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Abstract. Uncontrollable metastatic outgrowth process is
the leading cause of mortality worldwide, even in the case
of colorectal cancer. Colorectal cancer (CRC) accounts for
approximately 10% of all annually diagnosed cancers and
50% of CRC patients will develop metastases in the course
of disease. Most patients with metastatic CRC have incurable
disease. Even if patients undergo resection of liver metastases,
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the 5-year survival rate ranges from 25 to 58%. Next-generation
sequencing of tumour specimens from large colorectal cancer
patient cohorts has led to major advances in elucidating the
genomic landscape of these tumours and paired metastases.
The expression profiles of primary CRC and their metastatic
lesions at both the gene and pathway levels were compared
and led to the selection of early driver genes responsible for
carcinogenesis and metastasis-specific genes that increased
the metastatic process. The genetic, transcriptional and epigen-
etic alteration encoded by these genes and their combination
influence many pivotal signalling pathways, enabling the
dissemination and outgrowth in distant organs. Therapeutic
regimens affecting several different active pathways may have
important implications for therapeutic efficacy.

Contents

1. Introduction

2. Biology of metastatic colorectal cancer

3. Pattern of colorectal cancer metastasis

4. Functional traits of metastatic cells

5. CMS classification of primary tumours do not fully corre-
spond to their metastasis

6. Identification of metastatic CRC markers

7. Gene signature of metastatic CRC cells

8. Signalling pathways involved in metastatic CRC

9. Metastasis connected to the localisation of CRC

10. Modulation of microenvironment

11. Metabolic reprogramming in metastatic CRC

12. Effect of miRNAs on the metastatic process of CRC

13. Epigenetic changes in metastatic CRC

14. Conclusion

1. Introduction

From a genomic standpoint, colorectal cancer is not a single
disease, but a heterogeneous group of malignancies arising
within the colon and rectum. Colorectal cancer accounts for
approximately 10% of all annually diagnosed cancers and
cancer-related deaths worldwide. Currently, it is the world's
fourth deadliest cancer with almost 900,000 deaths annu-
ally (1,2). Metastasis to either liver, lung, brain or peritoneum is
present in about 90% of patients with stage IV disease. Twenty
percent of CRC patients have metastases at the time of diagnosis.
About 40% of patients with stage II-III succumb to recurrence
in the next 5 years after surgical treatment (3). Liver metastases
are often detected only in advanced disease and even when
resection is combined with modern adjuvant systemic regimens,
it is curative in only 20% of patients, with 70% developing
recurrence. Owing to difficulties in the detection and treatment
of the metastatic spread of CRC, the research is based on iden-
tifying high-risk patient cohorts and new biomarkers based on
the differences between metastatic vs. non-metastatic cells (4).
Colon cancer progresses through a well-defined series
of transformations from normal colonic epithelial cells
into precursor adenoma lesions which eventually evolve to
increasingly more invasive and malignant stages. Generally,
the defining hallmark of metastasis is development of any

secondary mass that is no longer directly connected to the
originating tumour. Metastases are distinct and unique subsets
of cells that emigrated from the primary tumour and are
molecularly, genetically, and biochemically distinct from the
cells remaining at the site of tumour origin (5).

Metastatic cells are able to successfully dissociate, dissemi-
nate, and colonize secondary sites, so they acquire properties
in addition to those necessary to become neoplastic: Motility
and invasion, ability to modulate the secondary site or local
microenvironments, plasticity, and ability to colonize secondary
tissues (5,6). The generation of the tumour in a foreign organ
is tightly bound to the acquisition of a stem-like phenotype by
cancer cells. Recent findings suggest that cancer stem cells (CSCs)
are a phenotypically and functionally heterogeneous population,
which is dynamic and is able to adapt as a result of various
extrinsic and intrinsic cellular factors (7). Metastatic stem cells
use multiple phenotypes and behaviours and critically depend on
their interaction with the microenvironment to migrate, survive
in the circulation and thrive in a foreign organ (8).

A large study of CRC patients investigating the molecular
differences between primary tumours, lymph node metastases
and distant metastases using next-generation sequencing (NGS)
and immunohistochemistry showed that lymphatic and distant
metastases harbour different mutation profiles compared to
their primary tumour and between each other (9). The transcrip-
tomes of primary CRC and their metastatic lesions at both the
gene and pathway levels were compared and showed differences
between them (10). Principles and differences with respect to
CRC organotropism, epithelial-mesenchymal transition, angio-
genesis and inflammation were also published (11). However,
a complex summary of the traits of metastatic colorectal cells
through the lens of molecular biology is missing.

This review therefore summarises biological properties
of metastatic colorectal cells, their genetic and molecular
determinants of metastatic competence and active molecular
pathways. A deeper understanding of molecular signatures of
metastatic cells can lead to finding new therapeutic targets and
drug regimens to cure metastatic dissemination.

2. Biology of metastatic colorectal cancer

Metastatic cells have the ability, the metastatic competence, to
fine-tune malignant properties of primary tumour cancer cells
by building upon an already tumourigenic program, enhancing
their own stem-like features and becoming predominant
during disease progression and metastatic dissemination.

According to the traditional model of progressive acquisi-
tion of mutations during colon cancerogenesis, the metastatic
capacity/competence is acquired later in time during the
multi-step tumour progression process after accumulation of
genetic alterations. K-RAS, B-RAF, APC and P53 mutations in
case of CIN and mutations in the mismatch repair genes in case
of MSI result in the gradual transition of an adenoma into carci-
noma (12). Metastatic ability is thought to be acquired in later
stages of carcinogenesis. A limited number of cells acquire the
ability to move from the primary tumour into the bloodstream
or lymphatic system, to migrate to a distant location in the body
and to grow into tumours in the new location (12).

On the other hand, even in 2003, a study from
Ramaswamy et al suggested a novel idea about rare cells with
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Figure 1. Two models regarding gaining metastatic competence. (A) Tranditional model is the concept of transition of initiated cell to more aggressive state and
gaining of metastatic ability due to the accumulation of genetic and epigenetic changes. (B) The second model explains that there are some clones in tumour
bulk with metastatic potential already present in early stages of carcinogenesis and their individual gene signature is predictive for the invasiveness and distant
recurrence. APC, adenomatous polyposis coli; CIN, chromosome instability; DTC, dormant tumour cells; MSI, microsatellite instability; SMAD4, mothers
against decapentaplegic homolog 4; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; TCF7L2, transcription factor 7-like 2;
AMERI1, APC membrane recruitment protein 1; PTPRT, Receptor-type tyrosine-protein phosphatase T; GNAS, heterotrimeric G-protein alpha subunit G,-a;
FXR1, fragile X mental retardation syndrome-related protein 1; MUC4, Mucin 4; GPC6, Glypican-6; MECOM, MDSI1 and EVI1 complex locus protein EVII.
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Figure 2. The hallmarks of metastatic cells. Metastatic cells keep all essential
‘hallmarks of cancer’ (the core of the image) and expand them by acquiring
certain traits (the periphery of the picture): Plasticity, motility and inva-
sion, capability to modulate the local microenvironments and the ability to
colonize secondary tissues. Prior to becoming metastatic, the cells lose the
capacity to fully differentiate; they are not inhibited by cell-cell contact; they
are not anchorage-dependent; and are genetically unstable.

an ability to metastasize within a primary tumour. Those authors
showed that the metastatic potential of human tumours is
encoded in the bulk of a primary tumour and the gene expression
signatures of primary tumours are predictive of distant recur-
rence (13) (Fig. 1). Close genetic relationships between primary
tumours and metastases in a variety of cancer types indicate that,
at least in certain cases, the cells forming a metastatic colony
derive from a dominant clonal subpopulation of the primary
tumour. These populations manage to complete all of the steps
required both for primary tumour formation and the subsequent
multi-step invasion of metastasis cascade (14). The completion of
this cascade depends not only on genetic changes but especially
on specifically epigenetically organized programs that comple-
ment the previously acquired genetic mutations (6).

