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Abstract: Autotaxin (ATX) is an exoenzyme which, due to its unique lysophospholipase D activity,
is responsible for the synthesis of lysophosphatidic acid (LPA). ATX activity is responsible for the
concentration of LPA in the blood. ATX expression is increased in various types of cancers, including
breast cancer, where it promotes metastasis. The expression of ATX is also remarkably increased
under inflammatory conditions, particularly in the osteoarticular compartment, where it controls
bone erosion. Biological actions of ATX are mediated by LPA. However, the phosphate head group of
LPA is highly sensitive to degradation by the action of lipid phosphate phosphatases, resulting in
LPA inactivation. This suggests that for efficient action, LPA requires protection, which is potentially
achieved through docking to a carrier protein. Interestingly, recent reports suggest that ATX might
act as a docking molecule for LPA and also support the concept that binding of ATX to the cell surface
through its interaction with adhesive molecules (integrins, heparan sulfate proteoglycans) could
facilitate a rapid route of delivering active LPA to its cell surface receptors. This new mechanism
offers a new vision of how ATX/LPA works in cancer metastasis and inflammatory bone diseases,
paving the way for new therapeutic developments.

Keywords: autotaxin; lysophosphatidic acid; integrins; heparan sulfate; platelets; metastasis;
inflammation; osteoclast; T cells

1. Introduction

The name autotaxin (ATX), proposed by Stracke and colleagues in 1992, arose during the
characterization of a new potent autocrine motility-stimulating protein produced by human A2058
melanoma cells [1]. Stracke’s lab also demonstrated that ATX augments the invasive and metastatic
potential of Rat Sarcoma (RAS)-transformed cells [2] before the characterization that ATX and
lysophospholipase D (lysoPLD) actually correspond to the same protein [3,4]. ATX lysoPLD activity
leads to the production of lysophosphatidic acid (LPA) through the degradation of a series of
lysophospholipid precursors, of which lysophosphatidylcholine (LPC) is the most abundant in
blood [5] (Figure 1). ATX is a multidomain protein with a somatomedin-B (SMB1,2)-like domain, a
central phosphodiesterase catalytic domain (PDE), and a C-terminal inactive catalytic nuclease domain
(NUC) (Figure 1). LPA exhibits growth factor-like activity due to the activation of a series of six different
G protein-coupled receptors (Table 1). Expression of ENPP2, the ATX gene, is regulated by cytokines,
growth factors and hormones (Table 2).
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Figure 1. Origin, structure and enzymatic activity of autotaxin (ATX). T210 identifies the amino acid
required for ATX lysophospholipase D (IysoPLD) activity. IPF, idiopathic pulmonary fibrosis; RA,
rheumatoid arthritis.

Table 1. Characteristics of lysophosphatidic acid (LPA) receptors.

Receptors G Proteins Cellular Responses

Neurite retraction [6,7], AC inhibition [8], SRE activation [6],
increased [Ca%*]i, IP production, MAPK activation [8], stress
fiber formation, BrdU incorporation [6], inhibition of
apoptosis, arachidonic acid release [8].

LPA;/Edg2 Gijor Ggn1, G12,13

Neurite retraction [8], AC inhibition [9], SRE activation,
increased [CaZ*1i [9], IP production [8], MAPK activation [8],
stress fiber formation, BrdU incorporation [6], inhibition of
apoptosis, arachidonic acid release [8].

AC inhibition [8], increased [Ca2*]i, IP production, MAPK
activation, arachidonic acid release [8].

LPA,/Edgd Gifo, Gg1, G12,13

LPA3/Edg7 Gijor Gg11

AC stimulation, increased [Ca2*]i [10], zif268 activation,
LPA4/p2y9/GPR23 Ggni, Ginz, Gs, (Gi) neurite retraction, cell aggregation [10], stress fiber formation
[11].

AC stimulation, increased [CaZ*]i, IP production, neurite

LPA5/GPR92/GPR93 Gq/llz G12/13 retraction [7]

LPA¢/p2y5 G213, (Gs), (Gy) CRE activation, neurite retraction, membrane shedding [10].

AC, adenylate cyclase; BrdU, bromodeoxyuridine; CRE, cAMP response element; IP, inositol phosphate; MAPK,
mitogen-activated protein kinase; SRE, serum response element; [Ca?*], intracellular calcium concentration.
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Table 2. Regulation of ENPP2 expression.

External Signals Tra;l:z:(i)}:;ion Effects Cell Types References
EGF nd Upregulation Thyroid cancer cells [12]
B-FGF nd Upregulation Thyroid cancer cells [12]
1L-4 nd Downregulation Fibroblast-like synoviocytes [13]
IL-1B nd Downregulation Fibroblast-like synoviocytes [13]
BMP4 nd Upregulation Primed pluripotent stem cells [14]
TNFa NF-«B Upregulation Transfc?rsr:feclidf?lsniblasts H:}
LPS NF-«B Upregulation Osteoclasts [15]
WNT [3-Catenin Upregulation Wilms tumors [17]
x6p4 NFAT1 Upregulation MDA-MB-435 cells [18]
Glucocorticoid nd Upregulation MC3T3-E1 cells [19]
Retinoic acid nd Upregulation nle\t;gl})]g:trgﬂiﬁci?ls [20]
—_— v-jun Upregulation Chick embryo fibroblasts [21]

EGF, Epidermal growth factor; 3-FGF, Fibroblast growth factor-beta; IL-4, Interleukin 4; IL-1f, Interleukin 1 beta;
BMP4, Bone morphogenic protein 4; TNFo, Tumor necrosis factor alpha; LPS, Lipopolysaccharide; WNT, Wingless
integration site; a634, Intergrin «6p4; NF-«kB, Nuclear factor kB; NFAT1, Nuclear factor activated T cells; nd,
not determined.

ATX is secreted in the extracellular space. Mechanisms responsible for ATX secretion were
characterized in adipocytes showing the requirement of post-translational maturation of the N-terminal
signal peptide of ATX and N-glycosylation of amino acids N53 and N410 [22]. In physiological
conditions, ATX is most commonly expressed in the brain and adipose tissues. ATX and LPA are
found at high levels as soluble molecules in the blood and serum and in a wide variety of pathological
liquids such as synovial fluids in rheumatoid arthritis (RA) and bronchoalveolar fluid in idiopathic
pulmonary fibrosis (IPF). As a consequence, ATX and LPA have been designated as key soluble
mediators. However, the exact role and mechanism of action of both LPA and ATX as systemic
factors in the blood, and in any other type of fluid, are still not clearly understood. Part of our
misunderstanding was due to the revelation that the levels of both LPA and ATX in the bloodstream
were tightly buffered, suggesting that extreme changes in concentration levels could be detrimental
for the homeostasis of essential functions in the organism. In the blood, the half-lives of both LPA
and ATX are remarkably short due to rapid clearance in the liver less than two minutes for ATX
and around three minutes for LPA in live mice due to a high rate of degradation by cell surface
lysolipid-phospholipases [23,24]. This could explain why LPA requires docking to a carrier protein
in order to be protected and delivered in an active form to its receptors. In the bloodstream, LPA is
largely associated with the albumin fraction [25]. It has also been shown that plasma gelsolin binds to
LPA, giving it advantages for adequate presentation to its cognate receptors [8]. In this review, we will
discuss recent works supporting a novel concept regarding ATX'’s biological function that is dependent
on its binding to the cell surface through interaction with a series of adhesion molecules. This new
vision of the ATX/LPA axis could have a remarkable impact on our understanding, as well as potential
therapeutic development, concerning cancer metastasis and beyond.

2. Autotaxin/LysoPLD Activity and Cancer Progression

The role of ATX/lysoPLD in tumorigenesis and cancer cell invasion has been well documented.
Overexpression of ATX in RAS-mutated NIH3T3 murine fibroblasts increased tumor development
and invasiveness compared to mock-transfected cells or cells transfected with a mutated inactive
form of ATX (ATX/T210A) [2]. The Mills group has also shown that Mouse mammary tumor virus
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(MMTV)-ATX-tg, MMTV-LPA1-tg and MMTV-LPA3-tg animals exhibit the same phenotype by inducing
development of spontaneous breast tumors. These results provide evidence supporting the contention
that aberrant expression of LPA receptors, or the enzyme producing LPA, could contribute to the
initiation and progression of human breast cancer [26]. Although a high expression of the ATX
gene (ENPP2) correlates with a poor outcome in several types of cancer (such as B-cell lymphomas,
renal cell carcinomas, liver or pancreatic cancers [27-29]), it is now well established that the tumor
microenvironment is an essential source of ATX [30]. Our group notably provided evidence that
circulating non-tumoral ATX is stored in the x-granules of resting platelets and is eventually released
upon tumor cell-induced platelet aggregation, leading to the production of LPA [31,32]. Brindley’s
studies have also suggested that inflammatory cytokines and chemokines released from breast or
thyroid cancer cells induce ATX expression in tumor-associated fibroblasts and adipocytes, which in
turn increases tumor progression [33,34].

