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Abstract 
 
 

 BRAF V600E mutations are found in roughly 50% of metastatic melanomas. 

While these tumors typically initially respond to BRAF and/or MEK inhibitors, they 

frequently develop resistance to BRAF and/or MEK inhibition. Fortunately, the five-year 

survival for metastatic melanoma has improved to approximately 50%, in part, due to the 

contribution of anti-CTLA-4, -PD-1, and -PD-L1 immunomodulators [1-7]. However, 

there are still no effective targeted therapies against metastatic melanomas that do not 

harbor the BRAF V600E driver mutation. Thus, there is a pressing need for additional 

biomarkers and actionable targets in metastatic melanoma.  

In this work, analyses of The Cancer Genome Atlas (TCGA) Skin Cutaneous 

Melanoma (SKCM) clinical melanoma genomic data set revealed that a significant 

fraction of melanomas (14%) harbor at least one mutation in the gene that encodes for the 

ErbB4 receptor tyrosine kinase. However, unlike the validated melanoma oncogene 

BRAF, no single ERBB4 mutation was predominant among the melanoma genomes. 

Instead, there were 71 unique ERBB4 nonsynonymous missense mutations. Here, various 

in silico approaches were used to prioritize ERBB4 nonsynonymous missense mutations 

in melanoma on their likelihood to function as melanoma drivers. The results of these 

analyses suggest that many of the ERBB4 mutations in the TCGA-SKCM data set are 

likely to contribute to the malignant phenotype of melanoma. Therefore, there remains a 

need to determine which ERBB4 mutations are bona fide drivers of melanoma cell 
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proliferation. The results of this work will serve as a platform for the characterization of 

putative ERBB4 driver mutations in melanoma. 

 Since it appears that a significant fraction of melanoma patients likely harbor 

driver mutations in ERBB4, there is a need for the development of therapeutics that 

disrupt ErbB4 signaling. As a result, in this work, a drug discovery strategy was 

developed based on the observation that the Q43L mutant of the naturally occurring 

ErbB4 agonist NRG2β functions as a partial agonist at ErbB4. NRG2β/Q43L stimulates 

tyrosine phosphorylation, fails to stimulate ErbB4-dependent cell proliferation, and 

inhibits agonist-induced ErbB4-dependent cell proliferation. Molecules that exhibit these 

characteristics are likely to function as ErbB4 partial agonists, and as such hold promise 

as therapies for the treatment of ErbB4-dependent melanomas. Consequently, three 

highly sensitive and reproducible (Z’ > 0.5) semi-automated screening assays were 

developed and deployed for the identification of small-molecules that function as partial 

agonists at ErbB4. As a result, six small-molecules were identified that stimulate ErbB4-

phosphorylation, fail to stimulate ErbB4-dependent cell proliferation, and appear to 

selectively inhibit ErbB4-dependent cell proliferation. Therefore, these molecules could 

potentially function as ErbB4 partial agonists and have potential as therapies against 

ErbB4-dependent melanomas. While further characterization and optimization is required 

to evaluate the full therapeutic potential of these molecules, the platform on which they 

were identified certainly demonstrates reliable and scalable approaches for the discovery 

of ErbB4 inhibitors.  
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Chapter 1: Introduction 
 

1.1. Metastatic melanoma 
 

Melanoma is an aggressive form of skin cancer that originates in melanocytes. 

Melanocytes, which are melanin-producing cells that reside in the basal layer of the 

epidermis, primarily serve as protection against ultraviolet radiation. However, 

uncontrollable growth of melanocytes can lead to the formation of melanoma. While not 

the most common type of skin cancer, melanoma is the most fatal[8]. Fortunately, most 

cases are diagnosed when the melanoma is still a localized disease. Localized melanoma 

can typically be surgically removed and patients have about a 98% 5-year survival 

rate[8]. Unfortunately, many patients are not diagnosed with melanoma during the early 

stages of the disease. In many cases, melanoma remains undiagnosed until the melanoma 

cells have spread through the lymph nodes to distant sites in the body. At this point, the 

disease is referred to as metastatic melanoma, or Stage IV melanoma. Patients that are 

diagnosed with metastatic melanoma currently have a 5-year survival rate of about 

50%[1-7].  

 

1.2. Current treatment strategies for metastatic melanoma 
 

Unlike localized melanoma, metastatic melanomas cannot be eradicated by 

surgical excision alone. Until the last decade, treatment of patients with metastatic 

melanoma was limited to radiation and chemotherapy to eradicate metastases that could 

not be removed by excision. Due to a better understanding of the biological 
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underpinnings that lead to melanoma genesis and progression, several targeted therapies 

have recently been developed for patients with metastatic melanoma. For one, it was 

observed that about 90% of melanomas exhibit elevated activation of the 

RAS/RAF/MEK/MAPK pathway[9]. This led to the discovery that about 50% of 

melanoma tumors contain a genetic alteration in the gene that encodes the BRAF protein 

and about 20% of melanomas harbor a mutation in the gene that encodes the NRAS 

protein. The identification of these mutations drove the development and FDA approval 

of BRAF inhibitors, such as vemurafenib in 2011, and MEK inhibitors, such as 

trametinib in 2013, for patients harboring a V600E mutation in BRAF[10-12]. While the 

clinical results of these therapies were initially promising, the duration of response has 

been heavily limited by the development of resistance mechanisms to the inhibitors when 

used as monotherapies and in combination[9].  

An increase in the understanding of the immune regulation of T-cells has also 

been imperative in the development of better therapies for patients with metastatic 

melanoma. Elevated levels of immune checkpoint proteins such as PD-L1 allow the 

melanoma tumor cells to effectively “turn off” the T-cell’s immune response against the 

tumor cells. This discovery led to the development and FDA approval of immune 

checkpoint therapies such as PD-1 inhibitors (pembrolizumab, 2014) and CTLA-4 

inhibitors (ipilimumab, 2011) for patients with metastatic melanoma[13,14]. These 

immunotherapies have yielded promising results as monotherapies and in combination 

with BRAF and MEK inhibitors leading to a drastic change in the standard-of-care 

treatment strategy for metastatic melanoma patients[9].   
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1.3. Current clinical problem 
 

Despite the major improvements that have been made in the standard-of-care 

treatment of metastatic melanoma as a result of targeted therapies and immunotherapies, 

there still remains a significant clinical issue. There are still no effective targeted 

therapies against metastatic melanomas that do not harbor the BRAF V600E driver 

mutation. Thus, there is a pressing need for additional biomarkers and actionable targets 

in metastatic melanoma.  

 

1.4. Overarching dissertation goals 
 

Therefore, the two overarching goals for this dissertation project were: (1) to 

prioritize ERBB4 mutants that are likely to function as drivers of melanoma tumor cell 

proliferation and (2) to develop a drug screening strategy to identify molecules that 

disrupt ErbB4 signaling.  

 

1.5. Contributions to the field 
 

To address the first goal, a systematic in silico workflow was developed and 

implemented for the prioritization of candidate melanoma driver mutations in the ErbB4 

receptor tyrosine kinase gene. This is the first in-depth analysis of clinically-relevant 

ERBB4 mutations in melanoma using The Cancer Genome Atlas (TCGA) melanoma 

genomic data set. Moreover, the results of this work will serve as a platform for future 

wet-lab efforts to identify which ERBB4 mutations contribute to melanoma tumorigenesis 

and progression. 
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To address the second goal, a semi-automated screening process was developed 

and deployed for the identification of small-molecule compounds that function as ErbB4 

partial agonists. The screening process can now be used by others in the field for the 

identification of molecules that stimulate or disrupt ErbB4 signaling. The small-molecule 

compounds that were identified to disrupt ErbB4 signaling in this work have therapeutic 

potential for a significant fraction of melanoma patients. Furthermore, the molecules 

identified in this work have the potential for being the first selective inhibitors of ErbB4.  

The details of the work that was completed in order to make these contributions 

are described in the remaining chapters of this dissertation. Chapter 2 focuses on the 

prediction of putative melanoma driver mutations in ERBB4, and Chapter 3 focuses of the 

identification of novel molecules that disrupt ErbB4 signaling. The overall conclusions of 

this dissertation will be discussed in Chapter 4, and the future directions for the work 

within this dissertation will be covered in Chapter 5.  

 

1.6. The drug discovery and development continuum  
 

The drug discovery and development continuum can be divided into three main 

stages: preclinical, clinical, and commercialization. The focus of this dissertation lies in 

the preclinical phases of anticancer drug discovery and development. The preclinical 

phases typically include: (1) Target identification and validation, (2) Model system 

development, (3) Screening assay development and hit identification, (4) Hit validation, 

and (5) Lead candidate development. More specifically, this work focuses on (1) Target 

identification and (3) Screening assay development and hit identification.  
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1.6.1. Modern target identification 
 
 The advances in technology and decreasing costs of genomic sequencing and 

high-throughput systems has led to a large growth of datasets available for drug 

discovery. Furthermore, open data initiatives such as the NCI Genomic Data Commons 

[15] and the cBioPortal [16,17] have allowed the general public to have access to real 

clinical datasets to improve drug discovery efforts. The types of data that are stored in 

these disease-specific datasets include gene expression, protein expression, single-

nucleotide polymorphisms (SNPs), copy number variations (CNVs), drug-target 

interaction, patient survival data, pathology reports, diagnostic/tissue/radiological 

imaging, and several other forms of clinical data.  

Researchers frequently use these large datasets to identify novel drug targets and 

biomarkers. In cancer drug discovery, specifically, researchers commonly use datasets 

containing sequenced tumor genomes to identify potential driver genes that caused the 

tumor cells to have a growth-advantage. The identification of BRAF V600 mutations in 

melanoma and the subsequent development of BRAF inhibitors was one the first 

successful examples of using genomics for drug discovery [12,18-20]. In fact, this 

example set a precedent for the development of modern targeted chemotherapies.  

Although these data sets have led to the development of therapies for novel 

targets, they have also allowed for the repurposing of existing therapeutics. For example, 

the identification of KIT as a gastrointestinal stromal tumor target allowed for the 

repurposing of the KIT inhibitor, imatinib, which was originally used to treat 

myelogenous leukemia [21]. 
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1.6.2. High-throughput screening for hit identification 
 
 Advances in combinatorial chemistry, genomics, proteomics, and bioinformatics 

has greatly increased the size of screening compound libraries. As a result, HTS (high-

throughput screening) platforms were developed to sort through the large libraries of 

potential drug molecules. In fact, over the last 20 years, HTS has become a standard 

platform for early stage drug discovery in the pharmaceutical industry. Furthermore, it 

was the needs of HTS labs that initiated many of the advances in laboratory automation, 

assay miniaturization, data capture, and assay formats [22]. While HTS does provide 

methods necessary for screening collections of up to 500,000 compounds, it also provides 

a relatively unbiased approach for identifying novel drug molecules [23].  

 HTS assays generally fall into one of two categories, biochemical assays and cell-

based assays. Biochemical assays detect and often quantify the binding affinity of 

molecules to a target or the biological activity of the target. These assays provide insight 

to the mechanism of action of a potential drug compound. Cell-based assays provide 

biological information about how an organism will respond to a given compound. These 

assays allow for the determination of cell viability, proliferation, and cytotoxicity after 

treatment with a potential drug molecule.  

