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Abstract——Phospholipase D is a ubiquitous class of
enzymes that generates phosphatidic acid as an intracel-
lular signaling species. The phospholipase D superfamily
plays a central role in a variety of functions in prokary-
otes, viruses, yeast, fungi, plants, and eukaryotic species.
In mammalian cells, the pathways modulating catalytic
activity involve a variety of cellular signaling components,
including G protein—coupled receptors, receptor tyrosine
kinases, polyphosphatidylinositol lipids, Ras/Rho/ADP-
ribosylation factor GTPases, and conventional isoforms of
protein kinase C, among others. Recent findings have
shown that phosphatidic acid generated by phospholipase
D plays roles in numerous essential cellular functions,

such as vesicular trafficking, exocytosis, autophagy, reg-
ulation of cellular metabolism, and tumorigenesis. Many
of these cellular events are modulated by the actions
of phosphatidic acid, and identification of two targets
(mammalian target of rapamycin and Akt kinase) has
especially highlighted a role for phospholipase D in
the regulation of cellular metabolism. Phospholipase
D is a regulator of intercellular signaling and meta-
bolic pathways, particularly in cells that are under
stress conditions. This review provides a comprehen-
sive overview of the regulation of phospholipase D
activity and its modulation of cellular signaling path-
ways and functions.

I. Background

Phospholipase D (PLD) catalyzes the hydrolysis of
phosphatidylcholine (PC) into phosphatidic acid (PtdOH)
and choline. The enzyme can use other amine-containing
glycerophospholipids as substrates as well. In addition
to hydrolyzing phospholipids, such as PC, PLD enzymes
catalyze a transphosphatidylation reaction in the pres-
ence of primary alcohols in which the phosphatidyl
group from PC is transferred to the alcohol instead of
water to generate a phosphatidyl alcohol at the expense
of PtdOH (Yang et al., 1967). This has occasionally led to
an inaccurate statement that alcohols, such as ethanol
or butanol, are inhibitors of PLD. Primary alcohols
compete with water as nucleophiles in the PLD catalytic
reaction and the production of a phosphatidylalcohol is
promoted at the expense of generating PtdOH. Some
confusion has been spawned over this misconception
that primary alcohols inhibit PLD, in part, due to the
fact that primary alcohols have broad nonspecific effects
on cells and phosphatidyl alcohols, in some cases, may
mimic biologic effects of PtdOH. The classic technique
for measuring PLD activity in vivo is to measure pro-
duction of metabolically and isotopically stable phos-
phatidylalcohol (Brown et al., 2007). Almost 30 years
after the initial description of PLD in plants, Saito and
Kanfer (1973, 1975) provided the first evidence of PLD
activity in a mammalian tissue by partially purifying
a PLD enzyme from rat brain particulate fractions. PLD
enzymes are now known to be ubiquitously expressed
and PLD activity has been described in almost all or-
ganisms from viruses and prokaryotes up to fungi, plants,
and higher eukaryotes, such as humans (a detailed re-
view on the enzymology of PLD enzymes may be found in
Selvy et al., 2011).

PLD was first cloned from castor beans (Wang et al.,
1994), and the sequence information enabled other
groups to clone PLD enzymes from many other organisms.
Over 4000 sequences for PLDs from various organisms

have been deposited into the National Center for Bio-
technology Information GenBank (Selvy et al., 2011). Two
PLD isoforms have been cloned in humans and are
commonly referenced as PLD1 (Hammond et al., 1995)
and PLD2 (Lopez et al., 1998). PLD1 and PLD2 orthologs
have also been cloned from mice (Colley et al., 1997a,b)
and rats (Kodaki and Yamashita, 1997; Park et al., 1997).
Although many PLD enzymes, both prokaryotic and
eukaryotic, were initially described based on their ability
to hydrolyze PC, cloning and subsequent sequence an-
alyses revealed the truly diverse nature of these enzymes.
The overall sequence homology between plant, yeast, and
mammalian enzymes is quite low, with only four small
regions of sequence similarity termed conserved regions
(CRs) CRI, CRII, CRIII, and CRIV (Morris et al., 1996).
CRII and CRIV contain duplicate catalytic sequences,
termed the HKD domain (Koonin, 1996), characterized by
the sequence HxKx,DxgG(G/S), where x denotes amino
acids between the histidine, lysine, and aspartic acid res-
idues. Based on sequence analyses of PLDs from various
organisms, enzymes with the characteristic HKD catalytic
domain are categorized as part of a PLD “superfamily”
and include PLD enzymes from prokaryotes, fungi, plants,
and mammals (Koonin, 1996; Ponting and Kerr, 1996). In
addition, non-PLD enzymes with HKD domains, such as
endonucleases (Pohlman et al., 1993), cardiolipin (CL)
synthase (Ivanisevic et al., 1995), and phosphatidylserine
(PS) synthase (DeChavigny et al., 1991), are included in
the PLD superfamily. Not all HKD enzymes share all four
conserved regions because PLD from Streptomyces con-
tains only CRI, CRII, and CRIV, with CRI and CRIV
being the most similar to eukaryotic PLD, and the CL
synthase/PS synthase bacterial enzymes contain only
regions CRI and CRIV (Morris et al., 1996). These HKD
enzymes are all believed to share a similar reaction
mechanism.

In addition to the PC-hydrolyzing PLDs, several
other PLDs have been identified and cloned in humans.
Glycosylphosphatidylinositol (GPI)-PLD, a non-HKD
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PLD, hydrolyzes GPIs to produce an inositol glycan and
PtdOH and functions primarily to release GPI-anchored
proteins from membranes (Schofield and Rademacher,
2000). N-Acyl phosphatidylethanolamine (PE)-PLD is
another non-HKD PLD that hydrolyzes N-acyl PE to
produce PtdOH and N-acylethanolamine, which is fur-
ther metabolized into anandamide, a ligand for canna-
binoid receptors (Okamoto et al., 2004). Autotaxin, or
lysophospholipase D, is a non-HKD PLD that hydro-
lyzes lysophospholipids such as lysophosphatidylcholine
to produce the potent mitogen, lysophosphatidic acid
(LPA) (Houben and Moolenaar, 2011). Besides these
non-HKD PLD enzymes, a mitochondrial PL.D (mitoPLD
or PLDG6) was recently cloned and shown to encode one
copy of the HKD catalytic sequence (Choi et al., 2006).
MitoPLD is believed to regulate mitochondrial fusion by
hydrolyzing mitochondrial CL instead of PC to produce
PtdOH (Choi et al., 2006). Although these non-HKD/
noncanonical PLDs mediate important biologic events,
this review focuses on the mammalian PLD1 and PLD2
isoenzymes.

A. Structure and Mechanism

Human PLD1 has three known splice variants termed
PLD1la, PLD1b (Hammond et al., 1995), and PLDlc
(Steed et al., 1998). PLD1b is 38 amino acids shorter
than PLD1a and appears to have similar regulatory and
catalytic properties (Hammond et al., 1995). By con-
trast, PLD1c contains an early truncation mutation and
has been theorized to function as an inhibitor of endo-
genous PLD activity (Steed et al., 1998). Likewise, splice
variants for PLD2 have been reported, although little is
known about their functions in vivo (Steed et al., 1998).
Full-length PLD1 and PLD2 share approximately 50%
sequence identity and have similar domain structures.
As such, PLD1 and PLD2 exhibit similar substrate pref-
erences, namely mono- and diunsaturated PC (Pettitt
et al., 2001). At their amino termini, PLD1 and PLD2
contain tandem phox homology (PX) and pleckstrin
homology (PH) domains (Steed et al., 1998; Sung et al.,
1999b), which are known to mediate interactions with
lipid membranes (Lemmon, 2008) and are believed to
regulate PLD localization within the cell (Fig. 1). The
PX/PH domains were defined by predicted secondary
structures, because there is little primary sequence
similarity to other known PX/PH proteins. PLD from
lower eukaryotes, such as yeast (Rose et al., 1995) and
plants (Qin and Wang, 2002), also encode PX and PH
domains. These domains are not required for catalytic
activity because PX/PH truncation mutants are catalyt-
ically active in vitro (Sung et al., 1999a). CRI-CRIV,
including the two catalytic HKD domains, are C ter-
minal to the PX/PH domains and vary in length among
the different PLD isoforms. The PLD1 isoforms contain
a unique “loop” region between CRII and CRIII of ap-
proximately 120 amino acids in PLD1a; this loop is 38
amino acids shorter in PLD1b (Hammond et al., 1995).
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The function of this loop region is unknown, but it is
speculated to inhibit the enzyme in vivo since deletion of
this region results in a more highly active protein in
vitro (Sung et al., 1999b). The function of the carboxy
terminus of the protein is also unknown, but any muta-
tions to this end of the enzyme result in a catalytically
inactive protein, suggesting that this region participates
in formation or stabilization of the active site (Liu et al.,
2001).

Early studies using strategically radiolabeled sub-
strates and intermediates suggested that PLD enzymes
use a two-step “ping pong” reaction mechanism in which
a covalent phosphoenzyme intermediate is created before
release of the product (Stanacev and Stuhne-Sekalec,
1970; Jiang et al., 1984). This reaction mechanism was
supported by structural studies using Yersinia pestis
murine toxin (Rudolph et al., 1999) and Nuc endonucle-
ase (Gottlin et al., 1998), both members of the HKD-
containing PLD superfamily. In the first step, a histidine
residue from one HKD domain serves as a nucleophile to
attack the phosphate group of substrate PC to form
a phosphatidyl histidine. The histidine from the second
HKD domain donates protons to the choline-leaving
group to assist in formation of the phosphatidyl histidine.
The second histidine then extracts protons from water
and the activated water molecule hydrolyzes the phos-
phatidyl histidine intermediate to release PtdOH (Rudolph
et al., 1999). In the presence of a primary alcohol, trans-
phosphatidylation is the favored reaction since many
short-chain primary alcohols are more nucleophilic than
water. Crystal structures of the HKD-containing PLD
from Streptomyces and the HKD-containing Nuc endo-
nuclease (Stuckey and Dixon, 1999) have been solved
and support these previously established biochemical
insights into the molecular mechanisms of PLD hydrolase
activity. The HKD-containing PLD from Streptomyces
crystallized with the two HKD domains situated adjacent
to each other along an axis of symmetry. Although Nuc
contains only one HKD domain, it crystallized as
a homodimer with the two HKD domains similarly
situated along an axis of symmetry with the HKD
domains coming together to form the active site. The
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Fig. 1. Schematic of human PLD isoforms and splice variants. Human
PLDs encode amino-terminal PX and PH domains followed by two
catalytic HKD domains, characteristic of the PLD superfamily. PLD1la
and PLD1b vary by 38 amino acids in a “loop” region between the two
HKD domains. The PLDIc splice variant contains an early truncation
mutation resulting in an inactive protein. Numbers indicate amino acid
positions.
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crystal structures thus supported the mechanism of
catalytic histidine residues. The exact functions of the
lysines and aspartic acids are unknown, but they are
believed to stabilize the phosphatidyl histidine inter-
mediate as was reported with similar enzymes such as
nucleoside diphosphate kinase (Moréra et al., 1995). A
recent computation model by DeYonker and Webster
(2013) strongly supports an associative-type mechanism
for phosphoryl transfers within the PLD superfamily.

B. Localization and Tissue Distribution

The PLD enzymes are ubiquitously expressed and are
found in almost all mammalian tissues. PLD1 is highly
enriched in the human heart, brain, pancreas, uterus,
and intestine and PLD2 is highly enriched in the brain,
placenta, lung, thymus, prostate, and uterine tissue
(Lopez et al., 1998). Early studies into PLD subcellular
localization were limited to measurements of PLD en-
zymatic activity after subcellular fractionation (Edwards
and Murray, 1995). Molecular cloning allowed for
characterization of PLD1 and PLD2 subcellular locali-
zation through the use of fluorescent fusion proteins and
isoform-specific antibodies to track endogenous protein.
Many studies examining PLD subcellular localization
have overexpressed PLD1 or PLD2 and this has led to
some controversy over localization of endogenous pro-
teins. However, the work of multiple, independent in-
vestigators has produced a relatively consistent pattern
of PLD1 and PLD2 localization.

Under resting conditions, PLD1 resides on perinuclear,
intracellular membranes of secretory vesicles, lysosomes,
endosomes, Golgi, and endoplasmic reticulum (Brown
et al., 1998a; Freyberg et al., 2001; Du et al., 2003). On
the other hand, PLD1 is basally localized to the plasma
membrane in neuroendocrine cells, such as chromaffin
(Vitale et al., 2001) and PC12 cells (Du et al., 2003),
although PC12 cells express very low levels of endoge-
nous PLD1 (Gibbs and Meier, 2000). IgE stimulation of
RBL-2H3 mast cells (Brown et al., 1998a; Cohen and
Brown, 2001), or phorbol esters, such as phorbol-12-
myristate-13-acetate (PMA), stimulation of fibroblasts
(Kim et al., 1999b) and COS-7 cells (Du et al., 2003),
results in PLD1 relocalization to the plasma membrane
suggesting that PLD1 activation might require relocal-
ization after extracellular stimulation. As such, muta-
tions that prevent post-translational palmitoylation and
plasma membrane recruitment reduce phorbol ester—
stimulated PLD1 activity. The varied and dynamic
subcellular localization patterns of PLD1 correlate with
diverse functional roles.

In contrast with PLD1, PLD2 primarily localizes to
plasma membranes under basal conditions. Studies
measuring overexpressed (Colley et al., 1997b; O’'Luanaigh
et al., 2002; Du et al., 2004) and endogenous PLD2
(Park et al., 2000; Sarri et al., 2003; Du et al., 2004)
support a plasma membrane localization pattern. PLD2
is enriched in detergent-insoluble, lipid-raft fractions
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(Czarny et al., 1999; Zheng and Bollinger Bollag, 2003),
which contain clusters of cell surface receptors and other
signal transduction molecules (Simons and Toomre,
2000). Agonist stimulation typically results in PLD2-
receptor colocalization both at the plasma membrane
and in endocytic vesicles and PLD2 has been proposed to
participate in receptor endocytosis and recycling (Du
et al., 2004). In addition, stimulation of fibroblasts with
serum (Colley et al., 1997b) or mast cells with antigen
(O’Luanaigh et al., 2002) results in PLD2 relocalization
to filopodia and membrane ruffles, respectively. Thus,
the subcellular localization patterns of PLD2 suggest
functional roles ranging from signal transduction to
cytoskeletal reorganization.

II. Regulation of Phospholipase D Activity
by Lipids

A. Phosphoinositides

The gold standard in vitro PLD activity assay measures
the release of a tritiated choline headgroup from an
isotopically labeled PC substrate, typically as part of
a vesicle containing PC, PE, and phosphatidylinositol-4,5-
bisphosphate (PIP;). The development of this assay
required optimization of lipid vesicle substrate composi-
tions and PIP, was absolutely required to detect choline
hydrolysis from PLD purified from HL-60 membranes
(Brown et al., 1993). Recombinant expression of mam-
malian PLD1 (Hammond et al., 1995; Min et al., 1998)
and PLD2 (Colley et al., 1997b; Kodaki and Yamashita,
1997; Lopez et al., 1998) revealed that both enzymes
require PIP; for their activity in vitro. Besides PIPs, other
phosphatidylinositol species can stimulate PLD activity.
For example, phosphatidylinositol 3,4,5-trisphosphate
(PIP3) stimulates PLD1b activity, although to about half
that of the PIP, species (Hammond et al., 1997; Hodgkin
et al., 2000). Similarly, PLD1b displays approximately
2-fold higher binding affinity for PIP, than PIPs.
Phosphatidylinositol phosphate (PIP) and PI(3,5)P; are
much less effective stimulators of PLD activity and this
fact suggests that the position of the phosphates on the
inositol ring is critical for maximal activity (Hodgkin
et al.,, 2000). For reasons not apparent, rat PLD1 is
stimulated equally by PI(4,5)P, and PIP; but not by PI
(3,4)P5 (Min et al., 1998), suggesting that different species
might display some selectivity for PIP, species in vivo.

PIP, is believed to interact with two distinct sites on
PLD (one in the PH domain and one between the catalytic
domains) and each site is believed to differentially reg-
ulate enzyme activity. Multiple groups have shown that
the PX and PH domains of PLD1 (Sung et al., 1999b;
Henage et al., 2006) and PLD2 (Sung et al., 1999a) are
not required for enzyme activity. Since PIP; is required
for robust PLD activity, investigators deduced that there
must be another PIP, binding site outside of the PH
domain. Mutational analysis narrowed PIP; binding to
a polybasic region between CRII and CRIII and when
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arginines 554 and 558 of PLD2 (corresponding residues
are R691 and R695 for human PLD1a) were mutated,
both the in vitro catalytic activity and PIPy binding
were severely compromised (Sciorra et al., 1999). Plant
PLDs also require PIP; and a similar binding region
was established for plant-PLD18. Mutation of lysines
K437 and K440, also between CRII and CRIII, ablated
PLDg activity in vitro (Zheng et al., 2002). PIP, binding
induces a conformational shift in the catalytic domain of
plant PLDB that helps recruit PC to the active site
(Zheng et al., 2002), suggesting that PIP; binding to the
region between catalytic domains might influence
catalytic activity by promoting PC substrate binding.
Later studies demonstrated that in the absence of PIP,,
PLD was unable to bind PC vesicles, further supporting
the role of PIP, in PC binding.

Although mutation of the PIP; binding region between
CRII and CRIII significantly decreases PLD catalytic
activity, these mutations do not affect PLD localization
as measured by immunofluorescence or subcellular frac-
tionation (Sciorra et al., 1999). PH domains are known to
bind phosphatidylinositols and regulate subcellular
localization (Lemmon, 2008). As such, PLD-PH domain
binding to PIP, is a means for regulating subcellular
localization. Aligning the PH domain from PLD2 with
PH domains from other proteins revealed several con-
served residues believed to mediate PIP, binding. When
arginine 236 and tryptophan 237 of PLD2 (corresponding
residues are R317 and W318 in PLD1a) were mutated,
the resulting protein was catalytically inactive in vivo but
displayed similar catalytic activity to wild-type protein
when PLD2 was immunoprecipitated and assayed in
vitro (Sciorra et al., 2002). PLD2 resides primarily in
detergent-insoluble membrane fractions but mutation of
R237 and W238 resulted in relocalization of PLD2 to
detergent-soluble membrane fractions. Mutation of PLD2
also resulted in a relocalization from plasma membranes
to intracellular localizations (Sciorra et al., 2002). Parallel
studies with PLD1b also demonstrated mislocalization
after deletion of the PH domain (Hodgkin et al., 2000).
The role of PIPy in vivo might be to recruit PLD to a
specific membrane and to enhance catalysis by promoting
substrate binding to the active site.

Several lines of evidence support a role for PIPy in
regulating PLD in vivo. The rate-limiting step of PIP,
production is the phosphorylation of PI(4)P by P1(4)P 5-
kinase (PIP5K) (Ling et al., 1989). When PIP5K was
overexpressed in cells to increase levels of PIP,, PLD
activity also increased, suggesting that higher PIP, lev-
els increase PLD activity in intact cells (Divecha et al.,
2000). Modulation of PIP, levels in the opposite direction
also influences PLD activity. The antibiotic neomycin
has a high affinity for PIP; and is used for cell signaling
studies due to its ability to sequester PIP,. As expected,
treatment of cells with neomycin decreases PLD activity
in a manner that is reversed when PIP; is replenished in
the system (Liscovitch et al., 1994). Similarly, synaptojanin,
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an inositol polyphosphate 5-phosphatase capable of
dephosphorylating PIP; (McPherson et al., 1996), was
purified as a cytosolic factor capable of inhibiting PLD
activity in vitro (Chung et al., 1997). Although the
original characterization of PLD inhibition by synapto-
janin was performed in vitro, synaptojanin might func-
tion as a mechanism for terminating PLD signaling in
vivo. Similarly, the actin and PIPy-binding protein gelsolin
inhibits PLD in vitro by binding and sequestering PIP,
(Banno et al., 1999). Overexpression of gelsolin also in-
hibits PLD transphosphatidylation activity, further sup-
porting a role for PIP, regulating PLD activity in vivo
(Banno et al., 1999).

These studies create a model in which phosphoinositides
(PIs), specifically PIP,, regulate PLD by influencing
catalysis via an interaction in the PLD catalytic domains
and by influencing membrane localization via an in-
teraction in the PH domain. Furthermore, PX domains
are also well established PI binding domains (Song et al.,
2001). The PLD-PX domain appears to bind PIP3 quite
selectively over mono- and diphosphorylated PIs and
mutation of PLD1 arginine 179 substantially reduces
PIP; binding (Stahelin et al., 2004). Several studies have
shown a dependence on PIP3 generation for PLD activation
after cell surface receptor stimulation. Phosphoinositide
3-kinases (PI3Ks) produce PIP3 by phosphorylating the
D3 position of the inositol ring (Cantley, 2002) and both
PLD and PI3K activities are frequently stimulated after
receptor tyrosine kinase stimulation. PISK inhibitors
decrease PLD activation after insulin receptor stimula-
tion (Standaert et al., 1996) and mutation of the PIP5
binding site on PLD (PLD1-R179) prevents PLD activa-
tion and membrane recruitment after platelet-derived
growth factor (PDGF) stimulation (Lee et al., 2005).
Therefore, membrane recruitment of PLD is precisely
regulated by both PIP, and PIP3 through interactions
with the PH and PX domains, respectively.

B. Fatty Acids

Purification of various mammalian and plant PLD
enzymes revealed activities that were stimulated differ-
ently by unsaturated fatty acids. Before cloning of the
PLD enzymes, a PLD was purified from pig lung that
was stimulated by unsaturated fatty acids, such as oleic
(18:1), linoleic (18:2), and arachidonic (20:4) acids
(Okamura and Yamashita, 1994). Several lines of evi-
dence suggest that PLD2 is the isoform stimulated by
unsaturated fatty acids. PLD activity is highly stimu-
lated by oleate in Jurkat T cells but not in HL-60 cells
(Kasai et al.,, 1998). mRNA analysis suggests that
Jurkat T cells express only PLD2, whereas HL-60 cells
express PLD1. Likewise, PLD2 is highly enriched in the
lung (Lopez et al., 1998). Finally, oleate stimulates PLD
activity in RBL-2H3 mast cells when PLD2, but not
PLD1, is overexpressed (Sarri et al., 2003). The in vivo
relevance of unsaturated fatty acid stimulation of PLD2
is not fully understood.
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C. Lipid Modifications

Both PLD1 and PLD2 undergo lipid modification.
Labeling cells with tritiated fatty acids and subsequent
measurement of lipid incorporation onto PLD protein
shows that PLD1 contains a covalent palmitoylation
(Manifava et al., 1999). Later studies concluded that
cysteines 240 and 241 are the amino acids responsible
for attachment (Sugars et al., 1999). The exact function
of these lipid modifications is not known, but suggests
that proper subcellular localization, and not catalytic
activity, requires these palmitoylation events. In COS-7
cells, PLD1 is normally localized to punctate intracellu-
lar membranes. However, when the palmitoylated
cysteines were mutated to alanine, the levels of punctate
intracellular PLD1 decreased with a concomitant increase
in plasma membrane localized protein (Sugars et al.,
1999). The mutant protein was less active in vivo but
showed no differences in activity compared with wild-
type protein in vitro, suggesting that the palmitoylation
promotes accessibility of substrate lipids to PLD in the
cell (Sugars et al., 1999). Epidermal growth factor (EGF)
stimulates PLD activity in a variety of cell lines. The
cysteine-to-alanine mutants are much less responsive to
EGF stimulation than wild-type protein, suggesting
that palmitoylation is required for cell surface receptor
activation of PLD1 (Han et al., 2002b). PLD2 is also
palmitoylated on C223 and C224 (Xie et al., 2002a).
Similarly to PLD1, mutation of the cysteine residues
decreases in vivo activity and also results in a smaller
fraction of membrane-associated PLD2 (Xie et al.,
2002a). Therefore, palmitoylation is one of the mecha-
nisms by which PLD is properly localized under basal
and stimulated conditions.