ATX lysoPLD/LPA axis upregulation is not only related to tumor growth, but also contributes
to other critical aspects of cancer biology including inflammation, angiogenesis, invasion and
metastasis [35-37]. Using a human breast cancer model, we showed that ATX overexpression
in ATX-null MDA-B02 human breast cancer cells increases their invasion potential in vitro and bone
metastasis formation in vivo [38]. However, we observed that although inhibiting endogenous
expression of ATX in mouse mammary 4T1 cells following transfection with small hairpin interference
RNAs (siRNAs) affected cell invasion in vitro and reduced spontaneous metastasis dissemination to
the lungs and bones in vivo, downregulating ATX does not affect the growth of primary tumors [38].
These observations suggest that in this model the autocrine function of ATX could prevail mainly on
cell motility and invasion over tumor cell proliferation in vivo. The ATX/LPA axis also appears to
play an important role in therapy resistance. ENPP2 has indeed been identified as a candidate gene
causing drug resistance in the long-term treatment of ovarian cancer, and stable ectopic expression of
ATX in OVCAR-3 ovarian cancer cells delays apoptosis induced by carboplatin [39]. Several studies
even propose that the levels of ATX in tumors and/or serum could constitute a biomarker of cancer
aggressiveness. The serum level of ATX of patients with follicular lymphoma correlates with tumor
burden and a poor clinical outcome [27]. It has been recently reported that ATX gene expression is
significantly higher in neoplastic endometrium compared with normal tissue, especially in type I
endometrial cancer [40]. Shao and colleagues have recently examined the alteration of serum ATX
in 112 patients with breast cancer and 50 healthy volunteers by measuring serum ATX antigen via
an ELISA assay. Interestingly, increased serum ATX was associated with breast cancer nodal status,
tumor—-node-metastasis (TNM) stage and Ki-67 index [41]. Although ENPP2 mRNA expression was
found to be significantly downregulated in lung cancer samples, both immunohistochemistry analysis
of lung tissue biopsies and serum ATX activity levels revealed that lung cancer in humans is associated
with increased levels of ATX protein and its activity [42].

3. Pharmacological Inhibition of ATX/LysoPLD Activity in Cancer Models

Several studies are underway to assess the therapeutic potential of ATX lysoPLD inhibitors (Table 3).
Since LPA inhibits the lysoPLD activity of ATX, lipid analogs have been initially used as inhibitors [43].
While osteoclast differentiation was enhanced in the presence of MDA-B02/ATX cell-conditioned media,
treatment with the LPA analog VPC8a202 significantly blocked this effect in vitro [38]. Ferry and
colleagues have also described a potent ATX inhibitor, a carbacyclic phosphatidic acid analog (532826),
that possesses nanomolar activity in vitro. Due to poor bioavailability, this compound failed to show
activity in animals [44]. By performing hydrolysis of the amide bond present in the 532826 compound,
Tigyi’s group has developed two powerful lysoPLD inhibitors (BMP-22 and BMP-30a) that significantly
decrease lung metastasis of B16-F10 syngeneic mouse melanoma [45]. Gotoh and colleagues have also
demonstrated that BMP-22 reduces the number of lung metastases of B16-F10 melanoma [46] and our
group has shown that BMP-22 greatly reduces the number of bone metastases [32]. However, all these
lipid analogs have a limited bioavailability and efficiency in vivo. Novel small non-lipid molecule
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inhibitors have better oral bioavailability and induce a rapid decrease in plasma levels of LPA in murine
models of inflammation [47,48]. Indeed, PF-8380, a piperazinylbenzoxazolone derivative that was
the first compound shown to reduce plasma LPA levels in vivo, abrogates radiation-induced Protein
kinase B (AKT) activation, and decreases tumor vascularity and tumor growth [49]. Finally, Brindley’s
group have shown for the first time that systemic treatment with a tetrahydrocarboline derivative
and pharmacological blocker of ATX/lysoPLD (ONO-8430506) delays early growth of 4T1 primary
tumors that normalize twelve days after cell injections [50]. In agreement with previous observations
based on silencing ATX expression in 411 cells, Benesch and colleagues observed using this model
that pharmacological blockade of ATX/lysoPLD with ONO-8430506 partially inhibits spontaneous
lung metastasis formation [50]. More recently, another ATX/lysoPLD inhibitor, GLPG1690, succeeded
in halting the progression of idiopathic pulmonary fibrosis in Phase 2a clinical trials and it is now
being tested in a Phase 3 trial [51]. In the breast cancer context, this compound has also been shown to
increase radiotherapy efficiency and chemotherapy in the 4T1 mouse model [52]. However, although
these inhibitors are really promising, they only partially block metastatic spread and new approaches
will therefore have to be considered.

Table 3. ATX inhibitors.

Drug Names Cancer Types Effects Ref.

Primary tumor growth retardation of

532826 Ovarian cancer OCAR-3 cells at high doses [44]
Primary tumor growth inhibition of
BrP-LPA Breast cancer MDA-MB-231 cells [53]
BrP-LPA Clioma Primary tumgr gl.rowth.delay .of GL-261 cells in [54]
combination with radiotherapy
BMP-22 Melanoma Inhibition of lung metastasis of B16-F10 cells [45]
BMP-30a Melanoma Inhibition of lung metastasis of B16-F10 cells [45]
530826 nd Decreased mtraocu}ar pressure in Dutch-Belted 55]
rabbits (glaucoma)
Attenuation of idiopathic pulmonary fibrosis
GWI-A-23 nd induced by bleaomycine treatment (56
PF-8380 Clioblastoma Ameliorates the ghobla‘stoma GL261 cell [49]
response to radiotherapy
Gintonin Melanoma Inhibition of lung metastasis of B16-F10 cells [57]
VPC8a202 Breast cancer Inhibition of lung metastasis of 4T1 cells [58]
ONO-8430506 Breast cancer Inhibition of tumor growth and lung metastasis 150]
of 4T1 cells
BMP-22 Breast cancer Inhibition of bone metastasis of MDA-BO2 cells [32]
GLPG1609 Current Phase 3 clinical t.rlals for idiopathic [51]
pulmonary fibrosis
GLPG1609 Breast cancer Sensitizes primary tumors of 4T1 cells to 152]

radiotherapy and chemotherapy

4. ATX Binding to the Cell Surface May Have Functional Impacts on Cell Biology and
Pathophysiology

LPA is a very simple lipid subjected to strong degradation in the extracellular medium by a
family of three enzymes called the lipid phosphate phosphatases (LPPs). At the plasma membrane,
the catalytic site of the LPPs is oriented to the extracellular environment, enabling them to access
and hydrolyze extracellular LPA [59]. Binding of ATX to the cell surface provides a mechanism for
a localized production of LPA close to its receptors and away from LLPs, avoiding its degradation
(Figure 2).
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Figure 2. Potential mechanism for optimum activation of LPA receptors mediated by bound ATX to
integrins or other cell surface adhesive molecules. This mode of action suggests that LPA generated by
free ATX might be more accessible and susceptible to degradation by lipid phosphate phosphatases. LPA,
lysophosphatidic acid; LPC, lysophosphatidylcholine; MAG, monoacylglycerol; SMB, somatomedin-B.

