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Targeting mTOR with rapamycin: One dose does not fit all
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Abstract

A puzzling aspect of rapamycin-based therapeutic strategies is the wide disparity in the doses needed
to suppress mTOR under different circumstances. A recent study revealing mechanistically how
rapamycin suppresses mTOR provides two explanations for the differential sensitivities to
rapamycin. First, mTOR exists as two functionally distinct complexes (MTORC1 and mTORC2),
and while rapamycin suppresses both, it does so at very different concentrations. Whereas mTORC1
is suppressed by concentrations of rapamycin in the low nM range, mTORC?2 generally requires low
uM concentrations. Second, the efficacy of rapamycin is dependent on the level of phosphatidic acid
(PA), which is required for the assembly of both mTORC1 and mTORC2 complexes. Rapamycin
interacts with mTOR in a manner that is competitive with PA. Therefore, elevated levels of PA,
which is common in cancer cells, increases the level of rapamycin needed to suppress both mTORC1
and mMTORC?2. A practical outcome of the recent study is that if PA levels are suppressed, mTORC2
becomes sensitive to concentrations of rapamycin that can be achieved clinically. Since mMTORC?2
is likely more critical for survival signals in cancer cells, the recent findings suggest new strategies
for enhancing the efficacy of rapamycin-based therapeutic approaches in cancer cells.
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Introduction

mTOR, the mammalian target of rapamycin, is a therapeutic target for a wide variety
proliferative disorders. Rapamycin and rapamycin derivatives have long been employed for
immunosuppression and more recently as an anti-cancer treatment. It has been known for many
years that different effects of rapamycin often require concentrations that vary by more than
1,000-fold.12 Rapamycin has been observed to suppress the phosphorylation of the mTOR
substrate S6 kinase at concentrations as low as 1 nM.12 In contrast, low uM concentrations
rapamycin were required to suppress the proliferation of several breast cancer cells.1=3 While
it has been speculated the high dose effects of rapamycin are due to non-specific effects,
rapamycin-resistant mTOR mutants were able to reverse the effects seen with the high
rapamycin concentrations.3 If high doses of rapamycin were affecting targets other than mTOR,
the rapamycin-resistant mutants would not reverse the effect—indicating that the high doses
of rapamycin were in fact due to an effect on mTOR. A recent report revealing the mechanism
by which rapamycin suppresses mTOR has shed light on two mechanisms that explain the wide
variations in the concentrations of rapamycin needed to suppress mTOR.# The findings in this
report have important implications for how rapamycin-based therapeutic strategies should be
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employed—especially in cancer where rapamycin has been widely employed in clinical trials
with mostly disappointing results.

Elevated Phospholipase D Activity Confers Rapamycin Resistance

Chen and colleagues reported a phosphatidic acid (PA) requirement for mTOR activity and
that PA interacted with the FKBP12-rapamycin-binding (FRB) domain of mTOR.® This group
has more recently demonstrated that PLD1 is activated by the GTPase Rheb, which has been
implicated in signals that activate mTOR.5:7 It was subsequently shown that elevated
phospholipase D (PLD) activity, which generates PA from phospahtidylcholine, increased the
concentration of rapamycin needed to suppress mTOR.! Similarly, in skeletal muscle,
mechanical stimulation led to elevated PLD activity and also increased the 1Csq for rapamycin.
8 These studies were all consistent with the hypothesis that PA interacts with the FRB domain
in a manner that is competitive with rapamycin. The NMR structure of the mTOR FRB domain
bound to PA was recently reported and revealed an interaction between Arg?109 in the FRB
domain and the phosphate group on PA.% Arg2199 is at the end of an a-helical section of the
FRB domain that is adjacent to another a-helix. The groove in between the two a-helices forms
a hydrophobic pocket where rapamycin binds mTOR.? The glycerol backbone and proximal
aliphatic components of PA are proposed to insert into this pocket. This structural study is
consistent with a model proposed by Chen and colleagues where PA and rapamycin compete
for the same site on mTOR. Thus, current evidence suggests that rapamycin inhibits mTOR
by preventing the interaction between mTOR and PA.

