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Abstract 

Title of Dissertation: Exploiting Vulnerabilities in Cancers with Activated Extracellular Signal-

Regulated Kinase (ERK1/2) 

Ramon Martinez III, Doctor of Philosophy, 2021 

Dissertation Directed by: Paul Shapiro, PhD, Professor of Pharmaceutical Sciences 

Constitutively active extracellular signal–regulated kinase (ERK) 1/2 signaling promotes 

cancer cell proliferation and survival. ERK1/2 pathway inhibitors are important therapies for 

treating many cancers, however, acquired resistance to most protein kinase inhibitors limit their 

ability to provide durable responses. Few studies have looked at the adaptive proteome responses 

of BRAF/MEK dual inhibitor resistant cells, and fewer still have established the utility of allosteric 

inhibitors targeting the ERK2 protein. The overall goal of the current study was to identify 

signaling mechanisms of therapeutic resistance and further investigate a previously identified 

inhibitor of melanoma cell growth with putative activity with the protein ERK2. To test this, we 

hypothesize that vulnerable targets can be identified for therapeutic intervention, and test if 

alternative inhibitors exhibit clinical potential for melanoma treatment in two specific aims.   

In Aim 1, we characterized the global protein changes happening in constitutively-

activeERK1/2 melanoma cells models that developed resistance to BRAF (PLX4032) and 

MEK1/2 (AZD6244) inhibitors using mass spectrometry. We additionally identified putative 

targets for treatment and analyzed the potential for a metabolic inhibitor, niclosamide. In Aim 2, 

studies were focused on elucidating the structure-activity relationship and binding mechanism of 

a ERK2-specific inhibitor developed in house, SF-3-030. We identified chemical features required 

for biologic activity and global effects on gene and protein levels in A375 melanoma cells 

containing mutant BRAF(V600E). We then identified the mechanism of action of the inhibitor in 

preventing melanoma growth using mass spectrometry analysis.  



 

 

 

Overall, these studies help to elucidate how cells overcome currently used clinical 

therapies, what vulnerable markers can be identified and used for therapeutic intervention, and that 

inhibitors alternative to the clinical standard can show potential for melanoma treatment. 
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Chapter 1. Overview of kinase inhibition and treatment applications 

in melanoma 

1.1 Current therapies and the evolution of kinase inhibitor resistance 

1.1.1 Highlights  

• Kinases regulate transcription factors that promote cell proliferation and survival in 

cancer 

• ERK pathway mutations play an important role in melanoma cancers 

• Kinase inhibitors have been the most relied upon treatments for ERK-pathway driven 

cancers 

• Resistance inevitably develops to RAF and MEK inhibitors  

1.1.2 Abstract 

Cumulatively, skin cancers such as melanoma represent one of the highest rates of diagnosed 

cancers in the US. Characteristic of melanoma cancers are mutations in protein kinases that 

cause constitutive activation in signal pathways leading to the growth and hyperproliferation of 

cells. Treatments that target these mutated kinases, though initially effective, invariably lead to 

drug resistance. The following introductory review will highlight these relevant kinases and the 

treatments that are commonly employed to treat these cancers in the clinical setting. We also 

discuss how melanoma cancers develop resistance to these treatments.  

1.1.3 Introduction 

Kinase regulation of growth and survival in cancer 

Growth and proliferation signals within cells are coordinated and governed through several cell 

surface receptors that bind to cellular mitogens, including receptors for mitogens like the 

Epidermal growth factor (EGF), Fibroblast growth factor (FGF), Transforming growth factor-
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alpha (TGF-α), Keratinocyte growth factor (KGF) and Insulin-like growth factor 2 (IGF2y)(1). 

These signals are transduced to several protein signaling cascades within the cell, such as the 

mitogen activated protein (MAP) kinases, the phosphoinositide 3-kinase (PI3K), the 

phospholipase C gamma protein, and the AKT kinase, which collectively integrate cellular 

responses that lead to angiogenesis, survival, and proliferation (1).  

Cancers quite often are driven by genetic and epigenetic changes within these pathways 

that lead to dysregulated signaling, often leading to changes in normal responses such as cell 

growth and division, cell death, cell fate, and cell motility (2). Mutations within these signaling 

axes can lead to a variety of alterations in signaling, including pro-oncogenic activations, as well 

as loss in tumor suppression responses, notably in genes such as p53, which monitor the integrity 

of DNA, and PTEN, which negatively regulates the PI3K/AKT pathway that regulates cell 

growth via metabolism (3). The PI3K-AKT and RAS-RAF-MEK-ERK pathway represent some 

of the most commonly mutated pathways in cancers (2). For example, the PI3K-Akt pathway 

often acquires activating mutations in PIK3CA that lead to recruitment to the cell membrane of 

AKT, which itself can be mutated and lead to phosphorylation of downstream substrates 

involved in metabolism (4). In comparison, pro-oncogenic mutations can occur in the absence of 

a normal growth factor in upstream GTPases in the RAS-RAF-MEK-ERK pathway, locking the 

protein in a constitutively active conformation that leads to constant phosphorylation of 

substrates  responsible for growth and proliferation (2). 

The MAP kinase family of proteins are a series of serine/threonine kinases that include 

the extracellular signal-regulated kinases (ERKs) the c-Jun N-terminal kinases (JNKs) and the 

p38 mitogen-activated protein kinases (p38s) (5). While there are many notable instances of 

interaction and crosstalk between these pathways, cells generally segregate responses to cellular 
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stress and inflammatory cytokines through the JNK and p38 pathways, and growth and survival 

responses through the ERKs (5).  

The ERK1/2 pathway is responsible for catalyzing the phosphorylation of a variety of 

cytosolic and nuclear substrates that regulated adhesion, cell cycle progression, migration, 

survival, differentiation, proliferation, and transcriptional responses (6). Select nuclear targets 

such as c-Fos, Elk1, Ets1, and SP-1, are directly phosphorylated by ERK1/2, and can act as 

transcription factors for a series of genes known as immediate early genes (IEGs) (6). These gene 

products include the oncogene c-Myc, and transcription factors of the AP-1 family of proteins, 

such as JUN, FOS/FRA, ATF, and MAF that further ERK pathway signaling via combinatorial 

dimerization and binding to gene regions on DNA for transcription of genes that promote 

survival, division, and motility (7).  

Melanoma and ERK-pathway mutations 

Melanoma represents the fifth most commonly diagnosed cancer in the United States, with 

nearly 1 million diagnosed cases between the years 2001-2015 (8).  According to the National 

Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER) program, melanoma 

incidence through 2018 has climbed over a 25-year period, from 13 per 100,000 individuals to 

22 (9). Lifetime indices of diagnosis across the U.S. population hover around 2%, with 

metastatic spread estimated at roughly 13% of diagnosed patients, including higher proportions 

of diagnosis among men (29% versus 18% among women) and a median survival of 99% if 

treated pre-metastasis (9). One of the most commonly attributable factors include extensive 

exposure to ultraviolet light leading to sunburns and skin damage (10). This extended exposure 

can lead to mutations in DNA that correspond to a variety of crucial genes, most notably those in 

the RAS-RAF-MEK-ERK signaling pathway (henceforth referred to as the ERK pathway)(11). 

Collectively, nearly 30% of all cancers have dysregulated signaling in the ERK1/2 pathway (12). 
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Further, half of all patients diagnosed with melanoma cancers harbor mutations that cause 

activation in this pathway, including the valine to glutamate mutation (V600E) within the protein 

kinase BRAF gene isoform (11).  

Additional mutations that can lead to pathway activation include the GTPase isoform 

NRAS, representing roughly another quarter of patients, often with more aggressive prognoses 

(13). Additional activating mutations also exist to a much lesser extent in RAS isoforms 

(including HRAS, KRAS4A, KRAS4B), while isoforms of the RAF genes (ARAF and CRAF) 

rarely exhibit mutations contributing to melanoma pathogenesis and activations in the ERK 

pathway (14).  

Treatments of Cancers with ERK-pathway mutations and the Development of Resistance 

Given the above stated mutations that can lead to dysregulation in the ERK pathway, years of 

research have been dedicated to address treatment of the resultant cancers by targeting various 

components within the signal cascade. These include targeting of the growth factor receptors that 

feed into the ERK pathway through the use of receptor tyrosine kinase (RTK) inhibitors, use of 

inhibitors that target the upstream RAF kinase, inhibitors that target the intermediate kinase 

MEK/ERK kinase (MEK), and inhibitors that target the nexus protein in the pathway, 

extracellular signal-regulated kinase (ERK1/2) (15).  

Examples of clinically used receptor tyrosine kinase inhibitors include erlotinib, gefitinib, 

and lapatinib which target the epidermal growth factor receptor (EGFR) and/or its coreceptor 

HER2, second generation inhibitors like afatinib that bind to both EGFR and the vascular 

endothelial growth factor receptor (VEGFR) irreversibly, and monoclonal antibodies such as 

cetuximab and panitumimab that target the extracellular regions of EGFR and can be given 

intravenously (16).  
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Targeting the ERK pathway proteins has received concerted research efforts given the 

rates of mutations in proteins such as BRAF, and given the fact that inhibitors that target these 

pathways are generally well tolerated in patients (17). Examples of RAF targeted inhibitors 

include ATP-competitive inhibitors that nearly completely shut off phosphorylation activity, 

such as vemurafenib (PLX4032) and dabrafenib (GSK-2118436), which target V600E-mutated 

BRAF proteins (18). However, these compounds are ineffective at blocking signaling resultant 

from dimeric RAF complexes or tissues expressing non-V600E-BRAF mutants (18). Inhibitors 

that target MEK1 & 2 include trametinib (GSK1120212), cobimetinib (GDC-0973) which is 

indicated for BRAF V600E/K mutated melanomas, and binimetinib (ARRY-162) which is non-

ATP-competitive in its binding function (19).  Finally, inhibitors that target ERK1/2 proteins are 

mostly experimental given their more recent focus, but include ulixertinib (BVD-523), FDA 

approved for use in acute myelogenous leukemia, and experimental compounds VTX-11e and 

GDC-0994 (20). A listing of relevant treatments (with structures) targeting RAS, RAF, MEK and 

ERK is provided in Table 1.1.  

Table 1.1 Listing of Inhibitors Targeting the Mitogen Activated Protein Kinases for Cancer 

Compound 

Code  

Structure Compound 

Name 

Clinical progression 

(Status)/ 

ClinicalTrial.gov 

identifier 

Receptor Tyrosine Kinase Inhibitors 

CP-358,774 
 

Erlotinib FDA approved - 

TARCEVA (FDA 

Reference id: 4000318) 

ZD1839 
 

Gefitinib FDA approved - 

IRESSA (FDA 

Reference id: 4310729) 
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*Table 1.1 continued 

GW572016 
 

Lapatinib FDA approved - 

TYKERB (FDA 

Reference id: 4081009) 

BIBW 2992 
 

Afatinib FDA approved - 

GILOTRIF (FDA 

Reference id: 3340037) 

  

RAF Inhibitors 

PLX4032 
 

Vemurafenib  (i) Phase 2 (not 

recruiting)/ 

NCT02304809 

(ii) FDA approved - 

ZELBORAF (FDA 

Reference id: 4084937) 

GSK-2118436 
 

Dabrafenib  (i) Phase 3 (not 

recruiting)/ 

NCT01682083 

(ii) FDA approved - 

TAFINLAR (FDA 

Reference id: 4255750) 

LGX818 
 

Encorafenib (i) Phase 2 (recruiting)/ 
NCT03915951 

(ii) FDA approved – 

BRAFTOVI (FDA 

Reference id: 4588634) 

MEK Inhibitors 

GSK1120212 
 

Trametinib (i) Phase 2(completed)/ 

NCT01943864  

(ii) FDA approved - 

MEKINIST (FDA 

Reference id: 4462799) 

GDC-0973 
 

Cobimetinib  FDA approved - 

COTELLIC (FDA 

Reference id: 3845167) 
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*Table 1.1 continued 

 

ARRY-162 

 

 

Binimetinib 

(i) Phase 2 (recruiting)/ 

NCT03915951 
 (ii) FDA approved – 

BRAFTOVI (FDA 

Reference id: 4588634) 

ERK Inhibitors 

BVD-523 
 

Ulixertinib  Phase 1/2 (completed)/ 

NCT0229624 

VTX-11e  
 

~  Pre-clinical 

GDC-0994  
 

~  Phase 1 (completed)/ 

NCT01875705 

Development of inhibitor resistance 

Extensive data has been generated over the years through the clinical use of ERK pathway 

inhibitors offering that the evolution of drug resistance is common, and virtually inevitable in the 

case of RAF and MEK inhibition. For example, despite the high prevalence of V600E mutated 

BRAF in cancers, compensatory activation and expression of analogous RAF isoforms and other 

accessory kinases have been identified to overcome BRAF inhibition to phosphorylate MEK 

(21). While this prompted the addition of MEK inhibitors to cancer treatments, mechanisms of 

resistance have also been documented with these treatments, including binding-site mutations in 

MEK1, upstream amplification of BRAF that increases active MEK1/2 pools, and other signal 

compensation by other accessory kinases (21).  
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Figure 1.1 lists some of the potential mechanisms of bypass that allow the emergence of 

inhibitor resistance. These can include elevated levels of CRAF that can confer insensitivity to 

BRAF inhibition (22) and reactivate MEK, or the bypass of blocked interactions between 

receptor tyrosine kinase inhibitors and RAS isoform signaling through the ERK pathway to 

activate accessory pathways such as the P13K/AKT pathway (23). Further down the signaling 

axis, inhibition at the level of MEK has been ineffective at blocking kinases such as COT that 

can feed directly into the ERK pathway by direct phosphorylation of ERK1/2 (24), as well as 

result in the loss of negative feedback of ERK, which has been shown to result in RAF 

dimerization and paradoxical promotion of ERK signaling (25). Many other resistance 

mechanisms have been registered that are cell line specific or involve mutations independent of 

the acquired resistance from inhibitor use (26). 

Figure Adapted from Wang et al. (27) and Corcoran et al. (28). 

Figure 1.1. Mechanisms of resistance of RAF or RAS mutated cancers after inhibitor use.  ERK 

pathway proteins listed, with various points of inhibitor interventions, as well as genes involved in 

signal bypass, such as the PI3K/AKT pathway proteins and COT.  
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More recently, improvements in clinically used treatments include combinations of 

dabrafenib and trametinib (commercialized as Tafinlar® and Mekinist®, BRAF/MEK inhibitors 

respectively)(29) and vemurafenib and cobimetinib (commercialized as Cotellic® and Zelboraf®, 

BRaf/MEK inhibitors respectively)(30). While commonly used treatments have had a modest 

overall survival improvement of 22 months in BRaf-positive melanomas, the use of drug 

regimens such as Encorafenib and binimetinib have shown overall survival improvements of 34 

months, likely attributable to their longer metabolic half-lives and potencies (31). However, 

many of the advances in inhibitor drug design have yet to address the core compensatory and 

epigenetic changes that allow RAF/MEK bypass to potentiate ERK signaling. In addition, 

mechanisms of resistance have been documented in individuals treated concurrently with both 

RAF and MEK inhibitors that still result in reactivation of the ERK pathway. These included loss 

of ERK-dependent negative feedback, EGFR-mediated reactivation of RAS, and a co-occurring 

aberration in the PI3K-mTOR pathway, as well as noted complicating instances of toxicity 

related adverse events, such as pyrexia (32). Further research is needed into these burgeoning 

examples of dual-therapy resistant models, including studying the mechanics of resistance 

development and relevant biomarkers to treat the disease.  

Methods for modeling cancer resistance  

Given the array of potential resistance options utilized by cancer cells, reliable culture models 

that can closely replicate what happens in tumors often head off the search for a potential drug 

candidate. Several models exist that can exemplify intrinsic or acquired resistance mechanisms 

and can be subdivided into cell culture or animal-based in nature. These include immortal cell 

lines, harvested from cancer patients showing primary resistance and manipulated to withstand 
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multiple passages in the lab setting, or primary cell cultures that are often directly obtained from 

the patient and serve as single use samples (33).  

Animal models (often in mice) consist of xenografts of either primary harvested tissues, 

or lab cultured immortalized cell lines(orthotopic)(33). They can also consist of syngeneic 

models of cancer, where murine-derived cancer cells are implanted into experimental mice (often 

useful for studies were immunogenicity is an obstacle) (33). Additionally, genetically-engineered  

mouse models (GEMM), where the animal has been genetically manipulated to express an 

oncogene similar to humans, can be generated allowing for host systemic responses to also be 

observed (33).  

 Cell line-based models can then be further characterized into those that grow cells in two-

dimensional single layer monoculture or chamber separated co-cultures, or into three-

dimensional (3D) cultures (both monoculture and co-culture)(34). 3D cultures can be further 

separated by the type of scaffolding used to anchor cells, including non-adherent round-bottom 

plates, anchored scaffolds that line a well bottom (such as collagen), extracellular matrix-mimics 

(such as Matrigels), and microfluidic hanging drop culture models (35). The use of a particular 

culture is largely up to the biological question to be answered, but can model resistance with 

varying degrees of accuracy and exhibit advantages, disadvantages, and limitations that are to be 

considered when answering a research question.  

 These culture models can be manipulated to assess how resistance is conveyed 

phenotypically. For example, two-dimensional models can assess characteristics of invasion, 

migration, and metastasis through cell viability assays, morphological tracking via microscopy, 

RNA/protein profiling, wound healing assays, chemotactic-invasion assays, and transmembrane 

migration (36). Three-dimensional models can assess effects of the microenvironment, tumor 
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dormancy, and microvesicular formation largely through extracellular matrix-like scaffolds and 

co-cultures (36). The use of different cell culture models in combination with comparative 

proteomics have further yielded a number of candidate proteins that have responded promisingly 

to drug identification (37), and proteomic and drug response results that are specific to the model 

(38). These models have shed different perspectives on the mechanics of resistance, and can be 

helpful in understanding the causes and solutions to RAF/MEK inhibitor resistance.  

1.2 Shifting the treatment paradigm toward ERK inhibition and functional selectivity 

1.2.1 Highlights 

• Downstream kinase ERK shows promise as a target of inhibition  

• Inhibitors with an allosteric function may exhibit functional selectivity  

• ERK2 contains two substrate binding domains with distinct functions  

1.2.2 Abstract 

For melanoma, there are considerable data demonstrating the development of a variety of 

mechanisms of drug resistance to inhibitors of upstream effectors RAS, RAF, and MEK. Given 

that ERK1/2 consolidates much of the upstream signaling activity in the ERK pathway, drug 

design research has sought to capitalize the ERK proteins as a target. The following section will 

highlight the ERK 1 and 2 proteins structure and function, and proposed methods to target 

different locations on the protein. We also discuss the different types of inhibitors that can be 

used and how to elicit selectivity in which functions of ERK to block. 

1.2.3 Introduction 

While studies into the use of ERK inhibitors date as old as other MAP Kinase inhibitors, 

renewed focus has been placed on the development of ERK1/2 targeted compounds as a cancer 

therapeutic. ERK 1 and 2 function as a bottleneck in the ERK signaling pathway in that they 
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consolidate the phosphorylation signal from upstream kinases before phosphorylating a variety 

of downstream substrates in the cytoplasm or in the nucleus (39). ERK1/2 proteins are so far the 

only known direct substrates of MEK1/2 (6). ERK1 shares a considerable amount of genetic and 

structural redundancy to ERK2 (40). However, given the genetic ablation of ERK2 in transgenic 

mouse models leads to embryo lethality, research has attributed an imperative role to ERK2 and 

a considerable amount of regulatory complexity to the expression of the protein (41).   

Structurally, ERK1/2 has two lobes (N and C), with a cleft in between these two lobes 

that house an ATP-binding site (Figure 1.2). The two lobes of the kinase can move relative to 

each other, allowing for the release and exchange of ADP to ATP, allowing for further 

phosphoryl transfer from ATP to ERK-protein substrates. The protein also contains a MEK 

activation site (MKK) containing a TXY amino acid motif, and two recruitment sites for 

downstream substrates, the D-recruitment site, and the F-recruitment site. The D-recruitment site 

contains three subdomains: an ED domain with canonical residues T159, T160, a CD domain 

with residues D318, D32, and a hydrophobic groove with residues L115, L121, L157, H125, 

Figure 1.2. Structure of ERK2. ERK2 structure illustrating the ATP-catalytic site, MEK (or MKK) 

activation site, and the D and F recruitment sites for distinct ERK substrate interactions (adapted from 

PDB:4GT3)  
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Y128, which collectively recognize an amino acid substrate motif R-R-X-X-Φ-X-Φ (D-docking 

site) on select ERK substrates. The F-recruitment site contains canonical amino acid residues 

Y223, L234, L237, Y263, L200, which recognize the substrate motif F-X-F-P (F-recruitment 

site)(6).  

Inhibition at the level of ERK1/2 has offered an attractive option for the mitigation of 

phosphorylation activity in the ERK pathway. As mentioned in the previous section, ATP-

competitive inhibitors are designed for kinases to block the catalytic site by mimicking 

interactions typical of ATP ligands (42).  Following similar archetypes to previous RAF and 

MEK inhibitors, reversible ATP-competitive inhibitors have been designed for ERK1/2, such as 

experimental compounds SCH772984 and FR180204, and BVD-523 (Ulixertinib) being the only 

compound approved by the FDA. Experimental compounds have also been developed that are 

currently in early pre-clinical or Phase I development. For example, inhibitors GDC-0994 and 

MK-8353 are reversible ATP-competitive inhibitors currently being tested for indications like 

advanced solid tumors (43). Another compound, CC-9003, is a recently identified covalently 

binding, irreversible inhibitor that targets the ATP-binding pocket via cysteine 183 on ERK1 and 

164 on ERK2, similarly competing off ATP (44). However, the development of these 

compounds have experienced several dose-limiting toxicities and adverse events as obstacles to 

their development, or mixed success in their indications (43), likely attributable to their complete 

inactivation of ERK1/2 phosphorylation.  

Given the function of ERK as a master regulatory phosphorylating protein, unique 

opportunities for inhibiting the protein exist using allosteric drug design to overcome ATP-

competitive drug resistance. This can be done with allosteric or substrate-binding inhibitors that 

interfere with interactions of downstream proteins, and can often be highly selective due to the 
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unique topography of substrate-binding sites (45). ERK segregates its phosphorylation events 

between the D and F-recruitment sites, allowing for the inhibition of distinct ERK activities, 

without complete shutdown of ERK function (46). This poses an attractive opportunity for drug 

design given the aforementioned resistance mechanisms employed during upstream MAP kinase 

inhibition and ATP-competitive inhibition. 

One method that has been suggested is the use of compounds that block ERK nuclear 

localization, important to phosphorylation of downstream transcription factor substrates and 

overall signaling function (47). This has been demonstrated using a proteomimetic peptide that 

blocks the interaction of Importin 7, known to shuttle ERK into the nucleus (47). Further, 

ERK1/2 dimerization has been shown to be crucial to the activation of cytoplasmic ERK and its 

cytosolic substrates, and blocking at the interface of dimer formation has been shown to be 

efficacious in inhibiting proliferation in BRAF and MEK inhibitor resistant cells (48). Allosteric 

inhibition within the ATP-binding pocket has also been demonstrated in other kinases and has 

been proposed as  an option for inhibiting ERK (49), but no lead therapeutic has yet to be 

presented that has this mechanism of action targeting ERK1/2.  

Alternatively, blocking the binding of ERK-substrates at either of its two recruitment sites 

have been demonstrated to effect ERK1/2 signaling, and offer an option for development for 

non-ATP competitive inhibition. Our group was one of the first to demonstrate the successful 

blocking of protein-protein interactors (PPI) in the DRS through an in silico approach that 

generated a lead compound that could successfully inhibit ERK1/2-dependent phosphorylation of 

substrates Elk-1 and p90 RSK (50). Very little research, apart from our group, has been devoted 

to the development of FRS targeting inhibitors. In the lead up to this doctoral work, our group 
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identified a series of FRS substrates that were identified to putatively block FRS-containing 

substrates via covalent interaction (51).  

Covalent inhibitors have encountered significant interest in recent years, particularly 

following the FDA approval of Afatinib and Ibrutinib, which target cysteine 797 in the hinge of 

region of the EGFR protein and cysteine 481 in the hinge region of Bruton protein kinase, 

respectively (52). Further, a covalent inhibitor for the DRS has recently been identified that 

targets cysteine 159 in the DRS of ERK2  (53). Covalent inhibitors generally act through the 

modification of nucleophilic residues (such as cysteine), and are usually proposed to be 

coordinated with hydrogen bonds with neighboring residues to allow for Michael addition or 

substitution of a small molecular weight moiety to residues, physically blocking interactions with 

other proteins or cellular factors (54).  

1.2.4 Conclusions and Future Directions 

Given the potential for parallel pathway activation, overcoming mechanisms of drug 

resistance in melanoma and other cancers that are driven by MAP kinase pathway mutations 

represent a formidable task. While improvements in existing inhibitors will certainly buy patients 

valuable survival time, the need to identify other vulnerabilities apart from hyperactivity in RAS, 

RAF, and MEK kinase is increasingly apparent. The identification of therapeutically relevant 

targets up until now has been largely driven using immortalized cell cultures from homogenous 

tumor cell lines or cellular heterogenous tumor xenografts in mice (55). While useful, these 

methods do not always provide a full picture of drug response or the breadth of relied upon 

signal mechanisms, and can be prohibitive to rapid identification of new targets (56). The use of 

three-dimensional cell culture models is poised to bridge the entry barriers to biomarker 

discovery, having been shown to have higher reproducibility than xenografts and greater 



 

16 

 

potential for high throughput screening of therapeutics (57). Combining these methods with 

comparative proteomic techniques adds an additional layer to the predictive framework, in that 

novel inhibitors can be tested in cellulo and differential expression profiles can be generated to 

determine if favorable characteristics are achieved in model closer to in vivo conditions (58).  

The potential for a function-selective covalent modifier that binds in an allosteric area on 

ERK1 or 2 further offers the enticing possibility for a therapeutic that may circumvent common 

resistance mechanisms and exhibits durable and explicit inhibition of select ERK signaling 

functions. Despite being well tolerated, commonly employed ATP-competitive inhibitors are not 

without limitations, often inhibiting between 10-100 off-target kinases to various degrees, 

manifesting in side effects that can heavily impact quality of life (59). A polypharmacological 

approach using several mechanistically different types of inhibitors and several targets beyond 

kinase signaling is needed to off-set pressures from blocking a single signaling node and avoid 

cancer re-emergences (60). 

Looking ahead, goals of kinase inhibitor research should more clearly characterize why 

cancers develop resistance, and what mechanisms tissues rely upon that can serve as a 

vulnerability and opportunity for action. Special focus should also be placed on testing broad 

chemical leads that can inhibit protein targets in new ways, and can prevent resistance 

mechanisms from taking hold or offer an additional tool for treating cancers that are already 

resistant.  

1.3 Aims of this thesis 

 The extracellular signal-regulated (ERK1/2) kinase pathway is important to the normal 

proliferation and survival responses in cancer, that can by hijacked by mutations in the upstream 

kinases RAS, RAF, and MEK (21). These acquired mutations are a hallmark of several cancers, 
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including melanoma (21). While potent treatments exist to treat patients into temporary 

remission, cancerous tissues nearly always develop molecular resistance mechanisms to these 

drugs (61). Extensive research has been performed into the methods employed by cancers to 

resist treatments with individual MAP kinase inhibitors. However, the prevalence of 

simultaneous resistance to both RAF-MEK inhibitors has necessitated further scrutiny into how 

to treat resurgent cancers.  

Limited research exists into the mechanisms employed by cancers with dual-inhibitor 

resistance to allow for identification of actionable biomarkers for further targeted therapies. 

Burgeoning work in the fields of transcriptomics and proteomics have generated interesting 

portraits of what may occur within resistant tumors (62). However, the use of single models in 

the research setting often do not provide a full picture of mechanistic changes occurring upon 

treatment (63). Comparative proteomic studies of multiple biological models are one method by 

which treatable targets can be identified and therapeutically validated (64).  We propose 

identifying differential markers by comparing by the use of two- and three-dimensional culture 

models of dual BRAF-MEK inhibitor resistant cells.  

The structure and functions of the ERK1/2 proteins within the ERK signaling pathway 

also provide an opportunity for exploration and intervention. While targeting of the upstream 

kinases RAF and MEK has been potent in complete shutdown of ERK signal, the initiation of 

resistance is likely attributable to the selective pressure to bypass this signaling axis (65). 

ERK1/2 are unique in their master regulatory functions through multiple protein-protein 

interacting surfaces and partners (66). This prompts the use of different inhibitor binding modes, 

such as allosteric inhibitors that may circumvent signal bypass, while allowing precision 

inhibition of select ERK functions (67). Further, novel attributes to the chemical moieties of lead 
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compounds, such as bivalent interaction at multiple nodes on a protein, or covalent modification 

of chemically reactive residues, offers a diverse portfolio of options beyond the paradigm of 

catalytic site inhibitors (68). We propose the use of putative allosteric, covalent modifier that has 

functional-selectivity at blocking interactions at the F-site on ERK2.   

In this project, the overarching goal will be to investigate what changes occur in cells that 

have developed an acquired resistance to existing therapies, what vulnerabilities exist that could 

be used to design new treatments, and determine the viability of an ERK2 inhibitor as an 

alternative in treating BRAF-mutated melanoma cells (Figure 1.2). We hypothesize that the use 

of comparative proteomics between two- and three-dimensional drug sensitive and BRAF-MEK 

inhibitor resistant melanoma cells will produce novel and actionable therapeutic biomarkers for 

drug development. Given we previously identified an FRS-targeting molecule for ERK2 that 

concurrently has putative covalent activity, we hypothesize that targeting of ERK2 may serve as 

a viable alternative to avoid resistance mechanisms normally associated with the above stated 

clinical treatments.  

Figure 1.3. Schematic of work in Thesis. (A) ERK pathway indicating clinically-used inhibitors and 

lack of data describing mechanism of resistance. (B) ERK pathway indicating proposed use of ERK2 

functionally-selective allosteric modifier as an alternative to clinical inhibitors.  

(A)  (B)  
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Specific Aim 1 is to determine what proteomic changes occur when melanoma cells are 

treated concurrently with and become resistant to both BRAF/MEK inhibitors, using mass 

spectrometry analysis. Experiments will (1) characterize the changes that occur in both dual-

inhibitor resistant two- and three-dimensional melanoma models using the BRAF inhibitor 

PLX4032 and MEK inhibitor AZD6244 using mass spectrometry and (2) utilize the proteomic 

data generated above to identify biomarkers of interest in resistant cells that can be appropriated 

as a target for cancer cell treatment. The studies will also reinforce the need to incorporate these 

comparative methods in the drug development process. 

Specific Aim 2 will further explore the alternatives to traditional clinically-used inhibitors. 

Studies here will determine the mechanism of inhibition of previously identified ERK2-targeting 

compounds in melanoma. Experiments will (1) identify the structure-activity relationship of one 

of a series of lead compounds that targets ERK2 and determine the binding mechanism, and (2) 

characterize the proteomic changes that occur in BRAF-mutant melanoma cells to determine the 

mechanism of action of this class of inhibitor.  
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Chapter 2. Identification of therapeutic markers in Dual-BRAF/MEK 

inhibitor resistant models of melanoma1 

2.1 Abstract 

Extracellular signal-regulated kinase-1/2 (ERK1/2) pathway inhibitors are important therapies for 

treating many cancers. However, acquired resistance to most protein kinase inhibitors limit their 

ability to provide durable responses. Approximately 50% of malignant melanomas contain 

activating mutations in BRAF, which promotes cancer cell survival through direct phosphorylation 

of the MAPK/ERK kinase-1/2 (MEK1/2) and activation of ERK1/2. Although combination 

treatment with BRAF and MEK1/2 inhibitors is a recommended approach to treat melanoma, the 

development of drug resistance remains a barrier to achieving long term patient benefits. Few 

studies have compared global proteomic changes in BRAF/MEK1/2 inhibitor resistant melanoma 

cells under different growth conditions. The current study used high-resolution label-free mass 

spectrometry to compare relative protein changes in BRAF/MEK1/2 inhibitor resistant A375 

melanoma cells grown as monolayers or spheroids. While approximately 66% of proteins 

identified were common in monolayer and spheroid cultures, only 6.2% or 3.6% of proteins that 

significantly increased or decreased, respectively, were common between the drug-resistant 

monolayer and spheroid cells. Drug-resistant monolayers showed upregulation of ERK-

independent signaling pathways, whereas drug-resistant spheroids primarily elevated catabolic 

metabolism to support oxidative phosphorylation. These studies highlight similarities and 

differences between monolayer and spheroid cell models in identifying actionable targets to 

overcome drug resistance.  

 
1 Martinez, R. III, Huang, W., Buck, H., Rea, S., Defnet, A., Kane, M.A., Shapiro, P. Proteomic changes in 

monolayer and spheroid melanoma cell models of acquired resistance to BRAF and MEK1/2 inhibitors. Accepted, 

ACS Omega - 2021. DOI: 10.1021/acsomega.1c05361 
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Keywords (10): protein kinases, BRAF, kinase targeted therapy, extracellular-signal regulated 

kinases, drug resistance, monolayer, spheroids, melanoma, vemurafenib, selumetinib  

2.2 Introduction 

The extracellular signal-regulated kinase-1/2 (ERK1/2) family of mitogen activated 

protein (MAP) kinases are important transducers of extracellular signals that regulate cellular 

processes such as proliferation, differentiation, and apoptosis (69, 70). Plasma membrane 

receptors cause ERK1/2 activation through GTP regulated proteins that initiate a three-tiered 

kinase cascade consisting of A/B/C-Raf isoforms, which activate the MAP or ERK kinase-1/2 

(MEK1/2), the primary activators of ERK1/2 (71, 72). Activated ERK1/2 are serine/threonine 

kinases that regulate proteins in cytoplasm and translocate to the nucleus to phosphorylate and 

regulate transcription factors involved in gene expression (73). Constitutive (or unregulated)-

activation, through mutations and  overexpression, of receptor tyrosine kinases (RTKs), Ras (rat 

sarcoma) isoforms, and BRAF (rapidly accelerated fibrosarcoma) have been linked to 

pathophysiology of many human cancers including melanoma,(74) colorectal cancer,(75) 

squamous cell carcinoma,(76) and glioblastoma (74, 77).  

In melanoma, approximately 75% of tumors harbor mutations in either NRas G-protein 

(~25% of all cases; mostly in codon  Q61) or BRAF (~50% of all cases, mostly in codon V600), 

which drive cell proliferation and tumor growth through  the ERK1/2 signaling pathway (78, 79).  

Drug development efforts have identified selective inhibitors of mutated BRAF (e.g. 

vemurafenib, dabrafenib, and encorafenib) (80, 81) and MEK1/2 (e.g. trametinib, selumetinib, 

cobimetinib, and others) (82, 83). BRAF inhibitors alone show modest improvements in 

progression free survival, however nearly all patients will develop an aggressive drug-resistant 

phenotype (84). MEK1/2 inhibitors as monotherapy have limited efficacy but improve 

therapeutic outcomes when combined with BRAF inhibitors (85-87). Thus, a standard targeted 
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therapy includes combining BRAF and MEK1/2 inhibitors in cases where surgical removal is not 

an option or to help prevent recurrence after surgery (88, 89). The BRAF/MEK inhibitor drug 

combination appears to benefit approximately 30% of patients with BRAF V600 mutations after 

5 years (90).    

Acquired resistance to kinase targeted therapies remains a barrier to effective and durable 

therapeutic responses. Cellular changes responsible for the development of either intrinsic or 

acquired resistance to ERK1/2 pathway inhibitors are beginning to be elucidated (91). The 

development of resistance and relapse in melanomas may involve reprogramming of signaling 

pathways that re-establish ERK1/2 signaling or the activation of ERK1/2-independent 

mechanisms (92-94). Evidence of ERK1/2 re-activation in BRAF and MEK inhibitor resistant 

melanoma has prompted the discovery of ERK1/2 inhibitors. The ERK1/2 inhibitor BVD-523 

(ulixertinib) is now allowed for use in the Food and Drug Administration’s Expanded Access 

Program to treat cancer patients with aberrant ERK1/2 pathway activation. Other ERK1/2 

inhibitors, such as GDC-0994 (ravoxertinib), have entered clinical trials as single agents or in 

combination with MEK1/2 inhibitors to treat a variety of cancers (95-97). Mechanisms that 

describe resistance to BRAF inhibitors include mutational activation of NRAS,(94) over-

expression of receptor tyrosine kinases such as platelet derived growth factor receptor (PDGFR) 

and insulin-like growth factor receptor (IGFR),(98) dimerization of aberrantly spliced BRAF 

(V600E),(99) and over-amplification of the upstream kinase mitogen-activated protein kinase 

kinase kinase 8 (MAP3K8) (100). In addition, mechanisms that explain resistance to MEK 

inhibitors include activating mutations in MEK1(84) and concurrent activation of the PI3K-AKT 

(phosphoinositide 3-kinase – protein kinase B) pathway (101). Upregulation of c-Jun 
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transcription factor in melanoma cells resistant to the BRAF inhibitor vemurafenib have been 

linked to promoting a mesenchymal phenotype and metastasis (102).  

Several mechanisms have been proposed to explain resistance to both BRAF and MEK 

inhibitors. These include an increased activation of NFκB (Nuclear factor kappa-light-chain-

enhancer of activated B cells) and downregulation of MITF (microphthalmia-associated 

transcription factor, controls many genes involved in melanogenesis),(103) upregulation of FGF1 

(fibroblast growth factor-1) to potentiate ERK signaling,(104) dimerization of BRAF with 

activated CRAF and/or mutant MEK,(105) and c-Myc activation and rewiring of cellular 

metabolism (106). Several approaches to target these potential resistance mechanisms that emerge 

with dual BRAF/MEK inhibition are being tested. For example, in addition to ERK1/2 inhibitors, 

small molecule BET bromodomain inhibitors may reduce oncogenic c-Myc expression (106). 

Multi-targeted protein kinase inhibitors such as ponatinib (104) and more selective protein kinase 

inhibitors like BI-D1870 and BRD-7389 that target p90RSK are also being explored to overcome 

drug resistance (107). 

Traditional experimental approaches to study adherent cancer cells in vitro have involved 

culturing cells as monolayers. However, 3-dimensional (3D) cell culture models may provide 

advantages to elucidate phenotypes not previously identified in two dimensional monolayer cell 

cultures and may better reflect in vivo conditions (108). 3D spheroid models can better reflect 

crucial cellular-extracellular matrix interactions and signaling changes that promote tumorigenic 

progression (109). Several approaches to generate spheroids have been developed depending on 

the downstream application and include both scaffold/extracellular matrix protein anchored 

models and scaffold-free models that allow for easy harvesting and high-throughput applications 

(110).  
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Additionally, spheroid models have been used to evaluate small molecule inhibitors such 

as BEZ235 that target both PI3K and mTOR (mechanistic target of rapamycin), that are 

upregulated in melanoma and colon cancer cells (111). The estrogen metabolite 2-

methoxyestradiol has also been tested in melanoma cell lines SKMEL28/103/147 (which are 

BRAF- and NRAS-mutated) in spheroids (112). The chemotherapeutic docetaxel (microtubule 

disruptor) has also been tested in combination with AZD6244 in spheroids with various 

melanoma cell lines that are BRAF- or NRAS-mutated (113). As well, the diabetic treatment 

metformin has shown some promise in combination with the MEK inhibitor binimetinib in 

melanoma spheroids (114).  

In-depth analysis of protein changes in drug-resistant cells may provide insight into new 

therapeutic options and identify pharmacodynamic biomarkers. In the current study we used 

comparative chemoproteomic analyses to examine protein changes in melanoma cells made 

resistant to BRAF and MEK1/2 inhibitors. We also compared these changes in the context of cells 

grown as 2D monolayers or scaffold-free 3D spheroids (Figure 2.1). The resultant data were used 

to identify potential vulnerabilities in drug-resistant cells and highlight differences in the 

monolayer and spheroid cell models.  
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Figure 2.1. Graphical workflow of proteomic comparison between PLX/AZD-resistant 

monolayers and spheroids.  

 

2.3 Materials and Methods 

2.3.1 Chemicals and Reagents 

The mutated BRAF-selective inhibitor PLX4032 (ENZ-CHM200-0010) was purchased from Enzo 

Life Sciences (Farmingdale, NY) and the MEK1/2 inhibitor AZD6244 (BV-2234-5) was 

purchased from Axxora (Farmingdale, NY). The ERK1/2 inhibitor VTX11e (S7709) was 

purchased from Selleckchem (Houston, TX).  

2.3.2 Cell Culture / Generation of Dual Resistant cell lines 

A375 cells with the homozygous BRAF (V600E) mutation were purchased from American Type 

Culture Collection (ATCC; Manassas, VA) (CRL-1619). The protocol for generating drug-

resistant cell lines was done as similarly described in previous studies (115, 116). Briefly, cells 

were grown in Dulbecco’s modified Eagle’s medium (DMEM) or Eagle’s minimal essential 

medium (EMEM) plus 10% fetal bovine serum (FBS). All media were supplemented with 

penicillin and streptomycin. Cells resistant to both AZD6244 and PLX4032 were generated over 

a period of 10 passages (approximately 5 – 7 days in between passages) with 0.1 µM stepwise 

increases of PLX4032 and AZD6244 until the final drug concentrations were 1 µM. All cell lines 

were authenticated at the University of Maryland-Baltimore Biopolymer-Genomics Core 

Laboratory and shown to be 100% related (shared 12 out of 12 alleles) to the ATCC reference 

CRL-1619 (A375) cell line. Cell lines are routinely tested for mycoplasma contamination using 

the MycoAlert detection kit (Lonza, Walkersville, MD).  
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2.3.3 Monolayer and spheroid culture / sample preparation 

Parent and drug-resistant A375 cells were grown in 10 cm plates as monolayers to approximately 

80% confluence prior to proteomic analysis. Cells from the monolayers were washed with 5 ml of 

cold phosphate-buffered saline (PBS) twice, then scraped from the plate into a 1mL tube of cold 

PBS, followed by centrifugation at 1000 × g to remove the supernatant. Spheroids were generated 

by seeding 1000 – 2000 cells per well using Corning® ultra-low attachment 96 well plates 

amenable to spheroid harvesting for further analysis (catalog number SIG-CLS7007, Sigma-

Aldrich, St. Louis, MO), briefly centrifuged at 500 x g to aggregate cells, and incubated for 8 – 10 

days in the presence or absence of 1 µM PLX4032 and AZD6244. Spheroids were grown to 

approximately ~0.5-1 mm in diameter prior to analysis. Triplicate proteomic samples for parent 

and drug-resistant cells were generated by harvesting all 96 spheroids from a plate with wide 

orifice tips (the combined 96 spheroids equals one biological replicate), washed with 1 ml of cold 

PBS thrice in a microcentrifuge tube, followed by centrifugation at 1000 x g to remove the 

supernatant.  

Three biological replicates were prepared for the proteomics analysis, as described above. 

Approximately equal amounts of cells (~ 10 mg wet cell pellet each) were solubilized by 5% 

sodium deoxycholate in 50 mM ammonium bicarbonate with constant mixing. Cell lysates were 

reduced, alkylated and trypsinolyzed on filter using a modified FASP protocol (117). Briefly, cell 

lysate proteins were reduced by 10 mM tris(2-carboxyethyl)phosphine and were then alkylated 

with 20 mM iodoacetamide followed by incubation in dark for half an hour. The alkylated lysate 

supernatants were loaded on 10K MWCO filter (Millipore Amicon Ultra 0.5 mL) and centrifuged 

at 14,000 × g for 15 minutes to remove small molecules such as metabolites and salts. The retained 

proteins on the filter were washed three times with 50 mM ammonium bicarbonate with 0.3% 
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sodium deoxycholate and finally 1 µg trypsin per 50 ug protein was added and the samples were 

incubated at 37 ºC for 18 hours. The tryptic digests were then acidified with trifluoroacetic acid to 

a final concentration of 1% and precipitated deoxycholic acid was removed by centrifugation. The 

peptide concentrations were measured by Pierce quantitative colorimetric peptide assay (Thermo 

Scientific Corp., San Jose, CA). 

2.3.4 Cell Viability assays 

Monolayers were seeded at 5000 cells per well in 96-well plates, cultured overnight, and treated 

for 48 hours with the indicated dose of compounds. The cell viability curves were generated using 

six to nine data points and 3-fold dilutions of 0.03–30 µM for AZD6244 and PLX4032. 

Additionally, 8-fold serial dilutions of 0.03-30 µM of the ERK1/2 inhibitor VTX11e (S7709) were 

used and purchased from Selleckchem (Houston, TX), were used to determine dose response 

curves of drug-sensitive and resistant cells.. Monolayer cell viability was measured according to 

the manufacturer’s instructions using the fluorescent CellTiter Blue Assay (G8080; Promega, 

Madison, WI) or the CellTiter-Glo 2.0 Luminescent Cell Viability Assay (G9241; Promega). 

Spheroid cell viability was measured according to the manufacturer’s instructions using the 

CellTiter-Glo 3D Cell Viability Assay (G9681; Promega). Cell viability curved were generated 

using GraphPad-Prism version 5.01 (GraphPad Software, San Diego. Three biologic replicates 

were chosen for data to generate standard errors. 

2.3.5 Mass Spectrometry 

Proteomic results were obtained in collaboration with Dr. Maureen Kane and Dr. Weiliang Huang 

of the UMB School of Pharmacy Mass Spectrometry Facility. The samples were analyzed on a 

high-resolution Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientific Corp., San 

Jose, CA) coupled to a nanoAquity ultra-performance liquid chromatography (UPLC) system 
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(Waters Corporation, Milford, MA). Peptides were trapped and desalted on a 180 µm × 20 mm 

nanoACQUITY UPLC trap column with 180 Å (5 µm) symmetry C18 particles (Waters 

Corporation, Milford, MA). Subsequent peptide separation was on a 75 µm × 200 mm 

nanoACQUITY UPLC analytical column packed with 130 Å (1.7 µm) BEH130 C18 particles 

(Waters Corporation, Milford, MA). For each liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) analysis, an equal amount of 1 µg of peptides was loaded on the trap column at 10 

µL/min in 1% acetonitrile (v/v) with 0.1% (v/v) formic acid. Peptides were eluted using a 3 – 40% 

acetonitrile gradient flowing at 400 nL/min over 165 minutes. The eluted peptides were 

interrogated with a data-dependent acquisition method using a top speed selection mode. Fourier 

transform precursor spectra were collected using the following parameters: scan range 375 – 1500 

m/z (mass/charge ratio), resolving power 240,000, automatic gain control (AGC) target 106, and 

maximum injection time of 50 milliseconds. Linear ion trap product spectra were collected using 

the following parameters: rapid scan rate, normalized collision energy of collision-induced 

dissociation 35%, 0.7 m/z isolation window, AGC target 3 × 103, and a maximum injection time 

of 300 milliseconds with using all parallelizable fill time enabled. Peptide precursors were selected 

for a 3-second cycle. Precursors with an assigned monoisotopic mass and a charge state of 2 – 6 

were interrogated. Interrogated precursors were filtered using a 60 second dynamic exclusion 

window.  

Acquired tandem mass spectra were searched against a UniProt Homo sapiens reference proteome 

using Sequest HT algorithm (118) and MS Amanda algorithm (119) with a maximum mass error 

tolerance of 10 ppm for the precursor ions and 0.5 Da for the fragment ions. Carbamidomethylation 

of cysteine and deamidation of asparagine and glutamine were treated as static and dynamic 

modifications, respectively. Maximum two missed cleavages were allowed. Resulting hits were 
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validated at a maximum false discovery rate (FDR) of 0.01 using a semi-supervised machine 

learning algorithm Percolator (120). Label-free quantifications were performed using Minora, an 

aligned AMRT (Accurate Mass and Retention Time) cluster quantification algorithm (121). 

Protein abundance ratios between samples were measured by comparing the MS1 peak volumes 

of peptide ions, whose identities were confirmed by MS2 sequencing as described above, after 

normalization by total peptide. Differentially expressed proteins in the resistant cells were 

examined by carrying out an ANOVA test and p-values were filtered via multiple hypothesis 

testing using an FDR of 0.05.  

Enrichment analysis of canonical pathways was performed using Qiagen Ingenuity database (122). 

Proteins showing at least a 2-fold change with an FDR adjusted ANOVA p-value < 0.05 were 

considered significantly changed and used for further analysis. The statistical significances of 

perturbed pathways were tested by Fisher’s exact test corrected for multiple hypothesis testing by 

a Benjamini-Hochberg procedure (123). The likely activation states of the perturbed pathways 

were inferred by the z-score, which is a statistical measure of the match between expected 

relationship direction from published literature and observed gene expression from the 

experimental dataset compared with a null model that assigns random regulation directions (124). 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

via the PRIDE partner repository (125) with the dataset identifier PXD026952. 

2.4 Results 

2.4.1. Generation of drug-resistant melanoma cells. A375 melanoma cells were cultured with 

increasing concentrations of the PLX4032 and AZD6244 (PLX/AZD, Figure 2.2) up to a final 

concentration of 1 µM as described in the Experimental Section. These cells exhibited resistance 

to PLX/AZD combination treatment (Figure 2.3) and to individual treatments with BRAF, 
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MEK1/2, or ERK1/2 specific inhibitors when grown as monolayers or spheroids (Figure 2.4). As 

demonstrated previously,(126) ERK1/2 inhibition was somewhat more effective at reducing 

viability of PLX/AZD resistant cells than BRAF or MEK1/2 inhibitors (Figure 2.4).  

 

Figure 2.2. BRAF and MEK inhibitors used to generate resistant melanoma cell lines. Structures for 

the BRAF inhibitor (A) vemurafenib (PLX4032) and MEK inhibitor (B) selumetinib (AZD6244) used in 

Chapters 2 and 3.  

 

 

 

Figure 2.3. Sensitivity of parent and resistant cells to BRAF and MEK1/2 inhibitors. Dose response 

curves for drug sensitive parent (open squares) or drug resistant (PLX/AZD-R, closed squares) cells 

treated with the indicated combined concentrations of PLX4032 and AZD6244 in monolayers (A) or 

spheroids (B). Cell viability was expressed as a percentage compared to cells treated with DMSO vehicle 

(100%). Data are representative of three independent experiments. 

A.  B.  
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Figure 2.4. Viability of parent and PLX/AZD-resistant monolayers or spheroids treated with BRAF, 

MEK1/2, or ERK1/2 inhibitors. Dose response curves for A375 cells treated with the indicated treatment 

concentrations of BRAF inhibitor PLX4032 (PLX, squares), MEK 1/2 inhibitor AZD6244 (AZD, 

triangles), or ERK2 inhibitor VTX-11e (VTX, circles) grown in (A) monolayer or (B) spheroid cultures. 

Cell viability was expressed as a percentage compared to treatment with DMSO vehicle (100%). Open or 

closed symbols represent parent or resistant cells, respectively. Data are representative of three independent 

experiments. 

 

2.4.2 Proteomic analysis of monolayer and spheroid cell cultures. We examined global 

changes in protein levels from parent or PLX/AZD resistant cells grown as monolayers or 

spheroids. Lysates from parent and PLX/AZD resistant cells grown as monolayers or spheroids 

were collected as described in the Experimental Section and analyzed via nano-flow UPLC 

coupled high-resolution tandem mass spectrometry. Approximately 4000 proteins were identified 

in each culture condition (Table 2.1). Around 66% of these proteins were common between 

monolayers and spheroids regardless of whether they were derived from parent or PLX/AZD 

A.  

B. 
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resistant cells (Table 2.1). Of the remaining proteins identified, approximately 16% or 18 were 

unique to cells grown as monolayers or spheroids, respectively (Table 2.1).  

Table 2.1: Summary of proteins identified in parent or PLX/AZD-resistant cells grown in monolayer 

or spheroid cell cultures. (A) Total number of soluble proteins identified in parent or PLX/AZD-resistant 

cells. Percentages indicate number of proteins identified that are common or unique to each culture 

condition. (B) Number of proteins that significantly increased or decreased in PLX/AZD resistant versus 

parent cells by at least 2-fold in resistant cells (FDR adjusted p<0.05). Data are representative of 3 

independent samples.  

 

A. 

A375 cells 

proteins 

identified in 

monolayers 

proteins 

identified in 

spheroids 

% common 

in 

monolayers 

and 

spheroids 

% unique to 

monolayers 

% unique to 

spheroids 

Parent 3958 4051 66.3 15.9 17.8 

Resistant 4019 4080 65.3 16.7 18.0 

 

B. 

Culture conditions 
Proteins that 

increased 

Proteins that 

decreased 

Monolayers 182 76  

Spheroids 536  355  
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Of the proteins that significantly changed in the PLX/AZD resistant cells, more proteins 

showed increases compared to decreased levels in both monolayers and spheroids (Table 2.1). 

Overall, PLX/AZD resistant spheroids identified 3-4 times more proteins that significantly 

changed levels, either increase or decrease, as compared to PLX/AZD resistant cells grown as 

monolayers (Table 2.1). In addition, most of the protein changes that occurred were unique to the 

culture condition. For example, only 6.2% or 3.6% of proteins that increased or decreased, 

respectively, in PLX/AZD-resistant cells were common between monolayer and spheroid grown 

cells (Figure 2.5). Proteins that showed statistically significant increases or decreases in both 

monolayers and spheroids are listed in Table 2.2. These data indicate that PLX/AZD resistant cells 

grown as monolayers or spheroids have distinct differences in overall changes in protein levels. 

Figure 2.5. Summary of proteins that significantly increased or decreased in PLX/AZD resistant cells. 

