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E. Pretzsch ,1 F. Bösch,1 J. Neumann,1,2 P. Ganschow,1 A. Bazhin ,1 M. Guba,1

J. Werner,1 and M. Angele 1

1Department of General, Visceral, and Transplant Surgery, Ludwig-Maximilians-University Munich, Munich, Germany
2Institute of Pathology, Ludwig-Maximilians-University Munich, Munich, Germany

Correspondence should be addressed to M. Angele; martin.angele@med.uni-muenchen.de

Received 14 May 2019; Accepted 24 July 2019; Published 19 September 2019

Guest Editor: Nathaniel Weygant

Copyright © 2019 E. Pretzsch et al. *is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Metastasis is the major cause of death in patients with colorectal carcinoma (CRC). *e most common sites of metastasis are the
liver and the peritoneum. Peritoneal carcinomatosis is often considered the end stage of the disease after the tumor has spread to
the liver. However, almost half of CRC patients with peritoneal carcinomatosis do not present with liver metastasis.*is brings up
the question of whether peritoneal spread can still be considered as the end stage of a metastasized CRC or whether it should just
be interpreted as a site of metastasis alternative to the liver. *is review tries to discuss this question and summarize the current
status of literature on potential characteristics in tumor biology in the primary tumor, i.e., factors (transcription factors and direct
and indirect E-cadherin repressors) and pathways (WNT, TGF-β, and RAS) modulating EMT, regulation of EMT on a post-
transcriptional and posttranslational level (miRNAs), and angiogenesis. In addition to tumor-specific characteristics, factors in the
tumor microenvironment, immunological markers, ways of transport of tumor cells, and adhesion molecules appear to differ
between hematogenous and peritoneal spread. Factors such as integrins and exosomal integrins, cancer stem cell phenotype, and
miRNA expression appear to contribute in determining the metastatic route. We went through each step of the metastasis process
comparing hematogenous to peritoneal spread. We identified differences with respect to organotropism, epithelial-mesenchymal
transition, angiogenesis and inflammation, and tumor microenvironment which will be further elucidated in this review. A better
understanding of the underlying mechanisms and contributing factors of metastasis development in CRC has huge relevance as it
is the foundation to help find specific targets for treatment of CRC.

1. Introduction

Of all cancers, colorectal cancer (CRC) is the third most
common with metastasis being the major cause of death in
the majority of patients [1]. Common sites of distant me-
tastasis are the liver and the peritoneum. About 20% of
patients present with synchronous metastases, most com-
monly in the liver, and up to 60% of patients develop distant
metastases within 5 years [2, 3]. Metastases in the perito-
neum are found in 25% of patients with an inferior prognosis
when compared to other metastatic sites [4]. However, al-
though peritoneal carcinomatosis is considered to be an
advanced stage of CRC, in 41–45% of metastasized CRC
patients it is the only site of metastatic disease suggesting

that peritoneal spread might be a locally advanced form of
CRC without other distant metastases [5, 6]. *ese data
point to the complexity of metastatic spread and many
attempts have been made to understand the underlying
principles of metastasis and organotropism. *is review
aims to give an overview of the current knowledge of the
mechanisms of metastasis and metastatic organotropism in
CRC.

2. Organotropism in Epithelial Tumors

Much progress has been made in understanding tumor
biology and mechanisms of metastasis but knowledge on the
factors influencing the metastatic route of tumor cells,
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especially in colorectal cancer, remains poor. Taken from
recent findings on other epithelial tumors such as breast
cancer and pancreatic cancer, metastatic organotropism is a
nonrandom process regulated by different cancer cell in-
trinsic factors, the tumor microenvironment and the in-
teraction between those cancer cell intrinsic factors and the
tumor microenvironment [7]. Having only recently been
discovered to play a pivotal role in the metastatic process,
there are only very few studies on organotropism in ma-
lignant epithelial tumors so far. *e next section tries to give
an overview of the current knowledge on this hot topic and
elaborate on mechanisms of organotropism that have been
found to be of high relevance in malignant epithelial tumors.

2.1. Epithelial Characteristics. In pancreatic ductal adeno-
carcinoma (PDAC), metastatic organotropism to the liver
and lung is dependent upon epithelial plasticity mediated by
P120 Catenin (P120CTN). P120 Catenin is the binding and
stabilizing partner of E-cadherin at the adherens junctions
and has been described as a cancer candidate gene [8].
Mono-allelic P120CTN loss accelerates liver metastasis.
However, loss of both P120CTN alleles results in the absence
of liver metastasis. *is might be due to the inability of
cancer cells to establish new contacts with neighboring
epithelial cells indicating that exhibition of epithelial
characteristics is a premise to liver organotropism. Lung
organotropism, however, seems to be independent of
P120CTN expression and has also been demonstrated in
cells with bi-allelic P120CTN loss [9]. *e observation that
liver metastasis is promoted by maintenance of an epithelial
state through factors such as P120CTN and E-cadherin,
while repression of E-cadherin is one of the main inductors
of epithelial-mesenchymal transition (EMT), is a paradox
and underscores the complexity of the metastatic cascade. To
summarize, maintenance of epithelial characteristics seems
to be a requirement for liver organotropism but negligible in
lung organotropism.

