpression of SSAT in MIN mice differentially alters
polyamine pools. To examine the effects of increased SSAT
expression on polyamine pools, the concentrations of the SSAT
product N'-acetylspermidine, as well as the primary polyamines
putrescine, spermidine, and spermine were measured and com-
pared in MIN and MIN/SSAT-tg mice (Fig. 3). In normal small
intestinal tissues, MIN/SSAT-tg mice exhibited a >30-fold increase
in N'-acetylspermidine levels (P < 0.0002), and an 18-fold increase
in putrescine pools (P < 0.00001) relative to MIN tissues. By
comparison, spermidine concentrations decreased by only 29%
(P < 0.0002), whereas spermine levels were not significantly
affected. Similar increases in N'-acteylspermidine and putrescine
were seen in the MIN/SSAT-tg normal colon, with no change in
spermidine or spermine levels (Fig. 3).

Even larger increases in both N'-acetylspermidine and putres-
cine levels were observed in tumors of MIN/SSAT-tg mice relative
to MIN mice (Fig. 3). N'-acetylspermidine levels were elevated by
>70-fold in small intestinal tumors (P < 0.01), and by >200-fold in
colonic tumors (P < 0.02). Putrescine concentrations were ~ 9-fold
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Figure 1. A, SSAT activity levels in intestinal tissues of MIN and
MIN/SSAT-tg mice. Activities were measured in extracts of normal mucosa and
adenomatous polyps (tumors) of the small intestine and colon from MIN mice
(gray columns) and MIN/SSAT-tg mice (black columns). Values represent the
averages of three to nine animals per group. B, tumor counts obtained from
MIN (n = 14) and MIN/SSAT-tg (n = 16) mice were determined on the entire
length of small intestine and colon. For the small intestine, tumors <1 mm in
diameter and those >1 mm in diameter were counted separately (designated
above the columns). All tumors arising in the colon were >1 mm.

higher in small intestinal polyps (P < 0.0003), and ~ 8-fold higher in
colonic polyps (P < 0.03). As seen in normal tissues, tumor
spermidine levels decreased by a modest 23% of MIN/SSAT-tg mice
(P < 0.02), whereas spermine levels remained unchanged.

Overall, the results for normal tissues agree well with published
data indicating that putrescine and N'-acetylspermidine levels are
dramatically higher in tissues of MIN/SSAT-tg mice as compared
with normal MIN mice, whereas spermidine and spermine pools
are essentially unchanged (28), presumably due to the compensa-
tory increase in biosynthetic activity. The increase in putrescine is
probably due to the combined effects of polyamine biosynthesis
(resulting from high ODC and SAMDC levels) and back-conversion
(due to SSAT overexpression). Expansion of the N'-acetylspermi-
dine pool is a strong indicator that SSAT is overproduced at the
level of enzyme activity (28).

SSAT deficiency inhibits intestinal tumor development in
MIN mice. The finding that overexpression of SSAT augments
tumorigenesis in the MIN mouse model predicts that MIN mice
lacking SSAT will exhibit reduced tumor development. To test this
prediction, we used a SSAT-ko mouse that contains a targeted,
inactivating insertion within the X-linked Satl gene (29). SSAT-ko
mice are viable, fertile, and show no obvious phenotype under the
conditions of the current studies.

We crossed MIN males with Sat1*/~ females, and observed that
all expected genotypes segregated in a normal Mendelian fashion

(data not shown). SSAT activities were examined in the small
intestinal tumors from MIN/SSAT-ko progeny (all of which are
males) and MIN progeny (Fig. 44). The difference in total activity
between MIN and MIN/SSAT-ko tumors was small and not
statistically significant, due to low levels of basal SSAT activity, as
well as the presence of nonspecific acetylating enzymes (35).
Indirect evidence for loss of SSAT was apparent in a significant
decrease in ODC activity, as noted below.

Tumor numbers were determined in the MIN/SSAT-ko mice, and
compared with those in normal male MIN progeny. Total tumor
counts in the small intestine were reduced by about 75% in MIN/
SSAT-ko mice (P < 0.02); such a decrease was observed for both small
(<1 mm diameter) and large (>1 mm diameter) tumors (Fig. 4B).
Interestingly, there were no significant effects on the number or size
of colonic tumors, despite the fact that overexpression of SSAT
increased tumor number in this organ by ~ 6-fold (see Fig. 1).

