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Abstract 

The gene BRAF is mutated to remain aberrantly activated in a large number of 

human malignancies, most prominently in melanoma.  The most common mutation in 

BRAF is a missense mutation that substitutes glutamic acid for valine at codon 600 

(V600E) that leads to constitutive activation of this kinase.  In this active state, BRAFV600E 

phosphorylates and activates the MEK1 and MEK2 kinases, which in turn phosphorylate 

the ERK1 and ERK2 kinases of the MAPK pathway to promote tumorigenesis.  

Targeting this pathway is a well-validated strategy to treat BRAF-mutant cancer.  

Inhibitors of both BRAFV600E and the MEK1/2 kinases are used to treat BRAF-mutant 

melanoma and are being evaluated in other cancers as well.  However, the duration of 

response to these targeted therapies is limited by innate and acquired resistance, which 

is often mediated through reactivation of the MAPK pathway.  Thus, new targeted 

therapies to inhibit MAPK signaling in BRAF-mutant malignancies are required.  To this 

end, MEK1/2 kinases require copper (Cu) for enzymatic activity and signaling.  We 

therefore tested whether the dependency of these validated targets on Cu could be 

leveraged for the treatment of BRAF-mutant cancer. 

We report that genetic reduction of Cu import through disruption of the gene 

encoding the high affinity Cu transporter CTR1 or pharmacological chelation of Cu with 

the drug tetrathiomolybdate (TTM) suppressed MAPK signaling in both in vitro and in 

vivo models of BRAF-mutant tumorigenesis.  This reduction in MAPK signaling 
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correlated with a reduced potential for tumorigenic growth and an increase in survival 

of tumor-bearing mice.  Finally, TTM reduced the transformed growth of a number of 

human melanoma cell lines engineered to be resistant to current MAPK pathway 

inhibitors.  As such, Cu chelation holds promise as a novel treatment for BRAF-mutant 

cancers and may find value in targeting resistance to current MAPK pathway inhibitors. 
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1. Introduction 

1.1 The Mitogen Activated Protein Kinase (MAPK) Pathway 

The Mitogen Activated Protein Kinase (MAPK) pathway is one of the most 

commonly activated cellular signaling pathways in human cancer, as well as in a 

number of other diseases1,2.  Extracellular signals in the form of ligands binding to cell 

surface receptors are transduced through the MAPK pathway to regulate various 

cytoplasmic enzymes, as well as to the nucleus of a cell, ultimately activating a 

transcriptional program1,2. 

The MAPK pathway consists of a cascade of protein kinases that phosphorylate 

and activate the next kinase in the pathway.  The organization of the pathway is such 

that MAPK kinase kinases (MAP3Ks) phosphorylate and activate MAPK kinases 

(MAP2Ks), which phosphorylate and activate effector MAPKs, which dictate cellular 

response, usually through regulation of transcriptional programs1,2.  Four distinct MAPK 

pathways exist in human cells that are activated through distinct signals and activate 

distinct transcriptional programs1.  The focus of this work is on the canonical growth 

factor-activated MAPK pathway.  This pathway consists of three MAP3Ks (ARAF, 

BRAF, and CRAF), two MAP2Ks (Mitogen/ERK-related kinase [MEK] 1 and 2, also 

known as MAPKK1 and MAPKK2), and two MAPKs (extracellular signal-regulated 

kinase [ERK] 1 and 2, also known as MAPK1 and MAPK2).  ERK1/2 phosphorylate a 

number of cytoplasmic and nuclear targets. 
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This conserved signaling module controls a number of distinct physiological 

processes in many different cell types throughout development.  Although primarily 

known as a pro-proliferative signaling pathway, the canonical RAF-MEK1/2-ERK1/2 

MAPK pathway is also activated in many other physiological processes including 

immune cell activation3, angiogenesis4,5, cell migration5,6, wound healing7, neural 

development8-10, cell differentiation11, and several other key physiological and 

developmental programs. 

Signaling through the MAPK pathway begins with the activation of 

transmembrane cell surface receptors, such as receptor tyrosine kinase (RTK) growth 

factor receptors12,13.  Intracellular kinase domains of dimerized RTKs trans-

phosphorylate each other on tyrosine residues, recruiting phosphotyrosine-binding SH2 

domain-containing adapter proteins, such as SHP213,14.  These adapter proteins in turn 

recruit RAS guanine nucleotide exchange factors (GEFs) that activate RAS small 

GTPases through stimulation of GTP for GDP nucleotide exchange15.  Activated RAS 

proteins recruit and promote the dimerization of RAF kinases, promoting membrane 

recruitment, autophosphorylation that relieves steric autoinhibitory domains, and 

dimerization, leading to activation of these kinases to promote signaling through the 

MAPK pathway16,17.  Inactivation of the pathway is achieved at the level of receptors by 

protein tyrosine phosphatases and the SPRY proteins, at the level of RAS proteins by 

GTPase activating proteins (GAPs), and at the level of the MAPK pathway members by 
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both protein phosphatases and phosphorylation-mediated negative feedback loops 

wherein ERK1/2 phosphorylate and inactivate MEK1/2 and RAF15-19. 

Three RAF isoforms (ARAF, BRAF, and CRAF) can initiate the MAPK cascade.  

These enzymes share high sequence homology, especially in three conserved (C) 

regions17.  C1 is involved in association with the upstream activator of RAF, the small 

GTPases of the RAS family.  C2 is involved in activity regulation.  C3 contains the kinase 

domain and is autoinhibited by the C1 and C2 regions.  These regions orchestrate 

activation of the enzyme.  First, the C1 domain promotes association with active, GTP-

bound RAS proteins, bringing RAFs in proximity to their substrates MEK1/2.  Second, 

the C2 domain is phosphorylated by membrane associated tyrosine kinases, allowing 

binding of 14-3-3 proteins that keep the kinase in an “open” conformation.  Finally, this 

open conformation leads to relief of autoinhibition of the C3 domain and enzymatic 

activity of the kinase domain.  In addition to activation by RAS, efficient MAPK 

signaling requires binding of RAF and MEK1/2 to the scaffolding protein Kinase 

Suppressor of RAS (KSR), a pseudokinase closely related to the RAF proteins17.  Upon 

RAS-mediated activation, RAF proteins form homodimers or inter-isoform heterodimers 

at the kinase domain.  This dimerization is required for kinase activity16,17,20. 

The only known substrates of the RAF kinases are MEK1 and MEK2, two highly 

conserved members of the 7-member MAPKK family (MEK1-7).  Like MEK3-7, MEK1 

and MEK2 (MEK1/2) are serine/threonine (S/T) and tyrosine (Y) dual-specificity kinases.  
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Knockout of Map2k1, the gene encoding MEK1, is embryonic lethal in mice due to 

defects in placental development4.  Interestingly, although highly related to MEK1, 

MEK2 is dispensable for normal development21, highlighting the distinct physiological 

roles of these conserved kinases due to subtle difference in regulation.  Although they 

share high sequence homology, distinct functions for MEK1 and MEK2 have been 

reported, such as in negative feedback regulation of the MAPK pathway22.  MEK1 and 

MEK2 form a heterodimer, and MEK1 possesses a Threonine at position 292 which is 

absent in MEK2 and is phosphorylated by ERK1/2 in a negative feedback loop22. 

ERK1 and ERK2 (ERK1/2) are the only known substrates of MEK1/2.  ERK1/2 

have a wide variety of cytoplasmic substrates including MNK1/2 and p90RSK1/2/3 that 

are involved in protein synthesis and cellular growth, as well as nuclear protein targets 

including transcription factors Elk1, c-Myc, and c-Fos that are involved in cell cycle 

progression and proliferation1.  As is the case for MEK1/2, ERK1 and ERK2 share high 

sequence homology and many overlapping functions, but knockout studies in mice 

revealed distinct roles for these kinases in development.  Knockout of Mapk1 is 

dispensable for normal development, whereas knockout of Mapk2 is embryonic lethal23-

25.  ERK1/2 are also involved in negative feedback regulation of the MAPK pathway, 

phosphorylating RAF, MEK1/2, and KSR1/2 as well as other regulatory proteins 

involved in MAPK signaling, leading to abrogation of the MAPK signal19. 
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1.2 MAPK Signaling in Human Cancer 

The MAPK pathway is constitutively activated in a large number of human 

cancers and at many levels in the pathway.  Aberrant activation of the MAPK pathway 

in disease can result from upregulation or mutation in upstream activators of this 

pathway (e.g., increased expression of growth factors or their receptors, mutation of 

growth factor receptors, and activating mutations in RAS, RAF, or MEK1/2 proteins), or 

inactivating mutations in negative-regulators of the pathway (e.g., loss or mutation of 

the RAS negative regulator neurofibromin 1 [NF1])16,26.  Constitutive activation of the 

MAPK pathway leads to uncontrolled cell proliferation and resistance to induction of 

apoptosis, two hallmarks of cancer27.  RAS is mutated to be constitutively active in 

approximately 30% of human cancers12.  Although activating RAS mutations depend on 

MAPK signaling for tumor initiation, the MAPK pathway is not sufficient for this role28.  

Other effector pathways of RAS, including the PI3K/AKT pathway and the RalGEF/Ral 

pathway, are essential for initiating oncogenic RAS-driven cancers, and the PI3K/AKT 

pathway is necessary for maintaining growth of human pancreatic cancer xenografts 

upon loss of oncogenic RAS expression12-14,26,28. 

Activating mutations in BRAF represent the most common mutations in the 

MAPK pathway in human cancer, occurring in approximately 50% of advanced human 

melanomas, up to 60% of papillary thyroid carcinomas, approximately 20% of colorectal 

cancers, approximately 2% of lung adenocarcinomas, and a significant proportion of 
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leukemias18,29-31.  The most common mutation in BRAF leads to a substitution of valine at 

amino acid position 600 with glutamic acid (V600E).  This mutation leads to constitutive, 

RAS-independent activation of the kinase and confers kinase activity as a monomer as 

opposed to the normal requirement of RAF kinases for dimerization.  Activating MEK1 

and MEK2 mutations have also been reported in human cancer, frequently in the context 

of acquired resistance to BRAF inhibitor targeted therapies31-34. 

1.3 Current Targeted Therapies in MAPK-driven Cancer 

In 2002, deep sequencing a broad spectrum of human tumor samples revealed 

that approximately 50% of melanoma samples harbored a mutation in BRAF29.  

Subsequent work confirmed that this mutation increases the activity of BRAF, effectively 

causing constitutive activation of the pro-tumorigenic MAPK pathway16,35,36.  Efforts 

therefore began to target the activity of this oncoprotein, but first-generation RAF kinase 

inhibitors, such as sorafenib (Nexavar), showed low selectivity for BRAF and off-target 

toxicities that limited the therapeutic window of these drugs16,37.  Therefore, efforts 

turned to creating compounds that would selectively inhibit the most common mutant 

form of BRAF (BRAFV600E) over native BRAF or the other RAF isoforms.  Fragment-based 

lead discovery led to the development of the second-generation, BRAF mutant-selective 

inhibitor vemurafenib (Zelboraf).  A Phase III clinical trial in patients with advanced 

BRAF-mutant melanoma showed that vemurafenib treatment increased both 

progression-free survival as well as overall survival compared to the standard-of-care 
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chemotherapy dacarbazine, leading to the approval of this drug in BRAF-mutant 

melanoma in 201138.  Soon after, another BRAF mutant-selective inhibitor, dabrafenib 

(Tafinlar), was shown to similarly extend survival in advanced melanoma, ultimately 

receiving FDA approval for the treatment of BRAF-mutant melanoma in 201339.  Almost 

immediately, the limitations of these compounds became apparent: a significant portion 

of patients fail to respond to these inhibitors despite harboring the BRAFV600E mutation 

(innate resistance), and the majority of patients who initially respond to treatment 

eventually succumb to their disease as the cancer progresses on treatment after 

anywhere from 6 months to several years of treatment (acquired resistance).  The 

mechanisms of resistance to these drugs have been the focus of much research and are 

reviewed in Section 1.4 below20,32,34,40-46.  Ultimately, it was found that inhibiting the 

MAPK pathway at multiple nodes simultaneously, namely at the level of mutant BRAF 

and MEK1/2, could increase response rates and extend response duration in patients 

with advanced BRAF-mutant melanoma47-52. 

Beyond melanoma, approximately 1-3% of lung adenocarcinoma53, up to 60% of 

papillary thyroid carcinoma54, 4% of multiple myelomas55, and 20% of colorectal 

cancers56 harbor an activating mutation in BRAF29,31.  Thus, BRAF and MEK1/2 inhibitors 

are under investigation in these cancers, to varying levels of success.  Clinical trials are 

ongoing for all of these and other BRAF-mutant cancers to test combinations of MAPK 

pathway inhibitors with or without other targeted therapies and chemotherapeutics57.  
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Finally, the emergence of immune checkpoint inhibitors as a promising breakthrough in 

the treatment of melanoma and other malignancies has prompted clinical trials to test 

these compounds in combination with MAPK pathway inhibitors58.  Thus far, early 

efforts in this direction have been stymied by adverse reactions, but there is great hope 

that future work will determine well tolerated and efficacious combinations of these 

drugs to the great benefit of many cancer patients. 

1.4 Resistance to MAPK Pathway Inhibitors 

Despite the early promise of MAPK pathway inhibitors in treating BRAF-mutant 

cancer, the use of these targeted therapies has been limited, as discussed above, by the 

development of acquired resistance.  This phenomenon is not unique to MAPK pathway 

inhibitors, as acquired resistance is a pressing clinical problem in targeted therapies 

developed for the treatment of other cancers.  For example, resistance develops against 

EGFR inhibitors in breast cancer, antiandrogens in prostate cancer, and BCR-ABL 

inhibitors in leukemia59-64.  Early efforts to identify mechanisms of resistance to MAPK 

pathway inhibitors utilized human melanoma cell lines cultured with low doses of the 

drug(s) for a period of weeks to months until resistant clones emerged.  These resistant 

clones were analyzed for both genetic (mutation) and epigenetic changes (e.g., altered 

gene expression or mRNA splicing) that could explain the acquired resistance20,40,46,48,65-69.  

More recently, forward genetic screens utilizing random mutagenesis techniques, gain-

of-function open reading frame (ORF) libraries containing known cancer signaling 
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pathway drivers, and loss-of-function shRNA or whole genome CRISPR/Cas9 gDNA 

libraries have identified novel mechanisms that can confer MAPK inhibitor 

resistance32,45,70-72.  The latest efforts in this field have focused on identifying mutations in 

BRAF-mutant melanoma tumors from patients after progression of disease on treatment 

with clinical MAPK pathway inhibitors or comparing gene expression profiles in these 

tumors before and after treatment34,41,42,50,58,73-76.  Together, these efforts have identified a 

number of mechanisms that can mediate resistance to MAPK pathway inhibitors, as 

summarized in Fig. 1.  It is now appreciated that there are two broad mechanisms of 

resistance to MAPK pathway inhibitors, namely:  1) those which rely on continued 

activation of ERK1/2 phosphorylation and thus may remain sensitive to blockade of 

MAPK pathway signaling downstream of the driver of resistance (MAPK-dependent), 

and 2) those that activate other pathways to maintain tumor growth in the presence of 

MAPK pathway inhibitors (MAPK-independent) and would thus not be expected to 

respond to downstream blockade of ERK1/2 activation37,44,77,78.  In terms of genetic 

MAPK-dependent mechanisms of resistance, one of the most common mutations 

identified is the oncogenic mutation of NRAS, or, more rarely, KRAS46,48,66,68,73,74.  Mutant-

selective BRAF inhibitors such as vemurafenib and dabrafenib have been reported to 

lead to paradoxical activation of MAPK signaling in the presence of RAS mutations or 

CRAF overexpression20,65,68,71.  This is due to the compounds stabilizing the BRAF 

oncoprotein in a conformation that enhances dimerization with CRAF, which is then 
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activated to signal through the MAPK pathway20,79.  More recently, third-generation 

BRAF inhibitors have been developed which avoid this paradoxical activation of MAPK 

signaling, and these so-called “paradox busters” are now in clinical trials and may 

eventually replace the current second-generation BRAF inhibitors in the clinic80,81.  In 

addition to blocking BRAF-CRAF dimerization, these third-generation BRAF inhibitors 

show good activity against the p61 splice variant of BRAF that prevents binding of 

 

Figure 1.  Overview of select cell-intrinsic mechanisms of acquired and innate 

resistance to MAPK pathway inhibitors.  Overexpression of proteins highlighted in 

blue or mutation of proteins highlighted in red can impart resistance to BRAF and/or 

MEK1/2 inhibitors.  Resistance drivers fall broadly into two categories: those that 

depend on the reactivation of ERK1/2 (MAPK-dependent) and those that do not (MAPK-

independent). 
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second generation BRAF inhibitors and was identified in patients whose disease had 

progressed on vemurafenib therapy40,73,82. 

Other MAPK-dependent mechanisms of resistance to MAPK pathway inhibitors 

include upregulation of activators of MEK1/2, such as COT kinase (also known as 

MAP3K8), an alternative MAP3K that is unrelated to the RAF proteins but can similarly 

phosphorylate and activate MEK1/245.  Finally, activating mutations in both MEK1 and 

MEK2 have been identified in patients refractory to either BRAF inhibitors or the 

combination BRAF and MEK1/2 inhibitors32,34,41,42,48.  Among these, the MEK1C121S 

mutation is the most prevalent and was among the first identified41.  MEK1C121S possesses 

heightened basal kinase activity, but is reportedly insufficient to transform cells on its 

own without a concurrent BRAF mutation41.  Ectopic expression of MEK1C121S confers 

resistance to both BRAF inhibitors, including vemurafenib, and MEK1/2 inhibitors, 

including selumetinib41. 

In terms of MAPK-independent mechanisms of MAPK pathway inhibitor 

resistance, most involve upregulation of receptor tyrosine kinases (RTKs) or other 

modes of stimulating the PI3K/AKT pathway, a parallel pro-survival and growth 

pathway shown to confer resistance to MAPK pathway inhibition46,65-67.  Among RTKs 

reported to confer resistance to MAPK pathway inhibitors, upregulation of insulin-like 

growth factor 1 receptor (IGF1-R)65 and the β isoform of the platelet-derived growth 

factor receptor (PDGFRβ)46 are the most common and have been identified in both in 
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vitro studies of human melanoma cell lines as well as in melanoma patient samples.  In 

BRAF-mutant colorectal cancer and lung cancer, expression of the epithelial growth 

factor receptor (EGFR) has also been reported to confer resistance to MAPK pathway 

inhibitors43,69,83.  Finally, an in vitro screen of signaling pathways commonly activated in 

cancer identified the NF-κB pathway as imparting resistance to MAPK pathway 

inhibitors, a finding that was confirmed in gain-of-function studies and in patient 

samples70,72. 

To date, no targeted therapy has been approved for the treatment of BRAF-

mutant melanoma that is resistant to MAPK pathway inhibitors.  Thus, identification of 

novel treatment modalities with antitumor effects in these cancers with a rapid path to 

the clinic is of extreme importance. 

1.5 MEK1/2 Require Copper 

A whole genome siRNA screen in Drosophila cells for novel modifiers of MAPK 

pathway signaling identified the Drosophila homologue of the human CTR1 gene, Ctr1A, 

as a suppressor of MAPK signaling84.  CTR1 encodes a highly conserved transmembrane 

homotrimeric pore protein that serves as the primary specific copper (Cu)-specific 

importer in metazoans (See section 1.6).  Studies performed by Dr. Michelle Turski from 

the lab of Dr. Dennis Thiele demonstrated that knockdown of Ctr1A in Drosophila 

suppressed activated Ras-driven developmental and tumor phenotypes and 

phenocopied loss of Ras in reducing prothoracic gland size85.  Immunoblot analysis of 
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the MAPK signaling pathway revealed that the defect in signaling in the absence of 

Ctr1A was at the level of MEK1/2 kinases86, a finding later confirmed by epistatic 

analysis, as mutational activation of ERK1/2 or the introduction of a Cu-independent 

MEK1-MEK5 chimeric protein could rescue CTR1 loss or Cu chelation in oncogenic 

BRAFV600E-driven signaling, transformation, and tumor phenotypes86.  Furthermore, 

MEK1/2 bind directly to Cu as revealed by affinity pulldown and competition 

experiments with Cu-charged glutathione beads, Cu-loaded pentadentate beads, and the 

divalent metal ligand PAR.85  Finally, Cu is directly required for kinase activity of 

MEK1/2, as chelation of Cu reduces the ability of MEK1/2 to phosphorylate ERK1/2 in an 

in vitro kinase assay, and this effect can be reversed by supplementation of excess Cu in 

the form of CuSO485,86. 

Mutational analysis revealed amino acids conserved in MEK1 and MEK2 

required for Cu binding86, but to date efforts to crystalize MEK1 or MEK2 in the 

presence of Cu to definitively pinpoint the location of Cu in these kinases have been 

unsuccessful.  Without this critical structural information, we can only speculate on the 

mechanism by which Cu is involved in the kinase activity of these enzymes.  Two of the 

amino acids in MEK1 and MEK2 identified to be involved in Cu binding by mutational 

analysis and metal catalyzed oxidation (M187 and H239 in MEK1) are not conserved 

among other MEK family members, and no other MEK family members have been 

identified to bind Cu86.  Cu has well defined roles in cellular redox regulation as 
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discussed further in Section 1.6, and Cu bound to MEK1/2 may function as a redox 

sensor, though this has yet to be formally tested.  Understanding the mechanism behind 

the requirement of MEK1/2 for Cu may lead to the development of novel, potent 

inhibitors of these validated cancer targets. 

