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Abstract

Background and Purpose: The C-type lectin-like receptor-2 (CLEC-2) is a platelet

receptor for the endogenous ligand podoplanin. This interaction contributes to sev-

eral (patho)physiological processes, such as lymphangiogenesis, preservation of blood

and lymphatic vessel integrity organ development, and tumour metastasis. Activation

of CLEC-2 leads to the phosphorylation of its cytoplasmic hemITAM domain and

initiates a signalling cascade involving the kinase Syk. The aim of this study was to

identify and characterise a novel small molecule inhibitor of CLEC-2.

Experimental Approach: An AlphaScreen-based high-throughput screening was used

to identify a small molecule inhibitor of the CLEC-2–podoplanin interaction. Binding

site interactions were assessed using in silico modelling. Functional assays, including

light transmission aggregometry, platelet spreading and phosphorylation assays, were

used to evaluate the effect of a small molecule on CLEC-2-mediated platelet

activation.

Key Results: A total of 18,476 small molecules were screened resulting in 14 candi-

dates. Following secondary screening, one novel small molecule, MAS9, was taken

forward for further characterisation. The binding sites of MAS9 to CLEC-2 were

predicted to share binding sites with the CLEC-2 ligands podoplanin and rhodocytin.

MAS9 inhibited CLEC-2-mediated platelet aggregation, spreading and signalling.

MAS9 also resulted in inhibited fibrinogen binding.

Conclusion and Implications: MAS9 inhibits CLEC-2-mediated aggregation, platelet

spreading and signalling, showing selectivity of CLEC-2 inhibition over GPVI. This

study paves the way for future preclinical assays to test the potential of MAS9 as a

novel therapeutic tool to treat pathologies such as thromboinflammation and cancer.

K E YWORD S

AlphaScreen, CLEC-2, platelet, podoplanin, small molecule

Abbreviations: CLEC-2, C-type lectin-like receptor 2; CRP-XL, cross-linked collagen-related peptide; GPVI, glycoprotein VI; HDLECs, human dermal lymphatic endothelial cells; MAS9, ethyl

1-[(8-hydroxy-5-quinolinyl)methyl]-3-piperidinecarboxylate.
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1 | INTRODUCTION

A promising avenue in the development of therapeutics is the targeted

disruption of specific protein–protein interactions that are pivotal in

disease pathogenesis. The C-type lectin-like receptor-2 (CLEC-2) and

its ligand, podoplanin, represent one such interaction of therapeutic

potential and plays a significant role in a variety of pathophysiological

processes, including tumour metastasis, lymphatic vessel formation

and thrombo-inflammation (Haining et al., 2021; Meng et al., 2021;

Suzuki-Inoue, 2019). Other ligands are emerging to increase CLEC-2's

potential as a drug target. For example, hemin, a product of haemoly-

sis released during red blood cell destruction, has been identified as a

novel endogenous activatory ligand for CLEC-2 (Bourne et al., 2021).

Ligand binding to CLEC-2 triggers the phosphorylation of a

tyrosine residue in its cytoplasmic hemITAM domain by Src and Syk

(Fuller et al., 2007; Spalton et al., 2009), leading to activation of these

kinases and initiating the assembly of the “LAT signalosome” resulting
in phospholipase C gamma 2 (PLCγ2) activation (Izquierdo

et al., 2020; Severin et al., 2011). PLCγ2 induces hydrolysis of

phosphatidylinositol 4,5-bisphosphate (PIP2), leading to formation of

the second messengers diacylglycerol (DAG) and inositol

trisphosphate (IP3) (Berridge et al., 2003). It stimulates protein kinase

C (PKC) and the release of Ca2+. This signalling pathway results in the

secretion of dense and α-granules and “inside-out” signalling activa-

tion of integrin αIIbβ3, leading to platelet aggregation (Ma et al., 2007).

There are only three known small molecule inhibitors of the CLEC–

podoplanin interaction. The first, cobalt-hematoporphyrin, blocks

tumour metastasis and thrombosis in mice (Tsukiji et al., 2018). How-

ever, because of its low potency, toxicity and lack of oral availability, it

cannot be pursued for clinical development (Tsukiji et al., 2018). The

second, 2CP, also blocked tumour metastasis and thrombosis in mice

and inhibits tumour cell-induced platelet aggregation (Chang

et al., 2015). Although 2CP inhibited podoplanin-induced aggregation,

2CP had no inhibitory effect on snake venom, rhodocytin-induced,

platelet aggregation. These data indicate that 2CP may have a low affin-

ity for CLEC-2 by failing to displace rhodocytin. Alternatively, this dif-

ference may be a result of distinct binding properties of podoplanin and

rhodocytin for CLEC-2 when compared with 2CP (Chang et al., 2015;

Watson et al., 2007). Diphenyl-tetrazol-propanamide derivatives have

recently been identified as small molecules that can inhibit CLEC-2.

However, these derivatives are not limited to CLEC-2 and also inhibit

glycoprotein VI (GPVI) (Watanabe et al., 2024).

Antibodies targeting human CLEC-2, such as AYP1, can block the

CLEC-2–podoplanin interaction (Gitz et al., 2014). Nevertheless, most

antibodies that block the interaction between human CLEC-2 and

podoplanin have been developed against podoplanin. On the other

hand, small molecule inhibitors offer several advantages over anti-

bodies as potential therapies; for example, they can be delivered orally

rather than by invasive routes and have the potential to be economi-

cally sustainable. There is a need to develop CLEC-2 inhibitors that

overcome the limitations, in terms of potency, toxicity or specificity

exhibited by previously identified small molecule inhibitors. We

sought to identify novel small molecule inhibitors for the CLEC-2–

podoplanin interaction by developing an AlphaScreen assay to screen

18,476 compounds. We characterised the identified one small mole-

cule using a range of functional tests and explored its interaction with

CLEC-2 using in silico modelling.

