
MOL #40105 

1 

Title page 

 

 

 

 

Effects of Active and Inactive Phospholipase D2 

 on Signal Transduction, Adhesion, Migration, Invasion,  

and Metastasis in EL4 Lymphoma Cells 

 

 

Stewart M. Knoepp, Manpreet S. Chahal, Yuhuan Xie, Zhihong Zhang, 

Daniel J. Brauner, Mark A. Hallman, Stephanie A. Robinson, Shujie Han, Masaki Imai, 

Stephen Tomlinson, and Kathryn E. Meier 

 

 

Department of Pharmaceutical Sciences (MSC, YX, ZZ, DB, SH, KEM) 

Washington State University, P.O. Box 646534 

Pullman, Washington 99163-6534 

 

and 

Department of Pharmacology (SMK, MAH, SAR) 

Medical University of South Carolina 

Charleston, South Carolina 29425 

 

and 

Department of Immunology (MI, ST) 

Medical University of South Carolina 

Charleston, South Carolina 29425 

 

 

 

 Molecular Pharmacology Fast Forward. Published on June 3, 2008 as doi:10.1124/mol.107.040105

 Copyright 2008 by the American Society for Pharmacology and Experimental Therapeutics.

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.107.040105

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #40105 

2 

 

 

Running title page 

 

 

Running title:  Effects of active and inactive PLD2 on EL4 cells 

 

Corresponding author: Kathryn E. Meier, Department of Pharmaceutical Sciences, 

Washington State University, Pullman, WA  99164-6534. Telephone:  509-335-3573, Fax:  509-

335-5902, email: kmeier@wsu.edu 

 

Number of text pages:  18 

Number of tables:  0 

Number of figures:  10 

Number of references:  46 

Number of words in Abstract:  231 

Number of words in Introduction: 499 

Number of words in Discussion:  1292 

 

List of nonstandard abbreviations: 

FBS:  fetal bovine serum 

HA:  hemagglutinin 

LPA:  lysophosphatidic acid 

MS:  mass spectrometry 

PA:  phosphatidic acid 

PBt:  phosphatidylbutanol 

PEt:  phosphatidylethanol 

PLD:  phospholipase D 

PMA:  phorbol 12-myristate 13-acetate 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.107.040105

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #40105 

3 

Abstract 

 

The phosphatidylcholine-utilizing phospholipase D isoform, PLD2, is widely expressed in 

mammalian cells and is activated in response to a variety of pro-mitogenic agonists.  In this 

study, active and inactive hemaglutinin-tagged human PLD2 (HA-PLD2) constructs were stably 

expressed in an EL4 cell line lacking detectable endogenous PLD1 or PLD2.  The overall goal 

of the study was to examine the roles of PLD2 in cellular signal transduction and cell phenotype.  

HA-PLD2 confers PLD activity that is activated by phorbol ester, ionomycin, and okadaic acid.  

Proliferation and Erk activation are unchanged in cells transfected with active PLD2; 

proliferation rate is decreased in cells expressing inactive PLD2.  Basal tyrosine phosphorylation 

of FAK is increased in cells expressing active PLD2, as is phosphorylation of Akt; inactive PLD2 

has no effect.  Expression of active PLD2 is associated with increased spreading and elongation 

of cells on tissue culture plastic, whereas inactive PLD2 inhibits cell spreading.  Inactive PLD2 

also inhibits cell adhesion, migration, and serum-induced invasion.  Cells expressing active 

PLD2 form metastases in syngeneic mice, as do the parental cells; cells expressing inactive 

PLD2 form fewer metastases than parental cells.  In summary, active PLD2 enhances FAK 

phosphorylation, Akt activation, and cell invasion in EL4 lymphoma cells, while inactive PLD2 

exerts inhibitory effects on adhesion, migration, invasion, and tumor formation.  Overall, 

expression of active PLD2 enhances processes favorable to lymphoma cell metastasis, while 

expression of inactive PLD2 inhibits metastasis.  
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Introduction 

Phospholipase D (PLD) enzymes catalyze the hydrolysis of membrane phospholipids, 

yielding phosphatidic acid and a polar head group. Two forms of mammalian PLD, PLD1 and 

PLD2, have been characterized.  These enzymes are widely expressed in mammalian tissues; 

individual cells usually express one or both isoforms (Meier et al., 1999). T-lymphocytes, in 

which PLD activity and expression levels are very low (Kinsky et al., 1989; Meier et al., 1999), 

are an exception.  

Phorbol esters have been shown to activate both PLD1 and PLD2 in intact mammalian 

cells (Gibbs and Meier, 2000).  Our laboratory has established that EL4, a murine lymphoma 

cell line, lacks detectable basal or phorbol ester-induced PLD activity (Bradshaw et al., 1996), 

and does not express detectable levels of mRNA for either PLD1 or PLD2 (Meier et al., 1999; 

Gibbs and Meier, 2000).  EL4 therefore provides a useful model in which to assess the roles of 

PLDs in signal transduction. 

The roles of PLD-generated metabolites in signal transduction are still being delineated.  

However, it is clear that phosphatidic acid (PA) can bind to proteins and modulate their 

activities.  For example, PA can reportedly promote the membrane association and activation of 

Raf-1, member of the Erk MAPK cascade (Ghosh et al., 1996).  Other reported protein targets 

of PA are phosphatidylinositol 5-kinase (Divecha et al., 2000), NADPH oxidase (Palicz et al., 

2001), mTOR (Fang et al., 2001), Pak1 (Symons, 2000), and sphingosine kinase 1 (Delon et al., 

2004).  In addition, PA is rapidly metabolized to other lipids with biological activity.  Diglyceride, 

produced from PA by lipid phosphate phosphatases (LPPs), can activate protein kinase C 

(PKC) isoforms and other receptors.  PA may potentially be converted to lysophosphatidic acid 

(LPA) via the action of PA-utilizing forms of PLA1 or PLA2.  LPA binds to G-protein-coupled 

receptors to elicit a wide range of cellular responses. 

