Surg. Res. Comm., 1994, Vol. 16, pp. 219-237 / X © 1994 Harwood Academic Publishers Gmb
Reprints available directly from the publisher Printed in Malays

Photocopying permitted by license only (N{L - ( i

REVIEW PAPER: MOTILITY FACTORS IN
CANCER INVASION AND METASTASIS

W.G. JIANG, M.B. HALLETT, and M.C.A. PUNTIS

University Department of Surgery, University of Wales College of Medicine,
Heath Park, Cardiff CF4 4XN

(Accepted for publication 13 February 1994)

The motility of cancer cells is a crucial requirement for cancer invasion and metastasis. In the last decade, a
number of factors, from a variety of sources, have been demonstrated to promote cancer cell motility. Here,
we review the properties of these factors and discuss the mechanisms and signal transduction pathways
involved. The implication for cancer treatment in the future is also discussed.
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Abbreviations: AMF: autocrine motility factor; CSF: colony-stimulating factor; EDMF: Endothelioma
derived motility factor; GMF: Glioma derived motility factor; IFN: interferon; IIF: inva-
sion inhibitory factor; IL: interleukin; IP: insulin like peptides; GF: growth factor; ISF:
invasion stimulating factor; MDSF: monocyte derived scattering factor; MRP-1: motility
related protein-1; MSF: motility stimulating factor; TNF: tumour necrosis factor

INTRODUCTION

Cancer metastasis is a complex phenomenon 13 involving primary proliferation of
cells, their attachment to and invasion through the basement membrane and extracel-
lular matrix, appearance in the circulation, re-attachment and migration through the
endothelial layer, and finally the production of distant secondary tumours. The motil-
ity of cancer cells is thus a crucial step in the establishment of metastasis**. From
the initial invasion through the basement membrane to the metastasis formation, cell
motility is a basic requirement. It is thus important to establish the nature of the stim-
uli for increased cancer cell motility, the receptors utilised and the signal transduction
mechanisms involved in inducing the cytoskeletal and cell adhesion molecule changes
required for locomotion. This review will discuss the cytokine and other, more re-
cently discovered, cancer cell motility factors, and their signal transduction pathways.
Finally the possible implications for cancer treatment will be discussed.

MOTILITY FACTORS
Motility factors (MFs) are factors which stimulate cell movement. It was reported

early in the last decade that some cytokines can promote motility and invasion of
cancer cells, and in the past few years more cytokines have been added to the list.
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table 1 Motility factors. The table summarises the known motility factors, their sources, and responding
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xll types.
Motility Factor Sources. Responding Cells References
1L-1 Monocytes etc Breast Cancer 7
1L-6 Monocyte Breast Cancer 7,8
GM-CSF Various cell Melanoma 9
Endothelial cells 10
Lung Cacell 11
M-CSF(CSF-1) Macrophages Receptor(+ve) cell 12
G-CSF Immune cells Endothelial cells 10
HGF/SF Fibroblasts Various cell types 13,14,15,
AMFs Melanoma Melanoma and malignant cells 16,17
Prostatic Ca Autocrine 18,19,20
Fibrosarcoma Autocrine 21
Autotaxin Melanoma Melanoma 22
MSF Fibrosarcoma Autocrine 23,24
IFNy Immune cells Keratinocyte 25
FGF Various cells Brain tumours 26
Prostate Cancer 27
PDGF Various cells Brain tumours 26
Hematopoietic cells 28
IPs(1GEinsul) Various celis Melanoma, breast, and bladder Cancer 17,29
MDSF Monocyte/mac Human colon Cancer 30
TNFa Monocyte Various epithelial cells 31
EGF Various cells Brain tumours 26
Keratinocyte 32
TGFB Various cells Lung cancer 33
Keratinocyte 32
GMF Glioma Lung Cancer 35,36
MRP-1 Various tumour .  Breast Cancer 37
\GF Nerve Tissue Brain malignant tumour 26
Cachemotactic Factor ~ Various Tumour ~ Hepatoma 38
EDMF Endothelioma Various tumour cells 39
ISF ? Prostatic Cancer 40
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In 1991, Stoker and Gheradi proposed a new term, motogen, to describe any factors
which promote cell motilityS. Generally, MFs can be categorised into three groups:
factors stimulating motility only, factors stimulating both motility and growth, and
a third group of other miscellaneous extracellular components and mediators. A
comprehensive list of cancer cell motility factors thus includes a number of cytokines
and other factors (Table 1).

