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Summary
Background: The formation of distant metastases consti-
tutes a complex process with a variety of different genes
and pathways involved. To improve patient survival, it is
necessary to understand the underlying mechanisms of
metastasis to allow for targeted intervention. Methods:
This review provides an overview of the general concepts
of metastasis, focusing on the most important genes and
pathways involved and on interventional strategies. Re-
sults: Cancer cells undergo different steps to form metas-
tasis: most prominently, local invasion, intravasation,
survival in the circulation, arrest at a distant organ site
and extravasation, micrometastasis formation, and meta-
static colonization. In order to pass these steps, different
molecular pathways are of major importance: EGF/RAS/
RAF/MEK/ERK, PI3K/Akt/mTOR, HGF/Met, Wnt/B-catenin,
and VEGF signaling. The HGF/Met regulator MACC1 and
the Wnt signaling target S100A4 have been shown to
play a major role in the metastatic process. Each gene
and pathway provides an opportunity for therapeutic in-
tervention. Conclusion: Since metastasis represents a
highly limiting factor in cancer therapy causing 90% of
cancer deaths, it is imperative to reveal the underlying
mechanisms. This is fundamental for uncovering prog-
nostic markers and new targeted therapy options.
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Concepts of Metastasis

In 1889, the English surgeon Stephen Paget illustrated his the-
ory on metastasis with the sentence ‘When a plant goes to seed, its
seeds are carried in all directions, but they can only live and grow if
they fall on congenial soil’. He based this ‘seed and soil’ hypothesis
on autopsy records where he detected a discrepancy between the
blood supply and frequency of metastasis in specific organs. He
concluded that the development of metastasis depends on distinc-
tive features of the tumor cells as well as the specific target organs
[1, 2]. This concept replaced the mechanistic hypothesis of Rudolf
Virchow who considered metastasis as the arrest of tumor cell em-
boli in the vasculature [2]. Nowadays, metastasis is understood as a
complex process of molecular and biochemical events performed
by multiple actors. The concept of a homogenous seed” has been
replaced by a heterogeneous hierarchically organized system of tu-
morigenic cancer stem cells and their non-tumorigenic progeny
[3]. Cancer stem cells are now regarded to be the major driver in
metastasis development. In addition, the idea of a sequential devel-
opment of a cancer from a single primary tumor to the subsequent
spread to distant sites was abandoned in the last years and replaced
by a model of a simultaneous progression towards metastatic
tumor disease. The currently favored model describes the evolu-
tion of systemic tumor disease as a parallel development of primary
tumor and distant metastasis caused by heterogeneous tumor sub-
populations [4].

To understand the cellular and molecular basis of metastasis,
the most acknowledged approach is the concept of the invasion-
metastasis cascade proposed by Isaiah J. Fidler in 2003 and subse-
quently adapted by Scott Valastyan in 2011 [5, 6]. The authors dis-
tinguish 6 steps in the process from primary local tumor to distant
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metastasis: i) local invasion, ii) intravasation, iii) survival in the
circulation, iv) arrest at distant organ site and extravasation, v) mi-
crometastasis formation, and vi) metastatic colonization (fig. 1).

Local Invasion

Tumor spread starts with the migration of tumor cells from the
confined primary tumor into the adjacent tissue. Clinically, this
represents the step from an intraepithelial carcinoma Tis to a T1
tumor stage. Tumor cells cross the basement membrane and the
lamina propria and invade the underlying connective tissue. Mor-
phologically, the cells change from highly differentiated to undif-
ferentiated. Unlike normal epithelial cells, which undergo apopto-
sis upon losing contact to their native extracellular matrix, tumor
cells develop mechanisms to detach from the primary tumor [7].
The transformation enabling tumor cells to accomplish migration
and invasion is called epithelial-mesenchymal transition (EMT)
[7]. During this process, E-cadherin, a key protein for epithelial
cell-cell adhesion, is downregulated by transcription factors like
Slug, Snail, Twist and ZEB-1/-2, rendering the epithelium more
permeable [8]. To be able to migrate, tumor cells must respond to
migratory stimuli and acquire morphological protrusions. These
membrane extensions contain actin. The leading cell front attaches
to the extracellular matrix (ECM) serving as a traction site. The
formation of actin filament stress fibers precedes the formation of
focal adhesion [9].

After detachment from the primary tumor, EMT, migration, and
invasion through the basement membrane, tumor cells can directly
invade by degrading the ECM by secretion of proteases like matrix
metalloproteinase (MMP)-1, -2, and -9 and activation of the proteo-
lytic urokinase-type plasminogen activator system (uPA/uPAR) [10].

