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ABSTRACT OF THE DISSERTATION 
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The MYC oncoprotein regulates transcription of a multitude of downstream target 

genes triggering various biological outcomes, such as the induction of cellular 

proliferation, apoptosis, and oncogenic transformation. While MYC protein levels 

and activity are tightly controlled in normal cells, MYC is deregulated in most 

human malignancies. Since cancer is one of the leading causes of death 

worldwide, it is vital to elucidate the molecular and biochemical mechanisms 

underlying the modification and regulation of the MYC protein, whose 

overexpression contributes to the development of most malignant tumors. 

Posttranslational modifications are implicated in the regulation of MYC stability 

and function. For instance, several co-activators/histone acetyltransferases 

(HATs) have been shown to bind and acetylate the MYC protein affecting its 
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turnover by the proteasome. Co-activator/HAT p300 interacts with MYC 

increasing its stability and transactivation functions. However, once p300 

acetylates the oncoprotein at seven lysine residues, MYC becomes more 

unstable due to induced degradation via the proteasome pathway. While MYC 

acetylation has been established, the role of acetylation in MYC biological 

functions has not been determined. Here, I report that by using site-directed 

mutagenesis I have identified lysine 158 in MYC as the major residue acetylated 

by the p300. I also demonstrate that acetylation of K158 reduces MYC-activated 

apoptosis which could be related to MYC-dependent regulation of certain pro-

apoptotic genes associated with mitochondrial function, as it was shown by Real-

time quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 

analysis. Furthermore, I demonstrate that MYC transcriptionally activates p300 in 

mammalian cells and, by using Luciferase reporter assays, I further show that 

MYC and co-activator p300 synergistically activate the promoter of the Cyclin D2 

(CCND2), a well-known cell cycle regulatory gene. Moreover, by utilizing 

immunoprecipitation methods, I establish a link between MYC acetylation by 

p300 and its interaction with the co-activator/HAT, TIP60. Other cell and 

molecular biology procedures, such as immunofluorescence and RNA 

interference, were used in this study as well. These findings begin to uncover a 

role of co-activator/HAT p300 in MYC biological functions and are important 

because they suggest potential new targets for the treatment of MYC-dependent 

cancers.  
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Chapter 1 

Acetylation of MYC by p300 at K158 regulates apoptosis 
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Abstract  

 

       The c-Myc oncoprotein (MYC) is a well-established pleiotropic transcription 

factor that controls a wide range of genes involved in different biological 

functions, such as cellular proliferation, differentiation and apoptosis. MYC is also 

linked to malignant transformation and is tumorigenic in mice. Deregulated MYC 

expression has been implicated in most human cancers. Therefore, it is critical to 

reveal the mechanisms underlying the modification and regulation of MYC by 

signaling pathways, as well as the enzymes involved in those processes. Recent 

observations indicate that MYC levels and functions are regulated by co-

activators/histone acetyltransferases (HATs). It has been reported that the HAT 

p300/CBP interacts with MYC as a co-activator that stabilizes MYC and 

stimulates its transactivation functions in the absence of acetylation. Once p300 

acetylates MYC, it leads to MYC instability and turnover by the proteasome. It 

has been also shown that p300 acetylates MYC at seven lysine residues. Here, I 

demonstrate by using site-directed mutagenesis that lysine 158 (K158) in MYC is 

the major residue acetylated by p300. My results suggest that acetylation of 

K158 decreases MYC-activated apoptosis in Rat1a fibroblasts, in part via 

regulation of pro-apoptotic genes associated with mitochondrial function. These 

findings link for the first time MYC acetylation to MYC-dependent apoptosis. 
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Introduction 

 

       The MYC proto-oncogenes encode a family of highly related MYC (v-myc 

myelocytomatosis viral oncogene homolog) transcription factors (Sheiness et al., 

1978; Sheiness and Bishop 1979; Sheiness et al., 1980). In mammals several 

MYC oncoproteins including ubiquitously expressed c-Myc (MYC) have been 

identified. Being a transcription factor, MYC regulates a wide variety of genes 

involved in the control of diverse cellular functions including cell growth, 

proliferation, differentiation, apoptosis, and oncogenic transformation (reviewed 

in Vervoorts et al., 2006). MYC deregulation is also tumorigenic in mice (Murphy 

et al., 2008).  Activation of MYC family proteins has been implicated in most 

human cancers due to different mutations, such as translocations and 

amplifications in MYC gene (reviewed in Vervoorts et al., 2006).  

       MYC forms a heterodimer with the ubiquitous MYC associated protein X 

(MAX) in order to bind E-box DNA elements (core consensus sequence 

CACGTG) in the promoters of target genes. MYC and MAX both are basic/helix-

loop-helix/leucine-zipper (bHLHZip) transcription factors. The N-terminus of MYC 

contains a phylogenetically conserved transcription activation domain (TAD), 

which includes two conserved sequences known as MYC Boxes: MB1 and MB2 

(reviewed in Vervoorts et al., 2006). Among other functions, these domains are 

necessary for MYC to induce cellular transformation, apoptosis and block 

differentiation (reviewed in Cowling and Cole, 2006). Mutations in MB1 can affect 
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MYC turnover (reviewed in Vervoorts et al., 2006). MB2 is important for cell 

proliferation and G2 arrest. MB3 and MB4, two distant MYC Boxes, have been 

implicated in the induction of cellular transformation and regulation of apoptosis 

as well (reviewed in Cowling and Cole, 2006).  

       The pleiotropic activities of MYC require tight control of its expression by 

many diverse pathways and factors. In particular the MYC protein undergoes 

different posttranslational modifications, including phosphorylation, 

ubiquitinylation, and acetylation (reviewed in Vervoorts et al., 2006). Histone 

acetyltransferases (HATs) GCN5, TIP60 and p300/CREB binding protein (CBP) 

induce acetylation of the MYC oncoprotein at specific lysines (K) in transfected 

mammalian cells (Vervoorts et al., 2003; Patel et al., 2004; Faiola et al., 2005; 

Zhang et al., 2005). Acetylation of MYC by either mGCN5/PCAF or TIP60 results 

in increased protein stability (Patel et al., 2004). Histone deacetylase (HDAC) 

SIRT1 deacetylates MYC, resulting in its instability (Yuan et al., 2009). HAT 

p300/CBP regulates MYC at two levels: first, as a co-activator that stabilizes 

MYC and promotes its transactivation functions (Vervoorts et al., 2003; Faiola et 

al., 2005) and second, as an inducer of MYC instability by direct MYC 

acetylation, which results in MYC protein turnover by the proteasome (Faiola et 

al., 2005). MYC recruits p300 in vivo and in vitro through a direct binding to its N-

terminal TAD1-110 region. Seven lysine residues in human MYC (K143, K148, 

K157, K275, K317, K323, and K371) have been identified as direct substrates for 

p300 in vitro and four of them (K149, K158, K317, and K323) are also acetylated 
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by p300 in transfected mammalian cells. K143, K148 and K157 in human MYC 

are homologous to K144, K149 and K158 in mouse/rat MYC, respectively (Faiola 

et al., 2005; Zhang et al., 2005). Moreover, our laboratory was first to discover 

endogenous MYC acetylation at K148/149 by mass spectrometry (Faiola et al., 

unpublished) and at K157/158 by utilizing an antibody specific for MYC 

acetylated at K157/158 in HeLa cells, a human cervical carcinoma cell line 

(Vorontchikhina et al., submitted for publication). Even though the MYC 

acetylation is established, the major/preferred lysines for different HATs are not 

known. Furthermore, the role of acetylation in MYC biological functions remains 

to be elucidated. 

       Multiple factors are regulated by MYC in order to sensitize cells to apoptosis 

but the exact mechanism is still unknown. Earlier reports have shown that MYC 

activates tumor suppressor p19 ARF which leads to p53 dependent or 

independent apoptosis. Other examples of MYC-induced apoptosis are via 

indirect repression of anti-apoptotic factors BCL2 and BCLxL and activation of 

pro-apoptotic BAX (reviewed in Meyer and Penn, 2008; Qi et al., 2004). 

Furthermore, certain mitochondria associated genes that are downstream targets 

of nuclear respiratory factor 1 (NRF1) can be up-regulated by MYC which results 

in apoptosis as well (Morrish et al., 2003). NRF1 itself has been reported to be a 

direct target of MYC (Kim et al., 2008). Dissecting the detailed mechanisms for 

MYC-dependent apoptosis is critical as it could help find a way to stimulate or 

reactivate oncogene-dependent cell death pathways in cancer cells. 
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       Here, I demonstrate that HAT p300 acetylates MYC preferentially at 

K157/158 in transfected mammalian cells. I also show that MYC overexpression 

increases the level of endogenous p300. Moreover, our data provides a potential 

link between MYC acetylation and its biological functions. I found that MYC 

acetylation at lysine 158 reduces MYC-activated apoptosis and this could be via 

transcriptional regulation of pro-apoptotic Nrf1 and Cytochrome c (Cyc) genes. 

These findings might be important for prospective drug development against 

MYC-dependent tumors. New therapeutics which drive transformed cells to 

apoptosis via prevention of MYC acetylation at K157/158 by p300 could be 

beneficial for the treatment of MYC-dependent cancers. 
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Results 

 

p300 preferentially acetylates K158 residue of MYC in mammalian cells  

       It has been previously reported that MYC is acetylated by p300 at several 

lysine residues in transfected mammalian cells and in vitro (Figure 1.1d and see 

Faiola et al., 2005; Zhang et al., 2005). To determine the major site, I utilized 

lysine to arginine single and multiple MYC mutants at the p300-acetylated sites 

that cannot be acetylated but conserve a positive charge at the modified position. 

Overexpression of p300 in MYC-transfected human embryonic kidney 293 

(HEK293) cells is necessary to detect MYC acetylation by p300 (Figure 1.1a and 

Faiola et al., 2005); furthermore, the acetylation is augmented by treatment with 

HDAC inhibitors (Figure 1.1a). This provides a perfect tool to test the acetylation 

levels of Arg (R) MYC mutants. Another advantage of using HEK293 cells is the 

fact that adenoviral E1A oncoprotein (utilized to immortalize HEK293) represses 

the HAT activity of native p300/CBP (Chakravarti et al., 1999) in these cells; 

therefore effects of ectopic p300 on MYC acetylation are not masked by the 

endogenous protein. Flag-tagged mouse MYC or indicated R mutants were co-

expressed in HEK293 cells with p300. MAX co-transfection and short incubation 

(2 h) with HDAC inhibitors and proteasome inhibitor MG132 were applied to 

increase MYC acetylated levels. Immunoprecipitated Flag-MYC or R mutants 

and lysates were analyzed by Western blotting with a pan Acetyl-Lysine antibody 

to evaluate MYC acetylation and further with the Flag antibody to insure that 
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equal amounts of ectopic MYC had been examined. I discovered that the single 

substitution of lysine 158 to arginine (K158R) reduces MYC acetylation by 66%. 

Multiple mutations containing the K158R substitution reduced MYC acetylation 

as well. Other single mutations did not change MYC acetylation level as much as 

K158R (Figure 1.1b). Levels of p300 and MAX were normalized (Figure 1.1b and 

data not shown). 

       This finding was corroborated by RNA interference (RNAi) data which 

identified that knockdown (KD) of endogenous p300 in HeLa cells led to a 

decrease in ectopic MYC acetylation (Figure 1.1c, lanes 1and 2). The result also 

pointed out that native p300 acetylates largely K158 in HeLa since acetylation of 

the R158 mutant (K158R) was reduced to the level of wild-type MYC after p300 

KD (Figure 1.1c, lanes 2 and 3). The fact that the R158 mutant was still 

acetylated after efficient p300 KD (Figure 1.1c, lanes 3 and 4) but that the R5 (K 

144, 149, 158, 317, 323 to R) mutant was not, led to the conclusion that HATs 

other than p300 target sites different from K158 (Figure 1.1c, lanes 4 and 5). 

       Therefore, I established that HAT p300 preferentially acetylates K158 in 

mouse MYC (equivalent to K157 in human MYC). The schematic diagram shows 

the location of mapped MYC acetylation sites for p300 (Faiola et al., 2005; Zhang 

et al., 2005); the major K158 substrate site for p300 is specified (Figure 1.1d).  

 

 



 

9 

 

Characterization of Rat1a polyclonal cell line pools overexpressing wild-type 

MYC or R158 mutant 

       To address the role of MYC acetylation at K158, I utilized Rat1a fibroblasts, 

a cell line regularly used to evaluate MYC functions due to the fact that 

overexpression of MYC alone leads to cellular transformation, induction of 

proliferation, and apoptosis upon starvation in these cells (Stone et al., 1987; 

Eilers et al., 1991; Evan et al., 1992; Hoang et al., 1995; Lewis et al., 1997; 

reviewed in Hann, 2006). I have generated polyclonal cell line pools 

overexpressing wild-type MYC (Rat1a-MYC), R158 (K158R substitution) mutant 

(Rat1a-R158) or corresponding empty vector (Rat1a-E) (see Materials and 

Methods). Early passage cells were used in all experiments to ensure that 

individual clones do not overgrow in the polyclonal mixture of ectopic MYC 

overexpressing fibroblasts. I verified that K158R point substitution does not affect 

either Myc mRNA expression (Figure 1.2a) or ectopic protein levels (Figure 

1.2b). Further, the K158R mutation did not impede interaction of MYC with 

endogenous MAX (Figure 1.2b, IP: Flag) or nuclear localization of MYC (Figure 

1.3). To assess MYC stability in Rat1a cell line pools, I utilized cycloheximide, a 

drug that inhibits protein synthesis via blocking translational elongation (Obrig et 

al., 1971). The K158R substitution did not have a detectable effect on overall 

MYC stability since I could detect similar reduction in MYC levels at different 

times after cycloheximide addition (Figure 1.4).  
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       To verify acetylation of K158 in Rat1a-MYC cells, the Rat1a cell line pools 

were subjected to immunoprecipitation with Flag antibody and subsequently to 

Western blotting with a specific antibody against MYC acetylated at K158. 

Additionally total MYC antibody was utilized to guarantee that any acetylation 

signal is not due to uneven amounts of ectopic protein. The results demonstrate 

that K158 is acetylated in Rat1a-MYC cells (Figure 1.5). As expected, MYC R158 

mutant was not acetylated in Rat1a-R158 cells even in the presence of HDAC 

inhibitors and MG132. Note that p300 levels were similar in Rat1a-MYC and 

Rat1a-R158 cells (Figure 1.5, bottom panels).  

 

K158R mutation does not affect induction of proliferation and cellular 

transformation by MYC in Rat1a cell line pool 

       To test whether substitution of lysine to arginine at K158, the major site for 

acetylation by p300, would impede MYC functions, I have performed a number of 

assays. Accelerated proliferation of exponentially growing Rat1a-MYC cells was 

not affected by the K158R mutation since Rat1a-R158 cells were growing at the 

same rate (Figure 1.6a).  

       To assess the effect of the K158R substitution on the ability of MYC to 

induce cellular transformation in Rat1a cell line pools, I employed two standard 

transformation assays. First, I utilized the focus formation assay which is based 

on the capability of transformed cells to pile up on the top of each other and 

overgrow the neighboring cells due to loss of contact inhibition. Second, I used 
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soft agar (anchorage-independent growth) assay which is based on the ability of 

transformed cells to form colonies in soft agar due to anchorage-independent 

growth, a hallmark of in vitro transformation which imitates tumor growth in vivo 

(Lewis et al., 1997). I found that the K158R mutation does not impede induction 

of cellular transformation by MYC as Rat1a-MYC and Rat1a-R158 cells formed 

similar number of foci (Figure 1.6b) and soft agar colonies (Figure 1.6c).  

 

Rat1a-R158 cells are hyperactive for serum starvation-induced apoptosis 

compared to Rat1a-MYC cells 

       It is well-known that Rat1a-MYC cells undergo apoptosis after serum 

deprivation (Evan et al., 1992; Lewis et al., 1997). To further analyze the role of 

the K158R modification in MYC functions, Rat1a cell line pools were exposed to 

serum starvation to attain apoptosis. Initially, I noticed more floating Rat1a-R158 

cells at indicated times after serum starvation compared to Rat1a-MYC cells. The 

greatest difference was at 18 and 24 h (Figure 1.7a). Therefore, the cells were 

starved for 21 h in order to evaluate percentage of floating cells in Rat1a cell line 

pools. I found a statistically significant increase in floating mutant fibroblasts 

compared to Rat1a-MYC cells (Figure 1.7b and 1.7c). Next, the cells were 

starved for 12 h and subjected to Annexin V-FITC Apoptosis assay, which 

detects early apoptosis. Annexin V has a high affinity for phosphatidylserine, 

which translocates to the outer leaflet of the plasma membrane in early apoptosis 

before the loss of cell membrane integrity. Propidium iodide (PI) is also utilized in 



 

12 

 

the assay to differentiate early apoptotic cells stained with Annexin V only and 

late apoptotic cells that are not distinguished from necrotic cells stained with both 

Annexin V and PI due to cell membrane disruption (Vermes et al., 1995). I have 

found a statistically significant increase in early apoptotic Rat1a-R158 cells 

compared to Rat1a-MYC fibroblasts (Figure 1.8a and 1.8b). To further examine 

the apoptotic potential of R158 mutant, Rat1a cell line pools were starved for 21 

h and analyzed by Western blotting with antibody against another apoptosis 

marker cleaved caspase-3. The result revealed elevated caspase-3 cleavage in 

Rat1a-R158 compared to Rat1a-MYC cells and it was not due to an increase in 

total caspase-3 levels (Figure 1.9a). To demonstrate that these findings are not 

specific of the particular stable cell line pools, I also used a transient expression 

approach (see Materials and Methods). Western blotting of starved Rat1a cells 

transduced with the indicated pMIG retroviral vectors showed increased 

caspase-3 cleavage by R158 as well (Figure 1.9b). An increase in p300 protein 

levels by both wild type MYC and R158 mutant was also detected (Figure 1.9a 

and 1.9b). Next, I confirmed that MYC gets acetylated in starved Rat1a-MYC 

cells. The acetylation signal was augmented by treatment with HDAC inhibitors 

and MG132 (Figure 1.10). 

       Thus, I have determined that MYC-induced apoptosis in Rat1a cell line pools 

is facilitated by the K158R mutation. 
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Specific p300 HAT inhibitor, curcumin, abolishes K158R-facilitated activation of 

MYC-dependent apoptosis  

       To link the K158 site-dependent effect in apoptosis to p300 HAT activity, I 

utilized curcumin, a p300/CBP specific HAT inhibitor (Balasubramanyam et al., 

2004). First, I determined the conditions in which the drug itself was not apoptotic 

to the cells. Cleaved caspase-3 was not detected after 25 µM curcumin treatment 

for 6 h of Rat1a cell line pools grown in the regular media (Figure 1.11). Next, I 

confirmed that the drug in these conditions greatly reduces MYC K158 

acetylation in Rat1a-MYC cells (Figure 1.12a, lane 2 and 4 compare to lane 5) 

and this was not due to variations in p300 levels (Figure 1.12a). Finally, I 

analyzed starved Rat1a cell line pools and showed that after curcumin treatment 

the level of cleaved caspase-3 in Rat1a-R158 cells is no longer elevated 

compared to Rat1a-MYC cells (Figure 1.12b two last lanes). Since histone 

acetylation has generally been associated with gene activation (reviewed in 

Cowling and Cole, 2006; Knoepfler et al., 2006), some reduction in levels of 

cleaved caspase-3 in Rat1a-MYC cells could be expected after curcumin 

treatment because inhibition of p300 HAT activity leads to decrease in 

acetylation of histones causing repression of many genes, probably including 

pro-apoptotic genes. 

       I have concluded that specific p300 HAT inhibitor, curcumin, eliminates 

K158R-mediated activation of MYC-dependent apoptosis. These data strongly 
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suggest that p300-dependent MYC acetylation at lysine 158 controls MYC-

activated apoptosis. 

 

K158R mutation stimulates MYC-dependent apoptotic gene induction in Rat1a 

fibroblasts 

       It has been previously reported that target genes of nuclear respiratory factor 

1 (NRF1) mediate MYC apoptotic functions. The NRF1 binds to a consensus 

sequence in the Cytochrome c (a downstream effector of NRF1) promoter that 

includes a non-canonical MYC binding site. Therefore, pro-apoptotic Cytochrome 

c (Cyc) can be up-regulated by both transcription factors, NRF1 and MYC 

(Morrish et al., 2003). In addition, NRF1 itself has been reported as a direct MYC 

target gene (Kim et al., 2008). It has been also shown that inhibition of 

transcription factor Myc-interacting zinc-finger protein-1 (MIZ-1) by MYC leads to 

apoptosis due to down-regulation of pro-survival target of MIZ-1, B-cell 

lymphoma 2 (BCL2) (Patel and McMahon, 2007). 