2.2. Integrins. Lymphocyte function-associated antigen-1
(LFA-1) is an integrin with adhesive function that immune
cells use to invade the liver under inflammatory conditions.
Recently though, this integrin has been shown to be also
expressed on solid tumors including CRC. A recent study
conducted, using an in vitro assay and an in vivo mouse
model, could show that decreased expression of the β2
subunit of LFA-1, which is required for integrin activation,
adhesion, and signaling, correlates with a reduced activation
of the liver endothelium and an improved local immune
response in the liver. *is results in a less tumor-promoting
microenvironment. Furthermore, a reduction in early re-
tention of cancer cells in the liver as well as a reduction in
metastatic development and tumor size was observed [10].
In summary, the β2 subunit of LFA-1 integrin on colorectal
tumor cells modulates liver organotropism and a decreased
expression is associated with a reduction in liver metastasis.

In breast cancer, apart from cancer subtype and gene
signature, metastatic organotropism was found to be reg-
ulated by molecular features such as chemokines and

integrins. Binding of the chemokine CXCL12 to its receptor
CXCR4 is associated with induction of liver metastasis and
facilitates extravasation of tumor cells. α2β1 and α5β1 are
integrin complexes being expressed on the cell surface where
they interact with the liver stroma. Downregulation of these
integrins results in reduced liver metastasis by preventing
direct interactions of tumor cells with components of the
extracellular matrix (ECM). α2β1 and α5β1 expression is
upregulated by claudin-2, which is highly expressed in liver
metastasis of breast cancer while expression in primary
tumors is weak or absent [11].

2.3. Exosomal Integrins. Different exosomal integrin ex-
pression patterns have been linked to different routes of
metastasis in breast cancer and pancreatic cancer, indicating
that exosomal integrins could predict organ-specific metas-
tasis underlying the phenomenon of organotropism [7]. Se-
creted from tumor cells, exosomal integrins initiate
premetastatic niche formation which is defined as a tumor
cell-free microenvironment in a putative organ of metastasis.
By fusing with the target cells in this microenvironment,
induction of inflammation and increment of vascular per-
meability through Src activation and S100 expression, exo-
somal integrins prime this microenvironment as a site for
seeding of disseminated tumor cells [7]. Integrins α6β4 and
α6β1, binding to lung-resident fibroblasts and epithelial cells,
are associated with lung metastasis, and integrin αvβ5,
binding to Kupffer cells, is associated with liver metastasis [7].

2.4. Vascularisation of Metastasis. Breast cancer cells me-
tastasizing to the liver show decreased mitochondrial
metabolism and increased conversion of pyruvate into
lactate. *is altered metabolic program is due to expression
of pyruvate dehydrogenase kinase-1 (PDK1), a target of
HIF1a with VEGF and TWIST as downstream targets, en-
abling cancer cells to adapt to nutrient insufficiencies and
hypoxia in the host stroma [11]. Interestingly, liver me-
tastases emanating from breast cancer are not dependent on
hypoxia and increased angiogenesis, while CRC liver me-
tastases depend on these mechanisms [12]. In breast cancer,
EGFR, COX2, and MMP-1 and MMP-2 have been shown to
promote angiogenesis in lung metastasis. However, in order
to overcome nonpermissive signals from resident cells of the
lung, lung metastatic cancer cells express Coco and GALNTs
[11]. To summarize, liver metastases in breast cancer show a
nonangiogenic growth pattern independent of oxygen
supply, whereas in CRC a high fraction of angiogenic liver
metastases is found.

2.5. Cancer Stem Cell Phenotype. Metastatic spread in CRC
has been shown to correlate with different expression of
cancer stem cell markers. Liver metastasis in CRC is asso-
ciated with the expression of cancer stem cell markers CD133,
CD44, and β-catenin, whereas in peritoneal carcinomatosis
no expression of these stem cell markers can be found. *is
might indicate that CRC with peritoneal carcinomatosis lack
stem cell features needed for dissemination and, bearing the
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clinical course of the disease, could possibly be interpreted as
an advanced stage of a locally aggressive tumor [13]. Mul-
tivariate analysis confirmed that a negative CD133 expression
in the primary tumor of colorectal cancer patients with
peritoneal carcinomatosis is an independent risk factor for
reduced disease-free survival and can predict postoperative
recurrence [14]. While the knowledge on stem cell markers
associated with peritoneal carcinomatosis is still poor, a few
other markers related to liver metastasis have recently been
identified. Oct4 gene expression correlates with poor liver
metastasis-free survival andOct4-high cells actively form liver
metastasis in vivo [15]. *e stem cell markers Notch1 and
ALDH1 correlate with lymph node metastasis, advanced
stage, and tumor recurrence and represent an independent
prognostic factor in colorectal carcinoma [16]. In summary,
cancer stem cells seem to have a strong ability for migration
and invasion and stem cell markers have been shown to be
independent prognostic factors. However, the distribution of
cancer cells to different metastatic sites as part of organo-
tropism and the maintenance of biological features is also
mediated by the microenvironment and part of a complex
bidirectional mechanism [17].

3. Tumor Biology

*e process of tumor cells leaving their primary site and
forming new colonies in distant tissues is described as in-
vasion-metastasis cascade (Figure 1) [18]. *is process
consists of five steps: local invasion of tumor cells into
surrounding matrix (Step 1), intravasation of tumor cells
into circulatory system (Step 2), systemic transportation of
tumor cells (Step 3), extravasation of tumor cells into pa-
renchyma of distant tissue sites (Step 4), colonization of
distant organs, and establishment of macroscopic tumors
(Step 5) [19]. Although the underlying biology of some of
these steps is yet to be defined, a few mechanisms have
recently emerged and been increasingly recognized to play
pivotal roles in the promotion of the invasion-metastasis
cascade. However, the mechanisms determining hematog-
enous versus peritoneal spread are poorly understood.

