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Abstract
Phospholipase D (PLD), a superfamily of signaling enzymes that most commonly generate the
lipid second messenger Phosphatidic Acid (PA), is found in diverse organisms from bacteria to
man and functions in multiple cellular pathways. Since the early 1980’s when mammalian PLD
activities were first described, most of the important insights concerning PLD function have been
gained from studies on cellular models. Reports on physiological and pathophysiological roles for
members of the mammalian PLD superfamily are now starting to emerge through from genetic
models. In this review, we summarize recent findings on PLD functions in these model systems,
highlighting newly appreciated connections of the superfamily to cancer, neuronal
pathophysiology, cardiovascular topics, spermatogenesis, and infectious disease.
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Introduction
Phospholipase D (PLD) is formally a transphosphatidylase that catalyzes head-group
exchange on phosphodiester bonds linking a variety of substrates (Jenkins and Frohman,
2005). Most commonly, PLD employs water as a nucleophile to hydrolyze phospholipid
substrates such as phosphatidylcholine to generate the membrane lipid phosphatidic acid
(PA), releasing soluble choline into the cytosol. Outlying members of the superfamily
however can use other phospholipid substrates, such as cardiolipin, to generate PA, or
hydrolyze the phosphodiester bond found in the backbone of DNA or the protein-DNA
linkage resulting from stalled Topoisomerase 1. Finally, some members of the superfamily
can use nucleophiles other than water to create new lipids via exchange of a complex
headgroup for a simple one on a phospholipid substrate.

PA is a negatively charged phospholipid with a small headgroup that promotes negative
membrane curvature, which is thought to facilitate membrane vesicle fusion and fission. PA
can also recruit proteins that have basic amino-acid rich regions that exhibit affinity for it,
and in some cases, the proteins recruited are enzymes that are activated as a result of the
recruitment. Finally, PA can be converted to other signaling lipids, specifically lyso-PA, by
phospholipase A2, or diacylglycerol (DAG), by lipid phosphatases (Fig. 1A). PA, lyso-PA
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and DAG all have effects on multiple cellular pathways, including intracellular vesicle
trafficking, endocytosis, exocytosis, actin cytoskeleton dynamics, cell proliferation,
differentiation, migration and survival (Donaldson, 2009, Jenkins and Frohman, 2005,
Rudge and Wakelam, 2009).

There are two classic mammalian isoforms of phospholipase D: PLD1 (Hammond et al.,
1995) and PLD2 (Colley et al., 1997) (Fig. 1B). Both PLD isoforms require
phosphatidylinositol 4,5-bisphosphate (PIP2) as a co-factor for activity. Otherwise, however,
PLD1 and PLD2 exhibit quite different regulatory properties and subcellular localization.
PLD1 has a low basal activity in vitro and is activated by small G proteins (ARF, Rho and
Rac) and protein kinase C, whereas PLD2 has high basal activity and is insensitive to the
PLD1 activators (Du et al., 2000, Colley et al., 1997, Hammond et al., 1997). PLD1 and 2
cycle through a succession of subcellular localizations during signaling events (Du et al.,
2003, Du et al., 2004). Most studies show that PLD1 is predominantly localized under
steady-state conditions at the Golgi complex, endosomes, lysosomes, and secretory granules,
whereas PLD2 is found at the plasma membrane, suggesting different cell biological roles
for the PLDs (Brown et al., 1998, Du et al., 2004, Freyberg et al., 2001). However, PLD1
can also be found at the plasma membrane in some settings (Vitale et al., 2001), and PLD2
at the Golgi complex (Freyberg et al., 2002, Yang et al., 2008), illustrating their mobility.
Finally, MitoPLD, a PLD family member more recently identified, localizes to the surface
of mitochondria (Fig 1B), where it hydrolyzes cardiolipin to generate PA to promote
mitochondrial fusion (Choi et al., 2006).

