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Abstract 

Cancer is the second leading cause of death worldwide. Although the era of 

targeted therapies has produced encouraging clinical responses across a wide range of 

genetically defined cancer subtypes—from BRAF-mutant melanomas to EGFR-mutant 

non-small cell lung cancers—these benefits are, unfortunately, usually short-lived. The 

fact is that patients typically develop resistance to first-line targeted therapies within a 

matter of just months. This problem is complicated by two interrelated considerations: 

(1) cancer cells can develop resistance to their cognate targeted therapies through wide 

ranges of distinct mechanisms; and, (2) many, if not all, of these mechanisms co-evolve 

within the same individual patient or tumor. This presents a difficult quandary: on the 

one hand, treatments which use one drug to target an individual resistance mechanism 

are insufficient and unlikely to prove curative; on the other hand, treatments which use 

multiple drugs to target many different mechanisms at the same time are demanding, 

and are unlikely to be feasible. Thus, new approaches to the problem of multifocal drug 

resistance are needed.  

One strategy is to identify, target, and exploit new vulnerabilities which emerge 

as a consequence of drug resistance itself. Although these “collateral” sensitivities have 

long been documented in the microbial literature, details of their therapeutic relevance 
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in cancer had, until recently, been limited to isolated reports. A previous, unpublished 

study of ours found that collateral sensitivities are a stable, predictable, and widespread 

feature of drug resistance in cancer. Furthermore, drug-resistant, EGFR-mutant NSCLC 

cells in particular are especially prone to acquisition of targetable collateral sensitivities.  

The dissertation below builds off of our previous work by identifying the bis-

chalcone MCB-613 as a collateral sensitivity to drug resistance in EGFR-mutant NSCLC. 

Extensive mechanistic dissection reveals that MCB-613 enacts this program through the 

inhibition of KEAP1, which selectively targets resistant cells through hyperinduction of 

the integrated stress response. Furthermore, this pattern of activity makes bis-chalcones 

unique among KEAP1 inhibitors, and relies upon their ability to act as a molecular glue 

which tethers together KEAP1 monomers by specific lysine residues within their BTB 

dimerization domains. As a result, this work demonstrates the value of collateral effects 

not just as a paradigm for approaching multifocal drug resistance in cancer, but also as a 

starting point for the elucidation of novel underlying biology. 
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1. Introduction  

Cancer predates mankind.1 For as long as man has suffered from it, however, he 

has attempted to treat it: with teas, with salts, with laxatives, and with surgery.2 Of these 

historical methods, the only one which endures is the lattermost. Over the course of the 

last century, it has been joined as a mainstay of therapy by several additional modalities. 

These include radiation, traditional cytotoxic chemotherapy, and targeted therapy. This 

latter class can further be broken down into small molecules and targeted biologics like 

monoclonal antibodies and peptides. In recent decades, immunotherapies—which use 

the patient’s own immune system in the fight against cancer—have also made their way 

into treatment regimens. 

The dissertation below concerns itself with the chemo- and targeted therapies, 

the ways in which cancers can evolve to circumvent them, and an emerging paradigm 

for the treatment of drug-resistant cancers moving forward.  

1.1 Chemotherapy 

The origins of the traditional cytotoxic chemotherapies have been extensively 

documented.3,4 In brief, these therapies, many of which are still clinically in use today, 

often came from unlikely sources. The mustard gases of the Great War eventually gave 

rise to a series of alkylating agents, and initial missteps involving treatment of pediatric 

leukemias with folic acid facilitated the development of aminopterin and methotrexate.4 

Although the mechanisms through which these therapies worked to fight cancer were, 
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at the time, only variably understood, we now know that all of the traditional cytotoxic 

chemotherapies share the same basic set of premises: 1) that cancer cells divide rapidly; 

2) that rapidly diving cells rely heavily on a certain set of biological processes, like DNA 

synthesis, metabolic flux, and more; and, 3) that pharmacologic agents that perturb these 

processes disproportionately affect cancer cells. This basic framework describes all of the 

traditional cytotoxic chemotherapies which are still in use today. 

Unfortunately, rapid cell growth is not limited to cancer, and the same features 

which make the traditional cytotoxic chemotherapies so effective are also responsible for 

their dose-limiting toxicities. Stem cell populations in the bone marrow, hair follicles, GI 

tract, and reproductive system are most vulnerable; hence, the side effects that are most 

commonly associated with cancer and chemotherapy in the popular imagination include 

hair loss, nausea, and infertility. (For vivid descriptions, see Hitchens’ Mortality.)5 These 

side effects are more than just unpleasant. In the case of e.g. bone marrow suppression, 

they can be life-threatening. At the end of the day, the therapeutic index is narrow, and 

it can be hard to achieve the doses necessary to kill the cancer without simultaneously 

killing the patient. 

One workaround involves combination therapy. In the 1960s, clinicians and 

scientists began “stacking” multiple chemotherapies on top of one another, leading to 

the development of treatment regimens like “POMP” (Purinethol (6-mercaptopurine), 

Oncovin (vincristine), methotrexate, prednisone) and “MOPP” (Mustargen (mechlor-
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ethamine), Oncovin, procarbazine, and prednisone.6–8 The adoption of combination 

therapies like these brought about significant improvements in patient outcomes for 

several reasons. First, whereas monotherapies often required maximal dosing of single 

agents, the additive effects of combination therapies allowed for lower doses of each of 

the individual component drugs. As a result, therapies were better tolerated and showed 

less significant adverse effects. Next, the presence of multiple selective pressures served 

to suppress drug resistance—a topic discussed in more detail below. Thus, combination 

therapies soon became de rigueur, and continue to form a cornerstone of cancer therapy. 

 Although traditional cytotoxic chemotherapies represented a significant 

advancement over earlier methods of cancer treatment and remain in widespread use 

today, they still often meet with only limited success. Because of the degree of variance 

between cancer types treatment regimens, accurate assessment is difficult; recent work, 

however, estimates that less than 80% of patients with advanced or metastatic cancer 

qualify for these therapies, that roughly 40% of those respond, and that the overall 

contribution of cytotoxics to 5-year survival is just above 2%.9,10 Nevertheless, these 

therapies remain beneficial, especially when paired with surgery (“neoadjuvant” and 

“adjuvant” chemotherapy), as well as with the targeted therapies discussed below; as a 

result, oncologists continue to make heavy use of them today. 
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1.2 Targeted therapies 

 In contrast to the traditional cytotoxic chemotherapies described above are the 

targeted therapies. In general, targeted therapies differ from the traditional cytotoxics in 

that they work against targets which are specific to tumor cells themselves. In the case of 

genetically defined subtypes of cancer, for instance, targeted therapies will often directly 

perturb aberrant receptors, enzymes, and/or transcription factors responsible for driving 

tumorigenesis and tumor maintenance. Examples abound; several are discussed in more 

detail below (6-9).  

Generally speaking, targeted therapies offer significant benefits over traditional, 

cytotoxic chemotherapy. Writing in Nathan and Oski’s Hematology and Oncology of Infancy 

and Childhood, for instance, Stegmaier and Sellers enumerate six such advantages, which 

are listed below:11 

(1) Improved patient selection 

Traditional cytotoxics are usually (although not always) assigned to all comers. 

When combined with routine cancer genotyping, targeted therapies help to match 

patients with the treatments to which they are most likely to respond. 

(2) Direct relationship between the drug’s target and its efficacy 

Because targeted therapies usually act on a specific target (which is often an enzyme), 

dosing strategies are based on complete inhibition of the target instead of maximum-

tolerated dose (MTD); as a result, side effects tend to be more limited. 
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(3) Predictable side effects 

Given the intimate relationship between therapy and target, adverse effects are 

usually predictable and limited. As an example, inhibitors of EGFR—the epidermal 

growth factor receptor—are known to cause skin rash. (Interestingly, although such 

rashes can be serious and predispose to secondary infection, their severity correlates 

directly with response and overall survival.)12  

(4) More opportunity for further innovation 

Understanding of the role of a targeted therapy in perturbing a specific pathway 

allows for the development of orthogonal approaches. In the case of BRAF-mutant 

melanoma, for instance, the success of BRAF inhibition led to the development of 

dual BRAF/MEK inhibitor therapy to inhibit successive steps in the MAP kinase 

pathway.13,14 

(5) More predictable, targetable resistance mechanisms 

This point is discussed in greater detail below. In brief, however, resistance to 

cytotoxics is often general, involving for example the upregulation of drug efflux 

pumps. In response to targeted therapies, however, tumor cells often evolve drug 

resistance through predictable, targetable mechanisms like secondary mutations or 

amplification/upregulation of orthogonal receptors. 

(6) Rational design of combination therapies 
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The cytotoxic combination therapies of the sort described above (POMP, MOPP) 

were often designed empirically. In the case of targeted therapies, combinations can 

be designed rationally—see the example of dual BRAF/MEK inhibition in BRAF-

mutant melanoma under (4) above 

Although it is true that therapies of this sort generally share these features, it is 

also the case that “targeted therapies” functions as something of an umbrella term which 

encompasses several distinct subtypes of cancer care. Among these are small molecules, 

monoclonal antibodies (and other “biologics”), and immunotherapies. Each of these is 

discussed in greater detail below (6-9, 9-11, 11-13). 

1.2.1 Small molecules 

A “small molecule” is typically defined as an organic, biologically active 

compound weighing less than 900 daltons. (Molecules measuring less than 500 daltons 

are particularly desirable for their ability to penetrate the skin, facilitating transdermal 

administration.)15 In addition to the general advantages of targeted therapies described 

above, the modest size of these molecules enhances their bioavailability, as well as their 

ability to diffuse across the cell membrane. Indeed, many small molecules can be dosed 

orally on an outpatient basis.  

The small molecule targeted therapy par excellence is imatinib. Approved by the 

FDA in 2001, imatinib was rationally designed to target the protein product of a t (9;22) 

translocation resulting in the BCR-ABL fusion that drives ~ 99% of chronic myelogenous 
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leukemias (CML).16 When compared with the standard-of-care chemotherapy at the time 

(a combination of interferon-α and the traditional cytotoxic cytarabine), imatinib caused 

dramatic increases in the rates of major cytogenetic response (87.1% vs. 34.7%), complete 

cytogenetic response (76.2% vs. 14.5%), and progression-free survival (96.7% vs. 91.5%) 

at 18 months. In addition to improving outcomes, imatinib was also more well tolerated 

by patients than the standard-of-care cytotoxic chemotherapy.17 Although imatinib itself 

has largely been replaced by later generation tyrosine kinase inhibitors like dasatinib or 

nilotinib, the paradigm that it established remains a gold standard for anti-cancer small 

molecule targeted therapy. (For another classical example of a small molecule targeted 

therapy, see the use of all-trans-retinoic acid in acute promyelocytic leukemia.)18–20 

Indeed, in the two decades that followed the FDA approval of imatinib for CML, 

an additional 88 small molecules directed against a variety of targets were approved by 

the FDA and/or the Chinese National Medical Products Administration (NMPA) for the 

treatment of cancer.21 These include molecules targeting cell surface receptors (gefitinib), 

proteasomes (bortezomib), epigenetic modifiers (panobinostat), and many more. One of 

the most interesting small molecules currently in widespread use is osimertinib, a third-

generation EGFR inhibitor which was initially developed in response to drug resistance 

in EGFR-mutant NSCLC tumors initially treated with first- and second-generation EGFR 

inhibitors.22 In recent years, however, it has become clear that osimertinib, due to its high 

affinity for mutant- (both primary and secondary) over wild-type EGFR, is desirable as a 
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first-line therapy, and it has increasingly replaced earlier EGFR inhibitors in this role.23,24 

(EGFR inhibitors and EGFR-inhibitor resistance are discussed in greater detail below 

(14-16).) 

The success of osimertinib, with its preference for mutant EGFR, serves as a 

template for another emerging paradigm in the area of anti-cancer small molecules: the 

development of mutant-specific inhibitors. In the case of KRAS mutations, for instance, 

the relatively unreactive amino acid glycine is frequently replaced with the nucleophilic 

cysteine (G12C); this provides an opportunity for selective, irreversible inhibition with a 

covalent inhibitor.25–28 Efforts are currently underway to expand these mutation-selective 

approaches to other oncogenes and cancers. Recent work has demonstrated, for instance, 

that inavolisib and taselisib, both small molecule inhibitors of the p110a catalytic subunit 

of PI3K, selectively facilitate the degradation of mutant p110a over wild-type in PIK3CA-

mutant breast cancer.29,30 This example in particular combines one emerging interest—in 

mutant-specific targeted therapies—with another: targeted protein degradation. 

Indeed, targeted protein degradation is perhaps the most exciting new trend in 

small molecule targeted therapies. Targeted protein degraders can come in many forms, 

including certain molecular glues as well as proteolysis-targeting chimeras (PROTAC).31 

These molecules facilitate degradation of a target protein by bringing it into contact with 

E3 ubiquitin ligase machinery. In the case of those molecular glues which act as targeted 

protein degraders, such as thalidomide and lenalidomide, the molecule acts to stabilize a 
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protein-protein interface.32–34 As a result, efforts to develop targeted protein degraders 

from molecular glues depend upon the relative abilities of two proteins to interface with 

one another. To circumvent such obstacles, PROTACs use a long and inert linker moiety 

to join a ligand for the target-of-interest to a ligand for an E3 ubiquitin ligase component, 

thereby coaxing the two into proximity and facilitating even de novo interactions. Protein 

degradation remains an extremely active field of research, and numerous PROTACs are 

currently in development, laboratory use, and phase I or II clinical trials.35 

1.2.2 Monoclonal antibodies 

In contrast to small molecules are the macromolecules. These include peptides, 

polypeptides, monoclonal antibodies, and antibody-drug conjugates. We will limit our 

conversation here to the monoclonal antibodies, which can be used to target cell surface 

receptors, trigger immune-mediated destruction of cancer cells, or deliver a conjugated 

drug to the cancer cell surface.  

The earliest commercially available monoclonal antibodies were developed for 

non-neoplastic applications. Muromonab-CD3, for example, was first approved in 1985 

as a treatment for acute, steroid-resistant rejection of kidney transplants, and infliximab 

was approved three years later for the treatment of inflammatory bowel disease.36 Later, 

in 1997, the anti-CD20 monoclonal antibody rituximab, which selectively targets B cells, 

was approved for use in relapsed or refractory non-Hodgkin’s lymphoma.37 Since then, a 

collection of greater than two dozen monoclonal antibodies have received FDA approval 
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for anti-cancer therapy.38 In the case of EGFR-mutant colorectal cancer and head and 

neck squamous cell carcinoma, for instance, the anti-EGFR mAb cetuximab interrupts 

binding between EGF and its receptor to prevent oncogenic signaling.38 Perhaps most 

notably, the anti-HER2 mAb trastuzumab, which promotes endocytosis of the HER2 

receptor, is now a mainstay in treating HER2+ breast cancers.39 In cases such as these, 

mAbs, like the small molecules discussed above, have offered clinical improvement over 

traditional cytotoxic chemotherapies and translated into improved outcomes for 

patients. 

Indeed, mAbs come with several distinct advantages even over small molecules 

themselves. Although early, murine-based mAbs suffered from limited efficacy due to 

their inherent immunogenicity, the advent of chimeric and humanized mAbs has been 

an improvement in at least two ways: (1) they are less immunogenic than the inherently 

antigenic murine-based antibodies are; and, (2) they are capable of recruiting effectors of 

the immune system to participate in anti-tumor activity (see later). As components of the 

immune system, mAbs offer enhanced selectivity over small molecules, not to mention a 

lesser degree of variation in development. Because the lion’s share of the mAb remains 

the same from one therapy to the next, with only the fragment antigen-binding region 

(“Fab”) varying from therapy to therapy, the production and pharmacokinetic property 

of any given mAb is fairly predictable and routine.11 Additionally, for reasons which are 

not completely understood, mAbs synergize with traditional cytotoxic chemotherapies 
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more readily than do their small molecule counterparts.40 Of course, mAbs have unique 

disadvantages as well: they remain to some degree vulnerable to neutralization by the 

immune system, their biologic nature means that they require IV administration, and 

their range of available targets is necessarily limited to those which are presented on the 

cell surface.11 

Although recent decades have seen the rapid development of mAbs targeting 

cancer antigens such as those described above, emerging efforts in this area focus less on 

targeting tumor-specific antigens and more on mobilizing the human immune system to 

attack cancer cells. Cancer immunotherapies are discussed briefly below.  

1.2.3 Immunotherapies  

The idea of leveraging the immune system in the fight against cancer is not new; 

however, important advances in our understanding of immunology have facilitated the 

realization of this strategy. Indeed, entire conferences, departments, and even journals 

are increasingly devoted to this idea. Because this dissertation is primarily focused on 

resistance to small molecules, immunotherapies will not be covered in depth here, but 

their significant presence in the clinic means that they at least warrant mention. 

The cancer immunotherapies which are most widely in use today are immune 

“checkpoint” inhibitors. These therapies, which include nivolumab and pembrolizumab, 

use monoclonal antibodies targeting cell surface markers such as programmed cell death 

1 (PD1) and cytotoxic T lymphocyte antigen 4 (CTLA4), respectively, to restrict immuno-
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inhibitory signaling between cancer cells and T lymphocytes.41 Checkpoint inhibitors are 

deployed against a wide range of solid tumors, and in some cases result in durable, long 

lasting remission.42 They are also frequently used with other anti-cancer treatments as a 

form of combination therapy. The success of existing checkpoint inhibitors, alone and in 

combination with other therapies, has stimulated interest in targeting a whole collection 

of additional immune inhibitory regulators, including LAG3, TIM3, VISTA, and TIGIT.41 

As mainstays of cancer immunotherapy, checkpoint inhibitors are joined by 

adoptive T cell therapies such as infusions with autologous T cells, allogenic T cells, or 

synthetically modified T cells engineered to express chimeric antigen receptors (“CAR” 

T cells). In the case of B cell malignancies, for instance, CAR T-cells directed against the 

B cell marker CD19 significantly improve patient outcomes.43–47 As anticipated, however, 

many tumors respond to CAR T-cell therapy by downregulating the cell surface marker 

in question; for this reason, CAR T-cell therapies have struggled to show success in solid 

tumors. 

Beyond checkpoint inhibitors and adoptive T cell therapies, immunotherapies 

also include anti-cancer vaccines. Although such vaccines have existed in some form for 

decades—the bacillus Calmette-Guerin (bCG) vaccine for tuberculosis has moonlighted 

as a therapy for bladder cancer since the 1970s—they have met with limited success, for 

a variety of reasons which are beyond the scope of this discussion.48 However, the recent 

push for personalized recombinant vaccines, which use next-generation sequencing and 
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in silico analysis to optimize neoantigen targeting on a patient-by-patient basis, promises 

to renew interest and exploration in these methods. 

1.3 Resistance to targeted therapies 

Although cancer patients may die from a variety of proximate causes—e.g., 

infection, hemorrhage, stroke, and respiratory failure, to name a few—by far the most 

common cause of death in cancer patients is treatment failure.49 Indeed, one widely cited 

statistic estimates that as many as 90% of cancer patients who receive either traditional 

cytotoxic or targeted chemotherapies will succumb to multidrug resistance.50 Resistance 

occurs when tumors cease to respond to initially effective anti-cancer therapies, and the 

literature shows that such a result can occur via two distinct mechanisms: (1) outgrowth 

of pre-existing resistant clones; or, (2) acquisition of drug resistance via the drug-tolerant 

persister state (15). 