3.1. Epithelial-Mesenchymal Transition

3.1.1. Transcription Factors. *e epithelial-mesenchymal
transition (EMT) is a key program that enables stationary
epithelial cells to lose their cell-cell adherence and acquire
mesenchymal properties that are essential for invasion and
metastasis. *ese include enhanced mobility, invasiveness,
increased resistance to apoptosis, and degradation and
production of extracellular matrix (ECM) components [19].
*e regulation of EMT occurs at different molecular levels
(Figure 2).

E-cadherin, a transmembrane protein expressed by epi-
thelial cells, plays an essential role in maintaining epithelial
cell polarity and stabilizing cell-cell contacts allowing cells to
sustain their epithelial state [20]. Downregulation of E-cad-
herin expression is associated with lymph node metastasis,
advanced stage, poor differentiation, and vascular invasion
[21]. A reduction in E-cadherin levels is commonly followed

by an upregulation of N-cadherin, an adhesion molecule
found in nonepithelial tissues. N-cadherin promotes tumor
progression by enhancing fibroblast growth factor receptor
(FGFR) signaling and nuclear β-catenin activity [20].

Transcription factors regulating E-cadherin expression
in CRC can be divided into two groups: direct and indirect
repressors. Direct repressors of E-cadherin bind directly to
the E-cadherin promoter and include SNAIL (SNAI1,2),
ZEB (ZEB1,2), E12/E47, Brachyury, and AP4 [22–29]. *e
indirect repressors TWIST (TWIST1,2), FOXC2, TCF4,
SOX2, OCT4, Nanog, PROX1, SIX1, PRRX1, HMGA1, and
Fra-1 have multiple specific targets and regulate the tran-
scription of E-cadherin at different levels including the
activation of direct repressors [30–39].

With respect to the clinical significance in CRC, the
repressors AP4, SOX2, and OCT4 have been associated
with liver metastasis [29, 32, 33]. Furthermore, an over-
expression of the repressor TWIST1, that 85% of CRC
patients show a moderate to strong expression of, is as-
sociated with nodal invasion, male sex, and poor outcome
[40, 41]. Upregulation of SNAI2 significantly correlates
with strong vimentin expression, and both SNAI2 and
vimentin expression is associated with lymph node me-
tastasis and poor prognosis [42].

Vimentin is an intermediate filament protein that is
expressed in mesenchymal and neoplastic cells. Vimentin
coexists and interacts with keratin-KRT14 through forma-
tion of an intracellular Vim/KRT14 hybrid and can be found
in cells at the leading edge of migration. It is hypothesized
that this hybrid formation disrupts the rigidity of keratin
filaments, thereby promoting cellular migration. Expression
of vimentin is regulated by the Vim gene regulating cancer
cell migration and invasiveness. It has been shown that
knockdown of the Vim gene disrupts keratinocyte colony
growth and migration and represses EMT [43].

3.1.2. Pathways. *e EMT process is triggered by a multi-
tude of extracellular signals in the tumor microenvironment
with subsequent activation of all major cancer cell intrinsic

Step1

Step2 Step5

Step3

Step4

Primary tumor
Distant organ

Circulatory system

Epithelial cell
Mesenchymal cell

Colorectal cancer
Blood vessel/lymphatic vessel

Liver/peritoneum

Figure 1: Invasion-metastasis cascade: local invasion of colorectal
cancer cells into surrounding matrix (Step 1), intravasation into
circulatory system (blood vessels/lymphatic vessels) (Step 2),
systemic transportation (Step 3), extravasation (Step 4), coloni-
zation of distant organs (liver/peritoneum) (Step 5).
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signaling pathways. Considering the current status of lit-
erature it seems that all major signaling pathways have some
implication in the EMT program of CRC and contribute
differently to CRC progression. *e following paragraph
describes the signaling cascades that are currently consid-
ered to contribute significantly to the EMT program in a
variety of epithelial tumors including CRC.

Aberrant activation of the canonical WNT pathway
leads to the inhibition of the destruction complex that
otherwise degrades β-catenin. Subsequently, free cytosolic
β-catenin is translocated to the nucleus where it binds to
the transcription factor TCF4 inducing WNT target gene
transcription including activation of E-cadherin repressors
ZEB1 and SNAI1 and upregulation of MT1-MMP9 and
LAMC2 that are associated with CRC invasiveness [31, 44].
Inactivating mutations of tumor suppressor genes such as
APC and AXIN2 lead to the upregulation of the canonical
WNTpathway, thereby promoting EMT [44]. In summary,
aberrant activation of the WNT pathway and β-catenin-
dependent signaling promote tumor progression and are
important EMT regulators in CRC [45].

Inactivation of the TGF-β/Smad signaling pathway leads
to tumor progression, and mutations are found in 40–50% of
CRC [46, 47]. In the absence of mutations, Smad2 and 3 are
activated by TGF-β and transferred to the nucleus with Smad4
regulating transcription [48, 49]. In the presence ofmutations,
loss of Smad4 that usually suppresses STAT3 activation leads
to aberrant activation of STAT3, which is linked to upre-
gulation of ZEB1 expression, reduced E-cadherin, and en-
hanced N-cadherin and vimentin expression [50, 51]. With
respect to clinical relevance in CRC, loss of Smad4 is found in
30% of metastatic CRCs and seems to be a predictor of liver
metastasis [52]. Claudin-3 (CLDN3), an integral membrane
protein and component of tight junctions, helps cells to

remain in their epithelial state and functions as a suppressor
of EMT. However, similar to Smad4, loss of CLDN3 ex-
pression leads to the induction of EMT through aberrant
activation of STAT3. Its loss also leads to upregulation of the
WNT pathway and predicts poor patient survival [53]. In
conclusion, half of CRC patients present with mutations that
lead to an inactivation of the TGF-β/Smad pathway which
ultimately leads to the induction of EMT.

