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A B S T R A C T

Background: Determination of prognosis in patients with resectable colorectal liver metas-

tases (CLM) is desirable in order to improve case selection for surgery and tailor adjuvant

treatment according to individual recurrence risk. Conventional clinicopathological factors

lack the sensitivity to accurately achieve this goal. Consideration of tumour biology and the

identification of molecular prognostic markers may allow more accurate risk stratification.

Method: This systematic review examines evidence from published manuscripts looking at

molecular markers in resectable colorectal liver metastases and their correlation with dis-

ease recurrence and survival following hepatectomy.

Results: Studies have yielded promising results in the search for prognostic molecular

markers of CLM. Molecular biomarkers from varied aspects of tumour biology have been

examined and a number of these, including proliferation indices, telomerase, thymidylate

synthase, microvessel density and thrombospondin-1 appear to have prognostic utility in

this context. Validation of other markers, notably p53, has been limited by a failure of

methodologies to account for their biological complexity.

Conclusions: A biomarker-based approach may yield significant benefits through informed

treatment of resectable metastatic colorectal malignancy. Standardised retrospective anal-

yses are necessary to confirm preliminary findings and identify existing and novel markers

for inclusion into prospective studies. Assessment and verification of multiple molecular

markers in this manner may allow molecular profiling of metastases and tailoring of ther-

apy according to the biological aggressiveness of individual tumours. The advent of geno-

mic- and proteomic-based technologies will allow the simultaneous analysis of multiple

molecular markers and the derivation of disease profiles associated with disease recur-

rence and poor survival.

� 2006 Elsevier Ltd. All rights reserved.
er Ltd. All rights reserved.
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1. Introduction
tion of primary CRC has recently been reviewed.17–19 General-
Despite continuing efforts towards the early detection of colo-

rectal cancer (CRC), up to 35% of patients have hepatic metas-

tasis at the time of operation for the primary lesion.1,2 A

further group, up to 25%, will develop hepatic lesions after

resection of the primary tumour.1,2 Hepatic resection offers

the only hope of cure for colorectal liver metastases (CLM),

and though possible in only 15–25% of patients, yields 5-year

survival rates approaching 30–50%.3,4 Recurrence in the rem-

nant liver and/or extrahepatic sites is common, however,

affecting two-thirds of patients despite optimal metastasec-

tomy.5,6 Recurrence is not inevitable, however, and certain pa-

tients achieve excellent long-term results, with 20-year

survival of up to 20% reported.7 As the indications for hepa-

tectomy for CLM broaden, the ability to predict outcome with-

in these prognostic extremes is urgently required in order to

guide surgical and chemotherapeutic treatment according to

individual recurrence risk.

Recurrence following optimal metastasectomy results

from the growth of residual micrometastatic deposits.8,9 Host

immune surveillance, often aided by chemotherapy, facili-

tates clearance of this residual disease in a proportion of

patients. Recurrence develops when the volume or aggressive

phenotype of disease is such that clearance cannot be

achieved. Individual prognosis, therefore, depends upon

determination of the burden and biological aggressiveness

of residual disease.

Clinicopathological factors, including stage of the primary

tumour, interval between primary tumour resection and diag-

nosis of hepatic metastases, number and size of metastases,

and pre-operative carcinoembryonic antigen (CEA) level, have

been shown to be indicative of disease status and to stratify

patients for recurrence risk following metastasectomy.10,11

They lack the sensitivity for accurate individual prognostica-

tion, however, as patients with identical clinicopathological

variables may arrive at disparate outcomes.12 The pressing

need for more accurate outcome predictors has led to consid-

eration of the role of specific aspects of tumour biology in

determining disease recurrence and a drive to identify molec-

ular markers of poor prognosis.

Fearon and Vogelstein proposed a model for the develop-

ment and progression of colorectal tumours through the

accumulation of somatic mutations of key oncogenes and tu-

mour suppressor genes.13 Four to five mutations, involving

the adenomatous polyposis coli (APC), Kirsten-ras (K-ras), deleted

in colorectal cancer (DCC) and p53 genes, were considered nec-

essary for malignant transformation. In fact, studies have

demonstrated concomitant mutations of these genes to occur

in less than 10% of tumours,14 with alternative pathways to

tumourigenesis in most cases.15,16 Further adaptations are

necessary for the acquisition of metastatic capability, includ-

ing varied alterations in cell–cell and cell–matrix recognition,

secretion of proteases and induction of angiogenesis. CLM,

therefore, represent a diverse disease state, with significant

molecular heterogeneity. This diversity contributes to the var-

iable recurrence risk following metastasectomy, with particu-

lar alterations in gene expression driving more aggressive

metastatic phenotypes.
The role of prognostic molecular markers following resec-

isation of these results to resected CLM, however, is

inappropriate. Distinct cellular adaptations are necessary for

acquisition of metastatic competence and the expression of

putative biomarkers, including tumour suppressor genes

and oncogenes, alters significantly in the transition to meta-

static spread.20–23 Furthermore, the significance of candidate

biomarkers may be context dependent, resulting in a differ-

ent cellular response in the regeneratory milieu following he-

patic resection to that occurring after primary tumour

excision. Recent years, therefore, have seen extensive investi-

gation of the prognostic role of molecular markers within re-

sected CLM.

Cancer biomarkers are quantifiable molecules involved in

the physiological or pathological events occurring between

exposure to carcinogens and the development and progres-

sion of cancer.24 Biomarkers may be the consequence of a

continuous process, such as increased cell mass, or a discrete

event, such as genetic mutation.25 Criteria for the develop-

ment of prognostic cancer biomarkers26 require those for

resectable CLM to provide insight above and beyond that

afforded by clinicopathological factors. The aim of this review

is to assess putative biomarkers of resectable CLM for the

ability to predict post-operative prognosis, setting them in

context against their role in the colorectal carcinogenesis cas-

cade and their prognostic value for resected primary CRC.

2. Methods

A systematic literature review was undertaken to determine

the prognostic significance of biomarkers in resectable CLM.

Searches of the Pubmed and Web of Science databases were

performed using the following keywords, in varied combina-

tions: colorectal cancer, liver, hepatic, metastasis, resection,

hepatectomy, recurrence, prognosis, molecular markers, bio-

markers. Individual biomarkers were also included in

searches. References cited in identified articles were then

used to identify further relevant publications. The search

was restricted to English Language publications and was con-

ducted up to 31st October 2005. Studies published in abstract

form only, unpublished studies and articles published in non-

peer reviewed journals were not included. Studies of molecu-

lar markers solely in unresectable CLM were also excluded.

Molecular prognostic markers in the following classes are

discussed: oncogenes [ras, epidermal growth factor receptor

(EGFR)]; tumour suppressor genes [p53, p21, DCC, Smad4]; pro-

liferation indices [S-phase cell fraction (SPF), Ki-67, MIB-1,

proliferating cell nuclear antigen (PCNA)]; markers of immor-

talisation [telomerase]; biochemical markers [thymidylate

synthase (TS)]; apoptotic regulators [Fas/CD95; Bcl-2 family];

markers of genomic instability [chromosomal instabil-

ity(CIN)/aneuploidy, microsatellite instability (MSI), fractional

genomic alteration (FGA)]; markers of angiogenesis [micro-

vessel density (MVD), vascular endothelial growth factor

(VEGF), thrombospondin-1 (TSP-1)]; and markers of invasion

and metastasis [epithelial cadherin (E-cadherin), CD44 variant

6 (CD44v6), non-metastatic protein 23 (nm23), matrix metallo-

proteinases (MMPs)].
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3. Oncogenes

Oncogenes are mutated or upregulated forms of genes that

promote normal cellular growth (proto-oncogenes), with

aberrant expression typically causing gain-of-function and

uncontrolled cellular proliferation. The ras and EGFR onco-

genes have been assessed in resected CLM.

3.1. K-ras

The ras family of proto-oncogenes (K-ras, N-ras, H-ras) encode

inner plasma membrane proteins which transduce signals

from extracellular mitogenic ligands to proliferative and

anti-apoptotic pathways.27 K-ras mutations occur at codons

13 and 61, but most commonly arise at codon 12, which usu-

ally undergoes mis-sense mutation.28 Mutation stabilises the

ras protein (p21ras) through disruption of its normal intrinsic

hydrolytic deactivation,29 imparting a strong growth signal

on mutated cells.30 Mutation accompanies the transition

from small to intermediate adenoma and is present in

approximately 50% of CRC.28

The prognostic role of ras following primary CRC resection

is uncertain. Numerous studies have failed to demonstrate a

significant association between ras status and outcome (re-

viewed by Kahlenberg et al.17) whilst others, including the col-

laborative RASCAL studies, found decreased patient survival in

association with K-ras mutation.31–34 The inclusion of varying

tumour stages may account in part for these discrepancies. In

those studies identifying an association with prognosis, spe-

cific codon mutations have varyingly been found to be of sig-

nificance.31–34

In CLM, Russo et al. found no significant difference in

survival between patients with K-ras wild-type or mutant

metastases as determined by PCR-SSCP (polymerase

chain reaction-single strand conformational polymorphism),

though a non-significant relationship with poor prognosis

was noted for tumours with codon 13 mutations.35 Kastrinakis

et al., however, found neither the presence of K-ras mutation in

resected metastases, nor the precise nucleotide change, to be

predictive of long-term survival.36 Similarly, Petrowsky et al.

found no correlation between K-ras codon 12 status and sur-

vival following metastasectomy, though mutation at the codon

was identified in only 6 of 41 patients.37 Furthermore, CLM with

K-ras mutation had no proliferative advantage over wild-type

metastases, suggesting that aggressive growth of colorectal

metastases may not be mediated via K-ras activation.

Current data, therefore, suggest that K-ras is not a prog-

nostic marker in resected CLM. Larger studies are necessary

for confirmation, particularly if a prognostic role of specific

K-ras mutations, as demonstrated for primary CRC, is to be

ascertained. Mutation of the H-ras gene, an infrequent occur-

rence in CRC, was also found to have no prognostic role fol-

lowing metastasectomy.38

3.2. Epidermal growth factor receptor (EGFR)

The EGFR superfamily consists of four transmembrane tyro-

sine kinase receptors (erbB1–erbB4) that bind distinct ligands

and induce cellular proliferation. Although significant prog-
nostic indicators for breast carcinoma, their prognostic role

following primary CRC resection is, at present, unclear.39,40

These receptors may have particular relevance in the context

of metastasectomy, however, where their expression may en-

able residual disease to respond to the multitude of growth

factors released following hepatic resection.

De Jong et al. examined expression of EGFR (erb-B1) and one

of its ligands, transforming growth factor-a (TGF-a), in resected

CLM, finding increased EGFR expression to independently pre-

dict decreased disease-free survival.41 Upregulation of TGF-a

expression, relative to expression in the corresponding pri-

mary tumour, also correlated with decreased survival, though

the association was borderline on multivariate analysis. Other

studies, however, have shown no prognostic role for EGFR in

resected CLM.38,42 Expression of human epidermal growth fac-

tor receptor-2 (HER-2, erb-B2) was also shown to have no prog-

nostic significance following metastasectomy.38 Further

studies are needed to confirm these findings.

