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Abstract
Genetics and diet are both considered important risk determinants for colorectal cancer, a leading cause 
of death in the US and worldwide. Genetically engineered mouse (GEM) models have made a significant 
contribution to the characterization of colorectal cancer risk factors. Reliable, reproducible, and clinically 
relevant animal models help in the identification of the molecular events associated with disease progression 
and in the development of effictive treatment strategies. This review is focused on the use of mouse models 
for studying the role of polyamines in colon carcinogenesis. We describe how the available mouse models 
of colon cancer such as the multiple intestinal neoplasia (Min) mice and knockout genetic models facilitate 
understanding of the role of polyamines in colon carcinogenesis and help in the development of a rational 
strategy for colon cancer chemoprevention. 
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INTRODUCTION 

The polyamines (diamine putrescine, triamine spermidine, 
and tetraamine spermine) are biogenic amines that are widely 
distributed in living organisms. The compounds have low 
molecular weight and are positively charged at physiological 
pH values, which allow them to interact with any negatively 
charged cellular component. These polycations have 

diverse biological functions, including transcription, RNA 
stabilization and translational frameshifting, ion channel 
gating, and other processes.[1–3] Polyamine levels within cells 
control cell viability, and significant change in polyamine 
level results in apoptosis.[4] Polyamine homeostasis in cells 
is achieved by the regulatory mechanisms of synthesis, 
degradation, and membrane polyamine transport.[5] The 
intracellular polyamine homeostasis is lost during the 
process of cancer development as shown by the upregulation 
of polyamine biosynthetic enzymes, with corresponding 
decrease in polyamine catabolism, in these conditions.[6,7] 
Studies over many years using human colon cancer cell 
lines and genetically engineered mouse (GEM) models have 
generated evidence that ornithine decarboxylase (ODC), the 
first enzyme in polyamine synthesis, is upregulated during 
carcinogenesis.[6] Suppression of polyamine biosynthesis with 
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an inhibitor a-difluoromethylornithine (DFMO) suppressed 
cancer development in animal models and in human clinical 
trials. [8,9] This brief review highlights in vivo studies that have 
focused on the role of polyamines in colon carcinogenesis and 
the manipulations of the polyamine pathway by dietary and 
pharmaceutical methods to maintain healthy homeostasis. 

GEMS FOR THE STUDY OF THE 
REGULATION OF POLYAMINE 
METABOLISM 

Polyamine biosynthesis is controlled by ornithine 
decarboxylase (ODC), which catalyses the formation of 
putrescine from the amine acid ornithine. Putrescine 
is subsequently converted into spermidine through 
the actions of S-adenosylmethionine decarboxylase 
(AMD1) and spermidine synthase (SPDS). Spermidine 
is then converted into spermine by AMD1 and spermine 
synthase (SMS). Important catabolic effectors maintain 
polyamine homeostasis as well. Spermidine/spermine 
N-acetyltransferase (SAT1) adds terminal acetyl groups to 

spermidine and spermine, which accelerates the export of 
acetylated polyamines. Spermine oxidase (SMO) converts 
spermine to spermidine. Acetylpolyamine oxidase (PAOX) 
also aids in polyamine homeostasis by converting acetylated 
spermidine and spermine back to putrescine and spermidine, 
respectively [Figure 1]. 

Mouse models of polyamine synthesis 
Multiple studies have demonstrated that ODC is an essential 
metabolic effector required for normal development in 
mammals. ODC gene knockouts are lethal in murine 
embryos 3.5 days after fertilization.[10] Overexpression of 
ODC in a transgenic mouse resulted in accumulation of 
putrescine but had much less effect on higher polyamines, 
indicating that polyamine metabolism remains under 
homeostatic control.[11] ODC transcription is activated in 
response to hormones, growth factors, and tumor promoters 
via the response elements in the ODC gene promoter.[12] 
Of special interest, the ODC gene promoter contains three 
enhancer (E) boxes (CACGTG) that are binding sites for 
the MYC, MAX, MAD, and MNT transcription factors.[13] 

