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Phospholipase D2 (PLD2) is a lipid-signaling enzyme that produces the signaling molecule
phosphatidic acid (PA) by catalyzing the hydrolysis of phosphatidylcholine (PC). The mo-
lecular characteristics of PLD2, the mechanisms of regulation of its activity, its functions in
the signaling pathway involving PA and binding partners, and its role in cellular physiology
have been extensively studied over the past decades. Although several potential roles of
PLD2 have been proposed based on the results of molecular and cell-based studies, the
pathophysiological functions of PLD2 in vivo have not yet been fully investigated at the
organismal level. Here, we address accumulated evidences that provide insight into the
role of PLD2 in human disease. We summarize recent studies using animal models that
provide direct evidence of the function of PLD2 in several pathological conditions such as
vascular disease, immunological disease, and neurological disease. In light of the use of
recently developed PLD2-specific inhibitors showing potential in alleviating pathological
conditions, improving our understanding of the role of PLD2 in human disease would be
necessary to target the regulation of PLD2 activity as a therapeutic strategy.

© 2015 Published by Elsevier Ltd.
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1. Introduction

Phospholipase D2 (PLD2) is a member of PLD family that catalyzes the hydrolysis of phosphatidylcholine (PC) to yield free
choline and phosphatidic acid (PA), a lipid signaling molecule (Jenkins and Frohman, 2005; Tu-Sekine et al., 2015). PLD2 has
several domains that are conserved among members of the PLD family (Frohman et al., 1999). PA generation is catalyzed by
the HKD domain (HKD, contains the HxKxxxxD motif). The Phox homology (PX) domain and pleckstrin homology (PH)
domain are important for interactions with phospholipids and other proteins that facilitate specific PLD2 functions (Exton,
2002; Jang et al., 2012; Lopez et al., 1998; Oude Weernink et al., 2007). Recently, the guanine nucleotide exchange factor
(GEF) activity of the PH domainwas also reported, expanding the potential areas for PLD2 function (Jeon et al., 2011; Lee et al.,
2006).

In several signaling pathways, PLD-generating PA and PLD itself play critical roles in mediating and coordinating signals.
Based on the signaling functions, PLD2 activated in response to various stimuli have been known to contribute to a number of
cellular functions, such as growth, proliferation, differentiation, migration, vesicle trafficking, and cytoskeleton remodeling
(Cazzolli et al., 2006; Lee et al., 2009). The versatile properties of PLD2 have allowed the prediction of possible roles in
pathophysiology in vivo. However, definitive in vivo functions of PLD2 have only recently begun to be demonstrated (Frohman,
2015; Tappia and Dhalla, 2014). Here, we summarize the accumulated direct evidence for the pathophysiological roles of PLD2
from genetically engineered animal models. Future directions for study are also briefly discussed.
2. Pathological functions of PLD2

2.1. Vascular system and diseases

The vascular system is essential for development, maintenance of homeostasis and repair processes by providing paths for
oxygen/nutrient supply, and immune cell migration (Carmeliet, 2003, 2005). Blood vessels of the system form a tubular
network structure consisting of endothelial cells and other mural cells (Adams and Alitalo, 2007; Coultas et al., 2005). A
number of reports have suggested the involvement of PLD2 in signaling pathways mediated by angiogenic factors, such as
vascular endothelial growth factor (VEGF), angiopoietin-1 (Ang1), angiotensin II (Ang II), and formyl peptide receptor 2
(FPR2), and in cellular functions of endothelial cells including migration and permeability (Cho et al., 2004; Gorshkova et al.,
2008; Jang et al., 2015; Lee et al., 2004; Li et al., 2005; Yoon et al., 2003; Zeiller et al., 2009). Despite its importance, the role of
PLD2 in the vascular system has not been extensively studied at an organismal level. The first direct in vivo evidence was
provided by a study on zebrafish (Zeng et al., 2009). A spatio-temporal expression pattern of the human homologue of PLD in
zebrafish provided evidence for the involvement of PLD in early embryonic development. Inhibition of Pld1 by antisense
morpholino oligonucleotides led to impaired intersegmental vessel (ISV) development. The results suggest the function of
zebrafish Pld1 in vascular development in vertebrates. Our report showed angiogenic functions of PLD2 in a mammalian
system using conditional knockout (KO) mice (Ghim et al., 2014). Although no severe defects were detected during either the
embryonic or adult stages in endothelial cell-specific KO (eKO) mice or in whole-body KO mice, retinal angiogenesis was
delayed at postnatal day 5 in the developmental stage while; however, it was recovered by postnatal day 14. These results
implicate PLD2 in contributing to developmental angiogenesis, although the defects can be compensated systemically. Under
pathological conditions, however, the angiogenic role of PLD2 became more significant. Pld2 eKO mice showed decreased
pathological angiogenesis during tumor growth and decreased oxygen-induced retinopathy (OIR), in a model for retinopathy
of prematurity (ROP) in human. Although pathological angiogenesis shares common processes with physiological angio-
genesis, regulatory mechanisms are disrupted during pathological angiogenesis (Chung and Ferrara, 2011). In this study, we
suggested that PLD2 requires hypoxia-induced gene expression via the regulation of HIF-1a translation and cellular functions
of endothelial cells under pathological conditions.
2.2. Immunological disease

