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Abstract
The lysophospholipase D enzyme, autotaxin (ATX), has been linked to numerous human diseases
including cancer, neurophatic pain, obesity, and Alzheimer’s disease. Although the ATX protein
was initially purified and characterized in 1992, a link to bioactive lipid metabolism was not made
until 2002. In the past decade, metal chelators, lysophospholipid product analogs, and more
recently small non-lipid inhibitors of the enzyme were successfully identified. The majority of
these inhibitors have been characterized using recombinant purified ATX in vitro, with very few
examples studied in more complex systems. Translation of ATX inhibitors from the hands of
medicinal chemists to clinical use will require substantially expanded characterization of ATX
inhibitors in vivo.
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1. Introduction
The ectoenzyme autotaxin (ATX), possesses lysophospholipase D phosphodiesterase and to
a lesser extent nucleotide pyrophosphatase activities. [1] In 1992 the ATX protein was
purified and characterized from melanoma cell conditioned medium, [2] after which it was
assigned to the nucleotide pyrophosphatase phosphodiesterase subfamily of alkaline
phosphatases based on sequence homology. [3] However, it was not until 2002 that two
independent groups[4,5] showed that ATX was the enzyme responsible for a long studied
plasma lysophospholipase D activity that had been shown to produce the bioactive lipid
lysophosphatidic acid (LPA). [6] Over the past decade, interest in ATX as a
pharmacological target has increased as more has been learned about the role of ATX and its
hydrolytic product LPA in human health and disease. ATX is required for normal
development of the vasculature, and its genetic deletion[7–9] or conversion to a loss-of-
function mutant[10] in mice produces lethal defects in blood vessel formation, as well as
growth retardation and head cavity formation during embryonic development. [7–9]
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Likewise, ATX has been shown to play significant roles in several human diseases including
obesity, [11] rheumatoid arthritis, [12] chronic pain, [13,14] and cancers[15,16] among
others. ATX expression is elevated in insulin-resistant diabetes[17] and in highly invasive
cancers, [18,19] where LPA production stimulates cell motility, formation of invadopodia,
[20] and exhibits an anti-apoptotic effect that counteracts the effectiveness of
chemotherapeutic treatments. [21] Recent studies demonstrate that ATX expression in
cancer cells promotes bone metastasis through LPA action at the LPA1 receptor, and
silencing of ATX expression in these cells reduces bone metastasis without concomitant
reduction in tumor volume. [22]

The potential benefits to human health by blocking ATX activity have stimulated efforts by
numerous research groups in academia and in the pharmaceutical industry to identify and
characterize ATX inhibitors. Inhibition of ATX was first demonstrated using high
concentrations of compounds known to chelate metals, [23,24] a line of investigation
stimulated by the membership of ATX in the alkaline phosphatase superfamily of
metalloenzymes. [25] Demonstration that LPA exhibited feedback inhibition of ATX[26]
spurred a new wave of ATX inhibitors that included a variety of phospholipid analogs (as
recently reviewed[18] and additional reports[27,28]). A more recent achievement has been
the identification of small, non-lipid molecules that inhibit ATX (examples shown in Figure
1 as recently reviewed[18] and additional reports[29–38]

This progress in the discovery and development of inhibitors has occurred in the face of
limited details regarding the three-dimensional structure of the enzyme. ATX is expressed
and then processed by a furin-type protease, [39] resulting in a free extracellular
glycosylated enzyme of approximately 125 kDa. ATX/NPP2 is the only isoform of the
nucleotide pyrophosphatase/phosphodiesterase (NPP) family that is not anchored at the
surface of the cells in which it is expressed. ATX shares a common catalytic domain with
other NPP family members, as well as a carboxy-terminal domain observed in the NPP1-3
isoforms that exhibits limited sequence homology to endonucleases, although without key
functional residue conservation. Crystallographic structures of ATX have been solved by
two independent two academic groups and are currently in the peer review process,
additionally, Proteros Biostructures offers crystallography services with their solved ATX
structure. Unfortunately, none of these structures are currently available to the public. The
impending availability of ATX crystallographic structure data is likely to stimulate more
rapid identification and optimization of small molecule inhibitors.

This perspective will focus on the first medicinal chemistry efforts centered on ATX
inhibition as the primary therapeutic target. In particular, the evidence regarding the
suitability of ATX inhibitors for cancer treatment will be discussed. While more limited,
progress in applying ATX inhibition as a strategy to treat other indications will also be
described. Finally, directions essential for the realization of ATX inhibitors as clinical
agents will be suggested.

