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Abstract

Whereas recent clinical studies report metastatic melanoma survival rates high as 30–50%,

many tumors remain nonresponsive or become resistant to current therapeutic strategies.

Analyses of The Cancer Genome Atlas (TCGA) skin cutaneous melanoma (SKCM) data set

suggests that a significant fraction of melanomas potentially harbor gain-of-function muta-

tions in the gene that encodes for the ErbB4 receptor tyrosine kinase. In this work, a drug

discovery strategy was developed that is based on the observation that the Q43L mutant of

the naturally occurring ErbB4 agonist Neuregulin-2beta (NRG2β) functions as a partial ago-

nist at ErbB4. NRG2β/Q43L stimulates tyrosine phosphorylation, fails to stimulate ErbB4-

dependent cell proliferation, and inhibits agonist-induced ErbB4-dependent cell prolifera-

tion. Compounds that exhibit these characteristics likely function as ErbB4 partial agonists,

and as such hold promise as therapies for ErbB4-dependent melanomas. Consequently,

three highly sensitive and reproducible (Z’ > 0.5) screening assays were developed and

deployed for the identification of small-molecule ErbB4 partial agonists. Six compounds

were identified that stimulate ErbB4 phosphorylation, fail to stimulate ErbB4-dependent cell

proliferation, and appear to selectively inhibit ErbB4-dependent cell proliferation. Whereas

further characterization is needed to evaluate the full therapeutic potential of these mole-

cules, this drug discovery platform establishes reliable and scalable approaches for the dis-

covery of ErbB4 inhibitors.
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1. Introduction

In the last decade, the standard-of-care treatment options for patients with metastatic mela-

noma has significantly improved with the advent of targeted therapies and immunotherapies.

In fact, recent studies with combination therapy using BRAF and MEK inhibitors and immu-

notherapies indicate rates of 5-year progression free survival and overall survival as high as

30–50% for metastatic melanoma patients whose tumors harbor a gain-of-function mutation

in the BRAF gene [1–6]. However, there are still no effective targeted therapies for the treat-

ment of melanomas that harbor the wild-type BRAF gene.

Our ongoing, unpublished analyses of the TCGA skin cutaneous melanoma genomic

(SKCM) data set reveal that 70 of the 470 (15%) of the melanoma genomes harbor at least

one non-synonymous missense mutation in the ERBB4 gene. These 70 cases contain a

total of 82 ERBB4 missense mutant alleles. A total of 71 unique ERBB4 missense mutant

alleles are observed; the R711C mutant allele is observed in five cases; the R106C mutant

allele is observed in three cases; the E452K, P759L, D813N, R992C, and S975L mutant

alleles are observed in two cases; the remaining 64 mutant alleles are observed in only

one case each. The degree of these coincident mutant alleles is greater than would be

expected from a random distribution of 82 missense mutations across the ERBB4 coding

sequence (1308 amino acids), Similarly, the incidence of ERBB4 mutations is higher

among residues that are predicted to be important for ErbB4 function. Finally, the inci-

dence of ERBB4 mutations is higher in cases that contain a wild-type BRAF gene and is

higher in cases that also harbor a mutation predicted to result in elevated RAS signaling.

Taken together, these data indicate that ERBB4 mutations appear to function as tumor

drivers in BRAF wild-type melanomas by cooperating with elevated RAS signaling. There-

fore, the discovery of strategies for inhibiting ErbB4 coupling to melanoma cell prolifera-

tion is a priority.

In multiple systems, ErbB4-dependent cellular proliferation requires ErbB4 heterodimeri-

zation with EGFR or ErbB2 and ErbB4 phosphorylation by EGFR or ErbB2 [7–13]. This sug-

gests it may be possible to treat ErbB4-dependent melanomas using anti-EGFR and -ErbB2

therapies, particularly small molecule EGFR and/or ErbB2 tyrosine kinase inhibitors. Indeed,

there are several FDA-approved EGFR and ErbB2 kinase inhibitors [14]. However, the

responses to these therapies are often limited by the development of resistance mechanisms

[15, 16]. Furthermore, targeting EGFR and ErbB2 for the treatment of ErbB4-dependent

tumors could potentially affect the normal physiological roles of EGFR and ErbB2 in healthy

tissue.

Consequently, we believe that compounds that function as partial agonists of

ErbB4 hold great promise for the treatment of ErbB4-dependent melanomas. Our

drug discovery strategy is driven by our observation that introducing the Q43L mutation

into the gene that encodes the naturally-occurring ErbB4 full agonist NRG2β creates a

partial agonist of ErbB4 [7]; this NRG2β/Q43L mutant stimulates ErbB4 tyrosine phos-

phorylation, yet it inhibits agonist-induced ErbB4-dependent cell proliferation. This

antagonistic activity can be overcome with an excess of wild-type NRG2β (competitive

inhibition) and appears to be the effect of phosphorylation-dependent downregulation of

ErbB4.

Here we have developed a screening process for identifying compounds that function as

partial agonists of ErbB4. Moreover, implementation of this process has yielded several com-

pounds that appear to selectively disrupt ErbB4 signaling, and as such are predicted to possess

therapeutic potential against ErbB4-dependent tumors.
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2. Results

2.1. ErbB4 tyrosine phosphorylation can be stimulated and detected via

semi-automated 96-well assays

2.1.1. Development and validation of a 96-well sandwich ELISA for the detection of

ErbB4 tyrosine phosphorylation. Our ultimate goal is the identification of ErbB4 partial

agonists that inhibit coupling of ErbB4 to cell proliferation, preferably through stimulation of

phosphorylation-dependent ErbB4 turnover and degradation. Thus, the first goal of these

experiments is to develop and deploy an assay for stimulation of ErbB4 tyrosine phosphoryla-

tion. The CEM/ErbB4 cell line previously validated for assaying ligand-induced ErbB4 tyrosine

phosphorylation [17] was used to develop a 96-well assay for stimulation and inhibition of

ErbB4 tyrosine phosphorylation. Briefly, ErbB4 tyrosine phosphorylation was assayed using a

“sandwich” enzyme-linked immunosorbent assay (ELISA) [18] kit (R&D Systems) that fea-

tures an anti-ErbB4 capture antibody and an anti-phosphotyrosine detection antibody.

Lysates generated by a previously established protocol for stimulating ErbB4 tyrosine phos-

phorylation in CEM/ErbB4 cells [7] were used to develop and evaluate the ELISA conditions.

Briefly, the CEM/ErbB4 cells were starved for 24 hours in serum- and factor-free base medium

(RPMI) before being stimulated for seven minutes on ice with NRG2β (full agonist positive

control), NRG2β/Q43L (partial agonist positive control), or NRG2β diluent (mock stimulation

negative control). The cells were then lysed, and the lysates were immediately assayed for

ErbB4 tyrosine phosphorylation or stored at -80˚C until assayed.

To evaluate the ELISA assay conditions, ErbB4 tyrosine phosphorylation stimulated by 10

nM NRG2β, 10 nM NRG2β/Q43L, or diluent (mock stimulation) was analyzed in eight inde-

pendent ELISAs using a single batch of each of the three different lysates (Fig 1A). Stimulation

by 10 nM NRG2β produces an average absorbance at 450 nm of 4.0 ± 0.3 AU, stimulation by

10 nM NRG2β/Q43L produces an average absorbance at 450 nm of 1.6 ± 0.2 AU, and mock

stimulation produces an average absorbance at 450 nm of 0.68 ± 0.06 AU.

