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Abstract
Cancer cells can overcome the ability of polyamine biosynthesis inhibitors from completely depleting
their internal polyamines by the importation polyamines from external sources. We have developed
a group of lipophilic polyamine analogs that potently inhibit the cellular polyamine uptake system
and greatly increase the effectiveness of polyamine depletion when used in combination with DFMO,
a well-studied polyamine biosynthesis inhibitor. By the attachment of an length-optimized C16
lipophilic substituent to the epsilon-nitrogen atom of our earlier lead compound, D-Lys-Spm (5), we
have produced an analog, D-Lys(C16acyl)-Spm (11) with several orders of magnitude more potent
cell growth inhibition on a variety of cultured cancer cell types including breast (MDA-MB-231),
prostate (PC-3), melanoma (A375) and ovarian (SK-OV-3), among others. We discuss these results
in the context of a possible membrane-catalyzed interaction with the extracellular polyamine
transport apparatus. The resulting novel two-drug combination therapy targeting cellular polyamine
metabolism has shown exceptional efficacy against cutaneous squamous cell carcinomas (SCC) in
a transgenic ornithine decarboxylase (ODC) mouse model of skin cancer. A majority (88%) of large,
aggressive SCCs exhibited complete or near-complete remission to this combination therapy, while
responses to each agent alone were poor. The availability of a potent polyamine transport inhibitor
allows, for the first time, for a real test of the hypothesis that starving cells of polyamines will lead
to objective clinical response.
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Introduction
Humanity’s ability to use chemotherapeutic agents to interrupt cellular metabolic processes
constitutes a significant achievement and has supported many advances in medical treatment
over the last half century. As one of the first rationally designed chemotherapeutics, α-
difluoromethylornithine (DFMO) once held great promise in the fight against cancer. Despite
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early results achieved against cancer cell lines grown in culture, the use of this mechanism-
based inhibitor of the first step in the biosynthesis of the polyamines failed to translate to
success in the clinic. Extensive research now points to the fact that proliferating cells treated
with DFMO can overcome this metabolic blockage by importing their required polyamines
from extracellular sources. By compensating for the loss of one avenue for obtaining
polyamines, the cell utilizes an alternative biochemical mechanism to obtain the molecules
necessary for survival and continued growth.

The biological association between increased polyamine concentration and tumor growth is
well established.1;2 Numerous multidisciplinary studies have shown that intracellular
concentrations of polyamines are highly regulated at many steps in their biosynthesis,
catabolism and transport (Figure 1). The fact that the cell contains such a complex system for
the tight control of the levels of these molecules indicates that specific concentrations are
required depending on the dynamics of cell growth, differentiation and cycling. Ornithine
decarboxylase (ODC), the rate-limiting enzyme in polyamine biosynthesis, catalyzes the
conversion of ornithine to putrescine 1; which is then converted to the tri-and tetra-amines
spermidine 2 and spermine 3. An increase in the activity of ODC has been associated with
tumor growth.3–5 Inhibition of polyamine biosynthesis in cells in culture by α-
difluoromethylornithine (DFMO), a well-studied mechanism-based inhibitor of ODC, causes
a substantial depletion of intracellular putrescine and spermidine resulting in cell growth
inhibition. Upon supplementing the culture media with exogenous polyamines, this depletion
causes transport activity to rise several-fold,6;7 allowing the cells to return to their original
hyperproliferative rate of growth.

Cutaneous squamous cell carcinoma (SCC) is an epidermoid carcinoma of the skin, composing
20% of dermatological malignancies.8 Together with basal cell carcinoma, it is classified as a
nonmelanoma skin cancer, which is the most common type of cancer in the Caucasian
population. Incidence has reached epidemic proportions with 400,000 cases in the U.S. in 1980,
600,000 cases in 1990 and presently over 1 million new cases diagnosed annually.9 Although
most cases are easily cured if detected early, if the tumor is allowed to progress and metastasize
then treatment becomes much more complicated and less successful.10

