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Abstract: Tumor cell dissemination from the primary tumor site to distant organs is one of the characteristic properties of malignant tumors and represents a crucial step in the progression of disease. Although the pattern of spread
may vary in different types of carcinomas, dissemination via the lymphatic system represents a common event in
metastasis. The extent of lymph node metastasis is one of the major determinants for the prognosis of patients
with gastrointestinal carcinomas and guides the therapeutically management. During the last decades, significant
attention has been given to the molecular mechanisms that control lymphatic metastasis. The process of lymphangiogenesis has come into the focus. Lymphangiogenesis, the formation of newly lymphatics, comprises a series of
complex cellular events and is controlled by a balance between pro- and anti-lymphangiogenic signals. This article
will briefly describe the lymphatic system and then provide an overview of the molecular players involved in tumor
lymphangiogenesis.
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Introduction
Solid tumors of the gastrointestinal tract such
as esophageal, gastric, pancreatic colorectal
cancer (CRC) are among the 10 most common
malignancies worldwide. In Germany 2009 a
total of ~215.000 people died suffering from
cancer. Looking at the specific cancer sites
colorectal cancer is the second leading cause
of death, pancreatic cancer the fourth and gastric cancer the fifth in men and sixth in women
(Cancer in Germany 2007/2008 8th edition
2012). Despite the existence of screening programs, prevention strategies and multimodality
appro-aches in the treatment of malignant gastrointestinal tumors, they remain a major public
health problem. Although the pattern of spread
may vary in these different types of carcinomas, dissemination from the primary tumor
site to distant organs via the lymphatic system
represents a common step in metastasis [1].
The presence of regional lymph node metastasis and the number of metastatic regional

lymph nodes are of crucial importance for prognosis of patients with gastrointestinal carcinomas. When lymphatic metastasis occurs
patients have less favorable outcome (Table 1).
Considering this and the high rate of incidence
and mortality of gastrointestinal tumors it is
critical to determine the molecular mechanisms
of tumor dissemination. While the role of angiogenesis in cancer progression is well established, the role of the lymphatic system and the
relation between lymphangiogenesis and tumor
metastasis is still incomplete clarified. This article provides a brief review of current knowledge
in this area.
Structure and function of the lymphatic system
The identification of lymph specific markers
such as Prox-1, LYVE-1 or podoplanin in the last
two decades has led to a broader understanding of functional anatomical, cellular and molecular aspects of the lymphatic system (LS). Also
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Table 1. The 5-year survival rate drops significantly from early tumors stage UICC I to advanced tumors
stage UICC III, when lymphatic metastasis occurs
Tumor type

UICC I

UICC III

Esophageal cancer

> 50%

< 15%

Gastric cancer
Colorectal cancer

> 80%
>90%

< 30%
30-60%

Figure 1. Scheme of differentially expressed genes between the lymphatic endothelium and the blood endothelium.
Abbreviations: signal transducer and activator of transcription 6 (Stat6), monocyte chemotactic protein-1 (MCP-1),
interleukin 6/8 (IL-6/8), intracellular adhesion molecule (ICAM), angiopoietin-1 (Ang-1), vascular endothelial growth
factor/receptor (VEGF/R), cluster of Differentiation 44 (CD-44), insulin like growth factor 1/2 (IGF-1/2), fibroblast
growth factor 2 (FGF-2), hepatocyte growth factor (HGF), mesenchymal epithelial transition factor (c-MET), angiopoietin receptor 2 (Tie-2). Adapted from [46].

these lymphatic markers are not totally specific
to the lymph endothelium they play a crucial
role in the development of the LS. The lymphatic vascular system is formed by lymphatic endothelial cells (LEC’s). LEC’s of initial capillaries
typically express Prox-1, VEGFR-3, podoplanin,
LYVE-1 and can secrete chemokines. After arteriovenous differentiation, controlled by Notch/
COUP-TFII, Sox18 activates Prox-1 and induces
the lymphatic differentiation program in the
anterior cardinal vein [2].
Prox-1, the prospero-related homedomain transcription factor is required for LEC specification. Downstream signaling of Prox-1 results in
upregulation of LYVE-1 and VEGFR-3. The
VEGF-C/VEGFR-3 is necessary for migration
and survival of newly formed LEC’s.
LYVE-1, a homologue of the hyaluronic acid
receptor CD44, is a member of the Link protein
family and functions as a receptor for hyaluronan. Hyaluronan is a key mediator of cell migration. LYVE-1 is used as a marker for distinguishing lymphatic vessels (LV) from blood vessels in
615