 Some examples of successful chemotherapies that were identified using HTS drug 

discovery technologies are the FDA-approved tyrosine kinase inhibitors gefitinib, 

erlotinib, sorafenib, dasatinib, and lapatinib [22]. Although HTS assays are powerful 

tools for the discovery of new therapies, their implementation is rather resource intensive. 

Assay development and validation alone is time consuming and requires a lot of 

optimizing to be fit for the screening of large libraries of compounds. Successful 
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optimization of HTS assays is paramount considering the screening costs for a 500,000-

compound library can cost anywhere between $250,000 - $500,000 [24]. Building and 

maintaining the chemical compound library is also extremely expensive in terms of 

personnel, space, and equipment. The deployment of the screens is also time-consuming 

and requires the investment of expensive laboratory automation such as liquid handlers. 

The large amounts of data generated by HTS efforts also take a lot of time to analyze to 

identify the most promising hits. 

 

 
1.7. Bridging chemical engineering and cancer drug discovery 
 
 In the era of big data and precision medicine, cancer drug discovery is no longer 

predominately pursued by life scientists. Instead, teams of life scientists, mathematicians, 

physicists, chemists, and engineers are all necessary to successfully complete the 

preclinical phases of the current drug discovery and development continuum. 

Mathematicians commonly utilize their training to develop complex algorithms to sort 

through large omics datasets for target discovery. Life scientists, then, utilize their 

training to validate newly identified targets via wet lab experiments. Physicists and 

chemists use their skills to develop libraries of synthetic drug molecules that are likely to 

specifically bind to the desired drug target. Engineers, especially chemical engineers, 

utilize their skills for the development of processes for the identification and production 

of novel drug molecules, as well as develop novel strategies for drug delivery.  

Since chemical engineering focuses on chemical and biological transformations 

and the systems in which these transformations occur [25], developing processes to 

identify novel drug molecules that harbor specific biochemical and biological 
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characteristics is well within the skillsets of a chemical engineer. Just as any chemical 

process, developing scalable and reproducible drug discovery processes requires the use 

of many chemical engineering principles such as thermodynamics, reaction kinetics, and 

process design/optimization. 

 

1.7.1. Thermodynamics in drug discovery 
 
 The industry standard for discovering “hit” molecules that hold potential as drug 

molecules involves the use of high-throughput screening (HTS) assays to screen large 

libraries of small molecule compounds or monoclonal antibodies. The development of 

high-throughput screening assays involves practical application of chemical 

thermodynamics. Since HTS assays are performed on microplates (96 wells/plate, 384 

wells/plate, and 1536 wells/plate), a major challenge is minimizing well-to-well and 

plate-to-plate variability. Under optimal conditions, each well on each plate will 

experience identical environmental and reaction conditions at all times. Therefore, all 

automated protocols must be scripted such that each well is treated in the same manner 

for the same amount of time on every plate. If not, the screens will undoubtedly display 

plate-effects in which the background signal is not consistent across the plate(s). 

Inconsistent background signal levels can lead to the selection of false positives or the 

culling of false negatives when deploying the screen.   

Outside of maintaining balanced automated scripts, the conditions of each well on 

each plate must remain identical during incubation periods in-between the automated 

steps of screens. If not properly controlled for, the reaction conditions of the wells around 

the edges of the plates can quickly become different from the inner wells. This is simply 
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due to a relative humidity gradient on the plate. The relative humidity is highest at the 

center of the plate and lowest at the edges where the wells are not surrounded by other 

wells full of solution. As a result, the solvent evaporation rate is higher at the edges 

which causes the concentration of reactants in the well to increase and the equilibrium of 

the reaction to be shifted. Examples of controlling the relative humidity to maintain 

reaction equilibria include using adhesive plate seals during overnight incubation steps, 

and the use of a humid environment to reduce solvent evaporation around the edges of 

plates. 

 

1.7.2. Reaction kinetics in drug discovery 
 
 Several aspects of drug discovery require an understanding reaction kinetics. 

Fortunately, reaction kinetics is at the core of fundamental chemical engineering training. 

Often, in cancer drug discovery, it is ideal to identify a molecule that inhibits the function 

of a target that is providing a growth-advantage to cancer cells. In this case, cell-based 

and biochemical assays are developed for the identification of molecules that function as 

inhibitors at a desired target. The development of reliable and reproducible assays is 

heavily dependent upon a complete understanding of the reaction kinetics throughout the 

assay. This knowledge can be used to alter reaction times and temperatures as well as 

reagent concentrations to optimize the assay for HTS use. 

 Interpreting the results of HTS campaigns also requires the use of reaction 

kinetics. Especially in the case of using the results of cell-based assays to determine the 

mechanism-of-action for “hit” molecules. A classic example of this is determining 

whether a molecule is functioning as a competitive or noncompetitive inhibitor (Figure 



 10 

1). Since a competitive inhibitor binds to the same location as the substrate, it is 

understandable that large amounts of substrate can overcome the effect of the inhibitor 

and vice versa. Therefore, in cellular proliferation assays, competitive inhibition can be 

identified by a shift in the EC50 of the substrate and the recovery of maximal proliferation 

using an excess of substrate (Figure 1). Since a noncompetitive inhibitor does not bind to 

the same site as the substrate, the substrate, regardless of concentration, will never be 

able to overcome the effect of the inhibitor. Furthermore, the inhibitor will never be able 

to completely overcome the effect of the substrate. Consequently, noncompetitive 

inhibitors exhibit no effect on the substrate EC50 but reduce the maximal effect of the 

substrate (Figure 1). 
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Figure 1. Cellular proliferation as a function of substrate concentration. (a) Emax; 
Maximal cellular proliferation stimulated by the substrate in absence of inhibition. (b) 
EC50 (substrate concentration at which cellular proliferation is 50% of maximal cell 
proliferation stimulated by the substrate) for no inhibition and noncompetitive inhibition. 
(c) EC50 for competitive inhibition.   
 

 

1.7.3. Process design in drug discovery 
 
 HTS assays must be designed and developed such that they can be scaled to 

accommodate various library sizes. The order in which the screens are deployed is also 

imperative so that screening campaigns can quickly identify the most promising 
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candidates. While chemical engineers do focus optimizing biological and chemical 

transformations, they also focus on developing scalable systems to produce desired 

products. Although drug discovery HTS processes are not traditional chemical 

engineering processes, the skill sets attained from chemical engineering training are 

easily adapted for developing effective drug discovery platforms. In fact, designing an 

HTS process is conceptually similar to distillation; a process chemical engineers are very 

familiar with. Similar to the multicomponent feedstock entering a distillation column, an 

HTS process begins with a large library of unique chemical compounds. The engineer is 

tasked with developing a process using screening assays (unit operations) that filters and 

selects for the desired product.  

 In the case of this dissertation, a process needed to be developed for identifying 

inhibitors of cell proliferation stimulated by the ErbB4 receptor tyrosine kinase. 

Furthermore, the inhibitor must also partially activate the receptor by stimulating tyrosine 

phosphorylation of the receptor. Given this scenario, three HTS assays were used to 

identify molecules that stimulate ErbB4 tyrosine phosphorylation, fail to stimulate 

ErbB4-dependent cellular proliferation, and specifically inhibit ErbB4-dependent cellular 

proliferation. Since the assay to identify ErbB4 tyrosine phosphorylation had the shortest 

run time (highest throughput), it was utilized as the primary screen in the campaign. This 

enabled quick evaluation of the entire small-molecule library for a characteristic that was 

unique to the desired drug mechanism-of-action. To verify that none of the compounds 

that stimulated ErbB4 tyrosine phosphorylation also stimulated cell growth, the primary 

assay was followed up with a cell proliferation assay that could detect stimulation of 

ErbB4-dependent cellular proliferation. Then, compounds that were identified to 



 13 

stimulate phosphorylation and not stimulate cell proliferation, were screened using 

another cell proliferation assay to determine whether or not they could specifically inhibit 

ErbB4-dependent cell proliferation. The effectiveness of deploying the screens in this 

order is evident in that none of the waste streams (compounds that did not pass a given 

screen) were recycled back into the screening process (Figure 18). Once a compound 

failed a test, it never had to be retested at a subsequent stage.  

 As with any process design, measures must be put in place to monitor the 

performance of the individual screens within the HTS process. HTS facilities have 

developed rigorous quality control methods such as Z-trend monitoring, plate pattern 

recognition algorithms, regular usage of pharmacological standards, and liquid handler 

and reader performance monitoring. In this work, the Z-factor (See Chapter 3) was used 

as the primary indicator of assay performance during the HTS campaign. Plate pattern 

recognition and liquid handler and reader performance was evaluated during the 

developmental stage of the screening assays. 
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Chapter 2: In silico prioritization of candidate melanoma driver mutations in the 
ErbB4 receptor tyrosine kinase gene 

 
 

2.1. Introduction  
 

BRAF V600E mutations are found in roughly 50% of metastatic melanomas. 

While these tumors typically initially respond to BRAF and/or MEK inhibitors, they 

frequently develop resistance to BRAF and/or MEK inhibition. Fortunately, the five-year 

survival for metastatic melanoma has improved to approximately 50%, in part, due to the 

contribution of anti-CTLA-4, -PD-1, and -PD-L1 immunomodulators [1-7]. However, 

there are still no effective targeted therapies against metastatic melanomas that do not 

harbor the BRAF V600E driver mutation. Thus, there is a pressing need for additional 

biomarkers and actionable targets in metastatic melanoma.  

 Here, we have analyzed the TCGA skin cutaneous melanoma (SKCM) genome 

dataset in effort to identify a potential target/biomarker for these BRAF wild-type (WT) 

tumors. As a result, we believe that ERBB4 mutant alleles function as biomarkers and 

drivers in BRAF WT melanomas by either (1) increasing the growth stimulatory activity 

of ERBB4-EGFR heterodimers or by (2) disrupting the growth inhibitory activity of 

ERBB4 homodimers. 
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2.2. Results 
 
2.2.1. The incidence of ERBB4 melanoma missense mutations suggests they are 
functionally significant 
 

ERBB4 encodes the ErbB4 (HER4) receptor tyrosine kinase and is a member of 

the ErbB family of receptor tyrosine kinases, a family that also includes the epidermal 

growth factor receptor (EGFR/ErbB1), ErbB2 (HER2/Neu), and ErbB3 (HER3). In The 

Cancer Genome Atlas Skin Cutaneous Melanoma (TCGA-SKCM) dataset, 14% of the 

melanoma genomes harbor at least one nonsynonymous missense mutation in ERBB4 

(Table 1). 

 

 

Table 1. Nonsynonymous missense mutation incidence and N/S (nonsynonymous-to-
synonymous) mutation ratios for all ERBB genes in the TCGA-SKCM dataset. 
 

 

 

 

This incidence exceeds that of EGFR (6%), ERBB2 (3%), and ERBB3 (2%) in the same 

dataset (Table 1).  Moreover, ERBB4 is the only ERBB gene in the TCGA-SKCM dataset 

to have a ratio of nonsynonymous to synonymous mutations (N/S) that exceeds the 2.5:1 

ratio indicative of driver mutations [26,27]. This suggests that these ERBB4 mutant 
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alleles are bona fide melanoma drivers.  In contrast to what is observed with most tumor 

driver alleles, including the BRAF V600E melanoma driver [28], ERBB4 mutations in 

melanoma do not cluster at a predominant “hot spot”. Instead, the ERBB4 mutations 

found in melanoma are found throughout the entire ErbB4 coding sequence (Figure 2). 