Figure 1: Polyamine structure and metabolism. Enzymes are shown in purple squares, except for ODC, NOS2, AZIN1, and 
arginase I/II, which are shown in purple ovals. (ODC, ornithine decarboxylase; NOS2, nitric synthase 2; AZIN1, antizyme 
inhibitor 1; AMD1, S-adenosylmethionine decarboxylase; SAT1, spermidine/spermine N1-acetyltransferase; SMO, spermine 
oxidase; PAOX, acetylpolyamine oxidase). Mouse icons represent GEM models that have been mentioned in the text.
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ODC protein levels in cells are regulated by an ODC 
inhibitory protein called ornithine decarboxylase antizyme 
(OAZ).[14,15] Full-length functional antizyme acts as a 
noncompetitive inhibitor of ODC and enhances ubiquitin-
independent ODC degradation by the 26S proteasome.
[14] In addition, antizyme increases polyamine efflux 
and suppresses polyamine uptake, thus decreasing the 
intracellular polyamine pool.[16,17] The antizyme transgenic 
mouse models with increased antizyme expression from the 
bovine keratin 5 (K5) or keratin 6 (K6) promoters develop 
normally and are phenotypically indistinguishable from 
wild-type littermates.[18]

Antizyme is regulated by the antizyme inhibitor 1 (AZIN1), 
which is a homolog of ODC but lacks the decarboxylation 
activity.[19] AZIN1 sequesters the intracellular pool of 
antizyme, which causes an increase in the levels of ODC 
protein, ODC activity, and polyamine levels. An AzIn1 
knockout mouse was developed and analyzed using Agilent 
oligonucleotide array.[20] Genes found to be differentially 
expressed in the AzIn1 knockout model were involved 
in polyamine metabolism, embryonic morphogenesis, 
regulation of cell cycle and proliferation, signal transduction 
cascades, immune response, and apoptosis. 

AMD1 converts putrescine into the higher polyamines 
by producing the aminopropyl donor decarboxylated 
S-adenozylmethionine (dcSAM). The activity of AMD1 is 
highly regulated at the level of transcription, translation, and 
protein turnover.[21] The AMD1 gene contains a number of 
binding sites for different transcription factors, including 
a spermidine response element. Putrescine activates 
mammalian AMD1 by enhancing the production of the 
processed form of the enzyme and improving its catalytic 
activity.[21] Protein ubiquitination has also been shown 
to regulate AMD1 turnover.[22,23] Targeted disruption of 
the mouse Amd1 gene showed that, similarly to ODC, 
homozygous knockout of Amd1 is lethal in murine embryos 
past E3.5, which indicates that AMD1 plays an essential role 
in embryonic development and that spermidine and spermine 
are required for embryonic development after E3.5.[24] Mice 
overexpressing Amd1 did not show any significant changes 
in the tissue levels of spermidine and spermine due to their 
acetylation and export.[25]

Mammalian spermidine and spermine synthase are 
regulated by the availability of putrescine or spermidine and 
dcSAM. Recent studies by Forshell et al.[26] have described 
the induction of spermidine synthase gene transcription 
by the c-MYC oncogene in a murine model of B-cell 
lymphoma. The putative c-MYC binding site is associated 
with canonic E-boxes located upstream and downstream of 

exon 1 in the SMS gene. The consequences of the deletion 
of SMS have been tested in vivo using Gyro (GY) mice, 
which have a deletion of the X chromosome that eliminates 
the SMS gene. [27] The SMS knockout mice have multiple 
abnormalities, including a tendency to sudden death, 
small size, hearing loss, lack of fertility, circling behavior, 
and other neurological symptoms. The hearing loss in Gy 
mice was reversed by breeding them with CAG/SmS mice, 
a transgenic line that ubiquitously expresses spermine 
synthase under the control of a composite cytomegalovirus-
IE enhancer/chicken b–actin promoter.[28,29] Treatment of 
Gy mice with the ODC inhibitor DFMO resulted in their 
death within 5 days of exposure to the drug due to loss of 
motor function. [29] This finding emphasizes the critical 
role of polyamines in the regulation of Kir channels that 
maintain the endocochlear potential in the inner ear and 
the importance of a normal spermidine/spermine ratio in 
hearing and balance functions. 

