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Abstract

Differential Regulation o f Mammalian Phosphollpase D isoforms and Their 

Functional Involvement in Receptor-Mediated Endocytosis and Oncogenic Invasion

by: Yingjie Shen 

Advisor: Dr. David A. Foster

Phospholipase D (PLD) activity is elevated in response to a wide range o f 

extracellular signals. By hydrolyzing the major membrane lipid phosphatidylcholine and 

generate potential second messenger phosphatidic acid, PLD mediates a variety o f 

cellular physiology.

The research presented in this thesis focused on the enzymatic regulation and 

cellular functions o f mammalian PLD1 and PLD2. These studies have revealed that 

epidermal growth factor (EGF) and tyrosine kinase v-Src can each elevate PLD activity 

in rodent fibroblasts, and that PLD2 and PLD1 are sequentially activated and 

differentially regulated in response to EGF stimulation. Data are also presented 

demonstrating that both PLD1 and PLD2 mediate EGF-induced receptor endocytosis and 

the mitogenic signals that are dependent on this process. And finally, it is shown that 

PLD2 is required for Src-induced cell protrusion and the related motility and oncogenic 

invasiveness.

These data suggest that PLD participates not only in mitogenic signal 

transduction, but in morphological transformation and metastasis o f tumor cells as well, 

possibly through facilitating vesicle formation and cytoskeleton reorganization. The 

differential functions o f PLD 1 and PLD2 are also discussed.
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1

Chapter 1 Introduction

1.1 Enzymology of Phospholipase D.

Phospholipase D (PLD) (EC 3.1.4.4) is an enzyme that catalyzes the 

hydrolysis o f glycerophospholipids into phosphatidic acid (PA) and a water-soluble 

headgroup (1) (Scheme 1.1). PLD activities characterized from different sources 

exhibit substrate specificities for various phospholipids, such as phosphatidylcholine 

(PC), phosphoinositides, phosphatidylethanolamine, phosphatidylserine, lyso- 

phosphatidylcholine or lyso-phosphatidylserine (2). The PC-specific PLD (PC-PLD) 

hydrolyses PC to phosphatidic acid (PA) and choline (ChOH), and can also catalyze a 

transphosphatidylation reaction whereby the enzyme preferentially utilizes a  short- 

chain primary alcohol over water to substitute the polar headgroup and generate 

phosphatidylalcohol instead of PA (3) (Scheme 1.1). The resultant 

phosphatidylalcohols are produced only by PLDs, and are not normally found in 

biological membranes. Because o f their unique origin, their low basal levels and their 

relative metabolic stability, the formation o f phosphatidylalcohols in the presence o f  

primary short-chain alcohols has served as a sensitive and unambiguous marker for 

PLD activity and thus provided a convenient approach to probe the involvement o f 

PLD in various regulatory processes and functional studies. In contrast, secondary or 

tertiary alcohols are not utilized by PLD and have been used as negative controls for 

nonspecific effects o f the alcohols.
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Scheme 1.1 Phospholipase D catalyzed reactions.

A) PLD hydrolyses the distal phosphodiester bond in phospholipids such as PC, using H20  as an 

electron donor to generate PA and choline. B) Through the same mechanism but using short-chain 

primary alcohols such as 1-butanol (1-BtOH) instead o f  H20  as the electron donor, PLD can catalyze 

the transphosphatidylation reaction and generate phosphatidylalcohol, e.g., phosphatidylbutanol (PBt) 

instead o f P A  Secondary or tertiary alcohols are not preferentially utilized by PLD.

1.2 Mammalian PLD1 and PLD2 belong to a PLD 

Superfamily o f Conserved Motifs.
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PLD is an evolutionally well-conserved enzyme, and has been found in a 

variety o f  species ranging from bacteria to humans (2). A PLD gene superfamily 

characterized by a consensus HKD motif (also called transphosphatidylation domain) 

comprises PLDs from mammals, nematodes, flies, fungi, plants and bacteria, and also 

the non-PLD phosphatidyltransferases / phospholipid synthases, endonucleases, 

certain viral envelope proteins and their mammalian counterparts, which all share the 

HKD motif and a similar mechanism o f enzymology (2,4). PLDs o f this superfamily 

have a substrate-specificity for PC and catalyze both hydrolysis and 

transphosphatidylation reaction (4). To date, several of such PLD genes have been 

isolated from bacteria, plants and fungi, and recently, two mammalian PLD genes 

were cloned, named PLD1 (5-11) and PLD2 (10-14). Like all other PC-PLDs from 

the HKD superfamily, mammalian PLD1 and PLD2 share a relatively conserved 

catalytic core, which is composed o f four conserved regions (CRI-IV) (Scheme 1.2). 

Both PLD1 and PLD2 also contain a putative Phox (PX) domain (15) and a weakly 

conserved pleckstrin homology (PH) domain (10,16,17) in the N-terminal region, as 

well as a conserved C-terminal motif (15). The overall identity between these two 

isforms is about 50% (9,11-14). Most o f the heterogeneity comes from a unique loop 

region at the center o f PLD 1 that is not present in PLD2, and otherwise from the less 

conserved N- and C-terminal regions, which contributes to different enzyme 

properties o f these two isoforms (15,18).
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Scheme 1.2 Conserved and unique features for mammalian PLD1 and PLD2.

The PLD amino acid sequences encode regions that are either unique to PLD1 (loop region) or that are 

conserved among mammalian PLDs and most PLDs from non-mammalian species (other boxed 

regions). A putative PH domain (not shown here) is located between the PX domain and CR I. CR H 

and CR IV are the transphosphatidylation domains also known as consensus HKD motifs. Possible 

functions that have been proposed or demonstrated for these regions are listed. C R  conserved region; 

CT, carboxyl terminus; PH, pleckstrin homology domain; PX, phox domain. Adopted from Sung et. 

al. J Biol Chem 1999 Jan l;274(l):494-502 (15).

1.3 Intrinsic Properties and Enzymatic Regulation of 

Mammalian PLD1 and PLD2.

PLDl is about 120 kDa in size (5,8) with low basal activity (5-8,15,18,19), 

while PLD2 has a size o f 106 kDa (13,14) and is constitutively active in vitro 

(12,14,15). Both PLDl and PLD2 activities are dependent on phosphoinositides such
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as phosphoinositol 4,5 bisphosphates (PIP2) (5-7,12-14,18,19), and inhibited by 

unsaturated fatty acids such as oleate (5,7,8,13). The two isoforms exhibit very 

different features in respect to the regulation o f enzyme activity, as will be discussed 

in details in Chapter 3. In mammalian cells, the PIP2-dependent PLD activity has 

been found to be activated by a wide variety o f extracellular stimuli (2), however, in 

may cases it is still not known whether the elevated activity is due to PLDl or PLD2.

1.4 Tissue Distribution and Subcellular Localization of 

Mammalian PLDl and PLD2.

PLD is widely distributed in almost all mammalian tissues and cell types (20). 

The expression o f PLDl and PLD2 varies within tissues and between cell lines. A 

single cell type can express one, both, or neither isoforms o f PLD, although most 

cells co-express PLDl and PLD2 (20). The mRNA levels o f  PLDl and PLD2 also 

vary considerably between cell types and are apparently regulated by growth and 

differentiation factors (20).

Subcellular fractionation and immunocytochemistry studies with either 

endogenous or overexpressed recombinant PLDl and PLD2, have revealed that 

although activities can be sometimes found in cytosol (5,7,13,21-23), both isoforms 

are predominantly membranes associated. However, the primary sequence of either 

isoform reveals no obvious transmembrane domain (24). Thus, there must be some 

membrane-interaction modules that can recruit PLDs to the cellular membranes 

where their phospholipid substrates are. The identities o f such possible modules are 

still unknown.
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PLD1 or PLDl-like activity have been found primarily in various intracellular 

membranes, including the Golgi apparatus (12,21,25-27), endoplasmic reticulum 

(12,21,26,28), secretory granules (26,29,30), early endosomes (31), late endosomes 

(12,32), lysosomes (29,32,33), and nuclei (21,25,34,35); it was also found in the 

plasma membrane (21,25,26,30,36), and caveolin-enriched light microdomains (37- 

39). PLD2 exclusively localizes on plasma membrane or caveolin-enriched light 

microdomains under basal conditions (12,36,39-43); stimulation o f  cells resulted in 

redistribution o f PLD2 into putative early endosomes (12).

To some degree, the localization in various cellular compartments of the two 

isoforms reflects their multifarious cellular functions.

1.5 Physiological Functions o f PLD.

Phospholipase D has been implicated in a variety of cellular processes, such 

as intracellular vesicular trafficking, endocytosis and exocytosis (44-46), proliferation 

and tumor promotion (47-49), cell survival and apoptosis (50), differentiation (50,51), 

cell senescence (52) and cytoskeleton reorganization (53). However, in spite of the 

ubiquitous involvement o f this enzyme, the mechanism o f how PLD participates these 

cellular events is not clear.

PLD utilizes PC, the major phospholipid in mammalian cell membranes to 

produce PA and choline. PA can be dephosphorylated by a PA phosphatase (PAP) to 

generate diacylglycerol (DGj (54-58); alternatively, it can be converted into lyso- 

phosphatidic acid (lyso-PA or LPA) by phospholipase A2 (PLA2) (59) (Scheme 1.3). 

PA is also known as an activator o f phosphatidylinositol 4-phosphate 5 kinase a  (PI4-
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P5Ka) (60) that produces phosphatidylinositol-4,5-bisphosphate (PIP2)- Therefore, 

PA and the derived DG and LPA, as well as PA-regulated synthesis o f PIP2, are 

candidates that possibly mediate the effect o f PLD in the variety o f cellular responses. 

Consistent with this postulation, all these lipids are bioactive and each has multiple 

downstream targets. For example, PA activates the GTPase activating proteins 

(GAP) o f small G proteins Rho, Rac and ADP-ribosylation factor (Arf) (61,62), but 

inhibits Ras GAP (63). PA directly interacts with R af and thus localizes Raf to the 

membrane where it is activated (64). DG is known to activate protein kinase C 

(PKC) (65). LPA binds to and activates its receptor that is coupled to heterotrimeric 

G protein (6 6 ). Like PA, PIP2 also inhibits Ras GAP (63), but activates Arf GAP 

(62,67) and A rf guanine nucleotide exchange factor (GEF) (68,69). Hence these 

lipids are considered as multifunctional second messengers, which elicit many 

downstream signal transduction pathways (70-78) and may thus cany out the actions 

of PLD. However, the mechanism of how exactly PLD functions in different cellular 

events, and which messenger lipids are effectively involved has to be examined on a 

case-by-case basis.

PC
P L D

▼
PA

PAP PLA-

DG LPA
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Scheme 1.3 Metabolism of PA.

The PA produced from PC by PLD is a substrate of PLA2 (5 9 ) and can be converted into LPA. 

Alternatively, this PA can be also utilized by PAP to generate DG (54-58).

1.6 Overview of this thesis study.

Since PLD was found to respond to a wide variety o f  extracellular signals, 

researchers in this field have been intensively studying the regulatory mechanisms of 

its enzymatic activity. However, a fundamental question remains unanswered, i.e., 

what is the purpose o f the regulation o f PLD activity by these signals? And despite 

the implication o f PLD in the cellular processes mentioned above, little is known as 

to how the elevated PLD activity contributes to these processes.

To date, the function of PLD that has been most scrutinized is its ability to 

facilitate the formation o f intracellular vesicles. Nevertheless, it is not known 

whether this effect o f  PLD may provide mechanistic basis for its participation in the 

various signaling events that lead to mitogenesis, differentiation and so on. To 

address this question, studies were designed to examine the involvement o f PLD in 

receptor-mediated endocytosis, which employs vesicle transport to transmit 

extracellular signals. The epidermal growth factor (EGF) receptor (EGFR) has been 

demonstrated to activate PLD activity (49,58,79) and is also a typical model of 

ligand-induced endocytosis, thus was chosen for these studies (Chapter 4).

Previous research has suggested a correlation between PLD activity and the 

invasion o f tumor ceils (80-82), yet there is no direct evidence that PLD is involved in 

tumor invasion. Interestingly, activated Src kinase that is closely related to the
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invasiveness o f  human cancers (83) has been shown to stimulate PLD activity 

(84,85). Thus there is a possibility that the elevated PLD activity mediates signals o f  

Src to induce tumor invasion. In order to test this hypothesis, v-Src transformed cells 

and MDA-MB-231 carcinoma cells with increased c-Src level, which are both highly 

invasive, were used to study the involvement o f PLD in Src-induced tumor invasion 

(Chapter 5).

To provide information for these investigations, the regulation of PLD activity 

by EGF and v-Src signals was also studied (Chapter 3).
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Chapter 2 Materials and Methods

2.1 Materials.

The materials used and the sources where they were obtained are listed below.

Table 2.1 Sources of Materials.

Materials Sources

EGF Calbiochem
G66976 Calbiochem
Rottlerin Calbiochem
BFA Sigma
1-BtOH Sigma
t-BtOH Sigma
Cytochalasin B Sigma
Cytochalasin D Sigma
Phalloidin Sigma
Colchicine Sigma
anti-EGFR (LA22) Upstate Biotechnology
anti-phosphoryiated EGFR antibody Upstate Biotechnology
anti-EGFR (225) Calbiochem (Oncogene Research Products)
anti-HA Santa Cruz Biotechnology
anti-Ral Transduction Laboratories
anti-Na+/K+ ATPase Transduction Laboratories
anti-MAPK (p44/42) New England Biolabs (Cell Signaling Technology)
anti-phosphorylated MAPK (P-p44/42) New England Biolabs (Cell Signaling Technology)
anti-MEKl/2 New England Biolabs (Cell Signaling Technology)
and phosphorylated MEK1/2 New England Biolabs (Cell Signaling Technology)
anti-mouse IgG-horseradish peroxidase Bio-Rad Laboratories
anti-mouse IgG-Rhodamine Red-X Jackson ImmunoResearch
anti-rabbit IgG-horseradish peroxidase Bio-Rad Laboratories
anti-rabbit IgG-cyanine Jackson ImmunoResearch
3H]-myristate New England Nuclear

Bovine calf serum and fetal bovine serum HyClone Laboratories
Dulbecco's modified Eagle's medium Gibco BRL (Life Technologies)
Phosphate buffered saline Gibco BRL (Life Technologies)
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LipofectAMINE Plus™ Gibco BRL (Life Technologies)
Antibiotics and other tissue culture reagents Gibco BRL (Life Technologies)
Western blot reagents Bio-Rad Laboratories
Enhanced Chemilluminescent™ System Pierce
Protease inhibitors Calbiochem
Precoated silica (60A) TLC plates Whatmen
Organic solvents and other chemicals Sigma
BIOCOAT™ cell culture inserts, Matrigel™ Becton Dickinson Labware
pCEP4 Invitrogen (Life Technologies)
PLD-encoding plasmids Dr. Michael A  Frohman in SUNY at Stony Brook

2.2 Cell culture conditions.

3Y1 and NIH3T3 murine fibroblasts, MDA-MB-231 human breast 

adenocarcinoma cells and the stable or transient transfectants derived from them were 

maintained at 37°C in a humidified 5% CO2 atmosphere, in Dulbecco's modified 

Eagle's medium (DMEM) supplemented with 50 units/ml penicillin, 50ug/ml 

streptomycin and 5% (v/v) or 10% (v/v) bovine calf serum (fetal bovine serum for 

MDA-MB-231 cells derivates) (Table 2.2). Usually, cells were grown to confluency 

and then made quiescent by replacing fresh DMEM containing 0.5% (v/v) bovine calf 

serum and 50 units/ml penicillin, 50ug/ml streptomycin one day before experiment. 