 

 

 

Figure 2. Lollipop plot of ERBB4 nonsynonymous missense mutations in the TCGA-
SKCM dataset. The functional regions of the receptor have been highlighted. The 
extracellular subdomains I, II, III, and IV are highlighted in red, orange, yellow, and 
green respectively. The transmembrane domain (T) is highlighted in blue. The 
intracellular kinase domain (K) is highlighted purple. Mutation incidence (# of TCGA-
SKCM cases) is reported on the y-axis.  
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2.2.2.  Sites of ERBB4 melanoma missense mutations are conserved in other ErbB 
receptors 
 
2.2.2.1. ERBB4 missense mutations affect residues conserved in EGFR, ErbB2, or ErbB3 
 

Next, we aligned the ERBB4 amino acid sequence with that of each of the other 

ERBB family receptors. Each of the TCGA-SKCM ERBB4 mutations were then mapped 

onto the alignments. This reveals that 49 of the 71 ERBB4 missense mutations in the 

TCGA-SKCM dataset affect a residue that is conserved in EGFR, ERBB2, or ERBB3 

(Figure 3).  

 

 

 

Figure 3. Lollipop plot of TCGA-SKCM ERBB4 nonsynonymous missense mutations 
that affect a residue that is conserved in either EGFR, ERBB2, or ERBB3.  
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2.2.2.2. Sites of ERBB4 mutations are conserved in the region encoding EGFR kinase 
activity 
 

Given that EGFR and ERBB4 can transphosphorylate EGFR, we predicted that 

ERBB4 mutations are more common among ERBB4 residues that are conserved in 

EGFR.  This overrepresentation of ERBB4 mutations would suggest that the ERBB4 

mutant alleles are functionally significant and are bona fide melanoma drivers.   

Indeed, chi-squared analysis reveals that codons in ERBB4 that are conserved in 

EGFR are not more likely to be mutated in the TCGA-SKCM dataset than are ERBB4 

codons that are not conserved in EGFR (Figure 4, p=0.067). However, codons in ERBB4 

that are conserved in the portion of EGFR that encodes the tyrosine kinase domain are 

significantly more likely to be mutated in the TCGA-SKCM dataset than are codons in 

ERBB4 that are not conserved in the portion of EGFR that encodes the tyrosine kinase 

domain (Figure 4, p=0.014). Again, these data suggest that ERBB4 mutant alleles 

contribute to melanoma genesis or progression. 

 

 

 
Figure 4. (Left panel) Chi-squared analysis of mutant status of all ErbB4 codons against 
ErbB4 amino acid conservation with EGFR status. (Right panel) Chi-squared analysis of 
mutant status of ErbB4 codons in the kinase domain against ErbB4 amino acid 
conservation with EGFR status.  
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2.2.2.3. Sites of ERBB4 mutations are conserved in the region encoding the ERBB3 
ligand-binding domains 
 

A few EGFR ligands also bind ERBB4, whereas ERBB2 does not bind to any 

known EGF family ligand.  In contrast, numerous ERBB4 ligands also bind ERBB3.  

Thus, we predicted that ERBB4 mutations are more common among ERBB4 residues that 

are conserved in the ERBB3 ligand binding domains (LBDs) than in the EGFR or 

ERBB2 LBDs.  This overrepresentation of ERBB4 mutations suggests that the ERBB4 

mutant alleles are functionally significant and are bona fide melanoma drivers. 

Chi-squared analysis indicates that codons in ERBB4 that are conserved in the 

EGFR or ERBB2 LBDs are NOT more likely to be mutated in the TCGA-SKCM dataset 

than are ERBB4 codons that are not conserved in the EGFR or ERBB2 LBDs.  However, 

codons in ERBB4 that are conserved in the ERBB3 LBDs are slightly (but not 

significantly) more likely to be mutated in the TCGA-SKCM dataset than are ERBB4 

codons that are not conserved in the ERBB3 LBDs (Figure 5, p=0.135).  This slight 

overrepresentation of ERBB4 mutations is consistent with our hypothesis that the ERBB4 

mutant alleles are functionally significant and are bona fide melanoma drivers. 
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Figure 5. Chi-squared analysis of mutant status of ErbB4 codons in the ligand binding 
domains against ErbB4 amino acid conservation with EGFR, ErbB2, and ErbB3. 
 
 
 
 
 
2.2.2.4. Sites of ERBB4 mutations correspond to sites of driver mutations in EGFR and 
ERBB2 
 

ERBB4 mutant alleles found in the TCGA-SKCM dataset correspond to driver 

mutations in EGFR or ERBB2, suggesting that these ERBB4 mutant alleles are 

functionally significant and are bona fide melanoma drivers (Figure 6). For example, the 

ERBB4 R106C and G741E/R mutations each affect ERBB4 residues that are conserved in 

EGFR and are the location of driver mutations in the EGFR gene (EGFR R108K [29,30] 

and G735S [31,32]). The ERBB4 G286V/R mutations correspond to a site of a known 

driver mutation in the ERBB2 gene (ERBB2 G929R [33]). Finally, the ERBB4 E810K and 

L864P mutations correspond to sites of known driver mutations in both EGFR (EGFR 
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E804G [32] and EGFR L858Q/R (aka L834R) [34-37]) and ERBB2 (ERBB2 E812K [38] 

and L866M [39]). 

 

 

 

Figure 6. Lollipop plot of the 5 ERBB4 mutation sites that correspond to sites of driver 
mutations in EGFR or ERBB2.  
 
 
 
 
 
 
2.2.3.  Some of the ERBB4 melanoma missense mutations are found more than once 
 
2.2.3.1. Seven of the 71 ERBB4 melanoma missense mutations are found in more than 
one TCGA melanoma sample 
 

Whereas most of the ERBB4 missense alleles in the TCGA-SKCM dataset are 

unique and occur in only one tumor sample, five of the ERBB4 missense alleles occur 

twice in the TCGA-SKCM dataset (E452K, P579L, D813N, S975L, R992C), one occurs 

three times (R106C), and one occurs five times (R711C) (Figure 7).  We tested the 
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hypothesis that these recurrences are due to selection rather than chance by simulating the 

random assignment of 82 missense mutations to the 1308 codons of ERBB4.  In 100,000 

random assignments, the incidence of a mutation occurring at the same codon twice, 

three times, or five times is markedly lower than the observed incidence (data not 

shown), suggesting that ERBB4 mutant alleles found in metastatic melanomas are not 

chance occurrences, but are instead the result of selection. 

 

 

 

Figure 7. Lollipop plot of the 7 ERBB4 mutations the are found in more than one TCGA-
SKCM sample.  
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2.2.3.2. 9 of the 71 ERBB4 melanoma missense mutations are found in samples of other 
types of tumors 
 

Nine of the TCGA-SKCM ERBB4 missense mutations are found in samples of 

other tumor types (Figure 8) [16,17]. ERBB4 R106C is found in colorectal 

adenocarcinoma, pancreatic adenocarcinoma, stomach adenocarcinoma, bladder 

adenocarcinoma, and skin adnexal carcinoma. ERBB4 R114Q is also found in colorectal 

adenocarcinoma. ERBB4 R196C is found in stomach adenocarcinoma and pancreatic 

adenocarcinoma. ERBB4 T4221 and G573D are found in head and neck squamous cell 

carcinoma. ERBB4 P572L is found in uterine endometrioid carcinoma. ERBB4 R711C is 

found in both invasive breast carcinoma and uterine endometrioid carcinoma. ERBB4 

R838Q is found in colorectal adenocarcinoma and uterine serous carcinoma/uterine 

papillary serous carcinoma. ERBB4 R992C is found in uterine endometrioid carcinoma, 

upper tract urothelial carcinoma, and colorectal adenocarcinoma.  These additional 

occurrences of ERBB4 mutant alleles suggest that ERBB4 mutant alleles are bona fide 

melanoma drivers and that these alleles function as drivers in additional types of tumors. 
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Figure 8. Lollipop plot of the 9 TCGA-SKCM ERBB4 mutations that are found in 
samples of other tumor types.  
 

 

 

2.2.4. The coincidence of ERBB4 melanoma missense mutations with other 
genetic/epigenetic changes suggests how ERBB4 mutations drive melanoma tumor 
proliferation 
 
2.2.4.1. The incidence of ERBB4 missense mutations in melanomas is strongly elevated in 
tumors that have driver mutations in RAS or NF1 genes 
 

As noted earlier, it is well established that ERBB4 can directly stimulate the PI3K 

signaling pathway. However, the evidence that ERBB4 can stimulate RAS signaling is 

much weaker than the evidence that EGFR and ERBB2 can stimulate RAS signaling[40].  

Therefore, we have indirectly evaluated the hypothesis that ERBB4 is coupled to RAS 

signaling by measuring the incidence of ERBB4 mutant alleles in melanoma samples that 

do or do not possess driver mutations in the NRAS, KRAS, HRAS, and NF1 genes [41,42]. 

If ERBB4 is directly coupled to RAS signaling in melanoma, then the incidence of 
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ERBB4 mutant alleles should be inversely correlated with the incidence of driver 

mutations in the NRAS, KRAS, HRAS, or NF1 genes. 

Surprisingly, the incidence of ERBB4 mutant alleles is ELEVATED in 

melanomas that possess driver mutations in the NRAS, KRAS, HRAS, or NF1 genes 

(p=0.001, chi-squared, Figure 9). This coincidence suggests that ERBB4 does not 

stimulate RAS signaling and that some melanomas are dependent on the cooperation of 

deregulated ERBB4 signaling with elevated RAS signaling.  Moreover, the ERBB4 

missense alleles that coincide with RAS or NF1 driver alleles are better candidate drivers 

of melanoma than the ERBB4 missense alleles that are not coincident with RAS or NF1 

driver alleles. 

 

 

 

Figure 9. Chi-squared analysis of TCGA-SKCM cases comparing ERBB4 missense 
mutation status against putative driver mutation status of NRAS, KRAS, HRAS, or NF1. 
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2.2.4.2. ERBB4 melanoma missense mutations are associated with decreased survival, 
particularly in the context of a driver mutation in RAS or NF1 genes 
 

Using the TCGA-SKCM dataset, we have analyzed the effects of ERBB4, RAS, 

and NF1 mutant alleles on the survival of 205 melanoma cases (Figure 10). Survival is 

markedly decreased in cases that harbor a combination of ERBB4 and RAS mutant alleles 

or ERBB4 and NF1 mutant alleles relative to cases that do not harbor one of these 

combinations. Thus, these data support the hypothesis that ERBB4 mutant alleles 

cooperate with elevated RAS signaling to drive melanoma aggressiveness. 

 

 

 
 
Figure 10. Analysis of all TCGA-SKCM cases that provided days to death data. 
Reported values are average days to death for cases in the varying mutational 
circumstances. Total number of cases per circumstance is also included. 
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2.2.4.3. The incidence of ERBB4 missense mutations in melanoma is markedly reduced in 
melanoma cases that harbor driver events in the PI3KCA or PTEN genes 
 

We have previously shown that the PI3K pathway mediates ERBB4 coupling to 

cell proliferation in a heterologous model system (Figure 11). If the PI3K pathway 

mediates ERBB4 coupling to proliferation in melanoma, then we would expect that the 

incidence of ERBB4 mutant alleles is inversely correlated with the incidence of other 

genetic/epigenetic events that stimulate PI3K signaling.  (We presume that only a single 

genetic/epigenetic event – in ERBB4 or elsewhere - is required to stimulate PI3K 

signaling.)  There are several mechanisms by which PI3K signaling can be stimulated. 

