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ABSTRACT  

SURVIVAL SIGNALS IN BREAST CANCER CELLS MEDIATED BY MYC 
STABILIZATION. 

by  

Vanessa Rodrik-Outmezguine 

  

Advisor: Professor David A. Foster  

 
Estrogens, which have been strongly implicated in the development of breast 

cancer, enhance proliferation of mammary epithelial cells and particularly of 

estrogen receptor (ER) positive breast cancer cells. In the absence of serum 

growth factors, the ER positive MCF-7 breast cancer cell line undergoes 

apoptosis. However, estrogens, most commonly 17-β-estradiol (E2), can suppress 

apoptosis in MCF-7 cells deprived of serum. While E2 stimulates a short-term 

transient increase in Myc expression, E2 also stimulated a sustained increase in 

the expression of Myc that was detectable at 48 hr and pronounced at 5 days – the 

point where increased proliferation of MCF-7 cells in the absence of serum could 

be detected. The Myc-dependent survival signal generated by E2 at 5 days was in 

fact dependent upon basal levels of mammalian target of rapamycin (mTOR) and 

two upstream regulators of mTOR, phosphatidylinositol-3-kinase (PI3K) and 

phospholipase D (PLD). Phospholipase D (PLD), which is commonly elevated in 

ER negative breast cancer cells, also suppresses apoptosis in breast cancer cells. 

We thus hypothesized that during breast cancer progression when the ER positive 

breast cancer cells lose their estrogen receptor and become ER negative cells, 

elevated PLD activity promotes cell survival overcoming the loss of estrogen 
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dependence. Myc expression, which is elevated in a significant percentage of 

human cancers, is regulated at many different levels, including transcription, 

translation, as well as post-translationally. We report here that the sustained long-

term elevation of Myc expression in response to both E2 and PLD is due to 

reduced turnover of Myc protein. The stabilization of Myc in response to E2 and 

PLD is due primarily to suppression of phosphorylation of Myc at Thr58 by 

glycogen synthase kinase-3β (GSK-3β). Consistent with previous reports 

demonstrating that phosphorylation of Myc at Thr58 targets Myc for 

ubiquitination and degradation by the proteasome, both E2 and PLD suppressed 

ubiquitination of Myc. The ability of both estrogen and PLD to suppress 

phosphorylation of Myc at Thr58, which promotes Myc stabilization, is likely a 

critical aspect of the survival signals generated by E2 and PLD in hormone-

dependent and hormone-independent breast cancer and will be discussed in this 

work. 
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1.1 PHOSPHOLIPASE D 

 
1.1.1 PLD FUNCTION 
 
 Phospholipase D (PLD) is a widely distributed enzyme found in bacteria, fungi, 

plants and animals. It has been implicated in several important cellular functions and, in 

mammals, is under the control of many hormones, neurotransmitters, growth factors and 

cytokines (Jenkins G.M. et al., 2005). PLD hydrolyzes phosphatidylcholine (PC) to 

phosphatidic acid (PA) and choline (Figure 1.1.1). Also, PLD performs a 

transphosphatidylation reaction using primary alcohols such as ethanol or 1-butanol 

forming respectively phosphatidylethanol or phosphatidylbutanol (PBut). Ethanol and 1-

butanol are preferentially used over water as the nucleophile by 1000-fold or more (Yang 

S.F. et al., 1967, and Frohman M.A. et al., 1999). This transphosphatidylation reaction 

occurs at the expense of the hydrolytic reaction, decreasing PA formation. PA can also be 

produced by diacylglycerol kinase and by acylation of glycerol 3-phosphate. In contrast, 

phosphatidylalcohols are uniquely formed by PLD. PA can be further metabolized to 

diacylglycerol (DAG) and lyso-PA (LPA) (Figure 1.1.1). Phosphatidylalcohols are also 

metabolically stable and accumulate in cells upon PLD activation. These properties have 

made phosphatidylalcohols useful markers of PLD activation in vitro and in vivo.  

 

 A PLD-type activity was first described by Hanahan and Chaikoff in carrot 

extracts in 1947 (Hanahan D.J. et al., 1947, and Hanahan D.J. et al., 1948). PLD activity 

was not demonstrated in a mammalian system until 1975, when Saito and Kanfer 

described a release of choline and ethanolamine from rat brain preparations (Saito M. et 

al., 1975). The PA generated via PLD has been linked to many events of intracellular 
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signal transduction through the wide use of 1-butanol as an inhibitor of PA accumulation 

via PLD. In fact, it has been shown that PA is required for the activation of 

phosphatidylinositol 4-P 5-kinase (PI-4-P5-kinase) (Jenkins G.H. et al., 1994), which 

generates PIP2, a critical co-factor for PLD. A new downstream target for PLD signaling 

is mammalian target of rapamycin (mTOR), which is also a target of the PI-3-kinase/Akt 

pathway (Sekulic A. et al., 2000) (Figure 1.1.3). It was recently reported that PA is 

required for activation of mTOR. Also, PA was shown to interact with mTOR 

competitively with rapamycin (Fang Y. et al., 2001, and Chen J. et al., 2002). mTOR is a 

protein kinase that regulates both cell cycle progression and cell growth (Kuruvilla F.G. 

et al., 1999). mTOR controls these processes by regulating translation, transcription, 

membrane traffic, and protein degradation (Schmelzie T. et al., 2000, and Foster D.A. et 

al., 2003).  

 

 Furthermore, PLD and its enzymatic product PA have been linked to vesicular 

traffic, secretion and endocytosis (Jones D. et al., 1999) as well as exocytosis (Haslam R. 

J. et al., 1993, Stutchfield J. et al., 1993, and Xie M.S. et al., 1991). Also, PLD has 

recently emerged as an enzymatic mediator of receptor internalization via endocytosis. 

Initially, epidermal growth factor receptor (EGFR) internalization was found to be 

blocked by treatment with 1-butanol, and EGF binding to the receptor has been found to 

activate PLD by increasing PA production (Kim Y.R. et al., 2003). The internalization 

increased with overexpression of either PLD1 or PLD2 and decreased by overexpression 

of their catalytically inactive forms (Shen Y. et al., 2001). 
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 PLD has also been involved in different cellular processes including proliferation, 

cell survival, as well as apoptosis. Moreover, PLD seems to be a regulator of the cell 

cycle. However, all these functions have been mostly described in cancer cells; they will 

therefore be described in a later paragraph. 

  

1.1.2 PLD STRUCTURE   
 

PLD has recently been cloned from yeast, bacteria, plant, and mammalian sources 

(Morris A.J. et al., 1996). Two mammalian PLD genes (PLD1 and PLD2), both with 

splice variants, have been reported (Hammond S.M. et al., 1995, Hammond S.M. et al., 

1997, Colley W.C. et al., 1997, Steed P.M. et al., 1998). There is considerable homology 

between the two genes; however, there are significant differences in the regulation and 

subcellular distribution of PLD1 and PLD2 that will be described later. The defining 

feature of PLD enzymes is the catalytic motif designated HKD, denoting the HxxxxKxD 

sequence, where the amino acids are histidine (H), any amino acid (x), lysine (K) and 

aspartic acid (D) (Figure 1.1.2). Mammalian PLD1 and PLD2 both contain two HKD 

motifs, which are critical for enzymatic catalysis in vitro and in vivo (Sung T.C. et al., 

1997). Other highly conserved regions of the PLD genes are the phox consensus 

sequence (PX), the plekstrin homology (PH) domain and the PI4,5P2 binding site (Figure 

1.1.2). The PH domain is thought to function in the localization of the protein (Sciorra 

V.A. et al., 2002) but is not required for PLD enzymatic activity. The PX domain is 

thought to mediate protein-protein interactions or to bind phosphatidylinositol phosphates 

(PIP) (Xu Y. et al., 2006). Finally, PLD1 has a conserved loop region that is not found in 

PLD2. The loop region has been proposed to function as a possible negative regulatory 
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element, as deletion of this region from PLD1 increased its basal activity threefold (Sung 

T.C. et al., 1999).  

 

Study of the subcellular localization of PLD1 and PLD2 has yielded varying 

descriptions. Reports on PLD1 in numerous cell lines have described perinuclear 

localization suggestive of a Golgi, endoplasmic reticulum or late endosomal distribution 

(Colley W.C. et al., 1997, Sung T.C., Zhang Y. et al., 1999, Freyberg Z. et al., 2001, and 

Lucocq J. et al., 2001) (Table 1.1.1). PLD1 has also been localized to the plasma 

membrane in unstimulated cells (Kim J.H. et al., 1999). Several papers now report that 

upon stimulation, PLD1 translocates to the plasma membrane (Du G. et al., 2003, Brown 

F.D et al., 1998, and Huang P. et al., 2005). However, PLD2 is most often reported to 

localize to the plasma membrane (Colley W.C. et al., 1997, and Du G. et al., 2004), but 

has also been localized to the cytosol (Honda A. et al., 1999) and submembraneous 

vesicular compartments (Divecha N. et al., 2000). PLD2 has been described as 

translocating to membrane ruffles in response to serum (Colley W.C. et al., 1997), and 

epidermal growth factor (EGF) (Honda A. et al., 1999). Also, both PLD1 and PLD2 have 

an absolute requirement for PI-4,5-bis-phosphate (PIP2) (Hammond S.M. et al., 1995, 

and Colley W.C. et al., 1997). PLD2 is constitutively active in vitro and this activity is 

unaffected by GTPases or PKCα (Colley W.C. et al., 1997, Kim J.H. et al., 1999, and 

Sarri E. et al., 2003). However, PLD2 may be affected by PKCα in vivo (Slaaby R. et al., 

2000, and O’Luanaigh N. et al., 2002) and its regulation will be described later. Also, 

both PLDs exhibit a Phosphatidic Choline (PC) specificity. The different characteristics 

of PLD1 and PLD2 are presented in Table 1.1.1. 
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Table 1.1.1:  Biochemical properties of Phospholipase D 1 and 2. 

Presented are various characteristics of PLD 1 and 2, corresponding references are 
presented in the text. PM-plasma membrane; CEM-caveolae enriched membrane; ES-
endosomes; PIP2-phosphatidylinositol-4, 5-bisphosphate. 

 

1.1.3 PLD REGULATION 
 
 PLD has been shown to be responsive to several signaling proteins including, 

Protein Kinase C alpha (PKCα), the small GTPases RhoA, and ADP ribosylation Factor 

(ARF). In addition, Jiang H. and colleagues have recently shown that PLD activity is 

associated with the Ras-family GTPase RalA, which is required for the activation of PLD 

by both v-Src and v-Ras (Jiang H., Lu Z. et al., 1995); the active complex including 

PLD1, RalA and Arf (Luo J.Q. et al., 1997).  

 

 There is abundant evidence that PLD is regulated by PKC in most mammalian 

cells (Exton J.H., FEBS Lett., 2002). It was shown that different inhibitors of PKC 

reduced agonist activation of PLD activity. In addition, overexpression of 

phosphoinositide phospholipase C (PLC), which generates diacylglycerol and activates 

CHARACTERISTICS PLD1 PLD2
PKC/ARF/Rho Responsive Yes No

PIP2 Dependence Yes Yes
Molecular Weight kDa ~120 ~106

Basal activity Low High
Substrate Specificity PC PC

Transphosphatidylation Yes Yes
Subcellular localization PM,CEM,ES PM,CEM
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PKC, resulted in increased PLD activity (Lee Y.H. et al., 1994). Moreover, when the 

mammalian isozymes of PLD were cloned and expressed, PLD1 was shown to be 

stimulated by either PKC-α or β in vitro, whereas PLD2 was not affected (Hammond 

S.M. et al., 1997, and Colley W.C. et al., 1997). Deletional mutagenesis and binding 

studies have demonstrated the presence of PKC interaction sites in both the N- and C-

terminal sequences of PLD1 (Sung T.C. et al.,1999, Park S.K. et al.,1998, and Min D.S. 

et al.,1998).  

 

  There is much evidence that RhoA, Rac1 and Cdc42Hs activate PLD1, but not 

PLD2 (Hammond S.M. et al.,1997, and Colley W.C. et al.,1997, Bae C.D. et al.,1998,  

and Sung T.C. et al.,1999). RhoA is the most efficacious, but Rac1 and Cdc42Hs also 

cause significant activation (Bae C.D. et al., 1998). The interaction site for RhoA on 

PLD1 has been localized to sequences in the C-terminus by binding and activity 

measurements (Yamazaki M. et al., 1999, and Cai S. et al., 2001). In addition, studies of 

mutant forms of PLD1 in which the RhoA interaction sites have been mutated have 

indicated that the enzyme can be activated in vivo by direct binding of RhoA (Xie Z. et 

al., 2002, and Du G. et al., 2000). However, RhoA may also indirectly regulate the 

enzyme because of its effects on PI-4-P5-kinase, which is the enzyme that synthesizes 

PIP2 (Chong L.D. et al., 1994, and Oude-Weernink P.A. et al., 2000). 

 

 Moreover, it has been shown that PLD could be regulated by ADP ribosylation 

Factor (Arf). Arf was the first direct regulator of PLD1 to be recognized. All mammalian 

isoforms of Arf were shown to activate the enzyme in vitro (Brown H.A. et al., 1995, and 
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Tsai S.C. et al., 1998). However, PLD2 shows little or no response to Arf (Colley W.C. et 

al., 1997, and Sung T.C. et al., 1999). The interaction site on Arf for PLD has been 

localized to the N-terminus (Zhang G.F. et al., 1995, and Jones D.H. et al., 1999), but it 

is not known where Arf binds on PLD. In contrast to the many studies showing that PLD 

can be activated by Arf1 in vitro, there is less information on the role of this small G 

protein in the activation of the enzyme in vivo. On the other hand, Arf 6 is principally 

localized to the plasma membrane (Gaschet J. et al., 1999, Radhakrishna H. et al., 1997, 

and Caumont A.S. et al., 1998) where it probably regulates PLD. As for RhoA, Arfs 1 

and 6 have been reported to activate PI-4-P5-kinase and this could also control the 

activity of PLD through increases in PIP2 (Honda A. et al., 1999, and Jones D.H. et al., 

2000).  

 

 Furthermore, PLD has been shown to be activated by the oncogenic tyrosine 

kinase v-Src. This activation has been found to be mediated by a GTPase cascade of Ras 

and RalA (Jiang H., Lu Z. et al., 1995). Ras does not directly activate PLD, but there is 

evidence that Ras mediates the activation of PLD induced by v-Src in vivo. Further work 

has shown that RalA, a member of the Ras subfamily, is also required (Jiang H., Luo 

J.W. et al., 1995). The precise interactions between Ras, RalA and PLD1 that lead to 

activation of the enzyme are not clear, but may involve Arf (Luo J.Q. et al., 1998, and 

Kim J.H. et al., 1998).  
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1.1.4 ROLE OF PLD IN BREAST CANCER 

 PLD has been implicated in cell proliferation and cell transformation;  initially, 

PLD activity was found to be elevated in response to several growth factors including: 

platelet-derived growth factor (PDGF) (Plevin R. et al., 1991), fibroblast growth factor 

(FGF) (Motoike T. et al., 1993, and Sa G. et al., 1999), epidermal growth factor (EGF) 

(Song J. et al., 1994), insulin (Karnam P. et al., 1997), insulin-like growth factor 1 (IGF-

1) (Banno Y. et al., 2003), and vascular endothelial growth factor (VEGF) (Seymour 

L.W. et al., 1996). In addition, PLD activity was shown to be elevated in cells 

transformed by different oncogenes like v-Src (Song J. et al., 1991), v-Ras (Carnero A. et 

al., 1994, and Jiang H. et al., 1995), v-Fps (Jiang Y.W. et al., 1994), and v-Raf (Frankel 

P. et al., 1999). Also, early studies demonstrated that PLD can cooperate with tyrosine 

kinases to induce transformation of cancer cells. In fact, elevated expression of either 

c-Src or the EGF receptor, in combination with elevated expression of either PLD1 or 

PLD2, was found to transform rat fibroblasts (Lu Z. et al., 2000, Joseph T. et al., 2001, 

and Ahn B.H. et al., 2003). Both PLD1 and PLD2 have also been reported to induce 

anchorage-independent growth and enhance cell cycle progression of mouse fibroblasts 

(Min D.S. et al., 2001). These studies provide a clear correlation between PLD activity 

and mitogenic or oncogenic signaling (Foster D.A., 2006).    

 

 Moreover, elevated PLD expression and activity have recently been reported in 

breast cancer tissues (Noh D.Y. et al., 2000, and Uchida N. et al., 1997). PLD activity 

has also been reported to be elevated in gastric (Uchida N. et al., 1999) and renal cancers 

(Zhao Y. et al., 2000) as well as in colorectal cancer (Yamada Y. et al., 2003). Foster and 
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colleagues have also examined different breast cell lines where PLD activity was found 

to be similarly elevated (Zhong M. et al., 2003, and Chen Y. et al., 2003). Interestingly, 

there was a strong, although not complete, correlation between elevated PLD activity and 

a loss of the estrogen receptor. This observation suggested that elevated PLD activity in 

breast cancer could be providing a survival signal that is normally provided by estrogen 

in a developing tumor. Consistent with this hypothesis, inhibiting PLD activity in MDA-

MB-231 cells, a breast cancer cell line with highly elevated PLD activity, resulted in 

apoptosis. However, this was not observed for MCF-7 breast cancer cells that are 

estrogen receptor positive with low PLD activity (Zhong M. et al., 2003). This data 

indicate that not only PLD provides a survival signal to breast cancer cells but also is able 

to inhibit the apoptosis process.  