Venn diagram of monolayer and spheroid proteins that significantly increased (A) or decreased (B) in 

PLX/AZD resistant versus parent cells. The number of proteins with at least 2-fold changes (p<0.05) and 

the percent of the total proteins identified are indicated. Data represents 3 independent replicates and reflect 

an average of protein changes across the 3 replicates.  

 

 

 

A. B. 

Significant Increase Significant Decrease 
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Table 2.2. Proteins that increase or decrease in both PLX/AZD resistant monolayers and spheroid 

cell cultures 

Increase 

Gene Code Protein Name 

ACAA2 3-ketoacyl-CoA thiolase, mitochondrial       

ACOX1 Peroxisomal acyl-coenzyme A oxidase 1         

ACP2 Lysosomal Acid Phosphatase  

ACP5 Tartrate-Resistant Acid Phosphatase Type 5 

ALCAM CD166 antigen         

ALDH2 Aldehyde dehydrogenase, mitochondrial        

ANXA6 Annexin A6 

BRI3 Brain Protein I3 

CAV1 Caveolin 1 

CAV2 Caveolin 2 

CAVIN3 Caveolae Associated Protein 3 

CEND1 Cell Cycle Exit And Neuronal Differentiation Protein 1 

CMBL Carboxymethylenebutenolidase Homolog 

COL12A1 Collagen alpha-1(XII) chain 

COL8A1 Collagen alpha-1(VIII) chain 

CPA4 Carboxypeptidase A4 

DNASE1L1 Deoxyribonuclease 1 Like 1 

EHD2 EH Domain-Containing Protein 2 

FAM210A Protein FAM210A 

FHL1 Four And A Half LIM Domains 1  

GNAI1 Guanine nucleotide-binding protein G(i) subunit alpha-1 

GPNMB Transmembrane Glycoprotein NMB 

HSD17B12 17-beta-hydroxysteroid dehydrogenase type 2 

HTRA1 Serine protease HTRA1 

KDELR2 ER lumen protein-retaining receptor 2 

LAMP2 Lysosome-associated membrane glycoprotein 2 

MARCKS Myristoylated alanine-rich C-kinase substrate 

MGST3 Microsomal Glutathione S-Transferase 3 

MME Neprilysin 

MYO1B Unconventional myosin-Ib 

NNMT Nicotinamide N-Methyltransferase 

PRCP Lysosomal Pro-X carboxypeptidase 

PROCR Endothelial protein C receptor 

RNF14 E3 ubiquitin-protein ligase RNF14 

RRAS Ras-Related Protein R-Ras 

RRAS2 Ras-Related Protein R-Ras2 

SCARB2 Lysosome membrane protein 2 

SLC44A2 Choline transporter-like protein 2 

SPANXB1 Sperm protein associated with the nucleus on the X chromosome B1 

STAT2 Signal Transducer And Activator Of Transcription 2 

STXBP1 Syntaxin Binding Protein 1 

TK2 Thymidine kinase 2, mitochondrial 
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*Table 2.2 continued 

Decrease 

Gene Code Protein Name 

HMGA1 High mobility group protein HMG-I/HMG-Y 

ALDH1A3 Aldehyde Dehydrogenase 1 Family Member A3 

CPNE1 Copine 1 

DCP1A mRNA-decapping enzyme 1A 

FERMT1 Fermitin family homolog 1 

GNE Bifunctional UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase 

INPP5F Phosphatidylinositide phosphatase SAC2 

LMNA Prelamin-A/C 

MTAP S-methyl-5'-thioadenosine phosphorylase 

NDRG1 Protein NDRG1 

NES Nestin 

PYGB Glycogen phosphorylase, brain form 

SH3BGRL3 SH3 Domain-Binding Glutamic Acid-Rich-Like Protein 3  

SLC1A4 Neutral amino acid transporter A 

VAT1L Synaptic vesicle membrane protein VAT-1 homolog-like 

 

2.4.3 Pathway analysis of PLX/AZD-resistant cells. Pathway analysis revealed distinct 

differences in PLZ/AZD-resistant cells grown in monolayers or spheroids (Tables 2.3 and 2.4). 

There was no overlap in the canonical pathways that changed in monolayer compared to spheroid 

cell cultures, which is consistent with the distinct protein changes observed under each growth 

condition (Figure 2.5).  

The PLX/AZD-resistant cells grown as monolayers showed increases in pathways related to cell 

migration and specific pathways including PI3K, TGF-β, and Rac signaling (Table 2.3A). In 

contrast, PLX/AZD-resistant spheroids showed mostly changes in pathways related to metabolic 

processes and response to oxidative stress (Table 2.3B). Similarly, there was no overlap in 

downregulated pathways of PLX/AZD resistant cells grown as monolayers or spheroids (Table 

2.4). PLX-AZD-resistant monolayer cell cultures were downregulated in PTEN signaling whereas 

spheroid grown cells showed decreases in the sirtuin deacetylase and ADP-ribosyl transferase 

signaling pathway (Table 2.4).  
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Table 2.3. Biological pathways that are upregulated in PLX/AZD-resistant monolayers or 

spheroids. Qiagen Ingenuity Pathway Analysis was used to define biological signaling pathways with 

upregulated activity in PLX/AZD-resistant monolayer (A) or spheroid (B) cell cultures. Significance 

thresholds of (Benjamini-Hochberg corrected p<0.05) and z-scores greater than >1.5 were used. 

A. 

Monolayers  
P-value z-score  

Leukocyte Extravasation Signaling 0.030 2.65 

TGF-β Signaling 0.038 2.24 

Rac Signaling 0.010 1.89 

B Cell Receptor Signaling 0.047 1.89 

PI3K/AKT Signaling 0.002 1.67 

Glioma Invasiveness Signaling 0.010 1.63 

B.  

Spheroids  
P-value z-score  

Oxidative Phosphorylation <0.001 6 

TCA Cycle II  <0.001 3.74 

Fatty Acid β-oxidation I <0.001 3.32 

Valine Degradation I <0.001 3 

Isoleucine Degradation I 0.001 2.45 

Glutathione Redox Reactions I 0.005 2.45 

Glioma Signaling 0.007 2.33 

NRF2-mediated Oxidative Stress 

Response 0.002 2.31 

Leucine Degradation I 0.001 2.24 

Ketolysis 0.001 2.24 

Ketogenesis 0.001 2.24 

Glutaryl-CoA Degradation 0.003 2.24 

AMPK Signaling 0.011 1.81 

Stearate Biosynthesis I  0.002 1.67 

Paxillin Signaling 0.003 1.51 
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Table 2.4. Biological pathways that are downregulated in PLX/AZD-resistant cells grown in 

monolayers or spheroids. Biological signaling pathways with downregulated activity as determined 

using the Qiagen Ingenuity Pathway Analysis in PLX/AZD resistant monolayers or spheroids compared 

to parent cells. Significance thresholds of (Benjamini-Hochberg corrected p<0.05) and z-scores less than 

<-1.5 were used to assign pathways. 

 

Monolayers 
 P-value z-score  

PTEN Signaling 0.005 -2.121 

  

Spheroids  
P-value z-score  

Sirtuin Signaling Pathway 1.00E-15 -2.333 

 

Using the Pathway Analysis in the Qiagen Ingenuity software, PLX/AZD resistant 

spheroids demonstrated a higher degree of putative pathway changes as compared to PLX/AZD 

resistant cells grown as monolayers (Figure 2.6A). PLX/AZD resistant spheroids, in particular, 

had upregulation in lipid transport and metabolism, including  specific metabolic use of 

sphingolipids (Figure 2.6A), which has previously been implicated in resistance to melanoma 

treatments like BRAF inhibitors, and chemotherapeutics like cisplatin and doxorubicin, and 

inhibition of sphingolipid generation may sensitize cells to apoptotic agents like staurosporine and 

anti-PD1 treatment (127, 128). PLX/AZD resistant spheroids also showed enhanced nucleotide 

metabolism, likely to support ATP generation and biosynthesis, as well as changes in cell invasion 

and migration to support tumor progression (Figure 2.6A). Downregulated pathways in spheroids 

included negative inhibition of cellular growth pathways and the sirtuin pathway (Figure 2.6A). In 
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contrast, PLX/AZD resistant monolayers exhibited fewer overall changes, including upregulation 

of cell migration proteins and downregulation of the PTEN phosphatase (Figure 2.6B).  

 

 

A. 

B. 
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Figure 2.6. Effect of PLX4032 and AZD6244 resistance on monolayers and spheroids. Core Analysis 

of Proteins that were identified in Supplemental Tables 2-5 as significantly increased in expression in 

dual-resistant melanoma (A) spheroids and (B) monolayers. Orange colored shapes indicate activation of 

pathways or individual proteins. Blue colored shapes and arrows indicate downregulation of genes or 

pathways. Solid lines indicate consensus evidence of protein interaction, dashed lines indicate large scale 

(high throughput) evidence. Lines ending with an arrow indicate evidence of direct activation of a protein, 

lines ending with a flat end indicate direct inhibition of a protein. White colored gene indicates activation 

status is mixed and not readily deduced.  

 

2.4.4. Upregulation of ERK1/2-dependent and independent pathways. Activation of receptor 

tyrosine kinases (RTK) has been implicated in resistance to BRAF inhibitors (77). Similarly, 

PLX/AZD-resistant monolayers exhibited increased platelet derived growth factor receptor 

(PDGFRβ)  levels (Table A6.1). We also showed monolayers exhibit increased PI3K signaling 

(Table 2.3), which is consistent with patients who have developed resistance to BRAF/MEK1/2 

inhibitors (129). Increased levels of transforming growth factors (TGF-β2 and TGF-β1) were 

also identified in the PLX/AZD-resistant monolayers (Table A6.1). This concurs with previous 

work implicating  the TGF-β pathway in mediating  resistance to  ALK and EGFR tyrosine 

kinase inhibitors and chemotherapies such as cisplatin (130, 131). TGF-β signaling has also been 

shown to drive cancerous tumor progression and the epithelial-to-mesenchymal transition (EMT) 

in epithelial and carcinoma cells (132). 

EGFR-dependent activation of TGF-ß signaling, which was also upregulated in the 

PLX/AZD-resistant monolayers (Table 2.3), has also been shown necessary for the proliferation 

of A375 melanoma cells treated with inhibitors PLX4032 and AZD6244, under a MED12 

suppressed phenotype (131). TGF-ß has also been implicated in melanoma disease progression, 

promoting cell invasiveness, and inhibiting immune system responses (133). TGF signaling also 

induces the EMT and has been shown to promote reactivation of ERK signaling after use of TKIs 
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(130). Increased Rac signaling was also observed in dual-resistant monolayers (Table 2.3), and 

this signaling has been observed in BRAF/NRAS mutated melanomas,(134) and has been 

indicated as being a potential target for anticancer agents (135). 

2.4.5. Changes in the RAS family of proteins. Members of the RAS superfamily of small 

GTPases were also shown to be increased in the PLX/AZD resistant cell cultures, particularly 

within spheroid cultures (Table 2.5). Upregulation of the RAS-related proteins, particularly RRAS 

and RRAS2 in both PLX/AZD-resistant cell cultures, may provide a mechanism for enhanced 

mitogenesis and tumorigenesis (136). Other members of this family have also been identified as 

regulating melanoma metastasis (such as Rab 38, Rab 27A, RND3, ARF6) (137). Within 

spheroids, members of the sub-family Rab (RAB2A, RAB7A, RAB8A) were assigned to the 

activation in AMPK signaling (Table 2.3), and are generally known for vesicular formation and 

membrane tethering (138). Members of the Rap family (RAP1B, RAP2B), which have been shown 

to promote the proliferation, migration, and invasion of several cancers,(139, 140) were identified 

and were associated with activations in the glioma signaling pathway (Table 2.3). Proteins RAN 

and RANBP1 were identified as decreased in spheroids (Table 2.5), and are important for core 

cellular functions such as cellular trafficking between intracellular compartments (141). ARF-

GAP1 (also known as SMAP1) is involved in clathrin-dependent endocytosis (142) and was also 

observed downregulated in spheroids (Table 2.5), and may act as a tumor suppressor in intestinal 

tissue given its observed downregulation in colorectal cancer (143). 

Table 2.5. Changes in the Ras superfamily proteins in PLX/AZD-resistant monolayers or spheroids. 

Green or red highlighting denotes proteins that increase or decrease in abundance, respectively, relative to 

drug sensitive cells. 

 

Monolayer proteins Fold Change  Spheroid proteins  Fold Change 

RAB27B 1000  RRAS 11.238 

RAB32 1000  RAP2B 8.956 

RRAS2 7.253  RAB8A 3.395 
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*Table 2.5 

continued 

RRAS 4.064  RAB24 2.951 

   RAB18 2.811 

   RAB2A 2.666 

   RAB5C 2.61 

   RAP1B 2.555 

   ARF6 2.553 

   RAB7A 2.32 

   RAB21 2.316 

   RRAS2 2.208 

   RAB3 GAP1 2.132 

   RAB35 2.122 

   RAB14 2.06 

   RAN 0.427 

   RANBP1 0.397 

   ARF-GAP3 0.376 

   ARF-GAP1 0.347 

   RAB1C 0.107 

 

 

2.4.6. Regulation of cell migration and invasion. Several proteins changed in PLX/AZD-

resistant cells supported enhanced cell migration and invasion. For example, PLX/AZD-resistant 

monolayers increased matrix metalloproteinases (MMP1 and MMP3) and decreases in the 

metalloproteinase inhibitors TIMP1 (spheroids) and TIMP3 (monolayers) (Table 2.6). In addition, 

the cell surface adhesion protein CD44 was also elevated in monolayers (Table 2.6) and may serve 

as an indicator for increased metastatic risk and melanoma proliferation (144, 145).  

Table 2.6. Changes in proteins that regulate cell invasion and migration in PLX/AZD-resistant 

monolayers or spheroids. Green or red highlighting denotes proteins that increase or decrease in 

abundance, respectively, relative to drug sensitive cells. 

 

Monolayer proteins Fold Change  Spheroid proteins Fold Change 

Tetraspanin 6 1000  Tetraspanin 8 80.331 

CD44 1000  Collagen 8A1 48.973 

MARCKS 1000  Caveolin 1 37.029 

ANXA6 1000  Tetraspanin 31 15.11 

MMP1 1000  MARCKS 13.77 
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*Table 2.6 

continued 

Caveolin 1 24.653   Collagen 12A1 11.937 

Cavin 1 16.477   CD151 11.543 

CPA4 12.18   CPA4 10.74 

Cavin 3 11   CD63 8.855 

Caveolin 2 7.351   Caveolin 2 7.29 

MMP3 6.652   ANXA6 6.03 

MME 6.38   MME 4.91 

CD81 6.334   Cavin 3 4.314 

Collagen 8A1 5.71   Tetraspanin 3 3.438 

Collagen 12A1 3.683   TIMP1 0.148 

TIMP3 0.094   NDRG1 0.043 

NDRG1 0.001       

 

Several proteins in the tetraspanin family that increased in PLX/AZD-resistant monolayers 

(TSPAN6, CD81) and spheroids (TSPAN3, TSPAN8, TSPAN31), supported a more metastatic 

phenotype (Table 2.6). Induction in CD81 has previously been identified in increasing the cell 

motility and invasive capacities of melanoma cells through AKT-dependent signaling,(146) which 

was upregulated in PLX/AZD-resistant monolayers (Table 2.3). Tetraspanin 8 (TSPAN8) has been 

previously shown to upregulate pro-MMP-9 activity in melanoma cells through MMP3 when co-

cultured with keratinocytes in a dermal invasion co-culture assay (147).  

Additional proteins were upregulated in PLX/AZD resistant monolayers and spheroids that 

are involved in promoting cell invasion primarily through signaling. These included the protein 

kinase C substrate MARCKS, the carboxypeptidase CPA4, membrane metalloendopeptidase 

(MME) (Table 2.6). As well, structural proteins associated in cell invasion functions that also saw 

an increase in both models included Annexin A6 (ANXA6), caveolin-1 and 2 proteins, caveolae 

adapter proteins Cavin-1 and 3, and collagen proteins COL8A1 and COL12A1 (Table 2.6). The 

metastatic suppressor NDRG1 (N-myc downstream regulated gene-1) is regulated by hypoxic 

conditions and inhibits the EMT and cell migration.(148) NDRG1 was downregulated in both 
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cultures (Table 2.2), and clinically has been associated with increased metastasis when deficient 

in the protein in patient derived samples of oral squamous cell carcinoma (149). 

2.4.7. Proteins that regulate drug efflux and detoxification. Several changes related to the 

detoxification of endogenous and exogenous substrates were detected (Table 2.7), including the 

microsomal glutathione-S-transferases (MGST) that supported elevated glutathione redox activity 

(Table 2.3). The MGST genes are responsible for catalyzing low level lipid GST/peroxidation and 

may protect cancer cells from drugs such as chlorambucil, melphalan, cisplatin, and doxorubicin 

(150-152). MGST3 was increased in  both monolayer and spheroid cell culture models whereas  

MGST1 was only elevated in spheroids (Table 6). 

PLX/AZD-resistant cells also showed increases in several ATP-binding cassette (ABC) 

transporter proteins (Table 2.7). In monolayers, the multidrug resistance efflux transporters 

ABCB1 and ABCC3 were elevated whereas spheroids showed increases in ABCC1 and the 

ABCD1/3 transporters which serve to transport fatty acids and regulate lipid metabolism during 

cancer progression (153). Further, a common protein that was expressed in both cultures included 

the xenobiotic metabolizing protein nicotinamide N-methyltransferase (NNMT, Table 2.7), has 

been demonstrated as upregulated in cutaneous malignant melanoma specimens, and has been 

shown to promote an invasive phenotype in cutaneous squamous cell carcinomas (154, 155). 

Table 2.7. Changes in proteins regulating drug efflux and detoxification in PLX/AZD-resistant 

monolayers or spheroids. Green or red highlighting denotes proteins that increase or decrease in 

abundance, respectively, relative to drug sensitive cells. 

 

Monolayers Fold Change  Spheroids Fold Change 

ABCB1 1000  MGST1 18.649 

ABCC3 1000  MGST3 15.303 

NNMT 15.588  ABCD3 3.312 

MGST3 3.168  ABCD1 3.257 

   ABCC1  2.44 

   ABCE1 0.471 
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2.4.8. Regulation of inflammatory signaling and oxidative stress. Several proteins associated 

with oxidative stress were upregulated in PLX/AZD-resistant spheroids, including AKR1B1, 

AKR1C3, and TXNRD2 (Table A6.3). AKR1B1 (aldo-keto reductase family 1 member 1) is a 

likely diagnostic marker and regulatory response factor to reactive oxygen species (ROS), and can 

be upregulated by PI3K/ AKT signaling, which is elevated in monolayers (Table 2.3) (156). 

AKR1C3 is also an indicator of elevated NRF2 activity (157). Similarly, TXNRD2 (thioredoxin 

reductase-2) and heme oxygenase (HMOX1) are NRF2-regulated antioxidant proteins that are 

upregulated in PLX/AZD-resistant spheroids (Table 2.8) (158, 159).  

Table 2.8. Changes in proteins associated with inflammatory signaling and oxidative stress in 

PLX/AZD-resistant monolayers or spheroids. Green or red highlighting denotes proteins that increase 

or decrease in abundance, respectively, relative to drug sensitive cells. 

 

Monolayer Fold Change  Spheroid Fold Change 

RELA/p65 1000  HMOX-1 22.08 

NFκB2 0.141  AKR1C3 7.82 

   TXNRD2 2.44 

   AKR1B1 2.02 

   RELA/p65 0.327 

   NFκB1 0.257 

 

Activation or dysregulation of upstream RAS/RAF or PI3K signaling can also activate NF-

κB pathways, and is observed in many cancers including melanoma (160). Several differences 

were observed in NF-κB signaling between monolayers and spheroids. For example, RELA/p65 

was upregulated in PLX/AZD-resistant monolayers but down regulated in spheroids (Table 2.8). 

A decrease in the NF-κB2/p100 and NF-κB1/p105 precursor subunits was observed in PLX/AZD-

resistant monolayers and spheroids, respectively (Table 2.8). The loss of both NFκB1 and p65 is 

potentially indicative of downregulated canonical signaling in NFκB within the spheroid model, 

while in monolayers the upregulation of p65 may indicate upregulation in canonical NFκB 

signaling. Loss of NFκB1 and NFκB2 could also be indicative of more transcriptionally active p52 
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and p50, which is an active transcriptional partner with p65 (160).  Reduced NFκB signaling is 

also indicative of a switch from glycolytic to oxidative respiratory functions, seen in our spheroids 

(Table 2.3) (161). 

2.4.9. Autophagy related protein changes. The downregulation of both RELA and NFκB1 in 

spheroids may be also be indicative of a pro-autophagic reversion, as the dampening of NFκB 

signaling has been indicated as dampening ROS-induced metabolic stress, providing resistance to 

stress, and upregulating nutrient uptake for cell survival (162). In addition to the evidence for 

increased ROS in the pathway analysis (Table 2.3B), other  protein changes in PLX/AZD-resistant 

monolayers and spheroids supported the activation of autophagy. These changes included 

increased LAMP-2 (Lysosomal-membrane-associated glycoprotein) in both monolayer and 

spheroids, and increased LAMP-1 only in spheroids (Table 2.9). The LAMP-1 and 2 are 

components of the lysosomal membrane, and have been shown to aide in the formation of 

autophagic vacuoles and have elevated expression in many cancers (163, 164). Spheroid cultures 

also exhibited an induction in the autophagy-related protein ATG9A (Table 2.9), which induces 

autophagy in glioblastoma xenograft models (165). In contrast, ATG3  was downregulated in 

PLX/AZD-resistant spheroids (Table 2.9), and reduced expression of ATG3 has been shown in 

patients with acute myeloid leukemia and may be essential for cancer survival (166). STAT3 

expression was also observed upregulated in spheroids (Table 2.9), and there is evidence that 

autophagy regulated through NFκB signaling has also been indicated in promoting cell survival. 

PARP1 was also downregulated in spheroids (Table 2.9) and has been suggested as regulating 

autophagy in response to metabolic changes/stress (167).  

Table 2.9. Changes in autophagy related proteins in PLX/AZD-resistant monolayers or spheroids. 

Green or red highlighting denotes proteins that increase or decrease in abundance, respectively, relative to 

drug sensitive cells. 

 

 



 

46 

 

*Table 2.9 continued 

Monolayer Fold Change  Spheroid Fold Change 

Lamp-2 4.997  Lamp-2 11.251 

   Lamp-1 6.138 

   STAT3 4.17 

   ATG9A 3.897 

   PARP1 0.411 

   ATG3 0.361 

 

2.4.10. Proteomic changes in PLX/AZD-resistant cells that support altered metabolic 

activity. Major changes in PLX/AZD-resistant spheroid involved proteins that regulate metabolic 

processes and energy production. These include mitochondrial energy-related processes such as 

an increase in oxidative phosphorylation, fatty acid oxidation, and amino acid breakdown, 

suggesting regulatory changes in pathways that increase and diversify energy sources (Table 

2.3B). Additionally, changes in the activated pathways suggested enhanced amino acid 

degradation in drug-resistant cells (Table 2.3B), including valine, leucine, and isoleucine 

degradation mechanisms. Loss in PTEN signaling and upregulation in the oxidative TCA cycle 

are also hallmarks of cancerous metabolic changes,(168) and both were seen in the dual-resistant 

spheroids (Tables 2.3 and 2.4).   

Amino acid uptake is also crucial for cancer cell metabolism, and many amino acid 

transporter proteins were observed in our dual resistant spheroids (Table 2.10). Members of the 

solute carrier (SLC) family of proteins showed significantly more changes in drug-resistant cells 

grown in spheroids as compared to monolayers. PLX/AZD resistant spheroids showed an in 22 

SLC proteins as compared to 5 SLC proteins that increased in monolayers (Table 2.10). SLC44A2, 

a choline transporter-like protein, was the only SLC to increase in both monolayers and spheroids. 

Twelve of the SLC25 mitochondrial solute carrier transporters were upregulated in the PLX/AZD-

resistant spheroids supporting their role in meeting energy requirements (Table 2.10). We also 
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identified four and one SLC proteins that decreased in drug-resistant cells grown as spheroids and 

monolayers, respectively, as compared to parent cells (Table 2.10). SLC1A4, a neutral amino acid 

transporter, was the only SLC protein to decrease in drug-resistant cells grown in spheroid and 

monolayer cultures.   

Table 2.10. Changes in SLC transporter protein family in PLX/AZD-resistant monolayers or 

spheroids. Green or red highlighting denotes proteins that increase or decrease in abundance, 

respectively, relative to drug sensitive cells. 

 

Monolayers Fold Change  Spheroids Fold Change 

SLC26A11 1000  SLC49A4 26.017 

SLC39A9 1000  SLC39A1 10.319 

SLC35F6 7.234  SLC50A1 8.441 

SLC44A2 6.616  SLC25A11 6.061 

SLC7A1 5.622  SLC25A44 6.011 

SLC1A4 0.001  SLC25A1 5.288 

   SLC25A20 4.983 

   SLC35B1 4.775 

   SLC25A22 4.76 

   SLC33A1 4.465 

   SLC44A2 4.006 

   SLC25A3 3.987 

   SLC30A1 3.957 

   SLC25A6 3.722 

   SLC25A3 3.12 

   SLC25A5 3.084 

   SLC25A32 2.801 

   SLC35B4 2.47 

   SLC45A2 2.182 

   SLC25A24 2.154 

   SLC25A4 2.121 

   SLC22A18 2.046 

   SLC5A3 0.269 

   SLC1A6 0.199 

   SLC26A2 0.125 

   SLC1A4 0.115 

 

PLX/AZD-resistant spheroid cultures also exhibited reduced activity in the sirtuin 

signaling pathway (Table 2.4), including an altered expression of sirtuin-related proteins, such as 
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SIRT 5  and several of the aforementioned and associated SLC proteins, such as SLC25A4, 

SLC25A5, and SLC25A6 (Table 2.10). Sirtuins modulate distinct metabolic and stress response 

functions, and SIRT5 has been suggested as a sensor for nutrient stress in detoxifying byproducts 

in amino acid catabolism.(169) SIRT 5  is also implicated in activating fatty acid oxidation and 

oxidative stress mechanisms (Table 2.11) via signaling through protein 

desuccinylation/demalonylation in the mitochondria (170). Additionally, the sirtuin-associated 

SLC proteins make up the mitochondrial ADP/ATP carrier ANC (Adenine Nucleotide Carrier), 

and has been implicated in reduced mitochondrial energy production in disease (171). The 

glycogen phosphorylase PYGB was also downregulated in both cultures (Table 2.11), which when 

inhibited has been shown to increase sensitivity to glucose starvation in pancreatic cancers (172). 

Table 2.11. Selected changes in proteins suggestive of altered metabolism in dual-resistant 

monolayers or spheroids. Green or red highlighting denotes proteins that increase or decrease in 

abundance, respectively, relative to drug sensitive cells. 

 

Monolayer Fold Change  Spheroid Fold Change 

ALDH2 3.87  ALDH6A1 15.894 

ALDH1A3 0.175  ALDH5A1 4.896 

PYGB 0.084  ALDH2 3.15 

   ALDH4A1 2.337 

   SIRT5 2.089 

   ALDH1A3 0.149 

   PYGB 0.111 

 

Aldehyde dehydrogenases facilitate the metabolism of endogenous and exogenous compounds by 

oxidizing aldehydes to carboxylic acids to maintain cellular homeostasis (173). The aldehyde 

dehydrogenase (ALDH1A3) was identified as downregulated in both cultures (Table 2.11). 

ALDH1A3 has been correlated with better prognosis in BRAF-mutant melanomas, as its enhanced 

expression can be predictive of better patient responses to BRAF/MEK inhibitors (174). Within 

PLX/AZD-resistant spheroids, the aldehyde dehydrogenases ALDH6A1, ALDH5A1, and 
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ALDH4A1, were upregulated, which regulate metabolic functions by metabolizing endogenous 

aldehydes derived from  amino acid and lipid pathway sources (175). An additional aldehyde 

dehydrogenase 2 (ALDH2) protein was identified in both monolayers and spheroids (Table 2.11), 

and is located in the mitochondria and known for its role in ethanol detoxification (176). The 

observed changes in amino acid degradation, lipid oxidation and the TCA cycle, and the heavier 

reliance on nutrient transporters like the SLCs are indicative of a diversification in the 

energy/nutrient uptake profile of spheroids under three-dimensional, drug resistant physiology 

(Table 2.3).  

2.4.11. Spheroids experience reductions in transcription and translation activity. The 

PLX/AZD resistant spheroids almost exclusively experienced reductions in proteins responsible 

for pre-mRNA processing (Table 2.12). These included splicing activities (CWC15, SF3A3, 

SRSF6, SREK1, SFPQ, SF3B4), elongation and initiation of mRNA for ribosomal recognition 

(EIF3J, EIF4B, EIF3M, EIF2A), and decapping and mRNA processing activities (PRPF19, 

RNMT, MRTO4, DCP1A). Several ribonucleoproteins were also downregulated (HNRNPA1, 

HNRNPAB, HNRNPA0, RRP1, RAVER1), including small nuclear ribonucleoproteins 

(snRNPD2, snRNPF, snRNP40) known to be associated with pre-mRNA splicing (177).  

Table 2.12. Selected protein changes in transcription and translation related proteins occurring in 

dual-resistant monolayers or spheroids. Green or red highlighting denotes proteins that increase or 

decrease in abundance, respectively, relative to drug sensitive cells. 

 

 

 

Monolayer Fold Change  Spheroid Fold Change 

DCP1A 0.058  EIF3K 6.925 

   EDC4 2.966 

   SNRPA 0.467 

   SNRNP40 0.464 

   SF3B4 0.46 

   DCP1A 0.439 

   EIF2A 0.433 
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    *Table 2.12 continue 
 

   MRTO4 0.411 

   SNRPF 0.404  
   EIF3M 0.4 

   SFPQ 0.393 

   SREK1 0.371 

   RNMT 0.368 

   EIF4B 0.358 

   HNRNPA0 0.328 

   SRSF6 0.326 

   HNRNPA1 0.319 

   PRPF4 0.31 

   PRPF19 0.31 

   PRPF19 0.306 

   SNRPD2 0.303 

   HNRNPA

B 

0.301 

   SF3A3 0.283 

   EIF3J 0.222 

   RAVER1 0.212 

   HNRNPA1 0.174 

   CWC15 0.114 

     

 

Table 2.13. Selected protein changes in the HLA antigen protein family occurring in dual-resistant 

monolayers or spheroids. Green or red highlighting denotes proteins that increase or decrease in 

abundance, respectively, relative to drug sensitive cells. 

 

Monolayer Fold Change  Spheroid Fold Change 

HLA-DRA 0.073  HLA-DMB 27.475 

HLA-DRB1 0.001  HLA-B 2.592 

HLA-DRB4 0.001  HLA-A 3.154 

 

2.5 Discussion 

The studies performed here represent the first robust comparison of proteomic changes 

that occur in either monolayer or spheroid cultured melanoma cells with a BRAF and MEK 

inhibitor resistant background. While monolayer models have provided useful information about 

the signaling paradigms melanoma cancers employ to overcome RAF-MEK-ERK kinase 

inhibition, spheroid cultures have expanded the field in establishing useful therapeutic 



 

51 

 

biomarkers (178). Our studies established that melanoma monolayers resistant to BRAF/MEK 

inhibitors shifted to invasive signaling pathways, while in spheroids dual-resistant cells exhibited 

changes in oxidative metabolic pathways associated with the mitochondria (Figure 2.6, Table 

2.10, Table 2.11).  

Spheroid models have been indicated as useful tools to mimic chemotherapeutic 

resistance in cancer,(179) and have been used to screen for more effective anticancer compounds 

and new chemotherapeutic combinations (180, 181). Several spheroid culture methods have been 

previously established,(35) and evidence suggests scaffold-free spheroid cultures, such as those 

used to generate the proteomics performed in this study, preserve in vivo-like cell-cell 

interactions, nutrient gradients, and are easier to harvest for further analysis (179). Spheroid cells 

can also reflect cell layer differences by combining the analysis of proliferating, quiescent, and 

necrotic cells, which are not readily available in monolayer cultures (108). A more detailed 

analysis could use serial-trypsinization techniques to analyze the protein changes in the different 

layers of the spheroids (182). These techniques are also amenable to studying the permeability of 

different drugs in the three-dimensional environment of the spheroid, and can used to study how 

the permeability of the kinase inhibitors affect the individual cell layers and the overall resistance 

mechanisms employed in tissues (183).     

Spheroids and monolayers both offered individual unique insights into gene changes that 

are reflective of likely resistance mechanisms utilized in vivo by melanoma tumors. Importantly, 

these included data indicating cell invasion and metastasis in dual resistant monolayers (Table 

2.3, Figure 2.6). We also observed several immunomodulatory changes as a result of combined 

BRAF/MEK inhibitor use, such as increased expression of cell surface class I human leukocyte 

(HLA) histocompatibility antigens on spheroids, and reduced class II antigens on monolayers 
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(Table A6.2, Table A6.3). HLA antigens have been demonstrated as a potent marker for cells 

responding to combination treatment with BRAF/MEK inhibitors and immunomodulatory 

antibody therapy in BRAF-inhibitor resistance (184). The lack of HLA class I expression in 

monolayers therefore suggests that spheroids likely reflect as a better model for modeling 

inhibitor resistance. While class I antigens play a crucial role in presenting endogenous antigens 

to T cells and preventing tumor recognition escape, class II antigens present foreign antigens to 

the immune system, such as vaccine peptides (185).  The reduction in class II antigen expression 

in monolayers further suggests that spheroids provide a better reflection of in vivo 

immunological conditions for therapeutic development. Moreover, while CD44, which is 

upregulated in monolayers (Table 5), has been suggested as a prognostic indicator, it has had 

limited success as a targeting moiety for drug-antibody conjugate treatments in a trial for head 

and neck cancer,(186) suggesting the need to carefully chose immunotherapeutic targets.  

  The dual-resistant spheroid cultures also indicated enhanced autophagy markers and 

PI3K activity, serving as a biomarker for therapeutic oncotherapy. BRAF mutant melanoma cells 

that are deficient in PTEN (Table 2.3), have also been observed to revert to autophagy as a 

mechanism of survival and resistance (187). INPP5F (Inositol Polyphosphate-5-Phosphatase F) 

was also decreased in both the spheroid and monolayer models (Table 2.2), which is indicative 

of reduced PTEN activity, providing sustained levels of PI(3,4,5)P3 for PI3K/mTOR activation 

(188). Autophagy inhibitors may serve as an additional tool to explore in combination therapy, 

but have shown mixed activation statuses depending on the cancer model studied (187). 

Several identified proteins were also implicated in antioxidant and efflux activities, including the 

glutathione s-transferases (MGST1 and MGST3, Table A6.2, Table A6.4), which have been 

identified as a marker of resistance to antitumor drugs and exhibit antioxidant functions (189). 
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Attempts have been made to co-target these enzymes to increase chemotherapeutic efficacy, such 

as in musculoskeletal sarcomas (190). Transporter proteins of the SLC family were also 

implicated in several pathways within the drug-resistant cell cultures (Table 2.5), suggesting a 

role for upregulated nutrient uptake as cells revert to resistance. Members of the SLC25 sub-

family, in particular, were upregulated within the dual-resistant spheroids, and these proteins 

have been implicated in the import of inorganic ions and intermediates in the citric acid 

cycle,(191) as well as facilitating oxidative phosphorylation in the mitochondria (192). Oxidative 

phosphorylation has been attributed to metabolic versatility in melanoma (193), and several 

metabolic inhibitors of these SLC25 proteins have been studied  to block either the citrate or 

ATP-nucleotide import into the mitochondria (192). 

Standard clinical combinations for BRAF/MEK1/2 inhibition of melanoma include 

Dabrafenib and Trametinib (29) or Vemurafenib and Cobimetinib (30). More recently, 

combinations of the inhibitors Encorafenib and Binimetinib have shown modest increases in the 

overall survival-time of patients over the standard therapies (31). It is plausible that the use of 

any of these clinical therapy combinations could yield different proteomic results to the current 

study. These experiments have offered a distinct and novel comparison of monolayer versus 

spheroid cultured melanoma cells grown with a dual BRAF/MEK inhibitor resistant background. 

Future spheroidal experiments could further compare clinically-used treatments in analyzing 

progression to drug resistance and the differential effects on overall survival. 

The proteomic information in spheroids have identified several interesting therapeutic 

avenues worth further exploring, including in primary cell lines or patient derived xenograft 

(PDX) models. Several groups have performed xenograft experiments with either BRAF or dual 

BRAF/MEK inhibitor resistant cell lines and have found similarities to our spheroid model, 
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including activation of the AKT pathway and loss in PTEN (104, 194, 195). Uniquely, we also 

observed activation in the NRF2 signaling and glutathione redox pathways in dual-resistant 

spheroids (Table 2.3), which have been shown as markers of treatment-resistance in a melanoma 

xenograft model (196). NRF2 has also been implicated in enabling enhanced EGFR expression 

(Table A6.3) in melanoma,(197) which can serve as a marker of acquired MAPK inhibitor-

resistance (198).   

The explored pathways in this study highlight the signaling differences in PLX/AZD 

resistant monolayers versus spheroid cultures and provide further avenues of exploration, 

including unique targets for new or re-purposed drugs with chemotherapeutic potential. The 

reported upregulation of oxidative phosphorylation (Table 2.2) serves as one route of 

intervention, as inhibitors of ATP synthase are being explored as anti-cancer agents, and several 

synthase proteins were coincidentally upregulated in our data (Table A6.3). We previously 

reported on a novel inhibitor of the α and β subunits of the F1-ATP synthase complex, with 

putative activity in inhibiting mitochondrial oxidative phosphorylation (199).  

New targets worth investigating from our proteomic investigations might include the 

upregulated proliferation gene CPA4, which when genetically knocked down can inhibit the 

growth of non-small cell carcinoma (200). The extensive increases in nutrient uptake 

transporters, such as the SLC25 family (Table 9), also suggest a novel option for further 

exploration. One option for study is clodronate, a SLC25 inhibitor that prevents bone resorption 

to treat osteoporosis, and may reduce bone metastasis in breast cancer (191). The tetraspanin 

CD151 (Table 2.6) was upregulated in spheroids, and has shown positive response as a target for 

monoclonal antibodies in vivo, which were shown to block spontaneous metastasis in orthotopic 

xenograft (201). Finally, the matrix metalloproteinase MMP3 may prove to be an attractive 
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option, since many studies have shown that genetic ablation with siRNAs or pharmacologic 

inhibition have the ability to slow the growth and vascularization of cancers, such as colorectal 

and prostate cancers (202, 203). 
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Chapter 3. Mechanistic changes in Dual-BRAF/MEK inhibitor resistant cells 

and sensitization via targeting markers of therapeutic resistance2 

3.1 Abstract 

In the previous chapter, the BRAF/MEK inhibitor dual-resistant melanoma cell 

proteomics established distinct differences between the monolayer and spheroid cell culture 

models. Whereas monolayer proteomic profiles reflected changes in oncogenic signaling, 

spheroids reflected diverse changes in metabolic processes and stress related signals. Metabolic 

changes have had substantial recent focus as a method for targeting cancer. Given documented 

instances of metabolic reprogramming in cancer and the greater dependence on these pathways, 

therapeutic options may exist that allow for targeted cancer treatments with low off target 

cytotoxic effects. Uncoupling glycolysis from the TCA cycle has been identified as a method for 

targeting the specific reprogramming changes in cancerous tissues. The antihelminthic 

niclosamide has had been proposed as a uncoupler of ATP production in the mitochondria. We 

tested the ability of niclosamide to sensitize dual-resistant melanoma cells in both the monolayer 

and spheroid cultured conditions. We found that the compound had modest ability to sensitize 

PLX/AZD-resistant cells, particularly when grown in monolayer. The compound also did not 

synergize with the BRAF/MEK inhibitors. The use of the drug may add an additional tool in 

treating cells that have employed a drug-resistant phenotype.  

3.2 Introduction 

Cancers require specific metabolic programming and energy needs for proliferation and 

malignancy (204). These include higher rates of glucose metabolism and mitochondrial-

 
2 Martinez, R. III, Huang, W., Buck, H., Rea, S., Defnet, A., Kane, M.A., Shapiro, P. Proteomic changes in 

monolayer and spheroid melanoma cell models of acquired resistance to BRAF and MEK1/2 inhibitors. Accepted, 

ACS Omega – 2021. DOI: 10.1021/acsomega.1c05361 
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dependent TCA-cycle activity from both glucose and glutamine sources (204). Tumors also 

engage several signaling changes under hypoxic conditions, such as increased PI3K/AKT and 

NFκB signaling, and TGFβ-dependent initiation of  the epidermal to mesenchymal transition 

during metastasis (205). Mutations in metabolic enzymes have also been documented to 

overcome nutritional limitations, such as in isocitrate dehydrogenase (IDH) (206). Several 

metabolic inhibitor methods have been proposed in altered cancer cell metabolism, such as 

glycolysis inhibitors, oxidative phosphorylation inhibitors, mitochondrial complex inhibitors, 

and glutamine blockers (207). Mitochondrial uncoupling has previously been suggested as a 

treatment for metabolic diseases, such as diabetes and Alzheimer’s disease (208).  

Regarding cancer, several biological targets have been assessed for their involvement in 

cancer resistance, including mitochondrial uncoupling proteins 2 and 3 (UCP2/3), with UCP2 

being targeted for inhibition in combination with several chemotherapeutics (such as 

gemcitabine, cisplatin, and doxorubicin) in models of pancreatic and colorectal adenocarcinoma, 

hepatocellular carcinoma, and breast cancer (209). Novel mitochondrial uncouplers have 

historically had mixed results when applied clinically, including the small molecule 2,4-

dinitrophenol (DNP), an identified protonophore that acts at the mitochondrial membrane, but 

had toxic side effects (210). Given these tenuous efforts, focus has been placed on repurposing 

already FDA drugs that are well tolerated, and had putative mitochondrial uncoupling activity 

(211).  

One such mitochondrial uncoupler is the antihelminthic niclosamide, which was initially 

identified for its antiparasitic activity with worms, and whose mechanism of action was later 

attributed to mitochondrial uncoupling activity (210). Niclosamide has already shown activity in 

multiple cancer models of colon, prostate, ovarian, breast, and lung cancers, and is has had 
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interest from repurposing studies in combination with androgen synthesis and androgen receptor 

antagonists for prostate and colon cancers, given alone the drug is well tolerated (212). 

Niclosamide has also been shown to synergize with the pan-protein kinase inhibitor sorafenib in 

models of renal cell carcinoma, and in treating and restoring sensitivity to erlotinib in erlotinib-

resistant xenografts of non-small cell lung carcinoma (NSCLC) (213, 214). Given this 

information, we decided to test niclosamide’s mitochondrial uncoupling effect to either 

sensitizing or synergizing with the stated MAPK inhibitors in our PLX/AZD-resistant cells 

considering identification of metabolic processes in both ATP-production and amino acid 

degradation pathways, which were upregulated in our spheroid model.  

3.3 Materials and Methods 

3.3.1 Chemicals and Reagents 

The mutated BRAF-selective inhibitor PLX4032 (ENZ-CHM200-0010) was purchased from Enzo 

Life Sciences (Farmingdale, NY) and the MEK1/2 inhibitor AZD6244 (BV-2234-5) was 

purchased from Axxora (Farmingdale, NY). The antihelminthic Niclosamide (ab120868) was 

purchased from Abcam (Cambridge, MA). Antibodies against total ERK 1/2 (#4695), ß-actin (# 

4970), AKT (#9272), c-Fos (#2250), were purchased from Cell Signaling Technology (Beverly, 

MA). Phosphorylation-specific antibodies for MEK1/2 (pSer217/pSer221; #9121), AKT 

(pSer473; #4060), p90RSK (pSer380; #9341), and p38 (Thr180/Tyr182; #9211) were also 

purchased from Cell Signaling Technology. The phospho-specific antibody for ERK1/2 

(pThr183/pTyr185; M9692) was purchased from Sigma-Aldrich. Antibodies for total MEK1/2 (sc-

81504) and p38α/ß MAP kinase (sc-7972) were purchased from Santa Cruz Biotechnology 

(Dallas, TX). The antibody against total p90RSK (16463-1-AP) was purchased from Proteintech 
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(Rosemont, IL). All reagents used for Wes Simple Western were purchased from ProteinSimple 

(San Jose, CA, USA). 

3.3.2 Cell Culture / Generation of Dual Resistant cell lines 

A375 cells with the homozygous BRAF (V600E) mutation were purchased from American Type 

Culture Collection (ATCC; Manassas, VA) (CRL-1619). The protocol for generating drug-

resistant cell lines was done as similarly described in previous studies (115, 116). Briefly, cells 

were grown in Dulbecco’s modified Eagle’s medium (DMEM) or Eagle’s minimal essential 

medium (EMEM) plus 10% fetal bovine serum (FBS). All media were supplemented with 

penicillin and streptomycin. Cells resistant to both AZD6244 and PLX4032 were generated over 

a period of 10 passages (approximately 5 – 7 days in between passages) with 0.1 µM stepwise 

increases of PLX4032 and AZD6244 until the final drug concentrations were 1 µM. All cell lines 

were authenticated at the University of Maryland-Baltimore Biopolymer-Genomics Core 

Laboratory and shown to be 100% related (shared 12 out of 12 alleles) to the ATCC reference 

CRL-1619 (A375) cell line. Cell lines are routinely tested for mycoplasma contamination using 

the MycoAlert detection kit (Lonza, Walkersville, MD).  

3.3.3 Immunoassays 

Immunoblot analysis of relative total protein levels and phosphorylated protein levels was done as 

previously described (215). Briefly, cells were washed with cold PBS (pH 7.2; Invitrogen, 

Carlsbad, CA), and protein lysates were collected in 2x SDS-PAGE sample buffer (4% SDS, 5.7 

M β-mercaptoethanol, 0.2 M Tris-HCl pH 6.8, 20% glycerol, 5 mM EDTA). Proteins were 

separated by SDS-PAGE, transferred to PVDF membrane, and detected by enhanced 

chemiluminescence (Pierce ECL; Thermo Fisher Scientific) using the Azure c300 Imaging System 

(Azure Biosystems; Dublin, CA). Quantitative immunoassay analysis was done using the WES 
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Simple WesternTM capillary-electrophoresis (ProteinSimple, San Jose, CA). Electropherograms 

were quantified using Compass 225 for SWsoftware (v3.1.7; ProteinSimple) applying a Gaussian 

peak fit distribution for determining area under the curve. Analyses were performed as previously 

described unless stated otherwise (216).  

3.3.4 Cell Viability assays 

Monolayers were seeded at 5000 cells per well in 96-well plates, cultured overnight, and treated 

for 48 hours with the indicated dose of compounds. The cell viability curves were generated using 

six to nine data points and 3-fold dilutions of 0.03–30 µM for AZD6244 and PLX4032, and when 

in combination with the antihelminthic Niclosamide. Monolayer cell viability was measured 

according to the manufacturer’s instructions using the fluorescent CellTiter Blue Assay (G8080; 

Promega, Madison, WI) or the CellTiter-Glo 2.0 Luminescent Cell Viability Assay (G9241; 

Promega). Spheroid cell viability was measured according to the manufacturer’s instructions using 

the CellTiter-Glo 3D Cell Viability Assay (G9681; Promega). Cell viability curved were generated 

using GraphPad-Prism version 5.01 (GraphPad Software, San Diego. Three biologic replicates 

were chosen for data to generate standard errors. 

3.4 Results 

3.4.1 ERK1/2-Pathway activation is altered in both monolayer and spheroid PLX/AZD-

resistant cells. We next evaluated the activation of the ERK1/2 pathway in both monolayer and 

spheroid models. Both PLX/AZD resistant monolayers and spheroids exhibited reduced 

phosphorylation of ERK1/2 and a downstream substrate p90RSK on their activation sites (Figure 

3.1A/B). However, phosphorylation of MEK1/2 on its activation sites was enhanced in the 

PLX/AZD resistant cells (Figure 3.1A/B), particularly in the spheroid versus monolayer cell 

culture (Figure 3.1C/D). The enhancement in MEK1/2 phosphorylation is consistent with ERK1/2 
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inhibition and loss of negative feedback on upstream regulators (217). ERK1/2 activity has also 

been shown to be downregulated in other melanoma cell lines that are dual resistant to BRAF/MEK 

inhibitors, including  A2058, 1205Lu, and A375 cells (27). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. ERK1/2 pathway activity in parent and resistant cells. Cell lysates from parent (P) or 

PLX/AZD-resistant (DR) monolayer (A) or spheroid (B) cultures were immunoblotted for phosphorylated 

and total ERK1/2, MEK1/2, or p90RSK. β-actin levels are shown as a protein loading control. Data are 

representative of two independent experiments. ProteinSimple quantitative analysis of the ratio of 

phosphorylated/total MEK1/2, ERK1/2, and p90RSK from monolayer (C) or spheroid (D) cell cultures 

from two additional independent samples.  

 

3.4.2 PLX/AZD-resistant cells are sensitive to niclosamide. Given that PLX/AZD-resistant 

spheroids exhibited elevated activity in proteomic pathways responsible for energy production by 

the mitochondria (Table 2.3), we sought to test whether resistant cells could be re-sensitized with 

an inhibitor of oxidative phosphorylation. We identified the drug niclosamide, which is FDA 

approved for the treatment of parasitic infections, and has the potential to be repurposed for treating 

cancer (218). Niclosamide’s mechanism of action involves inhibition of ATP production by 
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uncoupling the electron transport chain in the mitochondria, and may also downregulate STAT3, 

NFkB, Notch/Wnt signaling, and mTORC pathways (218, 219).   

We first tested the ability for niclosamide to independently sensitize parent or PLX/AZD 

resistant cells to growth inhibition. Niclosamide (Figure 3.2) has been previously reported to 

inhibit cell viability and initiate apoptosis in tumor stem cell and melanoma monolayer cultures 

(220, 221). We determined that both PLX/AZD resistant monolayers and spheroids had higher 

sensitivity to niclosamide than parent cells, with PLX/AZD resistant monolayers experiencing an 

approximately 3-fold decrease in the IC50 (Figure 3.3A & B). Niclosamide has previously been 

shown to preferentially inhibit PLX-resistant melanoma monolayer cultures (221). We 

demonstrated a similar inhibition of cell viability in both PLX-resistant monolayer  and spheroid 

cultures treated with niclosamide (Figure 3.4).  

Figure 3.2. Structure of the antihelminthic compound niclosamide. Compound used to determine 

sensitivity of dual-resistant melanoma cells.  

 

We further wanted to determine the cell viability effect of niclosamide in combination with 

concurrent PLX/AZD treatment. In parent cells, PLX/AZD dosing yielded viability curves well 

below the previously determined IC50 values for niclosamide, and thus no effect was detected 

(Figure 3.3C & D). However, in PLX/AZD resistant monolayers and spheroids, we found that 

niclosamide had no additive effect in combination with PLX/AZD treatment (Figure 3.3C & D). 

In agreement, PLX-only resistant cells also had no additive effect of PLX-niclosamide 
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combination (Figure 3.5). These data suggest that niclosamide does not enhance the effect of 

PLX/AZD treatment in dual-resistant cells, and that niclosamide alone is a more potent inhibitor 

of both PLX and PLX/AZD resistant cells compared to parent cells. 

 
Figure 3.3. Niclosamide does not enhance the effects of PLX4032 and AZD6244 in resistant cells. Dose 

response curves for A375 melanoma cells treated with indicated dosage of niclosamide, in (A) monolayer 

or (B) spheroid, with drug-sensitive(○) or resistant(□) cells. (C) Monolayer grown cells treated with 

PLX4032 & AZD6244 (Parent-P/A ● or PLX/AZD(R)-P/A ○) or PLX4032/AZD6244 and Niclosamide 

(Parent-P/A/N ▲ or PLX/AZD(R)-P/A/N Δ) in drug-sensitive or drug-resistant cell models. (D) Spheroid 

grown cells treated with PLX4032 & AZD6244 (Parent-P/A ●  or PLX/AZD(R)-P/A ○) or 

PLX4032/AZD6244 and Niclosamide (Parent-P/A/N ▲ or PLX/AZD(R)-P/A/N Δ) in drug-sensitive or 

drug-resistant cells models. Cell viability was expressed as a percentage compared to cells treated with 

DMSO vehicle (100%). Data are representative of three independent experiments. 
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Figure 3.4. Viability of A375 cells drug sensitive or single PLX-resistance following treated with 

Niclosamide. Dose response curves for A375 melanoma cells treated with indicated dosage of niclosamide, 

grown in (A) monolayer culture, or (B) spheroid culture. Cell viability was expressed as a percentage 

compared to cells treated with DMSO vehicle (100%). Dose curves in circles represent drug sensitive A375 

Parent cells (◯), square curves represent A375 cells resistant to PLX4032 (◻). Data are representative of 

three independent experiments.  

 

Figure 3.5. Cell Viability of PLX-Resistant cells with PLX4032 & niclosamide co-treatment. Dose 

response curves for PLX4032-resistant A375 melanoma cells treated with indicated dosage of 

niclosamide or PLX4032, grown in (A) monolayer culture, or (B) spheroid culture. Cell viability was 

expressed as a percentage compared to cells treated with DMSO vehicle (100%). Dose curves in circles 

represent niclosamide-treatment (◯), square curves represent Niclosamide and PLX4032 dual-treatment 

(◻), and triangle curves represent PLX4032 only treatment (∆). Data are representative of three 

independent experiments. 

