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ABSTRACT 

 Members of the Myc family – N-Myc, c-Myc, and L-Myc – have prominent roles in 

embryonic development and tumorigenesis. Myc proteins are transcription factors that 

control the expression of genes involved in diverse cellular processes such as 

proliferation, growth, inhibition of differentiation, metabolism, and apoptosis. 

Overexpression of N-Myc, in particular, contributes to the malignant progression of the 

pediatric cancer neuroblastoma and is a strong predictor of poor prognosis. MYCN-gene 

amplification is one mechanism that contributes to N-Myc overexpression. However, 

mechanisms that deregulate N-Myc at the post-transcriptional level are less well 

understood. 

 The purpose of this thesis is to understand how the small GTPase Ras controls N-Myc 

at the post-transcriptional level. Ras communicates extracellular signals to the 

intracellular portion of the cell by activating a number of signal transduction pathways. In 

turn, these signaling pathways regulate the expression and activity of multiple factors, 

including N-Myc. Mutations within Ras or, more commonly, alterations to upstream 

components that activate Ras, are observed in N-Myc-associated cancers. Therefore, 

understanding how Ras activation regulates N-Myc may provide points of intervention to 

suppress aberrant N-Myc levels and its oncogenic activity in cancer. Here I show that Ras 

activation promotes both the synthesis and degradation of N-Myc protein. The 

translational upregulation exceeds the destabilizing effect Ras has on N-Myc, such that 

higher levels of N-Myc protein are the net result. Interestingly, Ras-mediated proteolysis 

of N-Myc is associated with an increase in N-Myc transcriptional activity. These findings 

suggest that upregulation of N-Myc translation coupled with increased degradation is an 
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underlying mechanism by which Ras stimulates N-Myc transcriptional and oncogenic 

activity. 

 The current understanding of the process by which Ras controls Myc proteolysis has 

largely been determined using c-Myc as a model. However, this model cannot account 

for the observation that Ras destabilizes rather than stabilizes N-Myc. Two critical 

phosphorylation sites within c-Myc are involved in its proteolysis, Thr58 and Ser62. Ras 

activity modulates the phosphorylation of these sites to prevent proteolysis of c-Myc. In 

N-Myc, the equivalent sites, Thr50 and Ser54, are perfectly conserved. For this reason, it 

is generally thought that N-Myc is stabilized by Ras in a manner similar to c-Myc. Since 

my studies demonstrate that Ras does not stabilize, but rather destabilizes N-Myc, I 

directly tested whether Thr50 and Ser54 of N-Myc were involved in N-Myc degradation 

and found that they indeed serve the same proteolytic role as Thr58 and Ser62. 

Furthermore, the mechanism by which Ras destabilizes N-Myc does not require 

phosphorylation of N-Myc at Thr50. These studies show that N-Myc degradation is 

controlled by at least two separate mechanisms: one involving Ras and another involving 

phosphorylation of N-Myc at Thr50 and Ser54. 

 Taken together, these studies provide mechanistic insight into how oncogenic Ras 

augments N-Myc expression and activity. Further, they suggest that upregulation of N-

Myc translation and transcriptional activity may be an important mechanism underlying 

the  oncogenic activities of hyperactivated Ras. 
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CHAPTER 1 | Introduction 

 

1.1 OVERVIEW  

 Myc oncoproteins are among the most potent regulators of cell cycle progression and 

cellular transformation. They also play important roles in cell differentiation, apoptosis, 

angiogenesis, and metabolism. The Myc family consists of c-Myc, N-Myc, and L-Myc, 

and are collectively referred to as Myc. Myc proteins exert their effects on such diverse 

processes by regulating the expression of thousands of target genes, which represent ~10-

15% of the genome (1–3). Efforts to understand the biological attributes of Myc proteins 

have focused primarily on c-Myc and secondarily on N-Myc for they play critical roles in 

development and tumorigenesis. Both are essential for normal development, as germline 

deletion of either c-Myc or N-Myc in mice leads to lethality at embryonic day (E) 10.5 or 

E11.5, respectively, due to multi-organ failure (4–8). Furthermore, many cancers are 

caused by deregulation of c-Myc, N-Myc, and less frequently, L-Myc (9).   

 The expression and activity of Myc is tightly regulated by the presence of growth and 

survival signals. Deregulation of Myc, due to mutation of Myc or aberrant activity of 

upstream regulatory constituents, allows a cell to proliferate aberrantly and evade 

apoptosis, ultimately leading to malignant transformation. The Ras/mitogen-activated 

protein kinase (MAPK) pathway regulates c-Myc through multiple mechanisms, 

including transcription, translation, post-translational modifications, and protein stability. 

With regard to protein stability, the Ras/MAPK pathway controls the phosphorylation of 

c-Myc at two highly conserved residues to prevent its ubiquitin-mediated proteolysis. 

These phosphorylation sites in c-Myc are completely conserved in N-Myc and across 
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multiple organisms. Thus it has been proposed that Ras/MAPK signaling controls N-Myc 

stability in similar manner; however, this has not been directly tested. 

 The purpose of this thesis is to understand how Ras/MAPK signaling regulates N-

Myc expression and activity. The central hypothesis is that the Ras/MAPK pathway 

regulates N-Myc and c-Myc by similar post-translational modifications. In Chapter 2, I 

show that this hypothesis is not correct: Ras does not control N-Myc and c-Myc by a 

similar mechanism. Instead, I demonstrate that Ras regulates N-Myc expression by two 

competing mechanisms involving increased translation and increased degradation. 

Studies in Chapter 3 aim to further elucidate this translational mechanism by 

investigating a potential role for glycogen synthase kinase 3β (GSK3β) — a target of Ras 

activity— in this process.    

 Chapter 1 provides an introduction to the function of N-Myc and c-Myc, the 

mechanisms that control their expression, and the biological consequences that ensue 

when these mechanisms are compromised. Many of the studies in this thesis examine N-

Myc and c-Myc in parallel to identify regulatory mechanisms that are common or distinct 

between the two proteins. Therefore, I emphasize the similarities and differences in N-

Myc and c-Myc regulation. 

 Finally, in Chapter 4 I propose a model that integrates the findings presented in 

Chapters 2 and 3 into the context of other published results. The implications of these 

findings with regard to embryonic development and Myc-driven tumorigenesis are 

discussed. 
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1.2 MYC STRUCTURE, FUNCTION, AND REGULATION 

 The transforming gene of the avian myelocytomatosis retrovirus (MC29), v-myc, was 

identified as causing various cancers such as carcinomas, leukemias, and sarcomas in 

chickens (10). Following the theory that viral oncogenes could be captured from normal 

cellular DNA, myc (myelocytomatosis) genes were subsequently identified due to their 

homology to v-myc and are among the earliest examples of proto-oncogenes (11). The 

cellular homolog of v-myc, c-myc (cellular), was first to be discovered (12), followed by 

N-myc (neuronal) and L-myc (lung) that were later isolated in the amplified sequences of 

neuroblastoma cells and small cell lung tumors, respectively (13, 14). Vertebrate 

organisms express all three myc family members to varying degrees of homology, 

whereas invertebrate organisms, such as flies and worms, express one myc gene (15). 

Gene duplication of a single myc gene likely occurred soon after the origin of vertebrates 

(16). This event gave rise to a lineage we know as c-myc and another lineage that 

undergone a second gene duplication giving rise to N-myc and L-myc. The proteins 

encoded by myc genes have crucial roles in cell fate decisions, such as proliferation, 

apoptosis, and differentiation. Deregulation of Myc family members is associated with 

many types of cancers, and as demonstrated with various mouse models, is implicated in 

development of tumors. 

  

1.2.1 Myc Proteins are Transcription Factors 

 Myc proteins exhibit all the hallmarks of transcription factors. As depicted in Figure 

1.1, Myc proteins have one or two nuclear localization signals that sequester the protein 

to the nucleus. The C-terminus of the protein contains a basic region helix-loop-helix  
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Figure 1.1 Schematic presentation of the Myc family protein structure. Myc 

oncoproteins, c-Myc, N-Myc, and L-Myc, have several conserved domains that are 

typical of transcription factors. The N-terminus of Myc protein contains the 

transactivation domain (TAD). The C-terminus contains the elements involved in DNA 

binding; the basic region (BR) and helix-loop-helix leucine-zipper (HLH-LZ) domain 

mediate the protein’s interactions with DNA and Max, respectively. Myc homology 

boxes (MB) I-V interact with various proteins and harbor sites of posttranslational 

modification, which influence the expression and activity of the protein. The nuclear 

localization signal (NLS) directs the protein to the nucleus.  
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leucine zipper (bHLH-LZ) domain. The basic region creates an affinity for DNA and the 

HLH-LZ domain allows Myc to dimerize with another bHLH-Zip protein called Max 

(17). Myc-Max complexes bind to canonical (CACGTG) and non-canonical E-box 

sequences within the promoter region of target genes, and recruit transcriptional 

coactivators, histone modifying enzymes, and RNA polymerases to stimulate 

transcription (18–21). Max is required for Myc-induced transactivation since disruption 

of the bHLH-Zip domain, which abolishes Max interactions, prohibits Myc from binding 

E-box sites and inducing transcription (22, 23). At the N-terminus of Myc proteins is the 

transactivation domain (TAD), which contains conserved domains called the Myc 

homology boxes (MBs). MBs are critical for many aspects of Myc function, including 

transcriptional activity and proteolysis of the protein, which will be discussed later in this 

chapter. 

 The transcriptional activity of Myc can be influenced by a set of bHLH-LZ proteins 

that include Mnt and members of the Mxd family (Mxd1-4) (24). Like Myc proteins, Mnt 

and Mxd1-4 require association with Max to bind E-box promoter sequences. Mnt-Max 

and Mxd-Max complexes, however, function to transcriptionally repress their gene 

targets by associating with the corepressor Sin3. Sin3 recruits histone deacetylases, which 

causes the chromatin structure to adopt a “closed” or inactive state. Mnt and Mxd 

proteins are proposed to antagonize the transactivating functions of Myc (25) by 

competing for Max dimerization and common E-box binding sites.  

 Myc-Max complexes also repress transcription of several key genes that regulate the 

cell cycle. By interacting with the transcriptional activator Miz1 (Myc-interacting zinc 
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finger protein-1), Myc-Max complexes disrupt the ability of Miz1 to recruit the 

coactivator complex CBP/p300, thereby blocking transactivation of Miz1 target genes 

(26, 27). 

 

1.2.2 Myc proteins control diverse biological processes  

 It is estimated that Myc proteins influence the expression of thousands of genes. For 

c-Myc, this represents 10-15% of the human genome (1–3). Myc target genes are 

involved in a broad range of biological processes including cell proliferation, growth, 

differentiation, apoptosis, metabolism, and angiogenesis (28–31).  A key biological 

function of Myc is its ability to promote proliferation. During embryogenesis, high Myc 

expression is intimately link to actively proliferating tissues whereas reduced Myc 

expression generally corresponds to cells undergoing terminal differentiation or 

quiescence (32). Accordingly, loss of c-Myc or N-Myc was shown to greatly reduced rate 

of cell proliferation in rat fibroblasts or granule neuron precursors, respectively (33, 34). 

Re-introduction of either c-Myc or N-Myc into c-Myc-deficient rat fibroblasts results in 

an increase in cell growth and proliferation (35).   

 Myc carries out its proliferative function by, in part, controlling the expression of key 

cell cycle regulators to promote the G1-S phase transition.  For example, Myc induces the 

expression of Cyclin E and Cyclin D and their kinase partners Cdk2 and Cdk4/6, 

respectively (36–38). The activities of the CyclinE-Cdk2 and CyclinD2-Cdk4 complexes 

permit activation of genes required for S phase (39–41). Myc also promotes cell cycle 

progression by controlling the expression of two critical cell cycle inhibitors, p15Ink4b 

(cdkn2b) and p21Cip1 (cdkn1a).  Both p15Ink4b and p21Cip1 maintain cells in an arrested 



 7 

state in the absence of growth factors (26, 42–44). Myc-Max complexes associate with 

Miz1 to block Miz1-mediated activation of cdkn2b and cdkn1a to promote cell cycle 

entry (45). 

 Another important function of Myc is to sensitize cells to apoptosis through a process 

called oncogene-induced apoptosis (46, 47). The seemingly disparate functions of Myc – 

cell proliferation and apoptosis – are intimately linked such that the apoptotic function 

serves as a safety mechanism to defend against inappropriate proliferation. The apoptotic 

functions of Myc are suppressed as long as pro-survival signals are present (48, 49). 

Myc-induced apoptosis occurs in response to a number of other signals, such as growth 

factor deprivation, hypoxia, and cytotoxic drugs, indicating that Myc is a general 

regulator of apoptosis (50). One mechanism by which c-Myc induces apoptosis involves 

c-Myc-dependent transactivation of the tumor suppressor p19Arf, which activates p53 by 

binding and sequestering Mdm2 (51). Mdm2 is an E3 ligase that targets p53 for 

degradation (52). In turn, activated p53 upregulates the expression of pro-apoptotic 

factors such as BAX, BIM, and PUMA. Mutations in p53 or its regulators that inactivate 

p53 are often observed in cancers also having deregulated c-Myc or N-Myc (53, 54). In a 

separate mechanism, c-Myc represses the expression of anti-apoptotic BCL-2 family 

members, which control cytochrome c release from the mitochondria and formation of 

the apotosome complex (55).     

 Our understanding of the cellular functions of Myc proteins has been largely 

characterized using c-Myc, but it appears that N-Myc performs similar functions as c-

Myc. As observed with c-Myc, forced expression of N-Myc can induce the re-entry of 

quiescent cells into the cell cycle in the absence of mitogenic stimulation, and when 
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misexpressed at later stages, N-Myc can prevent cell cycle exit (49). Similar to the 

apoptotic function of c-Myc, N-Myc can sensitize neuroblastoma cells to apoptosis (56). 

Since c-Myc and N-Myc have a similar protein structure and perform similar functions, 

they are generally thought to be functionally redundant and subjected to similar 

regulatory mechanisms. As discussed in following sections, c-Myc and N-Myc do not 

appear to be completely redundant and are differentially regulated at multiple several 

levels. Studies presented in Chapter 2 describe how c-Myc and N-Myc are differentially 

regulated at the level of translation and protein stability.  

 

1.2.3 Role of Myc proteins in embryonic development 

 Myc proteins have prominent roles in embryogenesis since they regulate many 

biological processes that are essential for development. During mouse embryogenesis, the 

spatial and temporal expression patterns of individual Myc members are generally 

distinct with some overlap by c-Myc or N-Myc with L-Myc (8, 57, 58). For N-Myc and 

c-Myc, their expression patterns are nearly reciprocal (59). c-Myc expression is 

ubiquitous and corresponds to tissues undergoing rapid proliferation, while N-Myc and 

L-Myc expression is more specialized (57). N-Myc expression is initially observed at the 

onset of organogenesis in the primitive streak, and as development progresses, is highest 

in the developing kidney, retina, lung, limb buds, heart, and various parts of the central 

nervous system (5, 60, 61). L-Myc expression is detected in the developing kidney, lung, 

brain, and neural tube (62). Germline deletion of c-Myc or N-Myc, but not L-Myc, is 

embryonic lethal at E10.5 or E11.5, respectively, caused by failure of organs that strongly 

express the particular Myc homolog (4–8). In normal adult mice, c-Myc expression is 
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restricted to cells undergoing rapid turnover (e.g., skin and gut epithelial cells and 

hematopoietic progenitor cells) and is undetectable in differentiated cells. N-Myc and L-

Myc are generally not detected post-development (63, 64). 

 N-Myc is the only Myc family member implicated in a birth defect. 

Haploinsufficiency of N-Myc causes Feingold Syndrome (FS). Mutations within N-Myc 

that result in premature stop codons are detected in a large subset of FS patients (65). 

Deletions within MYCN have also been observed (66). FS patients display variable 

combinations of microcephaly, limb malformations, esophageal and duodenal atresia, and 

learning disabilities (67). By employing conditional mouse models, several labs have 

demonstrated an important role for N-Myc in the development the organs affected in this 

syndrome, such as the central nervous system (68) and limbs (69).  

 With regard to development, there are two important questions in the Myc field. First, 

are the Myc family members functionally redundant? And second, do they (as opposed to 

can they) functionally compensate for one another? These questions specifically pertain 

to N-Myc and c-Myc since their biochemical attributes appear to be most similar and 

both are required for development. Support for N-Myc and c-Myc being functionally 

redundant came from a study in which the coding region of the c-myc gene was 

exchanged for the N-myc coding sequence in mice (c-MycN/N) (70). A fraction of mice 

homozygous for the c-MycN/N allele survived into adulthood, demonstrating that N-myc 

was able to rescue the ~E10.5 lethality caused by loss of c-myc. c-MycN/N mice were also 

fertile. It was therefore concluded that N-Myc could functionally replace c-Myc and that 

divergence of N-Myc and c-Myc must have evolved to facilitate their different 

(reciprocal) expression patterns. However, it is important to note that the c-mycN/N mice 
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displayed subtle phenotypic abnormalities, including an overall reduction in body size, 

periodic dystrophy of skeletal muscles, and lethality of a fraction of c-mycN/N mice soon 

after birth. This suggests that N-Myc can substitute for a majority of activities performed 

by c-Myc, but that N-Myc and c-Myc have some unique functions.     

 Support for unique functions of c-Myc and N-Myc came from studies using 

conditional knockout mouse models where N-Myc, c-myc, or both genes were deleted in a 

tissue-specific manner. Laurenti et al. (64) compared the function of N-Myc and c-Myc 

in hematopoiesis and found that N-Myc and c-Myc have overlapping roles in 

hematopoietic stem cell proliferation and survival. However, c-Myc had a specific 

function in promoting differentiation of hematopoietic stem cells that could not be 

compensated for by N-Myc. A similar type of study conducted by Hurlin and colleagues 

found that c-Myc and N-Myc operate independently and do not compensate for one 

another in limb development (71).  

 Taken together, these studies indicate that N-Myc and c-Myc have both overlapping 

and unique functions during development and, to a large extent, can compensate for one 

another in the development of certain organs/systems. Presumably, regulatory 

mechanisms that determine the predominance of one Myc over the other are critical in 

establishing the proper expression patterns of N-Myc and c-Myc. In Chapter 2, I present 

findings that describe how the Ras/MAPK pathway differentially regulates N-Myc and c-

Myc expression at the post-transcriptional level. 
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1.2.4 Myc expression is regulated at multiple levels 

 The precise amount of Myc available in the cell greatly influences its biological 

activity such that small changes in Myc expression have significant biological 

consequences. Regulatory mechanisms must be in place to ensure that the level of Myc 

production, timing, location, and activity is appropriate for the cellular context. Such 

strict control is accomplished by controlling Myc expression at multiple levels, i.e. 

transcription, translation, and mRNA and protein stability. Post-translational modification 

of Myc (e.g., with phosphate or ubiquitin) and interaction with other proteins are 

additional mechanisms that modulate the expression and activity of Myc.  

 Transcription of N-myc and c-myc genes is induced by diverse physiological signals – 

both mitogenic and anti-mitogenic – that operate through an array of transcription factors, 

chromatin remodelers, and regulatory RNAs (72). A partial list of stimuli, the signaling 

pathway they function through, and the transcription factor(s) they activate to regulate N-

myc and c-myc expression is provided in Table 1.1. Although N-myc and c-myc are 

differentially expressed, their promoters share common binding elements and can be 

regulated by similar transcription factors. This implies that signals that uniquely affect 

the transcription of N-Myc or c-Myc but not both are primarily responsible for 

establishing distinct N-Myc and c-Myc expression patterns. In neuronal cells, for 

example, which require N-Myc for cell proliferation, sonic hedgehog signaling activates 

the expression of N-myc, but not c-myc (73, 74). In mesenchymal cells of the 

development chick limb bud, Wnt3a and Fgf8 induce N-myc in a synergistic fashion; c-

myc does not appear to be upregulated by either molecule alone or in combination (75). 

Negative autoregulation by myc genes has been observed during high levels of Myc  
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Table 1.1 A partial list of transcription factors (TFs) that regulate N-myc and c-myc 

gene expression. Signal transduction pathways are activated in response to various 

stimuli and influence association of these transcription factors to myc promoters. For 

some entries, the stimulus was not mentioned in the respective reference (Ref). 

 

 

N-Myc 
     TF Signaling Stimulus  Ref. 

 
  β-catenin   Wnt   Wnt3a  (75) 

 
  Gli3   Shh    Shh (73,74) 

 
  Pax5   Jak/Stat   IL-7  (187) 

 
  Smad1/5   Bmp   Bmp2  (188) 

 
  Smad2/3   TGF-β   TGF-β  (189) 

     c-Myc 
     TF Signaling Stimulus  Ref. 

 
  Estrogen receptor  Ras/MAPK   Estrogen  (190) 

 
  β-catenin  Wnt/PI3K   Wnt3  (191) 

 
  E2F 

TGF-β      
Ras/MAPK 

 
 (72) 

 
  LEF Wnt/PI3K   Wnt  (72) 

 
  NF-κB 

NF-κB,  
Ras/MAPK 

 
 (72) 

  
JAK/Stat 

  
 

  Estrogen receptor Ras/MAPK   Estrogen  (190) 

 
  Smad2/3 TGF-β   TGF-β  (192) 
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expression (76, 77). c-Myc and N-Myc also appear to negatively regulate each other’s 

gene expression of (78). The extent to which negative regulation of one Myc by another 

family member contributes to their distinct expression pattern is unclear. 

 The stability and translation rate of myc mRNA is also tightly regulated by multiple 

mechanisms acting through cis-acting elements (untranslated region (UTR) and internal 

ribosome entry sequence) and trans-acting factors like RNA binding proteins (RBPs) and 

microRNAs (miRNAs). N-myc and c-myc transcripts are relatively unstable (approximate 

half-lives of 33-38 and 30-48 minutes, respectively) and their stability fluctuates in 

response to developmental or environmental stimuli (79, 80). The half-life of c-myc 

mRNA is primarily controlled through its 3’ UTR (81, 82). A-U rich elements (AREs) 

within the c-myc 3’ UTR provide binding sites for several ARE-binding RBPs that can 

either suppresses (83, 84) or promote (85) c-myc translation. ARE-binding RBPs often 

compete for the same binding sites, effectively antagonizing the activity of each other 

(85). The c-myc 3’ UTR is also targeted by several miRNAs, including miR-145, 

miR132, and let-7, that function alone or in combination to repress c-myc expression 

(86–88). Furthermore, the interplay between RBPs and miRNAs, like HuR and let-7, can 

positively or negatively influence the activity of the RBP and miRNA (89). A decay 

element termed the coding region instability determinant (CRD) is located within the 

coding region of c-myc at the 5’ terminal end. CRD is targeted by IGF-II mRNA binding 

protein 1 (IGF2BP1), resulting in stabilization the c-myc mRNA (90). IGF2BP1 forms a 

complex with other RBPs (HNRNPU, SYNCRIP, YBX1, and DHX9) and blocks c-myc 

mRNA from associating with polysomes (91). It is postulated that stabilization of c-myc 
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by IGF2BP1 limits the transfer of the transcript to polysomes thereby inhibiting 

translation-coupled decay.     

 Regulation of N-myc mRNA is poorly understood. The RBPs HuD and MDM2 have 

been shown to regulate N-myc stability (79, 92). The CRD within c-myc is similar to a 

region within N-myc (68% homology). Not surprisingly, IGF2BP1 can bind to N-myc in 

vitro, albeit with less affinity and specificity than compared to c-myc (93). Whether this 

interaction is present in vivo has yet to be tested. N-Myc is regulated by several miRNAs, 

including miR-34a, let-7, and miR-101, all of which target the 3’ UTR of N-myc (94, 95).  

  Proteolysis is also an important mechanism that controls Myc expression. Prolonged 

half-lives of c-Myc and N-Myc protein have been observed in several types of cancers 

(96–99) and may suggest that a failure to regulate Myc protein turnover contributes to 

pathogenesis. Myc proteins are unstable with half-lives of 20-30 minutes (100, 101). c-

Myc contains several determinants that influence its stability (Fig. 1.2). Degrons, 

elements that are necessary and sufficient to trigger ubiquitin-mediated proteolysis, have 

been mapped to MBI, MBII, and MBIII of c-Myc (102–105). MBI and MBII of c-Myc 

contain binding sites for the Fbw7 and Skp2 ubiquitin ligases, respectively, which mark 

the protein for ubiquitin-mediated degradation by the proteasome (102, 106–109). 

Several other ubiquitin ligases have been shown to target c-Myc for ubiquitin-mediated 

degradation (reviewed in (110) and Fig. 1.2). Since MBI, MBII, and MBIII are conserved 

within c-Myc and N-Myc, it is generally thought that these degrons regulate N-Myc 

turnover in a manner similar to c-Myc. However, studies by several groups indicate that 

this is not completely true (described in more detail below). The PEST element – 

enriched in proline, glutamic acid, serine, and threonine residues – resides within c-Myc  
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Figure 1.2 Map of instability elements and E3 ligase binding sites within c-Myc. 

Schematic is adapted from Thomas and Tansey (110). The major instability determinants 

within c-Myc are the degron, D-element, and PEST element. Two phosphorylation sites, 

Threonine 58 (T58) and Serine 62 (S62), reside within the MBI (overlaps with the 

degron) and have critical roles in mediated Myc turnover. A determinant conferring 

stability called the stabilon resides in the C-terminus of c-Myc. c-myc is a substrate for 

multiple E3 ligases that regulate its turnover. E3 ligases with filled-in boxes have well-

defined binding sites and there position along the protein indicates these binding sites. E3 

ligases with unfilled boxes also mediate c-Myc turnover, however their binding sites are 

less well characterized.  
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and is often found in unstable proteins (111). The PEST and D elements appear to 

influence c-Myc stability in a manner that does not require ubiquitin-mediated turnover 

(112, 110). Finally, the C-terminus of c-Myc contains an element called the stabilon, 

which stabilizes the protein in two ways. First, the stabilon allows for binding to Miz1, an 

interaction that enables c-Myc to transcriptionally repress select target genes and 

stabilizes c-Myc (103). Second, the stabilon is involved in partitioning c-Myc to a 

metabolically stable pool where the protein is tightly associated with the chromatin (113). 

It is possible that c-Myc is associated with a stable pool when it is engaged in the process 

of transcriptional repression. Interestingly, proteolysis of c-Myc has been linked to its 

transactivating activity (103) and suggests that c-Myc is associated with an unstable pool 

when it is engaged in the process of transcriptional activation. The relationship between 

the activity and proteolysis of Myc is discussed in more detail in Section 1.2.7.  