 

   Furthermore, elevated PLD activity has also been shown to prevent cell cycle 

arrest and apoptosis. High intensity Raf signaling induces cell senescence (Samuels M.L. 

et al., 1994, and Kerkhoff E. et al., 1998) or apoptosis if the cells are deprived of serum. 

It was demonstrated that elevated expression of either PLD1 or PLD2 can suppress the 

senescence and apoptosis induced by high intensity Raf signals (Joseph T. et al., 2002). 

Similarly, rat fibroblasts overexpressing c-Src undergo apoptosis in response to growth 

factor deprivation, and both PLD1 and PLD2 were able to suppress the apoptosis induced 

by growth factor deprivation (Zhong M. et al., 2003). These early studies in rodent 

fibroblasts indicated that in addition to enhancing cell proliferation, PLD could generate 

survival signals capable of suppressing default apoptotic programs. However, recent 

studies have shown that elevated PLD activity impacts upon tumor suppressor genes 
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implicated in cellular apoptotic programs. In fact, it was demonstrated that elevated PLD 

activity suppressed DNA damage-induced apoptosis by suppressing p53 (Hui L. et al., 

2004). Thus, the ability of PLD to inhibit p53 expression allows for progression through 

cell cycle checkpoints regulated by p53.    

 

  Classic studies from the Weinberg group have provided a framework for 

cooperating oncogenes in the transformation of primary human cells (Hahn W. et al., 

1999, and Land H. et al., 1983). A model is provided in Figure 1.1.4, whereby growth 

factor signals such as the ones generated by an activated Ras or an overexpressed tyrosine 

kinase facilitate passage through a growth factor-dependent Restriction Point (Pardee 

A.B., 1974, and Zetterberg A. et al., 1995). Oncogenes such as Myc and SV40 early 

region genes that cooperate with Ras in cell transformation facilitate gatekeeper override 

at a G1/S cell cycle checkpoint. Suppression of p53 is critical for the transformation of 

human cells using SV40 early region genes in combination with Ras, and telomerase 

(Hahn W.C. et al., 1999, and Hahn W.C. et al., 2002). The SV40 early region genes 

include Large T antigen, which neutralizes p53 and the retinoblastoma tumor suppressor 

gene Rb (Reich N.C. et al., 1982, and Pipas J.M. et al., 2001) and small t antigen (Hahn 

W. et al., 2002), which is required to suppress protein phosphatase 2A (PP2A). In this 

regard, it is of interest that PLD also suppresses the activity of PP2A (Hui L. et al., 2005) 

which is dependent upon both mTOR and MAP kinase. Thus, elevated PLD activity is 

able to achieve much of what the SV40 early region genes do – that being the suppression 

of the tumor suppressor genes p53 and PP2A (Foster D.A., 2006). 
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 In an updated model (Figure 1.1.4), PLD, like SV40 early region genes, provides 

a gatekeeper override function that facilitates passage through cell cycle checkpoints. 

Consistent with this hypothesis and as discussed above, PLD suppresses p53, PP2A and 

Rb (Hui L. et al., 2004, Hui L. et al., 2005, and our unpublished work) as do the SV40 

early region genes. Also of interest is that PLD increases Myc expression (Rodrik V. et 

al., 2005), which cooperates with Ras in the transformation of primary rodent cells (Land 

H. et al., 1983). In this context, elevated PLD activity leads to the transformation of cells 

with elevated expression of a tyrosine kinase (Lu Z. et al., 2000, and Joseph T. et al., 

2001) by contributing to the override of gatekeeper function, which is important for the 

suppression of apoptosis. PLD ability to facilitate gatekeeper override certainly 

contributes to its ability to provide a survival signal in human breast cancer cells (Chen 

Y. et al., 2003). 

  

 Finally, one important step in cancer development is metastasis and PLD has been 

implicated in this process. PLD activity has also been shown to affect cell motility 

(Aguirre Ghiso J.A. et al., 1997) and more specifically, PLD2 was shown to stimulate 

cell protrusions in v-Src-transformed cells (Shen Y. et al., 2002) which is also consistent 

with a role for PLD in cell migration. Rho family GTPases, which activate PLD1, have 

also been shown to regulate cell motility, and have been implicated in metastasis 

(Schmitz A.A. et al., 2000). Moreover, PLD activity has been implicated in tumor 

invasion (Imamura F. et al., 1993, and Pai J.K. et al., 1994) and interestingly, MDA-MB-

231 human breast cancer cells, which have very high levels of PLD activity, migrate and 
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invade matrigel in culture (Zhong M. et al., 2003), whereas MCF-7 breast cancer cells, 

with relatively low PLD activity, do not (Sliva D. et al., 2002).  

 

  Therefore, all PLD functions discussed above make PLD a good oncogene 

candidate and thus a good cancer therapeutic target. 

  

1.1.5 PLD AS A THERAPEUTIC TARGET   
 

At present, there are no good inhibitors of PLD other than alcohol, which prevents 

the production of PA by competing with water to form an inert phosphatidyl-alcohol 

(Exton J.H., 2002). Unfortunately, the level of alcohol required to effectively inhibit the 

production of PA is much too high to consider this strategy as a possibility (Foster D.A., 

2004). However, the use of alcohol in cell culture studies has provided proof-of-principle 

that targeting PLD signals kills cancer cells where there is elevated PLD activity (Zhong 

M. et al., 2003, and Chen Y. et al., 2003). A major problem in targeting PLD directly is 

that PLD1 has also been implicated in vesicle budding and protein trafficking in the 

Golgi (Roth M.G. et al., 1999). Therefore, drugs that suppress PLD1 directly will likely 

have side effects that will not be acceptable. Thus, PLD2 could be a better therapeutic 

target.  

A more successful approach may be to target the signals that activate PLD 

activity.  While several reports have shown elevated expression of PLD in human cancers 

(Zhong M. et al., 2003, Zhao Y. et al., 2000, Noh D.Y. et al., 2000, and Uchida N. et al., 

1999), in general the increased level of PLD1 and/or PLD2 expression was small relative 

to the level of PLD activity. This implies that PLD activity in cancer cells is elevated in 
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response to oncogenic signals upstream from PLD. As discussed before, PLD activity is 

regulated by several monomeric G-proteins including Arf, Ral and Rho family GTPases 

(Joseph T. et al., 2002, and Vieira A.V. et al., 1996) and drugs that target these GTPases 

are being developed. Another possible target for suppressing PLD signaling are the 

enzymes that regulate the levels of PIP2. As described before, both PLD1 and -2 have a 

stringent requirement for PIP2 and PA activates PI-4-P-5-kinase, the enzyme that 

generates PIP2 in an apparent positive-feedback loop (Figure 1.1.3). Also, a potential 

target is the EGF receptor, which has been implicated in a wide variety of human cancers 

(Yarden Y. 2001). Importantly, several drugs that target the EGF and other tyrosine 

kinase receptors have been developed (Gschwind A. et al., 2004) and are currently being 

evaluated (Foster D.A., 2006). 

  

 The most promising downstream target of PLD is mTOR. mTOR has been widely 

implicated as a critical target of survival signals generated by both PLD and PI3K (Foster 

D.A., 2004). All PLD survival effects that have been characterized have an mTOR 

requirement (Chen Y. et al., 2003, Hui L. et al., 2004, Hui L. et al., 2005, and Rodrik V. 

et al., 2005).  mTOR has a PA requirement that is apparently competitive with rapamycin 

as discussed previously (Fang Y. et al., 2001, and Chen Y. et al., 2003). This makes 

mTOR an ideal target for suppression of PLD survival signals, not only because of its 

critical role in survival signaling, but also because there are already effective drugs that 

target mTOR with high specificity – rapamycin and rapamycin derivatives. Importantly 

however, elevated PLD activity confers resistance to rapamycin (Chen Y. et al., 2003), 

presumably due to the competition between rapamycin and PA for mTOR. This 
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observation complicates the targeting of mTOR in cancer cells with elevated PLD 

activity. However, it was demonstrated that reducing PLD activity in human breast 

cancer cells increases sensitivity to rapamycin (Chen Y. et al., 2003). Thus, a 

combination of drugs targeting the signals that activate PLD activity could make 

rapamycin, or rapamycin derivatives such as CCI-779 or RAD001, much more effective 

drugs in cancers where there is highly elevated PLD activity. Moreover, there is a 

limitation in targeting mTOR; in most studies reported to date, rapamycin was found to 

be cytostatic, not apoptotic, and blocked cell cycle progression in G1 (Neshat M.S. et al.,  

2001, and Podsypanina K. et al.,  2001). It was recently reported that a combination of 

rapamycin and dexamethasone leads to apoptosis (Stromberg T. et al., 2003) indicating 

that rapamycin is able to contribute to apoptosis under appropriate conditions. Consistent 

with this concept, it has been found that in the absence of serum, rapamycin induces 

apoptosis in some breast cancer cells in vitro (Chen Y. et al., 2003), suggesting that 

serum provides a factor(s) that results in rapamycin inducing G1 arrest rather than 

apoptosis (Figure 1.1.5). In this regard, it is possible that depriving cancer cells of serum 

with anti-angiogenesis drugs to deprive cells of serum growth factors in combination with 

rapamycin could lead to apoptosis instead of G1 arrest (Foster D.A., 2006). 
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Figure 1.1.1: PLD specific transphosphatidyl reaction 

PLD hydrolyses the distal phosphodiester bond in phospholipids such as PC (the structure 
shown above in grey). A phosphatidyl-enzyme intermediate is believed to form 
transiently which normally is hydrolysed by water, generating PA. Primary short-chain 
alcohols (e.g. ethanol) can substitute for water in a competing, transphosphatidylation, 
reaction. In the presence of ethanol the product of PLD-catalysed transphosphatidylation 
is PA ethyl ester or phosphatidylethanol (PEt). This reaction (thick grey arrow pointing to 
the left) occurs at the expense of the hydrolytic reaction (thin black arrow pointing to the 
right), decreasing PA formation as described in the text. PA can be further metabolized 
(thin black arrows) to diacylglycerol (DAG) and lyso-PA (LPA). 
 
 
 

 
Figure 1.1.2: PLD genes 

(Jenkins G.M. et al., 2005) 
 

Basic structure of PLD1 and PLD2. Linearized cartoon of structure showing amino (N) 
and carboxy (C) terminals with conserved domains as boxes. Domains shown are the 
catalytic HKD motif (HKD), phox consensus sequence (PX), plekstrin homology (PH), 
phosphatidylinositol bisphosphate (PIP2) and PLD1 loop region. 
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Figure 1.1.3: Survival signals targeting mTOR. 
(Foster D.A., 2005) 

 
mTOR is targeted by PI3K and PLD survival signals. Both PI3K and PLD are dependent 
upon PI metabolism. PLD is dependent upon PIP2 and PI3K converts PIP2 to PIP3. PLD-
generated PA activates PI-4-P-5-kinase to generate more PIP2 and therefore provide a 
positive feedback loop. PIP3 recruits Akt and PDK1, the kinase that phosphorylates and 
activates Akt. Akt then phosphorylates several proteins that suppress cell cycle 
progression including the TSC1/2 complex, a GTPase-activating protein that suppresses 
the GTPase Rheb, which contributes to the activation of mTOR. PLD-generated PA 
competes with rapamycin to bind mTOR and is required for mTOR activation of S6-
kinase and suppression of ribosomal subunit 4EBP1, leading to increased Myc 
expression. PLD also increases the expression of MDM2, which suppresses expression of 
p53. 4EBP1: 4E binding protein 1; GSK: Glycogen synthase kinase; PA: Phosphatidic 
acid; PDK: Phosphoinositide-dependent kinase; PI3K: Phosphatidylinositol-3- kinase; 
PIP: Phoshatidylinositol-4,5-bis-phosphate; PLC/D: Phospholipase C/D; PP2A: Protein 
phosphatase 2A; TSC: Tuberous sclerosis complex. 
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Figure 1.1.4: Oncogenic signaling and the cell cycle. 
(Foster D.A., 2006) 

Two complementation groups for cell transformation based on a model of Weinberg and 
colleagues are proposed to regulate progression through different stages of the cell cycle.  
As shown, there are growth factor-dependent signals prevent cells from exiting the cell 
cycle into a quiescent G0 state by facilitating passage through the Restriction Point. As 
decribed in the text, PLD cooperates with elevated tyrosine kinase expression to 
transform cells and also induces Myc expression and is therefore included in the 
gatekeeper override group. Although there is overlap in function between growth factor 
signals and gatekeeper override, the model does reflect the ability of growth factor 
signals to complement gatekeeper override to facilitate cell cycle progression and cell 
transformation.  

 
 
 

 
 
 

Figure 1.1.5: Strategies for targeting mTOR in anticancer therapies. 
(Foster D.A., 2006) 

The activation of mTOR by PLD, PI3K or both generates a survival signal (left panel).  
Rapamycin blocks the mTOR signals, but this only causes G1 arrest (middle panel).  
However, under the stressful conditions of DNA damage or serum deprivation rapamycin 
instead causes apoptosis.  
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1.2 ESTROGEN AND ESTROGEN RECEPTORS 

 

1.2.1 ESTROGEN FUNCTION 

 The steroid hormone 17-β-estradiol (E2) is a key regulator of growth, 

differentiation, and exerts multiple biological effects on a wide array of target tissues, 

including the male and female reproductive tracts and the mammary gland (Hall J.M. et 

al., 2001). In addition to its impact on the reproductive system, estrogen regulates bone 

structure (Termine J.D. et al., 1998), cardiovascular function (Guzzo J.A., 2000), and the 

central nervous system (Hurn P.D. et al., 2000). The predominant biological effects of E2 

are mediated through two distinct intracellular receptors, Estrogen Receptor α (ER α) and 

Estrogen Receptor β (ER β), each encoded by unique genes (Giguère V. et al., 1998). 

These ERs belong to the steroid/thyroid hormone superfamily of nuclear receptors 

(Olefsky J.M., 2000 and Beato M. et al., 1995) and function as ligand-activated 

transcription factors (Evans R.M. et al., 1988). All the steroids receptors, including ER, 

are phosphorylated after binding to their respective ligand (Weigel N.L., 1996). Upon 

binding of estrogen or similar ligand, ERs undergo conformational changes, an event that 

promotes ER homodimerization and subsequent phosphorylation (Weigel N.L., 1996) as 

well as high-affinity binding of the estrogen receptor to specific sites on DNA-estrogen 

response elements (EREs) promoting gene transcription (Figure 1.2.1). In the absence of 

estrogen, ERs are sequestered within nuclei of target cells and maintained in an inactive 

state by association with heat-shock proteins (Figure 1.2.1).  
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1.2.2 ESTROGEN RECEPTOR STRUCTURE 

 The two receptors ER α and ER β share common structural and functional 

domains (Figure 1.2.2) bind to estrogen with high affinity, and bind estrogen response 

elements in a similar manner. They have six domains named A through F from N- to C-

terminus. The three major functional domains of the ERs are:  a variable N terminus 

(domains A and B) that modulates transcription in a gene and cell-specific manner 

through its N-terminal Activation Function-1 (AF-1);  a central DNA-binding domain 

(DBD, consisting of the C domain), comprised of two functionally distinct zinc fingers 

through which the receptor interacts directly with the DNA helix; as well as the ligand-

binding domain (LBD, domains E) that contains Activation-Function-2 (AF-2). The F 

domain plays a role in distinguishing estrogen agonists versus antagonists, perhaps 

through interaction with cell-specific factors (Montano M.M. et al., 1995). Moreover, it 

was shown that ER β lacks a large portion of the carboxyl-terminal F domain. As 

suggested by the differences in structure, ER α and ER β are found to differ in many 

ways with respect to tissue distribution, transcriptional activities, and phenotypes in 

knockout models (Girdler F. et al., 2000). 

 

1.2.3 ESTROGEN RECEPTOR REGULATION 
 
  The AF-1 domain is hormone-independent, whereas the AF-2 domain is 

hormone-dependent (Webster N.J. et al., 1989). Both AF-1 and AF-2 are required for 

maximal ER transcriptional activity. However, with certain promoters, AF-1 and AF-2 

can function independently (Tzukerman M.T. et al., 1994). After hormone binding, 

dimerization and phosphorylation, ERs bind to DNA with high affinity through their 
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DNA-Binding Domain (C region, Figure 1.2.2) at specific sites, termed Estrogen 

Response Elements (ERE), as mentioned earlier. Also, ER α and ER β can form 

heterodimers that could also alter gene transactivation. Besides this classical mechanism 

of direct DNA binding, the two ER subtypes can also interact with DNA indirectly 

through tethering to other DNA-bound transcription factors, as it appears to be the case 

with the interactions between the ERs at AP-1 sites, where the receptor is tethered 

through the Fos/Jun complex (Webb P. et al., 1999) (Figure 1.2.3). These transcription 

factors regulate genes involved in may cellular processes, including proliferation, 

differentiation and cell motility.  

 

In contrast to the ligand-mediated transcriptional activity or genomic effects 

described above, the activity of the ER can also involve ligand-independent or non-

genomic effects (Figure 1.2.1). This ligand-independent activity of the ER is a result of 

phosphorylation of the ER and creates cross-talk between the ER and other signaling 

pathways. Activation of ER α via phosphorylation at multiple sites by multiple kinases is 

important because of the interaction between growth factor signaling and the ER. 

