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Abstract
Vascular endothelial growth factor-C (VEGF-C) binds to receptor vascular endothe-
lial growth factor receptor-3 (VEGFR-3) expressed on lymphatic endothelial and 
melanoma cells. Binding of VEGF-C to VEGFR-3 enhances receptor phosphorylation 
that activates mitogen-activated protein kinase (MAP-K) and phosphatidylinositol-3-
kinase (PI3K). These signalling pathways regulate cell migration and adhesion in re-
sponse to internal or external changes.

In addition, the overexpression of VEGF-C upregulates chemokine receptor CXCR-4 
in tumours (melanoma). CXCR-4 is expressed on cells of the immune system (natural 
killer cells) and facilitates the migration of leukocytes in response to the CXCL12 li-
gand. The latter is expressed by lymphatic endothelial cells and by stromal cells in 
the tumour microenvironment (TME). The gradient established between CXCR-4 ex-
pressed on tumour cells and CXCL12 produced by stromal and lymphatic endothelial 
cells enhances tumour cell metastasis.

3-(4-Dimethylamino-naphthalen-1-ylmethylene)-1, 3-dihydroindol-2-one, MAZ-51, 
is an indolinone-based synthetic molecule that inhibits the phosphorylation of the 
tyrosine kinase receptor VEGFR-3. CTCE-9908, a CXCR-4 antagonist derived from 
human CXCL12, hinders receptor phosphorylation and the subsequent signalling 
pathways that would be activated.

VEGF-C is stimulated by transforming growth factor-beta 1 (TGF-β1), which facili-
tates cell–cell and cell-matrix adhesion by regulating cadherins through the activation 
of focal adhesion kinase (FAK) and mediates paxillin upregulation.

Increased VEGF-C protein levels stimulated by TGF-β bound to VEGFR-3 impact 
on intracellular pathways that promote tumour cell adhesion. In addition, increased 
VEGF-C protein levels lead to enhanced CXCR-4 protein expression. Therefore, effec-
tive blocking of VEGR-3 and CXCR-4 may inhibit tumour cell metastasis by hampering 
intracellular proteins promoting adhesion.
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1  |  INTRODUC TION

1.1  |  Epidemiology

Melanoma is a cancer of the skin melanocytes responsible for pro-
ducing skin pigmentation.1 This aggressive malignancy increases the 
chances of metastasis from the primary site of the tumour.2 Due to 
the latter, the survival rate with current therapeutics is less than 
5 years depending on the progression of the melanoma at diagnosis.2 
The National Cancer Institute (NCI) estimates 106,110 new mela-
noma cases accompanied by 7180 melanoma deaths for 2021.3 In 
addition, and based on 2016–2018 data, 2.3% of men and women 
will be diagnosed with melanoma of the skin in their lifetime.3

Skin cancer is categorized into three subdivisions namely mel-
anoma, squamous cell carcinoma (SCC) and basal cell carcinoma 
(BCC). SCC and BCC are referred to as non-melanoma skin cancer 
(NMSC).4 Melanoma is a relentless form of cancer since it accounts 
for 1%–2% of all cancer mortalities globally.2 The most common 
skin cancer is the non-melanoma skin cancer of, which 80% are af-
filiated with BCCs.5 Metastatic BCCs are not common (0.0028%–
0.55%), although the occurrence of BCC incidences is increasing.6 
Patients with metastatic BCCs have a five-year survival rate of 10%. 
However, the ten-year survival rate of these patients declines below 
10%.7

Non-melanoma skin cancer including BCC and SCC impact 
more than 3 million Americans annually.8 It has been predicted that 
196,060 new cases of melanoma, 101,280 noninvasive (in situ) and 
106,110 invasive cases will be diagnosed in 2021 in the US.8

The melanoma staging system was initially established by the 
American Joint Committee on Cancer (AJCC) Melanoma in 2001 
but has been revised eight times. This staging system is used to cat-
egorize criteria to determine each stage.9 Patients categorized in 
stage I or II refer to melanoma that has not metastasised to local or 
distant sites. In stage III patients, melanoma is detected in regional 
lymph nodes and intra-lymphatic sites. Stage IV indicates melanoma 
metastasis to distant sites.2 The prognosis of patients with stage IV 
melanoma is based on the secondary site where the cancer has me-
tastasised.9 In stage IV melanoma patients, if the cancer has metas-
tasised to the skin in areas further away from the primary site, or is 
located in lymph nodes, this decreases the percentage determined 
for a 1-year survival rate. The latter indicates that melanoma metas-
tasis is a significant predictor of melanoma prognosis.2 Migration, a 
metastatic characteristic of tumour cells allows for movement from 
the primary mass towards blood or lymphatic vasculature permitting 
the transport of the tumour cells towards a secondary site.

1.2  |  Tumour microenvironment in 
melanoma metastasis

Healthy cells in the tumour microenvironment provide the growth 
factors and cytokines required by the tumour cells and the extra-
cellular membrane (ECM) regulates biochemical activity in the 

microenvironment.10 ECM molecules bind integrin receptors on the 
cell membrane facilitated by growth factors referred to as ‘inside-
outside signalling’.11 The integrin ECM growth factor activity pro-
motes the signal transduction protein RAS, which leads to RAS12 
activation in the intracellular membrane10; RAS proteins form part 
of a superfamily of guanosine triphosphate (GTP) binding proteins, 
which regulate signal transduction.12 The ECM coordinates cell ad-
hesion molecules that bind to cytokines/chemokines and growth 
factors.13 The integrin-mediated effectors, focal adhesion kinase 
(FAK) and Src are non-tyrosine kinases associated with downstream 
signalling of mitogen-activated protein kinase (MAP-K), Rac1 and 
GTPases are frequently studied in cancer.14

An increased collagen matrix in tumour microenvironment (TME) 
enhances tumour cell adhesion and therefore contributes to mela-
noma metastasis.15 Melanoma cells have metastatic characteristics 
activated by signalling pathways that are activated by receptor phos-
phorylation induced by growth factors (vascular endothelial growth 
factor-C (VEGF-C) and transforming growth factor-beta (TGF-β1)). 
An increase in protein levels of VEGF-C is stimulated by other 
growth factors including TGF-β16 thereby contributing to metastasis 
of the tumour cells.

Melanoma cells follow several steps to metastasise from the pri-
mary tumour to the secondary site. These steps include (i) tumour 
cells infiltrating the surrounding tissue, (ii) cancer cells migrating 
until they intravasate into vasculature, (iii) tumour cells have to be 
sustained as they travel in the circulatory system, (iv) extravasation 
out of the vasculature, (v) tumour cells migrating to secondary tis-
sue, adherence to the basement membrane and proliferation at the 
secondary site.17

2  |  GROW TH FAC TOR RECEPTORS AND 
LIGANDS

2.1  |  Vascular endothelial growth factor family

Growth of endothelial cells (ECs) found in arteries, veins and lym-
phatics are promoted by VEGF, which inhibits apoptosis and pro-
motes fenestrations of ECs and vascular permeability.18 VEGF levels 
are enhanced by cytokines and growth factors such as fibroblast 
growth factor (FGF), platelet-derived growth factor (PDGF) and 
transforming growth factor (TGF).18

The cellular function of vascular endothelial growth factor 
(VEGF) family (VEGF-A, B, C, D E) and placental growth (PIGF)19 
includes the pro-angiogenic role of VEGFs, which sustains the vas-
culature of several tissues20; VEGF-A is known to maintain vascu-
lar permeability and endothelial cell migration. VEGF-B prevents 
the degeneration of sensory neurons. VEGF-C is highly expressed 
during embryogenesis and VEGF-D is expressed postbirthing into 
adult stages.20 VEGF-C and VEGF-D are strongly affiliated with 
lymphatic vasculature and promote lymphangiogenesis.20 VEGF-E is 
coded in the Orf virus genome and has a strong affinity to VEGFR-2 
in comparison to the other growth factor ligands.20 PIGF only binds 
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    |  5745HLOPHE and JOUBERT

VEGFR-1 and therefore promotes angiogenesis.20 The latter ligands 
are similar in structure and bind to specific tyrosine kinase receptors 
(VEGFR-1, 2 or 3) with neuropilin co-receptors (NRP 1 and NRP 2).21 
VEGF-C and VEGF-D bind VEGFR-2 and -3, respectively; however, 
the ligands are affiliated to lymphangiogenesis, which is associated 
with VEGFR-3.21 Research has shown that, in mice, VEGF-D only 
binds to the lymphangiogenic receptor VEGFR-3 and not the angio-
genic receptor VEGFR-2.22 PIGF binds VEGFR-1 during angiogene-
sis of pathological states, and VEGF-A, the most frequently studied 
growth factor, binds to VEGF-1 in instances of angiogenic activity.23 
This assists to maintain blood vasculatures that sustain tissue func-
tion, but in pathological states, this can sustain tumour growth.

2.2  |  Vascular endothelial growth factor-C

Neoplastic cells expressing high levels of VEGF-C have been as-
sociated with tumour dissemination through the lymphatic vascu-
lature.24 Literature has shown a link between high VEGF-C protein 
levels in melanoma located in the primary tissue and the activity of 
lymph node metastasis by means of VEGFR-3/VEGF-C a gradient.24 
The latter indicates that melanoma cells migrate to lymph nodes 
from primary sites through lymphatic vasculature.