We have extended our earlier discovery of amino acid-spermine conjugates11 by attaching
lipophilic substituents to the ε-amino group of the lysine portion of our earlier lead compound
D-Lys-Spm 5. These agents were characterized by their ability to inhibit cell growth in
combination with DFMO even in the presence of extracellular spermidine (EC50 values). These
analogs did not have pronounced cytotoxic effects on cells when used alone (IC50 value). Their
ability to block uptake of radiolabeled spermidine (Ki values) was also measured and
determined to be in the nanomolar range. Measurement of these analogs’ inability to rescue
cells from the growth inhibitory effects of DFMO in the absence of extracellular polyamines
showed that these analogs do not supply the cell with their polyamine requirements. Under
these culture conditions, depletion of the intracellular levels of polyamines was demonstrated.
This paper reports the optimization of lipophilic polyamine analogs produced by N-acylation
or N-alkylation of the ε-amine group of the lysine portion of the Lys-spm conjugates. The
dramatic improvement in the potency of these agents was demonstrated on multiple cell lines
and translated to a murine model of SCC. Oral delivery of DFMO and an optimized polyamine
transport inhibitor resulted in tumor growth inhibition demonstrating animal proof-of-concept
for polyamine depletion therapy. Insights into these results are discussed in the context of prior
examples of greatly improved potency of molecules directed towards membrane-associated
targets, as described by use of a membrane-catalyzed binding mechanism.
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Results
To optimize our previously described polyamine transport inhibitor (PTI), D-Lys-Spm (5), we
functionalized the ε-position of the lysine moiety in order to overcome anticipated difficulties
with this class of molecule’s oral uptake (Fig. 2). Upon addition of a C16-acyl group to the L-
Lys-spm analog 4, we observed a dramatic increase in the resulting molecule’s (10) ability to
inhibit cell growth in conjugation with DFMO when tested against several types of cancer cell
lines in culture (Table 1). The cellular assay included 0.5 µM spermidine added to the media
in order to mimic the conditions anticipated in vivo where an excess of extracellular polyamines
are expected. By performing these cell culture experiments for a six-day time period we
theorize that complete depletion of cellular polyamine levels occurs, allowing for the
interruption of some critical cellular function; shorter culture lengths showed reduced levels
of growth inhibition. Compound 10 showed greater than 100-fold improvement in its ability
to inhibit cell growth when compared to its un-substituted stereo-partner 4 (in MDA-MB-231
cells, EC50 values of 0.06 µM vs. 7.0 µM for 10 and 4, respectively). Representative growth
inhibition curves for combination therapy with unacylated D-Lys-spm analog 5 and the C16
acylated L-Lys-spm analog 10 in A375 human melanoma cells are shown in Fig. 3. The
inhibition of cell proliferation is particularly significant since it occurred even when exogenous
spermidine (0.5 µM) was present in the culture media. This improvement was matched by the
D-Lys-Spm stereo-pair 11 and 5 where the C16-acylated version showed an EC50 value of 0.076
µM (compared to an EC50 value of 2.7 µM for 5 using MDA-MB-231 cells, respectively). As
demonstrated by these data, we conclude that there is no significant difference between the
activities of the L- or D-stereoisomers. This lack of difference was repeated when the ability of
these analogs to inhibit the uptake of radiolabelled spermidine into MB-MDA-231 cells (Ki
values for the L-/D- stereopairs 4/5 were 32 vs. 28 nM and 10/11 were 7.5 vs. 10.5 nM).

These observations were extended by the synthesis and biological testing of a series of ε-acyl
and alkyl substituted Lys-spm analogs. As demonstrated in Table 1 and Table 2, the analogs
with long chain lipophilic substituents consistently inhibited cell growth in conjunction with
DFMO in the low nanomolar concentration range. With an EC50 value of 10 nM in MDA-
MB-231 breast cancer cells, the C20-acyl analog 16 demonstrated the best potency of the
acylated analogs. Analog 27, the C16-alkylated version, showed the best activity in the
alkylated series (EC50 value of 19 nM in MDA-MB-231 cells). Throughout these series, it
appears that incremental improvements in potency are obtained upon addition of carbon atoms
to the ε-nitrogen position of lysine in the conjugates. This trend provides options to overcome
unforeseen toxicities in the longer chain analogs since moderately lengthened analogs such as
8, with a C8-acyl chain, still retain substantial activity. No rounded or floating cells were
observed with any of the Lys-spm conjugates described here. This supports the lack of a
surfactant-like, cytotoxic effect of the compounds and might further suggest that the therapy
may be working through a cytostatic mechanism.

