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Phospholipase D (PLD) catalyzes the hydrolysis of phosphatidylcholine to generate the
lipid second messenger phosphatidic acid (PA) and choline. PLD regulation in cells falls
into two major signaling categories. One is via growth factors/mitogens, such as EGF,
PDGF, insulin, and serum, and implicates tyrosine kinases; the other is via the small
GTPase proteins Arf and Rho. We summarize here our lab’s and other groups’
contributions to those pathways and introduce several novel concepts. For the mitogen-
induced signaling, new data indicate that an increase in cell transformation in PLD2-
overexpressing cells is due to an increase of de novo DNA synthesis induced by PLD2,
with the specific tyrosine residues involved in those functions being Y'"® and Y*". Recent
research has also implicated Grb2 in tyrosine phosphorylation of PLD2 that also involves
Sos and the ERK pathway. The targets of phosphorylation within the PLD2 molecule that
are key to its regulation have recently been precisely mapped. They are Y**, Y** and Y°**
and the responsible kinases are, respectively, EGFR, JAK3, and Src. Y**is an inhibitory
site and its phosphorylation explains the low PLD2 activity that exists in low-invasive
MCF-7 breast cancer cells. Advances along the small GTPase front have implicated cell
migration, as PLD1 and PLD2 cause an increase in chemotaxis of leukocytes and
inflammation. PA is necessary for full chemotaxis. PA enriches the localization of the
atypical guanine exchange factor (GEF), DOCK2, at the leading edge of polarized
neutrophils. Further, extracellular PA serves as a neutrophil chemoattractant; PA enters
the cell and activates the mTOR/S6K pathway (specifically, S6K). A clear connection
between PLD with the mTOR/S6K pathway has been established, in that PA binds to
MTOR and also binds to S6K independently of mTOR. Lastly, there is evidence in the
upstream direction of cell signaling that mTOR and S6K keep PLD2 gene expression
function down-regulated in basal conditions. In summary, the involvement of PLD2 in cell
signaling continues to expand geometrically. It involves gene transcription, mitogenic
and cell migration effects as seen in normal growth, tumor development, and
inflammation.
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INTRODUCTION

The present paper is both an update with our lab’s recent results integrated with those from other labs
working on phospholipase D (PLD) (particularly the PLD2 isoform) and a way of introducing novel
concepts drawing from a general understanding of the field that can be directly applicable to cancer and
inflammation. These new concepts comprise (1) a new model highlighting the regulation of PLD2 by
phosphorylation-dephosphorylation and its implication in low-activity cancer cells, (2) a proposed novel
model for the action of phosphorylated PLD2 on chemotaxis involving Grb2 and WASP, and (3) the
introduction of the concept of mMTOR/S6K upstream signaling and involvement on PLD2 gene
expression.

PLD catalyzes the hydrolysis of phosphatidylcholine to generate the lipid second messenger
phosphatidic acid (PA) and choline (Fig. 1). There are two mammalian isoforms: PLD1[1] and
PLD2[2,3]. They share a highly conserved “HKD” domain necessary for catalysis[4]. PLD has been
implicated in a variety of physiological cellular functions, such as intracellular protein trafficking,
cytoskeletal dynamics, membrane remodeling and cell proliferation in mammalian cells, and meiotic
division and sporulation in yeast[5,6,7,8,9]. PLD regulation in cells falls into two major signaling
categories. One is by growth factors/mitogens, such as EGF, PDGF, insulin, and serum that implicate
tyrosine kinases[2,10,11,12,13]; the other is by the small GTPase proteins Arf and Rho[14,15,16,17]. We
shall review each of these signaling pathways providing the new findings that pertain to PLD.

Cleavage sites for phospholipases
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FIGURE 1. Substrate and products generated by the enzymatic action of PLD. The enzyme normally (albeit not exclusively) uses
phosphatidylcholine that is hydrolyzed into choline and PA. The latter is a bona fide second messenger involved in many cellular functions (some
included in the figure). The inset shows the sites of cleavage of PLD and related phospholipases in the glycerol backbone of the phospholipid
substrate.

