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ABSTRACT: The HGF/MET pathway is frequently activated in a variety of cancer types. Several 

selective small molecule inhibitors of the MET kinase are currently in clinical evaluation, in particular 
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 2

for NSCLC, liver and gastric cancer patients. We report herein the discovery of a series of 

triazolopyridazines that are selective inhibitors of wild-type (WT) MET kinase and several clinically 

relevant mutants. We provide insight into their mode of binding and report unprecedented crystal 

structures of the Y1230H variant. A multi-parametric chemical optimization approach allowed the 

identification of compound 12 (SAR125844) as a development candidate. In this chemical series, 

absence of CYP3A4 inhibition was obtained at the expense of satisfactory oral absorption. Compound 

12, a promising parenteral agent for the treatment of MET-dependent cancers, promoted sustained target 

engagement at tolerated doses in a human xenograft tumor model. Preclinical pharmacokinetics 

conducted in several species were predictive for the observed pharmacokinetic behavior of 12 in 

patients.       

KEYWORDS: c-Met, MET kinase inhibitor, MET amplification, SAR125844, triazolopyridazine, 

multi-parametric optimization, Y1230H X-ray structure. 

The MET receptor tyrosine kinase is activated by binding of its ligand, Hepatocyte Growth Factor 

(HGF), resulting in receptor dimerization, auto-phosphorylation of Tyr1234/1235, activation of the 

kinase domain and of the downstream multiple signaling pathways, including RAS/MAPK and 

PI3K/AKT, which in turn promote cell proliferation, survival, motility, invasion, angiogenesis and 

morphogenesis.1,2 The HGF/MET pathway plays an essential physiological role during embryogenesis3, 

and a more restricted role in tissue regeneration and damage repair in healthy adults.4,5 Dysregulation of 

MET has been reported in several tumor types, either in the form of overexpression of the MET 

receptor, or as mutations6, 7 and amplification8 of the MET gene. Importantly, MET gene amplification 

was reported as an acquired resistance mechanism to EGFR tyrosine kinase inhibitor therapies in 10-

20% of Non-Small Cell Lung Cancer (NSCLC) patients9,10,11  and to anti-EGFR monoclonal antibody 

treatment  in Colorectal Cancer (CRC) patients.12 More recently, HGF expression in the tumor stroma 

was reported as a resistance mechanism to BRAF inhibitors.13 
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Several orally bioavailable  MET tyrosine kinase inhibitors, including Capmatinib (INC280),14 

Tepotinib (EMD1214063),15 Savolitinib (Volitinib/AZD6094/HMPL-504),16 (R)-6-(1-(8-Fluoro-6-(1-

methyl-1H-pyrazol-4-yl)-[1,2,4]triazolo[4,3-a]pyridin-3-yl)ethyl)-3-(2-methoxyethoxy)-1,6-

naphthyridin-5(6H)-one (AMG-337)17 as well as the MET/ALK/ROS inhibitor Crizotinib,18 are in Phase 

II clinical trials in papillary renal cell carcinoma, NSCLC, gastro-esophageal and hepatocellular cancer.  

We report here the discovery, pharmacological characterization, preclinical and clinical 

pharmacokinetics of  1-{6-[6-(4-Fluoro-phenyl)-[1,2,4]triazolo[4,3-b]pyridazin-3-ylsulfanyl]-

benzothiazol-2-yl}-3-(2-morpholin-4-yl-ethyl)-urea, compound 12 (SAR125844), a potent 

intravenously active and highly selective MET kinase inhibitor; comparable to the aforementioned MET 

specific clinical candidates as assessed through biochemical and cellular profiling.19, 20 

The original hit identification approach was based on a medium-throughput screening of an in-house 

biased kinase inhibitor library tested in a biochemical assay using non-phosphorylated MET kinase 

domain in order to identify all classes (DFG in (Asp-Phe-Gly), DFG out, α-Helix out etc.) of potential 

inhibitors.21 Subsequent biochemical assays were performed with phosphorylated MET kinase domain 

during the optimization phase. 