A. B. 

A. B. 
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3.5 Discussion 

Three-dimensional culture methods have shown particular relevance toward the 

predictive value of identifying drug candidates in high-throughput screening (222). Other studies 

have made comparisons in the proteomic changes occurring between two- and three-dimensional 

cultures of colorectal cancer cells, and like our data have also shown elevated oxidative 

phosphorylation in three-dimensional cultures over monolayers (223).  However, studies like 

these have yet to compare drug resistant versus drug sensitive cells.  The increased oxidative 

phosphorylation in our findings prompted us to test whether inhibitors such as niclosamide could 

re-sensitize PLX/AZD-resistant cells (224), a heavily relied upon mechanism in the PLX/AZD 

resistant spheroids (Table 2.2). While niclosamide was shown to be more effective in inhibiting 

PLX/AZD-resistant versus parent cells, it did not restore sensitivity to PLX/AZD inhibitors 

(Figure 3.3). Spheroid studies have shown particular relevance toward identifying existing or 

novel drug candidates,(222) and our use of niclosamide as a repurposed metabolic disease 

treatment for cancer mirrors ongoing work in two active clinical trials for treatment in colorectal 

cancer (NCT02687009)(225) and in castration-resistant prostate cancer (NCT03123978) (226).  

Other approaches to target upregulated oxidative phosphorylation in PLX/AZD-resistant 

cells may be explored. For example, the upregulation of several ATP synthases in spheroids 

(Table A6.3) supports the rationale for use of ATP synthase inhibitors as anti-cancer agents. 

(142) CADD522, one such novel inhibitor of the α and β subunits of the F1-ATP synthase 

complex, has been reported to inhibit mitochondrial oxidative phosphorylation and breast cancer 

cell proliferation (143).   

We also observed increased expression of epidermal growth factor (EGFR) in the dual-

resistant spheroids (Table 2.2, Table A6.4), including within glioma signaling and NRF2-enabled 
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signaling, both implicated in melanoma,(197) However, when we utilized the EGFR inhibitor 

gefitinib as treatment in our dual-resistant cell cultures, we did not observe any low micromolar 

activity in inhibiting cell viability (Data not shown). Dual-resistant melanoma cells resistant to 

vemurafenib or trametinib have been shown to acquire increased expression of EGFR, and is 

reversible upon discontinued use of MAPK inhibitor treatment (198). As such, metabolic 

targeting compounds like niclosamide might provide a more targeted and sustainable approach 

with MAPK inhibitor resistance over the further use of signaling inhibitors.  

Given previous examples of differences in drug concentrations between layers of 

spheroids,(227) it is plausible that niclosamide penetration in our studies is sub-optimal in our 

dual-resistant spheroid model. Niclosamide has also been cited for improvement in 

physiochemical properties given its low aqueous solubility and oral absorption (212). And while 

still under study with prostate cancer, niclosamide has been shown to downregulate Wnt activity 

and downregulate tumor response in xenografts,(228) lending possibility to the in vivo potential 

of the drug in cancer.  

As such, the explored pathway changes in this study (Chapters 2 and 3) highlight the 

signaling and metabolic differences in PLX/AZD resistant monolayers versus spheroid cultures. 

The findings herein represent a steppingstone by which mechanisms of acquired resistance can be 

modeled in a three-dimensional environment. and provide further avenues of exploration for re-

purposing drugs for chemotherapeutic potential. They also suggest that future studies would benefit 

from modeling acquired resistance in multiple culture methods since lead biomarkers may not be 

identified from the use of a single model. Finally, these studies add to the possibility of using multi-well 

spheroid cultures as an additional tool in identifying therapies in high-throughput screening of resistant 

cancers.  
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Chapter 4. Identification of binding mechanism of putative ERK2 inhibitor3 

4.1 Abstract 

Constitutively active extracellular signal-regulated kinase (ERK1/2) signaling promotes cancer 

cell proliferation and survival. We previously described a class of compounds containing a 1,1-

dioxido-2,5-dihydrothiophen-3-yl 4-benzenesulfonate scaffold that targeted ERK2 substrate 

docking sites and selectively inhibited ERK1/2-dependent functions, including activator protein-

1 (AP-1)-mediated transcription, and growth of cancer cells containing active ERK1/2 due to 

mutations in Ras G-proteins or BRAF kinase. The current study identified chemical features 

required for biological activity and global effects on gene and protein levels in A375 melanoma 

cells containing mutant BRAF (V600E). STD-NMR and mass spectrometry analyses revealed 

interactions between a lead compound (SF-3-030) and ERK2 including the formation of a 

covalent adduct on cysteine 252 located near the docking site for ERK, FXF (DEF) motif for 

substrate recruitment. 

4.2 Introduction 

A number of small molecular weight anti-cancer drugs targeting the ATP binding or catalytic 

sites on RTKs, BRAF, and MEK1/2 are being used in the clinic to block ERK1/2 signaling (229-

231). Despite promising initial responses, resistance to these kinase inhibitors is often observed 

and subsequent therapeutic options are limited. Drug resistance occurs through several 

mechanisms, including acquired mutations in the kinase catalytic site targeted by the compounds, 

activation of alternative mechanisms to turn on proteins downstream of the targeted kinase, or 

 
3 Martinez, R. III, Huang, W., Samadani, R., Mackowiak, B., Centola, G., Chen, L., Conlon, I.L., Hom, K., Kane, 

M.A., Fletcher, S., Shapiro, P. Mechanistic analysis of an ERK2-interacting compound that inhibits mutant-BRAF 

expressing melanoma cells by inducing oxidative stress. J Pharmacol Exp Ther. 2021 Jan; 376(1):84-97. doi: 

10.1124/jpet.120.000266. PMID: 33109619. PMCID: PMC7788356 
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increases in compensatory signaling pathways that provide a survival advantage independent of 

the kinase being targeted (232-235). Recent efforts aimed at overcoming inherent or acquired 

resistance to existing kinase inhibitors are directly targeting ERK1/2 proteins (115, 236, 237) and 

highlight the need to identify alternative approaches to inhibit constitutively active kinase 

signaling pathways that promote drug resistance and drive the survival of cancer cells.   

Using computational modeling and biological testing, we have previously identified small 

molecules that are designed to selectively inhibit ERK1/2 signaling by disrupting specific substrate 

interactions (238-241). This approach targeted two defined substrate docking sites on ERK2; the 

D-recruitment site (DRS) or F-recruitment site (FRS) that interact with substrates containing D-

domains or DEF motifs, respectively (242-244). Previous studies suggest that most ERK1/2 

substrates contain D-domains, although some substrates, such as the ternary complex factor Elk-

1, contain both a D-domain and a DEF motif (245). Several transcription factors that promote 

cancer cell growth, including c-Myc and Fos family proteins contain the DEF motif, which is 

characterized by a phenylalanine-any amino acid-phenylalanine (FXF) sequence that is 6-10 amino 

acids away from the serine or threonine phosphorylation site. Hydrophobic interactions between 

the FXF motif and the recruitment site on ERK1/2 facilitate kinase-substrate interactions necessary 

for efficient phosphoryl transfer. To selectively target DEF motif containing transcription factors 

that promote tumor growth, we previously described the identification of a class of compounds 

containing a 1,1-dioxido-2,5-dihydrothiophen-3-yl 4-benzenesulfonate scaffold that inhibited 

DEF motif containing substrates of the activator protein-1 (AP-1) family (238). This class of 

compounds selectively inhibited the proliferation of melanoma cells harboring BRAF mutations 

and constitutively active ERK1/2. These compounds were also effective at inhibiting melanoma 
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cell lines that are inherently resistant to clinically relevant inhibitors of mutated BRAF due to 

elevated mitogen-activated protein kinase kinase kinase-8 (MAP3K8) (238).  

To define the structure activity relationship for the 1,1-dioxido-2,5-dihydrothiophen-3-yl 4-

benzenesulfonate-based compounds, the current studies synthesized several analogues and 

identified a single double bond in the sulfur heterocycle that was essential for the compound’s 

biological activity. The findings also demonstrate that this class of compounds forms a covalent 

interaction with ERK2 near the FRS and have differential effects on the expression levels of 

ERK1/2-regulated transcription factors containing DEF motifs. The most active compound, SF-

3-030, was examined for global effects on gene and protein levels to evaluate ERK1/2-dependent 

and independent mechanisms of action. 

4.3 Materials and Methods 

4.3.1 Compound synthesis 

Compounds were designed as previously described (215), in collaboration with Dr. Alexander 

MacKerell who performed and designed the in silico screen, and Dr. Steven Fletcher, who 

designed the synthetic schemes illustrated below. All reactions were performed in oven-dried 

glassware under an inert (N2) atmosphere. Anhydrous solvents were used as supplied without 

further purification. Chemicals were purchased from Sigma-Aldrich (St. Louis, MO), Alfa Aesar 

(Ward Hill, MA), or Oakwood Chemicals (West Columbia, SC). Reactions were monitored by 

thin-layer chromatography (TLC), visualizing with KMnO4 stain and/or UV as appropriate. 

Silica gel flash column chromatography was performed with 60Å, 230-400 mesh silica gel, and 

crude reaction mixtures were first adsorbed onto silica gel from CH2Cl2 at room temperature 

(RT). 1H and 13C NMR spectra were recorded on a Varian 400 MHz NMR spectrometer (Bruker 

amaZon X) at 25 °C. Chemical shifts are reported in parts per million (ppm) and are referenced 
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to residual non-deuterated solvent peak (CHCl3: δH 7.26, δC 77.2; DMSO: δH 2.50, δC 39.5). 

Prior to biological testing, final compounds were confirmed to be >95% pure by HPLC 

chromatography.  

Synthesis of SF-2-110 (1,1-dioxidotetrahydrothiophen-3-yl benzenesulfonate) 

3-Sulfolene (5g, 42.4 mmol) was suspended in H2O (20 mL). A solution of 10 M KOH (53 mL) 

was added dropwise, then the reaction was allowed to stir at room temperature for 16 h.  Ice was 

subsequently added and the reaction was neutralized with the dropwise addition of 12 M HCl 

(approx. 45 mL). The solvent was concentrated in vacuo, then the residue was stirred vigorously 

in EtOAc, dried over sodium sulfate, filtered and concentrated to give 3-

hydroxytetrahydrothiophene 1,1-dioxide in quantitative yield as a pale yellow viscous oil (5.7g): 

δH (500 MHz, CDCl3-d6) 5.47 (s, 1H, OH), 4.47 (s, 1H, CHOH), 3.25- 3.22 (m, 1H, CH2), 3.18-

3.12 (m, 1H, CH2), 3.07-3.02 (m, 1H, CH2), 2.82 (d, 1H, CH2), 2.23-2.17 (m, 1H, CH2), 2.08-

2.04 (m, 1H, CH2); δC (500 MHz, DMSO-d6) 67.4, 59.5, 49.9, 31.8. 3-

Hydroxytetrahydrothiophene 1,1-dioxide (150 mg, 1.10 mmol, 1 eq) was dissolved in anhydrous 

CH2Cl2 (11 mL). DIPEA (249 µL, 1.43 mmol, 1.3 eq) and DMAP (13 mg, 10 mol%) were 

added, followed by benzenesulfonyl chloride (155 µL, 1.21 mmol, 1.1 eq), and the reaction was 

stirred for 16 h at room temperature. The reaction was diluted with CH2Cl2, washed with 0.1 M 

HCl, H2O, then brine. The organic layer was dried over sodium sulfate, filtered and concentrated. 

The crude residue was subsequently adsorbed to silica gel, then purified by flash column 

chromatography with a gradient of EtOAc in hexanes to furnish the title compound as a white 

solid (172 mg, 57%): δH (500 MHz, CDCl3-d6) 7.93 (d, 2H, Ar, J = 8 Hz), 7.72 (t, 1H, Ar, J = 

7.5 Hz), 7.61 (t, 2H, Ar, J = 8 Hz), 5.32 (quin, 1H, CHOH, J = 3.5 Hz), 3.31-3.20 (m, 3H, CH2), 
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3.14-3.09 (m, 1H, CH2), 2.57-2.46 (m, 2H, CH2); δC (500 MHz, CDCl3-d6) 136.0, 134.5, 129.6, 

127.7, 75.5, 56.3, 48.9, 29.9. 

 

Synthetic Scheme 1: (a) Benezenesulfonyl chloride, DIPEA, cat. DMAP, CH2Cl2, RT, 1 h, 54%; (b) 2-

napthalenesulfonyl chloride, DIPEA, cat. DMAP, CH2Cl2, RT, 1 h, 61%. 

 

Synthesis of SF-3-026 (1,1-Dioxido-2,3-dihydrothiophen-3-yl benzene-2-sulfonate) 

3-Hydroxy-2,3-dihydrothiophene 1,1-dioxide (75 mg, 0.560 mmol, 1 eq.) was dissolved in 

CH2Cl2 (6 mL). Then benzenesulfonyl chloride (79 µL, 0.616 mmol, 1.1 eq.), DIPEA (112 µL, 

0.644 mmol, 1.15 eq.), DMAP (3.4 mg, 0.028 mmol, 0.05 eq.) were added, and the reaction was 

stirred for 1 h at room temperature. Then, the reaction was worked up partitioned between 1M 

HCl and CH2Cl2. The organic layer was washed with brine, dried over sodium sulfate, filtered, 

and concentrated. The residue was adsorbed to silica gel from CH2Cl2 at room temperature, then 

purified by flash column chromatography with a gradient of EtOAc in hexanes to give the final 

compound as a white solid (82 mg, 54%) that was spectroscopically identical to commercial 1,1-

dioxido-2,3-dihydrothiophen-3-yl benzene-2-sulfonate. 

Synthesis of SF-3-030 (1,1-Dioxido-2,3-dihydrothiophen-3-yl naphthalene-2-sulfonate) 

3-Hydroxy-2,3-dihydrothiophene 1,1-dioxide (75 mg, 0.560 mmol, 1 eq.) was dissolved in 

CH2Cl2 (6 mL). Then 2-naphthalenesulfonyl chloride (140 mg, 0.616 mmol, 1.1 eq), DIPEA 

(112 µL, 0.644 mmol, 1.15 eq.), DMAP (3.4 mg, 0.028 mmol, 0.05 eq.) were added, and the 

reaction was stirred for 1 h at room temperature. Then, the reaction was worked up partitioned 

SF-3-030  SF-3-026  
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between 1M HCl and CH2Cl2. The organic layer was washed with brine, dried over sodium 

sulfate, filtered, and concentrated. The residue was adsorbed to silica gel from CH2Cl2 at room 

temperature, then purified by flash column chromatography with a gradient of EtOAc in hexanes 

to give the final compound as a white solid (111 mg, 61%): δH (400 MHz, DMSO-d6) 8.70 (s, 

1H, Ar), 8.24-8.20 (m, 2H, Ar), 8.10 (d, 1H, Ar, J = 8.4 Hz), 7.90 (d, 1H, Ar, J = 8.8 Hz), 7.79-

7.69 (m, 2H, Ar), 7.45 (d, 1H, J = 6.8 Hz), 6.83-6.81 (m, 1H, Ar), 5.87 (br s, 1H, CHO), 3.68-

3.68-3.62 (dd, 1H, CH, 15.2, 7.2) 3.36 (m, 1H, CH, obsc); δC (500 MHz, DMSO-d6) 142.3, 

140.8, 140.3, 137.0, 136.8, 135.4, 135.2 135.1, 134.8, 133.3, 133.2, 127.2, 80.7, 58.1 

4.3.2 Cell lines  

Cell lines used included HeLa cervical carcinoma cells, Jurkat T-cell leukemia cells, and NRas 

mutated promyelocytic leukemia HL-60 cells. Melanoma cell lines tested included A375 and SK-

Mel-28 (homozygous BRAF V600E mutation), SK-MEL-5 (heterozygous BRAF V600E 

mutation), SK-Mel-2 (BRAF wild type, NRas Q61R mutation), and RPMI-7951 cells 

(heterozygous BRaf mutation), which are inherently resistant to BRAF inhibitors due to elevated 

MAP3K8 (100). Cells were purchased from American Type Culture Collection (ATCC; Manassas, 

VA) and grown in DMEM or EMEM plus 10% FBS. All media were supplemented with penicillin 

and streptomycin. The cell lines have been authenticated by evaluating short tandem repeat DNA 

profiles and matching with the ATCC database. Cell lines are routinely tested for mycoplasma 

contamination using the MycoAlert detection kit (Lonza; Walkersville, MD).  

4.3.3. Cell viability  

Cells were seeded at 5,000 cells/well in 96-well plates, cultured overnight without drug, and treated 

for 48 hours with the indicated dose of compounds. Cell viability was measured according to 
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manufacturer’s instructions using the fluorescent CellTiter Blue Assay (Promega; Madison, WI) 

or the CellTiter-Glo® Luminescent Cell Viability Assay (Promega; Madison, WI). 

4.3.4. Saturation Transfer Difference – Nuclear Magnetic Resonance (STD-NMR) 

STD-NMR analysis of ligand binding to ERK2 as was done previously described for p38 MAP 

kinases (246). NMR results were obtained in collaboration with Dr. Kellie Hom of the UMB 

School of Pharmacy Nuclear Magnetic Resonance Facility. A 1 mM stock solution of SF-3-030 

was made in 85% D2O:15% d6-DMSO (v/v). STD-NMR samples contained 150 mM NaCl, 50 

mM phosphate (pH 7), 200 μM SF-3-030, and 5 μM ERK2 protein in D2O. Spectra of both 

compound and ligand bound protein were recorded on an Agilent DD2 500-MHz spectrometer 

equipped with a 5-mm inverse proton–fluorine–carbon–nitrogen probe head at 25°C. 

Specifically, to a 600 µL solution of SF-3-030 at 1mM freshly prepared from its dry powder in 

85% D2O:15% d6-DMSO(v/v), 10 µL of ERK2 was added, rendering the final concentration of 

the protein at about 5 µM.  For compound-only experiments, SF-3-030 was prepared exactly the 

same, omitting protein. The STD (247) experiments were performed at 25°C on an Agilent DD2 

500 MHz spectrometer. The vendor supplied pulse sequence (dpfgse_satxfer.c) was used. The 

on‐ and off‐resonance FIDs (free induction decay) are subtracted in‐place through phase‐cycling, 

to yield only the difference FID. A related pulse sequence (dpfgse_satxfer2.c) also supplied by 

the vendor, was used on selected samples, where the on‐ and off‐ resonance FIDs are produced 

and stored separately, followed by post‐acquisition manual subtraction of the FIDs.  No 

significant differences on the results from these two pulse sequences on the same sample were 

identified.  Spectral width of 6000 Hz (12ppm), a 90 deg pulse of 9.6 msec, and 16384 points 

were used to collect the data. Transmitter offset was on the water signal. Solvent suppression 

was achieved via excitation sculpting. The selective saturation period was 2.5 sec. Irradiation 
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consisted of a series of 50 msec Gaussian selective pulses, separated by 1 msec delay, at a field 

strength of 50 Hz. Delay between FIDs was set to 0.5 sec, and 1000 to 5000 transients were 

collected. The selective irradiation on‐resonance with the protein was at 0.5 ppm and the off‐

resonance irradiation was at 25 ppm. The difference FID was multiplied by an exponential 

broadening function of 0.5 Hz and zero‐filled once prior to transformation.  

For 1D experiments, spectral width of 6000 Hz (12ppm), a 90 deg pulse of 9.6 msec, and 16384 

points were used to collect the data. Data were processed with in-place with VnmrJ, a vendor-

supplied application, or with OpenVnmrJ, the open-source version of VnmrJ, available through 

NMRBox.org (248). Some data were also processed with NMRPipe (249). Viewing and analyses 

of spectra were accomplished with Sparky (Sparky - NMR Assignment Program, n.d. SPARKY 

3, University of California, San Francisco). 

4.3.5 Mass Spectrometry 

His-tagged ERK2 was purified from E. coli BL21 (DE3) cells transformed with wild type erk2 

construct using the previously described method (242). Results were obtained in collaboration with 

Dr. Maureen Kane and Dr. Weiliang Huang of the UMB School of Pharmacy Mass Spectrometry 

Facility. For covalent modification analysis, in vitro kinase reactions containing 100 µg of purified 

ERK2, 1mM ATP, 1X NEBuffer™ for Protein Kinases (New England Biolabs, Ipswich, MA), and 

50 µM SF-3-030 were incubated for 2 hours at 25°C. After the reactions, ERK2 protein was 

desalted, reduced, alkylated and trypsinolyzed on filter as described previously (250, 251). Tryptic 

peptides were separated on a nanoACQUITY UPLC analytical column (BEH130 C18, 1.7 μm, 75 

μm x 200 mm, Waters Corporation; Milford, MA) over a 165-minute linear acetonitrile gradient 

(3 – 40%) with 0.1 % formic acid on a Waters nano-ACQUITY UPLC system (Waters 

Corporation; Milford , MA) and analyzed on a coupled Thermo Scientific Orbitrap Fusion Lumos 



 

75 

 

Tribrid mass spectrometer (Thermo Scientific; San Jose, CA) as described (252). Full scans were 

acquired at a resolution of 120,000, and precursors were selected for fragmentation by higher-

energy collisional dissociation (normalized collision energy at 32 %) for a maximum 3-second 

cycle. Tandem mass spectra were searched against the ERK2 protein sequence using a Sequest HT 

algorithm (253) and a MS Amanda algorithm (254) with a maximum precursor mass error 

tolerance of 10 ppm. Possible substitution (SN2’ and SN2, +115.9932), Michael addition 

(+324.0126) and carbamidomethylation of cysteine were treated as dynamic modifications. 

Resulting hits were validated at a maximum false discovery rate of 0.01 using a semi-supervised 

machine learning algorithm Percolator (255). The probabilities of modification sites were 

computed using a ptmRS algorithm (256).  

4.4 Results 

4.4.1 The double bond in the sulfur heterocycle is required for biological activity. 

Our previous studies described a novel class of small molecules containing a 1,1-dioxido-2,5-

dihydrothiophen-3-yl 4-benzenesulfonate scaffold that selectively inhibited BRAF mutated 

melanoma cells containing constitutively active ERK1/2 signaling (238). A limited structure-

activity relationship study was performed to determine key chemical features required for the 

compound’s biological activity. Modifications of the parent compound, SF-3-026, focused on the 

benzene ring, the linker region connecting the two ring structures, and removal of the double bond 

in the sulfur heterocycle (Table 4.2). The analogues were tested at a single high dose for effects 

on viability of cancer cell lines containing BRAF mutations (A375, RPMI-7951, and SK-Mel-28), 

NRas mutation (HL60), or no known mutations in ERK1/2 pathway proteins (HeLa and Jurkat) 

(Table 4.1). RPMI-7951 cells are inherently resistant to BRAF targeted inhibitors due to 

upregulated expression of MAP3K8 (100). In agreement with our previous studies (238), SF-3-
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026, SF-3-027, SF-3-029, and SF-3-030 showed selective inhibition of cancer cell lines with 

activating mutations in the ERK1/2 pathway (Table 4.2). The inhibitory effects were lost in 

compounds where the double bond in the sulfur heterocycle was removed (Table 4.2). Select 

modifications to the benzene group or linker in the absence of the double bond in the sulfur 

heterocycle had no effect on cell viability indicating the 1,1-dioxido-2,5-dihydrothiophen-3-yl 

moiety was essential for the compound’s biological activity (Table 4.2).  

Previous studies showed that catalytic site inhibitors of MEK1/2 and ERK1/2 are selective for 

cells with activating BRAF or Ras mutations (115, 257). Similarly, we determined the IC50 values 

for SF-3-030 and ATP dependent/catalytic site inhibitors of MEK1/2 and ERK1/2 in four cancer 

cell lines and show that all compounds favored inhibition of cells containing activating BRAF and 

Ras mutations (Table 4.1). The reported doubling times for A375, HeLa, and Jurkat cells are ~25-

30 hours compared to ~50 hours for the RPMI-7951 cells indicating that each compound’s potency 

is independent of cell growth rates.  These findings provide additional support that SF-3-030 

inhibitory effects on cell growth are correlated with ERK1/2 activity.  

Table 4.1. Effects of SF-3-030 and ATP competitive/catalytic site inhibitors on proliferation of select 

cancer cell lines. IC50 values (µM) for AZD6244, SCH772984, or SF-3-030 in A375, RPMI-7951, HeLa, 

or Jurkat cells. 

 

 

 

 

 

 

The effects of SF-2-110 (inactive control), SF-3-026, and SF-3-030 (Figure 4.1A) on cell 

viability were further evaluated in dose – response assays using four melanoma cell lines 

containing either BRAF or NRas mutations. As expected, SF-2-110 did not affect the viability of 

 
Cell line (IC50 µM) 

Compound A375 RPMI-7951 HeLa Jurkat 

AZD6244 0.048 >10 >10 >10 

SCH772984 0.027 >10 >10 >10 

SF-3-030 9.1 5.4 26 59 
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any of the cell lines up to 50 M (Figure 4.1B-E). In contrast, SF-3-026 and SF-3-030 inhibited 

all cell lines with IC50 values in the 5-10 M range with SF-3-030 showing the highest potency 

against SK-MEL-28 and SK-MEL-2 cells (Figure 4.1B-E). These findings indicate that the 

sensitivity of cancer cells in vitro to the lead compounds is independent of the BRAF or NRas 

mutational status.    
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Figure 4.1 Requirement of double bond in sulfur heterocycle for inhibition of melanoma cell 

proliferation. (A) Chemical structures of compounds SF-2-110, SF-3-026, and SF-3-030. Viability of 

A375 (B), SK-Mel-28 (C), SK-Mel-5 (D), or SK-Mel-2 cells (E) following treatment with 0 – 50 µM 

of SF-2-110, SF-3-026, or SF-3-030 for 48 hours. Cell viability was expressed as a percentage 

compared to cells treated with DMSO vehicle (100%). Data are representative of two independent 

experiments.  

A. 
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Table 4.2. Effects of SF-3-026 and analogs on proliferation of cancer cell lines. Data show percent 

proliferation compared to controls (100%) for A375, RPMI7951, SK-Mel-28, HL-60, HeLa or Jurkat 

cells following treatment with 100 mM of each test compound for 48 hours. The mean and standard 

deviation from three independent experiments are shown. 
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4.4.2 SF-3-030 directly interacts with ERK2 through non-covalent and covalent mechanisms. 

Given the higher inhibitory potency of SF-3-030, we evaluated whether this compound directly 

interacted with ERK2. Using Saturation Transfer Difference-Nuclear Magnetic Resonance (STD-

NMR), it was confirmed that SF-3-030 interactions with ERK2 occur primarily through a 

reversible electrostatic interaction of the naphthalene group and the sulfur heterocycle (Figure 4.3). 

This includes all carbons exhibiting interaction with purified ERK2 when overlayed with the NMR 

spectra of SF-3-030 alone. However, the requirement for the double bond in the sulfur heterocycle 

of SF-3-030 for biological activity suggested that the compound’s mechanism of action involves 

the formation of covalent adducts with cysteine residues. Two possible SF-3-030 adducts could 

result from a Michael addition or a substitution reaction that would increase the molecular weight 

of a cysteine by 324 or 116 Da, respectively (Fig. 4.2A).  

 

Figure 4.2 SF-3-030 interacts with and modifies ERK2 via cysteine adduct formation. (A) Putative 

mechanisms of SF-3-030 adduct formation with cysteine residues on ERK2. (B) Space-filling model of 

ERK2 with highlighted cysteine residues and SF-3-030 modification site (adapted from PDB ID: 4GT3). 

Cysteine modifications determined by high-resolution liquid chromatography-tandem mass spectrometry. 

Cysteine residues are colored in (green), as well as the TXY motif (magenta), the F recruitment site (red), 

and the primary modification site C252 (red font).  

 

A. B. 
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To test this, ERK2 was incubated with SF-3-030 and covalent adducts were analyzed by 

high-resolution liquid chromatography-tandem mass spectrometry. Of the seven cysteine residues 

in ERK2, cysteine 252 (C252) was the predominant residue modified by a 116 Da mass, suggesting 

a substitution reaction and decomposition of SF-3-030 (Fig. 4.2A/B & Figure 4.4). The 

predominant ERK peptides identified included mass changes detected within B and Y ions in the 

mass spectra, with decompositions associated with mass changes of 116 ± 2 Da, indicative of 

covalent modification with potential hydrogen ions associating with the substitution modification 

on the C252 residue (Fig. 4.4). C252 is located near the DEF-motif (F) recruitment site, and the 

peptides identified via mass spectrometry documented masses with 116 Da adducts changes 

consistent with its proposed mechanism of targeting the ERK2 F-site and perturbing interactions 

with DEF motif containing substrates (238).  

Other major MAP kinases such as p38α and JNK1 do not have a cysteine located at this 

site. We have also previously determined that SF-3-030 had no effect on p38 MAP kinase signaling 

(Appendix 4)(238), suggesting that SF-3-030 is not acting as a random alkylating agent or 

affecting similar MAP kinases. These data suggest that the initial binding interactions of SF-3-030 

with ERK2 involve non-covalent interactions that position the compound to form a covalent bond 

between C252 and the sulfur heterocycle group. 
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Figure 4.3. Partial 1D and Saturation Transfer Difference (STD) Nuclear Magnetic Resonance 

spectrum showing SF-3-030 interactions with ERK2. (A) SF-3-030 with numerically labelled 

protons corresponding to STD-NMR spectra (B) STD interaction spectra of SF-3-030 with purified 

ERK2. Proton peaks of SF-3-030 are numbered corresponding to their respective geminal carbons 

as shown. (C) 1D spectra of SF-3-030 alone, with the same region of the corresponding proton 

spectrum.  
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Figure 4.4. Mass spectra of SF-3-030 covalent adducts on ERK2. Peptide fragmentation and 

spectra of ERK2 with covalent modification of C252 by SF-3-030 as determined using high resolution 

liquid chromatography-tandem mass spectrometry.  
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4.5 Discussion 

The first objective of the current aim was to elucidate the structure activity relationship of a 

1,1-dioxido-2,5-dihydrothiophen-3-yl 4-benzenesulfonate chemical scaffold that we previously 

identified to selectively inhibit cancer cells containing activated ERK1/2 signaling (238). The 

dependence on a double bond in the sulfur heterocycle for biological activity indicated the 

compound’s mechanism of action involved the formation of covalent adducts with cysteine 

residues on ERK1/2 and perhaps other proteins through Michael addition chemistry. SF-3-030 was 

confirmed via STD-NMR and mass spectrometry-based analyses to interact with ERK2 via non-

covalent interactions and the formation of a covalent adduct on C252 near the FRS. While the 

formation of covalent adducts raises the concern about specificity and off-target effects, we have 

found no evidence that SF-3-030 leads to changes in other MAP kinase signaling pathways or 

randomly interacts with cysteine using the ROS inhibitor NAC (data not shown). This indicates 

that the chemical structure of SF-3-030 confers target selectivity and prevents random interactions 

with sulfhydryl groups.  

Mechanistically, the mass spectrometry data gave the strongest evidence suggesting that the 

SF-3-030 compound was interacting with the cysteine 252 directly through covalent bond 

formation (Fig. 4.2 & 4.4). In considering what type of interaction could have occurred, two 

potential mechanisms were possible. First, Michael addition involves the nucleophilic attack of 

an α/β unsaturated alkene with a nearby electrophile with partial resonance stabilization 

capabilities (258), which in this example would be the sulfur of the five-membered ring on SF-3-

030 (Fig. 4.2). Michael addition further involves the tautomeric shuffling of electrons to stabilize 

between hydrogen bound to the sulfoxide moiety and the five-membered ring, creating a 
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covalent adduct detectable on ERK2 of approximately 324 Da. This mass adduct was not 

detected in the mass spectrometry (Fig. 4.4), eliminating as a potential mechanism.  

Alternatively, substitution reactions involve the addition of a nucleophile (in this case 

SF-3-030) to either an sp2 or sp3 hybridized carbon, both of which were present in the five-

membered ring, and a leaving group that can accept electron density (259). Two substitution 

reactions exist, including the Sn1 reaction (substitution nucleophilic unimolecular), which 

involves the formation of a carbocation intermediate by the removal of an electron rich leaving 

group, then either front or back-side nucleophilic attack of the intermediate, leaving a racemic 

mixture of byproducts (259). Given the concerted nature by which a cysteine sulfhydryl group 

would react and the lack of a strong enough leaving group on SF-3-030, this reaction was 

quickly eliminated as a potential reaction.  

The second set, Sn2 or Sn2’ (substitution nucleophilic bimolecular), involves the concerted 

nucleophilic attack of a carbon center, with no transition state, causing removal of an 

electrophilic leaving group (259). In the case of SF-3-030, this would result in the removal of a 

leaving group, which was proposed as the naphthalene moiety given its electron withdrawing 

potential and resonance stabilization (Fig. 4.2). This mechanism was confirmed via mass 

spectrometry as the likely covalent interaction given the mass addition of approximately 116 Da 

(Fig. 4.4). Further, given the sp3 hybridized nature of carbon 3 of SF-3-030 (Fig. 4.3), the 

likelihood that Sn2 reaction was occurring was dismissed in favor of Sn2’(260), where carbon 1 

of SF-3-030 serves as the better electrophile given its sp2 hybridized state, the propensity for the 

naphthalene moiety as a leaving group, and the mass adduct of 116 Da on ERK2 (Fig. 4.2/3/4). 

This is unique, and in contrast, to typical irreversible protein kinase inhibitors, where Michael 
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additions are the most common mechanism of action in binding to a protein and may be an 

important factor in further development of this class of compounds (261).  

Despite past concerns about safety and off-target toxicity, advances in structure function 

relationships and medicinal chemistry have generated renewed interest in the development of 

irreversible binding drugs for treating disease (262). There are several small molecule anti-cancer 

drugs in the clinic that form covalent adducts on receptor and non-receptor tyrosine kinases 

through Michael addition (reviewed in (263)). Afatinib, osimertinib, and neratinib form 

irreversible adducts on cysteine residues in the catalytic sites of EGF receptors for the treatment 

of non-small cell lung cancers and breast cancers while ibrutinib targets Bruton’s tyrosine kinase 

(BTK) for the treatment of lymphoma/leukemia. Additionally, there is renewed interest in 

targeting ERK1/2 with small molecules via allosteric inhibition of substrate interactions sites, such 

as the D-recruitment site (DRS) (244). Recent studies have identified a small molecule inhibitor 

that covalently binds to a conserved cysteine (C159) in the DRS of ERK2 (53). This compound 

selectively blocked the activation of ERK1/2, did not modify other members of the MAP kinase 

family, and inhibited the proliferation of melanoma cells with BRAF (V600E) mutations that were 

resistant to BRAF inhibitors (53). Future studies will be aimed at identifying if cysteine residues 

on other proteins may be modified by SF-3-030 to establish their role in cell signaling and growth 

inhibition.           

One caveat to the above studies was that solely the biological, and not biophysical activity of 

the control compound SF-2-110, was analyzed. Given the redox potential of SF-3-030 with 

cysteine residues, a thorough negative control with the compound and purified ERK2 protein in 

the NMR analyses should seek to confirm the necessity of electrostatic interactions with the 

compound and ERK2. As the SF-3-030 compound was hypothesized to be coordinated via non-
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covalent interactions that facilitate the covalent interaction with the alkene on SF-3-030, an 

interesting study would be to confirm carbon interactions through NMR with concurrent loss of 

covalent modification of ERK2 with SF-3-030. This would confirm the redox activity unique to 

SF-3-030. Appendix 4 illustrates that SF-3-030 also has trace redox potential on purified p38β 

protein in vitro, but lacks the ability to alter downstream p38 signaling in cellulo. This illustrates 

that SF-3-030 might have expanded capabilities for redox activity with other solvent-accessible 

cysteines, but lacks efficient covalent capabilities without the electrostatic interactions conferred 

through the naphthalene moiety and nearby ERK2 residues facilitating covalent modification of 

C252 on ERK2.  
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Chapter 5. Biological mechanism of ERK2 inhibitor in melanoma growth 

suppression4 

5.1 Abstract 

Constitutive activation of the extracellular signal-regulated kinase (ERK1/2) pathway drives the 

proliferation and survival of many cancer cell types. Given the diversity of cellular functions 

regulated by ERK1/2, the current studies have examined the mechanism of a novel chemical 

scaffold that targets ERK2 near a substrate binding site and inhibits select ERK functions. Using 

transcriptomic and proteomic analyses, we provide a mechanistic basis for how this class of 

compounds inhibits melanoma cells containing mutated BRAF and active ERK1/2. Analysis of 

transcriptome and proteome changes showed that the SF-3-030 effects overlapped with ATP-

competitive or catalytic site inhibitors of MEK1/2 or ERK1/2. Like other ERK1/2 pathway 

inhibitors, SF-3-030 induced reactive oxygen species (ROS) and genes associated with oxidative 

stress, including nuclear factor erythroid 2-related factor 2 (NRF2). Whereas the addition of the 

ROS inhibitor N-acetyl cysteine reversed SF-3-030 induced ROS and inhibition of A375 cell 

proliferation, the addition of NRF2 inhibitors have little effect on cell proliferation. These studies 

provide mechanistic information on a novel chemical scaffold that selectively regulates ERK1/2-

targeted transcription factors and inhibits the proliferation of A375 melanoma cells through a 

ROS-dependent mechanism.  

 
4 Martinez, R. III, Huang, W., Samadani, R., Mackowiak, B., Centola, G., Chen, L., Conlon, I.L., Hom, K., Kane, 

M.A., Fletcher, S., Shapiro, P. Mechanistic analysis of an ERK2-interacting compound that inhibits mutant-BRAF 

expressing melanoma cells by inducing oxidative stress. J Pharmacol Exp Ther. 2021 Jan; 376(1):84-97. doi: 

10.1124/jpet.120.000266. PMID: 33109619. PMCID: PMC7788356 
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5.2 Introduction 

De-regulated protein kinase activity that promotes cell proliferation and survival is a hallmark of 

many cancers. Thus, targeted inhibition of protein kinases with small molecules have become an 

important therapeutic strategy to treat cancer (264). The extracellular signal-regulated kinase-1 

and 2 (ERK1/2) proteins are members of the mitogen activated protein kinase (MAPK) family 

and major regulators of intracellular signaling events that provide cells with a proliferation and 

survival advantage. Constitutive activation of ERK1/2 occurs through mutations or elevated 

expression of upstream activators, including receptor tyrosine kinases (RTKs), Ras G-proteins, 

and Raf kinases (69, 265-268). Activating mutations in MEK1, a direct activator of the ERK1/2 

proteins, may contribute to de-regulated ERK1/2 activity (269). In addition, activating mutations 

in a conserved glutamate in a region of ERK2 associated with protein-protein interactions are 

associated with the progression of cutaneous T-cell lymphomas (270-272). 

 In the previous chapter, we defined a series of ERK2 targeting compounds that were 

designed to target the FRS region, with SF-3-030 identified as the most potent inhibitor. The 

compound binds to ERK2 primarily via covalent interaction with cysteine 252. The chapter that 

follows further characterizes the biological phenotype resultant with SF-3-030 inhibition of 

ERK2 functions. The most active compound, SF-3-030, was examined for global effects on gene 

and protein levels in melanoma cells to evaluate ERK1/2-dependent and independent 

mechanisms of action. The findings support a mechanism by which SF-3-030 induced an 

oxidative stress response that mediated the inhibition of melanoma cells containing mutated and 

constitutively active BRAF. 
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5.3 Materials and Methods 

5.3.1 Chemicals and Reagents 

The MEK1/2 inhibitor AZD6244 (Cat. No. BV-2234-5), 6-(4-bromo-2-chloroanilino)-7-fluoro-N-

(2-hydroxyethoxy)-3-methylbenzimidazole-5-carboxamide), was purchased from Axxora 

(Farmingdale, NY). The ERK1/2 inhibitor, SCH772984 (Cat. No. S7101), ((R)-1-(2-oxo-2-(4-(4-

(pyrimidin-2-yl)phenyl)piperazin-1-yl)ethyl)-N-(3-(pyridin-4-yl)-1H-indazol-5-yl)pyrrolidine-3-

carboxamide) was purchased from Selleckchem (Houston, TX). Antioxidants N-acetyl L-cysteine 

(NAC) (Cat. No. A7250), sodium pyruvate (Cat. No. P2256), and mannitol (Cat. No. M4125) were 

purchased from Sigma Aldrich (St. Louis, MO). NRF2 inhibitors ML385 (Cat. No. SML 1833) 

and Brusatol (Cat. No. SML 1868) were purchased from Sigma Aldrich.  Antibodies against total 

c-Fos (Cat. No. 2250), FosB/B2 (Cat. No. 2251), Fra1 (Cat. No. 5281), c-Jun (Cat. No. 9165), c-

Myc (Cat. No. 5605), Elk-1 (Cat. No. 9182), ß-actin (Cat. No. 4970) and cleaved PARP (Cat. No. 

9541) were purchased from Cell Signaling Technology (Beverly, MA). The phospho-specific 

ERK1/2 (pThr183/pTyr185)(Cat. No. M9692) and α-tubulin (Cat. No. T6074) antibodies were 

from Sigma Aldrich. Phosphorylation-specific antibodies against histone H3 (pSer10)(Cat. No. 

9701), Elk-1 (pS383)(Cat. No. 9186), MEK1/2 (pSer217/pSer221)(Cat. No. 9121) were purchased 

from Cell Signaling Technology. Antibodies against ERK2 (Cat. No. sc-154), MEK 1/2 (Cat. No. 

sc-81504), HMOX-1 (Cat. No. sc-136960) and NRF2 (Cat. No. sc-722) were from Santa Cruz 

Biotechnology. A second NRF2 antibody (Cat. No. ab 137550), and the NQO1 antibody (Cat. 

No. ab34173) were purchased from Abcam (Cambridge, MA). The FoxD3 (Cat. No. 631701) 

antibody was purchased from BioLegend (San Diego CA). The OSGIN-1 antibody (Cat. 

No. 15248-1-AP) was purchased from ProteinTech (Rosemont, IL).   
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5.3.2 Cell Culture  

Melanoma cell lines tested included A375 and SK-Mel-28 (homozygous BRAF V600E mutation), 

SK-MEL-5 (heterozygous BRAF V600E mutation), SK-Mel-2 (BRAF wild type, NRas Q61R 

mutation), and RPMI-7951 cells (heterozygous BRaf mutation), which are inherently resistant to 

BRAF inhibitors due to elevated MAP3K8 (100). Cells were purchased from American Type 

Culture Collection (ATCC; Manassas, VA) and grown in DMEM or EMEM plus 10% FBS. All 

media were supplemented with penicillin and streptomycin. The cell lines have been authenticated 

by evaluating short tandem repeat DNA profiles and matching with the ATCC database. Cell lines 

are routinely tested for mycoplasma contamination using the MycoAlert detection kit (Lonza; 

Walkersville, MD).  

5.3.3 Melanoma cell treatments / cell viability assays 

IC50 values were determined using 9 data points and 3 fold dilutions of 0.001 – 10 mM for 

AZD6244 and SCH772984 or 0.1 – 100 mM for SF-3-030. Cell viability was measured 

according to manufacturer’s instructions using the fluorescent CellTiter Blue Assay (Promega; 

Madison, WI) or the CellTiter-Glo® Luminescent Cell Viability Assay (Promega; Madison, WI). 

5.3.4 Immunoassays 

Immunoblot analysis of protein expression, phosphorylation, and cell proliferation were done as 

previously described (238). Cells were washed with cold phosphate buffered saline (PBS, pH 

7.2, Invitrogen; Carlsbad, CA) and protein lysates were collected with 2X SDS-PAGE sample 

buffer (4% SDS, 5.7M b-mercaptoethanol, 0.2M Tris pH 6.8, 20% glycerol, 5mM EDTA) 

Proteins were separated by SDS-PAGE, analyzed by immunoblotting, and detected using 

enhanced chemiluminesence (PierceTM ECL, Thermo Fisher Scientific). Immunoblots were 

quantified via densitometry using the Azure c300 Chemiluminsecent Western Blot Imaging 
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System (Azure Biosystems, Dublin, CA, USA) for image capture and data quantified on the 

Image StudioTM Lite Quantification software (v5.2, Li-COR Biotechnology, Lincoln, NE, USA). 

Immunoassays were also performed using Wes™ Simple Western (ProteinSimple, San Jose, CA, 

USA). Electropherograms were quantified using Compass 225 for SW software (v3.1.7, 

ProteinSimple, San Jose, CA, USA) applying a Gaussian peak fit distribution for determining 

area under the curve. 

5.3.5 Differential protein expression by high-resolution liquid chromatography tandem 

mass spectrometry 

Proteomic results were obtained in collaboration with Dr. Maureen Kane and Dr. Weiliang Huang 

of the UMB School of Pharmacy Mass Spectrometry Facility. A375 cells grown on 10 cm plates 

were treated for 4 and 12 hours with 0.1% DMSO vehicle, 25 mM SF-3-030 or 10 mM 

SCH772984. Following one wash in cold PBS, the cells were collected by scraping twice with 

cold PBS, centrifuged at 3000 rpm for 2 min. and the cell pellets were stored at -80°C. Cells were 

lysed in 4 % sodium deoxycholate, reduced, alkylated and trypsinolyzed on filter as described 

(250). Tryptic peptides were separated on a nanoACQUITY UPLC analytical column (CSH130 

C18, 1.7 μm, 75 μm x 200 mm, Waters Corporation; Milford, MA) over a 180 min linear 

acetonitrile gradient (3 – 43%) with 0.1 % formic acid on a Waters nano-ACQUITY UPLC system 

(Waters Corporation; Milford, MA), and analyzed on a coupled Thermo Scientific Orbitrap Fusion 

Tribrid mass spectrometer (Thermo Scientific; San Jose, CA) as described (252). Full scans were 

acquired at a resolution of 120,000 and precursors were selected for fragmentation by higher-

energy collisional dissociation (normalized collision energy at 30%) for a maximum 3-second 

cycle. Tandem mass spectra were searched against a UniProt human reference proteome using a 

SEQUEST HT algorithm (253) with a maximum precursor mass error tolerance of 10 ppm. 
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Resulting hits were validated at a maximum false discovery rate of 0.01 using a semi-supervised 

machine learning algorithm Percolator (255). Abundance ratios were measured by comparing the 

MS1 peak volumes of peptide ions, whose identities were confirmed by MS2 sequencing as 

described above. Label-free quantifications were performed using an aligned AMRT (Accurate 

Mass and Retention Time) cluster quantification algorithm (273). Pathway and gene ontology 

analysis were performed with Qiagen Ingenuity and Panther GO databases, as described (274, 

275). Proteins showing at least a doubling in expression as compared to untreated cells, with an 

FDR adjusted ANOVA p-value <0.05, were considered significantly changed and used for further 

analysis. FDR corrected Fisher's exact p-values of < 0.05 using a previously described procedure 

for multiple testing were used in the gene ontology analyses to identify biological processes, 

molecular functions, and cellular components associated with observed protein changes (276). 

Ingenuity pathway database was used to predict canonical pathways and upstream regulators 

according to the proteins that were significantly different using an absolute activation z-score of > 

2 for at least one condition with a Fisher's exact test p-value < 0.05. 

5.3.6 Apoptotic assay  

To determine the minimal exposure time needed to induce an apoptotic response, cells were 

exposed to test compounds for various times (0-24 hours), the cells were washed, and then fresh 

medium was added without test compound for a total of 24 hours. Relative apoptosis was 

measured by immunoblotting for the cleaved form of poly (ADP-ribose) polymerase (PARP). 

5.3.7 RNAseq analysis 

A375 cells were treated for 1 hour with 10 mM AZD6244 or 25 mM SF-3-030 and total RNA was 

isolated (RNAeasy, Qiagen; Hilden, Germany) from treated and untreated cells in duplicate 

samples. Differential expression analysis was done by GENEWIZ (South Plainfield, NJ.) using 
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Illumina Genome Analyzer and HiSeq instruments in the FastQ format as previously described 

(277). Data were analyzed using Ingenuity Pathway Analysis software. Changes in expression 

were shown for genes with false discovery rates of < 0.05.  

5.3.8 Lactate Dehydrogenase (LDH) / cytotoxicity assay 

Cells were seeded 5,000 cells/well in 96-well plates, cultured overnight, and treated for 48 hours 

with the indicated dose of compound SF-3-030. Cytotoxicity via LDH release was measured 

according to manufacturer’s instructions using the CyQUANTTM LDH Cytotoxicity Assay Kit 

(Thermo Fisher Scientific: Waltham, MA). 

5.3.9 Reactive oxygen species measurements  

Reactive oxygen species (ROS) were measured using the cell-permeable fluorogenic reagent 

CellROX Deep Red according to manufacturer’s instructions (Thermo Fisher Scientific; 

Waltham, MA). Briefly, A375 melanoma cells were seeded at 104 cells per well in a 96-well 

plate. After 24 hours, the cells were co-incubated with SF-3-030 ± various ROS inhibitors, as 

well as 5 µM of CellROX Deep Red reagent for 1 hour at 37°C. Subsequently, cells were washed 

three times with DMEM containing no Phenol Red. Live cell fluorescence was imaged using a 

Nikon Eclipse Ti confocal microscope, using a 10X objective magnification. Total fluorescent 

intensity was obtained in triplicate wells from 4 frames of view per well (~500-1000 cells/frame) 

with a biological duplicate performed for each treatment condition. The mean ± standard 

deviations were determined using NIS-Elements analysis software. 

5.3.10 Statistical Analysis 

Graphical statistical analysis was performed using a one-tailed ANOVA with a 95% confidence 

interval using GraphPad-Prism V.5.01. Three biological replicates were chosen for data 

subjected to statistical analysis. The data represent descriptive statistics and were used to 
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summarize key findings. Results were considered statistically significant if the p-value is less 

than 0.05. 

5.4 Results 

5.4.1 SF-3-030 selectively regulates ERK-dependent immediate early gene expression. We 

next examined relative protein levels of ERK1/2-regulated immediate early genes (IEG). 

Previously, we showed that a 1 hour treatment with SF-3-030 caused differential changes in AP-

1 protein levels characterized by inhibition of Fra-1, FosB, and the alternative splice variant FosB2 

but no effect on c-Fos levels (238). The relative levels of these proteins along with other AP-1 

members were examined in A375 cells treated for 0-24 hours with SF-3-030 or the ERK1/2 

catalytic site inhibitor SCH772984 as a positive control. Similar to our previous studies (238), a 1 

hour treatment with SF-3-030 or SCH772984 had little effect on c-Fos levels (Figure 5.1). 

However, after 2 hours treatment, c-Fos increased only with SF-3-030 and persisted for up to 24 

hours (Figure 5.1A). Another major component of the AP-1 complex, c-Jun, increased with either 

SF-3-030 or SCH772984 treatments (Figure 5.1A). It should be noted that the increased levels of 

c-Fos and c-Jun do not correlate with increased AP-1 activity, which we’ve shown to be inhibited 

in these and other cell lines treated with SF-3-030 (238, 278).  
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Figure 5.1. Lead compounds differentially regulate IEG levels in A375 cells. (A) Immunoblots for c-

Fos, c-Jun, FosB/B2, Fra1, and c-Myc proteins in cells treated with 10 M SCH77294 or 25 M SF-3-030 

for 0 – 24 hours. (B) Phosphorylated (S383) and total Elk-1 levels in cells treated with 10 M SCH77294 

or 25 M SF-3-030 for 0 – 24 hours. (C) Cells treated for 4 hours with varying doses of SF-2-110, SF-3-

026, or SF-3-030. Controls include untreated or cells treated with 5 M AZD6244 or SCH772984. 

Immunoblots show relative c-Fos, c-Jun, FosB/B2, Fra1, and c-Myc protein levels. Levels of active ERK1/2 

(ppERK1/2), total ERK2, and -tubulin are shown to demonstrate ERK1/2 pathway activity and equal 

protein loading in (A) and (C). (D) Relative quantification of c-Fos, Fra-1, and c-Myc protein levels after 

4 hour exposure with 25µM of SF-2-110 or SF-3-030. Mean and STD are from three independent 

experiments and graph was determined via densitometry as described in the Methods. * and ** represent 

p<0.05 and p<0.01, respectively. (E) A375 cells were exposed to SF-3-030 for the indicated times and then 

incubated with fresh media without compound for a total incubation time of 24 hours. Lysates were 

immunoblotted for cleaved PARP, phosphorylated histone H3 (pH3) and total ERK2 for a loading control. 

Data are representative of three independent experiments. The numbers in each immunoblot represent the 

relative levels of protein, normalized to α-tubulin, as determined by densitometry. Molecular weight 

markers (kDa) are indicated on the right of each immunoblot.  

 

Fra-1 

FosB/B2 

ppERK1/2 

-Tubulin 

(-) 5 25 50 5 25 25 50 50 5 5 5 μM 
SF-2-110 SF-3-030 SF-3-026 

ERK2 

c-Fos 

c-Jun 

c-Myc 

Fra-1 

c-Myc 

ppERK1/2 

-Tubulin 

c-Fos 

(-) 1 2 8 24 hr 
SF-3-030 (25µM) SCH-772984 (10µM) 

4 (-) 1 2 4 8 24 

FosB/B2 

c-Jun 

ERK2 

pElk-1 

(S383) 

Elk-1 

(-) 1 2 8 24 hr 
SF-3-030 (25µM) SCH-772984 (10µM) 

4 (-) 1 2 4 8 24 
B. 

D. 

R
e
la

ti
v
e
 l

e
v
e
ls
 

ERK2 

Cleaved 

PARP 

 0 0.5 1 2 4 24 hr 
Exposure time to SF-3-030 

pH3  

(S10) 

E. 

A. B. 



 

96 

 

Other Fos family members, including FosB/B2 and Fra-1 decreased in cells treated with 

SCH772984 (Figure 5.1A). Cells treated with SF-3-030 also showed decrease Fra-1 levels whereas 

FosB/B2 levels transiently decreased followed by an increased after 4 hours as observed with c-

Fos (Figure 5.1A). The levels of c-Myc, a potential target for treating melanoma (279, 280), 

showed a rapid inhibition by SF-3-030 when compared to SCH772984 (Figure 5.1A). 