These compounds’ abilities to inhibit the growth of a variety of cell line types were explored
and the human melanoma A375 cell line was most consistently and potently affected.
Additionally, oral hamster keratinocyte cells (HCPC cells) further demonstrated the polyamine
depletion therapy’s potency against skin-derived cells (Fig. 4). These experiments
demonstrated that increased growth inhibition correlated with increased lipophilicity of the
PTI. The addition of a C8-acyl (8) or a C16-acyl group (11) to incrementally improve the
potency of the original molecule (5) when used against this cell line (EC50 values 2.2 µM and
0.15 µM for 8 and 11, respectively compared to 20.5 µM for the original 5).

Preliminary cell-based results show that these agents are not able to cross the cell membrane
and have limited impact on polyamine metabolizing enzymes in the cell. This suggests that the
target for these compounds is on the extracellular surface of the cells. Compounds 5, 8 and

Burns et al. Page 3

J Med Chem. Author manuscript; available in PMC 2010 April 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



10 were incubated with human melanoma-derived SK-Mel cells at 10 µM for 24 hrs and various
polyamine metabolic activities and polyamine levels were measured. When added alone, none
of these agents influenced the level of cellular polyamines. A reduction in the activity of ODC
was noted for 5 and 10 but not for 8 (40% and 46% vs. 110% activity compared to control,
respectively). A slight reduction in the activity of polyamine metabolizing enzyme SSAT was
noted for these three analogs (40% reduction in activity compared to control). These results
demonstrate that these agents, when used on cells alone, do not influence cellular polyamine
metabolism to any great degree. This is further demonstrated by the inability of any of these
agents to rescue from the growth inhibitory effects of DFMO when it is given to cells in the
absence of exogenous spermidine (data not shown). This result implies that these agents cannot
replace the polyamine needs of the cell when their intracellular polyamines are depleted by a
biosynthesis inhibitor. These results showed that these agents did not greatly impact cellular
polyamine metabolism after 24 hours and we hypothesize that the target of these agents is the
polyamine transport apparatus on the exterior of the cell.

Treatment of MDA-MB-231 cells with 5 or 11 in combination with DFMO for 5 days resulted
in potent reduction in the polyamine levels of the cell (Fig. 5). Cytotoxicity of theseagents
when used alone is defined as the IC50 value, which was 62 µM for 10 and 57 µM for 11 against
MDA-MB-231 cells treated for 6 days. This translates into a 1033 or 750X toxic/therapeutic
(IC50/EC50) dose ratio for compounds 10 & 11 in these cells, giving PDT a significant
therapeutic window with which to further explore the in vivo efficacy. When the effects of
decreasing intracellular polyamine levels by this combination treatment are examined one can
see that the design goals are met: a relatively non-toxic agent can potently deplete the
intracellular levels of polyamines of cells when used in conjugation with DFMO.

Combined DFMO and PTI 5 treatment leads to a dramatic response of SCCs
The combination therapy of polyamine biosynthesis/transport inhibition was then tested
against the recently developed K6/ODC transgenic mouse murine squamous cell carcinoma
(SCC) model.12 It was developed in an attempt to discover whether altered expression of ODC
was a contributing cause or simply an effect of malignant transformation. Using a bovine
keratin 6 (K6) promoter to drive high-level ODC expression specifically in proliferating cells
of hair follicles (the presumed targets of carcinogens), we were able to demonstrate skin tumor
development after only a single low dose of the carcinogen 7,12-dimethylbenz-(α)-anthracene
(DMBA), as compared with non-transgenic mice of the same strain that did not show significant
tumorigenesis in response to the same treatment. While most skin tumorigenesis models
yielded benign squamous papillomas as the predominant tumor type, when the K6/ODC
transgene was expressed on the FVB/N strain background, the majority of tumors that
developed were aggressive squamous cell carcinomas. These SCCs appeared as early as 5
weeks after treatment and in high multiplicities (up to 4 tumors per mouse), making this a very
efficient model for SCC induction. Using this model, we were thus able to conclude that over-
expression of ODC is a sufficient condition for tumor promotion in mouse skin.13

