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Chapterr V 

Abstract t 

BackgroundBackground and aims: Aspirin and other NSAIDs show efficacy in the prevention of 

colonn cancer. The mechanism by which they do this is unclear. 

Methods:Methods: We used a commercially available DNA microarray to study changes in 

genee expression in 1176 cancer related genes in the HT29 colon cancer cell line induced by 

Aspirin. . 

Results:Results: Overall we find more genes that are significantly induced than are repressed. 

Thee pattern of gene expression changes is different at high concentrations of Aspirin (5 mM) 

thann at lower levels (500 and 50 uM). Genes involved in DNA damage signaling, nucleotide 

metabolism,, and the stress response are induced, and cell cycle related genes repressed. The 

smalll  GTPase Racl is highly induced and this was confirmed by immunoblotting. We show 

usingg immunohistochemistry that Racl is expressed in mature colonocytes at the intercrypt 

tablee in human and mouse colon tissue. 

Conclusions:Conclusions: These results support the previous findings that Aspirin has different 

actionss at high concentrations than at low concentrations and further show the use of DNA 

arrayy technology in the investigation of drug mechanisms of action. Furthermore they point 

towardss a role for Racl in the action of Aspirin in colon cancer. 
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Aspirinn and coion cancer ceii gene expression 

Introduction n 

Nonsteroidall  anti-inflammatory drugs (NSAIDs) are effective in preventing colon 

cancer.311 Currently available compounds, however, have side-effect profiles that make them 

unsuitablee for widespread use in the prevention of this commonly fatal disease. 

Understandingg the mechanisms of action of NSAIDs in preventing colon cancer is central to 

thee development of safer and more effective treatments for the chemoprevention of colon 

cancer.. Despite much research effort there is still much controversy over the mechanisms 

involvedd in the chemopreventative actions of NSAIDs.176 Most research has focused on the 

firstt described molecular target of NSAIDs, Prostaglandin Synthetase or Cyclooxygenase 

(COX).. Two COX isoforms have been described. COX-1 is constitutively expressed in almost 

alll  tissues and may perform housekeeping functions. COX-2 is an immediate early gene, 

undergoingg rapid transcriptional upregulation in response to tissue injury. COX-2 is induced 

inn colon cancer and may contribute to tumour growth by producing prostaglandins that inhibit 

apoptosis1855 and induce the formation of new blood vessels.186 Inhibiting COX-2 

pharmacologicallyy with COX-2 specific or non-specific COX inhibiting compounds reduces 

colonn cancer growth both in animal models187 and in an inherited form of colon cancer, 

Familiall  Adenomatous Polyposis.37 Knocking out COX-2 genetically in mice also lowers 

theirr susceptibility to colon cancer.36 

However,, there is increasing evidence that COX-independent actions of NSAIDs are 

importantt both for their anti-inflammatory and their chemopreventative actions. NSAID-

relatedd compounds with no COX-inhibitory activity retain their antitumour activity137 and 

cancerr cells lacking COX-2 enzyme are still sensitive to these compounds.138 At the same 

timee new molecular targets for NSAIDs continue to be identified. Among these the inhibition 

off  NF-KB1 and PPAR5155 provide alternative explanations for the tumour suppressive 

actionss of NSAIDs. Many other possible COX-independent targets of NSAIDs in colon 

cancerr have been suggested (reviewed in38). One of the criticisms of the COX-independent 

theoriess is that they require far higher drug concentrations than those needed to inhibit COX, 

concentrationss that may not be achieved in vivo?76 

AA relatively new method of drug target validation and the identification of alternative 

drugg targets is use of DNA microarrays.188 Here we used a commercially available array to 

studyy the effects of Aspirin on a large panel of cancer related genes. We hoped to find genes 

orr groups of genes that were significantly up or down regulated by the treatment of colon 

cancerr cell lines with Aspirin, and thus to determine targets of Aspirin relevant to neoplasia in 
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colonn cancer cells. We also addressed the question of drag concentration by performing 

parallell  arrays where different concentrations of drug were used. Genes were classified 

accordingg to function to look for patterns in the changes in gene expression induced by 

Aspirin. . 