 Degradation of Myc proteins is regulated through post-translational modifications – 

namely phosphorylation, acetylation, and ubiquitination – that signal to prevent or 

promote proteolysis (114). Figure 1.2 illustrates the ubiquitin ligases that have been 

shown to target Myc. Some of the Myc modifications are mechanistically interconnected, 

resulting in cross talk between phosphorylation and ubiquitination or acetylation and 

ubiquitination (115).  An important mechanism that requires cross talk between 

phosphorylation and ubiquitination to control c-Myc proteolysis involves interdependent 

phosphorylation of two residues that reside within MBI, Threonine 58 (Thr58) and Serine 

62 (Ser62). These phosphorylation events determine the interaction of c-Myc (and 

presumably N-Myc) with the Fbw7 E3 ligase resulting in ubiquitination and proteasomal 

degradation of c-Myc (116). This degradation mechanism is described in further detail in 
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the next section (Section 1.2.5). In addition to the Thr58/Ser62 degradation pathway, c-

Myc is also degraded by additional mechanisms since the phosphorylation mutant c-

MycT58A, which prevents its ubiquitination, is also degraded by the proteasome albeit at 

a slower rate than WT c-Myc (103, 117). One mechanism involves the E3 ligase Skp2, 

which directs ubiquitin-mediated proteolysis of c-Myc in a manner that does not require 

phosphorylation at Thr58 (108). The kinase Pim-2 has been shown to stabilize c-Myc by 

a mechanism that involves phosphorylation at Ser329, but not Thr58 or Ser62 (118). 

Another mechanism by which c-Myc stability is regulated involves cross talk between 

acetylation and ubiquitin modifications. Because lysines can be modified by both 

acetylation and ubiquitination, these modifications can impede the effects of one another. 

Indeed promoting c-Myc acetylation was shown to decrease c-Myc ubiquitination and 

enhance its stability (119–121). Acetylation and ubiquitination of c-Myc can also 

function in a synergistic fashion to regulate c-Myc stability. For example, acetylation of 

c-Myc by the histone acetyltransferases p300 appeared to accelerate protein turnover in a 

manner that required ubiquitin-mediated proteasomal degradation (121). The extent to 

which these and other mechanisms contribute to c-Myc proteolysis is not well 

understood. It is likely that different Myc degradation mechanisms are employed in 

response to different cellular signals and in a cell-specific manner (112). 

 

1.2.5 The Myc degradation pathway involving Thr58 and Ser62 phosphorylation 

 Myc expression, and thus activity, is tightly regulated with respect to the proliferative 

status of the cell. In non-proliferative, quiescent cells, Myc expression is very low. Upon 

mitogen stimulation and entry into G1 phase, Myc rapidly accumulates at both the 
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transcript and protein levels (116, 122). This sharp induction is transient and is followed 

by an equivalent sharp reduction within hours. By late G1, Myc levels are low and 

maintained at this level through the cell cycle (123, 124). Modulation of Myc expression 

in this setting is achieved, in part, by regulating its protein stability through the 

mechanism involving phosphorylation at Thr58 and Ser26. This mechanism is illustrated 

in Fig. 1.3. 

 In response to mitogen stimulation, the Ras/MAPK and PI3K/Akt pathways are 

activated downstream of receptor tyrosine kinases (RTKs). Activation of Ras triggers the 

Raf/MEK/Erk kinase cascade, resulting in phosphorylation of c-Myc at Ser62 and 

stabilization of the protein (125). At the same time activation of the PI3K/Akt pathway, 

either by Ras or RTKs, results in phosphorylation and inactivation of GSK3β. GSK3β 

phosphorylates c-Myc at Thr58, a signal for ubiquitin-mediated proteolysis (125, 126). 

Overall, activation of the Ras/MAPK and PI3K/Akt pathways maintain c-Myc in a singly 

phosphorylated, stabilized form upon mitogen stimulation.  

 As growth factor signals diminish, the activities of the Ras/MAPK and PI3K/Akt 

pathway decline relieving the inhibitory effect on, and thus activating, GSK3β (127).  As 

a ‘priming’ kinase, GSK3β recognizes phosphorylated c-Myc at Ser62 as a priming site 

for phosphorylation at Thr58 (125, 126). The coordinated activities of the peptidylprolyl 

isomerase Pin1 and protein phosphatase 2A (PP2A) act on doubly phosphorylated c-Myc 

to direct dephosphorylation of Ser62 (128). Finally, singly phosphorylated c-Myc at 

Thr58 is targeted for ubiquitination by the E3 ubiquitin ligase Fbw7 directing the 

proteasomal-mediated degradation of c-Myc (106, 107, 125). 
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Figure 1.3 Model of the Myc degradation pathway involving Ras signaling. 

Schematic is adapted from Sears et al. (125). Ras is activated in response to growth 

factors, and signals through MAPK pathway (Raf/MEK) and the PI3K/Akt pathway to 

modulate the phosphorylation of c-Myc at Ser62 and Thr58. Phosphorylation of c-Myc at 

Ser62 stabilizes the protein. As growth factor signals decline, repression of GSK3β is 

relieved. GSK3β-mediated phosphorylation of c-Myc at Thr58 triggers subsequent events 

(involving Pin1, PP2A, and Fbw7) that target c-Myc for ubiquitin-mediated degradation 

by the proteasome.   
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 Enhanced stabilization of Myc due to impairment of this degradation pathway has 

been observed in several cancer cell lines and tumor samples, and underscores the 

relevance of this regulatory mechanism to cancer. Mutations that prevent phosphorylation 

of c-Myc at Thr58 or Ser62 have been identified in Burkitt’s lymphoma and AIDS-

associated lymphoma tumor samples (117, 129). Enhance c-Myc stability was also 

observed in some leukemia and breast cancer cell lines and patient samples that also 

displayed altered phosphorylation Thr58 and Ser62 (96, 130). In addition, aberrant 

activation of the Ras/MAPK or PI3K/Akt pathways are frequently observed in cancers 

and may contribute to tumor development by enhancing c-Myc stability (97). 

 

1.2.6 Are N-Myc and c-Myc degraded by the same mechanism?  

 It is currently thought that the mechanism by which Ras/MAPK signaling regulates c-

Myc degradation also applies to N-Myc (131). This notion is supported by the fact that 

the phosphorylation sites in c-Myc that mediate its proteolysis, Thr58 and Ser62, are 

conserved in N-Myc. The equivalent sites in the mouse N-Myc homolog are Threonine 

50 (Thr50) and Serine 54 (Ser54). In humans, these sites in N-Myc are Thr58 and Ser62. 

Most studies presented in this thesis use the mouse N-Myc homolog; therefore I will refer 

to the phosphorylation sites in N-Myc as Thr50 and Ser54 for the remainder of this thesis. 

Further support that N-Myc is degraded in a manner similar to c-Myc comes from 

observations that, similar to c-Myc, N-Myc protein levels are induced by Ras signaling 

(131) and that N-Myc is phosphorylated at Thr50 by GSK3β (132).  

 Several lines of evidence suggest that N-Myc and c-Myc are not degraded by the 

same mechanism that is illustrated in Fig. 1.3. Kenney et al. (132) found that 
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phosphorylation of Ser54 destabilizes N-Myc, rather than enhancing stability as observed 

with c-Myc. In another study, the same group showed that, in contrast to c-Myc, N-Myc 

is stabilized by PP2A (133). Pin1 has been shown to destabilize c-Myc but does not 

appear to affect N-Myc stability (133). To date, the role of Ras/MAPK signaling on N-

Myc protein stability has not been directly tested. In Chapter 2, I present studies that 

examine the role of the Ras/MAPK pathway in N-Myc stability and provide evidence that 

Ras/MAPK signaling does not regulate N-Myc and c-Myc degradation by the same 

mechanism.  

 

1.2.7 Control of Myc activity by ubiquitin-mediated proteolysis 

 The rapid and tightly regulated degradation of Myc by the ubiquitin-proteasome 

system (UPS) ensures that cellular levels of Myc are kept low and responsive to stimuli. 

Interestingly, the UPS has also been implicated in regulating the transcriptional activity 

of Myc such that accelerated proteasomal degradation of Myc correlates with enhanced 

transcriptional activity (103). An intimate connection between UPS-mediated degradation 

and transcriptional activity has been documented for several proteins (134). Many 

unstable transcription factors, especially those with TADs such as Myc, appear to engage 

the UPS machinery when they activate transcription (134, 135). Indeed c-Myc was shown 

to recruit UPS machinery – the E3 ligase Skp2 and components of the 20S core, 19S lid, 

and 19S base – to the CYCLIN D2 promoter (108, 109). Furthermore, recruitment of the 

UPS machinery to the CYCLIN D2 promoter was dependent on c-Myc and was necessary 

for activation of CYCLIN D2 gene expression (109). c-Myc has also been shown to 
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interact with Sug1, a subunit of the 20S proteasome, and this interaction is speculated to 

influence c-Myc’s transcriptional activity (136).  

 The mechanistic basis for why Myc recruits UPS components to the CYCLIN D2 

promoter, and presumably other Myc target promoters, is not fully understood. Zhu et al. 

(143) showed that ubiquitination and proteasomal degradation of p53 were required for 

p53 transactivation of the p21waf1 promoter. Similar to p53, ubiquitination and 

proteasomal degradation of Myc are likely involved in simulating the transcriptional 

activity of Myc, and recruitment of UPS components to Myc-bound promotes would 

facilitate this process. There are several potential mechanisms by which ubiquitination 

and proteolysis of Myc could induce transcription. First, recruitment of UPS components 

to Myc-bound promoters may recruit RNA polymerase II. This mechanism was described 

for progesterone receptor-dependent transcription, such that inhibition of the 26S 

proteasome resulted in a failure to recruit RNA polymerase II to select promoters (144). 

c-Myc interacts with several basal transcription factors that function to assemble the 

preinitiation complex (145). A second potential mechanism would involve proteolytic 

removal of promoter-bound c-Myc, and possibly other coactivators, promotes 

disassembly of the preinitiation complex and promoter release of the RNA polymerase II 

for transcription to proceed to the elongation step. Alternatively, promoter-bound c-Myc 

may recruit UPS machinery to promote ubiquitination and degradation of corepressors. 

Proteolytic removal of corepressors could relieve their repressive transcriptional effects 

and permit transactivation. Finally, promoter-bound c-Myc may recruit E3 ligases that 

ubiquitinate histones to remodel the chromatin structure in a manner that facilitates 

transcription (146).  
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 The functional importance for coupling the proteolysis of Myc with its transcriptional 

activity is not fully understood. It is speculated that coupling an activator’s activity with 

its proteolysis may be necessary for transcription to proceed properly by influencing the 

composition of protein complexes on the chromatin (147, 148). Coupling an activator’s 

activity with its proteolysis may also establish limits of transcription for potent activators 

such that periods of high activator activity are kept relatively short (149). This feature 

may be particularly important for Myc, since prolong durations of highly active Myc can 

cause excessive proliferation and contribute to cellular transformation. This suggests that 

disrupting the link between Myc proteolysis and activity may trigger the oncogenic 

functions of Myc. Indeed mutations in Myc that are associated with cancer appear to have 

enhanced transcriptional activity, but also increased protein stability (108). These Myc 

mutants were capable of interacting with the E3 ligase Skp2 and were ubiquitinated to a 

greater extent than WT c-Myc. This finding suggested that the cancer-associated mutants 

are still capable of engaging the UPS to activate transcription but evade proteolysis.  

 

1.2.8 Role of N-Myc in neuroblastoma development 

 Neuroblastoma is a pediatric cancer of the peripheral sympathetic nervous system and 

accounts for 15% of all childhood cancer deaths (161, 140). The clinical hallmark of 

neuroblastoma is its vast heterogeneity, which results in a broad spectrum of disease 

stages ranging from spontaneous regression to aggressive metastasis (150). 

Overexpression of N-Myc is a prominent genetic feature of neuroblastoma, indicating an 

aggressive phenotype and poor prognosis, and has been shown to directly contribute to 

the development of neuroblastoma (105, 151). High levels of N-Myc are also associated 
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with other types of cancers, such as medulloblastoma, retinoblastoma, small cell lung 

carcinoma, glioblastoma, and certain embryonic tumors (163).  

 Amplification of the MYCN gene is the most common genetic defect that causes N-

Myc overexpression in neuroblastoma (152). However, MYCN amplification does not 

account for all cases. In some neuroblastoma cell lines, elevated levels of N-Myc protein 

were not accompanied by gene amplification (153). This suggests that impairment of 

post-transcriptional regulatory mechanisms can also contribute to N-Myc overexpression 

(101), perhaps by enhancing the synthesis or stability of N-Myc protein. Hyperactivation 

of Ras signaling is observed in neuroblastoma (discussed in Section 1.3.4) and may be 

required for the oncogenic activities of N-Myc in neuroblastoma development (131). Ras 

signaling can induce N-Myc protein expression through post-transcriptional mechanisms 

(131, 132). Our studies described in Chapter 2 suggest that translational upregulation of 

N-Myc is one mechanism by which Ras signaling post-transcriptionally controls N-Myc 

expression in neuroblastoma cells.   

 

1.3 RAS SIGNALING 

 Ras proteins are highly regulated GTPases that have key roles in regulating cell 

growth, survival, senescence, adhesion, and motility (154). In response to extracellular 

stimuli, the primary role of Ras proteins is to assemble transient signaling complexes at 

the cell membrane to activate signal transduction pathways, which coordinate the 

aforementioned cellular processes.  
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1.3.1 Structure and function of Ras proteins  

 In humans, three RAS genes encode for four distinct but highly homologous Ras 

proteins: H-Ras, N-Ras, and K-Ras (A and B). The first 85 amino acids of Ras proteins 

are identical and contain the G domain, which binds guanosine nucleotides and regulates 

binding to Ras regulators and effectors. The major differences in the Ras proteins are 

confined to the C-terminal called the hypervariable region and are sites of post-

translational modifications.  

 Ras proteins (hereafter Ras) are synthesized as biologically inactive precursors. Post-

translational modification of newly synthesized Ras directs the protein through the trans-

Golgi network to the plasma membrane anchorage (reviewed in (155). Briefly, Ras is 

farnesylated in the endoplasmic reticulum at the CAAX motif (C denotes cysteine, A 

refers to any aliphatic amino acid, and X may be any amino acid). N-Ras, H-Ras, and K-

RasA undergo a second modification, palmitolyation, in the Golgi apparatus. These 

modifications ensure that Ras is securely anchored to the membrane. Localization to the 

plasma membrane likely positions Ras in close proximity to activated RTKs, which in 

turn triggers an activation cascade involving Ras and its effector proteins. 

 Ras functions as a binary switch, alternating between an active and inactive state. In 

the inactive form, Ras is bound by GDP and is localized to the plasma membrane. In 

response to mitogens, cytokines, and growth factors, guanine exchange factors (GEFs) 

are activated, associate with Ras, and trigger the release of GDP from Ras. Ras-GEFs 

include SOS and RasGRP (156). Ras is then free to bind GTP. Binding of GTP to Ras 

causes disassociation of the GEF and conformational changes to Ras that increase its 

affinity for multiple effector proteins. Activation of these effector proteins trigger distinct 
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signal transduction pathways that are described in more detail below. Inactivation of Ras 

requires hydrolysis of bound-GTP to GDP. Although Ras has intrinsic GTPase activity 

(157), this process is too slow and biologically inefficient. Therefore, hydrolysis of 

bound-GTP is carried out by guanine activating proteins (GAPs). Ras-GAPs include NF1 

and Rheb (156).  

 

1.3.2 Ras signals through multiple pathways 

 Activation of Ras occurs downstream of RTKs, such as fibroblast growth factor 

receptors (FGFRs). Binding of ligands to RTKs, for example fibroblast growth factor 

binding to FGFRs, causes receptor dimerization. The protein kinase of each receptor 

monomer then phosphorylates specific tyrosine residues in the cytoplasmic domain of its 

dimer partner resulting in receptor activation. Phosphorylation of tyrosine residues 

creates recognition sites for many intracellular intermediates, which assist in transmitting 

the ligand signal to many signal transduction pathways. The adaptor proteins GRB2 and 

SOS are recruited to activated RTKs and function to activate Ras (158).  

 Ras stimulates a myriad of downstream signaling pathways through activation of 

multiple effector proteins. Raf serine/threonine kinases (Raf-1, A-Raf, and B-Raf) and 

phosphoinositide-3-kinases (PI3K) are two well-characterized Ras effector proteins that 

trigger the mitogen-activated protein kinase (MAPK) and PI3K/Akt pathway, 

respectively (Fig. 1.4). Additional effector proteins include RasGDS, p120GAP, Rin1, 

Tiam, Af6, Nore1, PLCε, and PKCζ (159). Ras activates effector proteins, in part, by 

promoting their translocation to the plasma membrane (160), where additional steps are  
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Figure 1.4 Activation of the MAPK and PI3K/Akt pathways by Ras signaling. 

Schematic is adapted from Lee et al. (165). Binding of receptor tyrosine kinases by 

various stimuli causes their activation. Recruitment of adaptor and effector proteins to the 

activated receptor leads to activation of Ras, and subsequent activation of the MAPK 

pathway via Raf and the PI3K/Akt pathway. The MAPK and PI3K/Akt signaling 

pathways influence the expression of many proteins, some of which are illustrated in the 

figure, which function in cell proliferation, growth, survival, and migration, and 

differentiation.    
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required for full effector activation. Activation of Raf initiates a cascade of protein 

phosphorylation by first phosphorylating MEK1/2. Phosphorylated MEK in turn 

phosphorylates ERK1/2 (161). Phosphorylated ERK1/2 migrates to the nucleus where it 

subsequently phosphorylates and activates number of transcription factors (162). The 

Ras/Raf/MEK/ERK cascade is also referred to as the MAPK pathway. As discussed 

above, activation of the MAPK pathway leads to phosphorylation of c-Myc causing 

enhanced stability (125) and increased transcriptional activity (163). Ras-mediated 

activation of another well-known effector, PI3K, generates the second messenger lipid 

phosphatidylinositol (3,4,5) triphosphate (PIP3). PIP3 recruits PDK1 and AKT to the 

plasma membrane, where PDK1 phosphorylates and activates Akt (164). In turn, Akt 

phosphorylates a number of substrates, including GSK3β and the tuberous sclerosis 

complex 2 (TCS2). Akt substrates are involved in cell proliferation, growth, and survival 

(166). As discussed previously, Erk1/2 and GSK3β play important roles in the proteolysis 

of c-Myc (131, 132). The studies presented in Chapter 3 suggest that GSK3β also plays a 

role in the proteolysis of N-Myc. 

 

1.3.3 Ras signaling controls translation through multiple mechanisms 

 Ras activation can stimulate translation by signaling through the MAPK and 

PI3K/Akt pathways (167). The primary method of controlling protein synthesis is 

modulating the phosphorylation state of translational components to alter their activity 

(168). This allows a cell to rapidly respond (within minutes) to physiological and 

environmental changes. Notably, the global effects of acute Ras/MAPK and PI3K/Akt 

signaling have been linked to changes in translation rather than transcription (169), 



 29 

indicating that translational control is a major mechanism by which these pathways 

control gene expression.    

 To understand how Ras signaling controls translation, we must understand the factors 

involved in translation. Translation in mammalian cells proceeds in three stages 

(initiation, elongation, and termination) and involves eukaryotic initiation factors (eIFs), 

elongation factors (eEFs), and release factors (eRFs). Translation initiation involves 

recruitment of the 40S ribosomal subunit to mRNA. This process is coordinated by the 

eIF4F complex, which consists of eIF4A, eIF4E, and eIF4G, and interacts with both the 

40S subunit and the mRNA (168). eIF4E availability is regulated by eIF4E-binding 

proteins (4E-BPs) whereby 4E-BPs bind to and prevent eIF4E from interacting with 

eIF4F complex (168). eIF4B assists in recruiting the 40S ribosomal subunit to mRNA by 

stimulating eIF4F activity (170). Recruitment of the initiator tRNAMet to the 40S subunit 

requires eIF2, a GTP-binding protein (171). Following association of the tRNAMet, the 

60S ribosomal subunit is recruited, forming of the final 80S ribosome complex, which is 

required for advancement to translation elongation. Translation elongation requires eEF1 

and eEF2, which recruit aminoacyl-tRNAs to the 80S ribosome and mediate translocation 

of the 80S ribosome to the next codon, respectively (168). Finally, termination of 

translation is mediated by eRFs that recognize the stop codon within mRNA and catalyze 

release of the ribosome complex from the protein and mRNA.  

 Ras modulates that activity of numerous proteins involved in translation by activating 

the MAPK and PI3K/Akt pathways (Fig. 1.5). Through the MAPK pathway, Ras  
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Figure 1.5 Regulation of protein synthesis by Ras signaling. Schematic is adapted 

from CG Proud (168). Ras activates the MAPK and PI3K/Akt pathways via Raf and 

PI3K effector proteins, respectively. Downstream targets of these signaling pathways 

control several factors that function in translation initiation and elongation (see text for 

more detail).  
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activates MAPK-interacting serine/threonine kinase (Mnk) that in turn phosphorylates 

eIF4E (172). Although the exact mechanism is unclear, it is thought that phosphorylation 

of eIF4E by Mnk increases the affinity of eIF4E for capped mRNA and for eIF4G (173) 

thereby promoting cap-dependent translation. Also via the MAPK pathway, Ras activates 

the p90 ribosomal S6 kinase (RSK) family of serine/threonine kinases (174). As the name 

implies, p90RSK proteins phosphorylate ribosomal protein S6, a component of the 40S 

ribosomal subunit (175). Phosphorylation of ribosomal protein S6 correlates with, but is 

not required for, increased translation of transcripts containing an oligopyrimidine tract in 

their 5’ UTR (176). Additional p90RSK substrates are eIF4B (177) and eEF2 kinase (178), 

whose phosphorylation results activation of eIF4B and eEF2, promoting translation 

initiation and elongation, respectively. 

 Ras signaling also regulates the translational machinery through activation of the 

PI3K/Akt pathway. Phosphorylation of GSK3β by Akt attenuates GSK3β activity thereby 

relieving the inhibitory activity of GSK3β toward eIF2Bε (179). Since eIF2Bε is required 

for establishing additional rounds transcriptional initiation events, this is one mechanism 

by which PI3K/Akt pathway stimulates translation. The PI3K/Akt pathway also activates 

mammalian target of rapamycin (mTOR), a large multidomain protein that interacts with 

several proteins, including raptor and rictor, to form mTORC1 and mTORC2 complexes, 

respectively. mTORC1 modulates the phosphorylation of several proteins involved in 

translation, including 4E-BP1, the S6 kinases (S6K1 and S6K2), and eEF2 kinase. 

Phosphorylation of 4E-BP1 by mTORC1 alleviates the inhibitory effect of 4E-BP1 on 

eIF4E, thereby promoting translation initiation (180). Phosphorylation of S6K1 and S6K2 

by mTORC1 results in their activation. In turn, S6K1 and S6K2 phosphorylate several 
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proteins involved in translation, such as ribosomal protein S6, eEF2 kinase, and eIF4B, to 

positively influence translation (181). 

 Ras signaling can also control translation of specific transcripts by influencing their 

association with ribosomes. Polysomes are complexes of multiple ribosomes bound to a 

single mRNA (182). Transcripts associated with polysomes, in effect, have increased 

rates of translation. In contrast, monosomes are complexes mRNA bound by a single 

ribosome and have slower rates of translation. Ras signaling appears to differentially 

control the polysome association of transcripts. In glial cells, for example, Ras activation 

promoted polysome association of mRNAs that encode proteins involved in process that 

promote malignant transformation, including cell proliferation, growth, and migration 

(169). Similarly, Ras activity preferentially associated mRNAs that encode proteins 

involved in oncogenesis in transformed prostate epithelial cells (183). Furthermore, Ras 

signaling redistributed transcripts encoding ribosomal proteins and RBPs involved in 

apoptosis and p53 signaling away from polysome complexes (183). It is unclear exactly 

how mRNAs are actively recruited or excluded from polysomes in these settings, but 

RBPs and miRNAs have been implicated in the process (91, 184). Alternatively, p90RSK, 

a downstream target of Ras signaling, has been shown to translocate to polysome and 

stimulate phosphorylation of several ribosome-associated proteins (185). 

 

1.3.4 Oncogenic activities of Ras signaling in neuroblastoma and other cancers 

 Hyperactivation of Ras signaling is frequently observed in many types of cancers. 

RAS oncogenes were originally discovered as cellular homologs to the v-ras oncogene 

(186). Multiple activating mutations within RAS genes are found in various types of 
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human tumors (187). It is estimated that activating mutations in RAS genes occur in 15% 

of all human tumors (188). 

 Activation mutations in H-Ras and N-Ras have been observed in some neuroblastoma 

cell lines or patient samples (189, 190); however mutations in RAS genes appear to be a 

rare event (191, 192). Instead, overexpression upstream and/or downstream signaling 

components that activate Ras signaling are frequently observed in neuroblastoma. The 

tropomyosin receptor kinases (Trk) A, B, and C are RTKs that signal through the 

Ras/MAPK and PI3K/Akt pathways and are often overexpressed in neuroblastoma (150). 

The ligands that activate Trk proteins are also overexpressed in neuroblastoma, both 

separately and concomitantly with Trk proteins. Specifically, nerve growth factor, brain-

derived neurotrophic factor (BDNF), and neruotrophin-3, respectively stimulate TrkA, 

TrkB, and TrkC, respectively (99). Overexpression of TrkB and BDNF, in particular, is 

associated with poor prognosis (193). More over, some patients with neuroblastoma 

having both MYCN gene amplification and high TrkB expression have even worse 

prognoses (193, 194). Given that N-Myc and Ras can cooperate in cellular transformation 

(195), this provides a potential mechanism by which N-Myc and hyperactivated Ras 

signaling (through TrkB activation) contribute to the development of neuroblastoma. Our 

studies presented in Chapter 2 examine a mechanism by which Ras signaling can 

augment N-Myc expression and activity. 
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1.4 AIMS OF THESIS 

  The overall goal of this thesis is to further our understanding of how N-Myc is 

regulated and how this regulation might be relevant to the oncogenic activity of N-Myc. 