Mouse models of polyamine catabolism
A key polyamine catabolic enzyme SAT1 is highly inducible 
by a variety of stimuli, including elevated polyamine levels, 
synthetic polyamine analogs, toxins, hormones, cytokines, 
heat shock, ischemia–reperfusion injuries, and other 
stresses.[30] The regulation of SAT1 occurs via activation of 
transcription, mRNA processing, mRNA translation, and 
protein turnover.[30–33] The SAT1 gene contains the binding 
sites for common regulators of gene expression such as SP1 
and AP1, CCAAT/enhancer-binding protein bC/EBPb), 
cAMP-response-element-binding protein (CREB), nuclear 
factor kB (NF-kB), and peroxisome-proliferator-activated 
receptors (PPARs) transcription factors. SAT1 also contains a 
polyamine-response element (PRE), which binds polyamines 
and polyamine-responsive transcription factors.[34] The 
posttranscriptional regulation of SAT1 involves regulation 
of mRNA stability, alternative splicing of SAT1 mRNA, 
translational regulation of SAT1 synthesis, and stabilization 
of SAT1 protein; this has been reviewed elsewhere.[35] The 
Sat1 knockout mice were generated via a targeted inactivating 
insertion within the X-linked Sat1 gene.[36,37] Sat1 knockout 
mice are viable, fertile, and show no obvious change in 
phenotype. The overexpression of Sat1 in transgenic mice 
has been achieved under the control of an endogenous 
promoter as well as the heavy metal-inducible metallothionin 
promoter. [38,39] Significant phenotypic changes were found in 
these mice, such as substantial alterations in the polyamine 
pool, early and permanent hair loss, female infertility, weight 
loss, and lack of subcutaneous fat.[39] Sat1 overexpression also 
led to the disappearance of visceral fat depots and general 
lipoatrophy. [40,41] 

Polyamine metabolism also depends on the levels of the 
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precursor amino acids arginine and ornithine. Both amines, 
as well as putrescine and other polyamines, are available in 
the normal diet.[42,43] The role of arginase enzymes (arginase 
I and arginase II isoforms), which produce ornithine that 
is utilized for the polyamine synthesis, and therefore 
could be important for the maintenance of the polyamine 
pathway, has been assessed in vivo using arginase knockout 
mice.[44] The disruption of arginase I (AI−/−) and arginase 
II (AII−/−) did not greatly affect the ODC enzyme activity 
and polyamine levels, suggesting that endogenous arginase 
does not directly contribute to polyamine homeostasis in 
mice. Thus, exogenous sources of arginine play the more 
significant role in modulating polyamine levels, as will be 
discussed further.

COLON CANCER RISK

Colon cancer is the fourth most commonly diagnosed cancer 
and the second leading cause of cancer-related death in the 
US.[45] A key contributor to colon cancer risk is heredity. 
Molecular genetic studies have identified key genes whose 
mutations or altered expression can lead to colon cancer. The 
mutated genes are found in two key pathways: the APC/Wnt 
pathway and the TGFb pathway. The APC gene, a tumor-
suppressor gene located on chromosome 5, is found mutated 
in the early stages of colon carcinogenesis and is linked to 
familial adenomatous polyposis (FAP). Mutations in the 
DNA mismatch repair genes (MSH2, MLH1, PMS1, or 
PMS2 genes) lead to hereditary nonpolyposis colon cancer 
(HNPCC) and frequently result in mutations of genes 
within the TGF-b pathway.[46,47] In addition, mutations in 
the K-RAS oncogene are found in 50% of intermediate and 
late adenomas and facilitate the progression of adenomas to 
neoplasia.[48] The p53 tumor-suppressor gene is associated 
with the invasive phenotype of colon tumors, as evidenced by 
a high rate of mutations within late adenomas and colorectal 
cancers.[49] Substantial evidence exists that diet and physical 
activity also are important determinants of colon cancer 
risk. Dietary components, such as red meat (including beef, 
pork, lamb, and goat), processed meat, and alcohol have been 
associated with increased colon cancer risk.[50–52]