Usually, stroma reacts to tumor invasion with inflammation,
confronting tumor cells with various cell types including mac-
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rophages, neutrophils, dendritic cells, and immune cells like T- and
B-lymphocytes. In this milieu, the different cells shape the tumor
microenvironment and produce a complex mixture of cytokines,
chemokines, growth factors, and inflammatory and matrix model-
ing enzymes [11]. Cytotoxic CD8-positive T-lymphocytes, for ex-
ample, control the elimination of tumor cells, and tumors with high
CDS8 infiltration are associated with low metastasis and good prog-
nosis, whereas CD4-positive lymphocytes promote tumor invasion
by stimulating tumor-associated macrophages to activate epidermal
growth factor receptor (EGFR) signaling in tumor cells [6, 12].

Intravasation

The tumor cells enter the veins (V1) and the lymphatic vessel
system (L1; TNM system). Both factors have remarkable prognos-
tic relevance in gastrointestinal tumors [13]. For intravasation,
tumor cells directly migrate into vessels. This seems to be caused
by factors similar to those involved in local invasion: secretion of
proteases like MMP-1, -2 and -9 and activation of uPA/uPAR [10].
Via neoangiogenesis, new vessels are formed, which allows grow-
ing tumors to gain access to more nutrients and oxygen [14]. This
is accomplished by secreting angiogenic factors, most prominently
the vascular endothelial growth factor (VEGF).

Survival in the Circulation

Blood is a hostile environment for circulating tumor cells
(CTCs). Less than 1% of CTCs flowing in the blood every day will
survive and have a chance to produce distant metastasis [15, 16].
Killer factors in the circulation seem to be the physical shear forces
in the blood stream and the surveillance by immune cells, particu-
larly natural killer cells [17]. Tumor cells protect themselves from
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physical stress and immune surveillance by secreting substances
like thrombin, cathepsin B, cancer procoagulant, and MMP-2/-14
with the consequence of platelets aggregating around the tumor
cells, a process known as tumor cell-induced platelet aggregation.
Additionally, this platelet ‘coat” helps to facilitate extravasation and
the arrest at distant organ sites [18].

Arrest at Distant Organ Sites and Extravasation

Aggregated CTCs form emboli that bind to the endothelium of
the vessels in the target organ or might even obstruct them com-
pletely. For metastasis, CTCs have to leave the circulation, a step
described as extravasation. This is achieved by secretion of factors
that induce vascular hyperpermeability like protein angiopoietin-
like-4 (Angptl4) and MMP-1/-2 [6].

Extravasation after embolization is not a mandatory process.
Tumor cells seem to have a specific affinity to certain organs. One
factor involved in this process might be the release of chemokines
specific for each organ and the expression of appropriate chemokine
receptors on the surface of the tumor that help tumor cells to target
their specific soil. The best-known example is the expression of
chemokine receptor 4 (CXCR4) in breast cancer. Tumors with
CXCR4 expression migrate to organs that express high levels of its
ligand CXCL12. CXCLI12 is expressed in the common sites of me-
tastasis for breast cancer: lung, liver, bone marrow, and brain [19].
CXCR4 is also expressed in some gastric, colorectal, and pancreatic
carcinomas. Other liver-specific receptors in gastrointestinal cancer
are CXCR1/-2 and CCR1/-6. The specificity of metastatic sites for
each tumor entity is also called tissue tropism. The mechanisms of
tissue tropism are currently not sufficiently understood, but in the
daily clinical routine we are often confronted with this phenome-
non: rectal cancer primarily disseminates into the lung while colon,
gastric, or pancreatic cancers disseminate into the liver. There are
also exceptional locations, for example the development of ovarian
metastasis from signet ring cell carcinoma of the stomach, colon or
appendix, also called Krukenberg tumors [17]. Tissue tropism not
only helps to predict future metastatic sites, but might also be a tar-
get for future antimetastatic drug therapy.

Micrometastasis Formation

After extravasation, CTCs arrive at the target organ tissue and
need to create specific conditions. Kaplan et al. [20] reported that
the primary tumor releases growth factors into the circulation.
These growth factors lead to an upregulation of VEGF-A, placental
growth factor (PIGF), transforming growth factor-p (TGFp), and
inflammatory proteins S100A8/-9 at the future metastatic sites.
Consequently, VEGF receptor (VEGFR) 1-positive bone marrow-
derived hematopoietic progenitor cells are recruited and the ECM
is modulated at these sites. This already ‘primed’ tissue, which does
not yet harbor tumor cells, provides the ‘soil” for future metastasis
and is called the premetastatic niche [21-23].