4. Tumour suppressor genes

Tumour suppressor genes inhibit tumourigenesis through

regulation of cell division and differentiation. Prognostic sig-

nificance of mutation of tumour suppressor genes p53 and

p21, as well as those located at the 18q chromosome locus

have been studied in resected CLM.

4.1. p53

Mutation of the p53 tumour suppressor gene, located on chro-

mosome 17p13.1, occurs in over 50% of sporadic CRC and rep-

resents a late step in tumourigenesis, occurring at the

juncture between adenoma and carcinoma.43 The gene is cen-

tral to regulation of cell cycle checkpoints at the G1/S and G2/M

boundaries44 and to apoptosis through regulation of Bax activ-

ity.45 Mutations, therefore, permit unchecked replication of

defective DNA, genomic instability and progression to cancer.

A role for p53 mutation in the promotion of angiogenesis,

through regulation of VEGF46 and thrombospondin,47 has also

been proposed. p53 mutation may be important in progression

from local to systemic disease, with a higher mutation rate

noted in metastasising compared with non-metastasising pri-

mary CRC.48 p53 mutation was also found to correlate with in-

creased metastatic burden, as well as the development of

synchronous, rather than metachronous, metastases.49 Such

observations have raised considerable interest in the potential

of p53 as a prognostic biomarker in resected CLM.

p53 status may be studied by both immunohistochemical

and mutational analysis (by sequencing or PCR-SSCP). The

short half-life of wild-type p53 protein normally renders it

undetectable by immunohistochemistry (IHC). Mutation may

cause protein-stabilising conformational alteration,50 permit-

ting nuclear accumulation and positive staining.51

Reports linking p53 status of resected primary CRC with

outcome have yielded conflicting results. Soong et al. found

no prognostic role for PCR-determined p53 status, though

noted improved survival in patients with over-accumulation

of p53 on IHC.52 In contrast, Kahlenberg et al. reported p53

mutation to independently predict disease recurrence.53 A



Table 1 – Characteristics of studies on the prognostic role of p53 following metastasectomy

Study Year Patients (n) Adjuvant therapy
following

metastasectomy

Method Cut off for positivitya % positive cases Correlation with survival

Costa et al. [55] 1997 104 Not reported IHC >5% 59 No significant prognostic role

Pocard et al. [56] 1998 102b Not reported IHC P5% 61 No significant prognostic role

Nitti et al. [57] 1998 69 18 ‘high risk’ patients IHC P10% 64 p53-positivity independently predicted

decreased OS (P = 0.0079)

De Jong et al. [41] 1998 45c Not reported IHC Not reported 71 p53-negativity independently predicted

decreased DFS (P < 0.03)

p53-negativity associated with

decreased OS on UV analysis. No

independent prognostic role for OS

Russo et al. [35] 1998 36d If unresectable PCR-SSCP p53 mutation 43 No significant prognostic role

Heisterkamp et al. [58] 1999 43 Not reported IHC >10% 53 No significant prognostic role

Sturm et al. [59] 1999 41 71% of patients IHC >10% 60 No significant prognostic role

PCR-SSCP p53 mutation 35 No significant prognostic role

Tullo et al. [49] 1999 40 Not reported PCR/DGGE p53 mutation 45 p53 mutation associated with

decreased DFS on UV analysis (P < 0.01).

MV analysis not reported

Yang et al. [60] 2001 41 None IHC >5% 51 p53-positivity independently predicted

increased OS

PCR/DGGE p53 mutation 62 p53 mutation independently predicted

increased OS (P < 0.04)

Crowe et al. [38] 2001 71 None IHC P2 on semiquantitative scale Not reported p53-positivity independently predicted

decreased HDFS (P = 0.007). No

significant prognostic role for OS

Saw et al. [61] 2002 63 Not reported IHC P6 on semiquantitative scale 44 No significant prognostic role

PCR-SSCP p53 mutation 53 No significant prognostic role

Gonen et al. [42] 2003 144 All patients IHC P20% 52 No significant prognostic role

Tanaka et al. [62] 2004 75 All patients IHC >50% 48 p53-positivity independently predicted

decreased OS (P = 0.011)

p53-positivity associated with

decreased HDFS on UV analysis

(P < 0.05). No independent prognostic

value for HDFS

De Jong et al. [63] 2005 44 15 patients IHC >10% 61.4 No significant prognostic role

PCR-SSCP p53 mutation 36 No significant prognostic role

IHC, immunohistochemistry; OS, overall survival; DFS, disease-free survival; UV, univariate; PCR-SSCP, polymerase chain reaction-single-stranded conformational polymorphism; DGGE, denaturing

gradient gel electrophoresis; MV, multivariate; HDFS, hepatic disease-free survival.

a Immunohistochemical cut-offs indicate the percentage of cells with positively staining nuclei.

b Short-term survivors (n = 10) and long term disease-free survivors (n = 11) only used for analysis.

c 7 unresectable.

d 23 unresectable.
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meta-analysis of 28 studies, including 4416 patients, reported

only a borderline significant hazard associated with overex-

pression or mutation of p53.54

Studies of p53 in resected CLM have also yielded inconclu-

sive results (Table 1), with many showing no significant

prognostic value.35,42,55,56,58,59,61,63 Amongst immunohisto-

chemical studies, three groups found p53-positivity to

independently predict decreased disease-free or overall sur-

vival.38,57,62 Tanaka et al. reported 5-year survival rates of

4.4% and 60.6% in patients with p53-positive and p53-negative

metastases respectively, with p53-positivity representing a

4-fold increased relative risk of death.62 Other groups, how-

ever, have reported p53-positivity to independently predict in-

creased disease-free and overall survival following hepatic

resection.41,60

Conflicting results have also been reported with PCR-based

mutation analysis of resected CLM. Tullo et al. reported that

33% of patients with wild-type metastases developed disease

recurrence, compared to 73% of patients with mutant p53.49 In

contrast, Yang et al. found p53 mutation in metastases to be

associated with significantly improved survival compared to

that seen with p53 wild-type metastases.60 The authors pro-

posed that this paradox may be due to the fact that p53-mu-

tated cells represent a functionally impaired population, less

able to respond to the cascades of regenerative growth factors

released following hepatic resection.64

The prognostic role of p53 in resected CLM, therefore, re-

mains to be confirmed. The conflicting results to date may

be explained, in part, by differences in the methodologies

employed. Differences in antibodies, detection systems and

cut-offs have likely contributed to the divergent results of

immunohistochemical studies.51 Furthermore, it is estab-

lished that prediction of the presence of p53 mutation by

immunostaining is unreliable, giving concordance with

mutational analysis in the region of only 70% for CRC.65,66

Frameshift and nonsense mutations do not cause protein

stabilisation and, conversely, a significant proportion of car-

cinomas with stabilised p53 protein on IHC do not contain

mutations in exons 5–8.67 False positives on IHC may arise

due to interaction of wild-type p53 with stabilising cellular

proteins or upregulation of wild-type expression in response

to continuous DNA damage.68,69 Immunohistochemistry,

therefore, provides an unreliable assessment of tumour p53

status.

With regard to sequence-based studies, several factors

may account for the conflicting results of the relevance of

p53 mutation in resected CLM, including the area of the gene

analysed. Several studies have restricted their analysis to

exons 5–8 of the p53 gene, though it is now known that

around 13% of mutations are located outside this region, par-

ticularly on exons 4, 10 and, to a lesser extent, 9.70 Further-

more, due to the multifunctional nature of the p53 protein,

specific mutations may exert distinct effects upon tumour

phenotype and, therefore, prognosis. In primary CRC, for

example, mutations in the L3 zinc-binding domain were asso-

ciated with shorter survival than both wild-type p53 and

mutations elsewhere in the p53 gene.71 Future studies must

examine the role of specific p53 mutations upon patient out-

come following metastasectomy.
4.2. p21

The cyclin-dependent-kinase inhibitor p21 represents a key

effector of p53 anti-proliferative activity, inactivating the cy-

clin D-cyclin-dependent-kinase 4 complex that is essential

for DNA synthesis and so inducing cell cycle arrest.72 Positive

immunohistochemical staining for p21 was found to be an

independent predictor of increased survival in primary

CRC.73 Studies to date, however, have shown no correlation

between metastatic p21 status and overall survival following

hepatic resection.59,62

4.3. DCC/Smad4 (chromosome 18q loss of heterozygosity)

Loss of heterozygosity (LOH) of chromosome 18q occurs in 60–

70% of primary CRC,28 rising to 90–100% of hepatic metasta-

ses,74 suggesting a role in invasion and distant spread.

Primary cancers with 18q LOH are associated with distant

metastasis and poor prognosis, independent of tumour

stage.75,76 The candidate tumour suppressor gene DCC, lo-

cated at 18q2.21, was initially proposed as the target of 18q

LOH, encoding a transmembrane protein involved in signal

transduction from netrin chemoattractant and cell guidance

factors.77 Defective expression of DCC in primary CRC corre-

lated with distant metastasis and poor prognosis.78,79

Subsequently, the tumour suppressor genes Smad2 and

Smad4, encoding key signalling molecules within the trans-

forming growth factor-b pathway, were also mapped to chro-

mosome 18q.80,81 The frequency of Smad4 mutations rises from

0% in adenomas, to 7% in early stage carcinomas and 31% in

distant metastases,82 suggesting a role in the acquisition of

an invasive phenotype. Smad2 mutations are less common and

are specifically mutated in a subset of colorectal tumours.80

Kocharr et al. examined the prognostic role of 18q LOH in

resected CLM, but found no relationship between 18q status

and survival, though the majority of patients were uninfor-

mative for the 18q markers used.83 Similarly, Saw et al. found

no correlation between DCC immunohistochemical staining

and survival following resection of CLM.61 In patients with

unresectable CLM, however, DCC was recently shown to be

the single best predictor of survival, despite no significant ef-

fect upon response to fluorouracil-based chemotherapy.84

Two-year survival rates of 8.5% and 42.5% were reported for

DCC-negative and DCC-positive tumours respectively. Given

these findings and those for early stage CRC, larger studies

are imperative to confirm the role of 18q LOH, and mutation

of the individual tumour suppressor genes located there,

upon prognosis following metastasectomy.

5. Proliferation indices

Proliferative activity, the ratio of cycling to total cells in the tu-

mour population, provides an indication of underlying molec-

ular abnormalities in cell cycle regulation and correlates with

aggressive biological behaviour in a wide range of human

malignancies.85–87 Rapid proliferation may account for

resistance of residual disease to host immune surveillance

following liver resection, resulting in disease recurrence.

