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Abstract 

REGULATION OF STRESS-INDUCED PHOSPHOLIPASE D SURVIVAL SIGNALS 

IN HUMAN CANCER 

by 

Avalon Garcia 

 

Adviser: Professor David A. Foster 

Phospholipase D (PLD) is a phosphodiesterase that hydrolyzes phosphatidylcholine into 

phosphatidic acid (PA) and choline. In untransformed cells, PLD activity is stimulated by 

serum. In contrast, PLD activity in some cancer cells is stimulated by the stress of serum 

deprivation. The survival, migration and invasion of these cells depend on PLD activity. 

Thus, targeting the signals that elevate PLD activity may provide a tool for eradicating 

cancer cells that are able to survive insufficient serum conditions. Hence, we set out to 

determine which factors played a role in regulating stress-induced PLD activity. We 

focused on proteins such as EGFR and the G-proteins Ras, RalA, Arf1 and Arf6 which 

have been shown to regulate PLD activity. Correlating with PLD activity, we observed an 

increase in the activation of EGFR and Ras but not RalA in low serum. Pharmacological 

inhibition or siRNA knock down of EGFR abrogated the stimulated PLD activity. 

Comparatively, inhibition of Ras activity by dominant negative mutants or siRNA 

knockdown also suppressed PLD activity. Additionally, suppression of Arf1 and Arf6 by 

dominant negative mutants resulted in a decrease in PLD activity.  
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We next examined the effect of honokiol, a compound extracted from the Magnolia plant 

species, on PLD signaling. Honokiol suppressed PLD activity in cancer cells where PLD 

has been shown to suppress apoptosis. Importantly, the PLD activity induced by the 

stress of serum-withdrawal was selectively inhibited by honokiol. Honokiol was also 

shown to suppress Ras activation.  

Another protein of interest to our work is 5`AMP- activated protein kinase (AMPK). This 

serine–threonine kinase senses and responds to changes in the AMP:ATP ratio. 

Interestingly, PLD activity was stimulated by the AMP mimetic and AMPK activator 

AICAR in high serum conditions. Pharmacological inhibition or siRNA knock down of 

AMPK prevented the induction of PLD activity. Suppression or activation of AMPK did 

not affect the activity of Ras. Similarly, inhibition of EGFR had no effect on AMPK 

activity. Pharmacological inhibition of AMPK caused an increase in cell death and an 

observed decrease in migration.  
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1.1 PHOSPHOLIPASE D  

1.1.1 PLD history 

Phospholipase D (PLD) is a phosphodiesterase that catalyzes the hydrolysis of 

phosphatidylcholine into phosphatidic acid (PA) and choline. PLD-like activity was first 

described by Hanahan and Chaikoff in the late 1940s when they postulated that carrots 

and cabbage leaves contained an enzyme that was able to „split‟ choline from 

phospholipids [1, 2]. However, evidence for the presence of PLD activity in mammals 

was not described until 1975 when Saito and Kanfer observed the hydrolysis of 

phosphatidylcholine into PA and choline in rat brain preparations [3]. The subsequent 

purification of PLD in the early 1990s from cabbage [4] and castor bean [5, 6] led to the 

cloning of PLD enzymes from various plants [7-9], yeast [10-13] and mammals [14-18]. 

1.1.2 PLD family and structure 

Two isoforms of PLD (PLD1 and PLD2) have been identified in mammals and 

their amino acid sequence is approximately 51% identical [19, 20]. The 120 kDa PLD1 

[15] which has low basal activity and 106 kDa PLD2 [20] whose basal activity is high, 

share homology in key motifs that have been shown to be essential for activity, (Fig. 

1.1.2-1, [21]). To begin with, both PLD1 and PLD2 contain two HKD domains which are 

critical for enzymatic activity. These HKD domains contain the amino acid sequence 

HxxxxKxD, where the amino acids are Histidine (H), any amino acid (x) and aspartic 

acid (K). Point mutations in either one of the HKD domains in PLD1 or PLD2 renders 

the protein inactive [22]. This reliance on the charged amino acids within the PLD active 

site has led to a hypothetical reaction model which involves a covalent phosphatidyl-
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enzyme intermediate (Fig. 1.1.2-2, [22]). In this model, a proton is donated from serine at 

position 911 (S911) to the C-terminal histidine and a proton is freed from the N-terminal 

histidine to create choline and a PA-PLD intermediate. Next, a proton is transferred from 

a water molecule to the N-terminal histidine, allowing the resulting hydroxyl group to 

hydrolyze the intermediate to form PA. Finally, S911 recovers its proton from the C-

terminal histidine. This model has yet to be verified by structural data. Another motif, 

called the plekstrin homology (PH) domain, plays a role in the localization of PLD since 

deletion or point mutations in this domain results in mislocalization of the protein [23, 

24] but does not alter its enzymatic activity [25, 26]. This observation led to the detection 

of the phosphatidylinositol-4,5-bisphosphate (PIP2) binding motif on the PLD isoforms 

[23, 27, 28]. An additional motif, called the phox (PX) consensus sequence, is believed to 

mediate protein-protein interactions or to bind phosphatidylinositol phosphates (PIP) [28, 

29]. Finally, PLD1 contains a loop region that is absent in PLD2. This loop region has 

been proposed to function as a negative regulatory element since its deletion results in a 

3-fold increase in basal PLD1 activity [25].  
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Figure 1.1.2-2: A PLD catalytic model. At the beginning of the reaction cycle, the 

N-terminal HKD is protonated. In the first half-reaction a covalent linkage is formed 

between PA and S911 which produces a PLD-PA intermediate with the concomitant 

liberation of choline. In the final half-reaction water hydrolyzes the intermediate to 

form PA [22]. 

Figure 1.1.2-1: Basic structure of mammalian PLD1 and PLD2. Linearized 

cartoon showing conserved domains as boxes. Domains shown are the phox 

consensus sequence (PX), plekstrin homology (PH), catalytic HKD, PLD-

specific catalytic domains and the PLD1 loop region. (Modified from [21]) 
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1.1.3 PLD localization 

Reports on the subcellular localization of PLD1 and PLD2 contain varying 

results. Overexpression studies performed by Colley et al. showed that in rat embryonic 

fibroblasts, PLD1 localized primarily to perinuclear regions of the cell with a pattern 

consistent with that of the Golgi apparatus, endoplasmic reticulum (ER) and endosomes 

[20]. However, studies in rat pituitary tumor cells by Freyberg et al. showed that 

endogenous PLD1 had a diffuse distribution which included nuclear staining and PLD1 

also colocalized with markers of the Golgi [30]. In contrast, overexpression studies by 

Toda et al. and Hughes et al. found that PLD1 did not localize to the Golgi or the ER but 

instead was found in late endosomes and lysosomes only [31, 32]. Others have found 

PLD1 at the plasma membrane in cells stimulated by either phorbol 12-myristate-13-

acetate (PMA) [28], insulin [33] or other agents [34]. On the other hand, most reports 

demonstrate that PLD2 localizes to the plasma membrane [20, 35], but it has been found 

in the cytosol [36], submembranous vesicular compartments [37] and associated with β-

actin [38]. PLD2 has also been shown to translocate to and from the plasma membrane in 

cells stimulated by serum [20] and the epidermal growth factor (EGF) [36]. 

1.1.4 PLD regulation  

PLD activity is regulated by a plethora of factors which include Ca
2+

, protein 

kinase C (PKC), tyrosine kinases, phosphoinositides, fatty acids, growth factors and their 

respective receptors and small GTP binding proteins [39] (Table 1.1.4). 
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Calcium 

Evidence to demonstrate a link between Ca
2+

 and PLD activity was provided by 

several reports in which PLD activity was stimulated by the ionophores A23187 and 

ionomycin in a variety of cells and tissues [40-44]. Comparatively, other studies have 

shown that depletion of cellular Ca
2+

 by the chelators ethylene glycol-bis(β-

aminoethylether)-N,N,N‟,N‟-tetraacetic acid (EGTA), 1,2-bis(2-aminophenoxy)ethane-

N,N,N‟,N‟-tetraacetic acid (BAPTA) or 1,2-bis(2-aminophenoxy)ethane-N,N,N‟,N‟-

tetraacetic acid acetoxymethyl ester (BAPTA/AM) caused a decrease in the activation of 

PLD by various agonists [39, 45-47]. Many hypothesize that these observations may be 

mediated by Ca
2+

 sensitive proteins that regulate PLD [48].  

PKC 

Observations that PLD activity can be stimulated by phorbol esters such as the 

stable diacylglycerol (DAG) analogue PMA, indicated that PLD may be regulated by 

Ca
2+

-sensitive PKC [21, 49]. Subsequent studies using specific [50] or non-specific [51, 

52] inhibitors of PKC proteins showed either a partial or complete inhibition of PLD by 

agonists in several cell types. Comparatively, overexpression of several PKC isoforms 

resulted in an enhancement of agonist stimulated PLD activity in fibroblasts [53-57]. In 

contrast, our lab has demonstrated that inhibition of PKCδ enhanced the PLD activity of 

Rat 3Y1 cells overexpressing the EGF receptor (EGFR) [58]. 

PIP2 

Another molecule implicated in the regulation of PLD is 

phosphatidylinositol(4,5)-bisphosphate (PIP2). PIP2 strongly stimulated PLD activity in 
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HL60 cells [59] and depletion of PIP2 with neomycin inhibited membrane bound PLD 

activity. This loss of PLD activity was restored by the re-addition of PIP2 [60]. Other 

reports show that the catalytic activity of PLD1 and PLD2 are strongly dependent on PIP2 

[15, 18-20, 61]. PIP2 is produced primarily from phosphatidylinositol(4)-phosphate 

(PI(4)P) by the type I phosphatidylinositol 4-phosphate 5-kinases (PIP4-P-5K) [62]. 

Work done in Cos7 cells demonstrated that PLD activity can be stimulated by the 

overexpression of PIP4-P-5K 1α and that both PLD1 and PLD2 physically associate with 

this kinase [37].  

Fatty acids 

Unsaturated fatty acids have also been implicated in the regulation of PLD 

activity. For instance, Kim et al. showed that PLD2 activity can be stimulated by the 

unsaturated fatty acids oleate, linoleate and arachidonate but not by the saturated fatty 

acids myristate, palmitate, stearate or arachidate [63]. 

Growth factors and tyrosine kinases 

Mammalian PLD proteins are highly responsive to growth factor and hormone 

stimulation [64]. Numerous reports provide evidence which show that PLD activity can 

be stimulated by epidermal growth factor (EGF) [65-68], platelet derived growth factor 

(PDGF) [69, 70], fibroblast growth factor (FGF) [71, 72], vascular endothelial growth 

factor (VEGF) [73] and insulin [52, 74-77] in various systems. In some of these cases, 

PLD proteins have been shown to physically associate with the receptors of the 

aforementioned growth factors [78, 79]. Inhibitors of tyrosine kinases such as genistein 

inhibited PLD activity stimulated by various agonists [80-82]. On the other hand, 
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inhibition of protein tyrosine phosphatases with compounds such as vanadate, stimulated 

PLD activity [82]. 

G proteins 

Work done by various labs in the early 1990s demonstrated that PLD activity 

could be stimulated by guanosine 5'-O-[gamma-thio]triphosphate (GTPγS) a non 

hydrolysable analogue of GTP [83-86]. Subsequent studies revealed that this activation of 

PLD was mediated by guanine nucleotide binding proteins such as ADP-ribosylation 

factor (ARF) [59] and RhoA. Of the six mammalian ARFs identified, four (ARF1, 3, 5 

and 6) were reported to activate PLD1 with equivalent efficacy [21]. Inhibition of certain 

ARF-GEFs by Brefeldin A or introduction of dominant negative mutants of ARF1 and 

ARF6 suppressed the activation of PLD by PDGF and PMA [87]. Other relevant G 

proteins that have been implicated in PLD activity such as Ras and RalA will be 

expounded in subsequent sections. 

PLD inhibitors 

Several proteins have been reported to negatively regulate PLD activity. They 

include but are not limited to synaptojanin, fodrin, and clathrin assembly protein-3 (AP-

3). Synaptojanin is a member of the inositol polyphosphoinositide 5-phosphatase family 

which functions as a nerve terminal protein and has been implicated in the endocytosis of 

fused synaptic vesicles. This phosphatase produces this inhibitory effect by hydrolyzing 

the PLD activator PIP2 [88]. Lukowski et al. reported that fodrin, a non-erythroid form of 

spectrin, inhibited PLD activity stimulated by various agents. This inhibitor works by 

sequestering PIP2 [89]. Finally, AP-3, a synapse specific protein, binds to and inhibits 
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PLD1. This data suggests that inhibition of PLD1 activity may play a role in the AP-3 

dependent rapid cycling of synaptic vesicles [90]. 

