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ABSTRACT: The epidermal growth factor receptor (EGFR) is
genetically altered in nearly 60% of glioblastoma tumors; however,
tyrosine kinase inhibitors (TKIs) against EGFR have failed to
show efficacy for patients with these lethal brain tumors. This
failure is attributed to the inability of clinically tested EGFR TKIs
to cross the blood—brain barrier (BBB) and achieve adequate
pharmacological levels to inhibit various oncogenic forms of EGFR
that drive glioblastoma. Through SAR analysis, we developed
compound § (JCN037) from an anilinoquinazoline scaffold by ring
fusion of the 6,7-dialkoxy groups to reduce the number of rotatable
bonds and polar surface area and by introduction of an ortho-
fluorine and meta-bromine on the aniline ring for improved
potency and BBB penetration. Relative to the conventional EGFR
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compd HK301 Glso (nM) GBM39 Glso (nM)  Brain Penetration (%) Kp,uubrain
Erlotinib 700 2788 4.9 0.05
Lapatinib 1290 2101 21 0.04
JCNO37 329 1116 211.8 1.30

TKIs erlotinib and lapatinib, JCN037 displayed potent activity against EGFR amplified/mutant patient-derived cell cultures,
significant BBB penetration (2:1 brain-to-plasma ratio), and superior efficacy in an EGFR-driven orthotopic glioblastoma xenograft

model.
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Malignant gliomas, including the universally lethal
glioblastoma (GBM), are the most common and the
deadliest primary brain tumors. The epidermal growth factor
receptor (EGFR) is mutated and/or amplified in ~60% of
GBM tumors.' Of these tumors with genetically altered EGFR,
approximately 50% consist of amplified wild-type EGFR
(wtEGFR) with no mutations, while the remaining tumors in
this cohort have an amplification with an activating
extracellular domain mutation. The most prominent activating
mutation is a deletion of exons 2—7 in EGFR [EGFRvIII].'
Both amplified wtEGFR and EGFRVIII play important roles in
tumor growth, proliferation, and survival.” Moreover, in
EGFRVIII expressing tumors, wtEGFR is diffusely expressed
and cooperates with EGFRVIII to promote tumorigenesis.”’
Given the importance of both mutant and wtEGFR as drivers
of malignant glioma, numerous clinical trials using first
generation EGFR tyrosine kinase inhibitors (TKIs) (ie.,
erlotinib, lapatinib, and gefitinib) have been evaluated in
GBM patients. However, all studies using these EGFR TKIs
failed to improve the outcomes of patients with GBM.**
Significant evidence suggests that all the first generation
EGFR TKIs do not cross the blood—brain barrier (BBB) in
concentrations sufficient to achieve therapeutic consequences
in GBM tumors.*™® Although next-generation EGFR inhib-
itors, such as afatinib, dacomitinib, and neratinib, are still
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under clinical investigation for GBM, early data suggest
minimal clinical activity for those EGFR TKIs in which
patient outcomes are available.”” The limited efficacy observed
in GBM patients with these next-generation EGFR inhibitors
may also be due to their inadequate brain exposure.”'® While
the EGFR TKI osimertinib—developed for EGFR-mutated
lung cancer—has reported high brain penetration,” it has yet
to be thoroughly evaluated either preclinically or clinically for
GBM. Moreover, osimertinib does not effectively inhibit
wtEGFR,"" which is ?I_)resumably required to effectively target
EGFR-driven GBMs.” Thus, obtaining pharmacological levels
of EGFR TKIs within GBM tumors, while also having potent
activity against both wtEGFR and EGFRVIII, remains a major
obstacle for their effective treatment.

A potential contributor to the low brain exposures of
currently used clinical EGFR TKIs (and for the FDA-approved
kinase inhibitors lacking brain-penetration) is that they do not
conform to the physicochemical properties that are associated
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with BBB penetration (Table 1)."> Specifically, for clinically
available EGFR TKIs, the molecular weight (MW), the

Table 1. Comparison of Physicochemical Properties for
CNS Drugs, FDA-Approved Kinase Inhibitors, and EGFR
Kinase Inhibitors

FDA-approved Clinical
CNS drugs CNS protein kinase EGFR kinase
(preferred drugs inhibitors inhibitors
Physicochemical range, (median, (median, (median
property n=317)" n=119)" n = 49)°¢ n=25)""¢
MW 250-355 305 486 491
clogP 2.1-44 2.8 4.2 4.5
clogD,, 1.2-3.1 1.7 33 3.9
HBD 0-1 1 2 2
HBA 2-3 N/A 7 7
TPSA (A?) 25—-60 45 94 89
NRB 1-4 N/A 6 8
Most basic 7.9-10.7 8.4 7.1 7.7

center (pK,)

