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Abstract

During the past decade elevated phospholipase D (PLD) activity has been reported in virtually all
cancers where it has been examined. PLD catalyzes the hydrolysis of phosphatidylcholine to generate
the lipid second messenger phosphatidic acid (PA). While many targets of PA signaling have been
identified, the most critical target of PA in cancer cells is likely to be mTOR — the mammalian target
of rapamycin. mTOR has been widely implicated in signals that suppress apoptotic programs in
cancer cells — frequently referred to as survival signals. mTOR exists as two multi-component
complexes known as mTORC1 and mTORC2. Recent data has revealed that PA is required for the
stability of both mTORC1 and mTORC2 complexes — and therefore also required for the kinase
activity of both mTORC1 and mTORC?2. PA interacts with mTOR in a manner that is competitive
with rapamycin, and as a consequence, elevated PLD activity confers rapamycin resistance — a point
that has been largely overlooked in clinical trials involving rapamycin-based strategies. The earliest
genetic changes occurring in an emerging tumor are generally ones that suppress default apoptotic
programs that likely represent the first line of defense of cancer. Targeting survival signals in human
cancers represents a rational anti-cancer therapeutic strategy. Therefore, understanding the signals
that regulate PA levels and how PA impacts upon mTOR could be important for developing strategies
to de-repress the survival signals that suppress apoptosis. This review summarizes the role of PA in
regulating the mTOR-mediated signals that promote cancer cell survival.
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1. Introduction

During the past fifteen years many studies have shown that in response to mitogenic signals
and activated oncoproteins there is an increase in phospholipase D (PLD) activity. PLD activity
is elevated in response to several growth factors including epidermal growth factor (EGF)
[1], platelet-derived growth factor [2], fibroblast growth factor [3,4], insulin [5], insulin-like
growth factor 1 [6], and vascular endothelial growth factor [7]. In addition, PLD activity is
elevated in response to the oncoproteins v-Src [8], v-Ras [9,10], v-Fps [11], and v-Raf [12].
The elevated PLD activity in cells transformed by the Ras oncoprotein is required for cell
transformation [13]. In addition, elevated expression of either c-Src or the EGF receptor, in
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combination with elevated expression of PLD, transforms rat fibroblasts [14-16]. PLD has
also been reported to induce anchorage-independent growth and enhance cell cycle progression
of mouse fibroblasts [17]. These studies reveal elevated PLD activity is correlated with
mitogenic and oncogenic signals.

Elevated PLD expression has also been shown to prevent cell cycle arrest and apoptosis. High
intensity Raf signaling induces cell senescence [18,19] or, if cells are deprived of serum,
apoptosis [20]. Elevated expression of PLD suppressed the apoptosis induced by high intensity
Raf signals [20]. Similarly, rat fibroblasts overexpressing c-Src undergo apoptosis in response
to growth factor deprivation, and elevated PLD expression suppressed this apoptosis [21].
These early studies in rodent fibroblasts indicate that in addition to enhancing cell proliferation,
PLD is required for the “survival signals” that suppress default apoptotic programs.

The studies implicating PLD in mitogenic signaling and the suppression of apoptosis suggest
that PLD activity might be a factor in human cancer where mitogenic signals are constitutively
active and suppression of apoptotic programs is critical. Consistent with this hypothesis,
elevated PLD activity and expression has been reported in a variety of human cancer tissues
including breast, gastric, kidney, and colon [22-25]. In addition, elevated PLD activity has
been reported in several human cancer cell lines including those derived from breast, lung,
bladder, pancreatic, and kidney cancers [26—30]. Importantly, the elevated PLD activity in
these cells was shown to be critical for suppressing apoptosis in these cell lines. Thus, elevated
PLD activity in human cancers is likely a critical aspect of tumorigenesis that promotes cell
proliferation and suppresses the default apoptotic programs that prevent cancer.

