
INTRODUCTION
Colorectal cancer (CRC) is the third most commonly di-
agnosed cancer, with a worldwide incidence of  almost a 
million cases annually in both males and females[1]. Despite 
advances in screening, approximately 25% of  patients have 
initially detectable liver metastases (synchronous metas-
tases), and an additional 25% of  patients will develop liver 
metastasis during the course of  their disease (metachronous 
disease)[2]. Of  all patients who die of  advanced colorectal 
cancer (ACRC), 60% to 70% show liver metastasis[3]. Meta-
static spread to the liver is the major contributor to mortal-
ity in patients with CRC.

CRC is a genetically heterogeneous and complex dis-
ease. Initially, two major pathways were described as being 
responsible for the CRC tumorigenic process: the chromo-
somal instability pathway and the microsatellite instability 
pathway. The chromosomal instability or classical pathway 
accounted for 85% of  the tumorigenic processes and was 
mainly characterized by the sequential allelic losses on 
chromosomes 5q (APC gene), 17p (TP53) and 18q (DCC/
Smad4). The microsatellite instability pathway (MNI), 
which is associated with the mutator phenotype, only ac-
counted for 15% of  the carcinogenic processes. Recently, 
it has been shown that colorectal carcinogenesis is much 
more complex, involving new pathways, such as the ser-
rated, the TGFβ/Smad and epigenetic pathways, and also 
non-pure or mixed pathways[4-6]. 

The general mechanisms of  tumorogenesis also include 
metastasis generation mechanisms. But, is the knowledge 
of  CRC tumorigenic pathways extensible to metastasis 
generation? What do we really know about the molecular 
determinants of  liver metastases formation in CRC? 

MECHANISMS OF LIVER METASTASIS
Colorectal liver metastasis, or dissemination and coloniza-
tion by colorectal tumor cells coming from the primary 
CRC to the liver, is a complex process and has many dif-
ferent steps. In order to metastasize, tumor cells detach 
from the primary tumor, invade and migrate through the 
stroma and intravasate into the lymphatic and/or venous 
vessels. With either as the vasculature entrance, cells will 
mainly end up travelling through the portal vein system. 
During transportation they manage to survive mechani-
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Abstract
Even though liver metastasis accounts for the vast 
majority of cancer deaths in patients with colorectal 
cancer (CRC), fundamental questions about the molecular 
and cellular mechanisms of liver metastasis still remain 
unanswered. Determination of gene expression profiles 
by microarray technology has improved our knowledge 
of CRC molecular pathways. However, defined gene 
signatures are highly variable among studies. Expression 
profiles and molecular markers have been specifically 
linked to liver metastases mechanistic paths in CRC. 
However, to date, none of the identified signatures or 
molecular markers has been successfully validated as 
a diagnostic or prognostic tool applicable to routine 
clinical practice. To obtain a genetic signature for liver 
metastasis in CRC, measures to improve reproducibility, 
to increase consistency, and to validate results need 
to be implemented. Alternatives to expression profiling 
with microarray technology are continuing to be used. In 
the recent past, many genes codifying for proteins that 
are directly or indirectly involved in adhesion, invasion, 
angiogenesis, survival and cell growth have been linked 
to mechanisms of liver metastases in CRC.  
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cal stresses and escape from the immune system. Some 
stresses keep acting once cells arrest in the liver capillaries. 
Some of  the arrested cells manage to adhere to endothelial 
cells, contact the extracellular matrix and extravasate to the 
surrounding tissues. Kupffer cells, belonging to the mono-
cyte-macrophage system, are a perfect barrier to unwanted 
hosts. Being in the liver parenchyma, tumor cells establish 
crosstalk with the stroma and create a microenvironment. 
Only if  this microenvironment is favourable to tumor 
cells, signals of  proliferation and neoangiogenesis will lead 
to macroscopic liver metastasis formation[7-9]. Even though 
liver metastasis accounts for the vast majority of  all can-
cer deaths in patients with colorectal cancer, fundamental 
questions about the molecular and cellular mechanisms of  
liver metastasis still remain unanswered.

Genetic signatures: The breakthrough 
The availability of  DNA array technology, allowing 
genome-wide analyses of  gene expression, has been 
providing new insights on the determination of  gene 
expression or transcriptional profiles. Expression profiling 
studies in CRC have mainly focused on comparisons of  
normal mucosa, adenoma and primary carcinomas. Few 
studies have thrown light on differences between primary 
tumors and metastases. For this reason, in contrast to the 
many molecular alterations involved in the CRC adenoma 
to carcinoma step characterized to date, comparatively lit-
tle information is available on the possible mechanisms of  
metastases, with even less for liver specific metastases[10].

There are two different aspects of  metastasis to con-
sider: metastatic ability and tropism or organ-specificity. 
Metastatic ability accounts for the potential to establish 
a distant secondary tumor. Organ-specificity or tropism 
means the capacity of  this happening in a specific type of  
tissue. The ability to metastasize together with the specifi-
city for it to happen in one organ and not in another can 
be genetically marked by what is called a metastatic signa-
ture. Studies looking at mRNA or protein levels take into 
account expression regulation, splicing mechanisms, epige-
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netic phenomena, and the complexity of  post-translational 
changes or modifications. A metastatic signature, there-
fore, is not a gene list but is a translation of  the functional 
status of  gene expression. Metastatic signatures are gene 
expression patterns conditioned by both an intrinsic gene 
composition and phenomena regulating expression.

