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ABSTRACT

Increased expression of autotaxin has been shown to promote metastasis
formation and cancer proliferation. These actions could be related to the catalytic
activity of autotaxin which converts lysophosphatidylcholine into
lysophosphatidate extracellularly or non-catalytic functions of autotaxin may be
responsible. Also both LPC and LPA have been reported to stimulate migration
through their respective receptors. This work investigates the role of autotaxin in
controlling the motility of two cancer cell lines. With the use of autotaxin
inhibitors we were able to block LPC-induced migration. Knocking-down
autotaxin secretion also blocked stimulation of migration by LPC. Autotaxin
inhibitors abolished any migratory effects from media collected from autotaxin
secreting cells. We determined that LPC alone is unable to stimulate migration.
Also we did not observe non-catalytic effects of autotaxin on migration. This
thesis provides strong evidence that the inhibition of autotaxin production or
activity would provide a beneficial therapy in the prevention of tumour growth or

metastasis in patients with autotaxin expressing tumours.
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CHAPTER 1

INTRODUCTION



1.1 Overview of Cancer

Cancer today remains one of the leading causes of death worldwide; over
the last 20 years science has made several advancements in cancer treatment and
for the first time we have begun to see a steady decline in cancer related deaths.
As we better understand the mechanisms that lead to the development and
progression of aggressive malignancies, the better suited we are to provide life
saving or prolonging strategies to deal with this devastating disease. While we
have made great strides in the management of primary tumours, we still struggle
greatly in the treatment of metastatic lesions at sites distant to the primary tumour
[1]. In determining cancer patient outcomes, the two factors that suggest a poor
prognosis are most often the involvement of lymph nodes and presence of
metastasis, the latter being the cause of the majority of cancer related deaths [2].
Metastasis depends upon the ability of cancer cells to migrate, break tissue
barriers, and invade surrounding tissue. However, much of how this process
occurs is still poorly understood [3]. In order for cells to acquire the ability to
metastasize, there are often several alterations that must occur within the cell such
as increased growth potential, loss of apoptotic safe guards, detachment from the
extracellular matrix, migration and invasion of tissue barriers; this along with
changes to the tumor microenvironment allow for the progression of cancer [4].
In fact, it is believed that changes in the tumour microenvironment are as
important to the advancement of cancer as are changes within the cells themselves
[5]. The affected organ and the invading cells produce factors in the

microenvironment that alter tumour growth, tumour survival, blood vessel



formation, and cell migration [6]. One of these factors, the secreted enzyme,
autotaxin (ATX), has received much attention in recent years as a strong modifier

of the extracellular environment.

1.2 History of Autotaxin

Autotaxin is a 125-kDa glycoprotein that was first identified as a motility-
stimulating factor purified from human melanoma A2058 cells. When it was first
identified, the enzymatic activity was not known, and no homology to any other
growth or motility factors were identified, but it was shown to stimulate migration
through a G-protein coupled receptor [7]. Later it was found to have significant
homology to the nucleotide pyrophosphatase and phosphodiesterase (NPP) family
[8]. These are transmembrane enzymes that hydrolyze phosphodiester and
pyrophosphate bonds that remove phosphates from ATP and ADP [9]. ATX was
described as an excreted NPP and was shown to exhibit 5'-nucleotide
phosphodiesterase activity, thus it was co-named NPP2 [10]. Ten years after its
initial discovery a more important function of ATX was identified. Extracellular
lysophospholipase D (lysoPLD) activity was demonstrated in rat plasma that
generates lysophosphatidic acid (LPA) from lysophosphatidylcholine (LPC) [11].
Upon further analysis the secreted lysoPLD was shown to be identical to ATX
[12]. ATX is activated first by cleavage of a 27-residue signal peptide by signal
peptidase followed by the cleavage of 8-residue peptide by pro-protein convertase
[13]. Both the phosphodiesterase and lysoPLD activity of ATX rely on the same
critical residue, specifically threonine 210 in the catalytic domain, and the

reaction mechanisms are similar (FIG 1.1A). However, it is now believed that the



majority of the physiological actions of ATX are mediated through the lysoPLD

activity and not through its action on nucleotide phosphates [14].

1.3 Autotaxin and Cancer

In addition to melanoma, ATX has been associated with several other
malignancies [15-21]. Elevating ATX expression in Ras-transformed NIH3T3
cells enhanced their invasive, metastatic and tumourigenic properties [22].
Increased expression of ATX has been shown to contribute to tumour growth,
inhibition of apoptosis, migration, invasion, and metastasis [12, 18, 22-24]. ATX
may also contribute to tumour growth by promoting angiogenesis [24]. Vascular
endothelial growth factor (VEGF)-A promotes expression of ATX and ATX is
able to promote the expression of VEGF receptor (VEGFR)-1 and -2 suggesting
that ATX and VEGF act in a positive-feedback loop [25]. Higher levels of ATX
activity have been linked to worse prognosis in patients with ovarian and thyroid
carcinomas [20, 21]. The association of malignancy and ATX has been vigorously
investigated in recent years but ATX is also associated with many other

physiological and pathological actions.

1.4 Physiological Actions of Autotaxin

There are several identified biological functions of ATX; failure on
several attempts to produce live ATX null mice is a testament to its necessity in
normal physiology. ATX has an identified role in the stabilization of blood

vessels which is most likely why ATX knockout mice die early in embryonic



development with significant vascular abnormalities [26, 27]. ATX mRNA is
found in most tissues in the body, with highest expression in brain, ovary, lung,
intestine and kidney [28]. The myelination of axons by oligodendrocytes is in
part controlled by the action of ATX [29]. ATX is detectable in blister fluid at
high concentrations and may be involved in reepithelialization by keratinocytes
[30]. ATX is involved in the regulation of thrombosis where it binds with
activated platelets localizing LPA production [31]. ATX has a role in innate and
adaptive immunity [32]. It promotes the recruitment of immune cells in the
presence of bacterial lipopolysaccharide during the inflammatory response [33].
ATX is also implicated several pathological conditions other than cancer. High
levels of ATX can be found in affected joints of rheumatoid arthritis patients and
may be a contributing factor in joint destruction. ATX induces synoviocytes to
produce potent neutrophil attracting cytokines [34]. Involvement of ATX causing
the proliferation of preadipocytes suggests a role for it in the development of
obesity [35]. Also ATX is believed to be involved in the progression of
inflammatory bowel disease, neuropathic pain and Hepatitis C [36-38]. At the
beginning of this work the role of ATX in the mechanisms behind these actions
was not fully understood, there has been some work on non-catalytic effects of
ATX, however many of the physiological and pathological functions are now
believed to be related to the lysoPLD activity of ATX [28].

Essentially, there are three differentially expressed isoforms of ATX (FIG
1.1B). ATX B mRNA is highly expressed in peripheral tissues and poorly

expressed in the CNS, conversely ATX y mRNA is expressed primarily in the



CNS with low expression in the periphery [39]. Besides their distinctive
localizations the § and y isoforms have very similar biochemical characteristics
[40]. ATX a mRNA is poorly expressed in all tissues and the protein is unstable
due to an extra exon not found in {} or y isoforms, the extra exon encodes a
protease cleavage site (KVAPKRR) corresponding to amino acid 341 (FIG 1.1B).
Cleavage at this site is within the catalytic domain of ATX, thus the o isoform

lacks enzymatic activity [40].

1.5 Non-Catalytic Functions of Autotaxin

Non-catalytic effects of ATX have been identified in oligodendrocytes where
it effects remodeling and focal adhesion organization as a matrixcellular protein
[41]. This function is mediated through the Modulator of Oligodendrocyte
Remodeling and Focal adhesion Organization (MORFO) domain located at the C-
terminal end of the protein (FIG 1.1A) [14]. The MORFO domain is able to
prevent the adhesion of oligodendrocytes to the extracellular matrix and thus may
effect cell migration and myelination by oligodendrocytes in the early stages of
CNS development [42]. This domain was shown to function independently of the
lysoPLD activity and mutations in the C-terminal region did not impair lysoPLD

activity or the ability of ATX to stimulate cell motility [43].
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FIGURE 1.1: Schematic of autotaxin domains and alternatively
spliced autotaxin transcripts. Panel A represents a schematic of
autotaxin identifying the different structure-functional domains; threonine
210 is a critical residue for the lysophospholipase D activity of autotaxin.
Adapted from Yuelling and Fuss, 2008. Panel B represents mRNA splice
variants in the structure of murine autotaxin. In the a. and  variants, exon
20 is spliced directly to exon 22, whereas in the 3 and y variants exon 11
is spliced directly to exon 13. The addition of exon 12 in the o variant
encodes for a protease cleavage site that makes the a isoforms unstable.
Adapted from Giganti et al., 2008 [40].



1.6 Autotaxin Activity and LPA production

As mentioned ATX was first identified as a 5'-phosphodiesterase due to its
NPP structural homology, but in comparison to the other members of the NPP
family, ATX was found to be only a weak phosphodiesterase with nucleotide
phosphates [44]. Instead the lysoPLD activity is much more potent, and ATX
was shown to have a much higher affinity for LPC than for standard
phosphodiesterase substrates [45]. ATX is also able to hydrolyze
sphingosylphosphorylcholine (SPC) into sphingosine-1-phosphate (S1P) [46].
Like LPA, S1P is a potent phospholipid with several biological actions such as;
mobilization of intracellular Ca2+, actin stress fiber formation, stimulation of
endothelial cell migration, angiogenesis and maintenance of cell growth [47].
S1P is also an immune modulator that promotes T cell differentiation, migration
and cytokine production [48]. However the production of S1P by ATX in vivo is
in question. This is mainly because the K, value of ATX for SPC is higher than
the levels found in plasma and the concentration of LPC in plasma is three orders
higher than that of SPC. Therefore, it is unlikely ATX is the source of most of the
extracellular SIP [28]. ATX is a constitutively active enzyme and LPC is in great
supply in plasma at concentrations as high as 200 uM [49]. So many questions
are raised to how ATX activity is regulated and of the circulating levels of LPA in
the plasma are maintained. One mechanism for the regulation of ATX is through
the end products LPA and S1P, which act in a negative feedback manner and
inhibit ATX activity [50]. The affinity of ATX for both of these lipids is much

higher that that of LPC. Therefore, even with the high concentrations of LPC in



the blood small concentrations of LPA or S1P are able to restrict further LPA
production by ATX [50]. The intimate relationship between LPA levels and ATX
is further demonstrated in mice with heterozygous ATX knockdown (atx™"),
where these mice were shown to have about half the plasma LPA levels as control
mice [27].

There are several pathwOays proposed for the production of extracellular
LPA, but besides the ATX pathway only one other is considered physiologically
relevant. This involves the production of LPA through the action of secretory
phospholipase A2 (sPLA,) which deacylates phosphatidic acid (PA) at the sn-2
position (FIG 1.2). This would occur during an inflammatory response with
membranes that have lost there normal phospholipid asymmetry, thus exposing
PA to the extracellular environment [51, 52]. However it is now believed that the
primary source of LPA is from hydrolysis of LPC through the lysoPLD activity of
ATX [28], which cleaves the phosphodiester bond between choline and phosphate

(FIG 1.2).
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FIGURE 1.2: Lysophosphatidic acid production by autotaxin and
phospholipase A2. LPA can be produced through the degradation of
LPC by ATX or by the hydrolysis of PA by PLA,. The sites of cleavage are
represented by an X. Figure from Moolenaar, Meeteren and Giepmans,
2004 [53].
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1.7 Biological Activities of LPC and Receptor Controversy

LPC is the primary substrate for ATX, it is an abundant extracellular lipid
that is found in the circulation at high concentrations [49]. There are two main
pathways for the production of LPC. The liver produces and secretes mainly
polyunsaturated LPC [49]. Alternatively in plasma, a mainly saturated form is
produced from high-density lipoproteins through the action of lecithin/cholesterol
acyltransferase (LCAT) [54]. There are other LCAT independent sources of LPC
through the actions of phospholipase A; and A, related enzymes, but they do not
appear to be significant contributors to circulating LPC concentrations [55].
Pathological conditions such as diabetes and atherosclerosis have been linked to
high levels of LPC [56].