There are two mammalian PLD isoforms — PLD1 and PLD2 — the distinct functions of which
are poorly understood [31]. Both catalyze the hydrolysis of phosphatidylcholine to
phosphatidic acid (PA) and choline. PA isa central node for lipid signaling and can be generated
from lysophosphatidic acid (LPA) and diacylglycerol (DG) as well from phosphatidylcholine
(Fig. 1A) — although it is likely that the most relevant source in cancer cells is via the PLD-
mediated hydrolysis of phosphatidylcholine [31]. PA is also metabolically converted to the
lipid second messengers LPA and DG (Fig. 1A). However, while DG and LPA have important
second messenger function, there are several targets of PA have been identified (Fig. 1B) and
it is believed that the most significant effects of elevated PLD activity are mediated by targets
of PA. Significantly, these include Raf [32] and the mammalian target of rapamycin (MTOR)
[33] - both of which are commonly dysregulated in human cancers. mTOR, like PLD, has been
implicated in cancer cell survival signals [34-36]. While the role of PA in regulating mTOR
has been controversial [37], recent reports have strongly implicated PLD and its metabolite
PA inthe regulation of both mTOR complexes —mTORC1 and mTORC2 [38-40]. This review
summarizes the role of PLD in the regulation of mTOR and the potential of combining
strategies for targeting PLD and mTOR signals in human cancer.

2. The PLD-mTOR connection
2.1. PA competes with rapamycin for binding to mTOR

The first report directly linking PLD activity with mTOR was the discovery that PA is required
for mTOR activity [33]. PA was shown to bind the FKBP12-rapamycin binding (FRB) domain
of mTOR in a manner that is competitive with rapamycin-FKBP12 [33]. Consistent with a
competition between PA and rapamycin-FKBP12 for mTOR, it was subsequently
demonstrated that elevated levels of PLD activity conferred rapamycin resistance in human
breast cancer cell lines [42]. The recently reported NMR structure of the mMTOR FRB domain
bound to PA revealed an interaction between Arg210? in the FRB domain and the phosphate
group on PA [43] and was consistent with the model proposed by Chen and colleagues [33,
44]. Arg?199 s at the end of an a-helical section of the FRB domain that is adjacent to another
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a-helix. The groove in between the two a-helices forms a hydrophobic pocket where rapamycin
binds mTOR [43]. The glycerol backbone and proximal aliphatic components of PA are
proposed to insert into this pocket. Thus, there is an emerging theory that the mechanism by
which rapamycin inhibits mTOR is by preventing the interaction between mTOR and PA.

2.2. PAis required for stabilization of mMTOR complexes

mMTOR exists in two complexes - mTORC1 and mTORC2 [45,46]. While a role for PA in the
regulation of mMTORC1 has been widely reported [37], a role for PA in the regulation of
mTORC?2 is only emerging. First, Sabatini and colleagues reported that prolonged treatment
with rapamycin suppressed mTORC?2, and significantly, that rapamycin disrupted the
interaction between mTOR and Rictor, which is a component of mMTORC2 [47-48]. Thus, if
rapamycin interferes with the interaction between mTOR and Rictor, and if rapamycin inhibits
mTOR by interfering with the interaction between mTOR and PA, then it is likely that PA is
critical for the association between mTOR and Rictor to form or stabilize mMTORC2. Consistent
with this hypothesis, we recently reported that suppression of cellular PA level inhibited the
association between mTOR and Rictor and suppressed phosphorylation of Akt at the nTORC2
site at Ser473 [40,41]. Suppression of PA levels also prevented the association between mTOR
and Raptor to form mTORCL [40]. Thus, the emerging mechanism for the role of PA in the
regulation of mTOR is that PA is required for the formation and/or stabilization of mTOR
complexes.

