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Umezu-Goto et al., 2002). LPA is a signal transduction 
ligand recognized by specific G protein-coupled recep-
tors on the cell membrane (Goetzl and An, 1999; Tigyi, 
2010). The lysophospholipase D (lysoPLD) activity of 
the protein is responsible for most of the extracellular 
LPA, and ATX is therefore recognized as a “gatekeeper” 
of LPA signalling control (Brindley et al., 2013). Binding 
of LPA to its receptors activates numerous signal trans-
duction pathways, including pro-survival phospho-
inositide 3-kinase (PI3K) pathways, mitogen-activated 
protein kinase (MAPK), Rho A-dependent cytoskele-
tal remodelling, or production of second messengers 
through phospholipase C (PLC) (summarized in Anliker 
and Chun, 2004; Lin et al., 2010; Yung et al., 2014). 

ATX is a member of the ecto-nucleotide pyrophos-
phatase/phosphodiesterase (ENPP) protein family and its 
recommended name according to the Uniprot database 
is “ectonucleotide pyrophosphatase/phosphodiesterase 
family member 2” (hence the gene name ENPP2). ATX 
is, however, the only member of the family with lyso-
PLD activity. The remaining members mainly metabo-
lize extracellular nucleotides or, in the case of ENPP1, 
regulate bone calcification through the release of pyro-
phosphate ions (Goding et al., 2003).

ATX gene, splice variants and protein structure
ATX is encoded by the ENPP2 gene located on hu-

man chromosome 8 at position 8q24.1. The gene con-
tains 27 exons, and at least five splice variants desig-
nated ATXα through ATXε are generated by alternative 
splicing. The ATXβ splice variant, or “teratoma ATX”, 
was found in a teratocarcinoma cell line (Lee et al., 
1996), codes for an 863 amino acid-long polypeptide, 
and is considered the canonical sequence in genomic 
and protein databases. The first described splice variant 
was ATXα, encoding a 915 amino acid-long polypeptide 
also known as “melanoma ATX” (Stracke et al., 1992). 
Compared with ATXβ, it contains a polypeptide sequen-
ce encoded by exon 12. The third variant, representing 
888 amino acid-long ATXγ, contains an additional se-
quence of exon 21 (Giganti et al., 2008), which is miss-
ing in all other splice variants (Fig. 2).

Human ATXα has relatively low expression and is 
present in both central nervous system and non-neural 
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Introduction
Autotaxin (ATX) is a secreted glycoprotein that hy-

drolyses lysophosphatidylcholine (LPC) and other gly-
cerophospholipids into lysophosphatidic acid (LPA) 
(Fig. 1) (Aoki et al., 2002; Tokumura et al., 2002; 
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tissues (adipose tissue, heart, kidney, liver, pancreas), 
while the expression of ATXβ is found mainly in non-
neural tissues and is the predominant isoform detected 
in the plasma (Tokumura et al., 2002). ATXγ is ex-
pressed mainly in the central nervous system and com-
prises the vast majority of ATX in the brain (Giganti et 
al., 2008). The most recently described splice variants 
ATXδ and ATXε are identical to ATXβ and ATXα, re-
spectively, but both miss the same four amino acids in 
the sequence corresponding to exon 19 (Hashimoto et 
al., 2012; Barbayianni et al., 2015).

The domain structure of the ATX protein is common 
among the closest relatives of ATX, i.e., ENPP1 and 
ENPP3 (Goding et al., 2003; Stefan et al., 2005). From 
the N-terminus, it contains two somatomedin B-like do-
mains (SMB1, SMB2), the central catalytic phosphodi-

ester (PDE) domain, and the nuclease-like domain (NLD) 
at the C-terminus. Unlike ENPP1 and ENPP3, ATX 
lacks an N-terminal transmembrane domain. In stead, it 
has a signal peptide that is cleaved post-translationally 
and an additional furin cleavage site (following a pro-
peptide sequence) in the N-terminal region (Jansen et 
al., 2005). Similarly to most extracellular proteins, ATX 
is N-glycosylated on multiple asparagines (N54, N411, 
N525, and N807 according to Uniprot). The N-glyco-
sylation at N525 at the C-terminal part of the catalytic 
domain is crucial for the enzymatic activity of ATX and 
is present inside the folded protein (Jansen et al., 2007). 
N54 and N411 are indispensable for ATX secretion 
(Pradère et al., 2007).

The SMB1 and SMB2 domains are rich in cysteines 
and are critical for interaction of ATX with integrins 

Fig. 2. Overview of the five protein isoforms of ATX generated by alternative splicing. The exons that encode the respec-
tive segment of the protein are indicated above. SMB1, SMB2: somatomedin B-like domains. PDE: phosphodiesterase 
domain. NLD: nuclease-like domain. N-glycosylated sites are marked by symbols of a branched oligosaccharide. The 
light yellow section of the PDE domain indicates the polybasic insert in ATXα and ATXε encoded by exon 12. The dark 
grey section in ATXγ symbolizes the sequence encoded by exon 21. Dashed lines represent the sequence encoded by the 
omitted exons.

