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Abstract

Despite improvements in diagnostic and therapeutic modalities, the prognosis of
advanced cancer with extensive invasion and metastasis remains poor. The sever-
ity of a clinical prognosis depends on whether lymph node metastasis has
occurred. For metastasis to occur, tumor cells must undergo a multistep process
through a series of sequential and selective events. The metastatic process con-
sists of detachment, local invasion, motility, lymphangiogenesis, lymphatic ves-
sel invasion, survival in the circulation, adhesion to endothelial cells,
extravasation, and regrowth in lymph nodes. Among them, the most important
process is lymphangiogenesis, which is regulated by members of the vascular
endothelial growth factor (VEGF) family and their receptors. In addition to lym-
phangiogenesis, it is well accepted that cancer stem cells play a significant role
in metastasis. Although several types of metastasis-associated molecules have
been identified, the expression of these molecules differs among esophageal,
gastric, and colorectal cancer. This chapter will review the cellular and molecular
mechanisms of lymph node metastasis including lymphangiogenesis and cancer
stem cells in these human cancer types.
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3.1 Lymphangiogenesis

In the multistep process of lymph node metastasis, the most important step is lym-
phangiogenesis, which plays an important role in both tumor growth and metastasis
[1, 2]. Beasley et al. [3] analyzed human head and neck cancers by immunohisto-
chemical staining for the lymphatic endothelial markers LYVE-1 and CD34, and
the proliferation marker Ki-67. They observed Ki-67 nuclear staining in a propor-
tion of small intratumoral lymphatic endothelial cells, suggesting that the intratu-
moral lymphatics do indeed generate new vessels. Furthermore, they found that a
high intratumoral lymphatic vessel density is associated with lymph node metasta-
ses and an infiltrating margin of tumor invasion. Their study provided evidence that
lymphatic growth can occur in human cancers and may in some cases contribute to
lymph node metastasis. It has been also reported that tumor lymphangiogenesis cor-
relates with lymphatic metastasis in esophageal squamous cell carcinoma [4], gas-
tric cancer [5, 6], and colorectal cancer [7].

Lymphangiogenesis is regulated by members of the VEGF family and their
receptors. The VEGF family includes VEGF-A, -B, -C, -D, -E, and -F and placental
growth factor (PIGF) [8]. Among them, VEGF-C and VEGF-D are essential for
lymphangiogenesis. Both VEGF-C and VEGF-D are ligands for VEGF receptor
(VEGFR)2 and VEGFR3 [9]. Activation of VEGFR3 induces lymphangiogenesis,
whereas activation of VEGFR2 is thought to drive angiogenesis. In addition to these
molecules, platelet-derived growth factors (PDGFs) and PDGF receptors (PDGFRs)
not only promote angiogenesis but are also important players in lymphangiogene-
sis. These molecules are summarized in Fig. 3.1.

He et al. [10] investigated how tumor cells gain access to lymphatic vessels and
at what stage tumor cells initiate metastasis. They showed that VEGF-C produced
by tumor cells induces extensive lymphatic sprouting towards the tumor cells as
well as dilation of the draining lymphatic vessels in a mouse model. In this model,
a significant increase in lymphatic vessel growth occurs between 2 and 3 weeks
after tumor xenotransplantation, and lymph node metastasis occurs at the same
stage. Lymphatic vessel growth can be blocked by inhibition of VEGFR3 signaling
by systemic delivery of a soluble VEGFR3 immunoglobulin. However, VEGFR3
immunoglobulin cannot suppress lymph node metastasis when the treatment is
started at a later stage after the tumor cells have already spread. Therefore, tumor
cell entry into lymphatic vessels is a critical step during tumor dissemination.

3.1.1 VEGF-C

VEGF-C is an essential chemotactic and survival factor during lymphangiogenesis
and is required for the sprouting of the first lymphatic vessels from embryonic veins
[11]. Skobe et al. [12] reported that VEGF-C can selectively induce hyperplasia of
the lymphatic vasculature in breast cancer in a mouse model. In gastrointestinal
cancers, a correlation between VEGF-C expression and lymph node metastasis has
been reported. Moreover, expression of VEGF-C protein is observed in cancer cells
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Fig.3.1 Lymphangiogenesis-associated molecules. Lymphangiogenesis is regulated by members
of the VEGF and PDGF families and their receptors

by immunohistochemical analysis. Kitadai et al. [13] examined the expression of
VEGF-C in 48 specimens of human esophageal carcinoma tissues by immunohisto-
chemistry. They reported that VEGF-C expression was correlated with depth of
tumor invasion, tumor stage, venous invasion, lymphatic invasion, and lymph node
metastasis in esophageal squamous cell carcinoma. Matsumoto et al. [14] examined
VEGF-C expression in esophageal squamous cell carcinoma and analyzed the rela-
tionships between VEGF-C expression and clinicopathological findings such as
lymph node metastasis. They demonstrated that VEGF-C overexpression was sig-
nificantly correlated with depth of tumor invasion, lymphatic invasion, and lymph
node metastasis in esophageal squamous cell carcinoma. Moreover, Yonemura et al.
[5] studied the expression of VEGF-C in 32 gastric cancer tissue samples by immu-
nohistochemistry. They showed that VEGF-C expression was correlated with lymph
node status, lymphatic invasion, venous invasion, and tumor infiltrating patterns in
gastric cancer. Furthermore, Amioka et al. [6] analyzed VEGF-C expression in 139
gastric cancer cases. They found that VEGF-C immunoreactivity was associated
with a greater depth of tumor invasion, lymphatic invasion, and lymph node metas-
tases in gastric cancers invading the submucosa. Onogawa et al. [15] analyzed the
expression of VEGF-C and VEGF-D protein by immunohistochemistry in 139 sur-
gical specimens of human colorectal cancer. They found VEGF-C expression in
46.8% of colorectal cancer cases, which was correlated with the depth of tumor
invasion, lymphatic involvement, venous involvement, lymph node metastasis, and
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liver metastasis. These reports demonstrate that VEGF-C plays an important role in
lymph node metastasis in gastrointestinal cancers.

