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ABSTRACT: Activating mutations in the epidermal growth factor
receptor (EGFR) have been identified in a subset of non-small cell
lung cancer (NSCLC), which is one of the leading cancer types
worldwide. Application of EGFR tyrosine kinase inhibitors leads to
acquired resistance by secondary EGFR mutations or by
amplification of the hepatocyte growth factor receptor (c-Met)
gene. Although several EGFR and c-Met inhibitors have been
reported, potent dual EGFR/c-Met inhibitors, which can overcome
this latter resistance mechanism, have hitherto not been published
and have not reached clinical trials. In the present study we have
identified dual EGFR/c-Met inhibitors and designed novel N-[4-
(quinolin-4-yloxy)-phenyl]-biarylsulfonamide derivatives, which in-
hibit the c-Met receptor and both the wild-type and the activating
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mutant EGFR kinases in nanomolar range. We have demonstrated by Western blot analysis that compound 10 inhibits EGFR
and c-Met phosphorylation at cellular level and effectively inhibits viability of the NSCLC cell lines.
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dentification of oncogene-driven signaling pathways har-

nessed by tumor cells and their inhibition by small-
molecules is a key process for drug development resulting in
new medicines such as EGFR inhibitor gefitinib, erlotinib, or
lapatinib." EGFR-related signaling pathways play an important
role in several malignant processes including NSCLC and have
been proven to be potential therapeutic targets.” Examination
of mutations in the EGFR domain is a useful tool for predicting
efficacy of EGFR TKIs.>* Those tumor cells, which harbor
activating mutations in the EGFR kinase domain (e.g, point
mutation L8S8R or in-frame deletions), respond impressively
to current EGFR TKIs;® nevertheless, the emergence of
secondary mutations in the EGFR gene eliminates the efficacy
of these drugs.® Nearly half of all acquired resistance is due to
the secondary T790M point mutation in exon 20’ on the
EGEFR gene.

Another important oncogene in NSCLC is the hepatocyte
growth factor (HGF) receptor also known as scatter factor
(SF) or c-Met and its natural ligand, HGE."® The receptor
tyrosine kinase c-Met is implicated in many cellular processes
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such as proliferation, survival, migration, invasion, and wound
healing."' Amplification of the c-Met gene causes secondary
resistance against EGFR TKI therapy in 18—20% of the cases,
and it can occur parallel with T790M EGFR mutation.'>"
Pharmacological inhibition of c-Met kinase restores sensitivity
of both T790M and c-Met gene amplification-derived resistant
lung cancer cells to EGFR TKIs."* On the basis of these results,
the simultaneous inhibition of EGFR and c-Met kinases seems
desirable; however, to date only the quinazoline-based MJ-56
has been reported to decrease both c-Met and EGFR
phosphorylation in HT-29 colorectal cancer cells at relatively
high concentration (15 umol)."* Potent EGFR/c-Met dual
inhibitors have not been developed until now and no such drug
candidates are in clinical trials, but several EGFR and c-Met
selective inhibitors have been reported as drug candidates or are
in clinical development.'®'” In the present study, we report
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novel small-molecule kinase inhibitors that inhibit both EGFR
and c-Met activity at nanomolar range in enzymatic assays and
induce apoptosis in a clinically relevant HCC827 NSCLC cell
line. As the initial step, our in-house compound collection of
Nested Chemical Library was screened by recombinant wt
EGFR and c-Met kinase assays, and we have identified 1 and 2
as very effective c-Met inhibitors. These compounds were
ineffective on EGFR while strongly inhibiting InsR, which is
considered undesirable. Potent AXL inhibitory effect has been
reported for (4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-car-
boxamide scaffold of BMS-777607 (ICsy: 1.1 nM) and
quinoline-based sulphonamides (ICsy: 16 nM)."® Taking the
structural similarity between c-Met and AXL kinases into
account, we assumed that the antipyrine-carboxamide motif is
also bioisostere with the biaryl-sulfonamide scaffold in regard to
c-Met (Figure 1). To verify this, we performed docking
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Figure 1. Structures of the identified inhibitor and its analogues. (A)
Structure of c-Met inhibitor BMS-777607. (B) Structure of the original
hits, compounds 1 and 2. (C) General structure of the EGFR/c-Met
inhibitors, compounds 6—185.

simulations that led to effective biaryl-sulfonamide derivatives
against c-Met (Supporting Information). In vitro assays of the
biaryl-sulfonamide analogues demonstrated increased EGFR
inhibition and decreased c-Met and InsR inhibition compared
to 1 and 2.

