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binding) domains onto EGFR’s C-term activates three main signaling pathways: the MAPK, PI3K, and PLC-y
signaling pathways (163). The proteins that directly interact with activated (auto-pY) EGFR can generally be
categorized as: positive regulators of mitogenic signaling, such as the kinase SRC, the phospholipase PLC-y,
and the transcription factor STAT3; adaptor/scaffolding proteins with no catalytic activity, but with the ability to
assemble and regulate protein complexes, such as GRB2 and SHC; and negative regulators of signaling such
as the E3 ubiquitin ligase CBL and phosphatase SHP1 (163). At least 65 different proteins with SH2 or PTB
domains have been validated as binding to EGFR’s C-term pYs (165). These interacting proteins are often
multivalent—having multiple SH2, PTB, SH3, PH, or other domains —and mediate interactions with additional
proteins or with the cell membrane (166). When the multivalency of adaptor proteins (= 65 effectors), the
possible variety of autophosphorylated sites (~12 tyrosines) on EGFR’s C-term, and the receptor’s regulation
by different growth factors and oligo/hetero/homo-dimerization (611 possible combinations) are all considered,
the picture of EGFR signaling becomes complex and nuanced.

Much work has gone into untangling and simplifying EGFR signaling (167,168). When the entirety of
the known signaling pathway is mapped out, a notable feature becomes apparent: a bowtie (or hourglass)
structure (169). The vast ligand—EGFR-SH2/PTB network of receptor signaling complexes converges onto just
a handful of molecules, which themselves activate a variety of signaling cascades (Figure 1.5B). The critical
nodes in EGFR signaling are a series of previously mentioned non-receptor tyrosine kinases (non-RTKs),
small GTPases, and phosphatidylinositol phosphates (PIPs). Specifically, the nodes in EGFR signaling are the
non-RTKs PYK2 and SRC, the small GTPases RAS and RAC, and the PIPs Pl4,5-P,, and PI13,4,5-P; (169)".
As the complexity of EGFR signaling via PYK2 and SRC is being untangled (170,171), the field has forged
ahead with the simplified view that EGFR signals primarily through the MAPK (RAS node) and or PI3K/AKT
(PIP node) signaling pathways (172)".

Learning from EGFR Mutations to Design Better Therapies

Since EGFR was recognized as an oncogene due to its homology to v-erb-B, a retroviral protein that
enables avian erythroblastosis virus to transform chicken blood cells (173), the study of cancer and EGFR
have inexorably been linked (174,175). EGFR overexpression in brain, head & neck, lung, pancreatic, and
colorectal cancers led to myriad clinical trials aimed at targeting the protein for therapeutic effects (113). While
EGFR-TKIs are FDA-approved against cancers in a couple of different body sites (113,176), the inhibitors have
their most significant effects against EGFR-mutant lung adenocarcinoma. At the same time, cetuximab, the
anti-EGFR antibody, has been found to be most clinically effective for head & neck (177) and colorectal
cancers (178). These clinical findings lead to basic questions: why are EGFR-TKIs most effective in lung
cancer and why are anti-EGFR antibodies most effective in head & neck and colorectal cancers? The answers
to these questions may have to do with EGFR’s mechanism of activation. Anti-EGFR antibodies are thought to
be effective in colorectal and head & neck cancers because these cancers express locally high levels of
EGFR-activating ligands and because anti-EGFR antibodies block ligand binding (175). At the same time,
EGFR-TKIs are effective against certain lung adenocarcinomas because these cancers harbor recurrent
mutations in the kinase domain—where TKIs bind (63-65). While EGFR is implicated in colorectal, head &
neck, and pancreatic cancers, EGFR mutations in these malignancies are not consistently identified”.
Recurrent genetic alterations are useful in cancer biology because they hint at how an oncogene’s product is
activated. Along these lines, study of lung adenocarcinoma associated EGFR mutations has been critical in
pushing forward understanding of EGFR biology.

