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Introduction 

Colorectal cancer is the second leading cause of 
cancer-related deaths in the Western world. Ap- 
proximately 75% of patients with colorectal cancer 
present with localised disease, however, despite cura- 
tive surgery, around 40% of patients still experience 
disease relapse leading to morbidity and eventual 
mortality. The use of adjuvant chemotherapy elimi- 
nates microscopic disease, with the hope of preventing 
recurrent disease. 

The most active drug in colorectal cancer, the 
anti-metabolite 5-ftuorouracil (5-FU), was developed 
more than 40 years ago. 5-FU exerts its anticancer 
effects through inhibition of thymidylate synthase 
(TS) and incorporation of its metabolites into RNA 
and DNA (Fig. 1). In the last 5 years the median 
survival for patients with metastatic colorectal cancer 
has nearly doubled from 12 months to 22 months 
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Fig. 1. Mechanism of  action of  5-FU. 5-FU: 5-ftuorouracil; 
CH2THF: 5,10-methylene-tetrahydrofolate; DPD: dihydropyrimidine 
dehydrogenase; FdUDP: 51-ftuoro-21-deoxyuridine-51-diphosphate; 
FdUMP: 51-ftuoro-21-deoxyuridine-51-monophosphate; FUDR: 2/- 
deoxy-51-ftuorouridine; FUMP: 51-ftuorouridine-51-monophosphate; 
FUTP: 51-ftuorouridine-51-triphosphate; RR: ribonucleotide reduc- 
tase; TP: thymidine phosphorylase; TS: thymidylate synthase. 

and new agents in late phase clinical trails may soon 
extend this survival benefit further. In the metastatic 
disease setting, single-agent 5-FU produced response 
rates of only 10-20% [1]. However, combination of 
5-FU with new classes of drugs such as oxaliplatin 
and irinotecan, has significantly improved response 
rates to the 40 50% range in patients with metastatic 
colorectal cancer [2,3]. 

In patients with resectable stage III colorectal 
cancer, adjuvant therapy has been demonstrated to 
improve disease-free survival (DFS) and overall sur- 
vival (OS) by 35% and 22%, respectively. However, 
the role of adjuvant therapy in stage II colorectal 
cancer remains controversial. The 5-year survival for 
patients with stage II colorectal cancer is 75%, demon- 
strating that the majority of patients are cured by 
surgery alone. A recent meta-analysis of prospective 
randomised clinical trials of adjuvant therapy has not 
shown a significant survival benefit in these patients. 
Approximately, 40% of these patients will develop 
recurrent disease within their lifetime; hence there is a 
need to identify which of these patients would benefit 
form adjuvant therapy. The identification of patients 
at high risk of relapse has traditionally depended on 
pathological features. However, these have been too 
inaccurate to provide detailed predictions of patient 
outcome. Recent advances in our understanding of 
the molecular biology of colorectal cancer have lead 
to the identification of other potential prognostic and 
predictive factors (Table 1). 

Current molecular markers for 5-FU-based 
therapy 

Microsatellite instability (MSI) 

Genetic instability has been recognised as a central 
element in the genesis of malignant lesions, resulting 
in clonal evolution of genetic events acquired in the 
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Table 1 
Currently studied molecular markers for 5-FU-based therapy a 

Marker Results Reference(s) 

TS 

DPD 

p53 

DCC 

MSI 

K-ras 

High TS correlates with poor survival [4-7] 

No prognostic role for TS [8] 

Low DPD levels correlate with increased survival [9,10] 

No prognostic role for DPD [11] 

p53 over-expression correlates with poor survival [12-16] 

p53 displays no independent prognostic role [17,4,18-20] 

DCC+ tumours are associated with increased overall survival and disease-free recurrence [21] 

LOH displays no prognostic role in colorectal cancer [17] 

MSI-H correlates with increased survival [22,23] 

MSI+ displays no prognostic significance [24] 

K-ras mutations are associated with an increased risk of death [25-28] 

K-ras mutations display no prognostic significance [29-31] 

a 5-FU: 5-fluorouracil; DPD: dihydropyrimidine dehydrogenase; TS: thymidylate synthase; DCC: deleted in colon cancer; 
MSI: microsatellite instability; LOH: loss of heterozygosity. 

course of  ttmlour progression [32]. MSI is common 
to many forms of cancer and is found in half to 
two-thirds of  sporadic colon cancers. MSI is caused 
by mutations in the mismatch repair (MMR) genes 
such as hMSH2, hMLH1 and hMSH6, which results in 
failure of  the DNA mismatch repair system to correct 
errors that occur during replication [33]. Inactivation 
of mismatch repair genes causes replication errors, 
termed microsatellite instability (MSI), or the mutator 
phenotype. MSI is defined as variations in the numbers 
of repetitive di-, tri- and tetra-nucleotide repeats 
(called microsatellites) found in DNA. The DNA 
base-base mismatch repair system (MMR genes) have 
been shown to account for microsatellite instability in 
nearly all cases of  hereditary non-polyposis colorectal 
cancer (HNPCC)-associated replication error (RER) 
cancer [34]. 