Specifically, I have focused on the role of the Ras/MAPK pathway in controlling the 

synthesis, proteolysis, and activity of N-Myc. The aims of this thesis are: 

1. To elucidate the mechanism by which the Ras/MAPK pathway controls N-Myc 

expression, 

2. To understand how regulation of N-Myc by the Ras/MAPK pathway affects N-

Myc activity, and 

3. To determine whether N-Myc and c-Myc are subject to similar post-

transcriptional regulation by the Ras/MAPK pathway. 
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2.1 ABSTRACT 

 Myc transcription factors are important regulators of proliferation and can promote 

oncogenesis when deregulated. Deregulated Myc expression in cancers can result from 

MYC gene amplification and translocation, but also from alterations in mitogenic 

signaling pathways that affect Myc levels through both transcriptional and post-

transcription mechanisms. For example, mutations in Ras family GTPase proteins that 

cause their constitutive activation can increase cellular levels of c-Myc by interfering 

with its rapid proteasomal degradation. Although enhanced protein stability is generally 

thought to be applicable to other Myc family members, here we show that c-Myc and its 

paralog N-Myc respond to oncogenic Ras (RasG12V) in very different ways. RasG12V 

promotes accumulation of both c-Myc and N-Myc, but whereas c-Myc accumulation is 

achieved by enhanced protein stability, N-Myc accumulation is associated with an 

accelerated rate of translation, which overcomes a surprising RasG12V-mediated 

destabilization of N-Myc. We show that RasG12V-mediated degradation of N-Myc 

functions independently of key phosphorylation sites in the highly conserved Myc 

homology box I region that controls c-Myc protein stability by oncogenic Ras. Finally, 

we found that N-Myc and c-Myc transcriptional activity is associated with their 

proteasomal degradation, but that N-Myc may be uniquely dependent on Ras-stimulated 

proteolysis for target gene expression. Taken together, these studies provide mechanistic 

insight into how oncogenic Ras augments N-Myc levels in cells and suggest that 

enhanced N-Myc translation and degradation-coupled transactivation may contribute to 

oncogenesis. 
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2.2 INTRODUCTION  

 N-Myc is a member of the Myc family of proto-oncogenes that also include c-Myc and 

L-Myc.  Myc genes encode basic helix-loop-helix/leucine zipper proteins that associate 

with their binding partner Max (1). Myc-Max heterodimers bind to E-box motifs in DNA 

and, together with a variety of co-activator proteins that interact with Myc, influence 

chromatin structure and the activities of RNA polymerase I, II and III to promote 

transcription (196, 21). Myc can also repress transcription by binding to Miz1 and 

blocking Miz1-dependent activation (4). The potential transcriptional effects of Myc 

expression are far reaching as it has been shown that, depending on its levels, Myc can 

directly or indirectly influence the expression of thousands of genes controlling diverse 

cellular processes (197). 

 Deregulated expression of Myc family proteins is found in diverse types of tumors. 

Deregulated N-Myc plays a particularly important role in the malignant progression of 

tumors derived from the nervous system including neuroblastoma, medulloblastoma, and 

glioblastoma (105, 198). Medulloblastoma and neuroblastoma are the first and third most 

common pediatric cancers, respectively, and together, they account for 35% of all 

childhood cancer deaths (105, 198). In addition to N-Myc gene amplification, 

deregulation of growth factors or downstream signaling constituents are frequently 

observed in neurological cancers (105, 199) and may contribute to upregulation of N-

Myc. N-Myc is also essential for embryonic development (9) and mutations that 

inactivate N-Myc cause Feingold syndrome, a pleomorphic birth defect syndrome (10). 

Consistent with the critical roles of both N-Myc and c-Myc in controlling proliferation 

and fate determination during development and their well-established oncogenic potential 
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when deregulated, multiple regulatory mechanisms have evolved to tightly control their 

levels and activity. 

 Rapid degradation of Myc proteins by the ubiquitin-proteasomal pathway is one 

mechanism thought to contribute to maintaining physiologically appropriate levels of 

Myc. Our current understanding of the process by which Myc proteins are degraded has 

been largely determined using c-Myc. One mechanism of c-Myc degradation requires 

sequential phosphorylation of two key residues in the N-terminal Myc homology box I 

(MBI) region of c-Myc: Threonine 58 (Thr58) and Serine 62 (Ser62) (11). In response to 

growth factor signals the Ras/Raf/mitogen-activated protein kinase (MAPK) pathway 

activates extracellular signal-regulated kinase (ERK), which in turn phosphorylates c-

Myc at Ser62 (131). This phosphorylation event transiently stabilizes c-Myc (12). As 

growth factor signals diminish, the activities of the PI3K/Akt pathway decline and result 

in activation of glycogen synthase kinase-3β (GSK3β) (133), which recognizes 

phosphorylated Ser62 as a priming site for phosphorylation of c-Myc at Thr58 (12, 14). 

The coordinated activities of the peptidylprolyl isomerase Pin1 and protein phosphatase 

2A (PP2A) act on doubly phosphorylated c-Myc to direct dephosphorylation of Ser62 

(134). Finally, singly phosphorylated c-Myc at Thr58 is targeted for ubiquitination by the 

E3 ubiquitin ligase Fbw7, which directs the proteasomal-mediated degradation of c-Myc 

(112, 113, 131).  

This mechanism of c-Myc degradation can be blocked by oncogenic mutations in Ras 

family GTPases that constitutively maintain Ras in an active state (200). Oncogenic Ras 

signaling promotes c-Myc stability in two ways: first, it induces Ser62 phosphorylation 

by activating ERK through the MAPK pathway and second, it blocks Thr58 
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phosphorylation by activating the PI3K/Akt pathway, which inhibits GSK3β (12). The 

well-established cooperation between c-Myc and oncogenic Ras in promoting cellular 

transformation (201) may in part be due to Ras-mediated stabilization of c-Myc (200).   

 Like c-Myc, N-Myc can cooperate with oncogenic H-Ras and K-Ras to transform 

normal embryonic fibroblasts into cells with tumorigenic potential (195, 202). The 

mechanism underlying cooperation between N-Myc and oncogenic Ras was suggested to 

be due to Ras-mediated stabilization of N-Myc (21). This is a reasonable assumption, 

since the Ser and Thr phosphorylation sites in MBI of c-Myc that control its degradation 

are conserved in N-Myc (the equivalent sites in the mouse N-Myc homolog being Thr50 

and Ser54). However, several studies call into question whether N-Myc degradation is 

controlled in the same manner as c-Myc. First, Kenney et al. (22) found that mutating N-

Myc Ser54 to alanine stabilized N-Myc, while mutation of the equivalent site in c-Myc, 

Ser62, to alanine destabilizes c-Myc (12). Second, PP2A activity promotes c-Myc 

degradation (14), but appears to stabilize N-Myc (23). Finally, while the prolyl isomerase 

Pin1 appears to control PP2A-mediated dephosphorylation of Ser62 of c-Myc (15), Pin1 

does not alter the phosphorylation status of the equivalent Ser54 of N-Myc in mouse 

neuronal precursors (23). While these differences in regulation might be attributable to 

different cell types or the specific conditions in which the studies were conducted, they 

might also reflect fundamental differences in how c-Myc and N-Myc respond to the 

activation of growth factor receptors and the activities of oncogenic Ras. To address this 

issue, we specifically examined how growth factor signaling and oncogenic Ras controls 

N-Myc protein levels and activity and compared this to c-Myc. Fibroblast growth factor 

(FGF) signaling and oncogenic Ras similarly triggered robust N-Myc and c-Myc 
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accumulation, but in contrast to c-Myc, we found no evidence that N-Myc accumulation 

was due to enhanced protein stability. To the contrary, oncogenic Ras promoted N-Myc 

turnover, and its increased accumulation was instead associated with a marked increase in 

N-Myc translation. Further, we show that proteasomal degradation of N-Myc and c-Myc 

is associated with enhanced transcriptional activity. Our results suggest that 

hyperactivated growth factor and Ras signaling may promote oncogenesis in N-Myc 

expressing cells by coupling augmented N-Myc translation with N-Myc proteolysis and 

transcriptional activity.  

 

2.3 RESULTS 

FGF signaling upregulates N-Myc expression post-transcriptionally through the 

MAPK pathway 

 Our finding that loss of N-Myc disrupted proximal-distal patterning of the developing 

mouse limb buds (27), a process controlled by FGF signaling, prompted our initial 

interest in investigating if and how FGF signaling controls N-Myc expression. N-Myc is 

not expressed in C3H 10T½ cells, and we first tested whether FGF stimulation of the 

mouse mesenchymal cell line C3H 10T½ could induce N-Myc transcription. FGF2 

treatment activated FGF signaling based on phosphorylation of FGF receptor (FGFR) 

(Fig. 2.1), but N-Myc was not induced. However, when an N-Myc cDNA containing only 

the coding region was expressed ectopically, FGF2 addition induced high levels of N-

Myc protein (Fig. 2.2A). Induction of N-Myc protein occurred post-transcriptionally 

since N-myc mRNA levels were unaffected by FGF2 (Fig. 2.2B). Both the MAPK and 

PI3K pathways were stimulated in response FGF2 addition (Fig. 2.1) and we used 
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pharmacological inhibitors to delineate which pathway(s) were involved in the induction 

of N-Myc. Inhibition of the MAPK pathway with PD98059 or UO126 prevented N-Myc 

induction, while inhibition of PI3K signaling with LY294002 had no effect on N-Myc 

protein levels (Fig. 2.2C). Therefore, in this system FGF signaling functions through the 

MAPK pathway to increase N-Myc protein levels.  

 To further establish a link between FGFR activation and N-Myc upregulation, we 

examined the effect of two FGFR2 mutants associated with cancer and developmental 

defects: FGFR2S252W and FGFR2K659E. FGFR2S252W, which has broadened ligand-binding 

specificity and increased ligand affinity, causes the developmental disorder Apert 

Syndrome and is found in some cancers (203, 204). FGFR2K659E is a ligand-independent, 

constitutively active mutant that has been found in uterine cancer (205). Introduction of 

FGFR2S252W or FGFR2K659E into C3H 10T½ cells elevated ectopic N-Myc protein levels 

over that of WT FGFR2 (Fig. 2.2D), and N-Myc induction by the mutant receptors 

required activation of the MAPK pathway (Fig. 2.2E). Taken together, these results 

indicate that the MAPK pathway is responsible for the post-transcriptional-mediated 

increase in N-Myc that is stimulated by FGFR signaling. 

 

Oncogenic Ras stabilizes c-Myc but destabilizes N-Myc 

 Previous studies conducted with c-Myc showed that mutant activated H-Ras 

promoted its stability as mentioned above (200). We therefore used a constitutively active 

form of H-Ras, RasG12V (or oncogenic Ras), to further investigate how the MAPK 

signaling upregulates N-Myc and whether this was due to increased N-Myc protein 

stability. Similar to what was observed with FGF2 treatment, RasG12V increased N-Myc 
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protein levels, but had little effect on N-myc transcript levels (Fig. 2.3A, B). Using 

cycloheximide (CHX) to block de novo protein synthesis, we monitored the rate of N-

Myc degradation and were surprised to find that RasG12V consistently reduced the half-

life of N-Myc (Fig. 2.3C). To control for potential off-target effects by CHX, N-Myc 

turnover was also examined by 35S-methionine pulse-chase analysis. Like the CHX 

experiments, pulse-chase analyses consistently showed that RasG12V accelerated N-Myc 

turnover (Fig. 2.3D). Because these findings are opposite to what has been described for 

c-Myc (12), we performed parallel studies with c-Myc. RasG12V increased the amount of 

ectopic c-Myc protein, but did not affect c-myc transcript levels (Fig. 2.3A, B), and 

consistent with published data, 35S-methionine pulse-chase analysis showed that RasG12V 

slowed c-Myc degradation (Fig. 2.3E). We conclude that oncogenic Ras has the opposite 

effect on N-Myc and c-Myc protein stability: it destabilizes N-Myc while stabilizing c-

Myc. 

 

Oncogenic Ras increases N-Myc protein synthesis 

 The observation that RasG12V elevated steady-state N-Myc protein levels without 

affecting N-myc mRNA levels but also accelerated N-Myc turnover, suggested that 

RasG12V might act at the level of translation. To test this, we examined the rate of N-Myc 

protein synthesis by 35S-methionine pulse analysis. Newly synthesized, 35S-methionine-

labeled N-Myc protein accumulated faster in the presence of RasG12V and peaked at 20 

minutes (Fig. 2.4A, left). The slight decrease in 35S-methionine-labeled N-Myc at 30 

minutes was consistently observed in the RasG12V-expressing cells and is likely due to its 

already short, but further shortened half-life (17-23 minutes) in the presence of oncogenic 



 43 

Ras. In this 30 minute assay, RasG12V increased the rate of N-Myc protein accumulation 

~2-fold (Fig. 2.4A, right), but the rate of synthesis is likely greater since the accelerated 

rate of protein degradation is not factored into this calculation. In contrast to N-Myc, 

RasG12V did not affect the rate of ectopic (Fig. 2.4A) or endogenous c-Myc protein 

synthesis (Fig. 2.5). 

 We considered that the increased rate of N-Myc protein synthesis might be due to 

RasG12V activity targeting elements within the vector used to expresses N-Myc (i.e. 3’ 

LTR promoter, 3’ untranslated region [UTR]). To control for this possibility, the gene 

encoding green fluorescent protein (GFP) was expressed in the same expression vector, 

and the rate of GFP protein synthesis was determined. In contrast to N-Myc, GFP 

translation was not altered by RasG12V (Fig. 2.4A). In addition, because it was possible 

that stable expression of RasG12V and/or N-Myc could lead to secondary effects that might 

influence how RasG12V regulates N-Myc during cell passaging, we examined N-Myc 

translation in cells two days after transfecting RasG12V and N-Myc expression vectors. In 

this context, RasG12V also consistently increased N-Myc protein synthesis (Fig. 2.4B). 

 

Inhibition of the Ras/MAPK pathway suppresses N-Myc translation 

 The Ras/MAPK cascade signals through multiple pathways several of which are 

involved in translational control (167). We used a panel of inhibitors that target Ras 

effectors to determine what steps are involved in controlling N-Myc translation. C3H 

10T½ cells transiently expressing N-Myc alone or with RasG12V were treated with 

UO126, LY294002, or SB230508 to inhibit MEK, PI3K, or p38/MAPK. Treated cells 

were pulsed with 35S-methionine to examine the effects of these inhibitors on N-Myc 
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protein synthesis. Inhibition of MEK with UO126 reduced the amount of newly 

synthesized N-Myc protein (Fig. 2.4C). LY249002 also reduced the amount of newly 

synthesized N-Myc protein, but this was likely a non-specific effect since it 

concomitantly reduced total protein synthesis (Fig. 2.4C). Inhibition of p38/MAPK with 

SB230508 did not significantly affect N-Myc translation (Fig. 2.4C). Treatment with the 

proteasome inhibitor MG132 did not increase N-Myc levels indicating that protein 

degradation did not contribute to the changes in N-Myc levels (Fig. 2.4C). Collectively, 

these data show that RasG12V upregulates N-Myc translation via MEK activation and are 

consistent with MEK activation being required for increased steady-state levels of N-Myc 

in RasG12V-expressing cells (Fig. 2.2C). 

 

N-myc mRNA is redistributed to polysomes by oncogenic Ras 

 To further characterize RasG12V-driven N-Myc translation, we next examined the 

translational status of N-myc mRNA by monitoring its association with ribosome 

complexes isolated following sedimentation through sucrose gradients. RasG12V caused 

N-myc mRNA to shift to the heaviest sucrose fractions (n=2), indicating enhanced 

association of N-myc mRNA with polysomes (Fig. 2.6A, B). Consistent with RasG12V 

preferentially affecting N-Myc protein synthesis, ectopic CMYC and Actin transcripts 

were not redistributed toward polysomes (fractions 5-11 – Fig. 2.6C, D) to the same 

extent as N-myc mRNA. 

 K-Ras, and possibly H-Ras and N-Ras, alters the polysome distribution of many 

targets (169, 183). This may account for the larger polysome population observed in C3H 

10T½ cells expressing RasG12V (Fig. 2.6A) and calls into question the extent to which 
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RasG12V upregulates N-Myc translation in a general or selective manner. RasG12V did not 

increase global protein synthesis (Fig. 2.7), a result consistent with translational 

upregulation of N-Myc being at least partly selective. Moreover, redistribution of N-myc 

mRNA to polysomes by RasG12V is consistent with some level of specificity for N-myc 

mRNA since RasG12V did not alter the polysome association of CMYC (Fig. 2.6C) or 

Cyclin D1 (Fig. 2.8).  

 Translational control by microRNAs and RNA binding proteins (RBPs) often requires 

the UTRs of transcripts (206, 207). However, our studies characterized ectopically 

expressed N-Myc transcripts lacking endogenous UTRs. This suggested that N-Myc 

UTRs were not required for RasG12V-mediated translational upregulation of N-Myc. To 

determine whether the 5’ and 3’ UTRs of N-Myc influenced N-Myc protein expression in 

the presence or absence of RasG12V, we compared levels of N-Myc expressed from a 

“full-length” N-Myc cDNA that included the complete UTR sequences to the “coding-

region only” cDNA expressed from the same vector. RasG12V increased N-Myc protein 

level to a similar extent with both versions of N-Myc cDNA (Fig. 2.9). Taken together, 

these results suggest that RasG12V promotes N-Myc translation by targeting the N-Myc 

mRNA coding region for redistribution toward actively translating polysomes.    

 

Oncogenic Ras promotes translation of endogenous N-Myc in neuroblastoma cells 

 While RasG12V increased N-Myc translation and accelerated N-Myc protein 

degradation in C3H 10T½ cells using ectopically expressed N-Myc, we wanted to know 

whether this was also true for endogenous N-Myc. To our knowledge, there are no non-

tumor derived cell lines that express N-Myc. Therefore, we utilized two different human 
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neuroblastoma cell lines, SMS-KCNR and SK-N-BE(2)C, which express N-MYC from 

MYCN-amplified loci. In both of these cell lines, ectopic expression of RasG12V increased 

N-MYC protein, but not mRNA levels (Fig. 2.10A, B). As in C3H 10T½ cells, RasG12V 

increased the rate of N-MYC degradation in both neuroblastoma cell lines (Fig. 2.10C). 

Moreover, RasG12V caused a redistribution of MYCN mRNA, but not CMYC or ACTIN 

mRNA, to polysome fractions in SK-N-BE(2) cells (Fig. 2.10D). These results suggest 

that the effects of oncogenic Ras on N-Myc translation and degradation may be generally 

applicable. 

 

Role of Conserved Thr and Ser Phosphorylation sites in c-Myc and N-Myc 

degradation 

 Our results indicated that RasG12V regulates the stability of N-Myc and c-Myc in an 

opposing manner. This is surprising because the key phosphorylation sites in MBI that 

are involved in Ras-mediated stabilization of c-Myc (Thr58 and Ser62) are conserved in 

N-Myc (Thr50 and Ser54). We therefore directly compared how mutations at the 

equivalent phosphorylation sites in N-Myc and c-Myc affected their stability using a 

panel of phosphorylation defective and mimetic mutants. Phosphorylation-specific 

antibodies were used to assess and compare how the various mutations at one 

phosphorylation site affected phosphorylation at the adjacent non-mutated site for both 

N-Myc and c-Myc. We found that the phosphorylation pattern of N-Myc and c-Myc was 

similar among the various mutant proteins (Fig. 2.11A, B). Phosphorylation of N-Myc at 

Thr50 and c-Myc at Thr58 was observed for both WT N-Myc and c-Myc proteins, but 

not for any of the mutant proteins (Fig. 2.11A, B). Phosphorylation of Ser54 and Ser62 
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was elevated in the N-MycT50A and c-MycT58A mutants, respectively, but was not detected 

in the N-Myc and c-Myc Serine mutants (Fig. 2.11A, B). These observations suggest that 

N-Myc undergoes the same hierarchical phosphorylation that has been delineated for c-

Myc, such that phosphorylation of N-Myc at Thr50 requires prior phosphorylation of 

Ser54 (131, 208).  

 Next, we compared how mutation of the conserved phosphorylation sites affected the 

half-life of N-Myc and c-Myc. Both N-MycT50A and c-MycT58A displayed prolonged half-

lives compared to their WT counterparts (Fig. 2.11C, D). Similarly, N-MycT50D and c-

MycT58D had longer half-lives compared to their WT counterparts, but for c-MycT58D, this 

was not statistically significantly different (Fig. 2.11C, D). While the half-lives of N-

MycS54A and c-MycS62A were longer than their WT counterparts, they were not 

statistically significantly different. Finally, the half-lives of N-MycS54D and c-MycS62D 

were longer than their WT counterparts, but for c-MycS62D, this was not statistically 

significantly different.  

 Since both N-MycT50A and c-MycT58A exhibited prolonged half-lives compared to 

their WT counterparts, this suggested that oncogenic Ras functions independently of 

Thr50 to promote N-Myc degradation. Indeed, N-MycT50A retained sensitivity to RasG12V-

dependent destabilization (compare Fig. 2.11C for T50A to Fig. 2.11E, top). Finally, 

RasG12V did not alter the half-life of c-MycT58A (compare Fig. 2.11D for T58A to Fig. 

2.11E, bottom), which is consistent with the observation that the activities of oncogenic 

Ras function through this site to block c-Myc proteolysis (12). Together, these data show 

that while phosphorylation at Thr50 or Ser54 are involved in regulating N-Myc stability, 

oncogenic Ras functions independently of these sites to promote N-Myc degradation.  
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N-Myc degradation affects its transcriptional activity 

 The unexpected finding that RasG12V accelerated N-Myc turnover seemed in 

discordance with the observation that N-Myc and mutant activated Ras cooperate in 

oncogenic transformation of cells in culture (195). However, a functional link between 

transcriptional activity and protein degradation has been documented for numerous 

transcription factors, including c-Myc (109, 209, 143), raising the possibility that the 

process of proteasomal degradation might be important for N-Myc transcriptional 

activity. To test this, we measured the activity of the Myc-responsive pGL-M4 luciferase 

reporter (26) in response to transfected N-Myc or c-Myc in the presence or absence of 

proteasomal inhibitor MG132. Consistent with being substrates of the proteasome, N-

Myc and c-Myc protein levels accumulated in the presence of the MG132 (Fig. 2.12A). 

Despite this accumulation in Myc protein, MG132 inhibited N-Myc- and c-Myc-induced 

luciferase activity (Fig. 2.12B). Reporter activity was reduced in the presence or absence 

of RasG12V for both N-Myc and c-Myc, suggesting that proteasomal degradation in 

general contributes to N-Myc and c-Myc transcriptional activity (Fig. 2.12B). Further, 

MG132 inhibited transcriptional activity of both N-MycT50A and c-MycT58A, suggesting 

that degradation-coupled transcription functions independent of Myc proteolysis 

governed by this conserved site in MBI (Fig. 2.12B). We next examined how N-Myc and 

c-Myc proteolysis might affect the expression of a subset of Myc target genes and 

whether oncogenic Ras was involved in this process. The transcriptional induction of a 

subset of Myc target genes (eIF4E (210), Mnt (211), and Cad (212)) by c-Myc alone or 

when combined with RasG12V was reduced by MG132 (Fig. 2.12C, right), supportive of a 

link between c-Myc transcription and protein degradation (38). This effect was not 
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observed for Max, a gene not regulated by Myc, and for the Myc target gene Nucleolin 

(Ncl) (213), indicating that degradation-coupled transcription is not relevant to all Myc 

targets. In contrast to c-Myc, N-Myc induced the expression of eIF4E, Mnt, and Cad with 

MG132 treatment, but like c-Myc, their induction was suppressed by MG132 treatment 

only in the presence of RasG12V (Fig. 2.12C, left). Induction of these genes was dependent 

on N-Myc and not MG132 treatment since, in the absence of N-Myc, their expression 

was reduced by MG132 treatment (Fig. 2.12D). Together, these data suggest that the 

transcriptional activity of both N-Myc and c-Myc are coupled to their proteasome-

mediated degradation, but that degradation-coupled activation of N-Myc target genes 

may occur only in the presence of hyperactivated Ras signaling. 

 

2.4 DISCUSSION   

 Mutations in Ras family members that lead to their constitutive activity are frequently 

found in a wide range of cancers and various mouse models have confirmed their 

oncogenic activity (214). This study suggests a novel mechanism by which constitutively 

active Ras proteins promote oncogenesis. We made the unexpected observation that 

oncogenic Ras signaling strongly promotes the accumulation of N-Myc while also 

stimulating N-Myc proteolysis. The increased accumulation of N-Myc was associated 

with an accelerated rate of N-Myc translation. Although clearly accelerated, a precise 

calculation of the rate of N-Myc synthesis in the presence of oncogenic Ras is 

confounded by a concomitant increase in the rate of N-Myc degradation. Nonetheless, 

because N-myc mRNA levels were not significantly altered by oncogenic Ras, it is likely 

that an elevated rate of translation is the underlying mechanism that overcomes the 
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increased rate of N-Myc degradation and accounts for the strong net increase in N-Myc 

accumulation observed. These data, together with results linking N-Myc and c-Myc 

degradation to their transcriptional activity, suggest that the simultaneous stimulation of 

N-Myc translation and stimulation of N-Myc degradation may be a mechanism 

underlying the oncogenic activity of mutant activated Ras, as well as a variety of other 

oncoproteins that hyperactivate the MAPK pathway.  

  

Control of N-Myc proteolysis by Ras signaling 

 Our observation that Ras/MAPK signaling has the opposite effect on N-Myc and c-

Myc turnover has likely gone unnoticed because c-Myc has generally served as the Myc 

prototype for describing the biochemical attributes of Myc family members. This is 

particularly true when considering the function of phosphorylation sites in MBI that 

regulate c-Myc stability since these sites are so highly conserved in Myc family proteins. 

The critical Thr and Ser residues in c-Myc that are phosphorylated in response to 

oncogenic Ras signaling and lead to enhanced protein stabilization, as well as their 

immediately surrounding amino acids, are identical in N-Myc. By comparing the half-

lives of phosphorylation-defective and phosphomimetic Myc mutants, we show that the 

equivalent Thr and Ser residues in c-Myc and N-Myc, to some extent, modulate protein 

stability in a similar fashion. However, our data indicate that oncogenic Ras can act 

independent of these sites to regulate N-Myc protein stability. Indeed, our finding that 

oncogenic Ras destabilizes both WT and N-MycT50A, but does not affect c-MycT58A 

stability supports this hypothesis. Interestingly, the ubiquitin ligase Huwe1 has been 

shown to destabilize N-Myc, but not c-Myc (215), and may be a candidate for mediating 
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the differential effect oncogenic Ras has on N-Myc and c-Myc protein stability. One 

possibility is that oncogenic Ras/MAPK signaling leads to modifications of Huwe1, or 

other proteins involved in proteasomal degradation of N-Myc, to increase their binding 

affinity toward N-Myc.  