The increased VEGF-C levels are associated with a low survival 
rate in lung, oesophageal squamous and the lymph nodes of met-
astatic melanoma patients.25 VEGF-C hinders the effect of phos-
phorylate phospholipase-C on the anti-tumour immune responses, 
therefore enhancing melanoma metastasis.26

2.3  |  Transforming growth factor-beta 1

TGF-β has three isoforms,1–3 which are produced within the cell as 
dimeric prohormones.27 The inactive form of TGF-β moves to the 
extracellular environment where it is cleaved to convertase and 
furins into the active form of TGF-β.27 Signalling by TGF-β occurs 
when the active ligand binds two pairs of receptors serine/threonine 
kinases (receptor I and II) composing the heterometric structure.27 
Once receptor phosphorylation has occurred, TGF-β pathways are 
activated.27 TGF-β1 inhibits growth in healthy epithelial cells and 
melanocytes.28

Melanomas are able to resist the inhibitory effects of TGF-β1.28 
TGF-β1 contributes to the progression of melanomas as melanoma 
growth correlates with increasing TGF-β1.28,29 The TGF-β1 in mela-
noma causes fibroblast to stimulate the matrix around the tumour 
mass.28 Increased collagen and fibronectin matrixes were detected 
in melanomas with high TGF-β1 protein levels28 indicating the role of 
TGF-β1 in melanoma adhesion.

In the progress of melanoma development, tumour-activated 
macrophages release TGF-β1 and, in an autocrine manner, express 
VEGFR-3 and secrete VEGF-C and VEGF-D thereby promoting 
lymphangiogenesis and thus lymphatic metastasis of melanoma 
cells.30 In melanoma cells, TGF-β1 enhances melanoma growth and 

progression, while in melanocytes, TGF-β1 has a growth inhibitory 
effect.31 Lack of sensitivity of the melanoma cells to the growth 
inhibitory effects of TGF-β1 in comparison with melanocytes was 
noted.31 Human melanoma cells treated with exogenous TGF-β1 in-
creased concentrations of all three isoforms namely TGF-β1, TGF-
β2 and TGF-β3 demonstrating the autocrine functioning of TGF-β in 
melanoma cells.29 The pathway of interest concerning TGF-β is the 
c-Jun N-terminal kinases/protein 38 (JNK/p38) JNK/p38 MAP-K, 
which regulates adhesion and migration (Figure 1).27

2.4  |  Vascular endothelial growth factor receptor-3

The VEGFR-3 extracellular binding domain comprises seven 
immunoglobulin-like domains with a tyrosine kinase intracellu-
lar domain.32 VEGFR-3 phosphorylation of the dimerised tyros-
ine kinase sites monitors kinase activity and the communication 
with signal transduction molecules such as JNK1/2, ERK 1/2 
and Akt (Figure  6).32 Once VEGFR-3 is phosphorylated, it acti-
vates signalling pathways that lead to cell migration (Figure 6).32 
Singh et al identified a soluble isoform of VEGFR-3 in epithelial 
cells of the cornea.33 Mimura et al were one of the groups to 
identify VEGFR-3 on a nonendothelial ocular surface.34 Hamrah 

F I G U R E  1  TGF-β ligand binding the two pair serine/threonine 
receptor activating receptor phosphorylation and triggering the 
signalling pathways JNK/p38, Cdc42/Rho (family of GTPases) 
and Par6 affecting migration and adhesion, cell shape and cell-to-
cell contact. Additional TGF-β signalling may occur through the 
Smad pathway where TGF-β gene transcription enhances tumour 
suppressive responses that enhance apoptosis.27 This indicates the 
dual role of TGF-β to enhance tumour cell metastasis or to induce 
apoptosis depending on the intracellular pathway activated. (Image 
was designed by Y.N Hlophe using Microsoft PowerPoint 2013; 
2013 Microsoft Corporation).
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et al identified VEGFR-3 on inflamed conjunctiva as monocyte-
derived bone marrow cells. VEGFR-3 was also observed on in-
flamed corneal dendritic cells.35 The soluble VEGFR-3 binds 
VEGF-C and therefore inhibits VEGF-C binding VEGFR-3.33 In ad-
dition to their presence on ECs, receptors to VEGFs are expressed 
on haemopoietic stem cells, immune cells such as dendritic cells 
and cancer cells.18 Wilting et al were the first to report the pres-
ence of VEGFR-3 on nonendothelial cells, namely the kidney glo-
meruli podocytes and quail embryos.36 Inflamed dendritic cells 
express VEGFR-3 and VEGF-C, but in noninflamed dendritic cells, 
the intracellular expression of VEGFR-3 increases and VEGF-C as 
it binds NRP-2.18 The VEGFR-3/VEGF-C signalling is known to ac-
tivate innate and adaptive immune responses.18

High VEGF-C melanoma levels create a gradient via VEGFR-2 
expressed on blood endothelial cells and promote angiogenesis.37 
Several studies have shown that tumours overexpressing VEGF-C 
tend to promote metastasis of the tumour cells38 far more than pro-
moting tumour growth.26,39,40

Endotheliomas originating from blood endothelial cells express 
vascular endothelial growth factor receptor (VEGFR-3).41 Partanen 
et al have shown that VEGFR-3 is found in benign and malignant 
tumours of vascular origin.42 The upregulation of VEGFR-3 on blood 
endothelial cells is due to the presence of its ligand, VEGF-C, in the 
vascular tumours.43 In addition, VEGF-C is also an active ligand of 
the blood endothelial receptor, VEGFR-2, that plays a key role in 
angiogenesis.43 Since VEGFR-3 protein levels were detected in 
blood endothelial cells in healthy tissue39,43,44 it is suggested that tu-
mours expressing VEGFR-3 still metastasise predominantly through 
the lymphatic vasculature. They can, however, create a VEGFR-3/
VEGF-C gradient with blood endothelial cells and therefore metas-
tasise through blood and lymphatic vasculature. This is contrary to 
the previous understanding that VEGFR-3 was receptor-specific to 
lymphatic endothelial cells.45 The latter implies that tumours previ-
ously thought to only metastasise through the lymphatic vasculature 
due to VEGFR-3 expression, also have the possibility of metastasis-
ing through the blood and lymphatic vasculature.

2.4.1  |  Vascular endothelial growth factor 
receptor-3/vascular endothelial growth 
factor-C gradient

The VEGFR-3/VEGF-C gradient is established when the VEGFR-3 
expressed on tumour cells creates a pulling factor for the tumour 
cells towards the lymphatic endothelial cells expressing VEGF-C.46 
The gradient established by VEGFR-3 and VEGF-C enhances can-
cer cell migration and the ability of the cells to invade the lymphat-
ics.47 Su, Jen Liang et al were able to demonstrate that the VEGFR-3/
VEGF-C autocrine loop was defective in the human lung carcinoma 
cell line with a deleted VEGFR-3 (A549 cells).47 The VEGFR-3/
VEGF-C gradient has shown to enhance tumour cell proliferation, 
survival and migration in Kaposi sarcoma cells, malignant meso-
thelioma cells, leukaemia cells, lung adenocarcinoma, cervical and 

prostate cancer.40 Tumour cells expressing VEGFR-3 are also known 
to secrete VEGF-C suggesting that the mechanism of operation can 
be an autocrine/paracrine manner between receptor and ligand.40

In human solid tumours, the expression of CXCR-4 and VEGF are 
measurable predictors of tumour metastasis48 since expression levels 
increase in solid tumours. The CXCR-4/CXCL12 axis regulates the ad-
hesion of haematopoietic cells expressing CXCR-4 and endothelial and 
stromal cells secreting CXCL12. VEGF in the bone marrow environment 
promotes the expression of CXCR-4 thereby enhancing the chemotaxis 
of the haematopoietic cells.49 Zhuo et al indicated that CXCR-4 expres-
sion is upregulated by VEGF-C in lymphatic endothelial cells (LECs).50

2.5  |  C-X-C motif chemokine receptor-4

Chemokines are proteins that function as chemoattractants for im-
mune cells.51 With more than 50 members of the G-protein-coupled 
receptors associated with chemokines, there is an additional division 
into four sub-families. C-X-C motif chemokine receptor-4 (CXCR-4) is a 
well-known member of the chemokine receptor family, because of the 
multiple roles it plays in the immune response, tumorigenesis, devel-
opmental processes and haematopoiesis.52 The expression of CXCR-4 
is not isolated to haematopoietic cells.51 The receptor binds the glyco-
protein cluster of differentiation-4 (CD4), the transmembrane protein 
CD47 and CXCL12 the stromal-derived factor 1α (SDF-1α), which is 
specific to CXCR-4.51 The ligand CXCL12 binds an additional receptor 
CXCR-7 and is secreted in nonhaematopoietic tissue such as the brain, 
lungs and stromal endothelial cells and bone marrow, where it attracts 
haematopoietic stem cells expressing CXCR-4.52

The CXCR-4 receptor is the most prevalent chemokine recep-
tor expressed by melanoma cells.53 B-16 melanoma cells expressing 
CXCR-4 binding to its corresponding ligand, CXCL12,54 expressed 
by lymphatic endothelial cells enhanced B-16 melanoma adhesion to 
the lymphatic endothelial cells thereby enhancing B-16 metastasis.54 
CXCL12 expressed by stromal cells55 and lymphatic endothelial cells56 
bind specifically to receptor CXCR-4, which stimulates intracellular 
signalling pathways MAP-K and phosphatidylinositol 3-kinase (PI3K), 
which are prevalent downstream pathways57 involved in cell survival, 
adhesion, proliferation and migration58 (Figure 3).