Underlying Mechanisms for Distant Metastasis

Metastatic Colonization

As the last step of the metastatic cascade, micrometastases have
now spread to distant organs. After formation of undetectable mi-
crometastases, the tumor cells have to proliferate to form large
macroscopic metastases. This growth does not follow a strict tem-
poral pattern since the type of quiescent tumor cells surviving at
distant organ sites can also be present in the patient’s bone marrow
for several years. Only about 50% of these patients will develop de-
tectable metastases [24]. This phenomenon is called metastatic la-
tency and seems to be related to the phenomenon of tumor dor-
mancy. A recently published work from Malladi et al. [25] hypoth-
esizes metastatic latency to be controlled by autocrine Wnt
inhibition.

Genes and Pathways Involved in Metastasis and
Concepts of Intervention

To form metastasis, cancer cells undergo various steps from
local invasion to metastatic formation. This process is driven by
alterations in multiple genes and pathways. Below we give an intro-
duction to the most prominent alterations and possibilities of
intervention.

EGF/RAS/RAF/MEK/ERK Signaling

Biology

The RAS/RAF/MEK/ERK signaling pathway is involved in the
regulation of different cellular processes, including cell prolifera-
tion, differentiation, survival and cell motility, and enables signal
transduction from the cell surface to the cytoplasm and nucleus.
Aberrant signaling drives tumor initiation and progression. Acti-
vated by cell surface receptors, small GTPase rat sarcoma oncogene
homolog (RAS) binds to and consequently activates rapidly accel-
erated fibrosarcoma kinase (RAF). The clinically most relevant
members of the RAS family are H-, K-, and N-RAS. RAF consists
of 3 isoforms (A-, B-, C-RAF) with B-RAF as the major player in
carcinogenesis. RAF phosphorylates MAPK and ERK kinase
(MEK) which in turn activates the mitogen-activated protein ki-
nases (MAPKs), including extracellular signal-regulated kinases
(ERK) 1 and 2. ERK-1/-2 are the main effectors of this pathway
with a variety of substrates (fig. 2).

Upregulation of the RAS/RAF/MEK/ERK pathway is com-
monly observed as a consequence of activating mutations in B-RAF
or RAS, with K-RAS as the predominantly mutated RAS gene in
adenocarcinoma of the lung, pancreas, and colon [26, 27]. In addi-
tion, RAS can be activated by receptor tyrosine kinases, e.g. EGFR.
Overexpression or mutational activation of EGFR is commonly
found in cancer cells leading to upregulation of RAS/RAF/MEK/
ERK signaling and other pathways, including PI3K/Akt/mTOR
signaling, signal transducer and activator of transcription (STAT)
and protein kinase C (PKC), and phospholipase D pathways [28].
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Fig. 2. EGFR signaling: key components of the RAS/RAF/MEK/ERK and PI3K/Akt/mTOR signaling pathways and their influence on the metastatic cascade. An
activated receptor tyrosine kinase (e.g. EGFR) starts both cascades resulting in the activation of the downstream effectors Akt, mMTORC-1/-2, and ERK. Available

therapeutics targeting these signaling cascades are marked (cetuximab, panitumumab, trastuzumab, erlotinib, gefitinib, lapatinib, perifosine, sorafenib, vemu-

rafenib, dabrafenib, selumetinib, trametinib, everolimus, temsirolimus).

Influence on the Metastatic Cascade

The RAS/RAF/MEK/ERK pathway is involved in the regulation
of cell cycle progression. A-RAF has been shown to induce cells to
enter the S-phase by upregulating the expression of cyclin-D1/-E
and cyclin-dependent kinases (Cdk)-2/-4, and downregulating the
expression of Cdk inhibitor p27XiPl, B-RAF overexpression leads to
cell cycle arrest and apoptosis [29]. Mediated by transcription fac-
tors AP-1, Ets-1 and NF-«kB, RAS/RAF/MEK/ERK signaling in-
duces expression of matrix-degrading proteases, MMP-1, -2, -3, -9
and uPa [30-33]. RAS (H-, K-, N-RAS) and its downstream effec-
tors enhance tumor cell migration. ERK activates myosin light-
chain kinase (MLCK) which increases cell movement and contrac-
tion by increasing phosphorylation of myosin light chain (MLC),
the regulatory light chain of myosin II [34].