Table 1.1.4: Characteristics of PLD isoforms 

 PLD1 (120 kDa)  PLD2 (106 kDa)  

Substrate specificity  PC  PC  

PIP2-dependent  yes yes  

RalA- associated  yes  no  

Basal activity  low  high  

Subcellular localization  Mainly intracellular membranes  Plasma membrane  

Activators  ARF, PKC, Rho  Unsaturated fatty acids  

 

1.1.5 PLD signaling 

Although PLD catalyzed reactions produce choline and phosphatidic acid (PA), it 

is widely believed that PLD exerts its biological effects through PA. In addition, PA can 

be reversibly converted into DAG and lysophosphatidic acid (LPA) through the actions 

of phosphatidic acid phosphohydrolases (PAPs) [91, 92] and phospholipase A (PLA) [93] 

respectively. The reverse reactions that convert DAG and LPA into PA are carried out by 

diacylglycerol kinases (DGK) and lysophosphatidic acid acyltransferases (LPAAT) 

respectively (Fig. 1.1.5, [94]). 

The unique ability of PLD enzymes to divert the formation of PA to the 

metabolically stable phosphatidyl alcohol has proven to be a vital tool in identifying 

PLD-dependent events.  As a result, PLD has been shown to play a role in cellular 



10 
 

processes such as lipid biosynthesis [95], membrane trafficking (e.g. 

exocytosis/endocytosis) and signaling cascades that regulate cell growth, migration, 

proliferation, survival and differentiation [21, 96]. Proteins such as phosphatidylinositol 

4-phosphate-5-kinase (PIP4-P-5K) [97, 98], Raf-1 protein kinase [99] and the 

mammalian target of rapamycin (mTOR) [100] are known to interact with and depend on 

PA for their activities. 

 

PA 

PLD 

PC 

DAG 

PAP 

DGK 

PLA 

LPAAT 

LPA 

Figure 1.1.5: Creation of second messengers from phosphatidyl choline (PC). 

PC is hydrolyzed to form choline (ChOH) and phosphatidic acid (PA), the latter of 

which is then reversible converted to diacylglycerol (DAG) and lyso-phosphatidic 

acid (LPA). Enzymes abbreviated are phospholipase D (PLD), phosphatidic acid 

phosphohydrolase (PAP), diacylglycerol kinase (DGK), phospholipase A (PLA) 

and lyso-phosphatidic acid acyltransferase (LPAAT). (Adapted from [94]). 
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1.1.6 PLD in cancer 

Transformation 

A role for PLD in transformation of mammalian cells has been established by 

several groups. The soluble protein kinase v-Src, transforms fibroblasts with a resulting 

increase in PLD activity [101]. By contrast, overexpression of c-Src, which did not 

elevate PLD activity [102], also did not transform cells unless it was combined with 

elevated expression of either PLD1 or PLD2 [103]. Likewise, elevated expression of 

PLD1 or PLD2 transformed rat fibroblasts overexpressing the EGF receptor [103, 104]. 

Additional data by Buchanan et al. [105] showed that transformation by H-RasV12 

required PLD activity while Min et al. [106] demonstrated that cells overexpressing 

either PLD isozyme displayed anchorage independent growth and formed tumors in nude 

mice. PLD activity was also stimulated in cells transformed by oncogenes such as v-Src 

[101] and v-Fps [107]. The evidence provided here support a correlation between PLD 

activity and transformation. 

Survival 

Programmed cell death, otherwise known as apoptosis, has been associated with 

PLD function. The induction of apoptosis in various cell lines with agents such as 

actinomycin D and tumor necrosis factor –alpha (TNF-α), resulted in an increase in PLD 

activity [108, 109]. However, others reported a decrease in PLD activity when apoptosis 

was induced [110, 111], an effect that was reversed by overexpression of PLD1 and 

PLD2 [112]. Additional antiapoptotic effects of PLD1 and PLD2 have been described in 

transformed and breast cancer cells. Specifically, the serum-withdrawal induced 
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apoptosis of c-Src overexpressing 3Y1 rat fibroblasts was reversed by overexpression of 

either PLD isoform. In that same report, v-Src transformed 3Y1 cells were resistant to 

apoptosis induced by serum-withdrawal. The MDA-MB-231 breast cancer cell line 

exhibits elevated levels of PLD activity. Apoptosis in response to serum-withdrawal was 

obtained when PLD activity was inhibited [113]. Overall, the data indicate that PLD is 

required for survival. 

PLD in metastasis 

The ability of cancer cells to spread, commonly referred to as metastasis, plays a 

critical role in predicting cancer malignancy. In order to metastasize, cancer cells must 

develop two key abilities-increased motility and invasiveness. Cell motility or migration, 

is driven by molecules within the cytoskeleton including microtubules, actin and 

intermediate filaments [114]. Reports that indicate a link between PLD and migration 

show that PLD activity contributes to the reorganization of the actin cytoskeleton [115-

117], the spreading of murine cells [118] and the formation of cell protrusions in v-Src 

transformed cells [119]. In addition, Rho GTPases, which have been shown to regulate 

migration [120], also activate PLD1 [121]. The secretion of proteases to degrade tissue 

barriers is a key component of cell invasion [122, 123]. PLD activity has been correlated 

with the secretion of proteases such as MMP-2 and MMP-9 in metastatic cells [124-127]. 

In addition, work done by Imamura et al. [128] and Pai et al. [129] further implicate PLD 

activity in tumor invasion. Most notably, like the PLD activity, the migration and 

invasion of the breast cancer cell line MDA-MB-231 was stimulated by serum 

withdrawal. Upon inhibition of PLD, there was a marked reduction in survival, migration 

and invasion [113, 130]. Taken together, this data suggests that PLD contributes to cell 
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motility and invasiveness, indicating an important role for PLD in the metastasis of 

cancer. 

1.1.7 PLD as a therapeutic target 

The involvement of PLD in so many hallmarks [131] of tumorigenesis indicate 

that targeting PLD or PLD signaling could prove valuable in the treatment of cancers 

exhibiting elevated PLD activity. In support of this theory, it has been reported that PLD 

activity is elevated in human breast cancer [132], experimental colon cancer [133], 

human gastric cancer tissue [134] and human renal cancer [135] when compared to 

adjacent normal tissue. In addition, elevated PLD activity confers resistance to the anti-

proliferative drug rapamycin, while decreased PLD activity renders cells sensitive to 

rapamycin [136]. The data here reinforces the idea that PLD is a propitious target. 
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1.2 EPIDERMAL GROWTH FACTOR RECEPTOR  

1.2.1 EGFR history 

The epidermal growth factor (EGF) receptor (EGFR) is a member of the erbB 

family of receptor tyrosine kinases and plays a critical role in the transduction of signals 

from the cell surface to key molecules that regulate cell proliferation, survival, adhesion, 

migration and differentiation [137]. The first effects of EGF were demonstrated by 

Stanley Cohen who showed that treatment of mice with EGF induced precocious eyelid 

opening and tooth eruption [138]. The subsequent isolation and study of the human 

epidermal growth factor (EGF) in 1975 [139, 140] led to the purification of EGFR [141]. 

Binding of cognate ligands to EGFR induces dimerization which leads to receptor 

autophosphorylation and activation of signal transduction pathways. Whereas growth 

factor induced EGFR signaling is critical for normal morphogenic processes, aberrant 

activity of members of the erbB family plays a key role in the development of tumor cells 

[137]. 

1.2.2 EGFR family and structure 

The 170 kDa EGFR/erbB1 is a membrane bound glycoprotein that belongs to the 

erbB family of receptor tyrosine kinases that also includes HER2/erbB2, HER3/erbB3 

and HER4/erbB4 [142]. EGFR is composed of an extracellular ligand binding domain, a 

single transmembrane region, an intracellular kinase domain and a C-terminal tail with 

multiple phosphorylation sites (Fig. 1.2.2, [143]). The amino terminal extracellular 

domain contains two cysteine-rich regions responsible for binding to ligands [144] while 

the remainder of the extracellular domain plays a role in receptor dimerization and 
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interaction with other membrane proteins [145]. The transmembrane domain is believed 

to serve as a site for feedback attenuation by PKC and extracellular signal-regulated 

kinase/mitogen activated kinase (ERK, MAPK) [146, 147]. Additional evidence suggests 

that a motif within this region may link to heterotrimeric G proteins [148, 149]. Next 

comes the tyrosine kinase domain followed by the five autophosphorylation motifs within 

the carboxy-terminal tail [146]. These autophosphorylation motifs link to proteins 

containing SH2 or phospho-tyrosine binding (PTB) domains [146, 150]. The C-terminal 

tail also contains three internalization motifs comprised of a right turn as well as sites for 

transphosphorylation, proteolytic activation and degredation [146]. This tail is also 

reported to function as an autoinhibitory substrate since either deletion or mutation of the 

autophosphorylation sites prevents the ligand-activated EGFR from phosphorylating 

downstream substrates [151, 152]. 

 

Figure 1.2.2: Graphical representation of 

the mature EGFR. The cysteine-rich CR1 

and CR2 domains are involved in ligand 

binding of the receptor. The TM 

(transmembrane domain) separates the 

extracellular domain from the cytoplasmic 

tail. The cytoplasmic tail includes the 

tyrosine kinase domain as well as the 

autophosphorylated tyrosine (Y) residues 

and the calpain cleavage sitee. The amino 

acids 973, 996, 1149 are the three 

internalization domains [143]. 
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1.2.3 EGFR regulation 

Ligands 

With the exception of HER2, whose ligand has not been identified, the erbB 

family receptors become activated upon binding to ligands. Several ligands bind to and 

activate EGFR including EGF, transforming growth factor α (TGF-α), amphiregulin and 

heparin-binding EGF (HB-EGF) [153].  EGFR ligands are synthesized as transmembrane 

precursors consisting of an EGF motif flanked by an N-terminal extension and a C-

terminal membrane-anchoring domain [154]. This precursor is proteolytically cleaved, 

possibly by metalloproteases [155], to produce mature soluble ligands [154]. Specifically, 

the metalloproteases ADAM-17 and MMP-2, 3 and -9 have been shown to be involved in 

the processing of TGF-α and HB-EGF respectively [143]. 

Receptor stability 

Upon binding of a ligand, the dimerized and activated EGF receptors are rapidly 

internalized and delivered to early endosomes, a process that is generally believed to 

downregulate growth factor signaling [156].  Once internalized in early endosomes, the 

ligand-EGFR complex is either targeted for ubiquitination and degradation or recycled 

back to the plasma membrane. Cbl is the primary E3 ubiquitin ligase that is recruited to 

the ligand-receptor complexes via a phosphorylated Tyr1045 residue [157]. The receptor 

is then targeted for lysosomal and proteasomal degradation since association with Cbl 

promotes receptor ubiquitination [137, 158]. In support of this hypothesis, reports show 

that in the absence of Cbl, receptors are recycled to the plasma membrane [158] and that 

mutation of Tyr1045 augments EGFR signaling [157]. The fate of the EGFR is also 
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determined by the stability of the activated ligand-receptor complexes in the acidic 

(pH5.5) endosomal environment (Fig.1.2.3, [137]). For instance, activated EGFR 

homodimers are relatively stable, remain bound to Cbl and are targeted for degradation. 

However, EGFR-HER2 heterodimers are rather unstable and uncouple in early 

endosomes. This results in the dissociation of Cbl from the receptor complex after which 

the receptors are returned to the cell surface through a default recycling pathway [159]. 

The type of ligand associated with the EGFR also determines the receptor‟s fate. For 

example, EGF remains bound to EGFR in the acidic late endosomes which directs the 

receptor for degradation. On the other hand, TGFα dissociates from EGFR in the acidic 

environment which results in recycling of the receptor [160].  

 

 

Figure 1.2.3: Cartoon depicting EGFR fate. The stability of the activated ligand-

receptor complex in the endosomal environment affects receptor fate. Once in the 

sorting endosome, activated EGFR-HER2 heterodimers are relatively unstable. The 

ligand-receptor complex dissociates and the receptors are recycled back to the 

surface. In contrast, the stable EGFR homodimeric complexes are directed through 

an endocytic pathway that culminates in receptor degradation [137].  
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1.2.4 EGFR signaling 

EGFR activation triggers a plethora of downstream pathways (Fig. 1.2.5), some of 

which include phosphoinositide 3-kinase (PI3K) and the small G protein Ras. 

Phosphorylation of tyrosine residues on the EGFR promotes binding of the SH2 adaptor 

protein Grb2 which in turn recruits SOS, a guanine nucleotide exchange factor (GEF) that 

activates Ras [161]. Active Ras in turn stimulates a variety of proteins such as MAPK, 

RalGDS and PLD [162]. These signaling cascades affect processes such as cell cycle 

progression, proliferation, survival, adhesion, migration and differentiation. Recently, it 

has been reported that EGFR protects cells from glucose-deprivation by increasing 

glucose uptake via the stabilization of the sodium/glucose cotransporter 1 (SGLT1) [163]. 