Mechanism of Rapamycin Suppression of mTOR

While the studies above suggest that rapamycin works by interfering with an interaction
between mTOR and PA, it does indicate how this interferes with mTOR activity. mTOR exists
in two complexes, mMTORC1 and mTORC?2, which have different components—most
significantly Raptor for mTORC1, and Rictor for mTORC2.10 Toschi et al.# have now
demonstrated that PA impacts on mTOR by facilitating the assembly of mTOR complexes.
Suppression of PA production by PLD blocks the association between mTOR and Raptor and
the association between mTOR and Rictor. Consistent with these findings, rapamycin, which
competes with PA for binding mTOR,® similarly blocked the association between mTOR and
Raptor,1! and between mTOR and Rictor.12 These studies reveal a mechanism for the action
of rapamycin on mTOR activity by preventing the interaction between PA and mTOR and
thusly, preventing the PA-dependent assembly of mTOR complexes (Fig. 1). This model is
consistent with the previous observation that PA did not appear to affect the kinase activity of
mTOR directly.® Significantly, there was a substantial difference in the stability of the two
mTOR complexes with mTORC2 being far more stable than mTORCL. This differential
stability explains the relative resistance of mMTORC2 to rapamycin in that it takes higher
concentrations of rapamycin to interfere with the more stable mMTORC2 complex that rarely
dissociates (Fig. 1). However, reducing the level of PA generated by PLD increased the
sensitivity of mMTORC2 to rapamycin, which as discussed below could have important clinical
implications for targeting mTORC?2 in cancer cells where mTORC2 is likely the more relevant
target.

Differential Doses of Rapamycin are Required to Suppress mTORC1 and

MTORC2

There was a puzzling aspect to a previous study where it was demonstrated that elevated PLD
activity increased the concentration of rapamycin needed to suppress mTOR.1 In this study,
higher concentrations of rapamycin were needed to suppress cell proliferation and viability
than were needed to suppress S6 kinase phosphorylation. Rapamycin suppressed the
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proliferation of MCF7 breast cancer cells with an 1Csg of 20 nM, whereas rapamycin
suppressed S6 kinase phosphorylation with an ICsg of 0.5 nM (1). In MDA-MB-231 breast
cancer cells where for suppression of there are high levels of PLD activity, the ICgq proliferation
was 10 uM, whereas suppression of S6 kinase phosphorylation in these cells was 20 nM.1 It
is well established that S6 kinase is phosphorylated by mTORCZ1.19 The higher concentrations
of rapamycin needed to suppress proliferation were consistent with an effect of rapamycin on
mTORC2. Toschi et al.# have now demonstrated similar differences for the effect of rapamycin
on the phosphorylation of the mTORC2 substrate S6 kinase and the phosphorylation of Akt at
the mTORC2 site at Ser473 in the renal cancer cell line 786-O. These data are consistent with
a model whereby low concentrations of rapamycin (0.5-100 nM) target mTORC1 and higher
concentrations (0.2-20 uM) target mTORC2. We have seen dose dependent effects up to 20
uM. Beyond this concentration of rapamycin, there does not seem to be an increased effect
(our unpublished results). This could be due to an FKBP12 requirement in order for rapamycin
to work effectiviely. Thus, the effect of rapamycin beyond a certain concentration would be
due to rapamycin alone—not rapamycin-FKBP12. It was recently reported that the rapamycin
analog CCI-779 could suppress protein synthesis independent of FKBP12 in the uM range,
13 indicating that rapamycin can suppress mTORCT at high concentrations in the absence of
FKBP38. Based on the finding that rapamycin can suppress mTORCL1 at uM concentrations,
it is possible that rapamycin alone could also block mTORC2 at even greater concentration,
but this would not likely have any practical consequences because these doses would likely be
far beyond that tolerated in humans. However, while the lower concentrations of rapamycin
apparently work well to suppress mTORC1 and block S6 kinase phosphorylation, it is the
higher concentrations of rapamycin-FKBP12 that block proliferation and lead to apoptosis in
some cancer cells. Thus, the ability to target mTORC2, which requires the higher
concentrations of rapamycin, may prove to be more important than targeting mTORCL.