Effect of genetic risk factors of colon carcinogenesis 
on the polyamine pathway in vivo
Mutations in the APC gene are necessary to initiate FAP 
and are also important in sporadic colorectal tumorigenesis. 
The multiple intestinal neoplasia (Min or ApcMin/+) mouse 
contains a truncating mutation at codon 850 of the Apc 
gene and develops an average of 30–60 macroscopically 
visible pan-intestinal and desmoid tumors and, infrequently, 
colonic tumors.[53,54] In contrast, human FAP patients develop 
hundreds of, predominantly colonic, adenomas that progress 
to invasive adenocarcinomas by 40 years of age.[55] We have 
reported the altered polyamine metabolism in the ApcMin/+ 

mice.[56] The increased polyamine levels in the small intestine 
of the ApcMin/+ mice were associated with an increase in ODC 
and decrease in AZ steady-state RNA levels. We also found 
that the treatment of ApcMin/+ mice with a specific ODC 
inhibitor, DFMO, suppressed the intestinal polyamine levels 
and the APC-dependent intestinal tumorigenesis in the 
ApcMin/+ mice, thus providing direct evidence that polyamines 
are the mediators of the mutant APC–initiated tumorigenesis. 
Since the APC tumor-suppressor gene is mutated at the 
early stages of colon carcinogenesis, the ApcMin/+ mouse has 
been utilized for evaluation of the contribution of polyamine 
metabolic genes in colon carcinogenesis [Table 1]. In vitro 
experimental studies using human colon tumor cell lines 
showed that wild-type APC suppresses the expression of 
the c-Myc oncogene, which activates the ODC gene and, 
therefore, polyamine biosynthesis.[57] We have reported that 
suppression of c-Myc expression in vivo, using the mouse 
model with a conditional deletion of c-MYC in the intestinal 
and colonic mucosa, resulted in a decrease of mutant APC–
dependent intestinal tumorigenesis.[58] Our data suggests 
that c-MYC plays an important role in the development of 
intestinal tumors with activating mutations in the APC gene, 
and that this role is associated with decreased apoptosis in the 
normal intestinal epithelium.

The role of SAT1 in intestinal tumorigenesis has been tested 
by crossing the ApcMin/+ mice with either transgenic Sat1 mice 
or Sat1 knockout mice.[37] The finding of this study was that 
the number of adenomas in both the small intestine and colon 
were increased in ApcMin/+; Sat1Tg relative to ApcMin/+; Sat1+/+ 

Table 1: Mouse models used for analysis of the role of polyamine pathway in colon carcinogenesis
GEMM Genetic 

background
Polyp number Histology/pathology Reference

Small intestine Colon

ApcMin/+ C57BL/6J ~35–45 ~1 Polypoid, papillary [54,72]

ApcMin/+; Nos-/- C57BL/6J No change ~1 Similar to ApcMin/+ [61]

ApcMin/+;  c-Myc-/- B6.129 FVB ~2-fold decrease* n/d** Similar to ApcMin/+ [58]

ApcMin/+; Sat1tg/- C57BL/6J ~3-fold increase* ~6-fold increase* Similar to ApcMin/+ [37]

ApcMin/+; Sat1-/y C57BL/6J 75% decrease* ~1 Similar to ApcMin/+ [37]

*Compared to corresponding ApcMin/+ control mice. **n/d: not detected.
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mice. This was associated with an increase in ODC and AMD 
enzyme activities and putrescine and N1-acetylspermidine 
levels, but the levels of spermidine and spermine were not 
changed.[37] Accordingly, crossing the ApcMin/+ mice with an 
Sat1-deficient mouse strain resulted in 75% reduction in 
adenoma numbers in the small intestine.[37] This analysis 
indicates that SAT1 promotes tumor development in 
ApcMin/+ mice. The observed enhanced intestinal and colonic 
tumorigenesis in the Sat1-overexpressing ApcMin/+ mice 
appears to be contradictory with the established role of 
SAT1 as a polyamine catabolic enzyme acting to reduce the 
intracellular polyamine concentrations. Sat1 overexpression 
resulted in inhibition of tumorigenesis in some mouse 
cancer models, such as the TRAMP mouse model of prostate 
cancer and the two-stage skin carcinogenesis model.[40,59] The 
differential impact of SAT1 on tumorigenesis in different 
mouse models has been attributed to the tissue-specific 
alterations in polyamine pools caused by activated catabolism 
and compensatory increase in polyamine biosynthesis to 
maintain the polyamine homeostasis;[60] however, the detailed 
mechanism has not yet been defined. 