We were extremely pleased to see that the promising in vitro results above were translated into
positive results when initially tested using the combination of DFMO and our previously
described therapeutic agent 5.14 Tumor-bearing animals were treated with DFMO alone and
the combination of DFMO (either 0.25% or 0.5% in drinking water) with unsubstituted D-
Lysine-spermine 5. Compound 5 was dissolved in phosphate-buffered saline at a concentration
of 9.75 mM (5 mg/ml) and injected i.p at a dose of 50 mg/kg twice daily. While the DFMO
alone group showed moderate tumor growth inhibitory effects, we found that there were many
more complete responses to the combination therapy than to either drug alone (see ref. 14 for
data using DFMO alone). In the combination group there were 13 complete responses (no
visible tumor) at the end of the 4 week treatment period, out of 17 tumors treated, a complete
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response rate of 76%. In a second trial, the durability of this antitumor response was tested by
following the mice for 6 weeks off-treatment after the 4 week treatment period: 100% of the
completely regressed tumors did not recur. In contrast, the majority (11 of 12) of the DFMO
alone treated tumors re-grew. Thus, the combination therapy can be considered curative,
although the 6-week off-treatment period may be too short to draw definitive conclusions. As
reported in our prior publication,14 a moderate increase in the number of apoptotic cells was
observed compared to control SCC tumors from this model when extracts of these tumors were
analyzed by a TUNEL assay. While not definitive, this observation may help determine the
ultimate mechanism for tumor disappearance. We are hoping to extend these studies regarding
the mechanism of action of this therapy and will report these results in due course.

Combined anti-tumor effects of DFMO and lipophilic PTI agents
Because of their substantially greater potency in vitro, we conducted an in vivo anti-tumor trial
of DFMO combined with either the D-C16-acyl 11 Lys-spm conjugate (Fig. 6) or the L-C16-
alkyl 27 analog (Fig. 7) in the K6/ODC SCC model. Also shown in Fig. 6 are the effects of
treatment with compound 11 alone, demonstrating the improvements gained in using the
combination with the biosynthesis inhibitor DFMO. The potency of these combinations of
agents to inhibit tumor growth corresponded to their relative activities in tissue culture with
slightly better results observed using 11 in the combination. Comparable efficacy of DFMO
and 11 was achieved at a 100-fold lower dose compared to 5 (100 mg/kg/d vs. 1.4 mg/kg/d).
With the combination of DFMO (at 0.5% in drinking water) and 0.5 mg/kg 11 (i.p. twice daily)
most SCCs (71%) exhibited complete or near-complete responses (>95% volume reduction),
in contrast to the weak effect of DFMO alone (data discussed in section above and reference
14). Furthermore, when the 9 out of 17 SCCs that exhibited complete responses were followed
for an additional 6 weeks off-treatment, only one tumor recurrence was observed. Based on
these results, obtained using a 100-fold lower dosage level of 11 compared with 5, and with
no apparent toxicity at this dose level, clinical development of 11 instead of 5 holds much
greater promise.

As a further demonstration of the effectiveness of this combination therapy, a second, smaller
trial was conducted to assess the efficacy of orally delivered 11 on SCC growth (Figure 8).
The concentration of 11 delivered was 14 µg/ml, or an average daily dose of ~50–65 µg
(equivalent to ~3 mg/kg/d). All SCCs responded over a 6-week treatment period, with two
tumors exhibiting a complete response (>99% volume reduction). This preliminary result
suggests an oral route of administration of polyamine transport inhibitors can be effective. Prior
formulation work has shown that great improvements in oral bioavailability (from <1% to
60%) were made upon changing from the hydrochloride salt form of 5 to its free base in the
presence of appropriate excipients. Therefore, it is expected that great improvements in the
oral bioavailability of 11 would result from a similar drug formulation. Clearly,
pharmacokinetic optimization of the oral delivery of 11 is in order.

Discussion
A variety of naturally occurring lipophilic polycationic molecules have been discovered.
Squalamine, which shows potent antibacterial activities, is a sterol-spermidine conjugate that
was isolated from stomach extracts of the dogfish shark Squalus acanthias.15 Several acylated
short peptides with antibacterial activity have been discovered in various microorganisms.16–
19 The posttranslational modification of proteins through palmitoylation of lysine20 or
cysteine21,22 residues has been shown to be a reversible mechanism to influence the protein’s
interaction with membranes and their trafficking. Acylation with long chain aliphatic lipid
groups has been an effective method for increasing the efficacy of antibacterial peptides.23–
28 Naturally-occurring peptides known as protein transduction domains (PTDs) or cell-
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penetrating peptides (CPP) have been shown to contain sequences that provide a means to
deliver molecules into mammalian cells. Included in this group are HIV-tat,29 Drosophila
melanogaster antennapedia protein30 and the herpes simplex virus structural protein VP2231

all of which contain a group of basic Lys or Arg residues. The mechanisms underlying the
uptake of these peptides have been reviewed recently.32,33