PLD2 is ubiquitously expressed in several cell types, including immune cells. The roles of PLD2 in immune cell functions,
such as chemotaxis, phagocytosis, cell spreading, and migration, have been studied at the cellular level (Gomez-Cambronero
et al., 2007). The cellular functions of immune cells are largelymediated by cytoskeleton remodeling. PLD2 has been shown to
participate in cytoskeleton remodeling by cooperating with other regulatory factors (Colley et al., 1997; OudeWeernink et al.,
2007). Thus, PLD2 can modulate the cellular functions of macrophages, lymphocytes, and neutrophils (Ali et al., 2013; Hamdi
et al., 2008; Kantonen et al., 2011; Knapek et al., 2010; Lehman et al., 2006; Mahankali et al., 2013; Speranza et al., 2014).
However, controversies have arisen over certain functions of PLD2 in immune cells; for example, the contribution of PLD2 to
neutrophil physiology through the generation of ROS (Norton et al., 2011; Sato et al., 2013) is debated. Furthermore, the roles
of PLD2 in the immune system have not been fully evaluated by in vivo studies. Recently, we reported a role for PLD2 in
systemic inflammatory response syndrome or sepsis (Lee et al., 2015). Pld2 KO mice showed increased survival with
decreased vital organ damage with experimentally induced sepsis. Increased bactericidal activity and reduced lymphocyte
apoptosis and systemic inflammation can explain this protective effect of PLD2 deficiency. In this study, also, neutrophils were
identified as key players in PLD2-driven mortality with sepsis. In particular, CXCR2 stabilization on the surface of neutrophils
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and upregulated neutrophil extracellular trap (NET) formation elicited recruitment and bacterial killing by neutrophils. These
results clearly showed the role of PLD2 in interacting with a specific class of immune cells and in immunological disease.

2.3. Neurological disorder

The expression of PLD2 in tissues of the nervous system is high relative to its expression in other tissues. Many reports
have implicated PLD2 in the physiology of neural systems including neurite outgrowth, neurotransmitter release, and
astroglial cell proliferation (Burkhardt et al., 2015; Kanaho et al., 2009). The association of PLD activity with neuronal diseases
has also been reported (Min do et al., 2007; Peng et al., 2006). Recently, a role for PLD2 in Alzheimer's disease (AD) was
suggested by a study using Pld2 KO mice (Oliveira et al., 2010). Amyloid b-peptide (Ab), a pathological molecule for AD,
enhances PLD activity in cultured neuronal cells. PLD activity is also increased in the brains of transgenic AD mice (SwAPP).
Furthermore, PLD2 deficiency can inhibit Ab-induced suppression of long-term potentiation in hippocampus sections, sug-
gesting critical role for PLD2 in the synaptotoxic effect of Ab. Finally, PLD2 deficiency rescues cognitive defects observed in
SwAPP mice. These results directly support the importance of PLD2 in AD pathogenesis.