ODC activity in intestinal tumors was significantly different
between MIN/SSAT-ko and normal MIN mice (P = 0.016; Fig. 44).
Thus, loss of SSAT expression in the knock-out mice results in a
66% compensatory decrease in ODC activity. SAMDC activity was
not measured due to the small size of the MIN/SSAT-ko tumor
samples. Analysis of polyamine pools in small intestinal tumors of
the two genotypes revealed modest changes in putrescine,
spermidine, and spermine concentrations in MIN/SSAT-ko mice
(Fig. 4C). Putrescine fell by 45% (P = 0.017), whereas the 18%
increase in spermidine and the 6% decrease in spermine were not
statistically significant. The SSAT product N'-acetylspermidine was
undetectable in tumors from either MIN or MIN/SSAT-ko mice
(data not shown). The relative lack of change among the higher
polyamines was somewhat unexpected because deletion of SSAT is
expected to increase polyamine pools due to reduced catabolic
activity (29). We attribute this lack of change to the decrease in
ODC activity that accompanied loss of SSAT and thus, to decreased
metabolic flux through the polyamine pathways. It is likely that this
also accounts for the reduction in putrescine pools.

Tumor histology and loss of heterozygosity at the Apc locus
in SSAT-overexpressing and in SSAT-deficient MIN mice. No
discernible changes in gross morphology of tumors were noted in
either MIN/SSAT-tg or MIN/SSAT-ko mice (data not shown). Tumor
sections from both strains exhibited a typical adenomatous histology
that was very similar to that found in MIN mice (data not shown).

Several studies have indicated that tumor development in
Apc™™* mice results from LOH at the Apc locus (20, 23, 36),
leading to the loss of the wild-type Apc allele and a deficiency in
expression of the full-length APC protein. To determine if LOH is
the predominant mechanism of APC inactivation in mice with
altered expression of SSAT, we isolated tumor epithelial cells from
both MIN/SSAT-tg and MIN/SSAT-ko mice by laser capture
microdissection, and assessed loss of the wild-type Apc allele in
these cells.

The wild-type and Min alleles of the Apc gene differ by an A/T
substitution at codon 850, resulting in gain/loss of a HindIlI
restriction site (23). HindIIl digestion of a 155-bp PCR-generated
fragment spanning this site results in 123 and 144 bp products,
representing the wild-type and Min alleles, respectively. Both PCR
fragments were evident in Hindlll-digested DNA extracted from
normal villus of MIN mice (Figs. 54 and B, both on lane 2). In
contrast, epithelial cell DNA from small intestinal SSAT-tg tumors
(Fig. 54, lanes 3-15) exhibited the 144 bp HindIll fragment, with
little evidence of the 123 bp fragment, indicating loss of the wild-
type allele. Quantitation of band intensities showed that the ratio
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of the wild-type to the Min allele was 0.80 + 0.06 in DNA from
normal villus and 0.25 & 0.05 in DNA from adenoma epithelial cells
(P < 0.001). The residual amount of the 123 bp wild-type band in
some lanes is due to unavoidable contamination by infiltrating
normal cells such as inflammatory cells, lymphocytes, and
fibroblasts.

Very similar results were obtained upon analysis of MIN/SSAT-ko
mice (Fig. 5B). DNA from normal villus exhibited both bands
(lane 2), whereas that from microdissected tumor epithelial cells
predominantly showed the Min-specific band. Thus, as in normal
MIN mice, tumorigenesis in MIN/SSAT-tg and MIN/SSAT-ko mice is
associated with loss of APC expression due to LOH at the Apc locus.
Despite profound effects on tumorigenesis, genetic manipulation of
SSAT expression does not change the underlying oncogenic
mechanism, namely, APC loss during tumor initiation, indicating
that SSAT contributes in some way to the process of LOH.