The roles of individual PLD isoforms in receptor-mediated signal transduction remain to 

be fully delineated.  PLD1 is dependent on small GTP-binding proteins (e.g., ARF and Rho) for 
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activity, is localized to intracellular membranes, and participates in vesicle trafficking (Cockcroft, 

2001).  PLD2 was originally described as a constitutively-active enzyme localized to the plasma 

membrane (Colley et al., 1997).  Subsequent studies have shown that PLD2 can be activated in 

intact cells by agonists, and can be regulated by small GTP-binding proteins (Hiroyama and 

Exton, 2005), heterotrimeric GTP-binding proteins (Preininger et al., 2006), and PKC isoforms 

(Chen et al., 2004).  Over-expression of PLD2 can result in changes in cytoskeletal organization 

(Colley et al., 1997).  The mechanistic basis for these changes has not yet been fully 

established.  Independent of catalytic activity, PLD2 can participate in protein-protein 

interactions via its PX domains (Lee et al, 2006). 

In the current study, we utilize EL4 to examine the role of PLD2 in signaling.  PLD2 was 

expressed in EL4 cells and characterized.  Effects on cell phenotype were investigated.  The 

results show that active PLD2 promotes FAK and Akt phosphorylation, and cell-substrate 

adhesion.  Inactive PLD2 exerts inhibitory effects on proliferation, adhesion, migration, invasion, 

and tumor formation. 
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Materials and Methods 

Cell culture: 

 Clonal EL4 cell lines were maintained as previously described (Ku and Meier, 2000) in 

RPMI-1640 with 10% fetal bovine serum (FBS) (Atlanta Biologicals or Summit Biotechnology).  

All were grown on standard tissue culture plastic, except for WT2, which was grown on 

suspension culture plastic (Corning).  Stably transfected cell lines were maintained in the 

presence of 0.25 mg/ml G418 (Calbiochem). Du145 and OVCAR-3 cells were grown in RPMI-

1640 with 10% FBS, PC3 cells in F12K with 10% FBS, and PC12K cells (on Primaria plates) in 

Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS. 

 

Vector construction and transfections:  

PLD2 was cloned from total RNA extracted from PC-3 cells (human prostate carcinoma) 

by RT-PCR.  The resulting full-length construct was subcloned into a mammalian expression 

vector driven by the CMV promoter (PBSK+CMV).  During sub-cloning, a 9-amino acid 

hemaglutinin (HA) tag was inserted between the 2nd and 3rd amino acids of PLD2.  The HA-

PLD2 construct was subsequently subjected to site-directed mutagenesis using a PCR-based 

Quik Change kit (Stratagene) to create a substitution from lysine to arginine in the catalytic 

domain of PLD2 at amino acid 758, generating a catalytically-inactive protein.  After sequence 

confirmation, constructs were introduced into EL4 cells using electroporation.  Before 

transfection, 100 µg of DNA for either catalytically-active or -inactive HA-PLD2 was added to a 

cell suspension with 10 µg of vector DNA encoding neomycin resistance, driven by the RSV 

promoter.  The cell suspension (2x107 cells in 0.4 ml PBS) was subjected to electroporation 

using a BTX Electro Cell Manipulator with parameters of 140 V, 720 Ohms, and 3175 µF across 

a BTX cuvette with 0.2 cm electrode gap.  Pulse lengths varied between 25 and 28 ms.  Cells 

were placed in fresh medium for 48 hours at 37oC before 1 mg/ml G418 was added.  Clonal cell 

lines were isolated following limiting dilution on 96-well tissue culture plates. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.107.040105

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #40105 

7 

Immunoblotting: 

After treatment, clonal EL4 cells were collected by centrifugation at 1,200xg.  Adherent 

cells were harvested by scraping prior to the centrifugation.  Cells were lysed in a lysis buffer 

containing 20 mM Tris (pH 7.4), 1% Triton-X-100, 150 mM NaCl, 1 mM EGTA, 30 mM sodium 

pyrophosphate, 100 µM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 µg/ml 

aprotinin, and 10 µg/ml leupeptin.  Extracts were sedimented at 10,000xg for 10 minutes at 4oC 

to remove insoluble material.  For some experiments, this Triton-insoluble material was further 

solubilized using lysis buffer supplemented with 1% SDS and 0.5% deoxycholate (DOC).  

Samples equalized for protein (100 µg), as determined by Coomassie Protein Assay (Pierce), 

were separated by SDS-PAGE on 12.5% Laemmli gels, transferred to PVDF paper, incubated 

with primary antibodies, and developed using enhanced chemiluminescence (Amersham) (Ku 

and Meier, 2000).  Blots were imaged by densitometry and quantified using NIH Image 

software.  Antibodies were obtained from the following suppliers:  actin, BD Transduction Labs; 

phospho-Akt, Cell Signaling; phospho-ERK, Promega; Erk1, Santa Cruz; FAK, Santa Cruz and 

Transduction Labs; phospho-FAK (Y397), Transduction Labs and Biosource International; 

phospho-FAK (Y861), Biosource International; phosphotyrosine, Transduction Labs; HA, 

BABCO. 

 

PLD activity assays: 

 PLD activity was analyzed as described previously (Meier and Gibbs, 1999).  Briefly, for 

intact cell assays, cells were cultured for 18 hours in 35-mm dishes in 2 ml DMEM containing 5 

µCi/ml [3H]-palmitic acid (Dupont/NEN).  For the experiment shown in Figure 1C, cells were 

incubated in flasks containing 10 µCi/ml [3H]-palmitic acid.  Washed cells were incubated in 

fresh DMEM with 10 µM ionomycin, 1 µM okadaic acid, or 100 nM PMA for 30 or 60 minutes at 

37oC in the presence of 0.5% ethanol.  Phosphatidylethanol was extracted, separated by TLC, 

and quantified by liquid scintillation spectrometry.  Data were normalized to the total cpm 
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recovered from each sample and then analyzed using Prizm and Instat software (GraphPad).  

