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Abstract 

 Skin cancer is the most commonly diagnosed cancer in the U.S. and 75% of skin cancer 

related deaths are due to malignant melanoma, a cancer originating in melanin producing 

melanocytes. The RAF/MKK/ERK signaling cascade is constitutively activated in over 90% of 

melanomas and 52% of tumors contain BRAF V600E/K oncogenic driver mutations. Although 

small molecule inhibitors specifically targeting mutant BRAF V600E/K and the downstream 

kinases MKK1/2 have been successful in clinical settings, resistance invariably develops. In 

preclinical studies, inhibitors of ERK1/2 can overcome resistance to BRAF V600E/K and 

MKK1/2 inhibitors, making them promising alternative pathway inhibitors for the treatment of 

melanoma. However, the specificity of molecular responses to ERK1/2 inhibitors remains 

unknown. In this thesis, I use SILAC-based phosphoproteomics to quantify molecular responses 

to the clinically available MKK1/2 inhibitor, trametinib, and the ERK1/2 inhibitors, SCH772984, 

GDC0994 and Vertex-11e in WM239a human metastatic melanoma cells. I observed significant 

responses in approximately 5% of all phosphosites identified. Significantly regulated 

phosphosites showed a high degree of overlap between all inhibitors, suggesting that the pathway 

functions linearly with relatively little evidence for branchpoints that lead to bifurcation 

upstream of ERK1/2. I also observe phosphosites responsive to only one of four MKK1/2 or 

ERK1/2 inhibitors.  For example, trametinib shows an ability to block activating phosphorylation 

sites on p38α MAPK, which are not shared by ERK1/2 inhibitors SCH772984 and GDC0994, 

the MKK1/2 inhibitor selumetinib, or the BRAF V600E/K inhibitor, vemurafenib. Trametinib 
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directly inhibits MKK6 in vitro, although with a IC50 10-fold higher than its inhibition of p38α 

MAPK in cells. This suggests the potential that the direct target of trametinib in cells is upstream 

of MKK6. Further analyses of phosphoproteomics responses to two MKK1/2 inhibitors and two 

ERK1/2 inhibitors identifies phosphorylation sites that can be classified as (i) known or novel 

targets of BRAF-MKK-ERK signaling, (ii) potential branchpoints at MKK1/2 upstream of 

ERK1/2, and (iii) off-targets of different inhibitors.  My results show how information from 

phosphoproteomics comparisons of multiple MKK1/2 and ERK1/2 inhibitors can be combined 

to provide a deeper understanding of pathway specificity.   
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Chapter 1 

Introduction 

 

1.1 Cancer biology, mortality, and treatment 

 Cancer is a large group of related diseases characterized by uncontrolled proliferation of 

abnormal cells, which can include old and damaged cells that evade destruction as well as 

unnecessary growth of new cells. These abnormal cells can form solid masses in tissues called 

tumors and malignant tumors can break their normal boundaries and invade surrounding tissues. 

These cancerous cells can then spread to other tissues and organs, a process known as metastasis, 

which is responsible for the majority of cancer deaths. In 2016, approximately 1,685,210 new 

cases of cancer will be diagnosed in the U.S., and about 1 in every 4 deaths per year (595,690 

Americans) will be due to cancer, making it the second leading cause of death in the U.S. 

(American Cancer Society, 2016). Worldwide, over 60% of new cases occur in Africa, Asia, and 

Central/South America, with 70% of cancer deaths occurring in these regions (Stewart, B. W., 

Wild, 2014). Consequently, cancer is both a massive financial burden as well as area of financial 

investment. Medical costs associated with cancer totaled $74.8 billion in the U.S. in 2013 

(American Cancer Society, 2016). To combat this disease, the National Cancer Institute (NCI) 

received $5.1 billion in funding for 2016.  

 Cancer research in public institutions and private businesses (such as pharmaceutical 

companies) has led to new mechanism-based treatment strategies, which improve patient 

outcomes and build upon traditional approaches such as surgery, radiation, and cytotoxic 

chemotherapy.  One of these mechanism-based strategies, immunotherapy, uses different 

approaches to activate the patient’s immune system to recognize and attack the cancer. FDA-
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approved immunotherapies are now first-line treatments for several cancer types and many more 

are being evaluated in ongoing clinical trials. Targeted therapies using cell-permeable small 

molecule inhibitors are a second mechanism-based treatment strategy developed over the past 20 

years. These targeted therapeutics are a cornerstone of precision medicine which uses 

information about a patient’s genetic and protein profile to diagnose and treat disease. Cancer is 

usually caused by genetic changes, often involving accelerated mutational rates.  Over time, 

tumors accumulate a unique combination of mutations leading to disease progression. Some 

mutations known as driver mutations commonly promote cell survival and/or proliferation by 

affecting key regulators such as proto-oncogenes, tumor suppressor genes, and DNA repair 

genes. While some of these mutations are inherited, others are acquired somatic mutations called 

passenger mutations which in some cases enhance malignancy and in other cases have no effect 

on cells. Over the last decade, multi-disciplinary projects like The Cancer Genome Atlas 

(TCGA) have compiled genetic data from over 11,000 patients across 33 different cancer types 

(Tomczak, Czerwińska, & Wiznerowicz, 2015). These efforts have identified promising novel 

target genes in many different cancer types that have been used to develop effective targeted 

therapeutics.  

 

1.2 Melanoma biology, disease progression, and genetic mutations 

 Skin cancer is the most commonly diagnosed cancer in the U.S. and begins in the 

epidermis. The epidermis consists of squamous keratinocytes and basal keratinocytes which 

make up 80% of tissue, melanocytes which produce skin pigments, Langerhans cells which 

provide immune defense, and neuronal Merkel cells which convey touch sensations. Squamous 

cell and basal cell carcinomas make up 99% of skin cell diagnoses and can almost always be 
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cured if treated early. In contrast, melanoma only accounts for 1% of skin cancer diagnoses but is 

responsible for 75% of skin cancer deaths (American Cancer Society, 2016). In 2012, 232,000 

new cases of melanoma were diagnosed with 55,000 estimated deaths (Stewart, B. W., Wild, 

2014). Melanoma involves malignant transformation of melanocytes to cancerous cells which 

typically occurs in the epidermis, but can also form in the eye (primarily uveal melanoma), 

mucosal tissue (head and neck, female genital tract, and anal/rectal), or unknown primary sites 

(only metastatic disease diagnosed) (Chang, Karnell, & Menck, 1998). Tumorigenesis is 

associated with familial history, multiple benign or atypical nevi (moles), previous melanoma, 

immunosuppression, sun sensitivity, and UV radiation exposure (Miller & Mihm, 2006). 

Accumulation of inherited genetic changes as well as molecular lesions arising from errors in 

cell division and DNA damage due to environmental exposures drive the progression of 

melanoma, from benign nevus to primary melanoma to metastatic melanoma (Figure 1.1). 

Before the implementation of gene sequencing to identify genetic changes in melanoma, it was 

common for oncologists to categorize melanoma into four distinct subtypes based on histology. 

These include nodular melanoma, superficial spreading melanoma, lentigo maligna, acral 

lentiginous melanoma, and demoplastic melanoma (Clark, From, Bernardino, & Mihm, 1969; 

McGovern et al., 1973; Scolyer, Long, & Thompson, 2011). However, the development of large-

scale sequencing platforms and drugs that specifically target certain mutation profiles in patients 

has made genetic alterations a more effective way to categorize disease (Curtin et al., 2005). It is 

now common for a melanoma diagnosis to include both molecular markers as well as 

standardized pathological staging measuring thickness and other metrics of the primary tumor, 

metastatic nodes, and distant metastasis sites (Boland & Gershenwald, 2016). Almost all 

melanoma tumors diagnosed at early stages can be treated or cured by surgical resection, while 
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later stage cancer requires more aggressive therapy. Until recently, the chemotherapeutic drug, 

dacarbazine, and immune stimulating cytokine, interleukin 2 (IL2), were the only approved 

treatments for melanoma, however both had relatively little effect on overall patient survival 

(McArthur & Ribas, 2013).  

 

Figure 1.1: Pathological progression of melanoma. Biologic events are often accompanied 

by molecular lesions including BRAF mutation (benign nevus), CDKN2A and PTEN loss 

(dysplastic nevus), increased CD1 (radial-growth phase), and changes to cell adhesion in vertical 

growth phase and metastatic melanoma. Adapted from (Miller & Mihm, 2006).  

 

 

Melanoma was among the first cancer genomes to be sequenced, along with leukemia 

(Ley et al., 2008; Mardis et al., 2009), breast cancer (Shah et al., 2009), and small-cell lung 

cancer (Pleasance, Stephens, et al., 2010), and researchers revealed the dramatic increase in 

mutation rate of cancerous cells compared to normal cells (Pleasance, Cheetham, et al., 2010). 

They catalogued all base substitutions, small insertions and deletions (indels), rearrangements, 

and copy number alterations in a metastatic melanoma cell line and subtracted the mutations 

found in a lymphoblastoid cell line derived from the same patient to generate a map of somatic 
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mutations across the genome. In total, 33,345 base substitutions were identified, and the majority 

of these (~24,000) were verified C>T mutations associated with UV light exposure (Pfeifer, You, 

& Besaratinia, 2005). Defective DNA repair pathways also contribute to the high mutation rate 

as seen in other cancers, although melanoma is unique in the high mutational load due to UV 

mutagenesis (Hodis et al., 2012). A major breakthrough in identifying the molecular alterations 

associated with malignant melanoma came in a 2002 study, which sequenced the coding 

sequence and intron-exon junctions of oncogenic candidate gene BRAF in a large human sample 

set covering a variety of cancers (H. Davies et al., 2002). They found the BRAF kinase mutated 

in 66% of malignant melanoma with a single amino acid substitution from valine to glutamic 

acid (V600E) making up the majority of mutations. Additional studies identified amino acid 

substitutions to arginine (V600R) or lysine (V600K) at lower frequencies (Klein et al., 2013). 

This BRAF V600 E/K mutation was sufficient to constitutively upregulate downstream signaling 

in mammalian cells, leading to cell proliferation and independence from upstream activation 

through the RAS proteins (H. Davies et al., 2002). The success of this study lead to increased 

interest in multi-center projects cataloging the genetic mutations in patients across many cancer 

types. 

A recent interdisciplinary study performed by the TCGA characterized genetic changes 

across the entire genome in melanoma patients using whole exome sequencing, DNA copy-

number profiling, mRNA sequencing, microRNA sequencing, DNA methylation profiling, 

protein expression profiling, and clinicopathological data on primary and/or metastatic 

melanomas in 331 patients (Akbani et al., 2015). The whole exome sequencing done on 318 

paired tumor and germline normal genomic DNA samples identified BRAF (mutated in 52% of 

melanoma), NRAS (28% mutated), and NF1 (14% mutated) as the most commonly occurring 
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driver mutations in melanoma. Gain-of-function mutations at hot spot V600E/K and K601 

residues make up 93% of the total mutations in BRAF and occur mutually exclusive to 

oncogenic NRAS mutations.  Mutations also occur in HRAS and KRAS, but at a much lower 

frequency than NRAS. Loss of function mutations to the tumor suppressor GTPase-activating 

protein (GAP), NF1, occur mutually exclusive to BRAF V600E/K and K601, but not NRAS 

mutations. Additional oncogenes and tumor suppressors were mutated in a significant number of 

the TCGA melanoma patients. These include TP53, ARID2, CDKN2A, PTEN, PPP6C, RAC1, 

DDX3X, IDH1, MAP2K1, and RB1, many of which were also identified in a separate large-

scale comparison of somatic mutations in melanoma across multiple studies, in the COSMIC 

database (Forbes et al., 2011) (Fig. 1.2). The three top driver mutations, BRAF V600E/K, 

NRAS, and NF1, all result in activation of the canonical MAPK pathway, which is altered in 

91% of TCGA melanoma samples.  

          

Figure 1.2: Somatic gene mutation frequency in melanoma. Top thirteen significantly 

mutated genes passing statistical analysis in 331 patients. BRAF, RAS, NF1 are major 

drivers of disease progression in melanoma. Figure adapted from (Akbani et al., 2015). 
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1.3 MAPK pathway activation, targeted inhibition, and drug resistance in melanoma 

 The mitogen-activated protein kinase  (MAPK) pathway is a signaling cascade composed 

of several growth factor receptors, the small GTPase RAS, and downstream kinases, A,B,C-

RAF, MKK1/2, and ERK1/2, which elicits a cellular response to extracellular stimuli such as 

hormones and growth factors through receptor tyrosine kinases (RTKs). The discovery of this 

pathway in the late 1980s and early 1990s followed a strategy of “working backwards”, similar 

to characterization of the glycogen phosphorylase kinase signaling cascade by Krebs and 

Fischer. The strategy started by characterization of kinase activity towards ribosomal protein S6, 

later shown to represent p90 ribosomal S6 kinase (RSK), in response to cell stimulation with 

insulin, as well as EGF, PDGF, and phorbol ester (Ahn, 1993).  The S6 kinase activity could be 

activated by a serine/threonine specific kinase which phosphorylated microtubule associated 

protein-2 (MAP2) or myelin basic protein (MBP). The kinase was later renamed mitogen-

activated protein (MAP) kinase, as well as extracellular-signal related kinase (ERK). It integrates 

upstream signals from different cell stimuli and transmits this message by phosphorylating more 

than 150 downstream targets in both the nucleus and cytoplasm (Carlson et al., 2011; Yoon & 

Seger, 2006). Tracking the upstream control of ERK led to the discovery and characterization of 

the dual specificity MAP kinase kinases (MKK1/2), also known as MAP/ERK kinase (MEK1/2),  

which phosphorylate ERK1/2 at pThr and pTyr regulatory phosphorylation sites within its 

activation loop sequence, Thr-Glu-Tyr.  MKKs are in turn phosphorylated by upstream 

serine/threonine kinases named A-RAF, BRAF and CRAF (aka RAF1). The canonical MAPK 

pathway thus describes a linear cascade starting with the phosphorylation and activation of MKK 

by A,B or C-RAF, and followed by the phosphorylation and activation of ERK1/2 by MKK1/2 

(Katz, Amit, & Yarden, 2007). The pathway is constitutively activated in nearly all cancer types, 
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with oncogenic BRAF V600E/K mutations prevalent in melanoma, colorectal, thyroid, and 

ovarian cancers (Burotto, Chiou, Lee, & Kohn, 2014). These cells often depend on this sustained 

MAPK activation for survival and upregulation of this pathway leads to cell survival, 

proliferation, and disease progression (Fig. 1.3A,B).  

 
 

Figure 1.3: MAPK-ERK signaling cascade, oncogenic activation, and inhibition. A, 

extracellular signals such as growth factors and hormones elicit a downstream response 

by signaling through the RAF-MKK-ERK kinase cascade. B, 93% of melanoma has 

activation of the MAPK pathway, primarily through mutations in NRAS (28%) and 

BRAF V600E/K (52%) leading to cell survival and proliferation. Targeted therapeutics 

that inhibit the BRAF V600E/K, MKK1/2, and ERK1/2 kinases have been developed to 

inhibit this pathway in melanoma. Inhibitors characterized in this thesis are listed.  

