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Abstract

Although treatment with small molecule epidermal growth factor receptor (EGFR) tyrosine 

kinase inhibitors (TKIs) is initially efficacious for patients with EGFR mutant lung cancer, 

drug resistance inevitably develops. Allosteric EGFR inhibitors that bind to a different site on 

EGFR were developed to treat cancers with EGFR mutations that mediate resistance to existing 

ATP-competitive EGFR TKIs. In the present study, we identify and study JBJ-09-063, a mutant 

selective allosteric EGFR inhibitor that is effective in both EGFR TKI sensitive and resistant 

models including those with EGFR T790M and C797S. We further uncover that homo- or 

heterodimerization with EGFR, or other ERBB family members, or the EGFRL747S mutation 

can mediate resistance to JBJ-09-063 but not to ATP-competitive EGFR TKIs. Taken together, our 

studies highlight the potential clinical utility of JBJ-09-063 as a single agent or in combination 

with EGFR TKIs in EGFR mutant lung cancer.

One Sentence Summary

The allosteric EGFR inhibitor JBJ-09-063 is effective in both EGFR tyrosine kinase inhibitor 

sensitive and resistant forms of EGFR L858R non-small cell lung cancer.

Introduction

Lung cancer is the leading cause of cancer-related deaths among both men and women 

in the United States (1, 2) with non-small cell lung cancer (NSCLC) accounting for 

85% of all lung cancers. Epidermal growth factor receptor (EGFR) is one of the most 

common actionable oncogenic driver mutations in NSCLC. EGFR is a transmembrane 

protein that belongs to the ERBB family of tyrosine kinase receptors consisting of three 

other closely related members, ERBB2, ERBB3 and ERBB4. The ERBB family plays 

a critical role in essential cellular functions and is activated through ligand binding, 

followed by homo- and/or hetero-dimerization and phosphorylation of receptors. This results 

in activation of various downstream signaling pathways that regulate cell proliferation, 

differentiation, survival and migration. Therefore, it is not surprising that the function of 

these receptors is strictly regulated in normal cells. Mutations that promote constitutive 

activation, amplification, or overexpression of these receptors lead to uncontrolled cell 

growth, one of the hallmarks of cancer.

The identification of EGFR as a promising candidate for targeted therapy has led to the 

development of different strategies to block EGFR activity and its downstream pathways. 

Activating mutations in exons 18-21 of EGFR, which encode the catalytic domain that 

regulates EGFR phosphorylation and downstream pathways, are detected in 10-15% of 

cancers in Caucasian patients and in up to 50% of Asian patients with NSCLC. Therefore, 
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major effort has been put forth in designing effective small molecule inhibitors that compete 

with the ATP site to inhibit EGFR activity. Phase III clinical trials have shown that patients 

with advanced EGFR mutant positive NSCLC (EGFR L858R or exon 19 deletion) have 

an improved progression-free survival (PFS) when treated with first-generation or second-

generation EGFR tyrosine kinase inhibitors (TKIs), gefitinib, erlotinib, dacomitinib and 

afatinib, as a first-line treatment, compared to standard chemotherapy (3–10). Osimertinib, 

a mutant selective EGFR inhibitor, initially developed to overcome the most common 

mechanism of resistance to earlier generation EGFR inhibitors, EGFR T790M, leads to an 

improvement in both progression-free and overall survival compared to gefitinib or erlotinib 

when used as the first-line therapy in patients with advanced EGFR mutant NSCLC (11–16). 

It has now become the standard of care first-line EGFR inhibitor for advanced EGFR mutant 

(L858R and exon 19 deletion) NSCLC worldwide. While dacomitinib has also demonstrated 

an improved overall survival over gefitinib in EGFR mutant NSCLC, its clinical use remains 

limited due to its side effect profile (17).

Despite the improved efficacy of osimertinib compared to prior generation EGFR inhibitors, 

the improvements are disproportionately weighted towards the patients with EGFR exon 19 

deletions. The absolute improvement in median PFS is less for patients with EGFR L858R 

(9.5 vs. 14.4 months) compared to exon 19 deletion (11.0 vs. 21.4 months) and there is 

no improvement in overall survival in patients with EGFR L858R mutations (18–20). In 

addition, acquired resistance mechanisms, including mutations in EGFR C797 that mediate 

resistance to osimertinib, have been identified (21). Depending on the sequence of EGFR 

inhibitor treatment, these can occur in the presence or absence of EGFR T790M. Although 

first-generation EGFR inhibitors can retain clinical activity when mutations in EGFR 
C797 occur after first line osimertinib treatment (i.e. EGFR L858R/C797S), resistance is 

commonly mediated by the acquisition of the EGFR T790M mutation (i.e. EGFR L858R/

T790M/C797S) (22). At present, there are no effective therapies for these triple EGFR 
mutant cancers.

We have identified and studied allosteric EGFR inhibitors as a strategy to overcome EGFR 
mutation mediated resistance to ATP-competitive inhibitors (23–25). Allosteric inhibitors 

bind to a unique site, formed as a result of the EGFR L858R mutation, that is distinct from 

the ATP site and as such will not be impacted by acquired EGFR mutations that can limit 

the efficacy of TKIs. The first-generation inhibitor, EAI045, required co-administration of 

cetuximab in order to disrupt asymmetric EGFR dimerization and as such, allow binding of 

EAI045 to both halves of the dimer (23). A subsequent allosteric inhibitor, JBJ-04-125-02 

was effective as a single agent in engineered models in vitro and in vivo, but not in patient-

derived cell lines or xenograft models (24). However, it could co-bind with osimertinib and 

the co-binding led to an enhanced efficacy in vitro and in vivo compared to each of the 

single agents (24).

In the current study, we identify a more potent allosteric inhibitor, JBJ-09-063, and study its 

efficacy in vitro and in vivo. We identify molecular and biological determinants that limit the 

efficacy of JBJ-09-063 and evaluate approaches to overcome these limitations. Collectively, 

our findings highlight the clinical potential of treating EGFR L858R mutant cancers 
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including those harboring resistance mutations to ATP-competitive EGFR inhibitors with 

an allosteric EGFR inhibitor alone or in combination with an ATP competitive inhibitor.

Results

JBJ-09-063 is effective in EGFR TKI resistant cancers in vitro and in vivo.

In order to identify a more potent allosteric inhibitor, we performed a series of alterations 

focusing on the right-hand side of the previously reported allosteric inhibitor molecule from 

the isoindolinone series, JBJ-04-125-02 (24) and identified JBJ-09-063 as an exquisitely 

potent allosteric EGFR inhibitor, with substantial improvement in enzymatic and cellular 

assays when compared with JBJ-04-125-02 (Fig. 1A).

JBJ-09-063 contains a terminal N-methypiperidine ring in place of a terminal piperazine 

ring in JBJ-04-125-02, and a co-crystal structure of JBJ-09-063 confirmed its allosteric 

binding mode as similar to that of JBJ-04-125-02 (Fig. 1A, Table S1; Fig. S1A). HTRF-

based enzymatic assays using recombinant EGFRL858R/T790M and EGFRL858R/T790M/C797S 

kinase domains showed that while osimertinib had similar biochemical efficacy as 

JBJ-04-125-02 against EGFRL858R/T790M, JBJ-09-063 was approximately 5-fold more 

potent than the other two compounds and unaffected by C797S (Fig. 1B; Table 

S2). In EGFRL858R/T790M and EGFRL858R/T790M/C797S Ba/F3 cells, JBJ-09-063 led to 

more potent (about 10-fold) growth inhibition than JBJ-04-125-02 with comparable 

efficacy to osimertinib in the EGFRL858R/T790M Ba/F3 cells (Fig. 1C-D; Table S2). In 

EGFRL858R/C797S Ba/F3 cells that were osimertinib-resistant, the potency of JBJ-09-063 

was comparable to that of gefitinib (Fig. S1B-C; Table S2). We evaluated the ability of 

these compounds to inhibit EGFR phosphorylation. Consistent with the impact on growth 

inhibition, JBJ-09-063 was able to reduce EGFR phosphorylation at lower concentrations 

than JBJ 04-125-02 in all three EGFR mutant Ba/F3 cell lines (Fig. 1C-D; Fig. S1B-C).