PI3KCA expression and/or PI3KCA copy number can be elevated or gain-of-function 

PI3KCA driver mutations can stimulate PI3K signaling. Furthermore, because the PTEN 

tumor suppressor protein [43] functions by inhibiting signaling of the PI3K pathway, 

increased PI3K signaling can result from reduced PTEN expression and/or PTEN copy 

number.  
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Figure 11. Model for signaling by ERBB4 mutants. 
 
 
 
 

Thus, metastatic melanoma cases from the TCGA-SKCM dataset were sorted into 

those cases that possess these driver events in the PI3KCA or PTEN genes and those 

cases that do not. The incidence of ERBB4 mutant alleles in these two groups was 

determined. This analysis revealed that ERBB4 mutant alleles are significantly less 

common in those samples that possess driver events in the PI3KCA or PTEN genes 
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(p=0.005, chi-squared, Figure 12). This suggests that ERBB4 mutant alleles are coupled 

to elevated PI3K signaling.  Moreover, the ERBB4 missense alleles that do not coincide 

with PI3KCA or PTEN driver events are better candidate drivers of melanoma than the 

ERBB4 missense alleles that are coincident with PI3KCA or PTEN driver events. 

 

 

 

Figure 12. Chi-squared analysis of TCGA-SKCM cases comparing ERBB4 missense 
mutation status against evidence of elevated PI3K/Akt pathway signaling. 
 
 
 
 
 
2.2.4.4. In WT ERBB4 samples, elevated ERBB4 expression is associated with elevated 
EGFR expression 
 

We and others have previously demonstrated that ERBB4 may function as a 

homodimer or as a heterodimer with another ERBB receptor [40,44-48]. Moreover, 

ERBB4-EGFR and ERBB4-ERBB2 heterodimers are oncoproteins whereas ERBB4 

homodimers are commonly tumor suppressors[45,47]. To gain insights into whether 

ERBB4 mutations found in melanoma samples affect the activity of hetrerodimeric 

ERBB4 oncoproteins or homodimeric ERBB4 tumor suppressors, we have evaluated the 
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coincidence of wild-type (WT) ERBB4 transcription with either EGFR transcription or 

ERBB2 transcription. 

 

 

 
 
Figure 13. Chi-squared analysis of the coincidence of wild-type (WT) ERBB4 
transcription with either EGFR transcription (left panel) or ERBB2 transcription (right 
panel) for TCGA-SKCM cases reporting both ERBB4 and EGFR or ERBB4 and ERBB2 
expression levels. 
 
 
 
 
 

This analysis showed that elevated WT ERBB4 transcription is strongly associated 

with elevated EGFR transcription (P=0.00041, chi-squared, Figure 13) but is not 

significantly associated with elevated ERBB2 expression (P=0.179, chi-squared, Figure 

13). This finding suggests that ERBB4 may exist as homodimers in some melanoma 

samples and as heterodimers in other melanoma samples.  Moreover, it appears that 

ERBB4-EGFR heterodimers may be more important to the genesis and/or progression of 

melanomas than are ERBB4-ERBB2 heterodimers. 
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2.2.4.5. In samples of metastatic melanoma and other tumors, ERBB4 copy number is 
decreased more commonly than increased 
 

As mentioned earlier, ERBB4 homodimers can function as tumor suppressors.  

Indeed, synthetic constitutively-homodimerized and –active ERBB4 mutants inhibit the 

proliferation of many human tumor cell lines [49]. And, elevated ErbB4 expression has 

been associated with more favorable outcomes in human breast cancers [45].  

 

 

 

Figure 14. Analysis of average copy number variation (CNV) in ERBB4, known tumor 
suppressor genes, and known oncogenes in both the TCGA-SKCM dataset and the full 
TCGA dataset including all tumor types. The highlighted values show a significant shift 
towards evidence of either oncogenic or tumor suppressor function. 
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ERBB4 copy number variation was analyzed in the TCGA-SKCM dataset as well 

as across the entire TCGA database (Figure 14). As controls, we analyzed copy number 

variation of known tumor suppressor genes (TP53, RB1, PTEN) and oncogenes 

(PIK3CA, BRAF, KRAS, ABL1).  For each sample, we report the ratio (+CNV/-CNV) 

of the number of samples that exhibit hyperploidy (copy number >2) divided by the 

number of samples that exhibit hypoploidy (copy number <2). A ratio of greater than 1 is 

indicative of a hyperploid oncogene whereas a ratio of less than 1 is indicative of a 

hypoploid tumor suppressor gene. Indeed, the known tumor suppressors (TP53, RB1, and 

PTEN) all exhibit a ratio of less than 0.30 in the TCGA-SKCM dataset and in the TCGA 

overall. Likewise, the known oncogenes BRAF, KRAS, and ABL1 all exhibit a ratio of 

greater than 2.5 in the TCGA-SKCM dataset and the known oncogenes PIK3CA and 

KRAS exhibit a ratio of greater than 2.5 in the TCGA overall. 

ERBB4 exhibits a ratio of 0.61 in the TCGA-SKCM dataset and 0.43 in the 

TCGA overall. These results suggest that ERBB4 is more likely to function as a tumor 

suppressor gene than as an oncogene in a particular tumor sample. However, in a 

population of tumor samples, one would anticipate a meaningful fraction of samples in 

which ERBB4 functions as an oncogene. 

 

 

2.2.5.  Combining these criteria allows the 71 ERBB4 mutants to be prioritized 
 
2.2.5.1. Each of the 71 ERBB4 mutants can be assigned a priority score 
 

The TCGA-SKCM dataset contains 71 distinct ERBB4 mutants. Taking in all the 

analysis performed, we believe that it is possible to prioritize them in order of most likely 
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to functionally alter ErbB4 to least likely. The prioritization scheme presented here was 

designed to minimally discriminate against ERBB4 mutants by function. Some high 

priority mutations, when expressed in metastatic melanoma, may act in a gain-of-function 

way by increasing chance of heterodimerization or in a loss-of-function way by limiting 

homodimerization.  

The prioritization scheme combines 7 categories (Table 2) based on information 

presented here that when analyzed across the TCGA-SKCM dataset, revealed putative 

drivers. Each category, if satisfied, earned one point toward the mutation’s prioritization 

status. Any mutant with greater than 4 points was indicated as a high priority mutant 

(Table 3). Any mutant with 4 points is medium-high priority (Table 3). Any mutant with 

3 points is medium (Table 3), 2 points is medium-low (Table 4), 1 point is low (Table 

4), and 0 points are no priority (Table 4). 
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Table 2. TCGA-SKCM ERBB4 mutant prioritization criteria.  

 

Table 3. High, medium high, and medium priority ERBB4 mutants.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a Mutation at site conserved in Tyrosine Kinase Domain of EGFR
b Mutation at site conserved in Extracellular Domains I-IV of ErbB3
c At site of a driver mutation in EGFR and/or ErbB2
d Found in a sample of a tumor other than Melanoma
e Found more than once in TCGA-SKCM data set
f coincides with a RAS  and/or NF1  driver
g Associated with no evidence of activating alterations in PI3K signaling pathway

Mutation a b c d e f g Priority
 score

Priority 
Rating

R106C - 1 1 1 1 1 1 6 high
R711C 1 - - 1 1 1 1 5 high
R992C 1 - - 1 1 1 1 5 high
T422I - 1 - 1 - 1 1 4 medium high
E452K - 1 - - 1 1 1 4 medium high
P759L 1 - - - 1 1 1 4 medium high
D813N 1 - - - 1 1 1 4 medium high
G85S - 1 - - - 1 1 3 medium

R196C - 1 - 1 - - 1 3 medium
P331S - 1 - - - 1 1 3 medium
S418F - 1 - - - 1 1 3 medium
P517A - 1 - - - 1 1 3 medium
P572L - - - 1 - 1 1 3 medium
G573S - 1 - 1 - - 1 3 medium
G624W - 1 - - - 1 1 3 medium
G741E 1 - 1 - - - 1 3 medium
P800L 1 - - - - 1 1 3 medium
E810K 1 - 1 - - - 1 3 medium
R838Q 1 - - 1 - - 1 3 medium
D861N 1 - - - - 1 1 3 medium
E872K 1 - - - - 1 1 3 medium
G880R 1 - - - - 1 1 3 medium
P925S 1 - - - - 1 1 3 medium
G936E 1 - - - - 1 1 3 medium
E969K 1 - - - - 1 1 3 medium
S975L 1 - - - 1 - 1 3 medium
G286R - 1 1 - - - 1 3 medium
G286V - 1 1 - - - 1 3 medium
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Table 4. Medium low, low, and none priority ERBB4 mutants.  

 
 
 

 

2.2.5.2. Seven ERBB4 mutants possess a high or medium high priority score 
 

Of the 71 ErbB4 mutants, 7 earned a medium-high or high priority mutant status 

(Table 5). Interestingly, there is a mix of those suggesting gain-of-function and loss-of-

function activity. 

 

Mutation a b c d e f g Priority
 score

Priority 
Rating

E33K - - - - - 1 1 2 medium low
 A48D - - - - - 1 1 2 medium low
F76L - 1 - - - - 1 2 medium low

D113N - - - - - 1 1 2 medium low
L155F - 1 - - - - 1 2 medium low
A383T - 1 - - - 1 - 2 medium low
S433P - 1 - - - - 1 2 medium low
R491K - 1 - - - 1 - 2 medium low
E542K - 1 - - - 1 - 2 medium low
G549S - - - - - 1 1 2 medium low
E560K - - - - - 1 1 2 medium low
G741R 1 - 1 - - - - 2 medium low
P759S 1 - - - - - 1 2 medium low
D776N 1 - - - - 1 - 2 medium low
H856Y 1 - - - - - 1 2 medium low
L864P 1 - 1 - - - - 2 medium low
P943S 1 - - - - - 1 2 medium low

P1080L - - - - - 1 1 2 medium low
P1117L - - - - - 1 1 2 medium low
R1127K - - - - - 1 1 2 medium low
R1139Q - - - - - 1 1 2 medium low
R1142Q - - - - - 1 1 2 medium low
P1165L - - - - - 1 1 2 medium low
E1187D - - - - - 1 1 2 medium low
G1217E - - - - - 1 1 2 medium low
P1276S - - - - - 1 1 2 medium low
P1282S - - - - - 1 1 2 medium low
R114Q - - - 1 - - - 1 low
D150N - - - - - 1 - 1 low
G340E - 1 - - - - - 1 low
G456E - 1 - - - - - 1 low
S508F - 1 - - - - - 1 low
P572S - - - - - 1 - 1 low
G656E - - - - - - 1 1 low
F662L - - - - - 1 - 1 low
E691K - - - - - - 1 1 low
N814T 1 - - - - - - 1 low
F1003I 1 - - - - - - 1 low
P1300S - - - - - 1 - 1 low
G127E - - - - - - - 0 none
F662V - - - - - - - 0 none

E1047K - - - - - - - 0 none
P1053L - - - - - - - 0 none
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Table 5. High and medium high priority ERBB4 mutants. 