Techniques employed for the determination of proliferative



Table 2 – Characteristics of studies on the prognostic role of proliferation indices after metastasectomy

Study Year Patients (n) Adjuvant therapy
following

metastasectomy

Marker (method) Cut off for positivitya % positive cases Correlation with survival

Costa et al. [55] 1997 104 Not reported SPF (TLI) >11% Not reported

(median TLI 8%)

High TLI independently

predicted decreased DFS

(P = 0.035)

De Jong et al. [41] 1998 45b Not reported Ki-67 (IHC) Low < 33%. 35 No significant prognostic role

Intermediate 33%–66% 22.5

High > 67%. 42.5

Russo et al. [35] 1998 36c If unresectable SPF (flow cytometry) >20.3% 47 High SPF independently

predicted decreased OS

(P < 0.01)

Ki-67 (IHC) >18.8% 50 High Ki-67 associated with

decreased OS on UV analysis

(P < 0.01). No independent

prognostic role for OS

Nanashima et al. [99] 1999 27 Not reported Ki-67 (IHC) >45% Not reported No significant prognostic role

AgNOR (Silver staining) >13.5 dots/cell Not reported No significant prognostic role

Weber et al. [100] 2001 221 66% of patients Ki-67 (IHC) >50% 50 High Ki-67 independently

predicted decreased OS

(P < 0.0001) and DFS (P = 0.014)

Petrowsky et al. [37] 2001 41 71% of patients Ki-67 (IHC) >50% 20 High Ki-67 independently

predicted decreased OS

(P = 0.036)

Crowe et al. [38] 2001 71 None PCNA (IHC) P2 on semiquantitative scale Not reported

(mean 2)

No significant prognostic role

Smith et al. [12] 2004 63 For synchronous metastases Ki-67 (IHC) P50% 38 High Ki-67 associated with

decreased OS on UV analysis

(P = 0.04). MV analysis not

reported

Onodera et al. [101] 2005 85 Not reported PCNA (IHC) Not reported Not reported

(mean PCNA LI 59)

No significant prognostic value

SPF, S-phase cell fraction; TLI, 3H-thymidine labelling index; DFS, disease-free survival; IHC, immunohistochemistry; OS, overall survival; UV, univariate; AgNOR, argyrophil nucleolar organiser region

associated proteins; PCNA, proliferating cell nuclear antigen; MV, multivariate; PCNA LI, proliferating nuclear antigen labelling index.

a Immunohistochemical cut-offs indicate the percentage of cells with positively staining nuclei.

b 7 unresectable.

c 23 unresectable.
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activity include S-phase fraction measurement (by flow

cytometry or 3H-thymidine labelling index) and immunohis-

tochemical quantification of proliferation-associated nuclear

proteins, such as Ki-67,88 its epitope MIB-189 and the DNA

polymerase auxiliary protein PCNA.90

Studies of proliferation indices in relation to prognosis of

resected primary CRC have yielded inconclusive results.

Although some reports suggested a correlation between rapid

cell proliferation and poor prognosis,91,92 most studies have

failed to support this finding,93–95 with some reporting

increased proliferation to correlate with improved progno-

sis.96,97 Primary colorectal tumours are known to be hetero-

genous with respect to proliferation rates98 and this may

account in part for these conflicting findings.

CLM demonstrate higher proliferation rates than

their corresponding primary tumours,21 and a more consis-

tent role has been demonstrated for proliferation indices,

particularly Ki-67, in the context of resectable CLM

(Table 2).12,35,37,38,41,55,99–101 Though several small studies

failed to show a correlation between Ki-67 and prognosis

after metastasectomy,41,99 other studies have consistently

found an association with outcome.35,37,100,12 In the largest

of these, Ki-67 was found to be the most significant indicator

of overall survival following metastasectomy, amongst a

range of clinicopathological variables.100 On multivariate

analysis Ki-67 labelling index in excess of 50% represented

a 2.8-fold increased risk of death. Similarly, a recent study

found high Ki-67 to correlate significantly with death follow-

ing metastasectomy and to do so more strongly than clinical

prognostic scoring.12

Studies assessing S-phase cell fraction support this inde-

pendent prognostic relationship between cell proliferation

and patient survival,35,55 with Costa et al. showing high
3H-thymidine labelling index to equate to a 1.5-times higher

risk of recurrence following metastasectomy compared to

tumours with a low labelling index.55 Post-metastasectomy
Table 3 – Characteristics of studies on the prognostic role of th

Study Year Patients
(n)

Adjuvant therapy
following

metastasectomy

Method

Bathe et al. [116] 1999 15 3 patients RT-PCR Rat

>0.

Corsi et al. [117] 2002 48 All patients IHC 2–3

sca

and

Saw et al. [61] 2002 63 Not reported IHC >6

sca

and

Gonen et al. [42] 2003 144 All patients IHC >20

RT-PCR, reverse transcriptase polymerase chain reaction; TS, thymid

(internal control); OS, overall survival; DFS, disease-free survival; UV, univ

disease-free survival.
CEA-doubling time, an alternative measure of tumour prolif-

eration, has also been demonstrated to be an independent

prognostic factor for both early disease recurrence and overall

survival following metastasectomy.62,101,102 Proliferation indi-

ces therefore appear to hold promise as prognostic markers of

resectable CLM.

6. Telomerase

Expansive tumour growth requires increased expression of

the ribonucleoprotein enzyme telomerase, in order to prevent

chromosome attrition and fusion with repeated cell division.

Telomerase activity predicts aggressive behaviour of several

gastrointestinal malignancies.103,104 Smith et al. examined

the prognostic role of the human telomerase reverse trans-

criptase (hTERT) subunit in 58 resected CLM, and found nucle-

olar expression to predict poor survival better than clinical

prognostic scoring.12 A larger, multicenter study recently

demonstrated independent prognostic value, with patients

with hTERT-positive CLM found to have a median survival

of 23 months compared to 46 months in patients with

hTERT-negative metastases (P < 0.0001).105

7. Thymidylate synthase

Thymidylate synthase activity is the rate-limiting step in the

de novo synthesis of DNA in proliferating cells, catalysing the

methylation of deoxyuridine monophosphate to thymidine

monophosphate.106 It represents the cellular target of 5-fluo-

rouracil (5-FU) and raltitrexed chemotherapy, both widely

used in the treatment of colorectal malignancy. Elevated int-

ratumoural TS has been confirmed as a prognostic marker

of decreased disease-free and overall survival in primary

CRC, irrespective of disease stage (reviewed by Popat

et al.107). This was initially attributed to TS-induced tumour

resistance to 5-FU-based chemotherapy,108,109 but elevated
ymidylate synthase following metastasectomy

Cut off % positive
cases

Correlation with survival

io of TS to GADPH

6

42 High TS expression associated

with decreased OS (P = 0.0006)

and DFS (P = 0.004) on UV

analysis. MV analysis not

reported

on semi-quantitative

le (staining intensity

heterogeneity)

33 High TS expression

independently predicted

decreased OS (P = 0.038)

on semi-quantitative

le (staining intensity

heterogeneity)

46 No significant prognostic value

% 21 High TS expression

independently predicted

decreased OS (P < 0.01) and

HDFS (P = 0.01)

ylate synthase; GADPH, glyceraldehyde phosphate dehydrogenase

ariate; MV, multivariate; IHC, immunohistochemistry; HDFS, hepatic
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intratumoural TS has since been found to have a negative

prognostic influence irrespective of chemotherapeutic treat-

ment.110,111 This observation was explained in part through

demonstration of a direct correlation between TS activity

and tumour cell proliferation.112,113 In addition, TS binds both

c-myc and p53 mRNA,114,115 suggesting a direct involvement in

tumour suppressor gene and oncogene expression.

Studies examining the prognostic role of TS in resected

CLM are summarised in Table 3.42,61,116,117 Bathe et al. exam-

ined the prognostic value of TS mRNA expression after

metastasectomy in the absence of adjuvant chemotherapy,

finding a statistically significant difference in disease-free

survival despite a small study population; patients with high

expression had a median survival of just 5 months, compared

to 18 months for patients with low expression.116 Other stud-

ies have confirmed these findings in patients treated with sur-

gery and adjuvant chemotherapy,42,117 with only one study

failing to show a relationship between TS expression and

prognosis following metastasectomy.61 Overall these studies

suggest that TS gene expression may be associated with poor

prognosis in patients undergoing metastasectomy, whether

treated with surgery alone or with additional chemotherapy.

Increased TS gene expression appears to be associated with

an inherently more aggressive tumour phenotype.

8. Apoptotic regulators

Evasion of apoptosis (programmed cell death) by proliferating

tumour cells is key to rapid tumour growth and its assess-

ment may have prognostic significance.118 Apoptosis may be

induced by intracellular events such as DNA damage or by

extracellular pro-apoptotic stimuli, which induce signalling

via members of the cell surface ‘death-receptor’ family,

including Fas/CD95 and the tumour-necrosis factor receptor

(TNFR). Death receptor-mediated signalling impacts upon var-

ious pro-apoptotic mediators including initiator caspases and

members of the Bcl-2 protein family, the latter of which con-

trol mitochondrial permeability and the release of the apopto-

tic catalyst cytochrome C.119
Table 4 – Characteristics of studies on the prognostic role of tu

Author Year Patients
(n)

Adjuvant therapy
following metastasectom

Tsushima et al. [132] 1987 88 Not reported

Lind et al. [133] 1992 37 2 patients

Cady et al. [131] 1992 51 Not reported

Yamaguchi et al. [134] 1993 36 Not reported

Costa et al. [55] 1997 104 Not reported

Cady et al. [135] 1998 184 Not reported

Russo et al. [35] 1998 36a If unresectable

Crowe et al. [38] 2001 71 None

OS, overall survival; UV, univariate; DFS, disease-free survival; HDFS, hep

a 23 unresectable.
Recent evidence suggests that dysregulation of these apop-

totic mediators may have prognostic importance in resected

CLM. Loss of expression of Fas/CD95 was an independent

prognostic indicator of poor survival following metastec-

tomy.101 Members of the Bcl-2 family have also been examined

in resected CLM, and though the anti-apoptotic protein Bcl-2

was itself found to have no prognostic significance,55 low

expression of the pro-apoptotic mediator Bax was found to

be an independent prognostic marker of decreased overall sur-

vival.59 Further studies are required to confirm these findings

and examine the impact of other apoptotic mediators upon

prognosis following metastasectomy.

9. Genomic instability

9.1. Chromosomal instability (CIN)/aneuploidy

Most aggressive human tumours are characterised by geno-

mic instability, a phenomenon that is thought to favour can-

cer progression and adaptation.120 Most commonly this

constitutes chromosomal instability (CIN) and aneuploidy,

which is characterised by the loss or gain of entire chromo-

somes, as well as gross chromosomal rearrangements, such

as amplifications and non-reciprocal translocations.121 CIN

is the hallmark of most CRC,122 arising early in tumour evolu-

tion.123 Its molecular basis is incompletely understood, but

likely involves mutations of mitotic checkpoint genes124 and

APC.125 Aneuploidy is thought to herald acquisition of a

‘mutator phenotype’ that drives further mutation and tumour

progression.126 Its determination may, therefore, be of prog-

nostic significance, as it signifies existing genetic alterations

and the potential for an increasingly aggressive phenotype.