Methods s 

Celll culture 

Thee HT 29 colon cancer cell line was obtained from the ATCC, and cultured in 

Dulbeccoss Modified Eagles Medium (DMEM) (Gibco, Paisley, Scotland) with 4.5g/L 

Glucosee and 1-Glutamine. This was supplemented with penicillin (50U/ml) and Streptomycin 

(50ug/ml)) and, where serum was used, with 10% foetal calf serum (Gibco). Cells were grown 

inn monolayers in a humidified atmosphere containing 5% CO2. 

DNAA array 

Confluentt HT29 cells were treated by adding Aspirin or vehicle (DMSO) for 24 hours. 

Cellss were then washed in ice cold PBS x 3. Total RNA was extracted using the ATLAS Pure 

Totall  RNA labelling system (Clontech, Palo Alto, CA) according to the manufacturers 

instructions.. Briefly, cells were lysed and total RNA extracted with three rounds of 

phenol:chloroformm extraction. The resulting RNA was then treated with Dnase and analysed 

onn a denaturing agarose gel. Poly A+ Enrichment was performed using biotinylated oligo(dT) 

andd avidin coated magnetic beads with a magnetic particle separator. Probes were made using 

thee Atlas Human Cancer 1.2 array kit (Clontech) according to the manufacturers instructions. 

cDNAA probes were transcribed using a mix of primers specific for each of the genes on the 

arrayy and labelled with [ct-32P]dATP. Probes were purified by removing unincorporated 32P-

labelledd nucleotides and small cDNA fragments using an extraction column. Nylon cDNA 

expressionn array membranes were prehybidized with sheared salmon tested DNA and then 

hybridisedd with the probes overnight. Membranes were then sealed in plastic wrap and 

exposedd for 7 days to a phosphoimaging screen and then developed in a phosphoimager and 

analysedd using DNA array analysis software. A complete list of the genes and gene categories 

cann be found at http://atlasinfo.clontech.eom/genelists/huCal.2.xls. 
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Aspirinn and colon cancer ceii gene expression 

Signalss were normalised between arrays using a correction factor calculated from the 

averagee expression of nine housekeeping genes. Spots were disregarded if neither treatment 

norr control levels were two times the average background level. Gene expression was 

consideredd significantly altered if the change was more than twice the standard deviation of 

thee signal of the housekeeping genes. 

Immunoblotting g 

Treatedd cells were washed in ice cold PBS and scraped into 250ul of lysis buffer (Cell 

Signalling)) with the addition of ImM Pefabloc (Sigma). The lysates were sonicated and then 

centrifugedd at 20g for 10 minutes at 4°C and protein concentration measured with the BCA 

proteinn assay kit (Pierce chemical co., Rockford, IL). Sample buffer (125 mM Tris/HCl, pH 

6,8;; 4% SDS; 2% p-mercapto ethanol; 20% glycerol, lmg bromphenol blue) was added so as to 

equalisee protein concentrations. 75|ig of protein per lane was loaded onto SDS-PAGE and 

blottedd onto PVDF membrane (Millipore). The blots were blocked with 2% low fat milk 

powderr in TBST (Tris Buffered Saline with 1% Triton) for one hour at room temperature and 

washedd 3x 10 mins in TBST before overnight incubation at 4°C with primary antibody in 

TBSTT with 2% milk. Blots were then washed 3x 10 mins in TBST and incubated for 1 hour at 

roomm temperature in 1/2000 Horse Radish Peroxidase (HRP) conjugated secondary antibody 

inn block buffer. After a final 3x 10 mins wash in TBST, blots were incubated for 5 minutes in 

Lumilitee plus (Boehringer-Mannheim, Mannheim, Germany) and then chemiluminescence 

detectedd and quantified using a Lumi-Imager (Boehringer-Mannheim). 

