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cell survival and has been described in many human cancers. Simultaneous, equipotent

inhibition of EGFR-, HER2-, and HER3-mediated signaling may be of clinical utility in

cancer settings where the selective EGFR or HER2 therapeutic agents are ineffective or 0 O/

only modestly active. We describe the discovery of AZD8931 (2), an equipotent, ™ Jj\/

reversible inhibitor of EGFR-, HER2-, and HER3-mediated signaling and the structure—

activity relationships within this series. Docking studies based on a model of the HER2 2 (AZDB931)
kinase domain helped rationalize the increased HER2 activity seen with the methyl

acetamide side chain present in AZD8931. AZD8931 exhibited good pharmacokinetics in preclinical species and showed superior
activity in the LoVo tumor growth efficacy model compared to close analogues. AZD8931 is currently being evaluated in human
clinical trials for the treatment of cancer.
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ABSTRACT: Deregulation of HER family signaling promotes proliferation and tumor Q\
Cl

he HER receptor family comprises four related receptor F
tyrosine kinases (EGFR, HER2, HER3, and HER4) and is N o N «
associated with two main ligand classes:" the first class binds to Jd W ° o N
. . . ) T SN So SN
EGFR, and the second class, which includes heregulins, binds J ° J
to HER3 and HER4. HER2 lacks ligand-binding capacity. o N "o N
Homo- and/or heterodimerization of HER receptors results in Gefitinib Erlotinib
the phosphorylation of key tyrosine residues in the intracellular
domain and leads to the stimulation of numerous intracellular o\/@\
: : . . . . o} F
signal transduction pathways involved in cell proliferation and L @[
survival»® Deregulation of HER family signaling promotes /\(\:\,H /7 HN cl
proliferation, invasion, metastasis, angiogenesis, and tumor cell o N
survival and has been described in many human cancers, N/)
including those of the lung, head and neck, and breast.** Lapatinib

Therefore, the HER receptor family represents a class of
rational targets for anticancer drug development, and a number
of small molecules targeting EGFR and HER2 are now
clinically available, including gefitinib, erlotinib, and lapatinib
(Figure 1). More recently, the importance of the composition

Figure 1. Structure of gefitinib, erlotinib, and lapatinib.

current HER therapeutic agents are ineffective or only modestly
active.
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these leads, compound 1, now also reported in ref 10, which led
to the discovery of AZD8931, an equipotent, reversible
inhibitor of signaling by EGFR, HER2, and HER3.

The compounds listed in Tables 1—3 were synthesized from
6-acetoxy 4-chloro 7-methoxyquinazoline® (see Supporting

Table 1. Enzyme and Cell Data for Compounds 1—-6
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NRR’ HER2 enz IC,” cl.24 ICs, (p»HERZ)a
1 NH, 0.046 0.107
2 NHMe 0.014 0.060
3 NHEt 0.033 0.12
4 NHCH2CH20OMe 0.091 0.25
5 NHPr 0.11 0.41
6 NMe, 0.22 0.67
“uM; n = 2 or more; CIR values available in the Supporting
Information.

Table 2. Cell Data for Compounds 7—10

s

HN
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Me\HJK/N (l) N/)

R cl24 ICy, (p-HER2)*
7 3-Cl 4-F 0.264
8 2-F 3-Cl 4-F 0.089
3-Cl 0.360
10 2-F 5-Cl 0.860
“uM, n = 2 or more, CIR values available in the Supporting
Information.

Table 3. Cell Data for Compounds 11—-15

B-A-O N )N F
0o N
I
24 1C,
A B (p-HER2)"
11 4-piperidinyl CH,CH,CONHMe 0.550
12Y  3-piperidinyl CH,CONHMe 023
13*  3-pyrrolidinyl CH,CONHMe 025
14 3-azetidinyl CH,CONHMe 1.1
15 —CH,CH,N(Me)—  CH,CONHMe LS

“uM; n = 2 or more; CIR values available in the Supporting
Information. “Evaluated as racemates.

