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Abstract

Several epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors have been developed
and approved by Food and Drug Administration for the treatment of non-small-cell lung cancers,
but their efficacy can be compromised by acquired drug resistance conferred by EGFR-mutant
variants. Here, we described the discovery of a novel E3 ligase von Hippel-Lindau-recruiting
EGFR degrader, MS39 (compound 6), and a first-in-class E3 ligase cereblon-recruiting EGFR
degrader, MS154 (compound 10), using the proteolysis targeting chimera technology. These
compounds potently induced the degradation of mutant but not wild-type EGFR in an E3 ligase-
dependent manner in cancer cell lines and effectively suppressed the growth of lung cancer cells
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compared with the corresponding negative controls. The global proteomic analyses revealed that
the compounds were highly selective for EGFR. Furthermore, both compounds were bioavailable
in mouse pharmacokinetic studies, and compound 6 is the first EGFR degrader suitable for in vivo
efficacy studies. Overall, we provide a set of well-characterized chemical tools to the research
community.
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INTRODUCTION

Epidermal growth factor receptor (EGFR) is a transmembrane protein tyrosine kinase that
functions as a receptor for members of the EGF family to trigger EGFR signal pathway in
human epithelial cells, thereby regulating cell proliferation, invasion, metastasis, apoptosis,
and angiogenesis. =3 Increased EGFR activity resulting from overexpression, mutation, or
amplification of EGFR gene contributes to many human malignancies, including esophagus
cancers, glioblastoma, anal cancers, epithelial cancers of the head and neck, breast cancers,
and lung cancers, especially in non-small-cell lung cancers (NSCLCs).14-6 Activating
mutations, such as in-frame deletions of exon 19 and L858R mutation, which occur in the
EGFR kinase adenosine triphosphate (ATP)-binding domain, have been categorized as the
oncogenic driver in NSCLC.! Lung cancer is the leading cause of cancer death worldwide,
and NSCLCs belong to the major category of lung cancers.” As a therapeutic target for
NSCLC, EGFR has been extensively investigated by the biomedical community. In
particular, studies on targeting the activity of mutant EGFR ATP-binding domain have led to
the discovery of a number of Food and Drug Administration (FDA)-approved EGFR
tyrosine kinase inhibitors (TKIs) (Figure 1). The first-generation TKIs gefitinib® and
erlotinib? showed dramatic response initially and prolonged the survival in NSCLC patients.
However, the secondary “gatekeeper” T790M mutation has increased the ATP-binding
affinity and caused a relapse in most NSCLC patients after the 9—14 months of treatment.
10-13 T4 overcome the resistance, a number of the second-generation EGFR inhibitors
targeting EGFR harboring T790M activating mutation have been developed, including
afatinib and dacomitinib. The irreversible covalent bond with the Cys797 confers enhanced
sensitivity and selectivity of these TKIs, but these drugs exhibited severe side effects due to
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their activity against wild-type (WT) EGFR. Subsequently, the third-generation EGFR
covalent inhibitors with improved selectivity over WT EGFR have been developed.
However, C797S point mutation and/or other mechanisms have been shown to be associated
with the acquired resistance to irreversible EGFR TKIs, which make NSCLC refractory to
these inhibitors.14~17 The fourth-generation EGFR TKIs such as EAI045!8 and other

noncovalent inhibitors, 1921

which target allosteric binding site(s), appear to be a major
breakthrough against these tertiary mutations. Despite that, there is still an unmet medical
need to develop novel small-molecule inhibitors or therapeutic approaches to overcome

multipoint mutations of EGFR.22

As a potential therapeutic approach, proteolysis targeting chimeras (PROTACsS) are capable
of targeting a specific protein for degradation.?3-27 PROTACs are heterobifunctional
molecules, typically consisting of a small molecule as the binder to the protein target of
interest, a small-molecule ligand that recruits an E3 ligase, and a linker to conjugate the
above two moieties.?8-2% The induced proximity by PROTACsS leads to selective
polyubiquitination of the target protein and its subsequent degradation at the proteasome.
Unlike traditional enzyme inhibitors, which inhibit the catalytic activity of the target
enzyme, PROTACSs induce the degradation of its target protein, thus eliminating other
functions of the protein in addition to its enzymatic activity. Moreover, while some kinase
inhibitors are restricted to bind to the catalytic pocket,3 PROTACs could potentially utilize
all surface binding pockets on its target protein to achieve degradation. Thus, the emerging
bifunctional small-molecule-mediated protein degradation paradigm could overcome the
limitations of conventionally occupancy-driven inhibitors. Over the past several years, this
technology has been successfully applied to the degradation of numerous proteins.28-29-31-40
However, targeting membrane-bound receptors or receptor tyrosine kinases (RTKs) using
this technology has not been extensively studied. Of note, the first successful EGFR
PROTAC using a binder to the E3 ligase von Hippel-Lindau (VHL), PROTACS3, has recently
been reported.*!

Herein, we describe the design, synthesis, and characterization of a novel gefitinib-based
VHL-recruiting EGFR degrader (6, MS39) that is more potent than the previously reported
EGFR degrader PROTAC3 and a first-in-class gefitinib-based cereblon (CRBN)-recruiting
EGFR degrader (10, MS154). We also developed two structurally similar compounds 27
(MS39N) and 28 (MS154N) that do not bind the corresponding E3 ligase as degrader
negative controls for compounds 6 and 10. We characterized these compounds in a battery of
biochemical and cellular assays. In particular, we found that compounds 6 and 10 potently
induced the degradation of mutant EGFR while sparing WT EGFR and inhibited cell
proliferation more effectively than the degrader negative controls 27 and 28 in lung cancer
cells. We also found that serum starvation enhanced the degradation effect, which might lead
to improved effectiveness in tumors where serum deprivation is commonly observed. Our
mechanism of action studies confirmed that the induced EGFR degradation was mediated by
the corresponding E3 ubiquitin ligase. Importantly, our global proteomic analysis results
indicate that compounds 6 and 10 are highly selective EGFR degraders. Moreover,
compounds 6 and 10 were bioavailable in mouse pharmacokinetic (PK) studies. In
particular, compound 6 is the first EGFR degrader with sufficient in vivo PK properties, thus
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suitable for in vivo efficacy studies. Overall, we provide the research community a set of
well-characterized chemical tools. Our study has also provided further evidence that RTKs
such as EGFR can be targeted via the PROTAC technology and paved the way for further
developing and exploring EGFR degraders as a potential therapeutic strategy for NSCLC
and other cancers.

RESULTS AND DISCUSSION

Design, Synthesis, and Initial Evaluation of EGFR Bifunctional Small-Molecule Degraders.

Gefitinib (Figure 1), a highly potent and selective mutant EGFR TKI, has been approved
since 2003 for the treatment of NSCLC.*2 It has been classified as a first-generation EGFR
inhibitor. Gefitinib selectively binds the EGFR kinase domain, preventing ATP from binding
and resulting in the inhibition of EGFR downstream signaling. While gefitinib binds WT
EGFR with high affinity, it has a higher binding affinity for EGFR mutants compared to that
of the WT.10 We chose gefitinib as the binder to EGFR to develop EGFR bifunctional small-
molecule degraders, mainly because of gefitinib’s high binding affinity to mutant EGFR.
The cocrystal structure of the EGFR kinase domain in complex with gefitinib (PDB ID:
4122) indicates that the morpholine group of gefitinib projects the surface of the binding
pocket (Supporting Information Figure S1). We therefore replaced the solvent-exposed
morpholine group with a piperazine group and used the outer nitrogen of the piperazine
group as the tethering site. We designed and synthesized a set of putative EGFR degraders
by linking this piperazine moiety to VHL-1, which binds the E3 ligase VHL,2? and
pomalidomide/thalidomide, which bind the E3 ligase CRBN,28 through several linkers
(Figure 2).

Synthetic routes for preparing compounds 1-10 are outlined in Scheme 1. A simple
nucleophilic substitution reaction between commercially available FAAH-IN-2 (11) and ter#-
butyl 4-(3-bromopropyl)piperazine-1-carboxylate (12),3 followed by a deprotection
reaction, produced intermediate 13, which was subsequently converted to intermediate 14
via a straightforward two-step sequence. Intermediates 15-20 were prepared by amide-
coupling reactions of VHL-12? with commercially available dicarboxylic acids. The
canonical amide coupling of intermediate 13 with intermediates 15-20 afforded the desired
compounds 1-6. Compounds 7-9 were synthesized following the same amide-coupling
procedures between intermediate 14 and reported pomalidomide-based linkers 21-23.444
Intermediate 26 was obtained via a nucleophilic substitution reaction and subsequent
deprotection reaction from the commercially available thalidomide analog 24 and fert-butyl
(8-iodooctyl)carbamate (25), which was prepared according to reported procedures.*®
Finally, the amide-coupling reaction between intermediate 14 and amine intermediate 26

generated thalidomide-based compound 10.

The effect of these bifunctional compounds on reducing EGFR protein levels in cells was
assessed via Western blotting (Figure 3). We found that compounds 1-3, which contain
several poly(ethylene glycol) (PEG) linkers conjugated to VHL-1, induced EGFR protein
degradation weakly in HCC-827 cells treated with the compounds at up to 1 zM
concentrations for 16 h. Among the three all-carbon linkers (in compounds 4-6) we
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explored, the longest linker with nine methylene groups (in compound 6) led to effective
EGEFR protein degradation even at 10 nM. Among the four CRBN-recruiting compounds we
explored, compound 9, which contains a linker with six methylene groups, was more
effective at reducing EGFR protein levels than compounds 7-8, which contain PEG linkers.
Interestingly, compound 10, which contains a longer carbon linker (eight methylene groups)
and the thalidomide moiety instead of the pomalidomide moiety, was slightly more effective
at reducing EGFR protein levels than compound 9. We therefore selected compounds 6 and
10 for further characterization.

We also designed compounds 27 and 28 (Figure 4) as structurally similar negative controls
for degraders 6 and 10, respectively. Compound 27 contains a diastereoisomer of VHL-1,

which is known to be incapable of binding the VHL E3 ligase,*’~*°

while maintaining the
same EGFR binding moiety and very similar physicochemical properties as degrader 6.
Similarly, compound 28 contains an extra methyl group on the glutarimide moiety of
thalidomide, which is known to abrogate its ability to bind the E3 ligase CRBN,? while also
maintaining the same EGFR binding motif and similar physicochemical properties as

degrader 10.

