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Abstract

Exon 20 insertion (Ex20Ins) mutations are the third most prevalent epidermal growth factor
receptor (EGFR) activating mutation and the most prevalent HER2 mutation in non-small cell lung
cancer (NSCLC). Novel therapeutics for the patients with Ex20Ins mutations are urgently needed,
due to their poor responses to the currently approved EGFR and HER2 inhibitors. Here we report
the discovery of highly potent and broadly effective EGFR and HER2 Ex20Ins mutant inhibitors.
The co-crystal structure of compound 1b in complex with wild type EGFR clearly revealed an
additional hydrophobic interaction of 4-fluorobenzene ring within a deep hydrophobic pocket,
which has not been widely exploited in the development of EGFR and HER?2 inhibitors. As
compared with afatinib, compound 1a exhibited superior inhibition of proliferation and signaling
pathways in Ba/F3 cells harboring either EGFR or HER2 Ex20Ins mutations, and in the EGFR
P772_H773insPNP patient-derived lung cancer cell line DFCI127. Our study identifies promising
strategies for development of EGFR and HER2 Ex20Ins mutant inhibitors.

Inhibited cell growth

Highly potent and broadly active EGFR and HER2 exon 20 insertion mutant inhibitors have been
developed (EGFR = epidermal growth factor receptor, HER2 = human epidermal growth factor
receptor 2). A hydrophobic interaction of a 4-fluorobenzene ring within a deep hydrophobic
pocket has led to a strong inhibition of highly refractory EGFR and HER2 exon 20 insertion
mutations.
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Ex20Ins mutations are the third most common EGFR activating mutations in NSCLC, which
collectively account for approximately 4% to 10% of all EGFR mutations.[1] Most of these
mutations occur near the end of a.C-helix after residue Met766. Patients with NSCLC
harboring various Ex20Ins mutations rarely respond to treatment with the approved EGFR
inhibitors gefitinib, erlotinib or afatinib [Response rate (RR): 8.7-11%; Progression free
survival (PFS): 2.4-2.7 months].[Zl Most EGFR Ex20Ins mutant-transfected Ba/F3 cells
exhibit resistance to gefitinib and partial responses to second generation EGFR inhibitors
including afatinib, dacomitinib and neratinib, whereas EGFR WT transformed cells remain
strongly sensitive.[3]

HER2 Ex20Ins mutations make up the majority of HER2 mutations and occur in a similar
position as EGFR Ex20Ins mutations after residue Met774. Compared to EGFR Ex20Ins
mutations, the spectrum of HER2 Ex20Ins mutations is narrow and HER?2
AT775_G776insYVMA accounts for approximately 50-80% of HER2 Ex20Ins mutations.[4]
Like EGFR Ex20Ins mutations, therapeutic strategies for treating patients harboring NSCLC
with HER2 Ex20Ins mutations are limited.5] In a retrospective study, patients harboring
HER2 Ex20Ins mutations showed better response to conventional chemotherapies (with the
median duration of 4.3 months) than current HER2 TKIs (with the median duration of only
2.2 months).[40]

Collectively, the currently approved EGFR and HER2 TKIs are poorly effective in NSCLC
patients with EGFR and HER2 Ex20Ins mutations. Thus, a new class of inhibitors that can
efficiently inhibit various EGFR and HER2 Ex20Ins mutations is urgently needed.

We describe a highly potent and broadly active EGFR and HER2 Ex20Ins mutant inhibitor
which was developed by exploiting a deep hydrophobic pocket, that is not fully occupied by
currently approved EGFR and HER2 TKIs. Structure-guided design and biological
evaluation of novel 2,4-disubstituted pyrimidines yielded potent Ex20Ins mutant inhibitors
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of both EGFR and HER2. A co-crystal structure of a representative compound in this series
bound to WT EGFR kinase domain revealed a distinct binding mode of the 4-fluorobenzyl
carbamate substituent that binds to the deep hydrophobic pocket in EGFR.