Though several studies of resected primary CRC found

prognostic value for aneuploidy in early stage cancers

only,127,128 some recent studies have demonstrated indepen-

dent prognostic significance across all tumour stages.129,130

Only one study of resected CLM, however, has shown an inde-

pendent prognostic role for aneuploidy, with significantly in-

creased disease-free survival reported in patients with diploid
mour ploidy after metastasectomy

y
% cases with
aneuploidy

Correlation with survival

42 Aneuploidy associated with decreased OS on UV

analysis (P < 0.03). No independent prognostic

role for OS

59 No significant prognostic role

53 Aneuploidy independently predicted decreased

DFS (P < 0.05)

69 Aneuploidy associated with decreased HDFS on

UV analysis (P < 0.005) MV analysis not reported

86 No significant prognostic role (P = 0.09 on UV

analysis)

Not reported No significant prognostic role

78 No significant prognostic role (P = 0.05 on UV

analysis)

Not reported No significant prognostic role

atic disease-free survival; MV, multivariate.
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compared to non-diploid metastases131 (Table 4). Two studies

found aneuploidy to correlate with adverse outcome on uni-

variate analysis only,132,134 with other studies reporting no

prognostic significance in this context.35,38,55,133,135 Costa

et al., for example, examined 104 patients and, though finding

DNA content to be a prognostic discriminator in slowly prolif-

erating lesions, found no overall prognostic value.55 Similarly,

in the largest study of ploidy and prognosis following resec-

tion of CLM, no significant relationship was demonstrated

amongst 184 patients.135 Crowe et al. recently also failed to

show any significant role for ploidy after metastasectomy,

even allowing for the percentage of cycling cells.38

Current evidence, therefore, suggests that aneuploidy is

unlikely to have a prognostic role following resection of

CLM. A correlation between multiploidy (the presence of mul-

tiple abnormal DNA clones) and increased tumour aggressive-

ness has been demonstrated for primary CRC,130,136 but its

significance in resectable CLM remains to be confirmed.

9.2. Microsatellite instability (MSI)

In approximately 10–20% of sporadic CRC, genomic instability

is the result of microsatellite instability (MSI), arising from

mutation or hypermethylation of colonic ‘caretaker’ mis-

match repair genes,137,138 resulting in a 100- to 1000-fold in-

crease in the rate of point mutations or small insertion/

deletions. MSI status is assessed by detection of band shift

alterations in tumour microsatellite size of mononucleotide

repeat markers, such as BAT25 and BAT26.139 To date, the

majority of studies examining MSI in primary CRC have

linked the MSI phenotype with a favourable prognosis (re-

viewed by Anwar et al.19). Three groups have examined the

prognostic significance of MSI in resected CLM, finding no

association with overall or disease-free survival, though the

small numbers of MSI metastases (between 2.5% and 6% of

CLM examined) were probably too small to permit meaningful

statistical analysis.83,140,141

Attempts to correlate genomic instability with prognosis so-

lely by examining either CIN or MSI may be limited due to the

complex nature of genomic instability in CRC. It is now estab-

lished that a proportion of tumours achieve genomic instability

via both CIN and MSI,142 whilst a further group, up to 37%,

exhibit features of neither CIN nor MSI, developing genomic

alteration through alternative, uncharacterised mecha-

nisms.142,143 Futureprognostic studies, therefore, must account

for the heterogenous nature of genomic instability in CRC.

9.3. Fractional genomic alteration (FGA)

Array comparative genomic hybridisation (array CGH) has

recently been used to assess genomic damage in colorectal

malignancy.144–146 This technique allows high-resolution,

genome-wide screening of DNA copy number changes and

provides an overview of the extent of genomic damage at

both the chromosomal and subchromosomal level, so provid-

ing a more robust measure of genomic alteration. Impor-

tantly, array CGH detected genetic imbalances in tumours

with any combination of CIN and MSI, including tumours

with no detectable cause of genomic instability.146 Increasing

genomic alteration determined by array-CGH was found to be
a marker of poor outcome in early stage CRC.147 Mehta et al.,

however, recently demonstrated resected CLM with an FGA of

20% or more to be associated with a significantly better prog-

nosis than those with an FGA of less than 20%.141 This finding,

together with the negative results of studies of aneuploidy in

resected CLM, suggests that whilst genomic instability may be

key to the progression of early stage tumours, its relevance

may be lost following metastatic spread, when further insta-

bility may exceed the threshold for tumour cell viability.148

Larger studies are needed to confirm this hypothesis.

10. Angiogenesis

Angiogenesis plays a key role in tumour growth and meta-

static spread, and the ability of residual micrometastatic

deposits to induce a neovascular response may be critical in

disease recurrence following metastasectomy. Angiogenesis

may be assessed by determination of intratumoural vascular

density or through analysis of angioregulatory molecules,

such as vascular endothelial growth factor (VEGF) and throm-

bospondin-1 (TSP-1).

10.1. Microvessel density (MVD)

Microvessel density, determined by immunohistochemical

labelling of endothelial cell determinants, relates to prognosis

for a variety of solid tumours.149–151 In the context of primary

CRC, studies have variably shown a correlation of high MVD

with decreased,152,153 improved,154,155 or unchanged156,157 sur-

vival. Amongst studies examining the prognostic role of MVD

in resected CLM (Table 5), two have reported high MVD to cor-

relate with significantly lower overall survival following

metastasectomy,158,159 with high metastatic MVD associated

with a 4.9-times increased risk of death over low MVD metas-

tases on multivariate analysis.159 Miyagawa et al. also

reported high MVD to correlate with poor outcome after CLM

resection, but these results were confounded by the inclusion

of patients with extra-hepatic metastases, themselves associ-

ated with high CLM MVD.160 Two recent studies, however, have

failed to show an association between MVD and patient

outcome,63,101 the latter of which also showed no relationship

between endothelial cell apoptosis and survival.63

Methodological variations likely contributed to the differ-

ing results in these MVD studies. At present, no consensus

exists as to which pan-endothelial marker is the most reliable

for MVD assessment in colorectal cancer. Studies of breast

and prostate carcinoma, however, have identified significant

differences in the reliability of these markers in the determi-

nation of MVD,161,162 with Cluster Determinant 34 (CD34)

found to be considerably more reliable than Cluster Determi-

nant 31 (CD31) (98% vs. 87% consistency).162 In addition, vari-

ations in tumour sampling site and the number of ‘hot spots’

used to define the MVD likely influenced the results obtained.

Larger studies with standardised methodology are, there-

fore, needed to confirm the role of MVD in CLM prognostics.

To this end, our laboratory recently examined MVD in 182 re-

sected CLM, using CD34 staining and a computerised image

analysis system, and found high tumour edge microvessel

density to be an independent prognostic marker of poor sur-

vival following CLM resection (P = 0.038).163
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10.2. Vascular endothelial growth factor

The VEGF glycoprotein is a key angiogenic stimulator, increas-

ing vascular permeability and inducing serine proteases.164,165

High VEGF-A expression correlated with increased metastatic

spread166 and poor prognosis167 for primary CRC. Studies of

resected CLM, however, have failed to show any correlation

between VEGF expression and survival.158,168
10.3. Thrombospondin-1

TSP-1 is a multidomain glycoprotein that has been shown to

have varying tumour-modulating properties, including pro-

angiogenic or anti-angiogenic activity and stimulation or

inhibition of migration, depending upon the system exam-

ined. This multifunctionality is thought to be the result of

the presence of multiple functional domains within the

TSP-1 structure.169 In primary CRC, Maeda et al. found tumour

TSP-1 to be associated with increased disease-free survival

and to correlate with decreased MVD, suggesting an anti-

angiogenic function in this context.170 Our group recently

examined the prognostic role of TSP-1 in 182 resected CLM

and, though finding no expression in tumour cells, demon-

strated perivascular and/or stromal expression of TSP-1 in

31% of cases. TSP-1 expression significantly correlated with

poor survival on multivariate analysis (P = 0.01) suggesting a

contrasting role for TSP-1 in primary CRC and its hepatic

metastases.171

Further studies are needed to clarify the prognostic role of

markers of angiogenesis, such as MVD and TSP-1, in resected

CLM. The prognostic role of other pro- and anti-angiogenic

factors, including basic fibroblast growth factor (bFGF), angio-

poietins, ephrins and markers of tumour hypoxia remain to

be determined.

11. Invasion and metastasis

11.1. Adhesion molecules

Alterations in cellular adhesion molecules are key to the

metastasis of primary tumours to the liver. Loss of E-cadherin

and increased expression of CD44 variant 6 have been associ-

ated with hepatic metastasis and poor prognosis for primary

CRC.172,173 Nanashima et al. examined the expression of these

adhesion molecules in resected CLM, finding loss of either to

be associated with worse prognosis, though these correla-

tions were lost on multivariate analysis.159,174 The putative

metastasis suppressor nm23175 has also been examined, but

was found to have no prognostic role following resection of

CLM.38
11.2. Matrix metalloproteinases (MMPs)

Secretion of proteases such as MMPs enables tumour inva-

sion and metastasis.176 To date, only Waas et al. have exam-

ined the prognostic value of the MMPs in resected CLM,

finding increased levels of proform and active MMP-2 and

MMP-9 to predict early intrahepatic recurrence following

metastasectomy.177
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12. Predictive molecular markers

In addition to providing information regarding recurrence risk

and mortality following metastasectomy per se (prognostic

value), molecular markers may also predict response to sub-

sequent chemotherapy (predictive value). Though the exact

role of adjuvant treatment following CLM resection remains

to be determined, studies of unresectable disease suggest that

such interactions may have important clinical implications.

p53 mutation, for example, is associated with poor metastatic

responsiveness to a range of chemotherapeutic agents, sec-

ondary to decreased apoptotic reactivity.178 Similarly, the pat-

tern of expression of the apoptotic regulator mcl-1 correlated

with chemotherapeutic response in patients with unresec-

table disease.179 Thymidylate synthase is itself the target of

chemotherapeutic agents, with increased expression causing

decreased responsiveness to 5-FU-based chemotherapy.180

Notably, hepatic arterial infusion therapy with floxuridine fol-

lowing CLM resection led to a significant improvement in sur-

vival compared to systemic therapy alone in patients with

high TS-expressing tumours, but no significant change in out-

come for patients with low TS tumour expression.42

Molecular markers, therefore, have the potential to guide

selection of adjuvant agents, as well as their dosing and route

of administration. With increasing patient enrolment into tri-

als of adjuvant treatment following metastasectomy, how-

ever, delineation of the effect of a molecular marker on

outcome per se and additional effects through determining

response to chemotherapy presents a challenge for future

studies.