CXCR-4 is stimulated by coupling of the intracellular hetero-
trimeric G-protein linked to the intracellular portion of the plasma 
membrane.58 The subunits that comprise the heterotrimer include 
G-beta (Gβ), G-alpha (Gα) and G-gamma (Gγ) bind to guanine dinu-
cleotide phosphate (GDP).58 Ligand binding to CXCR-4 replaces GDP 
with guanosine-5′-triphosphate (GTP) resulting in subunit dissocia-
tion, a βγ unit and an α unit to, which the GTP binds.58 The GTP then 
hydrolyses to GDP and the G-protein heterotrimer is restored.58 The 
Gα subunit activates adenylate cyclase and MAP-K signalling.58

Melanoma cells also express CXCR-4, a chemokine receptor,59 
with CXCL12 as a corresponding ligand.60 The CXCR-4/CXCL12 gra-
dient activates intracellular signalling pathways such as MAP-K and 
PI3K61 that promote melanoma survival proliferation, migration62 
and adhesion (Figure 3).
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3  |  RECEPTOR ANTAGONISTS

In melanomas, the use of VEGFR-3 inhibitors has proven to reduce me-
tastasis to lymph node sites.2 The use of VEGF-C and VEGF-D, as well as 
VEGFR-3 inhibitors,63 has also been tried to block signalling pathways. 
However, the use of receptor and ligand inhibitors was not proven suc-
cessful to inhibit metastasis entirely in the clinical trials conducted64.65

3.1  |  Inhibition of receptor 3 phosphorylation by 
(3-(4-Dimethylamino-naphthalen-1-ylmethylene)-1, 
3-dihydroindol-2-one)

MAZ-51 is an indolinone-based synthetic molecule (Figure  2) 
that inhibits the phosphorylation of the tyrosine kinase receptor 

VEGFR-3.66 Indolinones are part of a class of adenosine triphos-
phate (ATP) competitive receptor tyrosine kinase inhibitors that 
inhibit VEGF.67–69 Indolinone derivatives exert antiproliferative ac-
tivity in cancer cell lines indicating their potential to inhibit prolifera-
tion and induce apoptosis in cancer cells..46,67,70–72 Phosphorylation 
of VEGFR-3 is crucial in the lymphangiogenic process. The inhibitor, 
MAZ-51, limits cellular proliferation in endothelial73 and cancer cells 
and activates apoptosis in cancer cells.74 MAZ-51 has the ability to 
inhibit tyrosine kinase activity and therefore inhibits VEGF-C bind-
ing to VEGFR-3 therefore hindering cellular activity such as prolif-
eration and lymphangiogenesis.73

3.2  |  Antagonist of CXCR-4 CTCE-9908

CTCE-9908 (CXCR-4 antagonist) is a 17-amino acid sequenced 
peptide consisting of a dimer of eight amino acid N-terminal se-
quences,75,76 that has shown to inhibit adhesion and growth of tu-
mour cells.77 CTCE-9908 is derived from human CXCL12,78,79 and 
the NH2-terminal sequence was modified on CTCE-9908 to hinder 
the ligand CXCL12 binding to the receptor CXCR-4.80 CTCE-9908 
therefore hinders receptor phosphorylation and the signalling path-
ways that would be activated (Figure 3).

The use of CXCR-4 antagonists leads to receptor internalization 
and the dispersion of adhesion proteins resulting in a reduction in in-
tercellular adhesion.80 Blocking CXCR-4 with CTCE-9908 can affect 
tumour cell metastasis if the blocking is conducted prior to the onset 
of metastasis.77 CTCE-9908 inhibits CXCR-4 phosphorylation by in-
hibiting the binding of the CXCL12 ligand, therefore inhibiting sig-
nalling pathways of migration. If tumour cells escape the inhibition 
of the CXCR-4 antagonist, it still sensitizes the tumour cell, which 
renders it more receptive to therapies that can impact on tumour 
cell metastasis.77

F I G U R E  2  Chemical structure of MAZ-51. An indoline at the 
oxindole core binds the adenine ring of the vascular endothelial 
growth factor receptor-3.66 The aldehyde section determines the 
tyrosine kinase receptor that MAZ-51 can bind to.70 (Image was 
designed by Y.N Hlophe using Microsoft PowerPoint 2013; 2013 
Microsoft Corporation).

F I G U R E  3  CXCR-4 signalling pathway: 
MAP-K and PI3K. A diagram indicating 
CXCR-4 activation by the heterotrimeric 
G-proteins (Gβ, Gα and Gγ) located on 
the intracellular section of the plasma 
membrane. Gα activates adenylate 
cyclase, which leads to MAP-K activation. 
Gγ and Gβ activate the PI3K pathway, 
which leads to Akt stimulation resulting 
in tumour cell proliferation.78 Paxillin is 
a focal adhesion adapter protein. When 
paxillin is phosphorylated on tyrosine- and 
serine residue sites it recruits signalling 
molecules involved in cell migration.81 
(Image was designed by Y.N Hlophe 
using Microsoft PowerPoint 2013; 2013 
Microsoft Corporation).
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4  |  ADHESION PROTEINS

4.1  |  Focal adhesion kinase

Focal adhesions host a protein tyrosine kinase that regulates signal-
ling functions and controls cell behaviour as a result of integrin com-
munication with the extracellular matrix.82 Studies have indicated 
FAK as a managing system in cell survival and motility. The signalling 
function of FAK is linked to the high phosphorylation rates as a result 
of integrin-controlled action on the tyrosine (Tyr)-397 site, allowing 
activity with Src-homology domains. The Src family of kinases at-
tracted to the Tyr-397 site are responsible for phosphorylating two 
active FAK proteins, paxillin and Crk substrate (CAS), Rho families 
and GTPases and therefore play a role in cell motility (Figure 4).

The phosphorylation of FAK is crucial for the Src-promoted down-
regulation of E-cadherin observed in colon cancer cells (Avizienyte 
et al83) and the blockage of FAK showed a reduction in Src enhanced 
invasion.84 FAK is vital in the molecular mechanisms of E-cadherin 
regulated cell–cell adhesions and integrin -ECM cross talk.85

4.2  |  Paxillin

Paxillin is a dominant focal adhesion that relays extracellular sig-
nals into intracellular responses facilitated by the interaction of 
integrins and the ECM.81 Paxillin is involved in the assembling 
of kinase, phosphatases, cofactors and oncoproteins involved 
in intracellular signalling cascades.81 The signalling cascades in-
fluence the actin cytoskeleton and focal adhesion adjustments, 
which affect cell adhesion and migration. Paxillin is detectable 
at the plasma membrane, cytoskeleton and nucleus.81 Paxillin 
does not promote enzymatic activity but provides docking sites 
for other proteins, which allow the assembly of multiprotein 
complexes.81

Paxillin is a tyrosine-phosphorylated focal adhesion protein 
transformed by v-SRC82 (kinase family of nonreceptor tyrosine 
kinases). Paxillin is not an enzyme but contains several protein-
interacting domains.82 The Lin 11, Is-1 and Mec-3 (LIM) protein 
domains (Figure 5) attract paxillin to FAK. Paxillin is activated in re-
sponse to integrin adhesion-mediated responses.82

F I G U R E  4  Focal adhesion kinase linear structure. The linear structure of FAK and tyrosine phosphorylation sites.82 The focal adhesion 
targeting (FAT) domain is important for adhesion-dependent tyrosine phosphorylation and to contain integrin adhesion sites.82 The proline-
rich motifs (PR1 and PR2) facilitate interaction with the Src-homology 3 domain.82 The majority of the N-terminal comprises the JEF domain, 
although the function of the JEF domain is not well-understood.82 (Image was designed by Y.N Hlophe using Microsoft PowerPoint 2013; 
2013 Microsoft Corporation).

F I G U R E  5  Paxillin linear structure. Linear paxillin structure indicating domains and tyrosine binding sites.82 Paxillin is a nonenzymatic 
docking protein with multiple binding domains.82 The 5 LD motifs are found at the N-terminal and comprise eight residue leucine-rich 
sequences.82 The LIM domains are double zinc-finger motifs that form the C-terminal.82 LIM 2 + 3 are important to recruit paxillin to focal 
adhesions.82 FAK relates with paxillin via LD motifs 2 + 4.82 (Image was designed by Y.N Hlophe using Microsoft PowerPoint 2013; 2013 
Microsoft Corporation).
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4.3  |  Cadherin

Cadherins are a family of cell surface glycoproteins adhesion junc-
tions that regulate cell–cell adhesion in a calcium-dependent man-
ner.82 Exterior domains of the cadherins bind neighbouring cells and 
cytoplasmic ends are bound to actomyosin cytoskeleton by means 
of catenins.82 Mechanical control between adhesion junctions and 
actomyosin cytoskeleton is regulated by Rho family of GTPases.82,86 
Studies have indicated that functional E-cadherin in melanoma cells 
inhibits tumour growth.82 In melanomas, a cadherin switch occurs 
where the cells downregulate E-cadherin and elevate concentrations 
of N-cadherin resulting in melanoma cells detachment from the epi-
dermis entering to penetrate vasculature.87

5  |  SIGNALLING PATHWAYS

5.1  |  Mitogen-activated protein kinase and 
phosphatidylinositol 3-kinase pathways

The MAP-K pathway is a signalling cascade that plays a role in tu-
mour progression.88 MAP-K signals key molecules that sustain cell 
growth and proliferation.88 The cascade operates on growth fac-
tors and cytokine interaction with growth factor/cytokine recep-
tor tyrosine kinases resulting in cellular intermediate transduction 

and eventually gene transcription/translation.89 Other pathways 
such as phosphoinositide-3-kinase/v-Akt (P13k/Akt) interact 
with extracellular growth factors/cytokines that result in gene 
transcription/translation. MAP-K mutations in solid tumours are 
prevalent in the RAS/RAF/MEK/ERK genes of the pathway.90 
Melanoma is associated with ERK kinase mutations and this is 
visible in 3%–8% of melanoma cases91 The RAS gene mutation is 
associated with advancing tumours with poor prognosis and RAS 
activates MAP-K/ P13K/Akt demonstrating the significance of the 
RAS in pathway changes observed in cancers.92 Alterations in the 
JNK2 gene impact signalling in the MAP-K and P13K pathway.93 
Due to their impact on tumour metastasis, it is important to deter-
mine the effect of the therapeutic targets on the MAP-K and PI3K 
pathways and associated proteins.