PLD activation has been implicated in many physiological and pathological actions via
consideration of cell culture-based models, most of which have involved overexpression or
downregulation of PLD genes or biochemical approaches. In this review, we will discuss the
newest findings of functions of mammalian PLDs in physiological and pathological actions
based on genetic approaches with knock-out and other in vivo models.

Functions of PLD in cancer
PLD function has been implicated in cancer progression in the context of many cellular
pathways (Su et al., 2009a). Elevated phospholipase D activity and a driver mutation in
PLD2 have been reported in malignant breast cancer biopsy samples (Noh et al., 2000,
Uchida et al., 1997, Wood et al., 2007). PLD expression levels also correlate with tumor size
and survival in progression of colorectal carcinoma, and increased expression of PLD2 is
found in gastric carcinoma and renal cancer (Saito et al., 2007, Uchida et al., 1999, Zhao et
al., 2000).

Nonetheless, the molecular mechanism through which PLD supports cancer progression
remains unclear. A hypothesis that has been widely explored concerns potential roles for
PLD and its product PA in activating mTOR (Fang et al., 2001, Toschi et al., 2009) to
suppress cancer cell apoptosis (Sabatini, 2006). Understanding the signals that regulate PA
levels and how PA impacts upon mTOR could be important for developing strategies to
block the survival signals that suppress apoptosis.

PLD activity may also play an important role in cell motility and migration, a critical step in
the spread of cancer. Increased PLD activity enhances the ability of MAD-MB-231 human
breast cancer cells to migrate and invade matrigel (Zheng et al., 2006). PLD2 activation
increases FAK (focal adhesion kinase) phosphorylation, Akt activation and cell invasion for
EL4 lymphoma cells, whereas inactive PLD2 inhibits metastasis (Knoepp et al., 2008);
PLD/PLD1 has been reported to be required for secretion of matrix metalloproteinase-9 by
colorectal cancer cells (Kang et al., 2008) and MMP-2 by glioma cells (Park et al., 2009).
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Thus far, there have no studies of cancer susceptibility or resistance in mice lacking PLD
isoforms. However, one hallmark of cancer cell metabolism has been examined and is of
interest. Mice lacking PLD1, which are viable and grossly normal (Elvers et al., 2010),
exhibit dramatically decreased levels of macroautophagy (Dall’Armi et al., 2010), a protein-
and organelle-catabolizing process that generates energy and nutrients for cells under
starvation conditions, and hence is vital for tumor cell spread (Xie and Klionsky, 2007).
Autophagy plays a normal role in homeostasis, helping to maintain a balance between the
synthesis, degradation, and subsequent recycling of cellular products, and decreases in
autophagy have been linked to major diseases such as cancer, diabetes and
neurodegeneration (Kundu and Thompson, 2008, Mizushima et al., 2008, Rubinsztein et al.,
2007, Tooze and Schiavo, 2008). In cell lines, PLD1 was shown to co-localize with
autophagosomes upon nutrient starvation, and FIPI, a PLD small molecular inhibitor (Su et
al., 2009b), decreased starvation-induced autophagosome expansion and impaired
autophage-mediated clearance of protein aggregation (Dall’Armi et al., 2010). Finally, these
findings were validated using a genetic model. In wild-type mice restrained from food for 24
hours, significant autophagosome expansion was observed in the liver; however, food
starvation failed to enlarge the autophagosome compartment in the livers of PLD1−/− mice.
These studies suggest that PLD or PLD1-selective inhibitors might be of utility in
approaches targeting the metabolism and survival of metastasizing cancer cells.

Functions of PLD in neurodegenerative diseases
PLD may also play physiological and pathological roles in the brain through affecting basic
cellular functions such as signal transduction, vesicular trafficking and actin cytoskeletal
reorganization. PLD1 promotes neurite outgrowth in the hippocampus in an in vivo model of
learning and memory (Zhang et al., 2004, Zhang et al., 2005).