Interestingly, c-Myc levels increased back to basal levels after 24 hour treatment with SF-3-030 

(Figure 5.1A). However, this dose of SF-3-030 is lethal to ~90% of A375 cells after 48 hours 

exposure (Figure 4.1). A transient increase in the ERK1/2-mediated phosphorylation of Elk-1, a 

ternary complex factor involved in regulating c-fos and other IEG (281), was observed in SF-3-

030 treated cells and correlated with ERK1/2 phosphorylation (Figure 5.1B). However, there was 

no evidence that MEK1/2, the upstream activator of ERK1/2, was activated indicating SF-3-030 

was acting at the level of ERK1/2 (Figure 5.2).  

 

 

 

 

 

 

 

 

The dose-dependent effect of the active compounds SF-3-026 and SF-3-030 on IEG levels 

were examined after a 4 hour exposure. The inactive control, SF-2-110, had no effect on c-Fos, c-

Jun, Fra-1, FosB/B2, or c-Myc levels (Figure 5.1C). In contrast, SF-3-026 and SF-3-030 caused a 

dose-dependent decrease in Fra-1, FosB/B2, and c-Myc protein levels but an increase in c-Jun and 

c-Fos (Figure 5.1C). The increased potency of SF-3-030 in affecting IEG protein levels compared 
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Figure 5.2. SF-3-030 treatment does not increase MEK1/2 phosphorylation. (A) Phosphorylated 

MEK1/2 (pMEK1/2) levels in A375 cells treated with 25 M SF-3-030 for 0 – 4 hours or 1 hour 

treatment with 10µM PLX-4032. The graph shows the ratio of expression of pMEK1/2 to total 

MEK1/2 as separately quantified and determined by ProteinSimple immunoanalysis.  
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to the parent compound SF-3-026 is consistent with our previous studies (238). It is also noted that 

SF-3-030 at a dose near its IC50 (~5 mM) for inhibition of cell proliferation was as potent at 

inhibiting Fra-1 and c-Myc expression as 5 mM doses of AZD6244 or SCH77294 (Figure 5.1C). 

Quantitative analysis of c-Fos, Fra-1, and c-Myc expression levels after exposure with 25µM SF-

2-110 or SF-3-030 is shown in Figure 5.1D. Together, these findings demonstrate that the lead 

compounds can differentially affect ERK1/2-regulated transcription factors.  

It was next determined whether the changes in IEG expression observed after 1-2 hours with 

SF-3-030 (Figure 5.1A) coincided with the exposure time needed to induce an apoptotic response. 

In these experiments, A375 cells were exposed to SF-3-030 for various times, washed to remove 

excess compound, and then incubated with serum-supplemented growth medium for a total of 24 

hrs. Apoptosis was evident after 2 hours exposure to SF-3-030 as measure by the appearance of 

cleaved PARP (Figure 5.1E). This exposure time also coincided with the loss of histone H3 

phosphorylation at Ser10, which is a marker of mitosis and is observed during the transcription of 

selective IEGs in response to ERK1/2 pathway activation (282). Loss of histone H3 

phosphorylation after 2 hours exposure to SF-3-030 suggests that mitotic progression is inhibited 

and that phosphorylation of S10 is dispensable for regulating the transcription of IEG, such as c-

Fos and c-Jun as previously reported (283).  

5.4.2 SF-3-030 regulates ERK1/2-dependent and independent transcription. RNAseq 

analysis was used to measure early changes in gene expression patterns and identify on- and off-

target effects of SF-3-030. Total RNA was isolated from A375 cells treated for 1 hour with an IC90 

dose (25µM) of SF-3-030 or the MEK inhibitor AZD6244 (10 µM) as a positive control for 

ERK1/2 pathway inhibition. The IC90 dose for SF-3-030 was used as it was determined to have no 

general cytotoxicity in LDH assays (Figure A4.7; (284)). Approximately 16,000 transcripts were 
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identified in each condition and statistically significant changes in transcript expression between 

treated and untreated cells were reported. We identified 38 or 68 transcripts in cells treated with 

SF-3-030 or AZD6244, respectively, which showed significant decreases with 12 genes common 

to both treatments (Table A5.1). ERK1/2 pathway targets involved in cell growth and survival that 

decreased with both treatments included c-Myc, CTGF, SOX11, and GATA3. AZD6244 also 

inhibited transcription of c-Fos, Egr-1, and IER3 genes, which are elevated in BRAF V600E 

mutated melanoma cells and may promote ERK-mediated growth of these tumor types (285). The 

inhibition of c-Myc by SF-3-030, AZD6244, and SCH772984 at the RNA and protein levels 

(Figure 5.1) supports a shared mechanism of targeting ERK-mediated signaling by these 

compounds.  

The data also revealed that AZD6244 inhibited many negative regulators of the ERK1/2 

pathway, including Sprouty (SPRY) and dual specificity phosphatases (DUSP) transcripts (Table 

A5.2). SPRY1 was the only negative regulator of ERK1/2 signaling that was inhibited by both 

AZD6244 and SF-3-030 (Table A5.2). Additional growth-related genes that decreased only with 

AZD6244 treatment included regulators of epidermal growth factor (EGF) receptor signaling 

including c-Fos, TGFA, and HBEGF (Table A5.2). In contrast, only SF-3-030 inhibited a unique 

set of growth and angiogenesis promoting genes including CYR61 (also called IGF-binding protein 

10), which may promote tumor progression during hypoxia (286), and BCL6, which has been 

associated with poor overall survival of melanoma patients (287).  

There were 14 or 24 transcripts that increased (>150%) following treatment with SF-3-030 or 

AZD6244, respectively, relative to untreated cells, and only one gene, CHMP4C, was common 

to both treatments (Table A5.1). CHMP4C is involved in sorting and delivery of endosomal 

vesicles to the lysosome and in cell cycle checkpoint control during cytokinesis (288). Several 
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genes upregulated in response to SF-3-030 treatment were consistent with activation of a nuclear 

factor erythroid 2-related factor 2 (NRF2) mediated oxidative stress response pathway. These 

NRF2-responsive genes included heme oxygenase-1 (HMOX1), c-Fos, c-Jun, and DnaJ homolog 

subfamily B member 1 (DNAJB1), which is also known as HSP40 (Table A5.1). HSP40 may 

facilitate the protein chaperone function of HSP70, which also showed a significant increase with 

SF-3-030 treatment.  

Other genes upregulated by SF-3-030 included MAP3K14 (also called NF-kappa-beta-

inducing kinase, NIK), which activates NF-κB and the early growth reponse-1 (Egr-1) 

transcription factor, which may have tumor suppressor functions through regulation of p53 (289). 

Transcripts that increased only in response to AZD6244 treatment included SOX2 and FOXD3, 

which are associated with survival of melanoma-initiating cells, metastasis and drug resistance 

(290, 291). The activation status of the top 50 upstream regulators predicted to be affected 

following treatment with SF-3-030 or AZD6244 was determined using Ingenuity Pathway 

Analysis (IPA) software. Using Z-scores of >2 or <-2 to indicate activation or inactivation, 

respectively, and p values of <0.03, AZD6244 predictably inhibited many regulators of ERK1/2 

and other MAP kinase signaling pathways (Table A5.2). In contrast, SF-3-030 was predicted to 

affect only 6 regulators, including activation of EGR1 as indicated previously (Table A5.2). 

Given some overlap with AZD6244-regulated genes, these data suggest that SF-3-030 treatment 

affects fewer cellular signaling events than AZD6244 and that early MAP kinase signaling 

events largely remain intact.   

5.4.3 SF-3-030 enhances markers of mitochondrial dysfunction and oxidative stress. To gain 

further insight into the mechanism of SF-3-030 inhibition of cell proliferation, we next used high-

resolution liquid chromatography-tandem mass spectrometry to determine the changes in levels of 
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soluble proteins in A375 cells treated for 4 or 12 hours with SCH772984 or SF-3-030. After 4 

hours, 22 (SF-3-030) or 16 (SCH772984) proteins were identified that showed significant (p<0.05) 

changes compared to untreated cells (Table A5.3). A summary of proteins that showed statistically 

significant increases or decreases (≥150%) with SF-3-030 or SCH772984, as compared to 

untreated controls, is shown in table 2A/B. At the 4 hour time point, only one protein, 

adenosylhomocysteinase (AHCY), which regulates the generation of the S-adenosylmethionine 

methyl donor, was inhibited with SF-3-030 or SCH772984 treatment. Proteins that increased after 

exposure to SF-3-030 included the zinc finger protein 774 (ZNF774) that has recently been shown 

to have tumor suppressor functions in hepatocellular carcinoma (292), transcription factor 4 

(TCF4), which regulates cell differentiation, and HMOX1 (Table 2A). SF-3-030 decreased 

cytochrome c-type heme lyase (HCCS) levels suggesting defects in mitochondrial electron 

transport function (Table 5.4A). SCH772984 increased levels of the transmembrane and TPR 

repeat-containing protein 1 (TMTC1), which indicated disruption of calcium homeostasis in the 

endoplasmic reticulum (293), and decreased the tetratricopeptide repeat protein (TTC29) whose 

function is currently unknown (Table 5.4B). 

Table 5.1. High-resolution liquid chromatography-tandem mass spectrometry analysis of proteins 

that increase or decrease >150% following treatment with SF-3-030. (A) or SCH772984 (B) for 4 

hours relative to untreated A375 cells (set at 100%). Protein changes common to both SF-3-030 

and SCH772984 are italicized. 

A. 

Proteins that increase with SF-3-030 % increase 

Zinc finger protein 774 (ZNF774) 1628 

Mediator of cell motility 1 (MEMO1) 1055 

Chromosome 18 open reading frame 17 isoform CRA c (TTC39C) 518 

Unconventional myosin-XVIIIa (MYO18A) 418 
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 *Table 5.1 continued 

Transcription factor 4 (TCF4) 224 

Heme oxygenase 1 (HMOX1) 177 

Proteins that decrease with SF-3-030 % decrease 

Cytochrome c-type heme lyase (HCCS) 335 

Uncharacterized protein KIAA1211 (KIAA1211) 224 

Alpha-actinin-2 (ACTN2) 166 

Adenosylhomocysteinase (AHCY) 153 

 

B.  

Proteins that increase with SCH772984 % increase 

Transmembrane and TPR repeat-containing protein 1 (TMTC1) 515 

SLIT-ROBO Rho GTPase-activating protein 1 (SRGAP1) 147 

Proteins that decrease with SCH772984 % decrease 

Tetratricopeptide repeat protein 29 (TTC29) 244 

Adenosylhomocysteinase (AHCY) 148 
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Table 5.2: High-resolution liquid chromatography-tandem mass spectrometry analysis of proteins 

that increase or decrease >150% following treatment with SF-3-030 (A) or SCH772984 (B) for 12 

hours relative to untreated A375 cells (set at 100%). Protein changes common to both SF-3-030 

and SCH772984 are italicized. 

 

 

A. 

Proteins that increase with SF-3-030  % increase 

Oxidative stress-induced growth inhibitor 1 (OSGIN1) 2104 

Zinc finger protein 774 (ZNF774) 1818 

Transcription factor 4 (TCF4) 1095 

Peroxidasin homolog (PXDN) 943 

Protein MEMO1 (MEMO1) 837 

Chromosome 18 open reading frame 17_isoform CRA_c (TTC39C) 731 

Unconventional myosin-XVIIIa (MYO18A) 450 

Protein SCO2 homolog mitochondrial (SCO2) 389 

Jouberin (AHI1) 312 

Heme oxygenase 1 (HMOX1) 302 

Protein moonraker (KIAA0753) 226 

Ankyrin repeat and SOCS box protein 6 (ASB6) 207 

RalBP1-associated Eps domain-containing protein 1 (REPS1) 198 

Nucleolar complex protein 2 homolog (NOC2L) 173 

Sickle tail protein homolog (KIAA1217) 171 

Condensin-2 complex subunit D3 (NCAPD3) 149 

Proteins that decrease with SF-3-030 % decrease 

Myomegalin (PDE4DIP) 280 

Cytochrome c-type heme lyase (HCCS) 249 

AP-1 complex subunit mu-1 (AP1M1) 224 

Cyclic nucleotide-gated cation channel beta-1 (CNGB1) 211 

Forkhead box protein R2 (FOXR2) 176 

Glutamate receptor-interacting protein 2 (GRIP2) 172 

SUN domain-containing protein 1 (Fragment) (SUN1) 168 

Probable ribosome biogenesis protein RLP24 (RSL24D1) 166 

Uncharacterized protein KIAA1211 (KIAA1211) 162 

Integrator complex subunit 2 (INTS2) 151 
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B. 

 *Table 5.2 continued 

Proteins that increase with SCH772984 % increase 

Forkhead box protein D3 (FOXD3) 3288 

Plakophilin-2 (PKP2) 476 

Polyadenylate-binding protein 3 (PABPC3) 285 

WD repeat-containing protein 59 (WDR59) 276 

Protein SCO2 homolog mitochondrial (SCO2) 269 

Transcription factor 4 (TCF4) 264 

Uncharacterized protein KIAA1211 (KIAA1211) 184 

HBS1-like protein (HBS1L) 171 

Protein disulfide-isomerase A3 (Fragment) (PDIA3) 161 

Glutamine--fructose-6-phosphate aminotransferase 2 (GFPT2) 148 

Proteins that decrease with SCH772984 % decrease 

Voltage-dependent L-type calcium channel subunit beta-4 (CACNB4) 265 

Phosphodiesterase 5A cGMP-specific isoform CRA_a (PDE5A) 218 

Replication factor C subunit 4 (RFC4) 208 

mRNA cap guanine-N7 methyltransferase (RNMT) 188 

Probable phospholipid-transporting ATPase IH (ATP11A) 182 

Transcription factor AP-2-alpha (TFAP2A) 174 

Probable ribosome biogenesis protein RLP24 (RSL24D1) 170 

Decorin (DCN) 168 

Hexokinase-2 (HK2) 160 

1-acylglycerol-3-phosphate O-acyltransferase ABHD5 (ABHD5) 159 

Collagen alpha-1(I) chain (COL1A1) 148 

 

After 12 hours, 44 and 48 proteins showed significant changes (p<0.05) with SF-3-030 and 

SCH772984 treatment, respectively, as compared to untreated cells (Table A5.4). Proteins that 

increased or decreased ≥150% with SF-3-030 or SCH772984 treatments relative to untreated 

controls are shown in Tables 5.5A or B, respectively. Common to SF-3-030 or SCH772984 

treatments was increased levels of TCF4 and cytochrome c oxidase assembly protein (SCO2) and 
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decreased levels of a protein involved in ribosome biogenesis (RSL24D1). SCO2 has been 

associated with  p53-mediated apoptosis signaling pathways through the generation of ROS (294).   

Unique to SF-3-030 was a significant increase in the oxidative stress-induced growth inhibitor 

1 (OSGIN1) protein (Table 5.5A), which is regulated by oxidized lipids and NRF2 during 

oxidative stress to promote cytochrome c release from mitochondria (295). MEMO1, a protein 

involved in the sustained production of ROS (296), was also increased in cells exposed to SF-3-

030 (Tables 5.4A and 5.5A). As was observed after 4 hours, HCCS levels were also decreased 

after 12 hour exposure to SF-3-030 (Tables 5.4A and 5.5A) further supporting compromised 

mitochondria function. Together, these findings indicate SF-3-030 induced signaling events that 

reduce mitochondrial function and increase ROS. After 12 hours exposure to SCH772984 a 

significant induction of the Forkhead box protein D3 (FOXD3) was observed (Table 5.5B) and is 

consistent with previous studies that show upregulation of this protein promotes resistance to Raf 

and MEK inhibitors (291).  

Based on the observed changes in protein levels, IPA pathway analysis suggested a potential 

role for SF-3-030 induction of NRF2-mediated oxidative stress response and heme degradation in 

agreement with mitochondrial dysfunction as suggested by the RNAseq analysis. These findings 

are consistent with previous studies that implicate the ERK1/2 pathway in regulating oxidative 

phosphorylation in melanoma cells and the induction of ROS following treatment with inhibitors 

of BRAF and MEK1/2 (297-299). Immunoblot analysis confirmed that SF-3-030 treatment rapidly 

induced NRF2 levels that were sustained for at least 24 hours and that NRF2 induction could be 

inhibited by co-treatment with the ROS inhibitor N-acetylcysteine (NAC) (Figure 5.3A/B).  
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Figure 5.3. SF-3-030 induces NRF2 levels. (A) Immunoblot analysis of NRF2 in A375 cells treated with 

10 M SCH772984 or 25 M SF-3-030 for 0-24 hours. (B) NRF2 levels in A375 cells treated with 25 M 

SF-3-030 plus or minus 5 mM N-acetyl cysteine (NAC) for 0, 1, or 4 hours. Non-specific bands that cross-

react with the NRF2 primary antibody are indicated (ns) for panels A and B. The graph in panel C shows 

the densitometry quantitation of NRF2 under the conditions described in (B). Mean and STD are from three 

independent experiments. *indicates statistical significance compared to SF-3-030 treatment only (p<0.05). 

The numbers in each immunoblot represent the relative levels of protein, normalized to α-tubulin, as 

determined by densitometry. Molecular weight markers are indicated on the left of each immunoblot. 

 

5.4.4 SF-3-030 inhibition of A375 cell proliferation is dependent on ROS induction but 

independent of NRF2. The transcriptome and proteome data provided evidence for the 

generation of ROS in cells treated with SF-3-030. We confirmed the increased ROS production 

in A375 cells after a 1 hour treatment with SF-3-030, which was partially inhibited by co-

treatment with several ROS inhibitors (Figure 5.4A). NAC was the only ROS inhibitor that 

restored A375 cell proliferation in the presence of SF-3-030 (Figure 5.4B). Similarly, only NAC 

reversed SF-3-030 induction of c-Fos (Figure 5.4C). While these data indicate that NAC may 

mitigate ROS production by SF-3-030 to restore A375 cell proliferation, there was also the 

possibility that NAC directly forms adducts with SF-3-030, which would reduce the compound’s 

effective concentration and biological activity. However, using thin layer chromatography to 
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separate compounds, we found no evidence that NAC directly interacted with SF-3-030 

following a 1 or 24 hour incubation in both PBS and methanol solvent systems (data not shown).  

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. SF-3-030 induction of ROS mediates inhibition of A375 cell proliferation. (A) ROS was 

measured by CellROX Deep red reagent fluorescence in A375 cells treated with 25 M SF-3-030 in the 

absence (white bars) or presence (black bars) of the following ROS inhibitors (ROSi); 10 mM sodium 

pyruvate (Na Pyr), 100 mM mannitol (Mann), or 10 mM N-acetyl cysteine (NAC) for 60 minutes. Graphs 

represent three independent experiments and each data point represents the average ± STD from 3 wells 

with 4 fields of view per well, with each field containing between 500-1000 cells. Statistical significance 

was determined within each experiment (* and ** represent p<0.05 and p<0.01, respectively). (B) A375 

cell viability was measured after 48 hours in untreated or SF-3-030 treated cells in the absence (white bars) 

or presence (black bars) of the ROS inhibitors at the concentrations described in panel A. The mean and 

STD for cell proliferation are from three independent experiments. ** indicates statistical significance 

(p<0.01) compared to SF-3-030 treatment only. (C) Relative levels of c-Fos after 4 hours treatment with 

SF-3-030 alone (white bars) or in combination with the indicated ROS inhibitors (black bars) at the 

concentrations indicated in panel A. Relative c-Fos levels were determined by ProteinSimple 

immunoanalysis and normalized to total -actin. 
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Induction of NRF2 has been implicated in protecting against oxidative stress induced by 

anti-cancer drugs and may contribute to drug resistance (300). To assess whether NRF2 

induction protected cells from SF-3-030 inhibition, we co-treated A375 cells with the NRF2 

inhibitors, ML-385 or brusatol (301-303). SF-3-030 and sulforaphane, as a positive control, 

induced NRF2 and target genes such as NQO1, HMOX-1 and OSGIN1 (Figure 5.5A and Figure 

5.6A).  
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Figure 5.5. NRF2 inhibitors do not affect SF-3-030 inhibition of A375 cell proliferation. (A) A375 

cells were treated for 8 hours with 25 µM SF-3-030 in the absence or presence of ML-385 (50 µM) or 

brusatol (Bru; 30 nM). Lysates were immunoblotted for relative levels of NRF2, NQO1, HOMX-1 and 

OSGIN1 as shown. The numbers in each immunoblot represent the relative levels of protein, normalized 

to ß-actin, as determined by densitometry. Molecular weight markers are indicated on the left of each 

immunoblot. (B) A375 cell viability with varying doses of ML-385 or (C) brusatol. (D) Cell viability 

with varying doses of SF-3-030 in the absence (white bars) or presence (black bars) of 50 µM ML-385. 

(E) Combination index with varying doses of SF-3-030 and brusatol. Untreated control cells are indicated 

with a striped column. Relative cell viability was measured after 48 hours and data are representative of 

two independent experiments.   

 

As compared to sulforaphane, SF-3-030 induced a more robust and sustained induction 

of HMOX-1 indicating qualitative differences in NRF2 activators. Brusatol was a potent 

inhibitor of SF-3-030 or sulforaphane induction of NRF2 and its target genes. Although ML-385 

inhibited HMOX-1 induced by sulforaphane after 24 hours (Figure 5.6B), it was not as effective 

as brusatol at inhibiting NRF2 signaling induced by SF-3-030 (Figure 5.5A).  

ML-385 had no effect on cell proliferation up to 50 µM, however brusatol inhibited A375 

cells in a dose dependent manner (Figure 5.5B/C). Co-treatment with brusatol or ML-385 had 

little effect on SF-3-030 or sulforaphane inhibition of A375 cell proliferation, indicating NRF2 

induction was dispensable for the cell response to these compounds (Figure 5.5D/E, Figure 

5.6C/D). Dose-dependent inhibition of A375 cells by sulforaphane or brusatol alone supports the 

high sensitivity these cells have to fluctuations in ROS (304). SF-3-030 also did not induce the 

expression of NRF2-regulated genes (Figure 5.7). Together, these data indicate that SF-3-030-
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mediated inhibition of A375 melanoma cell proliferation is through a mechanism that is ROS-

dependent, and NRF2-independent.  

 

 

Figure 5.6. NRF2 inhibitors do not affect sulforaphane inhibition of A375 cell proliferation. (A) 

Immunoblots of NRF2, NQO1, HMOX-1, and OSGIN-1, normalized over ß-actin (control); lysates from 

A375 cells treated with 25 M SF-3-030 in absence or presence of 50 µM ML385 or 30 nM brusatol 

(Bru) for 8 hours. (B) Immunoblots of NRF2, NQO1, and HMOX-1 of A375 lysates in the presence or 
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absence of 50 µM ML385, 10 µM sulforaphane (SFN), or 25 µM SF-3-030 for 24 hours. The numbers in 

each immunoblot represent the relative levels of protein, normalized to ß-actin, as determined by 

densitometry. Molecular weight markers are indicated on the left of each immunoblot. (C) Cell viability 

with varying doses of sulforaphane in the absence (white bars) or presence (black bars) of 50 µM ML-

385. (D) Combination index with varying doses of sulforaphane and brusatol. Relative cell viability was 

measured after 48 hours, and data are representative of two independent experiments. Untreated control 

cells are indicated with a striped column.  

 

Figure 5.7 Effects of SF-3-030 on NRF2 regulated proteins. (A) Immunoblots of GCLC, 

AKR1B10, G6PD, TXNRD1, xCT normalized over ß-actin (control), as well as lysates over-

expressing the genes as a positive control; lysates from A375 cells treated with 25 M SF-3-030 in 

absence or presence of 30 nM brusatol (Bru) for 8 hours.     
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5.5 Discussion 

The second objective of the current aim was to evaluate global effects of SF-3-030 on gene 

and protein changes to gain insight into this chemical scaffold’s mechanism of action. The 

transcriptome and proteome data show that the overall number of genes and proteins affected by 

the lead compound, SF-3-030, are less than or similar to the number of proteins targeted by known 

ERK1/2 or MEK1/2 ATP competitive or catalytic site inhibitors. Similar to the ATP-competitive 

ERK1/2 pathway inhibitors, SF-3-030 appears to be more selective for cancer cells containing 

constitutively activating ERK1/2 pathway mutations. While rapidly dividing cells are typically 

more sensitive to anti-cancer drugs, SF-3-030 effects on a select number of cells with activating 

ERK1/2 pathway mutations were shown to be independent of cell doubling times. Although further 

studies with additional cell lines will be needed to verify this observation, these data indicate that 

off-target effects on non-transformed cells may be limited.  

There is the potential that SF-3-030 forms a covalent adduct with KEAP1 the negative 

regulator of NRF2. KEAP1 has up to 21 cysteine residues that may be modified by chemical 

stressors to relieve KEAP1 inhibition and allow NRF2 activation (305). Sulforaphane, which 

modifies KEAP1 on C151 to activate NRF2, showed qualitative differences in the expression of 

NRF2-regulated genes as compared to SF-3-030 (Figure 5.5 and Figure 5.6). It will be interesting 

to evaluate whether SF-3-030 also modifies KEAP1 cysteine residues and how they impact NRF2 

functions. As indicated in the current studies, SF-3-030 induction of NRF2 did not appear to affect 

A375 cell proliferative responses to SF-3-030. 

Transcriptome and proteome analyses indicated that SF-3-030 induced rapid changes in the 

levels of ERK1/2 regulated transcription factors consistent with an oxidative stress response. 

Transcription factors such as c-Fos and c-Jun are elevated in response to oxidative or metabolic 
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stress (306) and ROS-mediated induction of ERK1/2 can enhance Elk-1 mediated transcription 

and c-Fos expression (307). It was intriguing that SF-3-030 caused a robust induction of c-Fos but 

inhibited c-Myc protein levels (Figure 5.1) and that these changes occurred at the level of 

transcription (Table A5.1). Other examples where proteins levels increase due to SF-3-030 

induction of transcription include c-Jun and HMOX1. In contrast, SF-3-030 also inhibited Fra-1 

levels but there was no evidence this occurred through effects on transcription (Figure 5.1 and 

Table A5.1). It is possible that the 1 hour time point used to evaluate transcriptome changes by 

RNAseq did not capture changes in Fra-1 transcription. The expression of Fra-1 and other Fos 

family proteins are regulated by c-Fos and subsequent AP-1 complex activity (308). However, c-

Fos induction in the current studies does not correlate with increased AP-1 activity, which we 

previously showed to be inhibited by SF-3-030 (238, 284). While apoptosis can be induced by c-

Fos induction (309), further studies will be needed to clarify the requirement for c-Fos expression 

in SF-3-030 mediated cell death in the absence of AP-1 activity. 

Further experiments to characterize the activity of ERK and the effect SF-3-030 has on ERK-

localization may include determining the nuclear localization of ERK2 and whether the protein, or 

the affected ERK-dependent IEGs, have differential transcriptional/DNA-binding capabilities 

using chromatin immunoprecipitation assays (Ch-IP). These experiments will help catalogue the 

changes in protein binding with various DNA sequences as a result of SF-3-030 treatment.  

ERK1/2 activation increases the expression of c-Myc (310), which can protect melanoma cells 

against oxidative stress (311). SF-3-030 mediated downregulation of c-Myc is a potential 

mechanism for elevated ROS since c-Myc regulates the synthesis of antioxidants such as 

glutathione (312). Following exogenous hydrogen peroxide-induced oxidative stress, ERK1/2 

phosphorylation of c-Myc at serine 62 facilitates c-Myc recruitment to the -glutamyl-cysteine 



 

113 

 

synthetase (-GCS) promoter and the expression of -GCS, the rate limiting enzyme involved in 

glutathione synthesis (311). Targeted inhibition of c-Myc with ERK1/2 pathway inhibitors is a 

suggested approach to decrease the proliferation of melanoma cells and overcome drug resistance 

(280, 313). 

The role of reactive oxygen species (ROS) in promoting or inhibiting cancer cells is subject to 

debate and there is evidence to support that either increased or decreased ROS production can 

sensitize cancer cells to growth inhibition and cell death (314, 315). While the use of anti-oxidant 

strategies may protect against some cancers (314), there are limited clinical data that supports the 

beneficial effects of using anti-oxidant supplements to reduce the risk of developing cancer (316). 

However, the mechanisms used by many anti-cancer drugs to kill cells involves increased 

oxidative stress (314). In untreated cancer cells, intracellular ROS has been shown to activate Nrf2, 

and subsequently activates ERK1/2 through Krupple like factor 9 (317). Melanocytes and 

melanoma cells are particularly sensitive to ROS, and the ROS dose will likely determine whether 

cells are able to adapt or will die (304). Additional evidence supports the use of oxidative stress to 

inhibit melanoma cell metastasis, and the antioxidant NAC has been shown to reverse and rescue 

metastatic capability (318). While ROS activation may not be sufficient to inhibit all cancer cells, 

enhanced ROS production may also play a role in improving anti-cancer efficacy of combination 

therapies (319). Recent data suggests that therapeutic approaches that increased ROS may be 

beneficial to patients who have developed resistance to BRAF and MEK1/2 inhibitors (320).   

The types of ROS and source can determine the targets oxidized within the cell (321), and 

future experiments for this class of inhibitors would benefit from identifying what species of ROS 

are being generated and from what organelles ROS are originating. Given that CellROX reagents 

detect total ROS generated throughout the cell, one method to clarify is with mitochondrial-
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targeted ROS detectors, such as Mito-SOX and Mito-TEMPO, which detect superoxides, hemes, 

and single-electron oxidizing agents in the mitochondria or neutralize mitochondrial-specific 

superoxides, respectively (322). Further studies can also include the use of additional cell lines 

(such as the NRAS-mutated SKMEL cell lines) with constitutive ERK-activity, to document any 

signaling changes that occur using SF-3-030, as well as treatment with SF-2-110 as a negative 

control. In particular, these studies will serve to catalogue whether similar phenotypic responses 

(such as ROS) are achieved through the use of this compound and whether there is a dependence 

on ERK-mutated signaling and if similar changes in IEGs and proteomics are observed.  

The selectivity of SF-3-030 towards cancer cells with activating ERK1/2 pathway mutations 

supports the idea that exploiting ROS homeostasis may be therapeutically beneficial in some 

cancers. While upregulation of ROS may provide a survival advantage in melanomas that are 

resistant to ERK1/2 pathway inhibitors, additional increases in ROS with histone deacetylase 

(HDAC) inhibitors promoted an apoptotic response in these cells (320). Further studies will be 

needed to determine whether SF-3-030 induces DNA instability and ROS production like HDAC 

inhibitors. DNA damage may induce the ROS-responsive tumor suppressor OSGIN1 protein to 

enhance apoptosis in osteosarcoma cells through a mechanism involving p53 disruption of 

mitochondria functions and cytochrome c release (323). Although SF-3-030 induced OSGIN1 

levels, inhibition of OSGIN1 with the NRF2 inhibitor brusatol did not affect SF-3-030 inhibition 

of A375 cell proliferation (Figure 5.5E). Taken together, the current studies provide mechanistic 

support to evaluate how ROS production by SF-3-030 and related compounds can be used as an 

approach to inhibit the proliferation of cancers cells with activating mutations in the ERK1/2 

pathway.   
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Chapter 6. Conclusions and Future Directions 

The overarching goal of this project was to explore vulnerabilities in BRAF-mutated 

melanoma cells in the context of the ERK-pathway, and exploit those vulnerabilities with novel 

and better targeted therapeutic interventions. Chapter 1 discussed how MAP kinases play a role in 

cancers, including melanoma, and mechanisms of resistance that have been a feature of clinically-

used treatments. In chapter 2, we determined that BRAF-mutated (A375) melanoma cells 

differentially employ proteomic mechanisms in BRAF/MEK inhibitor (PLX/AZD) resistant cells. 

Within monolayer cell culture models, mostly signaling changes were observed, while in three-

dimensional spheroid models, changes in metabolism were observed via mass spectrometry. These 

findings led to chapter 3 investigations into actionable treatments for dual-inhibitor resistance, 

where we found that niclosamide had sensitizing but not synergizing effect on cell viability in 

PLX/AZD resistant melanoma cells. The work in chapter 4 then delved into alternatives for 

treating BRAF-mutated melanoma cells, where we found that a novel ERK2-targeting compound 

(SF-3-030) was able to covalently bind to ERK2 via a cysteine near the F-recruitment site of the 

protein. Finally, in chapter 5, we established that the compound SF-3-030 was able to inhibit cell 

growth and viability by initiating mechanisms of oxidative stress that were mediated by reactive 

oxygen species and independent of the protein NRF2.   

 While the focus of this study was how the ERK-pathway can be targeted in the context of 

melanoma, the findings both corroborate previous findings and are likely applicable to other ERK-

pathway driven cancers. The use of three-dimensional spheroids as a culture model in chapter 2/3 

show particular promise in reflecting mechanisms of resistance in cancers, and will likely expand 

the array of targetable biomarkers as studies develop (324). The studies in chapter 2/3 also establish 

a mechanistic dataset for only a single combination of therapies, meaning that various other 
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combinations of BRAF/MEK inhibitors may yield different proteomic profiles and resistance 

mechanisms, and should be further explored. In addition, comparative phosphoproteomic 

techniques can provide a granular look into the particular signaling perturbations an inhibitor has 

in cellulo, and advise on adverse effects with the use of new inhibitor combinations (325). 

 It is perhaps serendipitous that the main proteomic changes we found in PLX/AZD-

resistant melanoma cultured monolayers had distinct differences from the metabolic changes that 

were observed in spheroids, with very little overlap in observed protein changes (Chapter 2). 

Individually, these pathways, such as enhanced TGFß (326) and PI3K/AKT (327) signaling in 

monolayers and oxidative phosphorylation (193) in spheroids, have been documented as changes 

observed in metastatic melanoma. Many other cancer models have observed differences in protein 

changes based solely on the culture method, giving credence to the necessity of comparative 

methods and multiple culture systems to validate the significance of an actionable biomarker (328). 

The use of more than one culture model will likely prevent the omission of credible therapeutic 

targets moving forward. The findings in Chapter 2 offered several proteomic changes in dual-

resistant spheroids that could serve as additional targets in combination therapies. This is 

especially important given that the high degree of homology across multiple families of kinases 

limits the successful identification of ATP-competitive analogs with selectivity for a single kinase 

(59). Many of the enzymes identified in our studies are structurally unique, offering the chance for 

novel chemical compounds with low off-target activity.   

 One important further avenue of investigation is the utilization of a co-culture assay with 

spheroids and either epithelial or epidermal cells. Techniques already exist in the co-culture space 

that analyze the invasion of cells between two-dimensional chambers as the cross an intermediate 

epithelial cell membrane (329). More advanced techniques have allowed analysis of invasion 
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characteristics in spheroids, including embedding spheroids in Matrigel solid matrices and 

observing invasive progression via microscopy (330). Other studies utilize spheroids that are 

surrounded with media isolated from macrophage cultures, to determine how components of the 

media affect the interplay between tumor cells and the tumor microenvironment (331). It has also 

been suggested and studied that different cell types employ different spheroidal architectural 

structures that can affect their invasive capabilities (332). These tools will likely further the 

biophysical understanding of PLX/AZD-resistant spheroids and how they interact in more in vivo 

like conditions that mimic the tumor microenvironment.  

The immune-invasive phenotypes observed in monocultures (Chapter 2) suggest future 

studies to co-culture both dual-resistant monolayers or spheroids with macrophage or leukocytic 

cells to further determine how activated invasive signaling interplays with immune responses, and 

how they may respond to potential immunotherapies. Dual-inhibitor use in tandem or sequential 

to immunotherapies, such as checkpoint blockade drugs against PD-L1/CTLA4, have been studied 

in a variety of clinical trials, and indicate the use of dosing regimens that are tumor-biology 

specific.(333) Alternatively, more recent RAF inhibitors have been shown to sequester MEK from 

ERK by locking in RAF/MEK dimers, encouraging intratumoral preservation of active CD8+ T 

cells after PD-1 checkpoint blockade.(334) This is relevant given previous work has identified the 

expression of invasion markers like Annexin A6 in progressing tumors from a benign to more 

malignant phenotype, (335) and was observed upregulated in both our models.  

Covalently modifying inhibitors are also proving to show promise as a drug option for 

protein kinases as selectivity, reactivity, and efficacy of electrostatic and covalent moieties 

improve (336). Perhaps the oldest covalent modifier, aspirin irreversibly targets cyclooxygenase 

by causing acetylation of a serine near the protein’s active site (337). Regarding protein kinases, 
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several inhibitors have been designed to target specific mutations, such as the T790M activating 

mutation on EGFR and Bruton’s tyrosine kinase, with varying reliabilities when comparing the 

benefit-to-risk assessment based on off-target effects (338). Downstream kinases such as the 

ERK1/2-sustrate p90 RSK have garnered renewed interest since inhibition produces less off-target 

activity given its lighter portfolio of interacting partners (338).  

Chief among the decisions for designing covalent modifiers for a biological target are 

whether the benefits of improved strength and durability of binding outweigh the risk of off-target 

interaction. This can depend on how crucial the protein’s functions are to the cell and whether the 

protein has a high turnover rate in degradation and expression (54). One method to determine the 

off-target activity of a compound is a Activity Based Protein Profiling assay (ABPP), where the 

protein of interest is chemically-labeled with probes that can be visualized microscopically, and 

the protein activation state and putative biding regions can be monitored for binding kinetics and 

efficiency (54).  The evidence we obtained suggesting that a leaving group is generated via Michael 

addition supports novel chemical approaches functionalizing covalent inhibitors to increase 

specificity, and can and should be tracked itself for any off-target interactions systemically (339). 

Structural effects should be anticipated with the use of any covalent modifying inhibitors as well, 

and the use of biophysical techniques such as hydrogen-deuterium mass spectrometry (HDX-MS) 

may be an especially applicable tool for the study of these compounds given its utility in 

determining solvent accessibility and domain flexibilities over time (340). A logical next analysis 

for SF-3-030 would be to determine whether the compound locks ERK2 into a particular 

conformation or simply blocks substrate interactions. A preliminary time course analysis via intact 

mass spectrometry was performed in Appendix 4 to generate a picture of modifications over time, 

which can be used in preparation for HDX-MS. Animal models may serve as another method to 
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not only analyze systematic toxicity and off-target effects of an inhibitor, but also determine 

immunogencity of covalent modifications and specificity for protein targets by comparing effects 

in related models (rats, mouse, rabbits, etc.)(337).  

Alternatively, reversible covalent inhibitors may provide the same ability to block specific 

substrates from binding without the same potential for off-target effects (341). More in depth 

comparisons between reversible and irreversible inhibitors are currently being investigated to 

characterize the binding kinetics and stability of bonds over time, and are finding that by and large, 

covalent inhibitors show greater protein stability and binding energetics, reducing the potential for 

therapeutic resistance (341).  The compound we studied likely had low cytotoxicity as well, given 

that LDH release was minimal in biologically utilized doses across all cell lines (Figure A4.7). The 

fact that the compound targets the F-site of the ERK2 protein also offers the possibility at 

circumventing resistance mechanisms attributed to mutations at the level of ERK. A growing body 

of research is studying the prevalence of ERK mutations and finds that a prevalent mutation is a 

E322K residue replacement, as well as D321N change that allows for increased activity in cells 

and the evasion of ERK-inactivation by dual-specificity phosphatases (342). Studies have also 

shown that these mutations increase resistance to pathways inhibitors in tumors (343).  Allostery 

aside, inhibition at the level of ERK is proving to be a powerful tool in the therapeutic toolbox 

against melanoma. The ERK inhibitor ulixertinib has shown both tolerability and activity in a 

dose-escalation study of patients who failed BRAF-MEK therapy, and given the documented 

selective pressures in monotherapy regimes, is likely to be utilized in combination treatments for 

BRAF-mutated melanomas moving forward (344). 

A main goal of this study was to test whether a novel in silico-identified compound, SF-3-

030, had function-selective capabilities to block ERK2 function in melanoma cells. The Shapiro 
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group has identified several inhibitors of ERK1/2 with various characteristics, including ATP-

competitive functions, allosteric or function-selective (Type III and IV) kinase inhibition, and 

covalent (Type VI) modification and inhibition. The appendices that follow provide further 

background into the functions of kinases in cellular biology, types of kinase inhibitors that exist to 

target these kinases in the context of disease, additional biological kinases of interest to target, and 

what new considerations are needed in the process of drug design and development. The first three 

appendices are chapters from the book Next Generation Kinase Inhibitors: Moving Beyond the 

ATP Binding/Catalytic Sites” Ed. Paul Shapiro, Springer 2020 (Appendix 1,2,3), which we in the 

Shapiro Lab worked collaboratively on to provide insight for future kinase researchers on the 

approaches being employed to inhibit kinases beyond ATP-competitive inhibition. Appendix I 

contains a historical primer into kinase research, their function in signaling, and previous 

approaches at kinase inhibition (345). Appendix 2 discusses the different mechanisms of action of 

kinase inhibitors, with particular focus on Types III, IV, V, and VI inhibitors that avoid binding to 

the ATP binding/catalytic site, including examples of current inhibitors in development (346). 

Appendix 3 delves into the structural features that characterize specific protein-protein interactions 

between kinases and substrates that could be used in the process of designing inhibitors and 

targeting for blocking substrate interactions unique to disease states (functional-selectivity) 

without complete shutdown of kinase function (347).   

Appendix 4 delves further into additional data that did not make its way into our publication 

on the ERK2 inhibitor, including how SF-3-030 binds to but does not have an adverse effect on a 

related kinase pathway, p38 β. The appendix also contains information on experiments that showed 

that the types of in vitro modification of ERK2 can be directed by the stoichiometry, temperature, 

and incubation time with ERK2. The chapter also discusses the potential for SF-3-030 to avoid 
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initiating a gene well documented for its role in resistance, the lack of cytotoxicity of SF-3-030, 

and how SF-3-030 shows similar cell viability in PLX/AZD-resistant cells. Appendix 5 contains 

both transcriptomic and proteomic data that drove our conclusions of oxidative stress as a driver 

in SF-3-030-treated melanoma cells. Finally, Appendix 6 contains the full listing of genes 

identified in Chapters 2 and 3 regarding changes in PLX/AZD-resistant melanoma monolayers 

and spheroids via mass spectrometry.  

Overall, the studies presented in this thesis provide a framework for identifying why 

melanoma cells develop resistance to certain therapies, what models can be utilized to identify 

these mechanisms and target resistance, and offers an alternative method of intervention by 

characterizing the structure-activity relationship and mechanism of action of a covalent, 

functional-selective inhibitor of ERK2. Together this work changes how we think about targeting 

BRAF-mutated melanomas, and what options we have to address ERK-pathway driven cancers. 
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Appendix 1. Introduction to Kinases, Cellular Signaling, and Kinase Inhibitors5 

 
Abstract 

Protein kinases are essential regulators of cellular functions and responses to extracellular signals. 

Through phosphorylation of substrates, protein kinases control cell proliferation and survival. 

Proliferative disorders, such as cancer, are often observed to have excess protein kinase activity 

due to genetic mutations. Thus, the development of specific drugs to inhibit protein kinases in 

cancer cells has been a major goal of academic and pharmaceutical industry research during the 

last three decades. This chapter will provide a brief historical overview of groundbreaking 

discoveries describing the importance of protein kinases and the identification of clinically 

relevant kinase inhibitors. An outline of protein kinase classes, signaling pathways, and structural 

features will introduce current kinase inhibitor approaches and provide the rationale for identifying 

alternative approaches to block excess protein kinase activities that promote disease. 

Keywords Kinase, Inhibitors, Disease, Drug Discovery 

Historical Overview of Protein Kinases and Targeted Inhibition 

Kinases, derived from the Greek word kinein meaning “to move,” are ubiquitous enzymes 

that have become prominent therapeutic targets in the treatment of a variety of diseases. Kinase 

enzymatic activity is in every cell of every species and facilitates physiological responses to both 

intracellular and extracellular signals. Through the process of phosphorylation, kinases move or 

transfer cellular information that regulates a variety of other proteins essential for the survival of 

the organism. The presence and appreciation of phosphorylated proteins and their importance in 

biological processes began in the early 1900s. It was in Phoebus Levene’s laboratory at the 

Rockefeller Institute for Medical Research where phosphorylated serine residues were identified 

 
5 Shapiro P.; Martinez R.; Defnet A. Introduction to Kinases, Cellular Signaling, and Kinase Inhibitors. In: Shapiro 

P. (eds) 2020. Next Generation Kinase Inhibitors. Springer, Cham. https://doi.org/10.1007/978-3-030-48283-1_1 
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on the proteins casein and phosvitin, which are abundant in milk and egg yolks, respectively (348). 

Subsequently, in the 1940s, Gerty and Carl Cori’s research at Washington University in St. Louis 

discovered active and inactive forms of the phosphorylase enzymes that transfer inorganic 

phosphate to acceptor molecules and are involved in the process of glycogen metabolism. Cori’s 

research was awarded a Nobel Prize in Physiology or Medicine in 1947 and provided the 

foundation for understanding the process of reversible phosphorylation (349). Following this 

award, the significance of the enzymatic activity of kinases and the process of phosphorylation 

received a significant boost from the pioneering work of George Burnett and Gene Kennedy at the 

University of Chicago. Their 1954 publication in the Journal of Biological Chemistry conclusively 

demonstrated that rat liver mitochondria extracts contained a protein enzymatic activity, which the 

authors referred to as a phosphokinase, that extracts a phosphate group from the energy molecule 

ATP and covalently links it to another protein (350). These studies revealed a new area of biology 

that describes how cells use the mineral phosphorus, and its biological form phosphate, to convey 

information and regulate biological molecules via phosphorylation to accomplish specific cellular 

functions.  

Subsequent discoveries by Edmond Fischer and Edwin Krebs in 1956, at the University of 

Washington, demonstrated that kinases regulate protein functions in response to extracellular 

signals and that kinase-mediated phosphorylation events are reversible (351). The significance of 

the work by Dr. Fischer and Dr. Krebs, who had trained in the previously mentioned Cori 

laboratory, was recognized with the Nobel Prize in Physiology or Medicine in 1992. The balance 

between the activities of kinases that mediate phosphorylation and phosphatase enzymes that 

facilitate de-phosphorylation is essential for regulation and maintenance of most cellular functions. 

There are numerous genetic alterations, which will be highlighted in subsequent chapters, 
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responsible for dysregulated kinase activity and the disruption of the balance between 

phosphorylation and dephosphorylation events. These dysregulated phosphorylation events alter 

the steady state, or homeostasis, of cellular functions and, ultimately, contribute to the pathology 

of a variety of diseases.  

Over the last several decades, a vast amount of research has discovered and described 

specific kinases and their functions in regulating specific physiological functions. These findings 

have revolutionized our understanding of the role of kinases in disease processes and the 

development of kinase-specific drug therapies. In most cases, the therapeutic objective is to inhibit 

constitutively active kinase activity found in proliferative disorders, like cancer. Despite a detailed 

understanding of kinase structures and functions, as well as the availability of potent and selective 

kinase inhibitors, the ability to achieve sustained patient responses to most of the current kinase 

inhibitors is limited. This raises the questions of how much is really known about the regulation 

of kinases in complex biological systems and their role in regulating disease. Furthermore, the 

multifaceted nature of diseases like cancer may limit the use of potent and selective kinase 

inhibitors that only target one aspect of the disease but allow compensatory kinase signals that 

protect cancer cell proliferation and survival. In contrast to the development of very selective 

kinase inhibitors, there is growing interest in developing inhibitors that target multiple kinases 

simultaneously or polypharmacologic properties that are uniquely effective against several 

dysregulated kinases associated with specific diseases (352). 

The first, and arguably most successful, program to develop specific small-molecule kinase 

inhibitors to treat a specific type of cancer was realized by Drs. Nicholas Lydon and Brian Druker 

in the 1990s with the drug imatinib for the treatment of chronic myelogenous leukemia (CML) 

(353). It was well known that CML cells contained a genetic translocation resulting in the fusion 
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of the breakpoint cluster region (BCR) gene on chromosome 22 with the Abelson tyrosine kinase 

(ABL) gene from chromosome 9. The resulting BCR-Abl fusion protein is constitutively active, 

and this mutant tyrosine kinase drives the proliferation of white blood cells in nearly every CML 

patient. Dr. Druker hypothesized that BCR-Abl is a viable drug target and that inhibition of BCR-

Abl would improve the therapeutic outcomes of CML patients. Dr. Lydon, working on drug 

discovery programs at Ciba-Geigy (now part of Novartis), provided the compound STI571, also 

referred to as imatinib mesylate (brand name Gleevec® or Glivec®), which is an ATP competitive 

inhibitor of BCR-Abl and other tyrosine kinases. As Drs. Lydon and Druker pointed out, there was 

skepticism from other scientists and the pharmaceutical industry that specific kinases inhibitors 

could be developed and that targeted inhibition of a single kinase would be effective against cancer 

cells with multiple genetic defects (354). However, the results of the first clinical trials in 1998 

and 1999 testing imatinib in CML patients had remarkable outcomes with almost every patient 

showing improvement. Moreover, the patients had very few side effects and a 5-year follow-up 

showed patient survival approaching 90% compared to 50% for patients on traditional 

chemotherapies (354). While the success of imatinib in treating CML patients could be partially 

attributed to its off-target effects on other tyrosine kinases, these groundbreaking trials provided 

the justification for the Food and Drug Administration (FDA)’s approval in 2001 for clinical use. 

Imatinib remains one of the top-grossing cancer drugs with over $1.5 billion in sales in 2018. 

Importantly, the introduction of tyrosine kinase inhibitors such as imatinib has significantly 

improved the survival of CML patients as compared to before these drugs were available (355). 

With the therapeutic success of imatinib, scientists and the pharmaceutical industry were provided 

the framework to pursue the development of other kinase-selective inhibitors for treating disease. 
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Despite the clinical success of imatinib in treating CML, sustained treatment responses 

using inhibitors of kinases for other cancer types or diseases have been difficult to achieve. The 

current approaches used to inhibit protein kinases involved in disease consist of small-molecular-

weight compounds (e.g., small molecules) or monoclonal antibodies. As of June 2019, there were 

approximately 50 small-molecule inhibitors of protein kinases approved by the FDA for clinical 

use. The number of FDA-approved small-molecule kinase inhibitors from 1999 to 2018 shows an 

increasing trend over the last decade (Fig. A1.1). An excellent comprehensive description of the 

pharmacological properties of FDA approved small-molecule kinase inhibitors is available (356). 

In addition, there are more than 30 FDA-approved monoclonal antibodies developed to block the 

activity of mostly receptor and non- receptor tyrosine kinases involved in disease. Several reviews 

outline the development of monoclonal antibodies along with their therapeutic potential and 

limitations (357, 358). However, the development of kinase-targeted monoclonal antibodies will 

not be the focus of subsequent chapters.  

 

Figure A1.1. FDA-approved small-molecule kinase inhibitors (1999-2018). 
 

A major goal of this book project is to convey that the current approaches to block kinases, 

with either small molecules or monoclonal antibodies, have mostly failed to produce effective or 

sustained clinical responses despite the significant evidence supporting kinases as key drivers of 

disease. As such, new approaches to block important kinase activities involved in disease need to 
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be explored. It is reasonable to suggest that the lack of effective kinase inhibitors can be explained 

by an inadequate understanding of the biological and genetic determinants that drive the disease. 

As such, inhibition of a key kinase predicted to drive the pathology of a specific disease is not 

enough and additional biological targets need to be considered. While this is likely true for many 

conditions, it can also be argued that the kinase being targeted is appropriate; it is just that the 

approach used to target a specific kinase is ineffective at producing durable clinical responses. To 

set the stage for the discovery of new approaches to inhibit kinases, the first chapters will provide 

an overview of the kinase structure, kinase-signaling networks, and the current approaches to 

develop small-molecule inhibitors of kinases involved in disease. Therapeutic uses and limitations 

of the current kinase inhibitors, including the emergence of drug resistance will be highlighted.  

Small-molecule kinase inhibitors are classified into six categories commonly referred to as 

type I–VI kinase inhibitors that are grouped largely based on the structural interactions between 

the inhibitor and target kinase (359). Chapter 2 provides a concise summary of the basic features 

of the type I and II kinase inhibitors, which are currently the most common approach to target 

kinases, and act by preventing interactions with ATP when the enzyme is in an active or inactive 

state, respectively. Chapter 3 will summarize recent developments in the type III–VI kinase 

inhibitors. Type III kinase inhibitors target allosteric sites in the kinase domain but do not affect 

ATP binding whereas type IV kinase inhibitors target allosteric sites outside the kinase domain 

and are generally designed to interfere with the interactions between kinases and other regulatory 

proteins or substrates. Type V kinase inhibitors are referred to as bivalent compounds that target 

both the ATP-binding site and unique allosteric sites outside the kinase domain. Finally, type VI 

kinase inhibitors form covalent interactions with cysteine and other amino acids in the ATP-

binding site or other regions of the kinase. A recent review of approaches to target the extracellular 
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signal-regulated kinases-1 and 2 (ERK1/2) provides an excellent visual description of the 

mechanism of action for type I–VI kinase inhibitors (360). 

The second major goal of this book will be to highlight new approaches to target protein 

kinases, including the development of novel type IV small-molecule kinase inhibitors and kinase-

targeted peptides that selectively inhibit specific kinase functions. Function-selective kinase 

inhibitors account for the diversity of protein substrates that are regulated by kinases involved in 

proliferative diseases, such as cancer, or inflammatory disorders. There are documented examples 

of how kinase-mediated regulation of substrates can drive a cellular response, but regulation of 

other substrates is involved in modulating that response through negative feedback mechanisms. 

