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Abstract
Phosphatidic acid (PA), the primary metabolite of the phospholipase D (PLD)-mediated
hydrolysis of phosphatidylcholine, has been shown to act as a tumor promoting second messenger
in many cancer cell lines. A key target of PA is the mammalian target of rapamycin (mTOR), a
serine-threonine kinase that has been widely implicated in cancer cell survival signals. In
agreement with its ability to relay survival signals, it has been reported that both PLD and mTOR
are required for the stabilization of the p53 E3 ubiquitin ligase human double minute 2 (HDM2)
protein. Thus, by stabilizing HDM2, PLD and mTOR are able to counter the pro-apoptotic
signaling mediated by p53 and promote survival. mTOR exists in at least two distinct complexes –
mTORC1 and mTORC2 – that are both dependent on PLD-generated PA. Although PLD and its
metabolite PA are clearly implicated in the transduction of survival signals to mTOR, it is not yet
apparent which of the two mTOR complexes is critical for the stabilization of HDM2. We report
here that the PLD/mTOR-dependent stabilization of HDM2 involves mTORC2 and the AGC
family kinase serum- and glucocorticoid-inducible kinase 1 (SGK1). This study reveals that
mTORC2 is a critical target of PLD-mediated survival signals and identifies SGK1 as a
downstream target of mTORC2 for the stabilization of HDM2.
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Introduction
Downstream targets of phosphatidic acid (PA), the product of the transphosphatidylation
reaction between phospholipase D (PLD) and phosphatidylcholine (PC), are involved in a
multitude of cellular processes. This second messenger has been implicated in regulating
diverse cellular processes such as cytoskeletal rearrangement, vesicle trafficking, cell
proliferation and survival [1–3]. With regard to cancer cell proliferation and survival, mTOR
– the mammalian target of rapamycin – has emerged as the most significant target of PLD-
generated PA [2,4]. mTOR is a serine-threonine kinase that has emerged as a central
signaling node for signals that promote cell growth, proliferation, and survival [5]. Many
pathways concerned with sensing the nutritional and biochemical status of the cell such as
amino acid levels [6], AMP/ATP ratios [7,8], and growth factor availability [9] provide
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input to mTOR. These signals are mediated by two mTOR complexes mTORC1 and
mTORC2. mTORC1 and mTORC2 are most commonly distinguished from each other by
two companion proteins, Raptor [10] and Rictor [11]. These complexes can also be
distinguished from one another by their sensitivity to rapamycin, a natural product inhibitor
that binds to the immunophilin, FK506 binding protein 12 (FKBP12), and then inserts itself
into the FRB (FKBP12 Rapamycin Binding) domain of mTOR to disrupt complex formation
[2,12]. Raptor, Regulatory Associated Protein of mTOR, forms complex 1 and is generally
sensitive to rapamycin treatment. Rictor forms complex 2 and this complex has been shown
to have varied sensitivity to rapamycin and usually only after long term or upon high dosage
treatment [13,14].

The discovery that PA binds the FRB domain of mTOR [15,16] – the same site that is bound
by rapamycin and FKBP12—has motivated our lab to characterize the nature of this
signaling. Our lab has found that much of the oncogenic effects of increased PLD activity,
such as survival under stressful conditions, can be attributed its downstream target, mTOR
[2]. Recently, we have found that this connection extends to both mTORC1 and mTORC2
[14]. The relationship between mTORC2 and PLD coupled with the finding that mTORC2
is responsible for phosphorylating the AGC family kinase Akt at Ser473 [17] were the
stimulus for re-investigating our earlier report linking increased PLD activity with the
stabilization of murine double minute (MDM2) [18] – the major regulator of p53 [19–21]. In
our previous study, the stabilization of MDM2 was suppressed by rapamycin [18] –
suggesting an involvement of mTOR. Since the previous study was done prior to the
discovery of mTORC2 and since Akt has been implicated in the regulation of MDM2
[22,23], we investigated the mTOR dependent regulation of HDM2 – the human orthologue
of MDM2 – in a human renal cancer cell line where there are very high levels of PLD
activity and HDM2 expression [24]. We report here that the PLD-dependent increase in
HDM2 expression in 786-O renal cancer cells is dependent on mTORC2. Surprisingly,
HDM2 expression was independent of Akt, but was dependent on another AGC family
kinase – the serum- and glucocorticoid-inducible kinase 1 (SGK1).