Several papers have suggested that LPC can act as an extracellular ligand
and activate G-protein-coupled receptor-4 (GPR4) and G2A (G accumulation)
receptors and this is able to stimulate cell signaling and cell migration [57-61].
However, more recent investigations have identified GPR4 and G2A purely as
proton-sensing receptors that are activated by changes in pH and are instead
antagonized by LPC [55, 62]. Also, much of the work describing LPC as a ligand
for these receptors has been retracted [63]. However, there still may be a role for
LPC, not as a direct ligand, but instead as a regulator of G2A receptor
mobilization to the cell membrane [64]. Much of this is still controversial and
continued research needs to be done to determine a definitive role for LPC in cell
signaling. Many of the previously identified functions of LPC are now thought to

be due to the actions of ATX and LPA production.
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1.8 Physiological and Pathological Effects of LPA

Lysophosphatidic acid (mono-acylglycerol-3-phosphate) is a potent cell-
signaling molecule; it consists of a single acyl-chain at sn-1 or sn-2 position and a
phosphate head group on a glycerol backbone (FIG 1.3). Aside from its relatively
simple structure LPA has a multitude of biological actions that include cell
proliferation, protection from apoptosis, wound healing, neurite retraction and cell
migration [28, 47]. LPA has also been implicated in the promotion of several
malignancies, which will be discussed in greater detail further on. LPA is
associated with platelet activation and it is contained in mildly oxidized low
density lipoproteins suggesting a possible roles in thrombosis and arthrosclerosis
[65]. Proliferation of pre-adipocytes was stimulated by LPA suggesting it has a
function in the regulation of adipogenesis [35]. Both the physiological and
pathological process associated with LPA are mediated by signaling though

several G-protein-coupled receptors.
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FIGURE 1.3: Structures of the most common lysophosphatidic acid
isoforms. Lysophosphatidic acid most common structures (A) with
palmitate (16:0) in the sn-1 position, or (B) with oleoyl (18:1) in the sn-2
position, this position is also often occupied by linoleoyl (18:2).
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1.9 LPA Receptors

Seven LPA cell surface receptors have been identified to date:
LPA/EDG2, LPA,/EDG4, LPA;/EDG7, LPA4/GPR23/p2y9, LPAs/GPR92,
LPA¢/p2y5 and GPR87 [66-70]. LPA,.; have a ubiquitous distribution and belong
to the endothelial differentiation gene (EDG) receptor subgroup that includes five
other S1P-activated G-protein coupled receptors [71]. The other four receptors
belong to the P2Y subgroup and they have specific tissue distributions.
LPA4/GPR23/p2y9 is abundantly expressed in ovarian tissue and LPAs/GPR92 is
most abundant in small intestine and dorsal root ganglion cells [71]. LPA¢/p2y5
is found in inner root sheaths of hair follicles and contributes to hair growth [55].
GPR87 is highly expressed in testes and brain but also found in the placenta,
ovaries, prostate and skeletal muscle [70]. They transduce different responses by
coupling to different sets of G proteins [55]. Activations of the various G-
proteins instigate a multitude of effects that are depicted in FIGURE 1.4. For
example, the activation of Gj, causes a decrease in cAMP and induces Ras-Raf-
ERK pathway and also activates phosphoinositol 3-kinase (PI3K) and Rac
pathways promoting cell proliferation, survival and migration (FIG 1.4). The Ras-
Ref-ERK pathway is shown to be involved in the activation of phospholipase D2
(PLD?2) resulting in PA production at the cell membrane and integrin formation
[72]. Activation of Gjy/13 affects cytoskeletal elements that effect cell
morphology, stress fiber formation and extracellular matrix interactions through
Rho and Cdc42 (FIG 1.4). The activation of G4 causes the activation of

phospholipase C which then produces diacylglycerol (DAG) and inositol
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triphosphate (IP;) that causes Ca>" mobilization from the endoplasmic reticulum
(FIG 1.4). Signaling by DAG and Ca®" activates the classic protein kinase C
(PKC) isoforms and DAG alone activates the novel PKCs [73]. Activation of
PKCs through G4 and Rho activation via Giz/13 increases phospholipase D1
(PLD1) activation resulting in the production of PA [73]. Finally, G activation
causes adenylate cyclase activation and subsequent cAMP production that
activates protein kinase A (FIG 1.4).

In addition to its role in extracellular signaling, LPA has a proposed
function as an intracellular messenger by activating nuclear receptors. The LPA;
receptor can be translocated to the nucleus, where upon LPA binding, it is able to
regulate gene transcription of proteins involved in inflammation such as
cyclooxygenase-2 and inducible nitric oxide synthase [74]. There is also evidence
that LPA can bind to peroxisome proliferators-activating receptor y (PPARY) and
induce transcription of genes involved in vascular remodeling and neointima
formation [75], a process that can lead to atherosclerotic disease. However
another study showed that activation of LPA decreases PPARY in adipocytes
which contradicts the previous findings [76]. Hence the relationship between
LPA and PPARY is still unclear. Overall, LPA is a key regulator in cell
physiology, which is exemplified by the number of receptors and pathways it can

activate.
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FIGURE 1.4: Major signaling pathways activated by LPA receptors.
Shown are several examples of intercellular pathways activated by LPA
receptors. The activation of different LPA receptors when coupled with
various G-proteins can effect several cell functions which are shown in
italics. Figure from Gardell et al., 2006 [77].
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1.10 LPA and Cell Migration

Most relevant to this work is the ability of LPA to induce cell migration.
LPA has been shown to stimulate cell migration in several mammalian cell types
[78]. Cell movement in response to LPA can occur via two mechanisms;
chemokinesis or chemotaxis [78-81]. Chemokinesis is the random non-directed
movement of a cell in response to a stimulus; chemotaxis involves directed cell
movement towards a concentration gradient for a given chemoattractant. The
migratory response is dependent on the activation of specific cell-surface LPA
receptors. For most cancer cell lines migration is stimulated through activation of
LPA, and activation of LPA; often has an inhibitory effect [82, 83]. There are
exceptions, for instance, the migration of SCOV3 and HEY ovarian cancer cells
requires the activation of LPA; and LPA; receptors [84]. The specific LPA
receptor that is involved in migration varies greatly between cell types and
depends on the G-proteins to which they are coupled. However, migration is
induced through receptor activation of Gj,, and G213 followed by activation of
three Rho GTPases, RhoA, Rac, and Cdc42 [85]. These work in concert by
polarizing the cell and reorganizing the cytoskeletal elements and focal adhesions
to facilitate cell movement (FIG 1.5). Rac and Cdc42 are both found primarily at
the leading edge of the cell, Cdc42 is believed to define cell polarity and regulate
the direction of movement [86]. Activation of Rac stimulates actin
polymerization causing cell membrane ruffling and protrusion, it also assists in
the formation of focal adhesions at the front of the cell [85]. RhoA regulates the

assembly of actin:myosin contractile elements resulting in contraction a the rear
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of the cell body and it also required for the disassembly of cell adhesions at the

trailing edge of the cell [86, 87].
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5. Dissolutionof old
adhesions and tail retraction

FIGURE 1.5: A migrating cell (seen from the top and side). A migrating
cell needs to perform a coordinated series of steps to move. Cdc42
regulates the direction of migration, Rac induces membrane protrusion at
the front of the cell through stimulation of actin polymerization and integrin
adhesion complexes, and Rho promotes actin:myosin contraction in the
cell body and at the rear. From Raftopoulou and Hall, 2004 [86].
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1.11 Turnover of Extracellular LPA

Most cells will exhibit a maximum migratory response at a specific LPA
concentration, and they will be less responsive to concentrations above and below
this amount. Therefore the enzymes that control the production and degradation
of LPA are important in regulating the actions of LPA. The degradation of
extracellular LPA is mediated by the action of three lipid phosphate phosphatases
(LPPs) [88]. LPPs are integral membrane proteins that regulate several functions
in cell signaling; they function as ecto-enzymes at the plasma membrane and on
the luminal side of Golgi membranes and endoplasmic reticulum [89]. LPPs are
able to hydrolyze LPA into mono-acylglycerol and a phosphate and also
hydrolyze other lipid phosphates such as PA, S1P, ceramide-1-phosphate and
diacylglycerol pyrophosphate[89].

Overexpression of LPPs has been shown to attenuate cell growth, survival,
division and cancer tumourigenesis in various cell lines [88]. Overexpression of
LPP-3 in ovarian cancer decreased colony formation in these cells and this finding
was reversed with a non-hydrolysable LPA analog [90]. As well increased LPP-1
expression in ovarian cancer cells showed increased LPA hydrolysis, resulting in
decreased proliferation and increased apoptosis [91]. Increased LPP-1 activity in
platelets was able to prevent LPA-induced platelet aggregation and LPA
accumulation and proliferation of preadipocytes is regulated by LPPs [92, 93].
These LPP related actions are in opposition to the actions of LPA suggesting that
LPPs may reverse the effects of ATX. Interestingly, LPP-1 overexpressing mice
showed no differences in circulating LPA levels, which may be due to increased

production of LPA via ATX [94]. However in mouse models with decreased

LPP-1 expression, the plasma LPA concentrations were significantly higher [95].
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LPP-1 depleted mice had a significantly extended half-life of plasma LPA to ~12
min compared to a half-life of 3 min in control animals. This strongly supports a
role for LPP-1 in regulating circulating LPA levels and turnover.

The LPPs are also able to regulate several cellular function though
regulation of intracellular phospholipid concentrations. LPPs are able to
breakdown PA to produce DAG, thus decreasing PA concentrations while
increasing DAG concentrations, both of which have roles in intracellular
signaling [88]. However, given that LPP activity is extracellular or on the luminal
surface, PA must be efficiently transported across cell membranes in order for this
to occur [96]. Our group showed that increased LPP-1 expression decreased
LPA-induced migration in fibroblasts but did not effect migration by platelet-
derived growth factor. The effect on LPA-induced migration was also shown to
be independent of extracellular LPA hydrolysis, with the use of a non-
hydrolysable LPA analog [79]. Significantly, activation of PLD2, but not PLDI,
was necessary for LPA-induced fibroblast migration. An increased LPP-1
expression can inhibit LPA-induced migration by blocking PA accumulation
upstream of PLD activation [79]. Similar results were found with S1P-induced
migration where PLD activation was downstream of PA and PKC-¢ activation but
upstream of PKC-C activation [97].

Furthermore, LPPs are implicated in the regulation of LPA release by cells
[98]. For example, LPA release from activates platelets was increased with the
addition of a specific LPP-1 inhibitor [92]. Collectively the degradation of
extracellular LPA, the decrease of LPA production, and the effects downstream of
LPA receptor activation, suggest an important role for LPPs in the regulation of

the biological actions of LPA.
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1.12 Regulation of Autotaxin and Inhibition of Activity

Another way to regulate LPA actions is to control the production and
activity of ATX. Circulating ATX has a rapid turnover and expression is
stimulated by several growth factors, such as EGF, FGF, BMP2 and Wnt-1, and
inhibited by TGFp, IL-1, IL-4 and INF-y [53, 99]. One could use agonists and
antagonists to the respective receptors for these cell modulators to control ATX
levels, although this may not be practical due to the numerous other biological
functions these growth factors and cytokines have. A more direct method is
through the use of ATX inhibitors. Several inhibitors have been produced and
studied in recent years. Cyclic phosphatidic acid, an analog of LPA, inhibits ATX
activity but does not activate LPA receptors and it was shown to inhibit invasion
and metastasis in melanoma cells in vivo [100]. Specific small-molecule
inhibitors that were developed against ATX decreased migration and invasion in
melanoma cells [101]. Our lab was able to show that ATX activity protects
MDA-MB-435 and MCF-7 cells against Taxol-induced apoptosis. Subsequently,
with the addition of VPC8a202 or S32826, two ATX inhibitors, we were able to
disrupt protection against apoptosis by ATX [102]. Alpha-bromophosphonate-
LPA, a pan-LPA receptor antagonist and ATX inhibitor, significantly reduced
tumour growth in mice [103]. These findings strongly support the possible use of

ATX inhibitors in cancer chemotherapy.
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1.13 Roles of LPA and LPA Receptors in Malignancy

Due to its several migratory and cell supportive actions aberrant LPA
signaling has been also been associated with the development and progression of
malignancies. The association of LPA and carcinogenesis was first made when it
was shown to be an activating factor in ovarian cancer that promoted cell
proliferation and metastasis [104]. The ascites fluid of ovarian tumours were
shown to contain high concentrations of LPA [105]. LPA reduced the abundance
of p53 tumour suppressor in A549 lung carcinoma cells [106]. LPA increases the
expression of urokinase plasminogen activator, matrix metalloproteinases and
cyclooxygenase-2 in ovarian cancer cells, all of which promote increased
invasiveness [107-109]. Most of the tumour promoting actions are mediated
through LPA 3 receptors. Stimulation of LPA; increases the motility and
metastatic potential of several cancer cell lines [81, 110]. Increased LPA; or
LPA; expression was shown to increase the ovarian cancer aggressiveness [111].
Knockdown of LPA, was shown to decrease invasion of endometrial cancer and
significantly reduce colon cancer growth in animal models [112, 113]. LPA, was
found to be overexpressed in patients with invasive ductal breast carcinoma [114].
LPA can also promote tumour growth by stimulating angiogenesis by elevating
levels of VEGF [23]. The synthesis of macrophage inhibitory factor, a tumour
promoter, is increased by LPA in a colon cancer cell line [115]. A recent study
has shown that overexpression of ATX or the LPA receptors, LPA, 3, individually

in transgenic mice cause an increase in mammary carcinomas and metastasis
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[116]. These findings strongly suggest a therapeutic potential in regulating the

levels of LPA and the stimulation of LPA receptors in the treatment of cancer.

1.14 Thesis Objectives

Much of the tumour and metastasis promoting actions of LPA parallel
those found with ATX. In order to further understand the role of the ATX-LPA
axis in the role of metastasis we worked some common cancer cell lines. MDA-
MB-231 cells are derived from a primary breast tumour of stromal origin with
strong invasive and metastatic potential [117]. MDA-MB-435 cells we originally
isolated as a breast cancer cell line but the current consensus is they are, in fact,
melanoma cells [118]. Similarly, MDA-MB-435 cells are known to be highly
invasive and metastatic and they are even more aggressive than the MDA-MB-
231 cell line [117]. MCF-7 cells are a commonly used breast cancer cell line that
are of epithelial cell origin. These cells are estrogen receptor positive, weakly
invasive and usually require estrogenic stimulation for tumourigenesis [117]. The
differences in ATX expression at the protein and mRNA levels in these cells were
used to help us prove our hypothesis.