Synthetic chemists have followed Nature’s lead by attaching lipophilic features to molecules
in order to increase their potency toward their targets. Wender’s group has demonstrated that
conjugation of a polyarginine sequence allows cellular uptake of a variety of lipophilic drug
molecules.34,35;36 A recent report showed the impact the anionic counterion has on this
polyarginine uptake.37 Additionally, cationic lipids have shown promise as non-viral gene
therapy transfection agents.38,39

Insights into the possible mechanism of the lipophilic PTI’s increased activity can be gathered
by consideration of Schwyzer’s theory of “membrane-catalyzed” peptide-receptor interactions.
40 Given that the cell membrane’s polyamine transporter apparatus can only occupy a small
fraction of the cellular surface it might be considered more likely that the lipophilic PTI will
interact with the lipid membrane of the cell before associating with the presumed polyanionic
target of the transport apparatus. Furthermore, since now, the localized membrane
concentration of inhibitor is increased, it might also be assumed more likely that the transporter
will bind with these membrane-associated inhibitors. Additionally, the higher-binding
efficiencies may have an entropic contribution from the reduction-of-dimensionality from a
three-dimensional target search to a two-dimensional search. It has been estimated that this
can result in an enhancement of 102-103 in binding.41 A recent review of these concepts has
appeared.42 As demonstrated by the results reported here, and regardless of the exact order of
binding events sequence, consideration of these effects for the design of drugs targeting
membrane-associated biomolecules is well warranted.

The polyamine transport apparatus of the cell performs the inherently difficult biological task
of transporting the poly-ammonium charged polyamines across the lipophilic cell membrane.
Polyamine transport into mammalian cells is energy and temperature dependent, saturable,
carrier mediated and operates against a substantial concentration gradient43;44 Ample
experimental proof exists that polyamine concentration homeostasis is mediated via this
transport system. Changes in the requirements for polyamines in response to growth
stimulation are reflected by increases in the transport activity. Stimulation of human fibroblasts
to cell proliferation by serum or epidermal growth factor was followed by an 18–100 fold
increase in the uptake of putrescine.45 Tumors have been shown to have an increased rate of
putrescine uptake46;47 Reduction of the systemic availability of polyamines by reduction of
gastrointestinal bacterial polyamine production has been shown to increase the antitumor
efficacy of DFMO.48–50 A promising recent report showed that the use of DFMO as a
chemopreventative for the reoccurrence of colon cancer and demonstrates that the use of a
polyamine-based chemotherapeutic is a viable approach in the fight against cancer.51

Several researchers have studied the ability of synthetic analogs of polyamines to inhibit the
uptake of 3H-spermidine into cells.52–54 Notable examples of potent polyamine transport
inhibitors include the work by Poulin55;56 and Cullis.57;58 Two groups have summarized much
of this literature data by use of CoMFA and QSAR methods.59;60 Additionally, a group has
exploited the higher polyamine transport activity of cancer cells as a drug-targeting strategy.
61 In this work, it was demonstrated that triamine-anthracene conjugates were able to gain
access to the interior of the cell whereas their tetraamine counterparts appeared to remain on
the cell surface. These important observations contribute to the possibility that the tetraamino
Lys-spm analogs described in this manuscript remain associated with the cell membrane.
Several research groups have begun to explore the molecular mechanisms for transport of
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polycharged species. Regen’s work on the assisted delivery of bile-acid spermine conjugates
might be considered as a synthetic model of a membrane transporter.62–64 A series of
persulfated polyanionic molecular umbrellas based on spermine tetra-lysine conjugates have
been evaluated as anti-HIV and anti-HSV agents.65 Peterson’s group has designed and
characterized several series of cholesterol-linked of peptides as models for receptor-mediated
endocytosis.66,67,68