Increased growth factor signaling may account for the loss of E2 dependence, thereby 

producing anti-estrogen resistant tumors. In addition, an association has been observed 

between elevated MAP kinase phosphorylation/activity and a poor response to endocrine 

therapy in breast cancer patients (Gee J.M. et al., 2001).  
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1.2.4 ROLE OF ESTROGEN AND ESTROGEN RECEPTOR IN BREAST CANCER 
 
 
 Breast cancer is the second leading cause of cancer deaths in women today and 

the most common cancer (excluding nonmelanoma skin cancers) among women in North 

America (Greenlee R.T. et al., 2000). There is substantial evidence to suggest that 

ovarian steroids play an important role in both the development and progression of breast 

cancer, with the risk of developing the malignancy related to the cumulative exposure of 

the breast to endogenous and exogenous estrogens (Henderson B.E. et al., 2000). Breast 

cancer was first recognized to be an estrogen-dependent disease in 1896, when the British 

physician George Beatson demonstrated that oophorectomy induced regression of 

mammary tumors in a subset of premenopausal patients (Beatson G.T., 1896). Since then, 

a variety of clinical and epidemiological observations, with support from cell-culture 

studies have further substantiated the involvement of estrogens in the development and/or 

progression of the disease (Key T.J.A. et al., 1988, Pike M.C. et al., 1993, and Dorgan 

J.F. et al., 1996). According to the standard paradigm, estrogens, through receptor-

mediated processes, stimulate proliferation of normal and malignant cells through the 

induction of proteins involved in nucleic acid synthesis and the activation of growth-

regulatory genes. The enhanced cell proliferation can increase the chance for errors in 

DNA repair, resulting in an accumulation of mutations. Over time, these mutations may 

contribute to progression from normal cell growth through hyperplasia to neoplasia. 

Evidence that estrogens can indeed initiate tumors is provided by their carcinogenicity in 

animal models, particularly the Syrian golden hamster, in which estrogen induced kidney 

tumors (Li J.J. et al., 1987, and Liehr J.G. et al., 1987). Also, recently, the National 

Toxicology Program listed, for the first time, steroidal estrogens as carcinogens.  
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 The role of ER β in breast cancer growth and development is not as clear as the 

role of ER α (Palmieri C. et al., 2002, and Gustafsson J.A. et al., 2000). ER β might have 

a modulating effect in breast cancer because it is expressed in normal and malignant 

breast tissue, binds 17-β-estradiol and can heterodimerize with ER α (Ogawa S. et al., 

1998, Hall J.M. et al., 1999, Cowley S.M. et al., 1997, and Pettersson K. et al., 1997). 

Overall, ER β appears to play a protective role against the development of breast, prostate 

and colon cancer. The majority of studies suggest that its presence is a good prognostic 

marker for breast cancer.  

 
1.2.5 ESTROGEN RECEPTOR  AS A THERAPEUTIC TARGET 
 
 As described above, the ER is an important target to develop drugs for the 

treatment and prevention of breast cancer (Jensen E.V. et al., 2003). The interaction of 

estrogen with the ER can result in increased proliferation of target cells so the rationale 

for endocrine therapy is to block the interaction of estrogen with the ER. This goal can be 

accomplished by blocking the production of estrogen by ovariectomy, or inhibiting the 

conversion of steroidal precursors to estrogen using aromatase inhibitors. The ER can 

also be targeted directly using Selective Estrogen Receptor Modulators (SERMs) such as 

tamoxifen and raloxifene as competitive inhibitors of estrogen action, or by the removal 

and degradation of the ER by pure antiestrogens such as ICI 182,780 (fulvestrant) (Pearce 

S.T. et al., 2004). Endocrine manipulations are among the least toxic and most effective 

therapies for the treatment of hormone responsive breast cancers.   
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 SERMs act as estrogens in select target tissues but act as antiestrogens in other 

target tissues (Jordan V.C., 2001). The ideal SERM would be an estrogen agonist in bone, 

liver, the cardiovascular system and brain and an estrogen antagonist in the breast and 

uterus. The activity of tamoxifen is dependent on circulating levels of E2, which are high 

in premenopausal women and low in postmenopausal women. Tamoxifen is an 

antiestrogen in the breast, and decreases low density lipoprotein cholesterol levels in 

postmenopausal women. However, estrogenic activity of tamoxifen is observed in the 

uterus, which results in an increased incidence of endometrial cancer in postmenopausal 

women (Fisher B. et al., 1998); thus the current tamoxifen treatment does not exceed 5 

years. Also, current treatment strategies have shown that 5 years of adjuvant tamoxifen 

treatment is beneficial in pre- and postmenopausal women with ER-positive tumors 

(Early Breast Cancer Trialists’ Collaborative Group, 1998). In addition, tamoxifen can be 

used for the prevention of breast cancer (Fisher B. et al., 1998). Despite over 30 years of 

clinical experience with tamoxifen, for most patients, tumors that initially regress with 

tamoxifen will eventually recur and require alternate treatment. The mechanisms of 

cellular resistance to tamoxifen are under investigation (Clarke R., Skaar T.C. et al., 2001 

and Clarke R., Leonessa F. et al., 2001, Ali S. et al., 2002, Schiff R. et al., 2003). 

However, tamoxifen resistance could also be explained by ER mutations, coregulator 

expression and recruitment, or interactions with other signaling pathways. Despite the 

possibility of drug resistance, there are potential treatments after the development of 

tamoxifen resistance. These include the use of aromatase inhibitors to block the 

production of estrogen (Baum M. et al., 2002 ) as well as pure antiestrogens to degrade 

the ER (Howell A. et al., 2002). 
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 The aromatase inhibitors are particularly effective by inhibiting the conversion of 

androgens to estrogen in the tumor. Estrogen levels in the breast cancer tissue then fall to 

very low levels, much lower than with ovarian ablation in pre-menopausal women 

(Santen R.J. et al., 1987). Today the aromatase inhibitors as a group are the most 

effective endocrine therapies for postmenopausal patients. Thus, depriving ER of its 

ligand is the most effective means of shutting off ER function. All three aromatase 

inhibitors anastrazole, letrozole, and the steroidal aromatase inhibitor exemestane, have 

been shown in randomized trials to be superior to tamoxifen as initial therapy 

(Dombernowsky P. et al., 1998, Buzdar A.U. et al., 1998, Rose C. et al., 2003, and 

Nabholtz J.M. et al., 2003). Indeed, aromatase inhibitors are effective therapy in 

tamoxifen-resistant patients, an observation that led to their use in sequence after 

tamoxifen in the adjuvant setting (Dombernowsky P. et al., 1998, Buzdar A.U. et al., 

1998). However, the reverse sequence of aromatase inhibitors and then tamoxifen seems 

less effective. Only one completed adjuvant trial (ATAC) compared an aromatase 

inhibitor (anastrozole) directly with tamoxifen in patients with primary breast cancer after 

surgery (Baum M. et al., 2002). Overall, the aromatase inhibitor for five years was 

statistically significantly superior to tamoxifen for five years in terms of disease-free 

survival and reduction in contralateral breast cancer. This study also examined the 

combination of anastrozole with tamoxifen, a combination that was inferior to 

anastrozole alone. Moreover, the three aromatase inhibitors have similar toxicity profiles 

compared with tamoxifen; they are associated with fewer side effects (Nordman I.C. et 

al., 2005). While aromatase inhibitors are very effective therapy, de novo and acquired 

resistance to these treatments remain major problems (Osborne C.K. et al., 2005). 
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Figure 1.2.1: Steroid receptor activation. 

(Weigel N.L. et al., 1996) 
 
The upper portion depicts the classical steroid (S)-dependent activation pathway. The 
lower portion depicts signals emanating from receptors such as the dopamine receptor or 
growth factor receptors that alter the kinase/phosphatase balance of the cell such that the 
receptors are activated in the absence of ligand. L represents a ligand binding to a 
membrane receptor that acts through a cAMP pathway. Y-P indicates the active form of a 
growth-factor receptor. R, receptor; hsp, heat-shock protein complex. 
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Figure 1.2.2: Functional Domains (% Homology between ER-α and ER-β). 
(Klinge C., 2000 ) 

 
The domains of the receptors are indicated, as are the regions responsible for nuclear 
translocation, dimerization, DNA binding, hsp90 binding, and interaction with co-
activators and co-repressors. The percentage of amino acid homology between regions A-
F in ERα and ERβ is indicated by the numbers. 
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Figure 1.2.3: A Model of ER Action. 
(Webb P. et al., 1995) 

 
ER can stimulate promoter activity either by the classical pathway (left) in which the 
receptor binds to EREs in the promoter region of target genes or by either of two 
pathways leading to activation of genes regulated by AP-1 sites. In the AP-1 N pathway, 
which requires the receptor DBD and is activated by tamoxifen (middle), ER interacts 
with an unknown target protein activating a cascade that increases the transcriptional 
efficiency of Jun/Fos at their cognate AP-I site. In the AP-1 /3 pathway, which is 
Independent of the receptor DBD and is activated only by estrogen (right), ER is tethered 
to the AP-I site by interactions with Jun/Fos. 
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1.3 c-MYC 
 

1.3.1  c-Myc FUNCTION 

 The c-myc gene was first discovered as the cellular homolog of the retroviral 

v-myc oncogene (Bishop J.M., 1982 and Bister K. et al., 1986). The c-myc proto-

oncogene was subsequently found to be activated in various animal and human tumors 

(Cole M.D., 1986 and Dalla-Favera R. et al., 1982). It belongs to the family of myc genes 

that includes B-myc, L-myc, N-myc, and S-myc. The c-Myc protein is a transcription 

factor which is a potent regulator of cell growth, proliferation, differentiation, apoptosis 

and tumorigenesis (Cole M.D., 1986 and Lusher B. et al., 1990). Myc is able to control 

all these biological activities by turning on and off the transcription of Myc target genes. 

Several hundred of Myc target genes have been identified (Figures 1.3.1, 1.3.2) (Dang 

C.V., 1999). However, it is important to distinguish between Myc functions in normal 

cells versus its functions in cancerous cells. Regulated c-myc gene expression is critical 

for controlled cell proliferation whereas deregulated, often constitutive, expression of c-

myc characterizes oncogenic activation and is a frequent hallmark of tumor-derived cells 

(Dang C.V., 1999). Myc oncogenic functions will be described in a later paragraph. 

  

 Expression of c-Myc in the normal cell is tightly regulated by external signals, 

such as growth factors and extracellular matrix contacts, as well as by internal clocks, 

such as the cell cycle. The resting cell normally expresses little c-Myc, whereas cells 

stimulated by growth factors dramatically increase c-Myc expression as an immediate 

early response gene. c-Myc expression persists into the cell cycle, but then returns to its 

basal quiescent level in resultant resting daughter cells (Sears R.C., 2004). Abnormal or 
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ectopic overexpression of c-Myc in primary cells activates a protective pathway through 

the induction of p19/p14ARF and a p53-dependent cell death pathway. Hence, normal 

cells that overexpress c-Myc are eliminated from the host organism through apoptosis, 

thereby protecting the organism from lethal neoplastic changes. Normal embryonic 

development requires regulated expression of c-Myc as well as other myc family 

members. Mouse embryos in which both alleles of c-myc have been deleted by 

homologous recombination die in early development with a lack of primitive 

hematopoiesis (Dang C.V., 1999). 

 

 In physiological situations, the central role of c-Myc may be its promotion of cell 

replication in response to extracellular signals, by driving quiescent cells into the cell 

cycle. This function was originally thought to be elicited mainly via activation of 

transcription of the c-Myc target genes that are positive regulators of the cell cycle 

(Amati B. et al., 1993), such as cyclins D1, D2, E and A, cdk4, e2f1, e2f 2, cdc25A and 

B, etc. (Barrett T.J. et al., 1995, Amati B. et al., 1993, Ben-Yosef T. et al., 1998, and 

Dang C.V, 1999). In principle, promotion of cell cycle progression by c-Myc can also be 

achieved by suppression of transcription of growth inhibitory genes (Alexandrow M.G. et 

al., 1998). Examples of these genes include gadd45 (Marhin W.W. et al., 1997), cdk 

(cyclin-dependent kinase) inhibitors p21cip1 (Mitchell K.O. et al., 1999, Coller H.A., et 

al. 2000), p19ARF (Dang C.V., 1999) and probably also p27kip1 (Amati B. et al., 1993, 

Donjerkovic D. et al., 1999, Wu M. et al. 1999). There is evidence that under certain 

conditions the role of c-Myc in cell cycle progression may require only its activity of 

trans-suppression, not that of transactivation (Claassen G.F. et al., 1999). In cell cycle 
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regulation, Myc is required for G1 to S phase progression of primary cells, and induction 

of c-Myc expression stimulates quiescent nontransformed cells to traverse G1 phase and 

enter S phase (Eilers M. et al., 1989, Heikkila R. et al., 1987 and Liao D.J. et al., 2000).  

 

 Moreover, conflicting observations suggest that c-Myc is capable of both 

inducing and suppressing apoptosis. To induce a tumor, c-Myc may need not only to 

promote cell proliferation but also simultaneously to inhibit its tendency for cell death, so 

as to increase the cell number to form a tumor mass (Cory S. et al., 1999, Lowe S.W. et 

al., 2000). Therefore, the role of c-Myc in inhibiting apoptosis is easily connected to its 

tumorigenicity (Vakkala M. et al., 1999). Also, there is only little evidence showing that 

c-Myc can induce apoptosis. The foundation of this concept of “c-Myc-induction of 

apoptosis” is built mainly on the systems where c-Myc expression is induced in a 

constant manner by approaches of transfection, viral-infection, or a specific promoter-

driven c-myc transgene, while the expression level of the endogenous c-Myc is down-

regulated (Prendergast G.C. et al., 1999, Packham G. et al., 1995). These artificial 

systems are different from the physiological situation in which c-Myc expression arises 

under its own promoter, specifically during G0/G1 transition of the cell cycle. Thus, a 

constantly high level of c-Myc may disrupt the cyclic pattern of expression of these 

genes; the cell may then be signaled to die (Liao D.J. et al., 2000).   
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1.3.2 c-Myc STRUCTURE 

The c-myc gene, located on human chromosome 8q24, is comprised of three 

exons (Battey J. et al., 1983) (Figure 1.3.3). Its transcription may be initiated at one of the 

three promoters. Translation at the AUG start codon (exon2) produces a major 64kDa c-

Myc protein, also called c-Myc2. In addition, a longer polypeptide of 67kDa results from 

translation initiated 15 codons upstream of the AUG at a CUG codon (exon1) yielding to 

c-Myc1 (Henriksson M. et al., 1996, and Facchini L.M. et al., 1998). An internal 

translationally initiated c-Myc 45kDa polypeptide was also recently recognized yielding 

to a shorter protein called c-MycS protein (Spotts G.D., 1997). The c-Myc protein is O-

linked glycosylated and phosphorylated, and these modifications may alter the protein 

half-life. The N-Myc and L-Myc proteins share several regions of at least 80% amino 

acid sequence homology to c-Myc, including the Myc box I (MbI) and Myc box II (MbII) 

domains located in the N-terminus of c-Myc as well as a basic helix-loop-helix and 

leucine zipper region (BR-HLH-Zip), located in the C-terminus region of c-Myc (Figure 

1.3.3). As these domains are also conserved among species, it is believed that they define 

important functional domains (Facchini L.M. et al., 1998). This HLH-Zip domain is a 

dimerization motif; it mediates homotypic or heterotypic dimerization with other HLH-

Zip proteins. The c-Myc dimerization domain was found to be necessary for cellular 

transformation, and the bHLHLZ protein Max was identified as a c-Myc obligate partner 

protein (Blackwood E. M. et al., 1991). 

 

The c-Myc RNA and protein have short half lives (30 min and 20 min, 

respectively) as compared to those of Max (3 hrs and >24 hrs, respectively), and in most 
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systems Myc appears to be the limiting, regulated component of the heterodimer 

(Facchini L.M. et al., 1998). Dimerization of Myc and Max through the HLH LZ domain 

aligns the adjacent basic regions on each molecule to grip onto specific DNA 

hexanucleotide core sequences, termed E boxes (5’-CA[C/T]GTG-3’). Max can also bind 

other bHLH LZ Mad family proteins, which mediates transcriptional silencing. Mad 

levels, as opposed to Myc, increase during differentiation, and decreased expression of 

Mad2 (Mxi-1) protein has been implicated in the development of cancer in a mouse 

model (Zervos A.S. et al., 1993). It is likely that both activation and repression functions 

of Myc are required for neoplastic transformation (Facchini L.M. et al., 1998). The DNA 

bound Myc-Max heterodimer interacts through the Myc N-terminal region with a variety 

of proteins involved in transcription. The Mad-Max complexes, in contrast to Myc-Max 

complexes, recruit histone deacetylases that induce compact chromatin structures, which 

in turn limit access of transcription factors to DNA (Ayer D.E. et al., 1993) (Figure 

1.3.4). 

 
1.3.3  c-Myc REGULATION 
 

The expression of c-Myc was found to be regulated at every possible level: 

transcriptionally (initiation and elongation), post-transcriptionally (mRNA stability and 

translation) and post-translationally (protein stability) (Lusher B. et al., 1990, Kelly K. et 

al., 1983, and Sears R. et al., 1999).  