2.3 Differential stability of mMTORC1 and mTORC2 and sensitivity to rapamycin

Although mTORC2 was originally described as a rapamycin resistant form of mTOR [46],
more recently it was reported that mTORC?2 is suppressed with prolonged rapamycin treatment
[47,48]. These findings could be explained if mMTORC?2 is a much more stable complex than
mTORCL1. Since rapamycin binds mTOR is a manner that it is competitive with PA [33,42],
and PA is required for the stability of mTOR complexes [40], then the differential sensitivity
of mMTORC1 and mTORC2 could be explained by a differential affinity of mMTORC1 and
mTORC?2 for PA. A model for the differential stability of mTOR complexes is shown in Fig.
2. The greater sensitivity of mMTORC1 to rapamycin is consistent with a lower affinity of PA
for mTORC1 relative to mMTORC2. The weaker association between PA and mTORC1 means
that PA and mTORCL1 will dissociate more often and thus, lower concentrations of rapamycin
would be needed to replace PA on mTORC1 when it dissociates. In contrast, mMTORC2 binds
PA more strongly and therefore dissociations are rare — meaning that very high concentrations
of rapamycin would be needed to bind the low concentrations of mTOR obtained when PA
dissociates from mTORC2. To put it in terms of physical constants, the dissociation constant
for PA and mTORC2 (Kpy) would be less than the dissociation constant for mTORC1 and PA
(Kp1) (Fig. 2). The rate constants described in the model are only for the interaction between
mTOR and PA, and therefore, the model represents an oversimplification — in that the
involvement of Rictor and Raptor along with other components of mMTORC1 and mTORC2
complexes have been neglected. However, the model does provide a first approximation for
the differential stability of mTORC1 and mTORC2 complexes that is consistent the observed
differential sensitivities to rapamycin.

2.4 Effect of PA on mTORC1 and mTORC2 signals and rapamycin sensitivity

The differential effect of rapamycin on mTORC1 and mTORC2 may explain previous reports
where rapamycin had different effects at different concentrations. Rapamycin suppressed the
proliferation of MCF7 breast cancer cells with an IC50 of 20 nM, whereas rapamycin
suppressed S6 kinase phosphorylation with an IC50 of 1 nM [42]. These data are consistent
with rapamycin inhibiting mTORC1, which is required for the phosphorylation of S6 kinase,
at 1 nM, and suppressing mTORC2, which is likely required for cell proliferation, at 20 nM.
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MCEF7 cells have low levels of PLD activity and therefore low levels of PA — and consistent
with a competition between PA and rapamycin for mTOR, if PLD activity was increased in
the MCF7 cells, there was a corresponding increase in the 1C50s for the suppression of both
S6 kinase phosphorylation and cell proliferation [42]. This effect was also observed in skeletal
muscle where mechanical stimulation elevated PLD activity and increased the 1C50 for the
effect of rapamycin [49]. MDA-MB-231 breast cancer cells have high levels of PLD activity
and also exhibited a differential sensitivity of S6 kinase phosphorylation and cell proliferation
to rapamycin. However, the 1C50s were much higher at 20 nM and 10 uM respectively for S6
kinase phosphorylation and cell proliferation. Importantly, if PLD activity was suppressed, the
IC50s for suppression of both cell proliferation and S6 kinase phosphorylation went down
[42]. We just reported that reducing the PLD activity in 786-O kidney cancer cells increases
sensitivity of both mMTORC1 and mTORC2 complex stability to rapamycin [40]. This effect
was observed for both S6 kinase phosphorylation and Akt phosphorylation at Ser473.
Importantly, reducing PLD activity makes the relatively rapamycin resistant mTORC2
sensitive to concentrations that could be used therapeutically. This could be important because
the suppression of cell proliferation [42] and the induction of apoptosis [26,29] required higher
levels of rapamycin — implying the involvement of mMTORC2. Similarly, in 786-O kidney
cancer cells, higher levels of rapamycin were required to suppress the expression of HIF2a
than was required to suppress HIF1a [41]. It turned out that the expression of HIF2a was
dependent on mTORC2, whereas HIF1o was dependent on both mTORC1 and mTORC?2
[41] - explaining the relative insensitivity of HIF2a to rapamycin. Importantly, HIF2a
expression is more critical than HIF1a for tumorigenesis [50,51]. Thus, targeting mTORC2
could be more important than targeting mTORC1 for cancer therapeutics. The ability to
increase rapamycin sensitivity of mMTORC2 by suppressing PA levels may be a viable strategy
for targeting mTORC?2 in cancers such as kidney cancer where HIF2o. and mTORC?2 are
implicated.