Thus, kinases contribute to maintaining homeostasis in normal and diseased cellular responses 

through both positive and negative feedback regulation. Inhibition of kinase activity with the 

current type I and II inhibitors block all positive and negative enzyme activity whereas disruption 

of key kinase-substrate interactions has the potential to block undesirable kinase functions (e.g., 

protumorigenic) while maintaining desirable kinase functions (e.g., antitumorigenic negative 

feedback). Lack of durable responses of many kinase inhibitors used in the clinic may be attributed 

to inhibition of both positive and negative kinase functions. It will be interesting to see whether 

novel proteolysis targeting chimera (PROTAC) approaches that can be designed to selectively 

degrade kinases and other proteins involved in disease (361) will also have similar issues with 

efficacy. 

The design of function-selective kinase inhibitors is based on a large body of 

information describing the structural features that determine specific protein-protein 

interactions (PPIs) and the biological consequences of those interactions. Chapter 4 will provide 

examples of PPIs focusing on specific kinase interactions with substrate proteins. These studies 
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have helped in the design of new approaches to target key PPIs involved in disease. In addition, 

Chap. 4 will overview the emergence of acquired drug resistance to current kinase inhibitors used 

in the clinic, which presents a major barrier to sustained and durable patient responses. It is 

hypothesized that function-selective kinase inhibitors will prevent or mitigate the emergence of 

drug resistance observed with current kinase inhibitors that block all enzyme activity. 

The final chapters will describe specific examples of theoretical and experimental 

approaches to develop kinase inhibitors that act outside of the ATP/catalytic site and inhibit 

specific kinase functions. Chapter 5 describes how computational models can facilitate the 

rationale design and analysis of new compounds that target specific PPIs and, in particular, those 

that involve kinase interactions with specific protein substrates. Chapter 6 provides a 

comprehensive description of known substrate-docking sites on the extracellular signal-regulated 

kinases (ERK1/2) and opportunities to develop type IV inhibitors that target these sites for treating 

cancer. Chapter 7 will describe the synthesis of novel peptide sequences that lock into secondary 

structures that recognize specific kinase sites involved in substrate recognition. Finally, Chap. 8 

expands on the use of peptides that selectively modify kinase functions and outlines the challenges 

that need to be overcome before these agents can be used in the clinic. In conclusion, the evidence 

presented in these chapters will provide support for the discovery and development of novel kinase 

inhibitors that selectively block some, but not all, enzymatic functions. The development of new 

approaches aimed at partial inhibition of kinase functions involved in disease is predicted to lead 

to more effective and sustained therapeutic responses. 

Overview of Protein Kinase Signaling Pathways 

Protein kinases are essential regulators of cellular functions and responses to external 

signals. Protein kinases accomplish their regulatory role mostly, but not always, by catalyzing the 
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transfer of phosphate from ATP onto substrates. Of the more than 500 distinct genes that encode 

for human protein kinases (362), it is estimated that ~80% fall into the category of serine or 

threonine kinases while the remaining 20% consist of tyrosine or histidine kinases (363). However, 

it is estimated that roughly 90% of all phosphorylation events in human cells occur on serine 

residues while approximately 10% occurs on threonine residues, and less than 1% of 

phosphorylation events occur on tyrosine residues (363). Given that most of the kinase inhibitors 

used in the clinic today block the actions of tyrosine kinases, these numbers suggest there are 

tremendous opportunities for the discovery of new kinase inhibitors.  

Protein kinases are classified into AGC, CAMK, CMGC, CK1, STE, TK, and TKL 

subgroups based on their phylogenetic tree (362). The AGC protein kinase group consists of 

approximately 60 serine/threonine kinases related to protein kinases A, G, and C. One feature key 

to the regulation of AGC kinase activity is a hydrophobic region in the C-terminal that interacts 

with a pocket in the catalytic region. This interaction site was named the PIF, 3-phosphoinositide-

dependent protein kinase–1 (PDK1)-interacting fragment, unique to the ACG family (364). The 

CAMK group is the abbreviation for around 80 serine/threonine kinases related to the calcium-

calmodulin–dependent protein kinases. The identification of a unique calcium/calmodulin (CaM)-

binding domain is a regulatory feature found in about half of kinases in the CAMK family (365).  

There are roughly 62 members of the serine/threonine kinase CMGC group that include 

the cyclin-dependent kinases (CDK), mitogen-activated protein kinases (MAPK), glycogen 

synthase kinases (GSK), and CDC-like kinases (CLK). The CK1 group, or casein kinase-1 family, 

is a small group of 12 serine/threonine kinases that are the most structurally distinct group of 

eukaryotic protein kinases. A unique aspect of the CK1 proteins is a variable C-terminal region 

that does not directly affect ATP catalysis but is important for regulating intracellular location and 



 

131 

 

kinase functions (366, 367). The STE kinase group, named for yeast sterile genes involved in 

mating signals, comprises approximately 46 serine/threonine kinases that act primarily as upstream 

activators of the mitogen-activated protein kinase (MAPK) proteins and include the MAP2K, 

MAP3K, and MAP4K proteins. The MAP2K subfamily is unique in that it is a dual specificity 

kinase and can phosphorylate MAPK proteins on threonine (T) and tyrosine (Y) residues within a 

conserved TXY motif (X is any amino acid) that regulates kinase activation. The last kinase groups 

consist of approximately 90 receptor and nonreceptor tyrosine kinase (TK) proteins and another 

43 tyrosine kinase-like (TLK) proteins. While the TLK group shares amino acid sequence 

similarity to TK proteins, these proteins function as serine/threonine kinases. 

The process of phosphorylation adds a negative charge to a biological molecule, 

which alters the molecule’s structure and ultimate function in the cell. The functions of biological 

molecules such as proteins, nucleic acids, carbohydrates, and lipids are all regulated by 

phosphorylation events. Phosphorylation is a highly regulated and reversible process. Cellular 

functions depend on the balance between the addition of phosphates by kinases to achieve a 

specific cellular response and the removal of the phosphate by protein phosphatases when that 

cellular response is no longer needed. A consequence of disrupted balance between protein 

phosphorylation and dephosphorylation often results in elevated protein phosphorylation, which 

contributes to the development and progression of many types of cancer and inflammation-related 

disorders. Excess protein phosphorylation is a consequence of genetic mutations or altered 

expression of kinases and phosphatases. Dysregulated and constitutively active protein kinases are 

the primary culprits that disrupt the balance between phosphorylation and dephosphorylation. As 

such, inhibition of dysregulated kinase activity is a major goal in the development of safe and 

effective therapies for cancer, inflammatory disorders, and many other diseases. 
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There are currently more than 200 kinases that have been linked to various disease states 

and most involve proliferative disorders such as cancer (368, 369). However, dysregulated kinase 

activity is also recognized to contribute to cardiovascular, metabolic, and neurodegenerative 

diseases (370-375). The causes of kinase dysregulation and its role in driving disease have been 

studied extensively and can be narrowed down to three genetic changes. These genetic alterations 

consist of point mutations that change single amino acids, gene amplification, and the fusion of 

two different genes, all of which result in kinases with elevated or constitutive activity (368). 

Further analysis of over 1000 putative cancer causing or “driver” genes, which are essential for 

the cells proliferative advantage, identified 91 of these genes to be protein kinases (376). 

Interestingly, a remarkable 40% of the protein kinase drivers were tyrosine kinases, which is 

consistent with the higher emphasis on the development of tyrosine kinase inhibitors. However, 

despite the prevalence of clinically available tyrosine kinase inhibitors, less than half of these 

kinase drivers have been targeted with therapeutic agents (376). 

Protein kinases serve an important function in regulating cellular responses to extracellular 

signals. Figure A1.2 shows a simplified overview of major kinase signaling pathways that respond 

to extracellular signals, have been found to be dysregulated in disease, and are the targets of kinase 

inhibitors. Extracellular cytokines and growth factors regulate cellular responses by interacting 

with plasma membrane–bound receptor tyrosine kinases (RTK), G-protein coupled receptors 

(GPCR), cytokine receptors (CR), and receptor serine/threonine kinases (RSTK). Engagement of 

the extracellular ligands induces receptor conformational changes that result in the dimerization 

and activation of monomeric receptor proteins and the recruitment of intracellular nonreceptor 

tyrosine kinases (NRTK) and other adapter proteins. The recruitment of intracellular adaptor 

proteins to the activated receptors led to the activation of kinase cascades and regulation of specific 



 

133 

 

transcription factors and gene expression. However, kinases can regulate many other nongenomic 

processes by phosphorylating cytoplasmic substrates that affect the size or shape of the cell and its 

ability to migrate and interact with other cells. To add to the complexity, there are several examples 

of protein kinases regulating other proteins and biological outcomes through catalytic-independent 

functions (377). In most of the cases where there is no phosphate transfer, the physical interaction 

between a kinase and a particular protein is sufficient to modulate the protein’s function and a 

subsequent biological outcome. 

The mitogen-activated protein kinase (MAPK) and protein kinase B (Akt) signaling 

cascades are classic examples of RTK and GPCR-mediated signaling pathways that regulate 

cellular functions (378-383). In the case of receptor serine/threonine kinases (RSTK), transcription 

factor activation is coupled directly to the ligand-activated receptor. The transforming growth 

factor-β (TGF-β) family is an example of secreted extracellular proteins that activate receptors 

with primarily serine/ threonine kinase activity to modulate the cellular responses in many 

physiological systems (384). Membrane-bound receptors, directly or through adaptor proteins, 

activate intracellular kinases, which in turn regulate a variety of substrates including transcription 

factors to alter gene expression and cellular responses. Dimerization of RTK monomers following 

ligand engagement facilitates inherent kinase activity of these receptors. In contrast, the ligand-

activated cytokine receptors lack kinase activity and engage associated nonreceptor tyrosine 

kinases to initiate downstream signaling. In the case of the receptor serine-threonine kinases, only 

one of the monomers has kinase activity that directly phosphorylates transcription factors after 

receptor dimerization following ligand engagement. Several comprehensive reviews of these 

receptor-mediated kinase-signaling pathways are available (385, 386). In addition, a more detailed 

description of specific kinase-signaling networks will be presented in later chapters. 
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Figure A1.2. Receptor-mediated kinase signaling networks. Kinases (red) target transcription factors 

(brown) to mediate changes in gene expression and cellular responses to extracellular signals. Adaptors 

(green) include G-proteins and associated proteins that couple receptors to kinase cascades. Key: CR 

cytokine receptor, RTK receptor tyrosine kinase, NRTK nonreceptor tyrosine kinase, RSTK receptor 

serine/threonine kinase, PM plasma membrane, TFs transcription factors, MAP3K/MAP2K/MAPK 

mitogen-activated protein kinase cascade, MAPKAPK MAP kinase-activating protein kinase, PKA/B/C 

protein kinase A, B, or C 

 

Overview of Protein Kinase Structural Features 

The typical eukaryote protein kinase has a conserved bilobed 3-D structure consisting of 

amino- (N) and carboxy-(C) terminal lobes that are coordinated in their movement in relation to 

each other depending on kinase activity. Most protein kinases contain a conserved ATP-binding 

site, substrate interaction sites in the C-terminal lobe, and activation sites as shown in the example 

of protein kinase A (Fig. A1.3).  

The N-terminal lobe consists mainly of beta sheets while the C-terminal lobe contains 

alpha-helices. At the base of the N-terminal lobe sits the ATP-binding and catalytic site that serves 

the function of removing the terminal phosphate (PO4
3− ) from magnesium-ATP (MgATP) and 
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catalyzing its transfer onto the hydroxyl (OH−) group of a serine, threonine, or tyrosine residue 

located on the substrate protein. The Mg2+ helps stabilize and position the negatively charged 

phosphate on ATP for transfer onto the substrate. Additional coordination of ATP involves a 

conserved glycine rich loop and lysine residue in the N-terminal lobe. Substrate proteins interact 

with specific residues in  

the C-terminal lobe and along a cleft formed between the N- and C-terminal lobes. However, the 

specific kinase residues involved in recognizing most protein substrates are    

 

 

Figure A1.3. General overview of protein kinase 

structure. A model of protein kinase A (pdb: 3FJQ) 

highlights the N-terminal lobe containing the ATP-

binding site (conserved lysine, K73, in green) and ATP 

(purple). The C-terminal lobe contains the activation sites 

(T196 and T198 in yellow) and substrate-binding site 

(residues 230-260 in orange) 

 

not known. An overview of some of the known 

structural features and residues involved in kinase recognition of protein substrates will be the 

topic of Chap. 4. This information will be important for the identification of type IV kinase 

inhibitors that disrupt key kinase functions. 

Human protein kinases are dynamic structures, and multiple regions distal to the catalytic 

site have been implicated in coordinating activity. For a more detailed analysis of the structural 

features involved in protein kinase regulation, the reader is directed to several intriguing studies 

and comprehensive reviews. For example, McClendon et al. have presented compelling molecular 

modeling data showing that kinases also have unique local regions, consisting of 40–60 amino 

acid segments that undergo unique dynamic changes that provide allosteric regulation and 
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additional control over kinase activity and function (387). Wang and Cole provide an excellent 

review of the catalytic mechanisms of protein kinases and the transfer of a phosphoryl group from 

ATP onto substrates (388). This review highlights the work of many scientists who have made 

significant contributions to our understanding of kinase structure and catalytic mechanisms. 

Although protein kinases share many conserved structural features that define the core region 

involved in phosphoryl transfer onto protein substrates, there are regions outside of the kinase core 

that facilitate catalytic activity, kinase complexes, and signaling events. Gógl et al. describe the 

presence of intrinsically disordered regions (IDRs) in protein kinases that help fine tune kinase 

catalytic activity and assembly of kinases in multiprotein signaling complexes (389). Expanding 

knowledge of the regulatory features of protein kinases will provide opportunities to develop new 

approaches to modulate protein kinase functions in disease.  
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Appendix 2. Avoiding or Co-opting ATP Inhibition: Overview of Type III, IV, 

V, and VI Kinase Inhibitors6 

 
Abstract 

As described in the previous chapter, most kinase inhibitors that have been developed for use in 

the clinic act by blocking ATP binding; however, there is growing interest in identifying 

compounds that target kinase activities and functions without interfering with the conserved 

features of the ATP-binding site. This chapter will highlight alternative approaches that exploit 

unique kinase structural features that are being targeted to identify more selective and potent 

inhibitors. The figure below, adapted from Sammons et al. (360), provides a graphical description 

of the various approaches to manipulate kinase activity. In addition to the type I and II inhibitors, 

type III kinase inhibitors have been identified to target sites adjacent to the ATP-binding site in 

the catalytic domain. New information on kinase structure and substrate-binding sites has enabled 

the identification of type IV kinase inhibitor compounds that target regions outside the catalytic 

domain. The combination of targeting unique allosteric sites outside the catalytic domain with 

ATP-targeted compounds has yielded a number of novel bivalent type V kinase inhibitors. Finally, 

emerging interest in the development of irreversible compounds that form selective covalent 

interactions with key amino acids involved in kinase functions comprise the class of type VI kinase 

inhibitors. 

Keywords Allosteric, Docking domains, Protein-protein interactions, Bivalent, Irreversible 

inhibitors 

 
6 Martinez R., Defnet A., Shapiro P. Avoiding or Co-Opting ATP Inhibition: Overview of Type III, IV, V, and VI 

Kinase Inhibitors. In: Shapiro P. (eds) 2020. Next Generation Kinase Inhibitors. Springer, Cham. 

https://doi.org/10.1007/978-3-030-48283-1_3 



 

138 

 

 

 

Figure A2.1. Graphical description of the various approaches to manipulate kinase activity. 

 

Part A: Type III Kinase Inhibitors 

The identification of new details about the structural features of kinases, their role in 

enzyme activity, and their functions in regulating substrate recognition and phosphorylation have 

prompted research endeavors to develop kinase inhibitors that do not interfere with the highly 

conserved ATP-binding site. For example, type III kinase inhibitors are compounds that interact 

with specific structural features in the catalytic site that are adjacent to the ATP-binding pocket. 

These sorts of innovations are aimed at identifying drugs with reduced promiscuity and associated 

toxicities as well as avoiding the development of ATP-binding site gatekeeper mutations that are 

commonly observed to be responsible for acquired resistance to type I and II kinase inhibitors 

(390).  
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Type III MEK1/2 inhibitors. The most studied type III kinase inhibitors have been 

developed against the MAP or ERK Kinase-1/2 (MEK1/2) proteins, which are primary mediators 

of constitutively active extracellular signal-regulated kinase (ERK1/2) signaling that is observed 

in many cancers and proliferative disorders. In the early 1990s, researchers, at what was then 

Parke-Davis & Company, screened a library of small molecules using an in vitro kinase assay 

consisting of MEK1, ERK2, and the generic substrate myelin basic protein (MBP) (391). This 

screen identified the compound PD98059 to inhibit MEK1 activation of ERK2, to inhibit 

subsequent phosphorylation of MBP in an in vitro assay, and to block ERK activation in cells. 

PD98059, which turned out to be ~10 fold more selective for MEK1 than MEK2, was the first 

non-ATP-competitive inhibitor that paved the way for the development of additional type III 

MEK1/2 inhibitors. In the early 2000s, the orally bioavailable MEK1/2 inhibitor, PD184352 (CI-

1040), was the first type III kinase inhibitor to enter clinical trials (392).  

The first structural description of the allosteric-binding pocket on MEK1/2 (393) laid the 

groundwork for the discovery of additional type III MEK1/2 inhibitors, including selumetinib, 

cobimetinib, and trametinib that are currently being used to treat several types of cancer. As single 

agents, the type III MEK1/2 inhibitors have not had the anticipated clinical success (394). 

However, the use of the type III MEK1/2 inhibitors in combination with other kinase inhibitors 

has provided clinical benefits in treating cancer, especially in the context of inhibitors of mutated 

BRaf where a single amino acid change from a valine to glutamate in the catalytic site causes 

constitutive activation of the kinase (395). For example, progression-free survival was greatly 

improved in melanoma patients receiving cobimetinib (GDC-0973) in combination with the type 

I BRaf inhibitor vemurafenib to treat mutated BRaf expressing melanoma (396). Similarly, the 

MEK1/2 inhibitor trametinib is used in combination with the type I BRaf inhibitor dabrafenib to 
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treat mutant BRaf expressing metastatic melanoma, thyroid cancer, and non-small cell lung cancer 

(397-399).  

The unique structural features adjacent to the ATP-binding site of MEK1/2 have been used 

to identify compounds that inhibit MEK1/2 activity and may have applications targeting other 

kinases. Zhao et al. have presented an excellent review of the type III kinase inhibitor-binding 

mode with a focus on interactions with MEK1/2 proteins (400). These studies provide evidence 

that unique structural features in catalytic/kinase domains can be exploited to design more selective 

kinase inhibitors. The authors compared 29 known structures of MEK1 with type III kinase 

inhibitors and identified three different allosteric regions in the catalytic site that represent 

structural targets for inhibitor development (Fig. A2.2). The first region is a hydrophobic pocket 

that interacts with hydrophobic groups of inhibitor compounds. The second region is a key lysine 

involved in enzyme catalysis. The third region includes the DFG motif and parts of the activation 

loop. The activation loop of the MEK1/2 proteins is unique in that it forms a short helix that allows 

specific interactions with type III inhibitors (393). While the activation loop is typically disordered 

in kinases where structural information is available, other kinases including p38α MAP kinase and 

B-Raf kinase, along with MEK1/2, have been reported to adopt these short helix structures in the 

activation loop (400). Thus, this unique structural feature could be used to develop type III 

inhibitors for other kinases. Computational modeling further supports the formation of unique 

helix structures in the activation loop of other kinases and the potential for selective drug targeting 

(400). 
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Figure A2.2. Structure of MEK1 and allosteric regions 

near ATP-binding site. Shown is the structure of MEK1 

(pdb:1S9J) and three regions, (1) a hydrophobic pocket 

(L115, L118, V127, and M143) in red, (2) lysine (K97) in 

green, and (3) residues in the activation loop 

(C207DFGVS212, I215, M219) in yellow, involved in 

allosteric drug binding. The type III inhibitor, PD318088, is 

shown in black lines 

 

The structure of cobimetinib bound to MEK1, highlighted in Chap. 2, demonstrates key 

features that determine the efficacy of type III MEK inhibitors in blocking MEK1/2 in cancers 

driven by mutations in Ras or BRaf. Previous studies indicate that wild-type and mutant BRaf 

proteins have differences in their mechanism of MEK1/2 activation (401). Wild-type BRaf is 

dependent on the upstream Ras-G proteins whereas mutant BRaf signals through the MEK-ERK 

pathway in a Ras-independent manner. Based on these differences in BRaf-mediated signaling, 

the efficacy of MEK1/2 inhibitors in blocking mutant Ras or BRaf cancer cell lines was shown to 

have qualitative differences (402). These studies went on to provide evidence that the strength of 

the type III MEK1/2 inhibitor’s interactions with serine 212 (S212, numbering according to 

MEK1) in the activation loop helix determined the compound’s potency in cancers with different 

ERK pathway driving mutations (402). For example, the MEK inhibitors that had strong 

interactions with S212 resulted in stabilized Raf-MEK complexes in the context of wild-type BRaf 

but not with mutant BRaf. This suggests that the stabilization disrupted the ability of wild-type 

BRaf to access and phosphorylate MEK in cancer cells expressing mutant Ras. Alternatively, 

weaker interactions with S212, as is the case with cobimetinib, were more effective against cancer 

cells with activating BRaf mutations due to the compound’s preferential binding to the activated 

form of MEK1. The structure of MEK1 with cobimetinib highlights the proximity of the drug with 

S212 (Fig. A2.3). These findings provide a novel example where information on kinase regulation, 
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structural features, and chemical synthesis can be combined to design type III inhibitors with 

optimal efficacy depending on the genetic mutation. 

 

Figure A2.3. Structure of MEK1 and cobimetinib. The 

strength of MEK1 binding to S212 is implicated in affecting the 

efficacy of MEK inhibitors in mutant BRaf or Ras-driven 

cancers. The ribbon structure of MEK1 (pdb:4LMN) is shown in 

complex with cobimetinib (magenta) and S212 (orange). The 

conserved catalytic lysine (K97) is in yellow 

 

 

Type III PI3K and Akt inhibitors. Significant effort 

has gone into identifying compounds that block the phosphoinositide-3-kinase (PI3K) or 

downstream Akt effector proteins, which are frequently dysregulated and active in many cancer 

types (403). Constitutively active PI3K signaling provides cancer cells with survival advantages 

including inhibiting apoptosis signals and promoting the expression of proteins that promote 

proliferation (403, 404). One of the major targets of Akt in protecting cancer cell survival is the 

mammalian/mechanistic target of rapamycin (mTOR) protein complex. Although there have been 

a number of research programs aimed at the development of ATP-competitive inhibitors of PI3K 

or Akt, compounds identified have shown limited clinical efficacy or cause unacceptable toxicity 

(403). Nonetheless, several ATP-competitive PI3K inhibitors are in development and at least three 

(idelalisib, copanlisib, and alpelisib) have been approved for clinical use in treating types of 

lymphoma/leukemia and breast cancer (405). However, as with other ATP-competitive protein 

kinase inhibitors, acquired drug resistance is a common feature preventing sustained clinical 

responses.  

In addition to type I/II kinase inhibitors, Akt proteins have been the focus of type III kinase 

inhibitor development. A unique structural feature of Akt proteins is a pleckstrin homology (PH) 
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domain that interacts with the phosphoinositides on the intracellular side of the plasma membrane 

and regulates Akt activation. Based on the structural differences between a pocket formed by the 

PH and kinase domains in the inactive versus the active membrane bound Akt protein, a compound 

called Inhibitor VIII was identified and found to promote Akt1 adoption of an inactive state (406). 

The crystal structure reveals key interactions with a tryptophan in the PH domain and residues in 

the kinase domain that are selective for the Akt1 isoform (Fig. A2.4). One key finding was the 

formation of a hydrogen bond between Inhibitor VIII and serine 205, which is not conserved 

amongst Akt isoforms, and could be used to design Akt1-selective inhibitors (406). A similar 

allosteric inhibitor scaffold, referred to as compound Akt-I-1, that was dependent on the PH 

domain, was also reported to be a selective inhibitor of the Akt1 isoform (407).  

 Figure A2.4. Interactions between Akt1 and 

a type III inhibitor. Akt1 (pdb:3O96) is shown 

in complex with Inhibitor VIII (black lines) 

interacting with a tryptophan (W80) in the PH 

domain (red), and residues 189–198 of the αC-

helix in the kinase domain (cyan), and S205 

(green)  

 

 

Additional type III compounds with similar structures and mechanism of action, in 

targeting allosteric sites near the PH and kinase domains of Akt proteins, have entered clinical 

trials, including MK-2206 (408), BAY1125976 (409), and ARQ 092/Miransertib (410). Given the 

significance of other Akt isoforms (e.g. Akt2 and 3) in mediating mTOR signaling and survival 

advantages in cancer cells, ARQ 092 was engineered to potently inhibit Akt1, -2, and -3 proteins. 

Structural studies between ARQ 092 and Akt1 revealed key interactions with W80 and T82 in the 

PH domain as well as Y272 and D274 in the kinase domain (Fig. A2.5). These residues are 

conserved in all Akt isoforms, which may explain the similar potencies of ARQ 092 against these 
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proteins. Phase 1/2 clinical trials with ARQ 092 was recently reported to show beneficial effects 

in treating patients with diseases containing constitutively active PI3K or Akt1 including PIK3CA-

related overgrowth spectrum, Proteus syndrome, and ovarian carcinoma (411, 412). 

 

Figure A2.5. Interactions between Akt1 and ARQ 092. Akt1 

(pdb:5KCV) is shown in complex with ARQ 092 (black lines) 

interacting with a tryptophan and threonine (W80, T82) in the 

PH domain (green) and residues Y272 and D275 in the kinase 

domain (cyan). Lysine (K97) involved in enzyme catalysis is 

shown in yellow 

 

 

Type III Trk inhibitors. The tropomyosin receptor 

kinase (Trk) family consists of receptor tyrosine kinases that are mostly expressed in neuronal 

tissue and respond to neurotrophin stimuli to regulate nervous system function (413). The 

discovery of elevated Trk activity, as a result overexpression or genetic fusions, in many cancer 

cell types has promoted the discovery of Trk inhibitors (414). As a result, a number of broad-

spectrum ATP-competitive inhibitors of Trk isoforms, such as FDA-approved larotrectinib and 

others compounds in clinical trials, are showing promising results for treating cancers with high 

Trk activity (415, 416). 

The broad spectrum of functions performed by Trk proteins in regulating neuronal tissue 

has led to the investigation of isoform specific inhibitors. Of the TrkA/B/C isoforms, TrkA has 

been the primary isoform implicated to treat pain in mediating pain associated with inflammation 

(417). Specifically, TrkA responds to nerve growth factor to maintain the growth and survival of 

sensory nerves that mediate pain sensation. Thus, TrkA-selective inhibitors are viewed to have 

clinical potential in treating pain associated with inflammation. However, the current type I and II 

Trk kinase inhibitors cannot discriminate between Trk isoforms. To overcome this obstacle, Bagal 
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et al. used a cell-based assay to screen for TrkA-selective compounds and identified a type III 

TrkA kinase inhibitor (418). Importantly, the compounds showed selectivity for peripheral 

nociceptor neurons due to enhanced recognition by blood-brain barrier efflux transporters, which 

reduced undesirable effects on TrkA signaling in the central nervous system (418). The key 

features of the lead TrkA-selective inhibitor, compound 23, reveal interactions with amino acids 

in a pocket behind the ATP-binding site of TrkA including D668 and R673 (Fig. A2.6). 

  

Figure A2.6. Interactions between TrkA and compound 23. 

TrkA (pdb:6D20) are shown in complex with compound 23 

(magenta lines) making key interactions with residues R673 

and D668 (green). The conserved catalytic lysine (K544) near 

the ATP-binding site is shown in yellow 

 

 

 

The characterization of unique allosteric sites adjacent to the ATP-binding site has 

promoted the development of selective type III inhibitors that have shown clinical benefits in 

cancer therapy. Type III kinase inhibitors may help overcome drug resistance to type I/II inhibitors 

that occurs with mutations in the ATP-binding site of kinases such as EGFR (419). Additional 

examples of non-ATP-competitive type III kinase inhibitors have been reported for cyclin-

dependent kinase-2 (CDK2) (420) and glycogen synthase kinase-3β (GSK3β) (421). It is expected 

that the future clinical landscape will have more small-molecule protein kinase inhibitors that 

adopt non-ATP-competitive approaches in their mechanism of action. 

Part B: Type IV Kinase Inhibitors 
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A relatively new area in the development of selective kinase inhibitors has focused on 

targeting unique structural features outside of the ATP-binding or catalytic sites. These allosteric 

regions are targets of the type IV kinase inhibitor compounds and 

have the potential to alter enzymatic activity by disrupting the access to upstream activators or 

prevent the phosphorylation of select downstream substrates. As discussed in Chap. 1, most 

kinases have pleiotropic functions involving the phosphorylation and regulation of a variety of 

diverse substrates. Thus, a potential advantage of type IV kinase inhibitors is the opportunity to 

disrupt the phosphorylation of some but not all substrates. In other words, the type IV kinase 

inhibitors may enable new approaches to selectively block only the kinase functions associated 

with a particular disease while preserving other kinase functions that have potential benefits. 

A major challenge in targeting allosteric sites outside the ATP binding/catalytic site is 

determining what sites are important for relevant biological functions. Chapter 4 will present 

information on studies that have evaluated kinase interactions with regulatory proteins or 

downstream substrates. This information provides a starting point to identify compounds that could 

disrupt these interactions. In addition, the Kinase Atlas is a publicly available resource that used 

FTMap computational resources to help predict potential allosteric kinase hot spots that could be 

targeted for the development of potential inhibitors or modulators of kinase signaling functions 

(422, 423). The FTMap algorithm examined nearly 5000 kinase structures from 376 different 

kinases that have been deposited into the Protein Data Bank for predicted binding of small organic 

molecules. From this, the Kinase Atlas identified ten hot spots outside the ATP-binding/catalytic 

site that are predicted to contribute to binding free energy of a ligand and are potential drug targets 

for the development of type IV kinase inhibitors. This section will highlight some recent examples 

of the discovery of type IV kinase inhibitors and potential applications in modulating kinase 
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functions in disease. Wu et al. have previously reviewed several allosteric inhibitors that fall into 

the type III and IV categories (424).  

Type IV inhibitors of MAP kinases. New understanding of the binding sites that regulate 

kinase interactions with substrates has facilitated the development of type IV kinase inhibitors 

targeting the mitogen-activated protein (MAP) kinases. Focus will be on the three major family 

members of MAP kinases: ERK, JNK, and p38 MAP kinases. The first studies describing type IV 

inhibitors of ERK2 were published nearly 15 years ago (239, 240). These studies used 

computational approaches to predict molecular structures that would interact with D-domain 

recruitment site (DRS)-involved substrate docking to inactive or active ERK2. Several compounds 

that contained a thiazolidinedione scaffold were shown to reduce ERK-mediated phosphorylation 

of downstream substrates such as p90 ribosomal S6 kinase (RSK-1) and the transcription factor 

ELK-1 and inhibited several cancer cell lines in a dose-dependent manner (239). However, the 

limitations of these studies were the lack of definitive experimental evidence for the binding 

interactions between the compounds and ERK2 and the relative low potency of the compounds. 

Recent studies (53, 360) highlighting the design of new type IV inhibitors targeting the DRS on 

ERK2 will be the topic of discussion in Chap. 6. 

Additional type IV ERK2 inhibitors have been designed to target ERK2 at the F-

recruitment site (FRS), which is involved in regulating the activation of protooncogene 

transcription factors including members of the Fos family and c-Myc (238). Bioactive compounds 

from these studies contained a thienyl benzenesulfonate scaffold and inhibited activator protein-1 

(AP1) transcription activity and melanoma cells containing activating mutations in BRaf or NRas. 

The specific interactions between these compounds and ERK2 have not been experimentally 

determined.  
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Dimerization between kinase monomers may affect the activation and subcellular 

localization of the ERK and JNK MAP kinases (425, 426). Although dimerization between active 

ERK2 monomers was initially reported to be essential for nuclear localization (426), other studies 

provide evidence that active ERK2 dimerization may be related to nonphysiological interactions 

between histidine tags used for protein purification and that untagged ERK2 exists as a monomer 

under physiological conditions (427). Similarly, other studies using fluorescence imaging of live 

cells indicate that ERK2 dimerization is not required for nuclear entry (428). However, active 

ERK2 dimers reportedly function to regulate substrate phosphorylation in the cytoplasm but not 

in the nucleus (429). As such, research efforts have examined the potential to inhibit ERK2 

dimerization and selectively block kinase functions in subcellular locations. Herrero et al. reported 

the identification of a small molecule inhibitor of ERK2 dimerization that inhibited cytoplasmic 

activity of ERK2 and tumor progression in mouse xenograft models (430). Using in silico 

modeling, compound DEL-22379 reportedly disrupted ERK2 dimer interactions by forming 

contacts in a cleft near the activation loop consisting of residues D175, H176, F181, and F329. A 

nonhelical leucine zipper consisting of residues L333, L336, L344 and ion pairs between H176 

and E343 on ERK2 monomers have been shown to be important for the formation of ERK dimers 

(431). 

Type IV inhibitors have also been recently developed to target BRaf dimers (432). Based 

on the dimerization interface, cyclized peptides were designed to disrupt BRaf dimers and 

activation of downstream ERK1/2 pathway signaling. Importantly, this approach may be beneficial 

in treating cancers with wild-type BRaf and overcome the observed paradoxical activation of 

ERK1/2 signaling seen with ATP-competitive BRaf inhibitors (433). 
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 The c-Jun N-terminal kinase (JNK) family has been implicated in a number of diseases 

including diabetes (434). JNK activity is regulated through interactions with a JNK-interacting 

protein (JIP1), which acts as a scaffold that facilitates the interactions between JNK and its 

upstream kinases. Taking advantage of the structural interactions between JIP1 and JNK1, which 

will be highlighted in Chap. 4, new small molecules that block this interaction and inhibit JNK 

substrate phosphorylation were identified (435). These studies used a fluorescence-based assay 

that screened compounds for their ability to disrupt the interactions between a JIP1 peptide and 

JNK1. Several compounds were identified to disrupt the JIP1-JNK interactions with IC50 values 

in the 500 nM range. One compound, BI-78D3, was effective at inhibiting JNK activity but was 

several orders of magnitude less active against related MAP kinases or unrelated kinases. While 

the exact binding mode of BI-78D3 with JNK1 is not known, these studies provide the basis for 

generating effective type IV JNK inhibitors. 

Additional type IV inhibitors of JNK1 have been identified to target a unique allosteric site 

that sits below the activation loop (436). These studies used mass spectrometry to screen ~500,000 

compounds based on their affinity to JNK1. Of the 68 candidate JNK1 ligands identified from the 

screen, NMR analysis revealed compounds that bound the ATP site or allosteric sites. Figure A2.7 

shows the interactions between JNK1 and an allosteric-binding type IV inhibitor referred to as 

compound 3, which contains a biaryl tetrazole scaffold. These compounds are binding to a region 

that has been shown to regulate interactions with substrates and regulatory proteins (437). 

However, there is no evidence that compound 3 modulates kinase function through disruption of 

interactions with substrates. Modifications of compound 3 yielded non-ATP-competitive 

compounds that may stabilize JNK1 in a way that interferes with phosphorylation by the upstream 

MEK7 activator kinase (436). 
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 Figure A2.7. Interactions between a type IV 

biaryl tetrazole and JNK1. Shown is a JNK1 

dimer (PDB:3O2M) with activation loop residues 

T183 and Y185 (red), the MAPK insert sites G242, 

A267(cyan), and substrate-docking site residues 

Y230, I231, W234 (orange) involved in 

interactions with compound (magenta lines). The 

conserved K55 involved in ATP catalysis is shown 

in green 

 

In addition to small molecules, synthetic peptides targeting the JIP1 site on JNK have 

entered clinical trials to reduce ocular inflammation (438). Brimapitide (XG-102) has completed 

phase II trial with 145 patients, and the effects were reported to be comparable to standard dosing 

with dexamethasone. Brimapitide is also being tested to reduce JNK-mediated inflammation 

associated with hearing loss and Alzheimer’s disease (439, 440). A phase III clinical trial at sites 

in Europe and Asia indicate brimapitide is effective against idiopathic sudden sensorineural 

hearing loss (441). 

The failure of ATP-competitive p38 MAP kinase inhibitors in clinical trials for the 

treatment of inflammatory disorders (442) has encouraged new approaches to target p38 isoforms 

including the identification of novel allosteric type IV inhibitors. Like the previous studies 

identifying allosteric JNK inhibitors, Comess et al. screened for compounds that targeted allosteric 

sites on p38α MAP kinase (436). An allosteric inhibitor, called compound 10, was identified and 

found to interact with p38α MAP kinase in a region below the activation loop similar to what was 

observed with the allosteric compound targeting JNK that was described in Fig. A2.7. Compound 

10 interacted with residues below that activation site that are also adjacent to a substrate-docking 

site (Fig. A2.8). Like the JNK inhibitor compound, compound 10 is thought to cause an allosteric 

structural change that disrupt p38α MAP kinase activation by upstream kinases. 
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Figure A2.8. Interactions between compound 10 (magenta lines) and 

p38α MAP kinase. (PDB: 3NEW). Interacting residues W197, S252, 

I250, P191, L246, L292 (cyan). Activation site resides T180 and Y182 

(green). The conserved catalytic lysine (K53) is shown in yellow 

 

 

Shah et al. used computational approaches to identify 

compounds that target a pocket adjacent to the DRS of p38α MAP 

kinase (246). Unique to these compounds were their isoform preference for interactions with p38α 

over p38β MAP kinase, which may help mitigate excess toxicity observed with the ATP-

competitive inhibitors tested previously (443, 444). Another potential advantage of these 

compounds is their ability to inhibit pro-inflammatory substrates involved in acute lung injury 

associated with acute respiratory distress syndrome (ARDS) but preserve the activation of anti-

inflammatory signals that might be beneficial (445). For example, Shah et al. describe a lead 

compound, UM101, that inhibited the proinflammatory substrate MAPK-activated protein kinase-

2 (MAPKAPK2 or MK2) but preserved the activation of the anti-inflammatory p38 substrates 

mitogen- and stress-activated protein kinase-1/2 (MSK1/2) (246). The authors went on to 

demonstrate that UM101 protected against lung damage by reducing endothelial cell damage and 

neutrophil leakage in a mouse model of lipopolysaccharide (LPS)-induced acute lung injury. These 

studies provide compelling evidence that function-selective type IV p38α MAP kinase inhibitors 

have the potential to reduce toxicity observed with blocking all p38 MAP kinase functions while 

maintaining in vivo efficacy. 

BCR-Abl inhibitors. Efforts to overcome resistance to ATP-competitive inhibitors in the 

treatment of chronic myelogenous leukemia (CML) have led to the identification of allosteric 
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inhibitors of BCR-Abl (446, 447). Adrian et al. designed a compound, GNF-2, that targeted the 

interactions between an N-terminal myristoyl group and a hydrophobic region in the C-terminus 

of the c-Abl kinase (448). Myristoylation is a posttranslational modification where a fatty acid 

derivative of myristic acid is linked to proteins and facilitates localization to cell membranes. It is 

estimated that 0.5–0.8% of all eukaryotic proteins are myristoylated (449). GNF-2 was more 

effective at inhibiting nonmyristoylated c-Abl than the myristoylated kinase. Similarly, GNF-2 

bound to c-Abl and could be competed off with a myristoylated peptide. Furthermore, mutations 

in the myristoylated-binding pocket of c-Abl blocked GNF-2 inhibitory effects. NMR studies 

provided further evidence for GNF-2 binding to the myristoylated pocket of c-Abl (446). GNF-2 

was demonstrated to make key interactions with residues in the myristoyl-binding site (Fig. A2.9). 

 

Figure A2.9. Type IV inhibition of Abl. (a) Structure of c-Abl with myristoylated peptide (red) and the 

ATP-competitive inhibitor PD166326 (black lines) (pdb: 1OPK). (b) c-Abl interactions with GNF-2 (red) 

and the ATP-competitive inhibitor imatinib (black lines) (pdb:3K5V). The conserved catalytic lysine 

(K271) is in yellow. Myristate-binding site residues L340, D381, C464, P465, V506 are shown in cyan 

 

Small allosteric compounds targeting the myristoyl-binding site of c-Abl have also been 

shown to induce conformational changes that activate kinase activity (450). Yang and colleagues 
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took advantage of structural studies that suggested that interactions between the myristoyl group 

and the myristoyl-binding site regulated c-Abl activity and identified the kinase activator DPH (5-

(1,3-diaryl-1H-pyrazol-4-yl) hydantoin). In contrast to GNF-2, which locks a key α-helix (see Fig. 

A2.9) required for catalytic activity in a closed inhibited state, DPH caused an extension of this α-

helix observed when c-Abl is activated (450). While the inhibition of Abl activity is desired in the 

context of cancers with constitutively active BCR-Abl fusion proteins, activation of wild-type c-

Abl may limit breast cancer cell proliferation and metastasis (451). 

PDK1 inhibitors. An important co-activator of Akt proteins is phosphoinositide-dependent 

protein kinase-1 (PDK1), which co-localizes with Akt at the plasma membrane through the PH 

domain. PDK1 is unique because it is required for the full activation of Akt and other members of 

the AGC protein kinase family (452). PDK1 interactions with substrates occur through a PDK1 

interacting fragment (PIF) pocket (453). The PIF pocket occupies an allosteric site referred to as 

helix αC that regulates protein-protein interactions and kinase activity. Rettenmaier et al. identified 

small molecules based on a diaryl sulfonamide chemical scaffold that interact with the PIF pocket 

and inhibit PDK1 (454). Structural studies revealed key interactions between their compound RS1 

and residues R131 and L155 in the PIF pocket (Fig. A2.10). Although ATP-competitive PDK1 

inhibitors had limited efficacy as a monotherapy in mice with acute myeloid leukemia xenografts 

(455), combining them with the PIF pocket inhibitors may provide greater inhibition of Akt 

signaling and subsequent tumor suppression (454). 



 

154 

 

 

Figure A2.10. Interactions between PDK1 and compound RS1. PDK1 (pdb:4RQK) is shown in 

complex with RS1 (magenta lines) interacting with a R131 and L155 in the PIF pocket (green). ATP is 

highlighted as yellow lines 

 

Inhibitors of CDK2 interactions with cyclin A. Allosteric type IV inhibitors have been 

developed against cyclin-dependent kinase-2 (CDK2) (456). Cell cycle progression depends on 

the activity of CDK proteins, which are regulated by association with cyclin proteins. CDK2 

activity is essential for progression through G1 and S-phase of the cell cycle and requires 

association with cyclin A. Based on structural features of CDK2, a type IV inhibitor compound, 

8-anilino-1-naphthalene sulfonate (ANS), was identified to bind an allosteric site near the DFG 

region and causes a structural change that disrupts interactions with cyclin A. The CDK2-ANS 

structure was shown previously in Chap. 2. However, ANS-binding affinity for CDK2 is relatively 

low (37 μM); therefore, it can be readily displaced by cyclin A (457). To improve the binding 

affinity of compounds targeting CDK2 interactions with cyclin A, Rastelli et al. did a virtual screen 

for compounds that are predicted to interact with CDK2 in the ANS-binding site (420). 

Experimental analysis of several lead compounds revealed displacement of ANS from the cyclin 

A–binding site, which suggested higher potency and targeting to the cyclin A–binding site. 
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Although experimental analysis of structural interactions between these new compounds and 

CDK2 was not done, these studies provide the basis for targeting the activity of CDK proteins 

through disruption of interactions with cyclins. 

Inhibitors of mTOR. Contrary to compounds that disrupt protein-protein interactions and 

prevent kinase activation, allosteric compounds that promote protein-protein interactions and 

disrupt kinase functions have been well described in the example of the mammalian target of 

rapamycin (mTOR) kinase. The mTOR kinase complexes (mTORC1 and mTORC2) are critical 

regulators of the immune system and are upregulated in many cancer cells (457, 458). Targeted 

inhibition of mTOR has clinical uses as an immunosuppressant during organ transplants and as 

anticancer drugs (459). The natural product rapamycin and related analogues (or rapalogs such as 

the FDA-approved sirolimus, temsirolimus, and everolimus) indirectly inhibit mTOR by forming 

a complex with FK506-binding proteins (FKBP). The rapalog-FKBP complex associates with a 

binding domain on mTOR that is outside the active site and involved in facilitating the activation 

of substrates involved in protein synthesis. In addition to their immunosuppressant roles, the 

mTOR inhibitors have been FDA approved to treat renal cell carcinoma, breast cancer, and 

neuroendocrine tumors. 

IKK inhibitors. Inflammatory diseases such as arthritis, asthma, and atherosclerosis are 

thought to be a result of overactivation of the Nuclear Factor kappa-light-chain-enhancer of 

activated B cells (NFκB) transcription factor (460). As such, dozens of compounds have been 

identified to inhibit NFκB activity (461). To develop more specific inhibitors, efforts to target 

kinases involved in NFκB activation have been pursued. The NFκB inhibitory protein, IκB, is 

phosphorylated by the IκB kinase (IKK), which targets IκB for degradation. Loss of IκB allows 

cytoplasmic NFκB to translocate into the nucleus and regulate the expression of inflammatory 
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genes. In addition to ATP-competitive inhibitors, allosteric inhibitors of IKK have been identified 

(461). Scientists at Bristol-Myers Squibb, using an in vitro kinase assay consisting of IKK isoforms 

and IκB to screen for compounds that inhibit IκB phosphorylation, identified the IKK inhibitor 

BMS-345541 that was ~10 fold more selective for IKKβ versus IKKα (462). Although BMS-

345541 does not compete with ATP binding, the exact allosteric-binding mode of this compound 

is currently unclear. In addition, clinical applications with this or related allosteric inhibitors of 

IKK have yet to be reported. 

Part C: Type V Kinase Inhibitors 

The conserved structure of the ATP-binding site of protein kinases makes it challenging to 

develop specific inhibitors that block kinases through type I or II mechanisms of action. However, 

developing compounds that target both the ATP-binding site and a unique structural feature found 

on a specific protein kinase is the basis for the development of type V or bivalent inhibitors. With 

the characterization of binding sites and peptide motifs that determine protein-protein interactions, 

highly selective and potent type V inhibitors against tyrosine and serine/threonine kinases have 

been identified. Gower et al. provided a relatively recent review of type V bivalent protein kinase 

inhibitors that have been described (463). These compounds typically consist of a small molecule 

that targets the ATP-binding site coupled to a peptide representing the substrate targeted by the 

specific kinase. This section will describe some of these compounds and the approaches to develop 

selective type V protein kinase inhibitors.  

Early proof of concept studies for the development of bivalent protein kinase inhibitors 

used the Src tyrosine kinase as a model (464). Src and related tyrosine kinases contain an SH2 

domain that recognizes phosphorylated tyrosine and surrounding amino acids on substrate 

proteins. Xu et al. provided the first structural information of Src describing the coordination 



 

157 

 

between the SH2 and SH3 domains involved in protein-protein interactions and the catalytic site 

regulating kinase activity (465) (Fig. A2.11). Using this information, a SH2 domain–targeted 

peptide containing a phosphorylated tyrosine was linked to a nonphosphorylatable peptide that 

interacts with the Src active site through a γ-aminobutyric acid linker (464). The key findings from 

these studies indicated that the targeting peptides were most potent when linked together and that 

the number of γ-aminobutyric acid monomers in the linker was important for maximum Src 

inhibition. More recent studies linked the SH2 targeting peptide with an ATP-competitive inhibitor 

to achieve potent bivalent c-Src inhibitors (466, 467).  

  

 

 

Figure A2.11. Structural domains in c-Src (PDB:2SRC). The 

SH2 and SH3 domains are shown in blue and red, respectively. 

The kinase domain and ATP-binding site are shown in yellow 

and green, respectively. A potential peptide substrate (magenta 

lines) interacting with the SH-2 domain and an ATP analog 

(black lines) are shown 

 

 

 

 

Bivalent kinase inhibitors based on a protein scaffold. Bivalent protein kinase inhibitors as 

research tools have been developed using the DNA repair protein O6-alkylguanine-DNA 

alkyltransferase (AGT) as a scaffold (468). AGT contains a cysteine in the active site that reacts 

with O6-benzylguanine (BG). This conveniently allows the coupling of an ATP-competitive 

inhibitor to AGT through a linkage with BG. Unique AGT fusion proteins can be expressed with 

a specific peptide ligand that contains the second binding moiety that determines specificity for 
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protein recognition. This technology, referred to as SNAP-tag, provides a convenient approach to 

generate and test the specificity of a variety of ligand targeting sequences and their ability to 

achieve kinase inhibition in combination with ATP-binding site compounds (469). Specific AGT 

fusion proteins containing peptide ligands against Abl1, PIM1, p38α MAPK, c-Src, and EGFR 

protein kinases have been described (469-471). Another advantage of the SNAP-tag approach is 

that promiscuous ATP-competitive inhibitors can be designed to be quite specific for a particular 

kinase (472). 

Wong et al. described an analysis of three ATP-competitive inhibitors and nine SNAP-tag 

fusion proteins to determine the contribution of each targeting moiety to the potency of the bivalent 

inhibitor (473). These studies indicated that the potency of the bivalent compound was less 

dependent on the affinity of the specific peptide-targeting ligand but more on the affinity of the 

ATP-competitive ligand. Nonetheless, even targeting peptides with low affinity can help improve 

selectivity and potency of bivalent kinase inhibitor compounds (473). While the utility of these 

types of bivalent inhibitors will be relegated to research tools for evaluating kinase functions, these 

approaches provide the basis to design bivalent kinase inhibitors for clinical applications. 

Small-molecule peptide bivalent Inhibitors. Several MAP kinases have been the 

target of bivalent inhibitors. Stebbins et al. identified compound 19 that consisted of an ATP-

competitive inhibitor coupled to a short D-domain peptide, which was sufficient to displace the 

JIP1 protein from the D-recruitment site on JNK1, and a cell penetrating peptide (474). Compound 

19 inhibited JNK1 kinase activity in vitro and in cell-based assays at low nM and μM 

concentrations, respectively. This compound also improved glucose tolerance in a mouse model 

of type 2 diabetes, which is a potential clinical application for JNK inhibitors. A similar strategy 

was used to generate an ERK1/2 selective bivalent inhibitor (SBP3) consisting of an ATP-
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competitive inhibitor (FR180204) and a 16-amino-acid peptide corresponding to the D-domain of 

the ERK1/2 substrate, ribosomal S6 kinase (RSK1) (475). Combining the targeting moieties into 

the bivalent compound increased the potency more than 50 times as compared to either the ATP-

competitive inhibitor or the D-domain peptide alone. Figure A2.12 shows the reported structure of 

SBP3 with active ERK. As shown, SBP3 forms contacts with ERK2 through the RSK1 peptide 

and FR180204; however, the linker of these targeting agents does not appear to be involved in 

ERK2 interaction (475). Despite the intended design for SBP3 to target ERK1/2, this compound 

also potently interacts with JNK and p38 MAP kinase isoforms. 

 

Figure A2.12. Structure of bivalent compound SBP3 and ERK2 

[PDB: 5V62]. SBP3 shown consisting of a RSK1 peptide (magenta 

lines) and the ATP-competitive compound FR180204 (green lines). D-

recruitment site residues T158, T159, D316, D319 (cyan). The 

conserved catalytic residue (K52) is in yellow 

 

 

A study reported the use of a cyclic decapeptide that 

corresponds to an extracellular region of the epidermal growth 

factor receptor (EGFR) regions involved in dimerization (476). Combining two of these peptides 

together using a polyproline linker created a bivalent ligand that inhibited EGFR 

autophosphorylation presumably by preventing the two EGFR monomers from dimerizing. Ephrin 

type-A receptor 3 (EphA3) is another receptor tyrosine kinase targeted by bivalent compounds 

(477). These studies highlight the potential of using longer linkers to couple ATP-competitive 

inhibitors with small peptides that target unique regions far away from the ATP-binding site. Not 

only did this approach enhance the potency of a weak ATP-competitive inhibitor, it supports the 

advantage of using structural information to design a wide range of bivalent targeting moieties. 
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The PIM kinases (referring to the proviral insertion site in Moloney murine leukemia virus) 

are overexpressed in several cancer types and appear to exacerbate proliferative disorders (478). 

Bivalent PIM kinase inhibitors have been developed using D-arginine-rich peptides (ARCs) and 

adenosine analogs (479). Arginine-rich sequences are found on many substrates recognized by 

basophilic protein kinases found in the AGC protein kinase group. Even though PIM kinases fall 

in the calcium-calmodulin-dependent protein kinase (CAMK) group, Ekambaram et al. provided 

evidence that potent bivalent inhibitors using ARCs can be selective for PIM-1 kinase but not 

members of the AGC protein kinases (479). 

These studies provided evidence that targeting two separate structural features on protein 

kinases with bivalent compounds could be an effective approach to inhibit the activity of a specific 

kinase. While many of the approaches to develop bivalent protein kinases inhibitors have yielded 

useful research tools for understanding signaling pathways and biological mechanisms, the clinical 

applications of these compounds in treating disease have yet to be realized. The large size of 

bivalent inhibitors may present barriers to their use in targeting intracellular protein kinases. The 

potential to design smaller peptidomimetic compounds that target specific substrate interaction 

sites may overcome drug delivery and bioavailability issues associated with using peptides as 

targeting moieties or therapeutic agents (480). 

