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Lipid phosphate phosphatases and signaling
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Abstract Lipid phosphate phosphatases (LPPs) regulate cell
signaling by modifying the concentrations of lipid phosphates
versus their dephosphorylated products. The ecto-activity
regulates the availability of extracellular lysophosphatidate
(LPA) and sphingosine 1-phosphate (S1P) and thereby sig-
naling by their respective receptors. LPP products (mono-
acylglycerol or sphingosine) are taken up by cells and
rephosphorylated to produce LPA and S1P, respectively,
which activate intracellular signaling cascades. The proposed
integrin binding domain on the external surface of LPP3
modifies cell/cell interactions. Expression of LPPs on inter-
nal membranes controls signaling depending on the access
of lipid phosphates to their active sites.ili Different LPPs
perform distinct functions, probably based on integrin bind-
ing, their locations, and their abilities to metabolize different
lipid phosphates in vivo.—Brindley, D. N., and C. Pilquil.
Lipid phosphate phosphatases and signaling. J. Lipid Res.
2009. 50: S225-S230.
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Mammalian lipid phosphate phosphatases (LPPs) were
formerly known as Mg2+-independent and N-ethylmaleimide-
insensitive phosphatidate phosphatases (PAP2) (1-3).
There are three LPPs (LPP1, LPP2, and LPP3 and a splice
variant, LPP1a), which hydrolyze lipid phosphates, includ-
ing phosphatidate (PA), lysophosphatidate (LLPA), sphin-
gosine 1-phosphate (S1P), ceramide 1-phosphate (C1P),
and diacylglycerol pyrophosphate (3). They belong to a
phosphatase /phosphotransferase family that includes S1P
phosphatases, glucose 6-phosphatase, and the sphingo-
myelin synthases (1, 2). LPPs possess six transmembrane
domains, three conserved active site domains, and a glyco-
sylation site on an hydrophilic loop between the first and
second active site domains (1, 2, 4).

The active sites are located on the outer surface of plasma
membranes or the lumenal surface of internal membranes
(1, 5). Mammalian LPPs form homo- and heterooligomers,
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which are catalytically active compared with the mono-
meric forms (6). These complexes could control their activ-
ities and subcellular distributions. However, work with
Wunen, a Drosophila homolog of mammalian LPPs, showed
that dimerization is not required for biological activity (7).

This review will first assess how mammalian LPPs control
signaling by the extracellular lipid phosphates.

FORMATION AND SIGNIFICANCE OF
EXTRACELLULAR LYSOPHOSPHATIDYLCHOLINE,
LPA, AND S1P

LPA is present at up to 10 uM in the blood (8, 9). Extra-
cellular LPA is implicated in cancer, and its concentration
is high in ascites fluid and plasma of patients with ovarian
tumors (10). LPA is also involved in wound repair and tis-
sue development (1, 11) by promoting cell growth, prolifer-
ation, differentiation, motility, and survival (1, 10) through
at least six G-protein-coupled receptors (12, 13). These ac-
tivate the phosphatidylinositol 3-kinase and extracellular
signal-regulated kinase (ERK) pathways and small G-
proteins that affect cytoskeletal arrangements, and they de-
crease the abundance of the p53 tumor suppressor (14).

A major route for synthesizing extracellular LPA (Fig. 1A)
is through the action of secreted autotaxin (ATX) on lyso-
phosphatidylcholine (LPC), which is present in blood at up
to 200 uM (8). ATX expression promotes tumor progres-
sion, metastasis, and angiogenesis, and it protects tumor
cells from apoptosis (1). This occurs predominantly from
the generation of LPA (15). Saturated LPC is produced
mainly by lecithin:cholesterol acyltransferase in circulating
high-density lipoproteins (1). However, a large proportion
of circulating LPC is polyunsaturated, and this is partly de-
rived from hepatocytes (16).