For immunofluorescence staining, morphological studies and motility experiments, 

cells were made quiescent and used when 50% confluent. For the experiment with 

mAb225 anti-EGFR antibody treatment (Fig. 4.9), cells were grown to about 70 % 

confluency but were not made quiescent.
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Table 2.2 Cell culture conditions.

Cell Types Serum Concentration Antibiotics Selection

NTH3T3 10% None
NIH3T3/RaIA WT 10% Neomycin (100 ug/ml)
NIH3T3/RaIA S28N 10% Neomycin (100 ug/ml)
NIH3T3/EGFR 5% None
NIH3T3/v-Src 10% None
NIH3T3/v-Src/RalA WT 10% Neomycin (100 ug/ml)
NIH3T3/v-Src/RalA S28N 10% Neomycin (100 ug/ml)
3Y1 10% None
3Y1/PLD1 WT 10% Hygromycin B (200 ug/ml)
3Y1/PLD1 K898R 10% Hygromycin B (200 ug/ml)
3Y1/PLD2 WT 10% Hygromycin B (200 ug/ml)
3Y1/PLD2 K785R 10% Hygromycin B (200 ug/ml)
3Yl/EGFR/RalA WT 5% Neomycin (100 ug/ml)
3Yl/EGFR/RaIA S28N 5% Neomycin (100 ug/ml)
3 Y1/EGFR/PLD1 WT 5% Hygromycin B (200 ug/ml)
3 Y 1 /EGFR/PLD1 K898R 5% Hygromycin B (200 ug/ml)
3Y1/EGFR/PLD2 WT 5% Hygromycin B (200 ug/ml)
3Y1/EGFR/PLD2 K785R 5% Hygromycin B (200 ug/ml)
3Yl/v-Src 10% None
3Yl/v-Src/PLDI WT 10% Hygromycin B (200 ug/ml)
3Yl/v-Src/PLDl K898R 10% Hygromycin B (200 ug/ml)
3Yl/v-Src/PLD2 WT 10% Hygromycin B (200 ug/ml)
3Yl/v-Src/PLD2 K785R 10% Hygromycin B (200 ug/ml)
MDA-MB-231 10% None
MDA-MB-231/PLD2 K785R 10% None (transient)

2.3 Transfection and cell line establishment.

NIH3T3 and 3Y1 cell lines stably overexpressing EGFR, v-Src and / or RalA 

proteins were established previously (49,86,87) and were kept under selection with 

antibiotics as listed in Table 2.2.

3Y1, 3Y1/EGFR, 3Yl/v-Src and MDA-MB-231 cells that overexpress 

recombinant PLD proteins were obtained by transfection o f plasmids encoding human 

PLD1, mouse PLD2 or the catalytically inactive mutants human PLD1-K898R or

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

mouse PLD2-K758R, using LipofectAMINE Plus™ reagent according to the vendor’s 

instructions. Transient transfectants were made quiescent 24 hr after transfection and 

used for experiments 48 hr after transfection. Stable transfectants were obtained by 

cotransfection with the hygromycin B selection vector pCEP4. Transfected cultures 

were selected with hygromycin B (200 pg/ml) 24 hr after transfection for 10-14 days. 

At that time antibiotic-resistant colonies were pooled and expanded under selective 

conditions (referred as ‘pooled stable transfectants’) for further use. Alternatively, 

antibiotic-resistant colonies were picked, amplified under selective conditions 

(referred as ‘established cell lines’) and used for experiments. All o f the PLD 

proteins expressed were Hu-tagged and could be detected using anti-HA antibody 

raised against the Hu epitope.

2.4 Preparation of whole cell lysates and plasma

membranes.

2.4.1 Whole cell lysates preparation.

Cells were grown to confluency in 100 mm culture dishes and made quiescent 

as described above. After treatment as indicated in the figure legends, cells were 

placed on ice, washed twice with cold phosphate buffered saline (PBS: 136 mM 

NaCl, 2.6 mM KC1, 1.4 mM KH2PO4 , 4.2 mM Na2HP0 4, pH 7.4) and collected in 1 

to 1.5 ml buffer A (0.25 M sucrose, 1 mM EDTA, 20 mM Tricine, pH 7.8, 150 nM 

Aprotinin, 1 pM  Leupeptin). Cells were then homogenized with VibraCell™ 

sonicator at 4°C with maximum output and 20% duty cycle for 1 min. The 

homogenates were used as whole cell lysates.
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2.4.2 Plasma membranes preparation.

3Y1/EGFR, 3Yl/EGFR/RalA WT, and 3Yl/EGFR/RalA S28N cells were 

each grown in four 150 mm culture dishes to confluency and made quiescent as 

described above. After 30 min o f EGF treatment, cells were placed on ice, washed 

twice with cold PBS and each sample was collected in buffer A with a total volume o f 

3 to 4 ml. The preparation o f the plasma membrane fractions was carried out using 

the method developed by Anderson and colleagues (8 8 ). Briefly, cells were 

homogenized in a Wheaton tissue grinder with 25 to 30 strokes followed by 

centrifugation at 1000 X g for 10 min. The post-nuclear supernatants were layered on 

top o f 23 ml o f  30% (v/v) percoll in buffer A and centrifuged at 84,000 X g for 30 

min in a Ti 60 rotor (Beckman) at 4°C. The fractions (0.5 ml each) were collected 

from top to bottom and analyzed for plasma membrane marker Na+/K+ ATPase by 

Western Blot.

2.5 Western blot analysis.

Equal amounts of protein (10 pg) were subjected to SDS-PAGE using an 8 % 

(v/v) acrylamide separating gel, transferred to nitrocellulose filters and blocked at 

room temperature for 1 hr with 5% (w/v) non-fat dry milk in PBS. The nitrocellulose 

filters were washed in PBS with 0.05% (v/v) Tween-20 and then incubated with 

primary antibodies as described in the figure legends. Depending upon the origin of 

the primary antibodies, either anti-mouse or anti-rabbit IgG conjugated with 

horseradish peroxidase was used for detection with the Enhanced
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Chemilluminescent™ System. Each antibody incubation was in 5% (w/v) milk / PBS 

at room temperature for 1 hr and followed by rinse with PBS. Detection reagents- 

treated nitrocellulose filters were exposed to films, which were developed and then 

scanned in a densitometer for quantification.

2.6 PLD assays (transphosphatidylation reactions).

PLD activity was measured by the ability o f cells to convert the metabolically 

labeled [3H]-PC into PBt in the presence o f exogenously provided 1-BtOH.

Cells were grown in 60 mm culture dishes to confluency and made quiescent 

as described above. These quiescent cells were labeled for 4 hr with [3H]-myristate 

(40 Ci/mmol) at final concentration o f  1 pCi/ml, and then pretreated with drugs such 

as BFA, G66976 or rottlerin, as described in the figure legends. For the EGFR 

overexpressing cells, 1% (v/v) 1-BtOH (t-BtOH or no alcohol was used when 

indicated in Fig. 4.2) were then added in to medium 5 min before EGF treatment. For 

v-Src expressing cells, this drug pretreatment was followed by 15 min o f incubation 

with 1% (v/v) 1-BtOH. Afterwards, cells were placed on ice, washed twice with cold 

PBS and collected in 0.5 ml o f methanol / 6  M HC1 (50:1, v/v). Lipids were extracted 

by adding 0.5 ml o f chloroform. Phase separation was achieved by the addition of 

155 pi o f 1 M NaCl and the organic phase was recovered after centrifugation. This 

was followed by reextraction through the addition of 350 pi H2O, 115 pi 1 M  NaCl 

and 115 pi methanol. An aliquot o f  the thus obtained organic phase was counted in a 

liquid scintillation counter and the volume o f each sample that had the same intensity 

of radioactivity was calculated according to the readings. Lipids containing an equal
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amount of radioactivity were then dried under a stream o f nitrogen and redissolved in 

50 M-l o f chloroform /  methanol (9:1, v/v). Samples were then spotted on a precoated 

silica (60A) plates and separated by thin layer chromatography (TLC) with a solvent 

system of ethylacetate / trimethylpentane /  acetic acid / H2O (9:5:2:10, v/v, upper 

layer). The transphosphatidylation product PBt (or PA, when t-BtOH or no alcohol 

was used as in Fig. 4.2) was visualized by autoradiography o f the TLC plates and the 

films were scanned in a densitometer for quantification.

2.7 Microscopy.

2.7.1 Morphological studies.

Cells were grown in 6  well plates to 50% confluency, made quiescent, and 

then treated as described in the figure legends. The cells were photographed under an 

Olympus OMT-2 inverted microscope with a Dage MTI CCD 72 video camera and 

images were obtained using Oncor Image analysis software..

2.7.2 Immunofluorescence microscopy.

Cells were seeded onto coverslips in 6  well plates. 24 hr later the cells were 

transiently transfected with PLD-encoding plasmids and were made quiescent 24 hr 

after transfection. The cells that had been quiescent for 24 hr were then washed twice 

with PBS, fixed in 3.7% (w/v) paraformaldehyde in PBS for 10 min at room 

temperature, washed with PBS, and then permeablized by incubation with 0.2% (w/v) 

Triton X-100 / PBS for 5 min. Cells were then again washed with PBS, incubated 

with 0.2% (w/v) bovine serum albumin / PBS for 5 min, and subjected to successive
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incubation with primary and fluorophore-conjugated secondary antibodies. PLD 

proteins were detected using rabbit polyclonal anti-HA antibody and anti-rabbit IgG 

conjugated with cyanine (green). EGF receptor was detected by using mouse 

monoclonal anti-EGFR antibody (LA22) and anti-mouse IgG conjugated with 

Rhodamine Red-X (red). Each antibody incubation was in 2% (w/v) bovine serum 

albumin /  PBS at room temperature for 1 hr and followed by rinse with PBS. After 

final rinse, coverslips were mounted onto microscope slides with 50% (w/v) glycerol 

in PBS and photographed under a Nikon Optiphot 2 upright microscope with a Sony 

"Cats Eye’ high resolution color video camera and images were obtained using 

Compix Simple 32 image analysis software.

2.8 Migration and invasion assays.

The assays were carried out using BIOCOAT™ cell culture inserts with 

polyethelene terephthalate filters ( 8  pm pore size) on the bottom. For migration 

assays, inserts were used directly without coating; for invasion assays, the upper 

surface o f the filters were coated with Matrigel™ purified from the Engelbreth-Holm- 

Swarm mouse sarcoma, a tumor rich in extracellular matrix proteins, which closely 

mimics the basement membrane in vivo (89,90). Single cell suspensions in serum- 

free medium containing 0.1% (w/v) BSA and were added into the inserts. 3Yl/v-Src, 

3Yl/v-Src/PLD2 WT and 3Yl/v-Src/PLD2 K758R cells were added 50,000 

cell/insert; MDA-MB-231 cells and the transiently transfectants with PLD2 K758R 

were seeded at 25,000 cells/inserts. The inserts were placed into 24-well plates that 

held 0.75 ml/well growth medium as a chemoattractant and incubated under normal
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growth condition for 24 hr. Cells that had not penetrated the filters were wiped away 

with cotton swabs, and cells that had migrated or invaded to the lower surface o f the 

filters were fixed in methanol and stained with a 0 .2 % (v/v) solution of crystal violet 

in 2% (v/v) ethanol. The number o f  migrated or invaded cells was counted under 

microscope. The mean o f five individual fields in the center o f the filter where 

migration or invasion was the highest was obtained for each well. For assays that 

used transient transfectants (Fig. 5.7), the efficiency o f  transfection was verified with 

immunofluorescence staining for the Flu-tag on PLD proteins, as described earlier in 

this chapter.
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Chapter 3 Regulation of Phospholipase D Activity 

by EGF and v-Src in Murine Fibroblasts

3.1 Introduction

Although PLD activity is distributed in a wide range of species, and may 

utilize various phospholipids as substrates, studies o f its regulation have been mainly 

focused on the PC-specific PLD in mammalian tissues and cells.

3.1.1 Lipid dependency of PLD activity.

In vitro analysis has revealed the dependency of the mammalian PC-PLD 

activities on phospholipids and fatty acids, and subdivided them into two classes 

accordingly. The first class is stimulated by free fatty acids such as oleate, whereas 

the second class is dependent on phosphoinositides, such as PIP2 or PIP3, but usually 

inhibited by oleate (4). The cloned mammalian PLD1 and PLD2 isoforms both 

require PIP2  as a cofactor for activation (5-7,12-14,19) and therefore belong to the 

second class. Puzzlingly, it has been reported that oleate at low concentration can 

activate PLD2 synergistically with PIP2  (91), leaving it unclear as to whether there is 

any relation between PLD2 and the oleate-dependent PLD, which has not yet been 

cloned (2 ).

It is not known how PIP2 stimulates PLD activity. The discovery o f a  PH-like 

domain in both PLDl and PLD2 suggested a possibility that the regulation is through
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the interaction between PIP2  and the PH domain. It is thought that this interaction 

may direct the enzyme to its precise membrane locations and may also induce 

conformational changes o f PLD, thereby regulating its catalytic activity 

(10,16,17,43). However, there are discrepancies on this point (15,18,92,93) and the 

exact mechanism o f the regulation by PIP2 remains obscure in spite o f the definite 

requisition of this lipid for PLD activity of the second class.

3.1.2 An overview of positive regulators of PLD activity.

The Pn*2-dependent PLD activity is stimulated by numerous extracellular 

signals, such as hormones, growth factors, cytokines, neurotransmitters, adhesion 

molecules and other agonists that activate cell surface receptors (2). Studies into the 

mechanisms o f the receptor-PLD coupling have implicated multiple pathways leading 

to PLD activation, which include non-receptor and receptor protein tyrosine kinases 

(Src, EGF, PDGF and insulin receptors, etc.); serine/threonine kinases (Raf, Protein 

kinase C, etc.); trimeric and monomeric GTPases (a  subunits o f Gi Vz, Gi 3, G 13 and 

Gq; Ras, Ral, Rho and Arf family small G proteins) (2,4,94,95).