The ‘Big Bang’ theory of tumour evolution says that after
transformation some cancer cells grow as a single expansion

giving rise to effective subclones constituting intratumoural
heterogeneity (ITH) (15). Genomic profiling of 349 individual
samples from 15 colorectal tumours showed an absence of
selective steps, uniformly high ITH and subclone mixing in
distant regions. The most detectable ITH originates from early
private alterations and not from later clonal expansions (16).
Recently, large NGS studies of paired colorectal cancer and
their metastases were performed showing that the primary
tumours' vs. paired metastases' genomic divergence is low and
their invasive and metastatic potential were acquired early,
even during the time the tumour could not be diagnosed (17).
An important finding is that the vast majority (90%) of
primary tumours exhibits subclonal selection consistent with
the metastatic clone gaining a selective growth advantage. On
the other hand, subclonal selection was detected only in 33%
of patients with early-stage CRC (17).

3. Pattern of colorectal cancer metastasis

Colorectal cancer shows sequential organ-specific coloniza-
tion, with the first site of metastasis being usually the liver
and secondarily the lung. Focusing on these most frequent
metastatic sites, 70% of colorectal cancer metastasizes to
the liver, and 47.5% of the patients presented with metas-
tases confined to the lungs, distant lymph nodes (16%), and
peritoneum (15%) (18). When it comes to metastases arising
from the colon and proximal parts of the rectum, the portal
system guides the blood flow directly to the liver (Fig. 2). In
hematogenous spread platelets and neutrophils help CTC by
protecting them from elimination by NK cells. The entry of
colorectal carcinoma cells into the hepatic microvasculature
can initiate a pro-inflammatory cascade that results in Kupffer
as well as stellate cells being triggered to secrete chemokines
that upregulate vascular adhesion receptors, thereby enabling
the adhesion of CTC in the microvasculature of the liver (19).
Neutrophils support metastatic spread by forming an extracel-
lular trap for CTC in the bloodstream helping them adhere to
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Figure 3. Metastatic spreading to the liver. Disseminating cells are subjected
to EMT and dedifferentiation into cells with stem-like properties so as to
gain the migratory ability. After ECM remodellation, they extravasated to
vascular system and invaded the liver through the portal vein. The primary
tumour itself actively supports preparation of the premetastatic niche by the
activation of inflammatory and immune cells involving CAFs, neutrophils,
macrophages and TAMs subtype 1. CAF, carcinoma-associated fibroblasts;
TAM, tumour-associated macrophage; ECM, extracellular matrix.

endothelial cells and extravasate. The blood group antigens
sLea and sLex may play an important role in the attach-
ment (11). The primary tumour itself can actively support
preparing of premetastatic niche by recruiting VEGFR-1
expressing haematopoietic progenitor cells. The pro-tumour
microenvironment is composed of inflammatory and immune
cells involving cancer-associated fibroblasts (CAFs), neutro-
phils and macrophages and environmental conditions such
as hypoxia, soluble factors, signalling molecules, and ECM
components. At the early stages, the proinflammatory TAMs
subtype 1 are active and work to eliminate malignant cells. At
later stages, macrophages switch to immunosuppressive TAMs
subtype 2 creating the microenvironment permissive for
tumour growth by secretion of ECM-degrading components
(MMP1, 7,9, 12) (11). The metastatic cascade ends with the
invasion of colorectal cancer cells, as well as the adaptation
and colonization of the hepatic parenchyma (11).

Lung metastases usually appeared together with liver
metastases (73% in colon cancer/60% in rectal cancer) (20,21).
CRC cells disseminate through portal circulation to the
liver, and from there to the lungs. Metastatic cells flow to the
lungs directly by lymphatic system or from the distal rectum
via systemic circulation through the hemorrhoidal veins.
Metastases of bones and the nervous system in CRC patients
occur more frequently in the patients with lung metastases, but
are sporadic in patients with liver metastases (20). This indi-
cated that the lungs are an important waypoint towards further
metastatic dissemination (20). A study on the onset of growth of
lung metastases revealed that some CRC patients with isolated
synchronous liver metastasis already have lung metastases even
when the metastatic sites are considered to be limited to the
liver (22). Compared to other distal metastases, lung metastases
grow slowly and have better overall survival (21).

Expression analysis of CRC metastasis revealed 22
specific genes related to liver metastasis and they were
strongly associated with: i) Cell migration, adhesion, prolif-
eration (cell adhesion/focal adhesion/chemokine signalling
pathway/PI3K-AKT signalling pathway/APOH/ F5/CXCL14);
and ii) immune response (innate immune response/complement

activation/acute-phase response/SERPIN A1/CXCL14).
CXCL14 may be a favourable prediction factor that is involved
in liver metastasis of colon carcinoma (23). Signalling network
analyses have indicated that the PI3K-AKT pathway is highly
activated in liver metastases from colorectal cancer compared
with matched primary tumours.

Testing of gene signature in the metastatic process of CRC
lung metastasis revealed APC, TP53 and KRAS being the most
commonly mutated genes. Mutations in EGFR, GNAQ, KIT,
MET and PTPNI1 genes were associated with an early pulmo-
nary recurrence. The two strongest affected pathways were
the RAS signalling pathway (EGFR, KIT, MET and PTPN11)
and the RAPI1 signalling pathway (EGFR, GNAQ, KIT and
MET) (24).

CRC metastasizes within the abdominal cavity too, resulting
in non-hematogenous metastases in ovaries. All parts of the
gastrointestinal system share a mutual lymphatic drain, flowing
to the left subclavian vein. Moreover, metastases may spread
through the peritoneal fluid within the peritoneal cavity (25).

4. Functional traits of metastatic cells

Metastasis formation is a multi-step process involving invasion
of primary tumour cells through the basement membrane and
intravasation into nearby lymphatics or blood vessels. These
tumour cells must then survive transport to distant organ sites
(typically liver in CRC) where they extravasate and colonize
the secondary organ site to establish micro-metastases, which
proliferate to expand to macrometastases (26).

Any hallmarks of metastasis are superimposed upon the
hallmarks of cancer itself published by Hanahan and Weinberg
in 2000 and 2011 (27,28). The traits of metastatic cells contain
motility and invasion, ability to modulate the secondary site
or local microenvironments, plasticity, and ability to colonize
secondary tissues (5,6) (Fig. 3).

Motility and invasion. To manifest their properties and
live without connection to a primary tumour, the cells must
possess the ability to move and penetrate through a basement
membrane. Cellular movement requires coordinated cell-cell
and cell-matrix adhesion, matrix degradation, and cytoskeletal
activity. During motility and invasion, the cells organize adhe-
sive, proteolytic, and motility components into specialized
structures: Invadopodia (5).

One of the first steps in invasion in CRC is tumour
budding (TB), which represents an infiltrating growth pattern
at the invasive front. It promotes progression and dissemina-
tion of tumour cells by penetrating the vascular and lymphatic
vessels. The balance between pro-tumour (budding) and
anti-tumour (immune response or certain inflammatory cell
types) factors at the invasive front of colorectal cancer may be
decisive in determining tumour progression in CRC (29).

The invasive front in CRC tumours and interactions within
it represent a critical interface encompassing a dynamic
process of de-differentiation of colorectal carcinoma cells.
Histopathological analyses of invasive cells suggest their
internal complexity, with invading cells at the leading edge
paving the way for subsequent cells to which they remain
attached via cell-cell junctions (30). The leading cells at the
invasive fronts exhibit certain mesenchymal traits during



Bzl SPANDIDOS
7] .§, PUBLICATIONS

collective migration (31-33). In comparison to epithelial CRC
cells, leading cells in the invasive front possess increased
motility, invasiveness and the ability to degrade components
of the extracellular matrix. Such invading leaders release
proteases that degrade the extracellular matrix that would
otherwise impede the forward progress of the cohort as a whole.
Moreover, such leader cells may also possess the motility to
enable the forward motion of the cohort as a whole (6).

Dedifferentiation of originally epithelial colorectal cancer
cells to those with invasive potential and tumour-initiating
capability is triggered by induction of epithelial-mesenchymal
transition (EMT) programs (34-36). WNT signalling has a
pivotal role in colon cancer initiation and consequent down-
stream EMT activation and also underlies the onset of migrating
CSCs at the invasive front of the primary lesion which locally
invade the tumour microenvironment and eventually form
distant metastases (34). The dedifferentiation process may be
an alternative mechanism in acquisition of CSC-like properties
in human colorectal cancer cells. External stimulation with
TGF-p and the induction of TWIST1 converted the epithelial
CRC into undifferentiated CSCs, leading to a significant incre-
ment of stem cell properties in human colorectal cancer (37).