       I have utilized qRT-PCR to detect the endogenous mRNA levels of Nrf1, Cyc 

and Bcl2. Expressions of bona fide (Cad) and potential (Max and Ep300) MYC 

target genes were tested as well (Figure 1.13). These target genes were 

expected to be already up-regulated by endogenous MYC in Rat1a-E cells. 

Accordingly, their induction by overexpressed MYC in Rat1a-MYC and Rat1a-

R158 cells was moderate but statistically significant.  Up-regulation of Nrf1 gene 

selectively by the R158 mutant before cell starvation (Figure 1.13a) could 
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potentially also contribute to the statistically significant increase in MYC-

dependent Cyc activation in serum-starved Rat1a-R158 cells compared to 

Rat1a-MYC fibroblasts (Figure 1.13b), since both MYC and NRF1 have been 

shown to activate the Cyc gene. Stimulation of Ep300 by both MYC and R158 

(Figure 1.13b) verified my previous findings (Figure 1.9a and 1.9b) in the starved 

Rat1a cell line pools. Furthermore, I did not detect any difference in Bcl2 

repression in serum-starved Rat1a-MYC and Rat1a-R158 cells (Figure 1.13b).  

       Thus, these data suggest that up-regulation of Nrf1 and Cyc genes in serum-

starved Rat1a cells expressing the MYC R158 mutant could, in part, explain the 

increased MYC-dependent apoptosis of these cells compared to Rat1a 

fibroblasts expressing wild type MYC. 
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Discussion 

 

       It has been previously established that MYC gets acetylated by several 

HATs which affects its turnover by the proteasome (Vervoorts et al., 2003; Patel 

et al., 2004; Faiola et al., 2005; Zhang et al., 2005). However, the effects of 

acetylation on MYC biological functions have remained largely unknown. 

Furthermore, the major/preferred lysines that are substrates for different HATs 

have not been identified. Lately, acetylation of native human MYC at K157 was 

detected in HeLa cells by our laboratory. Here, I determine that this lysine 

157(158) residue in human (and mouse) MYC is the major site acetylated by 

ectopic and endogenous p300 in MYC-transfected mammalian cells.  I have 

utilized a mouse MYC mutant (R158) that cannot be acetylated at K158 and 

specific p300 HAT inhibitor, curcumin, to demonstrate that acetylation at K158 

reduces MYC-dependent apoptosis. The significance of this finding relies, in part, 

on the identification of the first connection between MYC acetylation by p300 at 

K158 and apoptosis, one of MYC biological functions.  

       Since K158 is located near MB2, a domain that is important for cell 

proliferation, induction of cellular transformation, and initiation of apoptosis 

(reviewed in Cowling and Cole, 2006), I chose Rat1a fibroblasts, a cell line in 

which I could study those functions of interest upon MYC overexpression (Stone 

et al., 1987; Eilers et al., 1991; Evan et al., 1992; Hoang et al., 1995). It has been 

previously reported that low level of MYC overexpression is sufficient to induce 
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cell proliferation and initial tumorigenesis in mice, and elevated MYC 

overexpression initiates apoptosis. Therefore, only MYC-overexpressing cells 

that evade the apoptotic pathway can form full-blown tumors (Murphy et al., 

2008). Ectopic MYC WT and R158 mutant levels in our system induce cellular 

proliferation and transformation equally. I think that, since I can detect apoptosis, 

the transformed cells are at the “decision point”: to undergo programmed cell 

death or to bypass apoptosis and progress into advanced cancer. I have found 

that inhibition of p300-dependent MYC acetylation at lysine 158 (e.g., by the 

K158R substitution) stimulates apoptosis. This result may be useful for the 

development of new therapeutic approaches against cancer. Specific drugs that 

would prevent p300-dependent MYC acetylation at K157 could lead to apoptotic 

cell death of MYC-overexpressing tumor cells.  

       It has been shown that MYC regulates different genes in order to direct cells 

into apoptosis but the entire mechanism behind the MYC-mediated programmed 

cell death is still not clear (reviewed in Meyer and Penn, 2008). Thus, in this 

study, I analyzed whether the K158R substitution affects selected MYC targets 

implicated in MYC-triggered apoptotic cell death in Rat1a cells (Figure 1.13). 

Previous reports indicated that MYC-dependent apoptosis is p53-independent 

and pro-apoptotic Bax is not MYC target gene in Rat1a fibroblasts (Qi et al., 

2004; Jiang et al., 2007, respectively). Our results indicate that K158R mutation 

does not affect indirect repression of anti-apoptotic Bcl2. Mitochondria associated 

Cytochrome c (Cyc) is a transcriptional target of both NRF1 and MYC due to the 
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fact that the binding sequence for NRF1 on the Cyc promoter contains a non-

canonical MYC binding site. Furthermore, overexpression of both NRF1 and 

MYC sensitizes cells to apoptosis after serum starvation (Morrish et al., 2003). 

To add more complexity to the picture, NRF1 itself has been reported as a direct 

target of MYC (Kim et al., 2008). In our study I observed that the K158R 

substitution in MYC leads to Nrf1 activation in the Rat1a cells growing in the 

serum-starved conditions and in the regular media as well. Cyc induction is 

stimulated by the K158R mutation upon serum starvation only. A possible 

scenario consistent with these results and the literature would involve the 

preferential up-regulation of Nrf1 by the K158R substitution, which would allow 

the cooperative induction by NRF1 and MYC of Cyc (and perhaps other pro-

apototic NRF1 target genes) under serum starvation conditions.   

       Thus, our results suggest that overexpressed MYC activates p300 at the 

transcriptional level, and then p300 acetylates MYC at K158 which attenuates 

up-regulation of certain pro-apoptotic MYC downstream target genes, such as 

Nrf1, Cyc, and perhaps others (Figure 1.14). Nevertheless, the definite 

mechanism of gene regulation by the acetylated MYC has to be determined. 

Furthermore, genome-wide microarray analysis of target genes regulated by 

p300-dependent MYC acetylation at K158 has to be performed to reveal other 

downstream effectors involved in the diverse MYC biological functions. It is 

possible that the levels of MYC in this system allow for the detection of only 

apoptotic effects of p300-dependent MYC acetylation which otherwise is not 
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limited to programmed cell death. So, cells with different levels of MYC 

acetylation have to be analyzed to identify how MYC acetylation affects various 

MYC functions. 
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Materials and Methods 

 

Plasmids 

       Plasmid pcDNA3.1 was purchased (Invitrogen, Carlsbad, CA, USA). The 

expression vectors for Flag-tagged mouse c-Myc (Flag-MYC), pCbS-Flag-Myc 

and empty vector pCbS (kindly provided by Dr. M.D. Cole) were described 

previously (McMahon et al., 1998). The expression vectors for the mouse c-Myc 

K to R mutants (R144, R149, R158, R317, R323, R149/158, R317/323, 

R144/149/158, R5: R144/149/158/317/323, R6: R144/149/158/317/323/371) 

were created from pCbS-Flag-Myc by site-directed mutagenesis with 

QuikChange Site-Directed mutagenesis Kit (Stratagene, La Jolla, CA, USA) and 

verified by DNA sequencing (I made R144, R149, R317, R149/158, R317/323, 

R144/149/158 and Francesco Faiola made R158, R323, R5, and R6). Mutants 

R5 and R6 were previously described (Faiola et al., 2005). The expression vector 

for human p300 was pCMVβ-p300-CHA (gift from Dr. R. Goodman). The 

expression vector for HA-tagged human Max p22, pCbS-HA-Max was described 

previously (Faiola et al., 2007). Retroviral packaging vector pCL-Eco (gift from 

Dr. J.M. Bishop) and retroviral expression vector for GFP-tagged pMIG 

(Addgene, provided by Dr. W. Hahn) were utilized. Construction of pMIG-Flag-

Myc and pMIG-Flag-R158 was achieved by digestion of Flag-Myc or Flag-R158 

fragments from pCbS-Flag-Myc or pCbS-Flag-R158 with Bam HI and ligation of 

the fragment into pMIG linearized with Bgl II. The constructs were verified by 
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DNA sequencing. The restriction enzymes were purchased (New England 

Biolabs, Ipswich, MA, USA). 

 

Antibodies 

       The antibodies used in the study were: c-Myc (MYC) N-262x antibody (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA), p300 N-15x (Santa Cruz 

Biotechnology), Flag (Sigma-Aldrich, St Louis, MO, USA), Acetylated-Lysine Ac-

K (Cell Signaling Technology, Danvers, MA, USA), MAX C-17x (Santa Cruz 

Biotechnology), Vinculin (Sigma-Aldrich), Caspase-3 H-227 (Santa Cruz 

Biotechnology), Cleaved Caspase-3 (Cell Signaling Technology). 

       For recognition of acetylated K158 in MYC - ABE27 MYC-K157Ac (Ac-K158) 

(Millipore, Temecula, CA, USA) was used. Polyclonal rabbit anti-human c-Myc 

acetylated peptide Kac157 antibody raised against CSYQAAR(acK)DSGS 

peptide  can recognize acetylated K157 in human MYC and the homologous 

acetylated K158 in mouse/rat MYC. The antibody was validated for specificity by 

Dot Blot analysis by Millipore and by Western blotting in Dr. Martinez laboratory 

(UCR, Riverside, CA, USA). Crude antiserum (3d bleed) had been utilized in the 

study. 

 

Immunoprecipitations and Western blotting 

       Cell lysis, Immunoprecipitation (IP) with anti-Flag M2 resin (Sigma-Aldrich) 

and following Western blotting were carried out as previously described (Faiola et 



 

22 

 

al., 2005). For In vivo acetylation assays 1 ml of 250mM NaCl lysis buffer was 

utilized for IP instead of 179mM NaCl IP buffer. 20-40 µg of total protein was 

used for the input (corresponded to 1-2% of IP material).  

 

Cell culture and generation of stable cell line pools 

       HEK293 (provided by Dr. F.M. Sladek) and HeLa (provided by Dr. X. Liu) 

cells were maintained in Dulbecco modified Eagle medium (DMEM) (Cellgro 

Mediatech Inc., Manassas, VA, USA) supplemented with 10% fetal bovine serum 

(FBS) (Omega Scientific Inc., Tarzana, CA, USA) and 1% penicillin-streptomycin 

solution (p/s) (Cellgro Mediatech Inc.) at 37°C with 5% CO2 as previously 

described (Faiola at al., 2005). Rat1a fibroblasts (kindly provided by Dr. M.D. 

Cole) were maintained as above. 293 FT cells (kindly provided by Dr. Chee Liew) 

were cultured in DMEM with 10% FBS and 0.5 mg/ml Geneticin (Invitrogen). To 

generate stable cell line pools, 90% confluent Rat1a cells in 6-cm plates were 

transfected by using Lipofectamine2000 (Invitrogen) with 2 µg of either pCbS-

Flag-Myc, pCbS-Flag-R158 or corresponding empty vector and with 0.2 µg of 

pcDNA3.1 (Geneticin resistance) as manufacturer recommended. After 24 h, the 

cells were replated to 15-cm plates, and 24 h later selected in media containing 

0.5 mg/ml Geneticin. The selection medium (DMEM+10% FBS+1% p/s+0.5 

mg/ml Geneticin) was changed every 2-3 days. In 1.5 weeks 12 colonies were 

picked from each plate and cultured in 12-well plates in the selection medium. 

When confluent, the cells from each well were split in two 3.5-cm plates. Then 
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cells from one of the two plates were subjected to Western blotting with MYC N-

262x antibody. 8 out of 12 clones overexpressing MYC the most were chosen 

and pooled together for either Rat1a-MYC or Rat1a-R158. Eight clones of Rat1a 

cells originally transfected with empty vector were pooled for Rat1a-E (control). 

The cells were cultured in selection medium. Only early passages of the cells 

(until passage 9) were utilized.    

 

In vivo acetylation assay 

       HEK293 cells (95% confluent) in 10-cm plates were transiently transfected 

by using ExpressFect (Denville Scientific Inc., Metuchen, NJ, USA) with 7.5 µg of 

either pCbS-Flag-Myc or indicated R mutants, 10 µg of pCMVβ-p300-CHA and 

0.5 µg of pCbS-HA-Max as manufacturer recommended. The corresponding 

empty vectors were included as controls. The cells were treated with 20 µM 

MG132 (Calbiochem, San Diego, CA, USA) and HDAC inhibitors (BNT): 10 mM 

sodium butyrate (Avocado Research Chemicals Ltd, Heysham, UK), 10 mM 

nicotinamide (Sigma-Aldrich) and 2 µM trichostatin A (Sigma-Aldrich) for 2 h prior 

to lysis at 48 h after transfection. Next, the extracts were subjected to IP with 

anti-Flag M2 resin and subsequent Western blotting with the indicated 

antibodies. Quantitation of MYC and R mutants acetylation levels was done with 

NIH Image software (n=5). 

       For Rat1a cell line pools the buffer for cell lysis and IP contained BNT: 10 

mM sodium butyrate, 10 mM nicotinamide and 2 µM trichostatin A. Approximately 
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90% confluent cells in 10-cm plates were lysed for (Figure 1.5 top panel). The 

cells were treated with MG132 and BNT (concentrations as above) for 4 h prior to 

lysis (Figure 1.5 bottom panel and Figure 1.10). The cells were incubated with 

only MG132 for 4 h prior to lysis for (Figure 1.12a). The starved cells (Figure 

1.10) were shifted to DMEM with 0.1% FBS 21 h before the treatment and lysis. 

Then the lysates were subjected to IP with anti-Flag M2 resin and following 

Western blotting with the indicated antibodies (n≥2). 

 

RNA interference 

       HeLa cells (80% confluent) in 10-cm plates were transiently transfected by 

using Lipofectamine2000 with 7.5 µg of either pCbS-Flag-Myc or indicated R 

mutants and with 400 pmol of specific p300 siRNA (Gronroos at al., 2002) 

according to manufacturer's instructions. Transfection reagent alone and siRNA 

control (Dharmacon, Lausanne, Switzerland) were used as a negative control; 24 

h later the cells were transfected again with the same plasmids and reagents. At 

48 h after the first transfection the cells were lysed in buffer containing BNT. IP 

with anti-Flag M2 resin and following Western blotting were performed with the 

indicated antibodies. 

 

Stability assay 

       Rat1a cell line pools (90% confluent) in 10-cm plates were treated with 100 

µg/ml cycloheximide (CHX) (MP Biomedicals, Santa Ana, CA, USA) for indicated 
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time periods, then the cells were lysed in buffer containing BNT. 30 µg of total 

protein was analyzed by Western blotting with indicated antibodies. Serial 

dilutions of Rat1a-MYC and Rat1a-R158 extracts at time zero were analyzed at 

the same blot (n=2). 

 

Cell proliferation assay 

       Rat1a cell line pools were plated in 6-well plates at 2×104. The cells were 

counted with hemocytometer for 6 consequent days as previously described 

(Cowling et al., 2006), (n=3 in triplicates).  

 

Transformation assays 

       For focus formation assay confluent Rat1a cell line pools were maintained 

for 10 days, the media was changed every 3 days. Then the cells were fixed in 

0.5% Glutaric dialdehyde (Thermo Fisher Scientific,  Fair Lawn, NJ, USA ) 

prepared in 1X Phosphate Buffered Saline (PBS) before staining with 0.1% 

Crystal Violet  solution (Crystal Violet (Thermo Fisher Scientific) was first 

dissolved in 20% Ethyl Alcohol (Gold Shield Chemical Co., Hayward, CA, USA) 

to reach 1% and then diluted in 1X PBS). Next, the cells were air dried and 

scanned using ScanJet 5300C (Hewlett-Packard Company, Palo Alto, CA, USA), 

(n>3). 

       For soft agar (anchorage-independent growth) assay Rat1a cell line pools 

were plated in soft agar in triplicates in non-tissue culture treated 6-well plates at 
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5×103. Base agar layer consisted of 0.5% Noble agar (Sigma-Aldrich) in DMEM 

supplemented with 10% FBS and p/s. Top agar layer had 0.35% of Noble agar in 

DMEM (with10% FBS and p/s) and the cells. Top agar without cells was added 

the next day and in 3 days as well. Then the media was added and changed 

every 3 days. The cells were incubated for 4 weeks prior to analysis at the FL 

MZIII Stereo Fluorescence Microscope (Leica Microsystems Inc., Wetzlar, 

Germany) at 1.25X. The images were obtained using SPOT Advanced imaging 

software. The number of colonies larger than 250 µm was counted (n=3). 

 

Apoptosis 

       Rat1a cell line pools were starved in DMEM with 0.1% FBS for 21 h (Figure 

1.7b and 1.7c, n=4) or for indicated times (Figure 1.7a, triplicates) before cell 

count with hemocytometer. Floating and attached cells were counted and floating 

to total cell ratio was determined as % of floating cells (Figure 1.7a and 1.7b). 

The images were acquired using FL MZIII Stereo Fluorescence Microscope, 

Combi Turret (Leica Microsystems Inc.) at 25X and SPOT Advanced imaging 

software. 

       Annexin V-FITC Apoptosis detection was performed employing Annexin V-

FITC Apoptosis Detection Kit (Calbiochem) according to manufacturer's protocol 

and analyzed by Flow Cytometer FACSAria (BD Biosciences, San Jose, CA, 

USA) at UC Riverside genomics core facility. Rat1a cell line pools were starved 

in DMEM with 0.1% FBS for 12 h before the procedure (n=3) 
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       For cleaved caspase-3 detection Rat1a cell line pools were starved in 

DMEM with 0.1% FBS for 21 h prior to lysis in buffer containing BNT. The 

following Western blotting was performed with the indicated antibodies (n>3). 

       For transient cleaved caspase-3 detection assay 70% confluent 293FT cells 

in 3.5-cm plates were transfected by using FuGENE HD (Roche Diagnostics 

GmbH, Mannheim, Germany) with 3 µg of pMIG-Flag-Myc, pMIG-Flag-R158 or 

corresponding empty vector and 3 µg of pCL-Eco retroviral packaging vector for 

retrovirus production. Cell supernatants were collected 48 and 72 h later and 

used to transduce Rat1a cells, 5 µg/ml of polybrene (Millipore) was utilized to 

increase the efficiency of infection which was assessed four days after the first 

transduction by microscopy for green fluorescent protein (GFP). Then the 

experiment was carried on as described for Rat1a cell line pools (n=2). 

 

Curcumin 

Curcumin (Calbiochem) was dissolved in dimethyl sulfoxide (DMSO) (Fisher 

Scientific) to reach 100mM. The indicated Rat1a cell line pools were treated with 

25 µM curcumin or vehicle (DMSO) for 6 h.  

 

Immunofluorescence  

       Rat1a cell line pools in 4-well chamber slides (Thermo Fisher Scientific) 

were washed with 1X PBS, fixed with 4% paraformaldehyde (PFA) (Fisher 

Scientific) for 15 min and permeabilized with ice-cold 0.2% Triton X-100 (EMD 
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Chemicals Inc., Darmstadt, Germany) in PBS. Then the cells were blocked with 

0.1% Triton X-100 and 5% goat serum (Invitrogen) in PBS for 30 min and 

incubated with MYC N-262x antibody diluted 1:200 in PBS containing 0.1% 

Triton X-100 and 1% goat serum at 4°C overnight. Nex t, the cells were washed 

with PBS containing 0.1% Triton X-100 and incubated with Texas Red goat anti-

rabbit IgG antibody (Invitrogen) diluted 1:500 in PBS containing 0.1% Triton X-

100 and 1% goat serum for 1 h. Then the cells were washed as above and 

VECTASHIELD® Mounting Medium with 4',6-diamidino-2-phenylindole (DAPI) 

(Vector Labs, Burlingame, CA, USA) had been applied before placing coverslips 

to visualize the cell nuclei. The cells were analyzed at ECLIPSE TI inverted 

fluorescence microscope (Nikon Instruments Inc., Melville, NY, USA) at 20X. The 

images were obtained using NIS-Elements AR 3.0 software. 

 

Real-time quantitative Reverse Transcription Polymerase Chain Reaction (qRT-

PCR) 

       For qRT-PCR, 1 µg of total RNA was isolated by using RNease Plus Mini Kit 

(Qiagen, Germantown, MD, USA) and reverse-transcribed by using iScriptTM 

cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the 

manufacturer’s instructions. PCR reaction mixtures were made in a total volume 

25µl containing iQTM SYBR Green Supermix (Bio-Rad Laboratories), 100 nM 

primers, Sterile water (Fisher Scientific) and 2.5µl of 1:10 diluted cDNA. 

Quantitative PCR was performed using MiniOpticonTM System For Real-time 
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PCR Detection (Bio-Rad Laboratories) according to the manufacturer’s 

instructions. The rat primers (custom oligos from Fisher Scientific) were used: 

Nrf1 (Alcolea et al., 2007), Cyc (Saatli et al., 2009), Bcl2 (Li et al., 2009), Max 

(Shichiri et al., 1999), Ep300 (Tan et al., 2009), Cad (Frank et al., 2001), and 

Actb (Depreter et al., 2002). Annealing temperature for above primers was 58°C. 