Given the requirement of MEK1/2 in BRAF-mutant cancers, we tested whether 

loss of CTR1 could inhibit BRAFV600E-driven transformation.  Our group in a 

collaborative effort with the Thiele lab demonstrated that genetic loss of CTR1 prevents 

activation of the MAPK pathway by expression of the mutant BRAFV600E oncoprotein85.  

In addition, BRAFV600E-transformed xenograft tumors were dependent on CTR1 

expression, confirming the genetic link between Cu and the MAPK pathway and 

supporting further exploration of targeting the requirement of MEK1/2 for Cu to treat 

BRAF-mutant cancer86. 

1.6 Copper Biology 

Cu is an essential trace element involved in a diverse set of physiological 

processes87.  Cu is involved in innate immunity, being used by macrophages to kill 

pathogenic bacteria88.  Cu is also critical in the formation of the extracellular matrix as an 

essential cofactor for lysyl oxidase, an enzyme involved in collagen deposition and 

crosslinking89.  Intracellular Cu is also involved in a number of intracellular redox 

process.  Cu is an essential component of the holoenzyme SOD1, a major scavenger of 

free radical oxides in the cell90.  Mutations in SOD1 that reduce its function have been 
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identified in patients with Amyotrophic Lateral Sclerosis, indicating that its redox 

protective function is essential for neuronal maintenance91-93.  Furthermore, regulation of 

the cellular redox state by SOD1 has been suggested to inactivate certain protein 

phosphatases and thus could impact various cellular signaling pathways including the 

MAPK pathway in addition to its role in MEK1/2 activity94.  Cu is also involved in a 

number of mitochondrial processes, most notably being bound and required by 

cytochrome c oxidase (COX) IV, the critical terminal member of the electron transport 

chain of cellular respiration87.  Intracellular Cu is tightly regulated in its redox status, 

localization, and transport, highlighting the critical dual role it plays in health and 

disease of cells95. 

Cu is also an essential cofactor in a number of pro-angiogenic processes.  Cu has 

long been known to be pro-angiogenic, as application of Cu increases blood vessel 

formation in a number of in vivo and ex vivo models, whereas Cu chelation antagonizes 

blood vessel formation in these models96-98.  Cu is required for a number of important 

signaling pathways in blood vessel formation, including basic fibroblast growth factor 

(bFGF) receptor signaling signaling99-102.  Finally, Cu is also involved in hematopoiesis, 

as it is essential for the formation of heme103.  As discussed in Section 1.8, Cu has thus 

been targeted to inhibit angiogenesis in the context of cancer, providing a framework for 

evaluating Cu chelators in cancer clinical trials104,105. 
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1.7 Clinical Copper Chelators 

Clinical Cu chelators were first developed in the 1950s for the treatment of the 

rare autosomal recessive genetic disorder Wilson disease106.  Wilson disease is caused by 

inheritance of two mutated hypomorphic alleles of the gene encoding the cellular Cu 

exporter ATP7B107-109.  This leads to toxic accumulation of Cu in the cells and tissues, 

severe organ toxicities, and eventually death if left untreated.  The most commonly 

affected organs in Cu toxicity are the liver and the central nervous system106. 

Metal chelators are often organic compounds containing sulfhydryl groups, 

falling in the classification of thiols.  The first clinical Cu chelator developed for use in 

humans was a thiol compound called dimercaprol, first used in 1951, which chelates 

metal through binding to two nearby sulfhydryl groups110.  Dimercaprol is also known 

as British anti-lewisite, reflecting its history as a compound developed as an antidote to 

the arsenic-containing chemical warfare agent Lewisite111.  Dimercaprol is moderately 

effective but has a narrow therapeutic window, is not selective for Cu but rather chelates 

a number of metals, and is not orally bioavailable, being administered by painful 

intramuscular injection106.  Therefore efforts turned to developing better tolerated and 

specific Cu chelators, and in 1956 penicillamine was introduced112. 

Derived from penicillin and originally identified in the urine of patients treated 

with this antibiotic, penicillamine directly chelates Cu after which it is renally voided.  

Unfortunately, as with its parent compound penicillin, a significant portion of patients 
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experience adverse reactions to penicillamine and therefore cannot be treated with this 

drug106.  This ultimately led to the development of the third-generation Cu chelator 

triethylenetetramine (trientine), which is both more potent than penicillamine and 

avoids potential toxicity due to penicillin allergies113.  Trientine is unique among clinical 

Cu chelators in that it contains no sulfur atoms.  Instead, trientine chelates Cu through 

coordination of the metal by amine side chains. 

Finally, tetrathiomolybdate (TTM) is an experimental Cu chelator first 

discovered in the stomachs of ruminants suffering from Cu-deficiency114.  Soils high in 

molybdenum lead to transfer of the heavy metal through grass into the ruminants’ 

stomachs where it was metabolized by the addition of thiol molecules, leading to the 

creation of a potent Cu chelator.  TTM both prevents Cu absorption from the diet when 

taken with meals and chelates Cu in the tissue, after which it is excreted via the liver and 

bile115.  TTM is faster acting and more potent than other Cu chelators, but has not yet 

been approved by the FDA for the treatment of Wilson disease.  Nevertheless, with its 

excellent side effect profile and potency, TTM is the most often used Cu chelator in 

human cancer clinical trials104,105,116-126. 

1.8 TTM in Cancer Therapy 

TTM has demonstrated antitumor activity in a number of murine models of 

cancer and is generally well tolerated.  Daily oral treatment of mice with 0.7 mg/day 

TTM followed by titration biweekly to maintain ceruloplasmin (Cp) activity, a 
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biomarker of Cu availability, suppression at 20% to 30% of baseline was shown to 

roughly halve the number of lung lesions detected in mice after injection of the human 

oral squamous carcinoma cancer cell line OSCC-3 Luc into the tail vein127.  Treatment 

with 0.7 mg/day TTM administered in the drinking water for 70 days completely 

blocked xenograft tumor growth of the SCCVII/SF human squamous cell carcinoma cell 

line, an effect that was reversible as mice taken off treatment rapidly developed 

tumors123.  TTM was also effective in this model when tumors were already established, 

slowing tumor growth such that tumors were 4.7 times smaller than control after 7 days 

of treatment120.  In a similar xenograft model using HNSCC cells, daily oral treatment of 

0.7 mg TTM reduced primary tumor growth by 50%, enhanced the survival rate by 13 

percentage points, and reduced the risk of metastasis by 86%128.  Likewise, 0.7 mg daily 

TTM delivered by oral gavage for 47 days completely blocked the growth of UM-SCC-38 

human HNSCC xenograft tumors129. 

Treatment with 0.7 mg/day TTM by oral gavage for 7 weeks also reduced the 

growth of SUM149 breast cancer xenograft tumors in mice125.  Oral TTM (1.25 mg daily 

for the first 3 days followed by 0.7mg daily) also reduced tumor growth of SUM149 

breast cancer xenografts by 75%, and this effect was dependent on the presence of intact 

NF-κB signaling130.  Chronic TTM treatment (0.75 mg daily by oral gavage for 180 days) 

was effective as a chemo-preventative in a Her2/neu transgenic mouse model of breast 

cancer, reducing the appearance of spontaneous mammary tumors by 50%131.  In 



 

 19 

addition, daily oral TTM (0.7-1.5 mg/day) also enhanced the anti-metastatic effect of the 

invasion inhibitor peptide Ac-PHSCN-NH2 in a xenograft mouse model as well as a 

plasma fibronectin-induced rat model of invasion involving human DU145 prostate 

cancer cells122. 

In addition to monotherapy, TTM has also been tested in conjunction with other 

anticancer therapies, such as radiotherapy (RT).  Daily oral TTM (1.25 mg initial dose for 

3 days followed by 0.7 mg daily) greatly enhanced the efficacy of 5 mg/kg/week 

doxorubicin in a SUM149 human breast cancer xenograft model by increasing the 

sensitivity of these tumors to undergo apoptosis (113% increase in apoptosis)124.  

Treatment with TTM provided in the drinking water (0.5-1 mg/day per mouse) reduced 

tumor growth in a Lewis lung high metastatic (LLHM) carcinoma mouse model to a 

similar extent as single-dose 15 Gy RT (50-60% volume reduction), and furthermore, was 

additive with RT with no additional toxicity or adverse effects over a period of 20 

days126.  This result was replicated with a more clinically relevant RT strategy in a 

similar model using an isogenic allograft model of squamous cell carcinoma, as response 

to RT consisting of 7.5 Gy, a dose known to slow tumor growth but not cause tumor 

regression in this model, was potentiated by the addition of TTM (0.9-1.1 mg for the first 

2 days followed by 0.45-0.6 mg daily over 16-21 days), increasing the efficacy of the RT 

regimen by reducing the tumor growth rate 1.8 fold121.  Finally, the choline salt analog of 

TTM, ATN-224 (0.7 mg daily by oral gavage), enhanced the antitumor activity of a 
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herpes simplex-derived oncolytic virus in orthotopic and subcutaneous xenograft 

models of glioma132.  Together, these data suggest that TTM is a well-tolerated and 

effective antitumor drug alone and in combination with other cancer therapies.  Optimal 

deployment of TTM in cancer may depend on selecting patients with tumor drivers 

most dependent on MAPK signaling, namely those with BRAF mutations.
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2. Materials and Methods 

2.1 Plasmids  

The pCL10a1 retroviral packaging vector was obtained from Novus Biologicals 

(Littleton, CO).  pBABEhygro-T/t Ag and pBABEzeo-hTERT were described 

previously133. 

The pBABEpuro-HA-p61BRAFV600E construct was created by two-step PCR 

subcloning of human BRAFV600E cDNA from plasmid pBABEpuro-MYC-HIS-BRAFV600E as 

previously described86 with primers designed to internally delete the cDNA sequence 

corresponding to exons 4-8 of full-length BRAFV600E and include an N-terminal 

hemagglutinin (HA) tag.  The pBABEpuro-HA-COT1, pBABEpuro-HA-CRAF, 

pBABEpuro-HA-IGF-1R, pBABEpuro-HA-PDGFRβ and pBABEpuro-HA-IKKβ 

constructs were created by PCR subcloning the indicated human cDNAs from plasmids 

pDONR223-MAP3K8, pBABEpuro-CRAF, pBABEbleo-IGF-1R, pDONR223-PDGFRβ, 

and pDONR-IKKβ (Addgene, Cambridge, MA; plasmids # 23538, 51124, 11212, 23893, 

and 64609 respectively)45,72,134 with primers designed to include an N-terminal HA tag.  

The pBABEpuro-HA-MEK1DD (S218D/S222D), pBABEpuro-HA-MEK1F53S, pBABEpuro-

HA-MEK1Q56P, pBABEpuro-HA-MEK1K57N, pBABEpuro-HA-MEK1D67N, pBABEpuro-HA-

MEK1L115P, pBABEpuro-HA-MEK1C121S, pBABEpuro-HA-MEK1P124S, pBABEpuro-HA-

MEK1Y134C, pBABEpuro-HA-MEK1E203K, and pBABEpuro-HA-MEK1P264S constructs were 

created by introducing mutations corresponding to the indicated amino acid changes by 
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site-directed mutagenesis into human MAP2K1 cDNA from the pDONR223-MAP2K1 

plasmid (Addgene plasmid # 23406)45 followed by PCR subcloning with primers 

designed to include an N-terminal HA-tag.  The pBABEpuro-HA-MEK2DD 

(S218D/S222D), pBABEpuro-HA-MEK2E27K, pBABEpuro-HA-MEK2E45K, pBABEpuro-

HA-MEK2Q60P, pBABEpuro-HA-MEK2C125S, pBABEpuro-HA-MEK2S154F, and pBABEpuro-

HA-MEK2E207K constructs were created by introducing mutations corresponding to the 

indicated amino-acid changes by site-directed mutagenesis into human MAP2K2 cDNA 

from the pDONR223-MAP2K2 plasmid (Addgene plasmid # 23555)45 followed by PCR 

subcloning with primers designed to include an N-terminal HA-tag.  The pBABE-HA-

NRASQ61L construct was created by introducing mutations corresponding to the 

indicated amino-acid change by site-directed mutagenesis of NRAS cDNA from the 

pBABEpuro-NRAS plasmid previously described28 followed by PCR subcloning with 

primers designed to include an N-terminal HA-tag.  The pBABEpuro-NRASG12D, 

pBABEpuro-NRAS-KG12D, pBABEpuro-KRASG12D, and pBABEpuro-KRAS-NG12D 

constructs were created by GeneArt Strings gene synthesis (Thermo Fisher Scientific, 

Waltham, MA) of the appropriate HA-tagged cDNA followed by PCR subcloning into 

the pBABE or pWZL retroviral expression vectors. 

All plasmids were confirmed to encode the correct cDNA by sequencing using 

appropriate primers through the services of Eton Bioscience (San Diego, CA). 



 

23 

2.2 Drugs 

Trametinib and vemurafenib were obtained from Chemietek (Indianapolis, IN), 

and ammonium tetrathiomolybdate (TTM) was obtained from Sigma Aldrich (St. Louis, 

MO).  Trametinib, vemurafenib, and TTM were dissolved in DMSO or 1% DMSO/1% 

methylcellulose for in vitro or in vivo studies, respectively.  Nω-nitro-L-arginine methyl 

ester hydrochloride (L-NAME) and Nω-propyl-L-arginine (L-NPA) were obtained from 

Sigma Aldrich and dissolved at 1 g/l in the drinking water for in vivo studies. 

2.3 Cell Lines and Tissue Culture 

A375 human melanoma cells and 293T/17 retroviral packaging cells were 

purchased from ATCC (Manassas, VA; catalogue # CRL-1619 and CRL-11268, 

respectively) and maintained in high glucose DMEM with pyruvate (Thermo Fisher 

Scientific, 11995-065) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher 

Scientific, 10437-028), 100 U/ml penicillin, and 100 µg/ml streptomycin (Thermo Fisher 

Scientific, 15140-122).  DM175, DM440, DM443, DM646 and DM738 human melanoma 

cells were a kind gift of Dr. Doug Tyler (University of Texas Medical Branch) and were 

maintained in IMDM (Thermo Fisher Scientific, 12440-053) supplemented with 10% FBS, 

100 U/ml penicillin, and 100 µg/ml streptomycin. 

Mouse Embryonic Fibroblasts (MEFs) were derived from embryos harvested 

from pregnant dams on day P13.5 of gestation. Embryos were dissected from humanely 

euthanized animals to isolate skin tissue, which was then minced in 0.1% (w/v) trypsin 
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solution with a sterile razor blade and incubated at 37°C for 15 minutes.  MEFs were 

cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml 

streptomycin until MEFs grew out.  MEFs were then stably transduced with retroviral 

pBABEhygro-T/t Ag to immortalize and partially transform the cells through expression 

of Large T and small t antigens from the SV40 virus early region133 according to the 

protocol below. 

HEK-HT cells and BJ-HT cells were derived from primary human embryonic 

kidney (HEK) cells and BJ foreskin fibroblasts, respectively, by immortalization and 

partially transformation through expression of Large T and small t antigens from the 

SV40 virus early region133 according to the protocol below.  HEK-HT and BJ-HT cells 

were maintained in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 

µg/ml streptomycin. 

All cells were maintained at 37C in a water jacket incubator with 5% CO2 

atmosphere. 

2.3.1 Retroviral Transduction 

Cell lines were stably infected with retroviruses derived from pBABE- or pWZL-

based retroviral expression vectors as previously described133.  On day 1, 293T/17 

retrovirus packaging cells were seeded at low density (approximately 30% confluency) 

in one 10-cm polystyrene tissue culture plate (VWR, Radnor, PA) per cell line and 

allowed to attach overnight.  On day 2, the media on the 293T/17 cells was changed, and 
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the 293T/17 cells were co-transfected with a Fugene reaction mixture of 3 μg of pCL10a1 

retroviral packaging vector, 3 μg of retroviral pBABE or pWZL expression vector, 18 μl 

of Fugene 6 transfection reagent (Promega, Madison, WI; E2692) and 600 μl of serum-

free media which had been incubated at room temperature for 15-45 minutes.  This same 

transfection procedure was carried out again on day 3, at which time the recipient cells 

were seeded at low density in 10-cm plates for infection.  On day 4, conditioned media 

containing virus from 293T/17 cells was passed through a 45 μm sterile cellulose acetate 

filter (VWR, 28145-481) and onto the recipient cells, and 10 μl of 10 mg/ml polybrene 

(Sigma Aldrich, H9268) in sterile deionized water (diH2O) was added to increase 

infection efficiency.  Media was replaced on the 293T/17 cells, and this infection 

procedure was repeated on day 5.  Finally, on day 6, infected cells were split into 

selection media containing the appropriate amount of antibiotic: 5 μg/ml puromycin 

(Sigma Aldrich, P8833) or blasticidin (Thermo Fisher Scientific, R210-01), 400 mg/ml of 

G418 (Sigma Aldrich, G9516), or 100 μg/ml of hygromycin (Sigma Aldrich, H3274) or 

zeocin (Thermo Fisher Scientific, R250-01). 

2.3.2 Soft Agar Assay 

Anchorage-independent growth was assayed in 6-well polystyrene tissue culture 

plates (VWR) with a 2 ml bottom layer of 0.6% bacto-agar (Becton, Dickinson and 

Company, East Rutherford, NJ) media solution containing the indicated concentration of 

vehicle or drug.  Cells were washed, trypsinized, counted, and re-suspended before 
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plating (2.5 X 103 cells/well) in a 1 ml top layer of 0.3% bacto-agar media solution 

containing the indicated concentration of vehicle or drug over the bottom layer in 

triplicate wells.  Cells were fed with 250 μl of fresh media containing the indicated 

concentration of drug or vehicle weekly.  Plate labels were masked for blinded analysis, 

and colonies of at least 50 cells were counted 4 weeks after plating on a DM1 microscope 

(Leica, Wetzlar, Germany) using a 4X objective (40X total magnification).  Statistical 

analysis of soft agar colony counts normalized to vehicle-treated cells was performed 

with two-way Analysis of Variance (ANOVA) followed by a Bonferroni multiple 

comparisons test or an unpaired two-tailed Student’s t-test using Prism 6 (GraphPad 

Software Incorporated, La Jolla, CA). 

2.3.3 Crystal Violet Proliferation Assay 

Cells were plated in triplicate wells (2.5 x 104 cells/well) in five 6-well plates and 

incubated at 37C in a 5% CO2 water jacket incubator.  On day 1, plates for assaying 

proliferation in low serum were washed once with PBS and the media was replaced 

with DMEM containing 0.1% FBS.  On days 1, 3, 5, 7, and 9, a single 6-well plate for each 

line was removed from the incubator, washed with PBS, fixed with 10% neutral buffered 

formalin (VWR, BDH0500-4LP) for 5 minutes, washed with PBS again, and stained with 

a 0.4% crystal violet (Sigma Aldrich C0775), 20% 190 proof ethanol (VWR, 89125-164) 

aqueous solution for 30 minutes.  Stained plates were washed gently with diH2O to 

remove all excess stain and dried overnight.  Plates were scanned on an Apple iMac 
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computer (Cupertino, CA) using an Epson scanner (Suwa, Nagano, Japan) and analyzed 

for % crystal violet staining area using color thresholding in ImageJ (NIH) to measure 

the positively staining area in pixels divided by the total area.  Statistical analysis was 

performed with an unpaired two-tailed Student’s t-test using Prism 6 (GraphPad) 

software. 

2.3.4 Focus Formation Transformation Assay 

Cells were plated in triplicate wells at near confluency (4.5 x 105 cells/well) and 

allowed to form three-dimensional foci on top of the monolayer of cells over the 

indicated time.  Plates were visualized on a Leica DM1 microscope using a 10X objective 

(100X total magnification) and photographed with a Leica MC170 HD camera.  All 

colonies in each well were counted and photographed.  Statistical analysis was 

performed with an unpaired two-tailed Student’s t-test using Prism 6 (GraphPad) 

software. 

2.3.5 Growth Inhibition Dose-Response Assay 

Cells were plated with a 12-channel multichannel micropipette in sextuplicate 

wells (5 x 103 cells in 90 μl of media/well) of a black-sided, solid-bottomed 96-well plate 

(VWR, 82050-742) and allowed to adhere overnight.  The next day, a drug dilution series 

was prepared in a 96-well plate, and 10 μl of media containing 10X the appropriate 

concentration of the indicated drug was added to each well.  Cells were allowed to 

proliferate in a 37C 5% CO2 water jacket incubator for a total of 72 h, after which 30 μl 
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of CellTiterGlo (Promega) working solution was added to each well.  Cells were shaken 

gently for 10 minutes and then luminescence was read with a Promax GloMax Multi+ 

luminometer (Promega).  Luminescence counts were normalized to DMSO-treated 

control wells and then these normalized values were plotted against the base-10 log of 

drug concentration.  Half-maximum growth inhibitory concentrations (IC50 values) were 

determined using Prism 6 (GraphPad) software. 

2.4 Immunoblot Analysis 

Lysates were isolated from the indicated cell lines treated with or without the 

indicated drugs for 7 days, and then equal amounts of protein were resolved by SDS–

PAGE and immunoblotted as described previously86 with mouse anti-ß-actin (Sigma 

Aldrich, T4026) or mouse anti-HA (BioLegend, San Diego, CA; 901514) primary 

antibodies diluted 1:1000, followed by detection with horseradish peroxidase-conjugated 

goat anti-mouse IgG secondary (Thermo Fisher Scientific, G21040) antibody diluted 

1:5000 and visualization using enhanced chemiluminescence (ECL; GE Life Sciences, 

Fairfield, CT; RPN2134) detection reagents. 