“Preferred ranges for physicochemical properties from ref 13.
“Median values from ref 14. “See Supportir;g Information for more
details on how these values were compiled. “For at least 7 out of 49
FDA-approved kinase inhibitors, brain-penetration data has been
reported.'”> “EGFR kinase inhibitors approved by any agency or in
clinical development (noncomprehensive). N/A, no data provided.

number of hydrogen bond donors (HBD) and acceptors
(HBA), the polar surface area (TPSA), and the number of
rotatable bonds (NRB) fall outside the desired ranges
recommended by Ghose et al.'” and Wager et al.'* (Table
1). Finally, these physicochemical properties have also been
shown to influence the ability of the P-glycoprotein (P-gp)—a
prominent drug efflux transporter found in brain capillary
endothelial cells—to recognize drugs that include currently
clinicallly used EGFR TKIs and thus limit drug exposure in the
brain.

To address this problem of low brain penetration of EGFR
TKIs, we modified the 4-anilinoquinazoline scaffold of first
generation EGFR TKls with the goal of obtaining an EGFR
TKI with the desired physicochemical properties for BBB
penetration, while having activity against both wtEGFR and
EGFRVIIL. We report the synthesis and characterization of §
(JCN037), a noncovalent EGFR TKI that demonstrated both
nanomolar potency against both mutant EGFRVIII and
wtEGFR in cellular assays and greater than 2:1 brain to
plasma levels. Moreover, S was effective at inhibiting the
growth of EGFR-driven primary GBM cells, both in cell
culture and in orthotopic xenografts. Importantly, the out-
comes of in vivo treatment of xenografted malignant glioma
with § were superior to that of both erlotinib and lapatinib.

Like other type I EGFR TKIs (e.g., gefitinib), erlotinib can
potently target both the active confirmation of wtEGFR and
has the capacity to bind, although with less affinity, to mutant
EGFRVIIL® Conversely, type II EGFR TKIs (e.g, lapatinib,
neratinib) —which favor the inactive form of EGFR—can have
high affinity for EGFRVIII yet are extremely ineffective at
targeting activated wtEGFR.° Our goal was to have a
compound that could potently inhibit both wtEGFR and
EGFRVII]; for this reason we selected erlotinib as our starting
point to initiate our structure actvity relationship (SAR)
studies.

Erlotinib penetrates the brain at a very low level of 7%.'°
Physicochemical features of erlotinib that could make it a poor
brain-penetrating drug include a large NRB (10), several HBA
(7), and a high TPSA (75 A), and many of these liabilities
derive from the flexible alkyl ether tails. We hypothesized that
improving these physicochemical properties linked to brain
penetration might be achievable by modifying positions that
may not be essential for binding to the EGFR kinase domain.

From the extensive SAR work performed on the 4-
anilinoquinazoline pharmacophore, as well as from the wealth
of available structural information on the EGFR kinase

Table 2. Compared to Erlotinib, a Fused Dioxane Ring Improves Brain Penetration, but Reduces Potency, while the Addition
of an ortho-Fluorine on the Aniline Ring Improves Potency while Retaining BBB Penetration”

\O/\/O N\W [O N\W [O N\j
O~ _N o _N o _N
HN\©/ HN\©/ HN\©///
Erlotinib 2

Brain/Plasma AUC_7y,,: 0.089

Brain/Plasma AUCg_7;,: 0.85

_ 15 -= Brain = 0.15 g 0.5
2 o Plasma =012 =04
510 5 0.09 503
2 , o Brain AUC(_7p,: 2.67uM-hr 2 Brain AUC(_7p,: 0.13uM-hr 2V Brain AUC(_7,: 0.47uM-hr
5 5] , PlasmaAUCq.zp: 31.30uM:-hr § 0.06 , Plasma AUCq,7p,:: 0.20uM-hr § 0.2 Plasma AUCg_7p,,: 0.55uM-hr
Lo ¢ . £ 0.03 £ 0.1
0 © 0.00 © 00
0 2 4 6 8 0 2 4 6 8 2 4 6 8
Time (hr) Time (hr) Time (hr)
TPSA EGER IC, p-wtEGFR ICq, p-EGFRVIII IC, HK301 G, GBM39 GI,
Compound MW clogP HBA (A) NRB (nM) (nM) (nM (nM) (nM)
Erlotinib 393 239 7 75 10 2.17 + 0.58 3.90 + 0.24 12.5 + 1.1 700.2 + 76.8 2788 + 179
1 303 298 S 56 2 487 £ 78 59.8 + 1.6 188.4 + 269 8824 + 1109 20536 + 1212
2 321 371 5 56 2 19.7 + 3.7 20.5 + 0.1 322+ 12 791.1 + 108.1 2946 + 353