Autotaxin is now believed to be the primary source of extracellular LPA.
Both ATX and LPA have been associated with several physiological and
pathological actions. The importance of the ATX-LPA axis in cancer growth,
survival, invasion and metastasis has been of particular interest in recent years. In
this thesis, we examined the effect of LPC and LPA on the migration of some

common cancer cell lines. We used MDA-MB-435 melanoma cells that secrete
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abundant amounts of ATX and they were compared to MDA-MB-231 and MCF-7
cells that do not express significant amounts of ATX. Several experiments were
conducted using these cell lines and the changes in the properties of the media
that are produced during their incubations. We hypothesized that: 1) LPC could
stimulate migration directly thorough its putative receptors; and 2) ATX could
stimulate migration through LPA production or through its non-catalytic effects
on cell adhesion. Due to the numerous cancer-promoting effects of ATX, we also
proposed that the production of ATX by MDA-MB-435 cells promotes a
tumourigenic environment. The aim of this work was, therefore, to investigate
the necessity of ATX activity in LPC induced migration. To do this, we used
some newly developed ATX inhibitors and tested their efficacy with a recently
developed ATX assay. We also used siRNA knockdown of ATX in MDA-MB-
435 cells and LPA 3 antagonist to determine the effects of ATX-induced LPA
production.

The elucidation of the role of ATX in migration will prove useful in the
fight against cancer. Given that there is an abundance of LPC in extracellular
environment the role of ATX needs to be clarified to determine if it is a potential

target for decreasing tumour growth and metastasis.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Materials

VPC8a202 was a gift from Drs. K.R. Lynch and T.L. Macdonald
(Department of Pharmacology, University of Virginia Health System

Charlottesville, VA). VPC32183 was purchased from Avanti Polar Lipids
(Alabaster, AL). FS-3 compound (fluorogenic LysoPLD/Autotaxin substrate)
was purchased from Echelon Biosciences (Salt Lake City, UT). Recombinant
ATX protein and rabbit polyclonal ATX antibody were gifts from Dr. Tim Clair
(National Cancer Institute, Bethesda, MA). S32826 was a gift from Dr. Jean
Boutin (Institut de Recherches Servier, Croissy-sur-Seine, France). Reagents
used were of the highest grade available. Lysophosphatidylcholine (oleyol) and
Lysophosphatidate (oleyol) were purchased from Sigma Chemical Co. (St. Louis,

MO).

2.2 Growth and Maintenance of Cell Lines

MDA-MB-435, MDA-MB-231, and MCF-7 breast cancer cells were
obtained from the American Type Culture Collection (ATCC). The cells were
maintained in RPMI 1640 medium (GIBCO) supplemented with 10% (v/v) fetal
bovine serum (FBS) (Medicorp Inc., Montreal, PQ, Canada) and an
antibiotic/antimycotic (A/A) cocktail (penicillin, streptomycin, amphoterecin B
from Invitrogen Life Technologies, Carlsbad CA) at 5% CO,, 95% humidity, and
37 °C. Cells were passaged once they reached 80-90% confluency; cells were
washed with 37 °C HEPES buffered saline (HBS) and trypsinized with trypsin-
EDTA and generally were split 1:10. In order to preserve cell lines, flasks at

approximately 80% confluency were trypsinized, collected in growth media,
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centrifuged, and the pellet was re-suspended in 4 °C RPMI 1640 with 10% FBS

and 5% DMSO. Cells were then frozen and stored in liquid nitrogen.

2.3 Extraction of Proteins

Dishes were placed on ice and cells were washed with ice-cold HBS twice
and then scraped in lysis buffer and collected. Lysis buffer contained 50mM
HEPES, 137mM NaCl, 1mM MgCl,, ImM CaCl,, 10% (v/v) glycerol, 0.1% (v/v)
SDS, 1% (v/v) Triton X-100, 0.5% (v/v) sodium deoxycholate, and 2.5mM
EDTA. Protein concentration of the samples was determined using a BCA™
assay (Bio-Rad) according to the manufacturer’s instructions, using duplicate
samples placed in a 96 well plate. Absorbance of sample and standard solutions

was measured using an EAR 340AT (SLT Lab instruments) spectrophotometer.

2.4 Collection and Concentration of Conditioned Media

Equal numbers of cells were plated onto 10 cm dishes and grown until
they reached 90% confluence. One dish of cells was selected for trypsinization
and counting, other dishes were washed twice with HBS and then 10 mL of RPMI
1640 containing 0.1% BSA (=96% fatty acid free), with or without treatment, was
added to each flask. After 24 h cells were washed twice with HBS and 10mL of
plain RPMI 1640 was added to each dish. Dishes were incubated again for 24 h,
with or without additional treatment, the media were collected and cells on each
dish were counted. Collected media were then spun at 1500 x g for 10 min to

remove any whole cells or debris and stored at -20 °C. Media were concentrated
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approximately 20- to 30-fold using Centricon” YM-10 centrifugal filter devices
(Millipore). Filters were pre-rinsed with 2 ml of water to remove glycerine and
samples were centrifuged at 5000 x g for 120 min or until the final desired
volume was reached. Filters were then inverted and centrifuged at 1500 x g for 2
min to collect concentrated conditioned media. The final volume was determined

by weighing.

2.5 mRNA Expression

Total RNA was extracted from cell lysates using the RNAqueous kit,
according the manufacture’s instruction. DNA-free kit was also applied to
remove contaminating DNA from RNA preparation. Total RNA was reverse-
transcribed using superscript II reverse transcriptase (Invitrogen; Carlsbad, CA) in
the presence of a random hexamer primer. As a control, a minus reverse
transcriptase reaction was performed in parallel to ensure the absence of genomic
DNA contamination. cDNA was calculated assuming 100% conversion from
RNA. For real time-RT-PCR, 25 pL of master mix containing 2 x Syber Green
buffer mix and forward and reverse primers (Invitrogen), were added to 3.5 pL of
sample in 96 well plates. As an internal control a 316 bp fragment of the
constitutively expressed housekeeping human glyceraldehyde 3-phospate
dehydrogenase (GAPDH) was used. Primers for human ATX were: sense, 5'-
ACAACGAGGAGAGCTGCAAT-3’, and anti-sense, 5'-
AGAAGTCCAGGCTGGTGAGA-3’. Primers for human GAPDH were: sense,

5'-ACAGTCAGCCGCATCTTCTT-3" and antisense, 5'-
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GACAAGCTTCCCGTTCTCAG-3". Samples of standard cDNA and sample
cDNA were run in triplicates on the 7500 Real Time PCR System (Applied
Biosystems). The transcript number of human GAPDH was quantified, and each

sample was normalized on the basis of GAPDH mRNA content.

2.6 Knockdown of Autotaxin Expression using siRNA

Knockdown of ATX was achieved using SMARTpool® small interfering
RNAs (siRNAs) (Dharmacon Inc., Lafayette CO). The siRNAs consist of four
duplex siRNAs designed to target separate sequences on human ATX transcript
(hENPP2). Transfection efficiency and the optimum Lipofectamine™ 2000
(Invitrogen) concentration was determined using siGLO™ (Dharmacon). Three
concentrations of Lipofectamine™ 2000 were tested; low, medium, and high (5,
10, and 20 pL of Lipofectamine™ per mL of medium). At high Lipofectamine™
concentrations there appeared to be a significant loss of viable cells (19.8%
apoptotic cells, 96.8% transfection efficiency) and at low concentration the
transfection efficiency was poor (9.8% apoptotic cells, 48.6% transfection
efficiency). Therefore a medium Lipofectamine™ concentration was determined
to be the optimal for siATX transfection (12.4% apoptotic cells, 95.2%
transfection efficiency) (FIG 2.1). About 800,000 cells were plated on 10 cm
dishes with 15 mL of antibiotic-free RPMI 1640 containing 10% FBS cells were
allowed to grow for two days (reaching approx 50% confluency). Three hours
before transfection, old media was replaced with 7 mL of fresh antibiotic-free
media. Ten pL of stock siRNA (50uM) was diluted in 1.5 mL of Opti-MEM

Reduced Serum Medium (Invitrogen). In a separate tube 30 uL of
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Lipofectamine™ 2000 was mixed with 1.5 mL Opti-MEM and incubated at room
temperature for 15 min. The siRNA and the Lipofectamine™ 2000 solutions
were then combined and incubated for another 15 min at room temperature. Each
dish of cells received 3 mL of the siRNA-Lipofectamine™ 2000 complex that
was added drop wise while swirling the dish. Final concentrations of
Lipofectamine™ 2000 and siRNA were 1.4 pg/mL and 50 nM respectively. Cells
were incubated for 24 h at 37°C and then used to collect conditioned media by the
procedure described above. Following collection of conditioned media, cells on
each dish were trypsinized and counted in order to standardize conditioned media

concentrations.
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Lipofectamine™
2000

siGLO® Hoechst 33258

High
[20uL/mL]
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Low
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FIGURE 2.1: Optimization of siRNA transfection efficiency using
siGLO®. MDA-MB-435 cells were transfected with siGLO® fluorescent
siRNAs using 3 different concentration of Lipofectamine™ 2000. Cells
were stained with Hoechst 33258 for 1-2 h prior to imaging. Images for
siGLO® incorporation and Hoechst were obtained by viewing with an
excitation wavelength of 495 nm and 365 nm respectively. Panels depict
typical cells from several fields. Results displayed are from one
experiment.
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2.7 Boyden Chamber Assay for Migration

Two million cells were seeded in a 25 cm? flask with growth medium for
at least 48 h. Prior to migration cells were then starved with starvation media,
RPMI 1640 containing 0.1% BSA (=96% fatty acid free), for the last 18 hrs. The
day before migration Transwells® (polycarbonate, 13mm D, 12 pm pore size,
Corning, Corning, NY) were coated with 120 pL of 0.15 mg/ml fibronectin and
allowed to dry in a cell culture hood. Cells were washed twice with HBS,
trypsinized, and collected in starvation medium and 1 mL of 0.1% trypsin
inhibitor solution in HBS. Cells were spun down, the media were removed by
aspiration, and cells were resuspended in starvation medium. 300,000 cells were
seeded into each of the fibronectin coated Transwell® filters and incubated for 45
min for attachment. Filters were then transferred into bottom chambers that
contained 1.5 mL of starvation medium with 0.2% charcoal-treated FBS (FBS-C)
and various agonists. This charcoal treatment removed >95% of the LPA as
assessed after spiking the FBS with **P-labeled LPA determined in previous work
in our lab. Five % FBS was used as a positive control, whereas starvation
medium and 0.2% FBS-C was used to measure basal migration levels. Chambers
were incubated at 37 °C and cells were allowed to migrate through the pores in
the filter for 3 or 6 h with the agonist in the bottom chamber. After migration
cells were then fixed in 5% formaldehyde for 1 h, or overnight. Filters were then
rinsed in water and place in 1 pg/mL Hoechst 33258 stain for 2 h. Cells were then
observed under fluorescent microscope to insure uniform distribution of cells

across the filter, then top side of filers were cleaned with a moist cotton swab to
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remove cells that had not migrated. Filters were washed again and place in PBS.
Four to six random fields were photographed under the fluorescent microscope at
100 X magnification, and numbers of cells per field were counted without
knowing the treatments. Results were averaged and counts were expressed as a

percentage relative to the basal migration rate for each experiment.

2.8 SDS-PAGE and Protein Transfer

Concentrated conditioned media and cell lysate samples were dissolved in
sample loading buffer (0.25 M Tris base, pH 6.8, 13% glycerol, 2.5% SDS,
0.Img/mL bromophenol blue) with 5% B-mercaptoethanol added. Samples were
heated to 100 °C for 5 min and then allowed to cool to room temperature before
loading. Samples were separated by electrophoresis at 120 volts at 4 °C for
approximately 1.5 h using PAGE and Laemmli electrophoresis buffer (0.19 M
Glycine, 0.025 M Tris base, 0.1% SDS). Stacking gels were composed of 3.9%
acrylamide, 0.1% bisacrylamide, 0.375 M Tris-HCI pH 6.8, and 0.1% SDS. ATX
was resolved with 10% acrylamide/ 0.27% bisacrylamide, 0.125 M Tris-HCI, pH
8.8, and 0.1% SDS separating gels. Molecular mass markers (Precision Plus
Protein™ Standards, All Blue, Bio-Rad) were loaded onto each gel and gels were
developed in Laemmli electrophoresis buffer (0.19 M glycine, 0.025 M Tris base,
0.1% SDS) at 120 volts at 4 °C for approximately 1.5 h. Proteins were transferred
at 450 mA for 5 h onto 0.45 um pure nitrocellulose membrane (Trans-Blot”
Transfer Medium, Bio-Rad) in transfer buffer (192 mM glycine, 24 mM Tris

base, and 20% (v/v) ethanol).
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2.9 Antibodies and Imaging

Membranes were blocked in 50% PBS and 50% Odyssey™ blocking
buffer (Li-Cor Biosciences, Lincon, NE) for a minimum of 1.5 h, or overnight.
All antibodies were diluted in 50/50 PBS/Odyssey™ blocking buffer with 0.1%
(v/v) Tween 20. Membranes were first incubated with primary antibody at room
temperature for 1 h, washed 4 times for 15 min with wash buffer (PBS with 0.1%
Tween 20), then incubated in fluorescent-conjugated secondary antibody for 1 h
and washed 3 times for 15 min in wash buffer and 1 time in PBS alone.
Membranes were incubated, washed, and stored in the dark until scanning.
Primary antibodies used were: anti-GAPDH (mouse, 1:5000, Sigma); anti-ATX
(rabbit, 1:10,000). Secondary antibodies were: AlexaFluor® 680 goat anti-mouse
IgG, A-21057 (Invitrogen, 1:10,000) and IRDye 800 goat anti-rabbit IgG
(Rockland Immunochemicals, Philadelphia, PA, 1:10,000). Membranes were
scanned using the Odyssey™ Imager (Li-Cor). Anti-rabbit I[gG was scanned at
800 nm and appeared as green on the screen; anti-mouse IgG was scanned at 700
nm and appeared as red. Images were converted to black and white by Odyssey™

software for figures.