Fig. 1. The enzymatic activity of ATX. Lysophosphatidylcholine (LPC) is cleaved into lysophosphatidic acid (LPA), 
which can act as a signal molecule, and choline. LPA is degraded by lipid phosphate phosphatases 1–3 (LPP1-3), which 
dephosphorylate LPA and generate monoacylglycerol (MAG) to be utilized elsewhere.
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(Hausmann et al., 2011). Through these domains alone 
(even after inhibition of the lysoPLD activity of the en-
zyme), ATX promotes persistent directional migration 
of cells (Wu et al., 2014). Even a single SMB domain is 
sufficient for this ATX activity.

The catalytic PDE domain is sequentially and struc-
turally related to alkaline phosphatases, harbouring two 
zinc atoms (Hausmann et al., 2011; Nishimasu et al., 
2011). The catalytic mechanism is also similar (Stefan 
et al., 2005): the metal-activated OH group of threonine 
210 attacks the phosphate group of substrate LPC and 
forms a phosphate ester; then, LPA is released through a 
second attack by a second metal-activated water mole-
cule (Stefan et al., 2005).

In the central part of the PDE domain of ATXα and 
ATXε variants, corresponding to the sequence of exon 12, 
there is a polybasic insert that contains a cleavage site 
for endogenous extracellular furin-like endoproteases. 
This cleavage causes instability of the protein in vitro 
(Giganti et al., 2008; Hashimoto et al., 2012), but the 
presence of this sequence also promotes binding of 
ATXα to cell surface heparan sulphate proteoglycans. 
Binding to the proteoglycans is preserved even after the 
cleavage, as the protein remains intact due to disulphide 
bonds. This interaction not only targets LPA production 
to the cell surface but also stimulates the lysoPLD activ-
ity of ATX (Houben et al., 2013).

The nuclease-like domain at the C-terminus of ATX is 
structurally related to non-specific RNA and DNA en-
donucleases (Gijsbers et al., 2001). While it lacks any 
enzymatic activity in ATX, it is needed for proper fold-
ing of the protein. There is a disulphide bond between 
the catalytic and nuclease-like domain, which is essen-
tial for the enzyme function. Residues 829–850 are need-
ed for secretion of ATX; without this sequence, ATX 
tends to accumulate in the Golgi apparatus (Jansen et 
al., 2009).

Regulation of ATX gene expression
The control of ENPP2 gene expression relies on vari-

ous transcription factors, namely HOXA13 (Williams et 
al., 2005), NFAT transcription factor family (Chen and 
O’Connor, 2005), STAT3 (Azare et al., 2011), JUN 
(Sio letic et al., 2014), HIF1-α (Farquhar et al., 2017), 
β-catenin (Sah et al., 2020; He et al., 2021), several 
FOX family transcription factors (Cao et al., 2020; Xie 
et al., 2020; He et al., 2021), and E2F7 (Lin et al., 2023) 
in various tissues, and depending on physiological con-
stellations.

Histone deacetylases were shown to regulate ENPP2 
expression: HDAC3 and HDAC7 repress its expression 
in cancer cells (Li et al., 2011). In breast cancer, pro-
moter methylation represses ENPP2 expression (Pa-
nagopoulou et al., 2022). Under hypoxia, histone cro-
tonylation of the ENPP2 promoter region, dependent 
on HIF-2α, results in ATX up-regulation (Qu et al., 
2023). Some histone demethylases promote transcrip-
tion of ENPP2: through histone demethylation as with 
H3K27me3 demethylase UTX, or non-enzymatically as 

with H3K27me3 demethylase KDM6B with coopera-
tion of DDX21 helicase (Argaud et al., 2019).

The expression of ENPP2 is also regulated post-tran-
scriptionally. Endogenous miRNAs participate in the 
process (Murph, 2019), including miR-101-3p that tar-
gets ENPP2 mRNA for degradation (Wang et al., 2019). 
RNA-binding proteins also play a role, namely AUF1 
and HuR, which both bind the 3’-untranslated region 
and either promote mRNA decay (AUF1) or stabilize it 
(HuR) (Sun et al., 2016) by methylation of the 3’-UTR 
of ENPP2 mRNA (Xu et al., 2020).

Secretion of ATX
ATX is secreted after its processing in the Golgi ap-

paratus. It is synthetized as a pre-pro-enzyme, and two 
cleavages (the signal peptide and an additional N-ter-
minal furin cleavage site) occur prior to the ATX secre-
tion (Jansen et al., 2005). N-glycosylation and cleavage 
of the signal sequence are both critical for secretion of 
ATX, while the furin cleavage does not seem to directly 
affect the secretion neither the biologic activity of ATX 
(Pradère et al., 2007).

Secreted ATX interacts with cell-surface integrins 
(Kanda et al., 2008; Hausmann et al., 2011; Wu et al., 
2014), or heparan sulphate proteoglycans in the case of 
ATXα (Houben et al., 2013), and also with syndecan-4 
in the case of ATXβ (Leblanc et al., 2018). These inter-
actions seem to localize the ATX molecule and LPA pro-
duction close to the plasma membrane, to the vicinity of 
the LPA receptors (Fulkerson et al., 2011; Moolenaar 
and Perrakis, 2011; Leblanc et al., 2018). The cell sur-
face localization of ATX was demonstrated using im-
munofluorescence by Kanda et al. (2008) on lympho-
cytes. However, it remains to be determined what 
fraction of secreted ATX is cell surface bound, whether 
the binding is tissue specific and whether it is a regu-
lated process dependent on physiological constella-
tion.