In order to determine metastatic signatures by micro-
array technology in CRC, three different strategies have 
been followed (Table 1). The first approach consists of  
comparing transcriptional profiles of  primary CRC from 
metastasis-free patients to those affected by metastatic 
spread during a 5-year follow-up period. The main goal 
is finding gene expression profiles as prognostic markers 
of  metastatic spread. Identification of  a gene set capa-
ble of  classifying CRC patients according to prognosis 
or 5-year survival rate was carried out by Bertucci et al[11]. 
A total of  219 genes and 25 genes were found to be re-
spectively down- and up-regulated in metastatic samples 
when compared to non-metastatic patients. Moreover, 
a 46 gene set signature was isolated, discriminating be-
tween CRC with and without lymph node metastases. 
Arango et al[12] checked the expression profile of  Dukes C 
CRC and reported two different signatures according to 
survival. Barrier et al[13] built an accurate 30-gene tumor-
based prognosis predictor for stage Ⅱ and Ⅲ colon cancer 
patients, based on gene expression measures. The group 
of  Komuro et al[14] analyzed gene expression profiles in a 
total of  89 CRC. After stratifying according to right and 
left locations, they were able to extract gene expression 
profiles characteristic of  the presence versus absence of  
lymph node metastasis with an accuracy of  more than 
90%. Kwon et al[15] analyzed the gene-expression profiles 
of  colorectal cancer cells from 12 tumors. Sixty genes 
possibly associated with lymph node metastasis in CRC 
were selected on the basis of  clinicopathological data. 
Wang et al[16] analyzed RNA samples from 74 patients with 
Dukes' B CRC. Gene expression profiling identified a 
23-gene signature that predicted recurrence. This signature 
was validated in 36 independent patients. The overall 

Table 1  Summary of gene expression profile studies related to CRC liver metastasis

Source for transcription profile comparisons Authors Signature Prediction

Primary tumors (Stage Ⅱ and Ⅲ) Bertucci et al[11] 46 gene set Lymph Node (+)
Primary tumors (Dukes C) Arango et al[12] Two different gene sets Survival
Primary tumors (Stage Ⅱ and Ⅲ) Barrier et al[13] 30 gene set Lymph Node (+) 
Primary tumors (Stage Ⅱ and Ⅲ) Komuro et al[14] Gene set Stage Classification
Primary tumors (Stage Ⅱ and Ⅲ) Kwon et al[15] 60 gene set Lymph Node (+)
Primary tumors (Dukes B) Wang et al[16] 23 gene set Recurrence
Primary tumors (Stage Ⅱ to Ⅳ) D´Arrico et al[17] 37 gene set Distant Recurrence
Primary tumors and matched metastases D´Arrico et al[17] GnT-IV gene1 Liver Metastasis
Primary tumors and matched metastases Koehler et al[18] Not found Liver Metastasis
Primary tumors and matched metastases Agrawal et al[20] 11 gene set Metastasis (including liver)
CRC cell lines2 Hegde et al[21] 11 gene set Metastatic potential
CRC cell lines2 [11-14,16,17,22] Individual genes3 Metastatic potential

1Mannosyl (alpha-1, 3-)-glycoprotein beta-1, 4-N-acetyl-glucosaminyl-transferase, which was found up-regulated in CRC liver metastases compared to primary 
CRC tumors; 2Comparing SW480 to SW620; 3Down-regulation of Cadherin 17 (CDH17)[11,22], Insulin-like growth factor 2 (IGF2)[14,17], Tyrosine 3-monooxygenase/
tryptophan-5-monooxygenase activation protein (YWHAH)[12,16], DEK oncogene (DEK)[11,12] and GATA binding protein (GATA6)[11,14], up-regulation of Linker 
for activation of T cells (LAT)[14,16] and Protein Kinase, cAMP dependent, catalytic alpha (PRKACA)[12,14], and altered expression of IQ motif containing GTPase 
activating protein 1 (IQGAP1)[11,12], Tumor protein 53 (TP53)[11,12], Oligoadenylate synthetase 1 (OAS1)[11,12], Interferon regulatory factor (IRF2)[11,14], Retinoic acid 
receptor beta (RARB)[11,12] and Programmed cell death 10 (PDCD10)[12,13].



performance accuracy was 78%. D´Arrico et al[17] compared 
the transcriptional profiles of  10 radically resected 
primary CRCs from patients who did not develop distant 
metastases within a 5-year follow-up period with those 
of  10 primary/metastatic tumor pairs from patients with 
synchronous liver metastases. The study was conducted on 
laser-microdissected bioptic tissues. Arrays of  7864 human 
cDNAs were utilized. Non-metastasizing primary tumors 
were clearly distinct from the primary/metastatic tumor 
pairs. Of  37 gene expression differences found between 
the 2 groups of  primary tumors, 29 also distinguished 
nonmetastasizing tumors from metastases. The gene 
encoding for mannosyl (alpha-1, 3-)-glycoprotein beta-1, 
4-N-acetyl-glucosaminyl-transferase (GnT-Ⅳ) became 
significantly upregulated in primary/metastatic tumor 
pairs (P < 0.001), supporting the existence of  a specific 
transcriptional signature distinguishing primary CRCs with 
different metastatic potential[17].  