PLD AND TYROSINE PHOSPHORYLATION AND DEPHOSPHORYLATION

PLD is activated in response to mitogenic signals, such as PDGF, EGF, FGF, insulin, IGF, VEGF, and
serum[18,19,20,21,22,23,24,25]. The expression levels of the PLD gene are under developmental control
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and can also vary during the different stages of cell differentiation. Cell differentiation is accompanied by
a very large increase in PLD2 expression. It has been demonstrated that PLD can also contribute to
increased cell transformation[26]. Rat fibroblasts are transformed during elevated expression of Src or
EGF-R and overexpression of PLD1 or PLDZ2[3,13,27]. Elevated PLD activity and tyrosyl-
phosphorylated PLD2 have been reported in cells transformed by v-Src, v-Fps, v-Ras, and v-
Raf[28,29,30,31,32]. The activation of this enzyme enhances cellular processes favorable for metastasis
of EL4 lymphoma cells[33]. PLD also activates STAT3 by interacting with the thyroid oncogenic kinase
RET/PTC[34]. PLD2 can form a complex with the EGF receptor[2] or with Pyk2 and Src kinases[35].
Hydrogen peroxide and EGF induce PLD phosphorylation and PKC-a, activation[36], while activation of
PLD by 8-Br-cAMP is accomplished through Src, Ras, and ERK[37].

Nevertheless, the signaling mechanisms that are in play for cell proliferation are still subject to
current study. Our group has recently hypothesized that an increase in cell transformation in PLD2-
overexpressing cells could be due to an increase of de novo DNA synthesis induced by PLD2. We
uncovered an unexpected dual regulation by phosphorylation and dephosphorylation of lipase activity and
proliferation-inducing capabilities of the human isoform PLD2, and have shown the specific tyrosine
residues involved in those functions: Y*"® and Y**'[38].

Gaps in Knowledge in Mitogen-Initiated PLD Signaling

Several gaps remain on this first “arm” of PLD regulation in spite of its importance in cell signaling.
Although all studies agree with respect to tyrosine kinases in PLD signaling, different conclusions were
drawn regarding lipase activity. For example, the isoform PLD1 can be phosphorylated on tyrosine, but
this does not lead to changes in activity[39,40]. Also, whereas coexpression of the other isoform, PLD2,
and Fyn or Fgr kinases leads to an enhancement of PLD activation and degranulation of mast cells[41],
Ho et al.[11] have indicated that coexpression of Src and PLD1 results in an increased phosphorylation,
but no increase in activity. Other authors have noted that the tyrosines Y, Y*, Y and Y*° are
important for PLD2 function[41], but, nevertheless, overexpression of the phosphorylation-deficient
mutant, PLD2-Y11F, increases PLD2 activity in resting or EGF-activated cells[2].

Closely related to the enhancing effect of phosphorylation-deficient mutants, a new line of research has
also implicated Grb2 in tyrosine phosphorylation of PLD2. In general, the phosphotyrosine motif p-YxN
serves as a docking site for recruitment of SH2 domain—containing proteins, such as Grb2[11]. As indicated
previously by our laboratory, PLD2 exists as a complex with Grb2 and PTP1B[42]. Also, Grb2 is found
complexed with Sos in vivo[43,44,45], and PLD2 binds Grb2 and recruits Sos[46]. PLD-produced PA can
bind directly to PLD[47] and it has been proposed that once activated, the cell could follow different paths
alternatively during different stages of development: PLD2/Grb2/Sos and binding to Sos, either way
resulting in the activation of Ras and the ERK pathway[48]. Tyrosine phosphatases also play a role in PLD
regulation, as PTP1B coimmunoprecipitates with PLD2 and Grb2[49] through SH2 recognition sites on
PLD2, which, in turn, bind to Sos[50,51]. To further connect PLD with the major pathways utilized by
growth factors (RassMEK/ERK), Zhao et al.[48] demonstrated that PLD2-derived PA modulates Sos and
Ras GTP/GDP exchange.