Previously, in the era of traditional cytotoxic chemotherapies, perhaps the most 

significant contributor to cancer drug resistance was the expression by cancer cells of the 

ATP-binding cassette (ABC) family of drug efflux pumps: P-glycoprotein (P-gp, ABCB1), 

multidrug resistance protein 1 (MRP1, ABCC1), and the breast cancer resistance protein 

(BRCP, ABCG2). Broadly speaking, these membrane-bound proteins combine their ATP-

dependent efflux capabilities with broad substrate specificity to expel a diverse array of 

xenobiotics, including anticancer compounds, from the cell. Indeed, P-gp overexpression 

can be detected in roughly 50% of human cancers, and, along with MRP1 and BRCP, has 
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been shown to cause resistance to a broad range of traditional cytotoxic chemotherapies, 

including the “epipodophyllotoxins, anthracyclines, vinca alkaloids, bisantrene, taxanes, 

colchicine, saquinavir, camptothecins, thiopurines, actinomycin D, and mitoxantrone.”50 

In a foreshadowing of the resistance mechanisms to targeted therapies discussed below, 

enhanced expression of drug efflux pumps can either pre-exist chemotherapy, or arise as 

a result of it.    

As described above, the advent of small molecules for targeted therapy has 

revolutionized cancer chemotherapy. It has also complicated the landscape of cancer 

drug resistance, as broad, non-specific resistance mechanisms like drug efflux pumps 

have been joined by a variety of narrower, more specific mechanisms. In the case of a 

whole panel of targeted therapies—especially those which target kinases—cancer cells 

can develop resistance through alteration of the drug target itself. EGFR-mutant NSCLC 

cells treated with EGFR inhibitors serve as an instructive example: most frequently, 

resistant tumors of this genetically defined subtype will be driven by the acquisition of a 

secondary T790M point mutation.51 Although this particular secondary site mutation 

works through a somewhat unique mechanism—the T790M mutation increases the 

EGFR binding affinity for ATP over its affinity for the small molecule—many such 

secondary mutations occur, and work through “gatekeeper” mechanisms which 

physically prevent small molecules from accessing their binding sites.52,53 



 

15 

A considerable amount of effort has been dedicated to determining whether 

T790M-mediated resistance to EGFR inhibitors is intrinsic or acquired. In the first case, it 

is thought that a large, heterogeneous population of EGFR-mutant NSCLC cells may, 

through stochastic factors alone, harbor a small number of pre-existing, drug-resistant 

clones which enjoy a competitive advantage in the setting of drug treatment. In the 

second case, a small population of cancer cells respond to drug treatment by entering an 

epigenetically defined, slow-growing “persister” state until they can undergo cellular 

adaptations necessary for drug resistance. In a landmark 2016 study, Hata et al. revealed 

that EGFR-mutant NSCLC cells can develop resistance via either mechanism.54 Notably, 

which of these two pathways a tumor takes matters: those that acquired resistance via a 

DTP state enjoyed a blunted apoptotic response to the third-generation, T790M-directed 

EGFR inhibitor osimertinib. (More recently, Kalkavan et al. further showed that this DTP 

state is mediated by heightened levels of ATF4, a detail which will be discussed in depth 

in Chapter 3.) 

In addition to secondary site mutation, there are a variety of other relatively 

targeted resistance mechanisms that frequently occur. To continue with the example of 

EGFR-mutant NSCLC, for example, 5-20% of drug-resistant tumors show amplification 

of the MET oncogene, an alternative cell-surface receptor which can reactivate signaling 

through the AKT pathway.55 Amplifications and/or activation of the insulin-like growth 

factor 1 receptor (IGF1R), fibroblast growth factor receptors (FGFR), PIK3CA, and BRAF 
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have all also been described.56–59 Finally, perhaps the most vexing resistance mechanism 

that has been documented to date involves histologic subtype transformation: in a small 

but consistent fraction of cases, EGFR-mutant NSCLC can undergo a poorly understood 

transformation to small cell lung cancer.59 That so many of these various mechanisms co-

exist within the same individual tumors speaks to the degree of the challenge presented 

by multifocal drug resistance. 

Although it is not the subject of this work, it is worth briefly mentioning that 

cancer cells develop resistance to monoclonal antibodies and immunotherapies as well. 

In general, these resistance mechanisms tend to involve familiar processes: mutations in 

secondary sites, downregulation of target receptors, and various alterations in signaling 

pathways downstream. That said, these therapies have also given rise to unique modes 

of resistance as well. Numerous studies, for example, have observed that impairments in 

complement-mediated cytotoxicity confer resistance to monoclonal antibodies as well as 

to immunotherapies, as can tumor cell-extrinsic alterations in immunosuppressive cells, 

cytokines, and co-stimulatory/co-inhibitory signals.60–62 As cancer researchers continue to 

leverage the immune system against cancer, further exploration of these mechanisms—

and, importantly, methods for overcoming them—will become increasingly important. 

1.4 Collateral sensitivity and the future of drug-resistant cancers 

Our inability to overcome drug resistance in cancer to date has necessitated 

increasingly creative approaches to this problem. One unorthodox strategy involves 
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identifying, targeting, and exploiting vulnerabilities in resistant cells which emerge as 

consequences of drug resistance itself. These collateral sensitivities—which differ from 

chemical synthetic lethalities in that they persist even after the removal of the original, 

selecting drug—have long been documented in the microbial literature.63 The term itself, 

in fact, seems first to have been coined in a 1952 report from Szybalski and Bryson; even 

there, however, these authors explain that the propensity of bacterial strains which gain 

resistance to one antibiotic to develop sensitivity to another, unrelated antibiotic “has 

been observed often.”64 In that report, Szybalski and Bryson demonstrate, among other 

things, that strains of E. coli that have evolved resistance to a wide variety of antibiotics 

often develop collateral sensitivity to polymyxin B and circulin.  

In the decades since Szybalski and Bryson’s initial report, collateral sensitivity 

has remained a topic of study in microbiology. The paradigm has been applied to the 

design of rational dosing regimens that avoid outgrowth of antibiotic resistance, with 

emphases on common microbes, globally distributed antibiotics, and chronic infections 

in susceptible patient populations. Recently, for instance, it was shown that clinical 

isolates taken from the lungs of cystic fibrosis patients suffering from chronic, drug-

resistant Pseudomonas aeruginosa infections consistently harbored mutations in the nfxB 

gene.65 These mutations, though pathoadaptive in the setting of conventional anti-

pseudomonal therapy with fluoroquinolones, nevertheless rendered these bacterial 

populations collaterally sensitive to the commonly used and readily available 
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aminoglycoside antibiotic amikacin. In point of fact, drug resistance often promotes 

targetable collateral sensitivities to commonplace, existing drugs. In the case of the 

recently approved fluorocycline antibiotic eravacycline, for example, drug resistance in 

Klebsiella pneumoniae promotes sensitivity to commonly used antibiotics like aztreonam 

and ceftazidime.66 

1.5 Collateral sensitivity to drug resistance in cancer 

In recent years, the concept of collateral sensitivity has increasingly appeared in 

the cancer research literature. In the case of BRAF-mutant melanoma, for instance, it was 

recently shown that the acquisition of resistance to dual BRAF/MEK inhibition increases 

cellular reactive oxygen species (ROS); this, in turn, triggers a collateral sensitivity to the 

histone deacetylase (HDAC) inhibitor vorinostat.67 This effect relies upon transcriptional 

suppression of SLC7A11, which encodes for anti-ferroptotic cystine-glutamate antiporter 

xCT.68 (Interestingly, other studies have also demonstrated that drug resistance causes a 

collateral sensitivity to ferroptosis.)69,70 In a small proof-of-concept clinical trial involving 

a limited number of patients, preliminary evidence suggested that drug-resistant cancer 

cells could indeed be eradicated or at least seriously suppressed by targeting a collateral 

sensitivity to ferroptosis through the use of vorinostat.71  

 We have made similar findings. Previously, example, we reported that diverse 

pathways of resistance to BRAF inhibition in BRAF-mutant melanoma cells converge on 

activation of the transcription factor c-Myc; this induces, across each of these pathways, 
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shared, actionable collateral sensitivities to drugs which target synthetic lethal partners 

of Myc (such as certain tyrosine kinase families or metabolic pathways).72 Since at least 

some of these targetable collateral sensitivities to cancer drug resistance are both stable 

and predictable, moreover, it is plausible to suggest that future first-line therapies may 

be designed specifically to guide tumors toward targetable, collaterally sensitive states. 

Indeed, another previous study from our group reported that BET inhibitors can funnel 

acute myeloid leukemia (AML) cells into an “evolutionary trap,” in which they develop 

an actionable collateral sensitivity to existing, FDA-approved BCL-2 inhibitors, such as 

venetoclax.73 Similarly, another recent report from our group demonstrated that cancer 

cells from diverse histologic and genetic backgrounds which survive exposure to their 

cognate targeted therapies (e.g., EGFR inhibitors in EGFR-mutant NSCLC) suffer from 

DNA double-strand breaks, templating a vulnerability to inhibitors of ATM-dependent 

DNA repair.74 In truth, these effects are legion: with examples cited in a growing number 

of cases, it appears increasingly likely that numerous such collateral sensitivities may in 

fact be hidden throughout the landscape of drug-resistant cancers.75–79 

Despite these investigations into collateral sensitivity as a paradigm for treating 

multidrug-resistant cancers, however, this idea has mostly remained confined to isolated 

literature reports and has struggled to establish itself in the mainstream. The reason as to 

why this might be is not immediately clear. Perhaps it has to do with misunderstandings 

and an appearance of prohibitive clinical limitations: most clinicians might analogize the 
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idea to the practice of sending microbial cultures for antibiotic sensitivities in the case of 

infectious disease, and (probably rightly) judge the idea of accessing multidrug-resistant 

tumors, culturing them ex vivo, and testing them for clinically actionable sensitivities in 

any reasonable frame of time to be infeasible. (As will be discussed below, the discovery 

of stable, predictable collateral sensitivities would obviate the need for such practices in 

the first place.) Whatever the reason for it may be, the failure to date of collateral effects 

to take hold as a paradigm in the minds and practices of cancer researchers calls to mind 

the words with which Dorris J. Hutchinson closed her chapter on the subject in Volume 

7 of Advances in Cancer Research (1963). “Most research in cancer chemotherapy has been 

directed toward causes of resistance rather than causes of collateral sensitivity,” argued 

Hutchinson. “Much constructive work could be done in this area, and the data derived 

would provide information for therapy as well as basic information.” The dissertation 

below serves as a testament that these words are as true today as they were when they 

were first written, 60 years ago. 

1.6 The landscape of collateral effects across cancers 

Despite the encouraging developments described above, no comprehensive 

study of collateral effects to drug resistance across cancers has been performed to date. 

Prior work from our group, which has not been published but which is reported in the 

dissertation of Dr. Peter Winter, Ph.D., involved the derivation of 77 matched parental 

and drug-resistant cancer cell line pairs from a variety of tissues and oncogenic drivers. 
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These models were then tested against a mini-panel of 35 anti-cancer drugs as a way of 

estimating their propensity toward collateral sensitivities and resistances.80 

This approach revealed, for the first time, that collateral effects are widespread 

across cancers. Indeed, across these 77 models of drug resistance, we detected a total of 

525 collateral resistances and 609 collateral sensitivities, or 6.8 collateral resistances and 

7.9 collateral sensitivities per drug-resistant cell line on average. Importantly, all of the 

models tested showed at least one collateral resistance and one collateral sensitivity. 

Subsequent analysis of these data led to the creation of different statistical 

methods for describing the collateral effects displayed by different drug-resistant cell 

lines. “Collateral divergence,” for example, is derived by first calculating the collateral 

effects score (Figure 1) for each of the 35 drugs for a matched parental/drug-resistant cell 

line pairs, and then taking the standard deviation of these 35 values.  

 

Figure 1: Equation describing collateral effects score 

(Of note, additional analysis revealed that collateral divergence scores are 

associated with the expression of EMT markers such as the transcription factor SNAI2, 

suggesting that the more plastic a drug-resistant cell becomes, the greater the amplitude 

of its collateral effects.) A second useful measure, “collateral skew,” can be taken simply 

by identifying the median of the collateral effects profile for a given drug-resistant cell 
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line, and gives an indication of the “directionality” of collateral effects (i.e., toward 

resistances or sensitivities). Interestingly, collateral skew was found to correlate with 

mutational load, and follow-up studies gave functional evidence that increases in a cell 

line’s mutational load (as induced by ionizing radiation) indeed resulted in a greater 

number of collateral resistances (“positive skew”). Although further investigation is 

needed to more fully generalize these descriptions, our studies here represent an 

important validation of collateral sensitivity as a paradigm for approaching multifocal 

drug resistance. 

1.7 Common collateral sensitivities to drug resistance in EGFR-
mutant non-small cell lung cancer  

As described above, the discovery of stable, predictable collateral sensitivities is 

important for clinical translation. We therefore wondered whether any of the genetic or 

histologic subtypes represented across our 77 matched parental and drug-resistant pairs 

tended to produce common, consistent collateral sensitivities. Hierarchical unsupervised 

clustering of the collateral mini-panel results discussed above demonstrated that strong, 

reproducible similarities in collateral effects profiles arise, in particular, across distinct 

models of drug resistance in EGFR-mutant non-small cell lung cancer. 

This is an intriguing finding. Although EGFR inhibitors have led to considerable 

improvements in outcomes for patients, most will still develop drug resistance within a 

median of just 24 months.81,82 Furthermore, because resistance in these cases is generally 

multifocal, this problem is currently intractable. The discovery of a clinically actionable 
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collateral sensitivity which is shared across different mechanisms of resistance to EGFR 

inhibitors, however, could pave the way for new therapeutic approaches in this area. In 

an exciting preliminary finding, a majority of the drug-resistant EGFR-mutant cell lines 

in our initial collateral panel indeed shared a common collateral sensitivity: to potassium 

ionophore salinomycin. (One particularly interesting corollary of this is that salinomycin 

has previously been described to selectively target cancer stem cells, which—like drug-

resistant, EGFR-mutant NSCLC cells—are also high in EMT character.)83 Although this 

finding is, again, preliminary, it nominates this genetically defined subtype of cancer as 

a compelling test case for collateral sensitivity as a paradigm for approaching multifocal 

drug resistance.
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2. Identification of a common collateral sensitivity to 
drug resistance in EGFR-mutant NSCLC  

Some of the material presented in this chapter was originally posted to the pre-

print server bioRxiv on January 19th, 2023 under the title “MCB-613 exploits a collateral 

sensitivity in drug-resistant EGFR-mutant non-small cell lung cancer through covalent 

inhibition of KEAP1” (doi: https://doi.org/10.1101/2023.01.17.524094). Additionally, the 

material in this chapter is now being adapted as part of a manuscript to be submitted for 

peer review in the summer of 2023.  

2.1 Background 

Previously, we demonstrated that collateral effects to drug resistance exist as a 

common feature across cancer subtypes. Indeed, in a study of 77 different parental and 

drug-resistant cancer cell line pairs taken from diverse tissues and oncogenic drivers, a 

follow-up screen of 35 unrelated anti-cancer drugs revealed at least one new sensitivity 

and one new resistance in every case tested. These data marked the first comprehensive 

assessment of collateral effects across even a relatively limited number of drug-resistant 

cancers to date, and served as proof-of-concept that collateral effects are widespread and 

therapeutically actionable.  

Within this broad landscape, however, notable variation did occur. In the case of 

collateral skew (the net directionality—towards sensitivities or resistances—of collateral 

effects in a given drug-resistant tumor) and collateral divergence (the overall amplitude 
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of these effects), for instance, significant variation was observed between tissue types or 

oncogenic drivers. Indeed, among the many different tissues and oncogenic drivers that 

were included in the study, hierarchical clustering revealed that drug-resistant, EGFR-

mutant NSCLC clones were particularly predisposed to the acquisition of predictable, 

recurring, and conserved collateral sensitivities. In further light of the fact that EGFR-

mutant NSCLC cancers reliably develop clinical drug resistance via well documented 

mechanisms of resistance, these findings nominated EGFR-mutant NSCLC as a prime 

test case for collateral sensitivity as an emerging approach to multifocal drug resistance.  

Here, we build upon our prior findings by using high-throughput, phenotypic 

pharmacologic screening to identify a collateral sensitivity that is shared across distinct 

mechanisms of drug resistance in EGFR-mutant NSCLC. Specifically, we show that the 

acquisition of EGFR inhibitor resistance by diverse mechanisms sensitizes EGFR-mutant 

NSCLC cells to an understudied molecule known as MCB-613. Previously described as a 

hyperstimulator of steroid receptor coactivators and a mediator of USP15, MCB-613 acts 

in this context as an inhibitor of Kelch-like ECH-associated protein 1 (KEAP1). Inhibition 

of KEAP1 by MCB-613 interferes with the ability of KEAP1 to facilitate ubiquitination of 

its canonical repression substrate, nuclear factor erythroid 2-related factor 2 (NRF2), and 

leads to stabilization of NRF2 protein and a downstream activation of its transcriptional 

program. These effects, however, are dispensable for the selective cell death mechanism 

of MCB-613. Instead, we uncover a previously unappreciated role for KEAP1 in driving 
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the integrated stress response, and find that the collateral sensitivity of drug-resistant, 

EGFR-mutant NSCLC cells depends upon MCB-613-induced hyperactivation of ATF4 

and its canonical transcriptional target, CHOP.  

2.2 Results 

2.2.1 A pharmacologic screen to identify shared collateral 
sensitivities EGFR-mutant, EGFR inhibitor-resistant NSCLC 

To identify targetable collateral sensitivities shared across distinct mechanisms of 

EGFR inhibitor resistance, we compiled a panel of four well-characterized EGFR-mutant 

NSCLC cell lines with varying degrees of resistance to EGFR inhibition: PC9, PFR3, GR4, 

and WZR12. The “parental” PC9 cell line is drug-naïve and retains intense sensitivity to 

EGFR inhibition. The previously characterized PFR3, GR4, and WZR12 cell lines—which 

are all derived from PC9s and driven by diverse, clinically relevant resistance 

mechanisms including IGF1R activation, EGFR T790M secondary site mutation, and 

downstream MAPK1 amplification, respectively—display increasing degrees of 

resistance to the first-generation EGFR inhibitor gefitinib (Figure 2A).84–86 We screened 

all four of these cell lines against a library of 2,100 small molecules in a three-day 

viability assay at two separate drug doses (Figure 2B). As expected, we detected 

numerous collateral resistances and sensitivities to EGFR inhibitor resistance (Figure 

2C). Predictably, receptor tyrosine kinase inhibitors, including numerous other EGFR 

inhibitors (gefitinib, erlotinib, and afatinib, among others), scored as shared collateral 

resistances, providing an important internal positive control. Of the collateral 
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sensitivities, however, one in particular stood out across all three drug-resistant 

derivatives: a relatively understudied molecule called MCB-613 (Figure 2D). A follow-

up, three-day, eight-point GI50 assay confirmed that the three drug-resistant derivatives 

were collaterally sensitive to MCB-613, and further revealed that there was a strong, 

direct, stepwise correlation between the degrees of resistance to EGFR inhibition on the 

one hand and sensitivity to MCB-613 on the other (R2 = 0.9962) (Figure 2E-F). 