We next compared the pharmacokinetic properties of JBJ-09-063 with JBJ-04-125-02 ((24); 

Table S3) and found that JBJ-09-063 had higher IV clearance (5.0 ml/min/kg vs. 15.7 

ml/min/kg) but increased bioavailability (14.6% vs. 3%) and the oral AUC values were 

similar for the two compounds (Table S3). Therefore, we hypothesized that the increased 

potency of JBJ-09-063 coupled with its improved pharmacological properties would lead 

to an enhanced in vivo efficacy. In a pharmacodynamic study, using 50 mg/kg daily 

dosing in the H1975 model, JBJ-09-063 effectively inhibited EGFR, Akt and ERK 1/2 

phosphorylation (Fig. S1D). Hence, we first used H1975 (Fig. 1E) and the patient derived 

DFCI52 xenograft models (Fig. 1F; Fig. S1E) which both harbor the EGFRL858R/T790M 

mutation to evaluate JBJ-09-063 in vivo. JBJ-09-063 treatment led to a dose-dependent 

decrease in tumor volume over time and was more potent than the previous efficacious dose 

of JBJ-04-125-02 at 100 mg/kg in the H1975 in vivo model (Fig. 1E). Notably, the 50 mg/kg 

and 100 mg/kg doses of JBJ 09-063 were as effective as osimertinib (25 mg/kg) in this 

model. In the DFCI52 model, the 50 mg/kg dose of JBJ-09-063 was similarly effective as 

osimertinib although there was a more rapid tumor outgrowth following the end of dosing 

compared to mice treated with osimertinib (Fig. 1F).
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To date, there are very few, if any, reliable human cancer cell lines or patient derived in 
vivo models that harbor the EGFRL858R/T790M/C797S mutation. In order to generate cells 

with the C797S mutation, we utilized H3255GR and DFCI52, both of which possess the 

EGFRL858R/T790M mutation, and introduced the C797S mutation in cis with T790M using 

CRISPR/CAS9 genome editing followed by selection with 100 nM osimertinib (Fig. S1F). 

CRISPR sequencing results demonstrated that the C797S mutation was indeed integrated in 
cis and the relative allelic frequency was 45% and 2.74% in DFCI52 and H3255GR cells, 

respectively (Fig. S1G). The H3255GR-C797S and DFCI52-C797S cells were resistant to 

osimertinib compared to their parental H3255GR and DFCI52 counterparts (Fig. S1H). 

Consistent with these observations, EGFR, Akt and ERK1/2 phosphorylation was no 

longer inhibited effectively by osimertinib in cells with the C797S mutation (Fig. S1I). 

We subsequently used the DFCI52-C797S and H3255GR-C797S cells for in vivo studies 

(Fig. 1G-H). In agreement with the in vitro observations, both models were resistant to 

osimertinib but sensitive to JBJ-09-063. Interestingly, in the H3255GR-C797S model, but 

not in the DFCI52-C797S model, osimertinib demonstrated transient efficacy likely due to 

the lower allelic fraction of the C797S mutation (Fig. 1G-H).

JBJ-09-063 is effective in human EGFRL858R/T790M mutant cancer lines in vitro but only 
when combined with an ATP competitive EGFR inhibitor

We next evaluated the efficacy of JBJ-09-063 in vitro using human cancer cell lines. To our 

surprise, viability assay in both DFCI52 (Fig. 2A) and H3255GR (Fig. S2A) cells revealed 

little difference between JBJ-04-125-02 or JBJ-09-063 treatment, in contrast to the in vivo 
findings. Furthermore, while JBJ-09-063 was able to inhibit EGFR and Akt phosphorylation 

slightly better than JBJ-04-125-02, osimertinib at 0.1 µM was still much more effective at 

abolishing EGFR, Akt and ERK1/2 phosphorylation than JBJ-09-063 in DFCI52 cells and 

H3255GR cells respectively (Fig. 2B and Fig. S2B).

In order to decipher the disconnect between the in vivo and in vitro efficacies, we evaluated 

ATP competitive EGFR inhibitors in combination with JBJ-09-063 in the H3255GR cells. 

Surprisingly, and unexpectedly, the combination of gefitinib and JBJ-09-063 was remarkably 

effective at inhibiting cell growth and led to a significant increase in apoptosis, even 

though H3255GR cells are resistant to gefitinib as a single agent as they contain an 

EGFRT790M mutation (Fig. 2C-D; (26)). The JBJ-09-063 combination with gefitinib also 

inhibited EGFR, Akt and ERK1/2 phosphorylation in a dose-dependent fashion and to 

a similar degree as did osimertinib alone (Fig. 2E). Similar findings were observed in 

the DFCI52 cells (Fig. S2C-E). Analogously, both H3255GR-C797S and DFCI52-C797S 

cells were resistant to JBJ-09-063 in vitro despite their sensitivity in vivo. However, cell 

proliferation and phosphorylation of EGFR and its downstream targets were inhibited when 

these cells were treated with the combination of JBJ-09-063 and osimertinib (Fig. S2F-H). 

In addition, administering osimertinib and JBJ-09-063 together in the H3255GR-C797S and 

DFCI52-C797S xenografts in vivo further potentiated tumor shrinkage, resulting in a delay 

in tumor regrowth, following treatment cessation at 28 days of dosing (Fig. 1G-H).

We further sought to examine whether the combination of gefitinib and JBJ-09-063 

treatment would delay in vitro resistance of chronically treated H3255GR cells (Fig. 
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2F). Consistent with the inhibition seen on short-term growth and apoptosis studies, the 

gefitinib and JBJ-09-063 combination was most effective compared to DMSO or either 

gefitinib or JBJ-09-063 alone and led to a delay in cell regrowth. When we evaluated this 

approach in vivo using the DFCI52 xenograft model, tumors regressed following treatment 

with JBJ-09-063 alone and when combined with gefitinib but were resistant to gefitinib 

alone (Fig. 2G). While the gefitinib and JBJ-09-063 combination led to a greater delay 

in tumor regrowth after cessation of treatment, it was less impressive than the difference 

observed in vitro (Fig. 2C-F). Collectively, our findings demonstrate that EGFR TKIs can 

significantly enhance the in vitro efficacy and downregulation of EGFR signaling imparted 

by an allosteric EGFR inhibitor even when the cell lines themselves are resistant to the 

EGFR TKIs. These observations suggest that EGFR TKIs may be inhibiting subsets of 

EGFR receptors that are not effectively inhibited by the allosteric agent.