The second approach consists of  comparing gene ex-
pression in primary tumors with their matched metastases. 
Studies comparing gene expression between primary and 
corresponding metastases indicate that there is a high 
transcriptional resemblance. The above mentioned study 
found a striking transcriptional similarity between primary 
tumors and their distant metastases[17]. Another study by 
Koehler et al[18] determined expression profiles from 25 
CRCs and 14 corresponding liver metastases using cDNA 
arrays containing 1176 cancer-related genes. Most primary 
tumors and matched liver metastases clustered together. A 
specific expression signature in matching metastases was 
not found, but a set of  23 classifier genes with statistically 
significant expression patterns in high- and low-stage 
tumors was identified. Gene expression studies in breast 
cancer also support the notion that primary tumors 
genetically resemble their matched metastases more than 
their primary counterparts[19]. Agrawal et al[20] found a sig-
nature of  11 markers for tumor progression when com-
paring gene expression among different stages, including 
liver metastases in a total of  60 samples.

Expression profiling using CRC cell lines with differ-
ent metastatic potential is another approach[21,22]. Studies 
using cDNA microarrays have identified genes that are dif-
ferentially expressed in primary versus metastatic CRC cell 
lines. Differential expression of  11 genes has been found 
in SW480 and SW620 CRC cell lines[21]. Unfortunately, 
metastatic signatures described in the above mentioned 
studies do not show much in common. Gene expression 
patterns do not overlap enough to show consistency. Only 
a few genes reported in at least two independent studies 
have been linked to metastatic ability (Table 1).

It is interesting that no expression profile has been spe-
cifically linked to liver metastases in CRC. Apart from gene 
expression profiling, other techniques, such as genomic 
profiling, have also been used to determine metastatic 
ability in CRC. Genomic analyses of  primaries and their 
matched metastases[23] showed that CRC primary tumors 
resemble their corresponding metastases. Array-based 
comparative genomic hybridization (CGH) was used to 
detect genetic alterations in CRC that predicted survival 
after liver resection[24]. Genome wide copy number analysis 

revealed the involvement of  Cycline D3 in liver metastases 
formation in CRC[25]. 

Genetic signatures: Handicaps and pitfalls
When determining metastatic expression profiles or 
signatures with array technology, several confounders have 
to be taken into account. Studies have employed important 
methodological differences, which are mainly due to the 
use of  different array platforms (Affymetrix, cDNA nylon 
membranes) or experimental conditions. Tissue sampling is 
almost always an issue in this regard. Availability of  frozen 
tissues is not the norm in many institutions. Formalin-
fixed or paraffin-embedded tissues usually yield low 
quality RNA and/or DNA. The creation of  frozen-tissue 
tumor banks is rapidly increasing. Also methodologies for 
RNA isolation can lead to different results. The number 
of  samples used varies enormously in different studies. 
Relatively small cohorts of  tumors have been analyzed 
in some studies, especially if  they include the analysis of  
matched metastases. Selection of  homogeneous samples 
among heterogeneous tumors can often be a problem. 
Anatomical localization (right vs left sided, colon vs 
rectum) and genetic instability status (MSI/classical) may 
justify the variability of  CRC gene expression profiles 
characterized to date. Macrodissection techniques include 
tumor tissue with both tumor cells and tumor stroma and 
valid tissue samples should be at least 50% tumor cells. 
One of  the major criticisms of  “metastatic signature”
-seeking studies is the fact that tumors are analyzed as a 
whole, mixing tumor cells with microenvironment and 
stroma components. Certainly, data coming from these 
experiments is a mixture representing gene expression 
of  tumor cells, stroma cells as well as their interactions. 
Moreover, expression data can be highly conditioned by 
the host genetic background. Resulting data can be highly 
interesting in terms of  defining prognosis, but not in 
understanding the mechanisms of  metastasis generation. 
Microdissection techniques help to avoid this problem. 
Laser capture microdissection (LCM) allows isolation 
of  only tumor cells and is considered the gold standard 
in microdissection procedures[26]. It is a time-consuming 
technique and it is not available at all institutions. Other 
strategies include subtracting non-tumor cell signatures 
from gene expression data[27]. It is still unclear whether 
the analysis of  pure tumor cell populations will lead to an 
appropriate result in terms of  prognostic value. 

Description of  metastatic signatures has been done 
on the basis of  transcription analysis of  tumors. Data 
from DNA microarray analysis is often overwhelming and 
mixed. Analysis of  differentially expressed genes can be 
altered by the use of  different criteria to define low-quality 
spots, different normalization procedures, different base-
line references for ratio calculations, and arbitrary criteria 
for cut-off  values applied to fold-change and significance 
level. Commonly, quantitative levels of  expression are the 
basis for filtering the raw data. During filtering, informa-
tion coming from qualitative data can be lost[10]. Moreover, 
the final data set has to be interpreted and integrated to 
make sense in biological terms. This step is highly subjec-
tive and probably often leads to false conclusions. Nearly 
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all studies lack internal and external validation tests for 
the generated lists of  implicated genes. Different selection 
algorithms should be tested in order to improve the accu-
racy of  the classifier sets[10]. 

In conclusion, to obtain a genetic signature for liver 
metastases in CRC, measures to improve reproducibility, 
increase consistency, and validate results need to be imple-
mented.

Genes involved in liver metastasis formation in CRC
Alternatives to expression profiling by microarray technol-
ogy have also been used in recent past years. Many genes 
codifying for proteins directly or indirectly involved in 
adhesion, invasion, angiogenesis, survival and cell growth 
have been linked to mechanisms of  liver metastasis in 
CRC[28] (Table 2).

Adhesion: Different proteins involved in adhesion/dead-
hesion processes have been linked to liver metastasis devel-
opment in CRC. Deadhesion is a necessary step for tumor 
cells to detach from a tumor and disseminate. Adhesion is 
needed for circulating cells to contact helping counterparts 
in the dissemination process. It is also needed to attach to 
the vascular endothelium, induce endothelial retraction, 

and subsequently bind to glycoproteins of  the basement 
membrane to extravasate. 