A minor pathway for the production of saturated LPA is
through secretory phospholipase A (PLAy), which hydro-

Abbreviations:  2-AG, 2-arachidonoylglycerol; ATX, autotaxin; CI1P,
ceramide 1-phosphate; DAG, diacylglycerol; LPA, lysophosphatidate;
LPC, lysophosphatidylcholine; LPP, lipid phosphate phosphatase; MAG,
monoacylglycerol; PA, phosphatidate; PLA, phospholipase A; PLD, phos-
pholipase D; S1P, sphingosine 1-phosphate.
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Fig. 1. Metabolism of extracellular and intracellular bioactive lipids. A: LPC is metabolized by ATX to LPA, which is converted to MAG by
the ecto-activities of the LPPs. Production of 2-arachidonoylglycerol (2-AG) could activate cannabinoid receptors (CB1 and CB2). Hydrolysis
of 2-AG can produce arachidonate, which can be converted to eicosanoids. Lipids that stimulate receptors are shown in red and by dashed
arrows. A similar pathway occurs with other molecular species of LPC, except that the MAG that is formed is not bioactive and will not
produce eicosanoids. B: The possible formation of bioactive lipids (in red) following activation of PLD1 and PLD2. PA also activates sphin-
gosine kinase-1 to produce SIP, as indicated by the dashed line. LPP1 may also decrease PLD activity (46).

lyzes PA in microvesicles that are shed from cells during
inflammation (17) and platelet aggregation (18).

S1P is a sphingolipid analog of LPA. S1P activates a fam-
ily of five G-protein-coupled receptors, and it is important
in regulating angiogenesis and immune responses (19).
S1P is present in blood at 0.2—-0.9 uM where it is bound
to albumin and lipoproteins. SIP is released from platelets
to facilitate tissue repair and angiogenesis (20). Red blood
cells provide a major reservoir of S1P (19). Circulating S1P
can be derived from the extracellular action of sphingosine
kinase, and cells can secrete S1P as part of an autocrine/
paracrine signaling loop (19).

DEPHOSPHORYLATION OF EXTRACELLULAR
LIPID PHOSPHATES

Extracellular LPA and S1P are metabolized mainly by the
ecto-activities of the LPPs (1, 2, 21). Increasing LPP1 expres-
sion increases the dephosphorylation of exogenous PA, LPA,
and C1P (22). Ecto-LPP activities appeared to be involved in
signaling, as LPP1 overexpression in fibroblasts attenuated
LPA-induced activation of ERK, phospholipase D (PLD),
Ca?" transients, and cell division (22). Gonadotropin-
releasing hormone increased ecto-LPP expression in ovar-
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ian cancer cells, and this explained its antiproliferative ef-
fects (23). LPP3 overexpression decreases growth, survival,
and tumorigenesis of ovarian cancer cells, and it also de-
creases the ability of the parental cells to form colonies
(24). The effects of LPP-3 on colony-forming activity were
substantially reversed by an LPP-resistant LPA analog. In
other studies, exogenous LPA increased ecto-LPP1 activity
in platelets, and this decreased further LPA accumulation
and LPA-induced shape changes and aggregation (25).
Ecto-LPP activities also regulate extracellular LPA accumu-
lation and proliferation of preadipocytes (26). This com-
bined work establishes a role for the ecto-LPP activities in
regulating cell signaling by extracellular lipid phosphates.

Significantly, LPP1 expression is decreased in a majority
of ovarian cancers (27). Increased expression of LPP1 in
ovarian cancer cell lines increased LPA hydrolysis, de-
creased cell proliferation and colony-forming activity,
and increased apoptosis. It was concluded that the LPA-
rich environment of ovarian cancer cells in vivo results
from a combined increase in LPA production by ATX and
decreased LPA removal by the LPPs (27).

A further dimension of the ecto-LPP activity is that
dephosphorylated products readily enter cells (1, 2). The
uptake of monoacylglycerol (MAG) following LPA dephos-
phorylation can increase intracellular LPA production by
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acylglycerol kinase (28). Intracellular LPA can then acti-
vate internal signaling cascades (Table 1).