Assessment of the role of dietary polyamines 
in colon carcinogenesis and in response to 
chemopreventive agents in vivo
Role of dietary arginine in colon carcinogenesis
Arginine is the substrate for nitric oxide synthases (NOSs), 
which breaks it down to produce nitric oxide (NO) and 
citrulline. Arginine is also catabolized by the enzyme arginase 
to form ornithine, which is necessary for polyamine synthesis 
and thus influences intracellular polyamine levels. We have 
evaluated the role of polyamines in intestinal and colon 
carcinogenesis in ApcMin/+ mice fed with dietary supplements 
of arginine.[61] The concentrations of dietary arginine 
supplementation used (0.2% and 2% in drinking water) 
were comparable to the dietary consumption of arginine in 
humans. We found that dietary arginine supplementation 
enhanced colon, but not intestinal, tumor incidence and 
adenoma grade in the ApcMin/+ mice[62] [Table 2]. Deletion 
of the inducible nitric oxide synthase gene (Nos2), which 
is the major contributor to the production of NO from 
arginine, resulted in decreased tumorigenesis in both small 
intestine and colon. Treatment of ApcMin/+ mice with DFMO 

suppressed the arginine-dependent increase in the colon 
tumor burden and grade.[61] These data provide experimental 
evidence that dietary arginine is a luminal risk factor for 
colon carcinogenesis. The major source of dietary arginine 
in humans is meat, with high arginine quantities being found 
in red meat, pork, and chicken.[42] Epidemiological studies 
on the effects of estimated arginine exposures through 
meat consumption on tumor characteristics and survival in 
colorectal cancer patients showed that patients with familial 
colorectal cancers in the highest meat consumption quartile 
had decreased overall survival, an effect that was shown to 
be independent on adjusted regression analysis.[63]

Effect of dietary polyamines in colon carcinogenesis in vivo
Besides arginine, dietary polyamines have also been found 
to enhance intestinal and colonic tumorigenesis.[64] Studies 
by our group indicate that ApcMin/+ mice given dietary 
supplements of putrescine (1% in the drinking water) show 
an increase in adenoma grade[65] [Table 2]. 

The molecular targets for the antitumor activity of the 
nonsteroidal anti-inflammatory drugs (NSAIDs) sulindac 
and celecoxib within the polyamine pathway have been 
evaluated using experimental animal models, including 
ApcMin/+ mice.[65] Specifically, sulindac increased steady-
state RNA levels and enzymatic activity of the polyamine 
catabolic enzyme SAT1. Sulindac also decreased the 
activity of the biosynthetic enzyme ODC, but not that 
of AMD1. The effectiveness of sulindac in suppressing 
intestinal carcinogenesis was partially abrogated by dietary 
putrescine.[65] Thus, dietary polyamines can modulate the 
effectiveness of colon cancer preventive agents. Since high 
concentrations of putrescine can be found in certain dietary 
components, it may be advantageous to restrict dietary 
putrescine consumption in patients undergoing treatment 
with sulindac. The combination of DFMO with sulindac, a 
nonselective inhibitor of cyclooxygenases 1 and 2 (COX-1 
and COX-2), or celecoxib, a selective COX-2 inhibitor, was 
additive in suppressing tumorigenesis in ApcMin/+ mice.[63] At 
the same time, the combination of DFMO with sulindac 
in the ApcMin/+ mouse model was more effective than the 
combination of DFMO with celecoxib in reducing both 
the intestinal polyamine content and the incidence of high-

Table 2: Role of dietary polyamines in colon carcinogenesis in ApcMin/+ mouse model
Supplement Basal diet + supplement Polyp number* Histology/pathology Reference

Small intestine Colon

ApcMin/+ AIN93G + arginine No change ~20% increase Polypoid, papillary, increased 
high-grade colon adenoma

[62, 63]

ApcMin/+; Nos-/- AIN93G + arginine ~2-fold decrease ~2-fold 
decrease

Polypoid papillary, no change in 
adenoma grade

[62]

ApcMin/+ AIN93G + putrescine No change No change Increased high-grade adenoma [65]

*Compared to ApcMin/+ control mice.
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grade intestinal adenomas.[66] These positive experimental 
data provided a rational for further evaluation of the cancer 
chemopreventive efficacy of the combination of DFMO and 
sulindac in a phase IIb/III clinical trial for the prevention of 
colon polyp recurrence in patients with sporadic colorectal 
adenomas.[9] The DFMO and sulindac combination in 
this trial was associated with a dramatic 92% reduction in 
advanced colorectal adenomas.

