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Phosphatidic acid (PA) is a critical metabolite at the heart of
membrane phospholipid biosynthesis. However, PA also serves
as a critical lipid second messenger that regulates several pro-
teins implicated in the control of cell cycle progression and cell
growth. Three major metabolic pathways generate PA: phos-
pholipase D (PLD), diacylglycerol kinase (DGK), and lysophos-
phatidic acid acyltransferase (LPAAT). The LPAAT pathway is
integral to de novo membrane phospholipid biosynthesis,
whereas the PLD and DGK pathways are activated in response to
growth factors and stress. The PLD pathway is also responsive to
nutrients. A key target for the lipid second messenger function
of PA is mTOR, the mammalian/mechanistic target of rapamy-
cin, which integrates both nutrient and growth factor signals to
control cell growth and proliferation. Although PLD has been
widely implicated in the generation of PA needed for mTOR
activation, itis becoming clear that PA generated via the LPAAT
and DGK pathways is also involved in the regulation of mTOR.
In this minireview, we highlight the coordinated maintenance of
intracellular PA levels that regulate mTOR signals stimulated by
growth factors and nutrients, including amino acids, lipids, glu-
cose, and GIn. Emerging evidence indicates compensatory
increases in one source of PA when another source is compro-
mised, highlighting the importance of being able to adapt to
stressful conditions that interfere with PA production. The reg-
ulation of PA levels has important implications for cancer cells
that depend on PA and mTOR activity for survival.

Phosphatidic acid (PA)> has many diverse roles in cell phys-
iology. Most significantly, PA is at the center of membrane
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phospholipid biosynthesis (Fig. 1), and as a consequence, the
level of PA is carefully controlled to maintain lipid homeostasis
(1,2). In addition, PA has emerged as a critical factor for several
key signaling molecules that regulate cell cycle progression and
survival, including the protein kinases mTOR (mammalian/
mechanistic target of rapamycin) (3) and Raf (4). Of signifi-
cance, both mTOR and Raf have been implicated in human
cancer. Consistent with this emerging role for PA in regulating
cell proliferation, elevated expression and/or activity of
enzymes that generate PA is commonly observed in human
cancer, most notably phospholipase D (PLD) (5, 6), which is
elevated especially in K-Ras-driven cancers (7-9). Other
enzymes that generate PA (lysophosphatidic acid (LPA) acyl-
transferase (LPAAT), and diacylglycerol (DG) kinase (DGK)
(Fig. 1)) have also been implicated in human cancers (10-14).
Importantly, LPAAT and DGK have been shown to stimulate
mTOR (14-17), reinforcing the importance of the PA-mTOR
axis in the control of cell growth and proliferation. Moreover,
there appears to be compensatory production of PA under
stressful conditions where one source of PA is compromised (7,
18).

The LPAAT pathway, which is an integral part of the de novo
pathway for biosynthesis of membrane phospholipids, is likely
the most significant source of PA for lipid biosynthesis. How-
ever, growth factors (6) and nutrients (19, 20) also stimulate PA
production through the action of phospholipases that break-
down membrane phospholipids, potentially leading to high PA
concentrations at specific locations and times. This can be
accomplished by PLD, or a combination of phospholipase C
(PLC), which generates DG, and the subsequent conversion to
PA by DGK. The generation of PA from membrane phospho-
lipids by phospholipases produces PA predominantly for sec-
ond messenger effects on proteins such as mTOR and Raf.
mTOR especially is a critical target of PA because of its role as
an integrator of both growth factor and nutrient signals (21, 22).
Because PA is produced in response to both growth factor sig-
nals and synthesized from nutrient sources such as glucose and
possibly Gln, PA is ideally positioned as a key regulator of both
cell cycle progression and cell growth.