II1. Phosphorylation
A. Serine and Threonine Phosphorylation

Many groups have detected phosphorylation of PLD1
and PLD2 at tyrosine, serine, and threonine residues,
yet the functional significance of these events is not
clear and most likely depends on the cell system and
stimulus under investigation. For example, protein
kinase C (PKC) stimulates PLD1 activity through a
direct protein—protein interaction and not via phosphor-
ylation in fibroblast membranes (Conricode et al., 1992)
(Table 1). By contrast, PKCa stimulation of PLD in
neutrophil membranes requires ATP and is inhibited by
treatment with staurosporine, a nonselective protein
kinase inhibitor (Lopez et al., 1995), suggesting that
PKCa phosphorylates PLD directly or phosphorylates
an intermediate protein that activates PLD. A proteomic
analysis revealed that PMA-stimulated PKC phosphor-
ylates S2, T147, and S561 on PLD1 (Kim et al., 1999a).
When these residues were mutated, the authors mea-
sured a slight decrease in PMA-stimulated PLD activity
in vivo but no changes in in vitro activity, suggesting
that phosphorylation of these residues is not required for
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catalytic activity (Kim et al., 1999a). Although not re-
quired for activity, one study has suggested that phos-
phorylation of S2 is required for association with the
actin cytoskeleton after cell surface receptor activation
(Farquhar et al., 2007). Similar proteomic analyses for
PLD2 revealed that PMA stimulation of COS-7 cells
increased phosphorylation of S134, S146, S243, T72, T99,
T100, and T252 and that S243 and T252 were the
predominant sites of phosphorylation (Chen and Exton,
2005). Mutation of S243 and T252 completely inhibited
binding of phosphoserine and phosphothreonine anti-
bodies to PMA-stimulated PLD2, but did not inhibit
PMA-stimulated PLD activity (Chen and Exton, 2005).
PMA treatment of COS-7 cells results in rapid increases
in both PLD1 (Hu and Exton, 2003) and PLD2 (Chen and
Exton, 2004) activity. PLD1 (Hu and Exton, 2003) and
PLD2 (Chen and Exton, 2004) phosphorylation increases
only after much longer PMA exposure and this correlates
to a decrease in PLD activity. The functional conse-
quence of PKC phosphorylation of PLD1 and PLD2 is
probably to downregulate PLD activity in these cells.
This hypothesis is substantiated by observations that
staurosporine treatment prolongs PMA-stimulated PLD
activity (Hu and Exton, 2003) and PKCea/B inhibitors
block PLD phosphorylation but not PMA-stimulated
PLD activity (Chen and Exton, 2004).

Other lines of evidence suggest that phosphorylation of
PLD by PKC may be required for cell surface receptor
stimulation of PLD. EGF stimulation of COS-7 cells
results in a rapid increase in both PLD1 T147 phosphor-
ylation and activity that can be ablated by expression of
dominant-negative PKCa or by mutating the PKC
phosphorylation sites of PLD1 (Han et al., 2002b). The
discrepancies between the functional consequences of
PMA and EGF-stimulated PLD phosphorylation might
be explained by differences in PKC isoforms being ac-
tivated under each condition. For example, PMA acti-
vates many PKC isoforms and EGF might only activate
PKC isoforms that positively regulate PLD activity, such
as PKCa. In support of this hypothesis, PKCS is believed
to negatively regulate PLD1 activity in COS-7 cells (Han
et al., 2002b). By contrast, PKCS is believed to mediate
the PMA activation of PLD2 in PC12 cells (Han et al.,
2002a) and integrin-stimulated PLD2 activation in COS-
7 cells requires phosphorylation of S566 by PKCé (Chae
et al., 2010). Therefore, the functional role of PKC
phosphorylation of PLD1 and PLD2 largely depends on
the cell background, stimulus, and PKC isoform under
investigation.

In addition to PKC, other serine/threonine kinases
are known to regulate downstream PLD functions by
phosphorylation-dependent mechanisms. For example,
the p90 ribosomal S6 kinase phosphorylates PLD1 at
T147 and this phosphorylation event is required for
K*-stimulated PLD activity and exocytosis in PC12
neuroendocrine cells (Zeniou-Meyer et al., 2008). In addi-
tion, AMP-activated protein kinase (AMPK) phosphorylates
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TABLE 1
Modulators of PLD activity
Protein Name Isoform Mechanism Interaction Site References
Activators
PKC «,81,82 PLD1 Protein—protein interaction N-terminal (AAs 50-115), Conricode et al. (1992, 1994),
C-terminal (AAs 325-582) Ohguchi et al. (1996),
Hammond et al. (1997), Lee
et al. (1997b), Min et al.
(1998), Park et al. (1998),
Sung et al. (1999b), Zhang
et al. (1999), Siddiqi et al.
(2000)
Arf PLD1 Protein—protein interaction Unknown Brown et al. (1993), Cockcroft
et al. (1994), Hammond et al.
(1997), Lopez et al. (1998),
Min et al. (1998)
RhoA family PLD1 Protein—protein interaction C-terminal (K946A, V950A, Olson et al. (1991), Bowman
R955A, K962A) et al. (1993), Kwak et al.
(1995), Malcolm et al. (1994),
Brown et al. (1995), Siddiqi
et al. (1995), Singer et al.
(1996), Hammond et al.
(1997), Sung et al. (1997),
Yamazaki et al. (1999), Cai
and Exton (2001)
PKN PLD1 Protein—protein interaction AAs 228-598 Oishi et al. (2001)
Rheb PLD1 Protein—protein interaction Unknown Sun et al. (2008)
Ras PLD1 Indirect protein—protein Unknown Jiang et al. (1995a)
interaction
RalA PLD1 Indirect protein—protein Unknown Jiang et al. (1995b), Kim
interaction and Wong (1998)
Cofilin PLD1 Protein—protein interaction Region between loop Han et al. (2007)
and CRIII
CtBP1/BARS PLD1 Protein—protein interaction Unknown Haga et al. (2009)
AMPK PLD1 Phosphorylation S505 Kim et al. (2010)
p90 RSK PLD1 Phosphorylation T147 Zeniou-Meyer et al. (2008)
Cdk5 PLD2 Phosphorylation S134 Lee et al. (2008)
Grb2 PLD2 Protein—protein interaction Y169/Y179 Di Fulvio et al. (2006)
PKCs PLD2 Phosphorylation S566 Han et al. (2002a), Chae
et al. (2010)
Inhibitors
AP3 PLD1 Protein—protein interaction Unknown Lee et al. (1997a)
Aldolase PLD2 Protein—protein interaction PH domain Kim et al. (2002)
a-Actinin PLD2 Protein—protein interaction Unknown Park et al. (2000)
CRMP-2 PLD2 Protein—protein interaction N terminus Lee et al. (2002)
Munc-18-1 PLD1/PLD2  Protein—protein interaction PX domains Lee et al. (2004)
Amphiphysin I and I  PLD1/PLD2  Protein—protein interaction Unknown Lee et al. (2000)
F-actin PLD1/PLD2 Protein—protein interaction Region between CRIII and Lee et al. (2001), Kusner et
CRIV al. (2002)
PKCa PLD1/PLD2 Phosphorylation PLD1 (S2, T147, S561), Kim et al. (1999a), Chen and

PLD2 (S134, S146, 5243,
T72, T99, T100, T252)

Exton (2005)

AA, amino acid; BARS, brefeldin A ADP-ribosylated substrate; RSK, ribosomal S6 kinase.

PLD1 at S505 (Kim et al., 2010). Glucose withdrawal
stimulates AMPK and PLD activity and the phosphory-
lation of S505 by AMPK is required for glucose-
stimulated PLD activity in vivo. Mutation of S505 has
no effects on basal PLD activity, suggesting that the
phosphorylation is required for catalytic activity (Kim
et al., 2010). Likewise, PLD2 regulates insulin secretion
after EGF stimulation in rat insulinoma cells via a mech-
anism that requires cyclin-dependent kinase 5 (Cdk5)
phosphorylation of PLD2 S134 (Lee et al., 2008). Muta-
tion of S134 to alanine partially decreases EGF-
stimulated PLD2 activity, but does not inhibit basal
PLD2 activity (Lee et al., 2008). Casein kinase II is found
in complex with both PLD1 (Ganley et al., 2001) and
PLD2 (Ahn et al.,, 2006) and phosphorylates both iso-
zymes. The exact function of the casein kinase II

phosphorylation events is unknown, but PLD catalytic
activity is unaffected. Together, these studies suggest
that phosphorylation of PLLD most likely functions to alter
PLD subcellular localization and availability to substrate
since basal activity in vivo and PLD activity in vitro are
not sensitive to mutation of phosphorylation sites.

B. Tyrosine Phosphorylation

Tyrosine phosphorylation as a mechanism of PLD
regulation was first proposed after the observation that
vanadate, a tyrosine phosphatase inhibitor, increased
PLD activity in HL-60 granulocytes (Bourgoin and
Grinstein, 1992). In later studies, PLD was shown to be
tyrosine phosphorylated after immunoprecipitation of
PLD and immunoblotting with a phosphotyrosine anti-
body (Gomez-Cambronero, 1995). Stimulation of the G
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protein—coupled receptor (GPCR) for the chemotactic
peptide fMLP in neutrophils increased PLD activity and
tyrosine phosphorylation in a manner that was inhibited
by general tyrosine kinase inhibitors, suggesting that
tyrosine phosphorylation directly regulates PLD activity
(Gomez-Cambronero, 1995). These studies, however, did
not discriminate between direct activation of PLD by
tyrosine phosphorylation and activation of PLD by
upstream regulatory proteins. Later studies indicated
that tyrosine phosphorylation of PLD2 influences cata-
lytic activity to some extent since dephosphorylation of
immunoprecipitated PLD2 with purified tyrosine phos-
phatases can decrease (Henkels et al., 2009) or increase
(Horn et al., 2005) catalytic activity in vitro, suggesting
that the two phosphatases used in these studies are
dephosphorylating distinct tyrosine residues.

EGF stimulation results in tyrosine phosphorylation
of PLD2 (Min et al., 2001a) at Y11 (Slaaby et al., 1998)
and Y296 (Henkels et al., 2010), presumably through
epidermal growth factor receptor (EGFR)-mediated
phosphorylation of PLD2, although the possibility of an
intermediate kinase was not completely eliminated.
When Y11 was mutated to alanine, a 2-fold increase in
EGF-stimulated PLD activity was observed, suggesting
that phosphorylation of Y11 functions to downregulate
the PLD2 response (Slaaby et al., 1998). Likewise, mu-
tation of Y296 to phenylalanine also increased in vivo
PLD2 activity (Henkels et al., 2010), suggesting that like
Y11, Y296 also functions to downregulate PLD2 activity.
Other tyrosine kinases, such as Janus kinase 3 (JAK3)
and Src, have been reported to phosphorylate PLD2 at
Y415 and Y511, respectively (Henkels et al., 2010). In
this study, purified JAK3 or Src was incubated with cell
lysate and PLD2 was immunoprecipitated to determine
which tyrosine sites were phosphorylated. The authors
do not address the possibility that JAK3 or Src might
be activating an intermediate kinase that could phos-
phorylate PLD2 and so caution must be exercised when
interpreting these results. Regardless, the findings
suggest that phosphorylation of Y415 stimulates PLD
activity, whereas phosphorylation of Y511 is inhibitory
(Henkels et al., 2010). These studies suggest that the
level of PLD2 activity between various cell lines might
result from different ratios of tyrosine phosphorylation
on both activating and inhibitory residues.

Besides modulating catalytic activity, tyrosine phos-
phorylation is known to regulate PLD2—protein inter-
actions. PLD2 couples EGF stimulation to activation of
the small G protein Ras by binding the adaptor protein
Grb2 and activating son of sevenless (SOS), a guanine
nucleotide exchange factor (GEF) for Ras. Grb2 interacts
with PLD2 at Y169 and mutation of nearby tyrosine
Y179 to phenylalanine increases the interaction of Grb2
with Y169 and enhances activation of Ras signaling
pathways (Di Fulvio et al., 2006). The interaction of Grb2
with Y169 increases PLD2 catalytic activity and mutation
of Y169 to phenylalanine results in a catalytically inactive
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protein (Di Fulvio et al., 2006). Furthermore, Akt was
suggested to phosphorylate threonine 175 of PLD2 (Di
Fulvio et al., 2008). A relatively nonspecific Akt-kinase
substrate antibody was used to probe immunoprecipi-
tated PLD2 instead of using purified, recombinant Akt
kinase. Regardless, mutation of T175 to alanine in-
hibited the Y179F mutant from stimulating Ras, sug-
gesting that T175 and Y179 function to fine-tune Ras
signaling through PLD2 (Di Fulvio et al., 2008).

Because tyrosine kinases are frequently upregulated
in cancer, discovering precise molecular targets of
tyrosine kinases further enhances our understanding
of cancer biology. A recent proteomic study examined
changes in global phosphotyrosine residues in cells
overexpressing the constitutively active and trans-
forming the nucleophosmin-anaplastic lymphoma kinase.
PLD1 and PLD2 had increased phosphorylation at
Y711 and Y573, respectively, in cells overexpressing
the nucleophosmin-anaplastic lymphoma kinase (Wu
et al., 2010). Further studies will be required to determine
the functional significance of these and other novel
phosphorylation events on PLD.

IV. Protein Activators of Phospholipase D
A. Protein Kinase C

Phorbol esters such as PMA potently stimulate PLD
activity in many cell lines and tissues (Exton, 1999). These
compounds function as diacylglycerol (DAG) mimetics and
potently stimulate the conventional (DAG and Ca®
responsive; a, 31, B2, and y) and novel (DAG responsive;
8, &, m, and 6) PKC isoforms (Nishizuka, 1984), thus
suggesting that PMA stimulates PLD through a PKC-
dependent mechanism. In early studies linking PMA,
PKC, and PLD, investigators separated fibroblast mem-
branes (containing PLD) from cytosol (containing PKC),
and showed that PMA did not stimulate membrane PLD
activity unless purified PKC was included in the reaction
(Conricode et al.,, 1992). In the same study, PKC was
shown to stimulate PLD activity in a kinase-independent
manner. In addition, PKC stimulation of PLD was
potentiated by PMA, leading to the hypothesis that
activated PKC stimulates PLD through a protein—protein
interaction, independent of kinase activity. Multiple groups
confirmed a direct interaction using purified proteins (Lee
et al., 1997b) and by coimmunoprecipitation of PLD and
PKC from cell lysates (Siddiqi et al., 2000). Interestingly,
the interaction is enhanced after PMA stimulation, sug-
gesting that activated PKC is a better stimulator of PLD
than nonactivated PKC. The requirement for activated
PKC suggests that cell surface receptors might stimulate
PLD through a PKC-dependent mechanism and many
reports have indeed demonstrated a requirement for PKC
in PLD activation after receptor stimulation.

The conventional PKC isoforms (namely «, 81, and
B2, but not PKC§) stimulate PLD from fibroblast and
HL-60 membranes (Conricode et al., 1994; Ohguchi
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et al, 1996) and purified PLD from heterologous ex-
pression systems (Min et al., 1998). Purified conventional
PKC stimulates PLD1a and PLD1b indistinguishably in
vitro (Hammond et al., 1997), whereas PLD2 is un-
responsive to PKC stimulation (Colley et al., 1997b). The
interaction between PKC and PLD1 is complex because
several lines of evidence suggest that at least two sites on
PLD1 mediate the interaction with PKC. Expression of
a PLD1 deletion mutant lacking the first 325 amino acids
results in a construct that is catalytically active but is
unresponsive to PMA stimulation, which suggests that
PKC stimulates PLD activity through an interaction with
the N terminus (Sung et al, 1999b). However, the
N-terminally truncated PLD1 still coimmunoprecipitates
with PKC, suggesting another site of interaction some-
where in the C terminus (Sung et al., 1999b). The
N-terminal binding site was narrowed to a region between
amino acids 50 and 115 (Park et al., 1998; Zhang et al.,
1999) and the C-terminal binding region on PLD1 was
determined to be between amino acids 325 and 582 (Park
et al., 1998).

The mechanism by which PKC stimulates PLD1
activity is also complex and requires interaction with
both the N- and C-terminal interaction sites. A detailed
kinetic analysis of the activation of PLD1 by PKC
revealed that PKC is a mixed activator of PLD1. PKC
increases substrate binding (decrease in K,,, value) and
also increases catalytic activity (increased k.,¢ value).
An N-terminally truncated PLD1 lacking the first 311
amino acids was much less responsive to PKC stimu-
lation than full-length PLD1 protein in vitro. The
kinetic analysis suggested that PKC still increased %,
of the N-terminally truncated protein but had no effect
on substrate binding (Henage et al., 2006). Thus, PKC
modulates individual kinetic parameters through dis-
tinct interactions on PLD1. The unique kinetic proper-
ties of PKC explain how other activators of PLD, such as
the small GTPase ADP-ribosylation factor (Arf), syner-
gize with PKC to robustly stimulate PLD1 activity
(Singer et al., 1996; Henage et al., 2006).

Although PMA and PKC stimulate PLD1 activity in
vitro through a direct protein—protein interaction, the
regulation of PLD by PKC in vivo is more complex. As
discussed above, PKC phosphorylates both PLD1 and
PLD2 and these phosphorylation events are generally
believed to inhibit PLD activity and may function to
terminate PLD signaling after cell surface receptor acti-
vation. In addition, PMA stimulation can also increase
PLD2 activity in vivo (Colley et al., 1997b; Siddiqi et al.,
2000; Han et al., 2002a), although the fold stimulation of
PLD2 by PMA is much less than the fold stimulation of
PLD1. Given the wide range of PKC effectors, PMA stim-
ulation of PLD2 may be explained by other intermediate
proteins instead of a direct protein—protein interaction. In
certain cells, such as PC12 cells, PLD2 stimulation by
PMA appears to require the activity of PKC8 because a
dominant-negative PKCS construct inhibits PMA-induced
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PLD2 activation (Han et al., 2002a). Since purified PKC8
did not stimulate PLLD1 (Conricode et al., 1994), more
evidence is needed to determine whether PKCé stim-
ulates PLD2 directly or through an intermediate protein.
In addition to PKC6, PKCe was also shown to regulate
PLD2 activation after sphingosine 1-phosphate (S1P)
stimulation in lung epithelial cells (Gorshkova et al.,
2008). A direct protein—protein interaction was not mea-
sured and an intermediate protein is likely mediating the
effects of PKCe on PLD2.

B. ADP-Ribosylation Factor GTPases

Arf proteins are small-molecular-mass GTPases (M, =
21 kDa) first identified as the factors needed for ADP-
ribosylation of the Gag heterotrimeric G protein by
cholera toxin (Kahn and Gilman, 1984). Arfs have since
been implicated in a variety of cellular events but are
predominantly involved in vesicle formation and traffick-
ing along with the cytoskeletal and membrane rear-
rangements that accompany these events (Moss and
Vaughan, 1998). Arf was originally identified as a cyto-
solic factor capable of stimulating PLD activity in HL-60
cell membranes. In those experiments, the addition of
cytosol and a nonhydrolyzable GTP analog (GTPyS) to
HL-60 cell membranes robustly stimulated PLD activity.
The observation that GTPyS was required for this
stimulatory activity strongly implicated a GTPase as
the activating factor. The factor was purified, sequenced,
and identified as Arfl/Arf3 (Brown et al., 1993; Cockcroft
et al., 1994). There are six known Arf family members in
humans (Arfl-Arf6) and are divided into three classes
based on size, sequence, and gene structure: class I
(Arfl- Arf3), class II (Arf4 to Arf5), and class III (Arf 6)
(Moss and Vaughan, 1993). All six Arf proteins are
capable of directly stimulating PLD activity, although
with varying efficiencies (Massenburg et al., 1994). Arf
proteins also stimulate PLD activity indirectly by
stimulating PIP5K activity to increase local PIP, levels
(Honda et al., 1999). The Arf-stimulated increase in PIP,
and PtdOH levels through PIP5K and PLD, respectively,
might function to terminate Arf signaling as the GTPase
activating protein (GAP) activities of several Arf GAPs
are synergistically stimulated by PIP, and PtdOH.

Prior to cloning PLD1 and PLD2, chromatographic
separation of PLD activities from rat brain revealed
two distinct PLD activities in which one activity was
stimulated by Arf and the other by oleate, most likely
PLD1 and PLD2, respectively (Massenburg et al., 1994).
In vitro studies using purified proteins later showed
that Arfl and Arf3 are capable of stimulating PLD1a
and PLD1b between 10- and 40-fold compared with
unstimulated PLD1 (Hammond et al.,, 1997; Lopez
et al., 1998; Min et al., 1998). PLD2 is either completely
unresponsive (Colley et al., 1997b), modestly responsive
(less than 2-fold), or responsive (Lopez et al., 1998; Sung
et al., 1999a), suggesting that Arfl and Arf3 stimulate
PLD1 specifically. Arf4 and Arf6 have been implicated



PLD and Phosphatidic Acid in Cancer

in regulating PLD2 activity in vivo (Caumont et al.,
1998; Kim et al., 2003b). The sites of Arf interaction on
PLD have not been determined conclusively, although
the amino terminus of PLD1 is dispensable for Arf stim-
ulation and kinetic analyses of an N-terminal deletion
mutation revealed that Arf was a catalytic activator of
PLD (Sung et al., 1999b; Henage et al., 2006). Inter-
estingly, when the amino terminus of PLD2 is deleted,
Arf stimulates PLD activity nearly as much as PLD1
(Sung et al., 1999a). This suggests that sequestration of
the PLD2 N terminus, by lipid or protein binding or by
post-translational modification, might free an Arf bind-
ing site that is otherwise sterically hindered on PLD2.
As an example, the GM, ganglioside activating protein
binds PLD1 and PLD2 and significantly enhances the
responsiveness to Arf (Nakamura et al., 1998; Sarkar
et al., 2001). Likewise, proteins such as Arfaptin, which
bind and sequester Arf (Tsai et al., 1998), inhibit PLD
activity and emphasize the importance of Arf for reg-
ulating PLD activity.

Although the Arf interaction site has not been de-
termined for PLD, several groups have screened Arf
mutants that still bind GTP and downstream effectors
but do not stimulate PLD activity. Deletion of the first
17 amino acids of Arfl or mutation of asparagine 52 to
arginine in the switch I region renders the protein
unable to stimulate PLD (Liang et al., 1997; Jones et al.,
1999). The analogous asparagine mutation in Arf6
(N48R) also inhibits PLD stimulation (Jovanovic et al.,
2006) and these mutants have been used to discriminate
PLD-dependent and -independent functions of Arf.

C. Rho GTPases

Rho family members were originally cloned from
marine snails as homologs of Ras GTPases that shared
approximately 35% sequence identity (Madaule and
Axel, 1985). Over 20 Rho family members have been
identified and the best-characterized family members
include RhoA, Racl, and Cdc42 (Heasman and Ridley,
2008). Rho proteins are frequently activated after
receptor stimulation and control cytoskeletal dynamics
such as formation of stress fibers, lamellipodia, and
filopodia, along with controlling membrane ruffling
and cell polarity. Rho proteins have also been shown to
regulate transcription of certain genes and promote
cell proliferation, which underscores the importance of
Rho proteins in cancer (Ellenbroek and Collard, 2007).
Like other GTPases, Rho proteins are regulated by
GEFs and GAPs. However, Rho proteins are uniquely
controlled by guanine nucleotide dissociation inhibitors
(GDIs), which promote the inactive, GDP-bound state,
and prevent Rho-membrane association by sequester-
ing their lipid moieties (Ellenbroek and Collard, 2007).