RT2qPCR Primer Assay (SABioscience, Frederick, MD, USA) was utilized for 

Myc (PPM02924E) as manufacturer recommended. The Pfaffl Method was used 

for calculating relative gene expression (in relation to Rat1a-E designated as “1”). 

Results were normalized to the reference gene β-actin (Actb) (n=3). 

 

Statistical analysis 

       Statistical analyses were performed using Student’s t-test with Microsoft 

Excel. Result was considered to be statistically significant when P<0.05 (*), 

P<0.01 (**), P<0.001 (***). Means ± standard deviation (SD) were shown; “n” 

represents the number of individual experiments. 



 

30 

 

Figure legends 

 

Figure 1.1 K158 in MYC is the major site acetylated by p300 in mammalian cells. 

(a) HEK293 cells were transfected with Flag-MYC and p300 (+) or corresponding 

empty vectors (-), as indicated. MAX was co-transfected along with Flag-MYC. 

The cells were treated (+) or mock-treated (-) with HDAC inhibitors (HDAC inh) 

for 2 h prior to lysis. Immunoprecipitation (IP) with Flag M2 resin was followed by 

Western blotting to analyze ectopic MYC with Acetyl-Lysine (Ac-K) antibody first 

and then, after stripping the membrane, with Flag antibody (Faiola et al., 2005). 

Levels of p300 were determined as well. 1% of lysate was used as input. (b) 

Effects of K to R substitutions on MYC acetylation by p300 in transfected 

HEK293 cells were assessed by In vivo acetylation assay. Equal amounts of 

immunoprecipitated (IP: Flag) Flag-MYC or R mutants were analyzed by Western 

blotting as described in (a). Representative result is shown (Top panel). 

Quantitation of acetylation levels (n=5) by NIH Image (Bottom panel). (c) MYC 

acetylation by endogenous p300 was evaluated by transfection of HeLa cells with 

Flag-MYC or indicated R mutants and p300 knockdown (+). Equal amounts of 

immunoprecipitated (IP: Flag) Flag-MYC or R mutants were analyzed by Western 

blotting as described in (a). Antibody against p300 was utilized to demonstrate 

the knockdown efficiency (input: 20 µg of total protein). (d) Diagram shows the 

location of tandem mass spectrometry (MS/MS)-mapped MYC acetylation sites 

for p300 in vitro (seven arrowheads) and residues acetylated both in vitro and in 
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cells (black arrowheads) (Faiola et al., 2005; Zhang et al., 2005). The major site 

for acetylation by p300 is indicated by the big black arrowhead (K158). Boxes “1”, 

“2”, “3” and “4” are MB1 (45-63aa), MB2 (129-141aa), MB3 (259-270aa), MB4 

(306-312aa); “N” is a nuclear localization signal (320-328aa); “bHLHZip” stands 

for basic/helix-loop-helix/leucine-zipper domains (355-435aa). 

 

Figure 1.2 Expression of wild-type MYC and R158 mutant in Rat1a cell line 

pools. (a) Myc expression in Rat1a cell line pools. Rat1a-E, Rat1a-MYC and 

Rat1a-R158 cells were subjected to qRT-PCR to quantify the total expression of 

Myc. Results were normalized to the reference gene Actb (n=3, in triplicates). (b) 

Expression of MYC and its interaction with MAX in Rat1a-MYC and Rat1a-R158 

cell line pools was assessed by immunoprecipitation of ectopic MYC with Flag 

M2 resin and following Western blotting with indicated antibodies against MYC, 

MAX and p300 (Rat1a-E was utilized for control). 40 µg of total protein was used 

for the input. Representative experiment is shown.  

 

Figure 1.3 K158R mutation does not impede nuclear localization of MYC. Rat1a 

cell line pools were subjected to immunofluorescence analysis with anti-MYC 

antibody. DAPI had been applied to visualize the cell nuclei. The cells were 

analyzed at ECLIPSE TI inverted fluorescence microscope at 20X.  
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Figure 1.4 K158R substitution does not affect MYC stability in Rat1a cell line 

pools. Rat1a cell line pools were treated with cycloheximide (CHX) for indicated 

time periods prior to lysis. Stability of ectopic MYC in Rat1a-MYC and Rat1a-

R158 cells was estimated by analysis of 30 µg of total protein using Western 

blotting with MYC antibody. Vinculin detected on the same blot was utilized as a 

loading reference. Serial dilutions of Rat1a-MYC and Rat1a-R158 extracts at 

time zero were analyzed at the same blot. Representative experiment is shown.  

 

Figure 1.5 Acetylation of MYC at K158 in Rat1a cell line pools. Acetylation of 

K158 in Rat1a-MYC and Rat1a-R158 cells was evaluated by 

immunoprecipitation (IP: Flag) and Western blotting with specific antibody 

against MYC acetylated at K158 (Ac-K158) prior to stripping and probing with 

total MYC antibody. Top panel: the cells were not treated. Bottom panels: the 

cells were treated with HDAC inhibitors and MG132 for 4 h. 40 µg of total protein 

was used for Western blotting with antibodiy against p300 (input). Representative 

experiment is shown.  

 

Figure 1.6 K158R mutation does not have an effect on induction of proliferation 

and cellular transformation by MYC in Rat1a cell line pools. (a) Proliferation rate 

of Rat1a cell line pools was measured by counting of log-growing cells for six 

subsequent days. Representative of 3 independent experiments in triplicates is 

shown. (b) Cellular transformation of Rat1a cell line pools was assessed by focus 



 

33 

 

formation assay. Then the cells were stained with 0.1% Crystal Violet solution 

and the whole plates were scanned. The equal portion of each image was 

cropped to show the representative result (n>3). (c) Cellular transformation of 

Rat1a cell line pools was evaluated by soft agar assay. The top panel shows the 

representative image of colonies (largest colonies at Rat1a-R158 > 350 microns). 

The bottom panel shows the quantification of soft agar assay (n=3, in triplicates). 

All colonies larger than 250 microns were counted.  

 

Figure 1.7 Rat1a-R158 cells are more sensitive to serum starvation-induced cell 

death than Rat1a-MYC cells. (a) Rat1a cell line pools were starved in DMEM with 

0.1% FBS for indicated times before cell count with hemocytometer. Floating and 

attached cells were counted and floating to total cell ratio was determined as % 

of floating cells (triplicates). (b) Rat1a cell line pools were starved for 21 h before 

cell count with hemocytometer. Floating and attached cells were counted and 

floating to total cell ratio was determined as % of floating cells (n=4). (c) Rat1a 

cell line pools were starved for 21 h. Images of the floating cells were acquired at 

25X using Stereo Microscopy. Representative result is shown (n>3). 

 

Figure 1.8 Rat1a-R158 cells are more sensitive to serum starvation-induced 

Annexin V binding compared to Rat1a-MYC cells. (a) Quantification of FACS 

analysis of Annexin V-FITC stained cells (% of Annexin V, but not propidium 

iodide positive cells, is shown as Relative # of AnnexinV-positive cells). The 
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procedure (see Materials and Methods) was performed after Rat1a cell line pools 

were starved for 12 h (n=3). (b) Annexin V-FITC Apoptosis detection using Flow 

Cytometer FACSAria was performed after Rat1a cell line pools were starved for 

12 h. Representative FACS analysis is shown (n=3), % of Annexin V only 

positive cells is indicated. 

 

Figure 1.9 Rat1a-R158 cells are more sensitive to serum starvation-induced 

caspase-3 cleavage than Rat1a-MYC cells. (a) Rat1a cell line pools were starved 

for 21 h and subjected to Western blotting (40 µg of total protein) with cleaved 

caspase-3 and other indicated antibodies. Representative Western blotting is 

shown. (b) Rat1a fibroblasts were infected with retroviruses expressing either 

Flag-MYC, Flag-R158 or corresponding empty vector. Then the experiment was 

carried on as described in (a). Representative Western blotting is shown. 

 

Figure 1.10 Inhibition of MYC acetylation at K158 by K158R substitution. Rat1a 

cell line pools were treated with HDAC inhibitors and MG132 for 4 h to induce an 

acetylation signal. The cells were starved for 21 h (Starved) versus cells grown in 

the regular media (Regular) as indicated. Acetylation of K158 in the cells was 

evaluated by immunoprecipitation (IP: Flag) and Western blotting with specific 

antibody against MYC acetylated at K158 (Ac-K158) prior to stripping and 

probing with total MYC antibody. Representative experiment is shown. Left part 

of the image displaying lanes for Rat1a cell line pools grown in the regular media 
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(Regular) is also shown in Figure 1.5. Both conditions are presented here to 

compare MYC acetylation level at K158 in the cells grown in the regular media 

and in the starved cells.  

 

Figure 1.11 Cleaved caspase-3 is not detected after 25 µM curcumin treatment 

of Rat1a cell line pools without starvation. Rat1a cell line pools were starved for 

21 h (specified as “Starvation”) or grown in the regular media then treated with 25 

µM curcumin or vehicle (DMSO) for 6 h, as indicated. Representative Western 

blotting (40 µg of total protein) with cleaved caspase-3 and other indicated 

antibodies is shown. Part of the entire image is revealed in Figure 1.12b. This 

figure has different exposure of two bottom panels compare to Figure 1.12b for 

better understanding of results. Image was cropped to improve the clarity of the 

presentation.  

 

Figure 1.12 Specific p300 HAT inhibitor, curcumin, eliminates K158R activation 

of MYC-dependent apoptosis. (a) To demonstrate the ability of curcumin to 

decrease MYC acetylation at K158, Rat1a-MYC cells were treated with 25 µM 

curcumin or vehicle (DMSO) for 6 h versus not treated Rat1a-MYC as indicated. 

The cells were also incubated with MG132 for 4 h to induce an acetylation signal.    

Rat1a-E and Rat1a-R158 cells were included as not acetylated at K158 controls. 

Immunoprecipitation (IP: Flag) and Western blotting were performed as in Figure 

1.5. Levels of p300 and Vinculin (loading control) were detected as well (input). 
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Representative experiment is shown. (b) Rat1a cell line pools were starved for 21 

h and treated with 25 µM curcumin or vehicle (DMSO) for 6 h, as indicated. 

Representative Western blotting (40 µg of total protein) with cleaved caspase-3 

and other indicated antibodies is shown. Part of the image displaying control 

lanes in which cleaved caspase-3 is not detected after 25 µM curcumin treatment 

of Rat1a cell line pools without starvation was cropped (see Figure 1.11). 

Different exposure of cleaved caspase-3 (Cleaved Casp-3) (two bottom panels) 

is shown for better understanding of results. 

 

Figure 1.13 MYC-dependent apoptotic gene induction is stimulated by the 

K158R mutation in Rat1a fibroblasts. (a) Rat1a cell line pools were subjected to 

qRT-PCR with indicated primers to quantify the expression of the endogenous 

genes. Results were normalized to the reference gene Actb (n=3, in triplicates). 

P<0.05 (*): Nrf1 Rat1a-E (E) and Rat1a-R158 (R158), Rat1a-MYC (MYC) and 

R158; Cyc E and R158; Max E and MYC, E and R158; Cad E and MYC, E and 

R158; Ep300 E and R158. (b) Rat1a cell line pools were starved for 24 h and 

then handled as described in (a), (n=3, in triplicates). P<0.05 (*): Nrf1 E and 

R158, MYC and R158; Cyc E and MYC, MYC and R158, E and R158; Bcl2 E 

and MYC; Cad E and MYC, E and R158; Ep300 E and MYC, E and R158. 

 

Figure 1.14 Summary model: Acetylation of MYC by p300 at K158 regulates 

apoptosis. Schematic representation. 
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Figure 1.1 K158 in MYC is the major site acetylated by p300 in mammalian cells. 
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Figure 1.2 Expression of wild-type MYC and R158 mutant in Rat1a cell line 

pools. 
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Figure 1.3 K158R mutation does not impede nuclear localization of MYC. 
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Figure 1.4 K158R substitution does not affect MYC stability in Rat1a cell line 

pools. 
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Figure 1.5 Acetylation of MYC at K158 in Rat1a cell line pools. 
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Figure 1.6 K158R mutation does not have an effect on induction of proliferation 

and cellular transformation by MYC in Rat1a cell line pools. 
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Figure 1.7 Rat1a-R158 cells are more sensitive to serum starvation-induced cell 

death than Rat1a-MYC cells. 
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Figure 1.8 Rat1a-R158 cells are more sensitive to serum starvation-induced 

Annexin V binding compared to Rat1a-MYC cells. 
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Figure 1.9 Rat1a-R158 cells are more sensitive to serum starvation-induced 

caspase-3 cleavage than Rat1a-MYC cells. 
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Figure 1.10 Inhibition of MYC acetylation at K158 by K158R substitution. 
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Figure 1.11 Cleaved caspase-3 is not detected after 25 µM curcumin treatment 

of Rat1a cell line pools without starvation. 
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Figure 1.12 Specific p300 HAT inhibitor, curcumin, eliminates K158R activation 

of MYC-dependent apoptosis. 
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Figure 1.13 MYC-dependent apoptotic gene induction is stimulated by the 

K158R mutation in Rat1a fibroblasts. 
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Figure 1.14 Summary model: Acetylation of MYC by p300 at K158 regulates 

apoptosis. 
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Subchapter 1.1 Characterization of Rat1a double cell line pools 
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Abstract  

 

       To further analyze the role of p300-dependent MYC acetylation in MYC 

functions, Rat1a fibroblast stable cell line pools overexpressing p300 or p300 

HAT mutant on the top of either Rat1a-MYC or Rat1a-R158 cells were produced. 

These double cell lines were Rat1a-MYC/p300, Rat1a-R158/p300 and Rat1a-

MYC/p300 HAT(-). I anticipated observing the augmented difference in apoptosis 

between Rat1a-MYC/p300 and Rat1a-R158/p300 compared to Rat1a-MYC and 

Rat1a-R158, since p300 overexpression should increase MYC acetylation 

leading to reduction of apoptosis in Rat1a-MYC/p300 cells. I also expected that 

Rat1a-MYC/p300 HAT(-) fibroblasts would not have a decrease in apoptosis due 

to the fact that p300 HAT(-) mutant is acetylation-defective. Intriguingly, p300 

overexpression inhibited MYC (and MYC-dependent biological effects, including 

apoptosis) in Rat1a-MYC/p300 cells but not R158 in Rat1a-R158/p300 

fibroblasts. Mutations in p300 HAT domain partially rescued MYC levels (and 

MYC-dependent cellular phenotypes) in Rat1a-MYC/p300 HAT(-) cells. Here, I 

describe and characterize the Rat1a double cell line pools. 
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Results 

 

Myc mRNA and protein levels in Rat1a cell line pools 

       Initially, I examined the expression of Ep300 and Myc in Rat1a-MYC/p300, 

Rat1a-R158/p300, and Rat1a-MYC/p300 HAT(-) [Six amino acid substitutions 

were introduced in p300 HAT domain to disable its HAT activity (Kraus et al., 

1999)] fibroblasts and compared these mRNA levels to those of Rat1a-E, Rat1a-

MYC, and Rat1a-R158 cells (Figure 1.1.1). I noticed that Ep300 was 

overexpressed in all double cell line pools compared to Rat1a-E; however, total 

Ep300 mRNA levels in Rat1a-MYC/p300 and Rat1a-MYC/p300 HAT(-) cells were 

similar to elevated endogenous Ep300 in Rat1a-MYC single cell line pools 

(Figure 1.1.1a). MYC overexpression have already caused the increase in Ep300 

transcription in Rat1a-MYC cells (Figure 1.13) which may have interfered with the 

attempt to further overexpress Ep300 in Rat1a-MYC/p300 and Rat1a-MYC/p300 

HAT(-) cells.  Note that Rat1a-R158/p300 cells have more Ep300 compared to 

the elevated endogenous Ep300 in Rat1a-R158 cells (Figure 1.1.1a).  

       Next, I showed that p300 overexpression reduces Myc but not R158 

transcription in Rat1a double cell line pools. Note that Rat1a-MYC/p300 and 

Rat1a-MYC/p300 HAT(-) fibroblasts both have decreased levels of Myc mRNA 

(Figure 1.1.1b). These findings support the data from (Baluchamy et al., 2003) 

who reported that Myc was down-regulated in Rat12 cells (derivative from Rat1 

fibroblasts) overexpressing p300 or p300 HAT-defective mutant. Then, I 



 

54 

 

evaluated protein levels of MYC in the cell line pools and discovered that p300 

overexpression abolished MYC but not R158 in Rat1a double cell line pools 

(Figure 1.1.2, lanes Rat1a-MYC/p300 and Rat1a-R158/p300). Furthermore, 

mutation in p300 HAT domain partially rescued the attenuated MYC protein level 

(Figure 1.1.2, lane Rat1a-MYC/p300 HAT(-)). The observed effect was not due to 

the decreased stability of the protein because MYC in Rat1a-MYC/p300 

fibroblasts was diminished to the background level even after treatment with 

proteasome inhibitor MG132 (Figure 1.1.3, lanes Rat1a-MYC/p300 and Rat1a-

E). It appeared that MYC protein was just absent in Rat1a-MYC/p300 cells even 

though, as I observed by qRTPCR, Myc overexpression was greatly reduced but 

not completely abolished (Figure 1.1.1b, compare Rat1a-MYC/p300 and Rat1a-E 

bars).  

 

Cellular proliferation, transformation, apoptosis and transcription of MYC target 

genes in Rat1a cell line pools 

       MYC protein levels in the Rat1a cell line pools corresponded to its biological 

functions.  As expected, I observed that p300 overexpression impedes induction 

of cellular proliferation (Figure 1.1.4d) and initiation of transformation (Figure 

1.1.5) by MYC but not by R158 in Rat1a double cell line pools, which was 

partially rescued by p300 HAT domain mutation (Figure 1.1.4c and Figure 1.1.5).  

        Reduction of MYC-activated apoptosis in Rat1a-MYC/p300 but not in Rat1a-

R158/p300 Rat1a cell line pools was noted as well (Figure 1.1.6 and Figure 
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1.1.7, compare Rat1a-MYC/p300 and Rat1a-MYC). Decrease in MYC-dependent 

apoptosis in Rat1a-MYC/p300 was rescued by p300 HAT domain mutation 

(Figure 1.1.6 and Figure 1.1.7, compare Rat1a-MYC/p300, Rat1a-MYC/p300 

HAT(-) and Rat1a-MYC). As also expected, the transcriptional activity of MYC but 

not R158 was obstructed by p300 overexpression in double Rat1a cell line pools 

(Figure 1.1.8 and Figure 1.1.9). Endogenous mRNA of Cad (bona fide MYC 

target) and Cyc were reduced in Rat1a-MYC/p300 fibroblasts to the background 

level (Figure 1.1.8 and Figure 1.1.9a). MYC-dependent Bcl2 repression was 

blocked by p300 in Rat1a-MYC/p300 but not in Rat1a-R158/p300 cells as well 

(Figure 1.1.9). 
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Discussion 

 

       It has been previously published that conditional p300 overexpression in 

stable rat cell lines leads to transcriptional down-regulation of endogenous Myc. 

Furthermore, this effect is independent of p300 HAT activity, since 

overexpression of HAT-defective p300 caused inhibition of Myc transcription as 

well (Baluchamy et al., 2003). This data correlates with our observations that 

stable overexpression of p300 or p300 HAT mutant led to down-regulation of 

Myc. It is interesting that in the Baluchamy et al. (2003) study simultaneous 

overexpression of MYC and p300 abolished the p300-inhibitory effects.  In our 

case ectopic MYC was present in the cells before overexpression of p300 and 

those fibroblasts were adapted to the MYC elevation, therefore MYC levels could 

be considered native to Rat1a-MYC cells. The fact that overexpression of p300 

did not lead to the transcriptional down-regulation of R158 suggests the 

importance of K158 residue for the transcriptional regulation of Myc by p300. 

Another possibility could be that specific clones of cells, which had a silenced 

ectopic CMV-MYC transgene, were selected by chance after p300 

overexpression for Rat1a-MYC/p300 cell line pools. 