Inhibition of apoptosis is another consequence of RAS/RAF/
MEK/ERK signaling. Phosphorylating Bad allows Bcl-2 to generate
an anti-apoptotic response. The anti-apoptotic Mcl-1 protein and
the pro-apoptotic Bim protein are further apoptotic regulatory
molecules which are phosphorylated as a result of RAS/RAF/MEK/
ERK signaling. Phosphorylating Bim results in its disassociation
from Bcl-2/-X and Mcl-1, and degradation. RAF-1 was also shown
to inhibit apoptosis independently from MEK and ERK, by regu-
lating mammalian sterile 20-like kinase (MST-2) and ASK1 [29].

Interventional Strategies
One strategy to inhibit RAS/RAF/MEK/ERK signaling is to tar-
get the activating receptor EGFR. Various EGFR inhibitors have
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been successfully developed, including monoclonal antibodies
against the extracellular domain (cetuximab, panitumumab) and
small molecule tyrosine kinase inhibitors of the intracellular tyros-
ine kinase domain (erlotinib, gefitinib). Cetuximab and panitu-
mumab are both approved for the treatment of metastatic colorec-
tal cancer (CRC), cetuximab also for inoperable squamous cell can-
cer of the head and neck. Gefitinib and erlotinib are approved for
the treatment of non-small cell lung cancer, erlotinib additionally
for the first-line treatment of patients with locally advanced, unre-
sectable, or metastatic pancreatic cancer. K-RAS mutations have
shown to be associated with a lack of response to EGFR inhibition
and to drive acquired resistance to cetuximab in CRCs [35, 36].

Another strategy to block RAS/RAF/MEK/ERK signaling is the
inhibition of RAF. RAF inhibitors approved for anti-cancer treat-
ment are the two B-RAF inhibitors, vemurafenib and dabrafenib,
and sorafenib, which target RAF-1, B-RAF and mutant B-RAF
V600E, and block receptor tyrosine kinase signaling (VEGF, plate-
let-derived growth factor receptor, c-Kit, and RET) [37-39].

MEK inhibitor trametinib, approved for treatment of metastatic
melanoma with B-RAF V600E/K mutation, showed improved pro-
gression-free and overall survival for B-RAF V600 melanoma, but
did not achieve a benefit in patients with untreated metastatic ade-
nocarcinoma of the pancreas [38-40]. The MEK inhibitor selu-
metinib is approved for the treatment of stage IIT and IV differenti-
ated thyroid cancer [41].

Reactivation of RAS/RAF/MEK/ERK signaling has been ob-
served to drive resistance towards B-RAF and MEK inhibitors.
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Combining B-RAF and MEK inhibition could improve progres-
sion-free survival [39].

PI3K/Akt/mTOR Signaling

Biology

The PI3K/Akt/mTOR signaling pathway promotes cancer devel-
opment as well as metastasis. Phosphatidylinositol-3-kinase (PI3K)
can be activated by tyrosine kinases (e.g. EGFR) or by activated G
protein-coupled receptors (e.g. RAS). Activated PI3K translocates
to the plasma membrane and phosphorylates phosphatidylinositol
4,5-bisphosphate (PIP2), converting it into phosphatidylinositol
3,4,5-triphosphate (PIP3). Phosphatase and tensin homolog
(PTEN) serves here as a negative regulator, converting PIP3 into
PIP2. PIP3 activates serine/threonine kinase phosphoinositide-de-
pendent kinase 1 (PDK1) and protein kinase-B (Akt). Subsequently,
Akt phosphorylates tuberous sclerosis complex 2 (TSC2) which in
its steady state forms a complex with TSCI. This complex converts
active RAS homolog enriched in brain (RHEB) into its inactive
form. As a result of PI3K activation, Akt inhibits the TSC1/-2 com-
plex and enables RHEB to activate mammalian target of rapamycin
(mTOR). mTOR functions as two structurally and functionally dis-
tinct multiprotein complexes: mTORC1/2 [42, 43] (fig. 2).

Influence on the Metastatic Cascade

PI3K/Akt/mTOR signaling triggers tumor cell motility and in-
vasion. Both mTOR complexes promote tumor cell migration in
different ways: mMTORCI induces migration and invasion of tumor
cells via its downstream target p70 S6 kinase (S6K1) and eukaryotic
initiation factor 4E binding protein (4E-BP1) [44]. Invasiveness is
also achieved by upregulating matrix-remodeling enzymes such as
MMP-2/-9, uPA, and plasminogen activator inhibitor-1 (PAI-1).
mTORC?2 regulates the actin cytoskeleton and cell motility by acti-
vating PKCa, GTPases, and focal adhesion proteins [45].