 

 

 If diagnosed early, primary melanomas can be cured by clinical resection in 80% of 

cases, but metastatic melanomas are often resistant to traditional chemotherapy and radiotherapy 

due to the inherently high level of apoptosis resistance in the progenitor melanocyte cells (Gray-

Schopfer, Wellbrock, & Marais, 2007). Immunotherapy has emerged as a promising treatment 

strategy for metastatic melanoma with FDA approval of four drugs in the last five years. 

Monoclonal antibodies against cytotoxic T-lymphocyte antigen 4 (CTLA-4) (ipilimumab 2011) 

and programmed cell death protein 1 (PD-1, nivolumab/pembrolizumab 2014) work by blocking 

CTLA-4 and PD-1 checkpoint inhibitors, thus re-activating the ability of the immune system to 
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attack cancer cells. A fourth immunotherapy currently used to treat melanoma is the oncolytic 

viral drug, talimogene laherparepvec (TVEC) which when injected into tumors, causes tumor 

cell lysis and release of antigens, eliciting an immune response (Franklin, Livingstone, Roesch, 

Schilling, & Schadendorf, 2016). These immunotherapy drugs are currently used in combination 

as first-line therapy in metastatic melanoma patients lacking mutant BRAF V600E/K (Coit et al., 

2016).  While the patient response is generally durable, long-term survival occurs in only ~50% 

of patients.  

Like immunotherapy, the development of drugs that specifically target the MAPK 

pathway has led to a momentous shift in the treatment of melanoma, by successfully inducing 

cell death in melanomas containing the BRAF V600E/K mutation. Following the discovery of 

driver mutations in BRAF V600E/K (H. Davies et al., 2002), several ATP-competitive inhibitors 

specific for oncogenic BRAF mutated at V600E/K were developed and showed promise in both 

in vitro and animal models (Koo et al., 2002; Weinstein & Joe, 2008), followed by clinical trials. 

These inhibitors showed dramatic results in patients because they show a significant preference 

for tumor cells containing the BRAF V600E/K mutation but not cells containing wild type 

BRAF, allowing effective monotherapy without the toxic effects of targeting BRAF in all 

tissues. Thus, the FDA has now approved two inhibitors of mutant BRAF V600E/K, 

vemurafenib (Chapman et al., 2011) in August 2011 and dabrafenib (Hauschild et al., 2012) in 

May 2013. These are approved for use as single-agent therapies, with several improved “second 

generation” BRAF V600E/K inhibitors currently in clinical trials (Le, Blomain, Rodeck, & 

Aplin, 2013; Uehling & Harris, 2015). Other inhibitors target MKK1/2, and Trametinib (aka 

JTP-74057, GSK1120212) (Gilmartin et al., 2011; Yamaguchi, Kakefuda, Tajima, Sowa, & 

Sakai, 2011), an allosteric non-ATP competitive inhibitor of MKK1/2, was also approved by the 
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FDA for monotherapy use in melanomas with mutant BRAF V600E/K, in May 2013.  MKK1/2 

inhibitor Cobimetinib (Signorelli & Shah Gandhi, 2016) was approved for use in combination 

with vemurafenib in November 2015. 

During dose escalation studies in phase 1 clinical trials for vemurafenib, it was 

determined that greater than 80% inhibition of phosphorylated ERK1/2 (pERK) was necessary to 

achieve significant tumor regressions in patients (Bollag et al., 2010). Because this level of 

pERK inhibition can be difficult to reach with monotherapy targeting the MAPK pathway, 

clinical trials combining BRAF V600E/K and MKK1/2 inhibitors were conducted with improved 

patient response compared to BRAF V600E/K inhibitor alone (Flaherty, Infante, et al., 2012; 

Hartsough, Shao, & Aplin, 2014). The median progression-free survival in the combination 

group was 9.4 months and 5.8 months in the monotherapy group, and the rate of complete or 

partial response with combination therapy was 76% with combination and 54% with 

monotherapy. This lead to FDA approval of combination therapies that target both mutant BRAF 

V600E/K and MKK1/2, including dabrafenib + trametinib (GlaxoSmithKline, January 2014) as 

well as vemurafenib + cobimetinib (Genentech, November 2015) (Signorelli & Shah Gandhi, 

2016; Wu, Nielsen, & Clausen, 2015). Combination therapy using dabrafenib+trametinib or 

vemurafenib+cobimetinib is currently the preferred first-line therapy in patients with oncogenic 

mutant BRAF V600E/K (Coit et al., 2016) and have demonstrated very promising results in 

stage III clinical trials. For the comparison of vemurafenib+cobimetinib and vemurafenib alone, 

respectively 70% and 50% of patients responded to treatment, with 16% and 11% of patients 

showing a complete response. The median progression-free survival was respectively 12.2 

months and 7.2 months, and the median overall survival was respectively 22.3 months and 17.4 
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months (Ascierto et al., 2016). Similar responses in clinical trials were seen with the 

dabrafenib+trametinib combination (Smalley & Sondak, 2015).  

Although promising, the tumor regression and progression-free survival of patients 

typically lasted only one year before resistance to these inhibitors invariably developed, even 

with combination therapy (Flaherty, Infante, et al., 2012). In both patients and pre-clinical 

studies of resistance to mono or combination therapy, greater than 70% of cases showed 

reactivation of the MAPK signaling cascade through a variety of mechanisms (Fedorenko, 

Gibney, Sondak, & Smalley, 2015). These include genetic causes such as BRAF amplification, 

MITF amplification, MKK mutations, NRAS mutations, loss of NF1, and PTEN loss leading to 

increased PI3K pathway activity, as well as non-genetic causes such as BRAF splice-site 

mutants, activation of the COT kinase, and activation of EGFR (Nazarian et al., 2010; 

Poulikakos et al., 2011; Shi et al., 2014; Van Allen et al., 2014; Villanueva et al., 2010; Wagle et 

al., 2014). In addition to the clinical success of MAPK inhibitors, great progress in understanding 

the underlying cell mechanisms involved in cell death, combination therapy, and resistance has 

been made in preclinical studies using MAPK inhibitors that failed to obtain FDA approval 

(Carvajal et al., 2014; Kirkwood et al., 2012; Robert et al., 2013). The MKK1/2 inhibitor 

selumetinib (aka AZD6244) (Yeh et al., 2007) is one such inhibitor used by many labs, including 

ours, to model MAPK inhibition in preclinical cancer models (B. R. Davies et al., 2007; Ku et 

al., 2015; Rebecca et al., 2014). 

It is clear that targeting the MAPK pathway using combinations of BRAF V600E/K and 

MKK1/2 inhibitors has failed to overcome resistance mechanisms leading to the re-activation of 

ERK1/2. For this reason, ERK1/2-specific inhibitors are now being developed, which in 

preclinical settings show promising ability to overcome acquired resistance (Morris et al., 2013). 
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Additionally, ERK1/2 inhibitors may build on the success seen in targeting multiple points 

upstream in the MAPK pathway and disrupt negative feedback loops that potentially lead to 

MAPK reactivation (Samatar & Poulikakos, 2014). Clinical trials using ERK1/2 inhibitors 

(Uehling & Harris, 2015) can be found on the clinicaltrials.gov database, and there is 

encouraging evidence that ERK1/2 inhibition can be used as a second-line clinical therapy 

following acquired resistance to BRAF V600E/K inhibitors (Krepler et al., 2016). Several 

ERK1/2 inhibitors with different conformational selectivity are being investigated by our lab 

(Rudolph, Xiao, Pardi, & Ahn, 2015) including SCH772984 (Morris et al., 2013), Vertex-11e 

(Aronov et al., 2009), and GDC0994 (Robarge et al., 2014) (Fig. 1.3,1.4). The half-life of each 

drug is listed in Figure 1.4, and the half-life for ERK1 (68 h) and ERK2 (53 h) was determined 

by proteomic analysis (Schwanhäusser et al., 2011). Prospective preclinical resistance modeling 

using chronic dosing of SCH772984 in KRAS mutant HCT-116 cells has shown ERK mutations 

leading to resistance (Jha et al., 2016), but it remains to be seen if resistance develops in BRAF 

V600E/K mutant cells or patients.  
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Figure 1.4: Representative kinase inhibitors targeting mutant BRAF V600E/K, 

MKK1/2, and ERK1/2. Several inhibitors are approved for use as monotherapy although 

combination therapies are currently front line treatment in metastatic melanomas with 

BRAF V600E/K mutations. IC50 values are specific for the targeted kinase.  

 

 

1.4 Other MAPK pathways and osmotic stress activation of p38 MAPK  

 In addition to the RAF-MKK-ERK pathway, there are three additional MAPK signaling 

cascades which also have a three-tiered kinase structure with sequential kinase activation by 

phosphorylation. In each case, the terminal MAP kinases (MAPKs) transmit the pathway signal 

to many downstream substrates. These MAPKs are evolutionarily conserved and preferentially 

phosphorylate serine and threonine residues followed immediately by proline, with specificity 

also determined by substrate binding to a separate docking domain binding site in the MAP 

kinase (Tanoue & Nishida, 2003). Activation of the MAPKs by dual phosphorylation at Thr and 
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Tyr residues within the activation loop is catalyzed by specific MAP kinase kinases (MKKs).  

MKKs are in turn phosphorylated by several MAPK kinase kinases (MKKKs) which are 

activated in response to many stimuli (Johnson & Lapadat, 2002) (Fig. 1.5). In general, the 

ERK1/2 pathway is activated by cell stimuli such as cytokines and growth factors, and controls 

cell proliferation, differentiation, survival, and migration.  The p38 MAP kinase and c-Jun 

amino-terminal kinase (JNK) pathways are activated by environmental stress and mediate stress 

responses by regulating transcription.  The ERK5 pathway responds to growth factors as well as 

cellular stress and is the least well characterized (Drew, Burow, & Beckman, 2012). 

 

 
Figure 1.5: ERK, p38, JNK, and ERK5 MAPK signaling cascades. The four mitogen-

activated protein kinase signaling cascades regulate many physiological processes 

through phosphorylation of substrates downstream of MAPKs and respond to a variety of 

extracellular stimuli. Figure adapted from (Roberts & Der, 2007) 

 

 

 The serine-threonine kinase, p38α MAPK, is part of the MKKK-MKK3/6-p38α/// 

MAPK signaling pathway which is distinct from RAF-MKK-ERK and MKKK-MKK-JNK 

pathways. Stimulation of this pathway by cytokines and environmental stress has been shown to 

result in cell proliferation and cytokine production as well as apoptosis and cell death (Zarubin, 
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T. & Han, 2005). Although the p38 MAPK pathway is similar in its organization to the ERK 

pathway, targeted kinase inhibitors directed at mutant BRAF V600E/K or MKK1/2 are very 

specific for ERK1/2 signaling (Uitdehaag et al., 2014; Yamaguchi et al., 2011). Up to now, they 

have not been previously shown to target components of the p38 pathway for inhibition. 

However, a phosphoproteomic screen which I conducted revealed that the MKK1/2 inhibitor, 

trametinib, specifically inhibits p38α MAPK phosphorylation. This intriguing result led to 

biochemical examination of the p38 pathway to validate this result, which I describe in Chapter 

2.  

The first member of the p38 pathway was identified by four independent groups in 1994 

(Freshney et al., 1994; J Han, Lee, Bibbs, & Ulevitch, 1994; Lee et al., n.d.; Rouse et al., 1994). 

This isoform became known as p38α (aka MAPK14 or SAPK2a) and is the most well-

characterized. Identification of p38β (MAPK11), p38γ (MAPK12), and p38δ (MAPK13) 

followed shortly thereafter. These four isoforms are 60% identical in the amino acid sequence 

and 40-45% identical to other MAP-kinases identified (Jiang et al., 1997). Expression of p38α is 

high across all cell types tested while the other three isoform levels vary based on cell type 

(Cuadrado & Nebreda, 2010) and only p38α and p38β isoforms respond to the widely used small 

molecule inhibitor, SB203580 (Goedert, Cuenda, Craxton, Jakes, & Cohen, 1997; Lali, Hunt, 

Turner, & Foxwell, 2000). All p38 isoforms have a Thr-Gly-Tyr (TGY) phosphorylation motif in 

their activation loop. Dual phosphorylation of the Thr and Tyr residues in this motif is directly 

catalyzed by the kinases, MKK3/6, and results in activation (Cohen, 1997). MKK3/6 are 

activated by a group of MKKKs which include upstream Rho GTPase binding proteins, 

including MLKs, ASK1, TAK1, MEKK3/4, and Rac1. These are activated by environmental 

stresses and inflammatory cytokines but not typically by growth factors (Cuenda & Rousseau, 
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2007). The p38 MAPK pathway, and p38α in particular, has been shown in some systems to 

have a role as a tumor suppressor and in other systems to have an oncogenic role, in a variety of 

cancer models including cultured cells, animals, and patients. Tumor suppressor behavior 

involves negative regulation of cell cycle progression through checkpoint controls and apoptotic 

regulation, while oncogenic behavior involves promotion of  cell invasion, inflammation, and 

angiogenesis. Thus, p38 can act as a tumor suppressor or an oncogene, depending on the context 

of the experiment and variables such as cell type, mutational profile, and method of pathway 

stimulation or inhibition (Cuenda & Rousseau, 2007; Wagner & Nebreda, 2009). Several clinical 

trials using p38 inhibitors have been initiated but have been unable to pass phase I due to 

toxicity, which may be ascribed to p38 inhibition or to off-target effects.   

 

1.5 Phosphoproteomic analysis of molecular responses to MAPK pathway inhibitors 

 Reversible phosphorylation of substrates are critical post translational modifications 

(PTMs) that regulate processes downstream of the MAPK pathway. Proteomics has been used to 

characterize targets of the ERK pathway in many ways, including two dimensional gel 

electrophoresis (Kosako et al., 2009; Lewis et al., 2000), ERK analog sensitive mutants utilizing 

a radiolabeled ATP analog (Carlson et al., 2011; Eblen et al., 2003), and -79 Da negative 

precursor ion MS scanning which identifies phosphopeptides by their loss of PO3
-  (Old et al., 

2009). However, the overlap of substrate identification between different studies has been poor, 

likely due to low sampling or variation between cell types (Courcelles et al., 2013). Bottom-up 

phosphoproteomics using a complex mixture of digested proteins extracted from cells coupled 

with stable isotope labeling of amino acids in cell culture (SILAC) (Mann, 2006) has emerged as 
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a powerful technique to quantify changes in phosphorylation on a deeper, more global scale 

(Galan et al., 2014; Pan, Olsen, Daub, & Mann, 2009).    

 Our lab previously used a SILAC-based approach to identify shared and unique targets of 

the BRAF V600E/K inhibitor, vemurafenib, and the MKK1/2 inhibitor, selumetinib (Stuart et al., 

2015). A metastatic melanoma cell line was triply labeled with media supplemented with 

arginine and lysine containing different combinations of isotopic labeling with 13C and 15N (Fig. 