Materials and Methods
Cells and cell culture conditions

786-O cells (obtained from the laboratory of M. Ohh, University of Toronto) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine calf
serum (Sigma).

Materials
1-Butanol (1-BtOH) and tert-Butanol (t-BtOH) were purchased from Sigma with purity of
99.8%. Antibodies for Akt1, Akt2, Rictor, Raptor, mTOR and Actin were purchased from
Cell Signaling; antibodies for MDM2 which recognizes HDM2 was from Novus
Biologicals; and the antibody for SGK1 was purchased from Millipore.

Western blot analysis
Proteins were heated for 3 min at 100 °C prior to separation by SDS–PAGE using an 8 –
12% acrylamide separating gel. After transferring to nitrocellulose membrane, the
membrane filters were blocked with 5% non-fat dry milk in phosphate-buffered saline and
incubated with the appropriate antibody. Depending on the origin of the primary antibodies,
either anti-mouse or anti-rabbit IgG conjugated with horseradish peroxidase was used, and
the bands were visualized using the enhanced chemilluminescent detection system (Pierce).
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siRNA
Transfections were performed using RNAiMax reagent (Invitrogen) according to the
vendor’s instructions. Transfection efficiency was determined by Block-It (Invitrogen)
fluorescent control. The percentage of green cells was determined microscopically and was
routinely in excess of 70%. Briefly, cells were plated on 6 well plates at 30% confluence in
medium containing Optimem (Invitrogen). After one day, cells were transfected with
siRNA. After 24 h the media was changed to fresh media containing 10% serum and
antibiotics. One to three days later cells were lysed and analyzed for expression by Western
Blot. The siRNA primers for the following proteins were used for the knockdowns: Raptor,
mTOR, and Rictor (Thermo Scientific Dharmacon), Akt1 (Santa Cruz), Akt2 (Cell
Signaling), and SGK1 (Invitrogen).

Results
HDM2 levels are dependent on PLD activity in 786-O kidney cancer cells

We reported previously that elevating the PLD activity in rat fibroblasts increased the level
of MDM2 [18]. The human renal cancer cell line 786-O has constitutively elevated PLD
activity that is required for the survival of these cells when serum is withdrawn [24]. We
therefore examined whether there was elevated HDM2 expression in these cells as a
consequence of the elevated PLD activity. As shown in Fig. 1, the 786-O cells express high
levels of HDM2 and that suppressing the PLD mediated production of PA with 1-BtOH,
which results in the generation of phosphatidyl-BtOH at the expense of PA [14], suppresses
the expression of HDM2. t-BtOH, which was used as a negative control, does not participate
in this reaction and had no effect. These data indicate that the elevated HDM2 expression in
the 786-O cells was dependent on the elevated PLD activity.

HDM2 expression is dependent on mTORC2 and not mTORC1
A critical downstream target of PLD-generated PA is mTOR, which like PLD, has been
widely implicated in cancer cell survival signals [2,12]. We recently reported that PA was
required for the assembly and activity of both mTORC1 and mTORC2 [14]. We first
examined the dependence of HDM2 expression on mTOR. As shown in Fig. 2, suppression
of mTOR expression with siRNA resulted in the loss of HDM2 expression. To distinguish
whether the mTOR dependence was due to mTORC1 or mTORC2, we introduced siRNAs
for Raptor and Rictor, which are essential companion proteins for mTORC1 and mTORC2,
respectively. As shown in Fig. 2, the suppression of Raptor had no effect on HDM2
expression. In contrast, suppression of Rictor reduced the expression of HDM2 almost as
effectively as did the suppression of mTOR. These data indicate that the expression of
HDM2 is dependent on mTORC2.