Membrane PLD activity was assessed using the fluorescent substrate BODIPY-

phosphatidylcholine (Molecular Probes, catalog #D3771).  Products were separated by TLC, 

then imaged and quantified using a FluorImager (Molecular Dynamics). 

 

Cell proliferation, spreading, adhesion, invasion, and migration assays: 

For proliferation assays, EL4 cell lines were seeded at a density of 1x105 cells/ml in 

triplicate 35-mm plates.  At various times, cells were collected; trypan blue was added.  Live 

cells were counted using a hemacytometer.  For assessment of cell spreading, cells were 

seeded on standard tissue culture plastic and incubated for 24 hours.  Cells were photographed 

using a Nikon Diaphot microscope equipped with interference contrast optics.  Major/minor axis 

ratios were assessed using NIH Image software.  For assessment of adhesion rates, cells were 

detached from tissue culture plates using trypsin, then allowed to re-attach to fresh plates in 

fresh medium.  At various times, unattached cells were removed by rinsing three times with 

PBS.  The remaining attached cells were removed using trypsin and counted using a 

hemacytometer. Cell invasion was assessed using a modified Boyden chamber method.  Equal 

numbers (2X105) of EL4 cells were seeded in serum-free medium in the upper chamber of an 8-

micron trans-well insert (BD Biosciences) coated with 20 µg Matrigel (BD Biosciences).  Medium 

with 10% FBS was added to the lower wells.  The insert membranes were fixed and stained 

using the Diff-Quik® dye kit (Dade Behring Corp.).  Cells that invaded into the lower chambers 

were counted by microscopy.  Migration assays were conducted using the same protocol, 

except that the insert was not coated with Matrigel.  In some cases, 25 µM LY294002 was 

included in the migration assay. 
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Experimental metastasis studies: 

 These experiments were carried out using a protocol described previously by 

others (Zhang et al., 1998) and approved by the IUCAC of the Medical University of 

South Carolina.  Male C57BL/6 mice (NCI) were used at 4 weeks of age, with 6-7 

animals in each group.  EL4 cell lines (briefly grown without G418) were collected by 

centrifugation and resuspended in sterile phosphate-buffered saline.  An aliquot of 0.1 

ml, containing 3x104 cells, was injected into the tail vein of each animal.  PBS alone was 

injected into control animals.  Two types of experiments were performed.  In survival 

experiments, mice were maintained until they died or showed signs of distress.  In an 

alternative protocol, all animals were sacrificed 20 days after injection. In both 

experiments, necropsies were performed to examine location of tumors, number of 

tumors, liver weight, and liver appearance. 
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Results 

Characterization of HA-PLD-transfected EL4 cells 

 For this study, a hemagglutinin (HA)-tagged human PLD2 construct was engineered in 

a mammalian expression vector driven by the CMV promoter.  Full-length PLD2 was generated 

by RT-PCR from RNA prepared from PC-3, a human prostate cancer cell line.  The resulting 

DNA was sequenced.  There were two conservative differences in amino acid sequence 

between this DNA and the human sequences previously entered in GenBank:  A589G and 

T869A.  These single amino acid substitutions occur in non-homologous regions, and their 

significance (if any) is unknown.  A single, nine amino acid, HA tag was introduced at the N 

terminal.  A catalytically-inactive form of PLD2 (Sung et al., 1997) was generated by site-

directed mutagenesis of the catalytic site (K758R), using the same vector. 

The HA-PLD2 construct, along with a neomycin resistance gene, was introduced by 

electroporation into EL4-V7 cells. Phorbol ester-induced signal transduction has been 

extensively studied in EL4 cells, which exists in variants that are either sensitive or resistant to 

phorbol 12-myristate 13-acetate (PMA).  A series of clonal EL4 cell lines of both phenotypes has 

been developed and characterized in our laboratory (Ku and Meier, 2000).  The V7 cell line is 

representative of several PMA-resistant EL4 clones. With respect to EL4 cells, PMA resistance 

refers to a lack of effect of PMA on long-term growth and survival.  Sensitive cells undergo 

growth arrest and death in response to PMA, while resistant cells do not (Sansbury et al., 1997).  

PMA sensitivity is conferred by expression of RasGRP, a phorbol ester binding protein (Han et 

al., 2007); PMA-induced cell death is dependent on RasGRP-mediated Erk activation (Sansbury 

et al., 1997).  Both sensitive and resistant cells activate PKC isoforms in response to PMA (Ku 

and Meier, 2000).  Stable transfectants were selected for growth in G418, and were then cloned 

by limiting cell dilution.  The resulting clones were screened for PLD2 expression using an in 

vitro assay for membrane PLD2 activity (Meier and Gibbs, 1999).  We selected a cell line 

designated clone C5, which expressed PLD2 activity, for subsequent characterization.  Two 
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other stable V7 transfectants used in this study were V7R (empty vector) and D3 (catalytically-

inactive HA-PLD2).  

As shown in Figure 1A, an immunoblot for HA detected full-length HA-PLD2 protein (105 

kDa) in C5 and D3 cells, but not in V7R cells.  The catalytically-inactive protein (i.e., in D3 cells), 

was expressed at higher levels than the active protein (i.e., in C5 cells).  Both active and 

inactive HA-PLD2s were most abundant in the membrane, with very little detected in the cytosol 

(data not shown). 