2 | METHODS

2.1 | Materials

Recombinant human Podoplanin-rFc (Morán et al., 2022), recombi-

nant human histidine-tagged CLEC-2/CLEC1B (Cat# 1718-CL; R&D

systems, RRID:SCR_006140), 1536-well microplates (3725, Corning),

cross-linked collagen-related peptide (CRP-XL; Cambcol), rhodocytin

purified from the venom of Calloselasma rhodostoma as previously

described (Eble et al., 2001), Alexa Fluor 488-conjugated fibrinogen

(Invitrogen Cat# F13191), PE/Cy5 conjugated anti-human P-selectin

(AK-4; BD Biosciences, Cat# 551142, RRID:AB_394070), PE-Cy™5

Mouse IgG1 κ Isotype Control (MOPC-21, BD Biosciences, Cat#

555750, RRID:AB_396092), APC conjugated anti-human CD42b

(HIP1; BD Biosciences, Cat# 551061, RRID:AB_398486), anti-

podoplanin (Insight Biotechnology Cat# 11-009, RRID:AB_3676761)

Anti-phospho tyrosine antibody (4G10, Millipore Cat# 05-321X,

RRID:AB_568858), anti-phospho Syk 525/526 antibody (Abcam

What is already known

• The CLEC-2–podoplanin interaction is a promising target

for development of antiplatelet drugs against thrombo-

inflammation.

• Existing small molecule inhibitors exhibit limitations in

terms of potency, toxicity or specificity.

What does this study add

• MAS9 was identified as a novel small molecule inhibitor

targeting the CLEC-2–podoplanin interaction.

• MAS9 inhibited CLEC-2-mediated platelet aggregation,

adhesion and signalling.

What is the clinical significance

• MAS9 is a promising compound targeting CLEC-2, with

potential therapeutic application.

• Selective inhibition of CLEC-2-mediated processes

provides a targeted approach with potential clinical

benefits.
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Cat# ab58575, RRID:AB_882780), anti-Syk antibody (Santa Cruz

Biotechnology Cat# sc-1240, RRID:AB_628308) and anti-GAPDH

antibody (Abcam Cat# ab201822, RRID:AB_2927782). Goat

anti-Rabbit IgG (H + L) Secondary Antibody, HRP (Invitrogen, Cat#

31460, RRID:AB_228341), Goat anti-Mouse IgG (H + L) Secondary

Antibody, HRP (Invitrogen, Cat# 31430, RRID:AB_228307),

Alexa Fluor 647 conjugated Phalloidin (Invitrogen, Cat# A22287).

Thrombin, indomethacin, apyrase (Merck), U46619 (Enzo),

eptifibatide (Integrilin; GlaxoSmithKline), Hydromount (National

Diagnostics #HS-106) and MAS9 (AP-906/41650495, SPECS, www.

specs.net).

2.2 | Preparation of MAS9

MAS9 was reconstituted in DMSO at 10 mM. MAS9 was then further

diluted in phosphate buffered saline (PBS) on the experimental day.

The final concentration of DMSO in the platelet assays was main-

tained at 0.3% (v/v). Following preincubation of the indicated final

concentrations of MAS9 for the indicated time, MAS9 was not

removed from the experimental assays.

2.3 | High Throughput Screening (HTS)

HTS was performed using the Pivot Park Screening Centre library

(18,476 compounds composed of the Prestwick Chemical and SPECS

libraries) and carried out using an Amplified Luminescent Proximity

Homogeneous Assay (AlphaScreen™, Perkin-Elmer). The assay was

performed using biotinylated recombinant human Podoplanin-rFc,

coupled to donor beads and recombinant human histidine-tagged

CLEC-2, coupled to acceptor beads.

Firstly, 10 nl of 18,476, 2-mM compounds, dissolved in 100%

DMSO, were dispensed into 1536-well microplates using an Echo®

555 acoustic liquid dispenser; 100% DMSO was used as a control.

Secondly, 0.5 μl of reaction buffer (0.1% BSA in PBS) was added to

wells using a Certus Flex liquid dispenser; 0.5 μl of 160 μM of cobalt

hematoporphorin, a known inhibitor of the CLEC-2–podoplanin inter-

action, was used as a positive control (Tsukiji et al., 2018). Biotinylated

recombinant human podoplanin-rFc, and recombinant human HIS-

tagged CLEC-2 were diluted into reaction buffer to 100 and 400 nM,

respectively, and added at a 1:1 ratio to all wells, reaction buffer was

used as a control. Following a 30-min incubation at room temperature,

25 μg�ml�1 of nickel-chelate acceptor beads were added to all wells

for 1 h at room temperature in the dark, followed by a further 1-h

incubation with 25 μg�ml�1 of streptavidin donor beads. The fluores-

cence intensity at 520/620 nm (ex/em) was subsequently read using

an Envision multi-label plate reader (Perkin-Elmer). The signal-

to-background (S/B) ratio was calculated by dividing the mean of the

maximum fluorescent signal by the mean of the minimum fluorescent

signal to determine the fluorescence change in the assay. An AlphaSc-

reen TruHits kit® was used to identify false positive results from the

primary screen (Perkin-Elmer).

2.4 | Protein-ligand in silico modelling

For in silico molecular docking of MAS9 to CLEC-2, the human

CLEC-2 structure (PDB: 2C6U) was used. The protein structure was

prepared and optimised using the Protein Preparation Wizard in

Maestro Schrödinger (Release 2020-4) during which missing hydro-

gens were added, the ionisation states at pH 7.0 ± 2.0 were gener-

ated by Epik, and water molecules were removed beyond 5 Å from

nonstandard residues. H-bond assignment was optimised using

PROPK-A (pH 7.0) and the structure minimised using an OPLS4

(Optimised Potentials of Liquid Simulations) force field. MAS9 has

one chiral centre at the 3-position of the piperidine ring. With one

chiral centre, there are two stereoisomers, corresponding to the R

and S configurations at that chiral centre (Figure S1). Both stereo-

isomers were docked. The 3D structures of MAS9 were generated

using the Ligprep module in Maestro Schrödinger and minimised

using OPLS4. MAS9 was docked using the GLIDE (Grid-based

Ligand Docking with Energetic) module in Maestro Schrödinger

using the standard precision mode by enabling flexible ligand sam-

pling during docking.

