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ABSTRACT OF THE DISSERTATION 
 
 
 

Characterization of Physical and Functional Interactions Between the MYC  
Oncoprotein and the Acetyltransferase GCN5 

 
by 
 

Wataru Ichikawa 
 
 

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology 
University of California, Riverside, March 2013 

Dr. Ernest Martinez, Chairperson 

 
 
MYC is a transcription factor that is overexpressed in a wide range of human 

cancers, and MYC is known to play a role in many important biological processes 

such as cell death and cell proliferation. Heterodimerizing with the obligatory 

partner protein, MAX, the MYC and MAX dimer binds a specific DNA sequence, 

called an E box (CACGTG), through its basic helix-loop-helix zipper domain. 

MYC N-terminal transcription activation domain (TAD) has been shown to 

interact with proteins that are potential regulators of MYC transactivation and 

transformation activities. Among them, the TRRAP protein has been shown to 

contribute to the transformation activity of MYC through associations with the 

MYC box (MB) II and MBI-containing sequences. Importantly, TRRAP is also a 

subunit of several multiprotein complexes that possess histone acetyltransferase 

(HAT) activity, such as the STAGA (SPT-TAF-GCN5 Acetylase) coactivator 

complex. GCN5, another subunit of STAGA, is a HAT that acetylates lysine 
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residues in histone H3 and non-histone proteins. MYC has been also identified 

as a target of GCN5, although the functional consequences of MYC acetylation 

by GCN5 remain to be investigated. In this work, we identify MYC K323 as the 

major site of acetylation by GCN5 and then demonstrate that GCN5 stabilizes 

MYC in a K323- and HAT domain-dependent manner. Interestingly, we also find 

that GCN5 enhances MYC ubiquitination in a HAT domain/activity-independent 

manner. Subsequently, we investigate which subunits of the STAGA complex 

directly interact with MYC, and then analyze the role of the MYC-STAGA 

interactions in the biological functions of MYC. We identify GCN5 as another 

STAGA subunit that directly associates with MYC. The direct interaction of MYC 

with GCN5 facilitates the interaction of MYC with the STAGA complex, 

acetylation of MYC, binding of MYC to the human TERT promoter, and activation 

of human TERT transcription. Lastly, we unexpectedly find a physical interaction 

between MYC and the tumor suppressor p53 that has not been reported 

previously, despite decades of intense research investigation on their functions. 

Based on our preliminary results, we suggest a prospective model in which MYC 

and p53 influence each other`s transcription regulatory activities via a direct 

physical interaction. These results further deepen our understanding of MYC 

biological functions and its role in cancer, and could eventually lead to the 

development of new therapeutic targets against cancer.  
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Introduction 
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Discovery of MYC and mechanisms of its deregulation in cancer 

     An avian acute leukemia virus (MC29) was shown to induce malignancies 

such as sarcomas, myelocytomas, and carcinomas in the 1970’s. The 

transforming sequence of MC29 was identified as v-myc, which is derived from 

myelocytomatosis (Duesberg and Vogt, 1979; Hu et al., 1979; Sheiness and 

Bishop, 1979). v-myc was found to be present in cells as a 110 kDa v-gag-myc 

fusion protein. Later, v-myc myelocytomatosis viral oncogene homolog (MYC) 

was isolated as the cellular homologue to the oncogene v-myc of MC29 

(Vennstrom et al., 1982). This led to the identification of three mechanisms by 

which malignant tumors can alter the expression the MYC locus: insertional 

mutagenesis, chromosomal translocations, and gene amplification.  

     Leukaemogenesis induced by MC29 is due to retroviral transduction and 

generation of v-gag-myc. However, there was a second class of retroviruses that 

was shown to induce lymphomas and leukemia at the time. These viruses were 

known to induce tumors with a much longer latency and were therefore referred 

to as non-acutely transforming retroviruses. The studies on the viruses revealed 

a mechanism by which retroviruses activate the expression of oncogenes 

through proviral insertion (Hayward et al., 1981; Neel et al., 1981; Payne et al., 

1981). Specifically, avian leucosis virus (ALV) integrates into the host genome at 

or near proto-oncogenes and leads to high levels of gene expression driven by 

the strong ALV promoter. Notably, MYC was the first cellular oncogene that was 
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shown to be activated through retroviral promoter insertion (Payne et al., 1982). 

Indeed, 80% of B-cell lymphomas are induced by ALV-mediated MYC activation. 

This discovery led to the identification of other oncogenes activated by viral 

integration (Peters, 1990). 

     Nonrandom chromosomal translocations are observed in a number of 

malignancies such as Burkitt’s lymphoma and chronic myeloid leukemia. Burkitt’s 

lymphoma was found to contain reciprocal translocations between chromosome 

8 and chromosomes 14, 2 or 22, which harbor immunoglobulin (Ig) heavy and 

light chain genes (Taub et al., 1982). MYC was actually determined to be on 

chromosome 8 in the human genome (Dalla-Favera et al., 1982; Neel et al., 

1982), leading to the proposal that the juxtaposition of MYC to an Ig loci is 

responsible for the lymphoma. The chromosomal translocation was identified in 

the first created Myc transgenic mouse, Eµ-Myc, which develops a clonal B-cell 

lymphoma with activated Myc expression (Adams et al., 1985). Likewise, Myc 

mRNA production was found to result from a consistent recombination between 

the Myc oncogene and the Ig heavy chain locus in mouse plasmacytomas 

(Crews et al., 1982; Shen-Ong et al., 1982). Later, it was shown that MYC is also 

frequently translocated in multiple myeloma (Shou et al., 2010).   

     It was known for some time that cancer cells contain many types of 

chromosomal abnormalities, including the presence of homogenously staining 

regions and double minute chromosomes. However, the manner by which these 
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aberrations promote cellular transformation was elucidated through the study of 

MYC. Examination of homogenously staining regions and double minute 

chromosomes in human colon cancer (COLO-320) and promyelocytic leukemia 

cell lines (HL-60) revealed that these cells express multiple copies of the MYC 

gene (Alitalo et al., 1983; Collins and Groudine, 1982; Dalla-Favera et al., 1982). 

Specifically, gene amplifications were observed in HL-60 cells (Dalla-Favera et 

al., 1982). In 2010, R. Beroukhim and colleagues reported that MYC is one of the 

most highly amplified oncogenes among many different human cancers. 

Collectively, these three mechanisms indicate that deregulated MYC expression 

would promote neoplastic transformation.    

 

The MYC oncoprotein  

    The MYC gene family consists of MYC (c-Myc), MYCN (N-Myc), and MYCL (L-

Myc). The MYC proto-oncogene is one of the most frequently activated and 

overexpressed oncogenes, and is estimated to contribute to about 100,000 US 

cancer deaths per year (Dang et al., 2006; Hanahan and Weinberg, 2000; Nesbit 

et al., 1999). It is also known that MYC plays a role in oncogenic transformation, 

together with other oncogenes such as Ras (Land et al., 1983). Human cancers 

are commonly caused by mutations that affect the expression levels and/or the 

amino acid sequence of the MYC oncoprotein. The MYC promoter is also a 

target of multiple signal transduction cascades such as WNT, RAS/RAF/MAPK, 
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JAK/STAT, transformation growth factor β, and NF-kappa B pathways, all of 

which are deregulated in cancer cells and contribute to enhanced MYC 

expression (Clevers, 2004; Vervoorts et al., 2006).  

     MYC is a transcription factor, and is known to interact with a large fraction of 

the genome and regulate gene expression and chromatin structure, hence 

affecting many biological processes; it promotes angiogenesis, apoptosis, cell 

growth, cell migration, cell proliferation, genetic instability, metabolism, oncogenic 

transformation, senescence, vasculogenesis, and inhibits cell adhesion and 

differentiation (Baudino et al., 2002; Campaner et al., 2010; Fernandez et al., 

2003; Frye et al., 2003; Grandori et al., 2000; Guney et al., 2006; Lutz et al., 

2002; Mo et al., 2006; Osthus et al., 2000; Takahashi and Yamanaka, 2006; Vafa 

et al., 2002). Indeed, expression array analyses and serial analysis of gene 

expression indicate that MYC controls the expression of 10% to 15% of all 

mammalian genes (Dang et al., 2006; Luscher and Vervoorts, 2012). 

Correspondingly, a chromatin immunoprecipitation-sequencing (ChIP-seq) study 

revealed over 7000 MYC binding sites in Burkitt’s lymphomas (Seitz et al., 2011). 

Furthermore, more than one-fifth of all promoters were found to be occupied by 

MYC in murine fibroblasts (Perna et al., 2012). Additionally, two recent studies 

indicate that MYC amplifies the expression of all active genes, rather than 

targeting specific genes for upregulation. In one study, MYC was shown to 

accumulate in the promoter regions of already active genes and cause 

transcriptional amplification in diverse tumor cells expressing high levels of MYC 
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(Lin et al., 2012): MYC amplifies the output of the existing gene expression 

program, rather than binding and regulating a new set of genes. In the other 

study, Nie and the colleagues showed that MYC is not an on-off specifier of gene 

activity, rather it is a non-linear amplifier of expression in normal B cells and ES 

cells, acting universally at active genes, except for immediate early genes (Nie et 

al., 2012). Alternatively, the immediate early genes are strongly induced before 

MYC. 

     The MYC protein consists of three regions: N- terminal, central region and C-

terminal (Figure 1.1). In the N-terminus, MYC contains a conserved transcription 

activation domain (TAD: residues 1-150) that is required for oncogenic cellular 

transformation. Within the TAD domain, there are two highly conserved 

sequences: MYC box I (MBI: 45-63) and MYC box II (MBII: 128-143). These 

boxes are required for initiation of apoptosis, blockage of differentiation and 

induction of transformation. MBI mutations can affect MYC protein turnover. MBII 

is also necessary for full transcriptional activation and repression. In the central 

region of MYC, there are two more additional boxes: MBIII (259-270) and MBIV 

(306-312). While MBIII mediates apoptosis, tumorigenesis and transformation, 

MBIV is necessary for cellular transformation, DNA binding, G2 arrest and 

apoptosis. The nuclear localization signal (N) is located in residues 320-328. In 

the C-terminus of MYC, the basic/helix-loop-helix/leucine-zipper (bHLHZip) 

domain is located at residues 355-439 and is essential for DNA binding and 
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dimerization with its bHLHZip partner MAX (see also below; Cowling et al., 2006; 

Cowling and Cole, 2006; Herbst et al., 2005; Vervoorts et al., 2006). 

     In addition to MYC, the other two MYC families, MYCN and MYCL, were also 

identified in the study of human malignancies (Figure 1.2). Amplification of MYCN 

was identified in human neuroblastoma cell lines (Kohl et al., 1983; Schwab et al., 

1983). In 2000, B.A. Malynn and colleagues demonstrated that MYCN can 

functionally replace MYC in murine development. MYCL was originally found to 

be amplified in small cell lung cancer (Nau et al., 1985) and later in ovarian 

carcinomas as well (Wu et al., 2003). In addition to the described MYC family, 

several variants of MYC protein have also been identified (Figure 1.2). A weak 

upstream CUG translational initiation site yields c-Myc1 that is an N-terminally 

extended form of MYC, although its function is not known (Hann et al., 1988). A 

short variant of MYC, MycS, is produced by translation from an internal AUG 

codon (Spotts et al., 1997). While MycS lacks MBI, it retains MBII and the ability 

to stimulate proliferation, transform Rat1a fibroblasts, induce apoptosis under 

low-serum conditions, and restore normal growth in MYC-null fibroblasts (Xiao et 

al., 1998). Recently, M. Conacci-Sorrell and colleagues identified a cytoplasmic 

form of MYC, Myc-nick, which is generated by calpain-dependent proteolysis at 

lysine 298 of full-length MYC. Myc-nick lacks the nuclear localization signal and 

the bHLHZ domain, and can induce α-tubulin acetylation by recruiting GCN5 and 

promote muscle cell differentiation.   
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Essentially all MYC proteins, including MYCN and MYCL,  are found in cells 

as dimers with the partner protein MYC-associated protein X (MAX); MYC 

associates with MAX through HLHZip domains (Blackwood and Eisenman, 1991; 

Blackwoood et al., 1992; Wenzel et al., 1991). The heterodimeric MYC/MAX 

complex activates transcription by binding specific DNA sequences called E-box 

elements (CACGTG sequence) via their basic domains (Blackwood and 

Eisenman, 1991; Blackwell et al., 1993; Blackwell et al., 1990). MAX is also 

capable of forming homodimers although the homodimers are transcriptionally 

inert (Amati et al., 1992; Kretzner et al., 1992). MAX can also interact with other 

bHLHZip proteins in the MAD family (MAD1, MXI1, MAD3, and MAD4) and other 

MAD-related proteins (MNT/ROX and MGA) (Baudino and Cleveland., 2001). 

MAD and MAX interact via their leucine zippers as do MYC and MAX so 

MYC/MAX and MAD/MAX interactions are mutually exclusive. In resting and 

differentiated cells, the MAD/MAX complexes bind the same E-boxes as 

MYC/MAX but repress rather than activate transcription (Ayer and Eisenman, 

1993). MAX is ubiquitously expressed at high levels, while the levels of MYC and 

MAD are highly regulated during cell growth and differentiation (Henriksson and 

Luscher, 1996). Therefore, the MYC-MAD ratio determines whether MAX 

heterodimerizes with MYC to promote cell growth or with MAD to inhibit cell 

growth and induce differentiation (Ayer and Eisenman, 1993).  

In addition to the consensus DNA sequence, the MYC/MAX dimer is also 

guided to specific sites by the structure of the chromatin. Interestingly, MYC was 
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found to specifically bind to chromatin loci containing methylated H3K4 and 

H3K79, and acetylated H3 (Guccione et al., 2006). The same binding pattern 

was also observed with MYCN (Cotterman et al., 2008). Furthermore, it has been 

shown that SMYD3, a histone methyltransferase, is required to maintain 

H3K4me3 at the human telomerase reverse transcriptase (TERT), referred to in 

this work as hTERT (Horikawa and Barrett, 2003), promoter in colon carcinoma 

and Hodgkin lymphoma cells (Liu C et al., 2007). The knockdown of SMYD3 

results in decreased MYC and H3K4me3 at the promoter. These chromatin 

marks are correlated with open chromatin and indicate that MYC associates with 

its target promoters when the chromatin is primed for gene transcription.   

    

Transcriptional control by MYC 

      MYC recruits co-factors to target gene promoters and activates transcription 

(Cowling and Cole., 2006). Previously, McMahon and colleagues demonstrated 

that TRRAP (transactivation/transformation associated protein) specifically 

interacts with MYC via MB2 (amino acids 129-145) and MB1-contaning 

sequences (amino acids 1-110) that are required for MYC-mediated 

transformation (MacMahon et al., 1998). TRRAP has also been shown to 

associate with MYC-regulated cyclin D2 (CCND2) promoter (Bouchard et al., 

2001). TRRAP is also recruited by MYC to chromatin upon serum stimulation of 

Rat1 fibroblasts resulting in histone H4 acetylation (Frank et al., 2001).  Moreover, 
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the activation of RNA polymerase I (Pol) I by MYC is associated with TRRAP 

recruitment and acetylation of histone H4 (Arabi et al., 2005; Grandori et al., 

2005). TRRAP is known as a subunit of several multiprotein complexes that 

possess histione acetyltransferase (HAT) activity (Cowling and Cole., 2006). 

Examples of these complexes are GCN5 (general control nonderepressible 5)-

containing STAGA (SPT-TAF-GCN5 Acetylase), TFTC (TBP-free TAFII complex), 

PCAF (p300/CBP-associated factor) HAT-containing complex, and TIP60 HAT-

containing complex (Faiola et al., 2005; Liu et al., 2003; Frank et al., 2003). 

GCN5 HAT has been shown to associate with MYC N-terminus (Flag-Gal4-c-Myc 

1-262 fusion), and indeed it has been suggested that the recruitment of GCN5 to 

MYC is an important function of TRRAP in MYC-mediated transformation by the 

use of fusion of GCN5 HAT domain to transformation defective MYC mutant 

resulting in the partial rescue (MacMahon et al., 2000). Moreover, MYC is 

involved in RNA Pol III-mediated transcription of tRNA and 5S rRNA genes 

(Kenneth et al., 2007). MYC co-localizes at these genes together with TRRAP 

and GCN5 and this correlates with histone H3 hyperacetylation. The acetylation 

of histone H3 and promoter assembly of TFIIIB, MYC, TRRAP, and GCN5 are 

followed by recruitment of Pol III and transcriptional induction. In addition to the 

recruitment of HATs through the TRRAP complex, MYC is also known to recruit 

CBP and p300 to chromatin via its C-terminal domain (Vervoorts et al., 2003). In 

this case, MYC TAD, a region involved in TRRAP binding, is not required. 

Subsequently, our lab showed that p300 can indeed interact with the N-terminal 
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TAD of MYC, while it does not appear to interact with the C-terminus (Faiola et 

al., 2005). In addition, residues 1-110 of MYC are required for p300-mediated 

acetylation and for p300 stimulation of MYC transactivation of the TERT promoter. 

     MYC has also been shown to be involved in the release of paused Pol II 

complexes during MYC target gene activation. MYC interacts with the positive 

transcription elongation factor b (P-TEFb) (Eberhardy and Farnham, 2001; 

Kanazawa et al., 2003), and the recruitment of the kinase complex stimulates 

phosphorylation at Ser2 of the carboxy-terminal domain (CTD). MYC also 

stimulates the cyclin-dependent kinase 7 (CDK7: a TFIIH subunit) to promote the 

CTD phosphorylation at Ser5 (Cowling and Cole, 2007; Zurita and Merino, 2003). 

MYC has also been proposed to play a role in mRNA capping, thereby 

stimulating gene expression and promoting translation (Cole and Cowling, 2009). 

Finally, MYC has been implicated in regulating cell proliferation by directly 

stimulating DNA replication by binding sites of active DNA replication and 

associating with the pre-replication complex (Dominguez-Sola et al., 2007).  

 

Transcriptional repression by MYC 

     While MYC is known to activate a large number of genes, MYC is also 

capable of repressing genes and transcription. Via its CTD, MYC represses 

target genes by binding to the transcription factor MIZ-1 and inhibits 

transcriptional activity of MIZ-1 (Gartel 2006; Staller et al., 2001). Mechanistically, 
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MYC mediates this repression by disrupting an interaction between Miz1 and 

p300 HAT (Staller et al., 2001). Additionally, the MYC/MIZ1 complex can repress 

transcription by recruiting DNA methyltransferase co-repressor DNMT3a to 

promoters (Brenner et al., 2005). The gene CDKN1A, encoding the cyclin-

dependent kinase inhibitor p21CIP1, is an example of a gene that is repressed by 

the MYC/MIZ1/DMNT3a complex in U2OS cells (Brenner et al., 2005). In contrast, 

MYC inhibits SP1 transcriptional activity by binding to the SP1 protein (Gartel 

2006). Intriguingly, both MIZ-1 and SP1 bind the proximal promoter of the p21 

gene (Gartel et al., 2001; Seoane et al., 2002), a major target of MYC repression 

(Coller et al., 2000). 

     In addition to the above mechanisms, MYC has been also suggested to 

mediate repression by recruiting histone deacetylases (HDACs) to target 

promoters.  MYC and SP1 repress the human immunodeficiency virus type 1 

long terminal repeat promoter via recruitment of HDAC1 (Jiang et al., 2007). 

MYC and MYCN repress the tissue transglutaminase gene by recruiting HDAC1 

(Liu T et al., 2007). However, whether E boxes and MYC/MAX DNA binding are 

necessary remains to be clarified in those cases. Also, MB3 of MYC recruits 

HDAC3 to E-box-containing promoters and induces negative regulation through 

reducing histone acetylation (Kurland and Tansey, 2008).   
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Regulation of MYC via post-translational modifications 

     Since MYC regulates a significant number of genes and involved in many 

biological processes, it is necessary to have tight regulation of the expression 

and function of MYC by diverse pathways and factors. In particular, MYC 

undergoes different post-translational modifications, such as phosphorylation, 

glycosylation, acetylation, and ubiquitinylation, all of which can regulate MYC 

functions.  

     MYC proteins are phosphorylated at multiple sites throughout the protein. 

Indeed, phosphopeptide mapping identified phosphorylation sites in MYC at Thr-

58, Ser-62, Ser-71, Ser-82, Ser-164, Ser-293, Ser-343/344, and Ser-347/348 

(Lutterbach and Hann, 1997). The focus of the researches has been on two sites, 

Thr-58 (T58) and Ser-62 (S62), within MBI because T58 and amino acids in the 

vicinity have been found as hotspots for mutations in human Burkitt’s lymphoma 

(Bahram et al., 2000; Bhatia et al., 1993; Smith-Sorensen et al., 1996). Several 

kinases are known to be involved in S62 phosphorylation, including cyclin 

dependent kinase 1(CDK1), c-JUN N-terminal kinase (JNK), and mitogen 

activated protein kinase (MAPK), suggesting MYC S62 phosphorylation is 

subjected to several different signal transduction pathways and regulations. 

(Benassi et al., 2006; Henriksson et al., 1993; Lutterbach and Hann, 1994; 

Lutterbach and Hann, 1999; Noguchi et al., 1999; Sears et al., 1999; Sears et al., 

2000). Interestingly, RAS signaling induces the activation of MAPK which in turn 
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promotes MYC S62 phosphorylation leading to stabilization of MYC (Sears et al., 

2000). Once S62 is phosphorylated, MYC T58 can then become a target of 

glycogen synthase kinase 3 (GSK3) and be phosphorylated (Sears 2004). GSK3 

is inhibited by the RAS-activated phosphatidylinositol 3 kinase (AKT) pathway. 

