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Abstract
The thymidylate synthase inhibitor 5-fluorouracil (5-FU) is used widely for chemotherapy of
colorectal carcinoma. Recent studies showed that 5-FU affects polyamine metabolism in colon
carcinoma cells. We therefore examined whether combinations of 5-FU with drugs that
specifically target polyamine metabolism, i.e. N1,N11-diethylnorspermine (DENSPM) or α-
difluoromethyl-ornithine (DFMO), have synergistic effects in killing HCT116 colon carcinoma
cells with wild-type or absent p53. Our results showed that simultaneous 5-FU and DENSPM, a
spermine analogue, synergistically increased transcript levels of the polyamine catabolism enzyme
spermidine/spermine N1-acetyltransferase, depleted spermine and spermidine, increased acetylated
spermidine, and produced synergistic tumor cell apoptosis in both p53 wild-type and p53-null
variants. By contrast, simultaneous combination of 5-FU with DFMO, an inhibitor of the
polyamine biosynthetic enzyme ornithine decarboxylase, depleted putrescine but did not produce
synergistic cell killing. Some pre-treatment and post-treatment regimens of DENSPM and DFMO
were antagonistic to 5-FU depending on cellular p53 status. Protein and transcriptome expression
analysis showed that combined 5-FU and DENSPM treatment activated caspase 9, but not caspase
3, and significantly suppressed NADH dehydrogenases and cytochrome c oxidases, consistent
with the observed increase in hydrogen peroxide, loss of mitochondrial membrane potential, and
release of cytochrome c. Our findings demonstrate the importance of the polyamine pathway in 5-
FU effects and suggest that the combination of 5-FU with DENSPM has potential for development
as therapy for colorectal carcinoma.
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The fluoropyrimidine 5-fluorouracil (5-FU)1 has been widely used a chemotherapy agent in
the treatment of many types of solid tumors (1–3). To improve the efficacy of 5-FU, several
other drugs such as leucovorin, irinotecan, or oxaliplatin have been used recently in
combination with 5-FU in preclinical and clinical trials that have produced promising results
(4 – 6).

5-FU achieves its therapeutic effect by several known mechanisms. It binds to and inhibits
thymidylate synthase, which converts 2-deoxyuridine to thymidylate, thus interfering with
DNA synthesis. 5-FU incorporates into RNA, leading to disruption of RNA processing (7–
9). Our recent functional genomic studies have rediscovered that 5-FU also affects
polyamine pathways to reduce the levels of polyamines in treated colon cancer cells (10), an
observation that was originally made by Russell et al. in 1974 in a liver cancer xenograft
mouse model (11). Thus, it appears that 5-FU targets two major cellular processes, i.e.
polyamine metabolism as well as processing and synthesis of DNA and RNA. These two
processes may have intimate inter-relationships because polyamines bind DNA and RNA
and affect chromosomal structure, RNA stability, and translation (12).

Spermidine, spermine, and their diamine precursor putrescine are natural polyamines in
living organisms and play critical roles in proliferation, differentiation, and homeostasis in
both normal and cancer cells. The balance between polyamine biosynthesis and catabolism
is tightly regulated to maintain cellular polyamine levels. Mice with disrupted genes
important for polyamine biosynthesis, such as ornithine decarboxylase, die early in
embryonic development (13). Insufficient levels of polyamines result in retarded cell growth
and sometimes cell death. Therefore, cellular polyamine depletion through inhibition of the
polyamine biosynthetic pathway has been used for chemotherapeutic intervention (14 –16).
DFMO, which is a suicide inhibitor of ornithine decarboxylase, the enzyme that
decarboxylates ornithine to produce putrescine, is a well studied inhibitor of the biosynthetic
pathway. However, clinical trials using DFMO yielded disappointing results (17–19),
perhaps because polyamines are often present at high levels in human diet and intestinal
lumen, thus bypassing the suppression of polyamine biosynthesis (20). Nevertheless,
because of the low toxicity of DFMO, it has been tested as a chemopreventive agent for
colon carcinoma (21).