Immunohistochemistry y 

44 |im sections were prepared from the formalin fixed, paraffin embedded tissue and 

mountedd on slides coated with polylysin. Sections were dewaxed and rehydrated in graded 

alcohols.. Endogenous peroxidase activity was quenched with 1.5% H2O2 in Phosphate 

Bufferedd Saline (PBS) for 30 mins and then washed in PBS. Antigen retrieval was performed 

byy boiling slides for 10 minutes in 0.01M Sodium Citrate Ph 6.0. Non-specific binding sites 

weree blocked with TENG-T (lOmM Tris, 5 mM EDTA, 0.15 M NaCl, 0.25% gelatin, 0.05% 

(v/v)) Tween 20, pH 8.0) for 30mins, and then washed ( 3 x5 mins in PBS). Slides were 

incubatedd with the primary antibodies overnight at 4°C in PBS with 0.1% Triton and 1% 
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bovinee serum albumin. After washing (3x10 mins in PBS), slides were then incubated with 

biotinylatedd secondary antibodies at room temperature for one hour in PBS with 10% Human 

serum.. Slides were washed ( 3 x 5 mins in PBS), incubated with streptavidin-biotin-

horseradishh peroxidase (Dako, Glostrup, Denmark) for 1 hour, washed again ( 3 x5 mins in 

PBS),, and peroxidase activity was detected with 'Fast DAB' (Sigma, St. Louis, MO). Finally, 

sectionss were counterstained with Mayer's haematoxylin, dehydrated and mounted in 

'Entellan'' (Merk, Darmstadt, Germany) under cover slips. 

Antibodies s 

Racll  mouse monoclonal antibody IgG2b clone 23A8 was from Upstate (Lake Placid, 

NY)) and was used for both immunoblotting and immunohistochemistry. Racl mouse 

monoclonall  antibody IgG2b clone 102 was from Transduction Laboratories (Lexington, KY) 

andd was used to confirm immunohistochemistry results (not shown). Cipl/WAFl mouse 

monoclonall  antibody IgG2a clone 70 was from Transduction Laboratories. HRP conjugated 

rabbitt anti-mouse antibodies were from Cell Signalling (Beverly, MA), and biotinylated 

rabbitrabbit anti-mouse antibodies were from Dako. 

Results s 

Moree genes are induced by Aspirin treatment than repressed 

Off  the 1176 genes whose expression was analysed, 249 were significantly upregulated 

andd 51 significantly downregulated. The ten most upregulated and ten most down regulated 

geness are shown in tables I and II. 

GenBankk Ace. 
AF019770 0 
L07633 3 
M80563 3 
M29870 0 
Y00711 1 
S74678 8 
M35663 3 
U83117 7 
D38551 1 
M60854 4 

No.. Gene Name 
prostatee differentiation factor 
proteasomee activator subunit 1 (PA28 alpha) 
S1000 calcium-binding protein A4 
rhoo family, small GTP binding protein Racl 
lactatee dehydrogenase B 
heterogeneouss nuclear ribonucleoprotein K 
Humann protein kinase inhibitor p58 
ubiquitin-likee 1 (sentrin) 
RAD211 (S. pombe) homolog 
ribosomalribosomal protein S16 

Meann fold induction 
2.26 6 
2.26 6 
2.25 5 
2.23 3 
2.08 8 
2.08 8 
1.90 0 
1.87 7 
1.82 2 
1.81 1 

Tablee I A list of the ten genes most highly induced by Aspirin treatment, together with their 
GeneBankk Accession numbers and the mean fold induction. 
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Genn Bank Ace. No 
X53587 7 
X92106 6 
M92287 7 
S85655 5 
M35543 3 
U65410 0 
X51521 1 
U58048 8 
X56681 1 
M93056 6 

Genee Name 
integrinn beta 4 
bleomycinn hydrolase 
cyclinn D3 
prohibitin n 
GTP-bindingg protein 
mitoticc feedback control protein MADP2 homolog 
villinn 2 (ezrin) 
procollagenn (type III) N-endopeptidase 
junn D proto-oncogene 
Humann mononcyte/neutrophil elastase inhibitor 

Meann fold repression 
1.50 0 
1.40 0 
1.39 9 
1.35 5 
1.34 4 
1.34 4 
1.30 0 
1.30 0 
1.28 8 
1.26 6 

Tablee II A list of the ten genes most highly repressed by Aspirin treatment, together with their 
GeneBankk Accession numbers and the mean fold repression. 