N-Myc downstream regulated gene 1 (NDRG1) has been
shown to inhibit EMT, migration and invasion through
attenuation of the above-mentioned pathways as well as the
ErbB signaling pathway, and inhibition of prosurvival
autophagic pathways in a variety of cancer cells [54–57]. In
CRC patients, NDRG1 expression was found to be an in-
dependent prognostic factor for survival and tumor re-
currence: CRC patients that are NDRG1 negative face a
worse prognosis in cancer-free and overall survival [58, 59].

Another two major signaling pathways regulating EMT
are the RAS/RAF/MEK/ERK/MAPK pathway and the PI3K/
AKTpathway both triggered by growth factors such as EGF
and FGF. Activation of the RAS/RAF/MEK/ERK/MAPK
pathway leads to increased expression of SNAI1 and 2. *e
PI3K/AKT pathway can induce SNAI1 expression through
NF-κB or through AKT inhibiting the destruction complex
in the WNT pathway which ultimately leads to increased
SNAI1 and ZEB1 expression [60, 61]. As described above,
activation of SNAI1 and ZEB1 leads to repression of
E-cadherin and induction of EMT in CRC. Also involved in
these signaling networks, the fibroblast growth factor gene
18 (FGF18) shows elevated expression in CRC and acts as a
downstream target of the WNT signaling pathway driving
EMT [62].

Finally, we like to add some information on ADAM9 to
this synopsis of pathways as this factor has recently
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Figure 2: Regulation of EMT at different molecular levels: upregulation of the WNT pathway, PI3K/AKT pathway, and RAS/RAF/MEK/
ERK/MAPK pathway and downregulation of the TGF-β/Smad pathway lead to the activation of EMT through downregulation of E-
cadherin. E-cadherin repressors can be divided into direct and indirect repressors. EMTcan also be regulated on a posttranscriptional and
posttranslational level by miRNAs exerting activating and inhibiting functions. As part of tumor cell-tumor microenvironment interactions
EMT can also be triggered by a variety of cytokines.
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emerged to play a significant role in a multitude of
pathways regulating EMT and promoting metastasis in
various cancers. ADAM9 is a membrane-anchored met-
alloprotease and part of the ECM compartment and has
been shown to be upregulated in CRC promoting invasion
[63, 64]. In CRC liver metastasis, ADAM9, secreted by
hepatic stellate cells, binds to CRC cells and promotes
carcinoma invasion through tumor-ECM interaction [65].
Studies on HCC cells and lung cancer cells showed that
ADAM9, triggered by IL-6 which activates the JNK sig-
naling pathway, induces the expression of the EMT-as-
sociated transcription factor SNAIL through NOX1
expression in the cell membrane and ROS production
[66, 67]. ADAM9 promotes metastasis through enhanced
CDCP1 expression, a promigratory transmembrane pro-
tein that is involved in cell-cell interaction and the regu-
lation of anoikis resistance and is overexpressed in
metastatic colon cancer [68].

3.1.3. miRNAs. *e EMT process can also be regulated on a
posttranscriptional and posttranslational level by microRNAs
(miRNAs) [19]. Overexpression of miRNA has-miR-31-5p in
CRC with peritoneal metastasis inhibits EMT through sup-
pression of c-MET, a kinase mediating EMT. In CRC with
hepatic metastasis miRNA has-miR-31-5p is repressed sup-
porting EMT possibly through upregulation of c-MET [69].
miR-200 is involved in the TGF-β pathway and targets ZEB1
as an inhibitor. Loss of tumor suppressor p53 leads to
downregulation of miR-200 in CRC and increased expression
of ZEB1, thereby promoting EMT [70–73]. Following loss of
p53, other miRNAs are downregulated and support EMT in
CRC. *ese include miR-34, miR-302, miR-15a, and miR-
218. Downregulation of miR-34 leads to increased expression
of SNAI1, cMET, and β-catenin [74]. Decreased miR-302
expression leads to upregulation of transcription factor AP4
and SNAI1 and increased expression of vimentin, all sup-
porting EMT [75]. miR-15a targets AP4 thereby acting
similarly to miR-302 [76]. miR-218 when downregulated no
longer promotes apoptosis of cancer cells through c-FLIP
[77]. miRNAs that when upregulated promote EMTincluding
miR-21, miR-31, and miR-9. miR-21 with TGF-β as an up-
stream activator downregulates tumor suppressor Pdcd4 and
consecutively promotes invasion, intravasation, and metas-
tasis [78]. miR-31, also activated by TGF-β, targets SATB2, a
gene that is linked to CRC metastasis [79]. miR-9 directly
targets E-cadherin and inhibits its expression [35]. It should
be noted that there are many more miRNAs involved in the
regulation of EMT, but this review focused on the ones that
have beenmost studied and established to play pivotal roles in
the regulation of EMT. In addition,miRNAs have been shown
to not only be involved in EMT but likely also in organo-
tropism by targeting and altering the metabolism in the
premetastatic niche and regulating cancer stem cell-mediated
metastasis. Patients with CRC and peritoneal carcinomatosis
show a high expression of miR-31-5p, whereas patients with
CRC and liver metastasis only show a low expression of miR-
31-5p. *is suggests that miRNAs might contribute to de-
fining the site of metastatic spread [69].

3.2. Angiogenesis. Angiogenesis is considered to be a crucial
step in tumor growth and establishing a route of transport for
metastatic tumor cells. Angiogenesis is not only necessary to
sustain tumor growth but also to enable tumor cells enter the
vasculature by forming new vessels that connect to the existent
circulatory system. *is vascular remodeling requires the
activation of endothelial cells by proangiogenic factors [63].