Results presented in Figure 1B show that membranes prepared from C5 cells exhibited 

PLD2 activity in an in vitro fluorescent assay in which PLD activity is assessed by production of 

phosphatidylbutanol (PBt).  Membranes from V7 and D3 cells had no detectable PLD activity, 

consistent with our previous studies of untransfected EL4 cells (Bradshaw et al., 1996).  PLD2 

activity was present predominantly in the membrane fraction of C5 cells, with very little in the 

cytosolic fraction (data not shown).  Interestingly, despite the use of the strong CMV promoter in 

the expression construct, the level of PLD2 catalytic activity observed in C5 membranes was 

modest when compared to that seen in several cell lines expressing endogenous PLD2 

(PC12K, Du145, OVCAR-3).  However, the level of activity was comparable to that seen in PC-

3, a prostate cancer cell line that has been used by our group to study agonist-activated PLD2 

activity (Xie et al., 2002).  The relatively low level of PLD activity could suggest that high levels 

of PLD2 are deleterious to EL4 cells, and that HA-PLD2 was integrated in such a manner that 

the function of the CMV promoter was compromised.  Alternatively, the transfected cells may 

utilize compensatory mechanisms to keep PLD activity in check. 

The ability of HA-PLD2 to confer agonist-induced PLD activity to intact cells was tested, 

measuring phosphatidylethanol (PEt) as the PLD reaction product.  Phosphatidylcholine-utilizing 

PLDs carry out a transphosphatidylation reaction in the presence of simple alcohols, generating 

a unique phosphatidylalcohol product that is observed only when the alcohol is present.  In 

untransfected V7 cells, radioactivity recovered as PEt from cells incubated in the presence of 
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ethanol was not significantly higher than that seen in the absence of ethanol, and thus 

represented assay background (see Figure 2C, below).  Thus, these results indicate an 

absence of detectable basal PLD activity, consistent with our previous results for EL4 and other 

cell lines using this method (Gibbs and Meier, 2000).  Similarly, basal PLD activity was 

undetectable in C5 and D3 cells.  When C5 cells were treated with PMA, an increase in PEt 

production was observed (Figure 2A), indicative of PLD activity.  Further illustration of PMA-

stimulated PLD activity is presented in Figure 2C.  In this experiment, using only C5 cells, the 

dual controls of samples without ethanol added (background counts) and with ethanol alone are 

presented.  In this particular experiment there was a trend toward increased counts in samples 

incubated with ethanol alone, as compared to samples without ethanol, but the difference was 

not statistically significant.  Thus, as mentioned above, we are unable to detect basal PLD 

activity using these assay conditions.  The difference between the control samples without 

ethanol, and the samples treated with PMA in the presence of ethanol, was statistically 

significant (p<0.01), demonstrating expression of active PLD2.  In the same experiment (data 

not shown), there were no significant differences between any of the three experimental 

treatments in V7 or D3 cells, again indicating that these cells do not express detectable PLD 

activity.  Thus, the PLD2 expressed in C5 cells is active and responsive to stimulation by PMA.   

The ability of HA-PLD2 to be activated by other agonists was explored in HA-PLD2 

transfectants.  As shown in Figure 2B, PLD activation was detected after treatment of C5 cells 

for 30 minutes with ionomycin (calcium ionophore), or for 30 or 60 minutes with okadaic acid 

(serine/threonine phosphatase inhibitor).  The increases seen with these agonists were similar 

to those induced by PMA.  The response to concomitant treatment with PMA and ionomycin 

was comparable to that seen with either agonist alone; no synergistic or additive effects were 

noted.   

In summary, HA-PLD2 was successfully expressed in EL4 cells.  The enzyme localizes 

to membranes, confers PLD activity, and is regulated by agonists. 
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Signal transduction phenotype of PLD2-expressing EL4 cells 

 The signaling phenotype of the C5 cell line was examined, with comparison to 

transfected cell lines lacking active PLD2.  We first tested whether active PLD2 alters Erk MAPK 

activation in EL4 cells.  The effects of PMA and okadaic acid on Erk activation have been 

previously characterized in EL4 cell lines (Ku and Meier, 2000).  As shown in Figure 3, PMA 

was able to induce Erk activation to a similar extent in V7 and C5 cells.  No differences were 

detected in either the magnitude or time course of the response between the two cell lines.  

Okadaic acid induced a low level of Erk activation that was likewise similar between V7 and C5 

cells.  Thus, although PMA stimulates PLD2 activity in C5 cells, this response does not enhance 

PMA-induced Erk activation.  

 To further characterize the role of PLD2 in cell signaling, tyrosine phosphorylation 

studies were performed.  C5 and V7 cells were incubated with and without 100 nM PMA (15 and 

30 minutes).  Whole-cell extracts were immunoblotted for phosphotyrosine (Figure 4A). PMA 

increased phosphorylation of multiple substrates in both cell lines, with no obvious differences in 

PMA response between V7 and C5 cells.  However, a consistent increase in basal 

phosphorylation of a 125-kDa protein was observed in C5 cells.  FAK, a prominent 125-kDa 

tyrosine kinase, is expressed in PMA-resistant EL4 cells, including V7 (Knoepp et al., 

unpublished data).  We performed immunoblots for phospho-FAK (Y397); phosphorylation of 

this site is associated with increased catalytic activity of FAK.  Figure 4B shows that FAK is 

phosphorylated to a greater extent, under basal serum-starved conditions, in C5 cells than in V7 

(active PLD2) or D3 (inactive PLD2) cells.  Levels of p-FAK in V7R (vector control) cells are 

similar to those in V7 (data not shown).   

The effects of PLD2 expression on FAK phosphorylation were examined in more detail.  

The time course of the effects of PMA on phosphorylation of FAK and Erk is presented in Figure 

4C.  PMA produced a slight increase in FAK phosphorylation in both cell lines.  This may reflect 

PMA-induced redistribution of FAK from the detergent-insoluble to detergent-soluble fraction, as 
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seen by a slight increase in the apparent level of total FAK.  As shown previously, PMA induced 

ERK phosphorylation similarly in V7 and C5 cells with respect to both magnitude and time 

course.  Taken together, our results indicate that active PLD2 has a positive effect on basal FAK 

phosphorylation in EL4 cells.  