Tumor-associated lymphatic vessel density is correlated with metastasis to drain-
ing lymph nodes and poor prognosis. In gastrointestinal cancers, a correlation
between VEGF-C expression and lymphatic vessel density has been reported.
Hachisuka et al. [16] investigated VEGF-C expression and lymphatic vessel density
in gastric cancer. They found that the expression of VEGF-C was correlated with
high lymphatic vessel density. Li et al. [17] evaluated the expression of VEGF-C
and VEGFR3 in 147 colon cancer cases. They reported that VEGF-C expression
was positively correlated with lymphatic vessel density. These results demonstrate
that VEGF-C promotes lymph node metastasis through lymphangiogenesis.

Although overexpression of VEGF-C has been reported, the mechanism that
underlies this overexpression in cancers remains unclear. Matsumura et al. [18]
investigated DNA methylation and expression of the VEGF-C gene (VEGFC) in
gastric cancer. Bisulfite DNA sequencing analysis revealed that VEGFC was not
methylated in nine of 31 gastric cancer samples, while demethylation was not
observed in the corresponding non-neoplastic mucosa samples. Overexpression of
VEGF-C was frequently found in gastric cancer cases with VEGFC demethylation.
Thus, these results suggest that demethylation and activation of VEGFC is likely
involved in lymphangiogenesis in gastric cancer.

3.1.2 VEGF-D

In addition to VEGF-C, VEGF-D also promotes tumor metastasis through lymphan-
giogenesis [19]. The mature form of VEGF-D shares 61% amino acid sequence
identity with VEGF-C, and binds to both VEGFR2 and VEGFR3 [9]. In mice, Vegfd
binds only to Vegfr3, indicating that Vegfd might have a somewhat different func-
tion in mice and humans [20]. It has been reported that VEGF-D also modulates
prostaglandin levels to regulate lymphatic vessel dilation [21]. Expression of
VEGE-D protein can be detected in cancer cells by immunohistochemical analysis,
and a correlation between VEGF-D expression and lymph node metastasis has been
reported in gastrointestinal cancers. Kozlowski et al. [22] reported that VEGF-D
expression was significantly correlated with tumor location, tumor size, histological
grade, depth of invasion, and lymph node metastasis in esophageal squamous cell
carcinoma. Onogawa et al. [23] examined VEGF-C and VEGF-D expression by
immunohistochemistry in 140 surgical specimens of submucosally invasive gastric
cancer. VEGF-C expression was associated with lymphatic invasion and lymph
node metastasis; however, there was no association between VEGF-D expression
and clinicopathological features. Arigami et al. [24] analyzed VEGF-C and VEGF-D
expression in 80 early-stage gastric cancers. VEGF-C and VEGF-D was detected in
27.5 and 21.3% cases, respectively, and their expression was closely related to
lymph node micrometastasis. Furthermore, Onogawa et al. [15] analyzed VEGF-C
and VEGF-D protein expression by immunohistochemistry in 139 surgical
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specimens of human colorectal cancer. They observed VEGF-D expression in
29.5% of colorectal cancer cases, which was correlated with the depth of tumor
invasion, lymph node metastasis, and liver metastasis. These results indicate that in
addition to VEGF-C, VEGF-D also plays an important role in lymph node metasta-
sis in gastrointestinal cancers.

Besides VEGF-C, a correlation between VEGF-D expression and lymphatic ves-
sel density has been reported. Wang et al. [25] examined the expression of VEGF-D
in 123 patients with gastric cancer. They reported that peritumoral-lymphatic vessel
density was significantly associated with lymph node metastasis, lymphatic vessel
invasion, VEGF-C expression, and VEGF-D expression. Su et al. [26] analyzed the
expression of VEGF-D, SMAD4, and SMAD7 in 251 colon cancer samples. They
found that positive expression of VEGF-D was significantly correlated with lymph
node metastasis and high lymphatic vessel density. Therefore, VEGF-D also pro-
motes lymph node metastasis through lymphangiogenesis.

3.1.3 VEGFR3

VEGFR3 is a tyrosine kinase receptor that is expressed predominantly in the endo-
thelium of lymphatic vessels [27]. VEGFR3 stimulation alone protects the lym-
phatic endothelial cells from serum deprivation-induced apoptosis and induces their
proliferation and migration. At least some of these signals are transduced via protein
kinase C-dependent activation of the ERK1/ERK2 MAPK signaling cascade and
via a wortmannin-sensitive induction of AKT phosphorylation. These results dem-
onstrate a critical role of VEGF-C/VEGFR3 signaling in the proliferation and sur-
vival of lymphatic endothelial cells [28]. VEGFR3 was originally thought to be
expressed specifically in the lymphatic endothelium; however, VEGFR3 is also
expressed in a small subset of blood vessels in normal tissues and can be reex-
pressed in angiogenic blood vessels in certain pathological conditions [29].
Furthermore, VEGFR3 has also been detected in cancer cells, including lung adeno-
carcinoma [30] and gastric cancer cells. Su et al. [30] reported that the VEGF-C/
VEGFR3 axis enhances cancer cell mobility and invasiveness, and contributes to
the promotion of cancer cell metastasis through upregulation of the neural cell adhe-
sion molecule contactin-1. Immunohistochemical analyses in lung cancer and
colorectal cancer revealed that high levels of VEGFR3 and VEGF-C expression
correlated closely with clinical metastasis and patient survival. Kodama et al. [31]
found that VEGFR3-specific immunoreactivity was detected on gastric cancer cells.
Furthermore, in vitro treatment of a gastric cancer cell line with VEGF-C stimulated
cell proliferation and increased expression of cyclin D1, PIGF, and autocrine motil-
ity factor. In a mice xenograft model, the tumor growth of VEGF-C-transfected cells
was greatly accelerated in comparison with that of control cells. Greater angiogen-
esis and lymphangiogenesis were also detected in VEGF-C-transfected tumors than
in control tumors. Therefore, the VEGF-C/VEGFR3 axis plays a role in the progres-
sive growth of human gastric cancer through both autocrine and paracrine
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mechanisms. Tanaka et al. [32] examined the expression and function of the
VEGF-D/VEGFR3 axis in human gastric cancer. They found that 34% of gastric
cancer cases expressed both VEGF-D and VEGFR3. In vitro treatment of a gastric
cancer cell line with VEGF-D increased the expression of cyclin D1 and BCL-2 and
stimulated cell proliferation. Therefore, in addition to VEGF-C, VEGF-D is likely
to participate in the progression of gastric cancer by acting via autocrine and para-
crine mechanisms.