“All EGFR inhibition data are represented as mean + SEM from n = 2 or more independent replicates. All growth inhibition data are represented as
mean + SEM from n = 3 or more independent replicates.
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Table 3. Comparison of the 2’- and 3’-Position of 4-Anilinoquinazolines”

o N
Qﬁ
O
R
3-11
Compound R EGFR p-wtEGFR p-EGFRVIII HK301 GBM39
P IC50 (l'lM) IC50 (l'lM) IC50 (l'lM) GISO (DM) GISO (DM)
| F
3 H,q on 22.0 282 54.8 3262 7266
+3.9 £38 +4.8 +538 +925
| F
4 o o 3.91 4.70 6.21 780.5 2594
+0.80 £0.32 +0.01 £148.3 4299
. F
s N B 2.49 3.95 448 3293 1116
+0.65 +0.24 +0.22 £31.0 +114.9
| F
. Hg. | 10.4 13.1 448 2042 4521
2.0 £0.8 +13 £341 £574
. F
. i cFs 414 55.0 75.4 3614 7820
+8.6 02 +7.5 +385 +1087
. H oN 24.0 453 83.5 3940 10939
O/ 48 £37 +3.7 +77 +1079
0 H ol 6.41 8.80 22.0 1167 2968
\(j £0.95 +0.82 118 £203 114
1o A Br 13.6 15.5 43.1 2055 6073
Cf 433 +0.7 +1.1 +173 £189
| OH
" i B 505.1 729.1 2312.0 17697 51536
+102.2 £172.9 +260.4 +482 +3980
Exlotinib 2.17 3.90 12.5 700.2 2788
riotint £0.58 £0.24 +1.1 £76.8 £179

“All EGFR inhibition data are represented as mean + SEM from n = 2 or more independent replicates. All growth inhibition data are represented as

mean + SEM from n = 3 or more independent replicates.

domain, the essential binding interactions of this TKI scaffold
are well-known.'"'”'® An overview of the type I binding mode
of erlotinib and, for comparison, the nonhydrolyzable ATP-
analogue AMP-PNP is depicted in Figure S1.

Based on these considerations, we hypothesized that closing
the flexible alkoxy chains at C6 and C7 to form a 1,4-dioxane
ring fused onto the quinazoline scaffold—a modification that
has been investigated previously as a means to increase the
solubility of these compounds'°—may increase BBB pene-
trance without affecting binding of the molecule to EGFR.
This modification yielded 1, which contains a reduced NRB
(10 to 2), HBA (7 to 5), and TPSA (75 A to 56 A) relative to
erlotinib (Table 2). Importantly, the more optimal phys-
icochemical properties of 1 were associated with, perhaps
unpredictably, a nearly ten times increase in BBB penetration
relative to erlotinib. Following a single oral dose of 1 (10 mg/
kg) in healthy CD-1 mice, the brain/plasma ratio was 0.71; in
contrast, and in line with previous reports,'® the brain/plasma
ratio of erlotinib was 0.085 (Table 2).

To determine how the fusion of the dioxane ring impacts
activity against wild-type and EGFRVIII, 1 was tested in
enzymatic and cellular biochemical assays (Table 2). Despite

1801

our prediction that this modification would not affect activity,
1 was significantly less potent than erlotinib against both wild-
type and mutant EGFRVIIL The reduced potency of 1 relative
to erlotinib was also reflected in a lower activity against two
EGFRvIII mutant patient derived GBM cells, HK301 and
GBM39; the half maximal growth inhibitory concentration
(Glg) for 1 was 10-fold worse than erlotinib against these
GBM cell lines. Thus, the surprisingly remarkable brain
penetration achieved by fusing the alkyl ether tails of erlotinib
came at an unexpected loss of inhibitor potency.

To improve upon potency, we considered modifications of
the aniline ring through the introduction of a second
substituent. As the binding pocket of the aniline ring—the
apolar hole—only permits small, lipophilic substituents, we
considered the strategic placement of a halide next to the
alkyne. For several known EGFR TKIs, halogenated aniline
rings are common with, in particular, fluorine or chlorine
substituents. Moreover, a 2'-fluorine with a 3’-substituent on
the aniline ring has been shown to increase activity against
EGFR.>””" As such, we hypothesized that the addition of a 2'-
fluorine substituent to 1 would improve its affinity for EGFR.
Indeed, cell-free enzymatic activity assays and cellular wtEGFR