E-cadherin/α-catenin is a cell to cell adhesion com-
plex that keeps tumor cells together. Cells detaching from 
the primary CRC undergo an epithelial to mesenchymal 
transition, during which E-cadherin downregulatates in 

favour of  other cadherins, such as N-cadherin. This proc-
ess is known as the “cadherin switch” and leads to acquisi-
tion of  a mesenchymal phenotype that favours invasion 
and migration through the stroma and thus dissemina-
tion of  tumor cells[29]. Downregulation of  E-cadherin/
α-catenin expression has been related to tumor aggres-
siveness[30,31] and metastatic potential[32,33] in gastrointestinal 
cancers. Low expression of  α-catenin and E-cadherin in 
CRC patients has been associated with an increment of  
β-catenin[34-36], advanced stages[33,37,38] and acquisition of  
metastatic potential[39,40]. Immunohistochemical studies 
show that CRCs metastasizing to liver have a significant 
(P = 0.014) reduction or complete absence of  E-cadherin 
expression when compared to non-liver metastases[34]. 

Epithelial cell adhesion marker (EpCAM) is a widely 
expressed adhesion molecule. It has been found to present 
a more diffuse pattern and higher expression in CRC com-
pared to non-malignant tissues[41]. EpCAM plays a role in 
modulating cadherin mediated cell-cell interactions[42] and 
its expression has been linked to downregulation of  cad-
herin levels[43], suggesting that this protein possibly plays a 
role in ETM processes, facilitating migration and dissemi-
nation of  tumor cells. Supporting this notion, isolation of  
EpCAM positive cells in blood samples of  advanced CRC 
patients[44] has recently been achieved. All these preliminary 
data suggest that possibly EpCAM plays a role in CRC cell 
dissemination. Whether there is liver specificity remains 
unknown.   

Sialyl Lewis X (sLex or CD15s) and A (sLea) are oli-
gosaccharides commonly found in surface glycoproteins 

Table 2  Proteins related to liver metastasis formation and their function, and their differential expression when comparing primary 
tumors and liver metastasis by immunohistochemical technique

Proteins related to liver metastasis formation Function Liver expression compared to primary tumor (IHC)

E-Cadherin Adhesion Down-regulated[34]

Epithelial Cell Adhesion Molecule (EpCAM) Adhesion NA
P-Selectin and L-Selectin Adhesion NA
Carcinoembryonic Antigen (CEA) Adhesion NA
Integrin αvβ5 Adhesion, Survival NA
sLex and sLea Adhesion Up-regulated[48,51]

Osteopontin (OPN) Adhesion, Survival, Motility Up-regulated[63]

Intracellular Adhesion Molecule (ICAM-1) Adhesion NA
Vascular Cell Adhesion Molecule (VCAM-1) Adhesion NA
CD44v6 Adhesion NA
Cathepsine B Invasion NA
MMP-7 Invasion Up-regulated[81]

MMP-2 and MMP-9 Invasion Up-regulated[86]

Angiopoietin Angiogenesis Up-regulated[110]

Epidermal Growth Factor Receptor Growth Equal[125]

Urokinase Plasminogen Activator Receptor (uPAR) Invasion, Motility, Dormancy NA
Vascular endotelial Growth Factor (VEGF) Angiogenesis Equal[109]

Thrombospondin-1 (TSP-1) Angiogenesis NA
Angiostatin Angiogenesis NA
Endostatin Angiogenesis NA
Thimidine Phosphorylase (dThdPase or PDECGF) Angiogenesis NA
c-erb-2 Growth NA
c-Src/β-Arrestin 1 Growth NA
FAS Receptor (CD95) Apoptosis Down-regulated[134]

TRAIL Receptors (-R1, -R2, -R3 and -R4) Apoptosis NA
Nm23-H1 and Nm23-H2 Metastasis Suppresor Genes NA
PRL-3 Motility, Extravasation Up-regulated[157]

NA: Not available.
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of  metastatic tumor cells[45]. sLex and sLea are natural 
ligands for E-selectin, which is a receptor that has been 
found to be expressed by activated endothelial cells. Inter-
action between sLex and sLea induces endothelial adhe-
sion of  tumor cells and thus favours stasis, extravasation 
and metastases formation. sLex and sLea expression in 
primary CRC have been related to poor prognosis[46] and 
metastatic potential[46-48] in CRC patients. sLex and sLea 
stain significantly positive in vessel invasion CRC cells that 
develop metastases compared to those that do not (71.4% 
vs 31%)[49]. sLex and sLea have been found to be present 
on the surface of  tumor cells[50] in CRC patients who de-
velop liver metastases. Similarly, CRC liver metastases ex-
press sLex and sLea in a larger proportion of  tumor cells 
than in primary tumors[48,51]. E-selectin is overexpressed 
by endothelial cells from tumor and non-tumor vessels in 
CRC patients who develop liver metastasis[52,53]. In general, 
as has been demonstrated in in vivo models, glycosylated 
and sialylated mucins are associated with liver metastasis 
formation[54]. Some proteins allow the adhesion of  CRC 
cells with blood components, such as platelets and leuko-
cytes. Among those proteins are P-Selectin and L-Selectin. 
This interaction facilitates tumor emboli formation, fa-
vouring protection of  tumor cells from immune attack 
and also enhancing their ability to contact blood vessels by 
mechanical means. This interaction between tumor cells 
and blood cells also increases contact with the endothelial 
surface, facilitating stasis and thus enhancing the chances 
of  extravasation[55].