Most MAGs are devoid of biological activity except for
2-AG, which is an activator of cannabinoid (CB1 and CB2)
receptors (Fig. 1) (29). A significant proportion of the cir-
culating LPC contains arachidonate (1, 16), and its metab-
olism by ATX should yield archidonoyl-LPA (Fig. 1A).
Ecto-LPP activities could theoretically contribute to endo-
cannabinoid production in addition to other pathways that
have been described (29). Also, the 2-AG produced by the
LPPs could then be metabolized to arachidonate, which
regulates cell activation after the production of eicosa-
noids (Fig. 1A). Although the individual reactions shown
in Fig. 1A can occur, there is no direct evidence at present
to link the LPPs to cannabinoid signaling.

Ecto-LPP1 activity also promotes uptake of sphingosine
derived from S1P by human lung endothelial cells (30).
This increases intracellular S1P formation through sphin-
gosine kinase-1 (30). Internal SIP is then able to activate
internal signaling cascades (Table 1). The balance be-
tween the formation of ceramide versus S1P is a critical
regulator of cell death versus survival (19, 31). Therefore,
dephosphorylation of internal S1P by an LPP or SPP could
help to determine the fate of the cell.

Work with FTY720 also demonstrates a role for the LPPs.
FTY720 is a sphingosine analog that is used as an immuno-
modulatory drug for treating multiple sclerosis. FTY720 is
converted to FTY720-P by sphingosine kinase-2 (32). Lysates
from cells that overexpressed LPP1, LPP2, and LPP3
showed that only LPP3 dephosphorylated FTY720-P, and
between the SPPs, only SPP1 showed activity. In intact cells,
LPP3 acted as an ectophosphatase to control the equilib-
rium between FTY720 and FTY720-P that was observed

in vivo (32). This result is surprising compared with the
broad substrate preference of the LPPs for lipid phosphates
(1, 2). In other studies, LPP1a had the highest activity and
affinity for FTY720-P (33), suggesting that the first extracel-
lular loop, which is different in LPPla compared with
LPP1, plays a role in substrate recognition.

LPP1 dephosphorylates exogenous C1P (22) to produce
ceramides that can be converted to C1P once they enter
the cell. This mechanism could explain how exogenous
CIP increases intracellular C1P, thus activating cytosolic
PLAy and leading to arachidonate and prostaglandin Eo
production (34).

Despite this weight of evidence for the importance of
ecto-LPP activities, it has been questioned whether the LPPs
regulate cell signaling based on conceptual problems.
Namely, LPPs are not specific for their substrates, and their
K, values are far beyond the K, values for the LPA receptors
(8). The fact that LPPs can dephosphorylate several lipid
substrates when these are solubilized in vitro does not ex-
clude them from having greater specificity in vivo. Even if
LPPs were not specific in vivo, this would not preclude them
from having a regulatory function. Ecto-LPP activities de-
grade LPA in proportion to its physiological concentration
(22), which would be expected of an enzyme that modu-
lates circulating LPA concentrations. Comparison of K,
and V,,,, values of LPPs with the K, values estimated for
the LPA receptors in vitro versus their kinetics in the outer
surface of the plasma membrane in vivo is extremely diffi-
cult because the aggregation state of LPA will affect these
parameters. For example, extracellular Ca%* concentrations
are ~2 mM, and Ca*" severely decreases LPA dephophory-
lation by LPP1 (22). This is probably because Ca*" causes
cross-bridging of LPA and its aggregation. Ca>" is normally

TABLE 1. LPPs modify cell signaling by dephosphorylating bioactive lipid phosphates and by producing DAG and

ceramide
Agonist and effect References
PA
Stimulates NADPH oxidase, HoOy production, protein kinase C-{, (1, 4, 19, 30)
phosphatidylinositol-4-phosphate kinase, and phospholipase C~y
Activates Ras-GTP, Raf, ERK, mTOR, and sphingosine kinase-1
Increases stress fiber formation
Inhibits protein phosphatase-1
Relative LPA and PA in membranes control their curvature, vesicle budding, and transport
DAG
Stimulates classical and novel protein kinase Cs (29)
Activation of RasGRP (guanine nucleotide releasing proteins)
LPA
Activates PPAR-y and nuclear LPA; receptors (1, 4, 29, 43)
S1P