It has been recently reported that PLD can be phosphorylated in response to 

upstream stimulations. PLD1 was found constitutively associated with platelet- 

derived growth factor (PDGF) receptor and been tyrosine phosphorylated upon 

stimulations in Swiss 3T3 fibroblasts (96). PLD2 overexpressed in HEK293 cells 

was shown to be associated in a ligand-independent manner with EGF receptor, and 

was tyrosine phosphorylated upon EGF treatment (42). However, there are 

controversies as to whether these phosphorylations are important to the enzyme

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



activity; and the mechanism and functional consequence o f  such modification on 

PLD1 and PLD2 is not understood (2,4,95). When stimulated with phorbol ester, 

PKC alpha (PKCa) translocates onto plasma membranes where it forms complexes 

with and phosphorylates PLD1 in various cells types as well as observed in cell free 

systems (18,19,37,38,97-99). Like the tyrosine phosphorylations caused by PDGF 

and EGF, there are discrepancies upon the relevance o f these serine/threonine 

phosphorylations by PKCa on the enzyme activity and it seems that PKCa could 

regulate PLD either through phosphorylation-dependent (34,37,97,100) or 

independent manner (6,8,12,19,101-106). The activation o f PLD by receptor tyrosine 

kinases such as insulin receptor (107) and PDGF receptor (96) were at least partially 

mediated by PKCa; interestingly, in these studies, PKCa was found constitutively 

form complexes with PLD2 in HEK293 cells (107) or with PLD1 in Swiss 3T3 cells 

(96), probably reflecting an instant need o f PKCa for PLD activation upon receptor 

signaling.
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Scheme 3.1 Model for the activation of PLD by v-Src via Ras, RalA, and Arf.

It is proposed that in response to the tyrosine kinase activity o f  v-Src, Ras goes from the inactive GDP 

form (Ras-GDP) to the active GTP form (Ras-GTP). The activated Ras associates with Ral-GDS 

(108), resulting in GDP-GTP exchange on RalA and the recruitment o f a RaiA-PLDl complex (87). 

However, because activated RalA is not sufficient to activate PLD1 (87,109), whereas activated Ras 

is sufficient for PLD1 activation (109), it is proposed that Ras stimulates GDP-GTP exchange on Arf 

via another mechanism involving an Arf-GDS, leading to the activation o f  Arf and the association o f 

Arf to RalA-PLDI complex, which is dependent upon the RalA amino terminus and may engage some 

unknown factor since the interaction between RalA and A rf is apparently indirect (109). Adopted 

from Luo et. al. Proc Natl Acad Sci U  S A 1998 M ar 3 1;95(7):3632-7 (109).

The A rf family small GTPases are well known as critical components o f 

vesicular trafficking in eukaryotic cells ( 1 1 0 , 1 1 1 ) and were later discovered to be 

activators o f PLD (112,113), with different potency o f all six A rf isoforms (114). 

Another small G protein Ral has also emerged as an important regulator o f PLD 

activity. In our lab, PLD was shown to be activated in murine fibroblasts transformed 

by the oncogenic non-receptor tyrosine kinase v-Src (84,115). This activation is 

mediated by small GTPase Ras (85,116), RalA and Arf (87,109,117). RalA was 

found constitutively associated with PLD1 (87) and its amino terminus is crucial for 

recruiting Arf that would then directly interact with PLD1 (109). Although RalA is 

required for PLD activation by v-Src (87), RalA cannot activate PLD all by itself 

(87,109) and the PLD activity associated with RalA is dependent on A rf in the same 

complex (109). Thus a model was suggested whereas activated Ras mediates v-Src 

signals and interacts with Ral-GDS (guanine nucleotide dissociation stimulator)
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(108), which results in the activation o f RalA and the recruitment o f RalA-PLD 1 

complex. Meanwhile, Ras also activates Arf through Arf-GDS. The activated A rf 

would then join the complex o f PLD1 and RalA, and thus activate PLD1 (Scheme 

3.1). Consistent with our model, Kim et. al. has demonstrated that Arfl and RalA 

each directly interacted with PLD1 on different sites and synergistically activated 

PLD1 (118). Arf and Ral are also involved in PLD activation by various other 

signals: Ral is required for EGF, insulin (49,119), phorbol ester (119-121) and 

oncogenic serine / threonine kinase v-Raf (122) induced PLD activity; Arf is required 

for insulin (123) and PDGF (124) stimulated PLD activity.

3.1.3 An overview of negative regulators of PLD activity.

In addition to the numerous activators of PLD activity, cells also possess 

molecules that negatively regulate this enzyme. Several proteins have been identified 

as inhibitors o f PLD and interestingly, all o f  them fall into two groups. The first 

group are vesicular trafficking proteins, include amphiphysin (125), AP3 (126), 

synaptojanin (127), and a /p  synucleins (128); the second group comprise cytoskeletal 

proteins: P-actin (129) and actin-binding proteins a-actinin (130), fodrin (131,132) 

and gelsolin (133,134). Coincidently, these two categories o f inhibitors match well 

with the major physiological functions of PLD, i.e., vesicle transport and cytoskeleton 

reorganization (as mentioned in Chapter 1, and will be elaborated in Chapter 4 and 5). 

Most of these inhibitors act either by direct binding to PIT) (125,126,129,130) or by 

sequestering PIP2 that is essential for PLD activity (127,131,132). Calphostin-C, a 

fungal metabolite previously known as a PKC inhibitor, has now been discovered to
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independently inhibit PLD activity by an irreversible modification o f  the enzyme but 

does not affect its binding with PIP2 (105). The inhibition o f  both PLD and PKC by 

the same compound may imply a common involvement o f  these two enzymes in 

cellular processes. PLD is also inhibited by ceramide, a product o f sphingomyelinase 

activity. The fact that ceramide can induce cell cycle arrest, apoptosis and cell 

senescence (135,136), implicating a possible involvement o f PLD in these processes 

as well (52,137).

3.1.4 Differential regulation of PLD1 and PLD2 activity.

Regulators such as PKCa, Arf, Ral and Rho family small GTPases have all 

been shown to elevate PLD1 activity from its low basal level, and these factors often 

act in a synergistical manner with each other. Contrarily, PLD2 does not respond to 

most of these regulators as observed in vitro; it has a high basal activity and thus is 

thought to be negatively regulated in vivo under basal conditions but relieved from 

inhibition upon signaling (2,4,94,95). However, the discovery that PLD2 can be 

indeed weakly activated by Arf (14,15,101,107,118,123,124) and by PKCa or 

phorbol ester (12,93,105,107) both in vitro and in vivo, suggested that positive 

regulation on PLD2 activity may also exist in intact cells.

3.1.5 Orchestration of PLD regulation by cells.

Mammalian PLDs are generally membrane-bound enzymes, as discussed in 

Chapter 1. The regulation o f PLD activity is thought to be subject to the availability 

o f positive and negative regulators as well as the substrates in the membrane location
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of the enzyme, which is dynamically administered by cells in both regional and 

temporal manner. The complex regulation o f PLD activity is believed to reflect the 

intricacy o f its functions.

3.1.6 Purpose of the studies in this chapter.

In order to explore the involvement o f PLD in various physiological 

processes, the understanding o f its regulatory mechanism is a fundamental issue. The 

studies in this chapter focused on the activation o f PLD by EGF in murine fibroblasts, 

as well as the involvement o f Ral, A rf and PKC in the regulation o f EGF-induced 

PLD activity. It was also aimed to answer the questions: (i) does EGF activate PLD1 

or PLD2 or both? (ii) are the two isforms differentially regulated i f  they are both 

activated by EGF? (iii) is there any relationship between the induction o f these two 

isoforms? Besides, the regulation o f  v-Src-induced PLD activity was also studied. 

The purpose of these studies was to provide evidence for the investigation o f PLD’s 

involvement in the EGF-induced receptor endocytosis (Chapter 4) and in v-Src- 

induced invasive migration (Chapter 5).

3.2 Results

3.2.1 EGF-induced PLD activity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

3.2.1.1 EGF Induces endogenous PLD activity in NIH3T3/EGFR and 

3Y1/EGFR cells.

In both NIH3T3 and 3Y1 murine fibroblasts, EGF receptor is not detectable 

by Western blot analysis (Fig. 3.1.A), neither is the PLD activation in response to 

EGF as measured by the production o f PBt in the presence o f  1-BtOH (data not 

shown). In order to study the EGF-induced PLD activity, these cells were stably 

transfected with human EGF receptor ErbBl as reported previously (49) (Fig. 3.1.A). 

The basal PLD activities (Fig. 3.1.B, lanes 1 and 3) in these cell lines 

(N IH 3 T 3 /EGFR, 3Y1/EGFR) were increased by the overexpression o f EGFR per se, 

when compared with the parental cell lines (data not shown), conceivably due to the 

default activity o f the overexpressed EGF receptors. Once treated with EGF, the 

levels o f  PBt were substantially enhanced (Fig. 3.1.B, lanes 2 and 4), indicating that 

the EGFR transmitted agonistic signals to stimulate PLD activity.

B>
Lancs 1 2  3 4

— H  f t  **•»■

EOF + +
NIH3T3/EGFR 3Y1/EGFR

Fig. 3 .1 EGF induces endogenous PLD activity in NIH3T3/EGFR and 3Y1/EGFR cells.

A) NIH3T3 and 3Y1 cells and these cells stably overexpressing EGFR were harvested, lysed and 

subjected to Western Blot analysis using anti-EGFR antibody (LA22). B) Cells overexpressing EGFR
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were prelabeled with [3H]-myristate for 4 hr and then treated without or with EGF (100 ng/ml) for 10 

min in the presence o f  1-BtOH (1% v/v) which was added 5 min before EGF. The 

transphosphatidylation product PBt were separated by TLC and visualized by autoradiography o f TLC 

plates as described in Chapter 2. The data presented are representative results o f  experiments that were

repeated for several times.
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Fig. 3.2 EGF induces both PLD1 and PLD2 activity in 3Y1/EGFR cells.

A) 3Y1/EGFR and the derived cells stably overexpressing PLD proteins were harvested, lysed and the 

expression level o f PLD was analyzed with Western Blot using anti-HA antibody that detects the Flu 

epitope tagged on all o f these recombinant PLD proteins. B) Cells were prelabeled [3H]-myristate for 

4 hr and treated without or with EGF (100 ng/ml) for 10 min in the presence o f 1-BtOH (1% v/v) 

which was added 5 min before EGF, and PLD activity was assayed in the same way as in Fig. 3.1.
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Control: 3Y1/EGFR cells; PLD1 WT, PLD2 WT, PLD1 K898R, PLD2 K758R: 3Y1/EGFR cell lines 

stably overexpressing these proteins. The data presented are representative results o f  experiments that 

were repeated for three tunes.

3.2.1.2 EGF Induces both PLD1 and PLD2 activity in 3 Yl/EG FR cells.

To investigate whether EGF induces PLD1, PLD2 or both, 3Y1/EGFR cells 

were stably transfected with either human PLD1 (hPLDl) (5), mouse PLD2 (mPLD2) 

(12), or their catalytically inactive mutants, hPLDl K898R or mPLD2 K758R 

(18,138) (Fig. 3.2.A); and the corresponding cell lines (3Y1/EGFR/PLD1 WT, 

3Y1/EGFR/PLD1 K898R, 3Y1/EGFR/PLD2 WT and 3Y1/EGFR/PLD2 K785R) 

were established as described in Chapter 2. The EGF-induced PLD activity was 

strongly elevated by the overexpression o f either PLD1 or PLD2 wild type (PLD1 

WT, PLD2 WT), but reduced by the two catalytically inactive mutants (Fig. 3.2.B), 

suggesting that both PLD1 and PLD2 activities could be stimulated by EGF in 

3 Yl/EGFR cells.

3.2.1.3 Expression of endogenous Ral is correlated with PLD activity.

Interestingly, the level o f endogenous Ral in 3 Yl/EGFR cells is elevated upon 

the overexpression of either PLD1 or PLD2 wild type, and decreased upon the 

overexpression o f the catalytically inactive mutants (Fig. 3.3), suggesting that the 

expression o f Ral is possibly dependent on PLD activity.
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Fig. 3.3 Expression of endogenous Ral is correlated with PLD activity.

3Yl/EGFR cells stably overexpressing PLD1 WT, PLD2 WT, PLD1 K898R or PLD2 K758R as in 

Fig. 3.2 were harvested, lysed and subjected to Western Blot analysis using anti-Ral antibody. The 

data presented are representative results o f  an experiment that was repeated twice.

3.2.1.4 EGF-induced endogenous PLD activity in 3Y1/EGFR cells is 

dependent on RalA.

To investigate the regulation o f EGF-induced PLD activity by Ral, 

3Y1/EGFR cell lines that stably overexpress RalA (3Yl/EGFR/RalA WT) and its 

dominant negative mutant RalA S28N (3Yl/EGFR/RalA S28N) were established as 

reported previously (49) (Fig. 3.4.A). As shown in Figure 3.4.B, the EGF-induced 

PLD activity was dramatically increased by RalA wild type (RalA WT), but inhibited 

by RalA S28N. Thus the EGF-induced endogenous PLD activity in these cells is 

dependent on RalA.

Taken together with the data that Ral expression may be modulated by PLD 

activity (Fig. 3.3), it is possible that a positive feed back loop o f regulation between 

PLD and Ral exists in these cells.
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Control RalA WT RalAS28N

Fig. 3.4 EGF-induced endogenous PLD activity in 3Y1/EGFR ceils is dependent on RalA.

A) 3 Yl/EGFR and the derived cells stably overexpressing RalA WT or RalA S28N were harvested 

and the lysates were subjected to Western Blot analysis using anti-Ral antibody. B) Cells were 

prelabeled [3H]-myristate for 4 hr and treated without or with EGF (100 ng/ml) for 10 min in the 

presence o f 1-BtOH (1% v/v) which was added 5 min before EGF, and PLD activity was assayed in 

the same way as in Fig. 3.1. The data presented are representative results o f experiments that were 

repeated for three times. C) The result in B) was quantified by densitometry and normalized with the 

PLD activity in untreated 3Y1/EGFR cells. Error bars represent the mean +/- standard o f three 

independent experiments performed in duplicate. Control: 3Yl/EGFR cells; RalA WT: 

3Yl/EGFR/RaiA WT cells, RalA S28N: 3Yl/EGFR/RaLA S28N cells.
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3.2.1.5 EGF-Induced endogenous PLD activity in 3Y1/EGFR cells u  

insensitive to brefeldin A.

As discussed above, A rf family small GTPases are well-documented 

activators o f PLD activity. Brefeldin A (BFA), a fungal metabolite that prevents 

nucleotide exchange on Arf by inhibiting Arf-GEF, has been widely used to probe the 

functional dependence o f conventional Arfs. Surprisingly, treatment with BFA did 

not affect the EGF-induced endogenous PLD activity in 3Y1/EGFR cells (Fig. 3.5). 