A set of benzimidazole sulfonate derivatives with nanomolar MET inhibition was identified. In 

particular, the initial hit 1 (Figure 1) exhibited an IC50 of 5 nM against MET kinase but also displayed a 

strong undesirable affinity for Cyclin Dependent Kinase CDK9 (IC50= 6 nM), an isoform involved in 

gene transcription processes. Modification of the sulfonyl aryl moiety with more bulky substituents (e.g. 

chlorine vs fluorine atoms in analog 2) was well tolerated in the MET protein (2: MET IC50 = 23 nM) 

and resulted in prohibitive steric clashes and reduced binding to CDK9 (2: IC50= 1200 nM). However, 

compound 2 also displayed potent tubulin affinity (IC50 = 2.7 µM, and microtubule poisons are active in 

the 0.5-3 µM sub-stoichiometric concentration range in a microtubule assembly assay performed with 6-

8 µM tubulin) leading to off-target cytotoxicity in non-MET-dependent tumor cell lines.  
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 4

Revisiting the internal compound collection retrieved a set of about 2000 benzimidazole derivatives 

from which a potent singleton originating from a former anthelmintic program was identified by testing 

on the phosphorylated MET kinase domain. Triazolopyridazine 3 was active (IC50 = 10 nM) in the MET 

biochemical assay, the ELISA P-MET cell-based assay as well as the proliferation assay using the 

MKN-45 MET-amplified gastric tumor cell line. Compound 3 was inactive on CDK9 (IC50 > 10 µM) 

but still displayed affinity toward tubulin (IC50 = 2 µM).  
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Figure 1. Hit and lead finding steps 

To unravel the molecular interactions responsible for the kinase activity observed we initiated structural 

characterization of compound 3 bound to the WT MET kinase domain. Co-crystals were grown, X-ray 

diffraction data collected (1.6Å resolution at the ESRF synchrotron ID 14-2 beamline in Grenoble, 

France) and the 3D structure of the complex determined. Structure analysis revealed that compound 3 

binds to the kinase ATP pocket, forming two H-bonds with the hinge region (Met1160, Figure 2A). In 

addition, one of the nitrogen atoms of the triazolopyridazine moiety interacts with the main-chain 

nitrogen atom of Asp1222. The triazolopyridazine ring makes a π-π interaction with Tyr1230 of the 

activation loop positioned in a non-active conformation. This binding mode is a structural feature of the 

so-called type I inhibitors, as exemplified by Crizotinib and other triazolopyridazine / triazolopyridine-

bearing MET inhibitors.22  

Based on the co-crystal structure of 3 bound to MET kinase, chemical modifications were designed and 

performed to simultaneously  improve (i) the potency against WT MET and MET mutant proteins, (ii) 

the selectivity (among kinases and vs tubulin) and (iii) the aqueous thermodynamic solubility. The latter 

physicochemical property was assessed under two conditions, in pure buffer (intrinsic solubility) and 
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 5

with a co-solvent (labrasol) as a preliminary formulation. In the course of the optimization program the 

benzothiazole sub-series (e.g. compound 4, Figure 1 and Table 1) stood out as more attractive than the 

corresponding benzimidazoles, since it was not binding to tubulin (IC50 > 25µM) and had no Ames alert 

(compound 3 was found Ames positive). However, switching to the benzothiazole series was at risk 

from a druggability standpoint as compound 4 was more lipophilic compared to 3 (logD = 4.6 versus 

3.8) and exhibited decreased aqueous solubility in the conditions tested. 

    A.   B.           

Figure 2. X-ray structures of WT MET with 3 (A) and MET-Y1230H with 14 (B)  

Various chemical moieties (carbamates, amines, amides and ureas) were introduced in position 2 of 

the benzothiazole scaffold allowing at least a double interaction with the hinge region of the kinase (R1 

group in Table 1). Most of the modifications depicted in Table 1 were well tolerated  leading to potent 

kinase inhibitions in the biochemical assay, which consistently translated into significant P-MET 

inhibition in the cell-based assay, as well as anti-proliferative activity on the MET-amplified MKN-45 

cell line (IC50 values of 10-100 nM). Although these compounds were found to be significantly active 

against the M1250T mutant, they revealed to be less potent when considering L1195V and Y1230H 

mutants (see compounds 4, 5, 6 &7 vs 8 and 9 in Table 1). Interestingly, the most catalytically active 

mutants were also the most sensitive ones (data not shown). In addition sub-micromolar inhibition of the 