Information for synthetic schemes, procedures, and character-
ization of compounds 1—15) and were evaluated in an isolated
HER2 kinase assay and/or a ligand-independent HER2
phosphorylation assay in MCF7 cl.24 cells."®
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Compound 1 showed potent inhibition of HER2 in both the
enzyme and cellular assays (see Table 1) as well as potent
inhibition of EGFR (inhibition of KB cell proliferation; ICs, 4
nM). Because of its favorable physical (e.g,, fraction unbound in
rat plasma f,, 4.4%) and pharmacokinetic properties (clearance
C], 16 mL/min/kg; bioavailability F, 27%; from an oral dose of
S mg/kg and an iv. dose of 2 mg/kg in AP-Wistar rats), this
starting point was considered promising if HER2 activity could
be improved. It was found that variation of the amide
substitution could lead to changes in HER2 activity.
Substitution to the methyl amide 2 showed potency increases
both at the HER2 enzymatic and cellular level. Of note,
potency was reduced when increasing the size of the amide
substituent (i.e, compounds 3—5) further or with a dimethyl
amide 6 (see Table 1).

The compounds included in Table 2 illustrate the SAR
around the aniline. The 2-fluoro-3-chloroaniline 2 showed
improved HER2 potency compared to the 3-chloro-4-fluoroani-
line (aniline side chain found in gefitinib) 7, the 3-
chloroaniline 9, or 2-fluoro-5-chloroaniline 10. Interestingly,
the 2,4-difluoro-3-chloroaniline 8 also exhibited good HER2
potency. Similar SAR for fluorine regioisomers was observed on
EGFR activity."

As shown in Table 3, modification of the piperidine and the
methylene linker at the C-6 position on the quinazoline showed
the initial combination of 4-piperidine and a methylene linker
to be optimal: addition of a methylene (e.g, 11) or
modifications of the cycle (e.g, 12—15) showed reduced
activity.

Although the role of the hydrophobic interactions of 4-
piperidine in the binding site may also contribute to the
increased activity of compound 2 compared to the less
lipophilic azetidine 14 or acyclic chain 15, the methyl acetamide
side chain appears to be a key requirement for increased HER2
potency. Each modification listed in Table 3 reduces HER2
potency, as it positions the amide in a different region.
Disubstitution of (i.e,, compound 6) or bulkiness around (i.e.,
compound 5) the amide reduces HER2 potency. These two
observations suggest a key role for the amide NH in binding to
the active site.

Most of the reported HER2 inhibitors' rely on either an
extended aniline interacting deep in the selectivity pocket to
bring in potency but also compromise physical properties, or
covalent binding to a conserved cysteine in the HER kinases, in
general via an acrylamide, with potential toxicity risks associated
to the reactivity of this functional group. It is the first time that
interactions in the solvent channel have been shown to bring in
HER?2 activity. Therefore, we attempted to rationalize the role
of this amide using molecular modeling. Figure 2 shows the
anticipated binding mode for compound 2 manually docked
into a homology model of HER2 kinase based on the crystal
structure of EGFR tyrosine kinase in complex with 4-anilino
quinazoline inhibitor erlotinib (PDB code 1M17)."”*° The
quinazoline N-1 binds to the hinge region at Met801, with the
aniline buried deep in the selectivity pocket. The C6 4-
piperidinyloxy sits at the solvent exposed rim of the ATP
binding site making various hydrophobic contacts with the
surrounding residues (Leu726, Gly727, and Cys805) and short
contacts between piperidine CH and backbone carbonyls
(Leu726, and Gly727). The piperidine basic site is in the
vicinity of the Asp808 residue offering an electrostatic
complementarity with the cationic site.
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Figure 2. Compound 2 positioned in the HER2 homology model
based on the EGFR tyrosine kinase in complex with 4-anilino
quinazoline inhibitor erlotinib (PDB code 1M17). The quinazoline N-
1 binds to the hinge region at Met801, with the aniline buried deep in
the selectivity pocket. The C6 alkoxy 4-piperidine sits at the solvent
exposed rim of the ATP binding site making various hydrophobic
contacts or CH:-C=0 short contacts with the surrounding residues
(highlighted by yellow lines). The piperidine basic site is in the vicinity
of the Asp808 residue offering an electrostatic complementarity with
the cationic site. The molecule is shown in two representative
conformations of the N-2-acetamide chain, conformation A (upper
panel) and conformation B (lower panel). In the model corresponding
to conformation A, a water molecule has been added to satisty the
interactions network. The protein surface is colored according to
electronic surface potential. Areas in red indicate increasing negative
potential, areas in blue increasing positive surface potential.