2.5 Drug Combination Statistics 

The Combination Index to test for synergy in drug combinations was calculated 

using CalcuSyn software (BioSoft, Cambridge, GB) based on the method developed by 

Chou and Talalay135.  The Bliss Index was calculated136 with the following formula: 

Bliss Index = EffectObserved/EffectExpected 
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where EffectExpected for the two drug combinations and the three drug 

combinations, respectively, were calculated as follows: 

EffectExpected = EffectA + EffectB – (EffectA*EffectB) 

EffectExpected = EffectA + EffectB + EffectC – (EffectA*EffectB) – (EffectB*EffectC) – 

(EffectA*EffectC) – (EffectA*EffectB*EffectC) 

2.6 Animal Studies 

All animal studies were conducted in accordance with protocols approved by the 

Duke University Institutional Animal Care and Use Committee and performed with 

support from the Division of Laboratory Animal Research (protocol A279-13-12). 

2.6.1 Oncogenic BRAF-driven Lung Adenocarcinoma Genetically 
Engineered Mouse Model 

Mice harboring the BrafCA and Trp53fl alleles were obtained from the Jackson 

Laboratory (Bar Harbor, ME).  Mice of age 9-12 weeks were anesthetized with 1% 

ketamine/0.1% xylazine solution by intraperitoneal injection and treated intranasally 

with 6 x 106 plaque forming units of Cre-expressing recombinant adenovirus (University 

of Iowa) as previously described137.  Mice were then euthanized at moribundity 

endpoint (weight loss of 15% of maximal weight or labored breathing) or at a 3-month 

fixed-time endpoint. 
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2.6.2 Human Cell Line Xenograft Model 

SCID-Beige mice (4-8 per cohort) were purchased from Charles River 

Laboratories (Wilmington, MA), anesthetized under isoflurane, and injected 

subcutaneously on the right flank with 1 x 107 cells per mouse.  When tumors were 

measurable, the mice were treated daily with vehicle (200 μl of 1% DMSO/1% 

methylcellulose), vemurafenib (50 mg/kg), 2 mg of TTM (200 μl of 10 mg/ml) or with the 

combination of TTM and vemurafenib by oral gavage.  Tumors were measured twice 

weekly with calipers using the following formula, and animals were euthanized when 

tumors reached the endpoint volume of 1.5 cm3: 

Volume = 0.5 * length * (width)2 

2.6.3 Oncogenic BRAF-driven Metastatic Melanoma Genetically 
Engineered Mouse Model 

Mice harboring BrafCA, Ptenfl and Tyrosinase::CreERT2tg alleles137,138 were obtained 

from Jackson Laboratory.  Ctr1fl mice were a gift from Dennis Thiele (Duke 

University)139.  BrafCA/CA;Ptenfl/fl mice were bred to Tyrosinase::CreERT2tg/+;Ptenfl/fl mice to 

generate Tyrosinase::CreERT2tg/+;BrafCA/+;Ptenfl/fl (BPC) mice.  To determine the effects of 

Ctr1 loss on melanoma, BrafCA/CA;Ptenfl/fl;Ctr1fl/+ mice were crossed to 

Tyrosinase::CreERT2tg/+;Ptenfl/fl;Ctr1fl/+ mice, and littermate Ctr1+/+ and Ctr1fl/fl BPC mice 

were compared.  To clear the skin for melanoma induction, a patch of hair on the right 

flank of 28-day-old mice was cleared by shaving followed by a 10-minute treatment with 

VEET depilatory cream (Reckitt Benckiser Group plc, Sough, England, GB).  To induce 
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Cre activity and induce melanomagenesis, 2 μl of 5 μM 4-HT (Sigma Aldrich) in DMSO 

was applied topically once a day for 3 consecutive days.  The flank was shaved as 

needed to allow visualization of nevi formation.  Upon nevi formation, mice were 

administered vehicle (200 μl of 1% DMSO/1% methylcellulose), vemurafenib (50 mg/kg), 

2 mg TTM (200 μl of 10 mg/ml), or the combination of vemurafenib and TTM daily by 

oral gavage until tumors reached an endpoint volume of 1.0 cm3 using the following 

formula: 

Volume = 0.5 x length x width x depth 

The appearance, behavior, weight, and tumor volume (calculated as above) of 

mice were monitored daily.  Drug holidays were provided if the animal’s weight 

dropped 15% below maximum until the weight recovered.  Mice were euthanized upon 

reaching a moribundity endpoint, which was primarily a maximum tumor volume of 1.0 

cm3.  Animals were censored from survival data as discussed in Section 4.2.5 for the 

following reasons: development of spontaneous offsite tumors (presumably due to leaky 

Cre expression) that reached endpoint volume, tumor ulceration, weight loss that did 

not recover (presumably due to drug toxicity), cage flooding due to watering system 

malfunction, and animals found dead for unknown reasons that did not survive until at 

least the median survival for the vehicle treatment group (44 days). 
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2.6.4 Oncogenic KRAS-driven Pancreatic Ductal Adenocarcinoma 
Genetically Engineered Mouse Model 

Mice harboring KrasLSL-G12D/+;Trp53LSL-R172H/+;Pdx1::Cretg/+ (KPC) alleles were crossed 

to a Nos3-/- background, all obtained from Jackson Laboratory to yield heterozygous 

Nos3+/- KPC mice.  Nos3+/- KPC mice were backcrossed to each other to yield Nos3+/+ and 

Nos3-/- littermate control KPC mice which were used for all studies.  Animals were given 

normal drinking water or 1 g/l of L-NG-nitroarginine methyl ester (L-NAME; Sigma 

Aldrich, N5751) dissolved in the drinking water.  Animals were monitored for 

moribundity endpoints including reduced activity, labored or distressed breathing, or 

15% weight loss from maximum historical weight 3 times a week.  If animals met any of 

these criteria, they were humanly euthanized and tissues were collected for analysis. 

2.6.5 Murine Pancreatic Ductal Adenocarcinoma Cell Line Allograft 
Model 

Cell lines were derived from the pancreatic tumors of KPC mice at endpoint and 

cultured in vitro in DMEM containing 10% FBS for at least 4 passages to ensure only 

transformed tumor cells remained.  Cells were injected subcutaneously into the flanks of 

Nos3+/+ or Nos3-/- BL6 mice (107 cells/mouse).  Mice were treated with normal drinking 

water or water containing 1 g/l L-NAME or 1 g/l L-NPA and monitored for weight loss 

and tumor growth until tumors reached an endpoint volume of 1.5 cm3. 
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2.6.6 KRASG12D and KRASG13D Conditional Mutation Genetically 
Engineered Mouse Model 

A transgenic targeting vector based on the FLEx system140 was created by Dr. 

Gary Kucera of the Duke Transgenic Mouse Facility to target exon 2 of murine Kras and 

encoded either the G12D or G13D oncogenic mutation (KrasCM allele).  This targeting 

vector is discussed in detail in Chapter 7 and Fig. 27.  Murine embryonic stem cells were 

transfected with the targeting vector by electroporation by Dr. Cheryl Bock of the Duke 

Transgenic Mouse Facility, after which clones with successful genomic integration of the 

targeting vector were selected with neomycin.  Appropriate targeting of the Kras exon 2 

genomic locus was assayed by long range PCR and Southern blot in neomycin-resistant 

clones by Dr. Kucera.  Positive clones were implanted into embryos of pregnant BL6 

dams at the blastocyst stage.  The resulting chimeras were screened for the presence of 

the Kras transgene by genotyping PCR and were crossed to BL6 mice to screen the F1 

progeny for germline transmission of the Kras transgene.  The optimal conditions for the 

genotyping PCR were determined through gradient PCR using a number of candidate 

primer sets.  Mice harboring the G12D or G13D Kras transgene were crossed to 

Actb::FLPetg/+ mice (Jackson Laboratory) to genetically delete the neomycin resistance 

cassette.  Deletion of the neomycin resistance cassette was confirmed by genotyping 

PCR, and then mice were backcrossed to remove the Actb::FLPe transgene allele. 
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2.6.7 Genotyping 

Toes for genotyping were clipped from mice at postnatal day 10 and placed in 

labeled 200 µl PCR tubes.  Genomic DNA was extracted from tissue by boiling samples 

in 100 µl of fresh lysis buffer (25 µl of 10 M NaOH and 4 µl of 0.5 M EDTA, pH 8.0 in 10 

ml of diH2O) for 30 minutes.  DNA samples were then brought to neutral pH by 

addition of 100 µl of neutralizing buffer (400 µl of 1 M Tris, pH 8.0 in 10 ml of diH2O). 

Samples were analyzed by genotyping PCR using either Red Taq (Sigma Aldrich, 

D4309-1KU) or Platinum Taq (Thermo Fisher Scientific, 10966034) followed by 

electrophoresis in a 2% agarose gel with ethidium bromide to resolve bands of the 

expected sizes next to a 100 base pair ladder (Thermo Fisher Scientific, 15628019) and 

appropriate controls.  Reactions were set up in a total volume of 12.5 µl as outlined 

below. 

 

Reaction mixtures: 

Red Taq 2 primer reaction (for detection of Tyrosinase::CreERT2tg, BrafCA, Braf+ and 

Actb::FLPetg alleles): 7.25 µl of diH2O, 1.25 µl of 10X Red Taq reaction buffer, 1 µl of 

dNTPs (10 mM, 2.5 mM each base), 0.625 µl of each primer (20 µM), 0.5 µl of Red Taq 

enzyme, and 1.25 µl of genomic DNA 
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Red Taq 3 primer reaction (for detection of Trp53LSL-R172H and Trp53+ alleles): 6.6 µl of 

diH2O, 1.25 µl of 10X Red Taq reaction buffer, 1 µl of dNTPs (10 mM, 2.5 mM each base), 

0.625 µl of each primer (20 µM), 0.5 µl of Red Taq enzyme, and 1.25 µl of genomic DNA 

Platinum Taq 2 primer reaction (for the detection of Pdx1::Cretg, KrasCM, and Kras+ 

alleles): 6.3 µl of diH2O, 1.65 µl of Cresol Red solution (50 mM in 60% sucrose solution), 

1.25 µl of 10X Platinum Taq reaction buffer, 1 µl of dNTPs (10 mM, 2.5 mM each base), 

0.6 µl of MgCl2 (50 mM), 0.25 µl of each primer (20 µM), 0.1 µl of Platinum Taq enzyme, 

and 1.25 µl of genomic DNA 

 

Alternate Platinum Taq 2 primer reaction (for the detection of Ptenfl, Pten+, Trp53fl, 

and Trp53+ alleles): 6.975 µl of diH2O, 0.825 µl of Cresol Red solution (50 mM in 60% 

sucrose solution), 1.25 µl of 10X Platinum Taq reaction buffer, 1 µl of dNTPs (10 mM, 2.5 

mM each base), 0.6 µl of MgCl2 (50 mM), 0.25 µl of each primer (20 µM), 0.1 µl of 

Platinum Taq enzyme, and 1.25 µl of genomic DNA 

 

Platinum Taq 3 primer reaction (for the detection of KrasLSL-G12D, Kras+, Nos3-, and 

Nos3+ alleles): 5.9 µl of diH2O, 1.65 µl of Cresol Red solution (50 mM in 60% sucrose 

solution), 1.25 µl of 10X Platinum Taq reaction buffer, 1 µl of dNTPs (10 mM, 2.5 mM 

each base), 0.6 µl of MgCl2 (50 mM), 0.25 µl of each primer (20 µM), 0.1 µl of Platinum 

Taq enzyme, and 1.25 µl of genomic DNA 
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Alternate Platinum Taq 3 primer reaction (for the detection of Ctr1- and Ctr1+ alleles): 

6.725 µl of diH2O, 0.825 µl of Cresol Red solution (50 mM in 60% sucrose solution), 1.25 

µl of 10X Platinum Taq reaction buffer, 1 µl of dNTPs (10 mM, 2.5 mM each base), 0.6 µl 

of MgCl2 (50 mM), 0.25 µl of each primer (20 µM), 0.1 µl of Platinum Taq enzyme, and 

1.25 µl of genomic DNA 

 

Primers and PCR conditions: 

Braf: 

Forward Primer: 5’-TGAGTATTTTTGTGGCAACTGC-3’ 

Reverse Primer: 5’-CTCTGCTGGGAAAGCGGC-3’ 

PCR conditions: 94C 5 minutes; 35 cycles of: 94C 30 seconds, 58C 15 seconds, and 72C 

30 seconds; 72C for 5 minutes 

Expected band sizes: 185 base pairs (b.p.) for Braf+, 308 b.p. for BrafCA, and 335 b.p. for 

recombined BrafV600E 

 

Trp53fl: 

Forward Primer: 5’-AAGGGGTATGAGGGACAAGG -3’ 

Reverse Primer: 5’-GAAGACAGAAAAGGGGAGGG-3’ 
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PCR conditions: 94C 2 minutes; 29 cycles of: 94C 30 seconds, 58C 30 seconds, and 72C 

50 seconds; 72C for 5 minutes 

Expected band sizes: 431 b.p. for Trp53+ and 584 b.p. for Trp53fl 

 

Ctr1: 

Primer A: 5’-AAAAACCACTATTCAGAGACTG-3’ 

Primer B: 5’-AATGTCCTGGTGCGTCTGAAA-3’ 

Primer C: 5’-GCAGTAGATAAAAGCCAAGGC-3’ 

PCR conditions: 94C 5 minutes; 35 cycles of: 94C 30 seconds, 60C 30 seconds, and 72C 

1 minute; 72C for 5 minutes 

Expected band sizes: approximately 300 b.p. for Ctr1+, approximately 400 b.p. for Ctr1fl, 

and approximately 500 b.p. for recombined Ctr1Δ 

Pten: 

Forward Primer: 5’-CAAGCACTCTGCGAACTGAG-3’ 

Reverse Primer: 5’-AAGTTTTTGAAGGCAAGATGC-3’ 

PCR conditions: 94C 3 minutes; 35 cycles of: 94C 30 seconds, 60C 1 minute, and 72C 1 

minute; 72C for 2 minutes 

Expected band sizes: 156 b.p. for Pten+ and 328 b.p. for Ptenfl 

 

Tyrosinase::CreERT2tg: 
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Forward Primer: 5’-GCGGTCTGGCAGTAAAAACTATC-3’ 

Reverse Primer: 5’-GTGAAACAGCATTGCTGTCACTT-3’ 

PCR conditions: 94C 3 minutes; 35 cycles of: 94C 30 seconds, 42C 1 minute, and 72C 1 

minute; 72C for 2 minutes 

Expected band size: 100 b.p. for Cre transgene 

 

KrasLSL-G12D: 

Primer A (mutant forward): 5’-GTCTTTCCCCAGCACAGTGC-3’ 

Primer B (wildtype forward): 5’-CTCTTGCCTACGCCACCAGCTC-3’ 

Primer C (common reverse): 5’-AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3’ 

PCR conditions: 95C 2 minutes; 34 cycles of: 95C 30 seconds, 61C 30 seconds, and 72C 

45 seconds; 72C for 10 minutes 

Expected band sizes: 622 b.p. for Kras+ and 500 b.p. for KrasLSL-G12D 

 

Trp53LSL-R172H: 

Primer A (common reverse): 5’-CTTGGAGACATAGCCACACTG-3’ 

Primer B (mutant forward): 5’-AGCTAGCCACCATGGCTTGAGTAAGT-3’ 

Primer C (wildtype forward): 5’-CAACTGTTCTACCTCAAGAGCC-3’ 

PCR conditions: 94C 3 minutes; 34 cycles of: 94C 30 seconds, 60C 90 seconds, and 72C 

1 minute; 72C for 5 minutes 
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Expected band sizes: 364 b.p. for Trp53+ and 278 b.p. for Trp53LSL-R172H 

 

Pdx1::Cretg: 

Forward Primer: 5’-CTGGACTACATCTTGAGTTGC-3’ 

Reverse Primer: 5’-GGTGTACGGTCAGTAAATTTG-3’ 

PCR conditions: 94C 3 minutes; 37 cycles of: 94C 30 seconds, 60C 30 seconds, and 72C 

30 seconds; 72C for 3 minutes 

Expected band size: approximately 600 b.p. for Cre transgene 

 

Nos3: 

Primer A (mutant forward): 5’-AATTCGCCAATGACAAGACG-3’ 

Primer B (wildtype forward): 5’-AGGGGAACAAGCCCAGTAGT-3’ 

Primer C (common reverse): 5’-CTTGTCCCCTAGGCACCTCT-3’ 

PCR conditions: 94C 3 minutes; 35 cycles of: 94C 30 seconds, 66C 45 seconds, and 72C 

45 seconds; 72C for 2 minutes 

 

KrasCM: 

Forward Primer: 5’-GCTTTAAACTGGGTGTTAGGGAACC-3’ 

Reverse Primer: 5’-AAGCTTGGTACCAACAACAACAAA-3’ 
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PCR conditions: 94C 4 minutes; 35 cycles of: 94C 1 minute, 59.1C 1 minute, and 72C 1 

minute; 72C for 2 minutes 

Expected band size: 203 b.p. for KrasCM 

 

Kras+: 

Forward Primer: 5’-GCTTTAAACTGGGTGTTAGGGAACC-3’ 

Reverse Primer: 5’-AACATTCCAAGTAATCTATA-3’ 

PCR conditions: 94C 4 minutes; 35 cycles of: 94C 1 minute, 55.7C 1 minute, and 72C 1 

minute; 72C for 2 minutes 

Expected band size: 323 b.p. for Kras+ 

 

Actb::FLPetg: 

Forward Primer: 5’-CACTGATATTGTAAGTAGTTTGC-3’ 

Reverse Primer: 5’-CTAGTGCGAAGTAGTGATCAGG -3’ 

PCR conditions: 94C 3 minutes; 35 cycles of: 94C 30 seconds, 58C 1 minute, and 72C 1 

minute; 72C for 2 minutes 

Expected band size: 725 b.p. for FLPe transgene 

2.7 Immunohistochemistry 

Xenograft tumors, lungs, or cutaneous melanomas were resected from humanely 

euthanized mice at endpoint, fixed for 24 h in formalin, and embedded in paraffin.  
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Sections (5 μm) were cut from blocks with a Leica RM2125 RTS microtome, and slides 

were deparaffinized, rehydrated, and subjected to epitope retrieval before staining with 

Hematoxylin (Leica) and Eosin (Thermo Fisher Scientific), or with anti-P-ERK1/2 

(Thr202/Tyr204) antibody (Cell Signaling Technology, Danvers, MA; 4370) or P-S6 (Cell 

Signaling Technology, 5364) by the Duke Pathology Research Histology Laboratory 

followed by peroxidase-based detection with Vectastain Elite ABC Kits (Vector Labs, 

Burlingame, CA; PK-6105) and counterstaining with Hematoxylin.  Photographs were 

taken from five random low-power fields (H&E and P-ERK1/2 or P-S6 IHC of cutaneous 

melanomas) or from the five high-power fields of highest positivity (P-ERK IHC of 

lungs) on an Olympus Vanox S (Tokyo, Japan) microscope.  Abnormal areas of adenoma 

and adenocarcinoma in murine lungs were circumscribed on low power 

microphotographs of H&E stained tissue using Adobe Photoshop and the area in pixels 

was expressed as a percentage of total tissue examined.  P-ERK1/2 and P-S6 

immunohistochemical (IHC) analysis was performed using ImageJ (National Institutes 

of Health, Bethesda, MD) software.  Tumors were circumscribed in P-ERK1/2 or P-S6-

stained tissue images using the freehand selection tool, and the total area of the tumor in 

pixels was recorded.  Tumor images were copied and pasted to new, blank images and 

color thresholding was applied to determine positive staining areas using the same 

parameters for each tumor image.  Areas staining positive by these parameters were 

selected and the positive-staining area in pixels recorded.  Percent positive staining area 
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was calculated by dividing the positive-staining area of the tumor in pixels by the total 

area of the tumor in pixels.  Statistical analysis was performed with an unpaired two-

tailed Student’s t-test between treated and untreated xenograft tumors, or between 

Ctr1+/+ and Ctr1fl/fl cohorts, or by one-way ANOVA followed by Tukey’s multiple 

comparisons test for cohorts in multi-arm (greater than two) drug trials using Prism 6 

(GraphPad) software. 

2.8 Ceruloplasmin Activity Assay 

Serum was collected from animals at endpoint and flash frozen in liquid N2.  

Serum was thawed and analyzed for ceruloplasmin (Cp) activity based on standard 

methods141.  Briefly, 3.75 μl of serum was plated in duplicate in a 96-well plate.  Sodium 

acetate (37.5 μl of 0.1 M, pH 6.0; Sigma Aldrich) was added to each well, and the plate 

was incubated at 37°C for 5 minutes.  The oxidation substrate o-dianisidine (15 μl of 2.5 

mg/ml; Sigma Aldrich) was added to each well, and the plate was incubated at 37°C for 

30 minutes.  The reaction was quenched by adding 150 μl of 9 M sulfuric acid (Sigma 

Aldrich).  The absorbance at 540 nm was recorded with a Promax GloMax Multi+ 

luminometer (Promega).  Values were compared for statistical significance using one-

way ANOVA using Prism 6 (GraphPad) software. 