EMT is characterised by a switch of production of
E-cadherin (epithelial) to N-cadherin. E-cadherin reduction
is regulated by two groups of transcription factors: i) Direct
repressors of E-cadherin including SNAI1 and 2, ZEBI,
ZEB2, E12/E47, Brachyury, and AP4; ii) indirect repressors:
Twistl,2, FOXC2, TCF4, SOX2, OCT4, NANOG, PROXI,
SIX1, PRRX1, HMGAI, and FRA-1 that regulate the tran-
scription of E-cadherin at different levels including activation
of direct repressors (11,38-47). With respect to the clinical
significance in CRC, the repressors AP4, SOX2, and OCT4
have been associated with liver metastasis (11,40,41). In addi-
tion, 85% of CRC patients show moderate to strong expression
of the repressor Twistl which is associated with nodal invasion
and poor outcome. Upregulation of SNAI2 significantly corre-
lates with strong Vimentin expression, and both SNAI2 and
Vimentin expression is associated with lymph node metastasis
and poor prognosis (11,48).

In particular, RAS signalling has been reported to play a
crucial role in EMT inducing a decrease of E-cadherin expres-
sion and an increase of Vimentin expression initiation (49,50).
KRAS mutation alone is not able to modify the epithelial
morphology of CRC cells but requires cooperation with TGF-3
growth factor to accomplish the cell transformation (51).

Recent studies revealed new potential molecules connected
to CRC invasion. Wan et al revealed that MEIS2 serves a
role as a promoter of metastasis in CRC. In vitro and in vivo
experiments revealed that knockdown of MEIS2 signifi-
cantly suppressed CRC migration, invasion and EMT (52).
Considerable evidence indicates that SI00A4 expression
by cancer cells alters their adhesive properties, possibly by
remodelling the ECM and promoting the redeployment of
adhesion-mediating molecules. Additionally, the induction of
S100A4 may be linked to the downregulation of E-cadherin
and cytoskeletal dysregulation (53).

Extracellular matrices are remodelled by proteo-
lytic enzymes that contribute to matrix degradation and
facilitate tumour cell invasion, e.g., serine proteinases
(plasmin, plasminogen activator, seprase, hepsin), cysteine
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proteinases (cathepsins B and K), aspartyl proteinases (cathep-
sins D and E), and metal-dependent proteinases of the matrix
metalloproteinase and a disintegrin and ADAM families (5).

Plasticity. Plasticity is the fundamental trait of metastatic
cells (54) due to: i) The dynamics of epithelial-to-mesenchymal
transition and the reverse process, ii) the redundancy of mech-
anisms to accomplish all steps in metastatic cascade (55), and
iii) cell dedifferentiation and gaining of stemness potential
early in the metastatic process compared to the dormancy exit
and resumption of proliferation during metastasis formation in
distant organs (54,56,57). Chromatin remodelling complexes
such as Polycomb and NuRD (Nucleosome Remodeling
Deacetylase) regulate the transcription of EMT-related
transcription factors (58,59). Migrating cancer cells display
intermediate phenotypes featuring both epithelial and mesen-
chymal (E/M) characteristics. These hybrid E/M cancer cells
have been the focus of much attention as they are likely to
be metastable and as such very efficient in causing metastasis,
while cells with fixed epithelial or mesenchymal states lose their
plasticity and associated stem cell capabilities (60). A study by
Liu et al reported that mesenchymal-like CSCs exhibited high
invasiveness and were quiescent, whereas epithelial-like CSCs
were highly proliferative and less invasive (61). During colo-
nization of distant organs, disseminated cells have to undergo
MET to gain back their proliferative potential. The ability of
cancer cells to revert back from EMT-induced phenotypes
is critical for metastasis formation in distant organs and full
mesenchymal transformation may result in the irreversible loss
of MET capacity (62,63).

Another form of plasticity is the fact that metastatic
cells evolve more mechanisms on how to accomplish steps
of the metastatic process. This redundancy provides a clear
competitive advantage to cells and the loss of the ability to
adapt (i.e., terminal differentiation) can block the ability to
metastasize (55).

Colonization. Colonization is dependent on a combination of
tumour cell- and tissue-specific factors. Intravasating CRC
cells interact with pre-metastatic niches that are permissive
for proliferation and colonization of secondary sites. The
interaction of intravasating tumour cells with organ-specific
microenvironment can lead to the formation of metastasis in
colonised site as summarized in a later subsection (Modulation
of microenvironment).

Comparing CRC to other types of cancer, its latency period
between dissemination and colonization can be estimated
approximately in between, since it is longer than that of lung
cancer, but shorter than that of prostate cancer (64).

Metastasis-initiating ability. Critical hallmark of progression
through the invasion-metastasis cascade is a metastasis-initi-
ating ability, since disseminated tumour cells must function
as founders of new metastatic colonies. They often exhibit
long-term self-renewal capacity, quiescence and resistance to
chemotherapy, which belong to the main traits of CSCs. CSCs
have the ability to differentiate into multiple cell types found
in particular metastatic samples, but represent a small frac-
tion of the tumour population. Disseminated cells invading
into the circulation are usually known as circulating tumour
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cells (CTC). CTCs consist of cells acquiring the right combi-
nation of motility, invasiveness, and resistance to anoikis
(apoptosis caused by lack of attachment to neighbouring cells or
extracellular matrix). There is a stochastic model saying CSCs
form a small, randomly determined fraction of the CTCs, but
they preferentially survive and initiate secondary tumours. On
the other hand, a dynamic model hypothesis posits that CSCs
undergo substantial changes in phenotype driven by responses
to their microenvironment and become CTCs. After finding a
target tissue, the cells extravasate, invade the target microenvi-
ronment and re-establish their stem-like properties (65).

5. CMS classification of primary tumours and its relation
to their metastasis

A classification of a primary tumour before 2015 was based
on non-overlapping genomic phenotypes of microsatellite
instability (MSI) and chromosomal instability (CIN). The
marked interconnectivity between independent gene expres-
sion classifiers gave rise to a classification system of CMS 1-4
groups in 2015, which do not only reflect cancer cell pheno-
types nor microenvironment features present in bulk tumour
tissue samples. Based on the distinct molecular and clinico-
pathologic hallmarks such as mutation status of KRAS, BRAF,
TP53 and MSI status, each of CMS classification groups have
distinct treatment pathways (66).

Previous findings in melanoma suggested that genetic
instability appears to be necessary for the development of metas-
tases (67). The observance of activated DNA repair pathways in
metastases suggests that a similar metastatic program may be
at play in CRC. Comparison of the transcriptomes of primary
CRC:s and their metastatic lesions at both the gene and pathway
levels are in concordance to a study by Guinney et al (66)
reporting that genetically unstable subtypes such as CMSI1 and
CMS3 are almost non-existent among metastases of CRC (10).
CMS classification results show that metastases are more
likely to be CMS2 in reference to CMS4 compared to primary
tumours. Although CMS4 has previously been associated with
advanced stages (III, IV) of disease, CMS2 was not previously
associated with advanced disease and is characterized by epithe-
lial differentiation and strong upregulation of MYC and WNT
signalling (10,66). In relation to the CMS taxonomy of CRC,
tumour buds (invasive protrusions), not the tumour bulk are
more related to mesenchymal phenotype and CMS4 class (29).
In addition, a large CRC patient cohort analysed by IHC showed
that a greater number of tumour buds were found in CMS4
compared to CMS2 and CMS3 tumours and was connected
with KRAS and BRAF mutations (51,68).

The CMS classification framework was originally devel-
oped from microarray-based gene expression profiles or RNA
sequencing of fresh-frozen primary CRC samples mostly
(>90%) from patients with non-metastatic disease (66,69).
Some authors opposed that most CRC tumours do not have one
unique and clonal CMS assignment and present an indefinite
heterogeneity, and only some subclones are able to generate
metastasis. The CMS classification should be a starting point
to deepen our knowledge about CRC biology and the driver
genes are important for metastatic progression, but it does not
currently provide a rationale for therapy selection in metastatic
CRC (mCRC) (69).

6. Identification of metastatic CRC markers

Colorectal cancer stem cells are closely linked to tumour
metastasis, drug resistance and recurrence after primary
treatment. Not all CSCs in primary tumour are metastatic,
and metastases are produced from a specific subpopulation
of CSCs, known as migrating cancer stem cells (70). Current
knowledge of normal and tumour tissues indicates that CSCs
are rarely defined by a single marker but by a combination of
multiple molecular markers. On the other hand, several studies
have linked a high surface expression of some of following
markers (Table I) with the tumour degree of differentiation,
depth of invasion, clinical stage and metastatic status in
CRC (70-80).