       Peculiar observation that in spite of some increase in mRNA, the MYC 

protein amount was reduced to the background level in Rat1a-MYC/p300 cells, 

led us to the suspicion about MYC instability in those cells. The proteasome 

inhibitor treatment revealed that this was not the case and it seemed like MYC 
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was absent in Rat1a-MYC/p300 cells to begin with. Next, I checked whether 

MYC was in insoluble cell fraction. The cells were lysed in 250 mM NaCl lysis 

buffer containing HDAC inhibitors, as described in Materials and Methods in the 

Chapter 1, then spun down to separate the supernatant (soluble fraction) and the 

pellet (insoluble fraction).  Our attempt to find out what happened to MYC in 

Rat1a-MYC/p300 cells did not give an answer, since MYC was not detected in 

both, soluble and insoluble cell lysate fractions (data not shown). Interestingly, 

the HAT domain mutation in p300 partially rescued MYC protein levels in Rat1a-

MYC/p300 HAT(-) cells, suggesting that HAT activity of p300 may be important 

for loss of MYC protein. The MYC protein levels in the double cell line pools led 

to the expected MYC-dependent cellular phenotypes. Since there was no MYC in 

Rat1a-MYC/p300, the cells were neither transformed nor showed 

hyperproliferation or apoptosis.  MYC-activated gene regulation was inhibited in 

Rat1a-MYC/p300 cells as well. Mutation in p300 HAT domain partially restored 

MYC protein level partly reversing lost MYC-dependent biological effects.  It is 

impossible to utilize the double cell lines until the mystery of MYC protein loss in 

Rat1a-MYC/p300 is resolved, however  it is worth to hold on to those cells 

because they could reflect  potential in vivo situation associated with p300-

dependent MYC inhibition.  
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Materials and Methods 

 

Plasmids 

       The expression vector for human p300, pCMVβ-p300-CHA, was described in 

Chapter 1. The vector pSUPER-cut.retro.puro was derivative of pSUPER-

retro.puro (Oligoengine, Seattle, WA, USA) with a 345 bp stuffer DNA of human 

PTEN ORF/cDNA, the stuffer is located between Bgl II and Hind III sites. 

Construction of p300 HAT-deficient mutant, pCMVp300HAT(-), was achieved by 

digestion of mutated HAT domain with six amino acid substitutions from 

pcDNA3.1p300 MutAT2 (gift from Dr. W.C. Greene) with Hind III and Not I and 

ligation of the fragment into pCMVβ-p300-CHA after deletion of p300 fragment 

with Hind III and Not I. Clones 1, 3, 4 and 5 of pCMVp300HAT(-) vector were 

created during the subcloning process. The constructs were verified by DNA 

sequencing. The restriction enzymes were purchased (New England Biolabs). 

 

Cell culture and generation of stable cell line pools 

       Rat1a-MYC and Rat1a-R158 cells were described in Chapter 1. To generate 

double stable cell line pools, 90% confluent Rat1a-MYC and Rat1a-R158 cells 

(passage 3) in 6-cm plates were transfected by using Lipofectamine2000 

(Invitrogen) with 2 µg of either pCMVβ-p300-CHA or pCMVp300HAT(-) (clone 5) 

and with 0.1 µg of pSUPER-cut.retro.puro (Puromycin resistance) as 

manufacturer recommended. After 24 h, the cells were replated to 15-cm plates, 
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and 24 h later selected in media containing 1.5 µg/ml Puromycin (Thermo Fisher 

Scientific, Acros Organics). The selection medium (DMEM+10% FBS+1% 

p/s+1.5 µg/ml Puromycin) was changed every 2-3 days. In 1.5 weeks 12 colonies 

were picked from each plate and cultured in 12-well plates in the selection 

medium. When confluent, the cells from each well were split in two 3.5-cm plates. 

Then cells from one of the two plates were subjected to Western blotting with 

p300 N-15x antibody. 4 out of 12 clones overexpressing p300 the most were 

chosen and pooled together for either Rat1a-MYC/p300, Rat1a-MYC/p300 HAT(-

) or Rat1a-R158/p300. The cells were cultured in medium: DMEM, 10% FBS, 1% 

p/s, 1.5 µg/ml Puromycin, 0.5 mg/ml Geneticin. Only early passages of the cells 

(until passage 9) were utilized.    

 

Antibodies, Immunoprecipitations and Western blotting 

       The antibodies used in the study, c-Myc (MYC) N-262x, p300 N-15x, MAX 

C-17x, Vinculin, Caspase-3 H-227 and Cleaved Caspase-3, were described in 

Chapter1. Immunoprecipitations and Western blotting were done as described in 

Chapter 1. 

 

Cell proliferation assay, Transformation assays, Apoptosis assays 

       Rat1a-E, Rat1a-MYC, Rat1a-R158, Rat1a-MYC/p300, Rat1a-R158/p300 

and Rat1a-MYC/p300 HAT(-) stable cell line pools were subjected to cell 

proliferation assay, transformation assays (focus formation and soft agar 
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assays), and apoptosis assays (Annexin V-FITC Apoptosis detection and 

cleaved caspase-3 detection) as described in Chapter 1. 

 

Real-time quantitative Reverse Transcription Polymerase Chain Reaction (qRT-

PCR) 

       Rat1a-E, Rat1a-MYC, Rat1a-R158, Rat1a-MYC/p300 and Rat1a-R158/p300 

stable cell line pools were subjected to qRT-PCR as described in Chapter 1. 

Nrf1, Cyc, Bcl2, Cad, Actb and Myc primers were previously described in 

Chapter 1. EP300 primers were used (Suzuki et al., 2005) with annealing 

temperature 60°C. 

 

Statistical analysis 

       Statistical analysis was performed as in Chapter 1. 
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Figure legends 

 

Figure 1.1.1 p300 overexpression reduces Myc but not R158 mRNA levels in 

Rat1a double cell line pools. (a) Ep300 expression in Rat1a cell line pools. 

Rat1a-E, Rat1a-MYC, Rat1a-R158, Rat1a-MYC/p300, Rat1a-R158/p300 and 

Rat1a-MYC/p300 HAT(-) cells were subjected to qRT-PCR to quantify the total 

expression of Ep300. Results were normalized to the reference gene Actb (n=3, 

in triplicates). (b) Myc expression in Rat1a cell line pools. Rat1a-E, Rat1a-MYC, 

Rat1a-R158, Rat1a-MYC/p300, Rat1a-R158/p300 and Rat1a-MYC/p300 HAT(-) 

cells were subjected to qRT-PCR to quantify the total expression of Myc. Results 

were normalized to the reference gene Actb (n=3, in triplicates). P<0.05 (*): 

Rat1a-E versus Rat1a-MYC, Rat1a-R158, Rat1a-MYC/p300, Rat1a-R158/p300 

and Rat1a-MYC/p300 HAT(-). 

 

Figure 1.1.2 Mutation in p300 HAT domain partially rescues MYC protein level 

attenuated by p300 overexpression in Rat1a double cell line pools. Rat1a-E, 

Rat1a-MYC, Rat1a-R158, Rat1a-MYC/p300, Rat1a-R158/p300 and Rat1a-

MYC/p300 HAT(-) cells were starved for 21 h and subjected to Western blotting 

(40 µg of total protein) with the indicated antibodies. Representative Western 

blotting is shown.  
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Figure 1.1.3 p300 overexpression inhibits MYC but not R158 in Rat1a double 

cell line pools. Rat1a-E, Rat1a-MYC, Rat1a-R158, Rat1a-MYC/p300, Rat1a-

R158/p300 and Rat1a-MYC/p300 HAT(-) cells were treated with MG132 for 4 h 

and subjected to Western blotting (30 µg of total protein) with the indicated 

antibodies. Representative Western blotting is shown. 

 

Figure 1.1.4 p300 impedes induction of cellular proliferation by MYC but not by 

R158 in Rat1a double cell line pools, which is partially rescued by p300 HAT 

domain mutation. Proliferation rate of Rat1a cell line pools was measured by 

counting of log-growing cells for five subsequent days. Representatives of n≥2 

independent experiments in triplicates are shown. (a) Rat1a-E, Rat1a-MYC, 

Rat1a-R158 cells (the same data used as for Figure 1.6a). (b) Rat1a-R158/p300, 

Rat1a-MYC, Rat1a-R158 cells. (c) Rat1a-MYC, Rat1a-MYC/p300, Rat1a-

MYC/p300 HAT(-) cells. (d) Rat1a-E, Rat1a-MYC/p300, Rat1a-R158/300 cells.  

 

Figure 1.1.5 p300 blocks initiation of cellular transformation by MYC but not by 

R158 in Rat1a double cell line pools, which is partially rescued by p300 HAT 

domain mutation. (a) Cellular transformation of Rat1a-E, Rat1a-MYC, Rat1a-

R158, Rat1a-MYC/p300, Rat1a-R158/p300 and Rat1a-MYC/p300 HAT(-) cells 

was assessed by focus formation assay. The cells were stained with 0.1% 

Crystal Violet solution and the whole plates were scanned. The equal portion of 

each image was cropped to show the representative result (n=5). (b) Cellular 
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transformation of Rat1a-E, Rat1a-MYC, Rat1a-R158, Rat1a-MYC/p300, Rat1a-

R158/p300 and Rat1a-MYC/p300 HAT(-) cells was evaluated by soft agar assay. 

The quantification of soft agar assay (n=3, in triplicates). All colonies larger than 

250 microns were counted.  

 

Figure 1.1.6 Reduction of MYC-activated apoptosis in Rat1a-MYC/p300 but not 

in Rat1a-R158/p300 Rat1a cell line pools is rescued by p300 HAT domain 

mutation. (a) Rat1a-E, Rat1a-MYC, Rat1a-R158, Rat1a-MYC/p300, Rat1a-

R158/p300 and Rat1a-MYC/p300 HAT(-) cells were starved for 21 h and 

subjected to Western blotting (40 µg of total protein) with cleaved caspase-3 and 

other indicated antibodies. Representative Western blotting is shown. Part of this 

image is shown in Figure 1.1.2 for better understanding of the results. 

 

Figure 1.1.7 Decrease in MYC-activated apoptosis in Rat1a-MYC/p300 but not 

in Rat1a-R158/p300 Rat1a cell line pools is rescued by p300 HAT domain 

mutation. Quantification of FACS analysis of Annexin V-FITC stained cells (% of 

Annexin V, but not propidium iodide positive cells, is shown as Relative # of 

AnnexinV-positive cells). The procedure was performed after Rat1a-E, Rat1a-

MYC, Rat1a-R158, Rat1a-MYC/p300, Rat1a-R158/p300 and Rat1a-MYC/p300 

HAT(-) cells were starved for 12 h (n=4). P<0.05 (*): Rat1a-E and Rat1a-MYC, 

Rat1a-R158 and Rat1a-MYC, Rat1a-E and Rat1a-MYC/p300 HAT(-), Rat1a-

MYC and Rat1a-MYC/p300, Rat1a-MYC/p300 and Rat1a-MYC/p300 HAT(-). 
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P<0.01 (**): Rat1a-E and Rat1a-R158, Rat1a-E and Rat1a-R158/p300, Rat1a-

MYC/p300 and Rat1a-R158/p300. 

 

Figure 1.1.8 MYC but not R158 transcriptional activity is inhibited by p300 

overexpression in double Rat1a cell line pools. Rat1a-E, Rat1a-MYC/p300 and 

Rat1a-R158/p300 cells were starved for 24 h and subjected to qRT-PCR with 

Cad primers to quantify the expression of the endogenous genes. Results were 

normalized to the reference gene Actb (n=3, in triplicates). 

 

Figure 1.1.9 Regulation of target genes by MYC but not by R158 is inhibited by 

p300 overexpression in double Rat1a cell line pools. (a) Rat1a-E, Rat1a-MYC 

and Rat1a-MYC/p300 cells were starved for 24 h and subjected to qRT-PCR with 

indicated primers to quantify the expression of the endogenous genes. Results 

were normalized to the reference gene Actb (n=3, in triplicates). P<0.05 (*): 

Rat1a-E versus Rat1a-MYC for Bcl2, Cyc, Cad primers and Rat1a-MYC versus 

Rat1a-MYC/p300 for Nrf1 primers. P<0.01 (**): Rat1a-MYC versus Rat1a-

MYC/p300 for Bcl2 and Cad primers. (b) Rat1a-E, Rat1a-R158 and Rat1a-

R158/p300 cells were starved for 24 h and subjected to qRT-PCR with indicated 

primers to quantify the expression of the endogenous genes. Results were 

normalized to the reference gene Actb (n=3, in triplicates). P<0.05 (*): Rat1a-E 

versus Rat1a-R158 for Nrf1, Cyc, Cad primers. P<0.01 (**): Rat1a-E versus 

Rat1a-R158/p300 for Nrf1, Cyc and Cad primers. 
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Figure 1.1.1 p300 overexpression reduces Myc but not R158 mRNA levels in 

Rat1a double cell line pools. 
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Figure 1.1.2 Mutation in p300 HAT domain partially rescues MYC protein level 

attenuated by p300 overexpression in Rat1a double cell line pools. 
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Figure 1.1.3 p300 overexpression inhibits MYC but not R158 in Rat1a double 

cell line pools. 
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Figure 1.1.4 p300 impedes induction of cellular proliferation by MYC but not by 

R158 in Rat1a double cell line pools, which is partially rescued by p300 HAT 

domain mutation. 



 

69 

 

        

 

 

Figure 1.1.5 p300 blocks initiation of cellular transformation by MYC but not by 

R158 in Rat1a double cell line pools, which is partially rescued by p300 HAT 

domain mutation. 
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Figure 1.1.6 Reduction of MYC-activated apoptosis in Rat1a-MYC/p300 but not 

in Rat1a-R158/p300 Rat1a cell line pools is rescued by p300 HAT domain 

mutation. 
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Figure 1.1.7 Decrease in MYC-activated apoptosis in Rat1a-MYC/p300 but not 

in Rat1a-R158/p300 Rat1a cell line pools is rescued by p300 HAT domain 

mutation. 
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Figure 1.1.8 MYC but not R158 transcriptional activity is inhibited by p300 

overexpression in double Rat1a cell line pools. 
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Figure 1.1.9 Regulation of target genes by MYC but not by R158 is inhibited by 

p300 overexpression in double Rat1a cell line pools. 
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Chapter 2 

Up-regulation of p300 and MAX by MYC leads to acetylation-independent 

synergistic activation of CCND2 promoter by MYC and p300 in mammalian 

cells 
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Abstract  

 

       Involvement of transcription factor MYC and co-activator/HAT p300 in cell 

cycle regulation has been established by many research groups. MYC is a well-

known promoter of cellular proliferation, and p300 controls the cell cycle 

depending on the cellular context. Tight control of MYC proto-oncogene 

transcription in normal cells includes its down-regulation by p300 and also by 

MYC itself. It has been shown in different cells that both MYC and p300 bind to 

the promoter of Cyclin D2 (CCND2), a gene known for its role in cell cycle 

progression. Furthermore, it has been verified that upon binding, MYC up-

regulates CCND2 expression. Whether p300 functions as a co-activator for MYC 

in CCND2 activation has never been demonstrated, although, the direct 

interaction of MYC and p300 and their cooperation for other genes 

transactivation had been previously substantiated. In addition, the role of p300-

dependent MYC acetylation in cell cycle in general and in CCND2 activation in 

particular has not been explored. Since hyperproliferation of transformed cells is 

a hallmark of cancer, it is important to characterize the mechanisms involved in 

the regulation of the cell cycle in order to identify ways to regulate the 

uncontrolled cancer cell division.  

       Here, I report, first to our knowledge, that MYC activates transcription of co-

activator/HAT p300. I also corroborate that MYC up-regulates its obligatory 

partner MAX. Moreover, I show that CCND2 promoter gets synergistically 
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activated by MYC and p300 in human cells which strongly suggests that p300 

works as a co-activator for MYC in CCND2 transactivation. I also demonstrate 

that the synergistic activation of CCND2 promoter is MYC-acetylation-

independent, as well as MYC-activated repression of p21 (CDKN1A), another 

cell cycle regulatory event.  Here, I report that MYC acetylation is linked to the 

end of G1 phase of cell cycle, which possibly connected to MYC turnover-

associated cell cycle down-regulation.  
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Introduction 

 

       MYC oncoprotein family includes tissue specific MYCL, MYCN, and 

ubiquitously expressed c-Myc (MYC) in mammalian. Although, MYC expression, 

stability and activity are precisely controlled in normal cells, MYC is deregulated 

in 40-70% of most human cancers and in 100% of Burkitt’s lymphomas (reviewed 

in Vita and Henriksson, 2006). MYC is a pleiotropic transcription factor that 

involved in regulation of variety biological processes including cell growth, 

proliferation, differentiation, apoptosis, oncogenic transformation and also 

important for embryonic development (reviewed in Grandori et al., 2000). 

Furthermore, MYC is essential for stem cell self-renewal and pluripotency 

(Cartwright et al., 2005; Takahashi and Yamanaka, 2006; reviewed in Singh and 

Dalton, 2009; Varlakhanova et al., 2010). In addition, MYC is involved in 

senescence (Guney et al., 2006), genetic instability (reviewed in Meyer and 

Penn, 2008), cell migration (Cappellen et al., 2006), and also in vasculogenesis 

and angiogenesis during tumor progression (Baudino et al., 2002). 

       Structurally MYC (439aa) can be divided into C-terminal, N-terminal and 

Central regions; basic/helix-loop-helix/leucine-zipper (bHLHZip) domains (355-

435aa) are located in C-terminus of MYC. The Nuclear localization signal (NLS) 

(320-328aa) and the acidic region (A) (242-261aa) are localized in the Central 

region. Phylogenetically conserved transcription activation domain (TAD) (1-

150aa), that is also essential for oncogenic cellular transformation, is positioned 
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in N-terminus of MYC (reviewed in Grandori et al., 2000; Vervoorts et al., 2006). 

There are four conserved sequences known as MYC Homology Boxes or MYC 

Boxes: MB1, MB2, MB3, and MB4 (Figure 2.1). Located within TAD, MB1 and 

MB2 are necessary for MYC to cooperate with H-Ras oncoprotein to induce 

transformation of primary rat fibroblasts. Those domains are important for 

blocking differentiation as well. All four MYC Homology Boxes are significant for 

regulation of apoptosis and cellular transformation. However, only MB2 seems to 

be required for cell proliferation (reviewed in Cowling and Cole, 2006).   

       In order to activate transcription of target genes, MYC has to form a 

heterodimer with another transcription factor, MAX. The proteins coupled via their 

respective HLHZip domains and bind regulatory regions of target genes with their 

basic domains to activate the transcription of target genes. MAX is also the 

mandatory partner of a group of transcription regulators, MYC antagonists 

(MAD1, MXI1/MAD2, MAD3, MAD4, MNT/ROX and MGA) that function as 

transcriptional repressors by recruiting histone deacetylase (HDAC) complexes 

(reviewed in Grandori et al., 2000). 

         It has been shown that co-activator/HAT p300 interacts with MYC TAD, 

causing two outcomes, first, p300 stabilizes MYC and mediates its 

transactivation functions, and, second, in the presence of the HDAC inhibitors 

p300 acetylates MYC leading to its degradation by proteasome (Faiola et al., 

2005). Homologous large proteins p300 and CBP have several functional 

domains. In addition to HAT domain those proteins have a bromodomain, a 
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glutamine-rich (Q-rich) region, and three cysteine-histidine (CH)-rich regions 

(CH1, CH2, and CH3). The bromodomain binds to acetylated lysine and plays a 

role in protein-protein interactions and association with chromatin. C-terminus Q-

rich region is similar to the glutamine-rich transcriptional activation domains of 

several transcriptional activators. A lot of proteins, for example the adenovirus 

E1A protein, the co-activator PCAF, RNA polymerase-containing complexes, and 

general transcription factor TFIIB, interact with CH3 region. Tumor suppressor 

p53 binds to a glutamine-rich region. Variety of proteins involved in multiple 

biological processes bind to the different regions of p300 (Kraus et al., 1999; 

reviewed in Goodman and Smolik, 2000). Mouse knockout studies demonstrated 

that p300/CBP is essential for embryonic development, cell cycle regulation and 

differentiation (reviewed in Chan and La Thangue, 2001). Being a transcriptional 

co-activator, p300/CBP associates with the numerous transcription factors, and 

acetylates histones (acetylation of core histone tails is linked with the 

transcription activation) and also acetylates certain activators affecting their 

transactivation functions. On one hand, many cellular oncogenes expedite their 

effects via p300/CBP, which mediates cell cycle progression and transformation. 

For example, p300 interacts with phosphorylated activation domain of E2F 

transcription factor enhancing sensitization of G1-phase cells to S-phase of the 

cell cycle. Furthermore, it was shown that p300 is involved in degradation of 

tumor suppressor p53, which is a cell cycle regulator. On the other hand, CBP 

and p300 have been mutated in some cancers, and, as tumor suppressors, these 
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proteins interact with p53 activating the transcription of p53 target genes involved 

in growth arrest, DNA repair and apoptosis. Acetylation of p53 by p300 causes its 

conformational change leading to vast increase in p53 binding to DNA. Moreover, 

CBP and p300 can serve as tumor suppressors via interaction with breast cancer 

type 1 susceptibility protein, BRCA1, which increases the transcription of its 

target genes involved in DNA repair and cell cycle arrest (reviewed in Goodman 

and Smolik, 2000; reviewed in Chan and La Thangue, 2001). Basically, p300 

positively or negatively regulates cell cycle depending on the cellular context. 

Lately, it has been demonstrated that p300 down-regulates MYC contributing to 

the inhibition of G1-S transition. Moreover, it has been shown that p300 HAT 

activity is dispensable for the negative regulation of MYC (Baluchamy et al., 

2003). 