The Role for PA in Cell Cycle Progression

During the mammalian cell cycle, it is in early G, phase
where growth factors exert their influence on whether it is
appropriate for a cell to divide or to enter a state of quiescence
commonly referred to as G, (23). After committing to divide in
response to growth factor cues, cells must then determine
whether there are sufficient nutrients available for the cell to
double its mass and divide (24). There must be a supply of
essential amino acids, Gln, and glucose available to generate the
biological molecules needed to produce two daughter cells.
Notably, there are a series of cell cycle checkpoints that sense
the presence of essential amino acids and Gln in late G; that
must be passed before cells commit to enter S-phase and repli-
cate the genome (25) (Fig. 2). Suppression of mTOR, like amino
acid deprivation, also leads to late G, arrest (25, 26). Because
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FIGURE 1. Metabolic pathways for PA production. There are three main
pathways leading to the production of PA. For de novo synthesis of mem-
brane phospholipids is the LPAAT pathway where G3P, derived largely from
the glycolytic intermediate DHAP, is doubly acylated with a fatty acid, first by
G3P acyltransferase (GPAT) to generate LPA, and then by LPAAT to generate
PA.The DGK pathway involves the phosphorylation of DG to generate PA. DG
can be generated from stored triglycerides (TG) by a lipase, or from phos-
phatidylinositol 4,5-bisphosphate (PIP,) via growth factor-stimulated phos-
pholipase C. The third mechanism is the hydrolysis of phosphatidylcholine
(PC) by PLD. Like PLC, the PLD reaction is commonly stimulated by growth
factors. The balance between PA and DG is carefully controlled by both DGK
and PA phosphatases that convert PA to DG. Both PA and DG are important
intermediates in phospholipid biosynthesis. It is hypothesized that the PA
inputto mTOR is an indicator of sufficient lipid precursors for cell growth and
a signal to promote cell cycle progression. GPDH, G3P dehydrogenase.
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FIGURE 2. Regulation of G, cell cycle progression by growth factors and
nutrients. G, can be separated into two phases referred to as G,-pm (post-
mitotic) and G,-ps (pre-S) by a growth factor (GF)-dependent restriction point
(23). At the restriction point, the cell receives signals signifying thatitis appro-
priate to divide. Later in G;-ps there is a series of metabolic checkpoints that
evaluate whether there are sufficient nutrients for the cell to double in mass
and divide. There are distinct checkpoints for essential amino acids (EAA), the
conditionally essential amino acid GIn, and a later checkpoint mediated by
mTOR. The schematic shows the relative order of the checkpoints, but does
not reflect an accurate time frame. Because mTOR requires PA for stability of
the mTOR complexes (30), this late mTOR checkpoint also requires PA. It is not
clear whether there is a separate checkpoint for PA like there is for the essen-
tial amino acids (EAA), which are also required for mTOR activity.
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essential amino acids activate mTOR via Rag GTPases at the
lysosomal membrane (27), it was surprising that suppression of
mTOR blocked cell cycle progression at a site later in G, than
the checkpoints that monitor the presence of essential amino
acids and GlIn (25) (Fig. 2). Thus, nutrient input to mTOR for
control of G,/S cell cycle progression appears to be more com-
plicated than simply reflecting a need for essential amino acids.

We previously proposed that the responsiveness of mTOR to
PA evolved as a means for sensing the sufficiency of lipid pre-
cursors for membrane phospholipid biosynthesis (28). This was
based on the central position of PA in the anabolic synthesis of
membrane phospholipids (Fig. 1) and is therefore an ideal indi-
cator of lipid sufficiency. The ability to sense the presence of
lipids via interaction with PA was proposed as a complement
for the ability of mTOR to sense the presence of essential amino
acids and glucose. As indicated in Fig. 2, an mTOR-dependent
cell cycle checkpoint maps late in G, downstream of essential
amino acid and Gln checkpoints (25). Because PA interacts
directly with mTOR (29) and is required for the stability of both
mTORC1 and mTORC2 complexes (30), PA likely works in
concert with essential amino acids and possibly Gln to promote
cell cycle progression through the late mTOR-dependent
checkpoint. Although there is much to be learned about nutri-
ent input into G, cell cycle progression, it is clear that PA is
essential for mTOR activity and mTOR activity is required for
progression from G, into S-phase, indicating that PA, via input
to mTOR, is requisite for cell cycle progression.