The target(s) of phosphorylation within the PLD2 molecule that are key to its regulation have not
been precisely mapped. Our group set out to define the parameters of tyrosyl regulation of PLD2 by
identifying the targeted amino acids that could explain a putative increase in enzymatic activity. We took
advantage of the breast cancer cell line MCF-7, derived from a less-aggressive form of breast cancer that
has relatively low levels of PLD activity. We identified three kinases capable of phosphorylating PLD2,
EGFR, JAK3, and Src, and the phosphorylation sites as Y?%, Y**, and Y°", respectively. We provided
evidence that explains PLD2 activity regulation by phosphorylation-dephosphorylation, and we further
show that PLD2 activity is low in MCF-7 cells because it is kept down-regulated by tyrosyl
phosphorylation on a specific “inhibitory” residue (Y**°) by a specific kinase, which we have identified as
being EGFR (Fig. 2).
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FIGURE 2. A new model highlighting the regulation of PLD2 by phosphorylation-dephosphorylation and its implication in low-activity cancer
cells. Phosphorylation of Y*°and Y*! are essential for activity and are mediated by JAK3 and Src, respectively. Conversely, phosphorylation of
residue Y?**® leads to a low-activity PLD2 (making it an “inhibitory” site), which is reversible by the action of PTP1B phosphatase. This has
particular implications in cancer cells. PLD activity is frequently elevated in breast and other cancer cell lines, such as MDA-MB-231[118].
However, the MCF-7 cell line, derived from a less-aggressive form of breast cancer, has relatively low levels of PLD activity[119]. The Foster
group has proposed that PLD induces the phenotype change from estrogen receptor positive (ER+) to estrogen receptor negative (ER-), which
coincides with greater invasiveness of tumors, and that PLD is a signal for survival in serum-deprived cells[119,120,121]. In addition to this, we
have proposed that a mechanism for a low-activity PLD2 to a high-activity PLD2 involves tyrosine phosphorylation of the inhibitory site Y?* by
EGFR kinase.

As indicated in the Introduction, two major signaling pathways are utilized by PLD. One is by
tyrosine phosphorylation associated to its activation by mitogens and is the one just discussed. The
second is by the small GTPase proteins Arf and Rho[14,15,16,17]. For this we have to talk about
chemotaxis and inflammation.

THE BIOLOGY OF CHEMOTAXIS AND ITS SIGNALING COMPONENTS

Chemotaxis is the complex physiological process comprising directional movement of cells towards a
chemical stimulus. It has key biological implications that range from the simple migratory behavior of
unicellular organisms towards nutrients to complex biochemical events, such as orchestration of
components of an immune system to combat against infectious pathogens, tumor cells, sexual attraction
of unicellular organisms[42], tissue organization, organogenesis, and homeostasis[52,53]. Lower-than-
normal, excessive, or misdirected cell migratory behavior is considered to be the major pathological cause
for several human diseases and disorders, such as asthma (eosinophils, mast cells), Crohn's disease (TH1
cells), multiple sclerosis (TH1 cells, monocytes), myocardial infarction (neutrophils), cardiac stroke
(neutrophils), atherosclerosis (monocytes), rheumatoid arthritis (monocytes, TH1, neutrophils), type |
diabetes (TH1, CD8), hepatitis (CD8), etc.[54]. A recent study from our lab indicated a clear involvement
of either PLD1 or PLD2 in neutrophil chemotactic behavior[55].