Studies of the common lung adenocarcinoma associated EGFR mutations (L858R and ex19del) have
provided further insights into the biology of the receptor. Studies of EGFR-L858R have demonstrated that it is
= 50 times more active than wild-type (WT) EGFR (66) as a result of preferentially adapting the active
conformation (180). More importantly, studies on EGFR-L858R have added a plethora of evidence to support
EGFR’s activation via receptor-mediated asymmetric dimerization. While monomeric EGFR-L858R is active in
the absence of EGF (181,182), the protein is even more active as part of an asymmetric dimer (183),
especially when it adopts the receiver position (184). In fact, the oncogenic properties of EGFR-L858R may be
entirely driven by the greater propensity of these mutants to form active dimers (185). The ECD also appears
to play a key role in the activation of mutant EGFR, even in the absence of ligand (186). Study of EGFR
ex19del has likewise been generalized to help with the understanding of the mechanism of activation of similar
deletions in other oncogenes (187). In due turn, increased knowledge about the structure and function of
EGFR mutations has enabled the development of more potent irreversible second-generation (188) and third-
generation (189,190) EGFR-TKIs for the treatment of lung adenocarcinoma.
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Figure 1.5: Overview of EGFR signaling

A, graphical representation of phosphotyrosine-mediated recruitment of adaptors to EGFR; lines connect phosphotyrosines to adaptors and provide a quantitative
protein interaction network for EGFR, adapted from (165). Dark red circles represent phosphopeptides at each indicated EGFR tyrosine residue; clear circles
represent the non-phosphorylated version of each phosphopeptide; green circles represent SH2 domains; and blue circles represent PTB domains. Lines
connecting peptides to domains indicate observed interactions, colored according to the affinity of the interaction (see legend). B, simplified bow-tie architecture of
the EGFR signaling pathway, adapted from (169). Beige = ligands; light blue = signaling intermediaries; orange = critical nodes in EGFR signaling [non-RTKs

(PYK2 and SRC), small GTPases (RAS and RAC), and PIPs (PI3,4,5-P; and Pl4,5-P,)]; yellow = MAPK signaling pathway (RAS node); and magenta = PI3K/AKT
signaling pathway (PIP node).



There now exist over 20 well-characterized EGFR-TKIs that have undergone some clinical
development in NSCLC (Table 1.1). First generations EGFR-TKIs were a fallout of attempting to study WT-
EGFR with small molecules (191). Although there is still some controversy (192), the majority of first-
generation EGFR-TKIs are thought to selectively bind the active mode of the TKD (which explains the
effectiveness in EGFR-mutant lung adenocarcinoma) (180). This has been attributed to two factors: 1) the
recognition of the active state of the kinase by certain EGFR-TKIs (193,194) and 2) the higher ATP affinity of
mutant enzyme relative to the WT-EGFR (195). Unlike the ATP-competitive first generation EGFR-TKIs,
second generation EGFR-TKIs, were designed to bind the TKD irreversibly in attempts to overcome acquired
resistance. While these agents proved efficacious against models of T790M-mediated EGFR-TKI resistance
(196,197), they failed to meet endpoints against T790M-positive EGFR-mutant lung adenocarcinoma in clinical
trials—due to the limited therapeutic window offered by these agents (198,199). As such, third generation
EGFR-TKIs were developed: irreversible EGFR-TKIs with a puckered ring structure that can bind the TKD
active site in the presence of T790M (189,190,200). These agents have proven to be active in patients
(95,201), and one of them, osimertinib, is FDA approved. However, resistance to osimertinib is emerging,
suggesting that alternative strategies and/or EGFR-TKIs are needed (202).

Recent work on EGFR mutants in glioblastoma has presented another possible way to inhibit EGFR: by
using inhibitors selective for the mutant-specific conformation of the receptor (203). TKIs can be categorized by
generation and mode of binding, but they can also be categorized as whether they bind the active form (Type |
inhibitors) or inactive form (Type Il inhibitors) of EGFR (or their target, in general (204)). EGFR mutations found
in glioblastoma are more responsive to Type || EGFR-TKIS (the best characterized being lapatinib) than type |
inhibitors (such as erlotinib) (203). Though head to head data is sparse, it appears that lung adenocarcinoma
associated EGFR mutations are, dose for dose, more potently inhibited by Type | as opposed to Type Il EGFR-
TKils; however, lapatinib still is able to inhibit certain EGFR-mutant lung cancer cell line models at clinically
achievable doses (203,205,206). Although clinical development of lapatinib was shifted away from NSCLC (as
the agent did not meet predetermined ORR in NSCLC), initial trials were performed in heavily pre-treated
patients and failed to test for EGFR mutation status (205,207,208). Because there is no structural reason why
EGFR-TKIs could not bind the inactive EGFR TKD effectively (182), more study is needed into Type Il
inhibitors in the setting of EGFR-mutant lung adenocarcinoma. This is especially true as EGFR mutants are not
all alike and there exists a spectrum of activation between the active and inactive confirmations of the TKD
(180). Since imatinib (a BCR-ABL TKIl) was first recognized as an inactive site TKD binder (209), it has been
generally recognized that targeting inactive states of TKDs offers clear advantages in terms of target
selectivity, patient safety, and time to resistance (210-212). In light of the mounting success of Type Il TKIs*,
the question is whether the inactive state of the EGFR TKD is a better target for drug discovery and therapy.