Synthetic routes for preparing compounds 27 and 28 are outlined in Scheme 2. Intermediate
31 was prepared by an amide-coupling reaction of compound 29, a diastereoisomer of
VHL-1, with undecanedioic acid (30). The canonical amide coupling of intermediate 13
with intermediate 31 afforded the desired compound 27. Intermediate 33 was prepared by
methylation of intermediate 32, which was prepared according to the synthetic route in
Scheme 1D, followed by the removal of the protecting group. Finally, an amide-coupling
reaction between intermediate 14 and amine intermediate 33 furnished the target compound
28.

Binding Affinities of Compounds 6, 10, 27, and 28 to WT and Mutant EGFR.

We next assessed the binding affinities of the parental inhibitor gefitinib, degraders 6 and 10,
and their negative controls 27 and 28 to EGFR WT and L858R mutants in a competitive
binding assay (Figure 5).°! Gefitinib displayed similar binding affinity to EGFR WT (K =
1.1 £2 nM) and L858R mutants (K4 = 0.8 + 2 nM). Compared to gefitinib, the VHL-
recruiting degrader 6 showed approximately 10-fold weaker binding affinities to EGFR WT
(Kq =11 %3 nM) and L858R mutants (Ky = 12 + 7 nM). Interestingly, compared with
gefitinib, the CRBN-recruiting degrader 10 preserved high binding affinity to EGFR WT
(Kq=1.8£4nM) but displayed a 5-fold weaker binding affinity to EGFR L858R mutant
(Kq=3.8 £5nM). The negative control compounds 27 and 28 exhibited similar binding
affinities to both EGFR WT and L858R mutants as degraders 6 and 10. Overall, these
compounds exhibited high binding affinities to both EGFR WT and L858R mutants,
providing experimental evidence supporting our degrader and negative control design
hypothesis that the linker and E3 ligand attachment at the solvent-exposed region do not
significantly affect the binding of these compounds to EGFR.
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Compounds 6 and 10 Potently Decrease EGFR Protein Level and Inhibit Downstream
Signaling in Lung Cancer Cells.

To evaluate the effects of compounds 6 and 10 on degrading EGFR mutants and inhibiting
downstream signaling, we chose two EGFR-mutant-bearing lung cancer cell lines that are
highly sensitive to gefitinib, HCC-827 cells bearing an exon 19 deletion and H3255 cells
bearing a L858R point mutation. The expression levels of both VHL and CRBN E3 ligases
were confirmed in both cell lines (Supporting Information Figure S2). The effects of the
compounds were assessed using combined Western blotting for the total EGFR protein level,
autophosphorylation of EGFR, and downstream target AKT (Figure 6).

We first examined the EGFR protein degradation induced by compounds 6 and 10 in a wide
range of concentrations. As illustrated in Figure 6, compounds 6 and 10 effectively reduced
the mutant EGFR protein level in a concentration-dependent manner in both HCC-827 and
H3255 cells. The maximum EGFR protein degradation was achieved over 95% when cells
were treated with these two degraders at a concentration as low as 50 nM. Quantification of
the Western blotting data determined that the DCs values for compound 6 in HCC-827 and
H3255 cells were 5.0 nM and 3.3 nM, respectively, with a 16 h treatment. The DCsq values
of compound 10 were 11 nM and 25 nM, respectively. These results suggest that our
degraders have a potent chemical knockdown effect. Consistent with previous reports,’2 we
observed a slight “hook effect” in HCC-827 cells treated with both degraders at the highest
concentration (10 gM), but this effect was undetectable in H3255 cells. Interestingly, the
parental inhibitor gefitinib at 1 4M did not significantly reduce the EGFR protein level in
HCC-827 cells but partially reduced the EGFR protein level in H3255 cells. It is unclear
which factors are the main contributors to the observed difference. Nevertheless, gefitinib at
1 uM effectively inhibited the downstream signaling in both cell lines. Our degraders 6 and
10 also potently inhibited the EGFR autophosphorylation (p-EGFR) and AKT
phosphorylation (p-AKT), which is a downstream target of EGFR signaling pathway, in both
cell lines. It is worth to note that our EGFR degraders 6 and 10 did not affect the AKT
protein levels in both cell lines. We observed that the VHL-recruiting degrader 6 displayed
slightly better EGFR degradation and downstream signaling inhibition effects than the
CRBN-recruiting degrader 10 in HCC-827 cells, and the difference was more significant in
H3255 cells. We also performed a side-by-side comparison of our degraders 6 and 10 with
the previously reported VHL-recruiting EGFR degrader PROTAC3.4! The Western blotting
results indicate that compound 6 and PROTAC3 displayed similar EGFR degradation and
downstream signaling inhibition effects in both HCC-827 and H3255 cells. However, at high
concentrations (e.g., 1 and 10 uM), PROTAC3 exhibited a much more significant hook effect
than compounds 6 and 10 in both cell lines (Figure 6).

We next evaluated the effect of compounds 6 and 10 on inducing the degradation of the WT
EGFR. We chose to use the ovarian cancer OVCAR-8 cell line and NSCLC H1299 cell line,
which bear the WT EGFR, for the study. We first confirmed that both VHL and CRBN E3
ligases were expressed in these two cell lines (Supporting Information Figure S2). As
illustrated in Figure 7, compounds 6 and 10 did not significantly reduce the WT EGFR
protein levels in both OVCAR-8 and H1299 cells. This result is consistent with the previous
finding that PROTAC3 did not degrade the WT EGFR.*! It is unclear why compounds 6 and
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10, as well as PROTACS3, selectively degrade EGFR mutants over the WT EGFR. This
warrants further investigation.

We also evaluated the effect of compounds 27 and 28 on reducing EGFR protein levels in
HCC-827 and H3255 cells. As expected, these designed negative controls, which do not bind
the E3 ligases VHL and CRBN, did not significantly induce the degradation of EGFR
mutants in both cell lines (Figure 8). The combination of high structural similarity (between
compounds 27 and 28 and compounds 6 and 10) and maintaining high binding affinity to
WT and mutant EGFR (Figure 5) makes compounds 27 and 28 excellent negative controls
for studying the degradation activity of compounds 6 and 10. In addition, compared with
compounds 6 and 10, these two negative controls (27 and 28) displayed lower potency at
inhibiting EGFR autophosphorylation (p-EGFR) and its downstream signaling (e.g., AKT
phosphorylation (p-AKT)), suggesting that the pharmacological degradation of EGFR can
enhance the inhibition of the downstream signaling.

We next performed time-course studies to assess the kinetics of the EGFR degradation and
downstream signaling inhibition by compounds 6 and 10 in both HCC-827 and H3255 cells
(Figure 9). In HCC-827 cells, compound 6 reduced the EGFR protein level substantially
(~50%) after a 4 h treatment, while the robust inhibition of p-AKT was observed aftera 1 h
treatment. The near-complete degradation of the mutant EGFR by compound 6 was achieved
around 12 h, and the complete degradation effect could sustain to 24 h. Compound 10
displayed a similar trend, reducing the half-maximum of the EGFR protein level after 3.5 h
and achieving the maximum degradation after a 12 h treatment. In H3255 cells, compounds
6 and 10 reduced the EGFR protein level and inhibited downstream signaling also in a time-
dependent manner and with similar kinetics. The rapid inhibition of p-AKT is most likely
due to the inhibitory but not degradation activity of these compounds as they maintained
high binding affinities to WT and mutant EGFR (Figure 5).

Solid tumor tissues often experience serum deprivation due to rapid proliferation and
aberrant angiogenesis. We therefore opted to evaluate the effect of our degraders during
serum starvation. As shown in Figure 10, degraders 6 and 10 showed a more pronounced
effect on EGFR degradation after an 8 h treatment in a fetal bovine serum (FBS)-free
medium in both HCC-827 and H3255 cells. It is unclear why serum starvation enhanced the
degradation effect of these compounds. One plausible mechanism is that serum starvation
may promote EGFR internalization,3 which facilitates the degrader-mediated binding of the
substrate EGFR to the cytoplasmic E3 ligases.

We next investigated the mechanism of action of compounds 6 and 10 in H3255 cells using a
set of rescue assays (Figure 11A). Compared to DMSO control, a 2 h pretreatment of
MLN4924,5% an NEDD8-activating enzyme inhibitor that blocks cullins neddylation and
hence inactivating cullin RING E3 ligases, blocked the EGFR degradation induced by
compounds 6 and 10. Pretreatment of cells with the VHL inhibitor VH-298,> negative
control compound 27, or parental EGFR inhibitor gefitinib also blocked the EGFR
degradation induced by the VHL-recruiting degrader 6. Similarly, pretreatment with the
CRBN E3 ligase binder thalidomide,’° negative control compound 28, or gefitinib also
blocked compound 10’s EGFR degradation effect in H3255 cells. Taken together, these

J Med Chem. Author manuscript; available in PMC 2020 June 26.



1duosnuep Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Cheng et al.

Page 8

results confirmed that the EGFR degradation effect induced by compounds 6 and 10 was
mediated through the E3 ligase (VHL/CRBN)/ubiquitination pathway.

To assess the reversibility of the EGFR degradation effect induced by compounds 6 and 10,
we performed washout experiments. In HCC-827 cells, pretreated with compounds 6 and 10
for 12 h and washed with fresh medium, the protein level was recovered after 24 h (Figure
11B), indicating that the EGFR degradation effect mediated by compounds 6 and 10 is
reversible. We also observed that p-EGFR was recovered after 24 h and p-AKT was
recovered after 48 h. Similarly, the effect of compounds 6 and 10 on the EGFR degradation
was reversible in H3255 cells. Interestingly, slightly prolonged EGFR degradation and
EGFR autophosphorylation effects were observed in H3255 cells for both degraders,
suggesting that HCC3255 cells might be more sensitive to compounds 6 and 10.

Compounds 6 and 10 Inhibit Proliferation of Lung Cancer Cells.