Polymorphonuclear neutrophils (one subclass of leukocytes) participate in the body’s first line of
defense. Their directional migration from the blood capillary lumen to the site of chemical insult in
peripheral tissues involves three primary steps: (1) rolling along the capillary wall endothelial cells,
adhering to them through selectins, which are members of a family of cell adhesion molecules (CAM);
(2) attachment to the endothelial cells through integrins, other members of the CAM family; and (3)
diapedesis (i.e., transendothelial migration) from the capillary lumen to the site of injury. Although a
wealth of research evidence suggests the role of numerous biochemical components, the exact mechanism
of directional movement of neutrophils still remains a subject of intense study. Cell motility in
leukocytes, such as neutrophils, involves the participation of small GTPases Rac and Cdc42, as well as
ERK/ROCK and key proteins, such as WASP. As we shall discuss, chemotaxis also involves PLD.
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Activation of Rac

Receptor tyrosine kinase (RTK) activates PI3K which, in turn, activates Rac by complexing with
endogenous Eps8, Abil, and SOS-1, which act as Rac-specific GTP exchange factors (GEF)[56,57]. The
recruitment of p85 to the trimeric Eps8-Abil-SOS-1 complex with PI3K unmasks the autoinhibited Rac-
GEF region of the complex. This GEF activity is further increased by the presence and recruitment of
PIP;, bolstering amounts of Rac-GTP to biologically significant levels. p85 and Abil colocalize to
membrane ruffles on stimulation of RTKs and SH2 domain Ras activation. Rac activity is reliant on the
presence of p85 and the activity of the GEF tricomplex[33].

Cdc42 and Mena Complexes

Filopodia stimulation occurs as a result of activation of an IRSp53:Mena complex. IRSp53 contains a
partial CRIB motif appropriate for Cdc42 binding. Upon binding, the Cdc42-GTP protein creates a
conformational change in IRSp53 at the N-terminus, exposing the SH3 domain of IRSp53 to Mena for
activation, initiating F-actin assembly in filopodia. Cell lines used to determine this experimentally
include Swiss 3T3 for visualization of actin filaments and localized IRSp53:Mena complexes, and COS-7
for stable transfection of mutant Cdc42 and IRSp53 genes[57].

WASp, N-WASP, and Associated Proteins

WASp and N-WASP are fully activated through Cdc42 and Rac, both in active GTP bound states. The
WASp association with these two proteins along with the association with PIP, on the plasma membrane
serves to release an autoinhibited N-terminal conformation of WASp and N-WASP, allowing association
with Arp2/3 complex, leading to actin filamentation and filopodia formation[57]. N-WASP is also
responsible for EGF endocytosis through clathrin-mediated pits, allowing the cell to internalize the EGF
signals[58]. Actin accumulation is driven by the assembly of WASP family proteins and induces more
efficient endocytosis of clathrin-coated pits, as actin fibers are nucleated in response to Rac-GTP.

ERK-MAPK-ROCK and Motility Signals

Activated Rho compounds from PI3K pathways affect mDia and the ROCKI/II kinases initiated in focal
adhesions. An example study shows that the ERK-MAPK pathway through Raf, a Ras effector,
transcriptionally and post-transcriptionally controls cellular expression of Fra-1, a protein involved in
regulating the function of RhoA, which subsequently influences the ROCKI/Il and mDia proteins
functional in cellular motility (actin filament capping and focal adhesion mechanisms). The Ras-Raf-
Mek-Erk-AP-1 family cascade is responsible for this transcriptional regulation. Fra-1 has been cited to
inhibit RhoA and therefore block both ROCKI/II kinases and capping protein mDia, leading to increased
actin stress fibers and focal adhesion stability[59]. Another membrane-bound protein, uPAR, a urokinase-
type plasminogen receptor, is dependent on the depression of RhoA by Fra-1 in order to ultimately
activate Rac and drive polar lamellipodia formation[59]. As Fra-1 is highly expressed in colon
tumorigenic cell lines, these Hct-116 and BE colon carcinoma cells are used for the determinations.