*e VEGF family members with VEGF A, B, C, D and
PIGF are considered the most important inductors of an-
giogenesis. Other inductors include ANGPTand PLAT [80].
Hypoxia leads to the secretion of VEGF from hypoxic cells
by mediation of HIF1a [81, 82]. Other triggers for VEGF
expression are EGF, TGF-α and -β, PDGF, ILGF-1, and FGF
[83]. Although there are still open questions on how all the
VEGF family members are involved in angiogenesis, it has
been shown that VEGF A binds to VEGFR2 on endothelial
cells promoting migration, survival, and proliferation of
those by inducing the MAPK and PI3K pathways. VEGF C
acts through VEGFR3 promoting lymphangiogenesis [80].

*ere is increasing evidence that angiogenesis is not an
isolated self-regulated process but a consequence of tumor-
microenvironment interactions and is not limited to the
generation of new vessels but can also accelerate metastasis.

A recent study highlighted the importance of tumor
endothelial cells (TECs) that belong to the group of tumor
stromal cells and are a result of tumor cell-microenviron-
ment interactions. *e function of TEC is not limited to the
formation of new blood vessels to supply the tumor with
nutrients and provide a route to disseminate but actually
stimulate the tumor to metastasize. When tumor cells enter
the circulatory system they physically touch TECs and in-
teract with them through juxtacrine and paracrine signaling.
TECs secrete biglycan, a small rich repeat proteoglycan, that
stimulates tumor cells to metastasize through activation of
NFκB and ERK signaling. Furthermore, TECs are able to
downregulate tumor suppressive factors such as Slit2,
thereby promoting tumor progression [84].

IL33 is another good example to illustrate the complexity
and bidirectional interactions between tumor cells, micro-
environment, and angiogenesis. *is tumor-derived cyto-
kine induces angiogenesis through recruiting myeloid cells
that subsequently secrete VEGF. It also indirectly promotes
liver metastasis in CRC by mobilizing macrophages and
myeloid cells to remodel the stroma towards a pro-TME
rather than changing the invasive or migratory properties
and metastatic capabilities of the tumor cells [85]. Various
tumor-associated leukocytes including macrophages, neu-
trophils, myeloid-derived suppressor cells and dendritic
cells, mast cells, innate lymphoid cells, γδTcells, and natural
killer cells have been identified to not only lead to an im-
munosuppressive TME but also contribute to angiogenesis
by secretion of VEGF, chemokines, cytokines, proteases,
structural proteins, and microvesicles [86].

Other factors that have already beenmentioned in terms of
their role in the EMT process but also contribute to angio-
genesis in various cancers are ADAM9 and FGF18. In lung
cancer metastasis, ADAM9 increases the expression of VEGF
A, ANGPT2, and PLAT and activates EGFR [67]. FGF18
activates the ERK/MAPK pathway through binding to the
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FGFR3 receptor on endothelial cells thereby promoting an-
giogenesis in ovarian cancer. FGF18 can also activate NF-κB
leading to upregulation and secretion of proinflammatory
cytokines with subsequent recruitment of tumor macrophages
that secrete VEGF A and ECM degrading proteases like
MMP9 to promote angiogenesis and creating a protumor
microenvironment [87]. Another factor promoting angio-
genesis through the ERK pathway is the calcium and integrin
binding gene 1 (CIB1) that is upregulated in a variety of
cancers, including CRC, often correlating with oncogenic
KRas mutations [88]. On phosphorylationmediated by PKD2,
CIB1 contributes to angiogenesis by mediating PKD2-induced
VEGF production and secretion of tumor cells and VEGFR2
expression [89]. Homeodomain-interacting protein kinase-2
(HIPK2) has been demonstrated to function as a tumor
suppressor in various types of cancer and its overexpression
leads to the downregulation of VEGF promoter activity. In-
hibition of HIPK2 by hypoxia results in induction of EMTand
angiogenesis via WNT signaling and increased VEGF pro-
moter activity [90]. A recent study could show that metastatic
growth is in fact associated with hypovascularity. Vascularity
decreases with increasingmetastasis size.*e bigger the lesion,
the less it is surrounded by vessels, thereby resembling the
primary tumor [91]. Although the underlying mechanism is
still unknown it has been shown that in pancreatic cancer
reduction of fibroblasts leads to increased vessel density
pointing to fibroblasts exerting antiangiogenic effects [92].

A recent study could show that under hypoxic conditions
CRC cells release exosomes into the tumor microenvironment
that promotes angiogenesis. *ese exosomes, enriched with
WNT4, lead to an induction of β-catenin signaling in endo-
thelial cells and stimulate them to proliferate and migrate [93].
Considering themechanisms ofmetastasis in CRC it seems that
angiogenesis differs between hepatic and peritoneal spread, not
in relevance though but in terms of time and order during the
metastatic cascade. Livermetastases are considered the result of
hematogenous dissemination. However, in order for tumor
cells to be transported to the liver they first have to find access
to the circulatory system.*ey also depend on the formation of
new small vessels originating around the primary tumor that
increase the likelihood of tumor cells entering the blood stream.
Once they arrive at the liver, angiogenesis again is required in
order for metastases to grow and proliferate [94]. *e primary
tumor itself can actively support this process by making the
liver parenchyma more permissive for the homing and growth
of metastasis by recruiting VEGFR-1 expressing haemato-
poietic progenitor cells that initiate the premetastatic niche
[95, 96]. Patients with synchronous liver metastasis and the
primary tumor still in situ show a significantly higher VEGFR1
and VEGF A expression in liver parenchyma adjacent to
metastases than patients with metachronous liver metastases
after resection of the primary tumor which underlines the
tumor angiogenesis-promoting abilities of the primary tumor
[97]. In contrast, peritoneal carcinomatosis is not considered a
result of hematogenous dissemination but the consequence of
lymphatic dissemination or tumor cell shedding into the
peritoneal cavity with subsequent attachment to distant peri-
toneum. Hence, angiogenesis seems not to be a key element in
the initial steps of the metastatic cascade. However, once the

CRC cells arrived in the peritoneum via the mentioned
mechanisms, they rely on angiogenesis to sustain proliferation
and enable further growth [98].