Carcinoembryonic antigen (CEA) is a cell surface 
glycoprotein containing significant amounts of  sLex and 
sLea. Expression of  (CEA) has been clearly correlated to 
generation of  liver metastases in experiments transfecting 
CEA to CRC cell lines or administering CEA in animal 
models previous to CRC cell injection[56]. Initially it was 
speculated that CEA would act as an adhesion molecule, 
facil itating tumor cell aggregation and interaction 
with the endothelial surface. However, studies with 
immunosuppressed mice show that administration 
of  intravenous CEA results in an increase of  hepatic 
colonization and retention of  CRC cells, but not an 
increase of  adhesion[57]. Kupffer cells that express a CEA 
receptor bind to and degrade it, activating a signaling 
cascade that ends up releasing IL-1, 6 and TNF-α 
which, in turn, facilitates CRC cell stasis and growth[58,59]. 
The ability to secrete CEA offers CRC cells a selective 
advantage in forming metastases in the liver.

Integrins are molecules that can bind to many ECM 
components, such as laminin, collagen, fibronectin and 
vitronectin. Cancer cells expressing integrins are more 
l ikely to adhere to ECM components surrounding 
microvasculature. High expression of  α6β4 and α5β3 
integrins has been related to a more aggressive CRC 
phenotype[60,61]. Intravital fluorescence-video microscopy 
has been used to investigate liver metastas formation by 
CRC cells in animal models[62] and results have shown that 
αvβ5 integrin is useful as an adhesion molecule and its 
inhibition diminished liver metastas formation.

Osteopontin (OPN) is a secreted phosphoglycoprotein 
capable of  binding and inducing integrin-mediated cell 

survival, motility and anti-apoptotic intracellular pathways. 
OPN has been isolated in gene expression profiling studies 
as a candidate marker for CRC progression[20]. CRC liver 
metastases express OPN at higher ratios than primary CRC 
or normal mucosa[63]. OPN up-regulation can occur due to 
TCF4/LEF transcription factor activation[64]. Mechanisms 
by which OPN promotes liver metastases formation in 
CRC are unknown, but could be related to up-regulation 
of  Upa[65], c-Met receptor and integrins[66].      

Other adhesion molecules, such as the intracellular 
adhesion molecule 1 (ICAM-1) and vascular cell adhe-
sion molecule 1 (VCAM-1), have been measured in ACRC 
patients showing higher serum levels when compared to 
non-advanced CRC or healthy controls[67,68]. Nevertheless, 
neither clinical nor physiological relation has been estab-
lished with specific development of  liver metastases.       

CD44 glycoprotein, more specifically v6 and v8-10 
splicing variants, have been related to metastases and dis-
ease recurrence in CRC[69,70]. There is quite a bit of  contro-
versy regarding the real value of  CD44 in liver metastases 
formation because plasma levels have not been linked to 
advanced stages of  the disease[71] and immunohistochemi-
cal studies measuring CD44v6 staining have not found sig-
nificant differences when comparing CRCs metastasizing 
to liver or not[34].   

Invasion: Invasion processes are crucial for liver metastasis 
formation in CRC. Invasion occurs mainly due to basal 
membrane and extracellular matrix (ECM) degradation in 
both intravasation and extravasation steps. Some of  the 
enzymes responsible for degradation are proteases. Among 
proteases, matrix metalloproteases (MMPs), cathepsins and 
plasminogen activators are the most relevant. 

Matrylysin (MMP-7) is a proteolytic enzyme belong-
ing to the MMPs family[72,73]. It is synthesized and secreted 
by tumor epithelial cells as a 28-kDa proenzyme, which 
can be activated through proteolytic removal of  a 9-kDa 
prodomain from the N-terminus. The soluble activated 
form binds to the tumor epithelial cell surface. Both ac-
tive forms, the soluble and the membrane-bound, have 
proteolytic activity. Its expression can be regulated by epi-
dermal growth factor through transcription factors such 
as PEA3[74] or AP-1 and the β-catenin/ tcf4 complex. By 
degrading elastin, laminin, proteoglycans, osteopontin, fi-
bronectin and type Ⅳ collagen, MMP-7 gains the capacity 
to invade. Matrilysin can also promote tumor invasion by 
activating other MMPs (MMP-2, MMP-9), through ect-
odomain shedding of  E-cadherin[75] and receptor activator 
of  nuclear factor-kappa B ligand (RANKL)[76] or through 
cleavage of  adhesion molecules, such as integrin β4[77].

Matrilysin has been found overexpressed in CRC[78]. 
MMP-7 overexpression in localized CRC disease has been 
correlated with invasion and liver metastasis formation[79,80]. 
Colorectal liver metastases show intense expression of  
MMP-7 compared to normal liver, and differences are 
more evident when comparing the MMP-7 activated form, 
measured by zymography, emphasizing the role of  MMP-7 
in CRC liver metastases formation[81]. While testing liver 
metastasis formation in vivo, it has been shown that treat-
ing colorectal cancer cells with MMP-7 specific antisense 
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oligonucleotides leads to a decrease in liver metastasis gen-
eration[82], while adding active MMP-7 results in an increase 
of  liver metastasis generation[83].

MMP-9 and MMP-2 also seem to play a role in liver 
metastasis formation in CRC. High MMP-9 and MMP-2 
levels have been detected by immunohistochemistry in 
the tumor-stroma interface in both primary CRC and liver 
metastases[84,85]. Moreover, MMP-2 and -9 activities seem 
to be higher in metastases than in the originating primary 
tumor[86]. A close correlation between high MMP-9 RNA 
levels and worse survival and higher risk of  liver relapse 
after surgery has also been established[81].