Highh doses of Aspirin lead to a very different pattern of alteration in gene expression 

thann low doses 

Too look at the effect of Aspirin dosage on gene expression we compared the results 

obtainedd with each other as well as with the DMSO control to obtain a correlation coefficient 

forr the various comparisons. As might be expected, high dose (5mM) leads to bigger 

differencess in gene expression than the low dose (0.05mM), compared to control. However, 

whilee increasing the Aspirin dose by a factor of 10 from 0.05 to 0.5mM leads to very littl e 

differencee in gene expression, a further factor of 10 increase, from 0.5 to 5mM, results in a 

veryy different gene expression pattern. This is interesting as it agrees with data regarding the 

minimumm effective dose required to influence many of the new non-COX targets of NSAIDs. 

Thesee all require Aspirin doses in the 1-1 OmM range.38 Aspirin mediated effects such as 

inductionn of apoptosis189 19° and inhibition of angiogenesis191 m also need doses in this 

millimolarr range, doses that are at least 100 fold higher than those needed to inhibit 

prostaglandinn synthesis.193 Our results confirm that Aspirin has different actions in the 

millimolarr range than at doses below this. 
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dmsoo vs 0.05 dmso vs 5 0.5 vs 0.05 5 vs 0.5 

Aspiri nn doses (mM) 

Figuree 1 The list of values obtained for gene expression under the various treatments were compared 
too give a correlation coefficient between -1 and 1, representing the degree to which gene expression 
betweenn two treatments is linearly related. As expected, gene expression obtained with the lowest dose 
Aspirinn treatment (0.05mM) is more similar to gene expression in the dmso control than with a higher 
dose.. Surprisingly, while there was a very similar gene expression pattern between 0.05mM and 
0.5mMM Aspirin treatments, the gene expression pattern obtained with 5mM Aspirin was very different 
too that of 0.5 mM Aspirin treatment. 

Aspirinn induces genes involved with DNA damage, nucleotide metabolism and stress 

response e 

Too analyse whether there was a pattern to the upregulated genes we analysed them by 

functionall  category to see if any categories were significantly over represented. As shown in 

tablee III genes involved with DNA damage signalling, stress response and nucleotide 

metabolismm were among the most significantly affected categories. 
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5 5 
10 0 
8 8 
3 3 
8 8 
39 9 
2 2 
1 1 
1 1 
3 3 
15 5 
7 7 
0 0 
5 5 
4 4 

12 2 
50 0 
39 9 
9 9 
43 3 
322 2 
6 6 
2 2 
2 2 
12 2 
109 9 
166 6 
42 2 
26 6 
19 9 

1.0 0 
4.2 2 
3.3 3 
0.8 8 
3.7 7 
27.3 3 
0.5 5 
0.2 2 
0.2 2 
1.0 0 
9.3 3 
14.1 1 
3.6 6 
2.2 2 
1.6 6 

0.00004 4 
0.003 3 
0.007 7 
0.007 7 
0.010 0 
0.012 2 
0.014 4 
0.016 6 
0.018 8 
0.020 0 
0.022 2 
0.024 4 
0.026 6 
0.028 8 
0.030 0 

Genee Category Upregulated Total Expected P value 
ribosomalribosomal proteins 
DNAA damage signalling/repair proteins 
stresss response proteins 
factorss of translation 
nucleotidee metabolism 
nuclearr proteins 
simplee carbohydrate metabolism 
otherr transcription proteins 
tRNA A 
otherss involved in protein turnover 
transcriptionn activators and repressors 
extracellularr secreted proteins 
otherr receptors (by ligands) 
DNAA replication 
mRNA A 

Tablee III A list of the gene categories significantly over represented among the genes induced by 
Aspirinn treatment. For each gene category the columns show the number of upregulated genes that 
belongedd to the category, the number of genes in the whole array belonging to the category, the 
numberr of genes in the category that would be expected to appear by chance among the upregulated 
genes,, and the probability of obtaining the number of genes observed. (Using the Chi-squared test) 

Aspirinn represses genes involved with the cell cycle 

Wee further analysed whether there was a pattern to the significantly downregulated 

genes.. 51 of these were categorised and categories significantly over represented amongst the 

downregulatedd genes are displayed in table IV. Interestingly both of these are cell cycle 

related.. The effects of Aspirin and other NSAIDs on various cell cycle proteins are well 

documented.1 1 1944 195 

Genee Category Downregulated Total Expected P value 
cyclinss 3 8 0.47 0.00016 
otherr cell cycle proteins 4 33 1.58 0.049 