The grid was centralised around the CLEC-2–podoplanin and rho-

docytin binding sites (Arg107, Arg118, Arg152, Arg157) with a side

length of 5 Å. Confirmations were ranked based on their GLIDE dock-

ing scores. The grid was centralised around the known common bind-

ing sites thought to induce CLEC-2 activation by podoplanin and

rhodocytin and was based on their crystal structures (PDB: 3WSR for

podoplanin and 3WWK for rhodocytin). There are four arginine resi-

dues: Arg107, Arg118, Arg152 and Arg157. The additional binding

sites for podoplanin are Tyr153 and His154 and for sialylated

O-glycan of podoplanin are Asn105, His119 and Tyr129 (Nagae

et al., 2014).

2.5 | Human washed platelet preparation

Whole blood was collected from consenting, drug free donors using

protocols approved by the University of Reading Ethics Committee.

Healthy donors were aged between 20 and 50 years of age and both

males and female. Washed platelets were prepared as previously

described and resuspended in Tyrode's-HEPES buffer (134-mM NaCl,

2.9-mM KCl, 0.34-mM Na2HPO4 12H2O, 12-mM NaHCO3, 20-mM

HEPES, 1-mM MgCl2 and 5-mM glucose, pH 7.3) (Kempster

et al., 2022).

2.6 | Light transmission aggregometry

Platelet aggregation was assessed using light transmission aggregation

(AggRAM, Helena Biosciences). Washed platelets (2.5 � 108 cell per

millilitre) were incubated with the inhibitor or vehicle control 5 min

prior to the addition of agonist under stirring conditions (1200 rpm at

37�C). After agonist addition, platelet aggregation was monitored for

5 min.

SOWA ET AL. 3

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.70036 by T

est, W
iley O

nline L
ibrary on [09/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://scicrunch.org/resolver/RRID:AB_882780
https://scicrunch.org/resolver/RRID:AB_628308
https://scicrunch.org/resolver/RRID:AB_2927782
https://scicrunch.org/resolver/RRID:AB_228341
https://scicrunch.org/resolver/RRID:AB_228307
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4453
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1909
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2888
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1888
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6585
http://www.specs.net
http://www.specs.net


2.7 | Platelet Signalling

Human washed platelets (8 � 108 cells per millilitre) were prepared

under nonaggregating conditions (9-μM Integrilin) in the presence of

secondary mediator inhibitors (10 μM indomethacin and 2 U�ml�1

apyrase) for CRP-XL stimulations or absence of secondary mediator

inhibitors for rhodocytin stimulations. Stimulations were performed

under stirring conditions (1200 rpm) for the indicated time point.

Stimulations were stopped by the addition of one volume of ice-cold

2� lysis buffer (0.3-M sodium chloride; 20-mM Tris; 2-mM EGTA;

2-mM EDTA; 2% (v/v) NP-40; 10 μg�ml�1 aprotinin; 1 μg�ml�1 pep-

statin; 10 μg�ml�1 leupeptin; 400 μg�ml�1 AEBFS; 5-mM sodium

orthovanadate; pH 7.5). Samples were separated using SDS-PAGE

and analysed by western blotting for total tyrosine phosphorylation

and Syk tyrosine phosphorylation (525/526). Total Syk and GAPDH

were used as loading controls. Primary antibodies were used at

1:1000 in 5% (w/v) BSA in TBS-T and reused up to five times.

HRP-conjugated goat anti-rabbit and goat anti-mouse were used as

secondary antibodies (1:5000 in TBS-T). A clear inhibition in CLEC-2

signalling in the presence of MAS9 was hypothesised. Given the pre-

dicted low variability, n = 3 was planned as part of the experimental

design and provides qualitative insight to the action of MAS9.

2.8 | Flow cytometry

In a V-bottom 96-well platelet, 5 μl of washed platelets (4 � 108 cells

per millilitre) were incubated with increasing concentrations of MAS9

(10, 20 and 30 μM) or DMSO vehicle control (0.3% [v/v]) for 5 min in

the presence of Alexa Fluor 488-conjugated fibrinogen (100 μg�ml�1

final) and PE/Cy5 anti-human P-selectin (1:100) in a final volume of

50 μl. Platelets were then stimulated with 100-nM rhodocytin or

3 μg�ml�1 CRP-XL for 20 min in the dark. EDTA (10-μM final) and iso-

type control antibody (1:100) were used as a negative control for

fibrinogen binding and P-selectin exposed, respectively. Samples were

then fixed with 0.2% formyl saline and samples analysed using a BD

Accuri C6 plus flow cytometer. A gate was applied around the plate-

lets and 10,000 events collected.

2.9 | Platelet spreading and staining

Washed platelets (2 � 107 cell per millilitre) were spread on 300-nM

rhodocytin, 10 μg�ml�1 recombinant podoplanin, 3 μg�ml�1 CRP-XL or

100 μg�ml�1 fibrinogen coated on to ⌀ 13 mm glass coverslips. Cover-

slips were prepared by coating the coverslips overnight at 4�C. Fol-

lowing three washes with PBS (10-mM Na2HPO4, 1.8-mM KH2PO4,

2.7-mM KCl and 137-mM NaCl, pH 7.4) coverslips were blocked with

5 mg�ml�1 heat denatured BSA/PBS for 1 h at room temperature.

