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Abstract

The heterodimeric receptor tyrosine kinase complex formed by HER2 and HER3 can act as an 

oncogenic driver and is also responsible for rescuing a large number of cancers from a diverse set 

of targeted therapies. Current inhibitors of these proteins, particularly HER2, have dramatically 

improved patient outcomes in the clinic but recent studies have demonstrated that stimulation of 

the heterodimeric complex, either by growth factors or increasing the concentrations of HER2 and 

HER3 at the membrane, significantly diminishes their activity. In order to find an inhibitor of the 

active HER2/HER3 oncogenic complex we developed a panel of Ba/F3 cell lines suitable for ultra-

high throughput screening. Medicinal chemistry on the hit scaffold resulted in a novel inhibitor 

that acts through the preferential inhibition of the active state of HER2 and as a result is able to 

overcome cellular mechanisms of resistance such as growth factors or mutations that stabilize the 

active form of HER2.
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Introduction

Signaling from the epidermal growth factor receptor (EGFR or HER) family of receptor 

tyrosine kinases (RTK) is dependent on a well-orchestrated series of interactions between 

family members to form either homo- or heterodimers1-3. This dimerization process allows 

the intracellular kinase domains to form an asymmetric dimer in which the C-terminal 

domain of the activator kinase binds to the N-terminal portion of the receiver kinase to 

stabilize it in an active conformation4(Fig. 1a). The receiver kinase then phosphorylates 

tyrosine residues on the C-terminal tails of the kinases to recruit and activate downstream 

signaling components, most notably those involved in pro-growth and survival pathways. 

Because of this, the improper activation of the EGFR family of kinases, either by mutation 

or overexpression, is observed in a variety of cancers5,6. Interestingly, cell culture studies 

suggest that rather than causing escape from the biological mechanism of regulation, 

oncogenic activation alters the equilibrium between active and inactive states to favor the 

improper dimerization and activation of these receptors7,89. This dependence on 

dimerization is particularly evident in HER2-overexpressing breast cancers that are 

dependent on the presence of HER310.

Within the EGFR family, HER2 and HER3 are unique. HER3 is classified as a pseudokinase 

with only residual kinase activity, whereas HER2 has no known activating ligand but is 

constitutively able to dimerize with other active family members. In this way, HER2 and 

HER3 together form a functional RTK unit, with HER3 responding to activating ligands 

such as neuregulin, HER2 providing the intracellular kinase activity, and both intracellular 

domains providing phosphorylation sites. Additionally, HER2 and HER3 are each other's 

preferred heterodimerization partners and also form the most mitogenic complex among all 

possible EGFR family dimers11. Because of this co-dependence, HER3 is equally important 

for the formation, proliferation, and survival of HER2-overexpressing tumors12.

Although HER2 amplification and overexpression is the most well studied means of 

oncogenic activation of the HER2/HER3 heterodimer, improper signaling can also be caused 

by secretion of the HER3 ligand NRG to stimulate HER2/HER3 heterodimers in an 

autocrine manner as well as by mutations in HER3 that stabilize and activate heterodimers 

independently of ligand13,14. In addition, mutations that activate the HER2 kinase domain 

have also been reported15-17.

In an effort to treat these tumors, small molecule kinase inhibitors such as lapatinib or 

HER2-targeted antibodies such as ado-trastuzumab emtansine (T-DM1) have been 

developed and shown efficacy against HER2-driven cancers in the clinic18,19. However, 

recent studies have demonstrated that the presence of NRG induces resistance against 

currently approved HER2-targeted mono-therapies through HER2/HER3 signaling20,21. 

Additionally, inhibition of HER2/HER3 signaling at either the RTK level or of the 

downstream PI3K/Akt pathway releases a negative feedback loop that increases the 

transcription, translation, and membrane localization of HER322-24. This increase in the 

level of HER3 causes a rebound in its phosphorylation and reactivation of the PI3K/Akt 

pathway even in the continued presence of lapatinib, indicating that formation of HER2/

HER3 heterodimers is crucial for intrinsic cellular resistance to current HER2-targeted 
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therapies25. This severe limitation illustrates why more effective therapies targeting the 

active HER2/HER3 dimer are required.

Here, we evaluated the ability of current reversible HER2 inhibitors to inhibit signaling and 

proliferation in cancer cell lines driven by HER2/HER3 heterodimers activated by different 

oncogenic mechanisms. Across several cell lines, stabilization of HER2 in the active 

conformation led to severely diminished activity of both lapatinib and TAK-285. We 

therefore aimed to identify a novel HER2/HER3 inhibitor that would preferentially target the 

active state of the heterodimer. Reasoning that a biochemical screen would be unable to 

capture the relevant cellular conformation of the fully formed transmembrane complex, we 

turned to a cell-based screening strategy. A high throughput screen of 950,000 small 

molecules against an engineered Ba/F3 cell line dependent on NRG stimulated HER2/HER3 

heterodimers yielded a hit scaffold that we optimized to create a next generation HER2 

inhibitor. The optimized inhibitor is capable of potently inhibiting signaling from the HER2/

HER3 heterodimer regardless of the activating oncogenic mechanism.

Results

HER2/HER3 Heterodimers are Resistant to current Inhibitors

We first confirmed that the addition of the HER3 activating ligand neuregulin 1 (NRG) is 

able to dramatically rescue the proliferation of HER2-overexpressing breast cancer cell lines 

treated with the HER2 kinase inhibitors lapatinib and TAK-285 (Fig. 1b, Supplementary 

Results, Supplementary Fig. 1). This rescue of cell proliferation was dose dependent and 

effective at pM concentrations of NRG in the presence of either HER2 inhibitor at 1 μM 

(Fig. 1c). To determine how NRG was able to so profoundly rescue cellular proliferation, we 

examined a time course of HER2/HER3 signaling in SK-BR-3 cells exposed to either 

lapatinib, NRG, or the combination of the two. While lapatinib alone was able to rapidly and 

sustainably inhibit all signaling from HER2 and HER3, the addition of NRG prevented the 

complete inhibition of p-HER3 and all downstream signaling pathways at all time points 

examined (Fig. 1d). Analysis of signaling from alternative EGFR family members that could 

potentially contribute to this phenotype revealed that p-EGFR actually decreased in response 

to NRG and was still able to be inhibited by lapatinib while HER4, which is thought to 

function as a tumor suppressor, was undetectable in this cell line (Supplementary Fig. 