 Myc proteins are highly dynamic molecules, interacting with numerous proteins in 

both the nucleus and cytoplasm and in a context-dependent manner. These actions, in 

effect, create different populations of Myc that may be targeted for proteolysis at 

different efficiencies. This has been observed for c-Myc such that, in mitotic cells, there 

is an unstable and stable pool of c-Myc (45). Our protein synthesis studies using cells 

stably expressing N-Myc and Ras also suggest that there is more than one population of 

N-Myc protein subjected to different rates of degradation. A single cellular population of 

N-Myc protein would have a specific rate of synthesis and degradation such that, in our 

labeling assay, newly synthesized N-Myc protein would exponentially increase and then 

plateau as the rates of synthesis and degradation reach equilibrium. However, in the 

presence of oncogenic Ras, the accumulation of newly synthesized N-Myc protein did 

not plateau but rather declined at 30 minutes of synthesis (Fig. 2.4A, left), indicating that 

there are different populations of labeled N-Myc being degraded at different rates. There 

are at least two cellular populations of N-Myc: recently synthesized and pre-existing N-

Myc protein. One possibility is that Ras targets them for degradation at different rates and 

our pulse-labeling results (Fig. 2.4A, left) would predict that the pre-existing pool of N-

Myc protein is degraded faster. The two different methods used to determine the half-life 

of N-Myc, 35S-methionine pulse-chase and cycloheximide treatment, measured the half-

life of recently synthesized and pre-existing N-Myc protein, respectively. Contrary to our 



 52 

prediction, the pre-existing population of N-Myc had a slightly longer half-life (17.6 ± 

0.9 minutes) than the recently synthesized population of N-Myc protein (13.85 ± 2.7 

minutes) in the presence of Ras (Fig. 2.3 C, D). However it is important to note that these 

half-lives were not statistically different. A simple explanation of our contradicting 

findings is that the decline in labeled N-Myc (at 30 minutes) in the presence of Ras is an 

artifact. Our pulse-labeling experiments using transient expression of N-Myc and Ras 

(Fig. 2.4B) supports this explanation, since we did not observe a decline in protein 

expression at 30 minutes of labeling. Since we did not examine the half-life of transiently 

expressed N-Myc with or without Ras, we cannot rule out the possibility that the method 

of gene expression (transient verses stable) affects the degradation kinetics of N-Myc. 

Additional labeling and cycloheximide studies measuring N-Myc synthesis and decay are 

required to address the possibility of artifactual results and to increase our sample size to 

derive accurate half-lives for N-Myc in the different populations.  

 

Control of N-Myc synthesis by Ras signaling  

 Ras-mediated signaling modulates the activity of factors associated with the 

translational machinery to alter the translation of numerous transcript targets (175, 216), 

and our data indicate that N-Myc transcripts are one of those targets. Translational 

upregulation of N-Myc by oncogenic Ras was observed following stable and transient 

RasG12V expression (Figure 2.4A, B), indicating that this mechanism is not a result of 

secondary events acquired during chronic activation of Ras. Several studies have also 

demonstrated that oncogenic Ras influences the association of transcripts with polysomes 

(169, 183). Oncogenic Ras increased the relative amount of total RNA in the polysome 
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fractions (Fig. 2.6A), but this was not associated with global increases in translation (Fig. 

2.7). Therefore it appears that oncogenic Ras may selectively increase the translation of 

certain mRNAs, with N-Myc being one of them. We observed increased N-Myc 

translation when expressing N-Myc cDNA lacking UTRs and an internal ribosome entry 

segment, suggesting that oncogenic Ras targets elements within the coding region of N-

Myc. While mechanisms that control the expression or activity of a transcript most 

commonly target non-coding regions, there is a growing number of examples of RBPs 

and microRNAs that target the coding regions of transcripts (217–220). It will now be 

important to obtain a more precise understanding of how Ras/MAPK signaling targets the 

N-Myc coding region to stimulate N-Myc translation.  

 

Ras-mediated proteolysis is associated with enhanced N-Myc transcriptional activity 

 The idea that the ubiquitin proteasome pathway is involved in gene transcription is 

supported by the fact that a number of components of the proteasome are recruited to 

promoter regions of target genes and that proteasome-dependent degradation of nuclear 

hormone receptors is coupled to efficient transcriptional activity (221). Indeed, it is now 

well documented that transcriptional activation domains (TADs) and degradation 

domains (degrons) overlap in many short-lived transcription factors and this arrangement 

may function to couple transcriptional activation and proteasomal degradation (53). 

Moreover, a link between protein degradation and transcriptional activity has been 

suggested for c-Myc (109, 222). In an effort to identify regions that target c-Myc for 

proteolysis, Salghetti et al. (38) identified a region comprising the first 143 amino acids 

c-Myc that increased both its transcriptional activity and degradation. The MBI and Myc 



 54 

homology box II (MBII) regions of c-Myc, which reside within the first 143 amino acids, 

are important for its transcriptional activity (222), transforming activity (55), and stability 

(56), and it was postulated that these nearby regions might act to link c-Myc transcription 

with its degradation. MBI and MBII are highly conserved between c-Myc and N-Myc, 

and MBI and MBII in N-Myc might also function to link N-Myc transcription with its 

degradation. Our data support a link between both c-Myc and N-Myc degradation and 

their transcription activity, but suggest that degradation of N-Myc may not require 

residues residing within the MBI (Fig. 2.12B). Further, our results suggest that 

degradation-coupled transcriptional regulation of some Myc target genes in the presence 

of oncogenic Ras may operate differently for N-Myc and c-Myc (Fig. 2.12C).  

  

A mechanism for oncogenic activities of Ras and N-Myc in neuroblastoma 

 Elevated levels of N-Myc are associated with a number of cancers, including 

neuroblastoma, where deregulated N-Myc expression is frequently caused by MYCN 

gene amplification and is associated with a poor prognosis (194, 223). Some patients with 

neuroblastoma having both MYCN gene amplification and high expression of 

tropomyosin-receptor kinase (Trk) A or TrkB have even worse prognoses (193, 194). Trk 

receptor signaling, like other receptor tyrosine kinase receptors, activates a number of 

different downstream pathways, including the Ras/MAPK pathway (223). Our results 

predict that the combination of hyperactive Ras/MAPK activity driven by elevated Trk 

and MYCN amplification would result in strongly augmented N-Myc protein levels and 

transcriptional activity, and thus provide a potential molecular basis for why 

neuroblastomas with combined MYCN amplification and high Trk/Ras expression are so 
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aggressive. Future studies designed to delineate the mechanisms by which hyperactivated 

Ras/MAPK and Trk receptor signaling controls N-Myc translation and protein turnover, 

and how N-Myc degradation is coupled to enhanced N-Myc transcriptional activity, may 

provide insights into specific points of intervention for inhibiting N-Myc oncogenic 

activity in neuroblastoma and other cancers. 
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2.5 FIGURES AND FIGURE LEGENDS 

 

 

 

 

 

 

Figure 2.1 Activation of the MAPK and PI3K/Akt pathways by FGF2 stimulation. 

C3H 10T½ cells stably expressing N-Myc were treated with FGF2 for the indicated time. 

Cell lysates were analyzed by immunoblotting for the expression of the indicated 

phosphorylated proteins. Arrowhead indicates bands referring to Akt pT308. 
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Figure 2.2. FGF signaling induces N-Myc expression through the MAPK pathway. 

A, C3H 10T½ cells stably expressing N-Myc or containing control vector were treated 

with FGF2 for the indicated times. Cell lysates were analyzed by immunoblot analysis for 

the expression of N-Myc and Actin (loading control). B, C3H 10T½ cells stably 

expressing N-Myc were treated as in (A) and analyzed for N-myc mRNA levels by qRT-

PCR. Error bars show S.D. for biological duplicates. There is no significant difference 

between time points as determined using the one-way ANOVA test. C, N-Myc-

expressing C3H 10T½ cells were treated with FGF2 for 2 hours, followed by treatment 

with H2O, DMSO, PD98059, UO126, or LY294002 for an additional 6 hours. Lysates 

were collected for immunoblot analysis. D, cellular extracts from C3H 10T½ cells stably 

expressing N-Myc and WT FGFR2 (WT), FGFR2S252W (S252W), or FGFR2K659E 

(K659E) were analyzed by immunoblot analysis for the expression of the indicated 

proteins. E, C3H 10T½ cells described in (D) were treated with UO126 for 6 hours, then 

harvested for immunoblot analysis. All experiments were performed in triplicate unless 

otherwise stated. 
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Figure 2.2 Continue 
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Figure 2.3. Oncogenic Ras promotes N-Myc degradation. A, C3H 10T½ cells 

containing control vector, stably expressing ectopic N-Myc or c-Myc alone, or stably 

expressing N-Myc or c-Myc combined with RasG12V, were analyzed by immunoblot 

analysis for expression of the indicated proteins. B, relative levels of N-myc and c-myc 

mRNA were assessed by qRT-PCR for the cell lines described in (A). Error bars show 

S.D. for biological triplicates. C, N-Myc-expressing C3H 10T½ cells containing control 

vector or stably expressing RasG12V were pulsed with CHX and lysates were collected at 

the indicated times for immunoblot analysis. Note that the Control panel is a longer 

exposure to equalize the signal at the 0 min time points. Quantifications for the blots 

shown are to the right. For four independent experiments, the average half-life of N-Myc 

was significantly greater (p< 0.04) in Control cells (T½ = 24.4 ± 1.1 minutes) than in 

RasG12V-expressing cells (17.6 ± 0.9 minutes). D, pulse-chase analysis with C3H 10T½ 

cells described in (C). Radiolabeled N-Myc was immunoprecipitated from equal 

concentrations of total protein and analyzed by SDS-PAGE. Quantifications for the gels 

are shown to the right. The average half-life of N-Myc, calculated from two independent 

experiments, was 27.6 ± 5.9 minutes in Control cells and 13.85 ± 2.7 minutes in RasG12V-

expressing cells. The half-lives were not statistically different. E, pulse-chase analysis 

with c-Myc-expressing C3H 10T½ cells containing control vector or stably expressing 

RasG12V. Radiolabeled c-Myc was immunoprecipitated from equal concentrations of total 

protein and analyzed by SDS-PAGE. Quantifications for the blots are shown to the right 

and are representative of two independent experiments. 
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Figure 2.3 Continue 
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Figure 2.4. Activation of the MAPK pathway by oncogenic Ras promotes N-Myc 

protein synthesis. A, pulse analysis was performed with C3H 10T½ cells expressing the 

indicated proteins. Radiolabeled N-Myc, c-Myc, or GFP was immunoprecipitated from 

equal concentrations of total protein and analyzed by SDS-PAGE. The fold change in 

translation rate (right) is significantly different between N-Myc and GFP (asterisk, p< 

0.017), but not between c-Myc and GFP. Error bars show S.D. for biological triplicates. 

B, pulse analysis was performed with C3H 10T½ cells transfected with N-Myc and 

control vector (pcDNA6) or RasG12V. Quantifications are graphed below. A representative 

image of four independent experiments is shown. C, C3H 10T½ cells transfected with N-

Myc and control vector or RasG12V were treated with DMSO (vehicle control), UO126, 

LY294002, SB230508, or MG132 for 90 minutes. Cells were pulsed with 35S-methionine 

for 20 minutes and radiolabeled N-Myc protein was immunoprecipitated from equal 

concentrations of total protein and analyzed by SDS-PAGE. Total protein synthesis was 

measured as described in the Experimental Procedures section. The expression of de novo 

N-Myc protein (dark bars) and total protein (light bars) is relative to the RasG12V-DMSO 

treated sample. Labeling experiments were performed in triplicate. Asterisk indicates 

p=0.03. 
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Figure 2.4 Continue 
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Figure 2.5 Oncogenic Ras does not affect the protein synthesis of endogenous c-Myc.  

A, C3H 10T½ cells stably expressing control vector or RasG12V analyzed for the 

expression of endogenous c-Myc, Ras, and Actin by immunoblot analysis. B, qRT-PCR 

analysis documenting c-myc mRNA expression in the cells described in (A). Error bars 

show S.D. from two independent experiments. C, Pulse analysis of C3H 10T½ stable cell 

lines described in (A). Labeled c-Myc was immunoprecipitated from equal 

concentrations of total protein and analyzed by SDS-PAGE. Quantifications are graphed 

below. A representative image of two independent experiments is shown. 
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Figure 2.6. Oncogenic Ras promotes redistribution of N-myc mRNA to polysomes. 

A, representative polysome absorbance (254-nm) traces from C3H 10T½ cells expressing 

N-Myc plus containing control vector or RasG12V is shown, with positions of free 

ribonucleotide particles (free), 40S and 60S ribosomal subunits, 80S ribosomes, and 

polysomes indicated. B-D, relative distribution of N-myc (B), CMYC (C) and Actin (D) 

mRNAs was assessed by RT-PCR (bottom). Quantifications are shown above. A 

representative experiment of two independent experiments is shown. 
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Figure 2.7. Global protein synthesis is not affected by RasG12V. C3H 10T½ cells 

expressing control vector or RasG12V were pulsed with 35S-methionine for the indicated 

times and radiolabeled extracts were separated by SDS-PAGE. A representative image of 

two experiments is shown. 
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Figure 2.8. Oncogenic Ras does not redistribute Cyclin D1 mRNA to polysomes. RT-

PCR analysis of Cyclin D1 mRNA from cytoplasmic lysates of C3H 10T½ cells 

expressing N-Myc plus containing control vector or RasG12V that were separated through 

a sucrose gradient. Fraction 6 Control sample (asterisk) was improperly processed.  
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Figure 2.9 N-Myc UTRs are not required for N-Myc upregulation by RasG12V. 

Design of constructs containing the full-length or coding region of N-Myc (top). The 

promoter (PCMV) and polyadenylation signal (BGH pA) are depicted. Constructs were 

transfected into C3H 10T½ cells and N-Myc expression was documented by immunoblot 

analysis. 
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Figure 2.10. Oncogenic Ras promotes N-Myc translation, but not protein stability, 

in MYCN-amplified neuroblastoma cells. A, SMS-KCNR (KCNR) and SK-N-BE(2)C 

(BE(2)C) cells transfected with control vector or RasG12V were analyzed for expression of 

N-Myc and Ras by immunoblot analysis. B, relative expression of MYCN mRNA levels 

was assessed by qRT-PCR in the cells described in (A). Error bars show S.D. for 

biological triplicates. C, SMS-KCNR and SK-N-BE(2)C cells transfected with control 

vector or RasG12V were pulsed with CHX for the indicated times or with DMSO (D) for 

90 minutes. N-Myc expression was documented by immunoblot analysis. Quantifications 

of the blot are shown below. Data are representative of two independent experiments. D, 

polysome analysis documenting the relative distribution of MYCN (top), CMYC (middle) 

and ACTIN (bottom) mRNA by RT-PCR in SK-N-BE(2) cells containing control vector 

or stably expressing RasG12V. 
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Figure 2.10 Continue 
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Figure 2.11. Thr50 and Ser54 of N-Myc serve the same proteolytic function as 

Thr58 and Ser62 of c-Myc. A, C3H 10T½ cells stably expressing WT or mutant N-Myc 

proteins were examined for the expression of the indicated proteins by immunoblot 

analysis. Arrowhead indicates the band representing N-Myc pS54. Asterisk indicates a 

non-specific band. B, C3H 10T½ cells stably expressing WT or mutant c-Myc proteins 

were examined for the expression of the indicated proteins by immunoblot analysis. C, 

C3H 10T½ cells expressing WT or mutant N-Myc proteins were pulsed with CHX for the 

indicated times. Lysates were analyzed by immunoblotting for N-Myc. D, C3H 10T½ 

cells expressing WT or mutant c-Myc proteins were pulsed with CHX for the indicated 

times. Lysates were analyzed by immunoblotting for c-Myc. Half-lives (mean ± S.D.) 

reported in (C) and (D) are calculated from three independent experiments. *p < 0.01 and 

**p = 0.03. E, C3H 10T½ cells stably expressing N-MycT50A or c-MycT58A and control 

vector (Cntl) or RasG12V were pulsed with CHX for the indicated times and lysates were 

analyzed by immunoblotting for N-Myc (top) or c-Myc (bottom). Half-lives (mean ± 

S.D.) are calculated from two independent experiments. *p = 0.04. 
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Figure 2.11 
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Figure 2.12. Proteolysis of N-Myc and c-Myc correlates with enhanced 

transcriptional activity. A, C3H 10T½ cells stably expressing N-Myc or c-Myc and 

RasG12V or containing control vector were treated with MG132 (10 µM) for the indicated 

times. Lysates were analyzed by immunoblotting for expression of the indicated proteins. 

B, HEK 293 cells were transfected with the indicated Myc protein, control vector (Cntl) 

or RasG12V, and a Myc-responsive luciferase reporter. Following treatment with MG132 

(5 µM) for 8 hours, cells were analyzed for luciferase activity. The graph shows the % 

change in relative luciferase activity (RLA) by MG132 calculated from three independent 

experiments. C, C3H 10T½ cells stably expressing N-Myc or c-Myc alone or in 

combination with RasG12V were treated with MG132 (10 µM) for one hour. Expression of 

the indicated genes was determined by qRT-PCR analysis. Error bars show S.D. for 

biological duplicates. D, C3H 10T½ cells containing control vector or stably expressing 

RasG12V were treated with MG132 for one hour and mRNA was harvested for analysis of 

Cad, eIF4E, Mnt, Ncl (Nucleolin) and Max expression by qRT-PCR. Error bars show 

S.D. 
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Figure 2.12 Continue 
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2.6 EXPERIMENTAL PROCEDURES 

 Cell culture and inhibitor assays—SK-N-BE(2) cells were maintained in DMEM/F12 

(Invitrogen), SMS-KCNR cells were maintained in RPMI 1640 (Invitrogen), and C3H 

10T½ cells (ATCC) and EcoPack 2-293 cells (Clontech) were maintained in DMEM 

(Invitrogen). All cell lines were supplemented with 10% fetal bovine serum (Hyclone) 

and penicillin/streptomycin.  For inhibitor assays, cells were treated with the following 

compounds: cycloheximide (CHX; 100 µg/ml), MG132 (10 µM, unless otherwise 

indicated), PD98059 (50 µM), UO126 (10 µM), SB230508 (10 µM) or LY249002 (50 

µM) (all from Sigma). 

 Expression plasmids—The following plasmids have been previously described (224):  

pBABEpuro-c-Myc (c-Myc NCBI Accession no. ABW69847), pBABEpuro-GFP, 

pFBneo-WT-FGFR2c (Bek), pFBneo-FGFR2cK659E, pFBneo-GFP, pLXSN-FGFR2cS252W 

and pBABEpuro-Ha-RasG12V. For pBABEpuro-N-Myc, the mouse N-Myc cDNA (coding 

sequence only - NCBI Accession no. AAH49783) was cloned into BamHI and EcoRV 

sites of pBABEpuro. Mutant N-Myc (N-MycT50A, N-MycT50D, N-MycS54A, and N-

MycS54D) and c-Myc (c-MycT58A, c-MycT58D, c-MycS62A, and c-MycS62D) genes were 

generated from the pBABEpuro-N-Myc or pBABEpuro-c-Myc plasmids using the 

Change-IT Multiple Mutation Site Direct Mutagenesis Kit (USB). To construct pcDNA6 

N-Myc, N-Myc was amplified from pBABEpuro-N-Myc with primers that added NotI 

sites, and cloned into the NotI site of pcDNA6. The pcDNA6-H-RasG12V plasmid was 

constructed by removing H-RasG12V from pBABEpuro-H-RasG12V using BamHI and 

EcoRI and inserting it into pcDNA6.  The full-length N-Myc mouse cDNA (obtained 

from OpenBiosystems) was cloned into pcDNA6 using EcoRI and NotI sites.   
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 Retroviral infections and transfections—Viral infection and the establishment of 

stable cell lines were performed as previously described (224). For stable cell lines 

expressing more than one ectopic gene, cells were infected with a second virus 24 hours 

after the initial infection. Cells were selected with puromycin (1 mg/ml), geneticin (1 

mg/ml), or both after all rounds of infection. Transient transfections in the C3H 10T½ 

and neuroblastoma cell lines were performed with Lipofectamine 2000 (Invitrogen) 

according the manufacture’s protocol.  

 Immunoblot Analysis—Cells were lysed with RIPA buffer (50mM Tris-HCl pH 8.0, 

150mM NaCl, 0.1% SDS, 1.0% NP-40, 0.5% sodium deoxycholate) containing 1x 

COMPLETE Protease Inhibitor cocktail (Roche). Equal amounts of protein were 

separated on 4-12% Novex Bis-Tris acrylamide gels (Invitrogen) and Western Blot 

analysis was performed as previously described (25) using the following antibodies: N-

Myc (C-19), c-Myc (9E10), c-Myc (N-262), BEK (C1-7) and Phospho-Erk1/2 (E-4) from 

Santa Cruz Biotechnology; Ras (Ras10) from Upstate Biotechnology; Actin (Ac-40) from 

Sigma; GFP (ab290) and Phospho-c-Myc (S62) from Abcam; Phospho-Akt (S473), 

Phospho-p38 MAP Kinase (T180/Y182), Phospho-eIF4E (S209), Phospho-GSK-3β (S9), 

Phospho-c-Myc (T58/S62), and Phospho-p70 S6 Kinase (T389) from Cell Signaling 

Technology. Quantitation of protein expression was performed by densitometry.  

 RNA Isolation, semi-quantitative RT-PCR, and quantitative RT-PCR—Total RNA 

was isolated using TriZol (Invitrogen) according to the manufacturer’s protocol.  RNA 

concentration was determined using a NanoDrop 2000c instrument (Thermo Scientific). 

cDNA was generated from 1 µg of RNA sample using SuperScript III first-strand cDNA 

synthesis kit (Invitrogen) and semi-quantitative RT-PCR was carried out using 1 µL of 
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cDNA per sample and 0.2-0.3 µM of each primer. Each target was amplified using an 

empirically determined cycle number allowing for gel-based visualization of samples 

within the exponential amplification phase of each reaction. Equivalent volumes of each 

PCR reaction were separated through 1.2% TBE agarose gels containing ethidium 

bromide and photographed under UV illumination.   

 Quantitative RT-PCR (qRT-PCR) expression analysis was performed with 10-30x 

diluted cDNA (prepared as described above) using IQ SYBR Green Supermix (Bio-Rad) 

and analyzed with an iQ5 Real-Time PCR Detection System (Bio-Rad).  All reactions 

were carried out in triplicate and measurements were analyzed using the relative 

quantization 2-ΔΔCt method with Actin as the calibrator.  

 Metabolic labeling—Stable C3H 10T½ cell lines were seeded at 6x105 per 10-cm 

dish 48 hours prior to labeling. Transfected cells were labeled 24 hours after transfection. 

Where indicated, transfected cells were treated with DMSO or the indicated inhibitor 2 

hours prior to and during labeling. Cells were starved of L-methionine and L-cysteine by 

incubation for 15 minutes in L-methionine/L-cysteine-free D-MEM (Invitrogen) 

supplemented with 10% dialyzed fetal bovine serum and L-glutamine (20 mM). 

Following starvation, cells were labeled with 250 µCi/mL (for stable cells) or 100 

µCi/mL (for transfected cells) of 35S-methionine/cysteine (MP Bio) at 37° C for 30 

minutes for protein stability assays or as indicated in protein synthesis assays. For 

stability assays, metabolically labeled cells were washed twice with cold “chase” media 

(D-MEM supplemented with 10%FBS, 15 mg/L L-methionine, and 20 mg/L L-cysteine) 

and then incubated in chase media for the indicated times. Cells were washed twice with 

cold PBS and lysed with RIPA buffer containing protease inhibitors. Lysates were 
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incubated at 4° C overnight with 1 µg of antibody against N-Myc (NCM100-II, Santa 

Cruz Biotechnology), c-Myc (9E10, Santa Cruz Biotechnology for ectopically expressed 

c-Myc or N-262, Santa Cruz Biotechnology for endogenous c-Myc), or GFP (ab290, 

Abcam), and then incubated at 4° C for an additional 2 hours with G plus-agarose beads. 

Immune complexes were separated by 10% SDS-PAGE and visualized using a low-

intensity phosphor screen. Quantification of immunoprecipitated proteins was performed 

by densitometry using ImageQuant software (GE Healthcare). Background values were 

calculated from an equivalent area in each lane and subtracted from the signal value for 

the labeled protein. Data points were plotted on a linear scale with Time 0 being set at 

100%. The protein half-life was calculated using a one-phase decay equation (GraphPad 

Prism). The fold change in translation rate was defined as the rate of protein 

accumulation for oncogenic Ras expressing cells divided by the rate of protein 

accumulation for Control cells. 

 Polysome Analysis—Cells (5 x 106) were plated in 15-cm culture dishes and grown 

for 48 hours. Prior to harvest, cells were washed twice with cold PBS and collected into 

Wash Buffer A (110 mM potassium acetate, 2.0 mM magnesium acetate, 10 mM Hepes 

pH 7.3, 2 mM DTT, 100 µg/mL CHX). Cells were pelleted, resuspended in a hypotonic 

lysis buffer (10 mM potassium acetate, 2 mM magnesium acetate, 5 mM Hepes pH 7.3, 2 

mM DTT, 100 µg/mL CHX, 1x protease inhibitor cocktail) and lysed by passing cells 

through a 22-gauge needle. Lysates were centrifuged and the resulting cytoplasmic 

fraction (supernatant) was separated through a sucrose gradient (17-51%) by 

centrifugation at 40,000 rpm with a SW-41-Ti Rotor (Beckman Coulter, Fullerton, CA) 

for 120 minutes at 4° C. Gradients were then collected into 12 equal fractions (Bio-Rad 
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system) while the absorbance at 254 nm was continuously monitored (Kipp & Zonen 

chart recorder). Total RNA from each fraction was isolated by phenol-chloroform 

extraction and ethanol precipitation, followed by DNase treatment. One-third volume of 

total RNA was separated on a 1.2% formaldehyde-agarose gel and stained with ethidium 

bromide to assess RNA quality and the distribution of tRNA, 18S rRNA, and 28S rRNA. 

The remaining two-thirds of total RNA was used for RT-PCR analysis as described 

above. Semi-quantitative analysis of the polysome gradients was performed by measuring 

band intensities and subtracting the background readings from equivalent areas using 

ImageQuant Ver7.   

 Luciferase Assay—HEK 293 cells were transfected using the calcium phosphate 

precipitation method (225) with expression vectors or control empty vector together with 

pGL2M4 reporter plasmid (26) and pCMV β-galactosidase reporter. Forty-eight hours 

after transfection, cells were treated with MG132 (5 µM) for one hour and the luciferase 

activity was assessed using the Dual-Light system (Applied Biosystems) on a Centro XS3 

LB Microplate Luminometer (Berthold Technologies). Luciferase activity was adjusted 

for β-galactosidase activity. 
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3.1 INTRODUCTION 

 The Myc family of transcription factors (c-Myc, N-Myc, and L-Myc) controls the expression 

of genes involved in diverse cellular processes including proliferation, growth, apoptosis, and 

differentiation (197). Temporal regulation of Myc expression is critical for normal cell function, 

while deregulation of Myc is frequently observed in cancer (226). Overexpression of N-Myc is a 

common genetic feature of neuroblastoma, a pediatric cancer of the peripheral sympathetic 

nervous system (125). High N-Myc expression is associated with aggressive tumor behavior and 

poor prognosis (227, 228). Several studies have implicated N-Myc in the malignant progression 

of neuroblastoma: ectopic expression of MYCN in neuroblastoma cells accelerated their 

progression through the cell cycle (229); additionally, targeted overexpression of MYCN in the 

neuroectoderm of mice results in tumors that biologically and genetically resemble aggressive 

neuroblastoma (230).   