Upon its phosphorylation at T58, MYC is targeted by PIN1 prolyl isomerase, and 

subsequently associates with protein phosphatase 2A (PP2A) which 

dephosphorylates MYC S62 (Arnold and Sears, 2006; Yeh et al., 2004). The T58 

phosphorylated MYC is then subjected to polyubiquitinylation and subsequent 

proteasomal degradation, mediated by F-box and WD repeat domain-containing 

7 (FBW7) ubiquitin ligase (Welcker et al., 2004a; Welcker et al., 2004b; Yada et 

al., 2004); FBW7 is a subunit of SKP1-CUL1-F-box protein (SCF) ubiquitin ligase 

complex. Indeed, consistent with the model, MYC was found to be stabilized in 

many human Burkitt`s lymphoma cell lines that typically possess mutations 

clustered around T58 (Hann 2006). This phosphorylation model at two sites, T58 

and S62, illustrates a RAS-mediated regulatory mechanism controlling MYC 

protein stability. Furthermore, Huang and the colleagues elucidated biological 

functions of MYC phosphorylation by stress responsive kinase PAK2 in 2004. In 

the work, PAK2 phosphorylates three sites (T358, S373, and T400) in the 

bHLHZip domain of MYC. By using the MYC phosphorylation site mutants, 

phosphorylation at those sites was found to diminish the binding of MYC to DNA, 

while phosphorylation at S373 and T400 prevents the MYC-MAX formation. MYC 

phosphorylated at the three residues by PAK2 also impedes the ability of MYC to 
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activate transcription and to induce cellular proliferation, apoptosis and 

transformation, indicating a negative role of MYC phosphorylation by PAK2 under 

stress conditions. In connection with phosphorylation, MYC is also known to be 

glycosylated by O-linked N-acetylglucosamine (O-GlcNAc) at T58 that is a known 

phosphorylation site and a mutational hot spot in lymphomas, suggesting an 

additional regulation by the post-translational modification at this site to 

orchestrate various functions of MYC (Chou et al., 1995; Kamemura et al., 2002).  

     Lysine acetylation is a reversible post-translational modification that was 

initially discovered on histones about four decades ago (Vidali et al., 1968). The 

modification by HATs take place on the ε-amino group of lysine residues using 

acetyl coenzyme A. Importantly, the acetylation of nucleosomal histones has 

been shown to be correlated with transcriptional activation. After another 30 

years, the first non-histone protein, p53, was found to be lysine acetylated (Gu 

and Roeder, 1997). Lysine acetylation is now known to occur in more than 80 

transcription factors and many other nuclear regulators (Glozak et al., 2005). The 

acetylation regulates diverse protein functions such as DNA binding, protein 

turnover, subcellular localization, and protein-protein interactions (Polevoda and 

Sherman, 2002; Yang 2004).  Exemplifying a fact that acetylation is not a rare 

event, a proteomics study identified 3600 acetylation sites on 1750 proteins using 

three human cancer cell lines (Choudhary et al., 2009). Another proteomics 

survey revealed 277 acetylation sites in 133 mitochondrial proteins from mouse 

liver mitochondria (Kim et al., 2006).  
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     Ubiquitination, addition of ubiquitin moieties, is a type of post-translational 

modifications that is regulated by numerous cellular factors, and plays an 

essential role in diverse biological processes. Ubiquitin is composed of 76 amino 

acids and, as its name indicates, ubiquitin is highly conserved and ubiquitously 

expressed in eukaryotes. Ubiquitination is mediated by sequential reactions 

involving three classes of enzymes: ubiquitin activating enzyme (E1), ubiquitin-

conjugating enzymes (E2), and ubiquitin ligases (E3) (Smalle and Vierstra, 2004; 

Weissman 2001). Ubiquitin polymers can be assembled by repeated rounds of 

ubiquitination. Interestingly, the type of linkage in a polyubiquitin chain affects the 

fate of the substrate protein. K48-linked polymers are the most characterized 

polyubiquitin chains, targeting the substrate for proteasomal degradation.  

     CBP [CREB (cAMP-response element binding protein) binding protein], p300, 

GCN5 and TIP60 have been shown to acetylate MYC proteins in vivo (Faiola et 

al., 2005; Patel et al., 2004; Vervoorts et al., 2003; Zhang et al., 2005). CBP 

associates with the C-terminal region of MYC, and the overall MYC ubiquitination 

is reduced with coexpression of CBP or its close relative p300 (Vervoorts et al., 

2003).  In our previous study, p300 was shown to interact with MYC TAD 

residues 1-110, and acetylate MYC in a TAD-dependent manner at seven lysine 

residues (K143, K148, K157, K275, K317, K323, and K371) in vitro and at four 

residues (K148, K157, K317, and K323) in vivo (Faiola et al., 2005).  Additionally, 

p300/CBP stimulates MYC-TAD dependent transcription in a HAT domain-

dependent manner (Faiola et al., 2005). Consistent with the finding that MYC 
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ubiquitination is reduced when CBP or p300 are overexpressed. MYC is 

stabilized by coexpression with p300 or CBP (Faiola et al., 2005; Patel et al., 

2004).  GCN5 has been shown to associate with MYC N-terminus (Flag-Gal4-c-

Myc 1-262 fusion) in vivo (McMahon et al., 2000). Acetylation of MYC by either 

GCN5/PCAF or TIP60 increases protein stability (Patel et al., 2004). The sites of 

mouse MYC acetylation by GCN5 have been identified by mass spectrometry. 

According to that analysis, K149 of MYC is acetylated both in the presence and 

absence of ectopic GCN5 (Patel et al., 2004). In addition to this site, two more 

sites of acetylation are observed in the presence of GCN5; one residue, K323, is 

located in NLS and the other residue, K417, is located in leucine zipper. Overall 

with respect to the role of HATs in controlling MYC protein stability, it has been 

hypothesized that acetylation of specific MYC lysine residues by HATs can 

prevent ubiquitination and ubiquitin-mediated proteasomal degradation, leading 

to a competition model between ubiquitination and acetylation on overlapping 

lysine residues.  

     In addition to the phosphorylation-controlled, FBW7-dependent degradation 

through K48 polyubiquitination (see above), MYC is also known to be targeted by 

several different E3 ubiquitin ligases. SKP2 associates with MYC through MBII 

and bHLHZip domains (Kim et al., 2003; von der Lehr et al., 2003). In contrast to 

the interaction of FBW7 with MYC MBI, this association is phosphorylation 

independent. Importantly, SKP2 has been shown to mediate MYC degradation 

and also function as a transcriptional coactivator for MYC. This interesting but 
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contradictory role of SKP2 is speculated that SKP2 dependent ubiquitination first 

activates the transcriptional activity of MYC and subsequently triggers its 

proteasomal degradation. Consequently, cells can temporally control and limit the 

transcriptional activity of MYC. MYC has also been identified as a substrate of 

the HECT-domain ubiquitin ligase HECTH9. The E3 ligase is capable of 

modifying MYC by K63-linked ubiquitin polymers and promotes the interaction 

with p300 and thus affects MYC-dependent gene transcription (Adhikary et al., 

2005). Though it is not known which site is the major site of ubiquitination by 

HECT9, the modification has been mapped to six lysine residues (K298, K317, 

K323, K326, K341, and K355) in MYC. Intriguingly, these sites partially overlap 

with known p300 and GCN5 acetylation sites, further underscoring the complex 

crosstalk between acetylation and ubiquitination. Another SCF complex, β-

tranducin repeats containing protein (β-TrCP), also ubiquitinates MYC (Popov et 

al., 2010). Although β-TrCP and FBW7 compete with each other for the same 

site, each appears to synthesize different types of ubiquitin polymers: K48-linked 

ubiquitin polymers by FBW7 and mixed heterotypic ubiquitin polymers by β-TrCP. 

Thus, it is suggested that β-TrCP stabilizes MYC by reducing K48-linked 

polyubiquitin chains. β-TrCP is also required for MYC dependent cell cycle 

progression. Lastly, an additional E3 ligase complex has been identified to be 

involved in MYC degradation. Transient receptor potential cation channel, 

subfamily C, member 4-associated protein (TRPC4AP)/Tumor necrosis factor 

receptor associated ubiquitous scaffolding and signaling protein (TRUSS) was 
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identified to interact with MYC that recruits damage specific DNA-binding protein 

1 (DDB1) E3 ligase resulting in MYC degradation (Choi et al., 2010). 

TRPC4AP/TRUSS represses MYC-mediated transactivation. Interestingly, 

TRPC4AP/TRUSS expression is strongly downregulated in tumor cell lines which 

leads to MYC protein stabilization, indicating that this could be a potentially 

important pathway to regulate MYC functions. Collectively, different E3 ubiquitin 

ligases target MYC and produce many different outcomes. These findings 

indicate (or strongly suggest) that ubiquitination is a key regulator of MYC-

dependent gene transcription. 

 

The transcription coactivator GCN5 

     The first HAT, p55, was isolated from ciliate protozoa Tetrahymena 

thermophile; it later turned out to be the homologue of the yeast GCN5 

transcription coactivator (Brownell and Allis, 1996). Afterwards, many proteins 

have been identified as HATs. HATs are classified into the following five families: 

GCN5-related N-acetyltransferases (GNATs), MYST (MOZ, Ybf2/Sas3, Sas2 and 

Tip60)-related family, general transcription factor HATs including TAF1 (TBP-

associated factor 1), p300/CBP HATs, and nuclear receptor coactivator HATs 

(Carrozza et al., 2003; Roth et al., 2001). GCN5 belongs to the GNATs family, as 

its name indicates. 

     While most metazoan genomes encode one GCN5 homolog, vertebrates 
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have a second gene encoding PCAF (p300/CBP-associated factor), which 

shares about 73% of amino acid identity to GCN5 (Yang et al., 1996; Figure 1.3). 

Metazoan GCN5 is highly conserved with yeast GCN5 in the C-terminal half that 

contains the catalytic HAT domain and the bromodomain. Metazoan GCN5 is 

larger than that of yeast due to an N terminal extension which contains a PCAF 

homology domain that is absent in yeast (Brownell et al., 1996; Smith et al., 

1998; Sterner and Berger, 2000; Xu et al., 1998; Figure 1.3). As indicated by its 

name, the HAT domain mediates acetylation by binding to coenzyme A (CoA) 

and a histone H3 peptide (Rojas et al., 1999). Generally, the bromodomain 

recognizes acetylated histone tails and functions in acetylation-dependent 

chromatin remodeling (Carey et al., 2006; Zeng and Zhou, 2002). Indeed, while 

the GCN5 bromodomain binds histone H4 acetylated at K16 (Hudson et al., 

2000; Owen et al., 2000), the PCAF bromodomain binds histone H4 tail 

acetylated on K8 and the H3 tail acetylated on K14 (Dhalluin et al., 1999). 

The PCAF homology domain in human PCAF has been shown to have ubiquitin 

ligase activity that targets HDM2 (Linares et al., 2007). Hence, surprisingly, 

PCAF can function both in acetylation as a HAT and in ubiquitination with its 

intrinsic E3 ligase activity, highlighting the functional connections between these 

two types of post-translational modifications. In more recent work, GCN5 was 

reported to associate with COMMD1 and other components of the ligase and 

promote RelA ubiquitination in a HAT activity-independent manner (Mao et al., 

2009).  
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     The recombinant GCN5 and PCAF have been shown to have HAT activity in 

vitro on the N-terminal tails of free histone H3 at K14 and, to a lesser degree, H4 

at K8 and K16 (Grant et al., 1999; Kuo et al., 1996). Furthermore, GCN5 has 

been found to function in global acetylation as well. Loss of GCN5 function 

results in global reductions in histone H3 acetylation (Howe et al., 2001; 

Waterborg, 2000; Zhang et al., 1998). Histone acetylation affects folding of 

chromatin fibers by loosening contacts between DNA and nucleosomes and/or 

histone-non-histone protein associations. Accordingly, acetylation increases the 

decompaction of chromatin and creates greater access for factors that promote 

transcription (Sterner and Berger, 2000).  

     Several roles of GCN5 and PCAF have been described in metazoans. In 

Drosophila, GCN5 mutants fail to undergo metamorphosis and die at the end of 

the larval period (Carre et al., 2005).  The in vivo roles of GCN5 and PCAF were 

also examined in chicken DT40 cells by deleting the two alleles of either GCN5 or 

PCAF genes (Kikuchi et al., 2005). Though the knockout of GCN5 reduced cell 

growth, PCAF deficiency did not affect cell growth. Intriguingly, the steady-state 

level of PCAF, originally being undetectable in DT40 cells, was greatly increased 

in GCN5 lacking cells, while the expression of other HAT proteins was not 

affected (Kikuchi et al., 2005). Similarly, the level of HDAC4 greatly increased in 

GCN5 deficient cells among the examined HDACs. These results indicate that 

PCAF and/or HDAC4 might play compensatory roles in GCN5 lacking cells. 

GCN5 is highly expressed in embryos and required for early embryonic 



22 
 

development in mouse; GCN5 null mice die during embryogenesis and fail to 

form dorsal mesoderm (Xu et al., 1998). On the contrary, PCAF is dispensable 

for mouse development and viability (Xu et al., 2000; Yamauchi et al., 2000). It is 

noteworthy that GCN5 protein levels are substantially increased in the viable 

PCAF knockout mice. Interestingly, double mutant embryos, lacking both GCN5 

and PCAF, died earlier than the single GCN5 knock out one. These results 

suggest that the functions of GCN5 and PCAF are not completely redundant 

during mouse embryo development.  

 

 

The tumor suppressor protein p53 

     The tumor suppressor p53, “guardian of the genome” (Lane 1992), is a 

transcription factor known to regulate many genes in cell stress responses, 

protection of genomic stability, and regulation of the cell cycle. p53 was first 

discovered in 1979 when investigators were studying proteins from SV40-

infected fibroblast cells (Lane and Crawford, 1979 ; Linzer and Levine, 1979).  

The finding led to the cloning of p53 and then the discovery of its role as a tumor 

suppressor. After 1989, it was demonstrated that mutation of p53 is associated 

with human cancers (Baker et al., 1989; Nigro et al., 1989; Takahashi et al., 

1989). Indeed, the loss of heterozygosity, mutation or deletion of both alleles, is a 

key indication of tumor suppressor function. Cells can prevent cellular 
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transformation as long as one copy of the gene for the tumor suppressor is intact.  

However, if both alleles are lost, cells lose control and keep proliferating.  

     p53 protein consists of 393 amino acids and is functionally organized into 

three major domains (Bode and Dong, 2004): the N-terminal domain, central core 

domain, and C-terminal domain (Figure 1.4). The N-terminal domain contains the 

transactivation domain (TAD: residues 1-42) and a Src homology 3-like (SH3) 

domain (63-97). The TAD is required for transcriptional activation. MDM2 

interacts with the activation domain to negate p53 function.  A more detailed 

discussion of the regulation of p53 will follow shortly, since MDM2 is the most 

intensively studied E3 ubiquitin ligase that inhibits p53 transcriptional activity. The 

SH3 domain is a proline-rich domain required for the interaction of p53 with SIN3, 

which protects p53 from degradation. The central core is a DNA-binding domain 

(DBD: 98-292) of p53. Within the C-terminal domain, there are the nuclear 

localization signals (NLS: 300-323), the tetramerization domain (TET: 324-355), 

the nuclear export signal (NES: 356-362), and the regulatory domain (363-393). 

p53 is highly post-translationally modified on its N and C terminal domains in 

response to DNA damage and other stresses. The N-terminal region becomes 

extensively phosphorylated while the C-terminus becomes highly acetylated. 

Acetylation stimulates the tetramerization of p53 monomers via the 

tetramerization domains (Chiarugi et al., 1998) and promotes the binding of p53 

to its target gene (Luo et al., 2004). In addition, several other post-translational 

modifications (phosphorylation, acetylation, methylation, sumoylation, and 
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neddylation) are proposed to play various roles in the stabilization and activation 

of p53 by interfering with the MDM2-p53 loop, in response to stresses and 

protein-protein interactions (Appella and Anderson, 2001; Meek and Knippschild, 

2003; Prives, 1998; Vousden, 2002; references therein). 

     Once p53 protein is activated, it plays an important role in inducing the 

expression of genes involved in apoptosis, cell cycle arrest, and cell senescence 

(Ryan et al., 2001). p53 induces genes of proapoptotic members of Bcl-2 family 

{(Noxa (Oda E et al., 2000), PUMA (Nakano and Vousden, 2001), and Bax 

(Miyashita and Reed, 1995)}, p53AIP1 (Oda K et al., 2000), and Apaf1 (Vousden 

and Lu, 2002). The products of those genes are involved in release of 

mitochondrial cytochrome C and localization to the mitochondria. p53 has been 

shown to be involved in the expression of death domain-containing protein, PIDD, 

and death receptor such as TNF receptor superfamily, member 6 (FAS) (Lin et al., 

2000). Interestingly, p53 is also capable of regulating apoptosis independent of 

its transcriptional activity by directly regulating mitochondria (Marchenko et al., 

2000), and moving the localization of death receptors to the cell surface (Bennett 

et al., 1998). In cell cycle arrest, p53 is known to activate genes that block cell 

cycle progression. The well-known example is CDKN1A (p21), CDK inhibitor, that 

is involved in G1 arrest (el-Deiry et al., 1993). Though the mechanism is still 

being investigated, the induction of p21 is also suggested to play a role in 

senescence (Serrano et al., 1997; Ventura et al., 2007). These functions of p53 

are thought to act as a safeguard against potential tumorigenesis after DNA 
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damage. Specifically, higly damaged cells can be removed from an organism by 

inducing apoptosis or senescence. Alternatively, cells can transiently block the 

cell cycle to repair damaged DNA. Indeed, p53 has been shown to play a role in 

specific DNA repair processes (Nakano et al., 2000; Tanaka et al., 2000).  The 

mechanism of how p53 chooses to promote different biological functions under 

various environmental conditions is still under investigation. It is suggested that 

protein-protein interactions in the environment and specific sets of p53 post-

translational modifications may guide p53 to promote the expression of specific 

sets of genes under different conditions (Bode and Dong, 2004; Murray-

Zmijewski et al., 2008). Accordingly, p53 is able to fine tune the expression of 

genes required for specific biological functions.        

 

Regulation of p53 by ubiquitination  

     Being an apoptosis inducer and potent cell cycle inhibitor, the level of p53 and 

its activity are regulated through interactions with various proteins and post 

translational modifications by a variety of enzymes. Notably, p53 is strictly 

regulated through interaction with RING finger containing E3 ubiquitin ligase, 

Mouse Double Minute 2 (MDM2) under cell growth conditions (Kubbutat et al., 

1997). MDM2 can inhibit the function of p53 through several different 

mechanisms. MDM2 is able to inhibit the transcriptional activity of p53 by binding 

to its N-terminal transactivation domain and directly blocking it from basic 
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transcriptional machinery and coactivators (Chen et al., 1993; Momand et al., 

1992; Oliner et al., 1993). The inhibition is accomplished by the intrinsic 

transcriptional repressive activity of N-terminal region of MDM2 and the 

recruitment of a transcriptional corepressor C-terminal binding protein 2 (CTBP2) 

by MDM2. (Mirnezami et al., 2003). Importantly, MDM2 also promotes the 

degradation of p53 by ubiquitinating it at lysine residues on its C terminus 

(Kubbutat et al., 1997; Lohrum et al., 2001). Additionally, MDM2 regulates the 

p53 activity through its subcellular localization. p53 functions as a transcription 

factor inside the nucleus. However, MDM2 can interact and relocalize p53 to the 

cytoplasm (Carter et al., 2007; Geyer et al., 2000; Lohrum et al., 2001), where 

p53 is inactive due to its association with PARC and Mot2 (Nikolaev et al., 2003; 

Wadhwa et al., 1999; Wadhwa et al., 2002). Lastly, it has been shown that 

MDM2 interacts with p53 and possibly with histones, promoting 

monoubiquitylation of histone H2B on target promoters, thereby inhibiting p53 

activity (Jin et al., 2002; Minsky and Oren, 2004). Intriguingly, the expression of 

MDM2 is activated by p53 in response to DNA damage (Barak et al., 1993; Perry 

et al., 1993). Hence MDM2 can act as a negative feedback regulator of p53 

where high levels of p53 transcriptionally activate expression of MDM2 and high 

levels of MDM2 promote deactivation of p53. This notion is supported by gene 

targeting studies: although MDM2 knockout mice die in early embryogenesis, the 

lethality is rescued by depletion of the p53 gene (Jones et al., 1995; Montes de 

Oca Luna et al., 1995).    
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     While RING finger E3 ubiquitin ligase MDM2 is the most intensively studied 

and important E3 ubiquitin ligase, several other E3 ligases have been identified 

as p53 regulators. Another RING finger E3 ligase members, constitutive 

photomorphogenic 1 (COP1) and PIRH2, also interact with and ubiquitylate p53 

independently, without aid from MDM2 (Dornan et al., 2004; Leng et al., 2003). 

COP1 has been shown to inhibit p53-dependent transcription and apoptosis 

(Dornan et al., 2004). Also, COP1 depletion by siRNA stabilizes p53 and arrests 

cells in G1 phase of the cell cycle.  In terms of PIRH2, though the RING finger 

deletion abolishes its E3 ligase activity against p53, the mutant can still repress 

the transactivation activity of p53 (Leng et al., 2003). Since, unlike MDM2, PIRH2 

associates with the central DNA-binding domain of p53, it is suggested that 

PIRH2 might prevent p53 from binding to DNA by physically binding p53. 

Intriguingly, like MDM2, both COP1 and PIRH2 genes are transcriptional targets 

of p53. Hence both of proteins appear to be negative regulators of p53 function.  

     E6AP is actually the first known ubiquitin E3 ligase for p53. It was identified as 

a human papilloma virus (HPV) E6-associated protein in HeLa (cervical 

carcinoma) cells (Scheffner et al., 1993). HPV 16 encode a transforming 

oncoprotein E6 that binds p53 and inhibits its function (Scheffner et al., 1990; 

Werness et al., 1990). After viral infection, E6 protein interacts with and recruits 

the HECT domain protein E6AP to p53 in host cells for its ubiquitylation and 

degradation. While MDM2 directly transfers a ubiquitin moiety from the ubiquitin 

conjugating enzyme E2 to lysine residues of p53, E6AP first transfers a ubiquitin 
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moiety from E2 to the HECT domain and then to lysine residues of a substrate 

(Dai, et al., 2006; Rolfe et al., 1995). Interestingly, E6AP does not directly 

recognize p53, and, without HPV infection, E6AP does not ubiquitylate or 

degrade p53 in normal cells. ARF-binding protein 1 (ARF-BP1), also known as 

HECTH9, is the other member of HECT E3 ligase that directly interacts with and 

ubiquitylates p53, leading it to degradation (Chen et al., 2005). CARD domain 

containing protein (CARP) proteins have also been shown to physically associate 

with and ubiquitinate p53 and target it for degradation (Yang et al., 2007).  