Therefore, EGF-induced PLD activation in these cells either does not involve Arf or 

involves some Arf isoform(s) with BFA-insensitive GEF(s).

Fig. 3.5 EGF-induced endogenous PLD activity in 3Y1/EGFR ceils is insensitive to BFA.

3Y1/EGFR cells were prelabeled with (^HJ-myristate for 4 hr then pretreated without or with BFA (20 

pg/ml) for 15 min. After this, cells were incubated in the presence o f 1-BtOH (1% v/v) for 5 min 

before treated without or with EGF (100 ng/ml) for 10 min. The produced PBt was isolated and 

visualized in the same way as in Fig. 3.1. The data presented are representative results o f an 

experiment that was repeated for three times.

PBt

All
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3.2.1.6 Levels o f endogenous PKC isoforms are affected by PLD expression.

Like that o f Ral, the levels o f PKC isoforms are also affected by the 

expression o f  PLD. 3Y1/EGFR cell lines were established carrying either PLD1 or 

PLD2 wild type that was constructed in an inducible expression vector (unpublished 

data o f Troy Joseph). As shown in Fig. 3.6, upon induced expression of either PLD1 

WT (Fig. 3.6.A) or PLD2 WT (Fig. 3.6.B), the level o f endogenous PKCa was 

significantly upregulated, conversely, PKC8 level was downregulated.

A)

PLD1 WT induction (lu) 0 4 8 12 10 20

PLD2 WT induction (hr) 0 4 8 12 16 20

Fig. 3.6 Levels of endogenous PKC isoforms are affected by PLD expression.

3Y1/EGFR cells carrying inducible PLD1 WT or PLD2 WT were stimulated to turn on the expression. 

At the indicated time after induction o f A) PLD1 WT and B) PLD2 WT, cells were harvested and the 

lysates were subjected to Western Blot analysis using anti-PKCa and anti-PKC5 antibody. The data 

presented are representative results o f experiments that were repeated for three times. These data were 

kindly provided by Troy Joseph.
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3.2.1.7 EGF-induced endogenous PLD activity in 3Y1/EGFR cells is 

regulated by PKC isoforms.

To examine to role for PKC isoforms, the EGF-induced PLD activation was 

tested in the presence o f PKC inhibitors, Go6976, at an effective concentration 

specific to PKCa, or rottlerin at an effective concentration specific to PKC8. As 

shown in Figure 3.7.A, the EGF-induced endogenous PLD activity in 3Y1/EGFR 

cells was abolished by Go6976, indicating a dependence on PKCa. Contrarily, 

inhibiting PKC8 by rottlerin did not reduce, but increased the activation of PLD, 

revealing a complex regulation o f PLD activity by multiple PKC isoforms in response 

to EGF signals.

Data in Figure 3.6 and Figure 3.7. A showed that expression o f  PLD correlates 

with increased level o f PKCa and suppressed level o f PKC8, and that PKCa and 

PKC8 are positive and negative regulators o f the EGF-induced PLD activity 

respectively. Thus, these data may suggest a  dual positive feed back regulation 

between PLD and the PKC isoforms, one through PKCa and the other through PKC8.

A)
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B)

Control CM6976 Rottlerin

Fig. 3.7 Effects or PKC inhibitors on PLD activity.

A) 3Y1/EGFR cells were prelabeled with [^ -m yrista te  for 4 hr and pretreated with DMSO (0.1% 

v/v) (control), G66976 (0.5 nM in DMSO) or rottlerin (10 pM in DMSO) for 30 min. Cells were then 

incubated in the presence o f  1-BtOH (1% v/v) for 5 min before treated without or with EGF (100 

ng/ml) for 10 min. The produced PBt was isolated and visualized in the same way as in Fig. 3.1. B) 

The result in A) was quantified by densitometry and normalized with the PLD activity in untreated 

3Y1/EGFR cells (control). C) The same experiment with G66976 was done in 3 Y 1 /EGFR/PLD1 WT 

and 3Y1/EGFR/PLD2 WT cells. The data presented are representative results o f  experiments that 

were repeated for three times. Error bars represent the mean +/- standard of three independent 

experiments performed in duplicate.
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3.2.1.8 EGF-induced PLD1 but not PLD2 activity in 3Y1/EGFR cells is 

dependent on PKCa.

The effect of PKCa inhibitor G56976 was also tested on the activation of 

PLD1 and PLD2 by EGF. As shown in Fig. 3.2, both PLD1 and PLD2 can be 

activated in response to EGF. Pretreatment with Go6976 lessened the EGF induction 

o f PLD1 activity, but had no effect on PLD2 (Fig. 3.7.C). These data suggest that 

PKCa is involved in the EGF-induced activation o f PLD1 but not PLD2. Taken 

together with the fact that Go6976 almost abolished the EGF-induced PLD activity in 

the parental 3Y1/EGFR cells (Fig. 3.7.A), it is possible that PLD1 accounts for most 

o f the EGF-induced endogenous PLD activity. The partial inhibition o f  Go6976 on 

EGF-induced PLD1 activity may be explained by the overwhelming effect o f the 

expressed PLD1 that cannot be counteracted by the drug at the concentration used; 

however using Go6976 at higher concentration will lose its specificity to PKCa and 

also inhibit other isoforms including PKCS that has an opposite effect on PLD 

activity, and thus the result will be difficult to interpret

3.2.1.9 EGF-induced PLD1 and PLD2 activation in 3Y1/EGFR cells have 

different kinetics.

Once stimulated with EGF, the activation of the overexpressed PLD1 and 

PLD2 showed different kinetics. 3Y1/EGFR and the derived wild type PLD 

overexpressing cells (as in Fig. 3.2 and Fig. 3.6) were exposed to EGF for various 

length o f time before assayed for PLD activity. The EGF-induced PLD2 activity was 

quickly elevated within 1 minute o f  EGF treatment, reached a peak between 2 to 10
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minutes and started to fade after 15 minutes (Fig. 3.8.A, bottom panel, curved as in 

Fig. 3.8.B). In contrast, PLD1 activity started to respond much later but did not 

significantly drop at 30 minutes o f treatment (Fig. 3.8.A, middle panel, curved as in 

Fig. 3.8.B). Hence the EGF-induced PLD2 activation was more prompt and transient 

than that o f  PLD1. Interestingly, the activation o f  endogenous PLD (Fig. 3.8.A, top 

panel, curved as in Fig. 3.8.B) had very similar kinetics to that o f overexpressed 

PLD1, but not PLD2 (compare the panels in Fig. 3.8.A, curved as in Fig. 3.8.B), thus 

it supports the speculation that the EGF-activated endogenous PLD activity is mostly 

PLD1 activity.

A)

Time (Min): 0 0.5 5 15 30

P B t—  . 0MI §m
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»)

Time of EGF Stimulation

Fig. 3.8 EGF-induced PLD1 and PLD2 activation in 3Y1/EGFR cefls with different kinetics.

A) 3Y1/EGFR, 3Y1/EGFR/PLD1 WT and 3Y1/EGFR/PLD2 WT cells were prelabeled with [3H]- 

myristate for 4 hr and incubated withl-BtOH (1%  v/v) for 5 min before exposed to EGF (100 ng/ml) 

for the indicated length o f time. The produced PBt was isolated and visualized in the same way as in 

Fig. 3.1. The data presented are representative results o f experiments that were repeated for three 

times. B) The results o f these experiments were quantified by densitometry and normalized with the 

PLD activity in the untreated samples o f  each cell lines. Error bars represent the mean +/- standard o f 

three independent experiments performed in duplicate.

3.2.1.10 EGF-induced PLD1 activity in 3Y1/EGFR ceils is dependent on PLD2.

To further investigate the relationship between the activation o f PLD1 and 

PLD2, the wild type PLD overexpressing cells (as in Fig. 3.2, Fig. 3.6) were 

transiently transfected with the catalytically inactive mutant o f the other isoform, i.e., 

PLD2 K758R into PLDt WT cells and PLD1 K898R into PLD2 WT cells (Fig. 

3.9.A), and the induction o f PLD activity by EGF in these cells was analyzed. 

Introducing PLD2 catalytically inactive mutant into cells overexpressing PLD1 WT 

significantly decreased EGF-induced PLD activity to about 50% (Fig. 3.9.B), while
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PLD1 catalytically inactive mutant had no effect on the EGF-induced PLD activity in 

PLD2 WT overexpressing cells (Fig. 3.9.C). Noticing that when expressed at high 

level, PLD2 K758R can almost completely block the EGF-induced endogenous PLD 

activity (presumably mostly PLD1 activity) (Fig. 3.2), the partial inhibition o f  PLD2 

K758R in PLD1 WT overexpressing cells may be explained by its low expression 

level (Fig. 3.9.A) and it is conceivable that when the amount o f PLD2 K758R is 

enough to counteract that o f PLD1 WT, it may likely render a complete inhibition. 

Thus the activation o f PLD 1 by EGF is (at least partially) dependent on PLD2 activity 

in these cells. Taken together with the data that PLD2 is activated in a much quicker 

fashion than PLD1 (Fig. 3.8), it is intriguing to postulate that EGF induces sequential 

and causal activation o f PLD2 and PLD1.
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Fig. 3.9 EGF-induced PLD activity in 3Y1/EGFR/PLD1 WT cells is inhibited by catalytically 

inactive PLD2; EGF-induced PLD activity in 3Y1/EGFR/PLD2 WT cells is not affected by 

catalytically inactive PLDI.

3Y1/EGFR/PLD1 WT and 3Y1/EGFR/PLD2 WT were transiently transfected with the catalytically 

inactive mutant o f the other isoform. A) At 48 hr after transfection, the expression o f the HA-tagged 

PLD proteins was detected with Western Blot analysis using anti-HA antibody. B), C) At the same 

time point, cells that had been prelabeled [3H]-myristate for 4 hr were treated without or with EGF 

(100 ng/ml) for 10 min in the presence o f 1-BtOH (1% v/v) which was added 5 min before EGF, and 

PLD activity in these cells was assayed in the same way as in Fig. 3.1. The data presented are 

representative results o f experiments that were repeated for three times.

3.2.2 v-Src-induced PLD activity.

3.2.2.1 v-Src induces PLD activity in NIH3T3 cells.

A NIH3T3 cell line stably expressing the constitutively active non-receptor 

tyrosine kinase v-Src (NIH3T3/v-Src) was established previously (86). The 

overexpressed v-Src stimulated endogenous PLD activity, as shown in Figure 3.10
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(lower panel, compare lanes 1 and 4). Similar but less effect was also observed in 

3 Y1 cells overexpressing v-Src (data not show).

Fig. 3.10 v-Src-induced PLD activity in NIH3T3 cells is RalA-dependent.

Upper panel: NIH3T3 the derived cells stably expressing v-Src, RalA proteins or both were harvested 

and the lysates were subjected to Western Blot analysis using anti-Ral antibody. Lower panel: these 

cells were prelabeled with [3H]-myristate for 4 hr and then incubated with 1-BtOH (1% v/v) for 15 

min. The produced PBt was isolated and visualized in the same way as in Fig. 3.1. The data presented 

are representative results o f an experiment that was repeated twice.

3.2.2.2 v-Src-induced PLD activity in NIH3T3 cells is dependent on RalA.

To study the involvement o f Ral in the activation o f PLD by v-Src, 

NIH3T3/v-Src cell lines that stably overexpressing either RalA WT (NIH3T3/v- 

Src/RalA WT) or dominant negative mutant RalA S28N (NIH3T3/v-Src/RalA S28N)
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were established previously (87). Like that induced by EGF, v-Src-induced PLD 

activity is also dependent on RalA, as it was strongly enhanced by RalA WT and 

completely blocked by RalA S28N (Fig. 3.10, lower panel, lanes 4,5,6). However, 

overexpression of RalA WT in NIH3T3 cells did not increase PLD activity (Fig. 3.10, 

lower panel, compare lanes 1 and 2), indicating that RalA alone is not sufficient for 

PLD activation and that some other factors) must be required to mediate the signals 

from upstream v-Src.

Fig. 3.11 v-Src-induced PLD activity in NTH3T3 ceOs is Arf-dependent.

NIH3T3/v-Src cells were prelabeled with [3H]-myristate for 4 hr and then treated without or with BFA 

(20 ug/ml) for 15 min before incubated with 1-BtOH (1% v/v) for 15 min. The produced PBt was 

isolated and visualized in the same way as in Fig. 3.1. The data presented are representative results o f 

an experiment that was repeated twice.
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3.2.2.3 v-Src-induced PLD activity in NIH3T3 cells is dependent on Arf.

Unlike that induced by EGF, v-Src-induced PLD activity in NIH3T3 cells was 

inhibited by BFA (Fig. 3.11) and thus is dependent on Arf(s) with BFA-sensitive 

GEF(s). It is therefore possible for A rf to be a  candidate that cooperates with Ral and 

facilitate the activation o f PLD by v-Src.

3.3 Discussion

EGF induces endogenous PLD activities in 3Y1/EGFR and NIH3T3/EGFR 

cells, but whether these PLD activities are due to PLD1 or PLD2 was not clear. By 

introducing exogenous PLD1 and PLD2 into 3Y1/EGFR cells and comparing the 

kinetics of the enzyme activation as well as the dependency on PKCa, data presented 

in this chapter suggest that both PLD1 and PLD2 can be stimulated by EGF in 

3Y1/EGFR cells and that PLD1 contributes to most o f  the EGF-induced endogenous 

PLD activity in these cells.

Consistent with these data, both PLD1 and PLD2 were reported to be 

activated by EGF receptor (42) and insulin receptor (107). However, there have been 

also other reports showing that insulin and PDGF receptors activate PLD2 rather than 

PLD1, based on the observation that catalytically inactive mutant PLD1 K898R did 

not block the agonist-induced PLD activity (123,124). It is noteworthy that in the 

established 3Y1/EGFR/PLD1 K898R cells, the PLD induction by EGF was not 

completely inhibited by this mutant (Fig. 3.2.B); and the effect could be much less in 

transient transfectants or even in stable pools if  the transfection efficiency is low,
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which might be similar as observed by those authors who used transient transfectants 

and found it ineffective. This may argue that PLD1 K898R does not act like a 

dominant negative mutant, but to simply draw the conclusion that PLD1 is not 

activated by the receptors is somehow insufficient. In fact, as will be discussed in 

Chapter 4 (4.2.7), the steady state mass o f EGFR in 3Y1/EGFR cells is substantially 

increased by the catalytically inactive mutant PLDs, but reduced by the wild type 

PLDs (Fig. 4.7.C). Thus, when normalized with the amount o f  cell surface receptor 

that is essential for the cells’ response to the agonist, the EGF-induced PLD activity 

became efficiently inhibited by PLD1 K898R (Fig. 4.7.D). Since it is possible that 

PLD1 K898R also increases the basal levels o f  PDGF receptor and insulin receptor, 

normalization of PLD activity in those cases may uncover considerable inhibition by 

this mutant.