2.9 Inductively Coupled Plasma-Mass Spectrometry 

Serum was digested overnight in 10 volumes of 9:1 9 M HNO3:5 M HCl (Sigma 

Aldrich) at room temperature in tubes pre-washed with HNO3 and rinsed with ultra-
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pure water (17.45 MΩ).  The next day, samples were boiled for 30 minutes and allowed 

to cool.  A total of 100 μl of each sample was transferred to new, pre-washed screw-top 

tubes and diluted 1:1 with ultra-pure water.  Samples were then submitted to the 

Analytical Spectroscopy Service Laboratory at North Carolina State University for 

analysis on an Elan DRCII inductively coupled plasma-mass spectrometer (Perkin 

Elmer, Waltham, MA) for the presence of molybdenum (Mo). 
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3. Targeting the Requirement of MEK1/2 for Copper in 
Oncogenic BRAF-driven Lung Cancer 

The studies described in this chapter represent my contributions to a body of 

work published as an article entitled “Copper is required for oncogenic BRAF signaling 

and tumorigenesis” in the journal Nature in 2014 on which I was second author86. 

3.1 Introduction 

Mutations in BRAF, the most common of which resulting in the V600E 

substitution29,53,142, are found in approximately 2% of human lung adenocarcinomas53.  In 

other BRAF-mutant cancers, mutant-selective inhibitors of BRAFV600E and allosteric 

inhibitors of MEK1/2 have been successful at increasing both progression-free as well as 

overall survival in patients39,47,51,143-146.  Therefore, targeting the activity of the MEK1/2 

kinases is a bona fide strategy in treating oncogenic BRAFV600E-driven cancer. 

MEK1/2 require Cu for kinase activity85, and thus targeting the requirement of 

these kinases for Cu may represent a novel approach for the treatment of BRAF-mutant 

cancers.  In this regard, loss of the primary Cu transporter CTR1 reduces the ability of 

oncogenic BRAFV600E to impart transformed and tumor phenotypes to mouse embryonic 

fibroblasts86.  However, whether the loss of CTR1 inhibits BRAF-mutant tumors in vivo 

remains unknown.  To this end, oncogenic BRAF-driven cancer that recapitulates the 

development of human disease can be engineered to develop in situ in a genetically 

engineered mouse model (GEMM).  Specifically, mice have been created that encode a 
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Cre-activatable allele of oncogenic Braf (BrafCA)137, which upon the introduction of Cre 

recombinase converts the allele from wildtype Braf to oncogenic BrafV600E.  Crossing these 

mice into a background with two conditional null alleles of the tumor suppressor Trp53 

flanked by LoxP (floxed; Trp53fl)147 accelerates tumorigenesis and leads to full oncogenic 

transformation in many tissues.  Treatment of these BrafCA/+;Trp53fl/fl mice (termed BT 

hereafter) with intranasal administration of recombinant adenoviral Cre (AdCre) results 

in recombination and activation of the latent BrafCA allele and inactivation of the 

conditional null Trp53fl alleles in lung tissue, leading to the development of lung 

adenocarcinoma137.  We therefore employed this BT mouse model of oncogenic BRAF-

driven lung adenocarcinoma to assess the effect of inactivating Ctr1 on survival, the 

most important parameter to improve upon. 

3.2 Results 

3.2.1 Loss of Ctr1 Reduces MAPK Signaling at Survival Endpoint in a 
Genetically Engineered Mouse Model of Oncogenic BRAF-driven 
Lung Cancer 

In an experiment performed by Dr. Donita Brady to assess the effect of Ctr1 loss 

in oncogenic BRAF-driven lung cancer, BT mice were crossed to mice harboring 

wildtype or conditional deletion alleles of the primary Cu transporter 1 (Ctr1+/+ or Ctr1fl/fl, 

respectively), treated with intranasal AdCre to induce cancer and inactivate Ctr1fl alleles, 

and monitored for moribundity endpoints.  Survival of Ctr1+/+ or Ctr1fl/fl BT mice was 

compared from the time of AdCre infection to survival endpoint, namely distressed 
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breathing or weight loss of 15% from maximum historical weight.  Ctr1fl/fl BT mice 

survived significantly longer than Ctr1+/+ BT mice (data not shown; 156 days vs. 134 

days, P = 0.0008), confirming that loss of intracellular Cu import inhibits oncogenic 

BRAF-driven tumorigenesis and extends survival in vivo, the most important outcome in 

cancer. 

To assess whether loss of Ctr1 reduces MAPK pathway signaling in BT mice lung 

tumors in vivo, immunohistochemical (IHC) analysis for the biomarker of MAPK 

pathway signaling, phosphorylated ERK1/2 (P-ERK1/2), was performed on sections of 

lungs from Ctr1fl/fl and Ctr1+/+ BT mice.  The lungs of these mice were resected at survival 

endpoint, fixed in 10% neutral formalin and embedded in paraffin blocks, and sectioned 

in 5 µm sections with a microtome and mounted on microscope slides.  IHC staining 

was performed on these sections to detect P-ERK1/2.  The slides were blinded with 

regards to cohort, the 5 fields with highest reactivity for each slide were captured, and 

images were analyzed by color thresholding in ImageJ to quantify the percentage of 

positive staining area.  This analysis was restricted to the adenocarcinoma tumors 

observed in the lung, and normal tissue was excluded.  Ctr1fl/fl BT mice had significantly 

lower P-ERK1/2 staining in lung tumors at endpoint than their Ctr1+/+ counterparts 

(32.03% vs. 44.76%, P < 0.0001; Fig. 2), consistent with an increase in survival in the 

Ctr1fl/fl BT mice being a result of reduced MAPK pathway signaling. 
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Figure 2.  Analysis of P-ERK1/2 IHC in lung adenocarcinomas from littermate control 

Ctr1+/+ or Ctr1fl/fl BrafCA/+;Trp53fl/fl (BT) mice treated with intranasal adenoviral Cre 

recombinase (AdCre) at survival endpoint.  Lungs were resected from BT mice 

euthanized at moribundity endpoints, sectioned, and stained for P-ERK1/2 and 

counterstained with hematoxylin.  Stained sections were photographed, and tumors 

were analyzed for P-ERK1/2 staining intensity using ImageJ.  (A) Representative P-

ERK1/2 IHC images of lung adenocarcinomas from Ctr1+/+ or Ctr1fl/fl BT mice.  The 

positive staining area revealed by this analysis is false colored red in the images on the 

right.  Scale bar, 500 µm.  (B) Box-and-whisker plot of quantified P-ERK1/2 staining in 

lung adenocarcinomas from Ctr1+/+ (n = 199 tumors from 16 mice) or Ctr1fl/fl BT mice (n = 

142 tumors from 13 mice).  Statistical analysis was performed with an unpaired two-

tailed Student’s t-test.  **** P < 0.0001 

3.2.2 Loss of Ctr1 Reduces Tumor Burden in Genetically Engineered 
Mouse Model of Oncogenic BRAF-driven Lung Cancer 

As noted above, loss of Ctr1 expression led to increased survival in oncogenic 

BRAF-driven lung adenocarcinoma, and this correlated with a reduction in MAPK 

signaling.  Therefore, loss of Ctr1 may lead to decreased tumor transformation and 

growth by suppressing MAPK signaling at the level of MEK1/2 activity.  To test this 

hypothesis, the tumor burden of BT Ctr1+/+ and Ctr1fl/fl mice at a 3-month fixed endpoint 

after intranasal AdCre infection was analyzed.  Three months after AdCre 

administration, BT mice were euthanized, their lungs were excised, formalin fixed, 

paraffin embedded, and sectioned, after which sections were stained with hematoxylin 

and eosin (H&E).  Tumor burden was assessed in a blinded fashion by circumscribing 

tumor areas in 5 random fields and analyzing the percentage of tumor area to total lung 

area in ImageJ.  This analysis revealed that 3 months after AdCre administration, Ctr1fl/fl 

BT mice had a significantly lower tumor burden than Ctr1+/+ BT mice (13.54% vs. 38.77%,  
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Figure 3.  Analysis of lung adenocarcinoma tumor burden from littermate control 

Ctr1+/+ or Ctr1fl/fl BT mice 3 months after treatment with intranasal AdCre.  Lungs were 

resected from BT mice, sectioned, and stained with hematoxylin and eosin (H&E).  

Stained sections were photographed, and tumors were circumscribed and the area was 

measured using ImageJ.  (A) Representative images of H&E stained lung 

adenocarcinomas from mice of the indicated genotypes.  Abnormal area is 

circumscribed with thin black lines, and total lung area is circumscribed in thick black 

lines.  Scale bar, 500 µm.  (B) Scatter dot plot (mean ± s.e.m.) of quantified % abnormal 

area of total lung area per mouse in lungs from Ctr1+/+ (n = 5 mice) or Ctr1fl/fl (n = 5 mice) 

BT mice.  Statistical analysis was performed with an unpaired two-tailed Student’s t-test.  

** P < 0.01 

P = 0.0034; Fig. 3).  Thus, loss of Ctr1 and presumably reduced Cu import into tumor 

cells reduces tumor burden in BT mice at a fixed endpoint. 

3.2.3 Loss of Ctr1 Reduces MAPK Signaling in Genetically 
Engineered Mouse Model of Oncogenic BRAF-driven Lung Cancer 

To determine whether the decreased tumor burden at a fixed 3-month endpoint 

of Ctr1fl/fl BT mice compared to Ctr1+/+ BT mice is associated with reduced MAPK 

pathway activity, quantitative IHC was performed to assess P-ERK1/2 staining in 

resected lungs from Ctr1+/+ and Ctr1fl/fl BT mice 3 months after intranasal AdCre infection.  

Consistent with inhibition of Cu import suppressing MAPK signaling, P-ERK1/2 

staining was significantly reduced in tumors from Ctr1fl/fl BT mice compared to Ctr1+/+ BT 

mice at a fixed endpoint 3 months after tumor induction (26.57% vs. 38.46%, P < 0.0001; 

Fig. 4). 
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Figure 4.  Analysis of P-ERK1/2 IHC in lung adenocarcinomas from littermate control 

Ctr1+/+ or Ctr1fl/fl BT mice 3 months after treatment with intranasal AdCre.  Lungs were 

resected from BT mice 3 months after intranasal treatment with AdCre, sectioned, and 

stained for P-ERK1/2 and counterstained with hematoxylin.  Stained sections were 

photographed, and tumors were analyzed for P-ERK1/2 staining intensity using ImageJ.  

(A) Representative P-ERK1/2 IHC images of lung adenocarcinomas from Ctr1+/+ or Ctr1fl/fl 

BrafCA/+;p53fl/f mice.  Scale bar, 500 µm.  (B) Box-and-whisker plot of quantified P-ERK1/2 

staining in lung adenocarcinomas from Ctr1+/+ (n = 78 tumors from 4 mice) or Ctr1fl/fl BT 

mice (n = 63 tumors from 4 mice).  Statistical analysis was performed with an unpaired 

two-tailed Student’s t-test.  **** P < 0.0001 

3.3 Conclusions 

Targeting the MEK1/2 kinases is a proven strategy for the treatment of some 

BRAF-mutant human cancers47,78,143,145,146,148-153.  As MEK1/2 require Cu for kinase activity, 

targeting Cu could be exploited for the development of novel MEK1/2 inhibitors85,86.  To 

test the dependency of MEK1/2 activity for Cu in a well-established in vivo model of 

BRAF-mutant cancer, we employed a GEMM of oncogenic BRAF-driven lung 

adenocarcinoma.  Conditional ablation of the gene encoding the primary Cu transporter, 

Ctr1, in this model extended survival of these mice, the most important benchmark of 

cancer research86.  In addition, this extended survival correlated with decreased 

phosphorylation of the MEK1/2 targets ERK1/2 at endpoint, indicating a sustained 

suppression of MAPK activity due to lack of Cu import into cancer cells.  The antitumor 

effect of Ctr1 loss was confirmed in mice harboring oncogenic BRAF-driven 

adenocarcinoma at a fixed endpoint 3 months after AdCre infection, as mice harboring 

conditional deletion alleles of Ctr1 had significantly lower tumor burden at this time.  

This decrease in tumor burden was seen at both the gross macroscopic level, as the 
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number of surface lesions on the lungs was reduced, as well as at the microscopic level, 

as tumor area was reduced in H&E-stained micrographs.  Finally, this reduction in 

tumor burden at a fixed endpoint was also correlated with reduced MEK1/2 activity, as 

P-ERK1/2 was also reduced at the 3-month fixed endpoint in Ctr1fl/fl mice compared to 

their wildtype counterparts by quantitative IHC.  Together, these data support targeting 

the requirement of MEK1/2 to inhibit mutant BRAFV600E-driven tumor growth and to 

extend survival in these patients.
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4. Targeting the Requirement of MEK1/2 for Copper in 
Oncogenic BRAF-driven Melanoma 

The studies described in this chapter represent my contributions to a body of 

work performed in collaboration with Donita Brady, PhD, and are either published in 

the Nature article discussed in Chapter 3 or are the subject of an article entitled “Copper 

Chelation Inhibits BRAFV600E-driven Melanomagenesis and Counters Resistance to 

BRAFV600E and MEK1/2 Inhibitors” in revision for publication in the journal Cancer 

Research for which Dr. Brady and I share first authorship. 

4.1 Introduction 

Half of advanced human melanomas are driven by an activating mutation in the 

BRAF oncogene, usually a substitution of Glu for Val at codon 600 (BRAFV600E)29,35.  

BRAFV600E mutant-selective kinase inhibitors have proven effective at extending survival 

in this melanoma patient population with high response rates38,39.  The addition of 

inhibitors against MEK1/2 kinases, the downstream targets of BRAF in the Mitogen 

Activated Protein Kinase (MAPK) pathway, to mutant-selective BRAF inhibitors 

improves both response rates and survival in the clinic49-51.  Unfortunately, the efficacy of 

combined MAPK pathway inhibitors is limited by acquired resistance, often mediated 

by reactivation of MAPK signaling77.  Recently, immune checkpoint inhibitors have 

shown great promise in patients with advanced melanoma154.  While response rates to 

these new immunotherapies are durable, predicting which patients will benefit from 
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these therapies remains difficult.  Furthermore, a clinical trial of combined 

immunotherapy with a BRAF inhibitor was ceased ahead of schedule due to significant 

liver toxicities155.  Therefore, new treatment modalities are required to extend efficacy 

and improve response rates of MAPK pathway inhibitors in melanoma.  To this end, we 

recently described a novel requirement of MEK1/2 for copper (Cu) in BRAF-mutant 

cancer that could be exploited as a unique vulnerability to inhibit these enzymes86.  

Genetic suppression or deletion of the Cu transporter CTR1 reduces tumor growth of 

both human melanoma cell line xenografts as well as in a genetically engineered mouse 

model (GEMM) of BRAFV600E-driven lung cancer.  These results suggest that leveraging 

the requirement of MEK1/2 for Cu may be a novel method to inhibit these validated 

targets in melanoma. 

The genetic disorder Wilson disease is characterized by aberrant accumulation of 

Cu in the body, leading to both liver and nervous system dysfunction106.  Patients with 

Wilson disease are treated with clinical Cu chelators to reduce bioavailable Cu, often for 

decades.  Toxic side effects to clinical Cu chelators are well managed through close 

monitoring of a serum biomarker for bioavailable Cu, namely activity of the Cu-

dependent enzyme ceruloplasmin (Cp).  An experimental clinical Cu chelator originally 

developed for Wilson Disease, ammonium tetrathiomolybdate (TTM), has been tested in 

patients with advanced cancers as well as murine cancer models with the intent of 

inhibiting tumor angiogenesis.  In these settings, TTM was found to be well-tolerated 
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and moderately effective in reducing tumor progression104,105,116-126.  Thus, TTM 

represents an alternate means to suppress MEK1/2 activity in melanoma.  We therefore 

sought to determine whether TTM can inhibit BRAF-mutant melanoma, whether TTM is 

effective in combination with MAPK pathway inhibitors, and whether TTM is effective 

in settings of acquired resistance to current MAPK pathway inhibitors. 

4.2 Results 

4.2.1 Treatment with TTM Reduces Xenograft Growth of BRAF-mutant 
Human Melanoma Cell Lines 

Both CTR1 loss and Cu chelation effectively suppress MAPK signaling and 

oncogenic BRAF-driven tumorigenesis.  We therefore tested whether the requirement of 

MEK1/2 for Cu could be targeted in a cancer highly dependent on MAPK signaling, 

namely BRAF-mutant melanoma.  Cu was targeted by CTR1 knockdown or treatment 

with TTM in a panel of human BRAF-mutant and BRAF-wildtype melanoma cell line 

xenografts.  In experiments performed by Dr. Donita Brady, knockdown of CTR1 

effectively blocked tumorigenic growth of the BRAF-mutant cell lines, while the BRAF-

wildtype melanoma cell lines were less sensitive86.  TTM treatment of mice harboring 

BRAF-mutant or wildtype melanoma xenografts also resulted in decreased tumor 

growth (Fig. 5A-C).  Finally, mice harboring CTR1-/- MEFs transformed with 

constitutively active ERK2 containing two gain-of-function (GOF) point mutations (R76S 

and D321N; ERK2GOF) to activate the MAPK pathway downstream of MEK1/2 produced 
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received no benefit from TTM compared to vehicle (Fig. 5D), providing epistatic 

evidence that TTM suppresses MAPK pathway signaling at the level of MEK1/2. 

While TTM has several advantages as a quick-acting Cu chelator, other chelators 

such as trientine are commonly used in treating Wilson disease, as is placing the patient 

on a Cu-deficient (CuD) diet106.  In an experiment performed in collaboration with Dr. 

Brady, animals on a CuD diet and treated with TTM for 2 weeks followed by 

maintenance therapy on trientine had reduced xenograft tumor growth of CTR1+/+ MEFs 

transformed with BRAFV600E compared to mice treated with vehicle on a normal diet, 

mice on a CuD alone, or mice on a CuD treated with TTM for 2 weeks (P < 0.0001; Fig. 

5E).  Thus, maintenance therapy on trientine and a CuD diet after 2 weeks of treatment 

with TTM continued to suppress tumor growth.  These results suggest that Cu chelation 

is a viable therapy to treat oncogenic BRAF-driven melanoma in vivo. 
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Figure 5.  Xenograft tumor volume growth of human melanoma cell lines and 

transformed MEFs over time.  The BRAFV600E-mutant human melanoma cell lines (A) 

DM440 or (B) DM443, (C) the BRAFWT human melanoma cell line DM175, (D) Ctr1-/- 

MEFs expressing activated ERK2GOF to activate MAPK signaling downstream of 

MEK1/2, or (E) Ctr1+/+ MEFs transformed with BRAFV600E were injected subcutaneously 

on the flanks of SCID-Beige mice (n = 3 or 4 mice for each cohort).  Tumors were 

measured three times weekly until an endpoint volume of 1.5 cm3 was reached.  (A-D) 

Mice were treated with vehicle or 2 mg of TTM by oral gavage daily.  (E) Mice were 

maintained on a Cu-deficient diet (CuD) and given (Groups B, C, and D) deionized 

water (diH2O) or (Group A) diH2O supplemented with 20 mg/l CuSO4.  Mice were 

treated daily by oral gavage with (Groups A and B) vehicle or (Groups C and D) 2 mg 

TTM for two weeks.  Mice in Group D were then maintained on the Cu chelator trientine 

at a dose of 3 g/l in the drinking water.  Statistical analysis comparing final tumor 

volumes between the treatment groups was performed using (A-D) an unpaired two-

tailed Student’s t-test or (E) one-way Analysis of Variance (ANOVA) followed by 

Dunnett’s multiple comparisons test to compare each treatment group to control mice.  

n.s. not significant (P > 0.05), *** P < 0.0001, **** P < 0.0001 

4.2.2 Treatment with TTM Reduces MAPK Signaling in Xenografts of 
BRAFV600E-transformed MEFs 

To assess whether Cu chelation inhibits xenograft tumor growth of oncogenic 

BRAFV600E-driven xenograft growth by suppressing the MAPK pathway, tumors from 

mice bearing BRAFV600E-transformed MEF xenografts treated with vehicle or TTM were 

resected at endpoint, and sections were assayed for the biomarker of MAPK pathway 

activity, namely immunoreactivity to an anti-P-ERK1/2 antibody.  Quantitative 

immunohistochemical (IHC) analysis of these tumors revealed that P-ERK1/2 was 

significantly reduced in tumors from mice treated with TTM compared to tumors from 

control mice (13.41% vs. 22.95%, P = 0.0242; Fig. 6).  Thus, treatment with a Cu chelator 

suppresses MAPK pathway signaling in BRAFV600E-transformed xenografts. 
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Figure 6.  Analysis of P-ERK1/2 IHC in BRAFV600E-transformed MEF xenograft tumors 

from mice treated with vehicle or TTM.  Tumors were resected at endpoint from SCID-

beige mice harboring BRAFV600E-transformed MEF xenografts at tumor volume endpoint, 

sectioned, and stained for P-ERK1/2.  (A) Representative P-ERK1/2 IHC images of 

BRAFV600E-transformed MEF xenograft tumors from mice treated with vehicle or 2 mg of 

TTM by oral gavage daily.  Scale bar, 500 µm.  (B) Scatter dot plot (mean ± s.e.m.) of 

quantified P-ERK1/2 staining in BRAFV600E-transformed MEF xenograft tumors from 

mice treated with vehicle (n = 3 mice) or TTM (n = 3 mice).  Statistical analysis was 

performed using an unpaired two-tailed Student’s t-test.  * P < 0.05 

4.2.3 Loss of Ctr1 Extends Survival in a Genetically Engineered 
Mouse Model of Oncogenic BRAF-driven Melanoma 

To test whether loss of CTR1 inhibits melanomagenesis in a clinically relevant 

setting, a GEMM of metastatic melanoma was employed.  Mice harboring a Cre-

activatable (CA) conditional oncogenic allele of BrafV600E and two conditional null alleles 

of the tumor suppressor Pten were crossed into a background harboring a 4-

hydroxytamoxifen (4-HT)-inducible Cre transgene under the control of the melanocyte-

specific Tyrosinase (Tyr) promoter to generate BrafCA/+;Ptenfl/fl;Tyrosinase::CreERT2tg/+ (BPC) 

mice138.  Topical application of 4-HT to the flank of BPC mice induces Cre-mediated 

recombination of these alleles, leading to expression of oncogenic BRAFV600E and 

inactivation of Pten, resulting in transformed nevi development after approximately 4 

weeks.  Induced lesions subsequently progress to form a three-dimensional melanoma 

tumor that typically reaches an endpoint volume of 1.0 cm3 after several weeks. 
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Figure 7.  Kaplan-Meier analysis of % surviving Ctr1+/+ or Ctr1fl/fl 

BrafCA/+;Ptenfl/fl;Tyrosinase::CreERT2tg/+ (BPC) mice from the time of tumor initiation.  

