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ABSTRACT: Autotaxin (ATX) is an enzyme primarily known for the production of lysophosphatidic 

acid. Being involved in the development of major human diseases, such as cancer and neurodegenerative 

diseases, the enzyme has been featured in multiple studies as a pharmacological target. We previously 

found that the cannabinoid tetrahydrocannabinol (THC) could bind and act as an excellent inhibitor of 

ATX. This study aims to use the cannabinoid scaffold as a starting point to find cannabinoid-unrelated 

ATX inhibitors, following a funnel down approach in which large chemical libraries sharing chemical 

similarities with THC were screened to identify lead scaffold types for optimization. This approach al-

lowed us to identify compounds bearing chromone and indole scaffolds as promising ATX inhibitors. 

Further optimization led to MEY-003, which is characterized by the direct linkage of an N-pentyl indole 

to the 5,7-dihydroxychromone moiety. This molecule has potent inhibitory activity towards ATX-β and 

ATX-ɣ as evidenced by enzymatic studies and its mode of action was rationalized by structural biology 

studies. 
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n INTRODUCTION 

Autotaxin (ATX) is a 115-125 kDa lysophospholipase D involved in a large range of physiological and 

pathological processes.1 This enzyme is part of the ectonucleotide pyrophosphatase/phosphodiesterase 

family and is also referred to as ENPP2. ATX is mainly involved in the phospholipidic metabolism and 

the production of extracellular lysophosphatidic acid (LPA) from lysophophatidylcholine (LPC).2 At least 

five human isoforms have been discovered so far.3 The b isoform is the most abundant, expressed in many 

parts of the body and accounting for the majority of ATX activity. The a and e isoforms are less abundant 

and differ from ATX-b by a 52 amino acid (aa) polybasic insertion.4 The ATX delta isoform is missing an 

exon of 19 tetrapeptides with unknown function.5 ATX-ɣ is brain-specific and differs from ATX-b by a 

25 aa insertion, while its activity is similar to the b isoform (Figure 1).3 The ATX structure has been 

widely studied with 51 experimental entries in the Protein Data Bank to date.6 It relies on (i) two flexible 

somatomedin B (SMB)-like domains, involved in protein-protein interactions, (ii) a  conserved phos-

phodiesterase domain responsible for catalytic activity, and (iii) an inactive nuclease domain (Figure 1).7 

Structural insights into ATX show that the active site contains two zinc ions, allowing lysophosphatidyl-

choline binding and cleavage. A major point of substrate recognition by the ATX active site is the presence 

of a hydrophobic pocket, allowing the accommodation of both LPA and LPC.7 

The implication of ATX in a large range of human diseases can be highlighted by both fundamental re-

search and clinical trials.2,3,8–10 Firstly, it has been shown that ATX is important for cancer progression 

and metastasis as this enzyme is responsible for LPA generation.8,9,11 LPA is a growth factor, regulating 

many different cellular functions, some of which are important for malignant cells. Notably, it has been 

shown that LPA is a cell motility factor and that inhibiting ATX results in a decrease of in vitro cellular 

invasion through a decrease of LPA concentration in the surrounding fluids.10 In vivo experiments and 

clinical trials showed that ovarian cancer cells produce high levels of LPA, as well as other conditions 

like during pregnancy,12 stroke13, bone diseases14 and acute coronary syndrome.15 Recently, the confir-

mation of ATX’s implication in neurological diseases was reported.11,16 Further studies showed that ATX 
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levels are related to metabolism disorders in Alzheimer’s disease, highlighting ATX as an interesting bi-

omarker for this devastating pathology.17 ATX levels in the serum were compared to MRI data of patients 

suffering from this disease, showing that some features of the latter were correlated with the former.17 