3. Other signals regulating mTOR

3.1 PA is necessary, but not sufficient to activate mTOR

While recent studies clearly demonstrate a PA requirement for the activation of both mTORC1
and mTORC?2, there is also evidence that PA is not sufficient to activate either mTORCL or
mTORC2. Chen and colleagues demonstrated that exogenously provided PA stimulated the
activation of the mTORC1 as indicated by increased phosphorylation of the mTORC1
substrates S6 kinase eukaryotic initiation factor 4E binding protein-1 in HEK293 cells,
however the effect was dependent on the presence of amino acids [33]. Similarly, we have
found that in MDA-MB-231 cells, where there is a high level of PLD activity, there is very
little phosphorylation of Akt at the mTORC2 site at Ser473 [26]. However, insulin stimulates
Akt phosphorylation at Ser473 ina PLD-dependent manner [40]. Thus, while PA was necessary
for activating both mTORC1 and mTORC2, elevated PLD activity and PA levels are not
sufficient.

3.2 Signals mediated by Akt

mTORCL1 is an indirect target of survival signals generated by phosphatidylinositol (PI)-3-
kinase (PI3K). PI3K generates the lipid second messenger (PI)-3,4,5-tris-phosphate (PIP3),
which leads to the recruitment of Akt - a kinase that phosphorylates several substrates critical
for cell cycle progression and the suppression of apoptotic programs [52]. PIP3 generation also
leads to the recruitment of the phosphoinositide-dependent kinase 1 (PDK1) which
phosphorylates Akt at Ser308 [52]. Akt is then able to phosphorylate several substrates — one
of which is the tuberous sclerosis complex (TSC1/2) — a GTPase activating protein complex
that suppresses Rheb, a GTPase that contributes directly to the activation of mTOR [53]. Akt
suppresses TSC1/2 leading to the activation of Rheb and mTOR. TSC1/2 can also be targeted
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and activated by LKB1 tumor suppressor protein, which along with high levels of AMP
activates the AMP-dependent kinase [54], which then phosphorylates and activates TSC1/2
resulting in the down-regulation of Rheb and inhibition of mTOR. Thus, there are signals that
both activate and suppress mTOR through the TSC1/2 complex and Rheb. Importantly, very
recent data reveals that Rheb directly interacts with and activates PLD1 [38,39]. It was
demonstrated that suppression of TSC2 elevates PLD activity and S6 kinase phosphorylation
and that this increase was dependent on PLD1. Thus, PLD activity may regulate mTORCL in
cooperation with PI13K and other signals that regulate the GTPase activating potential of
TSC1/2.

Rheb has also been implicated in regulating an mTOR inhibitor known as FKBP38 [55]. Of
interest with regard to the regulation of mTOR by PLD and PA is that FKBP38 binds to the
FRB domain of mTOR, which also binds PA and rapamycin. Thus, it is possible that Rheb
stimulates the dissociation of FKBP38 from mTOR by activating PLD1 and generating PA.
PA could then compete with FKBP38 for the FRB domain and displace FKBP38 from mTOR.
While this is an attractive hypothesis, the role that FKBP38 has in regulating mTORC1 has
been challenged [56] and FKBP38 may not regulate mMTORCL1 in all contexts.