https://dx.doi.org/10.1021/acsmedchemlett.9b00599
ACS Med. Chem. Lett. 2020, 11, 1799—-1809
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Table 4. Modifications of the 4’, 5, and 6’-Positions of 3’-Bromo-2’-fluoro-Substituted 4-Anilinoquinazolines”

o N
\W
Sy
R
12-19
Sl - EGFR p-wtEGFR p-EGFRVIII HK301 GBM39
pou IC50 (nM) IC50 (nM) IC50 (nM) GISO (l'lM) GISO (l'lM)
. F
12 HN Br 15.6 21.9 57.8 1383 10300
+2.3 +1.7 +6.6 +165 +1138
F
' F
13 HI Br 16.2 253 30.8 2778 5277
25 +1.2 +3.9 +184 +523
[¢]]
' F
14 HI Br 21.0 32.6 36.1 5723 7697
+3.5 +4.9 +5.8 +314 +1346
Br
; F
15 AN Br 6.16 6.80 16.2 1132 1727
+1.14 +0.50 2.4 +64 +244
i
; F
16 AN Br 782.8 2186.0 3846.0 1853 12741
+164.1 +152.0 +259.5 +239 +342
Cl
' F
17 HN cl 25.0 36.7 40.1 3681 4226
+3.2 +0.1 +7.4 +738 +371
Cl
18 HN Br 7.63 11.1 10.8 290.1 966.4
F]©/ +1.62 +0.5 +0.2 +32.7 +163.4
. F
19 HIY Br 10.0 15.8 27.6 418.7 1356
+2.29 +0.7 +2.7 +62.7 +196.3
.
| F
5 N B 2.49 3.95 4.48 3293 1116
+0.65 +0.24 +0.22 +31.0 £114.9
Exlotinih 2.17 3.90 12.5 700.2 2788
riotint £0.58 £0.24 +1.1 £76.8 £179

“All EGFR inhibition data are represented as mean + SEM from n = 2 or more independent replicates. All growth inhibition data are represented as

mean + SEM from n = 3 or more independent replicates.

and EGFRVIII phosphorylation studies revealed an increased
potency from 1 against EGFR kinase activity for 2 (Table 2).
Additional in vitro profiling of cellular growth and proliferation
showed a marked improvement in the Gl of 2 on HK301 and
GBM39 patient-derived GBM lines, suggesting the ortho-
fluorine improved the protein—ligand interaction with EGFR.

Fluorine substituents are known to affect biological activity
and absorption, distribution, metabolism, and excretion
(ADME) properties of a drug by modulating lipophilicity
while preserving hydrogen bonds and total polar surface area.””
Specifically, an ortho-fluorine on an aniline ring has been
observed in various reports to mitigate the strength of an
adjacent HBD and can potentially improve brain penetration
and membrane permeability by reducing the strength of
hydrogen bond interactions.””** To determine the influence of

1802

an ortho-fluorine on the aniline ring on brain penetration, we
profiled 2 in vivo in healthy CD-1 mice (Table 2). Although
the exposure and maximum concentration of 2 was
considerably improved relative to 1, the increase in BBB
permeability was modest, with a change in brain/plasma
AUC,_-, from 0.65 (1) to 0.85 (2).

Closure of the alkoxy chains and adding a fluorine to the 2’-
position on the aniline ring led to a compound that was more
brain penetrant and potent than 1 yet still less active than
clinically available EGFR inhibitors (such as erlotinib).
Constrained by the environment of the apolar hole as
explained before, we focused our efforts on the SAR analysis
of halogen as well as similar bioisosteric substituents on the
aniline ring. In particular, we carried out a fluorine scan (S1—
S8 in Table S1) on the aniline ring to identify the optimal

https://dx.doi.org/10.1021/acsmedchemlett.9b00599
ACS Med. Chem. Lett. 2020, 11, 1799—-1809
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Table S. Brain Penetration and in Vivo Parameters of Select Compounds®

[O N\\I
0 ~N

R
Brain AUCo7n Plasma AUCo7n Brain/Plasma e Papp’ G
Compound R (uM-hr) (uM-hr) Ratio * K uubrain (10° cmis) Efflux Ratio
1 =
1 ““©/ 0.128 0.199 0.648 0.491 16.9 0.601
R
2 “N©// 0.466 0.553 0.843 0.575 215 0.387
! F
S3 ”N©/F 0.344 0.324 1.062 1.04 20.0 0.238
: F
4 “NC(C' 0.403 0378 1.064 1.04 28.5 0.611
! F
5 HNG/B' 0.470 0.221 2.118 1.30 15.0 0.577
: F
6 HNT\E(I 1.676 0.752 1.676 1.03 14.4 0.484
Erlotinib 2.670 313 0.085 0.051 3428 4.63°

“All brain and plasma AUC,_,, determined after oral administration of 10 mg/kg in male CD-1 mice. bBrain/ plasma ratios determined over 0—7 h.