1.2.5 EGFR and PLD 

A role for PLD in EGF/EGFR mediated signaling has been established by work 

done in our lab and others. To start, some of these reports showed that treatment of 

various cell lines with EGF stimulated PLD activity [58, 65, 66, 70, 80]. Interestingly, 

Slaaby et al. reported that PLD2 associated with the EGFR in a ligand-independent 

manner however, EGF-induced activation of the EGFR led to the phosphorylation of 

PLD2 [78]. Agonist-stimulated endocytosis and degradation of the EGFR receptor is 

dependent on PLD since overexpression of wild-type and mutant PLD proteins 

respectively accelerated or retarded receptor degradation [68]. In addition, dynamin, a 

large GTP binding protein that mediates receptor endocytosis, has been shown to interact 

with PLD2 in a GTP dependent manner [164]. This lab subsequently showed that the PX 

domain of PLD functioned as a GTPase activating protein (GAP) which was responsible 
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for the activation of the GTPase domain of dynamin [165]. A relationship between PLD 

activity and EGF induced migration was established by the report that the migration of 

epithelial cells induced by EGF was inhibited by 1-butanol, an effect that was reversed by 

the addition of phosphatidic acid analogues. Interestingly, this report also demonstrated 

that phosphatidic acid activated EGFR through a transactivation process [166]. Finally, 

our lab demonstrated that elevated PLD expression cooperated with overexpressed EGFR 

to transform 3Y1 rat cells [104].  
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Figure 1.2.5: Signaling network activated by ligand-dependent activation of 

EGFR. Upon ligand-induced activation, EGFR selectively activates a plethora of 

signal transduction pathways that affect transcription, cell cycle progression, 

survival, proliferation, angiogenesis, adhesion, migration and invasion. [Source: 

http://commons.wikimedia.org/wiki/Image:EGFR_signaling_pathway.png]  
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1.2.6 EGFR as a therapeutic target in cancer 

Aberrant EGFR signaling due to overexpression, mutation and autocrine growth 

factor loops, is a key feature of hyperproliferative diseases such as cancer [167]. Elevated 

EGFR expression was observed in many cancers including breast, head-and neck, non-

small-cell lung (NSCLC), renal, ovarian, colon, and in a small percentage of gliomas, 

bladder and pancreatic cancers [168]. The expression of EGFR in normal cells ranges 

from 0.4 x 10
5
 to 1 x 10

5
 receptors per cell [169]. In striking contrast, some breast cancer 

cells express up to 1 x 10
6
 EGFR receptors per cell [170, 171]. Elevated EGFR 

expression has been linked to advanced tumor stage, resistance to standard therapies such 

as chemotherapy and radiation [172-174], and poor patient prognosis [175], especially in 

NSCLC [176].  

Consequently, EGFR was proposed as a rational target for antitumor strategies 

and several inhibitors have been developed that interfere with EGFR signaling. For 

instance, monoclonal antibodies exert their effects by interacting with the extracellular 

ligand-binding domain of EGFR while tyrosine kinase inhibitors (TKIs) function 

intracellularly by competitively binding to the receptor‟s ATP site [177]. Both of these 

drugs cause a disruption of the pathways that lead to tumor cell proliferation, 

angiogenesis, metastasis and cell survival [178, 179].  
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1.3 Ras 

1.3.1 Ras history 

Ras is a small guanosine triphosphate hydrolase (GTPase) that mediates a variety 

of cellular processes by translating extracellular signals into specific biological responses 

such as proliferation, differentiation and survival. From the late 1970s into the early 

1980s, scientists studying the transforming activities of the rat-derived Harvey and 

Kirsten murine sarcoma retroviruses, discovered that the ras (rat sarcoma virus) genes 

contributed to the cancer pathogenesis of these retroviruses [180]. Subsequently, the 

cellular homologues of the retroviral transforming ras sequence were identified in the rat 

[181], mouse [182] and human [183] genomes. In mammals, the Harvey sarcoma virus-

associated oncogene is referred to as H-ras while the Kirsten sarcoma virus is called K-

ras [180]. 

1.3.2 Ras family and structure 

The mammalian ras family is made up of three highly conserved genes called H-

ras, K-ras and N-ras [184]. The four guanine nucleotide binding proteins (G-proteins) 

encoded by the ras genes are known as H-Ras, K-Ras4A, K-ras4B and N-Ras, each of 

which is 21 kDa in size (Fig. 1.3.2, [185]) [180, 184]. The Ras proteins have a high 

degree of homology within their catalytic region (aa 1-164) which harbors the guanine 

nucleotide and effector-binding motifs [184]. The C-terminal four residues, termed the 

CAAX box, are conserved in all Ras proteins and are involved in posttranslational 

modification and membrane localization [186]. The carboxy-terminal region harboring 

residues 165-185 are the least conserved amongst the Ras family and is termed the 
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hypervariable region (HVR) [186]. It has been shown that the HVR may play a role in 

regulating protein-protein interactions [187]. 

 

1.3.3 Ras Localization 

The „classical‟ Ras proteins (H-Ras, K-Ras4A, K-ras4B and N-Ras) [188] share a 

high degree of sequence homology but are reported to have unique biological properties. 

The Ras proteins carry out distinct functions as a result of their divergent subcellular 

localizations which are influenced by posttranslational modifications [189]. The Ras 

proteins are synthesized as cytosolic proteins after which farnesyltransferase catalyzes the 

covalent addition of a farnesyl isoprenoid lipid to the cysteine residue of the CAAX box 

(Fig. 1.3.3-1, [190]). Enzymes associated with the endoplasmic reticulum (ER) then 

proteolytically cleave the AAX residues and methylate the farnesylated cysteine residue 

[191].  The cysteine residues immediately upstream of the CAAX box within H-Ras and 

HVR Conserved domains 

1 165 188/9 

Linker Anchor 

H-Ras 

K-Ras 

N-Ras 

Figure 1.3.2: Domain structure of the Ras 

proteins. The first 165 residues of the amino 

terminal of the Ras proteins are 90-100% 

identical and represent the conserved domains. 

The significantly divergent hyper variable region 

(HVR) of Ras contains sequences that are the 

sites of posttranslational modifications and are 

responsible for protein localization. (Modified 

from [187]). 
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N-Ras are palmitoylated and trafficked to the plasma membrane (PM) via the Golgi [185, 

191]. In contrast, the lysine-rich sequence on K-Ras4B is responsible for the translocation 

of K-Ras4B from the ER to the PM [190] in a Golgi independent manner [185].  

The different carboxy-terminal lipid anchors on N-Ras, H-Ras and K-Ras are 

reported to also target these proteins to different microdomains within the PM (Fig. 1.3.3-

2, [185]). For instance, H-Ras is almost equally distributed between lipid raft and non-

lipid raft regions. However, GTP binding increases the fraction of H-Ras in non-lipid raft 

areas [185]. On the other hand, K-Ras is predominantly associated with the non-lipid raft 

membrane regardless of its activation state [185]. 

 

Figure 1.3.3-1: Trafficking of Ras proteins to the plasma membrane. Ras proteins 

are farnesylated in the cytoplasm. In the endoplasmic reticulum, the AAX residues 

are cleaved and carboxy methylationof now terminal cysteine residue occurs. The 

lysine residues on K-Ras4B allow it to transit directly to the plasma membrane (PM). 

However, H- and N-Ras are palmitoylated before they are trafficked to the PM via the 

Golgi apparatus [192]. 
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1.3.4 Ras regulation 

Like most GTPases, Ras functions as a molecular switch, cycling between an 

inactive GDP-bound state and an active GTP-bound state (Fig. 1.3.4, [192]) [193]. 

Extracellular signals transmitted through membrane-bound receptors stimulate guanine 

nucleotide exchange factors (GEFs) which promote the simultaneous dissociation of GDP 

and binding of the more abundant GTP to Ras [193]. This reaction is reversed by 

GTPase-activating proteins (GAPs) which stimulate the intrinsic Ras GTPase activity, 

resulting in the hydrolysis of GTP to GDP and inorganic phosphate [194]. GTP binding 

of Ras is induced by growth factors such as PDGF [195] and EGF [196] via activation of 

their cognate receptors. Ligand-induced receptor autophosphorylation subsequently 

stimulate the activation of son of sevenless (SOS) [197], one of the most well studied Ras 

Figure 1.3.3-2: Plasma membrane (PM) microlocalization of H- and K-Ras. K-

Ras predominantly associates with the non-lipid raft PM irrespective of its activation 

state. H-Ras is almost equally distributed between raft and non-raft membrane. GTP 

loading increases the fraction of H-Ras in the non-raft membrane [187]. 
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GEFs. Correspondingly, the most well studied Ras GTPase activating protein is 

RasGAP/p120
GAP

 [198] . 

 

1.3.5 Ras signaling 

Ras proteins have been shown to play a key role in signal transduction cascades 

by stimulating the activities of three main classes of effector proteins, Rafs, PI3-kinase 

(PI3K) and RalGEFs (Fig. 1.3.5, [190]), all of which become activated by binding to 

GTP-loaded Ras. Raf-1 is a serine-threonine kinase which was the first bona fide 

Figure 1.3.4: Model for the cycling of activated and inactivated Ras. 

Extracellular signals modulate the activity of guanine nucleotide exchange factors 

(GEFs) which promote GTP-binding and hence activation of Ras. Hydrolysis of 

GTP is promoted by GTPase-activating proteins (GAPs). Ras proteins interact with 

many effectors leading to diverse biological responses [194]. 
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mammalian Ras effector identified [199-202]. Once activated by Ras, Raf-1 then 

stimulates MEK1/2 which in turn activates mitogen activated protein kinases (MAPKs) 

such as the extracellular signal-regulated kinase 1/2 (ERK1/2) [203]. GTP-loaded Ras 

also binds to and activates the catalytic domain of PI3K, triggering the production of 

second messengers that activate the phosphoinositide-dependent kinases PDK-1 and 

PDK-2 which in turn activate AKT signaling pathways [203]. Ral proteins (RalA and 

RalB) are members of the Ras subfamily of Ras-related GTPases that also cycle between 

an active GTP-bound state and inactive GDP-bound state [203]. Active Ras stimulates 

Ral GEFs such as Ral-guanine nucleotide dissociation stimulator (GDS), which increases 

the activity of Ral [204, 205]. Activated Ral stimulates a variety of molecules such as 

PLD1 and RalBP1 [180]. Both Raf and PI3K activities are required for Ras induced 

transformation, as demonstrated in NIH 3T3 cells [206].  Additionally, the anti-apoptotic 

effects of Ras were attributed to its activation of PI3K/AKT signaling [207]. However, 

Hamad et al. [208] showed that the RalGEF/Ral pathway, and not the PI3K or Raf 

pathways, was sufficient for Ras transformation of human cells. 

Another small GTPase of worthy mention is ADP-ribosylation factor (Arf), not to 

be confused with the tumor suppressor p19
Arf

. Like other G proteins, Arfs cycle between 

an active GTP bound and inactive GDP-bound state and they function in processes such 

as membrane trafficking [209]. As it relates to Ras signaling, our lab has shown that H-

Ras transformation of NIH3T3 cells possessed elevated Arf6 protein levels when 

compared to untransformed cells [210]. 
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1.3.6 GTPases and PLD 

Numerous reports have implicated the small GTPase family members such as 

Ras, Rho, Arf and RalA in the activation of PLD by various stimuli [96], some of which 

have been mentioned previously. Of relevance is data that showed that Ras and RalA 

mediate the activation of PLD in v-Src transformed cells [211, 212] and that PLD activity 

was required for transformation by H-RasV12 [105]. Additional reports showed that PLD 

activity stimulated by receptor tyrosine kinases depended on the Ras/Ral signaling 

cascade [64]. RalA and Arf6 also worked synergistically to elevate PLD activity in H-Ras 

transformed cells [210]. Additionally, our lab has shown that PLD provided a survival 

signal in cancer cells with activated H-Ras or K-Ras [213]. 

Figure 1.3.5: Ras activates multiple effector-mediated signaling pathways. 

Some of the best characterized effectors of Ras and their signaling pathways are the 

Raf threonine/serine kinases, phosphoinositide 3-kinases (PI3K) and the Ral GEF, 

RalGDS [192].  
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1.3.7 Ras and cancer 

Activating mutations of the ras sequences is estimated to occur in 20-30% of all 

human tumors [203]. Sequence analyses revealed that there were point mutations that 

mostly affected residue 12 and to a lesser extent, residues 13 and 61 [214, 215]. Each of 

these mutations renders the GTPase domain of Ras insensitive to activation by GAP, 

resulting in an increase in the half-life of Ras-GTP mutants [203, 216]. The highest rate 

of ras mutations was observed in cancers of the pancreas (90%), colon (50%), lung 

(30%) and thyroid [203].  Particular associations were also found between the various ras 

oncogenes and certain types of human cancer [180]. For instance, pancreatic [217] and 

colonic [218] cancers frequently harbored mutant K-ras while H-ras mutations were 

predominantly found in bladder cancers [219]. N-ras mutations were associated mainly 

with lymphoid malignancies [220] and melanomas [221]. 