 One mechanism that leads to abnormally high expression of N-Myc involves aberrant 

activation of the Ras/MAPK pathway (141). The Ras family of GTPases, comprised of H-Ras, 

K-Ras, and N-Ras, functions to communicate extracellular signals to the intracellular portion of 

the cell. Ras proteins activate a number of signaling pathways to regulate cell proliferation, 

differentiation, survival, and apoptosis (154). Activating mutations within Ras family members 

are rarely observed in neuroblastoma, however disruption of upstream signaling components that 

cause Ras activation is frequently observed (105, 191, 192). N-Myc and H-Ras can cooperate to 

transform normal embryonic fibroblasts into cells with tumorigenic properties (195). This 

cooperation may be relevant to the pathogenesis of neuroblastoma. Yaari et al. (141) 

demonstrated that blocking Ras activity with a small molecule inhibitor arrested the growth of 

MYCN-amplified neuroblastoma cells. The Ras inhibitor also reduced N-Myc expression, 
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suggesting that upregulation of N-Myc by Ras signaling is an underlying mechanism of their 

cooperation in transformation.  

 Our understanding of how Ras controls N-Myc protein expression has largely been based on 

studies that use c-Myc as a model. Ras has been shown to increase c-Myc protein expression by 

slowing c-Myc proteolysis through mechanisms that involve two key residues, Thr58 and Ser62 

(136). Ras stabilizes c-Myc protein in two ways. First, Ras activates the Raf/MEK/ERK 

signaling cascade, to phosphorylate c-Myc at Ser62 and stabilize the protein (136). Second, Ras 

activates the PI3K/Akt pathway, which in turn inhibits GSK3β. GSK3β phosphorylates c-Myc at 

Thr58 and targets c-Myc for ubiquitin-mediated proteasomal degradation (137). By inactivating 

GSK3β, Ras prevents phosphorylation of c-Myc at Thr58 and its subsequent proteolysis (136). 

 Ras is thought to stabilize N-Myc by the same mechanism that has been delineated for c-

Myc, especially since the phosphorylation sites involved in this process are conserved between c-

Myc and N-Myc (Thr58 and Ser62 in c-Myc and Thr50 and Ser54 in N-Myc). However, we have 

previously shown that Ras does not stabilize, but rather destabilizes N-Myc (Chapter 2). These 

findings call into question the role of other factors implicated in the control of N-Myc 

proteolysis. Here, we examined the role of GSK3β in Ras-mediated proteolysis of N-Myc and 

show that GSK3β is not required. GSK3β was also not required for Ras-induced translation of 

N-Myc. Unexpectedly, we found that the nucleotide region encoding Thr50, the GSK3β 

phosphorylation site, may be involved in N-Myc translation.   
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3.2 RESULTS 

Oncogenic Ras does not require GSK3β  to direct N-Myc proteolysis  

 According to the degradation model that has been delineated for c-Myc (Fig. 1.4), 

GSK3β is thought to destabilize N-Myc by phosphorylating N-Myc at Thr50, thereby 

signaling for its destruction. To date, however, the effect of GSK3β on N-Myc half-life 

has not been directly tested. We sought to determine if inhibition of GSK3β indeed 

stabilizes N-Myc and whether Ras functions through GSK3β to control N-Myc 

degradation. C3H 10T½ mouse mesenchymal cells expressing ectopic N-Myc and control 

vector or a constitutively active form of H-Ras (RasG12V) were treated with lithium 

chloride (LiCl) to inhibit GSK3β (231, 232). Inactivation of GSK3β by LiCl had little 

effect on N-Myc protein levels in the presence or absence of RasG12V (Fig.  3.1A). The 

effect of GSK3β on c-Myc turnover has been examined (137), therefore we performed 

parallel experiments with c-Myc for a comparison. Similar to N-Myc, c-Myc protein 

expression did not significantly change in response to LiCl in the presence and absence of 

RasG12V (Fig. 3.1B). Phosphorylation of N-Myc at Thr50 and c-Myc at Thr58 was 

reduced by LiCl treatment, which is consistent with these sites being substrates for 

GSK3β (Fig. 3.1A,B). 

 To determine whether GSK3β activity is required for N-Myc proteolysis, we 

monitored the rate of protein turnover following addition of LiCl-treated cells with CHX. 

LiCl treatment increased the half-life of N-Myc from 27 to 45 min (Fig. 3.2A). In 

agreement with published reports (137), LiCl treatment increased the half-life of c-Myc 

from 25 to 40 min (Fig. 3.2B). In the presence of RasG12V, however, LiCl treatment did 

not affect the half-life of N-Myc (Fig. 3.2C). These data indicate that GSK3β targets both 
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N-Myc and c-Myc for proteolysis. Since LiCl treatment did not overcome the effects of 

RasG12V on N-Myc turnover, this suggests that RasG12V functions independently of 

GSK3β to enhance N-Myc turnover. 

 To further characterize the role of GSK3β in N-Myc proteolysis, we examined the 

effect of LiCl on the N-MycT50A mutant. The equivalent c-Myc mutant, c-MycT58A, is 

stabilized because it cannot be targeted for GSK3β-mediated phosphorylation and is 

unaffected by LiCl treatment (137). Steady-state levels of N-MycT50A were higher than 

WT N-Myc and were not affected by LiCl treatment (Fig. 3.3A). Similar to what has 

been observed for c-MycT58A, the half-life of N-MycT50A was longer than WT N-Myc and 

was not affected by LiCl treatment (Fig. 3.3B,C).  

 Collectively, these data suggest that GSK3β-mediated phosphorylation of N-Myc at 

Thr50 promotes N-Myc turnover. Furthermore, oncogenic Ras functions independently 

of GSK3β to promote N-Myc turnover.  

 

Oncogenic Ras does not require GSK3β  to enhance N-Myc translation  

 In Chapter 2, we demonstrated that oncogenic Ras increases N-Myc protein 

expression by promoting its translation. GSK3β can control protein synthesis through 

several mechanisms, including regulation of the translation factor eIF2Bε (233). 

Therefore, we considered the possibility that Ras functions through GSK3β to promote 

N-Myc translation. Using MG132 to block proteasomal degradation, we examined how 

LiCl treatment affects the rate of N-Myc protein accumulation. LiCl reduced N-Myc 

protein accumulation in the presence of RasG12V, but did not significantly affect N-Myc 

protein accumulation in the absence of RasG12V (Fig. 3.4). Since, in the presence of 
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RasG12V, LiCl did not affect the degradation of N-Myc, these findings suggest that LiCl 

may alter the synthesis of N-Myc. To directly test if LiCl treatment affects Ras-mediated 

N-Myc translation, we pulse-labeled LiCl-treated and untreated C3H 10T½ cells with 

35S-methonine to monitor de novo protein synthesis. In the presence of RasG12V, LiCl 

reduced both N-Myc protein synthesis and total protein synthesis to a similar extent, 

suggesting that LiCl inhibits N-Myc translation in a non-specific manner (Fig. 3.5A). 

 Although LiCl is a potent inhibitor of GSK3β (231, 232), it has also been shown to 

inhibit the activity Akt and the 26S proteasome (234, 235). Both Akt and the 26S 

proteasome have been implicated in controlling global translation (236–238) and may 

account for the LiCl-mediated reduction in global protein synthesis (Fig. 3.5A). 

However, N-Myc protein synthesis was minimally affected by GSK3βK85R, a dominant 

negative GSK3β mutant (239), either in the presence or absence of RasG12V (Fig. 3.5B).   

 We conclude that oncogenic Ras does not act through GSK3β to increase the 

translation of N-Myc.  

 

Translation of WT N-Myc is different from N-MycT50A and may be Ras-dependent 

 We previously showed that oncogenic Ras increases N-Myc protein levels through a 

translational mechanism that involves regulation of the N-myc mRNA. It was therefore 

hypothesized that RasG12V would have the same translation effect on N-mycT50A mRNA, 

i.e. RasG12V would increase N-MycT50A protein expression to a similar extent as WT N-

Myc. RasG12V increased the expression of WT N-Myc 3.2-fold while increasing the 

expression of N-MycT50A 1.5-fold (Fig. 3.6A). Since RasG12V did not affect the levels of 

WT N-myc mRNA (Fig. 2.3) or N-mycT50A mRNA (Fig. 3.6B), we tested the possibility 
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that oncogenic Ras has differential effects on the translation of WT N-Myc and N-

MycT50A. RasG12V caused a 3.1-fold induction of newly synthesized WT N-Myc protein, 

but did not affect the amount of newly synthesized N-MycT50A protein (Fig. 3.6C). This 

result suggests that mutation of the Thr50 codon disrupts the ability of RasG12V to 

increase N-Myc translation. More so, de novo N-MycT50A protein levels were 3-fold 

higher than that of WT N-Myc (Fig. 3.6C). It was possible that the shorter half-life of 

WT N-Myc compared to N-MycT50A accounts for this difference (Fig. 3.6C); however, 

protein degradation did not significantly affect the expression of de novo WT N-Myc 

(Fig. 2.4C, compare DMSO to MG132 treated samples). Together, these data suggest that 

ribonucleotides encoding Thr50 of N-Myc potentially mediates N-Myc translation and 

may be required for Ras-induced translation of N-Myc. 

 

Silent mutations at Thr50 codon alter N-Myc protein expression  

 To determine whether ribonucleotides that encode Thr50 of N-Myc affect N-Myc 

protein synthesis, we generated three silent N-Myc mutants (Fig. 3.7A) that produce 

identical protein products and examined their expression in several cell lines. Expression 

of N-MycT50T ‘ACA’ and N-MycT50T ‘ACT’ were generally lower than WT N-Myc (Fig. 3.7B, 

compare lane 2 to lanes 5 and 7). N-MycT50T ‘ACC’ expression was lower than WT N-Myc 

in the mouse cell lines (C3H 10T½ and MEF), but not in the human cell line (HEK 293) 

(Fig. 3.7 A, compare lane 2 to 6). We also generated c-Myc mutants with silent mutations 

at Thr58 (Fig. 3.7A). Interestingly, the protein expression of the c-MycT58T silent mutants 

was not significantly different to WT c-Myc (Fig. 3.7C). The exception was c-MycT58T 
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‘ACG’, which was expressed slightly higher than WT c-Myc in C3H 10T½ cells (Fig. 3.7B, 

compare lane 2 to 6).   

 Next, we examined whether silent mutations at Thr50 affected N-Myc protein 

synthesis in vitro. Equal amounts of in vitro transcribed N-myc mRNA (WT, T50A, and 

T50T mutants) were translated in rabbit reticulocyte lysate (Fig. 3.8). All N-MycT50T 

silent mutants were translated at the same rate as WT N-Myc. 

 Mutations at the Thr50 codon of N-Myc may effect the translation of the protein by 

altering the RNA structure (240, 241) or codon usage (242). Using mFold (243), the 

mutations (T50A and T50T) were not predicted to alter RNA structure (Fig. 3.9). The 

differences in codon usage among the four Thr codons (Table 3.1) did not correlate with 

the difference in protein expression among the N-MycT50T mutants, suggesting that codon 

usage bias may not account for the differences in expression patterns of the N-MycT50T 

mutants. 

 In summary, these data show that mutation of the Thr50 codon of N-Myc, which 

preserves the protein sequence, affects expression the protein. This effect may be 

attributed to changes in translation of the mutant N-Myc protein that involve trans-acting 

factors within the cell. 

   

3.3 DISCUSSION 

 We have previously shown that oncogenic Ras promotes both the synthesis and 

degradation of N-Myc protein. To further characterize the mechanisms by which Ras 

carries out these activities, we examined whether GSK3β is required for Ras-mediated N-

Myc translation and degradation. In this study, we show that oncogenic Ras does not 
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require GSK3β to control N-Myc translation or degradation. Unexpectedly, we found that 

mutations in N-Myc at the Thr50 codon, which preserve the protein sequence, change the 

expression of N-Myc protein. These data suggest that the ribonucleotides encoding Thr50 

of N-Myc may be involved in N-Myc translation.   

 

Ras and GSK3β  control N-Myc proteolysis through separate mechanisms  

  N-Myc and c-Myc contain several conserved domains, one of which harbors a 

consensus GSK3β site (244). GSK3β directs c-Myc for destruction by phosphorylating c-

Myc at Thr58 (208, 245) to signal the protein for ubiquitin-mediated proteasomal 

degradation (137). The target residue within the consensus GSK3β site in N-Myc is 

Thr50. Several studies have shown an association between GSK3β activity and 

phosphorylation of N-Myc at Thr50 (137, 138, 246); however, phosphorylation of N-Myc 

at Thr50 by GSK3β has never been formally tested (e.g., by chymotryptic 

phosphopeptide mapping). As demonstrated with c-Myc, GSK3β is thought 

phosphorylate N-Myc Thr50 thereby signaling for its proteolysis; yet, to date, this has not 

been formally tested. We demonstrated that inactivation of GSK3β with LiCl increased 

N-Myc half-life. This indicates that, similar to c-Myc, GSK3β facilitates N-Myc 

turnover. GSK3β operates downstream of Ras signaling. Therefore we hypothesized that 

inactivation of GSK3β by LiCl should rescue the accelerated turnover of N-Myc caused 

by activated Ras; however, this was not the case. A possible explanation that accounts for 

these observations is that Ras controls N-Myc protein through two mechanisms: first, Ras 

destabilizes N-Myc in a GSK3β-independent manner and second, Ras stabilizes N-Myc 

through inhibition of GSK3β (Fig. 3.10). The destabilizing effect of Ras activity on N-
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Myc must be dominant over its stabilizing effect, since net effect of Ras activity is to 

destabilize N-Myc. In summary, we propose that, in our system, N-Myc degradation 

proceeds by at least two Ras-dependent mechanisms: one that involves Ras/MAPK 

signaling and another that involves phosphorylation of Thr50 by GSK3β.   

 

Ras regulates N-Myc translation independently of GSK3β    

 GSK3β phosphorylates several proteins that are involved in RNA processing and 

translation (233, 247–249). Most notably, GSK3β phosphorylates eIF2Bε and inhibits its 

activity (233). eIF2Bε is responsible for recycling eIF2 to an active state. eIF2 recruits 

initiator tRNAMet to the 40S ribosome and is therefore required for every translation 

initiation event (250). While inhibition of eIF2Bε by GSK3β should have broad effects 

on protein synthesis, polysome-bound mRNAs would theoretically be most affected since 

they undergo more initiating events. Accordingly, GSK3β activity would negatively 

effect translation of polysome-associated transcripts. We previously demonstrated that 

oncogenic Ras promotes N-Myc translation by associating N-myc mRNA with more 

ribosomes (Chapter 2). Results from this study indicate that Ras does not function 

through GSK3β to promote N-Myc translation. While the GSK3β inhibitor LiCl reduced 

N-Myc protein synthesis, it concomitantly reduced global protein synthesis. Inhibition of 

GSK3β with the dominant negative GSK3βK85R mutant did not affect N-Myc protein 

synthesis. It is important to note that these studies were conducted with ectopic N-Myc 

expressing only the coding region. It is possible that GSK3β regulates N-Myc translation 

in a manner that requires the N-Myc UTRs.  
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A mechanism for controlling N-Myc translation involving the Thr50 codon  

 Point mutations, including a case involving a silent mutation, have been shown to 

alter translation of the respective protein (251, 252). We demonstrated that mutation of 

the Thr50 codon in N-Myc, which preserves the protein sequence, affects expression the 

protein. This effect may be attributed to changes in the translation of the mutant N-Myc 

protein that involve trans-acting factors within the cell. Furthermore, our data suggest that 

oncogenic Ras controls N-Myc translation by targeting the Thr50 codon through a yet 

unidentified mechanism.  

 Our data supporting a translational mechanism that involves the Thr50 codon of N-

Myc are preliminary and several important experiments are required to confirm this 

mechanism. First, translation rates of WT N-Myc, N-MycT50A, and the N-MycT50T silent 

mutants must be determine to evaluate how mutations at Thr50 affect N-Myc protein 

synthesis. In addition, the effect of RasG12V on the protein synthesis of N-MycT50A and the 

N-MycT50T silent mutants needs to be addressed. To control for the effects of proteasomal 

degradation, the metabolic labeling experiments should be performed in the presence and 

absence of the proteasomal inhibitor MG132. By using MG132 in these studies, we can 

examine how protein synthesis of N-Myc is affected under the specific condition. 

Second, we must determine if RasG12V or the T50T silent mutations themselves alters 

mRNA expression of the respective mutant transcript.  If changes to mRNA expression 

are observed, then it will be important to determine if this is due to altered mRNA 

stability. N-mycT50A mRNA levels are comparable to that of WT N-myc mRNA and are 

not altered by RasG12V. Thus, we hypothesize that N-mycT50T mRNA levels would also be 

comparable to that WT N-myc mRNA and would not be altered by RasG12V. Lastly, if 
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altered mRNA stability does not account for the changes in protein expression observed 

with the N-Myc silent mutants, then it will be important to compare the polysome 

association of WT N-myc mRNA to those harboring T50A and T50T mutations. Since 

RasG12V redistributes WT N-myc mRNA to polysomes (Fig. 2.6), it will be important 

determine if mutations at Thr50 of N-Myc impair N-myc mRNA polysome association. 

 If the experiments outlined above support a translational mechanism involving Ras 

and the Thr50 codon, then this work identifies a critical region of N-Myc that functions at 

both the nucleic and amino acid level to control N-Myc translation and degradation, 

respectively. Regarding translation, the ribonucleotides that encoding Thr50 may serve as 

a binding site for a RBP or miRNA, and mutations at Thr50 may disrupt these 

interactions (253). Our data may also suggest that the putative RBP or miRNA is 

controlled by Ras/MAPK signaling. According to SiteSifter, a program that predicts 

putative miRNA binding sites based on sequence homology, there are no miRNAs that 

are predicted to target the ribonucleotide region encoding Thr50 (219). However, it must 

be experimental tested whether a RBP, miRNA, or both target N-Myc mRNA. Taken 

together, these data provide insight into a novel mechanism that controls N-Myc 

translation and may implicate Ras/MAPK signaling in this process.  

 

 

 

 

 

 



 91 

3.4 FIGURES AND FIGURE LEGENDS 

 

 

 

 

 

Figure 3.1 The effect of LiCl on N-Myc and c-Myc protein expression. A, C3H 10T½ 

cells stably expressing N-Myc alone or with RasG12V were treated with LiCl for one hour. 

Cell lysates were analyzed by immunoblotting for the expression of the indicated proteins 

B, C3H 10T½ cells stably expressing c-Myc alone or with RasG12V were treated as in (A) 

and lysates were analyzed by immunoblot analysis for the expression the indicated 

proteins. 

 



 92 

 

 

Figure 3.2. LiCl fails to stabilize N-Myc in the presence of oncogenic Ras. A, N-Myc-

expressing C3H 10T½ cells were untreated (Control) or treated with LiCl for one hour 

then pulsed with CHX. Cell lysates were analyzed by immunoblotting for N-Myc and 

Actin expression. B, c-Myc-expressing C3H 10T½ cells were treated as in (A). Cell 

lysates were analyzed by immunoblotting for c-Myc and Actin expression. C, C3H 10T½ 

cells stably expressing N-Myc and RasG12V were treated as in (A). Half-lives are reported 

below the respective blots in (B) and (C). All data are representative of two independent 

experiments. 
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Figure 3.3 The effect of oncogenic Ras and LiCl on N-MycT50A stability. A, C3H 

10T½ cells stably expressing WT N-Myc (WT) or N-MycT50A (T50A) were treated with 

LiCl for one hour. Cell lysates were analyzed by immunoblotting for N-Myc and Actin 

expression. B, C3H 10T½ cells described in (A) were pulsed with CHX for the indicated 

times. Cell lysates were analyzed by immunoblot analysis for N-Myc and Actin 

expression. C, N-MycT50A-expressing C3H 10T½ cells were treated with LiCl or H2O 

(vehicle control) for one hour then pulsed with CHX. Cell lysates were analyzed by 

immunoblotting for N-Myc and Actin expression. Half-lives are reported below the 

respective blot.  All data are representative of two independent experiments. 
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Figure 3.4 LiCl inhibits Ras-induced accumulation of N-Myc. C3H 10T½ cells stably 

expressing WT N-Myc (Cntl) or RasG12V were untreated (Control) or treated with LiCl 

for one hour then treated with MG132 for the indicated times. Cell lysates were analyzed 

by immunoblotting (IB) for N-Myc. Quantification of protein expression is shown below 

the blots. Data are representative of two independent experiments. 
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Figure 3.5 GSK3β  does not affect N-Myc protein synthesis. A, C3H 10T½ cells 

transfected with N-Myc and RasG12V were untreated (Control) or treated with LiCl for 

one hour then pulsed with 35S-methionine for 20 minutes. Radiolabeled N-Myc was 

immunoprecipitated from equal concentrations of total protein and analyzed by SDS-

PAGE. Total protein synthesis was measured as described in the Materials and Methods 

section. The graph shows mean ± S.D. (n = 3) change in expression of de novo N-Myc 

protein (left) and total protein (right) relative to Controls, which are set to 1. B, C3H 

10T½ cells transfected with N-Myc, control vector or RasG12V, and WT GSK3β or 

dominant negative (DN) GSK3β were pulsed with 35S-methionine for 10, 20, or 30 

minutes. Radiolabeled N-Myc analyzed as in (A). Quantification of blots is shown below. 

A representative image of two independent experiments is shown. 
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Figure 3.6 Oncogenic Ras increases the protein synthesis of WT N-Myc, but not N-

MycT50A. A, C3H 10T½ cells stably expressing WT N-Myc (WT) or N-MycT50A (T50A) 

alone or with RasG12V were analyzed by immunoblot analysis for expression of the 

indicated proteins. B, relative transcripts levels of N-mycT50A and arpb P0 (loading 

control) were assessed by RT-PCR in the cell lines described in (A). C, C3H 10T½ cells 

transfected with WT N-Myc or N-MycT50A and control vector or RasG12V were pulsed 

with 35S-methionine for 20 minutes. Radiolabeled N-Myc was immunoprecipitated from 

equal concentrations of total protein and analyzed by SDS-PAGE. Quantifications are 

shown below the image. 
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Figure 3.7 Characterization of N-MycT50T and c-MycT58T silent mutants. A, a 

summary of Thr codon usage for WT and mutant N-Myc and c-Myc constructs. B, C3H 

10T½ cells (top panel), MEF cells (middle panel), and HEK 293 cells (bottom panel) 

were transfected with control vector, WT N-Myc, or various N-Myc mutants. N-Myc 

expression levels were assessed by immunoblot analysis. B, the cell types described in 

(A) were transfected with control vector, WT c-Myc, or various c-Myc mutants. c-Myc 

expression levels were assessed by immunoblot analysis. Data shown are representative 

of two independent experiments. 
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Figure 3.8 Silent mutation of Thr50 does not affect in vitro protein synthesis of N-

Myc. In vitro transcribed mRNAs were translated in the presence of 35S-methionine in 

nuclease-treated rabbit reticulocyte lysate at 30° C for 30 or 60 minutes. A reaction with 

no mRNA served as the negative control (Cntl). Translation reactions subjected to SDS-

PAGE and visualized on a phosphor screen. Quantifications are shown below each blot. 
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Figure 3.9. Predicted mRNA structure of the local region encompassing the Thr50 

codon for WT and mutant N-Myc. The local secondary structure encompassing the 

Thr50 codon was predicted with the Mfold software using the default settings. 

Arrowhead indicates the third position of the Thr50 codon. 
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Table 3.1. Codon usage for all Thr codons and one Ala codon in mice and humans. 

Codon usage is defined as the frequency (per thousand codons) of codon occurrence from 

protein sequences maintained in GenBank and is reported as the codon adaptation index 

(254). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 101 

 

         

 

 

Figure 3.10. A model for the regulation of N-Myc proteolysis by Ras. Ras activity 

controls N-Myc through two mechanisms – one that stabilizes N-Myc and another that 

destabilizes N-Myc. Ras stabilizes N-Myc (and c-Myc) through inhibition of GSK3β, 

thereby preventing phosphorylation of N-Myc at Thr50 (or c-Myc at Thr58) and 

subsequent proteolysis (gray lines) (136,141). Ras activity also destabilizes N-Myc 

through a GSK3β- and Thr50-independent mechanism (blue, bold line). Since the 

stabilizing effect of Ras on N-Myc is not experimentally observed, suggesting that the 

destabilizing effect of Ras is dominant. 
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3.5 EXPERIMENTAL PROCEDURES 

 Cell culture and inhibitor assays—C3H 10T½ cells (ATCC) and Ecopack 2 293 cells 

(Clontech) were maintained in DMEM (Invitrogen). All cell lines were supplemented 

with 10% fetal bovine serum (Hyclone) and penicillin/streptomycin. For inhibitor assays, 

cells were treated with the following compounds (Sigma): LiCl (20 mM), cycloheximide 

(100 µg/ml) and MG132 (10 µM).  

 Expression plasmids—The following plasmids have been previously described (224):  

pBABEpuro-c-Myc and pBABEpuro-H-RasG12V. For pBABEpuro-N-Myc, the mouse N-

Myc cDNA (coding sequence only) was cloned into BamHI and EcoRV sites of 

pBABEpuro. pBABEpuro-N-MycT50A was generated from the pBABEpuro-N-Myc 

plasmid using the Change-IT Multiple Mutation Site Direct Mutagenesis Kit (USB). To 

construct pcDNA6-N-Myc, N-Myc was amplified from pBABEpuro-N-Myc with 

primers that added NotI sites, and cloned into the NotI site of pBABEpuro. Mutant N-

Myc constructs (T50A, S54A, T50T ‘ACA’, T50T ‘ACC’, and T50T ‘ACT’) were 

generated from the pcDNA-N-Myc construct using the Change-IT Multiple Mutation Site 

Directed Mutagenesis Kit (USB). pcDNA6-c-Myc was constructed by digesting 

pBABEpuro-c-Myc with BamHI and SalI to isolate human c-Myc cDNA, and the 

fragment was ligated into pcDNA6, which was linearized with BamHI and XhoI. Mutant 

c-Myc constructs (T58A, S62A, T58T ‘ACA’, T58T ‘ACG’, and T58T ‘ACT’) were 

generated from the pcDNA-c-Myc construct using the Change-IT Multiple Mutation Site 

Directed Mutagenesis Kit (USB). The pcDNA6-H-RasG12V plasmid was constructed by 

digesting H-RasG12V with BamHI and EcoRI sites from pBABEpuro-H-RasG12V and 

inserting the fragment into pcDNA6. pcDNA6-GSK3β-DN-V5/His6x was generated by 
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amplifying a catalytically inactive mutant GSK3β protein, K85R, from pGSK3myc-

pXT1 (a gift from Dr. Sokol, Harvard Medical School, Boston, MA (239)) with primers 

that removed the myc tag and stop codon and added KpnI and NotI restriction sites for 

ligation into pcDNA6. pcDNA6-GSK3β-WT-V5/His6x was generated by mutating 

pcDNA6-GSK3β-DN-V5/His6x with the Change-IT Multiple Mutation Site Directed 

Mutagenesis Kit (USB).   