We next evaluated cell growth inhibition effects of EGFR degraders in H3255 cells. The
VHL-recruiting degrader 6 effectively inhibited the growth of H3255 cells and was
significantly more potent than its control compound 27 (Figure 12), indicating that the cell
growth inhibition effect of compound 6 is at least partially due to its EGFR degradation
activity. Compound 6 was also more potent than the previously reported PROTAC3. The
CRBN-recruiting degrader 10 also inhibited the growth of H3255 cell, albeit it was not as
potent as compound 6 and PROTAC3. A potential contributor to the lower potency of
compound 10 may be that compound 10 was less effective in degrading mutant EGFR than
compound 6 and PROTAC3 in H3255 cells (Figure 6). Compared with the FDA-approved
gefitinib, compounds 6 and 10 and PROTAC3 were less potent at cell growth inhibition,
which is likely due to lower cell permeability of these degraders. Nevertheless, compounds 6
and 10 were more effective at inhibiting cell proliferation than their corresponding controls
27 and 28. It is worth to note that these two pairs of compounds (compounds 6 and 27 and
compounds 10 and 28) have very similar physicochemical properties due to their very high
structural similarities.

Compounds 6 and 10 Are Highly Selective EGFR Degraders.

To assess the selectivity of compounds 6 and 10 across the proteome, we performed the
mass spectrometry (MS)-based label-free quantitative (LFQ) proteomics analysis in
HCC-827 cells (Figure 13). A total of 57 unique peptides of EGFR were detected with over
50% sequence coverage. For EGFR, the log 2 ratio of LFQ intensity value for compound 6
or compound 10 treatment vs DMSO control was about —2 with the highest confidence
among all identified proteins (4794 proteins from the compound 6 experiment and 4446
proteins from the compound 10 experiment). Over 75% of EGFR protein was degraded upon
compound 6 or compound 10 treatment. The study also identified several other proteins
being potentially downregulated after degrader treatment, but with lower fold change or
confidence level. Overall, our global proteomic study results indicate that degraders 6 and 10
are highly selective for EGFR.
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Compounds 6 and 10 Are Bioavailable in Mice.

We next assessed in vivo pharmacokinetic (PK) properties of degraders 6 and 10. Each
compound was administrated to six mice via a single intraperitoneal (IP) injection at a dose
of 50 mg/kg. We were pleased to find that high plasma concentrations of compound 6 were
achieved (Figure 14A). In particular, the high plasma concentrations (approximately 5 ¢M)
were maintained over 8 h, and approximately 1 #M plasma concentration was achieved at 24
h post dosing. The high plasma concentrations and relatively long half-life of compound 6
are expected to be sufficient to induce EGFR degradation in vivo. To the best of our
knowledge, compound 6 is the first EGFR degrader that has good in vivo PK properties and
is suitable for in vivo efficacy studies. Compound 10 was also bioavailable in mice via IP
injection, albeit the plasma concentrations of compound 10 decreased by about 10- to 100-
fold in comparison to those of compound 6 (Figure 14B). The highest plasma concentration
(approximately 500 nM) was achieved at 8 h post dosing for compound 10. Importantly,
both degraders were well tolerated, and no clinical signs were observed for the mice treated
with either compound.

CONCLUSIONS

In summary, we have developed a novel gefitinib-based VHL-recruiting EGFR degrader
(compound 6) and a first-in-class gefitinib-based CRBN-recruiting EGFR degrader
(compound 10). Compounds 6 and 10 potently induced the degradation of EGFR mutants
but not EGFR WT and inhibited the downstream signaling in cells. We conducted the
mechanism of action studies, which confirmed that the effect of compounds 6 and 10 on
EGFR degradation was mediated by the E3 ubiquitin ligases VHL and CRBN, respectively.
Our kinetic and washout study results indicate that the EGFR degradation effect of
compounds 6 and 10 has fast kinetics and is reversible. We also found that serum starvation
enhanced the EGFR degradation effect of compounds 6 and 10. In cell proliferation assays,
compounds 6 and 10 effectively inhibited the growth of lung cancer cells. We also
performed global proteomic analyses and found that compounds 6 and 10 were highly
selective for EGFR. In addition, while both compounds 6 and 10 were bioavailable in mice,
compound 6 is the first EGFR degrader that has sufficient in vivo PK properties and is
suitable for in vivo efficacy studies. Furthermore, compound 6 was more potent than the
previously reported VHL-recruiting EGFR degrader PROTACS3 in inhibiting the
proliferation of lung cancer cells. Finally, we also developed compounds 27 and 28, which
do not bind the corresponding E3 ligase as degrader negative controls for compounds 6 and
10. Compounds 27 and 28 maintained high binding affinities to WT and mutant EGFR,
similar to compounds 6 and 10, but did not induce EGFR degradation in cells. The very high
structural similarities of compounds 27 and 28 with compounds 6 and 10 make compounds
27 and 28 excellent degrader negative controls for compounds 6 and 10. Overall, degraders 6
and 10 and their negative controls 27 and 28 are well-characterized chemical tools, and we
provide these tools to the research community for further investigating the roles of EGFR in
pathophysiology. Further optimization of these EGFR degraders will likely result in
improved lead compounds for exploring a potential novel therapeutic strategy for NSCLC
and overcoming drug resistance. Finally, our study has also provided further evidence that
the PROTAC technology can be applied to targeting RTKs.

J Med Chem. Author manuscript; available in PMC 2020 June 26.



1duosnuep Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Cheng et al. Page 10

EXPERIMENTAL SECTION

Chemistry General Procedures.

All chemical reagents were purchased from commercial vendors and used in syntheses
without the need for further purification. A Teledyne ISCO CombiFlash Rf* instrument
equipped with a variable wavelength UV detector and a fraction collector was used to
conduct flash column chromatography. HP C18 RediSep Rf reverse-phase silica columns
were also used for the purification of certain polar products. All compounds received final
purification with preparative high-performance liquid chromatography (HPLC) on an
Agilent Prep 1200 series with the UV detector set to 254 nm. Separation was performed at
room temperature with a flow rate of 40 mL/min. Samples were injected into a Phenomenex
Luna 750 x 30 mm, 5 gm C18 column, with the gradient program set to 10% of methanol
(A) in H»O containing 0.1% TFA (B) progressing to 100% of methanol or acetonitrile (A).
All compounds assessed for biological activity were assured to have >95% purity after
HPLC purification. HPLC spectra were obtained for all compounds using an Agilent 1200
series system with a DAD detector and a 2.1 mm X 150 mm Zorbax 300SB-C18 5 ym
column for chromatography. Samples (0.5 zL) were injected onto a C18 column at room
temperature, and the flow rate was set to 0.4 mL/min. Chromatography was performed with
the solvents as follows: water containing 0.1% formic acid was designated as solvent A,
while acetonitrile containing 0.1% formic acid was designated as solvent B. The linear
gradient was set such that 1% B was used from 0 to 1 min, 1-99% B from 1 to 4 min, and
99% B from 4 to 8 min. High-resolution mass spectra (HRMS) data was acquired in positive
ion mode using an Agilent G1969A API-TOF with an electrospray ionization (ESI) source.
All compounds were also characterized using either a Bruker (Billerica, MA) DRX-600
NMR spectrometer (600 MHz, 'H NMR) or a Bruker DXI 800 MHz spectrometer (800
MHz 'H NMR, 201 MHz, 13C NMR). Chemical shifts for all compounds are reported in
units of parts per million (ppm, &) relative to residual solvent peaks. 'H NMR data are
reported in the following format: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet), coupling constant, and integration.

(2S,4R)-1-((S)-2-(3-(3-(4-(3-((4-((3-Chloro-4-fluorophenyl)-amino)-7-
methoxyquinazolin-6-yl)oxy)propyl)piperazin-1-yl)-3-
oxopropoxy)propanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-
methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (1).—To the solution of N-(3-
chloro-4-fluorophenyl)-7-methoxy-6-(3-(piperazin- 1-yl)propoxy)quinazolin-4-amine (13,
11.0 mg, 0.02 mmol) in DMSO (1 mL) were added 3-(3-(((:S)-1-((2S,4R)-4-
hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl) pyrrolidin-1-yl)-3,3-dimethyl-1-
oxobutan-2-yl)amino)-3-oxopropoxy)propanoic acid (15, 11.5 mg, 0.02 mmol, 1.0 equiv),
EDCI (6.0 mg, 0.03 mmol, 1.5 equiv), HOAt (4.2 mg, 0.03 mmol, 1.5 equiv), and NMM
(6.1 mg, 0.06 mmol, 3.0 equiv). After being stirring overnight at room temperature, the
resulting mixture was purified by preparative HPLC (10-100% methanol/0.1% TFA in H,O)
to afford the title compound 1 as white solid in TFA salt form (10.1 mg, 82% yield). 'H
NMR (600 MHz, CD3;0D) 68.91 (d, /=4.0 Hz, 1H), 8.74 (s, 1H), 7.97 (d, /= 4.0 Hz, 1H),
7.95-7.85 (m, 2H), 7.69-7.62 (m, 1H), 7.50-7.33 (m, 4H), 7.26 (d, /= 4.1 Hz, 1H), 4.66 (td,
J=18.5,7.6,4.8 Hz, 1H), 4.59-4.44 (m, 3H), 4.43-4.29 (m, 4H), 4.07 (d, /J=4.2 Hz, 3H),
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3.90 (d, /= 11.1 Hz, 1H), 3.83-3.55 (m, 11H), 3.50 (q, J=7.5, 6.5 Hz, 2H), 2.80-2.60 (m,
2H), 2.54 (q, J= 5.5 Hz, 3H), 2.50-2.37 (m, 5H), 2.23 (dd, J= 13.6, 7.7 Hz, 1H), 2.07 (ddt,
J=13.5,9.4,4.6 Hz, 1H), 1.03 (s, 9H). HPLC 98% pure, &g = 3.77 min; HRMS m/z [M +
H]* calculated for C5gHg CIFNgOgS* 1002.4109, found 1002.4141.