Discussion

The primary finding of this study is that variations in SSAT
expression modulate intestinal tumorigenesis in the MIN mouse
model. The ability of SSAT overexpression to increase intestinal
polyps shows the tumorigenic potential of SSAT under exaggerated,
although perhaps, nonphysiologic conditions. However, the obser-
vation that SSAT deficiency reduces intestinal polyps implies a
significant role for the enzyme under basal conditions, a finding
perhaps more relevant to understanding the actual role of SSAT in
carcinogenesis. Similar to normal MIN mice, LOH at the Apc locus
occurs in tumors of both the SSAT-overproducing as well as the
SSAT-deficient MIN mice, suggesting that genetic manipulation of
SSAT expression alters the frequency of LOH-type events that are
involved in the initiation of tumor development.

Of additional significance to the current findings is the
demonstration that SSAT-mediated effects are context-dependent,
i.e., the impact of dysregulated SSAT expression varies among tumor
types. We have recently shown that overexpression of SSAT in the
TRAMP mouse model of prostate cancer markedly suppresses
tumor outgrowth (19), an effect opposite to that of the present
study. Thus, the impact of SSAT differs between the prostate and
the gastrointestinal tract. Despite this disparity, the findings with
both models strongly indicate a role for SSAT in tumor
development, whereas at the same time reflecting the ambiguities
associated with our current understanding of polyamine catabolism
and its relationship to cell proliferation (4). There is no indication in
our experience that SSAT-overproducing transgenic mice are more
prone to developing spontaneous tumors in any tissue.?

A number of studies conducted over the past few years
substantiate the complexity and context-dependency of SSAT and
its role in tumorigenesis. Several reports, based on studies of
cultured cells and animal models, are consistent with the notion
that SSAT suppresses cell growth. For example, studies with
polyamine analogues that potently induce SSAT indicate that
apoptotic indices are increased when the enzyme is up-regulated,
and are decreased when it is not (17). Conditional overexpression of
SSAT causes growth inhibition in both MCF-7 breast carcinoma
cells (12) and LNCaP prostate cancer cells (13). In vivo studies have
shown that relative to normal mice, SSAT-overproducing transgenic
mice are resistant to carcinogen-induced skin papilloma formation

* Unpublished results.

(37). As noted above, transgenic overexpression of SSAT in prostate
cancer—predisposed TRAMP mice markedly reduces outgrowth of
tumors (19). Taken as a whole, ample evidence indicates that SSAT
exerts a decidedly negative effect on cell growth and tumor
development.

In contrast to these findings, studies in other systems are
consistent with the idea that SSAT stimulates, rather than
inhibits, tumorigenesis. Enzyme levels are higher in breast tumors
than in normal tissues, and correlate positively with tumor size
(38). Gene expression profiling has identified SSAT mRNA as an
up-regulated transcript in rectal tumors (39). Treatment of colon
cancer cells with the chemopreventive agent resveratrol reduces
levels of SSAT activity while causing growth arrest (40). Perhaps
most convincingly, targeted overexpression of the enzyme in
epidermal keratinocytes of mice increases the susceptibility to
skin tumors in response to carcinogens (41). This is consistent
with the present findings that SSAT overexpression promotes,
whereas SSAT deficiency inhibits, tumor development in the MIN
mouse.

In considering the mechanism by which SSAT modulates
intestinal tumorigenesis in the MIN mouse model, we have taken
into account the rather important observation that alterations in
SSAT levels exert only minor effects on spermidine and spermine
pools. It is well known that polyamine metabolism is highly
dynamic and subject to compensatory responses designed to
conserve intracellular polyamine pools (13, 19, 28, 29, 41, 42). Thus,
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Figure 2. ODC and SAMDC activity levels in normal intestinal tissues and
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MIN/SSAT-tg mice (black columns) represent averages of three to nine animals per group.