 Retroviral infections and transfections—The establishment of stable cell lines was 

performed as previously described (224). For stable cell lines expressing more than one 

ectopic gene, cells were infected with a second virus 24 hours after the initial infection. 

Cells were selected with puromycin (1 mg/ml), geneticin (1 mg/ml), or both after all 

rounds of infection. Transient transfections were performed with Lipofectamine 2000 

(Invitrogen), according the manufacture’s protocol. 

 Immunoblot Analysis—Cells were lysed with RIPA buffer (50mM Tris-HCl pH8.0, 

150mM NaCl, 0.1% SDS, 1.0% NP-40, 0.5% sodium deoxycholate) containing 1x 

COMPLETE Protease Inhibitor cocktail (Roche). Equal amounts of protein were 

separated on 4-12% Novex Bis-Tris acrylamide gels (Invitrogen) and Western Blot 

analysis was done as previously described (224) using the following antibodies: N-Myc 

(C-19), c-Myc (9E10), and Phospho-Erk1/2 (E-4) from Santa Cruz; Ras (Ras10) from 

Upstate Biotechnology; Actin (Ac-40) from Sigma; Phospho-Akt (S473), Phospho-GSK-

3β (S9), and Phospho-c-Myc (T58/S62) from Cell Signaling Technology.   

 RNA Isolation and semi-quantitative RT-PCR—Total RNA was isolated using TriZol 

(Invitrogen) and reverse transcribed from 1 µg of RNA using SuperScript III first-strand 

cDNA synthesis kit (Invitrogen). The resulting material was amplified by PCR using 
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primers that recognize mouse-specific N-Myc or Arbp P0 (loading control) cDNA. The 

number of PCR cycles used was empirically determined to be within the linear range of 

N-Myc amplification. Equivalent volumes of each PCR reaction was run through 1.2% 

TBE agarose gels containing ethidium bromide and photographed under UV illumination. 

 In vivo Metabolic labeling—Cells labeling was performed 24 hours after transfection. 

Cells were starved of L-methionine and L-cysteine by incubation for 15 minutes in L-

methionine/L-cysteine-free D-MEM (Invitrogen) supplemented with 10% dialyzed fetal 

bovine serum and L-glutamine (20 mM). Following starvation, cells were labeled with 

100 µCi/mL of 35S-methionine/cysteine (MP Bio) at 37° C for the indicated times. Cells 

were washed twice with cold PBS and lysed with RIPA buffer containing protease 

inhibitors. Lysates were incubated at 4° C overnight with 1 µg of N-Myc antibody 

(NCM100-II, Santa Cruz), and then an additional 2 hours with G plus-agarose beads. 

Immune complexes were separated through 4-12% acrylamide gels (Invitrogen) and 

visualized using autoradiography. Quantification of immunoprecipitated proteins was 

performed by densitometry using ImageQuant software (GE Healthcare). Background 

values were calculated from an equivalent area in each lane and subtracted from the 

signal value for the labeled protein. 

 In vitro Transcription and Translation—N-myc mRNA was transcribed from 1 µg of 

linearized pcDNA6 N-Myc (WT or indicated mutation) with T7 RNA polymerase 

(Invitrogen) according to manufacture’s protocol. N-Myc protein was synthesized using 

the Rabbit Reticulocyte Lysate (RRL) System (Promega) according to manufacture’s 

instructions. Briefly, 1 µg of non-denatured N-myc mRNA was combined with RRL, 

amino acid mixture (-methionine), 10 µCi 35S-methionine, and RNase Inhibitor 
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(Invitrogen) and incubated at 37° C for 30 or 60. Equal aliquots of reactions were 

combined with SDS sample buffer, subjected to SDS-PAGE, and 35S-methionine-labeled 

N-Myc protein was visualized using a low-intensity phosphor screen. Quantification of 

protein expression was performed by densitometry using ImageQuant software (GE 

Healthcare).   

 RNA Structure Prediction—The Mfold software (243) was used to predict the RNA 

structure of N-Myc using the first 800 nucleotides (starting at ATG start site) obtained 

from NCBI (NCBI Accession no. AAH49783). The default parameters were used without 

constraints.     
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CHAPTER 4 |  Discussion and Conclusions 

 

4.1 SUMMARY 

 N-Myc serves critical functions during embryogenesis, particularly in the 

development of the murine nervous system, hematopoietic system, limbs, and lungs (68, 

64, 69, 255). MYCN haploinsufficiency in humans causes Feingold Syndrome, a disorder 

in which patients exhibit cognitive disabilities and have heart, limb, duodenum, and 

esophageal defects (5). In contrast, overexpression of N-Myc is implicated in the 

formation of several pediatric cancers, including neuroblastoma and medulloblastoma 

(105, 199). Thus, understanding the mechanisms that control N-Myc expression and 

activity is critical to address N-Myc-related disorders. 

 N-Myc is regulated at the transcriptional and post-transcriptional levels by several 

signaling pathways (8–13). The Ras/MAPK has been implicated in the post-

transcriptional regulation of N-Myc; however the mechanism by which this occurs is not 

well understood. The purpose of this thesis was to determine how Ras signaling controls 

N-Myc expression at the post-transcriptional level. Using several cell lines to model 

normal and tumorigenic cellular states, I have demonstrated that oncogenic Ras 

concomitantly accelerates the synthesis and degradation of N-Myc protein. The 

translational upregulation exceeds the destabilizing effect that oncogenic Ras has on N-

Myc, such that higher levels of N-Myc protein are the net result. Ras-dependent 

upregulation of N-Myc translation is achieved by associating N-myc mRNA with actively 

translating polysomes (Fig. 4.1). GSK3β, a kinase whose activity is negatively regulated 

by Ras signaling, has been shown to alter N-Myc expression (137, 138, 246). Our studies 
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indicate that oncogenic Ras does not require GSK3β to control the translation or 

degradation of N-Myc. Instead, we uncovered a potential role for the Thr50 codon of N-

Myc in controlling the translational of N-Myc. 

 The finding that oncogenic Ras promoted N-Myc turnover was unexpected since 

oncogenic Ras is thought stabilize N-Myc by a similar mechanism that has been 

delineated for c-Myc. Ras modulates the phosphorylation status of two key residues 

within c-Myc – Thr58 and Ser62 – to stabilize the protein. These residues are perfectly 

conserved in N-Myc, the equivalent sites being Thr50 and Ser54. Because I found that 

oncogenic Ras does not stabilize, but rather destabilizes N-Myc, I performed parallel 

studies for N-Myc and c-Myc to determine if Ras signaling controls N-Myc and c-Myc 

by similar or different mechanisms. In contrast to my observations with N-Myc, 

oncogenic Ras stabilized c-Myc protein and did not effect the translation of c-Myc. I also 

examined whether Thr50 and Ser54 of N-Myc were involved in N-Myc degradation and 

found that Thr50 and Ser54 of N-Myc serve the same proteolytic role as Thr58 and Ser62 

of c-Myc. These studies did not rule out the possibility that Ras controls phosphorylation 

of N-Myc at Thr58 and Ser54 resulting in stabilization of N-Myc. Interestingly we found 

that oncogenic Ras destabilizes N-Myc in a manner that does not require phosphorylation 

of N-Myc at Thr50. These studies suggest that oncogenic Ras has both stabilizing and 

destabilizing effects on N-Myc (Fig. 4.1). Furthermore, I showed that Ras-mediated 

proteolysis of N-Myc is associated with an increase in N-Myc transcriptional activity. 

This provides an explanation as to how Ras-mediated proteolysis of N-Myc promotes the 

oncogenic activity of both Ras and N-Myc. 
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 In summary, the overall effect of Ras signaling on N-Myc and c-Myc is similar (i.e. 

increased protein expression and transcriptional activity); however, these effects are 

achieved by very different mechanisms (Fig. 4.1). Taken together, these studies provide 

mechanistic insight into how oncogenic Ras augments the expression and activity of N-

Myc through enhanced translation and degradation-coupled transactivation.  
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Figure 4.1 A model summarizing the findings. We propose that Ras signaling controls 

N-Myc expression through multiple mechanisms involving increased translation 

(promotes polysome association), enhanced stability (right arm), and accelerated 

proteolysis (left arm). Ras-mediated proteolysis of N-Myc may enhance the 

transcriptional activity of N-Myc. In contrast, Ras signaling does not promote c-Myc 

translation, but promotes stabilization of c-Myc protein by promoting phosphorylation at 

Ser62 and inhibiting GSK3β-mediate phosphorylation at Thr58, subsequently slowing c-

Myc proteolysis. 
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4.2 DISCUSSION 

Experimental approach to understanding the effect of Ras signaling on N-Myc 

 The system in which we used to characterize the effects of Ras signaling on N-Myc 

expression involved stable expression of a constitutively active form of Ras, RasG12V, in 

C3H 10T½ cells. Stable cell lines were established by retroviral infection, theoretically 

resulting in the expression of one gene copy per cell, and pooled cells were subjected to 

drug selection. Selected cells were stored in aliquots so that we could perform our studies 

with the original batch of established cell lines. This system is advantageous for 

maintaining consistent expression levels of RasG12V across experiments. Since we wanted 

to study post-transcriptional regulation of N-Myc, we used C3H 10T½ cells that do not 

express endogenous N-Myc. Continual passaging of cells overexpressing a potent 

oncogene like RasG12V may result in selection of a population of cells that exhibit a 

growth advantage in tissue culture conditions. This is scenario is especially likely given 

that we are using a heterologous population of stable cells. Therefore a potential caveat of 

this system is that we are characterizing artifactual effects of RasG12V on N-Myc due to 

the tissue culture conditions. To control for this possibility, we limited the number of 

passages for cells used in our experiments and went back to our original stock of stable 

cell lines when this limit was reached. In addition, our results regarding N-Myc 

translation using the stable cell lines corroborated with results using transient expression 

of RasG12V in C3H 10T½ cells (Fig. 2.4A, B), indicating that our findings are reflective of 

the effect of RasG12V itself, and not the nature in which it is expressed.  

 Our studies on the effect of FGF signaling on N-Myc expression (Chapter 2) 

indicated that the Ras/MAPK pathway was involved. Subsequent experiments therefore 
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used cells stably expressing RasG12V to focus on the Ras/MAPK pathway in regulating N-

Myc expression. In a physiological setting, however, FGF signaling has built in negative 

feedback mechanisms to limit the signal duration and keep the pathway responsive to 

stimuli (256). Therefore, our studies using constitutive activation of Ras may not be 

completely relevant to physiological settings. Some activating mutations in Ras are 

associated or cause certain developmental disorders (257), indicating that constitutive 

Ras/MAPK signaling is not permissive during development. Our study using transient 

expression of RasG12V (Fig. 2.4B) is more relevant to a physiological setting with regards 

of FGF signaling. Since we found that activated Ras promoted N-Myc protein synthesis 

when being expressed stably and transiently, we reasoned that our studies using stable 

expression of Ras might have some relevance to FGF signaling in a physiological setting. 

Future studies that perform similar studies conducted in this thesis in response to 

transiently expressed RasG12V or FGF2 stimulation would clarify the effect of FGF and 

Ras/MAPK signaling on N-Myc expression in a physiological setting. 

  

Control of N-Myc translation 

 Translation is an energetically demanding process. Not surprisingly, cells have 

evolved elaborate mechanisms to control the precise amount of protein synthesized. Ras 

signaling controls the translation of numerous transcripts (169, 175, 183, 216), and my 

studies show that N-myc, but not c-myc or Cyclin D1, mRNA is one of those targets. 

While oncogenic Ras increased the amount of total RNA in the polysome fractions, this 

was not associated with an increase in global translation. This suggests that oncogenic 

Ras modulates the polysome association, and therefore the translation rate, of specific 
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mRNAs. The translational studies conducted with C3H 10T½ cells expressed a form of 

N-Myc that contained the coding region of N-Myc and lacked both UTRs. This indicates 

that Ras signaling targets elements within the coding region of N-myc mRNA to promote 

N-Myc translation. It is possible that, by characterizing an N-Myc construct lacking its 

endogenous UTRs, I have inadvertently disabled a translational mechanism that requires 

one or both of them. However, oncogenic Ras upregulated the translation of endogenous 

MYCN mRNA in human neuroblastoma cells, further validating that Ras upregulates N-

Myc translation by targeting elements within the N-Myc coding region. Translational 

regulation of transcripts often involve their UTRs (258), but there is a growing number of 

examples of RBPs and miRNAs that target the coding regions of transcripts (217–219).  

 Toward identifying an element within N-myc mRNA that is targeted by Ras signaling, 

I have provided preliminary evidence that suggests the Thr50 codon of N-Myc is 

involved in Ras-mediated translation of N-Myc; however, several factors make this 

mechanism highly speculative. First, the mechanism by which Ras mediates N-Myc 

translation is not applicable to c-Myc. A putative translational mechanism would, 

presumably, require elements within N-Myc that are distinct from c-Myc. The nucleotide 

region immediately surrounding the N-Myc Thr50 codon (i.e. five nucleotides upstream 

and downstream) differs by two nucleotides (~85% homology) to the equivalent region in 

c-Myc. The lack of nucleotide variation reduces the possibility that this region in N-Myc, 

but not c-Myc, is subject to translational control. However, single nucleotide 

polymorphisms have been shown to disrupt binding of a RBP (251, 252), indicating that 

single nucleotide changes are sufficient to alter binding affinity of RBPs.  Second, my 

proposed translational mechanism requires recognition of a miRNA (or RBP) in the 
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coding region. Binding sites for miRNAs commonly reside within UTRs, and less 

frequently, within coding regions (220). Third, silent mutation of N-Myc at Thr50 alters 

protein expression, but does not alter the predicted mRNA secondary structure of N-myc 

mRNA. RNA secondary structure may play an important role in defining RBP binding 

sites. This may indicate that the nucleotide region encompassing the Thr50 codon is not 

RBP binding site. Some RBPs can, however, recognize unstructured mRNAs (259). 

Lastly, despite a thorough search of the literature, I was unable to identify any 

experimentally validated/predicted consensus RBP or miRNA binding sites within N-

Myc that surround the Thr50 codon. Nevertheless, future studies are required to 

determine whether the Thr50 codon is involved in Ras-mediated N-Myc translation. 

These future studies are briefly outlined below and were described in Chapter 3.  

  

Control of N-Myc degradation 

 The metabolic instability of N-Myc has been known for many years (260), but the 

molecular mechanism(s) that control N-Myc proteolysis are largely unknown. Data 

provided within this dissertation suggest that Ras signaling can both slow and accelerate 

the proteasomal degradation of N-Myc by mechanisms that either involve 

phosphorylation at Thr50 and Ser54 or operate independently of those phosphorylation 

sites, respectively (Fig. 4.1). Our results show that the destabilizing effect of Ras 

signaling on N-Myc overrides the stabilizing effect of Ras.  

 My observations regarding the effect of oncogenic Ras on N-Myc turnover may have 

been overlooked because c-Myc has typically served as the prototype for understanding 

the biochemical attributes of the Myc family members. This is particularly true with 
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regard to the Myc degradation model (Fig. 1.4) since it involves two critical residues that 

are conserved between N-Myc and c-Myc. In agreement with my findings, several other 

studies demonstrated that the Myc degradation model is not completely generalizable to 

N-Myc (9, 32). Furthermore, several proteins have different effects on N-Myc and c-Myc 

proteolysis. For example, the E3 ubiquitin ligase HuweI affects N-Myc degradation, but 

does not affect c-Myc degradation (215, 261). One possibility is that Ras/MAPK 

signaling regulates Huwe1 or another protein involved in proteasomal degradation of N-

Myc. This study reinforces the notion that the biochemical attributes of c-Myc, at least 

regarding proteolysis and translation, are not generalizable to all Myc relatives.  

 Myc proteins are highly dynamic molecules that interact with more than 40 proteins 

(34) and localize to different subcellular domains (262, 263). These activities create 

different populations of Myc within the cell and it has been shown that different 

populations of Myc are targeted for proteasomal degradation at varying efficiencies (37). 

As discussed in greater detail in the Discussion of Chapter 2, our protein synthesis studies 

using the stable cell lines suggested that there is more than one population of N-Myc 

protein subjected to different rates of degradation (Fig. 2.4A). Specifically, these studies 

suggested that there are two populations of N-Myc in the presence of oncogenic Ras, a 

newly synthesized population and a pre-existing population of N-Myc, and predicted that 

the pre-existing population was degraded at a faster rate. Our half-life studies, however, 

did not support the notion that the pre-existing population of N-Myc was degraded at a 

faster rate. An explanation for this conflicting data is that the notion that there are two 

populations of N-Myc is based on an artifactual result. Additional studies that examined 

the protein synthesis rate of transiently expressed N-Myc suggested that there was one 
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population, not two populations, of N-Myc in the presence of oncogenic Ras. The 

metabolic labeling and cycloheximide assays used to determine the protein synthesis and 

degradation rates of N-Myc are highly variable in nature. To definitively address whether 

there is one or multiple populations of N-Myc with varying rates of proteolysis, these 

assays need to be repeated multiple times to derive accurate and statistically significant 

results.  

 

Implications of correlating the activity and Ras-mediated proteolysis of N-Myc  

 Our finding that one oncoprotein (RasG12V) reduces the stability of another (N-Myc) 

is difficult to reconcile given that they cooperate in cellular transformation (195). 

However, our finding that inhibition of Ras-mediated N-Myc degradation corresponds to 

a reduction in N-Myc transcriptional activity is consistent with their oncogenic 

properties. The idea that activity of an unstable transcription factor is coupled to its 

proteasomal degradation has gained considerable support (143, 264, 209, 265) and may 

be a general phenomenon for unstable transcription factors (264). Associating proteolysis 

with activity may serve as a ‘fail-safe’ mechanism to limit the activity of potent 

transcription factors or may prevent accumulation of excess activators that would 

sequester the basal transcriptional machinery.  

 Many transcription factors contain overlapping TADs and degrons (47). This overlap 

is thought to facilitate the coupling of transcription and proteasome-mediated 

degradation. Consistent with my observations, the transcriptional activity of c-Myc 

appears to be linked to its proteolysis (43–45). The overlapping TAD and degrons in c-

Myc are confined to residues 1-146 and 1-143, respectively, which include the conserved 
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MBI-IV domains (264). Defined regions within first 146 residues of c-Myc were found to 

be necessary for its transcriptional activity (46) and proteolysis [(43, 47, 48) and depicted 

in Fig. 1.2]. The TADs and degrons within N-Myc are not well characterized. A TAD 

may be located within the first 73 amino acids of N-Myc, since this region is required for 

transcriptional activation of N-Myc (49). To date, only Thr50 and Ser54 (Thr58 and 

Ser62 in the human homolog) of N-Myc are implicated in N-Myc turnover (112, 139, 

261). Since Ras-mediated proteolysis of N-Myc operates independently of Thr50, this 

suggests that N-Myc contains additional degrons. Future studies that identify elements 

within N-Myc that are required for its transcriptional activity and Ras-mediated 

proteolysis will provide insight into how this process is mediated by Ras and why it is 

specific to N-Myc, and not c-Myc. 

  A limitation of our studies that correlate Ras-mediated proteolysis and enhanced 

transcriptional activity of N-Myc is that they do not provide insight to a mechanism by 

which this phenomenon occurs. Prior to this study, N-Myc transcriptional activity has not 

been correlated to its destruction. Ras signaling, as well, has not been implicated in 

enhancing the activity of a transcription factor through modulation of the factor’s 

proteolysis. As discussing in Chapter 1, I described several mechanisms by which 

ubiquitination and proteolysis of Myc could promote its transcriptional activity. Briefly, 

these mechanisms involve promoter recruitment of the RNA polymerase II, disassembly 

of the pre-initiation complex to release RNA polymerase II, and/or remodeling of 

chromatin structure. Activation of Erk, which occurs downstream of Ras signaling, has 

been shown to induce transcription of the mouse mammary tumor virus transgene by 

promoting recruitment of basal transcription factors and RNA polymerase II (266). The 
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involvement of Myc in this study was not examined, but one possibility is that Ras 

signaling would require Myc-mediated recruitment of UPS components to recruit RNA 

polymerase II. Another possibility is that Ras signaling controls UPS components that 

would be recruited to active promoters by Myc. The E3 ligase Huwe1, which directs N-

Myc for proteolysis, is predicted to be a MAPK substrate by several prediction 

algorithms. Upon activation by Ras signaling, HuweI could target promoter-bound N-

Myc to direct N-Myc ubiquitination and proteolysis. Recruitment of HuweI to the 

promoter could promote ubiquitination and degradations of additional promoter-

associated proteins to facilitate transcription. As noted in the previous section, N-Myc is 

a stronger target than c-Myc for Huwe1-mediated proteolysis (215). If Ras signaling 

regulates the proteolytic functions of Huwe1, this would provide an explanation as to 

why Ras-mediated proteolysis and enhanced transcriptional activity is specific to N-Myc 

and not c-Myc.  Future studies that define the mechanism by which Ras signaling 

promotes N-Myc degradation (as outlined in Section 4.3 of this chapter) is required to 

determine the how Ras signaling is controlling N-Myc’s transcriptional activity.   

 Finally it is important to note that several therapeutic strategies aim to exploit Myc 

degradation pathways to target Myc in cancer (267). Findings from this study, as well as 

others, suggest that targeting N-Myc or c-Myc for degradation may not substantiate a 

therapeutic advantage, for these strategies may inadvertently elevate Myc’s 

transcriptional activity, and thus, its oncogenic activity. 
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Implications for unique functions of N-Myc and c-Myc  

 N-Myc and c-Myc are thought to be partially redundant (21). But, as described in the 

Introduction, they also have unique functions (2, 53, 54). Indeed, gene-replacement 

mouse studies in which the coding and intervening intron sequences of c-myc were 

replaced by those of N-myc suggest that N-Myc does not fully compensate for the 

activates of c-Myc (54). These unique functions may, in part, contribute to their 

reciprocal patterns of expression (55) since one can negatively regulate the other (56). 

Regulatory mechanisms that establish predominance of one Myc over the other may be 

important for proper development and homeostasis. These studies raise the possibility 

that Ras/MAPK signaling assists in establishing the predominance of one Myc over the 

other through differential effects on N-Myc and c-Myc protein synthesis, proteolysis, and 

activity. 

 

Implications for embryonic development 

 N-Myc is involved in the development of diverse tissues and organs during 

embryogenesis, where it has critical roles in cellular expansion and fate determination of 

various stem and progenitor cell populations (268). In the developing limb bud, for 

example, N-Myc is required for expansion of limb bud mesenchyme containing 

progenitors that form the limb skeleton (3, 12, 53). The expansion and fate of limb bud 

mesenchyme is strongly influenced by FGF signaling (269). Previous work from our lab 

suggested that FGF signaling acts through N-Myc to control proper limb patterning (3). 

Data from this study suggests that an important function of FGF signaling is to control 

the level and activity of N-Myc through post-transcriptional mechanisms described here.  
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 Transcriptional upregulation of N-Myc by FGF and Ras/MAPK signaling was not 

observed in our systems. This suggests that additional signaling pathways, which induce 

N-myc gene expression, coordinate with FGF signaling to control N-Myc expression. 

Indeed, Wnt and FGF signaling operate synergistically to induce N-Myc expression the 

developing chick limb (12). Signaling by SHH, which is critical for limb bud 

development, regulates N-Myc expression at both the transcriptional and post-

translational stages in mouse neuron precursor cells (9, 11). In summary, the 

combinatorial actions of Wnt, FGF, and SHH signaling provide a mechanism to fine-tune 

the level and activity of N-Myc during limb development, and potentially other settings 

(e.g. neurogenesis (68, 270) and lung development (271, 272)). 

 

Theoretical implications for N-Myc-related diseases 

 Overexpression of N-Myc is implicated in the malignant progression of 

neuroblastoma and predicts an unfavorable prognosis (150, 230). Other tumors associated 

with elevated levels of N-Myc include medulloblastoma, retinoblastoma, small cell lung 

carcinoma, glioblastoma, and certain embryonal tumors (273). MYCN gene amplification 

most often contributes to N-Myc overexpression in neuroblastoma, but does not account 

for all cases (150, 153). High expression of TrkB and/or its ligand, BDNF, is strongly 

associated with MYCN-amplified tumors and is associated with poor prognosis (193). Trk 

proteins, like other RTKs, activate a number of different downstream pathways, including 

the Ras/MAPK pathway (150, 193). Based on my studies in neuroblastoma cells, 

BDNF/TrkB signaling is predicted to stimulate N-Myc translation and transcriptional 

activity. This would provide a molecular basis for why neuroblastomas with combined 
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MYCN-amplification and high Trk/Ras activity are so aggressive. Furthermore, the 

molecular mechanisms delineated in this study may be relevant to other N-Myc-

associated cancers, since activation of the Ras/MAPK pathway was also observed in 

these some tumors (274, 275). Future studies designed to delineate the mechanisms by 

which activated Ras/MAPK and Trk receptor signaling control N-Myc translation and 

protein turnover, and how N-Myc degradation is coupled to its activity, may provide 

insights into specific points of intervention for suppressing N-Myc levels and oncogenic 

activity in neuroblastoma and in other cancers. 

 

4.3 FUTURE DIRECTIONS 

 The studies presented in this dissertation indicate that Ras/MAPK signaling promotes 

the synthesis, degradation, and activity of N-Myc. These findings raise a number of 

questions regarding the molecular mechanisms and biological consequences of these 

events. The following section describes future directions of this work that addresses these 

questions. 

 

Investigation of the Molecular Basis for Ras-Mediated Translation  

 The mechanism by which Ras promotes N-Myc translation requires further 

investigation. Several observations made in this study provide a starting point for such an 

investigation. First, Ras promotes the association of N-Myc transcripts with polysomes. 