The dependency o f the EGF-induced PLD I on the activity o f PLD2 and the 

timing o f their activation strongly support the hypothesis that upon EGF stimulation, 

PLD2 is activated first and this may facilitate the later activation o f PLD 1. However, 

additional evidence will be required to make such conclusion. Interestingly, it was 

found that PLD2, but not PLD1 constitutively associated with EGFR in HEK293 cells 

(42), suggesting that the activation o f  PLD2 by EGFR is more instantly than PLD1 in 

those cells as well.

It has been shown that the insulin- and PDGF-induced PLD activities were 

inhibited by the treatment of BFA (123,124). However, the EGF-induced endogenous 

PLD activity in 3Y1/EGFR cells is insensitive to this fungal metabolite. This may 

suggest that A rf is not involved, or alternatively, Arfl or Arf6 that has BFA-
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insensitive GEF (68,139-142) mediates the EGF signals to activate PLD in these 

cells. Arfl is predominantly localized in Golgi membranes and cytosol, with a small 

amount on plasma membranes and intracellular vesicles (124,143-145), and is a 

critical component o f intracellular vesicle transportation (44,144,146,147). Arf6 is 

exclusively localized on the plasma membrane, early endosomes and secreting 

granules that are close to the plasma membrane region (124,144,145,148-151), and is 

involved in endocytosis and exocytosis (144,148-150,152,153). Interestingly, the 

distribution of Arfl and Arf6 corresponds closely with that of PLD I and PLD2 

respectively (124), suggesting possible regulation o f  PLD1 by Arfl and PLD2 by 

Arf6. Consistent with this speculation, it was found that Arfl activated PLD1 but not 

PLD2 in vitro (data not shown), leaving Arf6 as the candidate to regulate PLD2.

RalA is required for the endogenous PLD activity in 3Y1/EGFR cells (Fig. 

3.4). This small GTPase has also been shown to form signaling complexes with 

PLD1 and Arf, and to potentiate the activation o f PLD1 by Arf (109,117,118). On 

the other hand, there is a correlation o f increased level o f Ral and increased PLD1 

activity in 3Y1/EGFR cells (Fig. 3.3), suggesting that Ral expression may be 

regulated by PLD1 activity and thus there may be a positive feed back loop between 

PLD I and RalA. However, the fact that RalA failed to associate with purified PLD2 

(unpublished data o f Jingqing Luo) in the way it interacts with PLD1 has made it 

questionable whether it regulates PLD2, although its expression level is also 

correlated with PLD2 activity (Fig. 3.3). One strategy to explore this issue is to 

introduce dominant negative RalA S28N into PLD1 and PLD2 overexpressing cells

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

and test the effect on the EGF-induced PLD1 and PLD2 activity, which is currently 

under investigation.

PKCa is required for PLD1 activation by EGF (Fig. 3.7.C), and its expression 

level is upregulated upon the induction o f PLD1 activity (Fig. 3.6). Thus like that 

between RalA and PLD1, PKCa is also possibly engaged in a positive feed back loop 

of regulation with PLD I. EGF induced PLD2 activation does not rely on PKCa (Fig. 

3.7.C), however, induction o f PLD2 activity is accompanied by increased expression 

level o f PKCa just as that o f PLD1 does (Fig. 3.6). The differential responses o f 

PLD1 and PLD2 to PKCa and the dependency o f the EGF-induced PLD1 activity on 

PLD2 have made us wondering if  PKCa could mediate signals from PLD2 to PLD1. 

To answer this question, we are currently investigating whether PLD2 activity can 

lead to a prompt activation o f PKCa, hopefully this would help to understand the 

signaling among PLD1, PLD2 and PKCa.
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Chapter 4 A Role for Phospholipase D in EGF 

Receptor-Mediated Endocytosis

4.1 Introduction

Phospholipase D has been implicated in numerous cellular functions, among 

which the most intensively studied is the involvement o f this enzyme in intracellular 

vesicle transport and membrane traffic. The first indication that PLD might play a 

role in these processes has to be retraced to the small GTPase Arf. The Arf family is 

well-defined regulators o f vesicular transport in various cellular compartments (110). 

The discovery that Arf is an activator o f PLD has implicated PLD as a  participant in 

membrane trafficking events (112,113). Evidence in support o f this speculation has 

emerged during recent years. PA production by PLD-mediated hydrolysis of PC has 

been reported to be required for the formation o f Golgi vesicles (154) and for the 

vesicle transport from the endoplasmic reticulum to the Golgi complex (155). PLD 

has been shown to stimulate the release o f nascent secretory vesicles from the trans- 

Golgi network (146,156-158), and to be essential for exocytosis (36). Moreover, it 

has been demonstrated the adaptor recruitment to endosomes (159) and lysosomes 

(33) are also dependent on PLD activity. In most these reports, PLD either mediates 

the effect o f Arf, or its activation by Arf correlates with vesicle transport; therefore it 

was proposed that the role that A rf plays in vesicle transport is to regulate PLD
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activity and PA production (2,44,45,160). However, there is controversy on this 

point (161-163) and it is still not clear how PLD and its primary metabolite PA might 

contribute to vesicle formation.

As discussed in Chapter 3, PLD activity is elevated in response to many 

extracellular signals including growth factors, such as PDGF (96,124,164,165), 

insulin (107,123,166), and EGF (42,58,167,168). Receptors o f these growth factors 

are internalized from the cell surface upon ligand binding (169-171) and the 

internalization is a process that involves endocytic vesicles. The concurrence of PLD 

activation and receptor endocytosis after ligand stimulation, and the fact that PLD has 

been implicated in vesicle transport, has led us to hypothesize that PLD might play a 

role in receptor-mediated endocytosis.

4.2 Results

4.2.1 EGFR is internalized and degraded after binding to its

ligand.

The EGF receptor has served as a model to study the ligand-induced receptor 

endocytosis for many years. It was well established that EGF binding to the surface 

receptors results in down-regulation o f EGFR (172,173). This down-regulation is 

attributed to rapid internalization o f the activated receptors via endocytic vesicles 

followed by the efficient sorting o f the internalized receptors to the lysosome 

degradation pathway (174). This ligand-induced receptor internalization and
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degradation was studied in 3Y1/EGFR cells. After stimulation o f  EGF, the 

degradation of EGFR was detected in the whole cell lysates by Western Blot analysis 

using anti-EGFR antibody (Fig. 4.1. A). To monitor the internalization o f the EGF 

receptor, plasma membranes were isolated by cell fractionation as described in 

Chapter 2. The presence o f marker protein Na+/K+ ATPase (Fig. 4.1.C) and the 

amount o f EGFR (Fig. 4 .1.B) in the plasma membrane fractions was then analyzed by 

Western Blot. Within hours o f EGF treatment, the amount o f  EGFR gradually 

decreased due to the proteolytic degradation o f the receptor (Fig. 4 .1.A). At 30 

minutes of stimulation, before the degradation was detectable (Fig. 4. LA), the 

receptor was almost abolished from the plasma membrane (Fig. 4 .1.B), indicating that 

it has been internalized at this moment and the loss o f plasma membrane-bound 

receptor was not due to proteolysis. As a control, the plasma membrane marker 

Na+/K+ ATPase was not lost from this fraction after EGF treatment (Fig. 4.1.C, lanes 

3 and 4).

A )

EGFR. «» «— Cell Lysates

EGFR • Plasma Membranes

C)
Lancs 1 2  3 4

Na+K+ATPase-*‘

EGF 30 min -  + -  +-
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Fig. 4.1 EGFR is internalized and degraded after binding to its ligand.

A) 3Y1/EGFR cells were treated without o r with EGF (100 ng/ml) for the indicated time before 

harvested. The amount o f  EGFR in the whole cell lysates was analyzed with Western Blot using anti- 

EGFR antibody (LA22). B) 3Y1/EGFR cells were treated without or with EGF (100 ng/ml) for 30 

min. Cells were harvested and plasma membranes were isolated as described in Chapter 2. The 

plasma membrane fractions were then subjected to Western Blot analysis using anti-EGFR antibody 

(LA22). C) 3Y1/EGFR cells were treated in the same way as in B). The whole cell lysates and the 

plasma membrane fractions were then subjected to Western Blot analysis using anti-Na7K ATPase 

antibody. The data presented are representative results o f experiments that were repeated for three 

times.

4.2.2 EGF-induced PA production by PLD is blocked by primary 

alcohol, but not tertiary alcohol.

When treated with EGF, 3Y1/EGFR cells produced increased amount o f PA 

due to elevated PLD activity (Fig. 4.2.A, lanes 1 and 2). In the presence of primary 

alcohol 1-BtOH, the production o f PA was inhibited, concurrent with an increase in 

the transphosphatidylation product PBt (Fig. 4.2.A, lanes 3 and 4; densitometry 

quantified as in Fig. 4.2.B). As a negative control, tertiary alcohol t-butanol (t- 

BtOH), which is not utilized by PLD, did not block PA production (Fig. 4.2.A, lanes 

5 and 6).
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Fig. 4.2 EGF-induced PA production by PLD is blocked by primary alcohol, but not tertiary 

alcohol.

A) 3Y1/EGFR cells that had been prelabeled with [3H]-myristate for 4 hr were incubated without or 

with the indicated alcohols (1% v/v) for 5 min. Cells were then treated without or with EGF (100 

ng/ml) for 10 min before collected. The produced PA and PBt were separated by TLC and visualized 

by autoradiography o f TLC plates as described in Chapter 2. The exposure o f PA and PBt were from 

the same TLC plate, however PA bands were exposed longer than PBt bands. The data presented are 

representative results o f an experiment that was repeated for several times. B) The production o f  PBt 

(lanes 3, 4) in the presence of 1-BtOH ( I%  v/v) was quantified by densitometry and normalized with 

the value o f the unstimulated sample (lane 3). Error bars represent the mean +/- standard o f three 

independent experiments performed in duplicate.

4.2.3 EGF-induced receptor degradation is inhibited by primary, 

but not tertiary alcohol.

The ability o f PLD to discriminate between primary and tertiary alcohols has 

been widely used as an indicator for its involvement in many functional studies. As 

shown in Figure 4.1.A, the EGF receptor is nearly depleted after 4 hours o f EGF 

treatment in 3Y1/EGFR cells. The loss o f receptor in response to EGF was strongly 

inhibited by 1-BtOH, but not by the tertiary alcohol t-BtOH (Fig. 4.3.A). However,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

1-BtOH had no effect upon autophosphoiylation o f the receptor induced by EGF (Fig. 

4.3.B), indicating that the inhibitory effect was not due to interference o f the alcohol 

with receptor dimerization or kinase activity. Taken together with the data that PA 

production is blocked by 1-BtOH, but not t-BtOH, these data suggest a requirement 

o f PA production or PLD activity for the EGF-induced receptor degradation.

A)
ECJFR— — Cell Lysates

B)
pEGFR—► —  Cell Lysates

Fig. 4.3 EGF-induced receptor degradation is inhibited by primary, but not tertiary alcohol.

3Y1/EGFR cells were preincubated without or with the indicated alcohols (1% v/v) for 5 min, 

followed by 4 hr o f  treatment without or with EGF (100 ng/ml) before harvested. The whole cell 

lysates were subjected to Western Blot analysis using A) anti-EGFR antibody (LA22) or B) anti- 

phosphorylated EGFR antibody. The data presented are representative results o f  experiments that were 

repeated for several times.

4.2.4 EGF-induced receptor internalization is inhibited by 

primary, but not tertiary alcohol.
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The effect o f  alcohols was also tested on receptor internalization. Within 30 

min of EGF treatment, the EGF receptor was internalized from the plasma membrane 

(Fig. 4.4.A, compare lanes 1 and 4). This was inhibited by 1-BtOH, but not by t- 

BtOH (Fig. 4.4.A, lanes 5 and 6), suggesting that PLD activity is also required for the 

EGF-induced receptor internalization. At this time point, there was no detectable loss 

o f the EGF receptor in whole cell lysates (Fig. 4.4.B), which confirms that the loss 

was due to internalization but not degradation, also suggests that it is at the level of 

internalization that PLD is critical.

A) Lanes 1 2 3 4 5 6
EGFR— « Plasma Membranes

Fig. 4.4 EGF-induced receptor internalization is inhibited by primary, but not tertiary alcohol.

3Y1/EGFR cells were preincubated without or with the indicated alcohols (1%  v/v) for 5 min, 

followed by 30 min o f treatment without or with EGF (100 ng/ml) before harvested. A) Plasma 

membranes were isolated as in Fig. 4.1.B and subjected to Western Blot analysis using anti-EGFR 

antibody (LA22). B) The whole lysates o f these cells (from which plasma membranes were isolated) 

were subjected to Western Blot analysis using anti-EGFR antibody (LA22). The data presented are 

representative results o f  experiments that were repeated for three times.
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4.2.5 EGF-induced receptor internalization and degradation are 

dependent on RalA.

As described in Chapter 3, EGF-induced endogenous PLD activity in 

3Y1/EGFR cells is dependent on the small GTPase RalA (Fig. 3.4). Thus the effect 

o f RalA was also examined on the EGF-induced receptor internalization and 

degradation. As shown in Figure 4.5.A, overexpression o f  RalA WT increased the 

rate o f receptor loss from the plasma membrane in response to EGF, whereas 

overexpression o f the dominant negative RalA S28N significantly reduced the EGF- 

induced receptor internalization. Similarly, the degradation o f EGFR was 

substantially accelerated by RalA WT, and retarded by RalA S28N (Fig. 4.5.B). 

Thus, higher level o f  induced PLD activity seen in the cells overexpressing RalA WT 

(Fig. 3.4) corresponded with an increased rate o f internalization and degradation of 

the EGF receptor. Furthermore, this increased turnover o f EGFR in 3Yl/EGFR/RalA 

WT cells was inhibited by 1-BtOH, but not t-BtOH (Fig. 4.5.C), indicating that the 

effect of RalA is dependent upon PLD activity. Collectively, these data show that 

RalA, which is required for EGF-induced endogenous PLD activity, is also required 

for the EGF-induced receptor internalization and degradation.
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Fig. 4.5 EGF-induced receptor internalization and degradation are dependent on RalA.

A) 3Y1/EGFR, 3Y 1 /EGFR/RalA WT and 3Y 1 /EGFR/RalA S28N cells (as in Fig. 3.4) were treated 

without or with EGF (100 ng/ml) for 30 min before harvested. Plasma membranes were then isolated 

and subjected to Western Blot analysis using anti-EGFR antibody (LA22). B) These cells were treated 

without or with EGF (100 ng/ml) for the indicated time before harvested. The whole cell lysates were 

subjected to Western Blot analysis using anti-EGFR antibody (LA22). C) 3Yl/EGFR/RalA WT cells 

were treated without or with EGF (100 ng/ml) for 2 hr in the absence or presence o f  the indicated 

alcohols (1% v/v), which was added 5 min before EGF. The whole cell lysates were subjected to 

Western Blot analysis using anti-EGFR antibody (LA22). The data presented are representative results 

o f experiments that were repeated for three times.
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4.2.6 EGF-induced receptor internalization and degradation are 

regulated by PKC isoforms.