“Ratio of the unbound concentration in the brain to that of plasma. “Permeability determined using MDCK-MDRI cells.

B.

“Ratio of P, B-A/P,,, A-

substitution pattern for EGFR inhibition (while retaining the
2'fluorine).”” We observed that the 2’,3'-difluoro substitution
pattern (S3) was the most potent in cellular wtEGFR and
EGFRVIII phosphorylation studies of these compounds and,
consistent with these biochemical assays, was the most potent
of the multifluoro substituted compounds at inhibiting both
HK301 and GBM39 patient-derived GBM lines. Collectively,
these results suggest a 2’,3'-disubstitution pattern on the
aniline ring is the most active of fluoro-substituted derivatives
against both wtEGFR and EGFRvIII biochemically and in
cellular proliferation assays. One potential rationale is the
favorable dipolar and lipophilic character created on the aniline
by this substitution pattern, which fits well with the possible
lipophilic and electrostatic environment of the apolar hole
(Figure S2).

Next, we proceeded to test additional isostere substituents to
improve potency against EGFR (Table 3). We focused on
substituents that were not expected to interfere with the
properties that we had previously optimized to obtain
significant brain penetrance, including NRB, TPSA, and
HBA. To mimic the 3’-ethynyl substituent of 2, a related
isostere consisting of a 3’-cyano group was also synthesized
(3). However, the efficacy of the TKI activity was reduced by
the introduction of the 3'-cyano group, suggesting that the
anisotropic electron-density distribution of the apolar ethynyl

1803

group with a partially positive charged region (hydrogen atom)
is more favorable at this position than the partially negatively
charged region of the more polar cyano group (the lone
electron pair on the nitrogen). Therefore, we decided to test all
additional halide substituents at this 3’-position on the aniline
ring, as they should provide a better isosteric replacement for
the ethynyl group.”*

Surprisingly, the affinity toward EGFR increased with the
size of the 3’-halogen substituent on the aniline ring up to a
maximum with a 3’-bromine (S3, 4, 5, 6) (cell-free ICy, of
18.9 nM, 3.91 nM, 2.49 nM, and 10.4 nM, respectively) (Table
S2). This result may imply unspecific lipophilic interactions
and a possible size limitation of the 3’ position on the aniline
ring.”” In biochemical cellular phosphorylation and cell
proliferation assays, the same trend in potency was also
observed with the most potent among them being 5. Together,
exploration of 3’-substituents on the aniline ring revealed a bias
toward a 2'-fluorine and 3'-halide as the most potent inhibitors
of EGFR, with the Cl or Br substitution in the 3’-position
having the most activity.

To further test the importance of the 2'-fluorine, derivatives
of 3—5 lacking the 2'-fluorine were evaluated (Table 3).
Although 8 was similar in potency as 3 against EGFR, it was
inferior to the 3’-halide substituted compounds (83, 4, 5, 6).
Moreover, compounds 9 and 10*° had reduced efficacy against
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Figure 1. Biochemical and functional activity of S, lapatinib, and erlotinib on EGFRVIII mutant and EGFR amplified patient-derived GBM cells.
Immunoblot of EGFR signaling components in (A) EGFRVIII mutant patient-derived GBM39 cells and (B) amplified EGFR patient-derived
GS025 cells. Growth inhibition of (C) GBM39 and (D) GS025 cells relative to vehicle. All growth inhibition data are represented as mean + SEM
from n = 3 independent replicates. *p < 0.0S, **p < 0.01, ***p < 0.001.

EGFR compared to their 2’-fluorinated counterparts. The
significance of the 2'-fluorine in protein—ligand binding was
further accentuated by the substitution with a polar 2'-hydroxy
group for the fluorine (11), which greatly reduced EGFR
aflinity. These results suggest a limitation of size and polarity of
the 2’ substituent which is in line with previous studies.'”

We next investigated trisubstituted anilines as they can be
potent inhibitors of EGFR.* Retaining the 2’-fluorine and 3'-
bromine on the aniline ring, we examined the effect of an
additional halide in either the 4'- or S’-position (12—17). In
particular, the trisubstituted aniline ring of 15 resulted in a
potent EGFR inhibitor in both biochemical and cell-based
proliferation assays (Table 4). Since an ortho-fluorine was
identified as important to improve potency, we also asked if a
6'- instead of a 2'-fluorine, or two ortho-fluorines would
influence potency against EGFR (18 and 19). Although
antiproliferative effects against patient-derived GBM lines were
on par with those of §, the ability to inhibit EGFR in cell-free
and cell-based assays was reduced, suggesting potential off-
target effects of 18 and 19.