FAK has been shown to activate the PI3K/Akt pathway (Xia et al., 2004).  Akt is another 

protein kinase involved in cell proliferation, survival, and motility.  An antibody to the 

phosphorylated active form of Akt was used to assess Akt activation (Figure 5).  V7 cells exhibit 

basal Akt phosphorylation; the level of phospho-Akt is elevated in C5 cells expressing active 

PLD2.  The extent of the increase, as quantified by densitometry from separate experiments, is 

approximately two-fold.  Basal p-Akt levels in D3 cells expressing inactive PLD2 are similar or 

lower to that of the parental V7 cell line; a consistent decrease was not observed.  Thus, 

expression of active PLD2 enhances basal Akt activation, while inactive PLD2 has no effect on 

basal Akt activation. 

In summary, the signal transduction studies show that active PLD2 has no effect on Erk 

activation, but enhances FAK phosphorylation and Akt activation.  Inactive PLD2 does not affect 

basal FAK or Akt phosphorylation. 

 

Effects of active and inactive PLD2 on EL4 cell proliferation 

 Turning to longer-term cellular responses, we examined proliferation rates for the EL4 

cell lines of interest.  V7 and C5 proliferated at similar rates (Figure 6), as did V7R (data not 

shown).  However, the proliferation rate for D3 was significantly reduced at 48 hours, as 

compared to V7 (p<0.01, Student’s T-test).  Additional studies (data not shown) indicated that 

proliferation of V7, V7R, and C5 cells was unaffected by 100 nM PMA.  Thus, active PLD2 has 

neither a favorable nor an adverse effect on proliferation of transfected V7 cells, and does not 

alter sensitivity to PMA.  In contrast, expression of inactive PLD2 is associated with a reduced 
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proliferation rate in D3 cells.  This was the first observation indicating that inactive PLD2 could 

exert inhibitory effects on EL4 cell function. 

 

Adhesion, migration, and invasion phenotypes of PLD2-expressing EL4 cells 

 In view of the differences in FAK phosphorylation between cell lines, potential 

differences in adhesion were assessed.  Cells were detached from dishes, allowed to re-attach, 

and then washed and counted.  No differences in the kinetics of re-attachment were observed 

between C5 and V7R (Figure 7).  Both cell lines attached readily, similar to the parental V7 cell 

line (Ku and Meier, 2000).  In contrast, D3 cells expressing inactive PLD2 adhered less readily 

than C5 or V7R cells. 

We next examined the morphology of attached cells, using interference contrast 

photomicroscopy.  As shown in Figure 8A, C5 cells spread on tissue culture plastic to a greater 

extent than V7, V7R, or D3 cells.  Quantification of cell elongation is presented in Figure 7B, 

with PMA-sensitive clone WT2 included for purposes of comparison.  As described previously 

(Ku and Meier, 2000; Sansbury et al., 1997), PMA-resistant clones (e.g., V7) attach and spread 

on tissue culture plastic to a greater extent than PMA-sensitive (e.g., WT2) clones.  This is 

reflected by a decrease in the proportion of V7 cells having an axis ratio of 1-2 (rounded), and 

an increase in cells having ratios of greater than 2 (elongated), as compared to WT2 cells.  The 

differences in morphology between the transfected cell lines (Figure 8B) were striking.  A high 

percentage of C5 cells were elongated, with an axis ratio of greater than 3.  V7R cells (vector 

control) were similar to V7 cells.  Interestingly, clone D3 showed a pronounced increase in 

rounding as compared to V7 cells.   

The effects of PLD2 expression on cell migration were analyzed.  In this assay, cells 

were incubated in serum-free medium in the top portion of a Boyden chamber with an 8-micron 

insert.  The bottom chamber contained either serum-free medium, or medium with 10% fetal 

bovine serum.  As shown in Figure 9A, V7 and C5 had similar levels of basal migratory activity 
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in the absence of serum.  Basal migration was lower (p<0.05) in D3 than in V7 cells.  Most 

strikingly, serum significantly increases migration of V7 and C5 cells, but not D3 cells.  The 

effects of LY294002, a PI3K inhibitor, were tested.  As shown in Figure 9B, LY294002 inhibited 

the response to serum in V7, C5, and D3 cells; only inhibition of C5 was statistically significant 

(p<0.001), which is likely due to the greater extent of migration in this cell line.  These results 

suggest that serum-induced migration is dependent on the PI3K/Akt pathway.  Finally, the ability 

of EL4 cell lines to invade through Matrigel was assessed.  The data presented in Figure 9C 

show that, in response to serum, C5 cells invade to a significantly greater extent (p<0.05) than 

do V7 cells.  D3 cells do not exhibit an invasive response to serum, indicating that inactive PLD2 

inhibits cell invasion. 

In summary, catalytically-active PLD2 enhances cell spreading and invasion, without 

significantly altering migration or proliferation.  In contrast, catalytically-inactive PLD2 inhibits 

spreading, adhesion, migration, invasion, and proliferation. 

 

Experimental metastasis studies: 

 EL4 cells can generate liver tumors when injected into the tail vein of syngeneic mice 

(Zhang et al., 1998).  We utilized this in vivo model to further explore the effects of PLD2 

transfection on EL4 cell phenotype.  Figure 10A presents the results of a survival study.  

Survival times for mice injected with V7 and C5 cells were not significantly different (median 

survival of 21.5 and 23 days, respectively).  In contrast, mice injected with D3 cells survived 

longer as compared to those injected with V7 cells (median survival of 28 days; p=.0006).  As 

described previously by others (Zhang et al., 1998), the major site for metastasis is the liver.  