Mobilizes intracellular Ca®*

(1, 4,19, 21, 31)

Increases ERK activity, cell division, and actin stress fiber formation

Protects against apoptosis
Increases COX-2 activity and eicosanoid synthesis
C1p

Involved in synaptic vesicle movement and neutrophil phagocytosis

Stimulates cell division and survival

(1, 4, 29, 31, 50)

Activates cytosolic phospholipase Ao, production of arachidonate, and prostaglandin E
Blocks apoptosis by inhibiting acidic sphingomyelinase activity

Ceramide

Induces cell differentiation, apoptosis, or senescence in most cells

(1, 4, 29, 31, 50)

Increases survival of fibroblasts, some neurons, and other cells

Inhibits PLD activity and vesicle movement

Stimulates serine/threonine kinase, protein kinase C-{, and phosphoprotein phosphatase activities

Lipid phosphate phosphatases and signaling S$227

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

omitted from the assays of the K, values of LPA receptors,
but this does not reflect the situation in vivo.

Studies with transgenic mice that overexpress LPP1 un-
expectedly demonstrated no significant differences in cir-
culating LPA concentrations compared with control mice
(9). However, this work did not evaluate LPA turnover,
which could be a self-regulating process because both
LPA and SIP are product inhibitors of ATX (35). This ob-
servation shows that the regulation of LPA and S1P metab-
olism can interact at the levels of both ATX and the LPPs.

Recent work determined the turnover of circulating LPA
in vivo using LPP1 hypomorph mice (Ppap24™’"") that have
depleted LPP1 expression in most tissues (36). LPA con-
centrations in the plasma were higher in Ppap2a™ "™ mice
compared with the controls. The half-life of LPA in the
blood was ~12 min in the Ppap24a"’" mice compared with
3 min in controls. The results demonstrate the rapid turn-
over of circulating LPA and the physiological role of LPP1
in regulating this process.

Recent work also shows that exogenously added S1P is
cleared from blood within 15-30 min, and this process

depends on a cell-associated phosphatase activity (37).

NONCATALYTIC ACTIONS OF THE LPPS ON THE
CELL SURFACE

Human LPP3 contains an exposed arginine-glycine-
aspartate (RGD) cell adhesion sequence. hLPP3 expression
increases cell/cell interactions through o5 and anti-o53;
integrins, but mutation to arginine-glycine-glutamate
(RGE) did not produce this effect (38). Mouse and rat
LPP3 contain RGE instead of RGD, but subsequent work
showed that murine LPP3 also interacted with asB; and
ayog integrins (39). Also, anti-LPP3 antibody blocked basic
fibroblast growth factor (bFGF)- and vascular endothelial
growth factor (VEGF)-induced capillary morphogenesis
of endothelial cells. This suggests a role for LPP3 in control-
ling angiogenesis through integrin interactions (40) as well
as integrin-independent mechanisms.

INTRACELLULAR FUNCTIONS OF THE LPPs

Lipid phosphates and their dephosphorylated products
regulate cell signaling (Table 1); therefore, the LPPs could
regulate this balance (1). For example, phospholipase D1
and D2 activities are increased by G-protein-coupled re-
ceptors and receptor tyrosine kinases. This produces PA,
which the LPPs convert to diacylglycerol (DAG) (Fig. 1B).
Increasing LPP activity decreases PA concentrations (1)
and/or increases those of DAG (1, 2, 41). PA activates a vari-
ety of intracellular signaling targets (Table 1). It is proposed
that LPP2, but not LPP3, could be functionally linked to
phospholipase D1, which produces a PA-dependent recruit-
ment of sphingosine kinase-1 to produce SI1P in the peri-
nuclear compartment (21) (Fig. 1B). S1P activates ERK,
stimulates cell division, and protects against apoptosis. Al-
though most actions of S1P are mediated through cell surface
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receptors, SIP can stimulate intracellular signaling cas-
cades, including the mobilization of intracellular Ca®" (19).

