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Abstract Individual members of the mammalian phospho-
lipase D (PLD) superfamily undertake roles that extend
from generating the second messenger signaling lipid,
phosphatidic acid, through hydrolysis of the membrane
phospholipid, phosphatidylcholine, to functioning as an en-
donuclease to generate small RNAs and facilitating mem-
brane vesicle trafficking through seemingly nonenzymatic
mechanisms. With recent advances in genome-wide associa-
tion studies, RNA interference screens, next-generation se-
quencing approaches, and phenotypic analyses of knockout
mice, roles for PLD family members are being uncovered in
autoimmune, infectious neurodegenerative, and cardiovas-
cular disease, as well as in cancer.lil Some of these disease
settings pose opportunities for small molecule inhibitory
therapeutics, which are currently in development.—Nelson,
R. K, and M. A. Frohman. Physiological and pathophysio-
logical roles for phospholipase D. J. Lipid Res. 2015. 56:
2229-2237.
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PHOSPHOLIPASE D OVERVIEW

The mammalian phospholipase D (PLD) superfamily is
best known for the catalytic action of its classical family
members which hydrolyze phosphatidylcholine, the most
abundant membrane phospholipid, to generate choline
and the second messenger signaling lipid, phosphatidic
acid (PA) (1). As transphosphatidylases, classical PLD
enzymes more formally conduct headgroup exchange at
the terminal phosphodiester bond on PA (2) (Fig. 1). In
the most common cellular setting, water is used as the nu-
cleophile to exchange an —OH group for the choline
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headgroup (3). However, because of a 1,000-fold higher
preference for primary alcohols (2), production of phos-
phatidylalcohol (4) is the primary outcome when even
relatively modest amounts (1-3%) of ethanol or 1-butanol
are present (5). Phosphatidylethanol (PtdEtOH) has a
long half-life relative to ethanol and can be detected in
serum for up to a month subsequent to alcohol consump-
tion (6), making it an increasingly popular biomarker for
assessment of acute and even chronic drinking. PtdEtOH
can be found at low levels even in nondrinking individ-
uals though, because intestinal bacteria generate small
amounts of ethanol through fermentation. PtdEtOH is
generally thought to be physiologically inert; however,
there is evidence to suggest that it may play beneficial or
harmful roles in ethanol tolerance (7) and colon cancer
(8), respectively. Primary alcohols have historically been
used to block production of PA by the classical mamma-
lian enzymes, PLD1 and PLD2, to assess their cellular sig-
naling roles. However, alcohols have many other effects
on cells, preventing definitive results from being obtain-
able with this approach (9, 10). The ability of PLD2 to also
use glycerol as a nucleophile to generate phosphatidylglyc-
erol has been proposed to play roles in wound healing (11,
12). Both PLD1 and PLD2 have been proposed to under-
take roles in many cell biological and physiological set-
tings, as will be described subsequently.

Enzymatic activities have not been discovered for the
related proteins PLD3, PLD4, and PLD5; PLD5, in fact,
has nonconservative substitutions in its putative catalytic
site that make it very unlikely to be enzymatically active.
PLD6 (MitoPLD) has been reported to hydrolyze cardio-
lipin on the outer surface of the mitochondria to generate
PA (13), as well as to function as an endonuclease (via
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phosphodiesterase action) to generate specialized microRNAs
(miRs) known as piwi-interacting RNAs (piRNAs) (14),
which are critical during spermatogenesis (15). Despite the
lack of evidence for PLD3 and PLD4 catalytic activity, they
nonetheless have important functions, the loss of which cre-
ates pathology as discussed below. Definitive cellular and
physiological roles for PLD5 have not yet been identified.