Forced homodimerization or heterodimerization of EGFR mutants with ERBB family 
members can impact the potency of JBJ-09-063

To further elucidate how JBJ-09-063 potency was enhanced in the presence of an 

EGFR TKI and whether this was driven by EGFR and/or other ERBB family member 

dimerization, we studied the efficacy of JBJ-09-063 in the presence of different EGFR 

homo and heterodimers. We utilized the EGFR kinase domain duplication (KDD) 

mutant as a tool to perform our studies. EGFR-KDD is a rare but recurrent oncogenic 

mutation that results in the in-frame tandem duplication of the EGFR exons (18–25), 

which encode the EGFR tyrosine kinase domain. The duplication traps the two EGFR 

kinase domains in a position that favors spontaneous asymmetric dimerization and 

persistent intra-molecular EGFR activation (27). We generated a set of such kinase 

duplications consisting of permutations of mutant EGFR and HER2 tyrosine kinase 

(TK) domains to study the effect of JBJ-09-063 on EGFR activation (Fig. S3A). We 

transfected the different constructs into HEK293T/Cl.17 cells, treated the cells with 

either JBJ-09-063 or osimertinib and evaluated their impact on EGFR phosphorylation. 

As expected, in cells expressing an EGFR construct with only a single kinase domain 

harboring EGFRL858R/T790M, both JBJ-09-063 and osimertinib effectively inhibited EGFR 

phosphorylation (Fig. 3A). However, in cells expressing a tandem of EGFRL858R/T790M 

TK domains (EGFRKDD-LT/LT) only osimertinib inhibited EGFR phosphorylation. Similar 

results were obtained when one of the TK domains contained the EGFR mutation and the 

other was wild type (EGFRKDD-WT/LT or EGFRKDD-LT/WT) regardless of their order (Fig. 

3A). We made analogous findings when both TK domains contained an EGFR L858R 

mutation only (EGFRKDD-L/L) or when one of the TK domains was from HER2 (Fig. S3B-

C). We further generated versions of EGFRKDD-WT/LT and ERBBKDD-HER2_WT/EGFR_LT 

with EGFRI941R and HER2V956R mutations, which render them dimerization-deficient 

(EGFRKDD-WT
dd

/LT
ddERBBKDD-HER2_WT

dd
/EGFR_LT

dd), and noted that in cells expressing 

these mutants, the inhibitory activity of both osimertinib and JBJ-09-063 was restored. 

These findings directly implicate dimerization of EGFR with itself or other ERBB family 

members in the inability of JBJ-09-063 to inhibit EGFR phosphorylation. Consistent 

with the effect we observed with EGFR phosphorylation, Ba/F3 cells stably expressing 

EGFRKDD-LT/WT or ERBBKDD-EGFR_LT/HER2 were also significantly more resistant to 

JBJ-09-063 compared to those expressing just a single kinase domain (EGFRL858R/T790M) 
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while both KDD expressing Ba/F3 cell lines remained sensitive to osimertinib (Fig. 3B-C; 

Table S2). Finally, EGF, which induces dimerization, also led to resistance to JBJ-09-063 in 

EGFRL858R or EGFRL858R/T790M expressing Ba/F3 cells (Fig. 3B-C; Fig. S3D-E; Table S2). 

Collectively, these findings reveal that the dimerization of mutant EGFR with mutant or wild 

type EGFR or HER2 plays a critical role in mediating resistance to JBJ-09-063 but not to 

osimertinib.

Dimerization-inducing ligands in culture media can also impact the potency of JBJ-09-063

Intrigued by the results of our EGFRKDD and ERBBKDD studies, we hypothesized that the 

difference between the in vitro and in vivo efficacy of JBJ-09-063 in human cancer cells 

lines may also be attributed to the extent of homo- or heterodimerization. H3255GR and 

DFCI52 cells were established and grown in ACL4 media with 5% FBS and RETM media 

with 10% FBS, respectively. ACL4 media is composed of the basal RPMI media with added 

growth factors including EGF; RETM media is nutrient-rich media which also contains 

growth factors such as EGF. The presence of EGF could inadvertently affect dimerization 

and thus sensitivity of these cell lines to JBJ-09-063. Therefore, we evaluated the efficacy 

of JBJ-09-063 in RPMI media in the presence or absence of ERBB family ligands EGF and 

NRG1. In RPMI media, the H3255GR cells were almost equally as sensitive to JBJ-09-063 

as to osimertinib (Fig. 3D). The presence of either EGF or NRG1 markedly shifted the 

IC50 of JBJ-09-063 towards resistance, while the efficacy remained largely unchanged when 

combined with osimertinib (Table S2). Analogously, the addition of EGF or NRG1 to cells 

grown in RPMI blocked the ability of JBJ-09-063 to inhibit downstream Akt or ERK1/2 

phosphorylation, either because of persistent EGFR phosphorylation (due to EGF) or HER2/

HER3 phosphorylation (due to NRG1; Fig. 3E). Identical findings were observed in the 

DFCI52 cells (Fig. S3F-G). In a long-term in vitro assay, H3255GR cells grown in RPMI 

media were also more sensitive to JBJ-09-063 compared to those grown in the ACL4 media 

(Fig. 3F). Interestingly, although they were sensitive to osimertinib in both contexts, the 

delay in tumor cell regrowth was more evident in RPMI than in ACL4 media. To further 

study the impact of different media and EGF treatment on dimerization and the efficacy 

of JBJ-09-063 in NSCLC cell lines, we used a proximity ligation assay (PLA). PLA is an 

immunofluorescence-based technique that detects the interaction or dimerization of proteins 

when the probes attached to the antibodies specific for the proteins of interest come in 

close proximity and become ligated (28). The ligated DNA is then amplified by DNA 

polymerase to produce a red dot-like signal. When compared to H3255GR cells grown in 

RPMI, we observed significantly greater number of EGFR dimers in cells grown in ACL4 

(Fig. 3G). H3255GR cells grown in RPMI had significantly less EGFR dimers when treated 

with JBJ-09-063 compared to EGF (Fig. 3H). This persisted even when the cells were 

co-treated with both JBJ-09-063 and EGF (Fig. 3H). Collectively, these studies highlight 

how modulation of growth conditions, specifically the presence of ERBB family ligands, can 

impact the efficacy of an allosteric EGFR inhibitor.

JBJ-09-063 is mutant selective and is also effective in EGFRL858R models.

We next sought to examine whether JBJ-09-063 was also effective in EGFR inhibitor 

treatment naïve models. Our initial allosteric compounds were discovered in a screen with 

the EGFRL858R/T790M kinase domain and had little potency against the EGFRL858R mutant. 
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However, biochemical characterization of JBJ-09-063 revealed 0.147 nM potency against 

L858R in the in vitro kinase assays (Table S2). As one of the future potential therapeutic 

options for an allosteric EGFR inhibitor would be to co-administer it with osimertinib, 

we wanted to determine whether JBJ-09-063 also had efficacy on its own against the 

initiating L858R mutant. In both EGFRL858R Ba/F3 cells and in H3255 cells (which harbor 

an EGFRL858R mutation), JBJ-09-063 was effective, albeit slightly less than gefitinib or 

osimertinib (Fig. 4A-B; Table S2). These findings were mirrored by a Western Blot analysis 

demonstrating that slightly higher concentrations of JBJ-09-063 were necessary to inhibit 

EGFR, Akt and ERK 1/2 phosphorylation compared to osimertinib alone in H3255 cells 

(Fig. 4C). In a long-term treatment study in H3255 cells, all three EGFR inhibitors were 

effective, although regrowth following drug withdrawal occurred earlier with JBJ-09-063 

treatment compared to gefitinib or osimertinib (Fig. 4D).

To examine whether mutant selectivity was maintained in JBJ-09-063, we compared its 

efficacy in vitro and in vivo using A431 cells (which harbor an EGFRWT amplification). 