Purpose of these Studies

We now know that EGFR mutations (= 85% being L858R or ex19del (179)) afflict ~20% of patients with
lung adenocarcinoma (214). However, because EGFR mutations historically were interrogated by ‘hot-spot’
PCR-based methods, most known mutations are biased to fall between exons 18 and 21 (the regions that
encodes for L858R and ex19del and which encodes the majority of the TKD). As such, there is an outstanding
amount of basic science and clinical data regarding mutations in these exons, and there are less data
regarding mutations elsewhere in the protein—such as in the ECD or C-term—even though hundreds of such
mutations have been catalogued in NSCLC patients (179,215,216). At the same time, due to the limitations in
companion diagnostics and sequencing technologies (82,217), it is likely that other EGFR variants exist in lung
adenocarcinoma. This idea is backed by clinical data: a small proportion (up to 20%, depending on the trial) of
patients with no detected EGFR-activating mutations show a radiographic response when treated with EGFR-
TKils (62,218-220). While knowledge about common mutations has allowed for rational treatment of specific
cohorts (L858R or ex19del) of EGFR-mutant NSCLC, little is known about the remaining 10-15% of EGFR
mutations in NSCLC. The rest of these mutations—deemed rare or atypical mutations—are primarily scattered
throughout the EGFR TKD and can mediate either sensitivity or primary resistance to EGFR-TKI therapy (221).
The goal of these studies is to fill in this knowledge gap: to identify novel EGFR mutations in lung
adenocarcinoma, to determine the sensitivity of these alterations to therapy, and, along the way, to uncover
more about the biology of EGFR.
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generation compound name generic name 1° target(s) type class binding dev;lllc:tphn(:::nfli:]ilfl:gchc
1 0SI1744 (59) erlotinib EGFR | EGFR reversible | FDA-approved (70,71)
ZD1839 (60) gefitinib EGFR I EGFR reversible | FDA-approved (62,68,69)
GW572016 (194) lapatinib EGFR/HER2 Il dual-HER reversible | Phase | (208)
BPI2009H (222) icotinib EGFR I EGFR reversible | Phase Ill (223)
AZD8931 (224) sapitinib EGFR/HER2/HER4 || pan-HER reversible | Phase | (225)
XL647 (226) tesevatinib EGFR/HER2/VEGFR | | multitargeted reversible | Phase Il (227)
ZD6474 (228) vandetanib VEGFR/EGFR/RET || multitargeted reversible | Phase Ill (229)
AEE788 (180,230) — EGFR/HER2 I dual-HER reversible | Phase | (231)
AZD3759 (232) — EGFR | CNS-penetrant | reversible | Phase | (233)
BMS599626 (234,235) | — EGFR/HER2 I dual-HER reversible | Phase | (236)
BMS690514 (237) — EGFR/HER2/VEGFR | | multitargeted reversible | Phase Il (238)
CUDC101 (239) — EGFR/HER2/HDAC || multitargeted reversible | Phase | (240)
2 BIBW2992 (188) afatinib EGFR/HER2 I dual-HER irreversible | FDA-approved (72,73,75)
PF299804 (197) dacomitinib EGFR/HER2/HER4 || pan-HER irreversible | Phase Ill (199)
CI1033 (241) canertinib EGFR/HER2/HER4 || pan-HER irreversible | Phase Il (242)
HKI272 (243) neratinib EGFR/HER2/HER4 | I pan-HER irreversible | Phase Il (244)
EKB569 (245) pelitinib EGFR/HER2 Il dual-HER irreversible | Phase | (246)
AST1306 (247) allitinib EGFR/HER2 Il dual-HER irreversible | Phase | (248)
HM781 (249) poziotinib EGFR/HER2 I dual-HER irreversible | Phase | (250)
TAK285 (251) — EGFR/HER2 Il dual-HER irreversible | Phase | (252)
3 AZD9291 (190,253) osimertinib EGFR T790M | mutant-selective | irreversible | FDA-approved (95,254)
C0O1686 (189) rociletinib EGFR T790M | mutant-selective | irreversible | Phase Il (201)
ACO0010 (255) avitinib EGFR T790M | mutant-selective | irreversible | Phase | (256)
EGF816 (257) — EGFR T790M | mutant-selective | irreversible | Phase | (258)