To examine the structure—activity relationship (SAR), we
prepared further derivatives (6—15) regarding to the previously
reported synthetic routes of c-Met inhibitors (Table 1)."*™*" In
our synthetic strategy we applied a similar method**** to built
up side-chain fitted quinoline derivatives affording the 3a—b
nitro compounds. It was reduced by catalytic hydrogenation
affording the amine intermediates 4a—b, which were reacted
with aromatic sulfonyl-chlorides containing bromine providing
Sa—c. These were cross-coupled with five-membered hetero-
aromatic boronic acids under palladium-catalyzed Suzuki-
Myaura conditions™* using microwave irradiation at 140 °C
in 1,2-dimethoxyethane to give biaryl derivatives in moderate
yield (Scheme 1).

By comparing the analogues, we found 8 (wt EGFR: 84 nM,
c-Met: 564 nM), 9 (wt EGFR, 168 nM; c-Met, 1048 nM), and
10 (wt EGFR, 94 nM; c-Met, 398 nM) derivatives to be the
most effective against EGFR and c-Met kinases, while the
corresponding 4-substitued analogues showed less potency
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both in enzymatic and cellular assays. The quality of the side
chain is also pivotal for the efficacy of these compounds:
especially, the 3-(4-methylpiperazin-1-yl)-propoxy side-chain
enhanced the inhibitory effect dramatically (e.g, wt EGFR, 6
3860 nM vs 9 168 nM; wt EGFR, 7 1370 nM vs 8 84 nM),
which prompted us to focus on it in our synthetic efforts. Three
compounds were selected for further characterization as
potential dual EGFR/c-Met inhibitors, and compound 10 was
found the most effective and therefore selected for testing in
various biochemical and cellular assays. To investigate the
selectivity of this series, compound 10 was screened at 1 M
concentration on a recombinant kinase selectivity panel of 34
clinically relevant kinases, and it showed more than 70%
inhibition against only six other receptor tyrosine kinases:
DDRI1 (111%), AXL (109%), c-KIT (91%), ErbB2 (81%),
RET (78%), and FLT3 (76%) (see Supporting Information).
On the basis of the preliminary data, it was hypothesized that
all the compounds were ATP-analogue, reversible kinase
inhibitors, and to assess whether the molecules bind the
ATP-binding cleft in the kinases, we analyzed the enzyme
activity data on double reciprocal plots. The trendlines intersect
in one point suggesting the ATP-competitive nature of
inhibition of compound 10 on both EGFR and c-Met (Figure
2).

All of the compounds showed time-dependent kinetics for
inhibition of c-Met, which was proved by applying prolonged
time of preincubation resulting in lower IC, values similarly to
XL-880 (foretinib), quinoline-based c-Met inhibitor.>* The ICy,
values of all compounds were determined on clinically relevant
NSCLC cell lines and on the NIH3T3 cell line, as
nontumorous control. The NSCLC cell lines harbor various
abnormalities in the EGFR signaling axis; therefore, the
followmg different reference inhibitors were used: BMS-
777607°° or crizotinib”” for H1993, erlotinib®® for HCC827,
and afatinib® for H1975 and A549. In accordance with their
enzyme inhibitory profiles, 1 and 2 impressively reduced the
viability of c-Met amplified H1993 cell line but showed a weaker
effect against A5S49, HCC827, and H1975 cell lines containing
EGFR or KRAS mutations. Furthermore, compounds 1 and 2
also diminished the viability of NIH3T3 cell line. Compounds
8—10 had weaker but more uniform effect on the four cell lines,
without considerably inhibiting NIH3T3. Compound 10 was
the most eflicient among them on H1993 and on HCC827 cell
lines, probably due to its more potent kinase inhibition profile.
Cell viability inhibition of the H1975 cell line is probably also
due to the c-Met inhibitory ability of 10."* However, the effect
on A549 cell line was weak, presumably because of its KRAS
mutation beside the wt EGFR>**" To assess whether these
compounds downregulate EGFR and c-Met kinase activation in
living cells, we investigated downstream ERK-mediated MAPK
and PI3K/AKT/mTOR signaling pathways and performed
Western blot analysis on the tested cell lines. Compounds 1, 2,
8, and 9 inhibited c-Met phosphorylation but had no such effect
on EGFR (data not shown). Compound 10 downregulated
both c-Met and EGFR phosphorylation at 1 yM but abrogated
downstream phosphorylation only on the c-Met inhibitor-
sensitive H1993 cell line and not on the EGFR inhibitor-
sensitive HCC827 cell line, probably due to its stronger effect
on c-Met kinase activity than on EGFR (Figure 3).