2.4. Cancer

PLD2 is considered a critical player in cancer due to its role in cell survival, proliferation, migration, and other key pro-
cesses. PLD activity and single nucleotide polymorphisms (SNPs) of the PLD2 gene have been implicated in several types of
cancers, such asmelanomas, gastric, breast, renal, and colorectal cancers (Park et al., 2012). In colorectal cancer, the tumor size
and patient survival correlates with the increased expression of PLD2 (Saito et al., 2007), and pointmutations in the PLD2 gene
have been found in breast cancers (Wood et al., 2007). PLD2 and PA coordinate a number of cancer-related signaling path-
ways, resulting in cell proliferation, invasion, and metastasis (Gomez-Cambronero, 2014). PLD2 modulates cancer cell pro-
liferation by up-regulating mitogenic signaling pathways, including the EGFR-SRC, MAPK, SOS1-RAS, and mTOR pathways
(Fang et al., 2001; Joseph et al., 2001; Rizzo et al., 1999; Toschi et al., 2009; Zhao et al., 2007). PLD2 also provides motility
signals that lead to cancer cell migration, invasion, and metastasis bymodulating cytoskeleton reorganization andmembrane
ruffling (Honda et al., 1999; Jeon et al., 2011; Shen et al., 2002; Tappia and Dhalla, 2014). Pro-metastatic functions of PLD2 have
been shown in lymphoma cells and in a mouse model (Knoepp et al., 2008). In addition to these roles in cancer, PLD also
contributes to tumor growth and metastasis in tumor microenvironments (Chen et al., 2012; Ghim et al., 2014). Previous
studies strongly support these roles for PLD2 in cancer. Further in vivo and clinical studies are required to provide evidence for
the effectiveness of PLD modulation in cancer treatment.

3. Conclusions and perspectives

Because of the absence of research tools for in vivo evaluation, studies on PLD2 function have been conducted primarily at
the molecular and cellular level. Recently, genetically engineered mouse models have been developed, and they have given
researchers the opportunity to validate proposed functions and identify novel roles of PLD2 at the organismal level. In
contrast to previous expectations, however, PLD2 KO mice have not shown an evident phenotype under normal conditions.
Molecular compensation by either other isoform(s) or PA-generating enzymes, or systemic compensation at the organismal
level, could be possible explanation for this phenomenon. Much effort has gone into unveiling PLD2 functions in particular
conditions such as diseases, allowing better prediction of its functions than normal conditions. Recent reports have suggested
specific contributions of PLD2 to pathological conditions, such as pathological angiogenesis, sepsis, and Alzheimer's disease.
However, many pathophysiological conditions, including cancer development, remain to be tested. In addition, because PLD2
is expressed ubiquitously inmost cell types, more intricate studies using conditional KO (tissue-specific and inducible) animal
models are required to clearly reveal the cell-, tissue-, and organ-specific functions of PLD2. Recent studies have shown
ameliorating effects of isotype-specific inhibitors of PLD on some diseases. The new inhibitors overcame limitations of
previously used pan-PLD inhibitors. Furthermore, the use of an effective PLD2 inhibitor will provide opportunities to better
understand PLD2 functions in various disease conditions and suggest potential therapeutic strategy for these diseases.

Acknowledgments

This work was supported by grant No: NRF-2015R1A2A1A13001834 of the National Research Foundation, funded by the
Ministry of Education, Science and Technology of Korea.

References

Adams, R.H., Alitalo, K., 2007. Molecular regulation of angiogenesis and lymphangiogenesis. Nat. Rev. Mol. Cell Biol. 8, 464e478.
Ali, W.H., Chen, Q., Delgiorno, K.E., Su, W., Hall, J.C., Hongu, T., et al., 2013. Deficiencies of the lipid-signaling enzymes phospholipase D1 and D2 alter

cytoskeletal organization, macrophage phagocytosis, and cytokine-stimulated neutrophil recruitment. PLoS One 8, e55325.
Burkhardt, U., Beyer, S., Klein, J., 2015. Role of phospholipases D1 and 2 in astroglial proliferation: effects of specific inhibitors and genetic deletion. Eur. J.