Interest in polyamine metabolism has shifted to its catabolism, especially because
catabolism has been associated with the anti-tumor effects of several polyamine analogues.
DENSPM is an analogue of spermine that has been shown to deplete polyamines by
inducing expression of the polyamine catabolism enzyme SSAT through Nrf-2 and
polyamine-modulated factor-1 interaction on the SSAT promoter (22, 23). SSAT acetylates
spermine and spermidine, which in turn are substrates for a flavin-dependent polyamine
oxidase to produce hydrogen peroxide that is believed to account for the cytotoxicity of
DENSPM (24, 25). However, the cytotoxic effect of DENSPM is not observed in all cell
types and is often observed only after long exposure, suggesting that the cytotoxicity of
DENSPM alone is not very potent.

In this study, we investigated whether combinations of 5-FU with drugs that modulate
polyamine metabolism may have synergistic effects in inducing colon cancer cell apoptosis.
In addition, to evaluate the role of p53 in the response to combination therapy, we used two

1The abbreviations used are: 5-FU, 5-fluorouracil; CI, combination index; CM-H2DCFDA, 5,6-chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate; DENSPM, N1,N11-diethylnorspermine; DFMO, α-difluoromethylornithine; IC25, 25% of
inhibitory concentration; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium;
Rho123, rhodamine 123; SSAT, spermidine/spermine N1-acetyltransferase; wt-p53, wild-type p53; PBS, phosphate-buffered saline.

Choi et al. Page 2

J Biol Chem. Author manuscript; available in PMC 2013 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



isogenic HCT116 colon cancer cell lines that were either wild-type for p53 (wt-p53) or had
the p53 gene deleted (p53-null) (26, 27).

EXPERIMENTAL PROCEDURES
Reagents

5-FU, DFMO, and antioxidant GSH were purchased from Sigma, and DENSPM was
purchased from Tocris (Ellisville, MI). 5-FU was dissolved in Me2SO, and DFMO and
DENSPM were dissolved in water according to the manufacturer’s instructions. CM-
H2DCFDA and Rho123 were purchased from Molecular Probes (Eugene, OR) and dissolved
in Me2SO.

Cell Culture
The isogenic HCT116 cell lines with wt-p53 or p53-null background were provided by Dr.
Bert Vogelstein (Johns Hopkins University). The cell lines were cultured in Dulbecco’s
modified Eagle’s medium with 10% Nuserum (Collaborative Research Products, Bedford,
MA) at 37 °C in a 5% CO2 incubator. Because fetal bovine serum has abundant thymine and
polyamines, we used dialyzed serum to remove these moieties that would interfere with the
experimental results. Later experiments showed that fetal bovine serum did not affect the
pattern of cellular responses but did shift the dose of drugs required to achieve the same
results (data not shown).

MTS Cell Viability Assay
CellTiter 96 Aqueous One Solution Reagent (Promega, G358B, Madison, WI) was used to
detect viable cells in cytotoxicity experiments. After 20 μl of MTS solution were added into
each well, the cells were incubated at 37 °C with 5% CO2 for 2 h before absorbance at 490
nm was measured with a Micro-plate reader (MRX, Danatech Laboratory, Houston, TX).
All the MTS assays included 3 to 5 replicates for each treatment condition, and the
experiments were repeated at least twice.

Drug Treatment Experiments
A total of 3000 cells per well in a volume of 100 μl were plated in each 96-well plate. On
the second day, various concentrations of 5-FU were added to the wells, and MTS assays
were performed to estimate IC25 values (2.5 μM for HCT116 wt-p53 and 15 μM for
HCT116 p53-null). Twenty-four hours after the initial cell seeding, the IC25 dose of 5-FU
alone or combinations with various concentrations of DENSPM (1.25, 2.5, 5, and 10 μM)
were added. Three different dosing schedules were evaluated. The post-5-FU schedule was
5-FU for 48 h followed by DENSPM for 48 h; the pre-5-FU schedule was DENSPM for 48
h followed by 5-FU for 48 h; and the simultaneous schedule was 5-FU and DENSPM
together for 48 h followed by medium alone for 48 h. After drug exposure, the MTS assay
was used to measure cell viability.

Measurement of Cellular Levels of Polyamines
Treated cells were collected and lysed. The polyamine concentrations were determined by
high-pressure liquid chromatography as described previously (28).