Serum levels of ATX also vary in other diseases and physiological conditions, which strengthens the need 

for fine-tuning of ATX catalysis.8 However, while systemic LPA generation by ATX can be used as a 

biomarker it is not freely available in the blood, and unable to cross physiological compartments. In ad-

dition, LPA levels are not necessarily elevated in patients with cancer as the secretion and binding is 

mostly limited to tumor sites.3 Also, LPA binds to receptors expressed at the cell surface. These receptors 

have many functions, e.g. regulating cell survival, apoptosis, cell differentiation, malignant transfor-

mation and many other processes through their G protein-coupled receptor activity.18 More precisely, LPA 

receptors from the EDG family (LPA1 to LPA3) have been widely studied and are major pharmacological 

targets. Non-EDG family LPA receptors (LPA4-LPA6) were reported and recent studies allowed LPA6 

structure determination and described this receptor family as important drug targets19. In recent years, it 

has been hypothesized and demonstrated that ATX may act not only as an enzyme but also as a chaperone 

presenting LPA to its receptors.7,20 In this setting, it is of great interest to develop drugs that could selec-

tively inhibit ATX in its pathological environment, without decreasing the overall levels of LPA in the 

blood. 

Various ATX inhibitors have already been developed and some are now in clinical trials.2,21–23 However, 

compounds with satisfactory pharmacokinetics parameters and low toxicity are limited. There is still no 

approved drug for ATX brain-related diseases. Moreover, ATX distribution is tissue-specific and most of 

the research has been focused on the a and b isoforms. For ATX-ɣ, plausibly related to many neurological 

diseases, a deeper understanding is needed to design and develop more specific inhibitors of this isoform 

and to fully understand its pathophysiological role.  

Recently, we discovered that ATX was inhibited by various cannabinoids. In particular, THC and delta 

6a,10a-THC inhibited ATX as mixed-type inhibitors at nanomolar concentrations.24 Pharmacokinetic pa-

rameters for cannabinoids are widely studied and there is a consensus that they cross the blood brain 
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barrier and bind to CB1 and CB2 receptors, making them an ideal starting point to specifically inhibit 

ATX in the brain.  Although cannabinoids were revealed as excellent ATX inhibitors, their major draw-

backs relate to regulations, legislation and acceptance by patients, making them less desirable for devel-

opment. 

In this study, we used the results obtained with cannabinoids for the identification and development of 

new inhibitors devoid of potential side effects. Here, we identified a new family of potent ATX inhibitors 

through the screening of chemical libraries sharing structural similarities with THC. We also report the 

human ATX-ɣ structure bound to the most active inhibitor (namely here MEY-003), a novel ATX inhibitor 

bearing both chromone and indole scaffolds, and LPA at atomic resolutions using X-ray crystallography.  

 

Figure 1.  Schematic comparison of the ATX-β and ATX-ɣ isoforms. 

 

n RESULTS  

Identification of hits by the screening of compounds sharing structural similarities with canna-

binoid. Our strategy was based on the structural similarity between the benzopyran moiety of THC and 

THC-unrelated molecules bearing this chemical entity. Among these compounds, we targeted chromone-

bearing derivatives (Figure 2). This druggable scaffold is known for its therapeutic potential and safety. 

The therapeutic potential of chromone was recently highlighted in two major reports.25,26 Herewith, 80 

compounds bearing a chromone and chromone-like moieties were tested for their inhibitory potential at 

1 µM. The most important representatives of the screened compounds are available in supplementary 

information section II. The screening revealed that molecules bearing an indole linked to a chromone 
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moiety presented the highest inhibition against ATX (Figure 2). Following further structure-activity rela-

tionship (SAR) studies and optimization, we found that compounds having the following substitution 

pattern tended to exert a high inhibitory effect: (a) the presence of a linear hydrophobic substituent at the 

indole nitrogen, (b) the presence of two hydroxyls at positions 5/7 of the chromone moiety (Figure 2), (c) 

the addition of a hydroxyl group at position 3 of chromone was harmful for the inhibition activity (Table 

S1), (d) the site of linkage of chromone and indole moieties is crucial since when the linkage was done 

through the phenyl ring of the indole moiety (MEY-005), the inhibition activity was decreased (Table 1), 

(e) the benzopyranone moiety of chromone is important as its shift to a benzofuran led to drop of activity. 