Second, the coding region of N-Myc is sufficient to allow for its translational regulation 

by Ras. Lastly, the ribonucleic region that encodes Thr50 may be required for Ras-

mediated translation of N-Myc. In the Discussion section of Chapter 3, I outlined several 
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important experiments designed to test the validity of the latter observation. In short, 

these experiments involve a comparison of protein synthesis rate and polysome 

association of the N-Myc mutants (T50A and T50T silent mutants) to WT N-Myc. These 

experiments will also examine the effect of Ras signaling on the rate of protein synthesis 

and polysome association of the N-Myc mutants (T50A and T50T silent mutants). These 

experiments should be performed in multiple cell types to determine the generality or 

specificity of the observations. Together, these studies will determine if the Thr50 codon 

affects N-Myc translation and whether Ras acts through this nucleic region to control N-

Myc translation. 

 It will be important to identify the sequences, perhaps in addition to those encoding 

Thr50, that are required for Ras-mediated translation of N-Myc. This will involve 

examining a series of truncation/intragenic deletion N-Myc mutants for altered translation 

rates and polysome distribution profiles. Recall that, in our system, Ras signaling did not 

affect the translation rate or polysome association of c-Myc. Thus, regions within N-Myc 

that are shown to effect its translation can be genetically swapped into the equivalent c-

Myc region. This will determine whether these N-Myc regions are sufficient for 

mediating its translation. Identification of the regions required for Ras-mediated 

translation of N-Myc can subsequently be exploited to identify potential miRNAs or 

RBPs that bind this region (276).  

 Initially, these experiments should be performed using C3H 10T½ cells since they 

have been used throughout this study. Once the molecular mechanism has been 

established, it should be confirmed in settings where N-Myc is endogenously expressed 

(e.g., neuroblastoma cells or cerebellar granule neuron precursors). These studies will 
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provide significant insight to the molecular mechanism underlying Ras-mediated 

translation of N-Myc.     

 

Investigation of the Molecular Basis for Ras-Mediated Proteolysis of N-Myc 

 Another outstanding question prompted by this study pertains to the molecular 

mechanism underlying Ras-mediated proteolysis of N-Myc. I have shown that GSK3β 

and Thr50 of N-Myc are not required in this process. Additional regulators involved in 

the Myc degradation pathway (Fig. 1.3), such as Pin1, PP2A, and Fbw7, should be 

investigated for their effects on N-Myc half-life. By using a series of 

truncation/intragenic deletion N-Myc mutants, one can identify the region(s) that are 

required for its proteolysis. Fusion of candidate regions to relatively stable proteins (e.g., 

GFP or GAL4(43)) will determine whether these regions are sufficient for Ras-directed 

proteolysis of the fusion protein. Gene-swapping of candidate regions into c-Myc may be 

misleading or may obscure results since Ras has a stabilizing effect on c-Myc. 

Identification of the region(s) in N-Myc that are necessary and/or sufficient for its Ras-

directed proteolysis will be valuable identifying proteins that interact with that region or 

critical residues that are modified in response to Ras activation. 

 Ubiquitination of N-Myc directs it proteolysis by the 26S proteasome (277). Another 

question raised by this study is whether Ras signaling affects the ubiquitination status of 

N-Myc, specifically with regard to different types of ubiquitin chain linkages. K48-linked 

polyubiquitin chains mainly target the protein for degradation while K63-linked 

polyubiquitin chains affect functional aspects of the protein, including transcriptional 

activity (278). It is possible that Ras signaling does not affect total ubiquitination of N-
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Myc, but affects ubiquitination of specific chain linkages. Future studies must take this 

into consideration. Understanding if and how Ras signaling affects N-Myc ubiquitination 

will provide valuable information regarding the mechanism of Ras-mediated proteolysis 

of N-Myc. 

  

Investigation of Ras-Mediated Coupling of N-Myc Turnover and Activity  

 Studies within this dissertation provide a correlation between Ras-mediated 

proteolysis of N-Myc and an increase in its transcriptional activity. However, I do not 

directly demonstrate that Ras signaling couples N-Myc turnover and transcriptional 

activity. To directly demonstrate this, chromatin-immunoprecipitation studies are 

required to show that Ras influences N-Myc promoter occupancy. It is predicted that Ras 

would increase N-Myc promoter occupancy and that inhibition of the proteasome by 

MG132 would block this effect. 

  The previous section described studies that are designed to identify N-Myc degrons 

through which Ras operates. It should therefore be examined whether deletion of these 

regions affects the transcriptional activity of N-Myc. It is predicted that, in the presence 

of Ras, these N-Myc deletion mutant are stabilized but also have reduced transcriptional 

activity. 

 A common feature of unstable transcription factors whose activity is coupled to their 

proteolysis is overlapping TADs and degrons (264). It will be interesting to examine 

whether N-Myc degrons (identified in studies described above) and TADs overlap. 
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Evaluating the Biological Significance of Ras-Induced N-Myc Translation, 

Degradation, and Transcriptional Activity 

 A broad goal of this and future work is to understand how N-Myc and Ras function 

together at the molecular level in tumorigenesis. In the context of cancer, it will be 

important to evaluate the biological significance of the effect of Ras on N-Myc synthesis, 

degradation, and transcriptional activity. Once a molecular basis for each of these 

interactions has been established, one can systematically disable the mechanism and 

examine the effect on cellular transformation, proliferation, differentiation, and survival. 

 

4.4 CONCLUSIONS 

The main conclusions of this study are: 

1. Ras/MAPK signaling promotes the accumulation of N-Myc and c-Myc by 

different mechanisms, 

2. Ras signaling induces both the synthesis and proteolysis of N-Myc. The overall 

effect is elevated levels of N-Myc protein, 

3. Ras signaling elevates c-Myc protein levels by preventing its degradation. Ras 

does not affect c-Myc protein synthesis, and 

4. The transcriptional activity of N-Myc and c-Myc is coupled to their proteasomal 

degradation. Specifically for N-Myc, this process depends on Ras activity. 

  

 This work clarifies the current understanding of how Ras regulates N-Myc stability 

and expands the functions of Ras to include a role in N-Myc translation and 

transcriptional activity. By examining N-Myc and c-Myc under similar conditions, I was 
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able to demonstrate that Ras signaling has differential effects on N-Myc and c-Myc. This 

work supports the notion that Myc family members, despite their strong homology, are 

not regulated in the same manner. Specifically, the biochemical attributes of c-Myc 

should not be generalized to other family members. Future studies that further define the 

mechanisms by which Ras signaling regulates N-Myc may provide insight into points of 

therapeutic intervention in neuroblastoma and other cancers. 

 
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  



 126 

REFERENCES	
  
1.  Zeller, K. I., Jegga, A. G., Aronow, B. J., O’Donnell, K. A., and Dang, C. V. 

(2003) Genome Biol 4, R69 
2.  Dang, C. V., O’Donnell, K. A., Zeller, K. I., Nguyen, T., Osthus, R. C., and Li, F. 

(2006) Seminars in Cancer Biology 16, 253-264 
3.  Orian, A., van Steensel, B., Delrow, J., Bussemaker, H. J., Li, L., Sawado, T., 

Williams, E., Loo, L. W. M., Cowley, S. M., Yost, C., Pierce, S., Edgar, B. A., 
Parkhurst, S. M., and Eisenman, R. N. (2003) Genes Dev 17, 1101-1114 

4.  Davis, A. C., Wims, M., Spotts, G. D., Hann, S. R., and Bradley, A. (1993) Genes 
& Development 7, 671 -682 

5.  Sawai, S., Shimono, A., Wakamatsu, Y., Palmes, C., Hanaoka, K., and Kondoh, H. 
(1993) Development 117, 1445 -1455 

6.  Sawai, S., Shimono, A., Hanaoka, K., and Kondoh, H. (1991) New Biol 3, 861-869 
7.  Charron, J., Malynn, B. A., Fisher, P., Stewart, V., Jeannotte, L., Goff, S. P., 

Robertson, E. J., and Alt, F. W. (1992) Genes & Development 6, 2248 -2257 
8.  Stanton, B. R., Perkins, A. S., Tessarollo, L., Sassoon, D. A., and Parada, L. F. 

(1992) Genes & Development 6, 2235 -2247 
9.  Nesbit, C., Tersak, J., and Prochownik, E. (1999) [online] 

http://www.nature.com.liboff.ohsu.edu/onc/journal/v18/n19/full/1202746a.html 
(Accessed July 6, 2011). 

10.  Mladenov, Z., Nedyalkov, S., Ivanov, I., and Toshkov, I. (1980) Neoplasma 27, 
175-182 

11.  Varmus, H. E. (1984) Annu. Rev. Genet. 18, 553-612 
12.  Vennstrom, B., Sheiness, D., Zabielski, J., and Bishop, J. M. (1982) J. Virol 42, 

773-779 
13.  Schwab, M., Alitalo, K., Klempnauer, K. H., Varmus, H. E., Bishop, J. M., Gilbert, 

F., Brodeur, G., Goldstein, M., and Trent, J. (1983) Nature 305, 245-248 
14.  Nau, M. M., Brooks, B. J., Battey, J., Sausville, E., Gazdar, A. F., Kirsch, I. R., 

McBride, O. W., Bertness, V., Hollis, G. F., and Minna, J. D. (1985) Nature 318, 
69-73 

15.  Cowling, V. H., and Cole, M. D. (2006) Semin. Cancer Biol 16, 242-252 
16.  Atchley, W. R., and Fitch, W. M. (1995) Proceedings of the National Academy of 

Sciences 92, 10217 -10221 
17.  Blackwood, E. M., and Eisenman, R. N. (1991) Science 251, 1211-1217 
18.  McMahon, S. B., Van Buskirk, H. A., Dugan, K. A., Copeland, T. D., and Cole, M. 

D. (1998) Cell 94, 363-374 
19.  Nikiforov, M. A., Chandriani, S., Park, J., Kotenko, I., Matheos, D., Johnsson, A., 

McMahon, S. B., and Cole, M. D. (2002) Mol. Cell. Biol 22, 5054-5063 
20.  Cheng, S. W., Davies, K. P., Yung, E., Beltran, R. J., Yu, J., and Kalpana, G. V. 

(1999) Nat. Genet 22, 102-105 
21.  Gomez-Roman, N., Felton-Edkins, Z. A., Kenneth, N. S., Goodfellow, S. J., 

Athineos, D., Zhang, J., Ramsbottom, B. A., Innes, F., Kantidakis, T., Kerr, E. R., 
Brodie, J., Grandori, C., and White, R. J. (2006) Biochem. Soc. Symp, 141-154 

22.  Stone, J., de Lange, T., Ramsay, G., Jakobovits, E., Bishop, J. M., Varmus, H., and 
Lee, W. (1987) Mol. Cell. Biol 7, 1697-1709 

23.  Cowling, V. H., and Cole, M. D. (2007) Mol. Cell. Biol 27, 2059-2073 



 127 

24.  Hooker, C. W., and Hurlin, P. J. (2006) Journal of Cell Science 119, 208 -216 
25.  Ayer, D. E., Kretzner, L., and Eisenman, R. N. (1993) Cell 72, 211-222 
26.  Staller, P., Peukert, K., Kiermaier, A., Seoane, J., Lukas, J., Karsunky, H., Möröy, 

T., Bartek, J., Massagué, J., Hänel, F., and Eilers, M. (2001) Nat Cell Biol 3, 392-
399 

27.  Wanzel, M., Herold, S., and Eilers, M. (2003) Trends in Cell Biology 13, 146-150 
28.  Dang, C. V. (1999) Mol. Cell. Biol. 19, 1-11 
29.  Amati, B., Alevizopoulos, K., and Vlach, J. (1998) Front. Biosci 3, d250-268 
30.  Sloan, E. J., and Ayer, D. E. (2010) Genes & Cancer 1, 587 -596 
31.  Baudino, T. A., McKay, C., Pendeville-Samain, H., Nilsson, J. A., Maclean, K. H., 

White, E. L., Davis, A. C., Ihle, J. N., and Cleveland, J. L. (2002) Genes Dev 16, 
2530-2543 

32.  Hirning, U., Schmid, P., Schulz, W. A., Rettenberger, G., and Hameister, H. (1991) 
Mech. Dev. 33, 119-125 

33.  Mateyak, M. K., Obaya, A. J., Adachi, S., and Sedivy, J. M. (1997) Cell Growth 
Differ. 8, 1039-1048 

34.  Zindy, F., Knoepfler, P. S., Xie, S., Sherr, C. J., Eisenman, R. N., and Roussel, M. 
F. (2006) Proc. Natl. Acad. Sci. U.S.A. 103, 11579-11583 

35.  Cowling, V. H., and Cole, M. D. (2007) Oncogene 27, 1327-1332 
36.  Bouchard, C., Dittrich, O., Kiermaier, A., Dohmann, K., Menkel, A., Eilers, M., 

and Lüscher, B. (2001) Genes Dev 15, 2042-2047 
37.  Hermeking, H., Rago, C., Schuhmacher, M., Li, Q., Barrett, J. F., Obaya, A. J., 

O’Connell, B. C., Mateyak, M. K., Tam, W., Kohlhuber, F., Dang, C. V., Sedivy, 
J. M., Eick, D., Vogelstein, B., and Kinzler, K. W. (2000) Proceedings of the 
National Academy of Sciences 97, 2229 -2234 

38.  Steiner, P., Philipp, A., Lukas, J., Godden-Kent, D., Pagano, M., Mittnacht, S., 
Bartek, J., and Eilers, M. (1995) EMBO J 14, 4814-4826 

39.  Perez-Roger, I., Kim, S. H., Griffiths, B., Sewing, A., and Land, H. (1999) EMBO 
J 18, 5310-5320 

40.  Müller, D., Bouchard, C., Rudolph, B., Steiner, P., Stuckmann, I., Saffrich, R., 
Ansorge, W., Huttner, W., and Eilers, M. (1997) Oncogene 15, 2561-2576 

41.  Weinberg, R. A. (1995) Cell 81, 323-330 
42.  Gartel, A. L., Ye, X., Goufman, E., Shianov, P., Hay, N., Najmabadi, F., and 

Tyner, A. L. (2001) Proc. Natl. Acad. Sci. U.S.A 98, 4510-4515 
43.  Jung, P., Menssen, A., Mayr, D., and Hermeking, H. (2008) Proc. Natl. Acad. Sci. 

U.S.A 105, 15046-15051 
44.  Wu, S., Cetinkaya, C., Munoz-Alonso, M. J., von der Lehr, N., Bahram, F., 

Beuger, V., Eilers, M., Leon, J., and Larsson, L.-G. (2003) Oncogene 22, 351-360 
45.  Herkert, B., and Eilers, M. (2010) Genes Cancer 1, 580-586 
46.  Evan, G. I., Wyllie, A. H., Gilbert, C. S., Littlewood, T. D., Land, H., Brooks, M., 

Waters, C. M., Penn, L. Z., and Hancock, D. C. (1992) Cell 69, 119-128 
47.  Pelengaris, S., Khan, M., and Evan, G. (2002) Nat Rev Cancer 2, 764-776 
48.  Prendergast, G. C. (1999) Oncogene 18, 2967-2987 
49.  Aubry, S., and Charron, J. (2000) DNA Cell Biol 19, 353-364 
50.  Meyer, N., Kim, S. S., and Penn, L. Z. (2006) Seminars in Cancer Biology 16, 

275-287 



 128 

51.  Zindy, F., Eischen, C. M., Randle, D. H., Kamijo, T., Cleveland, J. L., Sherr, C. J., 
and Roussel, M. F. (1998) Genes Dev 12, 2424-2433 

52.  Haupt, Y., Maya, R., Kazaz, A., and Oren, M. (1997) Nature 387, 296-299 
53.  Gaidano, G., Ballerini, P., Gong, J. Z., Inghirami, G., Neri, A., Newcomb, E. W., 

Magrath, I. T., Knowles, D. M., and Dalla-Favera, R. (1991) Proc. Natl. Acad. Sci. 
U.S.A 88, 5413-5417 

54.  Wolter, J., Angelini, P., and Irwin, M. (2010) Future Oncol 6, 429-444 
55.  Eischen, C. M., Woo, D., Roussel, M. F., and Cleveland, J. L. (2001) Mol. Cell. 

Biol. 21, 5063-5070 
56.  Cui, H., Li, T., and Ding, H.-F. (2005) J. Biol. Chem. 280, 9474-9481 
57.  Zimmerman, K. A., Yancopoulos, G. D., Collum, R. G., Smith, R. K., Kohl, N. E., 

Denis, K. A., Nau, M. M., Witte, O. N., Toran-Allerand, D., and Gee, C. E. (1986) 
Nature 319, 780-783 

58.  Downs, K. M., Martin, G. R., and Bishop, J. M. (1989) Genes Dev 3, 860-869 
59.  Hurlin, P. J., Quéva, C., and Eisenman, R. N. (1997) Genes Dev 11, 44-58 
60.  Stanton, B. R., and Parada, L. F. (1992) Brain Pathol 2, 71-83 
61.  Mugrauer, G., Alt, F. W., and Ekblom, P. (1988) J. Cell Biol 107, 1325-1335 
62.  Hatton, K. S., Mahon, K., Chin, L., Chiu, F. C., Lee, H. W., Peng, D., 

Morgenbesser, S. D., Horner, J., and DePinho, R. A. (1996) Mol. Cell. Biol 16, 
1794-1804 

63.  Semsei, I., Ma, S. Y., and Cutler, R. G. (1989) Oncogene 4, 465-471 
64.  Laurenti, E., Varnum-Finney, B., Wilson, A., Ferrero, I., Blanco-Bose, W. E., 

Ehninger, A., Knoepfler, P. S., Cheng, P.-F., MacDonald, H. R., Eisenman, R. N., 
Bernstein, I. D., and Trumpp, A. (2008) Cell Stem Cell 3, 611-624 

65.  van Bokhoven, H., Celli, J., van Reeuwijk, J., Rinne, T., Glaudemans, B., van 
Beusekom, E., Rieu, P., Newbury-Ecob, R. A., Chiang, C., and Brunner, H. G. 
(2005) Nat. Genet 37, 465-467 

66.  Cognet, M., Nougayrede, A., Malan, V., Callier, P., Cretolle, C., Faivre, L., 
Genevieve, D., Goldenberg, A., Heron, D., Mercier, S., Philip, N., Sigaudy, S., 
Verloes, A., Sarnacki, S., Munnich, A., Vekemans, M., Lyonnet, S., Etchevers, H., 
Amiel, J., and Pontual, L. de (2011) Eur J Hum Genet 19, 602-606 

67.  Tészás, A., Meijer, R., Scheffer, H., Gyuris, P., Kosztolányi, G., van Bokhoven, 
H., and Kellermayer, R. (2006) Am. J. Med. Genet. A 140, 2254-2256 

68.  Knoepfler, P. S., Cheng, P. F., and Eisenman, R. N. (2002) Genes Dev 16, 2699-
2712 

69.  Ota, S., Zhou, Z.-Q., Keene, D. R., Knoepfler, P., and Hurlin, P. J. (2007) 
Development 134, 1583-1592 

70.  Malynn, B. A., de Alboran, I. M., O’Hagan, R. C., Bronson, R., Davidson, L., 
DePinho, R. A., and Alt, F. W. (2000) Genes Dev 14, 1390-1399 

71.  Zhou, Z.-Q., Shung, C.-Y., Ota, S., Akiyama, H., Keene, D. R., and Hurlin, P. J. 
(2011) PLoS ONE 6, e18795 

72.  Liu, J., and Levens, D. (2006) Curr. Top. Microbiol. Immunol 302, 1-32 
73.  Oliver, T. G., Grasfeder, L. L., Carroll, A. L., Kaiser, C., Gillingham, C. L., Lin, S. 

M., Wickramasinghe, R., Scott, M. P., and Wechsler-Reya, R. J. (2003) Proc. Natl. 
Acad. Sci. U.S.A 100, 7331-7336 

74.  Kenney, A. M., Cole, M. D., and Rowitch, D. H. (2003) Development 130, 15 -28 



 129 

75.  ten Berge, D., Brugmann, S. A., Helms, J. A., and Nusse, R. (2008) Development 
135, 3247-3257 

76.  Hofmeister, R., Khaled, A. R., Benbernou, N., Rajnavolgyi, E., Muegge, K., and 
Durum, S. K. (1999) Cytokine & Growth Factor Reviews 10, 41-60 

77.  Alvarez-Rodríguez, R., Barzi, M., Berenguer, J., and Pons, S. (2007) J. Biol. Chem 
282, 37170-37180 

78.  Serra, R., Pelton, R. W., and Moses, H. L. (1994) Development 120, 2153-2161 
79.  Dubik, D., and Shiu, R. P. (1992) Oncogene 7, 1587-1594 
80.  He, T. C., Sparks, A. B., Rago, C., Hermeking, H., Zawel, L., da Costa, L. T., 

Morin, P. J., Vogelstein, B., and Kinzler, K. W. (1998) Science 281, 1509-1512 
81.  Moses, H. L. (1992) Mol. Reprod. Dev 32, 179-184 
82.  Wierstra, I., and Alves, J. (2008) Adv. Cancer Res 99, 113-333 
83.  Kim, M. K. H., and Carroll, W. L. (2004) Cancer 101, 2106-2115 
84.  Breit, S., and Schwab, M. (1989) J. Neurosci. Res 24, 21-28 
85.  Lazarova, D. L., Spengler, B. A., Biedler, J. L., and Ross, R. A. (1999) Oncogene 

18, 2703-2710 
86.  Herrick, D. J., and Ross, J. (1994) Mol Cell Biol 14, 2119-2128 
87.  Jones, T. R., and Cole, M. D. (1987) Mol. Cell. Biol. 7, 4513-4521 
88.  Healthy mice with an altered c-myc gene: role of the 3|[prime]| untranslated region 

revisited (2001) [online] 
http://www.nature.com.liboff.ohsu.edu/onc/journal/v20/n32/abs/1204482a.html 
(Accessed July 12, 2011). 

89.  Mazan-Mamczarz, K., Lal, A., Martindale, J. L., Kawai, T., and Gorospe, M. 
(2006) Mol. Cell. Biol 26, 2716-2727 

90.  Groisman, I., Ivshina, M., Marin, V., Kennedy, N. J., Davis, R. J., and Richter, J. 
D. (2006) Genes Dev 20, 2701-2712 

91.  Liao, B., Hu, Y., and Brewer, G. (2007) Nat Struct Mol Biol 14, 511-518 
92.  Kim, H. H., Kuwano, Y., Srikantan, S., Lee, E. K., Martindale, J. L., and Gorospe, 

M. (2009) Genes Dev 23, 1743-1748 
93.  Sachdeva, M., Zhu, S., Wu, F., Wu, H., Walia, V., Kumar, S., Elble, R., Watabe, 

K., and Mo, Y.-Y. (2009) Proceedings of the National Academy of Sciences 106, 
3207 -3212 

94.  Bueno, M. J., Gómez de Cedrón, M., Gómez-López, G., Pérez de Castro, I., Di 
Lisio, L., Montes-Moreno, S., Martínez, N., Guerrero, M., Sánchez-Martínez, R., 
Santos, J., Pisano, D. G., Piris, M. A., Fernández-Piqueras, J., and Malumbres, M. 
(2011) Blood 117, 6255 -6266 

95.  Kedde, M., and Agami, R. (2008) Cell Cycle 7, 899-903 
96.  Bernstein, P. L., Herrick, D. J., Prokipcak, R. D., and Ross, J. (1992) Genes & 

Development 6, 642 -654 
97.  Weidensdorfer, D., Stöhr, N., Baude, A., Lederer, M., Köhn, M., Schierhorn, A., 

Buchmeier, S., Wahle, E., and Hüttelmaier, S. (2009) RNA 15, 104-115 
98.  Gu, L., Zhang, H., He, J., Li, J., Huang, M., and Zhou, M. (2011) Oncogene 

[online] http://www.ncbi.nlm.nih.gov/pubmed/21822304 (Accessed August 17, 
2011). 

99.  Prokipcak, R. D., Herrick, D. J., and Ross, J. (1994) J. Biol. Chem 269, 9261-9269 



 130 

100.  Wei, J. S., Song, Y. K., Durinck, S., Chen, Q.-R., Cheuk, A. T. C., Tsang, P., 
Zhang, Q., Thiele, C. J., Slack, A., Shohet, J., and Khan, J. (2008) Oncogene 27, 
5204-5213 

101.  Buechner, J., Tomte, E., Haug, B. H., Henriksen, J. R., Lokke, C., Flagstad, T., and 
Einvik, C. (2011) Br J Cancer 105, 296-303 

102.  Malempati, S., Tibbitts, D., Cunningham, M., Akkari, Y., Olson, S., Fan, G., and 
Sears, R. C. (2006) Leukemia 20, 1572-1581 

103.  Liu, J., Martin, H. J., Liao, G., and Hayward, S. D. (2007) J. Virol 81, 10451-
10459 

104.  Shindo, H., Tani, E., Matsumuto, T., Hashimoto, T., and Furuyama, J. (1993) Acta 
Neuropathol 86, 345-352 

105.  Maris, J. M., and Matthay, K. K. (1999) J. Clin. Oncol 17, 2264-2279 
106.  Hann, S. R., and Eisenman, R. N. (1984) Mol. Cell. Biol 4, 2486-2497 
107.  Cohn, S. L., Salwen, H., Quasney, M. W., Ikegaki, N., Cowan, J. M., Herst, C. V., 

Kennett, R. H., Rosen, S. T., DiGiuseppe, J. A., and Brodeur, G. M. (1990) 
Oncogene 5, 1821-1827 

108.  Flinn, E. M., Busch, C. M. C., and Wright, A. P. H. (1998) Mol Cell Biol 18, 5961-
5969 

109.  Salghetti, S. E., Young Kim, S., and Tansey, W. P. (1999) EMBO J 18, 717-726 
110.  Gregory, M. A., and Hann, S. R. (2000) Mol. Cell. Biol 20, 2423-2435 
111.  Chen, L., Smith, L., Accavitti-Loper, M. A., Omura, S., and Bingham Smith, J. 