       MYC binds to approximately 15% of mammalian genome and affects 

transcription of most bound genes (reviewed in Eilers and Eisenman, 2008). 

Overexpression of MYC allows its binding to low-affinity target genes (Fernandez 

et al., 2003); this fact indicates that in MYC-dependent cancers MYC regulates 

more promoters. Functions of MYC target genes involve cell cycle promotion, 

metabolism, biosynthesis, cell adhesion/cytoskeleton, apoptosis, intracellular 

signaling and microRNA (reviewed in Dang et al., 2006). It has been previously 

established that MYC directly activates CCND2, regulator of cyclin-dependent 

kinases CDK4/6, which contributes to the G1/S cell cycle progression (Bouchard 

et al., 1999). MYC binds to CCND2 promoter in vivo, recruits 
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TRanscription/tRansformation Associated Protein, TRRAP, which is a component 

of TIP60 and PCAF/GCN5 histone acetyl transferase (HAT) complexes to MB2, 

induces histone acetylation and transcriptional activation of CCND2 (Bouchard et 

al., 2001). Furthermore, chromatin immunoprecipitation (ChIP) studies have 

demonstrated that co-activator/HATs p300/CBP binds to CCND2 E-box-

containing promoter region in human cells. CBP was crosslinked to CCND2 

promoter in human promyelocytic leukemia HL60 cells, and p300 was bound to 

CCND2 promoter in human leukemic monocyte lymphoma U937 cells (Vervoorts 

et al., 2003). As previously discussed, co-activator/HATs p300 and CBP both 

directly interact with MYC and stimulate MYC-dependent transcriptional 

activation (Vervoorts et al., 2003; Faiola et al., 2005). MYC can promote a cell 

cycle via repression of cyclin-dependent kinase inhibitors, for instance, 

p21(WAF1/CIP1). C-terminus of MYC interacts with zinc finger domain of 

transcription factor SP1 inhibiting transactivation of p21 (CDKN1A) that is a 

downstream target of SP1 (Gartel et al., 2001). Intriguingly, p300 interacts with 

SP1 for CDKN1A activation contributing to keeping cells in G1/G0 (Billon et al., 

1999). 

       Thus, it has been established that MYC and p300 both play a role in the cell 

cycle regulation; however the entire mechanism of how these proteins regulate 

proliferation in relation to each other is not known. The role of p300-dependent 

MYC acetylation in that process was not addressed as well. Uncontrolled cell 

cycle progression is a hallmark of cancer cells (Hanahan and Weinberg, 2011). 
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So, it is important to identify all possible mechanisms involved in the regulation of 

the cell cycle. Here, I report that MYC activates transcription of co-activator/HAT 

p300 and its obligatory partner MAX which leads to MYC-acetylation-

independent synergistic activation of CCND2 promoter. I also show that MYC-

activated repression of CDKN1A is MYC-acetylation-independent.  

       Up-regulation of cell cycle repressor CDKN1A during terminal differentiation 

and down-regulation of cell cycle activator MYC coinciding with inhibition of S 

phase induction by p300 suggested a role for p300 in maintaining cells in the G1 

phase (Billon et al., 1999; Baluchamy et al., 2003). Here, I report that MYC 

oncoprotein gets acetylated in human cells at the end of G1 phase possibly by 

p300, which according to the previous report (Faiola et al., 2005) would cause its 

degradation by proteasome, presumably inhibiting cell cycle progression.  
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Results 

 

MYC up-regulates endogenous p300 and MAX in mammalian cells. 

       Quantitative real time PCR data (Chapter 1) indicated that MYC 

overexpression is required for transcriptional activation of Ep300 and Max. Both 

Ep300 and Max mRNA levels were elevated in the Rat1a-MYC and Rat1a-R158 

cells compare to Rat1a-E, the background cell line (Figure 1.13). I also observed 

increased p300 protein levels in Rat1a-MYC and Rat1a-R158 cell line pools in 

comparison to Rat1a-E cells (Figure 1.9). 

       To address the role of endogenous MYC in up-regulation of native p300 and 

MAX, I employed RNAi to knockdown MYC in HeLa cells. Expression of shRNA 

directed against human MYC (hMYC shRNA) but not the control shRNA, reduced 

endogenous p300 and MAX protein levels (Figure 2.2a, lanes 2 and 1; Figure 

2.2b, lanes 2 and 3).  To confirm that the decrease of p300 and MAX was due to 

knockdown of MYC, mouse MYC that cannot be silenced by hMYC shRNA was 

overexpressed. Ectopic mouse MYC partially restored p300 and MAX protein 

levels in the cells expressing hMYC shRNA proving that the reduction of p300 

and MAX levels was due to the MYC knockdown (Figure 2.2a, lanes 1 and 3; 

Figure 2.2b, lanes 3 and 4). To determine whether the K158R substitution in 

MYC would interfere with p300 and MAX expression, I utilized the K158R mutant 

of MYC (R158). Overexpression of R158 in HeLa cells partly rescued p300 and 

MAX protein level reduction due to MYC knockdown as well (Figure 2.2a, lanes 1 
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and 5; Figure 2.2b, lanes 3 and 5). I observed repression of native MYC in the 

presence of ectopic MYC (Figure 2.2b, lanes 2 and 1), a well-known negative 

feedback regulation of MYC gene by its own protein (Penn et al., 1990).  

       Thus, I have demonstrated that MYC is essential for native p300 and MAX 

overexpression in mammalian cells, and this effect is independent of MYC 

acetylation by p300, because the K158R substitution in MYC does not interfere 

with p300 and MAX expression.   

 

Acetylation-independent synergistic transcription activation by MYC and p300 

from CCND2 promoter in human cells. 

       I wanted to address two questions, first, whether p300 can be a co-activator 

for MYC to up-regulate CCND2 promoter, and, second, whether CCND2 

activation is dependent on MYC acetylation by p300. 

       It has been established that CCND2 gene expression is directly induced by 

MYC (Bouchard et al., 1999; Bouchard et al., 2001), but precise mechanism has 

not been identified. So, I performed luciferase reporter gene assays and first, to 

our knowledge, showed that MYC and p300 synergistically activate CCND2 

promoter in HEK293 and HeLa human cells (Figure 2.3a, Figure 2.3b, Figure 

2.3c, compare MYC WT/p300 with MYC WT and p300 black bars).  

       Next, I utilized acetylation-defective MYC mutants: R158 that cannot be 

acetylated at the major site for acetylation by p300 due to the K158R substitution 

(Figure 1.1), R5 that cannot be acetylated at the sites for acetylation by p300 due 
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to K to R substitutions, and NRC that cannot be acetylated due to K to R 

substitutions at 17 residues (Figure 3.1 and Faiola et al., 2005). Luciferase 

reporter gene assays have revealed that the mutants behave identical to wild 

type MYC in CCND2 activation (Figure 2.3a, black bars MYC WT and NRC; 

Figure 2.3b, black bars MYC WT and R158; Figure 2.3c, black bars MYC WT 

and R158). The acetylation mutants synergized with p300 to up-regulate CCND2 

promoter as well (Figure 2.3a, black bars MYC WT/p300 and NRC/p300; Figure 

2.3b, black bars MYC WT/p300 and R158/p300; Figure 2.3c, black bars MYC 

WT/p300 and R158/p300) proving that synergistic activation of CCND2 promoter 

by p300 and MYC is independent of MYC acetylation. 

       Hence, I have presented acetylation-independent up-regulation of CCND2 

promoter by MYC and co-activator/HAT p300 in human cells.  

 

Acetylation-independent down-regulation of CDKN1A by MYC in human cells. 

       It has been well established that MYC represses promoter of cyclin-

dependent kinase inhibitor p21 (CDKN1A), regulator of the cell cycle progression 

(Gartel et al., 2001). To check whether MYC-dependent CDKN1A repression is 

acetylation dependent, I employed R158 and R5 MYC mutants, defective for 

acetylation by p300, and performed luciferase reporter gene assays utilizing 

U2OS human osteosarcoma cells that express detectable amount of p300 

(Figure 2.4, right panel). I detected that acetylation-defective MYC mutants do 
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not have an effect on repression of CDKN1A by MYC in U2OS human cells 

(Figure 2.4, black bars). 

       Therefore, I have concluded that MYC-activated down-regulation of 

CDKN1A promoter in human cells is independent of MYC acetylation by p300.   

 

Acetylation of MYC in normal human diploid fibroblasts is serum/growth factors 

regulated. 

       To detect acetylation of endogenous MYC, I utilized IMR-90, human 

embryonic lung fibroblasts. It has been previously established that serum 

addition to the quiescent IMR-90 cells increases transcription of MYC (Bower and 

Kaji, 1988).  The fibroblasts were serum-starved for 48 hours and then re-

stimulated with serum for the indicated times (Figure 2.5). MYC/MAX complexes 

immunoprecipitated with MAX-specific antibody were analyzed by Western 

blotting with a pan specific anti-acetylated lysine antibody prior to stripping and 

probing with MYC antibody to insure that total MYC levels are equal. Input (2%) 

was subjected to Western blotting with p300-specific antibody. I verified the 

increase in MYC protein levels at 2 h after serum re-addition, note that MYC 

levels did not change at 4 h, 6 h, 8 h, 10 h and 12 h after serum re-stimulation 

compared to 2 h after serum re-addition. Endogenous MYC became acetylated in 

the starved cells and at the end of G1 phase of cell cycle, after 6-8 hours after 

serum re-stimulation (Figure 2.5). The maximum acetylation of MYC was 

observed at 8 hours after serum re-addition (Figure 2.5). Reduction in p300 
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expression after 10-12 hours coincided with the vast decrease in MYC 

acetylation (Figure 2.5, lower panel). 

       Thus, our data suggest that acetylation of MYC is highly regulated in normal 

fibroblasts. Acetylation of native MYC in primary human IMR-90 cells was 

detected in serum-starved (G0) fibroblasts and at the end of G1 phase of the cell 

cycle. Reduction in p300 protein levels overlapped with the vast decrease in 

MYC acetylation suggesting that p300 could be the HAT that acetylates MYC in 

the IMR-90 cells. 
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Discussion 

 

       Dual regulation of transcription factors by co-activator/HAT p300 has been 

previously noted. On one hand, CBP/p300 interaction with tumor suppressor p53 

leads to transactivation of p53-regulated promoters at least partly due to the fact 

that p300 acetylates lysine residues in the C-terminus of the tumor suppressor 

increasing p53 binding to the regulatory regions of target genes. It has been also 

reported that p300 stabilizes p53 and facilitates its apoptotic response. On the 

other hand, there were reports suggesting that p300 interaction with p53 is 

required for murine double minute MDM-2-dependent turnover of p53, though the 

mechanism is not clear (reviewed in Goodman and Smolik, 2000). That is why it 

is no surprise that p300 dually controls MYC oncoprotein according to the cellular 

context. MYC -acetylation-independent stabilization of MYC and co-activation of 

its transcriptional targets is on one side of regulation by p300, and p300-

dependent acetylation of MYC causing its turnover by proteasome is the other 

side (Faiola et al., 2005). 

       It has been demonstrated that MYC interacts with CCND2 promoter in vivo 

and activates its transcription; thereby MYC stimulates cell cycle progression 

(Bouchard et al., 1999; Bouchard et al., 2001). Furthermore, it has been 

established that MYC TAD recruits HAT activity to induce histone acetylation and 

transactivation of CCND2 via interaction with co-activator TRRAP, a component 

of TIP60 and PCAF/GCN5 HAT-containing complexes (Bouchard et al., 2001). 



 

89 

 

MYC TAD also interacts with co-activator/HAT p300 leading to synergistic 

transactivation of well-known MYC target, telomerase reverse transcriptase 

(TERT), in human cancer HeLa cells (Faiola et al., 2005). Moreover, it has been 

detected that p300 binds to E-box containing CCND2 promoter in human 

lymphoma U937 cells (Vervoorts et al., 2003). All the above facts strongly 

suggest that p300 can be a co-activator for MYC-dependent transcriptional up-

regulation of CCND2, one of the positive regulators of the cell cycle. 

       Here, I demonstrate that MYC up-regulates endogenous p300 in mammalian 

cells. It has been previously reported that MAX is a direct MYC target which gets 

transcriptionally activated by MYC (Zeller et al., 2006), so, in this study, I verify 

that MYC activates its mandatory partner MAX. Both transactivation events are 

MYC-acetylation independent since lysine to arginine substitution of MYC at the 

major site acetylated by p300 have not produced an effect on p300 and MAX up-

regulation. Furthermore, I found that MYC and p300 synergistically activate the 

CCND2 promoter in HEK293 and HeLa human cells; this finding supports the 

idea that p300 must be a co-activator for MYC in CCND2 transcriptional 

regulation. In addition, I have shown that K to R mutations in MYC at the 

residues that are acetylated by p300 do not affect the synergistic activation of 

CCND2 by MYC and p300 indicating that this event is MYC-acetylation 

independent. After combining our observations and previously reported data I 

propose a model; MYC transcriptionally activates EP300 and MAX genes, which 

results in increase in p300 and MAX protein levels.  Next, MYC/MAX heterodimer 
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binds to the E-box elements of CCND2 promoter and recruits co-activator/HAT 

p300, which acetylates histones - but not (or without effect) MYC - and promotes 

CCND2 overexpression leading to the progression of the cell cycle (Figure 2.6). 

MYC can stimulate cellular proliferation by indirect repression of cell cycle 

inhibitor CDKN1A as well; it appears that MYC functions as a co-repressor for 

SP1 transcription factor on CDKN1A promoter (Gartel et al., 2001). It is 

interesting that in this case MYC possibly competes with a co-activator p300, 

which interacts with SP1 for activation of CDKN1A leading to cellular 

differentiation (Billon et al., 1999). Here, I demonstrate that MYC-activated 

repression of CDKN1A is independent of MYC acetylation by p300 because K to 

R substitution in MYC at the major site acetylated by p300 does not have an 

effect on CDKN1A repression (Figure 2.6). 

       Cell environment-dependent regulation of cell division by p300 was analyzed 

by many research groups (reviewed in Goodman and Smolik, 2000; reviewed in 

Chan and La Thangue, 2001). It has been reported that p300 inhibits G1/S phase 

transition by repression of MYC transcription, and this effect was not dependent 

on its HAT activity (Baluchamy et al., 2003). Of course, transcriptional repression 

unlike transactivation does not typically require histone acetylation (reviewed in 

Chan and La Thangue, 2001). In this study, I show that MYC gets acetylated in 

human normal fibroblasts at the end of G1 phase, and since decline in p300 

protein level corresponds to the termination of MYC acetylation, I assume that 

p300 could be the HAT that acetylates MYC in these cells.  From the previous 
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report (Faiola et al., 2005) I know that acetylation of MYC by p300 leads to its 

proteasomal degradation. Therefore, here I provide a potential model for the cell 

cycle regulation. In this model, p300 acetylates MYC at the end of G1 phase of 

the cell cycle triggering MYC protein turnover by the proteasome, which causes 

inhibition of MYC-dependent gene regulation (CCND2 overexpression and down-

regulation of CDKN1A), and that restrains G1/S cell cycle transition (Figure 2.7). 

Thus, in this study, I confirm “dual regulation” of MYC by p300. On one hand, 

p300 functions as a co-activator for MYC in CCND2 transactivation (cell cycle up-

regulation); on the other hand, p300-dependent MYC acetylation presumably 

leads to MYC degradation (cell cycle down-regulation). In normal cells the cell 

cycle progression is highly controlled. Apparently, MYC regulates genes 

promoting the cell division and at a certain point, when sufficient level of positive 

influence on the cell proliferation is achieved, MYC has to be inhibited. 

Furthermore, I have discovered a feed-forward cooperative loop: MYC 

transactivates p300, and then both p300 and MYC synergize for CCND2 

transcriptional up-regulation.  

       Even though my results strongly suggest MYC and p300 cooperation on 

CCND2 promoter, chromatin immunoprecipitation (ChIP) and Luciferase assays 

on the MYC knockdown (KD) cells have to be done in order to prove that p300 

interacts with MYC for CCND2 co-activation. I expect that MYC KD would 

prevent p300 binding to CCND2 promoter and its transactivation. Specific 

antibody against acetylated K157/158 in MYC and also p300 KD should be 
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employed to demonstrate that p300 indeed acetylates MYC at the end of G1 

phase of the cell cycle.  
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Materials and Methods 

 

Plasmids 

       The expression vector for Flag-tagged mouse c-Myc (Flag-MYC), pCbS-

Flag-Myc, empty vector pCbS and vectors for the mouse c-Myc K to R mutants 

(R158 and R5) were described in Chapter 1.  

       The expression vector for the mouse c-Myc K to R NRC 

(R51/52/144/149/158/317/323/355/371/389/392/397/398/412/422/428/430) 

mutant was previously described (Faiola et al., 2005 and also see Figure 3.1). 

The expression vector for human p300, pCMVβ-p300-CHA, was described in 

Chapter 1. The expression vectors pSUPER-Myc827 and pSUPER-GL2 were 

described elsewhere (Faiola et al., 2005). Plasmids pCMV-β-galactosidase and 

p21P-Luc were kindly provided by Dr. X. Liu, described elsewhere (Datto at al., 

1995). The expression vector for human CyclinD2.Luciferase, pGL3oriD2, was 

constructed and kindly provided by Dr. B. Luscher.  

 

Antibodies and Western blotting 

       The antibodies used in the study, c-Myc (MYC) N-262x, p300 N-15x, MAX 

C-17x, Vinculin, and Acetylated-Lysine Ac-K, were described in Chapter 1. 

Western blotting was carried out as in Chapter 1. 
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Cell culture 

       HEK293 and HeLa were cultured in Dulbecco modified Eagle medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin solution (p/s) at 37°C with 5% CO2 as describ ed in Chapter 1.  

IMR-90, human embryonic lung fibroblasts, (kindly provided by Dr. D.S. Straus) 

and U2OS, human osteosarcoma cells, (kindly provided by Dr. X. Liu) were 

maintained as above.  

 

RNA interference 

       Transient knockdown of human Myc in HeLa cells was performed as 

previously described (Faiola et al., 2005). Briefly, 90% confluent HeLa cells in 

3.5-cm plates were transiently transfected by using Lipofectamine2000 with 2 µg 

of pSUPER-Myc827 (for Myc knockdown) or pSUPER-GL2 control vector 

according to manufacturer's instructions. Twenty four hours later, the cells were 

transfected again with 2 µg of pSUPER-Myc827or pSUPER-GL2 plasmids and 

also with 1.5 µg of mouse pCbS-Flag-Myc, pCbS-Flag-R158 or corresponding 

empty vector as indicated in Figure 2.2. Six hours after the second transfection, 

the cells were shifted to the growth medium containing 1.5 µg/ml Puromycin. At 

48 h after the first transfection, the media with Puromycin (1.5 µg/ml) was 

changed again. At 72 h after the first transfection, the cells were lysed in E1A 

(250 mM NaCl) lysis buffer containing BNT (10 mM sodium butyrate, 10 mM 

nicotinamide and 2 µM trichostatin A). 20 µg of total protein was analyzed by 
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Western blotting with the indicated antibodies against p300, MYC, Vinculin, and 

MAX. The knockdown experiment was done once; two Western blotting analyses 

were performed. 

 

Serum stimulation and Immunoprecipitation 

       IMR-90 cells at 90% confluence in 10-cm plates were starved for 48 h in 

DMEM with 0.1% FBS, then the cells were shifted to regular growth medium and 

lysed at indicated times with 1 ml of E1A (250 mM NaCl) buffer containing BNT. 

Immunoprecipitation (IP) of endogenous MAX was described elsewhere (Faiola 

et al., 2005). Briefly, the extracts in 179 mM NaCl IP buffer (for composition see 

Faiola et al., 2005) were precleared with 20µl of Pierce Protein A Agarose beads 

(40µl of slurry) (Thermo Scientific) for 1 h prior to overnight (16 h) incubation with 

5 µg of MAX C-17x antibody or normal rabbit IgG (Santa Cruz Biotechnology) 

and following IP using 20µl of Pierce Protein A Agarose beads (3 h) at 4ºC as 

previously described (Faiola et al., 2005). Immunoprecipitates were analyzed by 

Western blotting with the indicated antibodies, 20 µg of total protein was utilized 

for input. Clean-Blot (HRP) IP Detection Reagent #21230 at dilution 1:1000 

(Thermo Scientific) was used in order to minimize the signal of denatured IP 

antibody (MAX C-17x) fragments. The experiment was done twice (n=2). 
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Luciferase and β-galactosidase assays 

       HeLa (80% confluent) or 293HEK cells (90% confluent) in 3.5-cm plates 

were transiently transfected by using Lipofectamine2000 or LipoD293TM 

(SignaGen Laboratories, Gaithersburg, MD, USA) with 0.5 µg of expression 

vector for human CyclinD2.Luciferase, 0.2 µg of pCMV-β-galactosidase, 1 µg of 

either pCbS-Flag-Myc or indicated R mutants, and 1 µg of pCMVβ-p300-CHA as 

manufacturer recommended. The corresponding empty vectors for Myc and p300 

were included to keep total amount of DNA constant. After 48 h, cell extracts 

were subjected to luciferase assay as described elsewhere (Brasier et al., 1989). 