3) 26,27.

The ability of NRG to rescue HER3 signaling in the presence of lapatinib could have several 

origins. The very weak kinase activity of HER3 itself is unlikely to be sufficient – although 

it is not inhibited by lapatinib. A more likely explanation is that NRG-induced 

heterodimerization of HER2 and HER3 stabilizes a conformation of the HER2 kinase 

domain that is resistant to the inhibitors tested. Both lapatinib and TAK-285 bind to the DFG 

in/α-C out kinase conformation and occupy the back hydrophobic pocket of HER2 that is 

only available when the kinase domain is in an inactive conformation with the αC-helix in 

the characteristic ‘out’ position28,29. This mode of binding has the advantage of giving these 

inhibitors slow off-rates but could also explain their ineffectiveness in the presence of NRG. 

Crystal structures of EGFR family homodimers and of a HER3/EGFR kinase complex have 

shown that only the ‘activator’ kinase in the asymmetric dimer can retain the inactive 
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conformation (Fig. 1a) 30,31. In HER2/HER3 complexes, HER3 will adopt this position 

exclusively, whereas HER2 will take the ‘receiver’ kinase position and become stabilized in 

the active conformation. Thus, in a HER2/HER3 complex, the size and accessibility of the 

back hydrophobic pocket of the HER2 kinase domain will be greatly reduced, preventing 

lapatinib or TAK-285 from binding.

To determine if NRG-induced heterodimerization prevents lapatinib binding, we treated 

serum-starved SK-BR-3 cells with lapatinib either 15 min before or simultaneously with 

NRG stimulation and then rapidly examined HER2/HER3 signaling to monitor the on-rate 

of lapatinib in these cells. Lapatinib concentrations greater than 100 nM were sufficient to 

inhibit the entire RTK signaling pathway when added before NRG (Fig. 2a), i.e. in the 

absence of HER2/HER3 heterodimers. By contrast, lapatinib was much less effective when 

added simultaneously with NRG – where lapatinib would need to bind to the NRG-induced 

HER2/HER3 heterodimer to inhibit signaling – even at a concentration of 1 μM (Fig. 2a). A 

similar trend was seen in MCF-7 cells, which express modest levels of HER2 and HER3, 

demonstrating that this effect does not require HER2 overexpression (Fig. 2a). The same 

trend was also observed when cells were first treated with either NRG or vehicle for 15 min 

followed by 15 min of lapatinib treatment (Supplementary Fig. 5).

To assess if NRG's ability to rescue the cellular proliferation of cell lines where the HER2/

HER3 dimer may be activated by alternative mechanisms, we assessed signaling and 

proliferation in CW-2 cells, which contain an activating mutation in the C-lobe of HER3 

(E928G) and in the N-lobe of HER2 (L755S). Similar to the HER2-overexpressing cell 

lines, the addition of NRG rescued the viability of the CW-2 cells in a 72 h proliferation 

assay from both HER2 inhibitors and rescued HER2/HER3 signaling from lapatinib (Fig. 

2b, c).

We next sought to determine whether this apparent resistance to lapatinib is specific to 

NRG-induced HER2/HER3 heterodimers or if mutations that bias HER2 towards its active 

conformation elicit a similar effect. We monitored HER2 and HER3 signaling 15 min after 

the addition of lapatinib in NCI-H1781 cells, which contain an insertion in the HER2 kinase 

domain at a position known to increase HER2 kinase activity16. As shown in Figure 2d, 

lapatinib, even at a concentration of 1 μM, was unable to fully inhibit signaling 

demonstrating that this activating mutation is sufficient to hinder lapatinib binding to HER2.

Taken together, these data argue that NRG rescues HER2/HER3 driven cells from DFG in/

α-C out inhibitors by stabilizing HER2 in the active conformation within HER2/HER3 

heterodimers. This inability to directly target the active state of HER2 places a major 

limitation on the effectiveness of a majority of current HER2 inhibitors since inhibition of 

HER2/HER3 signaling triggers feedback loops that lead to the increased membrane 

expression of HER2 and HER3, which increases the number of active HER2/HER3 

heterodimers that then rescue signaling and proliferation22,23,25. Our findings therefore 

argue that inhibitors that target the active HER2/HER3 heterodimer will have significant 

advantages, especially in situations that increase the number of active HER2/HER3 

heterodimers.
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Identification of a Novel HER2/HER3 Inhibitor

In order to find a small molecule inhibitor capable of binding to the active HER2/HER3 

signaling complex we developed a high throughput cellular screen using a Ba/F3 cell line 

engineered to be dependent on NRG-induced HER2/HER3 heterodimers. Ba/F3 cells are 

normally dependent on IL-3 signaling for their proliferation and survival but can be made 

dependent on introduced oncogenic signals32. We sequentially selected transduced Ba/F3 

cells for populations stably expressing HER3 and then HER2. To ensure that all of the 

proliferative signal could be attributed to HER2/HER3 heterodimers rather than HER2 

homodimers, the 9 C-terminal tyrosines in HER2 were mutated to phenylalanine (HER2YF). 

We then withdrew IL-3 and supplemented the media with NRG to select for NRG dependent 

HER2YF/HER3wt cells (2YF/3wt). The resulting 2YF/3wt cell line was completely 

dependent on NRG for survival and allowed us to screen for inhibitors of full-length HER2/

HER3 heterodimers in their native cellular conformations using a cell viability assay (Fig. 

3a). In addition to allowing us to identify potential inhibitors of active HER2, this cellular 

system also has the potential to uncover compounds with novel mechanisms of action 

against the pseudokinase HER3.