Y1230H mutant was achieved only with compounds that were active at least in the nanomolar range 

against WT MET protein (compounds 9, 12 & 13). From a structure-potency relationship point of view, 

introduction of a third interaction between the additional nitrogen atom brought by the urea group and 
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 6

the hinge does not explain the observed gain of activity for ureas 12 and 13 (compared to 4) since 

cyclopropyl amide 9 is equipotent to ureas 12 and 13. To better understand the thermodynamics of 

binding in the selected series, we performed Isothermal Titration Calorimetry (ITC) measurements23 

with a series of analogs including the most active compound 12. In general, a good correlation was 

observed between the biochemical IC50 and the Kd obtained by calorimetry (e.g. Kd = 0.9 nM vs IC50 = 

4nM for 12). The free energy of binding of compound 12 to the WT protein was measured 

experimentally and found to be totally driven by the enthalpy contribution (∆G=∆H= -12.6 Kcal/mol), a 

trend shared by the different triazolopyridazine compounds tested and in contrast to the ITC profile of 

Crizotinib (Figure 3).  
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Figure 3: Structures of key compounds with biochemical and ITC data. 

This raised the hypothesis that potency was directly dependent on the number of hydrogen bonds, Van 

der Waals interactions and hydrophobic contacts24 the inhibitor could establish with the protein. To gain 

insight on improving the affinity for MET mutants, co-crystallization attempts with compound 12 were 

performed on Y1230H, L1195V and M1250T mutant proteins, and with MET WT as well. Surprisingly, 
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 7

whereas the WT protein did not yield any crystals, 3D structures were readily obtained with the 

different MET mutants. Structural analysis of different complexes with 12 revealed 4 conserved major 

hydrogen bonds, three developed with Met1160 and Lys1161 of the hinge and one with Asp1222 of the 

DFG motif.  

 

Figure 4: Crystal structure of 12 in the Y1230H mutant showing the tight interaction with the hinge and the DFG 

Asp1222. 

On the other hand, the activation loop segment containing residue 1230 was not visible in any 

structure with 12 (supplementary information). Similarly to the 3D structure of 3 in WT MET protein, 

the mutated proteins were locked in a DFG in, α-C helix out conformation with a disrupted salt bridge 

between catalytic Lys1110 and α-C Helix Glu112725. Non-visibility of the H1230 residue bearing 

segment in the MET Y1230H co-crystal structure raised the question whether reduced affinity of 

compound 12 (and other analogs) for this mutant might be linked to a sub-optimal π-π interaction of the 

triazolopyridazine core with the imidazole ring of H1230. This hypothesis was confirmed when 

compound 14 (analog of 12) was successfully co-crystallized in the MET Y1230H mutant, the structure 

of the complex showing a clear positioning of the histidine residue in the electron density maps (Figure 

2B). In this crystal structure, the triazolopyridazine plane is twisted outward by ~20° with respect to 

other analogs, thus placing the thiophene ring roughly parallel to H1230. Also observed is a slight shift 

of H1230 (~1Å) towards the solvent compared to Y1230 as seen in other WT MET structures. High 

potency of 14 against MET Y1230H mutant (IC50 = 23 nM) could then be explained by favorable 
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 8

hydrophobic contacts between H1230 and the triazolopyridazine-thiophene segment (extended π-

system). This hydrophobic interaction is likely enhanced by the planarity of the triazolopyridazine-

thiophene segment whereas the skewed nature of the triazolopyridazine-p-fluorophenyl observed in 3 

probably also precludes a productive contact in 12 (supplementary information).   

 

Table 1. Biochemical and cellular activities on wild-type MET, biochemical activity on MET mutants, 

and aqueous solubility of benzothiazole derivatives 4-14  

N

N
N

N

F

S S

N

R1

 

Compound R1 

P-MET 

WT IC50 

(nM)
a
 

ELISA  

P-MET 

IC50 

(nM)
b
 

MKN-45 

Proliferation 

IC50 (nM)
c
 

L1195V 

IC50 (nM)
d
 

M1250T 

IC50 (nM)
d
 

Y1230H 

IC50 (nM)
d
 

logD 

(pH7.4)
e
 

Aqueous 

Solubility 

(µM, pH7.4)
f
 Ref.