Genes for the polyamine transport protein or complex have been cloned from Escherichia
coli and yeast69 and a subunit of the transporter from E. coli has been crystallized and its X-
ray structure has been determined.70;71 The genes for the mammalian transporter await
identification. Despite this, several researchers have suggested that the polyamine transport
system may involve binding first to a plasma membrane carrier followed by transport into pre-
existing polyamine-sequestering vesicles72 which may be related to a complex S-nitrosylated
glypican recycling system.73–75 In fact, the use of a HIV-Tat domain-derived peptide that
potently inhibits polyamine uptake in combination with DFMO has been shown to dramatically
increase its effectiveness in a mouse cancer model.76 Furthermore, a recent report demonstrated
the effectiveness of polyamine depletion by dual use of DFMO and an antibody to the heparan
sulfate.77

Conclusions
In this work, we extend our earlier studies characterizing amino acid-spermine conjugates as
polyamine transport inhibitors by attaching various lipophilic groups to the epsilon nitrogen
atom of the lysine portion of our Lys-spermine conjugate lead. Extensive biochemical
characterization led to the selection of the C16-acyl derivative of the D-Lys-spermine conjugate
11 as our lead compound. An especially appealing aspect of this approach is the fact that the
target resides on the extracellular membrane of the cell and the drug agent does not need to
enter the cell. The use of this agent, in combination with the approved drug DFMO, represents
a first-in-class therapy to deplete cellular polyamine levels in proliferative diseases such as
cancer. We have demonstrated both in vitro and in vivo efficacy with this approach against
skin derived tumors yet feel that its usefulness would apply equally to a variety of
hyperproliferative diseases. As demonstrated by the positive results following oral delivery in
the murine skin cancer model reported here, together with recent results obtained in
spontaneous squamous cell carcinomas in housecats, this therapy holds promise for the
treatment of cancer. We have initiated studies to explore the formulation, pharmacokinetic and
toxicological profile of these agents in anticipation of future human clinical studies.

Materials and Methods
Compounds

All compounds were prepared as previously reported78 and were tested as their per-HCl salts.
Drugs readily dissolved in H2O to at least 10 mM concentrations. Compounds were
characterized by TLC (using 4:1:1:2 isopropanol/pyridine/glacial acetic acid/H2O), 1H
and 13C NMR, LC/MS and elemental analysis and all data were consistent with structures
assigned and supported >97% purities. Characterization details are given below for several
representative compounds.

Representative acyl products
L-Lys-ε-(palmitoyl)-N1-spermine (10) - TLC analysis: Rf = 0.19. 1H NMR (D2O, δ): 3.93 (1H),
3.45 (1H), 3.03 (13H), 2.12 (2H), 2.02 (2H), 1.85 (4H), 1.75 (s, 4H), 1.43 (4H), 1.32 (2H),
1.11 (24H), 0.72 (t, 3H). 13C NMR (D2O, ppm): 175.7, 169.8, 53.4, 46.7 (m), 45.2, 44.6, 38.8,
36.5, 36.1, 31.9, 30.4, 30.0 (m), 29.9 (m), 29.6 (m), 29.4, 28.2, 25.7, 25.5, 23.6, 22.8, 22.7,
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22.3, 21.7, 13.8. LC/MS (ret time, 7.2 min, 99% purity), calcd for C32H68N6O2 m/z 568, obsd
569 (MH+). Anal. Calcd for C32H72Cl4N6O2: C, 53.77; H, 10.15; N, 11.76. Found: C, 53.51;
H, 10.09; N, 11.51.

D-Lys-ε-(palmitoyl)-N1-spermine (11) - TLC analysis: Rf = 0.19. 1H NMR (D2O, δ): 3.94 (1H),
3.47 (1H), 3.06 (13H), 2.13 (2H), 2.04 (2H), 1.87 (4H), 1.75 (4H), 1.47 (4H), 1.36 (2H), 1.16
(24H), 0.78 (3H). 13C NMR (D2O, ppm): 175.7, 169.8, 53.4, 47.2 (m), 45.6, 44.8, 39.0, 36.6
(m), 36.1, 31.9, 29.8 (m), 29.6, 29.3, 28.4, 25.9, 25.7, 23.8, 22.8, 23.1, 22.8, 22.1, 14.0. LC/
MS (ret time, 7.2 min; 98% purity), calcd for C32H68N6O2 m/z 568, obsd 569 (MH+). Anal.
Calcd for C32H72Cl4N6O2: C, 53.77; H, 10.15; N, 11.76. Found: C, 53.38; H, 10.20; N, 11.52.