3.1.4 PDGF-B

Members of the PDGF family are often expressed at high levels in many cancers [33].
The PDGF family consists of five isoforms, -AA, -AB, -BB, -CC, and -DD, usually
referred to as PDGF-A (AA), PDGF-B (AB and BB), PDGF-C (CC), and PDGF-D
(DD) [34]. Their biological activities are mediated by the tyrosine kinase receptors
PDGEF receptor (PDGFR)a and PDGFRb. PDGFRa binds all possible forms of PDGF
except PDGF-DD, whereas PDGFRD preferentially binds PDGF-BB. PDGFs induce
tumor growth and stimulate angiogenesis [35]. In addition, Cao et al. [36] showed that
PDGF-BB stimulates MAP kinase activity and cell motility of isolated lymphatic
endothelial cells. Expression of PDGF-BB in murine fibrosarcoma cells induces
tumor lymphangiogenesis, leading to enhanced metastasis in lymph nodes. Matsumoto
et al. [37] examined the expression of PDGF-BB and VEGF-C by immunohistochem-
istry in esophageal squamous cell carcinoma, and found that expression of PDGF-BB
and VEGF-C was correlated with lymph node metastasis and lymphatic invasion.
Furthermore, they found that lymphangiogenesis in PDGF-BB- or VEGF-C-positive
tumors was higher than in negative tumors. Kodama et al. [38] examined the expres-
sion of PDGF-BB and PDGFRD in 38 surgical specimens of gastric cancer. They
showed that PDGF-B and PDGFRb mRNA expression was significantly higher in
patients with lymph node metastasis than in those without, and was also significantly
higher in diffuse-type carcinoma than in intestinal-type carcinoma. Expression of
PDGEF-B was detected in gastric cancer cells, whereas PDGFRb was expressed pre-
dominantly in stromal cells. In orthotopic TMK-1 gastric cancer cell line tumors, the
cancer cells expressed PDGF-B but not PDGFRb. PDGFRb was expressed by stromal
cells, including lymphatic endothelial cells. These data demonstrate that secretion of
PDGEF-B by cancer cells and expression of PDGFRb by tumor-associated stromal
cells are associated with lymphatic metastasis.

3.1.5 Angiopoietin-2

The angiopoietin family growth factors have been identified as ligands for Tie-2.
Angiopoietin-1 activates Tie-2, leading to receptor autophosphorylation upon bind-
ing, and it simulates endothelial cell migration in vitro, contributing to blood vessel
stabilization by recruitment of pericytes [39]. In contrast, angiopoietin-2 is crucial
for establishing the lymphatic vasculature. VEGF-C/VEGFR3 signaling is a critical
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primary proliferation pathway for lymphatic vessels, whereas angiopoietin-2 is
important in later remodeling stages [40].

Jo et al. [41] measured the serum levels of angiopoietin-2 in patients with gastric
cancer by immunoassay; elevated serum angiopoietin-2 levels were associated with
positive lymph node involvement. Wang et al. [42] analyzed the expression of
angiopoietin-2 by immunohistochemistry in 53 gastric cancer and 23 normal gastric
mucosa samples. They found that angiopoietin-2 expression was significantly
increased in gastric cancer tissues (74%) and was correlated with lymph node
metastasis. However, the importance of angiopoietin-2 for lymphatic metastasis of
human esophageal cancer or colorectal cancer is still unknown.

3.1.6 Neuropilin-2

Neuropilin-2 was initially identified as a semaphorin receptor and mediator of
axon guidance [43]. However, it has been reported that neuropilin-2 binds to
VEGF-C [44]. Homozygous neuropilin-2 mutants show a reduction in small lym-
phatic vessels and capillaries prenatally [45]. Caunt et al. [46] reported that an
antibody against neuropilin-2 disrupts VEGF-C-induced lymphatic endothelial
cell migration, but not proliferation. It does not affect established lymphatics in
normal adult mice but reduces tumoral lymphangiogenesis and functional lym-
phatics associated with tumors. It also reduces metastasis to sentinel lymph nodes
and distant organs.

In normal tissue, neuropilin-2 staining is detected in blood or lymphatic vessels,
while staining of neuropilin-2 is identified not only in the vascular or lymphatic
endothelial cells, but also in the cytoplasm of cancer cells. Fung et al. [47] examined
the expression of neuropilin-2 in esophageal squamous cell carcinoma by immuno-
histochemistry. They found that levels of neuropilin-2 expression were significantly
upregulated in esophageal squamous cell carcinoma, and were correlated with
lymph node metastasis. These results suggest that neuropilin-2 plays an important
role in lymphatic endothelial cells, as well as in cancer cells. Nonetheless, the
importance of neuropilin-2 for lymphatic metastasis of human gastric cancer or
colorectal cancer is still unknown.

3.1.7 MicroRNAs

MicroRNAs are 18- to 25-nucleotide-long noncoding RNA molecules that regulate
the translation of many genes [48]. Recent studies have indicated that microRNA
expression levels are altered in most types of human cancers, and microRNAs are
important gene regulators that play critical roles in biological processes and func-
tion as either tumor suppressors or oncogenes.

Yang et al. [49] observed altered expression of miRNAs in human lymphatic
endothelial cells cocultured with lymphangiogenesis-inducing VEGF-C-
transformed gastric cancer cells, with 47 upregulated and 42 downregulated
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miRNAs. Upregulated miRNAs included miR-648, miR-5002-3p, miR-4754, miR-
4760-5p, miR-4491, miR-4252, miR-5007-3p, and miR-647; and downregulated
miRNAs included miR-3178, miR-593-5p, miR-4485, miR-135a-3p, miR-17, miR-
1469, and miR-124-5p.

Hu etal. [50] determined that ectopic miR-128 overexpression inhibited VEGF-C
expression and reduced the activity of a luciferase reporter containing the VEGF-C
3’-untranslated region. Furthermore, in vivo restoration of miR-128 significantly
suppressed the tumorigenicity of A549 cells in nude mice and inhibited lymphan-
giogenesis of tumor xenografts.