We next sought to assess the breadth of this shared collateral sensitivity to EGFR 

inhibitor resistance. First, we gathered together two drug-naïve, EGFR-mutant NSCLC 

cell lines—PC9 and HCC827—which are known to develop EGFR inhibitor resistance 

through diverse mechanisms.55,87,88 We used increasing doses of gefitinib to cultivate 

EGFR inhibitor resistance in these cell lines before selecting individual clones and 

querying them for sensitivity to MCB-613. In all clones tested, resistance to EGFR 

inhibition was associated with collateral sensitivity to MCB-613 (Figure 2G-H). Finally, 

to assess whether this finding was limited to gefitinib or extended to other clinically 

relevant EGFR inhibitors, we evolved MGH134, a previously described, patient-derived 

cell line model of EGFR-mutant NSCLC, resistant to the first-line, third-generation small 

molecule inhibitor osimertinib; in accordance with the above findings, resistance to this 

standard-of-care targeted therapy also conferred increased sensitivity to MCB-613 

(Figure 2I).89 
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Lastly, to evaluate whether the broad, shared collateral sensitivity of EGFR-

mutant, EGFR inhibitor-resistant NSCLC cells to MCB-613 represents a viable preclinical 

strategy for overcoming multifocal drug resistance, we used a flank xenograft model to 

implant either drug-naïve PC9 or drug-resistant GR4 cells into SCID mice and treated 

them with MCB-613. As expected, the drug-resistant GR4 derivatives were selectively 

suppressed by MCB-613 (Figure 2J). Given the strong correlation between resistance to 

EGFR inhibition and sensitivity to MCB-613 observed above, we wondered whether the 

combination of these two therapeutic approaches in a single EGFR-mutant NSCLC 

population would suffice to successfully suppress all cellular outgrowth. To test this 

hypothesis, we mixed drug-naïve and drug-resistant PC9 cells together and then 

exposed this heterogeneous population to either gefitinib alone, MCB-613 alone, or a 

combination of the two. Although neither molecule on its own suppressed outgrowth, 

the combination of the two was enough to completely eradicate the population (Figure 

2K). When considered together, these findings establish the widespread therapeutic 

relevance of MCB-613 as a bona fide collateral sensitivity shared across distinct 

mechanisms of resistance to EGFR 
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inhibition.
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Figure 2: Drug resistance promotes collateral sensitivity to MCB-613 in EGFR-mutant 

NSCLC. (A) Relative cell viability of parental (PC9) and diverse drug-resistant (PFR3, 

GR4, WZR12) EGFR-mutant NSCLC lines following 72-hour incubation with gefitinib 

across an 8-point serial drug dilution series. Data are mean ± SEM for n = 3 biologically 

independent experiments. (B) High-throughput pharmacologic screening strategy to 

identify collateral effects across a panel of parental (not shown) and drug-resistant cells 

harboring diverse mechanisms of resistance. (C) Manhattan plot depicting results of 

chemical screen. Each point represents the average of log2(resistant/parental) from two 

biologically independent experiments. Collateral resistances and sensitivities are shown 

in red and blue, respectively. Gray indicates all other conditions (no collateral effect, 

empty control wells, vehicle (DMSO) control wells). Dotted box indicates widespread 

resistance to other receptor tyrosine kinase inhibitors as a positive control. (D) 

Magnification of the Manhattan plot depicted in (c) highlighting MCB-613. (E) Relative 

cell viability of parental (PC9) and diverse drug-resistant (PFR3, GR4, WZR12) cells 

following 72-hour incubation with MCB-613 across an 8-point linear drug dilution 

series. Data are mean ± SEM for n = 3 biologically independent experiments. (F) 

Scatterplot depicting correlation between area-under-the-curve (AUC) calculations for 

GI50 dose-response curves for gefitinib (x-axis) depicted in (a) and MCB-613 (y-axis) 

depicted in (e). (G) Histogram depicting cell viability of parental PC9 cells, a gefitinib-

resistant PC9 pooled population, and six gefitinib-resistant PC9 clonal populations after 

72 hours of exposure to a 4 µM dose of MCB-613. Data are mean ± SEM for n = 3 

biologically independent experiments. (H) Histogram depicting cell viability of parental 

HCC827 cells, the previously described gefitinib-resistant HCC827 GR6 clone, and seven 

freshly derived gefitinib-resistant HCC827 clonal populations after 72 hours of exposure 

to a 2 µM dose of MCB-613. Data are mean ± SEM of n = 3 biologically independent 

experiments. (I) Relative cell viability of matched parental (MGH134) and osimertinib-

resistant (MGH134 OR1 and OR2) patient-derived cell lines following 72-hour 

incubation with MCB-613 across an 8-point linear drug dilution series. Data are mean ± 

SEM for n = 3 biologically independent experiments. (J) Tumor growth curves from 5-6 

week-old female SCID mice xenotransplanted with parental PC9 or drug-resistant GR4 

cells and treated with vehicle (saline) or MCB-613 (20 mg/kg) three times weekly via 

interaperitoneal injection. Data are mean ± SEM for n = 10 biologically independent 

experiments. (K) Line plot depicting estimated cumulative cell growth over time for a 

heterogeneous population of drug-naïve and drug-resistant PC9 cells exposed to either 

gefitinib, MCB-613, or a combination of the two. Data are mean ± SEM for n = 3 

biologically independent experiments. 
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2.2.2 A click chemistry approach to mapping the interactome of MCB-
613 

Phenotypic drug discovery screens such as the one described above are useful for 

finding biologically active compounds; they also, however, frequently identify lesser 

studied, promiscuous molecules that lack specific, well-characterized targets.90 As a 

sparsely studied molecule itself, MCB-613 (4-ethyl-2,6-bis-pyridin-3-ylmethylene-

cyclohexanone) presented us with several challenges to follow-up target identification 

and validation. First, MCB-613 has previously been shown to influence numerous, 

diverse cellular pathways; as such, the molecular target responsible for the collateral 

sensitivity observed above was not immediately apparent to us.91–93 Furthermore, the 

highly reactive structure of the molecule—which bears a central carbonyl flanked by two 

electrophilic, α, β-unsaturated bonds—provides ample opportunity for promiscuous 

interaction with a wide range of nucleophilic protein targets, possibly through a double 

Michael addition (Figure 3A-B).94 Thus, a comprehensive strategy for mapping the 

protein interactome of MCB-613 was needed. 

Using C151-0598, a molecule which bears close structural similarity to MCB-613 

but shows severely attenuated activity, we were able to design and implement a “click 

chemistry,” azide-alkyne cycloaddition (CuAAC) based approach to differential affinity 

purification and target identification (Figure 3C-D). First, we generated “clickable” 

derivatives of MCB-613 and C151-0598 by replacing the ethylene units at the 4-positions 

of their central cyclohexanone moieties with propargyl ethers (Figure 3E, Appendix A). 



 

32 

We called these active and inactive clickable derivatives “ARM-3-124” and “ARM-3-

115,” respectively. After validating that the derivatives phenocopied the effects of their 

parent compounds in drug-naïve and drug-resistant EGFR-mutant NSCLC cells, we 

deployed them for target identification (Figure 3F-G). Specifically, we exposed parental 

PC9 cells and their drug-resistant WZR12 derivatives to a dose which only showed 

efficacy in the ARM-3-124/WZR12 combination (2 µM) for one hour before collection, 

cell lysis, and copper-catalyzed azide-alkyne cycloaddition. These samples were then 

analyzed by mass spectrometry to identify bound peptides.  

Across all four conditions, this approach identified >1,000 unique peptides 

corresponding to 610 protein interactors. After removing proteins which scored only in 

the inactive ARM-3-115 negative control conditions, this list was reduced to 560 proteins 

which scored with ARM-3-124 (regardless of ARM-3-115); after further removing 

proteins which scored only in the parental PC9 cells (reasoning that these would be less 

likely to cause selective cell death in the drug-resistant derivatives) the list was further 

refined to a total of 478 putative interactors. Although we carried all 478 of these 

interactors forward, we also paid special attention to the 284 proteins which scored as 

interactors of the active ARM-3-124 derivative but not the inactive ARM-3-115.   

Further analysis yielded several interesting insights. First, the interactomes of the 

active derivative, ARM-3-124, demonstrated substantial overlap between the drug-naïve 

cells and drug-resistant derivatives, with a total of 277 hits (58% of total) shared between 
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the two conditions (Figure 3H).  Second, a substantial number of proteins related to the 

ubiquitin-proteasome system (UPS) were also identified, consistent with recent reports 

that α, β-unsaturated compounds such as MCB-613 tend to show a predilection for such 

substrates. (This was consistent with the presence at low levels of thioredoxin reductase 

1 (TXNRD1), another known substrate of the chalcone family of molecules to which 

MCB-613 belongs, as well as UPS15, a previously described substrate of MCB-613 in 

particular (Figure 3I).)92,93 Together, these findings define a network of proteins which 

may be enriched for the functional target(s) of MCB-613 in EGFR inhibitor-resistant 

NSCLC cells.  
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Figure 3: Structure of MCB-613 and clickable derivatives for mapping the protein 

interactome. (A) Chemical structure of MCB-613. (B) Diagram showing proposed 

double Michael addition between MCB-613 and nucleophilic amino acids. (C) Chemical 

structure of C151-0598. (D) Relative cell viability of parental (PC9) and diverse drug-

resistant (GR4, WZR12) cells following 72-hour incubation with C151-0598 across an 8-

point linear drug dilution series. Data are mean ± SEM for n = 3 biologically independent 

experiments. (E) Chemical structures of the active ARM-3-124 (top) and inactive ARM-3-

115 (bottom) clickable derivatives. (F) Relative cell viability of parental PC9 cells 

following 72-hour incubation with the active ARM-3-124 (red) and inactive ARM-3-115 

(black) clickable derivatives across an 8-point linear drug dilution series. Data are mean 

± SEM for n = 3 biologically independent experiments. (G) Relative cell viability of drug-

resistant WZR12 cells following 72-hour incubation with the active ARM-3-124 (red) and 

inactive ARM-3-115 (black) clickable derivatives across an 8-point linear drug dilution 

series. Data are mean ± SEM for n = 3 biologically independent experiments. (H) Venn-

diagram illustrating results of click study. 84 proteins identified by ARM-3-124 in the 

parental PC9 cells alone are depicted in black. 201 proteins identified by ARM-3-124 in 

the drug-resistant WZR12 cells alone are depicted in red. 277 proteins identified by 

ARM-3-124 in both parental and drug-resistant cells are depicted by the overlap. 

Removal from the 478 hits in the latter two groups of proteins which also bound the 

inactive ARM-3-115 yields a final list of 284. (I) Scatterplot depicting protein interactors 

of ARM-3-124 in drug-resistant WZR12 cells. Large red circles indicate hits related to the 

ubiquitin-proteasome system. Labeled points represent known interactors of MCB-613. 

2.2.3 A CRISPR/Cas9 loss-of-function screen nominates KEAP1 as 
the molecular target of MCB-613 

Having nominated a long list of potential targets, we next sought to rapidly and 

quantitatively evaluate the potential functional contributions of each of these 478 protein 

interactors to the collateral sensitivity of EGFR inhibitor-resistant NSCLC cells to MCB-

613. Thus, we designed a targeted, loss-of-function CRISPR/Cas9 single-guide RNA 

(sgRNA) library containing a total of 3,344 sgRNAs targeting the genes encoding for 

each of the 478 interactors identified above. (Also included were 408 sgRNAs targeting 

51 positive control genes encoding for ribosomal proteins, as well as 100 “safe harbor” 

guides, which target the human AAVS1 locus and reliably produce no discernible 
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phenotype.)95 We then transduced the parental PC9 and drug-resistant GR4 and WZR12 

cell lines at a low multiplicity of infection (MOI) and cultured them under steady-state 

conditions for approximately 14 population doublings before de-convoluting the initial 

and final time points by deep sequencing.  

An initial QC analysis of the screen results revealed several encouraging 

findings. First, hierarchical clustering of all of the sequenced samples—plasmid pools, T0 

for each of the three cell lines, and Tf for each of the three cell lines—produced the 

patterns of clustering we would expect. Two replicates of the plasmid pool and the T0 

sample for each of the three cell lines, for example, clustered closely together, suggesting 

that our sgRNA library was sufficiently represented across all three cell lines. All nine Tf 

samples also clustered appropriately, with the three parental samples gathering in one 

sub-cluster and the six samples belonging to the GR4 and WZR12 resistant derivatives 

gathering together in a separate sub-cluster (Figure 4A). These findings suggested to us 

that parental and drug-resistant cells respond differently to perturbations in the MCB-

613 interactome, and that our screen was sufficiently designed and executed to detect 

these meaningful differences. Moreover, these findings were also recapitulated by a 

separate principal component analysis (PCA) (Figure 4B-C).  
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Figure 4: QC and validation of CRISPR knockout screen. (A) Heatmap depicting 

hierarchical clustering of plasmid pool duplicates, as well as initial (T0) time points for 

each condition in singlicate and final (rep 1-3) time points for each condition in triplicate. 

(B) PCA plot depicting variance between plasmid pool duplicates, initial (T0) time 

points in singlicate, and final (rep 1-3) time points for each condition in triplicate as 

explained by principal components 1 and 2. (C) Modified histogram depicting the 

variance explained by each principal component. 

Moving forward, we reasoned that the target of MCB-613 would most likely be 

found among the genes which, when lost, conferred a greater growth disadvantage 

upon the resistant derivatives than upon the parental cells. Of all of these genes, it was 

the loss of Kelch-like ECH associated protein 1 (KEAP1) that most closely phenocopied 

the effects of MCB-613 and scored as the greatest collateral sensitivity to drug resistance 

in the screen (Figure 5A). Indeed, follow-up validation in parental PC9 and drug-
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resistant PFR3, GR4, and WZR12 cells confirmed that the loss of KEAP1 is differentially 

essential in the setting of EGFR inhibitor resistance (Figure 5B). We took this as strong 

evidence that KEAP1 is in fact the protein interactor responsible for the selective cell 

death effect of MCB-613 in the setting of EGFR inhibitor resistance in NSCLC. From 

there, we further reasoned that, if it is in fact true that MCB-613 works through the 

inhibition of KEAP1, then the genetic knockout of this gene from a bulk population of 

resistant derivatives should eradicate all cells sensitive to the loss of KEAP1 and leave 

behind a reservoir of cells which no longer demonstrate any sensitivity to this molecule. 

As expected, genetic knockout of KEAP1 rescued the selective cell death effects of MCB-

613 across each of the resistant derivatives tested (Figure 5C). Together, these results 

indicate that KEAP1 is differentially essential in the setting of EGFR inhibitor resistance, 

and heavily suggest that the product of this gene is the protein interactor responsible for 

the collateral sensitivity of these cells to MCB-613. 
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Figure 5: CRISPR/Cas9 loss-of-function screen and validation nominating KEAP1 as 

the target of MCB-613. (A) Volcano plot depicting screen results. Each point represents 

relative essentiality of a gene encoding for a protein interactor of MCB-613 in drug-

resistant (GR4 and WZR12) versus parental (PC9) cells. Negative and positive x-axis 

values indicate collateral sensitivities and resistances, respectively. (B) Growth plots 

depicting calculated cumulative cell count over time in parental (PC9) and drug-

resistant (PFR3, GR4, and WZR12) cells following knockout of KEAP1 with sgKEAP1_3 

(top) and sgKEAP1_5 (bottom). All results normalized to a non-targeting control. Data 

are mean ± SEM for n = 3 biologically independent experiments. (C) Histograms 

depicting relative cell viability of drug-resistant GR4 (left) and WZR12 (right) cells after 

72 hours of exposure to vehicle (DMSO) or two different doses of MCB-613 following 
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knockout of KEAP1 versus non-targeting control. Data are mean ± SEM for n = 3 

biologically independent experiments. 

2.2.4 Inhibition of KEAP1 by MCB-613 promotes canonical substrate 
accumulation 

KEAP1 plays a canonical role as an adaptor subunit of the Cullin 3-based E3 

ubiquitin ligase machinery. Under homeostatic conditions, KEAP1 homodimerizes and 

binds to the DLG and/or ETGE motifs of substrate proteins—most notably, the master 

transcription factor nuclear factor erythroid 2-related factor 2 (NRF2)—to facilitate their 

ubiquitination and subsequent degradation. In the presence of oxidative or electrophilic 

stress, however, the cysteine-rich KEAP1 senses these disturbances, dissociates from its 

substrate proteins, and allows them to accumulate. In the case of NRF2, this results in 

the activation of cell-protective, antioxidant transcriptional programs.96 

We therefore hypothesized that MCB-613 interacts directly with KEAP1 to 

interrupt its degradation of substrate proteins, and that the accumulation of one of these 

substrates is responsible for the selective toxicity of this molecule in the setting of drug 

resistance. In order to test the first part of this hypothesis, we re-deployed ARM-3-124 in 

parental PC9 and drug-resistant WZR12 cells for one hour, before repeating the 

collection, cell lysis, and copper-catalyzed azide-alkyne cycloaddition steps which were 

described above. Rather than subjecting these samples to MS, however, we used an 

immuno-blotting approach to observe whether the active derivative of MCB-613 pulled 

down KEAP1. As expected, ARM-3-124 bound to KEAP1 in both the parental cells and 
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their drug-resistant derivatives, while the negative control ARM-3-115 showed little 

binding (Figure 6A). 

Given that KEAP1 relies upon homodimerization to function as a component of 

its E3 ubiquitin ligase complex, we wondered whether MCB-613 affected protein 

function. We therefore treated drug-resistant WZR12 cells with a physiological dose of 

MCB-613 and observed that MCB-613-mediated KEAP1 inhibition indeed caused an 

accumulation of NRF2 over time (Figure 6B). Furthermore, this NRF2 stabilization was 

associated with a strong upregulation of NRF2 transcriptional programs in both the 

drug-naïve and drug-resistant cell lines at 24 hours (Figure 6C-D). Although NRF2 

transcriptional programs are conventionally thought of as cytoprotective, recent reports 

have provided evidence that they can produce cytotoxicity in a subset of lung cancer cell 

lines through an NADH-mediated phenomenon known as “reductive stress”.97  Thus, 

we hypothesized that MCB-613-mediated KEAP1 inhibition might selectively target 

drug-resistant NSCLC cells through the activation of NRF2 and initiation of reductive 

stress. To our surprise, however, a genetic knockout of NRF2 not only failed to rescue 

the collateral sensitivity of drug-resistant cells to MCB-613 but instead further sensitized 

them to it (Figure 6E-F). Although these results confirm, then, that MCB-613 inhibits the 

ability of KEAP1 to facilitate the degradation of target substrates such as NRF2, they also 

show that the NRF2 activation is dispensable for—and even counterproductive to—

MCB-613-mediated cell death. This in turn provokes speculation that the collateral 
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sensitivity of EGFR inhibitor-resistant cells to MCB-613-mediated inhibition of KEAP1 

depends upon the accumulation of some alternative—and possibly heretofore 

undescribed—substrate of KEAP1. 

 

Figure 6: Inhibition of KEAP1 by MCB-613 promotes canonical substrate 

accumulation. (A) Immunblot analysis of bound KEAP1 following treatment of parental 

(PC9) and drug-resistant (WZR12) cells with a 2 µM dose of either ARM-3-124 or ARM-
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3-115 for 1 hour followed by lysis, copper-catalyzed azide-alkyne cycloaddition, and gel 

electrophoresis. (B) Immunoblot analysis of NRF2 levels over time following treatment 

with a 2 µM dose of MCB-613 in drug-resistant WZR12 cells. (C-D) Scatterplots 

depicting results of gene set enrichment analysis (GSEA) using the C6 Oncogenic 

Signature database in drug-resistant GR4 (C) and WZR12 (D) cells treated with a 2 µM 

dose of MCB-613 for 24 hours. (E-F) Histograms depicting relative cell viability of drug-

resistant GR4 (left) and WZR12 (right) cells after 72 hours of exposure to vehicle (DMSO) 

or two different doses of MCB-613 following knockout of NFE2L2 versus non-targeting 

control. Data are mean ± SEM for n = 3 biologically independent experiments. 