Fig 1. Validation of a semi-automated process for the stimulation and detection of ErbB4 tyrosine phosphorylation. (a) CEM/ErbB4 cells were

manually stimulated with 10 nM NRG2β (full agonist positive control), 10 nM NRG2β/Q43L (partial agonist positive control), and mock (negative

control). A single batch of lysate was assayed for ErbB4 tyrosine phosphorylation in eight independent trials using a manual sandwich ELISA. (b) CEM/

ErbB4 cells were stimulated in six independent trials using a semi-automated protocol with 10 nM NRG1β (positive control) and mock (negative

control). Each batch of lysate was assayed for ErbB4 tyrosine phosphorylation using a manual sandwich ELISA. (c) CEM/ErbB4 cells were stimulated

using a semi-automated protocol with 10 nM NRG1β (positive control) and mock (negative control). A single batch of lysate was assayed for ErbB4

tyrosine phosphorylation in three independent trials using a semi-automated sandwich ELISA.

https://doi.org/10.1371/journal.pone.0243901.g001
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Using the effects of mock stimulation as the background levels of ErbB4 tyrosine phosphor-

ylation, we determined that the average signal:noise ratio for stimulation by 10 nM NRG2β is

5.9 ± 0.7 and the average signal:noise ratio for stimulation by 10 nM NRG2β/Q43L is 2.3 ± 0.2

(Fig 1A).

The ability of the phospho-ErbB4 ELISA to reproducibly measure ligand-induced ErbB4

tyrosine phosphorylation was formally evaluated by calculating the Z’-factor (Z’) values for

stimulation by 10 nM NRG2β or 10 nM NRG2β/Q43L. The Z’-factor is commonly used to

evaluate the robustness of a high-throughput assay and is calculated using the means (μ) and

standard deviations (σ) of the treatment samples (p) and untreated or negative (n) controls

[19].

Z0� factor ¼ 1 �
3ðsp þ snÞ

jmp � mnj
ð1Þ

The maximum theoretical Z’-factor value is 1, whereas a Z’-factor value between 0.5 and 1.0

is indicative of a robust assay. A Z’-factor between 0 and 0.5 is indicative of a marginal assay

[19]. Using data from eight independent ELISAs with three samples per treatment condition,

stimulation with 10 nM of the ErbB4 full agonist (NRG2β) yields an average Z’-factor of 0.73

and stimulation with 10 nM of the ErbB4 partial agonist (NRG2β/Q43L) yields an average Z’-

factor of 0.66 (Fig 1A). Thus, stimulation with either 10 nM NRG2β or 10 nM NRG2β/Q43L

yields robust, reproducible levels of ErbB4 tyrosine phosphorylation as measured by the sand-

wich ELISA. Thus, this ELISA is appropriate for measuring stimulation and inhibition of

ErbB4 tyrosine phosphorylation.

2.1.2. Validation of a semi-automated process for the stimulation of ErbB4 tyrosine

phosphorylation in a 96-well format. In order to develop an assay with the throughput

needed to screen compound libraries, it was necessary to convert our standard batch method

for agonist stimulation of ErbB4 tyrosine phosphorylation [7] to a semi-automated 96-well

methodology. A Beckman Coulter Biomek 4000 automated liquid handling system was used

to execute a semi-automated stimulation protocol that is based on our established batch proto-

col [7]. (The liquid-handling script for this procedure using the Biomek 4000 is available upon

request.) We evaluated the robustness of this semi-automated stimulation protocol by using

our validated phospho-ErbB4 ELISA assay to measure ErbB4 phosphorylation. CEM/ErbB4

cells were stimulated with 10 nM of the ErbB4 full agonist NRG1β or the NRG1β diluent (0.1%

BSA in PBS) and ErbB4 tyrosine phosphorylation was assayed in wells that each contain a

lysate generated from 3x105 cells (Fig 1B). Based on six independent trials that each utilized

three wells for each experimental condition, stimulation with NRG1β (10 nM) produces an

average absorbance at 450 nm of 3.3 ± 0.5 AU and mock stimulation produces an average

absorbance at 450 nm of 0.40 ± 0.22 AU. Thus, the average signal:noise ratio for stimulation

with NRG1β (10 nM) is 9.6 ± 3.4. It should be noted that the signal:noise ratio for semi-auto-

mated stimulation with 10 nM NRG1β is almost twice the signal:noise ratio for manual stimu-

lation with 10 nM NRG2β (Fig 1B). This appears to be largely due to the decreased amount of

(background) ErbB4 tyrosine phosphorylation stimulated by the diluent negative control. Fur-

thermore, the six trials of semi-automated stimulation with 10 nM NRG1β yields an average

ErbB4 tyrosine phosphorylation Z’-factor (Z’) score in excess of 0.6 (Fig 1B), which indicates

that semi-automated stimulation with 10 nM NRG1β yields robust and reproducible ErbB4

tyrosine phosphorylation that is suitable for deployment in a high-throughput workflow.

2.1.3. Validation of a semi-automated phospho-ErbB4 sandwich ELISA in 96-well for-

mat for the detection of ErbB4 tyrosine phosphorylation. In an attempt to make additional

improvements to throughput and reproducibility, we developed and evaluated a semi-
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automated sandwich ELISA protocol in a 96-well format. Once again, the Biomek 4000 was

used to adapt the existing phospho-ErbB4 ELISA protocol to a semi-automated workflow.

(The liquid-handling script for this procedure using the Biomek 4000 is available upon

request.) The ErbB4 full agonist NRG1β (10 nM) was used as the positive control for stimula-

tion of ErbB4 tyrosine phosphorylation and the NRG1β diluent (0.1% BSA in PBS) was used as

the negative control. For comparison purposes, non-automated and semi-automated ELISAs

were performed on wells that each contain a lysate prepared from 3x105 cells. In three inde-

pendent semi-automated ELISAs performed using a single batch of lysate (Fig 1C) and three

wells for each experimental condition, stimulation with NRG1β (10 nM) yields an average

absorbance at 450 nm of 3.6 ± 0.3 AU and stimulation with NRG1β diluent (mock) yields an

average absorbance at 450 nm of 0.35 ± 0.11 AU. Based on these results, the average signal:

noise ratio for stimulation with 10 nM NRG1β is 10.8 ± 2.4. Thus, the fully semi-automated

process exhibits the highest S/N and the lowest noise levels of all three techniques that were

used (Fig 1). Furthermore, assaying stimulation of ErbB4 phosphorylation (by 10 nM NRG1β)

using the semi-automated ELISA yields an average Z’-factor (Z’) score of 0.66. Therefore, the

semi-automated processes for stimulation and detection of ErbB4 tyrosine phosphorylation

are suitable for use in a high throughput screening process. Given the cost of the ELISA assay

reagents and other consumables, and based on three replicates per sample and three indepen-

dent trials, it costs $15 to test a single concentration of a single compound for stimulation of

ErbB4 tyrosine phosphorylation. Because of this expense, the ELISA-based screen for com-

pounds that stimulate ErbB4 tyrosine phosphorylation can be performed on only a relatively

small number of compounds. Thus, this screen must lie downstream of less expensive strate-

gies for screening relatively large numbers of compounds.

2.2. ErbB4-dependent cellular proliferation can be stimulated and detected

via semi-automated 96-well assays

Because our ultimate goal is the identification of compounds that inhibit ErbB4-dependent

cell proliferation, we sought to develop a semi-automated 96-well assay for ErbB4-dependent

cell proliferation that could be deployed to identify inhibitors.

Mouse BaF3 pro-B-lymphocyte cells do not endogenously express EGFR, ErbB2, or ErbB4

and their survival and proliferation requires the exogenous growth factor interleukin-3 (IL3).