SMB domains present in the ATX primary sequence are small cysteine-rich domains known to
mediate protein—protein interactions, an example being the vitronectin SMB domain that binds the
complex between urokinase-type plasminogen activator (uPA) and its glycolipid-anchored receptor
(uPAR) [60]. Thus, several teams were interested very early on in the binding capacity of ATX to the
cell surface. Kanda and coworkers found that activated primary human T cells adhered to immobilized
ATX through a a431-dependent mechanism [61]. This study also showed that T cells do not secrete
ATX in contrast to endothelial cells from high endothelial venules (HEV) but binding of ATX produced
by HEV cells to the T cell surface promoted the entry of the lymphocytes into secondary lymphoid
organs (Figure 3a). This was likely due to the local production of LPA because intravenous injection of
the enzymatic inactive form of ATX (ATX-T210A) inhibited T cell colonization by competing with the
binding of endogenous active ATX to T cell surface, thereby acting as a dominant negative [39]. A
study on the role of ATX/LPA in murine thrombosis showed that activated platelets are able to bind
recombinant ATX through a 33 integrin-dependent mechanism [62] (Figure 3b). Binding to 33 integrin
has also shown to enable the uptake and intracellular sequestration of ATX, which redistributes to
the tip of migrating MDA-MB-231 breast cancer cells. In this model, ATX binding to integrins and
lysoPLD activity closely cooperate to promote rapid persistent directional cell migration [63] (Figure 3c).
Similar mechanisms could also be responsible for the uptake of circulating ATX by blood platelets, its
storage into the «-granule compartment and eventually its release following platelet aggregation [32].
We demonstrated that this mechanism is responsible for an ATX-driven mechanism of metastasis
formation in bone tissue by human breast cancer ATX-null MDA-B02 cells. We also demonstrated
that the pro-tumoral activity of circulating ATX derived from platelets was mainly dependent on its
interaction with tumoral «v33 integrins [32] (Figure 3c). In this study, we confirmed the mentioned
observation of Kanda and colleagues on T cell colonization by showing that treating animals with
the catalytic inactive form of ATX acts as a dominant negative, which in our case is inhibition of the
formation of bone metastases at an early stage, reinforcing the importance of maintaining ATX on the
cell surface for functional involvement of lysoPLD activity in pathophysiological systems [32].
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Figure 3. The interaction of ATX with cell surface adhesive molecules is involved in various biological
processes. (a) ATX produced by high endothelial venule cells interacts with x4(1 integrins to promote
T cell transmigration and colonization of secondary lymphoid organs. (b) ATX interacts with platelets
though «lIbf33 integrins. This interaction could potentially contribute to hemostasis. (¢) ATX secreted
during platelet aggregation interacts with av[33 integrin and syndecan 4 (SDC4) to promote cancer cell
metastasis. (d) ATX secreted by osteoclasts under inflammatory conditions (TNF«, LPS) acts as an
autocrine factor through unidentified receptors to promote bone resorption.

Crystallographic studies of ATX have been completed, revealing a complex organization: the PDE
core domain interacts with both the SMB domains on one side and the NUC domain on the other [60,64].
While SMB1 is involved in the formation of the tunnel, Hausmann and Fulkerson both observed that only
the SMB2 domain is engaged in the binding of partners. It was notably shown that ATX—platelet-«IIb33
integrin interaction is mediated by the SMB2 domain. Although the SMB2 domain contains a
canonical Arginin-Glycin-Aspartic acid (RGD) integrin-binding motif, site-directed mutagenesis
studies revealed that the ATX-integrin interaction is RGD-independent [32,62,65]. Interestingly,
Fulkerson and colleagues also found that ATX increases thrombin-stimulated LPA production by
washed platelets and provided evidence that ATX-mediated LPA production is significantly higher
in CHO cells transfected to express allbf33 integrin. This observation suggested for the first time
that binding of ATX to specific partners was able to modulate its lysoPLD activity. In support of this
hypothesis, blocking the ATX/alIbf33 interaction by performing site-directed point mutations in the
SMB2 domain or by using the 7E3 antibody led to a decrease in LPA production [65].

Integrins are not the only adhesive molecules involved in maintaining ATX at the cell surface.
Moolenaar’s team found that ATX«, the less abundant isoform, binds to cell surface heparan sulfate
(HS) proteoglycans through a unique insertion of a 52 polybasic amino acid sequence generated
following alternative splicing of the ENPP2 gene. This insertion directs ATX« to the plasma membrane,
thereby ensuring a localized LPA production and signaling [66]. Our group recently identified HS
proteoglycan syndecan-4 (SDC4) as a new molecule that controls ATXf interaction with the cancer
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cell surface through a domain located in the SDC4 core protein (Figure 3c). We notably found that a
pretreatment with anti-SDC4 antibodies and silencing of SDC4 expression totally abolished human
osteosarcoma MG63 cell proliferation induced by exogenous ATXB. Despite that, we could not
demonstrate direct interaction between SDC4 and ATX. Our results strongly support the hypothesis
that the physical interaction of ATXf3 with adhesive molecules induces the functional changes in
ATX required for LPA biological functions [67]. In addition to binding to the cell surface, Jethwa and
colleagues have suggested that ATX can bind to the surface of cell-secreted exosomes [68]. Even though
the binding mechanism remains unknown, mass spectrometry analysis of lipids has revealed that
exosome-bound ATX is catalytically active and carries generated LPA. Once bound to a cell, through
specific integrin interactions, ATX releases the LPA which in turn promotes cell migration [68]. Taken
together, these results strongly support the hypothesis that physical interaction of ATX with cell surface
molecules is required for LPA biological function and can be considered as a promising target for
drug development.

5. Inflammation-Induced Bone Loss is A Pathological Process Controlled by ATX Autocrine
Action on Osteoclasts

Rheumatoid arthritis is a human autoimmune disease characterized in the clinic by highly
inflammatory joints that cause swelling and destruction of both cartilage and bone [69]. Molecular
mechanisms responsible for bone destruction result from the production of high levels of inflammatory
cytokines in the joint cavity, of which the most powerful is TNFo, which acts directly on osteoclasts,
thereby stimulating their resorption activity [70]. As opposed to inflammation, bone erosions constitute
a key and irreversible outcome in RA [71]. Controlling synovial inflammation by the use of anti-TNFx
monoclonal antibodies is the standard treatment for patients with RA because it can arrest inflammation
and the progression of bone erosions. However, RA patients in sustained clinical remission or low
disease activity often continue to accrue bone erosions, suggesting that additional mechanisms might
take place within the osteoarticular environment [72]. In this context, LPA and ATX could play
important roles.

LPA is detected at high levels in the synovial fluid of RA patients due to the elevated expression
of ATX, mediated at least in part through TNF«x action on synovial fibroblasts [73-75]. As a systemic
consequence, ATX concentration in the serum of RA patients is increased. The serum concentration
of ATX is also increased in arthritic transgenic mice expressing human TNF« (®'TNF*/~), mimicking
the human pathogenesis. Conditional knockout of the ATX gene, enpp2, in mesenchymal cells in
Col6a-Cre* mice, mainly affecting synovial fibroblasts, attenuated the development of arthritis [75].
This suggests a paracrine action of LPA produced by ATX derived from fibroblasts in the pathogenesis
of arthritis. A hypothesis emanating from this report could predict attenuation of the inflammation by
ATX inhibitor treatment. However, we found that treatment with the ATX inhibitor BMP22 did not
significantly affect articular inflammation in "TNF*/~ mice [15]. The simplest explanation would be
that the drug had been provided at a suboptimal dosing regimen but we found that BMP22-treated
WTNF~~ mice displayed a significant reduction of local bone erosion. Thus, pharmacological inhibition
of ATX using BMP22 causes distinctively different effects on inflammation versus bone resorption as
it does not protect "TNF*/~ transgenic mice from inflammation or swelling but protects them from
inflammation-induced bone loss by reducing osteoclastic bone resorption.

We previously demonstrated that LPA controls the bone resorption activity of osteoclasts by a
direct activation of its cell surface receptor LPA; [38,76]. Global Ipar1 knockout mice have been shown
to be protected against collagen-induced arthritis (CIA) by reducing bone destruction and infiltration
of pro-inflammatory T helper (Th)17 lymphocytes into the joints [73]. LPA; is the most ubiquitous LPA
receptor. As a consequence, global Iparl knockout animals exhibit multiple defects, particularly in
their neural and metabolic systems [77-79]. For this reason, they cannot be used in RA to distinguish
between the systemic influence of inflammation and the local action of ATX/LPA in bone erosion.
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Through in vitro studies, we recently demonstrated that ATX is upregulated during the course
of osteoclastogenesis, and as such, ATX belongs to late osteoclastic markers [15]. In addition, we
demonstrated that osteoclast-derived ATX was fully active on mature osteoclasts as shown by treatment
with LPC alone, which was able to rescue osteoclastic bone resorption activity induced by Macrophage
colony-stimulating factor/Receptor activator nuclear kB ligand (MCSF/RANKL) in the presence of
charcoal-treated serum. By crossing enpp2 floxed mice with Ctsk-Cre mice, we generated AATX !k
animals with specific ablation of ATX expression in mature osteoclasts. As expected, AATX ' mature
osteoclasts were defective in mineral matrix degradation in vitro but this was potently rescued by
adding exogenous ATX, suggesting that the environment can supply ATX if necessary under specific
pathophysiological conditions. In this context, variable sources of ATX and/or LPA are potentially
available in the bone microenvironment with the presence of fibroblasts [75], chondrocytes [80],
osteoblasts [81], adipocytes [82] and endothelial cells [61]. However, we found that AATXCK mice were
remarkably protected against bone degradation induced by two independent powerful inflammatory
challenges such as lipopolysaccharide (LPS) treatment and transfer of the serum from mice expressing
the transgenic T cell receptor (TCR) and the MHC class II allele Ag7 (K/BxN), while, as expected,
specific inhibition of ATX expression in mature osteoclasts does not affect the onset and progression of
the inflammatory process or the accumulation of ATX in the synovitis of AATX*** mice [15]. These
results provide the first experimental demonstration that ATX controls a pathophysiological process
through autocrine action. More specifically, these results demonstrate the leading role for an autocrine
action of osteoclast-derived ATX over that of synovial fibroblasts or other sources of ATX in RA
responsible for bone loss (Figure 3d).