Functions of ATX
As mentioned in the introduction, the first discovered 

enzymatic functions of ATX were nucleotide-related en-
zymatic activities, namely pyrophosphatase, phosphodi-
esterase, and ATPase activities. These were proposed 
based on its homology with mouse ectonucleotide py-
rophosphatase/phosphodiesterase family member 1 
(ENPP1) and verified in vitro (Murata et al., 1994). 
Nevertheless, the lysoPLD activity of ATX is the main 
physiological function of ATX in the mammalian body 
(Tokumura et al., 2002; Umezu-Goto et al., 2002). 

The key threonine residue T210 in the catalytic do-
main, which provides transient covalent binding of reac-
tion intermediates (Clair et al., 1997; Stefan et al., 2005), 
ensures both the nucleotide-related and lysoPLD enzy-
matic activities. Divalent cations including Ca2+, Mg2+ 
(Lee et al., 2001), but in vivo usually Zn2+ (Hausmann et 
al., 2011; Nishimasu et al., 2011), are essential for all 
enzymatic activities of ATX (Lee et al., 2001; Giganti et 
al., 2008).
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In addition to ATX, LPA can also be produced by se-
cretory phospholipases A1 and A2. However, it was 
shown that mice heterozygous for ATX (Enpp2+/−) pro-
duced approximately half of the LPA plasma levels 
compared to wild-type mice (Tanaka et al., 2006; van 
Meeteren et al., 2006). Similarly, treatment of mice with 
ATX inhibitors leads to severe reduction in LPA plasma 
levels (Albers et al., 2010a; Benesch et al., 2014). These 
observations clearly suggest that ATX is the main enzyme 
responsible for circulating LPA. The LPA produced by 
ATX is further hydrolysed to monoacylglycerol (Fig. 1) 
by three lipid phosphate phosphatases (LPP1-3), also 
located on the cell surface (Tang et al., 2015). The turn-
over of LPA in the blood can be strikingly rapid, as 
shown in experiments with the ATX inhibitor, indicating 
that both ATX and LPPs (Fig. 1) and the balance of their 
respective activities determine the actual level of LPA in 
the bloodstream (Albers et al., 2010a).

Upon the binding of LPC, ATX executes its lysoPLD 
activity, but the release of LPA is very slow, as it hap-
pens in the range of tens of seconds up to several min-
utes. This observation led Sauders et al. (2011) to hy-
pothesize that in addition to its enzymatic activity, ATX 
may serve as a LPA chaperone or carrier, enabling its 
delivery to remote locations and preventing its degrada-
tion. However, whether ATX actually plays such a role 
remains to be determined.

The signalling network of LPA 

ATX-generated LPA is an important signal molecule 
with a pleiotropic effect. LPA in the extracellular space 
or in circulation binds to and activates six different G pro-
tein-coupled receptors designated LPAR1–6 or LPA1–6. 
These receptors trigger (via various G proteins) multiple 
signalling pathways, including those initiated by Rho 
small GTPases, adenylyl cyclase, phospholipase C, phos-
phoinositide 3-kinases/Akt, or MAP kinases (ERK) (Yung 
et al., 2014) (Fig. 3). The biological effects of LPA sig-
nalling is therefore highly diverse and depends on the 
cellular LPA receptor repertoire, G-protein type involved, 
tissue type, and biological context (Choi et al., 2010; Yung 
et al., 2014). While LPARs 1–3 typically act as pro-pro-
liferation stimuli and enhance cell motility, LPARs 4–6 
can be generally characterized as suppressive for migra-
tion and invasion; however, again depending on the ac-
tual biological context (Lee et al., 2008; Jongsma et al., 
2011; Ishii et al., 2015; Takahashi et al., 2017).

The engagement in the multitude of signalling path-
ways makes the ATX-LPA axis an active regulatory ele-
ment in numerous highly diverse physiological and 
pathological processes, including the immune response, 
inflammation, fibrosis, tissue remodelling, and many 
others. However, our understanding of the role LPA plays 
in these complex processes remains limited.

O. Vít and J. Petrák

Fig. 3. Simplified summary of ATX and LPA signalling. LPA receptors (LPARs) initiate the signalling via various G pro-
teins. For simplicity, only the well-documented signalling pathways discussed in the text are shown.
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In addition to the complex network of LPA-based sig-
nal transduction, ATX seems to play an LPA-independent 
role in the regulation of cell processes, at least in vitro. 
It was demonstrated that ATX alone in the absence of 
LPA, or devoid of its enzymatic activity, could promote 
cell migration upon binding to cell membrane integrins 
in vitro (Wu et al., 2014). Whether this phenomenon 
plays some role in vivo, whether it is coupled to a dis-
tinct intracellular signalling pathway via the integrin 
molecules, or whether it represents another process re-
mains to be determined.

Autotaxin in human physiology 
The regulatory role of ATX starts at early embryonic 

development, namely, in orchestration of angiogenesis 
(Tanaka et al., 2006; van Meeteren et al., 2006), neural 
tube formation (van Meeteren et al., 2006; Fotopoulou 
et al., 2010), and haematopoiesis (Li et al., 2014). In 
mice, Enpp2 knock-out or inactivation of its enzymatic 
activity are embryonically lethal due to the inability to 
form mature blood vessels (Tanaka et al., 2006; van 
Meeteren et al., 2006; Ferry et al., 2007). Surprisingly, 
in adult mice, ATX is dispensable, as shown using in-
ducible genomic deletion (Katsifa et al., 2015).