To validate the screen and test the effectiveness of counter-screening with either the same 

2YF/3wt Ba/F3 cell line or the parental Ba/F3 cell line in the presence of IL-3 to remove 

cytotoxic primary hits, we first tested a panel of kinase inhibitors with established 

mechanisms of action. This panel of inhibitors demonstrated that MAPK pathway inhibitors 

(e.g. vemurafenib) would not score as hits in NRG-treated 2YF/3wt cells, whereas mTOR 

inhibitors (e.g. MLN0128) are ruled out in our toxicity counter screen, showing equal 

activity in the presence of either NRG or IL-3 (Supplementary Fig. 6). By contrast, HER2 

and PI3K inhibitors showed a clear window for selective inhibition of NRG driven cells over 

IL-3 driven cells (Fig. 3b). In order to rapidly remove any hit compound that did not directly 

target the HER2/HER3 heterodimer, we created a separate Ba/F3 cell line dependent on the 

overexpression of full-length wt Axl, which also signals through the PI3K pathway. As 

shown in Figure 3b, this panel of Ba/F3 cell lines was suitable to segregate lapatinib from 

the PI3K inhibitor PIK-93.

The 48 h proliferation assay of 2YF/3wt + NRG cells was miniaturized and optimized for 

1,536-well plates, which we used to screen a diverse collection of 950,000 drug-like 

molecules (Z’ ≥0.75). This primary screen resulted in 14,012 hits (>50% inhibition vs 

DMSO) that were reduced to 1,423 compounds after triplicate confirmation and the parental 

Ba/F3 + IL-3 counter-screen (<30% inhibition vs DMSO). These 1,423 compounds were 

then assayed in dose response against all three cell lines (2YF/3wt + NRG, parental Ba/F3 + 

IL-3, and Axl+) (Fig. 3c, Supplementary Table 1). This screening and triaging process led to 

the identification of three hit compounds sharing the same scaffold, exemplified by 

compound 1 in Fig. 3d, which reproducibly showed preferential inhibition of 2YF/3wt + 

NRG cell proliferation. Optimization of the hit scaffold through five iterations of analog 

synthesis, each consisting of approximately ten compounds, led to compound 2, which 

shows a marked preference for the inhibition of the NRG driven cells over the others (Fig. 

3e).
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The Cellular Activity of 2 Results from HER2 Inhibition

The specificity of compound 2 for the NRG-driven 2YF/3wt cells indicated that the 

compound had reasonable kinase specificity and was likely interfering with signaling at the 

RTK level. This was confirmed by in vitro profiling against a panel of kinases, with 2 only 

showing potent inhibition of EGFR and Abl (Supplementary Table 2, 3). To determine the 

mechanism of action of 2, we evaluated its ability to interact with HER2 or HER3 using an 

in vitro kinase assay or thermofluor respectively. Compound 2 was equipotent to lapatinib 

against HER2 in vitro (Fig. 4a) and, surprisingly, was also capable of binding to HER3 (Fig. 

4b). Moreover, unlike all other EGFR family inhibitors examined so far, 2 was also able to 

inhibit the small amount of HER3 auto-phosphorylation seen when the purified HER3 

intracellular domain is clustered, indicating that it binds to the HER3 active site 

(Supplementary Fig. 7).

To determine how 2 is able to interact with multiple members of the EGFR family, we 

determined the X-ray crystal structure of 2 bound to the EGFR kinase domain (Fig. 4c, 

Supplementary Table 4). Although crystals were obtained with both the wild-type kinase 

domain and a V924R-mutated variant, the latter were optimized most readily. The V924R 

kinase domain crystallizes in the inactive (autoinhibited) conformation in the absence of 

inhibitor or when bound to the type I EGFR inhibitor erlotinib, because this mutation places 

a polar arginine side-chain in the middle of the hydrophobic patch used to form the 

asymmetric dimer required for EGFR dimerization33,34 (Fig. 4c). Strikingly, 2 was able to 

stabilize the active conformation of this mutated EGFR kinase domain in crystals, as 

evidenced by the “in” conformation of the α-C helix, which allows formation of the 

characteristic salt-bridge between the β3 lysine and the α-C glutamate, as well as the 

ordered extension of the activation loop (Fig. 4c, d). This finding indicates that our hit 

scaffold may have a strong preference for binding and stabilizing the active conformation of 

EGFR family kinase domains. Interestingly, the HER3 kinase domain has only ever been 

crystallized in the inactive conformation and failed to crystallize after introducing mutations 

designed to destabilize the inactive state or in the presence of 2 35,36. This suggests that 2 
may be stabilizing an alternate HER3 kinase domain conformation that could potentially 

prevent its ability to allosterically activate HER2.

In order to determine whether binding to HER2, HER3, or to both, was responsible for the 

anti-proliferative activity of 2, we created a series of Ba/F3 cell lines dependent on NRG-

induced HER2/HER3 heterodimers that possessed methionine gatekeeper mutations (TM) in 

either kinase alone (2YF/3TM and 2YFTM/HER3wt) or together (2YFTM/3TM). The 

methionine gatekeeper mutation has been shown to prevent lapatinib from binding to HER2 

and was able to reduce the ability of 2 to bind to either kinase in isolation (Supplementary 

Fig. 8) 37. Consistent with previous reports, both lapatinib and gefitinib (an EGFR inhibitor 

capable of inhibiting HER2 to a lesser extent) were unable to inhibit the proliferation of 

either Ba/F3 cell line that contained the gatekeeper mutation in HER2. Similarly, inhibition 

by 2 was only affected by the HER2 gatekeeper mutation, whereas the gatekeeper mutation 

in HER3 had little influence (Supplementary Table 5). These data indicate that the cellular 

activity of 2 is due to inhibition of HER2 kinase activity.
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Type I HER2 Inhibitors are Insensitive to NRG stimulation

Reasoning that a type I inhibitor of HER2 could possess the necessary attributes to inhibit 

signaling from the active HER2/HER3 heterodimer, we set out to further optimize the 

potency of our inhibitor. The crystal structure suggested that the extra-cyclic NH linker 

could form an intramolecular hydrogen bond with the 2-furan, which would help to stabilize 

the inhibitor in a conformation necessary for binding to the active kinase. The structure also 

suggested that limiting the charge density on the other 2-furan ring would prevent negative 

interactions with the kinase. With these parameters in mind, the second optimization effort 

led to compound 3, which showed superior activity to lapatinib in the 2YF/3wt + NRG cells 

and specificity for this cell line over the others by multiple orders of magnitude (Fig. 5a, b). 

In vitro kinase profiling of 3 revealed a similar profile to 2 as well as similar potency against 

HER2 (Supplementary Table 6, Supplementary Fig. 9).