A further complication in the regulation of mTOR has emerged over the past few years
involving the role of Akt in the regulation of mMTOR. The complication revolves around the
phosphorylation of Akt at Thr308 and Ser473 in response to cellular signals. Complete Akt
activation not only involves the phosphorylation of Akt at the PDK1 site at Thr308, but also
at the mTORC?2 site at Ser473 [57]. While the kinase activity of Akt is significantly higher
when doubly phosphorylated at both Thr308 and Ser473, TSC1/2 phosphorylation by Akt was
not affected in cells where mTORC2 kinase activity and Akt phosphorylation at Ser473 was
suppressed [58,59]. In contrast, the phosphorylation of FOXO by Akt was suppressed by
mTORC2 disruption [58,59]. This could imply that the phosphorylation of Akt at Ser 473
impacts on substrate specificity. With regard to the phosphorylation of FOXO, mTORCL1 is
functioning downstream of Akt and mTORC2 is functioning upstream of Akt. An additional
complication is that inhibitors of PI3K suppress phosphorylation of Akt at both Thr308 and
Ser473, and ironically, phosphorylation of Akt at the mTORC2 site at Ser473 has been widely
used as an indicator of PI3K activity in spite of no direct evidence linking the activation of
MTORC2 to PI3K. Furthermore, PI3K and mTOR are related kinases and inhibitors of PI3K
also inhibit mTOR [60]. Thus, at present, there is considerable confusion as to how mTORC2
is activated and Akt gets phosphorylated at Ser473 in response to growth factors such as insulin.
But it is clear that insulin-induced increases in Akt phosphorylation are dependent on PLD
[40]. The signals regulating mTOR and Akt are shown in Fig. 3. In this model, PLD is
apparently downstream of Akt for the activation of mMTORC1 and upstream of Akt for the
activation of mTORC2. It has been reported that PLD activity is elevated in response to amino
acids [38] and PLD may therefore be critical for the nutritional sensing that mTOR is known
to regulate [61].

4. Differential roles for PLD1 and PLD2 in regulating mTOR
4.1 Regulation of PLD1 and PLD2

There are two mammalian PLD isoforms — PLD1 and PLD2 — that can be distinguished by
different mechanisms of regulation and sub-cellular distribution [31]. PLD1 has a
predominantly peri-nuclear localization and is regulated by members of the Ras family of
GTPases including ARF [62], Rho [63], and Ral [64]. Importantly, it was recently reported
that the GTPase Rheb activates PLD1 [38]. PLD2 is largely restricted to lipid raft fractions on
the plasma membrane and its mode of regulation is not well understood [31]. Both PLD1 and
PLD2 have a stringent requirement for P1-4,5-bis-phosphate (PIP2) and therefore presumably
on the kinases that generate PIP2 [31]. In this regard, it is of interest that PA also activates
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P1-4-phosphate-5-kinase [65], which generates PIP2 from PIP and may represent a positive
feedback mechanism and a means for PLD1 to stimulate PLD2 [66].

4.2 Regulation of mMTORC1 by PLD1 and PLD2

Several studies have investigated the dependence of S6 kinase activation on PLD1.
Exogenously expressed PLD1 increased S6 kinase phosphorylation in rat fibroblasts [67].
LPA-induced S6 kinase phosphorylation was shown to be dependent on PLD1 [68]. The
activation of S6 kinase by Cdc42 was also dependent on PLD1 [69]. Suppression of PLD1
expression blocked S6 kinase phosphorylation in B16 melanoma cells [70]. And the recent
finding that Rheb, which is implicated in the activation of mMTORCL, directly activates PLD1
[38] strongly supports a role for PLD1 in the activation of mMTORC1. Thus, there is a clear
connection between PLD1 and mTORC1. However, there is also evidence that PLD2
contributes to the activation of mMTORC1. Exogenously expressed PLD2 increased S6 kinase
phosphorylation in MCF7 breast cancer cells [67]. We recently reported that catalytically
inactive dominant negative mutants of both PLD1 and PLD2 could suppress S6 kinase
phosphorylation. However, a combination of both PLD1 and PLD2 dominant negative mutants
was more effective in suppressing S6 kinase phosphorylation [40]. PLD2 was reported to form
a functional complex with mTOR and Raptor through a TOS (TOR signaling) motif in PLD2,
and this interaction was essential for mitogen stimulation of S6 kinase phosphorylation [71].
This group was unable to suppress S6 kinase phosphorylation with PLD1 siRNA. Similarly,
Sun et al. [38] were unable to suppress S6 kinase phosphorylation with PLD2 siRNA. These
apparent conflicting results may reflect the perils of working with PLD siRNAs. We have found
that the half-lives of PLD1 and especially PLD2 are quite long — making the down-regulation
of PLD protein using the siRNA approach difficult [30,40]. Attesting to the axiom that one
positive result is worth ten negative results, current studies suggest that both PLD1 and PLD2
are required for the activation of mMTORC1. Although it is not clear how both PLD1 and PLD2
contribute to the activation of mTOR, we have proposed that elevated PLD1 leads to the
activation of PLD2 by increasing levels of PIP2 required for the activity of PLD2 [66]. This
could explain the apparent involvement of both PLD1 and PLD2 in the activation of mMTORCL.
Both PLD1 and PLD2 were able to suppress protein phosphatase 2A in a rapamycin-dependent
manner [72] and dominant negative mutants for both PLD1 and PLD2 suppressed receptor-
mediated endocytosis [73] — further supporting a model whereby PLD1 and PLD2 work
together to generate PA.