However, a BaF3 cell line that ectopically expresses human EGFR and ErbB4 exhibits IL3-in-

dependent proliferation upon stimulation with the ErbB4 full agonist NRG1β. This prolifera-

tion is dependent upon exogenous ErbB4 expression [8]. Therefore, the BaF3/EGFR+ErbB4

cell line [8] was used to assay ErbB4-dependent, IL3-independent cell proliferation (hence-

forth referred to as ErbB4-dependent proliferation).

We used an established manual 24-well assay [8] as the basis for developing a semi-auto-

mated 96-well assay for stimulation and detection of ErbB4-dependent cellular proliferation.

(The liquid-handling script for this procedure using the Biomek 4000 is available upon

request.) The ErbB4 full agonist NRG1β was used as the positive control. Briefly, BaF3/EGFR

+ErbB4 cells were grown to saturation (2.5x106 cells/mL) and aseptically seeded at 1x104 cells/

well (100 μL @ 1x105 cells/mL) into a sterile 96-well microplate in the absence of IL3. The cells

were then treated with increasing concentrations of NRG1β in triplicate. The plate was incu-

bated at 37˚C and 5% CO2 for 120 hours before cell proliferation was analyzed using an MTT

assay [20]. Briefly, cells were treated by directly adding 10 μL of MTT Reagent (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ATCC1 30-1010K™) to the culture

medium in each well and incubated in the dark for two hours at 37˚C and 5% CO2. Then,

100 μL of Detergent Reagent (ATCC1 30-1010K™) was added to each well and the plate was
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incubated in the dark overnight at room temperature. MTT conversion was then determined

by measuring the absorbance of each well at 570 nm. The dose response data were then ana-

lyzed using GraphPad Prism to determine the EC50 and Emax for NRG1β. In this assay, MTT

conversion is a function of viable cell number, not a function of cell metabolism (S1 Fig).

In four independent trials (Fig 2A) with three wells per treatment condition, NRG1β exhib-

its an average EC50 of 0.10 ± 0.02 nM. Furthermore, stimulation with 0.3 nM NRG1β yielded

an average ErbB4-dependent cell proliferation Z-factor score of 0.80 ± 0.06. This Z-factor cal-

culation verifies that NRG1β-induced ErbB4-dependent cellular proliferation can be repro-

ducibly measured when BaF3/EGFR+ErbB4 cells are stimulated with 0.3 nM NRG1β. Thus,

this semi-automated assay is suitable for identifying compounds that stimulate ErbB4-depen-

dent cell proliferation. Given the cost of consumables, and based on three replicates per sample

and three independent trials, it costs $2 to test a single concentration of a single compound for

stimulation of ErbB4-dependent cell proliferation.

2.3. The inhibition of agonist-induced ErbB4-dependent cellular

proliferation can be detected via semi-automated 96-well assays

In multiple model systems (including BaF3 cells), ErbB4-dependent cellular proliferation is

dependent upon ErbB4 heterodimerization with EGFR or ErbB2 and ErbB4 phosphorylation

by EGFR or ErbB2 [7–13, 21]. To be explicit, experiments using mutants defective for kinase

activity and kinase inhibitors demonstrate that EGFR or ERBB2 kinase activity, but not ErbB4

kinase activity, is required for EGFR-ErbB4 heterodimers or ErbB2-ErbB4 heterodimers to

stimulate cell proliferation [7, 21]. Consequently, an EGFR kinase inhibitor will inhibit stimu-

lation of cell proliferation by an EGFR-ERBB4 heterodimer only through inhibition of EGFR

kinase activity, not through inhibition of ERBB4 kinase activity [7].

Therefore, we explored whether our semi-automated assay for ErbB4-dependent prolifera-

tion (Fig 2A) could be adapted to detect inhibition of ErbB4-dependent proliferation of the

BaF3/EGFR+ErbB4 cell line by the EGFR tyrosine kinase inhibitor gefitinib (Fig 2B). (The

Fig 2. Validation of semi-automated processes for the stimulation of ErbB4-dependent cellular proliferation and detection of the

inhibition of agonist-induced ErbB4-dependent cellular proliferation. (a) BaF3/EGFR+ErbB4 cells were stimulated with increasing

concentrations of NRG1β in four independent trials using a semi-automated protocol. A semi-automated MTT assay was used to analyze

cell proliferation 120 hours post-stimulation. Curves were fit to the data using GraphPad Prism to determine the EC50 of NRG1β. The Z-

factor for ErbB4-dependent cell proliferation stimulated by 0.3 nM NRG1β was calculated using the means and standard deviations of the

positive (0.3 nM NRG1β) and negative (NRG1β-diluent) controls. (b) BaF3/EGFR+ErbB4 cells were treated with increasing concentrations

of gefitinib in the presence of 0.3 nM NRG1β in four independent trials using a semi-automated protocol. A semi-automated MTT assay

was used to analyze cell proliferation 120 hours post-stimulation. Curves were fit to the data using GraphPad Prism to determine the IC50 of

gefitinib against NRG1β.

https://doi.org/10.1371/journal.pone.0243901.g002
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liquid-handling script for this procedure using the Biomek 4000 is available upon request.)

BaF3/EGFR+ErbB4 cells were treated with increasing concentrations of gefitinib in the pres-

ence of 0.3 nM NRG1β, a concentration of NRG1β that provides robust and highly reproduc-

ible levels of ErbB4-dependent cellular proliferation (Fig 2A). Four independent trials

demonstrate that gefitinib completely inhibits stimulation of proliferation by 0.3 nM NRG1β
and yields an IC50 for gefitinib of 78 ± 9 nM; a value that is comparable to previously reported

IC50 values for gefitinib [22, 23]. Furthermore, these trials demonstrated that gefitinib

markedly and reproducibly inhibits the stimulation of proliferation of BaF3/EGFR+ErbB4

cells by NRG1β; the average Z-factor resulting from treatment with 100 nM gefitinib is

0.26 ± 0.45, whereas the average Z-factor resulting from treatment with 300 nM gefitinib is

0.74 ± 0.21. These Z-factor calculations indicate that 100 nM and 300 nM gefitinib both inhibit

the proliferation of BaF3/EGFR+ErbB4 cells, but that 300 nM gefitinib is more suitable for

reproducibly measuring the inhibition of BaF3/EGFR+ErbB4 cell proliferation. Thus, this

semi-automated proliferation assay can be used for the high-throughput identification and

characterization of compounds that inhibit agonist-induced ErbB4-dependent cellular prolif-

eration and 300 nM gefitinib can serve as a positive control for inhibition of agonist-induced

ErbB4-dependent cellular proliferation.

2.4. Screening process for the identification of small molecule compounds

that function as inhibitors of agonist-induced ErbB4-dependent cellular

proliferation

2.4.1. Overview. Our strategy for deploying our screens to identify compounds that may

function as inhibitors of ErbB4-dependent proliferation is described in Fig 3. As noted else-

where, our strategy is intended to identify ErbB4 partial agonists; such molecules stimulate

Fig 3. Deployment strategy of screening methodologies for the identification of partial agonists at the ErbB4 receptor tyrosine kinase that

function as ErbB4 antagonists. Southern Research (SR) Phosphorylation Screen: SR screened a library of small molecule compounds (~100k) for

stimulation of ErbB4 tyrosine phosphorylation using an ultra-high throughput assay developed by DiscoverX. Auburn University (AU)

Phosphorylation Screens: The 43 most promising compounds identified from the high-throughput SRI screen were then tested for concentration-

dependent stimulation of ErbB4 tyrosine phosphorylation. AU Agonist Screen: The compounds that exhibited dose-dependent stimulation of ErbB4

tyrosine phosphorylation were tested to determine whether they stimulated ErbB4-dependent cellular proliferation. AU Inhibition Screens: The

compounds that failed to stimulate ErbB4-dependent cellular proliferation were tested to determine whether they inhibited agonist-induced

ErbB4-dependent cellular proliferation. Selectivity of these inhibitors was determined by comparing inhibition of ErbB4-dependent cellular

proliferation against inhibition of Interleukin 3-dependent (IL3-dependent) cellular proliferation.

https://doi.org/10.1371/journal.pone.0243901.g003
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ErbB4 tyrosine phosphorylation, yet fail to stimulate ErbB4-dependent cell proliferation and

inhibit stimulation of ErbB4-dependent cell proliferation by an ErbB4 agonist.