Part D: Type VI Kinase Inhibitors 

There has been resurgence in the development of compounds that form covalent, and 

generally irreversible, interactions with protein kinases to provide sustainable inhibitory effects 

primarily to treat cancer. The prospect of developing covalent inhibitors faced criticism of 

extensive off-target effects. However, there is historical precedence for the benefits and potential 

risks of developing covalent-binding drugs. Probably the best example of the benefits of covalent 
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bond–forming drugs is acetyl salicylic acid or aspirin. Although the beneficial anti-inflammatory 

and analgesic effects of aspirin have been recognized since its discovery in the late 1890s, it was 

not until the 1970s that its mechanism of action was identified to involve the formation of covalent 

adducts on cyclooxygenase enzymes and the reduced production of inflammatory cytokines (481). 

However, other drugs like acetaminophen metabolize into highly reactive species that form toxic 

covalent adducts with liver proteins and can cause liver damage at high doses. Despite the 

understandable concerns about the off-target effects of covalent-binding drugs, advances in 

structural and computational biology have made it feasible to develop inhibitors that form covalent 

interactions with protein kinase inhibitors that are selective, efficacious, and have reduced toxicity. 

This section will highlight some of the features of clinically relevant covalent kinase inhibitors 

and the potential for expanding the development and use of covalent kinase inhibitors in disease.  

Recent reviews of covalent small-molecule protein kinase inhibitors provide an excellent 

summary of the compounds identified to target specific kinases (263, 482). Covalent type VI 

protein kinase inhibitors utilize chemical features of the noncovalent type I–IV kinase inhibitors 

that interact with the ATP-binding or other regions near the kinase domain. What makes the type 

VI protein kinase inhibitors unique is the inclusion of reactive electrophilic groups or warheads 

that react primarily with nucleophilic cysteines although reactions with lysine, aspartic acid, and 

tyrosine residues can be used to form covalent interactions. Like other drug discovery approaches, 

type VI kinase inhibitors use structure-guided design approaches that take advantage of 

noncovalent interactions with the targeted kinase in order to increase specificity and position the 

warhead component for targeted covalent interaction that locks the inhibitor in place. The covalent 

adduct typically forms through a Michael addition reaction, and many of the electrophilic moieties 

used to develop type VI inhibitors utilize an acrylamide group that favors interactions with cysteine 
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residues. In addition, alterations in the reactivity of the electrophile warhead may be used to create 

reversible covalent protein kinase inhibitors whose duration of inhibition may need tighter control 

(483). For example, most protein kinase inhibitors that are used to treat cancer might be more 

effective by a sustained mechanism of irreversible inhibition. In contrast, shorter-acting reversible 

type IV inhibitors might expand the clinical applications and reduce off-target reactivity and 

toxicity (483, 484). 

An early example of type VI covalent protein kinase inhibitors was the discovery of the 

mechanism of action for the fungal metabolite wortmannin (485). Wortmannin was identified to 

be an irreversible inhibitor of PI3K isoforms through the formation of a covalent adduct with a 

conserved lysine (K802) in the catalytic site (485). However, wortmannin is nonspecific, causing 

overt toxicity, which limits its use to research studies. Dalton et al. optimized reversible 

interactions to design compounds that covalently interacted with the analogous conserved lysine 

(K779) near the active site of PI3Kδ isoform (486). PX-866 is a wortmannin analog that also forms 

a covalent bond with K802 that entered clinical trials but did not show promising efficacy (487). 

It remains to be determined whether other type VI PI3K inhibitors will provide an advantage over 

the current reversible PI3K inhibitors in clinical trials (405). 

The success of type VI protein kinase inhibitors has been realized with the development of 

EGFR- and Bruton’s tyrosine kinase (BTK)-targeted compounds. Afatinib, osimertinib, 

dacomitinib, and neratinib are FDA-approved type VI inhibitors that target the EGFR family and 

are used to treat a variety of cancers (488) (Fig. A2.13). All these drugs form a covalent adduct 

with a key cysteine (C797 for EGFR) in the active site and are expected to improve treatment 

options especially in patients who develop drug resistance (489, 490). While the irreversible nature 

of these compounds provides a more durable inhibitory response, not all type VI inhibitors may 
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be able to overcome the development of acquired drug resistance observed with first generation 

type I/II reversible inhibitors (491). Afatinib, which was designed based on the reversible inhibitor 

gefitinib, is not effective against the common EGFR T790M mutation that is often responsible for 

acquired drug resistance. 

 

Figure A2.13. The chemical structures of (a) afatinib, (b) osimertinib, (c) dacomitinib, and (d) 

neratinib are shown. The reactive site of the acrylamide moieties is circled in red. 

 

In addition to causing the T790M mutation, afatinib resistance mechanisms include 

increased expression of the c-Met receptor tyrosine kinase and V843I mutation on EGFR (492). 

New structures, such as osimertinib, are less restricted by the T790M mutation and may have better 

treatment outcomes for patients resistant to first-line EGFR inhibitors (491). 

Ibrutinib is a type VI inhibitor that forms a covalent bond on cysteine 481 (C481) in the 

active site of BTK and is used to treat B-cell cancers such as chronic lymphocytic leukemia (CLL) 

(493). Several months after treatment, nearly 80% of relapsing patients contained a cysteine to 

serine (C481S) mutation that limited the efficacy of ibrutinib (494). Alternative reversible BTK 

targeted compounds that tolerate the C481S mutations are showing promise in treating CLL 

relapses (495). Ibrutinib has also been associated with several adverse drug events, which likely 
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occurs due to the covalent interactions with other targets and presents a barrier for its use in some 

patients. Acalabrutinib is a second-generation type VI BTK inhibitor that targets C481 that 

reportedly causes fewer adverse events and is showing more sustained patient responses in clinical 

trials evaluating relapsed or refractory chronic lymphocytic leukemia (496). 

The MAP kinases have been the target of several type VI inhibitors. Zhang et al. described 

the use of the type II kinase inhibitor imatinib to design covalent inhibitors against JNK1/2/3 

isoforms (497). The authors noted that several kinases targeted by imatinib have a potentially 

reactive cysteine that precedes the DFG motif of the activation loop. By attaching an electrophilic 

acrylamide, a compound was identified that targeted not only expected tyrosine kinases but also 

JNK isoforms. Further modifications identified compounds with improved JNK selectivity and 

potency to allow their use as reagents to examine cellular functions for the JNK pathway (497). In 

a study by Ward et al., new reversible ERK1/2 inhibitors, with a pyrimidine scaffold, were 

identified and modified with an acrylamide functional group to make irreversible covalent 

inhibitors that targeted C166, which is directly adjacent to the DFG motif at the beginning of the 

active loop (498). This cysteine is conserved in ERK1/2 but not in p38 or JNK MAP kinases, 

which is expected to provide some degree of selectivity. More recent studies have identified 

ERK1/2-targeted compounds that form covalent bonds with a cysteine (C159) located in the D-

recruitment site (DRS) outside the ATP-binding site (53). The lead compound, BI-78D3, appears 

to block interactions between ERK2 and its activator MEK1. Despite C159 being conserved in 

other MAP kinases, such as p38 and JNK, BI-78D3 modifications were only observed on ERK1/2 

suggesting other DRS structural features facilitated selectivity (53). 

New approaches for cancer therapy through targeted inhibition of transcriptional regulation 

by cyclin-dependent kinases (CDKs) have utilized covalent-binding compounds (499). These 
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studies identified a compound THZ1 that covalently binds to a cysteine (C312) that resides outside 

of the ATP-binding site and inhibits CDK7, and to a lesser extent CDK12 and 13, phosphorylation 

of RNA polymerase II. Modifications to THZ1 that improved potency and drug-like properties led 

to the generation of the covalent CDK7 inhibitor SY-1365, which is currently in cancer clinical 

trials (500). A common problem that reduces the efficacy of THZ1 and other drugs is their efflux 

by the ABC transporters. Gao et al. provided evidence that upregulation of ABC transporters by 

THZ1 can be overcome by compounds that covalently target CDK12 and are not ABC transporter 

substrates (501). 

Downstream of PI3K, Akt protein kinases have been targeted by covalent inhibitors (502). 

Weisner et al. posited that allosteric inhibitors, such as the previously mentioned MK-2206, that 

targeted the PH-domain were proximal to cysteines that could be targeted to generate selective and 

irreversible Akt inhibitors (502). The result of these studies is the compound borussertib, which 

forms a novel covalent interaction on C296 and has been shown in preclinical studies to be 

effective in combination with the type III MEK1/2 inhibitor trametinib for inhibiting pancreatic 

and colorectal cancers expressing KRas mutations (503). The structure of borussertib in complex 

with Akt1 is shown in Fig. A2.14. Borussertib covalently binds C296 and forms hydrophobic 

interactions between the PH domain and the ATP-binding site. 
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Covalent type VI protein kinase inhibitors have provided new options for more durable 

responses and target selectivity. Significant benefits have been observed with type VI inhibitors, 

such as afatinib and ibrutinib, versus reversible type I/II inhibitors for the treatment of lung cancers 

(504) and lymphocytic leukemias (505). Nonetheless,   

 

Figure A2.14. Structure of borussertib in complex with 

Akt1 (PDB: 6HHF). Borussertib (magenta lines) interacts 

with C296 (green) and makes hydrophobic interactions with 

L210, L264, and I290 (cyan). PH domain residues 5–108 

(orange), and ATP site residues 156–164 (yellow) are shown 

 

  

acquired drug resistance through mutations in the 

targeted cysteine and off-target interactions remain barriers to durable patient outcomes. 

Expanding the repertoire of amino acids targeted by type VI inhibitors beyond the common 

cysteine targets may provide advantages. For example, targeting lysine residues in the active site 

of protein kinases with type VI compounds may be effective at disabling enzyme activity. 

However, surface-exposed lysines are generally thought to be poor nucleophiles because they are 

protonated (pKa ~10.5) at physiological pH (482). Recent studies using computational predictions 

suggest that localized pKa values may shift several units, allowing lysines to be amenable to 

reacting with electrophilic warheads (506). Given the success of current covalent inhibitors 

targeting EGFR and BTK protein kinases, the future will likely see the development of new type 

VI inhibitors for treating disease. 
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Appendix 3. Protein Kinase Interactions with Regulatory and Effector 

Proteins7 
 

Abstract 

The previous chapters discussed the general structure of protein kinases and signaling networks 

that kinases use to transmit extracellular signals from plasma membrane receptors through the cell 

to cause changes in gene expression and cellular responses. This chapter will take a closer look at 

the interactions between protein kinases and their substrates and interacting partners. Despite the 

well-conserved organization of the ATP-binding and -catalytic site, kinases have quite diverse 

functions depending on the substrate that is phosphorylated. Some kinases may phosphorylate and 

regulate only a couple of substrates whereas other kinases may phosphorylate hundreds of different 

substrates. The mechanisms by which kinases recognize specific substrates are still being revealed. 

This chapter will describe some of the structural features that determine kinase recognition of 

specific protein substrates. Experimental evidence that specific kinases can phosphorylate dozens 

of substrates will lend support to the idea that complete inhibition of specific disease-related 

kinases, as currently done with type I–III kinase inhibitors, may also inhibit kinase functions that 

have beneficial effects. The theme of this and subsequent chapters is to show the structural features 

that determine specific protein kinase–substrate interactions and to highlight new approaches that 

inhibit the kinase interactions and functions that are involved in disease while preserving kinase 

activities that have clinical benefits.  

Keywords Protein kinase, Substrates, Protein-protein interactions, Docking domains, Function-

selective inhibition 

 

Introduction 

 
7 Defnet A., Martinez R., Shapiro P. Protein Kinase Interactions with Regulatory and Effector Proteins. In: Shapiro 

P. (eds) 2020. Next Generation Kinase Inhibitors. Springer, Cham. https://doi.org/10.1007/978-3-030-48283-1_4 
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In 2002, significant progress in understanding kinases was made with the determination of 

the human kinome and the phylogenetic classification of more than 500 kinases encoded in the 

human genome (362). Research over the last 30 years has revealed the pleiotropic effects of protein 

kinases through their ability to regulate a diverse set of substrates and cellular functions. However, 

the functions for many of these kinases and their substrates are still being elucidated. To facilitate 

the understanding of protein kinase functions, several bioinformatics tools are available that have 

collated current information on kinase signaling networks and are used to determine potential 

substrates. In addition, several computational and structural biology tools available allow 

experimental examination of the exquisite and unique structural features that determine how 

kinases interact with specific substrates. These resources provide starting points for the 

development of new approaches to inhibit specific protein kinase functions through targeted 

disruption of select substrates. 

Many of these bioinformatics resources are publicly available and provide important 

information on known kinases and substrate phosphorylation events. The Universal Protein 

Resource (UniProt; www.uniprot.org; Swiss-Prot Protein Knowledgebase (507)) contains 

excellent information on all identified proteins, and a list of all protein kinases is available 

(https://www.uniprot.org/docs/pkinfam). PhosphoSitePlus is a database that was developed over 

15 years ago and has compiled nearly 300,000 phosphorylation sites based on peer-reviewed 

publications and unpublished data using mass spectrometry (508). This compilation of data 

provides extensive information on individual phosphorylation sites, their potential function in vivo 

and in vitro, and primary supporting references. Protein phosphorylation events and other 

posttranslational modifications have also been well-documented on the bioinformatics resource 

iPTMnet (https://research.bioinformatics.udel.edu/iptmnet/). Other publicly available databases, 

https://www.uniprot.org/docs/pkinfam
https://research.bioinformatics.udel.edu/iptmnet/
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such as KinaseNET: Human Protein Kinase Knowledgebank (www.kinasenet.ca), have archived 

extensive information on specific protein kinases, their substrates, and regulation by 

phosphorylation (509). In cases where phosphorylation regulation of a protein is not known, there 

are resources available that use computational predictions to identify phosphorylation sites and the 

putative kinase involved. For example, putative phosphorylation events for a select number of 

kinases can be evaluated using NetPhos (510) and Phosphopredict bioinformatics (511). 

Docking Interactions Between Protein Kinases and Other Proteins 

Despite a remarkable similarity in the three-dimensional structure, protein kinases 

have the unique ability to be quite selective in the substrates they target and the 

amino acids they phosphorylate. Parameters such as proximity within intracellular locations and 

protein expression levels will certainly impact the ability for proteins 

to interact. Additional key determinants that facilitate protein kinase recognition and 

phosphorylation of a unique substrate include the amino acids that surround the serine, threonine, 

or tyrosine phosphorylation sites and other distant structural features that coordinate protein-

protein interactions. A review by Ubersax and Ferrell provides a comprehensive description of 

protein kinase recognition of substrates and the determinants of phosphorylation specificity (512). 

As was described in previous chapters, the kinase domain is the major determinant of whether 

serine/ threonine versus tyrosine phosphorylation will occur depending on the size of the catalytic 

cleft and its ability to accommodate the bulkier tyrosine residue. In addition, the consensus basic, 

acidic, hydrophobic, or proline residues that surround the serine, threonine, or tyrosine 

phosphorylation sites will determine protein kinase specificity. Several other reviews provide 

detailed summaries of consensus phosphorylation site sequences on substrates and the kinases that 

target them (512-514). 

http://www.kinasenet.ca/
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Protein kinases also coordinate with substrates through specific interactions on regions that 

are distal from the catalytic cleft. Miller and Turk (514) provide an excellent summary of the 

features that determine interactions between kinases and substrates including the phosphorylation 

motif and adjacent docking interactions, distal docking sites, and the coordination with adaptor 

proteins to help facilitate interactions. This section will focus on the mitogen-activated protein 

kinases (MAPKs) as the paradigm for examples of kinase-substrate interactions. Previous chapters 

outlined the major MAPK signaling pathways from the plasma membrane receptor to the kinase 

cascade that mediates changes in gene expression and cellular functions. This chapter will 

summarize the general features that regulate protein-protein interactions in MAPK signaling 

networks. Subsequent chapters will expand upon these structural interactions and provide 

additional details on the critical features that determine how protein kinases regulate specific 

substrates. Understanding the features that regulate these protein-protein interactions will facilitate 

the rationale design of molecules that disrupt the interactions that are relevant in the progression 

of disease. 

The individual MAPK proteins represent key nodes where signaling information 

converges on the activation of MAPK through phosphorylation of a conserved threonine-any 

amino acid-tyrosine (TXY) motif by selective MAP2K (MEK) proteins. The pairing of the 

conventional MAP2K and corresponding MAPK is shown in Table A3.1. While the conventional 

MAP2K-MAPK interactions will be the starting point for discussions on protein kinase–substrate 

interactions, it should be noted that there are also atypical MAPK isoforms that do not follow this 

mode of regulation (380). The atypical MAPKs, including MAPK6/4/15 (ERK3/4/7/8), while 

structurally similar to conventional MAPK proteins, do not appear to have corresponding MAP2K 

activators but are regulated through autophosphorylation or other kinases (515-517). 
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 Table A3.1. Typical MAP2K (MEK) isoforms and their corresponding MAPK substrates 

As indicated, MAP2K isoforms phosphorylate TXY motifs to activate their respective 

MAPK. However, another determinant of selectivity of MAP2K-MAPK pairing is through 

protein-protein interactions that are distal to the site of phosphorylation. The MAP2K proteins 

contain unique D-domain motifs consisting of basic residues in the N-terminal domains connected 

through a short linker to hydrophobic residues. Table A3.2 shows a sequence alignment of the 

major MAP2K isoforms and the sequences that have been identified to form the D-domain (518). 

Except for MAP2K7, which will be discussed in more detail later, MAP2K isoforms have a single 

consensus D-domain sequence. The D-domain residues on MAP2K proteins selectively interact 

with specific sequences on MAPK proteins that form the D-domain recruitment site (DRS). The 

DRS of MAPK isoforms is made up of C-terminal acidic residues that are referred to as the 

common docking (CD) domain (Table A3.3) and N-terminal hydrophobic and variable residues 

(Table A3.4). The variable residues on p38 MAPK isoforms include a glutamate (E) and aspartate 

(D) and are referred to as the ED domain. Although the ED residues are different on other MAPKs, 

the ED designation is used as a general descriptor of this site within the DRS of all MAPK 

sequences (Fig. A3.1). 
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Table A3.2. Sequence alignment of amino acid residues in the N-terminus of MAP2K (MEK) 

isoforms. Highlighted in green are the basic, linker, and underlined hydrophobic residues that contribute 

to the D-domain as previously described in Bardwell et al. (2009). The N-terminal methionine is 

highlighted in red 

 

 

 

Table A3.3. Sequence alignment of C-terminal acidic residues (green shading) that form the 

common docking (CD) residues and contribute to the D-domain recruitment site (DRS) on human 

MAPK isoforms. 

 

Table A3.4. Sequence alignment of amino acid residues in the N-terminus that contribute to the 

DRS. Hydrophobic and variable residues of the ED domain are underlined and highlighted in purple. The 

conserved DFG motif and activating phosphorylation sites of MAPK isoforms are shown in yellow and 

cyan, respectively on human MAPK isoforms 
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Figure A3.1. The D-domain recruitment site (purple and green spheres) sits adjacent to the DFG 

motif (yellow) and opposite of the activation sites (blue). The conserved lysine in the ATP-binding site 

is shown in red. Protein Data Bank structures used for ERK2 (MAPK1), p38α (MAPK14), and JNK1 

(MAPK8) were 4GT3, 5ETI, and 3O17, respectively. 

A second docking domain that has been identified on MAP kinase regulatory and 

downstream substrate proteins is referred to as the docking site for ERK, F-X-F (DEF) motif (519, 

520). The FXF motif is typically separated from the serine or threonine phosphorylation sites by 

6–20 amino acids and is found on transcription factors, scaffold proteins, and MAP kinase 

phosphatases (521). The F-site recruitment site (FRS) on MAP kinases consists primarily of 

hydrophobic amino acids C-terminal to the activation loop (Table A3.5) that form specific contacts 

with hydrophobic phenylalanine residues in the FXF motif. 

 

Table A3.5. Sequence alignment of the FRS between major MAPK proteins. Amino acids in the FRS 

are underlined and highlighted in green. The numbering of the C-terminal residues in the FRS is indicated. 

The conserved activating phosphorylation sites and APE motif at the end of the activation loop for major 

human MAPK isoforms are shown in cyan and yellow, respectively 

 

The spatial organization of the combined CD and ED amino acids to form the DRS and the 

FRS residues on the ERK2, p38α, and JNK1 MAP kinases is depicted in Fig. A3.2. The DRS and 
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FRS are positioned on opposite sides of the kinase in these static models. It is also likely that other 

transient interactions occur that determine substrate interactions depending on the kinase activation 

state. For example, structural studies on ERK2 using hydrogen deuterium exchange mass 

spectrometry suggest that accessibility to the FRS by substrates is limited prior to activation, and 

it is only after phosphorylation of ERK2 at the active sites does a conformational change in the 

FRS facilitate the interactions with substrates containing the DEF motif (519). The structural 

features of the DRS and FRS have previously been used to identify function-selective small-

molecular-weight type IV inhibitors of ERK2 and p38α MAP kinases (238-240, 246). 

MAP Kinase Interactions Through the DRS 

The DRS on MAP kinases provides a docking domain for specific interactions with an 

upstream MAP2K activator and downstream effector proteins. The number and type of substrates 

regulated by the specific MAP kinases can vary extensively. For example, it has been suggested 

that the ERK1/2, p38α/β, and JNK1/2 MAP kinases may have more than 300, 100, and 80 

substrates and binding partners, respectively (245, 522, 523). Although some overlap exists, many 

of these substrates and binding partners selectively interact with their respective MAP kinase. 

Given the sequence similarity of the DRS across MAP kinases, the question arises as to how do 

MAP kinases identify and interact with their unique substrate? Earlier reports provided evidence 

that ED domain residues provided selectivity for substrate recognition (524, 525). Tanoue et al. 

demonstrated that exchanging the ED 
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 Figure A3.2. Spatial organization of the DRS and FRS on MAP kinases. The ribbon structures of 

ERK2 (pdb:4GT3), p38α (pdb:5ETI), and JNK1 (pdb: 3O17) are shown highlighting the conserved lysine 

in the ATP catalytic site (green), the DFG motif (yellow), and TXY activation sites (magenta). The DRS 

comprising CD (cyan) and ED (red) residues and the FRS (orange) are highlighted. As shown here and in 

all subsequent figures, the N-terminal and C-terminal lobes of the protein kinase are positioned at the top 

and bottom, respectively, of each image. 

 

residues between p38α and ERK2 MAP kinases could alter substrate recognition so that p38α 

could interact with an ERK2 substrate and vice versa (525). This demonstrated the importance of 

the ED domain residues in determining substrate selectivity between structurally similar MAP 

protein kinases. Using D-domain peptides that represented substrates of ERK2, p38α, and JNK1 
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MAP kinases, Garai et al. examined structural features that determined selectivity between 

MAPKs and peptides representing interacting proteins (526). These studies provided additional 

insight to key interactions within a docking groove that sits between the CD and ED residues and 

allow MAP kinases to discriminate between their substrates and binding partners. 

The following section will highlight structural studies that describe DRS interactions 

between the major MAP kinases and activator, effector, or regulatory proteins. Co-crystallization 

of the kinase with a peptide representing the interacting partner provides useful information as to 

how interaction with the DRS can discriminate between an activator protein and a downstream 

effector. Figure A3.3 depicts the interactions between ERK2 and peptides representing D-domain 

containing activator (MEK2) or p90 ribosomal S6 kinase (RSK1) effector proteins (527). Each 

peptide appears to occupy the groove between the CD and ED domains. However, the interactions 

with a region just below the ED domain appears to show differences that could be potentially 

exploited to inhibit ERK1/2 activation of RSK1 while preserving ERK1/2 activation by upstream 

MEK proteins. Inhibition of RSK signaling may benefit the treatment of triple negative breast 

cancer (528), and at least one RSK-selective inhibitor, PMD-026, has entered breast cancer clinical 

trials as of October 2019. Additional structures of ERK2 interactions with peptides representing 

regulatory phosphatase proteins have been solved. The structures of ERK2 in complex with D-

domain peptides of hematopoietic protein tyrosine phosphatase (HePTP) (529) and dual-specific 

MAP kinase phosphatase-3 (MKP3) (530) reveal similarities and differences. In both examples, 

peptide interactions with the ERK2 DRS involve electrostatic interactions and hydrophobic 

interactions, which is also the case with p38α and JNK1 MAP kinase as discussed below. 

Differences that occur in the nonconserved amino acids in the DRS are thought to determine the 

selectivity of interacting partners with MAP kinases. 
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Figure A3.3. Structural interactions between ERK2 and activator (MEK2) and substrate (RSK1) 

peptides (magenta lines). The DRS of ERK2 consists of CD (cyan) and ED (red) domain residues. The 

conserved lysine in the ATP catalytic site is shown in green. (a) MEK2 peptide (RRKPVLPALTINP) 

interactions with the DRS (PDB:4H3Q). (b) RSK1 peptide (PQLKPIESSILAQRRVRKLSPTTL) 

interactions with the DRS (PDB:4H3P) 

 

The use of peptides to determine structural interactions has limits as they do not readily 

form secondary structures as found in the full-length protein, and they may not reflect allosteric 

effects of other domains. More recently, a cocrystal structure of inactive ERK2 and the kinase 

domain of RSK1 was determined (531). This structure showed similar interactions between the D-

domain of RSK1 and the ERK2 DRS as to what was described previously in Fig. 3 for the RSK1 

D-domain peptide, although in this case the D-domain is connected to the rest of the RSK1 kinase 

domain through an unstructured linker (Fig. A3.4). The two kinases are inverted in relation to each 

other with the N-terminal lobe of ERK2 facing the C-terminal lobe of the RSK1 kinase domain 

(Fig. A3.4). As suggested by this inactive complex, the threonine residue that is phosphorylated 

by ERK2 is positioned near the catalytic site. However, molecular dynamics simulations have 

suggested that structural changes occurring when ERK2 becomes activated allow positioning of 

the threonine close enough to the active site for phosphoryl transfer to occur (531). 
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Figure A3.4. Structural interactions between ERK2 and the kinase domain of RSK1. The DRS of 

ERK2 (MAPK1) consists of CD (cyan) and ED (red) amino acids. RSK1 (light yellow ribbon) and ERK2 

(grey ribbon) are shown as a heterodimer (PDB:4NIF). The RSK1 D-domain peptide (magenta) interacts 

with the docking groove between the ERK2 CD and ED domains. Threonine 573 (blue) on RSK-1 is 

positioned for phosphorylation by ERK2. The conserved lysine in the ATP catalytic site is shown in green 

 

The interactions of p38α MAP kinase with peptides representing activator (MEK3) and 

effector (MEF2A) proteins that use the DRS have been described (532). Figure A3.5 shows the 

positioning of DRS-interacting peptides that correspond to an activator of p38α (MKK3) and a 

downstream transcription factor effector (MEF2). Unlike the involvement of basic residues of D-

domain peptides that interact with acidic CD domain residues on ERK2, the CD domain did not 

appear to be involved in MEK3 and MEF2A interactions (Fig. A3.5) (532). There were key 

differences between the interactions of MEF2A or MEK3 with p38α that could be exploited to 

develop a MEF2A-selective inhibitor. First, MEF2A interactions are more extensive and occupy 

a larger part of the groove between the CD and ED domains. Second, the common DLR sequence 

on both MEF2A and MEK3 peptides does not interact in the same way with the docking groove 

of p38α. Thus, these differences in DRS interactions could help guide the identification of 

inhibitors that preserve desirable p38α interactions with MEK3 and overall signaling functions but 
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selectively block interactions between p38α and MEF2A to inhibit signaling events associated 

with disease (533). 

 
Figure A3.5. Structural interactions between p38α MAPK activator (MEK3) and substrate (MEF2A) 

peptides. The DRS of p38α (MAPK14) consists of CD (cyan) and ED (red) amino acids. (a) MEK3 peptide 

(SKGKSKRKKDLRISCNSK) interaction with the DRS (pdb:1LEZ). (b) MEF2A peptide 

(RKPDLRVVIPPS) interaction with the DRS (pdb: 1LEW). The conserved lysines in the ATP catalytic 

sites are shown in green 

 

To gain further insight into p38α MAP kinase interactions with downstream effector 

proteins, the structure of the inactive heterodimer complex of p38α and full length MAPKAPK2 

(MK2) was determined (534). MK2 is a major mediator of inflammatory signals regulated by p38 

MAP kinases and targeted inhibition of MK2 could mitigate inflammatory processes involved in 

acute and chronic lung disease as well as rheumatoid arthritis (246, 535, 536). The crystal structure 

shows a face-to-face interaction with the ATP-binding sites of each kinase positioned adjacent to 

each other (Fig. A3.6). The MK2 C-terminal residues from 368 to 400 wrap around p38α and 

include the D-domain residues that form a helix that fits in the DRS docking groove, which is the 

major contributor of the heterodimer formation. There is also evidence to suggest some 

interactions between the disordered MK2 activation loop (residues 207–233 shown in black, Fig. 

A3.6) and p38α through C-terminal α helices. In this inactivated conformation, the major MK2 

residues phosphorylated by p38α are spatially separated from the catalytic site (Fig. A3.6). 
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However, conformational changes upon p38α activation allow ATP catalysis and phosphate 

transfer to these threonine residues. An interesting aspect of the MK2 D-domain residues is that 

they interact with p38α in a reverse order as compared to the MEF2A and MEK3 peptides shown 

in Fig. A3.5 (534). These studies highlight subtle differences in the interactions between distinct 

activator and effector proteins to a common docking groove formed by the DRS of p38 MAP 

kinase that could be exploited in the development of inflammation-modulating agents. 

 

Figure A3.6. Structural interactions between p38α MAP kinase and full length MK2 (pdb: 2ONL). 

The heterodimer structure of p38α (grey ribbon) and MK2 (light yellow ribbon) shows the C-terminal D-

domain residues of MK2 (magenta) interacting with a groove between the CD (cyan) and ED (red) 

domains of the DRS. The activation loops of both proteins are shown in black. The conserved lysines in 

the ATP catalytic sites of p38α and MK2 are shown in green and MK2 sites phosphorylated by p38α 

(T222 in the activation loop and T334 in the C-terminus) are shown as blue spheres 

 

Structural information on p38α MAP kinases’ interactions with substrate proteins has 

informed the development of function-selective p38α inhibitor compounds that may mitigate tissue 

damage following acute myocardial infarction (537). Stress signals associated with 

ischemia/reperfusion tissue injury following a heart attack result in the auto-activation of p38α 

though interactions with the transforming growth factor-β-activated protein kinase 1–binding 

protein 1 (TAB1) scaffold protein (538). De Nicola et al. provided evidence that TAB1 interacts 
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with noncanonical sites and the canonical FRS residues on p38α through hydrophobic interactions 

(Fig. A3.7a) (537). Although the predicted interacting TAB1 hydrophobic residues were 

disordered and not visible in the X-ray structure, mutating these residues to alanine within the 

putative p38α-binding site (e.g. residues V390A, Y392A, V408G, M409A) disrupted interactions 

with p38α and provided protection from tissue-damaging effects of myocardial infarction in a 

mouse model (537). The structural information was used to identify a small molecule, 3-amino-1-

adamantanol, that can interact with hydrophobic leucine residues in a noncanonical site near the 

FRS of p38α and inhibit interactions with TAB1 (Fig. A3.7b). Although this compound was not 

evaluated for mitigating tissue damage due to ischemia/reperfusion injury, it does provide an 

example of how protein structural information can inform the discovery of small molecular weight 

compounds that disrupt clinically relevant protein-protein interactions. 

The c-Jun-N-terminal kinases (JNK) are the other major MAP kinase family member with 

information on the structural interactions between activators and effector proteins. Unique to the 

JNK MAP kinase signaling pathway is the presence of three putative D-domains on the MEK7 

activator (see Table A3.2) that have the potential to  

 

Figure A3.7. Structural interactions between p38α MAP kinase, TAB1, and a TAB1 inhibitor. The 

CD (cyan) and ED (red) domain residues of the DRS and the conserved lysine in the ATP catalytic site 

(green) are shown for reference. (a) Heterodimer complex of p38α (gray) and TAB1 (orange/yellow) 
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[pdb: 5NZZ]. TAB1 residues 384–412 interact with FRS residues on p38α (yellow). (b) Structure of p38α 

with the TAB1 disrupting compound, 3-amino-1-adamantanol (magenta), shown interacting with leucine 

residues (orange) near the FRS [pdb: 6SPL] 

 

interact with the DRS on JNK proteins. Kragelj et al. demonstrated that all three D-domains bind 

with similar affinity to JNK1 suggesting that a single MEK7 protein has the potential to engage 

three JNK1 molecules simultaneously (539). These studies also provided a more detailed structural 

analysis of the interactions between JNK1 and the second D-domain (amino acids 

QRPRPTLQLPLA) that suggest MEK7 may adopt different binding modes depending on the 

JNK1 activation state and function. One of the MEK7-binding modes shows electrostatic 

interaction with the CD domain along with hydrophobic interactions with D-domain peptide 

leucine residues (Fig. A3.8a).  

The JNK-interacting protein-1 (JIP1) scaffold protein is an important regulator of stress-

induced JNK activity through interactions with DRS (540). JIP1 is highly expressed in brain and 

adipose tissue and may have particularly important roles in regulating JNK activity associated with 

obesity, the development of type II diabetes, and neurodegenerative disorders (541). A structure 

of a JIP1 D-domain peptide interacting with JNK1 has been determined (542). Typical of other D-

domain sequences, hydrophobic leucine residues contact α helices between the CD and ED domain 

of JNK1 (Fig. A3.8b). However, unlike the MEK7 peptide where prominent interactions with basic 

lysine residues and acidic residues on the CD domain of JNK1 are observed, this interaction was 

not evident from the JIP1-JNK1 structure (compare the peptide interactions with CD domain in 

Fig. A3.8a, b). The structural features of JIP1 interactions with JNK1 have helped facilitate the 

development of new compounds that target the JIP1 docking site and show improved management 

of glucose levels in animal models of diabetes (435, 474). While these studies provide proof of 
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principle that disruption of JIP1 interactions with JNK proteins has clinical benefits, translating 

these concepts to patient studies has yet to be achieved. 

 

Figure A3.8. Structural interactions between JNK1 and 

peptides representing activator (MEK7) or regulatory 

(JIP1) proteins. The DRS of JNK1 (MAPK8) consists of 

CD (cyan) and ED (red) amino acids. Lysine in the ATP 

catalytic site is shown in green. (a) MEK7 peptide (magenta) 

interacting with DRS (pdb:4UX9). (b) The JIP1 peptide 

(magenta) interacting with DRS (pdb:1UKI) 

 

 

While many upstream activators, regulatory 

proteins, and substrates contain D-domains that facilitate interactions with their respective MAP 

kinases, few studies have examined how differences between D-domains impact protein-protein 

binding affinities and subsequent signaling events that control cellular responses. Laughlin et al. 

provided structural insight into three D-domain-containing proteins and their interactions with the 

DRS of JNK3 to explain differences in their binding affinities (543). JNK3 shares a high degree 

of sequence identity with other JNK isoforms, including 75% sequence identity with JNK1. These 

studies used 11 amino acid peptides representing two scaffold proteins, JIP1 and SAB (SH3-

binding protein 5 or SH3BP5), or the transcription factor ATF2 to examine how each D-domain 

coordinated interactions with JNK3 (543). As previously discussed, JIP1 plays several roles in 

regulating JNK activity, including regulation of obesity-induced insulin resistance, while SAB is 

localized to the mitochondria and involved in JNK-mediated reactive oxygen species (ROS) 

generation associated with acetaminophen-induced liver injury (544). ATF2 is a member of the 

AP-1 transcription factor family that can heterodimerize with several other transcription factors to 

modulate cell survival especially in response to stress (545). 
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A major objective addressed by Laughlin et al. was to determine the D-domain differences 

that were responsible for the JIP1 peptide having ~20-fold higher JNK3-binding affinity compared 

to the SAB or ATF2 peptides (543). Cocrystallization studies indicated that the SAB and ATF2 

peptides caused the disordered JNK3 activation loop to coil into an inhibitory helix that interacted 

with the ATP-binding site (Fig. A3.9). These structural changes suggested a potential mechanism 

for a docked substrate to inhibit JNK catalytic activity prior to activation loop phosphorylation. 

JIP1 peptide interactions with carboxy (C)-terminal residues induced a rotation of the amino (N)-

terminal lobe in agreement with previous studies describing how overexpressed JIP1 inhibits JNK 

activity (542). Binding of the SAB and ATF2 peptides caused a similar allosteric rotation of the 

N-terminal lobe. 

Several differences between the peptides were observed that could explain the higher 

binding affinity of JIP1 (543). For example, the electrostatic interactions between basic residues 

of the D-domain and acidic residues (cyan in Fig. A3.9) of the DRS were ~1 Å closer with JIP1 as 

compared to ATF2. Another difference observed was extensive hydrogen (H)-bond interactions of 

the middle amino acids of the JIP1 peptide compared to fewer H-bonds with the SAB peptide. 

Finally, hydrophobic residues in the C-terminus of the JIP1 peptide formed additional van der 

Waals interactions that were not observed with the ATF2 peptide. The higher binding affinity of 

JIP1 compared to SAB was attributed to a C-terminal proline in the SAB peptide that altered the 

positioning of an adjacent leucine and helped stabilize the inhibitor helix formed by the activation 

loop. Since all three of these DRS-interacting proteins have diverse cellular functions, these 

structural studies provide the basis to rationally design compounds that target select protein-protein 

interactions to achieve maximal therapeutic benefits. 
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Figure A3.9. Structural interactions between JNK3 and the D-domain peptides representing (a) JIP1 

[pdb:4H39], (b) SAB [pdb:4H3B], and (c) ATF2 [pdb:4H36]. The peptides are represented as magenta 

lines. The CD and ED domains of the DRS are highlighted in cyan and red, respectively. The activation 

loop (residues 207–230) shown in blue forms a helix (b and c) that fits in the catalytic site. The conserved 

lysine (K93) in the catalytic site is shown in green 

 

 

 

MAP Kinase Interactions Through the FRS 

The F-recruitment site (FRS) on MAP kinases represent another docking site that controls 

interactions with substrates and regulatory proteins. All MAP kinases have a putative FRS (see 

Fig. A3.2 and Table A3.5), and the use of X-ray crystallography and other approaches to define 

the structural role for this site in mediating interactions with DEF-motif containing proteins has 

been examined in a few examples. Other biophysical studies have provided compelling evidence 

that several transcription factors (e.g., Elk-1, c-Fos, and c-Myc) and phosphatases (e.g. MKP3 and 

MKP7) require a DEF motif to interact with MAP kinases (242, 546, 547). In addition, some MAP 

kinase substrates and regulators (e.g. Elk-1, MKP3, and KSR1) have both a D-domain and DEF 

motif that coordinate MAP kinase interactions (548, 549). Tzarum et al. provided biochemical 

evidence that the FRS of p38α is required for the efficient phosphorylation of the transcription 
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factors Elk-1 and ATF2 (550). As was previously described in Fig. A3.9, ATF2 contains a D-

domain peptide but does not contain a consensus FXF sequence characteristic of the DEF motif, 

suggesting that the FRS on MAP kinases can adapt to other peptide motifs.  

The MAP kinase phosphatases (MKP) family, also referred to as the dual specificity 

phosphatases (DUSP), are key DEF motif-containing regulators of MAP kinase activity through 

their ability to specifically dephosphorylate threonine and tyrosine residues in the activation loop. 

Targeted inhibition of MKP proteins may have a beneficial role in modulating the immune 

response and enhancing the treatments for cancer and inflammatory disorders (551, 552). One of 

the few examples of structural interactions between the DEF motif and FRS of a MAP kinase has 

recently been described for JNK1 interactions with the catalytic domain of MKP7 in 

cocrystallization studies (437). The complex reveals the expected bilobed JNK1 kinase structure 

consisting mostly of N-terminal β-sheets and C-terminal α-helices adjacent to the MKP7 catalytic 

domain, which contains the typical MKP configuration consisting of a central β-sheet that is 

surrounded by six α-helices (Fig. A3.10). Extensive hydrophobic and electrostatic interactions 

between the DEF motif and the FRS orient the active site of MKP7 adjacent to the phosphorylated 

activation loop of JNK1 (Fig. A3.10). Unique to these studies was the assignment of distinct roles 

for the phenylalanine residues in the consensus DEF motif (437). Interactions with the first 

phenylalanine (F285) appeared to be important for JNK1 binding whereas the second 

phenylalanine (F287) was more involved in positioning the MKP7 active site for efficient 

dephosphorylation. 
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Figure A3.10. Structural interactions between JNK1 and the catalytic domain of MKP7 

[pdb:4YR8]. JNK1 and the catalytic domain of MKP7 are shown as grey and orange ribbons, 

respectively. The FRS of JNK1 (residues I197, L198, D229, Y230, I231, W234, Y259) are shown in 

yellow. The MKP7 active site (residues 245–250; CLAGISR) and DEF motif (residues 285–288; FNFL) 

are shown in green and magenta, respectively. Electrostatic interactions between MKP7 (black lines) and 

JNK1 (blue lines) are indicated. The DRS of JNK1 consisting of the CD (cyan spheres) and ED (red 

spheres) amino acids and the conserved lysine in the ATP catalytic site (green spheres) are shown for 

reference. Inset shows an expanded view of the DEF motif interaction with the FRS 

 

Conclusions 

This chapter provided some examples of the structural determinants based on X-ray 

crystallography describing the interactions between protein kinases and activator, regulatory, and 

effector substrate proteins. Protein kinase signaling networks depend upon these protein-protein 

interactions to coordinate the appropriate phosphorylation events for cellular responses. The 

examples provided in this chapter focused on well-characterized docking sites, the DRS and FRS, 

found on MAP kinases that interact with D-domain and/or DEF motif regions found on interacting 

protein partners. There are similarities between each docking site across MAP kinases, which may 

explain why some substrates (e.g., Elk-1, ATF2, and c-Fos) are phosphorylated on the same site 

by several MAP kinase family members. However, MAP kinase members also retain selectivity 

in their ability to recognize unique substrates and interacting partners, which can be attributed to 
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subtle differences in each MAP kinase docking site and the likely existence of additional contact 

points on MAP kinases that regulate specific protein-protein interactions. A detailed 

characterization of the determinants of the contact between a protein kinase and its substrate or 

regulatory proteins will provide opportunities to develop function-selective protein kinase 

inhibitors that reduce dysregulated signaling events in disease. 

There are several experimental approaches available for determining protein-kinase-

interacting partners. As an example, specific antibodies can be used to immunoprecipitate a protein 

kinase from a complex protein mixture, and counteracting proteins can be identified by mass 

spectrometry. This approach has been used to identify an ERK1 MAP kinase interactome in the 

context of neuronal cell differentiation (245). Most of the ERK1-interacting proteins identified 

contained D-domains. However, variability in binding affinities and immunoprecipitation 

conditions may bias some protein interactions and fail to identify other interactions that occur in 

vivo. Other experimental approaches to identify protein kinase substrates include the phosphatase 

inhibitor and kinase inhibitor substrate screening (PIKISS) method, which was later renamed the 

kinase-oriented substrate screening (KIOSS) method to take into account the use of kinase 

activators and inhibitors (553). This approach enriches phosphorylated proteins from cells or tissue 

following the treatment of specific kinase activators or inhibitors and then uses mass spectrometry 

to identify the substrates. A compilation of many protein kinase interaction networks can be found 

at the STRING Consortium (https://string-db.org/), which provides a database of thousands of 

known or predicted protein-protein interactions based on experimental evidence. While these 

experimental approaches and database compilations provide the basis for manipulating specific 

protein-protein-interactions, a detailed analysis of the structural features involved will allow the 

rational identification and development of compounds that modulate these interactions.  

https://string-db.org/


 

189 

 

A variety of methodologies for structure-based drug design, including X-ray 

crystallography, nuclear magnetic resonance, and cryo-electron microscopy, have been widely 

used to generate structural information on protein kinases (554). Other approaches such as 

hydrogen-deuterium exchange mass spectrometry can evaluate dynamic structural movements 

within a protein to evaluate regions of flexibility or rigidity under various conditions (555). With 

new information on the structural details of protein kinases, new opportunities to develop function-

selective inhibitors of protein-protein interactions involved in disease will emerge. The next 

chapter will describe the use of computational approaches, which consider the structural features 

of protein-protein interactions identified by experimental approaches to design new small-

molecule inhibitors of protein kinases. 
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Appendix 4. Effect of SF-3-030 on additional kinase pathways and resistance 

mechanisms 

1. BINDING OF SF-3-030 WITH p38β PROTEIN AND EFFECT ON SIGNALING  

Covalent modification analysis by high resolution mass spectrometry: His-tagged P38β was 

purified from E. coli BL21 (DE3) cells transformed with wild type p38β constructs using the 

previously described method (556), respectively. For covalent modification analysis, in vitro 

kinase reactions containing 100 µg of purified P38β, 1mM ATP, 1X NEBuffer™ for Protein 

Kinases (New England Biolabs, Ipswich, MA), and 50 µM SF-3-030 were incubated for 2 hours 

at 25°C. After the reactions, P38β proteins were desalted, reduced, alkylated and trypsinolyzed on 

filter as described previously. (250, 251) Tryptic peptides were separated on a nanoACQUITY 

UPLC analytical column (BEH130 C18, 1.7 μm, 75 μm x 200 mm, Waters) over a 165-minute 

linear acetonitrile gradient (3 – 40%) with 0.1 % formic acid on a Waters nano-ACQUITY UPLC 

system and analyzed on a coupled Thermo Scientific Orbitrap Fusion Lumos Tribrid mass 

spectrometer as described previously (252). Full scans were acquired at a resolution of 120,000, 

and precursors were selected for fragmentation by higher-energy collisional dissociation 

(normalized collision energy at 32 %) for a maximum 3-second cycle. Tandem mass spectra were 

searched against the ERK2 and P38β protein sequences using a Sequest HT algorithm (118) and a 

MS Amanda algorithm (119) with a maximum precursor mass error tolerance of 10 ppm. Possible 

substitution (SN2’ and SN2, +115.9932), Michael addition (+324.0126) and carbamidomethylation 

of cysteine were treated as dynamic modifications. Resulting hits were validated at a maximum 

false discovery rate of 0.01 using a semi-supervised machine learning algorithm Percolator (120).  

The probabilities of modification sites were computed using a ptmRS algorithm (256).  
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Results 

SF-3-030 forms covalent adducts on two cysteines of p38β.  While the data in Chapter 4 suggest 

that SF-3-030 is not acting as random alkylating agent, we tested whether SF-3-030 can modify 

other structurally similar MAP kinases. As such, we decided to study the MAP Kinase p38ß, a 

structurally similar kinase to p38α. Given we wanted to look at the similarity in covalent 

modifying activity, we performed the same mass spectrometry analysis as mentioned in Chapter 

4 on p38ß. Interestingly, mass spectrometry analysis also showed that SF-3-030 interacts with 

p38 MAP kinase and forms covalent adducts of 116 da on cysteine 119 and 162 (C119, C162) 

(Figure A.1, A.2, A.3). The C162 is analogous to the C159 on ERK2 and near the CD 

recruitment site on MAP kinases, which was not significantly modified by SF-3-030 in ERK2. 

The modifications on p38β occurred in roughly equal proportions on both cysteines 119 and 162 

(Figure A.4). To evaluate whether this modification affected CD domain containing substrates of 

p38ß, the effects on p38 MAP kinase-mediated phosphorylation of MK2, the MK2-substrate 

HSP27, and ATF2 and were examined. Similar to previous studies (238), and despite mass 

spectrometry demonstrating covalent modification by SF-3-030, we found no biological effect of 

SF-3-030 on p38 MAP kinase signaling (Figure A.5).  
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 Figure A4.1. Mass spectra of SF-3-030 covalent adducts on cysteine 162 of p38β. Peptide 

fragmentation and spectra of p38β with covalent modification of C162 by SF-3-030 as determined 

using high resolution liquid chromatography-tandem mass spectrometry.  



 

193 

 

  

  

Figure A4.2. Mass spectra of SF-3-030 covalent adducts on cysteine 162 on p38β. Peptide 

fragmentation and spectra of p38β with covalent modification of C162 by SF-3-030 as determined 

using high resolution liquid chromatography-tandem mass spectrometry.  
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  Figure A4.3. Mass spectra of SF-3-030 covalent adducts of cysteine 119 on p38β. Peptide 

fragmentation and spectra of p38β with covalent modification of C119 by SF-3-030 as determined 

using high resolution liquid chromatography-tandem mass spectrometry.  
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Figure A4.4. Space-filling model of p38β with highlighted cysteine residues and SF-3-030 

modification sites. (adapted from PDB ID: 3GP0). Cysteine modifications determined by high-

resolution liquid chromatography-tandem mass spectrometry. Cysteine residues are colored in (green), 

as well as the TXY motif (magenta), the F recruitment site (red), and the primary modification sites 

C119 and C162 (red font).  
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Figure A4.5. Effect of SF-3-030 on p38 signaling through regulated substrates. Relative 

quantification of c-Fos, Fra-1, and c-Myc protein levels after 4 hour exposure with 25µM SF-3-030. 

Mean and STD are from three independent experiments and graph was determined via densitometry as 

described in the Methods.  
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2. CYTOTOXICITY STUDY OF SF-3-030 

Lactate dehydrogenase (LDH)/cytotoxicity assay: Cells were seeded at 5,000 cells/well in 96-

well plates, cultured overnight, and treated for 48 hours with the indicated dose of compound SF-

3-030. Cytotoxicity via LDH release was measured according to manufacturer’s instructions using 

the CyQUANTTM LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific: Waltham, MA). 

Results 

SF-3-030 not cytotoxic to melanoma cells at biorelevant doses. The concentrations of SF-3-030 

used for the biological assays in Chapters 4 and 5 were determined to not be overtly cytotoxic in 

any of the melanoma cell lines tested. In A375, HeLa, and RPMI, the percentage cytotoxicity 

remained well below 20% at the IC90 doses for SF-3-030. These data may suggest the SF-3-030 

is not indiscriminately kill cells and may have some specificity in its electrostatic interactions 

preventing promiscuous modification and off-target effects.  

 

Figure A4.7. Lactate dehydrogenase cytotoxicity assay with SF-3-030. SKMEL28, A375, HeLa, 

RPMI were treated for 48 hours with increasing concentrations of SF-3-030 from 0-100µM. Percentage 

cytotoxicity graphed as a function of lactate dehydrogenase release.  
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High-Definition Mass Spectrometry via G2S Synapt Intact mass spectra analysis was completed 

using a nanoAcquity UPLC in line with a Synapt G2S mass spectrometer (Waters) operating 

under resolution mode. Each sample was loaded onto a MassPREP Micro Desalting column 

(Waters), washed for 10 min with 0.1% formic acid (FA) in water (Solvent A) and eluted with 

60% acetonitrile (ACN) in 0.1% FA for 10 min at a rate of 100 µL/min. The mass spectrometer 

electrospray ionization (ESI) source capillary voltage was set at +3.0 kV and 100 ⁰C temperature. 

The acquisition mass range was 500-2000 m/z. Mass spectra were deconvoluted and the area of 

the first +16 modification peak was calculated using UniDec. (557) For sample preparation, His-

tagged ERK2 was purified from E. coli BL21 (DE3) cells transformed with wild type erk2 

construct using the previously described method (242). For covalent modification analysis, in 

vitro kinase reactions containing 100 µg of purified ERK2, 1mM ATP, 1X NEBuffer™ for 

Protein Kinases (New England Biolabs, Ipswich, MA), and either 50 or 250µM SF-3-030 for a 

period of either 2, 8, or 24 hours, at either 25 ⁰C or 37 ⁰C.  

Results 

Extent of covalent modification in vitro by SF-3-030 is both concentration and time 

dependent. Briefly, intact mass spectrometry can detect covalent modifications on whole 

proteins when purified and enriched in vitro. As shown in Fig. A4.7, ERK2 was incubated with 

various concentrations, times, and temperature combinations of SF-3-030. The normalized peak 

intensities indicate that increasing concentration of SF-3-030 was the most decisive variable in 

diversifying the types of modifications observable under intact mass spectra analysis. These 

included the most prominent species with either a singly phosphorylated ERK2, and a single 

covalent modification of mass +116kDa when incubated with 50µM SF-3-030 at either 25 or 37 

degrees, or both (Figure A.4.8). This mass addition further corroborates the data in Chapter 4, 
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A. 

B. 

suggesting that the compound interacts via substitution reaction with ERK2. Increasing 

concentrations of SF-3-030 to saturated conditions of 250µM heavily diversified the type of 

modifications observable, including 2 or even 3 covalent modifications of SF-3-030, as well as 

trace amounts of modifications resultant of a Michael addition (+324kDa). These modifications 

could also begin to be detected when incubated at the 8 or 24 hour timepoint, or when incubated 

at 37 degrees. These studies suggest that more than one species of SF-3-030 modified ERK2 

proteins could be detected when shifting the stoichiometry and temperature during in vitro 

incubation. Further in cellulo studies would be needed to determine if these in vitro findings 

replicate in cells, or if the cellular environment plays a modulating role in directing the majority 

of modifications on a single cysteine, as was determined via the in vitro peptide fragmentation 

analysis in Figure 4.1.  
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*Figure A4.8 continued 
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C. *Figure A4.8 continued 



 

202 

 

 

Figure A4.8. Graphs of Peak Intensities of Protein Species from G2S Synapt. Peak intensities of 

detectable protein species are listed, with the highest intensity protein species set at 100 and all others 

normalized to that maximum. (A) ERK2 protein only control or with protein kinase buffer. (B) ERK2 

protein incubated for 2 hours with 50µM SF-3-030 at 25 or 37C. (C) ERK2 protein incubated for 2 hours 

with 250µM of SF-3-030 at 25 or 37C. (D) ERK2 protein incubated for 8 hours with 50µM SF-3-030 at 

25 or 37C. (E) ERK2 protein incubated for 24 hours with 50µM of SF-3-030 at 25 or 37C.  