The flanks of 4-week-old BPC mice were shaved and treated topically with 4-

hydroxytamoxifen (4-HT) for 3 consecutive days to activate Cre in melanocytes, leading 

to expression of BRAFV600E, deletion of Pten, and induction of melanomagenesis.  Tumors 

were measured twice weekly until a tumor volume endpoint of 1.0 cm3 was reached in 

Ctr1+/+ (n = 30 mice) and Ctr1fl/fl (n = 30 mice) BPC mice.  Statistical analysis was 

performed with a Mantel-Cox log-rank method.  P < 0.0001 

To genetically determine whether Cu reduction impairs tumor growth kinetics 

and extends time to tumor volume endpoint, mice harboring wildtype (Ctr1+/+) or 

conditional null (Ctr1fl/fl) Ctr1 alleles were crossed to BPC mice.  Ctr1fl/fl BPC mice 

exhibited a significantly greater median survival than their wildtype counterparts (47.5 

vs. 37.5 days, respectively; P = 0.0006; Fig. 7).  Tumor tissue from both cohorts showed 

the expected recombination of the Ctr1fl/fl in 9 out of 10 mice tested (Fig. 8).  A significant 

difference in the rate of growth of tumors from Ctr1fl/fl BPC mice compared to Ctr1+/+ BPC 

mice was observed (P < 0.0001; Fig. 9A,B).  No difference was observed in the time from 

induction to the appearance of pigmented lesions in these mice (P = 0.0748; Fig. 9C), 
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suggesting that the observed difference in survival is due to slowed disease progression 

rather than delayed tumor initiation. 

IHC for the MAPK pathway biomarkers P-ERK1/2 and P-S6 was next performed 

to determine whether the extended survival of these mice was associated with a 

reduction in MAPK pathway signaling156.  Quantitative analysis of these biomarkers 

revealed significantly reduced P-ERK1/2 and P-S6 staining in the Ctr1fl/fl cohort 

compared with Ctr1+/+ BPC mice (P-ERK1/2: 2.654% vs. 3.711%, P = 0.0083; P-S6: 5.732% 

vs. 4.357%, P = 0.0047; Fig. 10), supporting a model in which loss of Cu import in 

melanoma cells reduces MAPK signaling, thereby inhibiting tumor growth. 

 

 

Figure 8.  Confirmation of Cre-mediated allele recombination in Ctr1+/+ and Ctr1fl/fl 

BPC mice.  PCR detection of the wildtype Ctr1+ allele (WT) or the conditional null Ctr1fl 

when un-recombined (flox) or recombined (Δ) from Ctr1+/+ (n = 9 mice) and Ctr1fl/fl (n = 10 

mice) BPC mice from matched normal control tail samples (C) and tumor tissue (T).  

Left: ladder (b.p., base pairs) 
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Figure 9.  Analysis of tumor growth over time with exponential growth curve fit and 

time to pigmentation for Ctr1+/+ and Ctr1fl/fl BPC mice.  (A) Tumor volume over time of 

Ctr1+/+ (n = 30 mice) and Ctr1fl/fl (n = 30 mice) BPC mice from the time of 4-

hydroytamoxifen treatment.  (B) Exponential growth rate for tumor volume over time of 

Ctr1+/+ (n = 30 mice) and Ctr1fl/fl (n = 30 mice) BPC mice from the time of 4-HT treatment.  

Statistical analysis of growth rates was performed with a non-linear fit regression 

analysis.  **** P < 0.0001.  (C) Scatter dot plot (mean ± s.e.m.) of time from 4-HT 

treatment to the appearance of pigmentation.  Statistical analysis was performed with an 

unpaired two-tailed Student’s t-test.  n.s. not significant (P > 0.05), **** P < 0.0001 
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Figure 10.  Analysis of P-ERK1/2 and P-S6 IHC in melanoma tumor tissue at survival 

endpoint from Ctr1+/+ or Ctr1fl/fl BPC mice.  Tumors were resected from mice of the 

indicated genotypes, sectioned, and stained for (A,B) P-ERK1/2 or (C,D) P-S6 and 

counterstained with hematoxylin.  Stained sections were photographed, and tumors 

were analyzed for staining intensity using ImageJ.  (A,C) Representative (A) P-ERK1/2 

and (C) P-S6 IHC images of melanoma tumors resected from Ctr1+/+ and Ctr1fl/fl BPC mice 

at tumor volume endpoint.  Scale bar, 500 µm.  (B,D) Scatter dot plots (mean ± s.e.m.) of 

quantified (B) P-ERK1/2 or (D) P-S6 IHC staining in melanoma tumors resected from 

Ctr1+/+ (n = 60 images from 12 mice) or Ctr1fl/fl (n = 55 images from 11 mice) BPC mice at 

tumor volume endpoint.  Statistical analysis was performed with an unpaired two-tailed 

Student’s t-test.  ** P < 0.01 

4.2.4 TTM Treatment Can Lead to Toxicity in a Genetically Engineered 
Mouse Model of Oncogenic BRAF-driven Melanoma 

A fixed daily dose of 2 mg of TTM decreased tumor growth in human melanoma 

xenograft-bearing mice.86  Our previous work demonstrating antitumor effects of TTM 

in mice harboring xenograft tumors utilized adult mice treated over short time spans, 

generally about 30 days.  However, because tumors had to be initiated as early as 

possible to avoid the development of spontaneous lesions, juvenile mice weighing as 

low as half the weight of adult mice were treated with TTM.  This revealed unexpected 

toxicities in mice treated with TTM, especially in mice in the combination TTM and 

vemurafenib cohort.  While most mice reached tumor volume endpoints in all cohorts, 

these toxicities led to a significant number of mice in the TTM and the combination of 

TTM and vemurafenib cohorts reaching endpoint due to excessive weight loss or other 

moribundity endpoints. 
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Figure 11.  Uncensored Kaplan-Meier analysis of % surviving BPC mice treated daily 

with vehicle, TTM, vemurafenib, or the combination of TTM and vemurafenib.  The 

flanks of 4-week-old BPC mice were shaved and treated topically with 4-HT for 3 

consecutive days to activate Cre in melanocytes, leading to expression of BRAFV600E, 

deletion of Pten, and induction of melanomagenesis.  Mice were treated daily by oral 

gavage with vehicle (solid black line, n = 50 mice, dotted line: 43.5 days median 

survival), 2 mg TTM (solid red line, n = 72 mice, dotted line: 50 days median survival, P 

=0 .1417 compared to vehicle [not significant]), 50 mg/kg vemurafenib (solid blue line, n 

= 57 mice, dotted line: 54 days median survival, P = 0.001 compared to vehicle), or the 

combination of TTM and vemurafenib (solid purple line, n = 106 mice, dotted line: 38.5 

days median survival, P = 0.6068 compared to vehicle [not significant]) from the 

appearance of a pigmented lesion.  Mice were monitored and weighed daily and tumors 

were measured twice weekly until a tumor volume endpoint of 1.0 cm3 was reached or 

mice reached a moribundity endpoint, typically weight loss of 15% of maximum 

historical weight.  Statistical analysis was performed with a Mantel-Cox log-rank 

method to compare each group to vehicle-treated control mice in a pairwise manner. 

These toxicities limited the impact of the drugs on tumorigenesis in uncensored 

data.  Mice treated with TTM trended towards an increased survival compared to 

vehicle-treated mice (50 days vs. 43.5 days, P = 0.1417; Fig. 11) while mice treated with 

combination TTM and vemurafenib had no better outcome than vehicle treated mice 

(38.5 days vs. 43.5 days, P = 0.6068; Fig. 11).  Because mice were treated beginning at a 

young age with a fixed dose of TTM and were therefore of lower weight, the weights of 

mice that were experiencing adverse events were analyzed.  This analysis revealed that 
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mice experiencing adverse effects weighed less than those that did not (Fig. 12).  Indeed, 

this analysis revealed that among the mice treated with the combination of TTM and 

vemurafenib, mice experiencing adverse events had a lower initial weight at the start of 

treatment (18.05 g vs. 19.54 g; Fig. 12A, P < 0.05).  In addition, among mice treated with 

TTM or the combination of TTM and vemurafenib, mice that experienced adverse events 

had lower maximum weight over the course of the study than mice that reached tumor 

volume endpoint (TTM: 22.83 g vs. 26.26 g, P < 0.001; Combination TTM and 

vemurafenib: 21.12 g vs. 27.44 g, P < 0.0001; Fig. 12B).  These data suggest that the fixed 

dose of TTM alone, but especially in combination with vemurafenib, led to relative 

overdosing of TTM in lower weight mice, potentially explaining the large number of 

adverse events in these cohorts. 
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Figure 12.  Weight analysis of BPC mice treated with vehicle, vemurafenib, TTM, or 

the combination of TTM and vemurafenib that either reached endpoint due to tumor 

volume or reached endpoint early due an adverse event.  The flanks of 4-week-old BPC 

mice were shaved and treated topically with 4-HT for 3 consecutive days to activate Cre 

in melanocytes, leading to expression of BRAFV600E, deletion of Pten, and induction of 

melanomagenesis.  Mice were weighed daily and treated with 50 mg/kg vemurafenib 

(Vem), 2 mg TTM, or the combination of TTM and vemurafenib (TTM + Vem) daily by 

oral gavage.  (A) Scatter dot plot (mean ± s.e.m.) of mouse weights at the start of 

treatment at the appearance of pigmentation.  (B) Scatter dot plot (mean ± s.e.m.) of 

maximum recorded mouse weights throughout the experiment.  Values of n mice for 

each group are indicated on the graphs.  Statistical analysis was performed with one-

way ANOVA followed by Sidak’s multiple comparisons test to compare adverse event 

groups and their counterpart non-adverse event group treated with the same drug 

using.  * P < 0.05, ** P < 0.01, *** P < 0.001 

4.2.5 Treatment with the Combination of TTM and Vemurafenib 
Extends Survival in a Genetically Engineered Mouse Model of 
Oncogenic BRAF-driven Melanoma 

To assess the effects of Cu chelation in this GEMM of BRAF-driven melanoma 

when TTM doses were tolerated, the mice that reached endpoint due to early adverse 

events were excluded from analysis.  Specifically, only mice that reached tumor volume 

endpoint and mice that survived to at least to the median survival of vehicle-treated 

mice, namely 44 days, were included.  This censored analysis revealed that TTM led to a 

similar survival advantage as vemurafenib (55 days and 54 days, respectively vs. 44 

days for vehicle-treated mice, P = 0.004 and 0.001, respectively; Fig. 13).  Combination 

treatment with TTM and vemurafenib also led to an even greater median survival (65 

days vs. 44 days for vehicle-treated mice, P = 0.0001; Fig. 13).  Thus, with the important 

proviso that a fixed-dose of TTM can lead to toxicity in low weight mice, especially 

when combined with vemurafenib, the combination TTM and vemurafenib decreased  
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Figure 13.  Censored Kaplan-Meier analysis of % surviving BPC mice that either 

reached tumor volume endpoint or lived at least to the median survival for vehicle-

treated mice when orally treated daily with vehicle, TTM, vemurafenib, or the 

combination of TTM and vemurafenib.  The flanks of 4-week-old BPC mice were 

shaved and treated topically with 4-HT for 3 consecutive days to activate Cre in 

melanocytes, leading to expression of BRAFV600E, deletion of Pten, and induction of 

melanomagenesis.  Mice were weighed daily and treated with vehicle (solid black line, n 

= 49 mice, dotted line: 44 days median survival), 2 mg TTM (solid red line, n = 55 mice, 

dotted line: 55 days median survival, P = 0.004 compared to vehicle), 50 mg/kg 

vemurafenib (solid blue line, n = 55 mice, dotted line: 54 days median survival, P = 0.001 

compared to vehicle), or the combination of TTM and vemurafenib (solid purple line, n = 

51 mice, dotted line: 65 days median survival, P = 0.0001 compared to vehicle) from the 

appearance of a pigmented lesion.  Mice were monitored and weighed daily and tumors 

were measured twice weekly until a tumor volume endpoint of 1.0 cm3 was reached or 

mice reached a moribundity endpoint, typically weight loss of 15% of maximum 

historical weight.  Statistical analysis was performed with a Mantel-Cox log-rank 

method to compare each group to vehicle-treated control mice in a pairwise manner. 

tumor growth and extended survival in a preclinical GEMM of oncogenic BRAF-driven 

melanoma. 

4.2.6 TTM Treatment Lowers Activity of the Copper Biomarker 
Ceruloplasmin 

To determine whether the antineoplastic effects of TTM treatment could be 

ascribed to this drug, the presence of TTM was measured in all four of the above BPC 

mouse cohorts.  Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) analysis for 
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molybdenum (Mo) levels, the central atom in TTM, was performed on tissues from BPC 

mice.  Analysis of tumor tissues was inconclusive (data not shown).  However, ICP-MS 

analysis of serum from animals at endpoint detected significant levels of Mo in mice 

treated with TTM but not vehicle- or vemurafenib-treated mice (vehicle: 1.809 µg/l; 

vemurafenib: 2.123 µg/l, P > 0.05; TTM: 18.35 µg/l, P < 0.001; Combination of TTM and 

vemurafenib: 20.15 µg/l, P < 0.001; Fig. 14). 
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Figure 14.  ICP-MS analysis for molybdenum (Mo) in the serum of BPC mice.  Scatter 

dot plot (mean ± s.e.m.) of serum Mo levels (μg/ml) at endpoint from randomly selected 

BCP mice treated with vehicle (n = 11 mice), 50 mg/kg vemurafenib (Vem; n = 14 mice), 2 

mg TTM (n = 19 mice), or with the combination of TTM and vemurafenib (TTM + Vem; n 

= 14 mice) daily by oral gavage.  Serum was collected from mice at tumor volume 

endpoint and digested overnight with nitric acid, and the central Mo atom of TTM was 

detected by ICP-MS analysis.  Statistical analysis was performed with one-way ANOVA 

followed by Tukey’s multiple comparisons test to compare each treatment group to each 

other in a pairwise manner.  *** P < 0.001 

To assess whether TTM lowered bioavailable Cu, the activity of the Cu 

biomarker ceruloplasmin (Cp) was measured in serum taken from BPC mice at 

endpoint.  Cp is a serum ferroxidase enzyme metalloprotein that is synthesized in the 

liver and requires 6 bound Cu atoms for enzymatic activity96,141,157,158.  As such, Cp 

activity is commonly used in the clinic to determine pathologic levels of bioavailable 

Cu106,141,158.  Cp activity can be tested in a colorimetric oxidation assay using o-dianisidine 

as a substrate, resulting in a stable blue product, the concentration of which can be 

measure by spectroscopy141,158.  Analysis of Cp activity in serum from BPC mice 

confirmed that TTM significantly reduced bioavailable Cu levels (absorbance at 560 nm, 

vehicle and vemurafenib: 0.1791; TTM and combination of TTM and vemurafenib: 

0.1542, P = 0.0162; Fig. 15).  Therefore, TTM was absorbed and reduced bioavailable Cu 

in these mice. 
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Figure 15.  Analysis of the serum Cu biomarker ceruloplasmin (Cp) activity in the 

serum of BCP mice.  Scatter dot plot (mean ± s.e.m.) of results from colorimetric assay 

(absorbance at 560 nm) measuring Cp activity in serum collected from randomly 

selected BPC mice treated with vehicle or vemurafenib (Vehicle and Vem; n = 57 mice), 

or with TTM or the combination of TTM and vemurafenib (TTM and TTM + Vem; n = 38 

mice).  Statistical analysis was performed with an unpaired two-tailed Student’s t-test.  * 

P < 0.05 
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4.2.7 Treatment with the Combination of TTM and Vemurafenib 
Reduces MAPK Signaling in a Genetically Engineered Mouse Model 
of Oncogenic BRAF-driven Melanoma 

To assess whether the extended survival observed in the adverse event-censored 

survival data of mice treated with combination TTM and vemurafenib was due to 

suppression of the MAPK pathway, tumors from randomly selected mice in each cohort 

resected at tumor volume endpoint were analyzed for P-ERK1/2 and P-S6, two 

biomarkers of MAPK signaling156, by quantitative IHC (Fig. 16 and Fig. 17).  Tumors 

from vemurafenib-treated mice did not have significantly lowered P-ERK1/2 or P-S6 at 

endpoint compared to vehicle-treated mice (P-ERK1/2: 3.654% vs. 3.312% for vehicle-

treated mice, P = 0.7940; P-S6: 4.660% vs. 5.076% for vehicle-treated mice, P = 0.7296; 

Figs. 16 and 17, respectively), possibly owing to the development of acquired resistance 

to this compound as reported by others18,37,77,159.  Tumors resected from mice treated with 

TTM monotherapy showed a non-significant trend towards decreased P-ERK1/2 and P-

S6 (P-ERK1/2: 2.885% vs. 3.312% for vehicle-treated mice, P = 0.6589; P-S6: 4.097% vs. 

5.076% for vehicle-treated mice, P = 0.0735; Figs. 16 and 17, respectively), suggestive of 

Cu chelation suppressing MAPK pathway signaling in this GEMM of BRAF-driven 

melanoma, albeit at a low level.  Finally, melanoma tumors resected from BPC mice 

treated with the combination of TTM and vemurafenib revealed the greatest reduction 

in MAPK signaling as assessed by quantitative P-ERK1/2 and P-S6 IHC (P-ERK1/2: 

1.431% vs. 3.312% for vehicle-treated mice, P < 0.0001; P-S6: 2.345% vs. 5.076% for 
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vehicle-treated mice, P < 0.0001; Figs. 16 and 17, respectively), indicating that the 

combination of TTM and vemurafenib potently suppresses MAPK signaling in 

melanoma. 

 

Figure 16.  Analysis of P-ERK1/2 IHC in melanoma tumor tissue at tumor volume 

endpoint from BPC mice treated with vehicle, vemurafenib, TTM, or the combination 

of TTM and vemurafenib.  (A) Representative P-ERK1/2 IHC images of tumors resected 

from mice treated daily by oral gavage with vehicle (n = 11 mice), 50 mg/kg vemurafenib 

(Vem; n = 12 mice), 2 mg TTM (n = 12 mice), or the combination of TTM and 

vemurafenib (TTM + Vem; n = 12 mice), sectioned, and stained for P-ERK1/2 and 

counterstained with hematoxylin.  Scale bar, 500 µm.  (B) Scatter dot plot (mean ± s.e.m.) 

of quantified P-ERK1/2 staining in five random fields of stained sections from each 

mouse.  Sections were photographed, and tumors were analyzed for staining intensity 

using ImageJ.  Statistical analysis was performed with one-way ANOVA followed by 

Tukey’s multiple comparisons test to compare each treatment group to each other in a 

pairwise manner.  ** P < 0.01. 



 

77 

 

Figure 17.  Analysis of P-S6 IHC in melanoma tumor tissue at tumor volume endpoint 

from BPC mice treated with vehicle, vemurafenib, TTM, or the combination of TTM 

and vemurafenib.  (A) Representative P-S6 IHC images of tumors resected from mice 

treated daily by oral gavage with vehicle (n = 11 mice), 50 mg/kg vemurafenib (Vem; n = 

12 mice), 2 mg TTM (n = 12 mice), or the combination of TTM and vemurafenib (TTM + 

Vem; n = 12 mice), sectioned, and stained for P-S6 and counterstained with hematoxylin.  