The most important roles of the ATX-LPA axis in 
adult physiology are integrated in the complex process 
of wound healing. ATP and LPA participate in the pro-
cess by modulating the inflammatory response and ex-
tracellular matrix remodelling, essential for tissue repair 
and regeneration. LPA activates platelets and has che-
moattractant and growth factor properties (Balazs et al., 
2000). It also acts as a mitogen in fibroblasts (van 
Corven et al., 1992) and participates in collagen deposi-
tion into the extracellular matrix (Chabaud et al., 2015). 
LPA stimulates inflammation though multiple pathways 
including PI3K, PKA, MAP, and Rho kinases, resulting 
in expression of cytokines (Liu et al., 2009a) and lym-
phocyte homing through a yet not well understood 
mechanism (Knowlden and Georas, 2014). Furthermore, 
LPA also facilitates angiogenesis through LPAR1- and 
LPAR3-initiated signalling (Rivera-Lopez et al., 2008). 

The ATX-LPA axis plays a significant part in inflam-
mation and immune system regulation in several ways 
(Sevastou et al., 2013). LPA regulates both innate and 
adaptive immune responses – for instance, it can direct-
ly activate CD4 T cells to proliferate. ATX also pro-
motes T-lymphocyte migration through locally generat-
ed LPA (Georas, 2009), and ATX and LPA promote 
lymphocyte homing to secondary lymphoid organs 
(Kanda et al., 2008). Further effects of the ATX-LPA 
axis in the immune response include extravasation of 
lymphocytes through basal lamina of lymphatic vessels 
(Bai et al., 2013), trans-endothelial migration of T lym-
phocytes (Zhang et al., 2012), motility of T lymphocytes 
inside the lymph node (Takeda et al., 2016), and trans-
formation of monocytes to macrophages initiated by ac-
tivation of Akt/mTOR pathways (Ray and Rai, 2017).

In adults, ATX also plays a role in adipose tissue ex-
pansion and influences energy expenditure via glucose 

and lipid homeostasis (Jose and Kienesberger, 2021). 
ATX is highly expressed and secreted by adipocytes; in 
fact, adipose tissue is the main source of circulating 
ATX. Increased expression of ATX in obese patients and 
mouse models of obesity has been reported (Jose and 
Kienesberger, 2021). Adipocyte-specific Enpp2 knock-
out mice fed a high-fat diet showed smaller body weight 
gains and less insulin resistance than control mice fed 
the same diet (Nishimura et al., 2014). ATX seems to 
connect obesity and insulin resistance with inflamma-
tion, as it was shown that inflammatory mediators, na-
mely IL-6, increase ATX expression in adipocytes, which 
in turn contributes to insulin resistance in a mouse mod-
el of obesity (Sun et al., 2017).

The regulation of such complex and diverse physio-
logical processes by ATX and LPA is indeed mirrored in 
numerous human diseases. Cancer is the one in the spot-
light of this review.

ATX, LPA and cancer
Because of frequent up-regulation of ATX in cancer 

cells or tumours and due to the multiple effects of the 
ATX-LPA axis, namely pro-proliferative, pro-migrato-
ry, and pro-inflammatory, the ATX-LPA tandem has at-
tracted massive attention of researchers in the field.

Genomic data show that ENPP2 gene amplification is 
frequent in many types of cancer including ovarian can-
cer, breast cancer, hepatocellular carcinoma, urothelial 
bladder cancer, head and neck squamous cell carcino-
ma, or lung adenocarcinoma (Gao et al., 2013; Federico 
et al., 2016).

Up-regulation of ENPP2 mRNA expression has been 
observed in melanoma cells (Stracke et al., 1992), non-
small-cell lung cancer (Yang et al., 1999), renal cancer 
(Stassar et al., 2001), thyroid carcinomas (Kehlen et al., 
2004), hepatocellular carcinoma (Cooper et al., 2007), 
prostate cancer (mRNA) (Nouh et al., 2009), glioblas-
toma multiforme (Hoelzinger et al., 2005), and endome-
trial cancer (Mazzocca et al., 2018). Up-regulation of 
the ATX protein or its increased enzymatic activity has 
been reported in glioblastoma multiforme (Hoelzinger 
et al., 2005), ovarian cancer (Tokumura et al., 2007), 
follicular lymphoma (Masuda et al., 2008), prostate can-
cer (Nouh et al., 2009), pancreatic cancer (Nakai et al., 
2011), renal carcinoma, bladder carcinoma (Xu et al., 
2016), breast cancer (Shao et al., 2019), and recently also 
in pheochromocytoma and paraganglioma (Vít et al., 
2023).

As a result of increased ATX activity, increased LPA 
was also reported in numerous cancer types (Masuda et 
al., 2008; Nakai et al., 2011; Patterson et al., 2011; Zeng 
et al., 2017).

Elevated expression of LPA receptors (either mRNA 
or protein) was observed in cancer patients. This is espe-
cially relevant with LPAR1, LPAR2 and LPAR3, which 
positively regulate cell proliferation and migration: 
LPAR1 expression was found to be increased in glio-
blastoma (Kishi et al., 2006) and hepatocellular carci-
noma (Park et al., 2011), LPAR2 in colon cancer (Shida 

Autotaxin and Its Role in Cancer
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et al., 2004), and LPA3 in hepatic cancer (Zuckerman et 
al., 2016), to mention just a few examples.