Platelets were then fixed using formalin solution, 10% neutral buff-

ered, for 10 min at room temperature, washed three times using PBS

and permeabilised using 0.1% Triton X-100/PBS for 5 min at room

temperature prior to labelling with Alexa Fluor 647 conjugated

phalloidin (1:100 dilution in 5 mg�ml�1 heat denatured BSA/PBS) at

room temperature for 1 h before mounting onto glass slides using

Hydromount and imaged using a Nikon Eclipse Ti2 inverted micro-

scope with HP Plan Apo VC 100� objective and Nikon DS-Qi2 cam-

era. A clear inhibition in adhesion of platelets to podoplanin in the

presence of MAS9 was hypothesised. Given the predicted low vari-

ability, n = 4 was planned as part of the experimental design and pro-

vides qualitative insight to the action of MAS9.

2.10 | Cell culture

Human dermal lymphatic endothelial cells (PromoCell RRID:SCR_

023579, Cat# C-12216) were cultured in complete Endothelial cell

growth medium MV2 (PromoCell) and used within five passages.

2.11 | Platelet spreading assay on HDLECs

Glass coverslips (⌀ 13 mm) were sterilised with 70% (v/v) ethanol and

placed in each well of a 24-well plate; 1 � 105 of HDLECs were har-

vested in each well and cultured until 90%–100% confluency. On the

day of the experiment, cell medium was removed and the cells were

washed three times with PBS, before adding 300 μl of washed plate-

lets at 2 � 107�ml�1, pretreated with an inhibitor or 0.3% (v/v) DMSO

final for 5 min. Cells with platelets were incubated for 45 min at 37�C.

Non adherent platelets were removed by washing three times with

DPBS and coverslips were fixed with 300 ml of Formalin Solution,

10% neutral buffered for 10 min, washed three times with 1� PBS

and permeabilised with 300 μl of 0.1% (v/v) Triton-X100 for another

10 min. The coverslips were washed three times with PBS, stained

with anti-podoplanin (NZ-1, 1:200) and APC conjugated anti-human

CD42b antibodies (1:400) diluted in 5 mg�ml�1 heat denatured

BSA/PBS. The excess of the antibodies was removed by washing three

times with PBS. Afterwards, coverslips were incubated with Alexa

Fluor 488 conjugated anti-rat antibody (1:1000 in PBS), as a secondary

antibody to stain anti-podoplanin (NZ-1). The coverslips were washed

three times with PBS, then three times with distilled water and

mounted on 75 mm � 25 mm microscope slides using Hydromount.

2.12 | Immunofluorescence

Microscope slides from platelet spreading assays on immobilised ago-

nists were imaged using an Eclipse Ti2 Inverted Microscope with HP

Plan Apo VC 100�H objective and Camera Nikon DS-Qi2. DIC and

epifluorescence pictures were taken with a frame size of

2424 � 2424 pixels (0.07 μm/px). Platelet spreading analysis was per-

formed manually by counting the number of platelets in the field of

view or, to determine the platelet surface area, by drawing the plate-

lets and measuring them using the measure function in ImageJ (Fiji,

version 1.53c). Platelet adhesion on HDLECs was imaged using a

Nikon A1R confocal microscope using a Plan Apo λ 100� oil objec-

tive. The immuno-related procedures used comply with the recom-

mentations made by the British Journal of Pharmacology.
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2.13 | Data and statistical analysis

The data and statistical analysis comply with the British Journal of

Pharmacology recommendations on experimental design and analysis

in pharmacology (Curtis et al., 2022). Randomisation was applied to all

platelet assays, with conditions randomly applied. Blinding was either

performed at the point of data collection or at the point of analysis.

All data are presented as the mean ± standard deviation. Where

indicated, statistical analysis was performed using unpaired two

tailed t-test or one-way ANOVA. One-way ANOVA was performed

when three or more groups were compared for one variable

(univariate comparisons), followed if significant by Dunnett's post

hoc multiple comparisons. Statistical significance represented by

*P ≤ 0.05. All statistical analyses were performed using GraphPad

Prism 7. Single values (n) represent independent biological

replicates.

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in https://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

23/24 (Alexander et al., 2021).

3 | RESULTS

3.1 | Primary high-throughput screen (HTS) and
inhibitor identification

An AlphaScreen assay was developed and optimised for a HTS to

identify inhibitors of the CLEC-2–podoplanin interaction. We

employed donor beads, which contain a photosensitiser phthalocya-

nine that converts oxygen into a singlet form after illumination at

680 nm. These donor beads were coated with monobiotinylated

recombinant podoplanin. When in close proximity (<200 nm) to HIS-

tagged recombinant CLEC-2-coated acceptor beads, the energy of

the singlet oxygen is transferred to thioxene, generating a fluores-

cent signal between 520 and 620 nm. If the proximity of the donor

and acceptor beads is disrupted, the singlet oxygen returns to its

ground state and no signal is generated (Peppard et al., 2003). The

overall principle of the AlphaScreen assay is summarised in

Figure 1a.

Using a 1536-well format, 18,476 small molecules were tested.

All plates were validated with a signal-to-background (S/B) ratio

greater than 8.49 and Z0 values above 0.58; 14 compounds presented

with a greater than 50% inhibition at a concentration of 5 μM. These

compounds were taken forward for secondary screening (Figure 2,

Table S1). Based on their structures, five compounds from the

F IGURE 1 AlphaScreen identifies
MAS9 as an inhibitor of the CLEC-2–
Podoplanin interaction. (a) Schematic
diagram of the AlphaScreen assay.