(2S,4R)-1-((S)-2-(tert-Butyl)-16-(4-(3-((4-((3-chloro-4-fluorophenyl)amino)-7-
methoxyquinazolin-6-yl)oxy)propyl)-piperazin-1-yl)-4,16-dioxo-7,10,13-trioxa-3-
azahexadecanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-
carboxamide (2).—Compound 2 was prepared following the general procedure for
preparing compound 1 from N-(3-chloro-4-fluorophenyl)-7-methoxy-6-(3-(piperazin-1-
yl)propoxy)quinazolin-4-amine (13, 11.0 mg, 0.02 mmol) and (.5)-15-((2.5,4 R)-4-
hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidine-1-carbonyl)-16,16-
dimethyl-13-ox0-4,7,10-trioxa-14-azaheptadecanoic acid (16, 13.3 mg, 0.02 mmol). White
solid (17.6 mg, 81% yield). '"H NMR (600 MHz, CD30D) &8.98 (s, 1H), 8.74 (s, 1H), 7.99
(s, 1H), 7.93 (dd, /= 6.6, 2.7 Hz, 1H), 7.66 (ddd, /=9.0, 4.2, 2.7 Hz, 1H), 7.51-7.33 (m,
5H), 7.28 (s, 1H), 4.64 (s, 1H), 4.60—4.46 (m, 4H), 4.40—4.33 (m, 3H), 4.08 (s, 3H), 3.89
(dd, J=11.1, 4.3 Hz, 1H), 3.83-3.67 (m, 6H), 3.61 (pd, /=10.7, 9.6, 5.6 Hz, 14H), 3.48 (t, J
=7.4 Hz, 2H), 2.62-2.50 (m, 2H), 2.50-2.39 (m, 7H), 2.22 (ddt, /=11.9, 7.7, 2.1 Hz, 1H),
2.07 (ddt, J=13.3, 9.0, 4.2 Hz, 1H), 1.03 (s, 9H). HPLC 98% pure, fr = 4.89 min; HRMS
m/z[M + HJ* calculated for C54H7oCIFNgO1(S* 1090.4633, found 1090.4536.

(2S,4R)-1-((S)-2-(tert-Butyl)-22-(4-(3-((4-((3-chloro-4-fluorophenyl)amino)-7-
methoxyquinazolin-6-yl)oxy)propyl)-piperazin-1-yl)-4,22-dioxo-7,10,13,16,19-
pentaoxa-3-azadocosanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-
yl)benzyl)pyrrolidine-2-carboxamide (3).—Compound 3 was prepared following the
general procedure for preparing compound 1 from N-(3-chloro-4-fluorophenyl)-7-
methoxy-6-(3-(piperazin-1-yl)propoxy)quinazolin-4-amine (13, 11.0 mg, 0.02 mmol) and
(8)-19-((25,4 R)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl) pyrrolidine-1-
carbonyl)-20,20-dimethyl-17-0x0-3,6,9,12,15-pentaoxa- 1 8-azahenicosanoic acid (17, 15
mg, 0.02 mmol). White solid (9.5 mg, 40% yield). 'H NMR (600 MHz, CD;0D) 68.92 (s,
1H), 8.74 (s, 1H), 7.99 (s, 1H), 7.93 (dd, /= 6.6, 2.7 Hz, 1H), 7.66 (ddd, /= 8.9, 4.2, 2.6 Hz,
1H), 7.49-7.33 (m, 5H), 7.28 (s, 1H), 4.63 (s, 1H), 4.59—4.44 (m, 3H), 4.41-4.31 (m, 4H),
4.09 (s, 3H), 3.88 (d, /= 10.9 Hz, 1H), 3.83-3.66 (m, 6H), 3.66-3.52 (m, 22H), 3.49 (t, /=
7.4 Hz, 3H), 2.57 (ddd, J=15.0, 7.3, 5.2 Hz, 1H), 2.51-2.38 (m, 7H), 2.22 (ddt, /=11.7,
7.6,2.0 Hz, 1H), 2.07 (ddd, J=13.3,9.2, 4.4 Hz, 1H), 1.03 (s, 9H). HPLC 99% pure, & =
3.81 min; HRMS m/z [M + H]" calculated for C5gH73CIFNgO;,S* 1178.5158, found
1178.5191.

(2S,4R)-1-((S)-2-(4-(4-(3-((4-((3-Chloro-4-fluorophenyl)amino)-7-
methoxyquinazolin-6-yl)oxy)propyl)piperazin-1-yl)-4-oxobutanamido)-3,3-
dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-
carboxamide (4).—Compound 4 was prepared following the general procedure for
preparing compound 1 from N-(3-chloro-4-fluorophenyl)-7-methoxy-6-(3-(piperazin-1-
yl)propoxy)-quinazolin-4-amine (13, 11.0 mg, 0.02 mmol) and 4-(((.S)-1-((2.S5,4 R)-4-
hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl) pyrrolidin-1-yl)-3,3-dimethyl-1-
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oxobutan-2-yl)amino)-4-oxobutanoic acid (18, 10.6 mg, 0.02 mmol). White solid (9.0 mg,
47% yield). 'H NMR (600 MHz, CD30D) §8.95 (s, 1H), 8.74 (s, 1H), 8.03-7.91 (m, 2H),
7.70-7.62 (m, 1H), 7.53-7.33 (m, 5H), 7.28 (s, 1H), 4.60 (d, /= 6.5 Hz, 1H), 4.58-4.46 (m,
2H), 4.46-4.30 (m, 4H), 4.09 (s, 5SH), 3.95-3.74 (m, 2H), 3.70-3.39 (m, 4H), 2.84-2.55 (m,
6H), 2.55-2.39 (m, 6H), 2.22 (dd, J=13.2, 7.7 Hz, 1H), 2.08 (ddd, /= 13.4,9.2, 4.6 Hz,
2H), 1.04 (s, 9H). HPLC 96% pure, g = 4.99 min; HRMS n/z [M + H]* calculated for
C4gH53CIFN9O-S* 958.3847, found 958.3788.

(2S,4R)-1-((S)-2-(7-(4-(3-((4-((3-Chloro-4-fluorophenyl)amino)-7-
methoxyquinazolin-6-yl)oxy)propyl)piperazin-1-yl)-7-oxoheptanamido)-3,3-
dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-
carboxamide (5).—Compound 5 was prepared following the general procedure for
preparing compound 1 from MN-(3-chloro-4-fluorophenyl)-7-methoxy-6-(3-(piperazin-1-
yl)propoxy)-quinazolin-4-amine (13, 11.0 mg, 0.02 mmol) and 7-(((:S)-1-((2.S,4 R)-4-
hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl) pyrrolidin-1-yl)-3,3-dimethyl-1-
oxobutan-2-yl)amino)-7-oxoheptanoic acid (19, 11.5 mg, 0.02 mmol). White solid (18.2 mg,
91% yield). 'TH NMR (600 MHz, CD;0D) &8.94 (s, 1H), 8.74 (s, 1H), 8.00 (s, 2H), 7.94
(dd, J=6.6,2.7 Hz, 1H), 7.70-7.63 (m, 1H), 7.50-7.34 (m, 4H), 7.29 (d, J=4.5 Hz, 1H),
4.64 (s, 1H), 4.61-4.46 (m, 2H), 4.46-4.32 (m, 3H), 4.08 (s, 5SH), 3.90 (d, /= 11.0 Hz, 1H),
3.80 (dd, /=10.9,4.0 Hz, 1H), 3.48 (t, /= 7.3 Hz, 2H), 2.58-2.38 (m, 9H), 2.36-2.16 (m,
2H), 2.14-2.03 (m, 1H), 1.69-1.57 (m, 6H), 1.49-1.32 (m, 6H), 1.03 (s, 9H). HPLC 98%
pure, &g = 3.81 min; HRMS n/z [M + H]* calculated for C5;Hg4CIFN9gO7S* 1000.4316,
found 1000.4342.

(2S,4R)-1-((S)-2-(11-(4-(3-((4-((3-Chloro-4-fluorophenyl)amino)-7-
methoxyquinazolin-6-yl)oxy)propyl)piperazin-1-yl)-11-oxounde-canamido)-3,3-
dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-
carboxamide (6).—Compound 6 was prepared following the general procedure for
preparing compound 1 from N-(3-chloro-4-fluorophenyl)-7-methoxy-6-(3-(piperazin-1-yl)-
propoxy)quinazolin-4-amine (13, 11.0 mg, 0.02 mmol) and 11-(((:S)-1-((2.S5,4 R)-4-
hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)-carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-
oxobutan-2-yl)amino)- 1 1-oxoundecanoic acid (20, 13.6 mg, 0.02 mmol). White solid (17.4
mg, 82% yield). '"H NMR (800 MHz, CD30D) §9.12 (s, 1H), 8.76 (s, 1H), 8.02 (s, 1H),
7.96 (dd, J=6.7,2.7 Hz, 1H), 7.69 (dt, J= 7.4, 3.3 Hz, 1H), 7.49 (d, /= 7.8 Hz, 2H), 7.44
(d, /=7.8 Hz, 2H), 7.36 (t, /= 8.9 Hz, 1H), 7.33 (s, 1H), 4.66 (s, 1H), 4.63—4.58 (m, 1H),
4.58-4.49 (m, 2H), 4.43—4.35 (m, 3H), 4.11 (s, 3H), 3.93 (d, /= 10.9 Hz, 1H), 3.83 (dd, /=
10.9, 4.0 Hz, 1H), 3.78-3.55 (m, 4H), 3.51 (t, /= 7.4 Hz, 2H), 3.37 (s, 2H), 3.30-2.97 (m,
4H), 2.56-2.41 (m, 7H), 2.33 (dt, /= 14.8, 7.6 Hz, 1H), 2.29-2.20 (m, 2H), 2.11 (ddd, /=
13.2,9.1, 4.5 Hz, 1H), 1.69-1.56 (m, 4H), 1.44—1.28 (m, 8H), 1.06 (s, 9H). '3C NMR (201
MHz, CD3;0D) 6 174.66, 173.08, 172.84, 170.99, 158.76, 157.61, 156.78, 155.55, 152.02,
150.04, 148.37, 139.10, 135.75, 133.68, 128.97, 127.62, 126.47, 124.48, 120.40 (d, J(C, F)
=18.1 Hz, C-F), 116.37 (d, J(C, F) = 24.1 Hz, C-H), 107.34, 103.63, 99.35, 69.68, 66.79,
59.46, 57.59, 56.63, 56.14, 54.75, 51.81, 51.52, 48.47, 47.41, 42.30, 38.31, 37.55, 35.28,
35.19, 32.22, 29.05, 28.96, 28.88, 25.66, 25.60, 24.78, 23.41, 14.27. HPLC 99% pure, g =
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4.00 min; HRMS m/z [M + H]* calculated for C55H7,CIFN9gO47S* 1056.4942, found
1056.4626.