The frequency of ras mutations in human cancers has led to the proposal that 

targeting Ras signaling may be a promising strategy in the battle against cancer. As such, 

inhibition of Ras signaling has been shown to prevent Ras-dependent transformation and 

cause regression of Ras-dependent tumors in animal models [203]. 
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1.4 AMP kinase 

1.4.1 AMPK history 

In order to survive, all cells must maintain a high ratio of ATP to ADP [222]. 

ATP synthases and adenylate kinase function to maintain the concentration of ATP at 

about ten times that of ADP [223]. Under conditions of cellular stress in which the rate of 

ATP consumption exceeds that of ATP production, there is an overall rise in the 

ADP:ATP ratio. As described by Hardie et al. [223], the AMP:ATP ratio vary as the 

square of the ADP:ATP ratio such that if the ADP:ATP ratio rises 5-fold then the 

AMP:ATP ratio rises 25 fold. This comparatively more dramatic change in the 

AMP:ATP ratio makes it a highly sensitive indicator of cellular energy status. In the late 

1980s, 5‟AMP-activated protein kinase (AMPK) was identified [224] and subsequent 

work showed that it was responsible for sensing and responding to changes in a cell‟s 

energy level. 

1.4.2 AMPK structure 

The heterotrimeric AMPK is a serine-threonine kinase that contains a catalytic α-

subunit and regulatory β- and γ-subunits and has been described in all eukaryotes [225, 

226] (Fig. 1.4.3, [227]). Each subunit has at least two isoforms so that there are twelve 

possible αβγ combinations of isoforms [228, 229]. The α-subunit contains several 

features critical for enzymatic activity and complex formation [226]. For instance, the N-

terminal kinase domain contains a threonine residue (Thr-172) whose phosphorylation is 

essential for enzymatic activity. The C-terminal domain is required for formation of the 

complex with the β and γ subunits and an inhibitory domain has also been postulated to 
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exist immediately C-terminal to the kinase domain [230]. The β-subunit contains two 

highly conserved regions called the KIS and ASC domains. The KIS domain is involved 

in glycogen binding [231, 232] while the ASC domain is required for formation of a 

stable and active αβγ complex [231]. Finally, the γ-subunit contains four tandem repeats 

of a motif called the CBS domain whose function is to bind the adenosine portion of 

AMP [229]. 

1.4.3 AMPK localization 

The β1 subunit of AMPK has been shown to be myristoylated on its N-terminus, a 

modification that is important for both enzymatic activity and subcellular localization. 

Upon overexpression of the wild-type β1 subunit in COS-7 cells, the authors found the 

AMPK αβγ complex primarily in membrane fractions. However, the αβγ subunits were 

recovered in both the soluble and membrane fractions upon overexpression of a 

myristoylation deficient mutant of the β1 subunit (G2A) [233]. Similarly, expression of 

the G2A mutant caused a shift in the localization of the β subunit from a particulate 

extranuclear distribution to a more homogeneous cell distribution [234]. Additional work 

done by Warden et al. [234] showed that introduction of phosphorylation site mutants 

(S24A, S25A and S182A) caused a dramatic shift towards nuclear distribution with some 

continued extranuclear expression. 
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1.4.4 AMPK regulation 

The AMPK cascade is activated by any cellular stress that causes a rise in the 

AMP:ATP ratio due to a disruption of ATP production or consumption. Some types of 

stress that inhibit ATP production include, heat shock [235], oxygen deprivation 

(hypoxia) [236], tissue ischemia [237], glucose deprivation [238] and metabolic poisons 

such as arsenite or oligomycin [235]. A physiological stress that increases ATP 

consumption is exercise in skeletal muscle [239, 240]. 

Figure 1.4.3: 5` AMP-activated protein kinase (AMPK) and function. 

Conditions that cause an increase in the AMP: ATP ratio lead to activation of 

AMPK through increased phosphorylation on threonine 172 (T172) within the α-

subunit. Once activated, AMPK phosphorylates several downstream substrates in 

order to turn off ATP-consuming processes and turn on ATP-generating pathways 

(Modified from [229]. 
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AMP 

Mammalian AMPK is allosterically activated by 5`-AMP (AMP), however, the 

heterotrimer is inactive unless phosphorylated on its threonine residue (Thr-172) by 

upstream kinases [241, 242]. AMPK is described as being ultrasensitive to changes in 

AMP given that this nucleotide activated the AMPK cascade through three mechanisms 

in addition to phosphorylation at Thr172. They are (i) AMP activates the upstream kinase 

(ii) AMP makes AMPK a better substrate for the upstream kinase and (iii) AMP makes 

AMPK a worse substrate for the protein phosphatase [243]. All three of these effects are 

antagonized by high concentrations of ATP, suggesting that both AMP and ATP compete 

for binding to the allosteric site. This competitive action of the adenosine nucleotides also 

imply that AMPK is activated by a simultaneous increase in AMP and decrease in ATP 

levels [226]. 

Upstream kinases 

Phosphorylation of AMPK at Thr172 is critical for enzymatic activity, and the 

kinases responsible for this phosphorylation have been identified as LKB1 and possibly 

Ca
2+

/calmodulin-dependent protein kinase kinase (CaMKK) [244]. LKB1 is a tumor 

suppressor gene that is lost in Peutz-Jeghers syndrome [245]. Individuals with this 

condition are at a higher risk of developing malignant tumors including of the breast 

[246, 247] and lung [248, 249]. LKB1 is the primary kinase that activates AMPK through 

phosphorylation of Thr172 [250-252] and is essential for the activation of AMPK by 

exercise [253]or the anti-diabetic drug metformin [244]. In mammalian cells that lack 

LKB1 expression, AMPK could not be activated by another anti-diabetic drug 
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phenformin or an AMP mimetic, 5-aminoimidazole 4-carboxamide riboside (AICAR) 

[250]. Recently, AMPK was shown to be activated by a Ca
2+

-dependent but AMP-

independent mechanism which is dependent on CaMKK [254]. An increase in AMPK 

associated with CaMKK was also observed when AMPK activity was stimulated in a 

CaMKK dependent manner [255]. 

AMPK inhibitors 

Phosphocreatine (PCr) is a high energy phosphate storage molecule that serves as 

a temporary energy buffer during contraction in skeletal muscle where ATP is used up 

faster than it is produced [256]. PCr donates a phosphate group to ADP in a reversible 

reaction catalyzed by creatine kinase [257]. In addition to regulation by the ATP:AMP 

ratio, Ponticos et al. [258] showed that AMPK activity is modulated by the 

phosphocreatine:creatine (PCr:Cr) ratio and that AMPK is allosterically inhibited by PCr. 

Glycogen is another source of stored energy in cells and the AMPK β subunit contains a 

glycogen binding domain [231, 232]. In studies of rat and human muscle, elevated 

glycogen levels suppress AMPK activity, suggesting that AMPK may also function as a 

sensor of glycogen content [259, 260]. 

1.4.5 AMPK signaling 

The actions of AMPK have been best studied in exercising skeletal muscle or in 

cells treated with AMPK activators such as AICAR. When taken up by cells, AICAR is 

phosphorylated by adenosine kinase to produce the monophosphorylated derivative ZMP. 

This derivative mimics all four effects of AMP on the AMPK cascade without perturbing 

the levels of ATP, ADP or AMP [261]. 
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Proteins inhibited by AMPK 

Upon activation, AMPK inhibits a number of key metabolic enzymes that 

consume ATP but are not immediately essential for survival (Fig. 1.4.5, [226]). These 

proteins include mammalian target of rapamycin (mTOR) [262], acetyl-CoA carboxylase 

1 (ACC1) [226], fatty acid synthase (FAS) [263] and HMG-CoA reductase [264], key 

regulators of protein, fatty acid and cholesterol/isoprenoid biosynthesis, respectively. 

Another action of AMPK is to activate catabolic processes that produce ATP. For 

instance, AMPK activation acutely stimulates glucose uptake via the GLUT1 and GLUT4 

receptors, fatty acid oxidation by inhibiting ACC2, and promotes glycolysis through the 

activation of phosphofructose kinase 2 (PFK2) [226]. The expression of numerous genes 

is also increased by AMPK and includes GLUT1 and GLUT4 [265], hexokinase II [265] 

and mitochondrial enzymes involved in the TCA cycle and respiratory chain in muscle 

[223]. 

Of interest is mTOR, a serine-threonine kinase that plays a central role in the 

regulation of growth and proliferation by controlling protein synthesis [266]. mTOR is 

regulated by growth factors and nutrients and is part of two distinct multiprotein 

complexes. mTORC1 is sensitive to rapamycin while mTORC2 is insensitive to 

rapamycin [267]. Growth factors such as insulin and nutrients such as amino acids and 

glucose stimulate mTORC1 activity as demonstrated by increased phosphorylation of two 

key regulators of protein translation: ribosomal p70S6 kinase (S6K) and eukaryote 

initiation factor 4E binding protein 1 (4EBP1) [267]. The key role of mTORC2, on the 

other hand, is to phosphorylate Akt at its Ser473 site [244]. Work by Krause et al. 

showed that treatment of isolated hepatocytes with AICAR, blocked the amino acid-
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induced activation of p70S6K [268]. The mechanism of AMPK inhibition of mTOR 

appears to be indirect as Inoki et al. [269] demonstrated that AMPK phosphorylates and 

activates TSC2, a tumor suppressor which subsequently inhibits mTOR. More recently, it 

has been reported that AMPK inhibits mTORC1 by phosphorylating and inhibiting 

raptor, a component of mTOR complex 1 [270]. 

 

1.4.6 AMPK in disease 

Diabetes 

Type 2 diabetes is characterized by abnormally high blood glucose levels as a 

result of insulin resistance and is often managed by diet and exercise. As a result of a 

Figure 1.4.5: Proteins and pathways regulated by AMPK. AMPK suppresses the 

activity of several proteins involved in key energy consuming processes such as 

isoprenoid, fatty acid and protein synthesis. ATP-generating processes such as fatty 

acid oxidation and glycolysis [228]. 
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correlation between increased exercise and elevated AMPK activity [239, 240], many 

speculated that the metabolic abnormalities associated with type 2 diabetes could be 

reversed by activation of AMPK [271]. Using animal models of type 2 diabetes, 

researchers have shown that continual administration of AICAR reduced plasma 

triglycerides, fatty acids, endogenous glucose production [272], lowered the systolic 

blood pressure [273] and reduced abdominal fat [274]. The antidiabetic drugs metformin 

and rosiglitazone have been shown to exert their effects through activation of the AMPK 

pathway [275].  These observations may explain the beneficial results of physical 

exercise on patients with type 2 diabetes [276]. 

Cancer 

The study of the role of AMPK in cancer is still an emerging field but the 

investigations so far have produced contradictory, yet intriguing results. Specifically, the 

paradox involves reports that show that AMPK has anti-apoptotic and pro-apoptotic 

effects. For instance, because AMPK has inhibitory effects on ACC, FAS and mTOR, it 

was believed that activation of AMPK may selectively cripple the growth or survival of 

cancer cells that depend on these proteins [277]. Treatment of the prostate cancer cell 

lines PC3, Du145, and LNCaP with AICAR inhibited their growth and survival [278]. 

Others have obtained similar results supporting the hypothesis that elevating AMPK 

activity leads to apoptosis in cancer cell lines [279, 280]. In contrast, elevated AMPK 

activity has been shown to protect both normal and cancerous cells against death induced 

by various stresses. For instance, stimulation of AMPK activity prevented fatty acid-

induced apoptosis in astrocytes [281] and AICAR inhibited apoptosis in fibroblasts 

deprived of growth factors [282]. Importantly, a report by Kato et al. demonstrate that 
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pancreatic cancer cells depend on AMPK signaling in order to survive nutrient-deprived 

conditions [283]. Although in its infancy, the data collected so far suggests that targeting 

AMPK may prove crucial in eradicating cancers that depend on AMPK signaling for 

survival. 
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CHAPTER II 

MATERIALS AND METHODS 
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2.1 Materials 

2.1.1 Solutions and reagents 

DMEM, bovine calf serum, lipofectamine 2000, lipofectamine LTX and RNAi MAX 

were obtained from Invitrogen. Antibiotic-antimycodic solution (10,000 units/ml 

penicillin G, 10 mg/ml streptomycin sulfate and 25µg/ml amphotericin B), DMSO, 1-

butanol, EGF, actin and β-tubulin antibodies were from Sigma. 
3
H-myristic acid, 

Econofluor-2 scintillation fluid, En
3
Hancer Spray were purchased from Perkin Elmer. 

100X Protease Inhibitor Cocktail Set I, 100X Phosphatase Inhibitor Cocktail Set I, 

AG1478 and Compound C were from Calbiochem. AICAR and the RalA activation assay 

kit were from Upstate. The Ras activation assay kit was from Pierce and the Silica gel G, 

60A TLC plates were from Fisher. The BioCoat
TM

 invasion chambers were from BD 

Biosciences. Diff-Quik staining kit was from dade Behring and honokiol was a gift from 

Jack Arbiser. 