STRUCTURE AND REGULATION

PLDI1 (16) and PLD2 (17), which are ~50% identical in
protein sequence and have almost the same protein do-
main organization (Fig. 2), are widely expressed in differ-
ent tissues and cell types and are activated by a variety of
signaling molecules, including protein kinase C and the
small GTPases, RhoA and ARF (1, 18-20). The PLD cata-
Iytic site is defined by the presence of two highly-conserved
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Fig. 1. Schematic depiction of PLD generation of
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His-x-Lys-x-x-x-x-Asp sequences (x is any amino acid)
termed the HKD motif (16), or more broadly, the PLD-c
domain, each of which creates half of the split-catalytic site
(21). The HKD motifs are essential for PLD enzymatic ac-
tivity (2). A phox consensus sequence (PX), a pleckstrin
homology (PH) domain, and an acidic PI(4,5)P, binding
motif are also found and are highly conserved in PLDI1
and PLD2. These regions function in regulating subcellu-
lar localization (22, 23) through protein-protein interac-
tions (24) and binding to phosphatidylinositol phosphates
(23, 25, 26). PLDI uniquely encodes an internal loop re-
gion that negatively regulates its activity (27) and, thus,
may constitute the mechanism underlying the observation
that the level of basal activity of PLD1 is lower than that of
PLD2 (28).

PLD3 (Hu-K4, SAM-9) encodes an abundant and widely
expressed type 2 transmembrane protein that localizes to
the endoplasmic reticulum (ER), where itis anchored by an

Loop [|HKD | c

P14,5P, binding motif

PH | HKD
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Fig. 2. Schematic depiction of PLD1, PLD2, PLD3, and PLD6. HKD, PLD superfamily catalytic motif; Loop, region found uniquely in
PLD1. For PLD3: Cytoplasm, localization of the N-terminal region; TM, trans-membrane domain; ER lumen, localization of remainder of
protein; pink vertical bars, glycosylation sites (29). For PLD6: TM, transmembrane domain that anchors PLD6 into the outer leaflet of the
outer mitochondrial membrane; cytoplasm, localization of remainder of protein.

2230 Journal of Lipid Research Volume 56, 2015



N-terminal transmembrane domain and a short cytoplasmic
sequence, with the putative catalytic domain localizing to
the lumen of the ER (29) (Fig. 2). Similar to PLDI and
PLD2, PLD3 encodes two HKD motifs; however, it lacks
both the PX and PH domains (29, 30). PLD3 has been
linked to cellular differentiation and survival (29, 31-33).
PLD4 is also an ER transmembrane glycoprotein that con-
tains the canonical pair of HKD motifs and lacks PX and
PH domains (34).

PLD6/MitoPLD (13) is most closely related to the bac-
terial protein Nuc (35), which is an endonuclease. PLD6,
however, encodes an N-terminal extension that both local-
izes it to mitochondria and anchors it into the outer leaflet
of the mitochondrial surface (13) (Fig. 2). PLD6 encodes
only one HKD motif and dimerizes to exhibit catalytic ac-
tivity. PLD6 promotes mitochondrial fusion, and through
its ability to recruit lipin-1, a PA phosphatase (36), PLD6
indirectly facilitates mitochondrial fission (15). PLD6 also
encodes an endonuclease activity that is required to gener-
ate piRNAs during spermatogenesis (14).

PHYSIOLOGICAL AND PATHOPHYSIOLOGICAL
ROLES

PLD1

Roles for PLD1 in thrombotic disease (28, 37, 38), can-
cer (39), and auto-immunity (40), as revealed through ani-
mal model studies, have recently been summarized (5).
Many other possible roles are suggested by cellular studies
that have not yet been addressed in vivo, some of which
will be reviewed here.

PLDI and cancer. PLDI1 expression and activity are
increased in many types of cancer (20, 41-43). However,
the significance of this observation is uncertain because
PLDI’s chromosomal location at 3q26 is adjacent to that of
PI3Kinase-a, which is strongly amplified in numerous can-
cers. Most groups have studied the role of PLD1 in tumor
cell viability, proliferation, and invasion, whereas our
group has also shown a role for PLD1 in the tumor envi-
ronment in the context of facilitating tumor neoangiogen-
esis and subsequent metastasis (39). As an example of the
types of studies that have been reported, we will review the
association of PLD1 with gliomas here.