Compared to afatinib, JBJ-09-063 was significantly less effective at inhibiting cell viability 

or EGFR, Akt and ERK 1/2 phosphorylation (Fig. 4E-F; Table S2). In an in vivo study, using 

a dose of JBJ-09-063 that was effective in EGFR mutant models as a single agent (50 mg/kg; 

Fig. 1E-H), we observed no effect on A431 tumor volume during the course of the study 

(Fig. 4G). In contrast, afatinib (25 mg/kg) led to substantial tumor reduction (Fig. 4G).

JBJ-09-063 is efficacious against non-C797S osimertinib-resistant EGFR mutations

Although C797S mutation is the most commonly acquired osimertinib-resistant mutation, 

it is not the only resistance mutation identified (29). Other osimertinib-resistant mutations 

include L718Q in the beta sheet proceeding the turn of the phosphate-binding loop, L792F 

in the kinase hinge, and G796S that precedes the site of covalent modification by osimertinib 

(30). Modelling of these mutations revealed steric clashes with osimertinib, with L792F 

being the least severe (Fig. 5A-B). However, since these mutations are localized to the 

ATP site, they are not expected to affect the binding of allosteric inhibitors. Therefore, 

we examined whether JBJ-09-063 was effective in the presence of these osimertinib-

resistant mutations. We generated Ba/F3 cells expressing EGFRLT/L718Q, EGFRLT/L792F 

and EGFRLT/G796S and compared the efficacy of JBJ-09-063 to osimertinib on both cell 

growth and EGFR signaling. We confirmed that these mutants were indeed resistant to 

osimertinib. The Ba/F3 cells harboring the EGFRLT/L792Fmutation, were least resistant to 

osimertinib as predicted by the modeling (Fig. 5C; Table S2). All of the triple EGFR 
mutant Ba/F3 cells were more sensitive to JBJ-09-063 compared to osimertinib, although the 

magnitude of sensitivity varied between the mutants. Similarly, JBJ-09-063 was much more 

effective at inhibiting EGFR, Akt and ERK 1/2 phosphorylation in the triple mutant Ba/F3 

cells compared to osimertinib (Fig. 5D). When further introduced the different osimertinib 

resistance mutant alleles into H1975 cells which harbor the EGFRL858R/T790M mutation. 

The results (both in growth inhibition and in impact of EGFR and downstream signaling) 

observed in H1975 cells are consistent with those of the Ba/F3 cells; however, the effect 

was not as robust (Fig. S4A-B; Table S2). These findings suggest that an allosteric EGFR 

inhibitor can be effective in a broad range of osimertinib-resistant EGFR mutant cancers.
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EGFR L747S mutation is an on-target resistance mechanism for JBJ-09-063 but not to 
osimertinib

Although JBJ-09-063 is still effective even in the presence of EGFR mutations that lead to 

osimertinib resistance, it is likely that a different set of EGFR mutations mediate resistance 

to JBJ-09-063. To identify JBJ-09-063 resistant mutations, we treated EGFRL858R/T790M 

Ba/F3 cells with N-ethyl-N-nitrosourea (ENU) followed by chronic treatment of 1 µM of 

JBJ-09-063, 1µM of osimertinib or with the combination of both compounds. We plated 

a total of 900 clones from each treatment condition and 76/900 and 13/900 JBJ-09-063- 

and osimertinib-treated cells grew, respectively. However, we were not able to identify any 

resistant colonies when cells were treated with both drugs together (Fig. 6A). We sequenced 

the EGFR tyrosine kinase domain of each of these resistant colonies and found that out 

of 76 JBJ-09-063 resistant colonies, 3 (3.94%) harbored a L747S mutation, while all 13 

colonies (100%) in the osimertinib-resistant population carried the C797S mutation. We 

did not observe any EGFR TK domain mutations in the other 73 JBJ-09-063 resistant 

colonies. We next performed modelling analyses to examine how L747S mutation may 

impact the binding and function of JBJ-09-063. The side chain of L747 forms favorable 

hydrophobic contacts with the phenyl ring of JBJ-09-063 and modeling of the L747S 

mutation decreased these contacts and widened the putative entrance tunnel for the allosteric 

pocket. This change may lead to a decrease in drug potency but should not abolish inhibitor 

binding like substitution to a bulkier amino acid would (Fig. 6B-C). We conducted in 
vitro enzyme inhibition experiments using purified EGFRLT/L747S kinase domain. While 

osimertinib effectively inhibited the activity of both EGFRL858R/T790M and EGFRLT/L747S, 

the efficacy of JBJ-09-063 was substantially reduced (Fig. 6D; Table S2). Similarly, the 

efficacy of JBJ-09-063 was reduced in EGFRLT/L747S expressing Ba/F3 cells (Fig. 6E; Table 

S2). Furthermore, and consistent with the enzymatic and growth assays, JBJ-09-063 was 

less effective at inhibiting EGFR phosphorylation in EGFRLT/L747S expressing Ba/F3 cells 

while osimertinib was equally effective in EGFRLT and EGFRLT/L747S expressing Ba/F3 

cells (Fig. 6F). These results were recapitulated in the H1975 cells engineered to express the 

EGFRLT/L747S mutation (Fig. S4C-D; Table S2).

Discussion

The identification of EGFR as an actionable oncogenic driver mutation target and the 

successful development of effective ATP-competitive EGFR TKIs has had a tremendous 

impact on the treatment of patients with EGFR mutant NSCLC. However, the development 

of acquired drug resistance limits the long-term efficacy of EGFR TKIs. There is currently 

a need to develop novel treatment strategies especially for cancers that develop EGFR 
mutations as a mechanism of osimertinib resistance.

In the current study, we identify and study an allosteric EGFR inhibitor that is effective 

against a broad range of osimertinib resistance mutations in vitro, and in vivo as a single 

agent in models of osimertinib resistance mediated by EGFR C797S. Coupled with its 

mutant selectivity over wild type EGFR in vitro and in vivo, allosteric EGFR inhibition 

may thus be a viable therapeutic approach to targeting drug resistant EGFR L858R mutant 

cancer. However, additional development of clinically deployable allosteric EGFR inhibitors 
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is still needed. Allosteric EGFR inhibitors may also be therapeutically valuable in EGFR 

TKI naïve EGFR L858R mutant cancers, given their inferior PFS and OS outcomes 

following osimertinib treatment relative to EGFR exon 19 deletion cancers (18–20). Our 

prior studies demonstrated that osimertinib and allosteric EGFR inhibitors can co-bind 

EGFR L858R at the same time (24). Whether this dual EGFR inhibition can lead to 

enhanced clinical efficacy compared to osimertinib alone in patients with newly diagnosed 

advanced EGFR L858R cancers needs to be tested in future clinical trials. We also do 

not at present have data on the ability of JBJ-09-063 to penetrate the central nervous 

system which has been a clinically desirable feature of osimertinib. Alternative therapeutic 

approaches, such as the development of ATP competitive EGFR inhibitors able to inhibit 

C797S, BLU-945 (NCT04862780) and BBT-176 (NCT04820023) are also being clinically 

developed. The optimal therapeutic strategy against EGFR C797S will await the findings 

from the ATP competitive and allosteric EGFR inhibitor clinical studies.

A unique characteristic of allosteric, but not of ATP competitive EGFR inhibitors, is 

the therapeutic limitation conferred by ERBB family dimerization. This can be induced 

by ERBB family ligands (including EGF and NRG1 (Fig. 3D-E)) or through forced 

dimerization (Fig. 3A-C). In the presence of an asymmetric EGFR homo- or heterodimer, 

an allosteric inhibitor can only access one of the allosteric binding sites. In contrast, 

both ATP binding sites remain accessible. Intriguingly, EGFR amplification alone is not 

sufficient to blunt the efficacy of JBJ-09-063. This is exemplified by H3255 (Fig. 4B-D) 

and H3255GR (Fig. 3D-F) cells both of which contain EGFR amplifications but retain 

sensitivity to JBJ-09-063 when grown in RPMI media. How these observations would 

impact the potential clinical efficacy of an allosteric EGFR inhibitor is currently unknown. 