Cathepsins have also been implicated in liver metas-
tasis formation in CRC. They are a family of  proteolytic 
enzymes with a wide variety of  physiological functions. 
They act as serin-proteases, cystein-proteases or aspartate-
proteases. They are stored as proforms in cell lysosomes 
and secreted to the ECM secondarily to inflammatory and 
oncogenic stimuli[87]. 

Cathepsins B, L and D are especially involved in ECM 
degradation in CRC. Their levels and activity[87-88] have 
been found to be elevated in the invasion edge of  CRC. 
Still, Cathepsin B is the most valuable in determining 
invasion in CRC[89]. Cathepsin B degrades ECM directly or 
indirectly, by stimulating other proteases or blocking their 
inhibitors[87]. It can be detected in early stages of  CRC but 
it is a good marker to determine metastatic disease[90,91]. 
High plasma and urine levels of  Cathepsin B have been 
found in CRC patients[92]. In vivo experiments show that 
inhibition of  Cathepsin B by selective compounds results 
in reduction of  liver metastases formation up to 60% 
and reduction of  liver metastases burden up to 80%[93]. A 
proteolytic profile, taking into account MMP and cathepsin 
expression, has been defined for CRC by some authors[94]. 

Urokinase plasminogen activator receptor (uPAR) is 
a factor involved in metastasis development in several 
cancers[95,96]. uPAR binding to urokinase plasminogen 
activator (uPA) enhances plasmin production which, in 
turn, degrades ECM and activates pro-MMPs. Inhibition 
of  uPAR expression is associated with decreased motility 
and invasiveness in the human CRC cell line HCT116[97]. 
High uPAR expression in CRC has been related to low 
5-year survival[98]. Use of  antisense uPAR mRNA in a nude 
mice model inhibited CRC liver metastasis development[99]. 

During invasion, apart from basal membrane and 
ECM degradation processes, cancer cells have to migrate 
through the stroma. Clues for success are acquisition of  a 
mesenchymal phenotype during ETM and ability to sur-
vive independently of  the tumor cell population. To gain 
the ability to disseminate, tumor cells have to detach from 
the tumor population, overcome anoikis and transit from 
an epithelial to a mesenchymal phenotype. As a principle, 
cells need to be in contact with other cells in order to sur-
vive. If  they lose contact or penetrate to the ECM they un-
dergo anoikis. Overcoming anoikis, an apoptotic program 
related to tumor cell population detachment, is a necessary 
requirement to disseminate. Integrins are responsible for 
epithelial cancer cell cross-talk with the ECM in order to 
overcome anoikis, survive and migrate.

 In vitro experiments have shown that activation of  

Src and Akt pathways are linked to decreased sensitivity 
of  detached CRC cells to anoikis[100]. Down-regulation 
of  αvβ3 integrin has also been linked to resistance to 
anoikis in CRC cells[101,102]. Integrins can bind to many 
ECM components such as laminin, collagen, fibronectin 
and vitronectin. Cancer cells expressing these integrins 
are more l ikely to invade and migrate through the 
ECM[103,104]. High expression of  α6β4 and α5β3 integrins 
has been related to more aggressive CRC phenotypes[60,61]. 
Intravital fluorescence-video microscopy has been used 
to investigate liver metastasis formation by CRC cells in 
animal models[62] showing that αvβ-integrin inhibition did 
not affect migration within the liver parenchyma. The role 
of  integrins in the migration and invasion through the 
ECM in order to generate liver metastasis has not been 
extensively explored.     

Angiogenesis: Different angiogenic factors have been 
related to metastasis formation because they can promote 
primary tumor growth and increase tumor cell chances to 
contact blood and thus disseminate. However, it is likely 
that angiogenesis plays a major role in metastasis generation 
regulating micrometastases outgrowth. Balance between 
angiogenic/antiangiogenic factors in the microenvironment 
of  the metastatic tissue can promote metastasis formation 
by directly stimulating tumor cell growth or by increasing 
blood vessel formation and supply. Even in quiescent tumor 
cells, alteration of  angiogenic balance can induce metasta-
sis formation. This phenomenon is known as “angiogenic 
switch”[105] and causal factors are still under investigation.

Expression levels of  vascular endothelial growth fac-
tor (VEGF) in primary CRC have been related to a poor 
prognosis[106]. VEGF isoform patterns have been defined 
using reverse transcription polymerase chain reaction (RT-
PCR) analysis in 61 primary CRC. Patients developing liver 
metastases showed expression of  VEGF121 + VEGF165 
+ VEGF189 at a significantly higher incidence (12 of  16, 
75%) than those without liver metastasis (20 of  45, 44%) 
(P = 0.036)[107]. VEGF expression in primary CRC seems 
clearly associated with increased chances of  dissemina-
tion. However, other studies support the contrary[108]. 
When VEGF mRNA levels were measured in 31 pairs 
of  primary CRC and corresponding liver metastases, no 
significant differences were detected (median value 3.79 vs 
3.97: P = 0.989). On an individual basis, there was a sig-
nificant correlation in VEGF mRNA expression between 
primary CRCs and matched liver metastases (r = 0.6627,  
P < 0.0001). VEGF mRNA levels of  patients having 
two or more liver metastatic tumors were significantly 
higher than those of  patients who had solitary liver meta-
static tumors in both primary cancer (5.02 vs 3.34: P = 
0.0483) and liver metastases (4.38 vs 3.25: P = 0.0358)[109].  
Together these results indicate that VEGF is probably not 
more active in metastases than in primary tumors. Despite 
that, increased blood supply and tumor vessel formation, 
as estimators of  angiogenic activity, have been found to 
be higher in liver metastases that in primary CRC. Some 
molecular mediators have been thought to fulfill this role, 
such as angiopoietin-2 (Ang-2)[110].