It was also demonstrated in Chapter 3 that PK Ca is required for EGF-induced 

endogenous PLD activity in 3 Yl/EGFR cells, while PKC8 has an inhibitory effect on 

this PLD activity (Fig. 3.7.A). When cells were treated with inhibitors of these PKC 

isoforms, the EGF-induced receptor internalization, as measured by the loss o f EGFR 

from plasma membranes, was inhibited by G66976, but enhanced by rottlerin (Fig. 

4.6.A). In these experiments, 30 min of EGF treatment typically reduced more than 

80% (densitometry quantification, not shown) o f membrane-bound EGFR, while in 

the presence o f G66976, the receptor level was only reduced by 35%. Conversely, 

the PKC5 inhibitor rottlerin increased the loss to more than 90%, consistent with its 

ability to elevate PLD activity (Fig. 3.7.A). Similarly, G06976 (Fig. 4.6.B) inhibited, 

but rottlerin (Fig. 4.6.C) slightly accelerated the EGF-induced receptor degradation. 

Thus, inhibiting PKCa, which is required for EGF-induced endogenous PLD activity, 

inhibited the EGF-induced receptor internalization and degradation; on the other 

hand, elevating EGF-induced PLD activity by inhibiting PKC8, increased the rate o f 

these processes.
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Fig. 4.6 EGF-induced receptor internalization and degradation are dependent on PKCa.

3Y1/EGFR cells were preincubated with DMSO (0.1% v/v), G66976 (0.5 |iM  in DMSO) or rottlerin 

(10 pM  in DMSO) for 30 min, followed by treatment without or with EGF (100 ng/ml). A) After 30 

min o f  EGF stimulation, cells were harvested and plasma membranes were isolated. The plasma 

membrane fractions were subjected to Western Blot analysis using anti-EGFR antibody (LA22). B),

C) After 2 hr o f EGF stimulation, cells were harvested and the whole cell lysates were subjected to 

Western Blot analysis using anti-EGFR antibody (LA22). The data presented are representative results 

o f experiments that were repeated for three times.
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4.2.7 Overexpression of PLD proteins influences EGFR

degradation.

Data in Figure 4.5 and Figure 4.6 suggest that elevated PLD activity leads to 

increased receptor internalization and degradation. To test this hypothesis more 

directly, studies were done in 3Y1/EGFR cells overexpressing PLD proteins.

The stable transfectants (pooled) with PLD1 WT, PLD2 WT, PLD1 K898R or 

PLD2 K758R were prepared as described in Chapter 2 and the expression o f PLD in 

these cells was verified by Western Blot analysis (Fig. 4.7.A). The subcellular 

distribution of the overexpressed PLD1 and PLD2 was also examined by cell 

fractionation and was found to have essentially the same pattern as observed for 

endogenous PLD1 and PLD2 (unpublished data o f Lizhong Xu).

Both the EGF-induced PLD activity and receptor degradation were examined 

in these cells. As shown in Figure 4.7.B, unlike in the established cell lines (Fig. 

3.2.B), the EGF-stimulated PBt production in these pooled transfectants was only 

weakly elevated by PLD1 WT or inhibited by PLD1 K898R (discussed below). 

Nevertheless, each of these PLD proteins had remarkable effect on the EGF-induced 

receptor degradation (Fig. 4.7.C). When treated with EGF, more than 90% 

(densitometry quantitation) o f EGFR was degraded before 2 hr in cells 

overexpressing PLD1 WT or PLD2 WT, whereas in the parental 3Y1/EGFR cells, it 

took about 4 hr to reach the same level o f depletion. However, in cells 

overexpressing PLD1 K898R or PLD2 K758R, EGF treatment hardly decreased the 

receptor level by 4 hr (Fig. 4.7.C). Thus it confirms that higher PLD activity 

correlates with faster endocytosis.
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Fig. 4.7 Overexpression of PLD proteins influences EGFR degradation.

3Y1/EGFR cells stably overexpressing PLD1 WT, PLD2 WT, PLD1 K898R or PLD2 K758R were 

pooled as described in Chapter 2. A) Cells were harvested and the expression level o f PLD was 

analyzed with Western Blot using anti-HA antibody. B) PLD activity in these cells was assayed in the 

same way as in Fig. 3.2.B. C) These cells were treated with EGF (100 ng/ml) for the indicated time 

before harvested. The whole cell lysates were subjected to  Western Blot analysis using anti-EGFR 

antibody (LA22). D) PLD activity in each type o f these cells as shown in B) was normalized with the 

cells’ basal level o f  EGFR as shown in C). Control: 3YI/EGFR cells; PLD I WT, PLD2 WT, PLD I 

K898R, PLD2 K758R; stable pools o f 3Y1/EGFR cells overexpressing these proteins. Error bars 

represent the mean +/- standard o f three independent experiments performed in duplicate. The data 

presented in A) and C) are representative results o f experiments that were repeated for three times.
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Control PLD1 WT PLD1K898R PLD2WT PLD2 K758R

Flu-tag 

EGER 

Merged

Fig. 4.8 Immunocytochemistry study of PLDs’ influence on the basal EGFR level.

3Y1/EGFR cells were transiently transfected with PLD1 WT, PLD2 WT, PLD1-K898R or PLD2- 

K758R as described in Chapter 2. 48 hr after transfection, cells were prepared and double stained for 

die Flu-tagged PLD and EGFR with fluorophore-conjugated antibodies as described in Chapter 2. 

Upper panels: the Flu-tagged PLD proteins were stained with green fluorophore. Middle panels: EGF 

receptor was stained with red fluorophore. Bottom panels: the images in upper and middle panels 

were merged. Images shown are representative results that were observed in the majority o f the treated 

cells in two independent experiments.

Moreover, the basal level o f EGFR was significantly reduced by wild type 

PLDs but dramatically increased by the catalytically inactive mutants (Fig. 4.7.C, 

compare the EGFR levels of the untreated cells). This was confirmed by 

immunofluorescent staining. PLD proteins were transiently transfected into 

3Y1/EGFR cells. The expression of the Flu-tagged PLD, as seen by green 

fluorescence (Fig. 4.8, upper panels), and the level o f EGF receptor, as seen by red 

fluorescence (Fig. 4.8, middle panels) exhibited an interesting pattern o f relation.
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Cells with higher expression o f  PLD1 WT or PLD2 WT had lower level o f  EGF 

receptor (compared with adjacent cells), whereas cells with higher level o f  the mutant 

PLDs also had higher level o f EGFR. When images o f the two staining were merged 

(Fig. 4.8, bottom panels), the red and green stain did not overlap in wild type PLD- 

expressing cells; but overlapped in mutant PLD-expressing cells. Thus, these data are 

consistent with those in Figure 4.7.C.

mAb225 + + +

EGFR —► f j #  -  • •  -  «

Control PLD1 WT PLD2 WT

Fig. 4.9 Antagonistic anti-EGFR antibody reverses the effects of wild type PLDs on the basal

level of E G FR

3Y1/EGFR cells and the derived stable pools o f  PLD I WT and PLD2 WT overexpressing cells (as in 

Fig. 4.7) were treated without o r with mAb225 (2 pg/ml) for 2 hr. Cells were then collected and the 

lysates were subjected to Western Blot analysis using anti-EGFR antibody (LA22). Control: 

3Y1/EGFR cells; PLD1 WT, PLD2 WT: stable pools o f  3Y1/EGFR cells overexpressing these 

proteins. The data presented are representative results o f an experiment that was repeated for several 

times.

To test if  the decrease o f basal EGFR level is an effect o f accelerated default 

endocytosis, cells overexpressing PLD1 WT and PLD2 WT were treated with 

antagonistic anti-EGFR antibody mAb225. The monoclonal antibody mAb225 

inhibits ligand binding o f  EGFR and its kinase activity, therefore was used to block 

the receptor signaling (175). As shown in Figure 4.9, mAb225 significantly increased
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the amount o f EGFR in 3Y1/EGFR cells, indicating that this antagonistic antibody 

inhibited the default endocytosis o f EGFR. Moreover, this antibody reversed the 

effect o f wild type PLDs on the basal receptor level, and almost restored the EGFR 

level in PLD2 WT overexpressing cells to the level in the parental 3Y1/EGFR cells 

(Fig. 4.9). Thus these data suggest that not only the EGF-induced, but also the 

default receptor endocytosis is regulated by PLD. The fact that overexpression o f 

PLD1 WT or PLD2 WT per se was enough to decrease the receptor level to that seen 

in the parental 3Y1/EGFR cells only after hours o f EGF treatment (Fig. 4.7.C), 

indicating that elevated PLD activity is sufficient to induce receptor endocytosis in 

these cells.

In order to understand the puzzling ineffectiveness o f both PLD1 wild type 

and the catalytically inactive PLD1 K898R on cellular PLD activity, the EGF-induced 

PBt production (shown in Figure 4.7.B) was normalized with the basal level o f  EGFR 

o f each o f these cells (densitometry quantitation for Fig. 4.7.C, not shown), since the 

EGF receptor is a key for cells’ response to EGF. As shown in Figure 4.7.D, the 

relative PLD activity adjusted with the amount o f EGFR was strongly elevated by 

both PLD1 WT, and remarkably inhibited by PLD1 K898R; meanwhile the effects of 

PLD2 WT and PLD2 K758R after such normalization were also enhanced. Given the 

fact that the basal level of EGFR is dramatically different among these cells, the 

normalized value should reflect the bona fid e  PLD activity under the condition that 

the same intensity o f extracellular signal is received.
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4.2.8 EGF-induced MAPK, but not MEK activation is dependent 

upon PLD.

Besides the events o f receptor internalization and degradation, the signal 

transduction originated from EGFR was also evaluated for the dependency on PLD. 

Ligand binding triggers dimerization and autophosphorylation o f the EGF receptor, 

followed by a cascade of signaling responses. A key downstream event after EGF 

receptor ligation is the activation o f  the mitogen activated protein kinase (MAPK) / 

extracellular signal regulated kinase (ERK) pathway (176,177). The EGF-induced 

MAP kinase activation has been shown to be dependent on receptor endocytosis 

(178,179). However the activation o f MAPK kinase (MEK) is independent o f this 

process (179). Therefore the effect o f  inhibiting PA production on the EGF-induced 

activation o f MAPK and MEK was examined. As shown in Figure 4.10.A, p42/p44 

MAPK was phosphorylated within 5 minutes after EGF treatment. 1-BtOH, but not t- 

BtOH prevented EGF-induced phosphorylation o f MAPK (Fig. 4.10.B, lower panel). 

This treatment did not affect the level o f MAPK protein (Fig. 4.10.B, upper panel). 

In contrast, the phosphorylation o f MEK was not affected by 1-BtOH (Fig. 4 .10.C), 

indicating that MEK activation is independent o f PLD activity. To confirm these 

results, the activation of these signals was also examined in cells overexpressing PLD 

proteins. The EGF-induced MAPK phosphorylation was enhanced by both PLD1 

WT and PLD2 WT, and inhibited by the catalytically inactive mutants (Fig. 4 .10.D); 

however, no effect o f these PLD proteins was observed on the phosphorylation of 

MEK (Fig. 4.10.E). Thus, the EGF-induced MAPK phosphorylation, which is 

dependent on EGFR internalization, is dependent on PLD activity; EGF-induced

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

MEK activation, which is independent o f EGFR internalization, is not dependent on

PLD activity.
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Fig. 4.10 EGF-induced MAPK activation is dependent on PLD; EGF-induced MEK activation 

is not dependent on PLD.

A) 3Y1/EGFR cells were treated without or with EGF (100 ng/ml) for the indicated time. Cells were 

then harvested and the lysates were subjected to Western Blot analysis using an anti-phosphorylated 

MAPK (P-p42/44) antibody. B) 3Y1/EGFR cells were treated without or with EGF (100 ng/ml) for 30 

min, in the absence o r presence o f the indicated alcohols (1% v/v), which were added 5 min prior to 

EGF treatment. Cells were then harvested and the lysates were subjected to Western Blot analysis 

using either anti-MAPK (p44/42) antibody (upper panel) or anti-phosphorylated MAPK (P-p44/42) 

antibody (lower panel). (C) The samples from B) were also analyzed for MEK1/2 and phosphoryiated 

MEK 1/2 by Western Blot analysis using either anti-MEKl/2 (upper panel) or anti-phosphorylated 

MEK 1/2 antibodies (lower panel). D) 3Y1/EGFR cells were transiently transfected with PLD1 WT, 

PLD2 WT, PLD1-K898R or PLD2-K758R as in Fig. 4.8. 48 hr after transfection, cells were harvested 

and the lysates were subjected to Western Blot analysis using either anti-MAPK (p44/42) antibody 

(upper panel) or anti-phosphorylated MAPK (P-p44/42) antibody (lower panel). E) The samples from

D) were also analyzed for MEK1/2 and phosphoiylated MEK 1/2 by Western Blot analysis using either 

anti-MEKl/2 (upper panel) or anti-phosphorylated MEK1/2 antibodies Gower panel). The data 

presented are representative results o f experiments that were repeated for at least twice.

4.3 D iscussion

PLD activity is elevated in response to wide variety of mitogenic signals. Yet, 

in spite o f the apparent ubiquitous involvement o f PLD, little is known about the 

purpose o f its activation, or what are the effects o f  PLD and its primary metabolite 

PA on the transduction of intracellular signals. Data presented in this chapter 

suggested that a role PLD plays in EGF signaling is to facilitate receptor-mediated
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endocytosis. The mechanism of how PLD regulates endocytosis is unclear. 

However, it is possible that PLD may contribute to this process in a way similar to its 

functions in other intracellular vesicle transports, and that PLD may be involved in 

multiple steps o f vesicle transportation, which include the stimulation o f membrane 

fission and fusion, and the cytoskeleton reorganization which provides tracks for 

vesicle movement (2 ).

PLD converts PC to PA; and as discussed in Chapter 1, PA can itself be 

metabolized into other lipids such as DG or LPA (Scheme 1.3); PA can also activate 

PI4-P5Ka (60) that produces PIP2. Thus it is a question whether the observed effect 

o f PLD in the receptor endocytosis is due to PA per se, or is caused by these other 

lipids whose synthesis are secondary to PA formation. It was found that neither DG 

nor LPA is effective in Golgi-dependent secretion (156,180); however, whether this 

also applies to the receptor endocytosis has to be evaluated. One approach to explore 

this issue is to test the requirement of the enzymes that generate these lipids, i.e., PAP 

that produces DG, PLA2  that makes LPA, or PI4-P5Ka that synthesizes PIP2 . 

Alternatively, the influence o f exogenously supplied lipids should also help to clarify 

which of these lipids is (are) functionally in charge o f the endocytosis.