Sources of PA

Most of the support for a role for PA in the mTOR-depen-
dent cell cycle progression from G, into S-phase comes from
studies linking PLD with cell transformation and cancer (3, 5,
29-31). However, knock-out of both PLD1 and PLD2 yields
viable mice (32, 33), whereas mTOR knockouts are embryonic
lethal (34, 35). Thus, the PA needed to keep mTOR intact and
active must be generated from sources other than the hydroly-
sis of phosphatidylcholine by PLD. As shown in Fig. 1, there are
minimally three sources of PA, perhaps the most significant
being the LPAAT pathway where de novo synthesized and die-
tary fatty acids are acylated onto glycerol 3-phosphate (G3P)
derived from dihydroxyacetone phosphate (DHAP), a glyco-
lytic intermediate (Fig. 1). The LPAAT pathway is likely the
most significant for sensing lipids needed for cell growth
because it is via this pathway where lipids targeted for mem-
brane phospholipid biosynthesis are generated and incorpo-
rated into PA. A third pathway for PA production is via DGK,
which phosphorylates DG to generate PA (Fig. 1). The source of
DG for synthesis of PA is of interest. DG can be generated from
stored triglycerides by a triglyceride lipase or from the PLC-
mediated hydrolysis of phosphatidylinositol 4,5-bisphosphate.
However, it is difficult to imagine generating significant levels
of PA via the PLC-DGK pathway because the source of the
PLC-generated PA is phosphatidylinositol 4,5-bisphosphate,
which is present in very small amounts in the cell and is gener-
ated by the action of phosphatidylinositol kinases (36) and is
therefore energetically expensive to generate. In contrast, the
PLD substrate is phosphatidylcholine, the most abundant
membrane phospholipid, and it does not need to be modified to
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be a substrate, as does phosphatidylinositol. Thus, it is not clear
under what conditions the PLC-DGK pathway would be used,
but it has been suggested as a compensatory mechanism if PLD
is suppressed (18).

Another factor that regulates PA levels are the PA phospha-
tases, also called lipins, that convert PA to DG (2, 37). The lipins
are critical for maintaining lipid homeostasis and may contrib-
ute to determining the equilibrium between PA and DG. This
equilibrium could have important implications for cell cycle
control, with PA and mTOR favoring proliferation and DG pro-
moting cell cycle arrest. DG leads to the activation of protein
kinase C isoforms that, with the exception of protein kinase Ceg,
tend to have anti-proliferative effects (38, 39). Thus, the com-
plex interplay of lipid metabolic flux through PA and DG could
have profound effects on cell cycle progression and cell growth.

PA as a Broader Indicator of Nutrient Sufficiency

The role of mTOR as a sensor of nutrients is based largely on
its dependence on the presence of essential amino acids (21,
40). Much has been learned in the last several years on the
mechanistic basis for the sensing of amino acids by mTOR at
the lysosomal membrane via Rag GTPases (27, 41). The activa-
tion of mTOR in response to amino acids also requires PLD (19,
20, 42). However, very little is known about the dependence of
mTOR on glucose, another critical nutrient sensed by mTOR.
Although the PA dependence of mTOR that has been proposed
represents a means for sensing sufficient lipids for cell growth
(17, 28), it is plausible that PA represents a broader indicator of
nutrient sufficiency. In dividing cells and cancer cells, there is a
metabolic reprograming that shifts from the catabolic genera-
tion of reducing power (NADH) that drives mitochondrial ATP
generation to anabolic synthetic reactions that generate the
biological molecules needed for doubling the cell mass prior to
cell division (43). Much of the reprogramming involves divert-
ing glycolytic and TCA cycle intermediates for synthesis of
amino acids, nucleotides, and lipids. During glycolysis, glucose
is converted to pyruvate in the cytosol. Pyruvate enters the
mitochondria and is converted to acetyl-CoA, which condenses
with oxaloacetate to form citrate. In dividing cells, citrate exits
the mitochondria, and acetyl-CoA and oxaloacetate are regen-
erated. The acetyl-CoA is then used for fatty acid synthesis,
generating palmitoyl-CoA, which can be acylated onto G3P and
ultimately become part of PA. The G3P is derived from the
glycolytic intermediate DHAP; thus, PA is synthesized from
two distinct components derived from glucose and therefore
could contribute to the sensing of sufficient glucose. This is
shown schematically in Fig. 3.