Those factors which are solely motility factors are motility stimulating factor (MSF),
autotaxin, glioma derived motility factor (GMF), cancer chemotactic factor, mono-
cyte derived scattering factor (MDSF), and the endothelioma derived motility factor
(EDMF), whereas other cytokine motility factors generally affect both motility and
growth (Table 1).

One of the most powerful motility factors discovered to date is scatter factor,
initially purified from fibroblasts'“'> and found to be identical to hepatocyte growth
factor 1>*442, This factor is both a potent motility factor for a variety of normal and
malignant cells and also a growth regulatorG’B’“’ 53043,

The MFs which affect both motility and growth may function in the following three
ways. Some factors are stimulatory for both motility and growth, GM-CSF, IL-1, IGFs,
PDGFs26:2829445 while others are stimulatory for motility but inhibitory for growth
(TGFB for example). Others motility factors can be either stimulatory or inhibitory for
growth depending on the nature of target cells (for example TNF, inhibition for some
colon, hepatic, and fibrosarcoma cells and stimulation for some of the gynecological
tumour cells*#7%), This suggests that regulation of motility and growth may occur
via different pathways. Motility factors may also induce angiogenesis49”53.

Cancer cell motility may also be promoted by some of the extracellular matrix
(ECM) components, for example fibronectin 5455 collagen IV %', thrombospondin 58
and hyaluronan 9 The ECM may therefore also provide a motility stimulation in can-
cer metastasis. The proteolytic enzyme, urokinase type plasminogen activator, also
stimulates cell motility and invasion via a paracrine mechanism®. Other components
may also promote cell locomotion, a cell surface ?yco-conjugate has been resgorted to
be important in controlling tumour cell motility®' for example. Kojima et al® showed
that tumour cells expressing ganglioside G ,; on their surface greatly increase their
spreading and motility by interacting with solid phase glycosphingolipids (Gg3). This
indicates the important role of the carbohydrates on cell surface components in con-
trolling cell motility.

The stroma and ECM are the environment in which tumour cells exist, and apart
from offering growth factors which support cancer cell growth, and producing lytic
enzymes (stromelysins) 8 which degrade the ECM allowing for easier cell migration,
stromal cells of the tumour connective tissue (fibroblasts) are also a rich source of
motility factors such as IL-6 and scatter factor. Immune cells, although they may
play an important part in killing tumour cells, are also major contributors of motility
factors such as IL-1, IL-6, TNFa, MDSF, HGE T celis and monocyte/macrophages
in particular provide a rich array of motility factors (Figure 1). The contribution
of MFs from stroma, ECM, and immune cells has raised significant interest in re-
assessing the role they play (particularly the immune cells) in tumour invasion and
metastasis.



W.G. JIANG et al.

[umour cell

ey
& 1|

Q
Monocytes\
Motility,

. . Extracellular
n?:t’gens > invasion, ‘] matrix components
Lymphocytes | " '°0%¢nS proliferation & other mediators

(&)
i invasion &
metastasis formation

-7
Invasive

tumour cell

Fibroblasts

.Figm:e 1 The role of stromal fibroblasts, immune cells, and extracellular matrix in tumour cell motility and
invasion.

Autocrine and paracrine stimulation of motility

Cell motility is affected by motility factors in two ways, autocrine and paracrine.
The best examples for autocrine regulation are autocrine motility factor (AMF) and
glioma motility factor (GMF), which are produced by malignant cells and stimulate
motility in an autocrine manner. AMF, which is groduced by melanoma cells and
provide a potential autocrine stimulus for the cell’®!”, is actually a group of proteins
which have both autocrine and paracrine stimulatory effects on cancer cells. Although
initially the factor was shown to stimulate only motility, it has been shown very recently
that AMF can also stimulates cell growth!*. Some MFs have only paracrine activity,
for example interferon gamma is produce by T lymphocytes but stimulates malignant
cell motility. However, most factors have both autocrine and paracrine activity for cell
motility, for example HGF/SF 1415423043 17 -1 and IL-6. The cross reaction between
motility factors is less well studied. Although, experimentally, motility factors act
individually, the effects of motility factors such as IL-1 and IL-6 may be additive .