Cell Cycle Analysis by Flow Cytometry
Cells were seeded in a 10-cm2 dish (one million cells/dish) in 10 ml of medium
supplemented with 10% dialyzed fetal bovine serum. After 24 h at 37 °C, drugs were added
for 72 h. After being washed with phosphate-buffered saline, cells were harvested by
trypsinization and centrifugation, fixed with 70% of ethanol, and then stained with
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propidium iodide with RNase, followed by analysis on a FACS-Calibur instrument (BD
Biosciences, Franklin Lakes, NJ) with CELL Quest software.

Real-time Reverse Transcriptase-PCR Methods for SSAT Expression
SSAT and 18 S rRNA were quantitated using the Applied Bio-system TaqMan method in
conjunction with Assays-On-Demand (ABI PRISM 7700 Sequence Detection System,
Applied Biosystems, Foster City, CA). The PCR mixture consisted of Taqman Master Mix
(without uracil-N-glycosylase), MultiScribe reverse transcriptase, RNase inhibitors, and 10
ng of total RNA in a final volume of 50 μl. Thermal cycling was initiated with reverse
transcription at 48 °C for 30 min and the Taq Gold activation step at 95 °C for 10 min. The
thermal profile for the PCR was 95 °C for 15 s and 60 °C for 1 min. Data were obtained
during 40 cycles of amplification. PCR were performed in triplicate for SSAT with 18 S as
an internal standard. The levels of SSAT in drug-treated samples relative to untreated
control were determined.

Microarray Methods for Transcriptome Analysis
Total RNA was isolated, labeled, and hybridized as described (29). After being washed, the
slides were scanned with a GeneTAC UC 4 laser scanner (Genomic Solutions, Ann Arbor,
MI), and the signal intensities were quantified with ArrayVision™ (Imaging Research Inc.,
St. Catherine’s, Ontario, Canada). The data were analyzed using the in-house program for
microarray analysis (30). Each differentially expressed gene was determined from a cutoff
value of its T value. Generally, a cutoff value of 3 was considered to be statistically
significant based on the statistical variations (30). The pathway array includes 2,016
functionally well characterized genes involved in cell death, cell growth, metabolism, cell
invasion, cell communication, immune response, DNA repair, and transcription (generated
by the M. D. Anderson Cancer Center Genomics Core Laboratory, www3.mdanderson.org/
~genomics). GoMiner was used (discover.nci.nih.gov/gominer) for the analysis of functional
gene groups.

Western Blotting
Total cellular protein extract was isolated from harvested cells, protein concentration was
determined, and Western blotting was carried out as described previously (31). The
antibodies used were anti-p53 monoclonal antibody (Ab-6, Oncogene Science, Manhasset,
NY), anti-p21Waf1 mouse hybridoma (a gift from Dr. Wade Harper at Baylor College of
Medicine, Houston, TX), anti-caspase 3 (R & D Systems, Minneapolis, MN), anti-mdm2,
anti-cyclin A2, anti-cyclin B1, anti-Fas, anti-β-actin (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), and antibody for cleaved caspase 9 (Cell Signaling, Beverly, MA).

Cytochrome c Release Assay
Drug-treated cells were harvested for separation of mitochondria and cytosol by use of
ApoAlert™ cell fractionation kit (BD Biosciences) according to the instructions from the
manufacturer. Antibody for cytochrome c included in the kit was used in Western blotting
analysis.

Cellular Hydrogen Peroxide (H2O2) Staining Assay
Cells were seeded in 6-well plates and treated with 5-FU and DENSPM for 48 h. CM-
H2DCFDA was applied to the cells at 1 μM final concentration and incubated for 1 h at 37
°C. The cells were harvested with trypsin and washed twice with ice-cold phosphate-
buffered saline. Ten thousand cells were analyzed on the FACS-Calibur instrument (BD
Biosciences) with CELL Quest Pro software.
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Mitochondrial Transmembrane Potential (Δψm) Assay
Cells were treated with Rho123 at 100 nM final concentration to detect the disruption of
mitochondrial membrane potential.

Statistical Analysis
The effect of drug combinations was analyzed using median effect algorithms developed by
Chou and Talalay (32). Dose-response interactions (antagonism, additivity, synergism)
between 5-FU and DENSPM were expressed as a combination index (CI) for every fraction
affected. A CI value that is smaller than 1 indicates synergism, a CI value higher than 1
indicates antagonism, and a CI value of 1 indicates additivity. Differences in means were
evaluated by two-tailed t test assuming unequal variances.