 
 
 
 
 
 
2.2.5.3. The high and medium-high priority mutants reside in the LBDs and tyrosine 
kinase domain 
 

Once the prioritization scheme was determined, the mutants were mapped onto 

the ErbB4 sequence to look for potential hot spots of high and medium-high priority 

mutants. Half of the medium-high and high priority mutants were found in the kinase 

region of ErbB4 alone (Figure 15). The kinase region is largely responsible for signaling 

activity. Two of these mutations were identified as high priority candidates. The other 

half of the medium-high and high priority mutants were identified in the first three 

regions on the ligand binding domain which is important for dimerization function 

(Figure 15). No medium-high or high priority mutants were identified in the 

transmembrane domain, C-terminal tail, or portions of the receptor between defined 

domains.  

Mutation Priority
 score

Priority 
Rating

R106C 6 high
R711C 5 high
R992C 5 high
T422I 4 medium high
E452K 4 medium high
P759L 4 medium high
D813N 4 medium high
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Figure 15. Lollipop plot map of prioritized ERBB4 mutants by location vs. priority 
score. The black box is around the medium-high and high priority candidate putative 
driver mutations. 
 
 
 
 
 
2.3. Discussion 
 
2.3.1.  ERBB4 mutations in melanoma are nonrandom and therefore are strong 
candidates to be melanoma drivers 
 

Our analyses of the ERBB4 mutations in the TCGA-SKCM dataset provide 

several reasons why these mutations appear to be the consequence of selection rather than 

random occurrence. The first of which being that the incidence of ERBB4 missense 

mutations in the TCGA-SKCM dataset (20%) exceeds the incidence of EGFR, ERBB2, 

and ERBB3 missense mutations. Similarly, the ratio of nonsynonymous mutations in 

ERBB4 (2.9) exceeds the threshold (2.5) for candidate driver mutations [26] and exceeds 

the corresponding ratio in EGFR, ERBB2, and ERBB3 (1.4, 1.2, and 1.0, respectively). 

 In 82 of the melanoma samples in the TCGA-SKCM dataset, a single ERBB4 

missense mutation is found. Although most (64) of these mutations are unique, 7 occur 
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more than once. Random assignment (100,000 simulations) of 82 missense mutations 

across the 1308 codons of ERBB4 results in fewer “hot spots” for mutations than are 

observed (P<0.005, Chi-square), suggesting that melanomas select for mutations that 

alter ErbB4 function.  

 The kinase activity of ErbB4 and EGFR is stimulated by a conformational change 

that is stabilized by ligand binding and receptor dimerization. ERBB4 missense mutations 

are more common in ErbB4 residues that are conserved in the EGFR kinase domain 

(P=0.014, Chi-square) than in ErbB4 residues that are not conserved in the EGFR kinase 

domain, suggesting that melanomas select for mutations that alter ErbB4 kinase activity. 

Additionally, ERBB4 missense mutations are more common in ErbB4 residues that are 

conserved in the ligand binding domains of ErbB3. This suggests that melanomas select 

for mutations that alter the conformation of the extracellular domain of ErbB4.  

 ERBB4 missense mutations are more common in melanoma samples that possess 

an attribute (NRAS, KRAS, HRAS, or NF1 driver mutations) that cause elevated RAS 

signaling (P=0.001, Chi-square). Moreover, in a very small sample, the combination of 

an ERBB4 mutation with a RAS driver mutation is associated with shorter survival (1538 

days; n=9) than the combination of wild-type ERBB4 with a RAS driver mutation (2174 

days; n=48). Likewise, the combination of an ERBB4 mutation with an NF1 driver 

mutation is associated with shorter survival (728 days; n=5) than the combination of 

wild-type ERBB4 with an NF1 driver mutation (1721 days; n=18). Thus, ERBB4 mutants 

may not act through RAS and at least some melanomas appear to require a combination 

of an ERBB4 mutation and elevated RAS signaling.  
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 Furthermore, ERBB4 missense mutations are less common in melanoma samples 

that possess an attribute (PI3KCA driver mutations, elevated PI3KCA transcription, 

increased PI3KCA copy number, PTEN driver mutations, reduced PTEN transcription, or 

reduced PTEN copy number) that results in elevated PI3K signaling (P=0.005, Chi-

square). Again, this nonrandom segregation of ERBB4 mutants suggest that melanoma 

selects for these mutations and that ERBB4 missense mutants are coupled to PI3K 

signaling.  

 ERBB4 missense mutations are less common in melanoma samples that possess 

the BRAF V600E driver mutation (P=0.03, Chi-square), suggesting that ERBB4 

mutations (in combination with elevated RAS signaling) and BRAF V600E are 

independent melanoma drivers. In sum, these data suggest that at least some BRAF wild-

type (WT) melanomas are dependent on the combination of an ERBB4 mutation (or other 

event that causes elevated PI3K signaling) and a RAS or NF1 driver mutation (which 

causes elevated RAS signaling). Parenthetically, these data also suggest the BRAF V600E 

mutation activates a pathway(s) in addition to the canonical RAS pathway and that 

activation of this additional pathway(s) is required for BRAF V600E to function as a 

melanoma driver. Thus, ERBB4 mutations may be an important biomarker in BRAF WT 

melanomas and the combination of ErbB4/PI3K and RAS signaling may be a target for 

therapeutic intervention in ERBB4 mutant/BRAF WT melanomas. 
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2.3.2.  Because ERBB4 mutations are candidates for melanoma drivers, ERBB4 
mutations in melanoma should be characterized 
 
2.3.2.1. ErbB4-EGFR and ErbB4-ErbB2 heterodimers couple to cell proliferation.  
 

When using BaF3 cells, ectopic expression of ERBB4 is not sufficient for ErbB4 

ligands to stimulate cell proliferation. In contrast, co-expression of either ERBB4 and 

EGFR or ERBB4 and ERBB2 enables ErbB4 ligands to stimulate cell proliferation 

[44,45,50,51]. Likewise, inhibiting endogenous ErbB4-ErbB2 heterodimers (using 

siRNAs) inhibits stimulation of anchorage independent proliferation and motility by an 

ErbB4 ligand[45]. Analyses of synthetic EGFR, ERBB2, and ERBB4 loss-of-function 

(LOF) mutants indicates that the coupling of ErbB4-EGFR or ErbB4-ErbB2 heterodimers 

to cell proliferation requires phosphorylation of ErbB4 Y1056 (a canonical PI3K binding 

site) by EGFR or ErbB2. Moreover, the coupling of ErbB4 heterodimers to cell 

proliferation is accompanied by AKT phosphorylation and is sensitive to PI3K inhibitors 

[45,48]. In melanoma samples of the TCGA-SKCM dataset, the coincidence of ERBB4 

and EGFR transcription is greater than the coincidence of ERBB4 and ERBB2 

transcription, leading us to postulate that ErbB4-ErbB2 heterodimers play a greater role 

in melanoma genesis/progression than do ErbB4-ErbB2 heterodimers. 

 

2.3.2.2. ErbB4 homodimers cause growth arrest and may act as tumor suppressors. 
 

The constitutively-active ErbB4 Q646C mutant is exclusively and constitutively 

homodimerized [52]. This mutant inhibits clonogenic proliferation by a variety of 

prostate, breast, and pancreatic tumor cell lines. In the context of the ERBB4 Q646C 

mutant, the K751M, Y1056F, and V673I loss-of-function mutations demonstrate that 

growth inhibition by ErbB4 homodimers requires ErbB4 kinase activity, phosphorylation 



 41 

of ErbB4 Y1056 (PI3K binding site), and cleavage of ErbB4 and trafficking of the ErbB4 

cytoplasmic domain to the nucleus [46,47,49,53,54].  

 

2.3.2.3. ErbB4 can drive melanoma tumorigenesis through GOF and LOF mutations. 
 

Based on these functional analyses of ErbB4 heterodimers and homodimers, 

ERBB4 mutations in the TCGA-SKCM dataset may function as melanoma drivers by 

either (1) increasing the growth stimulatory (oncogenic) activity of ErbB4-EGFR 

heterodimers or (2) decreasing the growth inhibitory (tumor suppressor) activity of 

ErbB4 homodimers. Thus, some ERBB4 melanoma driver mutants will exhibit a gain-of-

function phenotype in the context of ErbB4-EGFR heterodimers and other ERBB4 

melanoma driver mutants will exhibit a loss-of-function phenotype in the context of 

ErbB4 homodimers.  
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Chapter 3: Development and application of high-throughput screens for the 
discovery of compounds that disrupt ErbB4 signaling: Candidate melanoma 

therapeutics 
 
 

3.1. Introduction 
 
 In the last decade, the standard-of-care treatment options for patients with 

metastatic melanoma has significantly improved with the advent of targeted therapies and 

immunotherapies. In fact, recent studies with combination therapy using BRAF and MEK 

inhibitors and immunotherapies indicate rates of 5-year progression free survival and 

overall survival as high as 30-50% for metastatic melanoma patients[1-3,5,7,55]. 

However, many metastatic melanomas remain nonresponsive or become resistant to 

currently available therapeutics. Our ongoing analyses of the TCGA skin cutaneous 

melanoma genomic (SKCM) data set indicate that a significant fraction of melanomas 

likely harbor driver mutations in ERBB4 and would benefit from a therapy that disrupts 

ErbB4 signaling [56]. Therefore, the discovery of strategies for inhibiting ErbB4 

coupling to melanoma cell proliferation is a priority. 

In multiple systems, ErbB4-dependent cellular proliferation requires ErbB4 

heterodimerization with EGFR or ErbB2 and ErbB4 phosphorylation by EGFR or 

ErbB2[44,48,50,51,57-59]. This suggests 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[60]. However, the responses to these therapies are often 
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limited by the development of resistance mechanisms[61,62]. 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[48]; this NRG2β/Q43L mutant stimulates ErbB4 tyrosine 

phosphorylation, 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 compounds that appear to selectively disrupt ErbB4 signaling, and as 

such are predicted to possess therapeutic potential against ErbB4-dependent tumors. 
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3.2. Results 
 
3.2.1. ErbB4 tyrosine phosphorylation can be stimulated and detected via semi-
automated 96-well assays 
 
3.2.1.1. 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 

phosphorylation. The CEM/ErbB4 cell line previously validated for assaying ligand-

induced ErbB4 tyrosine phosphorylation[63] 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)[64] in which a “capture” antibody that recognizes the amino terminus of ErbB4 

(R&D Systems) was bound to each well of the 96-well plate. Lysates containing total (a 

mixture of phosphorylated and unphosphorylated) ErbB4 were added to the wells and 

incubated to permit ErbB4 binding to the immobilized anti-ErbB4 antibody.  Then, an 

anti-phosphotyrosine antibody tagged with a horseradish peroxidase (HRP) enzyme was 

used to detect and visualize the phosphorylated tyrosine residues of the immobilized 

ErbB4 molecules (R&D Systems). Oxidation of 3,3´,5,5´-tetramentylbenzidine by HRP 

indicates ErbB4 phosphorylation and was detected by measuring absorption at 450 nm.  

Lysates generated by a previously established protocol for stimulating ErbB4 

tyrosine phosphorylation in CEM/ErbB4 cells[48] were used to develop and evaluate the 

ELISA conditions. Briefly, the CEM/ErbB4 cells were starved for 24 hours in serum- and 
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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 independent ELISAs using a single batch of each of the three different 

lysates (Figure 16a). 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.  

Using the effects of mock stimulation as the background levels of ErbB4 tyrosine 

phosphorylation, 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 (Figure 16a). 
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Figure 16. 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. 
 
 
 
 

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 (s) of the treatment samples (p) and 

untreated or negative (n) controls[65].  