To identify ErbB4 agonists, a high throughput screen (HTS) of a structurally diverse set of

119,327 small molecule compounds selected from the compound collection maintained at

Southern Research (Birmingham, Alabama) was performed using the DiscoverX PathHun-

ter1U2OS ErbB4 Functional Assay to measure stimulation of ErbB4 tyrosine phosphoryla-

tion [24]. This assay utilizes a cell line (U2OS) that is engineered to express a recombinant

ErbB4 that has been tagged with a ProLink™ (PK) epitope at the intracellular carboxyl terminus

of the receptor. The cell line also expresses a recombinant SH2 domain that is selective for

binding to phosphorylated ErbB4 and has been fused to an Enzyme Acceptor (EA) epitope.

Upon phosphorylation of the recombinant ErbB4-ProLink molecule, it binds the SH2-EA and

the proximity of the two recombinant proteins creates an active β-galactosidase (β-gal)

enzyme. β-gal activity is quantified using a chemiluminescent substrate. This β-gal “comple-

mentation” assay ensures specificity for ErbB4 tyrosine phosphorylation. However, this strat-

egy will detect ligand-independent (basal) ErbB4 tyrosine phosphorylation, necessitating the

use of vehicle-treated cells as a negative (background) control and rigorous confirmatory

assays (for example, the phospho-ErbB4 ELISA assay) to rule out false positives.

Using this platform, stimulation with the ErbB4 full agonist NRG1β (100nM) resulted in a

two-fold increase in signal compared to negative control cells treated with vehicle. A total of

32 positive and 32 negative control wells were included in each of the 400 plates run in the

HTS campaign and the signals resulted in an average Z’-factor of 0.33. The DiscoverX Path-

Hunter1 U2OS ErbB4 Functional Assay is considerably cheaper on a per-compounds basis

than the ELISA assay for ErbB4 tyrosine phosphorylation described in Section 2.1.3. Thus,

despite the fact that the DiscoverX PathHunter1 U2OS ErbB4 Functional Assay yields lower

Z’-factor values than does the ELISA assay for ErbB4 tyrosine phosphorylation, the DiscoverX

PathHunter1U2OS ErbB4 Functional Assay is a much better choice for performing the

screen of the 119,327 molecules in the selected library.

Using two-fold stimulation as the threshold for compound activity, the HTS identified 132

compounds that stimulated ErbB4 tyrosine phosphorylation. Of these, 43 compounds were

confirmed by exhibiting concentration-dependent activity when retested over a concentration

range of 0.1 to 60 μg/ml. These 43 compounds were then carried forward for further evaluation

using the strategies described previously in this work.

2.4.2. Nineteen candidates stimulated ErbB4 tyrosine phosphorylation in a

dose-dependent manner

All 43 compounds that stimulate ErbB4 tyrosine phosphorylation were tested at a single con-

centration (10 μM) for stimulation of ErbB4 tyrosine phosphorylation using our semi-auto-

mated ELISA-based screening process (n = 3). Compounds that stimulated ErbB4 tyrosine

phosphorylation in at least two of three independent trials were subsequently tested at a range

of concentrations (0–30 μM) in at least three independent trials to determine whether the

compounds stimulated ErbB4 tyrosine phosphorylation in a concentration-dependent man-

ner. The data obtained from testing three of the compounds that stimulated ErbB4 tyrosine

phosphorylation in a concentration-dependent manner are shown in Fig 4A–4C. The data

obtained from testing one of the compounds that did not stimulate ErbB4 tyrosine phosphory-

lation in a concentration-dependent manner are shown in Fig 4D. Based on the results of

these experiments, 19 compounds were judged to stimulate ErbB4 tyrosine phosphorylation

and 24 were judged to be incapable of stimulating ErbB4 tyrosine phosphorylation (Fig 3). The

apparent false positivity rate (56%) of the DiscoverX PathHunter1U2OS ErbB4 Functional
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Assay illustrates the shortcoming of using this assay as the only means for identifying candi-

date ErbB4 partial agonists and the need for rigorous confirmatory assays to rule out false

positives.

The EC50 and Emax were calculated for each of the 19 compounds that stimulated ErbB4

tyrosine phosphorylation (Table 1). The most potent compounds exhibit an EC50 of less than

0.3 μM and the most efficacious compounds exhibit an Emax in excess of 5% of the amount of

ErbB4 tyrosine phosphorylation stimulated by 10 nM NRG1β.

2.4.3. Nineteen candidates inhibit agonist-induced ErbB4-dependent cellular prolifera-

tion. The 19 compounds that stimulated ErbB4 tyrosine phosphorylation in a concentration-

dependent manner were then tested at a single concentration (30 μM) in three independent

trials to determine whether any of the compounds also stimulated ErbB4-dependent cellular

proliferation. Using our semi-automated MTT assay, we determined that all 19 compounds

fail to stimulate any ErbB4-dependent cellular proliferation (Fig 3). Consequently, each of

these 19 compounds were then tested at a single concentration (30 μM) in combination with

increasing concentrations of an ErbB4 full agonist (NRG1β) to determine whether these com-

pounds are capable of inhibiting agonist-induced ErbB4-dependent cellular proliferation.

Based on the data shown in Fig 2B, gefitinib (300 nM) was used as a positive control for inhibi-

tion of agonist-induced ErbB4-dependent cellular proliferation (Fig 5A). At 300 nM, gefitinib

reduces the Emax for NRG1β from 0.56 ± 0.04 AU to 0.35 ± 0.05 AU. Gefitinib shifts the EC50

for NRG1β from 0.08 ± 0.02 nM to 0.12 ± 0.05 nM; this very minor decrease in agonist potency

Fig 4. Representative candidates that stimulate and fail to stimulate ErbB4 tyrosine phosphorylation in a dose-dependent manner. (a-

d) In at least three independent trials and using semi-automated processes, CEM/ErbB4 cells were stimulated with increasing

concentrations of the candidate ErbB4 ligands. ErbB4 tyrosine phosphorylation was assayed using the semi-automated sandwich ELISA.

Curves were fit to the data using GraphPad Prism to determine the EC50 and Emax values for stimulation of ErbB4 tyrosine phosphorylation

by each candidate. EC50 and Emax values are also shown in Table 1.

https://doi.org/10.1371/journal.pone.0243901.g004
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is consistent with the observation that gefitinib does not directly compete with NRG1β for

binding to the EGFR-ErbB4 heterodimer.