2.1.2 Cells lines 

MDA-MB-231, MDA-MB-468, MCF7, Calu-1 and T24 cell lines were obtained from 

American Type Culture Collection (ATCC). 

2.1.3 Plasmids and siRNA 

Vectors used were pcDNA3.1(-)  (Invitrogen) and pcDNA3.1(-)-RasN17, which was 

constructed by inserting the S17N Ras gene from pCMV-RasN17 (Clontech) using 

flanking EcoR I and BamH I sites. pcDNA3.1(-)ARF1T31N, pcDNA3.1(-)ARF6T27N  

were described previously [284] and pcDNA3.1(-)RalAS28N was also described 
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previously [285]. Scrambled siRNA and siRNA targeting H-Ras, K-Ras, LKB1 and 

AMPK were obtained from Sigma. EGFR siRNA was from Upstate. 

2.1.4 Antibodies 

Antibodies against EGFR, HER2 and phosphorylated EGFR (Tyr1173) were from 

Upstate. AMPKα and phosphorylated AMPKα (Thr172), p70S6K and phosphorylated 

p70S6K (Thr389), AKT and phosphorylated AKT (Ser473), PARP, PLD1, p42/44 

MAPK and phosphorylated p42/44 MAPK (Thr202/Tyr204) antibodies were from Cell 

Signaling. H-Ras, K-Ras and GLUT4 antibodies were from Santa Cruz. PLD2 antibody 

was from Novus Biologicals. Secondary mouse and rabbit antibodies were from 

Promega. 

2.2 Methods 

2.2.1 Cell culture conditions and transfections 

All cell lines were maintained in Dulbecco‟s Modified Eagle‟s Medium (DMEM) 

supplemented with 10% bovine calf serum. The cells were incubated in a humidified 

chamber at 37ºC and 5% CO2. Cells were seeded into 60-mm tissue culture plates at a 

density that would allow them to be 30-50% confluent overnight. Transfection of siRNAs 

was performed using RNAi MAX according to the manufacturer‟s instructions. For 

transfections of plasmid DNA, cells were seeded at a density that would allow them to be 

80% confluent overnight. Transfections were performed using Lipofectamine 2000 or 

Lipofectamine LTX according to the manufacturer‟s instructions. 

2.2.2 Immunoblotting 
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Cells were washed twice in ice-cold 1X PBS and residual PBS was aspirated.  An 

appropriate volume of 1% modified Ripa buffer ( 65 mM Tris-HCl (pH7.4), 154 mM 

NaCl, 1% IGEPAL, 0.25% Na-deoxycholate, 1 mM EDTA, 1mM activated sodium 

orthovanadate, 1 mM NaF, 1X Protease Inhibitor Cocktail Set I, 1X Phosphatase 

Inhibitor Cocktail Set I) was added to the plates and cells were scraped and collected in 

cold micro-centrifuge tubes. These tubes were then rotated at 4ºC for 25 minutes and 

centrifuged for 10 minutes at 13,000 rpm and 4ºC. The supernatant was removed and 

placed into clean ice-cold micro-centrifuge tubes. Protein concentrations were determined 

using the Bio-Rad DC protein assay and equal amounts of protein were separated by 

SDS-PAGE and transferred onto nitrocellulose membranes. The nitrocellulose 

membranes were blocked and probed with antibodies in accordance with the 

manufacturers‟ instructions. 

2.2.3 PLD assay 

The media of 90% confluent cells was switched to the appropriate serum concentration 

and incubated overnight. Cells were labeled with 
3
H-myristic acid (3.0 µCi) for 4-6 hrs 

and 1-butanol (0.8%) was added 20 minutes before lipids were collected. Cells were 

washed twice in ice-cold 1X PBS (pH7.4) after which 500 µl of ice-cold methanol: 6N 

HCl (50:2) was added. The cells were scrapped and placed into the first extraction tube 

(155 µl 1N NaCl, 500 µl ice-cold chloroform) which was vortexed for 30 seconds and 

centrifuged at 4°C for 3 minutes at 13,000 rpm. The upper aqueous layer was discarded 

and the lower organic phase was transferred to the second extraction tube (350 µl water, 

115 µl methanol, 115 µl 1N NaCl) which was vortexed for 15 seconds and centrifuged as 
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above. Most of the upper aqueous phase was removed, leaving just enough to cover the 

lower organic phase.  

The experiment could be stopped here and samples stored at -80°C. The CPM for each 

sample was measured by transferring 10 µl of the lower organic phase into 3 ml of 

Econofluor-2 scintillation fluid. The CPMs were normalized and 5-7 x 10
5
 CPM of each 

sample was dried with nitrogen gas for 10 minutes. The samples were resuspended in 30 

µl of spotting solution (chloroform: methanol, 9:1), vortexed briefly and centrifuged 

briefly. The samples were spotted (10 µl at a time) onto a Silica gel G, 60A TLC plate 

and placed in a chamber containing 100 ml of a mobile phase solution (ethyl acetate: iso-

Octane: glacial acetic acid: water, 88:40:16:80) for 2 hrs. The plate was allowed to air dry 

for 20 min, sprayed with En
3
hancer and transferred to a polyethylene bag.  The plate was 

then placed in an exposing cassette with film and developed after 3-5 days at -80°C. 

2.2.4 Ras assay 

Lysates were collected and protein concentration was determined as in Materials and 

Methods (2.2.2). 20 µg of protein was used for the total lysate control while larger 

amounts of protein (0.5-1 mg) were subjected to the Ras assay according to the 

manufacturer‟s instructions. In principle, the EZ-detect Ras Activation assay kit uses a 

GST-fusion protein containing the Ras-binding domain (RBD) of Raf1 to specifically 

pull-down active Ras. The kit then uses an anti-Ras antibody to detect the purified Ras by 

immunoblotting. GST-Raf1-RBD is incubated with cell lysate in the presence of 

glutathione agarose beads. The active Ras that binds to the GST-Raf1-RBD, which in 

turn binds to the glutathione agarose beads, is then detected by immunoblotting using 
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anti-Ras antibody. Because only the active form of Ras can bind to Raf1-RBD, only the 

active Ras is purified and detected during western blotting. 

2.2.5 RalA assay 

Lysates were collected and protein concentration was determined as in Materials and 

Methods (2.2.2). 20 µg of protein was used for the total lysate control while larger 

amounts of protein (1 mg) were subjected to the Ral assay according to the 

manufacturer‟s instructions. In principle, the RalA activation assay kit uses a GST fusion-

protein corresponding to residues 397-519 of Ral binding protein (RalBP1) bound to 

agarose. RalBP1 specifically binds to and precipitates Ral-GTP from cell lysates which is 

then detected using an anti-RalA antibody supplied with the kit. 

2.2.6 Migration assay 

The assays were carried out using BIOCOAT
TM

 cell culture inserts that had polyethylene 

terephthalate filters (8 µm pore size) on the bottom. For migration assays, inserts were 

used directly without coating. Single cell suspensions in 10% or 0.5% serum 

concentrations were placed into the inserts. The inserts were set into 24-well plates that 

held 0.75 ml/well of 10% serum growth medium and incubated at 37°C and 5% CO2 for 

24 hrs. Cells that had not penetrated the filters were wiped out with cotton swabs, and 

cells that had migrated to the lower surface of the filters were fixed and stained using the 

Diff-Quik staining kit according to the manufacturer‟s instructions. The number of 

migrated cells was counted under a microscope. The mean of five individual fields in the 

center of the filter where migration was the highest was obtained for each well. 
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CHAPTER III 

PLD ACTIVITY INDUCED BY SERUM-WITHDRAWAL DEPENDS 

ON EGFR, RAS, RALA, ARF1AND ARF6 
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3.1 Introduction 

Our lab has shown that various cancer cell lines such as MDA-MB-231, are able 

to survive in media containing as little as 0.5% serum. Exposure of these cells to such 

serum deprived conditions caused a rapid increase in PLD activity which was observed 

within 15 minutes [130]. We hypothesized that under the stress of serum withdrawal, 

these cells may be generating anti-apoptotic signals, perhaps mediated by PLD, in order 

to survive. In support of this idea, Zhong et al. [113] demonstrated that suppression of 

PLD activity induced apoptosis of MDA-MB-231 cells deprived of serum. Additionally, 

depriving these cells of serum also promoted cell migration and invasion, functions that 

were both dependent on PLD [130].  

Historically, PLD activity has been shown to be stimulated by molecules such as 

growth factors, which are found in abundance in serum. Therefore, these results in which 

PLD activity was induced by a lack of serum, and therefore, a lack of growth factors, 

indicated that PLD may be generating “survival signals” for certain cancer cells exposed 

to low serum conditions. Although PLD activity was increased, the PLD1 and PLD2 

protein levels remained unchanged, suggesting that the induction of PLD activity 

occurred at the level of regulation but not expression. We hypothesized that the PLD 

activity induced by serum withdrawal occurred through two possible means: (i) serum 

contained inhibitory factor(s) thus withdrawing serum relieves the inhibition on PLD 

activity or (ii) cells sense the decrease in serum and activate signaling pathways 

responsible for the stimulation of PLD activity. In order to address the latter possibility, 

the goal of my work was to decipher the upstream signaling pathways that contribute to 

the induction of PLD activity under serum deprived conditions.  



47 
 

To that end, we focused our attention on proteins such as EGFR and Ras, which 

have been previously implicated in PLD activation (albeit in conditions in which growth 

factors were added to stimulate PLD activity). EGFR signaling can be amplified due to 

overexpression, mutation or autocrine growth factors loops [167]. Likewise, Ras 

signaling can be augmented by activating mutations that render the GTP-bound Ras 

insensitive to the actions GAPs [203]. Our rationale for studying EGFR and Ras is based 

on evidence that the cancer cell lines that display elevated PLD activity are also reported 

to express elevated levels of EGFR [286] and contain activating mutations in either K-ras 

[287, 288] or H-ras [215]. In this chapter, we report that EGFR, Ras and downstream G-

proteins all play a role in regulating the induction of PLD activity when cancer cells are 

maintained in serum deprived conditions. 
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3.2 Results 

3.2.1 No correlation between the amount of EGFR and level of PLD activity 

Based on a report by Moasser et al. [289] and observations made in our lab, we 

hypothesized that if EGFR expression correlated with PLD activity, then the cell line 

with the highest EGFR expression will also exhibit the highest PLD activity. To test this 

idea, we compared the PLD activity of three breast cancer cell lines, MCF7, MDA-MB-

231 and MDA-MB-468 which express varying levels of EGFR. Correlating with 

published reports [289, 290], the MDA-MB-468 cells expressed the highest levels of 

EGFR and undetectable levels of HER2 (Fig. 3.2.1A). The MDA-MB-231 cells displayed 

moderate levels of both EGFR and HER2 while only HER2 was detected in the MCF7 

cells. Comparison of the PLD activities of these cell lines showed that while the MCF7 

cells had the lowest PLD activity, the MDA-MB-231 and the MDA-MB-468 cells had 

comparable PLD activities as revealed by phosphatidylbutanol (PBt) production (Fig. 

3.2.1B). These results did not support our hypothesis since there was no correlation 

between the amount of EGFR and the level of PLD activity. However, the cell lines with 

the highest PLD activity both expressed EGFR, suggesting that EGFR expression may be 

necessary but not sufficient for the elevated PLD activity.  
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3.2.2 Correlation between EGFR activation and expression with PLD activity 

The above data indicated a potential relationship between PLD activity and 

EGFR. To test this idea, we examined the expression and activation of EGFR in MDA-

MB-231 cells deprived of serum. Since the withdrawal of serum induces PLD activity in 

the aforementioned cells, we hypothesized that activation and/or expression of EGFR 

may be similarly affected. Indeed, maintenance of MDA-MB-231 cells in serum deprived 

conditions overnight resulted in a modest increase in the activation of EGFR as indicated 

by the phosphorylation of EGFR at tyrosine 1173 (Y1173) (Fig. 3.2.2A). Additionally, 

we observed a dramatic increase in the expression of EGFR which correlates with the 

increase in PLD activity observed in 0.5% serum (Fig. 3.2.2B). The protein levels of 

PLD1 and PLD2 however, remain unchanged (Fig. 3.2.2C). 

EGFR 

HER2 

Actin 

A B 

PBt 

Figure 3.2.1: Elevated PLD activity is found in cells that express EGFR. 90% 

confluent cells were switched to DMEM supplemented with 0.5% serum and 

incubated overnight at 37°C and 5% CO2. (A) Protein lysates were immunoblotted 

for EGFR, HER2 and actin expression and (B) PLD assay was performed to 

measure phosphatidylbutanol (PBt) production. 
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3.2.3 Elevated PLD activity depends on EGFR  

In keeping with the goal of determining factors and pathways involved in the 

stimulation of PLD activity under stress, we wanted to ascertain whether the induction of 

PLD activity required signals emanating from EGFR. To that end, we utilized 

pharmacological inhibitors and siRNA techniques to test our hypothesis that suppression 

of EGFR would reduce stress-induced PLD activity. 