Commonly used CRC cell lines show that a percentage of
stem cells from intestinal origin (as indicated by LGRS expres-
sion from 1-22.5% and frequency of EpCAM* cells) is high
in fully differentiated carcinoma cells. Sphere-derived cells
showed enhanced frequencies (2- to 3-fold) of LGRS positivity
compared to the original cell lines (79). LGR5", E-cadherin
high, EpCAM high and CD26 high are frequently associated
with sphere-derived cells. These results are highlighted by a
recent report showing that LGR5" cells are more important for
the process of metastasis than for primary tumour growth (81).

LGRS is a membrane receptor of intestinal stem cells
acting like local enhancer of the WNT/B-catenin signalling
pathway. LGRS expression is higher in colon carcinomas than
in adenomas. It correlates with TNM staging, lymph node
metastases, vascular invasion and significantly lower overall
survival of patients (82,83).

Pang et al (36) demonstrated that a subpopulation of
colorectal CSCs expressing CD26 has both tumour-initiating
and metastatic capacities. Orthotopic implantation of
CD133*/CD26* cells isolated from primary CRCs of a patient
with hepatic metastasis led to metastasis formation in the
liver, following orthotopic tumour formation in vivo, whereas
their CD26-counterparts led to no metastasis. In vitro evalu-
ations revealed that CD26 knockdown by siRNA reduced the
migratory and invasive capacities of the CD26" cells (36). The
presence of CD26*/CD326™ marker in CTC tested in a CRC
patient blood sample was higher in advanced Dukes' stages
and was significantly associated with poor survival and high
recurrence rates (84). Examination of paraffin-embedded
tissues in 143 patients with CRC revealed CD26* cells have a
significant clinical impact on the prediction of distant metas-
tasis development in colorectal cancer (72).

Notably, Todaro et al (85) phenotypically identified
colorectal CSCs with metastatic capacity based on the expres-
sion of CD44v6. CD44v6* cells were able to induce tumour
growth in the gut, lung, and liver after orthotopic injection
into mice, whereas their negative counterparts grew locally
without forming distant metastases (85). Interestingly, while
there was a substantial overlap between CD44v6* and CD26*
cells, CD44v6*/CD26 cells showed considerable metastatic
potential in the orthotopic model (85), indicating that there is
phenotypic heterogeneity even within metastatic CSCs. CD44
is involved in HGF/MET signalling and many other onco-
genic mediators, including MYC and STAT3, which promote
CRC metastasis via anoikis resistance and enhancing EMT
properties.
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Table I. Cancer stem cell markers associated with metastases in CRC.

Metastatic marker Localisation Interaction with Results in In CRC patients correlate with (Refs.)
LGRS Membrane R-spondin, Proliferation, changes in TNM staging, lymph (71,
receptor IQGAPI1-Racl and actin cytoskeletal structure node mts, vascular 81-83)
WNT signalling and cell adhesion invasion, OS
CD26 Membrane CXCR4, CD45, Motility and invasive ability =~ Distant mts formation, (34,72,
(dipeptidyl receptor adenosine deaminase, in vitro, mts formation advanced tumour staging, 73,84)
peptidase IV) fibronectin, collagen  in vivo, modulation of (0N}
chemokine activity
CD44v6 Membrane HGF/c-MET,MYC, EMT and resistance to Poor prognosis, resistance to  (74,85)
receptor STAT3, WNT anoikis, upregulation of anti-cancer therapy-together
signalling, stabilization MDR genes, protection with LGRS liver mts
of Cys/Glu exchange against ROS
CDI110 Membrane Lysine degradation, Shift in redox status, Grading, vascular invasion, (87,151)
(thrombopoietin  receptor c-MYC, WNT chromatin remodelling synchronous or metachronous
receptor) signalling Self-renewal and metabolic liver mts
re-programming in
CD110+ TICs. Liver mts
in vivo
CDCP1 Membrane Enhancer of Reduction of cell-cell Grading, vascular invasion, (75,87)
(CUB receptor Src activation adhesion, raise of cell synchronous or metachronous
domain- migration in vitro. lung mts
containing Lung mts in vivo
protein 1)
Notchl Cytoplasm TGFf It creates TME of Grading, LV invasion and (76,77)
poorly differentiated tumour  metastasis, peritumoural
and drives metastasis via budding
TGFf-dependent neutrophil
recruitment
ALDHI1A1 Cytoplasm  Synthesis of Chemoresistance, Grading, LV invasion (76,78)
retinoic acid, clonogenicity, tumourigenicity, and metastasis,
activation stem cell potential peritumoural budding

of Akt, c-Myc, RARB- Regulates ROS and synthesis
of carboxyl acids

Poorly differentiated or RCRC.
More ALDH1AL in liver
mts vs. paired tumours

Cys/Glu, cysteine/glutamate; EMT, epithelial-mesenchymal transition; HGFR, hepatocyte growth factor receptor; IQGAPI, Ras
GTPase-activating-like protein; LGRS, leucine-rich repeat-containing G-protein coupled receptor 5; LV, lymphovascular; MDR, multidrug
resistance; mts, metastases; Notchl, Notch homolog 1, translocation-associated; OS, overall survival; RARP, retinoic acid receptor beta;
RCRC, right-sided CRC; ROS, reactive oxygen. species, STAT3-Signal transducer and activator of transcription 3, TGF-f-Transforming
growth factor beta, TICs-tumour-initiated cells, TME-tumour microenvironment.

Zhang et al showed that the CRC cell line HCT116 also
contains CD133*/CXCR4* cells, which have a significantly
higher metastatic capacity than CD133*/CXCR4" cells (86).

Previous findings suggested that the formation of metas-
tases in certain favoured target organs would be attributable
in part to the diversity within metastatic CSCs. Gao et al
reported that only CRCs expressing CDI110, a specific
receptor for thrombopoietin, were able to colonize the liver
after orthotopic implantation in immunocompromised
mice, while CRCs expressing CUB domain-containing
protein 1 (CDCPI1) were associated with the development of
lung metastasis (87). They also confirmed that knockdown

of either CD110 or CDCP1 by siRNA reduced the liver or
lung metastasis burden, respectively, but had no discernible
effect on primary tumour growth. In addition, authors of that
study showed that CD110 and CDCP1 would be involved in
integral parts of the metastatic process, including in vivo
extravasation.

Accumulating evidence suggests that alternation or even
loss of differentiation control may resultin complete dedifferen-
tiation as well as acquisition of properties typical for stem cells
which contribute to metastasis initiation traits. Besides known
Yamanaka factors (SOX2, MYC, KLF4, OCT4, NANOG), other
tissue-specific cell fate determinants essential for metastasis
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initiation responsible for metastatic relapse should be identi-
fied. The decrease of differentiation via genetic manipulation
of either of two distinct differentiation-promoting transcription
factors (Smad4 or Cdx2) in mouse model was associated with
BRAF-driven serrated tumour development and restored stem
cell activity in BRAFY°’E intestine. In human patients reduced
levels of differentiation in normal tissue are associated with
increased susceptibility to serrated colon tumours (88).

The stem cell markers Notchl and ALDHI correlate with
lymph node metastasis, advanced stage, and tumour recurrence
and represent an independent prognostic factor in colorectal
carcinoma (76). ALDHI* cells, particularly those displaying
high WNT activity, are able to initiate and maintain colon
tumours when inoculated into immunodeficient mice (82). In
relation to stem cell properties, much emphasis has been placed
on ALDH1A1 and ALDHI1A3 isoforms. Overexpression of
ALDHI1A3 isoform was detected in chemoresistant colorectal
carcinoma cells derived from human cell line HT-29 which
formed distant metastases in mouse lungs spontaneously,
although the parental HT-29 colorectal cell line possesses no
metastatic ability (89).

7. Gene signature of metastatic CRC cells

Gene signature of metastatic cells able to survive the complete
metastatic cascade is derived from that of primary tumour's
subclones and in CRC is based on either a chromosomal
instability (CIN, 80-85% of all CRC cases) or microsatellite
instability and/or CpG island methylation phenotype.