The HCC827 and H1993 cell lines were exposed to control
compounds and compound 10, which induced apoptosis on the
HCC827 cell line almost as efficiently as erlotinib and afatinib,
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Table 1. Stucture—Activity Relationship, Enzymatic Data, and Cell Viability Inhibition of N-[4-(Quinolin-4-yloxy)-phenyl]-

biarylsulfonamides®
Compound R R Recombinant kinase ICso (LM) Cell viability 1Cso (LM)
‘ ’ WL EGFR L858R EGFR c-Met  InsR  AS549  HCC827 HI975  H1993 NIH3T3
/
oo
O
0o °© °
R, "0 N/
1 O(:)Nz” >16 >16 0.007 0170 1189  2.514 1462 0.005  0.074
2 oy 7670 >16 0.005 0039 1244 2581 1063 0.002  0.066
e
H
F Nug-R:
%
(e}
R, "0 Nig
3
6 O Q—@’ 3.860  2.895 0978  >12.5 8207 4169 8932 4458 ND.
7
7 OZ” p—@ﬂ 1370 1.969 1719 >125 6438 5007 6905 5226 ND.
N a
8 N Q—Cﬁ 0.084 0369 0.564 7867 8849 2829 6122 6241 2480
%,
9 O Q—@’ 0.168 0283 1048 5228 3647 2499 2955 2690 1764
e
10 (\\)NZ” Q—G 0.094 0310 0398 2872 4755 1941 2302 1359 2350
N
e
%,
1 O F (3 o512 0578 1.664 11805 4361 2820 4100 4001 ND.
e
X N
12 N(\\)NI“ §—©—€h-, 4354 7.538 1225 >125 >10 5896  >10 4328 ND.
~
N}L' S
13 /,O §—©—© 1201 1.849 2692 >12.5 6782 4614 7708 5035 ND.
%,
14 ,O' Q—(/s] 1052 1157 2708 >125 3920 5028 4519 4028 ND.
e
{
%,
15 O /Y 1907 1.900 2705 >125 ND. 3110 1620  >10  3.200
- o]
M
Erlotinib 0.016  0.010 >125  >125 7099 0002 7498 2043 >0
BMS-777607 >125  >125 0007  >125 >10 >0 >10 1108 ND.
0S1906 >125 125 >125 0018 ND. ND. ND.  ND. ND.
Crizotinib >125  >125 ND.  ND. 408 >10 7551 0.061  0.364
Afatinib ND.  ND. ND.  ND. 1811 ND. 0392 >125  3.605