The MMR genes (hMLH1, hMSH2 and hMSH6) 
are responsible for HNPCC and patients with HNPCC 
inherit a single defective allele of  a MMR gene and 
require an additional somatic mutation to inactivate 
the relevant gene. DNA mismatch repair is found 
in 10 15% of all colorectal cancers and accounts 
for greater than 90% of HNPCC [34]. The majority 
of sporadic MSI tumours are due to transcriptional 
silencing of the hMLH1 gene, which is caused by 
promoter methylation [35]. The cluster of  MMR genes 
acts as a unit and when mutations occur in any of these 
genes the mutation rate increases 10(>1000-fold. 

Various studies have investigated the prognostic role 
of MSI in stage II colorectal cancer (Table 2). The 
studies have confirmed a consistent and independent 
association between MSI-high (MSI-H) phenotype 

and improved survival in patients with stage II and 
stage III colorectal cancer. These studies have noted 
that the 5-year survival rate for all patients with MSI-H 
tumours was significantly better than that of  pa- 
tients with microsatellite stable (MSS) tumours (76% 
versus 54%) [22]. Furthermore, Lira and colleagues 
demonstrated that patients with MSI tumours exhibited 
better recurrence-free survival (RFS) compared with 
those with MSS tumours, and the use of  adjuvant 
chemotherapy did not benefit these patients [36]. 
A conflicting result was confirmed by Wang and 
colleagues, in which 396 stage II colorectal cancer 
patients were assessed for MSI. They found that 23% 
of proximal tumours were MSI+ and demonstrated that 
MSI was not a prognostic indicator in this cohort of  
stage II colorectal cancer patients [24]. 

In vitro studies suggest that MSI influences cell 
survival after 5-FU treatment. Meyers and colleagues 
demonstrated that restoration of hMLH1 activity in 
MMR-deficient H C T l l 6  cells increased their sen- 
sitivity to 5-FU [42]. However, in vivo studies 
have shown the MSI-positive phenotype has been 
associated with increased survival in patients with 
stage III colorectal cancer who receive adjuvant 5-FU- 
based therapy. Furthermore, several other studies have 
demonstrated that there is a survival advantage and a 
less aggressive phenotype in patients who have a high 
frequency of MSI who receive adjuvant 5-FU-based 
chemotherapy. It is believed that ttmlours with MSI+ 
phenotype appear to be more chemosensitive [43]. Two 
independent studies have demonstrated that there is 
no survival advantage for MSI-H patients who are 
treated with adjuvant 5-FU, compared with no adjuvant 
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Table 2 
Studies that have investigated the prognostic role of MSI in stage II and III colorectal cancer a 

Observation Reference(s) 

70% of colorectal cancer have lost a portion of 17p or 18q or both 

LOH at the p53 allele mediated conversion to the highest grade of dysphasia 

Loss of 18q correlated with poorer prognosis in stage II and III colorectal cancer, while retention of both 18q 
alleles resulted in 93% 5-year survival compared with 54% in patients who have lost one allele. 

Retention of both 18q alleles result in a more favourable outcome after adjuvant 5-FU-based therapy. 

LOH at 18q had a prognostic role and was associated with worse prognosis in stage II and III colorectal 
cancer. 

Kern et al. 1989 [37] 

Miyaki et al. 2002 [38] 

Lanza et al. 1998 [39] 

Watanabe et al. 2001 [17] 

Font et al. 2001 [25]; 
Shibata et al. 1996 [40]; 
Jen et al. 1994 [41] 

a 5-FU: 5-ftuorouracil; MSI: microsatellite instability; LOH: loss of heterozygosity. 

therapy. However, 5-FU-based adjuvant chemotherapy 
benefited those patients who were MSS or low- 
frequency MSI [44,45]. The discrepancy between the 
in vitro and in vivo findings may be due to other 
intrinsic biological differences between MSI-positive 
and MSI-negative mmours. For example, most MSI- 
positive mmours have wild-type p53, and most MSI- 
negative mmours are mutant for p53. The major 
limitation to the analysis is the low frequency of  this 
phenomenon, as it usually only occurs at a rate o f  17%, 
which makes it difficult to quantify whether there is a 
survival advantage. 