2. Perspective on ATX as a Therapeutic Target for Cancer Treatment
Patents describing the synthesis, discovery, and/or characterization of ATX inhibitors for
use in cancer treatments began to appear in 2006. [31,32,34,35,40–42] These patents
describe molecules ranging from lipid-like analogs of the enzymatic product
(lysophosphatidic acid) to a variety of non-lipid small molecules. The majority of these
molecules were characterized using purified recombinant ATX in combination with either
direct detection of products generated from synthetic substrates or indirect detection of
products generated from natural substrates. Both of these options are suitable for high-
throughput screening of large numbers of candidates, but exhibit different limitations. The
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indirect detection of products from ATX-mediated hydrolysis of the natural substrate,
lysophosphatidyl choline (LPC), using the Amplex Red assay system requires two additional
enzymes. Choline oxidase oxidizes the choline produced by ATX to betaine and hydrogen
peroxide. Horseradish peroxidase uses hydrogen peroxide to convert the Amplex Red
reagent to resorufin, a fluorescent product. The added enzymes offer potential for candidate
compounds to show apparent inhibition by interfering in the added enzymatic steps, rather
than with the enzymatic function of ATX, as noted in the literature. [38] Direct product
detection suffers from the use of non natural substrates (for example absorbance-based
reagents such as para-nitrophenyl containing compounds, [26] and FRET-based reagents
such as CPF-4[43] and FS-3. [44] Substrate-dependent inhibition potency has been noted for
some ATX inhibitors, as well as differences in apparent mechanism of inhibition. [37,45]
These differences are most likely due to the widely varying sizes of synthetic ATX
substrates that have been used producing different degrees of overlap with inhibitor binding
subsites within the active site.

The therapeutic relevance of ATX inhibitors can only be partially understood from in vitro
assays using recombinant enzyme. Promising compounds must be further evaluated using in
vivo models before clinical relevance can be determined. Only two patents on the anticancer
applications of ATX inhibitors have included such in vivo data. The first of these patents
described in vivo studies on the anti-bromophosphonate derivative of LPA (Figure 2) and its
syn diastereomer. [41] Both of these stereoisomers additionally show activity at the LPA
receptors, ranging from full antagonism of LPA1–3 to partial antagonism of LPA4 and
opposing partial agonism and full antagonism of LPA5, [46] therefore the in vivo effects
cannot be attributed solely to ATX inhibition. The anti-bromophosphonate derivative of
LPA was demonstrated to reduce tumor volume in a breast cancer xenograft model and to
inhibit tumor growth after injection of colon cancer cells into the livers of nude mice. In the
second of these patents, bithionol (Figure 2) was demonstrated to decrease tumor weight in a
breast cancer carcinoma model and to reduce metastasis of tumors initiated with A2058
melanoma cells. [34] The selectivity of bithionol for ATX over the LPA receptors has not
been reported. The inhibition of melanoma metastasis might appear to provide the largest
potential benefit to human health, as metastatic melanoma remains a devastating disease
with poor prognosis. While impact on melanoma metastasis in a mouse model certainly
provides encouragement to continue developing and evaluating ATX inhibitors for cancer
treatment, substantial obstacles remain between the current state of the field and clinical
implementation. In particular, demonstration of anti-metastatic effects in a clinical trial is
challenging. To demonstrate such an effect, treatment should begin when tumors are
localized. However, current treatments for localized melanoma result in a 95% five-year
survival rate, with low incidence of metastasis. The sample size that would be required to
demonstrate statistically significant improvement over current standards of care is therefore
staggeringly large. It is quite fortunate, therefore, that the ATX inhibitors tested in mouse
models also proved to inhibit tumor growth.

The localization of ATX suggests a potentially high-impact therapeutic direction that future
studies should investigate. ATX is synthesized as a pre-pro-enzyme that is exported by cells
and found in the circulation. [39] Inhibitors of ATX dramatically and rapidly decrease
circulating levels of ATX-derived lysophosphatidic acid. [47] This extracellular location of
ATX suggests that the distribution aspect of ADMET (absorbtion, distribution, metabolism,
excretion, and toxicology) may not have the same influence as that for drugs acting on
intracellular targets. In particular, ATX should be investigated as a potential target in the
treatment of multi-drug resistant (MDR) cancers, particularly those in which drug efflux
mechanisms are the largest contributor to the drug resistance. This indication sets up the
potential for the MDR efflux machinery to help maintain the concentration of drug
molecules outside cancer cells, where ATX inhibition may provide the greatest benefit in

Parrill and Baker Page 3

Expert Opin Ther Pat. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



disease treatment. Indirect support for the diminished relevance of distribution
considerations is provided by the efficacy of bithionol and the alpha-bromo-phosphonate
analog of LPA (Figure 2), both of which are highly hydrophobic (log Po/w > 5) and are
likely to show poor distribution across cellular membranes.