Excitation at a wavelength of 680-nm
results in the conversion of oxygen to an
excited singlet oxygen by the donor bead
(coated with streptavidin/biotinylated
human Podoplanin). If the donor bead is
in close proximity (�200 nm) to the
acceptor bead (nickel chelate beads
coated with HIS-tagged hCLEC-2), the
singlet oxygen excites the acceptor bead
resulting in light emission at 520–
620 nm. Inhibiting the interaction
between the donor and acceptor beads
results in lower or no emission.
(b) Summary of the identification process.
A total of 18,476 molecules were
screened using a high-throughput
AlphaScreen. A secondary screen and
cytotoxicity assays resulted in the
identification of one small molecule,
MAS9. (c) (i) Structure of MAS9. (ii) dose–
response curve for MAS9 (concentration
range 160–0.3125 μM) to determine its
IC50 value. Data are shown as mean
± standard deviation.
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F IGURE 2 Legend on next page.
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Prestwick library were excluded due to likely false positive inhibition.

Of the remaining nine novel small molecules, seven were excluded as

singlet oxygen quenchers, colour quenchers, light scattering agents or

biotin mimetics when using an AlphaScreen TruHits assay, or did not

present with reproducible inhibition (Table S2). One further

compound was excluded due to poor solubility in a range of buffers.

The hit compound identification workflow is summarised in Figure 1b

and an overview of all hit compounds, including justifications for

the exclusion of individual compounds for further testing, is

summarised in Figure 2. The remaining novel small molecule com-

pound, ethyl 1-[(8-hydroxy-5-quinolinyl)methyl]-3-piperidinecarboxy-

late, here termed MAS9, was taken forward for further

characterisation (Figure 1c(i)).

A dose–response study determined the IC50 value of MAS9 as

4.5 ± 0.7 μM and guided the range of concentrations used during

further characterisation of the compound (Figure 1c(ii)). Using a

calcein retention assay, MAS9 demonstrated no platelet toxicity up to

the tested concentration of 30 μM (Figure S2).

3.2 | In silico modelling of the MAS9–CLEC-2
interaction

Directed molecular docking was used to predict the preferential bind-

ing mode of MAS9 to the extracellular domain of CLEC-2. The crystal

structure of CLEC-2 was first refined by optimising hydrogen bonding,

adding in missing hydrogens, removal of water molecules beyond 5 Å

from nonstandard residues and generating the ionisation states at

pH 7.0 ± 2.0. The MAS9 ligand was prepared by generating possible

tautomers and different protonation states, and minimised in the

CLEC-2 field using a standard molecular mechanics energy function in

conjunction with a distance dependent dielectric model. Docking

analysis predicts that the S configuration of MAS9 ((S)-ethyl 1-[(8-

hydroxy-5-quinolinyl)methyl]-3-piperidinecarboxylate) binds to

Arg107, Arg 152, Thr153 and Arg157 by hydrogen bonding and

creates a noncovalent interaction, using π-π stacking, between the

aromatics ring of MAS9 and His154 of CLEC-2 (Figure 3). The

predicted glide score for this docking pose was �3.576 kcal�mol�1.

Docking analysis of the R configuration of MAS9 ((R)-ethyl 1-[(8-

hydroxy-5-quinolinyl)methyl]-3-piperidinecarboxylate) binds to

Arg107 and Arg152 by hydrogen bonds (Figure S3). The predicted

glide score was lower than for the (S)- enantiomer at

�3.27 kcal�mol�1.

3.3 | MAS9 inhibits CLEC-2-mediated platelet
aggregation

To investigate the effect of MAS9 on CLEC-2-mediated platelet

aggregation, washed platelets were preincubated either with increas-

ing concentrations of MAS9 or vehicle control prior to the addition of

30-nM rhodocytin or 5 μg�ml�1 hemin; 20- and 30-μM MAS9 signifi-

cantly inhibited platelet aggregation to both CLEC-2 agonists

(Figure 4a,b). The inhibitory effect of MAS9 could be overcome by

higher concentrations of rhodocytin (100 nM) but was maintained for

a higher concentration of hemin (10 μg�ml�1) (Figure S4). MAS9 had

no inhibitory effect either on 0.3 μg�ml�1 CRP-XL or 0.1 U�ml�1

thrombin-mediated platelet aggregation (Figure 4c). MAS9 also had

no inhibitory effect on lower concentrations of thrombin or

U46619-mediated aggregation (Figure S5).

3.4 | MAS9 inhibits CLEC-2-mediated signalling

To investigate the effect of MAS9 on CLEC-2-mediated signalling,

washed platelets, under nonaggregating conditions, were incubated

either with increasing concentrations of MAS9 or vehicle control prior

the addition of 100-nM rhodocytin. Apyrase and indomethacin were

omitted from rhodocytin stimulated samples because CLEC-

2-mediated signalling requires secondary mediators to reinforce its

signalling (Pollitt et al., 2010). Exploratory data suggests that 20- and

30-μM MAS9 inhibited total cell tyrosine phosphorylation (Figure 5a),

CLEC-2 tyrosine phosphorylation (Figure S6) and Syk tyrosine phos-

phorylation at positions Y525/Y526 following rhodocytin stimulation

(Figure 5b). MAS9 had no inhibitory effect on CRP-XL-mediated total

tyrosine phosphorylation or Syk tyrosine phosphorylation at positions

Y525/Y526 (Figure 5a,c).

3.5 | MAS9 inhibits CLEC-2-mediated fibrinogen
binding and P-selectin exposure

To investigate the effect of MAS9 on integrin αIIbβ3 activation and gran-

ule release downstream of CLEC-2-mediated platelet activation, washed

platelets were stimulated with 100-nM rhodocytin in the presence and

absence of MAS9. Fibrinogen binding and P-selectin exposure were

assessed using flow cytometry to measure integrin activation and gran-

ule release respectively. Of note, unlike 100 nM of rhodocytin, 30 nM

F IGURE 2 Selection of MAS9 as a lead compound to study its inhibitory effect of the CLEC-2–Podoplanin interaction. (a) Inhibitory effect of