Although observed frequently, ATX up-regulation in 
cancer is not universal. In multiple studies, the ENPP2 
promoter region was found to be hypermethylated com-
pared to healthy tissue, and in some cancer types (pros-
tate, lung, breast) this correlated with decreased ENPP2 
mRNA expression, while in others, the expression of 
ENPP2 was increased despite the hypermethylated pro-
moter (Panagopoulou et al., 2021). In addition, various 
cellular components of the complex tumour microenvi-
ronment may differ in ATX expression and may contrib-
ute differently to the local and systemic LPA levels. In 
breast cancer, it was shown that ATX is, in addition to 
tumour cells, secreted from adjacent adipose tissue, be-
ing stimulated by pro-inflammatory cytokines, whose 
production is associated with tumour progression (Be-
nesch et al., 2015a). Adipose tissue-specific Enpp2 
knockout in a mouse model, however, did not influence 
tumour growth, although pharmacological ATX inhibi-
tion did, pointing to ATX production by stromal cells of 
the tumour (Tang et al., 2023). Similarly, stromal cells, 
namely cancer-associated fibroblasts, macrophages and 
endothelial cells, have been shown to be responsible for 
ATX secretion in human melanoma (Matas-Rico et al., 
2021). ATX expression and local and systemic LPA lev-
els in cancer can therefore vary widely throughout the 
different cancer types. In most studies, however, elevat-
ed ATX and LPA are observed, regardless of the primary 
cellular source of ATX.

ATX and LPA signalling have been shown to influ-
ence a multitude of aspects of cancer, which could be 
broken down to proliferation, inflammation, migration 
and metastasis, but also resistance to therapy and im-
munity in cancer.

ATX-LPA and cell proliferation
The role of ATX in cancer cell proliferation mainly 

stems from LPA signalling trough LPAR1–3 receptors, 
which activates pro-proliferative pathways such as 
MAPK, PKC, PI3K/AKT, or NF-κB (Boucharaba et al., 
2009; Liu et al., 2009a). LPA, present in markedly in-
creased levels in ascites of ovarian cancer patients, is 
capable of inducing proliferation of ovarian cancer cells 
in vitro (Xu et al., 1995). The presence of ATX in condi-
tioned media and LPA production had the same effect in 
leiomyoma cells in vitro (Billon-Denis et al., 2008). 
SOX11 knockdown in mantle cell lymphoma cells pos-
sessed a higher secretion level of ATX, leading to in-
creased proliferation and elevated aggressiveness in the 
mouse model of the disease (Conrotto et al., 2011). In 
acute myeloid leukaemia cells with FLT3 transcription 
factor gene duplication (that leads to increased ATX ex-
pression), ATX stimulated cell proliferation compared to 
cells without the duplication (Ortlepp et al., 2013). 
Conversely, inhibition of ATX has been shown to de-
crease cancer cell proliferation in a mouse model of breast 
cancer (Tang et al., 2020).

Liu et al. (2009b) brought a crucial piece of informa-
tion on a direct oncogenic effect of ATX in 2009: over-
expression of human ATX or one of the receptors LPARs 
1–3 in transgenic mice induced inflammation and spon-
taneous tumour formation in the mammary gland of 
these animals. In the model, inflammation preceded the 
tumour formation.

ATX and inflammation
Inflammation is one of the landmarks of cancer (Ha-

nahan and Weinberg, 2011). The complex process of 
inflammation supports tumour growth and encompasses 
numerous cell types and diverse processes such as im-
munity, fibrosis and tissue remodelling. Interactions 
between malignant cells and the inflammatory microen-
vironment play crucial roles in shaping the tumour land-
scape. According to current research, it seems that the 
interplay between ATX-LPA and inflammatory mecha-
nisms has a major role in cancer development, namely 
in tumours characterized by marked ATX up-regulation.

The signalling pathways through which LPA can di-
rectly induce inflammation include transcription factors 
NF-κB (via activation of PKC or AKT), ATF-2 (via 
Rho-CDC42-p38 and JNK) c-JUN, and c-FOS (via 
Rho-CDC42-JNK) (see Fig. 3) (Liu et al., 2009a) in tar-
get cells. However, inflammation can also be stimulated 
indirectly, through transactivation of receptor tyrosine 
kinases such as EGFR, PDGFRβ, c-Met. Examples of 
such transactivation are, for instance, LPAR-dependent 
G-protein activation of Src kinase, which then phospho-
rylates EGFR, or LPAR-based activation of the MAPK 
pathway, which in turn leads to production of heparin-
binding EGF-like growth factor, which again activates 
EGFR, leading to activation of transcription factors, in-
cluding those mentioned above (Umata et al., 2001; 
Shah et al., 2005; Liu et al., 2009a). The transcription 
factors then elicit expression of pro-inflammatory cyto-
kines such as CCL2, CCL3, CXCL10, ICAM1, IL-6, and 
IL-8 by the target cells (Magkrioti et al., 2022). 

Pharmacological inhibition of ATX was shown to 
lead to decreased expression of genes encoding pro-in-
flammatory IL-1β and IL-6 (Benesch et al., 2014). On 
the other side, over-expression of LPA receptors in-
creased production of the pro-inflammatory cytokines 
IL-6, IL-8, and VEGF in human ovarian cancer cells 
(Yu et al., 2008).