 

  

D. *Figure A4.8 continued 
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4. EFFECT OF SF-3-030 ON MELANOMA CELL RESISTANCE MECHANISMS  

 PLX/AZD Dual-resistant cells exhibit similar cell viability curves to Parent cells with SF-3-

030 treatment. In Chapter 1, we demonstrated that A375 cells resistant to PLX4032 and 

AZD6244 remained viable despite high micromolar doses of with BRAF or MEK inhibitor. 

Given the data in Chapter 4 suggests that SF-3-030 can inhibit cell growth in BRAF V600E 

mutated cells with constitutive ERK activity, we wanted to then determine if dual-resistant cells 

exhbiting reduced ERK activity may also be inhibited with the ERK2 targeting compound. Using 

the monolayer (2D) and spheroid (3D) models used in Chapters 1 & 2, we treated cells with SF-

3-030 to determine the cell viability of both A375 Parent and Dual-Resistant cells. As seen in 

Figure A4.6, both Parent cells and Dual-resistant cells exhibit similar viablity curves, with 

spheroids exhibiting slightly higher viability upto doses of 10µM.  

 We also wanted to determine if SF-3-030 had any effect on genes canonically identified 

as conferring resistance to cells treated with RAF/MEK inhibitors. We identified in Chapter 5 

that the gene FOXD3 exhibited increased expression via RNAseq analysis. Immunoblot analysis 

confirmed the induction of FOXD3 protein expression in A375 cells treated with SCH772984 

but not in SF-3-030 treated cells (Figure A4.6). Together with the RNAseq information from 

Chapter 5, this data is indicative that SF-3-030 can potentially inhibit cells that have developed 

resistance to clinically used RAF/MEK inhibitors and avoid the initiation of resistance 

mechanisms typically seen in melanoma treatment.  
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Figure A4.10. SCH772984 increases FOXD3 expression. Immunoblots of FOXD3 and α-tubulin 

(control) protein levels in lysates from A375 cells treated with 10 M SCH77294 or 25 M SF-3-030 

for 0 – 24 hours. The numbers below the FOXD3 immunoblot indicate the relative levels of protein, 

normalized to α-tubulin, determined by densitometry. Molecular weight markers are indicated on the 

left of each immunoblot. 
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Figure A4.9. Dual-resistant cells exhibit similar sensitivity as parent cells to SF-3-030. (A) 

Viability of A375 parent and (B) dual-resistant following treatment with 0 – 25 µM of SF-3-030 for 48 

hours. Cell viability was expressed as a fraction compared to cells treated with DMSO vehicle (100% 

or 1). Data are representative of three independent experiments. 

A. B. 
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Appendix 5. Tables of Transcriptomic and Proteomic changes in SF-3-030 

treated melanoma cells. 

Table A5.1. RNAseq Data of transcripts that increase (p<0.05) between treated and untreated 

control.  

Yellow denotes genes common to both treatments.  

SF-3-030 vs. Control AZD6244 vs. Control 

Gene Fold change Gene Fold change 

EGR1 12.21 SOX2 4.22 

HMOX1 11.56 SNAI2 3.34 

HSPA1B 8.23 AC104057.1 2.36 

HSPA1A 7.71 CITED2 2.35 

HSPA1L 6.23 FOXD3 2.27 

ANGPTL4 2.91 TXNIP 2.16 

FOS 2.71 ID2 1.9 

DNAJB1 2.35 BMF 1.9 

MAP3K14 2.16 EFNA1 1.87 

JUN 1.97 SOX4 1.83 

ZFP36 1.78 ATF3 1.8 

HSPA6 1.73 RP11-796E2.4 1.75 

HSPA8 1.65 OSR2 1.7 

CHMP4C 1.64 GAS1 1.66 

  SKIDA1 1.65 

  COL15A1 1.61 

  IRS2 1.59 

  ISL1 1.57 

  NFIL3 1.55 

  SLITRK2 1.55 

  TRABD2A 1.53 

  NR2F1 1.52 

  CHMP4C 1.52 

  RP11-597A11.1 1.51 

 

Table A5.2. RNAseq Data of transcripts that decrease (p<0.05) between treated and untreated 

control.  

Yellow denotes genes common to both treatments.  

SF-3-030 vs. Control  AZD6244 vs. Control  

Gene Fold change Gene Fold change 

ZNF696 0.666 TNFRSF10A 0.664 
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   *Table A5.2 continued 

ZNF70 0.659 TGFA 0.66 

CITED2 0.653 HHEX 0.652 

RP11-199F11.2 0.651 CTGF 0.648 

SGK223 0.643 KIAA0040 0.646 

BCL6 0.638 MIR146A 0.644 

RP1-212P9.3 0.636 DMRT2 0.644 

SOX11 0.635 MIR24-2 0.637 

HIST2H2AC 0.632 FZD7 0.623 

MIR146A 0.627 TRIB2 0.621 

HIST2H2AC 0.623 RUSC2 0.617 

SHISA2 0.622 KLF4 0.613 

FKSG61 0.617 SOX11 0.596 

ZFP36L2 0.616 RP11-343N15.5 0.593 

BAMBI 0.576 PTPRE 0.588 

BTG2 0.569 GATA3 0.585 

LINC00622 0.56 HSPA6 0.58 

CTC-444N24.11 0.53 IL24 0.579 

GAS1 0.53 ITPRIP 0.569 

SGK1 0.513 SEMA4C 0.566 

MT-TI 0.499 PFKFB3 0.561 

GATA3 0.477 SHISA2 0.55 

RN7SKP221 0.461 CDC42EP3 0.535 

CTGF 0.46 RP11-127L20.5 0.528 

SOCS3 0.437 HBEGF 0.518 

ADAMTS13 0.43 CXCL3 0.511 

BX470102.3 0.403 FAM214B 0.508 

RIMBP3 0.398 SLC2A3 0.491 

SKIDA1 0.382 CTC-444N24.11 0.487 

CYR61 0.359 STC1 0.484 

RIMBP3B 0.349 SLC2A14 0.48 

MT-TT 0.342 EGR3 0.478 

SPRY1 0.339 RP11-415J8.3 0.472 

MT-TL2 0.338 MANSC1 0.468 

MYC 0.331 KLF10 0.457 

MT-TS2 0.325 DUSP4 0.456 

BHLHE40 0.309 ZFP36 0.456 

MT-TH 0.305 LDLR 0.455 

MT-TR 0.288 TFAP2C 0.453 
  JAG1 0.449 
  NR4A2 0.439 
  EPHA2 0.436 
  SGK1 0.434 
  BMP4 0.431 
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   *Table A5.2 continued 
  ZFP36L2 0.429 
  ZFP36L1 0.42 
  ERRFI1 0.409 
  ENC1 0.372 
  TRIB1 0.372 
  DUSP5 0.365 
  TGIF1 0.334 
  BHLHE40 0.333 
  KCNJ12 0.288 
  GDF15 0.269 
  PHLDA1 0.264 
  FOS 0.256 
  RP11-290L1.3 0.252 
  LIF 0.248 
  MYC 0.244 
  CXCL1 0.224 
  RP6-99M1.2 0.197 
  BX470102.3 0.19 
  SPRY1 0.162 
  EGR1 0.156 
  SPRY4 0.112 
  XXbac-BPG252P9.10 0.108 
  IER3 0.102 
  SPRY2 0.092 
  DUSP6 0.06 

 

Table A5.3. IPA analysis of RNAseq. Data showing the top 50 regulators that are predicted to be 

activated (z score ≥2) or inhibited (z score ≤ -2) with p values <0.03. A) AZD6244 versus 

untreated; B) SF-3-030 versus AZD6244; C) SF-3-030 versus untreated. 
 

A. AZD6244 versus control 

Regulator Status Z-score P value Regulator Status Z-score P value 

PDGF BB Inhibited -3.718 5.69E-22 ERK1/2 Inhibited -2.656 9.45E-08 

TNF Inhibited -3.418 3.39E-17 NDRG1 Inhibited -2.580 1.33E-07 

Mek Inhibited -3.293 2.40E-16 VEGFA Inhibited -2.288 1.63E-07 

ERK Inhibited -3.267 1.89E-14 Pdgf (complex) Inhibited -2.622 2.86E-07 

EGF Inhibited -3.279 1.97E-14 SFTPA1 Activated 2.611 3.26E-07 

F7 Inhibited -3.248 8.72E-14 GH1 Inhibited -2.731 3.47E-07 

IL1B Inhibited -3.265 4.20E-13 DACH1 Activated 2.433 3.73E-07 

Growth 

hormone Inhibited -2.043 4.68E-12 KRAS Inhibited -2.178 5.84E-07 

Cg Inhibited -2.369 1.40E-11 PTEN Activated 2.867 6.50E-07 

STAT3 Inhibited -2.214 1.49E-11 TP63 Inhibited -3.124 6.86E-07 
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*Table A5.3 continued 

Vegf Inhibited -2.847 2.33E-11 F2R Inhibited -2.242 7.26E-07 

FGF2 Inhibited -2.556 1.05E-10 HIF1A Inhibited -2.368 1.18E-06 

HGF Inhibited -3.406 1.12E-10 S100A8 Inhibited -2.132 1.56E-06 

NUPR1 Inhibited -3.530 1.02E-09 F3 Inhibited -2.768 1.72E-06 

F2RL1 Inhibited -2.754 1.28E-09 ZBTB17 Inhibited -2.236 1.92E-06 

AGT Inhibited -3.236 1.36E-09 WNT3A Inhibited -2.217 2.69E-06 

EGFR Inhibited -2.665 1.53E-09 IFNG Inhibited -3.246 3.10E-06 

ERBB2 Inhibited -2.531 1.93E-09 F10 Inhibited -2.213 3.71E-06 

MAP2K1/2 Inhibited -2.576 6.00E-09 IL3 Inhibited -2.212 4.13E-06 

HRAS Inhibited -2.632 1.21E-08 S100A9 Inhibited -3.162 5.18E-06 

NRG1 Inhibited -2.927 1.80E-08 CD40LG Inhibited -2.324 6.21E-06 

P38 MAPK Inhibited -2.429 1.93E-08 IL17A Inhibited -2.376 1.06E-05 

IL2 Inhibited -2.615 3.20E-08 F2 Inhibited -2.933 1.83E-05 

Pkc(s) Inhibited -2.375 5.32E-08 IKBKB Inhibited -2.408 1.98E-05 

PRKCA Inhibited -2.180 8.37E-08 Ras Inhibited -2.109 2.29E-05 
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B. SF-3-030 versus AZD6244 

Regulator Status Z-score P value Regulator Status Z-score P value 

PDGF BB Activated 3.439 1.60E-22 TP63 Activated 2.046 6.05E-11 

ERK Activated 3.722 4.82E-21 NUPR1 Activated 2.160 9.05E-11 

TNF Activated 3.776 9.05E-21 Cg Activated 2.129 1.01E-10 

Mek Activated 3.286 1.63E-19 P38 MAPK Activated 2.477 1.26E-10 

EGF Activated 3.663 2.37E-19 MAPK3 Activated 3.204 2.03E-10 

Raf Activated 2.429 1.89E-17 ESR2 Activated 2.331 2.82E-10 

IFNG Activated 2.265 1.28E-14 F2R Activated 2.569 4.54E-10 

HGF Activated 3.547 4.13E-14 IL6 Activated 2.314 8.24E-10 

NRG1 Activated 2.656 4.42E-14 FOXL2 Activated 2.077 1.14E-09 

Pdgf (complex) Activated 3.053 6.29E-14 MAP2K1/2 Activated 2.341 1.14E-09 

EGFR Activated 3.055 7.92E-14 VEGFA Activated 2.251 1.87E-09 

IL1B Activated 3.640 9.17E-14 EGR1 Activated 2.467 8.13E-09 

HRAS Activated 2.651 1.71E-13 KRAS Activated 3.082 1.07E-08 

Ras Activated 2.396 1.80E-13 FSH Activated 2.072 1.99E-08 

RAF1 Activated 2.701 5.64E-13 LDL Activated 2.342 2.22E-08 

ERK1/2 Activated 2.458 1.23E-12 CD40LG Activated 3.517 4.81E-08 

Vegf Activated 2.888 3.05E-12 SFTPA1 Inhibited -2.496 7.29E-08 

Jnk Activated 3.244 3.42E-12 BRAF Activated 2.219 8.15E-08 

AGT Activated 2.194 3.78E-12 FGFR1 Activated 2.016 8.47E-08 

FGF2 Activated 2.601 6.90E-12 TREM1 Activated 2.377 8.77E-08 

F2RL1 Activated 2.028 9.40E-12 EDN1 Activated 2.395 8.77E-08 

RELA Activated 2.158 1.38E-11 C5 Activated 2.903 9.16E-08 

PTEN Inhibited -2.849 1.61E-11 MAP3K1 Activated 2.573 1.52E-07 

MAP2K1 Activated 2.357 4.23E-11 IL17A Activated 2.871 1.73E-07 

F2 Activated 2.249 5.27E-11 GRP Activated 2.798 1.79E-07 

C. SF-3-030 versus control 

Regulator Status Z-score P value 

Hdac Inhibited -2.176 5.01E-09 

ESR2 Activated 2.271 1.79E-06 

EGR1 Activated 2.583 7.51E-05 

MAP3K1 Activated 2.166 2.24E-04 

KAT6A Inhibited -2.000 3.86E-04 

PPARGC1A Activated 2.132 2.58E-02 
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Table A5.4. Proteins that show statistically significant increase/decrease with SF-3-030 or 

SCH772984 (4 hr).   

Yellow cells denote proteins that increased or decreased in both treatment conditions.  

Proteins that increase with SF-3-030 Fold increase Anova (p) 

Zinc finger protein 774,  ZNF774  16.278 0.003 

Protein MEMO1,  MEMO1  10.554 0.002 

Chromosome 18 open reading frame 17_ isoform CRA_c,  

TTC39C  
5.177 0.037 

Unconventional myosin-XVIIIa,  MYO18A  4.179 0.004 

Transcription factor 4,  TCF4  2.243 0.036 

Heme oxygenase 1,  HMOX1 1.766 0.001 

Sickle tail protein homolog,  KIAA1217  1.442 0.003 

182 kDa tankyrase-1-binding protein,  TNKS1BP1  1.439 0.034 

U4/U6 small nuclear ribonucleoprotein Prp4,  PRPF4  1.3 0.014 

Diablo homolog_ mitochondrial,  DIABLO  1.271 0.03 

Chromodomain-helicase-DNA-binding protein 4,  CHD4  1.264 0.013 

Pantothenate kinase 4,  PANK4 1.197 0.038 

Integrator complex subunit 6,  INTS6  1.194 0.05 

1-acylglycerol-3-phosphate O-acyltransferase ABHD5,  

ABHD5  
1.126 0.009 

Proteins that decrease with SF-3-030 Fold decrease Anova (p) 

Cytochrome c-type heme lyase,  HCCS  3.352 0.028 

Uncharacterized protein KIAA1211,  KIAA1211  2.237 0.048 

Alpha-actinin-2,  ACTN2  1.665 0.032 

Adenosylhomocysteinase,  AHCY 1.53 0.009 

Nucleoporin SEH1   SEH1L  1.433 0.036 

Breast carcinoma-amplified sequence 1,  BCAS1  1.285 0.015 

AP-1 complex subunit mu-1,  AP1M1  1.259 0.027 

ER degradation-enhancing alpha-mannosidase-like protein 3,  

EDEM3  
1.245 0.038 

 

Proteins that increase with SCH772984 Fold increase Anova (p) 

Transmembrane and TPR repeat-containing protein 1,  

TMTC1  
5.146 0.013 

SLIT-ROBO Rho GTPase-activating protein 1,  SRGAP1  1.471 0.022 

Diablo homolog_ mitochondrial,  DIABLO  1.324 0.015 

Toll-interacting protein,  TOLLIP  1.32 0.049 

Adapter protein CIKS,  TRAF3IP2 1.187 0.02 

U4/U6 small nuclear ribonucleoprotein Prp4,  PRPF4 1.184 0.039 

Chromodomain-helicase-DNA-binding protein 4,  CHD4  1.17 0.039 

Prefoldin subunit 3,  VBP1  1.17 0.027 

Apoptotic chromatin condensation inducer in the nucleus,  

ACIN1  
1.167 0.026 

CCAAT/enhancer-binding protein zeta,  CEBPZ  1.164 0.028 

Keratin_ type II cytoskeletal 8,  KRT8  1.116 0.044 

Proteins that decrease with SCH772984 Fold decrease Anova (p) 

Tetratricopeptide repeat protein 29,  TTC29  2.44 0.047 

Adenosylhomocysteinase,  AHCY  1.484 0.021 
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Jouberin,  AHI1 1.293 0.004 

Ras association domain-containing protein 9,  RASSF9  1.175 0.017 

E3 ubiquitin/ISG15 ligase TRIM25,  TRIM25  1.044 0.023 

 

Table A5.5. Proteins that show significant increase/decrease with SF-3-030 or SCH772984 (12 hr).  

Yellow cells denote proteins that increased or decreased in both treatment conditions.  

Proteins that increase with SF-3-030 Fold increase Anova (p) 

Oxidative stress-induced growth inhibitor 1  OSGIN1  21.037 0.0140 

Zinc finger protein 774   ZNF774  18.182 0.0050 

Transcription factor 4   TCF4  10.955 0.0000 

Peroxidasin homolog   PXDN  9.437 0.0300 

Protein MEMO1   MEMO1  8.373 0.0040 

Chromosome 18 open reading frame 17_ isoform CRA_c   

TTC39C  
7.309 0.0080 

Unconventional myosin-XVIIIa   MYO18A  4.503 0.0070 

Protein SCO2 homolog_ mitochondrial   SCO2  3.886 0.0300 

Jouberin   AHI1  3.119 0.0420 

Heme oxygenase 1   HMOX1 3.02 0.0050 

Protein moonraker  KIAA0753  2.261 0.0480 

Ankyrin repeat and SOCS box protein 6   ASB6  2.072 0.0390 

RalBP1-associated Eps domain-containing protein 1   REPS1  1.977 0.0270 

Nucleolar complex protein 2 homolog  NOC2L  1.734 0.0090 

Sickle tail protein homolog   KIAA1217  1.714 0.0010 

Condensin-2 complex subunit D3  NCAPD3  1.49 0.0370 

Thyroid receptor-interacting protein 6   TRIP6  1.397 0.0250 

Spermatogenesis-defective protein 39 homolog   VIPAS39  1.381 0.0170 

Kinesin light chain 4   KLC4  1.379 0.0300 

DnaJ homolog subfamily B member 1   DNAJB1  1.308 0.0050 

Exportin-1   XPO1  1.295 0.0440 

Replication protein A 14 kDa subunit   RPA3  1.23 0.0130 

Histone deacetylase 1   HDAC1  1.218 0.0370 

Serine/threonine-protein phosphatase 6 regulatory ankyrin 

repeat subunit A   ANKRD28  
1.204 0.0200 

Importin-7   IPO7 1.191 0.0380 

Serine--tRNA ligase_ cytoplasmic   SARS  1.16 0.0350 

Replication protein A 70 kDa DNA-binding subunit  RPA1 1.149 0.0410 

Proteins that decrease with SF-3-030 Fold decrease Anova (p) 

Myomegalin   PDE4DIP 2.799 0.0230 

Cytochrome c-type heme lyase   HCCS  2.489 0.0480 

AP-1 complex subunit mu-1   AP1M1  2.238 0.0310 

Cyclic nucleotide-gated cation channel beta-1   CNGB1 2.111 0.0250 

Forkhead box protein R2   FOXR2  1.762 0.0010 

Glutamate receptor-interacting protein 2   GRIP2 1.717 0.0360 

SUN domain-containing protein 1 (Fragment)   SUN1  1.682 0.0370 
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Probable ribosome biogenesis protein RLP24  RSL24D1  1.662 0.0100 

Uncharacterized protein KIAA1211   KIAA1211 1.627 0.0360 

Integrator complex subunit 2   INTS2  1.511 0.0480 

Fc receptor-like A   FCRLA  1.438 0.0030 

Serine/arginine-rich splicing factor 3   SRSF3  1.355 0.0500 

Lysine-specific demethylase 5C   KDM5C  1.261 0.0160 

BCL-6 corepressor   BCOR  1.237 0.0250 

Serine-protein kinase ATM (Fragment)   ATM 1.236 0.0270 

G patch domain and KOW motifs-containing protein   

GPKOW  
1.174 0.0480 

UPF0577 protein KIAA1324-like   KIAA1324L  1.134 0.0020 

 

Proteins that increase with SCH772984 Fold increase Anova (p) 

Forkhead box protein D3   FOXD3 32.878 0.0000 

Plakophilin-2   PKP2 4.755 0.0090 

Polyadenylate-binding protein 3   PABPC3  2.85 0.0360 

WD repeat-containing protein 59   WDR59  2.756 0.0410 

Protein SCO2 homolog_ mitochondrial   SCO2  2.692 0.0470 

Transcription factor 4   TCF4  2.644 0.0210 

Uncharacterized protein KIAA1211   KIAA1211  1.839 0.0050 

HBS1-like protein   HBS1L  1.714 0.0100 

Protein disulfide-isomerase A3 (Fragment)   PDIA3  1.612 0.0240 

Glutamine--fructose-6-phosphate aminotransferase 

[isomerizing] 2  GFPT2  
1.477 0.0110 

Transmembrane protein 106B   TMEM106B 1.361 0.0040 

Sorcin  SRI  1.357 0.0280 

Prostaglandin E synthase 2   PTGES2  1.347 0.0260 

Dynein light chain 2_ cytoplasmic   DYNLL2  1.276 0.0190 

ELM2 and SANT domain-containing protein 1   ELMSAN1  1.268 0.0170 

GTP-binding protein SAR1a   SAR1A  1.25 0.0020 

Metastasis-associated protein MTA3   MTA3  1.239 0.0370 

Serine/threonine-protein phosphatase 6 regulatory ankyrin 

repeat subunit A   ANKRD28  
1.226 0.0090 

Pyruvate carboxylase_ mitochondrial  PC 1.217 0.0190 

Soluble scavenger receptor cysteine-rich domain-containing 

protein SSC5D  SSC5D  
1.215 0.0120 

Importin subunit alpha-4   KPNA3  1.212 0.0380 

RAC-beta serine/threonine-protein kinase   AKT2  1.108 0.0390 

Nuclear pore complex protein Nup93   NUP93  1.093 0.0060 

Replication protein A 70 kDa DNA-binding subunit   RPA1  1.043 0.0490 

Proteins that decrease with SCH772984 Fold decrease Anova (p) 

Voltage-dependent L-type calcium channel subunit beta-4   

CACNB4  
2.647 0.0060 
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Phosphodiesterase 5A_ cGMP-specific_ isoform CRA_a   

PDE5A  
2.182 0.0380 

Replication factor C subunit 4   RFC4  2.081 0.0330 

mRNA cap guanine-N7 methyltransferase   RNMT  1.881 0.0390 

Probable phospholipid-transporting ATPase IH   ATP11A  1.823 0.0140 

Transcription factor AP-2-alpha   TFAP2A  1.739 0.0170 

Probable ribosome biogenesis protein RLP24  RSL24D1 1.701 0.0290 

Decorin  DCN  1.681 0.0320 

Hexokinase-2  HK2  1.598 0.0290 

1-acylglycerol-3-phosphate O-acyltransferase ABHD5   

ABHD5  
1.592 0.0100 

Collagen alpha-1(I) chain   COL1A1  1.476 0.0480 

Keratin_ type II cytoskeletal 1   KRT1  1.424 0.0480 

G patch domain and KOW motifs-containing protein   

GPKOW 
1.369 0.0470 

Cordon-bleu protein-like 1  COBLL1  1.348 0.0330 

Vitamin D3 receptor   VDR  1.33 0.0020 

Solute carrier family 12 member 1   SLC12A1  1.292 0.0460 

Aspartyl aminopeptidase   DNPEP  1.194 0.0490 

Ras-related protein Rab-18   RAB18  1.182 0.0050 

PHD finger protein 3   PHF3 1.151 0.0340 

Prolyl 3-hydroxylase 1   P3H1  1.129 0.0330 

DNA excision repair protein ERCC-6-like 2   ERCC6L2  1.088 0.0230 

Echinoderm microtubule-associated protein-like 5   EML5  1.081 0.0320 

Filamin-A-interacting protein 1   FILIP1  1.075 0.0150 

Condensin complex subunit 1   NCAPD2  1.047 0.0300 

 

Table A5.6. IPA analysis of pathways affected by SCH772984 or SF-3-030 treatment. Common 

pathways highlighted in yellow. 

Canonical Pathways affected with 

SCH772984 
p-value 

 

Canonical Pathways affected by 

SF-3-030 
p-value 

Mismatch Repair in Eukaryotes 0.0005 
 

DNA Double-Strand Break Repair 

by Homologous Recombination 0.0004 

Mouse Embryonic Stem Cell Pluripotency 0.0016 
 

Cell Cycle Control of Chromosomal 

Replication 0.0014 

Hereditary Breast Cancer Signaling 0.0037 
 

p53 Signaling 
0.0015 

Human Embryonic Stem Cell Pluripotency 0.0038 
 

Nucleotide Excision Repair Pathway 
0.0023 

Role of CHK Proteins in Cell Cycle 

Checkpoint Control 
0.0065 

 
Hereditary Breast Cancer Signaling 

0.0030 
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Dendritic Cell Maturation 0.0083 
 

Role of CHK Proteins in Cell Cycle 

Checkpoint Control 0.0056 

Glutathione Redox Reactions II 0.0087 
 

NRF2-mediated Oxidative Stress 

Response 0.0072 

Trehalose Degradation II (Trehalase) 0.0110 
 

Cell Cycle: G1/S Checkpoint 

Regulation 0.0076 

Role of PI3K/AKT Signaling in the 

Pathogenesis of Influenza 
0.0120 

 
Heme Degradation 

0.0081 

Role of BRCA1 in DNA Damage Response 0.0126 
 

Role of BRCA1 in DNA Damage 

Response 0.0112 

UDP-N-acetyl-D-glucosamine Biosynthesis 

II 
0.0132 

 
Cyclins and Cell Cycle Regulation 

0.0112 

Role of Osteoblasts, Osteoclasts and 

Chondrocytes in Rheumatoid Arthritis 
0.0141 

 

Selenocysteine Biosynthesis II 

(Archaea and Eukaryotes) 0.0123 

PEDF Signaling 0.0145 
 

PEDF Signaling 
0.0129 

Leptin Signaling in Obesity 0.0148 
 

Huntington's Disease Signaling 
0.0132 

Neuregulin Signaling 0.0158 
 

Acute Myeloid Leukemia Signaling 
0.0148 

Acute Myeloid Leukemia Signaling 0.0170 
 

CTLA4 Signaling in Cytotoxic T 

Lymphocytes 0.0174 

Prostanoid Biosynthesis 0.0195 
 

Chronic Myeloid Leukemia 

Signaling 0.0191 

GDP-glucose Biosynthesis 0.0195 
 

Mouse Embryonic Stem Cell 

Pluripotency 0.0200 

Glucose and Glucose-1-phosphate 

Degradation 
0.0219 

 
Telomerase Signaling 

0.0219 

UDP-N-acetyl-D-galactosamine 

Biosynthesis II 
0.0240 

 

Pancreatic Adenocarcinoma 

Signaling 0.0245 

p53 Signaling 0.0245 
 

Choline Biosynthesis III 
0.0263 

Nitric Oxide Signaling in the 

Cardiovascular System 
0.0257 

 

DNA Double-Strand Break Repair 

by Non-Homologous End Joining 0.0282 

Role of NANOG in Mammalian Embryonic 

Stem Cell Pluripotency 
0.0295 

 
RAN Signaling 

0.0324 

Sphingosine-1-phosphate Signaling 0.0295 
 

Mismatch Repair in Eukaryotes 
0.0324 

Role of Macrophages, Fibroblasts and 

Endothelial Cells in Rheumatoid Arthritis 
0.0302 

 

Human Embryonic Stem Cell 

Pluripotency 0.0347 

DNA Double-Strand Break Repair by 

Homologous Recombination 
0.0302 

 
Ovarian Cancer Signaling 

0.0347 
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IL-6 Signaling 0.0316 
 

GADD45 Signaling 
0.0380 

PI3K Signaling in B Lymphocytes 0.0316 
 

DNA damage-induced 14-3-3σ 

Signaling 0.0380 

14-3-3-mediated Signaling 0.0331 
 

eNOS Signaling 
0.0398 

Cellular Effects of Sildenafil (Viagra) 0.0331 
 

DNA Methylation and 

Transcriptional Repression Signaling 0.0398 

p70S6K Signaling 0.0331 
 

Gαq Signaling 
0.0427 

P2Y Purigenic Receptor Signaling Pathway 0.0339 
 

Polyamine Regulation in Colon 

Cancer 0.0437 

RAN Signaling 0.0347 
 

Aldosterone Signaling in Epithelial 

Cells 0.0457 

Ovarian Cancer Signaling 0.0398 
 

Acute Phase Response Signaling 
0.0468 

Epithelial Adherens Junction Signaling 0.0407 
 

Wnt/β-catenin Signaling 
0.0468 

DNA damage-induced 14-3-3σ Signaling 0.0407 
   

Relaxin Signaling 0.0427 
   

Polyamine Regulation in Colon Cancer 0.0468 
   

Glioblastoma Multiforme Signaling 0.0479 
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Appendix 6. Tables of proteomic changes in PLX/AZD resistant monolayers 

and spheroids 

Table A6.1: Proteins that significantly increase (p <0.05) in PLX/AZD resistant monolayers 

Protein Gene Name 

Fold 

increase: 
(PLX-AZD 

/ control) 
Cell cycle exit and neuronal differentiation protein 1       CEND1 1000 

CD44 antigen (Fragment)        CD44 1000 

Coiled-coil and C2 domain-containing protein 1B (Fragment)        CC2D1B 1000 

Calcium uptake protein 1, mitochondrial   MICU1 1000 

Brain acid soluble protein 1        BASP1 1000 

Annexin        ANXA6 1000 

Filamin-C       FLNC 1000 

Myristoylated alanine-rich C-kinase substrate     MARCKS 1000 

POLDIP3 protein         POLDIP3 1000 

ATP-dependent RNA helicase DDX19B       DDX19B 1000 

Signal transducer and activator of transcription 2        STAT2 1000 

Interstitial collagenase      MMP1 1000 

Proteinase-activated receptor 1     F2R 1000 

MAGUK p55 subfamily member 7    MPP7 1000 

Protein FAM210A         FAM210A 1000 

Syntaxin-binding protein 1         STXBP1 1000 

Basal cell adhesion molecule     BCAM 1000 

Four and a half LIM domains protein 1    FHL1 1000 

Keratin, type II cytoskeletal 80         KRT80 1000 

Canalicular multispecific organic anion transporter 2    ABCC3 1000 

ER degradation-enhancing alpha-mannosidase-like protein 3    EDEM3 1000 

Pre-B-cell leukemia transcription factor 1         PBX1 1000 

Carboxypeptidase D        CPD 1000 

Regulator of microtubule dynamics protein 1      RMDN1 1000 

Netrin-G1         NTNG1 1000 

Melanoma-associated antigen B2        MAGEB2 1000 

Receptor-type tyrosine-protein phosphatase O      PTPRO 1000 

Integral membrane protein 2C     ITM2C 1000 

Brain protein I3         BRI3 1000 

Proteasome subunit beta type-8       PSMB8 1000 

Nexilin       NEXN 1000 

Sodium-independent sulfate anion transporter      SLC26A11 1000 

Elongation of very long chain fatty acids protein 5       ELOVL5 1000 

LIM and calponin homology domains-containing protein 1    LIMCH1 1000 

Uncharacterized protein       H0YC42 1000 

THUMP domain-containing protein 3    THUMPD3 1000 
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Iron-sulfur protein NUBPL         NUBPL 1000 

Transcription factor p65       RELA 1000 

Follistatin-related protein 1        FSTL1 1000 

Multidrug resistance protein 1        ABCB1 1000 

Ras-related protein Rab-27B         RAB27B 1000 

Nectin-2       NECTIN2 1000 

Rab-interacting lysosomal protein       RILP 1000 

Pigment epithelium-derived factor         SERPINF1 1000 

Tyrosine-protein phosphatase non-receptor type 14    PTPN14 1000 

Membrane cofactor protein (Fragment)        CD46 1000 

Platelet-derived growth factor receptor beta       PDGFRB 1000 

Transforming growth factor beta-2       TGFB2 1000 

Succinate receptor 1     SUCNR1 1000 

Uncharacterized protein    A0A1W2PP11 1000 

Protein MANBAL MANBAL 1000 

DNA mismatch repair protein Mlh1     MLH1 1000 

Transmembrane protein 100       TMEM100 1000 

FERM domain-containing protein 8       FRMD8 1000 

Fumarylacetoacetate hydrolase domain-containing protein 2B    FAHD2B 1000 

Dynein light chain Tctex-type 1  DYNLT1 1000 

Vesicle-associated membrane protein 8        VAMP8 1000 

E3 SUMO-protein ligase NSE2        NSMCE2 1000 

Midasin      MDN1 1000 

Roundabout homolog 1        ROBO1 1000 

TBC1 domain family member 2A         TBC1D2 1000 

Zinc transporter ZIP9       SLC39A9 1000 

Keratin, type I cytoskeletal 17        KRT17 1000 

Phosphatidylinositol 4-phosphate 5-kinase type-1 alpha     PIP5K1A 1000 

Centromere protein V         CENPV 1000 

E3 ubiquitin-protein ligase RNF14         RNF14 1000 

Latent-transforming growth factor beta-binding protein 3        LTBP3 1000 

Actin-binding LIM protein 1        ABLIM1 1000 

Junctional adhesion molecule A       F11R 1000 

Nucleoporin SEH1         SEH1L 1000 

Serologically defined colon cancer antigen 3     SDCCAG3 1000 

Serine/threonine-protein kinase DCLK1     DCLK1 1000 

Tetraspanin-6         TSPAN6 1000 

E1A-binding protein p400         EP400 1000 

Collagen alpha-2(V) chain       COL5A2 1000 

CREB-binding protein         CREBBP 1000 

Monoacylglycerol lipase ABHD6    ABHD6 1000 

Ras-related protein Rab-32      RAB32 1000 

Thymocyte nuclear protein 1       THYN1 1000 
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DNA repair protein XRCC4         XRCC4 1000 

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 3        NDUFA3 1000 

Transmembrane protein 106B         TMEM106B 1000 

G patch domain-containing protein 8      GPATCH8 1000 

Cytochrome b         MT-CYB 1000 

Chondroitin sulfate synthase 3     CHSY3 1000 

Carboxylic ester hydrolase        CES2 1000 

NEDD4 family-interacting protein 1         NDFIP1 1000 

Synaptogyrin-1         SYNGR1 1000 

Leucine-rich repeat neuronal protein 4     LRRN4 1000 

Fibrous sheath-interacting protein 2  FSIP2 1000 

Vitamin K-dependent protein S      PROS1 1000 

Transforming growth factor beta-1         TGFB1 1000 

Ectonucleotide pyrophosphatase/phosphodiesterase family member 7    ENPP7 1000 

Serine incorporator 1         SERINC1 1000 

Thymidine kinase 2, mitochondrial       TK2 1000 

FUN14 domain-containing protein 2        FUNDC2 1000 

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 7      NDUFB7 42.374 

Sperm protein associated with the nucleus on the X chromosome D      SPANXD 39.468 

Caveolin-1       CAV1 24.653 

Vesicle transport protein SFT2B         SFT2D2 22.155 

Decaprenyl-diphosphate synthase subunit 2        PDSS2 21.489 

Sperm protein associated with the nucleus on the X chromosome B1     SPANXB1 18.082 

Serine protease HTRA1        HTRA1 16.81 

Caveolae-associated protein 1         CAVIN1 16.477 

Nicotinamide N-methyltransferase        NNMT 15.588 

PDZ and LIM domain protein 1       PDLIM1 14.536 

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2    PLOD2 14.311 

Keratin, type II cytoskeletal 8       KRT8 12.359 

Protein monoglycylase TTLL8        TTLL8 12.263 

Carboxypeptidase A4         CPA4 12.182 

RNA-binding motif, single-stranded-interacting protein 1    RBMS1 11.788 

Caveolae-associated protein 3     CAVIN3 11.001 

rRNA methyltransferase 1, mitochondrial        MRM1 10.905 

Charged multivesicular body protein 1a       CHMP1A 10.056 

BTB/POZ domain-containing protein KCTD8        KCTD8 9.687 

Caldesmon       CALD1 8.998 

Transmembrane glycoprotein NMB       GPNMB 8.7 

N-sulphoglucosamine sulphohydrolase     SGSH 8.595 

Transcription elongation factor A protein-like 3         TCEAL3 8.144 

Tropomyosin 1 (Alpha), isoform CRA_m      TPM1 7.732 

EH domain-containing protein 2   EHD2 7.617 

Junction plakoglobin        JUP 7.454 
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Deoxyribonuclease-1-like 1         DNASE1L1 7.378 

Caveolin-2      CAV2 7.351 

Ras-related protein R-Ras2     RRAS2 7.253 

Solute carrier family 35 member F6       SLC35F6 7.234 

Guanine nucleotide-binding protein G(i) subunit alpha-1    GNAI1 7.005 

Alpha-2-HS-glycoprotein       AHSG 6.932 

Receptor expression-enhancing protein 2        REEP2 6.755 

Stromelysin-1      MMP3 6.652 

Choline transporter-like protein 2         SLC44A2 6.616 

Neprilysin        MME 6.389 

Lysosomal Pro-X carboxypeptidase         PRCP 6.346 

Tetraspanin         CD81 6.334 

Protein jagunal homolog 1  JAGN1 6.253 

ER lumen protein-retaining receptor 2      KDELR2 5.95 

Beta-adducin         ADD2 5.943 

Collagen alpha-1(VIII) chain         COL8A1 5.705 

High affinity cationic amino acid transporter 1       SLC7A1 5.622 

Keratin, type I cytoskeletal 18        KRT18 5.617 

Tartrate-resistant acid phosphatase type 5    ACP5 5.279 

von Willebrand factor A domain-containing protein 8   VWA8 5.108 

Mammalian ependymin-related protein 1         EPDR1 5.085 

Ninjurin-1      NINJ1 5.061 

Lysosome-associated membrane glycoprotein 2         LAMP2 4.997 

LIM domain and actin-binding protein 1        LIMA1 4.902 

Putative phospholipase B-like 2        PLBD2 4.874 

Integrin alpha-3         ITGA3 4.803 

LIM and cysteine-rich domains protein 1         LMCD1 4.722 

Huntingtin      HTT 4.695 

Carboxymethylenebutenolidase homolog       CMBL 4.604 

CD166 antigen         ALCAM 4.594 

Translocation protein SEC62    SEC62 4.584 

Myelin expression factor 2      MYEF2 4.547 

Disks large homolog 1        DLG1 4.334 

Prothymosin alpha (Fragment)       PTMA 4.259 

Filamin-B      FLNB 4.136 

Ras-related protein R-Ras         RRAS 4.064 

Aldehyde dehydrogenase, mitochondrial        ALDH2 3.87 

Lactadherin        MFGE8 3.801 

AP-2 complex subunit alpha-2         AP2A2 3.785 

Endothelial protein C receptor         PROCR 3.763 

Unconventional myosin-Ib    MYO1B 3.739 

Lysosomal acid phosphatase    ACP2 3.738 

Collagen alpha-1(XII) chain         COL12A1 3.683 
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Neuroblast differentiation-associated protein AHNAK      AHNAK 3.677 

Calponin        CNN2 3.643 

Alpha-aminoadipic semialdehyde synthase, mitochondrial        AASS 3.627 

Very-long-chain 3-oxoacyl-CoA reductase         HSD17B12 3.533 

Peroxisomal acyl-coenzyme A oxidase 1         ACOX1 3.474 

Tropomyosin alpha-4 chain         TPM4 3.464 

Lysosome membrane protein 2 (Fragment)        SCARB2 3.445 

Keratin, type I cytoskeletal 9       KRT9 3.272 

Cell surface glycoprotein MUC18        MCAM 3.235 

N-acetylglucosamine-6-sulfatase       GNS 3.202 

Vinculin    VCL 3.172 

Microsomal glutathione S-transferase 3        MGST3 3.168 

Serpin H1      SERPINH1 3.164 

3-ketoacyl-CoA thiolase, mitochondrial       ACAA2 3.162 

Chitinase domain-containing protein 1       CHID1 3.14 

V-type proton ATPase 16 kDa proteolipid subunit        ATP6V0C 3.091 

Flotillin-1    FLOT1 3.054 

 

Table A6.2: Proteins that significantly decrease (p <0.05) in PLX/AZD resistant monolayers 

Protein Gene Name 

Fold 

decrease: 
(PLX-AZD / 

control) 
 

Synaptic vesicle membrane protein VAT-1 homolog-like        VAT1L 0.001 

Small ubiquitin-related modifier 4         SUMO4 0.001 

Protein NDRG1        NDRG1 0.001 

HLA class II histocompatibility antigen, DRB1-8 beta chain      HLA-DRB1 0.001 

HLA class II histocompatibility antigen, DRB1-7 beta chain         HLA-DRB1 0.001 

Transcription factor SOX-10       SOX10 0.001 

HLA class II histocompatibility antigen, DR beta 4 chain         HLA-DRB4 0.001 

Ubiquitin-conjugating enzyme E2 D1       UBE2D1 0.001 

Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A beta isoform        PPP2R1B 0.001 

NADH-cytochrome b5 reductase 2    CYB5R2 0.001 

Neuromodulin      GAP43 0.001 

Adenylate kinase isoenzyme 6         AK6 0.001 

Neutrophil gelatinase-associated lipocalin     LCN2 0.001 

Putative deoxyribonuclease TATDN1 (Fragment)  TATDN1 0.001 

Neutral amino acid transporter A        SLC1A4 0.001 

SH3 and PX domain-containing protein 2A     SH3PXD2A 0.001 

DNA primase large subunit       PRIM2 0.001 

5'-nucleotidase domain-containing protein 2   NT5DC2 0.001 

TELO2-interacting protein 2      TTI2 0.001 
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Sorbin and SH3 domain-containing protein 2     SORBS2 0.001 

Glutamate--cysteine ligase catalytic subunit      GCLC 0.001 

Carbohydrate sulfotransferase 11         CHST11 0.001 

Triadin        TRDN 0.001 

Myotubularin-related protein 14       MTMR14 0.001 

Costars family protein ABRACL         ABRACL 0.001 

Dynamin-binding protein      DNMBP 0.001 

Citron Rho-interacting kinase   CIT 0.001 

DEP domain-containing protein 7      DEPDC7 0.001 

Stonin-2        STON2 0.001 

Glycogen synthase kinase-3 alpha   GSK3A 0.001 

CSC1-like protein 2         TMEM63B 0.001 

Calcium-independent phospholipase A2-gamma      PNPLA8 0.001 

Neuronal membrane glycoprotein M6-a        GPM6A 0.001 

Proprotein convertase subtilisin/kexin type 5     PCSK5 0.001 

Major facilitator superfamily domain-containing protein 12     MFSD12 0.001 

Mediator of RNA polymerase II transcription subunit 14     MED14 0.002 

von Willebrand factor C and EGF domain-containing protein     VWCE 0.02 

Ubiquitin-like protein 5       UBL5 0.037 

mRNA-decapping enzyme 1A        DCP1A 0.058 

HLA class II histocompatibility antigen, DR alpha chain        HLA-DRA 0.073 

Copine-1        CPNE1 0.084 

Glycogen phosphorylase, brain form         PYGB 0.084 

Uncharacterized protein KIAA1143        KIAA1143 0.092 

Metalloproteinase inhibitor 3      TIMP3 0.094 

HLA class II histocompatibility antigen, DRB1-4 beta chain       HLA-DRB1 0.095 

Urokinase plasminogen activator surface receptor         PLAUR 0.101 

Gamma-enolase        ENO2 0.112 

Cell surface hyaluronidase         TMEM2 0.121 

SEC14-like protein 2    SEC14L2 0.122 

Phosphatidylinositide phosphatase SAC2      INPP5F 0.128 

Nuclear factor NF-kappa-B p100 subunit         NFKB2 0.141 

Nestin        NES 0.145 

Integrin-linked kinase-associated serine/threonine phosphatase 2C       ILKAP 0.151 

Kynureninase   KYNU 0.155 

Copper transport protein ATOX1        ATOX1 0.172 

Aldehyde dehydrogenase family 1 member A3        ALDH1A3 0.175 

Pirin       PIR 0.177 

Transcription factor SOX-5         SOX5 0.195 

HLA class II histocompatibility antigen gamma chain (Fragment)       CD74 0.201 

SH3 domain-binding glutamic acid-rich-like protein 3         SH3BGRL3 0.217 

Prostaglandin G/H synthase 2      PTGS2 0.221 
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Protein S100-A11       S100A11 0.223 

BolA-like protein 2  BOLA2 0.227 

Persulfide dioxygenase ETHE1, mitochondrial         ETHE1 0.243 

High mobility group protein HMG-I/HMG-Y       HMGA1 0.244 

Fermitin family homolog 1  FERMT1 0.245 

S-methyl-5'-thioadenosine phosphorylase         MTAP 0.265 

Receptor for retinol uptake STRA6         STRA6 0.267 

NAD(P)H dehydrogenase [quinone] 1         NQO1 0.284 

Peptidyl-prolyl cis-trans isomerase FKBP1A        FKBP1A 0.288 

Prelamin-A/C       LMNA 0.293 

Protein S100-A4         S100A4 0.294 

Galectin-1       LGALS1 0.296 

Inosine triphosphate pyrophosphatase      ITPA 0.299 

Protein/nucleic acid deglycase DJ-1         PARK7 0.314 

Protein S100-A13        S100A13 0.315 

Derlin-2         DERL2 0.324 

Bifunctional UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase  GNE 0.328 

 

Table A6.3: Proteins that significantly increase (p <0.05) in PLX/AZD resistant spheroids 

Protein Gene Name 

Fold 

increase: 
(PLX-AZD 

/ control) 
 

Pregnancy zone protein           PZP 112.034 

Versican core protein         VCAN 92.447 

Plasminogen            PLG 89.425 

Tetraspanin-8          TSPAN8 80.331 

Transmembrane glycoprotein NMB            GPNMB 68.138 

Tyrosine-protein phosphatase non-receptor type 21 (Fragment)         PTPN21 67.887 

ER lumen protein-retaining receptor 2           KDELR2 65.401 

Alpha-2-macroglobulin          A2M 64.399 

Recombining binding protein suppressor of hairless             RBPJ 55.532 

Collagen alpha-1(VIII) chain         COL8A1 48.973 

Apolipoprotein E          APOE 44.331 

Transforming growth factor-beta-induced protein ig-h3           TGFBI 39.694 

Bis(5'-adenosyl)-triphosphatase ENPP4            ENPP4 38.196 

Peroxisomal biogenesis factor 3           PEX3 37.835 

Caveolin-1             CAV1 37.029 

Endosomal/lysosomal potassium channel TMEM175             TMEM175 36.202 

DBH-like monooxygenase protein 1            MOXD1 35.694 

Alpha-mannosidase 2            MAN2A1 33.157 

Fibulin-1            FBLN1 31.25 

Apolipoprotein L2          APOL2 28.111 
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HLA class II histocompatibility antigen, DM beta chain         HLA-DMB 27.475 

Testican-1           SPOCK1 26.625 

Solute carrier family 49 member 4             SLC49A4 26.017 

Syndecan binding protein (Syntenin), isoform CRA_a         SDCBP 25.604 

Inactive ubiquitin thioesterase OTULINL           OTULINL 22.744 

Acid ceramidase           ASAH1 22.656 

Plexin domain-containing protein 2             PLXDC2 22.637 

Heme oxygenase 1             HMOX1 22.08 

Inter-alpha-trypsin inhibitor heavy chain H2            ITIH2 21.845 

Calcium-binding protein 5            CABP5 21.7 

Sphingomyelin phosphodiesterase             SMPD1 21.036 

Kinesin-like protein KIF16B             KIF16B 19.995 

Histone-lysine N-methyltransferase SUV39H2 (Fragment)             SUV39H2 19.991 

Inter-alpha-trypsin inhibitor heavy chain H3            ITIH3 19.528 

Histamine N-methyltransferase            HNMT 19.29 

Propionyl-CoA carboxylase alpha chain, mitochondrial            PCCA 19.254 

Transmembrane protein 87A         TMEM87A 18.852 

Phospholipid phosphatase 3            PLPP3 18.666 

Microsomal glutathione S-transferase 1            MGST1 18.649 

Lysosomal acid lipase/cholesteryl ester hydrolase             LIPA 18.548 

Gamma-tubulin complex component 2            TUBGCP2 18.259 

G protein-coupled receptor 107, isoform CRA_c            GPR107 17.925 

Tartrate-resistant acid phosphatase type 5           ACP5 17.114 

Regulator of microtubule dynamics protein 2            RMDN2 16.415 

Methylmalonate-semialdehyde dehydrogenase [acylating], mitochondrial             ALDH6A1 15.894 

Phosphorylase b kinase regulatory subunit beta            PHKB 15.816 

Cell cycle exit and neuronal differentiation protein 1             CEND1 15.555 

Serine/threonine-protein kinase RIO1           RIOK1 15.496 

Zinc finger protein 687             ZNF687 15.449 

Calcium/calmodulin-dependent protein kinase (CaM kinase) II gamma, isoform 

CRA_n           

CAMK2G 15.345 

Microsomal glutathione S-transferase 3             MGST3 15.303 

HIG1 domain-containing protein              15.221 

Tetraspanin-31           TSPAN31 15.11 

Lysosomal acid phosphatase           ACP2 15.086 

Serine/threonine-protein kinase Nek5            NEK5 14.965 

P2X purinoceptor 4           P2RX4 14.86 

Protein YIF1B             YIF1B 14.766 

Synapsin-3 (Fragment)            SYN3 14.328 

Suppression of tumorigenicity 5 protein           ST5 14.256 

Myristoylated alanine-rich C-kinase substrate            MARCKS 13.774 

Limbic system-associated membrane protein           LSAMP 13.729 

Secreted phosphoprotein 24           SPP2 13.111 

Protein tweety homolog 3             TTYH3 12.873 
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Progranulin             GRN 12.147 

Cytochrome P450 4F8             CYP4F8 12.134 

Collagen alpha-1(XII) chain            COL12A1 11.937 

Tetraspanin (Fragment)            CD151 11.543 

Transmembrane 7 superfamily member 3             TM7SF3 11.507 

Malate dehydrogenase, cytoplasmic (Fragment)         MDH1 11.451 

Phospholipid phosphatase 1           PLPP1 11.442 

7SK snRNA methylphosphate capping enzyme          MEPCE 11.262 

Lysosome-associated membrane glycoprotein 2         LAMP2 11.251 

Ras-related protein R-Ras     RRAS 11.238 

Complement C3            C3 11.044 

Antithrombin-III            SERPINC1 10.936 

HIG1 domain family member 2A, mitochondrial            HIGD2A 10.845 

Carboxypeptidase A4            CPA4 10.746 

Pituitary tumor-transforming gene 1 protein-interacting protein            PTTG1IP 10.532 

Alpha-N-acetylglucosaminidase          NAGLU 10.379 

D-glutamate cyclase, mitochondrial (Fragment)         DGLUCY 10.345 

Tumor necrosis factor receptor superfamily member 6         FAS 10.329 

Zinc transporter ZIP1 (Fragment)           SLC39A1 10.319 

ER lumen protein-retaining receptor 1            KDELR1 9.819 

Core-binding factor subunit beta             CBFB 9.764 

EH domain-containing protein 2       EHD2 9.72 

N-acetylgalactosamine-6-sulfatase           GALNS 9.475 

Protein mono-ADP-ribosyltransferase PARP9             PARP9 9.451 

Galactocerebrosidase            GALC 9.425 

Phospholipid scramblase         PLSCR3 9.363 

Nicotinamide N-methyltransferase             NNMT 9.239 

BAG family molecular chaperone regulator 1             BAG1 9.215 

2,4-dienoyl-CoA reductase, mitochondrial            DECR1 9.198 

Mitochondrial pyruvate carrier 1            MPC1 9.198 

Prolyl endopeptidase FAP           FAP 9.122 

Tapasin           TAPBP 9.101 

Sialate O-acetylesterase         SIAE 9.078 

Rho GTPase-activating protein 18          ARHGAP18 9.025 

Ras-related protein Rap-2b            RAP2B 8.956 

Sperm protein associated with the nucleus on the X chromosome B1        SPANXB1 8.934 

Tetraspanin (Fragment)            CD63 8.855 

Beta-hexosaminidase subunit beta          HEXB 8.834 

Dipeptidyl peptidase 2             DPP7 8.78 

Acyl-coenzyme A thioesterase 13          ACOT13 8.775 

Mitochondrial fission regulator 1-like        MTFR1L 8.717 

Midkine             MDK 8.619 

DEP domain-containing mTOR-interacting protein             DEPTOR 8.569 
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Stimulator of interferon genes protein            TMEM173 8.563 

Flavin reductase (NADPH)             BLVRB 8.559 

Sugar transporter SWEET1           SLC50A1 8.441 

Hemoglobin subunit delta             HBD 8.323 

Glutaryl-CoA dehydrogenase, mitochondrial          GCDH 8.082 

Lysosome membrane protein 2            SCARB2 8.01 

Evolutionarily conserved signaling intermediate in Toll pathway, mitochondrial            ECSIT 7.974 