Tablee IV A list of the gene categories significantly over represented among the genes repressed by 
Aspirinn treatment. For each gene category the columns show the number of downregulated genes that 
belongedd to the category, the number of genes in the whole array belonging to the category, the 
numberr of genes in the category that would be expected to appear by chance among the downregulated 
genes,, and the probability of obtaining the number of genes observed. (Using the Chi-squared test) 

Thiss also fits well with some of the upregulated genes such as p21 CiplAVAFl , a 

cyclinn dependant kinase inhibitor that induces cell cycle arrest. This appears as high in the list 

off  most upregulated genes by 5mM Aspirin. This we checked by immunoblotting HT29 cells 

treatedd with Aspirin as shown in figure 2. This confirms that cell cycle inhibition is one of the 
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majorr effects of Aspirin in colon cancer cells, and also confirms the reliability of the array 

results. . 

OO 4 8 24 48 

p211 WAF 

Figuree 2 Immunoblot for p21 Cipl/WAFl in HT29 cells treated with Aspirin 5mM for various 
timess shown in hours. 75ug of total protein was loaded per lane. 

Racll is induced by Aspirin treatment 

Thee gene most highly induced by Aspirin treatment is Prostate Differentiation Factor 

(PDF)) a gene otherwise known as Macrophage Inhibitory Cytokine or NSAID Activated 

Genee (NAG), which as the latter name suggests, has already been described as being 

upregulatedd by Aspirin treatment.157 Another interesting gene that is highly induced by 

Aspirinn is Racl, a molecule involved with differentiation of intestinal epithelial cells.196 These 

twoo spots are highlighted in the arrays shown in figure 3. This upregulation was also shown 

byy immunoblotting Aspirin treated HT29 cells. Racl expression was induced in a time and 

concentrationn dependant manner as shown in figure 4. 
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Figuree 3 False colour images of the arrays indicating the most highly upregulated gene Prostate 
Differentiationn Factor as well as Racl. Both spots show a change in false image colour indicative of a 
higherr signal while the housekeeping genes in the bottom row show equal signals. 
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Tim ee (hours ) 0 4 8 24 48 

[Aspirin ]]  (mM) 0 0.2 0.5 1 2 5 

Figuree 4 HT29 cells were treated with Aspirin 5mM for various times (A), or with various 
concentrationss of Aspirin for 24 hours (B). 75ug of total protein was loaded per lane and blotted for 
Racl.. A time and concentration dependant increase in Racl expression is seen. 

Racll is expressed most highly by mature colonocytes in human and mouse colon 

Onee possible way to determine the function of Racl in the colon is to study its 

expressionn pattern by immunohistochemistry. Racl is expressed most highly at the intercrypt 

tablee in both mouse and human colonic epithelium. Thus Racl expression increases as the 

colonocytess differentiate and is highest in mature colonocytes about to undergo apoptosis. 

Thiss would support in vivo evidence that suggests that Racl is involved in differentiation of 

thee colonic epithelium. 

Figuree 4 Immunohistochemistry in sections of normal mouse (A) and human (B) colon showing 
Racll  expression (Brown) predominantly at the intercrypt tables. Strong staining for Racl is also seen 
inn the stroma in the human colon. Control staining where the primary antibody was omitted or an 
isotypee control antibody was used showed no staining (not shown). The same staining pattern was also 
seenn with a Racl monoclonal antibody from a different manufacturer (not shown). 
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Discussion n 

Thee investigation into the working mechanisms of NSAIDs in colon cancer has 

graduallyy become a field in its own right. Since the discovery that NSAIDs inhibit COX,33 

mostt of the work has concentrated on this as the working mechanism for NSAIDs in colon 

cancerr prevention. However, in the last few years a number of new molecular targets of 

NSAIDss have been reported and several of these have been suggested to provide alternative 

workingg mechanisms for NSAIDs in colon cancer.38 One of the criticisms of many of these 

COX-independentt mechanisms is that they require far higher doses of NSAIDs than required 

forr COX inhibition, concentrations that may be difficult to achieve in vivo.176 In this study we 

sett out to determine the changes in gene expression induced by Aspirin at three different 

concentrationss in the colon cancer cell line HT29 using a commercially available DNA 

microarrayy consisting of 1179 genes selected for their known or suspected roles in cancer. 