Additionally, the group showed p53 phosphorylated at serine 20 is ubiquitinated 

by CARP as well. Also, the silencing of CARP has been shown to stimulate p53 

expression and promote tumor suppression and transcriptional activation.  

     The ubiquitination of p53 is also subjected to tight control by deubiquitination. 

Cells can overcome the suppression effects of ubiquitinated-p53 by reversing the 

ubiquitiylation. Herpesvirus-associated ubiquitin-specific protease (HAUSP, also 

known as USP7) has been found to deubiquitylate and stabilize p53, leading to 

inhibition of cell growth and an increase in apoptosis (Li et al., 2002). It has been 

shown that MDM2 is also a substrate of HAUSP. In HAUSP-depleted cells, 

MDM2 becomes more unstable, leading to p53 activation (Cummins et al., 204; 

Li et al., 2004). This finding suggests a regulatory loop in which HAUSP can 

function either as a positive or negative regulator of p53. Ubiquitin-specific 

peptidase 10 (USP10) has also been shown to deubiquitinate p53, leading to its 

activation and subsequent growth suppression (Yuan et al., 2010). Collectively, 
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these ubiquitin deubiquitin-mediated regulations of p53 exemplify the existence 

of complex, yet fine-tuned molecular networks in cells.  
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Significance of my dissertation project 

 

     The MYC oncoprotein is a transcription factor that regulates various biological 

processes, and its deregulation is associated with the majority of cancers in 

humans. One posttranslational modification of MYC, acetylation, has been 

implicated in the regulation of MYC-dependent functions, although the biological 

functions of MYC acetylation remain unclear. In this dissertation, we investigated 

the role of GCN5-dependent MYC acetylation.  We identified MYC K323 as the 

major site of acetylation by GCN5 and then demonstrated that GCN5 stabilizes 

MYC in a K323- and HAT-domain dependent manner. We unexpectedly found 

that GCN5 could also promote MYC ubiquitination in a HAT domain/activity-

independent manner. Subsequently, we found that MYC selectively and directly 

associates with GCN5 within the STAGA complex, in addition to TRRAP. We 

also found that the direct interaction of MYC with GCN5 facilitates an interaction 

with the STAGA complex, acetylation of MYC, activation of hTERT transcription, 

and binding of MYC to hTERT promoter. Our results further elucidate the 

biological functions of MYC and its regulations by GCN5. Importantly, our results 

can be also applied to the design of a potential therapeutic drug to treat cancer, 

based on the findings that the interaction between MYC and GCN5 is important 

for activation of hTERT transcription by MYC (see Chapter 5).          

     Both the MYC and p53 proteins have drawn researchers’ attention during the 

last two decades since both proteins are correlated with many different types of 
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tumors.  Here we find a physical interaction between MYC and p53 proteins that 

surprisingly has not previously been reported. This finding leads us to propose a 

model in which MYC and p53 directly influence each other’s transcription 

regulatory activities. The outcome of our studies could eventually lead to the 

development of therapeutic targets against human malignancies.  
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Figure legends 

Figure 1.1 Schematic representation of MYC functional domains. Shown is a 

schematic representation of MYC protein, its conserved functional domains, and 

the MYC interacting proteins described in this chapter. Numbers indicate amino 

acid residues. The arrow indicates the location of lysine (K) 323, a major site of 

acetylation by GCN5 (Chapter 2). Transcription activation domain (TAD), amino 

acids (aa) 1-150; MYC box 1(MBI) aa 45-63; MBII aa 128-143; Acidic region 

(E/D) aa 242-261; MBIII aa 259-270; MBIV aa 306-312; Nuclear localization 

signal (N) aa 320-328; basic domain (b) aa 355-368; helix-loop-helix (HLH) aa 

368-410; leucine-zipper (Zip) aa 410-439.  

Figure 1.2 Summary of known MYC family and MYC variant proteins. The 

table summarizes the known MYC families (MYCN and MYCL) and the known 

MYC variants (Myc1, MycS, and Myc-nick), and describes their functions with 

reference.  

Figure 1.3 Schematic representation of GCN5 and PCAF functional domains. 

The schematic representation of GCN5 and PCAF proteins and their functional 

domains from human (hs; Homo sapiens), chicken (gg; Gallus gallus), fruit fly 

(dm; Drosophila melanogaster), and yeast (sc; Saccharomyces cerevisiae) are 

shown.  The PCAF homology domain (PCAF-HD), the histone acetyl transferase 

(HAT) domain, and the bromo domain (BrD) are indicated. The aa identity 
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between the full length PCAF/GCN5 proteins is indicated on the right. The 

numbers over the boxes indicate amino acid residue numbers. 

Figure 1.4 Schematic representation of p53 functional domains. Shown is a 

schematic representation of p53 protein and its functional domains. These 

include N-terminal transactivation domain (residues 1-42), Src homology 3-like 

(SH3) domain (63-97), DNA-binding domain (98-292), nuclear localization signal 

(300-323), tetramerization domain (324-355), nuclear export signal (356-362), 

and C-terminal regulatory domain (363-393). Numbers indicate aa residues. 
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Figure 1.1 Schematic representation of MYC functional domains. 
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Figure 1.2 Summary of known MYC families and MYC variants. 
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Figure 1.3 Schematic representation of GCN5 and PCAF functional domains.  
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Figure 1.4 Schematic representation of p53 functional domains. 
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Chapter 2 
 
 
 

MYC acetylation by GCN5 at K323 increases its stability 
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Summary 

 

     The MYC is a transcription factor that is overexpressed in a wide range of 

human cancers, and MYC is known to play a role in many important biological 

processes such as cell death and cell proliferation. Heterodimerizing with the 

obligatory partner protein, MAX, the MYC-MAX dimer binds a specific DNA 

sequence, called E box (CACGTG), through its basic helix-loop-helix leucine 

zipper domain. GCN5, which is a subunit of a multiprotein coactivator complex 

STAGA (SPT-TAF-GCN5 Acetylase), is a HAT that has been shown to acetylate 

lysine residues in histone H3 and non-histone proteins. MYC has been identified 

as the target of GCN5, and multiple sites of acetylation in MYC by GCN5 have 

been reported in mouse MYC.  However, the functional consequences of the 

MYC acetylation by GCN5 still remain mostly unknown. Here we find acetylated 

MYC is predominantly localized in nuclei, and identify MYC K323 as the major 

site of acetylation by GCN5. We also show that GCN5 stabilizes MYC in a K323- 

and HAT domain-dependent manner. Intriguingly, GCN5 is also shown here to 

promote MYC ubiquitination in a HAT domain/activity-independent manner in vivo. 

Additionally, we show that MYC K323 residue is not involved in MYC-induced 

cleavage of caspase-3. Since GCN5 stabilizes MYC in a HAT domain-dependent 

manner and promotes its ubiquitination rather than blocking it, we speculate that 

GCN5-promoted MYC ubiquitination is not involved in proteolytic functions, but 

possibly in other functions.  
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Introduction 

 

     The Myc (myelomonocytic leukemia) proto-oncogenes encode a family of 

highly related MYC oncoproteins. In mammals, several MYC genes, including 

MYC, MYCN, and MYCL, have been identified (Vervoorts et al., 2006). Besides 

that, several variants of MYC protein have also been identified. For instance, M. 

Conacci-Sorrell et al. recently identified a cytoplasmic form of MYC, Myc-nick, 

that is generated by calpain-dependent proteolysis at lysine 298 of full-length 

MYC. Myc-nick lacks the nuclear localization signal and the bHLHZ domain, and 

can induce α-tubulin acetylation by recruiting GCN5 and promoting muscle cell 

differentiation (Conacci-Sorrell et al., 2010). As a transcription factor, MYC 

interacts with a large fraction of the genome, and regulating gene expression and 

modifying chromatin structure, thereby affecting many biological processes: 

embryonic development, cell growth, proliferation, differentiation, stem cell 

pluripotency, apoptosis, oncogenic transformation, senescence, genetic 

instability, vasculogenesis, angiogenesis, and cell migration (Baudino and McKay, 

2002; Grandori et al., 2000; Guney et al., 2006; Mo et al., 2006; Lutz et al., 2002; 

Takahashi and Yamanaka, 2006). Human cancers are commonly caused by 

mutations that affect the expression levels and/or the amino acid sequence of the 

MYC oncoprotein (Vervoorts et al., 2006). The MYC promoter is also targeted by 

multiple signal transduction cascades such as WNT, RAS/RAF/MAPK, 

JAK/STAT, transformation growth factor β, and NF-kappa B pathways that are 
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deregulated in cancer cells and contribute to enhanced MYC expression (Clevers 

2004; Henriksson and Luscher, 1996; Liu J and Levens, 2006).  

     Essentially all MYC proteins in cells are found as dimers with its partner 

protein MAX, associating through their respective bHLHZip domains 

(Blackwoood et al., 1992). The heterodimeric MYC/MAX complex binds specific 

DNA sequences, E-box elements, which contain a core consensus CACGTG 

sequence. They bind to regulatory regions of target genes through its basic 

domain to activate transcription. MAX can also interact with other bHLHZip 

proteins of MAD family (MAD1, MXI1, MAD3, and MAD4) and other Mad-related 

proteins (MNT/ROX and MGA) (Baudino and Cleveland., 2001). MAD and MAX 

interact via their HLH and leucine zipper domains, so MYC/MAX and MAD/MAX 

interactions are mutually exclusive. The MAD/MAX complexes bind the same E-

boxes as MYC/MAX but repress rather than activate transcription.           

     MYC recruits co-factors to target gene promoters which subsequently activate 

transcription. TRRAP interacts with MB1 and MB2 of MYC and is known as a 

subunit of several multiprotein complexes that possess HAT activity (Cowling and 

Cole., 2006). Examples of these complexes are GCN5 HAT-containing STAGA 

(SPT-TAF-GCN5 Acetylase), ATAC (Ada Two-A Containing), TFTC (TBP-free 

TAFII complex), PCAF HAT-containing complex, and MYST family HA-containing 

complex HIV-1-Tat-interactive protein (Tip60) (Faiola et al., 2005; Liu et al., 2003; 
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Frank et al., 2003). Indeed, GCN5 is suggested to exist in all eukaryotes as part 

of multiprotein complexes.  

     Having said that MYC is involved in regulating many genes and biological 

functions, it is crucial for cells to have intricate controls over the expression and 

function of MYC and that they do so by diverse pathways and factors. One such 

mechanism is via posttranslational modifications of the MYC protein. My interest 

here is to understand the role of MYC acetylation by HAT GCN5. To begin with, 

the acetylation of nucleosomal histones has been known to be correlated with 

transcriptional activation (Pogo et al., 1966). Acetylation affects the folding of 

chromatin fibres by loosening the contacts between the DNA and the 

nucleosomes and/or histone–non-histone protein associations (Carruthers and 

Hansen, 2000; Fischle et al., 2003; Tse et al., 1998; Wolffe and Hansen, 2001). 

Accordingly, HATs are thought to expose hidden/compacted chromatin areas that 

can be targeted by regulatory factors to ultimately stimulate transcription. More 

recently, it has been demonstrated that HATs can also acetylate non-histone 

substrates and the acetylation regulates functions such as DNA binding, protein 

turnover, subcellular localization, and protein-protein interactions (Faiola et al., 

2005; Patel et al., 2004; Polevoda and Sherman, 2002; Yang et al., 2004). 

Paralogous mammalian GCN5 and PCAF preferentially acetylate histone H3 

(Roth et al., 2001) and mammalian GCN5/PCAF also modifies non-histone 

proteins via acetylation and regulate their activities, turnover and sub-cellular 

localization (Yang et al., 2004).  
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     With respect to MYC, GCN5 has been shown to associate with MYC N-

terminus (Flag-Gal4-c-Myc 1-262 fusion) in vivo, and it is also suggested that the 

recruitment of GCN5 is an important function of TRRAP in MYC-mediated 

transformation by the use of fusion of GCN5 HAT domain to transformation 

defective MYC mutant (McMahon et al., 1998; McMahon et al., 2000). GCN5, 

p300, CBP and TIP60 have been shown to acetylate MYC proteins in vivo (Faiola 

et al., 2005; Patel et al., 2004; Vervoorts et al., 2003; Zhang et al., 2005). 

Interestingly, though both p300 and GCN5 can acetylate MYC, only p300 can 

acetylate both MYC and MAX (Faiola et al., 2005). Recently, K157 has been 

identified as the major site of MYC acetylation by p300 in our lab (unpublished 

data). In one study, acetylation of MYC by either GCN5/PCAF or TIP60 has been 

suggested to increase its protein stability (Patel et al., 2004). The sites of mouse 

MYC acetylation by GCN5 were identified by mass spectrometry. According to 

the analysis, K149 of MYC is acetylated both in the presence and absence of 

ectopic GCN5 (Patel et al., 2004). Two more acetylation sites in mouse MYC 

were observed in the presence of GCN5 in addition to K149: one residue, K323, 

is located in the NLS and the other residue, K417, is located in leucine zipper 

(Patel et al., 2004). It is not known however which residue is the primary GCN5 

target. With respect to the acetylation sites in MYC, it is noteworthy to mention 

that K149 and K323 residues have been shown to be also acetylated by p300 in 

our previous study (Faiola et al., 2005). In particular, mass spectrometry (MS) 

analysis revealed that K148 (equivalent to K149 in mouse) is the only 



44 
 

endogenously acetylated human MYC residue by ectopic p300 (Faiola et al., 

2005). Also of note, unlike K323, K417 is not conserved in human and Xenopus 

laevis MYC (Patel et al., 2004).  Although it was hypothesized that acetylation of 

K323 might affect NLS function, co-expression of GCN5 did not alter the 

subcellular localization of MYC. Furthermore, binding of MYC to MAX was 

examined since K417 is located within the leucine zipper. However, the level of 

MAX binding was not significantly different between the acetylated and 

nonacetylated forms of MYC (Patel et al., 2004). In terms of the role of GCN5 (or 

other HATs such as CBP that acetylate MYC) in regulating MYC stability, it has 

been proposed that acetylation of specific MYC lysine residues by HATs can 

prevent ubiquitination and ubiquitin-mediated proteasomal degradation 

(Gronroos et al., 2002; Vervoorts et al., 2003). 

 

     Here we investigate the potential role of GCN5-dependent MYC acetylation in 

MYC function. We show that MYC acetylated by endogenous HATs is primarily 

located in nuclei in vivo. Next we show that the major site of human MYC 

acetylation in vivo by GCN5 is K323 using MYC site-specific mutants and site-

specific antibodies. The effect of GCN5 on MYC protein stability was further 

elucidated; GCN5 stabilizes MYC in a K323- and HAT domain-dependent 

manner. Intriguingly, when we were analyzing the mechanism of MYC 

stabilization by GCN5, we found for the first time that GCN5 promotes MYC 

ubiquitylation in a HAT domain/activity-independent manner in vivo, which is 
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different from a previously proposed competition model between ubiquitination 

and acetylation (Gronroos et al., 2002; Vervoorts et al., 2003). This potential dual 

role of GCN5 suggests an intricate cellular regulation that is developed in order to 

orchestrate the diverse functions of MYC in cells. 
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Materials and Methods 

 

DNA plasmids 

     The expression vectors for HA-tagged human Max p22, pCbS-HA-Max (Faiola 

et al., 2007), the pcDNA3.1-mGCN5, and the expression vector for catalytically 

inactive mGCN5, pcDNA3.1-mGCN5 (GYG→AYA/582Y584)/pcDNA3.1-mGCN5 

ΔHAT, were previously described (Liu et al., 2003). The expression vector for 

His6-tagged ubiquitin, pMT107, was obtained from Dr. Dirk Bohmann (Treier et 

al., 1994). pCMV-p300 was used for the expression of p300 and obtained from 

Dr. Richard Goodman (Eckner et al., 1994). For the construction of the 

expression vector for Flag-tagged human c-Myc, pCbS-Flag-hMyc wt, the Xma I-

Hind III fragments of the expression vector pCbS-Flag-Max K144/145R were 

replaced with an Xma I-Hind III fragments obtained by PCR of pRSET-His6-Myc 

(Farina et al., 2004) with the Xma I-containing primer 5’-

GGTTCCCCCGGGATGCCCCTCAACGTTAGCTTC-3’ and the Hind III-

containing primer 5’-CTGCCCAAGCTTACGCACAAGAGTTCCG-3’. The 

expression vectors for the human c-Myc K→R mutants (K323R, K148/157R, 

K157/323R, and K148/323R) were derived from pCbS-Flag-hMyc by site-directed 

mutagenesis and verified by DNA sequencing. The expression vector for Flag-

tagged mouse c-Myc, pCbS-Flag-mMyc wt, was a gift from Dr. Michael Cole 

(McMahon et al., 1998). The expression vectors for the mouse c-Myc K→R 
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(K323R and R5) and K→Q (K323Q) mutants were derived from pCbS-Flag-

mMyc by site-directed mutagenesis and verified by DNA sequencing.  

     The expression vector for ecotropic helper, pCL-Eco plasmid (Naviaux et al., 

1996), was provided by Dr. Zhongdong Huang. pMIG retroviral vector was 

purchased from Addgene (Addgene plasmid 9044, William Hahn; Van Parijs et 

al., 1999). pMIG-Flag-mouse-Myc constructs (wt, K149R, and K323R) were 

obtained by cloning the Flag-Myc cDNA as a BamH I fragment from pCbS-Flag-

Myc into pMIG vector in Bgl II site. The insertions were confirmed by DNA 

sequencing. 

 

Cell culture, transfection, immunoprecipitation, Western blotting, in vivo 

acetylation assay, and retroviral infection 

     HEK293, HEK293FT, HeLa, and Rat1a cells were maintained in Dulbecco 

modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum at 

37°C with 5% CO2.  

     HEK293: Human embryonic kidney (HEK) 293 cells in a 10-cm plates at 100% 

confluence were transfected using ExpressFect (Denville) [pCbS-Flag-Myc (7.5 

μg), pCbS-HA-Max (0.5 μg), pcDNA-mGCN5 (10 μg), and pCMV-p300 (10 μg)]. 

After 48 h, the cells were incubated with histone deacetylase (HDAC) inhibitors 

(20 mM butyrate, 20 mM nicotinamide, 4 μM trichostatin A) for 2 h prior to lysis. 

The whole-cell extracts, in lysis buffer containing 250 mM NaCl (Faiola et al., 
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2005), were incubated with 250 ng/ml of ethidium bromide for 30 m on ice (Lai 

and Herr, 1992). Immunoprecipitation (IP) and Western blotting of Flag-tagged 

proteins were performed essentially as described previously (Faiola et al., 2005). 

The relative intensity of the immunoreactive bands was determined by using NIH 

Image software, called Image J. 

     HeLa cells: HeLa cells were transfected in 10-cm plates at 90% confluence 

with 7.5μg of pCbS-Flag-Myc using Lipofectamine2000 (Invitrogen). After 48 h, 

the cells were lysed with the lysis buffer described above. IP of Flag-tagged 

proteins was performed essentially as described previously (Faiola et al., 2005).   

     For IP of endogenous proteins, HeLa cells in 10-cm plates were treated with 

HDAC inhibitors for 2h (10 mM butyrate, 10 mM nicotinamide, 2 μM trichostatin 

A), and cells were lysed as described previously (Faiola et al., 2005).  The 

lysates were precleared with 20 μl of protein A agarose (Pierce) for 30 min at 4°C. 

The indicated antibodies (9 μg of Myc N-262 or its control) were incubated with 

the lysates overnight at 4°C, and precipitated after incubation with 20 μl of protein 

A agarose (Pierce) for 3 h at 4°C. The wash and Western blotting were 

performed essentially as described previously (Faiola et al., 2005). 

     The following antibodies were used for IP and Western blotting: hTBP (gift 

from R. G. Roeder), Caspase 3 H-277, p300 N-15, GCN5 N-18, Max C-17, Myc 

C-33, Myc 9E10, Myc N-262 (Santa Cruz Biotechnology), Cleaved caspase 3, 

Acetyl-K (Cell Signaling Technology), FLAG M2, FLAG M2 affinity resin and 
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Vinculin (Sigma). MYC-Kac149 15881, MYC-Kac158 15871, and MYC-Kac323 

15876 antisera were raised in rabbits against the following peptides, 

CKLVSE(acK)LASY, CSYQAAR(acK)DSGS, KDYPAA(acK)RVK, respectively 

(Millipore).  

     For retroviral production, HEK293FT cells were transfected in 6 well plates at 

70-80% confluence with pCL-Eco (3 μg) and pMIG-Flag-mouse-Myc (3 μg) using 

Fugene (Roche). The supernatants were harvested 48 h and 72 h after the 

transfection. HEK293FT cell line (Life Technologies) is a fast-growing, highly 

transfectable clonal isolate derived from human embryonic kidney cells 

transformed with the SV40 large T antigen.  

 

Stability assay 

     HEK293 cells were transfected in 6-cm plates at 80-90% confluence with 3.75 

μg of pCbS-Flag-human-Myc and 5 μg of pcDNA-mouse-GCN5 using 

ExpressFect (Denville).  After 24 h, the transfected cells in each plate were 

treated with trypsin and evenly split among the six wells of a six-well cluster plate. 

Cycloheximide (100 μg/ml; MP Biomedicals) was added to inhibit translation. 

Whole cell extracts were prepared after the indicated times in the text and Flag-

MYC was analyzed by Western blotting with Flag antibody. The relative amount 

of Flag-MYC at different time points was determined by scanning X-ray films and 

quantifying with NIH Image software. In addition to Flag-MYC, vinculin levels on 
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the same blot were also checked with an antibody to vinculin, and Flag-MYC 

levels were normalized to vinculin. For each time course analysis, a serial dilution 

of the extract at time zero min (100% Flag-MYC) was analyzed on the same 

Western blot. Using the serial dilutions, standard curves were generated for each 

blot from the Flag-MYC signals. Film exposures were selected for linearity of film 

response and to avoid signal saturation. The amount of Flag-MYC remaining at 

each time point and its half-life (The point at which a given curve reached a c-

MYC value equal to one-half of its peak was determined and referred to as the 

half-life.) were determined from the standard curves and linear regression of the 

logarithmic values of Flag-MYC signals as a function of time. The effect of GCN5 

on Flag-MYC half-life was obtained by dividing the half-life of Flag-MYC in the 

presence of GCN5 by that in the absence of GCN5.  