HLA class I histocompatibility antigen, B-49 alpha chain             HLA-B 7.908 

Transmembrane protein 14C             TMEM14C 7.868 

Aldo-keto reductase family 1 member C3           AKR1C3 7.827 

Lysosomal Pro-X carboxypeptidase        PRCP 7.807 

GTP:AMP phosphotransferase AK3, mitochondrial            AK3 7.775 

Growth hormone-inducible transmembrane protein             GHITM 7.701 

Ankycorbin           RAI14 7.681 

2-oxoglutarate dehydrogenase-like, mitochondrial           OGDHL 7.616 

Arylsulfatase E            ARSE 7.451 

Molybdate-anion transporter          MFSD5 7.446 

Prothrombin             F2 7.445 

Signal transducer and activator of transcription (Fragment)       STAT6 7.436 

Cytochrome b reductase 1         CYBRD1 7.397 

Caveolin-2          CAV2 7.29 

Retinoid-inducible serine carboxypeptidase            SCPEP1 7.216 

G-protein-signaling modulator 1           GPSM1 7.127 

Cartilage-associated protein             CRTAP 7.103 

H(+)/Cl(-) exchange transporter 3            CLCN3 7.098 

E3 ubiquitin-protein ligase RNF14            RNF14 7.071 

Cytochrome b-c1 complex subunit Rieske, mitochondrial         UQCRFS1 7.065 

Peroxisomal carnitine O-octanoyltransferase            CROT 7.055 

H(+)/Cl(-) exchange transporter 7           CLCN7 6.978 

Deoxyribonuclease-1-like 1          DNASE1L1 6.962 

Ventricular zone-expressed PH domain-containing protein homolog 1         VEPH1 6.954 

UDP-N-acetylhexosamine pyrophosphorylase-like protein 1       UAP1L1 6.946 

Eukaryotic translation initiation factor 3 subunit K           EIF3K 6.925 

Integrin alpha-5           ITGA5 6.901 

Glycosylated lysosomal membrane protein        GLMP 6.853 

Protein FAM210B, mitochondrial             FAM210B 6.813 

Anoctamin-6           ANO6 6.732 

Target of Myb protein 1            TOM1 6.637 

Deoxynucleoside triphosphate triphosphohydrolase SAMHD1             SAMHD1 6.612 

39S ribosomal protein L10, mitochondrial            MRPL10 6.594 

Unconventional myosin-Ib             MYO1B 6.529 

Keratin, type II cytoskeletal 1          KRT1 6.514 

Cytochrome c oxidase subunit 7A-related protein, mitochondrial            COX7A2L 6.434 
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Apoptosis-inducing factor 2         AIFM2 6.426 

Complex I intermediate-associated protein 30, mitochondrial           NDUFAF1 6.398 

Tripeptidyl-peptidase 1             TPP1 6.237 

Cytochrome b-c1 complex subunit 9            UQCR10 6.151 

Lysosome-associated membrane glycoprotein 1            LAMP1 6.138 

Catenin delta-1           CTNND1 6.102 

Mitochondrial 2-oxoglutarate/malate carrier protein            SLC25A11 6.061 

Annexin A6       ANXA6 6.032 

Solute carrier family 25 member 44          SLC25A44 6.011 

Aconitate hydratase, mitochondrial         ACO2 5.946 

Deoxyribonuclease-2-alpha         DNASE2 5.864 

Inactive hydroxysteroid dehydrogenase-like protein 1           HSDL1 5.854 

Carboxymethylenebutenolidase homolog       CMBL 5.747 

Protein Niban 1            NIBAN1 5.733 

Cathepsin D           CTSD 5.705 

Catalase            CAT 5.69 

6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2             PFKFB2 5.628 

Lysosomal acid glucosylceramidase          GBA 5.608 

Protein TASOR 2             TASOR2 5.576 

FYVE and coiled-coil domain-containing protein 1           FYCO1 5.56 

Serine protease HTRA1             HTRA1 5.496 

Cytochrome b-c1 complex subunit 10           UQCR11 5.439 

Galectin-3-binding protein             LGALS3BP 5.42 

E3 ubiquitin-protein ligase synoviolin (Fragment)            SYVN1 5.4 

Transmembrane protein 205       TMEM205 5.355 

2-(3-amino-3-carboxypropyl)histidine synthase subunit 1 (Fragment)         DPH1 5.315 

Tricarboxylate transport protein, mitochondrial             SLC25A1 5.288 

Citrate synthase, mitochondrial         CS 5.276 

Cathepsin Z            CTSZ 5.258 

Protein FAM210A             FAM210A 5.255 

Major vault protein             MVP 5.248 

Endoplasmic reticulum mannosyl-oligosaccharide 1,2-alpha-mannosidase          MAN1B1 5.197 

3-ketoacyl-CoA thiolase, peroxisomal             ACAA1 5.184 

ATP synthase subunit a           MT-ATP6 5.136 

Aminopeptidase N           ANPEP 5.086 

Epidermal growth factor receptor            EGFR 5.076 

Polypeptide N-acetylgalactosaminyltransferase 1             GALNT1 5.073 

Vacuolar protein sorting-associated protein 16 homolog            VPS16 5.027 

ATP synthase subunit alpha, mitochondrial        ATP5F1A 5.021 

Cytochrome b-c1 complex subunit 7             UQCRB 5.021 

Pre-B-cell leukemia transcription factor-interacting protein 1            PBXIP1 4.993 

Mitochondrial carnitine/acylcarnitine carrier protein          SLC25A20 4.983 

Nucleoside diphosphate kinase 3           NME3 4.955 
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Phospholipid scramblase (Fragment)          PLSCR1 4.95 

Microtubule-associated protein 1B         MAP1B 4.936 

Neprilysin            MME 4.91 

Acyl-coenzyme A thioesterase 2, mitochondrial          ACOT2 4.908 

Cytochrome c oxidase subunit 4 isoform 1, mitochondrial           COX4I1 4.908 

Phosphatidate cytidylyltransferase 2            CDS2 4.905 

Succinate-semialdehyde dehydrogenase, mitochondrial           ALDH5A1 4.896 

Methylmalonyl-CoA mutase, mitochondrial             MMUT 4.887 

3-hydroxyisobutyrate dehydrogenase, mitochondrial            HIBADH 4.882 

Mitochondrial carrier homolog 2           MTCH2 4.878 

Peroxisomal 2,4-dienoyl-CoA reductase        DECR2 4.842 

Endothelial protein C receptor          PROCR 4.818 

Armadillo repeat-containing protein 1        ARMC1 4.812 

Solute carrier family 35 member B1 (Fragment)           SLC35B1 4.775 

Succinyl-CoA:3-ketoacid coenzyme A transferase 1, mitochondrial          OXCT1 4.771 

Dolichol kinase       DOLK 4.77 

Mitochondrial glutamate carrier 1          SLC25A22 4.76 

Guanine deaminase           GDA 4.755 

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 6          NDUFA6 4.747 

Diacylglycerol kinase (Fragment)            DGKA 4.721 

NACHT, LRR and PYD domains-containing protein 3           NLRP3 4.713 

Synaptophysin-like protein 1           SYPL1 4.711 

UDP-N-acetylglucosamine--dolichyl-phosphate N-

acetylglucosaminephosphotransferase           

DPAGT1 4.695 

L-xylulose reductase (Fragment)          DCXR 4.693 

Chordin-like protein 1             CHRDL1 4.686 

Peroxisomal acyl-coenzyme A oxidase 1            ACOX1 4.679 

Secretory carrier-associated membrane protein 2            SCAMP2 4.676 

PI-PLC X domain-containing protein 2          PLCXD2 4.661 

Protein O-glucosyltransferase 1            POGLUT1 4.622 

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 11             NDUFA11 4.608 

Enoyl-CoA delta isomerase 2, mitochondrial             ECI2 4.583 

Signal transducer and activator of transcription 2             STAT2 4.566 

Glutathione S-transferase kappa 1           GSTK1 4.555 

NAD kinase 2, mitochondrial           NADK2 4.535 

Thymidine kinase 2, mitochondrial             TK2 4.531 

Alpha-L-iduronidase          IDUA 4.512 

ATP synthase subunit gamma, mitochondrial           ATP5F1C 4.511 

Beta-hexosaminidase subunit alpha           HEXA 4.501 

COX assembly mitochondrial protein homolog             CMC1 4.5 

Protein mono-ADP-ribosyltransferase PARP14            PARP14 4.471 

Acetyl-coenzyme A transporter 1        SLC33A1 4.465 

Propionyl-CoA carboxylase beta chain, mitochondrial            PCCB 4.454 

Medium-chain acyl-CoA ligase ACSF2, mitochondrial          ACSF2 4.43 
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GDP-fucose protein O-fucosyltransferase 2             POFUT2 4.418 

Mitochondrial pyruvate carrier (Fragment)             MPC2 4.414 

CRAL-TRIO domain-containing protein (Fragment)           4.403 

Exostosin-like 2            EXTL2 4.391 

Peroxisomal membrane protein 11B           PEX11B 4.391 

Phospholipid-transporting ATPase IA  ATP8A1 4.368 

Cytochrome c oxidase subunit 1             MT-CO1 4.364 

EGF domain-specific O-linked N-acetylglucosamine transferase             EOGT 4.351 

Sequestosome-1           SQSTM1 4.33 

Caveolae-associated protein 3           CAVIN3 4.314 

Protein wntless homolog (Fragment)           WLS 4.305 

Guanylate kinase (Fragment)            GUK1 4.303 

Transmembrane protein 179B             TMEM179B 4.28 

NADH-ubiquinone oxidoreductase chain 2             MT-ND2 4.24 

Phosphatidylglycerophosphatase and protein-tyrosine phosphatase 1         PTPMT1 4.226 

ADP-ribosylation factor-like protein 1             ARL1 4.221 

NADH-cytochrome b5 reductase 3           CYB5R3 4.203 

Acetolactate synthase-like protein           ILVBL 4.18 

Lysosomal protective protein       CTSA 4.177 

RING finger protein 151        RNF151 4.177 

Signal transducer and activator of transcription 3            STAT3 4.17 

ADP-ribosylation factor-like protein 8B            ARL8B 4.131 

Biglycan           BGN 4.122 

Paraoxonase 2, isoform CRA_a            PON2 4.103 

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 5, mitochondrial            NDUFB5 4.098 

Lysophospholipid acyltransferase LPCAT4             LPCAT4 4.073 

NADH dehydrogenase [ubiquinone] 1 subunit C2     NDUFC2 4.046 

Pyruvate kinase           PKM 4.04 

Anoctamin-10 (Fragment)            ANO10 4.038 

Phospholipase D3            PLD3 4.009 

UPF0598 protein C8orf82 (Fragment)             C8orf82 4.008 

Choline transporter-like protein 2            SLC44A2 4.006 

Phosphate carrier protein, mitochondrial            SLC25A3 3.987 

Cytochrome c-type heme lyase           HCCS 3.968 

Prostaglandin reductase 1         PTGR1 3.968 

Lipase maturation factor 2          LMF2 3.957 

Zinc transporter 1         SLC30A1 3.957 

Syntaxin-16D             STX16 3.922 

Vacuolar protein sorting-associated protein 26C            VPS26C 3.908 

N-acetylgalactosaminyltransferase 7             GALNT7 3.906 

Autophagy-related protein 9A    ATG9A 3.897 

DnaJ homolog subfamily C member 10             DNAJC10 3.894 

Golgi integral membrane protein 4        GOLIM4 3.894 
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Sushi repeat-containing protein SRPX       SRPX 3.878 

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, mitochondrial        NDUFA9 3.868 

Sorting nexin-17            SNX17 3.866 

WASH complex subunit 2A           WASHC2A 3.856 

Pyroglutamyl-peptidase 1           PGPEP1 3.849 

Apoptosis-inducing factor 1, mitochondrial            AIFM1 3.835 

E3 ubiquitin-protein ligase Itchy homolog          ITCH 3.824 

Maspardin           SPG21 3.821 

Maleylacetoacetate isomerase         GSTZ1 3.819 

Prenylcysteine oxidase 1             PCYOX1 3.773 

Alpha-fetoprotein          AFP 3.76 

Periostin           POSTN 3.757 

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10, mitochondrial      NDUFA10 3.755 

ADP/ATP translocase 3      SLC25A6 3.722 

Echinoderm microtubule-associated protein-like 4             EML4 3.706 

NLR family member X1           NLRX1 3.7 

Succinate--CoA ligase [ADP-forming] subunit beta, mitochondrial           SUCLA2 3.7 

Tryptophan--tRNA ligase, mitochondrial         WARS2 3.679 

Iron-sulfur cluster assembly enzyme ISCU, mitochondrial            ISCU 3.668 

Mycophenolic acid acyl-glucuronide esterase, mitochondrial             ABHD10 3.662 

Golgi pH regulator B           GPR89B 3.655 

DNA-directed RNA polymerases I, II, and III subunit RPABC1           POLR2E 3.648 

Ras-related protein Rab-5B             RAB5B 3.639 

Peroxisomal multifunctional enzyme type 2             HSD17B4 3.633 

Endoplasmic reticulum aminopeptidase 1         ERAP1 3.62 

3-ketoacyl-CoA thiolase, mitochondrial            ACAA2 3.597 

Matrix Gla protein           MGP 3.571 

NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial             NDUFV2 3.563 

Cytochrome c oxidase assembly protein COX15 homolog       COX15 3.56 

Inorganic pyrophosphatase 2, mitochondrial             PPA2 3.547 

Mucin-2 (Fragment)             MUC2 3.546 

Synaptic vesicle membrane protein VAT-1 homolog           VAT1 3.519 

Cytochrome c oxidase subunit 2           MT-CO2 3.499 

Epidermal growth factor receptor kinase substrate 8-like protein 2             EPS8L2 3.492 

Succinate--CoA ligase [GDP-forming] subunit beta, mitochondrial            SUCLG2 3.492 

Armadillo repeat-containing X-linked protein 3            ARMCX3 3.488 

Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial             SDHA 3.477 

Ceramide transporter 1 (Fragment)             CERT1 3.474 

Alpha-parvin            PARVA 3.469 

Acyl-CoA:lysophosphatidylglycerol acyltransferase 1       LPGAT1 3.448 

Tetraspanin-3             TSPAN3 3.438 

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 4         NDUFB4 3.41 

Ras-related protein Rab-8A          RAB8A 3.395 
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Cadherin-2         CDH2 3.386 

Transferrin receptor protein 1          TFRC 3.366 

Vacuolar protein sorting-associated protein 18 homolog            VPS18 3.364 

Enoyl-CoA hydratase, mitochondrial    ECHS1 3.362 

Mitochondrial chaperone BCS1            BCS1L 3.328 

Tyrosine--tRNA ligase, mitochondrial             YARS2 3.318 

Lysosomal alpha-mannosidase       MAN2B1 3.314 

Paraplegin           SPG7 3.313 

ATP-binding cassette sub-family D member 3          ABCD3 3.312 

Vitamin K epoxide reductase complex subunit 1-like protein 1         VKORC1L1 3.301 

Beta-arrestin-1 (Fragment)           ARRB1 3.3 

ATP synthase subunit beta, mitochondrial           ATP5F1B 3.295 

Acetyl-CoA acetyltransferase, mitochondrial           ACAT1 3.29 

Lysosomal alpha-glucosidase            GAA 3.287 

OCIA domain-containing protein 1 (Fragment)             OCIAD1 3.287 

ATP synthase F(0) complex subunit B1, mitochondrial             ATP5PB 3.28 

Translational activator of cytochrome c oxidase 1           TACO1 3.28 

PRA1 family protein 2            PRAF2 3.279 

Syndecan             SDC2 3.276 

NADH-ubiquinone oxidoreductase chain 1             MT-ND1 3.266 

Peroxiredoxin-like 2A           PRXL2A 3.265 

Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial       IDH3A 3.264 

Isovaleryl-CoA dehydrogenase isoform 1             IVD 3.264 

Electron transfer flavoprotein-ubiquinone oxidoreductase, mitochondrial           ETFDH 3.258 

ATP-binding cassette sub-family D member 1            ABCD1 3.257 

COP9 signalosome complex subunit 7a (Fragment)             COPS7A 3.238 

Acylphosphatase (Fragment)             ACYP2 3.236 

V-type proton ATPase subunit H           ATP6V1H 3.23 

Trifunctional enzyme subunit alpha, mitochondrial       HADHA 3.217 

Protein Mpv17            MPV17 3.209 

Surfeit locus protein 1          SURF1 3.207 

NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial          NDUFS1 3.204 

Transmembrane emp24 domain-containing protein 1         TMED1 3.194 

ATP synthase subunit e, mitochondrial       ATP5ME 3.186 

Endonuclease G, mitochondrial            ENDOG 3.155 

39S ribosomal protein L47, mitochondrial            MRPL47 3.155 

HLA class I histocompatibility antigen, A-69 alpha chain          HLA-A 3.154 

Sorting and assembly machinery component 50 homolog     SAMM50 3.154 

Aldehyde dehydrogenase, mitochondrial             ALDH2 3.15 

Branched-chain-amino-acid aminotransferase    BCAT2 3.139 

Adenylate kinase isoenzyme 1           AK1 3.138 

Dehydrogenase/reductase SDR family member 7             DHRS7 3.129 

Sodium/potassium-transporting ATPase subunit beta-1           ATP1B1 3.126 
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Phosphate carrier protein, mitochondrial            SLC25A3 3.12 

3-hydroxybutyrate dehydrogenase type 2             BDH2 3.119 

Uncharacterized protein (Fragment)          3.115 

UBX domain-containing protein 6          UBXN6 3.114 

ADP/ATP translocase 2             SLC25A5 3.084 

E3 ubiquitin-protein ligase LRSAM1        LRSAM1 3.07 

Very long-chain specific acyl-CoA dehydrogenase, mitochondrial        ACADVL 3.041 

28S ribosomal protein S15, mitochondrial         MRPS15 3.025 

3-hydroxyisobutyryl-CoA hydrolase, mitochondrial           HIBCH 3.018 

NADH-cytochrome b5 reductase 1         CYB5R1 3.017 

Rabankyrin-5             ANKFY1 2.997 

Carnitine O-acetyltransferase             CRAT 2.983 

Guanine nucleotide-binding protein subunit alpha-13          GNA13 2.979 

CSC1-like protein 1        TMEM63A 2.978 

Acetyl-CoA carboxylase 1           ACACA 2.967 

Enhancer of mRNA-decapping protein 4           EDC4 2.966 

Ras-related protein Rab-24            RAB24 2.951 

Probable histidine--tRNA ligase, mitochondrial          HARS2 2.939 

N-acetylglucosamine-1-phosphodiester alpha-N-acetylglucosaminidase (Fragment)         NAGPA 2.931 

NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial            NDUFV1 2.929 

Reticulon            RTN4 2.927 

Succinate dehydrogenase cytochrome b560 subunit, mitochondrial             SDHC 2.926 

Trifunctional enzyme subunit beta, mitochondrial           HADHB 2.922 

MICOS complex subunit MIC10            MICOS10 2.896 

HLA class I histocompatibility antigen, A-36 alpha chain           HLA-A 2.892 

Integrin alpha-6 (Fragment)             ITGA6 2.888 

Succinate--CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial             SUCLG1 2.881 

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 13         NDUFA13 2.869 

Complex I assembly factor TIMMDC1, mitochondrial         TIMMDC1 2.867 

Protein NipSnap homolog 2           NIPSNAP2 2.86 

Isocitrate dehydrogenase [NAD] subunit gamma, mitochondrial          IDH3G 2.857 

28S ribosomal protein S23, mitochondrial            MRPS23 2.857 

Dual specificity protein phosphatase 3             DUSP3 2.853 

COMM domain-containing protein 4             COMMD4 2.842 

Fumarylacetoacetase           FAH 2.834 

RNA transcription, translation and transport factor protein           RTRAF 2.829 

Ras-related protein Rab-18             RAB18 2.811 

Hydroxymethylglutaryl-CoA lyase, mitochondrial            HMGCL 2.807 

Mitochondrial folate transporter/carrier       SLC25A32 2.801 

Glutathione peroxidase             GPX8 2.8 

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9       NDUFB9 2.795 

Long-chain-fatty-acid--CoA ligase 1          ACSL1 2.79 

Cation-independent mannose-6-phosphate receptor           IGF2R 2.787 
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Neurolysin, mitochondrial        NLN 2.784 

Methylcrotonoyl-CoA carboxylase subunit alpha, mitochondrial            MCCC1 2.781 

Caspase-8 (Fragment)          CASP8 2.766 

Epoxide hydrolase 1            EPHX1 2.765 

NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial             NDUFS4 2.751 

2-oxoglutarate dehydrogenase, mitochondrial            OGDH 2.745 

Tubulin alpha-1A chain          TUBA1A 2.743 

Pyruvate dehydrogenase E1 component subunit beta, mitochondrial           PDHB 2.732 

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 12          NDUFA12 2.729 

Mitochondrial carrier homolog 1 (Fragment)           MTCH1 2.723 

Serine dehydratase-like            SDSL 2.714 

Ubiquitin carboxyl-terminal hydrolase 47             USP47 2.714 

Type 1 phosphatidylinositol 4,5-bisphosphate 4-phosphatase          PIP4P1 2.712 

EMILIN-1            EMILIN1 2.69 

AP-2 complex subunit mu           AP2M1 2.683 

Very-long-chain 3-oxoacyl-CoA reductase             HSD17B12 2.68 

Calcium/calmodulin-dependent protein kinase type II subunit delta       CAMK2D 2.677 

Nesprin-1             SYNE1 2.673 

Ras-related protein Rab-2A           RAB2A 2.666 

Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase 

complex, mitochondrial            

DLAT 2.665 

Guanine nucleotide-binding protein G(i) subunit alpha-1             GNAI1 2.663 

Phosphatidylinositol 4-kinase type 2-alpha            PI4K2A 2.659 

WASH complex subunit 5            WASHC5 2.656 

Epimerase family protein SDR39U1            SDR39U1 2.653 

Toll-interacting protein           TOLLIP 2.649 

Mannose-1-phosphate guanyltransferase beta        GMPPB 2.648 

Early endosome antigen 1           EEA1 2.642 

Mitochondrial import inner membrane translocase subunit TIM44             TIMM44 2.623 

Metaxin-1         MTX1 2.614 

Ras-related protein Rab-5C          RAB5C 2.61 

28S ribosomal protein S17, mitochondrial (Fragment)         MRPS17 2.609 

Brain protein I3            BRI3 2.608 

Isocitrate dehydrogenase [NAD] subunit beta, mitochondrial           IDH3B 2.608 

HLA class I histocompatibility antigen, B-58 alpha chain         HLA-B 2.592 

Stromal interaction molecule 2            STIM2 2.592 

5'-nucleotidase            NT5E 2.587 

Prosaposin           PSAP 2.583 

Carnitine O-palmitoyltransferase 1, liver isoform             CPT1A 2.576 

Four and a half LIM domains protein 1 (Fragment)           FHL1 2.568 

28S ribosomal protein S11, mitochondrial            MRPS11 2.557 

Ras-related protein Rap-1b           RAP1B 2.555 

ADP-ribosylation factor 6             ARF6 2.553 

Syntaxin-7           STX7 2.551 
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Vesicle-associated membrane protein 7        VAMP7 2.538 

Contactin-associated protein 1             CNTNAP1 2.533 

Serine/threonine-protein phosphatase 2A 55 kDa regulatory subunit B alpha isoform            PPP2R2A 2.515 

Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial           SDHB 2.503 

Vesicle-associated membrane protein 3            VAMP3 2.502 

Glutaminase kidney isoform, mitochondrial            GLS 2.499 

Type-1 angiotensin II receptor-associated protein          AGTRAP 2.486 

Ubiquitin-like modifier-activating enzyme 7       UBA7 2.483 

Protein disulfide isomerase CRELD2       CRELD2 2.478 

Conserved oligomeric Golgi complex subunit 1         COG1 2.474 

UDP-xylose and UDP-N-acetylglucosamine transporter            SLC35B4 2.47 

NADH dehydrogenase [ubiquinone] iron-sulfur protein 2, mitochondrial             NDUFS2 2.462 

Methylglutaconyl-CoA hydratase, mitochondrial             AUH 2.448 

Thioredoxin reductase 2, mitochondrial          TXNRD2 2.448 

Multidrug resistance-associated protein 1             ABCC1 2.44 

Acylglycerol kinase, mitochondrial         AGK 2.43 

Nucleoporin NDC1            NDC1 2.43 

Pyruvate dehydrogenase protein X component, mitochondrial     PDHX 2.429 

28S ribosomal protein S5, mitochondrial           MRPS5 2.423 

Non-specific lipid-transfer protein        SCP2 2.393 

Gamma-aminobutyric acid type B receptor subunit 1            GABBR1 2.386 

Cyclic AMP-responsive element-binding protein 1           CREB1 2.383 

ATP-dependent Clp protease ATP-binding subunit clpX-like, mitochondrial         CLPX 2.38 

Carnitine O-palmitoyltransferase 2, mitochondrial       CPT2 2.378 

NADH dehydrogenase [ubiquinone] iron-sulfur protein 5      NDUFS5 2.375 

Isoleucine--tRNA ligase, mitochondrial            IARS2 2.371 

Tryptophan--tRNA ligase, cytoplasmic             WARS 2.357 

Mitochondrial proton/calcium exchanger protein            LETM1 2.354 

ATP synthase subunit ATP5MPL, mitochondrial          ATP5MPL 2.352 

Inositol 1,4,5-trisphosphate receptor type 1          ITPR1 2.343 

Delta-1-pyrroline-5-carboxylate dehydrogenase, mitochondrial           ALDH4A1 2.337 

Nuclease EXOG, mitochondrial            EXOG 2.325 

Ras-related protein Rab-7a          RAB7A 2.32 

Vacuolar protein sorting-associated protein 13A            VPS13A 2.317 

Ras-related protein Rab-21           RAB21 2.316 

2-iminobutanoate/2-iminopropanoate deaminase            RIDA 2.31 

CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-sialyltransferase 1 

(Fragment)           

ST3GAL1 2.3 

Thioredoxin-dependent peroxide reductase, mitochondrial       PRDX3 2.277 

TBC1 domain family member 5        TBC1D5 2.272 

Lysophospholipid acyltransferase 7        MBOAT7 2.27 

Malate dehydrogenase, mitochondrial           MDH2 2.26 

Serine/threonine-protein kinase TBK1        TBK1 2.256 

Pyruvate dehydrogenase phosphatase regulatory subunit, mitochondrial         PDPR 2.25 
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DNA repair protein complementing XP-C cells           XPC 2.25 

Lipoamide acyltransferase component of branched-chain alpha-keto acid 

dehydrogenase complex, mitochondrial      

DBT 2.23 

Electron transfer flavoprotein subunit alpha, mitochondrial         ETFA 2.229 

3-oxoacyl-[acyl-carrier-protein] synthase, mitochondrial            OXSM 2.223 

Probable asparagine--tRNA ligase, mitochondrial   NARS2 2.215 

Estradiol 17-beta-dehydrogenase 11        HSD17B11 2.214 

Ras-related protein R-Ras2            RRAS2 2.208 

V-type proton ATPase subunit C 1           ATP6V1C1 2.202 

NIF3-like protein 1 (Fragment)           NIF3L1 2.194 

Ferrochelatase, mitochondrial (Fragment)             FECH 2.183 

Membrane-associated transporter protein (Fragment)          SLC45A2 2.182 

Tuberin (Fragment)      TSC2 2.168 

Integrin alpha-V         ITGAV 2.159 

Acyl-coenzyme A thioesterase 8             ACOT8 2.157 

Putative WAS protein family homolog 4       WASH4P 2.157 

Calcium-binding mitochondrial carrier protein SCaMC-1             SLC25A24 2.154 

NAD(P) transhydrogenase, mitochondrial             NNT 2.151 

5'-AMP-activated protein kinase subunit beta-1             PRKAB1 2.136 

Calcium signal-modulating cyclophilin ligand         CAMLG 2.132 

Rab3 GTPase-activating protein catalytic subunit        RAB3GAP1 2.132 

CD166 antigen (Fragment)          ALCAM 2.131 

Stress-70 protein, mitochondrial      HSPA9 2.129 

Voltage-dependent calcium channel subunit alpha-2/delta-1      CACNA2D1 2.124 

Ras-related protein Rab-35 (Fragment)           RAB35 2.122 

Thrombospondin-2             THBS2 2.122 

ADP/ATP translocase 1         SLC25A4 2.121 

Syntaxin-binding protein 1         STXBP1 2.118 

Gamma-aminobutyric acid receptor-associated protein-like 2          GABARAPL2 2.115 

39S ribosomal protein L45, mitochondrial            MRPL45 2.109 

NAD-dependent malic enzyme, mitochondrial             ME2 2.097 

Ribonucleoside-diphosphate reductase subunit M2 B             RRM2B 2.093 

Actin-related protein 10            ACTR10 2.091 

NAD-dependent protein deacylase sirtuin-5, mitochondrial         SIRT5 2.089 

Ceramide synthase 2 (Fragment)          CERS2 2.086 

A-kinase anchor protein 2        AKAP2 2.085 

DCC-interacting protein 13-beta          APPL2 2.074 

ATP synthase mitochondrial F1 complex assembly factor 2             ATPAF2 2.067 

STE20/SPS1-related proline-alanine-rich protein kinase    STK39 2.066 

AFG3-like protein 2          AFG3L2 2.064 

Ras-related protein Rab-14            RAB14 2.06 

ATP synthase membrane subunit DAPIT, mitochondrial ATP5MD 2.05 

Glutathione reductase, mitochondrial           GSR 2.048 

Aspartyl aminopeptidase            DNPEP 2.046 
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Solute carrier family 22 member 18            SLC22A18 2.046 

Adhesion G protein-coupled receptor L2            ADGRL2 2.03 

GPI ethanolamine phosphate transferase 3          PIGO 2.029 

Aldo-keto reductase family 1 member B1           AKR1B1 2.027 

Clathrin heavy chain       CLTC 2.018 

GTP-binding protein SAR1a           SAR1A 2 

 

Table A6.4: Proteins that significantly decrease (p <0.05) in PLX/AZD resistant spheroids 

Protein Gene Name 

Fold 

decrease: 
(PLX-AZD / 

control) 
 

High mobility group protein HMG-I/HMG-Y            HMGA1 0.021 

Methylosome subunit pICln              CLNS1A 0.035 

SLIT-ROBO Rho GTPase-activating protein 2             SRGAP2 0.038 

Copine-1           CPNE1 0.043 

Protein NDRG1          NDRG1 0.043 

Atrial natriuretic peptide receptor 2 (Fragment)          NPR2 0.049 

Synaptic vesicle membrane protein VAT-1 homolog-like           VAT1L 0.049 

SH3 domain-containing kinase-binding protein 1             SH3KBP1 0.053 

Fermitin family homolog 1             FERMT1 0.06 

Nuclear autoantigenic sperm protein         NASP 0.066 

Nuclear receptor coactivator 5              NCOA5 0.066 

Beta-enolase        ENO3 0.07 

Exosome complex component RRP46             EXOSC5 0.072 

Glycogen phosphorylase, muscle form           PYGM 0.075 

Coiled-coil domain-containing protein 68         CCDC68 0.077 

Transgelin-3      TAGLN3 0.079 

Serine/threonine-protein kinase RIO2             RIOK2 0.081 

Exosome complex component RRP43      EXOSC8 0.083 

Casein kinase I isoform alpha            CSNK1A1 0.084 

PDZ and LIM domain protein 7       PDLIM7 0.086 

E1A-binding protein p400            EP400 0.088 

SPATS2-like protein             SPATS2L 0.089 

BUB3-interacting and GLEBS motif-containing protein ZNF207          ZNF207 0.092 

Cullin-3             CUL3 0.099 

Elongin-A             ELOA 0.099 

Lysyl oxidase homolog 4          LOXL4 0.099 

Delta(24)-sterol reductase            DHCR24 0.1 

Interferon-stimulated gene 20 kDa protein       ISG20 0.103 

Putative Ras-related protein Rab-1C         RAB1C 0.107 

Fibronectin type III and SPRY domain-containing protein 1             FSD1 0.109 
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Glycogen phosphorylase, brain form          PYGB 0.111 

Spliceosome-associated protein CWC15 homolog            CWC15 0.114 

Neutral amino acid transporter A              SLC1A4 0.115 

Protein DDI1 homolog 2            DDI2 0.121 

Replication protein A 14 kDa subunit           RPA3 0.121 

Ribosomal RNA processing protein 1 homolog A       RRP1 0.121 

SWI/SNF complex subunit SMARCC1        SMARCC1 0.122 

Sulfate transporter             SLC26A2 0.125 

Coronin-1A              CORO1A 0.128 

Coiled-coil domain-containing protein 12              CCDC12 0.13 

WD repeat-containing protein 36            WDR36 0.136 

CCR4-NOT transcription complex subunit 3 (Fragment)           CNOT3 0.142 

A-kinase anchor protein 12         AKAP12 0.143 

Condensin complex subunit 2           NCAPH 0.145 

Collagen triple helix repeat-containing protein 1      CTHRC1 0.146 

Gelsolin (Fragment)           GSN 0.147 

Polymerase delta-interacting protein 3             POLDIP3 0.147 

Metalloproteinase inhibitor 1              TIMP1 0.148 

Alpha-taxilin         TXLNA 0.148 

Aldehyde dehydrogenase family 1 member A3             ALDH1A3 0.149 

Pseudouridylate synthase 7 homolog              PUS7 0.149 

Keratocan          KERA 0.15 

S-methyl-5'-thioadenosine phosphorylase           MTAP 0.157 

Scaffold attachment factor B1            SAFB 0.159 

Treacle protein           TCOF1 0.159 

Cytoskeleton-associated protein 5             CKAP5 0.162 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin 

subfamily D member 1           

SMARCD1 0.162 

Interleukin-13 receptor subunit alpha-2           IL13RA2 0.163 

Transcription elongation factor A protein 1            TCEA1 0.165 

Ubiquitin-associated and SH3 domain-containing protein B     UBASH3B 0.165 

Nestin            NES 0.17 

Paxillin             PXN 0.17 

Probable dimethyladenosine transferase          DIMT1 0.171 

Serine/threonine-protein kinase N1           PKN1 0.171 

Vimentin              VIM 0.171 

Plastin-1            PLS1 0.172 

Heterogeneous nuclear ribonucleoprotein A1 (Fragment)            HNRNPA1 0.174 

Proliferating cell nuclear antigen           PCNA 0.176 

Asparagine synthetase [glutamine-hydrolyzing]            ASNS 0.178 

Probable rRNA-processing protein EBP2         EBNA1BP2 0.178 

Ubiquitin-conjugating enzyme E2 E1 (Fragment)             UBE2E1 0.178 
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Acidic leucine-rich nuclear phosphoprotein 32 family member E         ANP32E 0.188 

Transcriptional repressor p66-alpha           GATAD2A 0.189 

Protein sprouty homolog 4              SPRY4 0.189 

Glutamine-rich protein 1             QRICH1 0.19 

Nucleolar protein 7            NOL7 0.191 

Bifunctional UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase       GNE 0.192 

Mini-chromosome maintenance complex-binding protein       MCMBP 0.193 

D-3-phosphoglycerate dehydrogenase             PHGDH 0.195 

CTP synthase 1            CTPS1 0.196 

Exosome complex component RRP40              EXOSC3 0.197 

Collagen alpha-1(XVIII) chain              COL18A1 0.198 

Cell growth-regulating nucleolar protein           LYAR 0.199 

Amino acid transporter              SLC1A6 0.199 

Phosphatidylinositide phosphatase SAC2        INPP5F 0.2 

Deubiquitinase OTUD6B       OTUD6B 0.2 

Chondroitin sulfate proteoglycan 4      CSPG4 0.201 

Something about silencing protein 10           UTP3 0.202 

General transcription factor IIF subunit 2      GTF2F2 0.203 

SH3 domain-binding glutamic acid-rich-like protein 3      SH3BGRL3 0.207 

High mobility group protein B3              HMGB3 0.211 

Ribonucleoprotein PTB-binding 1              RAVER1 0.212 

Calcyclin-binding protein            CACYBP 0.214 

Nucleolar and coiled-body phosphoprotein 1 (Fragment)            NOLC1 0.214 

DNA-directed RNA polymerase I subunit RPA34            CD3EAP 0.22 

Zinc finger protein ZPR1 (Fragment)             ZPR1 0.22 

Eukaryotic translation initiation factor 3 subunit J          EIF3J 0.222 

Protein LRATD2           LRATD2 0.222 

Calcyphosin            CAPS 0.224 

Multifunctional protein ADE2             PAICS 0.226 

Protein RCC2             RCC2 0.231 

Zinc finger protein 622          ZNF622 0.231 

TRPM8 channel-associated factor 1             TCAF1 0.232 

Nuclear pore complex protein Nup50          NUP50 0.237 

RNA polymerase II-associated protein 3            RPAP3 0.237 

Zinc finger CCCH domain-containing protein 11A              ZC3H11A 0.237 

Plasminogen activator inhibitor 1 RNA-binding protein           SERBP1 0.239 

Protein CDV3 homolog            CDV3 0.242 

Glutathione S-transferase Mu 3         GSTM3 0.242 

tRNA (adenine(58)-N(1))-methyltransferase non-catalytic subunit TRM6         TRMT6 0.242 

Ribosomal RNA small subunit methyltransferase NEP1              EMG1 0.245 

ATP-dependent RNA helicase DDX18             DDX18 0.246 

Transcriptional repressor p66-beta            GATAD2B 0.249 
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Jupiter microtubule-associated homolog 2 (Fragment)          JPT2 0.249 

BRCA2 and CDKN1A-interacting protein           BCCIP 0.252 

DNA topoisomerase 1              TOP1 0.253 

Nuclear factor NF-kappa-B p105 subunit        NFKB1 0.257 

NSFL1 cofactor p47           NSFL1C 0.257 

Methylosome protein 50             WDR77 0.263 

Zinc finger CCCH domain-containing protein 18       ZC3H18 0.263 

Prelamin-A/C           LMNA 0.264 

Phosphatidylinositol transfer protein beta isoform          PITPNB 0.265 

Fatty acid-binding protein 5              FABP5 0.266 

28 kDa heat- and acid-stable phosphoprotein          PDAP1 0.266 

Transcription intermediary factor 1-alpha              TRIM24 0.267 

Sodium/myo-inositol cotransporter              SLC5A3 0.269 

Biorientation of chromosomes in cell division protein 1-like 1  BOD1L1 0.27 

Phosphoribosylformylglycinamidine synthase            PFAS 0.272 

Acetyl-coenzyme A synthetase, cytoplasmic          ACSS2 0.274 

Cell surface hyaluronidase            CEMIP2 0.274 

Tyrosine-protein kinase BAZ1B              BAZ1B 0.278 

Probable ribosome biogenesis protein RLP24    RSL24D1 0.279 

Drebrin-like protein          DBNL 0.28 

Splicing factor 3A subunit 3       SF3A3 0.283 

Glutaredoxin-3              GLRX3 0.288 

DNA replication licensing factor MCM6        MCM6 0.289 

Eukaryotic translation elongation factor 1 epsilon-1          EEF1E1 0.29 

Endothelial differentiation-related factor 1             EDF1 0.292 

Ethylmalonyl-CoA decarboxylase         ECHDC1 0.293 

Paired mesoderm homeobox protein 1            PRRX1 0.293 

Zinc finger protein 608         ZNF608 0.294 

Putative coiled-coil-helix-coiled-coil-helix domain-containing protein CHCHD2P9, 

mitochondrial             

CHCHD2P9 0.295 

Mitogen-activated protein kinase 1          MAPK1 0.295 

WD repeat-containing protein 43              WDR43 0.295 

Nucleolar RNA helicase 2       DDX21 0.296 

Vasodilator-stimulated phosphoprotein            VASP 0.297 

Glycogen phosphorylase, liver form        PYGL 0.298 

Mediator of DNA damage checkpoint protein 1    MDC1 0.299 

Histone-binding protein RBBP7           RBBP7 0.299 

Transgelin-2              TAGLN2 0.299 

Heterogeneous nuclear ribonucleoprotein A/B          HNRNPAB 0.301 

Exosome complex component RRP4           EXOSC2 0.302 

DNA replication licensing factor MCM2         MCM2 0.303 

Small nuclear ribonucleoprotein Sm D2           SNRPD2 0.303 
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U3 small nucleolar RNA-interacting protein 2           RRP9 0.304 

FAS-associated factor 1           FAF1 0.305 

Peptidyl-prolyl cis-trans isomerase (Fragment)        PPIH 0.305 

Pre-mRNA-processing factor 19              PRPF19 0.306 

Nuclease-sensitive element-binding protein 1            YBX1 0.306 

U4/U6 small nuclear ribonucleoprotein Prp4          PRPF4 0.31 

General transcription factor 3C polypeptide 2             GTF3C2 0.311 

Integrin beta-3            ITGB3 0.311 

Metastasis-associated protein MTA2             MTA2 0.311 

Stathmin              STMN1 0.312 

Protein argonaute-2            AGO2 0.316 

UV excision repair protein RAD23 homolog B         RAD23B 0.317 

Disco-interacting protein 2 homolog B        DIP2B 0.318 

FH1/FH2 domain-containing protein 1              FHOD1 0.318 

Heterogeneous nuclear ribonucleoprotein A1            HNRNPA1 0.319 

Lysine-specific histone demethylase 1A       KDM1A 0.319 

TRPM8 channel-associated factor 2C (Fragment)          TCAF2C 0.319 

NF-X1-type zinc finger protein NFXL1             NFXL1 0.323 

Lysine-specific demethylase 3B              KDM3B 0.325 

Nucleolin              NCL 0.325 

Serine/arginine-rich splicing factor 6           SRSF6 0.326 

Ubiquitin-like modifier-activating enzyme 5            UBA5 0.326 

Transcription factor p65              RELA 0.327 

60S ribosomal protein L29              RPL29 0.327 

Vacuolar protein-sorting-associated protein 36             VPS36 0.327 

Heterogeneous nuclear ribonucleoprotein A0 HNRNPA0 0.328 

U4/U6.U5 tri-snRNP-associated protein 1             SART1 0.329 

Bystin           BYSL 0.33 

Transcription elongation regulator 1            TCERG1 0.331 

ERO1-like protein beta (Fragment)            ERO1B 0.332 

Histone acetyltransferase type B catalytic subunit              HAT1 0.334 

Collagen alpha-5(VI) chain            COL6A5 0.335 

Protein ITPRID2             ITPRID2 0.335 

Protein transport protein Sec23B      SEC23B 0.335 

Protein yippee-like 5          YPEL5 0.336 

A-kinase anchor protein 8           AKAP8 0.34 

CD109 antigen             CD109 0.34 

Deoxyhypusine synthase          DHPS 0.34 

Tyrosine-protein phosphatase non-receptor type 12    PTPN12 0.342 

Lariat debranching enzyme       DBR1 0.343 

SNW domain-containing protein 1            SNW1 0.343 

SPARC             SPARC   1   1 SPARC 0.344 
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*Table A6.4 continued 

F-box-like/WD repeat-containing protein TBL1XR1        TBL1XR1 0.344 

ATP-dependent RNA helicase DHX8        DHX8 0.345 

Melanotransferrin          MELTF 0.345 

Histone-binding protein RBBP4        RBBP4 0.345 

Nucleolar protein 10             NOL10 0.346 

ADP-ribosylation factor GTPase-activating protein 1             ARFGAP1 0.347 

Glutathione hydrolase 7             GGT7 0.347 

DnaJ homolog subfamily C member 8          DNAJC8 0.348 

Dynamin-3          DNM3 0.35 

Serine/threonine-protein phosphatase 1 regulatory subunit 10          PPP1R10 0.351 

Sister chromatid cohesion protein PDS5 homolog A           PDS5A 0.354 

Importin subunit alpha-7            KPNA6 0.356 

RNA-binding protein 25             RBM25 0.357 

Eukaryotic translation initiation factor 4B             EIF4B 0.358 

UDP-N-acetylhexosamine pyrophosphorylase         UAP1 0.36 

Ubiquitin-like-conjugating enzyme ATG3              ATG3 0.361 

(E3-independent) E2 ubiquitin-conjugating enzyme (Fragment)         UBE2O 0.363 

Protein arginine N-methyltransferase 5       PRMT5 0.365 

Mortality factor 4-like protein 2 (Fragment)          MORF4L2 0.366 

Paired amphipathic helix protein Sin3a              SIN3A 0.366 

mRNA cap guanine-N7 methyltransferase            RNMT 0.368 

Cleavage stimulation factor subunit 3              CSTF3 0.37 

eEF1A lysine and N-terminal methyltransferase           EEF1AKNMT 0.37 

RNA-binding protein 10              RBM10 0.37 

Single-pass membrane and coiled-coil domain-containing protein 2         SMCO2 0.371 

Splicing regulatory glutamine/lysine-rich protein 1    SREK1 0.371 

Nucleolysin TIAR              TIAL1 0.371 

Lamina-associated polypeptide 2, isoform alpha           TMPO 0.371 

Nucleoprotein TPR         TPR 0.374 

Small subunit processome component 20 homolog          UTP20 0.374 

FACT complex subunit SSRP1              SSRP1 0.375 

E3 ubiquitin-protein ligase ZFP91              ZFP91 0.375 

ADP-ribosylation factor GTPase-activating protein 3              ARFGAP3 0.376 

Interferon-stimulated 20 kDa exonuclease-like 2           ISG20L2 0.376 

Methylthioribose-1-phosphate isomerase            MRI1 0.376 

PHD finger-like domain-containing protein 5A           PHF5A 0.376 

Protein fuzzy homolog           FUZ 0.377 

Nuclear migration protein nudC             NUDC 0.377 

Far upstream element-binding protein 1        FUBP1 0.38 

Exosome RNA helicase MTR4              MTREX 0.383 

1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase           ADI1 0.384 

Dr1-associated corepressor              DRAP1 0.384 
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*Table A6.4 continued 

Importin-11             IPO11 0.384 

Hsp90 co-chaperone Cdc37              CDC37 0.387 

Opioid growth factor receptor          OGFR 0.387 

Activator of 90 kDa heat shock protein ATPase homolog 1           AHSA1 0.389 

DNA mismatch repair protein Msh6           MSH6 0.389 

Nuclear RNA export factor 1            NXF1 0.391 

Adenosylhomocysteinase          AHCY 0.392 

C-terminal-binding protein 2       CTBP2 0.392 

Surfeit locus protein 6      SURF6 0.392 

Serpin B8            SERPINB8 0.393 

Splicing factor, proline- and glutamine-rich              SFPQ 0.393 

Acyl-CoA-binding domain-containing protein 6              ACBD6 0.394 

Proteasome inhibitor PI31 subunit        PSMF1 0.394 

Regulator of chromosome condensation          RCC1 0.396 

Adenylosuccinate synthetase isozyme 2           ADSS 0.397 

Ran-specific GTPase-activating protein        RANBP1 0.397 

ATP-dependent RNA helicase DHX29            DHX29 0.398 

U3 small nucleolar RNA-associated protein 15 homolog    UTP15 0.398 

Selenocysteine lyase             SCLY 0.399 

WW domain-binding protein 11              WBP11 0.399 

Eukaryotic translation initiation factor 3 subunit M              EIF3M 0.4 

Translationally-controlled tumor protein           TPT1 0.4 

Polyadenylate-binding protein 4           PABPC4 0.402 

Protein transport protein Sec24A             SEC24A 0.402 

Casein kinase II subunit beta        CSNK2B 0.404 

Exosome complex exonuclease RRP44          DIS3 0.404 

Small nuclear ribonucleoprotein F           SNRPF 0.404 

Protein FAM50A (Fragment)            FAM50A 0.405 

Filamin-B            FLNB 0.405 

Adenylyltransferase and sulfurtransferase MOCS3      MOCS3 0.406 

Programmed cell death protein 10 (Fragment)         PDCD10 0.407 

Glutamine--fructose-6-phosphate aminotransferase [isomerizing] 2              GFPT2 0.408 

Fatty acid synthase        FASN 0.41 

mRNA turnover protein 4 homolog         MRTO4 0.411 

Poly [ADP-ribose] polymerase 1           PARP1 0.411 

Ribosome-binding protein 1       RRBP1 0.413 

Coiled-coil domain-containing protein 137           CCDC137 0.414 

RNA-binding protein 26            RBM26 0.414 

Ubiquitin thioesterase          OTUB1 0.415 

Elongation factor 2          EEF2 0.417 

Active breakpoint cluster region-related protein     ABR 0.418 

U4/U6.U5 tri-snRNP-associated protein 2             USP39 0.418 
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*Table A6.4 continued 

Poly(A) RNA polymerase, mitochondrial        MTPAP 0.419 

RNA-binding motif protein, X chromosome        RBMX 0.42 

Partner of Y14 and mago        PYM1 0.421 

Cullin-4A            CUL4A 0.422 

E3 ubiquitin protein ligase          RNF40 0.423 

Conserved oligomeric Golgi complex subunit 3              COG3 0.424 

Actin-like protein 6A           ACTL6A 0.426 

Scaffold attachment factor B2              SAFB2 0.426 

Alpha-actinin-1              ACTN1 0.427 

GTP-binding nuclear protein Ran          RAN 0.427 

COP9 signalosome complex subunit 8       COPS8 0.428 

Neuropathy target esterase              PNPLA6 0.43 

AH receptor-interacting protein          AIP 0.431 

Ubiquitin carboxyl-terminal hydrolase 11             USP11 0.431 

Chloride channel CLIC-like protein 1              CLCC1 0.432 

Eukaryotic translation initiation factor 2A          EIF2A 0.433 

Protein PRRC2A             PRRC2A 0.434 

Proline-rich protein PRCC            PRCC 0.436 

Probable ATP-dependent RNA helicase DDX46            DDX46 0.437 

T-complex protein 1 subunit beta            CCT2 0.439 

mRNA-decapping enzyme 1A        DCP1A 0.439 

Phenylalanine--tRNA ligase alpha subunit         FARSA 0.44 

Far upstream element-binding protein 2              KHSRP 0.44 

40S ribosomal protein SA              RPSA 0.44 

Pogo transposable element with ZNF domain          POGZ 0.443 

EH domain-binding protein 1            EHBP1 0.444 

Retinol dehydrogenase 10              RDH10 0.445 

AN1-type zinc finger protein 6 (Fragment)       ZFAND6 0.446 

Replication protein A 32 kDa subunit          RPA2 0.447 

Protein ELYS              AHCTF1 0.449 

Nitric oxide synthase-interacting protein            NOSIP 0.451 

ADP-sugar pyrophosphatase             NUDT5 0.452 

Nucleolar protein 14            NOP14 0.454 

Leucine-rich repeat-containing protein 47              LRRC47 0.455 

T-complex protein 1 subunit epsilon         CCT5 0.458 

Zinc finger CCCH-type antiviral protein 1            ZC3HAV1 0.459 

Elongation factor 1-beta          EEF1B2 0.46 

Putative RNA-binding protein Luc7-like 1        LUC7L 0.46 

40S ribosomal protein S12              RPS12 0.46 

Splicing factor 3B subunit 4           SF3B4 0.46 

Hsp70-binding protein 1            HSPBP1 0.463 

U5 small nuclear ribonucleoprotein 40 kDa protein        SNRNP40 0.464 
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*Table A6.4 continued 

Cyclin-dependent kinase 2              CDK2 0.466 

F-box/LRR-repeat protein 17          FBXL17 0.466 

U1 small nuclear ribonucleoprotein A          SNRPA 0.467 

RNA polymerase II-associated factor 1 homolog            PAF1 0.468 

Receptor of activated protein C kinase 1            RACK1 0.468 

Spermidine synthase            SRM 0.469 

Exportin-5              XPO5 0.47 

ATP-binding cassette sub-family E member 1         ABCE1 0.471 

Anamorsin            CIAPIN1 0.473 

Golgin subfamily A member 2        GOLGA2 0.474 

Exportin-2             CSE1L 0.475 

Pyrroline-5-carboxylate reductase 3      PYCR3 0.475 

DNA replication licensing factor MCM5      MCM5 0.478 

MRG/MORF4L-binding protein           MRGBP 0.48 

Chromosome alignment-maintaining phosphoprotein 1          CHAMP1 0.481 

Proliferation-associated protein 2G4      PA2G4 0.481 

RRP12-like protein            RRP12 0.482 

RNA-binding protein 14             RBM14 0.483 

Dual specificity mitogen-activated protein kinase kinase 3             MAP2K3 0.484 

Leucine zipper transcription factor-like protein 1 (Fragment)            LZTFL1 0.485 

5'-3' exoribonuclease 2          XRN2 0.486 

Ataxin-2           ATXN2 0.487 

Phenylalanine--tRNA ligase beta subunit        FARSB 0.488 

PDZ and LIM domain protein 4            PDLIM4 0.488 

UHRF1-binding protein 1-like             UHRF1BP1L 0.488 

Heat shock cognate 71 kDa protein              HSPA8 0.491 

Proteasome activator complex subunit 3            PSME3 0.492 

SUMO-activating enzyme subunit 1       SAE1 0.494 

Periodic tryptophan protein 2 homolog        PWP2 0.496 

Collagen alpha-1(IV) chain (Fragment)             COL4A1 0.497 

Peptidyl-prolyl cis-trans isomerase D        PPID 0.498 

60S ribosomal protein L34              RPL34 0.498 

La-related protein 4B             LARP4B 0.5 

6-phosphogluconate dehydrogenase, decarboxylating              PGD 0.5 
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