To further differentiate our lead EGFR inhibitors, we next
examined their selectivity as well as BBB penetrance. First, to
examine potential off-target activity, compounds were screened
against endogenous cells of the brain, normal human astrocytes
(NHA), which, in contrast to EGFR-altered GBM cells, lack a
dependency on EGFR for growth (Figure S3). As predicted,
compounds 15 and 18, as well as 19, had a low NHA/GBM
GIy, ratio supporting their potential for off-target effects
(Table S3). Conversely, 1, 2, S3, and 4—6 displayed high
potency against primary GBM cells relative to NHAs (Table
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S3). Next, we sought to ascertain the brain penetrance of those
compounds with a high NHA/GBM Gl ratio. Pharmacoki-
netic analysis of brain/plasma ratios in healthy CD-1 mice
revealed an improved brain penetrance with a 3’-halide over a
3'-alkyne substituent, with the most penetrant unexpectedly
containing a bromine substitution (Table S). Brain penetration
of the most potent compounds, 4 and S, achieved brain/
plasma ratios of 1.064 and 2.118 and K, ,, of 1.04 and 1.30,
respectively (Figure S4).

Given the relatively high BBB penetration of our dioxane-
containing EGFR TKIs, we explored the potential molecular
rationale for this observation. Reducing the MW, HBD, HBA,
TPSA, and NRB can increase brain penetration through
circumventing recognition by the P-gp or breast cancer
resistance protein (BCRP) drug efflux pumps on brain
capillary endothelial cells."*”** We hypothesized that the
fused dioxane ring of our EGFR TKIs may limit substrate
identification by P-gp or BCRP. Evaluation of compounds 1, 2,
§$3, and 4—6 by transwell culture with MDCK-MDRI cells
revealed that our compounds are highly permeable (>10 X
1076 cm/s), with a low efflux ratio, indicating that these new
EGFR TKIs are not strong substrates of P-gp or BCRP (Table
S, Table S4). Together, these data suggest that replacement of
the alkoxy tails by the fused dioxane ring reduces P-gp and
BCRP substrate identification—potentially by the disruption
of a recognized pattern of HBA. This reduced substrate affinity
may contribute to the enhanced BBB penetration observed
with our EGFR TKIs. Based on the high potency against both
wtEGFR and EGFRVIII in cell-based biochemical assays, the
strong antiproliferative effects against multiple EGFR-driven
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Figure 2. In vivo pharmacodynamics and efficacy of erlotinib, lapatinib, and S against EGFRvIII mutant patient-derived orthotopic GBM39
xenografts. (A) Plasma and brain exposures of erlotinib (10 mg/kg), lapatinib (80 mg/kg), and S (300 mg/kg) in mice. Below are the published
human 24-h plasma exposures of erlotinib and lapatinib at clinical doses. (B) Immunoblot of EGFR signaling components of orthotopic GBM39
xenografts following 3 days of oral administration of the indicated drugs or vehicle. (C) Quantification of immunoblot in (B). All quantified
immunoblot data are represented as mean + SEM of n = 3 independent replicates. *p < 0.0S5, ** p < 0.01, ***p < 0.001. Intracranial GBM39
growth of daily (D) erlotinib, (E) lapatinib, or (F) twice daily treatment of 5. (G) Survival of mice from (D)—(F).

patient-derived lines, the low activity against the NHA cell line,
and the high brain penetrance, 5 was chosen as the lead
candidate for additional in vitro and in vivo evaluations.

To determine the specificity of 5, kinome profiling was
performed at 1 uM across 485 wild-type and mutant kinases
(Thermofisher). § strongly (>90%) inhibited EGFR and most
EGFR kinase domain mutants with few off-target kinases
(Figure SS). Only 14 kinases were inhibited by greater than
50%, of which eight were EGFR and EGFR mutant kinases.
Moreover, ICs values of all wild-type kinases with greater than
50% inhibition at 1 uM of S revealed nearly 400X selectivity
for EGFR (0.6 nM) relative to the next closest kinase (RIPK3:
226 nM) (Figure SS).