4. Inflammation and Tumor
Microenvironment

*e interaction between cancer cells and their microenviron-
ment is considered to be an essential component not only in the
early steps of colorectal carcinogenesis but also in tumor
progression and development of metastasis. *is protumor
microenvironment is composed of inflammatory and immune
cells involving neutrophils and macrophages, carcinoma-asso-
ciated fibroblasts (CAFs), environmental conditions such as
hypoxia, soluble factors, signaling molecules, and ECM com-
ponents [82]. Invasion of tumor cells requires the degradation of
the basement membrane with subsequent migration of tumor
cells through the stroma into neighboring tissues and with
respect to liver metastases in CRC invasion into the vasculature
requiring angiogenesis.

*e process of stromal remodeling is regulated by TGF-β
and PDGF, which is secreted by CAFs. Additionally, CAFs
produceMMPs,MMP inhibitors, ECM components, cytokines,
growth factors, and EMT-promoting factors facilitating not
only cancer proliferation and invasion but also metastasis [99].

*rough a complex network of soluble factors, macro-
phages are recruited into the tumor microenvironment (TME)
where they exert different functions critically depending on the
tumor stage. At early stages, the majority of tumor-associated
macrophages (TAMs) are subtype 1 (M1) TAMs that possess
proinflammatory characteristics and work to eliminate ma-
lignant cells; at later stages macrophages can switch to subtype
2 (M2) TAMS bearing immunosuppressive functions creating
a microenvironment permissive of tumor growth. By secretion
of ECM-degrading components (e.g., MMP1, 7, 9, 12) TAMs
support cancer cells invade the stroma [100]. Furthermore,
even proinflammatory M1 macrophages have been shown to
promote EMT and activate the β-catenin/TCF4 pathway by
releasing proinflammatory factors thereby supporting the
metastatic cascade [101].

Besides their role in immune cell recruitment, cytokines
can also act to induce EMT in malignant cells. IL-1b promotes
EMT through ZEB1 activation, IL-11 via GP130/STAT3 sig-
naling, and IL-6 via STAT3 activation and SNAI expression
[102–104]. Downregulation of tumor suppressor p53 by IL-6
results in a reduction of E-cadherin and increased expression of
SLUG, further promoting EMT [105]. TGF-β-induced SNAI
expression can activate IL8 with subsequent activation of
CXCR1 and induction of EMT through PI3K/AKT signaling
[106, 107]. TNF-α can induce EMTdirectly by AKT/GSK-3b-
mediated stabilization of SNAI and indirectly by increasing IL8
andCXCR1 [107, 108]. Loss of Smad 4 not only promotes EMT
via the signaling pathways described above but also by in-
creasing CCL15 expression leading to the recruitment of
CCR(+)myeloid cells.*ese cells then help CRC cells to invade
the stroma and metastasize to the liver by producing MMP9
[109].

In addition to the cancer cell-microenvironment in-
teractions described above recent studies point to several
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more specific cells of the microenvironment that play dis-
tinct roles in the propagation of peritoneal metastasis.
Among them are peritoneal macrophages (PMs), peritoneal
mesothelial cells (PMCs), and peritoneal fibroblasts (PFBs).
Peritoneal invasion is defined as tumor invasion beyond the
peritoneal elastic lamina which creates the invasive tumor
microenvironment facilitating tumor progression and me-
tastasis. PMs form the first barrier to invasion by secretion of
tumor necrosis factor (TNF). However, as described above,
they can also switch to a tumor-promoting M2 phenotype
driven by molecules released from CRC cells or by factors
found in malignant ascites such as IL-6 and IL-10 [100].
Although the exact function of PMCs in the beginning stages
of peritoneal carcinomatosis is not fully understood, PMCs
are considered to play a major role in maintaining in-
traperitoneal homeostasis. Following PM activation, they
secrete a variety of mediating molecules to the tumor mi-
croenvironment such as cytokines, chemokines, growth
factors, ECM components, and adhesion molecules [100].
*ere is a debate however on PMCs exerting a protective role
versus PMCs supporting cancer cell colonization. After
tumor cell colonization, PFBs support tumor progression
acting similar to CAFs. Recent studies suggest that CAFs
might derive from PMCs; however, the mechanisms of this
transformation are still unclear [100]. Focus on sub-
populations of fibroblasts showed that subperitoneal fi-
broblasts (SPFs) play an active role in the process of tumor
invasion. *ey show high gene expression of an ECM
component and an upregulation of genes associated with cell
contraction including α-SMA. Stroma-cell contractile ability
and fibrosis with α-SMA expression promote cell migration,
invasion, and accelerate metastasis [110]. CD90(+)/CD45(–)
cells are a small subpopulation of mesothelilal-like cells
(MLCs) found in the peritoneal fluid that also express
characteristics of mesenchymal stem cells. In nude mice,
intraperitoneal co-injection of MLCs and gastric cancer cells
leads to enhanced tumorigenicity and an increased rate of
metastatic formation in the peritoneal cavity. Following
TGF-β stimulation, MLCs express collagen I, α-SMA, and
vimentin and act similar to myofibroblasts. *is way they
seem to play a supportive role in the development of
peritoneal metastasis by creating a permissive tumor mi-
croenvironment [111]. Lately focus has also been on peri-
toneal adipocytes (PAs) which have been found to promote
proliferation and invasion of cancer cells through lipid in-
ternalization by gastric cancer cells thereby providing nu-
trients to the malignant compartment. *e increased
invasiveness is mediated by PI3K/Akt-signaling. In-
terestingly, only cells from the peritoneum of obese animals
could promote tumor growth, underscoring the importance
of host factors in the progression of malignant disease [112].