4.3 Regulation of mMTORC2 by PLD1 and PLD2

A role for PLD in the regulation of mMTORC2 has only recently been established, but there is
evidence that both PLD1 and PLD2 contribute to the activation of mMTORC2 as well. Akt
phosphorylation at Ser473 is constitutively elevated in 786-O kidney cancer cells and is
dependent on the mTORC2 component Rictor. Dominant negative mutants for both PLD1 and
PLD2 suppressed phosphorylation of Akt at Ser473 in the 786-0 cells [40]. Similarly, both
PLD1 and PLD2 dominant negative mutants suppressed insulin-induced Akt phosphorylation
at Ser473 in MDA-MB-231 breast cancer cells, which have low levels of Akt phosphorylation
[40]. Thus it appears likely that PLD1 and PLD2 are working together to activate both
mMTORC1 and mTORC2.

5. Targeting PLD-mTOR signals and rapamycin resistance in cancer cells

5.1 Targeting PLD-mTOR survival signals

Targeting mTOR in anti-cancer therapies has attracted much attention in recent years largely
due to a link between mTOR and survival signals in human cancer cells [34-36]. Much has

been written about the potential of targeting mTOR because, in principle, the suppression of
survival signals in cancer cells should result in apoptotic cell death and tumor regression. While
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the principle of targeting mTOR-mediated survival signals in human cancer offers an attractive
therapeutic option, early clinical trials with rapamycin and rapamycin analogues have been
largely disappointing [34]. One of the problems with targeting mTOR is that mMTORC2 may
be more important for the survival signals. HIF2a, which is critical for tumor formation by
kidney cancer cells [50,51], is dependent on mTORC?2 [40] and higher concentrations of
rapamycin are required to suppress mTORC2. Thus, while rapamycin based therapies may be
able to suppress mTORC1, current dosages are unlikely to affect mTORC2. However, it was
recently demonstrated that suppressing PA levels renders mTORC?2 sensitive to rapamycin
concentrations in nano-molar ranges that are clinically achievable [40]. Therefore, combination
therapies that include rapamycin and strategies that suppress PLD activity could be used to
target mTORC2. In this regard, it was recently reported that the natural product honokiol
suppresses PLD activity in human cancer cells [75]. While honokiol does not suppress PLD
directly, it does suppress the PLD activity that is elevated in response to the stress of serum
withdrawal [75], and may therefore target the PLD signals that are protecting the cancer cells
from apoptosis. Importantly, honokiol was well tolerated in mouse xenograft studies [76].
Targeting PLD directly has intrinsic problems in that PLD1 has been implicated in protein
trafficking in the Golgi [31], and therefore suppression of PLD activity in general would likely
be toxic to normal cells. However, targeting PLD2 specifically could be useful in that
suppression of PLD2 expression is tolerated in cells much better than suppression of PLD1
(our unpublished observations). To this end, Alex Brown’s group has just reported the
generation of isoform-specific PLD inhibitors from halopemide [77], which was shown
previously to suppress PLD activity directly [78]. Similarly, Mike Frohman’s group has
identified a compound that suppresses PLD2, but inhibits only a subset of cellular activities
that are blocked by 1-butanol, which suppresses effects mediated by both PLD1 and PLD2
[79]. This compound, known as FIPI suppressed cell migration, which has been correlated
previously with PLD-mediated survival signals in cancer cells [27]. Thus, it may be possible
to suppress PLD2 specifically, which may have less harmful side effects that could occur with
inhibition of PLD1 and PLD2. And since FIPI block cell migration, it is possible that this
compound could be specific for the elevated PLD activity in cancer cells where PLD activity
is critical for cell migration.