The precise conformation of the amide NH remains
hypothetical. Indeed, depending on the protonation state of
the piperidine in the enzyme (piperidine pK, is 6.7 in
compound 2), the favored conformation of the acetamide
may vary. A search for a piperidine N-2-acetamide scaffold in
the small-molecule crystallographic database (CCDC) reveals
three main conformations that we have illustrated in Figure
3! In addition to the protonation state, the crystal packing
and intermolecular interactions impact on the resulting
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Figure 3. Conformation of piperidine N-2-acetamide scaffold. (a)
Three main conformations observed in crystal structures of
compounds bearing a piperidine N-2-acetamide chain. (b) Crystal
structure of compound 2 as a dihydrate acetonitrile solvate presenting
conformation B.

conformation. On the basis of these results, the three
conformations of the piperidine N-2-acetamide substituent of
compound 2 were built and docked in our homology model
(Figure 2).

In a type A conformation, the 3D model suggests the amide
NH makes an H-bond interaction with the backbone carbonyl
of Ser728 in the P-loop, although the H-bond is quite loose.
Disubstitution of the amide leads to the loss of H-bond and to a
putative steric clash with the loop. However, the amide C=0
is oriented toward the Asp808 side chain at a mean distance of
4.5 A. In the absence of an experimental structure, we cannot
exclude the possibility that a water molecule is captured
between the intervening heteroatoms and helps to consolidate
the interaction network. It is interesting to note that in the
closely related HER4 crystal structure in complex with a 4-
anilino thieno pyrimidine derivative (PDB code 2R4B) a water
molecule is actually present at an analogous location.*®

In a type B conformation, the amide NH points in the
direction of the Asp808 carboxylic group making an H-bond
interaction. In this orientation, the methyl on the amide makes
hydrophobic contact with Leu807, which may offer a rationale
for the better potency of compound 2 compared to the primary
amide 1 but also explain why bigger substituents than a methyl
lead to some loss of potency (i.e., compounds 3, 4, and §).
Moreover, in this conformation, the addition of a second
methyl on the amide prevents this type of conformation due to
steric clash with the piperidine nitrogen itself.

Interestingly, we successfully obtained a small-molecule X-ray
structure of compound 2 as a dihydrate acetonitrile solvate,
which presents a type B conformation (Figure 3b).
Furthermore, precedents exist for the type B conformation
with similar scaffolds in the protein structural database: we
identified two kinase structures with a ligand in a type B
conformation probably favored by extra interactions with the
surrounding residues (PDB code 3CGO and 2B55).*™**
Mindful that the binding mode is based on a modeling
approach, the overall conformation B of the N-2-acetamide
better fits the observed SAR. Note conformation C has not
been discussed here as it does not fit the biological data.
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Further biological evaluation'® characterized compound 2 as
an equipotent, reversible inhibitor of phosphorylation of EGFR,
HER2, and HER3. It showed potent in vitro inhibition against
isolated HER2 and EGFR tyrosine kinases (respectively, ICs,
14 and 12 nM against HER2 and EGFR). At the cellular level, it
inhibited EGF-stimulated phosphorylation of EGFR in the KB
cell line (ICsp: 4 nM) and heregulin-stimulated phosphor-
ylation of HER2 (ICyy: 3 nM) and HER3 (ICs,: 4 nM) in the
MCE-7 cell line. The broader kinase selectivity of 2 was
assessed using diverse panels of serine/threonine, tyrosine, and
lipid kinases. This translated into a >1000-fold selectivity for
206 of these enzymes and >100 fold for MNK1 and Flt-3.'°
Furthermore, 2 exhibited no CYP P450 inhibition (ICs, > 10
UM against 1A2, 2C9, 2C19, 2D6, and 3A4). It displayed high
fraction unbound in rat and human plasma (higher than 1 or
7). The higher fraction unbound seen with the 2-fluoro 3-
chloro aniline 2 compared to the 4-fluoro 3-chloro aniline 7 is
likely linked to the reduced lipophilicity associated with this
aniline (Table 4) and is a pattern observed with a wider set of
matched pairs (data not shown).