5.2  |  Mitogen-activated protein kinase and 
phosphatidylinositol 3-kinase pathways linked to 
VEGFR-3/VEGF-C and CXCL12/CXCR-4

Research has shown that the VEGFR-3/VEGF-C gradient en-
hances invasion promoted by the Mitogen-activated protein ki-
nase/extracellular signal-regulated kinases (MAP-K/ERK) and the 
Phosphatidylinositol 3-kinase/Akt strain transforming (PI3K/Akt) 
signalling pathways activated4,94 as seen in Figure 6.

F I G U R E  6  VEGFR-3 signalling pathways: MAP-K and PI3K. VEGF-C binds VEGFR-3 and activates JNK 1/2, MAP-K/p38, extracellular 
signal-regulated kinase (ERK) 1/2, PI3K/Akt pathways promoting migration, proliferation and survival of melanoma cells,105.106 Focal 
adhesion kinase (FAK) and paxillin are activated by growth factor signalling and facilitate tumour cell adhesion. (Image was designed by Y.N 
Hlophe and modified by Carolyn Nadasen using Microsoft PowerPoint 2013; 2013 Microsoft Corporation).
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The activity of VEGF-C/VEGFR-3 is stimulated by protein ki-
nase C (PKC).95 VEGF-C has the ability to activate Jun N-terminal 
Kinase (JNK) and Akt through activity with VEGFR-3 in lymphatic 
endothelial cells (LECs).95 AKT is a downstream target of PI3K, which 
promotes cell survival and proliferation.95 The activation of VEGF-C 
in LECs stimulates the phosphorylation of ERK1/2.96 The rapidly 
Accelerated Fibrosarcom/MAP-K/ERK kinase (Raf/MEK) signalling 
through VEGF-C activates ERK phosphorylation.96 VEGF-C is known 
to phospholipase-C-γ 1 (PLCϒ-1) through VEGFR-3 binding and PI3K 
in LECs.96 The activation of these pathways promotes proliferation, 
migration and survival of endothelial cells.96

Research conducted by Yeh et al linked the VEGFR-3/VEGF-C 
gradient to the MAP-K signalling pathway (Figure  1) by studying 
yes-associated protein 1 (YAP1), a transcriptional co-activator that 
activates transcriptional activity leading to cell proliferation97 and 
Slug (human embryonic protein SNAI2) levels, a member of the snail 
family of transcriptional factors that inhibits E-cadherin protein lev-
els in melanoma cancer.98 Inhibition of VEGFR-3/VEGF-C activity 

inactivated YAP1 and Slug and therefore inhibited melanoma migra-
tion through MAP-K signalling.4

Regulation of VEGF-C gene transcription includes PI3K-Akt (pro-
tein kinase-B), signal-regulated kinase 1/2, nuclear factor kappa-
light-chain-enhancer of activated B cells (NFKB) and p38 extracellular 
pathways.99 Regulators of VEGF-C in melanoma include Wnt1 (wing-
less related integration site),100 epidermal growth factor101 and 
proto-oncogene102 although the heterogeneity of VEG-C protein 
levels in melanoma requires further understanding.103 The affinity of 
VEGF-C to VEGFR-3 and VEGFR-2 allows the growth factor levels to 
promote tumour lymphangiogenesis and angiogenesis.99 In addition, 
the inhibition of lymphangiogenesis by blocking VEGFR-3 in combi-
nation with VEGFR-2 inhibits metastasis in mouse models.104

CXCR-4 activates the PI3K pathway directly through activity at the 
Gβγ subunit of the receptor.58 PI3K activation leads to the activation 
of Akt (protein kinase-B) promoting cancer cell survival and prolifer-
ation.58 PI3K activation through CXCR-4 results in FAK activation, 
which then permits migratory activity in cancer cells (Figure 3).58,107

F I G U R E  7  Ligand-activated intracellular pathways promoting tumour cell adhesion. Activation of intracellular signalling pathways (MAP-K 
and PI3K) promotes tumour cell adhesion once growth factor receptors (VEGFR-2/3) and a chemokine receptor (CXCR-4) are phosphorylated. 
TGF-β1 ligand binding the two pair serine/threonine receptor activating receptor phosphorylation facilitates cell–cell and cell-matrix adhesion 
by regulating cadherins through activation of focal adhesion kinase (FAK) and mediates paxillin upregulation. The activation of intracellular 
adhesion proteins (FAK, paxillin and cadherin) when ligands (VEGF-C, TGF-β1 and CXCL12) bind their specific receptors. Reduced expression of 
adhesion proteins will contribute to limiting the activity of the intracellular pathways that promote tumour cell adhesion. (Image was designed 
by Y.N Hlophe using Microsoft PowerPoint 2013; 2013 Microsoft CorporationUnited States of America).
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CTCE-9908 downregulates PI3-K/Akt signalling targeting as 
seen in Figure 7 the CXCL12/CXCR-4 axis in prostate cancer (PC-3) 
cell line.108 In the PC-3 xenograft model, CTCE-9908 induced apop-
tosis and reduced nonspecific VEGF levels significantly.17,109 CTCE-
9908 suppressed the expression of PI3-K/Akt proteins and induced 
apoptosis in PC-3 indicating the possible efficacy of CTCE-9908 to 
hinder tumour cell adhesion. In a study conducted by Kim et al. B-16 
melanoma cells induced to express CXCR-4 were intravenously in-
jected into mice.77 Mice treated with CTCE-9908 showed reduced 
protein levels of metastatic lung nodules in comparison to control 
mice. Treatment of mice with CTCE-99O8 prior to intravenous injec-
tion of B-16 cells expressing CXCR-4,77 showed a greater percentage 
of reduced metastatic lung nodules indicating the significance of re-
ceptor site blocking to combat metastasis.77

6  |  DISCUSSION

In this review, the impact of CTCE-9908 and MAZ-51 on the CXCR-4/
CXCL12 and the VEGFR-3/VEGF-C gradient is addressed and the ef-
fects of MAZ-51 and CTCE-9908 on specific adhesion proteins of 
MAP-K and PI3K signalling pathways are summarized.

Since CXCR-4 is upregulated by VEGF-C it forms an intricate link 
between the CXCR-4/CXCL12 and VEGFR-3/VEGF-C gradients. 
In MDA-MB231 cells, the inhibition of CXCL12 and VEGF-C had 
an inhibitory effect on tumour lymphangiogenesis independent of 
VEGFR-3.50 In addition, CTCE-9908 and MAZ-51 dissociate these 
gradients and disturb melanoma adhesion.

The inhibition of intracellular signalling pathways such as JNK/
MAP-K,27 PI3K110 and RAS111 have shown suppression of TGF-β1 
production directly indicating the role of the signalling pathways in 
TGF-β1 production.110 TGF-β11 observed in melanoma enhances 
growth factors such as VEGF, platelet-derived growth factor re-
ceptor-β, fibroblast growth factor receptor-1, which promotes mel-
anoma progression and collagens XV, XVI and XVIII and fibronectin 
important in melanoma adhesion.28

In melanoma, the downregulation of E-cadherin and upregula-
tion of N-cadherin, which promotes tumour invasion87 indicates the 
need for cadherin levels to be monitored after exposure to MAZ-
51 and CTCE-9908. If MAZ-51 and CTCE-9909 are able to reduce 
TGF-β levels and downregulate N-cadherin in melanoma cells, this 
may reduce the contributions of the two proteins on melanoma 
metastasis. Since melanoma cells express both the CXCR-4 and 
VEGFR-3 receptors, CXCR-4 and VEGF may be regarded as quan-
tifiable markers of tumour metastasis.48 Therapeutic strategies to 
inhibit the FAK signalling pathway are promising avenues to inhibit 
melanoma metastasis.112

7  |  CONCLUSION

The inhibitory effects of CTCE-9908 and MAZ-51 on VEGFR-3 and 
CXCR4 protein expression show the potential to affect parameters of 

metastasis on melanoma cells by inhibiting cell–cell or cell-ECM interac-
tions by blocking downstream signalling molecules that impact on adhe-
sion. Since integrin extracellular domains act as receptors for FAK82 and 
growth factors found in ECM of cancer cells,113 integrin protein expres-
sion levels should be assessed after combination, MAZ-51 or CTCE-9908 
treatment to further understand the effects on melanoma adhesion 
properties. Future research using CTCE-9908 and MAZ-51 treatment, 
respectively, or combination treatment (CTCE-9908-MAZ-51) are war-
ranted to inhibit the determinination of tumour adhesion.

AUTHOR CONTRIBUTIONS
Yvette N Hlophe: Conceptualization (lead); investigation (lead); pro-
ject administration (equal). A Joubert: Project administration (equal); 
writing – review and editing (equal).

ACKNOWLEDG EMENTS
This research that supports the review manuscript was funded by 
the Association of African Universities (AAU), the National Research 
Foundation (NRF) of South Africa, the School of Medicine Research 
Committee, the Faculty of Health Sciences, small grants programme 
and PhD completion funding scheme at the University of Pretoria, 
Pretoria, South Africa.

CONFLIC T OF INTERE S T
The author(s) declared no potential conflicts of interest with respect 
to the compiling, authorship and/or publication of this manuscript.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analyzed in this study.