Consistent with our hypothesis that a potent type I inhibitor of HER2 would be unaffected 

by the presence of NRG, 3 showed little to no shift in its ability to inhibit the growth or 

signaling of HER2-overexpressing cell lines in the presence of NRG (Fig. 5c, 

Supplementary Fig. 10). Additionally, unlike lapatinib and TAK-285, 1 μM 3 was able to 

inhibit the proliferation of HER2-overexpressing cells over a dose response of NRG and was 

also able to induce cell death in the presence of NRG (Supplementary Fig. 11). To confirm 

that 3 could bind to the actively signaling HER2/HER3 heterodimer, we looked at signaling 

15 min after the addition of NRG in SK-BR-3 cells either pre-treated with 3 followed by 

NRG stimulation or simultaneously treated with 3 and NRG. The minimal influence of NRG 

on the ability of 3 to inhibit all levels of signaling with or without pre-incubation, especially 

when compared to lapatinib (compare Fig. 5d to 2a), suggests that it is capable of binding to 

and inhibiting the active HER2/HER3 complex, which is not disrupted by 3 (Fig. 5d, 

Supplementary Fig. 13). A similar result was obtained in non-HER2-amplified MCF-7 cells 

and when NRG or vehicle was added prior to a dose response of 3 (Supplementary Fig. 14, 

15).

Consistent with the results in the HER2-overexpressing cell lines, CW-2 cells were equally 

sensitive to 3 +/- NRG in both proliferation and signaling assays (Fig. 6a, b). This superior 

activity of 3 compared to lapatinib towards the CW-2 cells was not due solely to the L755S 

mutation in HER2 as a similar trend was also seen in a Ba/F3 cell line dependent on the 

HER3 mutant, HER2YF/HER3E928G (2YF/3EG), which can grow independently of NRG 

(Supplementary Fig. 17).

The ability of 3 to inhibit the activated form of HER2 was not limited to growth factor-

induced heterodimers as the mutationally activated form of HER2 in NCI-H1781 cells was 

rapidly and fully inhibited by 3, which translated into its ability to inhibit the proliferation of 

this cell line (Fig. 6c, d). To further evaluate the potential of 3 against HER2 mutants within 

a HER2/HER3 heterodimer, we transduced wt HER3 containing Ba/F3 cells with reported 

HER2 oncogenic mutants in the HER2YF construct15,16. The resulting cell lines contained 

the HER2 mutations L755S (2YF-L755S/3wt), Y772_A775 dup (2YF-YVMA/3wt), and 

G776del_insVC (2YF-VC/3wt) remained sensitive to 3 but showed complete resistance to 

lapatinib (Supplementary Table 7).
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An additional mechanism by which cancers can become dependent on HER2/HER3 dimers 

is through NRG mediated autocrine signaling13. Proliferation of the NRG autocrine 

dependent CHL-1 cell line was similar between lapatinib and 3 when measured at 72 h using 

CellTiter-Glo (Supplementary Fig. 18a). However, monitoring the growth of CHL-1 cells 

using microscopy showed that the anti-proliferative activity of 3 is immediate and more 

potent when compared to lapatinib, which takes some time to begin exerting its weaker anti-

proliferative effect (Supplementary Fig. 18b).

We next examined signaling in CHL-1 cells after 24 h drug treatment and found that 3 was 

better able to inhibit NRG autocrine signaling in the presence of feedback, evidenced by the 

increasing expression of HER2 and HER3 with increasing concentration of drug (Fig. 6e). 

To further examine the differing abilities of 3 and lapatinib to inhibit feedback-released 

signaling in the NRG autocrine cells, we pre-treated CHL-1 cells with lapatinib for 24 h to 

induce feedback signaling, washed the cells, and then treated with a dose response of either 

lapatinib or 3 for an additional 24 h. Whereas the ability of lapatinib to inhibit feedback 

signaling was reduced as compared to the 24 h treatment by itself, 3 showed little to no shift 

in its ability to inhibit signaling – and showed complete inhibition at 1 μM (Fig. 6f). Similar 

results were obtained in FaDu cells, which are also dependent on NRG autocrine signaling 

(Supplementary Fig. 19).

To determine the feasibility of using 3 in vivo, we analyzed the pharmacokinetics after either 

IV or IP administration in mice (Supplementary Fig. 20). The short half-life of the inhibitor 

precluded a thorough test of 3 against xenografts and improving the PK properties of the 

inhibitor scaffold will be a focus of future optimization efforts.

Discussion

The conformational dynamics of protein kinases are critical for their function and for many 

of the adaptable characteristics of kinase-driven signaling pathways. Particular kinase 

conformations also offer access to distinctive structural features that can be exploited in the 

design of inhibitors to gain selectivity even among well conserved protein families. The 

DFG in/α-C out binding inhibitor lapatinib targets the inactive state of a kinase with its 

benzyl ether substituent, which when combined with the quinazoline scaffold grants it 

exquisite selectivity for the EGFR family of kinases. What has so far been largely 

unappreciated is the vulnerability of this class of inhibitors to mechanisms that stabilize the 

active state of the targeted kinases, which lead to drug resistance as we describe here.

Our study highlights this vulnerability and demonstrates that multiple mechanisms of 

stabilizing the active conformation of HER2 – through mutation or protein/protein 

interactions – results in resistance to lapatinib. The challenge is therefore to develop a potent 

inhibitor of the HER2/HER3 heterodimer whose selectivity is independent of binding to the 

inactive state. In order to discover such an inhibitor we turned to cell-based screening that 

has shown a unique ability to identify novel kinase inhibitors that target the relevant 

conformation of a protein in its endogenous environment38,39. A screen of close to one 

million small molecules revealed a novel inhibitor whose potency and selectivity were 

improved through iterative rounds of medicinal chemistry. The resulting EGFR family 
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inhibitor demonstrates the striking ability to inhibit the mutationally activated form of HER2 

as well as NRG-stabilized HER2/HER3 signaling complexes, both of which are insensitive 

to the clinical inhibitor lapatinib.