2.10 LysoPLD/Autotaxin Activity Assay

To determine autotaxin activity, we developed an assay based on the
method described by Fergurson et al., 2006 [119]. A fluorogenic phospholipid
LysoPLD/autotaxin substrate, FS-3, was used (Echelon Biosciences, Salt Lake
City, UT). FS-3 is a LPC analog where a fluor quencher (dabscyl) is attached to

the sn-1 acyl chain position and a hydrophilic fluor (fluorescein) is attached to the
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phosphate in the head group position. ATX hydrolyzes the phosphodiester bond
of the substrate releasing the fluorescent head group causing a measurable
increase in fluorescence (FIG 2.2C). FS-3 was diluted to a concentration of 3.125
UM in a solution containing: 140 mM NaCl, 5 mM KCl, 1mM CaCl,, ImM
MgCl,, 50 mM Tris/ HCI, pH 8.0, and 1 mg/ml BSA. The solution was heated at
60 °C for 10 min and then cooled to 37 °C before use. Forty pul of FS-3 solution
was added to 10 pl of cell lysate or concentrated conditioned media in a black 96
well Costar”™ half-area plate. Measurements were then taken at regular intervals
using Fluoroskan Ascent fluorometer (Thermo Lab Systems) at an excitation
wavelength of 485 nm and an emission wavelength of 527 nm. In order to test the
assay, the increase in fluorescence was measured over a 12 h period using two
amounts of recombinant ATX (67 ng and 134 ng). Within a reasonable
experimental error the response in fluorescence over time was proportional to the
amount of ATX present in the first 90 min. For further experiments,
determination of relative activity was obtained using only the linear portion of the

curve that occurred between 0 to 90 min (FIG 2.2A,B).

2.11 Statistics

Results were presented as means + SEM from at least 3 independent
experiments, unless otherwise indicated. Statistical differences were calculated
using GraphPad 4 software (Prism) by ANOVA with a Newman-Keuls post-hoc

test and Paired T-tests were performed between two samples.
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FIGURE 2.2: Determination of the linear range for the ATX activity
fluorescence assay. Panel A shows the results from a 12 h fluorescence
assay for ATX activity of 134 ng (®) and 67 ng (<) of recombinant ATX.
Panel B shows the first 90 minutes of the same assay illustrating where
the curve is most linear. Results are from one experiment. Panel C
illustrates the release of the fluorescence head group from its quencher on
FS-3 when hydrolyzed by ATX/lysoPLD. Panel C obtained from Ferguson
et al., 2006 [119].
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CHAPTER 3

RESULTS
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3.1 Differential Effects of LPC and LPA on the Migration of MDA-MB-231
Breast Cancer Cells and MDA-MB-435 Melanoma Cells

Our interest in this work first arose due to the identification of some major
differences in the characteristics of commonly studied cancer cells lines. Initially
we conducted various migration experiments with 3 cancer cell lines: MDA-MB-
231 and MCF-7 breast cancer cells and MDA-MB-435 cells. MDA-MB-435 cells
were previously identified to be breast cancer cells but now have been determined
to be derived from M14 melanoma cells [118]. We attempted to stimulate
migration of the cancer cell lines by adding charcoal-treated FBS and various
concentrations of LPA to the bottom wells in our Boyden chambers and allowed
the cells to migrate over a 3 h incubation. Our MCF7 cells failed to migrate with
any concentration of LPA tested or 5% FBS, a result which is compatible with
previous work [120], suggesting that these cells are migration deficient without
alteration. On the other hand, MDA-MB-231 and MDA-MB-435 migrated well
in the presence of LPA. Also, both cell lines exhibited similar responses to
differing LPA concentrations with maximal migration occurring with 0.5 uM
LPA. This LPA concentration elicited a migratory response similar to that
obtained with 5% FBS, which was used as a positive control for both cell lines
(FIG 3.1). We also examined the migration of MDA-MB-231 and MDA-MB-435
cells with stimulation by various concentrations of LPC. MDA-MB-231 cells
showed no significant stimulation of migration over the 6 h incubation with any
concentration of LPC. By contrast, MDA-MB-435 cells showed significant

migration when 5 uM and 10 uM LPC concentrations were added (FIG 3.2).
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FIGURE 3.1: Effects of LPA on the migration of MDA-MB-435, MDA-
MB-231, and MCF-7 cells. The migration of MDA-MB-435 (O), MDA-MB-
231 (W), and MCF-7 (A) cells is shown after a 3 h incubation with different
concentrations of LPA in the bottom chamber. Migration in response to 5%
charcoal-stripped FBS (FBS-C) was used as a positive control. The results
are expressed relative to the number of cells migrating with only basal
media (RPMI 1640 with 0.1% BSA and 0.2% FBS-C), which is given a
value of 1. Typically, migration with basal media resulted in approximately
75 cells per field over a 3 h incubation for both MDA-MB-435 and MDA-
MB-231 cells, an average of only 7 cells per field were observed for MCF-
7 cells and they are represented relative to the 2 other cell lines. Results
are means + SEM from at least 3 independent experiments. Statistically
significant differences between basal migration and agonist are indicated
by * (p < 0.01).
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FIGURE 3.2: Effects of LPC on the migration of MDA-MB-435 and
MDA-MB-231 cells. The migration of MDA-MB-435 (O), and MDA-MB-
231 (M) cells is shown after a 6 h incubation with different concentrations
of LPC. The results are expressed relative to the number of cells
migrating with only basal media (RPMI 1640 with 0.1% BSA and 0.2%
FBS-C), which is given a value of 1. Typically, migration with basal media
resulted in approximately 120 cells per field for a 6 h incubation. Results
are means + SEM from at least 3 independent experiments. Statistically
significant differences between basal migration and agonist are indicated
by * (p < 0.01) and between cell lines are indicated by 1 (p < 0.01).
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3.2 Addition of Phospholipase B Abolishes Migration of MDA-MB-231 and
MDA-MB-435 Cells in the Presence of LPA

In order to show that the stimulation of migration in FIGURE 3.1 was
dependent upon the addition of LPA we examined the migration of MDA-MB-
231 and MDA-MB-435 cells using LPA, a non-hydrolysable analog of LPA (NH-
LPA) and phospholipase B (PLB). Phospholipase B is able to hydrolyze the ester
linkages of the acyl chains from both the sn-1 and sn-2 positions of phospholipids,
thus it will destroy any surrounding LPA or LPC in the migration media. On the
other hand, the acyl group on the non-hydrolysable analog is attached by an ether
linkage and cannot be cleaved by PLB. The addition of phospholipase B (PLB)
abolished the strong migratory response by MDA-MB-231 or MDA-MB-435
cells in the presence of 0.5 uM LPA. However, the addition of PLB did not effect
the migration of cells in the presence of 0.5 uM NH-LPA. The non-hydrolysable
LPA analog caused an approximately equivalent migratory response as LPA in
both cell lines (FIG 3.3). Interestingly, PLB alone decreased the basal migration
of both cell lines by about 50%, suggesting that MDA-MB-231 and MDA-MB-
435 cells may produce their own LPA and that this might be responsible for the

strong basal migration observed in each cell line.
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FIGURE 3.3: Migration of MDA-MB-231 and MDA-MB-435 cells in
response to LPA is significantly reduced in the presence of
phospholipase B. The relative number of MDA-MB-231 cells, Panel A,
and MDA-MB-435 cells, Panel B, that migrated per field is shown when
the cells were incubated for 3 h with LPA, or the non-hydrolysable
analogue of LPA (NH-LPA) in the bottom chamber. Results are expressed
relative to the number of cells migrating with basal media alone (RPMI
1640 with 0.1% BSA and 0.2% FBS-C), which is given a value of 1. The
results are means * ranges from 2 independent experiments.
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3.3 Autotaxin is Produced by MDA-MB-435 Breast Cancer Cells but Not by
MDA-MB-231 or MCF-7 Cells

There are two possible explanations for why MDA-MB-435 cells display
an increased migratory response to increasing concentrations of LPC and MDA -
MB-231 cells do not. First, there may be a receptor that initiates a migratory
stimulus upon LPC binding that MDA-MB-231 cells do not express and instead
MDA-MB-435 cells possess this receptor, thus they are sensitive to LPC.
Second, MDA-MB-435 could express ATX which would result in the production
of LPA from LPC, and the LPA that is produced is able to stimulates cell
migration, whereas MDA-MB-231 cells do not express ATX. To find out which
mechanism is occurring we measured the ATX expression in our cell lines. We
first looked at ATX mRNA expression in MDA-MB-435, MDA-MB-231, and
MCEF-7 cells. Our MDA-MB-435 cells expressed significantly more ATX mRNA
than MDA-MB-231 and MFC-7 cells as shown by real-time RT-PCR analysis
(FIG 3.4). We also examined ATX protein expression and activity in the
conditioned media and lysates collected from our cell lines. Western Blot
analysis of medium from MDA-MB-435 showed marked expression of ATX,
whereas ATX was barely detectable in equivalent amounts of medium from
MDA-MB-231 and MCF-7 cells (FIG 3.5A,B). Furthermore, in our ATX activity
assay we found that, concentrated medium from MDA-MB-231 and MCF-7 cells
showed very low ATX activity compared to MDA-MB-435 medium (FIG 3.5C).
Western Blot analysis on the cell lysates showed no detectable ATX protein

expression for any of our cell lines and there was also no detectable ATX activity
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found by fluorescence assay (FIG 3.6), which would imply that ATX is mainly a

secreted protein as previously shown [121].
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FIGURE 3.4: Expression of ATX mRNA in MDA-MB-435, MDA-MB-231,
and MCF-7 cell lines. This is a figure prepared from the work of Nasser
Samadi in our lab. The relative mRNA levels of ATX are shown compared
to the level of mRNA in MCF-7 cells, which is given a value of 1. Results
were normalized to mRNA levels of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and are means = SEM from at least 3
independent experiments.
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FIGURE 3.5: MDA-MB-435 cells secrete significant amounts of active
ATX into the extracellular medium compared to MDA-MB-231, and
MCF-7 cells. Panel A shows Western Blot analysis for ATX of
concentrated media collected from 3 separate dishes of MDA-MB-435 or
MDA-MB-231 cells. Panel B shows a similar experiment where MDA-MB-
435 concentrated media is compared against MCF-7 concentrated media.
Recombinant ATX was used as a control for both blots. Panel C shows
the results from the fluorescence assay for ATX activity of concentrated
media collected from MDA-MB-435 (O), MDA-MB-231 (Hll), or MCF-7 (A)
cells Results are means + SEM from at least 3 independent experiments.
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FIGURE 3.6: Autotaxin is not detected in cell lysates from MDA-MB-
435, MDA-MB-231, and MCF-7 cell lines. Panel A shows Western Blot
analysis of cell lysates for ATX from 3 separate dishes of MDA-MB-435 or
MDA-MB-231 cells. Similar experiment in Panel B showing Western Blot
analysis of cell lysates from 3 separate dishes of MDA-MB-435 cells again
along with MCF-7 cell lysates. Recombinant ATX was used as a standard
and housekeeping gene GAPDH was used as a loading control in both
experiments. Panel C shows the results from the fluorescence assay for
ATX activity on cell lysates of MDA-MB-435 (L1), MDA-MB-231 (O), or
MCF-7 (V) cells. Concentrated media from MDA-MB-435 cells () was
used as a positive control. Results are means + SEM from at least 3
independent experiments.
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3.4 Migration of MDA-MB-435 Cells in the Presence of LPA is Abolished
with the Addition of Autotaxin Activity Inhibitors

We measured the migration of MDA-MB-435 cells over a 3 h incubation
in the presence or absence of two inhibitors of ATX activity: VPC8a202 and
S32826 ([4-(tetradecanoylamino)benzyl] phosphonic acid). At a concentration of 1
uM neither of the inhibitors significantly effected the migration of the MDA-MB-
435 cells in basal media alone, likewise the stimulation of migration observed in
the presence of 0.5 uM LPA was not effected by the addition of the ATX
inhibitors. Although, the stimulation of migration observed in the presence 10
uM LPC was completely abolished with the addition of the inhibitors (FIG 3.7).
This would suggest that catalytic activity of ATX is required for the migration of
MDA-MB-435 cells towards LPC. To support this conclusion we tested the ATX
inhibitors under the conditions of the FS-3 fluorescence assay. We found that
VPC8a202 and S32826 inhibited ATX activity in the concentrated media of
MDA-MB-435 cells by about 93% and 90% respectively and that VPC8a202 was
able to reduce the ATX activity of 65 ng of recombinant ATX by about 95% (FIG
3.8). Detailed kinetic studies on the inhibition of ATX by VPC8a202 using LPC,
the natural substrate for ATX, were performed by Jose Tomsig (University of
Virginia). It was determined that VPC8a202 acts as a competitive inhibitor of
ATX, as expected from a substrate analogue, with a K; of about 390 nM [122].
This supports that concentrations in the M range used in our migration
experiments are effective in inhibiting ATX and thus the migratory effects of LPC

are due to the conversion of LPC to LPA by ATX.
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FIGURE 3.7: Inhibition of ATX activity impairs ability of MDA-MB-435
cells to migrate in the presence of LPC. A 4 h incubation was used to
measure the migration of MDA-MB-435 cells in the presence of basal
media, 0.5 uM LPA, or 10 uM LPC with or without the addition of ATX
inhibitors. Both ATX inhibitors, VPC8a202 and S32826, were used at a
concentration of 1 uM. The results are expressed relative to the number of
cells migrating with only basal media (RPMI 1640 with 0.1% BSA and
0.2% FBS-C), which is given a value of 1. Results are means £+ SEM from
3 independent experiments. Statistically significant differences are
indicated by: * (p < 0.01).
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FIGURE 3.8: Inhibition of ATX activity by VPC8a202 and S32826.
Panel A shows the results from the fluorescence assay of ATX activity
using 65 ng recombinant ATX in the absence (M) or presence of 1 uM
VPC8a202 (ATX inhibitor) (L1). ATX activity in the concentrated medium
(cM) from MDA-MB-435 is also shown in the absence (@) or presence of
1 M VPC8a202 (O). A separate but similar experiment is shown in Panel
B. ATX activity in the concentrated medium from MDA-MB-435 cells is
shown in the absence (@) or presence of 1 yM S32836 (O). Error bars
indicate the SEM of 3 experimental values.
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3.5 Concentrated Medium from MDA-MB-435 Cells Stimulates Cell
Migration in the Presence of LPC because of its Autotaxin Activity

To determine why MDA-MB-435 and MDA-MB-231 cells respond
differently to LPC we measured the effects of adding media collected from these
cells to the bottom well of the migration chamber. Initially we measured the
migration of MDA-MB-435 cells over a 3 h incubation using non-concentrated
media. The media from either cell line caused an increased migratory response in
comparison to that obtained with basal media alone (approximately 75 cells per
field). The addition of 10 pM LPC to medium from MDA-MB-435 cells caused
an increase in migration, conversely addition of 1 uM ATX inhibitor (VPC8a202)
caused a substantial decrease in migration and abolished any. The addition of
LPC or VPC8a202 to MDA-MB-231 medium did not significantly alter the
number of migrating cells (FIG 3.9). More dramatic results were obtained when
collected media was first concentrated approximately 30 X and then was diluted
back into RPMI 1640 for migration. MDA-MB-231 cells did not show any
significant migration in the presence of LPC and their own concentrated medium.
By contrast, a migratory response similar to that obtained with 5% FBS, or 0.5
uM LPA was obtained when concentrated medium from MDA-MB-435 was
added to the bottom chamber. This stimulation of migration was completely
abolished by the addition of VPC8a202 to the wells (FIG 3.10).