Our initial approach to inhibiting EGFR involved the use of AG1478, a highly 

potent and specific inhibitor that functions as an ATP competitor with an IC50 of 3 nM 

Serum (%):       10           0.5 

P-EGFR(Y1173) 

EGFR 

Actin 

A 

Serum (%):        10           0.5 

B 

PBt 

C 

Serum (%):          10            0.5 

PLD2 

PLD1 

Actin 

Figure 3.2.2: Effect of serum withdrawal on EGFR activation and expression. 

90% confluent MDA-MB-231 cells were switched to DMEM supplemented with 

10% or 0.5% serum and incubated overnight after which (A, C) protein lysates were 

immunoblotted for P-EGFR(Tyr1173), EGFR, PLD2, PLD1 and actin. (B) PLD assay 

was performed to measure phosphatidylbutanol (PBt) production. 
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(Fig. 3.2.3-1A). Significantly higher concentrations (> 100 µM) of AG1478 are required 

for the inhibition of other receptors such as HER2 and the PDGF receptor. Thus, applying 

AG1478 at a concentration of 250 nM was not expected to non-specifically affect the 

activities of other proteins. In order to confirm that use of AG1478 inhibited EGFR 

signaling pathways we examined the effects of 250 nM AG1478 on EGF stimulated Ras 

and MAPK activities. Treatment of MDA-MB-231 cells with 100 ng/ml EGF caused an 

increase in GTP bound Ras and phosphorylation of p44/p42 MAPK (Fig. 3.2.3-1B). 

However, pre-treatment (40 min) of cells with 250 nM AG1478 reduced these effects, 

indicating that AG1478 was effective at inhibiting signals stimulated by EGFR 

activation.  

As shown in Fig. 3.2.3-1C, treatment of MDA-MB-231 cells with AG1478 

significantly suppressed the PLD activity in 0.5% serum with little effect on the PBt 

production in 10% serum. This result indicated that the PLD activity induced by serum 

withdrawal depends on the activation of EGFR. 
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C 

PBt 

Serum (%):                    10                                       0.5 

Tx:            -                                          -    

A B 

Ras-GTP 

 Ras 

P-MAPK  

(T202/Y204) 

MAPK 

EGF:           -       +     +      + 

Tx:           -       -    

AG1478 

Figure 3.2.3-1: Pharmacological inhibition of EGFR suppresses PLD activity. 

(A) Structure of the EGFR inhibitor AG1478. (B) 90% confluent MDA-MB-231 cells 

were switched to DMEM supplemented with 0.5% serum and incubated overnight. 

Cells were pre-treated with DMSO or 250 nM AG1478 for 40 min and treated with 

EGF (100 ng/ml) for 10 min. Protein lysates were used to detect active Ras (Ras-

GTP) and immunoblotted for total Ras, P-MAPK(Thr202/Tyr204) and MAPK. (C) 

90% confluent MDA-MB-231 cells were switched to DMEM supplemented with 

10% or 0.5% serum and incubated overnight. Cells were pre-treated with DMSO or 

250 nM AG1478 40 min before lipids were collected and phosphatidylbutanol (PBt) 

production was measured. 
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 To further establish the requirement for EGFR in the stimulation of PLD activity 

under stress, we used siRNA to knockdown the expression of EGFR and assayed its 

effects on PLD activity. The siRNA targeted knockdown of EGFR was very efficient 

since there was approximately a 90% reduction in EGFR protein levels (Fig. 3.2.3-2A). 

As expected, reduction of EGFR expression also reduced the PLD activity induced by 

serum withdrawal (Fig. 3.2.3-2B). The results presented here clearly implicate a role for 

EGFR in the stimulation of PLD activity despite the lack of serum and supports our 

hypothesis that suppression of EGFR would inhibit this stress-induced PLD activity. 

 

Figure 3.2.3-2: Knock-down of EGFR expression suppresses PLD activity. 30-

50% confluent MDA-MB-231 cells were transfected with a nonspecific control 

siRNA (C) or EGFR siRNA and incubated for 48 hrs at 37°C and 5% CO2. The 

media was then switched to DMEM supplemented with 10% or 0.5% serum and 

incubated overnight. (A) Proteins were immunoblotted for EGFR and β-tubulin 

while (B) lipids were collected to measure phosphatidylbutanol (PBt) production. 
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3.2.4 Correlation between Ras activity and PLD activity in low serum 

Another potential player in the regulation of PLD activity in low serum is Ras, a 

GTPase that plays a key role in signal transduction cascades that originate from receptors 

such as EGFR. Ras has been implicated in the activation of PLD by various stimuli [96] 

and transforming oncogenes [105, 211]. Of significance is the fact that the MDA-MB-

231 breast cancer cell line harbors a mutation in its K-ras sequence [287]. In one of the 

K-ras alleles, the authors reported the presence of an adenosine instead of a guanosine in 

the second position of codon 13. The resulting mutant has an aspartic acid at codon 13 

instead of glycine. As mentioned previously, activating mutants of the Ras proteins 

render them insensitive to GAP action, hence prolonging the life span of the active form 

of Ras. 

Active GTP-bound Ras binds to numerous effectors by associating with their Ras 

binding domains (RBD). The Ras assay used in this work employs the Raf1 RBD to 

“pull-down” GTP bound Ras from cell lysates. In order to address the question of 

whether Ras plays a role in the regulation of PLD activity in the MDA-MB-231 cells, we 

first examined the effect of serum withdrawal on Ras activity. As shown in Fig. 3.2.4A, 

MDA-MB-231 cells maintained overnight in 0.5% serum conditions have higher amounts 

of GTP-bound Ras than cells in 10% serum. To determine how quickly Ras activity 

increased, we assayed for active Ras after cells were exposed to low serum conditions for 

1 and 4 hours. The results show that the increase in activated Ras could be observed 

within 1 hour of serum deprivation (Fig. 3.2.4B). This correlates with our published 

report in which PLD activity was elevated after 1 hr in low serum conditions [130]. 
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3.2.5 Elevated PLD activity depends on Ras 

  The observation that Ras activity is also induced by serum withdrawal led us to 

hypothesize that the PLD activity may also be dependent on Ras activity. Our first 

approach involved the use of a dominant negative mutant of H-Ras in which there is a 

substitution of asparagine for serine at position 17 (RasN17). Transfection of MDA-MB-

231 with RasN17 abrogated the induction of PLD activity in low serum when compared 

to the control vector (Fig. 3.2.5-1). One of the caveats however, of using the RasN17 

mutant is that it is nonspecific since it functions by forming a nonproductive complex 

with Ras GEFs, hence affecting the activities of not only H-, K-, N-Ras but also the 

activities of proteins that share GEFs with Ras [190, 291]. As a result, we turned to 

siRNA technology to specifically and efficiently reduce the activity of Ras. 

Figure 3.2.4: Effect of serum withdrawal on Ras activity. 90% confluent MDA-

MB-231 cells were switched to DMEM supplemented with 10 % or 0.5% serum 

where indicated and (A) incubated overnight or (B) for 1 and 4 hrs after which the 

levels of GTP bound and total Ras was determined 

A B 

Serum (%):         10            0.5 

Ras-GTP 

Total Ras 

Serum (%):                       0.5 

Time (hr):          -           1            4 

Ras-GTP 

Total Ras 
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As mentioned previously, the MDA-MB-231 cell line harbors an activating 

mutation in one allele for K-ras but harbors wild-type H-ras. We used siRNA to 

specifically knock down the expression of both Ras proteins. A 100% reduction in K-Ras 

protein levels (Fig. 3.2.5-2A) caused a dramatic decrease in PLD activity (Fig.3.2.5-2B). 

Likewise, the inhibition of H-Ras, as demonstrated by the reduction in the 

phosphorylation levels of p44/p42 MAPK (Fig. 3.2.5-2C), resulted in a similar decrease 

in PLD activity (Fig. 3.2.5-2D). Taken together, this data indicates that the PLD activity 

of the MDA-MB-231 cells depend on both wild-type and mutant Ras. 

PBt 

Ras 

Figure 3.2.5-1: Suppression of Ras activity by RasN17 reduces PLD activity. 80% 

confluent MDA-MB-231 cells were transfected with an empty vector or a vector 

harboring the RasN17 mutant and incubated overnight. The media was then switched 

to DMEM supplemented with 0.5% serum after which (top panel) phosphatidylbutanol 

(PBt) production was determined and (bottom panel) lysates were immunoblotted for 

Ras 
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3.2.6 PLD activity depends on RalA and Arf proteins 

The small G-proteins RalA and Arf6 have been shown to be required for the 

induction of PLD activity in response to growth factors such as EGF [96], oncogenic Src 

[212] and Ras [210]. Although RalA interacts directly with PLD1, RalA is not sufficient 

to activate PLD1 [212, 285]. RalA and Arf6 actually worked synergistically to elevate 

PLD activity in H-Ras transformed cells [210]. Hence, our next objective was to 

determine if RalA and the Arf proteins, specifically Arf1 and Arf6, contribute to the 

elevated PLD activity observed in MDA-MB-231 cells. 

Figure 3.2.5-2: Knock-down of K-Ras or H-Ras reduces PLD activity. 30-50% 

confluent MDA-MB-231 cells were transfected with a nonspecific control siRNA, K-

Ras or H-Ras siRNA and incubated for 48 hrs at 37°C and 5% CO2. The media was 

then switched to DMEM supplemented with 0.5% serum and incubated overnight. 

Proteins were immunoblotted for (A) K-Ras and actin or (C) phosphorylated p44/p42 

MAPK and total MAPK. (B, D) Lipids were collected and phosphatidylbutanol (PBt) 

production was determined. 
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We began by examining the effect of serum deprivation on active GTP-bound 

RalA. As shown in Fig. 3.2.6A, the levels of active RalA were unaffected when the cells 

were deprived of serum. Although this indicated that there was no correlation between 

GTP-bound RalA and PLD activity in 0.5% serum, there was still the possibility that 

RalA was required for PLD activity. To that end, we used the RalAS28N dominant 

negative mutant of RalA in which a serine (S) at codon 28 was replaced with an 

asparagine (N). Overexpression of RalAS28N reduced the PLD activity in 0.5% serum 

(Fig. 3.2.6B). Additionally, overexpression of dominant mutants of Arf1 (Arf1T31N) and 

Arf6 (ArfT27N) also reduced PLD activity (Fig. 3.2.6C). In these mutants a threonine (T) 

was replaced by an asparagine (N) at the indicated codon positions. Collectively, this data 

indicates that the induction of PLD as a result of serum withdrawal, depends on the 

activities of RalA, Arf1 and Arf6.  
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Figure 3.2.6: PLD activity depends on RalA, ARF1 and ARF6. (A) 90% confluent 

MDA-MB-231 cells was switched to DMEM supplemented with 10 % or 0.5% serum 

and incubated overnight. GTP- bound RalA was determined using a RalA activation 

assay kit. (B,C) 80% confluent MDA-MB-231 cells were transfected with an empty 

vector or a vector harboring (B) RalAS28N, (C) Arf1T31N or Arf6T27N and 

incubated overnight. The media was then switched to DMEM supplemented with 

0.5% serum and after an additional overnight incubation, phosphatidylbutanol (PBt) 

production was determined. 
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3.3 Discussion 

In this section, we provide evidence to show that the induction of PLD activity by 

low serum conditions depends on EGFR and the small G-proteins Ras, RalA, Arf1 and 

Arf6. In response to serum withdrawal, the MDA-MB-231 cells increase the activity and 

expression of EGFR (Fig. 3.2.2A). This induction of EGFR activity and expression 

contributes to the elevated PLD activity observed in these cells since suppression of 

EGFR function reduces PLD activity (Fig. 3.2.3-1C and Fig. 3.2.3-2B). These cells may 

be exhibiting one of the first “hallmarks of cancer” which is self sufficiency in growth 

signals. This property greatly reduces a tumor cell‟s dependence on exogenous growth 

stimulation [131]. One of the strategies used by tumor cells to achieve such autonomy 

involves altering the expression of growth factor receptors [131], a tactic that is clearly 

being exhibited by the MDA-MB-231 cells in low serum. The presence of such a minute 

amount of serum may be sufficient to activate EGFR signals as long as the receptor levels 

are elevated. This possibility was described by Fedi et al. who reported that receptor 

overexpression could render cancer cells hyperresponsive to generally insufficient growth 

factor levels [131, 292]. 