ORCID
Yvette N. Hlophe   https://orcid.org/0000-0002-3112-2436 

R E FE R E N C E S
	 1.	 Cichorek M, Wachulska M, Stasiewicz A, Tymińska A. Skin 

melanocytes: biology and development. Postep Derm Alergol. 
2013;30(1):30-41. doi:10.5114/pdia.2013.33376

	 2.	 Zbytek B, Carlson JA, Granese J, Ross J, Mihm M, Slominski A. 
Current concepts of metastasis in melanoma. Expert Rev Dermatol. 
2008;3(5):569-585.

	 3.	 National Cancer Institute Surveillanc EaERP. Cancer stat facts: 
Melanoma of the skin. 2020; https://seer.cancer.gov/statf​acts/
html/melan.html

	 4.	 Yeh Y-W, Cheng C-C, Yang S-T, et al. Targeting the vegf-c/vegfr3 
axis suppresses slug-mediated cancer metastasis and stemness 
via inhibition of kras/yap1 signaling. Oncotarget. 2017;8(3):5603-
5618. doi:10.18632/oncotarget.13629

	 5.	 Sekulic A, Migden MR, Oro AE, et al. Efficacy and safety of 
vismodegib in advanced basal-cell carcinoma. N Engl J Med. 
2012;366(23):2171-2179. doi:10.1056/NEJMoa1113713

	 6.	 Rubin AI, Chen EH, Ratner D. Basal-cell carcinoma. N Engl J Med. 
2005;353(21):2262-2269. doi:10.1056/NEJMra044151

	 7.	 Walling HW, Fosko SW, Geraminejad PA, Whitaker DC, Arpey 
CJ. Aggressive basal cell carcinoma: presentation, pathogenesis, 
and management. Cancer Metastasis Rev. 2004;23(3–4):389-402. 
doi:10.1023/b:Canc.0000031775.04618.30

 15824934, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jcm

m
.17571 by South A

frican M
edical R

esearch, W
iley O

nline L
ibrary on [16/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-3112-2436
https://orcid.org/0000-0002-3112-2436
https://doi.org//10.5114/pdia.2013.33376
https://seer.cancer.gov/statfacts/html/melan.html
https://seer.cancer.gov/statfacts/html/melan.html
https://doi.org//10.18632/oncotarget.13629
https://doi.org//10.1056/NEJMoa1113713
https://doi.org//10.1056/NEJMra044151
https://doi.org//10.1023/b:Canc.0000031775.04618.30


5752  |    HLOPHE and JOUBERT

	 8.	 Siegel RLMK, Jemal A. Cancer statistics. CA Cancer J Clin. 
2021;71(1):7-33.

	 9.	 Balch CM, Gershenwald JE, Soong S-j, et al. Final version of 
2009 ajcc melanoma staging and classification. J Clin Oncol. 
2009;27(36):6199-6206. doi:10.1200/JCO.2009.23.4799

	 10.	 Braicu C, Buse M, Busuioc C, et al. A comprehensive review 
on MAP-K: a promising therapeutic target in cancer. Cancers. 
2019;11(10):11101618. doi:10.3390/cancers11101618

	 11.	 Shen B, Delaney MK, Du X. Inside-out, outside-in, and inside-
outside-in: G protein signaling in integrin-mediated cell adhesion, 
spreading, and retraction. Curr Opin Cell Biol. 2012;24(5):600-606. 
doi:10.1016/j.ceb.2012.08.011

	 12.	 Hillig RC, Sautier B, Schroeder J, et al. Discovery of potent sos1 inhib-
itors that block ras activation via disruption of the ras–sos1 interac-
tion. PNAS. 2019;116(7):2551-2560. doi:10.1073/pnas.1812963116

	 13.	 Chiorean R, Braicu C, Berindan-Neagoe I. Another review on triple 
negative breast cancer. Are we on the right way towards the exit 
from the labyrinth? Breast. 2013;22(6):1026-1033. doi:10.1016/j.
breast.2013.08.007

	 14.	 Longmate W, DiPersio CM. Beyond adhesion: emerging roles for 
integrins in control of the tumor microenvironment. F1000Res. 
2017;6:1612. doi:10.12688/f1000research.11877.1

	 15.	 Fischer GM, Vashisht Gopal YN, McQuade JL, Peng W, 
DeBerardinis RJ, Davies MA. Metabolic strategies of melanoma 
cells: mechanisms, interactions with the tumor microenviron-
ment, and therapeutic implications. Pigment Cell Melanoma Res. 
2018;31(1):11-30. doi:10.1111/pcmr.12661

	 16.	 Ferrara N. Vascular endothelial growth factor: basic science and 
clinical progress. Endocr Rev. 2004;25(4):581-611.

	 17.	 van Zijl F, Krupitza G, Mikulits W. Initial steps of metasta-
sis: cell invasion and endothelial transmigration. Mutat Res. 
2011;728(1–2):23-34. doi:10.1016/j.mrrev.2011.05.002

	 18.	 Li YL, Zhao H, Ren XB. Relationship of vegf/vegfr with im-
mune and cancer cells: staggering or forward? Cancer Biol Med. 
2016;13(2):206-214. doi:10.20892/j.issn.2095-3941.2015.0070

	 19.	 Holmes DIR, Zachary I. The vascular endothelial growth factor 
(vegf) family: angiogenic factors in health and disease. Genome 
Biol. 2005;6(2):209. doi:10.1186/gb-2005-6-2-209

	 20.	 Shibuya M. Vascular endothelial growth factor (vegf) and its recep-
tor (vegfr) signaling in angiogenesis: a crucial target for anti- and 
pro-angiogenic therapies. Genes Cancer. 2011;2(12):1097-1105. 
doi:10.1177/1947601911423031

	 21.	 McColl BK, Baldwin ME, Roufail S, et al. Plasmin activates the 
lymphangiogenic growth factors vegf-c and vegf-d. J Exp Med. 
2003;198(6):863-868. doi:10.1084/jem.20030361

	 22.	 Baldwin M, Catimel B, Nice EC, et al. The specificity of receptor 
binding by vascular endothelial growth factor-d is different in 
mouse and man. J Biol Chem. 2001;276(22):19166-19171.

	 23.	 Llorián-Salvador M, Barabas P, Byrne EM, et al. Vegf-b is an au-
tocrine gliotrophic factor for müller cells under pathologic con-
ditions. Investig Ophthalmol Vis Sci. 2020;61(11):35. doi:10.1167/
iovs.61.11.35

	 24.	 Boone B, De Bacquer D, Pauwels C, Naeyaert J, Brochez L. The 
role of vegf-c staining in predicting regional metastasis in mela-
noma. Melanoma Res. 2006;16:S48.

	 25.	 Hong C-C, Chen P-S, Chiou J, et al. Mir326 maturation is cru-
cial for vegf-c–driven cortactin expression and esophageal 
cancer progression. Cancer Res. 2014;74(21):6280-6290. 
doi:10.1158/0008-5472.Can-14-0524

	 26.	 Schietroma C, Cianfarani F, Lacal PM, et al. Vascular endothelial 
growth factor-c expression correlates with lymph node localiza-
tion of human melanoma metastases. Cancer. 2003;98(4):789-797. 
doi:10.1002/cncr.11583

	 27.	 Padua DJM. Roles of tgf beta in metastasis. Cell Res. 
2009;19:89-102.

	 28.	 Berking C, Takemoto R, Schaider H, et al. Transforming growth 
factor-β1 increases survival of human melanoma through stroma 
remodeling. Cancer Res. 2001;61(22):8306-8316.

	 29.	 Lasfar A, Cohen-Solal KA. Resistance to transforming growth 
factor β-mediated tumor suppression in melanoma: are multiple 
mechanisms in place? Carcinogenesis. 2010;31(10):1710-1717. 
doi:10.1093/carcin/bgq155

	 30.	 Coussens LM, Werb Z. Inflammation and cancer. Nature. 
2002;420(6917):860-867. doi:10.1038/nature01322

	 31.	 Rodeck U, Bossler A, Graeven U, Fox FE, Nowell PC, Knabbe C. 
Transforming growth factor beta production and responsiveness 
in normal human melanocytes and melanoma cells. Cancer Res. 
1994;54(2):575-581. C Kari

	 32.	 Dixelius J, Mäkinen T, Wirzenius M, et al. Ligand-induced vascular 
endothelial growth factor receptor-3 (vegfr-3) heterodimerization 
with vegfr-2 in primary lymphatic endothelial cells regulates ty-
rosine phosphorylation sites. J Biol Chem. 2003;278(42):40973-
40979. doi:10.1074/jbc.M304499200

	 33.	 Singh N, Tiem M, Watkins R, et al. Soluble vascular endo-
thelial growth factor receptor 3 is essential for corneal al-
ymphaticity. Blood. 2013;121(20):4242-4249. doi:10.1182/
blood-2012-08-453043

	 34.	 Mimura T, Amano S, Usui T, Kaji Y, Oshika T, Ishii Y. Expression 
of vascular endothelial growth factor c and vascular endothelial 
growth factor receptor 3 in corneal lymphangiogenesis. Exp Eye 
Res. 2001;72(1):71-78. doi:10.1006/exer.2000.0925

	 35.	 Hamrah PZQ, Zhang Q, Dana MR. Expression of vascular endo-
thelial growth factor receptor-3 (vegfr-3) in the conjunctiva--a po-
tential link between lymphangiogenesis and leukocyte trafficking 
on the ocular surface. Adv Exp Med Biol. 2002;506(Pt B):851-860. 
doi:10.1007/978-1-4615-0717-8_120

	 36.	 Wilting J, Eichmann A, Christ B. Expression of the avian vegf recep-
tor homologues quek1 and quek2 in blood-vascular and lymphatic 
endothelial and non-endothelial cells during quail embryonic de-
velopment. Cell Tissue Res. 1997;288(2):207-223. doi:10.1007/
s004410050807

	 37.	 Zhao RUI, Chang Y, Liu Z, et al. Effect of vascular endothe-
lial growth factor-c expression on lymph node metastasis in 
human cholangiocarcinoma. Oncol Lett. 2015;10(2):1011-1015. 
doi:10.3892/ol.2015.3309

	 38.	 Cianfarani F, Mastroeni S, Odorisio T, et al. Expression of vas-
cular endothelial growth factor-c in primary cutaneous mela-
noma predicts sentinel lymph node positivity. J Cutan Pathol. 
2012;39(9):826-834. doi:10.1111/j.1600-0560.2012.01955.x

	 39.	 Skobe M, Hamberg LM, Hawighorst T, et al. Concurrent induction 
of lymphangiogenesis, angiogenesis, and macrophage recruitment 
by vascular endothelial growth factor-c in melanoma. Am J Pathol. 
2001;159(3):893-903.