Besides migration and invasion, PI3K/Akt/mTOR signaling
supports cell survival. Akt inactivates different pro-apoptotic fac-
tors like Bad and procaspase-9, and inhibits the expression of pro-
apoptotic genes such as Fas ligand (FasL). Through its effectors
S6K1 and 4E-BP1, mTOR controls cell cycle progression, cell
growth, and cell size [46]. The PI3K/Akt/mTOR pathway plays an
important role in angiogenesis. By increasing hypoxia inducible
factor la (HIF-1a) translation, PI3K/Akt/mTOR signaling pro-
motes VEGF expression [47].

Interventional Strategies

Several drugs targeting the PI3K/Akt/mTOR pathway are in
clinical development. mTOR inhibitors temsirolimus and everoli-
mus are approved for the treatment of advanced renal cell carci-
noma. Everolimus is also FDA approved for the treatment of sube-
pendymal giant cell astrocytoma, advanced hormone receptor-pos-
itive and HER2-negative breast cancer, and progressive neuroen-
docrine tumors of pancreatic origin [48-50]. Perifosine, an
alkyl-phospholipid, targets the PI3K/Akt/mTOR pathway by de-
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Fig. 3. cMet signaling and its influence on the metastatic cascade. HGF binds
to the growth factor receptor cMet and activates downstream SHC, PI3K,
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RAS/RAF, RAS/RACIm, FAK, and Akt/mTOR, and as a consequence to en-
hanced tumor proliferation, migration, invasion, EMT, cell survival, and angio-
genesis. cMet is targetable by using the receptor antibodies rilotumumab or
onartuzumab or the multikinase inhibitor foretinib.

creasing Akt phosphorylation. Given in combination with capecit-
abine, perifosine has shown to improve overall survival and time to
progression in patients with metastatic CRC [51, 52].

HGF/Met signaling

Biology

Under normal physiological conditions, hepatocyte growth fac-
tor (HGF) binds to the cMet receptor tyrosine kinase and activates
multiple signaling pathways mediating embryogenesis, tissue re-
generation, and wound repair. In cancer, aberrant HGF/cMet sig-
naling leads to increased cell migration, survival, and tumor pro-
gression [53].

After HGF binding to cMet, the tyrosine kinase is activated by
autophosphorylation at different tyrosine residues. This leads to an
activation of several downstream proteins like growth factor recep-
tor-bound protein 2 (GRB2), Grb2-associated adaptor protein 1
(GABI), PI3K, son of sevenless (SOS), RAS, MAPK, STAT-3/-5,
SRC, SRC homology protein tyrosine phosphatase 2 (SHP2), SRC
homology domain c-terminal adaptor homolog (SHC), phospholi-
pase c-y (PLC), RAS-related C3 botulinum toxin substrate 1
(RAC1), p21-activated kinase (PAK), FAK, Akt, and mTOR (fig. 3).

Influence on the Metastatic Cascade

The activation of cMet and its downstream molecules has sev-
eral effects on the cascade of metastasis. Local invasion is promoted
by activation of PI3K/Akt/mTOR or FAK and affects EMT, inva-
sion, and proliferation. Intravasation is promoted by increasing
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neoangiogenesis. Involved pathways are STAT3, PI3K/Akt, and
RAS. Additionally, cMet is a key regulator of the transcription fac-
tor HIF-1a. HIF-1a also promotes neoangiogenesis in hypoxic tis-
sue [54].

Interventional Strategies

Different kinds of inhibitors of the HGF/cMet signaling path-
way have been developed in the last years. Most advanced in clini-
cal drug development are the monoclonal antibodies rilotumumab
(against HGF) and onartuzumab (against the cMet receptor), and
foretinib (multikinase inhibitor targeting cMet, RON, AXL, TIE-2
and VEGFR-2) [55-58]. From a biological perspective, alternate
HGF/cMet signaling is an important player in metastasis; however,
for now, targeting cMet failed to show the expected effects in anti-
cancer therapy [56, 59]. Stratifying patients for cMet-targeted ther-
apy may improve outcome.