Interestingly, the length of hydrophobic carbon chain inducing the highest inhibition activity correlates 

with the one found in THC. Branched chains, and chains bearing aromatic or saturated rings were disad-

vantageous for the inhibition activity as shown by the lower activity of MEY-001, MEY-002, MEY-007 

and MEY-008 compounds. Based on these structural requirements, we followed a funnel down synthetic 

and SAR approach that led to the identification of MEY-003 as the most inhibitory compound (Table 1).  

 

 

Figure 2. Discovery process of ATX inhibitors through screening and optimization of compounds sharing 

cannabinoid structural similarity.  
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Table 1. Inhibition activity of lead hits on hATX-β and hATX-ɣ. 

Compound IC50 hATX-β (µM) IC50 hATX-ɣ (µM) 

 LPC18:1 LPC16:0 LPC18:1 LPC16:0 

MEY-001 1.40 (0.9-1.8) 

 

1.20 (0.31-1.970) 

 

3.8(2.2-9.3) 

 

2.4 (1.9-2.3) 

 

MEY-002 0.82 (0.7-0.96) 

 

0.88 (0.6-1.08) 

 

1.25 (0.99-1.65) 

 

0.81 (0.61-1) 

 

MEY-003 0.46 (0.35-0.61) 

 

0.384 (0.36-0.4) 

 

1.099 (0.925-1.317) 

 

0.38 (0.3-4.6) 

 

MEY-005 > 5 > 5 > 5 > 5 

MEY-007 < 20%* < 20%* - - 

MEY-008 NA** NA** - - 

* at 1 micromolar concentration; ** Not Active. Value shows 95% CI (profile likelihood) 

 

Hits shown above (Figure 2) can be synthesized in three steps according to the same synthetic sequence 

as exemplified by the synthesis of MEY-003 shown in scheme 1. MEY-003 was synthesized starting from 

the commercially available 2,4-dimethoxy-6-hydroxyacetophenone (1) and N-pentylindol-3-carboxalde-

hyde (2). The latter can be very easily prepared by the N-alkylation of indol-3-carboxaldehyde. Starting 

materials (1) and (2) were subjected to a condensation reaction in the presence of potassium hydroxide in 

methanol to yield diarylpropenone (3) with 65% yield. The latter was submitted to an oxidative-cycliza-

tion reaction with iodine at 150 °C with DMSO as the solvent to provide chromone derivative (4) with 

75% yield. Finally, compound (4) was subjected to boron tribromide-mediated demethylation to provide 

the desired compound, MEY-003, with 40% yield. The purity and authenticity of MEY-003 and its analogs 

shown in Figure 2 were attested by NMR (1H and 13C), MS (ESI+) and LCMS.  
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Scheme 1. Synthesis of MEY-003. 

 

(a) KOH, MeOH, reflux, (b) I2, DMSO, 150 °C, (c) BBr3, CH2Cl2, room temperature.

As outlined above, emphasis has been focused on MEY-003 since it produced the highest inhibition level 

(Figure 3a, b, c, d). EC50 measurements are described in the supplemental experimental section and were 

adapted from our previous work using the choline-release assay.24 The apparent EC50 with human ATX-

β and LPC18:1 was 0.46 µM with an inhibition slope of 68% (Figure 3a). The apparent EC50 with human 

ATX-β and LPC16:0 was 0.38 µM with an inhibition slope of 83% (Figure 3c). In order to demonstrate 

the potency with the cerebral isoform of ATX, the apparent EC50 measurements were repeated using 

human ATX-ɣ under similar assay conditions. Interestingly, the apparent EC50 was slightly higher with 

LPC18:1, at 1.1 µM (Figure 3b), but similar to that previously obtained for hATX-β and LPC16:0, with 

an apparent EC50 of 0.38 µM, showing the ability of this compound to inhibit both ATX isoforms at 

different levels. Additionally, the span of inhibition ranged from 66% to 72% for LPC18:1 and LPC16:0, 

respectively.  

 

MEY-003 acts as a non-competitive ATX inhibitor. In order to better understand the mode of action 

of MEY-003, an inhibition assay was run in similar assay conditions using hATX-β and LPC18:1 (Figure 

3e). It shows that MEY-003 behaves as a non-competitive inhibitor (apparent Ki was 432 nM), which is 

in agreement with structural data (shown later). The non-competitive inhibition for MEY-003 reported 
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here with an Alpha value >1 can also be considered as a special case of mixed inhibition with preferential 

binding to the free enzyme27. 