MSI (replication error; RER) is common to many 
sporadic forms of  cancer and is found in half  to two- 
thirds of  colon cancers [36]. There also appears to be a 
link between MSI and transforming growth factor-beta 
(TGF[3) RII mutation. A recent study demonstrated 
that 61% of  stage III colorectal cancer patients with 
MSI-high mmours also had a TGF[3 RII mutation [17]. 
This study also demonstrated that patients who had 
MSI-high tumours and TGF[3 RII mutations had a 
5-year survival o f  74% following adjuvant 5-FU 
therapy compared with 46% in patients with MSI-high 
mmours without TGF[3 RII mutations [17]. 

TGF[3 is a multifunctional polypeptide that regulates 
a number o f  cellular processes including growth, 
differentiation, deposition o f  the extracellular matrix 
(ECM), inmlunosuppression, embryogenesis, repair o f  
soft and hard tissue and regulation o f  haematopoiesis 
[46-49]. TGF[3 exerts its effects through binding to 
specific cell surface proteins. These receptors have 
been termed type I (RI), type II (RII) and type III 
(Rill) [50-52]. Type RI and RII are glycoproteins, 
while type RIII is a proteoglycan [53]. It has been 
demonstrated that RI and RII are serine/threonine 
kinases, which are indispensable for TGF[3 sig- 
nalling [54,55]. Furthermore, cells that lose the ability 

to express or respond to TGF[3, are more likely to 
exhibit uncontrolled growth and over time become 
tumourigenic. RII, but not RI can individually bind 
TGF[3. Binding of  RII to TGF[3 induces the assembly 
o f  the RII RI heterodimer and transphosphorylation 
by RII o f  RI [55-57]. 

Furthermore, a study has demonstrated that RII 
is inactivated by BAT-RII frameshift mutation in 
90% of  RER colon cancers [58]. TGF[3 RII is a 
downstream mutation target resulting in the disruption 
o f  growth regulation o f  HNPCC in both cell lines 
and tissues [59]. It has also been observed that re- 
expression of  RII in H C T l l 6  colon cancer cells 
which are resistant to TGF[3 leads to a reversal o f  
tumourigenicity both in vitro and in vivo [60,61]. 
This suggests that TGF[3 plays a significant role in 
the suppression of  malignancy and mutations that 
inactivate RII are actively selected for in colon cancer 
and do not randomly accumulate [54,58]. Taken 
together the data suggests that the TGF[3 pathway 
provides important targets for therapeutic intervention 
as well as for chemoprevention strategies. 

Loss o f  heterozygosity (LOH) 

Studies on allelic losses in patients with familial 
adenomatous polyposis (FAP) and non-familial adeno- 
matous polyposis (non-FAP) established that 5q LOH 
occurred in a substantial proportion o f  adenomas, 
whereas 17p and 18q LOH were a later event [62,63]. 
This served as the model for colorectal carcinogenesis 
proposed by Fearon and Vogelstein [64]. The emphasis 
o f  the model was on the accumulation o f  mutations 
rather than the order in which they arise. It is 
interesting to note that no allelic losses have been 
observed in normal colonic epithelium surrounding 
colorectal neoplasm [65,66]. Consistent allelic loss 
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Table 3 
Studies that have investigated the prognostic role of LOH in stage II and III colorectal cancer a 

Observation Reference(s) 

MSI-H phenotype correlates with improved survival in stage II and III colorectal cancer patients. The 
5-year survival for MSI-H tumours was significantly better than that of patients with MSS (76% versus 
54%, respectively). 

MSI tumours exhibited better recurrence-free survival compared with those with MSS tumours. 
Furthermore, the use of adjuvant therapy did not benefit MSI patients. 

MSI was not shown to be a prognostic indicator in stage II colorectal cancer patients. 

MSI-H has been associated with increased survival and a less aggressive phenotype in patients with stage 
III colorectal cancer who receive adjuvant 5-FU-based therapy. 

Studies have demonstrated that there is no survival advantage for MSI-H patients who receive adjuvant 
5-FU, compared with no adjuvant therapy. However, 5-FU-based adjuvant therapy benefited those patients 
who were MSS or low frequency MSI. 

There is a link between MSI and TGF-b RII mutation, 61% of stage III colorectal cancer patients with 
MSI-H tumours also had TGF-b RII mutation. Patients who had TGF-b RII mutation and MSI-H 
phenotype had a 5-year survival of 74% following adjuvant 5-FU therapy compared with 46% in patients 
with MSI-H tumours without TGF-b RII mutation. 