For some time, it was known that the combination of
cytosol and nonhydrolyzable GTP analogs such as
GTP~S stimulated PLD activity from human neutrophil
membranes, implicating the participation of small-
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molecular-mass GTPases (Olson et al., 1991). By in-
cluding GEFs and GDIs specific for Rho proteins in the
neutrophil membrane PLD assay, investigators mea-
sured stimulation and inhibition, respectively, of cytosol
and GTPyS-stimulated PLD activity (Bowman et al.,
1993; Kwak et al., 1995; Siddiqi et al., 1995). Although
these experiments strongly suggested that the Rho
family of GTPases mediated the cytosol-GTPyS stimu-
lation of PLD activity in neutrophils, later studies with
rat liver membranes confirmed the involvement of RhoA.
Treatment with RhoGDI resulted in the loss of membrane-
bound Rho and inhibition of the cytosol-GTPyS stimu-
lation of rat liver PLD. Reconstitution with recombinant
RhoA fully restored the PLD response after treatment
with RhoGDI confirming that Rho proteins stimulate
PLD activity (Malcolm et al., 1994). In addition,
independent studies identified the stimulating factor
as Rho due to sensitivity of PLD activity to the C3 toxin
from Clostridium botulinum, which mediates the ADP-
ribosylation of Rho proteins (Kuribara et al., 1995). In
these studies, other Rho proteins, such as Racl and
Cdc42, were partially able to rescue PLD activity after
RhoA depletion or inactivation.

Later studies using purified PLDla and PLD1b
demonstrated a direct stimulation of PLD1a and PLD1b
activity by RhoA and associated family members Racl
and Cdc42 (Hammond et al., 1997; Min et al., 1998;
Walker and Brown, 2002), where RhoA stimulates PLD
activity more than other family members. By contrast,
PLD2 is relatively unresponsive to Rho family members
(Colley et al., 1997b; Lopez et al., 1998; Sung et al.,
1999a). Mutational analysis has mapped the Rho in-
teraction site on PLD1 to the C terminus (Sung et al.,
1997; Yamazaki et al., 1999) and mutation of several
nonconserved residues (K946A, V950A, R955A, and
K962A) inhibits RhoA binding and stimulation of PLD1
activity, potentially explaining the specificity for PLD1
versus PLD2 (Cai and Exton, 2001). In addition, PKC,
Arf, and RhoA are believed to bind distinct sites on
PLD1 and modulate different kinetic parameters. Rho
family members are thought to function primarily as
binding activators and enhance substrate binding
(Henage et al., 2006). As such, PKC, Arf, and Rho
synergistically activate PLD1 in vitro (Ohguchi et al.,
1996; Hammond et al., 1997) and most likely converge
on PLD1 to precisely regulate activity in vivo. The
mechanism by which Rho activates PLD in vivo is
complicated by the observation that Rho also stimulates
PIP5K activity to increase PIP, levels (Chong et al.,
1994). In fact, some studies suggest that the decrease in
PLD activity after removal of Rho proteins might be due
to a decrease in PIP; because the addition of PIP, is able
to fully restore PLD activity in some circumstances
(Schmidt et al., 1996). Thus, the role of Rho proteins in
vivo might be to stimulate PIP; synthesis via an
interaction with PIP5K and then to increase PLD
substrate binding and subsequent activity.
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D. Ras and Ral GTPases

In addition to Arf and Rho, other small GTPases
regulate PLD activity. Early investigations into the
mechanisms of cellular transformation demonstrated
that PLD activity was elevated in v-Ras and v-Src
transformed fibroblasts compared with nontransformed
cells (Song et al., 1991; Carnero et al., 1994). Maximal
PLD activity in v-Src transformed fibroblasts required
both cytosol and GTPyS and depletion of Ras from
cytosol significantly decreased PLD activity, suggesting
that Ras was required for the v-Src—induced increase in
PLD activity (Jiang et al., 1995a). Activated Ras has
many downstream effectors including the guanine
nucleotide dissociation stimulator for RalA (Hofer
et al., 1994; Spaargaren and Bischoff, 1994). As such,
later studies demonstrated that RalA was required for
the v-Src—induced increase in PLD activity since PLD
formed a complex with RalA, but not Ras (Jiang et al.,
1995b). The stimulatory properties of RalA are not
direct, however, and experiments with purified pro-
teins demonstrated that RalA does not directly stim-
ulate PLD activity (Kim and Wong, 1998). However,
RalA potentiates the stimulation of PLD1 by Arf
proteins in vitro and Arf was found in a ternary
complex with PLD1 and RalA when immunoprecipi-
tated from cell lysates (Kim and Wong, 1998). Indeed,
inhibition of Arf GEFs in v-Src—transformed fibro-
blasts reduces PLD activity and suggests that Arf is
a key mediator of the v-Src/Ras/RalA/PLD transfor-
mation pathway.

E. Rheb GTPases

Regulation of the mammalian target of rapamycin
(mTOR) pathways is complex and involves input signals
from many sources. PLD and PtdOH positively regulate
mTOR (Fang et al.,, 2001). Rheb, a small Ras-like
GTPase, also positively regulates mTOR activity through
a mechanism that was thought to involve direct binding
of Rheb to the mTOR complex (Long et al., 2005). Rheb
coimmunoprecipitates with PLD1 from cell lysate and
stimulates PLD1 activity in vitro (Sun et al., 2008) and it
was proposed that Rheb positively regulates mTOR by
modulating PLD1 activity. These in vitro experiments
used immunoprecipitated PLD1 from human cell lysate
and bacterially expressed Rheb to demonstrate the
regulation of PLD1. Subsequent studies from our
laboratory with highly purified PLD1 from insect cells
did not reproduce the findings of the original article
suggesting that the regulation of PLD1 by Rheb likely
involves an intermediate protein (data not shown).
Rheb is negatively regulated by the GAP activity of
the tuberous sclerosis 2 protein (T'SC2), a component
of the tuberous sclerosis complex (Manning and
Cantley, 2003). Cells deficient in TSC2 show higher
PLD and mTOR activity (Sun et al., 2008) consistent
with the idea of Rheb positively regulating mTOR
through PLD.
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F. Non-G Protein/ Protein Kinase C Regulators of
Phospholipase D

Although PKC and small G proteins appear to be the
major regulators of PLD1 activity, a small number of
additional PLD-stimulating factors have been identi-
fied although their role in the regulation of PLD is far
less studied.

1. Protein Kinase N. The protein kinase N (PKN)
family of kinases are structurally related to PKC, yet
are calcium independent and not activated by phorbol
esters (Morrice et al., 1994). These kinases are ubiqui-
tously expressed (Kitagawa et al., 1995) and share many
of the same intracellular locations as PLD1 (Kawamata
et al., 1998). PKN is activated by GTP-bound RhoA and
participates in cytoskeleton dynamics, cell migration,
and tumor invasion (Watanabe et al., 1996). PKN di-
rectly stimulates PLD1 activity by binding to a region
between amino acids 228 and 598 (Oishi et al., 2001). In
addition, PtdOH, CL, and fatty acids are potent acti-
vators of PKN in vitro (Khan et al., 1994; Morrice et al.,
1994). Thus, PLD may participate in a feed-forward
activation scheme for PKN in which Rho stimulates both
PKN and PLD and subsequent PtdOH production fur-
ther upregulates PKN activity.

2. Cofilin. Cofilin proteins sever filamentous actin to
generate free actin, an important process for cyto-
skeleton rearrangement (DesMarais et al., 2005). The
activity of cofilin is regulated through a phosphorylation-
dependent mechanism in which phosphorylation by LIM
kinases results in cofilin inactivation and a reduction in
actin severing resulting in actin polymerization. Rho and
Rac/Cdc42 activate LIM kinases through Rho kinase and
p21l-activated protein kinase (PAK), respectively (Sells
and Chernoff, 1997; Edwards and Gill, 1999; Kaibuchi
et al., 1999). Phosphorylated cofilin stimulates PLD1
activity by directly binding to a region between the loop
and CRIII (Han et al., 2007). The activation of PLD1 by
phosphocofilin underscores the importance of PLD1 in
regulating cytoskeletal dynamics since Rho, Rac, and
Cdc42 can directly bind and stimulate PLD1 and also
indirectly activate PLD1 through a LIM kinase-cofilin
pathway.

3. C-Terminal Binding Protein 1. The C-terminal
binding protein 1 (CtBP1) is a dual function protein
that regulates gene transcription in the nucleus and
also mediates membrane fission during intracellular
trafficking events (Corda et al., 2006). CtBP1 specifi-
cally colocalizes with PLD1 after cell stimulation either
with serum or EGF and purified CtBP1 was shown to
stimulate PLD1 activity in an in vitro activity assay
using purified proteins (Haga et al., 2009). Interestingly,
CtBP1 stimulated PLD1 activity in an additive fashion
with Arf and RhoA, suggesting that CtBP1 binds a
distinct site on PLD1. Although further research is
necessary, the membrane fission functions of CtBP1
might be mediated through PLD and PtdOH.
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V. Phospholipase D Inhibitory Proteins

Most cells exhibit low basal PLD activity until
stimulated by extracellular agonists or cellular stress
(Zheng et al., 2006; Bruntz et al., 2014). In vivo, this
stimulation most likely results from activation of
stimulatory proteins and also inactivation of inhibitory
proteins. As such, a number of PLD inhibitory factors
have been purified over the years and a surprising
number fall into the category of actin-binding proteins
or proteins involved with vesicular trafficking.

A. Synaptic Vesicle Proteins

Munc-18-1 is a syntaxin binding protein enriched in
neurons and it plays a critical role in synaptic vesicle
exocytosis (Harrison et al., 1994; Wu et al., 1998). Munc-
18-1 interacts directly with the PX domain of PLLD1 and
PLD2 and inhibits PLD activity in vitro. When overex-
pressed in cells, Munc-18-1 and PLD both colocalize and
coimmunoprecipitate under basal conditions, but dis-
sociate once stimulated with EGF when Munc-18-1 re-
localizes from plasma membranes to the cytosol and no
longer inhibits PLD activity (Lee et al., 2004). Munc-18-1
is thus one of the few examples of signaling pathway
components that activates PLD via repression of
inhibition. In addition to Munc-18-1, clathrin assembly
protein 3 (AP3) is another example of a trafficking protein
known to regulate PLD activity. AP3 binds to clathrin
triskelia and promotes assembly of clathrin-coated
vesicles, which are dynamic organelles that partici-
pate in intracellular membrane trafficking (Ahle and
Ungewickell, 1986; Prasad and Lippoldt, 1988) including
recycling of synaptic vesicles. Like Munc-18-1, AP3 is
highly enriched in neuronal tissue (Ahle and Ungewickell,
1990; Keen, 1990) and was purified as a factor from rat
brain cytosol capable of inhibiting purified PLD1 activity
in vitro (Lee et al., 1997a). Even though AP3 is known to
bind PIPs; (Norris et al., 1995; Ye and Lafer, 1995), AP3
appears to bind and inhibit PLD1 in a PIPs-independent
manner, suggesting a direct inhibition of PLD1 activity
(Lee et al., 1997a). Like AP3, amphiphysins are nerve
terminal proteins that participate in clathrin-mediated
synaptic vesicle endocytosis. Amphiphysins are believed
to function in concert with dynamin to promote vesicle
budding (Wigge and McMahon, 1998). As with AP3,
amphiphysin I and IT were purified from rat brain cytosol
as factors capable of inhibiting purified PLD1 and PLD2
activity in vitro and inhibit PMA-stimulated PLD activity
when overexpressed in cells. Although the exact physio-
logic relevance of PLD inhibition by these synaptic vesicle
proteins is unknown, they most likely function to
terminate PtdOH generation during the early stages
of vesicle formation.

B. Miscellaneous Phospholipase D Inhibitors

In addition to the vesicular and actin-associated PLD
inhibitors, several proteins have been identified as
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PLD inhibitors that do not fit into broad categories.
Aldolase is a glycolytic enzyme that mediates the re-
versible cleavage of fructose-1,6-bisphosphate into dihy-
droxyacetone phosphate and glyceraldehyde-3-phosphate.
Aldolase was identified as a cytosolic factor that directly
inhibits PLD2. Mutational analysis narrowed the site of
interaction to the PH domain of PLD2 (Kim et al., 2002).
The physiologic function of the aldolase—PLD2 interaction
is unknown, but this interaction might contribute to the
role of PLD in regulating cellular bioenergetics. Another
protein known to inhibit PLD is the GBvy subunit from
heterotrimeric G proteins. GPCR stimulation results in
dissociation of GBy from Ga and GB7y regulates down-
stream effector molecules containing PH domains such as
G protein—coupled receptor kinases (GRKs) (Carman
et al., 2000) and phospholipase C (PLC)-8 (Wang et al.,
2000). Recombinant GBvy inhibits PLD1 or PLD2 activity
in vitro, presumably through an interaction with the PH
domain since an N-terminal PLD truncation mutant was
resistant to GBv inhibition (Preininger et al., 2006). Thus,
GBy inhibition of PLD serves as one of the ways PLD
signaling is terminated after GPCR stimulation.

Finally, two neuronal proteins have been identified
as PLD2 inhibitors. The first protein, a-synuclein, is
a small, highly conserved protein of unknown function
that is highly enriched in the brain presynaptic ter-
minals. a-Synuclein is a major component of Lewy
bodies and Lewy neuritis, which are neuropathological
hallmarks of familial and sporadic Parkinson disease
(Spillantini et al., 1997). a-Synuclein was purified as
a factor capable of inhibiting purified PLD2 activity in
vitro (Jenco et al., 1998). This observation was later
hypothesized as a mechanism by which neurons are
protected from the toxicity associated with elevated
PLD activity (Gorbatyuk et al., 2010). In these studies,
PLD2 was purified by an immunoaffinity technique
and no gels of purity are shown. A subsequent study
with highly purified PLD2 was unable to replicate the
original findings (Rappley et al., 2009), suggesting
the presence of an intermediate protein in the original
article. Regardless of the interaction between a-synuclein
and PLD2, no associations have been made in vivo to
support a role for PLD2 in the pathophysiology of
a-synuclein (Ahn et al., 2002). Therefore, the rele-
vance and nature of this interaction is still a matter
for investigation. The second neuronal protein capable
of directly inhibiting PLD2 is collapsin response mediator
protein-2 (CRMP-2). CRMP-2 is a critical component
of neuron outgrowth during development and is believed
to participate in early stages of Alzheimer’s disease
(Hensley et al., 2011). Like a-synuclein, CRMP-2 was
purified as a cytosolic brain factor capable of inhibiting
purified PLD2 in vitro and is believed to directly inhibit
activity by binding to the N terminus (Lee et al., 2002).
Future studies will no doubt shed further light on the
role of PLD2-related pathologies such as Alzheimer’s
disease.
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VI. Cell Surface Receptor Regulation of
Phospholipase D

A. Receptor Tyrosine Kinases

Ligand binding to cell surface receptors is known to
stimulate PLD activity in many cell lines and tissues.
EGF stimulates PLD activity (Fisher et al., 1991) and this
pathway has been used as a model system for character-
izing the intermediate signaling events between receptor
tyrosine kinases (RTKs) and PLD over the past 25 years.
EGF binding to the EGFR results in receptor dimeriza-
tion and autophosphorylation of several tyrosine residues
within the cytoplasmic tails via an intrinsic kinase ac-
tivity (Schlessinger and Ullrich, 1992). These phosphor-
ylated tyrosine residues create high affinity binding sites
for proteins containing Src homology 2 (SH2) domains,
such as PLC-y1, Grb2, the p85 subunit of PISK, Src, Src
homology region 2 domain-containing phosphatase
(SHP)-2, and Bruton’s tyrosine kinase, which mediate a
variety of signaling events including those that regulate
DNA synthesis, cell division and proliferation, cytoskel-
etal rearrangements, and a variety of other biologic
functions (Yaffe, 2002). As such, several mechanisms of
PLD activation by EGF have been described.

Early studies of PC hydrolysis or phosphatidyl alcohol
production after EGF stimulation in intact cells did
not discriminate between PLD1 and PLD2 activation,
although later studies have shown that both isoforms
couple to the EGFR (Slaaby et al., 1998). The most-studied
EGFR-PLD signaling pathway begins with activation of
PLC-y1 by binding to the activated EGFR via its SH2
domain (Anderson et al., 1990; Margolis et al., 1990).
Activation of PLC-y1 results in the rapid hydrolysis of
PIP, into inositol triphosphate (IP3;) and DAG. IPs
increases intracellular calcium levels, which together with
DAG activates PKC (Rana and Hokin, 1990). As discussed,
PKC is a well established activator of PLD and multiple
studies have demonstrated an EGFR/PLC-y1/PKC axis for
PLD activation. By using small-molecule PKC inhibitors or
by downregulating PKC levels with prolonged phorbol
ester treatment, multiple groups have shown decreased
EGF-stimulated PLD activation after inactivation of PKC
in various cell types (Yeo and Exton, 1995; Voss et al.,
1999). Later studies using mouse embryonic fibroblasts
demonstrated compromised EGF stimulation of PLD
activity in PLC-y1 null cells versus wild-type cells,
supporting the requirement of PLC-y1 and PKC for EGF
stimulation of PLD activity (Hess et al., 1998). Although
PKC is believed to primarily activate the PLLD1 isoform
(Colley et al., 1997b; Sung et al., 1999b), the PX domain of
PLD2 interacts with the Src homology 3 (SH3) domain of
PLC-y1 after EGF stimulation and is believed to increase
PLC-yl-mediated hydrolysis of PIP, (Jang et al., 2003).
When the PLD2-PLC-y1 interaction is disrupted by
mutating specific proline residues, EGF no longer stim-
ulates PLD2 activity, indicating a complex mode of PLD2
regulation by PLC-y1 (Jang et al., 2003).
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Although EGFR activation stimulates PLD activity
through a PLC-y1-PKC axis in many cell types, EGFR
activation does not always stimulate PIPy hydrolysis
and PKC activation in other cell lines (Cook and
Wakelam, 1992; Hess et al., 1997). Alternative EGFR-
PLD coupling mechanisms have been described and
usually involve activation of small GTPases. Ras par-
ticipates in a complex regulatory mechanism with RTK-
stimulated PLD. The first step of the canonical Ras
activation sequence involves recruitment and activation of
SOS, which stimulates GDP-GTP exchange on Ras and
allows Ras to activate downstream effectors (Schlessinger,
2000). GEF's for the small GTPase RalA are stimulated
by activated Ras (Matsubara et al., 1999) and RalA has
been implicated in the activation of PLD. RalA interacts
with PLD1 (Luo et al., 1997) and is believed to enhance
PLD catalytic activity in the presence of other activa-
tors, such as Arf GTPase (Kim and Wong, 1998). As
such, PLD stimulation by the EGFR requires Ras-
activated RalA in multiple cell lines (Voss et al., 1999;
Lu et al., 2000), although the intermediate signaling
proteins between RalA and PLD are not fully character-
ized. In addition to RalA, Ras activates the p110 subunit
of PI3K by binding to a Ras binding domain (Rodriguez-
Viciana et al., 1996). The product of PISK, PIPs3, can
recruit and activate PLD1 after RTK stimulation via the
PLD-PX domain (Standaert et al., 1996; Lee et al., 2005),
and may offer an alternative mechanism by which Ras
regulates PLD activity.

By contrast, PLD and PtdOH influence EGF-stimulated
Ras activation by regulating membrane recruitment and
activation of SOS. The adaptor molecule Grb2 contains
two SH3 domains and one SH2 domain. Receptor stim-
ulation recruits Grb2 via an interaction with the SH2
domain. Once receptor-bound, Grb2 binds SOS via one of
the SH3 domains and this has been a well established
mechanism for SOS recruitment (Schlessinger, 2000).
PLD2 binds the other SH3 domain of Grb2 and this
interaction was necessary for EGF stimulation of PLD2
activity (Di Fulvio et al.,, 2006). Interestingly, PLD-
generated PtdOH also directly binds and recruits SOS
to membranes after EGFR activation (Zhao et al., 2007).
Thus, a potential feed-forward mechanism emerges in
which PLD activates Ras, which leads to activation of
downstream effectors, such as RalA, further stimulating
PLD activity. The regulation of Ras signaling by PLD has
important clinical implications and is further discussed in
the section below on mechanisms of cancer involving PLD.
A schematic illustrating the signaling pathways leading to
PLD activation as well as the highly integrated in-
volvement of PLD in well characterized cancer pathways
is shown in Fig. 2.

In addition to Ras, Arf proteins also participate in
PLD1 and PLD2 activation after RTK stimulation.
RTK activation of PI3K recruits certain GEFs for Arf
proteins (Venkateswarlu et al., 1998) and results in the
formation of an active ArfGEF-RTK complex (Li et al.,
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Fig. 2. Cellular signaling modulating PLD activity from receptor tyrosine kinases and pathways downstream of PLD involved in oncogenic

transformation.

2003). Studies using Brefeldin A, an inhibitor of certain
ArfGEFs (Peyroche et al., 1999), demonstrated that the
ArfGEF “ARF nucleotide-binding site opener” and Arfl
are required for PLD1 activation after stimulation of
the insulin receptor in rat fibroblasts (Shome et al.,
1997; Li et al., 2003). The requirement of Arf in insulin
signaling appears to be cell line dependent because PLD
activation by insulin does not require Arf in Chinese
hamster ovary T cells (Emoto et al., 2000). In addition,
Arf4 was identified as an EGFR binding partner in
a yeast two-hybrid screen that interacts with EGFR
upon agonist stimulation (Kim et al., 2003b). Coex-
pression of Arf4 with PLD2 but not PLD1 resulted in
a substantial increase in EGF-stimulated PLD2 activity
compared with the expression of PLD2 alone (Kim et al.,
2003b). Although further studies are required to de-
lineate the role of Arf proteins in RTK-PLD activation,
current research suggests that Arf proteins may play
nonredundant roles in regulating PLD1 versus PLD2.
The Rho family of small GTPases (Rho/Rac/Cdc42)
also regulates RTK stimulation of PLD activity in some
cell systems. Like Ras and Arf, Rho GTPases are
usually activated by upstream GEFs through a variety

of mechanisms (Buchsbaum, 2007). In fibroblasts, Racl
and RhoA were required for PLD activation by PDGF
and EGF, respectively (Hess et al., 1997). However,
RTK stimulation of PLD in vascular smooth muscle
cells requires Arf proteins, but not Rho proteins (Shome
et al., 2000). Rho proteins are particularly important for
regulating cytoskeleton rearrangements needed for
processes, such as stress fiber and lamellipodia forma-
tion in motile cells (Nobes and Hall, 1995). The role of
RTK signaling to PLD through Rho family proteins may
thus be dependent on the motile nature of the cell.
Recent studies have elucidated new regulators of
RTK-PLD signaling in addition to the “classic” PLD
inhibitors previously discussed. Cdk5 is a multifunc-
tional serine/threonine kinase that mediates a variety
of signaling events including exocytosis of insulin in
pancreatic B cells (Lilja et al., 2004). Upon stimulation
with EGF in rat insulinoma cells, Cdk5 phosphorylates
PLD2 at serine 134 and this phosphorylation event
was required for EGF-stimulated PLD activity and
subsequent release of insulin from these cells (Lee
et al., 2008). Future studies should determine whether
the phosphorylation of PLD2 by Cdk5 is required for
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RTK-mediated function in other cell types. The multi-
tude of pathways in which RTKs stimulate PLD activity
underscores the importance of PLD and PtdOH in
mediating the biologic effects of RTK ligands.