Figure 3. Inhibition of autotaxin (ATX) by MEY-003. Dose-response analysis of (a) hATX-β and (b) 

hATX-ɣ with LPC18:1 and MEY-003, (c) hATX-β and (d) hATX-ɣ with LPC16:0 and MEY-003. (e) The 

mode of inhibition of MEY-003 with hATX-β and LPC18:1 indicates a non-competitive inhibitory activ-

ity. All error bars represent the S.E.M. (n=3). EC50 values are computed with a 95% CI (profile likeli-

hood). 

 

MEY-003 binds in the hydrophobic pocket of ATX-ɣ. Human ATX-ɣ has been co-crystallized with 

MEY-003 and LPA (Table S3, Figure 4 and S1). A recombinant N54A/N411A hATX-ɣ mutant was used 

for  crystallization as previously reported for other isoforms.24,28 Interestingly, the enzyme crystallized in 

the same conditions as rat ATX-β (Supplemental experimental section), with two molecules in the asym-

metric unit. The ATX-MEY-003 complex structure allowed the identification of important protein-ligand 

interactions in the ATX hydrophobic binding pocket using the PLIP (Protein-Ligand Interaction Profiler) 

server (Figure 4c and S2). Most of the interactions are hydrophobic, similar to those observed with THC 

and rATX-β. However, we observed two hydrogen bonds between the main chain carbonyl of W276 and 
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a MEY-003 hydroxy, as well as p stacking interactions between MEY-003 and residues F275 and Y307. 

The additional p stacking and hydrogen bonds most likely explain the difference in binding between 

MEY-003 and THC in the ATX hydrophobic pocket. Indeed, EC50 comparisons showed that the apparent 

EC50 of THC is 1.026 µM and that of MEY-003 with hATX- β and LPC18:1 is 0.46 µM. A further 

superposition of hATX-ɣ-MEY-003 and hATX-ɣ-LPA18:1 was carried out (Figure 4d), showing that the 

LPA lipophilic tail is bounded in a similar position to MEY-003 in hATX-ɣ. Additionally, a superposition 

with the rATX-β-THC structure from previous work shows that MEY-003 binds in a similar position, but 

with a slightly different conformation, to THC (Figure 4e). Interestingly, other ATX inhibitors do not seem 

to share a similar binding interface. For example, PAT-078, which retains an indole in its structure, does 

not adopt a similar conformation, at least, for the indolic part of the inhibitor (Figure 5c) (PDB: 4ZG6)27. 

 

Figure 4. MEY-003 binding to hATX-ɣ hydrophobic pocket. (a) hATX-ɣ overall structure bound with 

MEY-003 (PDB: 8C3O). Domains are colored according to Figure 1. (b) MEY-003 2FO-FC density at 1 

sigma after refinement (PDB: 8C3O). (c) MEY-003 binding interface with hATX-ɣ (PDB: 83CO). (d) 

Superposition of hATX-ɣ-MEY-003 and hATX-ɣ-LPA (PDB: 8C3O and 8C3P). (e) Superposition of 

hATX-ɣ-MEY-003 and rATX-THC with main interactions displayed (PDB: 8C3O and 7P4J).  
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To obtain a higher structural resolution, rATX-β was co-crystallized with both MEY-003 and MEY-002 

(Table S3 and Figure 5). Superpositions of both structures showed that the indole can adopt a slightly 

different conformation in the hydrophobic pocket, relying on the ability of L213 to adopt two different 

conformations (Figure 5 d,e,f). In the MEY-003 bound structure, L213 makes a side-on interaction with 

the indole while adopting a face-to-face conformation with MEY-002. The MEY-002 bound structure also 

revealed an important water bridge in the binding interface, linking the ligand with important residues, 