Gliomas are the most common primary tumors of the
CNS, diagnosed at a rate of 17,000 new cases per year in
the United States (44). Despite clinical management, me-
dian time of survival after diagnosis is dismal, averaging
between 12 and 15 months (45). Current treatment mo-
dalities consist of concomitant radiotherapy and chemo-
therapy, but are suboptimal in slowing disease progression
(46). Patients incur frequent clinical complications in-
cluding seizures, fluctuating neurological symptoms, and
adverse effects of chemotherapy. PLD1 has been proposed
to play important roles in the invasive migration of glioma
cells (47), and in glioma cell proliferation (48), adhesion
(48), and viability (49). The tumor signaling pathways and

mechanisms relevant to PLD1 function are complex and
have been proposed to include activation of AKT (49),
upregulation of HIFl-a (50), and increased VEGF (50)
and MMP-2 secretion (51). Overlapping roles have been pro-
posed for PLD2 (52). Small molecule inhibitors of PLD1
and PLD2, such as FIPI (53) or isoform-selective analogs
(20), have been shown to have dramatic effects on human
glioma cell lines in tissue culture studies in the context of
the PLD-driven roles above. How useful suppression of
PLD activity will be for management of gliomas in vivo,
though, remains to be determined.

PLDI and fibrosis. PLDI has been speculated to partici-
pate in the process of fibrogenesis in multiple tissue types,
including the liver (54, 55), lung (56), and heart (57, 58).
PLD1 is known to be directly connected to autophagy (59,
60), the self-degradative process required for cellular ho-
meostasis that is linked to several forms of liver disease
(61-63). Based on recent reports, cardiac fibrosis is of par-
ticular interest. PLD mRNA, protein, and activity levels
decrease during congestive heart failure subsequent to
myocardial infarction in the scar tissue (57). The impor-
tance of this observation is suggested by a report that inhi-
bition of PLD activity markedly attenuates left ventricular
fibrosis, resulting in subsequent improvement in cardiac
function (64). PLD would thus seem to be an attractive
therapeutic target for scar remodeling and reducing left
ventricular fibrosis. On the other hand, PLD1 deficiency,
which blunts immune responses (65), hinders immune-
driven elements of the repair process after myocardial
infarction (38). Thus, there may be a balance between
too little and too much PLD1 activity in this setting or spe-
cific sites at which PLD1 expression is harmful or benefi-
cial. Similarly, there may be specific times during the
repair process when PLDI1 elevation is either helpful or
harmful.

PLD2

Roles for PLD2 in thrombotic disease (37, 66), cancer
(67, 68), Alzheimer’s disease (AD) (69), and immune
function (65), based on animal model studies, have re-
cently been summarized (5). Other potential functions
have been raised by tissue culture studies, some of which
will be reviewed here.

PLD2 and influenza. Influenza epidemics and reoccur-
ring pandemics continue to pose a great threat to public
health worldwide, in part due to the viruses’ high muta-
tion and replication rates (70, 71). As a consequence,
treatment and prevention measures for influenza virus in-
fections remain challenging. For example, in this current
flu season, for which the immunization cocktail was largely
ineffective through being directed at the incorrect strains,
the anti-influenza therapeutic amantadine was also found
to be of relatively little benefit due to extensive acquired
viral resistance to it (72), suggesting the need for new ther-
apeutic approaches. A genome-wide RNA interference
screen identified 287 human host cell genes that influence
the viruses’ ability to replicate, of which 29 were required
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for all of the viral strains tested (73). Among these, PLD2
was identified as a targetable candidate (73). A subsequent
study using an isoform-selective PLD2 inhibitor further
supported a critical role in the viral replication process;
PLD2 was found to mediate rapid endocytosis of the virus,
facilitating its escape from innate immune detection (74).
As PLDZ2 knockout mice are grossly normal to inspection
(69), PLD2 would appear to fit the category of a “tempo-
rarily dispensable host gene” that could be acutely tar-
geted to suppress viral replication. One caution for this
approach would entail potential effects of PLD2 inhibition
on the immune system, which were previously reported to
decrease macrophage phagocytosis and neutrophil migra-
tion (65). However, this might not be a substantive issue if
the effects on the immune response to influenza were lim-
ited, whereas the effects on viral replication are profound.