2.2.5 MCB-613 promotes cell death through KEAP1-dependent 
hyperactivation of the integrated stress response 

After discovering that the collateral sensitivity of drug-resistant EGFR-mutant 

NSCLC cells to KEAP1 inhibition by MCB-613 was NRF2-independent, we wondered 

whether there were any features shared between our drug-resistant derivatives which 

could explain this phenomenon. Recently, for example, it has been shown that EGFR-

mutant NSCLC cells pass through an ATF4-dependent drug-tolerant persister state en 

route to the acquisition of stable drug resistance. Because of this, and because MCB-613 

has been shown to induce the unfolded protein response (UPR), we hypothesized that 

inhibition of KEAP1 by MCB-613 might selectively induce cell death in drug-resistant 

cells through hyperactivation of the integrated stress response (ISR).   

To investigate this, we first queried the parental PC9 and drug-resistant PFR3, 

GR4, and WZR12 derivatives for their baseline levels of ISR markers such as phospho-

eIF2α, ATF4, and CHOP. Indeed, and in accordance with the literature, drug-resistant 

cells in all cases showed elevated protein expression of each of these markers (Figure 

7A). Next, we wondered whether treatment with MCB-613 was capable of inducing 



 

44 

further expression and thereby hyperactivating this pathway. Thus, we treated drug-

resistant WZR12 cells with a 2 μM dose of MCB-613 for a period of 24 hours and re-

assessed the phosphorylation of eIF2α and protein expression of ATF4 and CHOP; as 

expected, drug treatment elevated each of these far above their already elevated 

baselines (Figure 7B).  

Exhaustive studies have characterized the ISR as a bivalent pathway: although 

the primary goal of ISR activation is stress amelioration and cellular recovery, excessive 

ISR signaling leads to enhanced cytotoxicity and, ultimately, cellular demise.98 Thus, we 

were curious as to whether ISR hyperactivation induced by MCB-613 in the setting of 

drug resistance was primarily cytoprotective or cytotoxic. To answer this question, we 

knocked out either ATF4 or CHOP in the drug-resistant WZR12 cells before challenging 

them against MCB-613. Impressively, the loss of either of these ISR effectors was 

sufficient to rescue the effect of MCB-613 (Figure 7C-D). Taken together, these results 

suggest that MCB-613 engages KEAP1 to exploit an underlying collateral sensitivity of 

drug-resistant EGFR-mutant NSCLC cells to cytotoxic hyperactivation of the integrated 

stress response and, ultimately, cell death. 



 

45 

 

Figure 7: Collateral sensitivity to MCB-613 depends upon hyperactivation of the 

integrated stress response. (A) Immunoblot analysis of baseline ATF and CHOP levels 

in parental PC9 and drug-resistant PFR3, GR4, and WZR12 cells. (B) Immunoblot 

analysis of ATF, CHOP, phospho-eIF2α, and total eIF2α levels in drug-resistant WZR12 

cells treated with either vehicle (DMSO) or 2 μM MCB-613 for 24 hours. (C-D) 

Histograms depicting relative cell viability of drug-resistant WZR12 cells after 72 hours 

of exposure to vehicle (DMSO) or two different doses of MCB-613 following knockout of 
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ATF4 (C, top) or DDIT3 (D, bottom) versus non-targeting control. Data are mean ± SEM 

for n = 3 biologically independent experiments. 

2.3 Discussion 

Here, we report that diverse mechanisms of drug resistance in EGFR-mutant 

non-small cell lung cancer converge on a collateral sensitivity to the understudied 

chemical compound MCB-613. Using a combination of unbiased, high-throughput –

omics assays, we identify the molecular target of MCB-613 to be KEAP1. We also 

propose a compelling mechanism of action that is unrelated to the downstream 

activation of NRF2, and instead relies upon hyperactivation of the ISR. 

In addition to uncovering a previously unappreciated role for KEAP1 in 

modulating the integrated stress response, this work is consistent with prior reports 

showing that precise titration of ISR-related transcription factor ATF4 is essential for 

survival of drug-tolerant persister (DTP), EGFR-mutant NSCLC cells in the face of an 

EGFR inhibitor.99 In that setting, sublethal cytochrome c release drives activation of the 

heme-regulated inhibitor (HRI) kinase, leading to the phosphorylation of eIF2α as well 

as the downstream induction of ATF4. As our findings show, this ATF4-high phenotype, 

which is necessary for the DTP state and acquisition of drug resistance, can persist after 

removal of the selecting drug, and exposes drug-resistant NSCLC cells to any molecules 

which are capable of further activating the ISR toward lethal levels of ATF4 and CHOP 

expression. Consistent with this model, we see that known ISR inducers tunicamycin 

and thapsigargin take advantage of this ATF4-levered phenotype to show a heightened 
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efficacy in drug-resistant, EGFR-mutant NSCLC cells (data not shown), and demonstrate 

a role for KEAP1 inhibition via MCB-613 in this process as well. 

Several key questions remain. First of all, it remains unclear exactly how MCB-

613 engages KEAP1, and further studies will be required in order to describe the exact 

drug-target engagement mechanism. To that end, however, there are several literature 

reports which provide at least subtle support for this interaction. Studies which show a 

role for MCB-613 in the treatment of cardiac and nervous ischemia, for example, report 

that the molecule activates NRF2 transcriptional programs in in vivo models.100,101 

Though this was initially attributed to downstream effects of steroid receptor coactivator 

hyper-stimulation, it is not lost on us that the mechanism of KEAP1 inhibition reported 

herein could also contribute to this phenotype. Fortuitously, these studies also show that 

MCB-613 is well-tolerated and, thus far, free from obvious toxicities, further supporting 

its use as a preclinical tool in this setting. 

This work also builds upon a growing appreciation that KEAP1 plays a special 

role in EGFR-mutant NSCLC. It has long been observed, for instance, that in the setting 

of non-small cell lung cancer, mutations in EGFR and KEAP1 are practically mutually 

exclusive.102,103 This remains poorly understood and has been further complicated by 

recent reports that genetic interruptions in the KEAP1/NFE2L2/CUL3 axis may 

themselves contribute to the acquisition of EGFR inhibitor resistance.104–106 Our work 

suggests a missing link between these two might lie in the previously undescribed role 
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of KEAP1 in modulating ATF4, which is critical for resistance to EGFR inhibition. 

Indeed, our work here advances the provocative notion that tumors of this genetically 

defined subtype can be forced into an “impossible choice” between sensitivity to EGFR 

inhibition on one hand and sensitivity to MCB-613 on the other. Perhaps, when they are 

presented with both, they can ultimately be overcome. 

Finally, this report more generally provides support for collateral sensitivity as 

an intellectual framework for approaching multifocal drug resistance. Previous reports 

from our group, described above, showed that collateral effects to drug resistance were 

widespread across the cancer landscape, and EGFR-mutant NSCLC cells with resistance 

to EGFR inhibitors were especially prone to stable, recurring, and predictable sensitivity. 

The studies described above provide a blueprint for exploring contexts such as this one, 

in pursuit of novel, clinically actionable collateral sensitivities to drug resistance. 

In all, the work presented in this chapter nominates MCB-613 as an effective 

preliminary means of exploiting the precarious relationship between EGFR, KEAP1, and 

ATF4, and provides an additional step toward understanding the complicated interplay 

at work here. More generally, it speaks to the power of collateral sensitivity as a frame-

work for organizing studies which can both identify novel therapeutic strategies and 

provide insights into the nature of drug resistance itself.  

2.4 Methods 

Cell lines and reagents 
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All cell lines were maintained in a humidified incubator at 37 °C with 5% CO2. 

293FT cells were cultured in DMEM high glucose medium supplemented with 10% fetal 

bovine serum (FBS), 1% penicillin/streptomycin, 1% non-essential amino acids, 1% 

GlutaMAX, and 1% sodium pyruvate. All other cell lines were cultured in RPMI-1640 

medium supplemented with 10% FBS and 1% penicillin/streptomycin. The PFR3, GR4, 

and WZR12 cell lines were a generous gift from Pasi Janne. The patient-derived 

MGH134 cell line was a generous gift from Aaron Hata. All other cell lines were 

purchased from the American Type Culture Collection (ATCC) or Duke Cell Culture 

Facility (CCF). Drug-resistant cell lines were derived as previously described.107,108 MCB-

613 was a generous gift from Bert O’Malley. All other drugs were purchased from 

Cayman Chemical (gefitinib, osimertinib) and ChemDiv (C151-0598).  

High-throughput pharmacologic screen 

PC9, PFR3, GR4, and WZR12 cells were seeded into drug-stamped, 384-well 

plates at a density of 300 cells per well. The ~2,100 compound library (Selleck Bioactives) 

was screened in duplicate at two different doses (2 and 10 µM) for each drug. After 72 

hours, luminescence was read as a proxy for cell viability using Cell Titer Glo 

(Promega). The duplicate treatment wells for each compound were averaged and 

normalized to duplicate control wells from the same plate position. Normalized values 

were then processed by calculating the log2(resistant derivative/parental) for each 
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compound at both doses. Hits which scored across multiple resistant derivatives and at 

the lower dose were prioritized.  

Dose-response (GI50) assays 

Cells were seeded into 96-well plates at a density of 2,000 cells/well and allowed 

to adhere overnight. The following day, cells were treated in triplicate with either 

vehicle (DMSO) or an eight-point drug dilution and returned to the incubator. After 72 

hours, luminescence was quantified with Cell Titer Glo (Promega). Relative cell viability 

was estimated by normalizing the raw luminescence values for the drug-treated wells to 

the DMSO controls. 

In vivo studies 

Animal protocols were approved by the Animal Care and Use Committee of the 

Baylor College of Medicine. 5 x 106 PC9 or GR4 cells were bilaterally implanted via 

subcutaneous injection into the flanks of 5-6 week-old female SCID mice and allowed to 

grow for two weeks. After two weeks, tumors were measured, mice were weighed, and 

treatment was initiated. Mice were treated with either saline or MCB-613 (20 mg/kg) in 

saline three times weekly via intraperitoneal (i.p.) injection. During the treatment period, 

mice were weighed and their tumors were measured weekly.  

Synthesis of ARM-3-124 and ARM-3-115 

The preparation of chemical probes corresponding to C151-0598 and MCB-613 

was developed in a two-step process. First, the methylene unit at the 4-position of the 
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cyclohexanone was replaced with an oxygen atom (yielding intermediates ARM-3-126 

and ARM-3-127) to ensure that this slight chemical modification did not alter the activity 

of the parent compounds (Appendix A). Next, clickable activity-based probes harboring 

a propargyl handle at the 4-position of the cyclohexanone ring (ARM-3-115 and ARM-3-

126) were prepared. 

Briefly, the preparation of the target non-clickable (ARM-3-126, ARM-3-125) and 

clickable analogs (ARM-3-115, ARM-3-124) of C151-0598 and MCB-613 was performed 

in a one-step synthesis starting from either 4-methoxycyclohexanone or 4-

propargylcyclohexanone. Using these starting materials, this step consisted in a double 

aldol condensation with benzaldehyde. It was achieved in ethanol at room temperature 

using potassium hydroxide as the base. Thereby, the non-clickable, ARM-3-126 and 

clickable, ARM-3-115, analogs of C151-0598 were obtained in modest to satisfactory 

yields (89 and 21%, respectively). The access to the analogs of MCB-613 were also 

obtained through a double aldol condensation of 1 and 2 with 3-picolinadehyde but 

under acidic conditions (HCl in acetic acid). The target compounds ARM-3-127 and 

ARM-3-124 were obtained in 71 and 37% yields, respectively. 

For more detailed characterization of chemical synthesis, yield, and purity, 

please see Appendix A. 

Copper-catalyzed azide-alkyne “click” reaction 
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The click chemistry experiments were conducted as previously described.109 

Briefly, cells were seeded and exposed for one hour to a 2 µM dose of either the active 

ARM-3-124 or inactive ARM-3-115. After treatment, cells were washed three times in 

PBS and the pellet was resuspended in 1330 µL of 1 % NP40 buffer completed with 

protease inhibitor. Resuspended cells were sonicated for 30s three times and incubated 

30 min on ice before centrifugation at 20,000 x g for 10 min. After cell lysis, proteins were 

extracted and quantified using the Bradford method. For each condition, up to 10 mg of 

protein in 9.4 ml 1 % NP40 buffer was used to perform the biotin addition using 100 µL 

of biotin azo-azide at 5 mM, 200 µL TCEP at 50 mM, 100 µL TBTA at 10 mM and 200 µL 

CuSO4 at 50 mM. Protein was then incubated for one hour in the dark at room 

temperature. After incubation, 40 ml ice-cold methanol was added. Protein was 

precipitated overnight in methanol at -20°C. Protein was then centrifuged at 5,200 x g for 

30 min at 0°C and washed 3 times in the same conditions using ice-cold methanol. After 

drying, protein was resuspended in resuspension buffer (6 M urea, 2 M thiourea, 10 mM 

HEPES) and sonicated. Protein was supplemented with 40 µL DTT and incubated for 40 

min at room temperature. 40 µL of iodoacetamide was added to the samples and 

incubated 30 min at room temperature in the dark. After pre-washing of the streptavidin 

beads, resuspended proteins were added to the beads in a 15 ml tube and incubated on a 

rotator for two hours at room temperature. Beads were collected by centrifugation at 200 

x g for 3 min at room temperature and then washed with resuspension buffer (PBS and 1 



 

53 

% SDS, PBS) solution twice. After washing, elution was performed using sodium 

dithionite solution. Eluted proteins were incubated overnight at -20°C with ice-cold 

methanol. Proteins were then pelleted and dried before being resuspended in 4 % SDS 

buffer and 2X SDS free loading buffer.  Samples were then separated by one-

dimensional electrophoresis and stained with InstantBlue® dye. Gels were divided into 

pieces measuring approximately 1 mm3 and sent to Ross Tomaino at the Taplin 

Biological Mass Spectrometry Facility (Harvard Medical School) for identification of 

target proteins. 

Design of custom sgRNA library 

The custom sgRNA library was designed using the list of 478 MS-identified 

genes. For each of these genes, 4 sgRNA sequences were taken from each of two 

previously published, full-genome CRISPR libraries.110,111 (Because sequences for a given 

gene were sometimes redundant between the two libraries, this approach produced an 

average of 7 unique sgRNA sequences per gene). Also included were 100 AAVS1-

targeting “safe harbor” guides taken from a separate CRISPR library.95 Each sequence 

was appended with the same universal prefix and suffix sequences and synthesized 

commercially in pooled format (GenScript, Appendix B).  

Cloning of the CRISPR library 

The commercially synthesized oligo pool was diluted 1:10 in water and amplified 

using the Phusion HotStart Flex polymerase (NEB) according to the manufacturer’s 
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protocol with the Array_F and Array_R primers (Appendix B). The lentiCRISPR v2 

vector (Addgene plasmid #52961) was digested with FastDigest Esp3I (Thermo Fisher) at 

37 °C for 12 hours. The digested product was size selected with gel electrophoresis and 

extracted using the Zymo Gel DNA Extraction Kit. The eluted product was cleaned 

using the AMPure XP reagent at a 1:1 input-to-reagent ratio, and concentration was 

measured using the Qubit dsDNA HS Assay Kit (Invitrogen). The digested vector was 

combined with the amplified inserts in a 5:2 ratio by mass and ligated using a 2X Gibson 

Assembly Master Mix (NEB) at 50 °C for 30 minutes. The ligation product was cleaned 

using the AMPure XP reagent at a 1:1.4 input-to-reagent ratio and concentration was 

again measured using the Qubit dsDNA HS Assay Kit. The final product was 

transformed into electrocompetent cells (Lucigen), incubated overnight in LB broth at 37 

°C, and isolated using the Qiagen Maxi Prep kit.  

Lentivirus production 

Lentivirus for both the pooled CRISPR screen and individual sgRNAs was 

produced using 293FT cells. For every 1.3 µg of plasmid, 1 µg of the psPAX2 packaging 

vector and 0.657 µg of the VSVg envelope were diluted into 385 µl of Opti-MEM 

supplemented with 11.6 µl of the lipofectamine-2000 transfection reagent and 12.64 µl of 

PLUS reagent (Thermo Fisher). This mixture was added dropwise to 293FT cells, and 

cells were returned to the incubator for 4 hours. After the incubation, media was 

aspirated and replaced with an FBS-rich harvest medium (DMEM high glucose, 30% 
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FBS, 1% PS, 1% NEAA, 1% GlutaMax, 1% sodium pyruvate) for 48 hours. Viruses were 

collected, filtered, and either used directly or aliquoted and stored at -80 °C. Viral titers 

were performed as previously described.73 

Pooled CRISPR screening 

On Day 0, PC9, GR4, and WZR12 cells were seeded into 6-well plates at a density 

of 150,000 cells per well and allowed to adhere overnight. On Day 1, the cells were 

exposed to media containing library virus and the polybrene transduction reagent (8 

µg/ml) before spinfection via centrifugation at 900 x g for 1 hour at room temperature. 

On Day 2, the media containing library virus and polybrene was removed and replaced 

with fresh media. On Day 3, the cells were subjected to selection with puromycin (2 

µg/ml) for 48 hours. Then, on Day 5, the cells were resuspended, counted, divided into 

triplicates, and carried forward with passage every five days for an estimated 14 

population doublings. Throughout the entirety of the screen, each replicate was 

represented at any given point in time by at least 4 x 106 cells to guarantee at least 1000x 

coverage of the custom library. Pellets of at least 4 x 106 cells were taken at T0, Tf, and at 

each passage as well. Upon completion of the screen, pellets were lysed and genomic 

DNA was extracted using the QIAamp Blood Maxi Kit (Qiagen). 

CRISPR Screen sequencing and analysis 

Extracted DNA was amplified with a two-step protocol. First, sgRNA libraries 

were PCR-amplified from genomic DNA using NEBNext Ultra II Q5 Master Mix 
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according to the manufacturer’s protocol using the PCR 1 Forward and Reverse primers 

(Appendix B). Following the initial amplification, a second PCR step was undertaken to 

append the PCR 1 product for each condition with a unique combination of staggered 

forward and barcoded reverse primers to facilitate pooled sequencing (Appendix B, 

Appendix C). In all cases, the amplified libraries were purified with SPRIselect beads 

(Beckman Coulter) using right-sided selection. Samples were quantified with the Quant-

iT dsDNA Broad Range Assay Kit (Thermo Fisher), pooled, and sequenced on an 

Illumina NextSeq 500 with 75 bp single-end sequencing. Analysis was performed using 

the Models-based Analysis of Genome-wide CRISPR/Cas9 Knockout (MAGeCK) 

software analysis pipeline under the default conditions. Data from the GR4 and WZR12 

cell lines was collapsed into one condition representing drug resistance, and compared 

with data from the PC9 parental cell line.   