A similar experiment was performed with MDA-MB-435 cells. Addition
of concentrated medium from MDA-MB-231 cells had no significant effect on the

migration of MDA-MB-435 cell in the presence, or absence of LPC (FIG 3.11).
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By contrast, there was a significant stimulation of migration when concentrated
medium from the MDA-MB-435 cells themselves was added to the bottom
chamber with LPC. Again this response was abolished with the addition of
VP(C8a202. As a control, we showed that the addition of VPC8a202 did not
significantly affect the LPA-induced stimulation of migration for either cell line
(FIG 3.10,3.11). This demonstrates that the effect of VPC8a202 was specific for

LPC-induced migration.
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FIGURE 3.9: Migration of MDA-MB-435 cells in the presence of media
collected from MDA-MB-435, and MDA-MB-231 cells. Shown is the
migration of MDA-MB-435 cells over a 3 h incubation in the presence of
media collected from either MDA-MB-435, or MDA-MB-231 cells. This
migration was performed in the presence or absence of 10 uM LPC, 1 uM
ATX inhibitor (VPC8a202), or both. Results are from one experiment and
show means * S.D. of cells per field from 6 fields.
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FIGURE 3.10: MDA-MB-231 cells are stimulated to migrate in the
presence of LPC and concentrated medium from MDA-MB-435 cells,
but not from MDA-MB-231 cells. The migration of MDA-MB-231 cells is
shown over 3 h incubation in the presence of basal medium or
concentrated medium prepared from either MDA-MB-231 cells (231
cMedium), or from MDA-MB-435 cells (435 cMedium). These experiments
were performed in the presence or absence of 10 uM LPC, and/or 1 uyM
ATX inhibitor (VPC8a202). Migration in the presence of 5% FBS and 0.5
MM LPA plus 1 uM VPC8a202 were used as controls. Migration of MDA-
MB-231 cells with only basal media (RPMI 1640 with 0.1% BSA and 0.2%
FBS) present was given a value of 1. Results are means + SEM from at
least 3 independent experiments. Statistically significant differences are
indicated by: * (p < 0.01).
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FIGURE 3.11: MDA-MB-435 cells show increased migration in the
presence of LPC and concentrated medium collected from MDA-MB-
435 cells. The migration of MDA-MB-435 cells is shown over a 3 h
incubation in the presence of concentrated medium prepared from either
MDA-MB-435 cells (435 cMedium), or from MDA-MB-231 cells (231
cMedium) and in the presence or absence of 10 uM LPC, and/or 1 uM
ATX inhibitor (VPC8a202). As a control 0.5 uM LPA and 0.5 uM LPA plus
1 uM VPCB8a202 were added to MDA-MB-435 concentrated medium.
Migration of MDA-MB-435 cells with only basal media (RPMI 1640 with
0.1% BSA and 0.2% FBS) present was given a value of 1. Results are
means = SEM from at least 3 independent experiments. Statistically
significant differences are indicated by: * (p < 0.01).
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3.6 Expression or Secretion of Autotaxin by MDA-MB-435 Cells is not
Effected by Treatment with Autotaxin Inhibitor VPC8a202

Other than inhibiting the catalytic activity of ATX we hypothesized that
VPC8a202 may effect the production of ATX as well. To investigate this
hypothesis we collected medium from MDA-MB-435 cells, as a control 1 dish of
cells received no treatments and 3 separate dishes were treated with 1 uM
VPC8a202. Western Blot analysis showed that there were no differences in ATX
protein level between media from the control cells or the VPC8a202 treated cells
(FIG 3.12). This allowed us to conclude that the presence of VPC8a202 does not

effect the production of ATX but simply inhibits its catalytic activity.

57



CRTL VPC8a202 treated
kDa

150 p>

100 P>
75 P

FIGURE 3.12: Treatment of MDA-MB-435 cells with VPC8a202 does
not effect production or secretion of ATX into the extracellular
medium. MDA-MB-435 cells were treated with starvation media (RPMI
1640 with 0.1% BSA) and 1 pM VPC8a202 for 24 h, dishes were washed
and plain media (RPMI 1640) with 1 yM VPC8a202 was added, after
another 24 h incubation the media was collected. The same procedure
was used in the absence of VPC8a202 to collect media as a control. A
Western Blot analysis for ATX is shown of concentrated media collected
from 3 separate dishes of VPC8a202 treated MDA-MB-435 cells and 1
dish of untreated cells.
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3.7 Knockdown of Autotaxin Expression in MDA-MB-435 Cells Prevents
Stimulation of Migration by LPC

To validate results observed with the use of ATX inhibitors, we
investigated the requirement for ATX in migration using siRNA to knockdown
ATX expression. Treating MDA-MB-435 cells with siRNA for ATX decreased
ATX activity by 85% in media collected from siATX treated cells compared to
the siControl (siCTRL) treated cells (FIG 3.13A). Furthermore, expression of the
ATX protein in conditioned media from siATX treated cells was markedly
reduced to levels that were nearly undetectable by Western blot (FIG 3.13B).
Thus our experimental procedure was efficient in reducing ATX production by
MDA-MB-435 cells.

Over a 3 h incubation no differences were observed in the migration of
MDA-MB-435 cells when stimulated with equal amounts of concentrated media
collected from siATX, or siCTRL-treated cells. The addition of 10 uM LPC to
concentrated media from siCTRL-treated cells caused a substantial increase in the
number of migrating cells. By contrast, addition of 10 uM LPC to concentrated
medium from siATX-treated cells did not elicit an increased migratory response
(FIG 3.14).

In addition, we tested the stimulation of migration with LPC, or LPA on
the siRNA-treated cells directly, but using a 6 h incubation for the migration
assay. Both the siCTRL and the siATX treated cells migrated to the same extent
in the absence of agonist. With the addition of 10 uM LPC a strong stimulation in

the migration of siCTRL-treated cells was observed. However, cells treated with
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siATX did not respond to LPC stimulation. As a control, we showed that both the
siATX and siCTRL-treated cells still showed strong migration in the presence of
0.5 uM LPA. These results emphasize that siATX-treated cells are not migration

deficient, but simply no longer respond to LPC (FIG 3.15).
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FIGURE 3.13: Knockdown of ATX in MDA-MB-435 cells with siRNA.
Concentrated medium was collected from 3 dishes of MDA-MB-435 cells
treated with siRNA for ATX (siATX) and 3 dishes treated with control
siRNA (siCTRL). Panel A shows a fluorescence assay representing ATX
activity in siCTRL concentrated medium (O) and in siATX concentrated
medium (®). Error bars indicate the SEM of 3 experimental values. Panel
B, Western Blot analysis of a representative sample of concentrated
media from siATX and siCTRL treated cells that were probed for ATX.
Recombinant ATX was used as a standard.
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FIGURE 3.14: Knockdown of ATX with siRNA significantly decreases
the migratory potential of concentrated medium from MDA-MB-435
cells. The migration of MDA-MB-435 cells is shown over a 3 h incubation
in the presence of concentrated medium from siCTRL (white bars) or
siATX (dark bars) treated cells in the presence or absence of 10 yM LPC.
Results are means + SEM from 3 independent experiments. Statistically
significant differences are indicated by * (p < 0.01).
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FIGURE 3.15: Knockdown of ATX in MDA-MB-435 cells with siRNA
abolishes stimulation of migration by LPC. A 6 h incubation was used
to compare the migration of MDA-MB-435 cells that were treated with
either siATX or siCTRL. Migration in basal media (RPMI 1640 with 0.1%
BSA and 0.2% FBS-C) was compared to migration in the presence of 10
MM LPC or 0.5 uM LPA. Results are means + ranges from 2 independent
experiments.
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3.8 LPC Induced Migration of MDA-MB-435 Cells is Inhibited by VPC32183
LPA,;; Receptor Antagonists

These combined results establish that the LPC effect in stimulation cell
migration is dependent on the presence of catalytic activity from ATX and LPA
production, which could then stimulate migration through LPA receptors. This
was supported with the use of VPC32183 in our migration assay, a LPA;3
receptor antagonist [123]. A significant decrease in migration of MDA-MB-435
cells was observed when we added 1 pM VPC32183 to the conditioned media
alone (FIG 3.16). Secondly, the migration obtained with LPC in the presence of
concentrated medium from MDA-MB-435 cells was abolished by VPC32183.
Likewise, the migratory stimulus provided by LPA was greatly reduced by the

addition of VPC32183.
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FIGURE 3.16: LPA;3 Receptor antagonist VPC32183 inhibits
migration of MDA-MB-435 cells. A 3 h incubation was used to measure
the migration of MDA-MB-435 cells in the presence of their own
concentrated medium with either LPC or LPA in the presence or absence
of the LPA;3 receptor antagonist (VPC32183). Migration in the presence
of agonists/antagonists was compared to the number of cells migrating in
basal media (RPMI 1640 with 0.1% BSA and 0.2% FBS), which is given a
value of 1. Results are means + SEM from at least 3 independent
experiments. Statistically significant differences are indicated by: * (p <
0.01).
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CHAPTER 4

DISCUSSION AND FUTURE DIRECTIONS
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4.1 Discussion

The role of autotaxin in tumourigenesis has been studied intensively in
recent years; increased expression of autotaxin has been linked to several
malignancies such as; glioblastoma, lung, liver, breast, renal, ovarian, and thyroid
cancers [15-21]. In our studies, we worked with three commonly studied cell
lines, MDA-MB-231 and MCF-7 breast cancer cells and also MDA-MB-435 cells
which were previously thought to be breast cancer cells but now have been
identified as melanoma cells [118]. Both MDA-MB-435 and MDA-MB-231 cells
exhibited a strong migratory response to serum or LPA. MCF-7 cells, on the other
hand, did not migrate in response to LPA and only slightly to serum. Because of
this they were not used in further migration experiments since they appeared to be
migration deficient without modification [124]. However, they were still used, as
comparison, for ATX expression and our Group used then for studies on Taxol-
induced apoptosis [125].

MDA-MB-435 cells exhibited a strong migratory response towards LPC,
however LPC did not stimulate the migration of MDA-MB-231 cells. We
hypothesized that this may be due to differences in expression of the pro-
migratory protein, ATX, and therefore, LPC itself, does not induce migration of
these cells, but rather its effects are dependent upon metabolism to LPA. Thus we
also hypothesized that the inhibition of ATX activity or knockdown of ATX
expression should minimize LPC responses.

We were able to show that MDA-MB-435 cells secrete an abundance of

ATX into the extracellular environment, whereas conditioned media collected
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from MDA-MB-231 and MCF-7 cells had near undetectable levels of ATX.
These differences in ATX expression were also reflected in our ATX activity
experiments. Interestingly, the expression of ATX mRNA in MDA-MB-231 cells
was only slightly less than half that of MDA-MB-435 cells but the mRNA did not
translate into an equivalent amount of secreted protein or activity. This suggests
that the mRNA transcripts are degraded before translation into protein and/or the
protein is degraded shortly after production and is not secreted. Confirmation of
ATX being primarily a secreted protein was provided by our experiments with
cell lysates from the three cell lines. None of the cell lysates from any of the cell
lines showed significant ATX protein expression by western blot and no ATX
activity was detected in the fluorescence assay, in the case of MDA-MB-435
cells, this would suggest that ATX is secreted quickly into the extracellular milieu
shortly after production.

We were able to demonstrate the effectiveness of the inhibitors in
blocking the catalytic activity of ATX through our results from our activity assays
using the fluorogenic ATX substrate FS-3 [119]. Also the work of Jose Tomsig
(University of Virginia) confirmed the efficacy of VPC8a202 at the
concentrations we used in our experiments and with the natural ATX substrate
LPC. Thus, we were assured that we were getting a very strong inhibition of
ATX activity in our migration experiments. To assure us that VPC8a202 was not
preventing the expression of ATX, we collected media from MDA-MB-435 cells
in the presence of VPC8a202 and showed by Western blot that its presence did

not effect the production of ATX. Another compound, S32826, was shown to be
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an effective inhibitor of ATX by fluorescence assay. However, with S32836 here
we did not do the same extensive investigations for effects on ATX production or
effective concentrations with LPC as a substrate, this compound was studied
extensively as an ATX inhibitor [126].