Very little is known about the presence of ERBB family ligands in EGFR mutant cancers 

and/or their microenvironment and these are not routinely assayed clinically. Recent studies 

do however highlight the role of cancer associated fibroblasts or macrophages in secreting 

ligands that may mediate drug resistance (31, 32). One strategy to mitigate the potential 

impact of ligand mediated dimerization is to develop an allosteric EGFR inhibitor together 

with an ATP competitive inhibitor (Fig. 2C-G). EGFR mutations that mediate resistance 

to JBJ-09-063 retain sensitivity to osimertinib (Fig. 6D-F), providing a further rationale 

for a co-administration strategy. Finally, the synergy we observed with osimertinib and 

our allosteric agents suggests the possibility that co-administration of a suitable allosteric 

inhibitor with osimertinib at a reduced dose might yield equivalent or improved efficacy, but 

with improved tolerability, as the side-effect profile of the allosteric agent is likely to differ 

from that of ATP-site directed TKIs. An alternative strategy would be to evaluate a series of 

anti-ERBB family member antibodies to block dimerization and/or ligand binding. Although 

preclinical studies suggest this is feasible and therapeutically efficacious, the ability to 

translate these observations into the clinic maybe limited by toxicity as these approaches are 

not mutant selective (33, 34).

Allosteric kinase inhibitors exist only for a minority of human kinases. Ascinimib 

(ABL001), binds the myristol site of BCR-ABL and induces ABL into an inactive 

conformation (35). In pre-clinical models, it is active in models harboring secondary ABL 
mutations, including T315I, that mediate resistance to ATP competitive ABL inhibitors. 

In the phase I clinical trial, ascinimib led to clinical responses in the majority of patients 
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(36). Additionally, pre-clinical studies have revealed that the combination of ascinimib and 

ponatinib is effective against ABL mutants which are resistant to single agent ascinimib 

(37). One difference between ascinimib and JBJ-09-063 is their binding location. While 

JBJ-09-063 binds an allosteric site adjacent to the ATP binding site, ascinimib binds a 

myristoyl site distant from the ATP binding site. The clinical success of ascinimib coupled 

with the pre-clinical studies in the present study suggest that the approach of targeting 

allosteric sites in kinases could be broadly active in drug resistant forms both as single 

agents and in combination with ATP competitive inhibitors.

In summary, we have developed an allosteric EGFR inhibitor effective in vivo as a single 

agent in EGFR mutant drug resistant cancers. The next step is to determine whether 

JBJ-09-063 can be improved upon to become a candidate clinical treatment, whereby 

addressing the unmet need of an effective therapy for cancers with EGFR mutation mediated 

resistance to osimertinib.

Materials and Methods

Synthesis of JBJ-09-063

JBJ-09-063 was synthesized using similar procedures to those previously described for the 

synthesis of JBJ-04-125-02 (24). 1H NMR (500 MHz, DMSO-d6) δ 7.91 (s, 1H), 7.89 (d, J 
= 7.9 Hz, 1H), 7.69 – 7.62 (m, 3H), 7.48 (d, J = 3.6 Hz, 1H), 7.36 (d, J = 8.2 Hz, 2H), 7.26 

(d, J = 3.6 Hz, 1H), 7.11 (td, J = 8.6, 3.1 Hz, 1H), 6.91 (dd, J = 9.0, 4.8 Hz, 1H), 6.87 (dd, 

J = 9.2, 3.0 Hz, 1H), 6.33 (s, 1H), 4.65 (d, J = 17.6 Hz, 1H), 4.03 (d, J = 17.6 Hz, 1H), 2.92 

(d, J = 11.0 Hz, 2H), 2.57 – 2.50 (m, 1H), 2.24 (s, 3H), 2.05 (t, J = 10.8 Hz, 2H), 1.82 – 1.65 

(m, 4H); 13C NMR (125 MHz, DMSO-d6) δ 168.9, 167.9, 158.3, 156.5, 154.6, 152.7, 146.2, 

141.7, 140.6, 138.2, 137.7, 132.9, 130.7, 127.9, 127.4, 124.7, 122.7, 122.6, 120.8, 117.1, 

117.0, 116.9, 116.7, 116.0, 115.8, 114.4, 56.1, 54.6, 48.9, 46.3, 41.1, 33.1. MS m/z: 557.27 

[M+1]+.

Kinase inhibition assays

Inhibition assays were performed using the HTRF KinEASE tyrosine kinase assay kit 

(Cisbio) according to the manufacturer’s protocol. Inhibitors from 10 mM DMSO stocks 

were dispensed into black 384-well plates using an D300e dispenser (Hewlett-Packard) 

and normalized to 1% final DMSO concentration. Assay buffer containing purified EGFR 

kinase domain at a final concentration of 0.02 nM were dispensed using a Multidrop Combi 

dispenser (ThermoFisher) and incubated with the inhibitors at room temperature for 30 

minutes. Reactions were initiated with 100 µM ATP and allowed to proceed for 30 minutes 

at room temperature before being quenched using the detection reagent from the KinEASE 

assay kit. The FRET signal ratio was measured at 665 and 620 nm using a PHERAstar 

microplate reader (BMG LABTECH). Data were processed using GraphPad Prism and fit to 

a three-parameter dose-response model.

Protein expression, purification, and crystallization

The kinase domain of EGFR (residues 696-1022) was expressed and purified as previously 

described (24, 38). Briefly, insect cells infected with recombinant baculovirus were lysed, 
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clarified via ultracentrifugation, and purified using Ni-NTA agarose beads. Following 

cleavage of the 6xHis-GST tag, the protein was further purified through size exclusion 

chromatography and concentrated to 3-4 mg/mL.

Purified EGFRT790M/V948R kinase domain was crystallized at approximately 3 mg/mL with 

10 mM MgCl2, 1 mM adenylyl-imidodiphosphate (AMP-PNP), and 0.25 mM JBJ-09-063 

via hanging drop vapor diffusion at room temperature over wells consisting of 0.1 M Bis-

Tris pH 5.0-6.0 and 20-30% (w/v) PEG 3,350. Crystals were briefly cryoprotected in well 

solution containing 20% ethylene glycol. Diffraction data were collected at the Advanced 

Photon Source at the Argonne National Laboratory on NE-CAT beamline 24-ID-E at 100 

K. Data were indexed, integrated, and scaled using Dials via xia2 (39–41). Structures were 

phased via molecular replacement with PDB 6DUK (24). Refinement was performed using 

Phenix with iterative rounds of manual model building in Coot (42, 43) The resulting 

structure has been deposited in the Protein Data Bank (PDB) with the accession code 7JXQ.

Patients

All patient-related specimens and data were collected in accordance with the Declaration 

of Helsinki and approved by the Dana-Farber Cancer Institutional Review Board. Written 

informed consent was attained from the patients. All cell lines and in vivo models that were 

derived from the patient’s samples were de-identified to protect patient’s privacy.