13. Conclusions

Biological prognostic markers of resectable CLM have the po-

tential to yield significant improvements in patient outcome

through informed allocation of treatment. Biomarkers, in

combination with established clinicopathological variables,

may permit stratification of patients according to recurrence

risk following surgery. This would allow selection of chemo-

therapy in concordance with the biological characteristics of

the individual tumour. Hence, high-risk patients would

receive aggressive therapy, whilst the patient at very low risk

of recurrence may be spared the morbidity and occasional

mortality associated with chemotherapeutic drugs. Choice

of chemotherapy regime and intensity of follow-up may also

be guided by the molecular nature of the tumour. Further-

more, prognostic molecular markers may themselves repre-

sent targets for the development of novel anti-cancer agents.

Studies to date have yielded promising results in the

search for prognostic molecular markers of CLM and have

confirmed differing prognostic potential for several biomark-

ers in this context to that demonstrated for primary CRC. A

number of markers, including proliferation indices, telome-

rase, thymidylate synthase and microvessel density have all

shown strong evidence of prognostic utility and await pro-

spective validation. Several potential biomarkers, such as

18q LOH and apoptotic regulators, have yet to be adequately

examined, whilst identification of the prognostic utility of

other markers, notably p53, though examined at length, has
been limited by a failure of methodologies to account for their

biological complexity. Confirmation of their role, and that of

novel factors, requires rigorous experimental design, retro-

spective analysis in a standardised way and subsequent con-

firmation in large prospective studies. In this manner,

combinations of prognostic biomarkers assessing the ‘hall-

marks’ of cancer development (self-sufficiency in growth sig-

nals, insensitivity to antigrowth signals, evasion of apoptosis,

limitless replicative potential, sustained angiogenesis, inva-

sion and metastasis)181 may be identified, allowing the

‘molecular staging’ of CLM.

Given the continual rise in the number of potential bio-

markers of CRC, future studies will increasingly employ geno-

mic and proteomic technologies, which enable the

measurement and analysis of numerous potential biomarkers

simultaneously. These techniques are able to produce gene or

protein ‘profiles’ associated with clinical outcome, the analy-

sis of which may then yield novel biomarkers with prognostic

and/or therapeutic potential. DNA microarray technology has

identified gene expression signatures associated with distant

metastasis and poor outcome in primary CRC182,183 and array

CGH, in addition to providing an overview of total genomic

damage, has identified specific copy number alterations in

CRC.144 In resected CLM, this technique recently identified a

set of approximately 100 clones, located predominantly on

chromosomes 7 and 20, whose alteration was associated with

overall survival.141 Correlation of such information with se-

quence data will enable the localisation and identification of

cancer causing genes and candidate biomarkers.

As surgical resection currently represents the only hope of

cure for CLM, to date neither clinical risk scoring nor molecu-

lar markers have been used to exclude patients with resect-

able disease from metastasectomy. With the advent of more

efficacious chemotherapeutic regimes, however, it is possible

that patients at highest recurrence risk may achieve longer

survival with alternative treatments than that achieved with

surgical resection. Analysis of protein ‘signatures’ in serum

and plasma samples may, in time, permit such pre-operative

determination of prognosis, guiding patient selection for sur-

gery and choice of chemotherapy, including the selection of

neoadjuvant regimes when disease down-staging is required.

The aim of identifying molecular prognostic markers in

resectable CLM is the tailoring of therapy according to individ-

ual recurrence risk. Though in its infancy, the potential bene-

fits of this research are enormous, not only in terms of

improved patient survival, but also the economic benefits that

would result from the informed use of effective therapies.

Conflict of interest statement

None declared.
R E F E R E N C E S
1. Jatzko GR, Lisborg PH, Stettner HM, Klimpfinger MH. Hepatic
resection for metastases from colorectal carcinoma – a
survival analysis. Eur J Cancer 1995;31:41–6.



E U R O P E A N J O U R N A L O F C A N C E R 4 2 ( 2 0 0 6 ) 1 7 2 8 – 1 7 4 3 1739
2. Fegiz G, Ramacciato G, Gennari L, et al. Hepatic resections
for colorectal metastases: the Italian multicenter experience.
J Surg Oncol 1991;2:S144–54.

3. Taylor M, Forster J, Langer B, Taylor BR, Greig PD, Mahut C. A
study of prognostic factors for hepatic resection for
colorectal metastases. Am J Surg 1997;173:467–71.

4. Yamamoto J, Shimada K, Kosuge T, Yamasaki S, Sakamoto M,
Fukuda H. Factors influencing survival of patients
undergoing hepatectomy for colorectal metastases. Br J Surg
1999;86:332–7.

5. Hughes KS, Simon R, Songhorabodi S, et al. Resection of the
liver for colorectal carcinoma metastases: a multi-
institutional study of patterns of recurrence. Surgery
1986;100:2782–4.

6. Nordlinger B, Quilichini MA, Parc R, Hannoun L, Delva E,
Huguet C. Hepatic resection for colorectal liver metastases.
Influence on survival of preoperative factors and surgery for
recurrences in 80 patients. Ann Surg 1987;205:256–63.

7. Scheele J, Stang R, Altendorf-Hofmann A, Paul M. Resection
of colorectal liver metastases. World J Surg 1995;19:59–71.

8. Hosch SB, Steffani KD, Scheunemann P, Izbicki JR.
Micrometastases from HBP malignancies and metastatic
cancer. J Hepatobiliary Pancreat Surg 2002;9:583–91.

9. Yokoyama N, Shirai Y, Ajioka Y, Nagakura S, Suda T,
Hatakeyama K. Immunohistochemically detected hepatic
micrometastases predict a high risk of intrahepatic
recurrence after resection of colorectal carcinoma liver
metastases. Cancer 2002;94:1642–7.

10. Nordlinger B, Guiguet M, Vaillant JC, et al. Surgical resection
of colorectal carcinoma metastases to the liver. A prognostic
scoring system to improve case selection, based on 1568
patients. Association Francaise de Chirurgie. Cancer
1996;77:1254–62.

11. Fong Y, Fortner J, Sun RL, Brennan MF, Blumgart LH. Clinical
score for predicting recurrence after hepatic resection for
metastatic colorectal cancer: analysis of 1001 consecutive
cases. Ann Surg 1999;230:309–18.

12. Smith DL, Soria JC, Morat L, et al. Human telomerase reverse
transcriptase (hTERT) and Ki-67 are better predictors of
survival than established clinical indicators in patients
undergoing curative hepatic resection for colorectal
metastases. Ann Surg Oncol 2004;11:45–51.

13. Fearon ER, Vogelstein B. A genetic model for colorectal
tumorigenesis. Cell 1990;61:759–67.

14. Smith G, Carey FA, Beattie J, et al. Mutations in APC, Kirsten-
ras, and p53 – alternative genetic pathways to colorectal
cancer. Proc Natl Acad Sci USA 2002;99:9433–8.

15. Olschwang S, Hamelin R, Laurent-Puig P, et al. Alternative
genetic pathways in colorectal carcinogenesis. Proc Natl Acad
Sci USA 1997;94:12122–7.

16. Tomlinson I, Ilyas M, Johnson V, et al. A comparison of the
genetic pathways involved in the pathogenesis of three
types of colorectal cancer. J Pathol 1998;184:148–52.

17. Kahlenberg MS, Sullivan JM, Witmer DD, Petrelli NJ.
Molecular prognostics in colorectal cancer. Surg Oncol
2003;12:173–86.

18. Graziano F, Cascinu S. Prognostic molecular markers for
planning adjuvant chemotherapy trials in Dukes’ B
colorectal cancer patients: how much evidence is enough?
Ann Oncol 2003;14:1026–38.

19. Anwar S, Frayling IM, Scott NA, Carlson GL. Systematic
review of genetic influences on the prognosis of colorectal
cancer. Br J Surg 2004;91:1275–91.

20. Aschele C, Debernardis D, Tunesi G, Maley F, Sobrero A.
Thymidylate synthase protein expression in primary
colorectal cancer compared with the corresponding distant
metastases and relationship with the clinical response to
5-fluorouracil. Clin Cancer Res 2000;6:4797–802.
21. Backus HH, Van Groeningen CJ, Vos W, et al. Differential
expression of cell cycle and apoptosis related proteins in
colorectal mucosa, primary colon tumours, and liver
metastases. J Clin Pathol 2002;55:206–11.

22. Agui T, McConkey DJ, Tanigawa N. Comparative study of
various biological parameters, including expression of
survivin, between primary and metastatic human colonic
adenocarcinomas. Anticancer Res 2002;22:1769–76.

23. Scartozzi M, Bearzi I, Berardi R, Mandolesi A, Fabris G,
Cascinu S. Epidermal growth factor receptor (EGFR) status in
primary colorectal tumors does not correlate with EGFR
expression in related metastatic sites: implications for
treatment with EGFR-targeted monoclonal antibodies. Clin
Oncol 2004;22:4772–8.

24. Kelloff GJ, Boone CW, Steele VE, Crowell JA, Lubet R, Sigman
CC. Progress in cancer chemoprevention: perspectives on
agent selection and short-term clinical intervention trials.
Cancer Res 1994;54:S2015–24.

25. Srinivas PR, Kramer BS, Srivastava S. Trends in
biomarker research for cancer detection. Lancet Onc
2001;2:698–704.

26. Duffy MJ. Carcinoembryonic antigen as a marker for
colorectal cancer: is it clinically useful? Clin Chem
2001;47:624–30.

27. Rommel C, Hafen E. Ras – a versatile cellular switch. Curr
Opin Genet Dev 1998;8:412–8.

28. Vogelstein B, Fearon ER, Hamilton SR, et al. Genetic
alterations during colorectal-tumor development. N Engl J
Med 1988;319:525–32.

29. Barbacid M. ras genes. Annu Rev Biochem 1987;56:779–827.
30. Shirasawa S, Furuse M, Yokoyama N, Sasazuki T. Altered

growth of human colon cancer cell lines disrupted at
activated Ki-ras. Science 1993;260:85–8.

31. Andreyev HJ, Norman AR, Cunningham D, Oates JR, Clarke
PA. Kirsten ras mutations in patients with colorectal cancer:
the multicenter ‘‘RASCAL’’ study. J Natl Cancer Inst
1998;90:675–84.

32. Andreyev HJ, Norman AR, Cunningham D, et al. Kirsten ras
mutations in patients with colorectal cancer: the ‘RASCAL II’
study. Br J Cancer 2001;85:692–6.

33. Bazan V, Migliavacca M, Zanna I, et al. Specific codon 13
K-ras mutations are predictive of clinical outcome in
colorectal cancer patients, whereas codon 12 K-ras
mutations are associated with mucinous histotype. Ann
Oncol 2002;13:1438–46.

34. Font A, Abad A, Monzo M, et al. Prognostic value of K-ras
mutations and allelic imbalance on chromosome 18q in
patients with resected colorectal cancer. Dis Colon Rectum
2001;44:549–57.