Since β-galactosidase (internal control) activity was slightly increased by p300 

transfection, luciferase activity was normalized to the protein concentration. For 

HeLa cells, n≥2 (in duplicates), for HEK293 cells, n=1 (in duplicates). 

       U2OS cells (95% confluent) in 3.5-cm plates were transiently transfected by 

using ExpressFect with 0.3 µg of luciferase reporter vector for p21.Luciferase, 

0.2 µg of pCMV-β-galactosidase, 1 µg of either pCbS-Flag-Myc or indicated R 

mutants, as manufacturer recommended. The corresponding empty vector for 

Myc was included to keep total amount of DNA constant. After 48 h, cell extracts 

were subjected to luciferase assay as described elsewhere (Brasier et al., 1989); 

n=2 (in duplicates). 

       For β-galactosidase assay, 20-100µl of extract from 0.3 ml total lysate (3.5-

cm plate) was added to the assay buffer (800µl total for each sample) containing: 

70 mM Na phosphate buffer [pH7.5], 0.665 mg/ml ONPG (ortho-Nitrophenyl-β-
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galactoside, chromogenic substrate), 1 mM MgCl2, and 45 mM β-

mercaptoethanol. Next, the mix was incubated at 37 °C for 30 minutes or until it 

turned yellow. Then, the reaction was stopped by adding 54-70µl of 1 M Na2CO3. 

Finally, OD420 had been detected.  

 

Statistical analysis 

       Statistical analyses were performed as described in Chapter 1. Means ± 

standard deviation (SD) were shown; “n” represents the number of individual 

experiments. 
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Figure legends 

 

Figure 2.1 Functional domains of MYC. Transcription activation domain (TAD) 1-

150aa; MYC box 1 (MB1) 45-63aa; MB2 129-141aa (reviewed in Vervoorts et al., 

2006), 129-143aa (reviewed in Huang et al., 2004); MB3 259-270aa; MB4 306-

312aa (Cowling and Cole, 2006); Acidic region (A) 242-261aa; Nuclear 

localization signal (N) 320-328aa; basic/helix-loop-helix/leucine-zipper (bHLHZip) 

domains 355-435aa (reviewed in Vervoorts et al., 2006), 355-439aa; basic 

domain (b) 355-368aa; helix-loop-helix (HLH) 368-410aa (reviewed in Huang et 

al., 2004); leucine-zipper (Zip) 410-435aa (reviewed in Vervoorts et al., 2006), 

410-439aa (reviewed in Huang et al., 2004). 

 

Figure 2.2 Ectopic expression of mouse MYC partially rescues p300 and MAX 

protein level reduction following MYC knockdown. HeLa cells were transiently 

transfected with shRNA for human c-Myc (MYC shRNA, indicated as “+”) or with 

shRNA for luciferase (negative control, indicated as “–“). Mouse Flag-MYC (WT), 

R158 mutant (R158) or corresponding empty vector (E) were co-transfected, as 

indicated. Western blotting with the indicated antibodies was performed. Ectopic 

mouse MYC is indicated as “ mMYC ”, and native human MYC as “ hMYC “ 

(arrowhead).  (a) 20 µg of total protein and (b) 6 µg of total protein were utilized.  
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Figure 2.3 Acetylation-independent synergistic activation of CCND2 promoter by 

MYC and p300. The cells: (a), (b) HeLa and (c) HEK293, were transfected with 

human CyclinD2.Luciferase (luciferase reporter vector), pCMV-β-galactosidase 

(internal control), Flag-MYC or indicated R mutants, and p300. The 

corresponding empty vectors for Myc and p300 were included to maintain the 

total amount of DNA. After 48 h, cell extracts were subjected to luciferase and β-

galactosidase assays (n=2). 

 

Figure 2.4 Acetylation-independent repression of CDKN1A promoter by MYC in 

U2OS cells. U2OS cells were transfected with p21.Luciferase (luciferase reporter 

vector), pCMV-β-galactosidase (internal control), Flag-MYC or indicated R 

mutants. The corresponding empty vector for Myc was included to maintain the 

total amount of DNA. After 48 h, cell extracts were subjected to luciferase and β-

galactosidase assays (n=2). 20 µg of total protein was analyzed by Western 

blotting with antibody against p300 to show that U2OS cells have endogenous 

p300 and its level is comparable to one in HeLa cells. 

 

Figure 2.5 MYC acetylation is cell cycle dependent. IMR-90 human fibroblasts 

were starved and then re-stimulated with serum for the indicated times. 

MYC/MAX complexes immunoprecipitated with MAX-specific antibody or input 

(20 µg of total protein) were analyzed by Western blotting with the indicated 

antibodies (n=2). IP with rabbit IgG (negative control) is not shown due to its 
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loading in the marker lane (non-specific band was not detected at the correct 

position). 

 

Figure 2.6 Up-regulation of p300 and MAX by MYC leads to acetylation-

independent synergistic activation of CCND2 promoter by MYC and p300 in 

mammalian cells. Schematic representation of a proposed model. Question mark 

means possibility. MYC and p300 possibly compete in order to function as a co-

factor for SP1 to regulate CDKN1A gene. See Discussion for details. 

 

Figure 2.7 Potential regulatory role for MYC acetylation in the cell cycle control 

in human cells. Schematic representation of a proposed model. Question marks 

mean possibility. It is suggested from the data (but not proven) that p300 is the 

HAT which acetylates MYC at the end of G1 phase. Similarly, it is proposed (but 

not proven) that MYC acetylation could cause inhibition of MYC-dependent 

regulation of Cyclin D2 and p21. See Discussion for details. 
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Figure 2.1 Functional domains of MYC. 
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Figure 2.2 Ectopic expression of mouse MYC partially rescues p300 and MAX 

protein level reduction following MYC knockdown. 
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Figure 2.3 Acetylation-independent synergistic activation of CCND2 promoter by 

MYC and p300. 
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Figure 2.4 Acetylation-independent repression of CDKN1A promoter by MYC in 

U2OS cells. 
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Figure 2.5 MYC acetylation is cell cycle dependent. 
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Figure 2.6 Up-regulation of p300 and MAX by MYC leads to acetylation-

independent synergistic activation of CCND2 promoter by MYC and p300 in 

mammalian cells. 
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Figure 2.7 Potential regulatory role for MYC acetylation in the cell cycle control in 

human cells. 
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Chapter 3 

The role of p300-dependent MYC acetylation on its interaction with different 

co-factors 
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Abstract  

 

       The MYC oncoprotein is a transcription factor that regulates roughly 15% of 

genes involved in various cellular functions, such as control of cell growth, 

proliferation, differentiation, apoptosis, senescence, oncogenic transformation, 

embryonic development, stem cell pluripotency, genetic stability, cell migration, 

and also in vasculogenesis and angiogenesis. Activation of MYC has been 

implicated in most human cancers. MYC activates and represses downstream 

target genes by different mechanisms. The prevalent mechanism involves 

recruitment of co-factors to the promoters of the target genes by MYC after its 

binding to E-box DNA elements along with an obligatory partner protein MAX. 

The recruited co-activators can regulate transcription by a variety of 

mechanisms, including connection of promoter-bound MYC to the transcription 

apparatus or chromatin remodeling in favor of transcription. Some co-factors with 

catalytic activities can cause posttranslational modifications of MYC itself, which 

can lead to changes in MYC-proteins interactions and MYC stability. Recent 

observations indicate that MYC levels and functions are regulated by recruited 

co-activators/ histone acetyltransferases (HATs). HATs TIP60, GCN5, and 

p300/CBP acetylate MYC affecting its turnover by the proteasome and its 

transactivation functions. 

       Here, I investigate a role of MYC acetylation by p300 in MYC interaction with 

other co-factors. Using Site-Directed Mutagenesis we created a number of MYC 
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mutants by replacing of lysine to arginine with conserved positive charge or to 

mimicking acetylation glutamine in p300-dependent MYC acetylation sites, so the 

mutants cannot be modified at the substituted sites. I utilized the MYC mutants in 

my study. Here, I demonstrate that MYC interaction with HATs, TIP60 and p300 

itself, depend on p300-acetylated MYC residues. Interestingly, TIP60 binding to 

MYC required p300 and MYC K158, the major residue acetylated by p300. Thus, 

our results provided a relation between MYC acetylation by p300 and its 

interaction with co-activator/HAT, TIP60. 
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Introduction 

 

       MYC proto-oncogene was discovered as a cellular homolog of avian 

myelocytomatosis viral oncogene v-myc (Sheiness and Bishop, 1979). MYC 

controls a variety of genes involved in nearly all known cellular functions 

(reviewed in Chapter 2, Introduction). MYC overexpression is tumorigenic in 

transgenic mice (reviewed in Dang, 1999; Murphy et al., 2008). Deregulation of 

MYC in human cancers leads to approximately 70,000 deaths in United States 

and occurs due to different MYC gene alterations, such as translocations or 

amplifications causing overexpression of MYC, and point mutations increasing 

the half-life of the protein (reviewed in Dang, 1999). Several signal transduction 

pathways, including WNT, RAS/RAF/MAPK, JAK/STAT, transforming growth 

factor β, and NF-κB, regulate MYC. Deregulation of these cascades in cancer 

cells also contribute to the enhanced MYC expression (Vervoorts et al., 2006). 

       MYC activates the transcription of its target genes by binding to their E-box 

DNA elements in association with another transcription factor, MAX (Amati et al., 

1993), and following recruitment of co-activators to the regulatory regions of the 

downstream targets (reviewed in Cowling and Cole, 2006). Several proteins have 

been reported to interact with N-terminal MYC transcription activation domain 

(TAD). Those co-factors possibly regulate or mediate transactivating and 

transforming functions of MYC (reviewed in Sakamuro and Prendergast, 1999; 

Grandori et al., 2000). One of those proteins is TRansactivation/tRansformation 
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Associated Protein (TRRAP). TRRAP interacts with MB1 and MB2 regions within 

MYC TAD (McMahon et al., 1998) (MYC structure was reviewed in Chapter 2, 

Figure 2.1). TRRAP belongs to the different co-factor complexes with histone 

acetyltransferase (HAT) activity. These transcription regulatory complexes 

include GCN5 (General control of amino acid synthesis protein 5-like 2) HAT-

containing complexes STAGA (SPT-TAF-GCN5 Acetylase) (Martinez et al., 

1998; Martinez et al., 2001), TFTC (TBP-free TAFII complex) (Brand et al., 

1999), PCAF HAT-containing complex (Ogryzko et al., 1998), and MYST-family 

HAT-containing complex HIV-1-Tat-interactive protein (TIP60) (Frank et al., 

2003), which also plays a role in DNA repair and apoptosis (Ikura et al., 2000). 

Crosslinking analysis done in our laboratory led to the conclusion that GCN5 

itself can directly bind MYC (unpublished data). It also has been shown that 

HATs p300 (adenovirus E1A oncoprotein-associated factor) and it’s homolog 

CBP (CREB (cAMP response element)- binding protein) both interact with MYC 

(Faiola et al., 2005; Vervoorts et al., 2003).  MYC recruitment of HAT activity to 

the promoters of the target genes leads to histone acetylation that correlates with 

target gene activation (reviewed in Cowling and Cole, 2006). Consistently, HAT 

GCN5 stimulates MYC TAD transactivation functions (Liu et al., 2003) and HAT 

TIP60 is recruited to promoters of MYC targets during MYC-activated 

transcription (Frank et al., 2003). HATs GCN5 and PCAF are paralogs that 

mostly acetylate histone H3. TIP60 usually acetylates histone H4 (Roth et al., 

2001). It has been shown that MYC controls the genome-wide levels of histone 
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H3 and H4 modifications, which may be due to general HAT recruitment to DNA 

and stimulation of hGCN5 as a specific target gene that increases the net 

enzyme level. The global changes in chromatin may account for the wide effects 

of MYC on numerous target genes (reviewed in Cowling and Cole, 2006; 

Knoepfler et al., 2006). Additionally, STAGA and Mediator co-activator 

complexes can directly interact and bind to MYC TAD on the promoter of human 

telomerase reverse transcriptase (hTERT) target gene independently of each 

other and also in a mutually dependent manner, which leads to stimulation of 

hTERT transactivation (Liu et al., 2007). CBP acts via its intrinsic HAT activity, 

and also through associated HAT enzymes. Moreover, CBP and p300 interact 

with components of the Pol II complex, which might also contribute to co-

activator function (Vervoorts et al., 2003). Furthermore, p300/CBP are involved in 

transcription up-regulation not only through being a HAT, acetylating 

nucleosomal histone tails, or a bridge to the transcriptional machinery, but also 

via scaffolding, providing a platform for assembly of co-activators to facilitate the 

transcription of target genes (reviewed in Chan and La Thangue, 2001). 

Additional mechanism of MYC transactivation includes MYC binding to ATPase 

domain-containing co-factors TIP48 and TIP49 that associated with chromatin 

remodeling activity (reviewed in Cowling and Cole, 2006). In addition MYC TAD 

causes global phosphorylation of the RNA Polymerase II carboxy-terminal 

domain. This MYC activity is independent of direct DNA binding; it possibly leads 
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to extensive effects on transcription and mRNA metabolism (Cowling and Cole, 

2007).  

       The role of MYC in transcription activation is better characterized than 

mechanisms of transcription repression by the oncoprotein. MYC represses 

target genes by binding to transcription factor MIZ-1, via its C-terminal domain, 

and inhibits transcriptional activity of MIZ-1 (Staller et al., 2001; reviewed in 

Gartel, 2006). Another mechanism is dependent on MYC binding to SP1 

transcription factor through its central region, and inhibition of SP1 transcriptional 

activity (Gartel et al., 2001; reviewed in Gartel, 2006). One more repression 

mechanism involves recruitment by MYC of a DNA methyltransferase co-

repressor Dnmt3a (Brenner et al., 2005; reviewed in Gartel, 2006). Recently it 

has been reported that a conserved MB3 is important for the ability of MYC to 

repress transcription. MB3 recruits histone deacetylase HDAC3 to promoters of 

various target genes, which leads to negative regulation of transcription (Kurland 

and Tansey, 2008). Furthermore, it has been reported although has to be further 

explored that MYC-induced repression may be also mediated by HAT activity 

(reviewed in Cowling and Cole, 2006). 

          The pleiotropic functions of MYC necessitate a very tight regulation of its 

expression and activation by variety of pathways and factors. For instance, the 

protein undergoes different posttranslational modifications (reviewed in Vervoorts 

et al., 2006). MYC gets phosphorylated at multiple sites positioned over the 

entire protein. For example, Casein kinase II (CK2) phosphorylates sites located 
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within the acidic domain and near the basic region of MYC. Acidic region lies 

within a PEST consensus sequence, which is involved in MYC protein 

degradation. It has been suggested that CK2 stabilizes the MYC protein 

(Channavajhala and Seldin, 2002; reviewed in Vervoorts et al., 2006). Thr-58 and 

Ser-62 within MB1 are targeted by Glycogen synthase kinase 3 (GSK3) and by 

proline-directed kinases (mitogen-activated protein kinase (MAPK), c-JUN N-

terminal kinase (JNK), and cyclin-dependent kinase 1 (CDK1)), respectively. The 

Thr-58 and Ser-62 sites are mutually dependent because Ser-62 phosphorylation 

is required for modification of Thr-58 (Sears et al., 2000; reviewed in Vervoorts et 

al., 2006). Phosphorylation of Ser-62 stabilizes MYC, while phosphorylation of 

Thr-58 leads to MYC recognition by F-box protein FBW7, which is a subunit of 

SKP1-CUL1-F-box protein (SCF) ubiquitin-protein isopeptide ligase complex that 

stimulates polyubiquitinylation and subsequent proteasomal degradation of MYC. 

Additional phosphorylation sites in MYC include Ser-71, Ser-82, Ser-162 or -164, 

Ser-293, and possibly Ser-343/344 (reviewed in Vervoorts et al., 2006). 

Serine/threonine kinase PAK2 phosphorylates Thr-358 site located in basic 

domain of MYC, which leads to disruption of MYC-MAX binding to DNA. PAK2 

also phosphorylates Ser-373 and Thr-400 sites positioned in HLH of MYC, which 

interferes with the formation of MYC-MAX dimers. Phosphorylation of Thr-358, 

Ser-373 and Thr-400 sites reduces the ability of MYC to activate transcription of 

target genes (Huang et al., 2004). 
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       HATs GCN5, TIP60 and p300/CBP acetylate MYC oncoprotein at specific 

lysines in mammalian transfected cells (Vervoorts et al., 2003; Patel et al., 2004; 

Faiola et al., 2005; Zhang et al., 2005). Although in vitro studies demonstrated 

that p300 and GCN5 can acetylate MYC, but only p300 acetylates both subunits 

of MYC-MAX heterodimer complex (Faiola et al., 2005; Faiola et al., 2007), 

acetylation of MYC by recombinant TIP60 was not detected in vitro (Faiola et al., 

2005). Proteins with bromodomains can recognize acetylated lysines, therefore, 

the acetylated lysines can be docking sites for co-factors (reviewed in Vervoorts 

et al., 2006). Acetylation of MYC by either mGCN5/PCAF or TIP60 leads to the 

increase in the protein stability (Patel et al., 2004). Consistent with this, a class III 

histone deacetylase SIRT1 (sirtuin (silent mating type information regulation 2 

homolog) 1) binds and deacetylates MYC causing decrease in MYC stability 

(Yuan et al., 2009). So, since lysines can be ubiquitinylated and acetylated, these 

two modifications can potentially impede each other (reviewed in Vervoorts et al., 

2006). The sites of acetylation for mGCN5 have been identified by direct peptide 

sequence analysis; the major target residues are located within the NLS (K323) 

and the leucine zipper (K417) of MYC. K417 is not phylogenetically conserved 

residue (Patel et al., 2004). K323 is also the site for SIRT1 deacetylation of MYC 

(Yuan et al., 2009)  

       It has been reported that p300 binds to N-terminal TAD1-110 region of MYC 

in vivo and in vitro (Faiola et al., 2005). As described in Chapter 1, HAT/co-

activator p300 regulates MYC at two levels: first, p300/CBP acts as a stabilizing 
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MYC co-activator that promotes its transactivation functions (Patel et al., 2004; 

Faiola et al., 2005) independently of MYC acetylation and, second, p300 

acetylates MYC, which leads to MYC protein turnover by the proteasome (Faiola 

et al., 2005). Acetylation of recombinant MYC:MAX complexes by purified p300 

HAT in vitro has been analysed by using MALDI-TOF and LC-ESI-MS/MS mass 

spectrometry. In total 9 lysine residues in MYC that are acetylated in vitro by 

p300 have been mapped: K51, K52 (weak sites), K143/144, K147/148, 

K157/158, K275, K317, K323, and K371. The residues K149, K158, K317, and 

K323 were also acetylated by p300 in transfected mammalian cells (Faiola et al., 

2005; Zhang et al., 2005 and data not published). Notably, K323 residue was 

previously reported to be acetylated by GCN5 in transfected cells (Patel et al., 

2004; Faiola et al., 2005).  

       MYC is turned over very quickly (less than 30 min half-life) through 

ubiquitin/proteasome pathway (reviewed in Vervoorts et al., 2006). It has been 

previously noted that acetylation of lysine residues can increase recruitment of 

E3 ubiquitin ligases and proteasomal degradation of certain proteins (reviewed in 

Yang, 2004), providing a potential mechanism for the increased turnover of p300-

acetylated MYC. However, the precise mechanisms involved in the regulation of 

MYC protein turnover by HATs remain to be determined. 

       Ubiquitination of transcription factors can control their activity independently 

of proteasomal degradation as well. If proteolytic substrates have the 

polyubiquitin chain, which is less than four ubiquitin residues and chains are 
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linked through lysine-63 (but not through lysine-48) of ubiquitin those proteins are 

not targeted to the proteasome. For instance, ubiqitin-ligase Hect-domain 

(homologous to E6-AP carboxy-terminus) HectH9 polyubiquitinates MYC by 

catalyzing the branching of ubiquitin residues through lysine-63. HectH9-

mediated ubiquitination of MYC does not signal degradation but is required for 

MYC transactivating activity and enhancing CBP/p300 recruitment (Adhikary et 

al., 2005; reviewed in Vervoorts et al., 2006). Some of the known acetylation 

sites in MYC are located in the same region (near and within NLS) as 

ubiquitinylation sites for HectH9, suggesting that acetylation might not only 

regulate MYC protein stability, but also affect the recruitment of co-activators 

(Adhikary et al., 2005; reviewed in Vervoorts et al., 2006). 