PLD and Chemotaxis

Our laboratory and others have found a role for PLD in chemotaxis. We have proposed[33] the
participation of PLD and Grb2 in cell chemotaxis involving three major pathways. First, the product of
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PLD activity, PA, binds to target proteins mTOR, S6K, or Sos[48,60,61]. S6K then stimulates actin
polymerization[62]. The residue Y is involved in lipase activity (PA production), leading to
chemotaxis. Second, PLD can bind to either Grb2 or Sos[43,63] with Y'” involved in a PLD2-Grb2
protein-protein interaction that leads to a downstream activation of MAPK. MAPK can cross-talk to S6K
and provide positive feedback[64] to enhance migration. In migration of LR5/RAW macrophages, S6K is
mainly implicated through the residue Y?%. This residue is phosphorylated by EGFR kinase[65]. Third,
PLD and PA can directly interact with actin[66,67] or, we hypothesize, through WASP (Fig. 3).

Polymerization

gt
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C
= HKD == HKD

CHEMOTAXIS

FIGURE 3. Proposed novel model for the action of phosphorylated PLD2 on
chemotaxis involving Grb2 and WASP. One of the immediate actions of tyrosyl-
phosphorylated, activated PLD?2 is its association with Grb2, a docking protein
that is known to serve as a nexus for other signaling proteins (Sos in the ERK
pathway, etc.). Our laboratory demonstrated that Grb2 binds PLD2 at the
189YLNR™" site through its SH2 domain. It is possible that Grb2 then becomes
associated to the Wiskott-Aldrich syndrome protein (WASP) at its proline-rich
region, through either of its two SH3 domains, forming a multimeric protein
complex. WASP could lead to the potentiation of actin polymerization in FMLP-
or IL-8-stimulated leukocytes.

A Direct Role of PA on Cell Migration

In the process of chemotaxis, monomeric actin is polymerized to form F-actin (filamentous actin). The
polymerization of actin filaments is tightly regulated through a variety of signaling pathways. One such
pathway is the PI3K pathway. Phosphorylation of PIP, to PIP; by PI3K enables proteins with pleckstrin
homology (PH) domains to associate to PIP; in the plasma membrane. One such PH-bearing protein is
AKT, which, once recruited to the membrane, becomes phosphorylated by PDK1 and TorC2[68]. AKT is
then able to associate with Rac and Cdc42, proteins involved in actin polymerization. The mTOR/S6K
pathway is another PI3K effector, and mounting evidence indicates that it is involved in controlling
motility in several cell types. As we shall discuss below, both molecules are known to bind to PA[69,70].
PA is a pleiotropic lipidic second messenger in yeast, plants, and mammalian cells. In the latter, it has
been shown that vesicular trafficking and exocytosis are increased through promotion of membrane
fusion by PA in vivo[71]. PA also causes the formation of transformed colonies in soft agar or tumors in
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xenografted nude mice of H-RasV12 oncogene-transfected fibroblasts[72]. PA induces calcium
mobilization and chemotaxis through actin polymerization[73].

Proteins that are recruited or activated by PA have been identified in mammalian cells (reviewed in
Jacinto and Hall[74]). Examples include Racl, Fer kinase, the Ras exchange factor SOS, PI4P5Kinase,
mTOR, PDK, S6K, Raf, Fgr, PKC{, SHP, PP1, Arf kinesin, and the Phox-47 component of the NADPH
oxidase of phagocytes. PA is generated in the cell by either the combined action of PLC and DGK[75], or
directly by the action of PLD. PLD is a key signaling enzyme in stimulated platelets, neutrophils, mast
cells, adipocytes, and certain cancer cells. In turn, PA can be metabolized to LPA and DAG, further
enhancing the second-messenger prowess of PA in these mammalian cells[76].