5.2 Rapamycin resistance

Another problem with rapamycin based therapeutic strategies is that the ability of rapamycin
to suppress either mTORC1 or mTORC?2 is dependent on the level of PLD activity and PA.
As described above, PA contributes to the activation of mTOR in a manner that is competitive
with rapamycin, and elevated PLD activity increases the concentration of rapamycin needed
to suppress the growth of human cancer cells - conferring rapamycin resistance [42]. Since
PLD activity is elevated in a large number of human cancers [35,74], high levels of PA in
cancer cells may represent a serious obstacle for successful treatment with rapamycin or
rapamycin derivatives that are acting in a manner that is competitive with PA. Moreover,
rapamycin treatment could actually select for cells with elevated PLD activity and, since
elevated PLD activity also promotes metastatic phenotypes [27], rapamycin could actually
accelerate tumor progression and metastasis. Increases in PA could also occur by increases in
diacylglycerol kinase and lysophosphatidic acyl-transferase, which also increase PA levels
(Fig. 1A). The key point is that elevated levels of PA confers rapamycin resistance and therefore
rapamycin-based therapeutic strategies must take into account mechanisms that generate PA,
which increases the concentration of rapamycin needed to suppress either mTORC1 or
mTORC?2. Strategies that suppress PLD activity and reduce PA levels offer the potential to
increase sensitivity to rapamycin and rapamycin derivatives. Suppressing PLD activity would
also avoid the problem of selecting for cells with elevated PLD activity in the presence of
rapamycin.
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6. Conclusions

Elevated PLD activity has been observed in a large number of human cancers and has been
shown to suppress apoptosis [74]. PLD activity is commonly elevated in cancer cell lines in
response to the stress of serum withdrawal [27]. It has now become apparent that a key target
of PLD survival signals is mTOR. mTOR has been implicated as a key regulator of stress
responses by shutting down under conditions of poor nutrition or hypoxia [36,61]. In order for
a cancer cell to survive and proliferate, it must overcome normal cellular responses to stress
in order to continue dividing in an emerging tumor where there is poor vascularization.
Activating mTOR under these conditions allows cells to continue proliferating and avoid
apoptosis. Although PA is necessary for mTOR complex stability and activity, it is not
sufficient to fully activate mTORC1 or mTORC2. While there is much known about the
additional signals that are needed to activate mTORCI, there is little known about how
mTORC2 is activated. Further studies on these signals will be important for developing
strategies to suppress the survivals signals mediated by PLD and mTOR.