 

Z-factor = 1−
3"σp + σn$

%μp − μn%
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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[65]. Using data from eight independent ELISAs with three samples per 

treatment condition, stimulation with 10 nM of the ErbB4 full agonist (NRG2b) yields an 

average Z-factor of 0.73 and stimulation with 10 nM of the ErbB4 partial agonist 

(NRG2b/Q43L) yields an average Z-factor of 0.66 (Figure 16a). Thus, stimulation with 

either 10 nM NRG2β or 10 nM NRG2β/Q43L yields robust, reproducible levels of ErbB4 

tyrosine phosphorylation as measured by the sandwich ELISA. Thus, this ELISA is 

appropriate for measuring stimulation and inhibition of ErbB4 tyrosine phosphorylation. 

 

 

3.2.1.2. 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[48] 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 protocol[48]. 

(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 NRG1b or the 

NRG1b diluent (0.1% BSA in PBS) and ErbB4 tyrosine phosphorylation was assayed in 

wells that each contain a lysate generated from 3x105 cells (Figure 16b). Based on six 
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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-automated stimulation with 10 nM 

NRG1β is almost twice the signal:noise ratio for manual stimulation with 10 nM NRG2β 

(Figure 16b). This appears to be largely due to the decreased amount of (background) 

ErbB4 tyrosine phosphorylation stimulated by the diluent negative control. Furthermore, 

the six trials of semi-automated stimulation with 10 nM NRG1b yields an average ErbB4 

tyrosine phosphorylation Z-factor (Z’) score in excess of 0.6 (Figure 16b), which 

indicates that semi-automated stimulation with 10 nM NRG1b yields robust and 

reproducible ErbB4 tyrosine phosphorylation that is suitable for deployment in a high-

throughput workflow. 

 
 
 
3.2.1.3. Validation of a semi-automated phospho-ErbB4 sandwich ELISA in 96-well 
format for the detection of ErbB4 tyrosine phosphorylation. 
 

In an attempt to make additional improvements to throughput and reproducibility, 

we developed and evaluated a semi-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 stimulation of ErbB4 tyrosine 

phosphorylation and the NRG1β diluent (0.1% BSA in PBS) was used as the negative 
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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 

independent semi-automated ELISAs performed using a single batch of lysate (Figure 

16c) 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 (Figure 16). Furthermore, assaying 

stimulation of ErbB4 phosphorylation (by 10 nM NRG1b) 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 

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

stimulation of ErbB4 tyrosine phosphorylation.  

 

 

3.2.2. 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.  
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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 expresses exogenous EGFR and 

ErbB4 exhibits IL3-independent proliferation upon stimulation with the ErbB4 full 

agonist NRG1β. This proliferation is dependent upon exogenous ErbB4 expression[51]. 

Therefore, the BaF3/EGFR+ErbB4 cell line[51] was used to assay ErbB4-dependent, 

IL3-independent cell proliferation (henceforth referred to as ErbB4-dependent 

proliferation). 

We used an established manual 24-well assay[51] as the basis for developing a 

semi-automated 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 incubated at 37 °C and 5% CO2 for 

120 hours before cell proliferation was analyzed using an MTT assay[66]. Briefly, cells 

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

diphenyltetrazolium bromide; ATCCÒ 30-1010KÔ) 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 (ATCCÒ 30-1010KÔ) 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. The dose response data was then analyzed using 
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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 (data not 

shown).   

In four independent trials (Figure 17a) with three wells per treatment condition, 

NRG1b exhibits an average EC50 of 0.10 ± 0.02 nM. Furthermore, stimulation with 0.3 

nM NRG1b yielded an average ErbB4-dependent cell proliferation Z-factor (Z’) score of 

0.80 ± 0.06. This Z-factor calculation verifies that NRB1b-induced ErbB4-dependent 

cellular proliferation can be reproducibly measured when BaF3/EGFR+ErbB4 cells are 

stimulated with 0.3 nM NRG1b. Thus, this semi-automated assay is suitable for 

identifying compounds that stimulate ErbB4-dependent 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. 

 

 

 
Figure 17. 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 
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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. 
 
 
 
 
3.2.3. 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[44,48,50,51,57-59]. Therefore, we explored 

whether our semi-automated assay for ErbB4-dependent proliferation (Figure 17a) could 

be adapted to detect inhibition of ErbB4-dependent proliferation of the 

BaF3/EGFR+ErbB4 cell line by the EGFR tyrosine kinase inhibitor gefitinib (Figure 

17b). (The 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 presence of 0.3 nM NRG1β, a concentration of NRG1β that provides 

robust and highly reproducible levels of ErbB4-dependent cellular proliferation (Figure 

17a). 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[67,68]. 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 
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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 proliferation and 300 nM gefitinib can 

serve as a positive control for inhibition of agonist-induced ErbB4-dependent cellular 

proliferation. 

 

 
3.2.4. Screening process for the identification of small molecule compounds that 
function as inhibitors of agonist-induced ErbB4-dependent cellular proliferation 
 
3.2.4.1. Overview. 
 

Our strategy for deploying our screens to identify compounds that may function 

as inhibitors of ErbB4-dependent proliferation is described in Figure 18. As noted 

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

stimulate ErbB4 tyrosine phosphorylation, yet fail to stimulate ErbB4-dependent cell 

proliferation and inhibit stimulation of ErbB4-dependent cell proliferation by an ErbB4 

agonist.   
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Figure 18. 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 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. 
 

 

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 PathHunter® U2OS ErbB4 Functional Assay to measure stimulation of 

ErbB4 tyrosine phosphorylation[26].  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 
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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. 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.  

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 subjected 

to the semi-automated screening processes described previously in this report, resulting in 

19 compounds that inhibited ErbB4 coupling to cell proliferation, including six that 

appear to function as selective ErbB4 inhibitors (Figure 18). 

 

 

3.2.4.2. Nineteen candidates stimulated ErbB4 tyrosine phosphorylation in a dose-
dependent manner. 
 

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

single concentration (10 µM) for stimulation of ErbB4 tyrosine phosphorylation using 

our semi-automated ELISA-based screening process (n = 3). Compounds that stimulated 

ErbB4 tyrosine phosphorylation in at least two of three independent trials were 
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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 manner. The data obtained from testing three of the 

compounds that stimulated ErbB4 tyrosine phosphorylation in a concentration-dependent 

manner are shown in Figure 19a-c. The data obtained from testing one of the compounds 

that did not stimulate ErbB4 tyrosine phosphorylation in a concentration-dependent 

manner is shown in Figure 19d.  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 (Figure 18). The EC50 and 

Emax were calculated for each of the 19 compounds that stimulated ErbB4 tyrosine 

phosphorylation (Table 6). 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. 
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Figure 19. 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 6.   
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Table 6. 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. 
 
 
 
 
3.2.4.3. Nineteen candidates inhibit agonist-induced ErbB4-dependent cellular 
proliferation. 
 

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 (data not shown). Using our semi-automated MTT 

assay, we determined that all 19 compounds fail to stimulate any ErbB4-dependent 

cellular proliferation (Figure 18). Consequently, each of these 19 compounds were then 

tested at a single concentration (30 µM) in combination with increasing concentrations of 
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an ErbB4 full agonist (NRG1β) to determine whether these compounds are capable of 

inhibiting agonist-induced ErbB4-dependent cellular proliferation.  Based on the data 

shown in Figure 17b, gefitinib (300 nM) was used as a positive control for inhibition of 

agonist-induced ErbB4-dependent cellular proliferation (Figure 20a). 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 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 

distribution of inhibitory effects on stimulation of ErbB4-dependent cellular proliferation 

by NRG1β (Table 7).  Some candidates exhibit modest inhibitory efficacy, such as SR-

33513 (Table 7). In contrast, other compounds exhibit greater efficacy, such as SR-

33487, which inhibits the NRG1b Emax by 87% (Figure 20b and Table 7) and SR-33491, 

which inhibits the NRG1β Emax by 72% (Figure 20c and Table 7).  Indeed, 30 µM of 

some compounds, such as SR-33507, completely inhibits cellular proliferation stimulated 

by NRG1β (Figure 20d and Table 7). 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 phosphorylation 

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

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

degree. 
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Figure 20. 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 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 61 

Table 7. 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 

 
 
 
 
 
3.2.4.4. 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[51]. 

Therefore, the specificity of each of the 19 candidate ErbB4 inhibitors was tested by 

assaying inhibition 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 concentrations 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 
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completely and potently (IC50 of 0.13 µM) inhibits the effect of stimulation with 0.3 nM 

NRG1β yet fails to inhibit the effect of stimulation with 0.1 nM IL3. Therefore, gefitinib 

serves as the positive control for selective inhibition of ErbB4-dependent cellular 

proliferation (Figure 21a, Table 8). 

 

 
Figure 21. 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 8. *Extrapolated value. 
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Table 8. 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. 
 
 
 
 
 

Following analysis of the data from three independent trials, the compounds were 

categorized based on the relative ability to selectively and potently inhibit ErbB4-

dependent cellular proliferation. Six of the compounds (Figure 21b, Figure 22, Figure 

23a-e, and Table 8) selectively and potently inhibit agonist-induced ErbB4-dependent 

cellular proliferation, twelve of the compounds do not selectively and potently inhibit 

agonist-induced ErbB4-dependent cellular proliferation (Figure 22, Figure 24, Figure 

25, Figure 26, and Table 8), and one compound is considered a special case (Figure 22, 

Figure 27 and Table 8).  
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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 proliferation 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 (Figure 

21b, Figure 22 and Table 8). Thus, SR-33487 is a much more potent inhibitor of ErbB4-

dependent cell proliferation than of IL3-dependent cell proliferation. 
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Figure 22. Chemical structures of high priority, medium priority, low priority, and 
special case compounds. 
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The remaining five compounds that selectively and potently inhibit ErbB4-

dependent cell proliferation are considered medium priority candidates (Figure 22 and 

Figure 23a-e). Medium priority candidates exhibit an IC50 of less than 30 µM against 

NRG1β-induced ErbB4-dependent cell 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 (Figure 23a and Table 8). 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.  
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Figure 23. 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 8. 
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Eight compounds are judged to be low priority candidates (Figure 22, Figure 24, 

and Figure 25). Low priority 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 inhibits 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 (Figure 24a and Table 8). 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 (Figure 25c and Table 8). 

 

Figure 24. 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-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 8. 
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Figure 25. 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-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 8. 
 
 
 
 
 

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 development (Figure 22, Figure 26 and Table 8).  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. 
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Figure 26. 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 8. 
 
 
 
 
 
3.2.4.5. “Special case” molecule SR-33528 is not a selective inhibitor of ErbB4. 
 

One molecule, SR-33528, is considered a special case as our initial analyses 

(Figure 27a; Table 8) indicate that it potently inhibits stimulation of cell proliferation by 

0.3 nM NRG1b (IC50 of less than 30 nM) and by 0.1 nM IL3 (IC50 of less than 30 nM). 

Since this potent inhibition of ErbB4-dependent and IL3-dependent proliferation made it 

impossible to judge the selectivity of this candidate for inhibition of ErbB4-dependent 

cell proliferation, SR-33528 was evaluated at a lower concentration range (Figure 27b). 
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These data reveal that SR-33528 potently inhibits ErbB4-dependent 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. 

 

Figure 27. “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. 
 