Pharmacol. 761, 398e404.
Carmeliet, P., 2003. Angiogenesis in health and disease. Nat. Med. 9, 653e660.
Please cite this article in press as: Ghim, J., et al., Accumulating insights into the role of phospholipase D2 in human diseases,
Advances in Biological Regulation (2015), http://dx.doi.org/10.1016/j.jbior.2015.11.010

http://refhub.elsevier.com/S2212-4926(15)30028-2/sref1
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref1
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref2
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref2
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref3
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref3
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref3
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref4
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref4


J. Ghim et al. / Advances in Biological Regulation xxx (2015) 1e54
Carmeliet, P., 2005. Angiogenesis in life, disease and medicine. Nature 438, 932e936.
Cazzolli, R., Shemon, A.N., Fang, M.Q., Hughes, W.E., 2006. Phospholipid signalling through phospholipase D and phosphatidic acid. IUBMB Life 58, 457e461.
Chen, Q., Hongu, T., Sato, T., Zhang, Y., Ali, W., Cavallo, J.A., et al., 2012. Key roles for the lipid signaling enzyme phospholipase d1 in the tumor micro-

environment during tumor angiogenesis and metastasis. Sci. Signal 5, ra79.
Cho, C.H., Lee, C.S., Chang, M., Jang, I.H., Kim, S.J., Hwang, I., et al., 2004. Localization of VEGFR-2 and PLD2 in endothelial caveolae is involved in VEGF-

induced phosphorylation of MEK and ERK. Am. J. Physiol. Heart Circ. Physiol. 286. H1881e8.
Chung, A.S., Ferrara, N., 2011. Developmental and pathological angiogenesis. Annu. Rev. Cell Dev. Biol. 27, 563e584.
Colley, W.C., Sung, T.C., Roll, R., Jenco, J., Hammond, S.M., Altshuller, Y., et al., 1997. Phospholipase D2, a distinct phospholipase D isoform with novel

regulatory properties that provokes cytoskeletal reorganization. Curr. Biol. 7, 191e201.
Coultas, L., Chawengsaksophak, K., Rossant, J., 2005. Endothelial cells and VEGF in vascular development. Nature 438, 937e945.
Exton, J.H., 2002. Regulation of phospholipase D. FEBS Lett. 531, 58e61.
Fang, Y., Vilella-Bach, M., Bachmann, R., Flanigan, A., Chen, J., 2001. Phosphatidic acid-mediated mitogenic activation of mTOR signaling. Science 294,

1942e1945.
Frohman, M.A., 2015. The phospholipase D superfamily as therapeutic targets. Trends Pharmacol. Sci. 36, 137e144.
Frohman, M.A., Sung, T.C., Morris, A.J., 1999. Mammalian phospholipase D structure and regulation. Biochim. Biophys. Acta 1439, 175e186.
Ghim, J., Moon, J.S., Lee, C.S., Lee, J., Song, P., Lee, A., et al., 2014. Endothelial deletion of phospholipase D2 reduces hypoxic response and pathological

angiogenesis. Arterioscler. Thromb. Vasc. Biol. 34, 1697e1703.
Gomez-Cambronero, J., 2014. Phosphatidic acid, phospholipase D and tumorigenesis. Adv. Biol. Regul. 54, 197e206.
Gomez-Cambronero, J., Di Fulvio, M., Knapek, K., 2007. Understanding phospholipase D (PLD) using leukocytes: PLD involvement in cell adhesion and

chemotaxis. J. Leukoc. Biol. 82, 272e281.
Gorshkova, I., He, D., Berdyshev, E., Usatuyk, P., Burns, M., Kalari, S., et al., 2008. Protein kinase C-epsilon regulates sphingosine 1-phosphate-mediated

migration of human lung endothelial cells through activation of phospholipase D2, protein kinase C-zeta, and Rac1. J. Biol. Chem. 283, 11794e11806.
Hamdi, S.M., Cariven, C., Coronas, S., Malet, N., Chap, H., Perret, B., et al., 2008. Potential role of phospholipase D2 in increasing interleukin-2 production by

T-lymphocytes through activation of mitogen-activated protein kinases ERK1/ERK2. Biochim. Biophys. Acta 1781, 263e269.
Honda, A., Nogami, M., Yokozeki, T., Yamazaki, M., Nakamura, H., Watanabe, H., et al., 1999. Phosphatidylinositol 4-phosphate 5-kinase alpha is a down-

stream effector of the small G protein ARF6 in membrane ruffle formation. Cell 99, 521e532.
Jang, I.H., Heo, S.C., Kwon, Y.W., Choi, E.J., Kim, J.H., 2015. Role of formyl peptide receptor 2 in homing of endothelial progenitor cells and therapeutic

angiogenesis. Adv. Biol. Regul. 57, 162e172.
Jang, J.H., Lee, C.S., Hwang, D., Ryu, S.H., 2012. Understanding of the roles of phospholipase D and phosphatidic acid through their binding partners. Prog.