Figure 10B presents a photograph of livers removed from mice 20 days following injection of 

PBS (“Control”), V7, C5, or D3 cells.  Metastatic nodules are visible on the surface of the livers 

from mice receiving all three cell types.  It is apparent from the photograph that liver size is 

greatest in animals injected with C5 cells.  Injection of D3 cells resulted in tumors, but liver size 
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was less than for V7.  In addition, hemorrhaging (i.e., red color) was qualitatively less in livers 

from D3-injected mice.  The next two panels present quantitative analyses of tumor formation.  

As shown in Figure 10C, C5 cells generated a slightly (but not significantly) greater tumor 

burden (liver mass) than did V7 (p=0.1), while injection of D3 resulted in less tumor burden than 

for V7 (p=0.01).  Finally, in Figure 10D, the number of tumor nodules were compared between 

treatment groups.  As compared to V7, nodule number was higher with C5 (p=0.02), and much 

lower with D3 (p=.00002).  Taken together, these data establish that inactive PLD2 inhibits 

tumor formation in EL4 cells. 
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Discussion 

 The work described herein has examined several aspects of the role of PLD2 in 

mammalian cells.  Our studies address the regulation of PLD2, its effects on signal transduction, 

and its effects on cell phenotype.  In general, the major findings are that PLD2 enhances 

processes favorable to tumor formation in EL4 cells, while inactive PLD2 inhibits some such 

processes and also suppresses metastasis.  The cellular effects observed with active PLD2 are 

associated with higher basal levels of FAK and Akt phosphorylation.  However, since inactive 

PLD2 does not reduce basal FAK or Akt phosphorylation, the molecular basis for its inhibitory 

effects remains to be investigated. 

Cell lines stably over-expressing PLD isoforms have, anecdotally, been difficult to 

generate.  One report indicates that inducible over-expression of either PLD1 or PLD2 in 

fibroblasts is pro-apoptotic  (Zhong et al., 2002).  In contrast, fibroblasts stably over-expressing 

either PLD1 or PLD2 exhibit a transformed phenotype (Min et al., 2001).  Notably, fibroblasts 

express endogenous PLD1 and PLD2.  A study of over-expression of PLD1 and PLD2 in Jurkat 

T-cells, using transient transfection, concluded that PLD1 (but not PLD2) impairs mitogenic 

signaling (Diaz et al., 2004).  The Jurkat cell line used expresses endogenous PLD2, but low 

levels of PLD1.  The EL4 cells used herein express undetectable PLD1 and PLD2; stably 

transfected EL4 cells have modest levels of PLD2, on the lower end of the range of endogenous 

levels seen in other cell types.  Thus, the model systems used for PLD2 transfections differ in 

several important respects. 

 The regulation of PLD2 in intact cells was initially a matter of debate, since this isoform 

has higher constitutive activity than PLD1 in vitro.  An early report indicated that PLD2 was 

constitutively active when over-expressed in COS-7 cells, although modest activation was 

observed in response to PMA in this study (Colley et al., 1997).  Later work by our group (Gibbs 

and Meier, 2000) and others showed that PLD2 is activated in response to PMA.  Subsequent 

studies have shown that PLD2 can be activated via small GTP-binding proteins (Kim et al., 
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2003), epidermal growth factor receptor (Slaaby et al., 1998), and PKCa (Chen and Exton, 

2004).  Furthermore, PLD2 can be inhibited by heterotrimeric G-proteins (Preininger et al., 

2006), and via a G-protein-coupled receptor (Ella et al., 1997).  Thus, it is now clear that PLD2 

activity is regulated in intact cells.  The present study confirms that PLD2 is activated in 

response to phorbol ester, and also shows that ionomycin and okadaic acid can stimulate PLD2 

activity.  The pathways mediating these effects remain to be determined.  Calcium-mobilizing 

agonists were previously shown to activate both PLD1 and PLD2 in Sf9 cells over-expressing 

these enzymes (Siddiqi et al., 2000).  Okadaic acid, a serine/threonine phosphatase inhibitor, 

can increase phosphorylation of numerous proteins and thereby activate multiple signaling 

pathways.  Phosphorylation of PLD2 by PKC isoforms, src, or src-related kinases may play a 

role in its regulation (Choi et al., 2004; Ahn et al., 2003).  PKCa-mediated phosphorylation may 

play a role in inactivating PLD2, while direct association with PKCa may be involved in PLD2 

activation (Chen and Exton, 2004).  EL4 cells express PKCaas well as other PKC isoforms 

(Sansbury et al., 1997).  Serine/threonine phosphorylation of PLD2 (Chen and Exton, 2004) has 

been shown to result in mobility shifts on SDS-PAGE.  We observed slight gel shifts for both 

catalytically-active and -inactive PLD2 in transfected EL4 cells following PMA treatment (e.g., 

Figure 4B).  The significance of these putative phosphorylation events remains to be 

determined.  

Our study has shown that PLD2 can play a positive role in FAK phosphorylation.  PA can 

stimulate the activities of both PIP 5-kinase (Fang et al., 2001) and Pak1 (Symons, 2000), which 

are involved in membrane ruffling and cell spreading, respectively.  These proteins may interact 

with FAK either directly, or indirectly through a focal adhesion-localized protein.  Mechanisms 

involving the PI3K/Akt pathway are also possible, as discussed below. 

PLD2 activity has been positively correlated with Akt activation in other cell types, in a 

pathway that may involve PA metabolites (Li and Malik, 2005).  Consistent with these findings, 

we observed an increase in basal Akt phosphorylation in cells expressing active PLD2, and a 
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decrease in cells expressing inactive PLD2.  Potentially, FAK acts as an intermediate between 

PLD2 and PI3K activation (Xia et al., 2004).  PLD2 may also act downstream of Akt.  Recently, 

a direct interaction of PLD2 with raptor, a partner of mTOR, was demonstrated to activate 

mTOR in a manner dependent on PLD2 catalytic activity (Ha et al., 2006).  