RESULTS
Synergism by Combination of 5-FU with DENSPM

As shown in Fig. 1, treatment of both wt-p53 and p53-null HCT116 cells with combined 5-
FU and DENSPM markedly reduced tumor cell viability. For wt-p53 cells, 5-FU and
DENSPM had a strong synergistic effect, with a Chou and Talalay CI value in the range of
0.3– 0.6. Moderate synergistic effect (0.7 < CI < 0.85) was seen with a post-5-FU schedule
of initial 5-FU followed by DENSPM. Interestingly, an antagonistic effect was observed
when the wt-p53 cells were pre-treated with DENSPM followed by 5-FU. In p53-null cells,
simultaneous drug treatment also had the most synergistic effect, whereas pretreatment with
DENSPM before 5-FU had an antagonistic effect.

Flow cytometric analysis (Fig. 2) indicated that simultaneous treatment in both isogenic
lines resulted in a marked increase of the apoptotic sub-G1 population, indicating cytotoxic
effect and apoptosis. Absence of p53 alleles in the null cells appeared to reduce apoptosis in
response to either DENSPM alone or the combination treatment. In contrast to the results for
5-FU with DENSPM, the combination of 5-FU with DFMO did not produce synergistic cell
killing (Fig. 3).

Depletion of Polyamines and Accumulation of Acetylated Spermidine by Combined 5-FU
and DENSPM Treatment

5-FU at the IC25 dose did not markedly reduce polyamines. DENSPM decreased the levels
of spermidine and spermine as expected, but increased the putrescine level (Fig. 4).
However, the combination treatment with 5-FU and DENSPM produced a marked reduction
in spermidine and spermine in tumor cells. The levels of acetylated spermidine in the wt-p53
line were markedly increased compared with controls. However, the levels of acetylated
spermidine increased only minimally in the p53-null line despite a marked decrease in
spermidine in the treated cells.

The cellular polyamine levels in cells treated with DFMO showed a reduction of putrescine
and spermidine, which confirmed the effect of DFMO as a biosynthetic inhibitor (Fig. 4).
Combination of 5-FU and DFMO also markedly reduced putrescine by half but did not lead
to an increase in acetylated polyamines.

Induction of SSAT Gene Expression by 5-FU and DENSPM
To test whether the 5-FU and DENSPM combination had a stronger effect on SSAT
expression than each individual agent, a real-time PCR analysis was performed to quantify
SSAT transcript levels in the tumor cells. As shown in Fig. 5, 5-FU alone led to only a
minor increase in SSAT expression, but DENSPM produced a major increase. The
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combination of the two drugs, however, resulted in a marked induction of SSAT expression
(24 times higher in wt-p53 cells and 10 times higher in p53-null cells). The extent of SSAT
mRNA induction appeared to match the levels of acetylated spermidine in wt-p53 cells but
not in p53-null cells. Although we did not measure SSAT enzyme activity levels, increased
expression of the gene and the marked reduction of spermidine and spermine levels (see
above) indicated that an increase in SSAT enzymatic activity occurred.

H2O2 Production and Antioxidant Protective Effect
Because SSAT catabolizes polyamines to produce acetylated poly-amines, which serve as
substrates for polyamine oxidase that generates hydrogen peroxide (24), we investigated
whether combined 5-FU and DENSPM treatment resulted in an increased level of H2O2 that
would play a role in apoptotic responses as a toxic reactive oxygen species. Measurements
of H2O2 using CM-H2DCFDA showed that incubation of cells with simultaneous 5-FU and
DENSPM led to increased H2O2 production (Fig. 6A). Interestingly, 5-FU alone also caused
a marked accumulation of H2O2, especially in p53-null cells. To determine whether the
observed apoptosis involved reactive oxygen species, the cells were incubated with 5-FU
and DENSPM in the presence of the antioxidant GSH, and attenuated cytotoxicity was
observed, as expected (Fig. 6B).