as seen here and elsewhere (13, 28), activation of polyamine
catabolism at the level of SSAT gives rise to a compensatory increase
in polyamine biosynthetic enzymes (ie., ODC and SAMDC). We
consider it unlikely that the relatively minor changes in spermidine
and spermine pools seen in tumors of MIN/SSAT-tg and in MIN/
SSAT-ko mice (Figs. 3 and 4) are responsible for altered
tumorigenesis. Rather, we submit that changes in tumor develop-
ment more likely arise from deregulated metabolic flux through the
polyamine biosynthetic and/or catabolic pathways. This flux can be
viewed as a metabolic ratchet (Fig. 6) driven by spermidine and
spermine homeostasis. When SSAT is overexpressed as in
transgenic mice, spermidine and spermine pools decrease, trigger-
ing a sustained increase in biosynthetic activity. This results in
heightened metabolic flux and maintenance of polyamine pools
which, in turn, permit continued polyamine oxidation. Changes in
the flux can have dramatic effects on the concentrations of a
number of metabolites. On the biosynthetic side, substrates such as
ornithine, methionine, and S-adenosylmethionine are used, whereas
products such as putrescine, methylthioadenosine and carbon
dioxide are generated. On the catabolic side, substrates such as
acetyl-CoA and FAD are used, whereas products and by-products
such as putrescine, N'-acetylspermidine, 3-acetamidopropanal,
hydrogen peroxide, and FADH, are liberated (Fig. 6). The rate at
which the metabolic ratchet turns determines how rapidly
substrates are depleted and products are produced. We propose
that at some point, either a substrate becomes rate-limiting or a
product becomes toxic, causing a phenotypic change. It is
interesting to note that the ratchet model also applies to the

SSAT-ko mice where we showed that deletion of SSAT results in a
lowering of ODC activity and polyamine pools (Fig. 4) and thus, a
decrease in metabolic flux.

The metabolic ratchet model provides a useful explanation for
the effects of SSAT on intestinal polyp formation, as observed in the
present study. Although the particular metabolites mediating these
responses are not yet known, we believe that certain oxidatively
reactive by-products of polyamine catabolism may play a significant
role. SSAT is rate-limiting in polyamine catabolism. When
deregulated, the enzyme’s activity gives rise to unlimited acetylated
polyamines which are readily oxidized by polyamine oxidase to
lower polyamines; hydrogen peroxide and aldehydes are released as
by-products. Thus, when SSAT expression and polyamine catabo-
lism are high, such as in MIN/SSAT-tg mice, a compensatory
increase in polyamine biosynthesis heightens metabolic flux, giving
rise to a sustained release of reactive by-products, an increased
frequency of LOH events at the Apc locus, and thus, increased polyp
formation. Conversely, when metabolic flux is low, such as in the
MIN/SSAT-ko mice, there is minimal release of reactive by-products
and thus, a much lower probability of LOH events and tumor
formation. The correlative changes in LOH status at the Apc locus
observed in normal MIN mice, as well as in MIN/SSAT-tg and MIN/
SSAT-ko mice, is highly supportive of the above paradigm. The idea
that the LOH may be due to increased DNA damage caused by
reactive by-products of polyamine oxidase is quite consistent with
several studies showing that MIN mice having deficiencies in DNA
repair manifest similar increases in intestinal tumor development
(43-46).
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The consequences of altered metabolic flux through the in vivo with depletion of acetyl-CoA and/or S-adenosylmethionine
polyamine pathways are obviously very different between the pools (19). Although applicable to the TRAMP model, depleted
intestinal tract and the prostate of the mouse. SSAT suppression of acetyl-CoA pools and the attendant interference with fatty acid
prostate tumor growth has been associated both in vitro and synthesis hardly seems relevant to tumorigenesis in the MIN
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Figure 5. LOH at the Apc locus in intestinal tumors. Epithelial cells were isolated from tumor tissues and normal villus from MIN intestine by laser capture
microdissection. DNA was extracted and the appropriate region within the Apc gene was amplified by PCR using radioactive nucleotide substrates; the amplified
DNA was digested with Hindlll, and observed by gel electrophoresis and autoradiography (see Materials and Methods for details). A, undigested DNA from normal MIN
villus (lane 1), Hindlll-digested DNA from normal MIN villus (lane 2), and Hindlll-digested DNA from microdissected tumors of MIN/SSAT-tg mice (lanes 3-15).