Scale bar, 500 µm.  (B) Scatter dot plot (mean ± s.e.m.) of quantified P-S6 staining in five 

random fields of stained sections from each mouse.  Sections were photographed, and 

tumors were analyzed for staining intensity using ImageJ.  Statistical analysis was 

performed with one-way ANOVA followed by Tukey’s multiple comparisons test to 

compare each treatment group to each other in a pairwise manner.  *** P < 0.001 

4.2.8 TTM Inhibits Oncogenic BRAF-driven Growth of Cell Lines In 
Vitro 

As discussed above, TTM suppresses MAPK pathway signaling in vitro and in 

vivo through inhibition of MEK1/2 activity.  However, it is formally possible that TTM 

may mediate its antitumor effects through off-target or pleiotropic mechanisms in 

addition to MEK1/2 inhibition, particularly as Cu is involved in many important 
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biological processes, including regulation of the cellular redox state87,90,95,160.  Thus, to test 

whether TTM exerts its antitumor effect through cell intrinsic mechanisms other than 

MAPK pathway suppression, the ability of TTM to suppress tumorigenic growth of 

BRAFV600E-transformed cells engineered to be independent of MEK1/2 signaling or the 

requirement of MEK1/2 for Cu was tested.  Specifically, MEFs transformed with 

BRAFV600E were transduced to express no transgene (vector only, v.o.), ERK2GOF to 

activate MAPK pathway signaling downstream of MEK1/2, an activated MEK1-MEK5 

chimera that does not require Cu to phosphorylate and activate ERK1/2 (MEK1-

MEK5DD), or a stabilized mutant of an unrelated oncogene (cMycT58A).  These cells were 

then plated in soft agar in the presence of vehicle (DMSO) or increasing doses of TTM 

and allowed to form colonies over 4 weeks.  TTM inhibited the transformed, anchorage-

independent growth of v.o. MEFs in a dose-dependent manner (P < 0.0001 when treated 

with 200 nM or 400 nM TTM compared to DMSO) but did not suppress the colony 

formation by ERK2GOF, MEK1-MEK5DD, or cMycT58A-expressing MEFs at the tested doses 

(P > 0.05; Fig. 18A).  Thus, TTM mediates cell intrinsic suppression of BRAFV600E-driven 

tumorigenic growth through suppression of MAPK pathway signaling via inhibition of 

MEK1/2. 
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Figure 18.  The effect of TTM on the growth of BRAFV600E-transformed MEFs 

expressing no transgene, gain-of-function ERK2, an activated Cu-independent MEK1-

MEK5 chimeric protein, or stabilized cMyc and on the transformed growth of human 

melanoma cell lines.  (A) Bar graph of % soft agar colony formation (mean ± s.e.m.) for 

transformed MEFs in the presence of vehicle or TTM.  MEFs were transformed with 

BRAFV600E and then stably infected with recombinant retrovirus expressing no transgene 

(vector only, v.o.), ERK2GOF, MEK1-MEK5DD, or cMycT58A.  Cells were plated in soft agar 

in triplicate wells and allowed to form colonies over the course of 4 weeks in the 

presence of vehicle (DMSO) or the indicated concentration of TTM.  Data are the 

combined results from n = 3 independent replicate experiments.  (B) Bar graph of % soft 

agar colony formation (mean ± s.e.m.) of human melanoma cell lines in the presence of 

vehicle or TTM.  A panel of BRAF-mutant and BRAF-wildtype human melanoma cell 

lines were plated in soft agar in triplicate wells and allowed to form colonies over the 

course of 4 weeks in the presence of vehicle (DMSO) or the indicated concentration of 

TTM.  Data are the combined results from n = 3 independent replicate experiments.  (C) 

Bar graph of experimentally determined IC50 values (mean ± s.e.m. from n = 3 

independent replicate experiments) in response to TTM for a panel of BRAF-mutant and 

BRAF-wildtype human melanoma cell lines.  Cells were plated in sextuplicate and tested 

for sensitivity to TTM in a dose-response assay involving 10-fold dilution series 

encompassing 8 different concentrations from 25 pM to 250 µM to determine the half-

maximum growth inhibitory concentration compared to vehicle (IC50) after 4 days as 

assessed by a CellTiterGlo assay.  Statistical analysis was performed with (A,B) two-way 

ANOVA followed by Dunnett’s multiple comparisons test to compare the two highest 

drug concentrations to DMSO within each cell line or (C) one-way ANOVA followed by 

Dunnett’s multiple comparisons test to compare the experimentally determined IC50 of 

each line to that of the most sensitive line, A375 cells.  n.s. not significant (P > 0.05), * P < 

0.05, ** P < 0.01, **** P < 0.0001 

To expand this analysis to human melanoma and to expand the genetic diversity 

of tested cancer cell lines, a transformed growth in soft agar assay was performed using 

a panel of human melanoma cell lines as a surrogate for tumorigenesis.  This in vitro 

assay also allowed the testing of a greater variety of inhibitor concentrations and 

combinations than would be feasible using in vivo cancer models.  Specifically, the 

BRAF-mutant human melanoma cell lines A375, DM440, DM443, and DM738 as well as 
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the BRAF-wildtype human melanoma cell lines DM175 and DM646 were plated in soft 

agar in the presence vehicle or TTM and assessed for colony formation after 4 weeks.  

TTM inhibited the transformed, anchorage-independent growth of the BRAF-mutant cell 

lines A375, DM440, DM443, and DM738, whereas the BRAF-wildtype cell lines DM175 

and DM646 were not sensitive at the tested doses (Fig. 18B).  Thus, the ability of copper 

chelation to inhibit soft agar colony formation in human melanoma cell lines is 

dependent on BRAF-mutation status. 

To assess the sensitivity of this panel of human melanoma lines to TTM, a dose-

response assay was performed to determine the half-maximum growth inhibitory 

concentration (IC50) of TTM in these lines.  Specifically, the BRAF-mutant human 

melanoma cell lines A375, DM440, DM443, and DM738 as well as the BRAF-wildtype 

human melanoma cell lines DM175 and DM646 were plated in sextuplicate wells in 96 

well plates in the presence of vehicle (DMSO) or 8 different concentrations of TTM in a 

10-fold dilution series from 25 pM to 250 µM.  The IC50 values for the two BRAF-

wildtype cell lines, DM175 and DM646, were significantly greater than for the most 

sensitive cell line, A375 (68.65 µM and 67.89 µM for DM175 and DM646 cells, 

respectively, vs. 3.092 µM for A375 cells; P < 0.05; Fig. 18C).  Thus, the sensitivity of 

human melanoma cell lines to TTM is dependent on BRAF mutation status.  Together, 

these data suggest that TTM mediates its antitumor effects in melanoma through 
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suppression of MAPK pathway signaling rather than through off-target or pleiotropic 

mechanisms. 

4.2.9 The Combination of TTM with Vemurafenib and Trametinib 
Results in Synergistic Inhibition of Oncogenic BRAF-driven 
Melanoma Cell Line Growth In Vitro 

The combination of MEK1/2 inhibitors with BRAF inhibitors extends survival 

and has a higher response rate than BRAF inhibitors alone in patients with BRAF-

mutant melanoma49-51.  To test whether the addition of Cu chelation could synergistically 

reduce transformed growth when added to this FDA-approved combination, soft agar 

colony formation of A375 cells treated with the pairwise and triple combinations of 

TTM, vemurafenib, and trametinib was tested.  At the tested doses, the combination of 

TTM with either vemurafenib or trametinib was synergistic at inhibiting soft agar colony 

formation by two independent measurements of drug combination synergy, namely 

Combination Index and Bliss Index, whereas the combination of vemurafenib and 

trametinib was additive (Fig. 19).  The triple combination showed even greater synergy 

by both indexes than any of the pair-wise combinations.  These results suggest that 

combining TTM with MAPK pathway inhibitors could improve melanoma response 

rates. 
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Figure 19.  Analysis of synergistic antitumor effects of TTM, vemurafenib, and 

trametinib alone and in fixed-ratio combinations.  (A) Bar graph of % soft agar colony 

formation (mean ± s.e.m, triplicate samples, three experiments) of A375 cells treated 

with vehicle (black bar), TTM (red bars), vemurafenib (Vem, blue bars), trametinib (Tra, 

yellow bars), TTM and vemurafenib (TTM+Vem, purple bars), TTM and trametinib 

(TTM+Tra, orange bars), vemurafenib and trametinib (Vem+Tra, green bars), or TTM, 

vemurafenib, and trametinib (TTM+Vem+Tra, brown bars) at the indicated doses alone 

or in fixed-ratio combinations.  Synergistic combinations are indicated by Combination 

Index values < 1 and Bliss Index values > 1.  Statistical analysis methods of drug synergy 

are described in Section 2.5.  Data are the combined results from n = 3 independent 

replicate experiments.  (B) Graphical representation of the Bliss Index values from the 

experiments in A comparing expected effect based on the Lowe additivity model to the 

observed effect for the indicated drug combinations.  Points lying above the identity line 

indicate synergy at the tested concentrations for that drug combination. 

4.2.10 TTM Inhibits Growth of Vemurafenib- and Trametinib-resistant 
BRAF-mutant Human Melanoma Cell Lines In Vitro 

MAPK pathway inhibitor combinations exhibit response rates of 69% in patients 

with BRAF-mutant metastatic melanoma, but response duration and efficacy are limited 
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by acquired resistance and adverse reactions, respectively49-51.  Several MAPK-

dependent and MAPK-independent signaling pathways have been identified as drivers 

of resistance in MAPK pathway inhibitor-refractory patient tumors77.  To test whether 

inhibiting MEK1/2 via Cu chelation inhibits the transformed growth of MAPK pathway 

inhibitor-resistant melanoma cells, known activators of resistance pathways were 

ectopically expressed in MAPK pathway inhibitor-sensitive, BRAF mutation-positive 

A375 cells (Fig. 20 and Fig. 21).  TTM inhibited soft agar colony formation of A375 cells 

expressing MAPK-dependent resistance drivers when used at a dose chosen to highlight 

either increased or decreased drug sensitivity compared with the vector only control.  In 

contrast, the BRAF inhibitor vemurafenib was less effective in a subset of lines, and the 

MEK inhibitor trametinib showed reduced efficacy in lines expressing MEK1C121S, 

MEK2E45K, MEK2C125S, or MEK2S154F (Fig. 21).  A375 cells expressing MAPK-independent 

resistance drivers IGF1-R, IKKβ, and PDGFRβ were insensitive to all three drugs, 

suggesting that TTM inhibits MAPK signaling in vemurafenib- and trametinib-resistant 

melanoma. 
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Figure 20.  Response to TTM, vemurafenib, and trametinib by A375 cells expressing 

MEK1 and MEK2 mutations.  (A,B) Immunoblot detection of the indicated HA-tagged 

(A) MEK1 or (B) MEK2 mutants stably expressed in A375 cells.  βACTIN: loading 

control.  (C,D) Bar graph of % soft agar colony formation (mean ± s.e.m., triplicate 

samples, three experiments) of A375 cells stably expressing the indicated (C) MEK1 or 

(D) MEK2 mutants treated with vehicle (black bars) or the IC50 doses of TTM (red bars), 

vemurafenib (blue bars), or trametinib (yellow bars).  Data are the combined results 

from n = 3 independent replicate experiments.  Statistical analysis was performed with 

two-way ANOVA followed by a Bonferroni multiple comparisons test to compare 

transformed growth of each cell line with vector control cells treated with the same 

drug.  ** P < 0.01 versus vector control cells treated with the same drug. 
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Figure 21.  Response to TTM, vemurafenib, and trametinib by A375 cells expressing 

MAPK-dependent or MAPK-independent resistance drivers found in human 

melanoma patients refractory to targeted therapy.  (A) Immunoblot detection of the 

indicated HA-tagged proteins stably expressed in A375 cells.  βACTIN: loading control, 

* non-specific immunoreactivity.  (B) Bar graph of % soft agar colony formation (mean ± 

s.e.m., triplicate samples, three experiments) of A375 cells stably expressing the 

indicated resistance drivers treated with vehicle (black bars) or the IC50 doses of TTM 

(red bars), vemurafenib (blue bars), or trametinib (yellow bars).  Data are the combined 

results from n = 3 independent replicate experiments.  Statistical analysis was performed 

with two-way ANOVA followed by a Bonferroni multiple comparisons test to compare 

transformed growth of each cell line with vector control cells treated with the same 

drug.  * P < 0.05, ** P < 0.01 versus vector control cells treated with the same drug. 
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4.3 Conclusions 

Combining mutant BRAF-selective inhibitors, such as vemurafenib and 

dabrafenib, with clinical MEK1/2 inhibitors, including trametinib and cobimetinib, is a 

validated strategy for the treatment of mutant BRAFV600E-driven melanoma, as this 

combination extends survival over monotherapy in the clinic49-51.  BRAFV600E is found in 

approximately 50% of advanced human melanomas, and these cancers are exquisitely 

dependent on MAPK signaling29,53,142.  Therefore, we sought to determine whether 

targeting the requirement of MEK1/2 for Cu to reduce MAPK activity could be 

combined with currently approved front-line targeted therapies, namely the BRAFV600E 

mutant-selective inhibitor vemurafenib and the MEK1/2 inhibitor trametinib.  The 

copper chelator TTM inhibits soft agar colony formation of BRAF-mutant melanoma cell 

lines in vitro but fails to inhibit colony formation driven by non-MAPK pathways.  In 

addition, combining TTM with either vemurafenib or trametinib provided synergistic 

antitumor effects over monotherapy, and the triple combination of all three drugs 

showed the greatest level of synergy, indicating that layering a Cu chelator onto the 

already approved combination of a BRAF inhibitor with a MEK1/2 inhibitor could 

further suppress MAPK signaling in BRAF-mutant melanoma and may improve both 

response and survival in these patients. 

Resistance to MAPK pathway inhibitors is a pressing clinical issue.  Patients who 

progress on BRAF and MEK1/2 inhibitors currently have no targeted therapeutic 
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options.  Work from many groups have identified the major pathways responsible for 

acquired resistance to these therapies, and many of them depend on reactivating MAPK 

signaling, suggesting that successful targeting of this pathway may still provide benefit 

to many patients refractory to current MAPK pathway inhibitors77.  To this end, we 

tested whether targeting the requirement of MEK1/2 for Cu could suppress MAPK 

signaling and soft agar colony formation in a panel of cell lines engineered to be 

resistant to vemurafenib and/or trametinib through the expression of known resistance 

drivers.  These resistance drivers fall broadly into two categories: those which depend 

on MAPK pathway signaling, and those which are MAPK pathway-independent.  As 

reported by others, several of these resistance drivers conferred resistance to 

vemurafenib, and a few also conferred resistance to trametinib.  All MAPK pathway-

independent resistance drivers conferred resistance to vemurafenib, trametinib, and the 

copper chelator TTM, as was expected.  However, all cell lines expressing MAPK-

dependent resistance drivers remained sensitive TTM, indicating that this compound 

could be deployed in a subset of MAPK pathway inhibitor-resistant melanoma, namely 

those expressing resistance drivers dependent on MAPK signaling.  The low cost and 

high tolerability of this compound make it an attractive candidate to fast track in clinical 

trials involving MAPK pathway inhibitor-resistant BRAF-mutant melanoma.
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5. The Role of Nitric Oxide Signaling in KRAS-mutant 
Pancreatic Cancer 

The research presented in this section represent my contribution to a body of 

work led by Drs. Benjamin Lampson, DiSean Kendall, and Brooke Ancrile and 

published as an article entitled “Targeting eNOS in Pancreatic Cancer” in Cancer 

Research in 2012 for which I was credited a middle authorship161 as well as unpublished 

follow-up experiments on the role of nitric oxide (NO) in pancreatic cancer. 

5.1 Introduction 

The RAS family of small GTPases represent the most commonly mutated 

oncogene in human cancer and are found to be mutated in 30% of human 

malignancies12.  Despite myriad efforts over the past 3 decades, efforts to directly inhibit 

of these proteins have failed to produce a viable clinical drug for the treatment of RAS-

mutant cancer12,13.  Efforts have thus turned to identifying critical signaling pathways 

activated by these signal transducers that mediate their tumorigenic effects and 

therefore may be inhibited in combination to block oncogenic RAS signaling13.  The RAS 

oncoproteins mediate pro-tumorigenic signaling through activation of several critical 

effector signaling pathways, including the MAPK pathway discussed in the previous 

chapters, the PI3K/AKT pathway, and the RalGEF/Ral pathway, each of which have 

been identified as being critical for tumor initiation12,13.  However, of these signaling 

pathways, only the PI3K/AKT pathway is critical for the maintenance of human 
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pancreatic tumor cell line xenografts28,162, and thus this pathway is an attractive target for 

the development of new therapies for the treatment of established human KRAS-mutant 

cancer.  Several efforts to target the PI3K and AKT kinases have unfortunately failed in 

clinical trials because of dose-limiting toxicities due to the ubiquitous role of this 

signaling pathway in many physiological process such as hematopoiesis12,13.  Therefore, 

identifying the critical effectors of AKT which mediate tumor maintenance is important 

for maximizing efficacy while reducing toxicities.  To this end, eNOS was identified as a 

substrate of AKT capable of mediating tumor maintenance in pancreatic cancer 

xenografts upon loss of oncogenic KRAS expression28.  Inhibitors of NOS enzymes, 

including L-NAME, have been developed for the treatment of septic shock and are well 

tolerated in rodent cancer models163-165.  Given that eNOS is activated downstream of 

oncogenic KRAS, and that this activation promotes the growth of human pancreatic 

cancer xenograft tumors28, we hypothesized that genetic or pharmacological inhibition 

of eNOS would inhibit pancreatic tumor growth.  This hypothesis was tested in two 

genetically engineered mouse models (GEMMs) of pancreatic cancer: one which models 

pancreatic intraepithelial neoplasms (PanINs), a precursor lesion of early pancreatic 

cancer; and one which recapitulates advanced pancreatic ductal adenocarcinoma 

(PDAC), the most common and deadly form of pancreatic cancer161.  In the model of 

early pancreatic tumorigenesis, oncogenic KRASG12D is expressed from its endogenous 

locus in the pancreatic epithelium.  This mutant allele is expressed upon removal of a 
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transcriptional stop cassette flanked by LoxP sites (LoxP-stop-LoxP, termed LSL) by 

transgenic Cre recombinase under the control of the Pdx1 promoter (Pdx1::Cretg) in the 

pancreatic epithelium at postnatal day 10.5166.  These mice (termed KC mice, for KrasLSL-

G12D/+;Pdx1::Cretg) develop PanINs, which are precancerous lesions that occasionally give 

rise to full PDAC upon acquirement of collaborating mutations, such as loss of p53 or 

p16Ink4A tumor suppressors.  These lesions can then be quantified in number and area 

and graded by a pathologist to determine severity of the phenotype.  Pancreata were 

harvested from KC mice at a fixed endpoint by Dr. Benjamin Lampson, and analysis of 

this tissue by pathologists Dr. Diana Cardona and Dr. Michael Shealy revealed that loss 

of the gene encoding eNOS (Nos3-/-)167 or treatment with the pan-NOS inhibitor L-NAME 

(1 g/l in the drinking water)161,164 led to lower grade PanIN lesions as compared to 

wildtype, untreated mice161.  Thus, genetic loss of eNOS expression or treatment with the 

pan-NOS inhibitor L-NAME decreases tumor burden in a model of early pancreatic 

cancer tumorigenesis.  To extend this finding to a setting of advanced pancreatic cancer, 

the effects of eNOS loss or L-NAME treatment were tested in a GEMM of PDAC. 

5.2 Results 

5.2.1 Genetic Loss of eNOS Expression and Treatment with the Pan-
NOS Inhibitor L-NAME Extend Survival in a Genetically Engineered 
Mouse Model of Oncogenic KRAS-driven Pancreatic Cancer 

Whole animal knockout of eNOS expression or treatment with the pan-NOS 

inhibitor L-NAME decreased PanIN burden and grade in a model of early pancreatic 
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tumorigenesis.  However, the contribution of NO signaling to fully malignant PDAC 

and whether targeting NO signaling could represent an effective strategy in the 

treatment of this disease remained unknown.  To model PDAC, mice harboring a 

conditional allele encoding a dominant negative mutant of the tumor suppressor p53 

(Trp53LSL-R172H) were crossed into the KC model, which is known to increase frequency 

and decrease latency of PDAC formation in these mice168.  These mice (termed KPC) 

develop PDAC with nearly 100% penetrance by post-natal day 90 and eventually 

succumb to their disease after a median survival age of 166 days (Fig. 22)161.  In an 

experiment led by Dr. Benjamin Lampson in which I assisted with animal husbandry, 

genotyping, and drug treatment, genetic ablation of the gene encoding eNOS (Nos3), or 

treatment with L-NAME led to a modest, non-significant trend towards increased 

survival in the KPC model.  Compared to untreated, wildtype control KPC mice (n = 35 

mice, median survival = 166 days), loss of eNOS expression (n = 32 mice, median 

survival = 202 days, P = 0.0911) or treatment with the pan-NOS inhibitor L-NAME (n = 

32 mice, median survival = 174 days, P = 0.1161) led to a non-significant trend towards 

increased survival (Fig. 22).  Surprisingly, L-NAME treatment of Nos3-/- mice showed an 

additive anti-tumor effect compared to untreated Nos3+/+ mice in both the KC and KPC 

models161.  Treatment of Nos3-/- mice with L-NAME led to a significant increase in 

median survival compared to untreated wildtype mice (n = 32 mice, median survival = 

215 days, P = 0.0097; Fig. 22), suggesting that L-NAME inhibits PDAC tumorigenesis and 
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progression through another mechanism in addition to eNOS inhibition.  L-NAME 

inhibits all three isoforms of NOS with a similar potency, having a 10-fold selectivity for 

nNOS and eNOS over iNOS, but has little activity against other arginine metabolizing 

enzymes163,164.  Thus, inhibition of other NOS isoforms by L-NAME may account for the 

additive antitumor effect of L-NAME in extending the survival of Nos3-/- KPC mice.  