B. G Protein—Coupled Receptors

GPCRs represent another large class of cell surface
receptors that frequently lead to PLD activation. Under
inactive conditions, GPCRs bind different classes of
heterotrimeric G proteins composed of an a subunit and
dimer composed of 8 and y subunits. Ligand binding at
the extracellular face of the GPCR leads to a conforma-
tional change in the receptor that promotes GDP to GTP
exchange on the a subunit and GTP-bound Ga then
dissociates from By (Oldham and Hamm, 2008). Each
class of activated Ga subunit is associated with a distinct
cellular signaling pathway. The Ga G proteins activate
adenylyl cyclase (AC) to increase intracellular levels of
the second messenger cAMP, which activates protein
kinase A (PKA). The Gay, G proteins are associated with
a decrease in AC activity; however, the liberated GBy
dimer has AC-independent roles such as recruiting and
activating proteins with PH domains (Touhara et al.,,
1994). Gagn1 G proteins stimulate PLC activity, which
subsequently leads to activation of PKC and down-
stream effectors (McCudden et al., 2005). Finally, Ga19/13
proteins are associated with activation of Rho proteins
and effectors by activating Rho GEFs (Kozasa et al.,,
1998). The list of GPCR ligands that activates PLD is
quite extensive and GPCRs of all classes have been
reported to activate PLD (Exton, 1999). Therefore, the
known mechanisms of PLD activation by each class of
Ga G protein are discussed in the following section.

Once activated, Gaq binds and recruits PLC-8 to
membranes where it hydrolyzes PIP, to generate IP;
and DAG, leading to activation of PKC (Rhee, 2001).
Several lines of evidence suggest that PKC mediates
the activation of PLD by Ga,. Cells that express con-
stitutively active Ga, have elevated PLD activity (Plonk
et al.,, 1998). Coexpression of a PKC-resistant PLD mutant
significantly reduces the fold activation of PLD activity
due to constitutively active Gag, suggesting that PKC
mediates Goa, activation of PLD (Xie et al., 2002b).
Likewise, stimulation of a Gag-coupled receptor failed to
stimulate another PKC-resistant PLD mutant. This
mutant was responsive to non-Ga, GPCR stimuli, con-
firming proper protein folding and underscoring the
importance of PKC in mediating Ga,-PLD signaling
(Zhang et al., 1999). Small-molecule PKC inhibitors block
PLD activation by a number of GPCR agonists including
bradykinin (Pyne and Pyne, 1995), thrombin (Vasta et al.,
1998), and S1P (Meacci et al., 1999) and overexpression of
PKC-B is known to potentiate the PLD response to
endothelin-1 stimulation in Rat6 fibroblasts (Pai et al.,
1991). Similarly, downregulation of PKC with prolonged
phorbol ester treatment inhibits bradykinin stimulation of
PLD in SF3271 fibroblasts (Clark and Murray, 1995).
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Data from our laboratory suggest that the combination
knockdown of PKCa and PKCp significantly decreases M,
muscarinic receptor stimulation of PLD in HEK293 cells
(data not shown), confirming the importance of PKC in me-
diating Ga signaling to PLD. However, many Ga-coupled
GPCRs couple to additional G proteins, including members
of the Ga1913 family.

Gay913 G proteins have long been known to stimulate
cytoskeletal rearrangements through activation of the
Rho family of proteins and some GPCRs that predomi-
nantly couple to Gaq also couple to Gar19/13. Expression of
a dominant-negative RhoA construct or treatment with
C3 exoenzyme inhibits M3 muscarinic receptor (M3R)
stimulation of PLD, suggesting that RhoA participates in
MB3R activation of PLD (Schmidt et al., 1996; Mitchell
et al.,, 1998). Likewise, expression of a RhoA-resistant
PLD mutant is less responsive to M3R stimulation (Du
et al., 2000). C3 exoenzyme treatment inhibits the PLD
response to other GPCR agonists such as bradykinin
(Meacci et al., 2003) and S1P (Meacci et al., 2001). Ex-
pression of constitutively active Gays, like Gag, stim-
ulates PLD activity. This active Ga13 mutant stimulates
PKC-resistant PLD constructs, suggesting that Gais
stimulates PLD independently of PKC. C3 exoenzyme
treatment inhibits Gaq3 activation of PLD (Plonk et al.,
1998; Xie et al., 2002a), suggesting that RhoA mediates
Ga3 stimulation of PLD. In addition to a direct protein—
protein interaction between RhoA and PLD, several
other activation mechanisms have been proposed. RhoA
is known to stimulate synthesis of PIP, (Chong et al.,
1994) and exogenous addition of PIP, after RhoA
inactivation is known to restore PLD activity (Schmidt
et al., 1996). Besides direct stimulation of PLD activity
and increasing PIP; levels, a recent study suggested that
LIM1 kinase, a RhoA effector, stimulates PLD activity
after M3R stimulation. As discussed previously, LIM1
kinase phosphorylates cofilin, and phosphocofilin stim-
ulates PLD activity downstream of M3 activation (Han
et al., 2007). Phosphocofilin depletion had no effect on
PMA-stimulated PLD activity, suggesting a RhoA-
dependent mechanism. These effects may also be a
consequence of upstream actin remodeling. On the other
hand, several studies suggest that RhoA and PKC
synergize to stimulate PLD downstream of GPCRs. For
example, the C3 exoenzyme reduces PLD activity after
S1P stimulation in C212 myoblasts, but PLD activity is
further reduced after treatment with PKC inhibitors
(Meacci et al., 2001). In addition, overexpression of
RhoA partially rescues M3R-mediated activation of
PKC-resistant PLD and together these results suggest
that both RhoA and PKC can mediate signals from the
same GPCR to PLD (Zhang et al., 1999).

The signaling pathways from Gag-coupled receptors
to PLD remain somewhat elusive. Stimulation of
Gag-coupled GPCRs or treatment of cells with AC-
activating compounds, such as forskolin and dibutyryl-
cAMP, results in PLD activation (Ginsberg et al.,
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1997). Under these conditions, treatment of cells with
PKA inhibitors reduces PLD activity, suggesting that
PKA somehow mediates PLD activation (Yoon et al.,
2005). In addition, transfection of a dominant-negative
Src and dominant-negative Ras also decreases PLD
activation downstream of AC, suggesting that Src and
Ras participate in Gag coupling to PLD (Yoon et al.,
2005). Exchange protein directly activated by cAMP 1
(Epacl) is a cAMP-activated GEF for small G proteins,
such as Rapl. Recent studies have shown that de-
pletion of Epacl inhibits Gag signaling to PLD. Epacl
also promotes GDP to GTP exchange on R-Ras and this
AC/Epacl/R-Ras pathway has been implicated in PLD
activation (Lépez De Jesus et al., 2006)

Several GPCRs activate PLD in a pertussis toxin—
sensitive manner, suggesting that Ga;, proteins also
stimulate PLD activity. For example, stimulation with
fMLP in neutrophils or S1P in A549 lung adenocarci-
noma cells and in human airway epithelial cells results
in pertussis toxin—sensitive stimulation of PLD (Fensome
et al., 1998; Ghelli et al., 2002; Meacci et al., 2003). In
addition, known Geajy, receptors, such as My and M,y
muscarinic receptors, stimulate PLD activity in HEK293
cells (Sandmann et al., 1991). The pathways by which
Gajy/, stimulate PLD are relatively uncharacterized, but
are thought to require the activity of Arf and Rho
(Fensome et al.,, 1998) and participation by tyrosine
kinases, such as Src (Ghelli et al., 2002). Likewise, Arf
activity is required for stimulation of PLD activity by
pertussis toxin—insensitive GPCRs (Riimenapp et al.,
1995; Mitchell et al., 1998, 2003). Liberated GB+y subunits
are known to activate certain PI3Ks and increase local
concentrations of PIP; after receptor activation (Stephens
et al., 1997). Thus, one potential mechanism for Arf
activation appears to be recruitment of PI3K-dependent
ArfGEFs downstream of GBy (Touhara et al.,, 1994).
Whether other mechanisms besides GBy stimulation of
GEFs mediate Gajy, stimulation of PLD should be the
subject of future investigations.

The PtdOH derived from GPCR-stimulated PLD
may function to terminate GPCR signaling by regulat-
ing the activity of proteins required for GPCR in-
activation. GRKs phosphorylate GPCRs and create
a high-affinity binding site for arrestin proteins, which
uncouple GPCRs from G proteins and promote receptor
internalization and desensitization (Moore et al., 2007).
PtdOH, along with PS, CL, and PI, are stimulators of
GRK2/3 activity in vitro as determined by measuring
phosphorylation of GPCRs in micelles containing
phospholipids and purified GPCRs incubated with
purified GRK. Kinase activity toward muscarinic (Deb-
Burman et al., 1995) and adrenergic (Onorato et al.,
1995) receptors was much higher in the presence of
PtdOH, suggesting that PLD may promote GPCR
internalization and desensitization through GRKs.

Termination of AC signaling requires the activity of
cyclic nucleotide phosphodiesterases (PDEs) that hydrolyze
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3',5'-cyclic nucleotides to a nucleoside 5’-monophosphate.
Several families of cAMP-specific PDEs have been
identified that are responsible for terminating signaling
events mediated by this important second messenger
(Conti and Beavo, 2007). As such, multiple variants of
the cAMP-specific PDE4 family are regulated by phos-
phatidic acid. Screening recombinant variants of PDE4
enzymes for PtdOH sensitivity revealed that PDE4A5,
PDE4D3, and PDE4EB1 were all stimulated by PtdOH
in an in vitro enzyme assay (Némoz et al.,, 1997).
PDE4D3 was shown to bind PtdOH directly and the
binding site was mapped to a region enriched in basic
amino acids from 31 to 59 (Grange et al., 2000). Another
PDE4 family member, PDE4A1, is not activated in vitro
by PtdOH (Némoz et al., 1997) but requires an in-
teraction with PtdOH at its amino terminus for proper
membrane localization (Baillie et al., 2002). Thus, by
activating PDEs, PtdOH may function to terminate Gayg
signaling by promoting metabolism of the cAMP second
messenger.

VII. Functions of Phospholipase D Contributing
to Cancer

Over the last half century, PLD enzymes have been
implicated in a variety of pathologies ranging from
neurodegenerative diseases (Lindsley and Brown, 2012)
to blood disorders (Elvers et al., 2010). A recent report
identified a risk variant in the PLD3 gene for late-onset
Alzheimer’s disease (Cruchaga et al., 2014), although
the virtual absence of biochemical characterization of
this gene product limits what can be summarized with
regard to underlying mechanisms. The best-characterized,
disease-relevant roles for PLD relate to the requirement of
PLD activity for oncogenesis and cancer progression.
Early indications of the importance of PLD and PtdOH in
cancer came from observations that cells transformed by
viral oncogenes, such as v-Src (Song et al., 1991), v-Fps
(Jiang et al., 1994) v-Ras (Carnero et al., 1994; Jiang et al.,
1995a), and v-Raf (Frankel et al., 1999), all showed
elevated PLD activity relative to nontransformed control
cells. Furthermore, PLD mRNA and protein analyses
from tumors of breast (Uchida et al., 1997; Noh et al,,
2000), renal (Zhao et al., 2000), colorectal (Yoshida et al.,
1998), gastric (Uchida et al., 1999), thyroid (Kim
et al., 2008), and brain (Park et al., 2009) origin show
elevated PLD1 and/or PLD2 expression relative to normal
surrounding tissue. As such, overexpression of PLD
isoforms is associated with enhanced tumorigenesis in
cultured cells as measured by increased anchorage-
independent growth (Min et al., 2001b; Ahn et al., 2003),
the most important measure of tumorigenicity (Shin et al.,
1975). Recent genomic analyses of human cancers have
revealed several unique PLD mutations in breast (Wood
et al., 2007), stomach (Zang et al., 2012), and brain
(Molenaar et al., 2012; Pugh et al., 2012) cancers, al-
though most of the reported mutations remain to be
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functionally characterized. Due to the common upregu-
lation of PLD expression and activity along with the
growing list of PLD mutations, researchers have long
assumed that PLD and PtdOH confer growth advan-
tages to transformed cells.

Definitive characterization of the molecular mecha-
nisms behind these growth advantages has been difficult
due to the lack of specific, small-molecule inhibitors. The
three most common techniques for studying PLD func-
tion have been the use of primary alcohols to produce
phosphatidyl alcohols at the expense of PtdOH via the
PLD transphosphatidylation reaction (Yang et al., 1967),
RNA interference (RNAi) to silence the expression of
PLD mRNA, and expression of catalytically inactive
PLD mutant proteins that function in a dominant-
negative manner. Each technique has its own set of
flaws including nonspecific enzyme inhibition, incom-
plete knockdown of target proteins, and retention of
lipase-independent activities. The recent development of
isoform-selective PLD inhibitors (Scott et al., 2009;
Lavieri et al., 2010) and PLD knockout (KO) mice
(Elvers et al., 2010; Oliveira et al., 2010) are now being
integrated and incorporated into the arsenal of tools to
study PLD function, and these will certainly assist in
defining the exact roles of PLD in cancer.

The path to malignancy requires several unique steps.
Hanahan and Weinberg (2011) proposed eight “hall-
marks” of cancer that comprise eight biologic capabilities
acquired during the development of human tumors.
These include sustaining proliferative signaling, evading
growth suppression, activating invasion and metastasis,
enabling replicative immortality, inducing angiogenesis,
resisting cell death, avoiding immune destruction, and
deregulating cellular energetics. Interestingly, PLLD has
been implicated in almost every hallmark of cancer and
the following discussion will highlight these various
cancer-related PLD functions.

A. Sustaining Proliferative Signaling

In the absence of growth factors, cells enter a state of
quiescence and no longer proliferate. This state of
cellular quiescence is usually reached after terminal
differentiation and is critical for maintaining proper
tissue function and structure. Cancer cells acquire
mutations that allow abnormal proliferation in the
absence of normal growth signals. Mitogenic signals, or
signals that allow passage through cell cycle check-
points, are usually mediated by cell surface receptors,
such as EGFR, and their downstream effectors, such as
the mitogen-activated protein kinase (MAPK) path-
ways and PISK/Akt/mTOR pathways. As such, mutated
or overexpressed growth factors such as the PDGF re-
ceptor and the EGFR are commonly observed in
malignancies such as glioblastoma and breast cancer,
respectively (Slamon et al., 1987; Shih and Holland,
2006). Cancer cells also upregulate and secrete growth
factors to stimulate growth in an autocrine fashion
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(Sporn and Roberts, 1985). As discussed, PLD is fre-
quently activated as a consequence of receptor stimulation
and participates in the pathways of cellular proliferation.
Early evidence that PLD might directly regulate cell
proliferation came from observations that exogenously
added PtdOH or highly active bacterial PLD increased
levels of c-Protein and c-Myc transcription factors, and
stimulated thymidine uptake, a marker of DNA synthesis
and cell proliferation, when added exogenously to cultured
cells (Moolenaar et al., 1986). Since these early studies,
PLD has been shown to participate in several cell pro-
liferation pathways (see Fig. 2).

B. Mitogen-Activated Protein Kinase

One of the most commonly deregulated proliferative
pathways in human cancers is the MAPK pathway.
Growth factors, hormones, and chemokines activate
the MAPK pathway by signaling through their cognate
receptors and initiating a series of signaling events
that leads to activation of multiple protein kinases (Shaw
and Cantley, 2006). Under the canonical activation se-
quence, receptor activation recruits exchange factors for
Ras to the membrane, and stimulates GDP to GTP
exchange to activate Ras. Raf kinases subsequently bind
activated Ras at the membrane and phosphorylate an
intermediate kinase, generally termed mitogen-activated
protein kinase kinase (MEK). Activated MEK phosphor-
ylates and activates a terminal MAPK termed extracel-
lular signal-regulated kinase (ERK)1/2 (De Luca et al.,
2012). Activated ERK1/2 upregulates expression of many
genes important for cell cycle progression, metabolism,
and proliferation by activating a plethora of transcription
factors, such as nuclear factor of activated T cells, ETS
domain—containing protein Elk-1, myocyte enhancer
factor-2, c-Protein, c-Myc, and signal transducer and
activator of transcription 3 (STAT3) (Roux and Blenis,
2004). ERK1/2 can regulate protein translation by
activating p90 ribosomal S6 kinase, MAPK-activated
protein kinases, and MAPK-interacting kinases, which
are known to directly regulate the activity of ribosomal
translation machinery (Chen et al., 2001). In addition,
ERK1/2 increases expression of antiapoptotic genes and
Ras can directly inhibit the apoptotic machinery at the
mitochondrial membrane, independently of ERK
(Alejandro and Johnson, 2008). PLD and PtdOH have
been intricately linked to multiple steps within the MAPK
pathway and overexpression of PLD has been linked to
upregulated ERK activity as measured by increased gene
transcription downstream of ERK-activated transcription
factors such as STAT3 (Choi and Han, 2012).

Ras was one of the earliest identified oncogenes, first
discovered as a viral protein capable of inducing sarcoma
in rats (Malumbres and Barbacid, 2003). Around 30% of
human tumors contain mutations in Ras genes that
result in constitutive Ras activation (Dunn et al., 2005).
A growing body of literature suggests that PLD and
PtdOH directly regulate Ras activation through several
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mechanisms. A well established Ras activation pathway
involves recruitment of the adaptor protein Grb2 to
phosphorylated tyrosine residues on RTKs via its SH2
domain (Lowenstein et al., 1992). Grb2 contains two SH3
domains (Matuoka et al., 1992) that bind proteins with
proline-rich motifs, such as the Ras GEF SOS (Simon
et al., 1991; Chardin et al., 1993). Ras family members
undergo farnesylation or geranylgeranylation that re-
sults in constitutive membrane association. Thus, for-
mation of the RTK/Grb2/SOS complex allows GDP to
GTP exchange and activation of membrane-associated
Ras. In addition to RTKSs, Grb2 can bind PLD2 via the
Grb2 SH2 domain at PLD2-Y169 and Y179 (Di Fulvio
et al., 2006). The PLD2-Grb2 complex recruits SOS and
stimulates activation of Ras and MAPK pathways (Di
Fulvio et al., 2006, 2008) in a manner that does not
require phospholipase activity. Furthermore, the PX
domain of PLD2 has been shown to act as a GEF for Ras
directly (Henkels et al., 2013b), providing an alternative
route for lipase-independent Ras activation. On the
other hand, PtdOH directly regulates Ras activation by
serving as a recruitment signal for the SOS exchange
factor (Zhao et al., 2007). SOS contains a PH domain
that binds PtdOH, and residues H475 and R479 mediate
this interaction. When PtdOH binding residues are
mutated, SOS is no longer recruited to the plasma
membrane after EGFR stimulation. PLD2 was found to
colocalize with SOS and genetic silencing of PLD2
prevented the EGF-stimulated recruitment of SOS to
the membrane and subsequent activation of Ras (Zhao
et al., 2007). In addition, PtdOH can inhibit the activity
of neurofibromin 1 (NF1), a Ras GAP, in vitro. NF1 was
identified as one the earliest tumor suppressor genes
(Cichowski and Jacks, 2001) and although the in vivo
relevance of PtdOH inhibition of NF1 remains to be
established, upregulated PLD activity could potentially
activate Ras by inhibiting NF1. The diverse mechanisms
by which PLD can regulate Ras activity certainly
underscore the importance of PLD and PtdOH for Ras
activation.

Interestingly, Ras activates PLD via a mechanism
involving RalA, Arf, and the guanine nucleotide disso-
ciation stimulator for RalA. The importance of PLD and
PtdOH in Ras-mediated tumorigenesis was demon-
strated in an elegant study in which the introduction
of dominant-negative PLD into rat fibroblasts blocked
the transforming ability of constitutively active Ras.
When the Ras-transformed fibroblasts were injected
into immunocompromised mice, fibroblasts coexpress-
ing dominant-negative PLD failed to form tumors.
However, when PtdOH was delivered to the mice via
an osmotic pump, Ras-transformed fibroblasts express-
ing dominant-negative PLD formed tumors similarly to
Ras-transformed fibroblasts that did not express
dominant-negative PLD (Buchanan et al., 2005). Other
studies have also demonstrated the importance of PLD
as an oncogenic Ras signal transduction molecule. One
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of the negative regulators of ERK is a small, 15-kDa
protein known as protein enriched in astrocytes (PEA15).
PEA15 was originally identified as a substrate for PKC
in astrocytes (Araujo et al., 1993), and was later iden-
tified in a yeast two-hybrid screen as a binding partner
of PLD1 (Zhang et al., 2000). PEA15 positively regulates
PLD activity, potentially by acting as a chaperone pro-
tein to increase protein stability and decrease degrada-
tion (Zhao et al., 2000). PEA15 also directly inhibits ERK
by sequestration in the cytoplasm and blocking ERK
nuclear import (Formstecher et al.,, 2001; Pastorino
et al., 2010). When PEA15 is phosphorylated at S116 by
Akt kinase (Trencia et al., 2003), a downstream effector
of Ras and PLD, ERK is no longer sequestered by PEA15
and can activate downstream targets. PEA15 overex-
pressed in epithelial cells that express constitutively
active Ras is hyperphosphorylated at S116 and the over-
expression potentiates Ras-mediated transformation.
Interestingly, disruption of the PEA15/PLD1 complex
or PLD1 enzyme inhibition with butanol or small-
molecule PLD inhibitors blocks the PEA15 potentiation
of Ras-mediated tumorigenesis, suggesting that the
PEA15 enhancement of PLD activity in this system
drives ERK activation and anchorage-independent
growth downstream of Ras (Sulzmaier et al., 2012).
These studies strongly suggest that PLD and PtdOH
transduce the signals required for Ras-induced oncogen-
esis, potentially through downstream activation of Raf
and the MAPK pathway.

The three members of the Raf family (A-Raf, B-Raf
and Raf-1) all activate the MAPK pathway to varying
degrees, with B-Raf and Raf-1 being the most potent
stimulators of MEK (McCubrey et al.,, 2007). Raf
mutations have been reported in many cancers, in-
cluding colorectal, ovarian, and especially melanoma,
with around 60% of melanomas containing activating
Raf mutations (Pollock and Meltzer, 2002). As such,
inhibitors of mutant Raf, such as vemurafenib, are
highly efficacious in treating malignant melanoma
(Bollag et al., 2012). The activation of Raf kinases is
complex and generally requires membrane recruitment
and subsequent phosphorylation at a number of acti-
vating residues (Yan et al., 1998). Raf contains a Ras
binding domain that allows requisite membrane re-
cruitment through interaction with activated Ras. Raf-1
can also translocate to membranes by directly interact-
ing with PtdOH (Ghosh et al., 1996). Through the use of
butanol and catalytically inactive PLD mutants, inves-
tigators determined that PLD-derived PtdOH bound
and recruited the Raf-1 kinase to facilitate ERK acti-
vation, but the interaction did not influence Raf-1
activity directly (Rizzo et al., 1999). The PtdOH binding
domain was narrowed to a region of 35 amino acids and
mutation of specific arginine residues abolished PtdOH
binding to Raf-1. All three Raf family members contain
this PtdOH binding domain (Ghosh et al., 1996, 2003).
Although the canonical Raf activation sequence involves
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membrane recruitment by Ras, other studies have
suggested that PtdOH mediates the translocation event
and Ras somehow mediates subsequent Ras activation.
Evidence for this claim comes from observations that
mutation of the PtdOH binding site of Raf-1 completely
prevents membrane binding, whereas expression of a
dominant-negative Ras construct inhibits Raf-1 activa-
tion but not translocation (Rizzo et al., 2000). The
validation that PtdOH mediates Raf-1 translocation
and Ras mediates Raf-1 activation is supported by
later studies showing that Raf-1 binding to liposomes
containing PtdOH is not further enhanced by Ras
(Hekman et al., 2002). However, Ras binding to the
same liposomes was significantly enhanced in the pres-
ence of Raf-1, suggesting that Ras binds lipid-bound Raf-1
(Hekman et al., 2002). Therefore, PtdOH appears to
directly recruit Raf-1 to membranes and possibly facilitate
activation by Ras.