1.6). During protein digestion, trypsin preferentially cleaves on the carboxyl side of arginine or 

lysine, and when the resulting peptides are analyzed on a mass spectrometer, the masses of 

identical peptides will shift depending on the light/medium/heavy isotopic labeling. This allows 

for quantification of changes in peptide abundance in a mixtures of lysates from cells under three 

different treatments. Titanium oxide was used to enrich phosphopeptides from the admixtures, 

which enabled a direct comparison of changes in protein phosphorylation in response to the 

BRAF V600E/K and MKK1/2 inhibitors. Notably, very few targets were specific to only one 

drug, thus the high degree of overlap was consistent with a linear model describing signaling 

from BRAF to MKK1/2. This result also indicated that BRAF V600E/K and MKK1/2 inhibitors 

when used in combination lead to an additive effect on phosphoproteins, instead of targets 

unique to one but not the other drug. This suggested that the clinical success of the drug 

combination is likely due to additive and more complete inhibition of pERK compared to either 

drug alone, and not due to synergy between targets uniquely regulated by each drug.  
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Figure 1.6: SILAC labeling allows quantification of changes in phosphopeptide 

levels in response to inhibitor. A, label-swapping design of SILAC experiment with 

triplicate biological replicates, described by Stuart et al., 2015. The labeling code 

+4/+6/+8/+10 indicates Lys and Arg mass increases in Daltons due to isotopic labeling.  

Metabolic labeling of cells yields proteins incorporating these labeled amino acids, which 

generate peptides with increased masses depending on their Lys and Arg composition. 

All treatments used the metastatic melanoma cell line, WM239a, adding 10 µM drug for 

2 h. AZD=AZD6244 (selumetinib), PLX=PLX4032 (vemurafenib). B, mass spectrum of 

labeled peptide from ERK2, with dual phosphorylation at the TEY regulatory 

phosphorylation sites, show a dramatic decrease in response to kinase inhibitor drugs. 

Adapted from (Stuart et al., 2015). 

 

 

1.6 Thesis overview  

There is a high degree of specificity in the MAPK pathway (Hindley & Kolch, 2002; 

Matallanas et al., 2011; Roskoski, 2012; Yoon & Seger, 2006), and our lab has used 

phosphoproteomics to demonstrate a remarkable degree of overlap in molecular changes induced 

by inhibitors of BRAF V600E/K and MKK1/2 in melanoma cells (Stuart et al., 2015). Using 

subsaturating concentrations, it was found that inhibitors suppress phosphorylation events in an 

additive manner, suggesting that the major effects of combination treatment are due to additive 

effects on signaling responses between inhibitors. The question that is unsolved is: how do 

molecular responses to ERK1/2 inhibitors compare against those of BRAF V600E/K and 

MKK1/2 inhibitors? Although a recent study of KRAS mutant colorectal cancer cells reported 

high overlap between responses to MKK1/2 or ERK1/2 inhibitors (Gnad et al., 2016), the degree 

of overlap in BRAF V600E/K mutant melanoma cells remains unknown. In Chapter 2, I compare 

the ERK1/2 inhibitor, SCH772984, which was shown to effectively overcome acquired 
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resistance to BRAF V600E/K and MKK1/2 inhibitors (Morris et al., 2013), to the FDA-approved 

MKK1/2 inhibitor, trametinib, in mutant BRAF V600D melanoma cells. Characterizing these 

inhibitory effects will directly inform the results of ongoing clinical trials using these inhibitors. 

Afterwards, I compare the phosphoproteomics responses to two MKK1/2 inhibitors, trametinib 

and selumetinib, and demonstrate a novel off-target of trametinib. Using biochemical assays, I 

confirm that trametinib inhibition of MKK6 at high doses leads to dephosphorylation of the 

downstream effector, p38α MAPK, and speculate that this may help explain the higher drug 

efficacy that has been observed with trametinib. Finally, I perform a comparative 

phosphoproteomic screen of three separate ERK1/2 inhibitors (SCH772984, GDC0994, and 

Vertex-11e) which show different binding properties to ERK2, and compare their specificity 

with respect to known ERK1/2 substrates, regulatory phosphosites, and molecular pathway 

enrichment. In Chapter 3, I summarize the significance of this study as well as future directions 

for a more complete understanding of MAPK inhibition using phosphoproteomics. 
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Chapter 2 

Selective phosphoproteome responses to MKK1/2 and ERK1/2 inhibitors in human 

melanoma cells 

 

2.1 Abstract 

 The RAF/MKK/ERK signaling cascade is constitutively activated by oncogenic BRAF 

V600E/K in melanomas and other cancer types.  Although small molecules which inhibit BRAF 

V600E/K and MKK1/2 have been successful in clinical settings, resistance invariably develops.  

In preclinical studies, high affinity inhibitors of ERK1/2 block the viability of melanoma cells 

which are otherwise resistant to BRAF V600E/K and MKK1/2 inhibitors. Thus, ERK1/2 

inhibitors are promising as alternative drugs for pathway inhibition. But still unknown is how 

molecular responses compare between these new ERK1/2 inhibitors and the targeted therapeutics 

in clinical use.  Previously, our lab has shown near complete overlap in the phosphoproteomic 

changes induced by BRAF V600E/K and MKK1/2 inhibitors. Here, I employ quantitative 

SILAC-based phosphoproteomics to measure the degree of overlap in molecular responses to the 

MKK1/2 inhibitor, trametinib, and the ERK1/2 inhibitor, SCH772984, in human metastatic 

melanoma cells. Biological triplicate experiments reproducibly quantified 8,577 phosphosites, 

400 of which were altered significantly in response to either drug. Only 18 phosphosites 

decreased in response to SCH772984 or trametinib alone. Nevertheless, trametinib shows an 

ability to block activating phosphorylation sites on p38α MAPK, which is not shared by the 

ERK1/2 inhibitor, SCH772984, the MKK1/2 inhibitor, selumetinib, or the BRAF V600E/K 

inhibitor, vemurafenib. The inhibition can be traced to MKK6, suggesting that MKK6-p38α 

signaling is a novel off-target for trametinib. This occurs at concentrations above those achieved 

in clinical studies but within the range commonly used in preclinical studies. Additionally, 
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comparison of phosphoproteome changes show a high degree of overlap in responses to the 

ERK1/2 inhibitors, SCH772984 and GDC0994. Together with previous studies comparing 

BRAF V600E/K and MKK1/2 inhibitors (Stuart et al. 2015), my findings support linearity in 

signal transduction through the MAPK pathway, with little evidence for bifurcation in signaling 

from BRAF V600E/K or MKK1/2 upstream of ERK1/2, and few differences in molecular 

responses to inhibitors of MKK1/2 and ERK1/2. 

 

2.2 Significance of study 

I conducted comparative phosphoproteomics of the ERK1/2 inhibitor, SCH772984, and 

the MKK1/2 inhibitor, trametinib, in melanoma cells and found almost complete overlap among 

the phosphosites that significantly changed in response to drug, indicating pathway linearity 

extends from BRAF V600E/K and MKK1/2 to ERK1/2. Among the small number of unique 

targets inhibited by trametinib, the canonical TGY activation motif of p38α is significantly 

inhibited by trametinib but not other BRAF V600E/K, MKK1/2, or ERK1/2 inhibitors tested. 

MKK6 is identified as the direct target of trametinib, leading to decreased p38α activation. 

Inhibition of p38α MAPK activation is shown to cooperate with MKK1/2 inhibitors that do not 

display an off-target effect on this kinase and thus inhibition of p38α MAPK may augment 

effects in preclinical studies using trametinib at high concentrations.  

 

2.3 Introduction 

The MAPK signaling cascade (RAF-MKK-ERK) is constitutively activated in many 

cancer types, where sustained activity drives malignancy of melanoma, colorectal, thyroid, and 

ovarian cancers (Burotto et al., 2014).  Upregulation of this pathway leads to cell survival, 
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proliferation, and disease progression in malignant melanomas, where as many as 50% of cases 

display activating mutations in BRAF V600E/K, and 20% have mutations in NRAS (Flaherty, 

Hodi, & Fisher, 2012). Therapeutics that specifically target key protein kinases in this pathway 

have been successful in clinical as well as preclinical settings. To date, two MKK1/2 inhibitors 

(trametinib and cobimetinib) and two BRAF V600E/K inhibitors (vemurafenib and dabrafenib) 

(Signorelli & Shah Gandhi, 2016; Wu et al., 2015) have received FDA approval, as single agent 

or combination drug therapies. These inhibitors elicit dramatic responses in patients, and 

combination treatments using BRAF V600E/K  and MKK1/2 inhibitors are now frontline 

therapies for treating metastatic melanomas harboring oncogenic BRAF V600E/K mutations.  

However, resistance regularly develops through mechanisms that activate MAPK signaling, even 

in the presence of drug (Van Allen et al., 2014). Development of ERK1/2 inhibitors has emerged 

as a promising strategy to combat this resistance and several are in early stage clinical trials 

(Morris et al., 2013). Addition of ERK1/2 inhibitors to the treatment strategy may provide an 

effective way to extend the average progression-free survival time for patients. Therefore, 

understanding the molecular responses to ERK1/2 inhibitors and comparing them to clinically 

used drugs would be important for maximizing their effectiveness. 

Previous studies comparing molecular responses to inhibitors of BRAF V600E/K and 

MKK1/2 by phosphoproteomics overlapped strongly with only a small number of differences 

(Stuart et al., 2015). This suggests that MAPK pathway signaling at the level of BRAF V600E/K 

and MKK1/2 works in a predominantly linear manner, with little evidence for targets bifurcating 

upstream of MKK1/2.  Consistent with this finding, mixtures of inhibitors at subsaturating 

concentrations induced responses that were largely additive (Stuart et al., 2015). This suggested 

that combinations of BRAF V600E/K and MKK1/2 inhibitors are more effective due to their 
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additive effects on ERK1/2 inhibition, and that incomplete ERK1/2 inhibition at maximally 

tolerated doses may limit the efficacy of single drug therapies.  

However, an unanswered question is the degree to which promising ERK1/2 inhibitors 

target the same responses as clinically used MKK1/2 inhibitors. Here I compare phosphorylation 

responses to ERK1/2 inhibitors SCH772984 (SCH) and GDC0994 (GDC) against the MKK1/2 

inhibitor, trametinib (TRA) in human metastatic melanoma cells.  The results show strong 

agreement between phosphorylation responses to SCH772984, GDC0994 and trametinib, 

revealing pathway linearity at the level of MKK1/2 and ERK1/2.  However, trametinib 

selectively inhibits activating phosphorylation sites in p38α MAPK, Thr180 and Tyr182. This is 

due to the ability of trametinib to inhibit MKK6, within a concentration range commonly used in 

preclinical studies (Ki = 1 µM).  The MKK1/2 inhibitor, selumetinib, has no effect towards 

MKK6 or p38α MAPK, therefore, inhibition by trametinib can be attributed to an off-target 

effect unique to this compound. All four inhibitors of MKK1/2 and ERK1/2 alter 

phosphorylation of known MAPK pathway targets, such as S642 on RAF1 (CRAF) which is a 

negative feedback regulator of MKK activity (Dougherty et al., 2005) and T526 on transcription 

factor and ERF which controls activity (Sgouras et al., 1995), as well as novel targets. One 

example is S22 on NCBP1, a known regulatory site targeted by RPS6KB1 downstream of 

mTOR (Wilson, Wu, & Cerione, 2000), a finding which adds support to the crosstalk model 

between RAF-MKK-ERK and PI3K signaling networks (Mendoza, Er, & Blenis, 2011).  None 

of the phosphorylation sites that are uniquely altered by any ERK1/2 or MKK1/2 inhibitor are 

shared with another inhibitor of the same kinase. Taken together, my findings show that MAPK 

signaling is predominantly linear, with few if any points of bifurcation upstream of ERK1/2. This 
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establishes a basis for identifying off-target effects induced by future drug candidates developed 

towards kinases in this pathway. 

 

2.4. Materials and methods 

Cell Culture  

The metastatic melanoma cell line WM239a was a gift of Dr. Meenhard Herlyn, Wistar 

Institute, Philadelphia PA. Cells were SILAC-labeled using SILAC RPMI media (Thermo Fisher 

Scientific 89984) supplemented with heavy, medium, or light isotopically-labeled arginine (40 

µg/mL) and lysine (200 µg/mL) (Cambridge Isotope Laboratories), 10% (v/v) dialyzed FBS 

(Life Technologies 88440), penicillin (100 µg/mL, Gibco), and streptomycin (100 µg/mL, 

Gibco). Non-SILAC experiments used cells cultured in Gibco RPMI 1640 media (2400-089) and 

10% dialyzed FBS, with or without penicillin-streptomycin. Cells were incubated in a humidified 

chamber maintained at 37°C with 5% CO2.  

SILAC-labelled phosphopeptide sample preparation 

WM239a cells were grown in heavy (H), medium (M) or light (L) SILAC RPMI. Cells in 

each label were grown in 6 x 15 cm dishes, then then trypsinized, combined, counted, and plated 

into three dishes at 100% confluence (~35 x 106 cells/dish). For each experiment, one dish with 

cells labeled H, M or L was treated with drug (10 µM) or DMSO carrier for 2 h. Cells in each 

dish were washed quickly with PBS, then lysed by adding 0.7 mL of 4% (w/v) SDS, 100 mM 

dithiothreitol, 100 mM Tris pH 7.6 (SDT buffer), and harvested by scraping. 

Cell lysates were then sonicated for 30 s with a microtip sonicator and H, M and L 

samples were combined from each replicate, brought up to 30 mL in urea buffer (8 M urea, 0.1 

M Tris pH 8.5) and processed using a modified filter-aided sample preparation (FASP) method 
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to remove SDS (Wiśniewski, Zougman, Nagaraj, Mann, & Wiśniewski, 2009). The 30 mL 

sample volume was divided into two Amicon Ultra-15 10K (Millipore) filter units and 

centrifuged at 4,000 x g for 25 min. Filter-bound samples were washed in 5 mL urea buffer and 

carbamidomethylated with 5 mL iodoacetamide (50 mM) in urea buffer. After centrifugation and 

three washes with 5 mL urea buffer, samples were washed with 5 mL ammonium bicarbonate 

(50 mM) to reduce the urea concentration and incubated with 2% (w/w) sequencing grade 

modified trypsin (Promega) overnight at 37 °C to digest labeled proteins into peptides. Filter 

units were centrifuged and washed with 3 mL HPLC grade H2O. The flow-through was 

combined for each replicate and acidified to pH 2-3 using 98% formic acid, measured with pH 

strips.  

Oasis HLB sorbent cartridges (150 mg, Waters) were used to desalt samples using 4 mL 

of 65% (v/v) acetonitrile, 1% (v/v) trifluoroacetic acid (TFA) to elute. TFA was added to bring 

the final concentration to 2% (v/v), and the protein concentration was determined using the DC 

protein assay (Bio-Rad). Thirty micrograms of each sample was removed for total protein 

measurement by mass spectrometry and L-glutamate (Sigma) was added to the remainder to a 

final concentration of 140 mM. Titanium dioxide beads (5 µm, GL Sciences) were equilibrated 

with 1 mL washes of eluting buffer 1 [20% (v/v) acetonitrile, 1% (w/v) ammonium hydroxide], 

wash buffer 1 [65% (v/v) acetonitrile, 0.5% (v/v) TFA], and loading buffer [65% (w/v) 

acetonitrile, 2% (v/v) TFA, 140 mM glutamic acid]. 20 mg of titanium beads in loading buffer 

were then added to aliquots of 2 mg protein for each sample, and rotated for 15 min at room 

temperature to bind phosphopeptides. Sample aliquots with titanium beads were centrifuged and 

washed with 1 mL loading buffer, 1 mL wash buffer 1, and two times with 1 mL wash buffer 

2[65% (v/v) acetonitrile, 1.0% (v/v) TFA] before being resuspended in 200 µL eluting buffer 1. 