Like the two major activating mutations (L858R and Del), most EGFR Ex20Ins mutations
occur away from the ATP binding site, but none of the first line EGFR inhibitors can
efficiently inhibit these mutants with selectivity over wild-type EGFR.[6] Treatment of third
generation EGFR inhibitor osimertinib, which was recently approved for the first line
treatment, against various EGFR Ex20Ins NSCLC xenografts also led to only tumor stasis.
[7] We hypothesized that an additional interaction between the small molecule inhibitor and
the target protein would improve their inhibitory activity against Ex20Ins mutations. In the
crystal structures of WT EGFR in complex with osimertinib (PDB code: 4ZAU, Figure 1A),
[8] 3 pyrimidine-based EGFR inhibitor, and in complex with afatinib (PDB code: 4G5J, see
Figure S1A in the Supporting Information),[°! we found a vacant deep hydrophobic pocket
flanked by the residues Ala743, Lys745, Leu788 and Thr790. Importantly, this pocket is
present in the active conformation of the kinase that is promoted by oncogenic mutants, and
is distinct from the void created by the outward displacement of the C-helix that is required
by compounds such as lapatinib and neratinib. It is partially occupied by the chlorine atom
of afatinib, but completely vacant in the co-crystal structure of osimertinib. The
phenethylamine substituent of the pyrrolopyrimidine inhibitor AEE788 extends further into
the pocket, but does not fully occupy it (PDB: 2J6M).[20] We also noted a deep hydrophobic
pocket in the HER2 crystal structures such as WT HER2 bound to TAK-285 (PDB: 3RCD,
Figure S1B), although in these structures the C-helix is displaced outward from its active
position.

We employed a 2,4-disubstituted pyrimidine core that has been broadly used in the
development of EGFR inhibitors such as osimertinib,[] rociletinibX2] and Wz4002,[13 and
installed a 3-acrylamide substituted aniline at the C4 position, inspired by WZ4002, to
covalently target EGFR via Cys797 and HER2 via Cys805. We then extended this
pyrimidine scaffold by installing a benzyl carbamate moiety, chosen as it provides a suitable
trajectory and distance from the pyrimidine core into the deep hydrophobic pocket.

To investigate effects of varying the benzyl carbamate substituents, we established a concise
four-step synthetic route that employed 2,4-dichloropyrimidine, 3-nitrophenyl isocyanate
and diverse benzylic alcohols and generated 1a—c as lead compounds (Scheme S1). To
identify an effect of the additional interaction generated by a benzyl carbamate with the deep
hydrophobic pocket independent of covalent bond formation, we first assessed biochemical
activities of reversible analogs (2a—c), in which the acrylamide is replaced by a
propionamide, against wild-type EGFR [Invitrogen, Z'-LYTE] and EGFR Del746-750
[Invitrogen, LanthaScreen binding] (Table S1). Remarkably, 2b, which contains a benzyl
carbamate at C4-position of the pyrimidine showed more than 20-fold higher biochemical
inhibitory activities than 2c, which lacks the benzyl carbamate moiety. Additionally, 4-
fluorine substitution at the benzyl carbamate (2a) led to an enhancement of potency in both
biochemical assays.
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This result encouraged us to test the irreversible analogs of the benzyl carbamate series (la—
c) and to investigate their EGFR and HER2 inhibitory activities, especially against Ex20Ins
mutations (Table 1). We used proliferation assays to assess the potencies of newly
synthesized compounds against Ex20Ins mutants, using Ba/F3 cells transformed by three
EGFR Ex20Ins and two HER2 Ex20Ins mutants. Oncogenic kinase transformed Ba/F3 assay
is a commonly used model system to assess the potency and selectivity of kinase inhibitors.
(141 We primarily focused on EGFR D770_N771insSVD (InsSVD) and EGFR
V769_D770in-sASV (InsASV), which are the two most prevalent EGFR Ex20Ins mutants
accounting for approximately 40% of EGFR Ex20Ins mutation, as well as HER2
AT75_GT776in-sYVMA (InsYVMA), the major HER2 Ex20Ins mutation. Three carbamate
analogs (la—c) displayed excellent antiproliferative activities against all tested Ex20Ins
mutants in both EGFR and HER2. However, 3, which lacks a carbamate moiety, and 2a,
which is a non-covalent inhibitor, were almost inactive in all cell lines. This result
demonstrated that both the covalent bond formation and the hydrophobic interaction of the
benzyl carbamate are important for inhibition of EGFR and HER2 Ex20Ins mutations in this
series. In particular, 1a showed more than 28-fold and 7-fold superior potency against two
major EGFR exon 20 insertion mutants (InsSVD and InsASV, respectively), compared to the
representative second and third generation EGFR inhibitors except poziotinib which was
reported as EGFR and HER2 Ex20Ins inhibitor during the course of our study.[*® It showed
strong antiproliferative activities against all Ba/F3 cells tested with ECgq values of lower
than 10 nM. Wild-type EGFR inhibition is a well-known cause of target-oriented dose-
limiting toxicity. Surprisingly, 1a—c were less potent against WT EGFR than second
generation EGFR inhibitors, afatinib, dacomitinib and poziotinib in cellular assays, resulting
in an improvement of selectivity between EGFR Ex20Ins mutants and WT EGFR.
[InsSVD/WT EGFR: 1.8-2.1 (1a—c) vs. >7.1-240 (afatinib, dacomitinib and poziotinib)].
Particularly, poziotinib displayed much stronger antiproliferative activity against WT EGFR
transformed Ba/F3 cells with ECsq value of lower than 1 nM leading to worse InsSSVD/WT
EGFR ratio than 1la—c. Additionally, 1a displayed a great selectivity over a panel of 468
kinases at a concentration of 1 pM, which was assessed via the KINOMEscan (Figure S3,
DiscoverX). At 30% cut-off in this profiling, 1a was active only against the kinases which
have a cysteine residue at the same position as the Cys797 of EGFR, such as HER2, HER4,
JAK3, BTK, BLK, BMX, TXK, TEC and EGFR mutants, except DDRL. In biochemical and
cellular assays, 1la—c displayed excellent inhibitory activities against common EGFR
mutants such as L858R, Del, L858R/T790M and Del/T790M. Especially, 1a [EC5y = 2.1
nM (L858R/T790M), 4.6 nM (Del/T790M)] was more potent in Ba/F3 cells harboring the
drug resistant mutation T790M than osimertinib [ECgg = 23 nM (L858R/T790M), 12 nM
(Del/T790M)] (Table S2). Overall, these data demonstrate that 1a—c are potent and selective
EGFR and HER2 Ex20Ins mutant inhibitors.