 

 
Nuclear and cytoplasmic fractionation 

     For cellular fractionation, cells were lysed with hypotonic lysis buffer [50 mM 

HEPES pH 7.9, at 4°C, 20 mM NaCl, 0.1% IGEPAL, 0.2 mM EDTA, 0.2 mM 

phenylmethylsulfonyl fluoride (PMSF), 2 mM β–mercaptoethanol]  on ice for 10 

min with occasional slow vortex, centrifuged for 1 min, and the supernatant was 

employed as the cytoplasmic fraction. The pellet was resuspended in nuclear 

extraction buffer (50 mM HEPES pH 7.9, at 4°C, 400 mM NaCl, 20% glycerol, 

0.1% IGEPAL, 0.2 mM EDTA, 0.2 mM PMSF, 2 mM β–mercaptoethanol) and 
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kept on ice for 30 min with occasional slow vortex. The pellet was centrifuged for 

10 min and the supernatant was collected as the nuclear fraction.   

 

RNA interference (RNAi) and stable cell lines  

     The vector pSUPER.retro.puro (OligoEngine) was used for transient 

expression of human GCN5 shRNAs in HeLa cells. The pSUPER-GCN5-2031 

vector was obtained by cloning the human GCN5-si2031 annealed 

oligonucleotides: 5’-

GATCCCGCTGATTGAGCGCAAACTGTTCAAGAGACTGTTTGCGCTCAATCA

GCTTTTTA-3’ (sense) and 5’-

AGCTTAAAAAGCTGATTGAGCGCAAACAGTCTCTTGAACAGTTTGCGCTCA

ATCAGCGG-3’ (antisense). The specific targeting sequences are in bold and 

underlined. pSUPER-GL2 was described previously (Faiola et al., 2005).  

     For transient knockdown of human GCN5, HeLa cells were transfected in 10-

cm plates at 80% confluence with 15 μg of pSUPER-GL2 or pSUPER-GCN5-

2031 using Lipofectamine2000 and once again 24 h later together with 6 μg of 

pCbS-Flag-Myc. Next day, the medium was changed with puromycin-containing 

media (1 μg/ml), and after 24 h, cells were harvested for analyses. 

     For stable knockdown of GCN5, HeLa.GCN5-shRNA and HeLa.pSuper 

control cells were generated by transfecting HeLa cells with pSUPER-GCN5-
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2031 or pSUPER.retro.puro plasmids as described previously for MYC-

knockdown cells (Faiola et al., 2005).  

 

Apoptosis 

     The retroviral containing supernatant of HEK293FT cells was filtered with 0.45 

μM filter and added to Rat1a cells in 10-cm plates at 70% confluence together 

with 5 μg/ml polybrene (Millipore). After 24h, the transduction step was repeated 

one more time and, next day, culture media were changed with Dulbecco 

modified Eagle medium supplemented with 10% fetal bovine serum. After 48 h, 

cells were starved in DMEM media with 0.1% fetal bovine serum, and cells were 

harvested after 24 h and analyzed with the indicated antibodies by Western 

blotting. 

 

In vivo ubiquitination assay 

     The Flag-tagged human Myc expression vector (7.5 μg in Fig.2.7A and 2 μg in 

Fig.2.7B), the histidine-tagged ubiquitin expression vector (4 μg in Fig.2.7A and 9 

μg in Fig.2.7B), pMT107, and the mouse GCN5 expression vector (10 μg) were 

transfected into HEK293 cells in 10-cm plates using ExpressFect (Denville). After 

48 h, the cells were incubated with MG132 (20 μM) for 8 h prior to lysis. The cells 

were lysed with buffer A at pH 8.0 (6 M guanidine-HCl, 0.1 M Na2HPO4/NaH2PO4, 

5 mM imidazole), and, after sonication, Flag-MYC protein expression was 

estimated and normalized by Western blotting.  The cell lysates were incubated 
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with 15 μl of TALON resin (Clontech) for pulling down polyubiquitinated proteins 

for 3 h. The resins were sequentially washed three times with buffer A, two times 

with buffer A/TI (one volume of buffer A and three volumes of TI buffer), one time 

with TI buffer (25 mM Tris-HCl, 5 mM imidazole, 0.2 mM PMSF), and one time 

with TI buffer without imidazole.  Proteins were subjected to Western blot 

analysis. 
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Results 

 

MYC is acetylated by and associates with GCN5 in the nucleus of human 

cells 

     To elucidate whether acetylated MYC is located in the nucleus or the 

cytoplasm, HeLa cells were transfected with Flag-tagged MYC or the 

corresponding empty vector. The transfected cells were fractionated into nuclei 

and cytoplasm, and each fraction was subjected to immunoprecipitation with the 

anti-FLAG antibody and then analyzed by Western blotting. Importantly, the 

Western blotting with anti-acetylated lysine antibody revealed that acetylated 

MYC by endogenous HATs was predominantly localized in nuclei (Figure 2.1). In 

contrast, acetylated Myc-Nick was more intense in cytoplasm but that 

corresponded with greater expressions of total Myc-Nick in cytoplasm as well 

(see Myc-Nick detected by Flag antibody).  In 2010, Conacci-Sorrell and 

colleagues reported that Myc-Nick is a cytoplasmic cleavage product of full-

length MYC, and is recognized by antibodies against the N-terminal two-thirds of 

MYC but not by anti C-terminal antibodies. Therefore, MYC 9E10 antibody does 

not recognize Myc-Nick since it is produced against MYC C-terminal amino acids 

408-439. The Flag-MYC associated with endogenous GCN5 but not with p300 in 

the nucleus. 
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GCN5 acetylates MYC at K323 

     To test whether GCN5 acetylates MYC in vivo, the expression vectors for 

GCN5, FLAG-MYC, and MAX were transfected to HEK293 cells. The transfected 

cells were treated with HDAC inhibitors to prevent the turnover of acetylated 

MYC; cell lysates were immunoprecipitated with anti-FLAG antibody and 

subjected to Western blotting. As shown in Figure 2.2A, Western blotting with the 

anti-acetylated lysine antibody revealed that ectopic MYC was specifically 

acetylated by GCN5 in the presence of HDAC inhibitors but not in the absence of 

HDAC inhibitors. Interestingly, the transfection of MAX weakened the acetylation 

of MYC. To determine which HDAC is primarily responsible for MYC 

deacetylation in vivo, the expression vectors for GCN5, MYC or the 

corresponding empty vectors were co-expressed in HEK293 cells. The 

transfected cells were then treated with single HDAC inhibitors [butyrate (BUT), 

nicotinamide (NAM), or trichostatin A (TSA)], or combinations of two or three 

inhibitors. Western blotting with anti-acetylated lysine antibody verified that MYC 

was acetylated in a GCN5-dependent manner: in the presence of ectopic GCN5, 

each HDAC inhibitor slightly contributed to MYC acetylation (Figure 2.2B, 

compare lane 1 to lanes 4, 6, 8). The combination of all three inhibitors and the 

combination of NAM and TSA, with ectopic GCN5, showed the maximum level of 

acetylation of ectopic MYC (Figure 2.2B, lanes 2 and 12). Additionally, by 

comparing lanes 10, 12 and 14 in Figure 2.2B, NAM, when combined with the 

other HDACi, appeared to be the primary HDAC inhibitor that is responsible for 
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MYC acetylation. In line with the observation, one study showed that SIRT1 

interacts with and deacetylates MYC (Yuan et al., 2009).  

     To identify the major site of MYC acetylation by GCN5, several human MYC 

lysine (K) to arginine (R) mutants were created by site-directed mutagenesis. K to 

R mutants still preserve charge, but can not be acetylated or ubiquiquitylated. 

Expression vectors for GCN5, FLAG-hMYC, K to R single and double mutants 

were co-expressed by transfecting HEK293 cells. Proteins were 

immunoprecipitated with the anti-FLAG antibody and these precipitates were 

subjected to Western blotting. Importantly, the substitution of K323 to R (human 

MYC K323R) profoundly reduced the MYC acetylation level comparing to MYC 

wt (Figure 2.3A). Likewise, double mutants containing the K323R substitution 

greatly reduced MYC acetylation (lanes 5 and 6), while this reduction was not 

observed in the double mutant that did not contain K323R (lane 4). This result 

suggests that K323 is a major site of hMYC acetylation by GCN5 in vivo. 

Similarly, we utilized the available mouse K→R mutants (K323R and R5) and the 

mouse K→Q mutant (K323Q) in our lab to further characterize ectopic MYC 

acetylation by endogenous HATs in HeLa cells; The K→Q mutant mimics an 

acetyl-lysine. MYC R5 mutant, in which K 144, 148, 157, 317, and 323 are 

substituted with R, was not acetylated (Figure 2.3B). In contrast, the preliminary 

experiment indicated that the K323Q mutant was as efficiently acetylated as 

MYC wt. Importantly, consistent with the above result, MYC acetylation by 

endogenous HATs was also attenuated by K323 substituted to R. To determine 
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whether ectopic MYC is acetylated by endogenous GCN5 in vivo, HeLa.pSuper 

control cells and HeLa.GCN5-shRNA cells were transiently transfected with Flag-

tagged Myc, and then subjected to immunoprecipitation and Western blotting. As 

shown in Figure 2.3C, the level of acetylation of MYC detected by anti-acetylated 

lysine antibody was somewhat decreased in HeLa shGCN5 stable cells, 

indicating that endogenous GCN5 acetylates ectopic MYC to some degree. 

Similarly, knockdown of GCN5 expression slightly decreased MYC acetylation 

level at K323 in HeLa cells (Figure 2.3D).  

     We further validated our findings in regard to MYC acetylation sites with the 

use of site-specific antisera and site-specific affinity-purified antibodies. We 

expressed Flag-tagged human MYC and GCN5 in HEK293 cells and treated 

them with HDAC inhibitors. The MYC proteins precipitated with the anti-FLAG 

antibody were analyzed by Western blotting with MYC-Kac323 antisera. As 

shown in Figure 2.3E, MYC-Kac323 antisera did not recognize MYC K323R co-

expressed with GCN5, but recognize MYC wt very well in the presence of GCN5. 

Additionally, ectopic MYC wt was observed to be partially acetylated by 

endogenous HATs (Figure 2.3E, lane 1). To further characterize the site-specific 

antisera and corroborate our previous findings on MYC acetylation sites, we 

transiently transfected HEK293 cells with Flag-Myc and HAT expression vectors 

and treated cells with HDAC inhibitors. MYC acetylated by ectopic p300 was 

detected by MYC-Kac148, MYC-Kac157, and MYC-Kac323 antisera, while MYC 

acetylated by ectopic GCN5 was identified only by MYC-Kac323 antisera (Figure 
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2.3F). MYC-Kac323 antisera also weakly detected MYC protein incubated with 

HDAC inhibitors. We previously found that K148, K157, and K323 were 

acetylated in HEK293 cells upon cotransfection of Flag-Myc and p300, in addition 

to K317 (Faiola et al., 2005). Figure 2.3G also shows that p300 induced 

acetylation of MYC was detected by all three site specific AcK antibodies. 

Importantly, none of the MYC K to R mutants co-expressed with p300 was 

recognized by the corresponding site-specific AcK antibodies, although they were 

detected by the other site-specific AcK antibodies. These results confirm the 

specificity of the site-specific antisera and antibodies, as well as our findings on 

MYC acetylation by GCN5 (K323) and p300 (K149, 157, and 323).  

     In order to determine whether we could observe endogenous MYC acetylated 

specifically at K323 in vivo with the site specific antiserum, HeLa cells were 

treated with HDAC inhibitors, and the precleared lysates were subjected to 

immunoprecipitation with Myc N-262 antibody (antibody raised against amino 

acids 1-262 of MYC of human origin) or control IgG, and then subjected to 

Western blotting. As shown in Figure 2.4, MYC protein precipitated with Myc N-

262 was recognized by MYC-Kac323 antiserum, therefore documenting the 

presence of endogenous acetylated MYC at K323 in vivo.  
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GCN5 stabilizes MYC in a K323- and HAT domain-dependent manner 

     Since acetylation has been reported to regulate protein turnover rates, we 

analyzed the role of GCN5 in the regulation of MYC protein degradation in vivo. 

Flag-tagged MYC and GCN5 expression vectors were cotransfected in HEK293 

cells, protein synthesis was blocked with cycloheximide and the relative amounts 

of Flag-MYC proteins were determined by semiquantitative Western blotting 

analyses (see Materials and Methods) at the indicated time points after 

cycloheximide addition. MYC WT was stabilized by GCN5 by 2.7 fold but only 

partially stabilized by GCN5 lacking a functional HAT domain (ΔHAT, catalytically 

inactive GCN5 by point mutations) (1.7 fold) (Figure 2.5). This indicates GCN5 

stabilizes MYC in HAT domain-dependent manner. Additionally, K323R itself 

appears to be more stable (by 2.1 fold) than MYC WT, suggesting K323 plays a 

role in the stability. Furthermore, MYC K323R was not found to be greatly 

affected by GCN5 (1.2 fold). ΔHAT GCN5 did not further stabilize MYC K323R 

and, indeed, slightly reduced its stability (0.8 fold).  

 

K323 and K149 residues are not involved in MYC activation of caspase-3 

cleavage 

     To analyze a role of GCN5-dependent MYC acetylation in apoptosis, Rat1a 

cells were infected with retrovirus expressing MYC wt or the indicated MYC K to 

R mutants, and subjected to serum starvation for 24h. As shown in Figure 2.6, 
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the preliminary result indicated that the infection of MYC wt induced cleaved 

caspase-3 (marker of apoptosis) compared to controls. Similarly, both MYC 

K149R and K323R efficiently induced cleavage of caspase-3, suggesting no 

effect of the K149R and K323R mutations on MYC activation of caspase-3 

cleavage. 

 

GCN5 promotes MYC ubiquitylation in a HAT domain/activity independent 

manner in HEK293 cells 

     We found that GCN5 acetylates MYC at K323, and stabilizes MYC in a K323- 

and HAT domain-dependent manner (see Figure 2.3A and Figure 2.5).  To gain 

additional insight into the effect of acetylation by GCN5 on the stability of MYC, 

we tested whether GCN5 HAT would block the ubiquitination of MYC proteins. 

HEK293 cells were transfected with His-tagged ubiquitin, Flag-tagged Myc, and 

GCN5 expression vectors, and treated with the proteasome inhibitor MG132. 

Talon resin was used to pull down His-tagged ubiquitinated proteins and 

precipitated proteins were subjected to Western blotting.  To our surprise, the co-

expression of GCN5 promoted the MYC ubiquitylation (Figure 2.7AB). MYC 

K323R mutant was also efficiently ubiquitylated in the presence of GCN5 (Figure 

2.7B). Interestingly, GCN5 HAT activity appeared to be dispensable for this effect 

since ΔHAT of GCN5 retained the ability to ubiquitylate MYC wt and K323R 
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proteins. These results indicate that GCN5 promotes MYC ubiquitylation in a 

HAT domain/activity-independent manner in vivo. 
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Discussion 

 

     We identify the major site of human MYC acetylation in vivo by GCN5 is K323 

using MYC acetylation site-specific mutants (Figure 2.3A). An Ac-K antibody also 

yielded a weak signal for MYC-K323R suggesting the presence of residual 

acetylation, most likely by endogenous HATs such as p300. Consistent with this 

speculation, when MYC-R5 was examined for its acetylation by endogenous 

HATs, no acetylation was detected (Figure 2.3B). In MYC-R5, four p300 target 

lysine residues, K148, K157, K317, and K323, are mutated to arginine (Faiola et 

al., 2005). Subsequently, we examined whether MYC is acetylated by 

endogenous GCN5 in vivo using GCN5-shRNA stable cells or transiently 

knocking down GCN5 expression (Figure 2.3C & 2.3D). In both cases, the 

intensity of acetylated MYC by endogenous GCN5 decreased by approximately 

20%. The moderate effect of GCN5 loss on MYC acetylation might reflect a 

compensatory role of PCAF in the absence of GCN5; it was previously reported 

that the steady-state level of PCAF, originally being undetectable in DT40 cells, 

was found to greatly increase in GCN5 lacking cells, while the expression of 

other HAT proteins was not affected (Kikuchi et al., 2005). Potentially, MYC might 

be acetylated by p300, indicative of an interesting interplay between overlapping 

target lysine residues by different HATs to orchestrate MYC functions.  

     Adding to the previous finding that MYC is stabilized by GCN5 (Patel et al., 

2004), we further show that GCN5 stabilizes MYC in a K323- and HAT domain-
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dependent manner (Figure 2.5). MYC wild type is partially stabilized by ΔHAT 

GCN5 (catalytically inactive GCN5 by point mutations) and fully stabilized by 

GCN5. This indicates that though HAT domain/activity of GCN5 is required for 

fully stabilizing MYC, GCN5 can also partially stabilize MYC in HAT domain 

independent manner. The partial stabilization effect on MYC wild type by ΔHAT 

GCN5 might be derived from the interaction between the two factors that 

physically prevents destabilizing factors such as E3 ligases from associating with 

MYC.  MYC K323R is found to be unaffected or very slightly stabilized by GCN5 

(Figure 2.5 AB). The marginal stabilization is likely not a consequent of 

acetylation, but of the interaction between K323R and GCN5 which could 

physically block interactions with destabilizing factors. Contrary to the effect on 

MYC wild type, ΔHAT GCN5 does not stabilize MYC K323R. The K323R 

mutation might have affected the folding of the protein and the interaction 

interface with other cellular factors that could affect gene expressions and 

protein-protein interaction networks. Interestingly, K323R itself appeared to be 

more stable than MYC wild type. MYC wild type exhibits a shorter half-life than 

K323R because K323 can also be targeted by ubiquitination and K323R can not 

undergo ubiquitination since the R mutation also blocks ubiquitination. Indeed, 

MYC has been identified as a substrate of the HECT-domain ubiquitin ligase 

HECTH9 and K323 is one of the modified lysine sites in MYC (Adhikary et al., 

2005). Lastly, the same set of stability assays was performed in the presence of 
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HDAC inhibitors, and the overall tendency appeared to be same (data not 

shown). 

     Interestingly, MYC-K323 was recently identified as the site that is 

deacetylated by SIRT1 (Yuan et al., 2009). In the report, contradictory to our 

stability results, K323R was found to be less stable than MYC WT. This 

discrepancy can be derived from the different cell lines used (mouse embryonic 

fibroblasts vs. HEK293 cells) or experimental conditions. Additionally, the half-life 

of MYC WT reported by Yuan et al. is substantially longer (~4h) and deviates 

from others reports in the literature (68-149min) in the absence of HDAC 

inhibitors (Faiola et al., 2005; Patel et al., 2004), while our result (113min) fits well 

with the previously reported range. 

     Previously, it was reported that CBP associates with and acetylates MYC, and 

overall MYC ubiquitination is reduced by coexpression of CBP or its close relative 

p300 (Vervoorts et al., 2003).  In addition to MYC, previously, Smad7 proteins 

have also been reported to be acetylated by p300 HAT, and the acetylation or 

mutation of its lysine residues has been shown to stabilize Smad7 (Gronroos et 

al., 2002). Additionally, the acetylation of these lysine residues has been 

demonstrated to protect Smad7 against ubiquitination and degradation mediated 

by ubiquitin ligase. The tendency has also been reported for other transcription 

factors including p53 and NF-κB (Li et al., 2002; Li et al., 2012). Having said that, 

a competition model between ubiquitination and acetylation on overlapping lysine 
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residues has been suggested to regulate protein stability.  We would like to 

examine whether the competition model can also be applied to the relationship 

between MYC and GCN5. Therefore, after we find GCN5 stabilizes MYC in a 

K323- and HAT domain-dependent manner, we are interesting in examining 

whether GCN5 can also block MYC ubiquitination as in the case of CBP. 

However, in opposite to our prediction, our results show that GCN5 actually 

promotes the MYC ubiquitination in a HAT domain/activity-independent manner 

in vivo (Figure 2.7).  Also, it indicates that the investigated residues (K144, 148, 

157, 317, 323) in our studies are not involved in MYC ubiquitination since K to R 

mutations of those do not abolish MYC ubiquitination promoted by GCN5. Here 

GCN5 likely functions as a cofactor for an ubiquitin ligase or possesses intrinsic 

ubiquitination activity, thereby promoting MYC ubiquitination. In support of this 

speculation, HATs are recently shown to be also involved in ubiquitination of 

proteins against a traditional view. In one study, the PCAF homology domain in 

human PCAF has been shown to have intrinsic ubiquitin E3 ligase activity that 

targets Hdm2, a RING finger E3 ligase known for its role in p53 regulation 

(Linares et al., 2007). In an other study, the N-terminus of p300 was found to 

encode both ubiquitin ligase and polyubiquitin functions. Subsequently, p300 or 

CBP deficient cells showed that both are required for endogenous p53 

polyubiquitination and turnover of p53 in vivo (Shi et al., 2009). More recently, in 

another work, GCN5 has been reported to associate with COMMD1 and other 



66 
 

components of the ligase and promote RelA ubiquitination in HAT activity 

independent manner (Mao et al., 2009).  

     Considering the results in the stability test and in vivo ubiquitination assay 

together, it is speculated that GCN5 promoted MYC ubiquitination is likely not 

involved in proteolytic functions, but in other functions such as regulation of gene 

expression. Indeed, though ubiquitination is traditionally thought to regulate 

protein degradation, recent studies indicate that ubiquitination also has a non 

proteolytic role in controlling transcription. For example, SKP2 and HECTH9 E3 

ligases have been shown to induce MYC ubiquitination and to cooperate with 

MYC to induce a subset of target genes important for cell-cycle progression and 

proliferation (Adhikary et al., 2005; Kim et al., 2003; von der Lehr et al., 2003). 

Additionally, our preliminary result indicates that GCN5 can enhance MYC-

dependent activation of hTERT by luciferase assay (data not shown). Therefore, 

it will be of interest to investigate in the future whether GCN5-dependent MYC 

ubiquitination can also play a role in controlling MYC target genes. The 

unexpected observation of GCN5 effect on MYC gives a new perspective to the 

intricate network of post-translational modifications that contribute to the finely 

tuned regulation of MYC and its activity.  
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Figure legends 
 
 
Figure 2.1 MYC is acetylated by and associates with GCN5 in the nucleus of 

HeLa cells. HeLa cells were transfected with Flag-tagged human Myc wt or the 

corresponding empty vector. The nuclear and cytoplasmic fractions of HeLa cells 

expressing MYC were prepared 48h after the transfection. Each fraction was 

subjected to immunoprecipitation (IP) with the Flag antibody linked to agarose. 