Representative alkyl product
L-Lys-ε-(n-hexadecyl)-N1-spermine (27) - TLC analysis: Rf = 0.11. 1H NMR (D2O, δ): 3.97
(1H), 3.48 (1H), 3.04 (15H), 2.04 (2H), 1.91 (4H), 1.75 (8H), 1.48 (2H), 1.22 (26H), 0.91
(3H). 13C NMR (D2O, ppm): 168.8, 53.4, 48.0, 47.3, 47.1 (m), 45.4, 44.7, 36.7, 32.0, 30.6,
29.9 (m), 29.8, 29.5, 29.4, 29.1, 26.5, 25.9, 25.6, 25.5, 23.8, 22.9, 22.8, 21.7, 13.9. LC/MS (ret
time, 7.2 min; 97% purity), calcd for C32H70N6O m/z 555, obsd 556 (MH+). Anal. Calcd for
C32H75Cl5N6O·3/2H2O: C, 50.29; H, 10.29; N, 11.00. Found: C, 50.30; H, 10.05; N, 10.67.

Cell Growth Assay
All cell lines were obtained from ATCC (Manassas, VA) and cultured in the recommended
media, serum, and CO2 concentration. Medias were obtained from Mediatech, Inc. (Herndon,
VA) and serums from Gibco BRL (Gaithersburg, MD). 50 U/ml penicillin, 50 µg/ml
streptomycin and 2 mM L-glutamine (all from BioWhittaker, Walkersville, MD) were included
in all cultures. When cells were cultured with inhibitors, 1.0 mM aminoguanidine was included
to inhibit serum amine oxidase activity. Cells were plated in 96-well plates such that they would
be in log growth for the duration of the assay. The day after plating, inhibitors were added to
the cells, and growth, if any, permitted to continue for six days in the presence 0.5 µM
spermidine to insure that any growth inhibition was not the result of depletion of external
polyamines in the media. At the end of the six days, cell growth was measured by MTS/PMS
dye assay (Cell Titer 96 Aqueous Non-Radioactive Cell Proliferation Assay; Promega,
Madison, WI). EC50 represents the concentration of inhibitor that resulted in 50% of maximum
growth inhibition achievable in the presence of both DFMO (5.0 mM in all cell lines) and
inhibitor (at different concentrations depending in part on the cell line used) compared to
controls. IC50 represents the concentration of inhibitor that resulted in 50% maximum growth
inhibition when used alone. EC50 values are shown in Table 1 and Table 2.

Polyamine Transport and Ki Assays
[2,9-3H]spermidine from DuPont NEN (Boston, MA) was added alone or simultaneously with
inhibitors to 24-well plates containing MDA-MB-231 cells in log growth. The cells were
incubated at 37°C for 15 min to determine initial rate polyamine uptake. The cells were then
washed three times with cold PBS, lysed with 0.1% SDS, and the amount of polyamine
incorporation into the cells was determined by scintillation counting of the cell lysates. To
determine a Ki, four radioactive substrate concentrations (0.3–3 µM) and five inhibitor
concentrations (0.01–1.0 µM) and a control were tested. The Ki values were determined using
double reciprocal Lineweaver-Burke plot analyses. Ki values were determined from linear
equations derived from graphing the slopes of Lineweaver-Burke plot vs. inhibitor
concentration, with Ki = y-intercept / slope.
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HPLC Analysis of Dansylated Derivatives
Polyamine levels and analogs were determined by prederivatization by dansyl chloride
followed by reverse-phase HPLC by fluorescent detection.79

Mouse Squamous Cell Carcinoma Model
The K6/ODC mouse model on the FVB/N strain background instead of the original C57BL/
6J background12 was used in all experiments. All experiments with mice were approved by
the Institutional Animal Care and Use Committee of Lankenau Institute for Medical Research.
To induce SCCs, newborn (1 day old) pups were treated once topically with 100 nmol of DMBA
dissolved in 50 µl acetone. Both male and female mice were used. SCCs typically developed
on the treated area (dorsal skin) beginning 5 weeks later. SCC-bearing mice were used in
experiments between 8 and 18 weeks of age. Based on pilot data indicating a general lack of
responsiveness of SCCs of the face and head, these tumors were excluded from analyses.