g
 

 +10% Labrasol 

4 NHCO2Me 16 22 91 >10000 nd >10000 >4.6 <1 15 26 

5 NH2 10 43 81 9000 245 >10000 >4.6 nd 44 26 

6 NHEt 15 15 42 >10000 417 >10000 >4.6 <2.5 nd  

7 
N

O

N
H

*

 

20 13 45 835 455 >10000 4.1 <1 543 26 

8 
N

O

N
H

O

*

 

6 2 12 318 93 1172 4.3 nd 96 26 

9 
N
H

O

*

 
3 4 7 61 13 883 4.7* <1 64 26 

10 

N
H

O

*

 

4 13 22 >10000 128 >10000 >4.6 <2 nd  

11 
N

O

ON
H

O

*

 
45 25 95 6523 nd >10000 4.1 8 245 26 

12 
N

O

N
H

N
H

O

*

 
4 5 7 64 6 204 4.2 <1 500 26 

13 
N

N
H

N
H

O

*

 

3 10 33 148 71 864 4.15 <1 1000 26 

14 

S

N

SN
N

N
N

S

N
H

N
H

O

N

 

2 29 2.7 nd nd 23 3.9 <2 nd  

a IC50 measured using phosphorylated protein in a biochemical assay 
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 9

b IC50 for cell-based P-MET, using an ELISA assay and MKN-45 cell line 

c IC50 measured in proliferation assay using MKN-45 cell line 

d IC50 measured using MET mutants in a biochemical assay 

see Supporting Information for details on assays a, b, c, d 

e Measured experimentally by High Performance Liquid Chromatography (HPLC) (Xterra MS C18 column) 

f Equilibrated solubility measured in phosphate buffer with and without 10% labrasol 

g Compounds were prepared according to the methods in the reference cited 

 

This observation prompted us to initiate a second round of chemical optimization with modifications 

of the substituent linked to the triazolopyridazine core. The main purpose was to identify alternative 

replacements of the thiophene and significantly improve the aqueous solubility. The reported activities 

and drug like properties (solubility, permeability in Caco-2 cells, metabolic stability on human 

microsomes, reversible and irreversible inhibition of CYP3A4) are shown in Table 2. 

Compared to compound 15 (R2 = H), most of the substituents that were introduced led to potent analogs 

against the WT MET protein; having variable activity against the MET Y1230H mutant. The lack of 

permeability observed in the Caco-2 assay (Table 2) could be attributed to several unfavorable factors 

like high molecular weight (in general around 550 g/mol), high number of H-bond acceptors (at least 10 

as in 15) and low intrinsic aqueous solubility; in spite of the balanced morpholino group basicity (pka = 

6.5) suitable for passive diffusion.27 In contrast, 6-O-alky analogs showed good to moderate Caco-2 

permeability (compounds 18, 23 & 24). It remained unclear how to rationalize this observation since 

these molecules exceed molecular weight (MW) of 500 g/mol, display 11 H-bond acceptors and besides 

13 and 26 the highest number of rotatable bonds (7) of this set of compounds.28 In line with the Caco-2 

results, compounds 18 and 23 exhibited moderate bioavailability in mouse PK studies (17% and 12%, 

respectively) as observed finally with many other extended rule of 5 (Ro5) compliant molecules.29 

Unfortunately, these molecules were discarded due to their inhibitory activity on the CYP3A4 isoform 

in a time-dependent manner (mechanism-based inhibition). Overall, taking into account the properties of 

R2 derivatives reported in Table 2, compound 12 turned out to be the best compromise in terms of 

potency and drug-like properties in particular regarding CYP450 inhibition. In the end, attempts to 

improve solubility in this chemical series failed as key atoms interacting with the MET proteins also 
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 10

proved to be involved in strong packing forces in compound solid states. The single crystal X-ray 

structure (Figure 5) of one polymorph of 12 attested to the dense packing of this solid state. The two flat 

conjugated pi-systems disposed in a right angle configuration by the sulfur linker displayed stabilizing 

H-bond, lipophilic and π-stacking interactions (supplementary materials). 

 

Figure 5: Unit cell and packing views in the X-ray single crystal diffraction structure of 12 

In PK studies in mice, the oral bioavailability of 12 was low (~2%) in line with its moderate Caco-2 

permeability. Hence, 12 was progressed toward in vivo preclinical studies as a parenteral agent for the 

treatment of MET-dependent cancer. 