MECHANISMS AND INTRACELLULAR SIGNAL TRANSDUCTION IN CELL
MOTILITY

Cell motility is an important area in both oncology and immunology, yet the precise
mechanisms have not been clearly defined. There are however, some fundamental
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differences between the motility of immune cells, such as neutrophils and cancer cells.
In the former case, movement is directional, cells moving towards the source of a
chemotactic factor along a concentration gradient. In contrast, motility factors cause
cancer cells to increase motility in random directions. For example, experimentally,
a tightly growing cell colony will be “scattered” by increased cell motility, giving rise
to the name scatter factor. The speed of movement is also vastly different, neutrophil
chemotaxis being observable under the microscope within minutes, whereas colony
scattering takes hours. Despite these differences, the underlying processes are prob-
ably similar. Stimulation of cancer cell motility will involve stimulation, intracellular
signalling, modifications of the interactions between the cytoskeleton and both the in-
tracellular and extracellular environments (Figure 2). The following summarises the
molecules and pathways which are involved in motility signal transduction.

Protein kinase C(PKC): Protein kinase C is an important component in cell acti-
vation, including tumour cell transformation. It is also a key factor in mediating
tumour cell motility and tumour invasion. Activation of PKC is associated with in-
creased tumour cell motility/invasiveness and depletion of PKC may abolish motil-
ity/invasiveness of some cancer cells®%. Although PKC may mediate motility in
most tumour cells, activation of PKC in keratinocytes however may inhibit motility
as reported recently by Ando et al ™ indicating that the down-stream pathways after
activation of PKC may be different in different cell types.

Protein kinase A(PKA): It has been suggested that protein kinase A is involved in the
signal transduction pathway for GM-CSF-induced motility and metastasis of cancer
cells!!. This group has reported that inhibitors of PKA activity block the motility
effect of GM-CSF and that cells with a defect in PKA fail to show increased motility
and metastasis in response to GM-CSE.

Tyrosine kinase: Some of the motility factor receptors, in common with some growth
factor receptors, have protein tyrosine kinase domains, raising the possibility that
their signal transduction occurs via tyrosine phosphorylation. The best example for
this signalling pathway is perhaps that with HGF/SE. The HGF receptor is the c-met
proto-oncogene encoded protein”!"’2 which is a transmembrane protein with 50 kDA
alpha and 145 kDa beta subunits generated by cleavage of a single precursor73’74’75 .
The B unit of the protein has both extra- and intra-celluar domains, the intracellular
domain having a tyrosine kinase domain inducing tyrosine kinase activation . A
role in stimulating cell growth can be suggested perhaps involving activation of raf-
1, MAPKK (mitogen activated protein kinase kinase), MAPK, and then C-fos and
c-jun protooncogene and finally the nucleus transcription "1, However, it is not clear
whether tyrosine phosphorylation also plays a role in triggering increased cell motility,
HGF/SF having effects on a number of important signalling molecules such as PLC
gamma, GAP(GTPase activation protein), PI-3 kinase, and a soluble tyrosine kinase,
src’8. Mueller et al” have suggested a key role for tyrosine phosphorylation of a
membrane protein, which may mediate tumour cell invasion via the cytoskeletal and
plasma membrane events leading to the formation and function of “invadopodia”.

G protein coupling: G proteins are small proteins which are involved in intracellular
transduction. The G protein pathway consists of receptor, G protein, and effector.
There is evidence that a small G protein rho-p21, which is related to ras p21 and
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production of collagenase is increased b;l TNF-o'%, 11.-1105196107 5n 4 bEGF 108109
IStrorlr}(()elysm is gxlllcreasc?d.b)lflgL-l, IL-6'% and plasminogen activator is increased b.
L-1"7, bFGF ™", laminin'** and TNF-'*. TIMP-2, a tissue inhibitor of metalloy
proteinase, can inhibit tumour cell invasion !¢ )

THE POTENTIAL ROLE OF MOTILITY FACTORS IN ME
DIATIN
CELL MOTILITY AND METASTASIS @ CANCER

;I‘he increased motility and invasion of tumour cells in vivo in response to motility
actors may be due to the following changes: the increased levels of MFs in the body,

the over expressed MF receptors, the d i i i
‘ . efect in normal signal transdu .
1n negative control. , ® etiom ora defect