3-(4-(3-((4-((3-Chloro-4-fluorophenyl)amino)-7-methoxyquinazolin-6-
yl)oxy)propyl)piperazin-1-yl)-N-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)ethoxy)ethyl)-propenamide (7).—Compound 7 was
prepared following the general procedure for preparing compound 1 from 3-(4-(3-((4-((3-
chloro-4-fluorophenyl)amino)-7-methoxyquinazolin-6-yl)oxy)propyl)-piperazin-1-
yl)propanoic acid (14, 12.0 mg, 0.02 mmol) and 21 (8.2 mg, 0.02 mmol). Yellow solid (6.4
mg, 37% yield). '"H NMR (600 MHz, CD30D) §8.73 (s, 1H), 7.96-7.92 (m, 2H), 7.69-7.63
(m, 1H), 7.54 (dd, /= 8.6, 7.1 Hz, 1H), 7.37 (t, /= 8.9 Hz, 1H), 7.26 (s, 1H), 7.08 (d, /= 8.6
Hz, 1H), 7.02 (d, /="7.0 Hz, 1H), 5.05 (dd, /= 12.7, 5.5 Hz, 1H), 4.32 (t, /= 5.6 Hz, 2H),
4.104.04 (m, 4H), 3.72 (t, J= 5.1 Hz, 2H), 3.60 (t, /= 5.2 Hz, 2H), 3.49 (t, /= 5.1 Hz, 2H),
3.46-3.39 (m, 2H), 3.39-3.32 (m, 2H), 3.28-3.07 (m, 8H), 2.85 (ddd, /=17.3, 13.8, 5.3 Hz,
1H), 2.77-2.62 (m, 3H), 2.59 (t, /= 6.6 Hz, 2H), 2.35-2.27 (m, 2H), 2.15-2.05 (m, 1H).
HPLC 98% pure, &z = 3.68 min; HRMS m/z[M + H]* calculated for C4,H47CIFNgOg*
860.3293, found 860.3317.

3-(4-(3-((4-((3-Chloro-4-fluorophenyl)amino)-7-methoxyquina-zolin-6-
yl)oxy)propyl)piperazin-1-yl)-N-(17-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxois
oindolin-4-yl)amino)-3,6,9,12,15-pentaoxaheptadecyl)propenamide (8).—
Compound 8 was prepared following the general procedure for preparing compound 1 from
3-(4-(3-((4-((3-chloro-4-fluorophenyl)amino)-7-methoxyquinazolin-6-yl)-
oxy)propyl)piperazin-1-yl)propanoic acid (14, 12.0 mg, 0.02 mmol) and 22 (11.6 mg, 0.02
mmol). Yellow solid (12.3 mg, 59% yield). '"H NMR (600 MHz, CD;0D) §8.73 (d, J= 1.7
Hz, 1H), 7.97-7.90 (m, 2H), 7.66 (ddd, /= 9.0, 4.3, 2.4 Hz, 1H), 7.51 (ddd, /=8.7,7.0, 1.6
Hz, 1H), 7.36 (td, /= 8.8, 1.6 Hz, 1H), 7.26 (d, /= 1.6 Hz, 1H), 7.04 (dd, /= 8.7, 1.6 Hz,
1H), 7.00 (dd, /=7.1, 1.6 Hz, 1H), 5.04 (ddd, /= 12.6, 5.5, 1.7 Hz, 1H), 4.34 (t, /= 5.6 Hz,
2H), 4.08 (s, 3H), 3.71 (td, /= 5.2, 1.6 Hz, 2H), 3.68-3.56 (m, 18H), 3.54 (td, /=5.4, 1.6
Hz, 2H), 3.46 (q, /= 8.5, 6.9 Hz, 5H), 3.40-3.32 (m, 7H), 3.25 (t, /= 6.8 Hz, 2H), 2.90-2.79
(m, 1H), 2.78-2.59 (m, 4H), 2.41-2.30 (m, 2H), 2.14-2.06 (m, 1H). HPLC 97% pure, =
3.77 min; HRMS m/z [M + H]* calculated for C5qHg3CIFNgO * 1036.4269, found
1036.4352.

3-(4-(3-((4-((3-Chloro-4-fluorophenyl)amino)-7-methoxyquinazolin-6-
yl)oxy)propyl)piperazin-1-yl)-N-(6-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)hexyl)propenamide (9).—Compound 9 was prepared
following the general procedure for preparing compound 1 from 3-(4-(3-((4-((3-chloro-4-
fluorophenyl)amino)-7-methoxyquinazolin-6-yl)oxy)propyl)piperazin-1-yl)propanoic acid
(14, 12.0 mg, 0.02 mmol) and 23 (9.2 mg, 0.02 mmol). Yellow solid (14.1 mg, 85% yield).
TH NMR (600 MHz, CD30D) 6 8.73 (s, 1H), 7.97-7.90 (m, 2H), 7.66 (ddd, J = 8.9, 4.1, 2.6
Hz, 1H), 7.51 (dd, ] = 8.6, 7.1 Hz, 1H), 7.36 (t, ] = 8.9 Hz, 1H), 7.26 (s, 1H), 7.00 (dd, J =
11.4,7.8 Hz, 2H), 5.04 (dd, J = 12.8, 5.5 Hz, 1H), 4.35 (t, J = 5.5 Hz, 2H), 4.08 (s, 3H),
3.68-3.43 (m, 10H), 3.41 (t, ] = 7.1 Hz, 2H), 3.34 (t, ] = 6.7 Hz, 2H), 3.21 (t, ] = 7.0 Hz,
2H), 2.84 (ddd, J = 17.6, 14.0, 5.3 Hz, 1H), 2.76-2.63 (m, 4H), 2.42-2.35 (m, 2H), 2.13—
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2.05 (m, 1H), 1.71-1.62 (m, 2H), 1.59-1.50 (m, 2H), 1.50-1.38 (m, 4H). HPLC 95% pure,
tg = 3.84 min; HRMS m/z [M + H]* calculated for C44H5,CIFNgO7* 872.3657, found
872.3655.

3-(4-(3-((4-((3-Chloro-4-fluorophenyl)amino)-7-methoxyquinazolin-6-
yl)oxy)propyl)piperazin-1-yl)-N-(8-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)oxy)octyl)propanamide (10).—To the solution of
3-(4-(3-((4-((3-chloro-4-fluorophenyl)amino)-7-methoxyquinazolin-6-
yl)oxy)propyl)piperazin-1-yl)propanoic acid (4, 10.4 mg, 0.02 mmol) in DMSO (1 mL)
were added 4-((8-aminooctyl)-oxy)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (26,
8.0 mg, 0.02 mmol, 1.0 equiv), EDCI (6.0 mg, 0.03 mmol, 1.5 equiv), HOAt (4.2 mg, 0.03
mmol, 1.5 equiv), and NMM (6.1 mg, 0.06 mmol, 3.0 equiv). After being stirring overnight
at room temperature, the resulting mixture was purified by preparative HPLC (10-100%
methanol/0.1% TFA in H,O) to afford the title compound 10 as white solid in TFA salt form
(16.8 mg, 93% yield). 'TH NMR (600 MHz, CD30D) & 8.73 (s, 1H), 7.94 (s, 2H), 7.79-7.57
(m, 2H), 7.47-7.30 (m, 3H), 7.26 (s, 1H), 5.09 (dd, J = 12.8, 5.4 Hz, 1H), 4.35 (t, ] = 5.5 Hz,
2H), 4.19 (t, ] = 6.2 Hz, 2H), 4.08 (s, 3H), 3.61-3.37 (m, 11H), 3.20 (t, ] = 7.0 Hz, 2H),
2.91-2.82 (m, 1H), 2.78-2.62 (m, 4H), 2.41-2.35 (m, 2H), 2.21-2.02 (m, 1H), 1.86-1.80
(m, 2H), 1.56-1.48 (m, 4H), 1.44-1.33 (m, 7H). 13C NMR (201 MHz, d-DMSO) & 173.29,
170.44, 168.83, 167.33, 165.80, 158.59, 156.85, 156.48, 154.84, 149.31(d, J (C, F) =50.1
Hz, C-F), 137.52, 136.27, 134.73, 133.69, 126.99, 125.77, 120.26, 119.54, 119.44, 117.14
(d,J (C, F)=23.1 Hz, C-H) 116.65, 115.60, 107.80, 106.00, 100.36, 69.28, 67.63, 57.03,
49.21, 49.05, 48.52, 39.14, 31.43, 29.94, 29.40, 29.11, 28.88, 26.83, 25.73, 23.69, 22.48.
HPLC 98% pure, tg = 4.22 min; HRMS m/z [M + H]* calculated for C46Hs5CIFNgOg*
901.3810, found 901.3916.

N-(3-Chloro-4-fluorophenyl)-7-methoxy-6-(3-(piperazin-1-yl)-
propoxy)quinazolin-4-amine (13).—To the suspension of commercially available 4-((3-
chloro-4-fluorophenyl)amino)-7-methoxyquinazolin-6-ol (11, 942 mg, 2.94 mmol) and
potassium carbonate (1.2 g, 8.82 mmol, 3.0 equiv) in DMF (20 mL) was added tert-butyl
4-(3-bromopropyl)piperazine-1-carboxylate (12, 903 mg, 2.94 mmol, 1.0 equiv). After
stirring overnight at 80 °C, water was added, and the mixture was extracted with ethyl
acetate (3 x 20 mL), dried over NapSQOy, filtered, and concentrated. The crude product was
purified by reverse-phase ISCO (10-100% methanol/0.1% TFA in H,O) to afford white
solid in TFA salt form (1.56 g, 97% yield). This product was dissolved in DCM (8 mL) and
TFA (8 mL). The resulting mixture was stirred for 30 min. Then, it was concentrated and
purified by reverse-phase ISCO (10-100% methanol/0.1% TFA in H,O) to afford the title
compound 3 as white solid in TFA salt form (1.25 g, 98% yield). "H NMR (600 MHz,
CD30D) & 8.74 (s, 1H), 7.98 (s, 1H), 7.66 (dt, J =9.2, 3.4 Hz, 1H), 7.43-7.31 (m, 1H), 7.27
(d,J=4.6 Hz, 2H), 4.37 (t, ] = 5.6 Hz, 2H), 4.08 (s, 3H), 3.71-3.37 (m, 6H), 3.33-3.21 (m,
4H), 2.39 (t, J = 7.8 Hz, 2H). HPLC 98% pure, tg = 3.40 min; HRMS m/z [M + H]*
calculated for CooHycCIFN5O,™ 446.1754, found 446.1743.