Implications and Directions

mTOR has been implicated in survival signals in cancer cells,0 and therefore, rapamycin has
been widely and rationally employed in clinical trials for many cancers.1415 In a recent trial
for refractory pediatric solid tumors, plasma concentrations of the rapmycin analog everolimus
(RAD-001) of 200 nM were achieved and well tolerated.16 At this concentration, this group
observed a reduction of Akt phosphorylation at the mTORC2 site at Ser473 in peripheral-blood
mononuclear cells. Prolonged treatment with 200 nM rapamycin was previously shown to
block mTORC2 by preventing the formation of new mTORC2 complexes.12 While this
concentration of rapamycin should easily suppress mTORC1, a problem not considered was
that many, if not most, tumors have elevated PLD activity and therefore higher levels of PA.
17 High levels of PA in the cancer cells would make these cells, specifically, more resistant to
rapamycin than the peripheral-blood mononuclear cells that were used to determine whether
rapamycin was effective.1® Thus, while treatment with rapamycin may look like it is working
in normal tissues, the elevated PLD activity in the cancer cells will make these cells resistant
to rapamycin.

The finding that that rapamycin suppresses mTORC?2 as well as mTORCL1 has additional
therapeutic implications. There have been some successes with rapamycin-based therapeutic
strategies in renal cancer. Of significance, renal cancer is commonly dependent on the
constitutive expression of hypoxia-inducible factor 2o (HIF2a).18 And, it was recently
demonstrated that HIF2a expression in the 786-0 renal cancer cell line is dependent on
mTORC2 and not on mTORC1.1° The 786-O cells are especially resistant to rapamycin,12 and
have high levels of PLD activity.20 However, suppressing the level of PLD-generated PA in
these cells made mTORC?2 sensitive to 200 nM rapamycin. 4 Therefore a strategy for
suppressing the level of PA in combination with rapamycin-based therapeutic strategies may
offer new opportunities to target survival signals mediated by mTORC2, which may be
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especially important in renal cancers where HIF2a is critical. Alternatively, it may be possible
to suppress mTORC2 by blocking the PLD activity that generates the PA necessary for the
formation of MTORC2 complexes. Suppressing PLD-generated PA directly with primary
alcohols, including ethanol, killed 786-O renal cancer cells when they were deprived of serum.
20 The concentrations of primary alcohols needed to kill the 786-O cells was beyond that
tolerated by humans; however, as little as 0.2% 1-butanol made the mTORC?2 in 786-0O cells
sensitive to 200 nM rapamycin.* While this concentration of ethanol would prohibit the
operation of a motor vehicle, it could be tolerated in a clinical setting to enhance the efficacy
of rapamycin. In the absence of an effective way to target PLD activity directly, targeting the
signals that activate PLD might also be an attractive alternative. It was recently reported that
the natural product honokiol suppresses PLD activity in several human cancer cell lines
including 786-O cells.21 Honokiol induced apoptosis in several human cancer cell lines with
elevated PLD activity and has been well tolerated in mouse xenograft studies.22 Thus, there
may be options for therapeutic strategies that suppress PA levels such that mTORC2 can be
targeted with rapamycin or rapamycin derivatives.

A key implication from the early studies showing that higher concentrations of rapamycin were
required to suppress proliferation and induce apoptosis than were required to suppress S6
kinasel:3 clearly indicates that mTORC?2 is the more critical target for strategies that desire to
retard or Kill cancer cells. These earlier studies were reinforced by studies with renal cancer
cells where rapamycin suppressed HIF2a expression only when PA levels were suppressed®
—again implicating mTORC2. And since HIF2a. is required for tumorigenesis in the renal
cancer cells,18 any significant effect of rapamycin-based strategies would have to take into
account the need to suppress mTORC2. This would require either very high levels of
rapamycin, or a combined strategy that suppresses PA levels to make mTORC?2 sensitive to
levels of rapamycin that are achievable in a clinical setting.