DAG produced from PA can theoretically activate clas-
sical and novel protein kinase Cs and RasGRP (Table 1).
However, it was proposed that the fatty acid compositions
of DAGs derived from PC do not activate the protein ki-
nase Cs compared with polyunsaturated DAGs produced
from phosphatidylinositol 4,5-bisphosphate (42).

PA can also be metabolized to LPA (Fig. 1B). Intracellu-
lar LPA can activate nuclear LPA; receptors that regulate
pro-inflammatory gene expression. Polyunsaturated LPA
stimulates PPAR-y receptors (Table 1) (43), although this
latter conclusion is disputed (44). Additionally, LPA can be
released by cells (4), and the level of LPP expression could
regulate this process.

LPPs can also degrade C1P, which is involved in inflamma-
tion. C1P production activates PLAy to release arachidonate
(34). Consequently, there are several intracellular targets
through which the LPPs could modify signal transduction.

Definitive evidence for intracellular actions of LPP on
cell signaling came from work showing that LPPs control
ERK activation by extracellular thrombin (4). This effect
correlated with decreased intracellular PA, and it could
not be explained by ecto-LPP activity. The effects of LPP2
and LPP3 on intracellular PA and S1P concentrations, re-
spectively, control cell survival (45). Increased LPP1 activity
also attenuates Ca”*-transients and interleukin-8 produc-
tion downstream of LPA receptor activation (46). HEK
293 cells that overexpress LPP3 exhibited greater DAG
formation following the stimulation of PLD (2). PLD2
and LPP3 are both present in caveolin-1-enriched micro-
domains (2). It was postulated that chronic increases in
DAG concentrations following LPP1 overexpression de-
creased the expression of PKCs and thereby ERK activation.
This could decrease cell division (45) and platelet-derived
growth factor (PDGF)-induced cell migration (41).

The active sites of LPPs are outside the cell or on the
lumenal surface of endoplasmic reticulum or Golgi mem-
branes (1). The PLDs should produce PA on the cytosolic
surface of membranes. Thus, there could be a barrier to
PA hydrolysis unless the PA is efficiently transported to
the active sites of the LPPs. Although the LPPs metabolize
PA formed after PLD action (1), recent work showed that a
major effect of LPP1 in decreasing PA accumulation is up-
stream of PLD activation (47). LPA-induced cell migration
requires PLD2, and LPP1 inhibits this process by blocking
PA formation (47). Also, LPP1 overexpression decreased
the stimulation of migration by a nonhydrolysable LPA
analog, showing that ecto-LPP1 action was not involved.

Increasing LPP2 activity in fibroblasts increases entry
into S-phase of the cell cycle, whereas decreasing the activ-
ity has the opposite effect (48). LPP1 and LPP3 did not
modify S-phase entry, demonstrating the specificity of the
LPP2 effect. The premature entry into S-phase caused by
increased LPP2 activity resulted in G2/M arrest after 15 to
35 passages. These cells eventually exited the cell cycle,
and they exhibited a senescent phenotype (48). Some onco-
genes induce premature senescence after initially stimulat-
ing cell proliferation, and this may prevent malignancy (48).
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LESSONS FROM ANIMAL MODELS

Drosophila expresses two Wunen proteins, wun and wun2,
that are homologous to LPP3 (2). Wun and wun2 have cell-
specific and cell-autonomous actions. They act redundantly
in germ cells as repellant factors that guide migrating germ
cells in Drosophila embryos. Wunens are normally expressed
in somatic tissues that germ cells avoid. However, in mutants
where both genes are disrupted, germ cells scatter through-
out the embryo and eventually die. Overexpression of wun
or wun? in somatic tissues that normally attract germ cells
causes germ cell repulsion and death. The repulsive effect
was suggested to result from the degradation of an un-
known lipid factor that guides the germ cells and acts as a
survival factor. It is significant that Drsophila does not ap-
pear to express receptors for lipid phosphates (2).