We verified our hypothesis of the necessity of ATX in LPC-induced
migration in several experiments. We initially showed that addition of ATX
activity inhibitors, VPC8a202 and S32826, prevented the migration of MDA-MB-
435 cells in response to LPC specifically and because LPA induced migration was
not effected by the presence of inhibitors. In some preliminary migration
experiments, addition of LPC to media from MDA-MB-435 cells caused
increased migratory response of MDA-MB-435 cells compared to media from
MDA-MB-231 cells. However the differences in stimulation were not
pronounced, most likely due to the high basal migration observed with either
cells” media, probably a result of several pro-migratory factors contained in the
conditioned media. To address this issue, we helped to isolate the effects of ATX
in the media by first concentrating the condition media approximately 30-fold and
then diluting it in plain media before migration. The addition of concentrated
medium collected from MDA-MB-435 cells caused significant migration of
MDA-MB-231 cells in the presence of LPC. However, no stimulation of
migration was observed when MDA-MB-231 media was used instead. Again
migration of MDA-MB-435 cells was strongly stimulated in the presence of its
own concentrated media and LPC but MDA-MB-231 concentrated media and

LPC showed insignificant stimulation of migration. This evidence supports the
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hypothesis that ATX is required for LPC induced migration, since MDA-MB-231
media that is ATX deficient was unable to stimulate migration in the presence of
LPC. Furthermore, in both of these experiments the stimulation of migration with
MDA-MB-435 media and LPC was abolished by the addition of VPC8a202.

In order to support our findings with ATX inhibitors, we used siRNA to
knockout expression of ATX in MDA-MB-435 cells. Efficient knockout of ATX
expression was confirmed by Western blot and ATX assay on media obtained
from siATX treated cells. MDA-MB-435 cells treated with siATX no longer
migrated in the presence of LPC, but still migrated at similar levels to siCTRL
treated cells in the presence of LPA. Also, addition of LPC to media collected
from the siATX treated cells did not significantly stimulate migration above
baseline levels.

We then used a LPA 3 receptor antagonist, VPC32183, to further confirm
that conversion of LPC to LPA is required to stimulate migration. Addition of
VPC32183 to MDA-MB-435 conditioned media blocked migration in response to
both LPC- and LPA-induced migration. These results strongly support that the
mechanism by which ATX is able to stimulate migration is indirectly through the
conversion of LPC to LPA and not directly thought the non-catalytic modification
of cell adhesion though its C-terminal region.

Our preliminary experiments with PLB have shown that LPA may be
involved in the high basal migration levels of both MDA-MB-435 and MDA-MB-
231 cells. The presence of PLB decreased the migration of both cell lines to

approximately half of that with basal medium alone. This result suggests that
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both MDA-MB-435 and MDA-MB-231 have some endogenous production of
LPA. In MDA-MB-435 cells LPA production of maybe secondary to LPC
production and ATX activity. An investigation into the production or secretion of
LPC and LPA by MDA-MB-435 cells would prove helpful in understanding this
result. It would also be interesting to investigate LPA production by MDA-MB-
231 cells, the mechanism could not occur through LPC because we have shown
that these cells do not produce significant ATX and they do not migrate in
response to LPC stimulation. The possibility of endogenous LPA production in
MDA-MB-435 cells is further validated in our migration experiments with LPA 3
receptor antagonist VPC32183. The addition of the agonist, even in the presence
of concentrated media from MDA-MB-435 cells, caused a significant decrease in
migration compare to migration with basal media.

Other studies have proposed that LPC can directly stimulate migration
through action on G2A and GPR4 receptors [57-61, 127] but much of work is
now in question [63]. It is proposed now that G2A and GPR4 are proton-sensing
receptors and that instead are negatively regulated by LPC [62, 63]. Our work has
not found any evidence of a stimulatory effect on migration by LPC alone; a
migratory stimulus was only achieved with conversion to LPA through the actions
of ATX. These findings are in accordance with an independent publication that
showed inhibition of ATX activity was able to block cell migration and invasion
in melanoma cells [101]. Likewise, we were able to show that the action of ATX
is required to allow LPC to protect MCF-7 and MDA-MB-435 cells from Taxol-

induced apoptosis [125].
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In summary, this thesis shows that the conversion of LPC to LPA by the
enzymatic activity of ATX is necessary to achieve LPC induced migration in two
common cancer cell lines. We established this as follows: (a) First, MDA-MB-
435 cells with strong expression of ATX showed significant migration in the
presence of LPC that the did not occur with MDA-MB-231 cells; (b) Second, we
were able to prevent LPC induced migration by using siRNA to suppress the
expression of ATX in MDA-MB-435 cells; (c) Third, any induction of migration
in the presence of LPC was blocked by the addition of two different ATX
inhibitors; (d) Lastly, the use of an LPA ;3 receptor antagonist prevent migration
in the presence of LPC.

As mentioned previously we now know that extracellular LPA promotes
tumour growth and metastasis and that several aggressive cancers express high
levels of ATX. My work shows that restricting the activity of ATX and signaling
by LPA should provide potentially valuable targets for further cancer research.
We propose that because of the relatively high concentrations of LPC in
extracellular fluids, the ability to prevent the formation of LPA by ATX could
prove to be a strong adjuvant to treating cancers by surgery and chemotherapy

therapy.
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4.2 Future Directions

Several papers have been published regarding autotaxin in the last few
years since the majority of this work was completed. However there are still
several questions that can be expanded upon from findings in this thesis.
Knowing that MDA-MB-231 cells do not express ATX but do have significant
levels of ATX mRNA it would be useful to investigate the regulation of the ATX
mRNA transcripts in these cells. Currently very little is known about the
regulation of ATX expression. It is also possible that MDA-MB-231 cells mainly
express the enzymaticaly inactive a isoform of ATX. Which may explain the
lack of ATX activity but presence of ATX mRNA in MDA-MB-231 cells. This
could be determined by the isolation and sequencing of the mRNA transcripts
using reverse transcriptase and random primers.

Our preliminary work with PLB and the LPA /3 receptor antagonist
suggests that the basal migration of MDA-MB-231 is in part due to LPA induced
migration. This work demonstrates that ATX is not the source of LPA in MDA-
MB-231 cells therefore suggesting there is an alternate process for the
endogenous production of LPA in these cells. Production may occur through the
PLA; or another undisclosed pathway and would be of worth to investigate
further. This could be uncovered through the tagging and tracking of metabolites
with radioactive molecules.

As it stands, however, an essential step required to advance this area of
research would be to ultimately find viable ATX inhibitors that could be used in

animal models. Then the effects of blocking ATX in regards to tumour growth
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and metastasis could be studied in vivo. In order for the inhibitors to be used in
this capacity they would need to be bioavailable and non-toxic at levels used for
tumour suppression. With the recent development of transgenic mice that
overexpress either ATX or one of the three main LPA receptors we now have
excellent models to test new ATX inhibitors [116]. These mice were shown to
have increased invasive and metastatic mammary carcinomas, thus the reversal or
prevention of invasiveness and metastasis with administration of ATX inhibitors
would provide strong evidence for a therapeutic advantage of these inhibitors in

cancer treatment.
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Inhibition of Autotaxin Production or Activity
Blocks Lysophosphatidylcholine-Induced
Migration of Human Breast Cancer and
Melanoma Cells
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Increased expression of autotaxin in tumors including glioblastoma, breast, renal, ovarian, lung, and thyroid cancers
is associated with increased tumor aggressiveness. Autotaxin promotes metastasis as well as cell growth, survival, and
migration of cancer cells. These actions could depend on the noncatalytic effects of autotaxin on cell adhesion, or the
catalytic activity of autotaxin, which converts lysophosphatidylcholine into lysophosphatidate in the extracellular fluid
surrounding the tumor. Both lysophosphatidylcholine (LPC) and lysophosphatidate have been reported to stimulate
migration through their respective G-protein coupled receptors. The present study determines the roles of autotaxin,
LPC, and lysophosphatidate in controlling the migration of two cancer cell lines: MDA-MB-231 breast cancer cells,
which produce little autotaxin and MDA-MB-435 melanoma cells that secrete significant levels of autotaxin. LPC alone
was unable to stimulate the migration of either cell type unless autotaxin was present. Knocking down
autotaxin secretion, or inhibiting its catalytic activity, blocked cell migration by preventing lysophosphatidate
production and the subsequent activation of LPA; receptors. We conclude that inhibiting autotaxin production or
activity could provide a beneficial adjuvant to chemotherapy for preventing tumor growth and metastasis in patients

with high autotaxin expression in their tumors. ® 2009 Wiley-Liss, Inc.

Key words: chemotherapy; lysophosphatidate; lysophosphatidylcholine; metastasis

INTRODUCTION

The ability of cancer cells to migrate and invade
surrounding tissues is the main determinant of
whether metastases will develop. Most aggressive
cancers will metastasize and this results in a poorer
prognosis for patients requiring treatment. The
ability to prevent the formation of metastases after
surgical intervention or chemotherapy would pro-
vide a powerful tool in decreasing the morbidity and
mortality associated with cancer.

Autotaxin (ATX) is a secreted glycoprotein whose
level of expression within tumors correlates strongly
with their aggressiveness and invasiveness [1]. ATX
was first identified in human melanoma A2058 cells
[2] and it has also been detected in several other
tumor cell lines [3-6]. ATX expression in breast and
other cancers is strongly associated with tumor cell
survival, growth, migration, invasion, and meta-
stasis [1,7-11]. However, the mechanisms by
which ATX modifies cell signaling within the tumor
to stimulate angiogenesis, cancer cell migration
and metastasis are still not fully understood. A
noncatalytic effect of ATX was shown to occur in

© 2009 WILEY-LISS, INC.

oligodendrocytes where ATX acts on adhesion
through integrin-dependent focal adhesion assem-
bly [12,13]. ATX may thus regulate cell to extra-
cellular matrix interactions that could be linked to
cancer aggressiveness. Another mechanism of ATX
action is through the conversion of extracellular
lysophosphatidylcholine (LPC) to lysophosphati-
date (LPA) [14,15], which could change the balance
of cell activation by LPC versus LPA.

LPC is an abundant extracellular lipid that is
found at up to 200 pM in the circulation [16]. It
is produced by the liver, which secretes mainly

Abbreviations: ATX, autotaxin; LPC, lysophosphatidylcholine; LPA,
lysophosphatidate; GPR4, G protein-coupled receptor-4; GAPDH,
glyceraldehyde phosphate dehydrogenase; FBS, fetal bovine serum;
SiCTRL, siControl.
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polyunsaturated LPC [16]. Alternatively, mainly
saturated LPC is produced by lecithin/cholesterol
acyltransferase, which circulates in high-density
lipoproteins [17]. It has been proposed that LPC
stimulates cell signaling and cell migration through
acting as an extracellular ligand for G2A (G,
accumulation) and G protein-coupled receptor-4
(GPR4) receptors [18-23]. Alternatively, LPC can
signal after its conversion to LPA by ATX [7,14].

LPA is a potent signaling molecule that stimulates
cell proliferation, neurite retraction, chemotaxis,
and wound healing [24,25]. These effects are medi-
ated by at least six G-protein coupled receptors on
the cell surface: LPA;/EDG2, LPA,/EDG4, LPA3z/
EDG?7, LPA4/GPR23/p2y9, LPAs/GRP92, and LPAg/
p2yS [26-28]. The expression of these LPA receptors
is cell-specific, and each can elicit different responses
upon LPA binding. Initial evidence that LPA can be
involved in carcinogenesis came from the identi-
fication of its role as an activating factor in ovarian
cancer. LPA is present in high concentrations in the
ascites fluid of ovarian tumors and it stimulates cell
proliferation and metastasis [29,30]. These actions
are mediated mainly through LPA; and LPA; recep-
tors [11,31-33]. LPA stimulates angiogenesis by
elevating levels of vascular endothelial growth factor
[8]. LPA also increases the synthesis of macrophage
migration inhibitory factor, a tumor promoter, in a
colon cancer line [34] and it decreases the expression
of the tumor suppressor, pS3, in lung cancer cells
[35].

Two main pathways have been identified for
LPA production of extracellular LPA [36]. During
inflammation, secretory PLA, is produced, which
generates LPA from phosphatidate on exposed
membranes [37]. The second, and more significant
source of extracellular LPA, is through the action of
ATX on extracellular LPC [14].

In the present work, we examined the effects of
LPC and LPA on the migration of MDA-MB-231
breast cancer cells, which produce very little ATX,
and MDA-MB-435 melanoma cells [38], which
secrete abundant ATX. We found that MDA-MB-
231 cells migrate in response to LPC only if ATX is
present. Also, knocking down ATX expression in
MDA-MB-435 cells, or inhibiting the catalytic action
of ATX, blocked cell migration in the presence of
LPC, but not LPA. We propose that inhibiting the
production, or activity of ATX could decrease new
tumor growth and metastasis following surgical
excision of a tumor given that LPC is abundant in
the environment of malignant tumors and it can
readily be converted to LPA by tumor-derived ATX.