Gryfe et al. 2000 [8] 

Lim et al. 2004 [36] 

Wang et al. 2003 [24] 

Elsaleh et al. 2001 [43] 

Carethers et al. 2004 [44]; 
Ribic et al. 2003 [45] 

Watanabe et al. 2001 [17] 

a 5-FU: 5-fluorouracil; MSI: microsatellite instability; MSS: microsatellite stable; LOH: loss of heterozygosity. 

of a specific chromosomal region in a particular 
cancer type is generally taken as evidence for the 
location of a putative tumour suppressor gene in that 
region. Many studies have now demonstrated that 
loss of 5q (adenomatous polyposis coli (APC) gene) 
occurs at the transition phase of normal to benign 
adenoma, whereas loss of  17p (l)53 gene) or 18q 
(deleted in colon cancer (DCC) gene) occurs at a 
later stage transition of adenoma to carcinoma [65]. 
However, additional genetic lesions may participate in 
the growth of adenomas, including point mutations in 
other genes such as the K-ras gene [67,68]. This allelic 
picture has demonstrated an essential role for these 
genes in tumour progression. 

It has been reported that 70% of colorectal cancers 
have lost a portion of chromosome 17p or 18q or 
both [37]. The prognostic role of LOH has been 
investigated in several studies (Table 3). The 17p chro- 
mosome contains p53, which is an important mmour 
suppressor, and is mutated in 40 60% of colorectal 
cancers. Miyaki and colleagues reported that LOH at 
thep53 allele mediated conversion to the highest grade 
of dysplasia [38]. It has also been demonstrated that 
loss of 18q is associated with a poorer prognosis in 
stage II and III tumours [69]. Furthermore, retention 
of both 18q alleles in patients with stage II colorectal 
cancer results in a 93% 5-year survival compared 
with 54% in patients who have lost one allele [69]. 
Watanabe and colleagues showed that patients with 
stage III colorectal cancer who retained both 18q 

alleles had a more favourable outcome after adjuvant 
5-FU-based chemotherapy [17]. The 18q chromosome 
segment contains three candidate tumour suppressor 
genes, DCC, smad 2 and smad 4 [70]. Smad 
proteins are transcription factors involved in the TGF[3 
pathway [71]. They are involved in signalling from 
the TGF[3 receptor and have been shown to regulate 
transcription of target genes including c-myc [72,73]. 
In addition, 50% of colorectal cancers have lost a 
portion of chromosome 8p and re-introduction of 8p 
into colon cancer cells has been shown to decrease 
tumourigenicity and invasiveness. Moreover, loss of 8p 
is associated with a worse prognosis. The identity and 
function of the genes contained within this region of 
8p have yet to be identified [74]. 

p53 tumour suppressor gene 

p53 has been described as the universal sensor of  
genotoxic stress [75]. p53 status has been studied as a 
prognostic factor, and more recently as a predictor of  
response to cancer chemotherapy. Two methods have 
been employed to assess p53 status; DNA analysis, 
to detect a variety of  mutations, and inmmnohisto- 
chemistry, to detect abnormal nuclear accumulation 
of the p53 protein. Inmmnohistochemically detected 
p53 over-expression has been used as a surrogate 
marker for p53 mutation; however, this assumption 
is not always correct. Many genetic changes do not 
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result inp53 over-expression, and positive inmlunohis- 
tochemical analysis of p53 may occur in the absence 
of p53 mutation. A number of studies have demon- 
strated that p53 over-expression correlated with poor 
survival when measured by inmlunohistochemistry in 
stage II disease [12-14]. However, a number of other 
studies assessed p53 by both inmlunohistochemistry 
and polymerase chain reaction-single conformation 
polymorphism (PCR-SSCP) and found that p53 did 
not display any independent prognostic role in early 
stage colorectal cancer [4,18,19,76]. 

A recent study by Tang and colleagues [77] found 
that p53 mutation was associated with a poorer 
prognosis in stage II and III colorectal cancer patients 
who received surgery alone, whereas p53 was not a 
prognostic factor among those patients who had re- 
ceived 5-FU-based adjuvant chemotherapy. Yet, Ahnen 
and colleagues [15] found that patients with stage III 
colorectal cancer whose mmours over-expressed p53 
did not derive significant survival benefit from adju- 
vant 5-FU-based treatment, whereas those withoutp53 
over-expression did. These conflicting findings may 
be due to the techniques used as well as the various 
antibodies used to detect p53. Due to these conflicting 
results the use of p53 as a predictive marker for 5-FU 
remains controversial. 

Deleted in colon cancer (DCC) 

DCC encodes a transmembrane protein with high 
homology to cell adhesion molecules. A decrease in 
DCC expression may lead to altered adhesion and 
contribute to enhanced tumour growth and metastatic 
spread of colorectal cancer [78]. It has been demon- 
strated that DCC abnormalities occur in around 40 
50% of all patients with colorectal cancer. DCC status 
is currently measured by molecular genetic assays 
or inm~unohistochemistry. DCC staining has been 
reported to be an ' all or nothing' event, and the 
inmlunohistochemical assessment would normally be 
scored as the presence of any cytoplasmic reactivity 
or negative staining. 