Both PLD1 and PLD2 are involved in the process of leukocyte cell polarization[77], adhesion[78],
and angiogenesis in zebrafish[79]. Recently, Nishikimi et al.[80] demonstrated that PA enriches the
localization of the atypical GEF DOCK2 at the leading edge of chemoattractant-stimulated neutrophils as
they begin to polarize and migrate. DOCK2-deficient neutrophils are unable to activate Rac2 in a
polarized orientation and migrate in a directed manner. Thus, localized PA accumulation within the cell is
crucial for the production of movement.

We have shown that PA is itself a chemoattractant that activates chemotaxis in a dose- and time-
dependent manner[81]. We began that study by reasoning that the accumulation of PA in or near the inner
leaflet of the cell membrane of budding lamellipodia could mimic a gradient of chemoattractant (or PA
itself) outside the cell. We reported for the first time that extracellular PA serves as a neutrophil
chemoattractant. As for the mechanism of how this would occur, we proposed and showed that PA enters
the cell and activates the mTOR/S6K pathway (specifically, S6K), leading to cytoskeletal actin
polymerization and chemotaxis. Similarly, we also demonstrated that cell-derived PA activates S6K and
chemotaxis.

Let us review briefly the mTOR/S6K pathway to better understand the connection with PLD and its
catalytic product, PA.

THE mTOR/S6K SIGNALING PATHWAY

The “mammalian target of rapamycin” (mTOR) is also known in the literature as “FK506-binding
protein” (FKBP12), “rapamycin-associated protein” (FRAP), “rapamycin and FKBP12 target” (RAFT1),
“rapamycin target” (RAPT1), or “Sirolimus effector protein” (SEP). Every eukaryotic genome examined
to date contains an mTOR gene[82]. The mTOR protein is highly conserved from yeast to man, sharing
about a 95% homology at the amino acid level, indicating that it plays a vital role in cellular function[83].
Genetically, mTOR maps to the human chromosome 1p36.2[84].

Cellular Importance of mTOR as it Relates to PLD

mTOR is known to sense mitogenic stimuli, extracellular nutrient levels[85], and ATP[86]. It also
regulates cell functions, including actin reorganization of the cytoskeleton, cell growth and
proliferation[87], cell survival[88], transcription, translation initiation[89], mRNA turnover, protein
stability[90], and repression of autophagocytosis. Deregulation of the mTOR signaling pathway[91] is
common in cancerous tumors, including lung, bladder, renal, ovary, breast, prostate, gastric, pancreatic,
and head and neck carcinomas[92], and it has also been observed in lymphomas, melanoma, glioma, and
several other brain diseases[93]. Unusually high mTORC1 activity is suspected as an underlying cause of
these cancers[94].

Several labs have shown that PA production through PLD is an essential event for mitogenic
activation of mTOR. Cellular concentrations of PA are normally less than 5% than that of
phosphatidylcholine, but during mitogenic activation, the amount of PA within a cell increases, most
likely due to PLD activation[95]. Using 0.3% 1-butanol, serum-stimulated PA production can be
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effectively stopped[96]. Using the same transphosphatidylation reaction, 1-butanol was able to block
almost completely the serum-stimulated phosphorylation of S6K1 and 4E-BP1. The serum-stimulated
activation of ERK1 and ERK2 was not affected by the presence of the 1-butanol. This experiment
established the specificity of 1-butanol for PA production and implicates the involvement of PA in the
phosphorylation of S6K and 4E-BP1[62]. From these findings, it can be asserted that PLD production of
PA plays an essential role in the mTOR signaling pathway. The suppression of PA generated through
PLD has been reported by a number of labs to inhibit the mTOR pathway in several cell phenotypes.