Other distinctive molecules related to angiogenesis and 
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liver metastatic progression are platelet-derived endothelial 
cell growth factor or thymidine phosphorylase (PD ECGF 
or dThdPase). Inhibitors of  angiogenesis, such as angi-
ostatin, endostatin and thrombospondin-1 (TSP-1), either 
secreted by the primary or the metastatic CRC cells, can 
also regulate liver metastasis growth. Frequency of  hepatic 
recurrence was significantly higher in patients with TSP-
1-negative primary CRC[111]. Angiostatin transfected cells 
developed liver metastases in lower proportion than con-
trols in animal models[112]. Removal of  primary CRC result-
ed in an increase in metabolic activity in liver metastasis, 
while decreases in plasma levels of  angiostatin and en-
dostatin were observed. This finding indicates that primary 
tumors suppressed angiogenesis in distant metastases, and 
that removal of  the primary lesion caused a flare-up in ves-
sel neoformation and, thus, enhanced metabolic activity in 
liver metastases[113]. 

Other molecules mentioned above also contribute to 
liver metastasis formation through angiogenesis regulation. 
MMP-7 induces a direct proliferative effect on vascular 
endothelial cells[114] and produces angiogenesis inhibitors 
(angiostatin, endostatin, neostatin-7)[115] and activators 
(sVEGF)[116]. MMP-2 and MMP-9 stimulate degradation of  
ECM, increasing the availability of  angiogenic activators. 
E-selectin acts by facilitating endothelial cell migration. α 
and β integrins play an important role by sending survival 
signals for endothelial cell maintenance[117].

Cell growth: Once established in the liver tissue microen-
vironment, micrometastases need growth factor stimuli in 
order to grow. Degradation of  ECM results in an increased 
availability of  growth and inhibitory factors. The resulting 
balance will then determine micrometastasic growth. Ex-
trapolation to a non-physiological situation can be highly 
illustrative. Liver tissue thermal ablation was performed in 
mice models bearing CRC liver metastases. After ablation, 
increased expression of  FGF-2 and VEGF was detected 
in the surrounding tissue. Subsequently, a greater amount 
of  metastases occupied the regenerated thermal-ablated 
lobe compared with controls (55% ± 4% vs 29% ± 3%,   
P < 0.04)[118]. 

Tumor cells growth factor receptors also seem to 
determine success in metastatic liver growth. Her-2/neu 
has been detected by immunohistochemistry in 5% to 50% 
of  primary CRC[119]. The mechanism of  overexpression 
seems to be not linked to gene amplification. Her-2/neu 
positive CRCs were associated with higher postoperative 
non-liver specific recurrence rates (39.3% vs 14.6%, 
P = 0.013) and worse prognosis at 5 years (55.1% vs 
78.3%)[120]. Other studies showed that primary CRC 
with high c-erbB-2 expression (27%), determined by 
immunohistochemical techniques, develop liver metastases 
more often than CRC with low c-erb-2 expression (3%)[49]. 

Epidermal growth factor receptors (EGFR) have been 
reported to be highly expressed and/or gene amplificated 
in 72% to 82% of  metastatic CRC tissue samples[121-123]. 
Some studies have reported that expression of  EGF 
receptors in CRC is associated with aggressiveness 
and metastatic ability. EGFR status has been shown 
to express similarly when measured in primary CRC 

and corresponding liver metastases[124]. However, some 
authors have seen that its status in the corresponding 
metastatic site is not always the same[125,126]. Conventional 
immunohistochemistry techniques have not been able 
to reveal any association between EGFR expression and 
outcome predicted by the biological role of  EGFR in 
tumor behavior[127]. 

The C-Src gene, codifying for pp60 tyrosine kinase, has 
been reported to be mutated and thus is highly activated 
in CRC, implying an increase in proliferative potential. 
High activation is present especially in those CRC that 
metastasize to liver[128,129]. Prostaglandin E2 (PGE2)-induced 
transactivation of  the EGF receptor (EGFR) in colorectal 
carcinoma cells has been recently found to be mediated 
by β-arrestin 1, which acts as an important mediator in G 
protein-coupled receptor-induced activation of  c-Src. In-
teraction of  beta-arrestin 1 and c-Src seems to be critical 
for the regulation of  CRC metastatic spread of  disease to 
the liver in vivo[130]. 

Cell survival: CRC cells need molecular factors, specifi-
cally growth factors, in order to survive in the liver paren-
chyma. However, there is also the need to survive immune 
system action (immunoescape) and to overcome anoikis.

Tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL), a member of  the TNF family, is known 
to be expressed in human hepatic NK cells[131]. CRC cells 
expressing TRAIL-receptor would undergo apoptosis 
upon triggering the ligand. The same would happen in 
CRC cells expressing tumor necrosis factor receptor FAS 
(Apo-1; CD95) when contacting its corresponding ligand 
FASL (Apo-1L; CD95L) expressing cells, as activated 
lymphocytes. 