The exit of citrate from the TCA cycle and the mitochondria
creates a need for anaplerotic replenishment of a TCA cycle
intermediate to provide the carbon lost by the exit of citrate.
Although there are many possible anaplerotic sources, the most
abundant is Gln, which is used as both a carbon and a nitrogen
source for dividing cells (44). Gln enters the TCA after being
converted first to glutamate and then to a-ketoglutarate (Fig.
3). Gln is designated as a “conditionally” essential amino acid
because although it is synthesized under non-proliferative con-
ditions, it becomes essential during proliferation. Of signifi-
cance, there is a GIn-sensitive G, cell cycle checkpoint that can
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FIGURE 3. Metabolic pathways from glucose and GIn to PA. Glucose is
converted into lipids via two pathways. The first pathway is the conversion of
the glycolytic intermediate DHAP to G3P by G3P dehydrogenase (GPDH). G3P
isthen fatty acylated, first to LPA by G3P acyltransferase (GPAT) and then to PA
by LPAAT. The second pathway utilizes the end product of glycolysis, pyru-
vate. Pyruvate is converted to acetyl-CoA, which condenses with oxaloace-
tate to form citrate. Citrate leaves the mitochondria and is then converted
back to oxaloacetate and acetyl-CoA, which is then used to synthesize the
fatty acids that will be used to acylate G3P and generate PA. With the exit of
citrate from the TCA cycle, there is a need for anaplerotic replenishment of the
carbon provided by citrate. This is provided by the conditionally essential
amino acid Gln, which enters the TCA cycle by being deaminated to gluta-
mate and then to a-ketoglutarate by transamination. Via the TCA cycle, most
of the GIn is converted to malate and then to pyruvate to generate NADPH for
fatty acid synthesis. GIn can also go from malate to oxaloacetate where it can
then condense with acetyl-CoA derived from glucose to form citrate and then
fatty acids as above. GIn can also be reductively carboxylated to isocitrate and
then converted to citrate in a reverse TCA cycle reaction of isocitrate dehy-
drogenase. In the absence of GIn, glucose cannot be converted to fatty acid
synthesis.

be distinguished from an essential amino acid checkpoint in
mammalian cells (25). Thus, it may be important for mTOR to
sense this critical nutrient input. Because anaplerotic entry of
Gln into the TCA cycle is essential for continued exit of citrate
for fatty acid synthesis, and as a consequence, PA synthesis via
the LPAAT pathway, it is plausible that the presence of both
glucose (which generates acetyl-CoA and G3P) and Gln is crit-
ical for mTOR function. Most of the anaplerotic Gln is used for
NADPH production via the oxidative decarboxylation of
malate to pyruvate to generate the NADPH needed for fatty
acid synthesis and other anabolic reactions (Fig. 3). However,
25% of the anaplerotic Gln is converted into lipids (45). This
observation demonstrates that GIn contributes significantly to
the fatty acids incorporated into PA via the LPAAT pathway.
The conversion of a-ketoglutarate to citrate can be accom-
plished by two different mechanisms: first, by traversing the
TCA cycle to oxaloacetate, which can condense with acetyl-
CoA (derived from glycolysis) to form citrate; and second, by
the reductive carboxylation of a-ketoglutarate to isocitrate and
then to citrate via a reverse reaction of the TCA cycle (46, 47)
(Fig. 3). Thus, the generation of PA from synthesized fatty acids
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and G3P involves both glycolysis and glutaminolysis, which
could represent input to mTOR from both glucose and Gln.