The role of PLD2 in adhesion and cytoskeletal events is of particular interest.  An early 

report characterizing PLD2 described its localization to the plasma membrane, and showed that 

over-expression of PLD2 induced morphological reorganization (Colley et al., 1997).  In the 

same study, it was also observed that PLD2 was redistributed upon serum stimulation.  A role 

for activation of unspecified PLDs in sphingosine-1-phosphate-induced stress fiber assembly 

has been reported (Porcelli et al., 2002).  In an opposing example, over-expression of 

catalytically-active (but not inactive) PLD2 decreased ATP-induced FAK activation and paxillin 

phosphorylation in PC12 cells (Bae and Ryu, 2001). Another group reported that elevated 

expression of PLD2 increases cell protrusions in v-Src-transformed fibroblasts, with catalytically-

inactive PLD2 reducing protrusions (Shen et al., 2002).  Both PLD1 and PLD2 can associate 

with cytoskeletal components.  In one study, PLD2 was shown to interact directly with b-actin, 

resulting in PLD inhibition (Lee et al., 2001).  With respect to adhesion, one group has shown 

that PLD2-generated PA enhances integrin-mediated adhesion by stimulating production of 

phosphatidylinositol 4,5-bisphosphate (Powner et al., 2005). 

The potential roles of PLD isoforms in tumor biology are only beginning to be explored.  

One report indicated that stable over-expression of either PLD1 or PLD2 in fibroblasts causes 

transformation and enhances tumor formation (Min et al., 2001).  In another study, over-

expression of PLD2 resulted in transformation of fibroblasts over-expressing the EGF receptor 

or c-Src (Joseph et al., 2001).  Elevations of PLD2 activity and protein have been observed in 

human renal cancers (Zhao et al., 2000).  Interestingly, one report indicates that a 

polymorphism in the PLD2 gene is associated with increased risk of colorectal cancer, even 

though this polymorphism does not alter PLD2 catalytic activity (Yamada et al., 2003).  A role for 
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PLD in breast cancer has been proposed (Foster and Xu, 2003).  In breast cancer cells, PLD2 

over-expression confers a survival signal attributed to an increase in basal mTOR activity 

(Rodrik et al., 2005).  The results of our work emphasize the effects of PLD2 on the FAK/Akt 

axis, and suggest that this pathway plays a major role in PLD2-enhanced cell survival and/or 

proliferation. 

Our observation that catalytically-inactive PLD2 can exert inhibitory effects on some 

responses in EL4 cells was unexpected.  The inactive construct could potentially act as a 

dominant-negative inhibitor of endogenous PLDs.  However, PLD1 and PLD2 are expressed at 

levels below our limit of detection in EL4 cells (Gibbs and Meier, 2000).  A second possibility is 

that PLD2 affects signal transduction in a manner independent of its catalytic activity (e.g., by 

binding to proteins or lipid).  Consistent with this latter hypothesis, one report indicates that the 

PH domain of PLD2 can exert signaling effects (Lee et al., 2006).  PLD2 is also capable of 

interacting with the adaptor protein Grb2 (Di Fulvio et al., 2007).  Our studies suggest that the 

effects of the inactive PLD2 construct would be of benefit in cancer therapy. Specifically, 

inactive PLD2 inhibits cell adhesion, migration and invasion, and also reduces tumor formation.   

 In conclusion, our studies indicate that expression of PLD2 enhances FAK 

phosphorylation, Akt activation, and serum-induced invasion in EL4 cells.  Inactive PLD2 exerts 

inhibitory effects on adhesion, proliferation, migration, invasion, and tumor formation in these 

cells.  Further studies of the signaling roles of PLD2, and the effects of inactive PLD2, in tumors 

of hematopoietic origin are warranted. 
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Figure Legends 

 

Figure 1. 

Stable transfection of PLD2 in EL4 cells. 

In Panel A, EL4-V7 cells were stably transfected with HA-PLD2 (C5), empty vector  (V7R), or 

HA-PLD2-K758R (D3).  Membrane extracts, equalized for protein, were immunoblotted using 

anti-HA antibody. In Panel B, membrane PLD activity was assessed using an in vitro assay with 

a fluorescent substrate in membranes from V7, C5, and D3 EL4 cell lines, as well as from 

PC12K (rat pheochromocytoma), PC-3 (human prostate cancer), Du145 (human prostate 

cancer), and OVCAR-3 (human ovarian cancer) cells; equal amounts of membrane protein were 

used in each assay.  Phosphatidylbutanol (PBt) production indicates PLD2 activity [27]. 

 

Figure 2. 

Effects of agonists on PLD2 activity in EL4 cells. 

In Panel A, PLD activity was assessed in untransfected EL4-V7 cells or HA-PLD2-transfected 

EL4-C5 cells.  Intact metabolically-labeled cells were incubated with 100 nM PMA or vehicle 

control in the presence of 0.5% ethanol for 30 minutes.  Phosphatidylethanol (PEt) production 

was measured as described in Methods.  PEt was calculated as a percent of total radioactivity 

recovered; note that the control value reflects the assay background (see text).  Next, data were 

normalized to the value obtained for untreated V7 cells.  Each data point represents mean ± 

S.D. of values obtained from three separate experiments.  In Panel B, EL4-C5 cells were 

treated with 100 nM PMA, 10 µM ionomycin, 1 µM okadaic acid, and a combination of PMA and 

ionomycin in the presence of 0.5% ethanol for 30 minutes (unless otherwise indicated).  PLD 

activity was assessed in intact cells as described above, but is presented as a percent of the 

total radioactivity recovered.  Each data point represents mean ± S.D. from triplicate samples of 

cells.  In Panel C, labeled C5 cells were incubated for 30 minutes, as described above, in the 
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absence of ethanol, in the presence of 0.5% ethanol alone, or in the presence of ethanol and 

100 nM PMA.  Each data point represents mean ± SEM from triplicate or quadruplicate samples 

of cells, and is expressed as the percent of total radioactivity recovered in the PEt band.  