Interestingly, the role of ATX in inflammation seems 
to be augmented by a positive feedback regulation. Under 
standard conditions, elevated LPA levels inhibit ATX 
expression. However, it was demonstrated that the ATX 
up-regulation by pro-inflammatory cytokines (such as 
TNF-α, IL-1β, or IL-6) fully overcomes this negative 
feedback loop, leading to amplified pro-inflammatory 
signalling (Benesch et al., 2015b). Inhibition of ATX, on 
the other hand, led to a decrease of multiple inflamma-
tory mediators in breast cancer-adjacent adipose tissue 
(Benesch et al., 2015a) and thyroid cancer (Benesch et 
al., 2015c).

O. Vít and J. Petrák
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Another nexus of ATX and inflammation is the pro-
duction of eicosanoids. Via PKC and NF-κB, LPA sti-
mulates expression of cyclooxygenase 2 (COX2) and 
inducible nitric oxide synthase (iNOS), which both par-
ticipate in the production of eicosanoids, which further 
stimulate inflammation and contribute to the positive 
feedback loop of the ATX-LPA-inflammatory axis (Meng 
et al., 2017).

In cancer, chronic inflammation can lead to fibrosis. 
Cancer-associated fibrosis plays a critical role in regu-
lating migration, invasion and metastasis (Piersma et al., 
2020). In the livers of patients with hepatocellular carci-
noma (HCC), the expression of ATX in the tumour cor-
related with the degree of liver inflammation (Wu et al., 
2010). It was shown that tumour-derived LPA mediates 
a paracrine crosstalk between cancer cells and normal 
stromal fibroblasts, leading to production of ECM-ge-
nerating cancer-associated fibroblasts (Mazzocca et al., 
2011). Similarly, in mice, prolonged elevated ATX ac-
tivity and increased LPA levels lead to transformation of 
hepatic stellate cells into cancer-associated fibroblasts, 
which produce pro-fibrotic factors including TGF-β, re-
sulting in liver fibrosis. Deletion of ATX abrogates this 
process and limits development of chemically induced 
HCC in mice (Kaffe et al., 2017). The connecting link 
between LPA and fibrosis is the cytokine TGF-β, which 
in response to LPA activates the expression of pro-fi-
brotic genes (Shea and Teger et al., 2012; Li et al., 2017) 
via PI3K/Akt (Li et al., 2017) or RhoA (Xu et al., 2009) 
signalling.

ATX, migration and metastasis
The physiological role of ATX in cell motility is well 

established and acts through LPAR1–3 receptors and the 
subsequent Rho, PLC, PI3K and MAPK pathways, but 
also via direct interaction of ATX with integrins. Indeed, 
motility and migration of cancer cells are prerequisites 
for the tumour metastasis, and the role of ATX in this 
process has been clearly demonstrated.

In glioblastoma cells, where ATX is strongly up-reg-
ulated, LPA was shown to induce migration and inva-
sion via LPAR1 signalling (Kishi et al., 2006). In agree-
ment, over-expression of ATX was later shown to induce 
invasion and metastases in a transgenic mouse model of 
human breast cancer (Liu et al., 2009b). Conversely, in-
hibition of ATX function by blocking antibodies, low-
molecular-weight inhibitors or ENPP2 gene silencing 
suppressed migration in melanoma cells (Saunders et al., 
2008; Gaetano et al., 2009). The inhibition was rescued 
by addition of LPA (Saunders et al., 2008). Pharmaco-
logical inhibition of ATX also decreased lung metastasis 
in a mouse model of breast cancer (Benesch et al., 2014).

The molecular mechanisms of ATX-mediated migra-
tion in cancer is not known; however, it may be analogi-
cal to the physiological one. For example, ATX-sti-
mulated migration of umbilical cord blood-derived 
mesenchymal stem cells to wound sites was found to be 
driven by LPAR1/3-dependent E-cadherin reduction and 
cytoskeletal rearrangement via PKC/GSK3β/β-catenin 

and PKC/Rho (Ryu and Han, 2015). LPA-induced acti-
vation of protein kinase Akt-2 also seems to play a role, 
since Akt-2 knockdown abolishes cell migration in hu-
man epithelial cells (Ptaszynska et al., 2010).

Besides the individual signalling pathways, the role 
of ATX in the migration or metastasis can also be ex-
plained at the level of cell transformation in the process 
of epithelial-mesenchymal transition (EMT), which 
plays an important role in gaining the capability for in-
vasion and metastasis in cancer cells of epithelial origin. 
Elevated ATX levels were reported during EMT (Ptas-
zynska et al., 2010; Dai et al., 2015). LPA, via its recep-
tors and Arf6 signalling, promotes EMT (Hashimoto et 
al., 2016). 

ATX, cell survival and therapy resistance
The connection between LPA and inhibition of both, 

intrinsic and extrinsic apoptotic pathways, is well estab-
lished (Deng et al., 2003). Through the PI3K-Akt path-
way, LPA down-regulates the Fas receptor (Meng et al., 
2005), Fas ligand, caspase-3 (Sui et al., 2015), and caspa-
se-8 (Kang et al., 2004). It also promotes phosphoryla-
tion-inhibition of pro-apoptotic BAD (Kang et al., 2004) 
and BAX, and up-regulation of anti-apoptotic BCL2 (Ru-
sovici et al., 2007). However, the role of ATX and LPA 
in drug resistance of cancer cells is again pleiotropic.