Defects in mismatch repair in tumours with MSI affect
MLHI, MSH2, MSH6, PMSI and PMS2 genes (90,91). Their
proteins form heterodimers that repair DNA damage. The most
common and relevant heterodimers in colorectal carcinogenesis
are MLH1/PMS2 and MSH2/MSH6. Immunohistochemical
staining of these proteins in primary tumours and paired
metastatic lesions revealed identical results in 77% (92) to
100% of the cases (93).

The CIN pathway is characterized by imbalance in the
number of chromosomes, their segregation, telomere dysfunc-
tion and DNA damage response, which affect the main
proliferation and cell cycle check-points: APC, KRAS, PI3K
and TP53 proteins. APC mutations cause translocation of
[-catenin to the nucleus and drive the transcription of genes
implicated in tumourigenesis and invasion, whereas mutations
in KRAS and PI3K lead to constant activation of MAP Kkinase,
thus increasing cell proliferation. Finally, loss-of-function
mutations in TP53 encoding p53, the main cell-cycle check-
point, cause an uncontrolled entry in the cell cycle (91,94).
These canonical drivers are shared by primary colorectal
tumours but also their paired metastases and are known
as metastatic-associated early driver genes (17). Specific
combination of early driver genes may confer metastatic
competence. Data are in concordance with CMS classifica-
tion, where the main early driver mutations consist of APC,
KRAS, TP53, PIK3CA genes in CMS2-4 tumours (95). The
study of Fumagalli et al (96) triggered the APC, KRAS, TP53
and SMAD4 gene in normal primary colon organoids which
resulted in the seeding of metastatic cells after xenotransplan-
tation. SMAD4 acts as a metastasis suppressor by interacting
to block the functionality of transcription factors that promote

metastatic cancer progression (97). In accordance with the
organoid study (96), another group confirmed that oncogenic
mutated KRAS combined with APC and TP53 deficiency can
trigger metastatic cascade in a mouse model (98). Although the
amount of canonical driver genes is low, there are many combi-
nations of mutations that collectively disrupt key signalling
pathways (WNT, TP53, TGFf3, EGFP and cellular adhesion)
enabling dissemination and outgrowth in distant organs.

Early CRC driver genes were supplemented with addi-
tional gene/genes from a candidate metastasis driver in
numerous CRC samples: TCF7L2, AMERI, PTPRT, PIK3CA,
GNAS, SRC, FXRI, MUC4, GPC6 and MECOM (99-107),
which seemed to be specific to metastases (Fig. 4). Mutations
in coding regions of BRCAI and 2, FLCN, HNFIA, PTEN,
RNF43 leading to progression and metastases were also
reported (95). Collectively, the early driver genes plus an
additional candidate metastasis driver showed statistically
significant enrichment in metastatic vs. early-stage CRCs
(18% compared to 5.6%, respectively, q=2.9x10-20) (17). All
are connected to basic signalling pathways activated in CRC.

Transcription factor 7-like 2 (TCF7L2)-negative CRC cell
lines exhibited morphological changes, enhanced migration,
invasion, and collagen adhesion. Stimulation of the WNT
signalling pathway leads to the association of (3-catenin with
BCL9, translocation to the nucleus, and association with
TCF7L2, which in turn results in the activation of WNT target
genes (99).

AMERI acts as scaffold for B-catenin degradation, assem-
bling the destruction complex at the plasma membrane by
recruiting B-catenin, APC, and Axin/Conductin, and therefore
acting as a key negative regulator of WNT signalling (100).

Gain-of-function mutations in PIK3CA upregulate
the downstream AKT-mTOR signalling pathway thereby
promoting cancer cell growth and proliferation.

By stimulating adenylyl cyclases, GNAS activation leads to
intracellular accumulation of cyclic adenosine monophosphate
(cCAMP), a central second messenger which in turn activates
protein kinase A (PKA). Similarly, 10% of CRC patients
harbour gene amplification of GNAS, and another 45%
have mutations in PKA subunits. There are indications that
GNAS-PKA signalling is promoting growth and is connected
to RAS (101).

SRC is non-receptor tyrosine kinase and plays a role in
signalling through a variety of membrane-bound receptors.
EGF and VEGFR-1-induced increase in SRC kinase activity
has been shown to stimulate the movement of carcinoma cells
into basement membranes. The multiple effectors of SRC
include the PI3K-AKT, RAS-RAF-MAPK, STAT3-STATSB,
and p130 pathways (102).

Fragile X-related gene 1 (FXRI) was also elevated in the
plasma of colorectal cancer patients and acted as an oncogene
to promote proliferation, invasion and migration of cancer
cells (103). Functionally, this is likely due to FXR1 participation
in an RNP complex that regulates translation in metastasis. FXR1
was also found to destabilize p21 mRNA in cancer cells, and
deletion of FXRI in these cells rescues cell cycle control (104).

Increased expression of Mucind (MUC4) is associated with
poor survival of early-stage (I and II) CRC. The formation of
the tetrameric MUC4-ErbB2-ErbB3-NRG complex leads to
the hyperphosphorylation of ErbB2. This phosphorylation
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Figure 4. Genetic alterations associated with CRC metastasis. Primary CRC tumours are divided into three subgroups based on genomic phenotypes of
chromosomal instability (CIN) and microsatellite instability (MSI) or epigenetic phenotype. Genetic alterations of early CRC driver genes required for
transformation of an adenoma into carcinoma are supplemented with genetic/epigenetic changes in the candidate metastasis drivers to gain full metastatic
competence. AMER1, APC membrane recruitment protein 1; APC, adenomatous polyposis coli; BRCA1 and 2, breast cancer type 1 and 2 susceptibility
protein; FLCN, Folliculin; FXRI, f ragile X mental retardation syndrome-related protein 1; GNAS, heterotrimeric G-protein alpha subunit G,,a; GPC6,
Glypican-6; HNF1A, hepatocyte nuclear factor 1 homeobox A; MECOM, MDSI and EVI1 complex locus protein EVI1; MSH2, 6, MutS homolog 2, 6;
MLHI, MutL homolog 1; MUC4, Mucin 4; PI3K, Phosphatidylinositol 3-kinase; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha; PTPRT, receptor-type tyrosine-protein phosphatase T; SMAD4, Mothers against decapentaplegic homolog 4; PTEN, phosphatase and tensin homolog;

TCF7L2, transcription factor 7-like 2, TP53, cellular tumour antigen p53.

enables the downstream activation of the PI3K-AKT and
RAS-ERK pathways, which induce a loss of cell polarity in
epithelial tumour cells as an early stem of invasion (105).

Glypican-6 (GPC6) has been found to be frequently mutated
and aberrantly methylated in colorectal cancer. In breast cancer
progression, GPC6 effectively upregulates WNT5A signalling,
which, in turn, inhibits JNK and p38 MAPK signalling, thereby
promoting metastasis and invasion. In CRC patient samples,
glypicans modulate WNT/B-catenin signal pathways (106).

MECOM encodes positive regulatory domain zinc finger
protein 3 (also named as PRDM3 or EVI-1) involved in down-
stream signalling pathway of TGF-{.

PTPRT seems to be a specific driver of the metastatic
process, because its association with APC, KRAS, TP53
and SMAD4 is almost exclusively present in patients with
metastases. Loss of PTPRT in CRC results in increased
STATS3 activation and cellular survival. If the observations are
confirmed, PTPRT mutations could be predictive biomarkers
for STAT3 pathway inhibitors (17,107).

In the case of CMSI1 tumours the early driver genes involve
two DNA repair genes MSH6 (MutS homolog 6, DNA repair
gene) and ATM (ATM serine/threonine kinase); negative
regulator of WNT signalling RNF43 (ring finger protein 43);
transforming growth factor f receptor II; BRAF; PTEN
(Phosphatase and tensin homolog) mutations and genes of
microsatellite instability (95).

Metastatic cells are derived from the primary tumour's
subclones, where epigenetic changes are accumulated and
the EMT program is triggered. Hypermethylation at specific
loci KRAS and BRAF leads to upregulation of the oncogenes,
and promotor methylation of negative regulators of the WNT

pathway lead to invasion (98). Loss of E-cadherin expression
due to hypermethylation results in decreased cell-cell adhesion,
tumour progression and increased invasion. EMT-promoting
signals epigenetically modify the repression of epithelial
genes and consequently drive the transition of cells in more
mesenchymal-like states (59,108).