Liu et al. [51] reported that miR-486-5p was significantly downregulated in
colorectal cancer tissues compared with adjacent normal tissue by quantitative real-
time polymerase chain reaction. They found that neuropilin-2 is a direct functional
target of miR-486-5p in colorectal cancer cells, and upregulation of miR-486-5p in
colorectal cancer cells was negatively correlated with neuropilin-2 expression.
Furthermore, overexpression of miR-486-5p inhibited tumor growth and lymphan-
giogenesis in nude mice.

3.1.8 Other Factors

Fibroblast growth factor 2 (FGF2, also known as basic FGF) is another factor that
is reported to promote lymphangiogenesis. It stimulates lymphangiogenesis in the
mouse cornea and upregulates expression of VEGF-C and VEGF-D in this model;
this effect was blocked by VEGFR3 antibodies, indicating that FGF2 promotes
lymphangiogenesis via induction of VEGF-C expression and activation of
VEGFR3 signaling [52]. Mikami et al. [53] analyzed FGF2 expression in human
esophageal carcinoma. They found that FGF2 was associated with tumor inva-
sion, lymph node metastasis, and pathological stages. Furthermore, Ueki et al.
[54] examined FGF2 expression in gastric cancer. They observed FGF2 expres-
sion in 70% of gastric cancer cases, which was confined to the tumor cells. FGF2
expression was correlated with a higher rate of lymph node metastases. It was also
shown that hepatocyte growth factor (HGF) can bind to VEGFR3 and induce lym-
phangiogenesis [55]. Kammula et al. [56] reported that HGF expression is associ-
ated with primary colorectal cancer progression and can be used to predict
outcome.

3.2  Cell Migration and Lymph Node Metastasis

In addition to lymphangiogenesis, cell migration is also an important process in
lymph node metastasis. Cell migration is a process that involves reorganization of
the cytoskeleton, formation of protrusions, establishment of adhesive contacts at the
leading edge, and cell contraction and detachment at the trailing edge. In gastroin-
testinal cancers, several genes were found to promote cell migration, thereby
enhancing cancer cell invasion and metastasis (Fig. 3.2).
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Fig. 3.2 Cell migration-associated molecules in esophageal, gastric, and colorectal cancer.
Several markers for cancer stem cells have been reported in esophageal (a), gastric (b), and
colorectal cancer (c)

3.2.1 FOXA1 Promotes Lymph Node Metastasis in Esophageal
Squamous Cell Carcinoma

Sano et al. [57] compared the gene expression profiles of 24 esophageal squamous
cell carcinomas with extensive lymph node metastasis and 11 esophageal squamous
cell carcinomas with no metastatic lymph nodes by microarray. They found 209
genes whose expression was associated with lymph node metastasis. Among them,
overexpression of CALBI, KRT7, MUC1, and CEACAMS in poor prognostic cases
with metastatic lymph nodes was confirmed by RT-PCR. They also identified
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FOXAI as a transcriptional factor co-expressed with KR77. FOXAL is a pioneer
factor that possesses the ability to engage with closed chromatin, move nucleo-
somes, and ultimately allow subsequent binding of other transcription factors [58].
In esophageal squamous cell carcinoma, FOXA1 induces KR77 and LOXL?2 expres-
sion, both of which are associated with lymph node metastasis.

The KRT7 gene, which encodes cytokeratin 7, is expressed in several simple
ductal epithelia, in mesothelium, and in urothelium. However, cytokeratin 7 is
sparsely expressed or absent in gastric foveolar epithelium, intestinal epithelium,
hepatocytes, and squamous epithelia [59]. It has been reported that cytokeratin 7
expression is a statistically significant prognostic factor in patients with stage I and
II esophageal squamous cell carcinoma [60]. In stage 0-III esophageal squamous
cell carcinoma, lymph node metastasis is frequently found in cytokeratin 7-positive
cases but not in cytokeratin 7-negative cases [61]. In contrast, a direct association
between cytokeratin 7 expression and lymph node metastasis remains unclear.
Because cytokeratin 7 expression is regulated by FOXA1, FOXA1 may also regu-
late several cancer-related genes, such as FOXA1-inducing genes.

The LOXL2 gene, which encodes lysyl oxidase-like 2 protein, is a member of the
LOX family of extracellular matrix-modifying enzymes [62]. Lysyl oxidase-like 2
catalyzes the cross-linking of collagens and elastin [63]. Furthermore, lysyl oxidase-
like 2 protein promotes invasion by regulating the expression and activity of the
extracellular proteins tissue inhibitor of metalloproteinase-1 (TIMP1) and matrix
metalloproteinase-9 (MMP9) [64]. Overexpression of lysyl oxidase-like 2 is
observed preferentially in esophageal squamous cell carcinomas with greater than
five metastatic lymph nodes [57]. Lysyl oxidase-like 2 overexpression in pancreatic
cancer cells enhances the epithelial-mesenchymal transition-like process, and
increases migratory and invasive activity [65]. Taken together, these results suggest
that FOXA1 plays an important role in lymph node metastasis in esophageal squa-
mous cell carcinoma.

In contrast, Ren et al. [66] reported that expression of FOXA 1 was not associated
with lymph node metastasis in gastric cancer. Therefore, promotion of lymph node
metastasis by FOXA1 may be a specific event in esophageal squamous cell
carcinoma.

3.2.2 Wnt-5a Stimulates Cell Migration in Gastric Cancer Cells

Wnt-5a, a member of the Wnt family of proteins, is a representative ligand that
activates the p-catenin-independent pathway via mobilization of intracellular Ca*,
and the activation of protein kinase C, resulting in the stimulation of migration of
several cultured cell lines, including cancer cells [67]. Kurayoshi et al. [68] ana-
lyzed the expression of Wnt-5a in 237 gastric cancer cases. They found that Wnt-5a
expression was correlated with the depth of tumor invasion, tumor stage, and lymph
node metastasis. They also found that Wnt-5a stimulates cell migration and invasion
in gastric cancer cells. Overexpression of Wnt-5a activates focal adhesion kinase,
and knockdown of Wnt-5a reduces the turnover of paxillin in focal adhesion.
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Yamamoto et al. [69] performed microarray analyses to compare expression pat-
terns between mouse fibroblast L cells that stably express wild-type Wnt5a and a
mutant form of Wnt5a. They found that Wnt5a induces the expression of laminin
gamma?2 through the activation of protein kinase C and c-Jun-N-terminal kinase.
The invasive activity of gastric cancer cells depends on laminin gamma2. These
results demonstrate that Wnt-5a contributes to gastric cancer metastasis by increas-
ing cell migration activity.