CRISPR screen validation by single gene knockout 

To validate screening hits, the top two scoring sgRNA sequences for a given gene 

were taken from the custom library, cloned into the LCv2 vector, transfected into 293FT 

cells, and transduced into parental and drug-resistant NSCLC cells as described above 

(Appendix B). After 48 hours of puromycin selection, 350,000 cells per condition were 

seeded in triplicate into 10-cm dishes and passaged and counted every three days. Total 

cumulative cell counts over time were estimated using cell counts and doubling time 
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while assuming exponential growth and a negligible death rate. Cumulative counts for a 

given sgRNA were normalized to cumulative counts for a non-targeting control.  

Western blot 

Cells were washed in ice-cold PBS, collected via scraping, and re-suspended in 

ice-cold 1X Cell Lysis Buffer (CST) supplemented with protease and phosphatase 

inhibitors (Pierce). Cell suspensions were vortexed thoroughly and rotated end-over-end 

at 4 °C for 30 minutes before centrifugation at 14,800 rpm at 4 °C for 20 minutes. The 

debris pellets were discarded and the supernatants transferred to fresh Eppendorf tubes 

before quantification using the Bradford method. Samples were diluted to equal 

concentrations using lysis buffer and prepared for electrophoresis with NuPAGE LDS 

Sample Buffer (4X) before boiling at either 70 °C for 10 minutes or 95 °C for 15 minutes. 

Prior to electrophoresis, samples were reduced with DTT at a final concentration of 50 

mM except where otherwise noted. Membranes were probed with primary antibodies 

anti-KEAP1 clone 144 (MABS514, Sigma), anti-NRF2 (Ab137550, Abcam), and anti-β-

Actin (#4970, CST), and secondary antibodies anti-rabbit IgG, HRP-linked (#7074, CST) 

and anti-rat IgG, HRP-linked (#7077, CST).  
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3. Mechanistic dissection of the collateral sensitivity of 
drug-resistant, EGFR-mutant NSCLC cells to MCB-613-
induced inhibition of KEAP1 

Some of the material presented in this chapter was originally posted to the pre-

print server bioRxiv on January 19th, 2023 under the title “MCB-613 exploits a collateral 

sensitivity in drug-resistant EGFR-mutant non-small cell lung cancer through covalent 

inhibition of KEAP1” (doi: https://doi.org/10.1101/2023.01.17.524094). Additionally, the 

material in this chapter is now being adapted as part of a manuscript to be submitted for 

peer review in the summer of 2023. 

3.1 Background 

In the previous chapter, we used a high-throughput, phenotypic pharmacologic 

screen to identify the poorly characterized chemical compound MCB-613 as an inhibitor 

of KEAP1 that is capable of exploiting a common collateral sensitivity to drug resistance 

in EGFR-mutant NSCLC. This effect relies upon downstream induction of the integrated 

stress response, with consequent phosphorylation of eIF2α, and expression of ATF4 and 

CHOP. Though the link between KEAP1 inhibition and downstream induction of ATF4 

remains unclear, these findings are consistent with a model of drug resistance in EGFR-

mutant NSCLC in which sublethal levels of ATF4 and CHOP promote the acquisition of 

drug resistance, while hyperactivation in the aftermath drives cell death.99 

Interestingly, these effects of KEAP1 inhibition have not previously been 

reported, despite the fact that numerous, structurally diverse inhibitors of KEAP1 are 
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known to exist.112–117 This raises the intriguing possibility that MCB-613 behaves in a 

unique fashion relative to other inhibitors of KEAP1, and that this unique mechanism is 

necessary and/or sufficient for the collateral sensitivity observed in drug-resistant, 

EGFR-mutant NSCLC. This is an idea which is not without a precedent. In the case of 

Hepatitis C virus (HCV), for instance, RNA-dependent RNA polymerase “NS5B” can be 

inhibited by multiple distinct small molecules at different allosteric sites. Certain NS5B 

inhibitors bind at one site to reduce protein stability, while others bind elsewhere to 

reduce the enzyme’s conformational sampling.118 Given KEAP1’s role in recruitment of 

substrate proteins to E3 ubiquitin ligase machinery, the fact that the structurally distinct 

inhibitor MCB-613 seems uniquely inclined to hyperactive the ISR to exploit a collateral 

sensitivity might suggest that the molecule confers upon the protein the ability to recruit 

a neo-substrate for degradation.  

 Chemically, MCB-613 is indeed structurally distinct from previously described 

KEAP1 inhibitors. Although most KEAP1 inhibitors share certain features—for example, 

potent electrophilia—only one other (curcumin) shares with MCB-613 the same bis-

chalcone scaffold. Both of these symmetrical molecules bear two α,β-unsaturated carbon 

bonds situated on either side of a central ketone moiety, rendering them susceptible to 

nucleophilic attack at the two β carbons (34). In a cellular context, various amino acids 

can act as nucleophiles to exploit this structure. Of the twenty common amino acids, 

cysteine is by far the most prone to such behavior, and its comparatively low abundance 
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in the human proteome makes it an attractive target for selective covalent modification. 

Thus, multiple clinically available cysteine-reactive drugs exist, with the notable 

example of osimertinib in EGFR-mutant NSCLC. That being said, several other amino 

acids, including histidine, lysine, tyrosine, serine/threonine and more, can, in conducive 

protein microenvironment conditions and with favorable electronegative binding 

pockets, also execute nucleophilic attacks on vulnerable molecules such as MCB-613.119 

Though all known KEAP1 inhibitors described to date act either by covalent 

modification of cysteine residues or alternatively by non-covalent means entirely,112–117 it 

is by no means a foregone conclusion that this structurally distinct molecule acts in an 

identical fashion. 

Here, we report that the shared collateral sensitivity of drug-resistant, EGFR-

mutant NSCLC cells to KEAP1 inhibition and ISR induction is unique to bis-chalcone 

molecules, such as MCB-613. This effect seems to rely upon the capability of molecules 

such as these to undergo double Michael addition, which causes covalent dimerization 

between two KEAP1 monomers. These interactions occur specifically between the α,β-

unsaturated carbons of MCB-613 and, surprisingly, a lysine residue (Lys97) situated 

within the KEAP1 BTB domain responsible for protein dimerization and binding by the 

E3 ubiquitin ligase complex component Cullin 3 (CUL3). Thus, the findings below shed 

further light on our understanding of the role of MCB-613 and KEAP1 in drug-resistant, 
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EGFR-mutant NSCLC, and nominate MCB-613 as a useful preclinical model, as well as a 

candidate for further KEAP1-specific development.  

3.2 Results 

3.2.1 Bis-chalcones are unique among inhibitors of KEAP1 

Our group had previously used a high-throughput phenotypic pharmacologic 

screen to identify MCB-613 (4-ethyl-2,6-bis-pyridin-3-ylmethylene-cyclohexanone) as a 

collateral sensitivity to drug resistance in EGFR-mutant NSCLC. Follow-up experiments 

showed that MCB-613 binds to and inhibits KEAP1, resulting in substrate accumulation 

and hyperactivation of the integrated stress response. These findings led us to wonder if 

other, structurally diverse molecules known to inhibit KEAP1 might have similar effects 

in this setting. Thus, we compiled a panel of known inhibitors of KEAP1 in order to test 

this hypothesis (Table 1). Included in this panel were non-covalent inhibitors (KI696) as 

well as covalent inhibitors (bardoxolone methyl, tBHQ, oltipraz, sulforaphane, dimethyl 

fumarate, and monoethyl fumarate) targeting a variety of different residues on KEAP1, 

including cysteines 23, 77, 151, 226, 273, 368, and 434, among others.112–117,120–122 Also 

included was an additional bis-chalcone molecule known as curcumin. 



 

62 

Table 1: Characteristics of KEAP1 inhibitors 

 

First, we tested each of these molecules in standard, three-day, eight-point GI50 

assays to determine whether they also showed a shared collateral sensitivity across all 

three of our drug-resistant, EGFR-mutant NSCLC cell lines (PFR3, GR4, and WZR12) in 

comparison with parental PC9 cells. Indeed, MCB-613 displayed this expected pattern of 

sensitivity, recapitulating the study presented in Chapter 2 (29). Additionally, another 

bis-chalcone molecule, curcumin, also showed a conserved collateral sensitivity across 

all three drug-resistant cell lines. However, none of the remaining seven diverse, non-

bis-chalcone molecules demonstrated the same pattern of collateral sensitivity across all 

three drug-resistant derivatives (Figure 8A-I).  
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Figure 8: Bis-chalcones are unique among KEAP1 inhibitors. Scatterplots depicting 

correlations between area-under-the-curve (AUC) calculations for GI50 dose-response 

curves for gefitinib (x-axis) and (A) MCB-613 (reproduced from Figure 2, above), (B) 

curcumin, (C) bardoxolone, (D) KI696, (E) monoethyl fumarate (MEF), (F) diethyl 

fumarate (DEF), (G) sulforaphane, (H) oltipraz, and (I) tBHQ (y-axes). Parental PC9 cells 

in black, drug-resistant PFR3, GR4, WZR12 cells in peach, salmon, and red, respectively. 

Horizontal dotted line represents AUC for PC9; common collateral sensitivities show 

AUCs for all three drug-resistant derivatives below the line. 

In addition, regressing the areas-under-the-curve (AUCs) for the sensitivity data for 

these molecules against sensitivity data for the EGFR inhibitor gefitinib in each of our 



 

64 

cell lines revealed that the two bis-chalcones—MCB-613 and curcumin—exhibited, by 

far, the strongest stepwise relationship between EGFR inhibitor resistance and KEAP1 

inhibitor sensitivity (R2 = 0.9962 and 0.8731, respectively). These data suggested to us 

that there is something specific about the structure of the bis-chalcones which is required 

to exploit the collateral sensitivity to drug resistance in EGFR-mutant NSCLC. 

3.2.2 Bis-chalcones directly bind and destabilize KEAP1 

One possible explanation for the unique features of bis-chalcones among 

inhibitors of KEAP1 is that these admittedly promiscuous molecules might share off-

target effects which explain their ability to effect a collateral sensitivity in the setting of 

drug-resistant, EGFR-mutant NSCLC. Although the data discussed in Chapter 2 above 

make this unlikely, we decided nevertheless to use several well-established techniques 

to first prove a direct interaction between MCB-613 and KEAP1. 

First, we employed a classic thermal shift assay to verify that MCB-613 binds 

directly to KEAP1. (In short, the thermal shift assay uses temperature gradients and 

hydrophobic dyes to detect melting temperature changes when purified proteins are 

incubated with suspect ligands.) Using a pet28a-His6-KEAP1 construct, we expressed 

wild-type human KEAP1 protein in E. coli before Ni-NTA-based affinity purification.123  

We then incubated purified His6-KEAP1 with increasing doses of MCB-613 in a SYPRO-

Orange-based thermal shift assay.124  As expected, MCB-613 exhibited a dose-dependent 

shift in the melting temperature of purified His6-KEAP1, confirming that it binds 
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directly to the protein. To our surprise, however, this response reflected an unusual 

decrease in KEAP1’s Tm (Figure 9A-B). This suggests that, rather than stabilizing KEAP1 

(in the manner of most ligands), MCB-613 and its related bis-chalcones decrease 

isothermal stability. 

 

Figure 9: Thermal shift assay reveals that MCB-613 binds directly to purified KEAP1. 

(A) Thermal denaturation curve depicting fluorescence of SYPRO Orange induced by 

denaturation of purified His6-KEAP1 with increasing doses of MCB-613. Each condition 

internally normalized using non-linear fitting with a modified Boltzmann Equation. 

Data are mean ± SEM of n = 3 technical replicates. (B) Dose-response curve depicting 

dose-dependent decrease in Tm of purified His6-KEAP1 with increasing doses of MCB-

613. 

Although there is precedent for the destabilization of KEAP1 in thermal shift 

assays by small molecule ligands, most of the known inhibitors of KEAP1 demonstrate 

the opposite effect.125 We thus decided to validate this somewhat counterintuitive result 

using orthogonal approaches.126  
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The cellular thermal shift assay (CETSA) represents one such approach. The 

CETSA operates according to the same basic set of premises as traditional thermal shift 

assays, but with the use of whole cell lysates and immunoblotting.127 We expressed a V5-

tagged KEAP1 in drug-resistant WZR12 cells and treated them with a physiological dose 

of MCB-613 for one hour before performing a CETSA. Consistent with our results in the 

traditional thermal shift assay, CETSA analysis confirmed that MCB-613 binds to KEAP1 

and causes a decrease in melting temperature (Figure 10A). We next used densitometry 

analysis to calculate that MCB-613 reduced the Tm of V5-KEAP1 by more than 8.4 °C 

(Figure 10B). To control for artifacts introduced by the use either of the V5 tag or the 

anti-V5 antibody, we recapitulated the CETSA and densitometry findings using an 

antibody that recognizes endogenous KEAP1 (Figure 10C). Together these data 

demonstrate that MCB-613 directly interacts with KEAP1, and suggest that, unlike other 

known KEAP1 inhibitors, the bis-chalcone family of molecules destabilize this protein. 
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Figure 10: Cellular thermal shift assays confirm that MCB-613 directly binds to and 

destabilizes KEAP1. (A) Immunoblot analysis of V5-tag following a cellular thermal 

shift assay in which lysates from drug-resistant WZR12 cells ectopically expressing V5-



 

68 

KEAP1 and treated with either vehicle (DMSO) or a 2 µM dose of MCB-613 for 1 hour 

were divided into aliquots and subjected to increasing temperatures to assess thermal 

stability of V5-KEAP1 as a proxy for direct binding. (B) Line plot depicting densitometry 

analysis of immunoblot (A). (C) Line plot depicting densitometry analysis of a similar 

CETSA study performed using endogenous KEAP1. 

3.2.3 Bis-chalcones promote covalent dimerization of KEAP1 

The results of the studies described above suggest that bis-chalcone molecules 

such as MCB-613 influence KEAP1 by binding directly to it and decreasing isothermal 

stability. Because decreases in a protein's stability often lead to protein degradation, we 

wondered whether bis-chalcone-mediated destabilization of KEAP1 led to a decrease in 

KEAP1 protein levels.128 We briefly exposed parental PC9 and drug-resistant WZR12 

cells to increasing doses of MCB-613 and probed for endogenous KEAP1. Although this 

drug treatment did induce a dose-dependent decrease in detectable KEAP1 levels at the 

appropriate molecular weight (~70 kDa), we also noticed that the bis-chalcone treatment 

induced the curious appearance of an additional band at roughly two times the expected 

kilodalton molecular weight of monomeric KEAP1 (Figure 11). Far from causing KEAP1 

to degrade, therefore, we wondered whether MCB-613 was causing it to dimerize.  
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Figure 11: Treatment with MCB-613 results in the dose-dependent appearance of a 

high molecular weight band. 

There is precedent in the literature for electrophile-induced dimerization of 

KEAP1. Under homeostatic conditions, KEAP1 primarily exists as a dimer to mobilize 

E3 ubiqutin ligase machinery for the degradation of NRF2; upon the introduction of a 

cellular stress, however, the KEAP1 dimer dissociates and NRF2 is liberated. Previous 

literature reports have shown that structurally diverse electrophiles known to interact 

covalently with KEAP1 (oltipraz, sulforaphane, tert-butylhydroquinone (tBHQ)), and 

diethylmalate) can all induce the conversion in immunoblotting assays of KEAP1 from 

the primarily monomeric form, which migrates at ~68 kDa, to the dimeric or oligomeric 

form, which migrates at more than twice that molecular weight.129 We hypothesized that 

MCB-613 was inducing a similar shift from monomeric to dimeric or oligomeric KEAP1. 

Interestingly, this shift persisted in the face of various reducing conditions, suggesting to 

us that this protein complex may not be the result of traditional, non-covalent dimers or 

disulfide bridges, but rather irreversible covalent bonds (Figure 12A). 
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First, to verify that the observed high molecular weight (HMW) band was not 

artifactual and indeed represented KEAP1, we used the pLX302 vector for ectopic over-

expression of V5-tagged KEAP1 in the drug-resistant WZR12 cell line. After validating 

that immunoblotting against V5 reproduced the same HMW band after drug treatment, 

we co-immunoprecipitated KEAP1 by its V5 tag, excised the HMW band, digested, and 

performed mass spectrometry (Figure 12B). Compared with vehicle-treated control, the 

only protein which was substantially enriched at the HMW with drug treatment was, 

indeed, KEAP1 (Figure 12C). Although this heavily implied to us that the drug-induced 

HMW band represents a true KEAP1 homodimer, we next performed an in vitro binding 

assay using two differentially tagged versions of KEAP1. Briefly, we used the HA-

Clover system for transient transfection to express GFP-tagged KEAP1 in HEK cells. 

Next, we used a GFP-Trap system to purify GFP-KEAP1, and incubated the purified 

GFP-KEAP1 in vitro with our previously purified His6-KEAP1 for fifteen minutes. After 

that initial incubation, we added increasing doses (2 μM, 20 μM, and 200 μM) of MCB-

613, and conducted another fifteen-minute incubation before immunoblotting for both 

GFP and the 6xHis tag. As we expected, treatment with MCB-613 induced the dose-

dependent appearance of an HMW band in the in vitro setting, with both GFP and 6xHis 

detectable at the higher molecular weight (Figure 12D). Given that GFP-KEAP1 was the 

only species immobilized on the GFP-Trap beads, and that samples were washed 

extensively after incubation to remove any unbound protein, the appearance of 6xHis at 
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this molecular weight definitively shows that the HMW band induced by treatment with 

MCB-613 represents a true homodimer of KEAP1. Because each molecule of MCB-613 

bears not one but two electrophilic, α, β-unsaturated bonds, these results raise the 

intriguing possibility that a single molecule of MCB-613 may act as a double Michael 

acceptor to form a covalent bridge between two individual KEAP1 monomers (Figure 

12E).  
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Figure 12: Treatment-induced high molecular weight band represents a covalent 

dimer of KEAP1. (A) Immunoblot analysis of endogenous KEAP1 levels at monomeric 

(~ 80 kDa) and dimeric (~ 160 kDa) molecular weights in drug-resistant WZR12 cells 

treated with either vehicle (DMSO) or a 2 µM dose of MCB-613 for 1 hour. Lysates were 

run under non-reducing versus reducing conditions and boiled at either 70 °C for 10 
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minutes or 95 °C for 5 minutes. (B) Immunoblot analysis of V5 tag following 

immunoprecipitation of the V5 tag from parental (PC9) and drug-resistant (WZR12) cells 

ectopically expressing either a control V5-luciferase or V5-KEAP1 and treated with 

either vehicle (DMSO) or a 2 µM dose of MCB-613 for 1 hour. (C) Scatterplot analysis of 

proteins identified by mass spectrometry to interact with V5-KEAP1. A high-molecular 

weight (~ 160 kDa), Coomassie-stained gel slice was obtained following 

immunoprecipitation of the V5 tag from drug-resistant WZR12 cells ectopically 

expressing V5-KEAP1 and treated with either vehicle (DMSO) or a 2 µM dose of MCB-

613 for 1 hour. Slope of dotted line = 1 and represents hits equally identified between the 

conditions. (D) Immunoblot analysis of Clover- and His-tagged KEAP1 after 

immobilization of HA-Clover KEAP1 on GFP-Trap beads and subsequent incubation 

with purified His6-KEAP1 and vehicle (DMSO) or increasing doses of MCB-613 for 15 

minutes. (E) Diagram depicting the proposed double Michael addition between KEAP1 

and MCB-613. 