While our approach sought to find a single agent that could address the challenge of 

inhibiting the active HER2/HER3 heterodimer, alternative strategies using the HER2 

targeting antibody pertuzumab in conjunction with T-DM1 have also been shown to be 

efficacious. This treatment regimen would require sufficient doses of both drugs to be 

consistently present for activity as either agent by itself is unable to inhibit signaling or 

growth of HER2 driven cells in the presence of NRG20. Additionally, this dual antibody-

based strategy would be unable to target the p95 fragment of HER2, which is associated 

with trastuzumab resistance40,41 and poorer clinical outcomes42,43.

Another potential strategy to target the NRG-stimulated HER2/HER3 heterodimers is to use 

the irreversible inhibitor of HER2 neratinib. However, neratinib is based on the same DFG 

in/α-C out binding scaffold as lapatinib so while its electrophilic nature may make it more 

potent than lapatinib, it would also suffer from a reduced ability to initially bind to the 

activated form of HER2.

The last decade has seen an industrialization of kinase inhibitor discovery using purified 

protein kinases for both drug development and off-target assessment. In other target classes, 

such as GPCRs and ion channels, cell-based screens have been the rule rather than the 

exception and have led to a rich array of state specific modulators. Our work suggests that 

cell-based assays designed for kinases offer a powerful screening platform that can lead to a 

similar diversity in the state specificity of kinase inhibitors with the expectation that such 

state-specific binders will exhibit enhanced therapeutic benefit through potentially novel 

mechanisms of action.

Online Methods

Cell Culture and Reagents

BT-474, MCF-7, NCI-H1781, CHL-1, and FaDu cells were purchased from ATCC, CW-2 

cells were purchased from Riken Cell Bank, HEK293T cells were purchased from the UCSF 

cell culture facility, and EcoPack-293 cells were purchased from Clontech. SK-BR-3 cells 

were a gift from Dr. Sourav Bandyopadhyay (UCSF) and parental Ba/F3 cells were a gift 

from Dr. Neil Shah (UCSF). All cell lines were maintained at 37°C and 5% CO2. BT-474, 

NCI-H1781, CW-2, Axl+ Ba/F3, and 2YF/3EG Ba/F3 cells were maintained in RPMI-1640 

(Gibco) + 10% FBS. MCF-7, CHL-1, FaDu, HEK293T, and EcoPack-293 cells were 

maintained in DMEM (Gibco) + 10% FBS. SK-BR-3 cells were maintained in McCoy's 5A 

(Gibco) + 10% FBS. Parental Ba/F3's were maintained in RPMI-1640 + 10% FBS 

supplemented with 10 ng/mL IL-3. 2YF/3wt, 2YF/3TM, 2YFTM/3wt, 2YFTM/3TM, 2YF-

L755S/3wt, 2YF-YVMA/3wt, and 2YF-VC/3wt Ba/F3 cells were maintained in RPMI-1640 

+ 10% FBS supplemented with 6.25 ng/mL NRG.

Lapatinib and TAK-285 were purchased from Selleckchem and were aliquoted and stored as 

10mM DMSO stocks at −20°C. Anti-phospho-EGFR (Y1068) (cat#3777), anti-EGFR 
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(cat#4267), anti-phospho-HER2 (Y1221/Y1222) (cat#2243), anti-HER2 (cat#2165), anti-

phospho-HER3(Y1289) (cat#2842), anti-HER3 (cat#12708), anti-HER4 (cat#4795), anti-

phospho-Akt(T308) (cat#2965), anti-Akt (cat#2920), anti-phospho-ERK (cat#9101), anti-

ERK (cat#4695), anti-phospho-S6 (S240/244) (cat#2215), anti-S6 (cat#2217), anti-

phospho-4-EBP1 (T37/46) (cat#2855), anti-4EBP1 (cat#9644), anti-α-tubulin (cat#3873), 

and human neuregulin-1 (cat#5218) were purchased from cell signaling technologies. Mouse 

IL-3 (cat#PMC0034) was purchased from Gibco.

Cloning and Ba/F3 Cell Selection

Site-directed mutagenesis was performed according to standard protocols on the human 

HER2 and HER3 sequences in pcDNA3.1. The desired constructs were Gibson cloned into 

the pMSCV plasmid (Clontech) containing the puro resistance (HER3, Axl) or neo 

resistance (HER2) gene44. The sequences of all constructs were confirmed with DNA 

sequencing. To produce virus, EcoPack-293 cells in a 6-well plate were transfected with the 

desired pMSCV plasmid using lipofectamine LTX (Invitrogen) according to the 

manufacturer's protocol. Media was exchanged 8h after transfection. 48 h after transfection 

the viral supernatant was filtered through a 0.2μM filter and added to one well of a 6 well 

plate containing 2×106 Ba/F3 cells in 1 mL of RPMI media containing 40% FBS, 10 ng of 

IL-3, and 4 μg of polybrene (Sigma). The cells were then centrifuged at 2,000 × g for 90 min 

at room temperature, placed back in the incubator for 24 h, and then added to a T-75 flask 

containing fresh RPMI-1640 media supplemented with 10 ng/mL of IL-3 and incubated for 

an additional 24h.

For the 2YF/3wt cells, the parental cells were first transduced with HER3 according to the 

protocol above and were then spun down at 500×g for 5 min and re-suspended in media 

supplemented with 10 ng/mL IL-3 and 3 μg/mL puromycin (Invitrogen). Cells were 

maintained in these conditions for seven days, passaging as required. After seven days the 

cells were spun down, washed with fresh media, and then used for a subsequent round of 

transduction according to the protocol above with HER2YF virus. 48h after the second 

transduction, the cells were re-suspended in RPMI-1640 containing 10 ng/mL IL-3 and 800 

μg/mL G418 (Invitrogen). The cells were maintained in these conditions for seven days, 

passaging as required. After seven days the cells were spun down, washed with fresh media, 

and then suspended in media supplemented with 10 ng/mL of NRG. Cells were maintained 

in these conditions for seven days to select for a NRG dependent population of 2YF/3wt 

Ba/F3 cells that were then maintained as described above. The same protocol was used for 

the 2YF-L755S/3wt, 2YF-YVMA/3wt, and 2YF-VC/3wt cell lines using the indicated 

constructs.

For the HER2YF/3TM, HER2YFTM/3wt, and HER2YFTM/3TM Ba/F3 cell lines, an 

identical protocol was used with the exception that the populations were first selected for 

expression of the indicated HER2 construct (G418 resistance), followed by the expression of 

the indicated HER3 construct (puromycin resistance).