Work from mammalian models strongly implicates the
LPPs as regulators of cell migration. Knockout of LPP3 is
embryonically lethal (2). Embryos from LPP3 knockout
mice failed to form a chorio-allantoic placenta and yolk
sac vasculature. Some embryos showed shortening of the
anterior-posterior axis similar to axin deficiency, a critical
regulator of Wnt signaling. It was proposed that LPP3 func-
tions as a Wnt signaling antagonist.

Mice that overexpress LPP1 have decreased birth
weight, sparse curly hair, and defective spermatogenesis
causing infertility (9). Fibroblasts from these mice showed
decreased LPA-induced migration (41, 47) and increased
DAG concentrations after stimulation with phorbol ester
(9). There were no significant differences in ERK activation
in response to stimulating the cells with LPA, S1P, EGF, or
PDGF (9). However, in subsequent work, ERK activation in
response to LPA, S1P, and PDGF was decreased (41). The
combined results support the hypothesis that LPP1 regu-
lates intracellular signaling. However, circulating LPA con-
centrations were not lower in the LPPI overexpressing
mice, and the proposed role of the ecto-LPP1 activity was
not demonstrated (9). By contrast, studies described above
with transgenic mice that have decreased LPP1 expression
(Ppap2a™"™) showed that LPP1 controls LPA removal from
the blood, which increases circulating LPA levels (36).
Otherwise, these mice display no obvious phenotype.

LPP2 knockout mice are fertile and viable with no ob-
vious phenotype (49). This may appear to be incompatible
with the proposal that LPP2 regulates cell cycle progression
(48). LPP2 regulates the timing of S-phase entry, but it is not
essential for cell cycle progression. Several genes that regu-
late progression into late G1 or entry into S-phase have
been knocked out in mice without lethality or major pheno-
type, including genes that encode for CDK4, CDK6, CDK2,
and cyclins D1, D2, D3, E1, or E2 (48). Likewise, deletion of
LPP2 should not result in lethality or a major phenotype.

CONCLUSIONS

The LPPs participate in cell signaling by modifying the
balance between the effects of lipid phosphates versus
their dephosphorylated products. They act as ecto-

enzymes in isolated cells. Evidence is now appearing that
the LPPs degrade extracellular LPA and S1P in vivo, but
more work is required using suitable animal models. This
ecto-activity regulates the turnover and availability of cir-
culating LPA and SIP, thus controlling the activation of
families of G-protein-coupled receptors for these lipids.
Second, the MAG and sphingosine that is produced is
taken up by cells and rephosphorylated. The resulting in-
tracellular LPA and S1P can then activate their own signal-
ing cascades. In the case of LPP3, the presence of external
integrin binding domains modifies cell/cell interactions.

LPPs are also expressed on internal membranes, and
they potentially act on a wide variety of lipid phosphates
to control signaling. The extent to which they can do this
should be regulated by the access of the lipid phosphate to
the active sites of the LPPs, which is thought to be on the
lumenal surface of internal membranes. This access is likely
to limit the use of various lipid substrates for the different
LPPs and enforce greater substrate specificity for lipid
phosphates than is seen in assays in vitro. Relatively little
is known about the physiological substrate specificity for
the different LPPs. Although there is possible redundancy
in the actions of the LPPs, the different phenotypes of
knockout and transgenic mice indicate that the different
LPP perform distinct functions. This could depend on
where the LPPs are expressed in different cells and which
lipid phosphates they degrade. For LPP3, its role in cell ad-
hesion could provide a further dimension to its action. Fur-
ther work is needed to establish how the individual LPPs
differentially control the metabolism of exogenous and en-
dogenous lipid phosphates and thereby elicit their differ-
ent functions in regulating cell signaling. i
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