Equal amounts of the immunoprecipitated proteins were analyzed by Western 

blotting with the indicated antibodies. The left side panels show the 

immunoprecipitated proteins and the right side panels show the corresponding 

proteins in the input lysates used for immunoprecipitation. The positions of Myc 

and Myc-Nick are indicated.  

Figure 2.2 Human MYC is acetylated by GCN5 in HEK293 cells. (A) HEK293 

cells were transiently transfected with expression vectors for Flag-tagged-Myc, 

GCN5, and HA-tagged-Max. The cells were treated with HDAC inhibitors 

(butyrate, nicotinamide, trichostatin A) prior to lysis. At 48h after transfection, 

cells were harvested and the whole cell lysates (input) were immunoprecipitated 

with anti-Flag M2 antibody resin overnight. Western blotting was performed with 

acetylated lysine, Flag, GCN5, MAX, and TBP antibodies. (B) HEK 293 cells 

were transiently transfected with Flag-tagged-Myc and GCN5. The cells were 

treated with the indicated combinations of HDAC inhibitors (butyrate, 

nicotinamide, trichostatin A)  prior to lysis at 48h after transfection.  Input was 
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immunoprecipitated and the precipitates were subjected to Western blotting.  

Figure 2.3 GCN5 acetylates MYC at K323. (A) HEK293 cells were transiently 

transfected with expression vectors for Flag-tagged-Myc wt or the lysine to 

arginine (K→R) substitution mutants, and with GCN5. The cells were treated with 

HDAC inhibitors (nicotinamide and trichostatin A) for 2h prior to lysis. At 48h after 

transfection, cells were harvested and the whole cell lysates (input) were 

immunoprecipitated with Flag M2 antibody resin overnight. The equal amounts of 

precipitates (IP) were analyzed by Western blotting with the indicated antibodies. 

Δ, HAT defective mutant of GCN5. (B) HeLa cells were transfected with Flag-

tagged Myc wt or the K→R mutants or the lysine to glutamine (K→Q) substitution 

mutant. Flag-Myc was immunoprecipitated using Flag M2 antibody resin and the 

equal amounts of immunoprecipitated proteins were analyzed by Western 

blotting. R5, Flag-tagged MYC protein with K 144, 148, 157, 317, 323 substituted 

with R. The experiment was performed one time. (C) HeLa.pSuper control cells 

and HeLa.GCN5-shRNA cells were transiently transfected with Flag-tagged Myc. 

The whole cell extracts were immunoprecipitated with the Flag antibody resin (IP: 

FLAG) and analyzed by Western blotting with the indicated antibodies. The 

densitometry signals of acetylated-lysine (AcK) were normalized to 

corresponding Flag signals, and the normalized value for MYC WT with shGL2 

was arbitrarily set to 100%. Each bar represents means ± standard deviation 

from two independent experiments. Representative Western blotting is also 

shown. (D) For transient knockdown of GCN5, HeLa cells were transfected with 
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pSUPER-GL2 or pSUPER-GCN5-2031, and once again 24 h later together with 

Flag-tagged Myc expression vector. Next day, the medium was changed with 

puromycin-containing media (1 μg/ml). After 24 h, cells were harvested and 

subjected to Western blotting analysis with MYC-Kac323 antisera and Flag 

antibody. The densitometry signals of acetylated-lysine (MYC-Kac323) were 

normalized to corresponding Flag signals and the normalized value for MYC WT 

with shGL2 was arbitrarily set to 100%. Each bar represents means ± standard 

deviation from two independent experiments. Representative Western blotting is 

also shown on the left. (E) Experiments were performed as described for panel A 

except precipitated protein was detected by MYC-Kac323 antisera. (F) Flag-Myc 

and HAT expression vectors were transiently transfected into HEK293 cells. Cells 

were treated with HDAC inhibitors (butyrate, nicotinamide and trichostatin A) prior 

to lysis. Flag-Myc was immunoprecipitated using Flag antibody linked agarose 

beads. Detection of protein and acetylation levels was completed with Western 

blots using MYC-Kac148, MYC-Kac157, MYC-Kac323 antisera and Flag 

antibody. (G) Similar experiment as in F was performed except transfecting cells 

with vectors encoding MAX and p300 in combination with a plasmid encoding 

Flag-MYC or the K→R mutant.  Precipitated proteins were detected by Western 

blot analysis using Flag, MycN262, Kac148, MYC-Kac157, MYC-Kac323 

antibodies. Experiment in Figure 2.3G was performed by M. Hurd. 
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Figure 2.4 Endogenous full-length MYC is acetylated at K323 in HeLa cells. 

HeLa cells were treated with HDAC inhibitors (butyrate, nicotinamide, trichostatin 

A), and the cell lysates were precleared with protein A agarose. The precleared 

lysates were immunoprecipitated with Myc N-262 antibody or control IgG, and 

precipitated with protein A agarose. The precipitates were subjected to Western 

blotting. Endogenous MYC proteins acetylated at K323 were visualized with the 

MYC-Kac323 antisera.  

Figure 2.5 GCN5 stabilizes MYC in a K323- and HAT domain-dependent 

manner. (A and B) HEK293 cells were transfected with Flag-tagged-human Myc 

WT and its acetylation site mutant (K323R), together with expression vectors for 

GCN5 WT and GCN5 ΔHAT. Cycloheximide (CHX) was added at time zero and 

whole cell extracts were prepared at each time point. Flag-MYC (arrowhead) and 

vinculin (asterisk), loading control, were detected by Western blotting with 

corresponding antibodies. ΔHAT is a HAT-defective mutant of GCN5. The 

quantified Flag-MYC protein level is shown in the right panel based on the 

average of two independent experiments. The actual half-life numbers in 

muinutes are displayed in panel B. The half-life is the point at which a given 

curve reached a MYC value equal to one-half of its peak. The effect of GCN5 on 

Flag-MYC half-life was obtained by dividing the half-life of Flag-MYC with GCN5 

by that of MYC without GCN5. 
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Figure 2.6 Lack of an effect of the K323R mutation on MYC activation of 

caspase-3 cleavage. Rat1a cells were infected with retrovirus expressing Myc. 

Seventy-two hours following infection, the culture media was changed to DMEM 

media with 0.1% fetal bovine serum and starved for 24h. Cells were lysed and 

the extracts were subjected to Western blotting to check Myc activation of 

caspase 3 cleavage. The experiment was performed one time. 

Figure 2.7 GCN5 promotes MYC ubiquitylation in a HAT domain/activity-

independent manner in HEK293 cells. (A and B) Expression vectors for the 

His-tagged ubiquitin, Flag-tagged Myc, and GCN5 were transfected into HEK293 

cells. The cells were treated with MG132 to prevent MYC protein degradation, 

and polyubiquitinated proteins were precipitated by TALON resin and subjected 

to Western blotting. Polyubiquitinated MYC proteins were detected by the anti-

Flag antibody.  R5, Flag-tagged MYC protein with K 144, 148, 157, 317, 323 

substituted with R. Δ, HAT defective mutant of GCN5 (GCN5 ΔHAT). 
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Figure 2.1 MYC is acetylated and associated with GCN5 in the nuclei of HeLa 

cells. 
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Figure 2.2 Human MYC is acetylated by GCN5 in HEK293 cells. 
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Figure 2.3 GCN5 acetylates MYC at K323.  
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Figure 2.4 Endogenous full-length MYC is acetylated at K323 in HeLa cells. 

 

 

 

 

 

 



77 
 

 

 

Figure 2.5 GCN5 stabilizes MYC in a K323- and HAT domain-dependent manner. 
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Figure 2.6 Lack of an effect of the K323R mutation on MYC activation of 

caspase-3 cleavage. 
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Figure 2.7 GCN5 promotes the MYC ubiquitylation in a HAT domain/activity-

independent manner in HEK293 cells. 
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Chapter 3 
 
 

 
A direct MYC-GCN5 interaction within the STAGA complex is required for 

MYC acetylation and activation of hTERT 
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Summary 

 

     MYC is a transcription factor that is over expressed in a wide range of human 

cancers, and MYC is known to play a role in many biologically important 

processes such as the control of cell growth, proliferation, differentiation, and 

apoptosis. Importantly, unregulated MYC expression is tumorigenic in mice and 

has been associated with many types of cancer in humans. Therefore, both MYC 

expression and its activity are tightly regulated by mitogens and other 

physiological stimuli in normal somatic cells. MYC recruits co-factors to target 

gene promoters and activates transcription. TRRAP 

(transactivation/transformation associated protein) has been shown to interact 

with MYC via MYC box (MB) II (amino acids 129-145) and MBI-containing 

sequences (amino acids 1-110) that are required for MYC-mediated 

transformation. Notably, TRRAP is also a subunit of several multiprotein 

complexes that possess HAT activity such as STAGA (SPT-TAF-GCN5 

Acetylase) coactivator complex. Additionally, it is suggested that the recruitment 

of GCN5 is an important function of TRRAP in MYC-mediated transformation. 

Here we first investigate which subunits of the STAGA complex directly interact 

with MYC, and then analyze the role of MYC-STAGA subunit interaction in 

biological functions of MYC. We find that MYC TAD selectively and directly 

associates with TRRAP and GCN5 subunits within the STAGA complex, and 

identify MYC TAD sequence motifs (M2 and M3) that are important for the direct 
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binding of GCN5. We further find that the direct interaction of MYC with GCN5 

facilitates an interaction with the STAGA complex, acetylation of MYC, activation 

of the human telomerase reverse transcriptase (TERT) transcription [referred to 

in this work as hTERT (Horikawa and Barrett, 2003)], and binding of MYC to the 

hTERT promoter. Moreover, we find that GCN5 knock down impairs transcription 

of the hTERT gene and binding of MYC to the hTERT promoter. Collectively, our 

results newly identify an another STAGA subunit, GCN5, that directly associates 

with MYC and show that the GCN5-MYC interaction is important in interaction 

with STAGA complex, acetylation of MYC, activation of hTERT transcription, and 

binding of MYC to hTERT promoter.  
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Introduction 

 

     MYC is a transcription factor that is over expressed in a wide range of human 

cancer, and MYC is known to play a role in many biologically important 

mechanisms such as embryonic development, cell growth, proliferation, 

differentiation, stem cell pluripotency, apoptosis, oncogenic transformation, 

senescence, genetic instability, vasculogenesis, angiogenesis, and cell migration. 

Deregulated MYC expression is known to contribute to tumorigenesis in animal 

models and is associated with the majority of cancers in humans. 

Heterodimerizing with the obligatory partner protein, MAX, the MYC and MAX 

dimer binds E-box DNA elements (CACGTG) through its basic/helix-loop-

helix/leucine-zipper (bHLHZip) domain at the C-terminus to activate transcription. 

Besides, MYC contains several highly conserved amino acid sequences. MYC 

box I (MBI) 45-63aa and MYC box II (MBII) 129-141aa are located  within the 

transcription activation domain (TAD) at the MYC N-terminus that are required for 

initiation of apoptosis, blocking of differentiation, and induction of transformation. 

MBII is also necessary for full transcriptional activation and repression (reviewed 

in Cowling and Cole., 2006; Cowling et al., 2006; Vervoorts et al., 2006).       

     MYC recruits co-factors to target gene promoters and activates transcription. 

Among the various MYC-interacting proteins, TRRAP has been specifically 

shown to interact with MYC via MBII (amino acids 129-145) and MBI-containing 

sequences (amino acids 1-110) that are required for MYC-mediated 
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transformation (MacMahon et al., 1998). Notably, TRRAP is also a subunit of 

several multiprotein complexes that possess HAT activity. Examples of these 

complexes are GCN5 HAT-containing STAGA (SPT-TAF-GCN5 Acetylase), 

TFTC (TBP-free TAFII complex), PCAF HAT-containing complex, and MYST 

family HAT-containing complex HIV-1-Tat-interactive protein (TIP60) (Nagy and 

Tora, 2007). GCN5 has been suggested to be recruited by TRRAP and associate 

with MYC N-terminus (Flag-Gal4-c-Myc 1-262 fusion). Additionally, it is 

suggested that the recruitment of GCN5 is an important function of TRRAP in 

MYC-mediated transformation (MacMahon et al., 2000). Moreover, TRRAP and 

GCN5 have been demonstrated to synergistically enhance transcription 

activtation by MYC N-terminus (Gal4-Myc 1-103); this requires both the 

SPT3/GCN5 interaction domain of TRRAP and the HAT activity of GCN5 (Liu et 

al., 2003). Hence, GCN5 might be recruited by TRRAP to MYC during 

transcription activation as well.        

     The mammalian STAGA complex is a coactivator that has been implicated in 

stimulating transcription by acetylation, modification of nucleosomes with ATP-

dependent nucleosome remodeling enzymes, physical recruitment of Mediator 

complex, and DNA repair (Hardy et al., 2002; Liu et al., 2008; Martinez et al., 

2001; Mizuguchi et al., 2001). Speaking of the role of this complex in relation to 

MYC, STAGA has been shown to be recruited by MYC to MYC-dependent 

promoters, and to be essential for proliferation of MYC-dependent human cancer 
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cells (Liu et al., 2008). Additionally, STAGA has been shown to acetylate MYC by 

in vitro acetylation assays (Faiola et al., 2005).    

 

     Here we first investigate which subunits of the STAGA complex directly 

interact with MYC, in addition to TRRAP, and then analyze the role of the MYC-

STAGA interaction in biological functions of MYC. We find that MYC TAD 

selectively and directly associates with TRRAP and GCN5 subunits within the 

STAGA complex, and that the MYC TAD sequence motifs (M2 and M3) are 

important for direct GCN5 binding.  We further find that the direct interaction of 

MYC with GCN5 facilitates an interaction with the STAGA complex, acetylation of 

MYC, activation of hTERT transcription, and binding of MYC to hTERT promoter. 

Moreover, we found that GCN5 knock down impairs transcription of hTERT gene 

and binding of MYC to the hTERT promoter.  
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Materials and Methods 

 

DNA plasmids 

     The hTERT luciferase reporter vector, p2xEB-hTERT-Luc, was described 

elsewhere (Horikawa et al., 1999). Glutathione S-transferase (GST) was obtained 

from GE Healthcare. The glutathione S-transferase (GST)-Myc expression 

vectors were from R. Bernards at Massachusetts General Hospital, and the 

pRSETA-His6-GCN5-S expression vector was from Richard A. Currie at 

Laboratory of Gene Regulation (Faiola et al., 2005).  The following GST-Myc 

mutant constructs were created by employing QuickChange site-directed 

mutagenesis kit (Stratagene) and the constructs were verified by DNA 

sequencing: GST-MYC (2-108) D26A, GST-MYC (2-108) E54A, GST-MYC (2-

108) E100A, GST-MYC (2-108) E54/100A, and GST-MYC (2-108) D26A, 

E54/100A.  The expression vector for the human c-Myc E→A mutant, pCbS-Flag-

c-Myc E54/100A, the Xma I-Hind III fragments of the expression vector pCbS-

Flag-Max K144, 145R were replaced with an Xma I-Hind III fragments obtained 

by PCR of pRSET-His6-Myc E54/100A with the Xma I-containing primer 5’-

GGTTCCCCCGGGATGCCCCTCAACGTTAGCTTC-3’ and the Hind III-

containing primer 5’-CTGCCCAAGCTTACGCACAAGAGTTCCG-3’. (pRSET- 

His6-Myc E54/100A was derived from pRSET-His6-Myc by site-directed 

mutagenesis.) The plasmid was verified by sequencing. 
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Cell culture and transfection 

     HEK293, HeLa, and IMR90 cells were maintained in Dulbecco modified Eagle 

medium supplemented with 10% fetal bovine serum at 37°C with 5% CO2.  

   For luciferase reporter assays, HeLa cells were transfected in 10-cm plates at 

95% confluence with 7 μg of an empty pCbS vector, pCbS-Flag-Myc wt or pCbS-

Flag-Myc E54/100A mutant, and 2.5 μg of p2xEB-hTERT-Luc plasmid, and 0.5μg 

of pCMV-β-galactosidase using Lipfectamine 2000 (Invitrogen). Corresponding 

empty vectors were used to keep total DNA constant. Luciferase assays were 

performed as previously described (Liu et al., 2003). Since β-galactosidase 

activity was moderately increased by transfection of Flag-Myc, luciferase activity 

was normalized to protein concentration, and each result is the mean ± the 

standard deviation (S.D.) from at least three independent experiments, each 

performed in duplicate. 

 

Immunoprecipitation and Western blotting 

    HEK293 cells were transfected in 10-cm plates at 100% confluence with 7.5 

μg of pCbS-Flag-Myc wt or E54/100A mutant using ExpressFect (Denville). 

Immunoprecipitation (IP) and Western blotting of Flag-tagged proteins were 

performed essentially as described previously (Faiola et al., 2005). The following 

antibodies were used for IP and Western blotting: hSPT3 (Martinez et al., 1998), 
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STAF65γ, hTBP (gift from R.G. Roeder), Actin I-19, CDK9 H-169, GCN5 N-18, 

Max C-17, Myc N-262, TRRAP T-17 (Santa Cruz Biotechnology), YEATS2-NT 

(Invitrogen), Acetyl-K (Cell Signaling Technology), FLAG M2, FLAG M2 affinity 

resin and Vinculin (Sigma).  

 

Expression and purification of recombinant hGCN5-S in Escherichia coli      

     The E. coli BL21 competent cells were transformed with the His-hGCN5-S 

expression vector . Bacteria were grown in LB broth plus 100 g/ml ampicillin at 

37C and protein expression was induced with 0.5 mM IPTG at 0.3-0.5 OD600nm. 

Induction was performed for 3h at 30 C. Bacteria were collected and washed 

with cold washing buffer (10mM Tris-HCl pH 7.9 at 4ºC, 100mM NaCl, and 1mM 

EDTA pH 8). The bacterial pellet was resuspended in cold lysis buffer (20mM 

HEPES, pH 7.9, at 4ºC, 500 mM NaCl, 10% Glycerol, 0.1% NP-40, 5 mM -

Mercaptoethanol, and 1mM PMSF) and sonicated on ice. The lysate was 

centrifuged at 12.5 krpm at 4 C for 15 minutes. The supernatant was collected, 

and imidazole was added to the lysate to final 5 mM and pre-cleared by spinning 

at 2 krpm for 5min at 4ºC. The precleared lysate was incubated with of pre-

equilibrated TALON resin under constant rotation for 3h at 4ºC. The resin was 

washed with LB 500 (20 mM HEPES, pH 7.9, at 4ºC, 500 mM NaCl, 10% 

Glycerol, 0.1% NP-40, 5 mM -Mercaptoethanol, and 1mM PMSF) containing 5 

mM Imidazole, and BC-300 (20 mM Tris-HCl pH 7.9 at 4ºC, 20% Glycerol, 300 
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mM KCl, 0.05% NP-40, 5 mM -Mercaptoethanol and 0.2 mM PMSF) containing 

5mM imidazole/ 15mM imidazole /30 mM imidazole sequentially. His-hGCN5-S 

was eluted from the resin with 300 mM imidazole in BC-300 at 4ºC. 

 

Preparation of STAGA complex 

     Nuclear extracts were carefully adjusted to 330 mM KCl (BC330) and 

precleared with protein A resin. The precleared NE was rotated with M2-

agarose (Sigma) at 4°C for 3-4 h. After extensive washes with BC330/0.05% 

NP-40 and BC100/0.05% NP-40 sequentially, proteins were eluted with Flag 

peptide in BC100–0.05% NP-40 using a thermo-mixer. Fractions of eluants 

were examined in gradient SDS-PAGE gels by silver staining and purified 

STAGA complex were pooled together and stored at -80C. 

 

GST pull down assays 

      GST-Myc fusion proteins were expressed in bacteria and immobilized on 

glutathione agarose as previously described (Martinez et al., 2001). The 

recombinant GST fusion protein or control GST bound on glutathione 

Sepharose beads were incubated with nuclear extracts from HeLa cells or 

purified multiprotein complex or purified protein by rotating at 4ºC for 3-4 h in 

BC-150 buffer (10% glycerol, 20 mM Tris-HCl, pH 7.9, 0.2 mM EDTA, 0.5 mM 

phenylmethylsulfonyl fluoride, 0.1% NP-40, 150 mM KCl). The resin was 
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washed with BC buffer for three times. Afterwards, the beads were subjected to 

the stripping with a mixture of 0.5% N-laurylsarcosine and BC-150 or chemical 

crosslinking.  

 

Chemical crosslinking  

     After GST pull down, the resins were washed with crosslinking buffers, then 

dithiobis succinimidyl propionate (DSP) was added to cross link interacting 

proteins and incubated at room temperature for 20-30 minutes. The reaction 

was quenched with Tris buffer for 15 minutes. The non-crosslinked proteins 

were removed under denaturing conditions. The crosslinks were reversed, and 

interacting proteins were analyzed by Western blotting against the 

corresponding antibodies. 

 

Analysis of MYC acetylation in cultured cells  

     HEK293: HEK293 cells in a 10-cm plate were transfected as described above 

with pCbS-Flag-Myc (7.5 μg) and pcDNA-mGCN5 (10 μg). After 48 h, the cells 

were incubated with histone deacetylase (HDAC) inhibitors (20 mM nicotinamide, 

4 μM trichostatin A) for 2 h prior to lysis. The whole-cell extracts, in lysis buffer 

containing 250 mM NaCl (see Faiola et al., 2005), were incubated with 250 ng/ml 

of ethidium bromide for 30 m on ice. IP and washes were performed in the same 

buffer.  



91 
 

     HeLa cells: HeLa cells were transfected in 10-cm plates at 90% confluence 

with 7.5μg of pCbS-Flag-Myc wt or E54/100A mutant using Lipofectamine2000. 

After 48 h, the cells were lysed with the lysis buffer described above.   

Immunoprecipitation (IP) of Flag-tagged proteins was performed essentially as 

described previously (Faiola et al., 2005).   