In contrast, Li et al. [70] showed that WNT5A is silenced in the highly invasive
colon cancer cell line by histone modifications. Dejmek et al. [71] showed that the
addition of recombinant Wnt-5a significantly reduces the migratory capacity of
SW480 colon cancer cells. Therefore, promotion of lymph node metastasis by
Whnt-5a may be a specific event in gastric cancer.

3.2.3 BAMBI Promotes Migration of HCT116 Colon Cancer Cells

Fritzmann et al. [72] compared gene expression patterns between metastatic and
nonmetastatic stage-matched human colorectal cancers by microarray analysis.
They found that BAMBI is highly expressed in approximately half of metastatic
primary tumors and metastases but not in nonmetastatic tumors. BAMBI antago-
nizes the effects of TGF-p superfamily ligands by stably associating with the sur-
face receptors [73], and is directly regulated by B-catenin in colon cancer cells [74].
Fritzmann et al. reported that BAMBI was expressed at a low level in normal colon
mucosa and nonmetastatic primary tumors, and was highly expressed in the epithe-
lial compartment of a subset of metastatic primary tumors. Forced expression of
BAMBI inhibited TGF-p signaling and increased migration in colon cancer cells. In
a mouse model, forced expression of BAMBI caused colon cancer cells to form
tumors that metastasized more frequently to the liver and lymph nodes than control
cancer cells.

Zhang et al. [75] investigated the expression of BAMBI in 276 gastric cancer
tissues by immunohistochemistry. They found that BAMBI expression was signifi-
cantly correlated with increased depth of invasion, lymphatic invasion, and lymph
node metastasis. However, the significance of BAMBI for lymphatic metastasis of
human esophageal cancer remains unknown.

3.3 Cancer Stem Cells and Metastasis

In the cancer stem cell model, tumors consist of subsets of cells with functional
heterogeneity, and one small subset of cancer cells has the characteristics of stem
cells. These cancer stem cells have the capability of both self-renewal and multi-
lineage differentiation into diverse cancer cells, which play a decisive role in main-
taining the capacity for malignant proliferation, invasion, metastasis, and tumor
recurrence [76, 77]. Cancer stem cells play an important role not only in tumorige-
nicity but also in cancer metastasis [78]. CD133 is a marker of cancer stem cells or



80 N.Que et al.

tumor-initiating cells that can promote human colorectal cancer after being xeno-
grafted into immunodeficient mice [79]. A higher percentage of CD133-positive
cancer cells is an unfavorable prognostic factor for colorectal cancer patients with
locally advanced disease, and CD133-positive cancer cells contribute to tumor pro-
gression [80]. Li et al. [81] cultured CD133-positive colorectal cancer cells and
analyzed the invasive and metastatic capabilities of CD133-positive single cell-
derived progenies in a nude mouse model; all were tumorigenic, and the subcutane-
ous tumors expanded rapidly, while only one of three CD133-negative single cell
progenies developed a minimal tumor in nude mice. They also found that CD133-
positive single cell progenies possessed heterogeneity in intestinal wall invasion and
lymph node and liver metastases, while CD133-negative single cell progenies did
not produce secondary transplanted tumors or intestinal invasion and metastasis.
Therefore, the ability of cancer stem cells to initiate new tumors is important for
metastatic colonization. Among esophageal, gastric, and colorectal cancers, several
markers for cancer stem cells have been reported (Fig. 3.2). It remains unclear
which marker is the most important and specific.

3.3.1 Esophageal Cancer Stem Cells

Tang et al. [82] reported that CD90-positive cell populations in esophageal squa-
mous cell carcinoma are endowed with stem cell-like properties and high tumori-
genic and metastatic potential. In freshly resected clinical specimens, CD90-positive
cells represent a rare cell population, the levels of which correlate with lymph node
metastasis.

Aldehyde dehydrogenase 1 (ALDHI) is a detoxifying enzyme responsible for
oxidizing a variety of intracellular aldehydes to carboxylic acids. ALDHI is pro-
posed as a common marker for both normal and malignant stem and progenitor
cells. Its activity has been employed successfully as a stem cell marker in breast
cancer [83]. Wang et al. [84] investigated the expression of ALDHI1 protein in
human esophageal squamous cell carcinoma tissues by immunohistochemistry.
They found that ALDHI expression was correlated with lymph node metastasis and
late pathologic TNM classification staging.

3.3.2 Gastric Cancer Stem Cells

The stemness factors Sox2, Oct3/4, and Nanog are associated with induced pluripo-
tent stem cells, suggesting a correlation between these stemness factors and cancer
stem cells [85]. Matsuoka et al. analyzed the expression of Sox2, Oct3/4, and Nanog
in gastric cancer by immunohistochemistry. They found a significant correlation
between Sox2-positive or Oct3/4-negative expression and invasion depth, lymph
node metastasis, and lymphatic invasion.

In addition to ALDHI1 and CD133, CD44 can be used to isolate cancer stem cell
populations in colorectal cancer [86]. CD44-positive fractions of gastric cancer could
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generate spheroid colonies under non-adherent conditions, and small numbers of
these cells could generate tumors in mice [87]. Wakamatsu et al. [§8] immunohisto-
chemically examined the expression and distribution of representative cancer stem
cell markers ALDH1, CD44, and CD133 in primary tumors and lymph node metas-
tases of gastric cancer. They found that CD44 and CD133 expression was associated
with lymph node metastasis, and the expression pattern of cancer stem cell markers
in lymph node metastases tended to be the same as that in primary tumors.

SALLA4 is a member of the SALL gene family and acts as a zinc-finger transcrip-
tion factor. Previous studies have demonstrated that SALL4 has an essential role in
maintaining the self-renewal and pluripotency of embryonic stem cells [89]. Zhang
et al. [90] analyzed SALL4 expression in gastric cancer. They found that SALL4
levels were highly correlated with lymph node metastasis, and forced expression of
SALLA4 enhanced the proliferation and migration of human gastric cancer cells.