In addition to directly regulating Raf translocation to
the membrane, PLD may indirectly affect ERK activa-
tion by regulating receptor endocytosis. Like RTKs,
agonist binding to many GPCRs leads to a rapid increase
in ERK activation and many of the same components
that mediate RTK activation of ERK also mediate GPCR
activation of ERK. However, inhibitors of endocytosis
are known to also inhibit GPCR-stimulated ERK
activation (Luttrell et al., 1997; Daaka et al., 1998).
Arrestins are proteins that mediate GPCR internaliza-
tion and serve as scaffolds to nucleate components of the
MAPK pathways (Shenoy et al., 2006). PLD activity has
been shown to regulate receptor endocytosis for a variety
of cell surface receptors, including RTKs such as EGFR
(Shen et al., 2001) as well as GPCRs, such as the
u-opioid receptor (Koch et al., 2003) and angiotensin II
receptor (Du et al., 2004). The cone-shaped PtdOH has
been suggested to participate in membrane fission
events, such as endocytosis (Barr and Shorter, 2000).
However, a recent study suggested that PLD regulates
receptor endocytosis independently of PtdOH. The small
GTPase dynamin is critical participant in endocytosis
and functions by circling the neck of an invaginated
membrane and pinching off the vesicle by constricting
the neck in a manner that requires GTP hydrolysis
(Ferguson and De Camilli, 2012). PLD1 and PLD2
stimulate GTPase activity of dynamin through a PtdOH-
independent GAP activity in the PLD-PX domain. By
using EGFR as an example, mutation of the catalytic
GAP residue in the PLD-PX domain or overexpression of
the PX domain fragment decreased and increased EGFR
endocytosis, respectively (Lee et al., 2006). Therefore, in
addition to PtdOH regulation of Ras and Raf activation,
PLD may regulate MAPK signaling through GEF and
GAP activities for Ras and dynamin, respectively.

C. Mammalian Target of Rapamycin

The mechanistic, or mammalian, target of rapamycin
(mTOR) is a large serine/threonine protein kinase that

Bruntz et al.

serves as a sensor of cellular homeostasis and responds
to amino acids, stress, oxygen, energy levels, and growth
factors and in turn regulates cell growth, proliferation,
survival, and metabolism by phosphorylating a plethora
of downstream targets (Laplante and Sabatini, 2012).
Canonical activation of mTOR involves PI3K, which
stimulates Akt through a PIPs-dependent mechanism.
Akt then activates mTOR by phosphorylating and inhibit-
ing TSC2, an upstream inhibitor of mTOR (Manning
and Cantley, 2003; Shaw and Cantley, 2006). In addition
to growth factor receptor mutations (Libermann et al.,
1985), PISK activity is upregulated in many cancers
through inactivation of phosphatase and tensin homolog,
the lipid phosphatase that hydrolyzes PIP5; (Haas-Kogan
et al., 1998), and also through activating mutations in the
PI3K catalytic domains (Engelman et al., 2006). Thus,
cancers that have elevated PISK activity frequently have
elevated mTOR activity.

Growth factor activation of mTOR results in protein
translation through several known substrates includ-
ing p70 S6 kinase 1 (p70S6K1) and eukaryotic trans-
lation initiation factor 4E binding protein 1 (4E-BP1).
mTOR phosphorylates p70S6K1, which in turn phosphor-
ylates and activates the S6 ribosomal protein (Chung
et al., 1992). 4E-BP1 interacts with the eukaryotic
translation initiation factor 4E and inhibits translation
until mTOR phosphorylation relieves the repressive
function of 4E-BP1 on protein translation (Richter and
Sonenberg, 2005). The bacterial macrolide rapamycin
binds FK506 binding protein 12 (FKBP12) and the
rapamycin-FKBP12 complex binds and inhibits mTOR
(Koltin et al., 1991; Sabatini et al., 1994) at the FKBP12-
rapamycin binding (FRB) domain (Choi et al., 1996).
PtdOH was shown to bind R2109 in the FRB domain and
an NMR structure of FRB-bound PtdOH suggested that
binding of PtdOH to mTOR competes with rapamycin
binding (Fang et al., 2001; Veverka et al., 2008). Some
have suggested that PtdOH stabilizes mTOR complexes
and that high levels of PtdOH may outcompete rapamycin
and explain why some systems resist rapamycin in-
duced cell death (Chen et al., 2003; Toschi et al., 2009).
Consistent with the importance of PtdOH in mTOR
activation, the three PtdOH-generating enzymes PLD
(Fang et al., 2001), DAG kinase (Avila-Flores et al.,
2005), and lysophosphatidic acid acyl transferase (Tang
et al., 2006) have all been shown to regulate mTOR
activity. Although the literature is somewhat contradic-
tory, both PLD1 (Fang et al., 2003; Sun et al., 2008) and
PLD2 (Ha et al., 2006) have been reported as regulators
of mTOR. However, small-molecule PLD inhibitors do
not inhibit mTOR activity in all cells (Bruntz et al.,
2014), which calls into question some of the previous
studies that relied on butanol as a PLD “inhibitor.”

Although PtdOH can regulate p70S6K1 activity
through mTOR, recent studies demonstrated that PtdOH
also directly binds and activates p70S6K1 independently
of mTOR, as measured by recombinant p70S6K1 binding
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to PtdOH in enzyme-linked immunosorbent assays and
lipid-sedimentation—based assays (Lehman et al., 2007).
To demonstrate direct activation of p70S6K1, the authors
treated cells with rapamycin to inhibit mTOR and then
with PtdOH before immunoprecipitation of p70S6K1 and
measurement of activity. Although they measured in-
creased p70S6K1 activity after PtdOH treatment, the
authors did not address the potential displacement of
rapamycin from mTOR by PtdOH, thus calling into
question a direct stimulation by PtdOH. Further studies
must address whether the binding of PtdOH to p70S6K1
has physiologic relevance.

D. Evading Growth Suppression

Most cells enter a state of cellular quiescence upon
terminal differentiation or contact with other cells
within a tissue or culture. The signals that prevent cell
division and replication are diverse and complex, but
are largely mediated by soluble factors and cell surface
proteins that activate inhibitors of cell cycle progression
through restriction points into S (DNA synthesis) or M
(mitosis) phases (Fagotto and Gumbiner, 1996). As
discussed in the previous section, mitogenic signals, such
as those from growth factor receptors, evoke passage
through cell cycle checkpoints to replicate DNA, undergo
mitosis, and ultimately divide. To establish a transformed
primary cell line in culture, at least two cooperating
oncogenes or tumor suppressors must be mutated. These
include, for example, mutations allowing constitutive
mitogenic signaling, mutations that allow cells to overcome
restrictions on cell cycle checkpoints, or mutations that
allow cells to overcome programmed cell death (Land et al.,
1983). As such, excessive proliferative signaling alone often
leads to cell cycle arrest as a normal cellular response to
preventing neoplastic growth. Overexpression of Raf
(Woods et al., 1997) and oncogenic Ras (Serrano et al.,
1997) proteins in nonimmortalized, primary cells leads to
cell cycle arrest. Likewise, oncogenic Ras, which does not
normally transform primary cells, transforms cells with
the introduction of a protein that sequesters and inacti-
vates cell cycle checkpoint proteins ( Serrano et al., 1997,
Hahn et al., 1999). Although PLD overexpression alone
does not appear to be transforming, PLD overexpression
cooperates with overexpressed proto-oncogenes, such as
¢-Src or EGFR, in rat fibroblasts (Joseph et al., 2001),
suggesting that PLD might also function at the level of cell
cycle progression.

The transcription factor p53 is one of the most im-
portant tumor suppressors involved in cell cycle control
and over 50% of human tumors contain inactivating
mutations in the p53 gene (Hollstein et al., 1994). As
cells pass through the cell cycle, DNA integrity is
constantly monitored. Cellular stressors such as DNA
damage can activate a number of proteins including
ataxia telangiectasia mutated, a well known activator of
p53 Xu and Baltimore, 1996). Once activated, p53 either
initiates a series of events triggering a cell cycle arrest or
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events triggering programmed cell death. By enforcing
a G1 checkpoint, p53 prevents entry into the S phase,
allowing time for DNA repair to proceed. If DNA damage
is sufficient, p53 can initiate programmed cell death to
prevent replication and passage of damaged genes (Evan
and Littlewood, 1998). p53 enforces a cell cycle arrest by
upregulating a number of genes that prevent cell cycle
progression. Although there are many, the p21 cyclin-
dependent kinase inhibitor (p21Cipl) is a well character-
ized p53 target (el-Deiry et al., 1993). p21Cip1 binds to
cyclin-dependent kinases and blocks their activity to
enforce a G1 cell cycle arrest. p53 can initiate apoptosis by
upregulating proapoptotic genes such as Bax (Miyashita
and Reed, 1995) and death receptors (Owen-Schaub et al.,
1995), and p53 can stimulate apoptosis independently of
its transcriptional activity by directly activating the
mitochondrial apoptotic machinery (Chipuk et al., 2004).
Therefore, inactivation or suppression of p53 is often
a key step in neoplastic growth and PLD has been linked
to the p53 pathway in several studies.

In normal proliferating cells, DNA-damaging agents
cause apoptosis through a mechanism that involves
increased expression of p53. In rat fibroblasts and
MDA-MB-231 breast cancer cells, overexpression of
PLD1 results in decreased p53 levels and decreased
apoptosis after treatment with DNA-damaging agents,
suggesting that PLD activity promotes p53 degradation
(Hui et al., 2004, 2006). p53 levels are usually low as the
protein is continuously degraded via a mechanism that
involves ubiquitination and proteasomal degradation.
The E3 ubiquitin-protein ligase mouse double minute 2
homolog functions as a negative regulator of p53 by
targeting the protein for proteasomal degradation (Moll
and Petrenko, 2003). Overexpression of PLD correlates
with increased levels of mouse double minute 2 homolog
in rat (Hui et al., 2004) and human (Hui et al., 2006)
cells, potentially explaining the mechanism by which
PLD decreases p53 levels. Furthermore, the possibility
that PLD activity promotes p53 degradation was later
supported in etoposide-treated HCT116 colorectal can-
cer cells when small interfering RNA (siRNA) knock-
down of PLD1 or treatment of cells with exogenous
PtdOH increased and decreased p53 levels, respectively
(Jang et al., 2008b). In addition, overexpression of PLD1
and PLD2 inhibits etoposide-induced increase in p53
expression (Kwun et al., 2003; Hui et al., 2004). Similar
results were observed in fibroblasts with high-intensity
Raf signaling, normally prone to cell cycle arrest (Woods
et al., 1997). Overexpression of either PLD1 or PLD2 in
these cells led to a dramatic decrease in p21Cip1 (Joseph
et al., 2002). In one study, PLD2 controlled p21Cipl
expression independently of p53, raising the possibility
that the PLD1 may regulate p21Cip1 levels through p53,
whereas PLD2 may regulate p21Cipl levels through
other transcription factors such as Spl (Kwun et al.,,
2003). The molecular mechanism by which PLD regu-
lates p53 and p21Cipl levels largely remains to be
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determined. However, MAPK pathways are known to
regulate p53 (Wu, 2004) and inhibitors of ERK partially
negate the effects of PLD overexpression on p53 degrada-
tion (Hui et al., 2004), potentially implicating a PLD-
MAPK pathway.

The retinoblastoma protein (pRB) is another fre-
quently mutated tumor suppressor protein that func-
tions as a cell cycle restriction point guardian to allow
passage from the G1 gap phase into the S phase.
Accordingly, loss of pRB allows unrestricted passage
from the G1 phase to the S phase. pRB normally binds
E2F transcription factors that, when liberated from
pPRB, upregulate genes necessary for G1 to S phase
transition (Dyson, 1998). The regulation of pRB is
complex, but multiple phosphorylation events determine
whether pRB restricts S phase entry. Before cells reach
the G1 restriction point, pRB is hypophosphorylated
and levels of phosphorylated pRB increase during the
last few hours of the G1 phase. Hyperphosphorylated
pRB then allows passage through the G1 checkpoint
(Weinberg, 1995) and hyperphosphorylated pRB is
associated with cell cycle progression. Cyclins of the D
class regulate pRB activity (Ewen et al.,, 1993; Kato
et al., 1993) by activating cyclin-dependent kinases,
which phosphorylate and activate pRB (Tamrakar
et al., 2000). Although no studies to date have directly
implicated PLD in pRB activation, several putative links
exist. First, when PLD1 or PLD2 is overexpressed in
mouse fibroblasts, cyclin D3 levels increase and a greater
population of cells enter the S phase relative to cells that
do not overexpress PLD (Min, 2001). In addition,
p21Cipl is a potent inhibitor of cyclin-dependent kinases
that phosphorylate pRB (Harper et al., 1993), offering
another mechanism by which PLD may regulate pRB
activation since PLD activity is negatively correlated
with p21Cipl expression. Finally, protein phosphatase
1 (PP1), a serine/threonine phosphatase, dephosphory-
lates pRB and can inhibit the G1 to S phase transition
(Rubin et al.,, 1998). PP1 is a ubiquitously expressed
phosphatase in all eukaryotic cells with a broad spectrum
of functions including cell division, apoptosis, protein
synthesis, metabolism, cytoskeletal reorganization, and
regulation of membrane receptors (Shi, 2009). PP1 is
a holoenzyme consisting of catalytic and regulatory
subunits that target phosphatase specificity. PP1 activity
is regulated by inhibitory proteins in vivo (Cohen, 2002)
and PtdOH was shown to inhibit the catalytic subunit of
PP1y with an ICsq value of 15 nM (Jones and Hannun,
2002). The PtdOH binding site was mapped to a small
stretch of amino acids between 274 and 299 and
mutation of serine 292 reduced PtdOH binding by about
50% (Jones et al., 2013). Theoretically, PLD activity could
inhibit PP1 leading to hyperphosphorylated pRB and G1
cell cycle arrest since PP1-induced hypophosphorylation
of pRB is associated with a G1 arrest (Kwon et al., 1997)
and conditions that favor pRB phosphorylation favor cell
proliferation (Cobrinik et al., 1992).
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E. Resisting Cell Death

1. Apoptosis. Along the journey to malignancy,
cancer cells must overcome intrinsic programmed cell
death mechanisms that exist to destroy genetically
unstable or cells undergoing deregulated, autonomous
proliferation. DNA-damaging agents, death receptor
stimulation, inhibition of oncogenic kinases, and nutrient
deprivation are established stimuli of apoptotic cell
death (Kelly and Strasser, 2011). As cells within a solid
tumor proliferate, the nutrient supply temporarily de-
creases until cells can stimulate angiogenesis and restore
blood flow via neovascularization. In cell culture, vi-
ability is normally compromised after serum or nutrient
withdrawal. PLD activity is frequently upregulated in
cultured cells after serum withdrawal (Zheng et al,,
2006) and many cancer types require PLD and its
product, PtdOH, for sustained survival under stress
conditions (Foster and Xu, 2003). Several groups have
thus proposed the idea that PLD and PtdOH provide
some sort of survival signal to prevent programmed cell
death. For example, when serum is withdrawn in rat
fibroblasts overexpressing the proto-oncogene c-Src, cells
undergo apoptosis unless PLD1 or PLD2 is co-
overexpressed (Zhong et al., 2003). Interestingly, the
same rat fibroblast line transformed with oncogenic v-Src
has elevated basal PLD activity and does not undergo
apoptosis after serum withdrawal, illustrating a correla-
tion with PLD activity and cell survival. Established
cancer cell lines also require PLD activity for survival in
the serum-withdrawal paradigm. For example, when
PLD activity is inhibited in T24 bladder, Calu-1 lung,
786-O renal, HCT116 colorectal, and MDA-MB-231
breast cancer cells after serum withdrawal, the estab-
lished cancer lines undergo apoptosis (Zhong et al., 2003;
Shi et al., 2007; Kang et al., 2008; Toschi et al., 2008).
These studies used butanol, dominant-negative PLD,
and PLD siRNA to inhibit PLD activity and expression.
The importance of PLD in the serum-withdrawal
survival pathway has since been corroborated using
small-molecule PLD inhibitors in MDA-MA-231 cells
(Lavieri et al., 2010).

Although the molecular mechanisms by which PLD
protects against apoptotic cell death are not fully
understood, several mechanisms have been proposed.
The first mechanism involves upregulation of anti-
apoptotic proteins. B-cell lymphoma 2 (Bcl-2) is an anti-
apoptotic protein that prevents apoptosis by binding
proapoptotic proteins, such as Bax and Bak (Tsujimoto
et al.,, 1984; Cheng et al.,, 2001). Not surprisingly,
overexpression of Bcl-2 is associated with apoptosis
resistance in many cancers (Adams and Cory, 2007).
Several cell types increase Bcl-2 expression as a function
of PLD activity. PLD overexpression and exogenous
PtdOH treatment in HeLa cells increases Bcl-2 tran-
scription (Choi and Han, 2012). H19-7 rat embryonic
hippocampal cells increase Bcl-2 expression when
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stimulated by fibroblast growth factor (FGF). Dominant-
negative PLD and PLD siRNA inhibit the FGF-induced
increase in Bcl-2, suggesting that PLD activity is
required for Bcl-2 expression (Yoon et al., 2012). Both
studies demonstrate that Bcl-2 transcription increases
through the STATS3 transcription factor in a mechanism
that requires MAPK activity. Therefore, Bcl-2 expression
by PLD may be a byproduct of PLD-induced MAPK
activation.

Another mechanism by which PLD may protect
against apoptosis involves the regulation of mTOR.
Several cell types undergo apoptosis when treated with
the mTOR inhibitor rapamycin (Woltman et al., 2001).
As mentioned previously, PtdOH is believed to bind
and stimulate mTOR directly in a manner that
competes with rapamycin binding (Chen et al., 2003).
Along these lines, the prosurvival transcription factor
c-Myc (Dang, 2012) is translated downstream of mTOR
(Gera et al., 2004). Inhibition of PLD using butanol or
dominant-negative PLD is associated with a decrease
in c-Myc protein in MCF7 cells and it has been sug-
gested that PLD promotes c-Myc expression through
mTOR activation (Rodrik et al., 2005). In some circum-
stances, c-Myc overexpression can force the cell to
initiate apoptosis in a manner that requires the early
growth response protein 1 (Egrl) transcription factor
(Sherr, 2001; Boone et al.,, 2011). Egrl is a tumor
suppressor involved in differentiation, proliferation, and
apoptosis (Yu et al.,, 2007; Boyle et al.,, 2009) and
enhances expression of the phosphatase and tensin
homolog (Virolle et al., 2001). Apoptotic stimuli increase
Egrl expression in NITH3T3 and C6 glioma cells. How-
ever, PLD overexpression or treatment with exogenous
PtdOH prevents Egrl induction and subsequent apo-
ptosis (Kim et al., 2006). These results suggest that PL.D
may regulate apoptosis by regulating expression of
proapoptotic and antiapoptotic proteins, potentially
through MAPK and mTOR pathways, although de-
termination of the exact pathways should be the subject
of future investigation.

Apoptosis initiation is a stepwise process involving
mitochondrial permeabilization, cytochrome c release,
and activation of several caspase proteases (Parrish
et al., 2013). As such, treatment of cells with apoptotic
stimuli, such as small-molecule PLD inhibitors is
associated with an increase in caspase activity (Lavieri
et al., 2010). PLD1 and PLD2 are targets for activated
caspases and are cleaved at several sites. PLD1 is
cleaved at D545 and PLD?2 is cleaved at D13, D16, and
D28 (Jang et al., 2008a; Riebeling et al., 2008). Although
a functional significance of PLD2 cleavage is unknown,
cleavage of PLD1 generates a protein fragment that
inhibits endogenous PLD activity and renders cells more
susceptible to apoptosis-inducing agents (Jang et al.,,
2008b). Likewise, expression of a caspase-resistant mu-
tant, D545A, renders cells resistant to apoptotic stimuli
(Jang et al., 2008b). These studies suggest that caspase
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cleavage of PLD1 leads to generation of protein frag-
ments that enable apoptosis by inhibiting PLD activity.
These studies link the intrinsic apoptotic machinery to
PLD activity and further underscore the importance of
PLD as a survival factor.

2. Autophagy. FEukaryotic cells encounter a variety
of environmental stressors ranging from nutrient and
growth factor deprivation to chemical stressors and
infectious agents. Macroautophagy (hereafter referred
to as autophagy) is an evolutionarily conserved process
whereby cytoplasmic constituents are enveloped in
double-membrane vesicles called autophagosomes and
delivered to lysosomes for degradation and nutrient
recycling in times of stress (Yang and Klionsky, 2010).
Autophagy is the only mechanism to degrade large bulky
structures, such as organelles, and serves a housekeep-
ing function, under nonstress conditions, to clear the cell
of damaged and potentially toxic components (Rabinowitz
and White, 2010). In addition to providing recycled
nutrients, such as amino acids and nucleic acids,
autophagy is critical for immune function (Puleston and
Simon, 2014) and preventing neurodegenerative diseases
such as Huntington and Parkinson diseases by clearing
toxic protein aggregates (Sarkar et al., 2007; Wang and
Mandelkow, 2012). The relationship between autophagy
and cancer is complex and autophagy has been shown to
serve tumor-suppressing and tumor-promoting roles.
Mice with genetic deletions for essential autophagy genes
have increased incidences of cancer, most likely due to
increased genotoxic stress after buildup of damaged
organelles (Edinger and Thompson, 2003). On the other
hand, autophagy is required for the metabolic shift
toward aerobic glycolysis in Ras-transformed fibro-
blasts (Kim et al., 2011b) and autophagy inhibitors de-
crease Ras-induced transformation (Kim et al., 2011c).
Autophagy also supports tumor cell growth by clearing
damaged organelles and toxic metabolites after chemo-
therapy treatment; thus, pharmacological modulation of
autophagy is clinically important (Rubinsztein et al.,
2012).