 

RNA interference (RNAi)  

     The vector pSUPER.retro.puro (OligoEngine) was used for transient 

expression of human GCN5 shRNAs in HeLa cells. The pSUPER-GCN5-2031 

vector was obtained by cloning the human GCN5-si2031 annealed 

oligonucleotides: 5’-

GATCCCGCTGATTGAGCGCAAACTGTTCAAGAGACTGTTTGCGCTCAATCA

GCTTTTTA-3’ (sense) and 5’-

AGCTTAAAAAGCTGATTGAGCGCAAACAGTCTCTTGAACAGTTTGCGCTCA

ATCAGCGG-3’ (antisense). The specific targeting sequences are in bold and 

underlined. pSUPER-GL2 was described previously (Faiola et al., 2005).  

     For transient knockdown of human GCN5, HeLa cells were transfected in 6-

cm plates with 5 μg of pSUPER-GL2 or pSUPER-GCN5-2031 using 

Lipofectamine2000 and once again 24 h later. The following day, the media was 

changed to puromycin-containing media (1 μg/ml), and after 24 h, total RNA and 

protein were extracted for analyses. 
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Reverse transcription-PCR (RT-PCR) 

      IMR90 cells were transfected in 10-cm plates at 80-90% confluence with 7.5 

μg of pCbS-Flag-Myc wt or E54/100A mutant using Lipofectamine2000. After 24 

h, the cells were transfected again. The following day, RNA and protein were 

extracted for RT-PCR and Western blot analyses. The RNA was reverse-

transcribed using the iScript cDNA synthesis kit (BIO-RAD). The following 

primers were used for RT-PCR: TERT, 5’-TCCACTCCCCACATAGGAATAGTC-3’ 

(forward) and 5’-TCCTTCTCAGGGTCTCCACCT-3` (reverse); MYC, 5`-

GCCACGTCTCCACACATCAG-3’ (forward) and 5’-

TGGTGCATTTTCGGTTGTTG-3’ (reverse). Actin, beta (ACTB) primers were 

described previously (Faiola et al., 2005). mRNA levels of TERT were normalized 

to ACTB signals, and the normalized value for Myc WT transfected cells was 

arbitrarily set to 100%.  

 

Chromatin immunoprecipitation (ChIP) 

     HeLa cells in 10-cm plates at 80-90% confluence were crosslinked with 1% 

formaldehyde, lysed, and sonicated to obtain 0.4- to 1.0-kbp genomic DNA, 

essentially as previously described (Frank et al., 2001). The normalized and 

precleared chromatin lysates were incubated with 5 μg of Myc N-262 and 7.5 μl 

of FLAG M2 affinity resin at 4°C overnight. The rest of ChIP assays were 

performed as described previously (Faiola et al., 2005).  
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Results 

 

MYC TAD specifically interacts with the GCN5-containing STAGA complex 

     To test whether MYC associates with human STAGA and ATAC in vivo, Flag-

tagged Myc was expressed in HEK293 cells by transient transfection, 

immunoprecipitated with a Flag antibody, and analyzed by Western blotting 

against subunits in these complexes. As shown in Figure 3.1A, MYC interacts 

with both subunits of STAGA (TRRAP, SPT3, and GCN5) and ATAC (GCN5 and 

YEATS2). The interactions between MYC and STAGA and ATAC subunits were 

further investigated in vitro by GST pull-down assay with HeLa nuclear extracts. 

As shown in Figure 3.1B, GST-MYCN263 (MYC N-terminal amino acids 1-263 

fused to GST) associated with subunits of STAGA (TRRAP, STAF65γ, SPT3, 

and GCN5) in accordance with our previous finding (Liu et al., 2003). 

Interestingly, GST-MYCN263 did not interact with ATAC subunits (YEATS2 and 

NC2β) except GCN5. The results indicate that MYC TAD 1-263 specifically 

interacts with several components of STAGA complex.     

     To find out which STAGA, ATAC, and Mediator subunits directly interact with 

MYC, GST pull-down experiments were performed with GST-MYCN263 and 

HeLa nuclear extracts in the presence of protein cross-linking reagent dithiobis 

succinimidyl propionate (DSP). The chemical cross-linking allows the formation of 

covalent bonds between two proteins that is indicative of their close proximity. 

Among the tested subunits, GST-MYCN263 selectively crosslinked to TRRAP 
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and GCN5 in the presence of DSP (Figure 3.2A). Likewise, we found that GST-

MYCN263 specifically crosslinked to TRRAP and GCN5 in the presence of DSP 

when the GST pull-down was performed with purified STAGA complex (Figure 

3.2B). In Figure 3.2C, ectopic full-length Flag-MYC interacted with TRRAP and 

GCN5 in non-denaturing condition. In contrast, full-length Flag-MYC did not 

interact with TRRAP and GCN5 in the presence of denaturing agents (SDS/DOC) 

and under low concentrations of the chemical crosslinking reagent (DSP), 

although it did under high concentrations of DSP (1.0-1.5mM). Altogether, we 

conclude MYC TAD selectively binds the TRRAP and GCN5 subunits within 

STAGA complex. 

 

MYC TAD sequence motifs (M2, M3) are important for interaction with 

STAGA complex and direct GCN5 binding  

     The GCN5-binding domain of MYC was more precisely mapped with the use 

of a series of GST-MYC deletion mutants in GST pull-down assays (Figure 3.3). 

The GST fusion proteins were incubated with purified GCN5 and analyzed by 

Western blotting. Importantly, the deletions of amino acids 54-56 located in M2 

(GST-MYCΔ54-56) and amino acids 99-108 located in M3 (GST-MYC1-98) 

disrupted the interaction with GCN5. Although the deletion of MYC M1 (GST-

MYC47-108) did not severely impair the interaction with GCN5, the further 

deletion of just six amino acids in MB1 reduced the interaction with GCN5 (GST-
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MYC53-108). Overall, the results suggest amino acids located within MB1 and 

98-108 constitute a region required for MYC TAD interaction with GCN5. 

     When the amino acid sequences of MYC families (MYC, MYCN, and MYCL), 

E1A and p53 were aligned and compared each other, we found that we could 

identify several consensus motifs and conserved residues among them, together 

with the results in Figure 3.3 (Figure 3.4A). Regarding to E1A and p53, the 

previously reported PCAF or GCN5 interaction domains were chosen for this 

purpose. For example, we found that amino acid E54, located in M2 in MYC, is 

conserved in all five proteins. Meanwhile, amino acids D26 and E100 are 

conserved in MYC and MYCN, located in M1 and M3, respectively. To determine 

whether the conserved residues are involved in interaction with GCN5, MYC 

point mutants were created from GST-MYC2-108 and the mutants were used for 

GST-pull down assays with purified GCN5 (Figure 3.4B). Importantly, the relative 

GCN5 binding decreased approximately 40% when E54 was mutated to A. In 

contrast, D26A and E100A mutations diminished the GCN5 binding by 10% and 

20%, respectively. The relative GCN5 binding decreased approximately 50% 

when E54 and E100 were mutated to A (E54/100A).  These findings demonstrate 

that two MYC TAD sequence motifs (M2, M3) are important for direct GCN5 

binding in vitro. 

     Reciprocally, to identify which domain of GCN5 is involved in the association 

with MYC-TAD, a series of GCN5 deletion mutants was prepared, incubated with 
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GST-MYC1-204, and analyzed by Western blotting. Importantly, both the HAT 

domain (GCN5 111-252) and the ADA2 domain (GCN5 252-388) were able to 

interact with MYC TAD (Figure 3.5). However, neither the bromodomain (BrD) 

domain (GCN5 389-476) nor GCN5 1-110 interacted with MYC TAD. Additionally, 

the deletion of BrD domain (GCN5 1-388) did not affect GCN5-MYC TAD 

interaction. These results indicate that the HAT and ADA2 domains of GCN5 

interact with MYC TAD in vitro. 

     To determine whether MYC amino acid motifs M2 and M3 are required for 

MYC TAD interaction with STAGA complex in vitro, GST-MYC wt (GST-

MYCN108) and the mutants (Δ54-56 and E54,100A) were used in GST-pull down 

assays with HeLa nuclear cell extracts. As shown in Figure 3.6A, STAF65γ and 

SPT3 interacted with GST-MYC wt in the pull down. Importantly, the precipitation 

of those subunits was greatly reduced when the point mutant (E54,100A) was 

used. Additionally, the deletion mutant (Δ54-56) precipitated those STAGA 

subunits to a lesser extent than MYC WT. TIP48 is a subunit of TIP60 complex 

that we previously found to interact with MYC via amino acids 106-143 (Liu et al., 

2003). CDK9 is a component of P-TEFb that was shown to associate with the 

MYC N-terminus (Eberhardy and Farnham, 2002). TIP48 and CDK9 were 

included as positive controls. Compared to MYC WT, the association of the MYC 

mutants with TIP48 and CDK9 was slightly reduced or not affected, which 

underscored importance of MYC M2 and M3 motifs on MYC-STAGA interaction. 

We performed similar GST-pull down assays with HeLa nuclear extracts and 
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examined the binding of more STAGA subunits to further highlight the 

significance of the M2 and M3 motifs in the MYC-STAGA interaction. Consistent 

with the above result, when compared with GST-MYC wt, neither mutant (Δ54-56 

and E54,100A) efficiently interacted with TRRAP, GCN5, STAF65γ, SPT3, TAF9, 

or TAF12 (Figure 3.6B). Again the data indicate that MYC amino acid sequence 

motifs M2 and M3 are important for MYC TAD interaction with the STAGA 

complex in vitro. 

     To determine whether GCN5 is important for the integrity of STAGA complex, 

a shRNA-GCN5 construct was transfected in HeLa cells, and 

immunoprecipitations for STAGA subunits (one against SPT3 and the other 

against STAF65γ) were performed, followed by Western blot. In the 

immunoprecipitation with the anti-SPT3 antibody (IP: SPT3 lane), the GCN5 

knockdown reduced SPT3-FAM48A association, although it had no effect on the 

interaction between SPT3 and other STAGA subunits (Figure 3.7A). The GCN5 

knockdown also marginally decreased the association of STAF65γ with TRRAP, 

FAM48A, SPT3, and TAF9 (IP: STAF65γ lane). To determine whether full length 

MYC interaction with STAGA depends on GCN5, Flag-tagged MYC full length 

and shRNA against GCN5 were expressed in HeLa cells by transient transfection, 

immunoprecipitated with the anti-Flag antibody, and analyzed by Western blotting. 

The GCN5 knockdown diminished the interactions of full length MYC with 

FAM48A, STAF65γ, SPT3, and TAF9, suggesting full length MYC interaction with 

STAGA is partially dependent on GCN5 (Figure 3.7B). TBP association with full 
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length MYC increased after GCN5 knockdown, indicating that GCN5 could 

physically prevent TBP from associating with MYC.  

     To determine whether the full length MYC interaction with STAGA depends on 

M2 and M3 motifs of MYC in vivo, Flag-tagged MYC full length and its motif 

mutant (E54, 100A) were transiently transfected in HEK293 cells, 

immunoprecipitated with the anti-Flag antibody, and analyzed by Western blotting 

against STAGA subunits. Compared to full length MYC, the mutant did not 

interact with GCN5, STAF65γ, and SPT3 as efficiently (Figure 3.8A), or with 

TRRAP, GCN5, and SPT3 (Figure 3.8B). However, the mutation did not affect 

the binding to MAX, CDK9, and TBP. Accordingly, full length MYC interaction 

with STAGA in human cells is partially dependent on M2/3 motifs of MYC. The 

results of the interaction study are schematically summarized in Figure 3.8C. 

 

A direct MYC-GCN5 interaction within STAGA is required for MYC 

acetylation, activation of hTERT gene, and MYC binding to the hTERT 

promoter 

     To determine whether MYC M2 and M3 motifs are important for MYC 

acetylation by endogenous HATs in mammalian cells, we expressed Flag-MYC 

wt and its glutamic acids-to-alanine substitution mutant (E54, 100A) in HeLa cells 

and analyzed their acetylation by Western blotting with acetyl-K antibody. 

Importantly, the mutation drastically reduced MYC acetylation by endogenous 
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HATs (Figure 3.9A). We then set up a system that allowed us to specifically 

observe GCN5-dependent MYC acetylation, rather than acetylation by pan-

endogenous HATs. The expression vectors for Flag-MYC and GCN5 were 

transiently transfected in HEK293 cells. The cells were incubated with HDAC 

inhibitors and Flag-tagged MYC proteins were immunoprecipitated with the anti-

Flag antibody and analyzed by Western blotting with acetyl-K and Flag 

antibodies. Importantly, though MYC was not detectably acetylated in these cells 

in the absence of GCN5, the co-expression of GCN5 induced acetylation of MYC 

(Figure 3.9B). Using this system, we determined whether MYC M2 and M3 motifs 

are required for MYC acetylation by GCN5. As shown in Figure 3.9C, a 

substantial decrease in acetylation was observed with MYC E54, 100A motif 

mutant, comparing to MYC wt. Thus, these results demonstrate that MYC M2 

and M3 motifs are important for MYC acetylation by GCN5 in HEK293 cells.  

     The human TERT gene is a known direct target of MYC that requires 

recruitment of the STAGA complex (Liu et al., 2008). In order to determine 

whether GCN5 is also required for activation of the TERT gene, HeLa cells were 

transiently transfected with shRNA against GCN5 or luciferase (GL2, negative 

control). The whole-cell extracts were analyzed by Western blotting, and MYC 

and TERT transcripts were analyzed by RT-PCR. GCN5 knockdown largely 

decreased the level of TERT transcripts (Figure 3.10). In contrast, MYC mRNA 

level was barely affected by the knockdown, while endogenous MYC protein level 
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was modestly attenuated in the GCN5 knockdown cells. These results suggest 

that GCN5 is important for MYC-dependent activation of hTERT transcription. 

     We examined whether MYC M2/M3 motifs are required for endogenous TERT 

activation by MYC in IMR90 cells (human lung fibroblasts), which do not express 

the endogenous hTERT gene. RT-PCR revealed that hTERT mRNA in MYC E54, 

100A transfected IMR90 cells was lower than in MYC wt transfected cells (Figure 

3.11A and B). Similarly in luciferase assay, hTERT promoter activity was lower 

with MYC E54, 100A transfection as compared to MYC wt transfected in HeLa 

cells (Figure 3.11C and D).  The used hTERT-luciferase reporter gene construct 

in the assay contains two E-box elements and five Sp1 sites. These results 

suggest that MYC M2/3 motifs are critical for activation of hTERT transcription by 

MYC both in non-cancer cells and cancer cells. To address the role of MYC 

M2/M3 motifs in binding of MYC to hTERT promoter in vivo, a ChIP assay was 

performed in HeLa cells. As shown in Figure 3.12, the ChIP assay revealed that 

the recruitment of MYC to hTERT promoter was attenuated by the M2/M3 motif 

mutations (compare wt to E54, 100A) in both experiments, suggesting MYC M2/3 

motifs are critical in MYC binding to the hTERT promoter in vivo. To determine 

whether GCN5 influences MYC binding to endogenous hTERT promoter in HeLa 

cells, the ChIP assay was performed with HeLa cells that were transfected with 

either shRNA against GCN5 or shRNA against luciferase (shGL2: control). The 

preliminary experiment showed that the knockdown of GCN5 expression 

decreased the recruitment of MYC to hTERT promoter in HeLa cells (Figure 
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3.13), suggesting GCN5 is a critical factor for regulating hTERT expression via 

MYC recruitment.  
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Discussion 

      

     We demonstrate that full length MYC associates with human STAGA and 

ATAC in vivo, while MYC TAD (1-263 residues) specifically interacts with only 

STAGA in GST pull down assay (Figure 3.1). This suggests that distinct subunits 

of the two multiprotein complexes are required for the interaction. seem to affect 

the target specificity of the complexes. Alternatively, the results suggest that 

different regions of MYC are involved in the interaction with different GCN5-

containing complexes. In either case, the results suggest that different subunits 

of these complexes provide specificity. Previously, TRRAP was shown to interact 

with MYC via MBII (amino acids 129-145) and MBI-containing sequences (amino 

acids 1-110) (MacMahon et al., 1998). In addition to TRRAP, we reveal here 

another STAGA subunit, GCN5, which also directly associates with MYC via the 

HAT and ADA2 interaction domains of GCN5 (Figure 3.2; Figure 3.5). We also 

show that GCN5 is involved in mediating MYC interaction with STAGA in vivo 

(Figure 3.7B). However, GCN5 does not most likely serve as a scaffold protein 

for the STAGA complex since the knockdown of GCN5 barely affected the 

interactions between the STAGA subunits (Figure 3.7A). We found that MYC 

TAD sequence motifs (M2 and M3) are important for direct GCN5 binding and 

interaction with the STAGA complex. In in vitro assay, the association of the 

STAGA subunits is greatly reduced when the point motif mutant (E54,100A) of 

GST-MYCN108 (1-108 residues) was used (Figure 3.6). Meanwhile, the effect of 
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the mutations in full length MYC appears to be mitigated, and more residual 

binding of TRRAP with the mutant is observed (Figure 3.8B). The difference can 

be attributed to the fact that, in the in vivo experiments, TRRAP can make an 

extra contact with full length MYC via MBII (129-145 residues) (MacMahon et al., 

1998) that would compensate the loss of interaction of GCN5 with the N-terminal 

motifs observed in the in vitro GST pull-down assay (Figure 3.8C).  

     In an attempt to elucidate the in vivo role of the MYC-GCN5 interaction, we 

demonstrate that hTERT mRNA levels in MYC E54, 100A transfected IMR90 

cells are lower than in MYC wt transfected cells, and that hTERT promoter 

activity is reduced by MYC E54, 100A mutation in HeLa cells (Figure 3.11). The 

recruitment of MYC to the TERT promoter was also reduced to background 

levels by the M2/M3 motif mutation (compare wt to E54, 100A) (Figure 3.12), 

suggesting the observed effect in the activation of hTERT transcription would be 

reflective of the difference, at least in part, in binding to the target promoter. 

However, in the ChIP assay, the binding of MYC mutant is not significantly above 

the threshold/background. Since the mutant retained a certain level of activity in 

qPCR and luciferase assays, we speculate that the ChIP assay was not sensitive 

enough. Furthermore, we found that GCN5 knock down impairs transcription of 

hTERT gene and binding of MYC to the hTERT promoter (Figure 3.10; Figure 

3.13), though the exact mechanism remains to be elucidated.  



104 
 

     As a follow up study, we further investigated whether the MYC-GCN5 

interaction is actually important in activation of hTERT transcription (data not 

shown): HeLa cells were transfected with hTERT-luciferase reporter gene 

construct, pCMV-β-galactosidase reference gene, and with expression vectors 

for MYC and GCN5. In accordance with the results in Figure 3.11D, the 

transfection of MYC E54, 100A attenuated hTERT transcriptional activity 

comparing to MYC wild type. However, GCN5 similarly activated both MYC wild 

type and the motif mutant dependent activation of hTERT transcription dose 

dependent manner by same fold. The cotransfection of GCN5 similarly increased 

protein expressions of both wild type and mutant MYC (data not shown). 

Therefore, we speculate we may have observed the non-specific/secondary 

effect of GCN5 on MYC or other GCN5-target proteins in this assay. 
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Figure legends 
 
 
Figure 3.1 MYC TAD 1-263 specifically interacts with the GCN5-containing 

STAGA complex. (A) HEK293 cells were transfected with Flag-tagged Myc wt  

or the corresponding empty vector and the whole-cell extracts were 

immunoprecipitated with the Flag antibody (IP: FLAG) and analyzed by Western 

blotting with the indicated antibodies. The right side panels show the 

immunoprecipitated proteins and the left side panels show the corresponding 

proteins in the input lysates used for immunoprecipitation. (B) GST pull-down 

with HeLa nuclear extracts and GST and GST-MycN263 resins. The bound, 

unbound and input fractions and the resins before incubation were analyzed by 

Western blotting against the indicated proteins. Below the blot, the diagram of 

GST-MycN263 fusion protein is shown. Myc boxes 1 and 2 (MB1 and MB2) are 

indicated. Experiments in 3.1A and 3.1B were performed by F. Faiola and N. 

Zhang, respectively.  

Figure 3.2 Selective binding of MYC TAD to TRRAP and GCN5 subunits 

within the STAGA complex. (A and B) GST pull-down assay with GST-

MycN263, and HeLa nuclear extracts (Fig. 3.2A) or purified STAGA (Fig. 3.2B) in 

the presence of chemical crosslinking reagent, dithiobis succinimidyl propionate 

(DSP). The panels are Western blotting analyses with the indicated antibodies. 

(C) Flag-tagged human Myc wt is expressed in HEK293 cells and the whole-cell 

extracts were immunoprecipitated with the Flag antibody (IP: FLAG) in the 
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presence of DSP, SDS, and detergent, sodium deoxycholate (DOC).The 

precipitates were analyzed by Western blotting. Experiments in 3.2 were 

performed by N. Zhang. 

Figure 3.3 MYC TAD interacts directly with GCN5 and requires the MB1 and 

98-108 regions of MYC. (A and B) GST pull-down assay with the GST-Myc 

deletion mutants and GCN5.  (C) Structure of GST-Myc deletion mutants used in 

the experiment and summary of interaction results. The degree of GCN5 binding 

to the deletion mutants is indicated from ++++++++ (strong binding to GCN5; 

arbitrary set to 100%) to – (no detectable binding). Myc motifs 1, 2, and 3 (M1, 

M2 and M3), and Myc box 1 (MB1) are indicated. Experiments in 3.3A and 3.3B-

C were performed by N. Zhang and J. Lo, respectively. 

Figure 3.4 MYC TAD sequence motifs (M2, M3) are important for direct 

GCN5 binding in vitro. (A) The left panel shows GST-Myc point mutants used in 

GST-pull down assay and the asterisk indicates the mutated amino acid.  The 

right panel presents the degree of GCN5 binding to GST-Myc point mutants. The 

binding degree of GCN5 to GST-Myc 2-108 is arbitrarily set to 100%.  The 

quantified results are presented as means ± standard deviation from three 

independent experiments. (B) The amino acid sequences of MYC, MYCN, MYCL, 

E1A, p53 were aligned. The consensus M2/M3 motif sequence is shown below 

the alignment. The asterisks indicate amino acids E54 and E100, respectively. 