3.3.3 Colorectal Cancer Stem Cells

Leucine-rich repeat-containing G protein-coupled receptor 5 (LGRSY) is a target of
Wht signaling [91]. LGRS is a marker for stem cells in the small intestine and colon,
and plays a crucial role in the biological function of stem cells [92]. Uchida et al.
[93] performed quantitative RT-PCR for LGRS expression in 37 colon cancer cell
lines. They found that LGRS expression was higher in colon cancer cell lines derived
from metastatic tumors compared with those from primary tumors. In clinical
colorectal cancer specimens, LGRS expression was correlated with lymphatic inva-
sion, vascular invasion, tumor depth, lymph node metastasis, and tumor stage.

Silinsky et al. [94] analyzed CD133-positive colorectal cancer cells by
fluorescence-activated cell sorting analysis. They found that CD133-positive cancer
cells correlated with the presence of lymph node metastasis in colorectal cancer.

Langan et al. [95] examined the expression of non-CD133 colorectal cancer stem
cell markers including CD29, CD44, ALDHI1A1, ALDHIBI1, EpCAM, and
CD166 in colorectal cancer tissue samples; of these, EpCAM and CD29 expression
was associated with lymph node metastases.

3.4 Biomarkers for Lymph Node Metastasis

A better understanding of the changes in gene expression during invasion and
metastasis may lead to new paradigms and possible improvements in the diagnosis
and treatment of gastrointestinal cancer. In the past 20 years, numerous genes whose
expression is upregulated or downregulated in lymph node metastasis have been
reported by microarray analysis. Lymph node metastasis-associated genes identi-
fied by microarray analysis are summarized in Table 3.1. Although these genes are
useful for the prediction of lymph node metastasis, their functions are largely
unknown. Functional analysis of these molecules will further improve our under-
standing of the basic mechanisms of lymph node metastasis.



N.Que et al.

82

€DSNL OrI0VVI

ISSV

‘LOXdd ‘TONIN ‘OdNI ‘TTVOdH ‘TATAN ‘LSL ‘gMd.LI ‘LVD
‘TVONA ‘141D ‘€dOV ‘dS.LD ‘8ddd¥ ‘TdANATAS TXIAVe
SINZD “61AD ‘OTdNIN “VZIDDA ‘#dDd ‘1d9LD ‘TONN
‘SINVIOVAD ‘NN “S14dD “TAN “TVIN ‘TVXOd ‘d1d.Lds

[Ls] ‘OLd ‘¥8€ANZ ‘TAdVON ‘TONH ¥ALT ‘#ddVd | ‘OINATIO ‘VIHAV TNSLI ‘1VIEOIDS ‘LIIY ‘€dAL ‘1dTVD sn3eydosy
ZdDAN ‘929014
TVl ‘$988T6 I ‘+2dD ‘06L0VVIY ‘VOSd ‘LI
‘676856 1°0€1TSTT 1 1DddVIL ‘815¥8D0T D 1ddd TT60TDDN ULV ‘€Vdd ‘DJUNS
PVOTD TISITUT ‘69€2001 1 1-d0d ‘615996 1| ‘6dANAN ‘TAdSH ‘0LST+6 1 ‘OHSIN ‘020D ‘HVYNA ‘ISINIT
‘VIOAIN ‘$€9656 1 VIS ‘TANIAIHS ‘9 ‘LTTTSTOOT ‘SOVAS "TFOINH ‘AVCH ‘TYNI ‘T#6096 1
‘CODYUX “DDHY ‘S€€856 1 IVH ‘€0LSS6 1 ‘€dddS ‘NINV ‘NNAN ‘18991 AN ‘€d1dLV ‘LINDIA ‘S0194dd
‘TVXNY ‘6V001S ‘ADVT ‘€DI'TD ‘1VINS “1dd ‘VLSD ‘1949 IdNAD “ZSLD ‘1241 ‘I3L ‘TEMLS ‘IS
TXNNY ‘8LO0TTT T 'NITI “dLSD ‘1LY “1dDS TATA “T8LLS6 1 °S1DD “TSMD ‘ZAVTH ‘SO¥Id ‘TVITOD
[66] | ‘TINDL ‘TdING ‘ddH ‘SNIAS ‘T-dDIN ‘01H01D “TVIN ‘IVLTOD “INIALS ‘€822STT 1 TALSOVL ‘P11 ‘1ddS sngeydosy
d98dddH
‘THOLY ‘TAdINNHL ‘Td¥T ‘0FH0XD ‘TALY ‘€ 1LOD 97dI0LD ‘TIAA
‘TOVAVY TOANAS ‘Y961D79SdZA3IA TNLDA | ‘NTH ‘949Id ‘TAVN “9INDIN ‘TH6EANS ‘SAINVIS PTINDM
[86] ‘LL68TIDOT ‘TVITITIS ‘1SDHd ‘€dHA ‘TedSNd ‘TINDD ‘TATI “dOTINM ‘TH61ErTd ‘TH6EANS ‘€ TIAN sngeydosy
6TS8SDOT ‘STITVVIY ‘TddSII ‘€A TID ‘WADN
“TCSYN ‘THTHN ddV ‘SXOTV ‘L1XAd ‘T9SOVVI
ZVA ‘1VIddd ‘€VINVT ‘SND ‘41Tl ‘ddvd ‘TISNM
TIONAT ‘SAND “TCSUYN ‘PIIL ‘YNITD ‘TAOINH v 1AvErdZANd ‘THAI ‘TdISIdVIN
TYNDD ‘IVANL ‘TIDSTd dVIITI ‘PLIAI ‘“DOAN TASLIAL ‘vXdD ‘TLADANO DD ‘INDDV ‘LVANAN
[L6] ‘BTITVVD ‘vOIT ‘1.10d DIdd ‘1dSNd ‘€STdNN “PdDd ‘d86¢TS8A ‘1dTdd ‘TXAAd ‘SAS ‘ANNS ‘NN 911 sngeydosy
IVNAIL ‘9IXd $VdSH ‘110D CIdININ ‘ZAdD ‘TANAY
‘SdIND “TINAIN ULV ‘1dDdAd ‘944d O¥dadd ‘vyddad ‘TVLIdAD ‘DIADHYYV ‘8¢dD ‘¢dING ‘T TIAVIN ‘ddcdSD
[96] ‘9aTdAD ‘TVHCdAD ‘9ITL ‘€d1L “ISNI ‘9gHdH IV PAIIA ‘TAD 9gDOLI ‘XVOLI ‘dTVOLI ‘TdrD ‘€€dd sngeydosy
BEN| Sased u>Emom-m_m§m§uE SIsBO u>Emom-mMmEmEuE Ioue)

apou ydwA ur poyen3aidn st uorssardxa asoym souan)

opou ydwAj ur poyern3aidn st uoissardxa asoym souan)