	 40.	 Su J-L, Yen C, Chen P, et al. The role of the vegf-c/vegfr-3 axis in 
cancer progression. Br J Cancer. 2007;96(4):541-545.

	 41.	 Lalla RV, Boisoneau DS, Spiro JD, Kreutzer DL. Expression of vas-
cular endothelial growth factor receptors on tumor cells in head 
and neck squamous cell carcinoma. Arch Otolaryngol Head Neck 
Surg. 2003;129(8):882-888. doi:10.1001/archotol.129.8.882

	 42.	 Partanen TA, Alitalo K, Miettinen M. Lack of lymphatic vas-
cular specificity of vascular endothelial growth factor recep-
tor 3 in 185 vascular tumors. Cancer. 1999;86(11):2406-2412. 
doi:10.1002/(SICI)1097-0142(19991201)86:11<2406::AID-
CNCR31>3.0.CO;2-E

	 43.	 Valtola R, Salven P, Heikkilä P, et al. Vegfr-3 and its ligand vegf-c 
are associated with angiogenesis in breast cancer. Am J of Pathol. 
1999;154(5):1381-1390. doi:10.1016/S0002-9440(10)65392-8

	 44.	 Dieterich LC, Ducoli L, Shin JW, Detmar M. Distinct transcriptional 
responses of lymphatic endothelial cells to vegfr-3 and vegfr-2 
stimulation. Sci Data. 2017;4:170106. doi:10.1038/sdata.2017.106

 15824934, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jcm

m
.17571 by South A

frican M
edical R

esearch, W
iley O

nline L
ibrary on [16/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org//10.1200/JCO.2009.23.4799
https://doi.org//10.3390/cancers11101618
https://doi.org//10.1016/j.ceb.2012.08.011
https://doi.org//10.1073/pnas.1812963116
https://doi.org//10.1016/j.breast.2013.08.007
https://doi.org//10.1016/j.breast.2013.08.007
https://doi.org//10.12688/f1000research.11877.1
https://doi.org//10.1111/pcmr.12661
https://doi.org//10.1016/j.mrrev.2011.05.002
https://doi.org//10.20892/j.issn.2095-3941.2015.0070
https://doi.org//10.1186/gb-2005-6-2-209
https://doi.org//10.1177/1947601911423031
https://doi.org//10.1084/jem.20030361
https://doi.org//10.1167/iovs.61.11.35
https://doi.org//10.1167/iovs.61.11.35
https://doi.org//10.1158/0008-5472.Can-14-0524
https://doi.org//10.1002/cncr.11583
https://doi.org//10.1093/carcin/bgq155
https://doi.org//10.1038/nature01322
https://pubmed.ncbi.nlm.nih.gov/?term=Kari%2BC&cauthor_id=8275496
https://doi.org//10.1074/jbc.M304499200
https://doi.org//10.1182/blood-2012-08-453043
https://doi.org//10.1182/blood-2012-08-453043
https://doi.org//10.1006/exer.2000.0925
https://doi.org//10.1007/978-1-4615-0717-8_120
https://doi.org//10.1007/s004410050807
https://doi.org//10.1007/s004410050807
https://doi.org//10.3892/ol.2015.3309
https://doi.org//10.1111/j.1600-0560.2012.01955.x
https://doi.org//10.1001/archotol.129.8.882
https://doi.org//10.1002/(SICI)1097-0142(19991201)86:11<2406::AID-CNCR31>3.0.CO;2-E
https://doi.org//10.1002/(SICI)1097-0142(19991201)86:11<2406::AID-CNCR31>3.0.CO;2-E
https://doi.org//10.1016/S0002-9440(10)65392-8
https://doi.org//10.1038/sdata.2017.106


    |  5753HLOPHE and JOUBERT

	 45.	 Podgrabinska S, Braun P, Velasco P, et al. Molecular charac-
terization of lymphatic endothelial cells. Proc Natl Acad Sci. 
2002;99(25):16069-16074. doi:10.1073/pnas.242401399

	 46.	 Matsuura M, Onimaru M, Yonemitsu Y, et al. Autocrine loop be-
tween vascular endothelial growth factor (vegf)-c and vegf recep-
tor-3 positively regulates tumor-associated lymphangiogenesis in 
oral squamoid cancer cells. Am. J. Pathol. 2009;175(4):1709-1721. 
doi:10.2353/ajpath.2009.081139

	 47.	 Su J-L, Yang P-C, Shih J-Y, et al. The vegf-c/flt-4 axis promotes 
invasion and metastasis of cancer cells. Cancer Cell. 2006;9(3):209-
223. doi:10.1016/j.ccr.2006.02.018

	 48.	 Wu Y, Jin M, Xu H, et al. Clinicopathologic significance of hif-1α, 
cxcr4, and vegf expression in colon cancer. Clin Dev Immunol. 
2010;2010:1-10. doi:10.1155/2010/537531

	 49.	 Kijowski J, Baj-Krzyworzeka M, Majka M, et al. The sdf-1-cxcr4 
axis stimulates vegf secretion and activates integrins but 
does not affect proliferation and survival in lymphohemato-
poietic cells. Stem Cells. 2001;19(5):453-466. doi:10.1634/
stemcells.19-5-453

	 50.	 Zhuo W, Jia L, Song N, et al. The cxcl12-cxcr4 chemokine path-
way: a novel axis regulates lymphangiogenesis. Clin Cancer Res. 
2012;18(19):5387-5398. doi:10.1158/1078-0432.Ccr-12-0708

	 51.	 Ullah TR. The role of cxcr4 in multiple myeloma: Cells' journey 
from bone marrow to beyond. J Bone Oncol. 2019;17:100253. 
doi:10.1016/j.jbo.2019.100253

	 52.	 Chatterjee S, Behnam Azad B, Nimmagadda S. The intricate role 
of cxcr4 in cancer. Adv Cancer Res. 2014;124:31-82. doi:10.1016/
b978-0-12-411638-2.00002-1

	 53.	 Kim J, Mori T, Chen SL, et al. Chemokine receptor cxcr4 ex-
pression in patients with melanoma and colorectal can-
cer liver metastases and the association with disease 
outcome. Ann Surg. 2006;244(1):113-120. doi:10.1097/01.
sla.0000217690.65909.9c

	 54.	 Cardones AR, Murakami T, Hwang ST. Cxcr4 enhances adhesion of 
b16 tumor cells to endothelial cells in vitro and in vivo via beta(1) 
integrin. Cancer Res. 2003;63(20):6751-6757.

	 55.	 Orimo A, Gupta PB, Sgroi DC, et al. Stromal fibroblasts present 
in invasive human breast carcinomas promote tumor growth 
and angiogenesis through elevated sdf-1/cxcl12 secretion. Cell. 
2005;121(3):335-348. doi:10.1016/j.cell.2005.02.034

	 56.	 Förster R, Kremmer E, Schubel A, et al. Intracellular and surface 
expression of the hiv-1 coreceptor cxcr4/fusin on various leuko-
cyte subsets: rapid internalization and recycling upon activation. J 
Immunol. 1998;160(3):1522-1531.

	 57.	 Xue LJ, Mao XB, Ren LL, Chu XY. Inhibition of cxcl12/cxcr4 axis 
as a potential targeted therapy of advanced gastric carcinoma. 
Cancer Med. 2017;6(6):1424-1436. doi:10.1002/cam4.1085

	 58.	 Teicher BA, Fricker SP. Cxcl12 (sdf-1)/cxcr4 pathway in cancer. 
Clin Cancer Res. 2010;16(11):2927-2931. doi:10.1158/1078-0432.
ccr-09-2329

	 59.	 Payne AS, Cornelius LA. The role of chemokines in melanoma 
tumor growth and metastasis. J Invest Dermatol. 2002;118(6):915-
922. doi:10.1046/j.1523-1747.2002.01725.x

	 60.	 Scala S, Ottaiano A, Ascierto PA, et al. Expression of cxcr4 predicts 
poor prognosis in patients with malignant melanoma. Clin Cancer 
Res. 2005;11(5):1835-1841. doi:10.1158/1078-0432.ccr-04-1887

	 61.	 Bianchi ME, Mezzapelle R. The chemokine receptor cxcr4 
in cell proliferation and tissue regeneration. Front Immunol. 
2020;11:2109. doi:10.3389/fimmu.2020.02109

	 62.	 O'Boyle G, Swidenbank I, Marshall H, et al. Inhibition of cxcr4–
cxcl12 chemotaxis in melanoma by amd11070. Br J Cancer. 
2013;108(8):1634-1640. doi:10.1038/bjc.2013.124

	 63.	 M-x C, Y-l T, W-l Z, Tang Y-J, Liang X-h. Non-coding rnas as regu-
lators of lymphangiogenesis in lymphatic development, inflamma-
tion, and cancer metastasis. Front Oncol. 2019;9:916. doi:10.3389/
fonc.2019.00916

	 64.	 Alitalo AK, Proulx ST, Karaman S, et al. Vegf-c and vegf-d block-
ade inhibits inflammatory skin carcinogenesis. Cancer Res. 
2013;73(14):4212-4221. doi:10.1158/0008-5472.Can-12-4539

	 65.	 Tammela T, Zarkada G, Wallgard E, et al. Blocking vegfr-3 sup-
presses angiogenic sprouting and vascular network formation. 
Nature. 2008;454(7204):656-660. doi:10.1038/nature07083

	 66.	 Park JH, Shin YJ, Riew TR, Lee MY. The indolinone maz51 induces 
cell rounding and g2/m cell cycle arrest in glioma cells without the 
inhibition of vegfr-3 phosphorylation: involvement of the rhoa and 
akt/gsk3b signaling pathways. PLoS One. 2014;9(9):e109055.