(2000) Archives of Biochemistry and Biophysics 374, 306-312 
112.  Welcker, M., Orian, A., Jin, J., Grim, J. E., Grim, J. A., Harper, J. W., Eisenman, 

R. N., and Clurman, B. E. (2004) Proc. Natl. Acad. Sci. U.S.A 101, 9085-9090 
113.  Yada, M., Hatakeyama, S., Kamura, T., Nishiyama, M., Tsunematsu, R., Imaki, H., 

Ishida, N., Okumura, F., Nakayama, K., and Nakayama, K. I. (2004) EMBO J 23, 
2116-2125 

114.  Kim, S. Y., Herbst, A., Tworkowski, K. A., Salghetti, S. E., and Tansey, W. P. 
(2003) Mol. Cell 11, 1177-1188 

115.  von der Lehr, N., Johansson, S., Wu, S., Bahram, F., Castell, A., Cetinkaya, C., 
Hydbring, P., Weidung, I., Nakayama, K., Nakayama, K. I., Söderberg, O., 
Kerppola, T. K., and Larsson, L.-G. (2003) Mol. Cell 11, 1189-1200 

116.  Thomas, L. R., and Tansey, W. P. (2011) Adv. Cancer Res. 110, 77-106 
117.  Rechsteiner, M., and Rogers, S. W. (1996) Trends Biochem. Sci. 21, 267-271 
118.  Herbst, A., Salghetti, S. E., Kim, S. Y., and Tansey, W. P. (2004) Oncogene 23, 

3863-3871 
119.  Tworkowski, K. A., Salghetti, S. E., and Tansey, W. P. (2002) Oncogene 21, 8515-

8520 
120.  Hann, S. R. (2006) Seminars in Cancer Biology 16, 288-302 
121.  Vervoorts, J., Lüscher-Firzlaff, J., and Lüscher, B. (2006) Journal of Biological 

Chemistry 281, 34725 -34729 
122.  Sears, R. C. (2004) Cell Cycle 3, 1133-1137 
123.  Bahram, F., von der Lehr, N., Cetinkaya, C., and Larsson, L. G. (2000) Blood 95, 

2104-2110 
124.  Zhang, Y., Wang, Z., Li, X., and Magnuson, N. S. (2008) Oncogene 27, 4809-4819 



 131 

125.  Vervoorts, J., Lüscher-Firzlaff, J. M., Rottmann, S., Lilischkis, R., Walsemann, G., 
Dohmann, K., Austen, M., and Lüscher, B. (2003) EMBO Reports 4, 484-490 

126.  Patel, J. H., Du, Y., Ard, P. G., Phillips, C., Carella, B., Chen, C.-J., Rakowski, C., 
Chatterjee, C., Lieberman, P. M., Lane, W. S., Blobel, G. A., and McMahon, S. B. 
(2004) Mol. Cell. Biol. 24, 10826-10834 

127.  Faiola, F., Liu, X., Lo, S., Pan, S., Zhang, K., Lymar, E., Farina, A., and Martinez, 
E. (2005) Mol. Cell. Biol. 25, 10220-10234 

128.  Shichiri, M., Hanson, K. D., and Sedivy, J. M. (1993) Cell Growth Differ 4, 93-104 
129.  Kelly, K., Cochran, B. H., Stiles, C. D., and Leder, P. (1983) Cell 35, 603-610 
130.  Rabbitts, P. H., Watson, J. V., Lamond, A., Forster, A., Stinson, M. A., Evan, G., 

Fischer, W., Atherton, E., Sheppard, R., and Rabbitts, T. H. (1985) EMBO J 4, 
2009-2015 

131.  Sears, R., Nuckolls, F., Haura, E., Taya, Y., Tamai, K., and Nevins, J. R. (2000) 
Genes Dev 14, 2501-2514 

132.  Gregory, M. A., Qi, Y., and Hann, S. R. (2003) J. Biol. Chem 278, 51606-51612 
133.  Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich, M., and Hemmings, B. A. 

(1995) Nature 378, 785-789 
134.  Yeh, E., Cunningham, M., Arnold, H., Chasse, D., Monteith, T., Ivaldi, G., Hahn, 

W. C., Stukenberg, P. T., Shenolikar, S., Uchida, T., Counter, C. M., Nevins, J. R., 
Means, A. R., and Sears, R. (2004) Nat. Cell Biol 6, 308-318 

135.  Bhatia, K., Spangler, G., Gaidano, G., Hamdy, N., Dalla-Favera, R., and Magrath, 
I. (1994) Blood 84, 883-888 

136.  Zhang, X., Farrell, A. S., Daniel, C. J., Arnold, H., Scanlan, C., Laraway, B. J., 
Janghorban, M., Lum, L., Chen, D., Troxell, M., and Sears, R. (2011) Proceedings 
of the National Academy of Sciences of the United States of America [online] 
http://www.ncbi.nlm.nih.gov/pubmed/21808024 (Accessed October 13, 2011). 

137.  Yaari, S., Jacob-Hirsch, J., Amariglio, N., Haklai, R., Rechavi, G., and Kloog, Y. 
(2005) Clin. Cancer Res 11, 4321-4330 

138.  Kenney, A. M., Widlund, H. R., and Rowitch, D. H. (2004) Development 131, 217-
228 

139.  Sjostrom, S. K., Finn, G., Hahn, W. C., Rowitch, D. H., and Kenney, A. M. (2005) 
Dev. Cell 9, 327-338 

140.  Lipford, J. R., and Deshaies, R. J. (2003) Nat Cell Biol 5, 845-850 
141.  Muratani, M., and Tansey, W. P. (2003) Nat. Rev. Mol. Cell Biol 4, 192-201 
142.  von der Lehr, N., Johansson, S., and Larsson, L.-G. (2003) Cell Cycle 2, 403-407 
143.  Zhu, Q., Wani, G., Yao, J., Patnaik, S., Wang, Q.-E., El-Mahdy, M. A., Praetorius-

Ibba, M., and Wani, A. A. (2007) Oncogene 26, 4199-4208 
144.  Dennis, A. P., Lonard, D. M., Nawaz, Z., and O’Malley, B. W. (2005) J. Steroid 

Biochem. Mol. Biol 94, 337-346 
145.  McEwan, I. J., Dahlman-Wright, K., Ford, J., and Wright, A. P. (1996) 

Biochemistry 35, 9584-9593 
146.  Weake, V. M., and Workman, J. L. (2008) Molecular Cell 29, 653-663 
147.  Ostendorff, H. P., Peirano, R. I., Peters, M. A., Schlüter, A., Bossenz, M., 

Scheffner, M., and Bach, I. (2002) Nature 416, 99-103 
148.  Perissi, V., Aggarwal, A., Glass, C. K., Rose, D. W., and Rosenfeld, M. G. (2004) 

Cell 116, 511-526 



 132 

149.  Krogan, N. J., Lam, M. H. Y., Fillingham, J., Keogh, M.-C., Gebbia, M., Li, J., 
Datta, N., Cagney, G., Buratowski, S., Emili, A., and Greenblatt, J. F. (2004) Mol. 
Cell 16, 1027-1034 

150.  Brodeur, G. M. (2003) Nat. Rev. Cancer 3, 203-216 
151.  Teitz, T., Stanke, J. J., Federico, S., Bradley, C. L., Brennan, R., Zhang, J., 

Johnson, M. D., Sedlacik, J., Inoue, M., Zhang, Z. M., Frase, S., Rehg, J. E., 
Hillenbrand, C. M., Finkelstein, D., Calabrese, C., Dyer, M. A., and Lahti, J. M. 
(2011) PLoS ONE 6, e19133 

152.  Seeger, R. C., Wada, R., Brodeur, G. M., Moss, T. J., Bjork, R. L., Sousa, L., and 
Slamon, D. J. (1988) Prog. Clin. Biol. Res 271, 41-49 

153.  Wada, R. K., Seeger, R. C., Brodeur, G. M., Einhorn, P. A., Rayner, S. A., 
Tomayko, M. M., and Reynolds, C. P. (1993) Cancer 72, 3346-3354 

154.  Karnoub, A. E., and Weinberg, R. A. (2008) Nat Rev Mol Cell Biol 9, 517-531 
155.  Konstantinopoulos, P. A., Karamouzis, M. V., and Papavassiliou, A. G. (2007) Nat 

Rev Drug Discov 6, 541-555 
156.  Vigil, D., Cherfils, J., Rossman, K. L., and Der, C. J. (2010) Nat Rev Cancer 10, 

842-857 
157.  John, J., Schlichting, I., Schiltz, E., Rösch, P., and Wittinghofer, A. (1989) Journal 

of Biological Chemistry 264, 13086 -13092 
158.  Kouhara, H., Hadari, Y. R., Spivak-Kroizman, T., Schilling, J., Bar-Sagi, D., Lax, 

I., and Schlessinger, J. (1997) Cell 89, 693-702 
159.  Rajalingam, K., Schreck, R., Rapp, U. R., and Albert, S. (2007) Biochim. Biophys. 

Acta 1773, 1177-1195 
160.  Murakoshi, H., Iino, R., Kobayashi, T., Fujiwara, T., Ohshima, C., Yoshimura, A., 

and Kusumi, A. (2004) Proc. Natl. Acad. Sci. U.S.A. 101, 7317-7322 
161.  Lee, K. W., Bode, A. M., and Dong, Z. (2011) Nat Rev Cancer 11, 211-218 
162.  Marais, R., and Marshall, C. J. (1996) Cancer Surv. 27, 101-125 
163.  Robinson, M. J., and Cobb, M. H. (1997) Curr. Opin. Cell Biol. 9, 180-186 
164.  Gupta, S., Seth, A., and Davis, R. J. (1993) Proc. Natl. Acad. Sci. U.S.A 90, 3216-

3220 
165.  Song, G., Ouyang, G., and Bao, S. (2005) J. Cell. Mol. Med. 9, 59-71 
166.  Vara, J. Ã�. F., Casado, E., de Castro, J., Cejas, P., Belda-Iniesta, C., and 

GonzÃ¡lez-BarÃ3n, M. (2004) Cancer Treatment Reviews 30, 193-204 
167.  Wang, X., and Proud, C. G. (2007) Meth. Enzymol 431, 113-142 
168.  Proud, C. G. (2007) Biochem. J. 403, 217 
169.  Rajasekhar, V. K., Viale, A., Socci, N. D., Wiedmann, M., Hu, X., and Holland, E. 

C. (2003) Mol. Cell 12, 889-901 
170.  Gingras, A. C., Raught, B., and Sonenberg, N. (1999) Annu. Rev. Biochem. 68, 

913-963 
171.  Pavitt G (2005) [online] 

http://www.biochemsoctrans.org.liboff.ohsu.edu/bst/033/1487/bst0331487.htm 
(Accessed July 19, 2011). 

172.  Waskiewicz, A. J., Flynn, A., Proud, C. G., and Cooper, J. A. (1997) EMBO J 16, 
1909-1920 

173.  Waskiewicz, A. J., Johnson, J. C., Penn, B., Mahalingam, M., Kimball, S. R., and 
Cooper, J. A. (1999) Mol. Cell. Biol 19, 1871-1880 



 133 

174.  Roux, P. P., and Blenis, J. (2004) Microbiol. Mol. Biol. Rev. 68, 320-344 
175.  Roux, P. P., Shahbazian, D., Vu, H., Holz, M. K., Cohen, M. S., Taunton, J., 

Sonenberg, N., and Blenis, J. (2007) J. Biol. Chem 282, 14056-14064 
176.  Meyuhas, O., and Dreazen, A. (2009) Prog Mol Biol Transl Sci 90, 109-153 
177.  Shahbazian, D., Roux, P. P., Mieulet, V., Cohen, M. S., Raught, B., Taunton, J., 

Hershey, J. W. B., Blenis, J., Pende, M., and Sonenberg, N. (2006) EMBO J. 25, 
2781-2791 

178.  Wang, X., Li, W., Williams, M., Terada, N., Alessi, D. R., and Proud, C. G. (2001) 
EMBO J 20, 4370-4379 

179.  Welsh, G. I., and Proud, C. G. (1993) Biochem. J 294 ( Pt 3), 625-629 
180.  Richter, J. D., and Sonenberg, N. (2005) Nature 433, 477-480 
181.  Fenton, T. R., and Gout, I. T. (2011) The International Journal of Biochemistry & 

Cell Biology 43, 47-59 
182.  Warner, J. R., Knopf, P. M., and Rich, A. (1963) Proc Natl Acad Sci U S A 49, 

122-129 
183.  Spence, J., Duggan, B. M., Eckhardt, C., McClelland, M., and Mercola, D. (2006) 

Mol. Cancer Res 4, 47-60 
184.  Nottrott, S., Simard, M. J., and Richter, J. D. (2006) Nat. Struct. Mol. Biol 13, 

1108-1114 
185.  Angenstein, F., Greenough, W. T., and Weiler, I. J. (1998) Proc. Natl. Acad. Sci. 

U.S.A. 95, 15078-15083 
186.  Shimizu, K., Goldfarb, M., Suard, Y., Perucho, M., Li, Y., Kamata, T., Feramisco, 

J., Stavnezer, E., Fogh, J., and Wigler, M. H. (1983) Proceedings of the National 
Academy of Sciences 80, 2112 -2116 

187.  Malumbres, M., and Barbacid, M. (2003) Nat. Rev. Cancer 3, 459-465 
188.  Bos, J. L. (1989) Cancer Res 49, 4682-4689 
189.  Ireland, C. M. (1989) Cancer Res 49, 5530-5533 
190.  Kim, Y., Hong, H.-H. L., Lachat, Y., Clayton, N. P., Devereux, T. R., Melnick, R. 

L., Hegi, M. E., and Sills, R. C. (2005) Toxicol Pathol 33, 307-312 
191.  Moley, J. F., Brother, M. B., Wells, S. A., Spengler, B. A., Biedler, J. L., and 

Brodeur, G. M. (1991) Cancer Res 51, 1596-1599 
192.  Ballas, K., Lyons, J., Janssen, J. W., and Bartram, C. R. (1988) Eur. J. Pediatr 147, 

313-314 
193.  Nakagawara, A., Azar, C. G., Scavarda, N. J., and Brodeur, G. M. (1994) Mol. 

Cell. Biol 14, 759-767 
194.  Tanaka, T., Iehara, T., Sugimoto, T., Hamasaki, M., Teramukai, S., Tsuchida, Y., 

Kaneko, M., and Sawada, T. (2005) Cancer Letters 228, 267-270 
195.  Yancopoulos, G. D., Nisen, P. D., Tesfaye, A., Kohl, N. E., Goldfarb, M. P., and 

Alt, F. W. (1985) Proc. Natl. Acad. Sci. U.S.A 82, 5455-5459 
196.  Knoepfler, P. S., Zhang, X., Cheng, P. F., Gafken, P. R., McMahon, S. B., and 

Eisenman, R. N. (2006) EMBO J 25, 2723-2734 
197.  Eilers, M., and Eisenman, R. N. (2008) Genes Dev 22, 2755-2766 
198.  Dhall, G. (2009) Journal of Child Neurology 24, 1418 -1430 
199.  Huse, J. T., and Holland, E. C. (2010) Nat. Rev. Cancer 10, 319-331 
200.  Sears, R., Leone, G., DeGregori, J., and Nevins, J. R. (1999) Mol. Cell 3, 169-179 
201.  Land, H., Parada, L. F., and Weinberg, R. A. (1983) Nature 304, 596-602 



 134 

202.  Tsuneoka, M., and Mekada, E. (1998) J. Biochem 124, 1013-1019 
203.  Jang, J.-H., Shin, K.-H., and Park, J.-G. (2001) Cancer Research 61, 3541 -3543 
204.  Dutt, A., Salvesen, H. B., Chen, T.-H., Ramos, A. H., Onofrio, R. C., Hatton, C., 

Nicoletti, R., Winckler, W., Grewal, R., Hanna, M., Wyhs, N., Ziaugra, L., Richter, 
D. J., Trovik, J., Engelsen, I. B., Stefansson, I. M., Fennell, T., Cibulskis, K., Zody, 
M. C., Akslen, L. A., Gabriel, S., Wong, K.-K., Sellers, W. R., Meyerson, M., and 
Greulich, H. (2008) Proceedings of the National Academy of Sciences 105, 8713 -
8717 

205.  Katoh, M. (2008) Int. J. Oncol 33, 233-237 
206.  Nilsen, T. W. (2007) Trends in Genetics 23, 243-249 
207.  Glisovic, T., Bachorik, J. L., Yong, J., and Dreyfuss, G. (2008) FEBS Lett 582, 

1977-1986 
208.  Lutterbach, B., and Hann, S. R. (1994) Mol. Cell. Biol 14, 5510-5522 
209.  Keppler, B. R., Archer, T. K., and Kinyamu, H. K. (2011) Biochim. Biophys. Acta 

1809, 109-118 
210.  Jones, R. M., Branda, J., Johnston, K. A., Polymenis, M., Gadd, M., Rustgi, A., 

Callanan, L., and Schmidt, E. V. (1996) Mol. Cell. Biol 16, 4754-4764 
211.  Menssen, A., and Hermeking, H. (2002) Proc. Natl. Acad. Sci. U.S.A 99, 6274-

6279 
212.  Miltenberger, R. J., Sukow, K. A., and Farnham, P. J. (1995) Mol. Cell. Biol 15, 

2527-2535 
213.  Greasley, P. J., Bonnard, C., and Amati, B. (2000) Nucleic Acids Research 28, 446 

-453 
214.  Karreth, F. A., and Tuveson, D. A. (2009) Current Opinion in Genetics & 

Development 19, 4-11 
215.  Zhao, X., Heng, J. I.-T., Guardavaccaro, D., Jiang, R., Pagano, M., Guillemot, F., 

Iavarone, A., and Lasorella, A. (2008) Nat. Cell Biol 10, 643-653 
216.  Origanti, S., and Shantz, L. M. (2007) Cancer Res 67, 4834-4842 
217.  Elcheva, I., Goswami, S., Noubissi, F. K., and Spiegelman, V. S. (2009) Mol. Cell 

35, 240-246 
218.  Westmark, C. J., and Malter, J. S. (2007) PLoS Biol 5, e52 
219.  Forman, J. J., Legesse-Miller, A., and Coller, H. A. (2008) Proceedings of the 

National Academy of Sciences 105, 14879 -14884 
220.  Forman, J. J., and Coller, H. A. (2010) Cell Cycle 9, 1533-1541 
221.  Lonard, D. M., and O’Malley, B. W. (2009) Prog Mol Biol Transl Sci 87, 117-135 
222.  Kato, G. J., Barrett, J., Villa-Garcia, M., and Dang, C. V. (1990) Mol. Cell. Biol 

10, 5914-5920 
223.  Brodeur, G. M., Minturn, J. E., Ho, R., Simpson, A. M., Iyer, R., Varela, C. R., 

Light, J. E., Kolla, V., and Evans, A. E. (2009) Clin. Cancer Res 15, 3244-3250 
224.  Ota, S., Zhou, Z.-Q., Link, J. M., and Hurlin, P. J. (2009) Hum. Mol. Genet 18, 

2609-2621 
225.  Graham, F. L., and van der Eb, A. J. (1973) Virology 52, 456-467 
226.  Albihn, A., Johnsen, J. I., and Arsenian Henriksson, M. (2010) pp. 163-224, 

Academic Press [online] 
http://www.sciencedirect.com/science/article/pii/S0065230X10070065 (Accessed 
July 14, 2011). 



 135 

227.  Seeger, R. C., Brodeur, G. M., Sather, H., Dalton, A., Siegel, S. E., Wong, K. Y., 
and Hammond, D. (1985) N. Engl. J. Med 313, 1111-1116 

228.  Brodeur, G. M., Seeger, R. C., Schwab, M., Varmus, H. E., and Bishop, J. M. 
(1984) Science 224, 1121-1124 

229.  Lutz, W., Stöhr, M., Schürmann, J., Wenzel, A., Löhr, A., and Schwab, M. (1996) 
Oncogene 13, 803-812 

230.  Weiss, W. A., Aldape, K., Mohapatra, G., Feuerstein, B. G., and Bishop, J. M. 
(1997) EMBO J 16, 2985-2995 

231.  Klein, P. S., and Melton, D. A. (1996) Proc. Natl. Acad. Sci. U.S.A 93, 8455-8459 
232.  Stambolic, V., Ruel, L., and Woodgett, J. R. (1996) Curr. Biol 6, 1664-1668 
233.  Welsh, G. I., Miller, C. M., Loughlin, A. J., Price, N. T., and Proud, C. G. (1998) 

FEBS Lett 421, 125-130 
234.  Chalecka-Franaszek, E., and Chuang, D. M. (1999) Proc. Natl. Acad. Sci. U.S.A 

96, 8745-8750 
235.  Rice, A. M., and Sartorelli, A. C. (2001) Journal of Biological Chemistry 276, 

42722 -42727 
236.  Ruggero, D., and Sonenberg, N. (0000) Oncogene 24, 7426-7434 
237.  Yerlikaya, A., Kimball, S. R., and Stanley, B. A. (2008) Biochem J 412, 579-588 
238.  Cowan, J. L., and Morley, S. J. (2004) European Journal of Biochemistry 271, 

3596-3611 
239.  Dominguez, I., Itoh, K., and Sokol, S. Y. (1995) Proceedings of the National 

Academy of Sciences 92, 8498 -8502 
240.  Hall, M. N., Gabay, J., Debarbouille, M., and Schwartz, M. (1982) Nature 295, 

616-618 
241.  Kudla, G., Murray, A. W., Tollervey, D., and Plotkin, J. B. (2009) Science 324, 

255 -258 
242.  Hershberg, R., and Petrov, D. A. (2008) Annu. Rev. Genet 42, 287-299 
243.  Zuker, M. (2003) Nucleic Acids Research 31, 3406 -3415 
244.  Doble, B. W., and Woodgett, J. R. (2003) J. Cell. Sci 116, 1175-1186 
245.  Pulverer, B. J., Fisher, C., Vousden, K., Littlewood, T., Evan, G., and Woodgett, J. 

R. (1994) Oncogene 9, 59-70 
246.  Chesler, L., Schlieve, C., Goldenberg, D. D., Kenney, A., Kim, G., McMillan, A., 

Matthay, K. K., Rowitch, D., and Weiss, W. A. (2006) Cancer Res 66, 8139-8146 
247.  Heyd, F., and Lynch, K. W. (2010) Mol. Cell 40, 126-137 
248.  Gustafson, M. P., Welcker, M., Hwang, H. C., and Clurman, B. E. (2005) 

Biochem. Biophys. Res. Commun 338, 1359-1367 
249.  Fuchs, G., Diges, C., Kohlstaedt, L. A., Wehner, K. A., and Sarnow, P. (2011) 

Journal of Molecular Biology 410, 118-130 
250.  Price, N., and Proud, C. (1994) Biochimie 76, 748-760 
251.  Capon, F., Allen, M. H., Ameen, M., Burden, A. D., Tillman, D., Barker, J. N., and 

Trembath, R. C. (2004) Hum. Mol. Genet 13, 2361-2368 
252.  Halvorsen, M., Martin, J. S., Broadaway, S., and Laederach, A. (2010) PLoS Genet 

6, e1001074 
253.  Yu, Z., Li, Z., Jolicoeur, N., Zhang, L., Fortin, Y., Wang, E., Wu, M., and Shen, 

S.-H. (2007) Nucleic Acids Res 35, 4535-4541 
254.  Nakamura, Y., Gojobori, T., and Ikemura, T. (2000) Nucleic Acids Res 28, 292 



 136 

255.  Okubo, T. (2005) Development 132, 1363-1374 
256.  Böttcher, R. T., and Niehrs, C. (2005) Endocrine Reviews 26, 63 -77 
257.  Bentires-Alj, M., Kontaridis, M. I., and Neel, B. G. (2006) Nat Med 12, 283-285 
258.  Gebauer, F., and Hentze, M. W. (2004) Nat Rev Mol Cell Biol 5, 827-835 
259.  Draper, D. E. (1999) J. Mol. Biol 293, 255-270 
260.  Ramsay, G., Stanton, L., Schwab, M., and Bishop, J. M. (1986) Mol Cell Biol 6, 

4450-4457 
261.  Otto, T., Horn, S., Brockmann, M., Eilers, U., Schüttrumpf, L., Popov, N., Kenney, 

A. M., Schulte, J. H., Beijersbergen, R., Christiansen, H., Berwanger, B., and 
Eilers, M. (2009) Cancer Cell 15, 67-78 

262.  Smith, K. P., Byron, M., O’Connell, B. C., Tam, R., Schorl, C., Guney, I., Hall, L. 
L., Agrawal, P., Sedivy, J. M., and Lawrence, J. B. (2004) Journal of Cellular 
Biochemistry 93, 1282-1296 

263.  Wakamatsu, Y., Watanabe, Y., Shimono, A., and Kondoh, H. (1993) Neuron 10, 1-
9 

264.  Salghetti, S. E., Muratani, M., Wijnen, H., Futcher, B., and Tansey, W. P. (2000) 
Proc. Natl. Acad. Sci. U.S.A 97, 3118-3123 

265.  Collins, G. A., and Tansey, W. P. (2006) Curr. Opin. Genet. Dev 16, 197-202 
266.  Vicent, G. P., Ballaré, C., Zaurin, R., Saragüeta, P., and Beato, M. (2006) Ann. N. 

Y. Acad. Sci. 1089, 59-72 
267.  Vita, M., and Henriksson, M. (2006) Seminars in Cancer Biology 16, 318-330 
268.  Hurlin, P. J. (2005) Birth Defects Res. C Embryo Today 75, 340-352 
269.  Martin, G. R. (1998) Genes & Development 12, 1571 -1586 
270.  Reuss, B., and von Bohlen und Halbach, O. (2003) Cell Tissue Res 313, 139-157 
271.  Moens, C. B., Auerbach, A. B., Conlon, R. A., Joyner, A. L., and Rossant, J. 

(1992) Genes Dev 6, 691-704 
272.  Morrisey, E. E., and Hogan, B. L. M. (2010) Developmental Cell 18, 8-23 
273.  Pession, A., and Tonelli, R. (2005) Curr Cancer Drug Targets 5, 273-283 
274.  MacDonald, T. J., Brown, K. M., LaFleur, B., Peterson, K., Lawlor, C., Chen, Y., 

Packer, R. J., Cogen, P., and Stephan, D. A. (2001) Nat. Genet 29, 143-152 
275.  Pelloski, C. E., Lin, E., Zhang, L., Yung, W. K. A., Colman, H., Liu, J.-L., Woo, S. 

Y., Heimberger, A. B., Suki, D., Prados, M., Chang, S., Barker, F. G., 3rd, Fuller, 
G. N., and Aldape, K. D. (2006) Clin. Cancer Res 12, 3935-3941 

276.  Iioka, H., Loiselle, D., Haystead, T. A., and Macara, I. G. (2011) Nucleic Acids Res 
39, e53 

277.  In vivo degradation of N-myc in neuroblastoma cells is mediated by the 26S 
proteasome (1998) [online] 
http://www.nature.com.liboff.ohsu.edu/onc/journal/v16/n9/abs/1201625a.html 
(Accessed July 13, 2011). 

278.  Komander, D. (2009) Biochem. Soc. Trans 37, 937-953 
	
  


	1
	2
	3 TOC