26 

This volume was added to C8 stagetips (Proxeon), eluted with a 1 mL syringe followed by 400 

µL of 65% acetonitrile, 1% ammonium hydroxide and lyophilized overnight.  

Lyophilized samples enriched for phosphopeptides were resuspended in 65 µL Buffer A 

(16.7 mM ammonium formate, 70% acetonitrile, pH 2.2) and sonicated in a water bath for 4 x 30 

s pulses before being centrifuged for 1 min at 14,000 x g. The sample was then injected into a 50 

µL sample loop using an Agilent 1100 HPLC with a 100 x 4.6 mm 5 µm polyWAX LP column 

(PolyLC) separated using an ERLIC gradient (Zarei, Sprenger, Gretzmeier, & Dengjel, 2013). 

The gradient was 0-5 min: 100% Buffer A, 5-15 min: increasing linear gradient to 100% Buffer 

B (16.7 mM ammonium formate, 10% acetonitrile, pH 2.2), 15-20 min increasing linear gradient 

to 100% Buffer C (1% TFA, 10% acetonitrile), 20-24 min: 100% Buffer C. One minute fractions 

were collected at a flow rate of 1 mL/min and immediately frozen in liquid nitrogen before being 

speedvac evaporated and resuspended in 0.1% formic acid, 5% acetonitrile.  

Total protein samples (30 µg) were speedvac evaporated and resuspended in 17 µL of 1% 

TFA pH 2.5, 5% (v/v) acetonitrile. High pH reverse-phase fractionation was performed off-line 

using a Waters M-class Acquity UPLC, loading 15 µL of each digest onto a hand-packed C18 

column (1.8 µm 120Å UChrom C18, 0.5 mm i.d./0.793 mm o.d. X 200 mm) equilibrated in 

Buffer A (10 mM ammonium formate pH 10) and eluted at 15 µL/min for 170 min with a linear 

gradient of increasing Buffer B (10 mM ammonium formate pH 10, 80% acetonitrile). Twelve 

fractions per replicate were collected.  

LC-MS/MS 

For SILAC experiments comparing DMSO-trametinib-SCH772984, phosphopeptide 

fractions were loaded onto a Waters Acquity UPLC M-class Peptide BEH C18 analytical column 

(1.7 µm, 130Å, 75 µm i.d., 250 mm). LC-MS/MS was run at 300 nL/min using either a Thermo 
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nLC100 or a Waters M-class Acquity UPLC.  Peptides were eluted from Buffer A (0.1% formic 

acid in water) into Buffer B (0.1% formic acid, 100% acetonitrile) using a gradient from 3%-

85% acetonitrile in 130 min (3% B for 0-5 min, 3%-20% B for 5-105 min, 20%-32% B for 105-

125 min, 32%-85% B for 125-126 min, 85% B for 126-130 min). MS/MS was performed on an 

Orbitrap Fusion mass spectrometer with MS1 120,000 resolution scanning between 380-1500 

m/z, 2 x 105 AGC, 50 ms injection time, 20 s dynamic exclusion and data dependent mode top 

speed on the most intense ions. MS2 was performed using 1.6 m/z isolation with quadrupole, 

35% HCD collision energy, 1 scan, centroid in ion trap (1.0 x 104 AGC, 35 ms fill time) or 

orbitrap (30,000 resolution, 5.0 x 104 AGC, 60 ms fill time). Total protein samples were 

analyzed by MS/MS using the same method and ion trap isolation.  For the DMSO-SCH772984-

GDC0994 and DMSO-SCH772984-Vertex-11e SILAC experiments, LC-MS/MS analysis was 

performed using Waters Acquity UPLC and LTQ Orbitrap Velos instrumentation as previously 

described (Stuart et al., 2015). 

Data and statistical analysis 

Raw MS files for phosphopeptide and total peptide fractions were searched together 

using MaxQuant (Cox & Mann, 2008) software and processed with Perseus software as 

described (Stuart et al., 2015).  MaxQuant identifies common contaminants and peptides 

matching to a target-decoy database containing reversed versions of each peptide in a protein 

database FASTA file. The DMSO-trametinib-SCH772984 dataset was searched using MaxQuant 

v1.5.4.2 and further analyzed using Perseus v1.5.4.2. The DMSO-SCH772984-GDC0994 and 

previously published DMSO-selumetinib-vemurafenib datasets were searched using MaxQuant 

v1.4.1.2 and further analyzed using Perseus v1.4.1.3. Searches used the Uniprot human proteome 
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reference (05-11-2016 release for DMSO-trametinib-SCH772984; 08-21-2015 release for 

DMSO-SCH772984-GDC0994; 01-27-2014 release for DMSO-selumetinib-vemurafenib).  

Greater than 1.8 fold changes (log2 ± 0.840) was used as significance threshold for 

SILAC ratios of phosphopeptides, corresponding to FDR ≤ 0.01 as determined from control 

replicate experiments of WM239a cells treated with DMSO (Stuart et al., 2015). To identify 

high-confidence phosphosites and control for variability among replicates, an empirical Bayesian 

analysis using Bioconductor-Limma software (Ritchie et al., 2015) was used to calculate 

adjusted p-values controlling the false discovery rate (q-value) (Margolin et al., 2009; Poss et al., 

2016). Limma estimated the log2(drug:DMSO) ratios of phosphosites from two or three 

replicates, using phosphosite-wise linear models. 

Immunoblotting 

After treating cells with DMSO or drug for 2 h, hyperosmotic stress was induced by 

adding a solution of 5 M NaCl + 0.4 M KCl to a final concentration of 181 mM NaCl and 12.5 

mM KCl, yielding media with total osmolality of 500 mOsm/L. Cells were harvested in RIPA 

lysis buffer supplemented with cOmplete protease inhibitor and Phos-Stop phosphatase inhibitor 

cocktails (Roche), and lysate protein concentrations were determined using the BioRad DC 

protein assay.  Immunoprecipitation of p38α MAPK was carried out by incubating 250 µg cell 

lysate with 1 µg anti-p38α antibody overnight at 4°C, followed by 20 µL Dynabeads Protein G 

(Novex) for 1 h at 4°C. Beads were collected magnetically, washed with cold phosphate-buffered 

saline (PBS) and incubated in Laemmli sample buffer for 10 min at 95°C. All antibodies used 

were from Cell Signaling Technology and included anti-phospho-p38α (#9218), anti-p38α 

(#4511), anti-β-tubulin (#2146), anti-phospho-ERK1/2 (#4370), anti-MKK6 (#8550), anti-

phospho-p90RSK (#9335), anti-BIM (#2819), and anti-cleaved PARP (#5625). Protein samples 
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were separated on 7.5% or 10% SDS-PAGE and transferred to PVDF membranes (Millipore-

SQ), which were incubated with primary antibody overnight at 4°C and secondary antibody for 1 

h at room temperature. Pierce ECL2 substrate was used for immunoblot development using X-

ray film and/or fluorescence imaging (Typhoon, GE Healthcare).  

In vitro kinase assays 

Plasmids for expression of Flag-MKK6 and Flag-MKK3 in mammalian cells were 

generated by Roger Davis’ laboratory (Dérijard et al., 1995; Enslen, Brancho, & Davis, 2000; 

Raingeaud, Whitmarsh, Barrett, Dérijard, & Davis, 1996) and obtained from Addgene: Flag-

MKK6 (#13517), Flag-MKK6-S207E/T211E (#13518), Flag-MKK6-K82A (#13519), Flag-

MKK3-S189E/T193E (#14670), Flag-MKK3-S189A/T193A  (#14669), and Flag-MKK3b-

S218E/S222E (#50449). Plasmids were purified using the PureLink HiPure maxiprep kit, and 

cells were transfected by electroporation using the NEON transfection system both according to 

manufacturers’ protocol (Thermo Fisher Scientific). 1 x 106 cells were transfected with 5 µg 

cDNA using 1,200 V x 2 pulses X 20 ms/pulse, then incubated for 72 h, followed by lysis in 

RIPA buffer.  Flag-tagged proteins were purified using anti-Flag M2 affinity gel resin (Sigma-

Aldrich) and incubated with 300 µg lysates overnight at 4°C. Beads were washed in cold Tris-

buffered saline (TBS), resuspended in reaction buffer containing 10 mM MgCl2, 1 mM ATP,  50 

mM Tris-HCl pH 7.2, 50 mM NaCl and 1 mM dithiothreitol, and then incubated with DMSO or 

drug at room temperature for 15 min. Reactions were initiated by adding 1 µg of 

unphosphorylated His6-p38α MAPK, expressed in E. coli and purified by Ni-NTA and MonoQ 

chromatography as described (Sours, Xiao, & Ahn, 2014). Reactions were incubated for 2 min at 

30°C, then quenched by adding Laemmli sample buffer followed by heating for 10 min at 95°C. 

Proteins were separated by SDS-PAGE followed by immunoblotting for phospho-p38α MAPK. 
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Reaction time and kinase levels were chosen within ranges of linear phosphorylation of p38α 

MAPK.  

The Thermo Fisher Scientific SelectScreen service was used to generate a 10-point dose 

response curve for trametinib (0, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1, 3, 10 and 30 µM) against 

MKK6 activity. The cascade format of this assay uses in vitro phosphorylation of inactive p38γ 

substrate by MKK6 to then phosphorylate a proprietary fluorophore-conjugated peptide substrate 

(Z’-LYTE) in the primary reaction. In the secondary reaction, site-specific proteolytic cleavage 

disrupts the Förster resonance energy transfer (FRET) of donor (coumarin) and acceptor 

(fluorescein) fluorophores coupled to unphosphorylated Z’LYTE peptide, leading to a decrease 

in FRET. The emission ratio (coumarin emission 445 nm/fluorescein emission 520 nm) remains 

high if the Z’LYTE peptide remains unphosphorylated. Maximum and minimum emission ratios 

were established using a synthetically phosphorylated p38γ peptide and a control reaction 

containing no ATP. Inhibition by trametinib was compared to a known inhibitor of MKK6, 

staurosporine, in a separate 10-point titration activity assay.  

Cell viability assay 

WM239a cells were seeded into 96-well dishes at 5,000 cells per well and allowed to 

adhere for 4 h before treating with DMSO or varying concentrations of drug. After 72 h, cellular 

ATP was quantified using the CellTiter Glo 2.0 Assay (Promega) according to the 

manufacturer’s protocol. Luminescence was recorded using a Biotek Synergy H1 plate reader 

and curve-fitting was done using Origin software.  

Cell death measurements 

WM239a cells were seeded into 6 cm dishes at 750,000 cells per dish, and allowed to 

adhere overnight before treating with DMSO or with 10 µM selumetinib, Vertex-11e, or 
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SCH772984. After 48 h, apoptosis and necrosis were quantified using the annexin V-FITC PI 

assay (Thermo Fisher Scientific) using a FacScan flow cytometer (Beckman Coulter) according 

to the manufacturer’s protocol. Recombinant annexin V conjugated to fluorescein (FITC) binds 

phosphatidylserine (PS) which translocates to the outer plasma membrane during apoptosis, and 

marks cells with green fluorescence. Propidium iodide (PI) is a DNA intercalating red-

fluorescent molecule that only passes the plasma membrane of cells that have been 

permeabilized during late-stage cell death. The percentage of total cells staining positive for 

these markers is compared between drug treatments.   

Kinase assays 

 The Human Phospho-Kinase Array (R & D Systems) was used to profile the relative 

levels of protein phosphorylation of 43 kinases simultaneously, according to the manufacturer’s 

protocol. Following 4 h treatment with DMSO or 10 µM drug, cells were harvested in lysis 

buffer and incubated overnight with a nitrocellulose membrane containing capture antibodies for 

each phosphorylation site bound to the membrane in duplicate. After washing to remove 

unbound proteins, the arrays were incubated with a mixture of biotinylated detection antibodies 

which produce a chemiluminescent reaction when streptavidin-conjugated HRP and substrate are 

added. The signal produced at each spot corresponds to the amount of phosphorylated protein 

bound, and was quantified using a Typhoon fluorescence image scanner and ImageQuant 

software (GE Healthcare). 

 

2.5 Results 

 I first compared molecular responses to the MKK1/2 inhibitor, trametinib, and the ERK 

inhibitor, SCH772984, using phosphoproteomics to screen WM239a human metastatic 
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melanoma cells. Phosphorylation changes were quantified in triple SILAC-labeled cells, treated 

with DMSO 10 µM trametinib, or 10 µM SCH772984 for 2 h followed by cell lysis and 

trypsinization using a modified FASP protocol, batch enrichment of phosphopeptides with TiO2 

resin, and fractionation by ERLIC chromatography as described previously (Stuart et al., 2015; 

Wiśniewski et al., 2009; Zarei et al., 2013) (Fig. 2.1A). The WM239a metastatic melanoma cell 

line harbors a V600D BRAF mutation leading to constitutive upregulation of the MAPK 

pathway. A two-hour time point allows us to observe downstream effects of kinase inhibition 

before directed protein degradation of other regulated proteins occurs. This cell line and time 

point also allow a direct comparison to the previous SILAC phosphoproteomic experiment using 

MKK1/2 inhibitor AZD6244 published by Scott Stuart in our lab (Stuart et al., 2015). 

Experiments were conducted in triplicates, varying the isotopic labeling for each condition (Fig. 

2.1B). In total, SILAC ratios could be quantified for 12,924 unique phosphosites on 3,851 

proteins corresponding to class I phosphosites (localization probability >0.75, delta score >5). Of 

these, 8,577 class I phosphosites could be quantified in two or more replicate experiments (Fig. 

2.1C). ERLIC fractionation separated phosphopeptides across 24 fractions, allowing a higher 

number of identifications in complex samples (Fig. 2.2A,B), with the vast majority of 

phosphopeptides being singly phosphorylated (Fig. 2.2C).   
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Figure 2.1: SILAC experiment design. A, Experimental workflow and mass spectrum 

of isotopically labeled peptides. B, Isotope labeling design and label-swap of replicates. 

WM239a cells were treated 2 h with DMSO or 10 µM SCH772984 (SCH) or 10 µM 

trametinib (TRA). C, Overlap among replicates in 12,924 phosphosites that could be 

quantified. 
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Figure 2.2. Performance of the ERLIC fractionation method. A, Unique phosphorylated 

and non-phosphorylated peptides in each ERLIC fraction, identified in three replicates. B, 

Number of singly and multiply-phosphorylated peptides in each fraction identified in three 

replicates. C, Number of fractions in which each phosphorylated and non-phosphorylated 

peptide can be identified, among three replicate experiments. 