       In addition to discussed above SCF-FBW7-dependent MYC turnover, E3 

ubiquitin-ligase F-box protein SKP2 (SCF-SKP2 ubiquitin-ligase complex) 

interacts with MYC MB2 and C-terminus (HLH-Zip), and participates in its 

ubiquitination and degradation. SKP2 is also a transcriptional co-activator for 

MYC, which suggests a link between transcriptional activation and ubiquitination 

of a transcription factor (Kim et al., 2003; Von der Lehr et al., 2003). How SCF-

SKP2 ubiquitin-ligase complex stimulates MYC function is not clear (reviewed in 

Vervoorts et al., 2006). It has been also reported that HECT-domain HUWE1 and 

DDB1 (damage-specific DNA-binding protein 1)–CUL4 (Cullin 4) ubiquitin E3 

ligase complexes are involved in MYCN (mostly nervous system tissue-specific 
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member of the MYC family) degradation through the proteasome (Zhao et al., 

2008; Choi et al., 2010). 

       Here, I investigated a role of p300-dependent MYC acetylation in its 

interaction with different known MYC-associated co-factors. As discussed above, 

co-factor recruitment can regulate the stability and transcriptional activity of MYC, 

which would influence various MYC-dependent cellular functions. Therefore, it is 

important to find out whether p300-dependent MYC acetylation has an effect on 

its interaction with some of the co-factors in order to predict the physiological 

outcome of that effect. For this study we created a collection of single or multiple 

MYC mutants in which lysine to arginine (K to R) or/and lysine to glutamine (K to 

Q) were substituted at p300-acetylated MYC sites (Figure 3.1). R mutants are 

defective for acetylation or ubiquitination at the mutated residue (but the positive 

charge is kept), and Q mutants cannot be modified and they mimic acetylation. 

Numerous endogenous MYC-interacting proteins, including components of 

STAGA, Mediator, TIP60 complexes and p300 itself, were analyzed for their 

ability to bind ectopic MYC or MYC mutants. I have discovered that MYC 

association with HATs p300 and TIP60 is dependent on MYC acetylated 

residues. TIP60 interaction with MYC required p300 as well. Moreover, 

substitution of p300-acetylated residues K to mimic acetylation Q had enhanced 

MYC acetylation at some p300-independent “secondary” sites. Furthermore, 

HAT-defective mutants of p300 could bind MYC better connecting catalytic 

activity of p300 to its capacity to interact with MYC. In addition I utilized the MYC 
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mutant that lacks important for STAGA and p300 binding N-terminus 1-110 

region (Liu et al., 2003; Faiola et al., 2005) revealing that an intact TAD is 

necessary for the efficient interaction of MYC with all tested transcriptional co-

factors. 
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Results 

 

Increase of MYC acetylation at “secondary” sites and p300 binding to MYC by 

substitution of p300-acetylated MYC residues K to Q 

       Lysine residues that are acetylated by p300 have been identified in our 

laboratory (Faiola et al., 2005; Zhang et al., 2005 and data not published). A 

number of mammalian expression vectors for mouse Flag-MYC with single or 

multiple lysine (K) to arginine (R) or/and lysine (K) to glutamine (Q) substitutions 

were created by using Site-Directed Mutagenesis (Figure 3.1). R mutants cannot 

be acetylated or ubiquitinated at the mutated site, and the positive charge of the 

site was conserved. Q mutants also cannot be acetylated or ubiquitinated and 

they are generally though to mimic acetylation (Wang and Hayes, 2008). Figure 

3.1 provides a complete list of the MYC mutants used in the study. 

       As reported in Chapter 1, R mutants were first utilized for mapping of the 

preferred residue acetylated by p300 in MYC. In vivo acetylation assay in 

HEK293 cells showed that K158 is the major site acetylated by p300 since 

mutation of single lysine-158 to arginine reduces MYC acetylation by 66% while 

other single substitutions did not change MYC acetylation level (Figure 1.1b). R5 

and R6 mutations reduced MYC acetylation by 90% [Figure 1.1b and Figure 

3.2a, compare Ac-K (MYC) signal (IP: Flag) in lanes 1 and 4]. Next, the Q 

mutants were subjected to the In vivo acetylation assay in HEK293 and, 

unexpectedly, Q5 and other Q mutants were all acetylated at the same level as 
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MYC WT [Figure 3.2a, compare Ac-K (MYC) signal (IP: Flag) in lane 1 to 2 and 3 

lanes, Figure 3.2b]. Q149, Q317, Q323, Q149/158, Q313/323, Q3, Q4, Q5, 

Q5/R2, Q3delC were all acetylated similar to MYC WT in p300-dependent 

manner [Figure 3.2, Figure 3.4, compare Ac-K (MYC) signal (IP: Flag) in lanes 1-

3, and data not shown], since the acetylation can be detected only in the 

presence of ectopic p300 [Figure 3.2a, compare Ac-K (MYC) signal (IP: Flag) in 

lanes 1-4 to lanes 5-8]. Decrease in Q158 acetylation compared to MYC WT 

(Figure 3.4, compare lanes 1 and 5) can be explained by the fact that K158 is the 

major site for acetylation by p300. Note that Q158 is more acetylated than R158 

(Figure 3.4, compare lanes 5 and 6), which may suggest that acetylation of Q158 

and other Q mutants involves HAT other than p300.  

       Mutants Q5 (see Figure 3.2a, lane 3) and Q4 are acetylated at “secondary” 

sites distinct from the residues C-terminal of 316 because Q3delC is acetylated 

similarly to Q4 and MYC WT [Figure 3.2b, compare Ac-K (MYC) signal (IP: Flag) 

in lane 6 to lanes 1 and 5]. Q5 and Q4 (see Figure 3.2a, lane 2) are acetylated at 

lysines (“secondary” sites) distinct from weak p300-acetylation sites K51 and K52 

as well because Q5R2 is acetylated similarly to Q5 and MYC WT [Figure 3.4, 

compare Ac-K (MYC) signal (IP: Flag) in lane 3 to lanes 1 and 2]. Those 

“secondary” sites should be either:  K127, K207, K269, K275, K289, and/or 

K298. 

       Furthermore, substitution of MYC acetylated residues K to Q enhances p300 

binding to MYC (Figure 3.2). Q149, Q149/158, Q3, Q4, Q5, Q3delC mutants 
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interacted more efficiently with p300 [Figure 3.2a, compare p300 signal (IP: Flag) 

in lanes 1 and 4 with 2 and 3 lanes, Figure 3.2b, compare p300 signal (IP: Flag) 

in lanes 1 and 7 with 2-6 lanes]. Note that equal amounts of immunoprecipitated 

ectopic MYC and MYC mutants were used; MAX, GCN5 and internal control 

TATA-binding protein (TBP) were normalized as well (Figure 3.2).   

       Thus, substitution of p300-acetylated residues K to Q enhances p300 

interaction with MYC and MYC acetylation at “secondary” lysines, different from 

the major and minor p300-targeted sites. These events are probably resulting 

from induced conformational change in MYC protein by K to Q modifications.  

 

p300 and p300-acetylated MYC residues are required for native TIP60 

interaction with MYC. 

       Detected MYC and Q mutants’ acetylation is p300 dependent, but other 

HATs may be involved since the putative secondary sites for MYC acetylation 

(except K275) are not targeted by p300 (Faiola et al., 2005; Zhang et al., 2005 

and data not published). Therefore, MYC interactions with HATs other than p300 

that are known to acetylate MYC (Patel et al., 2004) were analyzed by utilizing “R 

and Q mutants” in acetylating conditions (in vivo acetylation assay) in HEK 293 

cells. MYC association with GCN5 was not impaired by any mutations (Figure 

3.2a). However, interaction of TIP60 with MYC required p300 [Figure 3.3 and 

Figure 3.2a, compare TIP60 signal (IP: Flag) in lanes 1 and 6] and p300-

acetylated MYC residues or Q-acetylation mimic [Figure 3.2a, compare TIP60 
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signal (IP: Flag) in lanes 1, 2, 3 to lane 4, and Figure 3.4, compare TIP60 signal 

(IP: Flag) in lanes 1 and 2 to lane 4]. TIP60-MYC binding was impaired by R 

mutations but not by mimicking acetylation Q mutations [Figure 3.2a, compare 

TIP60 signal (IP: Flag) in lane 1 to lanes 2 and 3, then lane 1 to lane 4, and 

Figure 3.4, compare TIP60 signal (IP: Flag) in lane 1 to lane 2, then lane 1 to 

lane 4]. Note that normalized amounts of immunoprecipitated ectopic MYC and 

MYC mutants were used [Figure 3.2a and Figure 3.4, Flag (MYC) signal].   

       Interestingly, a single modification in the major site K158 to R (but not to Q) 

reduced TIP60 binding to MYC [Figure 3.4, compare TIP60 signal (IP: Flag) in 

lane1 to lanes 5 and 6]. Therefore, interaction of HAT TIP60 with MYC seems to 

be p300-dependent and requires K158, the major p300-acetylated residue on 

MYC. TIP60 could be the HAT that acetylates MYC on the “secondary” sites. 

 

Interaction of Flag-MYC with different MYC associated co-factors in HEK293 

cells. 

             The role of p300-dependent MYC acetylation in its interaction with 

selected MYC-associated co-factors was investigated by utilizing Flag-MYC and 

different “R and Q mutants” in HEK 293 cells. Western blotting analysis of anti-

Flag immunoprecipitates was performed using specific antibodies against many 

MYC-interacting proteins, including Mediator complex components, STAGA 

complex subunits, TIP60 complex components, MAX, TBP, DDB1 (damage-

specific DNA binding protein 1), SNIP1 (SMAD nuclear interacting protein1), and 
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SP1 (Specificity Protein 1, transcription factor) (Figure 3.5 and Figure 3.6). There 

was no difference in interaction of these co-factors with MYC (Figure 3.5, Figure 

3.6 and data not shown). Until now, MYC interaction with two co-activators, p300 

and TIP60, was found to be dependent on MYC acetylated residues. 

       Following, I verified that p300 HAT domain is essential for MYC acetylation; 

none of p300 clones with mutated HAT domain were able to acetylate MYC 

(Figure 3.7). Furthermore, a functional HAT domain in p300 inhibits p300-MYC 

interaction; p300 HAT-defective mutants bind MYC better suggesting the 

existence of an “acetylation switch” that controls the association of p300 and 

MYC (Figure 3.7). 

 

Efficient interaction of MYC with transcriptional co-activators requires intact 

transcription activation domain (TAD) 

       It has been previously established that MYC N-terminal TAD residues 1 to 

110 are vital for p300 binding (Faiola et al., 2005). I utilized MYC mutant lacking 

N-terminus 1-110 region to check whether the deletion would hinder binding of 

other MYC-interacting proteins. Western blotting analysis of anti-Flag 

immunoprecipitates from HEK293 cells transfected with MAX and Flag-MYC, 

Flag-del1-110MYC mutant or corresponding empty vector was performed using 

specific antibodies against various MYC-associated co-factors, such as Mediator 

complex components, STAGA complex subunits, TIP60 complex components, 

TBP, and SP1 (Figure 3.8). Note that deletion of the important for p300 binding 
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N-terminal 1-110 region of MYC impairs MYC association with all tested co-

factors (Figure 3.8, compare WT and del110 lanes). Interestingly, TAD residues 

1 to 110 in MYC are more important for protein binding in the presence of ectopic 

MAX (Figure 3.9 and data not shown). So, MYC/MAX heterodimers in vivo would 

increase the dependency of MYC on its TAD 1-110 region for recruitment of co-

factors. 

       Thus, efficient interaction of MYC with transcriptional co-factors is MAX-

dependent and requires intact TAD (Figure 3.8 and Figure 3.9). Some of these 

results have been published (Liu et al., 2008). 
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Discussion  

 

       MYC oncoprotein activates and represses its direct or indirect downstream 

target genes by different mechanisms leading to variety biological outcomes, 

often resulting in cellular malignancy. The well-established way for MYC to 

activate transcription involves a recruitment of chromatin-modifying or scaffolding 

co-factors to the promoters of the target genes. Certain co-factors with catalytic 

activities can posttranslationally modify MYC, adding or removing docking sites 

for protein-protein interaction, and by doing that causing changes in MYC protein 

stability and/or its transactivating/repressing functions (reviewed in Chapter 3, 

Introduction). Recent observations indicate that MYC levels and functions are 

regulated by recruited co-activators/ histone acetyltransferases (HATs). HATs 

TIP60, GCN5, and p300/CBP acetylate MYC affecting its turnover by the 

proteasome. Acetylation of MYC by GCN5 and TIP60 leads to its stabilization. 

HAT p300 regulates MYC at two levels: first, as a co-activator that stabilizes 

MYC and promotes its transactivation functions and second, as an inducer of 

MYC instability via direct acetylation, which results in its turnover by the 

proteasome (Vervoorts et al., 2003; Patel et al., 2004; Faiola et al., 2005; Zhang 

et al., 2005). Acetylation may alter the protein-protein interactions by developing 

docking sites for bromodomain containing co-factors (reviewed in Vervoorts et 

al., 2006). So, the reduction in stability of p300-acetylated MYC could potentially 

be due to an augmented binding of some ubiquitin-proteasome degradation 
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pathway components. MYC acetylation by p300 could affect MYC interaction with 

diverse co-factors, which would influence transcription regulation by MYC. 

Therefore, it is important to investigate whether the interaction of MYC with its 

known co-factors is affected upon MYC acetylation, and the resulting biological 

outcome, since this would be valuable information for the development of 

putative therapeutics against MYC-dependent cancers. 

       In order to investigate a role of p300-dependent acetylation in MYC binding 

with its co-factors, we replaced p300-acetylated lysines (K) to arginines (R) or 

glutamines (Q). Hence, by employing immunoprecipitation analysis in human 

embryonic kidney cells I could analyze the difference in native proteins binding to 

MYC and R mutants, which cannot be acetylated at the mutated residues, or 

mimicking acetylation Q mutants.  

       In this Chapter, I have demonstrated that HATs TIP60 and p300, out of all 

tested co-factors, showed dependency on p300-acetylated MYC residues. 

Intriguingly, interaction of TIP60 with MYC required ectopic p300 and p300-

acetylated MYC residues or Q-acetylation mimic. A single modification in the 

p300-prefered site K158 to R (but not to mimicking acetylation Q) decreased 

TIP60 binding to MYC. Furthermore, acetylation mimic in p300-acetylated 

residues has increased MYC binding to p300 as well as MYC acetylation at some 

residues that are distinct from the p300-targeted primary sites. We interpret these 

results as suggesting that acetylation or its mimic by Q substitution may lead to a 

conformational change in MYC resulting in p300-dependent recruitment of 
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another HAT, perhaps TIP60, following by MYC acetylation at those “secondary” 

residues (Figure 3.10). In addition, it seems that MYC-p300 interaction is 

regulated by an acetylation switch since MYC was bound more efficiently to p300 

HAT-defective mutants than to the wild type p300. All these results suggest the 

following model: p300 binds to MYC and preferentially acetylates K158 (as well 

as several other minor sites) which facilitates the p300-MYC interaction and 

p300-dependent recruitment of TIP60, leading to MYC acetylation at lysine 

residues that remain to be identified but are distinct from the primary p300-

targeted lysine residues (Figure 3.10). Probably at some point, p300 dissociates 

from MYC and most likely this event is acetylation dependent, since p300 HAT-

defective mutant show more efficient interaction with MYC. 

       The significance of the above findings is in establishing a link between MYC 

acetylation and its interaction with co-activators/HATs. I just started to uncover 

the complicated relationship between p300, TIP60, and resulting MYC 

acetylation. Future studies on the subject should reveal not only detailed 

mechanism of MYC-proteins interaction after its acetylation by p300, but also the 

resulting cell biological outcome.  
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Materials and Methods 

 

Plasmids 

       The expression vectors for Flag-tagged mouse c-Myc (Flag-MYC), pCbS-

Flag-Myc, pCbS-Flag-del1-110Myc (del110) and empty vector pCbS were a kind 

gift from Dr. M.D. Cole. The expression vectors for the mouse c-Myc K to R and 

K to Q mutants (including Q3delC) were created from pCbS-Flag-Myc by site-

directed mutagenesis with QuikChange Site-Directed mutagenesis Kit 

(Stratagene, La Jolla, CA, USA) and verified by DNA sequencing. The complete 

list of the MYC mutants used in the study is provided in Figure 3.1. Mutants 

Q149, Q317, Q4, Q5, Q5/R2, R144, R149, R317, R149/158, R317/323, R3, R7, 

and Q3delC were made by me. Mutants Q158, Q323, Q149/158, Q317/323, Q3, 

R158, R323, R5, R6, and NRC were made by Francesco Faiola. Mutants R5 and 

R6 were previously described (Faiola et al., 2005). The expression vector for 

human p300 was pCMVβ-p300-CHA (gift from Dr. R. Goodman). The expression 

vector for HA-tagged human Max p22, pCbS-HA-Max was described previously 

(Faiola et al., 2007).  

       Construction of p300 HAT-deficient mutants, pCMVp300HAT(-), was 

achieved by digestion of mutated HAT domain with six amino acid substitutions 

from pcDNA3.1p300 MutAT2 (gift from Dr. W.C. Greene) with Hind III and Not I 

and ligation of the fragment into pCMVβ-p300-CHA after deletion of p300 

fragment with Hind III and Not I. Clones 1, 3, 4 and 5 of pCMVp300HAT(-) vector 
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were created during the subcloning process. The constructs were verified by 

DNA sequencing. The restriction enzymes were purchased (New England 

Biolabs). The procedure was described in Subchapter 1.1 as well. 

 

Antibodies 

       The antibodies used in the study were: Flag M2 Agarose from mouse 

(Sigma-Aldrich), Flag (Sigma-Aldrich), Acetylated-Lysine Ac-K (Cell Signaling 

Technology), p300 N-15x (Santa Cruz Biotechnology), MAX C-17x (Santa Cruz 

Biotechnology), GCN5 N-18 (Santa Cruz Biotechnology), TRRAP T-17 (Santa 

Cruz Biotechnology), SP1 PEP2 (Santa Cruz Biotechnology), TIP60 N-17x 

(Santa Cruz Biotechnology), DDB1 V-17 (Santa Cruz Biotechnology), TRAP220 

(MED1) C-19 (Santa Cruz Biotechnology), TRAP230 (MED12) A-18x (Santa 

Cruz Biotechnology), TRAP240 (MED13) E-20x (Santa Cruz Biotechnology), 

SNIP1 (Abcam, Cambridge, MA, USA), TIP49 (gift from Dr. B. Amati), STAF65ᵧ 

(Invitrogen, custom-made). SPT3, TBP, TRAP80 (MED17), and TRAP95 

(MED16) antibodies were kindly provided by Dr. R.G. Roeder. TRAP stands for 

Thyroid Hormone Receptor-associated Protein. 

 

Cell culture  

       HEK293 cells were maintained as described in Chapter 1.  
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Immunoprecipitations and Western blotting 

       Cell lysis, Immunoprecipitation (IP) with anti-Flag M2 resin (Sigma-Aldrich) 

and following Western blotting were carried out as previously described (Faiola et 

al., 2005). 

       In vivo acetylation assay (“acetylating” conditions) was described in Chapter 

1. Briefly, HEK293 cells in 10-cm plates were transiently transfected by using 

HyFect/ExpressFect (Denville Scientific Inc.) with 7.5 µg of either pCbS-Flag-Myc 

or indicated R mutants, 10 µg of pCMVβ-p300-CHA (or pCMVp300HAT(-) clones 

for Figure 3.7) and 0.5 µg of pCbS-HA-Max as manufacturer recommended. The 

corresponding empty vectors were included as controls. The cells were treated 

with 20 µM MG132 (Calbiochem) and HDAC inhibitors (BNT): 10 mM sodium 

butyrate (Avocado Research Chemicals Ltd), 10 mM nicotinamide (Sigma-

Aldrich) and 2 µM trichostatin A (Sigma-Aldrich) for 2 h prior to lysis in 1 ml of 

250 mM NaCl lysis buffer (for composition see Faiola et al., 2005) at 48 h after 

transfection. Next, the extracts were subjected to IP with anti-Flag M2 resin in 

250 mM NaCl lysis buffer and subsequent Western blotting with the indicated 

antibodies. For “non-acetylating” conditions, HEK293 cells were transiently 

transfected with 9 µg of either pCbS-Flag-Myc or indicated R mutants, and 1 µg 

of pCbS-HA-Max. The corresponding empty vectors were included as controls. 

The cells were not treated prior to lysis at 48 h after the transfection. The extracts 

were subjected to IP with anti-Flag M2 resin in 179 mM NaCl IP buffer (for 

composition see Faiola et al., 2005) and subsequent Western blotting with the 
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indicated antibodies. The membranes were stripped (2% SDS, 62.5 mM Tris-HCl 

[pH6.8], 100 mM 2-Mercaptoethanol) for 1 h at 55ºC and reprobed with different 

antibodies when necessary. 1% of IP material was utilized for the input. 