Since signals emanating from growth factor receptors are transmitted to molecules 

such as the GTPase Ras, we examined the GTP-bound status of this small protein. Our 

results show that like EGFR, the activation of Ras is also induced in serum deprived 

conditions (Fig. 3.2.4). Additionally, the elevation of GTP-loaded Ras was observed 

within 1 and 4 hours of serum deprivation–time points at which elevated PLD activity 

was also observed [130]. In a publication by Medema and Bos [293], they point out that 

in some tumors, mutant Ras proteins are able to unleash a stream of mitogenic signals 
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without continuous stimulation by their normal upstream regulators.   PLD activity was 

also dependent on Ras signaling because inhibition of Ras activity reduced 

phosphatidylbutanol production (Fig. 3.2.5-1). Inhibition of either the activated mutant 

K-Ras or the wild-type H-Ras caused a reduction in PLD activity, suggesting that both 

the wild-type and mutant Ras proteins stimulate PLD activity (Fig. 3.2.5-2).  

Another potential contributor to PLD activity in this system is the G-protein 

RalA, which is situated downstream of Ras but upstream of PLD. Assessment of the 

RalA-GTP status revealed that this G-protein does not respond to serum deprivation by 

elevating its activity (Fig. 3.2.6A). Although the RalA-GTP level remains unchanged, it 

does not necessarily mean that RalA is not playing a role in the induction of PLD 

activity. In fact, our lab has reported that active RalA alone is not sufficient to elevate 

PLD1 [285]. Furthermore, active RalA was demonstrated to work synergistically with the 

G-proteins Arf1 [294] and Arf6 [210] to elevate PLD activity. Transfection of dominant 

negative mutants of RalA, Arf1 and Arf6 into the MDA-MB-231 cells results in a 

decrease in PLD activity (Fig. 3.2.6). Altogether, we demonstrate that inhibition of the 

activities of RalA, Arf1 and Arf6 abrogate the PLD activity in the MDA-MB-231 cells. 
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CHAPTER IV 

HONOKIOL PROMOTES APOPTOSIS VIA INHIBITION OF RAS 

AND PLD ACTIVITIES. 
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4.1 Introduction 

Honokiol (Fig. 4.2.1A, [295]) is a naturally existing biphenyl compound which 

can be extracted from the root, stem, bark or seed cone of several Magnolia species such 

as Magnolia grandiflora [296] and Magnolia officinalis [297]. Traditional Chinese and 

Japanese herbal medicines have long used the bark of Magnolia trees for its antibacterial, 

antithrombosis and anxiolytic effects [296, 298, 299]. Its antitumor activities however, 

have only recently been described. For instance, honokiol exhibited strong cytotoxic 

activity against skin tumors, colon and lung cancers [300-302]. This potent biphenyl 

compound not only inhibited angiogenesis but it also caused a 50% reduction in tumor 

growth in a mouse model [303]. Treatment with honokiol has also been reported to 

induce apoptosis in B-cell chronic lymphocytic leukemia, multiple myeloma and breast 

cancer cells [304-306]. Finally, the multidrug resistant (MDR) breast cancer cell line 

MCF7/MDR, has been shown to be sensitive to honokiol [307]. 

Of significant interest is research done by Wolf et al. [306] who demonstrated that 

treatment of nude mice with honokiol completely arrested the growth of MDA-MB-231 

xenografts. As a result of its potent antineoplastic properties, we sought to determine 

whether honokiol exerted its effects by targeting Ras and/or PLD activities. In this 

section we show that honokiol reduces Ras and PLD activities and induces apoptosis in 

cancer cells deprived of serum. 
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4.2 Results 

4.2.1 Honokiol suppresses PLD activity 

In addition to MDA-MB-231, the other cancer cell lines that respond to serum 

withdrawal by elevating their PLD activity are Calu-1 (lung) and T24 (bladder). Similar 

to the MDA-MB-231 cells, Calu-1 has an activating mutation in K-ras while the T24 cell 

line harbors an activating mutation in H-ras. Treatment of the Calu-1 cell line with 

honokiol resulted in a complete abrogation of PLD activity (Fig. 4.2.1B). This effect was 

also observed when the MDA-MB-231 and T24 cells were treated with honokiol (Fig. 

4.2.1C). These results clearly show that honokiol functions as an effective inhibitor of 

PLD activity.  

 

Figure 4.2.1: Effect of Honokiol on PLD activity in various cell lines. (A) 

Structure of honokiol (2-(4-hydroxy-3-prop-2-enyl-phenyl)-4-prop-2-enyl-phenol). 

(B,C) 90% confluent cells (Calu-1, MDA-MB-231, and T24) were switched to 

media containing 0.5% serum and incubated overnight. Cells were treated with 

DMSO or 20 µM honokiol (Hon) where indicated for 4 hrs after which lipids were 

collected and phosphatidylbutanol(PBt) production was determined.(*: Y. Zheng) 
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4.2.2 Honokiol suppresses Ras activity 

As demonstrated previously, the Ras activity of the MDA-MB-231 cells 

contributes to the elevated PLD activity observed in 0.5% serum. Therefore, compounds 

that suppress PLD activity may be doing so through Ras. To determine whether the effect 

of honokiol on PLD activity was mediated by Ras, we examined the effect of honokiol on 

Ras activity. Figure 4.2.2A shows that honokiol reduces the levels of GTP-bound Ras in 

0.5% serum. In addition, Ras activity that was stimulated by EGF was also abrogated by 

honokiol (Fig. 4.2.2B). These results indicate that honokiol exerts its effects via 

inhibition of Ras. 

 

 

A 

EGF:       -       +      +      +      + 

Tx:        -       -    

Ras-GTP 

 Ras 

B 

Ras-GTP 

 Ras 

 Actin 

Tx:          -      DMSO    Hon 

Figure 4.2.2: Honokiol suppresses Ras activity. 90% confluent MDA-MB-231 

cells were switched to media containing 0.5% serum and incubated overnight. (A) 

Cells were then treated with DMSO or Honokiol for 2 hrs after which proteins 

lysates were used to pull down GTP-bound Ras and immunoblotted for Ras and 

actin. (B) Cells were pre-treated with DMSO (60 min) or 20 µM honokiol for the 

indicated times and EGF (200 ng/ml) was added 10 min before lysates were 

collected and the Ras assay performed. 
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4.2.3. Honokiol induces apoptosis in cancer cells deprived of serum 

We have reported that the ability of MDA-MB-231 cells to induce their PLD 

activity under serum deprived conditions is essential for their survival. Since we 

demonstrated that honokiol suppressed both Ras and PLD activities, we examined its 

effect on survival. We show here that treatment with honokiol also induces apoptosis as 

shown by an increase in the cleavage of poly(ADP-ribose) polymerase
 
(PARP) (Fig. 

4.2.3). 

 

 

 

 

 

 

Figure 4.2.3: Honokiol induces apoptosis. 90% confluent MDA-MB-231 cells 

were switched to media containing 10% or 0.5% serum and incubated overnight. 

Cells were then treated with DMSO or 20 µM honokiol for 4 hrs after which lysates 

were immunoblotted for PARP (total and cleaved) and actin. 
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4.3 Discussion 

 Cancer cells with elevated PLD activity are less sensitive to the stress of serum 

withdrawal and are able to evade apoptosis. Once PLD activity is inhibited however, 

these cells lose their ability to cope and survive. Hence, targeting PLD may prove to be 

critical for the eradication of cancers that depend on PLD signaling for survival. The 

naturally occurring compound honokiol is emerging as a potent anticancer agent. Its 

effects have been attributed to its inhibition of angiogenic factors such as the vascular 

endothelial growth factor receptor R2 (KDR) [303] and survival pathways regulated by 

MAPK and PI3K.  

In this chapter, we report that honokiol functions as a potent inhibitor of PLD 

activity in cell lines with stress-induced PLD activity. Additionally, honokiol suppressed 

the Ras activity in serum depleted conditions or the Ras activity induced by EGF 

stimulation. Cleavage of PARP was also induced when cells were treated with honokiol.  
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CHAPTER V 

5`AMP-ACTIVATED PROTEIN KINASE MEDIATES THE 

INDUCTION OF PLD ACTIVITY AND MIGRATION UNDER 

SERUM-DEPRIVED CONDITIONS 
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5.1 Introduction 

In our search to uncover additional proteins and pathways that possibly play a role 

in the induction of PLD activity under serum deprived conditions, we focused our 

attention on 5`AMP-activated protein kinase (AMPK). AMPK is a serine-threonine 

kinase that acts as a „metabolic sensor‟ that responds to changes in cellular ATP levels 

[308]. Stressful conditions such as oxygen deprivation and heat shock, cause an increase 

in the AMP:ATP ratio which results in the activation of AMPK [235, 236]. Once 

activated, AMPK functions by inhibiting energy consuming processes while stimulating 

ATP-producing pathways. This way, AMPK works to optimize total cellular ATP levels 

in order to maintain critical physiological processes or for survival in response to extreme 

stress [309].  

In our studies, the cancer cell lines are subjected to the stress of serum withdrawal 

and respond by elevating their PLD activity. Perusal of the literature revealed several 

reports that provide a link between PLD and AMPK activities. For instance, Hahn-

Windgassen et al. [310] showed that depriving mouse embryo fibroblasts (MEFs) of 

serum (0.1% serum) caused an increase in the cellular AMP:ATP ratio and an increase in 

AMK activity.  Significantly, treatment of L6 myotubes with the AMPK activator 

AICAR, was sufficient to elevate the PLD activity of this cell line [311].  

Further examination of the literature revealed conflicting ideas on the function of 

AMPK as it relates to cell survival. Some reports indicate that AMPK has pro-apoptotic 

effects while others provide data that support the idea of an anti-apoptotic role for 

AMPK. Some researchers have observed that elevating AMPK activity leads to apoptosis 
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in gastric, lung and osteosarcoma [279, 280]. Conversely, other reports show that high 

AMPK activity protected both normal and tumoregenic cells from apoptosis triggered by 

nutrient or growth factor deprivation [282, 283]. 

Our investigations into the survival signals of cancer cells under serum deprived 

conditions reveal a role for AMPK in the regulation of PLD. In this section, we provide 

evidence to show that stimulation or suppression of AMPK results in the activation or 

inhibition of PLD activity respectively. Furthermore, inhibition of AMPK suppresses 

migration and induces apoptosis in low serum conditions. 
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5.2 Results 

5.2.1 Correlation between AMPK and PLD activities in low serum 

 As mentioned previously, it has been demonstrated that depriving cells of growth 

factors and/or nutrients caused an increase in AMPK activity. To determine if the cell 

lines with elevated PLD activity respond in a similar manner, we subjected the MDA-

MB-231 and Calu-1 cell lines to low serum conditions and examined its effect on AMPK 

activity. When activated, AMPK becomes phosphorylated on threonine 172 (Thr172), a 

property we used as an indicator of AMPK activity. As shown in figure 5.2.1-1A and B, 

the MDA-MB-231 as well as the Calu-1 cells respond to serum withdrawal by elevating 

their AMPK activity as demonstrated by the increase in P-AMPK (T172). Therefore, 

theses cells respond to serum deprivation by inducing both AMPK and PLD activities. 

 

 Activation of AMPK results in an increase in GLUT4 protein levels [265]. As our 

results show, depriving cells of serum caused an increase in the expression levels of 

Serum (%):    10       0.5 

P-AMPK (T172) 

Actin 

P-AMPK (T172) 

AMPK 

Serum (%):    10         0.5 

B A 

Figure 5.2.1-1: Effect of serum withdrawal on AMPK activity. 90% confluent 

MDA-MB-231 and Calu-1 cells were switched to media containing 10% or 0.5% 

serum and incubated overnight. (A) MDA-MB-231 lysates were immunoblotted for 

phosphorylated AMPK at threonine 172 (P-AMPK(T172) and actin while the 

lysates from (B) Calu-1 cells were immunoblotted for P-AMPK(T172) and AMPK. 

MDA-MB-231 Calu-1 
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GLUT4 (Fig. 5.2.1-2A). Some reports also demonstrate an inverse relationship between 

AMPK and mTOR activities [310]. mTOR exists as two complexes, mTORC1 and 

mTORC2. mTORC1 is believed to phosphorylate p70S6 kinase (S6K) while mTORC2 is 

thought to phosphorylate AKT [267]. To determine whether the inverse relationship was 

retained in our conditions, we checked the effect of serum withdrawal on mTOR activity 

in the MDA-MB-231 cell line. Indeed, serum deprivation caused a decrease in the 

activity of mTORC1 and mTORC2 as demonstrated by the lower levels of 

phosphorylated S6K and AKT in 0.5% serum (Fig. 5.2.1-2B). This indicates that the 

elevated AMPK activity observed in serum deprived conditions is accompanied by a 

decrease in mTOR activity despite the presence of high PLD activity. 

 

 A large amount of our knowledge about the effects of AMPK on cellular 

processes has been obtained through the use of 5-aminoimidazole 4-carboxamide riboside 

(AICAR), an activator of AMPK. When taken up by cells, AICAR is phosphorylated by 

Actin 

P-S6K(T389) 

P-AKT(S473) 

AKT 

Serum (%):    10       0.5 

Figure 5.2.1-2: Effect of serum withdrawal on molecules affected by AMPK. 