Myc motifs 1, 2, and 3 (M1, M2 and M3), and Myc box 1 (MB1). Analysis in 3.4A 
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and experiments in 3.4B were performed by Dr. E. Martinez, and N. Zhang and J. 

Lo, respectively. 

Figure 3.5 MYC TAD interacts with the HAT and ADA2 domains of GCN5. (A) 

Structure of GCN5 deletion mutants used in Fig.3.5B and summary of interaction 

results: - (no detectable binding), + (detectable binding). Histone 

acetyltransferase domain (HAT), ADA2 interaction domain (ADA2), 

Bromodomain (BrD) (B) Representative pull-down analyses of GST-Myc 1-204 

with the indicated purified recombinant GCN5 proteins. Experiments in 3.5 were 

performed by N. Zhang. 

Figure 3.6 MYC amino acid sequence motifs M2 and M3 are important for 

MYC TAD interaction with the STAGA complex in vitro. (A and B) HeLa 

nuclear extracts were incubated with GST, GST-Myc N108, GST-Myc Δ54-46, 

and GST-Myc E54/100A resins. The association of STAGA subunits and the 

other indicated factors was analyzed by Western blotting. In the figure B, the 

corresponding Ponceau S stain image prior to incubation with primary antibody 

was also shown. Experiments in 3.6 were performed by N. Zhang. 

Figure 3.7 Full length MYC interaction with STAGA in human cells is 

partially dependent on GCN5. (A) HeLa cells were transiently transfected with 

pSUPER-GCN5-2031 (GCN5) or pSUPER-GL2 (GL2). The whole cell extracts 

(input) of GCN5-knockdown cells (+) and control cells (-) were 

immunoprecipitated with either SPT3 (IP: SPT3), STAF65γ (IP: STAF65γ), or 
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control IgG (IP: control), and STAGA complexes were analyzed by Western 

blotting with antibodies to the indicated proteins. The effect of GCN5 knockdown 

on STAGA complex integrity was assessed by dividing the intensity of protein 

band in GCN5-knockdown cells (+) by that in control cells (-). (B) HeLa cells were 

transiently transfected with Flag-tagged human Myc wt and shRNA against 

GCN5. The whole cell extracts were immunoprecipitated with the Flag antibody 

(IP: FLAG) and analyzed by Western blotting with the indicated antibodies. The 

effect of GCN5 knockdown on the association of MYC with STAGA components 

was evaluated by dividing the intensity of protein band in GCN5-knockdown cells 

(+) by that in control cells (-). Experiments in 3.7 were performed by N. Zhang. 

Figure 3.8 Full length MYC interaction with STAGA in human cells is 

partially dependent on the M2/3 motifs of MYC TAD. (A and B) HEK293 cells 

were transfected with Flag-tagged Myc wt, Flag-tagged Myc E54/100A  or the 

corresponding empty vector and the whole-cell extracts were immunoprecipitated 

with the Flag antibody (IP: FLAG) and analyzed by Western blotting with the 

indicated antibodies. The right side panels show the immunoprecipitated proteins 

and the left side panels show the corresponding proteins in the input lysates 

used for immunoprecipitation. (C) Diagram summarizing the interaction results 

between MYC and STAGA subunits. The asterisk in M2 indicates E54 and the 

other asterisk in M3 designates E100. GCN5 is shown to directly associate with 

MYC via motifs 2 and 3. TRRAP also binds to MYC directly through the motifs 2, 

3, and MBII as well. The interaction between TRRAP and MYC via MBII would 
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provide an extra scaffold interface for other STAGA cofactors to associate with 

MYC. Experiments in Figure 3.8A-B and the image in Figure 3.8C were 

performed and created by F. Faiola and Dr. E. Martinez, respectively. 

Figure 3.9 MYC M2/3 sequence motifs are important for MYC acetylation by 

GCN5 in mammalian cells. (A) E54/100A mutation attenuates hMYC acetylation 

by endogenous HATs. HeLa cells were transfected with the expression vectors 

for Flag-Myc, Flag-Myc E54/100A or with corresponding empty vector. Whole-cell 

extract was immunoprecipitated with Flag antibody (IP: FLAG), followed by 

Western blot analysis with the indicated antibodies. (B and C) E54/100A mutation 

attenuates GCN5 dependent hMYC acetylation. HEK293 cells were transfected 

with the indicated plasmids and incubated with HDAC inhibitors for 2 h prior to 

harvest. The whole-cell extract was immunoprecipitated with Flag antibody, 

followed by Western blot analysis.  

Figure 3.10 GCN5 is required for transcription of the hTERT, but not the 

MYC gene. (A and B) Knockdown of GCN5 in HeLa cells specifically reduces 

TERT mRNA levels. HeLa cells were transiently transfected with pSUPER-

GCN5-2031 (GCN5) or pSUPER-GL2 (GL2). TERT, MYC and β-actin transcripts 

were analyzed by RT-PCR. Corresponding whole-cell extracts were also 

analyzed by Western blotting with the indicated antibodies. RT-PCR signals in 

GCN5 shRNA transfected cells (white bars) and in GL2 control transfected cells 

(blue bars) were normalized to β-actin signals, and the normalized values for 
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GL2 cells were arbitrarily set to 100% (blue bars). The quantified results are 

presented as means ± standard deviation (n = 3). One asterisk, P < 0.05. 

Figure 3.11 MYC M2/3 motifs are important for activation of the hTERT 

transcription by MYC. (A and B) MYC M2/3 motifs are required for endogenous 

TERT activation by ectopic MYC in IMR90 cells. IMR90 cells were transfected 

with the expression vectors for Flag-Myc wt, Flag-Myc E54/100A or with 

corresponding empty vector. TERT and β-actin transcripts were analyzed by RT-

PCR. mRNA levels of TERT were normalized to β-actin signals, and the 

normalized value for MycWT transfected cells was arbitrarily set to 100%. 

Results are shown as means ± standard deviation from three independent 

experiments performed in triplicate. Corresponding whole-cell extracts were also 

analyzed by Western blotting. One asterisk, P < 0.05 (C and D) HeLa cells were 

transfected with hTERT-luciferase reporter gene construct, pCMV-β-

galactosidase reference gene, and with expression vectors for Flag-Myc or with 

corresponding empty vector. Relative luciferase activities (normalized to β-

galactosidase) are the means ± standard deviation from three independent 

experiments performed in duplicate. Corresponding whole-cell extracts were 

analyzed by Western blotting. Two asterisks, P < 0.01. Experiments in 3.11C-D 

were performed by F. Faiola. 
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Figure 3.12 MYC M2/3 motifs influence MYC binding to the hTERT promoter 

in vivo. Graphic representation of ChIP data for Flag-tagged MYC binding to 

hTERT promoter in HeLa cells. HeLa cells were transfected with Flag-tagged 

Myc wt, Flag-tagged Myc E54/100A or the corresponding empty vector. 

Chromatin extracted from cross-linked HeLa cells was immunoprecipitated with 

anti-FLAG M2 affinity resin. DNA was recovered and used for real-time PCR. 

MYC protein expression in HeLa cells were shown in Fig.3.11C. Relative 

enrichment was normalized to empty and CHR6 non coding region. Each 

independent experiment is performed in triplicate and results are shown as 

means ± standard deviation. performed in triplicate. Experiments in 3.12 were 

performed by F. Faiola. 

Figure 3.13 GCN5 knockdown decreases binding of MYC to the 

endogenous hTERT promoter in HeLa cells. (A) HeLa cells were transfected 

with shRNA against GCN5 or shRNA against firefly luciferase (shGL2: control). 

Western blot analysis of GCN5 expression in the transfected HeLa cells was 

shown. (B) Graphic representation of ChIP data for MYC binding to hTERT 

promoter in HeLa cells transfected with GCN5 shRNA or GL2 shRNA. Chromatin 

extracted from cross-linked HeLa cells was immunoprecipitated with anti-Myc 

antibody. DNA was recovered and used for real-time PCR. Results are shown as 

means ± standard deviation from one experiment performed in triplicate. Left bar 

(shGL2: blue), Right bar (shGCN5: purple).  Experiments in 3.13 were performed 

by F. Faiola. 
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Figure 3.1 MYC TAD 1-263 specifically interacts with the GCN5-containing 

STAGA complex.  
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Figure 3.2 Selective binding of MYC TAD to TRRAP and GCN5 subunits within 

the STAGA complex.  
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Figure 3.3 MYC TAD interacts directly with GCN5 and requires the MB1 and 98-

108 regions of MYC.  
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Figure 3.4 MYC TAD sequence motifs (M2, M3) are important for direct GCN5 

binding in vitro.  
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Figure 3.5 MYC TAD interacts with the HAT and ADA2 domains of GCN5.  
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Figure 3.6 MYC amino acid sequence motifs M2 and M3 are important for MYC 

TAD interaction with the STAGA complex in vitro.  

 

 

 

 

 

 



118 
 

 

Figure 3.7 Full length MYC interaction with STAGA in human cells is partially 

dependent on GCN5.  
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Figure 3.8 Full length MYC interaction with STAGA in human cells is partially 

dependent on the M2/3 motifs of MYC TAD.  
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Figure 3.9 MYC M2/3 sequence motifs are important for MYC acetylation by 

GCN5 in mammalian cells.  
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Figure 3.10 GCN5 is required for transcription of the hTERT, but not the MYC 

gene. 
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Figure 3.11 MYC M2/3 motifs are important for activation of the hTERT 

transcription by MYC. 
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Figure 3.12 MYC M2/3 motifs influence MYC binding to the hTERT promoter in 

vivo. 
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Figure 3.13 GCN5 knock down decreases binding of MYC to the endogenous 

hTERT promoter in HeLa cells.  
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Chapter 4 
 
 
 
A physical interaction between the MYC oncoprotein and the tumor 

suppressor p53 
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Summary 

 

     Alterations in MYC and p53 levels and/or activities are associated with the 

majority of cancers in humans. The MYC oncoprotein and the p53 tumor 

suppressor protein are transcription regulators that can influence each other’s 

genetic programs. In normal cells, overexpressed MYC induces p53 expression 

and downstream pathways via the ARF-MDM2 pathway leading to apoptotic cell 

death. This functions as a safeguard against MYC driven cell proliferation and 

cancer development. Meanwhile, MYC has been also reported to inhibit p53-

dependent apoptosis in ARF-deficient cancer cells. The molecular mechanisms 

for the antagonistic functions of p53 and MYC on each other’s pathway are 

thought to be indirect but remain poorly understood. Here we unexpectedly find a 

physical interaction between MYC and p53 proteins that has not been reported 

previously. We then characterize the MYC-p53 interaction to eventually have an 

understanding on the role of the physical interaction between these two proteins. 

We demonstrate that MYC and p53 interact with each other in transformed cell 

lines. We additionally find that MAX does not interact with p53 independently of 

MYC, and also show that MYC bHLHZip domain is sufficient for interaction with 

p53 and its lecucine zipper (Zip) plays an important role in this interaction. In vitro 

assay also indicates p53 interacts with a recombinant GST-MYC/MAX complex. 
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Introduction 

 

          The Myc proto-oncogenes encode a family of highly related MYC 

oncoproteins. In mammals, several MYC genes, including MYC, MYCN, and 

MYCL, have been identified (Vervoorts et al., 2006). As a transcription factor, 

MYC interacts with a large fraction of genome and regulates the gene expression 

and chromatin structure, hence affecting many biological processes such as the 

followings: embryonic development, cell growth, proliferation, differentiation, stem 

cell pluripotency, apoptosis, oncogenic transformation, senescence, genetic 

instability, vasculogenesis, angiogenesis, and cell migration. Human cancers are 

commonly caused by mutations that affect the expression levels and/or the 

amino acid sequence of the MYC oncoprotein, leading to its constitutive 

overexpression. For example, MYC is known to be overexpressed in 100% of 

Burkitt`s lymphoma, 70% of prostate cancers, 57-78% of glioblastoma, 68% of 

medulloblastoma, 67% of colon cancers, 47% of gastric cancers, 45% of breast 

cancers, 44% of ovarian cancers (Vita and Henriksson, 2006). Also, the MYC 

promoter is targeted by multiple signal transduction cascades such as WNT, 

RAS/RAF/MAPK, JAK/STAT, transformation growth factor β, and NF-kappa B 

pathways that are deregulated in cancer cells and contribute to enhanced MYC 

expression (Vervoorts et al., 2006). Essentially all MYC proteins in cells are 

found as dimers with the partner protein MAX, associating through their 

respective bHLHZip domains (Blackwoood et al., 1992). The heterodimeric 
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MYC/MAX complex binds to specific DNA sequences, E-box elements that 

contain a core CACGTG sequence. They bind to regulatory regions of target 

genes with their basic domains to activate transcription. MAX can also interact 

with other bHLHZip proteins of MAD family (MAD1,MXI1,MAD3, and MAD4) and 

other Mad-related proteins (MNT/ROX and MGA) (Baudino and Cleveland, 2001). 

MAD and MAX also interact via their leucine zippers, so MYC/MAX and 

MAD/MAX interactions are mutually exclusive. The MAD/MAX complexes bind to 

the same E-boxes as MYC/MAX but repress rather than activate transcription. 

MYC activates transcription by recruiting various coactivators that modify 

chromatin and/or recruit the basal transcription machinery (Cowling and Cole, 

2006). Gene repression by MYC is less well characterized but appears to involve 

MYC interactions with other DNA-binding activators and interference with 

recruitment of coactivators, and/or via recruitment of corepressors that 

deacetylate histones or methylate CpG DNA (Kleine-Kohlbrecher et al., 2006; 

Kurland and Tansey, 2008).          

     The p53 tumor suppressor is a transcription regulator that binds specific DNA 

elements as a homo-tetramer or to other DNA-bound proteins and either 

activates or represses transcription of a variety of stress-responsive genes (Riley 

et al., 2008). The importance of p53 in cancers is illustrated by the fact that TP53 

gene is mutated in approximately half of human tumors (Olivier et al., 2004). The 

mutations are found mainly in the specific DNA-binding core domain of p53, 

thereby generating p53 mutants that can not bind to p53-responsive DNA 
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elements. Having a short half-life, p53 is normally maintained at low levels in 

unstressed cells by ubiquitylation and subsequent degradation. This is primarily 

due to the interaction of p53 with the RING-finger ubiquitin E3 ligase MDM2 (also 

known as HDM2). However, when cells encounter stress stimuli such as 

oncogene activation or DNA damage, p53 ubiquitylation is suppressed and p53 

is stabilized and accumulates in the nucleus, where it forms a homotetrameric 

complex (Lowe 1999). Activated p53 induces or represses transcription of 

various genes leading to cell cycle G1 or G2 arrest and damage repair or 

apoptosis (Prives and Hall, 1999; Vogelstein et al., 2000). 

     Since most human malignancies are associated with alterations in either MYC 

or p53 and associated pathways, both MYC and p53 have been extensively 

studied as cancer targets. Interestingly, several studies now indicate that both 

can influence each other`s activities and cognate pathways, although mostly via 

indirections. MYC potentiates apoptosis through both p53-dependent and p53-

independent mechanisms. In terms of the p53-dependent mechanism, MYC 

activation leads to increased ARF expression which inactivates MDM2 and 

results in activation of p53, thereby inducing p53-dependent apoptosis (Hoffman 

and Liebermann, 2008; Zindy et al., 1998); ARF inhibits MDM2 by either directly 

binding or sequestering MDM2 in the nucleolus (Honda and Yasuda, 1999; 

Kamijo et al., 1999; Weber et al., 1999). In a p53-independent mechanism, 

Burkitt’s lymphoma-related MYC mutants (T58A and P57S) do not upregulate 

Bim and thus are defective at promoting apoptosis, though both mutants still 
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retain the ability to activate p53 (Hemann et al., 2005). BIM proteins are known to 

promote apoptosis by binding and sequestering BCL2 (Letai et al., 2002). 

Furthermore, it is reported that MYC also activates transcription of the TP53 gene 

(Roy et al., 1994). Meanwhile, p53 has been shown to directly bind the MYC 

promoter by chromatin immunoprecipitation and repress MYC gene transcription 

(Ho et al., 2005). Overall, p53 appears to function as a cellular safeguard against 

MYC-induced tumorigenesis and uncontrolled cell growth.  

 

     Here we unexpectedly find a physical interaction between MYC and p53 

proteins that has not been reported previously. We provide evidence that MYC 

and p53 interact with each other via reciprocal immunoprecipitations using 

endogenous and ectopically expressed proteins. We also found that although 

MAX appears to facilitate the interaction between p53 and MYC, MAX does not 

interact with p53 independently of MYC.  In addition, we found that the MYC 

bHLHZip domain is sufficient for interaction with p53 and its lecucine zipper (Zip) 

plays an important role in this interaction. GST pull down assay also indicated 

p53 interacts with recombinant GST-MYC/MAX in vitro. 
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Materials and Methods 

 

DNA plasmids 

     The expression vectors for Flag-tagged human Max short isoform, pCbS-Flag-

Max (Faiola et al., 2005), Flag-tagged human p53, pcDNA3 Flag-p53 (Addgene 

plasmid 10838; Gjoerup et al., 2001), and the bacterial expression vector for His-

tagged human Max short isoform, pET-His-Max (Walhout et al., 1997) were 

described previously. The expression vectors for Flag-tagged mouse c-Myc, 

pCbS-Flag-mMyc wt and ∆1-110 were gifts from Dr. Michael Cole (McMahon et 

al., 1998). The expression vector for Flag-tagged mouse c-Myc C93 was 

obtained by cloning between the Bam HI and Hind III sites of pCbS plasmid a 

Flag-Myc C93 cDNA fragment obtained by PCR of pCbS-Flag-Myc with the Bam 

Hl-Met-Flag-Xma I-Myc C93-containing primer 5’-

CCTGCCGGATCCATGGACTACAAGGACGATGATGACAAGCCCGGGTCCTCA

GACACGGAGGAAAACGACAAGAG-3’ and Hind III-stop-Myc-containing primer 

5’-

CTGCCCAAGCTTATGCACCAGAGTTTCGAAGCTGTTCGAGTTTGTGTTTCAA

CTGTTC-3’. The human Myc deletion mutants, pcbs-Flag-Myc ∆Zip, ∆HLHZip, or 

∆C, were derived from pCbS-Flag-human-Myc wt by introducing stop codons 

after residues with a QuickChange site-directed mutagenesis kit (Stratagene). 

Those plasmids were verified by DNA sequencing. 
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Cell culture, transfection, immunoprecipitation, and Western blotting 

     HEK293, HeLa, and U2OS cells were maintained in Dulbecco modified Eagle 

medium supplemented with 10% fetal bovine serum at 37°C with 5% CO2.  

     For immunoprecipitation (IP) of Flag-tagged proteins in HEK293 cells, cells in 

10 cm plates at 90% confluence were transfected with ExpressFect (Denville). 

[pCbS-Flag-Myc (7.5 μg),  pCbS-Flag-Max (0.5 μg), pCbS-HA-Max (0.5 μg), 

pcDNA3 Flag-p53 (either 5 or 10 μg; see Fig. 4.2)] The corresponding empty 

vectors were included in control lanes. The whole-cell extracts, in lysis buffer 

containing 250 mM NaCl (Faiola et al., 2005), were incubated with 250 ng/ml of 

ethidium bromide for 30 m on ice.  IP and Western blotting of Flag-tagged 

proteins were performed essentially as described previously (Faiola et al., 2005). 

For IP of Flag-tagged proteins in U2OS cells, cells were transfected in 10-cm 

plates at 90% confluence as above.  After 48 h, the cells were incubated with 

MG132 (20 μM) for 2 h prior to lysis. The following procedures were performed 

essentially as described above. 

     For immunoprecipitation of endogenous proteins, cells were lysed as 

described previously (Faiola et al., 2005).  The lysates were incubated with 250 

ng/ml of ethidium bromide for 30 m on ice. The lysates were precleared with 20 

μl of protein G agarose (Pierce) or protein A agarose (Pierce) for 30 min at 4°C. 

Lysates were diluted with BC-0 (20 mM HEPES, pH 7.9, at 4°C, 20% glycerol, 

0.2 mM EDTA, 0.05% IGEPAL CA-630, 0.2 mM PMSF, 5 mM 2-
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mercaptoethanol) to reach 179 mM NaCl final concentration (IP buffer). The 

indicated antibodies (10 μg) were incubated with the lysates for 6.5 h at 4°C, and 

precipitated after incubation with 20 μl of protein G agarose (Pierce) or protein A 

agarose (Pierce) overnight at 4°C. Immunoprecipitates were washed three times 

with IP buffer and analyzed by SDS-PAGE and Western blotting with the 

indicated antibodies and the enhanced chemiluminescence (ECL) kit (Amersham 

Biosciences).  

     The following antibodies were used for IP and Western blotting: hTBP (gift 

from R. G. Roeder), Gal4 DBD, Max C-17, Myc C-33, Myc 9E10, Myc N-262, p53 

DO-1, p53 FL-393, SIRT1 H-300 (Santa Cruz Biotechnology), FLAG M2, FLAG 

M2 affinity resin and Vinculin (Sigma). 

 

GST-pull down assays 

     Recombinant human Max was expressed in bacteria and purified as 

previously described (Farina et al., 2004). GST-Myc fusion proteins expressed in 

bacteria were immobilized on glutathione agarose and used in pull-down assays 

essentially as previously described (Martinez et al., 2001). For preparing GST-

Myc C92:Max complex, purified GST-MycC92 and recombinant Max proteins 

were mixed together with equal volume of BC-0 at a molar ratio of 1 (GST-Myc 

C92) to 1 (Max) to bring the salt concentration to 50 mM. The sample was then 

incubated at 37°C with 550 rpm agitation for 1h and the resin was washed three 
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times with BC-100 (20 mM Tris–HCl, pH 7.9, at 4 °C, 20% glycerol, 100 mM KCl, 

0.05% NP-40, 10 mM of 2-mercaptoethanol, and 0.2 mM PMSF). 
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Results  

 

MYC physically interacts with p53 

 

     In the immunoprecipitation (IP) experiment (Figure. 2.2B) of Flag-tagged MYC 

expressed in HEK293 cells and Western blotting analyses, an acetylated protein 

of about 53 kDa was observed that is distinct from MYC.  Besides the distinct 

size, the protein was sensitive to only one HDAC inhibitors, TSA, while MYC was 

sensitive to the other inhibitors as well. The subsequent Western blotting 

indicated that the protein could be the tumor suppressor protein p53. Since there 

was no report describing such an association, the interaction between 

endogenous p53 and MYC/MAX was tested in HEK293 and HeLa cells by IP. 