α-Synuclein has been implicated in the pathogenesis of Parkinson’s disease and Alzheimer’s
diseases (Duda et al., 2000). A common pathological hallmark of Parkinson’s disease is the
Lewy body, round eosinophilic inclusions found in the substantia nigra. Filamentous α-
Synuclein is an important component of the Lewy bodies. Mutations in the PARK1 gene,
which encodes α-Synuclein, lead to autosomal-dominant Parkinson’s disease. α-Synuclein
normally exists in a naturally unfolded state but can form oligomers, called “protofibrils”,
which are cytotoxic and readily aggregate into filaments that create the Lewy inclusion
bodies (Lotharius and Brundin, 2002). PLD2 interacts and is inhibited by α-Synuclein
(Jenco et al., 1998). PLD2 overexpression in the rat SNc (substantia nigra pars compacta) by
viral-mediated gene transfer (Gorbatyuk et al.) was recently shown to lead to the loss of
dopamine (DA) neurons resulting in a severe behavior rotational asymmetry. In this model
system, α-Synuclein functioned to inhibit PLD2 in vivo and reduced its toxicity. These
findings suggest that part of the consequence of α-Synuclein dysregulation may be
unopposed PLD2 activity, with deleterious consequences.

Alzheimer’s disease (AD) has also been associated with PLD function. Brains in AD
patients display amyloid plaques composed of aggregated Aβ (amyloid-beta peptides) on the
outside of cells. Aβ is generated by the sequential cleavage of its precursor protein APP by
α-, β- and γ-secretase (Tanzi and Bertram, 2005). PLD1 has been reported to interact with
Presenilin1 (PS1), the major component of γ-secretase complex, in a manner that affects
APP intracellular trafficking (Cai et al., 2006a, Cai et al., 2006b). In contrast, PLD2 has
been linked to a subsequent step. After processing of APP to generate Aβ, the peptides have
been observed to stimulate PLD activity via FPRL1 (formyl-peptide-receptor-like 1)
(Brandenburg et al., 2008), which plays an essential role in Alzheimer’s disease (AD).
Intriguingly, this step appears affected in PLD2−/− mice, which are otherwise viable and
grossly normal (Oliveira et al., 2010). Di Paolo and colleagues found that PLD2 ablation
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rescued memory deficits and conferred synaptic protection in mice overexpressing APP that
constitute a genetic model for Alzheimer’s Disease, despite a significant Aβ load.
Mechanistically, Aβ42 peptides increased PLD activity in wild-type neurons approximately
2-fold, but no increase was observed in PLD2−/− neurons, indicating that PLD2 is a
transducer for the Aβ signaling cascade. Consistent with this finding, ablation of PLD2
blocked the suppressive effect of Aβ oligomers on LTP (long-term potentiation), suggesting
that the ability of Aβ42 oligomers to exhibit synaptotoxicity had been suppressed and raising
the possibility that PLD2 inhibitors could pose a viable approach for therapeutics in this and
similar types of neurodegenerative diseases.

Cardiovascular functions for PLD
Platelets aggregation is vital to terminate bleeding (Mauri, 1964). PLD1 is present in
platelets (Chiang, 1994, Lee et al., 1994) and both isoforms rapidly translocate to the plasma
membrane area upon platelet activation via agonists such as thrombin (Vorland and
Holmsen, 2008a, Vorland and Holmsen, 2008b). Strikingly, platelets from PLD1−/− mice
display impaired integrin αIIbβ3 activation and defective aggregate formation in vitro under
high shear flow conditions, but normal function under low shear flow conditions (Elvers et
al., 2010). In vivo, PLD1−/− mice are consequently resistant to pulmonary emboli, occlusive
arterial thrombus formation, and neuronal damage following thrombotic-induced focal
cerebral ischemia. Taken together, these findings suggest that a PLD inhibitor such as FIPI
(Su et al., 2009b) or a PLD1-selective inhibitor (Lavieri et al., 2010, Scott et al., 2009) might
be a promising candidate for an anti-platelet therapeutic.