To further evaluate S, we biochemically profiled it against
both erlotinib and lapatinib in two EGFR-altered patient-
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derived gliomaspheres: GBM39 (EGFRvIII mutant) and
GS02S (amplified EGFR). In GBM39, all three TKIs potently
inhibited EGFRVIII activation as well as the RAS-MAPK (via
p-ERK) and PI3K-AKT-mTOR (via pS6) signaling pathways
downstream of EGFR in a dose-dependent manner (Figure
1A). Modulation of these pathways with the various EGFR
TKIs occurred to a similar degree, albeit lapatinib and §
demonstrated slightly more signaling inhibition in the 100—
333 nM concentrations relative to erlotinib. Consistent with
these signaling results, we observed all three TKIs inhibited
growth of EGFRVIII mutant GBM39 cells, with lapatinib and §
showing more robust growth inhibition than erlotinib at 100—
300 nM (Figure 1C). For GS025, we observed that erlotinib
and S had nearly identical effects on wtEGFR signaling and,
consequently, growth inhibition (Figure 1B and D). Con-
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versely, we observed a notable loss in biochemical and treated tumors, erlotinib and lapatinib treatment showed no
functional efficacy for lapatinib in GS025 compared to the significant difference in EGFRVIII activation (Figure 2B).
other two TKIs (Figure 1B and D). These data are consistent Similarly, erlotinib and lapatinib did not significantly inhibit
with lapatinib having lower activity against active wtEGFR.® signaling pathways downstream of EGFR, including RAS-

Together, these results indicate that § can potently inhibit the MAPK (via p-ERK) or PI3K-AKT-mTOR (via pAKT and
signaling and growth of EGFRVIII mutant and EGFR amplified pS6) signaling (Figure 2B and C). These observations are in

primary GBM cells at levels on par with or better than that of agreement with clinical data suggesting that erlotinib and
both erlotinib and lapatinib. lapatinib do not reach suflicient levels in glioblastoma tumors
We next carried out a similar evaluation in an orthotopic to consistently inhibit EGFR signaling.”*** Conversely,
GBM xenograft model. To do this comparison in the most tumors from S-treated mice showed a significant decrease in
clinically relevant manner, we first established the clinically EGFRVIIL activity that was associated with reduced RAS-
relevant dose of erlotinib and lapatinib in which the plasma MAPK and PI3K-AKT-mTOR signaling (Figure 2B and C).
exposures in mice matches that of human plasma levels at the These data support the hypothesis that the heightened BBB
standard clinical dose.””*° Erlotinib and lapatinib administered penetration of § would result in a greater capacity to inhibit

at 10 mg/kg and 80 mg/kg in nontumor bearing mice reached EGEFR signaling in an orthotopic GBM xenograft model.
plasma exposures of 51,689 nM-h and 44,807 nM-h over 24 h, Next, to compare the antitumor efficacy of § against
respectively, which mirrors the 24-h human clinical plasma erlotinib and lapatinib, a second cohort of orthotopic GBM39
exposures for both drugs.’"*> However, due to the low tumor-bearing mice was established with the same doses and
bioavailability of S of approximately 4.7% (Figure S4), we schedules as the above pharmacodynamic studies with the
dosed at 300 mg/kg BID to achieve plasma exposures of § various EGFR TKIs. We observed no significant differences in
similar to that of the clinically relevant doses of both erlotinib tumor growth nor survival with erlotinib or lapatinib treatment
and lapatinib in nontumor bearing mice (Figure 2A). (Figure 2D and E). In contrast, a notable reduction in tumor
With the relevant doses established, we next implanted proliferation was identified in S-treated mice (Figure 2F), with
EGFRVIII mutant GBM39 into the brains of NOD-SCID no significant loss in body weight (Figure S6). Moreover, §
Gamma mice. Once tumors reached exponential growth, as treatment provided a significant survival benefit, whereby
determined by secreted gaussia luciferase,” tumors were median survival increased by 47% from 37.5 days to 55 days
analyzed by immunoblotting for activation of EGFRVIII and with § treatment (Figure 2G). Taken together, these data show
its downstream signaling effectors. In comparison to vehicle that, in contrast to clinically relevant doses of erlotinib and
1806 https://dx.doi.org/10.1021/acsmedchemlett.9b00599
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lapatinib, § robustly inhibits EGFR signaling and tumor growth
and prolongs the survival of mice bearing EGFR mutant,
orthotopic GBM xenografts.

To gain greater insight into the low bioavailability and
potential metabolic liabilities of S, we investigated its in vitro
clearance using liver microsomes. We observed a rapid
hydroxylation of the fused 1,4-dioxane ring, suggesting first
pass metabolism contributed to low oral bioavailability (Figure
S7). Our hypothesis was confirmed by the coadministration of
the cytochrome p450 inhibitor, 1-aminobenzotriazole, which
resulted in a 3-fold increase in exposure of § (Figure S8). To
explore this issue, we made modifications at the metabolic
labile site of the fused 1,4-dioxane ring moiety by
perdeuteration, as well as adding vicinal methyl groups on
the 1,4-dioxane ring (Figure S9). Perdeuteration was unable to
alter the bioavailability in mice compared to 5. Conversely, the
addition of vicinal methyl groups on the 1,4-dioxane ring
significantly improved plasma exposures and bioavailability in
mice suggesting a potential location for future modifications on
this scaffold.