5. Development of Peritoneal Carcinomatosis:
An Alternative Concept to the Invasion-
Metastasis Cascade

As described above, hepatic spread is the result of the in-
vasion-metastasis cascade, a concept that is applied to

explain the mechanism of hematogenous dissemination in
epithelial tumors including CRC. However, in the course of
this article it becomes clear that in peritoneal carcinomatosis
some of the steps simply differ from the proposed concept
especially in terms of ways of detachment, dissemination,
and attachment of tumor cells. *e following paragraph
introduces a concept specifically developed to explain the
development of peritoneal carcinomatosis as opposed to the
invasion-metastasis cascade. Also, differences between he-
matogenous and peritoneal spread in terms of transport and
attachment of tumor cells to distant organ will further be
elucidated below.

*e development of peritoneal carcinomatosis in-
volves five essential steps (Figure 3): (1) detachment of
tumor cells from their primary tumor and gain of motility,
(2) anoikis evasion, (3) adherence to peritoneal surface,
(4) invasion into peritoneum, and (5) proliferation and
formation of peritoneal metastasis [113]. *e detachment
of tumor cells from their primary tumor can be due to the
following mechanisms: spontaneous exfoliation of tumor
cells in CRC growing through the serosa (T4 stage),
spontaneous tumor cell shedding into the lymphatics
around the primary tumor as a result of increased in-
terstitial fluid pressure, surgery-induced tumor spill due
to opening of the tumor, transected lymphatics and blood
vessels, or postoperative infections due to anastomotic
leakage that have been shown to be associated with higher
rates of tumor recurrence [98, 101, 113]. On a molecular
level, the detachment of tumor cells and subsequent gain
of motility is the result of a downregulation of cell-cell
adhesion molecules (CAMs) as part of the EMT and
changes in the cytoskeleton. Importantly, CAMs include
integrins, cadherins, and selectins. Also involved in the
EMT process are EGFR, c-MET, and especially in the
context of peritoneal carcinomatosis, the EMT trigger
TWIST [114].

6. Transport and Attachment of Tumor Cells to
Distant Organ

In hematogenous spread platelets and neutrophils help
tumor cells that have entered the circulatory system, so
called circulating tumor cells (CTCs), avoid elimination by
protecting them from shear stress or immune attacks from
natural killer cells. TGF-β and platelet-derived growth
factor (PDGF) released from platelets inhibit the activity of
natural killer cells. By forming protective cloaks combined
with fibrinogen, platelets also physically shield cancer cells
from natural killer cells. *rough TGF-β-induced activa-
tion of NF-κB in cancer cells the EMT program is rein-
forced and promoted so that CTCs will not lose their
invasive characteristics needed for extravasation and
metastatic colonization by returning to an epithelial state.
Extravasation is further supported by ATP secretion from
platelets increasing permeability of the vasculature and
facilitating the entrance into the tissue [115]. Neutrophils
have been shown to support metastatic spread by forming
neutrophil extracellular traps that trap tumor cells in the
blood stream, this way helping them adhere to endothelial
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cells, avoid natural killer cell attacks, and extravasate
[115]. Due to poor adaptation to the new microenvi-
ronment most tumor cells are either eliminated after
extravasation or enter a state of dormancy for years. *ese
cells can be activated to grow by prometastatic changes in
the microenvironment such as hypoxia, fibrosis, in-
flammation, and production of ECM components by
CAFs which underlines the interdependence of cancer
cells and their microenvironment as described above
[115]. To evade anoikis in peritoneal carcinomatosis
kallikrein-related peptidases (e.g., KLK7) are activated
and tumor cells form clusters and continue to proliferate
as opposed to the hematogenous dissemination where
tumor cells are chemically and mechanically protected by
platelets [114]. In addition, studies on CRC cell lines have
shown that an upregulation of Src, a tyrosine kinase that
plays a major role in cell-matrix and cell-cell contact-
mediating adhesions, leads to an increased resistance to
anoikis [116].

Recently, focus has been on identifying relevant ad-
hesion molecules in peritoneal spread, and it has been
shown that adhesion molecules differ in between hema-
togenous and peritoneal dissemination suggesting differ-
ences in attachment processes. In hematogenous spread, in
CRC mainly to the liver, adherence to the endothelium in
the hepatic sinusoids is required which involves CD44
binding to hyaluronan and the blood group antigens sLea
and sLex binding to selectins and mucins binding to ECM
components [113]. Important adhesion molecules in
peritoneal carcinomatosis include integrins (e.g., α2β1) and