T209 and D171, to indirectly interact with the active site Zn ions (Figure 5d). We can expect this water 

bridge to be relevant for MEY-003 as well, but this is probably only visible in the MEY-002-rATX-β co-

structure due to the higher resolution obtained (1.9 vs 2.5 Å) (PDB: 8C4W). This might explain the non-

competitive inhibition of hATX-ɣ of MEY-003 (Figure 3e). Therefore, MEY-003 could be classified as a 

type 2 inhibitor since it binds in the hydrophobic pocket. However, it does not completely overlap with 

corresponding type 2 inhibitors like PAT-078 (Figure 5c) (PDB: 4ZG6). Partial overlap with type 1 inhib-

itors such as HA-155 (Figure 5c) (PDB: 2XRG) shows that chromone-indol hybrid inhibitors can be 

classified as type 2-like inhibitors, with indirect interactions with the active site through a water bridge.  
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Figure 5. MEY-002 and MEY-003 binding to the rATX-β hydrophobic pocket. (a) MEY-002 2FO-FC 

density at 1 sigma after refinement (PDB: 8C4W). (b) MEY-003 2FO-FC density at 1 sigma after refine-

ment (PDB: 8C7R). (c) Superposition of inhibitors HA-155, PAT-078 and MEY-003 (PDB: 2XRG, 4ZG6 

and 8C7R). (d) MEY-002 binding interface with rATX-β (PDB:8C4W). (e) MEY-003 binding interface-

with rATX-β (PDB: 8C7R). (f) Superposition of rATX-β-MEY-002 and rATX-β-MEY-003 (PDB: 8C4W 

and 8C7R). 

 

MEY-003 reduces hLPAR1 internalization and is not cytotoxic to HeLa cells. ATX regulates various 

physiological and pathological processes in cells. One of the key roles of ATX is to produce LPA, a major 

lipid cell signaling component. Previous studies showed that the ATX-LPA axis is highly regulated and 

dependent on ATX activity in order to trigger LPA receptor internalization.8 It has been recently demon-

strated that ATX is responsible for LPA presentation towards receptors by acting as a chaperone. 20 In this 

study, we confirmed that MEY-003 is able to reduce LPA1 receptor internalization in HeLa cells after 

treatment with LPC and hATX-b. LPA1 internalization was reduced by approximatively 47% (Figure 6a), 

showing that MEY-003 significantly blocks LPA signaling through ATX inhibition. Moreover, further in 

https://doi.org/10.26434/chemrxiv-2023-1wtbg ORCID: https://orcid.org/0000-0003-4478-0136 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-1wtbg
https://orcid.org/0000-0003-4478-0136
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

vitro assays showed that MEY-003 is non-cytotoxic after prolonged treatment (up to 8 hours) at 100 µM. 

The same assay performed on MEY-002 also showed no cytotoxicity effects (Figure 6b). 

 

Figure 6. MEY-003 reduces LPA1 receptor internalization and is not cytotoxic to HeLa cells. (a) 

Cells were treated with hATX-b and LPC with or without MEY-003 addition. After treatment, cells were 

fixed and stained using an anti-HA tag antibody. 17 and 15 images were acquired in biological triplicate 

for hATX-b + LPC + MEY-003 and hATX-b + LPC, respectively, using a LEICA microscope at 63X 

magnification. Red arrows are pointing at LPA1 receptor hypersignal. Receptor internalization was quan-

tified with Fiji with a paired t-test p-value = 0.0078. (b) Cells were incubated with 100 µM of MEY-003 

or MEY-002 for 1 to 8 hours. Cytotoxicity detection was performed using Toxilight assay. All error bars 

represent S.E.M. (n=3) in biological triplicate.  