Autophagy is a multistage process coordinated by
distinct protein complexes. In yeast, approximately 30
autophagy-related genes control the various auto-
phagic stages, which include initiation, elongation,
and maturation. Approximately one-half of these genes
are conserved in mammals (Xie and Klionsky, 2007).
Autophagosome initiation begins with the budding of
a preautophagosomal structure (PAS) from a mem-
brane within the cell. Although there is debate as to
the membrane of origin, autophagosomes may contain
membrane components from the endoplasmic reticu-
lum (Axe et al.,, 2008), mitochondria (Hailey et al.,
2010), and plasma membrane (Ravikumar et al., 2010).
PAS formation requires recruitment of several proteins
including Vps34, Vpsl5, Atgl4L, and beclinl (Itakura
et al., 2008). AtgldL targets the complex to PAS
structures (Matsunaga et al., 2010) where beclinl can
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stimulate the activity of the class III phosphatidylinositol
3-kinase Vps34 to increase local concentrations of PI
(3)P (Liang et al., 1999; Kihara et al., 2001). Increased
concentrations of PI(3)P contribute to the negative
curvature of the PAS isolation membrane and recruit
proteins containing PI(3)P-binding domains, such as
PX domains (Knaevelsrud and Simonsen, 2012). Vps34
activity results in the formation of another complex
containing Atgh, Atgl2, and Atgl6 to promote the
elongation phase. Atgh and Atgl2 are conjugated to
each other through the actions of Atg7 and Atg10, which
function similarly to E1 and E2 ubiquitin-activating
and ubiquitin-carrier proteins, respectively (Mizushima
et al., 1998; Shintani et al.,, 1999). As the nascent
autophagosome elongates, Atg7, Atg3, and Atgh—-Atgl2
function as E1, E2, and E3 ubiquitin-like conjugation
proteins to covalently attach PE to microtubule-
associated protein/light chain 3 (LLC3) to facilitate L.C3
attachment to autophagosomal membranes (Hanada
et al., 2007; Noda et al., 2011). Once LC3 attaches to the
autophagosome, the Atgb/Atgl2/Atgl6 complex disso-
ciates and LC3 assists in the final fusion of the PAS
membranes into an autophagosome containing the
engulfed cytoplasmic constituents (Nakatogawa et al.,
2007). As autophagosomes mature, they fuse with
endosomes to create amphisomes before ultimately
fusing with lysosomes. The maturation process is less
understood, but is partially mediated by the formation
of beclinl complexes distinct from those formed during
autophagosome initiation (Matsunaga et al., 2009;
Zhong et al., 2009) and by components of the endosomal
and lysosomal membranes such as Rab7 and lysosome-
associated membrane glycoprotein 2 (Eskelinen, 2005).

mTOR is a classic negative regulator of autophagy
and inhibits autophagosome formation by directly inhib-
iting components of the autophagosome initiation complex
(Chang et al., 2009; Jung et al., 2010). When nutrients are
widely available, mTOR inhibits autophagosome initia-
tion by directly regulating components of the autophagy
initiation complex. The formation of the Vsp34/Beclinl
complex and the subsequent autophagosome initiation
is subject to regulation by proteins such as Atgl/Unc-
51-like kinase (ULK), another key component of the
autophagosome initiation complex (Mizushima, 2010).
When nutrients are abundant, mTOR phosphorylates
and binds the ULK complex, preventing autophagosome
initiation (Ganley et al., 2009; Hosokawa et al., 2009).
When nutrients become limiting or cells are treated with
rapamycin, mTOR activity decreases and dissociates
from the ULK complex, enabling autophagosome forma-
tion. ULK is also regulated by the AMPK when AMP
levels increase due to metabolic demand (Hardie, 2007;
Kim et al., 2011a). In addition to mTOR and AMPK, PLD
is emerging as an important, multifaceted regulator of
autophagy. Vps34 directly regulates PLD1 localization
and activity in response to amino acid availability or
deprivation (Xu et al., 2011; Yoon et al., 2011). PLD binds
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to PI(3)P-containing membranes via the PX domain
where it colocalizes with mTOR and promotes mTOR
activity in the presence of amino acids. Amino acid
deprivation decreases PLD activity (Yoon et al., 2011)
and could trigger an increase in autophagosome bio-
genesis through decreasing mTOR activity. As such, PLD
KO mice produce fewer autophagosomes in liver slices
and in embryonic fibroblasts after autophagic stimuli
compared with wild-type littermates (Dall’Armi et al.,
2010). Furthermore, Arf6, which is known to localize to
the plasma and endosomal membranes (Donaldson,
2003; D’Souza-Schorey and Chavrier, 2006), stimulates
autophagosome biogenesis from plasma membranes in
a manner that requires PLD activity (Moreau et al.,
2012). These observations were not directly correlated
with mTOR and follow-up studies suggest that PLD may
independently regulate autophagy. In cells derived from
polycystic kidney disease, which show upregulated
mTOR activity, PLD inhibitor treatment results in a large
increase in autophagosome numbers. However, rapamycin
treatment of the same cells does not increase auto-
phagosome numbers and suggests that PLD may be
uncoupled from mTOR in these cells (Liu et al., 2013).
Increased autophagosome numbers can result from
increased biogenesis or decreased degradation, and the
investigators of this study did not perform the experi-
ments to make the distinction.

Agents that inhibit lysosomal acidification prevent
autophagosome fusion and ultimate degradation. By
pretreating cells with lysosomal proton pump inhib-
itors, such as bafilomycin Al, investigators can clamp
autophagosome degradation and determine whether
a compound increases autophagosome biogenesis or
inhibits autophagic flux (Yamamoto et al., 1998b). PLD
inhibitor treatments induce a robust increase in auto-
phagosome numbers in glioblastoma cells, but do not
increase autophagosome numbers more than bafilomycin
treatment alone (Bruntz et al., 2014). These results
suggest that PLD promotes autophagosome flux and
degradation. Similarly, when HeLa cells are cultured
in balanced saline solutions lacking amino acids, PLD1
localizes with LC3-containing, late endosomal/lysosomal
structures, but not PAS membranes, suggesting that
PLD promotes the later stages of autophagy as opposed
to the initiation stages (Dall’Armi et al., 2010). Further-
more, PLD inhibitors increase levels of autophagy
substrates in both nutrient-deprived Chinese hamster
ovary cells (Dall’Armi et al., 2010) and serum-deprived
glioblastoma cells (Bruntz et al., 2014), consistent with
a blockade in autophagosome degradation. Beclinl pro-
motes autophagosome maturation and degradation by
interacting with a variety of partners throughout the
process. Rubicon is a Beclinl-interacting protein that
inhibits autophagosome maturation by inhibiting Vps34
lipid kinase activity (Matsunaga et al., 2009; Zhong
et al., 2009; Sun et al.,, 2011). Akt phosphorylates
Beclinl and promotes autophagic flux by preventing the
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interaction with Rubicon (Bruntz et al.,, 2014). PLD
promotes Akt activity in glioblastoma cells and pro-
motes autophagic flux by preventing the binding of
Rubicon to Beclinl (Bruntz et al., 2014). This PLD2-
Akt—-mediated access to autophagy via modulation of
the Beclinl-Rubicon complex may be essential to cell
survival in human glioblastomas. This signaling axis
appears to become a pathway of central importance
under conditions of metabolic stress.

Although most of the current data are consistent
with PLD promoting autophagic flux, PLD may
function to promote autophagosome biogenesis in some
systems. For example, the decrease in autophagosome
numbers in PLD1 KO mice is consistent with a role of
PLD in biogenesis and differs from the effects seen
with PLD inhibitors (Dall’Armi et al., 2010; Liu et al.,
2013; Bruntz et al., 2014). These differences may be
explained by the various treatment paradigms them-
selves or by differences in the cell lines or tissues under
investigation. Another likely possibility is that the
PLD protein provides a nonlipase function that is re-
quired for autophagosome biogenesis. In addition, data
obtained from KO animals may expose the nonlipase
functions that small-molecule inhibitors may obscure.
PLD may also promote autophagy through production of
other lipids, such as DAG. Autophagy is upregulated
when pathogens such as Salmonella typhimurium infect
cells. PLD-derived DAG was recently shown to be re-
quired for autophagy after infection (Shahnazari et al.,
2010). Since PLD was only recently discovered to
modulate autophagy (Liu et al., 2009; Dall’Armi et al.,
2010; Moreau et al., 2012; Bae et al., 2014; Bruntz et al.,
2014), future studies are needed clarify the detailed
mechanism of autophagy regulation by PLD. It will also
be important to ascertain whether other PtdOH-
generating pathways (see Fig. 6) are able to compensate
for blocks of PLD activity by supplying alternate sources
of PtdOH to critical signaling nodes such as Akt or
mTORC1. It will also be important to assess whether
such ability to compensate differs between more acute
treatments, such as small-molecule inhibitors and
primary alcohol-mediated transphosphatidylation, or
sustained knockdowns of gene products using RNAi.

F. Activating Invasion and Metastasis

Once a tumor reaches a critical size, nutrient avail-
ability and space become limiting factors for continued
tumor growth. The solution usually involves invasion of
surrounding tissues and metastasis to distant sites where
nutrients and space are not initially limiting (Hanahan
and Weinberg, 2000). Invasion is a multistep process
involving dissolution of the extracellular matrix (ECM)
and surrounding tissue by protease secretion, detachment
from neighboring cells and ECM, and finally cellular
migration into the surrounding tissue. Many studies have
implicated PLD in the promotion of cancer cell invasion.
In early studies investigating invasive properties of
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human small-cell lung cancer cells, a proinvasion role
for PLD was suggested after observations that exoge-
nously added bacterial PLD or PtdOH dramatically
stimulated lung cancer cell invasion in vitro (Imamura
et al.,, 1993). Later studies revealed a positive correlation
between PLD activity and invasive potential. Over-
expression of PLD in breast, glioblastoma, or lymphoma
cells stimulates invasion (Zheng et al., 2006; Knoepp
et al.,, 2008; Park et al., 2009), whereas expression of
dominant-negative PLD prevents invasion (Zheng et al.,
2006). Similarly, small-molecule PLD inhibitors and PLD
siRNA decrease breast cancer cell invasion and further
implicate the importance of PLD in invasive processes
(Scott et al., 2009).

Prior to leaving their tissues of origin, cancer cells
must degrade ECM components and surrounding tis-
sues to provide a path for migration and intravasation.
This process is usually mediated by production and
secretion of collagenases/gelatinases termed matrix
metalloproteinases (MMPs) (Rao, 2003). MMP activity
is the best predictor of invasiveness in some cancers,
such as glioblastoma (Wild-Bode et al., 2001), and PLD
activity is highly correlated with increased MMP activity
in many cancer types. Simulation of HT1080 fibrosar-
coma cells with activators of PLD, such as laminin
(Reich et al., 1995) or PMA (Williger et al., 1999) re-
sulted in increased MMP2 and MMP9 secretion. By
using primary alcohols and exogenously added PtdOH to
decrease and increase MMP secretion, respectively, the
investigators established a role for PLD in MMP
secretion (Reich et al., 1995; Williger et al., 1999). Since
these original studies, the requirement of PLD in MMP
secretion has been established for multiple cell types
including melanoma (Kato et al., 2005), colorectal (Kang
et al., 2008), glioblastoma (Park et al., 2009), and breast
(Kang et al., 2011) cancer cells. These studies used
a combination of primary alcohol, dominant-negative
PLDs, PLD siRNA, and small-molecule PLD inhibitors
to block MMP secretion from cancer cells, firmly
supporting the requirement for PLD activity. The most
widely accepted mechanism for PLD regulation of MMP
secretion is through a transcription-dependent mecha-
nism. A Ras-MAPK-dependent pathway likely mediates
MMP transcription because dominant-negative con-
structs or inhibitors of multiple proteins within the
MAPK pathway block MMP secretion in response to
stimuli such as PDGF, EGF, and PMA. Nuclear factor
k-light chain enhancer of activated B cells is a transcrip-
tion factor downstream of ERK (Kurland et al., 2003)
and has been named as the ERK-dependent transcrip-
tion factor responsible for inducing MMP2 and MMP9
transcription (Kato et al., 2005; Kang et al., 2008, 2011,
Park et al., 2009).

Once the surrounding tissue environment has been
appropriately remodeled to permit tumor cell escape,
the cells must detach from their surrounding cells and
ECM before beginning the process of migration. In
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epithelial cells, this process is usually termed the
epithelial-mesenchymal transition (EMT) in which cells
lose polarity and cell-cell adhesion and transition into
migratory mesenchymal-like cells (Hanahan and
Weinberg, 2000). During EMT, cells reorganize adhe-
sion proteins that promote interaction with the ECM.
E-cadherin is a cell surface protein that couples to the
actin cytoskeleton, regulates adhesion-dependent signal-
ing, and interacts with other cells to transmit antigrowth
signals (De Craene and Berx, 2013). Downregulation of
E-cadherin is one the earliest steps in EMT, usually
achieved through transcriptional regulation by a variety
of pathways. Growth factors, such as EGF, FGF, and
PDGF, stimulate EMT through a Ras-MAPK pathway
leading to activation of transcription factors, such as
SLUG, which represses E-cadherin and promotes ex-
pression of EMT genes (Savagner et al., 1997; Bolés
et al., 2003; Yang and Weinberg, 2008). Because PLD is
intimately involved in RTK/Ras/MAPK signaling, it
stands to reason that PLD may also regulate EMT and
loss of cell adhesion. Indeed, a positive correlation
between PLD activity and loss of E-cadherin exists in
certain cells. Wounded corneal epithelial cells undergo
an EMT as cells migrate at the leading edges of the
wound. Treatment with exogenous PtdOH or over-
expression of PLD2 caused a dramatic reduction of cell
surface E-cadherin in these cells (Mazie et al., 2006).
However, butanol did not decrease EGF stimulation of
ERK in this system, suggesting that PLD may regulate
E-cadherin through different means. In addition to the
Ras-ERK pathway, the Wnt/B-catenin pathway also
promotes EMT (Yang and Weinberg, 2008; Sanchez-
Till6 et al., 2011). The Wnt pathway is critical in tissue
development and is frequently mutated in many cancers
(Kikuchi, 2003). Recent studies have shown that PLD1 is
a transcriptional product of Wnt activation and partic-
ipates in a feed-forward mechanism in which PLD
activity is required for transcription of a number of
Wnt-responsive genes (Kang et al., 2010). Although
EMT gene expression was not measured in the study,
PLD may potentially regulate EMT and loss of adhesion
through Wnt. Small-molecule PLD inhibitors block Wnt-
mediated transformation of NIH3T3 cells and under-
score the importance of PLD in Wnt-signal transduction
(Kang et al., 2010). Whether PLD directly participates in
EMT and loss of cellcell and ECM adhesion remains
a point of conjecture.

After ECM remodeling and loss of adhesion, in-
vading cells must migrate into surrounding tissues.
Migration events occur under normal conditions such
as the chemotaxis of cells toward chemical stimuli
during infection and development. The process of
migration requires significant cytoskeletal rearrange-
ments and PLD is an important regulator of these
events. PLD activity is required for neutrophil migra-
tion toward chemotactic peptides and cytokines, such
as fMLP and interleukin-8 (Lehman et al., 2006;
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Carrigan et al., 2007), and for macrophage migration
toward colony stimulating factor 1 (Knapek et al.,
2010). Cancer cells can secrete chemoattractants to
recruit immune cells into tumors where they produce
MMP and other factors that promote invasion (Condeelis
and Pollard, 2006). In addition, PLD activity is required
for fibroblast migration toward LPA (Pilquil et al., 2006)
and endothelial cell migration toward S1P (Gorshkova
et al., 2008). Like nontransformed cells, cancer cells, such
as MDA-MB-231, also require PLD activity for migration
(Zheng et al., 2006; Scott et al., 2009). Cellular migration
is a multistep process consisting of cycles of cells
protrusion, attachment to the ECM, and retraction. The
first step of the cycle requires polarization of the cell into
leading and retracting edges with the development of
protrusions, such as lamellipodia or filopodia, at the
leading edges. These protrusions must then be stabilized
by formation of focal adhesions to the surrounding
matrix, and finally, the trailing edge of the cell must
detach and contract to move the cell forward (Etienne-
Manneville, 2004; Ananthakrishnan and Ehrlicher,
2007). PLD and PtdOH have been linked to each step
of the process.

PLD enzymes, especially PLD2, are frequently local-
ized to the leading edge of motile cells in membrane
ruffles and lamellipodia, depending on the cell type
(Colley et al., 1997b; O’Luanaigh et al., 2002; Nagasaki
et al., 2008). PLD activity is required for leading edge
formation (Santy and Casanova, 2001) and overexpres-
sion of PLD promotes leading edge characteristics (Shen
et al., 2002). Actin-rich leading edge formation requires
a series of cytoskeletal rearrangements coordinated by
members of the Rho family such as RhoA, Cdc42, and
Rac (Ridley et al., 2003) along with other proteins, such
as nonreceptor tyrosine kinases (NRTKs) of the Src
family (Kanda et al., 2007). Rac proteins appear to
control lamellipodia formation, whereas Cdc42 controls
filopodia formation (Etienne-Manneville, 2004). As
discussed previously, the RhoA family members stimu-
late PLD1 activity by a direct protein—protein interac-
tion. Several studies have proposed mechanisms in
which Arf6 and Racl converge on PLD1 to promote
PtdOH production and membrane ruffling in epithelial
cells and mast cells (Santy and Casanova, 2001; Powner
et al., 2002). However, the PLD2 isoform is perhaps
more important for cell migration and an intriguing
mechanism of Rac regulation by PLD2 is emerging.

In endothelial cells, Rac activation appears to require
PLD2 activity because RNAi silencing of PLD2 de-
creases Rac activation and cell migration in response to
S1P (Gorshkova et al., 2008). The PH domain of PLD2
encodes a putative Cdc42/Rac interactive binding do-
main that directly interacts with Rac proteins, located
between amino acids 255 and 269 (Mahankali et al.,
2011; Peng et al., 2011). In vitro, purified PLD2 potently
stimulates GDP-GTP exchange on Rac2 and silencing of
PLD2 leads to decreased Rac2 activation and chemotaxis
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in neutrophils (Mahankali et al., 2011). PLD2 also
stimulates GEF activity on Racl, although the rate of
PLD2-catalyzed GDP-GTP exchange for Racl is less
than for Rac2 (Henkels et al., 2013b). Although these
studies describe a lipase-independent mechanism of Rac
activation by PLD2, other studies suggest that PLD
catalytic activity is required for Rac activation (Gorshkova
et al., 2008) and several lipase-dependent mechanisms
have been described. In one mechanism, PtdOH directly
binds the C-terminal polybasic motif of Racl and
promotes membrane translocation (Chae et al., 2008).
In the description of the PLD2-GEF activity, inclusion
of PtdOH in the reaction mixture increases GEF
activity (Mahankali et al., 2011), suggesting a putative
mechanism in which PtdOH recruits Racl binding to
the membrane and the combination of PtdOH and
PLD2-GEF activity stimulates Rac activation. An-
other mechanism for PtdOH-mediated Rac activation
involves direct modulation of the Rac GEF, dedicator
of cytokinesis 2 (DOCK2). DOCK2 contains a DOCK
homology region that binds PIP; and controls mem-
brane localization. Full recruitment of DOCK2 to
leading edges of migrating cells was shown to require
PtdOH in addition to PIP; and the PtdOH binding site
was narrowed to a polybasic amino acid stretch in the C
terminus (Nishikimi et al., 2009). DOCK2 translocation
required PtdOH generated by PLD because the expres-
sion of catalytically inactive PLD, treatment with butanol,
and treatment with small-molecule PLD inhibitors all
reduced DOCK2 accumulation at the leading edges of
neutrophils undergoing chemotaxis (Nishikimi et al.,
2009). In nonactivated neutrophils, Rac is sequestered
by GDIs. Upon activation, Rac dissociates and allows
GEFs to stimulate GDP-GTP exchange leading to mem-
brane ruffling. In vitro, PtdOH and other lipids such as
arachidonic acid and PIP,s stimulate dissociation of Rac
from the Rac-GDI (Chuang et al., 1993). The number of
mechanisms by which PLD and PtdOH stimulate Rac
activity certainly highlights Rac as an important medi-
ator of PLD-mediated leading edge formation.

Just beneath the plasma membrane lies a region rich
in cortical actin known as the cortex. During leading
edge formation, the cortical cytoskeleton undergoes
a series of events that requires de novo synthesis of
F-actin filaments, which provide structure and force to
the protruding end of the cell (Small et al., 1999). A
complex network of actin-binding proteins severs, caps,
and nucleates actin monomers to promote formation of
F-actin filaments. Cytoskeletal proteins, such as actin
(Lee et al.,, 2001; Kusner et al., 2002), and actin-
binding proteins, such as fodrin (Lukowski et al.,
1996), spectrin (Lukowski et al., 1998), a-actinin (Park
et al., 2000), and gelsolin (Banno et al., 1999), directly
regulate PLD activity. Cortactin is an actin-binding
protein that promotes nucleation and branching of
actin filaments (Ammer and Weed, 2008). Cortactin is
subject to regulation by NRTKs and phosphorylated
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cortactin promotes polymerization of actin filaments
(Wu et al,, 1991; Kim and Wong, 1998). In pulmonary
epithelial cells, Src phosphorylation of cortactin requires
PLD activity because PLD siRNA prevented Src and
cortactin redistribution to the cell periphery (Usatyuk
et al., 2009). In addition to Src, PLD has been shown to
regulate the activity of Fer. The NRTK Fer is a cytosolic
protein implicated in cell adhesion and cell migration
(Greer, 2002). Cortactin is the best-characterized sub-
strate of Fer and this phosphorylation is critical for
fibroblast migration (Sangrar et al., 2007). PtdOH was
recently shown to bind and activate Fer by binding to
R417 (Itoh et al., 2009). Activation of Fer was inhibited
by butanol but not DGK inhibitors, suggesting that PLD-
produced PtdOH was critical for Fer activation. Migra-
tion of rat kidney epithelial cells was inhibited by butanol
or by genetic knockdown of PLD1/PLD2. Knockdown of
Fer in addition to PLD1/PLD2 did not result in further
reduction of migration, suggesting that PLD is a critical
upstream regulator of Fer and cortactin phosphorylation
(Itoh et al., 2009). Fes is an NRTK that shares structural
similarity to Fer and is also implicated in cell migration
(Kanda et al.,, 2007). PLD2 interacts with Fes and
overexpression of PLD2 increases Fes activity (Di Fulvio
et al., 2012). Treatment of cells with exogenous PtdOH
stimulates Fes activity, possibly through a direct in-
teraction, based on sequence homology to Fer kinase (Ye
et al., 2013). In addition to NRTKSs, other upstream
kinases, such as PAKs and MAPKS, can activate cortactin
(Campbell et al., 1999; Webb et al., 2006).

The PAKs are serine/threonine protein kinases that
are activated by the small G proteins Cdc42 and Rac.
PAKs mediate many intracellular functions including
cytoskeleton rearrangement (Sells and Chernoff, 1997),
stress signaling through the p38/c-Jun N-terminal
kinase pathways (Zhang et al., 1995), and regulation
of NADPH oxidase activity by direct phosphorylation of
p47phox (Knaus et al., 1995). Although the PAKs were
originally identified based on the ability of Cdc42/Rac
to stimulate autophosphorylation and kinase activity,
sphingosine and PtdOH also potently stimulate PAK1
in vitro (Bokoch et al., 1998). The activation of PAK1 by
Cdc42/Rac and sphingosine or PtdOH is not additive or
synergistic, suggesting a common binding site on PAK1.
In vivo, PAK1 activity is inhibited following butanol treat-
ment, which suggests that PLD-derived PtdOH regulates
PAK1 activity (Chae et al., 2008). Along with Src, Fer, and
MAPK, PAK1 provides another potential downstream
effector of PLD capable of activating cortactin.

One the ways in which cortactin promotes actin nu-
cleation is to bind and activate the actin-related protein
complex 2/3, which binds to a preexisting actin filament
and nucleates branching of a new filament (Weed et al.,
2000; Ammer and Weed, 2008). The Wiskott—Aldrich
syndrome protein (WASp) family of proteins cooperates
with cortactin to activate Arf2/3 (Mizutani et al., 2002;
Martinez-Quiles et al., 2004). As mentioned previously,
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PLD2 forms a complex with the Grb2 adaptor protein
(Di Fulvio et al., 2006). WASp forms a complex with
Grb2 and PLD2 and this protein complex promotes the
formation of phagocytic cups in macrophages, a process
requiring similar actin rearrangements to lamellipodia
formation (Kantonen et al., 2011). When the Grb2 site on
PLD2 is mutated, the complex fails to form properly and
phagocytosis is decreased. Although a direct relationship
between the PLD2/Grb2/WASp complex and cancer cell
migration remains to be established, PLD is poised as
a central regulator of several proteins that cooperate to
promote cortical actin polymerization.