Three independent trials reveal that the candidate ErbB4 inhibitors exhibit a wide distribu-

tion of inhibitory effects on stimulation of ErbB4-dependent cellular proliferation by NRG1β
(Table 2). Some candidates exhibit modest inhibitory efficacy, such as SR-33513 (Table 2). In

contrast, other compounds exhibit greater efficacy, such as SR-33487, which inhibits the

NRG1β Emax by 87% (Fig 5B and Table 2) and SR-33491, which inhibits the NRG1β Emax by

72% (Fig 5C and Table 2). Indeed, 30 μM of some compounds, such as SR-33507, completely

inhibits cellular proliferation stimulated by NRG1β (Fig 5D and Table 2). Despite the fact that

the compounds exhibit varying effects on NRG1β efficacy, none altered the potency of NRG1β
in a noteworthy manner. This suggests that none of the compounds compete with NRG1β for

binding to ErbB4. Nonetheless, all 19 of these compounds stimulate ErbB4 tyrosine phosphor-

ylation in a concentration-dependent manner, fail to stimulate ErbB4-dependent cellular pro-

liferation, and inhibit agonist-induced ErbB4-dependent cellular proliferation to some degree.

2.4.4. Six candidates appear to selectively and potently inhibit ErbB4 coupling to cell

proliferation. As noted earlier, the BaF3/EGFR+ErbB4 cells are IL3 dependent and this

dependency can be rescued by stimulation of ErbB4 coupling to cell proliferation [8]. There-

fore, the specificity of each of the 19 candidate ErbB4 inhibitors was tested by assaying inhibi-

tion of ErbB4-dependent and IL3-dependent cellular proliferation in parallel. Using a slightly

modified version of our existing automated protocol, we tested the effects of increasing con-

centrations of each compound on the effects of 0.3 nM NRG1β or 0.1 nM IL3 on proliferation

of the BaF3/EGFR+ErbB4 cell line. Gefitinib completely and potently (IC50 of 0.13 μM) inhib-

its the effect of stimulation with 0.3 nM NRG1β yet fails to inhibit the effect of stimulation

Table 1. Stimulation of ErbB4 tyrosine phosphorylation by candidates.

SR ID # ErbB4 Tyrosine Phosphorylation

EC50 ± SE (μM) Emax ± SE (%)†

SR-33486 < 0.3 5.9 ± 2.8

SR-33511 2.1 ± 1.3 5.2 ± 1.0

SR-33483 0.47 ± 0.38 4.7 ± 1.1

SR-33520 < 0.3 3.3 ± 1.0

SR-33528 1.6 ± 0.5 3.1 ± 0.3

SR-33485 < 0.3 3.0 ± 0.9

SR-33507 < 0.3 2.9 ± 0.4

SR-33491 0.68 ± 0.36 2.8 ± 0.4

SR-33519 < 0.3 2.7 ± 0.3

SR-33487 < 0.3 2.7 ± 0.2

SR-33513 < 0.3 2.4 ± 0.2

SR-33494 < 0.3 2.3 ± 0.4

SR-33493 < 0.3 2.1 ± 3.8

SR-33497 < 0.3 1.8 ± 0.5

SR-33492 4.1 ± 2.9 1.8 ± 0.2

SR-33509 0.38 ± 0.25 1.4 ± 0.3

SR-33498 1.5 ± 0.6 1.4 ± 0.4

SR-33502 < 0.3 1.4 ± 0.4

SR-33510 2.0 ± 0.8 1.2 ± 0.4

†Maximal ErbB4 tyrosine phosphorylation stimulated by candidates as a percentage of ErbB4 tyrosine

phosphorylation stimulated by 10 nM NRG1β.

https://doi.org/10.1371/journal.pone.0243901.t001
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with 0.1 nM IL3. Therefore, gefitinib serves as the positive control for selective inhibition of

ErbB4-dependent cellular proliferation (Fig 6A, Table 3).

Following analyses of the data from three independent trials, the compounds were catego-

rized based on the relative ability to selectively and potently inhibit ErbB4-dependent cellular

proliferation. To summarize results which will be presented in the remainder of this section,

six of the compounds selectively and potently inhibit agonist-induced ErbB4-dependent cellu-

lar proliferation, twelve of the compounds do not selectively and potently inhibit agonist-

induced ErbB4-dependent cellular proliferation, and one compound is considered a special

case.

One compound is judged to be a high priority candidate based on an IC50 against NRG1β-

induced ErbB4-dependent cell proliferation of less than 10 μM and a selectivity for ErbB4 over

IL3 (the IC50 value against IL3 divided by the IC50 value against NRG1β—IC50,IL3:IC50,NRG1β)

of greater than 10. The high-priority candidate, SR-33487, inhibits the stimulation of cell pro-

liferation by 0.3 nM NRG1β with an IC50 of 6.8 μM and is predicted to inhibit IL3-dependent

cellular proliferation with an IC50 of 2100 μM (Figs 6B and 7 and Table 3). Thus, SR-33487 is a

much more potent inhibitor of ErbB4-dependent cell proliferation than of IL3-dependent cell

proliferation.

The remaining five compounds that selectively and potently inhibit ErbB4-dependent cell

proliferation are considered medium priority candidates (Figs 7 and 8A–8E). Medium priority

candidates exhibit an IC50 of less than 30 μM against NRG1β-induced ErbB4-dependent cell

Fig 5. Representative candidates that inhibit agonist-induced ErbB4-dependent cellular proliferation. (a-d) In three independent trials

and using semi-automated processes, BaF3/EGFR+ErbB4 cells were stimulated with increasing concentrations of NRG1β in the presence

or absence of gefitinib at 300 nM or candidates at 30 uM. A semi-automated MTT assay was used to analyze cell proliferation at 120 hours

post-stimulation. Curves were fit to the data using GraphPad Prism to determine the EC50 and Emax of NRG1β in the presence and absence

of gefitinib or the candidates. EC50 and Emax values are also shown in Table 2.

https://doi.org/10.1371/journal.pone.0243901.g005
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proliferation AND a selectivity for ErbB4 over IL3 of at least 3. For example, SR-33486 inhibits

the stimulation of cell proliferation by 0.3 nM NRG1β with an IC50 of 0.11 uM and inhibits

IL3-dependent cellular proliferation with an IC50 of 0.45 μM (Fig 8A and Table 3). Thus, even

though SR-33486 is a more potent inhibitor of ErbB4-dependent cell proliferation than is the

high priority candidate (SR-33487), SR-33486 is much less selective for ErbB4 than is SR-

33487.

Table 2. Effect of candidates on stimulation of cell proliferation by NRG1β.

Candidate (30 μM) NRG1β Emax ± SE (AU) NRG1β EC50 ± SE (nM)

None 0.54 ± 0.02 0.08 ± 0.01

Gefitinib (300 nM) 0.35 ± 0.05 0.12 ± 0.05

SR-33483 0 > 3

SR-33486 0 > 3

SR-33493 0 > 3

SR-33494 0 > 3

SR-33498 0 > 3

SR-33507 0 > 3

SR-33511 0 > 3

SR-33528 0 > 3

SR-33485 0.01 ± 0.02 0.52 ± 0.71

SR-33510 0.03 ± 0.01 0.11 ± 0.08

SR-33492 0.03 ± 0.01 0.15 ± 0.11

SR-33487 0.07 ± 0.01 0.06 ± 0.03

SR-33497 0.09 ± 0.02 0.05 ± 0.03

SR-33509 0.11 ± 0.02 0.09 ± 0.06

SR-33491 0.15 ± 0.02 0.08 ± 0.03

SR-33519 0.18 ± 0.03 0.08 ± 0.04

SR-33520 0.26 ± 0.04 0.09 ± 0.05

SR-33502 0.34 ± 0.04 0.06 ± 0.02

SR-33513 0.41 ± 0.05 0.09 ± 0.04

https://doi.org/10.1371/journal.pone.0243901.t002

Fig 6. A high-priority small molecule compound selectively and potently inhibits ErbB4-dependent cellular proliferation. (a-b) In

three independent trials and using a modified version of our semi-automated processes, BaF3/EGFR+ErbB4 cells were treated with

increasing concentrations of a candidate inhibitor or gefitinib (positive control inhibitor of NRG1β-induced proliferation) in the presence

of 0.1 nM IL3 or 0.3 nM NRG1β. A semi-automated MTT assay was used to analyze cellular proliferation 120 hours post-stimulation.