the compounds at a concentration of 5 μM in the primary high-throughput screening [%]. (b) Inhibitory effect of the compounds at a
concentration of 20 μM in the secondary screening [%]. Five compounds (1–5) have been excluded from secondary screening based on their
chemical structure. (c) Determination using AlphaScreen™ TruHits™ assay for MAS1–9 which of the compounds interfere with AlphaScreen assay
(singlet oxygen quenchers, colour quenchers or light-scattering agents). (d) Determination using AlphaScreen™ TruHits™ assay for MAS4 and
MAS9 if the compound is the biotin mimetic. (e) Visual inspection of MAS4 and MAS9 if the compound is soluble in nonorganic solvents by
diluting DMSO stock in PBS, HEPES buffer (range of pH) or water. (a–e) The colours in the figure indicate if the compound passed the test or not.
The green colour indicates that the compound passed the test; the red colour indicates that the compound did not pass the test.
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of rhodocytin did not result either in integrin activation or P-selectin

exposure. 30 μM of MAS9 significantly inhibited fibrinogen binding

(Figure 6a(i)) and P-selectin exposure (Figure 6b(i)) downstream of 100

nM rhodocytin stimulation. Lower concentrations of MAS9 (10 and

20 μM) had no effect on fibrinogen binding and P-selectin exposure

downstream of rhodocytin stimulation (Figure 6a(i),b(i)). MAS9 also had

no effects on rhodocytin-induced fibrinogen and P-selectin exposure in

platelet-rich plasma (Figure S7). This outcome suggests that MAS9 is not

bioavailable in plasma. Unexpectedly, MAS9 inhibited CRP-XL-mediated

fibrinogen binding in a concentration-dependent manner (Figure 6a(ii)).

However, MAS9 had no effect on P-selectin exposure downstream of

CRP-XL stimulation (Figure 6b(ii)).

F IGURE 4 MAS9 inhibits CLEC-2-mediated aggregation. (a) Representative aggregation traces induced by (i) 30-nM rhodocytin (ii) 5 μg�ml�1

hemin in the presence of increasing concentration of MAS9. (b) Quantification of the percentage aggregation induced by (i) 30-nM rhodocytin
(ii) 5 μg�ml�1 hemin in the presence of increasing concentration of MAS9 compared with the vehicle control (0.3% [v/v] DMSO).
(c) Quantification of the percentage aggregation induced by (i) 0.3 μg�ml�1 CRP-XL (ii) 0.1 U�ml�1 thrombin in the presence of increasing
concentration of MAS9 compared with the vehicle control (0.3% [v/v] DMSO). Statistical significance was calculated using one-way ANOVA with
Dunnett's post-test. Data shown as the mean ± standard deviation (n = 5) *P ≤ 0.05.

F IGURE 3 Modelling the interaction of MAS9 with human CLEC-2. (a) Three-dimensional visualisation of the binding of MAS9 docked to the
structure of human CLEC-2. (b) Two-dimensional diagram of MAS9 binding to CLEC-2. MAS9 is shown as a stick diagram. H-bonds between the
MAS9 and CLEC-2 are shown as purple lines. π-π stacking interaction is shown in green.
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F IGURE 5 MAS9 inhibits CLEC-2-mediated signalling. Washed platelets (8 � 108�ml�1) in the presence of 9-μM integrilin for the rhodocytin
stimulations and 2 U�ml�1 apyrase, 10 μM indomethacin and 9-μM integrilin for the CRP-XL stimulations were pretreated with MAS9 (20 or
30 μM) or vehicle control (0.3% [v/v] DMSO) for 10 min before stimulation with 100-nM rhodocytin or 1 μg�ml�1 CRP-XL. Lysates were
separated by SDS-PAGE and analysed by western blotting for (a) tyrosine-phosphorylated proteins (4G10), (b,c) phospho-Syk (Y525/526).
GAPDH and total Syk were used as loading controls. Representative blots n = 3.

F IGURE 6 MAS9 inhibits P-selectin and fibrinogen binding. Washed platelets (4 � 108 cells per millilitre) were incubated with MAS9
(10, 20 or 30 μM) or vehicle control (0.3% [v/v] DMSO) for 5 min with the addition of Alexa Fluor 488-conjugated fibrinogen to measure
(a) fibrinogen binding and PE/Cy5 anti-human CD62P antibody to measure (b) P-selectin exposure prior to stimulation with (i) 100-nM rhodocytin
or (ii) 3 μg�ml�1 CRP-XL. Data presented as the median fluorescence intensity. Statistical significance was calculated using one-way ANOVA with
Dunnett's post-test. Data shown as the mean ± standard deviation (n = 5) *P ≤ 0.05.
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3.6 | MAS9 inhibits CLEC-2-dependent platelet
adhesion but inhibits platelet spreading to all
substrates

The experiments described above were performed using soluble

ligands; however, the endogenous ligand of CLEC-2, podoplanin, is

found at the surface of cells rather than in a soluble form. To deter-

mine the impact of MAS9 on the interaction of platelets with immobi-

lised ligands, platelets were allowed to adhere to ligands immobilised

to glass coverslips. To determine whether MAS9 had an inhibitory

effect on CLEC-2-mediated platelet spreading, platelets were allowed

to adhere to immobilised 300-nM rhodocytin and 10 μg�ml�1

recombinant podoplanin in the presence and absence of MAS9.

Exploratory data suggests that platelet incubation with MAS9

inhibited platelet adhesion and spreading to rhodocytin or podoplanin

in a concentration-dependent manner (Figure 7a(i–iii),b(i–iii)).

To determine the selectivity of MAS9 for CLEC-2, platelets were

allowed to interact with other agonists, including 3 μg�ml�1 CRP-XL

and 100 μg�ml�1 fibrinogen; 10 and 20 μM of MAS9 did not inhibit

platelet adhesion to CRP-XL; however, a decrease in the adhesion of

platelets to CRP-XL was observed in the presence of 30-μM MAS9

(Figure 7c(ii)). MAS9 did not inhibit platelet adhesion to fibrinogen

(Figure 7d(ii)). Nonetheless, a concentration-dependent inhibition of

platelet spreading on CRP-XL and fibrinogen was observed (Figure 7c

(iii),d(iii)).