. Overproduc'tion of motility factors: Overproduction of motility factors produced b

j either autocrine or paracrine mechanisms, will stimulate cancer cell r’notility ThZ
chan'ges‘of HGF/SF are well documented. Apart from liver damage, where it ;;Ia s a
rolf: in liver regeneraticn, HGF levels increase in both blood and in’ other biolog}i,cal
fluids in a number of conditions. After liver resection for metastatic tumours, HGF
blooq levels were increased!!>. Kaneko et al'!® showed that even higher levels’of cir-
culating HGF were produced by resection of metastatic foci in the liver. Routine surgi-
f:al operations, such as cholecystectomy, colectomy and splenectomy induce si niﬁcagnt
increases of blood HGF!Y. Tumour cells, themselves, also produce HGF 15’6§’”8’“9
Overexpression of motility factor receptors: It has been shown that a variety of M.F
receptors are over-expressed in cancer cells. Expression of the HGF/SF receptor the
¢-met protein, in normal tissues, including gastro-intestinal mucosa, is either unde-
: tectal?le or there are low levels of mRNA for cMET (HGF receptor’). However, ex-
pression is much higher in their related malignant counterparts, gastro-intestinal’car-
cinoma, for.example 2, Over expression of this receptor is seen in various malignant
tissues and in other transformed cells '>'-127, This raises the possibility that malignant
{cells expressing high levels of MF receptor will respond more sensitively or more vig-
l(;;';):usly to ME, and so become more motile than nonmalignant cells when exposed tgo
.Unregulated activation of intracellular signalling for motility: It has recently been
dlscoYered that cancer cells have a defective post-translational processing of c-met
fprotein. Generation of the c-met protein involves the synthesis of 190kDa precursor
Jprotein and sul;gequent cleavage to form the alpha and beta subunits of the mature
:I GF receptor . The activation of these mature receptors needs the binding of
its ligand, HGF/SE. However, in some cancer cells, there is defective cleavage of
he precursor protein, and the precursor 190kDa protein appears in the cancer cell
’ embrane. This precursor is active without the ligand binding and the motility of
.‘ ells bearing this receptor is increased and uncontrolled by HGF'®,

' .Defect of negative control of cancer cell motility: NM23 gene, encoding nucleoside
Hiphosphate kinase (NDPK), has, in the past few years, been shown to be a metastasis
puppressor gene. Transfection of NM23 genes greatly reduces tumour cell metastatic
potential and paired DNA analysis shows that highly metastatic cell lines have a
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deletion of one allele of NM23'2!®_ In cancer patients with colorectal cancer, breast
Ca, malignant melanoma, hepatoma, and other tumours 313 a defect of this gene
(and there may well be other metastatic suppressor genes) may relax the suppression
of cancer cell motility and thus render them more susceptible to MFs.

MOTILITY AS A TARGET IN CANCER TREATMENT

The recognition that cancer cell motility underlies metastasis, raises the possibility
that strategies aimed at reducing motility will be effective anti-cancer therapies. The
success of such an approach relies on identifying appropriate targets for such inter-
vention.

Motility inhibitory factors:

Great efforts have been made to identify factors which may reduce cell motility/
invasiveness and the followings are some of the successful ones.

Invasion inhibiting factor-2 (IIF2): Isoai et al have purified two factors from liver
which inhibit tumour invasion both in vivo and in vitro *>%_ TIF-2 is particularly ac-
tive when conjugated to albumin 136 1IF-2 has amino acid sequence similarity to HMG
17 (High Mobility Group 17), a highly conserved nuclear protein which may regulate
DNA structure and whose expression is down-regulated during differentiation 136,137,138

MRP-] has been shown to inhibit motility of various cell types 3 Sequence analysis
of MRP-1 revealed similarities with CD37, ME491 (melanoma-associated antigen),
TAPA-1 (antiproliferative antibody), CO-029 (a human tumour associated antigen),
CD?9, and sm23 antigen. This has raised interest in searching for roles in motility for
these antigens. It has recently been reported that transfection of malignant cells with
MRP-1 DNA results in a significant reduction in motility and metastasis 839,

Cell motility inhibitory protein, a protein isolated from Dunning cancer cells 10 aiso
significantly inhibits cancer cell motility.