Curves were fit to the data using GraphPad Prism to determine the IC50 value for each inhibitor against 0.1 nM IL3 and 0.3 nM NRG1β.

IC50 values are also shown in Table 3. �Extrapolated value.

https://doi.org/10.1371/journal.pone.0243901.g006
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Eight compounds are judged to be low priority candidates (Fig 7, S2 and S3 Figs). Low pri-

ority candidates exhibit an IC50 of less than 30 μM against NRG1β-induced ErbB4-dependent

cell proliferation OR a selectivity for ErbB4 over IL3 of at least 3. For example, SR-33507 inhib-

its the stimulation of cell proliferation by 0.3 nM NRG1β with an IC50 of 0.39 μM and inhibits

IL3-dependent cellular proliferation with an IC50 of 0.72 μM (S2 Fig and Table 3). Also, SR-

33509 inhibits the stimulation of cell proliferation by 0.3 nM NRG1β with an IC50 of 32 μM

and fails to inhibit IL3-dependent cellular proliferation (S3 Fig and Table 3).

Our assays identified four compounds that do not selectively nor potently inhibit agonist-

induced ErbB4-dependent cell proliferation and therefore possess no priority for further devel-

opment (Fig 7 and S4 Fig and Table 3). In other words, these molecules exhibit an IC50 of

GREATER than 30 μM against NRG1β-induced ErbB4-dependent cell proliferation AND a

selectivity for ErbB4 over IL3 of LESS than 3.

2.4.5. “Special case” molecule SR-33528 is not a selective inhibitor of ErbB4. One mole-

cule, SR-33528, is considered a special case as our initial analyses (Fig 9A; Table 3) indicate

that it potently inhibits stimulation of cell proliferation by 0.3 nM NRG1β (IC50 of less than 30

nM) and by 0.1 nM IL3 (IC50 of less than 30 nM). Since this potent inhibition of ErbB4-depen-

dent and IL3-dependent proliferation made it impossible to judge the selectivity of this candi-

date for inhibition of ErbB4-dependent cell proliferation, SR-33528 was evaluated at a lower

concentration range (Fig 9B). These data reveal that SR-33528 potently inhibits ErbB4-depen-

dent cell proliferation (IC50 = 1.05 nM) and IL3-dependent cell proliferation (IC50 = 2.51 nM).

This minimal specificity for ErbB4 over IL3 indicates that this molecule may not be a prime

candidate for further development as an ErbB4 inhibitor.

Table 3. Effect of increasing concentrations of candidate inhibitors on stimulation of cell proliferation by 0.3 nM

NRG1β or 0.1 nM IL3.

Candidate IC50 (μM) against 0.3 nM NRG1β IC50 (μM) against 0.1 nM IL3 Priority

Gefitinib 0.13 NA Control

SR-33528 < 0.03 < 0.03 Special Case

SR-33486 0.11 0.45 Medium

SR-33507 0.39 0.72 Low

SR-33498 2.3 4.8 Low

SR-33493 5.6 15 Low

SR-33483 6.0 28 Medium

SR-33511 6.8 13 Low

SR-33487 6.8 2100� High

SR-33494 7.0 32� Medium

SR-33510 11 29 Low

SR-33492 12 81� Medium

SR-33485 13 38� Low

SR-33491 29 NA Medium

SR-33509 32� NA Low

SR-33497 47� 390� Low

SR-33520 830� NA No

SR-33502 NA NA No

SR-33513 NA NA No

SR-33519 NA NA No

�Extrapolated value. NA = not active.

https://doi.org/10.1371/journal.pone.0243901.t003

PLOS ONE High-throughput screens for inhibitors of ErbB4 signaling

PLOS ONE | https://doi.org/10.1371/journal.pone.0243901 December 30, 2020 13 / 23

https://doi.org/10.1371/journal.pone.0243901.t003
https://doi.org/10.1371/journal.pone.0243901


Due to the similarity in SR-33528 potency against ErbB4- and IL3-dependent proliferation,

we postulated that SR-33528 targets a convergence point downstream of ErbB4 and the IL3

receptor (S5 Fig). Two such candidates are the PI3K/AKT signaling pathway and the Ras/Raf/

MEK/ERK signaling pathway. However, SR-33528 fails to inhibit AKT phosphorylation or

ERK phosphorylation. In light of these results, it is clear that SR-33528 does not act upstream

of either AKT or ERK.

In an attempt to identify the target for SR-33528, we performed an in silico search for mole-

cules whose structure is similar to SR-33528. SR-33528 is structurally very similar to vinca

alkaloids, particularly the FDA-approved anticancer agent vincristine (Fig 10) [25]. This simi-

larity suggests that SR-33528, like vincristine, non-specifically inhibits cell proliferation by pre-

venting tubulin polymerization into microtubules just prior to cell division. This mechanism

Fig 7. Chemical structures of high priority, medium priority, low priority, and special case compounds.

https://doi.org/10.1371/journal.pone.0243901.g007
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of action is consistent with our observation that SR-33528 inhibits ErbB4- and IL3-dependent

proliferation with roughly equivalent potency.

3. Discussion

In this report we have described the development and use of multiple screening strategies to

identify molecles that stimulate ErbB4 tyrosine phosphorylation and inhibit ErbB4-dependent

Fig 8. Five compounds are potent and selective inhibitors of ErbB4-dependent cellular proliferation. (a-e) In three independent trials

and using a modified version of our semi-automated processes, BaF3/EGFR+ErbB4 cells were treated with increasing concentrations of

each candidate inhibitor in the presence of 0.1 nM IL3 or 0.3 nM NRG1β. A semi-automated MTT assay was used to analyze cellular

proliferation 120 hours post-stimulation. Curves were fit to the data using GraphPad Prism to determine the IC50 value for each candidate

against 0.1 nM IL3 and 0.3 nM NRG1β. IC50 values are also shown in Table 3.

https://doi.org/10.1371/journal.pone.0243901.g008
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cell proliferation. As a result, six compounds (SR-33487, SR-33486, SR-33483, SR-33494, SR-

33492, SR-33491) were identified that appear to selectively and potently inhibit ErbB4-depen-

dent cell proliferation (Figs 6B and 8A–8E, Table 3).

Much work beyond the scope of what is described here is needed to advance the six com-

pounds that appear to selectively and potently inhibit ErbB4-dependent cell proliferation. The

mechanism(s) of action remains to be identified. Should these compounds function as bona
fide direct inhibitors of ErbB4, traditional QSAR approaches will need to be deployed to

Fig 9. “Special case” molecule SR-33528 is not a selective ErbB4 inhibitor. (a-b) In three independent trials and using a modified version

of our semi-automated processes, BaF3/EGFR+ErbB4 cells were treated with increasing concentrations of each candidate inhibitor in the

presence of 0.1 nM IL3 or 0.3 nM NRG1β. A semi-automated MTT assay was used to analyze cellular proliferation 120 hours post-

stimulation. Curves were fit to the data using GraphPad Prism to determine the IC50 value for each candidate against 0.1 nM IL3 and 0.3

nM NRG1β.

https://doi.org/10.1371/journal.pone.0243901.g009

Fig 10. Chemical structure of vincristine and SR-33528.

https://doi.org/10.1371/journal.pone.0243901.g010
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improve the potency (and if necessary, selectivity) of these compounds. Of course, challenges

of drug delivery, bioavailability, pharmacokinetics, and pharmacodynamics will need to be

overcome. Nonetheless, these future efforts and challenges do not discount the importance of

this work in establishing plausible, scalable approaches for identifying ErbB4 inhibitors.