There was substantial variability in tumor growth rates, even among multiple SCCs in the same
mouse. In an attempt to control for this variability, tumor-bearing mice were randomized based
on tumor size distribution to one of four treatment groups: (1) control (phosphate-buffered
saline (vehicle for PTI); (2) DFMO (either 0.25% or 0.5% in drinking water); (3) PTI analog
and (4) DFMO plus PTI analog. Thus, each treatment group consisted of mice bearing SCCs
with approximately equal tumor size distributions (small→large). DFMO solutions were
changed every 4 days or less. Compound 11 was dissolved in phosphate-buffered saline at a
concentration of 9.75 mM (5 mg/ml) and injected i.p at a dose of 0.7 mg/kg twice daily in early
morning and late afternoon, except on weekends when mice were injected once. Animals were
observed daily for signs of distress due to tumor burden and/or drug treatment. Tumor volume
was calculated according to the equation V = l × w2/2 where l = length (longest dimension)
and w = width. Responses of individual tumors to treatment were expressed as “ratio of tumor
volume,” which is defined as the tumor volume after treatment divided by the initial
(pretreatment) volume.

Abbreviations
ATCC, American type culture collection; CoMFA, comparative molecular field analysis;
DFMO, α-difluoromethylornithine; DMBA, 7,12-dimethylbenz-(α)-anthracene; ODC,
ornithine decarboxylase; PTI, polyamine transport inhibitor; QSAR, quantitative structure
activity relationship; SCC, squamous cell carcinoma; SSAT, spermine/spermidine N1-
acetyltransferase.
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Figure 1.
Cellular polyamine depletion therapy: Synthesis, recycling and transport must be considered.
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Figure 2.
Design of analogs with higher lipophilicity.
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Figure 3.
Comparison of growth-inhibitory activities against A375 cells between unsubstituted (5) and
lipophilic Lys-spm (10) conjugates in combination with DFMO.a
aA375 cells cultured for 6 days in combination with 5.0 mM DFMO, 0.5 µM spermidine and
1.0 mM aminoguanidine together with the amount of Lys-spm conjugates shown.
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Figure 4.
HCPC Growth Inhibition with PTI and DFMO.a
aHCPC cells cultured for 6 days in combination with 5.0 mM DFMO, 0.5 µM spermidine and
1.0 mM aminoguanidine together with the amount of Lys-spm conjugates shown.
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Figure 5.
Cellular polyamine depletion using the combination of PTI and DFMO.a
aConditions: MDA-MB-231 cells were treated for 5 days with 30 µM 5 (D-Lys-spm) or 0.1
µM 11 (Lipo-PA), 5.0 mM DFMO, or the combination of both Lys-spm conjugate and DFMO
(all with 0.5 µM spermidine and 1.0 mM aminoguanidine). Polyamine levels determined by
pre-column dansylation followed by fluorescent HPLC detection.
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Figure 6.
Antitumor effects in SCC mouse model using either PTI analog 11 alone or combination of
DFMO and agent 11.a
aResponse of SCC tumors to 4 weeks of treatment with Cmpd 11 alone (TOP; 0.5 mg/kg twice
daily) or combined treatment with 0.5% DFMO orally and 11 (BOTTOM; 0.5 mg/kg i.p. twice
daily). Numbers above each set represent the ratio of each tumor volume: tumor volume at the
end of the trial period divided by the initial pretreatment volume. "–" represents complete
disappearance of the tumor.
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Figure 7.
Antitumor effects in SCC mouse model using combination of DFMO and agent 27.a
aResponse of 17 tumors to 4 weeks of a combined treatment with 0.5% DFMO and 0.5 mg/kg
27 (i.p. twice daily). Numbers above each set represent the ratio of each tumor volume: tumor
volume at the end of the trial period divided by the initial pretreatment volume. "–" represents
complete disappearance of the tumor.
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Figure 8.
Antitumor activity following oral delivery of PTI analog 11 (~3 mg/kg) and DFMOa.
aResponse of 6 tumors to 6 weeks of a combined treatment with 0.5% DFMO and 11 both
given in the drinking water. Numbers above each set represent the ratio of tumor volume at
the end of the trial period divided by the initial pretreatment volume.
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