HER2YF/3EG Ba/F3 cells were selected according to the protocol for the HER2YF/3TM 

Ba/F3's with the exception that no NRG was supplemented in the media during IL-3 

independent selection.
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For Axl+ cells, the transduced cells were spun down at 500×g for 5 min and resuspended in 

media supplemented with 10 ng/mL IL-3 and 3 μg/mL puromycin (Invitrogen). Cells were 

maintained in these conditions for 7 days, passaging as required. After 7 days the cells were 

spun down, washed with fresh media, and then suspended in IL-3 free media. The cells were 

maintained in these conditions for 2 weeks to select for an IL-3 independent population of 

Axl+ driven cells.

Proliferation Assays

For adherent cell lines, cells were plated onto opaque white 96-well plates (Greiner 

cat#655083) and allowed to adhere overnight. The following day media was changed to 

fresh media that contained either DMSO or the indicated concentration of drug plus NRG 

(50ng/mL final concentration) as indicated. Plates were incubated at 37°C for 72h and cell 

viability was read out using CellTiter-Glo assay (Promega) according to the manufacturer's 

protocol. For Ba/F3 cell proliferation, cells, drug dilution, and any necessary growth factors 

(10 ng/mL IL-3 or 6.25 ng/mL NRG) were combined in a well of a 96 well plate. Plates 

were incubated at 37°C for 48h and proliferation was read out using CellTiter-Glo according 

to the manufacturer's protocol. For all normalized assays, proliferation was normalized to the 

DMSO control condition. All graphs were plotted in GraphPad Prism 6 and fit with a non-

linear regression of the log(inhibitor) vs response with a variable slope where shown. All 

graphs are averages (+/- standard deviation) of biological triplicates each performed in 

technical triplicate unless otherwise noted.

Immunoblotting

Cells were grown in 6-well plates and treated according to the indicated conditions at which 

point the media was aspirated, cells were washed with 1 mL of cold PBS, which was then 

aspirated and the plates were frozen at −80°C. The frozen cells were thawed on the plates in 

a buffer containing 50mM Tris pH 7.5, 150mM NaCl, 1mM EDTA, and 1% Triton X-100 

supplemented with 1x phosphatase (PhoSTOP, Roche) and 1x protease (complete-mini 

tablets, Roche) inhibitors. Lysates were scraped, transferred to Eppendorf tubes, and cleared 

by centrifugation at 20,000×g for 20 min at 4°C. The clarified lysates were transferred to 

chilled, clean tubes, and normalized for protein concentration by Bradford (Bio-Rad). The 

normalized lysates were diluted with Laemmli loading buffer, and 10μg of total protein was 

run on a 4-12% gradient gel (Invitrogen), which was then transferred to .45 μM 

nitrocellulose (Bio-Rad) and analyzed using the indicated primary antibodies according to 

the manufacturer's recommendations (1:1000 antibody dilution). Primary antibodies were 

detected using IRDye secondary antibodies (Li-Cor) according to the manufacturer's 

recommendations and scanned on an Odyssey imager (Li-Cor). Scanned images were 

cropped and assembled in Adobe Illustrator 6.

For the HER3 immunoprecipitation cells were treated the same as above but lysed in a buffer 

containing 20 mM Tris pH=7.5, 150mM NaCl, 1mM EDTA, and 1% Triton X-100 

supplemented with 1x phosphatase (PhoSTOP, Roche) and 1x protease (complete-mini 

tablets, Roche) inhibitors. 1 mg of of the total protein was immunoprecipitated with the 

HER3 anti-body (CST, cat#12708) at 4°C overnight, followed by incubation with protein A 

beads (CST cat#8687) for 30 min at room temperature. The beads were washed 3x with lysis 
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buffer, eluted by boiling in 3x laemmli buffer and analyzed by western blot as detailed 

above.

High Throughput Screening and Analysis

For compound screening, 20 nL of 1 mM compound solutions in DMSO were transferred 

(Echo Labcyte) into white 1,536-well plates. Subsequently, cells were seeded in 5 μL of 

growth medium (500 cells per well) using an automated plate filler (Kalypsys), resulting in 4 

μM compound concentration. Each assay plate included neutral (DMSO only) and inhibitor 

(lapatinib) control wells. CellTiter-Glo Reagent (Promega, 2 μL/well) was added two days 

later. Luminescence signal was read after 10 minutes using an automated plate reader 

(ViewLux or Envision, Perkin-Elmer). The data were analyzed using the Genedata Screener 

software, normalized by neutral control. The percentage inhibition for each tested compound 

was calculated on per-plate basis, and all compounds that showed over 50% inhibition of the 

luminescence signal as compared to the DMSO control were picked as primary hits for 

triplicate confirmation. Hits confirmed with > 50% inhibition in two out of the three 

replicates were subsequently assayed in parental Ba/F3 +IL3 cells and non-toxic hits (< 30% 

inhibition in parental cells) were further assayed in dose response in 2YF/3wt + NRG, 

parental BaF3 +IL-3, and BaF3-Axl cells in order to identify hits that selectively inhibit the 

2YF/3wt cells in the presence of NRG.

In vitro Kinome Screen

In vitro profiling of 2 at 100 nM and 1 μM and 3 at 1 μM was conducted by Nanosyn.

Real-Time Cell Proliferation Assay

CHL-1 cells were plated in clear bottom black 96-well plates (Corning cat# 3904) and 

allowed to adhere overnight. The following day media was changed to fresh media that 

contained either DMSO or the indicated concentration of compound. Confluence was 

measured every 2 h for 96 h using two bright field images per well taken on an IncuCyte 

Zoom (Essen BioScience). Data were graphed in GraphPad Prism 6 and are averages of 

biological duplicates, each performed in technical triplicate.

In vitro HER2 Kinase Assay

In vitro kinase assays with the HER2 kinase domain (SignalChem) were performed in 

triplicate as follows. To 9 μL of a 2.5x solution of kinase and substrate in reaction buffer was 

added 3μL of a 5x DMSO or inhibitor dilution in 10% DMSO:water. The inhibitor/kinase 

solution was incubated at room temperature for 10 minutes. The kinase assay was initiated 

by the addition of 3 μL of a 5x solution of ATP, and ran for 15 minutes. The final reaction 

conditions were 50mM Tris (pH7.4), 5mM MnCl2, 0.01% Tween-20, 2mM DTT, 100 μM 

E4Y substrate (SignalChem), 15 nM HER2, 2% DMSO, 50 μM ATP, and 1 μCi γ32P-ATP. 