Lipid Res. 51, 71e81.
Jenkins, G.M., Frohman, M.A., 2005. Phospholipase D: a lipid centric review. Cell. Mol. Life Sci. 62, 2305e2316.
Jeon, H., Kwak, D., Noh, J., Lee, M.N., Lee, C.S., Suh, P.G., et al., 2011. Phospholipase D2 induces stress fiber formation through mediating nucleotide exchange

for RhoA. Cell Signal 23, 1320e1326.
Joseph, T., Wooden, R., Bryant, A., Zhong, M., Lu, Z., Foster, D.A., 2001. Transformation of cells overexpressing a tyrosine kinase by phospholipase D1 and D2.

Biochem. Biophys. Res. Commun. 289, 1019e1024.
Kanaho, Y., Funakoshi, Y., Hasegawa, H., 2009. Phospholipase D signalling and its involvement in neurite outgrowth. Biochim. Biophys. Acta 1791, 898e904.
Kantonen, S., Hatton, N., Mahankali, M., Henkels, K.M., Park, H., Cox, D., et al., 2011. A novel phospholipase D2-Grb2-WASp heterotrimer regulates leukocyte

phagocytosis in a two-step mechanism. Mol. Cell. Biol. 31, 4524e4537.
Knapek, K., Frondorf, K., Post, J., Short, S., Cox, D., Gomez-Cambronero, J., 2010. The molecular basis of phospholipase D2-induced chemotaxis: elucidation of

differential pathways in macrophages and fibroblasts. Mol. Cell. Biol. 30, 4492e4506.
Knoepp, S.M., Chahal, M.S., Xie, Y., Zhang, Z., Brauner, D.J., Hallman, M.A., et al., 2008. Effects of active and inactive phospholipase D2 on signal transduction,

adhesion, migration, invasion, and metastasis in EL4 lymphoma cells. Mol. Pharmacol. 74, 574e584.
Lee, C.S., Kim, I.S., Park, J.B., Lee, M.N., Lee, H.Y., Suh, P.G., et al., 2006. The phox homology domain of phospholipase D activates dynamin GTPase activity and

accelerates EGFR endocytosis. Nat. Cell Biol. 8, 477e484.
Lee, C.S., Kim, K.L., Jang, J.H., Choi, Y.S., Suh, P.G., Ryu, S.H., 2009. The roles of phospholipase D in EGFR signaling. Biochim. Biophys. Acta 1791, 862e868.
Lee, H.Y., Kang, H.K., Jo, E.J., Kim, J.I., Lee, Y.N., Lee, S.H., et al., 2004. Trp-Lys-Tyr-Met-Val-Met stimulates phagocytosis via phospho-lipase D-dependent

signaling in mouse dendritic cells. Exp. Mol. Med. 36, 135e144.
Lee, S.K., Kim, S.D., Kook, M., Lee, H.Y., Ghim, J., Choi, Y., et al., 2015. Phospholipase D2 drives mortality in sepsis by inhibiting neutrophil extracellular trap

formation and down-regulating CXCR2. J. Exp. Med. 212, 1381e1390.
Lehman, N., Di Fulvio, M., McCray, N., Campos, I., Tabatabaian, F., Gomez-Cambronero, J., 2006. Phagocyte cell migration is mediated by phospholipases PLD1

and PLD2. Blood 108, 3564e3572.
Li, F., Zhang, C., Schaefer, S., Estes, A., Malik, K.U., 2005. ANG II-induced neointimal growth is mediated via cPLA2- and PLD2-activated Akt in balloon-injured

rat carotid artery. Am. J. Physiol. Heart Circ. Physiol. 289, H2592eH2601.
Lopez, I., Arnold, R.S., Lambeth, J.D., 1998. Cloning and initial characterization of a human phospholipase D2 (hPLD2). ADP-ribosylation factor regulates