Bone metastases frequently form at advanced stages in a large range of solid tumors such as breast
and prostate cancers, which are the most osteophyle cancers, but bone metastases are also secondary
sites for tumor cells that have escaped from primary lung, thyroid and renal cancers [83]. In this context,
osteoclasts play a crucial role because they are the only cells in the organism capable of degrading the
bone matrix [83]. Osteoclast activity is also responsible for bone erosions in other types of cancers as
observed in multiple myeloma [84]. We have shown that treatment with the ATX inhibitor BMP-22
reduced the progression of osteolytic lesions in mice harboring pre-established bone metastases, which
indicate the inhibition of osteoclast activity [32]. It is well accepted that the development of cancer
shares common characteristics with inflammatory processes due to the production of inflammatory
cytokines and the infiltration of immune cells. [85]. Our studies revealed that the autocrine activity
of ATX on osteoclasts could be considered a common characteristic responsible for bone loss in bone
metastases and inflammatory bone diseases. We have previously demonstrated that LPA controls
osteoclast differentiation and bone resorption activity by acting on its receptor, LPA; [76]. However,
the mode of action of ATX on osteoclasts has not been fully characterized (Figure 3d).

Mature osteoclasts express multiple adhesive molecules that have been described to interact with
ATX (i.e., integrins, heparan sulfate proteoglycans). One of these, the integrin av(33, is a marker of
osteoclast differentiation [86]. In addition, mature osteoclasts are the human cells that express this
integrin the most. As a consequence, the question of whether ATX/LPA action on osteoclasts relies on
the link of ATX to integrin «v[33 merits specific investigation.

6. Conclusions

In conclusion, all these results suggest that binding of ATX to the cell surface through its interaction
with different adhesion molecules could achieve two major objectives. The first objective is to allow
the production of LPA in the immediate vicinity of its membrane receptors. LPA is highly sensitive
to degradation by phospholipases that are extensively represented at cell surfaces and in biological
liquids. Therefore, LPA requires protection that can be provided by docking to a carrier protein. ATX
associated to the cell membrane loaded with LPA might offer the fastest way to deliver active LPA to
its cell surface receptors.
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The second objective is to increase the production of LPA through the amplification of ATX/lysoPLD
activity. This unexpected finding was confirmed from a series of recent independent studies opening
new opportunities for the future design of ATX inhibitors. Targeting the ATX-bound lysoPLD instead
of the ATX-soluble lysoPLD may provide more efficient therapeutic drugs. In addition, instead of
targeting the enzymatic activity of ATX, the development of drugs directed against the binding domains
of ATX or to ATX adhesion molecules could be considered. These new therapeutic strategies could
have several advantages. They could compensate for the mode of action of current ATX inhibitors
that all induce a massive decrease in LPA concentration in the bloodstream, which during long-term
treatments can potentially provoke unknown side effects with a major concern for the central nervous
system and the reproductive system. Collectively, the works described in this review show a fairly
wide diversity in cell surface “receptor-like” interactions for ATX. Because of the large variety of
cells in the organism that express the specific pattern of adhesive molecules and as a consequence
specific types of “receptor-like” molecules for ATX, it is conceivable to consider the development of
new blockers of ATX action that could restrict the therapies to specific sub-types of cells and tissues.

Funding: This review was supported by grants from the INSERM (OP, RL), the Université Claude Bernard Lyon 1
(OP), the Comité Départemental de la Savoie de la Ligue Contre le Cancer (OP) and the French Foundation pour
la Recherche sur le Cancer (ARC, Grant No. PJA20151203151) (OP) and the ANR grant LYSBONE (Grant No.
ANR-15-CE14-0010-01) (OP).

Acknowledgments: Figures were produced using ServierMedical Art (https://smart.servier.com).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Stracke, M.L.; Krutzsch, H.C.; Unsworth, E.J.; Arestad, A.; Cioce, V.; Schiffmann, E.; Liotta, L.A. Identification,
purification, and partial sequence analysis of autotaxin, a novel motility-stimulating protein. . Biol. Chem.
1992, 267, 2524-2529.

2. Nam, S.W,; Clair, T.; Campo, C.K.; Lee, H.Y.; Liotta, L.A.; Stracke, M.L. Autotaxin (ATX), a potent tumor
motogen, augments invasive and metastatic potential of ras-transformed cells. Oncogene 2000, 19, 241-247.
[CrossRef]

3.  Umezu-Goto, M.; Kishi, Y.; Taira, A.; Hama, K.; Dohmae, N.; Takio, K.; Yamori, T.; Mills, G.B.; Inoue, K_;
Aoki, J.; et al. Autotaxin has lysophospholipase D activity leading to tumor cell growth and motility by
lysophosphatidic acid production. J. Cell Biol. 2002, 158, 227-233. [CrossRef]

4. Tokumura, A.; Majima, E.; Kariya, Y.; Tominaga, K.; Kogure, K.; Yasuda, K.; Fukuzawa, K. Identification
of human plasma lysophospholipase D, a lysophosphatidic acid-producing enzyme, as autotaxin, a
multifunctional phosphodiesterase. J. Biol. Chem. 2002, 277, 39436-39442. [CrossRef]

5. Aoki, J; Taira, A.; Takanezawa, Y.; Kishi, Y.; Hama, K.; Kishimoto, T.; Mizuno, K.; Saku, K.; Taguchi, R,;
Arai, H. Serum lysophosphatidic acid is produced through diverse phospholipase pathways. J. Biol. Chem.
2002, 277,48737-48744. [CrossRef]

6.  Fukushima, N.; Kimura, Y.; Chun, J. A single receptor encoded by vzg-1/lpAl/edg-2 couples to G proteins
and mediates multiple cellular responses to lysophosphatidic acid. Proc. Natl. Acad. Sci. USA 1998, 95,
6151-6156. [CrossRef]

7. Lee, CW,; Rivera, R; Gardell, S.; Dubin, A.E.; Chun, ]J. GPR92 as a new G12/13- and Gq-coupled
lysophosphatidic acid receptor that increases cAMP, LPA5. J. Biol. Chem. 2006, 281, 23589-23597. [CrossRef]

8. Ishii, I.; Contos, J.J.; Fukushima, N.; Chun, J. Functional comparisons of the lysophosphatidic acid receptors,
LP(A1)/VZG-1/EDG-2, LP(A2)/EDG-4, and LP(A3)/EDG-7 in neuronal cell lines using a retrovirus expression
system. Mol. Pharmacol. 2000, 58, 895-902. [CrossRef]

9.  Bandoh, K,; Aoki, J.; Taira, A.; Tsujimoto, M.; Arai, H.; Inoue, K. Lysophosphatidic acid (LPA) receptors of
the EDG family are differentially activated by LPA species. Structure-activity relationship of cloned LPA
receptors. FEBS Lett. 2000, 478, 159-165. [CrossRef]

10. Yanagida, K.; Masago, K.; Nakanishi, H.; Kihara, Y.; Hamano, F; Tajima, Y.; Taguchi, R.; Shimizu, T.; Ishii, S.
Identification and Characterization of a Novel Lysophosphatidic Acid Receptor, p2y5/LPA6. ]. Biol. Chem.
2009, 284, 17731-17741. [CrossRef]


https://smart.servier.com
http://dx.doi.org/10.1038/sj.onc.1203263
http://dx.doi.org/10.1083/jcb.200204026
http://dx.doi.org/10.1074/jbc.M205623200
http://dx.doi.org/10.1074/jbc.M206812200
http://dx.doi.org/10.1073/pnas.95.11.6151
http://dx.doi.org/10.1074/jbc.M603670200
http://dx.doi.org/10.1124/mol.58.5.895
http://dx.doi.org/10.1016/S0014-5793(00)01827-5
http://dx.doi.org/10.1074/jbc.M808506200