Statistical significance was assessed by ANOVA, using InStat software (Graphpad, San Diego, 

CA). 

 

Figure 3. 

Effects of active PLD2 on Erk activation in EL4 cells. 

V7 and C5 cells were incubated with or without 100 nM PMA for 15 or 30 minutes, or with 1 mM 

okadaic acid for 15 minutes.  Whole-cell extracts, equalized for protein, were separated by SDS-

PAGE and then immunoblotted for HA (top half of gel) and phospho-Erk (bottom half of gel).  

The uppermost band is a non-specific band recognized by the anti-HA antibody; this serves as a 

loading control. 

 

Figure 4. 

Effects of active and inactive PLD2 on FAK phosphorylation in EL4 cells. 

In Panel A, V7 and C5 cells were incubated with or without 100 nM PMA for 15 minutes.  

Whole-cell extracts, equalized for protein, were immunoblotted for phosphotyrosine.  In Panel B, 

whole-cell extracts of serum-starved V7, C5, and D3 cells, equalized for protein, were 

immunoblotted for phospho-FAK (tyrosine 327) and actin.  In Panel C, V7 and C5 cells were 

incubated for the indicated times with 100 nM PMA.  Whole-cell extracts, equalized for protein, 

were immunoblotted for phospho-FAK (397), total FAK, phospho-Erk, and Erk1. 
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Figure 5. 

Effects of active and inactive PLD2 on basal Akt phosphorylation in EL4 cells. 

Whole-cell extracts were prepared from serum-starved V7, C5, and D3 cells.  Equal amounts of 

protein were immunoblotted for phospho-Akt and actin. 

 

Figure 6.   

Effects of active and inactive PLD2 on proliferation of EL4 cells. 

The indicated EL4 cell lines (V7, untransfected; C5, active HA-PLD2-transfected; D3, inactive 

HA-PLD2 transfected) were seeded at a density of 1 x 105 cells/well.  Live cells were counted by 

hemacytometer at the indicated times.  Each data point represents mean ± S.D. from triplicate 

wells of cells. 

 

Figure 7.   

Effects of active and inactive PLD2 on adhesion of EL4 cells. 

The indicated cell lines were detached from tissue culture plates using trypsin, then seeded at a 

density of 1x106 cells/well on fresh tissue culture plastic in complete medium.  At the indicated 

time points, attached cells were rinsed three times in PBS, detached with trypsin, and counted 

using a hemacytometer.  Each data point represents the mean ± S.D. of values from triplicate 

wells. 

 

Figure 8.   

Effects of active and inactive PLD2 on morphology of EL4 cells. 

The indicated cell lines were seeded on standard tissue culture plastic.  After one day in culture, 

cells were photographed using interference contrast microscopy.  In Panel A, micrographs of 

the cells are shown.  In Panel B, micrographs were analyzed using NIH image.  The ratio of the 

major to minor axis of each cell was quantified as an index of cell spreading/elongation.  Each 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.107.040105

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #40105 

33 

data point represents the mean value for 35 cells.  Index of 1 indicates a round cell; index of 

greater than 1 indicates an elongated cell.  The left portion of the lower panel presents data 

from previously-characterized EL4 cell lines (V7, PMA-resistant; WT2, PMA-sensitive); the right 

portion presents data from transfected EL4-V7 cell lines developed herein (C5, HA-PLD2; V7R, 

vector control; D3, catalytically-inactive HA-PLD2). 

 
Figure 9. 
 
Effects of PLD2 on migration and invasion of EL4 cells.  
 
Equal numbers (2X105) of EL4 cells were plated in the upper chamber of an 8-micron trans-well 

insert (BD Biosciences). For the migration assay, the following chemoattractants were added to 

the bottom chamber: Control, serum-free medium; Serum, medium with 10% FBS (serum); 

LY294002, serum-free medium containing 25 µM LY294002; serum + LY294002, medium with 

10% FBS containing 25 µM LY294002 (Panel A and B). After 24 hours, migrated cells were 

stained and counted. Data are plotted as number of cells migrated (Panel A), or as migrated 

cells as percent of untreated control for each cell line (Panel B).  Each data point represents 

mean ± SD for two wells of cells (Panel A), or for two separate experiments, each using 

duplicate wells of cells (Panel B).  For the invasion assay (Panel C), the trans-well insert was 

coated with Matrigel (BD Biosciences). Chemoattractants were added to the bottom chamber as 

follows: Control, serum-free medium containing 0.1% BSA; Serum, medium containing 10% 

FBS. After 24 hrs, invaded cells were stained and counted. Data are plotted as number of cells 

invaded; each data point represents mean ± SD for three wells of cells. For all panels, statistical 

significance was assessed by ANOVA, using InStat software (Graphpad, San Diego, CA). 

 

Figure 10.  Experimental metastasis studies. 

Syngeneic male mice were injected with the indicated EL4 cell lines as described in Methods.  

Panel A presents the results of a survival study.  Six to seven mice were used in each treatment 
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group; results are expressed as a percent of the initial group surviving at each time point.  Panel 

B shows livers from the injected mice, photographed 20 days following injection.  In Panels C 

and D, liver weight and number of surface nodules were quantified 20 days following injection.  

Each data point represents the mean ± S.E.M. of values from five animals.  In Panel C, the 

asterisks indicate values that were significantly different from the control as determined by 

Student’s t-test (Control vs. V7, p=0.002; Control vs. C5, p=.00001; D3 vs. V7, p=0.01).  In 

Panel D, the asterisk indicates values that were significantly different from each other by 

Student’s t-test (C5 vs. D3, p=.00002). 
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