The ATX-LPA axis protects cells against serum depri-
vation and starvation-induced apoptosis in mouse fibro-
blasts (Song et al., 2005), and spontaneous and stauro-
sporine-induced apoptosis in B-cell precursor leukaemia 
cells (Satoh et al., 2007). In colon cancer cells and ovar-
ian cancer cells, LPA provided protection against apop-
tosis induction under platinum-based drug treatment via 
activation of PI3K (Sun et al., 2009; Vidot et al., 2010). 
In breast cancer cells under taxol-induced mitotic arrest, 
ATX-induced LPA activated survival signals through 
PI3K-dependent removal of taxol from tubulin (Samadi 
et al., 2011). Conversely, ATX inhibition overturned re-
sistance of breast cancer cells to taxol (Banerjee et al., 
2017).

Another mechanism by which the ATX-LPA axis may 
contribute to drug resistance is PI3K-dependent stabili-
zation and nuclear translocation of transcription factor 
Nrf2 (Venkatraman et al., 2015). This in turn leads to the 
expression of multiple multidrug-resistant transporters 
and several genes involved in oxidative stress protec-
tion. Indeed, elevated expression of Nrf2 is associated 
with tumour progression and poor outcomes in cancer 
patients (Jaramillo and Zhang, 2013; Shao et al., 2022).

In addition to the direct processes enabling cancer 
cell survival, ATX-LPA may contribute to a limited re-
sponse to chemotherapy by contributing to desmopla-
sia – i.e., production of fibrotic tissue around the tu-
mour, which physically limits the drug access to the 
cancer cells.

ATX, cancer and immunity
Escaping immune surveillance is another cancer land-

mark crucial for the development and progression of the 
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disease. Here, ATX acts through LPA and its receptors 
on lymphocytes and dendritic cells and influences their 
activity toward the tumour cells.

Recently, up-regulation of ATX and elevated produc-
tion of LPA have been observed in PD-1 blockade-resis-
tant tumours, where inhibition of ATX or blocking of 
LPAR5 restored the sensitivity to anti-PD-1 therapy 
(Konen et al., 2023). The mechanism most likely in-
volved immunosuppressive regulation of cytotoxic T 
lymphocytes (Konen et al., 2023) owing to the ability of 
LPAR5 in CD8+ T-cells to block TCR signalling, T-cell 
activation and proliferation (Oda et al., 2013). Similarly, 
in ATX-producing melanoma cells, LPA had an immu-
nosuppressive effect, as it caused repulsion of tumour-
infiltrating CD8+ T cells through LPAR6 signalling 
(Matas-Rico et al., 2021). Such phenomenon is signifi-
cant because it may impair cancer immunotherapy in 
general. 

In addition to drug resistance, ATX up-regulation was 
documented in response to radiation therapy, and it 
seems to contribute to decreased sensitivity to radiother-
apy. Elevated ATX together with LPA and inflammatory 
cytokines was observed in adipose tissue in vitro that 
underwent radiation doses comparable to radiotherapy 
(Meng et al., 2017). In mice, irradiation of mammary 
adipose tissue and breast tumours elevated plasma ATX 
in vivo (Meng et al., 2019). This “wound healing” re-
sponse to radiotherapy was initiated by NF-κB activa-
tion (induced by the DNA-damage signalling via ATM, 
ATR and PARP-1), which stimulated ATX-LPA signal-
ling, leading to secretion of inflammatory cytokines and 
increased expression of cyclooxygenase 2 (COX2). 
These effects together provide a positive feedback loop 
leading to further NF-κB activation and inflammatory 
response. This was suggested to impair anti-cancer treat-
ment following initial radiotherapy (Meng et al., 2017). 
In agreement with that, experimental combination of 
radiotherapy and ATX inhibition in a mouse model of 
breast cancer led to increased apoptosis and lower can-
cer cell proliferation compared to radiotherapy alone 
(Tang et al., 2020). A similar effect was observed in a 
mouse model of glioblastoma (Bhave et al., 2013). 

ATX as a biomarker
As a secreted glycoprotein, ATX can be detected in 

the blood plasma or serum. Elevated ATX levels in the 
blood of breast cancer patients enabled reliable discrim-
ination of healthy individuals from breast cancer pa-
tients, sparking interest in ATX as a diagnostic biomark-
er (Shao et al., 2019). In this study, the breast cancer 
patients’ ATX concentration in the serum was 291 ng/ml 
ATX, while in healthy controls only 254 ng/ml. Simi-
larly, in a study of pancreatic cancer, the serum ATX 
concentration reached 393 ng/ml, while in healthy con-
trols only 255 ng/ml (Chen et al., 2021). Elevated ATX 
concentrations in the ascites of ovarian cancer patients 
proved to indicate the presence of the disease (471 ng/ml) 
compared to benign ascites (191 ng/ml); however, no 
significant difference was found in the serum (Choi et 

al., 2023). In a melanoma patient study, the serum ATX 
concentration positively correlated with the disease pro-
gression (Kurano et al., 2018). 

Although the circulating ATX levels may seem prom-
ising as a diagnostic marker, the specificity of such a test 
will be probably quite limited. The circulating ATX lev-
els integrate the contributions of numerous ATX-pro-
ducing tissues and reflect the multifaceted role of ATX 
in health and disease. 