Cancers 2020, 12, 105 11 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Lee, C.W.; Rivera, R.; Dubin, A.E.; Chun, J. LPA(4)/GPR23 is a lysophosphatidic acid (LPA) receptor utilizing
G(s)-, G(q)/G(i)-mediated calcium signaling and G(12/13)-mediated Rho activation. J. Biol. Chem. 2007, 282,
4310-4317. [CrossRef] [PubMed]

Kehlen, A.; Englert, N.; Seifert, A.; Klonisch, T.; Dralle, H.; Langner, J.; Hoang-Vu, C. Expression, regulation
and function of autotaxin in thyroid carcinomas. Int. J. Cancer. 2004, 109, 833-838. [CrossRef] [PubMed]
Kehlen, A.; Lauterbach, R.; Santos, A.N.; Thiele, K.; Kabisch, U.; Weber, E.; Riemann, D.; Langner, J. IL-1 beta-
and IL-4-induced down-regulation of autotaxin mRNA and PC-1 in fibroblast-like synoviocytes of patients
with rheumatoid arthritis (RA). Clin. Exp. Immunol. 2001, 123, 147-154. [CrossRef] [PubMed]

Kime, C.; Sakaki-Yumoto, M.; Goodrich, L.; Hayashi, Y.; Sami, S.; Derynck, R.; Asahi, M.; Panning, B.;
Yamanaka, S.; Tomoda, K. Autotaxin-mediated lipid signaling intersects with LIF and BMP signaling to
promote the naive pluripotency transcription factor program. Proc. Natl. Acad. Sci. USA 2016, 113,
12478-12483. [CrossRef]

Flammier, S.; Peyruchaud, O.; Bourguillault, E; Duboeuf, F.; Davignon, J.L.; Norman, D.D.; Isaac, S.;
Marotte, H.; Tigyi, G.; Machuca-Gayet, I; et al. Osteoclast-Derived Autotaxin, a Distinguishing Factor for
Inflammatory Bone Loss. Arthritis Rheumatol. 2019, 71, 1801-1811. [CrossRef]

Wu, ].M,; Xu, Y;; Skill, N.J.; Sheng, H.; Zhao, Z.; Yu, M.; Saxena, R.; Maluccio, M.A. Autotaxin expression and
its connection with the TNF-alpha-NF-kappaB axis in human hepatocellular carcinoma. Mol. Cancer 2010, 9,
71. [CrossRef]

Zirn, B.; Samans, B.; Wittmann, S.; Pietsch, T.; Leuschner, I.; Graf, N.; Gessler, M. Target genes of the
WNT/beta-catenin pathway in Wilms tumors. Genes Chromosomes Cancer 2006, 45, 565-574. [CrossRef]
Chen, M.; O’Connor, K.L. Integrin alpha6beta4 promotes expression of autotaxin/ENPP2 autocrine motility
factor in breast carcinoma cells. Oncogene 2005, 24, 5125-5130. [CrossRef]

Leclerc, N.; Luppen, C.A.; Ho, V.V,; Nagpal, S.; Hacia, ].G.; Smith, E.; Frenkel, B. Gene expression profiling of
glucocorticoid-inhibited osteoblasts. J. Mol. Endocrinol. 2004, 33, 175-193. [CrossRef]

Dufner-Beattie, J.; Lemons, R.S.; Thorburn, A. Retinoic acid-induced expression of autotaxin in
N-myc-amplified neuroblastoma cells. Mol. Carcinog. 2001, 30, 181-189. [CrossRef]

Black, E.J.; Clair, T.; Delrow, J.; Neiman, P.; Gillespie, D.A. Microarray analysis identifies Autotaxin, a
tumour cell motility and angiogenic factor with lysophospholipase D activity, as a specific target of cell
transformation by v-Jun. Oncogene 2004, 23, 2357-2366. [CrossRef] [PubMed]

Pradere, J.P; Tarnus, E.; Gres, S.; Valet, P.; Saulnier-Blache, J.S. Secretion and lysophospholipase D activity of
autotaxin by adipocytes are controlled by N-glycosylation and signal peptidase. Biochim. Biophys. Acta 2007,
1771, 93-102. [CrossRef] [PubMed]

Jansen, S.; Andries, M.; Vekemans, K.; Vanbilloen, H.; Verbruggen, A.; Bollen, M. Rapid clearance of the
circulating metastatic factor autotaxin by the scavenger receptors of liver sinusoidal endothelial cells. Cancer
Lett. 2009, 284, 216-221. [CrossRef] [PubMed]

Morris, AJ.; Selim, S.; Salous, A.; Smyth, S.S. Blood Relatives: Dynamic Regulation of Bioactive
Lysophosphatidic acid and Sphingosine-1- Phosphate Metabolism in the Circulation. Trends Cardiovasc. Med.
2009, 19, 135-140. [CrossRef] [PubMed]

Tigyi, G.; Miledi, R. Lysophosphatidates bound to serum albumin activate membrane currents in Xenopus
oocytes and neurite retraction in PC12 pheochromocytoma cells. J. Biol. Chem. 1992, 267, 21360-21367.
[PubMed]

Liu, S.; Umezu-Goto, M.; Murph, M,; Lu, Y.; Liu, W,; Zhang, F; Yu, S.; Stephens, L.C.; Cui, X.; Murrow, G.;
et al. Expression of autotaxin and lysophosphatidic acid receptors increases mammary tumorigenesis,
invasion, and metastases. Cancer Cell 2009, 15, 539-550. [CrossRef]

Masuda, A.; Nakamura, K,; Izutsu, K.; Igarashi, K.; Ohkawa, R.; Jona, M.; Higashi, K.; Yokota, H.; Okudaira, S.;
Kishimoto, T.; et al. Serum autotaxin measurement in haematological malignancies: A promising marker for
follicular lymphoma. Br. ]. Haematol. 2008, 143, 60-70. [CrossRef]

Nakali, Y.; Ikeda, H.; Nakamura, K.; Kume, Y.; Fujishiro, M.; Sasahira, N.; Hirano, K.; Isayama, H.; Tada, M.;
Kawabe, T.; et al. Specific increase in serum autotaxin activity in patients with pancreatic cancer. Clin.
Biochem. 2011, 44, 576-581. [CrossRef]

Zhang, G.; Zhao, Z.; Xu, S.; Ni, L.; Wang, X. Expression of autotaxin mRNA in human hepatocellular
carcinoma. Chin. Med. J. 1999, 112, 330-332.


http://dx.doi.org/10.1074/jbc.M610826200
http://www.ncbi.nlm.nih.gov/pubmed/17166850
http://dx.doi.org/10.1002/ijc.20022
http://www.ncbi.nlm.nih.gov/pubmed/15027116
http://dx.doi.org/10.1046/j.1365-2249.2001.01432.x
http://www.ncbi.nlm.nih.gov/pubmed/11168012
http://dx.doi.org/10.1073/pnas.1608564113
http://dx.doi.org/10.1002/art.41005
http://dx.doi.org/10.1186/1476-4598-9-71
http://dx.doi.org/10.1002/gcc.20319
http://dx.doi.org/10.1038/sj.onc.1208729
http://dx.doi.org/10.1677/jme.0.0330175
http://dx.doi.org/10.1002/mc.1028
http://dx.doi.org/10.1038/sj.onc.1207377
http://www.ncbi.nlm.nih.gov/pubmed/14691447
http://dx.doi.org/10.1016/j.bbalip.2006.11.010
http://www.ncbi.nlm.nih.gov/pubmed/17208043
http://dx.doi.org/10.1016/j.canlet.2009.04.029
http://www.ncbi.nlm.nih.gov/pubmed/19482419
http://dx.doi.org/10.1016/j.tcm.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19818950
http://www.ncbi.nlm.nih.gov/pubmed/1383223
http://dx.doi.org/10.1016/j.ccr.2009.03.027
http://dx.doi.org/10.1111/j.1365-2141.2008.07325.x
http://dx.doi.org/10.1016/j.clinbiochem.2011.03.128

Cancers 2020, 12, 105 12 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Tigyi, G.J.; Yue, J.; Norman, D.D.; Szabo, E.; Balogh, A.; Balazs, L.; Zhao, G.; Lee, S.C. Regulation of tumor
cell—Microenvironment interaction by the autotaxin-lysophosphatidic acid receptor axis. Adv. Biol. Regul.
2019, 71, 183-193. [CrossRef]