       The experiments were performed 3 times (n=3). The Figure 3.7 experiment 

was done once, but with 4 individual clones. The Figure 3.9 experiment was 

performed once (n=1). The Figure 3.4 experiment: n=3 (acetylation of MYC and 

the mutants), n=1 (R158&TIP60 interaction). 
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Figure legends 

 

Figure 3.1 Mouse MYC wild type and mutants that are utilized in the study. 

Diagram shows the location of tandem mass spectrometry (MS/MS)-mapped 

MYC acetylation sites for p300 in vitro (including K51 and K52, the weak sites) 

and single and multiple K to R or/and K to Q and deletion mouse MYC mutants 

that were used in the study. Transcription activation domain (TAD), MYC box 1 

(MB1), MYC box 2 (MB2), Nuclear localization signal (NLS), basic/helix-loop-

helix/leucine-zipper (bHLHZip) domains are specified. 

 

Figure 3.2 Substitution of p300-acetylated residues K to Q enhances MYC 

acetylation at “secondary” sites and p300 binding to MYC. (a) HEK 293 were 

transiently transfected as described in Materials and Methods for In vivo 

acetylation assay (“acetylating” conditions) with Flag-MYC WT or indicated “R or 

Q mutants”, MAX, and p300 (lanes 1-4) or corresponding empty vector for p300 

(lanes 5-8). The cells were treated with HDAC inhibitors (Butyrate, Nicotinamide, 

Trichostatin A) and MG132 for 2 h prior to lysis and Flag-IP using 250 mM NaCl 

lysis buffer at 48 h after transfection (Materials and Methods for In vivo 

acetylation assay, “acetylating” conditions). Western blotting was performed with 

anti-Acetyl-Lysine (Ac-K) antibody first and then, after stripping the membrane, 

with other indicated antibodies. 1% of lysate was used as input. (b) The 

experiment was performed as described in Materials and Methods for In vivo 
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acetylation assay (“acetylating” conditions) and in Figure 3.2a. TBP (TATA-

binding protein, subunit of the general Transcription Factor II D (TFIID) complex) 

was included as an internal control. 

 

Figure 3.3 Interaction of TIP60 with MYC requires p300. 

The data is part of the experiment that was partially used in Figure 1.1a. HEK293 

cells were transfected with Flag-MYC, MAX and p300 (+) or corresponding empty 

vectors (-), as indicated. Cells were not treated prior to Flag-IP and following 

Western blotting with the indicated antibodies. 1% of lysate was used as input. 

 

Figure 3.4 Interaction of TIP60 with MYC requires p300-acetylated MYC residue 

K158 or its Q-acetylation mimic. The experiment was performed as described in 

Materials and Methods for In vivo acetylation assay (“acetylating” conditions) and 

in Figure 3.2a. HEK 293 cells were transiently transfected with Flag-MYC WT or 

indicated “R or Q mutants”, MAX and p300. The cells were treated with HDAC 

inhibitors (Butyrate, Nicotinamide, Trichostatin A) and MG132 for 2 h prior to lysis 

and Flag-IP using 250 mM NaCl lysis buffer at 48 h after transfection. Western 

blotting was performed with anti-Acetyl-Lysine (Ac-K) antibody first and then, 

after stripping the membrane, with other indicated antibodies. TBP was included 

as an internal control, 1% of lysate was used as input. 
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Figure 3.5 Analysis of interaction of MYC wild type and mutants with different co-

factors in HEK293 cells using “acetylating” conditions. The data is a portion of the 

experiment that was partially used in Figure 3.2b. The experiment was performed 

as described in Materials and Methods for In vivo acetylation assay (“acetylating” 

conditions) and in Figure 3.2. Western blotting analysis of anti-Flag IP and 

lysates from HEK293 was performed using antibodies against MYC-interacting 

proteins: MAX, TBP (TATA-binding protein), DDB1 (damage-specific DNA 

binding protein 1), TIP49 (subunit of TIP60 complex), SNIP1 (SMAD nuclear 

interacting protein1), SP1 (Specificity Protein 1, transcription factor), MED17 

(subunit of Mediator complex), STAGA complex subunits (SPT3, TRRAP).  

 

Figure 3.6 Analysis of interaction of MYC wild type and mutants with different co-

factors in HEK293 cells using “non-acetylating” conditions. The experiment was 

performed as described in Materials and Methods for “non-acetylating” 

conditions. HEK 293 cells were transiently transfected with Flag-MYC WT, 

indicated Q mutants or the corresponding empty vector and MAX. The cells were 

not treated prior to Flag-IP using 179 mM NaCl IP buffer at 48 h after 

transfection, 1% of lysate was used as input. Western blotting analysis of anti-

Flag IP and lysates from HEK293 was performed using antibodies against MYC-

interacting proteins: MAX, TBP, SP1, TIP49, Mediator complex subunits (MED1, 

MED16, MED12/13), STAGA complex subunits (SPT3, TRRAP, STAF65γ). 

MED12/13 stripe was probed with both antibodies. 
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Figure 3.7 The p300 HAT domain inhibits MYC-p300 interaction. The experiment 

was performed as described in Materials and Methods for In vivo acetylation 

assay (“acetylating” conditions) and in Figure 3.2. HEK 293 cells were transiently 

transfected with Flag-MYC WT, MAX, and p300 or p300HAT(-) clones. 

Corresponding empty vector for p300 was used to keep total DNA constant. The 

cells were treated with HDAC inhibitors (Butyrate, Nicotinamide, Trichostatin A) 

and MG132 for 2 h prior to lysis and Flag-IP using 250 mM NaCl lysis buffer at 

48 h after transfection. Western blotting was performed with anti-Acetyl-Lysine 

(Ac-K) antibody first and then, after stripping the membrane, with other indicated 

antibodies. TBP was included as an internal control, 1% of lysate was used as 

input. 

 

Figure 3.8 Deletion of the N-terminal (1-110) p300-binding domain of MYC 

impairs MYC association with all tested co-factors. The data is a portion of the 

experiment that was partially used in Figure 3.6. The experiment was performed 

as described in Materials and Methods for “non-acetylating” conditions and in 

Figure 3.6. HEK 293 cells were transiently transfected with Flag-MYC WT, Flag-

del1-110MYC (del110) or the corresponding empty vector and MAX. The cells 

were not treated prior to Flag-IP using 179 mM NaCl IP buffer at 48 h after 

transfection, 1% of lysate was used as input. Western blotting analysis of anti-

Flag IP and lysates from HEK293 was performed using antibodies against MYC-

interacting proteins: MAX, TBP, SP1, TIP49, Mediator complex subunits (MED1, 
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MED17, MED12/13), STAGA complex subunits (GCN5, SPT3, TRRAP, 

STAF65γ). MED12/13 stripe was probed with both antibodies. 

 

Figure 3.9 MAX increases the dependency of MYC on its TAD 1-110 region for 

recruitment of co-factors. The experiment was performed as described in Figure 

3.8, except, MAX was not co-transfected in the first three lanes as indicated. The 

Western blotting analysis was performed with specific antibodies against Flag, 

MAX, TBP, SP1, TIP49, MED1, and TRRAP.  

 

Figure 3.10 The role of p300-dependent MYC acetylation on its interaction with 

HATs, p300 and TIP60. Schematic representation of a proposed model. Q 

represents a Q-acetylation mimic. See Discussion for details. 
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Figure 3.1 Mouse MYC wild type and mutants that are utilized in the study. 
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Figure 3.2 Substitution of p300-acetylated residues K to Q enhances MYC 

acetylation at “secondary” sites and p300 binding to MYC. 
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Figure 3.3 Interaction of TIP60 with MYC requires p300. 
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Figure 3.4 Interaction of TIP60 with MYC requires p300-acetylated MYC residue 

K158 or its Q-acetylation mimic. 



 

143 

 

 

               

 

 

Figure 3.5 Analysis of interaction of MYC wild type and mutants with different co-

factors in HEK293 cells using “acetylating” conditions. 
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Figure 3.6 Analysis of interaction of MYC wild type and mutants with different co-

factors in HEK293 cells using “non-acetylating” conditions. 
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Figure 3.7 The p300 HAT domain inhibits MYC-p300 interaction. 
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Figure 3.8 Deletion of the N-terminal (1-110) p300-binding domain of MYC 

impairs MYC association with all tested co-factors. 
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Figure 3.9 MAX increases the dependency of MYC on its TAD 1-110 region for 

recruitment of co-factors. 
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Figure 3.10 The role of p300-dependent MYC acetylation on its interaction with 

HATs, p300 and TIP60. 
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Chapter 4 

Summary 
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       The Myc family of homologous genes includes ubiquitously expressed c-Myc 

(MYC) and its developmental stage and tissue specific paralogs: L-myc (MYCL) 

and N-myc (MYCN), identified in small lung cell carcinoma and neuroblastoma, 

respectively. All three oncoproteins require MAX for the transcriptional regulation 

of their target genes that are essential for many cellular functions, for instance 

cell proliferation, growth, differentiation, and apoptosis (Zimmerman et al., 1986; 

reviewed in Dang, 1999; Vita and Henriksson, 2006; Laurenti et al., 2009). MYC 

family proteins are strictly regulated in normal cells. MYC overexpression or 

increase in its stability leads to the transformation-associated phenotypes, such 

as uncontrolled cell proliferation, augmented cell growth and angiogenesis, 

repressed cell differentiation, increased cellular immortality, reduced cell 

adhesion and increased cellular invasiveness, elevated DNA damage, genomic 

instability and reactive oxygen species production, as well as altered cellular 

metabolism. Since MYC overexpression also leads to an increase in programed 

cell death, alterations in apoptotic pathway are required for the MYC-driven 

tumor development (reviewed in Vita and Henriksson, 2006; Boquoi and Enders, 

2006). Activation of MYC family oncogenes has been associated with numerous 

human cancers due to different aberrations, such as point mutations, gene 

amplifications, translocations, rearrangements, which cause MYC 

overexpression or increased protein stability. The major examples include MYC 

rearrangement/amplification in 47-52% of B-acute lymphocytic leukemia, MYC 

translocation in 100% of Burkitt’s lymphoma, MYC amplification in 61% of 
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nodular melanoma, MYC overexpression in 45% of breast cancer, 44% of 

ovarian cancer, 70% of prostate cancer, 67% of colon cancer, 47% of gastric 

cancer, and MYC/MYCN/MYCL overexpression in 57-78% of glioblastoma 

(reviewed in Vita and Henriksson, 2006). According to National Center for Health 

Statistics, cancer is one of the leading causes of death in the U.S. and MYC 

deregulation contributes approximately to 1/7 of cancer deaths in the country 

(reviewed in Dang, 1999). Therefore, it is really vital to elucidate the mechanisms 

underlying MYC regulation in both normal and transformed/cancerous cells in 

order to develop specific treatment against MYC-dependent tumors. 

       It has been established that MYC overexpression is tumorigenic in mice and 

MYC repression enables regression of MYC-induced tumors in the animal 

models (reviewed in Pelengaris et al., 2002; Murphy et al., 2008). Furthermore, 

inhibition of endogenous MYC causes deterioration of Ras-induced lung 

adenocarcinoma in preclinical mouse model. The fact that side effects on normal 

tissue were tolerable and reversible shows the possibility of tumor-specific MYC 

targeting (Soucek et al., 2008). MYC activation in the vast majority of human 

malignancies makes it a worthy target for anti-cancer therapy due to the 

possibility of treatment of different MYC-associated tumors with one specific drug 

(at least it would greatly contribute to the conventional cancer therapy). 

Moreover, its role in the conflicting cellular processes, such as proliferation and 

apoptosis, provides more strategies for development of MYC-directed 

therapeutics (reviewed in Vita and Henriksson, 2006). MYC up-regulation under 
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stress conditions, such as hypoxia or lack of growth factors, sensitizes cancer 

cells to programmed cell death (Alarcon et al., 1996; reviewed in Vita and 

Henriksson, 2006). Notably, it has been reported that MYC facilitates apoptosis 

induced by certain cytotoxic anti-cancer agents including etoposide, doxorubicin, 

cisplatin, as well as camptothecin and taxol. Hence, targeting of MYC to 

stimulate its potential to enhance apoptosis induced by cytotoxic drugs may slow 

down cancer progression or even lead to malignant tumor deterioration (Albihn et 

al., 2006; reviewed in Vita and Henriksson, 2006).   

       Complex regulation of MYC expression, stability and activity has been 

studied by different laboratories for more than two decades (reviewed in 

Vervoorts et al., 2006). For instance, it has been reported that MYC stability and 

transactivation functions are regulated by co-activators/HATs and one of them is 

p300. MYC recruitment of p300 can lead to two outcomes depending on the 

cellular environment.  MYC gets acetylated by p300 in the presence of HDAC 

inhibitors. This event induces MYC turnover by the proteasome. In the conditions 

that do not involve MYC acetylation, p300 and p300 HAT mutant stabilize MYC 

protein and, furthermore, p300 mediates transcription activity of MYC and its 

acetylation-defective mutant at the hTERT promoter (Faiola et al., 2005). Dual 

regulation of transcription factors by p300 has been previously noted: on one 

hand, p300 increases transactivation functions of tumor suppressor p53; on the 

other hand, it stimulates p53 degradation (reviewed in Chan and La Thangue, 

2001). 
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       The first important finding of this study was the mapping of K157 in human 

MYC (equivalent to K158 in mouse/rat MYC) as the major/preferred lysine that is 

acetylated by p300. This residue in MYC is conserved in vertebrates (Homo 

sapiens - human, Pan troglodytes - chimpanzee, Canis lupus familiaris - dog, 

Bos Taurus - bovine, Mus musculus - mouse, Rattus norvegicus - rat, Danio rerio 

– zebra fish), the sequences comparison was performed by using NCBI 

HomoloGene and BLAST tools. Interestingly, K157 is not conserved in human 

MYCN and MYCL. Albeit all three oncoproteins have an ability to transform cells, 

MYCL is only 1-10% as potent as MYC and MYCN (reviewed in Nesbit et al., 

1999). MYC promotes generation of induced pluripotent stem cell (iPSC) in a 

well-established assay in combination with three other transcription factors, 

OCT3/4, SOX2, KLF4 (Takahashi and Yamanaka, 2006). Remarkably, MYCL 

and a MYC mutant with diminished transformation activity have been shown to 

be more efficient than MYC wild type in stimulating iPSC generation. The ability 

of MYCN to facilitate iPSC production was also slightly higher compared to MYC 

(Nakagawa et al., 2010). Even though I have demonstrated that MYC R158 

acetylation-defective mutant is as potent as MYC wild type in cellular 

transformation, future studies will be required to determine whether this site is 

accountable for reduced ability of MYC to promote pluripotent stem cell 

formation. It has been recently reported that HDAC inhibitors and p300/CBP HAT 

activity contribute to stem cell pluripotency (Mali et al., 2010; Hai et al., 2011); 

nevertheless the entire mechanism of cellular reprograming is not fully 
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understood. Thus, it would be worth to investigate whether MYC acetylation by 

p300 has any role in somatic cell reprogramming into iPSC and stem cell 

pluripotency.  

       Here, I demonstrate that MYC acetylation at lysine 158 reduces MYC-

triggered apoptosis. This is significant because it is a first demonstration of how 

acetylation affects biological functions of MYC. I have extended these findings by 

further analysis of possible MYC target genes involved in the regulation of 

programmed cell death. I have revealed that MYC overexpression leads to 

transactivation of p300 in Rat fibroblasts, which coincides with detected 

acetylation of MYC at K158. In agreement with previously reported “dual 

regulation“ of MYC by p300 (Faiola et al., 2005), I have demonstrated that Nrf1, 

pro-apoptotic MYC downstream target gene, is up-regulated only by acetylation-

defective mutant, but not by wild type MYC, which suggests that MYC acetylation 

by p300 may impair MYC transactivation functions. So, Nrf1 gene makes a good 

candidate for ChIP assay with recently developed specific antibody against MYC 

acetylated at K157/158 to validate whether MYC acetylation by p300 reduces its 

occupancy of a target gene promoter. Furthermore, our studies suggest a 

starvation-dependent cooperation of NRF1 with acetylation-defective MYC 

mutant in transcriptional activation of pro-apoptotic Cyc, which can explain (at 

least in part) the elevated apoptotic function of this MYC mutant. At present it 

could be interesting to target MYC K157/158 site in combination with the different 

anti-cancer drug treatments to investigate whether failure to acetylate MYC at 
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this residue would increase cytotoxic stress-induced apoptosis in MYC-

dependent tumors.  

       To contribute to the big picture of MYC-p300 relationship, I verify that MYC 

up-regulates p300 in human cells and further corroborate “dual regulation” of 

MYC by p300 (Faiola et al., 2005) by demonstrating acetylation-independent 

synergistic transactivation of a MYC target gene, CCND2, by MYC and p300. In 

our study I utilized the same cellular conditions as were previously employed to 

show that p300 stabilizes MYC and mediates its transactivation functions in the 

absence of HDAC inhibitors in human cells (Faiola et al., 2005). I have also 

begun to uncover the role of MYC acetylation by p300 in its interaction with 

another co-activator/HAT, TIP60, although future studies would be required to 

dissect the entire mechanism of complex interactions between MYC and its co-

regulators. The recently obtained specific antibody against MYC acetylated at 

K157/158 will be a great asset for the upcoming research in the area related to 

p300-dependent MYC acetylation and its biological outcome. 

       At this point I want to describe a simplified hypothesis about p300-dependent 

positive and negative effects on MYC that contribute to the regulation of MYC 

target genes (Figure 4.1). This model is based on the previous publications about 

MYC acetylation/regulation by p300, including research in our laboratory (Faiola 

et al., 2005 and my data), and it is also based on the common knowledge about 

gene expression in general (Chan and La Thangue, 2001). The co-activator/HAT 

p300 would bind MYC on selected MYC target promoters leading to several 
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outcomes. First, p300 would acetylate MYC at lysine 158 probably causing its 

degradation, although MYC acetylation could also influence its interaction with 

other proteins and/or DNA. Other factors may bind to MYC and make K158 

inaccessible for acetylation by p300 in some promoters. Then again, binding of 

some proteins would not necessarily exclude the MYC degradation.  I could not 

detect the difference in MYC stability in Rat1a-MYC and Rat1a-R158 cells 

because I did not evaluate MYC levels at the individual promoters (on some 

promoters it could be less MYC compared to R158 in the polyclonal cell lines), 

but instead I checked overall MYC levels. Thus, p300-dependent MYC 

acetylation and following degradation of MYC on certain promoters would 

possibly lead to the reduction of transcriptional activation of those MYC target 

genes (simply because of the decrease in the MYC protein levels). Second, p300 

would acetylate histone tails (and/or other factors) on the promoters of the MYC 

target genes possibly mediating transcriptional activation of those genes, since 

histone acetylation is linked to the transcriptional activity (reviewed in Chan and 

La Thangue, 2001). Third, p300 may compete with SKP2 ubiquitin ligase (and 

possibly other proteins) for binding to MYC leading to MYC stabilization on some 

promoters (Fujii et al., 2006), which would also increase MYC-dependent 

transactivation of those genes. Therefore, the transcriptional regulation of the 

selected MYC-target genes by MYC and p300 would depend on the balance 

between all p300-assosiated effects on MYC and, as a result, it would be a 

difference in the regulation of the various promoters (Figure 4.1).  
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       It has been recently reported that CBP/p300 mediates global acetylation of 

histone H3 at K18/27, which correlates with transactivation of nuclear receptor 

target genes (Jin et al., 2011). Remarkably, the flanking sequences around 

H3K27 are similar to the flanking sequences around MYC K157, moreover, the 

distance between H3K27 and H3K18 is the same as distance between MYC 

K157 and MYC K148, the major and a minor sites for p300 acetylation, 

respectively (courtesy of Dr. Martinez). These observations gave us additional 

confidence about our discovery of the major and minor lysine residues in MYC 

that are substrates for p300-dependent acetylation. Here, it is tempting to 

speculate that the doubly acetylated marks generated by p300-mediated 

acetylation of H3K18/27Ac and/or MYC K148/157Ac might be recognized by as 

yet unidentified bromodomain-containing protein(s) leading to specific 

subsequent outcomes such as, for instance, regulation of transcription of the 

underlying DNA. Alternatively, acetylation of these lysine residues might 

counteract their methylation. Indeed, reduction in H3K27di- and trimethylation 

correlates with an increase in H3K27acetylation (Tie et al., 2009; Wang et al., 

2010). It will be interesting to test whether MYC can be methylated at K157(158) 

by enzymes that methylate H3K27. 

       In conclusion, I have started to uncover the role of co-activator/HAT p300 in 

control of MYC; however, future research is required to fully understand the 

entire mechanism of p300-dependent regulation of the MYC oncoprotein and 
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associated biological effects, which could lead to the discovery of novel 

therapeutic targets for the treatment of MYC-dependent cancers. 
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Figure 4.1 Summary hypothesis: The role of p300 in the regulation of MYC 

target genes. 
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