Transcriptome Analysis
From the MTS assay, the combination of 5-FU and DENSPM showed synergistic growth
inhibition and cell-killing effects. The gene expression profiles of drug-treated cells at 48 h
were investigated to elucidate the molecular pathways of the synergism. Both the wt-p53
and p53-null cell lines showed that a larger number of genes were significantly altered after
combination treatment with 5-FU and DENSPM as compared with the single-agent
treatment groups (Tables I and II). In the wt-p53 cell line, the numbers of differentially
expressed genes among 2,016 cancer pathway-related genes examined in cells treated with
5-FU alone, DENSPM alone, or their combination were 61, 30, and 76, respectively. In the
p53-null cell line, 41, 54, and 132 genes were altered. Consistent with the real-time PCR
results, marked induction of SSAT mRNA was observed with combined 5-FU and
DENSPM treatment in both cell lines (data not shown).

In the wt-p53 HCT116 cell line, the expression of p53 downstream genes (p21WAF1, mdm2,
bbc3, mic-1, ferredoxin reductase, 14-3-3-σ, etc.) was induced, demonstrating that the p53
pathway was activated. These genes were not induced in the p53-null cells. Consistent with
the flow cytometry results, the expression of cell cycle arrest genes (p21WAF1, cyclin D2,
cyclin A, 14-3-3-σ) were also altered. Genes involved in mitochondrial functions were
statistically significantly down-regulated (Table I, p = 0.04). In the p53-null HCT116 cell
line, genes in the categories of oxidative phosphorylation (p = 0.0007) and electron transport
chain (p = 0.0001) were altered. Most of the genes in respiratory chain complex I were
suppressed (Table I). Some of the gene expression results were also confirmed at the protein
level by Western blot analysis (see Fig. 8).

Loss of Mitochondria Potential and Cytochrome c Release
To test the hypothesis that mitochondria are the potential target for the drug treatment, we
measured the disruption of mitochondrial membrane potential (Δψm) using Rho123.
Combined 5-FU and DENSPM treatment resulted in a significant decrease in Δψ;m, as
shown by a shift in the cell population from high to low fluorescence (Fig. 7). Consistent
with the loss of mitochondrial membrane potential, cytochrome c was released from
mitochondria into the cytoplasm after the combination drug treatment in both cell lines (Fig.
8).
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Caspase 9 Dependence of 5-FU/DENSPM-induced Cell Death
On Western blot using antibodies that specifically recognize activated caspase 3 and cleaved
caspase 9, caspase 3 was not activated in 5-FU and DENSPM-treated cells, but activated
caspase 9 was detected (Fig. 8). Protein extracts from HL-60 cells with and without Ara-C
treatment were used as positive and negative controls for the cleaved and activated forms of
caspase 3. This result showed that 5-FU/DENSPM-induced cell death is caspase 9-
dependent and caspase 3-independent, which is one of the four types of apoptosis involving
different combinations of caspase dependence (33). Western blotting analyses also showed
that cyclin A and cyclin B1 were decreased after the combination treatment, confirming our
microarray results. Consistent with our previous report (10) that Fas expression was
increased in cells treated with 5-FU, 5-FU as well as combined 5-FU and DENSPM also
caused Fas up-regulation. Consistent with the results from our transcriptome analysis, 5-FU
and DENSPM activated p53 and protein expression of genes of p53 downstream
(phosphorylated p53, serine 15, p21Waf1, and mdm2) in the HCT116 wt-p53 cell line but not
in the p53-null cells (Fig. 8).

DISCUSSION
We reported previously that high-dose 5-FU modulates the polyamine pathway in colon
carcinoma cells (10). This observation led us to speculate that 5-FU in combination with
poly-amine-targeting drugs may have synergistic effects in cytotoxicity. This present study
showed that indeed the combination of 5-FU with the polyamine catabolism-enhancing drug
DENSPM synergistically killed colon carcinoma cells independent of their p53 status.
Interestingly, antagonistic effects depending on the drug treatment sequence were observed
in p53 wild-type and null lines. Most notably, DENSPM pretreatment followed by 5-FU
produced a antagonistic effect in both cell lines. This finding indicates that the synergistic
effect of simultaneous 5-FU and DENSPM is not because of “priming” of one drug for the
other. Rather, the effects of the two drugs may need to augment each other, although we do
not know the exact mechanism involved. One possibility is that both 5-FU and DENSPM
damage DNA but through different mechanisms (34, 35), which may make DNA repair less
effective.