Boucharaba, A.; Serre, C.-M.; Gres, S.; Saulnier-Blache, ].S.; Bordet, J.-C.; Guglielmi, J.; Clezardin, P.;
Peyruchaud, O. Platelet-derived lysophosphatidic acid supports the progression of osteolytic bone metastases
in breast cancer. J. Clin. Investig. 2004, 114, 1714-1725. [CrossRef] [PubMed]

Leblanc, R.; Lee, S.C.; David, M.; Bordet, ]J.C.; Norman, D.D,; Patil, R.; Miller, D.; Sahay, D.; Ribeiro, J.;
Clezardin, P; et al. Interaction of platelet-derived autotaxin with tumor integrin alphaVbeta3 controls
metastasis of breast cancer cells to bone. Blood 2014, 124, 3141-3150. [CrossRef] [PubMed]

Benesch, M.G.K,; Ko, YM,; Tang, X.; Dewald, J.; Lopez-Campistrous, A.; Zhao, Y.Y.; Lai, R.; Curtis, ].M.;
Brindley, D.N.; McMullen, T.P.W. Autotaxin is an inflammatory mediator and therapeutic target in thyroid
cancer. Endocr.-Relat. Cancer 2015, 22, 593-607. [CrossRef]

Benesch, M.G.; Tang, X.; Dewald, J.; Dong, W.F.; Mackey, ].R.; Hemmings, D.G.; McMullen, T.P,; Brindley, D.N.
Tumor-induced inflammation in mammary adipose tissue stimulates a vicious cycle of autotaxin expression
and breast cancer progression. FASEB |. 2015, 29, 3990-4000. [CrossRef]

Leblanc, R.; Peyruchaud, O. New insights into the autotaxin/LPA axis in cancer development and metastasis.
Exp. Cell Res. 2015, 333, 183-189. [CrossRef]

Benesch, M.G.K,; Yang, Z.; Tang, X.; Meng, G.; Brindley, D.N. Lysophosphatidate Signaling: The Tumor
Microenvironment’s New Nemesis. Trends Cancer 2017, 3, 748-752. [CrossRef]

Benesch, M.G.; Maclntyre, LT, McMullen, T.P; Brindley, D.N. Coming of Age for Autotaxin
and Lysophosphatidate Signaling: Clinical Applications for Preventing, Detecting and Targeting
Tumor-Promoting Inflammation. Cancers 2018, 10, 73. [CrossRef]

David, M.; Wannecq, E.; Descotes, F.; Jansen, S.; Deux, B.; Ribeiro, J.; Serre, C.M.; Gres, S.; Bendriss-Vermare, N.;
Bollen, M.; et al. Cancer cell expression of autotaxin controls bone metastasis formation in mouse through
lysophosphatidic acid-dependent activation of osteoclasts. PLoS ONE 2010, 5, e9741. [CrossRef]

Vidot, S.; Witham, J.; Agarwal, R.; Greenhough, S.; Bamrah, H.S.; Tigyi, G.J.; Kaye, S.B.; Richardson, A.
Autotaxin delays apoptosis induced by carboplatin in ovarian cancer cells. Cell. Signal. 2010, 22, 926-935.
[CrossRef]

Mazzocca, A.; Schonauer, L.M.; De Nola, R.; Lippolis, A.; Marrano, T.; Loverro, M.; Sabba, C.; Di Naro, E.
Autotaxin is a novel molecular identifier of type I endometrial cancer. Med. Oncol. 2018, 35, 157. [CrossRef]
Shao, Y;; Yu, Y.; He, Y.; Chen, Q.; Liu, H. Serum ATX as a novel biomarker for breast cancer. Medicine 2019, 98,
€14973. [CrossRef]

Magkrioti, C.; Oikonomou, N.; Kaffe, E.; Mouratis, M.A.; Xylourgidis, N.; Barbayianni, I.; Megadoukas, P.;
Harokopos, V.; Valavanis, C.; Chun, J.; et al. The autotaxin—Lysophosphatidic acid axis promotes lung
carcinogenesis. Cancer Res. 2018, 78, 3634-3644. [CrossRef]

van Meeteren, L.A.; Ruurs, P.; Christodoulou, E.; Goding, ].W.; Takakusa, H.; Kikuchi, K.; Perrakis, A.;
Nagano, T.; Moolenaar, W.H. Inhibition of autotaxin by lysophosphatidic acid and sphingosine 1-phosphate.
J. Biol. Chem. 2005, 280, 21155-21161. [CrossRef]

Ferry, G.; Moulharat, N.; Pradere, ]J.P.; Desos, P.; Try, A.; Genton, A.; Giganti, A.; Bleucher-Gaudin, M.;
Lonchampt, M.; Bertrand, M.; et al. 532826: A nanomolar inhibitor of autotaxin. Discovery, synthesis and
applications as a pharmacological tool. J. Pharmacol. Exp. Ther. 2008, 327, 809-819. [CrossRef]

Gupte, R,; Patil, R.; Liu, J.; Wang, Y.; Lee, S.C.; Fujiwara, Y.; Fells, J.; Bolen, A.L.; Emmons-Thompson, K.;
Yates, C.R.; et al. Benzyl and naphthalene methylphosphonic acid inhibitors of autotaxin with anti-invasive
and anti-metastatic activity. ChemMedChem 2011, 6, 922-935. [CrossRef]

Gotoh, M,; Fujiwara, Y.; Yue, J.; Liu, J.; Lee, S.; Fells, J.; Uchiyama, A.; Murakami-Murofushi, K.; Kennel, S.;
Wall, J.; et al. Controlling cancer through the autotaxin-lysophosphatidic acid receptor axis. Biochem. Soc.
Trans. 2012, 40, 31-36. [CrossRef]

Gierse, J.; Thorarensen, A.; Beltey, K.; Bradshaw-Pierce, E.; Cortes-Burgos, L.; Hall, T.; Johnston, A.;
Murphy, M.; Nemirovskiy, O.; Ogawa, S.; et al. A novel autotaxin inhibitor reduces lysophosphatidic acid
levels in plasma and the site of inflammation. J. Pharmacol. Exp. Ther. 2010, 334, 310-317. [CrossRef]


http://dx.doi.org/10.1016/j.jbior.2018.09.008
http://dx.doi.org/10.1172/JCI200422123
http://www.ncbi.nlm.nih.gov/pubmed/15599396
http://dx.doi.org/10.1182/blood-2014-04-568683
http://www.ncbi.nlm.nih.gov/pubmed/25277122
http://dx.doi.org/10.1530/ERC-15-0045
http://dx.doi.org/10.1096/fj.15-274480
http://dx.doi.org/10.1016/j.yexcr.2014.11.010
http://dx.doi.org/10.1016/j.trecan.2017.09.004
http://dx.doi.org/10.3390/cancers10030073
http://dx.doi.org/10.1371/journal.pone.0009741
http://dx.doi.org/10.1016/j.cellsig.2010.01.017
http://dx.doi.org/10.1007/s12032-018-1222-4
http://dx.doi.org/10.1097/MD.0000000000014973
http://dx.doi.org/10.1158/0008-5472.CAN-17-3797
http://dx.doi.org/10.1074/jbc.M413183200
http://dx.doi.org/10.1124/jpet.108.141911
http://dx.doi.org/10.1002/cmdc.201000425
http://dx.doi.org/10.1042/BST20110608
http://dx.doi.org/10.1124/jpet.110.165845

Cancers 2020, 12, 105 13 of 15

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Saga, H.; Ohhata, A.; Hayashi, A.; Katoh, M.; Maeda, T.; Mizuno, H.; Takada, Y.; Komichi, Y.; Ota, H.;
Matsumura, N.; et al. A Novel Highly Potent Autotaxin/ENPP2 Inhibitor Produces Prolonged Decreases
in Plasma Lysophosphatidic Acid Formation in Vivo and Regulates Urethral Tension. PLoS ONE 2014, 9,
€93230. [CrossRef]

Bhave, S.R.; Dadey, D.Y,; Karvas, R.M.; Ferraro, D.].; Kotipatruni, R.P; Jaboin, ].].; Hallahan, A.N.; Dewees, T.A.;
Linkous, A.G.; Hallahan, D.E; et al. Autotaxin Inhibition with PF-8380 Enhances the Radiosensitivity of
Human and Murine Glioblastoma Cell Lines. Front. Oncol. 2013, 3, 236. [CrossRef]

Benesch, M.G.; Tang, X.; Maeda, T.; Ohhata, A.; Zhao, Y.Y.; Kok, B.P.; Dewald, J.; Hitt, M.; Curtis, ].M.;
McMullen, T.P; et al. Inhibition of autotaxin delays breast tumor growth and lung metastasis in mice. FASEB
J. 2014, 28, 2655-2666. [CrossRef]