	 67.	 Prakash CR, Raja S. Indolinones as promising scaffold as kinase 
inhibitors: a review. Mini Rev Med Chem. 2012;12(2):98-119.

	 68.	 Traxler P. Tyrosine kinase inhibitors in cancer treat-
ment (part ii). Expert Opin Ther Pat. 1998;8(12):1599-1625. 
doi:10.1517/13543776.8.12.1599

	 69.	 Mohammadi M, McMahon G, Sun L, et al. Structures of the tyro-
sine kinase domain of fibroblast growth factor receptor in complex 
with inhibitors. Science. 1997;276(5314):955-960. doi:10.1126/
science.276.5314.955

	 70.	 Kirkin V, Mazitschek R, Krishnan J, et al. Characterization of 
indolinones which preferentially inhibit vegf-c- and vegf-d-
induced activation of vegfr-3 rather than vegfr-2. Eur J Biochem. 
2001;268(21):5530-5540.

	 71.	 Cho TP, Dong SY, Jun F, et al. Novel potent orally active multi-
targeted receptor tyrosine kinase inhibitors: synthesis, structure-
activity relationships, and antitumor activities of 2-indolinone 
derivatives. J Med Chem. 2010;53(22):8140-8149. doi:10.1021/
jm101036c

	 72.	 Xiong X, Zhang Y, Gao X, et al. B5, a novel pyrrole-substituted 
indolinone, exerts potent antitumor efficacy through g2/m cell 
cycle arrest. Invest New Drugs. 2010;28(1):26-34. doi:10.1007/
s10637-008-9211-7

	 73.	 Takada K, Nakajima Y, Urai T, et al. Effects of inhibition of lymph-
angiogenesis by the vascular endothelial growth factor receptor 3 
(vegfr-3) inhibitor, maz51 on full thickness wounds in mice. Veins 
and Lymphatics. 2021;10(1). https://doi.org/10.4081/vl.2021.9385

	 74.	 Kirkin V, Theiele W, Baumann P, et al. MAZ51, an indolinone that 
inhibits endothelial cell and tumor cell growthin vitro, suppresses 
tumor growthin vivo. Int J Cancer. 2004;112:986-993.

	 75.	 Hassan S, Buchanan M, Jahan K, et al. CXCR4 peptide antagonist 
inhibits primary breast tumor growth, metastasis and enhances 
the efficacy of anti-VEGF treatment or docetaxel in a transgenic 
mouse model. Int J Cancer. 2011;129:225-232.

	 76.	 Hotte S, Hirte H, Iacobucci A, et al. Phase i/ii study of ctce-
9908, a novel anticancer agent that inhibits cxcr4, in pa-
tients with advanced solid cancers. Mol Cancer Ther. 
2007;6(11_Supplement):A153.

	 77.	 Kim S, Lee CH, Midura BV, et al. Inhibition of the cxcr4/cxcl12 
chemokine pathway reduces the development of murine pulmo-
nary metastases. Clin Exp Metastasis. 2008;25(3):201-211.

	 78.	 Wong D, Korz W. Translating an antagonist of chemokine receptor 
cxcr4: from bench to bedside. Clin Cancer Res. 2008;14:7975-7980.

	 79.	 Huang EH, Singh B, Cristofanilli M, et al. A cxcr4 antagonist 
ctce-9908 inhibits primary tumor growth and metastasis of 
breast cancer1. J Surg Res. 2009;155(2):231-236. doi:10.1016/j.
jss.2008.06.044

	 80.	 Faber A, Roderburg C. The many facets of sdf-1 alpha, cxcr4 ago-
nists and antagonists on hematopoietic progenitor cells. J Biomed 
Biotechnol. 2007;3:26065.

	 81.	 López-Colomé AM, Lee-Rivera I, Benavides-Hidalgo R, López E. 
Paxillin: a crossroad in pathological cell migration. J Hematol Oncol. 
2017;10:50. doi:10.1186/s13045-017-0418-y

	 82.	 Hanks SK, Ryzhova L, Shin N-Y, Brábek J. Focal adhesion kinase 
signaling activities and their implications in the control of cell sur-
vival and motility. Front Biosci. 2003;8:d982-d996. [cited Access 
Year Access Date|]|. Available rom: URL.

 15824934, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jcm

m
.17571 by South A

frican M
edical R

esearch, W
iley O

nline L
ibrary on [16/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org//10.1073/pnas.242401399
https://doi.org//10.2353/ajpath.2009.081139
https://doi.org//10.1016/j.ccr.2006.02.018
https://doi.org//10.1155/2010/537531
https://doi.org//10.1634/stemcells.19-5-453
https://doi.org//10.1634/stemcells.19-5-453
https://doi.org//10.1158/1078-0432.Ccr-12-0708
https://doi.org//10.1016/j.jbo.2019.100253
https://doi.org//10.1016/b978-0-12-411638-2.00002-1
https://doi.org//10.1016/b978-0-12-411638-2.00002-1
https://doi.org//10.1097/01.sla.0000217690.65909.9c
https://doi.org//10.1097/01.sla.0000217690.65909.9c
https://doi.org//10.1016/j.cell.2005.02.034
https://doi.org//10.1002/cam4.1085
https://doi.org//10.1158/1078-0432.ccr-09-2329
https://doi.org//10.1158/1078-0432.ccr-09-2329
https://doi.org//10.1046/j.1523-1747.2002.01725.x
https://doi.org//10.1158/1078-0432.ccr-04-1887
https://doi.org//10.3389/fimmu.2020.02109
https://doi.org//10.1038/bjc.2013.124
https://doi.org//10.3389/fonc.2019.00916
https://doi.org//10.3389/fonc.2019.00916
https://doi.org//10.1158/0008-5472.Can-12-4539
https://doi.org//10.1038/nature07083
https://doi.org//10.1517/13543776.8.12.1599
https://doi.org//10.1126/science.276.5314.955
https://doi.org//10.1126/science.276.5314.955
https://doi.org//10.1021/jm101036c
https://doi.org//10.1021/jm101036c
https://doi.org//10.1007/s10637-008-9211-7
https://doi.org//10.1007/s10637-008-9211-7
https://doi.org/10.4081/vl.2021.9385
https://doi.org//10.1016/j.jss.2008.06.044
https://doi.org//10.1016/j.jss.2008.06.044
https://doi.org//10.1186/s13045-017-0418-y


5754  |    HLOPHE and JOUBERT

	 83.	 Avizienyte E, Wyke AW, Jones RJ, et al. Src-induced de-regulation 
of e-cadherin in colon cancer cells requires integrin signalling. Nat 
Cell Biol. 2002;4(8):632-638. doi:10.1038/ncb829

	 84.	 Hauck CR, Hsia DA, Schlaepfer DD. The focal adhesion ki-
nase-a regulator of cell migration and invasion. IUBMB Life. 
2002;53(2):115-119. doi:10.1080/15216540211470

	 85.	 Canel M, Serrels A, Frame MC, Brunton VG. E-cadherin-integrin 
crosstalk in cancer invasion and metastasis. J Cell Sci. 2013;126(Pt 
2):393-401. doi:10.1242/jcs.100115

	 86.	 Klezovitch O, Vasioukhin V. Cadherin signaling: keeping cells in 
touch. F1000Res. 2015;4(F1000 Faculty Rev):550. doi:10.12688/
f1000research.6445.1

	 87.	 Lade-Keller J, Riber-Hansen R, Guldberg P, Schmidt H, Hamilton-
Dutoit SJ, Steiniche T. E- to n-cadherin switch in melanoma is as-
sociated with decreased expression of phosphatase and tensin 
homolog and cancer progression. Br J Dermatol. 2013;169(3):618-
628. doi:10.1111/bjd.12426

	 88.	 Plotnikov A, Flores K, Maik-Rachline G, et al. The nuclear transloca-
tion of erk1/2 as an anticancer target. Nat Commun. 2015;6:6685. 
doi:10.1038/ncomms7685

	 89.	 Cargnello M, Roux PP. Activation and function of the MAP-Ks and 
their substrates, the MAP-KMAP-KMAP-KMAP-K-activated pro-
tein kinases. Microbiol Mol Biol Rev. 2011;75(1):50-83. doi:10.1128/
mmbr.00031-10

	 90.	 Johnson DS, Chen YH. Ras family of small gtpases in immunity 
and inflammation. Curr Opin Pharmacol. 2012;12(4):458-463. 
doi:10.1016/j.coph.2012.02.003

	 91.	 Burotto M, Chiou VL, Lee JM, Kohn EC. The MAP-K path-
way across different malignancies: a new perspective. Cancer. 
2014;120(22):3446-3456. doi:10.1002/cncr.28864

	 92.	 Stern DF. Keeping tumors out of the MAP-K fitness zone. Cancer 
Discov. 2018;8(1):20-23. doi:10.1158/2159-8290.Cd-17-1243

	 93.	 McCain J. The MAP-K (erk) pathway: investigational combina-
tions for the treatment of braf-mutated metastatic melanoma. P t. 
2013;38(2):96-108.