Chen’s group has shown evidence that PA binds to mTOR at the FKBP12-rapamycin-binding (FRB)
domain. Small unilamellar vesicles containing purified FRB fragment bound to PA in very low
concentrations[95]. This binding was specific for PA, as other phospholipids were unable to bind the FRB
with such specificity. The FRB region is where the rapamycin-FKBP12 molecule binds mTOR as well. It
was hypothesized that the competition between the rapamycin-FKBP12 complex and PA for the FRB site
may be one of the regulating factors in mTOR activation[62]. It was previously suggested that the
rapamycin-FKBP12 molecule induces a conformational change in the structure of mTOR[96]. However,
new data suggest that the effects of rapamycin are realized through the competitive interaction between
mTOR’s FRB and PLD-generated PA. Yet a third hypothesis suggests that the pH locally around mTOR
is reduced by PA-generated PLD. mTOR is then prorogated in a way that promotes its kinase activity, or
allows for interaction with yet unknown promoter substrates[97]. Recently, it has been demonstrated that
PLD1 is an effector of the small GTPase Rheb within the mTOR signaling pathway[70,98].

Attempts to corroborate mTOR phosphorylation studies using exogenously provided PA have been
inconclusive. Exogenously supplied PA was able to incorporate easily into cellular membranes and
participate in cellular functions[98]; also, signaling was disrupted in sSiRNA PLD2 knockdown cells, even
in the presence of exogenously provided PA[99]. Recently there have been some questions about the
validity of studies involving exogenously provided PA. A few years ago, it was indicated that it is
difficult for PA to cross cellular membranes and reach appropriate sites to engage mTOR, and
exogenously provided PA may activate mTOR as a result of another, yet unknown pathway[83]. This
pathway was recently discovered to be S6K[81].

S6K and PLD

The best characterized function of mTOR is translation regulation[95]. The S6K isoform S6K1 is a major
ribosomal protein in mammalian cells and is responsible for phosphorylating the S6 ribosomal
protein[84]. The S6 subunit of the 40S ribosome selectively increases translation of some of the mRNA
containing the 5’-terminal oligopyramidine tract (5’-TOP)[100]. mRNA with a 5’-TOP often serves to
encode ribosomal proteins and other transcription regulation proteins, thereby up-regulating
transcription[101]. S6K is independent of mTOR[102]; however, even low concentrations of rapamycin
are thought to inhibit the phosphorylation activity of S6K[70]. While the actions of S6K are not well
understood[103], S6K1 likely plays an important role in the regulation of cell cycle progression, cell
growth, and cell proliferation[104].

The mTOR and PI3K pathways can phosphorylate at least eight sites on S6K. These phosphorylation
events are known to require several mediator molecules, including PDK1, AKT, PKC, and the small G
proteins Cdc42 and Rac1[104]. It is likely that there are other yet-unknown mediator molecules. Only the
phosphorylation of T229 on S6K’s activation loop of the kinase domain has been described[105]. The
remaining phosphorylation sites, while identified, remain less well understood. Two phosphorylation
sites, serine 371 and threonine 389, are known to be required for S6K activity[106]. Experiments show
that mTOR can phosphorylate T389 directly in vitro, while the kinase responsible for S371 is not yet
known[107]. However, incubation with rapamycin causes dephosphorylation of threonine 229 and serine
404, suggesting mTOR’s involvement with those residues as well.

Additionally, evidence now shows that mTOR phosphorylation is mediated by p70 S6K[108]. This
feedback mechanism phosphorylates SER-2448 on mTOR and does not appear to be controlled by the
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AKT pathway. This may be a negative feedback mechanism[109]. Our laboratory has shown that PA
binds to S6K independently of mTOR[61] (Fig. 4A). Further, extracellular PA or bacterial PLD-produced
PA enter the cell and are also capable of activating S6K, leading to increased cell migration[81].
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FIGURE 4. Introducing the concept of mMTOR/S6K upstream signaling and involvement on PLD2 gene expression. (A) This panel shows that
PLD produces PA, which directly binds to mTOR and also to S6K. mTOR (complex-1, associated to Raptor) activates S6K and that is the onset
of protein translation in the cell and other functions. (B) Silencing experiments indicate that when S6K or mTOR are silenced, PLD2 gene
expression is elevated. (C) Model showing that mTOR and S6K negatively regulate PLD2 expression. This can be rescued by cell stimulation
with chemoattractants (such as IL-8 in leukocytes).