3.2.4 Double Michael addition and covalent dimerization are required 
for collateral sensitivity 

We next wondered whether the covalent bridging of KEAP1 monomers by the 

bis-chalcones was required for their unique ability to exploit a collateral sensitivity to 

drug resistance in EGFR-mutant NSCLC. In order to test this hypothesis, we designed 

and synthesized a derivative of MCB-613 which bears just one α,β-unsaturated carbon, 

reasoning that this structure would still be able to engage KEAP1 monomers but would 

not be able to bridge them together (Figure 13). We named this derivative “ARM-143” 

(Appendix A). 

 

Figure 13: Chemical structure of ARM-143 
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We reasoned that the absence of a second α,β-unsaturated carbon-carbon double 

bond would prevent ARM-143 from bridging KEAP1 monomers together in a covalent 

dimer in the fashion of bis-chalcones. To test this hypothesis, we expressed GFP-KEAP1 

in HEK cells and treated them with either vehicle (DMSO) or 2 μM doses of either MCB-

613 or ARM-143 for 1 hour before collection, lysis, and immunoblotting for GFP. As we 

had previously observed, DMSO control showed a predominantly monomeric banding 

pattern, whereas MCB-613 treatment showed a predominantly dimeric banding (Figure 

14). As expected, treatment with ARM-143 completely rescued the banding pattern, and 

was indistinguishable from the DMSO control. 

 

Figure 14: ARM-143 rescues drug-induced dimerization. Immunoblot analysis of GFP-

tagged KEAP1 expressed in HEK cells and treated with vehicle (DMSO) or a 2 μM dose 

of either MCB-613 or ARM-143 for 1 hour before lysis and immunoblotting against GFP. 

In previous studies, the appearance of the irreducible HMW band provided 

evidence that MCB-613 and its related bis-chalcones bound to KEAP1 covalently. With 
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that band now diminished, we sought to develop a related assay that was capable of 

showing that ARM-143 still bound KEAP1 covalently using its lone Michael acceptor 

site. Because both MCB-613 and ARM-143 are prone to Michael addition, we thought 

their covalent incorporation into KEAP1 should introduce a functional ketone moiety 

which rarely occurs in cellular biology (Figure 15). 

 

Figure 15: Double Michael addition equips proteins with a functional carbonyl 

handle. Functional carbonyl handle in red. 

Using click chemistry, we reasoned, we could bioconjugate this ketone moiety to a label 

such as biotin.130 We could then use gel electrophoresis and immunoblotting with an 

anti-biotin antibody for a direct readout of drug/target engagement (Figure 16). 

Detection of biotin at a monomeric molecular weight for KEAP1 would illustrate that the 

probe had bound KEAP1 directly; detection at the dimeric molecular weight would 

further prove that it was responsible for dimerization. 
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Figure 16: Click chemistry reaction between KEAP1-bound MCB-613 and biotin 

hydrazide 

First, we transiently transfected HA-Clover KEAP1 WT into HEK cells. After 

allowing sufficient time for expression, we lysed the cells and immobilized KEAP1 on 

GFP-Catcher beads before incubating with a 20 μM dose of either MCB-613 or ARM-143 

for 15 minutes at room temperature. Next, because KEAP1 is known to be glycosylated, 

and because glycans would confound our results by providing an alternative substrate 

for bioconjugation, we subjected the samples to enzymatic deglycosylation.131,132 Lastly, 
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we incubated the samples in a catalytic, bifunctional amine (2-(aminomethyl)imidazole, 

50 mM) with 1 mM hydrazide-biotin before gel electrophoresis and immunoblotting for 

biotin.133,134 As expected, treatment with MCB-613 resulted in biotin detection 

predominantly at the dimeric (~ 200 kDa) molecular weight, further supporting the 

notion that MCB-613 covalently binds KEAP1 to promote dimerization. Conversely, 

treatment with ARM-143 resulted in the detection of biotin mostly at the monomeric (~ 

100 kDa) molecular weight, suggesting a) that ARM-143 also binds KEAP1 covalently, 

but b) does not shift it toward the irreducible dimer which predominates with MCB-613 

(Figure 17). This study further supports our hypothesis that bis-chalcones exert their 

unique effects on KEAP1 through their ability to induce covalent dimerization. 

 

Figure 17: Click chemistry reveals differential covalent binding patterns for MCB-613 

and ARM-143. (A) Immunoblot analysis of GFP-tagged KEAP1 expressed in HEK cells 

and purified using GFP-Catcher beads before incubation with either MCB-613 or ARM-

143, “click” conjugation to biotin, and immunoblotting against biotin. 
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Finally, we wondered whether the loss of the second α,β-unsaturated bond—

and, with it, loss of chemically induced dimerization—would interfere with the capacity 

of ARM-143 to effect a collateral sensitivity to drug resistance in EGFR-mutant NSCLC. 

We therefore tested ARM-143 in standard, three-day, eight-point GI50 assays against all 

four of our EGFR-mutant NSCLC cell lines: the parental PC9 cells, and the drug-resistant 

PFR4, GR4, and WZR12 derivatives. Importantly, and as expected, all four cell lines 

exhibited similar dose-response profiles to ARM-143. In other words, the loss of the 

second α,β-unsaturated bond—and, with it, covalent bridging of KEAP1 monomers 

together into an irreducible, covalent dimer—eliminated the ability of the chalconoid 

derivative to effect a collateral sensitivity to drug resistance (Figure 18). Thus, covalent 

bridging of KEAP1 by bis-chalcones is necessary to their status as collateral sensitivities 

in drug-resistant, EGFR-mutant NSCLC.  

 

Figure 18: Collateral sensitivity to MCB-613 depend on bis-chalcone structure and 

double Michael addition. Relative cell viability of parental (PC9) and diverse drug-

resistant (PFR3, GR4, WZR12) cells following 72-hour incubation with ARM-143 (top) or 

MCB-613 (bottom) across an 8-point linear drug dilution series. Data are mean ± SEM for 

n = 3 biologically independent experiments. 
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3.2.5 MCB-613 binds within the KEAP1 BTB domain at lysine 97 

Detailed understanding of a drug’s mechanism of action, while not always 

strictly necessary from a clinical perspective, often provides critical insights that are 

useful for optimization and elucidate underlying biology. Thus, we sought to uncover 

more about how exactly MCB-613 undergoes its double Michael addition to induce 

covalent dimerization of KEAP1. We therefore used the HA-Clover tag system described 

above to design a variety of truncated forms of KEAP1. The first fragment, HA-Clover 

KEAP11-60, is limited to the first sixty amino acids of KEAP1, which comprise the 

protein’s N-terminal domain. The second fragment, HA-Clover KEAP11-178, further 

includes the protein’s BTB domain. Finally, the third and fourth fragments, HA- Clover 

KEAP11-314 and HA-Clover KEAP11-597, stretch to include the IVR and Kelch domains, 

respectively (Figure 19). We also included a full-length KEAP1 construct spanning the 

full 624 amino acids (HA-Clover KEAP1WT).  
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Figure 19: Diagram depicting the protein domains of the full-length KEAP1 WT as well 

as the KEAP11-60, KEAP11-178, KEAP11-314, and KEAP11-597 truncation constructs. 

First, we transiently transfected each truncation construct into HEK cells. After 

48 hours, we exposed each population to a physiological dose of MCB-613 for one hour, 

before collecting cells, lysing them, and immunoblotting with an anti-GFP antibody. As 

expected, MCB-613 caused the accumulation of a high molecular weight band with the 

HA-Clover KEAP1WT construct. Interestingly, analogous bands appeared in the samples 

transfected with HA-Clover KEAP11-178, HA-Clover KEAP11-314, and HA-Clover KEAP11-

597 as well; indeed, the sole fragment which failed to reproduce the band was HA-Clover 

KEAP11-60 (Figure 20). This suggested that the covalent dimerization of KEAP1 induced 

by MCB-613 relies upon direct interaction with a residue located between amino acid 

Thr60 and Gln178. This region represents KEAP1’s BTB domain, which binds the E3 

ubiquitin ligase complex member Cullin3 (CUL3) and, perhaps unsurprisingly, 

promotes KEAP1 dimerization. 
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Figure 20: Covalent dimerization by MCB-613 requires the KEAP1 BTB domain. 

Immunoblot analysis of HA-Clover KEAP1 dimerization (upper bands) in 293FT cells 

transfected with (from left to right) no template, HA-Clover KEAP1WT, HA-Clover 

KEAP11-597, HA-Clover KEAP11-314, HA-Clover KEAP11-178, and HA-Clover KEAP11-60 and 

treated with vehicle (DMSO) or MCB-613 for one hour.  

Having narrowed down the drug-target interaction to KEAP1’s BTB domain, we 

next repeated the HA-Clover serial truncation approach using the amino acid fragments 

KEAP11-70, KEAP11-80, KEAP11-90, KEAP11-100, KEAP11-110, KEAP11-120, KEAP11-130, KEAP11-

140, KEAP11-150, KEAP11-160, and KEAP11-170. Expression of these fragments and treatment 

with MCB-613 revealed that chemical dimerization was lost between the KEAP11-90 and 

KEAP11-100 fragments, suggesting the covalent interaction between MCB-613 and KEAP1 

occurs somewhere between Ala90 and Leu100 (Figure 21A). In this region, there are just 

two nucleophilic amino acids which are likely to participate in a Michael addition with 

MCB-613: His96 and Lys97. In order to test which of these amino acids represents the 
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target of MCB-613’s covalent interaction with KEAP1, we expressed full-length GFP-

KEAP1 WT, GFP-KEAP1 H96A, and GFP-KEAP1 K97A mutants in HEK cells and 

repeated the drug-induced dimerization assay. Both H96A and K97A reduced the extent 

of drug-induced dimerization, suggesting that one of these residues represents the exact 

site of the covalent interaction between MCB-613 and KEAP1 (Figure 21B). Interestingly, 

however, only the K97A mutant succeeded in rescuing the effect of MCB-613 in WZR12 

cells (Figure 21C). Taken together, the findings presented above demonstrate 1) that 

MCB-613 interacts directly with KEAP1; 2) that this interaction is covalent and results in 

chemical, irreducible dimerization of KEAP1; 3) that this interaction occurs at KEAP1 

Lys97; and, 4) that chemical dimerization a unique feature of bis-chalcones and is 

required for their exploitation of a collateral sensitivity to drug resistance in EGFR-

mutant NSCLC.  
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Figure 21: KEAP1 residue Lys97 is required for covalent dimerization and collateral 

sensitivity to MCB-613. (A) Immunoblot analysis of HA-Clover KEAP1 dimerization 

(upper bands) in 293FT cells transfected with (from left to right) HA-Clover KEAP11-110, 

HA-Clover KEAP11-100, HA-Clover KEAP11-90, HA-Clover KEAP11-80, and HA-Clover 

KEAP11-70 and treated with vehicle (DMSO) or MCB-613 for one hour. (B) Immunoblot 

analysis of HA-Clover KEAP1 dimerization (upper bands) in 293FT cells transfected 

with full-length (from left to right) HA-Clover KEAP1 WT, HA-Clover KEAP1 M94A, 

and HA-Clover KEAP1 H96A, and HA-Clover KEAP1 K97A, and treated with vehicle 

(DMSO) or MCB-613 for one hour. (C) Histograms depicting relative cell viability of 

drug-resistant WZR12 cells after 72 hours of exposure to vehicle (DMSO) or two 
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different doses of MCB-613 following knockout of ATF4 (C, top) or DDIT3 (D, bottom) 

versus non-targeting control. Data are mean ± SEM for n = 3 biologically independent 

experiments. 

3.3 Discussion 

In the above chapter, we build upon previous work establishing MCB-613 as a 

bona fide collateral sensitivity to drug resistance in EGFR-mutant NSCLC, and uncover 

unique properties of bis-chalcone molecules with respect to the target KEAP1 which are 

functionally relevant in this cellular context. Through a combination of panel screening 

of known KEAP1 inhibitors, synthesis of molecular derivatives, and classic biochemical 

techniques involving purified protein and site-directed mutagenesis, we show that bis-

chalcones effect their unique collateral sensitivity in EGFR-mutant NSCLC through the 

double Michael addition of one chemical molecule to two KEAP1 monomers at the K97 

residues. This drug-induced dimerization sets bis-chalcones apart from other inhibitors 

of KEAP1, and is functionally necessary for their unique downstream properties. 

Additionally, the identification of a lysine residue as the site of covalent drug-

target engagement is itself surprising. On average, lysine residues have a pKa of 10.68, 

and are fully protonated.119,135 This makes them very poor nucleophiles. When situated 

within a catalytic site or otherwise hydrophobic cavity, however, lysine pKa can drop to 

~ 5, and nucleophilicity can increase. (K97 has been shown to exist within a hydrophobic 

surface cavity which is known to bind electrophiles.)122 Interestingly, recent studies have 

demonstrated that the human proteome contains many more reactive, ligandable lysines 
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than was previously thought, and that these residues are accessible to a wide variety of 

aminophilic electrophiles.136,137 In the last ten years, lysine-reactive molecules have been 

described as covalent inhibitors of CDK2,  MCL-1, HSP72, and more.138–142 Furthermore, 

lysines can increasingly be targeted in chemo- and regioselective fashion, and have been 

shown to undergo Michael addition.143,144 In the case of the PI3K inhibitors wortmannin, 

LY294002, and neolymphostin A, for example, Michael addition occurs at the conserved 

lysine residue.145,146 Although to date covalent inhibition in general and Michael reaction 

chemistry in particular have largely been the province of cysteine-reactive probes, there 

is an increasing appetite for applying these methods to other potential nucleophiles, and 

MCB-613 represents a step forward in that direction.147 

Beyond lysine reactivity, MCB-613 is also unusual in that it acts as a covalent, 

monovalent molecular glue between monomers of KEAP1, which is likely what confers 

its unique activity among KEAP1 inhibitors. Although definitely uncommon, this is not 

without precedent, as dimer molecular glues have emerged as a small molecule strategy 

for inhibition of the interaction between PD-1 and PD-L1.148–153 Recently, a research team 

at Duke University performed a high-throughput chemical screen that identified a small 

molecule known as JH-RE-06 as a molecular glue that can prevent mutagenic translesion 

synthesis by inducing the dimerization of REV1 and interrupting its association with the 

REV7 subunit of POL ζ.154 Beyond these and a handful of similar examples, however, the 
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reports of monovalent molecular glues in the literature are limited, making MCB-613 an 

exciting entry into this emerging category of small molecules.155  

As detailed in Chapters 2 and 3, it remains to be seen exactly how the covalent 

dimerization induced by this new molecular glue alters the function of KEAP1. Given 

that MCB-613 decreases KEAP1’s isothermal stability and interferes with its role in the 

degradation of NRF2, it seems likely that it holds drastic consequences for the protein’s 

function, and further investigation is warranted to more fully elucidate the mechanisms 

behind this. Here, however, we have identified a class of KEAP1 inhibitors in the bis-

chalcones which act via a unique mechanism that involves a covalent tethering between 

the BTB domains of distinct KEAP1 monomers. The specifics of this interaction are 

essential to the selective cell death effects of these molecules in drug-resistant, EGFR-

mutant NSCLC cells, and place the bis-chalcones among a rare group of small molecules 

which act as molecular glues that promote homodimerization. 

3.4 Methods 

Protein purification 

His6-KEAP1 was purified as previously described.123 Briefly, One Shot BL21 

(DE3) chemically competent E. coli cells were transformed with the pET28a-His6-KEAP1 

vector (Addgene plasmid #62454). Colonies were grown in LB broth containing 50 µM 

ZnCl2 and 50 µg/ml kanamycin at 37 °C until cultures reached an OD600 of 0.6-0.8 and 

then were allowed to cool to room temperature. Protein expression was induced with 
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250 µM IPTG and allowed to shake at 19 °C for 14 hours. Bacteria were collected and 

His6-KEAP1 purified on Ni-NTA agarose beads (Thermo Fisher) using the following 

buffers: lysis (50 mM NaH2PO4 (pH 8.0), 10 mM Imidazole, 5 mM β-mercaptoethanol 

(BME), 0.01% Triton X-100), washing buffer (50 mM NaH2PO4 (pH 8.0), 50 mM 

Imidazole, 500 mM NaCl, 5 mM BME, 0.01% Triton X-100), and elution (50 mM 

NaH2PO4 (pH 8.0), 125 mM Imidazole, 150 mM NaCl, 5 mM BME). Following elution, 

elution fractions were analyzed by gel electrophoresis to select and pool fractions of 

highest purity. The pooled fractions were then exchanged into storage buffer (50 mM 

Tris (pH 8.0), 10 mM DTT, 100 mM NaCl, 5% glycerol) using the Amicon Ultra-15 

centrifugal filter column with a 10 kDa pore size (Millipore). Protein was quantified with 

the Bradford method before adjusting to a stock concentration of 4 mg/ml, aliquoting, 

flash freezing in liquid nitrogen, and storing at -80 °C. 

Thermal shift assay  

The thermal shift assay was performed in a 384-well format as previously 

described.124 Purified His6-KEAP1 was diluted to a final concentration of 133 µg/ml (1.9 

µM) in assay buffer (50 mM Na3PO4, 50 mM NaCl, pH 6.0) containing 8x SYPRO Orange 

diluted from a 5,000x stock (Invitrogen). The mixture was transferred to the wells of a 

384-well plate and treated with either vehicle (DMSO) or doses of MCB-613 diluted in 

assay buffer. All conditions were plated in triplicate. The plate was sealed and subjected 

to centrifugation at 800 x g for 2 minutes to settle the samples before incubating at room 
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temperature for 15 minutes. After the incubation ended, the plate was transferred to a 

Bio-Rad CFX384 Touch Real-Time PCR Detection System at 25 °C. The well temperature 

was increased in 0.5 °C increments with a 10-second equilibration time and fluorescence 

was measured by the built-in FRET channel until the machine reached 95 °C. For each 

condition, the melting temperature was determined by adjusting the raw values 

according to a modified Boltzmann Equation and calculating the average of the three 

replicates.  

Cellular thermal shift assay (CETSA) 

The cellular thermal shift assay was performed according to previous reports.127 

First, cells were seeded and allowed to adhere overnight. On the day of the assay, cells 

were treated with either vehicle (DMSO) or a 2 µM dose of MCB-613 for one hour before 

trypsinization, room temperature PBS washes, and collection in room temperature PBS 

supplemented with a protease inhibitor (Roche). For each condition, approximately 1 x 

106 cells were then transferred to each of 12 PCR strip tubes and sealed. A gradient PCR 

protocol including the following temperatures (°C) was initiated: 42.2, 43.7, 45.3, 46.7, 

48.3, 49.8, 50.2, 51.7, 53.3, 54.2, 56.3, and 57.8. Samples were held off of the machine until 

the target temperature for each well was reached, and then placed on the machine and 

incubated at the target temperatures for 3 minutes. Each of the samples was then 

incubated in the thermal cycler at 25 °C for an additional 3 minutes, before being 

allowed to rest for a final 3 minutes at room temperature and on the bench top. Then, 
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the PCR strip tubes were transferred to pre-chilled racks and snap frozen in liquid 

nitrogen, before incubating until completely thawed (~ 3-4 minutes) in a room 

temperature water bath. The cycle was repeated 3 more times for a total of 4 freeze-thaw 

cycles to promote cell lysis. After the final freeze-thaw cycle, the total volume of each 

PCR strip tube (~ 100 µl) was transferred to a 1.5 mL Eppendorf tube and centrifuged at 

17,000 x g for 40 minutes at 4 °C. Debris pellets were discarded, and 60 µl of supernatant 

were transferred to a new tube containing 20 µl of NuPAGE LDS Sample Buffer (4X) and 

4 μl of β-mercaptoethanol. Samples were vortexed and allowed to incubate at room 

temperature for 30-60 minutes before western blotting according to the procedures 

described below. Targets were detected using primary antibodies anti-KEAP1 clone 144 

(MABS514, Sigma) and anti-V5 (#13202, CST) for endogenous and ectopic KEAP1, 

respectively. 