Another approach for circumventing the problems with rapamycin would be the development
of drugs that inhibit mTOR by another mechanism. There have been several notable successes
with small molecules that block the kinase activity—usually ATP analogues. However, ATP
analogues have the disadvantage that they are competing with ATP and that means that there
are a large number of side effects possible. In fact, most kinase inhibitors suppress more than
one kinase—most famously Gleevec, which in addition to inhibiting the Bcr-Abl kinase found
in chronic myelogenous leukemia, also inhibits Kit and the platelet-derived growth factor
receptor.23 Thus, the development inhibitors that target kinase activity have their drawback as
well. In this regard, two inhibitors of phosphatidylinositol-3-kinase (P13K) that compete with
ATP, LY294002 and wortmannin, also inhibit mTOR,24 which is a related protein kinase—a
poorly known fact that has generated a large body of evidence that has mislead investigators
investigating signals mediated by PI3K. Thus, while it would be useful to discover or develop
other drugs that target mTOR, the high specificity of rapamycin for mTOR still offers strong
promise for suppressing survival signals mediated by mTOR in a large number of human
cancers. However, the problems associated with the doses of rapamycin needed to suppress
mMTORC1 and mTORC2 and the competition with PA needs to be acknowledged and dealt
with.

Rapamycin at low doses has been shown to induce feedback mechanisms that activate an IGF1
receptor-dependent activation of mMTORC2,2%:26 and the MAP kinase signaling pathway.2’
With regard to the activation of mMTORC2, high doses of rapamycin where mTORC2 is
suppressed would overcome this problem. As for the MAP kinase pathway, it has been
proposed that a combination therapy that targets both mTOR and MAP kinase signals might
be more effective.28 Thus, there may be additional ways to make rapamycin based strategies
that involve both the suppression of PLD activity and other signaling pathways that impact on
survival and cell cycle progression.
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It is becoming apparent that mTOR signals promote cell cycle progression and suppress
apoptosis in what is perhaps a majority of human cancers.10:14.17 Therefore, targeting mTOR
has received much attention as an anti-cancer therapeutic strategy. The recent report by Toschi
etal .4 reveals two major problems for rapamycin-based therapies. The first being that mMTORC2
requires much higher concentrations of rapamycin than mTORC1, and that mMTORC2 may be
the more critical target for suppressing proliferation and promoting apoptosis.1:3:1° The second
and perhaps more difficult problem is that most cancers have elevated PLD activity and
therefore high levels of PA—resulting in rapamycin resistance. It is therefore critical that as
clinical trials progress, the level of PLD activity in the target cancer be considered and perhaps
a combination therapy be considered whereby both PA levels and mTOR are targeted.
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Figure 1.

Model for the differential effects of rapamycin on mMTORC1 and mTORC2. The stability of
mTORC2 is much stronger than mTORC1, and therefore, there are fewer dissociations of
mMTORC2 to PA, Rictor and free mTOR. And it is the free mTOR that binds rapamycin-
FKBP12.12 The ability of rapamycin-FKBP12 to suppress mTORC1 and mTORC2 would be
dependent on the frequency that free mTOR becomes available to bind rapamycin-FKBP12.
There would be far more dissociated mTOR generated from mTORC1 than from mTORC2
and therefore less rapamycin would be required to compete with PA for binding to the mTOR
derived from mTORCL. In contrast, the rare dissociations of mMTORC2 would require much
more rapamycin-FKBP12 to compete with PA to capture the rare mTOR proteins derived from
mTORC2. Reducing PA levels by suppressing the hydrolysis of phosphatidylcholine (PC) to
PA shifts the equilibrium in favor of dissociation of the mTORC2 complex and therefore
reduces the concentration of rapamycin-FKBP12 needed to bind to and suppress mTORC2.
The larger arrows reflect relative differences in the direction for the equilibrium between free
mTOR and the mTOR complexes. This model is clearly an over-simplification in that there
are other components of the mTOR complexes that are not considered such as mSin1 and Protor
that are part of mTORC2,8 and which could contribute to the greater stability of mTORC2.
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