There are currently different models regarding how PA enhances vesicle 

budding, which differ as to whether PA functions directly or through PIP2  

(33,36,149,154,156,157,159). Interestingly, whereas PA stimulates the biosynthesis 

of PIP2, PIP2 itself is an essential cofactor for the activation o f PLD that generates PA 

(181), thus it provides a positive feedback; alternatively, PIP2 can stimulate A rf GEF 

(68,69) that promotes GTP-binding o f Arf, the activated A rf would in turn stimulate
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PLD activity and thus it provides another positive feedback between PIP2  and PA 

(Scheme 4.1). Because o f this, it is difficult to dissociate the effects o f these two 

lipids. Both PA and PIP2 are negatively charged acidic phospholipids, the predicted 

effect of a local elevation o f such lipids would be increased membrane curvature due 

to the physical properties o f  these lipids (182,183), and the recruitment of coat 

proteins, dynamin and A rf (33,154,159,184-188) that ultimately lead to vesicle 

budding and membrane fission. Thus it is unlikely that either PA or PIP2 is the only 

lipid responsible for the vesiculation, but rather there is a collaboration of these two.

Scheme 4.1 Two positive feed back loops between PA (PLD) and PIP2.

PLD hydrolyses PC to generate PA and choline. PA is known as an activator o f  PI 4-P5Ka (60) that 

produces PIP2. PIP2 itself is an essential cofactor for the activation o f PLD (181), thus there is a 

positive feedback between PA (PLD) and PIP2 (red loop). PIP2 also stimulates Arf GEF activity 

(68,69), which promotes GTP-binding of Arf. The activated A rf in turn stimulates PLD activity and 

that provides another positive feedback between PIP2 and PA  (PLD) (blue loop). Arf activates PI 4- 

P5Ka (189,190) and leads a positive feedback to PIP2 (black loop).
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Data present in this chapter demonstrate that PLD activity is both required and 

sufficient for the EGF receptor endocytosis in 3Y1/EGFR cells. Moreover, the 

overexpression o f  PLD proteins suggested that both PLD1 and PLD2 are involved. 

However, it is not clear if  there are differences in the contribution o f these two 

isoforms. Since PLD1 and PLD2 respond differently to PKCa (Fig. 3.7.C), the effect 

o f PKCa on the receptor endocytosis may help to differentiate the involvement o f the 

two isoforms. Interestingly, PKCa inhibitor Go6976 partially inhibited on the 

receptor internalization (Fig. 4.6.A), but almost completely blocked the receptor 

degradation in response to EGF (Fig. 4.6.B), indicating that different PLD activities 

are involved in these two separate steps o f endocytosis. Because PLD2 is not 

regulated by PKCa in these cells (does not respond to Go6976) (Fig. 3.7.C), it is 

likely that PLD2 participates in the step o f internalization but not degradation. PLD1 

is regulated by PKCa (Fig. 3.7.C), and thus is probably responsible for the endosomal 

/ lysosomal fusion that leads to proteolysis, and also partially involved the receptor 

internalization. This speculation is consistent with the subcellular localization o f 

these two isoforms. As discussed in Chapter 1, PLD1 predominantly localizes in 

intracellular membranes (2,25), among which are early endosomes (31), late 

endosomes (12,32) and lysosomes (29,32,33); it was also found in plasma membrane 

(21,25,26,30,36) and caveolin-enriched light microdomains (37-39). PLD2 

exclusively localizes on plasma membrane or caveolin-enriched light microdomains 

under basal conditions (12,36,39-43), and may redistribute into putative early 

endosomes after stimulation (12). The presence o f PLD1 but not PLD2 in late
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endosomes and lysosomes suggests that the step o f lysosomal fusion is regulated by 

PLD1. In addition, PLD2 was found to constitutively form complexes with EGFR on 

the plasma membrane (42) while PLD1 was reported to colocalize with internalized 

EGFR in endosomes (31). Further more, PLD2 is turned on by EGF more promptly 

than PLD1 (Fig. 3.8) and this timing o f activation also supports the role for PLD2 that 

act on the plasma membrane to facilitate the receptor internalization, which has to 

happen prior to the step o f lysosomal fusion regulated by PLD1. However, to verify 

this hypothesis, more direct evidence is required.

Consistent with the observation that RalA is required for EGFR endocytosis in 

3Y1/EGFR cells (Fig. 4.5), Nakashima et al. have recently shown that Ral is required 

for EGF and insulin-induced receptor endocytosis in A431 and CHO-IR cells 

respectively (191). After activated by EGF, Ral and its downstream molecules were 

found to form complexes with EGFR, clathrin and clathrin adaptor protein complex 

AP2 (191).

It is well established that EGFR is internalized through clathrin-coated 

vesicles and the assembly o f AP2 on plasma membrane has been found insensitive to 

BFA (192). Consistently, in 3Y1/EGFR cells, neither the EGF-induced PLD activity 

(Fig. 3.5) nor the EGF receptor endocytosis (data not shown) was affected by this 

drug, indicating that the regulatory machinery either doesn’t involve an Arf, or 

involves some Arf whose GEF is insensitive to BFA, e.g. Arfl or Arf6 . In agreement 

with the later possibility, dominant negative Arfl5 T27N was found to block the 

default turnover of EGFR (unpublished data o f  Lizhong Xu), which is similar to the 

effect o f the catalytically inactive mutants o f  PLDs. Taken together with the plasma
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membrane / early endosome localization o f Arfi6  and its function in endocytosis 

(144,148,153), it is possible that Arf6  mediates EGF signals to activate o f PLD2 (also 

discussed in Chapter 3) and receptor internalization in these cells.

Although degradation is the ultimate fate o f internalized EGFR, the rate o f 

degradation is much slower than the rate o f internalization (Fig. 4.1); the substantial 

lag period between these two steps suggests that the receptor is still on duty during 

this time. It is shown here that PLD is not only involved in the receptor-mediated 

endocytosis, but also required for the signals that are dependent on endocytosis, in 

other words, PLD is essential for the signals that are transmitted through the 

endocytic vesicles. Thus these data have strengthened the hypothesis o f  ‘signaling 

endosomes’ whereby receptor internalization is not merely a negative feedback 

pathway leading to its downregulation, but also an important aspect o f intracellular 

signal transduction (193). Evidence is growing that supports such hypothesis: the 

internalization o f nerve growth factor (NGF) and its receptor TrkA is required for 

transmission o f NGF-mediated signals from distal axons to the cell body (194); EGF 

receptor remains phosphorylated and associated with signaling molecules after being 

internalized into endosomes (195,196); endocytosis o f the |3-adrenergic receptor and 

EGF receptor is required for ligand-induced MAPK activation (178,179,197,198). 

The last observation is consistent with the data in Figure 4.10 that EGF-induced 

MAPK activation is dependent upon PLD activity, which is required for the EGF 

receptor endocytosis.

BFA, which prevents PLD activation by insulin, inhibited insulin receptor 

internalization (123), suggesting that PLD activity may be critical in regulating
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endocytosis o f insulin receptor as well. At this point, we don’t  know if  the effect o f 

PLD on receptor endocytosis could be universal, but it will be interesting to evaluate 

the involvement of this enzyme in the endocytosis o f other receptor tyrosine kinases 

and G protein-coupled receptors (174,199-202) that also activate PLD (101,124,203-

206).
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Chapter 5 A Role for Phospholipase D 2 in Src- 

Induced Cell Protrusion and Tumor Invasion

5.1 Introduction

Both PLD1 and PLD2 were found overexpressed and hyperactivated in human 

cancers (207,208). Consistent with these findings, it has been shown that PLD 

facilitates oncogenic transformation (47,49,79) and is involved in cell survival (50). 

PLD activity has also been implicated in the process o f tumor invasion whereby 

tumor cells migrate from their primary location into adjacent tissues (80-82).

Tumor invasion is a  compulsory step in metastasis and is based on 

dysregulated cell motility (209). Cell motility is essential for many physiological 

processes such as embryogenesis, neurite outgrowth and wound healing; however, 

when improperly increased, it can cause calamities such as the spreading o f cancers.

Cytoskeleton networks, which include actin microfilaments, microtubules and 

intermediate filaments, play a central role in cell motility (210-216). Actin filaments 

are pivotal in cell polarity, contractile and migration processes, and have been subject 

to intense scrutiny in the studies o f tumor invasion where their dynamics are a 

fundamental issue (209,215,217,218). Microtubules are vital for intracellular 

trafficking o f vesicles, organelles and proteins, function in chromosome alignment 

and segregation during mitosis, and have also been found critical for cell polarity and 

the direction o f cell migration (211,213). The integrity o f microtubules is essential
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for tumor invasion and there have been numerous reports that microtubule disrupting 

drugs arrest tumor invasion in both tissue culture and tumor-transplanted animals 

(219-225). To achieve well organized locomotion, a precise coordination among 

these distinct networks is a necessity. It is thought that actin cytoskeletons generate 

the driving force for the motile cells, while microtubules steer the cells and guide 

their movement in a directed manner; misregulation may cause either deficiency or 

aggressiveness in cell motility (210-216).

Extracellular signals such as growth factors, cytokines, cell-cell and cell- 

matrix interactions, regulate cell motility through modulations on cytoskeleton 

components and their associated proteins and motors. Many o f  these signals are 

mediated by the non-receptor tyrosine kinase Src (226). Src was found localized 

along actin filaments and microtubules, as well as at focal adhesions and adherens 

junctions where both o f  these cytoskeleton networks interface (83); at these sites, Src 

interacts with a broad range of downstream effectors to coordinate these cytoskeletal 

systems and control the processes o f adhesion and migration (226,227). Src kinase 

activity and sometimes Src protein level were found elevated in many types of 

cancers, with a correlation often observed between the increase in Src kinase activity 

and the degree o f malignancy / invasiveness (83).

v-Src, a constitutively active form o f Src, efficiently transforms cells (83), and 

this is usually accompanied by an induction of cellular PLD activity (84,115). Thus it 

is speculated that PLD may mediate some of the Src signals in developing malignant 

phenotypes.
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It was found that exogenously provided bacterial PLD can induce tumor 

invasion (80,81) and that PLD activity is inhibited by anti-invasion drugs (82). 

However, there is no direct evidence that cellular PLD participates in this process;

neither is it understood how PLD activity could be associated with elevated cell

motility. Interestingly, PLD activity has been shown to be involved in the 

reorganization o f actin cytoskeleton (12,153,228-232); however, so far, it has not 

been reported whether microtubule dynamics is also under influence o f this enzyme. 

Data presented in this chapter demonstrate that PLD2 activity is necessary for v-Src- 

induced microtubule protrusion, and moreover, PLD2 is also required for the 

invasiveness of v-Src transformed cells as well as other tumor cells.

5.2 Results

5.2.1 PLD2, but not PLD1, is required for v-Src-induced cell

protrusion in 3Y1 fibroblasts.

Cultured 3Y1 rat fibroblasts are well spread and have flat morphology (Fig. 

5. l.A). However, upon introducing of v-Src, cells (3Yl/v-Src) exhibit transformed 

phenotypes, become less spread and extend filopodia-like protrusions or pseudopods 

(Fig. 5. l.D). As discussed in Chapter 3, the expression o f  v-Src elevates PLD activity 

in these cells. To explore if  PLD activity mediates v-Src effects on cell protrusion, 

PLD proteins were stably transfected into 3 Y1/v-Src cells (as described in Chapter 2) 

and the morphological changes were studied in these established cell lines (3Yl/v-
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Src/PLDl WT, 3Yl/v-Src/PLDl K898R, 3Yl/v-Src/PLD2 WT, 3Yl/v-Src/PLD2 

K758R). Interestingly, the protrusions in 3 Yl/v-Src cells were strongly elongated by 

PLD2 WT (Fig. 5.1.E), but abolished by PLD2 K758R, which made cells round up 

(Fig. 5. l.F), indicating that PLD2 is required for the cell protrusion induced by v-Src. 

However, PLD2 WT alone did not cause protrusion, nor did PLD2 K758R make any 

obvious morphological change in the parental 3Y1 cells (Fig. 5 .1.B, C). Thus, PLD2 

is not sufficient to induce protrusion, but rather mediates v-Src signals to trigger this 

phenomenon. Overexpression o f PLD1 proteins had no effect on the shape o f 3 Y1 

cells either; however, unlike PLD2, PLD1 did not affect the protrusion o f 3Yl/v-Src 

cells but caused numerous vesicle-like structures accumulated at the periphery of 

these cells (data not shown).

When PLD activity was measured in 3Yl/v-Src and those cells 

overexpressing PLD2 proteins (Fig. 5.2), it was found correlated with the level o f cell 

protrusion (Fig. 5.1). Moreover, primary alcohol 1-BtOH, which blocks PA 

production by PLD (Fig. 4.2.A), retracted the protrusions in both 3Yl/v-Src and 

3Yl/v-Src/PLD2 WT cells; as a control, t-BtOH has no effect (Fig. 5.3). Thus these 

data confirm that the activity o f  PLD2 is necessary for v-Src-induced cell protrusion.
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Fig. 5.1 PLD2 is required for v-Src-induced protrusion in 3Y1 cells.

A-F) 3Y1, 3Yl/v-Src and the derived cells stably overexpressing PLD2 WT or PLD2 K758R were 

prepared as described in Chapter 2. The morphology that represents the majority o f each type o f these 

cells was photographed under microscope. For each type o f  transfectants, two additional independent 

clones were also observed with the same results. G) The cells shown in A-F) were harvested and the 

lysates were subjected to Western Blot analysis using anti-HA antibody. The data presented are 

representative results o f an experiment that was repeated for several times.
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Fig. 5.2 PLD activity in 3Yl/v-Src/PLD2 ceils.

3Yl/v-Src, 3Yl/v-Src/PLD2 WT and 3Yl/v-Src/PLD2 K758R cells were prelabeled with [^H]- 

myristate for 4 hr and then incubated with 1-BtOH (1% v/v) for 15 min. The produced PBt was 

isolated by TLC, visualized by autoradiography and quantified by densitometry as described in 

Chapter 2, the values were normalized with the PLD activity in 3Yl/v-Src cells. Error bars represent 

the mean +/- standard o f three independent experiments performed in duplicate.

Control

Control 1-Butanol t-Butanol
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Fig. 5.3 Protrusions in 3Y l/v-Src and 3Y l/v-Src/PLD2 W T cdb arc abolished by primary, but 

not tertiary alcohoL

3 Yl/v-Src and 3Yl/v-Src/PLD2 WT cells were treated without o r with the indicated alcohols (1% v/v) 

for 15 min before the morphology that represents the majority o f the cells was photographed under 

microscope. A), B), C): 3Yl/v-Src cells; D), E), F): 3Yl-v-Src/PLD2 WT cells. The data presented 

are representative results o f an experiment that was repeated for several times.

5.2.2 v-Src-induced protrusions are dynamic microtubule-based 

structures.