MATERIALS AND METHODS

Materials

Mouse anti-glyceraldehyde 3-phospate dehydro-
genase (GAPDH) was from Sigma-Aldrich (Oakville,
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ON, Canada). Rabbit anti-ATX and recombinant
ATX were gifts from Dr. T. Clair (National Cancer
Institute, Bethesda, MA). Secondary antibodies were:
AlexaFluor®© 680 goat anti-mouse IgG, A-21057 was
from Invitrogen Life Technologies (Carlsbad, CA);
IRDye 800 goat anti-rabbit IgG (Rockland Immuno-
chemicals, Philadelphia, PA). VPC32183 was pur-
chased from Avanti Polar Lipids (Alabaster, AL).
Oleoyl-L-a-lysophosphatidic acid, sodium salt (LPA),
oleoyl-L-a-LPC, fatty acid-free bovine serum albu-
min, activated charcoal (Norit®), Hoechst 33258,
horseradish peroxidase, choline oxidase, 4-amino-
antipyrine, N-ethyl-N-(2-hydroxy-3-sulfopropyl)-m-
toluidine and fibronectin were purchased from
Sigma-Aldrich (Oakville, ON, Canada and St. Louis,
MO). Fetal bovine serum (FBS) was from Medicorp,
Inc. (Montréal, PQ, Canada). The ATX inhibitors,
VPC8a202 and S32826 were synthesized as described
previously [39,40]. Transwells® (polycarbonate,
13 mm D, 12 um pore size) were obtained from
Corning (Corning, NY). On the day before the
migration assays they were coated with 120 pL of
0.15 mg/mL fibronectin and allowed to dry.

Cell Culture

MDA-MB-435 and MDA-MB-231 cells were obtained
from the American Type Culture Collection. The cells
were cultured in RPMI 1640 medium (GIBCO, Bur-
lington, ON, Canada) supplemented with 10% FBS
and an antibiotic/antimycotic cocktail (penicillin,
streptomycin, amphotericin B) (Invitrogen Life Tech-
nologies) at 5% CO,, 95% humidity and 37°C.

Collection and Concentration of Conditioned Media

Equal numbers of cells were plated onto 10 cm
dishes and they were grown until 90% confluence.
Dishes were washed and then 10 mL of RPMI 1640
containing 0.1% BSA (>96% fatty acid free) was
added. After 24 h cells were washed and 10 mL of
RPMI 1640 was added. The dishes were incubated for
a further 24 h, the conditioned media was collected
and cells on each dish were counted. Collected
conditioned media were then centrifuged at
1,500 x ¢ for 10 min to remove whole cells and
debris and they was then stored at —20°C. Condi-
tioned media were concentrated approximately 20-
to 30-fold using Centricon® YM-10 centrifugal filter
devices (Millipore, Billerica, MA). Filters were pre-
rinsed with 2 mL of water to remove glycerine and
samples were centrifuged at 5,000¢ for 120 min, or
until the desired final volume was obtained. Filters
were then inverted and centrifuged at 1,500¢ for
2 min to collect concentrated media. The final
volume was determined by weighing.

mRNA Expression

Total RNA was extracted from cell lysates using
the RNAqueous kit (Ambion, Streetsville, ON,
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Canada) according the manufacturer’s instruction.
Extracted RNA was treated with DNAase (DNA-free
kit, Ambion). RNA reverse transcription reaction was
performed with Superscript II reverse transcriptase
(Invitrogen Life Technologies) in the presence of
random primers according to the manufacturer’s
instructions. A control reaction without reverse
transcriptase was performed in parallel to detect
genomic DNA contamination. cDNA was calculated
assuming 100% conversion from RNA. Real time-RT-
PCR was performed by mixing 25 pL of master mix
containing 2 x SYBR Green buffer mix and forward
andreverse primers (Invitrogen Life Technologies) to
a 3.5 pL of sample of cDNA in 96 well plates. A316 bp
fragment of the constitutively expressed housekeep-
ing human GAPDH was used to normalize the
expression of ATX mRNA. Primers for human ATX
were: sense, 5-ACAACGAGGAGAGCTGCAAT-3/,
and anti-sense, 5'~-AGAAGTCCAGGCTGGTGAGA-3'.
Primers for human GAPDH were: sense, 5'-ACAGT-
CAGCCGCATCTTCTT-3’ and antisense, 5'-
GACAAGCTTCCCGTTCTCAG-3'. Samples of cDNA
were assayed in triplicates on the 7500 Real Time
PCR System (Applied Biosystems, Streetsville, ON,
Canada). The transcript number of human GAPDH
was quantified, and each sample was normalized on
the basis of GAPDH mRNA content.

Boyden Chamber Assay for Migration

Two million cells were seeded in a 25 cm? flask with
growth medium for at least 48 h. Starvation medium
(RPMI 1640 containing 0.1% BSA, >96% fatty acid
free) was added for the last 18 h before the migration
experiment. Cells were washed twice with HBS,
trypsinized, and collected in starvation media and
then 1 mL of 0.1% trypsin inhibitor solution in HBS
was added. Cells were centrifuged down, media were
removed by aspiration, and cells were resuspended in
starvation media and counted. Cells (300 000) were
seeded into each of the fibronectin coated Trans-
well™ filters and incubated for 45 min for attach-
ment. Filters were then transferred into bottom
chambers that contained 1.5 mL of starvation
medium with 0.2% charcoal-treated FBS (FBS-C)
and various agonists. This charcoal treatment
removed >95% of the LPA as assessed after spiking
the FBS with *?P-labeled LPA. This means that the
concentration of LPA added in the diluted serum
should have been <1 nM. Chambers were incubated
at 37°C and cells were allowed to migrate through
the pores in the filter for 3 or 6 h. The basal level
of migration was measured with 0.2% FBS-C in the
bottom chamber and 5% FBS was used as a positive
control for stimulated migration. After migration,
cells were then fixed in 5% formaldehyde for 1 h, or
overnight. Filters were then rinsed in water and
placed in 1 pg/mL Hoechst 33258 stain for 2 h. Then
the upper surface of the filters was cleaned with a
moist cotton swab to remove cells that had not
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migrated. Filters were washed again and placed in
PBS. Four to six random fields were photographed
under a Leica DM IRB fluorescence microscope at
40x magnification without knowing the treatment
and the average numbers of cells per field was
calculated.

Western Blot Analysis

Concentrated conditioned media were analyzed
by SDS-PAGE according to Laemmli [41]. Proteins
were transferred at 450 mA for 5 h onto nitrocellulose
membranes (Trans-Blot™ Transfer Medium, Bio-Rad,
Mississauga, ON, Canada) in transfer buffer (192 mM
glycine, 24 mM Tris base, pH 8.5 and 20% (v/v)
ethanol). Membranes were blocked in 50% PBS and
50% Odyssey'™ blocking buffer (Li-Cor Biosciences,
Lincoln, NE) for a minimum of 1.5 h. All antibodies
were diluted in 50:50 PBS/Odyssey ™ blocking buffer
with 0.1% (v/v) Tween-20. Membranes were incu-
bated with anti-ATX (rabbit, 1:10000) for 1 h.
Membranes were then washed four times with PBS
containing 0.1% Tween-20 and incubated in IRDye
800 goat anti-rabbit IgG (Rockland Immunochem-
icals, 1:10000) for 1 h and washed three times in
wash buffer and once in PBS alone. Membranes were
scanned using the Odyssey™ Imager (Li-Cor).

Autotaxin Activity Assay

The assay of ATX activity in cells was based on the
method described by Ferguson et al. [42] using a
fluorogenic phospholipid ATX substrate, FS-3 (Eche-
lon Biosciences, Salt Lake City, UT). FS-3 was diluted
to 3.1 uM in a solution containing: 140 mM NaCl,
5 mM KCl, 1 mM CacCl,, 1 mM MgCl,, 50 mM Tris—
HCI, pH 8.0, and 1 mg/mL BSA. The solution was
heated at 60°C for 10 min to destroy any enzymatic
activity in the BSA and then cooled to 37°C before
use. Forty microliters of FS-3 solution was added to
10 pL of cell lysate, or concentrated conditioned
media in a black-wall, clear-bottom 96 well Costar®™
half-area plate. Measurements were then taken at
appropriate intervals using a Fluoroskan Ascent
fluorometer (Thermo Lab Systems, Gormley, ON,
Canada) at an excitation wavelength of 485 nm and
an emission wavelength of 527 nm.

For the kinetic studies, human recombinant ATX
was subcloned into the mammalian expression
vector cDNA3.1/V5His-TOPO (Invitrogen Life Tech-
nologies) and expressed as a C-terminus V5- and
6xHis-tagged protein in HEK-293 cells using Poly-
Fect™ (Qiagen, Germantown, MD) as a transfection
reagent. ATX was purified from the culture medium
using a nickel-Sepharose resin (Qiagen) according to
manufacturer’s instructions and the buffer was
changed to PBS using 30 kDa cutoff Centricon tubes
(Millipore). ATX DNA was generated from an EST
I.LM.A.G.E. clone 5174518 using the following for-
ward and reverse primers 5'-CGC GCT AGC ATG
GCA AGG AGG AGC TCG TTC-3'; 5'-AAT CTC GCT
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CTC ATATGT ATG CAG-3' to amplify the ATX ORF.
ATX activity was measured essentially as described
by Umezu-Goto et al. [7] by determining the release
of choline after incubation at 37°C for 18 h in 100 pL
of a buffer consisting of 100 mM Tris—HCI, pH 9.0,
500 mM NaCl, 5 mM MgCl,, 30 pM CoCl,, 0.05%
Triton X-100, 0.5 uM VPC8a202 and various con-
centrations of oleoyl-LPC (Avanti Polar Lipids).
Choline was detected colorimetrically at 555 nm
after adding 100 uL of SO0 mM Tris—HCI, pH 8.0, 5 mM
MgCl,, 50 U/mL horseradish peroxidase, 18 U/mL
choline oxidase, 5 mM 4-aminoantipyrine, and 3 mM
N-ethyl-N-(2-hydroxy-3-sulfopropyl)-m-toluidine.

Knockdown of Autotaxin Expression Using siRNA

Knockdown of ATX was achieved using SMART-
pool®™ siRNAs (Dharmacon, Inc., Lafayette, CO).
About 800000 cells were plated on 10 cm dishes
with 15 mL of antibiotic-free RPMI 1640 containing
10% FBS. Cells were grown for 2 d until about 50%
confluency. Before transfection, the medium was
replaced with 7 mL of fresh antibiotic-free media.
Ten microliters of stock siRNA (50 uM) was diluted
in 1.5 mL of Opti-MEM Reduced Serum Medium
(Invitrogen Life Technologies). In a separate tube,
30 pL of Lipofectamine 2000 (Invitrogen Life Tech-
nologies) was mixed with 1.5 mL Opti-MEM and
incubated at room temperature for 15 min. The
siRNA and the Lipofectamine solutions were then
combined and incubated for another 15 min at room
temperature. Each dish of cells received 3 mL of the
siRNA-Lipofectamine 2000 complex that was added
drop-wise while swirling the dish. The final concen-
trations of Lipofectamine 2000 and siRNA were
1.4 pg/mL and 50 nM respectively. Cells were then
incubated for 24 h at 37°C and the medium was
collected as described above. Cells on each dish were
trypsinized and counted so that equivalent amounts
of concentrated media could be used in the migra-
tion assays.

Statistics

Results are presented as means + SEM from at least
three independent experiments, unless otherwise
indicated. Statistical differences were calculated
using GraphPad 4 software (Prism) by ANOVA with
a Newman-Keuls post-hoc test and paired -tests.

RESULTS

Differential Effects of Lysophosphatidylcholine and
Lysophosphatidate on the Migration of MDA-MB-231
Breast Cancer Cells and MDA-MB-435 Melanoma Cells
We first compared the migration of MDA-MB-231
breast cancer cells and MDA-MB-435 cells, which are
now known to be derived from M14 melanoma cells
[38]. MDA-MB-231 and MDA-MB-435 showed a
similar migratory response to LPA over 6 h, with
maximum migration occurring with about 0.5 pM

Molecular Carcinogenesis

LPA. This LPA concentration elicited a migratory
response similar to that obtained with 5% charcoal
treated-FBS (Fig. 1A). MDA-MB-231 cells showed
no significant stimulation of migration over the 6 h
incubation with any LPC concentration employed
(Fig. 1B). By contrast, MDA-MB-435 cells showed a
stimulation of migration in response to LPC concen-
trations of >5 uM in the bottom chamber.

ATX Activity Is Required for
Lysophosphatidylcholine-Induced Cell Migration

The results in Figure 1 could be explained in two
ways. First, the MDA-MB-231 cells may not express
putative receptors that respond to LPC, whereas
MDA-MB-435 cells express these receptors. Second,
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Figure 1. Effects of lysophosphatidate and lysophosphatidylcho-
line on the migration of MDA-MB-435 and MDA-MB-231 cells. Panel
A shows the migration of MDA-MB-435 (O), and MDA-MB-231 ()
cells after a 3 h incubation with different concentrations of LPA.
Migration in response to 5% charcoal-stripped FBS was used as a
positive control. Panel B shows migration when the cells were
incubated for 6 h with different concentrations of LPC. Results are
expressed relative to the number of cells migrating with only basal
media (RPMI 1640 with 0.1% BSA and 0.2% FBS-C), which was given
a value of 1. Typically, basal migration consisted of approximately 75
cells per field for a 3 h incubation and 120 cells per field for a 6 h
incubation. Results are means = SEM from at least three independent
experiments. Statistically significant differences between basal migra-
tion and agonist-stimulated migration are indicated by *P < 0.01 and
between cell lines are indicated by TP < 0.01.
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and more likely, MDA-MB-435 cells could express
ATX that produces LPA from LPC, which stimulates
cell migration, whereas MDA-MB-231 cells do not
express ATX. To test the latter hypothesis, we
measured ATX expression in both cells lines. The
MDA-MB-435 cells expressed significantly more
(P<0.05) ATX mRNA than the MDA-MB-231 cells
as shown by real-time RT-PCR analysis (Fig. 2A).
Furthermore, concentrated medium from MDA-MB-
231 cells showed very low ATX activity compared to
MDA-MB-435 medium (Fig. 2B). Western Blot ana-
lysis of medium from MDA-MB-435 cells (Fig. 2C)
showed marked expression of ATX, which migrated
with the recombinant ATX standard at about
100 kDa as expected [7]. MDA-MB-435 cells can,
therefore, be used as a convenient source of ATX
for future experiments described below. By contrast,
ATX was barely detectable in equivalent amounts of
medium from MDA-MB-231 cells.