Table 2. Multi-parametric analysis of morpholino ethyl urea analogs26, 30 

N
H

O

N
H

N

O

N

N
N

N

R2

S S

N

 

 

Compound R2 

P-MET 

WT  

IC50  

(nM)
 a

  

P-MET   

Y1230H  

IC50 

(nM)
b
 

aqueous 

solubility pH7.4 (µM)
c
 

Permea-

bility in 

Caco-2 

cells
d
 

% metabol. 

in human 

micro-

some
e
 

Inhibition 

of CYP3A4 

(IC50, µM)
f
 

CYP3A4 

inhibition  

(MBI)
g
 

Ref.
h
 

Aq. buffer Labrasol 

15 
H 

29 4805 70 1070 0 11 34 -2.3 26 
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12 F

*

 4 204 <2 500 9 23 >200 No* 26 

16 
OEt 

3 643 5 460 0 51 4 -13.1 26 

17 
F

*

 
10 140 32 1170 4 24 1.8 -8.2 26 

18 

O*

 
2 252 <2 500 98 23 2.7 -4.6 30a 

19 

NH*

 
1 139 <2 ND 0 38 2.9 -9.1 30a 

20 

ONH*

 1 217 89 ND 2 39 >40 -14.2 30c 

21 

NH*  
1 274 <2 ND 0 26 0.2 -3.8 30a 

22 

OPh 
2 174 <2 ND 8 32 7.9 -12.8 30b 

23 

O*

 6 216 <2 ND 26 29 31 -5.5 30a 

24 

O*

 15 407 <2 ND 20 36 14 -11.6 30a 

25 

O F*

 
3 56 <2 ND 8 16 2 -12.2 30b 

26 
O-nBu 5 140 <2 ND 7 23 8.7 -11.3  

a IC50 measured using pre-phosphorylated wild-type MET kinase domain in a biochemical assay 

b IC50 measured using MET mutant Y1230H in a biochemical assay 

c Equilibrated solubility measured in phosphate buffer with and without 10% labrasol 

d Trans-Epithelial Transport across Caco-2/ TC-7 Monolayers (Papp = 10-7 cm.sec-1) 

e Percentage of oxidative metabolism using Hepatic Microsomal Fraction (20 minutes incubation, 1 mg/mL microsomes,5µM substrate) 

f IC50 measured using recombinant human CYP3A4 with 7-benzyloxyquinoline as substrate 

g Negative Slope values in %/min reflect potency of the Mechanism-Based Inhibition 

h Compounds were prepared according to the methods in the references cited 

See Supporting Information for details on assays a, b, d, e, f 

* for IC50 higher than 100 µM, no slopes can be determined and is defined as not quantifiable 
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The pharmacokinetic and pharmacodynamic properties of compound 12 were first documented in 

female SCID mice bearing xenograft tumors based on the MET-amplified Hs 746T human gastric tumor 

cell line. To this end, a single intravenous administration at 20 mg/kg was performed. Compound 12 

concentration was measured in both plasma and tumor tissue. The plasma exposure of 12 (Area Under 

the Curve (AUC)) was 6190 h.ng/mL, the clearance moderate (CL = 3.1 L/h/kg) and the volume of 

distribution was large (Vss = 4.2 L/kg). A rapid and sustained uptake of 12 in tumor tissue was observed, 

associated with a slower decrease of compound 12 concentration from tumor tissue compared to the 

plasma concentration. These results indicate a higher tumor to plasma exposure of 12 (with a tumor to 

plasma AUC ratio equal to 8.1; Figure 6A).  

Pharmacodynamic analysis in tumor tissue demonstrated a time-dependent reduction of MET kinase 

activity. Following administration of 12 at 20 mg/kg , phospho-MET(Y1349) evaluation in tumor 

extracts revealed that MET kinase inhibition was complete at 4 hours (96%), significant at 24 hours 

(80%) and partial at 48 hours (61%) (Figure 6B). A direct relationship was observed between PD 

modulation and tumor concentration of 12 rather than with plasma concentration in this murine model. 