PLD2 and cancer. PLD2 polymorphisms, as well as up-
regulated protein activity levels, have been observed in sev-
eral types of cancer, including gastric, colorectal, kidney,
and breast (68, 75—77). In a particularly interesting recent
report, it was observed that expression of miR-203 in high
World Health Organization grade glioma tissues was sig-
nificantly lower than in low World Health Organization
grade gliomas and normal brain tissue. Transfection of a
miR-203 mimic into human glioma cells strongly and di-
rectly downregulated PLD2 expression and, in parallel,
suppressed proliferation and invasion of the glioma cells,
whereas PLD2 overexpression rescued the effects induced
by the miR-203 mimic. Taken together, these observations
suggest important causal roles for PLD2 in glioma prolif-
eration and invasive capacity (52). In a human breast can-
cer xenograft model, it was shown that increased PLD2
expression in tumor cells suppresses apoptosis, ultimately
facilitating tumor growth and chemoresistance (68). PLD2
may also play roles in the tumor environment similar to
those previously reported for PLD1 (39), because PLD2
ablation from endothelial cells suppresses their hypoxia-
induced Hifl-a expression and VEGF secretion, reducing
proximal tumor neovascularization and growth (67). Al-
though the overall expression levels of PLD2 may vary in
tumors, there is a significant correlation between PLD2
expression level and tumor size (P < 0.05), as well as with
survival of patients with colorectal carcinoma (P < 0.05)
(78). Immunohistochemical staining of 30 human colon
cancer samples revealed a high level of correlation be-
tween Hifl-a and PLD2 (79). Moreover, Hifl-a and PLD2
expression levels are much higher in colon cancer tissues
than in normal colon tissues (P < 0.01) (79), and under

Ubiquitination site

K228R, V232M,

T136M

hypoxic conditions, Hifl-o upregulates PLD2 expression
in colon cancer cells (79). Similar to PLD1, PLD2 should
also be viewed as a major therapeutic target in the treat-
ment of several forms of cancer.

PLD3

PLD3 and AD. PLDI, PLD2, and PLD3 have all been
implicated in AD (69, 80, 81). PLD3 is highly expressed in
the brain, including in, but not limited to, mature neurons
of the forebrain, hippocampus, and cortex (81-83). Rare
coding variants in PLD3 have been associated with up to
9% of late-onset AD in 14 families of European ancestry
(81) (Fig. 3). More specifically, Val232Met, a putative loss-
of-function polymorphism, is proposed to increase patho-
genic amyloid peptide (AB) secretion and, hence, increase
the risk for late-onset AD (81). This increased risk is inde-
pendent of the APOE genotype (81). Similarly, PLD3 puta-
tive loss-of-function polymorphisms have been reported to
correlate with increased risk of AD in African Americans
(81). Independent of the coding variants, PLD3 protein
expression is downregulated in AD brains (84) and in cor-
tical membrane lipid rafts prepared from the 3xTgAD mu-
rine model of AD (85).

The mechanism of action of PLD3, as well as whether or
not it encodes any type of catalytic activity, remains un-
known; but its placement in the ER and secretory system
suggests how it might suppress A secretion. ABPP, the
precursor protein to AP, is proteolytically processed to
generate AP in early endosomes, and the extent of this
processing depends on how rapidly it is trafficked from
the early endosome to late endosomes and lysosomes. Key
to this process is the phosphatidylinositol-3-phosphate
effector Hrs, an early endosome-associated ubiquitin-
interacting motif-containing protein that plays a central
role in directing trafficking of membrane cargo proteins
from early endosomes to luminal vesicles of multivesicular
bodies (MVBs) for eventual degradation in the lysosome.
Knockdown of Hrs or other proteins required for the
transport of ABPP from early endosomes to luminal vesi-
cles of MVBs results in increased amyloidogenic process-
ing (86), supporting the general hypothesis that any defect
that keeps ABPP and its processing enzyme, BACEI, in
endosomes will increase A production and drive pathol-
ogy (87). Intriguingly, a recent screen for ubiquitinated
proteins specifically recognized by Hrs identified 48 tar-
gets, among which were ABPP and PLD3 (88).