Semi-quantitative RT-PCR analysis performed by Dr. Benjamin Lampson revealed 

expression of eNOS, iNOS, and nNOS in PDAC tumors and matched cell lines from 

KPC mice (data not shown).  Additionally, all three NOS enzymes are expressed in 

components of the pancreatic microenvironment: eNOS is expressed in endothelial cells 

which make up the tumor vasculature; iNOS is expressed in fibroblasts, macrophages, 

and endothelial cells169-171, and nNOS is expressed in fibroblasts, endothelial cells, 

pancreatic neurons and pancreatic beta cells169,172-174.  L-NAME may thus exert its 

antitumor effects through inhibition of NOS enzymes expressed by malignant cells, 

stromal tissues, or both.  Future work utilizing conditional deletion of the three isoforms 

of NOS in tumor cells and candidate stromal compartments as well as isoform-selective 

NOS inhibitors will identify the enzymes responsible for the additional antitumor 

activity of L-NAME in Nos3-/- mice. 
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Figure 22.  Kaplan-Meier analysis of % surviving KrasLSL-G12D/+;Trp53LSL-

R172H/+;Pdx1::Cretg/+ (KPC) mice.  Transgenic Cre recombinase is expressed under the 

control of the Pdx1 promotor in pancreatic tissues during embryogenesis, leading to 

expression of oncogenic mutant KRASG12D and dominant negative mutant p53R172H and 

development of pancreatic ductal adenocarcinoma (PDAC).  KPC mice knocked out for 

the gene encoding eNOS (Nos3-/-; blue and green lines) or in a wildtype background 

(Nos3+/+; black and red lines) were given normal drinking water (black and blue lines) or 

dosed with L-NAME in the drinking water at a dose of 1 g/l (red and green lines) and 

monitored 3 times weekly until they reached a moribundity endpoint, typically weight 

loss of 15%.  Nos3+/+ KPC mice treated with vehicle (black line): n = 35 mice, median 

survival = 166 days.  Nos3+/+ KPC mice treated with L-NAME (red line): n = 32 mice, 

median survival = 174 days, P = 0.1161 (not significant).  Nos3-/- KPC mice treated with 

vehicle (blue line): n = 32 mice, median survival = 202 days, P = 0.0911 (not significant).  

Nos3-/- KPC mice treated with L-NAME (green line): n = 32 mice, median survival = 215 

days, P = 0.0097.  Statistical analysis was performed with a Mantel-Cox log-rank method 

to compare each group to vehicle-treated Nos3+/+ KPC mice in a pairwise manner. 

5.2.2 Expression of eNOS in the Tumor Microenvironment 
Contributes to Pancreatic Tumor Growth 

Survival was extended in mice treated with L-NAME or lacking whole-animal 

eNOS expression, but the contribution of eNOS in tumor cells versus the stromal tissues 

remains unknown.  To assess whether eNOS expressed in stromal tissues contributes to 
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PDAC tumor growth, two PDAC cell lines, namely 556 cells and 568 cells, derived 

independently from the pancreatic tumors of Nos3-/- KPC mice established by Dr. 

Benjamin Lampson were injected subcutaneously into the flanks of Nos3+/+ or Nos3-/- 

allograft hosts.  The mice were given normal drinking water or dosed with L-NAME in 

the drinking water at 1 g/l, and allograft tumor volume was monitored 3 times a week.  

The allograft tumors derived from the 556 Nos3-/- PDAC cell line or from the 568 Nos3-/- 

PDAC cell line grew more rapidly in Nos3+/+ hosts than in Nos3-/- mice, suggesting that 

eNOS expressed in the tumor microenvironment contributes to tumorigenesis (Fig. 

23A,B). 

To model the additive antitumor effect of L-NAME treatment and eNOS loss 

observed in the KPC model, 556 and 568 Nos3-/- allograft mice were treated with 1 g/l L-

NAME in the drinking water, and tumor growth was monitored over time.  L-NAME 

treatment had no effect on the growth of allograft tumors established from 556 PDAC 

cells in either Nos3+/+ or in Nos3-/- hosts (Fig. 23A).  Whereas the lack of an antitumor 

effect of L-NAME in this model could be due to the shortened time frame of the study, 

this result is also consistent with L-NAME exerting its antitumor effect primarily 

through inhibition of eNOS expressed in tumor cells. 

To test whether nNOS may be the target of L-NAME responsible for its 

antitumor activity in 568 Nos3-/- PDAC cell line allografts, these cells were injected 
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Figure 23.  Analysis of the contribution of eNOS expressed in the tumor stroma to the 

growth of murine PDAC cell line allograft tumor growth.  Two independent PDAC 

cell lines derived from Nos3-/- KPC mice, (A) line 556 and (B,C) line 568, were injected 

subcutaneously on the flanks of Nos3-/- (red, green, and purple lines) or Nos3+/+ (black and 

blue lines) immunocompetent mice.  Mice were treated with (A,B,C) vehicle (black, red, 

and purple lines), (A,B) the pan-NOS isoform inhibitor L-NAME (blue and green lines, n 

= 4 mice per cohort), or (C) the nNOS-selective inhibitor L-NPA (purple line, n = 8 or 9 

mice per cohort), and tumor volume was measured 3 times weekly.  Statistical analysis 

comparing final tumor volume was performed with (A,B) one-way ANOVA followed 

by Tukey’s multiple comparisons test to compare each experimental group to Nos3+/+ 

mice given normal drinking water, or (C) an unpaired two-tailed Student’s t-test.  n.s. 

not significant (P > 0.05), * P < 0.05, ** P < 0.01 

subcutaneously into Nos3-/- hosts, and mice were given either normal drinking water or 

drinking water containing 1 g/l of the nNOS-selective inhibitor L-NPA that has 150-fold 

selectivity for nNOS over eNOS (notably, eNOS is absent in this model) and 1500-fold 

selectivity for nNOS over iNOS165.  Allograft tumors derived from 568 cells grew as 

rapidly in mice treated with L-NPA compared to mice given normal drinking water (Fig. 

23C), suggesting that nNOS is not the target of L-NAME responsible for its antitumor 

effect in the absence of eNOS.  Therefore, presumably iNOS expressed in either the 

tumor cells or in the stroma contributes to tumorigenesis in the absence of eNOS, though 

this remains to be formally tested. 

5.3 Conclusions 

The RAS family of proteins represent the most frequently mutated oncogenes in 

human cancer, accounting for over 30% of malignancies12-14,31,175.  To date, no effective 

targeted therapy has been developed for the treatment of RAS-mutant diseases.  

Targeting critical signaling pathways downstream of oncogenic RAS represent the most 
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promising strategy for deploying targeted therapies in these malignancies12,13.  To this 

end, we have previously identified activation of eNOS downstream of the PI3K/AKT 

RAS effector pathway to be a critical signaling node required for the maintenance of 

oncogenic KRAS-mutant pancreatic cancer.  Targeting this pathway either genetically 

through knockout of Nos3, the gene encoding murine eNOS, or pharmacologically 

through treatment with the pan-NOS inhibitor L-NAME reduces tumor burden in the 

KC model of early pancreatic tumorigenesis and leads to a modest trend towards 

increased survival in KPC mice, a model of advanced, terminal PDAC.  Intriguingly, 

treatment of Nos3-/- KPC mice with L-NAME led to a significant increase in median 

survival, suggesting an additive effect in this model and the potential contribution of 

other NOS isoforms to pancreatic tumorigenesis.  Preliminary allograft studies suggest 

that eNOS expressed not only in the tumor cells, but also in the tumor 

microenvironment, contributes to pancreatic tumor growth as Nos3-/- KPC PDAC cell 

line allograft tumors grew faster in Nos3+/+ hosts than in Nos3-/- hosts.  Furthermore, 

treatment of Nos3-/- mice harboring Nos3-/- KPC PDAC cell line allograft tumors with L-

NAME, but not with the nNOS-selective inhibitor L-NPA, reduced tumor growth, 

potentially ruling out nNOS and leaving iNOS as the most likely target for the antitumor 

effect of L-NAME in the absence of eNOS.  Further studies into the contribution of NOS 

isoforms in PDAC will be needed to evaluate the potential of targeting these enzymes in 

human cancer. 
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6. Differences Between KRAS and NRAS Signaling Due 
to Differences in Their N-terminal Amino Acid 
Sequences 

6.1 Introduction 

Despite sharing 88% peptide sequence identity12,14,175, the KRAS and NRAS small 

GTPases display distinct biological roles.  For instance, knockout of Kras in mice is 

embryonic lethal176 while Nras knockout mice are viable177.  Additionally, differences in 

localization and effector engagement between these closely related enzymes have been 

reported12-14.  Finally, NRAS and KRAS mutations occur at different frequencies in 

different malignancies, with KRAS being mutated far more frequently in most human 

cancers, suggesting potential cell-type-specific roles for these oncogenes allowing or 

preventing tumorigenesis12.  Indeed, while oncogenic KRASG12D is capable of initiating 

melanomagenesis in mice, NRASG12D does not lead to tumor development178.  Many 

studies have focused on the one region of these enzymes where the amino acid sequence 

differs the most, namely the C-terminal hypervariable region where post-translational 

modifications determine the subcellular localization of these enzymes.  Indeed, 

swapping the hypervariable domains of KRAS and NRAS does lead to changes in 

signaling14, but may not account for all the differences observed between these two 

proteins.  Outside of the hypervariable region, 10 amino acid differences exist between 

NRAS and the KRAS-4B splice form (Fig. 24).  The functional consequences of these 
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evolutionarily conserved differences between otherwise highly-homologous proteins, if 

any exist, have yet to be elucidated. 

6.2 Results 

Despite sharing 88% amino acid identity outside the hypervariable region of the 

C-terminus, the three isoforms of RAS, HRAS, NRAS, and KRAS have divergent roles in 

development and tumorigenesis12-14.  Part of the difference in these isoforms may be 

ascribed to the few amino acid differences in the G-protein domain of RAS isoforms.  In 

support of a functional difference due to these amino acid substitutions, Sharon 

Campbell’s group at UNC found that these residues form a solvent-accessible surface on 

the face of the RAS G-protein domain, which may allow for differences in protein 

interactions (unpublished data).  Therefore, I sought to determine whether changes in 10 

amino acid residues in the G-protein domain impact tumorigenic potential of 

transformed cells expressing oncogenic KRAS or NRAS.  Two cDNA constructs were 

synthesized: human NRAS in which the sequence encoding the 10 different N-terminal 

amino acids between NRAS and KRAS were mutated to encode the amino acid residues 

present in KRAS (termed NRAS-K), and the analogous construct for human KRAS to 

replace those amino acid residues with the ones found at the same positions in NRAS 

(termed KRAS-N).  The specific mutations in NRAS-K compared to native NRAS are 

highlighted in Fig. 24A.  To compare the tumorigenic potential of these constructs to 

their native counterparts, an activating G12D mutation was included as well.  Thus, 
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NRASG12D and NRAS-KG12D were compared for transforming ability, and KRASG12D and 

NRAS-KG12D were likewise compared using proliferation, focus formation, and 

proliferation in low serum assays.  Two different human cell lines were tested, epithelial  

 

Figure 24.  Comparison of ectopic RAS constructs to evaluate the effects of 10 amino 

acid differences in the G-protein domains of KRAS and NRAS on transformation.  (A) 

Alignment of the amino acid sequence of human NRAS and NRAS with 10 amino acid 

substitutions in the N-terminus to the residues encoded at the same positions in the 4B 

splice variant of KRAS (NRAS-K), both containing the activating G12D mutation.  Every 

10th amino acid is denoted above the alignment, and amino acid differences between the 

sequences are highlighted in red text.  (B) Immunoblot analysis of ectopic RAS 

expression and GTP loading as a surrogate for RAS activity as assessed by CRAF-RAS 

Binding Domain pulldown in BJ-HT cells stably infected with a retrovirus encoding HA 

epitope-tagged NRASG12D or NRAS-KG12D with an anti-HA antibody.  β-Tubulin: loading 

control. 
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Figure 25.  Transformation potential of NRASG12D versus NRAS-KG12D in BJ-HT cells.  

(A) Raw images (left) and quantification (right) of proliferation of BJ-HT cells 

transformed with NRASG12D or NRAS-KG12D over 7 days.  Cells were plated at low 

density (2500 cells/well) in DMEM media with 10% fetal bovine serum (FBS) in triplicate 

wells in three independent plates.  On the indicated days, the media was removed from 

one plate, and the cells were washed with PBS, stained with 0.1% crystal violet stain, 

and imaged.  Crystal violet staining intensity was quantified by color thresholding in 

ImageJ, and the values on Day 7 were compared.  (B) Representative images (left) and 

quantification (right) of 3D refractile foci formation on top of a confluent monolayer of 

cells for BJ-HT cells transformed with NRASG12D or NRAS-KG12D.  Cells were plated at 

near confluency (4.5 x 105 cells/well).  (C) Representative images (left) and quantification 

(right) of proliferation of BJ-HT cells transformed with NRASG12D or NRAS-KG12D over 14 

days in DMEM containing 0.1% FBS.  All experiments were performed n = 1 time.  

Statistical analysis was performed with an unpaired two-tailed Student’s t-test.  *** P < 

0.001 

HEK-HT cells and mesenchymal BJ-HT cells, which are both known to require ectopic 

oncogenic RAS for transformation179. 

BJ-HT cells transformed with NRAS-KG12D proliferated at a higher rate, formed a 

greater number of foci, and proliferated more rapidly in low serum than BJ-HT cells 

transformed with NRASG12D (Fig. 25), suggesting a functional difference in transforming 

potential attributable to the 10 amino acids that differ in the G-protein domains of NRAS 

and KRAS. 

Next, HEK-HT cells were transformed with NRASG12D, NRAS-KG12D, KRASG12D, or 

KRAS-NG12D.  In contrast to the results seen in BJ fibroblasts, HEK-HT cells transformed 

with native NRASG12D proliferated faster and formed more foci than cells transformed 

with NRAS-KG12D (Fig. 26).  Cells transformed with KRASG12D also showed greater 

transformation in these assays than cells transformed with KRAS-NG12D, suggesting that 
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in this epithelial cell line, native NRAS and KRAS sequences confer greater 

transformation than their N-terminal amino acid substituted counterparts.  However, 

when compared in proliferation in low serum assays, these differences completely 

disappeared:  Cells transformed with NRASG12D or NRAS-KG12D proliferated at the same 

rate, as did cells transformed with either KRASG12D or KRAS-NG12D.  Serum contains 

numerous growth factors such as EGF which are positive regulators of RAS signaling.  

Although often regarded as fully activated, some oncogenic RAS mutants have lower 

GTP loading than others and thus could rely on upstream activation by GEFs178.  

Additionally, the activation of wildtype RAS proteins by SOS1 has been recently shown 

to be mediated by allosteric activation of SOS1 by mutant oncogenic RAS isoforms.  

Thus, the differences in proliferation may be due not to differences in oncogenic 

signaling between the compared isoforms, but rather their ability to activate wildtype 

RAS proteins via allosteric SOS1 interactions.  Numerous reports have indicated that 

oncogenic RAS transformation is affected by the presence and activation of wildtype 

RAS proteins28,175,180-182.  To formally test the contribution of wildtype RAS proteins to the 

observed phenomena, so-called “Ras-less MEFs” which lack expression of HRAS and 

NRAS and harbor two conditional deletion alleles of Kras could be employed. 
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Figure 26.  Transformation potential of KRASG12D versus KRAS-NG12D and NRASG12D 

vs. NRAS-KG12D in HEK-HT cells.  (A) Quantification of proliferation of HEK-HT cells 

transformed with KRASG12D vs. KRAS-NG12D (left) and NRASG12D vs. NRAS-KG12D (right) 

over 7 or 9 days.  Cells were plated at low density (2500 cells/well) in DMEM media with 

10% fetal bovine serum (FBS) in triplicate wells in five independent plates.  On the 

indicated day, the media was removed from one plate, and the cells were washed with 

PBS, stained with 0.1% crystal violet stain, and imaged.  Crystal violet staining intensity 

was quantified by color thresholding in ImageJ, and the values on the final day were 

compared.  (B) Quantification of proliferation of HEK-HT cells transformed with 

KRASG12D vs. KRAS-NG12D (left) and NRASG12D vs. NRAS-KG12D (right) over 9 days in 

DMEM containing 0.1% FBS.  The quantified crystal violet staining values on the final 

day were compared.  (C) Quantification of foci formation on top of a confluent 

monolayer of cells for HEK-HT cells transformed with KRASG12D vs. KRAS-NG12D (left) 

and NRASG12D vs. NRAS-KG12D (right) after 14 days.  Cells were plated at near confluency 

(4.5 x 105 cells/well).  All experiments were performed n = 1 time.  Statistical analysis was 

performed with an unpaired two-tailed Student’s t-test.  n.s. not significant (P > 0.05), * P 

< 0.05, *** P < 0.001 

6.3 Conclusions 

Despite high amino acid sequence similarity between the 3 isoforms of RAS, 

distinct biological roles for these enzymes have been noted in development and 

tumorigenesis12-14,175-177,181,182.  While the hypervariable region in the C-terminus of these 

enzymes has been determined to affect signaling differences among HRAS, NRAS, and 

KRAS via posttranslational modifications and localization to distinct subcellular 

domains183,184, little is known of the contribution of amino acid differences in the G-

protein domain to the distinct biological roles of the three isoforms.  Intriguingly, the 10 

amino acids that differ between NRAS and KRAS are localized on two α-helices that 

form a solvent-accessible surface on the face of these proteins, begging the question of 

whether these amino acids may mediate protein-protein interactions.  Preliminary in 
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vitro studies in two primary human cell lines confirm that swapping these G-protein 

amino acids between NRAS and KRAS lead to altered transformation.  Further studies 

will be required to determine the mechanism by which this effect is mediated, but the 

apparent serum dependency of this effect would suggest the difference in 

transformation potential might lie in differential response of these oncoproteins to 

upstream growth factor signals. 
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7. Evaluating Differences Between KRAS Mutations in 
Cancer 

7.1 Introduction 

KRAS is the most frequently mutated isoform of RAS, occurring in 

approximately 25% of human cancers compared to 4% for NRAS and <1% for HRAS12.  

The most common mutations in KRAS occur at codons 12, 13, and 61, as is true for the 

other isoforms, but many other mutations have been identified in patient samples as 

well12.  Patients with KRAS mutations are often treated identically, despite biochemical 

and more recent clinical data that different KRAS mutations in fact have different 

transforming abilities, activate different signaling pathways or to different extents, and 

confer different prognoses in patients12,13.  For example, clinical trials targeting EGFR 

signaling in lung cancer and colon cancer patients found that patients with KRAS 

mutations fared no better or in some cases worse on these targeted therapies than on 

traditional chemotherapies, leading the FDA to list KRAS mutation status as an 

exclusion factor in deciding which patients should be given these drugs185.  However, 

retrospective analysis of these data found that, while this effect held true for patients 

with KRASG12X mutations, patients with less common KRASG13X mutations actually 

received benefit from these interventions, suggesting a biological difference between 

these mutants underlying the different responses to anti-EGFR treatment186.  In further 

support of differences among different mutations in the same RAS isoform, several 

biochemical studies have demonstrated varying transforming potential as well as 
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varying effector engagement among mutants of the same RAS isoform in vitro12.  

However, to date no in vivo studies in animal models have been performed to assess the 

differences between different RAS codon mutants. 

7.2 Results 

Codon mutation frequency differences in different cancer types as well as meta-

analysis of clinical trial data on response to chemotherapeutics between patients with 

KRASG12D or KRASG13D-mutant cancer suggest that functional differences between these 

mutations may exist.  However, to date no direct comparison of these oncoproteins in an 

in vivo tumorigenesis model has been reported.  Therefore, we generated conditional 

mutant mice expressing either KRASG12D or KRASG13D from the endogenous Kras allele 

upon the expression of Cre recombinase to directly compare the oncogenic properties of 

these mutants.  The targeting strategy for creating these conditional mutant strains is 

outlined in Fig. 27.  These novel mouse strains will allow the direct comparison of the 

tumorigenic potential of KRASG12D and KRASG13D mutations in vivo both in the presence 

of tumor suppressors and in a tumor suppressor deficient background as well as allow 

the direct comparison between these mutations in response to chemotherapy, a major 

question in the treatment of KRAS-mutant lung adenocarcinoma. 
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Figure 27.  Genetically engineered mouse model harboring Cre-conditional G12D or 

G13D point mutations in Kras from the endogenous locus.  (A) Schematic of the 

targeting strategy and allele design for a FLEx based approach to conditionally convert 

wildtype KRAS to encode either KRASG12D or KRASG13D.  LoxP sites and mutant LoxP2272 

sites are self-compatible, but the two LoxP alleles are not compatible with each other and 

thus do not recombine140.  Upon Cre mediated recombination, the genomic region 

between anti-parallel compatible LoxP sequences inverts, and then recombination of two 

different, parallel compatible LoxP sequences locks the transgenic allele in this reverse 

orientation.  The modified allele thus expresses wildtype KRAS in the un-recombined 

condition but mutant KRAS in the recombined condition.  Targeted knock-in of the 

modified allele was selected for in transfected murine embryonic stem cells through 

neomycin (Neo) selection, and targeting to the correct genomic locus was confirmed by 

Southern blot and long-range PCR.  Transgenic embryonic stem cells were implanted 

into embryos of pregnant dams at the blastula stage to produce transgenic chimeras, and 

the F1 progeny of these chimeric mice were screened to identify chimeric mice with 

germline transmission of the transgenic allele to establish a transgenic mouse line.  The 

transgenic mouse line was then crossed to a line harboring a FLP recombinase transgene 

under the ubiquitous Actb promotor to delete the Neo cassette followed by backcrossing 

for one generation to remove this FLP transgene from the transgenic Kras line.  (B) 

Mouse embryonic fibroblasts (MEFs) homozygous for the conditional KrasG12D allele 

were derived at embryonic day 13.5 from embryos established by crossing heterozygous 

mice from the transgenic mouse line.  MEFs were infected with recombinant retrovirus 

encoding no transgene or Cre recombinase, and recombination of the transgenic allele 

was detected by PCR on genomic DNA using primers specific for sequences that will 

produce a 290 b.p. product only in the recombined orientation of the allele (green bars in 

A). 