3.7 | MAS9 inhibits platelet adhesion to
podoplanin expressing lymphatic endothelial cells

To determine how MAS9 effects the interaction of platelets with a

physiologically expressed ligand, platelets were incubated with

a monolayer of human dermal lymphatic endothelial cells (HDLECs),

which endogenously express podoplanin (Breiteneder-Geleff

et al., 1999). Foci of podoplanin, which colocalised with platelets,

were observed in the vehicle control. These foci were lost in the pres-

ence of increasing concentrations of MAS9 (Figure 8a). Platelet adhe-

sion to HDLECs was inhibited in a concentration-dependent manner

in the presence of MAS9 (Figure 8b). To investigate the accumulation

of membrane-associated podoplanin as foci at the interface between

the platelets and lymphatic endothelial cells, Z-stack images were

taken. The Z projection shows the accumulation of podoplanin at the

interface between the platelets and the lymphatic endothelial cells.

This accumulation is lost in the presence of MAS9 (Figure 8c).

F IGURE 7 MAS9 inhibits adhesion and spreading of platelets to CLEC-2 ligands but inhibits platelet spreading on all substrates. Washed
platelets (2 � 107 cells per millilitre) were incubated with MAS9 (10, 20 or 30 μM) or vehicle control (0.3% v/v DMSO) for 5 min before being
spread over (a) rhodocytin (300 nM), (b) recombinant podoplanin (10 μg�ml�1), (c) CRP-XL (3 μg�ml�1) and (d) fibrinogen (100 μg�ml�1) for 45 min
at 37�C. (i) Representative images of platelets spread on the indicated substrate in the presence of MAS9 or vehicle control (0.3% [v/v] DMSO).
Scale bar 10 μm. (ii) quantification of platelet adhesion. (iii) Quantification of platelet spread area. Data shown as the mean ± standard deviation
(n = 4).
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4 | DISCUSSION

We identified MAS9 as a candidate novel small molecule inhibitor of

the CLEC-2–podoplanin interaction using an AlphaScreen high-

throughput assay. From 18,476 compounds, 14 presented with

greater than 50% inhibition. This represents a hit rate of 0.075%. This

is a rate typically achieved by HTS, with rates reported in the range of

0.01%–0.14% (Zhu et al., 2013). Following secondary screening,

MAS9 was identified as an inhibitor of the CLEC-2–podoplanin inter-

action, but did not have cytotoxic effects on platelets, and was taken

forward for further characterisation. MAS9 fulfils the criteria of a

drug-like compound as described by Lipinski's rule of 5 (Lipinski

et al., 2001). It has a molecular weight of 314.38 Da, an octanol–water

partition coefficient (log P) of 2.73, has a single H-bond donor and

four H-bond acceptors. MAS9 has several functional groups, including

an ester and a phenolic hydroxy group. These functional groups have

the potential to affect the absorption, distribution, metabolism and

excretion (ADME) profile of MAS9. In addition to influencing the

pharmacokinetics of MAS9, these functional groups may impact

the pharmacodynamics of MAS9.

While we did not identify MAS9 as a false positive compound in

an AlphaScreen TruHits assay, it has been identified as a potential

compound that can optically interfere with the AlphaScreen assay in

another study (NCBI, 2024a). However, it was identified as inactive

in another AlphaScreen by the same institute (NCBI, 2024b). It is

unclear why there are these discrepancies in assay outcomes but it

may be a result of different reaction buffers, experimental design and

conditions used in each screen. A significant difference between these

studies, and the one presented here is that a counter screen was used

in the former studies rather than a TruHits assay presented here. The

TruHits assay specifically identifies compounds that interfere with

the AlphaScreen technology. In silico modelling suggests that MAS9

interacts with three of the four arginine residues in the overlapping

CLEC-2 binding site of podoplanin and rhodocytin (Arg107, Arg152

and Arg157) (Nagae et al., 2014). The additional site of the MAS9

interaction with CLEC-2 is via π-π stacking to His154, which is impor-

tant for the interaction of podoplanin with CLEC-2 (Nagae

et al., 2014). The binding sites of MAS9 to CLEC-2 share similarities

to another known CLEC-2 inhibitor, 2CP (Chang et al., 2015). Molecu-

lar docking of 2CP to CLEC-2 identified interactions with Asn105,

Arg107, Phe116, Arg188 and Arg157 of CLEC-2. Many of these sites

correspond to binding sites for podoplanin and rhodocytin. The other

small molecule CLEC-2 inhibitor, cobalt hematoporphyrin, interacts

with residues not common to the CLEC-2 binding site of podoplanin

and rhodocytin (Tsukiji et al., 2018). This last finding suggests that the

inhibitory effect of cobalt hematoporphyrin may be by an allosteric

mechanism. A CLEC-2 mutagenesis study may support the identifica-

tion of the MAS9 binding site.

In this study, MAS9 was shown to inhibit hemin-induced platelet

aggregation. The binding site of hemin is not yet known. Interestingly,

hemin-induced platelet aggregation cannot be blocked by the CLEC-2

blocking antibody AYP1 (Bourne et al., 2021). This observation pro-

vides indirect evidence that hemin binds to a distinct site on CLEC-2

than podoplanin.