 

In general, c-Myc expression correlates tightly with the proliferative potential of 

the cell (Henriksson M. et al., 1996). In quiescent cells, c-Myc expression is virtually 

undetectable. Upon mitogen or serum stimulation, there is a rapid and transient burst in 
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both c-myc mRNA and c-Myc protein expression as cells enter the G1 phase, followed by 

a gradual decline to low but detectable steady-state levels in proliferating cells (Campisi 

J. et al., 1984). This induction of c-myc transcription occurs in the absence of de novo 

protein synthesis, indicating that c-myc is an immediate early gene and is directly 

downstream of mitogenic signaling cascades. A variety of overlapping control 

mechanisms cooperate to regulate c-Myc, allowing Myc expression and function to be 

rapidly and efficiently modulated in response to internal and external signals. c-myc RNA 

production is modulated transcriptionally at the level of initiation through mechanisms 

such as the homeostatic Myc negative autoregulation mechanism (Grignani F. et al., 

1990) as well as by transcriptional attenuation. c-Myc expression is also regulated 

posttranscriptionally at the levels of mRNA stability and protein translation.  Indeed, and 

as mentioned earlier, c-myc mRNA and Myc protein are both short-lived molecules with 

half-lives of less than 30 min (Hann S.R. et al., 1984). Therefore, to achieve functional 

Myc activity within the cell, active and continuous synthesis of both c-myc RNA and 

protein is required.  

 

Regulation of c-Myc protein activity also occurs posttranslationally through direct 

and indirect mechanisms. These can potentiate or antagonize Myc activity, and include 

protein phosphorylation as well as interaction with other cellular proteins. Moreover, it 

has been found that c-Myc turnover is regulated in vivo by the ubiquitin proteasome 

pathway (Salghetti S.E. et al., 1999). In many cases, proteins that are targeted for 

degradation by the ubiquitin proteasome pathway are first marked by phosphorylation of 

specific residues, allowing for their recognition by the ubiquitinylation machinery (Karin 
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M. et al., 2000). There are two phosphorylation sites, Threonine 58 and Serine 62, in the 

N-terminus of c-Myc that are conserved across species and in c-Myc family members. 

These sites are particularly interesting as they are serum regulated and fall within a 

mutational hotspot found in c-myc alleles isolated from Burkitt’s lymphomas. Moreover, 

Serine 62 is a target of the Extracellular Receptor Kinase (ERK) and Threonine 58 is 

targeted by Glycogen Synthase Kinase (GSK-3β) (Pulverer B.J. et al., 1994). Thus, 

phosphorylation at both of these sites is regulated by Ras-activated signaling pathways: 

the Raf/MEK/ERK kinase cascade and the Phosphatidylinositol- 3-OH kinase (PI3K)/Akt 

pathway, which negatively regulates GSK-3β (Figure 1.3.5). Analysis of the effects of 

Serine 62 and Threonine 58 phosphorylation on c-Myc protein stability revealed that 

Serine 62 phosphorylation stabilizes c-Myc, while Threonine 58 phosphorylation 

destabilizes c-Myc. In addition, Threonine 58 phosphorylation requires prior 

phosphorylation of Serine 62 (Sears R. et al., 2000). Thus, as depicted in Figure 1.3.5, 

mitogen stimulation of cell proliferation leads to new c-Myc protein synthesis and Ras 

activation. This promotes c-Myc protein stabilization through ERK-mediated 

phosphorylation of Serine 62. Ras activation also prevents the subsequent 

phosphorylation of c-Myc on Threonine 58 by Akt mediated inhibition of GSK-3β, 

further stabilizing c-Myc and increasing c-Myc protein levels. Later in G1 phase of the 

cell cycle, as Akt signaling drops, GSK-3β is reactivated and promotes c-Myc 

degradation by phosphorylating Threonine 58. This dual mechanism allows for precise 

regulation of c-Myc protein levels (Sears R., 2004) (Figure 1.3.5). Thus, phosphorylation 

events that alter c-Myc protein stability appear to play a very prominent role in the proper 

regulation of c-Myc expression levels during stimulation of cell proliferation. Since 
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Serine 62 phosphorylation must occur prior to Threonine 58 phosphorylation, this result 

suggested that a phosphatase could be involved in regulating c-Myc protein stability (Yeh 

E. et al., 2004). Analysis with various inhibitors of known Serine/Threonine 

phosphatases suggested that protein phosphatase 2A (PP2A) might regulate c-Myc 

protein levels. Also, it has been shown that inhibition of PP2A using the chemical 

inhibitor, okadaic acid, the inhibitory siRNA directed against the PP2A catalytic subunit, 

or the simian virus 40 (SV40) small T antigen, which is a potent and specific inhibitor of 

PP2A, can increase c-Myc protein half-life (Yeh E. et al., 2004). Moreover, Sears and 

colleagues have reported that PP2A can interact with the N-terminus of c-Myc and that 

Serine 62 is a direct target for dephosphorylation by PP2A. Therefore, a role for PP2A in 

destabilizing c-Myc is consistent with a number of studies showing that some PP2A 

holoenzymes exhibit tumor-suppressor activity and that inhibition of PP2A contributes to 

some human cancers (Sontag E. et al., 1993, Kawabe T. et al., 1997, and Li M. et al., 

1996). 

 

One other player in the c-Myc degradation pathway is the ubiquitinylation 

machinery that poly-ubiquitinylates c-Myc, targeting it for proteolytic degradation. 

Ubiquitinylation of a target protein involves three enzymatic activities: the E1 ubiquitin 

activating enzyme, which is conserved, the E2 ubiquitin conjugating enzyme that is also 

common to multiple targets, and the E3 ubiquitin ligase, which contains the substrate-

specific recognition subunit (Ciechanover A., 1994). Two recent papers have suggested 

that the F-box protein, Fbw7/hCdc4, is the substrate recognition subunit of a c-Myc E3 

ubiquitin ligase (Yada M. et al., 2004 and Welcker M. et al., 2004). As ubiquitinylation 
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of c-Myc by Fbw7 was shown to be dependent on phosphorylation of Threonine 58, and 

Fbw7 is a known tumor suppressor, it is likely that Fbw7 plays an important role in c-

Myc degradation (Sears R., 2004). 

 

With a better understanding of how c-Myc protein levels are regulated, the 

therapies may be more effective and could be tailored to specific players in the c-Myc 

degradation pathway. 

 
 
1.3.4 c-Myc ROLE IN CANCER DEVELOPMENT 
 

c-Myc is expressed at elevated levels in most tumors (Spencer C.A. et al., 1991). 

In addition, several tumors contain genetic alterations (i.e., translocations, gene 

amplifications and mutations in regulators of c-myc expression), which directly affect 

c-Myc expression (Nesbit C.E. et al., 1999). As Weinberg and coworkers showed in the 

1970s, rat embryo cells could be transformed when c-myc and ras were co-transfected. 

Since then, a variety of models have clearly indicated that c-myc is oncogenic. When 

immortalized rat fibroblasts are engineered to overexpress c-Myc, they acquire the ability 

to grow in soft agar, signifying loss of contact inhibition commonly found in tumor cells. 

Transgenic animals with tissue-targeted expression of c-Myc form tumors in the targeted 

tissues. Also, more recently it has been shown that the conditional induction of c-myc 

transgene in vivo in keratinocytes, mammary epithelial cells or hematopoietic cells can 

lead to reversible proliferation and clonal expansion, a hallmark of neoplasia (Dang C.V., 

1999). Moreover, c-Myc has immortalizing properties as it extends the replicative life 

span of primary human cells, presumably by activating the expression of the htert gene 
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encoding the catalytic subunit of telomerase (Wang J. et al., 1998). Also, the c-myc gene 

is rapidly induced by a variety of mitogens, and its level of expression is generally 

elevated in actively proliferating cells (Dang C.V., 1999). Although a link between c-

Myc and cancer is well established both in vivo and in vitro, the molecular cellular 

mechanisms of c-Myc-mediated transformation are not fully known. It is important; 

however, to distinguish between c-Myc targets induced in normal cell homeostasis versus 

those induced in pathophysiological, neoplastic conditions in which c-Myc is 

overexpressed.  

 

In a study of approximately 1000 breast cancer patients, amplification of c-myc 

was found in 17.1% (Berns E.M. et al., 1992). For comparison, the oncogene HER2/neu 

was amplified in 18.7% of the cases analyzed (Berns E.M. et al., 1992). Another report 

found that a group of patients with a rapid disease reoccurrence (mean disease free time: 

1.4 years) or progression (mean disease free time: 1.4 years) had c-myc amplifications 

with a frequency of 56%, whereas patients with > 6.4 years of disease free survival had a 

frequency of 30% c-myc amplifications. Others have provided evidence that c-myc is in 

fact downstream of the receptor tyrosine kinase HER2/neu, which is commonly subject to 

oncogenic activation in breast cancer (Hynes N.E. et al., 2001).  

 

Moreover, transgenic mice have been generated to target the c-myc gene to the 

mammary glands (Amundadottir L.T., Merlino G. et al., 1996, Nass S.J. et al., 1997). In 

these c-myc transgenic mice, the transgene was expressed at high levels, specifically in 

the mammary and salivary glands of females (Stewart T.A. et al., 1984). Spontaneous 
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carcinomas developped in mammary glands, at a frequency of roughly 50%, at about one 

year of age in the virgin females (Amundadottir L.T.  et al., 1995, 1996 and Rose-

Hellekant T.A. et al., 2000). Males though did not develop the tumors. Multiple 

pregnancies were found to significantly increase the incidence and shorten the tumor 

latency (Stewart T.A. et al., 1984, Amundadottir L.T. et al., 1995, 1996 and Nass S.J. et 

al., 1997), indicating that certain physiological growth stimuli to the mammary gland, 

such as estrogen or progesterone, may serve as promoters of carcinogenesis.  

 

As discussed previously, estrogens play complex roles in mammary gland 

development and carcinogenesis. The roles of estrogens in cell proliferation in their target 

organs are presumably exerted, in part, via a set of estrogen-responsive genes, including 

c-fos, c-jun, and c-myc (Schuchard M. et al., 1993, Hyder S.M. et al., 1994). Many in 

vitro studies and some in vivo experiments (mainly in uterine tissue) have shown that 

expression of c-myc mRNA is induced by treatment of estrogens (Schuchard M. et al., 

1993, Shiu R.P. et al. 1993, Hyder S.M. et al. 1994). However, it remains obscure if and 

how estrogen-ER signaling regulates c-Myc expression in human breast tumors (Miller 

T.L. et al., 1993), as several reports show that overexpression and/or amplification of c-

myc occurs preferentially in ER-negative tumors. Estrogen action on Myc expression will 

be described later in this work. 

 
1.3.5  c-Myc AS A CANCER THERAPEUTIC TARGET 
 
 An advantage of c-Myc as a cancer therapeutic target may be the fact that it is 

downstream of multiple converging signaling pathways, which are affected by mutations 

in a number of different genes in diverse types of cancer. Recent experiments with mice 
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harboring conditional alleles of c-Myc suggest that even a short inactivation of c-Myc 

may be sufficient to stop tumor cell proliferation (Jain M. et al., 2002). Different studies 

have suggested that a decrease in c-Myc activity could potentially inhibit tumor 

progression and may even lead to regression of existing tumors (Jain M. et al., 2002 and 

Bazarov A.V. et al., 2001). Unfortunately, transient side effects are expected after 

inhibition of c-Myc function by systemic treatment since c-Myc is widely expressed in 

regenerating compartments, like the hematopoietic system, epithelial linings of the 

digestive tract and the skin (Hermeking H., 2003). Also, as with other tumor-therapeutic 

approaches, inhibition of c-Myc function in tumors may be problematic because of the 

obstacles that tumors represent for drug-delivery. For example, vascularization is 

generally poor inside a tumor compared to surrounding tissues. A drug specific for the 

Myc protein or gene has to reach the nucleus of the target cell. This limits the approaches 

to small membrane permeable molecules as opposed to antibodies targeted against 

receptor tyrosine kinases, which reside at the cell surface (Hermeking H., 2003). 

 

 The currently conceivable strategies for therapeutically targeting Myc at the level 

of the gene, mRNA, or protein are depicted in Figures 1.3.6 and 1.3.7. One of these 

strategies is the use of Anti-sense DNA Oligonucleotides (aODNs) to target Myc. In fact, 

different studies suggest that the proliferation of different tumor cell lines could be 

inhibited by aODNs (Koster R. et al., 1996, Leonetti C. et al., 2001, Junghans M. et al., 

2000, Zhang Y.M. et al., 2001, and Pastorino F. et al., 2001). Also, Myc can be targeted 

by Anti-sense mRNA and two reports showed that the cells responded to this treatment 

by undergoing apoptosis (Chen J.P. et al., 2001, and  Ebinuma H. et al., 2001). Moreover, 
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the use of triple-helix forming oligonucleotides (inhibition of gene transcription) 

(McGuffie E.M. et al., 2002) or quadruplex-forming oligonucleotides (use of secondary 

DNA structures) have been shown to work effectively to inhibit c-Myc (Simonsson T. et 

al., and Hurley L.H., 2001). Furthermore, Myc can be targeted by either ribozymes 

(Dolnikov A. et al., 1996) or by using RNA interference (Lewis D.L. et al., 2002), both 

strategies leading to apoptosis of the transfected tumor cells. 

 

Also, it may be hard to identify drugs which specifically down-regulate c-myc, 

since a screen based on repression of c-myc would yield a large number of inhibitors of 

upstream mitogenic signaling cascades. Down-regulation of c-myc would only be a 

secondary effect in those cases. Moreover, transformation by c-Myc is dependent upon 

dimerization with the protein Max, since c-Myc/Max heterodimers facilitate binding of c-

Myc to E-boxes in the vicinity of target genes, which mediate oncogenic effects of c-Myc 

(Amati B. et al., 1993). Therefore, another strategy to inhibit Myc functions would be to 

interfere with the dimerization of c-Myc and Max (Figure 1.3.7) (Giorello L. et al., 

1998).  
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Figure 1.3.1: Putative c-Myc target genes. 
(Dang C.V., 1999) 
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Figure 1.3.2: Links between c-Myc, selected putative target genes, cellular functions, 
and cell growth. 

(Dang C.V., 1999) 
 

This diagram illustrates the complexity of the connections between c-Myc and its 
putative target genes, which are shown clustered according to their functions. The various 
cellular functions cooperate to promote cell growth. It should be noted that this diagram 
does not reflect the controversies over the authentication of the various target genes. 
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Figure 1.3.3: Structure of the human c-Myc protein including major functional 
domains and sites of phosphorylation (triangles). 

(Facchini L. M., et al. 1998) 
 

The aa region from 1–143 corresponds to the transactivation domain. Regions of the c-
Myc protein required for Myc biological and transcription activity are indicated above the 
protein; regions involved in binding to cellular proteins are shown below. The broken line 
indicates that the domains required for Myc-mediated transcriptional repression are not 
yet well defined. Binding proteins that promote Myc function are shown in light grey and 
antagonists of Myc activity are shown in dark gray. BR, basic region (aa 355–367); HLH, 
helix-loop-helix (aa 368–410); Zip, leucine zipper (aa 411–439); MbI, Myc box I (aa 45–
63); MbII, Myc box II (aa 129–141); NLS, nuclear localization signal.  

 

 

 

 

 

 

 



 

 

45

 

 

 

 

 

 

 

Figure 1.3.4: Models of c-Myc/Max and Mad/Max in transcriptional regulation. 
(Dang C.V., 1999) 

The c-Myc/Max heterodimer is shown at the top tethered to the E box 59-CACGTG-39. 
c-Myc contacts TBP, although the molecular mechanisms involved in c-Myc 
transactivation are not known. The bottom diagram depicts the association of the 
Mad/Max heterodimer with the E box, as well as with mSin3, N-Cor, and histone 
deacetylase (HDAC). HDAC deacetylates histones, causing the locking of nucleosomal 
DNA and, consequently, inhibition of transcription. POL, polymerase. 
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Figure 1.3.5: Phosphorylation events control c-Myc protein stability. 