PLD3 has been reported in secretory granules in an in-
sulin-producing pancreatic B-cell line (89) and in a pat-
tern partially overlapping with lysosomes in HeLa cells
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Fig. 3. Key features of PLD3 protein sequence. Blue lollipops, coding variants associated with late-onset AD (81); green arrows, ubiquiti-

nated lysines (91, 93).
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(90), suggesting that PLD3 protein may traffic through
endosomal pathways, even if the most abundantly ob-
served steady-state location is in the ER in cultured cell
lines (29, 32). PLD3 has been identified in multiple
screens for proteins that become ubiquitinated (88, 91-93).
One site for PLD3 ubiquitination is its short cytoplasmic
N-terminal domain, K11 (Fig. 3). This key finding sug-
gests that PLD3 undergoes cytoplasmic ubiquitination and
could be recognized and sorted by Hrs to co-traffic with
ABPP from endosomes to luminal vesicles of MVBs. Sup-
porting this hypothesis, a PLD3 allele with significant as-
sociation with late-onset AD, in which methionine 6 is
substituted for by arginine (M6R), occurs in an amino acid
residue close to K11 and could potentially affect ubiquiti-
nation, providing a basis for its disease linkage. These
data, taken together, suggest that if ubiquitinated, Hrs-
trafficked PLD3 plays a role in moving ABPP from early
endosomes to luminal vesicles of MVBs for eventual lyso-
somal degradation; then a decrease in or a lack of ubiqui-
tination, as well as nonfunctional PLLD3, could cause ABPP
retention in early endosomes and increased AB produc-
tion to promote AD pathology.

Independently, a screen performed for targets of the
FBOX6 ubiquitin ligase complex, which triggers ER-
associated degradation (ERAD) by mediating glycopro-
tein ubiquitination, identified 29 targets including PLD3
(92). The ERAD system functions by recognizing improp-
erly folded glycoproteins and poly-ubiquitinating and
transferring them to the cytosol to be degraded by pro-
teasomes. The second PLD3 site that becomes ubiquiti-
nated is in the C-terminal ER-luminal portion of the
protein (K309, Fig. 3) (91) and would be a candidate
target site for this mechanism. A report on PLD3 in
late-onset AD (81) identified six disease-associated alleles
that are predicted by PolyPhen-2 (94) to be possibly or
probably damaging, and are located in or near putative
glycosylation sites (Fig. 3). If these missense mutations
cause altered glycosylation or misfolding, then the ERAD
system might target the PLD3 protein for degradation, caus-
ing a significant decrease in protein expression levels.

It is notable that none of the alleles identified encoded
nonsense mutations (premature stop codons), suggesting
that full or even heterozygous PLD3loss might be deleteri-
ous. PLD3”/” mice have not been generated yet. A Dro-
sophila line with a P element insertion into its PLD3
homolog does exist and is embryonic lethal when homozy-
gous (unpublished observations). However, this line could
have other genetic abnormalities or the P element could
be affecting expression of other nearby genes, so addi-
tional studies would need to be performed to conclude
that PLD3 loss creates lethality.

Finally, other groups have reported variable success in
reproducing the genetic association of PLD3 polymor-
phisms with late-onset AD (95-97), suggesting that the
linkage may be less robust than initially projected.

PLD4

PLD4 and autoimmune diseases. As is the case for PLD3,
it is not known whether PLD4 has a bona fide enzymatic

function. Nonetheless, PLD4 clearly has important func-
tional roles. Initial reports described PLLD4 expression in
microglia, the macrophage-like innate immune cells of the
CNS, as well as in splenic cells, presumably macrophages.
PLD4 expression increases with microglial activation,
which is also characterized by increased phagocytic capac-
ity (34, 98). siRNA knockdown of PLD4 suppressed phago-
cytosis, suggesting a role for PLD4 in the setting of CNS
injury and infection (34, 98). A nonsense mutation in
PLD4 (W215X) in Fleckvieh cattle causes severe skin le-
sions, generally poor health, and decreased survival (99).
PLD4 deficiency in humans has been linked through
genome-wide association studies to syndromes such as
rheumatoid arthritis (100) and the autoimmune disease
systemic sclerosis (101). Taken together, these findings
suggest that PLD4 deficiency results in hyper-activation of
the immune system, causing a variety of autoimmune-like
syndromes.

PLD5

PLD5 and uterine fibroids. Despite having no catalytic
activity, PLD5 has been linked to a number of diseases,
including a profibrotic uterine phenotype that occurs dur-
ing childbearing years, and PLD5 polymorphisms may be
associated with an increased risk of tumor progression in
multiple cutaneous and uterine leiomyomatosis syndrome
(102).