ANTI-MOTILITY AGENTS

Retinoids are a group of vitamin A metabolites and synthetic analogues which interact
with processes involved in growth and differentiation. Thf?' also suppress cell motility
and invasion (in vitro) and metastasis (in vivol) WLI2143,14145  1pterestingly, retinoic
acid reduces the expression of AMF receptor 2143,

A highly conserved sequence from the matrix metalloproteinase enzyme proseg-
ment has been shown to inhibit tumour cell invasion at a cellular level, indicating the
importance of matrix in both tumour cell invasion and metastasis "7

The tripeptide Arg-Gly-Asp (RGD), the active component of fibronectin is
important in other cell adhesion proteins 150 which bind to the members of integrin
family of the cell adhesion molecules. RGD containing peptides have been shown to
inhibit tumour cell adhesion and tumour progression in experimental animals 183,
and fibronectin stimulated tumour cell motility 2. Chambers et al 153 showed that

148,149
’
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metastatic cells express high level of osteopontin (OPN), a phosphoprotein containing
RGD peptides, and this promotes cell spreading on and adhesion to OPN itself and
also on laminin. This effect on spreading is blocked completely by the RGD sequence.
A wide range of other RGD containing proteins and Feptides have been tested and
found to have anti-motility and metastasis activities 154155 " Apart from RGD sequence
containing peptides, other ECM components were also explored. Laminin peptide
11, has been shown to inhibit tumour motility and therefore invasion presumably by
binding to the laminin receptor 136,

Antibodies against a cell surface glycoconjugate have been shown to inhibit tumour
cell motility and tumour metastasis indicating the usefulness of anti-motility agents in
cancer treatment®!. Anti-specific glycosphingolipid antibody also inhibits cell motility,
spreading and adhesion®. Antibodies against integrin receptors on the cell surface
have been shown to inhibit cell migration, invasion and tumour metastasis 157158 This
area is a promising area and further progress is anticipated in the near future.

Suramin, a trypan red derivative was found to inhibit cell motility at a lower con-
centration than caused growth inhibition 27 1t also prevents melanoma cells spreading
on ECM . This agent has been used in patients with adrenocortical carcinoma and
prostatic cancers %161 The effect of suramin on cancer cells may be via inhibition of
both motility and invasion, and also of growth.

Anti-cytoskeleton structure agents have also been explored. Microtubule associated
protein inhibitor, estramustine phosphate has been shown to inhibit cell motility which
provides another interesting area to investigate 162 Taxol is a natural product of
Western Yew and can deform the cytoskeleton. This agent has been used in patients

| with cancer but more work is needed to confirm the effects 1.

Motility factor antagonist: The use of functionally inactive antagonists of MFs has

| been explored. HGF antagonists have recently been reported, which compete with
| receptors for HGF binding but without inducing any biological effects 163,164 Synthetic
| enzymatically inactive urokinase-type plasminogen activator, which may bind to the
| cell surface receptor for uPA, has been reported recentlyms’l“. Saturation of uPA
} receptor with these non-active antagonists may greatly reduce tumour cell invasion
 and metastasis both in vitro and in vivo.

Anti-motility signalling: Calmodulin antagonists which inhibit calmodulin-dependent

| pathways inhibit motility and invasion'%’. The PKC inhibitors staurosporine, H-7,

MDL 27,032 %1% SPC100221 (or threo-dihydrosphingosine) '™ and PKC-inhibitory
retinoids!”! all inhibit motility and invasion in vitro as well as metastasis in vivo in
animal studies. G-protein cascade can be blocked by carboxyamid-amino-imidazol
compound and this results in inhibition of tumour cell invasion and motility 1",

Recently, Kohn et al'” has reported a novel inhibitor of selected signal transduc-
tion pathways, whereby CAI (1651582, NSC 609974) inhibits anchorage dependent
and independent growth of a large series of human cancer cell lines, and also inhibits
experimental metastases, presumably by inhibiting the signal transduction pathways
(the release of arachidonic acid, and the generation of phosphoinositides). This pro-
vides evidence that inhibiting specific signal transduction routes may be an important
approach in cancer treatment.

Since it has been shown that arachidonic acid lipoxygenase metabolites are second
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messengers for cell spreading®¥’, blocking the pathway of metabolism by various
inhibitors may be another approach for treatment.

Genetic approach

Regulation of cell motility at genetic level is less well investigated. However, transfec-
tion, in vitro of the nm23 gene, which is defective is some metastatic and highly invasive
tumours, has been shown to suppress tumour invasive and metastatic potential of a
human tumour!”. Extension of this approach in vivo would provide an interesting

and powerful approach to reducing cancer metastasis. Antisense RNA to c-myc has
also been shown to inhibit cell motility !

SUMMARY AND FUTURE WORKS:

Motility factors play a very important part in cancer metastasis. As more motility
fact9rs are identified, we will be able to develop a more thorough understanding of
the invasive nature of cancer cells. Although there are many unanswered questions

there is no doubt that strategies aimed at reducing tumour cell motility and invasion,
should be designed and investigated.
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