After 15 minutes, 3 μL of each reaction was pipetted onto phosphocellulose sheets (P81, 

Whatman) and allowed to dry. The sheets were then washed 4 × 5 min with a solution of 

0.5% phosphoric acid, dried, and exposed to a phosphor screen overnight. Phosphorimaging 

was conducted on a Typhoon 9500, image intensities were quantified in ImageQuant 5.2, 

normalized to the DMSO control and plotted in GraphPad Prism 6.
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HER3 Thermofluor Assay

The HER3 gatekeeper mutation (T787M) was introduced into the HER3 tyrosine kinase 

domain in the pFastBac plasmid using standard protocols. Both wt and T787M HER3 were 

purified according to the previously published protocols35. Thermofluor reactions were 

performed in duplicate and set up as follows. 1 μL of an inhibitor or DMSO dilution in 40% 

DMSO:water was added to 19 μL of the HER3 kinase domain in reaction buffer. The final 

reaction solution contained 100 mM MOPS, 200 mM NaCl, 5% glycerol, 5 mM MgCl2, 0.1 

mM DTT, 5x SYPRO Orange, 2 μM kinase, 2% DMSO and 20 μM inhibitor in the wells of 

a 96-well, low profile, white, PCR plate (USA scientific). The solution was pipetted up and 

down to mix, sealed with TempAssure clear PCR flat caps (USA Scientific), centrifuged at 

500×g for 30 s, and heated in a Stratagene M×3005P RT-PCR machine from 25°C to 95°C 

in 0.5°C increments every 30 s after an initial incubation at 25°C for 10 min. Fluorescence 

was measured at the end of each 30s period with an excitation wavelength of 492 nm and an 

emission wavelength of 610 nm. To obtain the melting temperature, fluorescent signals were 

normalized to the maximum fluorescent signal for that well. Values after the well had 

reached a maximum signal were discarded and the signals were fit to the Boltzmann 

equation in Graphpad Prism 6. ΔTm was calculated as the difference in melting temperature 

between the compound-treated kinase compared to the DMSO control.

Transfected HER2 Kinase Activity

The HER2 gatekeeper mutation (T798M) was introduced into the HER2 gene in pcDNA3.1 

using standard protocols. HEK293T cells were transfected with the indicated pcDNA3.1 

constructs of HER2 using Lipofectamine LTX according to the manufacturers protocol. 24h 

after transfection the media was exchanged for fresh drug containing media. After 1h of 

drug treatment the cells were processed for immunoblots according to the above protocol.

Cell Death Assay

Cells were plated in clear bottom, black, 96-well plates (Corning cat#3904) and allowed to 

adhere overnight. The following day media was changed to fresh media that contained 1x 

concentration of CellTox green (Promega) and either DMSO or the indicated concentration 

of drug +/- NRG (50ng/mL). Cells were allowed to grow for 72 h after which the number of 

dead cells was measured using the IncuCyte Zoom. Immediately after the 72 h read, 5 μL of 

1.25% Triton X-100 was added to each well, which were then incubated at 37°C for 30 min 

to lyse all cells that were then counted by the IncuCyte. The percent cell death was 

calculated by dividing the number of dead cells counted at 72h by the number of total DNA 

containing cells after the detergent treatment. Values are the average of biological triplicate 

each performed in technical triplicate and were plotted in GraphPad Prism 6.

Crystallization and Structure Determination

EGFR672-998/V924R protein expression and purification was performed exactly as 

previously described34. For the EGFR TKDV924R/2 structure, EGFR TKD protein was 

concentrated to 8 mg/ml in 20 mM Tris-HCl, pH 8.0, containing 150 mM NaCl and 2 mM 

DTT. Protein was co-crystallized with excess of a drug 2 (1:2 molar ratio) in a reservoir 

solution of 1.34M ammonium sulfate, 1.34% (v/v) PEG 400, and 0.1 M sodium acetate/
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acetic acid pH 5.5 in the hanging drop at 21°C. Crystals were cryo-protected in reservoir 

solution with added 20% (w/v) glycerol and flash frozen in liquid nitrogen. Diffraction data 

were collected at beamline 23ID-B of GM/CA@APS (Advanced Photon Source), where 

crystals diffracted to 3.3 Å, and were processed using HKL2000 (see Supplementary Table 

2). The structure was solved by molecular replacement using Phaser with the active EGFR 

(WT) TKD structure (PDB 1M17) as an initial search model. Repeated cycles of manual 

building/rebuilding using Coot were alternated with rounds of refinement employing 

REFMAC and PHENIX, plus composite omit maps calculated using PHENIX. Coordinates, 

parameter files and molecular topology of 2 were generated by PRODRG45. Data collection 

and refinement statistics are shown in Supplementary Table 4, and structural figures were 

generated with PyMOL.

HER3 Autophosphorylation Assay

ErbB3-ICD665-1323 wild-type expression and purification was performed exactly as 

previously described35. To monitor the change in autophosphorylation, 1μM ErbB3-

ICD665-1323 protein was incubated with inhibitors (varied concentrations noted in the figure) 

and DOGS-Ni-NTA (prepared as described in Zhang et al.4) in 100 mM MOPS pH 7.4, 

containing 200 mM NaCl, divalent cations (2 mM MnCl2 plus 5 mM MgCl2), 5 % glycerol, 

0.1 mM DTT and 200 μM ATP for 1 hour at 25 °C, and the reactions were stopped by 

adding 50 mM EDTA and SDS-PAGE gel-loading buffer for rapid qualitative comparison of 

autophosphorylation by SDS-PAGE and immunoblotting with anti-phosphotyrosine (pY20) 

and anti-(His)5.

Pharmacokinetic Evaluation of 3

Pharmacokinetic profiling of compound 3 was performed by Biotranex.