Metastasis Enhancer: MACCI

Recently, metastasis-associated in colon cancer 1 (MACCI) was
identified with differential display reverse transcription polymer-
ase chain reaction by analyzing normal mucosa and primary/me-
tastasis specimens of colon cancer. Prognostic relevance was shown
for both patient survival and development of metastases. Stein et al.
[60] showed a high 5-year survival rate of 80% for CRC patients
with low MACC1 expression, while for patients with high MACC1
expression the 5-year survival rate was only 15%. This finding was
validated by many groups for CRC and a broad variety of solid
tumor types when analyzing patient tissue or blood [61-64].
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Biology and Influence on the Metastatic Cascade

MACCI functions as a main regulator of the HGF/cMet signal-
ing axis. HGF/cMet signaling induces MACCI expression via RAS/
MAPK signaling. MACC1 protein in turn activates cMet expres-
sion resulting in a positive feedback loop. MACCI exerts its meta-
static potential via interacting with different pathways, such as
cMet, Akt, and B-catenin.

For various cancer cell lines, MACCI has proven to induce pro-
liferation and inhibit apoptosis [65, 66]. Furthermore, several stud-
ies have revealed MACCI to induce EMT by increasing the mesen-
chymal phenotype markers vimentin and CD44 and suppressing
the epithelial phenotype markers E-cadherin and a-catenin [66-
68]. Recently, Wang et al. [69] showed that MACCI1 upregulates
Twist-1/-2, a key EMT switch transcriptional regulator. MACC1
also regulates the pluripotency markers Oct4 and Nanog. Overex-
pression of Oct4 and Nanog contributes to the stem cell phenotype
of tumor cells [70]. MACC1 is also involved in migration, invasion,
and angiogenesis [65-67, 71-73]. Additionally, overexpression of
MACCI facilitates tumor blood supply by inducing vasculogenic
mimicry, the formation of vascular channels in the absence of en-
dothelial cells and fibroblasts [69]. As MACC1 plays an important
role in multiple aspects of carcinogenesis and metastasis, it seems
to be a promising interventional target.

Whnt/f-Catenin Signaling

Biology

During embryonic development, Wnt signaling plays a funda-
mental role in the regulation of cell proliferation, polarity, and de-
termination of cell fate. In the absence of Wnt signaling, intracel-
lular B-catenin levels are regulated by way of a multiprotein com-
plex. This complex consists of the scaffolding protein Axin, the
tumor suppressor adenomatous polyposis coli protein (APC), gly-
cogen synthase kinase-3p (GSK3p), and casein kinase 1 (CK1). By
binding and phosphorylating, the destruction complex targets cy-
toplasmic {-catenin for ubiquitination and proteasomal degrada-
tion. As a consequence of continuous elimination, B-catenin does
not reach the nucleus. The DNA-bound T-cell factor/lymphoid
enhancer factor (TCF/LEF) family of transcription factors are the
main partner for p-catenin in the regulation of gene expression. In
the absence of nuclear p-catenin, TCF/LEF represses gene expres-
sion by binding to the transcriptional co-repressors Groucho/TLE.

Wnt ligands binding to the Frizzled receptor and its co-receptor
low-density lipoprotein receptor-related proteins (LRP) activates
the Wnt/B-catenin pathway. Activation leads to the inhibition of
the destruction complex and consequently to stabilization, accu-
mulation, and nucleic translocation of -catenin. In the nucleus,
B-catenin activates Wnt target gene expression by binding to TCF/
LEF and displacing the transcriptional co-repressors Groucho/TLE
[74, 75] (fig. 4).

A large number of sporadic CRC show inactivating mutations
in the APC gene [76]. Additionally, APC germline mutations cause
familial adenomatous polyposis (FAP). Loss of APC function leads
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to inappropriate stabilization of B-catenin and thus enhanced Wnt
target gene expression.

Influence on the Metastatic Cascade

Wnt/B-catenin signaling induces EMT via upregulating Axin2,
member of the destruction complex and downstream target of Wnt
signaling. Upregulated Axin2 leads to stabilization of the transcrip-
tion factor Snail. Active Snail represses E-cadherin expression [75].
Furthermore, B-catenin-mediated transcription induces expression
of Slug and thereby inhibits E-cadherin transcription. E-cadherin
loss in the tumor results in release of its binding partner $-catenin
and consequently in the transcriptional reduction of E-cadherin
[77]. Loss of E-cadherin induces transcription factors such as Twist
and ZEB1, and enables metastasis by inducing EMT, invasiveness,
and anoikis resistance [78]. ZEB1 is indirectly activated by Wnt
signaling via the Wnt target genes cyclooxygenase-2 (COX-2) and
IGF1 [79].