Compensatory Production of PA in Response to
Metabolic Stress in Cancer Cells

We previously reported that in response to serum with-
drawal there was a substantial increase in PLD activity in cancer
cells (7), most notably in cancer cells harboring Ras mutations
(9). More recently, we reported that PLD activity is also elevated
in response to changing from medium with 10% serum to 10%
delipidated serum (48). The effect appears to be a stress re-
sponse in Ras-driven cancer cells because these cells have a
greater need for exogenously supplied lipids (48, 49). Ras-
driven cancer cells have a compromised ability to increase lev-
els of stearoyl-CoA desaturase-1 in response to serum with-
drawal (48). Thus, newly synthesized fatty acids cannot be
desaturated, which is essential for synthesis of phospholipids
targeted for membranes. Of interest, Ras-driven cancer cells
have increased macropinocytosis (50), which has been shown
to be an important source for amino acids derived from proteo-
lytic digestion of scavenged proteins, the most abundant being
albumin (51). Albumin is a carrier protein for lipids (52), and
thus, the scavenging of albumin also involves the scavenging of
lipids. It was recently reported that constitutive mTORCI1
activity renders hypoxic cells dependent on exogenous desatu-
rated lipids for survival (53). Although this study did not con-
nect the need for desaturated lipids and the dependence of
mTOR on PA, it did provide further evidence for a lipid
dependence of mTOR and potentially a dependence on desatu-
rated lipids. Coleman and colleagues (54) recently reported that
the mTORC2 complex falls apart in the presence of dipalmi-
toyl-PA, which consists of two saturated fatty acids. This is in
stark contrast to the effect of PA containing palmitate (satu-
rated) and oleate (mono-unsaturated), which stabilized both
mTORC1 and mTORC2 complexes in cells where PA produc-
tion by PLD was suppressed (30). These studies suggest a sig-
nificant difference between PA with saturated fatty acids and
those with some degree of unsaturation on mTOR. Because
PLD generates PA from membrane phosphatidylcholine, this
PA will most likely consist of a saturated and an unsaturated
fatty acid that is typical of membrane glycerophospholipids
(55). Thus, the ability of Ras-driven cancer cells to elevate PA
levels in the absence of exogenous lipids prevents these cells
from undergoing a default apoptotic program and underscores
the importance for cells to generate compensatory levels of PA
when another source of PA is compromised. It is also of signif-
icance that under the stress of serum withdrawal, these cells
increase their ability to migrate and invade Matrigel in a PLD-
dependent manner (7), indicating a survival program that not
only prevents apoptosis, but also promotes migration to a more
hospitable environment. This effect in cancer cells suggests a
link between the level of PA and metastatic potential in cancer
cells.

There are other examples of compensatory changes in PA
that go in the opposite direction. Inhibition of PLD activity
actually led to increased levels of PA from an undetermined
source (18). There is also evidence that endoplasmic reticulum
stresses such as low glucose or hypoxia cause the protein kinase
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PERK (protein kinase R-like endoplasmic reticulum kinase) to
phosphorylate DG to generate PA and elevate mTOR activity
(56). These results indicate that regulating PA levels, for both
membrane phospholipid biosynthesis and second messenger
activity that controls cell cycle progression and survival, are
carefully controlled. They also point out the potential for tar-
geting PLD and PA metabolism in cancer cells to suppress sur-
vival and perhaps migration signals.

An intriguing question with regard to alternative compensa-
tory increases in PA via alternative mechanisms is whether the
acyl component of PA is equivalent when coming from differ-
ent sources. As indicated above, there is an apparent require-
ment for an unsaturated fatty acid in order to achieve mTOR
complex stability (30, 54). Thus, it will be of interest to deter-
mine whether there are significant differences in the acyl com-
position of PA obtained from the different sources. An interest-
ing possibility is the purposeful generation of PA consisting of
two saturated fatty acids to suppress mTOR as was shown with
dipalmitoyl-PA and mTORC?2 (54).