General Methods for Chemistry

Full experimental details and characterization data for all new compounds are included in 

the supplementary note.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NRG rescues HER2-over-expressing cancer cells from HER2 inhibitors. a. Cartoon 

schematic of the EGFR family kinase domain asymmetric dimer. The C-terminal domain of 

the ‘activator’ kinase (right) interacts with the N-terminal portion of the ‘receiver’ kinase 

(left). This interaction stabilizes the active conformation of the receiver kinase identified by 

the ‘in’ conformation of the receiver kinase's α-C helix and the ordered extension of the 

activation loop. The activator kinase retains the inactive conformation. b. 72 h proliferation 

of SK-BR-3 and BT-474 cells treated with a dose-response of lapatinib in the presence or 

absence of NRG (mean ± SD, n=3). c. The ability of NRG to rescue SK-BR-3 and BT-474 

cell proliferation from HER2 inhibitors is dose dependent. Cells were treated with 1 μM of 

the indicated inhibitor in the presence of varying concentrations of NRG, and proliferation 

was read out after72h (mean ± SD, n=3). d. HER2/HER3 signaling was evaluated over a 

time-course in SK-BR-3 cells treated with either lapatinib, NRG, or both. The addition of 

NRG rescues p-HER3 and all downstream signaling at all time points examined (Full gels 

shown in Supplementary Fig. 2).
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Figure 2. 
Lapatinib is unable to bind to the active HER2/HER3 heterodimer. a. SK-BR-3 or MCF-7 

cells were serum starved for 24 h and then either treated with lapatinib alone for 15 min – 

followed by a 15 min NRG stimulation (50ng/mL) (15 min pre-treat), or were treated with 

lapatinib and NRG together for 15 min (simultaneous addition). The reduced efficacy of 

lapatinib when simultaneously added with NRG indicates a reduced ability to bind active 

HER2 in HER2/HER3 heterodimers (Full gels shown in Supplementary Fig. 4a, b). b. NRG 

rescues the 72h proliferation of CW-2 cells from HER2 inhibitors (mean ± SD, n=3). c. 

CW-2 cells treated with a dose response of lapatinib in the presence or absence of NRG 

(50ng/mL) for 1h show that NRG rescues HER2/HER3 signaling (Full gels shown in 

Supplementary Fig. 4c). d. NCI-H1781 cells were treated with a dose response of lapatinib, 

and signaling was evaluated after 15 min. The short treatment time shows lapatinib does not 

efficiently bind to HER2 mutants biased towards the active conformation (Full gels shown in 

Supplementary Fig. 4d).
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Figure 3. 
Design and execution of a high-throughput screen identifies a novel HER2/HER3 inhibitor. 

a. 2YF/3wt cells were incubated in the presence or absence of NRG for 48h and 

proliferation was assessed by CellTiter-Glo (mean, n=1). b. 48h proliferation curves of the 

Ba/F3 cell panel show they can separate out compounds that specifically inhibit signaling at 

the HER2/HER3 level (lapatinib) from those that hit downstream (PIK-93) (for lapatinib 

mean ± SD, n=3, for PIK-93 mean, n=1). c. A schematic of the high throughput screen. 

Compounds were first screened for the ability to inhibit the proliferation of the 2YF/3wt + 
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NRG cells, counter-screened against the parental cells in the presence of IL-3, and then 

screened in dose response against all 3 cell lines. d. Structure and proliferation curves for hit 

compound 1 against the Ba/F3 cell line panel (mean ± SD, n=3). e. Structure and 

proliferation curves for compound 2 against the panel of Ba/F3 cell lines (mean ± SD, n=3).
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Figure 4. 
Compound 2 is a selective Type I inhibitor or HER2. a. In vitro kinase assay of the HER2 

kinase domain against lapatinib and 2 (mean ± SD, n=3). b. Thermal stabilization of the 

HER3 kinase domain by either 2 or ATP as determined by thermofluor (mean, n=2). c. The 

crystal structure of either erlotinib (left, PDB:4HJO) or 2 (right) bound to EGFR V924R. 

The kinase domain in complex with 2 has been stabilized in the active confirmation by drug 

binding, despite the inactivating mutation – as evidenced by the ordered extension of the 

activation loop and the inward positioning of the α-C helix. d. Magnified view of the EGFR 
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V924R active site when bound to 2 shows the proximity of the β3 lysine (K721) and the 

glutamate (E738) in the α-C helix, which are positioned so as to make a predicted hydrogen 

bond.
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Figure 5. 
A type I inhibitor of HER2 is insensitive to the presence of NRG a. Chemical structure of 

compound 3. b. Proliferation curves for 3 against the Ba/F3 cell line panel (mean ± SD, 

n=3). c. 72h proliferation curves of SK-BR-3 and BT-474 cells treated with a dose response 

of 3 in the presence or absence of NRG indicates that 3 is insensitive to the presence of NRG 

in HER2-overexpressing cell lines (mean ± SD, n=3). d. The same assay in Fig. 2a was 

performed with 3 in SK-BR-3 cells (Full gels shown in Supplementary Fig. 12).
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Figure 6. 
3 inhibits the active HER2/HER3 heterodimer in multiple oncogenic settings. a. 72 h 

proliferation of CW-2 cells against 3 in the presence or absence of NRG (mean ± SD, n=3). 

b. CW-2 cells treated with a dose response of 3 in the presence or absence of NRG 

(50ng/mL) for 1h (Full gels shown in Supplementary Fig. 16a). c. 72 h proliferation of NCI-

H1781 cells shows that they are sensitive to 3 but not to DFG in/α-C out inhibitors (mean ± 

SD, n=3). d. NCI-H1781 cells were treated with a dose response of 3 and signaling was 

evaluated after 15 min (Full gels shown in Supplementary Fig. 16b). e. HER2/HER3 
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signaling was evaluated in CHL-1 cells treated with a dose response of either lapatinib or 3 
for 24 h. 3 is better able to inhibit p-HER3 and thus the PI3K/Akt pathway (Full gels shown 

in Supplementary Fig. 16c). f. CHL-1 cells were treated with either DMSO or 500 nM 

lapatinib for 24 h. The cells were then washed and treated with a dose response of either 

lapatinib or 3 for an additional 24 h. Signaling shows 3 is better able to inhibit feedback 

activated HER2/HER3 signaling in CHL-1 cells (Full gels shown in Supplementary Fig. 

16d).
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