normal and tumor tissue. During embryogenesis LYVE-1 is expressed in cardinal vein endothelium, almost simultaneous with Prox-1
expression. In contrast to Prox-1, LYVE-1 is not
necessary for normal development or function
of LV [3, 4].
Podoplanin is another specific marker for the
lymphatic endothelium, due to the fact that it is
expressed by developing and mature LEC’s but
not by blood vessels. It is a transmembrane
mucin like protein, which is expressed in normal human tissue predominantly in lymph
endothelial cells but also e.g. by podocytes,
osteoblasts, alveolar Type I cells. Under normal
conditions podoplanin is involved in LV formation. Podoplanin knockout mice have lymphatic
defects associated with dilated, malfunctioning
lymphatic vessels and lymphedema and die at
birth of respiratory failure [5, 6]. The expression
of podoplanin is regulated by Prox-1. Since
podoplanin is differentially expressed in a number of neoplasms such as vascular tumors,
germ cells tumors, esophageal squamous cell
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Figure 2. Structure of lymphatic vessels compared to blood vessel. Blood vessels are characterized by a complete
basement membrane and are surrounded by pericytes and smooth muscle cells. Initial lymphatic vessels in contrast have no or an incomplete basement membrane and are characterized by lose intercellular junctions and
anchoring filaments, which makes them suitable for uptake of fluid, particles and tumor cells. Collecting afferent
lymphatic vessel consist like blood vessels of pericytes, which help to reduce lymphatic fluid extravasation and
draining lymph fluid to lymph nodes. Adapted from [46].

carcinomas and gastric carcinomas, a role for
podoplanin in tumor invasion and metastasis
has been suggested [7]. Recent findings indicate that podoplanin might favor invasion via
its ability to remodel the cytoskeleton and thus
increasing tumor cell motility [8].

tory cytokines/chemokines, cytoskeletal and
cell matrix organization [9-12]. The difference
in gene coding for cytoskeletal and cell matrix
organization is consistent with the fact that
BEC’s are exposed to high blood flow/pressure
and therefore need stronger adhesion.

The LS is a hierarchical network comprising circulating lymphocytes, blind ended capillaries,
collector vessels, lymph nodes (LN) and lymphoid organs and it serves key physiological
functions. It maintains fluid homeostasis by
absorbing and draining e. g. interstitial fluid,
plasma proteins, extravasated cells and returning them back into the blood circulation, and
the LS is an essential part of the body´s immunological surveillance system. Gene expression
profiles of LEC’s and blood endothelial cells
(BEC’s) have been analyzed and compared
(Figure 1). About 300 genes are differentially
expressed and the most obvious differences
were detected in genes coding for proinflamma-

The function (fluid absorption and lymph transport) is reflected in the structure of LV and differs fundamentally from blood vessels (BV)
(Figure 2). Initial lymphatic capillaries are about
< 100 µm in diameter and characterized by
loose intercellular junctions. In contrast to
blood capillaries they have no or an incomplete
basement membrane and the wall of LEC´s is
jointed to the extracellular matrix by anchoring
filaments. Anchoring filaments, which contain
elastic fibers, help the vessels to function. They
prevent vessel collapse in conditions of high
interstitial pressure via opening overlapping
cell junctions and thereby widening the capillary lumen. Lymphatic capillaries merge into
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Figure 3. Schematic overview of processes involved in tumor lymphangiogenesis and metastasis. To facilitate tumor
cell entry into the lymphatic vasculature tumor cells could secreted various lymphangiogenic growth factors.

collector lymphatic vessels. These collector LV
consists of pericytes and have valves to help
propel a unidirectional flow to LN. Tumor cells
can take advantage of the structural LV design
to promote their dissemination. The lack of a
complete basement membrane or the loose
intercellular junctions provides an easily accessible route for tumor cells. To facilitate tumor
cell entry into the lymphatic vasculature alteration of the functional properties of the lymphatic endothelium could lead to adhesion and
intravasation of tumor cells. Furthermore, chemokines secreted by LEC’s, can mediate
detachment, migration or invasion of tumor
cells into LV.
Lymphangiogenesis
Tumor lymphangiogenesis
Carcinogenesis is a complex multistep process
and dissemination from the primary tumor site
to target organs via the lymphatic system represents a common step in tumor cell spread.
Gastric cancer frequently spreads to regional
lymph nodes and gastrectomy with D1 and D2
lymphadenectomy has become a standard
treatment procedure. Lymphangiogenesis, the
process of formation of new lymphatic vessels,
takes place in a variety of physiological and
617