 

  



35 

A threshold of 1.8-fold (log2 ± 0.84) was used to identify significant changes in 

phosphosite abundance, based on control experiments of WM239a cells previously reported by 

our lab (Stuart et al., 2015) (Table 2.1). After filtering with this threshold, 564 class I 

phosphosites were found to be altered significantly by one or both inhibitors in multiple 

experiments. As an additional filter for significant changes, an empirical Bayesian analysis using 

the Limma statistical package was employed to calculate adjusted p-values for each phosphosite 

(Ritchie et al., 2015). We focused our remaining analysis on the 400 phosphosites that exhibited 

log2(drug:DMSO ratios) less than -0.84 or greater than +0.84, with an adjusted p-value ≤ 0.05 

(Fig. 2.3A-C).  

 

 

Table 2.1. Comparison of phosphosites identified in each triple-labeled replicate 

comparing trametinib and SCH772984.  Number of phosphosites quantified after 

removing reverse protein database hits and contaminants and expanding the 

phosphopeptide results to separate phosphosites that were identified in multiply 

phosphorylated peptides. Ratios were considered significant when |log2 ratio| ≥ ± 0.84 

determined by empirical Bayes-generated log2(combined ratio). 
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Figure 2.3: SILAC labeled phosphoproteomics comparison of trametinib and 

SCH772984. A, Log2-transformed plot showing 8,577 phosphosites changing 

reproducibly in at least two replicates, in response to drug. B, Volcano plot showing 

confidence (adjusted p-value) vs fold change in response to SCH772984 or trametinib. 

Significant changes for phosphosites with |log2(combined ratio)| ≥ 0.84, and adjusted p-

value >0.05. C, Counts of significantly altered phosphosites with |log2(combined ratio)| ≥ 

0.84, and adjusted p-value >0.05. 

 

As expected, the regulatory phosphorylation sites on ERK1 and ERK2, which are the 

primary substrates of MKK1/2, were among those most significantly inhibited by trametinib. The 

same sites were also inhibited by SCH772984, reflecting the ability of this molecule to induce 

disorder in the activation loop of ERK1/2 and interfere with its phosphorylation by MKK1/2 

(Chaikuad et al., 2014). We found that the majority of phosphosites responsive to trametinib 

were similarly responsive to SCH772984 (Fig. 2.3A,C), indicating their regulation downstream 

of ERK1/2. In contrast, only 11 phosphosites responded to trametinib but not SCH772984, of 

which 8 decreased and 3 increased with drug (Fig. 2.3C, Table 2.2). The strongest effects unique 

to trametinib were seen in the regulatory phosphorylation sites in MKK1 and MKK2 (Table 2.2, 
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gene names MAP2K1, MAP2K2), reflecting interference of the drug-bound MKK1/2 

phosphorylation by BRAF V600E/K (Gilmartin et al., 2011). Likewise, only 10 phosphosites 

responded to SCH772984 but not trametinib, all inhibited by drug (Fig. 2.3C, Table 2.2).  

 

Table 2.2. Comparison of phosphosites uniquely responsive to trametinib or 

SCH772984.  a log2 values of quantified ratios in individual SILAC replicates.  b 

Empirical Bayes-generated log2(combined ratio) and adjusted p-value.  ˭ Phosphosites 

above the double line are significantly decreased, and below the double line are 

significantly increased, in response to drug. 
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I also examined non-TiO2-enriched proteolytic digests by 2D LC-MS/MS, in order to 

assess responses to drug at the protein level.  Few significant changes were seen in protein 

abundances after 2 h of drug treatment, and none accounted for any of the phosphorylation sites 

that changed significantly in response to trametinib or SCH772984. Overall, the results show 

strong overlap in phosphorylation sites which respond to MKK1/2 and ERK1/2 inhibitors at the 

level of posttranslational modifications rather than protein synthesis or degradation. Such 

behavior is similar to our lab’s previous phosphoproteomics comparison of the BRAF V600E/K 

inhibitor, vemurafenib, and the MKK1/2 inhibitor, selumetinib, and reveals linearity in signaling 

through the MAPK pathway downstream of oncogenic BRAF V600E/K (Stuart et al., 2015). 

Examples of targets shared by both inhibitors included known ERK1/2 substrates, neuroblast 

differentiation-associated protein Thr5824 (AHNAK), which has 7 sites significantly decreased 

and 2 sites significantly increased in response to inhibitor, and cortactin (CTTN), where Ser405 

and Ser418, which are known regulatory sites controlling protein degradation and ubiquitination 

were significantly decreased by inhibitor.  

Among the targets that responded only to trametinib were the regulatory phosphorylation 

sites, T180 and Y182, which control the activity of p38α MAPK (gene name MAPK14) (Table 

2.2).  Together with MKK1/2, these were the only phosphorylation sites on protein kinases that 

differentially responded to only one and not both drugs (Table 2.2).  Phosphorylation of both 

T180 and Y182 in p38α was decreased by ~2-fold with trametinib [log2(trametinib/DMSO) ≈ -

1.0], but by less than 8% with SCH772984 [log2(SCH772984/DMSO) < + 0.1]. There are four 

isoforms of p38 MAPKs (α, β, γ, δ) with p38α MAPK being the most characterized and most 

consistently expressed across cell types (Cuenda & Rousseau, 2007). RNA-seq analysis showed 

that the alpha isoform of p38 is the most highly expressed in WM239a cells (Zarubin, T. & Han, 
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2005, data not shown), and was the only isoform observed in our proteomics dataset. The results 

suggest that p38α MAPK is inhibited by trametinib. 

In order to examine if inhibition of p38α phosphorylation is common to other MKK1/2 

inhibitors, we compared our trametinib dataset to a previous SILAC dataset examining 

phosphoproteomics responses to the MKK1/2 inhibitor, selumetinib (AZD6244) (Stuart et al., 

2015). In total, 6,495 reproducible phosphosites were quantified in both experiments (Fig. 

2.4A,B).  

    

Figure 2.4: SILAC labeled phosphoproteomics comparison of trametinib and 

selumetinib (AZD6244). A, WM239a cells were treated 2 h with 10 µM drug, and 

phosphosite responses were examined in a log2 transformed plot. The results compared 

6,495 phosphosites reproducibly quantified in at least two replicates. B, Volcano plot 

showing confidence (adjusted p-value) vs fold change in response to trametinib or 

selumetinib (AZD6244). Significant changes with |log2(combined ratio)| ≥ 0.84, and 

adjusted p-value >0.05. C, Counts with significant changes in |log2(combined ratio)| ≥ 

0.84, and adjusted p-value >0.05. D, Log2(combined ratios) of canonical activation sites 

on p38α MAPK, comparing effects of BRAF V600E/K, MKK1/2, and ERK1/2 

inhibitors. 
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 Of those phosphorylation sites that could be quantified in each of the two datasets, strong 

overlap was observed in those responsive to both trametinib and selumetinib (Fig. 2.4A,C). Of 

these, 256 were significantly inhibited in response to both inhibitors while 12 were uniquely 

inhibited by trametinib but not selumetinib, and 12 were uniquely inhibited by selumetinib but 

not trametinib (Fig 2.4C, Table 2.3). Among the phosphosites inhibited by trametinib but not 

selumetinib, Ser269 on docking protein 1 (DOK1) and Ser298 on metadherin (MTDH) both 

appear to be novel off-targets of trametinib. In a phosphoproteomics SILAC screen of HeLa cells 

stimulated with EGF with or without MKK1/2 inhibitor, U0126, both phosphosites were elevated 

rather than inhibited by U0126. They also detected no change in T180 and Y182 on p38α 

MAPK, in response to U0126 (Pan et al., 2009). In the present study, neither T180 nor Y182 in 

p38α MAPK changed significantly in response to selumetinib (Fig. 2.4D) and our lab’s previous 

dataset also showed no effect at these two sites, in response to the BRAF V600E/K inhibitor, 

vemurafenib (Stuart et al., 2015). Thus, the ability of MKK1/2 inhibitor to inhibit p38α MAPK 

phosphorylation appears to be specific for trametinib. 
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Table 2.3. Comparison of phosphosites that change uniquely in response to 

trametinib or selumetinib (AZD6244). a log2 (ratio) values measured individually in 

three replicate SILAC experiments. b Empirical Bayes-generated log2(combined ratio) 

and adjusted p-value. ˭ Phosphosites above the double line were significantly decreased, 

and below the double line were significantly increased, in response to drug. 
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Conceivably, phosphosites that were inhibited by trametinib but not selumetinib might 

reflect the trametinib-specific inhibition of p38α MAPK. This was examined by searching 

literature sources for known substrates of p38 signaling (Cuadrado & Nebreda, 2010; Cuenda & 

Rousseau, 2007; Trempolec, Dave-Coll, & Nebreda, 2013). Of 103 proteins found to be 

substrates of p38 MAPK, 32 were represented in both trametinib and selumetinib datasets.  

However, only one protein, c-Jun, showed a phosphorylation site that was inhibited more by 

trametinib than selumetinib. c-Jun is also known substrate of ERK1/2 as well as JNK, and 

indeed, a partial inhibition by selumetinib could be observed. Therefore, only p38α MAPK-

Thr180 and Tyr182 were useful as reporters of the selective effect of trametinib on this kinase.  

We next carried out biochemical analyses to ask if p38α MAPK phosphorylation is 

indeed inhibited by trametinib. Western blots probed with anti-phospho-p38 antibodies showed 

nearly undetectable basal levels of phosphorylated p38 in whole cell lysates (not shown).  These 

antibodies also could not distinguish different isoforms of p38 MAPK. Therefore, isoform-

specific antibodies were used to concentrate p38α MAPK by immunoprecipitation from cell 

lysates, followed by Western blotting with the anti-phospho-p38 antibody.  The results showed 

significant inhibition of basal Thr180 and Tyr182 phosphorylation in p38α MAPK, after treating 

cells for 2 h with trametinib, but not DMSO or SCH772984 (Fig. 2.5A).   
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Figure 2.5. Analysis of phosphorylated p38 MAPK in WM239a cells by Western 

blotting. A, Immunoprecipitation of p38α MAPK following 2 h treatment with DMSO or 

10 µM SCH772984 (SCH) or 10 µM trametinib (TRA), followed by Western blotting of 

phosphorylated p38 MAPK. B, Osmotic stress stimulates p38 phosphorylation. Cells 

were treated for 30 min with DMSO or 10 µM drug (selumetinib=AZD), then stimulated 

without or with osmotic stress for 2 h, by raising osmolality of media from 300 mOsm to 

500 mOsm. Cells were harvested and lysates examined by Western blotting for 

phosphorylated p38 MAPK. C, Biological triplicate dose response of trametinib at 

concentrations 0.01-30 µM (left to right). Cells were treated for 30 min with DMSO or 10 

µM drug, then stimulated without or with osmotic stress for 2 h. Cells were harvested and 

lysates examined by Western blotting for phosphorylated p38 MAPK. Quantification of 

ph-p38 normalized to p38α using ImageJ quantification on biological triplicate 

experiments.  
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Trametinib inhibited the phospho-p38 MAPK signal by approximately 50%, comparable 

to the estimated decrease quantified by phosphoproteomics (Fig. 2.4D). In order to examine the 

effect of different MKK1/2 and ERK1/2 inhibitors on p38α phosphorylation following stress 

pathway activation, we pretreated cells with selumetinib, trametinib, and SCH772984 for 2 h, 

and then added NaCl+KCl to induce hyperosmotic stress which has been shown to activate p38α 

(Mavrogonatou & Kletsas, 2009, 2012). Salt-stimulation induced a substantial phosphorylated 

p38α signal in Western blots of cell lysates, in a manner that was inhibited by trametinib (~50%) 

but not selumetinib or SCH772984 (Fig. 2.5B).  We also carried out a dose response experiment, 

and observed substantial inhibition of salt-induced p38 phosphorylation at concentrations above 

10 µM trametinib, with estimated IC50 of 10 µM (Fig. 2.5C).  Thus, complementary biochemical 

strategies using Western blotting and phosphoproteomics confirm that trametinib inhibits p38α 

MAPK phosphorylation. Given that the response is unique to trametinib and not observed with 

SCH772984 or selumetinib, the results suggest a bona-fide off-target effect of trametinib as an 

inhibitor of p38α phosphorylation, occurring at ~10 µM concentrations commonly used in 

preclinical studies (Yamaguchi et al., 2011) and ~300-fold higher than the maximal plasma 

concentration observed clinically (36 nM) (Infante et al., 2012). 

The specificity of trametinib for MKK1/2 suggested that it might also target MKK3 

and/or MKK6, which following hyperosmotic stress are known to phosphorylate and activate 

p38α (Zarubin, T. & Han, 2005) (Fig. 2.5B). However, previous reports have shown weak or 

variable inhibition of MKK3 or MKK6 activity by trametinib. An in vitro ELISA assay panel 

from Yamaguchi et al. 2011, on 99 kinases showed the activity of MKK6 decreased 30% with 10 

µM trametinib, while the target kinase MKK1 decreased 72%. Very few other kinase activity 

levels changed significantly, indicating high specificity of trametinib including: ERK1 (-14%), 



45 

ERK2 (+8%), JNK1 (+4%), JNK2 (-3%), JNK3 (-24%), p38α (-16%), p38β (+4%), p38γ (-3%), 

p38δ (+9%). A second study by Uitdehaag et al. 2014 measured the changes in activity of over 

300 kinases in response to 1 µM trametinib using in vitro mobility shift assays and reports a 21% 

increase in MKK6, a 3% decrease in MKK3, a 99% decrease in MKK1, and a 97% decrease in 

MKK2 activities. Additional kinases measured include: ERK1 (+2%), ERK2 (+4%), JNK1 

(+5%), JNK2 (+5%), JNK3 (+2%), p38α (+4%), p38β (-2%), p38γ (-1%), p38δ (+3%). 

Therefore, we tested MKK6 and MKK3b using direct kinase assays of each Flag-tagged kinase 

expressed in WM239a cells.  Flag-MKK6 was expressed as wild-type (wt), constitutively active 

mutant (S207E/T211E), and catalytically inactive mutant (K82A) forms, each immunopurified 

from cell lysates using immobilized anti-Flag antibody. Kinases were then preincubated with 

Mg2+-ATP and DMSO, 10 µM trametinib, or 10 µM selumetinib, followed by addition of 

purified unphosphorylated p38α to initiate in vitro kinase assays (Fig. 2.6A). Trametinib 

inhibited both wt and constitutively active MKK6, leading to significant reduction of the initial 

rate of p38α phosphorylation.  In contrast, selumetinib had a minimal effect on MKK6 activity.  