A number of studies have investigated the prog- 
nostic role of DCC in early stage colorectal cancer 
(stage II and III) (Table 1). DCC was measured either 
by inmmnohistochemistry or molecular analysis using 
3-10 microsatellite markers. The studies found that 
LOH had a prognostic role in stage II and III colorectal 
cancer and was associated with worse prognosis [25, 
13,41,39]. One study by Watanabe and colleagues 
found that LOH did not have a prognostic role in 
stage II colorectal cancer; however, this group of 
121 patients had received adjuvant chemotherapy [ 17]. 

All of the above investigations were retrospective 
and a consistent and significant prognostic role for 
DCC was found in 4/5 studies. A study by Gal and 
colleagues investigated the prognostic role of DCC in 
early stage colorectal cancer with and without adjuvant 
chemotherapy. DCC status was measured by inm~uno- 
histochemistry from paraffin-embedded tissue and the 
primary endpoint of the study was RFS. They showed 
that OS and RFS were higher in DCC+ (83%) tumours 
than DCC- (54%). Furthermore, at 5 years, all DCC+ 
patients who received adjuvant chemotherapy were 
alive with no evidence of disease. However, only 54% 
of patients who did not receive adjuvant treatment 
were alive at 5 years (P=0.0001) [21]. 

Thymidylate synthase 

A number of in vitro and in vivo studies have 
demonstrated that TS is a prognostic and predic- 
tive marker in fluoropyrimidine-based chemotherapy 
(Table 1). The primary mechanism of resistance to 
fluoropyrimidines is an increase in TS expression [79]. 
Furthermore, reverse transcription-polymerase chain 
reaction (RT-PCR) and inmmnohistochemical studies 
have demonstrated that patients with low mmoural TS 
expression have higher response rates to 5-FU than 
those with higher levels of TS expression [80,81,5]. 
Several in vitro and in vivo studies have demonstrated 
that treatment of cancer cells with 5-FU acutely up- 
regulates TS synthesis [5,82,83]. The molecular basis 
for this acute up-regulation appears to be the inhibition 
of an auto-regulatory feedback loop, in which ligand- 
free TS binds to, and inhibits, its own translation. 
However, when FdUMP stably binds TS, it is no longer 
able to bind to its mRNA, resulting in increased TS 
protein expression [82]. The role of acute TS induction 
in 5-FU resistance was investigated in MDA435 breast 
cancer cells in which expression of a TS trans-gene 
was controlled by a tetracycline-regulated promoter. 
This study demonstrated that inducible expression of 
TS increased the IC50 dose of 5-FU by -3-fold, 
suggesting that acute induction of TS is a factor in 
determining sensitivity to 5-FU [84]. There is, how- 
ever, a subset of patients who have low TS expression 
who do not respond to 5-FU treatment. These non- 
responders may have other mechanisms of resistance, 
such as high levels of thymidine phosphorylase (TP) 
and dihydropyrimidine dehydrogenase. This highlights 
the need for and importance of measuring multiple 
markers of resistance to fluoropyrimidines. 

TS gene polymorphisms also have the potential 
to predict clinical outcome and toxicity; therefore 
it may be an important factor to consider when 
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deciding on patient treatment. The TS gene promoter 
is polymorphic and usually has two (TSER,2) or three 
(TSER,3) 28-base pair tandem repeat sequences [85]. 
These tandem repeats may affect transcriptional and/or 
translational efficiency of the TS gene. It has been 
demonstrated that TSER,3/TSER,3 homozygous pa- 
tients are less likely to respond to 5-FU than 
TSER,2/TSER,2 homozygous, or TSER,2/TSER,3 
heterozygous patients [86]. This may be due to the 
fact that TS promoters with the TSER,3 sequence 
have been reported to generate -3-fold higher mRNA 
than those with the TSER,2 sequence [87], and 
therefore patients with this genotype may express 
higher levels of TS and be less responsive to 5-FU. The 
identification of the polymorphism provides a means 
of selecting patients who are likely to respond to 5-FU- 
based chemotherapy and also identifies patients who 
will experience increased toxicity. Recently a six base- 
pair polymorphic deletion in the 31 untranslated region 
(UTR) of the TS gene has been identified; however, it 
is unclear at present whether this polymorphic change 
influences TS gene expression or mRNA stability. 