pathophysiological processes such as embryonic development, regeneration, inflammation,
wound healing and lymph vascular malformation [13]. There is an ongoing considerable
debate in the literature whether lymphangiogenesis can be induced by tumor cells, whether
lymphatic invasion requires the formation of
new lymphatic vessels or uses preexisting lymphatic vessels. Lymphatic metastasis of tumor
was classically viewed as a passive process,
where tumor cells spread by utilizing preexisting lymphatic vessels e.g. via open junctions or
by tumor eroding and not through the process
of active new lymphatic formation (lymphangiogenesis). Until now there is mounting evidence
that lymphangiogenesis does occur in tumors
and that it promotes tumor progression. By
analogy with angiogenesis, a shift in the balance between pro lymphangiogenic and anti
lymphangiogenic signaling, might lead to lymphangiogenesis (Figure 3). The most obvious
molecular regulators are represented in the
following.
Molecular regulators of tumor lymphangiogenesis
Vascular endothelial growth factors (VEGF):
The human VEGF family of growth factors
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Table 2. Korrelation of VEGF-C/VEGF-D/VEGFR-3 expression in gastrointestinal tumors and clinical
outcome.
Tumor Type
Esophageal cancer

Gastric cancer

Pancreatic cancer

Colorectal cancer

Findings
Correlation VEGF-C/VEGF-D expression to tumor progression, lymphatic
spread
Strong correlation between VEGF-C expression and lymph node metastasis
in squamous cell carcinoma, but not in adenocarcinoma.
Positive correlation between VEGF-C/VEGF-D expression and lymphatic
metastasis
No association of vascular endothelial growth factor-A (VEGF-A) and VEGF-C
expression with survival in patients with gastric cancer
Expression VEGF-C/VEGF-D correlate with evidence of lymphangiogenesis
and angiogenesis in pancreatic adenocarcinoma.
Lymphatic spread of ductal pancreatic adenocarcinoma is independent of
lymphangiogenesis (no overexpression of VEGF-C/VEGF-D
Pos. correlation of VEGF-C/VEGF-D expression with lymphatic metastasis
and poor prognosis
No correlation between VEGF-C/VEGF-D expression and clinicopathological
variables

includes five members VEGF-A, VEGF-B,
VEGF-C, VEGF-D, PIGF, three tyrosine kinase
receptors VEGFR-1, VEGFR-2, VEGFR-3 and two
non protein kinase co-receptors (neutropilin -1
and neutropilin-2). VEGF-C and VEGF-D are the
most important lymphangiogenic factors and
exert this function via binding to VEGFR-2 and
VEGFR-3 [14]. The rationale for this approach
was derived from transgenic mouse models
[15]. In VEGF-C deficient mice lymphatic vessels fail to develop, while transgenic induction
of VEGF-C leads to hyperplasia of lymphatic
vessels [16-18]. The VEGF-C/VEGF-D/VEGFR-3
axis in adult human tissues is mainly expressed
by lymphatic endothelial cells but also by a variety of human carcinomas. Binding of growth
factors leads to receptor dimerization, autophosphorylation of tyrosine residues, initiating
of signal pathways and causes an increase in
vascular permeability, proliferation, migration
and survival of LEC’s in vitro and in vivo [19,
20]. In solid human tumors the clinicopathological significance of VEGF-C/VEGF-D status currently remains controversial (Table 2). For CRC
a significantly higher expression level of
VEGF-C/VEGFR-3 compared to normal tissue is
described [21]. Figure 4 shows a histopathological result of VEGF-C expression.
The majority of studies (such as esophageal,
gastric, pancreatic or colorectal) have found a
positive correlation between overexpression of
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Reference
[47, 48]
[49]
[50, 51]
[52]
[53, 54]
[55]
[25]
[56, 57]