Small molecule kinase inhibitors have been extensively studied as strategies for targeting

tumors that are dependent on Epidermal Growth Factor Receptor (EGFR/ErbB1/HER1) or

ErbB2 (HER2/Neu) signaling. However, the oncogenic activity of ErbB4 is dependent upon

heterodimerization of ErbB4 with either EGFR or ErbB2, followed by phosphorylation of

ErbB4 by EGFR or ErbB2. To be explicit, EGFR or ErbB2 kinase activity, but NOT ErbB4

kinase activity, is required for the oncogenic activity of EGFR-ErbB4 or ErbB2-ErbB4 hetero-

dimers, respectively [7–13, 21]. Thus, small molecule ErbB4 tyrosine kinase inhibitors are not

likely to be effective against tumors driven by the oncogenic activity of ErbB4 heterodimers.

Instead, our strategy for identifying small molecule ErbB4 inhibitors was inspired by our

observation that the Q43L mutant of the ErbB4 ligand NRG2β is still able to stimulate ErbB4

tyrosine phosphorylation, but cannot stimulate the coupling of EGFR-ErbB4 heterodimers to

cell proliferation. Moreover, the NRG2β/Q43L ErbB4 partial agonist inhibits the agonistic activ-

ity of wild-type NRG2β on EGFR-ErbB4 heterodimers [7, 26]. ErbB receptor partial agonists

have already been translated to clinical practice, as the FDA-approved anti-ErbB2 monoclonal

antibody transtuzumab stimulates ErbB2 tyrosine phosphorylation and downregulation, result-

ing in reduced ErbB2-dependent tumor cell proliferation [27]. Thus, using ErbB4 partial ago-

nists to inhibit ErbB4-dependent tumor cell proliferation seems plausible. Finally, should the

candidate ErbB4 partial agonists identified in this work fail to lead to drugs that can be used to

treat ErbB4-dependent tumors, the screening strategies described here are also appropriate for

screening anti-ErbB4 monoclonal antibody libraries for ErbB4 partial agonists. Indeed, given

that the FDA-approved anti-ErbB receptor monoclonal antibodies trastuzumab, pertuzumab,

and cetuximab each bind to a relatively large area of the target receptor, antibodies may be a bet-

ter platform for developing ErbB4 partial agonists than small molecules.

4. Materials and methods

4.1. Cell lines, cell culture, recombinant NRGs, and inhibitors

The CEM/ErbB4 cells [17] were a gift from Dr. Gregory D. Plowman (Eli Lilly and Company,

New York, New York, USA) through Dr. David F. Stern (Yale University, New Haven, Con-

necticut, USA). These cells were propagated using published culture conditions [9, 28]. The

BaF3/EGFR+ErbB4 cells [8] were a gift from Dr. David F. Stern (Yale University, New Haven,

Connecticut, USA) and were propagated under published culture conditions [8]. Standardized

positive controls were included in experiments involving the CEM/ERBB4 and BaF3/EGFR

+ERBB4 cell lines and results obtained using these positive controls were compared to histori-

cal results in order to monitor reproducibility and maintain authenticity. These cell lines were

used no later than 10 passages after being thawed. These cell cultures were routinely tested for

mycoplasma infection.

The U2OS cells (Catalog number 93-0465U3) were purchased from DiscoverX and main-

tained as instructed by DiscoverX. Experiments involving the U2OS cells utilized recently-

thawed cells to maintain reproducibility by eliminating effects caused by selective evolution

and by reducing the probability and consequence of mycoplasma infection.

Cell culture media and supplements were obtained from HyClone/Thermo Scientific, Gem-

ini Bio-Products, DiscoverX, and Corning. Recombinant NRG1β was obtained from Pepro-

Tech (Catalog number 100–03, Lot number 0711316 and Lot number 0913316), and NRG2β
isoforms and mutants have been described previously [9, 13, 26]. We have also previously
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described the procedures for expressing, purifying, and quantifying recombinant proteins

[26]. The EGFR tyrosine kinase inhibitor gefitinib (Catalog number SC-202166) was acquired

from Santa Cruz Biotechnology.

The library of small-molecule compounds (119,327 molecules) screened in this work was

maintained by Southern Research (Birmingham, Alabama, USA). This library was assembled at

Southern Research from purchased compounds obtained from multiple vendors. Although the

compounds are non-proprietary, the composition of the library itself is not publically available.

4.2. DiscoverX pathHunter1U2OS ErbB4 functional assay

U2OS cells were cultured and the assay was performed according to the DiscoverX protocol

[24]. On assay day one, 20 μL cells were added to each well of the plates at a concentration of

400,000 cells/mL for the final count of 8000 cells/well. The assay plates were incubated over-

night at 37˚C and 5% CO2 in a humidified atmosphere. On day two, compounds were diluted

in assay medium (DiscoverX catalog number 93-0563R16B) to prepare a 5x concentrated dos-

ing solution (50 μg/mL) and added to equilibrated assay plates in 5 μL (1/5 final well volume)

to give a final compound concentration of 10 μg/mL and a final DMSO concentration of 0.2%.

Assay medium alone (at 0.2% DMSO) served as the negative control and 100 nM NRG1β (at

0.2% DMSO) as the positive control. Drugging times were recorded, and plates were incubated

at room temperature for 3 hours. Twelve (12) μL of detection reagent was added to the assay

plates. Following 1h room-temperature incubation, ultrasensitive luminescence was read on a

PerkinElmer EnVision plate reader.

4.3. Manual ligand stimulation and detection of ErbB4 tyrosine

phosphorylation in CEM/ErbB4 cells

Ligand-induced ErbB4 tyrosine phosphorylation was stimulated using a published protocol

[7]. Briefly, the CEM/ErbB4 cells were starved for 24 hours in serum- and factor-free base

medium (RPMI) before being stimulated for 7 minutes on ice with an ErbB4 ligand (NRG1β,

NRG2β, or NRG2β/Q43L) or candidate small molecule ErbB4 partial agonists. The cells were

then lysed using a published protocol [7], and the lysates were immediately assayed for ErbB4

tyrosine phosphorylation or stored at -80˚C until assayed.

ErbB4 tyrosine phosphorylation was analyzed using a 96-well “sandwich” enzyme-linked

immunosorbent assay (ELISA) kit from R&D Systems (Catalog number DYC2115-2), which fea-

tures an anti-ErbB4 capture antibody and an anti-phosphotyrosine antibody that is coupled to

horseradish peroxidase (HRP). First, each well in a 96-well flat-bottom plate (ELISA plate) was

coated with the anti-ErbB4 capture antibody, which recognizes the amino terminus of ErbB4.

Nonspecific binding sites were then treated with a blocking buffer (1% BSA in PBS). Lysate sam-

ples containing ErbB4 were then added to the wells and incubated to permit ErbB4 binding to the

immobilized anti-ErbB4 antibody. Then, an anti-phosphotyrosine antibody tagged with HRP was

used to detect and visualize the phosphorylated tyrosine residues of the immobilized ErbB4 mole-

cules. Oxidation of 3,3´,5,5´-tetramethylbenzidine by HRP (stopped using sulfuric acid) is indica-

tive of ErbB4 tyrosine phosphorylation and was detected by measuring absorption at 450 nm. The

data generated during the course of validating these assay conditions can be found in a (S1 Data).