The apparent mechanism for the suppression of mTOR by rapamycin is to prevent the
interaction between mTOR and PA, which facilitates the formation and/or stability of mTOR
complexes [40]. Consistent with this hypothesis, reducing the level of PA, like rapamycin,
disrupts the association between mTOR and Raptor and between mTOR and Rictor [40].
Importantly, elevated PLD activity confers resistance to rapamycin [42,49], which could have
important unintended clinical consequences — in that rapamycin treatment could actually select
for cancer cells with elevated PLD activity. The elevated PLD activity would not only generate
rapamycin resistance, it could also make cells more malignant because elevated PLD activity
also stimulates the metastatic phenotypes of increased cell migration and invasion [27]. Thus,
the potential for PLD to impact the targeting mTOR in multiple ways in anti-cancer therapies
argues strongly that serious attention be given to the role of PLD and PA in the regulation of
mTOR — especially with regard to targeting mTOR in anti-cancer therapies.
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Signaling through phosphatidic acid. A. PA is a central node in lipid second messenger
signaling. It is generated primarily from phosphatidylcholine (PC) by a hydrolysis reaction
that releases the choline head group. PA can also be generated from diacylglycerol (DG)
through by a phosphorylation reaction catalyzed by DG kinase; and from lysophosphatidic acid
(LPA) via an acylation reaction catalyzed by LPA acyl-transferase (LPAAT). PA can also be
converted to both DG and LPA by PA phosphatase (PA P’tase) and a type 2 phospholipase
(PLA2). B. PA has many downstream targets. PA has been reported to regulate GTPase
activating proteins (GAPSs) for Ras, Rho and Arf GTPases; PA also activates an NADPH
oxidase [31]. PA activates phosphatidylinositol-4-phosphate (PI-4-P)-5-kinase [31], which
may create a positive feedback loop to generate the PI-4,5-bis-phosphate (PI-4,5-P2) required
for both PLD1 and PLD?2 activity. The likely relevant targets for survival signals provided by
PLD and PA are Rafand mTOR, which regulate progression through the cell cycle and suppress
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apoptosis [32,37]. PA is also required for endocytosis, which along with Raf, contributes to
the activation of MAP kinase [73].
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Fig. 2.

Model for the differential effects of rapamycin on mTORC1 and mTORC2. The dissociation
constants (Kp) for mTORC1 and mTORC2 with PA represent the ratios for the rate constants
for dissociation (kg) and formation (kf). Recent studies [40] are consistent with a model
whereby the rate constant for the dissociation of MTORC1 to PA and mTOR (kq;) is greater
than rate constant for the dissociation of mMTORC2 to PA and mTOR (Kgo). Thus, there are
fewer dissociations of PA from mTORC?2. The ability of rapamycin-FKBP12 to suppress
mTORC1 and mTORC?2 is dependent on how frequently mTOR becomes available to bind
rapamycin-FKBP12. There would be more mTOR generated from mTORC1 than from
mTORC?2 and therefore less rapamycin would be required to compete with PA for binding to
the mTOR derived from mTORCL1. In contrast, the rare dissociations of mMTORC2 would
require much more rapamycin-FKBP12 to compete with PA to capture the rare mTOR proteins
derived frommTORC2. Reducing PA levels would shift the equilibrium in favor of dissociation
of the mTOR complexes therefore reduce the concentration of rapamycin-FKBP12 needed to
bind to and suppress mTOR.
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Survival signals generated by PI3K and PLD that target mTOR. In the PI3K pathway, PIP3
recruits Akt and PDKZ1, a kinase that phosphorylates Akt at Thr308. Akt is also phosphorylated
at Ser 473 by mTORC2. Phosphorylation of Akt at Ser473 elevates Akt kinase activity [57]
and likely impacts substrate specificity [52]. Akt then phosphorylates several proteins that
suppress cell cycle progression — including the TSC1/2 complex, a GTPase activating protein
complex that suppresses the GTPase Rheb [53]. Rheb has been reported to stimulate
dissociation of FKBP38 from FRB domain of mTOR [55], which contributes to the activation
of mMTORC1. Rheb was also recently reported to activate PLD1 [38]. PLD-generated PA
competes with rapamycin to bind mTORC1 - and possibly FKBP38 — and is required for the
mTOR activation of S6 kinase. PLD is also required for the activation of mMTORC2, which
phosphorylates Akt at Ser473. mTOR is targeted by growth factors, nutrition and energy
sensing signals — indicated by different colors.
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