To identify the cytoskeleton components o f the protrusions, 3Yl/v-Src and 

3Yl/v-Src/PLD2 WT cells were treated with drugs that interfere the polymerization 

o f actin filaments or microtubules. Cytochalasin B, which blocks actin 

polymerization, rounded cell bodies but did not retract the protrusions in either 

3Yl/v-Src or 3Yl/v-Src/PLD2 WT cells (Fig. 5.4). The same effects were observed 

with cytochalasin D, which also prevents actin polymerization (data not shown). In 

contrast, colchicine, an inhibitor o f microtubule polymerization, completely 

abrogated the protrusions without rounding up cell bodies (Fig. 5.5.B, E). 

Furthermore, pretreatment with phalloidin, a compound that stabilizes actin filaments, 

did not prevent the retraction by colchicine (Fig. 5.5.C, F). Consistent with these 

data, in situ  staining o f both actin filaments and microtubules revealed that the 

structures are predominantly based on microtubules, although actin was also stained 

at the periphery and the tips o f the protrusions (data not shown). Therefore, the major 

cytoskeletal components o f v-Src-induced protrusions are microtubules, rather than 

actin filaments.
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Interestingly, in 3Yl/v-Src/PLD2 WT cells, the length o f protrusions changes 

dynamically and periodically, which is probably synchronized with the cell cycle 

(data not shown).

Fig. 5.4 Protrusions in 3Y1/v-Src and 3Yl/v-Src/PLD2 WT cdls are not retracted by the 

inh ib ito r o f actin polymerization.

3Yl/v-Src and 3Yl/v-Src/PLD2 WT cells were treated either with DMSO (0.1% v/v) or with 

cytochalasin B (15 pM  in DMSO) for 30 min before the morphology that represents the majority o f  the 

cells was photographed under microscope. A), B): 3Yl/v-Src cells; C), D): 3Yl-v-Src/PLD2 WT 

cells. The data presented are representative results o f  an experiment that was repeated for several

times.
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Control

Control Colchicine T ifloiilin  t folrhiraic

Fig. 5.5 Protrusions in 3Yl/v-Src and 3Yl/v-Src/PLD2 WT cells are abolished by the inh ib itor 

o f microtubule.

3Yl/v-Src and 3Yl/v-Src/PLD2 WT cells were either untreated, or treated without or with phalloidin 

(3.2 mM) for 1 hr followed by colchicine (50 pM) for 30 min before the morphology that represents 

the majority o f  the cells was photographed under microscope. A), B), C): 3Yl/v-Src cells; D), E), F): 

3Yl-v-Src/PLD2 WT cells. The data presented are representative results o f  an experiment that was

repeated for several times.
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5.2.3 PLD2 is also required for the motility of 3Yl/v-Src cells and 

MDA-MB-231 breast cancer cells.

Cytoskeleton dynamics is a prerequisite for cell motility (211-213,215,217) 

and the protrusion o f pseudopodial structures has been shown to be a characteristic o f 

invasive tumors (215). To test whether the observed protrusions are related to 

increased cell motility, 3Yl/v-Src, 3Yl/v-Src/PLD2 WT and 3Yl/v-Src/PLD2 

K758R cells were subjected to an in vitro migration assay that assesses their intrinsic 

motility. Since migration is a mechanistic basis o f invasion, the invasiveness o f  these 

cells was also examined. As shown in Figure 5.6, the ability o f both migration and 

invasion o f 3 Yl/v-Src cells was enhanced by PLD2 WT, but almost abolished by the 

catalytically inactive mutant PLD2 K758R, exhibiting a pattern that correlated with 

the level o f protrusion (Fig. 5.1), as well as the PLD activity in these cells (Fig. 5.2). 

Hence, the protrusions are motion-associated structures; and more importantly, PLD2 

is not only required for v-Src-induced cell protrusion, but is also required for the 

related cell motility and invasiveness.

A) B)
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Fig. 5.6 PLD2 is required for the migration and invasion of 3Yl/v-Src cells.

3Yl/v-Src, 3Yl/v-Src/PLD2 WT and 3Yl/v-Src/PLD2 K758R cells were prepared and seeded into 

BIOCOAT™ cell culture inserts which have microporous filters on the bottom (as describe in Chapter 

2). A) The number o f cells that reached the lower surface o f the filters after 24 hr was counted and 

normalized with the sample o f  3 Y l/v-Src cells. B) The experiment was performed and evaluated in 

the same way as in A) except that the microporous filters were coated with Matrigel™ before used. 

Error bars represent the mean +/- standard o f  three independent experiments performed in duplicate.

A) B)

Control PLD2 K758R

Fig. 5.7 PLD2 is required for the migration and invasion of MDA-MB-231 cells.
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MDA-MB-231 cells were transiently transfected without o r with PLD2 K7S8R as described in Chapter 

2. 48 hr after transfection, cells were suspended and seeded in BIOCOAT™ cell culture inserts as in 

Fig. 5.6. A) The migration ability o f  these cells was measured in the same way as in Fig. 5.6.A. B) 

The invasion ability o f  these cells was measured in the same way as in Fig 5.6.B. Values were 

normalized with the sample o f the parental MDA-MB-231 cells. C) At the same time point, cells were 

fixed and stained for the Flu-tagged PLDs with fluorophore-conjugated antibody as described in 

Chapter 2. The data presented are representative results o f  experiments that were repeated for three 

times.

Because the oncogenic v-Src is sufficient to transform cells and that Src is 

found to be overexpressed and highly activated in a wide variety o f human cancers 

(83,226), this phenomenon of PLD2-dependent motility in the v-Src transformed cells 

may imply a general involvement o f PLD2 in the invasiveness o f Src-related tumors. 

To examine such a possibility, the motility and invasiveness o f MDA-MB-231 human 

breast cancer cells were studied. These adenocarcinoma cells overexpress c-Src as 

well as EGF and TGFa receptors and are highly invasive (233,234). Overexpression 

of PLD2 K758R inhibited both migration and invasion o f these cells (Fig. 5.7), 

supporting the speculation that PLD2 may be crucial for the invasiveness o f Src- 

related tumors.

5.3 Discussion

Data presented in this chapter demonstrate that PLD2 is required for v-Src- 

induced invasion o f 3Y1 fibroblasts. The generality o f the role for PLD2 in tumor
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invasion is supported by fact that MDA-MB-231 breast cancer cells, which have 

increased level o f  c-Src, are also dependent on this isozyme for the invasiveness. In 

addition, these data suggest that the PLD2-dependent cytoskeleton (microtubule) 

reorganization may contribute to the elevated cell motility and invasion.

However, PLD2 is only required but not sufficient in this case. Consistently, 

it has been recently reported that PLD is also required but not sufficient for Arf GEF- 

induced morphological changes and migratory behavior (232). Moreover, Ral has 

been shown to be required for Ras-induced tumor invasion (235). Given that Ras and 

Ral hierarchically mediate PLD activation by v-Src (87,116), this observation and the 

data presented here may very likely reveal different aspects o f the same event, which 

together suggest a  signaling pathway elicited from Src and sequentially transmitted 

through Ras, Ral and PLD to the downstream phenomenon.

In order for v-Src to enhance cell motility, it has to orchestrate the dynamics 

o f multiple cytoskeletons that each carries out distinct functions required for 

locomotion (210-216). Since the role microtubules play in cell motility is rather 

passive compared with the driving force provided by actin filaments, it is a  question 

as to how v-Src-induced microtubule protrusions associate with the increased cell 

motility. Although the mechanism is not clear, there is no doubt that this has to go 

through the coordination between microtubule and actin cytoskeletons (210-216). 

Interestingly PLD2 has been shown to provoke the reorganization o f actin networks 

(12) and it is demonstrated here that this isoform also regulates microtubules. Thus 

PLD2 is very likely a coordinator o f these two cytoskeletal systems and this may
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provide the mechanistic basis for it to manipulate the morphological and migratory

behavior.

Among 3Y1, 3Y1/EGFR and 3Yl/v-Src cells, only the v-Src transformed 

cells exhibit dramatic morphological changes upon overexpression o f  PLD2. 3Y1 

and 3 Yl/EGFR cells essentially keep their relatively flat and well spread morphology 

when transfected with either PLD2 WT or PLD2 K758R. Stimulation o f 3Y1/PLD2 

WT cells with PDGF or treatment o f  3 Y1/EGFR/PLD2 WT cells with EGF for hours 

does not mimic the effect o f v-Src (data not shown), indicating that PLD2 is 

selectively involved in Src signals that cause cell protrusion. Moreover, when 

examined with SDS-PAGE, PLD2 WT overexpressed in 3Yl/v-Src cells has 

apparently faster gel mobility (Fig. 5.1.G) compared with that expressed in 3Y1 and 

3 Yl/EGFR cells (data not shown), which is verified in all independent clones o f these 

transfectants. However, v-Src does not affect the gel mobility o f the catalytically 

inactive mutant PLD2 K758R (Fig. 5.1 .G) nor PLD1 proteins (data not shown). Thus 

it seems that v-Src specifically induces posttranslational modification o f PLD2 and 

this modification is also dependent on the activity o f PLD2 itself. The fact that 

among all the PLD2 transfectants, 3Yl/v-Src/PLD2 WT cells are the only type of 

ceils that have such modification o f PLD2 and the only type o f cells that have 

elongated morphology, has made us wondering whether this modification is possibly 

related to the morphological changes.

Interestingly, it was found that overexpression o f PLD2 K758R in 3Yl/v-Src 

cells, which inhibits invasiveness, does not affect cell growth (data not shown). In 

agreement with this, a dominant negative Ral was reported to have the same effects in
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Ras-transformed cells (235). Moreover, colchicine that abolishes PLD2-dependent 

cell protrusion (Fig. 5.5) specifically blocked invasion without inhibiting tumor 

growth when used at therapeutic doses (236). This sim ilarity o f the influence o f Ral, 

PLD2 and colchicine, again supports the postulated pathway that Src and Ras signals 

sequentially relay through Ral, PLD and microtubules to cause aggressive cell 

motility. And obviously, it also suggests that tumor growth and invasion are two 

independent issues.

Tumor invasion is a m ultiple step process. First, tumor cells must recognize 

and interact with the surrounding extracellular matrix (ECM); second, they must 

degrade or remodel the ECM; and finally can these tumor cells actually migration 

through the dissolved ECM to reach adjacent tissues (209). Interestingly, PLD has 

been implicated in each o f these steps. PLD activity was shown to correlate with the 

production o f CD44, a transmembrane hyaluronan receptor that m ediates cell-matrix 

interaction (237,238). PLD was also reported to be required for the secretion of 

m atrix metalloproteinases and urokinase plasminogen activator, which are proteases 

that dissolve the interstitial m atrix and basement membranes to allow invasion 

(180,239-242). Furthermore, PLD was found to be involved in the reorganization of 

actin cytoskeletons (12,153,228-232), and to mediate v-Src-induced microtubule 

formation as well as the related cell motility (as demonstrated here). Collectively, the 

mechanisms by which PLD participates in tumor invasion m ight be through the 

remodeling of ECM and the increasing o f cell motility.
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PLD is a signal-activated phospholipase and is conceptually grouped with 

other phospholipases, sphingomyelinases and lipid kinases, whose activation upon 

signaling result in the modification o f various lipid constituents in cellular 

membranes and the generation o f one or more products (messengers) that are able to 

recruit or modulate specific target proteins, thus altogether representing the molecular 

basis for rapidly growing field o f lipid signaling (2).

The two isoforms of mammalian PLD, PLD1 and PLD2, are both activated 

by EGF stimulation. Based on the diverse kinetics o f their activation by EGF (Fig. 

3.8) and their different dependency on each other (Fig. 3.9), it is suggested that EGF 

sequentially activates PLD2 and PLD1, and that the activation o f PLD 1 by EGF is (at 

least partially) dependent on PLD2 activity. The fact that PLD1 and PLD2 respond 

differently to regulators such as PKC (Fig. 3.7.C), A rf (data not shown) and Ral 

(unpublished data o f Jingqing Luo), reflects the heterogeneity in their molecular 

structure (4). On the other hand, this may also reflect their different subcellular 

localizations where different regulators are available, e.g., PLD1 on Golgi membranes 

is subjected to the regulation o f Arfl in this vicinity (94), while PLD2 is possibly 

modulated by Arf6 as both o f them have very similar membrane location profiles in 

the plasma membrane region (12,36,40-43,124,144,145,148-153).

Settled in different membrane compartments and under regulation o f different 

factors, PLD1 and PLD2 execute different functions. PLD1 causes vesicle-like
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structures accumulated at the periphery o f 3Yl/v-Src cells (data not shown), while 

PLD2 potentiates the microtubule-based cell protrusions in these cells (Fig. 5.1). 

Whereas both isoforms are involved in the EGF-induced receptor endocytosis in 

3 Yl/EGFR cells (Fig. 4.7.C), it is likely that the step o f endosomal /  lysosomal fusion 

is controlled by PLD1 but not PLD2.

However, despite all these distinctions, PLD1 and PLD2 still must crosstalk to 

each other since the EGF-induced PLD1 activation partially relies on PLD2 activity 

(Fig. 3.9.B). Moreover, these two isforms also have to cooperate to accomplish 

functions such as the EGF receptor endocytosis where inhibition o f either one would 

block the turnover o f EGFR (Fig. 4.7.C, Fig. 4.8).

Intriguingly, PLD not only facilitates vesicle formation and membrane fusion 

(as in endocytosis), it also contributes to build the cytoskeletal highways along which 

the vesicles traverse. In cells, actin filaments and microtubules are bridged through 

their associated proteins and motors to form continuous tracks that connect from the 

cortical to the cell body (210,213). Both PLD1 and PLD2 have been implicated in 

the regulation o f actin cytoskeletons in response to extracellular stimuli (12,153,228- 

231) and PLD2 was shown here to be involved in v-Src-induced microtubule 

formation (Fig. 5.5). Therefore, PLD is a multifunctional traffic regulator: once 

activated by upstream signals, PLD stimulates vesicle budding and fission from the 

donor membranes, it also participates in the construction o f the traffic roadways 

which lead to the destinations, and finally it facilitates the fusion o f vesicles with the 

target membranes. Vesicle transportation is a process through which cells translocate 

signal molecules from one location to the other, thus the maneuver o f vesicle
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trafficking by PLD must be a t least part o f the mechanistic basis o f  its contribution in 

signal transduction.

The altered cytoskeleton systems (microtubules as observed here) that are 

regulated by PLD can also lead to increased cell motility (Fig. 5.6), which is a 

prerequisite for tumor invasion. Thus taken together with previous reports, this 

mitogenic signal-regulated enzyme is not only involved in tumorigenesis 

(47,49,50,79), but also participates in processes o f metastasis such as ECM 

remodeling (180,237-242), as well as the invasive migration that is demonstrated 

here; and for this reason, this enzyme should provide a  potential target for therapeutic 

intervention.
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