Several clinical studies have investigated the role 
of TS as a predictive and prognostic marker in stage 
II and III colorectal cancer. A number of these studies 
have demonstrated that high levels of TS, as measured 
by inmlunohistochemistry (IHC), predict for worse 
survival in stage II and III patients [5-7]. Allegra and 
colleagues carried out a further study of patients with 
stage II and III colorectal cancer who were treated 
with either surgery alone or surgery and adjuvant 
5-FU. They stained for three markers, p53, TS and 
Ki67, by immunohistochemistry (IHC). They found 
that both high TS and positive p53 were associated 
with a worse outcome. They also demonstrated that 
high Ki67 correlated with improved outcome when 
compared with low Ki67. However, they did not 
identify any interaction with treatment for any of the 
markers tested [4]. An intergroup combined analysis 
was carried out to assess the prognostic significance 
of TS expression in stage II and III colorectal cancer 
and further evaluate the role of TS as a predictor of 
response to adjuvant 5-FU-based therapy. The results 
established that TS was a prognostic marker for OS 
in stage III colorectal cancer, however, TS was not a 
predictor of response in the adjuvant setting [88]. 

Dihydropyrimidine dehydrogenase (DPD) 

Dihydropyrimidine dehydrogenase (DPD) catalyses 
the rate-limiting step in the catabolism of fluoro- 
pyrimidines. More than 80% of 5-FU administered 
is degraded in the liver by DPD. Thus, DPD limits 

the bioavailability of 5-FU [89]. DPD is very active 
in the liver, but is also found in other tissues. Of 
note DPD levels are higher in normal mucosa as 
compared with levels in tumour tissue [90]. DPD has 
variable activity in human mmours, and mmoural DPD 
has been reported to be an important determinant 
of response to 5-FU both in vitro [91] and in vivo 
in the metastatic setting [92]. The differences in 
variation among patients who receive 5-FU must be 
due to genetic differences in the activity of the DPD 
gene. Patients deficient in DPD experience profound 
systemic toxicity when treated with 5-FU, which may 
prove fatal [93], as a result of its decreased catabolism 
of 5-FU resulting in higher systemic levels of 5-FU in 
patients. 

The DPD gene is also polymorphic and studies 
have identified a common G--+ A point mutation in 
the invariant GT splice donor site flanking exon 14 
(IVS14 + 1G>A), which results in the loss of exon 14 
and a truncated protein product. The mutated DPD 
activity is severely compromised, especially in in- 
dividuals homozygous for this mutation where the 
enzyme activity is virtually absent. Patients who are 
homozygous for this mutation are at higher risk from 
toxicity [93-95]. 

Several studies have investigated the association of 
DPD levels with RFS in patients with stage II and 
III colorectal cancer (Table 1). An initial study by 
Kornmann and colleagues examined whether there was 
an association between DPD and TS mRNA levels and 
disease-free recurrence in patients receiving adjuvant 
5-FU-based chemotherapy. They measured DPD and 
TS mRNA levels by RT-PCR in a retrospective 
analysis of the primary tumour. They demonstrated 
that patients with a recurrence who had low TS had a 
median RFS of 18 months and those with high TS had 
a median RFS of 11 months. However, they found no 
significant difference in median RFS in patients with 
low and high DPD mRNA levels [11]. They carried 
out a further analysis on paraffin-embedded primary 
samples from 309 patients treated with adjuvant 5-FU. 
They found that in patients receiving 5-FU-based adju- 
vant therapy, those with high TS survived longer than 
those with low TS and in each subgroup those with 
low DPD survived longer than those with high DPD 
levels as measured by real-time PCR [9]. Tsuji and 
colleagues [10] also analysed DPD enzymatic activity 
to evaluate the relationship between DPD expression 
and enzymatic activity. They analysed 53/89 tumours 
for DPD activity and found that DPD expression 
significantly correlated with DPD enzymatic activity 
in that small group. Furthermore, they demonstrated 
that patients with low DPD expression had longer 
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disease-free recurrence than those with high levels 
of DPD according to univariate analysis (P =0.026). 
Further multivariate analysis showed that low DPD 
expression was significantly and independently asso- 
ciated with better survival [10]. Tsuji et al. carried out 
a further study to analyse the prognostic significance 
of tumour DPD expression in curatively resected 
colorectal cancer patients who received adjuvant 5-FU 
or not. They found that high DPD expression in 
the surgery alone group was associated with a better 
survival (P = 0.02), while high tumour DPD expression 
in the adjuvant chemotherapy group was associated 
with poor survival (P=0.03). These results would 
suggest that estimating mmour DPD expression will 
provide useful information and help assess which 
treatment, if  any, stage II and III colorectal cancer 
patients should be given after curative surgery [90]. 

K-ras 

K-ras controls growth and differentiation by trans- 
duction of extracellular signals. K-ras belongs to the 
RAS family (K-ras, H-ras and N-ras) of cellular proto- 
oncogenes. It has been established that approximately 
30% of colorectal cancer have a mutation in the K- 
ras gene. K-ras abnormalities have been identified in 
codons 12, 13, 31 and 61, with more than 80% of 
cases in codons 12 and 13. Studies have shown that, 
in stage I and II colorectal cancer, K-ras mutations are 
positively associated with recurrence and poorer long- 
term survival [96]. These studies noted that mutations 
within codons 12 and 13 were linked to increased risk 
of nodal metastasis [97]. 