Maher, TM.; Kreuter, M.; Lederer, D.J.; Brown, K.K.; Wuyts, W.; Verbruggen, N.; Stutvoet, S.; Fieuw, A.;
Ford, P; Abi-Saab, W.; et al. Rationale, design and objectives of two phase III, randomised, placebo-controlled
studies of GLPG1690, a novel autotaxin inhibitor, in idiopathic pulmonary fibrosis ISABELA 1 and 2). BM]
Open Respir. Res. 2019, 6, e000422. [CrossRef] [PubMed]

Tang, X.; Wuest, M.; Benesch, M.G.; Dufour, J.; Zhao, Y.; Curtis, ].M.; Monjardet, A.; Heckmann, B.;
Murray, D.; Wuest, E; et al. Inhibition of autotaxin with GLPG1690 increases the efficacy of radiotherapy
and chemotherapy in a mouse model of breast cancer. Mol. Cancer Ther. 2019. [CrossRef] [PubMed]
Zhang, H.; Xu, X.; Gajewiak, |.; Tsukahara, R.; Fujiwara, Y.; Liu, J.; Fells, ].I; Perygin, D.; Parrill, A.L.; Tigyi, G.;
et al. Dual activity lysophosphatidic acid receptor pan-antagonist/autotaxin inhibitor reduces breast cancer
cell migration in vitro and causes tumor regression in vivo. Cancer Res. 2009, 69, 5441-5449. [CrossRef]
[PubMed]

Schleicher, S.M.; Thotala, D.K.; Linkous, A.G.; Hu, R.; Leahy, KM.; Yazlovitskaya, E.M.; Hallahan, D.E.
Autotaxin and LPA receptors represent potential molecular targets for the radiosensitization of murine
glioma through effects on tumor vasculature. PLoS ONE 2011, 6, e22182. [CrossRef]

Iyer, P; Lalane, R., 3rd; Morris, C.; Challa, P.; Vann, R.; Rao, P.V. Autotaxin-lysophosphatidic acid axis is a
novel molecular target for lowering intraocular pressure. PLoS ONE 2012, 7, e42627. [CrossRef]
Oikonomou, N.; Mouratis, M.A.; Tzouvelekis, A.; Kaffe, E.; Valavanis, C.; Vilaras, G.; Karameris, A.;
Prestwich, G.D.; Bouros, D.; Aidinis, V. Pulmonary autotaxin expression contributes to the pathogenesis of
pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 2012, 47, 566-574. [CrossRef]

Hwang, S.H.; Lee, BH.; Kim, H]J.; Cho, HJ.; Shin, H.C,; Im, K.S.; Choi, SH.; Shin, T.J.; Lee, S.M.;
Nam, S.W,; et al. Suppression of metastasis of intravenously-inoculated B16/F10 melanoma cells by the novel
ginseng-derived ingredient, gintonin: Involvement of autotaxin inhibition. Int. J. Oncol. 2013, 42, 317-326.
[CrossRef]

Peyruchaud, O.; David, M.; MacDonald, T.L.; Lynch, K.R. Lysophosphatidic Acid (LPA) Signaling in Bone
Cancer. In Lysophospholipid Receptors; Chun, J., Hla, T., Moolenaar, W., Speigel, S., Eds.; John Wiley & Sons
Inc.: Hoboken, NJ, USA, 2013; pp. 627-640.

Tang, X.; Benesch, M.G.; Brindley, D.N. Lipid phosphate phosphatases and their roles in mammalian
physiology and pathology. J. Lipid Res. 2015, 56, 2048-2060. [CrossRef]

Hausmann, J.; Kamtekar, S.; Christodoulou, E.; Day, J.E.; Wu, T.; Fulkerson, Z.; Albers, H.M.; van
Meeteren, L.A.; Houben, A.].; van Zeijl, L.; et al. Structural basis of substrate discrimination and integrin
binding by autotaxin. Nat. Struct. Mol. Biol. 2011, 18, 198-204. [CrossRef]

Kanda, H.; Newton, R; Klein, R.; Morita, Y.; Gunn, M.D.; Rosen, S.D. Autotaxin, an ectoenzyme that produces
lysophosphatidic acid, promotes the entry of lymphocytes into secondary lymphoid organs. Nat. Immunol.
2008, 9, 415-423. [CrossRef]

Pamuklar, Z.; Federico, L.; Liu, S.; Umezu-Goto, M.; Dong, A.; Panchatcharam, M.; Fulerson, Z.; Berdyshev, E.;
Natarajan, V.; Fang, X.; et al. Autotaxin/lysopholipase D and lysophosphatidic acid regulate murine
hemostasis and thrombosis. . Biol. Chem. 2009, 284, 7385-7394. [CrossRef] [PubMed]

Wu, T.; Kooi, C.V,; Shah, P.; Charnigo, R.; Huang, C.; Smyth, S.S.; Morris, A.]. Integrin-mediated cell surface
recruitment of autotaxin promotes persistent directional cell migration. FASEB J. 2014, 28, 861-870. [CrossRef]
[PubMed]

Nishimasu, H.; Okudaira, S.; Hama, K.; Mihara, E.; Dohmae, N.; Inoue, A ; Ishitani, R.; Takagi, J.; Aoki, J.;
Nureki, O. Crystal structure of autotaxin and insight into GPCR activation by lipid mediators. Nat. Struct.
Mol. Biol. 2011, 18, 205-212. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0093230
http://dx.doi.org/10.3389/fonc.2013.00236
http://dx.doi.org/10.1096/fj.13-248641
http://dx.doi.org/10.1136/bmjresp-2019-000422
http://www.ncbi.nlm.nih.gov/pubmed/31179008
http://dx.doi.org/10.1158/1535-7163.MCT-19-0386
http://www.ncbi.nlm.nih.gov/pubmed/31548293
http://dx.doi.org/10.1158/0008-5472.CAN-09-0302
http://www.ncbi.nlm.nih.gov/pubmed/19509223
http://dx.doi.org/10.1371/journal.pone.0022182
http://dx.doi.org/10.1371/journal.pone.0042627
http://dx.doi.org/10.1165/rcmb.2012-0004OC
http://dx.doi.org/10.3892/ijo.2012.1709
http://dx.doi.org/10.1194/jlr.R058362
http://dx.doi.org/10.1038/nsmb.1980
http://dx.doi.org/10.1038/ni1573
http://dx.doi.org/10.1074/jbc.M807820200
http://www.ncbi.nlm.nih.gov/pubmed/19139100
http://dx.doi.org/10.1096/fj.13-232868
http://www.ncbi.nlm.nih.gov/pubmed/24277575
http://dx.doi.org/10.1038/nsmb.1998
http://www.ncbi.nlm.nih.gov/pubmed/21240269

Cancers 2020, 12, 105 14 of 15

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Fulkerson, Z.; Wu, T.; Sunkara, M.; Kooi, C.V,; Morris, A.J.; Smyth, S.S. Binding of autotaxin to integrins
localizes lysophosphatidic acid production to platelets and mammalian cells. J. Biol. Chem. 2011, 286,
34654-34663. [CrossRef] [PubMed]

Houben, A.].; van Wijk, X.M.; van Meeteren, L.A.; van Zeijl, L.; van de Westerlo, E.M.; Hausmann, J.; Fish, A,;
Perrakis, A.; van Kuppevelt, TH.; Moolenaar, W.H. The polybasic insertion in autotaxin alpha confers
specific binding to heparin and cell surface heparan sulfate proteoglycans. J. Biol. Chem. 2013, 288, 510-519.
[CrossRef]

Leblanc, R.; Sahay, D.; Houssin, A.; Machuca-Gayet, I.; Peyruchaud, O. Autotaxin-beta interaction with
the cell surface via syndecan-4 impacts on cancer cell proliferation and metastasis. Oncotarget 2018, 9,
33170-33185. [CrossRef]

Jethwa, S.A.; Leah, E.J.; Zhang, Q.; Bright, N.A.; Oxley, D.; Bootman, M.D.; Rudge, S.A.; Wakelam, M.]J.
Exosomes bind to autotaxin and act as a physiological delivery mechanism to stimulate LPA receptor
signalling in cells. J. Cell Sci. 2016, 129, 3948-3957. [CrossRef]

Cohen, G.; Gossec, L.; Dougados, M.; Cantagrel, A.; Goupille, P; Daures, J.P.; Rincheval, N.; Combe, B.
Radiological damage in patients with rheumatoid arthritis on sustained remission. Ann. Rheum. Dis. 2007,
66, 358-363. [CrossRef]