(Sears R., 2004) 
 
 

(A) Signaling pathways that regulate c-Myc phosphorylation and accumulation. (B) c-
Myc protein accumulation profile in response to serum stimulation. ERK-mediated 
phosphorylation contributes to the rapid increase in c-Myc protein levels in early G1 
while GSK-3β activation in late G1 leads to the downregulation of c-Myc. Effects of 
ERK inhibition and dominant negative GSK-3β (GSK3DN) on c-Myc accumulation are 
shown with dashed lines. 
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Figure 1.3.6: Strategies for inhibition of c-Myc expression. 
(Hermeking H., 2003) 

Map of the human c-myc gene depicting the pharmacological strategies for inhibition of 
c-myc expression described in the text. Transcription start sites are shown as arrows. 
Closed boxes represent exons. The 2 alternative start codons for the p67 and p64 c-MYC 
proteins are indicated by CTG and ATG, respectively. Similar strategies may apply to the 
N-myc gene. 
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Figure 1.3.7: Pharmacological targeting of the c-Myc protein. 
(Hermeking H., 2003) 

Attractive points for pharmacological interference are depicted by crossed circles. Berg et 
al. identified a small molecule inhibitor of the MYC/MAX heterodimerization. The other 
points of interference proposed in this figure represent attractive pharmacological targets 
for future investigation. The p21 and p15 genes are examples of c-MYC-repressed genes, 
whereas cdk4 and htert are c-MYC-induced genes. The arrows at the promoters indicate 
the outcome of the suggested treatments. The MYC, MAX and MIZ-1 proteins are shown 
as rectangles, with the basic region/helix-loop-helix/leucine zipper motif (BR-HLH-LZ) 
in different patterns. Transcriptional co-factors (TRRAP, TIP48/49, BAF53 etc.) or 
enzymatic activities (HAT (histone acetyltransferase), helicase) associated with the c-
MYC N-terminus are shown as a black circle. A typical c-MYC DNA-binding site (E-
box) is depicted as “CACGTG”. An initiator element (INR) is represented in the p21 and 
p15 genes. Similar strategies may apply to the N-MYC protein. 
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MATERIALS AND METHODS 
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2.1 CELLS, CELL CULTURE CONDITIONS AND TRANSFECTION  

 MCF-7 cells were obtained from the American Type Culture Collection and were 

maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% bovine calf 

serum.  Transfections for the siRNA were performed using a siRNA Kit (Cell Signaling) 

according to the vendor’s instructions. Transfection efficiency (routinely in excess of 

70%) was determined by transfection of the control siRNA (Cell Signaling), which 

expressed green fluorescent protein. Transient transfections of the PLD2 or mTOR 

plasmids were performed using Lipofectamine 2000 (Invitrogen) according to the 

vendor’s instructions. Transfection efficiency was determined by transfection of pEGFP-

C1 (Clonetech), which expresses green fluorescent protein (GFP). The percentage of 

green cells was determined microscopically and was in excess of 75%. 

 

2.2 MATERIALS 

Rapamycin was obtained from Sigma-Aldrich, wortmannin as well as 

cycloheximide, lactacystin and okadaic acid were obtained from Calbiochem. Polyclonal 

antibodies to poly-(ADP-ribose) polymerase (PARP) (human specific), Akt, 

phosphorylated Akt (Ser 473), ribosomal subunit S6-kinase (S6-kinase), phosphorylated 

S6-kinase (Thr 389), 4E-BP1 and phosphorylated 4E-BP1 (Thr 37/46) were obtained 

from Cell Signaling Technology as well as the Polyclonal antibodies to phosphorylated 

Myc (Thr58), GSK-3β and phosphorylated GSK-3β (Ser9). Antibodies to Myc and Actin 

were obtained from Santa Cruz Biotechnology. [3H]-myristic acid was obtained from 

New England Nuclear. The antibody to phosphorylated Myc (Ser62) was obtained from 

Anaspec, and a polyclonal rabbit anti-ubiquitin antibody was obtained from Dako. 
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2.3 RNA ANALYSES 

Total RNA was isolated using the RNAqueous commercial kit (Ambion) 

following the manufacturer’s protocol. Three to five µg of total RNA/sample were run on 

a 0.8% agarose gel and transferred to nylon membrane for Northern blot analyses. A 2.1 

Kbp NotI-SalI genomic fragment of human c-myc gene (ATCC) coding region was used 

as a probe for the mRNA product of the transgene. To normalize for variations in sample 

loading, blots were stripped and reprobed with a probe to 18 S rRNA (Ambion). All 

probes were labeled with [α-32P] nucleotides using the random primers method 

(Invitrogen). Transgene mRNA signals were normalized to the loading control signal and 

quantified by PhosphorImager analysis (Molecular Dynamics).  

 

2.4 PLASMIDS 

The PcDNA3.1 control plasmid was obtained from Invitrogen. The plasmid 

expression vector for PLD2 (pCGN-PLD2) (Colley W.C. et al., 1997) was a generous 

gift of Dr. Michael Frohman (SUNY-Stony Brook). pcDNA3.1-PLD2, containing a 

neomycin resistance gene, was constructed by excising the PLD2 sequence from pCGN-

PLD2 with XbaI and SmaI and then inserting it into the XbaI and EcorV sites in 

pcDNA3.1. Cells were then selected with G418 sulfate over a period of 15 days. Pools of 

clones were then collected and used for experiments. pcDNA3.1-mTOR expression 

plasmids encoding WT, kinase-dead (KD; Asp2338Ala) rat mTOR (Brunn G.J. et al., 

1997) were kindly provided by Robert Abraham (Burnham Institute, San Diego, Calif.).  
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2.5 CELL VIABILITY AND APOPTOSIS ASSAYS 

Cell viability was determined by trypan blue exclusion. After various treatments, 

cells were harvested, washed and treated with trypan blue at a concentration of 0.4% w/v.  

After 10 min, trypan blue uptake (dead cells) was determined by counting on a 

hemocytometer. Apoptosis was ascertained by cleavage of the caspases 3 and 7 substrates 

PARP as described previously (Zhong M. et al., 2003, and Chen Y. et al., 2003).   

 
2.6 IMMUNOPRECIPITATION 

 The cells were washed twice with ice-cold phosphate-buffered saline and scraped 

into the modified radioimmune precipitation assay buffer: 50 mM Tris-HCl (pH 7.6), 1% 

Igepal CA-630, 0.25% sodium deoxycholate, 150mM NaCl, 10mM MgCl2, 1 mM 

EDTA, 1 mM Na3VO4, 1 mM NaF, and 1X protease inhibitor mixture consisting of 

0.5mM AEBSF (4-(2-aminoethyl)benzenesulfonyl fluoride), 1 µM leupeptin, 0.15 µM 

aprotinin, and 1 µM protease inhibitor E-64. The cells were then incubated at 4 °C for 25 

min by gentle rocking, sonicated for 20 s on ice, and centrifuged at 12,000 X g at 4 °C for 

10 min. The supernatant was precleared with protein G-Sepharose 4 Fast Flow beads 

(Amersham Biosciences), and 500 µg of the precleared proteins was adjusted to a volume 

of 500 µl in modified radioimmune precipitation assay buffer and then incubated with the 

antibody for overnight. The immunocomplex was captured by incubation with 50 µl of 

protein G-Sepharose 4 Fast Flow bead slurry and collected by centrifugation at 12,000 x g 

for 20 s at 4 °C. The beads were washed three times with modified radioimmune 

precipitation assay buffer and once with wash buffer (50 mM Tris, pH 7.6) and then 

subjected to Western blot analysis.  
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2.7 WESTERN BLOT ANALYSIS 

Extraction of proteins from cultured cells was performed as previously described 

(Lu Z. et al., 2000; Chen Y. et al., 2003). Equal amounts of protein were subjected to 

SDS-PAGE using a 10% acrylamide separating gel, transferred to nitrocellulose 

membranes (Osmosis), membrane filters were then blocked for one hour at room 

temperature with 5% non-fat dry milk in isotonic phosphate-buffered saline (PBS: 136 

mM NaCl, 2.6 mM KCl, 1.4 mM KH2PO4, 4.2 mM Na2HPO4) with 0.05% Tween 20 

and then incubated with the appropriate antibodies diluted in 5% non-fat dry milk as 

described in the text. Depending upon the origin of the primary antibodies, either anti-

mouse or anti-rabbit IgG was used for detection using the ECL system (Amersham). 

 
2.7 PHOSPHOLIPASE D ASSAYS   

PLD activity was measured by the ability of cells to convert the metabolically 

labeled [3H]-PC into PBt in the presence of exogenously provided 1-BtOH. Cells were 

grown in 60 mm culture dishes to confluency and made quiescent as described above.  

These quiescent cells were labeled for 4-6 hr with [3H]-myristate (40 Ci/mmol) at final 

concentration of 1 µCi/ml, and followed by 15 min of incubation with 1% (v/v) 1-BtOH.   

Afterwards, cells were placed on ice, washed twice with cold PBS and collected in 0.5 ml 

of methanol / 6 M HCl (50:1, v/v). Lipids were extracted by adding 0.5 ml of chloroform.  

Phase separation was achieved by the addition of 155 µl of 1 M NaCl and the organic 

phase was recovered after centrifugation. This was followed by reextraction through the 

addition of 350 µl H2O, 115 µl of 1 M NaCl and 115 µl methanol. An aliquot of the 

obtained organic phase was counted in a liquid scintillation counter and the volume of 

each sample that had the same intensity of radioactivity was calculated according to the 
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readings. Lipids containing an equal amount of radioactivity were then dried under a 

stream of nitrogen and redissolved in 50 µl of chloroform / methanol (9:1, v/v). Samples 

were then spotted on a precoated silica (60A) plates and separated by thin layer 

chromatography (TLC) with a solvent system of ethylacetate/trimethylpentane/acetic 

acid/H2O (9:5:2:10, v/v, upper layer). The transphosphatidylation product PBt was 

visualized by autoradiography of the TLC plates and the films were scanned in a 

densitometer for quantification. 
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CHAPTER III 

 

 

SURVIVAL SIGNALS GENERATED BY ESTROGEN AND 

PHOSPHOLIPASE D IN MCF-7 BREAST CANCER CELLS ARE 

DEPENDENT ON MYC. 
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3.1 INTRODUCTION 

A role for estrogens in the development of breast cancer has been indicated for 

over a century. It was demonstrated in 1896 that breast cancer remission could be 

induced by removal of the ovaries in a subset of breast cancer patients (Beatson G., 

1896). Although not originally understood, the observed effects were the result of 

eliminating the primary source of estrogen in pre-menopausal woman. The effectiveness 

of anti-estrogen therapies such as tamoxifen and aromatase inhibitors in the prevention of 

breast cancer (Johnston S.R. et al., 2003, and Jordan V.C. et al, 2004) also supports a 

critical role for estrogens in the promotion of breast cancer. The very low incidence of 

breast cancer in men is also consistent with a role for estrogens. 

 

The role that estrogens, predominantly 17-β-estradiol (E2), play in the 

development of breast cancer is largely that of a tumor promoter - substances that do not 

directly lead to the mutations that convert a normal cell to a cancerous one. Tumor 

promoters typically stimulate the proliferation of cells that have acquired an activating 

mutation that facilitates the amplification of these “initiated” cells (Hennings H. et al., 

1993). One component of tumor promotion is the suppression of default apoptotic 

programs that are activated in cells with inappropriate growth signals or damaged 

genomes (Hanahan D. et al., 2000). In this regard, it is of significance that E2 has been 

shown to suppress apoptosis in the estrogen receptor (ER) positive breast cancer cell line 

MCF-7 (Ahamed S. et al., 2001, Fernando R.I. et al., 2004, Huang Y., 1997, 

Teixeira C. et al., 1995).  
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Breast epithelial cells typically express the ER in 15-25% of the cells of normal 

resting breast epithelia, whereas most (70%) breast cancers are ER positive (Ali S. et 

al., 2002). These data indicate that in the development of breast cancer there is a selection 

for breast epithelial cells that express the ER. The apparent selection of ER positive 

breast epithelial cells in breast cancer further implicates estrogen in the development of 

breast cancer.  Interestingly, most breast cancer cell lines are ER negative, indicating that 

the selection of breast cancer cell lines in culture involves the loss of estrogen 

responsiveness, a hallmark of poor prognosis in breast cancer (Sommer S. et al., 2001). 

Thus, while breast cancers are still dependent upon estrogen, the tumors remain less 

aggressive. Gaining estrogen independence apparently provides a means for a tumor to 

become more aggressive. 

 

The ability to gain independence from estrogen likely involves the activation of 

signals that lead to the suppression of apoptosis that was provided by estrogen. A 

candidate for replacing the estrogen-dependent suppression of apoptosis is 

phospholipase D (PLD), which is commonly elevated in breast cancer tissues (Noh D.Y. 

et al., 2000, and Uchida N. et al., 1997) and in breast cancer cell lines (Chen Y. et al., 

2003, and Zhong M. et al., 2003). PLD was also shown to provide a survival signal in the 

ER negative breast cancer cell line MDA-MB-231 (Chen Y. et al., 2005, and Zhong M. et 

al., 2003). PLD cooperates with tyrosine kinases to transform rat fibroblasts (Hornia A. et 

al., 1999, Joseph T. et al., 2001, and Lu Z. et al., 2000), suppresses apoptosis induced by 

high intensity Raf signaling (Joseph T. et al., 2002), and prevents upregulation of the 

tumor suppressor p53 (Hui L. et al., 2004). Thus, PLD is a good candidate oncogene in 
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cancers where elevated tyrosine kinase signaling is common – such as breast cancer.  

Elevated expression of tyrosine kinases such as the epidermal growth factor (EGF) 

receptor, Her2/Neu, and c-Src are commonly observed in breast cancer (Biscardi J.S. et 

al., 1999). 

 

These studies suggest that elevated PLD activity in breast cancer could provide 

survival signals that could allow an emerging breast cancer to progress to estrogen 

independence. Consistent with the hypothesis that PLD could generate survival signals, 

phosphatidic acid, the metabolite of PLD activity has been shown to target mTOR (Chen 

Y. et al., 2003, Fang Y. et al., 2001, and Fang Y. et al., 2003), which has long been 

implicated in signals that suppress apoptosis and promote survival (Foster D.A., 2004, 

Schmelzie T. et al., 2000, and Vivanco I. et al., 2002).   

 

In this section, we have investigated the ability of E2 to suppress apoptosis in the 

ER positive MCF-7 human breast cancer cell line. We provide evidence that an mTOR- 

and PLD-dependent activation of Myc is necessary for the suppression of apoptosis by 

E2 and that elevated PLD activity in these cells provides an estrogen independent 

survival signal.    
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3.2 RESULTS 

3.2.1 E2 ENHANCES PROLIFERATION AND SURVIVAL OF MCF-7 CELLS IN 

THE ABSENCE OF SERUM 

It was previously reported that MCF-7 cells, which are ER positive (Lacroix M. et 

al., 2004), undergo apoptosis when deprived of serum; whereas, MDA-MB-231 breast 

cancer cells, which are ER negative (Lacroix M. et al., 2004), survived under these 

conditions (Chen Y. et al., 2005). After 1 day in the absence of serum, approximately 

25% of MCF-7 cells lose viability and if maintained in the absence of serum, the 

percentage of non-viable cells goes to 68% at 5 days (Figure 3.2.1A). As shown in Figure 

3.2.1B, there are corresponding increases in the cleavage of the caspase 7 substrate PARP 

indicating that the loss of cell viability was due to apoptotic cell death. Estrogens have 

been widely implicated in the proliferation of breast epithelial and human breast cancer 

cells (Foster J.S. et al., 2001, and Foster J.S. et al., 2003). Moreover, E2 has been 

reported to suppress apoptosis (Ahamed S. et al., 2001, Fernando R.I. et al., 2004, Huang 

Y., 1997, Perillo B. et al., 2000, and Teixeira C. et al., 1995). We therefore examined the 

effect of E2 on the proliferation and survival of MCF-7 cells deprived of serum. As 

shown in Figure 3.2.1C, there was a significant increase in the number of cells 

maintained in the presence of E2 relative to the untreated control cells. Significant 

differences in cell number between the E2 treated and untreated cells could be detected at 

the 5 day point where apoptosis was observed in Figures 3.2.1A and 3.2.1B. 
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Figure 3.2.1: E2 enhances proliferation and survival of MCF-7 cells in the absence 
of serum. (A) MCF-7 cells were plated at 2x104 cells/60-mm culture dish in DMEM with 
10% bovine calf serum. After 24 h, the medium was changed to phenol red-free DMEM 
with either 0% or 10% charcoal dextran-treated serum as indicated. Both adherent and 
non-adherent cells were harvested at either 1 or 5 days of treatment, at which time the 
percentage of nonviable cells was determined by trypan blue exclusion. (B) MCF-7 cells 
were treated as in panel A, and lysates were prepared and analyzed for the level of PARP 
protein by Western blot analysis. Blots were stripped and reprobed with an antibody to 
actin as a loading control. The upper band represents uncleaved PARP, and the lower 
band represents cleaved PARP. (C) MCF-7 cells were plated as in panel A, and after 24 h 
(day 0) the medium was changed to phenol red-free DMEM depleted of serum. Ethanol 
(0.1%) as the control or E2 (2 nM) was then added, cells were harvested at the indicated 
time points, and cell number was determined. Medium with and without E2 was 
replenished every 48 h. Error bars in panels A represent the standard deviations for three 
independent experiments. Experiments in panels B, C are representative of three 
independent experiments. 
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We next examined the effect of E2 on cell viability and PARP cleavage in MCF-7 

cells deprived of serum for 1 or 5 days. E2 increased cell viability (Figure 3.2.1D) and 

suppressed PARP cleavage (Figure 3.2.1E). The effect of E2 was observed at 5 days 

where the percentage of non-viable cells dropped from 68% to less than 25% in the 

presence of E2.  These data indicate that E2 generates signals that allow MCF-7 cells to 

survive in the absence of serum.   

 

 

Figure 3.2.1. (Continue) (D) MCF-7 cells were plated and treated as in panel C. Cells 
were harvested and analyzed as in panel A. (E) Lysates from MCF-7 cells treated as in 
panel D were analyzed for PARP cleavage as in panel B. Error bars in panels D represent 
the standard deviations for three independent experiments. Experiments in panels E are 
representative of three independent experiments. 
 