We further evaluated effects of lead compound 1a on the phosphorylation of EGFR, HER2
and their downstream signaling effector Erk, in Ba/F3 cells transformed by WT EGFR and
EGFR InsSVD as well as WT HER2 and HER2 InsYVMA (Figure 2). Treatment with 1a
induced a dose-dependent reduction of EGFR and Erk phosphorylation in EGFR InsSVD
transformed Ba/F3 cells with strong inhibition at a concentration of 0.1 uM, which was
compatible with the effects observed using a 1.0 uM concentration of afatinib. 1a showed
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similar level of pEGFR and pErk inhibition in both Ba/F3 cells with WT EGFR or EGFR
InsSVD in all tested concentrations. However, afatinib displayed stronger inhibition of
PEGFR and pErk in WT EGFR transformed Ba/F3 cells than those in EGFR InsSVD
transformed Ba/F3 cells. 1a dose-dependently suppressed HER2 and Erk phosphorylation in
Ba/F3 cells harboring either HER2 InsYVMA or WT HER2 more efficiently than afatinib.
Particularly, 1a was more potent then afatinib at 0.01 uM in both HER2 transformed Ba/F3
cells. However, 3 was not able to efficiently reduce phosphorylation of both EGFR and
HER?2 as well as Erk in all cell lines. This outcome was consistent with the results in
antiproliferation assays discussed above.

We then assessed the antiproliferative activities of la—c, 2a and 3 compared with known
EGFR inhibitors in a patient-derived lung cancer cell line DFCI127, which harbors EGFR
P772_H773insPNP (Figures 3 and Figure S$3).[3] Like the results in Ba/F3 cells, all three
carbamate analogs 1a—c achieved excellent antiproliferative activities against DFC1127 cells,
but 2a and 3 were inactive. Especially, 1a and 1c showed superior antiproliferative activities
relative to known EGFR inhibitors with exception of poziotinib which was consistently more
potent than la—c. [EC5p = 11.5 nM (1a) and 22.3 nM (1c) vs. 44.0 nM (afatinib), 60.6 nM
(dacomitinib) and 4.8 nM (poziotinib)] Moreover, treatment with 1a, the most potent analog,
dose-dependently suppressed phosphorylation of EGFR and its downstream signaling
effector, Erk. Consistently, afatinib was less effective and poziotinib was more effective at
inhibiting EGFR signaling relative to 1a. Treatment of these inhibitors led to up-regulation
of Bim that is a marker of EGFR TKI-mediated apoptosis.[16]