As expected, the MKK6-S207E/T211E mutant exhibited much higher activity than MKK6-wt 

towards p38α, although it appeared to be comparably inhibited by trametinib (Fig. 2.6A) 

(Raingeaud et al., 1996). Similar approaches were used to examine the effects of each drug on a 

constitutively activated isoform of MKK3, MKK3b-S218E/T222E, which contains a N-terminal 

recognition domain and has higher specific activity towards p38α than MKK3-S189E/T193E 

(Enslen et al., 2000; Jiahuai Han, Wang, Jiang, Ulevitch, & Lin, 1997). In vitro, MKK3b showed 

activity towards p38α MAPK that was too low to observe inhibition by trametinib or selumetinib 

(Fig. 2.6B). 
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Figure 2.6. In vitro kinase assay measurement of MKK6, MKK3 and MKK3b 

activity. A, Flag-MKK6 was expressed in WM239a cells as wild type (wt), constitutively 

active (ee), or catalytically inactive (k.dead) mutants, then immunoprecipitated from 

lysates with immobilized anti-Flag antibody, and incubated for 15 min with DMSO (D), 

trametinib (T) and selumetinib (AZD6244) (A). In vitro kinase activity was measured by 

phosphorylation of recombinant unphosphorylated p38 MAPK. As expected, the 

activity of MKK6ee exceeded that of MKK6wt, but only trametinib inhibited MKK6 

activity. B, In vitro kinase assays of constitutively active mutants of MKK6 (MKK6ee), 

MKK3 (MKK3ee) and MKK3b (MKK3bee), measuring phosphorylation of recombinant 

p38α by Western blotting with anti-phospho-p38 MAPK. The results show high activity 

of MKK6ee towards p38α substrate in a 10 min kinase reaction, but no activity of 

MKK3ee or MKK3b33 in 10 min reactions, in assays containing DMSO (D). Little effect 

of trametinib (T, 10 M) or selumetinib (AZD6244) (A, 10 M), is also seen. Thus, 

trametinib shows variable reproducibility with respect to MKK6ee inhibition.  C, Kinase 

assays of MKK6ee activity measured by phosphorylation of p38α MAPK for 2 min, in 

the presence of varying concentrations of trametinib. The in vitro kinase assay reveals an 

apparent IC50 for trametinib of ≥ 10 M.  
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We then measured the dose response for in vitro inhibition of MKK6-S207E/T211E by 

varying concentrations of trametinib. Unexpectedly, the estimated IC50 was greater than 10 µM, 

for trametinib inhibition of MKK6-S207E/T211E using p38 MAPK as the substrate (Fig. 

2.6C). This was surprising, because the sensitivity of MKK6 inhibition in vitro was much lower 

than the IC50 for inhibiting phospho-p38 MAPK in cells (Fig. 2.5C).  In order to verify this 

result, the Scientific Select Screen service contracted with Thermo Corp. was used to generate a 

10-point dose response curve of MKK6 inhibition by trametinib (0-30 µM), assayed by coupling 

its phosphorylation of p38 MAPK to a proprietary fluorophore-conjugated p38 MAPK peptide 

substrate (Z’-LYTE) which undergoes changes in Förster resonance energy transfer (FRET) 

fluorescence signal upon phosphorylation. The results showed that similarly, IC50 > 10 µM for 

MKK6 inhibition (Fig. 2.7A), comparable to my in vitro kinase assay measurements of MKK6ee 

(Fig. 2.6C).  

 
Figure 2.7. Effects of MKK1/2 inhibitors on p38 MAPK pathway effectors and 

signaling. A, Dose response of MKK6 activity measured by phosphorylation of p38 

MAPK, using FRET-based fluorescence measurements of p38 MAPK activity using the 

Thermo SelectScreen assay. The assay shows 30% inhibition at the highest concentration 

of trametinib (10 M), indicating IC50 consistent with measurements in 2.6C. C, CellTiter 

Glo raw intensity values used for C show a slight increase in cell viability with 

SB203580 alone C, CellTiter Glo viability assay shows that the p38 inhibitor, SB203580 

(10 M) shifts the IC50 for inhibition of cell viability with selumetinib (AZD6244) to 5-

fold lower concentrations, but shifts the IC50 with trametinib by less than 2-fold.  
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Finally, we asked if the ability of trametinib to inhibit p38α might contribute to its effects 

on viability or growth of melanoma cells in a manner distinct from MKK1/2 inhibition. To 

address this, we added the p38α/β inhibitor, SB203580, to WM239a cells treated with varying 

concentrations of trametinib or selumetinib, measuring cell viability after 72 h.  SB203580 alone 

had no inhibitory effect on cell viability, and shows a slight increase in cell viability (Fig. 2.7B).  

However, in combination with selumetinib, it shifted the dose response curve, reducing the IC50 

for selumetinib by ~5-fold, from 300 nM in the absence of SB203580 to 60 nM in its presence 

(Fig. 2.7C). In contrast, SB203580 had minimal effect in combination with trametinib, shifting 

the IC50 for trametinib by less than 2-fold (Fig. 2.7C). The results are consistent with a model in 

which inhibiting p38 MAPK augments the ability of the MKK1/2 inhibitor, selumetinib, to 

suppress cell viability, but has little effect on trametinib due to the latter’s off-target interference 

with p38α signaling. The results suggested that the off-target effect on MKK6, unique to 

trametinib, might contribute favorably to the properties of this anti-cancer drug.  

Taken together, trametinib inhibits MKK6 in vitro, but in a concentration range that may 

be inconsistent with its ability to inhibit p38α MAPK in cells. The reason for this inconsistency 

is currently unknown. On one hand, it may reflect differences between the ability of trametinib to 

inhibit direct kinase assays in vitro, vs its effects on salt-induced pathway activation in cells.  For 

example, the IC50 for p38 MAPK inhibition in cells may be abnormally low, if the compound is 

sequestered in cells to concentrations exceeding those added to the growth media.  On the other 

hand, MKK3 and MKK6 may not be the relevant target of trametinib in cells, and the compound 

may target an enzyme located upstream of MKK3 and MKK6 to inhibit p38 MAPK in cells. For 

example, MEKK3 is a kinase activated by hyperosmotic stress, which functions immediately 

upstream to directly phosphorylate MKK3 and MKK6.  WNK4 is another kinase which can be 
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directly activated by hyperosmotic stress and serves as an upstream activator of MEKK3 through 

mechanisms that are not completely elucidated. Further studies are needed to determine if other 

cellular target(s) of trametinib more fully explain its effects on inhibiting p38α MAPK. Such 

studies could conceivably reveal new effectors of salt stress pathway signaling, using the 

selective off-target response to trametinib as an assay for their identification.  

Having identified an intriguing off-target effect specific to trametinib, we next 

investigated potentially differential responses between two high affinity ERK1/2 inhibitors, 

SCH772984 (Ki = 0.12 nM, (Rudolph et al., 2015)) and GDC0994 (Ki = 1.1 nM) (Robarge et al., 

2014). To do this, we used a triple SILAC phosphoproteomics screen to compare 

phosphorylation responses to DMSO, SCH772984 and GDC0994. Triplicate experiments were 

performed using different combinations of heavy, medium and light isotopically-labeled media. 

In total, 6,893 class I phosphorylation sites were identified on 2,843 proteins, including 4,436 

phosphosites quantified in at least two replicates (Fig. 2.8A-F, Table 2.4). 
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Figure 2.8: SILAC labeled phosphoproteomics comparison of SCH772984 and 

GDC0994. A, Log2-transformed plot showing 4,436 phosphosites observed reproducibly 

in at least two replicates. Strong correlations were seen between phosphosites changing in 

response to SCH772984 and GDC0994. B, Volcano plot showing confidence (adjusted p-

value) vs fold change in response to SCH772984 or GDC0994. C, Overlap among 

replicates in 6,893 phosphosites quantified across three replicate experiments. D, 

Numbers of unique phosphorylated and non-phosphorylated peptides identified in each 

ERLIC fraction among three replicates. E, Number of singly phosphorylated peptides 

(blue) and multiply phosphorylated peptides (red, grey, yellow) eluting in each ERLIC 

fraction identified among three replicates. F, Number of ERLIC fractions in which each 

phosphorylated or non-phosphorylated peptide appear, among three replicates. G, Counts 

of phosphosites with significant changes, where |log2 (combined ratio)| ≥ 0.84, and 

adjusted p-value >0.05.  
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Table 2.4. Comparison of phosphosites uniquely responsive to SCH772984 and 

GDC0994.    a Log2(ratio) values from individual SILAC replicates. b Empirical Bayes-

generated log2(combined ratio) and adjusted p-value. ˭ Phosphosites above the double 

line are significantly decreased, and below the double line are significantly increased, in 

response to drug. 
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Table 2.5. Comparison of phosphosites identified in each triple-labeled SILAC 

replicate comparing SCH772984 and GDC0994. Number of phosphosites quantified 

after removing reverse protein database hits and contaminants and expanding the 

phosphopeptide table to separate phosphosites identified in multiply phosphorylated 

peptides. Changes were considered significant when their empirical Bayes-generated 

|log2(combined ratio)| ≥ 0.84. 

 

 
 

Of these, 278 phosphosites were significantly responsive to ERK1/2 inhibitors, 

SCH772984 and GDC0994, the majority of which were inhibited by both compounds and also 

identified in the trametinib-SCH772984 SILAC experiment. These included known proteins 

known to be ERK1/2 substrates, such as RAF1, Ets2 repressor factor (ERF), and cortactin 

(CTTN) (Fig. 2.8G, Table 2.5).  Three phosphosites decreased significantly only in response to 

SCH772984, and 20 phosphosites decreased only in response to GDC0994 (Fig. 2.8G, Table 

2.4). Phosphorylation of the RBMX transcription factor was inhibited by SCH772984 and not 

GDC0994, and also inhibited by only SCH772984 in the trametinib-SCH772984 experiment 

(Table 2.2). The two remaining phosphorylation sites unique to SCH772984 were part of the 

canonical TEY activation loop motif on ERK1/2 (Tyr204 on ERK1 and Tyr187 on ERK2). This 

indicates that while both SCH772984 and GDC0994 inhibit ERK1/2 kinase activity, only 

SCH772984 also inhibits its phosphorylation by MKK1/2. This finding was validated by 

Western blotting of whole cell lysates from WM239a cells treated with MKK1/2 and ERK1/2 
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inhibitors using antibodies specific for the TEY activation motif (Fig. 2.9A). Although ERK1/2 

inhibitors GDC0994 and Vertex-11e did not decrease levels of phosphorylated ERK1/2, both 

were able to reduce phosphorylation of p90RSK (RSK1), an important signaling kinase 

downstream of ERK1/2, and inhibition of ERK phosphorylation by SCH772984 has previously 

been shown (Morris et al., 2013).  GDC0994 and Vertex-11e also increased levels of the 

apoptosis markers, BIM and cleaved PARP, after 48 h treatment with 10 µM inhibitor. An 

apoptotic response to each inhibitor was confirmed using fluorescence based flow cytometry to 

quantify recombinant annexin V-FITC bound to apoptotic cells by the externalization of 

phosphatidylserine, and propidium iodide (PI) staining of cells with permeabilized plasma 

membranes (Fig. 2.9B). The results demonstrate similar levels of cell death in response to 

MKK1/2 inhibitor, selumetinib, and ERK1/2 inhibitor, SCH772984, at 48 h, although Vertex-

11e is less effective.  

 

Figure 2.9: Apoptotic responses to MKK1/2 and ERK1/2 inhibitors in WM239a 

cells. A, Western blots of whole cell lysates harvested 48 h after treatment with 10 µM of 

each inhibitor. B, Annexin V-PI flow cytometry assay (Thermo Scientific) measuring 

apoptosis and cell permeabilization by flow cytometry after 48 h treatment with 10 µM of 

each inhibitor. 
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 To explore whether the differences in phosphorylated TEY on ERK1/2 has an effect 

on other downstream kinase substrates, the Human Phospho-Kinase Array (R & D Systems) 

was used to simultaneously profile the relative levels of protein phosphorylation of 43 

kinases and their substrates. Following 4 h treatment with 10 µM selumetinib (AZD6244), 

Vertex-11e, or SCH772984, cell extracts were adsorbed onto membranes that were spotted 

with capture antibodies for each kinase phosphorylation site, and then incubated overnight. 

Processing and quantification was similar to a typical Western blotting procedure using a 

Typhoon fluorescence image scanner and ImageQuant software (GE Healthcare) (Fig. 2.10 

A). The results agreed with the individual phospho-ERK1/2 and phospho-RSK Western blots 

in Fig. 2.9A and were grouped into categories based on response to inhibitor (Fig. 2.10B, 

Appendix I). As expected, phosphorylation of some protein kinases showed no response to 

MKK1/2 or ERK1/2 inhibitors (phospho-JNK1/2/3) while others were inhibited by all three 

inhibitors (phospho-p70 S6 Kinase, phospho-STAT3). The kinases that responded uniquely 

to certain inhibitors could be divided into those with phosphorylation sites that differed in 

their responses to MKK1/2 inhibitor, selumetinib (AZD6244), and ERK1/2 inhibitors, 

SCH772984 and Vertex-11e, and those with phosphorylation sites that responded specifically 

to Vertex-11e. Interestingly, several kinase phosphorylation sites were increased in response 

to Vertex-11e, including pTyr sites that suggest potential regulation of Tyrosine kinases and 

phosphatases. However, we lack certainty that the different responses to MKK1/2 and 

ERK1/2 inhibitors, and the increases in response to Vertex-11e, were necessarily 

reproducible between replicate Western blots.  
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Figure 2.10: Human phospho-kinase antibody array. A, Changes in kinase 

phosphorylation in response to 10 µM treatment for 4 h. Decreased levels of pERK with 

MKK1/2 inhibitor selumetinib (AZD6244 - AZD) compared to DMSO control are 

indicated. The overlay is used as a key to look up the phosphorylated kinases identified in 

duplicate spots. B, Quantification of signal, measured as raw intensity of quantified 

Typhoon membrane scans using ImageQuant. Examples show groups that change in 

response to MKK1/2 inhibitor (AZD) or ERK1/2 inhibitor (SCH), as well as some that 

increase in response to Vertex-11e (VTX).  Further studies are needed to validate these 

preliminary findings. 
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A previous study from our lab identified different binding affinities of Vertex-11e to 

ERK2 in its inactive, unphosphorylated form (Ki = 2.5 nM), and active, phosphorylated form (Ki 

= 0.34 nM) (Rudolph et al., 2015). Corresponding nuclear magnetic resonance (NMR) relaxation 

experiments further revealed that whereas the unphosphorylated ERK2 is restrained into a single 

conformer, phosphorylation reduces a thermodynamic barrier for forming a new conformer, 

allowing equilibrium interconversion between two conformers on a millisecond timescale. 

Vertex-11e binding shifts the equilibrium of phosphorylated ERK2 entirely to the new 

conformer. By contrast, unpublished studies show that SCH772984 shifts the equilibrium of 

phosphorylated ERK2 entirely to the conformer associated with unphosphorylated ERK2.  Thus, 

Vertex-11e and SCH772984 both show properties of conformational selection, but differ in the 

conformers that they favor. The nature of these conformers is still unknown, however the result 

suggests that Vertex-11e and SCH772984 favor distinct binding modes. Therefore, I investigated 

if such differences in binding mode between Vertex-11e and SCH772984 might be reflected by 

any unique features of each inhibitor with respect to their cellular effects on protein 

phosphorylation.  

Using triple-labeled SILAC phosphoproteomics, I compared phosphorylation responses 

in cells treated for 2 h with DMSO, 10 M Vertex-11e, and 10 M SCH772984, following 

procedures described above. Technical problems with data collection resulted in lower numbers 

of phosphopeptides than seen before, due to sample contaminants that blocked UPLC runs, such 

that LC-MS/MS data could be obtained only in ERLIC fractions #5-12. Nevertheless, in total, 

2,701 class I phosphorylation sites were identified on 1,617 proteins, including 1,163 

phosphosites quantified in at least two replicates (Fig 2.11 A,B, Table 2.6). 
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Figure 2.11: SILAC labeled phosphoproteomics comparison of SCH772984 and 

Vertex-11e. A, Log2 transformed plot showing 1,163 phosphosites quantified in at least 

two replicate measurements of responses to treatment with 10 µM SCH772984 or 10 µM 

Vertex-11e each for 2 h. B, Overlap among three replicate experiments quantify 2,701 

total phosphosites using SILAC. C, Number and percentages of phosphosites in each 

replicate showing a significant fold change in response to SCH772984 or Vertex-11e, 

where |log2(drug/DMSO)| ≥ 0.84. D, Counts of significant changes seen in at least 2 

replicates, with |log2(combined ratio)| ≥ 0.84, and adjusted p-value >0.05. 