 
 
 

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 (Figure 28). 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 (data not shown). In light 

of these results, it is clear that SR-33528 does not act upstream of either AKT or ERK.  
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Figure 28. ErbB4 and IL3 receptor signaling pathways.  
 

 

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

for molecules whose structure is similar to SR-33528. SR-33528 is structurally very 

similar to vinca alkaloids, particularly the FDA-approved anticancer agent vincristine 

(Figure 29)[69]. This similarity suggests that SR-33528, like vincristine, non-specifically 

inhibits cell proliferation by preventing tubulin polymerization into microtubules just 

prior to cell division. This mechanism of action is consistent with our observation that 

SR-33528 inhibits ErbB4- and IL3-dependent proliferation with roughly equivalent 

potency. 
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Figure 29. Chemical structures of vincristine and SR-33528. 
 

 

3.3. Discussion 
 

Due to the high mortality rate of metastatic melanoma patients, there is a critical 

need for the identification of additional melanoma drivers that contribute to the disease 

state and the discovery of treatment strategies that target these newly identified drivers. In 

the largest publicly available melanoma genome dataset (TCGA-SKCM), 14% of the 

melanomas harbor a nonsynonymous missense mutation in the gene that encodes the 

ErbB4 receptor tyrosine kinase (RTK)[15]. Previous analyses of the TCGA skin 

cutaneous melanoma genomic (SKCM) data set[56], suggests that a significant fraction 

of melanomas likely harbor driver mutations in ERBB4 and would benefit from a therapy 

that disrupts ErbB4 signaling. Therefore, the discovery of strategies for inhibiting ErbB4 

coupling to melanoma cell proliferation has valid clinical potential. 
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The drug discovery strategy described in this work is driven by our observation 

that the Q43L mutant of the naturally-occurring ErbB4 full agonist NRG2β functions as a 

partial agonist of ErbB4[48]. NRG2β/Q43L stimulates ErbB4 tyrosine phosphorylation, 

yet it fails to stimulate ErbB4-dependent cell proliferation and inhibits agonist-induced 

ErbB4-dependent cell proliferation, in part by causing phosphorylation-dependent 

downregulation of ErbB4. Therefore, our strategy is focused on identifying compounds 

that function as partial agonists/antagonists of ErbB4 and cause ErbB4 downregulation, 

as such compounds are predicted to possess therapeutic potential against ErbB4-

dependent melanomas. 

A high throughput screen identified 43 compounds that stimulate ErbB4 

phosphorylation, as measured using the DiscoverX PathHunter® technology. Three semi-

automated assays were developed and employed to identify which of these 43 compounds 

function as ErbB4 partial agonists/antagonists. The first assay was used to confirm which 

compounds stimulate ErbB4 tyrosine phosphorylation with high sensitivity and 

reproducibility (Z’>0.5). The second assay was used to identify compounds that stimulate 

ErbB4-dependent cell proliferation with high sensitivity and reproducibility (Z’>0.5). 

Finally, the third assay measured the effect of compounds to antagonize agonist 

stimulation of ErbB4-dependent cell proliferation (Z’>0.5). When applied to the 43 HTS 

hits, these three assays identified 19 compounds that stimulated ErbB4 tyrosine 

phosphorylation yet failed to stimulate ErbB4-dependent cell proliferation. 

While the most efficacious compounds stimulated less than 10% of the 

phosphorylation stimulated by 10 nM NRG1β, each of these compounds remains a 

potential partial agonist of ErbB4. Previously, it has been shown that ErbB4 contains 
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numerous cytoplasmic tyrosine residues that become phosphorylated upon stimulation 

with an ErbB4 agonist[70]. However, phosphorylation of a single cytoplasmic tyrosine 

residue of ErbB4 is sufficient for coupling to a biological response[53]. Similarly, ErbB4 

agonists stimulate ErbB4 coupling to biological responses at agonist concentrations that 

fail to stimulate detectable ErbB4 tyrosine phosphorylation. As seen in Figure 17a, 0.1 

nM NRG1β is capable of stimulating a detectable amount of ErbB4-dependent cellular 

proliferation, but at least 1 nM NRG1β is required to stimulate a detectable amount of 

ErbB4 tyrosine phosphorylation (data not shown). Therefore, it remains possible that 

some of the inhibitors of ErbB4-dependent cell proliferation function as partial agonists 

at ErbB4. 

Using a modified version of the tertiary screen, we tested whether any of the 19 

compounds that stimulated ErbB4 tyrosine phosphorylation and failed to stimulate ErbB4 

coupling to cell proliferation also selectively inhibited ErbB4-dependent 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-dependent 

cell proliferation (Figure 21b, Figure 23a-e, Table 8).  

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

compounds 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 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 



 76 

future efforts and challenges do not discount the importance of this work in establishing 

plausible, scalable approaches for identifying ErbB4 inhibitors. 

 
 
 
3.4. Materials and Methods  
 
3.4.1. Cell lines, cell culture, recombinant NRGs, and inhibitors 
 

The CEM/ErbB4 cells[63] 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, Connecticut, USA). The BaF3/EGFR+ErbB4 cells have been 

described previously[51]. The U2OS cells (Catalog number 93-0465U3) were purchased 

from DiscoverX. Cell culture media and supplements were obtained from 

HyClone/Thermo Scientific, Gemini Bio-Products, DiscoverX, and Corning. All cell 

lines were maintained according to published procedures. Recombinant NRG1β was 

obtained from PeproTech, and NRG2β isoforms and mutants have been described 

previously[57,59,71]. We have also previously described the procedures for expressing, 

purifying, and quantifying recombinant proteins[71]. The EGFR tyrosine kinase inhibitor 

gefitinib was acquired from Santa Cruz Biotechnology. The small-molecule compounds 

were provided by Southern Research (Birmingham, Alabama, USA).  

 
 
3.4.2. DiscoverX PathHunter® U2OS ErbB4 Functional Assay 
 

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

DiscoverX protocol[26]. 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 overnight at 37 °C and 5% CO2 in a humidified atmosphere. 
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On day two, compounds were diluted in assay medium (DiscoverX catalog number 93-

0563R16B) to prepare a 5x concentrated dosing 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. 

 

3.4.3. Manual ligand stimulation and detection of ErbB4 tyrosine phosphorylation 
in CEM/ErbB4 cells 
 

Ligand-induced ErbB4 tyrosine phosphorylation was stimulated using a published 

protocol[48]. 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[48], 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). First, each well in a 96-well flat-bottom 

plate (ELISA plate) was coated with a capture antibody (R&D Systems anti-ErbB4) that 

recognizes the amino terminus of ErbB4. Nonspecific binding sites were then treated 

with a blocking buffer (1% BSA in PBS). Lysate samples containing ErbB4 were then 
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added to the wells and incubated to permit ErbB4 binding to the immobilized anti-ErbB4 

antibody. Then, an anti-phosphotyrosine antibody tagged with a horseradish peroxidase 

(HRP) enzyme (R&D Systems) was used to detect and visualize the phosphorylated 

tyrosine residues of the immobilized ErbB4 molecules. Oxidation of 3,3´,5,5´-

tetramentylbenzidine by HRP (stopped using sulfuric acid) is indicative of ErbB4 

tyrosine phosphorylation and was detected by measuring absorption at 450 nm.  

 

3.4.4. 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 [48] to a 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. Following incubation, the plates 

were centrifuged at 3200 RCF for 20 minutes at 4 °C. The supernatants (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 protocol 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 
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transferred from the 96-well stimulation plates to the 96-well ELISA plates that were 

precoated with the previously mentioned capture antibody. The phospho-ErbB4 ELISA 

was then completed as described previously using the Biomek 4000. 

 

3.4.5. Automated ligand stimulation and detection of ErbB4 coupling to IL-3 
independence 
 

We used an established manual 24-well assay[51] as the basis for developing a 

semi-automated 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.) Briefly, BaF3/EGFR+ErbB4 cells were grown to saturation 

(2.5x106 cells/mL) and aseptically seeded at 1x104 cells/well (100 uL @ 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[66]. Briefly, cells were treated 

by directly adding 10 uL of MTT Reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide; ATCCÒ 30-1010KÔ) to the culture medium in each well 

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

Reagent (ATCCÒ 30-1010KÔ) 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 was then analyzed 

using GraphPad Prism to determine the EC50 and Emax for NRG1β or the IC50 and Imax 
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for inhibitors in the presence of NRG1β. In this assay, MTT conversion is a function of 

differences in viable cell number, not a function of differences in cell metabolism (data 

not shown). 

 

3.4.6. Analyses of SR-33528 function 
 
3.4.6.1. Treatment with SR-33528, NRG1β, and IL3 
 

Analyses of SR-33528 function were performed using strategies similar to those 

used to study the antagonistic ErbB4 ligand NRG2β/Q43L[48]. Briefly, 

BaF3/EGFR+ErbB4 cells were grown to saturation density in growth medium at 37°C 

and 5% CO2. Cells were then starved in basal medium at half the original volume for 24 

hours. Cells were re-suspended in PBS at a density of 1.5x107 cells/mL, aliquoted such 

that each sample contained 1 mg of protein and treated for 2 hours at 37°C with 0, 0.3, 

1.0, and 3.0 µM SR-33528 at a final DMSO concentration of 0.3%.  

Samples used to study ErbB4 phosphorylation were chilled on ice for 30 minutes. 

These cells were stimulated by 30 nM NRG1β or 3 nM IL 3 for 7 minutes at 4°C (on ice). 

Samples used to study events downstream of ErbB4 or the IL3 receptor were incubated in 

a 37°C water bath. These cells were stimulated by 30 nM NRG1β or 3 nM IL 3 for 2 

minutes at 37°C 

After stimulation, cells were collected by centrifugation at ~10,000 g for one 

minute and resuspended at a concentration of 1.5x107 cells/mL in an EBC isotonic lysis 

buffer consisting of 50 mM Tris (pH 7.6), 120 mM NaCl, 0.5% Igepal CA-630, 1% 

Aprotinin, and 1 mM Na3VO4. Cells were incubated in lysis buffer for 20 minutes on ice. 

Nuclei and debris were collected by centrifugation at ~10,000 g for one minute. The 
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supernatant (cytoplasmic and plasma membrane lysate) was recovered and either 

immediately used or aliquoted and stored at -80°C.  The lysis of 1.5x107 cells yields 1 mg 

of protein. 

 
 
3.4.6.2. ErbB4 immunoprecipitation 
 

Analyses were performed using lysates prepared for the purpose of evaluating 

ErbB4 phosphorylation. For each immunoprecipitation, 35 uL of a 50% slurry of Protein 

A Sepharose (in EBC) was incubated with 5 uL of 2.32 mg/mL Rabbit anti-Mouse IgG 

secondary antibody for 1 hour at 4°C to permit antibody binding to the Protein A beads. 

Following incubation, the beads were collected by centrifugation and washed three times 

with 200 uL of NET-N wash buffer, consisting of 20 mM Tris (pH 8.0), 100 mM NaCl, 

1mM EDTA, and 0.5% NP40. Cell lysate (1 mg) and 20 uL of the SC-8050 (200 ug/mL) 

anti-ErbB4 mouse monoclonal antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) 

were added and incubated for 2 hours at 4°C. Following incubation, the 

immunoprecipitates were washed three times with 500 uL of NET-N wash buffer. After 

washing, 80 uL of protein sample buffer containing 10% b-mercaptoethanol was added to 

the immunoprecipitates and samples were boiled for 5 minutes to release the precipitated 

antigen from the beads. 