PLD and Intracellular Signals That Target mTOR

Since the seminal finding that PA is critical for the activity of
mTOR (29), there has been a substantially increased interest in
PLD. However, it is likely that the more primitive pathway for
PA generation is the LPAAT pathway, which generates PA tar-
geted for either membrane phospholipid synthesis or lipid stor-
age. The generation of PA for mTOR via PLD likely evolved
later in multicellular organisms where nutrient sensing by
mTOR became coupled with response to growth factors and
insulin. Significantly, PLD activity is elevated in response to
platelet-derived growth factor (57), fibroblast growth factor
(58), epidermal growth factor (59), insulin-like growth factor 1
(60), and insulin (61). The activation of PLD by insulin is of
particular interest because insulin controls the levels of glucose
and glucose transporters, and PLD is dependent on mTOR (22),
but is not ordinarily associated with mitogenic signals. The
dependence of insulin-induced mTOR on PLD suggests that
stimulation of PLD is needed because of the need for PA by
mTOR, and not just for mitogenic signals. Thus, activation of
PLD in mammalian cells can be elevated in response to signals
that require mTOR activation, including both growth factors
and insulin.

It has been speculated that signals leading to mTOR activa-
tion are the most commonly dysregulated in human cancer (47,
62). Because PLD activity is elevated in many human cancers (5,
6), it appears that cancer cells have co-opted the dysregulation
of PLD along with dysregulation of other signaling pathways
that contribute to mTOR activation, such as the phosphatidy-
linositol-3-kinase/AKT/Rheb pathway that activates mTORC1
(40). Consistent with the importance of increased PLD activity
observed in human cancers, early studies demonstrated that
PLD activity is elevated in cells transformed by a variety of
transforming oncogenes including v-Src (31), v-Ras (63), v-Fps
(64), and v-Raf (65). Thus, there is a strong correlation between
cell transformation and elevated PLD activity, a signal that is
critical for mTOR activation.
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Conclusions and Perspective

In this review we have highlighted the significance of control-
ling the levels of PA and its impact on mTOR, which requires
PA for the stability and activity of both mTOR complexes,
mTORC1 and mTORC2 (30). It is proposed that the PA
requirement for mTOR evolved as a need to sense the presence
of sufficient lipids, and perhaps glucose and Gln, for cell growth
and division. However, with evolution to multicellularity, PLD
emerged as a critical factor in the ability of mTOR to respond to
both nutrients and growth factors/insulin. Many questions
remain with regard to the regulation of PA levels and the impact
onmTOR. A key issue is the location of PA synthesis. Phospho-
lipid biosynthesis via the LPAAT pathway takes place on sub-
domains of the endoplasmic reticulum and then is shuttled via
vesicles to various cellular destinations (66). mTOR has a
strong lysosomal location under conditions where there are
sufficient amino acids (27). It is unclear as to whether shuttled
PA can impact on lysosomal mTOR. Thus, PLD may be the
more likely source of PA on lysosomes, in that PLD, notably
PLD1, can shuttle between organelles and has a strong lyso-
somal distribution (67, 68). It is also of note that forced local-
ization of mTOR to lysosomes activated mTOR in the absence
of amino acids if Rheb was present (69). Rheb is one of many
GTPases that activate PLD1 (20, 70, 71), indicating that PLD
may work in concert with the signaling mechanisms that acti-
vate Rheb. The picture that emerges is one where LPAAT-gen-
erated PA may be the more critical source for nutrient sensing
by mTOR, but that PLD is the more versatile source of PA that
can respond locally to growth factor/insulin signals and stress.
The PLC/DGK pathway may also provide PA under other less
well understood conditions. Given the critical role that mTOR
plays in cancer cell survival and proliferation, interfering with
PA metabolism could prove to be an effective strategy for tar-
geting what would be a large number of human cancers.
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