integrin ligands, proteoglycans (e.g., CD44), members of
the immunoglobulin superfamily (e.g., ICAM1, VCAM1,
L1CAM), mucins (e.g., MUC16), and the epithelial cell
adhesion molecule (EPCAM). *ere is an ongoing debate
on the importance of each of these adhesion molecules with
respect to the metastatic site. Data suggest that blood group
antigens only play a role in hematogenous spread, whereas
L1CAM and proteoglycans only contribute to peritoneal
dissemination [113]. Although the exact differences remain
unclear there is agreement on the importance of adhesion
molecules in metastatic spread especially since free-floating
tumor cells in the peritoneal cavity alone do not necessarily
lead to peritoneal carcinomatosis [113]. *e invasion into
the peritoneum requires proteolytic enzymes such as
matrix metalloproteases (e.g., MMP2/7/9) secreted by tu-
mor cells or surrounding stromal cells. After invasion,
tumor cells not only have to survive in the new environ-
ment but also sustain proliferation with IGF-1 and an-
giogenesis-promoting factors such as HIF1α and VEGF
playing pivotal roles. IGF-1 mRNA has been shown to be
overexpressed in peritoneal spread in comparison to liver
metastases [114].

In search of novel biomarkers, DDR2, a type 1 collagen
receptor tyrosine kinase associated with the Src pathway
involved in a multitude of processes such as carcinogenesis
and adhesion, was identified to be a driver gene of peritoneal
carcinomatosis in gastric cancer. In CRC, high DDR2 ex-
pression was associated with higher frequencies of T4,
lymph node metastasis, peritoneal spread, and poorer
prognosis compared to low DDR2 expression, suggesting
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Figure 3: Development of peritoneal carcinomatosis: (1) detachment of colorectal cancer cells from their primary tumor and gain of
motility, (2) anoikis evasion, (3) adherence to peritoneal surface, (4) invasion into peritoneum, and (5) proliferation and formation of
peritoneal metastasis. Several adhesion molecules have been identified to be crucial in the adhesion process to the peritoneal surface,
including integrins, proteoglycans, mucins, and members of the immunoglobulin superfamily. A multitude of cells and factors are involved
in the process of invasion including peritoneal macrophages (PMs), peritoneal mesothelial cells (PMCs), peritoneal fibroblasts (PFBs), and
subperitoneal fibroblasts (SPFs). Factors that have been identified to play a role in peritoneal carcinomatosis in CRC are highlighted red.
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that DDR2 expression might be an effective therapeutic
target [117].

7. Conclusion

*is review aimed to give an overview of the underlying
principles of metastatic spread in CRC with respect to liver
metastases versus peritoneal metastases (Figure 4). Current
data suggest that EMT plays a major role in the beginning
stages of tumor spread by enabling mobility and in-
vasiveness. However, it is still unclear whether EMT equally
contributes or differs in relevance to local tumor progression
and peritoneal spread versus formation of distant metastasis,
e.g., hematogenous spread.

Peritoneal carcinomatosis might be an advanced stage of
local tumor progression and the result of spontaneous tumor
cell shedding into the lymphatic system or exfoliation into the
peritoneal fluid, whereas liver metastases are the result of
hematogenous dissemination. During systemic trans-
portation to the liver, CTCs are mechanically and chemically
protected by platelets and neutrophils that help CTCs avoid
shear stress and immune attacks of natural killer cells and
support them in adherence to the endothelium and extrav-
asation. During peritoneal spread, tumor cells form clusters to
evade anoikis and continue to proliferate. Furthermore, re-
cent studies suggest that adhesion molecules that help cells in
the attachment process to their target organ differ signifi-
cantly between hematogenous and peritoneal metastases. In

liver metastases, the blood group antigens sLea and sLex might
play an important role, whereas in peritoneal metastases
L1CAM and proteoglycans could be a new focus. Angio-
genesis is an important mechanism in CRC to sustain tumor
growth. However, it seems that angiogenesis is also an es-
sential step in the early steps of hematogenous metastasis
formation by enabling tumor cells to connect to the pre-
existent vasculature by new vessel formation in the first place.
Growing evidence points to the TME playing a crucial role in
all stages of tumor development from tumor proliferation to
metastasis formation to colonization of the peritoneum or
distant organs. Tumor cells, immune cells, soluble factors, and
ECM components seem to be all part of an ecosystem pro-
vided by the TME and described processes such as EMT or
angiogenesis seem to be dependent on bidirectional in-
teractions with the TME. Growing evidence suggests that
peritoneal carcinomatosis in CRC is the terminal stage of a
locally advanced tumor progress, whereas hepatic metastasis
might be a hematogenously spreading CRC that could locally
still be controlled. How CRC cells choose their route to
disseminate and the underlying mechanisms of organo-
tropism, especially in terms of CRC, have only very recently
been started on uncovering. More experimental and clinical
studies could contribute immensely to further understand
and clarify the underlying principles of mechanisms of me-
tastasis in colorectal cancer and metastatic organotropism.
Better understanding of these mechanisms will help provide
specific targets for therapeutic interventions in the future.
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Figure 4: Mechanisms of metastasis in CRC—hematogenous versus peritoneal spread. Hematogenous spread: Tumor cells undergo EMT
and leave the primary tumor. *rough angiogenesis tumor cells find entrance into the circulatory system. During transport CTCs are
protected by platelets and neutrophils from immune attacks and shear stress. Using distinct adhesion molecules CTCs then attach to the
liver stroma and form colonies. Peritoneal spread: Tumor cells leave the primary tumor through spontaneous tumor cells shedding, surgical
interventions, or exfoliation into the lymphatic system. In the peritoneal fluid, tumor cells form clusters to evade anoikis. Using certain
adhesion molecules tumor cells attach to the peritoneum and use angiogenesis to further spread in the peritoneum. Factors that have been
identified to play a role in specific parts of this multistep process in CRC are highlighted grey.
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