 

3.4.6.3. Immunoblotting and visualization 
 

All samples were resolved by SDS-PAGE using a 7.5% acrylamide gel. Resolved 

samples were transferred from a gel to 0.2 uM PVDF (GE Healthcare - Life Sciences) 

using the Bio-Rad Trans-Blot Turbo Transfer System. Blots were probed using the 
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following primary antibodies: 4G10 antiphosphotyrosine mouse monoclonal antibody 

(Millipore, Billerica, MA), 4795S anti-ErbB4 rabbit monoclonal antibody (Cell 

Signaling, Danvers, MA), 4058S anti-phospho-Akt (Ser473) rabbit monoclonal antibody 

(Cell Signaling, Danvers, MA), 9272S anti-Akt rabbit polyclonal antibody (Cell 

Signaling, Danvers, MA), SC-7383 anti-phospho-Erk mouse monoclonal antibody (Santa 

Cruz Biotechnologies, Santa Cruz, CA), and SC-94 anti-Erk rabbit polyclonal antibody 

(Santa Cruz Biotechnologies, Santa Cruz, CA). Blots were then probed using either of the 

following secondary antibodies as appropriate: 31430 goat anti-mouse IgG (H+L) 

conjugated to HRP (ThermoFisher Scientific, Waltham, MA), or 31460 goat anti-rabbit 

IgG (H+L) conjugated to HRP (ThermoFisher Scientific, Waltham, MA). Antibody 

binding was visualized by chemiluminesence using a Bio-Rad Chemidoc MP imaging 

system. 

 
 
3.5. 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 naturally occurring ErbB4 agonist NRG2β functions as a partial 

agonist of ErbB4. NRG2β/Q43L stimulates ErbB4 tyrosine phosphorylation, fails to 

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

While much work remains to further evaluate the therapeutic potential of these six 

compounds, this work has established a high-throughput screening process for the 

identification of ErbB4 inhibitors.   
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Chapter 4: Conclusions 
 
 

 Despite the major advancements that have been made in the treatment of 

metastatic melanoma, the survival rate of these patients remains unacceptable. Until the 

genetics behind the disease is better understood, it is unclear whether patient outcomes 

will improve. Fortunately, organizations like the National Institutes of Health’s National 

Cancer Institute have led major cancer genome sequencing programs, such as The Cancer 

Genome Atlas (TCGA), to provide all cancer researchers with clinical genomic data for 

the development of precision oncology therapies. The work described in this dissertation 

is just one example of how these publicly available clinical genomic data sets can be used 

for cancer drug discovery.  

 Our analyses of the skin cutaneous melanoma (SKCM) clinical genomic data set 

created by the TCGA revealed that a significant fraction of melanomas harbor mutations 

in the gene that encodes for the ErbB4 receptor tyrosine kinase. Moreover, in-depth 

analyses of the nonsynonymous missense ERBB4 mutations in the TCGA-SKCM data set 

suggests that many of the mutations are likely to function as drivers of melanoma cell 

proliferation. Therefore, there is a dire need to determine which ERBB4 mutations 

contribute to the malignant phenotype of melanoma. Identifying which patients that 

would benefit from an anti-ErbB4 therapy has the potential to affect a significant portion 

of metastatic melanoma patients.   
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 As such, it is critical to develop treatment strategies for patients that have ErbB4-

dependent melanomas. Due to the biochemical and biological properties of ErbB4, 

molecules that function as ErbB4 partial agonists hold great therapeutic potential for 

ErbB4-dependent melanomas. Based on previous work, molecules that stimulate ErbB4 

tyrosine phosphorylation, fail to stimulate ErbB4-dependent cell proliferation, and inhibit 

agonist-induced ErbB4-dependent cell proliferation are highly likely to function as ErbB4 

partial agonists. Therefore, in this work, three highly sensitive and reproducible (Z’ > 

0.5) semi-automated assays were developed for the discovery of ErbB4 partial agonists 

that function as antagonists at ErbB4. When deployed, this screening process identified 

six small-molecule compounds (1 high priority and 5 medium priority candidates) that 

stimulate ErbB4 phosphorylation yet selectively inhibit ErbB4-dependent cell 

proliferation. These molecules are highly likely to function as ErbB4 partial agonists, and 

as such hold promise as targeted therapies for ErbB4-dependent melanomas.  

 Hopefully, the results of this work have exposed the therapeutic potential for a 

target that is currently not well understood in a disease that is facing major clinical 

problems. The insights made from the clinical genomic data in the TCGA-SKCM data set 

should serve as a platform for the discovery of ERBB4 mutants that contribute to 

melanoma tumorigenesis. Additionally, the drug-discovery screening process that was 

developed and implemented in this work will serve as a foundation for the discovery of a 

new class of ErbB targeted therapies. Therapies that do not simply treat ErbB receptors as 

on/off switches; but, instead, utilize their differentiated signaling as an opportunity for 

novel mechanisms-of-action.  
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Chapter 5: Future Directions 
 
 
5.1. Future directions for the identification of ERBB4 driver mutations in melanoma 
 
 As discussed in Chapter 2, many of the ERBB4 nonsynonymous missense 

mutations found in the TCGA-SKCM data set have the potential to function as drivers of 

melanoma cell proliferation. Therefore, we will use traditional molecular genetics and 

biological approaches to determine which of these mutations are necessary for the growth 

of melanoma cells. Furthermore, we will determine whether the mutants function as gain-

of-function (GOF) or loss-of-function (LOF) in context of ErbB4 signaling.   

 

5.1.1. Identify GOF ERBB4 mutant alleles that function as drivers of melanoma cell 
proliferation 
 
 

We will begin characterizing the highest prioritized mutations (Table 5) using 

traditional approaches for identifying GOF driver mutations in genes that encode for 

ErbB receptors. First, each of the ERBB4 mutations and wild-type ERBB4 will be 

transiently expressed in NIH 3T3 cells to determine whether they induce focus formation. 

A driver mutation will typically cause more focus formation than the wild-type gene. 

Next, we will use the same NIH 3T3 cell lines that contain the mutants and the wild-type 

gene to determine whether any of the mutations cause ligand-independent tyrosine 

phosphorylation. Mutations that are likely to be GOF drivers will exhibit increased 

ligand-independent tyrosine phosphorylation compared to the wild-type gene. However, 
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as mentioned in Chapter 3, the level of tyrosine phosphorylation is not necessarily 

indicative of biological response. Therefore, mutants that induce increased focus 

formation may not exhibit elevated ligand-independent tyrosine phosphorylation and 

mutants that do not induce increased focus formation may exhibit elevated ligand-

independent tyrosine phosphorylation.  

As such, each of the mutants will also be tested for whether or not they are 

necessary for the proliferation of an ErbB4-dependent melanoma cell line. Each of the 10 

mutations will be stably expressed in the ErbB4-dependent 7T human melanoma cell 

line[26] which already contains the ERBB4 E452K mutation. Then, we will use shRNA 

that silences the endogenous ERBB4 but not the ectopic ERBB4. Mutations that are 

necessary for ErbB4-dependent cell proliferation will render the 7T cells resistant to the 

ERBB4 shRNA that silenced the endogenous ERBB4 and rescue 7T cell proliferation. 

Furthermore, ERBB4 mutations that rescue 7T cell proliferation are highly likely to 

function as drivers of ErbB4-dependent melanoma tumorigenesis and serve as biomarkers 

for therapies that disrupt ErbB4 signaling.  

 Additionally, completing these experiments will establish a process for 

characterizing ERBB4 mutants in melanoma. Therefore, it will be possible to go back and 

characterize the remainder of the 71 ERBB4 mutations in the TCGA-SKCM data set; 

many of which are likely to function as GOF drivers in melanoma.  
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5.1.2. Identify LOF ERBB4 mutant alleles that likely function as drivers of 
melanoma cell proliferation 
 
 As discussed earlier, the proliferation of BaF3 cells are dependent on IL3. Since 

ErbB4 homodimers function as tumor suppressors, ligand stimulation of ErbB4 

homodimers in BaF3 cells that express ErbB4 will inhibit the proliferation stimulated by 

IL3. Therefore, we will use BaF3 cells that ectopically express ErbB4 to identify LOF 

ERBB4 mutant alleles that permit IL3-dependent cell proliferation in the presence of an 

ErbB4 ligand.  

BaF3 cells will be infected with ERBB4 mutant retroviruses containing the highly 

prioritized mutants in Table 5. The BaF3/ERBB4 mutant cells will then be seeded and 

grown in the presence of IL3 and a saturating concentration of the ErbB4 agonist NRG1β 

until the cells reach saturation density. This process will select for ERBB4 mutant alleles 

that disrupt the ErbB4 homodimer’s ability to suppress cell proliferation and are likely to 

function as melanoma tumor suppressors 

 

 
5.2. Future directions for the putative ErbB4 partial agonists 
 
5.2.1. Evaluate the therapeutic potential of candidate inhibitors against ErbB4-
dependent melanoma cell lines 
 
 While further characterizing the mechanism of action of the six candidate ErbB4 

partial agonists is necessary for the advancement of these molecules, it would be 

interesting to see whether they could inhibit the proliferation of an ErbB4-dependent 

melanoma cell line. They each have shown inhibitory effects against an ErbB4-dependent 

model cell system but have not been tested in an ErbB4-dependent cancer cell line.  
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 The ErbB4-dependent human melanoma cell line[26] could be used to determine 

whether these 6 molecules can inhibit ErbB4-dependent melanoma cell proliferation. 

Briefly, 7T cells and melanoma cells that are not ErbB4-dependent would be aseptically 

seeded in complete culture medium in a 24-well plate and dosed with increasing 

concentrations of each of the 6 candidate ErbB4 partial agonists. An MTT assay could 

then be performed to measure cell proliferation in the presence or absence of each of the 

compounds. For compounds that inhibit ErbB4-dependent melanoma cell proliferation, 

7T cell proliferation should decrease as the concentration of compound increases. 

Furthermore, the non-ErbB4-dependent melanoma cell line proliferation should either 

remain unaffected by increasing concentrations of compound or cell proliferation should 

begin to decrease at much higher concentrations of compound than observed in the 7T 

cell line. A significant rightward shift (decrease in inhibitor potency) in the inhibitory 

dose response would still be indicative of selective inhibition of ErbB4-dependent 

melanoma cell proliferation. 

 

5.2.2. Screen for monoclonal antibodies that function as ErbB4 partial agonists 
 
 In addition to discovering small-molecules that function as ErbB4 partial agonists, 

we could also use the semi-automated screening process described in Chapter 3 to 

identify monoclonal antibodies that are likely to function as ErbB4 partial agonists. It is 

possible that the potencies of the lead small-molecules cannot be improved using 

traditional medicinal chemistry approaches such that they can be used at clinically 

tolerable concentrations. Or, it is possible that none of the candidate small-molecules can 

inhibit the proliferation of ErbB4-dependent melanoma cells. In that case, screening a 
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library of monoclonal antibodies that were produced in response to fragments of ErbB4 

would be a plausible next step. Although the cost of producing a monoclonal antibody 

library is significant, this is a proven method for the development of FDA-approved 

targeted therapies for ErbB receptors[72].  

 After the creation of the monoclonal antibody library, the screening process 

would be deployed as described in Chapter 3 for the identification of antibodies that 

function as partial agonists; and, therefore, hold potential as therapies against ErbB4-

dependent melanomas.  
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