In contrast to 5-FU and DENSPM, combination of 5-FU with the polyamine synthesis
inhibitor DFMO did not have synergistic cell killing effects. Furthermore, 5-FU followed by
DFMO in the wt-p53 line and DFMO pretreatment followed by 5-FU in the p53-null line
had marked antagonistic effects. Although we do not yet understand the mechanisms that
account for these different effects, the results underscore the impact of the genetic
background of tumor cells on the cellular response to drug treatment and therefore the
importance of understanding these relationships.

Modulation of polyamine levels and their cellular responses is a complex process. The
synergistic effect of combined DENSPM and 5-FU must be specific at molecular levels.
One of the molecular effectors appears to be that SSAT is synergistically induced by the
combination of 5-FU and DENSPM but not by 5-FU and DFMO. Previous studies have
shown that DENSPM-induced SSAT expression, which is responsible for the depletion of
spermine and spermidine via acetylation (36). Consistent with this finding, cellular
polyamine levels were markedly reduced by the combination of 5-FU and DENSPM.
Acetylated spermidine accumulated in wt-p53 cells but not in p53-null cells. Surprisingly,
the levels of putrescine were increased by combined 5-FU and DENSPM in wt-p53 cells but
decreased in p53-null cells, indicating that the p53 status has an impact on how polyamines
are depleted. p53 could be suppressing the diamine exporter, resulting in enhanced retention
of polyamine catabolic products in wt-p53 cells (37).
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Increased putrescine in the absence of spermidine may have another cellular effect because
increased putrescine was shown to inhibit hypusine formation and transfer of the butylamine
moiety of spermidine to a lysine residue in eukaryotic initiation factor 5A (eIF-5A),
resulting in induction of apoptosis (28). This mechanism may involve the ability of
deoxyhypusine synthetase to produce homospermidine, as recently shown by Park et al.
(38).

In the polyamine catabolic pathway, acetylated spermine or spermidine is oxidized by
polyamine oxidase. This reaction produces hydrogen peroxide, which at high levels damages
mitochondrial membranes resulting in cytochrome c release. Release of cytochrome c
activates members of caspase families and triggers the cascade to apoptosis (25). The anti-
mitochondrial effects of acetylated polyamines were reported in previous studies (39, 40). In
addition, it was shown that acetylated polyamines cause the loss of mitochondrial DNA (40).
Results from our study showed that the combination of 5-FU with DENSPM indeed elevated
cellular hydrogen peroxide and damaged mitochondrial membranes.

Consistent with mitochondria being an important target for combined 5-FU and DENSPM,
our transcriptome analyses showed that, regardless of the p53 status, genes involved in
mitochondrial functions were preferentially affected. However, mitochondrial alterations are
more apparent in p53-null cells where 11 of 136 altered genes are involved in mitochondrial
function. Among the 13 genes essential for electron transport chain subunits in the inner
mitochondrial membrane (41), 8 genes were suppressed in the p53-null line. Among the
mito-chondrial function-related genes that were markedly attenuated in p53-null cells were
cytochrome c oxidase I and II (MTCO1 and MTCO2), which are subunits of cytochrome c
oxidase. MTCO2 transfers an electron from cytochrome c to the binuclear center of
cytochrome α3-CuB (42) and translocates protons, which are associated with the
mitochondrial transmembrane potential (43). NADH dehydrogenase resides in the first
complex in the electron transfer chain and catalyzes the transfer of electrons from NADH to
coenzyme Q (44). Thus, suppression of MTCO1, MTCO2, and NADH dehydrogenases by
the combined drug treatment would likely lead to decreased efficiency of the mitochondrial
electron transport chain and subsequently increase the production of superoxides.

In wt-p53 cells, in addition to mitochondria-related genes, many genes involved in the p53
pathway were affected, indicating that the p53-mediated apoptosis pathway most likely
played a dominating role in the observed cell death, as expected. One other interesting gene
was dUTPase, which hydrolyzes dUTP to dUMP and pyrophosphate. Remarkably, increased
dUTPase levels in colon cancer cell lines have a major role in their resistance to 5-FU and
fluorodeoxyuridine (45, 46). Our results showed that the expression of dUTPase was
suppressed when 5-FU and DENSPM were applied simultaneously in the wt-p53 cell line.
This reduction may represent another mechanism that is responsible for the synergistic
effects of combined 5-FU and DENSPM in the wt-p53 cell line. Thus, the presence of wt-
p53 appears to sensitize cells to 5-FU and DENSPM through multiple processes.