We could not detect any significant ATX activity or
protein expression in the lysates from MDA-MB-435
and MDA-MB-231 cells (results not shown), which
implies that ATX is mainly a secreted protein as
shown previously [14].

Concentrated Medium From MDA-MB-435 Cells
Stimulates Cell Migration in the Presence of
Lysophosphatidylcholine Because of its Autotaxin Activity

To determine why MDA-MB-435 and MDA-MB-
231 cells respond differently to LPC, we measured
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Figure 2. MDA-MB-435 cells secrete significant amounts of active
ATX into the extracellular medium compared to MDA-MB-231 cells.
Panel A shows the relative mRNA levels of ATX compared to GAPDH
in MDA-MB-435 and MDA-MB-231 cells. Results are means &= SEM
from at least three independent experiments. Panel B shows the
results from the fluorescence assay for ATX activity of concentrated
conditioned media collected from MDA-MB-435 (O), or MDA-MB-
231 (M) cells. Results are means+SEM from at least three
independent experiments. Panel C shows the Western blot analysis
for ATX of concentrated media collected from three separate
dishes of MDA-MB-435 or MDA-MB-231 cells. Recombinant ATX
from Dr. T. Clair was used as a standard (StdATX).
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the effects of adding concentrated media from these
cells to the bottom well of the migration chamber.
MDA-MB-231 cells show no significant migration
in the presence of LPC and their own concentrated
medium. By contrast, a migratory response similar to
that obtained with 5% charcoal-treated FBS, or
0.5 uM LPA was obtained when concentrated
medium from MDA-MB-435 and LPC were added to
the bottom chamber. This latter effect was com-
pletely abolished by the addition of 1 pM VPC8a202,
an ATX inhibitor [39], to the wells (Fig. 3A).

A similar experiment was performed with MDA-
MB-435 cells. Addition of concentrated medium
from MDA-MB-231 cells had no significant effect
on the migration of MDA-MB-435 cell in the
presence, or absence of LPC (Fig. 3B). By contrast, a
significant stimulation of migration was observed
when concentrated medium from MDA-MB-435
cells was added to the bottom chamber with LPC.
This response was completely blocked by the addi-
tion of 1 uM of the ATX inhibitor, VPC8a202. We also
used 1 pM S32826 ([4-(tetradecanoylamino)-benzyl]-
phosphonic acid), another ATX inhibitor [40], and
found that it also completely blocked LPC-induced
migration of MDA-MB-435 cells (Fig. 3C). As controls
for the experiments in Figure 3B and C, we used
LPA to stimulate migration through its G-protein
coupled receptors. VPC8a202 and $32826 did not
significantly affect this LPA-induced stimulation of
migration for either cell line (Fig. 3B and C). This
demonstrates that neither inhibitor affects migra-
tion per se and that the inhibition of migration
depends on blocking the conversion of LPC to LPA.

To provide further evidence to support the con-
clusion that the stimulatory effect of LPC on the
migration of MDA-MB-435 and MDA-MB-231 cells
depends on the catalytic activity of ATX, we
established that VPC8a202 and $32826 inhibited
ATX activity under the conditions of the FS-3
fluorescence assay by about 93% and 90%, respec-
tively. We also performed more detailed kinetic
studies on the inhibition of ATX activity by
VPC8a202 using the natural substrate, LPC. Our
results show that VPC8a202 acts mainly as a com-
petitive inhibitor of ATX and that it prevents the
conversion of LPC to LPA as expected from a substrate
analogue, with a K; of about 390 nM (Fig. 4). Previous
work showed that S32826 is also a nM inhibitor of
ATX [40]. Concentrations of VPC8a202 and $S32826
in the pM range are, therefore, effective at inhibiting
ATX and this supports our interpretation that the
observed migratory effects of LPC reflect the con-
version of LPC to LPA by ATX.

To further validate the results with the ATX
inhibitors on migration, we also knocked down
ATX expression in MDA-MB-435 cells using siRNA.
Conditioned media from siATX treated cells
showed an 85% decrease in ATX activity compared
to the siControl (siCTRL) treated cells (Fig. SA).
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Figure 3. Stimulation of migration by lysophosphatidylcholine
depends on autotaxin activity. Panel A shows the migration of
MDA-MB-231 cells over 3 h in the presence of basal medium or
concentrated medium prepared from either MDA-MB-231 cells
(231 cMedium), or from MDA-MB-435 cells (435 cMedium). These
experiments were performed in the presence or absence of 10 uM
LPC, or 1 pM of the ATX inhibitor, VPC8a202. Migration of MDA-
MB-231 cells with only basal media (RPMI 1640 with 0.1% BSA and
0.2% FBS) present was given a value of 1. Migrations in the presence
of 5% FBS and 0.5 pM LPA plus VPC8a202 were used as controls.
Panel B shows results from similar experiments using MDA-MB-435
cells over a 3 h period. Panel C shows the effects of the ATX
inhibitors, VPC8a202 and $32826, on the migration of MDA-MB-
435 cells over 3 h in the absence of concentrated medium. Results
are means=SEM from at least three independent experiments.
Statistically significant differences are indicated by *P < 0.01.

Furthermore, expression of the ATX protein in
conditioned media from siATX treated cells was
markedly reduced to levels that were undetectable by
Western blotting (Fig. 5B).
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Figure 4. Kinetics of inhibition of ATX activity by VPC8a202. The
initial rate of recombinant ATX activity was measured colorimetrically
at different concentrations of LPC in presence and absence of 0.5 uM
VPC8a202. Activity was expressed as the release of choline during
18 h and it is represented by the absorbance of the product at 555
nm (A555). Each point is the average of three measurements (SD
values for the reaction rates were less than 5% of every measure-
ment and are not depicted). Consumed substrate was less than 10%
in every case thus ensuring an initial rate of reaction. Results were
fitted to a straight line by linear regression. The apparent K,,, for LPC
was about 588 pM.

There was no stimulation of the migration of
MDA-MB-435 cells when we added only concen-
trated media from cells treated with siATX, or
siCTRL. By contrast, addition of LPC to concentrated
medium from cells treated with the siCTRL elicited a
migratory response (Fig. 5C), but this stimulation
was not observed when ATX formation was blocked
with siATX.

We also tested the migration of MDA-MB-435
when exposed to LPC, or LPA directly, butusinga6 h
incubation for the migration assay. The siCTRL and
the siATX treated cells migrated to the same extent
in the absence of agonist. Addition of 10 uM LPC
stimulated the migration of siCTRL treated cells,
but not siATX-treated cells. As a control, we showed
that the siATX treated cells still showed a normal
migration with 0.5 uM LPA. The results emphasize
that the cells treated with siATX were not migration
deficient. They we able to respond normally to LPA,
but they were unable to migrate to LPCbecause of the
ATX knockdown (Fig. 6).

These results establish that the LPC effect in
stimulating cell migration is dependent on the
catalytic activity of ATX and LPA production, which
could then stimulate migration through LPA recep-
tors. This is confirmed in Figure 7 where 1 uM
VPC32183, an LPA,,3 receptor antagonist [43], was
added to the concentrated medium from MDA-MB-



AUTOTAXIN ACTIVITY CONTROLS CANCER CELL MIGRATION 807

A ATX activity

B o siCTRL
] o SIATX
=
i
o
L
2
5
[
14
0 30 60 90
Time (min)
8 Std
< : t
siCTRL siATX
ATX
— — “iba
C Migration .
OsicTRL |
2001 B GATX
I 150
o
o
[:]
< 100
[&]
50
(]
No Treatment 10uM LPC

Figure 5. Knock-down of ATX with siRNA significantly decreases
the migratory potential of concentrated medium from MDA-MB-435
cells. Concentrated medium was collected from three dishes of
MDA-MB-435 cells treated with siRNA for ATX (siATX) and three
dishes treated with control siRNA (siCTRL). Panel A shows a
fluorescence assay representing ATX activity in siCTRL concentrated
medium (Q) and in siATX concentrated medium (@). Error bars
indicate the SEM of three experimental values. Panel B shows the
Western blot analysis of a representative sample of concentrated
media that were probed for ATX. Recombinant ATX was used as a
standard (StdATX). Panel C compares the migration of MDA-MB-435
cells over a 3 h incubation in the presence or absence of LPC and
concentrated medium collected from MDA-MB-435 cells that were
treated with siCTRL (white bars) or siATX (dark bars). Results are
means = SEM from three independent experiments. Statistically
significant differences are indicated by *P<0.01.

435 cells. VPC32183 inhibited LPC-induced migra-
tion in the presence of concentrated medium,
demonstrating that the effect of LPC depends on its
conversion to LPA. As a control, we also showed that
VPC32183 inhibited migration when LPA was added
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Figure 6. Knockdown of ATX with siRNA in MDA-MB-435 cells
abolishes stimulation of migration by lysophosphatidylcholine. A6 h
incubation was used to measure the migration of MDA-MB-435 cells
that were treated with siATX or siCTRL. Migration in basal media
(RPMI 1640 with 0.1% BSA and 0.2% FBS-C) was compared to
migration in the presence of 10 uM LPC, or 0.5 uM LPA. Results
are means £ SEM from four independent experiments. Statistically
significant differences between alternate siRNA treated cells are
indicated by *P < 0.01 and between treatments compared to control
are indicated by TP < 0.01.

directly. There was also a small inhibitory effect of
VPC32183 when neither LPC nor LPA was added,
which probably resulted from the presence of
some secreted LPC or LPA in the concentrated
medium from the MDA-MB-435 cells.
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Figure 7. The LPA receptor antagonist, VPC32183, inhibits
migration of MDA-MB-435 cells. A 3 h incubation was used to
measure the migration of MDA-MB-435 cells in the presence of their
own concentrated medium with either LPC or LPA, and in the
presence or absence of the LPA,3 receptor antagonist, VPC32183.
Migration in the presence of agonists/antagonists was compared to
the number of cells migrating in basal media (RPMI 1640 with 0.1%
BSA and 0.2% FBS-C), which is given a value of 1. Results are
means & SEM from at least three independent experiments. Statisti-
cally significant differences compared to the untreated control are
indicated by *P<0.01.
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DISCUSSION

Increased ATX expression in tumors such as
glioblastoma, lung, breast, renal, ovarian, and thy-
roid cancers is correlated with their aggressiveness
[6-10,24]. In this article, we investigated the mech-
anisms for this local effect of ATX by studying the
migration of MDA-MB-435 melanoma cells and
MDA-MB-231 breast cancer cells. These cells are both
able to migrate well in response to serum, or LPA.
We found that MDA-MB-435 cells secrete abundant
ATX, whereas ATX secretion from MDA-MB-231 was
barely detectable. Significantly, MDA-MB-435 cells
migrated in response to LPC, whereas MDA-MB-231
did not. We, therefore, hypothesized that LPC does
not induce migration of these cells per se, but rather
its effects depend on its conversion to LPA by ATX.
Therefore, decreased expression or inhibition of ATX
should diminish the LPC response.

We verified this hypothesis as follows: (a) addition
of medium from MDA-MB-435, but not from MDA-
MB-231 cells, enabled MDA-MB-231 cells to migrate
in response to LPC; (b) this effect was abolished by
the suppression of ATX expression using siRNA for
ATX, (c) inhibition of ATX activity with two different
ATX inhibitors, VPC8a202 and S32826, completely
blocked the stimulatory effect of LPC on migration
and (d) LPC-induced migration was inhibited by an
LPA,,3 receptor antagonist, VPC32183. These results
establish that the major action of ATX on migration
in MDA-MB-435 and MDA-MB-231 cells in this
system is through the conversion of LPC to LPA.
However, we cannot rule out that ATX could exert
a noncatalytically action on migration in vivo
through its C-terminal region, which can modify
cell adhesion.

Although LPC has been widely described to
stimulate cell activation and migration directly
through its putative action on G2A and GPR4
receptors [18], much of this work is now in question.
G2A and GPR4 are now considered to be proton-
sensing receptors whose response is negatively
regulated by LPC [44,45]. We found no evidence
that the zwitterionic lipid, LPC, is able to stimulate
migration. Rather its action depends on conversion
to the acidic lipid, LPA, by ATX. This conclusion is
also supported by two very recent publications. First,
independent work shows that small molecule inhib-
itors of ATX block melanoma cell migration and
invasion [46]. Secondly, we showed that ATX activity
is required for LPC to protect MCF-7 breast cancer
and MDA-MB-435 melanoma cells against Taxol-
induced apoptosis [47].

LPC is present in blood and extracellular fluids at
concentrations up to 200 uM. Secretion of ATX into
the blood or the interstitial fluid surrounding a
tumor can convert the relatively abundant LPC,
which does not stimulate migration, into the potent
bioactive modulator, LPA. This lipid provides a
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survival signal for cancer cells and it causes them to
migrate and metastasize. This is consistent with the
fact that high levels of ATX are often found in
aggressive cancers. Our work demonstrates that
inhibition of ATX expression, or blocking its cata-
lytic activity, could provide very powerful tools to
improve the efficacy of surgery and chemotherapy in
the treatment of metastatic disease in patients where
ATX expression is high. It is, therefore, hoped that
our work will lead to the development of ATX
inhibitors that can be used therapeutically as an
adjuvant in the treatment of cancer.
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