	 94.	 Miao H, Ruan S, Shen M. Vegf-c in rectal cancer tissues promotes 
tumor invasion and metastasis. J BUON. 2018;23(1):42-47.

	 95.	 Karkkainen MJ, Petrova TV. Vascular endothelial growth fac-
tor receptors in the regulation of angiogenesis and lymphan-
giogenesis. Oncogene. 2000;19(49):5598-5605. doi:10.1038/
sj.onc.1203855

	 96.	 Coso S, Zeng Y, Opeskin K, Williams ED. Vascular endothelial 
growth factor receptor-3 directly interacts with phosphatidy-
linositol 3-kinase to regulate lymphangiogenesis. PLoS ONE. 
2012;7:e39558.

	 97.	 Corbo V, Ponz-Sarvise M, Tuveson DA. The ras and yap1 dance, 
who is leading? EMBO J. 2014;33(21):2437-2438. doi:10.15252/
embj.201490014

	 98.	 Bolos V, Peinado H, Perez-Moreno MA, Fraga MF, Esteller M, Cano 
A. The transcription factor slug represses e-cadherin expression 
and induces epithelial to mesenchymal transitions: a comparison 
with snail and e47 repressors. J Cell Sci. 2003;116(Pt 3):499-511.

	 99.	 Chen J-C, Chang Y-W, Hong C-C, Yu Y-H, Su J-L. The role of the 
vegf-c/vegfrs axis in tumor progression and therapy. Int. J. Mol.Sci. 
2012;14(1):88-107. [cited Access Year Access Date|]|. Available rom: 
URL.

	100.	 Niederleithner H, Heinz M, Tauber S, et al. Wnt1 is anti-
lymphangiogenic in a melanoma mouse model. J Invest Dermatol. 
2012;132(9):2235-2244. doi:10.1038/jid.2012.138

	101.	 Bracher A, Cardona AS, Tauber S, et al. Epidermal growth factor 
facilitates melanoma lymph node metastasis by influencing tumor 
lymphangiogenesis. J Invest Dermatol. 2013;133(1):230-238. 
doi:10.1038/jid.2012.272

	102.	 Swoboda A, Schanab O, Tauber S, et al. Met expression in mel-
anoma correlates with a lymphangiogenic phenotype. Hum Mol 
Genet. 2012;21(15):3387-3396. doi:10.1093/hmg/dds171

	103.	 Puujalka E, Heinz M, Hoesel B, et al. Opposing roles of jnk and 
p38 in lymphangiogenesis in melanoma. J Invest Dermatol. 
2016;136(5):967-977. doi:10.1016/j.jid.2016.01.020

	104.	 Matsui J, Funahashi Y, Uenaka T, Watanabe T, Tsuruoka A, Asada 
M. Multi-kinase inhibitor e7080 suppresses lymph node and lung 
metastases of human mammary breast tumor mda-mb-231 via 
inhibition of vascular endothelial growth factor-receptor (vegf-r) 
2 and vegf-r3 kinase. Clin Cancer Res. 2008;14(17):5459-5465. 
doi:10.1158/1078-0432.ccr-07-5270

	105.	 Ghosh S, Basu M, Roy SS. Ets-1 protein regulates vascular endothe-
lial growth factor-induced matrix metalloproteinase-9 and matrix 
metalloproteinase-13 expression in human ovarian carcinoma cell 
line skov-3. J Biol Chem. 2012;287(18):15001-15015. doi:10.1074/
jbc.M111.284034

	106.	 Bahram F, Claesson-Welsh L. Vegf-mediated signal transduction in 
lymphatic endothelial cells. Pathophysiology. 2010;17(4):253-261. 
doi:10.1016/j.pathophys.2009.10.004

	107.	 Brennecke P, Arlt M, Campanile C, et al. Cxcr4 antibody treat-
ment suppresses metastatic spread to the lung of intratibial 
human osteosarcoma xenografts in mice. Clin Exp Metastasis. 
2014;31:339-349.

	108.	 Porvasnik S, Sakamoto N, Kusmartsev S, et al. Effects of cxcr4 
antagonist ctce-9908 on prostate tumor growth. Prostate. 
2009;69(13):1460-1469. doi:10.1002/pros.21008

	109.	 Kyrylkova K, Kyryachenko S, Leid M, Kioussi C. Detection of 
apoptosis by tunel assay. Methods Mol Biol. 2012;887:41-47. 
doi:10.1007/978-1-61779-860-3_5

	110.	 Cullis J, Das S, Bar-Sagi D. Kras and tumor immunity: friend or foe? 
Cold Spring Harb Perspect Med. 2018;8(9):a031849. doi:10.1101/
cshperspect.a031849

	111.	 Tsubaki M, Yamazoe Y, Yanae M, et al. Blockade of the ras/
mek/erk and ras/pi3k/akt pathways by statins reduces the ex-
pression of bfgf, hgf, and tgf-β as angiogenic factors in mouse 
osteosarcoma. Cytokine. 2011;54(1):100-107. doi:10.1016/j.
cyto.2011.01.005

	112.	 Cai X, Lietha D, Ceccarelli DF, et al. Spatial and temporal regula-
tion of focal adhesion kinase activity in living cells. Mol Cell Biol. 
2008;28(1):201-214. doi:10.1128/mcb.01324-07

	113.	 Staunton DE, Lupher ML, Liddington R, Gallatin WM. Targeting 
integrin structure and function in disease. Adv Immunol. 
2006;91:111-157. doi:10.1016/s0065-2776(06)91003-7

How to cite this article: Hlophe YN, Joubert AM. Vascular 
endothelial growth factor-C in activating vascular endothelial 
growth factor receptor-3 and chemokine receptor-4 in 
melanoma adhesion. J Cell Mol Med. 2022;26:5743-5754. doi: 
10.1111/jcmm.17571

 15824934, 2022, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jcm

m
.17571 by South A

frican M
edical R

esearch, W
iley O

nline L
ibrary on [16/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org//10.1038/ncb829
https://doi.org//10.1080/15216540211470
https://doi.org//10.1242/jcs.100115
https://doi.org//10.12688/f1000research.6445.1
https://doi.org//10.12688/f1000research.6445.1
https://doi.org//10.1111/bjd.12426
https://doi.org//10.1038/ncomms7685
https://doi.org//10.1128/mmbr.00031-10
https://doi.org//10.1128/mmbr.00031-10
https://doi.org//10.1016/j.coph.2012.02.003
https://doi.org//10.1002/cncr.28864
https://doi.org//10.1158/2159-8290.Cd-17-1243
https://doi.org//10.1038/sj.onc.1203855
https://doi.org//10.1038/sj.onc.1203855
https://doi.org//10.15252/embj.201490014
https://doi.org//10.15252/embj.201490014
https://doi.org//10.1038/jid.2012.138
https://doi.org//10.1038/jid.2012.272
https://doi.org//10.1093/hmg/dds171
https://doi.org//10.1016/j.jid.2016.01.020
https://doi.org//10.1158/1078-0432.ccr-07-5270
https://doi.org//10.1074/jbc.M111.284034
https://doi.org//10.1074/jbc.M111.284034
https://doi.org//10.1016/j.pathophys.2009.10.004
https://doi.org//10.1002/pros.21008
https://doi.org//10.1007/978-1-61779-860-3_5
https://doi.org//10.1101/cshperspect.a031849
https://doi.org//10.1101/cshperspect.a031849
https://doi.org//10.1016/j.cyto.2011.01.005
https://doi.org//10.1016/j.cyto.2011.01.005
https://doi.org//10.1128/mcb.01324-07
https://doi.org//10.1016/s0065-2776(06)91003-7
https://doi.org/10.1111/jcmm.17571

	Vascular endothelial growth factor-­C in activating vascular endothelial growth factor receptor-­3 and chemokine receptor-­4 in melanoma adhesion
	Abstract
	1|INTRODUCTION
	1.1|Epidemiology
	1.2|Tumour microenvironment in melanoma metastasis

	2|GROWTH FACTOR RECEPTORS AND LIGANDS
	2.1|Vascular endothelial growth factor family
	2.2|Vascular endothelial growth factor-­C
	2.3|Transforming growth factor-­beta 1
	2.4|Vascular endothelial growth factor receptor-­3
	2.4.1|Vascular endothelial growth factor receptor-­3/vascular endothelial growth factor-­C gradient

	2.5|C-­X-­C motif chemokine receptor-­4

	3|RECEPTOR ANTAGONISTS
	3.1|Inhibition of receptor 3 phosphorylation by (3-­(4-­Dimethylamino-­naphthalen-­1-­ylmethylene)-­1, 3-­dihydroindol-­2-­one)
	3.2|Antagonist of CXCR-­4 CTCE-­9908

	4|ADHESION PROTEINS
	4.1|Focal adhesion kinase
	4.2|Paxillin
	4.3|Cadherin

	5|SIGNALLING PATHWAYS
	5.1|Mitogen-­activated protein kinase and phosphatidylinositol 3-­kinase pathways
	5.2|Mitogen-­activated protein kinase and phosphatidylinositol 3-­kinase pathways linked to VEGFR-­3/VEGF-­C and CXCL12/CXCR-­4

	6|DISCUSSION
	7|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