As cell protrusions extend forward, focal adhesions are
formed that serve as mechanical anchors to the ECM
and provide contractile forces that propel the cell for-
ward. These adhesions are mediated in large part by the
integrin family of proteins that bind ECM components
and relay information about the cellular environment to
intracellular components (Hood and Cheresh, 2002).
Integrins attach to the cytoskeleton through a complex
set of adaptor proteins including vinculin (Geiger, 1979)
and talin (Burridge and Connell, 1983) and induce
F-actin polymerization. Integrins are known to stimu-
late PLD and the integrin-induced increase in F-actin
requires PLD activity. As such, butanol treatment or
knockdown of PLD is associated with defects in the
ability to form adhesions (Aguirre Ghiso et al., 1997; Iyer
et al., 2006). The speed of migration is largely controlled
by the speed at which cells form and detach from these
adhesions (Lauffenburger and Horwitz, 1996) and PLD
regulates migration speed in wound-healing assays
(Mazie et al., 2006). PLD activity is associated with an
increase in vinculin levels (Mazie et al., 2006) as well as
activation of focal adhesion kinase, a key regulator of
focal adhesion turnover (Lli¢ et al., 1995; Knoepp et al.,
2008). Mechanistically, PLD can regulate adhesion
dynamics by regulating the activity of integrin adaptor
proteins. PIP, binding to the adaptor protein talin
enables bindings to the integrin 8 subunit and changes
integrin conformation to a high-affinity state for ECM
components (Calderwood et al., 2002; Garcia-Alvarez
et al., 2003; Tadokoro et al., 2003). PLD can enhance
binding of talin to integrins through regulation of PIP,
levels by activating PIP5K. Early investigations
revealed that PtdOH stimulated PIP5K activity from
bovine brain membranes (Moritz et al., 1992) and later
investigations revealed that only the class I PIP5Ks are
stimulated by PtdOH (Jenkins et al., 1994). In vivo
regulation of PIP5K by PtdOH has been documented
as a significant decrease in PIP; levels in lysosomal
membranes following butanol treatment (Arneson et al.,
1999) and a decrease in PIP5K-dependent actin stress
fiber formation after PLD inhibition in murine fibro-
blasts (Jarquin-Pardo et al., 2007). Recent studies
demonstrated reduced PIP5K activity after treatment
with small-molecule PLD inhibitors (Roach et al., 2012),
further underscoring the importance of PtdOH in PIP5K
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regulation. In mast cells, PLD inhibition was associated
with decreased PIP; levels and reduced binding of talin
to integrins (Powner et al., 2005). Thus, by regulating
PIP5K and PIP; levels, PLD is directly able to control
cell adhesion.

After protruding forward and forming focal adhesions,
the retracting edge of a migrating cell must detach from
the ECM and contract. This process is assisted by the
formation of actin stress fibers in some systems (Kovac
et al., 2013), which connect to focal adhesions (Geiger
et al.,, 2009; Parsons et al., 2010). Stress fibers are
bundles of actin filaments that provide contractile force
for actively moving cells (Pellegrin and Mellor, 2007).
Agents that elevate PLD activity frequently result in
stress fiber formation. These include thrombin stimula-
tion of fibroblasts (Ha and Exton, 1993), LPA stimula-
tion of porcine aortic endothelial cells and rat fibroblasts
(Cross et al., 1996; Kam and Exton, 2001), and S1P
stimulation of human airway epithelial cells (Porcelli
et al., 2002). In these cases, inhibition of PLD activity
with butanol or dominant-negative PLD expression
prevented the agonist-mediated stress fiber formation
and exogenous PtdOH-stimulated stress fiber formation
in the absence of agonist. Overexpression of PLD is able
to induce stress fiber formation in L6 myoblasts (Komati
et al., 2005) and expression of dominant-negative PLD
prevents LPA-stimulated stress fiber formation in
fibroblasts (Kam and Exton, 2001). RhoA is a master
regulator of stress fiber formation in many cells
(Mackay and Hall, 1998; Kaibuchi et al., 1999) and
RhoA-stimulated PLD activity has been implicated in
stress fiber formation. The observations that butanol
and dominant-negative PLD inhibit stress fiber forma-
tion and that exogenous PtdOH stimulates stress fiber
formation strongly implicate a PtdOH-dependent mech-
anism for stress fiber formation. However, the PX
domain of PLD2 was recently shown to stimulate
GDP-GTP exchange for RhoA directly, offering a lipase-
independent mechanism for stress fiber formation (Jeon
et al., 2011). In this study, overexpression of the isolated
PX domain was sufficient to trigger stress fiber forma-
tion. Therefore, PLD appears to regulate stress fiber
formation through lipase-dependent and -independent
mechanisms.

G. Inducing Angiogenesis

Angiogenesis is the process of sprouting new blood
vessels from existing vessels and is required to provide
nutrients, remove metabolic waste, and promote meta-
stasis. In this process, vascular endothelial cells are
either recruited into the tumor mass or undifferentiated
tumor stem cells already present undergo differentiation
into epithelial-like cells to contribute to the formation of
new blood vessels (Hanahan and Folkman, 1996; Wang
et al., 2010b). Initiation of angiogenesis usually begins
with secretion of pro-angiogenic factors that interact
with cell surface receptors on endothelial cells and
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stimulate migration into the tumor (Colville-Nash and
Willoughby, 1997; Ferrara and Alitalo, 1999). Many of
these factors, such as vascular endothelial growth factor
(VEGF) (Seymour et al., 1996), EGF, FGF, hepatocyte
growth factor (Adachi et al., 1996), and interleukin-8
(Sozzani et al., 1994), stimulate PLD activity, and PLD
activity is required for VEGF-induced angiogenesis
(Zhang et al., 2011). In zebrafish, PLD activity is re-
quired for angiogenesis during embryonic development
of vasculature (Zeng et al., 2009), further emphasizing
the importance of PLD in the blood vessel development.

PLD may contribute to angiogenesis in several ways.
As a downstream effector of angiogenic growth factors,
PLD and PtdOH may mediate growth factor signaling.
Cells with elevated Raf signals demonstrate elevated
VEGF expression (Akula et al., 2005). Similarly,
oncogenic Ras can upregulate VEGF expression (Rak
et al., 1995) and PLD may contribute to the Ras-MAPK
signaling cascades in these cells. Latent forms of VEGF
can be sequestered in the ECM and become bioavail-
able after proteolytic processing by proteases, such as
MMP9 (Bergers et al., 2000; Kessenbrock et al., 2010).
As such, PLD regulation of MMP9 activity may directly
contribute to VEGF secretion.

Angiogenesis requires migration of endothelial cells,
and PLD likely regulates the migratory processes
required during angiogenesis. When mouse melanoma
or lung cancer cells were implanted into wild-type or
PLD1 KO mice, tumors in PLD1 KO mice showed
a much lower density of microvascular cells (Chen et al.,
2012). When VEGF-coated matrigel plugs were inserted
into the same mice, endothelial cells failed to migrate to
the plugs in the PLD1 KO mice, suggesting inherent
defects in the migration of PLD1 KO-derived endothe-
lial cells. Consistent with this observation, PLD1 KO
mice showed impaired integrin signaling as manifested
by a failure to properly adhere to ECM integrin ligands,
such as fibronectin, vitronectin, and collagen (Elvers
et al., 2010; Chen et al., 2012). Therefore, the role of
PLD in angiogenesis is most likely to mediate endothe-
lial cell migration.

H. Deregulating Cellular Energetics

In the 1920s, the German physiologist Otto Warburg
pioneered the study of cancer metabolism by charac-
terizing fundamental differences in glucose utilization
between tumors and normal tissue. These differences
included avid glucose consumption and lactate production
by tumor cells resulting in increased ATP production via
the less efficient glycolysis pathways compared with
the highly efficient mitochondrial oxidative phosphoryla-
tion pathways, even in the presence of ample oxygen
(Warburg, 1956). This surprising discovery, termed the
“Warburg effect,” violated the established ideas of the
Pasteur effect in which Oy was known to suppress glucose
consumption and glycolysis (Krebs, 1972). Subsequent
studies have confirmed and broadened Warburg’s initial
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discoveries and most cancer cells today have altered
metabolic profiles consistent with the Warburg effect
(Hanahan and Weinberg, 2011). When tumors outgrow
the diffusion limits of nutrients and oxygen from the
blood supply, a metabolic shift occurs in which glycolytic
gene expression increases along with increases in cell
surface expression of glucose transporters. Thus, oxygen
dependence is reduced compared with the more vascu-
larized surrounding tissue. This glycolytic shift is
advantageous for the cancer cell because it allows for
growth and survival in the tumor microenvironment
(Hsu and Sabatini, 2008). Proliferating cells must
accumulate biomass such as lipids and ribosomes, and
the high rate of glucose and glutamine (DeBerardinis
et al.,, 2007) uptake provides anabolic carbons for
pathways such as the pentose phosphate pathway and
the Krebs cycle (Vander Heiden et al., 2009). Therefore,
deregulated cellular energetics is emerging as a funda-
mental process in tumorigenesis.

The molecular mechanisms behind the Warburg effect
are not entirely characterized, but several key compo-
nents have been identified including established onco-
genes. For example, expression of oncogenic Ras or Myc
results in an upregulation of glucose transporter activity
and glycolytic gene expression (Dang and Semenza,
1999; Osthus et al., 2000; Ramanathan et al., 2005;
Ahuja et al., 2010). Activation of the PISK/Akt pathway
stimulates glucose uptake and a shift toward aerobic
glycolysis by regulating the activities of multiple
glycolytic enzymes (Deprez et al., 1997; Elstrom et al.,
2004; Majewski et al., 2004). Because PLD is a signaling
component in these pathways, the aerobic glycolysis
induced by Ras, Myc, or PI3K may require PLD activity.
As such, PLD can participate in the development of the
Warburg phenotype through several different mecha-
nisms. PLD1 is phosphorylated at S505 and activated by
AMPXK, a protein responsible for sensing and responding
to changes in cellular energy status (Hardie, 2007; Kim
et al.,, 2010). Glucose deprivation stimulates PLD1
activity via AMPK activation (Kim et al., 2010), sug-
gesting that PLD may be one of the early responders to
energetic perturbations as seen in a growing tumor.
Glycolytic enzymes such as aldolase and glyceraldehyde-
3-phosphate dehydrogenase also directly regulate PLD
activity, supporting the idea that PLD may serve as
sensor of cellular energy homeostasis (Kim et al., 2002,
2003a). The downstream effect of AMPK-mediated PLD
activation is an increase in glucose transporters at the
plasma membrane (Kim et al., 2010) to facilitate glucose
uptake. Likewise, several studies have shown a require-
ment for PLD activity for glucose transporter translocation
to the plasma membrane after insulin stimulation
(Bandyopadhyay et al., 2001; Sajan et al., 2002; Huang
et al., 2005). PtdOH is a key component of the glucose
transporter vesicular membrane and the authors
demonstrated that PtdOH contributes to the late-stage
fusion events. The role of PLD in exocytic events is well
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established in neuroendocrine cells (Vitale et al., 2001;
Zeniou-Meyer et al., 2008) and similar mechanisms may
be at play for glucose transporter vesicle fusion. Besides
directly contributing to the biophysics of glucose trans-
porter translocation, PLD also controls expression of
glycolytic genes.

The hypoxia-inducible factors (HIFs) are transcrip-
tion factors that control expression of many glycolytic
enzymes (Kaelin and Ratcliffe, 2008). HIF regulation is
complex and involves several upstream components.
Prolyl hydroxylases sense Oy and hydroxylate residues
on the « subunit of HIF in the presence of Os (Dann
and Bruick, 2005). Ubiquitin is then coupled to these
modified residues by the Von Hippel-Lindau (VHL) E3
ubiquitin ligase and HIF is targeted for proteasomal
destruction (Schofield and Ratcliffe, 2005). Thus, loss of
the VHL tumor suppressor leads to constitutively high
HIF expression resulting in upregulation of glycolytic
gene transcription seen in many cancers (Zhong et al.,
1999). For example, 786-O renal carcinoma cells are
VHL null and have constitutively high HIF levels.
Butanol, PLD siRNA, and small-molecule inhibitors
suppress HIF expression in these cells (Garcia et al.,
2008; Toschi et al., 2008). After restoring VHL function
in these cells, HIF expression decreases and can be
induced again by treatment with hypoxia mimetic com-
pounds. PLD inhibition blocks the hypoxia mimetic-
induced HIF expression and the authors attribute these
results to PLD regulating HIF expression through mTOR
(Toschi et al., 2008). However, PLD may serve an
mTOR-independent role as a general sensor of cellular
bioenergetics.

VIII. Phospholipase D Small-Molecule Inhibitors

For many years, the investigation of PLD-mediated
functions relied on biochemical and genetic approaches
such as overexpression of catalytically active or inactive
forms of either PLD1 or PLD2 in vivo, or employed RNAi
for the individual isoforms in an effort to discern discrete
roles for PLD1 and PLD2. Undoubtedly the use of pri-
mary alcohols has led to some dubious findings regarding
PLD functionality. To assess the therapeutic potential of
the inhibition of PLD1, PLD2, and/or both isoforms, the
implications from biochemical and genetic studies must
be verified with small-molecule probes, suitable for
further development into therapeutics. Until 2007, small
molecules employed to study PLD function (Fig. 3) were
either indirect inhibitors, such as resveratrol and hono-
kiol (compounds 1 and 2, respectively); direct inhibitors,
such as tungstate (compound 3); lipid mimetics such as
(Z)-PSDP, the (Z)-isomer of presqualene diphosphate
(compound 4); selective estrogen receptor modulators,
such as raloxifene (compound 5); or alternative substrates
to inhibit the ability of PLD to make the lipid product
PtdOH, such as n-butanol (compound 6), which leads to
the formation of phosphatidylbutanol [reviewed in Selvy
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et al. (2011) and Scott et al. (2014)]. Indeed, the lack of
small-molecule ligands to use as tools to probe both the
cellular and the in vivo roles of each PLD isoform has
arguably hindered the target validation for PLD because
these ligands do not discriminate between the PLD
isoforms. Moreover, the vast majority of studies have
employed n-butanol, which is incorrectly referred to as
a PLD inhibitor.

In 2007, a brief report from Novartis (Monovich et al.,
2007) reported that the Janssen atypical antipsychotic
agent halopemide (compound 7) was an inhibitor of PLD
(Fig. 4), with an ICsg of 1.5 uM against PLD2, and 13
additional analogs were reported, including what has
later been coined FIPI [N-(2-(4-(2,3-dihydro-2-oxo-1H-
benzimidazol-1-yl)-1-piperidinyl)ethyl)-5-fluoro-1H-
indole-2-carboxamide] (compound 8; PLD2 IC5y = 200 nM).
However, there was no mention of PLD1 inhibition
by the Novartis group, but it was subsequently found
that halopemide (compound 7) potently inhibits both
PLD1 (cellular IC5q = 21 nM, biochemical IC5q = 220 nM)
and PLD2 (cellular IC5y = 300 nM, biochemical IC5y =
310 nM) as does FIPI 7 (PLD1 cellular IC5y = 1 nM,
biochemical IC5y = 9.5 nM; PLD2 cellular IC5o = 44 nM,
biochemical IC5y = 17 nM). Thus, compound 7 and all
of the halopemide analogs described were not PLD2-
selective inhibitors, but rather proved to be dual PLD1/
PLD2 inhibitors or modestly preferring PLLD1 inhibitors.
Not only was halopemide an attractive lead molecule,
but compound 7 had also been evaluated by Janssen in
five separate, positive clinical trials with over 100 schizo-
phrenic, oligophrenic, and autistic patients receiving the
drug. No adverse side effects or toxicities were noted,
despite achieving plasma exposures above the ICsgs for
PLD inhibition, suggesting inhibition of PLD by this
chemotype is safe in humans and a therapeutically viable
mechanism. Although this finding was exciting, it was far
from a panacea for the PLD field. Like most atypical
antipsychotic agents, halopemide (7) (as well as FIPI 8)
possessed a promiscuous ancillary pharmacology profile
(significant activity at > 30 biogenic amine targets); thus,
to enable the PLD field, isoform-selective PLD inhibitors
would need to be developed with improved ancillary
pharmacology.

To rapidly explore the PLD structure—activity re-
lationship for halopemide (compound 7), our laborato-
ries employed both a diversity-oriented synthesis
approach and an iterative parallel synthesis strategy
to rapidly synthesize and screen over 900 analogs of
compound 7 (Fig. 4). This effort identified key structural
elements that increased PLD1 selectivity, such as the
(S)-chiral methyl group, that led to the discovery of the
1700-fold PLD1 selective inhibitor VU359595 [(1R,2R)-
N-((S)-1-(4-(5-bromo-2-0x0-2,3-dihydro-1H-benzo[d]
imidazol-1-yl)piperidin-1-yl)propan-2-yl)-2-phenylcyclopro-
panecarboxamide] (compound 9), as well as other mem-
bers within this functionalized benzimidazolone series
that displayed 200- to 900-fold selectivity for inhibition of
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Fig. 3. Ligands reported to modulate PLD function either indirectly (e.g., 1 and 2), directly (e.g., 3-5) or alternative substrates to compete in

a transphosphatidylation reaction with water (e.g., 6).

PLD1 (Fig. 5) (Lewis et al., 2009). Moreover, these
benzimidazolone-based PLD1-selective inhibitors pos-
sessed favorable drug metabolism and pharmacoki-
netic (DMPK) properties [f;, 2-6%, low to moderate Cl
in rats, >20 uM versus cytochrome P450 (P450) en-
zymes] and subtle changes provided both peripherally
restricted and central nervous system (CNS) penetrant
inhibitors. Importantly, ancillary pharmacology was
significantly improved over compound 7. Also from the
diversity-oriented synthesis effort was the identification
of an N-aryl triazaspirone moiety that effectively re-
placed the benzimidazolone, but engendered, for the first
time, preference for inhibition of PLD2. Optimization
through a matrix library resulted in the important
75-fold selective PLD2 inhibitor VU0364739 [N-(2-(1-
(3-fluorophenyl)-4-oxo-1,3,8-triazaspiro[4.5]decan-8-yl)
ethyl)-2-naphthamide] (compound 10), which was CNS
penetrant (B:P of 0.73), displayed a good DMPK profile
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(fu 2%, low to moderate Cl in rats, >20 uM versus
P450s) and improved ancillary pharmacology (Lavieri
et al.,, 2010). Further optimization of compound 10
through an iterative parallel synthesis approach pro-
vided the Molecular Libraries Probe Production Centers
Network probe ML298 [3,4-difluoro-N-(2-(1-(3-fluorophenyl)-
4-0x0-1,3,8-triazaspiro[4.5]decan-8-yl)ethyl)benzamide]
(compound 11), a >50-fold PLD2-selective inhibitor
(OReilly et al., 2013). ML298 was an important tool
compound, because it afforded no inhibition of PLD1
(PLD1 IC59 >20 uM), yet further improved ancillary
pharmacology (only three hits >50% at 10 uM in
a radioligand binding panel). Introduction of the
(S)-methyl group, that enhanced PLD1 inhibition on
the benzimidazolone series 9 similarly enhanced PLD1
inhibitory activity within the N-aryl triazaspirone series,
as well as PLD2 activity. This minor structural modi-
fication led to the discovery of the potent, dual PLD1/2
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Fig. 4. Structures and cellular PLD activity of halopemide (7) and the related analog FIPI (8), dual PLD1/PLD2 inhibitors with classic atypical

antipsychotic promiscuous ancillary pharmacology.
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Fig. 5. Chemical optimization strategy for halopemide (7) employing a combination of diversity-oriented synthesis, and more focused iterative parallel
synthesis. This effort led to the development of the 1700-fold PLD1-preferring inhibitor VU0359595 (9), the 75-fold PLD2-preferring VU0364739 (10),
the >50-fold PLD2-selective MLPCN probe ML298 (11), and the potent dual PLD1/PLD2 inhibitor MLPCN probe ML299 (12). Importantly, ancillary
pharmacology was improved significantly over compound 7 as well as PLD isoform selectivity.

inhibitor ML299 [(S)-4-bromo-N-(1-(1-(3-fluorophenyl)-4-
oxo-1,3,8-triazaspiro[4.5]decan-8-yl)propan-2-yl)benzamide]
(compound 12), an inhibitor with good CNS exposure
(B:P of 0.48), a good DMPK profile (f;, 3%, low to moderate
Clin rats, >20 uM versus P450s), and improved ancillary
pharmacology (only three hits) (O'Reilly et al., 2013).
Interestingly, incorporation of the (R)-methyl group led to
a diminution in potency at both PLD1 and PLD2. Thus,
a tool kit of PLD1-selective, PLD2-selective, and dual
PLD1/2 inhibitors with good DMPK profiles that display
either peripheral restriction or CNS exposure are now
available to dissect the therapeutic potential and physi-
ologic roles of direct and selective inhibition of the PLD
isoforms both in vitro and in vivo (Lavieri et al., 2009,
2010; Lewis et al., 2009; Scott et al., 2009).

IX. Functions of Phosphatidic Acid

Phosphatidic acid is a multifunctional lipid that is
generated by two other pathways besides PC hydrolysis
by PLD (Fig. 6). In the first pathway, PtdOH is syn-
thesized de novo by a two-step mechanism involving the
transfer of two fatty acyl chains to the sn-1 and sn-2
positions of glycerol-3-phosphate, situating PtdOH as the
precursor to all other glycerophospholipids (Kennedy,
1987). In addition to de novo synthesis and PC hydrolysis
by PLD, diacylglycerol kinase can transfer a phosphate
group to DAG to generate PtdOH, although these PtdOH
species are believed to be distinct in acyl composition
compared with PLD-derived PtdOH (reviewed in Shulga
et al., 2011). Once generated, PtdOH can mediate
signaling events by indirect mechanisms through me-
tabolism into other bioactive lipids such as LPA by

phospholipase A (Aoki, 2004) and DAG by lipid phos-
phate phosphatase (Brindley, 2004). PtdOH constitutes
between 2 and 6% in the cellular membranes and that
accounts for about 10% of the PC content (typically 30—
50% of the total glycerophospholipids, depending on the
biologic source) of the membranes (Andreyev et al., 2010;
Shulga et al., 2013). By comparison, LPA is typically
found to be less than 1% (nanomolar quantities) (Sugiura
et al., 1999; Jesionowska et al., 2014), whereas total PIP,
represents less than 1% of the membrane phospholipids
(Czech, 2000). The amount of PtdOH in basal conditions
depends on the cell, tissue, or organ where it is measured,
and it may double under certain types of stimulation. For
example, in astrocytoma cells after UDP stimulation, we
measured PtdOH production increases of 70% over
unstimulated levels (Scott et al., 2013).