 

I found that, like the previous SILAC comparisons, SCH772984 and Vertex-11e had 

almost complete overlap in the phosphosites that passed the statistical cutoff with adjusted p-

value of <0.05. Only two were uniquely inhibited by SCH772984, and none were unique to 

Vertex-11e.  One of the two unique sites was phospho-Tyr187 on ERK2 (MAPK1), which could 

be explained by the ability of SCH772984 to block the regulatory phosphorylation of ERK1/2 by 

MKK1/2.  The corresponding site on ERK1 (MAPK3) was also uniquely inhibited, but 

variations in ratio between replicates yielded an adjusted p-value that was too high to consider.  

The other site was Ser270 on thioredoxin related transmembrane protein 1 (TMX1), has no 
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known function (Table 2.6). The results indicated that differences in conformational selection by 

these ERK1/2 inhibitors were not readily detectable by monitoring downstream drug targets in 

my experiments. Nevertheless, further phosphoproteomics studies which achieve higher 

sampling depth might be able to address this important question.   

 

Table 2.6. Comparison of unique SCH7729834 and Vertex-11e significant 

phosphosites. a log2 values of quantified ratios in individual SILAC replicates.                 
b empirical bayes generated log2 combined ratio and adjusted p-value. ˭ phosphosites 

below double line are significantly increased in response to drug 
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Information from phosphoproteomics comparisons of the two MKK1/2 inhibitors and 

two ERK1/2 inhibitors can be combined to provide a deeper understanding of pathway 

specificity. The overlap between significant phosphosite changes with each inhibitor is 

summarized in Fig 2.12. I highlighted four comparisons of interest. First, I noted 150 

phosphosites that were significantly responsive to all four inhibitors. These are candidates for 

bona fide targets downstream of the BRAF/MKK/ERK signaling pathway. Second, I noted 4 

phosphosites that were significantly responsive to both MKK1/2 inhibitors but neither ERK1/2 

inhibitor. These are candidates for pathway bifurcation at the level of MKK1/2, upstream of 

ERK1/2. Third, zero phosphosites were significantly responsive to both ERK1/2 inhibitors but 

neither MKK1/2 inhibitor. Finally, I noted 48 phosphosites that were responsive to only one 

inhibitor, and none of the other three. These are candidates for off-target effects of each 

compound. Vertex-11e was excluded from this analysis because of the limited data collection in 

the DMSO/Vertex-11e/SCH772984 experiment.   

 

  



60 

 

Figure 2.12: Counts of phosphosites that change significantly in response to each 

MKK1/2 and ERK1/2 inhibitor.  Venn diagram summarizing phosphosites identified in 

each of three SILAC experiments, comparing DMSO-trametinib-SCH772984, DMSO-

SCH772984-GDC0994, and DMSO-selumetinib (AZD6244)-vemurafenib, where the | 

log2 (combined ratio)| ≥ 0.84 in at least 2 replicates. In total, 3,382 phosphosites were 

quantified and comparable across all SILAC experiments. Phosphosites showing 

significant changes in both SCH772984 treatment experiments were combined. 3,021 

phosphosites showed no significant change in response to any inhibitor. Additional 

overlap remains to be validated. 
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Phosphosites affected by all four treatments are those most likely to be bona fide targets 

of the BRAF-MKK1/2-ERK1/2 signaling pathway.  I examined these for known and potentially 

novel targets of signaling. Of the 150 phosphosites that were significantly altered, 141 

phosphosites decreased, while 9 increased in response to all inhibitors (Table 2.7). Two-thirds of 

these phosphosites corresponded to the canonical ERK1/2 substrate recognition motif (Ser/Thr-

Pro). Of these, 40 phosphosites were located on proteins known to be ERK1/2 substrates, and 16 

of these were known sites for regulation by phosphorylation (Carlson et al., 2011; Hornbeck et 

al., 2015; Yoon & Seger, 2006). Thus, the majority of phosphosites regulated by all four 

inhibitors either corresponded to novel MAPK pathway targets, or were uncharacterized with 

respect to function.  This means that MAPK signaling potentially regulates many new processes, 

and that comparing phosphorylation responses to different small molecules enables the lengthy 

lists of phosphosites typically generated by these experiments to be filtered in a manner that 

prioritizes their importance.  The subset of genes regulated by all four inhibitors at Ser/Thr-Pro 

sites (100 phosphosites on 88 genes) was analyzed using STRING software (http://string-db.org/) 

(Szklarczyk et al., 2015), which reports likely gene networks based on different types of 

interactions reported by literature curation and public datasets. Thirty-one of these genes fell into 

four subnetworks, including (i) growth factor signaling and transcriptional regulation, (ii) small 

GTPase signaling, (iii) nuclear pore complex, and (iv) cellular structure, localization and 

trafficking. Many proteins in these networks were previously identified as ERK1/2 pathway 

targets in our previous screen (Stuart et al., 2015) including the nucleoporins (Courcelles et al., 

2013; Kosako et al., 2009), c-Jun (Pulverer, Kyriakis, Avruch, Nikolakaki, & Woodgett, 1991), 

and ERF (von Kriegsheim et al., 2009). 



62 

 

 

 

Figure 2.13: Subnetworks of proteins containing phosphosites responsive to all four 

MKK1/2 and ERK1/2 inhibitors. STRING software was used to examine protein 

networks among 88 genes containing 100 Ser/Thr-Pro phosphosites significantly 

regulated by selumetinib (AZD6244), trametinib, SCH772984, and GDC0994.  Edges 

(interactions) between genes nodes (genes) were identified with medium confidence 

score of 0.7 (Szklarczyk et al., 2015).  Color and size of nodes are arbitrary.  

Disconnected nodes that could not be linked to others are not shown.  Edge thickness 

indicates confidence level of interaction. 
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My comparison of SILAC datasets allowed me to identify phosphosites that were 

significantly responsive to the MKK1/2 inhibitors (trametinib and selumetinib) but not ERK1/2 

inhibitors (SCH772984 and GDC0994), or vice versa. Only four phosphosites were differentially 

regulated by one set of inhibitors and not the other (Table 2.8), and all were regulated by 

MKK1/2 inhibitor, with no sites uniquely regulated by ERK1/2 inhibitors across all three 

experiments. These sites are intriguing candidates for targets of MKK1/2 which bifurcate 

upstream of ERK1/2. 

These phosphosites included Ser612 in nuclear pore complex protein 98 (NUP98), Thr5824 

in giant neuroblast differentiation-associated protein (AHNAK), Ser455 in mitogen activated 

protein kinase kinase kinase 7 (MAP3K7/TAK1), and Ser893 in DNA double strand break repair 

G family endonuclease 1 (GEN1). Three of these phosphosites showed significant differences 

between log2(combined ratio for MKK1/2 inhibitor response) vs log2(combined ratio for ERK1/2 

inhibitor response), using a Students t-test with p value < 0.05.  Thr5824 in AHNAK failed this 

test (Table 2.8).  But the other three phosphosites support the existence of potential branchpoints 

upstream of ERK1/2, breaking the standard paradigm of linear signaling in the MAPK cascade.  

Ser612 in NUP98 has been identified as a target of ERK1/2 inhibition in previous 

phosphoproteomics experiments (Courcelles et al., 2013; Kosako et al., 2009; Stuart et al., 2015) 

monitoring responses to MKK1/2 and BRAF V600E/K inhibitors. Six other NUP98 

phosphorylation sites identified previously showed similar responses to all four MKK1/2 and 

ERK1/2 inhibitors, highlighting Ser612 as a particularly interesting site for regulation through a 

branching pathway. Thr5824 in AHNAK was also identified in previous phosphoproteomic 

analyses as a site responsive to a MKK1/2 inhibitor but not an ERK1/2 inhibitor (Pan et al., 

2009). TAK1 is a MEKK, which is known to phosphorylate and activate MKK3/6 in response to 
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cytokine signaling, and is also subject to negative feedback inhibition by p38α through its’ 

binding partner TAB1 (Cheung, Campbell, Nebreda, & Cohen, 2003; Cuadrado & Nebreda, 

2010). 
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Comparison of these datasets can also yield insight about off-target effects of individual 

compounds, which will most likely be reflected by the phosphosites responding uniquely to one 

inhibitor, but none of the other three. This was exemplified by the case described above of p38α 

MAPK phosphorylation, which appears to be an off-target of only trametinib and none of the 

other MKK1/2 or ERK1/2 inhibitors.  

Table 2.9 describes the phosphosites that can be quantified across all four treatments 

among three experiments, but change in response to only one drug. In total, 48 phosphosites 

were identified as significantly altered by only one compound.  Eight of these are in proteins 

previously validated as known components of the RAF-MKK-ERK pathway or downstream 

targets of pathway signaling (Carlson et al., 2011; Yoon & Seger, 2006). Among these 48 

phosphosites, 21 contain the canonical Ser/Thr-Pro motif associated with direct substrates of 

phosphorylation by ERK1/2. However, none of these were validated by more than one inhibitor, 

therefore I believe that all 48 phosphosites most likely reflect off-target effects of single 

compounds.  A striking observation was how many phosphosites were targeted only by 

GDC0994, an ERK1/2 inhibitor which is currently being tested in early stage clinical trials. 

Twenty-five phosphosites were uniquely responsive to GDC0994, which therefore shows more 

potential off-targets than the other three drugs combined. The difference was not explained by 

greater inhibition of ERK1/2 signaling at the 10 µM concentration used, because GDC0994 

shows a similar IC50 for ERK1/2 inhibition as the other inhibitors (Fig. 1.4), and among the 150 

phosphosites significantly affected by all four inhibitors, only 33% were most strongly 

responsive to GDC0994 (Table 2.7). I found no specificity motif among the 25 phosphosites 

uniquely responsive to GDC0994 that would indicate regulation of a specific set of kinases. In 
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fact, the range of sequence motifs suggested substrate specificities comparable to the other 

MKK1/2 and ERK1/2 inhibitors analyzed.   

Among the unique GDC0994 off-target candidates were Ser196 on the transcription 

factor, ELK1. ERK1/2 is known to phosphorylate and activate ELK1, but at a different residue 

than Ser196, which has no known function (Hornbeck et al., 2015; Stuart et al., 2015). The off-

target candidates for GDC0994 were also examined by STRING, which reported a network of 

genes known to regulate mRNA binding and translational initiation, including the highest 

ranking target uniquely responsive to GDC0994, eukaryotic translation initiation factor 4 gamma 

1 (EIF4G1) (Fig. 2.14).  Three additional genes containing phosphosites unique to GDC0994, la 

ribonucleoprotein domain family member 1 (LARP1), la ribonucleoprotein domain family 1B 

(LARP1B), and heterogeneous nuclear ribonucleoprotein M (HNRNPM), are among those in the 

STRING network (Fig. 2.14). These genes are RNA binding proteins, known to function in pre-

mRNA processing and specificity of mRNA translation. Further studies are now needed to verify 

if GDC0994 indeed affects RNA processing or translation in a manner that is independent of 

MKK1/2-ERK1/2 signaling. Understanding off-targets of drug candidates may provide useful 

insight about relative frequencies of off-target effects, at early stages of inhibitor screening. 
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Figure 2.14: A STRING network of proteins with phosphosites significantly 

regulated only in response to GDC0994.  Edges indicate evidence of molecular action 

such as binding or other reactions, with confidence at the lowest setting (>0.150). Color 

and size of nodes are arbitrary. Disconnected nodes are not shown.  
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2.6 Discussion 

In summary, I have compared a series of phosphoproteomics experiments to interrogate 

molecular responses to drugs and drug candidates which inhibit different enzymes in the RAF-

MKK-ERK MAPK pathway. From these, I can begin to classify responses to different tiers of 

the signaling pathway. These can be used to validate known and novel targets of signaling, based 

on stringent criteria requiring agreement between all four inhibitors. Importantly, the comparison 

can be used to identify candidates regulated by MKK1/2, which bifurcate upstream of ERK1/2, 

thus potentially reporting deviations from a linear pathway organization. Finally, compound-

specific phosphorylation responses are likely to report off-targets, that can be useful for 

evaluating specificity of drug candidates.   

Previously, our lab found that the BRAF V600E/K inhibitor, vemurafenib, and the 

MKK1/2 inhibitor, selumetinib, show a very high degree of overlap in their phosphosite 

responses (Stuart et al., 2015), reinforcing the idea that signaling from BRAF V600E/K to 

MKK1/2 is remarkably linear. The responses to submaximal concentrations of each inhibitor, 

singly and in combination, were additive, suggesting that the clinical effectiveness of 

cotreatment with BRAF V600E/K and MKK1/2 inhibitors in patients is likely due to an additive 

suppression of ERK1/2 signaling, rather than synergy between unique targets of each treatment 

individually. With the emergence of ERK1/2 inhibitors as tools to overcome resistance to BRAF 

V600E/K and MKK1/2 inhibitors, my first aim was to measure overlap in molecular responses to 

the ERK1/2 inhibitor, SCH772984, and the FDA-approved MKK1/2 inhibitor, trametinib. I 

found that among the 4.7% of phosphosites which changed significantly in response to either 

inhibitor, only 5.3% were exclusive to only one inhibitor. This further supports the previous 

findings of linearity and additivity among inhibitors of the BRAF V600E/K-MKK1/2-ERK1/2 
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pathway. Several ERK1/2 inhibitors are currently in early stage clinical trials, and may be 

successful in combination with BRAF V600E/K inhibitors This is supported by known 

mechanisms of resistance to the BRAF V600E/K+MKK1/2 inhibitor combination which in the 

majority of cases lead to the reactivation of ERK1/2. 

My next aim was to identify specific targets of MKK1/2 and ERK1/2 inhibitors with 

known functions. I found that p38α MAPK phosphorylation sites are novel off-targets of 

trametinib, but not SCH772984 or GDC0994 in my study, and selumetinib and vemurafenib in 

our lab’s previous study (Stuart et al., 2015). Inhibition of p38α MAPK phosphorylation occurs 

at ~10 M, concentrations higher than those achieved in plasma during clinical studies. 

Nevertheless, this concentration range is commonly used in preclinical research studies and 

should be considered in studies of this drug. Further analysis revealed that MKK6 but not MKK3 

can be inhibited in vitro by trametinib, and I initially assumed that this explains inhibition of 

p38α MAPK downstream. However, unexpectedly, the dose response for MKK6 inhibition was 

in a concentration range greater than 10 M. The results suggests that MKK6 may in fact not be 

the direct target of trametinib relevant to its cellular inhibition of p38α MAPK. Further studies 

are needed to resolve this issue.  Meanwhile, I observed that the p38 MAPK inhibitor, 

SB203580, decreases cell viability when used in combination with selumetinib, but not 

trametinib. Potentially, an off-target effect of trametinib on p38α MAPK may beneficially impact 

the efficacy of this drug in suppressing cell viability, by supplementing effects of RAF-MKK-

ERK pathway inhibition.  