Two types of inhibitors with the potential to covalently bind to ATX have been reported. A
boronic acid resulted from the optimization of thiazolidinediones identified by small-
molecule library screening (Figure 3). [29,47] The compound showed mixed-type inhibition,
and inhibition was eliminated in wash-out experiments. This suggests that if covalent
modification of ATX occurs, it is reversible. Difluoromethylphenyl and fluoromethylphenyl
alkyl phosphates (Figure 3) were shown to display time-dependent inhibition of ATX. [42]
The in vivo potential of ATX inhibitors that form covalent bonds to the enzyme depends on
a number of factors, perhaps the most compelling of which is the lifetime of any individual
ATX enzyme molecule. The Bollen lab has demonstrated that exogenously added ATX is
rapidly cleared from the circulation (in minutes). [48] This finding could indicate either that
all ATX molecules are rapidly cleared and replaced or that ATX levels are tightly regulated
and clearance is initiated by increased concentrations of ATX. In either case, the added
benefit of covalent modifiers as ATX inhibitors for therapeutic applications may be limited.

3. Perspective on ATX as a Therapeutic Target for Other Indications
ATX has been implicated in a variety of human diseases beyond cancer as recently
reviewed. [18] These diseases include obesity, multiple sclerosis, neuropathic pain, arthritis
and Alzheimer’s disease. The majority of these has yet to receive substantial attention in the
patent literature. However, one patent describes the use of anti-sense oligodeoxynucleotides
in the treatment of generalized pain syndrome in several mouse models including
intermittent cold and mechanical stress. [49] In contrast to the application of ATX inhibitors
in the treatment of cancer, particularly multi-drug resistant cancers, the distribution of drug
to the site of action is considerably more challenging. ATX inhibitors in this case must reach
the central nervous system. Anti-sense oligodeoxynucleotides were able to effectively treat
generalized pain due to their intraventricular delivery route directly into the brain. An ideal
clinical agent will benefit from optimization of distribution properties to allow oral dosing.

4. Expert Opinion
Substantial progress has been made toward the realization of ATX as a clinical target in the
treatment of cancer and neuropathic pain in a relatively short amount of time. This progress
has been supported by assays amenable to high-throughput formats, demonstration of
efficacy in animal models, and discovery of lipid, non-lipid and anti-sense classes of ATX
inhibitors. Nevertheless, there are both challenges remaining and promising unexplored
directions for the field. First, the fluorescence-based non natural substrate analogs used in
direct product detection assays and also the natural LPC used in indirect product detection
assays require proper controls to definitively identify false negative and false positive
results, which have been lacking in many previous reports. This issue should also be
minimized by using secondary validation of primary screening assays. In all cases
mechanism of inhibition (and resulting Ki) should be determined for the most promising hits
identified through primary screens. Intermediate cell based assays should follow primary
screens using purified, recombinant enzyme in vitro. Proliferation/toxicity assays, as well as
migration/invasion screens provide the first glimpse of potential toxicity issues and/or
disconnects between in vitro and in vivo potencies. A limited subset of promising
compounds has been transitioned into animal models to date, therefore further in vivo testing
including initial pharmacokinetic/pharmacodynamic analysis will be important components
of translating ATX inhibitors into the clinic. The availability of structural information on
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ATX, via solved crystal structures and other biophysical characterizations, will open the
field to additional computational methods that will undoubtedly lead to an expansion of
rational approaches to the design and optimization of future ATX inhibitors. The field has
yet to take full advantage of the extracellular location of ATX, through consideration of
indications such as multiple drug-resistant cancer. Such resistant cancers may provide a
showcase where ATX inhibition can provide drastically improved outcomes when
contrasted against standard current treatments aimed at intracellular targets. Drugs aimed at
extracellular targets should show similar therapeutic effects in the face of such efflux
mechanisms. Numerous diseases for which ATX inhibition may prove beneficial, such as
obesity and Alzheimer’s disease, also remain largely unexplored.
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Figure 1.
Examples of small molecule, non-lipid ATX inhibitors.
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Figure 2.
Patented ATX inhibitors demonstrated in animal models to inhibit tumor growth (both
compounds: breast cancer models, anti-bromophosphonate-LPA: colon cancer cells in liver)
and metastasis (bithionol: melanoma).
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Figure 3.
ATX inhibitors described to covalently bind to ATX.
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