Proliferation and migration of cancer cells as well as of endothe-
lial cells are promoted by Wnt signaling. Both in cancer cells and in
vascular smooth muscle cells, cyclin-D1 and c-myc, proliferation-as-
sociated proteins, are upregulated in response to Wnt signaling. Cyc-
lin-D1 is involved in cell cycle progression through G1. COX-2 has
been shown to be upregulated by nuclear B-catenin accumulation.
Together with its metabolite prostaglandin E2 (PGE2), it has been
shown to exert important effects in cancer cells, promoting prolifera-
tion, survival, migration, invasion, and angiogenesis [80, 81].

Interventional Strategies

As COX-2 is involved in Wnt signaling and contributes to tum-
origenesis, COX-2 inhibition seems to be a promising therapeutic
strategy. PGE2 leads to the stabilization and nuclear translocation
of B-catenin via PI3K/Akt signaling. COX enzyme inhibition de-
creases the synthesis of PGE2 and as a consequence the activation
of B-catenin signaling [82, 83]. Non-steroidal anti-inflammatory
drugs (NSAIDs) have been shown to induce apoptosis and inhibit
proliferation via COX-2-dependent und -independent mecha-
nisms in CRC cells [84, 85]. For patients with FAP, celecoxib is ap-
proved for the reduction of colorectal polyps [86]. Nevertheless,
adding celecoxib to irinotecan/fluoropyrimidine regimens failed to
produce any survival benefit for metastatic CRC patients [87].

Wht Signaling Target: S100A4

Biology

S100A4 is a member of the 100 family of calcium-binding pro-
teins. Enhanced expression of S100A4 has been reported for differ-
ent cancer types in both tumor tissues and blood. For cancer pa-
tients, high mRNA and protein levels of SI00A4 have shown to
correlate with decreased overall and disease-free survival. Overex-
pression is correlated with aggressive tumor growth and formation
of metastasis [88-91].

S100A4 is a transcriptional target of f-catenin [88]. It is located
in the cytoplasm, the nucleus, and the extracellular space. Extracel-
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lular S100A4 shows interaction with the receptor of advanced gly-
cation end products (RAGE), annexin II, and heparin sulfate pro-
teoglycans [92].

Influence on the Metastatic Cascade

S100A4 promotes metastasis by inducing SAA-1/-3 expression
via Toll-like receptor 4 (TLR4)/NF-kB signaling. SAA proteins in-
duce the expression of RANTES, G-CSF, and MMP-2, -3, -9 and
-13. Ectopic SAA expression was shown to support formation of
metastases and was accompanied by a massive infiltration of im-
mune cells [89].

Tumor cell motility and invasion are promoted by S100A4 ex-
pression. The interaction of S100A4 and RAGE was shown to in-
crease RAS/RAF/MEK/ERK signaling and HIF-1a protein levels.
As a result, cells showed enhanced migration and invasion. By di-
rectly interacting with myosin IIA at the leading edge of migrating
cells, S100A4 enhances tumor cell motility [92, 93].

Furthermore, S100A4 expression has been identified to correlate
with angiogenesis and higher vessel density in neoplastic lesions
[94, 95]. Several studies showed S100A4 to be protective against
pro-apoptotic stimuli [96-98]. Orre et al. [99] showed that S100A4
interacts with the tumor suppressor p53 in the nucleus and pro-
motes p53 degradation. Knockdown of S100A4 leads to a p53-de-
pendent growth arrest and increases cisplatin-induced apoptosis.

Supporting the formation of metastasis in many different ways,
S100A4 is a promising therapeutic target for cancer treatment.

VEGEF Signaling

Biology

VEGF, an endothelial cell mitogen, is capable of inducing physi-
ological as well as pathological angiogenesis. The VEGF family in-
cludes VEGF-A, -B, -C, -D, and PIGF. VEGF signaling is mediated
by three VEGF receptor tyrosine kinases and neuropilins (NRPs):
VEGFR-1, -2, and -3. VEGF binding leads to receptor autophos-
phorylation, resulting in the activation of signaling pathways. Be-
sides endothelial cells, tumor cells express VEGF receptors and re-
spond to both autocrine and paracrine VEGF signaling. Hypoxia is
a major stimulus for increased VEGF production in tumor cells.
Both STAT3 and HIF-1a bind to the VEGF promoter and induce
transcription of VEGF in response to hypoxia [47, 100]. NRPs are
transmembrane glycoproteins and have been shown to function as
a co-receptor for VEGF. By forming complexes with VEGFRs,
NRPs can affect the activity of VEGFR-1/-2 [100, 101].