In 1998 the K-ras in Colorectal Cancer Collab- 
orative Group (RASCAL) study was initiated to 
assess the association between K-ras mutation and 
patient outcome and tumour characteristics. The study 
concluded that the glycine to valine mutation on 
codon 12 (10% of the study) was an independent factor 
for increased risk of  death [26]. The second RASCAL 
study allowed further subgroup analysis in patients 
with stage II and III colorectal cancer (8.6% of the 
study), which demonstrated that the valine mutation 
on codon 12 lost its prognostic role in this particular 
subgroup of patients [29]. The conclusions from these 
studies suggest that not only does the mutation lead 
to cancer progression, but also may lead to a mmour 
with more aggressive biological behaviour. 

New technologies 

The advent of  high throughput methodologies, such as 
microarray-based gene expression profiling, proteomic 

profiling, comparative genomic hybridisation (CGH) 
analysis and the newly developed metabolomics en- 
ables mmour samples to be profiled on a global 
scale. This has major implications for the diagnostic 
capability and prognostic classification of tumours, 
where we can ultimately predict response of each 
individual tumour to chemotherapy. Whereas microar- 
ray expression profiling of colorectal cancer has been 
performed, no comparable protein analysis has been 
reported. It would be of great interest to identify 
a group of consistently changing proteins whose 
functions may reveal insight into critical events in 
disease progression and which may hold value as 
potential therapeutic targets [98]. 

CGH allows the entire genome to be scanned, 
in a single step, for copy number aberrations in 
chromosomal material [99]. CGH identifies specific 
chromosomal regions that are consistently gained or 
lost at a high frequency within colorectal cancer 
and has demonstrated an increase in the genetic 
grade of a tumour with disease progression [100,101]. 
Rooney and colleagues carried out CGH analysis 
in 29 stage III colorectal cancer samples to assess 
any genomic aberrations and the overall level of  
chromosome instability. Also, eight colorectal cancer 
cell lines were used to evaluate their usefulness as 
model systems for colorectal cancer genomics. They 
found a high level of variation between both the 
number and type of genetic aberration detected in the 
29 colorectal cancer samples and found that almost 
every chromosomal arm was detected as changed in 
at least one genome that was assessed. They were 
unable to demonstrate an association between any 
specific chromosomal aberration and patient survival; 
however, they did find a link between the number 
of  aberrations and survival, with greater than two 
aberrations resulting in a better survival benefit [ 102]. 

The most frequently used genome wide approach 
is DNA microarray profiling, this has been utilised 
to either diagnose/stage cancer or to predict outcome, 
e.g. recurrence. Mariadason and colleagues carried 
out gene expression profiling on 30 colorectal cancer 
cell lines and correlated this with 5-FU sensitivity 
using three different assays of  response. They were 
able to identify panels of genes that correlated with 
5-FU sensitivity and in addition used leave-one-out 
cross-validation to demonstrate that these genes were 
predictive for 5-FU response. They noted that this gene 
set had a greater power to predict response than four 
' classical' determinants of  5-FU response: TS, T~,53 
and MMR status. In a similar study they repeated the 
correlation analysis for sensitivity to irinotecan and 
this generated a second gene set that showed great 
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predictive power for sensitivity to irinotecan [103]. 
Furthermore, the group re-analysed the same microar- 
ray data in order to predict response to oxaliplatin 
and demonstrated that the oxaliplatin marker set again, 
showed great predictive power [104]. 

Several groups have used gene expression profil- 
ing for prognosis in several different mmour types 
including, leukaemia [105], breast [106], early stage 
lung adenocarcinoma [107], mesothelioma [108] and 
inflammatory breast cancer [109]. A number of 
expression studies in colorectal cancer have been 
carried out [110,111]. A study by Bertucci and 
colleagues used 50 cancerous and non-cancerous 
tissues and demonstrated that the gene expression 
profile was able to separate stage IV from stage 
I-III disease in an unsupervised manner using global 
hierarchical clustering. They further demonstrated 
that the segregations were improved using supervised 
clustering. From their clustering they were able to 
predict the likelihood of metastasis, and suggested 
that this group of patients may benefit from a more 
aggressive treatment regime [111]. 

Motoori and colleagues carried out a study to 
establish whether they could predict recurrence in 
patients with advanced gastric cancer after curative 
resection. They carried out gene expression profil- 
ing on 60 advanced gastric patients using a high 
throughput quantitative RT-PCR technique. From their 
' training set' of  40 samples, they identified 29 genes, 
which could distinguish between good and poor 
response. They used the remaining 20 samples as 
a test set and demonstrated that the genes had a 
predictive accuracy of 75%. They further found that 
the predictive accuracy was 81.8% in patients with 
early stage disease, 88.89% in patients who had a small 
mmour and 84.6% in patients with less developed 
lymph node metastasis [N (0,1)] [112]. The predictive 
accuracy could possibly be increased in this study 
if the number of samples in the ' training set' was 
increased further. 