100ued dsesd jo sadKjouoyd [eunsojur pue omses ur suonerole uorssardxe ouod onouadide/onoudd jo Arewwing L€ djqer



83

3 Molecular Mechanisms of Lymph Node Metastasis

VOVIN ‘SIVOIN ‘AQddld ‘Xe€XAd

T-DSI'Td ‘TIVS ‘TdINATES TVLAVD ‘TdIDAN
‘€OX0d ‘TTLONWY ‘L6WHINL ‘9ddLNA ‘LDO ‘TODNL
‘CHOVT “TAYA “IXNNY ‘€2800%95dZANdA ‘€1VIdAD
‘LA “TTHOSD TNXIV ‘SODYX "IN ‘9dSVD ‘ANN(

8013109D ‘€ IAINSd ‘vAdIAS ‘LAVL ‘THSIN

‘VOVN ‘TOD0DTVD ‘TISAY ‘TI'IdIN ‘CSANAN ‘TIVNHV
‘OANEINH ‘€INVT LVLYIS ‘199X0D ‘HTITOd ‘D9X0D
‘IV6HA'TV ‘SSdY ‘1d0d “1dd ‘1VANAN ‘€1VSTITIS ‘DS
VSIS ‘T€1dY ‘€ LSO ‘€AdIX ‘€3LS ‘TIFX0D ‘€7SSUd
‘IdI1MZAd ‘THLA ‘SYVL ‘'VOVN ‘€VAINH ‘I3INVY “19d
‘IDISNI ‘NXL ‘€dzddN ‘THAN ‘€IDANXL ‘1ddV ‘€1DD
‘EVILINS ‘6DIVNA ‘TdLSD ‘TdNd¥dH ‘TONA SIAN
‘6cd¥dd ‘L¥dD ‘19V06dSH ‘TSID ‘1dNS ‘NIINH ‘TVIVNA
‘edLd “19d ‘900N ‘dLODIVY ‘ddD ‘TITVININH
‘€TIAN ‘THIAN ‘Td06dSH ‘Td1dV ‘1ddSS “¥UST ‘TISdd
TAINVE ‘€STSVYIH ‘1VLITOD ‘AVCHILSIH ‘€4d.L ‘SSd0D

[zL] ‘ISIAD “IUD ‘€@¥d ‘TXNNY ‘TATOd ‘LIVSTYIS | ‘EVXNYV ‘TdIATIT ‘1Dd ‘TVNIdIAS ‘Ned ‘TAPSdd ‘1d9d uo[o)
[Lo1] IVVS ‘LSD ‘SI1d 7€ddS ‘gTSdd uojo)
[€o1] - LSH dVIND ‘T'TIV “YNIAH ‘DOvVAd yoewolg

STAOTH ‘0626£€D07T ‘81DdS ‘TVOTdAD PIIIIN ‘ENATD ‘d¥ed ‘ded€H ‘TASVNYI
[zo1] ‘TANNLD “ISTTI 1A ‘L1SdY XAZ ‘1d1dY ‘T17109 ‘SIS01LTA ‘HOdV ‘TOANY ‘T1VO00IS ‘SSOY ‘TANVIS yorwolg
II0Ad ‘TdINIA ‘TVIT0D
[101] - DUVAS ‘€ddADI ‘€9IDL ‘OTdININ ‘TNA ‘CSIHL ‘LdNIN [orwol§
[oo1] ZXT ‘vONN INA ‘ADTODd ‘INA ‘€601 VVIY ‘TNAd ‘TA0I ‘TLDO ‘vddd yorwolg




84 N.Que et al.

3.4.1 Esophageal Cancer

Tamoto et al. [96] measured gene expression in 36 esophageal squamous cell carci-
noma cases by microarray. They identified 44 genes (including CD33, GJBI,
ITGA2B, and ITGB6) whose expression was associated with lymph node metasta-
sis. Likewise, Kan et al. [97] analyzed the gene expression profile of 28 esophageal
squamous cell carcinoma cases by microarray and found genes whose expression
was upregulated in lymph node metastasis-positive cases (including /L6, DMN, and
JUND) and genes whose expression is downregulated in lymph node metastasis-
positive cases (including NUP153, DUSP1, and POT1). Yamabuki et al. [98] also
analyzed the gene expression profile of 19 esophageal squamous cell carcinoma
cases by microarray. They found genes whose expression was upregulated in lymph
node metastasis-positive cases (including NFIL3, SUV39H2, and WNT10B) and
genes whose expression was downregulated in lymph node metastasis-positive
cases (including DUSP22, EHD3, and PGSI). Similarly, Uchikado et al. [99] ana-
lyzed gene expression in 16 patients with esophageal squamous cell carcinoma
using oligomicroarray. They found overexpressed genes correlated with lymph
node metastasis (including SPPI, KRT14, and TACSTDI) and suppressed genes
correlated with lymph node metastasis (including MAL, SPINKS, and HBB). Sano
et al. [57] compared the gene expression profiles of 24 esophageal squamous cell
carcinomas with extensive lymph node metastasis and 11 esophageal squamous cell
carcinomas with no metastatic lymph nodes. They found overexpression of CALBI,
KRT7, MUCI1, and CEACAMS in cases with metastatic lymph nodes.