Influence on the Metastatic Cascade

The VEGF pathway is a central regulator of angiogenesis in the
process of metastatic spread. VEGFR-2 is the predominant recep-
tor mediating VEGF signaling in endothelial cells and thus VEGEF-
mediated angiogenesis. VEGFR-2/VEGEF-A signaling in endothe-
lial cells induces proliferation via MAPK signaling and migration
via FAK/paxillin, p38/MAPK, and PI3K signaling. VEGF-mediated
PI3K/Akt signaling also sustains survival of endothelial cells and
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expression of eNOS. FAK/paxillin enhances vascular permeability
[12, 47, 102-104].

In tumor cells, VEGFR-1 signaling promotes growth, migration,
and invasion of tumor cells by stimulating the activation of ERK-
1/-2 as well as c-Jun NH,-terminal kinase (JNK). A link between
VEGEF signaling and tumor dedifferentiation has been suggested.
Autocrine VEGF expression is characteristic for poorly differenti-
ated carcinomas and can promote growth, survival, migration, and
invasion of cancer cells. Additionally, EMT was shown to be in-
duced in normal epithelial cells and differentiated carcinoma cells
via VEGF [105].

VEGEF-C/-D, which act through VEGFR-3, are central regula-
tors of lymphangiogenesis in cancer. Elevated VEGF-C/-D expres-
sion is strongly associated with enhanced lymphatic vessel density
and increased rates of lymph node metastasis [106-108]. VEGFR-3
activation in lymphatic endothelial cells induces cell proliferation
and migration and protection from apoptosis. Involved pathways
include p42/p44, MAPK, and Akt signaling [108].

Interventional Strategies

Several strategies to inhibit VEGF signaling for cancer treatment
have been explored. Anti-angiogenic VEGF inhibitors approved by
the FDA for cancer treatment are antibodies against VEGF (bevaci-
zumab) and VEGFR-2 (ramucirumab), recombinant fusion protein
against VEGF-A (aflibercept), and tyrosine kinase inhibitors (axi-
tinib, regorafenib, sorafenib, sunitinib, cabozantinib, vandetanib,
pazopanib). However, in a considerable fraction of patients, VEGF-
targeted therapy failed to show clinical benefit [100, 109].

Conclusion

Metastatic spread of cancer cells is a complex process with
countless different genes and pathways involved. Cancer cells have
to undergo a multistep process to reach metastatic potential, finally
forming metastasis at distant organs. Here, we provided an over-
view of the most important pathways and genes involved in the
formation of metastasis. However, there are various other regula-
tors of the metastatic cascade which have to be addressed as well:
The immune system plays an important role in nearly every step of
the metastatic cascades with monocytes, macrophages, neutrophils,

T-lymphocytes, and natural killer cells as key players. Targeting
immune pathways is a very promising strategy for the treatment of
metastatic cancer and has shown success in preclinical models. Im-
mune checkpoint blockade therapy is already approved for patients
with metastatic disease. The anti-CTLA-4 monoclonal antibody
ipilimumab has shown significantly improved overall survival for
advanced unresectable melanoma [110, 111]. Furthermore, micro-
RNAs have been reported to play a role in tumorigenesis and the
formation of metastasis. microRNAs have a function in RNA si-
lencing and post-transcriptional regulation of gene expression. Al-
tered microRNA expression is reported for various cancer types
and is involved in different steps of the metastatic cascade. Some
microRNAs (e.g. miR-10b, miR-9) have been reported to promote
metastasis by inducing EMT, proliferation, invasion, and migra-
tion. Other microRNAs suppress the formation of metastasis (e.g.
miR-34a, miR-206, miR-335, miR-126) via inhibiting cancer stem
cell properties, inducing apoptosis, and inhibiting migration and
EMT. First specific microRNA mimics and inhibitors are being
tested in clinical trials for the treatment of cancer or infectious dis-
eases [112]. Additionally, there is growing interest in the mecha-
nism of metastatic latency, long non-coding RNAs, exosomes, and
cancer stem cells as further crucial promoters of metastasis and
potential therapeutic targets.

In summary, metastasis is a multifactorial process with many
promoting and inhibiting factors. Analyzing every step is a neces-
sary approach to develop interventional anti-cancer therapies and
improve patient survival.
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