Redlich, K.; Hayer, S.; Ricci, R.; David, J.-P.; Tohidast-Akrad, M.; Kollias, G.; Steiner, G.; Smolen, J.S.;
Wagner, E.F,; Schett, G. Osteoclasts are essential for TNF-{alpha}-mediated joint destruction. J. Clin. Investig.
2002, 110, 1419-1427. [CrossRef]

Molenaar, E.T.; Voskuyl, A.E.; Dinant, H.].; Bezemer, P.D.; Boers, M.; Dijkmans, B.A. Progression of radiologic
damage in patients with rheumatoid arthritis in clinical remission. Arthritis Rheum. 2004, 50, 36—42.
[CrossRef]

Brown, A K.; Conaghan, P.G.; Karim, Z.; Quinn, M.A.; Ikeda, K.; Peterfy, C.G.; Hensor, E.; Wakefield, R.].;
O’Connor, PJ.; Emery, P. An explanation for the apparent dissociation between clinical remission and
continued structural deterioration in rheumatoid arthritis. Arthritis Rheum. 2008, 58, 2958-2967. [CrossRef]
[PubMed]

Miyabe, Y.; Miyabe, C.; Iwai, Y.; Takayasu, A.; Fukuda, S.; Yokoyama, W.; Nagai, J.; Jona, M.; Tokuhara, Y.;
Ohkawa, R.; et al. Necessity of lysophosphatidic acid receptor 1 for development of arthritis. Arthritis Rheum.
2013, 65, 2037-2047. [CrossRef] [PubMed]

Zhao, C.; Fernandes, M.].; Prestwich, G.D.; Turgeon, M.; Di Battista, J.; Clair, T.; Poubelle, P.E.; Bourgoin, S.G.
Regulation of lysophosphatidic acid receptor expression and function in human synoviocytes: Implications
for rheumatoid arthritis? Mol. Pharmacol. 2008, 73, 587—-600. [CrossRef] [PubMed]

Nikitopoulou, I.; Oikonomou, N.; Karouzakis, E.; Sevastou, I.; Nikolaidou-Katsaridou, N.; Zhao, Z;
Mersinias, V.; Armaka, M.; Xu, Y.; Masu, M.; et al. Autotaxin expression from synovial fibroblasts is essential
for the pathogenesis of modeled arthritis. J. Exp. Med. 2012, 209, 925-933. [CrossRef]

David, M.; Machuca-Gayet, I; Kikuta, J.; Ottewell, P.; Mima, F.; Leblanc, R.; Bonnelye, E.; Ribeiro, J.; Holen, IL;
Vales, R.L.; et al. Lysophosphatidic Acid Receptor Type 1 (LPA1) Plays a Functional Role in Osteoclast
Differentiation and Bone Resorption Activity. J. Biol. Chem. 2014, 289, 6551-6564. [CrossRef]

Dusaulcy, R.; Daviaud, D.; Pradere, ].P.; Gres, S.; Valet, P.; Saulnier-Blache, J.S. Altered food consumption in
mice lacking lysophosphatidic acid receptor-1. J. Physiol. Biochem. 2009, 65, 345-350. [CrossRef]

Contos, J.J.A.; Fukushima, N.; Weiner, J.A.; Kaushal, D.; Chun, J. Requirement for the IpA1 lysophosphatidic
acid receptor gene in normal suckling behavior. Proc. Natl. Acad. Sci. USA 2000, 97, 13384-13389. [CrossRef]
Ye, X.; Hama, K.; Contos, J.J.; Anliker, B.; Inoue, A.; Skinner, M.K.; Suzuki, H.; Amano, T.; Kennedy, G.;
Arai, H.; et al. LPA3-mediated lysophosphatidic acid signalling in embryo implantation and spacing. Nature
2005, 435, 104-108. [CrossRef]

Nishioka, T.; Arima, N.; Kano, K.; Hama, K.; Itai, E.; Yukiura, H.; Kise, R.; Inoue, A.; Kim, S.H,;
Solnica-Krezel, L.; et al. ATX-LPA1 axis contributes to proliferation of chondrocytes by regulating fibronectin
assembly leading to proper cartilage formation. Sci. Rep. 2016, 6, 23433. [CrossRef]

Panupinthu, N.; Rogers, ].T.; Zhao, L.; Solano-Flores, L.P.; Possmayer, E; Sims, S.M.; Dixon, S.J. P2 x
7 receptors on osteoblasts couple to production of lysophosphatidic acid: A signaling axis promoting
osteogenesis. |. Cell Biol. 2008, 181, 859-871. [CrossRef]


http://dx.doi.org/10.1074/jbc.M111.276725
http://www.ncbi.nlm.nih.gov/pubmed/21832043
http://dx.doi.org/10.1074/jbc.M112.358416
http://dx.doi.org/10.18632/oncotarget.26039
http://dx.doi.org/10.1242/jcs.184424
http://dx.doi.org/10.1136/ard.2006.057497
http://dx.doi.org/10.1172/JCI0215582
http://dx.doi.org/10.1002/art.11481
http://dx.doi.org/10.1002/art.23945
http://www.ncbi.nlm.nih.gov/pubmed/18821687
http://dx.doi.org/10.1002/art.37991
http://www.ncbi.nlm.nih.gov/pubmed/23666827
http://dx.doi.org/10.1124/mol.107.038216
http://www.ncbi.nlm.nih.gov/pubmed/18006645
http://dx.doi.org/10.1084/jem.20112012
http://dx.doi.org/10.1074/jbc.M113.533232
http://dx.doi.org/10.1007/BF03185929
http://dx.doi.org/10.1073/pnas.97.24.13384
http://dx.doi.org/10.1038/nature03505
http://dx.doi.org/10.1038/srep23433
http://dx.doi.org/10.1083/jcb.200708037

Cancers 2020, 12, 105 15 of 15

82.

83.

84.

85.

86.

Ferry, G,; Tellier, E.; Try, A.; Gres, S.; Naime, L.; Simon, M.E,; Rodriguez, M.; Boucher, J.; Tack, L; Gesta, S.;
et al. Autotaxin Is Released from Adipocytes, Catalyzes Lysophosphatidic Acid Synthesis, and Activates
Preadipocyte Proliferation. Up-Regulated Expression with Adipocyte Differentiation and Obesity. J. Biol.
Chem. 2003, 278, 18162-18169. [CrossRef] [PubMed]

Weilbaecher, K.N.; Guise, T.A.; McCauley, L.K. Cancer to bone: A fatal attraction. Nat. Rev. Cancer 2011, 11,
411-425. [CrossRef] [PubMed]

Heath, D.J.; Vanderkerken, K.; Cheng, X.; Gallagher, O.; Prideaux, M.; Murali, R.; Croucher, PI. An
osteoprotegerin-like peptidomimetic inhibits osteoclastic bone resorption and osteolytic bone disease in
myeloma. Cancer Res. 2007, 67, 202-208. [CrossRef] [PubMed]

Greten, FR.; Grivennikov, S.I. Inflammation and Cancer: Triggers, Mechanisms, and Consequences. Immunity
2019, 51, 27-41. [CrossRef] [PubMed]

McHugh, K.P; Hodivala-Dilke, K.; Zheng, M.H.; Namba, N.; Lam, J.; Novack, D.; Feng, X.; Ross, FP;
Hynes, R.O.; Teitelbaum, S.L. Mice lacking beta3 integrins are osteosclerotic because of dysfunctional
osteoclasts. J. Clin. Investig. 2000, 105, 433—440. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1074/jbc.M301158200
http://www.ncbi.nlm.nih.gov/pubmed/12642576
http://dx.doi.org/10.1038/nrc3055
http://www.ncbi.nlm.nih.gov/pubmed/21593787
http://dx.doi.org/10.1158/0008-5472.CAN-06-1287
http://www.ncbi.nlm.nih.gov/pubmed/17210700
http://dx.doi.org/10.1016/j.immuni.2019.06.025
http://www.ncbi.nlm.nih.gov/pubmed/31315034
http://dx.doi.org/10.1172/JCI8905
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Autotaxin/LysoPLD Activity and Cancer Progression 
	Pharmacological Inhibition of ATX/LysoPLD Activity in Cancer Models 
	ATX Binding to the Cell Surface May Have Functional Impacts on Cell Biology and Pathophysiology 
	Inflammation-Induced Bone Loss is A Pathological Process Controlled by ATX Autocrine Action on Osteoclasts 
	Conclusions 
	References