35. Russo A, Migliavacca M, Bazan V, et al. Prognostic
significance of proliferative activity, DNA-ploidy, p53 and
Ki-ras point mutations in colorectal liver metastases. Cell
Prolif 1998;31:139–53.

36. Kastrinakis WV, Ramchurren N, Maggard M, Steele Jr G,
Summerhayes IC. K-ras status does not predict successful
hepatic resection of colorectal cancer metastasis. Arch Surg
1995;130:9–14.

37. Petrowsky H, Sturm I, Graubitz O, et al. Relevance of Ki-67
antigen expression and K-ras mutation in colorectal liver
metastases. Eur J Surg Oncol 2001;27:80–7.

38. Crowe PJ, Yang JL, Berney CR, et al. Genetic markers of
survival and liver recurrence after resection of liver
metastases from colorectal cancer. World J Surg
2001;25:996–1001.

39. Nicholson RI, Gee JM, Harper ME. EGFR and cancer prognosis.
Eur J Cancer 2001;37:S9–S15.

40. Lee JC, Wang ST, Chow NH, Yang HB. Investigation of the
prognostic value of coexpressed erbB family members for



1740 E U R O P E A N J O U R N A L O F C A N C E R 4 2 ( 2 0 0 6 ) 1 7 2 8 – 1 7 4 3
the survival of colorectal cancer patients after curative
surgery. Eur J Cancer 2002;38:1065–71.

41. De Jong KP, Stellema R, Karrenbeld A, et al. Clinical
relevance of transforming growth factor alpha, epidermal
growth factor receptor, p53, and Ki67 in colorectal liver
metastases and corresponding primary tumors. Hepatology
1998;28:971–9.

42. Gonen M, Hummer A, Zervoudakis A, et al. Thymidylate
synthase expression in hepatic tumors is a predictor of
survival and progression in patients with resectable
metastatic colorectal cancer. J Clin Oncol 2003;21:406–12.

43. Rodrigues NR, Rowan A, Smith ME, et al. p53 mutations in
colorectal cancer. Proc Natl Acad Sci USA 1990;87:7555–9.

44. Levine AJ. p53, the cellular gatekeeper for growth and
division. Cell 1997;88:323–31.

45. Miyashita T, Reed JC. Tumor suppressor p53 is a direct
transcriptional activator of the human bax gene. Cell
1995;80:293–9.

46. Kang SM, Maeda K, Onoda N, et al. Combined analysis of p53
and vascular endothelial growth factor expression in
colorectal carcinoma for determination of tumor vascularity
and liver metastasis. Int J Cancer 1997;74:502–7.

47. Dameron KM, Volpert OV, Tainsky MA, Bouck N. The p53
tumor suppressor gene inhibits angiogenesis by stimulating
the production of thrombospondin. Cold Spring Harb Symp
Quant Biol 1994;59:483–9.

48. Sory A, Minamoto T, Ohta T, et al. Does p53 overexpression
cause metastases in early invasive colorectal
adenocarcinoma? Eur J Surg 1997;163:685–92.

49. Tullo A, D’Erchia AM, Honda K, et al. Characterization of p53
mutations in colorectal liver metastases and correlation
with clinical parameters. Clin Cancer Res 1999;5:3523–8.

50. Jenkins JR, Rudge K, Chumakov P, Currie GA. The cellular
oncogene p53 can be activated by mutagenesis. Nature
1985;317:816–8.

51. Baas IO, Mulder JW, Offerhaus GJ, Vogelstein B, Hamilton SR.
An evaluation of six antibodies for immunohistochemistry
of mutant p53 gene product in archival colorectal
neoplasms. J Pathol 1994;172:5–12.

52. Soong R, Grieu F, Robbins P, et al. p53 alterations are
associated with improved prognosis in distal colonic
carcinomas. Clin Cancer Res 1997;3:1405–11.

53. Kahlenberg MS, Stoler DL, Rodriguez-Bigas MA, et al. p53
tumor suppressor gene mutations predict decreased survival
of patients with sporadic colorectal carcinoma. Cancer
2000;88:1814–9.

54. Petersen S, Thames HD, Nieder C, Petersen C, Baumann M.
The results of colorectal cancer treatment by p53 status:
treatment-specific overview. Dis Colon Rectum 2001;44:322–33.

55. Costa A, Doci R, Mochen C, et al. Cell proliferation-related
markers in colorectal liver metastases: correlation with
patient prognosis. Clin Oncol 1997;15:2008–14.

56. Pocard M, Paradis V, Adam R, Reynes M, Bismuth H. Possible
prognostic significance of p53 immunoreactive status of
hepatic colorectal cancer metastases following surgical
resection. Eur J Cancer 1998;34:594–5.

57. Nitti D, Belluco C, Montesco MC, et al. Nuclear p53 protein
expression in resected hepatic metastases from colorectal
cancer: an independent prognostic factor of survival. Eur J
Cancer 1998;34:851–5.

58. Heisterkamp J, van Bommel J, Hop WC, Tilanus HW,
Zondervan PE, Ijzermans JN. P53 overexpression in colorectal
metastases confined to the liver and outcome of liver
resection. Hepatogastroenterology 1999;46:3109–14.

59. Sturm I, Kohne CH, Wolff G, et al. Analysis of the p53/BAX
pathway in colorectal cancer: low BAX is a negative
prognostic factor in patients with resected liver metastases. J
Clin Oncol 1999;17:1364–74.
60. Yang Y, Forslund A, Remotti H, et al. P53 mutations in
primary tumors and subsequent liver metastases are related
to survival in patients with colorectal carcinoma who
undergo liver resection. Cancer 2001;91:727–36.

61. Saw RP, Koorey D, Painter D, Gallagher PJ, Solomon MJ. p53,
DCC and thymidylate synthase as predictors of survival after
resection of hepatic metastases from colorectal cancer. Br J
Surg 2002;89:1409–15.

62. Tanaka K, Shimada H, Miura M, et al. Metastatic tumor
doubling time: most important prehepatectomy predictor of
survival and nonrecurrence of hepatic colorectal cancer
metastasis. World J Surg 2004;28:263–70.

63. De Jong KP, Gouw AS, Peeters PM, et al. P53 mutation
analysis of colorectal liver metastases: relation to actual
survival, angiogenic status, and p53 overexpression. Clin
Cancer Res 2005;11:4067–73.

64. Brenner DA. Signal transduction during liver regeneration. J
Gastroenterol Hepatol 1998;13:S93–5.

65. Harris CC. Structure and function of the p53 tumor
suppressor gene: clues for rational cancer therapeutic
strategies. J Natl Cancer Inst 1996;88:1442–55.

66. Dix B, Robbins P, Carrello S, House A, Iacopetta B.
Comparison of p53 gene mutation and protein
overexpression in colorectal carcinomas. Br J Cancer
1994;70:585–90.

67. Cripps KJ, Purdie CA, Carder PJ, et al. A study of stabilisation
of p53 protein versus point mutation in colorectal
carcinoma. Oncogene 1994;9:2739–43.

68. Lane DP. The regulation of p53 function: Steiner Award
Lecture. Int J Cancer 1994;57:623–7.

69. Levine AJ, Momand J, Finlay CA. The p53 tumour suppressor
gene. Nature 1991;351:453–6.

70. Soussi T, Beroud C. Assessing TP53 status in human tumours
to evaluate clinical outcome. Nat Rev Cancer 2001;1:233–40.

71. Borresen-Dale AL, Lothe RA, Meling GI, Hainaut P, Rognum
E, Skovlund E. TP53 and long-term prognosis in colorectal
cancer: mutations in the L3 zinc-binding domain predict
poor survival. Clin Cancer Res 1998;4:203–10.

72. Harper JW, Elledge SJ, Keyomarsi K, et al. Inhibition of
cyclin-dependent kinases by p21. Mol Biol Cell 1995;6:387–400.

73. Zirbes TK, Baldus SE, Moenig SP, et al. Prognostic impact of
p21/waf1/cip1 in colorectal cancer. Int J Cancer 2000;89:14–8.

74. Ookawa K, Sakamoto M, Hirohashi S, et al. Concordant p53
and DCC alterations and allelic losses on chromosomes 13q
and 14q associated with liver metastases of colorectal
carcinoma. Int J Cancer 1993;53:382–7.

75. Jen J, Kim H, Piantadosi S, et al. Allelic loss of chromosome
18q and prognosis in colorectal cancer. N Engl J Med
1994;331:213–21.

76. Ogunbiyi OA, Goodfellow PJ, Herfarth K, et al. Confirmation
that chromosome 18q allelic loss in colon cancer is a
prognostic indicator. J Clin Oncol 1998;16:427–33.

77. Fearon ER. DCC: is there a connection between
tumorigenesis and cell guidance molecules? Biochim Biophys
Acta 1996;1288:17–23.

78. Reymond MA, Dworak O, Remke S, Hohenberger W, Kirchner
F, Kockerling F. DCC protein as a predictor of distant
metastases after curative surgery for rectal cancer. Dis Colon
Rectum 1998;41:755–60.

79. Shibata D, Reale MA, Lavin P, et al. The DCC protein and
prognosis in colorectal cancer. N Engl J Med 1996;335:1727–32.

80. Eppert K, Scherer SW, Ozcelik H, et al. MADR2 maps to 18q21
and encodes a TGFbeta-regulated MAD-related protein that
is functionally mutated in colorectal carcinoma. Cell
1996;86:543–52.

81. Hahn SA, Schutte M, Hoque AT, et al. DPC4, a candidate
tumor suppressor gene at human chromosome 18q21.
Science 1996;271:350–3.



E U R O P E A N J O U R N A L O F C A N C E R 4 2 ( 2 0 0 6 ) 1 7 2 8 – 1 7 4 3 1741
82. Miyaki M, Iijima T, Konishi M, et al. Higher frequency of
Smad4 gene mutation in human colorectal cancer with
distant metastasis. Oncogene 1999;18:3098–103.

83. Kochhar R, Halling KC, McDonnell S, et al. Allelic imbalance
and microsatellite instability in resected Duke’s D colorectal
cancer. Diagn Mol Pathol 1997;6:78–84.

84. Aschele C, Debernardis D, Lonardi S, et al. Deleted in colon
cancer protein expression in colorectal cancer metastases: a
major predictor of survival in patients with unresectable
metastatic disease receiving palliative fluorouracil-based
chemotherapy. J Clin Oncol 2004;22:3758–65.

85. Alexandrakis MG, Passam FH, Kyriakou DS, Dambaki K,
Niniraki M, Stathopoulos E. Ki-67 proliferation index:
correlation with prognostic parameters and outcome in
multiple myeloma. Am J Clin Oncol 2004;27:8–13.

86. Michels JJ, Marnay J, Delozier T, Denoux Y, Chasle J.
Proliferative activity in primary breast carcinomas is a
salient prognostic factor. Cancer 2004;100:455–64.