hPLD2. J. Biol. Chem. 273, 12846e12852.
Mahankali, M., Henkels, K.M., Gomez-Cambronero, J., 2013. A GEF-to-phospholipase molecular switch caused by phosphatidic acid, Rac and JAK tyrosine

kinase that explains leukocyte cell migration. J. Cell Sci. 126, 1416e1428.
Min do, S., Choi, J.S., Kim, H.Y., Shin, M.K., Kim, M.K., Lee, M.Y., 2007. Ischemic preconditioning upregulates expression of phospholipase D2 in the rat

hippocampus. Acta Neuropathol. 114, 157e162.
Norton, L.J., Zhang, Q., Saqib, K.M., Schrewe, H., Macura, K., Anderson, K.E., et al., 2011. PLD1 rather than PLD2 regulates phorbol-ester-, adhesion-dependent

and Fc{gamma}-receptor-stimulated ROS production in neutrophils. J. Cell Sci. 124, 1973e1983.
Oliveira, T.G., Chan, R.B., Tian, H., Laredo, M., Shui, G., Staniszewski, A., et al., 2010. Phospholipase D2 ablation ameliorates Alzheimer's disease-linked

synaptic dysfunction and cognitive deficits. J. Neurosci. 30, 16419e16428.
Oude Weernink, P.A., Lopez de Jesus, M., Schmidt, M., 2007. Phospholipase D signaling: orchestration by PIP2 and small GTPases. Naunyn Schmiedeb. Arch.

Pharmacol. 374, 399e411.
Park, J.B., Lee, C.S., Jang, J.H., Ghim, J., Kim, Y.J., You, S., et al., 2012. Phospholipase signalling networks in cancer. Nat. Rev. Cancer 12, 782e792.
Peng, J.H., Feng, Y., Rhodes, P.G., 2006. Down-regulation of phospholipase D2 mRNA in neonatal rat brainstem and cerebellum after hypoxia-ischemia.

Neurochem. Res. 31, 1191e1196.
Rizzo, M.A., Shome, K., Vasudevan, C., Stolz, D.B., Sung, T.C., Frohman, M.A., et al., 1999. Phospholipase D and its product, phosphatidic acid, mediate agonist-

dependent raf-1 translocation to the plasma membrane and the activation of the mitogen-activated protein kinase pathway. J. Biol. Chem. 274,
1131e1139.

Saito, M., Iwadate, M., Higashimoto, M., Ono, K., Takebayashi, Y., Takenoshita, S., 2007. Expression of phospholipase D2 in human colorectal carcinoma.
Oncol. Rep. 18, 1329e1334.

Sato, T., Hongu, T., Sakamoto, M., Funakoshi, Y., Kanaho, Y., 2013. Molecular mechanisms of N-formyl-methionyl-leucyl-phenylalanine-induced superoxide
generation and degranulation in mouse neutrophils: phospholipase D is dispensable. Mol. Cell. Biol. 33, 136e145.

Shen, Y., Zheng, Y., Foster, D.A., 2002. Phospholipase D2 stimulates cell protrusion in v-Src-transformed cells. Biochem. Biophys. Res. Commun. 293,
201e206.

Speranza, F., Mahankali, M., Henkels, K.M., Gomez-Cambronero, J., 2014. The molecular basis of leukocyte adhesion involving phosphatidic acid and
phospholipase D. J. Biol. Chem. 289, 28885e28897.
Please cite this article in press as: Ghim, J., et al., Accumulating insights into the role of phospholipase D2 in human diseases,
Advances in Biological Regulation (2015), http://dx.doi.org/10.1016/j.jbior.2015.11.010