3-(4-(3-((4-((3-Chloro-4-fluorophenyl)amino)-7-methoxyquinazolin-6-
yl)oxy)propyl)piperazin-1-yl)propanoic Acid (14).—To the suspension of compound
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13 (888 mg, 2 mmol) and potassium carbonate (828 mg, 6 mmol, 3.0 equiv) in DMF (10
mL) was added ethyl 3-bromopropanoate (724 mg, 4 mmol, 2.0 equiv). After being stirring
overnight at 80 °C, water was added, and the mixture was extracted with ethyl acetate (3 x
15 mL), dried over NaySQOy, filtered, and concentrated. The crude product was purified by
reverse-phase ISCO (10-100% methanol/0.1% TFA in H,0) to afford white solid in TFA
salt form (822 mg, 75% yield). This product was dissolved in THF (5 mL) and water (5 mL).
After stirring overnight at ambient temperature, it was concentrated and purified by reverse-
phase ISCO (10-100% methanol/0.1% TFA in H,O) to afford the title compound 14 as
white solid in TFA salt form (834 mg, 98% yield). TH NMR (600 MHz, CD;0D) & 8.74 (s,
1H), 7.98 (s, 1H), 7.94 (dd, J = 6.6, 2.7 Hz, 1H), 7.72-7.59 (m, 1H), 7.37 (t,J = 8.9 Hz, 1H),
7.27 (s, 1H), 4.35 (t, ] = 5.6 Hz, 2H), 4.09 (s, 3H), 3.38-3.32 (m, 4H), 3.27 (t, J = 7.3 Hz,
2H), 3.22-3.16 (m, 4H), 3.13 (t, ] = 6.9 Hz, 2H), 2.70 (t, ] = 6.9 Hz, 2H), 2.34 (t, ] = 6.7 Hz,
2H). HPLC 97% pure, tg = 3.56 min; HRMS m/z [M + H]* calculated for C»5H3(CIFN504*
518.1965, found 518.1976.

3-(3-(((S)-1-((2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)-benzyl)carbamoyl)
pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)-amino)-3-oxopropoxy)propanoic
Acid (15).—To a solution of 3,3"-oxydipropionic acid (648 mg, 4 mmol) in DMSO (10
mL) were added N-methylmorpholine (NMM, 10 mmol), (25,4R)-1-((S)-2-amino-3,3-
dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)-benzyl)pyrrolidine-2-
carboxamide (VHL-1, 860 mg, 2 mmol), 1-hydroxy-7-azabenzo-triazole (HOAt, 326 mg,
2.4 mmol), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI, 461 mg, 2.4 mmol)
at 0 °C. The resulting reaction solution was stirred at 0 °C for 6 h and then at RT overnight.
The progress of the reaction was monitored by LC/MS. After VHL-1 was totally consumed,
the reaction was concentrated, and the resulting residue was purified by reverse-phase
chromatography to yield the product (450 mg, 63%) as white solid. 'H NMR (600 MHz,
CD30D) 6 9.00 (s, 1H), 7.45 (d, J = 22.1 Hz, 4H), 4.64 (s, 1H), 4.61-4.44 (m, 3H), 4.36 (d,
J=15.4Hz, 1H), 3.84 (dd, J = 57.3, 10.5 Hz, 2H), 3.75-3.56 (m, 4H), 2.60-2.39 (m, 7H),
2.24-2.17 (m, 1H), 2.11-2.03 (m, 1H), 1.03 (s, 9H). HRMS (ESI-TOF) m/z: [M + H]*
calculated for CogH39N407S, 575.2534; found: 575.2543.

(S)-15-((2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)-carbamoyl)
pyrrolidine-1-carbonyl)-16,16-dimethyl-13-ox0-4,7,10-trioxa-14-
azaheptadecanoic Acid (16).—(677 mg, 57%) as white solid. "H NMR (600 MHz,
CD30D) 6 8.95 (s, 1H), 7.47 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 4.65 (s, 1H),
4.59-4.51 (m, 2H), 4.49 (s, 1H), 4.35 (d, J = 15.5 Hz, 1H), 3.89 (d, J = 11.1 Hz, 1H), 3.80
(dd, J =10.9, 3.9 Hz, 1H), 3.76-3.67 (m, 4H), 3.66-3.54 (m, 8H), 2.60-2.50 (m, 3H), 2.50—
2.43 (m, 4H), 2.21 (dd, J = 13.1, 7.6 Hz, 1H), 2.08 (ddd, J = 13.3, 9.1, 4.5 Hz, 1H), 1.04 (s,
9H). HRMS (ESI-TOF) m/z: [M + H]* calculated for C3,H47N400S, 663.3058; found:
663.3059.

(S)-19-((2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)-carbamoyl)
pyrrolidine-1-carbonyl)-20,20-dimethyl-17-0x0-3,6,9,12,15-pentaoxa-18-
azahenicosanoic Acid (17).—(496 mg, 54%) as white solid. 'TH NMR (600 MHz,
CD;0D) & 8.89 (s, 1H), 7.47 (d, J = 8.1 Hz, 2H), 7.42 (d, ] = 8.1 Hz, 2H), 4.69 (s, 1H),
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4.59—4.46 (m, 3H), 4.36 (d, J = 15.5 Hz, 1H), 4.16-4.00 (m, 4H), 3.87 (d, J = 11.0 Hz, 1H),
3.80(dd, J =11.0, 3.7 Hz, 1H), 3.76-3.53 (m, 16H), 2.48 (s, 3H), 2.22 (dd, J = 13.1, 7.6 Hz,
1H), 2.08 (ddd, J = 13.3, 9.2, 4.4 Hz, 1H), 1.04 (s, 7H). HRMS (ESI-TOF) m/z: [M + H]*
calculated for C34H5;N4011S, 723.3270; found: 723.3269.

4-(((S)-1-((2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)-carbamoyl)
pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-4-oxobutanoic Acid (18).
—(810 mg, 85%) as white solid. 'H NMR (600 MHz CD30D) & 9.10 (s, 1H), 7.51 (d, J =
7.8 Hz, 2H), 7.44 (d, ] = 8.4 Hz, 2H), 4.64 (s, 1H), 4.60-4.49 (m, 3H), 4.39 (d, J = 15.6 Hz,
1H), 3.91 (d, J = 10.8 Hz, 1H), 3.82 (dd, J = 9.6, 3.6 Hz, 1H), 2.67-2.55 (m, 4H), 2.52 (s,
3H), 2.25-2.22 (m, 1H), 2.12-2.07 (m, 1H), 1.06 (s, 9H). HRMS (ESI-TOF) m/z: [M + H]*
calculated for CpgH35N40¢S, 531.2272, found 531.2280.

7-(((S)-1-((2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)-carbamoyl)
pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-7-oxoheptanoic Acid (19).
—(810 mg, 79%) as white solid. 'H NMR (600 MHz CD3;0D) & 8.98 (s, 1H), 7.50 (d, J =
8.4 Hz, 2H), 7.44 (d, J =9.0 Hz, 2H), 4.65 (s, 1H), 4.60—4.49 (m, 3H), 4.38 (d, J = 15.6 Hz,
1H), 3.93 (d, J = 10.8 Hz, 1H), 3.82 (dd, J = 11.4, 3.6 Hz, 1H), 2.51 (s, 3H), 2.35-2.22 (m,
5H), 2.13-2.08 (m, 1H), 1.68-1.59 (m, 4H),1.42-1.34 (m, 2H), 1.06 (s, 9H). HRMS (ESI-
TOF) m/z: [M + H]* calculated for CogHyN4OgS, 573.2741, found 573.2754.

11-(((S)-1-((2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)-
benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)-amino)-11-
oxoundecanoic Acid (20).—(574 mg, 76% yield) as white solid. '"H NMR (600 MHz,
CD;0D) 6 8.99 (d,J =5.3 Hz, 1H), 7.47 (dd, ] = 8.2, 2.2 Hz, 2H), 7.42 (dd, J = 8.3, 2.9 Hz,
2H), 4.65-4.61 (m, 1H), 4.59-4.46 (m, 3H), 4.35 (d, J = 15.5 Hz, 1H), 3.93-3.86 (m, 1H),
3.80 (dt, J = 11.0, 3.5 Hz, 1H), 2.48 (s, 3H), 2.36-2.16 (m, 4H), 2.08 (ddd, J = 13.3,9.1, 4.5
Hz, 1H), 1.65-1.52 (m, 4H), 1.39-1.22 (m, 11H), 1.03 (s, 9H). HPLC 95% pure, tg = 4.25
min; HRMS m/z [M + H]" calculated for C33H49N406S* 629.3367, found 629.3343.