4.4. Automated ligand stimulation and detection of ErbB4 tyrosine

phosphorylation in CEM/ErbB4 cells

A Beckman Coulter Biomek 4000 automated liquid handling system was used to convert our

standard, batch method for agonist stimulation of ErbB4 tyrosine phosphorylation [7] to a
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semi-automated 96-well methodology. (The liquid-handling script for this procedure using

the Biomek 4000 is available upon request.) Briefly, the CEM/ErbB4 cells were starved for 24

hours in serum- and factor-free base medium (RPMI) before being stimulated in triplicate in

96-well conical-bottom plates (stimulation plates) for 7 minutes at 4˚C and shaking with an

ErbB4 ligand (NRG1β) or candidate small molecule ErbB4 partial agonists. After stimulation,

lysis buffer was added to each well and incubated for 20 minutes at 4˚C with shaking. Follow-

ing incubation, the plates were centrifuged at 3200 RCF for 20 minutes at 4˚C. The superna-

tants (lysate samples) were then immediately transferred to an ELISA plate and assayed for

ErbB4 tyrosine phosphorylation or transfer to a storage plate and stored at -80˚C until

assayed.

Once again, a Biomek 4000 was used to convert the existing phospho-ErbB4 ELISA proto-

col to a semi-automated 96-well format. (The liquid-handling script for this procedure using

the Biomek 4000 is available upon request.) Lysate samples were transferred from the 96-well

stimulation plates to the 96-well ELISA plates that were precoated with the previously men-

tioned capture antibody. The phospho-ErbB4 ELISA was then completed as described previ-

ously using the Biomek 4000. The data obtained in the dose response experiments whose

results are shown in Tables 1 and 2 can be found in a (S2 Data).

4.5. Automated ligand stimulation and detection of ErbB4 coupling to IL3

independence

We used an established manual 24-well assay [8] as the basis for developing a semi-automated

96-well assay for stimulation and detection of ErbB4-dependent cellular proliferation. (The liq-

uid-handling script for this procedure using the Biomek 4000 is available upon request.)

Briefly, BaF3/EGFR+ErbB4 cells were grown to saturation (2.5x106 cells/mL) and aseptically

seeded at 1x104 cells/well (100 μL @ 1x105 cells/mL) into a sterile 96-well microplate in the

absence of IL3. The cells were then treated with an ErbB4 ligand (NRG1β) in triplicate. In

studies of the inhibition of ErbB4-dependent cellular proliferation, the cells were treated with

an ErbB4 ligand (NRG1β) in triplicate in the presence or absence of the EGFR tyrosine kinase

inhibitor gefitinib or candidate small molecule inhibitors. The plate was incubated at 37˚C and

5% CO2 for 120 hours before cell proliferation was analyzed using an MTT assay [20]. Briefly,

cells were treated by directly adding 10 μL of MTT Reagent (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide; ATCC1 30-1010K™) to the culture medium in each well

and incubated in the dark for 2 hours at 37˚C and 5% CO2. Then, 100 μL of Detergent Reagent

(ATCC1 30-1010K™) was added to each well and the plate was incubated in the dark overnight

at room temperature. MTT conversion was then determined by measuring the absorbance of

each well at 570 nm. Dose response data were then analyzed using GraphPad Prism to deter-

mine the EC50 and Emax for NRG1β or the IC50 and Imax for inhibitors in the presence of

NRG1β. As noted elsewhere and shown in S1 Fig, under these conditions MTT conversion is a

function of differences in viable cell number, not a function of differences in cell metabolism.

The data obtained in the dose response experiments whose results are shown in Table 3 and

the associated figures can be found in a (S2 Data).

5. Conclusions

In this work, reliable, reproducible, and scalable approaches were developed, validated, and

deployed for the discovery of compounds that hold potential as targeted cancer therapeutics.

Our drug discovery approach was based on the observation that the Q43L mutant of the natu-

rally occurring ErbB4 agonist NRG2β functions as a partial agonist of ErbB4. NRG2β/Q43L

stimulates ErbB4 tyrosine phosphorylation, fails to stimulate ErbB4-dependent cell
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proliferation, and inhibits agonist-induced ErbB4-dependent cell proliferation. ErbB4 partial

agonists hold promise as therapies for ErbB4-dependent tumors. Using the screening assays

developed in this work, six compounds were identified that stimulate ErbB4 tyrosine phos-

phorylation, fail to stimulate ErbB4-dependent cell proliferation, and selectively inhibit

ErbB4-dependent cell proliferation. While much work remains to further evaluate the thera-

peutic potential of these six compounds, this work has established a high-throughput screening

process for the identification of ErbB4 inhibitors.

Supporting information

S1 Fig. MTT conversion by BaF3/EGFR+ErbB4 cells correlates with cell number. BaF3/

EGFR+ErbB4 cells were stimulated with increasing concentrations of NRG1β as depicted and

essentially as described in section 4.5. MTT conversion was assayed essentially as described in

section 4.5. In parallel wells, dead BaF3/EGFR+ErbB4 cells were stained with trypan blue and

viable cells were counted using a hemocytometer. MTT conversion and cell number were plot-

ted as a function of NRG1β concentration. The apparent NRG1β EC50 (with respect to MTT

conversion) in this experiment is different from that reported in Fig 2A. This is due to assay

optimization that was performed after this experiment.

(TIF)

S2 Fig. Four candidates do not selectively and potently inhibit ErbB4-dependent cellular

proliferation. (a-d) In three independent trials and using a modified version of our semi-auto-

mated processes, BaF3/EGFR+ErbB4 cells were treated with increasing concentrations of each

candidate inhibitor in the presence of 0.1 nM IL3 or 0.3 nM NRG1β. A semi-automated MTT

assay was used to analyze cellular proliferation 120 hours post-stimulation. Curves were fit to

the data using GraphPad Prism to determine the IC50 value for each candidate against 0.1 nM

IL3 and 0.3 nM NRG1β. IC50 values are also shown in Table 3.

(TIF)

S3 Fig. Four candidates do not selectively and potently inhibit ErbB4-dependent cellular

proliferation. (a-d) In three independent trials and using a modified version of our semi-auto-

mated processes, BaF3/EGFR+ErbB4 cells were treated with increasing concentrations of each

candidate inhibitor in the presence of 0.1 nM IL3 or 0.3 nM NRG1β. A semi-automated MTT

assay was used to analyze cellular proliferation 120 hours post-stimulation. Curves were fit to

the data using GraphPad Prism to determine the IC50 value for each candidate against 0.1 nM

IL3 and 0.3 nM NRG1β. IC50 values are also shown in Table 3.

(TIF)

S4 Fig. Four candidates are no longer under consideration. (a-d) In three independent trials

and using a modified version of our semi-automated processes, BaF3/EGFR+ErbB4 cells were

treated with increasing concentrations of each candidate inhibitor in the presence of 0.1 nM

IL3 or 0.3 nM NRG1β. A semi-automated MTT assay was used to analyze cellular proliferation

120 hours post-stimulation. Curves were fit to the data using GraphPad Prism to determine

the IC50 value for each candidate against 0.1 nM IL3 and 0.3 nM NRG1β. IC50 values are also

shown in Table 3.

(TIF)

S5 Fig. Depiction of ErbB4 and IL3 receptor signaling pathways.

(TIF)

S1 Data. Raw data generated during the course of validating the anti-phospho-ErbB4

ELISA assay conditions. The file was generated using Microsoft Excel and the file is in the
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Microsoft Excel.xlsx format.

(XLSX)

S2 Data. Raw data generated by the analyses of ErbB4 tyrosine phosphorylation and by the

analyses of ErbB4 coupling to IL3 independence. The file was generated using GraphPad

Prism version 6 and the file is in the GraphPad Prism.pzfx format.

(PZFX)
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