Therapeutic inhibition of ATX-LPA
Blocking ATX activity and the pleiotropic LPA sig-

nalling in cancer could be an effective way of inhibiting 
several cancer-related processes. Therefore, consider-
able effort has gone into development of low-molecular-
weight ATX inhibitors. These are yet to be shown effec-
tive in cancer-oriented clinical trials.

Modified analogues of cyclic phosphatidic acid, a 
naturally occurring weak inhibitor of ATX, inhibited 
melanoma cell invasion in vitro and in a mouse model 
(Baker et al., 2006). Several different ATX inhibitors 
(hexachlorophene, bithionol, merbromin, and NSC 
48300) suppressed migration of melanoma cells in vitro, 
and this effect was reversed by addition of LPA to the 
cells (Saunders et al., 2008). Boronic acid-based inhibi-
tors were shown to inhibit the enzymatic activity of 
ATX (Albers et al., 2010b) and modulate LPA levels in 
the bloodstream in mice (Albers et al., 2010a).

However, three inhibitors deserve a more detailed 
note, being successfully used in numerous experimen-
tal studies: PF8380, ONO-8430506, and GLPG1690. 
PF8380 reduced systemic LPA levels in rats (Gierse et 
al., 2010). The same molecule was shown to decrease 
invasiveness of glioblastoma multiforme cells and en-
hance their radiosensitivity both in vitro and in mice 
(Bhave et al., 2013). PF8380 was also effective in a 
study that demonstrated the potentially oncogenic role 
of ATX as an active factor in liver fibrosis in chronic 
liver disease. Here, the inhibition of ATX was able to 
diminish chemically induced liver fibrosis in a mouse 
model (Kaffe et al., 2017). 

The ATX inhibitor ONO-8430506 proved to be high-
ly efficient in reducing serum ATX and LPA levels at 
low-dose oral administration in rats (Saga et al., 2014). 
In orthotropic mouse models of breast cancer, the com-
bination of ONO-8430506 with doxorubicin limited 
ATX-LPA signalling in tumours, delayed tumour growth, 
and reduced tumour growth and metastasis to the lungs 
and liver by > 70 % (Benesch et al., 2014; Venkatraman 
et al., 2015). ATX inhibition by ONO-8430506 also ab-
rogated breast cancer cell-driven secretion of inflamma-
tory mediators and reduced tumour growth in a mouse 
model of breast cancer (Benesch et al., 2015a). Similarly 
encouraging results regarding the suppression of in-
flammatory mediators were obtained in a thyroid cancer 
model (Benesch et al., 2015c).

Ziritaxestat, formerly known as GLPG1690, is an 
ATX inhibitor that was shown to reduce cancer cell pro-
liferation and improve sensitivity to radiotherapy in a 

O. Vít and J. Petrák



Vol. 69 157

mouse model of breast cancer (Tang et al., 2020). Ziri-
taxestat had entered clinical trials for treatment of idio-
pathic pulmonary fibrosis (Desroy et al., 2017; Maher et 
al., 2018) and systemic sclerosis (Zulfikar et al., 2020); 
however, these clinical trials were later terminated.

IOA-289 is one of the most recent inhibitors. It 
slowed down breast tumour growth and dissemination. 
ATX inhibition by IOA-289 also suppressed the secre-
tion of inflammatory cytokines and fibrosis in a mouse 
model of breast cancer (Deken et al., 2023). The com-
pound has recently been shown to supress growth and 
migration in in vitro models of gastrointestinal tumours 
(Centonze et al., 2023). In a mouse model of pancreatic 
ductal adenocarcinoma cells, IOA-289 was also able to 
overcome resistance to TGF-β receptor inhibitor galu-
nisertib and to nucleoside analogue gemcitabine (Pietro-
bono et al., 2023). IOA-289 recently entered a phase 1b 
trial for pancreatic cancer (https://clinicaltrials.gov/ct2/
show/NCT05586516).

Two additional inhibitors are now undergoing clinical 
testing; however, none of these trials is aimed at cancer. 
BBT-877 and cudetaxestat (BLD-0409) are entering 
phase 2 clinical trials for idiopathic pulmonary fibrosis 
(https://clinicaltrials.gov/study/NCT05483907; https://
clinicaltrials.gov/study/NCT05373914).

Conclusion
ATX has garnered considerable interest in the last three 

decades due to its pleiotropic effect in human physiolo-
gy but also because of its role in cancer. The signalling 
network initiated by its product, LPA, is considerably 
complex. Even the first step – the ability of LPA to acti-
vate six different receptors – foreshadows the enormous-
ly wide and intricate network. This is further amplified 
or fine-tuned by numerous G proteins, not mentioning 
the downstream kinases and their potential crosstalk or 
transactivation.

The roles of ATX and LPA signalling in cancer are 
becoming clearly established and encompass prolifera-
tion, inflammation, migration and metastasis, but also 
cell survival and therapy and resistance, and immune 
system evasion. This clearly establishes ATX inhibition 
as an attractive therapeutic strategy. On the other side, 
the multitude of its physiological roles makes ATX as a 
drug target quite problematic, since an endless list of 
negative side effects can be envisioned. Although fur-
ther research is needed to entangle the baffling network 
of LPA signalling, the successful use of ATX inhibitors 
in experimental cancer models provides a valuable infu-
sion of optimism.
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