Thee problem as always with DNA array data is how to manage the wealth of data 

produced.. To look for general patterns within the complex changes induced in this large 

numberr of genes, we have grouped genes into functional groups and looked to see whether the 

affectedd genes fell into these groups more frequently than would be expected by chance. We 

alsoo compared the pattern of gene expression found at each of the three Aspirin 

concentrationss to see to what extent they overlapped. Finally we selected one of the most 

highlyy upregulated genes and investigated this in more depth. 

Thee most highly upregulated gene has previously been identified by subtractive 

hybridisationn as the gene most highly upregulated by NSAIDs. Prostate Differentiation 

Factor,, otherwise known as NSAID Activated Gene or Macrophage Inhibitory Cytokine, is 

highlyy upregulated by NSAID treatment. It is a member of the TGF-beta family and has 

proapoptoticc properties.157 197 Our finding that this is the most highly upregulated gene 

confirmss the reliability of this technique. We further checked the reliability of our results by 

analysingg protein levels by immunoblotting of a number of highly affected genes. One 

interestingg gene never previously studied in this context is Racl. Racl is a small GTPase and 

partt of the Rho family that form part of the oncogenic RAS signal transduction pathway. As 

such,, activation of Racl or increases in its levels might be expected to be tumourigenic. It is 

thereforee perhaps counterintuitive to find an increase in Racl due to treatment of colon cancer 

cellss with Aspirin, as Aspirin clearly has antitumour activity in colon cancer. The principal 

mechanismss by which NSAIDs are felt to act on colon cancer are by cell cycle inhibition and 

inductionn of apoptosis. However, a third less well-studied mechanism is the promotion of 
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differentiation,1988 which will secondarily lead to cell cycle inhibition and increased sensitivity 

too apoptosis. Interestingly, detailed studies of Racl function in the intestines of mice have 

revealedd that Racl plays an important role in intestinal epithelial differentiation. Introduction 

off  a constitutively active form of Racl into mice under the control of an exclusively intestinal 

promoterr leads to precocious differentiation of the intestinal epithelial cells.196 Recent studies 

inin vitro have shown that Racl is essential for Cadherin-mediated cell-cell adhesion. The 

formationn of tight junctions between the epithelial cells of the colon is one of the organs 

hallmarks,, important for the barrier function of the colon preventing faecal bacterial invasion 

andd also enabling absorption of water.200 Loss of cell-cell adhesion is a feature of late stages 

off  colon cancer when tumours acquire invasive and metastatic capabilities and one of the 

familiess of molecules responsible for cell-cell adhesion, the Cadherins, can also behave as 

morphogenss influencing the differentiation and maturation of cells.201 202 Recent detailed 

observationss in human tumours also correlate behaviour at the 'invasive front' of a tumour 

withh loss of E-Cadherin expression and also suggest that this is reversible. 

Inn the adult the colonic epithelium is continually being renewed once every five days. 

Pluripotentt stem cells residing at the bottom of the crypts give rise to daughter cells that 

migratee up the crypt to the epithelial surface where they undergo apoptosis and /or are shed 

intoo the gut lumen.63 2M 205 Along this migratory path the cells differentiate. Thus mature, non-

proliferatingg cells, about to undergo apoptosis are found at the villus tip and this we show is 

alsoo the site of highest Racl expression in humans and mice. This provides supporting 

evidencee that Racl may be involved with colonocyte maturation and apoptosis. In conclusion 

wee find evidence that Aspirin at 5mM concentration has very different effects on cells than at 

twoo lower concentrations, 50uM and 500uM, a finding that supports clinical evidence that 

Aspirinn at low and high dose has different effects. We find that Aspirin predominantly 

inducess genes involved with DNA damage signaling, nucleotide metabolism, and the stress 

response.. On a single gene level a member of the TGFp family is the most highly induced 

genee and Racl is also highly induced. Racl plays an important role in cell-cell adhesion and 

itss induction by Aspirin may therefore underlie the beneficial effects of Aspirin in colon 

cancerr progression. 
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