CONNECTION OF PLD WITH KINASES AND GENE EXPRESSION

As just described, the impact of the mTOR/S6K signaling cascade is clearly important, especially
considering that mTOR and/or S6K phosphorylate downstream targets resulting in the modulation of
diverse cellular functions, such as survival, cell migration, growth, and proliferation[95,97,110,111,112].
Whether mTOR/S6K exerts an effect (positive or negative feedback) on other molecules, particularly
PLD itself, has also been studied recently. While it is known that the product of PLD action, PA, activates
the kinases mTOR and S6K, our laboratory has provided evidence for the first time in the upstream (or
reverse) direction of cell signaling that mTOR and S6K keep PLD function down-regulated under basal
conditions. These kinases do so by affecting the level of gene expression of PLD2 (Fig. 4B,C). Further,
the cytokine IL-8 reverses this process and enables PLD to fully function as a facilitator for cell
chemotaxis. This is important, as many tissues suffering from diverse pathological conditions are
characterized by elevated IL-8.

The steady-state levels of any given mRNA is the result of both transcriptional and mRNA turnover
(post-transcriptional) events. In leukocytes, mMRNA turnover via regulation of mRNA stability accounts
for almost half of all changes in mRNA levels[63]. Although the molecular aspects of PLD2's transcript
up-regulation were not included in the aforementioned study, IL-8-mediated PLD2 up-regulation
observed in HL-60 cells may be under post-transcriptional control. In line with this assumption is the fact
that transcription of the PLD2 gene is a relatively slow process[113]. Further, IL-8 is known to induce
genes involved in cell growth and migration via post-transcriptional mechanisms. Interestingly, mTOR
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and S6K appear to be two of the many genes under post-transcriptional control in activated T
lymphocytes[63].

Fast post-transcriptional changes of signaling protein concentrations (e.g., translation on demand) is a
vital cellular process that ensures proper translation of stabilized transcripts at a given time[114].
Transient increases in PLD mRNA levels in response to the chemoattractant IL-8 may correlate with
increased protein levels and/or PLD activity. It has been demonstrated that IL-8 increases migration in
neutrophils and differentiated HL-60 cells in a PLD-dependent manner[115]. HL-60 cells were able to
migrate towards a gradient of IL-8 following a similar kinetic pattern as the one for the PLD2/mTOR/S6K
mMRNA expression profiles. Moreover, 1L-8 increases total PLD activity and this increase correlates with
increased IL-8-mediated cell migration[116].

CONCLUSIONS

PLD regulation in cells falls into two major signaling categories or “arms”. One is via growth
factors/mitogens, such as EGF, PDGF, insulin, and serum, and implicates tyrosine kinases; the other is
via the small GTPase proteins Arf and Rho. We have summarized here our lab’s and other groups’
contributions to those pathways and introduce several novel concepts. The first “arm” involves Grb2, Sos,
and the kinases EGFR, JAK3, and Src. The second “arm” involves GTPases and is directly related to
chemotaxis, a process in which PLD plays a key role. While migration requires PLD2, mTOR, and S6K
activities, mTOR/S6K functionality does participate in modulation of PLD2 function and expression.
Further, the functional consequences of receptor activation are not limited to leukocyte locomotion, but
also include degranulation, gene transcription, mitogenic and apoptotic effects, and are seen in
angiogenesis, organogenesis, tumor development, growth, and metastasis[61,117]. The involvement of
PLD2 in cell signaling continues to expand geometrically. It involves nearly all of the key cell biology
functions: gene transcription, mitogenic and cell migration effects, as seen in normal growth, but also
during tumor development and inflammation.
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