4-((8-Aminooctyl)oxy)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (26).—To
the suspension of 2-(2,6-dioxopiperidin-3-yl)-4-hydroxyisoindoline- 1,3-dione (24, 55.0 mg,
0.2 mmol), sodium bicarbonate (1.2 g, 0.46 mmol, 2.3 equiv), and sodium iodide (6 mg,
0.04 mmol, 0.2 equiv) in DMF (2 mL) was added tert-butyl (8-iodooctyl)carbamate, which
was prepared according to the previously reported procedures*® (25, 85.2 mg, 0.24 mmol,
1.2 equiv). After stirring at 65 °C for 2 days, the reaction mixture was purified by
preparative HPLC to yield white solid (46.8 mg, 47%). MS (ESI) m/z 502.5 [M + H]*. This
white solid was dissolved in DCM (1 mL) and TFA (1 mL). The resulting mixture was
stirred for 30 min. Then, it was concentrated and purified by preparative HPLC (10-100%
acetonitrile/0.1% TFA in H,0) to yield title compound 26 as white solid (28.2 mg, 76%). 'H
NMR (600 MHz, CD3;0D) 6 7.75 (t, ] = 7.9 Hz, 1H), 7.41 (dd, J = 8.3, 3.8 Hz, 2H), 5.09
(dd, J=12.9, 5.4 Hz, 1H), 4.21 (t, ] = 6.4 Hz, 2H), 2.96-2.79 (m, 3H), 2.79-2.61 (m, 2H),
2.12 (dd, J = 12.6, 5.9 Hz, 1H), 1.85 (p, J = 6.7 Hz, 2H), 1.65 (p, J = 7.3 Hz, 2H), 1.54 (q, J
=7.4 Hz, 2H), 1.47-1.30 (m, 6H). HPLC 95% pure, tg = 4.19 min; HRMS m/z [M + H]*
calculated for Cy1HpgN305™ 402.2023, found 402.2046.
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(2R,4S)-1-((S)-2-(11-(4-(3-((4-((3-Chloro-4-fluorophenyl)amino)-7-
methoxyquinazolin-6-yl)oxy)propyl)piperazin-1-yl)-11-oxoundecanamido)-3,3-
dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-
carboxamide (27).—Compound 27 was prepared following the general procedure for
preparing compound 1 from N-(3-chloro-4-fluorophenyl)-7-methoxy-6-(3-(piperazin-1-yl)-
propoxy)quinazolin-4-amine (13, 11.0 mg, 0.02 mmol) and 11-(((S)-1-((2R,4S)-4-
hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)-carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-
oxobutan-2-yl)amino)- 1 1-oxoundecanoic acid (31, 13.6 mg, 0.02 mmol). White solid (18.4
mg, 87% yield). '"H NMR (600 MHz, CD30D) & 9.00 (s, 1H), 8.74 (s, 1H), 8.06-7.86 (m,
2H), 7.74-7.59 (m, 1H), 7.54-7.08 (m, 6H), 4.58 (dd, J = 8.4, 6.5 Hz, 1H), 4.54-4.46 (m,
2H), 4.43 (s, 1H), 4.41-4.30 (m, 3H), 4.08 (s, 3H), 3.99 (dd, J = 10.8, 4.9 Hz, 1H), 3.93—
3.35 (m, 6H), 3.19 (d, J = 1.5 Hz, 5H), 2.50 (s, 3H), 2.43 (dd, J =9.1, 6.2 Hz, 4H), 2.31-
2.09 (m, 3H), 2.02 (ddd, J = 14.6, 9.0, 6.0 Hz, 1H), 1.57 (p, ] = 7.5 Hz, 2H), 1.50-1.12 (m,
12H), 1.07 (s, 9H). 13C NMR (201 MHz, CD;0D) & 175.56, 173.11, 172.78, 171.19,
158.78, 157.58, 156.79, 155.56, 151.48, 150.02, 148.47, 147.51, 138.87, 135.92, 133.70,
132.13, 129.99, 128.97, 127.29, 126.49, 124.50 (d, J (C, F) = 16.0 Hz), 116.49 (d,J (C, F) =
22.1 Hz, C-F), 107.36, 103.60, 99.43, 69.12, 66.79, 59.58, 58.69, 56.11, 55.42, 54.77, 51.82,
51.52,42.26, 42.10, 38.31, 37.71, 34.90, 33.95, 32.21, 29.07, 28.96, 25.66, 25.38, 24.77,
23.43, 14.55. HPLC 98% pure, tg = 4.14 min; HRMS m/z [M + H]* calculated for
C55H7,CIFNgO7S* 1056.4942, found 1056.4910.

3-(4-(3-((4-((3-Chloro-4-fluorophenyl)amino)-7-methoxyquina-zolin-6-
yl)oxy)propyl)piperazin-1-yl)-N-(8-((2-(1-methyl-2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)oxy)octyl)propanamide (28).—Compound 28 was prepared
following the general procedure for preparing compound 10 from 3-(4-(3-((4-((3-chloro-4-
fluorophenyl)amino)-7-methoxyquinazolin-6-yl)oxy)propyl)-piperazin-1-yl)propanoic acid
(14, 13.4 mg, 0.025 mmol) and 4-((8-aminooctyl)oxy)-2-(1-methyl-2,6-dioxopiperidin-3-
yl)isoindoline-1,3-dione (33, 10.8 mg, 0.025 mmol). White solid (13.8 mg, yield 60%). IH
NMR (600 MHz, CD3;0D) 6 8.74 (d, J = 1.2 Hz, 1H), 7.98-7.89 (m, 2H), 7.76-7.69 (m,
1H), 7.66 (ddd, J = 8.9, 4.1, 2.6 Hz, 1H), 7.43-7.32 (m, 3H), 7.27 (s, 1H), 5.12 (dd, J = 12.9,
5.4 Hz, 1H), 4.37 (t,J = 5.5 Hz, 2H), 4.19 (t, ] = 6.3 Hz, 2H), 4.09 (s, 3H), 3.77-3.62 (m,
7H), 3.48 (dt, J = 21.2, 6.9 Hz, 4H), 3.19 (t, ] = 7.2 Hz, 2H), 3.14 (s, 3H), 2.76-2.62 (m,
5H), 2.42 (p, ] = 6.7 Hz, 2H), 2.13-2.05 (m, 1H), 1.88-1.77 (m, 2H), 1.52 (q, J = 7.0 Hz,
4H), 1.44-1.31 (m, 7H). 13C NMR (201 MHz, CD30D) & 172.24, 170.87, 170.04, 167.24,
165.95, 158.67, 157.59, 156.76, 156.61, 155.52, 150.12, 148.32, 136.55, 135.68, 133.61,
126.42, 124.47, 120.38 (d, J (C, F) =20.1 Hz), 119.14, 116.62, 116.37 (d, J (C, F) = 22.1
Hz), 114.88, 107.31, 103.46, 99.32, 69.13, 66.90, 56.15, 54.48, 52.81, 50.09, 49.66, 49.55,
39.13, 31.07, 30.47, 28.88, 28.84, 28.57, 26.48, 26.00, 25.46, 23.92, 21.51. HPLC 98% pure,
tr = 4.32 min; HRMS m/z [M + H]* calculated for C47H57CIEN O * 915.3966, found
915.3967.

11-(((S)-1-((2R,4S)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)-
benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)-amino)-11-
oxoundecanoic Acid (31).—Compound 31 was prepared following the general
procedure for preparing compound 15 from (2R,4S)-1-((S)-2-amino-3,3-
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dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide
(29, 108 mg, 0.25 mmol) and undecanedioic acid (30, 65 mg, 0.3 mmol, 1.2 equiv). White
solid (67.2 mg, 43% yield). 'H NMR (600 MHz, CD30D) 6 8.99 (s, 1H), 7.46-7.42 (m,
2H), 7.39 (d, ] = 8.2 Hz, 2H), 4.59 (dd, J = 8.4, 6.5 Hz, 1H), 4.53 (d, ] = 15.7 Hz, 1H), 4.51-
4.46 (m, 1H), 4.43 (s, 1H), 4.34 (d, J = 15.7 Hz, 1H), 3.99 (dt, J = 12.1, 6.0 Hz, 1H), 3.72
(ddd,J=11.0, 3.7, 1.1 Hz, 1H), 2.50 (s, 3H), 2.30-2.12 (m, 5H), 2.00 (ddd, J = 14.6, 8.9,
6.0 Hz, 1H), 1.54 (p, ] = 7.4 Hz, 2H), 1.48-1.39 (m, 1H), 1.38-1.13 (m, 11H), 1.07 (s, 9H).
HPLC 97% pure, tg = 4.30 min; HRMS m/z [M + H]* calculated for C33H49N4O0¢S*
629.3367, found 629.3378.

4-((8-Aminooctyl)oxy)-2-(1-methyl-2,6-dioxopiperidin-3-yl)-isoindoline-1,3-
dione (33).—To the suspension of tert-butyl (8-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)oxy)octyl)-carbamate (265 mg, 0.53 mmol) and potassium carbonate
(110 mg, 0.8 mmol, 1.5 equiv) in DMF (5 mL) was added iodomethane (114 mg, 0.8 mmol,
1.5 equiv). After stirring overnight at room temperature for 4 h, water was added, and the
mixture was extracted with ethyl acetate (3 x 15 mL), dried over NapSQOy, filtered, and
concentrated. The crude product was dissolved in DCM (3 mL) and TFA (3 mL). The
resulting mixture was stirred for 30 min. Then, it was concentrated and purified by reverse-
phase ISCO (10-100% methanol/0.1% TFA in H»O) to afford the title compound 33 as
white solid in TFA salt form (179 mg, 81% yield). '"H NMR (600 MHz, CD30D) & 7.76
(ddd, J =8.5,7.2,1.0 Hz, 1H), 7.43 (dd, ] = 7.9, 4.7 Hz, 2H), 5.16-5.05 (m, 1H), 4.22 (t, ] =
6.3 Hz, 2H), 3.15 (s, 3H), 2.89 (ddd, J = 12.8, 7.8, 5.2 Hz, 4H), 2.68 (qd, J = 12.6, 6.1 Hz,
1H), 2.14-2.05 (m, 1H), 1.90-1.81 (m, 2H), 1.69-1.61 (m, 2H), 1.59-1.52 (m, 2H), 1.48-
1.35 (m, 6H). HPLC 98% pure, tg = 4.28 min; HRMS m/z [M + H]* calculated for
C22H30N305+ 416.2180, found 416.2167.

EGFR Binding Assay.

Cell Culture.

Binding affinities of gefitinib, compounds 6, 10, 27, and 28 to EGFR WT and EGFR L858R
were determined by DiscoverX using the KINOMEscan assay, a competition binding assay
that quantitatively measures the ability of a compound to compete with an immobilized,
active-site-directed ligand. The assay was performed by combining three components: DNA-
tagged EGFR, immobilized ligand, and a test compound. The ability of the test compound to
compete with the immobilized ligand was measured by quantitative PCR of the DNA tag.
The Kj values were determined using an 11-point 3-fold compound dilution (the top
concentration of 1 ¢M for gefitinib and 30 #M for other compounds) with three DMSO
control points in duplicates.

HCC-827 cells and H3255 cells were purchased from ATCC. Both cell lines were cultured
in RPMI/1640 medium supplemented with 20% FBS (HCC-827 cells)/20% FBS (H3255
cells) and 50 ug/mL penicillin/streptomycin. Cells were cultured in an incubator at 37 °C
with 5% CO,.
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Western Blot Analysis.

Cultured cells were washed with PBS twice and then lysed in a 1X Laemmli sample buffer
(BIO-RAD) directly. Lysates were heated at 100 °C for 10 min and centrifuged at 14 000
rpm for 10 min before loading to the 4—-15% precast gels (BIO-RAD). Samples were running
under 80 V for 15 min, then switched to 150 V for another 1 h, and then transferred to
PVDF membranes at 100 V, 90 min. Membranes were then blocked in a 5% skim milk
TBST buffer for 1 h at room temperature, followed by primary antibody incubation
overnight at 4 °C. HRP-conjugated secondary antibody was then applied and incubated for 2
h at room temperature. Membranes were imaged by a ChemiDoc MP Imaging system (BIO-
RAD) and organized with Image Lab software.

Cell Proliferation Assay.

2000/well HCC-827 cells or 4000/well H3255 cells were planted to 96 wells a night before
and then treated with indicated doses of EGFR degraders or controls for another 3 days. Cell
proliferation/survival was measured using Cell Counting Kit-8 (Sigma-Aldrich) following
the manufacturer’s instruction and plotted via Graphpad 6.