F IGURE 8 MAS9 inhibits platelet adhesion to human dermal lymphatic endothelial cells. Washed platelets (2 � 107 cells per millilitre) were
incubated in the presence of MAS9 (10, 20 or 30 μM) or vehicle control (0.3% [v/v] DMSO) for 5 min before incubation with human dermal
lymphatic endothelial cells (HDLECs) for 45 min at 37�C. Cells were then fixed, permeabilised and stained with anti-podoplanin and anti-CD42b
antibodies. (a) Representative images of platelets adhered to HDLECs. HDLECs stained for podoplanin and platelets stained with CD42b (platelet

glycoprotein Ib). Accumulation of podoplanin at the interface between the platelets and HDLECs is indicated by white arrows. Scale bar 10 μm.
(b) Z projection of platelets interacting with HDLECs. (c) Quantification of the number of platelets adhered per HDLEC area in the presence or
absence of MAS9. Statistical significance was calculated using one-way ANOVA with Dunnett's post-test. Data shown as the mean ± standard
deviation. *P ≤ 0.05 (n = 5).
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The IC50 value determined using the AlphaScreen was

4.5 ± 0.7 μM; however, higher concentrations were needed to inhibit

CLEC-2-mediated functions. This difference in potency likely reflects

the differences between cell-free and cell-based assays. In cell-based

assays, MAS9 may be sequestered by cellular proteins, reducing the

concentration of active compound. This conclusion is supported by

the lack of activity of MAS9 in platelet-rich plasma. MAS9 displayed

inhibition for CLEC-2-mediated aggregation over other platelet recep-

tors, GPVI, thromboxane prostanoid (TP) receptor, and proteinase

activated receptors (PAR1 and PAR4). MAS9 also displayed selective

inhibition of CLEC-2-mediated tyrosine kinase signalling. CLEC-2 and

GPVI share similar proximal signalling events, including the phosphor-

ylation and activation of the kinase Syk (Severin et al., 2011). MAS9

did not have any effect on Syk phosphorylation downstream of GPVI

but resulted in reduced Syk phosphorylation downstream of CLEC-2.

MAS9 also inhibited tyrosine phosphorylation of CLEC-2. Secondary

mediators play a critical positive feedback role in mediating human

CLEC-2 phosphorylation. When secondary mediators are inhibited,

CLEC-2 phosphorylation is lost (Pollitt et al., 2010). The inhibition of

downstream signalling events in the presence of MAS9 may contrib-

ute to reduced levels of CLEC-2 phosphorylation.

Interestingly, MAS9 inhibited fibrinogen binding downstream of

GPVI stimulation when assessed by flow cytometry. MAS9 also inhib-

ited the spreading of platelets to fibrinogen, but not adhesion. This

raises the possibility of integrin–hemITAM interactions and/or recep-

tor crosstalk. There is a precedent for this concept, with evidence sup-

porting crosstalk between integrins and ITAM-bearing receptors. A

functional relationship between the integrin αIIbβ3 and the ITAM-

bearing receptor FcɣRIIA has been observed. Blocking FcɣRIIA, to

prevent ligand binding, has been shown to inhibit spreading of plate-

lets, but not adhesion to immobilised fibrinogen, suggesting a link

between outside-in integrin signalling and ITAM-mediated signalling

(Boylan et al., 2008). However, it is possible that these outcomes are

caused by nonspecific actions of MAS9.

MAS9 also inhibited platelet spreading on CRP-XL. Platelets

secrete fibrinogen following activation. Platelets may go on to bind

the fibrinogen released from platelet granules during the activation

and spreading process. Therefore, any potential inhibitory role of

MAS9 on integrin–hemITAM interactions may lead to impaired plate-

let spreading. The impact of other CLEC-2 inhibitors, such as 2CP and

cobalt hematoporphyrin, on fibrinogen binding has not been investi-

gated in the literature. Therefore, it is unknown if this is a common

finding amongst CLEC-2 inhibitors. Equally, CLEC-2 independent

mechanisms of MAS9 on platelet function cannot be ruled out.

The CLEC-2–podoplanin interaction is important for cell–cell

communication. MAS9 was demonstrated to inhibit the interaction of

platelets with human dermal lymphatic endothelial cells (HDLECs),

which endogenously express the CLEC-2 ligand podoplanin. In addi-

tion to inhibiting platelet adhesion to the lymphatic endothelial cells,

MAS9 inhibited the formation of podoplanin foci at the interface

between the platelets and the cell. Similar accumulation of podoplanin

has been seen by mouse platelets interacting with mobile mouse

podoplanin, with the formation of podoplanin clusters dependent on

CLEC-2 (Pollitt et al., 2014). This suggests that the CLEC-2–

podoplanin interaction drives the formation of podoplanin clustering

and suggests a common mechanism between human and mouse. The

regulation of podoplanin clusters may be regulated by protein part-

ners. For example, the regulation and stability of podoplanin clustering

by CLEC-2 has been proposed to be mediated by CD44 in fibroblastic

reticular cells (Lim et al., 2023). However, lymphatic endothelial cells

do not express CD44 and podoplanin may interact with other protein

partners in different cell types to regulate clustering and downstream

signalling.

In this study, MAS9 was characterised using human platelets.

However, other cells such as megakaryocytes, dendritic and liver

sinusoidal endothelial cells also express CLEC-2 (Nakamura-Ishizu

et al., 2015; Suzuki-Inoue et al., 2011). The impact of MAS9 on other

cellular processes would need to be assessed because future bioavail-

able derivatives of MAS9 may have the potential to impact physiologi-

cal processes such as thrombocytopoiesis, haematopoiesis and

lymphatic development (Nakamura-Ishizu et al., 2015; Tsukiji &

Suzuki-Inoue, 2023). Although there was no cytotoxicity of MAS9

observed in platelets, the impact of MAS9 will need to be explored in

other cell types. Since CLEC-2 is a C-type lectin, the impact of MAS9

on other lectins also needs to be investigated.

In summary, MAS9 has been identified as a candidate small mole-

cule inhibitor for CLEC-2. This opens the door for future preclinical

and clinical assays to explore the potential of MAS9 as a therapeutic

compound for a variety of pathophysiological processes, including

tumour metastasis, lymphatic vessel formation and thrombo-

inflammation.
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Y. Pollitt contributed to the acquisition of funding for the project

leading to its publication. Marcin A. Sowa, Ángel García and Alice
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