My final aim was to compare molecular responses between the two different ERK1/2 

inhibitors, SCH772984 and GDC0994. Some but not all ERK1/2 inhibitors show properties of 

conformational selection, based on NMR relaxation studies (Rudolph et al., 2015; Xiao et al., 
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2014). While Vertex-11e preferentially binds phosphorylated, active ERK2 in a conformer 

unique to the active state, unpublished studies show that SCH772984 preferentially binds and 

locks phosphorylated, active ERK2 in the opposite conformer, characteristic of the inactive, 

unphosphorylated state. In contrast, GDC0994 binds the phosphorylated, active ERK2 in a 

manner which allows equilibrium interconversion between conformers, comparable to the 

apoenzyme, and favoring the new conformer characteristic of the active state (Y. Xiao, J. 

Rudolph and N. Ahn, unpublished). Thus, SCH772984 favors the inactive conformer, while 

GDC0994 interconverts but favors the active conformer. It is not yet clear whether 

conformational selection to shift the equilibrium towards one or the other conformers affects the 

specificity of inhibition of downstream substrates, or whether one conformer is more important 

than the other. Conceivably, the molecular responses to SCH772984 and GDC0994 might reflect 

these differences.  

The majority of significantly affected phosphosites responded to both drugs, suggesting 

that inhibition of ERK1/2 is nearly complete at the 10 µM concentrations tested.  Among the 

phosphosites uniquely responsive to one but not both ERK1/2 inhibitors, 25 phosphosites 

changed only in response to GDC0994 and 3 changed only in response to SCH772984. The 25 

phosphosites that changed in response to GDC0994 alone included five proteins which are 

known downstream substrates of ERK1/2, LARP1, ELK1, AHNAK, GIGYF2, and LMNB2. 

STRING analysis of this gene subset (i.e., significantly inhibited by GDC0994 but not 

SCH772984) identified a network which included EIF4G1, LARP1, LARP1B, and HNRNPM, 

all of which are involved in regulating RNA processing and translation.  Thus, they are 

interesting targets which may potentially be useful to ask whether the different conformers that 

predominate upon binding GDC0994 vs SCH772984 might account for these differences in 
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target specificity, and whether these phosphoproteins may be markers of the conformational 

selective binding.  Further studies are needed to address this intriguing question.  
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Chapter 3 

Conclusions and future directions 

 

 

3.1. Summary and conclusions 

In this thesis I describe the overlap and specificity of MKK1/2 and ERK1/2 inhibitor 

targets in WM239a melanoma cells. Using phosphoproteomics, these changes were profiled 

across three experiments using the MKK1/2 inhibitor trametinib, and ERK1/2 inhibitors 

SCH772984, GDC0994, and Vertex-11e. These datasets, combined with a previously published 

study by our lap profiling the phosphoproteomic changes in response to the BRAF V600E/K 

inhibitor, vemurafenib, and the MKK1/2 inhibitor, selumetinib, constitute a unique resource for 

probing known and novel processes regulated by targeted MAPK inhibitor therapy in melanoma. 

 

MKK1/2 and ERK1/2 inhibitor comparison by phosphoproteomics 

Trametinib is a MKK1/2 inhibitor approved for clinical use as monotherapy or 

combination therapy with the BRAF V600E/K inhibitor, vemurafenib, in patients with metastatic 

melanoma. Previously, our lab demonstrated a high degree of overlap between inhibitors, 

suggesting that beneficial results observed in patients treated with combination therapies are 

most likely due to additive effects on the inhibition of downstream signaling targets. Preclinical 

studies established trametinib as a potent, selective inhibitor of MKK1/2 using in vitro kinase 

assays on 100 potential kinase targets (Yamaguchi et al., 2011). Although the prior studies 

showed few off-target effects of trametinib on other protein kinases, the regulation of 

downstream effectors such as transcription factors remained unknown. My SILAC-based 

phosphoproteomics study of responses to trametinib and SCH772984 identified 12,924 

phosphosites affected by drug treatment, 8,577 of which were reproducibly quantified in multiple 
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replicate experiments. Overall, I observed significant changes to approximately 5% of all 

phosphosites identified, and very few targets specific for only one inhibitor. This indicates a high 

degree of pathway linearity in the MAPK signaling cascade upstream of ERK1/2, and further 

supports the additive model of vertical targeting in combination therapies.  

 

Inhibition of novel off-target p38α by trametinib 

 Among the small subset of targets uniquely affected by only one inhibitor, the canonical 

activation sites Thr180 and Tyr182 on p38α MAPK were significantly inhibited by trametinib 

but not SCH772984. Intriguingly, Ser796 on the epidermal growth factor receptor pathway 

substrate 15 (EPS15), which has previously been shown to respond to p38 MAPK inhibition 

(SB203580) but not MKK1/2 inhibition (U0126) or JNK inhibition (SP600125) in HeLa cells 

(Zhou et al., 2014), was also inhibited by trametinib, but not SCH772984 (Table 2.9). These 

findings, showing significant changes in the phosphorylation of p38α MAPK, as well as a known 

substrate specifically targeted by p38 MAPK, provide evidence that trametinib effects on p38α 

may regulate cellular processes not associated with the RAF-MKK-ERK pathway. To determine 

if p38α inhibition is shared among MKK1/2 inhibitors, I compared my datasets to previous 

SILAC datasets examining phosphoproteomics responses to the MKK1/2 inhibitor, selumetinib 

(Stuart et al., 2015) (Table 2.3), and again found that inhibition of Thr180 and Tyr182 is unique 

to trametinib.  

Biochemical assays suggested that this unique inhibition of p38α MAPK phosphorylation 

by trametinib may be explained by its ability to inhibit MKK6, a kinase upstream of p38α 

MAPK. Supporting this hypothesis, MKK6 was identified as a direct target of trametinib but not 

selumetinib, leading to decreased p38α MAPK phosphorylation in vitro. Arguing against this 
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hypothesis, trametinib inhibited MKK6 with IC50 10-fold higher than its inhibition of p38α 

MAPK in cells. Therefore, the jury is still out as to whether MKK6 is the direct target of 

trametinib in cells explaining its effect on p38α MAPK. No crystal structures of trametinib-

bound MKK1/2 are available and the canonical activation motifs differ. MKK1 is activated by 

dual phosphorylation at S218 and S222 while MKK6 is activated at S207 and T211. These 

activation sites, as well as the HRD and DFG motifs important for catalytic activity, overlap 

using NCBI BLAST protein sequence alignment, and there is a 38% sequence identity between 

MKK1 and MKK6. Nevertheless, cells treated with the p38α inhibitor, SB203580 + trametinib 

show small decreases in viability compared to trametinib alone. However, SB203580 + 

selumetinib (which does not inhibit p38α) show larger decreases in cell viability compared to 

selumetinib alone. The findings suggest that p38α inhibition functionally reduces cell viability of 

melanoma cells. Taken together, this evidence supports p38α MAPK as a previously 

uncharacterized off-target effect of trametinib, which may enhance the beneficial cellular 

response to this drug. In any case, although this effect is only observed at drug concentrations 

~300-fold higher than clinical dosing in patients, preclinical studies often use trametinib 

concentrations of 10 µM or higher. Therefore, off-target effects on p38α MAPK must be 

considered in studies of trametinib.  

 

Comparing ERK1/2 inhibitors using phosphoproteomics 

 ERK1/2 inhibitors are emerging as a promising strategy to build on the success seen in 

targeting multiple points upstream in the MAPK pathway, and to combat the development of 

resistance to targeted BRAF V600E/K and MKK1/2 inhibitors that are commonly seen in 

patients. Many of these resistance mechanisms involve re-activation of ERK1/2, and preclinical 
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studies have shown that inhibitors targeting ERK1/2 are able to overcome resistance to BRAF 

V600E/K and MKK1/2 inhibitors (Morris et al., 2013). Our lab has previously published 

evidence that ERK1/2 inhibitors show differences in conformational selectivity upon binding 

ERK2 (Rudolph et al., 2015). Therefore, I performed phosphoproteomic SILAC experiments 

comparing ERK1/2 inhibitors, in order to determine if these conformational selection preferences 

were accompanied by differences in downstream phosphorylation events. In one experiment, the 

ERK1/2 inhibitor SCH772984 was compared to Vertex-11e, which is structurally related to 

Vertex-745 currently undergoing clinical trials. A triple labeled SILAC screen (DMSO-

SCH772984-Vertex-11e) identified 2,701 phosphosites, 1,163 of which were reproducibly 

quantified in two or more replicate experiments. Like the previous comparisons, the phosphosites 

regulated by SCH772984 and Vertex-11e showed almost complete overlap, indicating that 

different ERK conformational binding characteristics had little to no effect on downstream drug 

targets. The second screen compared SCH772984 to GDC0994, which is currently in clinical 

trials (DMSO-SCH772984-GDC0994). I identified 6,893 phosphosites in total, and among the 

4,436 phosphosites quantified in two or three replicates, 25 were significantly regulated by 

GDC0994 and not SCH772984 while only 3 were unique to SCH772984 (Fig. 2.8G, Table 2.4). 

These unique targets were also unaffected by treatment with other MKK1/2 and ERK1/2 

inhibitors (Table 2.9). Potentially, the targets unique to GDC0994 may reflect the distinct 

conformational selection by this compound, compared to SCH772984. This finding is relevant to 

current and future clinical trials involving GDC0994, and requires further studies to correlate the 

effects across many different compounds. Among the novel off-targets, a group of genes 

regulating protein translation mRNA binding and initiation was identified using STRING protein 

interaction mapping and included EIF4G1, LARP1, LARP1B, and HNRNPM (Fig. 2.14). 
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Coordinated regulation of this group of genes might reflect selective regulation of mRNA 

processing and/or translation, and further studies are needed to investigate this possibility. 

 

Combined phosphoproteomics MAPK inhibitor datasets provide an unparalleled resource for 

discovery of off target effects  

With the completion of my thesis work, our lab has now generated SILAC-based 

phosphoproteomics data in a single melanoma cell line, WM239a, treated with the BRAF 

V600E/K inhibitor vemurafenib, the MKK1/2 inhibitors selumetinib and trametinib, and the 

ERK1/2 inhibitors SCH772984, GDC0994, and Vertex-11e. Comparing the cellular response to 

inhibitors targeting different levels of the MAPK pathway will lead to a better understanding of 

the network of signaling responses to MAPK inhibition and interactions with other pathways.  

Table 2.7 lists 150 phosphosite targets significantly regulated by all MAPK inhibitors 

tested and reveals both known and novel targets. Nine of these sites significantly increase 

phosphorylation in response to inhibitor, and may indicate changes in feedback inhibition or 

reductions in phosphatase activity. In order to determine potential direct targets, I have compiled 

information from several sources. First, ERK1/2 is known to preferentially phosphorylate proline 

driven Ser and Thr residues with a sequence (S/T)P or PX(S/T)P motif. Phosphosites with these 

motifs underwent further validating by identifying proteins with the ERK binding d-domain and 

DEF domains. DEF domains were identified manually 6-20 residues C-terminal of the 

phosphorylated residue (Cargnello & Roux, 2011) and d-domains were identified using a large-

scale d-domain profiling study (Zeke et al., 2015) and ScanSite3 high confidence identification 

(Obenauer, Cantley, & Yaffe, 2003), and mapped to protein sequences to determine the distance 

from the identified phosphorylated residue. Next, known ERK substrates and phosphorylated 
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residues were compiled from (Carlson et al., 2011; Yoon & Seger, 2006) and ERK interactors 

were identified from (von Kriegsheim et al., 2009). Finally, the phosphosite plus database 

(Hornbeck et al., 2015) downloads for phosphosites with known kinase regulation and protein 

regulatory function indicate sites that are known to be directly regulated by ERK. These different 

sources of information allow us to locate likely direct ERK target phosphosites and identify 

potential novel substrates of ERK.  

My findings support previous work revealing linear pathway organization of RAF-MKK-

ERK signaling, by identifying only three phosphosites uniquely regulated by two MKK1/2 

inhibitors but not two ERK1/2 inhibitors tested (S893-GEN1, S612-NUP98, and S455-

MAP3K7/TAK1, Table 2.8). TAK1 is a known to activate MKK3/6 and undergoes negative 

feedback regulation through p38α signaling to its binding partner TAB1. It is interesting that 

both trametinib and selumetinib increase the phosphorylation at this site, yet only trametinib 

inhibits phosphorylation of downstream p38α MAPK and the p38α substrate EPS15. Although 

p38 MAPK is the primary substrate of MKK3/6 (similar to ERK1/2 and MKK1/2), upstream 

activation of MKK3/6 by cellular and environmental stress signals is not yet fully understood.  

My composite phosphoproteomic dataset is also useful for identifying unique targets that 

reflect potential off-target effects of individual compounds. I have identified 48 phosphosites that 

specifically respond to only one MKK1/2 or ERK1/2 inhibitor. These phosphosites are likely off-

target effects specific to each compound and are good candidates for follow up analysis, using 

methods similar to those I used in my investigations of p38α MAPK inhibition by trametinib. I 

have now built a database of phosphoproteomics changes in response to BRAF V600E/K, 

MKK1/2, and ERK1/2 inhibitors across four separate SILAC experiments. This dataset will be a 

valuable resource for the development of new targeted therapies in melanoma. Future studies 
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may use this database to quickly profile the targets in common with these MAPK inhibitors, in 

order to identify shared or off-target effects during drug development and identify potential 

biomarkers for drug treatment.    

 

3.2 Future experiments  

The significance of inhibiting p38α MAPK activity in melanoma is largely unknown, 

considering that high concentrations of trametinib only decrease p38α phosphorylation ~50% in 

cells. The p38 pathway has been reported to have both oncogenic and tumor suppressive effects 

depending on both the cell type and the type of pathway stimulation. But there is evidence that 

p38 signaling protects UV-treated melanoma cells from apoptosis (Ivanov & Ronai, 2000), given 

that melanoma cells expressing constitutively active MKK6 show decreased basal and UV-

induced cell death compared to controls, while a catalytically inactive mutant increased the 

percentage of cell death in response to UV irradiation. To determine if p38 acts as a pro-survival 

pathway vs inhibits cell viability under normal conditions, future studies are needed to treat 

cancer cell lines with p38α/β inhibitors (e.g. SB203580), or by siRNA knockdowns or gene 

editing of MKK3, MKK6, p38α, and p38β, measuring cell viability using the CellTiter Glo assay 

and apoptosis using annexin V-PI flow cytometry. These results can then be compared to cells 

where p38 MAPK signaling is activated by hyperosmotic stress or UV-irradiation. Any 

differences can be followed up by a phosphoproteomic screen of cells treated in parallel to look 

for p38-specific targets and manually validate candidate effectors that may contribute to 

apoptosis or survival.  
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Appendix I. Human Phospho-Kinase Antibody Array. Changes in kinase 

phosphorylation in response to 10 µM treatment for 4 h with MKK1/2 inhibitor 

selumetinib (AZD) or ERK1/2 inhibitors SCH772984 (SCH) and Vertex-11e (VTX)  
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