3.2.2 E2 STIMULATES A DELAYED SUSTAINED ELEVATION IN MYC 

EXPRESSION 

Myc expression has been strongly correlated with survival signals (Pelengaris S. 

et al., 2002). A transient induction of Myc by E2 has been reported to occur within 30 

min after E2 treatment (Dubik D. et al., 1992), and a second phase at 24 hr (Santos G.F. 
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et al., 1988). However, as indicated in Figure 3.2.1, the effects of E2 on the survival of 

MCF-7 cells are not apparent until 5 days after treatment. We therefore examined the 

expression of Myc in response to E2 over the 5-day time course where the survival 

effects of E2 on MCF-7 cells were observed. As shown in Figure 3.2.2A, there was a 

short-term transient increase in Myc expression in response to E2 as reported previously 

(Dubik D. et al., 1992). There was also a corresponding increase in Myc RNA (Figure 

3.2.2B). However, as shown in Figure 3.2.2C, there was a large stable increase in Myc 

expression that could be detected at 2 days and was increased at 5 days where the 

survival effects of E2 become apparent. Interestingly, there was no increase in myc 

mRNA levels during this time (Figure 3.2.2D). 

 

 
 
Figure 3.2.2: E2 stimulates elevated expression of Myc. MCF-7 cells were plated as 
for Figure 3.2.1 and placed in phenol red-free DMEM with 0% serum for 24 h. E2 (2 nM) 
was then added, and the cells were collected at the indicated times. Lysates were prepared 
and analyzed for the levels of Myc protein by Western blot analysis (A and C). Blots 
were reprobed with an antibody to actin to control for loading. (B and D) Northern blots 
analysis of the indicated samples were run using a c-myc probe. An 18S rRNA probe was 
used as a loading control. The experiment shown is representative of at least two 
independent experiments. 
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3.2.3. SUPPRESSION OF MYC EXPRESSION BLOCKS THE SURVIVAL 

EFFECTS OF E2 

To determine if elevated Myc expression was required for the survival effects of 

E2, we treated the MCF-7 cells with Myc siRNA. MCF-7 cells were subjected to serum 

withdrawal in presence of E2 for 3 days at which time Myc siRNA and control siRNA 

were introduced by transient transfection. Cell viability and PARP cleavage were 

examined 48 hr later, which was at the 5-day time point of E2 treatment where the 

increased Myc expression was maximal and the survival effect was most apparent. As 

shown in Figure 3.3, Myc siRNA blocked E2 mediated cell survival (Figure 3.2.3A) and 

reversed the suppression of PARP cleavage (Figure 3.2.3B). The level of Myc protein 

was also examined and as shown in Figure 3.2.3C, Myc expression was very efficiently 

blocked by the Myc siRNA. These data indicate that Myc expression is required for the 

survival signals generated by E2.   
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Figure 3.2.3: Suppression of Myc expression blocks the survival effects of estrogen. 
(A) MCF-7 cells were plated as in Figure 3.2.1, and 24 h later, the medium was changed 
to phenol red-free DMEM without serum containing E2 (2 nM). Seventy-two hours later, 
the cells were transiently transfected with Myc siRNA vector and the control siRNA 
vector. Forty-eight hours later, the cells were harvested, at which time the percentage of 
nonviable cells was determined by trypan blue exclusion. Error bars represent the 
standard deviations for three independent experiments. Transfection efficiency was 
determined by the percentage of green cells in the control siRNA culture, which 
expressed the green fluorescent protein, and was routinely in excess of 70%. MCF-7 cells 
from panel (A) were also analyzed for PARP cleavage (B) and Myc expression (C) as in 
Figure 3.2.1. Blots were reprobed with an actin antibody to control for loading. 
Experiments shown are representative of three independent experiments. 
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3.2.4. E2-INDUCED INCREASES IN MYC EXPRESSION ARE DEPENDENT ON 

BASAL LEVELS OF MTOR ACTIVITY IN MCF-7 CELLS 

Although E2 has been reported to elevate Myc at the transcriptional level (Dubik 

D. et al., 1992), Myc expression has also been reported to be dependent upon mTOR (the 

mammalian target of rapamycin), which regulates the translation of Myc RNA into Myc 

protein (West M.J. et al., 1998). We therefore examined the effect of rapamycin on E2-

induced cell survival and Myc expression. As shown in Figure 3.2.4, rapamycin reversed 

the E2-induced increase in cell survival (Figure 3.2.4A) and suppression of PARP 

cleavage (Figure 3.2.4B). Rapamycin also inhibited the E2-induced increase of Myc 

expression seen at 5 days (Figure 3.2.4C). We also examined the effect of E2 and 

rapamycin on the phosphorylation of the mTOR substrate S6-kinase. As expected, 

rapamycin suppressed phosphorylation of S6-kinase (Figure 3.2.4D). Somewhat 

surprisingly, E2 did not elevate S6-kinase phosphorylation, indicating that the E2-

induced increase in Myc expression was not due to an effect upon mTOR. These data 

indicate that Myc expression induced by E2 is dependent upon basal levels of mTOR and 

further implicate Myc expression in E2-induced survival signals.  
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Figure 3.2.4: Survival signals generated by E2 are sensitive to rapamycin. (A) MCF-
7 cells were plated as described for Figure 3.2.1 and placed in phenol red-free DMEM 
without serum after 24 h, along with either E2 (2 nM) or ethanol (0.1%) as the control. 
Ninety-six hours later (day 4) rapamycin (Rap) (20 nM) was added where indicated, cells 
were harvested 24 h later, and cell viability (A), PARP cleavage (B), and Myc levels (C) 
were determined as for Figure 3.2.3. Blots were reprobed with an actin antibody to 
control for loading. (D) Lysates were also analyzed for phosphorylated S6-kinase (P-S6K) 
and total S6-kinase (S6K) as a control for loading. Error bars in panel A represent the 
standard deviations for three independent experiments. Data in panels B, C, and D are 
representative of three independent experiments. 
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  mTOR is activated in response to signals generated by phosphatidylinositol-3-

kinase (PI3K) (Schmelzie T. et al., 2000) and PLD (Chen  Y. et al. , 2005). We therefore 

examined the requirement for PI3K and PLD in the E2 stimulated increase in cell 

survival, suppression of PARP cleavage and increased Myc expression. We used 

wortmannin to inhibit PI3K and primary alcohol (1-butanol) to block the production of 

phosphatidic acid by PLD. As a control for the primary alcohol, we used a tertiary 

alcohol (t-butanol), which does not interfere with PLD activity (Shen Y. et al., 2001). 

The inhibitors were added either on day 4 (wortmannin) or on day 5 (alcohol) after the 

cells had been subjected to serum withdrawal. Cell viability, PARP cleavage, and Myc 

expression were examined 24 hr after the addition of wortmannin or 6 hr after addition of 

the alcohols.  

As shown in Figure 3.2.5, the effect of E2 on cell viability (Figure 3.2.5A), PARP 

cleavage (Figure 3.2.5B), and Myc expression (Figure 3.2.5C) was reversed by both 

wortmannin and 1-butanol.  t-butanol did not interfere with the effects of E2. We also 

examined the effect of 1-butanol and wortmannin on the phosphorylation state of S6-

kinase, and as shown in Figure 3.2.5D, both 1-butanol and wortmannin suppressed the 

phosphorylation of S6-kinase in the E2-treated MCF-7 cells. To further establish that E2 

induced cell survival and Myc expression was dependent upon PLD and mTOR, we 

employed catalytically inactive dominant negative mutants of PLD and mTOR. As shown 

in Figure 3.2.5E, the dominant negative PLD2 and mTOR reduced cell viability and 

increased PARP cleavage in E2-treated MCF-7 cells. These data further indicate a 

dependence on PLD and mTOR for E2-induced survival signals. 
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Figure 3.2.5: Survival signals generated by E2 are dependent on PI3K and PLD. 
MCF-7 cells were prepared as for Figure 3.2.4 and placed in serum-free, phenol red-free 
DMEM with or without E2 (2 nM) as indicated. Ninety-six hours later (day 4), 
wortmannin (Wort) (100 nM) was added as indicated. Twenty-four hours later the cells 
were treated with either the primary alcohol 1-butanol (1BtOH) or the tertiary alcohol t-
butanol (3BtOH, tBtOH) (0.8%) as indicated for an additional 6 h. At this point, the cells 
were harvested and cell viability (A), PARP cleavage (B), Myc levels (C), and 
phosphorylated S6 kinase (PS6K) (D) were determined as for Figure 3.2.4. (E) MCF-7 
cells were placed in serum-free, phenol red-free DMEM containing 2 nM E2. Three days 
later the cells were transiently transfected with either control empty vector or vector that 
expresses a catalytically inactive PLD2 (PLD2m), wild-type mTOR (mTOR WT), or a 
kinase-dead mTOR mutant (mTOR KD). Cell viability and PARP cleavage were 
determined 2 days later as for panel A. Error bars in panels A and E represent the 
standard deviations for three and two independent experiments, respectively. 
Experiments shown in panels B, C, and D are representative of three independent 
experiments. 
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The data in Figures 3.2.4 and 3.2.5 showed that while E2-induced survival was 

dependent upon mTOR signals, E2 apparently did not increase mTOR activity. To further 

establish this, we examined the effect of E2 on the mTOR activating signals of PI3K and 

PLD. To examine PI3K activity, we looked at the phosphorylation state of Akt, which 

gets phosphorylated when PI3K is activated (Vivanco I. et al., 2002). As shown in Figure 

3.2.6A, E2 did not increase phosphorylation of Akt at 5 days. PLD activity was measured 

directly using the transphosphatidylation reaction (Shen Y. et al., 2001), and as shown in 

Figure 3.2.6B, E2 had no effect upon PLD activity. In contrast, EGF was able to increase 

both Akt phosphorylation and PLD activity in the MCF-7 cells (Figures 3.2.6A and 

3.2.6B). These data, like the data in Figure 3.2.5D; indicate that E2 does not elevate the 

activity of either mTOR or its upstream regulators PI3K and PLD. The implication being 

that basal levels of mTOR activity are required for elevated Myc expression and survival 

signals generated by E2.  

 

Figure 3.2.6: Effect of E2 on Akt phosphorylation and PLD activity. MCF-7 cells 
were prepared as for Figure 3.2.4 and placed in serum-free, phenol red-free DMEM with 
or without E2 (2 nM) as indicated. As a positive control, cells were also treated with EGF 
(100 ng/ml) where indicated. The cells were harvested 5 days later, and lysates were 
analyzed for the level of phosphorylated Akt and Akt protein by Western blot analysis 
(A). To determine the PLD activity, 0.8% 1-butanol was added at the 5-day time point, 
and the transphosphatidylation product phosphatidylbutanol was characterized 4 h later 
(B). Data shown are representative of three independent experiments. Error bars represent 
the standard deviations for three independent experiments. 
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3.2.5. ELEVATED  EXPRESSION OF PLD2 IN MCF-7 CELLS INCREASES MYC 

EXPRESSION AND CONFERS ESTROGEN-INDEPENDENT SURVIVAL SIGNAL 

Increasing PLD activity can lead to increased mTOR activity (Chen Y. et al., 

2003 and Fang Y. et al., 2003), and elevated levels of PLD activity have been reported in 

several human cancers including breast (reviewed in Foster D.A. et al., 2003). We 

reported previously that highly elevated PLD activity in the ER negative human breast 

cancer cell line MDM-MB-231 provides an mTOR-dependent survival signal (Chen Y. et 

al., 2005). We therefore stably introduced the PLD2 gene, which is tolerated by cells 

much better than PLD1 (Joseph T. et al , 2001), into the MCF-7 cells (MCF-7 P2 cells) in 

order to determine whether elevating the level PLD activity in the MCF-7 cells could 

provide an estrogen-independent survival in these cells when deprived of serum. The 

levels of PLD activity and protein in the MCF-7 empty vector control and the MCF-7 P2 

cells were evaluated, and as shown in Figure 3.2.7A, the MCF-7 P2 cells had more than 

25 fold more PLD activity than the parental vector-transfected MCF-7 cells. We then 

examined the ability of these cells to survive in the absence of serum. As shown in Figure 

3.2.7B, the MCF-7 P2 cells were more resistant than the MCF-7 cells to the apoptosis 

induced by serum withdrawal. However, E2 was still able to enhance survival of these 

cells indicating that elevated PLD activity alone may not provide the same degree of 

protection from apoptosis as that provided by E2. In Figure 3.2.7C, it is shown that the 

MCF-7 P2 cells have elevated Myc expression relative to the vector control MCF-7 cells. 

The elevated PLD activity did not have any effect on the level of myc mRNA (Figure 

3.2.7D). The dependence of survival on Myc expression was examined using Myc siRNA 

to suppress Myc expression in the MCF-7 P2 cells. As shown in Figure 3.2.7E, the Myc 
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siRNA suppressed Myc expression and reversed the survival effects of PLD2 on the 

MCF-7 cells. This experiment was problematic in that the introduction of control siRNA 

into cells that were already under the stress of serum withdrawal increased the basal 

apoptosis to around 60%. However, in the cells that received the Myc siRNA, 100% of 

the cells underwent apoptosis (Figure 3.2.7E). If E2 was provided during the transfection, 

the results with the MCF-7 P2 cells were quite dramatic, in that virtually all of the cells 

receiving the control siRNA survived, whereas close to 100% of those that received the 

Myc siRNA underwent apoptosis (Figure 3.2.7E). These data indicate that elevated PLD 

activity provides a Myc-dependent survival signal in MCF-7 cells that, at least partially, 

overcomes E2 dependence. 
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Figure 3.2.7: Elevated expression of PLD2 in MCF-7 cells increases Myc expression 
and confers an estrogen-independent survival signal. (A) MCF-7 P2 and control 
MCF-7v cells were generated as described in Materials and Methods. Cells were plated in 
DMEM with 10% serum and switched to DMEM with 0.5% serum after 24 h. PLD 
activity and protein levels were then determined by transphosphatidylation and Western 
blotting, respectively. (B) MCF-7v cells and MCF-7 P2 cells were prepared as for Figure 
3.2.4 and placed in serum-free, phenol red-free DMEM with or without E2 (2 nM) as 
indicated. Cells were harvested after 5 days of treatment, at which time the percentage of 
nonviable cells and PARP cleavage were determined as for Figure 3.2.4. Myc protein (C) 
and RNA (D) levels in the MCF-7v cells and MCF-7 P2 cells were determined as for 
Figure 3.2.2. (E) The effects of Myc siRNA on cell viability, PARP cleavage, and Myc 
expression in the MCF-7 P2 cells were determined in the presence and absence of E2 as 
described for Figure 3.2.3. All experiments shown are representative of three independent 
experiments. 
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3.3 DISCUSSION 
 

In this section, we have provided evidence that E2 provides a survival signal in 

the ER positive MCF-7 breast cancer cell line that is dependent upon a delayed increase 

in Myc expression. The E2 survival signal was also dependent upon basal levels of 

mTOR and its upstream regulators PI3K and PLD. Stable expression of PLD2 in MCF-7 

cells provided an E2 independent survival signal that was also dependent upon elevated 

Myc expression. The key contributor to the survival of MCF-7 cells deprived of serum is 

apparently Myc expression.  In this regard, it is of interest that E2 induced two phases of 

Myc expression, a short transient induction involving transcriptional activation as 

reported previously (Dubik D. et al., 1992 and Santos G.F. et al., 1988), and in addition, 

a large sustained induction that begins 2 to 3 days after treatment that did not involve an 

increase in myc RNA levels. Suppression of Myc expression reversed both E2 and PLD-

dependent survival signals. 

 

Activation of Myc has been reported to be dependent upon mTOR-dependent 

translation (West M.J. et al., 1998). We demonstrated here that the E2-induced increase 

in Myc expression is dependent upon mTOR and two upstream activators of mTOR, 

PI3K and PLD. However, E2 did not increase mTOR, PI3K or PLD activity, indicating 

that only basal levels of mTOR activity were required for the E2 effects on Myc 

expression and cell survival. These data indicate that the delayed E2-induced increase in 

Myc expression is probably not dependent on increased translation. Since the increased 

Myc expression is apparently not dependent upon an increase in RNA levels or increased 

translation, it is most likely dependent upon increased stabilization of Myc protein.  
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Stabilization of Myc protein is regulated through the ubiquitin-proteasome pathway (Yeh 

E. et al., 2004). The stabilization of Myc protein involves complex phosphorylation and 

dephosphorylation steps involving Erk, GSK-3β and protein phosphatase 2A (Yeh E. et 

al., 2004). At this point it is not clear how E2 impacts on this pathway. E2 action on this 

pathway will further be decribed in the next chapter. The introduction of PLD2 into 

MCF-7 cells led to increased PLD activity and increased Myc expression which was also 

independent of an increase in Myc mRNA levels; however elevated PLD activity does 

increase S6-kinase phosphorylation (Chen Y. et al., 2005, Hui L. et al., 2004) and 

therefore could be enhancing mTOR-mediated translation of Myc. Whether PLD 

enhances Myc stabilization is not clear, but elevated PLD activity suppresses protein 

phosphatase 2A, which enhances Myc degradation (Hui L. et al., 2005). This will also be 

discussed in the next chapter. Thus, PLD could conceivably enhance both Myc 

translation and stability. The survival signal generated by elevated PLD activity was 

dependent upon Myc. However, while the MCF-7 cells with elevated PLD activity could 

survive in the absence of serum, the combination of elevated PLD activity and E2 

provided a stronger survival signal indicating that elevated PLD activity does not provide 

all that E2 accomplishes.  