Cell lines and reagents

Ba/F3 cells were a generous gift from Dr. David Weinstock (in 2014). Ba/F3 cells harboring 

the EGFRL858R, EGFRL858R/T790M, EGFRL858R/T790M/C797S, EGFRL858R/T790M/L718Q, 

EGFRWT, HER2WT were previously generated and characterized (23, 24, 44–46). All 

Ba/F3 cells were maintained in RPMI1640 media with 10% fetal bovine serum (FBS) 

and 1% penicillin and streptomycin (P/S). Wildtype EGFR Ba/F3 cells were additionally 

supplemented with 10 ng/ml of EGF purchased from Life Technologies. DFCI52 cells were 

established from xenograft tumors derived from the malignant pleural effusion of a patient 

using previously described methods (47) and maintained in Renaissance Essential Tumor 

Medium (RETM) supplemented with B-27, 10% FBS and 1% P/S in low-attachment plates. 

H3255 and H32555GR were previously characterized extensively (26, 48) and are cultured 

in ACL4 media with 5% FBS and 1% P/S. HEK293T/17 and A431 cells were purchased 

from ATCC and were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) in 10% 

FBS and 1% P/S. All cell lines were tested negative for Mycoplasma using Mycoplasma 

Plus PCR Primer Set (Agilent) and were passaged and/or used for no longer than 4 weeks 

for all experiments. Details of reagents and chemicals used in the study are listed in Table 

S4. JBJ-04-125-02 were synthesized in-house as described previously (24).

Plasmids construction

JP1540-EGFRL858R/T790M/G796S and JP1540-EGFRL858R/T790M/L792F retroviral plasmids 

were made by introducing EGFR G796S and L792F mutations into our pDNR-dual- 

EGFRL858R/T790M amplification vector that was previously generated in the laboratory using 

the QuikChange II XL Site Mutagenesis Kit (Agilent). To generate retroviral and lentiviral 

plasmids expressing EGFRL858R/T790M, EGFRL858R/T790M/C797S, EGFRL858R/T790M/L718Q, 
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EGFRL858R/T790M/L792F, EGFRL858R/T790M/G796S, and EGFRL858R/T790M/L747S, we shuttled 

the pDNR-dual vectors with these mutants into either the JP1540 or JP1722 lentiviral 

destination vectors, respectively, using the In-Fusion HD Cloning Plus Kit (Takara) 

according to the manufacturer’s protocol. Plasmids were all sequenced at the Massachusetts 

General Hospital DNA Core to confirm that mutations of interest were successfully 

transferred.

To construct the pMSCV-EGFRKDD and ERBBKDD plasmids, the original EGFR double 

kinase expression vector pMSCV-EGFR-TDM, a generous gift from Dr. Christine Lovly, 

was modified and used as a template for all double-kinase (KDD) derivatives used in our 

study. First, pMSCV-EGFR-TDM was mutagenized using the QuikChange Lightning Multi 

Site-Directed Mutagenesis Kit (Agilent) following the manufacturer’s protocols and using 

mutagenic primers sets outlined in Table S3. EGFR mutations were introduced sequentially 

to generate: EGFRL858R; EGFRL858R/T790M; EGFRL858R/T790M/I941R. HER2-pRetro-IRES-

DsRedExpress previously generated in our laboratory was used as a template to generate 

the wild type and mutant HER2 (variant 1) constituents of our KDD constructs. The 

HER2V956R mutation was introduced using the mutagenic primers listed in Table S5. 

Successful mutagenesis was confirmed by complete plasmid NGS provided by the MGH 

CCIB DNA Core. The mutagenized intermediates were then used as templates for PCR 

amplification of individual constituents of final KDD constructs, which were assembled via 

a series of In-fusion reactions using the Takara Bio In-Fusion HD Cloning Kit and inserted 

into the original BlpI/NotI digested pMSCV-EGFR-TDM. The primers to amplify each 

In-fusion component are listed in Table S3. N-terminal EGFR kinase fragments span EGFR 

Met1 - Leu1038; C-terminal EGFR kinase fragments span EGFR Leu688 - Ala1210*; 

N-terminal HER2 kinase fragments cover HER2 Met1 - Arg1046; C-terminal HER2 kinase 

fragments comprise HER2 Leu696 - Val1255*.

To generate the pBABE-EGFRL858R/T790M plasmid, the T790M mutation was introduced to 

the pBABE-EGFRL858R (PMID: 30952700) provided as a generous gift from the Elenius 

Laboratory.

Generation of stable Ba/F3 and H1975 EGFR mutant cell lines and CrispR cell lines with 
C797S mutation

Ba/F3 cells were infected as previously described (44) to generate stable cell lines 

that express EGFRL858R/T790M/G796S, EGFRL858R/T790M/L792F, EGFRKDD-LT/WT and 

ERBBKDD-EGFR_LT/HER2. For H1975 stable cell lines, lentiviral particles were generated 

by transfecting HEK293T cells with JP1722-EGFR mutant vectors along with psPAX2 

and pMD2.G helper plasmids using FuGENE HD as the transfection reagent. Lentiviral 

supernatant was harvested 48 hours following transfection and was cleared by passing 

through a 0.45 mm filter. H1975 cells were transduced with lentivirus in the presence of 10 

µg/mL polybrene. 48 hours post-transduction, cells were treated with 2 µg/mL puromycin 

to select for stable integrants over the span of 1 week. To create the EGFRC797S mutation 

in DFCI52 and H3255GR cell lines, sgRNA and donor template were designed using 

Deskgen (deskgen.com). crRNAs (Integrated DNA Technologies, IDT) were hybridized 

with tracrRNAs and then ribonucleoprotein complex was formed with Cas9 Nuclease (IDT). 
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The reaction mixtures were nucleofected using Lonza 4D-Nucleofector. After treatment with 

100 nM Osimertinib for 1 week, DNA was extracted using the Qiagen DNeasy Mini kit and 

induced mutations were confirmed by CRISPR sequencing through the MGH DNA core. 

sgRNA, donor template, and primers are listed in Table S5. Broad/GATK best practices 

was followed for pre-processing of fastq files. The fastq files were aligned to the human 

genome version 38 (hg38) using bwa-mem (v0.7.17) and converted to sorted BAM files 

with samtools (v1.10). Duplicate reads in the BAM files were marked and additional read 

quality tags were calculated using Picard functionalities (v2.23.4). The base qualities of each 

read were recalibrated against know SNP databases using GATK (v4.1.6.0). The analysis 

ready BAM files were loaded into the IGV browser to visualize any variants present in the 

samples.

Cell viability assays

Ba/F3, H1975, H3255, H3255GR, H3255GR-C797S, DFCI52, DFCI52-C797S cells were 

plated and treated with increasing concentrations of inhibitors for 72 hours and growth 

or the inhibition of growth were assessed by Cell Titer Glo reagents from Promega, 

per manufacturer’s protocol. For experiments that investigate the effect of compounds in 

wildtype EGFR Ba/F3 cells, 10 ng/ml EGF was added during cell plating. For Ba/F3 mutant 

cells that were cultured in RPMI media cells, 10 ng/ml EGF and/or 10 ng/ml NRG1 were 

added at the time of drug treatment. For combination studies, drugs were administered at the 

same time unless otherwise stated in the figure legend.

Transfection and Western Blotting

Ba/F3, H1975, H3255, H3255GR, H3255GR-C797S, DFCI52, DFCI52-C797S cells were 

plated and treated for the time and with inhibitors indicated in the figure legends. Cells 

were harvested and lysed in RIPA or NP-40 lysis buffer followed by BCA protein assay 

to quantitate and normalize protein levels. Lysates were then processed for Western Blot 

analyses. For combination treatment with ligands such as EGF and NRG1, ligands were 

added for 15 minutes before drug treatment. For combination treatments with two drugs, 

both compounds were added at the same time. For transient overexpression studies, 

HEK293T/Cl.17 cells were transfected with 2 µg of indicated plasmids using FuGENE HD 

Transfection Reagent from Promega in OPTI-MEM media, as per manufacturer’s protocol. 