Table 4. Fraction Unbound (f,) in Rat and Human Plasma
and log D, for Compounds 1, 2, and 7

fu % (rat) fu % (human) log D,
1 4.4 4.7 3.1
2 7.2 6.7 32
7 2.9 2.7 4.0

Furthermore, 2 exhibited a pH dependent aqueous solubility
due to the two ionizable sites (piperidine pK, 6.7, quinazoline
pK, 5.0; aqueous solubility at pH 6.8 (phosphate buffer): 17
uM) and good permeability as measured in CaCo-2 cells
(PappA wp 159 X 107 cm's™ at 10 uM). Compound 2
displayed favorable oral pharmacokinetics in rat and dog (low
clearance and good bioavailability, see Table S) and low human

Table 5. Pharmacokinetic Parameters for 2 in Rat and Dog

species Cl (mL/min/kg) Vdss (L/kg) F (%)
rat“? 13 0.8 38
dog™* 11 02 89

“Measured on the free base. bAverage of 4 female rats; p.o. 5 mg/kg;
iv. 2 mg/kg. CAverage of one male and one female; p.o. 2 mg/kg; i.v. 1
mg/kg.

hepatocyte turnover (Cl,, < 4.5 pL/min/10° cells). In nude
mouse after oral administration at 50 mg/kg, 2 showed
improved exposure (AUC: 66 pM-h) compared to 7 and 1
(AUC: 19 uM-h for both).

On the basis of its equipotent pharmacology against EGFR,
HER2, and HER3 signaling, its favorable physical properties
(high plasma fraction unbound f,, acceptable solubility, and
good permeability), and its good pharmacokinetics across
preclinical species, 2 was selected for further in vivo evaluation:
it showed potent tumor growth inhibition in various xenograft
models, driven by EGFR alone (LoVo, PC9) or EGFR and
HER2 (BT474C, Calu3, and FaDu) with concomitant
pharmacodynamic changes (e.g., phosphorylated EGFR,
HER2, and/or HER3).'

Compound 2 was evaluated head to head against 1 and 7 in
the LoVo mouse xenograft model: based on high potency
against EGFR, better exposure in mouse, and better plasma
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fraction unbound, it showed better tumor growth inhibition
(76% inhibition at 100 mg/kg oral dose once daily vs 36% for 1
and 28% for 7 at the same dose, Figure 4).
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Figure 4. Tumour growth inhibition of 1, 2, and 7 in LoVo human
tumor xenografts as measured by mean tumor volume. All three
compounds were administered orally once daily using a 100 mg/kg
dose. Error bars denote the standard error of the mean.

In conclusion, we report the discovery of 2, an equipotent,
reversible inhibitor of signaling by EGFR, HER2, and HER3.
Docking studies based on a model of the HER2 kinase domain
helped rationalize the increased HER2 activity seen with the
methyl acetamide side chain present in compound 2.
Compound 2 exhibits good selectivity among kinases outside
the HER family and favorable physical properties and
pharmacokinetics across species. It exhibits potent tumor
growth inhibition in various xenografts models, driven by
EGFR alone or by EGFR and HER2. Compound 2 (also
known as AZD8931) is currently in phase II clinical trials in
patients with solid tumors.
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Details of the synthesis and spectroscopic characterization of all
compounds and intermediates together with protocols for
biological experiments and crystallographic information. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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