In summary, our study shows that the combination of 5-FU and DENSPM provides more
effective cytotoxicity in colon cancer in a cell culture system through effects on the
polyamine pathway. The potential of 5-FU and DENSPM as a therapeutic combination for
treating colon cancer patients awaits results from preclinical animal model experiments and
future clinical trials.
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Fig 1. Effects of 5-FU and spermine analogue DENSPM combinations on colon carcinoma cells
HCT116 colon cancer cells were treated with 5-FU at 2.5 μM (IC25 for wt-p53 line) or 15
μM (IC25 for p53-null line) in combination with increasing doses of DENSPM
(simultaneous or one drug following the other). Cell viability at the 96-h end point was
measured with MTS assay. A, dose-response curves. The straight line at around 70%
viability shows the effect by 5-FU alone. The four curves represent different regimens: ●,
DENSPM alone; ▲, 5-FU + DENSPM (simultaneous treatment for 48 h and drug free
medium for 48 h); ■, DENSPM (48 h) then 5-FU (48 h); ○, 5-FU (48 h) then DENSPM (48
h). Simultaneous 5-FU and DENSPM produced the most cytotoxicity followed by the
DENSPM post-5-FU regimen. The DENSPM pretreatment regimen had the least effect. B,
analysis of the combination effect of 5-FU and DENSPM using the Chou and Talalay CI.
Dose-response interactions between 5-FU and DENSPM were expressed as a CI value (CI <
1: synergism, CI = 1: additivity, CI > 1: antagonism). Simultaneous treatment with 5-FU and
DENSPM resulted in a strong synergistic effect. 5-FU followed by DENSPM had a
moderate synergistic effect, but pre-treatment with DENSPM before 5-FU had an
antagonistic effect, irrespective of p53 status.
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Fig 2. Combined 5-FU and DENSPM treatment causes marked apoptosis in colon carcinoma
cells
HCT116 cells with either wt-p53 or p53-null were treated with 5-FU alone, DENSPM alone,
or both agents for 72 h and harvested for flow cytometry analysis. Simultaneous treatment
produced increases in the apoptotic sub-G1 population in both isogenic lines (marked by ↓).
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Fig 3. Effects of combined 5-FU and ornithine decarboxylase inhibitor DFMO on colon
carcinoma cells
HCT116 colon cancer cells were treated with 5-FU at 2.5 μM (IC25 for wt-p53 line) or 15
μM (IC25 for p53-null line) in combination with increasing doses of DFMO (simultaneous
or one drug following the other). Cell viability at the 96-h end point was measured with
MTS assay. A, dose-response curves. The straight line at around 70% viability shows the
effect by 5-FU alone. The four curves represent different regimens: ●, DFMO alone; ▲, 5-
FU + DFMO (simultaneous treatment for 48 h and drug-free medium for 48 h); ■, DFMO
(48 h) then 5-FU (48 h); ○, 5-FU (48 h) then DFMO (48 h). No combination (simultaneous
treatment, DFMO post-treatment, or DFMO pre-treatment) produced synergistic
cytotoxicity. Some pre-treatment and post-treatment regiments of DFMO are antagonistic to
5-FU depending on the p53 status. DFMO post-treatment and DFMO pre-treatment had the
strongest antagonistic effects in wt-p53 and p53-null lines, respectively. B, analysis of the
combination effect of 5-FU and DFMO using the Chou and Talalay CI. Dose-response
interactions between 5-FU and DFMO were expressed as a CI value (CI < 1: synergism, CI
= 1: additivity, CI > 1: antagonism). Simultaneous treatment with 5-FU and DFMO only had
additive effects in most regimens. 5-FU followed by DFMO had a strong antagonistic effect
in the wt-p53 cells and DFMO followed by 5-FU had a strong antagonistic effect in the p53-
null cells.
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Fig 4. The effect of drug combinations on levels of intracellular polyamines and acetylated
spermidine
Cells with wt-p53 (panels a and c) or p53-null (panels b and d) were treated with 5-FU
alone, DENSPM alone, or their combination (panels a and b), or with 5-FU alone, DFMO
alone, or their combinations (panels c and d) for 48 h. Surviving cells were collected and the