Densitometry analysis 

Densitometry analysis of x-ray films from immunoblotting studies was 

performed using Adobe Photoshop and ImageJ. Images were converted to grayscale in 

Photoshop, and the intensity of bands was measured in ImageJ. For each blot, 

measurements were taken using a constant size selection for regions of interest. 

Background measurements were also collected from the blank regions located just above 

these bands. Pixel density was inverted by subtracting the measured intensities of both 

the band and background regions from 255. Net values were determined by subtracting 
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the inverted densities of the background regions from the inverted densities of their 

corresponding bands of interest. The net value for each band of interest (e.g., KEAP1) 

was then normalized to the net value of the loading control for that lane (e.g., β-Actin). 

Finally, these normalized net values were themselves normalized to the 42.2 °C band in 

the CETSA experiment and plotted as a function of temperature.  

Co-immunoprecipitation 

For co-IP studies, 4-5 x 106 cells were seeded into two 15-cm dishes per condition 

and allowed to adhere overnight. The next day, cells were treated with a 2 µM dose of 

MCB-613 for one hour before scraping into ice-cold PBS. Cells were resuspended in IP 

buffer containing 40 mM Tris HCl (pH 7.4), 150 mM NaCl, 20 mM EDTA, 1 mM DTT, 

and 0.5% NP-40 supplemented with phosphatase and protease inhibitors, thoroughly 

vortexed, and rotated end-over-end at 4 °C for an hour. Samples were then subjected to 

centrifugation at 14,800 rpm for 20 minutes at 4 °C before harvesting the supernatant 

and measuring protein concentration using the Bradford method. A small volume of 

lysate was reserved for input, and the rest (600 – 800 µg) was adjusted so that a constant 

amount was loaded onto antibody-bound sepharose beads (see below) per sample. 

Samples were rotated end-over-end at 4 °C overnight. The following morning, samples 

were washed 5 times in ice-cold IP buffer before boiling at 95 °C for 5 minutes in 

NuPAGE LDS Sample Buffer (4X). Lysates were collected off of the beads using a 50 µl 
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syringe (Hamilton) and analyzed via gel electrophoresis according to the procedures 

described above.  

 To prepare beads, 50 µl of Recombinant Protein G – Sepharose beads 

(Invitrogen) per condition were washed 3 times in IP buffer. The beads were then 

resuspended in IP buffer, and anti-V5-tag (E9H8O) Mouse mAb (#80076) (CST) was 

added at a 1:50 dilution as instructed by the manufacturer. The bead-antibody 

combination was then rotated end-over-end at 4 °C for at least 5 hours. After the 

incubation, the beads were washed 3 times in IP buffer and divided evenly among the 

experimental conditions.  

Generation of HA-Clover KEAP1 constructs 

Full-length KEAP1 WT was amplified out of the pET28a-His6-KEAP1 vector 

using the Phusion Hot Start Flex 2x Master Mix (NEB) according to the manufacturer’s 

instructions and appended with EcoRV and NotI restriction sites (for primer sequences, 

see Appendix B). Amplified full-length KEAP1 WT and the HA-Clover construct 

(Addgene plasmid #163336) were digested with the EcoRV and NotI enzymes (NEB) at 

37 °C for 1 hour before heat inactivation at 65 °C for 5 minutes. Digestion fragments 

were purified by gel electrophoresis, excised, and extracted with the QIAQuick gel 

extraction kit (Qiagen). The fragments were combined using T4 DNA ligase (NEB) 

according to the manufacturer’s instructions. To generate KEAP1 truncations, site-

directed mutagenesis was performed to introduce nonsense mutations at positions 61, 
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179, 315, and 598. (For primers, see Appendix B). All constructs were validated by 

Sanger sequencing (Eton Sequencing).   

Transient transfection of HA-Clover KEAP1 constructs 

293FT cells were transiently transfected with 3 µg of each of the HA-Clover 

KEAP1 constructs diluted into Opti-MEM (Gibco) and supplemented with lipofectamine 

2000 transfection reagent (Invitrogen). After 24 hours, media was refreshed. After 

another 24 hours, cells were treated with vehicle (DMSO) or 2 µM MCB-613 for one hour 

before collection in ice-cold PBS and preparation for western blot.  

GFP-Trap assay 

293FT cells were transfected with HA Clover KEAP1 WT as described above. 

After 48 hours, the cells were washed once in ice-cold PBS and collected in ice-cold RIPA 

buffer (Sigma). The cells were incubated on ice for 30 minutes with intermittent 

vortexing, and the resultant lysates subjected to centrifugation at 10,000 rpm for 10 

minutes at 4 °C. A fraction of the supernatant was reserved for input and prepared for 

western blotting as described above. The remaining supernatant was exposed to GFP-

Trap agarose beads (Proteintech) and rotated end-over-end at 4 °C overnight before 

washing 5 times with ice-cold RIPA buffer. The beads were then equilibrated in room-

temperature binding buffer (25 mM Tris (pH 7.5), 100 mM NaCl, 0.1% NP-40, 1 mM 

DTT, 5% glycerol). 10 µg of purified His6-KEAP1 was added and the samples were 

rotated end-over-end at room temperature for 15 minutes. MCB-613 (2, 20, or 200 µM) 
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was added and the samples were rotated for another 15 minutes. Samples were washed 

3 times in room-temperature binding buffer, re-suspended in 80 µl of NuPAGE LDS 

Sample Buffer (4X), boiled at 95 °C for 5 minutes, and analyzed by western blot. Targets 

were detected using anti-GFP (#2555, CST) and anti-His (#2365, CST) primary 

antibodies. 

Biotin conjugation assay 

 293FT cells were transfected with HA Clover KEAP1 WT, GFP-KEAP1 was 

purified on GFP-Catcher beads, and in vitro treatment with MCB-613 or ARM-143 was 

performed as described above. After incubation with probes, proteins immobilized on 

GFP-Catcher beads were washed into water and treated overnight to a non-denaturing 

enzymatic deglycosylation using the Protein Deglycosylation Mix II kit (NEB) according 

to the manufacturer’s instructions. Following deglycosylation, samples were incubated 

in 50 mM 2-(aminomethyl)-benzimidazole supplemented with 1 mM hydrazide-biotin at 

room temperature for 1 hour. Samples were then buffer-exchanged into in vitro binding 

buffer and prepared for immunoblotting. Targets were detected using anti-Biotin (#5597, 

CST) antibody.
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4. Conclusions 

The discovery that collateral effects are common among many different drug-

resistant cancers is exciting, and carries with it many clinical and scientific implications. 

The discovery of a specific collateral sensitivity in the setting of EGFR-mutant NSCLC is 

perhaps even more exciting, and sheds further light on several interesting relationships, 

such as those between EGFR and KEAP1, or between bis-chalcones and other inhibitors 

of KEAP1. Furthermore, the work presented in Chapters 1-3 provides a template for the 

identification of clinically actionable collateral sensitivities within other specific cellular 

and genetic contexts. However, several questions remain, and the work above must also 

contend with various current limitations. Significant future study is warranted, with the 

most obvious areas for further investigation discussed below. 

4.1 Further study of MCB-613 

4.1.1 Functional relationship between KEAP1 and the ISR 

In Chapters 2 and 3, we showed that the bis-chalcones MCB-613 and curcumin 

exploit a collateral sensitivity to drug resistance in EGFR-mutant NSCLC by inducing a 

covalent, inhibitory dimerization of KEAP1 (27, 40-43, 62, 68-78). This prevents KEAP1 

from facilitating the degradation of target substrates such as NRF2 (40-43), somehow 

leading to a hyperactivation of the integrated stress response which is required to cause 

selective cell death (43-46). However, questions remain as to the exact nature of the link 
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between covalent, inhibitory dimerization of KEAP1 on the one hand, and the integrated 

stress response on the other. 

To date, most of our understanding of the relationship between KEAP1 and the 

integrated stress response is indirect, and is mediated through our knowledge of NRF2: 

KEAP1 facilitates the degradation of NRF2, and NRF2 can both physically interact with 

and induce the downstream transcription of ATF4.156,157 As the findings presented above 

make clear, however, loss of NRF2 is insufficient to rescue drug-resistant, EGFR-mutant 

NSCLC cells from the selective cell death effect of MCB-613. The inescapable conclusion 

here is that, at least in this setting, KEAP1 drives ATF4 hyperinduction through a NRF2-

independent mechanism. The exact nature of that mechanism, though, remains unclear. 

One possibility is that KEAP1 facilitates the degradation not only of NRF2, but 

multiple other substrates, and that it is the accumulation of one of these other substrates 

which drives ATF4 hyperinduction. Although this is certainly possible, few other native 

KEAP1 substrates have been described to date.158 Furthermore, it is unclear why the bis-

chalcones alone, and not the panoply of other known KEAP1-inhibitory NRF2 inducers 

which we tested above (61-64), would selectively promote the accumulation of such an 

alternative substrate. These are intriguing questions, and further study will be necessary 

to answer them more fully.  

One impediment to further study in this area involves the transient nature of 

many KEAP1/substrate interactions. Broadly, KEAP1 substrates can be divided into at 
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least two classes: class I substrates (e.g., NRF1 and NRF2) which bind tightly to KEAP1, 

exist with only short half-lives and rapid turnover, and accumulate quickly with KEAP1 

inhibition, and class II substrates (e.g., PGAM5, MCM3, SLK, and MAD2L1), which bind 

loosely to KEAP1, exist more stably within the cell, and accumulate more modestly with 

KEAP1 inhibition.159 The loose binding and modest accumulation associated with class II 

substrates—which appear to be more plentiful than class I substrates—create substantial 

barriers to mass spectrometry-based detection and identification. However, it is possible 

that the combination of unbiased proteomics with FACS-based CRISPR screening might 

identify proteins which (1) accumulate with MCB-613 treatment and (2) rescue the MCB-

613 induced accumulation of ATF4. Any protein hits which fulfill both of these criteria—

and which include the DLG and/or E(T/S)GE amino acid sequences recognized as motifs 

for KEAP1 binding—would warrant follow-up and validation as potential links between 

MCB-613, KEAP1, and ATF4.160,161 

As explained above (61-64), however, the curious selectivity of bis-chalcones over 

other KEAP1-inhibitory NRF2 inducers—which would presumably also cause the 

accumulation of alternative degradation substrates—suggests an additional possibility: 

that the covalent tethering together of KEAP1 monomers by the Lys97 residues of their 

BTB domains confers upon the protein either an affinity for a neomorphic substrate, or 

else a neomorphic function altogether. Although there is little precedent for this idea in 

the field of chemical biology, it is by now well accepted that simple point mutations are 
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sufficient to confer neomorphic functions upon enzymes; in the case of IDH1 and 2, for 

instance, point mutations occurring at arginines 132 and 172, respectively, confer upon 

these enzymes the neomorphic capacity to convert α-ketoglutarate to the oncometabolite 

2-hydroxyglutarate (2-HG).162 In fact, point mutations in no fewer than six other proteins 

have also been shown to exert similar neomorphic effects.163 Thus, it would seem at least 

plausible to suggest that a small molecule—which acts on a scale comparable to that of a 

substituted amino acid—might be capable of similar protein dysregulation. To be sure, it 

is a provocative hypothesis, and although the studies described above may start to 

marshal evidence in its favor, significant additional study would be required to prove 

that such a phenomenon is even possible. 

4.1.2 Further optimization of MCB-613 for therapeutic use 

The dissertation above initially uncovers MCB-613 as a collateral sensitivity to 

drug resistance in EGFR-mutant NSCLC through use of an unbiased, high-throughput, 

phenotypic screen for inducers of cell death. Despite the fact that we thereafter marshal 

compelling evidence for MCB-613 as a covalent inhibitor of KEAP1—with methods like 

click chemistry, proteomics, loss-of-function CRISPR screening, chemical synthesis, and 

traditional biochemical assays—further work is required to selectivize MCB-613 for use 

in this capacity. As we take care to explain above (31), electrophiles in general (and bis-

chalcones in particular) are known to behave promiscuously, and so improvements in 

selectivity are likely necessary. 
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Far from a conclusion, in fact, the work presented in this dissertation more 

closely resembles a starting point. Indeed, even at this stage, only 10% of compounds 

succeed in eventually reaching the market, and those that do can take years and even 

decades to appear.164–166 In the time that intervenes, extensive chemical and biological 

study will be undertaken to further optimize MCB-613 as a clinically relevant KEAP1 

inhibitor for use in drug-resistant NSCLC.  

Although further SAR exploration will be required for a more comprehensive 

understanding of the nature of the interaction between MCB-613 and KEAP1, the work 

described above does provide some useful preliminary insights (31-34, 81-84). In 

addition to extensive characterization of the double Michael addition by which MCB-613 

modifies KEAP1, for instance, we uncover (1) that its pyridine rings are required for 

activity; and, (2) that it binds to a lysine residue (Lys97) in the KEAP1 BTB domain. The 

lysine residue in question is situated in a lipophilic surface cavity that has previously 

been shown to house electrophiles.122 These insights provide a starting point for rational 

design of KEAP1-selective, MCB-613 derivatives according to considerations like shape 

and electrostatic complementarity, among others, and serve as just one example. 167  

With all tool compounds, furthermore, questions arise concerning suitability for 

in vivo use. Favorably, we and others have deployed MCB-613 in murine studies with no 

observable ill effects (28-30), but, to our knowledge, the molecule has never been given 

to human subjects.91,100,101 The journey from tool compound to human use is long and 
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often involves chemical scaffold modifications designed to enhance a drug’s 

pharmacokinetics and pharmacodynamics (“PK/PD”). Specifically, properties such as 

molecular flexibility, percent polar surface area, and the number hydrogen bond donors 

and acceptors are all used in medicinal chemistry as indicators of a drug candidate’s 

bioavailability.168–171 The optimization of these properties as they relate to MCB-613 will 

certainly be necessary for further development. Indeed, certain patentable, optimized 

derivatives of MCB-613 have already been reported, and the structure of another such 

derivative, labeled ‘MCB-10-1,’ was recently publicly disclosed.100,101 Future studies will 

undoubtedly continue to improve upon these as well as other, more KEAP1-selectivized 

scaffolds. 

4.1.3 Credentialing MCB-613 for use in other drug-resistant cancers 

As described in the introduction to this dissertation, earlier, unpublished work 

from our group explored the landscape of collateral effects across a panel of 77 matched 

parental and drug-resistant cancer cell lines. Those experiments demonstrated that drug-

resistant EGFR-mutant NSCLC cells were especially prone to the development of shared 

collateral sensitivities, providing the foundation for the work detailed in Chapters 2 and 

3 of this dissertation. However, future investigations should evaluate the use of MCB-

613 to exploit collateral sensitivities to drug resistance in other subtypes of cancer as 

well. 
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Because KEAP1 inhibition stabilizes NRF2, the loss or inhibition of KEAP1 and 

activation of NRF2 are generally thought to be chemoprotective. In one recent study, a 

CRISPR/Cas9 loss-of-function screen revealed that the genetic loss of KEAP1 promoted 

the acquisition of resistance to various targeted therapies, including inhibitors of EGFR, 

BRAF, MEK, and ALK.172 (Note that the study in question concerns de novo acquisition of 

EGFR inhibitor resistance, whereas the studies above deal with a collateral sensitivity to 

stable, established EGFR inhibitor resistance. The difference is the absence and presence, 

respectively, of an ATF4-driven drug-tolerant persistor (DTP) state which both facilitates 

drug resistance and templates collateral sensitivity to MCB-613.)99 Several other recent 

reports also show that loss of KEAP1 can promote chemoresistance, in settings as 

diverse as ovarian cancer, head and neck squamous cell carcinoma and gastric cancer.173–

175 However, this effect is far from universal: in addition to the data presented above, the 

recent discovery that NRF2 activation can induce a metabolic vulnerability in a subset of 

lung cancer cells shows that the KEAP1/NRF2 relationship is complex, and suggests that 

additional populations of cancer cells may be vulnerable to the inhibition of KEAP1 with 

MCB-613.97 

Indeed, by beginning to leverage the many matched parental and drug-resistant 

cell line pairs available to us, we have begun to generate preliminary data showing that 

MCB-613 is variably effective in different settings. In the context of drug-resistant BRAF-

mutant melanoma cells, for instance, MCB-613 is able to exploit a collateral sensitivity to 
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drug resistance (data not shown). In the case of drug-resistant ALK-mutant NSCLC cells, 

however, it is not (data not shown). These data are preliminary, and more investigation 

is required before any conclusions can be drawn. (Indeed, one hope is that this approach 

can be extended to all the drug-resistant cell line pairs in our possession, so that we may 

gain a more nuanced understanding of this compound and the collateral sensitivity that 

it exploits.) However, these findings suggest that collateral sensitivity to MCB-613 might 

exist more broadly than we previously anticipated. 

Indeed, our findings with respect to MCB-613 and collateral sensitivity in drug-

resistant cancers seem to fit into part of a larger understanding of the effects of therapy 

exposure on cancer cells in general. Another previous report from our lab, for instance, 

showed that cancer cells of diverse subtypes which survive cognate targeted therapies, 

including inhibitors of EGFR, KRAS, BRAF, and ALK, seem broadly to develop double-

stranded DNA breaks and rely disproportionately on ATM-dependent DNA repair; in 

all cases tested, this feature of residual disease following targeted therapy templated a 

synthetic lethality with ATM inihibition.74 Taken together, these findings suggest that 

exposure to therapy and the acquisition of drug resistance involve serious perturbation 

to cellular homeostasis, and that the relationship between residual disease, drug-tolerant 

persister states and multifocal drug resistance may be more complicated and interwoven 

than is currently appreciated.  
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4.2 Future directions in collateral sensitivity 

As explained in Ch. 1, the idea of collateral sensitivity has a long history, and its 

popularity has ebbed and flowed over the course of the last several decades. Although it 

was initially confined to the microbial literature, it has become slowly but increasingly 

discussed in the field of cancer research as well. Even over the lifetime of this project, in 

fact, the field has grown to appreciate certain features of this paradigm which were not 

previously understood.  

During the experiments that initially established our “collateral panel,” we took 

care to control for cell line method of derivation (e.g., “slow” vs. “fast”). We did not then 

appreciate, however, how the passage of time could affect a drug-resistant cell’s 

collateral sensitivities and resistances. In 2016, however, it was reported that such effects 

can and often do wax and wane over time.176 In the intervening years, unpublished work 

from our lab has revealed similar truths about collateral sensitivities and resistances: the 

introduction of a selective drug will cause many collateral effects to rapidly emerge, but 

some will recede as others stabilize and endure (data not shown). This complicates both 

the study of collateral effects and, at least in some cases, their clinical appeal. 

Moving forward, studies of collateral sensitivities and resistances must account 

for the temporal dynamics of these effects. (For one thing, a collateral sensitivity which 

truly is fleeting may not be worth pursuing as a clinical approach to drug resistance, or 

conversely, might necessitate rapid recognition and intervention in order to be effective.) 
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More broadly, though, it would be interesting to know if collateral effects change across 

other parameters as well. After all, tumor biology varies across three-dimensional space; 

do collateral sensitivities and resistances, as well?  