PLD5 is most widely known for its correlation with neu-
ropsychiatric disorders. Autism, the neurological disorder
associated with impaired social relationships and commu-
nication as well as repetitive behavior, is predominantly
linked to de novo and inherited copy number variants of
genes important for neuronal development (103-105).
High-resolution genotyping of 1,558 families on the au-
tism spectrum uncovered a PLD5 gene polymorphism as
possibly being connected with autism physiopathology
(106). Although the association signal of this SNP was bor-
derline significant, further investigation is warranted, be-
cause autism has been proposed to be caused primarily by
multigene interactions rather than solely by single rare
mutations.

PLD6 (MitoPLD)

PLD6-deficient mice, which cannot generate piRNAs
to suppress transposon mobilization during spermatogen-
esis, are completely sterile (15), but are otherwise grossly
normal to inspection. PLD6 mutations do not appear to be
a major cause of human infertility; sequencing of PLD6 in
400 azoospermic European men did not uncover any
PLD6 polymorphisms (unpublished observation). None-
theless, PLD6 may have other less obvious roles.

PLDG6 and cervical cancer. Even with the current ad-
vances in the diagnosis and characterization of cervical
intraepithelial neoplasia (CIN), highly discriminating bio-
markers are still needed (107, 108). Cervical cancer is the
second most common cancer in women worldwide. In
2008, there were 529,800 cases of cervical cancer, with
14.5% occurring in developed countries and 85.5% occur-
ring in developing countries, approximately 275,000 of
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TABLE 1.

Physiological and pathophysiological processes affected by altered PLD activity

Isoform

Pathophysiological Process

References

PLD1 Thrombotic disease

(28, 37-40, 49, 50, 52, 55, 116)

Cancer: angiogenesis, metastasis, tumor invasion, and hypoxic response

Immune responses (autoimmunity)
Tissue fibrosis (cardiac, lung, and liver)
Muscle regeneration

PLD2 Thrombotic disease

(87, 52, 65-69, 74)

Cancer: angiogenesis, metastasis, tumor invasion, and hypoxic response

Immune function
Influenza virus replication
AD

PLD3 AD
Muscle development

PLD4 Autoimmunity

PLD5 Cancer
Autism
Fertility

Cancer

PLD6

(32, 81, 95-97)

(98,100, 101)
(102, 106)

(15, 108)

which resulted in mortality (109). Cervical cancer is caused
by infection with certain strains of the human papilloma-
virus (110, 111). Infection leads to the development of
noninvasive neoplastic lesions, CIN (112). CIN is prema-
lignant transformation and dysplasia of the cervix and is
categorized into three major groups by the World Health
Organization: CIN1, CIN2, and CIN3, where CIN1 is the
least likely to progress into cervical cancer (113). Without
proper diagnosis or medical intervention 5-30% of CIN2/
CIN3 (collectively CIN2+) patients develop cervical can-
cer; however, 10-40% of women diagnosed with CIN2+
exhibit spontaneous regression of the lesion (114). This
past year, PLD6 was identified as a predictive biomarker
for regression of CIN2+ to CIN1 (108). PLD6 was ex-
pressed in 12 out of 20 cervical punch biopsy samples
taken from women 25-40 years old who experienced spon-
taneous regression, whereas no PLD6 expression was
found in any of the biopsy samples from women whose
CIN2+ progressed to cervical cancer (108). piRNAs can be
recovered from the human Hela cervical cancer cell line,
suggesting that the machinery to generate piRNAs is func-
tional in cervical tissue (115). Adding PLD6 to the list of
biomarkers for CIN2+ cervical lesions should further in-
crease sensitivity in determining whether a patient’s CIN
will spontaneously regress or persist and develop into cer-
vical cancer.

CONCLUDING REMARKS

With many of the PLD-deficiency animal models re-
cently generated, the field is in an explosive period of dis-
covery for roles undertaken by this fascinating superfamily
of enzymes. Some of the associated pathophysiological
roles reflect undesirable PLD activity, whereas others
occur as a consequence of inadequate activity (Table 1).
With the on-going development of PLD small molecule
inhibitors for several of the superfamily members, the for-
mer represent excellent therapeutic opportunities and it
is likely that inhibitory strategies targeting PLD1 and PLD2
will find their application in several disease settings.Hill
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