To understand and confirm structural interaction of the newly designed carbamate analogs
and the EGFR kinase domain, we determined the crystal structure of the WT EGFR kinase
domain in complex with 1b at a resolution of 2.5 A (Figure 4, Table S3 and Figure S4).
Compound 1b occupies the ATP binding pocket with an overall binding mode closely
similar to that of WZ4002 and rociletinib, including formation of the expected covalent bond
with Cys797 and hydrogen bonds between N1 nitrogen atom of the pyrimidine and the 2-
substituted NH group with the hinge residue Met793.13.17] The aminopyrazole substituent
at the C2 position of pyrimidine forms an edge-to-face r-m interaction with the C4-aniline
substituent, resembling WZ4002 and rociletinib, which yields a suitable angle of C4-aniline
substituent for making the covalent bond with either Cys797 in EGFR or Cys805 in HER2.
Consistent with the design strategy, the carbamate linkage positions the 4-fluorobenzene
group deep in the hydrophobic pocket at the back of the ATP-site, where it contacts Lys745,
Glu762, Leu 777, Leu788, and Thr790. The fluorine substituent makes favorable
hydrophobic interactions with the methionine and leucine residues at the back of the pocket.
This unique structural feature provides a reasonable explanation for the high and broad
potency of this pyrimidine-based carbamate series against EGFR and HER2, especially
Ex20Ins mutants.

In summary, we have developed a pyrimidine-based benzyl carbamate series which potently
and broadly inhibited proliferation and signaling pathways of EGFR and HER2 Ex20Ins
mutants, which have been associated with drug resistance to the currently approved EGFR
and HER? inhibitors. The additional hydrophobic interactions of the 4-fluorobenzyl
carbamate substituent, together with covalent bond formation with Cys797 in EGFR and
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Cys805 in HER2, resulted in potent EGFR and HER2 Ex20Ins inhibitory activities in our
series of pyrimidine-based EGFR inhibitors. Especially, 1a displayed broad and superior
antiproliferative activities against EGFR and HER2 Ex20Ins mutants than currently
approved 2" and 3'd generation irreversible EGFR inhibitors and suppressed
phosphorylation of EGFR, HER2 and their downstream signaling component, Erk in both
Ba/ F3 cells and in the patient-derived DFCI127 cell line. These compounds displayed
superior potency relative to afatinib in all cell lines except Ba/F3 cells harboring WT EGFR.
Consequently, 1a has improved mutant selectivity against Ex20Ins over wild type EGFR
than currently approved EGFR inhibitors and would be anticipated to exhibit less WT
EGFR-dependent toxicology. Crystal structure of 1b in complex with WT EGFR revealed
the unique binding mode of this series, in which a 4-fluorobenzene ring occupies a deep
hydrophobic pocket that is present in the active conformation of the kinase but not fully
occupied by current EGFR or HER2 inhibitors. Discovery of this carbamate series provides
a way to inhibit the largely refractory EGFR and HER2 Ex20Ins mutations. Since 1a
displayed poor in vitro ADME profile (Table S4), our current efforts focus on improving the
pharmacokinetic properties that showed low oral bioavailability (11%), short half-life (0.5 h)
and high clearance rate (773.37 mLmin~tkg~1, PO) (Table S5). Future work will report on
the pharmacology and efficacy of these inhibitors in murine tumor models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A vacant deep hydrophobic pocket in crystal structure of WT EGFR in complex with

osimertinib (top, PDB: 4ZAU); a novel pyrimidine-based carbamate series (bottom).

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 September 03.

Page 9



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jang etal.

EGFR InsSVD

Afatinib 3 1a

e W A oy wmy Ry mms e <y

HERZ2 InsYVMA
Afatini

o atinib 3 1a
[7: - - -

= © - o ©@ - 9 o = o
0O o © ~—~ o o - o o -
- = =
—— -

o —————— - -

Figure 2.

(M)

p-EGFR
(Y1068)

t-EGFR
p-Erk1/2
t-Erk1/2

HSP90

t-Erk1/2

HSP90

Page 10

WT EGFR
Afatinib 3 1a
o
[ — - -
2 2 v e e - 9 g = O
0O © © ~ O O -~ O O

Effects on EGFR, HER2 and its downstream signaling effector, Erk in Ba/F3 cells
transformed by EGFR InsSVD, wild type EGFR, HER2 InsYVMA and wild type HER2.
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Figure 3.
Antiproliferative activity (top) and effects on EGFR signaling pathway and a proapoptotic

marker, Bim (bottom) in human lung cancer cell line, DFCI127, harboring EGFR P772
H773insPNP.
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Figure 4.
Co-crystal structure of wild type EGFR in complex with 1b.
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