An interesting study was carried out by Clarke and 
colleagues [113], who compared the gene expression 
profiles pre- and during treatment in patients who 
had rectal cancer. The patients were receiving 5-FU 
in combination with mitomycin C and fractionated 
radiation. The investigators wished to assess whether 
it was possible to use microarray profiling to detect 
altered gene expression in solid tumours in response 
to treatment. They found that altered gene expression 
profiles were apparent in all patients after treatment, 
with a major cluster of genes involved in synthesis 
and metabolism down-regulated after treatment. They 
also found that there was down-regulation in genes 

involved in RNA and protein synthesis and processing 
and in cellular metabolism. Importantly, one-third of 
the genes were found to be positively regulated by c- 
Myc. They also noted that c-Myc was down-regulated 
following treatment. This is an interesting paper as 
it highlights the possibilities of microarray profiling 
and demonstrates that it is possible to detect global 
gene expression changes within solid tumour tissue in 
response to ongoing treatment [113]. 

Finally, Wang and colleagues [114] also used gene 
expression profiling to identify markers for stage II 
colorectal cancer. The study contained 74 patients with 
stage II colorectal cancer. They used two supervised 
class prediction approaches to select markers from the 
17,616 informative genes from the microarray. Firstly, 
the patients were divided equally into a training set 
and a test set. The training set was used to select 
markers and build a prognostic signature, while the 
test set was used independently to validate the training 
set. This approach yielded 60 genes from 38 patients. 
Secondly, the patients were divided into one of two 
groups based on unsupervised clustering results. From 
that each subgroup was further divided into a training 
set and a test set and again were analysed to select 
markers. This approach yielded 23 markers from the 
training set, which were then analysed in the test set. 
The investigators then compared the predictive power 
of the 23-gene set and the 60-gene set and found that 
only the 23-gene set was predictive. The 23-gene set 
was then further validated in 36 independent patients 
and demonstrated an overall accuracy of 78% [114]. 
This study highlights the power of predictive marker 
testing but also highlights the need to carefully select 
the correct analysis for the purpose of the test. 

A major limitation to the advancement of microar- 
ray technology as a tool for identification of predictive 
marker sets is the availability of fresh frozen mmour 
samples, and the absence of a large enough study 
group powered to allow the identification of a highly 
significant predictive marker set. Furthermore, gene 
expression profiling may fail to provide information 
regarding the functionality or likelihood of induction 
of critical drug response determining genes. As a result 
there may be a need to combine gene expression 
profiling with proteomic profiling to obtain a better 
vision of the mechanism involved in drug response/ 
resistance [115]. 

Conclusion 

To date there have been significant limitations to 
the studies carried out on individual predictive and 
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prognostic markers, such as the choice of  cut-off used, 
the statistical methods employed to assess importance 
of the genes and the size of  the study population. 
There have been several discrete molecular markers 
identified to date that have demonstrated clinical 
efficacy, LOH, MSI, TGF[3 RII mutation and TS. 
Various studies have revealed that loss of  18q is 
associated with poorer prognosis in patients with stage 
II and III colorectal cancer, while its retention is linked 
with increased 5-year survival and a more favourable 
outcome after adjuvant 5-FU therapy [17,39]. Ad- 
ditional studies have confirmed a consistent and 
independent correlation between MSI-H phenotype 
and increased survival in patients with stage II and III 
colorectal cancer [23,8]. Furthermore, there appears to 
be a link between MSI and TGF[3 RII mutation, since 
patients with both MSI-H and TGF[3 RII mutation had 
an increased survival rate compared with patients who 
were MSI-H without TGF[3 RII mutation [17]. Finally, 
studies have established that high levels of  TS predict 
for inferior survival in patients with stage II and III 
colorectal cancer [5-7]. 

In the future molecular profiling of mmours may 
identify individuals more likely to benefit from ad- 
juvant therapy and tailor individual treatment in the 
future. The area of  pharmacogenomics will ultimately 
lead to a more rationalised, molecular approach to 
cancer treatment and will undoubtedly make a huge 
contribution in the field of  oncology. The next step 
in the field of  pharmacogenomics will be to develop 
clinical trials that will assess prospectively the benefits 
of profiling a patient' s particular tumour, which should 
translate into improvements in both overall response 
and toxicity. I f  the goal of  pharmacogenomics is 
realised, a new era of  individualised treatment will 
become a reality, with a better overall response rate, 
less toxicity and enhanced survival benefit for patients 
with colorectal cancer. 
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