Perhaps one of the most interesting applications of the collateral paradigm 

involves the design of an “evolutionary trap.” In this scenario, an initial, selecting drug 

is deployed to guide tumor biology toward the development of a stable, predictable, and 

targetable collateral sensitivity. Once resistance to the first drug (and, hence, sensitivity to 

the second) is acquired, the trap is “sprung,” and the second drug is introduced. Our lab 

has previously shown, for instance, that resistance to BET inhibitors in AML sets exactly 

this type of trap, and can be used to guide drug-resistant AML cells toward a targetable 

collateral sensitivity to the FDA-approved BCL-2 inhibitor venetoclax.73 Our findings in 

other settings—ATM-dependent DNA repair (19), EGFR-mutant NSCLC—provide 

opportunities to set similarly effective traps.  

Of course, one of the most pressing questions with respect to collateral effects 

involves their applicability to true human disease. To date, the effects we have seen in 

vitro are almost always replicated when tested in patient materials, but these materials 

are rare and difficult to obtain. (To truly study collateral effects, of course, requires the 

matched pre- and post-treatment samples.) Furthermore, there is a relative poverty of 

publicly available –omics data from matched pre- and post-treatment samples, which 

means that data mining of the sort that is common in other areas is relatively difficult 
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when studying collateral effects of drug resistance. This is just a small sampling of the 

hardships associated with the study of drug resistance, and additional impediments to 

clinical translation are discussed in greater detail below.  

4.3 Impediments to clinical translation 

Certain narrow impediments to clinical translation—the optimization of MCB-

613 for in vivo use (98-99), for instance, or the credentialing of MCB-613 as a collateral 

sensitivity to drug resistance in other subtypes of cancer (100-101)—have been discussed 

above. Speaking more generally, however, there are broader obstacles to the adoption of 

collateral sensitivity as a paradigm in cancer care and research.  

In Chapter 1 above (19-20), we wrote that collateral sensitivity has met with 

skepticism and limited success as a paradigm for treating drug-resistant cancers, and 

speculated that this may result from an unfavorable analogy to antibiotic susceptibility 

testing. We argued there that the discovery of stable, predictable collateral sensitivities 

(such as the collateral sensitivity of drug-resistant NSCLC cells to MCB-613 detailed in 

the dissertation above) would obviate the need for “real-time” susceptibility testing for 

collateral sensitivities in drug-resistant cancers. Nonetheless, it is worth taking seriously 

the objection that some cancers may not develop stable, predictable collateral effects, and 

that, in such cases, susceptibility testing—with all of its hurdles and shortcomings—may 

be necessary. 
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The first great impediment involves tissue access. In the case of antibiotics, all 

current methods of susceptibility testing necessitate collection of a specimen for culture 

and testing. Although the methods vary according to the source of the infection—blood 

cultures for bacteremia, sputum cultures for respiratory infections, and stool cultures for 

gastrointestinal infections—and often suffer from contaminations and lack of sensitivity, 

they are all reasonably cheap and straightforward to collect. On the other hand, cancers 

are often deeply embedded within viscera and require surgical biopsy under anesthesia 

for collection. In many cases, in other words, the financial and physiological costs to the 

patient (and health system) may become prohibitive.  

 Assuming tissue can be collected, however, the next major impediment to real-

time susceptibility testing for collateral sensitivities in drug-resistant cancers involves ex 

vivo culture of cancer cells. Although there are a variety of strategies for growing patient 

tumors in laboratory settings—in vitro tissue culture (patient-derived cell lines, and now 

organoids) and in vivo serial passage (patient-derived xenografts)—they can be difficult, 

unreliable, expensive, and time-consuming. This is no small problem to overcome, and it 

is far from guaranteed that it can be overcome cheaply and reliably enough to promote a 

shift toward routine use in hospitals and cancer institutes. 

 Even if these immediate, technical barriers are overcome, there are numerous 

other stumbling blocks laid out before us. How many drugs should be included in the 

susceptibility panels? Which drugs should be included? How should parameters such as 
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dosing and treatment duration be decided? Perhaps most importantly, how would such 

a custom treatment strategy fit into current models for clinical trials and FDA approval? 

Presumably, there are solutions to these problems—after all, other treatment strategies 

have successfully navigated these waters in the past—but it will be no small task. 

 Finally, there remains the undeniable observation that treatment paradigms in 

cancer are inertial, and that a tremendous burden of evidence is required either to slow 

them down or hasten them. This is perhaps salutary, as treatment decisions which affect 

at least hundreds of thousands of patients each year should not be left vulnerable to the 

prevailing winds and intellectual fashions of the time. And yet, science also proceeds by 

revolutions. What remains to be seen is whether collateral sensitivity will, one day, rank 

among them. 
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Appendix A: Supplementary Methods 

The preparation of chemical probes corresponding to C151-0598 and MCB-613 

was developed in a two-step process. First, the replacement of the methylene unit on the 

4-position of the cyclohexanone with an oxygen atom (ARM3-126 and ARM-3-127) was 

undertaken to ensure that this slight chemical modification did not alter the activity of 

the parent compounds. Thereafter, clickable activity-based probes harboring a propargyl 

handle on the 4-position of the cyclohexanone ring were prepared, ARM-3-115 and 

ARM-3-124.   

 

Structure of C151-0598, MCB-613 and their respective clickable and non-clickable 

analogs. 

The preparation of the target non-clickable (ARM-3-126, ARM-3-125) and 

clickable analogs (ARM-3-115, ARM-3-124) of C151-0598 and MCB-613 was performed 

in a one-step synthesis starting from either 4-methoxycyclohexanone, 1 or 4-

propargylcyclohexanone, 2. Using these starting materials, this step consisted in a 

double aldol condensation with benzaldehyde. It was achieved in ethanol at room 

temperature using potassium hydroxide as the base. Thereby, the non-clickable, ARM-3-

126 and clickable, ARM-3-115, analogs of C151-0598 were obtained in modest to 
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satisfactory yields (89 and 21%, respectively). The access to the analogs of MCB-613 

were also obtained through a double aldol condensation of 1 and 2 with 3-

picolinadehyde but under acidic conditions (HCl in acetic acid). The target compounds 

ARM-3-127 and ARM-3-124 were obtained in 71 and 37% yields, respectively. 

 

Preparation of the clickable and non-clickable probes ARM-3 -115, -124, -126 and 

-127.  

General considerations: 

All organic solvents were purchased from commercial sources and used as 

received. All chemicals were purchased from Merck or Acros and used without further 

purification; 4-(propargyloxy)cyclohexanone (compound 2) was prepared according to 

Glaxosmithkline patent WO2007/107565, 2007 A1. Thin layer chromatography (TLC) 

was performed on precoated Merck 60 GF254 silica gel plates and revealed by spraying 

(p-anisaldehyde/H2SO4), and detection by means of UV light at 254 nm. 1H and 13C{1H} 

NMR spectra were recorded on a Bruker Advance 400 MHz spectrometer; chemical 

shifts are given in ppm and referenced to the solvent residual peak (CDCl3: 7.16 ppm for 

1H and 77.16 for 13C{1H}); coupling constants are given in Hertz (Hz). The purity of the 

final compounds (ARM-3-115, -124, -126 and -127) was verified to be ≥ 95 % purity by 
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HPLC analysis at 254 nm on a JASCO PU-2089 equipped with a UV detector, Ascentis 

Express Suppelco column (5 µm, RP-C18) 4.6 mm × 100 mm; step-wise gradient 

water/acetonitrile (1‰ formic acid): 100/0 during 1 min then 100/0 to 0/100 in 5 min and 

then a plateau at 0/100 for 1 min before returning to initial conditions 100/0 over 1 min. 

(analysis duration: 8 min.); flow: 2 mL/min. High resolution mass spectra (HRMS) were 

recorded on ESI-LTQ Orbitrap U3000 RSLC spectrometer. 

Preparation of 2,6-di((E)-benzylidene)-4-(prop-2-yn-1-yloxy)cyclohexanone 

(ARM-3-115): 

Synthesis: To a solution of 4-(propargyloxy)cyclohexanone (compound 2, 100 mg, 

0.66 mmol, 1.0 equiv.), in ethanol (1.0 mL) at room temperature, were successively 

added benzaldehyde (139 mg, 1.31 mmol, 2.0 equiv.), and potassium hydroxide (73 mg, 

1.31 mmol, 2.0 equiv.). The reaction mixture was stirred at room temperature until 

complete consumption of the starting materials (TLC monitoring, ca. 4 h). The reaction 

mixture was then concentrated to dryness and the crude material was purified over a 

silica gel column chromatography using a mixture of cyclohexane and ethyl acetate as 

the eluent. The title compound was obtained as a white solid in a 21% yield (45 mg). 

Characterization: 1H NMR (CDCl3, 400 MHz) δ 7.89 (s, 2H), 7.48-7.34 (m, 10H), 4.06 

(d, J = 2.2 Hz, 2H), 4.01 (ddd, J = 10.8, 7.3, 3.5 Hz, 1H), 3.21 (d, J = 15.0 Hz, 1H), 3.09 (dd, J 

= 16.4, 7.1 Hz, 1H), 2.30 (t, J = 2.0 Hz, 1H); 13C{1H} NMR (CDCl3, 101 MHz) δ 188.8, 139.2, 
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135.7, 132.3, 130.4, 129.0, 128.6, 79.6, 74.7, 71.6, 55.7, 33.5; HRMS (ESI+): calcd for [M+H]+ 

C23H21O2, 329.1536, found 329.1532; HPLC (λ254) 97 % purity. 

Preparation of 2,6-di((E)-benzylidene)-4-methoxycyclohexanone (ARM-3-126): 

Synthesis: To a solution of 4-methoxycyclohexanone (compound 1, 100 mg, 0.78 

mmol, 1.0 equiv.), in ethanol (1.0 mL) at room temperature, were successively added 

benzaldehyde (166 mg, 1.56 mmol, 2.0 equiv.), and potassium hydroxide (88 mg, 1.56 

mmol, 2.0 equiv.). The reaction mixture was stirred at room temperature until complete 

consumption of the starting materials (TLC monitoring, ca. 16 h). The reaction mixture 

was then filtered on a glass frit (porosity 4) and the solids were washed with a minimum 

(1 mL, twice) of ice-cold ethanol. The resulting white powder was dried under high 

vacuum to afford the title compound in an 89% yield (210 mg). 

Characterization: 1H NMR (CDCl3, 400 MHz) δ 7.89 (s, 2H), 7.48-7.33 (m, 10H), 3.64 

(tt, J = 7.1, 3.4 Hz, 1H), 3.22 – 3.15 (m, 5H), 3.10 – 3.04 (m, 2H); 13C{1H} NMR (CDCl3, 101 

MHz) δ 189.1, 139.0, 135.8, 132.6, 130.4, 128.9, 128.6, 74.0, 56.2, 33.3; HRMS (ESI+): calcd 

for [M+H]+ C21H21O2, 305.1536, found 305.1533; HPLC (λ254) 95 % purity. 

Preparation of 4-(propargyloxy)-2,6-bis(3-picolilidene)cyclohexanone (ARM-3-

124): 

Synthesis: To a solution of 4-propargyloxycyclohexanone (compound 2, 100 mg, 

0.66 mmol, 1.0 equiv.), in acetic acid (1.5 mL) at room temperature, was added 3-

picolinaldehyde (140 mg, 1.31 mmol, 2.0 equiv.), before pure hydrochloric acid (gas) was 
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bubbled into the reaction media during 2 h. The reaction mixture was left to stir at room 

temperature until complete consumption of the starting materials (TLC monitoring, ca. 6 

days). The reaction mixture was then diluted with water 20 mL and basified to pH 12 by 

adding a 2 M solution of sodium hydroxide. The media was extracted with ethyl acetate 

(50 mL, 3 times) and the combined organic layers were washed once with saturated 

aqueous NaHCO3 and once with brine. The organic layer was dried over magnesium 

sulphate and the volatiles were evaporated off. The resulting crude material was 

eventually purified on a silica gel column chromatography using mixtures of ethyl 

acetate and cyclohexane as the eluent. Thereafter, the compound was recrystallized from 

a dichloromethane/ether solution and dried under high vacuum. The title compound 

was obtained as a colourless solid in a 37% yield (80 mg).  

Characterization: 1H NMR (CDCl3, 400 MHz) δ 8.73 (d, J = 1.8 Hz, 2H), 8.59 (dd, J = 

4.8, 1.4 Hz, 2H), 7.84 (s, 2H), 7.79 – 7.77 (m, 2H), 7.38 (dd, J = 7.9, 4.9 Hz, 1H), 4.13 – 4.08 

(m, 1H), 4.04 (d, J = 2.4 Hz, 2H), 3.21 – 3.10 (m, 2H), 2.30 (t, J = 2.4 Hz, 1H); 13C{1H} NMR 

(CDCl3, 101 MHz) δ 187.8, 151.2, 149.7, 137.1, 135.8, 134.0, 131.5, 123.5, 79.3, 75.0, 70.8, 

55.8, 33.2; HRMS (ESI+): calcd for [M+H]+ C21H19O2N2, 331.1441, found 331.1436; HPLC 

(λ254) 95 % purity. 

Preparation of 4-(propargyloxy)-2,6-bis(3-picolilidene)cyclohexanone (ARM-3-

127): 
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Synthesis: To a solution of 4-methoxycyclohexanone (compound 1, 100 mg, 0.78 

mmol, 1.0 equiv.), in acetic acid (1.0 mL) at room temperature, was added 3-

picolinaldehyde (167 mg, 1.56 mmol, 2.0 equiv.), before pure hydrochloric acid (gas) was 

bubbled into the reaction media during 2 h. The reaction mixture was left to stir at room 

temperature until complete consumption of the starting materials (TLC monitoring, ca. 

48 h.). It was then diluted with 1.0 mL of acetone and let to stand still for 2 h; the pure 

product slowly crystallises and can be collected by centrifugation and further washed 

with ether (twice, 2 mL). Thereafter, the solid product was solubilized in water (20 mL) 

and pH was adjusted to 12 using a 2 M solution of sodium hydroxide. Next, the product 

was extracted using ethyl acetate (20 mL, 3 times) and the combined organic layers were 

washed twice with saturated aqueous Na2CO3 and once with brine. The organic layer 

was dried over magnesium sulphate and the volatiles were evaporated off to afford the 

title compound as a colourless solid in a 71% yield (170 mg). 

Characterization: 1H NMR (CDCl3, 400 MHz) 8.72 (d, J = 1.7 Hz, 2H), 8.58 (dd, J = 

4.8, 1.3 Hz, 2H), 7.83 (s, 2H), 7.76 (d, J = 7.9 Hz, 2H), 7.36 (dd, J = 7.9, 4.9 Hz, 2H), 3.72 (tt, 

J = 6.2, 3.3 Hz, 1H), 3.19 (s, 3H), 3.17 - 3.05 (m, 4H); 13C{1H} NMR (CDCl3, 101 MHz) δ 

188.1, 151.1, 149.6, 137.2, 135.6, 134.3, 131.6, 123.5, 73.1, 56.2, 33.0; HRMS (ESI+): calcd for 

[M+H]+ C19H19O2N2, 307.1441, found 307.1436; HPLC (λ254) 98 % purity. 
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Copies of 1H & 13C{1H} NMR and HRMS spectra and UV-HPLC traces: 

ARM-3-115 
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ARM-3-126 
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ARM-3-124 
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ARM-3-127 
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Appendix B: List of Primers 

Universal prefix GGAAAGGACGAAACACCG

Universal suffix GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

Array_F
TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATA

TCTTGTGGAAAGGACGAAACACCG

Array_R
ACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTA

ACTTGCTATTTCTAGCTCTAAAAC

PCR1 F GAGGGCCTATTTCCCATGATTC

PCR1 R GTTGCGAAAAAGAACGTTCACGG 

PCR2 F (i5 index)

AATGATACGGCGACCACCGAGATCTACAC(8-bp 

index)ACACTCTTTCCCTACACGACGCTCTTCCGATC

T(0-5 bp stagger)TTGTGGAAAGGACGAAACACCG

PCR2 R (i7 index)

CAAGCAGAAGACGGCATACGAGAT(8-bp 

index)GTGACTGGAGTTCAGACGTGTGCTCTTCCGAT

CTACTTGCTATTTCTAGCTCTAAAAC

sgKEAP1_3

GGAAAGGACGAAACACCGAATGAACACCATCCGA

AGCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATA

AGGC

sgKEAP1_5

GGAAAGGACGAAACACCGACAACCCCATGACCAA

TCAGGTTTTAGAGCTAGAAATAGCAAGTTAAAATA

AGGC

KEAP1 F EcoRV TAAGCAgatatcatgcagccagatcccagg

KEAP1 R NotI TGCTTAgcggccgctcaacaggtacagttctg

KEAP1 1-60 F ctggaggatcatacctagcaggcctttggca

KEAP1 1-60 R tgccaaaggcctgctaggtatgatcctccag

KEAP1 1-178 F ttcctggtgcagcagtaggaccccagcaatgc

KEAP1 1-178 R gcattgctggggtcctactgctgcaccaggaa

KEAP1 1-314  F gcacaagcccacgtaggtgatgccctg

KEAP1 1-314 R cagggcatcacctacgtgggcttgtgc

KEAP1 1-597 F gagcgaggtgacccgaatgtagtcgggccggagt

KEAP1 1-597 R actccggcccgactacattcgggtcacctcgctc

sgNFE2L2_1

GGAAAGGACGAAACACCGGCGACGGAAAGAGTAT

GAGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATA

AGGC

sgNFE2L2_2

GGAAAGGACGAAACACCGTATTTGACTTCAGTCAG

CGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA

GGC

sgATF4_1

GGAAAGGACGAAACACCGAGTCCCTCCAACAACA

GCAAGTTTTAGAGCTAGAAATAGCAAGTTAAAATA

AGGC

sgATF4_2

GGAAAGGACGAAACACCGTAATAAGCAGCCCCCC

CAGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATA

AGGC

sgDDIT3_1

GGAAAGGACGAAACACCGAGATTCCAGTCAGAGC

TCCCGTTTTAGAGCTAGAAATAGCAAGTTAAAATA

AGGC

sgDDIT3_2

GGAAAGGACGAAACACCGGAGGTGCTTGTGACCTC

TGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA

GGC

KEAP1 H96A F cccagttcatggccgccaaggtggtgctgg

KEAP1 H96A R ccagcaccaccttggcggccatgaactggg

KEAP1 K97A F cagttcatggcccacgcggtggtgctggcctc

KEAP1 K97A R gaggccagcaccaccgcgtgggccatgaactg  
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Appendix C: List of Illumina Primers 

i7 index i5 index i5 stagger

PP1 GAATTCGT ATAGAGGC a

PP2 GAATTCGT CCTATCCT ca

PC9 1 ATTACTCG ATAGAGGC a

PC9 2 ATTACTCG CCTATCCT ca

PC9 3 ATTACTCG GGCTCTGA gca

GR4 1 TCCGGAGA GGCTCTGA gca

GR4 2 TCCGGAGA AGGCGAAG tgca

GR4 3 GAGATTCC TATAGCCT -

WZR12 1 ATTCAGAA TATAGCCT -

WZR12 2 ATTCAGAA ATAGAGGC a

WZR12 3 ATTCAGAA CCTATCCT ca
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