 

A model for survival signals generated by E2 and PLD in MCF-7 cells is shown 

in Figure 3.3.1. In this model, E2 provides a survival early in breast cancer progression.  

Elevated PLD or PI3K activity would enhance survival during the formation of a tumor 

mass prior to vascularization. In this simplified model, E2 increases Myc expression 

through enhanced stabilization Myc protein. The translation of Myc transcripts into Myc 
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protein is dependent upon basal levels of mTOR and elevated PLD activity in an 

emerging tumor would increase translation of basal levels of Myc transcript to Myc 

protein by activating mTOR. Progression to an ER negative phenotype likely involves 

additional genetic alterations that provide a metastatic potential that makes these tumor 

more aggressive and malignant.   

 
Figure 3.3.1: Model for E2-and PLD-driven Myc-dependent survival signals in 
MCF-7 cells. It is proposed that E2 induces an early transient increase in Myc expression 
at the level of transcription. Beginning on day 2 and peaking at day 5, there is a delayed 
increase in Myc expression that is likely due to stabilization of Myc protein through 
phosphorylation (P). Although there is no increase in mTOR activity induced by E2, the 
delayed increase in Myc expression is dependent upon basal levels of mTOR activity and 
the activity of the upstream regulators PLD and PI3K. In the absence of E2, it is proposed 
that elevated PLD activity can increase mTOR activity to translate basal levels of Myc 
transcript to increase Myc expression. It is not clear whether PLD would lead to 
increased Myc stabilization. Elevated PLD activity provides an E2-independent survival 
signal that could be critical for progression to an ER-negative status in breast cancer 
progression. 

E
2 

PLD

Myc 
Transcript 

mTOR

Akt

Myc  
Protein

E
R 

Translation

PI3K

Stabilization 
Myc  

Protein

E
2 

?

Degradation

P 

Delayed  
Response 

Early 
Response 



 

 

76

 

 

 

 

 

 

 

 

CHAPTER IV: 

 

 

MYC STABILIZATION IN RESPONSE TO ESTROGEN AND 

PHOSPHOLIPASE D IN MCF-7 BREAST CANCER CELLS. 
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4.1 INTRODUCTION 

 One of the most common defects in human cancer cells is deregulated expression 

of the Myc oncogene. Myc is a transcription factor that stimulates the transcription of 

factors that facilitate progression through critical cell cycle checkpoints and suppresses 

transcription of factors that suppress cell cycle progression (Adhikary S. et al., 2005).  

Elevated Myc expression has been reported in breast, colon, cervical, small cell lung 

carcinoma, osteosarcoma, glioblastoma, melanoma and myeloid leukemia (Pelengaris S. 

et al., 2002), and Myc expression is believed to be elevated in a high percentage of 

human cancers (Nesbit C.E. et al., 1999). Expression of Myc is regulated at many levels 

including: transcriptional, post-transcriptional (mRNA stability and translation), and post-

translational (protein stability) (Lusher B. et al., 1990, Kelly K. et al., 1983 and Sears R. 

et al., 1999, and West M.J. et al., 1999). Thus, there are many ways in which Myc 

expression can be altered in human cancers. There are also mutations to the Myc gene 

that significantly enhance Myc stability and therefore expression (Gregory M.A. et al., 

2000, and Salghetti S.E. et al., 1999). Most significantly, mutations at Thr58 lead to a 

stabilized Myc protein (Gregory M.A. et al., 2000, and 2003). Phosphorylation of Myc at 

Thr58 has been shown to regulate Myc stability by targeting Myc for degradation by the 

proteasome (Yeh E. et al., 2004). Thr58 is phosphorylated by glycogen synthase kinase-

3β (GSK-3β), which phosphorylates many proteins fated for degradation by the 

protaseome (Doble B.W., 2003). As discussed in the previous chapter, estrogen treatment 

(E2) led to a bi-modal increase in Myc expression in the estrogen receptor positive 

MCF-7 human breast cancer cell line (Rodrik V. et al., 2005). There was a short-term 

transient increase in Myc expression that peaked at about two hours. More striking 



 

 

78

 

however was a large sustained stable increase in Myc expression that peaked at after five 

days of treatment. As shown in the previous chapter, this long-term increase in Myc 

expression was critical for E2 to suppress apoptosis in MCF-7 cells subjected to the stress 

of serum withdrawal. We also reported that elevated phospholipase D (PLD) activity 

could suppress apoptosis in MCF-7 cells deprived of serum, and that PLD similarly 

increased Myc expression (Chen Y. et al., 2005, Rodrik V. et al., 2005). PLD activity has 

been reported to be elevated in a substantial percentage of human breast cancers (Uchida 

N. et al., 1997, and Noh D.Y. et al., 2000) and has been proposed to provide a survival 

signal in breast and other cancers (Foster D.A. et al., 2003, Foster D.A., 2004 and 2006).  

Importantly, PLD activity is elevated in several breast cancer cell lines that are E2 

receptor negative (Zhong M. et al., 2003, Chen Y. et al., 2003, 2005, Zheng Y. et al., 

2006), suggesting the possibility that elevated PLD activity in breast cancer cells 

facilitates progression to hormone independence (Foster D.A., 2003). In this chapter, we 

provide evidence that the induction of Myc expression by both E2 and PLD is due to 

increased Myc stabilization mediated largely by the inhibition of GSK-3β as well as the 

suppression of Myc ubiquitination. 

 
4.2 RESULTS 

4.2.1 E2-INDUCED MYC EXPRESSION IS NOT DUE TO INCREASED 

TRANSCRIPTION OR TRANSLATION.   

 We previously discussed that E2 enhanced proliferation and survival of MCF-7 

cells in the absence of serum that became apparent at 5 days (Rodrik V. et al., 2005). The 

ability of E2 to promote proliferation and survival was dependent upon a sustained 

increase in Myc expression (Rodrik V. et al., 2005).  As shown in Figure 4.2.1A, Myc 
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protein level is elevated after 5 days of E2 treatment in MCF-7 cells without induction of 

myc mRNA. Since the level of Myc expression is also regulated at the level of translation 

(Dubik D. et al., 1992), we examined whether E2-induced increases in Myc expression 

were dependent on protein synthesis.  MCF-7 cells were treated with E2 for 5 days and 

cycloheximide (CHX), a protein synthesis inhibitor, was added to inhibit newly 

synthesized protein for the times indicated. Since E2 also induces a short-term transient 

increase in Myc expression-dependent on an increase in Myc translation (Dubik D. et al., 

1992), we also examined the effect of CHX on Myc expression in MCF-7 cells treated 

with E2 for 2 hours. As shown in Figure 4.2.1B, Myc protein levels induced by E2 for 5 

days were very stable in the presence of the protein synthesis inhibitor, whereas the Myc 

levels induced by E2 at 2 hours dropped substantially in the presence of CHX. These data 

indicate that the high levels of Myc seen at 5 days of E2 treatment is not affected by the 

inhibition of protein synthesis and indicates that the increased Myc expression is not due 

to increased translation. 
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Figure 4.2.1: E2-induced Myc expression is not due to increased mRNA level or 
translation. (A) MCF-7 cells were plated at 2x104 cells/60mm culture dish in DMEM 
with 10% bovine calf serum. After 24h, the medium was changed to phenol red free 
DMEM with 0% serum and E2 (2nM). Cells were collected at the indicated time points 
and lysates were analyzed for Myc protein and RNA levels as described in the previous 
chapter. Myc protein and RNA levels determined using densitometer quantification were 
normalized to levels observed in cells not treated with E2 (zero time point). (B) MCF-7 
cells were plated as in (A). After 24h, the medium was changed to phenol red free 
DMEM with 0% serum. E2 (2nM) was then added for either 2 hours or 5 days as 
indicated. Cycloheximide (80µg/µL) (CHX) was then added for the indicated times. The 
cells were then collected and lysates were analyzed for the level of Myc protein using 
Western blot analysis. The relative Myc protein levels normalized to their respective 
levels in the cells not treated with CHX (zero time point) were determined by using 
densitometer quantification of the data shown in the upper panel. The data shown in (A) 
and (B) are representative of three independent experiments. 
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4.2.2 E2 INHIBITS MYC UBIQUITINATION 

 The data in Figure 4.2.1 indicate that the Myc protein generated at 5 days of E2 

treatment is more stable than the Myc generated after 2 hr of treatment with E2.  

Importantly and as shown previously, it is at 5 days that the ability of E2 to suppress 

apoptosis becomes apparent (Rodrik V. et al., 2005).  Myc protein is degraded via the 

ubiquitin-proteasome pathway (Gregory M.A. et al., 2000, and Salghetti S.E. et al., 

1999). We therefore examined whether long-term E2 treatment inhibited the 

ubiquitination of Myc.  MCF-7 cells were treated with E2 for 5 days at which time Myc 

was recovered by immunoprecipitation. The Myc immunoprecipitates were then analyzed 

by Western blot analysis with an anti-ubiquitin antibody.  As shown in Figure 4.2.2, E2 

reduced the amount of ubiquitinated Myc protein in cell lysates in spite of the fact that 

there were highly elevated levels of Myc protein after E2 treatment. The proteasome 

inhibitor lactacystin was included to prevent degradation of ubiquitinated Myc.  

 These data provide evidence that E2 inhibits the ubiquitination of Myc protein, 

and consequently, degradation via the ubiquitin/proteasome pathway.  
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Figure 4.2.2: E2 inhibits ubiquitination of Myc.  MCF-7 cells were plated as in Figure 
4.2.1. 24 h later the medium was changed to phenol red-free DMEM without serum. E2 
(2nM) was then added for 5 days where indicated. At day five, cells were treated with 
10µM lactacystin for 6 hours, at which time cells were collected and lysates were 
immunoprecipitated with an anti-Myc antibody. Immunoprecipitates were then subjected 
to Western blot analysis using an anti-ubiquitin antibody (top panel). The lysates were 
also analyzed for the levels of total Myc by Western Blot analysis. This blot was 
reprobed with an antibody to actin to control for loading. The data shown are 
representative of three independent experiments. 
 
4.2.3 E2 INCREASES PHOSPHORYLATION OF MYC AT SER62 AND 

SUPPRESSES PHOSPHORYLATION AT THR58.     

 The ubiquitination and stability of Myc is regulated by phosphorylation of Myc at 

two key sites – Ser62 and Thr58.  Phosphorylation at Ser62 by MAP kinase suppresses 

ubiquitination and degradation; whereas the phosphorylation at of Myc at Thr58 by GSK-

3β targets Myc for ubiquitination and degradation (Lutterbach B. et al., 1994 and Sears 

R. et al., 2000). Importantly, Ser62 must be phosphorylated before GSK-3β can 

phosphorylate Thr58, and phosphorylated Ser62 is dephosphorylated by phosphatase-2A 

(PP2A) (Yeh E. et al., 2004). Dephosphorylation at Ser62 allows degradation to proceed 

by removing the stabilizing phosphate at Ser62. We therefore examined the effect of E2 
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on the phosphorylation status of Myc at Ser62 and Thr58. MCF-7 cells were treated with 

E2 for 5 days and lysates were then analyzed by Western blot with antibodies specific for 

phosphorylated Myc. As shown in Figure 4.2.3A, E2 increased phosphorylation Myc at 

Ser62 after 5 days of treatment compared to the control. However, total Myc protein was 

also elevated after E2 treatment. The increased phosphorylation of Ser62 was compared 

with increased Myc levels using densitometry scans from several experiments and as 

shown in Figure 4.2.3C, there were higher increases in phosphorylation at Ser62 than 

observed for total Myc protein, indicating that there was a net increase in Myc 

phosphorylated at Ser62. We next examined the phosphorylation state of Myc at Thr58, 

and as shown in Figure 4.2.3B, E2 strongly reduced the level of phosphorylated Myc at 

Thr58 compared to the control. The reduced levels of Myc phosphorylated at Thr58 was 

seen despite increased levels of Myc protein. Densitometric analysis of several 

experiments revealed that the suppression of phosphorylation at Thr58 in response to E2 

was more than 20 fold (Figure 4.2.3C).   

 These data reveal that E2 suppresses phosphorylation at Thr58 – a site that when 

phosphorylated, targets Myc for ubiquitination and degradation. In addition, the data 

reveal that E2 also increases phosphorylation at Ser62 – a site that suppresses 

ubiquitination and degradation (Yeh E. et al., 2004). While the effect of E2 on the 

phosphorylation at Ser62 was reproducible, the effect on phosphorylation at Thr58 was 

much more dramatic.  

 These data support the hypothesis that the elevated Myc expression in response to 

E2 is due to stabilization through elevated phosphorylation of Ser62 and reduced 

phosphorylation at Thr58.  
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Figure 4.2.3: E2 increases phosphorylation of Myc at Ser62 and suppresses 
phosphorylation at Thr58. (A) MCF-7 cells were prepared and collected as described in 
Figure 4.2.2 and placed in serum-free, phenol red-free DMEM with or without E2 (2nM) 
as indicated. Lysates were prepared and analyzed for the levels of phosphorylated Myc 
protein at Ser62 by Western blot analysis. The blot was stripped and reprobed with an 
antibody to total Myc protein. The blot was also reprobed with an antibody to actin to 
control for loading. (B) MCF-7 cells were treated and collected as in (A) and the lysates 
were analyzed for the levels of phosphorylated Myc protein at Thr58. The blot was 
stripped and reprobed with antibodies to Myc and actin as in (A). (C) The levels of 
phosphorylated Myc in presence of E2 were normalized to their respective levels in the 
untreated control was determined using densitometer quantification. The relative changes 
in phosphorylated Myc for both Ser62 and Thr58 were compared to level of total Myc 
protein. Experiments shown in (A) and (B) are representative of three independent 
experiments. The data in (C) are the averages of three independent experiments 
normalized to the levels of Myc protein. Error bars represent the standard deviation. 
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4.2.4 E2 INDUCES PHOSPHORYLATION OF GSK-3Β AT THE NEGATIVE 

REGULATORY SITE SER9.   

 Since the effect of E2 on phosphorylation at Thr58 was so dramatic, we examined 

the effect of E2 on GSK-3β. GSK3-β is a ubiquitous protein kinase that is inhibited by 

phosphorylation at Ser9 (Cross D.A. et al., 1995, van Weeren P.C. et al., 1998, and 

Srivastava A.K. et al., 1998). Estrogen has been reported previously to inhibit GSK-3β in 

the hippocampus (Cardona-Gomez P. et al., 2004). We therefore examined the effect of 

E2 on the phosphorylation state of GSK-3β at Ser9. MCF-7 cells were treated with E2 for 

five days and lysates were then analyzed by Western blot using an antibody that 

recognizes phosphorylated GSK-3β. As shown in Figure 4.2.4, the five-day E2 treatment 

led to a large increase in phosphorylation of GSK-3β at Ser9. The total GSK-3β protein 

level was not affected by E2 treatment.  

 These data indicate that the effect of E2 on Myc phosphorylation is largely due to 

the suppression of GSK-3β by inducing the phosphorylation of GSK-3β at Ser9.  

 

Figure 4.2.4: E2 suppresses GSK-3β activity. MCF-7 cells were prepared as described 
in Figure 4.2.2 and placed in serum-free phenol red-free DMEM in the absence or 
presence of E2 (2nM) for five days as indicated. Lysates were prepared and analyzed for 
the levels of phospho-GSK-3β (Ser9) by Western blot analysis. The blot was stripped and 
reprobed for the levels of total GSK-3β protein. The blot was reprobed with an antibody 
to actin to control for loading. The data shown are representative of three independent 
experiments. 
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4.2.5 PLD-INDUCED MYC EXPRESSION IS NOT DUE TO INCREASED 

TRANSCRIPTION OR TRANSLATION. 

 We previously demonstrated that elevated PLD activity in MCF-7 cells can 

provide a survival signal (Chen Y. et al., 2003) that is dependent upon elevated 

expression of Myc (Rodrik V. et al., 2005). It was proposed that elevated PLD activity 

could replace E2 dependence in breast cancer progression, since breast cancer cell lines 

with elevated PLD activity tend to be ER negative (Foster D.A. et al., 2003, Chen Y. et 

al., 2003, 2005, Rodrik V. et al., 2005, and Zheng Y. et al., 2006). We therefore extended 

our study on Myc expression in response to E2 to MCF-7 cells with elevated expression 

of PLD2 (Rodrik V. et al., 2005). As shown in Figure 4.2.5A and as described previously 

(Rodrik V. et al., 2005), Myc protein levels are elevated in MCF-7 cells with over-

expressed PLD2 (MCF-7P2 cells) relative to MCF-7 vector control cells (MCF-7V cells) 

without a corresponding induction of myc mRNA levels. We next examined the effect of 

the protein synthesis inhibitor CHX on Myc protein levels in the MCF-7V and MCF-7P2 

cells. CHX was added to the MCF-7V and MCF-7P2 cells and Myc protein levels were 

examined at 30 minutes intervals for 1.5 hr. As shown in Figure 4.2.5B, Myc protein 

levels in the MCF-7P2 were very stable over this period, whereas Myc levels in MCF-7V 

cells dropped substantially during the 1.5 hr incubation period. These data indicate that 

the elevated Myc expression in MCF-7P2 cells was not due to increased translation, 

whereas the Myc expression in MCF-7V cells was dependent on translation. 
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Figure 4.2.5: PLD-induced Myc expression is not due to increased mRNA level or 
translation. (A) MCF-7V control and MCF-7P2 cells were generated as described in the 
material and methods chapter. Cells were plated at 2x104 cells/60 mm culture dish in 
DMEM with 10% bovine calf serum. After 24h, the medium was changed to phenol red 
free serum free DMEM for 5 days. Cells were then collected and lysates were analyzed 
for Myc protein and RNA levels as described in the previous chapter. Relative levels of 
Myc RNA and protein in MCF-7P2 cells normalized to levels in MCF-7V cells were 
determined using densitometer quantification. Error bars represent the standard 
deviations obtained from 3 independent experiments. (B) MCF-7V control and MCF-7P2 
cells were plated as in (A). After 24h, the medium was changed to phenol red free 
DMEM with 0% serum for five days. Cycloheximide (80 µg/µL) (CHX) was then added 
for the indicated times. The cells were collected and lysates were analyzed for the level of 
Myc protein using Western blot analysis. Relative Myc levels normalized to the level in 
untreated cells (zero time point) were determined using densitometer quantification of the 
data shown in the upper panel. Experiments shown in (B) are representative of three 
independent experiments. 
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4.2.6 PLD SUPPRESSES MYC UBIQUITINATION IN MCF-7 CELLS.   