Many signaling cascades begin with the generation
of bioactive lipids such as PtdOH or phosphorylated
PIs that recruit or modulate enzymatic activities of
downstream effectors. These transient protein-lipid
interactions are mediated by families of lipid-binding
domains that share some degree of sequence or struc-
tural homology (Lemmon, 2008). The C1 and C2 do-
mains (CR1 and CR2) were first identified in PKC and
are responsible for binding DAG and Ca®*/PS, respec-
tively (Cho and Stahelin, 2006; Colén-Gonzalez and
Kazanietz, 2006). PH domains were identified as PIP,
binding domains from pleckstrin, the major substrate
for PKC in platelets (Lemmon, 2008). Proteins with PH
domains show some degree of specificity for PIP, species.
For example, the PH domain of Akt kinase has a high
affinity for PIs phosphorylated at the D3 and D4 posi-
tions, such as PI(3,4)P, and PI(3,4,5)Ps, but has much
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Fig. 6. PtdOH biosynthesis and metabolism. PtdOH is an intermediate in de novo triacylglycerol (TAG) biosynthetic pathway (i.e., the Kennedy
pathway). It starts with glycerol-3-phosphate produced in the cell either via glycerol phosphorylation by glycerol kinase (GK) or from glucose via
dihydroxyacetone phosphate and glycerol-3-phosphate dehydrogenase (G3P dehydrogenase). Glycerol-3-phosphate is sequentially acylated first at the
sn-1 position by the enzyme glycerol-3-phosphate acyltransferase (GPAT; there are four known isoforms) using Acyl-CoA as a fatty acid donor to form
LPA. This reaction is reversible and is catalyzed by PLA. LPA can be dephosphorylated to monoacylglycerol via lipid phosphate phosphatase (LPP), or
as part of the Kennedy pathway, is further acylated at the sn-2 position again using Acyl-CoA as the fatty acid donor and carried out by 1-acylglycerol-
3-phosphate acyltransferase, also known as lysophosphatidic acid acyltransferase (LPAAT) to generate PtdOH. This reaction is also reversible and
catalyzed by LPA. PtdOH and DAG are “partners” in a synthetic route involving LPP also known as lipin or phosphatidic acid phosphatase, to generate
DAG, which could be converted into PtdOH by diacylglycerol kinase (DGK; 10 known isoforms). Alternatively, DAG can be synthesized via acylation of
monoacylglycerol by monoacylglycerol acyltransferase (MGAT) (also a reversible reaction). The final step is DAG esterification by diacylglycerol
acyltransferase (DGAT; two known isoforms) to triacylglycerol. The reverse reaction is carried out by adipose triacylglycerol lipase (ATGL). PtdOH is
also a product of PC hydrolysis catalyzed by PLD (two known isoforms). The remodeling pathway (Lands’ cycle) depends on the coordinated actions of
PLA, and lysophospholipid acyltransferases (LPLATSs). Thus, PC can be hydrolyzed by PLA; to form LPC, which can feed back into LPA via autotaxin
(ATX)—carried out hydrolysis. Conversely, LPC can be reacylated back into PC with different fatty acyl substituents, supplied by Acyl-CoA and the
action of lysophosphatidylcholine acyltransferase (LPCAT).

weaker affinity for PI(4,5)P; (Thomas et al., 2002). The
PH domain of PLC81, on the other hand, has a high
affinity for PI(4,5,)P, and this interaction is required for
its catalytic activity (Ferguson et al., 1995). Monophos-
phorylated PI(3)P is recognized by several binding
motifs, including FYVE and PX domains, named after
the phagocyte NADPH oxidase (Kanai et al., 2001,
Kutateladze, 2006). Although most FYVE and PX do-
mains bind PI(3)P, some have affinity for PIP, and
PIP; (Song et al., 2001). Annexin domains are calcium-
dependent phospholipid-binding domains that are thought
to predominantly bind PS, although binding to other
phospholipids has been reported (Gerke et al., 2005).
Besides interacting with specific lipids, other domains
are known to detect or promote membrane curvature.
Domains such as F-BAR, BAR, epsin N-terminal
homology, and AP180 N-terminal homology participate
in functions that require membrane deformation such

as endocytosis and cytokinesis (Itoh and De Camilli,
2006). The specificity and conservation of these lipid
binding domains has helped to identify proteins involved
with lipid-mediated signal transduction. However, no
specific domain has been identified for PtdOH binding;
thus, the identification of proteins modulated by PLD-
generated PtdOH has been especially challenging (Stace
and Ktistakis, 2006). Many of the known PtdOH binding
proteins were described in relevant sections of this
review. Thus, a survey of other known PtdOH binding
proteins along with the functional significance of the
interactions is presented in the following section and
a summary of all PtdOH binding proteins described in
this introduction is included in Table 2.

A. Kinases

1. Sphingosine Kinase 1. Sphingosine kinase (SPHK)
phosphorylates sphingosine to produce the bioactive
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TABLE 2

Phosphatidic acid binding proteins

Protein Name

PtdOH Function

Binding Site

References

Kinases

Rafl Membrane recruitment AAs 339-423

PKCe Membrane recruitment C2 domain

PKC{? Activation Unknown

PKCa Activation Unknown

PKCs Activation Unknown

mTOR Activation FRB domain - R2109

p70S6K1 Activation Unknown

PIP5K Activation Unknown

Fer Activation R417, R425, and H426

GRK Activation Unknown

Akt Membrane recruitment PH domain

PAK1 Activation Unknown

PKN Activation Unknown

SPHK1 Membrane recruitment C terminus
Phosphatases

SHP1 Activation C terminus - last 41 AAs

PPlcy Inhibition AAs 274-299

Lipin1g Membrane localization Polybasic region around

G protein regulators

AA 153

Rac-GDI Inhibition Unknown
n-Chimaerin Activation Unknown
NF1 Inhibition Unknown
ASAP1 Activation Unknown
AGAP1 Activation Unknown
ACAP1/2 Activation Unknown
ArfGAP1/2 Activation Unknown
RA-RhoGAP Activation R399
RSS4 Inhibition First 57 AAs
SOS Membrane recruitment R475 and R479
DOCK2 Membrane recruitment C terminus
Phosphodiesterases
PDE4D3 Activation AAs 31-59
PDE4B1 Activation Unknown
PDE4A5 Activation Unknown
PDE4A1 Membrane recruitment W19 and W20
Phospholipase C
PLCB1 Activation Y952, 1955
PLCy1 Activation Unknown
PLCe Activation Unknown
PLCS83 Activation Unknown
Miscellaneous
NADPH oxidase Activation R70, K55 in p47Phox
Ng Membrane recruitment Unknown
B-Cotomer Unknown Unknown
Af1/6 Unknown Unknown
NSF Unknown Unknown
Kinesin Unknown Unknown
Sinl Membrane localization PH domain
ANT Unknown Unknown
Racl Membrane recruitment C-terminal polybasic motif

Ghosh et al. (1996, 2003), Rizzo
et al. (1999, 2000)
Corbalan-Garcia et al. (2003), Jose
Lopez-Andreo et al. (2003)
Nakanishi and Exton (1992), Limatola
et al. (1994)
Yokozeki et al. (1998), Nakashima (2002)
Aris et al. (1993)
Fang et al. (2001), Veverka et al. (2008)
Lehman et al. (2007)
Jenkins et al. (1994), Arneson et al. (1999),
Roach et al. (2012)
Itoh et al. (2009)
DebBurman et al. (1995)
Mahajan et al. (2010), Bruntz et al. (2014)
Bokoch et al. (1998)
Khan et al. (1994), Morrice et al. (1994)
Jose Lopez-Andreo et al. (2003)

Tomic et al. (1995), Frank et al. (1999)
Jones and Hannun (2002), Jones

et al. (2013)
Corbalan-Garcia et al. (2003),

Jose Lopez-Andreo et al. (2003)

Chuang et al. (1993)

Ahmed et al. (1993)

Bollag and McCormick (1991)
Randazzo (1997), Brown et al. (1998b)
Nie et al. (2002)

Jackson et al. (2000)
Randazzo (1997)

Kurooka et al. (2011)
Ouyang et al. (2003)

Zhao et al. (2007)

Nishikimi et al. (2009)

Némoz et al. (1997), Grange et al. (2000)
Némoz et al. (1997)
Bawab et al. (1997), Némoz et al. (1997)
Baillie et al. (2002)

Litosch (2003)

Jones and Carpenter (1993)
Murthy et al. (2013)
Pawelczyk and Matecki (1999)

McPhail et al. (1995, 1999), Palicz et al. (2001),
Karathanassis et al. (2002)

Baudier et al. (1991)

Manifava et al. (2001)

Manifava et al. (2001)

Manifava et al. (2001)

Manifava et al. (2001)

Schroder et al. (2007)

Epand et al. (2009)

Chae et al. (2008)

AA, amino acid; ACAP, ArfGAP with coiled-coil, ankyrin repeat, and PH domains; ANT, adenine nucleotide translocase.

S1P. A family of GPCRs, known as Edg receptors,
mediates a variety of functions including cell growth,
cytoskeleton rearrangement, and vascular maturation
(Spiegel and Milstien, 2002). Membrane recruitment of
SPHKI1 to perinuclear regions requires PtdOH (Delon
et al., 2004). The translocation of SPHKI1 is enhanced by
overexpression of PLD or stimulation with phorbol
esters and is inhibited by treatment with butanol, thus
suggesting that PtdOH derived from PLD regulates
SPHK1 membrane localization (Delon et al., 2004).

2. Protein Kinase Ce. The ¢ isoform of PKC is a member
of the calcium-independent, DAG-dependent PKC family.
PKCe has been implicated physiologic functions such as
neurite outgrowth, inflammatory or immune responses,
tumorigenesis, myocardial development, and protection
against ischemic damage (Akita, 2002). Membrane re-
cruitment of PKCe requires DAG and PLD-generated
PtdOH, as determined by the use of butanol (Jose Lopez-
Andreo et al., 2003). To address the possibility that PtdOH
was metabolized to DAG and did not directly influence
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membrane recruitment of PKCe, the authors demonstrated
synergistic PKCe activation by costimulation with DAG and
PtdOH (Jose Lopez-Andreo et al., 2003).

3. Protein Kinase C5. Like PKCg, the 6 isoform belongs
to the novel PKC family of calcium-independent, DAG-
dependent PKCs. The PKCé isoform shares partial
functional redundancy to other PKC isoforms, but PKC§
mediates specific roles in apoptosis, cell cycle progression,
and transcriptional regulation (Steinberg, 2004). PtdOH
can stimulate PKCS$ in vitro although the fold stimulation
is much less than PS, suggesting a general requirement for
anionic phospholipids (Aris et al., 1993). In vivo relevance
of PtdOH regulation of PKCS remains to be determined.

4. Protein Kinase C{. The ¢ isoform of PKC is a member
of the atypical family of PKCs that do not respond to
calcium or DAG and appear to regulated by PIP; and by
protein—protein interactions (Ways et al., 1992; Hirai and
Chida, 2003). PKCY¢ is believed to participate in the MAPK
cascade, nuclear factor B transcription, the p70S6-kinase
cascade, and development of cell motility (Hirai and Chida,
2003). In vitro, PKC{ is activated by PtdOH (Nakanishi
and Exton, 1992; Limatola et al., 1994). However, mono-
and polyunsaturated fatty acids, PS, and CL also stimulate
PKC{ in vitro (Nakanishi and Exton, 1992) and an in vivo
regulation of PKC/ by PLD-derived PtdOH remains to be
established.

5. Protein Kinase Ca. The « isoform of PKC belongs to
the conventional family of PKCs and requires both
calcium and DAG for full activation. PKCa is activated
by many extracellular stimuli and plays important roles
in proliferation, apoptosis, differentiation, motility, and
inflammation (Nakashima, 2002). PtdOH has been shown
to regulate PKCa in multiple studies. PtdOH added to
PKCa-transfected COS-7 cells results in a significant
upregulation of PKCa autophosphorylation (Limatola
et al., 1994). In addition, PtdOH stimulates PKCa« kinase
activity when added to bovine brain cytosol (Yokozeki
et al., 1998). Neither study ruled out the possibility of an
intermediate PtdOH-stimulated protein or metabolism of
PtdOH to DAG as a potential explanation for the increase
in PKCa activation following PtdOH treatment. There-
fore, the exact role of PtdOH remains unclear.

6. Akt. A recent study demonstrated that Akt could be
phosphorylated at tyrosine 176, distinct from the canon-
ical activating phosphorylation sites of threonine 308 and
serine 473. It was speculated that Akt1 itself may be the
upstream kinase. When phosphorylated at tyrosine 176,
the lipid-binding profile of Akt changed such that the
kinase preferred to bind PtdOH, yet no functional
consequence of Akt-PtdOH binding was determined
(Mahajan et al., 2010). Binding of PtdOH directly to Akt
has recently been described (Bruntz et al., 2014)

B. Phosphatases

1. Src Homology Region 2 Domain-Containing
Phosphatase-1. SHP1 is a nonreceptor tyrosine phos-
phatase, mainly expressed in hematopoietic cells, with
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a wide spectrum of substrates (Soulsby and Bennett,
2009). SHP1, but not SHP2, was activated by PtdOH in
vitro (Tomic et al., 1995). In addition, PtdOH enhanced
the association between SHP1 and EGFR and increased
EGFR dephosphorylation. The high-affinity PtdOH binding
site on SHP1 was later mapped to the C-terminal 41 amino
acids (Frank et al., 1999). Although PLD was not di-
rectly shown to participate in the modulation of SHP1,
PLD-generated PtdOH could act as part of a negative
feedback loop involving SHP1 to terminate receptor
tyrosine kinase signaling.

2. Lipin1B. Lipinlp is a type 1 (magnesium-dependent
and N-ethylmaleimide—sensitive) PtdOH phosphatase that
plays important roles in adipocyte differentiation by reg-
ulating triacylglycerol production and storage. Mutations
in LipinlB lead to lipodystrophy in mice (Péterfy et al.,
2001). In addition to its phosphatase activity, Lipid1f3
translocates to the nucleus to activate a subset of per-
oxisome proliferator-activated receptor y coactivator la
target pathways including fatty acid oxidation and mito-
chondprial oxidative phosphorylation (Finck et al., 2006).
A PtdOH binding site was recently mapped to a polybasic
motif of LipinlgB, independent of the catalytic site. In-
terestingly, when these residues were mutated or when
cells were treated with small-molecule PLD inhibitors,
Lipinlg localized to the nucleus, suggesting that PLD
and PtdOH may serve to modulate specific gene tran-
scription (Ren et al., 2010).

C. Phospholipase C

1. Phospholipase CBI1. Pl-specific PLC enzymes
hydrolyze PIP, to generate IP5 and DAG, which increase
intracellular calcium stores and activate PKC. PtdOH
directly binds purified PLCB1 and stimulates its activity
in vitro. The activation of PLCB1 is unique to PtdOH
because other phospholipids were unable to stimulate
PIP, hydrolysis (Litosch, 2000). In addition, primary
butanol significantly rightward shifts muscarinic
receptor—stimulated PIP, hydrolysis, implicating a role
for PLD regulating in PLC in vivo (Litosch et al., 2009).
Tyrosine 952 and isoleucine 955 mediate PtdOH binding,
suggesting distinct modes of PLC regulation by PtdOH
and Ga, (Litosch et al., 2009). PLCB stimulation by
PtdOH is unique to PLCB1 because other 3 isoforms
were unresponsive to PtdOH stimulation (Litosch,
2003).

2. Phospholipase Cvyl. Receptor tyrosine kinase
stimulation increases PIP, hydrolysis through the
activation of PLCy (Meisenhelder et al.,, 1989) and
PtdOH was shown to stimulate the activity of PLCy1
in vitro (Jones and Carpenter, 1993). The hypothesized
mechanism for PtdOH regulation of PLCy1 is through
allosterically increasing enzyme activity rather than
increasing the equilibrium dissociation constant, K,
(Jones and Carpenter, 1993).

3. Phospholipase Ce. The epsilon isoform of PLC is
activated through the actions of small G proteins, such
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as Ras, and through heterotrimeric G proteins, such as
Gay2 and Gaqs (Song et al., 2001). When purified to
homogeneity, PLCe had very low basal activity that
was stimulated by arachidonic acid, PtdOH, and to
a lesser extent by PS and LPA (Murthy et al., 2013).
Interestingly, PtdOH was a more potent stimulator of
PLCe hydrolysis of PI than PIP, whereas arachidonic
acid stimulated PLCe activity to wards both substrates
equally. These results suggest that lipids may regulate
substrate specificity of PLCe.

4. Phospholipase C83. The delta isoforms of PLC are
activated by increased Ca?*, which promotes association
with PIP; (Rhee, 2001). Purified PLC63 was shown to
bind PtdOH vesicles through its PH domain (Pawelczyk
and Matecki, 1999) and the interaction with PtdOH
increased PLC83 activity in vitro.

D. G Protein Regulatory Proteins

1. RA-Rho GTPase Activating Protein. As key
regulators of cytoskeleton dynamics, Rho GTPases are
known to control neurite development and decreased
Rho activity is associated with enhanced neurite
sprouting, extension, and branching (Luo, 2000). RA-
RhoGAP is a Rho GAP that binds PtdOH via its PH
domain (Kurooka et al., 2011). As with several other
PtdOH-protein interactions, mutation of a basic resi-
due, arginine 399, abolished PtdOH binding. The in-
teraction of RA-RhoGAP with PtdOH-stimulated GAP
activity in vitro (Kurooka et al., 2011). Overexpression
of DAG kinase increased neurite length in a manner
that depended on PtdOH binding to RA-RhoGAP.
Contributions of PLD-derived PtdOH were not mea-
sured in this study.

2. ADP-Ribosylation Factor GTPase Activating
Proteins. Several Arf GAPs have been identified that
are modulated by PtdOH in vitro. Two of the earliest
ArfGAPs discovered, ArfGAP1 and ArfGAP2, are both
stimulated by phospholipids. ArfGAP1 activity is stim-
ulated about 7-fold by PIP,;, PtdOH, and PS. ArfGAP2 is
stimulated 2-fold by PIPy, but not by PtdOH or PS.
However, PIP, and PtdOH synergize to stimulate
ArfGAP2 activity about 20-fold (Randazzo, 1997).
Arf-GAP with SH3 domain, ANK repeat and PH domain—
containing protein 1 (ASAP1), like ArfGAP2, is weakly
stimulated by PtdOH alone, but synergistic activity is
observed in the presence of PtdOH and PIP,. Like
ArfGAP2, PtdOH and PIP, synergize to activate
another ArfGAP, ASAP1. ASAP1 contains a PH domain
that most likely mediates the phospholipid interactions
(Brown et al., 1998b). AGAP1 is another PH domain-
containing ArfGAP that is synergistically stimulated by
PIP; and PtdOH. Although the synergy was most robust
with PtdOH, other anionic lipids such as PS and PI also
synergized with PIP, (Nie et al., 2002). Arf6-specific
GAPs, ACAP1 and ACAP2, display similar synergy with
PIP, and PtdOH (Jackson et al., 2000). The requirement
of PIP; for PLD and ArfGAP activities along with the
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ability of Arf to stimulate PLD presents a potential
negative feedback loop whereby PLD-generated PtdOH
may serve to terminate Arf signaling.

3. n-Chimaerin. n-Chimaerin was identified as a phorbol
ester binding GAP for the small G-protein Rac. n-Chimaerin
is stimulated by PtdOH and, to lesser extent, PS.
Interestingly, arachidonic acid inhibits n-chimaerin
GAP activity (Ahmed et al., 1993).

4. Regulator of G Protein Signaling 4. The Ga
subunits are regulated by a special class of GAPs known
as regulators of G protein signaling (RGSs) (Ross and
Wilkie, 2000). RGS proteins function to attenuate GPCR
signaling by stimulating Ga GTP hydrolysis. When M;
muscarinic acetylcholine receptors were reconstituted in
lipid vesicles and incubated with RGS4, vesicles con-
taining PtdOH inhibited RGS4 GAP activity after
M1-agonist stimulation. PtdOH was then determined
to directly bind the first 57 amino acids of RGS4
(Ouyang et al., 2003). Because muscarinic receptors
are well established activators of PLD (Sandmann et al.,
1991), the inhibition of RGS4 activity by PLD-generated
PtdOH might potentiate muscarinic receptor signaling.

E. Miscellaneous Proteins

1. NADPH Oxidase. Host defense systems against
invading pathogens involve phagocytosis and subsequent
destruction by the generation of superoxide anions,
hydrogen peroxide, and hypochlorous acid via the
NADPH oxidase complex in phagocytes. This complex
contains multiple membrane (p22F2°% and gp917°%) and
cytosolic subunits (p47F2%%, p40FP* p67°% and Racl/2)
that are subject to regulation by PLD and PtdOH (DeLeo
and Quinn, 1996). Upon engagement of cell surface
receptors by pathogens, cytokines, or chemoattractants,
PLD activity and PtdOH production increase (McPhail
et al., 1999). PtdOH stimulates an unknown kinase that
phosphorylates the p47F"°* and p22FP°* subunits
(McPhail et al., 1995, 1999). Later studies demonstrated
that PtdOH was able to stimulate NADPH oxidase
activity by directly interacting with different sub-
units of the complex (Palicz et al., 2001). Crystal
structures of the p47°P°* subunit revealed a high-
affinity binding site for PIP, and separate binding
site for anionic phospholipids, such as PtdOH. Bind-
ing of pd7th°* to PIP, vesicles was synergistically
increased when PtdOH was also as a vesicle compo-
nent, suggesting that PtdOH increases p47 7% as-
sociation to PIP, (Karathanassis et al., 2002). Studies
with small-molecule PLD inhibitors recently confirmed
the involvement of PLD in regulating NADPH oxidase
(Chang et al., 2011).

2. Neurogranin. Neurogranin (Ng) is a protein orig-
inally identified as a PKC substrate in the brain and is
involved in synaptic plasticity (Baudier et al., 1991). Ng
specifically binds PtdOH in vitro in a site that overlaps
with its calmodulin-binding motif. Overexpression of
PLD increased localization of Ng at dendritic spines,
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suggesting that PLD-generated PtdOH regulates Ng
localization.

3. Sinl. mTOR exists in two distinct complexes
(mTORC1 and mTORC2) distinguished by different
binding partners and unique substrate specificities.
Sinl is an essential component of the mTORC2 complex
and is required for complex stability and kinase activity
toward downstream effectors (Yang et al., 2006). Sinl
contains a PH domain that binds PIP,s and PtdOH in
vitro (Schroder et al., 2007). The relevance of Sinl-
PtdOH binding is unknown, but PLD may regulate
mTORC2 activity by activating or localizing Sinl.

4. ADP/ATP Translocase. The ADP/ATP translo-
case is an inner mitochondrial membrane protein that
transports newly synthesized ATP from the mitochon-
dria to the cytosol (Klingenberg, 2008). When purified
from bovine heart and analyzed for bound lipids,
PtdOH was tightly bound to the ADP/ATP translocase
protein (Epand et al., 2009). The physiologic relevance
of this interaction is unknown.

5. B-Coatomer, ADP-Ribosylation Factor, N-Ethylmaleimide—
Sensitive Factor, and Kinesin. In an attempt to isolate
novel PtdOH binding proteins, investigators coupled
PtdOH or PIP, to affinity beads to isolate proteins spe-
cifically bound to PtdOH from brain cytosol. 3-Coatomer,
Arf, N-ethylmaleimide—sensitive factor, and kinesin,
all traffic-related proteins, were identified as specif-
ically binding PtdOH beads. Recombinant Arf and
N-ethylmaleimide—sensitive factor were shown to di-
rectly bind PtdOH, but the physiologic relevance re-
mains unknown (Manifava et al., 2001).

X. Closing Points

Over the last 2 decades, there has been a prolifera-
tion in our understanding of the regulation of cellular
PLD activity and the roles these enzymes play in
a variety of physiologic functions. The discovery that
the gene products of both PLD1 and PLD2 can be
ablated in mice has led to a growing appreciation that
this signaling enzyme provides an attractive therapeu-
tic target for a variety of pathophysiological conditions
in humans. Development of potent and isoenzyme-
selective, small-molecule inhibitors of PLD is contrib-
uting to a renaissance in our understanding of how
PLD activity can be modulated to provide novel thera-
peutic agents to some of our most challenging diseases.
The finding that some inhibitors modulate a PLD-Akt
signal axis opens an interesting new pharmacological
target in the treatment of certain cancers that have
previously been recalcitrant to chemotherapeutics. Many
important discoveries are yet to be made in fully
understanding the role of PLD in cellular signaling and
tumorigenesis. Among these is a more comprehensive
understanding of the interactions among different phos-
phatidic acid—generating pathways and how these path-
ways compensate and respond to perturbations.
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