VEGF-C/VEGF-D on the one hand and vascular
invasion, lymph vessel and lymph node involvement, distant metastasis and poor clinical outcome on the other hand [22-27]. However, in
other studies such correlation could not be confirmed. The VEGF-C/VEGF-D/VEGFR-3 axis
exerts different biological effects on cancer
cells to cause tumor progression. Some authors
observed a lymphangiogenic switch in tumors,
which means the ability of tumor cells to secrete
their own growth factors leading to autocrine
stimulation and via paracrine mechanisms
tumor cells could induce the stimulation of
other cells and thereby generating a (neo) vascularization of the tumor microenvironment. It
is also of importance that the expression of
VEGF-C/VEGF-D differs within the tumors.
Some investigators showed that the expression
of VEGF-C in the invasion front is significantly
higher than in tumor center, suggesting that the
invasive edge may play a more important role in
inducing tumor associated lymphangiogenesis
compared to the rest of the tumor [2, 25, 28]. In
addition, these studies have reported that lymphatic vessels in the tumor margin were
enlarged and dilated. Suggesting that tumor
cells can easily use these gateways and intratumoral LV might be poor in function [29]. The
debate about the dominant role of intratumoral
vs. peritumoral LV is still controversial. Taken
together, several studies have provided evidence of an active involvement of the VEGF-C/
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detailed function of Angs
in lymphangiogenesis is
still unclear.
Chemokines: Chemokines are a super family of chemoattractant cytokines
and they are involved in a
variety of immune responses. Chemokines bind to G-protein coupled
receptors and they are
grouped, according to the
position of the cysteine
residue, into four subfamilies: CXC, CXCR3, CC and
C. Like mentioned before,
LEC’s can secrete lymphangiocrine cytokines such as CCL21/CCL19, which act via CCR7 and
Figure 4. Immunohistochemistry for VEGF-C expression in CRC.
CXCL12, which binds to
CXCR4. They mediate
VEGF-D/VEGFR-3 axis in lymphatic metastasis
homing of lymphocytes and migration of denin gastrointestinal carcinomas.
dritic cells into lymphatic vessels. To date, several sets of chemokines and their receptors
Angiopoietins (Angs): Among the four distant
have been suggested to play crucial roles in LN
Angs, Angiopoietin-1 (Ang-1) and Angiopoietin-2
metastasis. High levels of expression of che(Ang-2) are the most intensive characterized
mokine receptors such CCR7 in gastric cancer,
members of the Ang family. Ang-1 acts via the
CCR7/CXCR4 in esophageal cancer, CXreceptor tyrosine kinase Tie2 as a constitutive
CR3/CXCR4 and CCR7 in colorectal and CXCR4
Tie2 agonist, whereas Ang-2 is capable of actin pancreatic cancer incre-ase the efficiency of
ing as an agonist and antagonist in the interacttumor cells homing to metastatic target sites
ing with Tie2. Tie2 is expressed on blood and
[13, 35, 36]. Patients with CXCR3 positive colon
lymph endothelial cells, but can also be found
cancer showed a significant shorter survival
on cancers cells, monocytes and tumor associcompared to those without CXCR3 expresated macrophages [30]. While Ang-1 is widely
sion.
expressed in adult tissues, where it promotes
Fibroblast growth factor (FGF): The fibroblast
vessel maturation and stabilization, Ang-2
growth factor family consists of structurally
expression occurs during vascular remodeling
related ligands and four receptors (FGFR-1,
and angiogenesis. About the role of Angs in
FGFR-2, FGFR-3, FGFR-4). FGFR-1 and FGFR-2
lymphangiogenesis little information is availare expressed in endothelial cells. The role of
able. Ang-1 is involved in LEC proliferation and
FGF-2 in angiogenesis has been well characterlymphatic vessel sprouting and Ang-2 deficient
ized, but FGF-2 is also supposed to promote
mice exhibited severe lymphatic dysfunctions
lymphangiogenesis. It might act directly via its
[31]. Overexpression of Angs and their receptor
receptor FGFR, which is upregulated by Prox-1,
Tie2 in gastrointestinal tumor is associated
or through the protein kinase B (Akt)/mammawith advanced disease and poor prognosis [32]
lian target of rapamycin (mTOR)/p70 ribosomal
[33, 34]. Ang-2 e.g. drives lymphatic metastaS6 protein kinase (p70S6K) signaling pathway
sis of pancreatic ductal adenocarcinoma via
[37, 38]. Upregulation of FGFR-2 has been
lymphatic vascularization in the tumor stroma
reported in pancreatic, gastric and colorectal
and through enhancing the capacity of tumor
cancer [39, 40].
cells for adherence to endothelial cells. The
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Table 3. Lymphatic vascular factors and receptors. Adapted from [46]
Lymphatic vascular
factor
VEGF-C/VEGF-D/
VEGFR-3