90% confluent MDA-MB-231 cells were switched to media containing 10% or 

0.5% serum and incubated overnight. MDA-MB-231 lysates were immunoblotted 

for (A) GLUT4 and actin and (B) phosphorylated AKT at serine 473 (P-AKT 

(S473)), AKT, phosphorylated p70S6K at threonine 389 (P-S6K (T389)) and 

actin. 

GLUT4 
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adenosine kinase to produce the monophosphorylated derivative ZMP which functions as 

an AMP mimetic [261] (Fig. 5.2.1-3A). We hypothesized that if the elevation in PLD 

activity in response to serum withdrawal is due to an increase in the AMP:ATP ratio, then 

mimicking an increase in AMP under high serum conditions would also stimulate PLD 

activity. To that end, we treated Calu-1 cells with AICAR and evaluated its effect on 

PLD activity. As hypothesized, introducing AICAR into cells in 10% serum resulted in a 

robust increase in PLD activity when compared to the untreated cells in 10% serum (Fig. 

5.2.1-3B). The AICAR stimulated PLD activity however, was not as high as that 

observed in cells maintained in 0.5% serum. Taken together, these results indicate a 

correlation between the activities of AMPK and PLD.  
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5.2.2 PLD activity depends on AMPK  

Since AMPK activity and signaling are activated under serum deprived conditions 

and mimicking an elevation in AMP levels stimulated PLD activity, we sought to 

determine if AMPK signaling is required for the induction of PLD activity in low serum. 

We initially approached this issue by using a pharmacological inhibitor of AMPK, 6-[4-

(2-Piperidin-1-yl-ethoxy)-phenyl)]-3-pyridin-4-yl-pyrrazolo[1,5-a]-pyrimidine, 

commonly referred to as Compound C (CC) (Fig. 5.2.2-1A). This potent, selective and 

reversible inhibitor functions as an ATP competitor. As shown in figure 5.2.2-1B, CC 

ATP ADP 

Adenosine kinase 

AICAR ZMP 

A 

B 

Tx:             -                        - 

PBt 

Serum (%):           10               0.5 

Figure 5.2.1-3: Effect of AICAR on PLD activity. (A) Mechanism of action of 

AICAR in intact cell. (B) 90% confluent Calu-1 cells were switched to media 

containing 10% or 0.5% serum and incubated overnight. Cells were treated with 50 

µM AICAR for 40 min after which lipids were collected and PLD activity was 

determined. 
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reduces the amount of active AMPK as demonstrated by the decreased levels of 

phosphorylated AMPK in the Calu-1 cells. Examination of the effect of CC on PLD 

activity revealed that this drug suppressed PLD activity in both Calu-1 and T24 cells 

(Fig. 5.2.2-1C and D). 

 

 To further assess the requirement for AMPK in stress-induced PLD activity, we 

utilized siRNA to knock down AMPK and LKB1. Phosphorylation of AMPK at 

threonine 172 is critical for its enzymatic activity and LKB1 has been identified as the 

primary kinase responsible for this phosphorylation on AMPK [251, 252]. We 

hypothesized that a reduction in AMPK and LKB1 protein levels, which will effectively 

reduce AMPK activity, will also result in a reduction of PLD activity. Certainly, as figure 

5.2.2-2 A and B show, knock-down of LKB1 caused a decrease in PLD activity and a 
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Figure 5.2.2-1: Pharmacological inhibition of AMPK reduces PLD activity. 

(A) Structure of Compound C. (B-D) 90% confluent cells were switched to media 

containing 0.5% serum at which point DMSO or 20 µM Compound C (CC) was 

added and the cells were incubated overnight. (B) Calu-1 lysates were 

immunoblotted for phosphorylated AMPK (T172) and total AMPK. (C and D) 

Lipids were collected from Calu-1 and T24 cells and PLD activity was 

determined. 

Compound C 
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more pronounced effect was observed when AMPK was knocked out. These results 

demonstrate the dependence of PLD activity on signaling from AMPK. 

 

5.2.3 AMPK does not signal through Ras 

As shown Chapter III, the PLD activity induced by serum depleted conditions was 

mediated by EGFR and Ras signaling. Hence, we sought to determine whether the effects 

of AMPK on PLD were mediated by EGFR and Ras signaling or vice versa. To start, we 

treated MDA-MB-231 cells with Compound C and AG1478, chemicals that inhibit 

AMPK and EGFR respectively. If EGFR and Ras signaling are positioned upstream of 

AMPK, then treatment with AG1478 would suppress AMPK activity. The results 
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Figure 5.2.2-2: Knock-down of LKB1 and AMPK reduces PLD activity. 30-50% 

confluent cells were transfected with non-specific scrambled (C) siRNA, LKB1 and 

AMPK siRNAs and incubated for 48 hrs. The cells were then switched to media 

containing 0.5% serum and incubated overnight. PLD assay and immunoblotting were 

performed on the lipids and lysates from (A) T24 and (B) Calu-1. Immunoblots were 

probed for the expression of LKB1 and phosphorylated AMPK (T172). Top panels 

represent PLD activity and botton two panels represent western blots. 

T24 A 
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however, show that while AMPK activity is reduced by CC, the phosphorylated levels of 

AMPK were unaffected by AG1478 (Fig. 5.2.3-1).  

  

Inspection of the effects of AICAR and CC on Ras activity revealed similar 

results. To determine if AMPK activated PLD in a Ras dependent manner, we assayed 

the effect of Compound C and AICAR on Ras activity. The results show that inhibition of 

AMPK with CC (Fig. 5.2.3-2A) or stimulation of AMPK with AICAR (Fig. 5.2.3-2B) 

had no effect on Ras activity. These results indicate that the effects of AMPK and 

EGFR/Ras on PLD activity were occurring via distinct pathways. 

 

Figure 5.2.3-1: AMPK is not responsive to AG1478. 90% confluent MDA-MB-231 

cells were switched to media containing 0.5% serum at which point DMSO or 20 µM 

Compound C was added and the cells incubated overnight. Forty minutes before 

lysates were collected, 250 nM AG1478 was added. Lysates were immunoblotted and 

probed for phosphorylated AMPK (T172) and AMPK. 

P-AMPK 
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5.2.4 Suppression of AMPK inhibits migration 

Our lab has reported that subjecting several cell lines to the stress of serum 

withdrawal causes an increase in the ability of these cells to migrate and invade [130]. 

Additionally, the migration of these cell lines depended on PLD activity. To determine 

whether their migration is dependent on AMPK, we treated MDA-MB-231, T24 and 

Calu-1 cells lines with Compound C and examined its effects on cell migration. As 

shown in Figure 5.2.4, suppression of AMPK activity caused a dramatic decrease in 

migration in the three cell lines tested. Additionally, suppression of AMPK induced 

apoptosis which was demonstrated by the increase in PARP cleavage in cells treated with 

Compound C (data not shown). 

 

 

Figure 5.2.3-2: Effect of AICAR and Compound C on Ras activity. 90% 

confluent MDA-MB-231 cells were switched to media containing 0.5% serum at 

which point (A) DMSO and 20 µM Compound C (CC) were added and cells were 

incubated overnight. (B) Forty minutes before lysates were collected cells were 

treated with 50 µM AICAR. In both A and B, the amount of GTP bound and total 

Ras was determined.  
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Figure 5.2.4: Suppression of AMPK inhibits migration. Suspensions of each cell 

line were placed in BioCoat
TM

 cell culture inserts in media containing 10% or 0.5% 

serum with or without DMSO or 20 µM Compound C (CC). 24 hrs later, cells that 

had migrated to the lower surface of the filter were counted as described in 

Materials and Methods 2.2.6. Each assay was performed three times with equivalent 

results.  
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5.3 Discussion 

Cells within an emerging tumor are exposed to environments in which the 

nutrient, growth factor and oxygen supplies are insufficient to maintain proper 

homeostasis. That being said, the ability of some cells to tolerate this stressful 

environment may be a critical factor in contributing to tumor progression [283]. The 

elevation of AMPK activity has been implicated as a mechanism for survival under 

stressful conditions that result in an increase in the AMP:ATP ratio [283]. Since the 

induction of PLD activity is critical for the survival of certain cancer cells exposed to 

serum-limiting conditions, we sought to determine if AMPK played a role in PLD‟s 

response. 

 Our results show that depriving cells of serum causes an increase in AMPK and 

PLD activities (Fig. 5.2.1-1). When activated, AMPK inhibits energy consuming 

processes controlled by mTOR [312]. We have shown that the induction of AMPK 

activity is accompanied by a decrease in mTOR (both complex1 and complex 2) activity 

as seen by the reduction in the activation of AKT and S6K in low serum (Fig. 5.2.1-2). 

The paradox that this data creates involves already established connections between PLD 

and mTOR. For instance, phosphatidic acid (PA) was reported to be required for the 

activation of mTOR [100, 313]. PA was also shown to compete with rapamycin for 

binding to mTOR [313]. Additionally, our lab has shown that elevated PLD activity 

confers resistance to rapamycin [136]. Taken together, these published reports implicate 

mTOR as a downstream target of PLD, so why is it that stressful conditions that elevate 

PLD activity results in a decrease in mTOR activity? We surmise that phosphatidic acid 

may be necessary but not sufficient to activate mTOR. 
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 Further examination of the relationship between AMPK and PLD revealed that in 

10% serum, the addition of AICAR to mimic an increase in AMP levels caused an 

elevation in PLD activity which was significantly higher than that of the control cells 

(Fig. 5.2.1-3). This data indicates that PLD is sensitive to changes in a cell‟s energy 

levels. Conversely, pharmacological inhibition of AMPK activity resulted in a decrease 

in PLD activity (Fig. 5.2.2-1). An effect that was also observed when AMPK activity was 

suppressed by siRNA targeting LKB1 and AMPK (Fig. 5.2.2-2). These results indicate 

that PLD‟s response to serum deprivation is dependent on AMPK. 

 We had demonstrated previously that the serum-withdrawal induced PLD activity 

depended on signaling from the EGFR/Ras pathway. Hence we sought to determine 

whether the AMPK and EGFR/Ras signals were integrated. Inhibition of EGFR/Ras by 

the EGFR inhibitor AG1478 did not affect the activity of AMPK. Similarly, suppression 

of AMPK activity with Compound C did not alter the activation state of Ras. These 

results indicate that AMPK and EGFR/Ras signal to PLD through two distinct pathways. 

 Serum deprivation has been shown to induce migration in several of the cell lines, 

a property that was dependent on PLD activity [130]. AMPK is also required for this 

stress induced migration since inhibition of AMPK suppressed this response. Lastly, PLD 

turns on survival signals in serum deprived conditions as inhibition of PLD results in cell 

death. Likewise, AMPK is required for survival in serum-depleted conditions since 

inhibition of AMPK leads to apoptosis (data not shown). Collectively, the data suggests 

that AMPK acts in concert with PLD as part of an adaptive response to serum-withdrawal 

in order to help cells survive. 
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CHAPTER VI 

Conclusion 
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The overall objective of this work was to investigate the molecules and pathways 

that play a role in the induction of PLD activity in response to serum withdrawal. 

Concomitant with an induction of PLD activity, we observed an increase in the activation 

of EGFR and Ras. Signals emanating from these molecules are important for PLD 

activity since suppression of EGFR or Ras results in a decrease in PLD activity. 

Inhibition of the activities of the small G proteins RalA, Arf1 and Arf6, which are 

situated downstream of Ras, also decreased PLD activity. 

Interestingly, we have been able to induce PLD activity in 10% serum by 

exposing cancer cells to conditions that mimic an increase in AMP concentrations. This 

data indicated that proteins that respond to changes in the AMP:ATP ratio may be 

involved in regulating PLD activity. We have shown that like PLD, the activity of the 

energy sensing enzyme AMPK is also induced by serum withdrawal. This induction of 

AMPK activity is accompanied by a decrease in mTOR activity and an increase in 

GLUT4 expression. PLD activity depends on AMPK signaling since suppression of this 

serine-threonine kinase or its upstream kinase LKB1, abrogates PLD activity. In response 

to serum withdrawal, the cancer cell lines used in this study display an increase in 

migration-a property that was dependent on PLD activity [130]. Here, we have 

demonstrated that the migration of the MDA-MB-231, T24 and Calu-1 cell lines also 

depend on AMPK.  

 Because of its contribution to survival, migration and invasion, PLD has emerged 

as a promising target in the fight against cancer. In collaboration with laboratories at 

Emory University and NYU Medical Center, we have investigated the mechanism of 

action of the naturally existing compound Honokiol. As described in Chapter IV, this 
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potent compound exhibits antitumor activity in vivo and in vitro. Further examination of 

Honokiol‟s effects reveal that this compound suppresses Ras and PLD activities and 

induces apoptosis in the cancer cell lines tested [314].  
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