http://refhub.elsevier.com/S2212-4926(15)30028-2/sref5
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref5
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref6
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref6
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref7
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref7
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref8
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref8
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref8
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref9
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref9
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref10
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref10
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref10
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref11
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref11
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref12
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref12
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref13
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref13
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref13
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref14
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref14
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref15
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref15
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref16
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref16
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref16
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref17
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref17
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref18
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref18
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref18
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref19
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref19
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref19
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref20
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref20
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref20
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref21
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref21
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref21
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref22
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref22
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref22
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref23
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref23
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref23
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref24
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref24
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref25
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref25
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref25
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref26
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref26
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref26
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref27
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref27
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref28
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref28
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref28
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref29
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref29
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref29
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref30
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref30
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref30
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref31
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref31
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref31
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref32
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref32
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref33
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref33
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref33
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref34
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref34
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref34
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref35
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref35
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref35
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref36
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref36
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref36
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref37
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref37
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref37
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref38
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref38
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref38
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref39
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref39
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref39
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref40
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref40
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref40
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref41
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref41
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref41
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref42
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref42
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref42
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref43
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref43
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref44
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref44
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref44
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref45
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref45
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref45
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref45
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref46
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref46
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref46
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref47
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref47
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref47
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref48
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref48
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref48
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref49
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref49
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref49


J. Ghim et al. / Advances in Biological Regulation xxx (2015) 1e5 5
Tappia, P.S., Dhalla, N.S., 2014. Phospholipases in Health and Disease. Springer, New York, NY.
Toschi, A., Lee, E., Xu, L., Garcia, A., Gadir, N., Foster, D.A., 2009. Regulation of mTORC1 and mTORC2 complex assembly by phosphatidic acid: competition

with rapamycin. Mol. Cell. Biol. 29, 1411e1420.
Tu-Sekine, B., Goldschmidt, H., Raben, D.M., 2015. Diacylglycerol, phosphatidic acid, and their metabolic enzymes in synaptic vesicle recycling. Adv. Biol.

Regul. 57, 147e152.
Wood, L.D., Parsons, D.W., Jones, S., Lin, J., Sjoblom, T., Leary, R.J., et al., 2007. The genomic landscapes of human breast and colorectal cancers. Science 318,

1108e1113.
Yoon, M.J., Cho, C.H., Lee, C.S., Jang, I.H., Ryu, S.H., Koh, G.Y., 2003. Localization of Tie2 and phospholipase D in endothelial caveolae is involved in angio-

poietin-1-induced MEK/ERK phosphorylation and migration in endothelial cells. Biochem. Biophys. Res. Commun. 308, 101e105.
Zeiller, C., Mebarek, S., Jaafar, R., Pirola, L., Lagarde, M., Prigent, A.F., et al., 2009. Phospholipase D2 regulates endothelial permeability through cytoskeleton

reorganization and occludin downregulation. Biochim. Biophys. Acta 1793, 1236e1249.
Zeng, X.X., Zheng, X., Xiang, Y., Cho, H.P., Jessen, J.R., Zhong, T.P., et al., 2009. Phospholipase D1 is required for angiogenesis of intersegmental blood vessels

in zebrafish. Dev. Biol. 328, 363e376.
Zhao, C., Du, G., Skowronek, K., Frohman, M.A., Bar-Sagi, D., 2007. Phospholipase D2-generated phosphatidic acid couples EGFR stimulation to Ras activation

by Sos. Nat. Cell Biol. 9, 706e712.
Please cite this article in press as: Ghim, J., et al., Accumulating insights into the role of phospholipase D2 in human diseases,
Advances in Biological Regulation (2015), http://dx.doi.org/10.1016/j.jbior.2015.11.010

http://refhub.elsevier.com/S2212-4926(15)30028-2/sref50
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref51
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref51
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref51
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref52
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref52
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref52
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref53
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref53
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref53
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref54
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref54
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref54
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref55
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref55
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref55
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref56
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref56
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref56
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref57
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref57
http://refhub.elsevier.com/S2212-4926(15)30028-2/sref57

	Accumulating insights into the role of phospholipase D2 in human diseases
	1. Introduction
	2. Pathological functions of PLD2
	2.1. Vascular system and diseases
	2.2. Immunological disease
	2.3. Neurological disorder
	2.4. Cancer

	3. Conclusions and perspectives
	Acknowledgments
	References