 The data in Figure 4.2.5 indicate that the Myc protein in MCF-7P2 cells is more 

stable than the Myc in the MCF-7V cells. We therefore examined whether ubiquitination 

of Myc was suppressed in the MCF-7P2 cells relative to the MCF-7V cells. MCF-7V and 

MCF-7P2 cells were immunoprecipitated with a Myc antibody and the 

immunoprecipitates were then analyzed by Western blot with an anti-ubiquitin antibody 

as in Figure 4.2.2. As shown in Figure 4.2.6, ubiquitinated Myc was substantially reduced 

in the MCF-7P2 cells relative to the MCF-7V cells.   

 These data provide evidence that overexpression of PLD2 in MCF-7 cells inhibits 

ubiquitination of Myc protein and thus its degradation via the proteasome pathway.  

 

  

Figure 4.2.6: PLD inhibits ubiquitination of Myc. (A) MCF-7V and MCF-7P2 cells 
were plated as in Figure 4.2.5. 24 hr later the medium was changed to phenol red-free 
DMEM with 0.5% serum. At day five, cells were treated with 10µM lactacystin for 6 
hours, at which time cells were collected and lysates were immunoprecipitated with an 
anti-Myc antibody. Cell lysates were immunoprecipitated with an anti-Myc antibody. The 
immunoprecipitates were then subjected to Western blot analysis using an anti-ubiquitin 
antibody as described in Figure 4.2.2. Lysates from MCF-7V and MCF-7P2 cells were 
treated and collected as above and analyzed for the levels of Myc by Western Blot 
analysis. The blot was reprobed with an antibody to actin to control for loading. The data 
shown are representative of three independent experiments. 
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4.2.7 PLD INCREASES PHOSPHORYLATION OF MYC AT SER62 AND 

SUPPRESSES PHOSPHORYLATION AT THR58.   

 As discussed above, ubiquitination of Myc involves the phosphorylation of Myc 

at Ser62 and Thr58. We therefore examined the effect of PLD2 expression on the 

phosphorylation of Myc at Ser62 and Thr58 in MCF-7 cells. MCF-7V and MCF-7P2 

lysates were analyzed by Western blot analysis with phospho-specific Myc antibodies as 

described in Figure 4.2.3. As shown in Figure 4.2.7A, PLD2 over-expression resulted in 

increased phosphorylation of Myc at Ser62. As observed with E2 treatment of MCF-7 

cells, total Myc was also elevated in the MCF-7P2 cells relative to the MCF-7V cells, and 

as observed in Figure 4.2.3C, there were higher increases in phosphorylation at Ser62 

than observed for total Myc protein in the MCF-7P2 cells, indicating that there was a 

50% increase in Myc with phosphorylated at Ser62 (Figure 4.2.7C). The phosphorylation 

state of Myc at Thr58 in MCF-7V and MCF-7P2 cells was then examined, and as shown 

in Figure 4.2.7B, the level of phosphorylated Myc at Thr58 in MCF-7P2 cells was 

dramatically reduced relative to the MCF-7V cells. Densitometric analysis from several 

experiments revealed that the suppression of phosphorylation at Thr58 in response to 

PLD over-expression was more than 50 fold (Figure 4.2.7C).   

 These data reveal that PLD, like E2, strongly suppresses phosphorylation at Thr58 

and increases phosphorylation at Ser62. These data are consistent with the hypothesis that 

the stabilization of Myc in MCF-7 cells over-expressing PLD2 is due to elevated 

phosphorylation of Ser62 and reduced phosphorylation at Thr58.  
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Figure 4.2.7: PLD increases phosphorylation of Myc at Ser62 and suppresses 
phosphorylation at Thr58. (A) MCF-7V and MCF-7P2 cells were prepared and 
collected as described in Figure 4.2.5 and placed in phenol red-free DMEM with 0.5% 
serum. Lysates were prepared five days later and analyzed by Western blot for the level 
of Myc phosphorylated at Ser62. The blot was stripped and reprobed with an antibody to 
total Myc protein. The blot was reprobed with an antibody to actin to control for loading. 
(B) MCF-7V and MCF-7P2 cells were treated and collected as in (A) and lysates were 
analyzed for the level of Myc phosphorylated at Thr58. The blot was stripped and 
reprobed with antibodies to Myc and actin as in (A). (C) The levels of phosphorylated 
Myc in the MCF-7P2 cells normalized to the level in the MCF-7V were determined using 
densitometer quantification. The relative changes in phosphorylated Myc for both Ser62 
and Thr58 were compared to level of total Myc protein. Experiments shown in (A) and 
(B). 
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4.2.8 PLD INDUCES PHOSPHORYLATION OF GSK-3Β AT THE NEGATIVE 

REGULATORY SITE SER9.   

 As shown in Figure 4.2.7, elevated PLD expression leads to a dramatic decrease 

in the phosphorylation of Myc at Thr58. We therefore examined whether PLD, like E2, 

induced an increase in the phosphorylation of the negative regulatory site Ser9. MCF-7V 

control or MCF-7P2 cells lysates were analyzed by Western blot analysis with an anti-

Ser9 GSK-3β antibody as described in Figure 4.2.4. As shown in Figure 4.2.8, PLD2 

over-expression in MCF-7P2 cells substantially increased phosphorylation of GSK-3β at 

Ser9 relative to the MCF-7V control cells. Total GSK-3β protein levels were not affected.   

 These data indicate that elevated PLD expression can inhibit GSK-3β by 

increasing phosphorylation on GSK-3β at Ser9.  

 

 

 

Figure 4.2.8: PLD induces phosphorylation of GSK-3β at the negative regulatory 
site Ser9. MCF-7 cells were prepared as described in Figure 4.2.5 and placed in placed in 
phenol red-free DMEM with 0.5% serum. Lysates were prepared five days later and 
analyzed for the levels of phospho-GSK-3β (Ser9) protein by Western blot analysis. The 
blot was stripped and reprobed for the level of total GSK-3β and actin as in Figure 4.2.4. 
The data shown are representative of three independent experiments. 
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4.3 DISCUSSION 

  Suppression of apoptosis is critical in tumor progression (Hanahan D.J. et al., 

2000). Myc has been implicated in the suppression of apoptosis and progression past cell 

cycle checkpoints where apoptosis is regulated (Pelengaris S. et al., 2002). The regulation 

of Myc expression is complex and is controlled at the level of transcription, translation 

and stabilization (Sears R., 2004). As discussed in the previous chapter, prolonged 

exposure to E2 leads to very high levels of Myc expression that peaked at five days and 

that elevated Myc expression was required for the suppression of apoptosis in ER 

positive MCF-7 cells subjected to the stress of serum withdrawal (Rodrik V. et al., 2005). 

E2 could be replaced with elevated PLD expression, which similarly increased Myc 

expression and suppressed apoptosis in MCF-7 cells subjected to serum withdrawal. In 

this work, we have characterized the mechanism for the sustained induction of Myc. We 

found that the increase in Myc expression by both E2 and PLD was due to stabilization. 

There was no significant effect on either myc mRNA levels or Myc translation. The 

effect was largely due to the suppression of phosphorylation of Myc at Thr58, which was 

dramatically reduced in response to both E2 and PLD. Myc is phosphorylated at Thr58 

by GSK-3β (Lutterbach B. et al., 1994 and Sears R. et al., 2000). And consistent with the 

reduced phosphorylation of Myc at Thr58, both E2 and PLD stimulated a substantial 

increase in the phosphorylation of GSK-3β at Ser9, which suppresses GSK-3β activity 

(Cross D.A. et al., 1995 and Srivastava A.K. et al., 1998). A model for the E2 and PLD 

stabilization of Myc through suppression of GSK-3β is shown schematically in Figure 

4.3.1. The phosphorylation of Myc at Ser62 was elevated in response to both E2 and 

PLD. The effect was not as dramatic as observed for Thr58, but the increased 
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phosphorylation at Ser62 is also consistent with increased stability of Myc. Myc must be 

first phosphorylated at Ser62 before it can be phosphorylated at Thr58 (Yeh Y. et al., 

2004), and then it must subsequently be dephosphorylated by PP2A before it can be 

ubiquitinated. We previously reported that PLD activity suppresses PP2A activity in 

MCF-7 cells (Hui L. et al., 2005). Thus, the increased phosphorylation of Myc at Ser62 

in response to PLD likely reflects the suppression of PP2A activity by PLD. We did not 

see a significant effect of E2 on PP2A activity in the MCF-7 cells. Thus, at this time we 

are not sure as to how E2 increases phosphorylation at Ser62. It is possible that the 

reduced phosphorylation of Myc at Thr58 in response to E2 reduced the ability of PP2A 

to recognize Myc. E2 was a stronger inducer of GSK-3β phosphorylation than was PLD 

and this could have led to reduced dephosphorylation of Myc at Ser62 by PP2A. While 

the impact of PP2A on the stability of Myc in response to E2 remains unclear, the effect 

of E2 on GSK-3β and phosphorylation at Thr58 is very apparent and is likely the major 

contribution to the stability of Myc in response to both E2 and PLD. 
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Figure 4.3.1: Model for Myc stabilization in response to E2 and PLD. MAP kinase 
(MAPK) phosphorylates Myc at Ser62 (S62-P), which stabilizes Myc. Myc, 
phosphorylated at Ser62, can then be phosphorylated at Thr58 (T58-P) by GSK-3β. The 
doubly phosphorylated Myc can then be dephosphorylated at Ser62 by PP2A. Myc 
phosphorylated only at Thr58 is recognized by a ubiquitin (Ub) ligase that leads to the 
ubiquitination of Myc and degradation by the proteasome (Sears R.C., 2004). Both E2 
and PLD can suppress ubiquitination and degradation by suppressing the GSK-3β 
phosphorylation of Myc at Thr58. In addition, PLD can also suppress the PP2A (Hui L. et 
al., 2005). The effect of E2 and PLD on Myc is the stabilization of Myc, which is 
required for the survival signals generated by both E2 and PLD (Sears R.C. et al., 1999). 



 

 

95

 

 The data presented here clearly implicates GSK-3β in the stabilization of Myc in 

response to both E2 and PLD. Both E2 and PLD lead to increased phosphorylation of 

GSK-3β at the inhibitory Ser9 site. GSK-3β is phosphorylated at Ser9 by Akt (Cross 

D.A. et al., 1995; Van Weeren P.C. et al., 1998, and Srivastava A.K. et al., 1998).  We 

discussed in the previous chapter that E2 does not activate Akt as measured by 

phosphorylation of Akt at Ser 473 (Rodrik V. et al., 2005). We have also reported that 

PLD does not increase phosphorylation of Akt (Hui L. et al., 2004). Thus, we have a 

situation whereby both E2 and PLD lead to increased phosphorylation of GSK-3β at a 

site that is phosphorylated by Akt without increasing Akt phosphorylation. However, 

Akt-independent phosphorylation of GSK-3β at Ser9 has been reported (Desbois-

Mouthon C. et al., 2002), suggesting that there are alternative mechanisms for the 

phosphorylation of GSK-3β at Ser9 and suppressing GSK-3β activity. We discussed in 

the previous that the E2-induced increase in Myc and suppression of apoptosis was 

dependent upon mTOR, the mammalian target of rapamycin (Schmelzie T. et al., 2000). 

PLD-induced Myc expression was also dependent upon mTOR (Chen Y. et al., 2003). 

Preliminary studies indicate that rapamycin also suppresses the effect of both E2 and 

PLD on the phosphorylation of GSK-3β at Ser9, suggesting the involvement of mTOR in 

the suppression GSK-3β. In this regard it may be of significance that mTOR has a 

requirement for phosphatidic acid (Fang Y. et al., 2001, and Foster D.A., 2004), the 

metabolic product of PLD. It is reasonable that if mTOR is involved in the suppression of 

PP2A, which would stabilize Myc, that mTOR might also be involved in the suppression 

of GSK-3β, which also contributes to the stabilization of Myc. How mTOR could lead to 
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the phosphorylation of GSK-3β at Ser9 in an apparent Akt-independent manner remains 

to be determined.  

 The importance of suppressing Myc phosphorylation at Thr58 is underscored by 

the properties of Myc mutants that cannot be phosphorylated at this site. Sears and 

colleagues reported recently that the stable Myc (T58A) mutant cannot be 

dephosphorylated by PP2A and replaces SV40 small T antigen in human cell 

transformation and tumorigenesis assays. Small-t antigen, which interacts with and 

inactivates PP2A (Pallas D.C. et al., 1990, Yang S.I. et al., 1991, and Chen W. et al., 

2003), may therefore exert its oncogenic potential by preventing dephosphorylation of 

Myc at Ser62, which prevents ubiquitination and results in Myc stabilization (Yeh E. et 

al., 2004). The T58A Myc mutant was also defective in its ability to induce apoptosis 

(Hemann M.T. et al., 2005). These studies further establish that the effects of both E2 and 

PLD are critical for the survival signals they generate. 
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CONCLUSION 
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 In this work, we have demonstrated that the E2-induced increase in Myc 

expression was dependent upon mTOR and two upstream activators of mTOR, PI3K and 

PLD. Moreover, we have shown that the increase in Myc expression by both E2 and PLD 

was not due to an increase in either mRNA levels or an increase in translation. However, 

this large increase in Myc was due to stabilization of the protein. We, in fact, 

demonstrated that E2- and PLD-induced Myc stabilization is dependent upon suppression 

of GSK-3β. 

 

 As discussed before, breast cancer progression involves the loss of the ER, thus 

rendering the tumor to become hormone-independent. The loss of ER expression in 

breast cancer correlates with poor prognosis in breast cancer (Sommer S. et al., 2001).  

Also, as mentioned before, elevated PLD activity has been reported in a majority of 

breast cancer tissues that have been examined (Noh D.Y. et al., 2000 and Uchida N. et 

al., 1997). Moreover, we have shown in this work that elevated PLD activity in MCF-7 

cells provides at least partial independence from E2 for survival. Thus, we have proposed 

that elevated PLD activity in human breast cancer provides a means for progression to 

hormone independence (Foster D.A., 2004). This was largely based on the observation 

that breast cancer cell lines with highly elevated PLD activity were all ER negative and 

most breast cancer cell lines with low PLD activity were ER negative (Zhong M. et al., 

2003; Chen Y. et al., 2003; 2005, and Rodrik V. et al., 2005). While these observations 

only provide correlative evidence for the involvement of PLD in progression to hormone 

independence in breast cancer, there is increasing evidence that PLD generates survival 

signals that would compensate for the loss of hormone responsiveness and dependence. 
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As we reported previously, and observed by others, E2 provides a survival signal in ER 

positive breast cancer cells (Perillo B. et al., 2000, Foster J.S. et al., 2001, Fernando R.I. 

et al., 2004, and Rodrik V. et al., 2005). PLD similarly provides a survival signal in 

breast cancer cells subjected to the stress of serum withdrawal (Zhong M. et al., 2003, 

Chen Y. et al., 2005), conditions that could occur in an emerging solid tumor prior to 

vascularization. The lack of serum would also restrict access to E2 and select for cells 

that could survive these conditions. Cells with elevated PLD activity would have the 

ability to survive these conditions. PLD has been reported to suppress p53 expression 

(Hui L. et al., 1994) and to suppress PP2A activity (Hui L. et al., 2005), both of which 

are critical for the transformation of human cells (Chen W. et al., 2003). Since Myc has 

also been strongly implicated in the survival of breast cancer cells (Nesbit C.E. et al., 

1999 and Pelengaris S. et al., 2002), the demonstration in this work that PLD, like E2, 

can promote the stabilization of Myc supports a critical role for the elevated PLD activity 

commonly seen in ER negative breast cancer cells. As discussed previously, targeting 

Myc in breast and other cancers has not yet proved to be a viable strategy for therapeutic 

intervention (Nesbit C.E. et al., 1999). Therefore, targeting the signals that regulate Myc 

expression could be a viable strategy, and targeting PLD signals in hormone independent 

breast cancers could be especially effective for destabilizing Myc and inducing apoptosis.  
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