 

n DISCUSSION 

The plant Cannabis sativa (Marijuana) has been used in medicine for a long time and still attracts interest 

due to the biological activity of its metabolites, known as cannabinoids (a group of C21 terpenophenolic 

compounds). The most abundant among them is Δ9-tetrahydrocannabinol (THC). Marijuana-derived 

drugs, and especially those derived from THC, have been developed but their therapeutic/psychotropic 

balance was frequently criticized. In this study, we have used the general chemical structure of THC that 

https://doi.org/10.26434/chemrxiv-2023-1wtbg ORCID: https://orcid.org/0000-0003-4478-0136 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-1wtbg
https://orcid.org/0000-0003-4478-0136
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

showed an inhibitory activity against ATX as a basis to screen chemical libraries sharing some structural 

similarities with THC, but derived from different secondary metabolites. Hence, following the screening 

of a chemical library of compounds bearing the benzopyranone moiety (Supplemental section II) and the 

optimization of the obtained selected hits (Figure 2 and Table 1), we identified the compound MEY-003, 

which is derived from a hybrid system bearing both chromone and indole scaffolds as a potent inhibitor 

of ATX (Figure 3).   

Here, we also describe the structure of hATX-ɣ in complex with its natural end-product LPA18:1 and 

MEY-003 at a resolution of 2.4 and 2.3 Å, respectively (Figure 4). Our results highlight that hATX-ɣ 

shares a very similar structural organization with hATX-b, as deduced from superposition with the PDB: 

4ZG7,27 resulting in an RMSD of 0.56 Å for 775 aligned Ca atoms. The deglycosylated mutant used for 

crystallization did not lead to a significant activity difference when compared to wild-type hATX-ɣ (Fig-

ure S3). One major difference between the brain-specific hATX-ɣ and hATX-b is the presence of a 25 aa 

insertion at position 593 (EAETRKFRGSRNENKENINGNFEPRK), leading to a flexible loop at the sur-

face of hATX-ɣ. The function of this modification is unknown and specific to the brain isoform. Up to 

now, there is no evidence that proteolytic cleavage of this loop is related to neurological, psychiatric and 

neoplasic diseases.16,17,29 In this study, we also observed that hATX-ɣ can be cleaved (Figure S4), resulting 

in a fragment of ~34 kDa that corresponds to a C-terminal region cleavage at this insertion. Further ex-

periments would be needed to understand which enzyme is responsible for cleaving hATX-ɣ and if this 

is biologically relevant.  

Chromones and indoles are two prominent scaffolds largely investigated for their therapeutic potential in 

the management of major chronic diseases, including neurodegenerative diseases, cancer, diabetes, infec-

tion and inflammation.25,30 The physicochemical properties of MEY-003 are promising, with a calculated 

logP of 3.7, a MW of 363.41 Da, as well as 2 and 5 hydrogen bond donors and acceptors, respectively 

(Table S2). MEY-003 respects the Lipinski’s rule for oral bioavailability and fits most of the properties 

described by Pajouhesh et al. for successful central nervous system drugs, with a calculated PSA of 70 Å 

and previously described properties 31. Concerning the metabolic liability of the chromone, a good in vivo 
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stability of this scaffold has previously been reported 32. In addition, Cromolyn, a drug used for allergies 

and composed of a chromone scaffold has also been shown to have good metabolic stability, with most 

of the compound excreted without modifications 33. In latter contexts, many clinically approved drugs 

contain one of these two entities.25 Therefore, the combination of a chromone and an indole, two drugga-

ble scaffolds, in the same entity may offer diverse advantages for the development of MEY-003 as a drug 

candidate that targets ATX-related diseases. 

 

n CONCLUSION 

We recently reported that THC is a potent ATX inhibitor.24 Due to its psychotropic effect, legislation, and 

non-acceptance by society, this marijuana-derived compound is unlikely to be used in clinical settings for 

the management of ATX-related disorders. Therefore, we used THC as a basis to explore diverse mole-

cules with partial chemical and structural similarity, particularly those sharing a benzopyrane moiety such 

as naturally occurring chromones and flavones. The process of screening, hit identification and hit opti-

mization allowed us to identify MEY-003 as a potent and safe inhibitor of ATX. The inhibition profile of 

MEY-003 was rationalized through advanced structural biology drug discovery studies. MEY-003 has a 

unique structure compared to previously published ATX inhibitors that could potentially lead to the de-

velopment of new drugs targeting the ATX-LPA axis with fewer side effects.  
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PDB accession codes for the presented structures: atomic coordinates and experimental data will be re-

leased upon article publication (see table S3 for PDB codes). 
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