Media was changed after 24 hours and cells were treated 48 hours post-transfection with 

inhibitors for 4 hours before they were harvested. Cells were lysed in RIPA buffer followed 

by Western Blotting. Details of antibodies are listed in Table S4.

IncuCyte assays

For short-term studies assessing cell viability and apoptosis activity, H3255GR and DFCI52 

cells were plated and treated with inhibitors in media containing the CellEvent Casapse 

3/7 GreenReadyProbes reagent (Thermo Fisher Scientific). Cells were then placed in the 

IncuCyte chamber where their confluency and level of green fluorescence (measured as 

object count) were monitored and recorded by automated microscopy every two hours for 

72 hours using the IncuCyte Live-Cell Imaging Analysis System. Cell viability was then 

assessed at the end of the 72 hours using the Cell Titer Glo reagents. For long-term assays 

examining tumor regrowth over time after drug treatment, H3255 and H3255GR cells were 
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plated, treated with inhibitors and incubated in the Incucyte chamber where confluency is 

measured every 24 hours for 4 weeks. Cells were first treated for two weeks with drug and 

media change every week, followed by drug withdrawal where media containing no drug 

was changed weekly to examine tumor regrowth.

Pharmacokinetic studies

Pharmacokinetic studies were carried out as previously described (24). All procedures 

described are covered under existing protocols and have been approved by the Scripps 

Florida IACUC to be conducted in the Scripps vivarium, which is fully AAALAC 

accredited. Pharmacokinetics was determined in n=3 male C57Bl/6 mice. Compounds were 

dosed as indicated in the text via intravenous tail vein injection or by oral gavage. Blood 

was collected using minimal sampling techniques, where ~25 µL blood is collected from 

a small nick in the tail using Liheparin-coated hematocrit tubes at 5min, 15min, 30min, 

1h, 2h, 4h, 6h, and 8h. Plasma was generated via centrifugation using a hematocrit rotor. 

Plasma concentration was determined via LC-MS/MS by comparison of the analyte/IS 

peak area using a nine-point standard curve between 0.4ng/mL and 2000ng/mL prepared in 

mouse plasma. Pharmacokinetic analysis was done with WinNonlin, Centara inc. using a 

noncompartmental model.

In vivo studies

All mouse husbandry and in vivo experiments were carried out with the approval of Dana-

Farber Cancer Institute Animal Care and Use Committee. Female NCr nude mice were 

purchased from Taconic Bioscience, NY and female NSG mice from Jackson Laboratory, 

Inc, ME. Mice were implanted with expanded cells or tumor fragments of H1975 and A431 

in NCr nude mice and H3255GR, DFCI52, H3255GR-C797S, DFCI52-C797S in NSG mice 

subcutaneously and randomly grouped into treatment cohorts with at least 8-10 mice in 

each cohort. Tumor volume was monitored, and treatment was initiated when tumor volume 

reached 100 – 200mm3. For pharmacodynamic (PD) studies, mice received a single dose of 

50 mg/kg JBJ-09-063 and tumors were harvested at 2, 8, 16, and 24 hours after the dose. For 

single agent and combination agent efficacy studies, mice were dosed for 21 or 28 days and 

monitored daily. Drugs were then withdrawn, and tumors were monitored daily for up to 100 

days unless indicated otherwise in figure legend. Tumor sizes of all mice were monitored, 

and volumes were calculated using the following formula: (mm3) = length × width × width 

× 0.5. All mice were euthanized when tumor volume reached approximately 2000mm3 or 

if the tumors became necrotic or ulcerated. The vehicles used for each compound were 

as follows: JBJ-09-063 and osimertinib, 0.5% HPMC (hydroxy propyl methylcellulose) in 

water; JBJ-04-125-02, 5% NMP (5% N-methyl-2-pyrrolidone: 95% PEG-300); Gefitinib, 

0.5% HPMC and 0.1% Tween 80 in water and Afatinib, 0.5% methylcellulose and 0.4% 

Tween-80 in water.

E-ethyl-N-nitrosourea (ENU) Mutagenesis

ENU was purchased from Sigma Aldrich and mutagenesis studies were carried out as 

described previously (49). Briefly, cells were treated with 50 µg/ml of ENU overnight before 

cells were washed with RPMI and allowed to expand. Cells were then plated in 96 wells 

and 5 plates were plated per condition. These cells were treated with 1 μM JBJ-09-063, 
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osimertinib or the combination of both compounds continuously with media and drug 

change once a week. Cell colonies were monitored, and resistant colonies were counted, 

expanded and sequenced for novel EGFR mutations in the tyrosine kinase domain.

Proximity Ligation Assays

H3255GR cells were plated on coverslips and treated with inhibitors in culture media 

detailed in the figure legend. After treatment incubation, cells were fixed with 4 % PFA and 

permeabilized with 0.1 % Triton X-100. Proximity ligation assay was performed using the 

manufacturer’s protocol (Sigma Aldrich) with 1:50 000 EGFR antibodies (listed in Table 

S4). Nuclei were stained with 1 µg/ml DAPI (Cell Signaling Technology) for 10 minutes 

and the slides were mounted with Immu-Mount (Fisher Scientific). PLA quantification was 

performed with ImageJ software with the count particles function.

Statistical Analyses

All experimental data shown represent the outcomes of at least three biological replicate 

studies, with technical replicates varying by study, as described in figure legends. Sample 

sizes and statistical parameters applied to quantify variation and significance of the data are 

described in corresponding figure legends.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of JBJ-09-063 in enzymatic assays, in vitro BaF3 cellular studies and 
in vivo xenograft models.
(A) Chemical structures of JBJ-04-125-02 and JBJ-09-063 with orange circles depicting the 

key difference between the two molecules. The 1.8 Å co-crystal structure of JBJ-09-063 

in complex with EGFRT790M/V948R confirming an allosteric binding mode (PDB 7JXQ). 

JBJ-09-063 forms a critical hydrogen bond with D855 and a pi-stacking interaction 

with F856 in the DFG motif. (B) In vitro enzymatic inhibition assay of recombinant 

EGFR L858R/T790M kinase domain treated with increasing concentrations of allosteric 

inhibitors, JBJ-04-125-02, JBJ-09-063 and osimertinib. Results is graphed as percentage 

activity relative to DMSO control (mean ± SD). Cell growth and EGFR phosphorylation 

inhibition activity of JBJ-04-125-02 and JBJ-09-063 in (C) EGFRL858R/T790M and (D) 
EGFRL858R/T790M/C797S Ba/F3 cells as measured by Cell Titer Glo assay and Western Blot. 