7.3 Conclusions 

The RAS family of proteins represent the most frequently mutated oncogenes in 

human cancer, accounting for over 30% of malignancies.  To date, no effective targeted 

therapy has been developed for the treatment of RAS-mutant diseases.  Furthermore, the 

subtle sequence differences among the isoforms and specific missense mutations found 

in cancer have profound biological effects, but the mechanisms behind these differences 

are poorly understood.  Meta-analysis of clinical trial data has suggested a differential 
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response to chemotherapy in patients with tumors harboring KRASG13D mutations versus 

other KRAS mutations, particularly the KRASG12D mutation.  To answer the question of 

whether different mutations in the same oncogene can impart differences in 

tumorigenesis and response to therapy, we developed two transgenic mouse models 

based on a single targeting vector that should allow the direct comparison between 

KRASG12D and KRASG13D in tumorigenesis and response to chemotherapy. 
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8. Conclusions and Future Directions 

8.1 Inhibiting Copper in Oncogenic BRAF-driven Cancers 

8.1.1 Conclusions 

MEK1/2, central nodes of MAPK signaling, are well validated targets in BRAF-

mutant melanoma.  The combination of BRAF inhibitors and MEK1/2 inhibitors 

increases response rates and duration in the clinic as evidenced by the recent FDA 

approvals for combined dabrafenib and trametinib as well as combined vemurafenib 

and combimetinib49-51.  Therefore, targeting MAPK signaling at multiple nodes 

simultaneously represents an effective strategy in extending survival in patients with 

advanced BRAF-mutant melanoma.  To this end, Cu is required for MEK1/2 to 

phosphorylate ERK1/2 in vitro as well as in vivo86.  Suppressing Cu availability through 

genetic suppression of the Cu transporter CTR1 or by treatment with clinical Cu 

chelators suppresses MAPK pathway signaling, inhibits BRAF-mutant tumor growth, 

and increases survival of mice harboring BRAF-mutant lung cancer86.  Here, we 

demonstrate that the copper chelator TTM can cooperate with FDA-approved front line 

inhibitors of BRAF and MEK1/2 in suppressing anchorage-independent growth and 

human melanoma xenografts as well as extending survival in a preclinical GEMM of 

BRAF-mutant melanoma. 

Clinical Cu chelators, including TTM, were originally developed for patients 

with the inherited genetic disorder Wilson Disease characterized by germline mutations 
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in the gene encoding the Cu exporting enzyme ATP7B106.  Reduced function of this 

protein leads to aberrant accumulation of Cu in the liver and central nervous system, 

eventually leading to hepatic and neural symptoms106,108,109,115.  Patients diagnosed with 

this disorder are maintained on low Cu diets in combination with chelators to reduce Cu 

levels, sometimes for years at a time103,106,112,115,187.  These compounds have therefore been 

selected for excellent safety profiles because patients, including children, are maintained 

on these therapies their entire lives103,106,112,115,187.  In addition to its use in Wilson Disease, 

Cu chelation has been tested as an antiangiogenic therapy in cancer, although the results 

have been somewhat disappointing104,105,116-126.  Despite limited efficacy in cancer clinical 

trials thus far, Cu chelation is well tolerated, even in patients with advanced cancer 

treated for several years104,105,117-119.  Additionally, toxicity of these compounds can be 

avoided through routine testing of the Cu biomarker Cp to avoid the adverse effects of 

hypocupremia104,105,117-119,141,158,188. 

Interestingly, P-ERK1/2 signaling was still detected in tumor tissues from Ctr1fl/fl 

mice in both the lung adenocarcinoma GEMM and the metastatic melanoma GEMM, 

suggesting that MAPK signaling was not completely blocked by loss of CTR1.  Other 

studies have reported that Cu may enter cells by CTR1-independent mechanisms, and 

that loss of Ctr1 expression in mice results in only a 70% reduction in intracellular Cu, 

depending on the tissue189.  Therefore, the presence of intracellular Cu through CTR1-

independent entry may explain the sustained but reduced MAPK signaling observed.  
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Further studies will determine the level of Cu in the melanoma cells of BPC mice treated 

with TTM. 

Because Cu chelation suppresses MAPK signaling, and combining inhibitors of 

MAPK has proven to be an effective strategy in treating patients with advanced 

melanoma, we tested whether combining the Cu chelator TTM with currently approved 

MAPK pathway inhibitors is effective in BRAF driven models of melanoma.  Using soft 

agar assays, we determined that TTM combines synergistically with both the BRAF 

inhibitor vemurafenib and the MEK1/2 inhibitor trametinib.  Similar results were 

obtained using an in vivo xenograft model and a genetically engineered mouse model 

(GEMM) of melanoma.  Together, these data support adding Cu chelation to front line 

BRAF and MEK1/2 inhibitors as an effective combination treatment for advanced BRAF-

mutant melanoma. 

Current targeted therapies in BRAF-mutant melanoma are limited in duration of 

response by acquired resistance.  Many groups have identified a myriad of resistance-

driving signaling pathways in patients resistant to these inhibitors as well as through 

selection in cell culture and animal models77.  Many of these pathways depend on 

reactivating MAPK signaling through a variety of mechanisms37,44,77,78.  Therefore, drivers 

of MAPK pathway inhibitor resistance were expressed in A375 cells, and these lines 

were treated with the Cu chelator TTM to test whether inhibition of the MAPK pathway 

through Cu chelation inhibits MAPK pathway inhibitor-resistant melanoma.  In every 
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tested case of MAPK pathway inhibitor resistance that has been reported to depend on 

reactivation of MAPK signaling, TTM remained as effective in suppressing soft agar 

colony formation as vector-expressing cells.  However, in MAPK-independent resistant 

lines, TTM was ineffective in suppressing tumor growth, highlighting the specificity of 

TTM in inhibiting MEK1/2 activity. 

Analyzing signaling in a subset of these tested cell lines confirmed that TTM 

inhibits MAPK signaling at the level of MEK1/2 activity in these cells as we have 

previously reported. Xenograft tumors of a select panel of cell lines showed only limited 

sensitivity to TTM, possibly due to the delayed start of treatment at the time of tumor 

development (data not shown).  We have previously reported robust antitumor activity 

to TTM in a panel of human melanoma cell line xenografts in mice treated with the 

compound from the time of injection of tumor cells86.  In addition, a fixed dose of 2 mg 

TTM daily alone, and particularly in combination with vemurafenib, was toxic in low 

weight animals, leading to early adverse events.  Controlling for this toxicity by 

censoring mice experiencing early adverse events revealed that the combination of TTM 

and vemurafenib was effective at extending survival as well as suppressing MAPK 

pathway signaling.  Thus, future studies will be required to determine the optimum 

dosage of TTM and MAPK pathway inhibitors to maximize efficacy while avoiding 

toxicity. 
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We have identified Cu chelation as a novel strategy to inhibit MAPK signaling in 

BRAF-driven melanoma.  Cu chelation is well tolerated and combines synergistically 

with already FDA-approved frontline inhibitors of BRAF and MEK1/2.  In addition, we 

employed a preclinical GEMM of melanoma that recapitulates faithfully the initiation 

and progression of this disease and shows that Cu chelation is as effective as 

vemurafenib at extending survival in this model and combines with vemurafenib to 

extend survival even further.  In addition, Cu chelation may effectively block MAPK 

signaling in a subset of MAPK inhibitor resistant melanoma, representing a novel 

targeted therapy for patients who currently have no other options. 

8.1.2 Future Directions 

Based on the findings that blocking Cu import or treating with TTM is effective 

in slowing BRAFV600E-driven models of lung adenocarcinoma and melanoma, we are 

now testing the ability of TTM in other forms of BRAFV600E-driven cancers.  In particular, 

papillary thyroid cancer and colorectal cancer both display high rates of activating BRAF 

mutations.  In addition, approximately 70% of canine transitional cell carcinomas (TCC) 

harbor an oncogenic BRAF mutation.  Frontline targeted therapies such as vemurafenib 

and trametinib are often far too expensive for use in companion animals, and therefore 

the off-patent Cu chelator TTM is an attractive and affordable option to potentially block 

MAPK signaling in this disease.  In this regard we have recently partnered with 

veterinarians at the North Carolina State University to test whether Cu chelation in dogs 
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with TCC could be an effective treatment therapy.  The first canine has now started TTM 

therapy and is to date tolerating the compound well, though no improvement in disease 

has yet been seen.  Analysis of Cp activity in serum taken after 4 weeks of therapy 

confirmed a 15% reduction in this Cu biomarker compared to pretreatment baseline 

activity (data not shown).  Patients treated with Cu chelators are often targeted for a 

25%-50% reduction in Cp activity, and thus adjustments in dosing may be required for 

antitumor activity to be seen.  Additionally, TCC is a carcinoma of epithelial origin, and 

thus efficacy of MAPK pathway inhibition may depend on simultaneous inhibition of 

EGFR or the PI3K/AKT pathway, as is the case for colorectal cancer43,56,190. 

Loss of CTR1 extended survival in both a GEMM of BRAF-mutant lung 

adenocarcinoma and in a GEMM of metastatic melanoma.  Loss of CTR1 also inhibited 

biomarkers of MAPK signaling in these models.  Presumably, the extension in survival 

observed is directly due to suppression of MAPK signaling.  To formally test this point 

would require rescuing tumor burden or reducing survival through activation of the 

MAPK pathway downstream of MEK1/2.  To this end, mice expressing Cu independent 

MEK2 from the endogenous Map2k2 promotor are in development, which should render 

the tumors of these mice insensitive to loss of Ctr1. 

Mechanistically, much work remains to be done to outline the specifics of the 

requirement of MEK1/2 for Cu, and to determine whether other kinases required Cu for 

activity.  To this end, Dr. Donita Brady has begun a number of lines of investigation to 
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identify Cu binding kinases in an unbiased screen.  Furthermore, we have collaborated 

with a number of research groups in academia and industry to determine the structural 

location of the Cu atom in the crystal structure of MEK1 or MEK2, but efforts thus far 

have been fruitless.  The ability of MEK1/2 to phosphorylate ERK1/2 in vitro without the 

presence of other protein factors would suggest that Cu is not involved in regulating the 

recruitment of MEK1/2 or its substrates to scaffolding protein complexes.  However, Cu 

may be involved in the direct interaction of MEK1/2 and ERK1/2, or perhaps Cu is 

involved in a regulatory conformational change or directly in enzymatic activity of these 

kinases.  Further biochemical characterization, and in particular knowledge of the exact 

location of Cu binding in MEK1/2, should help guide future insight into this novel 

regulation of a kinase by Cu.  These biochemical studies may allow the future 

development of novel MEK1/2 inhibitors that specifically target the requirement of these 

kinase for Cu. 

8.2 The Role of Nitric Oxide Signaling in KRAS-mutant 
Pancreatic Cancer 

8.2.1 Conclusions 

Although the RAS family of proteins represent the most commonly mutated 

oncogene in human cancer, to date no targeted therapy has been efficacious in directly 

inhibiting these critical signaling nodes in vivo12-14,31,183.  Therefore, efforts to better 

understand the biological differences among RAS isoforms and point mutants as well as 

to identify critical downstream mediators of RAS signaling that may be more amenable 
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to targeted inhibition represent the most likely approaches to the development of 

effective therapies for RAS-driven cancer.  In this regard, we have identified that NO 

signaling is essential for the maintenance of RAS-mutant PDAC, and targeting eNOS 

through genetic deletion or treatment with the Pan-NOS inhibitor L-NAME trended 

towards increased survival in a GEMM of KRAS-driven PDAC.  However, treatment of 

Nos3-/- mice with L-NAME gave a significant survival advantage, suggesting that the 

anti-tumor activity L-NAME is mediated in part through inhibition of eNOS and in part 

through inhibition of another enzyme.  The most likely candidates as pro-tumorigenic 

targets of L-NAME include the other two isoforms of NOS: iNOS and nNOS.  In 

addition, our model of PDAC lacked eNOS both in the tumor as well as in the animal 

host, and therefore the tumor microenvironment.  While knockdown of eNOS in human 

PDAC xenografts confirmed the tumor cell intrinsic requirement of this enzyme, the 

contribution of eNOS signaling in the tumor microenvironment to tumorigenesis and 

maintenance remained unknown.  Therefore, I tested the sensitivity of a syngeneic 

allograft model of PDAC which lacked eNOS either in the tumor cells, in the host, or 

both and found that eNOS in the microenvironment promotes tumor growth.  In 

addition, the syngeneic allograft model using at least one Nos3-/- PDAC cell line in an 

Nos3-/- host responded to L-NAME, yielding a more tractable model for exploring the 

anti-tumor effects of L-NAME.  In this regard, treatment with the nNOS-selective 

inhibitor L-NPA failed to produce an antitumor effect in this model, suggesting that 
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nNOS is not one of the targets of L-NAME responsible for its antitumor effect.  

Therefore, the most likely candidate for the antitumor effect of L-NAME in the absence 

of eNOS is iNOS, and future work will elucidate the contribution of iNOS to PDAC 

tumorigenesis and maintenance.  It should be noted that high concentrations of L-

NAME can inhibit two other enzymes involved in arginine metabolism: arginase1 and 

arginase 2191.  Therefore, the contribution of these two enzymes to PDAC tumorigenesis 

and maintenance should also be tested. 

8.2.2 Future Directions 

L-NAME has an antitumor effect in Nos3-/- KPC mice, implicating a pro-

tumorigenic role for one or both of the other two NOS isoforms, iNOS and nNOS.  

Preliminary studies in a Nos3-/- KPC allograft tumor model found that the nNOS 

inhibitor L-NPA failed to reduce tumor growth, likely ruling out nNOS as the target of 

L-NAME in the absence of eNOS.  Therefore, knockout of iNOS (Nos2-/-) in the KPC 

model would be predicted to produce an antitumor effect. 

Efforts to test nNOS knockout (Nos1-/-) in this model failed to produce 

interpretable results because nNOS is involved in penile erection and small intestine 

peristalsis and Nos1-/- mice suffer from decreased fertility and must be maintained on a 

liquid diet.  Nos1-/- mice were found to have decreased survival, even without the KPC 

background due to stomach hypertrophy (data not shown).  Thus it would be difficult to 

determine if nNOS contributes to PDAC progression using whole-animal knockout of 
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this enzyme.  Similarly, whole-animal knockout of iNOS proves challenging, as this 

enzyme is involved in immune response as well as a number of other important 

processes.  Therefore, we have undertaken to create conditional knockout alleles of 

eNOS, iNOS, and nNOS in order to restrict loss of expression of these enzymes to 

specific tissues by crossing to tissue-specific Cre lines.  These alleles will be useful not 

only in determining the contribution of these enzymes to tumorigenesis and progression 

in a tumor-cell-intrinsic capacity, but also in determining their pro-tumorigenic or anti-

tumorigenic effects in specific tumor microenvironment compartments.  For instance, 

iNOS is primarily expressed in macrophages, and tumor resident macrophages are 

known to contribute to tumor progression in number of cancer types including 

pancreatic cancer192.  Therefore, macrophage-specific knockout of iNOS may extend 

survival in the KPC model of PDAC.  Completion of these studies with our novel 

conditional knockout mouse lines of eNOS, iNOS, and nNOS will delineate the 

contribution of these critical signaling enzymes to pancreatic cancer and potentially 

other cancer types as well.  In addition, we have collaborated with researchers at 

GlaxoSmithKline to develop candidate isoform-selective NOS inhibitors that could be 

used to pharmacologically parse the contribution of eNOS, iNOS, and nNOS to cancer as 

tool compounds and potentially serve as scaffolds for SAR-optimization for the 

development of new drugs. 
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8.3 Differences Between KRAS and NRAS Signaling Due to 
Differences in Their N-terminal Amino Acid Sequences 

8.3.1 Conclusions 

Despite high peptide sequence homology, differences in sequence and mutagenic 

potential exist among the three isoforms of RAS (KRAS, HRAS, and NRAS) that have 

important biological functions12-14,175-178,184.  Mutation codon position and residue change 

can produce important differences in prognosis and response to therapy14,185,186,193, and 

therefore it is presumed that, mechanistically, signaling differences underlie these 

observed phenotypes.  However, to date little is known about the signaling differences 

among RAS isoforms and mutants beyond transformation assays performed several 

decades ago.  Therefore, delineating the biological differences between KRAS, HRAS, 

and NRAS as well as the differences between different mutation codon positions in the 

same isoform and even differences among amino acid substituted at the same codon in 

the same isoform will allow better prognosis and prediction of treatment response, and 

perhaps even open new drug spaces for the development of RAS targeted therapies. 

Ras isoforms share 88% amino acid identity, with most differences occurring in 

the C-terminal hypervariable region which is responsible for membrane targeting.  

Indeed, sequence swapping studies, high resolution immunofluorescence, and live cell 

imaging revealed that RAS isoforms are recruited to distinct membrane domains where 

they may interact preferential with different activators, negative regulators, and 

effectors on the basis of spatial availability12-14,183,184.  However, less attention has been 
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paid to dozen-or-so amino acid differences outside of the hypervariable region that have 

often been assumed to be inconsequential.  Recently, Sharon Campbell’s lab at UNC has 

determined that these amino acids form a soluble-accessible face on the surface of RAS 

that may mediate protein-protein interactions.  Swapping these G-protein domain amino 

acids encoded in NRAS and KRAS-4B revealed that these sequences do indeed affect 

transformation potential (unpublished data).  More work is required to determine if only 

a subset of these residues are responsible or if all are required to mediate the observed 

effects.  In addition, the mechanism of how these residues contribute to RAS 

transformation and signaling remain to be elucidated, though early efforts suggest that 

the RAS GEF SOS1 may be involved (data not shown).  Finally, these results should be 

confirmed in other tumorigenesis models, including in vivo mouse models to truly 

provide context on the extent to which these N-terminal amino acid difference 

contribute to RAS biology. 

8.3.2 Future Directions 

Despite very high sequence homology between KRAS and NRAS outside of the 

hypervariable region of the C-terminus, amino acid differences do exist.  The 

preliminary studies described here attribute biological consequences to these differences 

in transforming potential, especially in the presence of serum, suggesting potential 

differences in the response of these cells to growth factor stimulation.  Further work will 

be required to elucidate the mechanisms by which these difference mediate the 
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biological effects seen, but SOS1 is an attractive candidate as both a mediator of growth 

factor response upstream of Ras15 and downstream of oncogenic RAS to activate 

wildtype RAS proteins180.  In addition, the amino acids encoded in these positions in 

KRAS-4A spliceoform and HRAS differ just as much as the KRAS-4B and NRAS 

isoforms tested.  The contributions of the residues found in these other two isoforms to 

transforming potential remain to be tested.  Finally, it is unclear whether all of these 

residues or only a subset is important for mediating the observed effects, and thus each 

amino acid change should be tested individually or in combinations to determine which 

are the most critical. 

8.4 Evaluating Differences Between KRAS Mutations in Cancer 

8.4.1 Conclusions 

KRASG12D and KRASG13D represent two of the most frequent RAS mutations 

found in human cancer12,14,31.  In vitro transformation assays suggest that the oncogenic 

potential is not equal between these two mutants, with the KRASG12D mutation causing 

greater transformation in a number of assays194.  Additionally, clinical trial data showing 

a differential response to anti-EGFR targeted therapies between patients with KRASG12D 

and KRASG13D mutations suggest biological differences between these mutants have very 

serious consequences for human health185,186.  In order to determine the consequences of 

having either mutation on tumorigenesis and response to chemotherapy, we engineered 

two transgenic mouse lines conditionally expressing either KRASG12D or KRASG13D upon 
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Cre recombinase activity.  These strains will allow the direct comparison of the two 

mutations in vivo for the first time.  The model can also be used to determine the effects 

of having either mutation in combination with co-occurring mutations, such as loss of 

tumor suppressors including p53, on survival or in response to chemotherapies 

including anti-EGFR treatment.  In vitro analysis of MEF cell lines derived from these 

transgenic mice confirmed conditional expression of the mutant KRASG12D protein, 

although expression of both the “native” un-recombined gene as well as the mutant 

recombined gene was suppressed, likely due to unreported design flaws in the FLEx 

system (data not shown).  A third, unrelated transgenic mouse line based on the FLEx 

system showed similar reduced expression with or without Cre activity, supporting the 

model that lowered expression is a flaw of the FLEx design strategy for transgenic mice 

(data not shown).  However, as these mutations are gain-of-function, and as the 

targeting strategy was identical for the two transgenic lines, direct comparisons can still 

be made as long as tumors are formed.  Thus we are now aging mice with lung tumors 

harboring these two mutations to determine their effects on tumorigenesis. 

8.4.2 Future Directions 

We have created novel conditional KRAS mutant mouse strains to study the 

difference between identical amino acid substitutions at neighboring codons on the 

ability of activated KRAS to initiate tumors.  The immediate next steps in these studies 

involve evaluating the tumor load of KRAS conditional mutant mice treated with 
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intranasal AdCre virus after 12 months.  Based on previous work evaluating the 

transforming potential of these mutants, one would expect that in the absence of p53, 

mice harboring the KRASG12D mutation would have a higher tumor burden than mice 

harboring a KRASG13D mutation.  However, due to the relative signaling strength 

produced downstream of these mutations, in the presence of intact tumor suppressor 

systems the weaker KRASG13D mutation could potentially avoid oncogene-induced 

senescence that would limit the ability of KRASG12D to form tumors, thus leading to a 

higher tumor burden in KRASG13D mice.  Finally, based on meta-analysis of lung 

adenocarcinoma patients harboring either KRASG12D or KRASG13D mutations treated with 

anti-EGFR targeted therapy, mice harboring the KRASG13D mutation treated with such 

compounds may have extended lifespans and reduced tumor burdens compared to mice 

harboring KRASG12D mutations.  In other cancer types such as colorectal cancer, the 

presence of either a KRASG12D or KRASG13D mutation prognosticates different survival 

expectancies, and the mechanisms behind this difference could be explored using these 

novel GEMMs. 
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