B, undigested DNA normal MIN villus (lane 1), Hindlll-digested DNA from normal MIN villus (/lane 2), and Hindlll-digested DNA from microdissected MIN/SSAT-ko
tumors (lanes 3-8). Sizes of the various DNA bands are shown (126 kb fragment represents wild-type allele, 144 kb fragment represents MIN allele).
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Figure 6. Metabolic ratchet model for polyamine homeostasis. Large arrows,
the primary pathways for polyamine biosynthesis (left) and catabolism (right).
Various metabolites are shown which are either substrates or products of these
pathways. Substrates and precursors used in polyamine biosynthesis include
ornithine (Orn), methionine (Met) and the SAMDC aminopropyl donor,
S-adenosylmethionine (SAM), whereas substrates used in polyamine catabolism
include spermidine (Spd), spermine (Spm), acetyl-CoA (AcCoA), and FAD.
Compounds produced during polyamine biosynthesis include the natural
polyamines (PA), the SAMDC by-product decarboxylated S-adenosylmethionine
(dcSAM), the spermidine and spermine synthase by-product,
methylthioadenosine (MTA) and the decarboxylase by-product, CO..
Compounds produced during catabolism include the acetylated polyamines
(AcPA), the polyamine oxidase product putrescine (Put) and the by-products
hydrogen peroxide (H-O5), the aliphatic aldehyde 3-acetamidopropanal (RCHO),
and FADH,. In response to SSAT-induced decreases in spermidine and
spermine, polyamine biosynthesis increases, giving rise to a sustained increase
in metabolic flux. As flux through the pathway increases (such as that occurring
in SSAT-tg mice), substrate utilization and product accumulation increase;
conversely, as flux decreases, such as that seen in the SSAT-ko mice, substrate
utilization and product accumulation decrease. The cellular response to
alterations in flux depends upon the particular metabolites that change and how
effectively the cell is able to react to that change. The direct correlation between
SSAT expression levels and intestinal tumorigenesis suggests that a product of
SSAT or a downstream enzyme such as polyamine oxidase is facilitating the
tumorigenic process.

mouse because high fat content is known to be causally related to
tumor development in the MIN mouse model (47); thus, depletion
of acetyl-CoA would be expected to decrease rather than increase
in tumorigenesis. Similarly, it is also unlikely that depletion of the
methyl donor S-adenosylmethionine is relevant because it has
been shown that reduction of hypermethylation suppresses, rather
than promotes, polyp formation in the MIN mouse (48).

In further consideration of the disparity in SSAT effects between
MIN and TRAMP mice, it must be realized that the consequences of
altered flux through the polyamine pathway will depend upon (a)
the nature of the metabolite effector, (b) how well the cell is
prepared to respond to that metabolite, and (c) the overall metabolic
milieu of the cell. All of these are likely to vary significantly between

prostate epithelium and the intestinal mucosa. Because SSAT is
systemically overexpressed in all cells and tissues of SSAT-tg mice,
these same variables are also likely to differ in the stromal
environment of tumor cells in the two tissues. The tumor stroma
has been widely implicated in both tumorigenesis and drug responses
(49), and could be a critical determinant of the SSAT effects.

Another contextual factor unique to these particular models is
the driving cancer gene. Tumorigenesis in the MIN mouse is driven
by a mutated Apc suppressor gene (20) and its downstream
effectors, whereas that in the TRAMP mouse is driven by the SV40
large T antigen and its various target molecules (18). These are two
entirely different and nonconverging pathways. For example, ODC,
which is potently up-regulated when SSAT is overexpressed in both
models, is transactivated by ¢-MYC (25), and thus, serves as an
effector in the WNT signaling pathway that drives tumorigenesis in
the MIN mouse (24). In contrast, ODC is not among the SV40-large
T antigen targets of the TRAMP mouse.

Although daunting, the task of determining which of the above
factors is most critical in determining tumor outcome is likely to
shed new insights into the overall process of tumor development,
the role of polyamine catabolism as a modulator of that process,
and possible new strategies for cancer prevention or treatment. In
this regard, the observation that by promoting metabolic flux,
SSAT would seem to behave as a promoter of intestinal
tumorigenesis, raises the interesting possibility that pharmaco-
logic inhibitors of the enzyme or the downstream enzyme
polyamine oxidase might be a useful targeted anticancer strategy.
This notion is reinforced by the observation that within the
context of the present experiments, the SSAT-ko mice exhibited
no apparent phenotype suggesting that such an inhibitor of this
enzyme, if specific, would have minimal host effects. Lastly, our
findings tend to discount previous reports in which suppression
of SSAT by activated Ki-ras has been implicated in intestinal
tumorigenesis (50), or in which induction of SSAT by sulindac
sulfone has been implicated in colorectal chemoprevention (10),
at least in so far as these observations might apply to the MIN
mouse model.
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