8. Signalling pathways involved in metastatic CRC

Genetic changes in the driver genes together with the
abovementioned candidate metastatic driver/s are reflected
in a limited amount of signalling pathways, critical for cell
survival and differentiation. The most important signalling
pathways involved in metastatic colorectal cancer are WNT,
EGFR, TGF-f3 and HGF/c-MET signalling pathways (Fig. 5).
The WNT pathway plays an important role in stem cell
differentiation and cellular growth, but in CRC this pathway
is associated in several ways with metastasis. Concerning
the metastatic process, the WNT pathway is connected with
‘B-catenin paradox’ in the case of CRC. The initiating event
in many CRCs is represented by the constitutive activation
of canonical WNT signalling through loss of function muta-
tions of APC or gain of function of WNT agonists such as
[-catenin (109). Co-activation of the Frizzled and LRP recep-
tors prevents formation of the B-catenin destruction complex
(consists of PP2A, GSK3p, CKla, APC, Axinl/2). This leads
to transport of B-catenin to the nucleus, where it interacts
with members of the TCF/LEF family of transcription factors
and modulates the cellular functions ranging from stemness
to proliferation (110). However, the nuclear localisation of
[B-catenin is not distributed through the tumour. IHC analysis
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Figure 5. Signalling pathways that drive or enhance CRC metastasis. For WNT/B-catenin, Wnt ligands, R-spondin ligands or alteration in function of APC or
[-catenin lead to the integral activation of canonical WNT signalling leading to the transfer of 3-catenin from the cytoplasm to the nucleus. Higher cellular stem-
ness and proliferation together with a rise of motility and polarity are associated with activation of WNT signalling. Regarding the EGFR pathways, transformed
cells accumulate constitutively active RAS proteins able to trigger downstream signalling even in the absence of extracellular signal. RAS recruits and activates
several downstream effectors in different pathways: PI3K-AKT and MAPK/ERK pathways and the cascade comprising RAF kinase. All pathways contribute to
the control of cell growth, differentiation, and survival. For TGF-f signalling, activation through TGF-f receptors results in SMAD2 and SMAD3 phosphoryla-
tion and binding to SMAD4. The complex is translocated into the nucleus to regulate the transcription of the target genes. Loss of SMAD2 and SMAD4 leads to
an ability to evade apoptosis and deregulation of the cell cycle. TGF-f activation turns on also MAPK pathways, PI3K, Notch and WNT signalling.

revealed that cells in the centre of the tumour mass are
characterised by normal, membrane-bound and cytoplasmic
[B-catenin staining. However, cells of invasive front of CRC
showed marked nuclear (3-catenin accumulation in the prox-
imity of stromal microenvironment (111). This ‘B-catenin
paradox’ is only achieved in colon cancer cells located at the
invasive front exposed to stromal signals capable of further
promoting the nuclear translocation of B-catenin from the
cytoplasm (112,113). The same phenomenon, i.e., nuclear
[B-catenin staining, only in less differentiated cells located in
closer proximity to the microenvironment unlike the rest of
tumour mass, was previously described in colorectal metas-
tasis (109). WNT pathway plays a role also in weakening of
tight junctions, leading to reduced cellular adhesion and thus
favours migration and metastasis (114).

The TGF-f3 pathway is fundamental in growth, differen-
tiation or apoptosis. Activation starts by binding TGF-f to
TGF-p receptor 2, which recruits TGF-f receptor 1. Then
receptor-associated SMAD2 and SMAD?3 are phosphorylated,
thus allowing them to bind to SMAD4. The complex is trans-
located into the nucleus to regulate the transcription of the
target genes (105). Chromosomal changes involving TGF-f are
connected to the CIN pathway in CRC. Loss of 18q is one of
the main genomic aberrations related to the TGF-f pathway in
colorectal cancer (115). Chromosome 18q encodes the tumour
suppressor genes SMAD2 and SMAD4, the loss of which leads
to an ability to evade apoptosis and deregulation of the cell
cycle. SMAD proteins act in the transcription of EMT factors.
Loss of 17q-TP53 can drive tumour progression by allowing
excessive proliferation (82,116). Activation of the TGF-3
pathway turns on also several non-SMAD signalling pathways
including MAPK, PI3K, Notch and WNT signalling (105).

Binding of growth factor to EGFR receptor induces activa-
tion of its intrinsic kinase activity recruiting Src homology 2

proteins. Adaptor protein GRB2 mobilises SOS to the
membrane. Next, SOS activates GDP/GTP exchange which
activates transition of RAF to the membrane. Consequently,
this activates mitogen-activated protein kinase kinases 1
and 2 (MEK1 and MEK?2) and subsequently activates extra-
cellular signal-regulated kinases 1 and 2 (ERK1 and ERK2).
Phosphorylated ERK then translocates to the nucleus and acti-
vates transcription factors enhancing the expression of c-FOS,
c-JUN and MYC genes (25), thus promoting cell survival,
proliferation, invasion, and migration (117,118). Moreover, the
activation of MEK1 in the RAS-RAF-MEK cascade allows the
enrolment of downstream effectors EGR1 and FRA-1 which
can promote the expression of SNAIl and SNAI2, which in
turn, downregulate E-cadherin expression (119). In EMT, the
pathways that regulate actomyosin and cytoskeleton dynamics
drive plasticity and KRAS mutations can determine the mode
and effectiveness of migration by means of RhoA and Racl
signalling (51,120,121).

GRB2 also recruits the phosphoinositide 3-kinase (PI3K),
another main messenger of the EGFR signalling pathway.
Alterations in MAPK and PI3K pathways are involved in
cell proliferation and survival. The PI3K/AKT pathway
propagates signals from growth factors, cytokines, and
oncogenic-mediators to contribute to CRC pathogenesis. PI3K
activation leads to the production of the second messenger
phosphatidylinositol-3,4,5-triphosphate which recruits a subset
of signalling proteins, including phosphoinositide-dependent
kinase 1 (PDK1) and AKT/protein kinase B (PKB) (27).
AKT/PKB regulates several cellular processes involved in
cell survival and cell cycle progression such as activating
the survival factor NFk and mTOR (122). As for cell cycle
progression and cell growth, several targets of AKT are
involved in protein synthesis, glycogen metabolism, and cell
cycle regulation (27). Loss of PTEN, which downregulates
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the PI3K pathway, was present in CRC primary tumours and
their matched liver metastases and was significantly related to
an increased death risk and with poor overall survival (123).
BRAF mutation V60OE is a poor prognostic factor in meta-
static cancer (124). Nevertheless, this mutation is a promising
target for personalized medicine, and the combination of
specific BRAF inhibitors with other MAPK/PI3K pathway
inhibitors has been shown to be more effective for treating
mCRC (91,125). Recent evidence has shown the importance of
mTORCI and 2 pathways for mCRC. SMAD4 interacts with
RICTOR to suppress mTORC?2 functionality and therefore
the loss of SMAD4 function results in oncogenic activation of
the mTORC2 pathway, leading to enhancement in metastatic
colon cancer progression. Overactivation of mTORCI1 can
promote tumour formation, proliferation, and metastasis, while
mTORC?2 can regulate the expression of mMTORCI through the
mTORC2/AKT pathway (126,127).

Hepatocyte growth factor (HGF) binds to cMET receptor
tyrosine kinase, which is hyper-activated in primary CRC
tumour development and promotes metastasis. A number of
transcription factors that directly facilitate cMET expression,
promote metastasis in in vivo models, and whose expression
is elevated in metastatic patient samples have been identi-
fied (128). FOXC2 directly targets cMET to promote metastasis
in vivo (129). The transcription factor metastasis-associated in
colon cancer-1 (MACC1) (130) directly binds to the cMET
promoter toenhance transcription inan HGF-dependent manner.
Findings have demonstrated that targeting MACCI1 genetically
or chemically reduces metastases in animal models (131,132).
Signalling through cMET is not only controlled by receptor
expression but also by structural components that facilitate
HGF ligand binding. CD44v6 acts as coreceptor and together
with cMET together promotes the growth of ex vivo adenoma
organoid cultures. Blocking CD44v6 or MET limited migration
in vitro and reduced the metastatic spread of patient-derived
tumour cells in animal models (26).

9. Metastasis connected to the localisation of CRC

Gene expression studies of right- and left-side colon biopsies
revealed distinct expression profiles, and the researchers noted
higher transcriptional activity in the descending colon (133).