Unexpectedly, PLD2 has been found to generate a second type of second messenger, cyclic
PA (CPA), via hydrolysis of lysophosphatidylcholine (LPC) (Tsukahara et al., 2010).
Moreover, CPA acts as an endogenous antagonist of PPARγ. PPARγ is a nuclear hormone
receptor that is activated by fatty acids, thiazolidinedione drugs, and LPA and plays a role in
insulin sensitivity and adipogenesis, leading to lipid accumulation, macrophage recruitment,
and arterial wall thickening in settings of excessive activation. Activation of PLD2 in this
setting inhibits PPARγ, blocking arterial wall thickening induced by agonists used to
activate PPARγ as therapeutics for type 2 diabetes, raising the prospect of using CPA or
CPA analogs as therapeutics for hypertensive disease caused through these mechanisms.
Interestingly, mutations in PLD2 have been identified in large scale genetic screens for
hypertensive risk factors (Hong et al., 2010). Replacement of Arg172 by Cysteine inversely
correlated with risk of hypertension. Arg172 resides in the PX domain of PLD2 and could
affect PLD2’s function in membrane trafficking, having one or more effects on PLD2
functions important in the long-term regulation of blood pressure.

Roles for MitoPLD in mitochondrial morphology and germ cell development
Mitochondrial dynamics are fundamentally important for mammalian cells, controlling not
only the shape of mitochondria but also their function (Chen and Chan, 2009). Some of the
key components that regulate mitochondrial dynamics have been identified, including the
Mitofusins Mfn1 and Mfn2 (Chen et al., 2003), which are critical for mitochondrial fusion,
and the dynamin-related GTPase Drp1 (Smirnova et al., 2001), which plays a key role in
fission. Mitochondrial dynamics are essential for mammalian development, and partial
defects in the fusion process can lead to neurodegenerative disease (Chen and Chan, 2009)
or promote apoptosis (Wasilewski and Scorrano, 2009).

Our lab previously identified a Phospholipase D family member, denoted MitoPLD, which
is anchored on the outer membrane surface of mitochondria (Choi et al., 2006). MitoPLD is
an evolutionarily very divergent PLD superfamily member, exhibiting more similarity to the
bacterial homolog called Nuc, which exhibits endonuclease activity (Stuckey and Dixon,
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1999), than it does to mammalian PLD1 and PLD2. However, MitoPLD does not appear to
be an endonuclease, but rather, acts as a phospholipase D to hydrolyze cardiolipin to
generate Phosphatidic Acid (PA) and affect mitochondrial dynamics (Choi et al., 2006).
Loss of MitoPLD activity decreases fusion, whereas increased MitoPLD activity causes
mitochondria to aggregate, separated by a thin layer of electron-dense material.

More recently, we have shown that PA recruits a novel PA phosphatase called Lipin 1 (Reue
and Zhang, 2008) that converts the PA to DAG on the surface of mitochondria (Huang et al.,
2011). Lipin1 mutations cause a form of lipodystrophy with similarities to type 2 diabetes
(Peterfy et al., 2001). We have observed that Lipin 1 overexpression causes mitochondrial
fragmentation, implying that Lipin 1 promotes mitochondrial fission. These data suggest that
generation of the PA and DAG lipid signals on the surface of mitochondria play reciprocal
roles in regulation of mitochondrial dynamics. Unexpectedly, male mice lacking MitoPLD
are infertile, exhibiting meiotic arrest during spermatogenesis (Huang et al., 2011, Watanabe
et al., 2011). Spermatogenesis is known to require assembly of piRNA, a specialized RNAi-
generating protein complex on the nuage, an electron-dense “intermitochondrial cement”
that adheres to mitochondria at this developmental stage (Morroni et al., 2008, Russell and
Frank, 1978, Chuma et al., 2009). Loss of components of the piRNA machinery similarly
blocks spermatogenesis during meiosis (O’Donnell et al., 2008, Soper et al., 2008).
MitoPLD-deficient testes noticeably lack intermitochondrial cement, do not aggregate, and
do not produce piRNA (Huang et al., 2011, Watanabe et al., 2011). The mitochondria also
exhibit abnormal distribution, suggesting functional interaction of the MitoPLD-generated
PA with mitochondrial transport on microtubules (Watanabe et al., 2011). MitoPLD is the
first mitochondrial protein to be identified in this process, which reveals this mitochondrial-
surface lipid signaling pathway as a novel molecular mechanism and mitochondrial disease
underlying male germ cell differentiation. A similar phenotype has been found for the
Drosophila homolog of MitoPLD known as Zucchini, although its biochemical activity was
not known (Pane et al., 2007).