Table 1.1: EGFR-TKIs for the treatment of NSCLC

Inhibitors are categorized on generation based on their being 1% generation: reversible; 2 generation: irreversible; and
3" generation: mutant-EGFR selective. In cases where compounds have several names, only the most recent compound
name is listed. 1° targets are the targets which the compound was designed to inhibit (listed in order of cell-free 1Csp) with
slashes indicating near-equal potency. The compound type (I=binds active confirmation of EGFR; lI=binds inactive
confirmation (204)) was determined based on available crystal structures and/or whether the compound was designed
against the structure of active EGFR (PDB 2GS6) or inactive EGFR (2GS7). The inhibitor class refers to the common
language used to describe the inhibitor. Note that clinical development is specific to NSCLC; some inhibitors, such as
vandetanib, are FDA-approved for other indications. Not detailed in this table: natural EGFR inhibitors (e.g. erbstatin
(259)), early tyrphostins (e.g. AG1478 (260)), molecules that never underwent clinical testing (e.g. EAI045 (261), EKI-785
(262), PD153035 (263), WZ4002 (200)), molecules never developed for their ability to inhibit EGFR in patients with
NSCLC (e.g. BGB283 (264), brigatinib (265)), named secondary metabolites (AZD5104 (190), OSI420 (266)), and/or
molecules with only abstract-level data (ASLANO001, ASP8273, CNX2006, epitinib, olmutinib, PD168393, PF06747775,
and theliatinib).
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Notes

@ While human gene symbols generally are italicized with all letters in uppercase (EGFR), | will refer to genes
in uppercase only (EGFR). As opposed to nomenclature guidelines (1), proteins also will be designated in non-
italicized uppercase. This simplified all-caps notation is meant to circumvent the ambiguity related to
interchanging references of EGFR alterations, constructs, and mutants.

® Patients usually are asymptomatic in the early stages of the disease because of the sparse pain fiber
innervation in the lungs and because adenocarcinomas most often originate in the periphery of the lungs—
leaving patients with sufficient respiratory reserve (6,7). This presentation contrasts with that of SCLC and
squamous NSCLC; cough, dyspnea, and hemoptysis present most frequently in patients with squamous cell
and SCL carcinomas because of these tumors’ tendency to involve central airways (8-12).

° The most used platinum doublets against lung adenocarcinoma are cisplatin/carboplatin+pemetrexed and
carboplatin+paclitaxel (16). The latter is sometimes combined with bevacizumab, an anti-angiogenic
therapeutic antibody, which helps boost response rates and survival (17).

9 Defined as the percent of patients experiencing objectively decreased tumor size per repeat imaging of the
same tumor. ORR is typically the combined percentage of patients experiencing a complete response (CR;
loss of detectable tumor per repeat imaging of the same tumor) and partial response (PR; loss of 2 30% of
tumor per repeat imaging of the same tumor) (18).

° Defined as the average time between diagnosis (or treatment initiation) and death (19,20).

"Due to their signaling redundancy and synthetic lethality (46), these mutations are rarely co-occurring. Still,
there are case reports of co-occurring driver alterations in NSCLC (47,48), especially with PIK3CA (49).

9 Anti-EGFR antibodies have demonstrated efficacy against lung cancer cells in vitro for decades (53).
However, for reasons that are not completely understood, anti-EGFR therapeutic antibodies have proven less
efficacious against NSCLC in the clinic (54,55). Still, there may be a place for anti-EGFR antibodies treating
defined molecular cohorts of NSCLC (56).