Recent evidence suggests that Type I EGFR TKI
inhibitors—which favor the active confirmation of EGFR—
have less affinity for mutant EGFRVIII relative to Type II
EGFR TKIs, which prefer the inactive form of the receptor.’
Given that compound $ can potently inhibit both wtEGFR and
EGFRVIII, we performed a molecular docking study to
elucidate on a molecular level how this dual specificity of §
is achieved. The docking results of S, displayed in Figure 3
(and Figure S10), suggest the typical type I TKI binding mode
occurs as is also observed for erlotinib (cf. Figure S1), through
hydrogen bond interactions with hinge residues and gatekeeper
residues mediated through crystallographic water molecule(s).
According to our docking results, no clear difference in the
binding to the active and inactive EGFR conformations can be
discerned, except for a slightly closer fit of the dioxane and
aniline part of § into the binding pocket of the inactive
conformation. The gain in efficacy and selectivity upon
introduction of the 2'-fluorine might be attributed to several
orthogonal multipolar interactions of this fluorine to nearby
apolar residues including a hypothesized C—F---C=0O contact
with Ala719/743 (active/inactive).”> Collectively, although the
conformation selectivity for EGFR TXKIs is an intriguing effect
that is not yet fully understood,” we observed $ may have the
ability to bind both the active and inactive conformations of
EGFR, which may contribute to its potency for both wtEGFR
and EGFRVII], respectively.

The synthesis of analogues 1—19 is summarized in Scheme
1. The quinazoline core was made according to the
Niementowski quinazoline synthesis from methyl 3,4-dime-
thoxyanthranilate (20). The dimethoxy groups of quinazoli-
none 21 were replaced with pivaloyl groups to obtain 22.
Chlorination with POCI,;, followed by deprotection gave
intermediate 23, which was alkylated with 1-bromo-2-chloro-
ethane to obtain the 1,4-dioxane-fused 4-chloroquinazoline 24.

Preparation of the final analogues was accomplished by SyAr
of 24 with the respective anilines (see also Scheme S1) or by
transition-metal catalyzed transformations of 4 or S. To
prepare sufficient material of our lead compound $§ for all in
vivo testing, we devised the shorter route of Scheme S2, which
comprises five steps and is based on a Dimroth cyclization.

In summary, herein we have described the synthesis of a
novel, brain-penetrant EGFR TKI with high activity against
EGFR altered primary GBM cells both in culture and in
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Scheme 1. Synthesis of 7,8-Dihydro[1,4]dioxino[2,3-
glquinazolin-4-amines 1—19
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orthotopic xenografts. Compound § was developed by first
modifying erlotinib via ring fusion of the 6,7-alkoxy groups.
Similar dioxane-containing anilinoquinazoline compounds
have been described before for the purpose of improved
solubility,”*” yet here we determined that this modification
also leads to unforeseen BBB penetration, potentially as a
result of the more optimal physicochemical properties and
impaired P-gp and BCRP substrate identification. Moreover, §
contains both a 2’-fluorine and 3’-bromine on the aniline ring;
these substitutions further improved brain penetration, while
providing nearly equipotent activity against both oncogenic
activated wtEGFR and mutant EGFRvIIL. While the EGFR
TKIs developed specifically for EGFR-mutated lung cancer,
osimertinib and AZD3759, both have reported high brain
penetration (Table S5),”"” osimertinib lacks the ability to
effectively inhibit wtEGFR that is prevalent across GBM®
(Figure S11), and AZD3759 has reduced activity against
EGFRVIII relative to 5§ (Figure S12). These differences may
explain the improved potency of 5 against EGFR altered
primary GBM cells compared to either osimertinib or
AZD3759 (Figures S11 and S12).

In contrast to the observation that some EGFR TKIs may
promote paradoxical induction of cell growth,”® compound
S—and any other EGFR TKI tested—did not (Figure S13).
Rather, despite the low bioavailability of § (4.7%), it
significantly suppressed in vivo tumor growth via oral
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administration. As we have shown (Figure S7), the main
liability of compound $ is fast clearance through first-pass
metabolism. Therefore, future work will be aimed at identifying
drug candidates with improved bioavailability and other
ADME properties to obtain an optimal clinical EGFR TKI
for GBM tumors with EGFR alterations.
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