87. Kontogianni K, Demonakou M, Kavantzas N, et al.
Prognostic predictors of gastrointestinal stromal tumors: a
multi-institutional analysis of 102 patients with definition of
a prognostic index. Eur J Surg Oncol 2003;29:548–56.

88. Gerdes J, Schwab U, Lemke H, Stein H. Production of a
mouse monoclonal antibody reactive with a human nuclear
antigen associated with cell proliferation. Int J Cancer
1983;31:13–20.

89. Key G, Becker MH, Baron B, et al. New Ki-67-equivalent
murine monoclonal antibodies (MIB 1–3) generated against
bacterially expressed parts of the Ki-67 cDNA containing
three 62 base pair repetitive elements encoding for the Ki-67
epitope. Lab Invest 1993;68:629–36.

90. Tan CK, Castillo C, So AG, Downey KM. An auxiliary protein
for DNA polymerase-delta from fetal calf thymus. J Biol Chem
1986;261:12310–6.

91. Witzig TE, Loprinzi CL, Gonchoroff NJ, et al. DNA ploidy and
cell kinetic measurements as predictors of recurrence and
survival in stages B2 and C colorectal adenocarcinoma.
Cancer 1991;68:879–88.

92. Pietra N, Sarli L, Sansebastiano G, Jotti GS, Peracchia A.
Prognostic value of ploidy, cell proliferation kinetics, and
conventional clinicopathologic criteria in patients with
colorectal carcinoma: a prospective study. Dis Colon Rectum
1996;39:494–503.

93. Allegra CJ, Parr AL, Wold LE, et al. Investigation of the
prognostic and predictive value of thymidylate synthase,
p53, and Ki-67 in patients with locally advanced colon
cancer. J Clin Oncol 2002;20:1735–43.

94. Jansson A, Sun XF. Ki-67 expression in relation to
clinicopathological variables and prognosis in colorectal
adenocarcinomas. APMIS 1997;105:730–4.

95. Sun XF, Carstensen JM, Stal O, Zhang H, Nordenskjold B.
Proliferating cell nuclear antigen (PCNA) in relation to ras, c-
erbB-2, p53, clinico-pathological variables and prognosis in
colorectal adenocarcinoma. Int J Cancer 1996;69:5–8.

96. Palmqvist R, Sellberg P, Oberg A, Tavelin B, Rutegard JN,
Stenling R. Low tumour cell proliferation at the invasive
margin is associated with a poor prognosis in Dukes’ stage B
colorectal cancers. Br J Cancer 1999;79:577–81.

97. Garrity MM, Burgart LJ, Mahoney MR, et al. Prognostic value
of proliferation, apoptosis, defective DNA mismatch repair,
and p53 overexpression in patients with resected Dukes’ B2
or C colon cancer: a North Central Cancer Treatment Group
Study. J Clin Oncol 2004;22:1572–82.

98. Palmqvist R, Oberg A, Bergstrom C, et al. Systematic
heterogeneity and prognostic significance of cell
proliferation in colorectal cancer. Br J Cancer 1998;77:917–25.

99. Nanashima A, Yamaguchi H, Shibasaki S, et al. Proliferation
of hepatic metastases of colorectal carcinoma: relationship
to primary tumours and prognosis after hepatic resection.
J Gastroenterol Hepatol 1999;14:61–6.

100. Weber JC, Nakano H, Bachellier P, et al. Is a proliferation
index of cancer cells a reliable prognostic factor after
hepatectomy in patients with colorectal liver metastases?
Am J Surg 2001;182:81–8.

101. Onodera H, Mori A, Nagayama S, et al. Fas/CD95 signaling
rather than angiogenesis or proliferative activity is a useful
prognostic factor in patients with resected liver metastases
from colorectal cancer. Int J Colorectal Dis 2005;20:477–84.

102. Koga H, Moriya Y, Akasu T, Fujita S. The relationship
between prognosis and CEA-dt after hepatic resection in
patients with colorectal carcinomas. Eur J Surg Oncol
1999;25:292–6.

103. Warshaw AL, Fernandez-del Castillo C. Pancreatic
carcinoma. N Engl J Med 1992;326:455–65.

104. Balcom 4th JH, Keck T, Warshaw AL, et al. Telomerase
activity in periampullary tumors correlates with aggressive
malignancy. Ann Surg 2001;234:344–50.

105. Domont J, Pawlik TM, Boige V, et al. Catalytic subunit of
human telomerase reverse transcriptase is an independent
predictor of survival in patients undergoing curative
resection of hepatic colorectal metastases: a multicenter
analysis. J Clin Oncol 2005;23:3086–93.

106. Danenberg PV. Thymidylate synthetase – a target enzyme
in cancer chemotherapy. Biochim Biophys Acta
1977;473:73–92.

107. Popat S, Matakidou A, Houlston RS. Thymidylate synthase
expression and prognosis in colorectal cancer: a systematic
review and meta-analysis. Clin Oncol 2004;22:529–36.

108. Johnston PG, Drake JC, Trepel J, Allegra CJ. Immunological
quantitation of thymidylate synthase using the monoclonal
antibody TS 106 in 5-fluorouracil-sensitive and -resistant
human cancer cell lines. Cancer Res 1992;52:4306–12.

109. Peters GJ, van der Wilt CL, van Triest B, et al. Thymidylate
synthase and drug resistance. Eur J Cancer 1995;31:1299–305.

110. Edler D, Hallstrom M, Johnston PG, Magnusson I,
Ragnhammar P, Blomgren H. Thymidylate synthase
expression: an independent prognostic factor for local
recurrence, distant metastasis, disease-free and overall
survival in rectal cancer. Clin Cancer Res 2000;6:1378–84.

111. Yamachika T, Nakanishi H, Inada K, et al. A new prognostic
factor for colorectal carcinoma, thymidylate synthase, and
its therapeutic significance. Cancer 1998;82:70–7.

112. Derenzini M, Montanaro L, Trere D, et al. Thymidylate
synthase protein expression and activity are related to the
cell proliferation rate in human cancer cell lines. Mol Pathol
2002;55:310–4.

113. Edler D, Hallstrom M, Ragnhammar P, Blomgren H.
Thymidylate synthase expression in rectal cancer and
proliferation, assessed by cyclin A and Ki-67 expression.
Anticancer Res 2002;22:3113–6.

114. Chu E, Voeller DM, Jones KL, et al. Identification of a
thymidylate synthase ribonucleoprotein complex in human
colon cancer cells. Mol Cell Biol 1994;14:207–13.

115. Ju J, Pedersen-Lane J, Maley F, Chu E. Regulation of p53
expression by thymidylate synthase. Proc Natl Acad Sci USA
1999;96:3769–74.

116. Bathe OF, Franceschi D, Livingstone AS, Moffat FL, Tian E,
Ardalan B. Increased thymidylate synthase gene expression
in liver metastases from colorectal carcinoma: implications
for chemotherapeutic options and survival. Cancer J Sci Am
1999;5:34–40.

117. Corsi DC, Ciaparrone M, Zannoni G, et al. Predictive value of
thymidylate synthase expression in resected metastases of
colorectal cancer. Eur J Cancer 2002;38:527–34.

118. Giatromanolaki A, Stathopoulos GP, Tsiobanou E, et al.
Combined role of tumor angiogenesis, bcl-2, and p53



1742 E U R O P E A N J O U R N A L O F C A N C E R 4 2 ( 2 0 0 6 ) 1 7 2 8 – 1 7 4 3
expression in the prognosis of patients with colorectal
carcinoma. Cancer 1999;86:1421–30.

119. Gross A, McDonnell TJ, Korsmeyer SJ. BCL-2 family members
and the mitochondria in apoptosis. Genes Dev
1999;13:1899–911.

120. Ried T, Heselmeyer-Haddad K, Blegen H, Schrock E, Auer G.
Genomic changes defining the genesis, progression, and
malignancy potential in solid human tumors: a phenotype/
genotype correlation. Genes Chromosomes Cancer
1999;25:195–204.

121. Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities in
human cancers. Nature 1998;396:643–9.

122. Lengauer C, Kinzler KW, Vogelstein B. Genetic instability in
colorectal cancers. Nature 1997;386:623–7.

123. Shih IM, Zhou W, Goodman SN, Lengauer C, Kinzler KW,
Vogelstein B. Evidence that genetic instability occurs at an
early stage of colorectal tumorigenesis. Cancer Res
2001;61:818–22.

124. Jallepalli PV, Lengauer C. Chromosome segregation and
cancer: cutting through the mystery. Nat Rev Cancer
2001;1:109–17.

125. Fodde R, Kuipers J, Rosenberg C, et al. Mutations in the APC
tumour suppressor gene cause chromosomal instability. Nat
Cell Biol 2001;3:433–8.

126. Loeb LA. A mutator phenotype in cancer. Cancer Res
2001;61:3230–9.

127. Jones DJ, Moore M, Schofield PF. Prognostic significance of
DNA ploidy in colorectal cancer: a prospective flow
cytometric study. Br J Surg 1988;75:28–33.

128. Chapman MA, Hardcastle JD, Armitage NC. Five-year
prospective study of DNA tumor ploidy and colorectal cancer
survival. Cancer 1995;76:383–7.

129. Bazan V, Migliavacca M, Zanna I, et al. DNA ploidy and
S-phase fraction, but not p53 or NM23-H1 expression,
predict outcome in colorectal cancer patients. Result of a
5-year prospective study. J Cancer Res Clin Oncol
2002;128:650–8.

130. Russo A, Migliavacca M, Zanna I, et al. p53 mutations in L3-
loop zinc-binding domain, DNA-ploidy, and S phase fraction
are independent prognostic indicators in colorectal cancer: a
prospective study with a five-year follow-up. Cancer Epidemiol
Biomarkers Prev 2002;11:1322–31.

131. Cady B, Stone MD, McDermott Jr WV, et al. Technical and
biological factors in disease-free survival after hepatic
resection for colorectal cancer metastases. Arch Surg
1992;127:561–8.

132. Tsushima K, Nagorney DM, Rainwater LM, et al. Prognostic
significance of nuclear deoxyribonucleic acid ploidy patterns
in resected hepatic metastases from colorectal carcinoma.
Surgery 1987;102:635–43.

133. Lind DS, Parker GA, Horsley 3rd JS, et al. Formal hepatic
resection of colorectal liver metastases. Ploidy and
prognosis. Ann Surg 1992;215:677–83.

134. Yamaguchi A, Kurosaka Y, Kanno M, et al. Analysis of
hepatic recurrence of colorectal cancer after resection of
hepatic metastases. Int Surg 1993;78:16–9.

135. Cady B, Jenkins RL, Steele Jr GD, et al. Surgical margin in
hepatic resection for colorectal metastasis: a critical and
improvable determinant of outcome. Ann Surg
1998;227:566–71.

136. Cosimelli M, D’Agnano I, Tedesco M, et al. The role of
multiploidy as unfavorable prognostic variable in colorectal
cancer. Anticancer Res 1998;18:1957–65.