levels of intracellular putrescine, spermidine, spermine, and N1 and N8 spermidine (Spd)
were measured. Combined 5-FU and DENSPM produced a marked reduction of spermidine
and spermine irrespective of the p53 status, but only putrescine was reduced in p53-null
cells. Combined 5-FU and DFMO produced a marked reduction of putrescine and
spermidine but not spermine. Combined 5-FU and DENSPM produced a marked increase in
N1 acetylated spermidine (arrowheads) especially in wt-p53 cells, but combined 5-FU and
DFMO did not increase acetylated spermidine.
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Fig 5. Marked elevation of SSAT mRNA levels after combined 5-FU and DENSPM treatment
The HCT116 cells with either wt-p53 or p53-null were treated with 5-FU alone, DENSPM
alone, or their combination for 48 h followed by incubation in drug-free medium for an
additional 48 h. Cells were collected at 48 h, total RNA was isolated, and levels of SSAT
mRNA were measured by real-time PCR assay. The combination of 5-FU and DENSPM
resulted in a marked induction of SSAT mRNA levels in both cell lines.
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Fig 6. Generation of hydrogen peroxide after drug treatment and free radical scavenger effect of
GSH in drug-treated colon carcinoma cell lines
A, the HCT116 cells with either wt-p53 or p53-null background were treated with the
indicated regimens for 48 h. Cells were incubated with CM-H2DCFDA for 1 h at 37 °C and
then harvested for analysis by flow cytometry. The mean levels of hydrogen
peroxidepositive cells were plotted. Combined 5-FU and DENSPM led to increased
hydrogen peroxide levels in the cells. B, the cells were incubated with 5-FU (7 μ M for wt-
p53 and 25 μM for p53-null), DENSPM (7 μM for wt-p53 and 20 μM for p53-null), or their
combination in the presence of the antioxidant GSH (50 μM) for 48 h, then MTS assay was
performed to analyze the viability of the cells. GSH attenuated cytotoxicity from 5-FU and
DENSPM treatment. The p values of < 0.05 (*) and < 0.01 (**) are indicated.
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Fig 7. Loss of mitochondrial transmembrane potential in colon carcinoma cells after 5-FU and
DENSPM
Mitochondrial membrane potential (Δψm) was analyzed using Rho123. The HCT116 cells
with either wt-p53 or p53-null were treated with 5-FU alone (7 μM for wt-p53 and 25 μM
for p53-null), DENSPM alone (7 μM for wt-p53 and 20 μM for p53-null), or their
combination for 72 h. Cells were incubated with Rho123 for 1 h and then harvested for
analysis by flow cytometry. Combined 5-FU and DENSPM resulted in a significant decrease
in Δψm, as shown by a shift in the cell population from high to low levels of fluorescence
intensity.
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Fig 8. Measurement of protein expression in apoptosis, cell cycle, and p53 pathways in response
to drug treatment
A and B, HCT116 cells with either wt-p53 or p53-null were treated with 5-FU alone (2.5
μM for wt-p53 and 15 μM for p53-null), DENSPM alone (7 μM for wt-p53 and 20 μM for
p53-null), or their combination. Total proteins were extracted (for cytochrome c,
cytoplasmic fraction without mitochondria was isolated, as described under “Experimental
Procedures”) for Western blot analyses as indicated on the figure. Three separate blots were
used for analyses, and actin was probed on each blot for protein loading control. Cleaved
caspase 3 was not detected (panel B), but increased levels of cleaved caspase 9 were found
after the combined drug treatment. Cytochrome c release was most marked with the
combined regimen. p53 protein was markedly phosphorylated at Ser-15 in wt-p53 cells after
combined drug treatment and after 5-FU alone. The p53 downstream targets, Fas, p21Waf1,
and mdm2 were induced by 5-FU and by combined 5-FU with DENSPM in wt-p53 cells
only. B: N, negative control, HL-60 cell lysate. P, positive control, HL-60 cells treated with
Ara C for 24 h. Cleaved caspase 3 was observed.
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