Liquid Chromatography—Mass Spectrometry (LC-MS).

The clean peptides were dissolved in 0.1% formic acid and analyzed on a Q-Exactive HF-X
coupled with an Easy nanoL.C 1200 (Thermo Fisher Scientific, San Jose, CA). Peptides of 1
mg were loaded onto an Acclain PepMap RSLC C18 column (250 mm x 75 gm ID, C18, 2
wm, Thermo Fisher). Analytical separation of all peptides was achieved with a 100 min or
140 min gradient. A linear gradient of 5-30% buffer B over 75 min or 100 min was executed
at a 300 nL/min flow rate following a ramp to 100% B in 1 or 5, and 9 min or 15 min wash
with 100% B, where buffer A was aqueous 0.1% formic acid and buffer B was 80%
acetonitrile and 0.1% formic acid.

LC-MS experiments were also performed in a data-dependent mode with full MS
(externally calibrated to a mass accuracy of <5 ppm and a resolution of 60 000 at m/z 200)
followed by high-energy collision-activated dissociation-MS/MS of the top 20 most intense
ions with a resolution of 15 000 at /2 200. High-energy collision-activated dissociation-
MS/MS was used to dissociate peptides at a normalized collision energy of 27 eV in the
presence of nitrogen bath gas atoms. Dynamic exclusion was 30.0 s. There were three
biological replicates for one treatment, and each sample was subjected to two technical LC—
MS replicates.

Raw data processing and analysis. Mass spectra were processed, and peptide identification
was performed using the Andromeda search engine found in MaxQuant software version
1.6.0.16 (Max Planck Institute, Germany). All protein database searches were performed
against the UniProt human protein sequence database (UP000005640). Peptides were
identified with a target-decoy approach using a combined database consisting of reverse
protein sequences of the UniProt human. A false discovery rate for both peptide-spectrum
match and protein assignment was set at 1%. Search parameters included up to two missed
cleavages at Lys/Arg on the sequence, oxidation of methionine, and protein N-terminal
acetylation as a dynamic modification. Carbamidomethylation of cysteine residues was
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considered as a static modification. Peptide identifications are reported by the filtering of
reverse and contaminant entries and assigning to their leading razor protein. LFQ was
performed based on peak area. The measured area under the curve of n7/z and the retention
time-aligned extracted ion chromatogram of a peptide were performed via the label-free
quantitation module found in MaxQuant version 1.6.0.16. Data processing and statistical
analysis were performed on Perseus (Version 1.6.0.7). Protein quantitation was performed
on technical replicates, and a two-sample t-test statistics was used with a p-value of 5% to
report statistically significant protein abundance fold changes.

Statistical Analysis.

Data was analyzed using GraphPad 6.0. Half-life (#/,) (time needed for degrading a half of
the protein), DCs (concentration that resulted in a 50% EGFR degradation), and ICs
(concentration that led to 50% of cell growth inhibition) were calculated using the nonlinear
regression-“log (inhibitor) vs response-variable slope” analytical protocol.

Mouse Pharmacokinetic Study.

Compounds 6 and 10 were dissolved in 5% DMA, 25% Solutol HS-15, and 70% normal
saline as formulation. Six male Swiss Albino mice were administered intraperitoneally with
a solution formulation of each compound at a dose of 50 mg/kg. Plasma samples
(approximately 60 L) were collected from three mice at 0.5, 2, 8, 12, 16, and 24 h.
Compound concentrations in plasma at each time point are the average values from three test
mice. Error bars represent + SEM. Experiments involving mice were performed according to
the Institutional Animal Care and Use Committee-approved protocol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

EGFR epidermal growth factor receptor
NSCLC non-small-cell lung cancers
PROTACs proteolysis targeting chimeras
TKI tyrosine kinase inhibitor

PEG poly(ethylene glycol)

ATP adenosine triphosphate

EGFR e19d EGFR mutant with exo 19 deletion
EGFR L858R EGFR L858R single point mutant
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RTK receptor tyrosine kinase
WT wild type
VHL von Hippel-Lindau
CRBN cereblon
PK pharmacokinetic
TFA trifluoroacetic acid
EDCI 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
HOAt 1-hydroxy-7-azabenzo-triazole
NMM N-methylmorpholine
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Figure 2.
Chemical structures of designed gefitinib-based EGFR degraders 1-10.
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Figure 3.
Western blotting analysis of EGFR protein in HCC-827 cells treated with compounds 1-10.

(A) VHL-1-based compounds 1-6 and (B) CRBN-based compounds 7-10 were tested in
HCC-827 cell lines using three different concentrations (10, 100, and 1000 nM). EGFR
e19d: EGFR mutant with exon 19 deletion.
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Chemical structures of compounds 27 and 28 and the previously reported EGFR degrader

PROTACS3.
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Figure 5.

Compounds 6, 27, 10, and 28 bind EGFR WT and L858R mutants with high affinities. The
K, determinations were performed in a competitive binding assay in duplicate. Error bars
represent + standard error of the mean (SEM) in duplicated independent experiments.
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Compounds 6 and 10 potently reduced protein levels of EGFR mutants and inhibited
downstream signaling in lung cancer cells. NSCLC cell lines HCC-827 (A) and H3255 (B)
were cultured to 80% confluent and then switched to a serum-free medium for 8 h before

treating with indicated concentrations of the compounds for another 16 h. EGFR e19d:
EGFR mutant with exon 19 deletion; EGFR L858R: EGFR L858R single point mutant; Gef:
gefitinib (parental EGFR inhibitor; 1 ¢zM); 1k: 1000; 10k: 10 000.
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Compounds 6 and 10 did not significantly reduce WT EGFR protein levels in OVCAR-8 (A)
and H1299 (B) cells. OVCAR-8 and H1299 cells were cultured to 80% confluent and then
switched to a serum-free medium for 8 h before treating with indicated concentrations of the
compounds for another 16 h. Gef: gefitinib (1 ¢zM).
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Compounds 27 and 28 did not significantly reduce the protein levels of EGFR mutants in
HCC-827 and H3255 cells. HCC-827 (A) and H3255 (B) cells were cultured to 80%
confluent and then switched to a serum-free medium for 8 h before treating with indicated

concentrations of the compounds for another 16 h.
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Compounds 6 and 10 rapidly and time-dependently elicit the degradation of EGFR mutants
in lung cancer cells. A final concentration of 100 nM compound 6 or 10 was added to
HCC-827 cells (A) and H3255 cells (B) after 8 h of serum starvation. At each time point,
cells were collected for Western blot. The time needed for the degradation of 50% protein
(t12) was determined by the intensity of Western bands and normalized to GAPDH. Error
bars represent the standard errors in three independent experiments.
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Serum starvation enhances the EGFR degradation induced by compounds 6 and 10. Cultured
HCC-827 cells (A) and H3255 cells (B) were switched to a serum-free/serum-containing
medium for 8 h and then treated with the indicated concentrations of the degraders for 16 h.
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Figure 11.

EGFR degradation effect of compounds 6 and 10 is mediated through the E3 ubiquitin ligase
components VHL and CRBN, respectively, and is reversible upon washout. (A) H3255 cells
were starved for 4 h and then pretreated with the indicated chemicals for 2 h before degrader
(100 nM) treatment for another 8 h. The final concentrations of the compounds used for
pretreatment are DMSO (0.1% v/v), MLN4924 (1 uM), VH-298 (10 uM), thalidomide (10
4M), negative controls (compound 27 for degrader 6 and compound 28 for degrader 10, 10
4M), and gefitinib (10 ¢M). (B) HCC-827 and H3255 cells were starved for 8 h before a 12
h degrader treatment, then washed with PBS three times, and harvested at the indicated time
points for Western blot analysis.
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Gefitinib
compound 27
compound 6
compound 28
compound 10

PROTAC 3

Compounds 6 and 10 inhibit the proliferation of lung cancer H3255 cells. H3255 cells were

seeded to 96-well plates a night before at 4000 cells/well and then treated with serial

dilutions of degraders or controls for 3 days. Cell number/growth was measured using Cell

Counting Kit-8 and error bars indicating the standard errors in three independent

experiments.
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Compound 10
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Global proteomic analyses indicate that compounds 6 and 10 are highly selective EGFR

degraders. HCC-827 cells were starved for 8 h and treated with compound 6 (A) or

compound 10 (B) at 100 nM for 16 h and then collected for liquid chromatography—mass

spectrometry (LC-MS) analyses. Label-free quantification (LFQ) was used to calculate

peptide intensity; the top panels showed the relative abundance of EGFR (LFQ intensity

value) between the degrader-treated and control groups. Error bars indicate the standard

errors in three independent experiments.
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EGFR degraders 6 and 10 are bioavailable in mouse PK studies. Plasma concentrations of

compound 6 (A) and compound 10 (B) following a single 50 mg/kg IP injection over 24 h in

male Swiss Albino mice. Experiments were carried out in biological triplicates, with points

representing mean concentrations + SEM.
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Scheme 1.
Synthesis of Gefitinib-Based EGFR Degraders 1-104

4Reaction conditions: (a) K,CO3, dimethylformamide (DMF), 80 °C; (b) trifluoroacetic acid
(TFA), dichloromethane (DCM), room temperature (rt), 30 min; (c) ethyl 3-
bromopropanoate, Ko,CO3, DMF, 80 °C; (d) LiOH, tetrahydrofuran (THF), H,O, rt, 12 h; (e)
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI), 1-hydroxy-7-azabenzo-triazole
(HOAt), N-methylmorpholine (NMM), dimethyl sulfoxide (DMSO), rt, 4 h; (f) NaHCO3,
Nal, DMF, 65 °C, 2 days; (g) TFA/DCM, rt, 30 min; (h) 14, EDCI, HOAt, NMM, DMSO, rt,
12 h.
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Scheme 2.
Synthesis of Negative Control Compounds 27 and 284

4Reaction conditions: (a) 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI), 1-
hydroxy-7-azabenzo-triazole (HOAt), N-methylmorpholine (NMM), dimethyl sulfoxide
(DMSO), 1t, 4 h; (b) 13, EDCI, HOAt, NMM, DMSO, rt, 12 h; (c) K,CO3, CH3l, DMF, 1t, 4
h; (d) TFA/DCM, rt, 30 min; (e) 14, EDCI, HOAt, NMM, DMSO, rt, 12 h.
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