Right-sided CRC (RCRC) patients tend to have advanced
and larger tumours than left-sided CRC patients, where the
tumours are often poorly differentiated with worse prognosis.
Those tumour types usually metastasize to the peritoneal
region (134). In RCRC, mutations in the DNA mismatch repair
pathway are commonly observed and are detected in more
advanced stages because of their flat histology. The greater
proportions of the ‘microsatellite unstable/immune’ CMS1
and the ‘metabolic’ CMS3 subtypes are found in right-sided
colon cancers (135). In the RCRC, the MSI or BRAF mutations
are predominantly activated.

Left-sided CRC (LCRC) occurs at a younger age with
metastasis to lung and liver. This type of carcinogenesis is led
by chromosomal instability pathway-related mutations, such
as KRAS, APC, PIK3CA, p53 mutations and they demonstrate
polypoid-like morphology. While RCRC patients with RAS
mutation are resistant to anti-EGFR therapy, they benefit more
from adjuvant chemotherapies such as 5-fluorouracil-based
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regimens. LCRC patients show promising results with targeted
therapies such as anti-EGFR therapy and have a better prog-
nosis. Right-sided mCRC tumours that are RAS and BRAF
wild-type and non-bulky may respond to combination chemo-
therapy with anti-EGFR antibodies, but not to anti-EGFR
therapy alone (136). Transverse colon tumours have muta-
tion profiles that more closely resemble left-sided tumours,
keeping right-sided tumours distinct (137). Mucinous adeno-
carcinomas, another type of CRC, are commonly observed
in RCRC and MSI-high tumours, and are characterized by
excessive mucin excretion. They also have faster progression
compared to adenomatous polyps (138). There is evidence that
the immune system and the microbial communities vary along
the length of the colon (139).

10. Modulation of microenvironment

Distant tissues are normally a hostile environment for the
newly arriving tumour cells. Metastatic cells are commonly
attacked by the immune system, which is responsible for
preventing the formation of more than 80% of metastases (140).
Immune cells such as T cells, macrophages, natural killer cells
and neutrophils infiltrate tumours and destroy tumour cells as
part of immunosurveillance. The communication of tumour
cells with the cellular compartment is recruiting new cells into
the tumour microenvironment (TME) and is involved with
mobilization of immune/inflammatory cells, restructuring of
other tissues, altering metabolism of surrounding stroma and
interruption of anti-tumour actions of the immune system (5).
Tumour cells and the cells of TME can ‘programme’ immune
cells into tumour-permissive or tumour-promoting pheno-
types. EMT transcription factors, including SNAIl, ZEBI1
and TGF-} have been shown to suppress the functioning of
immune system (28).

CRC tumours with microsatellite instability have a high
mutational burden that creates many neoantigens that are
loaded on the MHC of antigen-presenting cells and recog-
nized as foreign by T cells (141). Thus, a microenvironment
of MSI tumours is rich in tumour-infiltrating lymphocytes
(TIL) in comparison with MSS (142) and the adaptive immune
system plays an important role in suppressing tumour progres-
sion (143,144). The strong activation of tumour-directed
immune cells triggers the feedback expression of immune
checkpoint blockade receptors and ligands, such as surface
protein PD-1 and transmembrane protein PD-L1, on tumour
cells, TILs and tumour-associated macrophages (145). This
explains the reason for patients with MSI mCRC constituting
a rare group (5% of all cases) responsive to PD-1 blockade.
However, the vast majority of mCRC patients (95%) are
microsatellite stable (MSS) with low tumour burden and a
lack of immune cell infiltration, and are completely refractory
to checkpoint blockade therapy, including PD-1 or PD-L1
inhibitors (141,146,147). In mCRC, PD-L1-positive expres-
sion in tumour cells ranges between 22 and 38% in MSI and
13 and 67% in MSS (148). The expression of PD-L1 in MSI
tumours is localized in polarized macrophages (CD163*) at
the invasive front and in the stroma, but not in tumour cells.
The quantification of T cells and cytotoxic T cells (CD3 and
CDS8) in mCRC tumours (immune score) shows that a higher
immune score correlates with a decreased likelihood of
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metastasis (149) and can also predict the overall survival (150).
However, it excludes regulatory T cells and inflammatory
T cells (IL-17*), which have potentially important roles in CRC
immunosuppression (151,152).

Moreover, carcinoma cells can transform fibroblasts
located at metastatic sites into CAFs known to promote metas-
tasis (153). They do so by producing ECM niche components
Periostin and Tenascin C (154). In colorectal cancer, the release
of TGF-f stimulates CAFs to secrete IL-11, which recruits
carcinoma cells to activate STAT3 signalling, therefore further
strengthening the ability of metastatic cells to survive in the
liver (155).

Based on an analysis of 100 mCRC patients in which
NGS data yielding immune signatures were integrated
with TME, clinical scores, and metabolic pathway
inferences, Gastrointestinal Immune-Signature mCRC
was classified into three distinct immune-metabolic
clusters: Inflamed-stromal-dependent (IM Cluster 1),
inflamed-non-stromal-dependent (IM Cluster 2), and
non-inflamed/cold (IM Cluster 3) (152).

11. Metabolic reprogramming in metastatic CRC

A typical hallmark of cancer cells is their energy metabolism
switch from oxidative phosphorylation to anaerobic glycolysis.
Changes in cellular metabolism may precede the acquisition
of driver mutations ultimately leading to colonocyte transfor-
mation. Oncogenic mutations and loss of tumour suppressor
genes further reprogram CRC cells to upregulate glycolysis,
glutaminolysis, one-carbon metabolism, and fatty acid
synthesis (156). For example, the activation of RAS and MYC
oncogenes leads to upregulation of the oxidative phosphoryla-
tion system, which is caused by MAPK activation followed by
mitochondrial biogenesis induced by PGC-1f expression (157).
The expression profile of metabolic genes in IM Cluster 1
suggests a predominance of the aerobic glycolytic pathway
over oxidative mitochondrial TCA (Krebs) cycle with
lactate-mediated TME acidification. IM Cluster II is associ-
ated with immune (T, NK and B cells) and myeloid-monocytes
with enrichment for immune checkpoint genes and features
of EMT. The cluster underwent a distinctive metabolic repro-
gramming with enhanced TCA oxidative phosphorylation and
glutaminolysis. IM Cluster 3 is characterized by the absence
of myeloid-derived suppressor cells, T-regulation and CAF
markers. Glycolytic tumour cell metabolism limits glucose
availability in the TME, which, coupled with high lactate
excretion and extracellular acidification rate, can potentially
dampen CD8* T-cell differentiation and function (158).
Upregulation of glycolytic genes and glycolytic capacity
was also detected in mCRC. Specifically, glucose transporter 1
and 3 (GLUTI1 and GLUT?3) overexpression was associ-
ated with metastasis and poor survival in colorectal cancer
patients. In detail, hypoxia-inducible factor-la. (HIF-1a) is
activated in cultured HCT116 colon cancer cells under hypoxic
conditions as well as in tumour budding cells of CRC (159).
Hypoxia and HIF-1a upregulate cancer cell expression of
GLUT!1 and induce glycogen metabolizing enzymes (160,161).
Additionally, GLUT3 promotes invasiveness and stemness in
a Yes-associated protein (YAP)-dependent manner. Activation
of YAP in turn transactivated GLUT3 and regulated a group

of glycolytic genes. Importantly, a high-fat high-sucrose diet
promoted tumour metastasis, whereas the inhibition of either
GLUT3 or YAP effectively reduced the metastatic burden.
Activation of the GLUT3-YAP signalling pathway acts as a
master activator to reprogram cancer metabolism and thereby
promotes metastasis (162).

Reservoirs of nutrients and oxygen vary between different
host organs. The lungs are rich in glucose and oxygen supplies,
which may grant easier colonization of metastatic cells using
aerobic glycolysis (163) or oxidative phosphorylation (164). In
stark contrast, the liver has lower levels of oxygen and irregular
glucose availability which indicates that metastatic cells in this
organ need to urgently adapt to such metabolic stresses (56). In
addition, metastatic cells may use other sources of energy than
primary tumour cells. Indeed, aerobic glycolysis observed in
primary tumours is often replaced by other types of energy
production in metastasis (165). In other organs with low
oxygen tension, metastatic cells are able to use the creatine
cycle to scavenge ATP or activate -oxidation (56). According
to Bu et al colon cancer-derived liver metastases upregulate
Aldolase-B, an enzyme for fructose metabolism that utilizes
fructose as a source of energy. Targeting Aldolase-B or its
upstream regulator GATAG or reduction of fructose decreases
liver metastatic growth (166). A detachment of tumour cells
from the extracellular matrix during metastasis also reduces
glucose uptake (164).