" Also known as time to progression (TTP); defined as the average time between diagnosis (or treatment
initiation) and recurrence (radiological or clinical) (19,20). PFS is increasingly used as an endpoint in
molecular-based clinical trials, where demonstration of efficacy is the main goal (67).

' A measure of how often a particular event happens in one group compared to how often it happens in the
control group. In this case, the risk of an event—progression or death—while being treated with gefitinib versus
(control) platinum doublets at 12 months is 0.48—just under 50%.

I This is to say: patients with EGFR-mutant lung adenocarcinoma treated with a first generation EGFR-TKI
(erlotinib or gefitinib) have the same overall survival as matched patients (EGFR-mutant lung adenocarcinoma)
treated with chemotherapy. It is unclear whether this finding is due to patient selection, poor trial design, and/or
patient crossover (86). It should also be noted that patients with EGFR-mutant NSCLC have a longer OS than
patients with EGFR-mutant-negative NSCLC, regardless of treatment modality (83-85).

* Immunotherapy (such as PD/L-1 inhibitors) has shown promising results (23) with respect to increasing OS in
patients with NSCLC (partly because the trials are designed/powered to test OS); however, the role of these
agents in EGFR-mutant lung adenocarcinoma remains contentious (87).

'In fact, in various unsupervised clustering analyses, EGFR is more closely related to ACK or SRC than to any
RTK (100). EGFR’s inactive confirmation bears striking resemblance to inactive CDK and/or SRC (101).

™ Still, in most mouse models, defects are seen in bone, brain, heart, and various epithelia—notably in the
skin, hair, lungs, and eyes. Indeed, EGF was originally identified as a protein that induces early eyelid opening



and teeth eruption in mice (104).

" This is the classical view accepted by the field. However, emerging evidence suggests that EGFR may be
forming higher order multimers (109).

° Extracellular domains | and Il alternatively are referred to as LR1 and LR2—the LR being short for leucine-
rich (115).

® In other words, the EGFR TKD primarily catalyzes trans-autophosphorylation (118). As such, throughout this
work, the measurement of EGFR’s phosphotyrosines is used as a readout of EGFR activity.

9 The DFG residues relative orientation (compared to the a-loop) does change; they simply remain in the
catalytic site in both the in/active confirmations.

" For this reason, it was thought that EGFR was always in the active conformation and that dimerization of the
receptor simply enabled trans-phosphorylation of the C-terms of two receptors (101).

® Although exposure of the dimerization arm is an important part of the HER family activation mechanism, it is
not sufficient. Mutations that disrupt the domain II-IV inhibitory tether do not activate EGFR (135,136).
Moreover, deleting domain IV (and thus constitutively exposing the dimerization arm) does not cause ligand-
independent dimerization of EGFR (137).

' Most of the binding energy between EGF and EGFR is mediated by domain Ill (139), which is also the binding
cite for cetuximab, the anti-EGFR therapeutic antibody (140). While cetuximab mainly inhibits EGFR signaling
by preventing ligand binding and receptor-mediated dimerization, there is also a role for the antibody in
attenuating signal by causing internalization/downregulation of the receptor and immune-mediated effects
(141,142).

“ These interactions were postulated to exist long before the crystal structure of EGFR was solved (144).

¥ This is not to mention the myriad cellular processes involved in modifying EGFR signaling in the cell including
receptor internalization (149), miRNA modulation of enzyme levels (150), and/or cross talk with other receptor

types (151). Beyond phosphorylation, glycosylation, and ubiquitylation, unique post-translational modifications

also effect EGFR’s activity, with sulfenylation (152) and palmitoylation (153) being but two examples. This is to
say: EGFR activity is regulated in a multitude of ways beyond autophosphorylation.

" By extension, this increases receptor activity by removing inhibitory proximal C-term interactions (161) and
providing additional sites for adaptor binding.

* Alternatively, phosphatidylinositol-4,5-bisphosphate (P14,5-P,), phosphatidylinositol-3,4, 5-triphosphate
(P13,4,5-P3).

¥ Robust readouts of MAPK and/or PI3K/AKT activation are used as a readout of EGFR downstream signaling
throughout this work.

“ EGFR is mutated in < 2 % of these cancers, and few of these mutations are recurrent (179).

% Besides erlotinib and gefitinib, most other FDA-approved reversible TKls bind to the inactive confirmation of
their targets (182,213).
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