Role of polyamine transport in colon carcinogenesis in vivo
Extracellular sources of polyamines include foods high in 
polyamines, such as cheese and meat,[43] and polyamines 
produced by intestinal bacteria. Previous work from our 
laboratory has shown that polyamine transport into cells 
occurs by a caveolae-dependent mechanism.[67] Since 
ornithine and arginine are involved in important metabolic 
pathways, the supply of these amino acids is important for 
cell functioning. Transport of these amino acids across 
intestinal cellular membranes occurs via L-type amino acid 
transporters.[68] These transporters belong to the family 
of the glycoprotein-associated amino acid transporters 
(gpaATs) and include LAT1, LAT2 y+LAT1, y+LAT2, 
and CT proteins, which are all linked by a disulfide bond 
to the same protein, i.e., 4F2hc. The 4F2hc protein is 
encoded by the glycoprotein solute carrier family 3 member 
gene SLC3A2. [69,70] The y+LAT1 and 4F2hc together 
comprise an amino acid transporter, which belongs to the 
heterodimeric amino acid transporter (HAT) family.[68] 
This transporter releases intracellular dibasic amino acids 
in exchange for extracellular neutral amino acids and Na+. 
We have examined the significance of caveolae-dependent 
endocytosis in polyamine uptake using cell lines and GEM 
models with knockout of Cav-1 and Nos2 genes.[71] We 
found that knocking down of CAV-1 protein increases 
polyamine uptake in colon cancer–derived HCT116 cells. 
In Cav1−/− mice, the accumulated levels of dietarily-
supplied putrescine in the colon and liver tissues were 
higher compared to the levels in wild-type littermates. In 
Nos2−/− mice, the accumulation of dietary putrescine in the 
colon and liver was abolished. DFMO treatment increased 
the small intestinal and colonic mucosal polyamine levels 
upon putrescine supplementation. Genetic suppression 
of the solute carrier transporter SLC3A2 in colon cancer 
cells reduced accumulation of exogenous putrescine and 
total polyamine content in DFMO-treated cells.[71] These 
experiments demonstrate the importance of SLC3A2 
expression for polyamine transport under conditions 
of low tissue polyamine levels. To further validate this 
finding we evaluated the levels of the Slc3a2 RNA in both 
intestinal and colonic mucosa of 110-day-old Apc Min/+ mice 
(unpublished data). A significant (2.13-fold) upregulation 
of Slc3a2 transcript was observed in the small intestine of 

the ApcMin/+ mice compared to wild-type littermates. In the 
colon there was a four-fold decrease in the Slc3a2 transcript 
level in Apc mutant mice. These data are consistent with the 
interpretation that polyamine export, which is mediated by 
y+LAT1/4F2hc, is downregulated by loss of wild-type APC 
and can contribute to elevated colonic polyamines in APC-
dependent colon carcinogenesis. The differential expression 
of this transporter may also contribute to the different effects 
of dietary arginine on intestinal and colonic tumorigenesis.

CONCLUSION

Cellular polyamine levels are regulated by genetic risk factors 
as well as dietary polyamine sources. Some disturbances in 
the control of polyamine homeostasis result in an increase 
of intracellular polyamine levels, which can promote 
tumorigenesis. A variety of GEM models have been generated 
to target the genes involved in the polyamine pathway. These 
models are extremely useful for investigating the functions 
of polyamine-related genes and associated pathologies as well 
as for testing potential preventive and therapeutic agents in 
preclinical studies. There still remains a need to develop 
animal models addressing the significance of the genetic 
variability within genes involved in polyamine metabolism; 
this is an important goal for future research.
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