3.4.2 Gastric Cancer

Hippo et al. [100] reported that overexpression of RBP4, OCT2, IGF2, PFN2,
KIAA1093, PCOLCE, and FNI is associated with lymph node metastasis by micro-
array. Inoue et al. [101] found several genes that were differentially expressed with
a significant difference between the two groups with respect to the depth of tumor
invasion and lymph node metastasis by cDNA microarray. Upregulation of MMP?7,
THBS2, FNI1, MMP10, TGFB3, IGFBP3, SPARC, COLIA2, MMP1, and PDGFRB
were associated with lymph node metastasis. Oue et al. [102] performed serial anal-
ysis of gene expression (SAGE) on five gastric cancer samples, and reported that
upregulation of FUS and APOE was associated with lymph node metastasis.
Marchet A et al. [103] evaluated the gene expression profile in 32 gastric cancer
cases. They reported that only three genes (BIK, AURKB, and EIF5A2) could cor-
rectly predict lymph node status. Mimori K et al. [104] performed microarray anal-
ysis of total RNA from whole bone marrow blood from six cases with metastasis
and three cases without metastasis in human gastric cancer. They found that MT1-
MMP-positive expression in peripheral blood was associated with the incidence of
lymph node metastasis. Ueda T et al. [105] analyzed microRNA expression in
human gastric cancer. They found 17 microRNAs whose expression was associated
with lymph node metastasis. Yamashita et al. [106] examined 242 gastric cancer
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patients without or with lymph node metastasis by lectin microarray and found that
vicia villosa agglutinin was linked to lymph node metastasis.

3.4.3 Colorectal Cancer

Parle-McDermott et al. [107] performed SAGE on a primary colon cancer cell line
(SW480) and an isogenic lymph node metastasis cell line (SW620) and found genes
whose expression was upregulated in lymph node metastasis-positive cases (includ-
ing KRT5, CST4, and SAAI) and genes whose expression was downregulated in
lymph node metastasis-positive cases (including RPS28 and SFP32). Bertucci et al.
[108] profiled 50 colon cancer tissues using DNA microarray and identified 46
genes as significantly differentially expressed between cancers with and without
lymph node metastases. Kwon et al. [109] performed microarray analysis in 12
colorectal cancer cases and found 60 genes possibly associated with lymph node
metastasis. Fritzmann et al. [72] compared gene expression patterns between meta-
static and nonmetastatic stage-matched human colorectal cancers by microarray
analysis. They established a signature of 115 genes that differentiated metastatic
from nonmetastatic primary tumors. Among them, BAMBI was highly expressed in
approximately half of metastatic primary tumors and metastases but not in non-
metastatic tumors. Watanabe et al. [110] analyzed the gene expression profile of 89
colorectal cancer cases. They identified 73 genes whose expression significantly
differed between patients with and without lymph node metastasis (including WSX1,
GUCY2C, and DISPA).

3.5 Anti-lymphangiogenic Therapies for Gastrointestinal
Cancer

Although the efficacy of anti-angiogenic therapy has been extensively studied, the
concept of targeting lymphangiogenesis to obtain a therapeutic advantage in cancer
is only a recent development. The lymphatic network plays an important role in
cancer metastasis, allowing spread to draining lymph nodes. Thus, targeting the
induction of tumor lymphangiogenesis and functional alteration of existing lym-
phatic vessels may help to prevent a route for lymphatic metastasis.

In mice experiments, a neutralizing antibody to VEGFR3 was shown to completely
block tumor lymphangiogenesis with no effect on pre-existing vessels [111]. Soluble
VEGFR3 fusion proteins as well as monoclonal antibodies targeted to VEGF-C and
VEGF-D have been developed, and several preclinical and clinical trials using these
agents are currently in progress. Multikinase inhibitors that target VEGFR3 have
already been developed and used for the treatment of some solid tumors.

Ang/Tie-2 signaling is another promising target for anti-lymphangiogenesis ther-
apy, and a selective neutralizing antibody against Ang1/2 has been developed. The
multikinase inhibitor regorafenib inhibits multiple membrane-bound and intracellu-
lar kinases involved in lymphangiogenesis (VEGFRI, 2, and 3, Tie-2), and is used
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for the treatment of patients with metastatic colorectal cancer. Takigawa et al. [112]
reported that single treatment with regorafenib inhibited tumor growth and metasta-
sis by inhibiting both tumor cells and stromal response in an orthotopic implanted
mouse model of colon cancer. Because VEGF-C and PDGF-B expressed by tumor
cells are associated with lymphangiogenesis and lymphatic metastasis in gastric can-
cer, blockage of these factors by regorafenib may be a reasonable approach to the
prevention and treatment of lymphatic metastasis. Interestingly, Onoyama et al.
[113] examined the effects of PDGFR tyrosine kinase inhibitor (nilotinib) and mTOR
inhibitor (everolimus) on tumor stroma in an orthotopic nude mouse model of human
gastric cancer. They found that treatment with nilotinib did not suppress tumor
growth but significantly decreased stromal reactivity, lymphatic invasion, and lym-
phatic vessel area. In contrast, treatment with everolimus decreased tumor growth
and microvessel density but not stromal reactivity. Nilotinib and everolimus in com-
bination reduced both the growth rate and stromal reaction. These results suggest that
targeted molecule-based inhibition of cancer—stromal cell interactions appears prom-
ising as an effective antitumor therapy. Further understanding of the cellular and
molecular mechanisms that regulate lymphangiogenesis of tumors may facilitate the
development of effective anti-lymphangiogenic therapies.

3.6 Conclusion

In this chapter, the cellular and molecular mechanisms of lymph node metastasis in
human esophageal, gastric, and colorectal cancers were described. In the multistep
development of lymph node metastasis, the most important process is lymphangio-
genesis. VEGF-C and PDGF-B expressed by tumor cells plays crucial roles in lym-
phangiogenesis and lymphatic metastasis. Thus, blockage of the factors inducing
lymphangiogenesis could be a reasonable approach to the prevention and treatment
of lymphatic metastasis. Interference with the growth of lymphatic endothelial cells
via several different signaling pathways should enhance the efficacy of anti-
metastatic treatments. In addition to lymphangiogenesis, it is well accepted that
cancer stem cells play a significant role in metastasis. A possible therapeutic strat-
egy for eliminating cancer stem cells is to specifically target the signaling pathways
and transcription factors that are involved in cancer stem cell maintenance and pro-
liferation. The Wnt, Notch, Hedgehog, and Bmi-1 signaling pathways regulate can-
cer stem cells. Further understanding of the cellular and molecular mechanisms that
regulate lymphangiogenesis and cancer stem cell maintenance and proliferation
will facilitate the development of effective anti-metastatic therapies.
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