Cell proliferation was graphed as a percentage relative to DMSO control. Data shown in 

A-C are representative experiments that were repeated at least three times. Efficacy studies 
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examining the effect of allosteric inhibitors (JBJ-09-063, JBJ-04-125-02) and tyrosine 

kinase inhibitor (osimertinib) in (E) H1975 and (F) DFCI52 xenograft models harboring 

the EGFRL858R/T790M mutation. Efficacy studies examining the effect of JBJ-09-063 or 

osimertinib as a single agent or in combination in (G) H3255GR-C797S and (H) DFCI52-

C797S xenograft models harboring the EGFRL858R/T790M/C797S mutation. Data is shown as 

a group mean of tumor volume in mm3 ± SEM relative to the start of treatment for all 

available data at the indicated timepoint (Study Days) with corresponding waterfall plots 

indicating maximum response in each group.
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Figure 2. JBJ-09-063 efficacy in human cancer cells is enhanced when combined with gefitinib.
(A) Cell viability and (B) Western Blot analyses of DFCI52 cells treated with indicated 

concentrations of osimertinib, JBJ-09-063 and JBJ-04-125-02. (C) Cell viability and (D) 
apoptosis measured as normalized Caspase3/7 activity and (E) Western Blot analyses 

of H3255GR cells treated with indicated concentrations of gefitinib, JBJ-09-063 and the 

combination of both agents. (F) Long-term cell growth assay measured as confluency (%) 

in H3255GR cells treated with indicated concentrations of gefitinib, JBJ-09-063 and the 

combination of both drugs for two weeks followed by drug withdrawal for an additional 

two weeks. Data shown in A-F a representative experiment that was repeated at least 

two times. All cell viability assays were graphed as a percentage of activity relative to 

DMSO control over indicated concentrations and all apoptosis experiments were graphed 

as normalized caspase 3/7 activity (in arbitrary units) over time. Statistical significance 

was determined using a one-way ANOVA on ranks (the Kruskal-Wallis Test) and Dunn’s 

multiple comparisons test. **P<0.005; ***P<0.0001. (G) Efficacy studies examining the 

effect of JBJ-09-063 as a single agent or in combination with gefitinib in DFCI52 xenograft 

model harboring the EGFRL858R/T790M mutation. Data is shown as a group mean of tumor 

volume (mm3) ± SEM relative to the start of treatment for all available data at the indicated 

timepoint (Study Days).
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Figure 3. Forced dimerization of EGFR with other ERBB family members impart resistance to 
JBJ-09-063.
(A) Western Blot analyses of HEK293T/Cl.17 cells transiently transfected with 

EGFRL858R/T790M or with different EGFRKDD constructs and treated with DMSO, 

osimertinib or JBJ-09-063. Cell viability in EGFRWT, EGFRKDD-LT/WT, or 

EGFRL858R/T790M Ba/F3 cells in the presence or absence of EGF treated with increasing 

concentrations of (B) JBJ-09-063 or (C) osimertinib. (D) Cell viability and (E) Western 

Blot analyses of H3255GR cells cultured in RPMI media and treated with indicated 

concentrations of compounds in the presence or absence of EGF or NRG1. Cell viability 

assays shown in B-D were graphed as a percentage of activity relative to DMSO control over 

indicated concentrations. (F) Long-term cell growth assay measured as confluency (%) in 

H3255GR cells cultured in ACL4 media (top panel) versus RPMI media (bottom panel) and 

treated with DMSO, JBJ-09-063 or osimertinib for two weeks followed by drug withdrawal 

for an additional two weeks. Cell proliferation was graphed as a percentage relative to 
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DMSO control. (G) Homodimerization of EGFR visualized by proximation ligation assay 

(PLA) in H3255GR cells cultured in ACL4 media or RPMI media. Statistical significance 

was determined using the unpaired t-test **P<0.005. (H) EGFR homodimerization in 

H3255GR cells cultured in RPMI media visualized by PLA after pre-treatment with or 

without 10 ng/ml of EGF for 15 minutes followed by incubation with DMSO or JBJ-09-063 

for 4 hours. Nuclei are stained in cyan and distinct punctate dots in red are PLA signal 

showing interaction of EGFR homodimers. Statistical significance was determined by 

ANOVA followed by Tukey’s multiple comparisons test. *P<0.0278; **P<0.0014. Data 

quantification in 3D-E was performed and graphed as EGFR:EGFR interactions (PLA 

dot/nucleus) over different culture media. Scale bar = 30 µm. All studies shown here are 

representative experiments that were repeated at least three times.

To et al. Page 24

Nat Cancer. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. JBJ-09-063 is effective in TKI naïve EGFR L858R mutant models.
(A) Cell viability of EGFRL858R Ba/F3 cells following treatment with gefitinib, osimertinib 

or JBJ-09-063. (B) Cell inhibitory activity and (C) Western Blot analyses of H3255 cells 

cultured in RPMI media and treated with indicated concentrations of specific inhibitors 

for 72 hours and 24 hours respectively. (D) Long-term cell growth activity measured as 

confluency (%) in H3255 parental cells cultured in RPMI media and treated with indicated 

concentrations of JBJ-09-063, gefitinib or osimertinib for two weeks followed by drug 

withdrawal for another two weeks. (E) Cell viability and (F) Western Blot analyses of A431 

cells treated with increasing concentrations of JBJ-09-063 and afatinib. Data shown in A, 

B, D, E are representative experiments that were repeated at least three times. Cell viability 

was graphed as a percentage relative to DMSO control. (G) Efficacy studies examining the 

effect of JBJ-09-063 or afatinib as single agents in the A431 xenograft model. Mice in the 

in vivo studies were treated after tumor development for 30 days. Data is shown as a group 

mean of tumor volume ± SEM relative to the start of treatment (Tumor volume (mm3)) for 

all available data at the indicated timepoint (Study Days).
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Figure 5. JBJ-09-063 is effective in a broad range of osimertinib-resistant EGFR mutant 
contexts.
Crystal structure of EGFR in complex with (A) JBJ-09-063 (PDB 7JXQ) or (B) osimertinib 

(bottom, PDB 4ZAU). Sites of mutation are localized to the ATP binding site and should 

not affect allosteric inhibitor binding. Modeling of resistance mutations reveals steric clashes 

with osimertinib with the exception of C797S, which prevents osimertinib from forming a 

covalent adduct with the protein. (C) Cell proliferation and (D) Western Blot analyses of 

EGFRL858R/T790M, EGFRLT/C797S, EGFRLT/L718Q, EGFRLT/L792F, and EGFRLT/G796S Ba/F3 

cells treated with DMSO, osimertinib or JBJ-09-063. All data shown is a representative 

experiment that was repeated at least three times. Cell proliferation was graphed as a 

percentage relative to DMSO control. LT = L858R/T790M.
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Figure 6. L747S mutation is an on-target resistance mechanism to JBJ-09-063 but not to 
osimertinib.
(A) Mutagenesis studies showing the number of colonies that arose when EGFRL858R/T790M 

Ba/F3 cells that were exposed to N-ethyl-N-nitrosourea (ENU) to induce sporadic mutation 

were treated with either DMSO, JBJ-09-063, osimertinib or combination treatment for 4 

weeks. Sequence tracing and the percentage of L747S and C797S mutations frequencies 

present in JBJ-09-063- and osimertinib-resistant colonies were shown with purple arrows 

respectively. (B) Modeling of the L747S resistance mutation (PDB 7JXQ) using the most 

likely serine rotamer. (C) The side chain of L747 forms favorable hydrophobic contacts 

with the phenyl ring of the allosteric inhibitor that are lost in the L747S variant. (D) In 
vitro inhibition of EGFR L858R/T790M and EGFR L858R/T790M/L747S kinases with 

increasing concentrations of JBJ-09-063 and osimertinib were measured using an HTRF-

based assay. Percentage of activity is relative to a 1% DMSO control. (E) Cell growth 

inhibition and (F) EGFR phosphorylation activity of EGFRL858R/T790M or EGFRLT/L747S 
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Ba/F3 cells treated with JBJ-09-063 or osimertinib was measured by Cell Titer Glo assay 

and analyzed by Western Blot. Data shown is a representative experiment that was repeated 

at least three times. Cell viability was graphed as a percentage relative to DMSO control. 

LT=L858R/T790M.
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