Significant P-MET inhibition at 24h was associated with compound concentration of about 300 ng/ml in 

the tumor which represented an unbound drug exposure of about 2nM above the IC50 estimated in vitro 

vs Hs 746T cell lines (1 nM). It is worth mentioning that high protein binding of 12 in plasma (99.67%) 

did not prevent the molecule from distributing to the tumor tissue. This pharmacodynamic impact 

translated into tumor regression, as previously described.20 
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Figure 6: Pharmacokinetic/Pharmacodynamic (PK/PD) study of compound 12 in mice bearing xenograft tumor of the MET-

amplified Hs 746T human gastric tumor cell line. Mice bearing established subcutaneous tumors derived from Hs 746T 

gastric cancer cell line were administered a single 20 mg/kg dose of 12 IV in the tail vein. The pharmacokinetic parameters 

of 12 were assessed by analysis of the drug concentrations in plasma and tumor tissue (A). The pharmacodynamic effect on 

MET kinase was assessed by analysis of phospho-MET(Y1349) levels in tumor extracts using Meso Scale Discovery  (MSD) 

immunoassay (B). 

 
The PK parameters of 12 were further characterized at lower intravenous doses in mice, rats and dogs 

(Table 3). In all 3 species evaluated the clearance was moderate.  The plasma terminal elimination half-

life (t1/2) was moderate (rats and dogs) to long (mice). The volume of distribution at steady state was 

moderate in dogs and large in rodents.  The potential large tissue distribution in rodents was further 

confirmed by performing a tissue distribution study in rats, with an infusion of 25 mg/kg [14C]-12.  

Radioactivity was widely distributed throughout the whole body with maximum radioactivity 

concentrations reached in most tissues at the end of the infusion (i.e., 1 hour) or 2 hours after the start of 

infusion. Taken together, these results indicate a large distribution into the tumor tissue. 

 

Table 3.  Main PK parameters of 12 given IV in pre-clinical models  

Parametera Mouse Rat Dog 

Dose, mg/kg (IV) 1 5 3 

CL (L/h/kg)
b
 2.8 1.5 0.5 

CL as % of blood flow 54 36 20 

Vss (L/kg) 3.2 2.9 1.3 

t1/2 (h) 4.8 3.6 3.8 
a
 Mean PK parameters in 3 female (mice and dogs) or male (rats) animals 

b Plasma CL for animal species (blood /plasma ratio = 0.86) 
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Preliminary PK analysis from the Phase I clinical trial31 indicated that compound 12 blood exposure 

(AUC) increased proportionally from 50 to 740 mg/m².  After the first administration, the 

concentrations decreased over time with a terminal half-life of 15.9 hours.  Compound 12 exhibited a 

medium blood clearance (mean 33.9 L/h corresponding to approximately 0.5 L/h/kg, coefficient of 

variation (CV) 38%), representing approximately 37% of the hepatic blood flow (87 L/h) and a large 

volume of distribution at steady state (mean 505 L corresponding to approximately 7.2 L/kg, CV 99%).    

Taken together, the disposition of 12  was assessed in a range of animal species, and the distribution and 

elimination processes documented in animals are consistent with the disposition observed in humans. 

Thus, the animal pharmacological models tested were likely to be predictive for efficacy of 12  in 

patients.  

In conclusion, the chemical optimization of a focused-screen hit, supported by structural analysis, led to 

the identification of compound 12, a very potent and selective MET kinase inhibitor with favorable 

druggability properties for intravenous administration, and sustained target engagement in a MET-

amplified tumor model. Overall, the compound profile being compatible with a weekly schedule of 

administration, further development with IV route was initiated, since some patients (e.g. MET-

amplified esophagogastric adenocarcinoma) could prefer an IV infusion to an oral tablet. It is also 

possible that a less frequent dosing (weekly) versus a repeated format (daily) would trigger less acquired 

resistance to such treatment. A favorable tolerance profile was observed in Phase I patients, with a dose 

escalation performed up to the MAD of 740 mg/m2 (MTD 570 mg/m2). Early evidence of antitumor 

activity triggered the evaluation of compound 12 in a Phase II clinical trial in MET-amplified NSCLC 

patients (NCT02435121). 
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factors have been deposited in the Protein Data Bank, www.pdb.org; PDB ID codes: 5HLW (cpd 14), 

5HNI (cpd 3), 5HO6 (SAR125844-Y1230H), 5HOA (SAR125844-L1195V) and 5HOR (SAR125844-

M1250T).  
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