LYVE-1

Podoplanin

Prox-1

IGF

FGF

HGF

Ang1/Ang2/Tie2

Biological activity

- growth factor/receptor
- secreted dimeric glycoprotein growth factors
- LEC: sprouting, migration proliferation, - proteolytic procession of VEGF-C/-D precursurvial
sors dictate angiogenic/lymphangiogenic
potential
- VEGFR-3 is predominantly expressed in
LECs that line inner surface of lymphatic
vessels
- endocytotic receptor for hyaluronan
- type I integral membrane glycoprotein, lumi(major component of ECM and involved nal/abluminal surface of LECs
in cell migration, differentiation)
- single transmembrane protein
- glomerular podocyte mucoprotein
- expressed on lymphatic but not on
blood vessel endothelium, osteoblasts,
renal podocytes and lung alveolar
cells→cell motility
- homeobox gene for embryologic lym- - subcellular localization controlled by compephatic development and differentiation tition between nuclear localization signal and
nuclear export signal
- expression: f.e. lens, heart, liver,
pancreas
- growth factor
- produced in many tissue, function via autocrine/paracrine mechanisms, circulating in
the plasma in association with IGFBPs
- LEC migration and proliferation
- FGF-1/FGF-2 lack signal sequences for
export out of the producer cell, most of
the other members of the FGF family are
secreted
- growth factor
- growth promoting activity of HGF requires
proteolytic cleavage by extracellular serine
proteinases
- growth factor
- Tie2 expressed on surface of endothelial
cells

Insulin like growth factor (IGF): The IGF system
consists of the ligands insulin like growth factor
1 (IGF-1) and insulin like growth factor 2 (IGF-2)
and their receptors IGF-1R, IGF-2R and 6 IGF
binding proteins (IGFBP´s). IGF-1 and IGF-2 are
polypeptide hormones. The IGF axis exerts
diverse biological functions such as cell growth,
differentiation and survival. Receptor signaling
leads to activation of PI3K, Akt and various
downstream networks. Recent findings indicate, that IGF-1/IGF-2 promote lymphangiogenesis in a dependent and independent manner
of the VEGF-C/VEGF-D/VEGFR-3 axis [41]. The
role of the IGF system in tumorigenesis, cancer
proliferation and survival is well documented
[42, 43]. IGF-1R is frequently over expressed in
several types of carcinomas (pancreatic,
breast, colorectal, primary liver, sarcomas) and
associated with invasion and metastasis.
620

Localization/Expression pattern

Hepatocyte growth factor (HGF): HGF belongs
to the plasminogen prothrombin gene superfamily and its activities are mediated by binding
to the tyrosine kinase receptor c-Met. HGF is
supposed to be involved in proliferation, migration and tube formation of LEC’s via downstream ERK 1/2 and PI3K signaling. Several
studies have shown a differentially expression
of c-Met in solid tumors (colorectal cancer) and
have indicated a positive correlation between
c-Met expression metastatic spread and poor
outcome [44, 45].
Conclusion
In human gastrointestinal cancer, lymph node
metastasis is the hallmark of cancer progression. Lymph node status not only provides the
most important prognostic indicator, it also
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forms the basis for rational treatment options
(neoadjuvant/adjuvant therapy). A Pubmed
search for the term “lymphangiogenesis” identifies 1783 results versus 58778 results for the
term “angiogenesis”. This clearly shows that
lymphangiogenesis is fairly behind in research
compared to blood vessel formation. In the last
decades, since the identification of LEC specific
markers, our knowledge of mechanisms controlling lymphatic metastasis has increased significantly (although each of these specific markers has limitations) and lymphangiogenesis
seems to play an important role in tumor
spread. Tumor lymphangiogenesis is a complex
multi step process, which is characterized by a
chain of events in which organ specific factors
(f.e. lymph flow/lymph node density) and lymphangiogenic factors are implicated, such as
VEGF-C, VEGF-D, IGFs, HGF, angiopoietins and
the list will undoubtedly continue to grow (Table
3).
A thorough understanding of these mechanisms will define the concepts for future therapeutic targeting of gastrointestinal tumors and
will hopefully improve patient outcomes.
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