Other potential pathophysiological roles for PLD
Influenza virus pandemics are a major global public health concern. Current approaches rely
largely on vaccines and modestly effective antiviral therapeutics such as neuraminidase
inhibitors (e.g. Tamiflu). Given the yearly antigenic shift and rapid development of
resistance when viral proteins are targeted, other approaches are crucial to develop
therapeutics capable of stemming the severity of future pandemics. A promising approach is
to identify host cellular factors crucial for viral replication that are temporarily dispensable
for humans. Using a high throughput siRNA screening approach, 72 host genes were
recently identified that when downregulated, reduced viral replication for avian H5N1,
endemic H1N1, and the 2009 pandemic swine-origin influenza A strains (Karlas et al.,
2010). Included in the list of host genes was PLD2, which has long been linked to
membrane vesicle trafficking (Du et al., 2004) in part in connection with the secretory
pathway (Huang and Frohman, 2007, Yang et al., 2008, Riebeling et al., 2009). PLD
enzymatic activity more generally has been reported to regulate glycosylated viral protein
transport, including that of influenza virus hemagglutinin (HA), from the endoplasmic
reticulum to the Golgi complex (Bi et al., 1997) and from there on to the plasma membrane.
In the presence of crude inhibitors of PLD activity, HA transport to the plasma membrane is
decreased by 75–93% (Bi et al., 1997). The neuraminidase (NA) glycoprotein undergoes
similar trafficking prior to becoming displayed with HA on the surface of mature influenza
particles through virion budding from the plasma membrane. With the recent development
of thus-far highly specific small molecule inhibitors of PLD (Lavieri et al., 2010, Scott et al.,
2009, Su et al., 2009b), PLD2 represents a highly attractive target for therapeutic
intervention.
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Conclusion
In summary, mammalian PLD genes have been studied for many years, and their structure
and cellular regulation pointing to roles in cellular signaling, vesicle transport, membrane
fusion, endocytosis, exocytosis and cytoskeletal reorganization have been defined largely
using biochemical and cellular approaches. This body of knowledge is now undergoing
refinement using genetic PLD knockouts, which will provide important insights into the
functions that can be compensated for and those that are create phenotypic consequences.
These genetic models, in combination with studying acute inhibition of PLD isoforms using
small molecule inhibitors, will help establish appropriate settings in which to use PLD
inhibitors as therapeutics, such as in the control of cancer metastasis, hypertension,
thrombosis, neurodegenerative disease, and infectious viral disease (Fig. 2).
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Fig. 1.
A. signaling lipid pathway. PA can be generated via hydrolysis of PC or cardiolipin by PLD
or MitoPLD, respectively. Once generated, the PA can be converted to DAG by Lipid
Phosphatases (e.g. Lipin) or to LPA by PLA2 (phospholipase A2). B. Cartoon schematic of
mammalian PLDs. PX domain (PHOX domain) and PH domain (Pleckstrin domain)
mediate protein and lipid binding; HKD domain (HxKxxxxD, x is any amino acid)defines
and mediates the catalytic reaction; PIP2 binding domain; Loop domain in PLD1 may
function in autoinhibition of PLD1 activity; TM (transmembrane domain) is found in
MitoPLD and functions to anchor the protein into the outer surface of mitochondria; RGV
domain is enriched in basic amino acids that may interact with membrane surfaces or partner
proteins.
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Fig. 2.
Physiological and Pathophysiological Roles for PLD family members. See text for details.
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