“Enzyme activity and cell viability inhibition. ICy, values (uM) of the compounds on four recombinant enzymes, on various NSCLC, and on the
NIH 3T3 cell lines. Cell viability data were gathered with MTT assay. All values are an average of at least three independent experments. N.D., not

determined.
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Scheme 1. Synthesis Route of N-[4-(Quinolin-4-yloxy)-

phenyl]-biarylsulfonamides”
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“Reagents and conditions: (a) methanol/10% Pd/C, rt; (b) anhydrous
pyridine, 3- or 4-Br-PhSO,Cl, 50 °C, 24 h; (c) Pd(0)PPh,, Na,CO;,
Ar—B(OH),, 140 °C, uW, (20—40%).
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Figure 2. Assessing the binding mode of compound 10 to
recombinant (A) wt EGFR and (B) c-Met enzyme. Enzyme activity
(Vpex) measurements were performed at various ATP and kinase
inhibitor concentrations. The measured signal shifts (AS) were
depicted on a Lineweaver—Burk double reciprocal plot.
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Figure 3. Western blot analysis of NSCLC cell lysates. (A) HCC827
cell line was treated with erlotinib and compound 10. (B) H1993 cell
line was treated with BMS-777607 and compound 10.

while none of the compounds had significant effect on H1993
cell line (Figure 4).

It has been reported that inhibition of c-Met leads to
blocking of c-Met-triggered cell scattering in MDCK cells*"**
and DU14S cells,>® which is an excellent model for invasive
growth and cell motility of tumor cells. Cell scattering of
DU14S prostate cancer cells and MDCK cells were induced by
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Figure 4. Flow cytometry analysis of HCC827 and H1993 cell lines
treated with erlotinib, crizotinib, afatinib, and compound 10. Data are
means + SD from at least 3 independent experiments. The significance
of differences in the percentage of apoptosis was evaluated with
unpaired 2-tailed Student’s ¢ test. The * marks p < 0.05 versus the
corresponding value for cells treated with DMSO.

HGF and treated by compound 10 to demonstrate the
inhibitory effect of HGF-induced cell scattering (Supporting
Information). In the case of DUI14S cells, compound 10
showed to be less effective (ICsy: 1.1 uM) than the reference
compound BMS-777607 (ICsy: 200 nM), which was used as a
positive control due to its stronger c-Met inhibition. On
MDCK cells, compound 10 induced cell death at 1 uM
concentration, while at lower concentrations a low level of
inhibition of cell scattering was observed. To assist further
chemical modifications and to understand the mode of action,
the EGFR/c-Met inhibitors were docked into the ATP binding
site of both enzyme in silico using Protein Data Bank
cocrystallization data (c-Met, 3LQ8; EGFR, 1XKK). By
studying the predicted binding mode of the compounds on c-
Met kinase, the following conclusions can be made: the
quinoline N forms a hydrogen bond to Met"'® at the hinge
region. The sulfonamide group interacts with the DFG motif at
Asp'** and with Lys'"''" near the aC helix. The substituted
phenyl, thiophene, or pyrazole groups insert into the small
hydrophobic pocket near the DFG motif. The side chain 1-
methyl-piperazine and the morpholine rings form other
hydrogen bonds with the binding site improving the binding
affinity of the compounds. In the case of the EGFR kinase, the
quinoline nitrogen forms a hydrogen bond to Met™® at the
hinge region and the sulfonamide group interacts with Asn*?,
which can be found near the DFG motif of the kinase (Figure
S).

In conclusion, we have developed a novel N-[3-fluoro-4-
[[6,7-disubstitued]-4-quinolinyl]oxy]phenyl]-biaryl-benzene-
sulfonamide-based multikinase inhibitor cotargeting EGFR and
c-Met and characterized it in various biochemical assays. We
found that compound 10 inhibited both EGFR and c-Met
activity in nanomolar range in enzymatic assays and acts as a
reversible, ATP-competitive inhibitor without considerably
inhibiting InsR. Furthermore, compound 10 effectively
inhibited cell viability on NSCLC cell lines A549, H1975,
and especially HCC827 and H1993. We verified that this
compound blocks phosphorylation of both enzymes at cellular
level and induces apoptosis on HCC827 cell line comparable to
reference compounds. On the cell motility model, inhibition of
HGF-induced cell scattering was observed on the DU14S cell
line at about 1 yM ICs,. Compound 10, as a novel dual
inhibitor of EGFR and c-Met, can be considered as a good
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A

Figure S. Predicted binding mode of compound 10 to (A) c-Met and
(B) EGFR kinases. The formed hydrogen bonds are marked with
yellow.

starting point to seek more effective EGFR/c-Met inhibitors as
drug candidates.
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