After harvesting, cell lysates were subjected to IP with Myc-N262 antibody 

(antibody against the N-terminus of MYC) and MAX, followed by immunoblotting. 

Both MYC and p53 were immunoprecipitated with MAX antibody, although the 

Myc-N262 antibody did not immunoprecipitate endogenous p53, but MAX (Figure. 

4.1A). [p53 levels in HeLa cells are lower than in HEK293 cells due to the 

enhanced ubiquitin-mediated degradation of p53 mediated by HPV E6 

oncoprotein in HeLa cells (Scheffner et al., 1990)]. Importantly, the p53DO1 

antibody (monoclonal antibody against amino acids 11-25 of p53) co-precipitated 

both MYC and MAX proteins (Figure. 4.1B). It is also important to note that 

another widely used p53 antibody, p53-FL393, did not precipitate MYC or MAX 
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(data not shown). These reciprocal immunoprecipitation results indicate that 

endogenous MYC/MAX complex and p53 interact in these differently transformed 

cell lines and that certain antibodies may possibly disrupt these interactions.  

     To further confirm the interaction between p53 and MYC/MAX in vivo, the 

expression vector for Flag-tagged p53 was expressed by transfection of HEK293 

cells. After harvesting, proteins were immunoprecipitated with anti-Flag M2 

antibody resin and the precipitates were subjected to Western blotting. The 

preliminary result showed that ectopic p53 is able to interact with endogenous 

MYC and MAX (Figure. 4.2). p53 appears to be able to interact more efficiently 

with short form of MAX than long form of MAX. To examine the reciprocity in 

greater details, Flag-MYC and either Flag-MAX or HA-MAX were co-expressed in 

HEK293 cells (Figure 4.3A), and in U2OS cells in the presence of MG132 (Figure 

4.3B), and the lysates were subjected to IP with the anti-Flag antibody and then 

Western blotting. Importantly, in both cells lines, Flag-MYC by itself was sufficient 

to interact with endogenous p53, while Flag-MAX alone did not interact with p53. 

Likewise, we found that both human and mouse MYC can interact with 

endogenous p53 in HEK293 cells (Figure 4.4). Interestingly, co-transfection of 

MAX together with MYC increased the association of p53 with MYC in HEK293 

cells, but not in U2OS cells (Figure 4.3B; Figure 4.4). Collectively, these results 

indicate that p53 preferentially associates with MYC/MAX complex and not 

another MAX complex.  
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     With the above observation, we proceeded to map domains of MYC that are 

necessary for its interaction with p53. HEK293 cells were transfected with Flag-

MYC deletion mutants (Figure 4.5B) and checked the interaction. As shown in 

Figure 4.5A, MYC C93, C-terminal 93 amino acids bHLHZip domain of MYC, was 

sufficient for interaction with p53.  The result is consistent with the finding that 

overexpression of MAX enhances MYC-p53 interaction (Figure 4.4). The reduced 

binding of p53 to MYC C93 suggests a possible contribution of MYC N-terminus 

to the interaction. To more precisely map the p53 contact site, a series of MYC 

C-terminal deletion mutants were created by site-directed mutagenesis (Figure 

4.5D) and used for the interaction experiment. The preliminary result indicates 

that the deletion of leucine zipper (Zip) domain greatly reduced MYC-p53 

interaction (Figure 4.5C), suggesting Zip domain is important and may constitute 

a major domain of interaction with p53 in addition to MAX. We further 

characterized the interaction in vitro by performing GST-pull down assays (Figure 

4.6). Endogenous p53, from HEK293 cell nuclear extracts, associated with GST-

Max and with a complex formed by GST-MycC92 (C-terminal 92 amino acids 

bHLHZip domain of MYC) and Max (Figure 4.6C). This preliminary result 

indicates that, comparing to pre-made GST-MycC92: Max complex, the full 

length MYC from extracts appears to form a more suitable scaffold with MAX for 

p53 binding, possibly due to the contribution from MYC N-terminus. Whether 

GST-Max actually pulls down endogenous MYC and forms the complex remains 

to be shown here to confirm the speculation. Meanwhile, GST protein alone and 
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GST-MycC92 alone (without Max) did not bind to p53. Here the presence of GST 

moiety might interfere with MycC92 to form a complex with endogenous MAX 

that leads to insufficient p53 binding. Alternatively, GST-MycC92 might form 

homodimers that prevent association with endogenous MAX in the extract. 

Consistent with in vivo IPs, the in vitro pull down also indicates the preferential 

p53 association with MYC/MAX complex and the possible contribution of MYC N-

terminus to the interaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



139 
 

Discussion 

 

     We unexpectedly find  that MYC and p53 physically interact during a Western 

blotting experiment. Very surprisingly, we subsequently confirm that endogenous 

MYC/MAX complex and p53 interact in two different transformed cell lines, 

HEK293 and HeLa, by performing immunoprecipitation (Figure 4.1). Although 

both MYC and p53 have been intense targets of health research, no report has 

previously described the interaction. Actually, it is speculated that, depending on 

the used antibody, the interaction can be easily missed out. For example, some 

antibodies might be physically able to disrupt the interaction between MYC/MAX 

and p53. In support of this speculation, while p53DO1 antibody (monoclonal 

antibody against amino acids 11-25 of p53) co-precipitated both MYC and MAX 

proteins (Figure. 4.1B), another widely used p53 polyclonal antibody, p53-FL393, 

precipitated neither MYC nor MAX (data not shown). Interestingly, while both 

MYC and p53 were immunoprecipitated with MAX antibody, Myc-N262 antibody 

did not immunoprecipitate endogenous p53, but MAX (Figure. 4.1A). Importantly, 

ectopic Flag-MAX alone did not interact with endogenous p53 protein in vivo, 

while Flag-MYC by itself was sufficient enough to interact with endogenous p53 

(Figure 4.3). Although MAX itself is not sufficient to associate with p53 and could 

be dispensable for the interaction, MAX might still play a role in assisting MYC to 

interact more efficiently with p53; co-transfection of MAX together with MYC 

increased the association of p53 with MYC in HEK293 cells (Figure 4.4). This 
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suggests that MAX likely forms a better scaffold interface with MYC for p53 

binding. The effect appears to be more marginal in Figure 4.3A due to the 

insufficient normalization of Flag-MYC proteins. It is also important to note that 

the effect of MAX on MYC-p53 interaction appears not to be universal, since the 

enhancement effect was not observed in U2OS cells (Figure 4.3B). Note, unlike 

HEK293 cells, MG132 needed to be used to detect p53 proteins in U2OS cells, 

since ARF lacks and overexpressed MYC can not upregulate endogenous p53 

protein levels in this cell line (Stott et al., 1998). Hence we speculate the 

secondary effects caused by MG132 or the molecular difference between two cell 

lines might be responsible for the discrepancy. Our preliminary result also 

suggested that Zip domain is the major site for MYC to bind to p53 (Figure 4.5C). 

The p53 domain that interacts with MYC/MAX still remains to be determined. 

     As shown in the introduction of this chapter, several works suggest that both 

MYC and p53 can influence each other`s activities and cognate pathways mostly 

indirectly. The novel physical interaction reported here would be a missing piece 

of a puzzle that provide a potential mechanism by which p53 could “directly” 

control MYC activities and vice versa. Actually, this would be consistent with the 

inhibitory effect of MYC on p53 pro-apoptotic functions by interfering with p53-

dependent transcription in ARF-deficient leukemia cells (Ceballos et al., 2005). In 

addition, MYC overexpression has been observed in a significant number of 

human tumors that do not show p53 alterations (Egle et al., 2004).  
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Figure legends 

Figure 4.1 Endogenous p53 and MYC/MAX interact in HEK293 and HeLa 

cells.  (A and B) The whole-cell extracts were immunoprecipitated (IP) with the 

indicated antibodies, then analyzed by Western blotting against p53, MAX, and 

MYC. The HeLa IP experiment in Figure 4.1A was performed by F. Faiola. 

Fig 4.2 Ectopic p53 interacts with endogenous MYC and MAX in 293 cells. 

HEK293 cells were transfected with Flag-tagged p53 or the corresponding empty 

vector and whole-cell extracts were immunoprecipitated with the Flag antibody 

(IP: FLAG) and analyzed by Western blotting with the indicated antibodies. The 

left panels show the immunoprecipitated proteins and the right panels show the 

corresponding proteins in the input lysates used for immunoprecipitation. The 

experiment was performed one time. 

Fig 4.3 MAX does not interact with p53 independently of MYC. (A) HEK293 

cells were transfected with either Flag-tagged Max or HA-tagged Max and Flag-

tagged Myc wt or the corresponding empty vector. The whole-cell extracts were 

immunoprecipitated with the Flag antibody (IP: FLAG) and analyzed by Western 

blotting against p53, MAX, and MYC. The top panels show the 

immunoprecipitated proteins and the bottom panels show the corresponding 

proteins in the input lysates used for immunoprecipitation. (B) U2OS cells were 

transfected with either Flag-tagged Max or HA-tagged Max and Flag-tagged Myc 

wt or the corresponding empty vector and incubated with MG132 for 2 h prior to 
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harvest. The whole-cell extract was immunoprecipitated with Flag antibody, 

followed by Western blot analysis.  

Fig 4.4 MAX facilitates interaction of p53 and MYC. HEK293 cells were 

transfected with either Flag-tagged human Myc or Flag-tagged mouse Myc and 

HA-tagged Max. The whole-cell extracts were immunoprecipitated with the Flag 

antibody (IP: FLAG) and analyzed by Western blotting against p53, MAX, and 

MYC. The top panels show the immunoprecipitated proteins and the bottom 

panels show the corresponding proteins in the input lysates used for 

immunoprecipitation. 

Fig 4.5 MYC bHLHZip domain is sufficient for interaction with p53 and its 

leucine zipper (Zip) plays an important role. (A) Lysates of HEK293 cells 

transfected with Flag-tagged Myc wt or deletion mutants (Myc ∆1-110 or Myc 

C93), and HA-tagged Max were immunoprecipitated with Flag antibody, then 

analyzed by Western blot against p53, Flag, and Max. (B) Schematic 

representation of the constructs used in A. (C) Lysates of HEK293 cells 

transfected with Flag-tagged Myc wt or deletion mutants (∆Zip, ∆HLHZip, or ∆C), 

and HA-tagged Max were immunoprecipitated with Flag antibody, then analyzed 

by Western blot. The experiment was performed one time.  (D) Schematic 

representation of the deletion constructs used in C. 
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Fig 4.6 p53 interacts with recombinant GST-MYC/MAX in vitro. (A) GST, 

GST-Max, GST-Myc C92 were expressed in BL21, purified with Glutathione 

Sepharose 4B, and analyzed by SDS-PAGE and Coomassie blue staining. (B) 

Purified GST fusion proteins and GST-Myc C92:Max complex were quantified by 

Western blot. Recombinant Max protein (0.15 - 1.5 µg) was also loaded on the 

gel. (C) GST pull-down with HEK293 cell extracts and GST, GST-Max, GST-Myc 

C92 resins, GST-Myc C92:Max complex. Input and bound fractions were 

analyzed by Western blot with the indicated antibodies. The experiment was 

performed one time. Experiments in Figure 4.6 were performed by Paula Besa. 
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Figure 4.1 Endogenous p53 and MYC/MAX interact in HEK293 and HeLa cells. 
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Fig 4.2 Ectopic p53 interacts with endogenous MYC and MAX in 293 cells. 
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Fig 4.3 MAX does not interact with p53 independently of MYC. 
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Fig 4.4 MAX facilitates interaction of p53 and MYC.  

 

 

 



148 
 

 

 

Fig 4.5 MYC bHLHZip domain is sufficient for interaction with p53 and its leucine 

zipper (Zip) plays an important role. 
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Fig 4.6 p53 interacts with recombinant GST-MYC/MAX in vitro. 
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Chapter 5 
 
 
 
Conclusions 
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     The MYC oncoprotein is a DNA-binding transcription factor that regulates a 

wide variety of genes involved in many important biological processes such as 

the control of cell growth, proliferation, differentiation, and apoptotic cell death. 

Importantly, unregulated MYC expression is tumorigenic in mice and has been 

associated with the majority of cancers in humans. GCN5, which is a subunit of a 

coactivator complex STAGA, is a HAT that has been identified to acetylate lysine 

residues in histone H3 and non-histone proteins. MYC has been identified as the 

target of GCN5, and two sites of acetylation by GCN5 have been reported in 

mouse MYC (Patel et al., 2004).  However, the functional consequences of the 

MYC acetylation by GCN5 and the physical association between the two proteins 

still remain mostly unknown. In the chapter 2, we found acetylated MYC is mostly 

localized in nuclei, and identified MYC K323 as the major site of acetylation by 

GCN5. In contrast to published studies, we demonstrated for the first time that 

GCN5 stabilizes MYC in a K323- and HAT domain-dependent manner. 

Intriguingly, GCN5 has been shown to promote the MYC ubiquitylation as well in 

a HAT domain/activity-independent manner in vivo. Additionally, MYC K323 

residue is not involved in MYC activation of caspase-3 cleavage. In the chapter 3, 

we found that MYC TAD selectively and directly associates with TRRAP and 

GCN5 subunits among the STAGA complex, and MYC TAD sequence motifs (M2 

and M3) are important for the direct GCN5 binding.  Subsequently, we further 

elucidated that the direct interaction of MYC with GCN5 facilitates an interaction 

with the STAGA complex, acetylation of MYC, activation of hTERT transcription, 
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and binding of MYC to hTERT promoter. Moreover, GCN5 knock down impairs 

transcription of hTERT gene and binding of MYC to the hTERT promoter. Based 

on these studies, a schematic model is created to illustrate the MYC-GCN5 

(STAGA) interaction and its functional connections (Figure 5.1). As the future 

perspectives, it remains to be investigated whether GCN5 dependent MYC 

ubiquitination plays a role in controlling MYC target genes. Our results indicate 

that GCN5 promoted MYC ubiquitination is likely not involved in proteolytic 

functions, but in other functions such as regulation of gene expression. Indeed, in 

support of this notion, recent studies indicate that ubiquitination also has a non 

proteolytic role in controlling transcription. For example, SKP2 and HECTH9 E3 

ligases have been shown to induce MYC ubiquitination and to cooperate with 

MYC to induce a subset of target genes important for cell-cycle progression and 

proliferation (Adhikary et al., 2005; Kim et al., 2003; von der Lehr et al., 2003). 

The elucidation of the dual post-translational modifications on MYC by GCN5 will 

give a new perspective to the intricate network of post-translational modifications 

that contribute to the finely tuned regulation of MYC and its activity (Figure 5.2).  

     Importantly, our results can be also applied in designing a therapeutic drug 

against cancer, taking advantage of the finding that the interaction between MYC 

and GCN5 is important for activation of hTERT transcription by MYC (Figure 

3.11). Inhibition of telomerase in tumor cells has been suggested to disrupt 

telomere maintenance and cause malignant cells to enter proliferative crisis, 

followed by senescence or cell death. Indeed, genetic experiments using a 
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dominant-negative form of hTERT have previously demonstrated that telomerase 

inhibition in human tumor cells can result in telomere shortening followed by 

proliferation arrest and apoptotic cell death (Hahn et al., 1999; Nakajima et al., 

2003; Zhang et al., 1999). This feature makes hTERT as a target for the 

development of therapeutic agents against cancer. According to our results, in 

cervical cancer cells, MYC and GCN5 associate with each other and hTERT 

expression is maintained at high level, promoting the cancer cells to overcome 

the cellular senescence and divide infinitely. If we can disrupt the interaction 

between MYC and GCN5 with an inhibitor, the hTERT expression is expected to 

be lowered. A low molecular compound can be designed by a molecular graphic 

program against the MYC-GCN5 interaction pocket. If the concept works, 

negative effects on the cancer cells might be observed such as slowing down the 

cellular growth rate and/or inducing cancer cell apoptosis (Figure 5.3). The 

general applicability of this system to other cancer cell lines remains to be tested. 

Additionally, possible side effects must be carefully assessed especially 

considering the fact that MYC regulates many genes and functions in many 

different biological activities.   

     Lastly in the chapter 4, we have identified a novel interaction between p53 

and MYC that, surprisingly, has not yet been reported. We identified that MYC 

and p53 interact with each other. We additionally found that MAX does not 

interact with p53 independently of MYC, and also elucidated MYC bHLHZip 

domain is sufficient for interaction with p53 and its lecucine zipper (Zip) plays an 
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important role in this interaction. In vitro assay also indicated p53 interacts with 

recombinant GST-MYC/MAX. Interestingly, several studies now indicate that both 

MYC and p53 can influence each other`s activities and cognate pathways mostly 

indirectly. MYC has been shown to potentiate apoptosis through both p53-

dependent and p53-independent mechanisms (Hoffman and Liebermann, 2008; 

Zindy et al., 1998). In addition, MYC can also drive apoptosis through a p53-

independent manner. Furthermore, it is reported that MYC also activates 

transcription of the TP53 gene (Roy et al., 1994). Meanwhile, p53 has been 

shown to directly bind to MYC promoter by chromatin immunoprecipitation and 

repress MYC gene transcription (Ho et al., 2005). Based on our finding and the 

previous reports, a potential mechanism is proposed by which p53 could “directly” 

control MYC activities and vice versa (Figure 5.4). Indeed, this would be 

consistent with the inhibitory effect of MYC on p53 pro-apoptotic functions by 

interfering with p53-dependent transcription in ARF-deficient leukemia cells 

(Ceballos et al., 2005). Additionally, MYC overexpression has been observed in a 

wide range of human tumors that do not show p53 alterations (Egle et al., 2004). 

As the future perspectives, we can narrow down the interaction region of p53 with 

MYC, and then investigate the role of the physical interaction between these two 

proteins. Considering that the Zip domain is essential for MYC to associate with 

p53, it is interesting to investigate whether p53 and MYC/MAX complexes affect 

each other’s DNA binding activities by using their respective response DNA 

elements in gel-shift assays. Alternatively, it is also intriguing to analyze the role 
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of the p53-MYC interaction in transcription of p53 and MYC target genes. To test 

whether p53 influences MYC-dependent transcription in the interaction domain 

dependent manner, MYC will be co-transfected without or with increasing 

amounts of p53 (or p53 mutants defective in MYC binding) in p53-null cells, like 

SAOS2 cells, together with luciferase reporter genes under the control of 

promoters directly activated by MYC such as hTERT. The reciprocal luciferase 

assay can also be performed to check whether MYC influences p53-dependent 

transcription. Moreover, we could perform qRT-PCR to test the expression of 

endogenous target genes in U2OS cells transfected with MYC and/or p53, and 

corresponding mutants, similarly as above. Note ARF lacks and overexpressed 

MYC can not upregulate endogenous p53 protein levels in U2OS cells, 

minimizing the secondary effect of MYC in this system (Stott et al., 1998). Given 

that alterations in p53 and MYC levels and/or activities are associated with the 

majority of cancers in humans, uncovering the functional consequences of their 

direct physical interaction could potentially lead to the development of novel 

therapeutic targets against cancer. 
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Figure legends 
 
 
Figure 5.1 Schematic model depicting the MYC-GCN5 (STAGA) interaction 

and functional connections. Direct interaction of MYC with GCN5 facilitates the 

interaction of MYC with STAGA complex, acetylation of MYC K323 which 

stabilizes MYC against proteasomal degradation, binding of MYC to hTERT 

promoter, and activation of hTERT transcription. 

Figure 5.2 Prospective dual role of GCN5 in controlling MYC functions by 

different types of post-translational modification. MYC is controlled by the 

two different types of post-translational modifications mediated by GCN5. GCN5 

stabilizes MYC proteins in a K323- and HAT domain-dependent manner. 

Meanwhile, GCN5 is also capable of promoting MYC ubiquitination in a K323- 

and a HAT domain/activity-independent manner that might be involved in non-

proteolytic function.  

Figure 5.3 Possible application of the study in the design of therapeutic 

drug against cancer. Model diagram showing a possible pharmaceutical drug 

against cancer, based on our findings. MYC and GCN5 associate each other and 

hTERT expression is maintained at high level in cancer cells, promoting cancer 

cells to overcome the cellular senescence and divide infinitely. If we can disrupt 

the interaction between MYC and GCN5 with an inhibitor such as an antibody or 

a low molecular compound against the interaction interface, the hTERT 

expression is expected to be reduced. Negative effects on cancer cells might be 
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observed upon the administration such as slowing down the cellular growth rate 

and/or inducing cancer cell apoptosis.   

Figure 5.4 Schematic prospective model illustrating the connection 

between MYC and p53. Previous studies indicate that both MYC and p53 can 

influence each other`s activities and cognate pathways indirectly. MYC has been 

shown to potentiate apoptosis through both p53-dependent (via ARF-MDM2 

pathway) and p53-independent mechanisms. MYC is reported to activate 

transcription of the TP53 gene (Roy et al., 1994). Meanwhile, p53 has been 

shown to directly bind to MYC promoter and repress MYC gene transcription (Ho 

et al., 2005). Therefore, p53 appears to function as a cellular safeguard against 

MYC-induced tumorigenesis and uncontrolled cell growth. The discovered direct 

interaction between MYC and p53 in the chapter 4 suggests a prospective 

molecular mechanism/regulation (indicated as “?” in the figure) by which p53 

could “directly” control MYC activities and vice versa. In support with this, the 

proposed model is consistent with the previously reported inhibitory effect of 

MYC on p53 pro-apoptotic functions by interfering with p53-dependent 

transcription in ARF-deficient leukemia cells (Ceballos et al., 2005). Furthermore, 

MYC overexpression has been observed in a significant number of human 

tumors that do not show p53 alterations (Egle et al., 2004). 
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Figure 5.1 Schematic model depicting the MYC-GCN5 (STAGA) interaction and 

functional connections. 
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Figure 5.2 Prospective dual role of GCN5 in controlling MYC functions by 

different types of post-translational modification. 
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Figure 5.3 Possible application of the finding in the design of therapeutic drug 

against cancer. 
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Figure 5.4 Schematic prospective model illustrating the connection between 

MYC and p53. 
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