Moreover, metastatic colorectal CD110* cancer cells in
liver can utilize thrombopoietin-mediated activation of lysine
degradation. The mechanism of action is based on lysine
catabolism leading to activated WNT signalling and a shift in
redox status (167).

12. Effect of microRNAs on the metastatic process of CRC

Dysregulation and aberrant expression of microRNAs
(miRNAs) has been found in various types of cancer including
colorectal cancer (up to 35 miRNAs) (165). This makes them
potential biomarkers for predicting prognosis, characterisation
of the tumour and a tool for diagnosis. Dysregulation can be
explained by various genetic alterations and epigenetic modi-
fications such as methylation (168).

MiRNAs can have an opposite effect on tumour progression
by targeting oncogenes while acting as tumour suppressors.
While being downregulated, they can serve as biomarkers
for early diagnosis. MiR-19 (169), miR-885-5p (170) and
miR-155 (171) were associated with induction of migration and
invasion of CRC cells. MiR-21 augments invasion and migra-
tion by downregulating tumour suppressor gene PDCD4 (172).

A study by Loo et al (173) has also underlined the necessity
of CRC cells to get energy from the extracellular environment
to overcome metabolic stress in liver. In that study, colon cancer
cells, by downregulating miR-483 and miR-551, derepressed
and secreted creatine kinase brain type into the extracellular
space. The cancer cells benefit from elevated levels of creatine
in the liver, which is converted into phosphocreatine to serve as
an ATP source for growth functions in metastatic cells (174).

Post-transcriptional regulation of gene expression by
EMT-related miRNAs showed a great impact on promoting
the epithelial or mesenchymal phenotype of CRC cells
targeting specific mRNA (173). Some miRNAs can regulate
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genes involved in EMT thereby regulating the early steps of
metastasis formation in CRC, for example, miR-31-5p targets
and inhibits c-MET, a mediator of EMT (175). Other miRNAs
that are target mediators of EMT are miR-34 which targets
¢-MET, SNAII and B-catenin (176), miR-302 which targets
AP4, SNAII and vimentin (177), and miR-15a functioning
similarly to miR302 and targeting AP4 (178). Altered expres-
sion of miRNA affects the expression of Cadherin-1 and EMT
transcription factors. For example, the expression of miR-508
negatively correlates with stemness and EMT-associated gene
expression and positively correlates with patient survival in
colorectal cancer (179).

Members of the miR-200 family (miR-200a, miR-200b,
miR-200c, miR-141, and miR-429) promote epithelial pheno-
type preventing the translation of ZEB1 and ZEB2 mRNA (180).
This, in turn, acts in a negative feedback loop downregulating
the miR-200 family expression (62). Moreover, ZEB2 is also
identified as a direct target of miR-132, miR-192, and miR-335.
Downregulation of these miRNAs is usually associated with the
acquisition of an aggressive mesenchymal phenotype leading to
distant metastasis and a poor prognosis (181,182). MiR-34a/b/c
is another caretaker of the epithelial phenotype through the
downregulation of SNAII, SNAI2 and ZEBI (183). Suppression
of miR-34a/b/c causes upregulation of SNAII resulting in the
enhanced expression of EMT markers, mesenchymal features,
and improved cell invasion and motility (51). Targeting of this
overexpressed miRNA associated with metastasis can improve
the overall survival of CRC patients.

13. Epigenetic changes in metastatic CRC

Proto-oncogenes and tumour suppressors can be affected
not only by genetic but also by epigenetic alternations.
Inactivation of tumour suppressor genes can affect apoptosis,
invasion and cell proliferation (184). For example, a tumour
suppressor gene termed N-MYC downstream-regulated gene 1
in a highly metastatic cell line SW620 is silenced by reduced
H4 acetylation (185).

Aberrant DNA methylation has also been extensively
demonstrated in CRC and occurs early in the adenoma to
carcinoma sequence, as the hypermethylation in the gene
promoters transcriptionally silences the tumour suppressor
genes (9,186). The CpG island methylator phenotype pathway
in CRC is characterized by significant changes in promoter
methylation (179). Loss of E-cadherin expression is caused by
hypermethylation and results in decreased cell-cell adhesion,
tumour progression and increased invasion (187).

Changes in metabolic flux impact epigenetics in both normal
and cancer cells because metabolites serve as essential cofactors
for chromatin remodelling enzymes responsible for epigenetic
alterations (188,189). S-adenosyl methionine (SAM), generated
by the methionine cycle, serves as the methyl donor for histone
methyltransferases and DNA-methyltransferases (188). Thus,
changes in intracellular SAM levels directly affect histone
methylation associated with active gene transcription (190). On
the other hand, CRC also exhibits global DNA hypomethylation
outside of CpG islands (191). Metabolites generated in the citric
acid cycle and electron transfer chain serve as cofactors for DNA
and histone demethylation. Alpha ketoglutarate is required for
activity of the TET (Ten-eleven translocation methylcytosine
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dioxygenase 1) family of DNA demethylases and the Jumonji C
family of histone demethylases (148,188).

A variety of chromatin remodelling complexes play a
central role in the transcriptional regulation of EMT-related
transcription factors and microRNAs by determining the
accessibility of regulatory DNA elements and positioning of
nucleosomes (58,59). In addition, post-translational histone
modifications modulate chromatin folding, influence the
recruitment of regulatory proteins and control gene expres-
sion (192). Accordingly, contextual EMT-promoting signals
epigenetically modify the repression of epithelial genes and
consequently drive the transition of cells in more mesen-
chymal-like states. These are epigenetically sustained unless
the presence of EMT-promoting signals is discontinued leading
to reversion to more epithelial phenotypes (59,108). However,
the heterogeneity of metastatic cancer cells represents a diffi-
culty in specifying epigenetic background of these cells.

14. Conclusion

This review has demonstrated a growing understanding of
biological and molecular traits of metastatic colorectal cells
and describes molecular drivers and enhancers of metastasis
in CRC. A central core property of metastatic cells is their
cellular plasticity, which underlies almost all other hallmarks:
Motility, invasiveness, the ability to degrade components of
the extracellular matrix, ability to colonise distinct organs and
the metastasis-initiating ability. Disseminated cancer cells
display intermediate phenotypes featuring both epithelial and
mesenchymal characteristics depending on changing condi-
tions within the metastatic cascade. The ability to modulate
the local microenvironment is based on strong activation of
tumour-directed immune cells and blockade of their receptors
and ligands. After the process of intravasation, the metastatic
cells inclined from invasive properties back to their prolifera-
tive potential and ability to differentiate into more cell types to
form macrometastasis.

The genetic and molecular determinants of metastatic
competence and active molecular pathways mimic the changing
metastatic traits. Nevertheless, knowledge of the dynamics of
transcriptional and metabolic changes in disseminated cells,
CTC and intravasated cells on the RNA, protein and pathway
level is limited by the current technical possibilities. However, the
genomic landscape of mCRC together with expression profiles
have led to the identification of driver genetic events in meta-
static development. The effect of mutations on early driver genes
including APC, KRAS, TP53, PIK3CA in CMS 2-4 tumour (95)
is increased by one or more candidate metastasis drivers:
TCF7L2, AMERI, PTPRT, PIK3CA, GNAS, SRC, FXRI1, MUCH4,
GPC6 and MECOM (17). They encode regulators of signal-
ling pathways: WNT signalling pathway (TCF7L2, AMERI),
activator of cCAMP and protein kinase A (GNAS), PI3K-Akt,
and AKT-mTOR signalling pathway (PIK3CA), PI3K-Akt,
Ras-Raf-MAPK, STAT3/STAT5B, and p130 pathways (SRC),
the PI3K-Akt and Ras-ERK pathways (Mucin4), JNK and p38
MAPK signalling (Glypican 4) and TGF-3 pathway (MECOM).
The overproduction, abrogation or incorrect location of proteins
encoded by these genes and their combination dysregulate many
pivotal signalling pathways enabling the dissemination and
outgrowth in distant organs. In addition, epigenetic mechanisms
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and metabolic reprogramming play significant roles in driving
tumour progression towards the metastatic process.
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