During the CRC tumorigenic process, cells tend to 
down-regulate FAS receptor expression and up-regulate 
FASL[132]. Fas expression is significantly down-regulated 
in liver metastasis compared to corresponding primary 
colorectal carcinoma[133]. The link between functional 
Fas status and malignant phenotype was investigated 
using matched pairs of  naturally occurring primary 
(Fas-sensitive) and metastatic (Fas-resistant) human 
colon carcinoma cell lines in both in vitro and in vivo 
(xenograft) settings. Results showed that loss of  Fas 
function was linked to the acquisition of  a detectable 
metastatic phenotype, however, only loss of  Fas function 
was insufficient. Also, results showed that metastatic 
subpopulations pre-existed within the heterogeneous 
primary tumor and that anti-Fas interactions served as 
selective pressure for their outgrowth. Thus, Fas-based 
interactions may represent novel mechanisms for the 
biological or immunological selection of  certain types of  
Fas-resistant neoplastic clones with enhanced metastatic 
ability[134]. Moreover, univariate and multivariate analyses 
revealed that Fas/CD95 expression in CRC resected 
liver metastases is a significant prognostic indicator of  
survival[135]. Increases in TRAIL sensitivity, due to changes 
in the balance between TRAIL receptors TRAIL-R1 and 
-R2 and "decoy" receptors TRAIL-R3 and -R4, have also 
been described during malignant progression in CRC. Still, 
studies measuring receptors by flow cytometry have not 
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been conclusive[136].
Experimental metastases studies with a CRC cell line 

allowed the characterization of  metastatic derivatives, 
showing that they were less susceptible for killing by syn-
geneic NK cells, due to a decreased sensitivity towards 
TRAIL- and CD95L[137]. Data suggest that CRC cells 
forming metastases acquire the ability to surpass immune 
surveillance through desensitization to FAS/TRAIL kill-
ing. As discussed previously, integrins and Src activation 
may contribute to CRC progression and liver metastasis, in 
part, by activating survival pathways that decrease sensitiv-
ity of  detached cells to anoikis[100].

Other molecules related to liver metastatic spreading: 
k-ras (12p) activation, present in 40% to 50% of  sporadic 
CRC[4], has been related to a decrease in overall survival 
and disease free survival in CRC[6,138,139]. p53 (17p) aboli-
tion, occurring in 70% to 80% of  CRC[4] and resulting in 
accumulation of  abnormal protein detectable by immuno-
histochemistry, has been linked to a poor prognosis[6,140-142]. 
The deletion or mutation of  the DCC (deleted in colorec-
tal cancer) gene has also been related to poor prognosis 
tumors[143-146]. Even p53, Ras and/or DCC alterations have 
been linked to metastatic spreading in CRC, however, 
there is still no evidence specifically relating them to liver 
metastasis formation. The human nm23 genes, nm23-H1 
and nm23-H2, are candidate metastasis suppressor genes. 

Their role in CRC is still confusing. Some authors claim 
that a reduced protein expression, secondary to gene al-
terations, is associated with metastasis development[147,148]. 
Genetic alterations were detected in four of  eight CRCs 
associated with metastasis in lymph nodes, lung, or liver, 
while no alteration was observed in 12 additional CRC 
specimens without metastasis[149]. Others have found that 
gene overexpression is linked to higher recurrences, liver 
metastasis and decreased overall survival[150,151]. This con-
tradiction could be explained if  overexpression of  nm23 
was a reflection of  a deletion in the nm23 gene, leading 
to accumulation of  an altered protein product. However, 
more recent works have not been able to relate nm23 ex-
pression to prognosis[152-154]. The PRL-3 protein tyrosine 
phosphatase gene gained importance in 2001 when an arti-
cle was published in Science showing that it was expressed 
at high levels in each of  18 cancer metastases studied but 
was expressed at lower levels in nonmetastatic tumors 
and in normal colorectal epithelium[155]. Subsequently, 
new data established an unexpected and unprecedented 
specificity in metastatic gene expression profiles: PRL-3 
was apparently expressed in CRC metastasis to any organ 
but was not expressed in metastases of  other cancers to 
the same organs or in nonmetastatic CRC[156]. At that time 
PRL-3 was determined to be a potential marker for liver 
metastasis of  CRC with a negative impact in prognosis[157]. 
CRC specificity was objected to in further studies. Some 
authors claimed that PRL-3 acted by enhancing cell motil-
ity and thus facilitating extravasation into liver tissue[158]. 
The mechanism of  action is still under investigation but 
it has already been related to integrin α1[159] and the Rho 
family of  small GTPases[160].
CONCLUSION

A significant amount of  experimental data points to 
tumor cells having a metastatic signature. This signature 
codifies not only for the ability to form metasteses but 
also for organ-specificity. DNA microarray technology has 
significantly improved efficiency in wide-range analysis 
of  gene expression. Many authors have provided gene 
expression profiles that have been related to CRC liver 
metastases, however, in order to obtain a real genetic 
signature for liver metastases in CRC by transcription 
profiling, measures to improve reproducibility, increase 
consistency, and validate results need to be implemented. 
Seeking metastatic signatures through expression profiling 
is a tool to fight cancer, but its indiscriminate use can be 
misleading. Advances in molecular assays on isolated cells 
and in the study of  cell-cell and cell-stroma interactions 
will likely enable the dissection of  the metastatic cascade. 
Genes codifying for proteins directly or indirectly involved 
in adhesion, invasion, angiogenesis, survival and cell 
growth have already been linked to mechanisms of  liver 
metastases in CRC. Improvement in knowledge of  the mo-
lecular pathways involved in the development of  colorectal 
liver metastasis will lead to a better approach to prevent 
and treat this disease.
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