137. Kinzler KW, Vogelstein B. Cancer-susceptibility genes.
Gatekeepers and caretakers. Nature 1997;386:761–3.

138. Cunningham JM, Christensen ER, Tester DJ, et al.
Hypermethylation of the hMLH1 promoter in colon cancer
with microsatellite instability. Cancer Res 1998;58:3455–60.
139. Boland CR, Thibodeau SN, Hamilton SR, et al. A National
Cancer Institute Workshop on Microsatellite Instability for
cancer detection and familial predisposition: development
of international criteria for the determination of
microsatellite instability in colorectal cancer. Cancer Res
1998;58:5248–57.

140. Haddad R, Ogilvie RT, Croitoru M, et al. Microsatellite
instability as a prognostic factor in resected colorectal
cancer liver metastases. Ann Surg Oncol 2004;11:977–82.

141. Mehta KR, Nakao K, Zuraek MB, et al. Fractional genomic
alteration detected by array-based comparative genomic
hybridization independently predicts survival after hepatic
resection for metastatic colorectal cancer. Clin Cancer Res
2005;11:1791–7.

142. Goel A, Arnold CN, Niedzwiecki D, et al. Characterization of
sporadic colon cancer by patterns of genomic instability.
Cancer Res 2003;63:1608–14.

143. Tang R, Changchien CR, Wu MC, et al. Colorectal cancer
without high microsatellite instability and chromosomal
instability – an alternative genetic pathway to human
colorectal cancer. Carcinogenesis 2004;25:841–6.

144. Nakao K, Mehta KR, Fridlyand J, et al. High-resolution
analysis of DNA copy number alterations in colorectal
cancer by array-based comparative genomic hybridization.
Carcinogenesis 2004;25:1345–57.

145. Douglas EJ, Fiegler H, Rowan A, et al. Array comparative
genomic hybridization analysis of colorectal cancer cell
lines and primary carcinomas. Cancer Res
2004;64:4817–25.

146. Jones AM, Douglas EJ, Halford SE, et al. Array-CGH analysis
of microsatellite-stable, near-diploid bowel cancers and
comparison with other types of colorectal carcinoma.
Oncogene 2005;24:118–29.

147. De Angelis PM, Stokke T, Beigi M, Mjaland O, Clausen OP.
Prognostic significance of recurrent chromosomal
aberrations detected by comparative genomic hybridization
in sporadic colorectal cancer. Int J Colorectal Dis
2001;16:38–45.

148. Cahill DP, Kinzler KW, Vogelstein B, Lengauer C. Genetic
instability and darwinian selection in tumours. Trends Cell
Biol 1999;9:M57–60.

149. Weidner N, Semple JP, Welch WR, Folkman J. Tumor
angiogenesis and metastasis – correlation in invasive breast
carcinoma. N Engl J Med 1991;324:1–8.

150. Fontanini G, Bigini D, Vignati S, et al. Microvessel count
predicts metastatic disease and survival in non-small cell
lung cancer. J Pathol 1995;177:57–63.

151. Fontanini G, Vignati S, Pacini F, Pollina L, Basolo F.
Microvessel count: an indicator of poor outcome in
medullary thyroid carcinoma but not in other types of
thyroid carcinoma. Mod Pathol 1996;9:636–41.

152. Tomisaki S, Ohno S, Ichiyoshi Y, Kuwano H, Maehara Y,
Sugimachi K. Microvessel quantification and its possible
relation with liver metastasis in colorectal cancer. Cancer
1996;77:1722–8.

153. Takebayashi Y, Aklyama S, Yamada K, Akiba S, Aikou T.
Angiogenesis as an unfavorable prognostic factor in human
colorectal carcinoma. Cancer 1996;78:226–31.

154. Abdalla SA, Behzad F, Bsharah S, et al. Prognostic relevance
of microvessel density in colorectal tumours. Oncol Rep
1999;6:839–42.

155. Prall F, Gringmuth U, Nizze H, Barten M. Microvessel
densities and microvascular architecture in colorectal
carcinomas and their liver metastases: significant
correlation of high microvessel densities with better
survival. Histopathology 2003;42:482–91.

156. Bossi P, Viale G, Lee AK, Alfano R, Coggi G, Bosari S.
Angiogenesis in colorectal tumors: microvessel quantitation



E U R O P E A N J O U R N A L O F C A N C E R 4 2 ( 2 0 0 6 ) 1 7 2 8 – 1 7 4 3 1743
in adenomas and carcinomas with clinicopathological
correlations. Cancer Res 1995;55:5049–53.

157. Pavlopoulos PM, Konstantinidou AE, Agapitos E, Kavantzas
P, Nikolopoulou P, Davaris P. A morphometric study of
neovascularization in colorectal carcinoma. Cancer
1998;83:2067–75.

158. Nanashima A, Ito M, Sekine I, et al. Significance of
angiogenic factors in liver metastatic tumors originating
from colorectal cancers. Dig Dis Sci 1998;43:2634–40.

159. Nanashima A, Yamaguchi H, Sawai T, et al. Prognostic
factors in hepatic metastases of colorectal carcinoma:
immunohistochemical analysis of tumor biological factors.
Dig Dis Sci 2001;46:1623–8.

160. Miyagawa S, Miwa S, Soeda J, Kobayashi A, Kawasaki S.
Morphometric analysis of liver macrophages in patients
with colorectal liver metastasis. Clin Exp Metastasis
2002;19:119–25.

161. Martin L, Green B, Renshaw C, et al. Examining the
technique of angiogenesis assessment in invasive breast
cancer. Br J Cancer 1997;76:1046–54.

162. Trojan L, Thomas D, Friedrich D, et al. Expression of
different vascular endothelial markers in prostate cancer
and BPH tissue: an immunohistochemical and clinical
evaluation. Anticancer Res 2004;24:1651–6.

163. Sutton CD, Marshall LJ, Goddard JC, et al. Biological factors
influencing angiogenesis and prognosis in resected
colorectal liver metastases. Br J Surg 2004;91(Suppl. 1):30.

164. Folkman J. Tumor angiogenesis and tissue factor. Nat Med
1996;2:167–8.

165. Dvorak HF, Brown LF, Detmar M, Dvorak AM. Vascular
permeability factor/vascular endothelial growth factor,
microvascular hyperpermeability, and angiogenesis. Am J
Pathol 1995;146:1029–39.

166. Takahashi Y, Kitadai Y, Bucana CD, Cleary KR, Ellis LM.
Expression of vascular endothelial growth factor and its
receptor, KDR, correlates with vascularity, metastasis, and
proliferation of human colon cancer. Cancer Res
1995;55:3964–8.

167. Ishigami SI, Arii S, Furutani M, et al. Predictive value of
vascular endothelial growth factor (VEGF) in metastasis and
prognosis of human colorectal cancer. Br J Cancer
1998;78:1379–84.

168. Berney CR, Yang JL, Fisher RJ, Russell PJ, Crowe PJ. Vascular
endothelial growth factor expression is reduced in liver
metastasis from colorectal cancer and correlates with
urokinase-type plasminogen activator. Anticancer Res
1998;18:973–7.

169. Lawler J. The structural and functional properties of
thrombospondin. Blood 1986;67:1197–2209.

170. Maeda K, Nishiguchi Y, Kang SM, et al. Expression of
thrombospondin-1 inversely correlated with tumor
vascularity and hematogenous metastasis in colon cancer.
Oncol Rep 2001;8:763–6.

171. Sutton CD, O’Byrne K, Goddard JC, et al. Expression of
thrombospondin-1 in resected colorectal liver metastases
predicts poor prognosis. Clin Cancer Res 2005;11:6567–73.

172. Dorudi S, Sheffield JP, Poulsom R, Northover JM, Hart IR. E-
cadherin expression in colorectal cancer. An
immunocytochemical and in situ hybridization study. Am J
Pathol 1993;142:981–6.

173. Koretz K, Moller P, Lehnert T, Hinz U, Otto HF, Herfarth C.
Effect of CD44v6 on survival in colorectal carcinoma. Lancet
1995;345:327–8.

174. Nanashima A, Yamaguchi H, Sawai T, et al. Expression of
adhesion molecules in hepatic metastases of colorectal
carcinoma: relationship to primary tumours and
prognosis after hepatic resection. J Gastroenterol Hepatol
1999;14:1004–9.

175. Howlett AR, Petersen OW, Steeg PS, Bissell MJ. A novel
function for the nm23-H1 gene: overexpression in human
breast carcinoma cells leads to the formation of basement
membrane and growth arrest. J Natl Cancer Inst
1994;86:1838–44.

176. Chambers AF, Matrisian LM. Changing views of the role of
matrix metalloproteinases in metastasis. J Natl Cancer Inst
1997;89:1260–70.

177. Waas ET, Wobbes T, Lomme RM, DeGroot J, Ruers T,
Hendriks T. Matrix metalloproteinase 2 and 9 activity in
patients with colorectal cancer liver metastasis. Br J Surg
2003;90:1556–64.

178. Benhattar J, Cerottini JP, Saraga E, Metthez G, Givel JC. p53
mutations as a possible predictor of response to
chemotherapy in metastatic colorectal carcinomas. Int J
Cancer 1996;69:190–2.

179. Backus HH, van Riel JM, van Groeningen CJ, et al. Rb, mcl-1
and p53 expression correlate with clinical outcome in
patients with liver metastases from colorectal cancer. Ann
Oncol 2001;12:779–85.

180. Aschele C, Debernardis D, Casazza S, et al.
Immunohistochemical quantitation of thymidylate
synthase expression in colorectal cancer metastases
predicts for clinical outcome to fluorouracil-based
chemotherapy. J Clin Oncol 1999;17:1760–70.

181. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell
2000;100:57–70.

182. Bertucci F, Salas S, Eysteries S, et al. Gene expression
profiling of colon cancer by DNA microarrays and correlation
with histoclinical parameters. Oncogene 2004;23:1377–91.

183. D’Arrigo A, Belluco C, Ambrosi A, et al. Metastatic
transcriptional pattern revealed by gene expression profiling
in primary colorectal carcinoma. Int J Cancer
2005;115:256–62.


	Molecular prognostic markers in resectable colorectal liver metastases: A systematic review
	Introduction
	Methods
	Oncogenes
	K-ras
	Epidermal growth factor receptor (EGFR)

	Tumour suppressor genes
	p53
	p21
	DCC/Smad4 (chromosome 18q loss of heterozygosity)

	Proliferation indices
	Telomerase
	Thymidylate synthase
	Apoptotic regulators
	Genomic instability
	Chromosomal instability (CIN)/aneuploidy
	Microsatellite instability (MSI)
	Fractional genomic alteration (FGA)

	Angiogenesis
	Microvessel density (MVD)
	Vascular endothelial growth factor
	Thrombospondin-1

	Invasion and metastasis
	Adhesion molecules
	Matrix metalloproteinases (MMPs)

	Predictive molecular markers
	Conclusions
	Conflict of interest statement
	References