HDM2 levels are independent of Akt1 and Akt2 and dependent on SGK1
Though other kinases have been shown or proposed to regulate HDM2 [25], the major
kinase downstream of mTORC2 responsible for phosphorylating HDM2 at ser166 and
ser188 is considered to be Akt [26,27]. These two sites lead to the protection of HDM2 from
self-ubiquitination and allows this E3 ligase to enter the nucleus and prevent normal activity
of wildtype p53. We investigated the role of Akt in regulating HDM2 in this cell line by
knocking it down as shown in Fig. 3A. Knockdown of the two major isoforms of Akt
expressed in 786-O cells had little or no effect on the levels of HDM2. The third Akt
isoform, Akt3, was not knocked down as it is undetectably expressed, if expressed at all, in
this cell line [28]. To address the concern that Akt may not be active in this cell line, we
blotted for the active form of Akt that is phosphorylated at Ser473. We found that Akt is
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highly phosphorylated at this site [14], however, as shown in Fig. 3A, siRNA knockdown of
either Akt1 or Akt2 does not result in a concomitant loss of HDM2.

HDM2 is phosphorylated by Akt on two sites that have a well-known and conserved
consensus sequence [26,27]. A natural candidate that may mimic the kinase activity of Akt
is a protein that can bind to similar amino acid sequence motifs. SGK1 was the best
candidate for the following reasons: it is downstream of mTORC2 [29] and it is in the same
family of AGC kinases as Akt that have the defining feature of being able to recognize
similar motifs. As shown in Fig. 3B, knockdown of SGK1 results in loss of HDM2 levels in
a siRNA concentration dependent manner. These data surprisingly reveal that HDM2
expression is independent of Akt, but instead is dependent on another AGC kinase family
member SGK1.

Discussion
We previously reported that the stabilization of MDM2 was dependent on PLD activity and
its downstream target mTOR. However, at the time of that study, it was not known that there
were two mTOR complexes and that it was mTORC2 that phosphorylated Akt at the critical
regulatory site at Ser473. In this report that we have provided evidence that mTORC2 is
required for HDM2 stabilization. Surprisingly we found that Akt was not required for
HDM2 stabilization and that another AGC kinase and mTORC2 substrate – SGK1 – was
required. The unexpected finding that SGK1 is involved in this pathway provides additional
support for the complexity and, perhaps, the flexibility of signal transduction circuits when
they are co-opted by cancer cells. A schematic for signals mediated by PLD, mTOR and
AGC kinases is presented in Fig. 4.

While the finding that SGK1, rather than Akt linked mTORC2 to HDM2, it was recently
reported that SGK1 is responsible for the MDM2-dependent ubiquitination of p53 in RKO
colon carcinoma cells [30]. And it was also recently reported that mTORC2 activates
epithelial sodium Na+ channel-dependent Na+ transport by phosphorylating SGK1 [31].
Thus, there is precedent for an indirect connection between mTORC2 and HDM2 via SGK1,
and in fact, SGK1 is a rational substitute for Akt as the two proteins have structural and
functional similarities [32,33]. Not only do these proteins share a common upstream
regulator [29,34] but they both possess the ability to recognize and phosphorylate a similar
amino acid sequence motif [35]. Although the most studied function of SGK1 is as an
upregulator of epithelial sodium channels in response to aldosterone and insulin [32], there
are reports to its functioning as a pro-survival signal [30,36–38]. The related AGC kinase
SGK3 was also reported to function as a downstream signal in cancer cells with mutations to
phosphatidylinositol-3-kinase [39]. The evidence provided here that the mTORC2-
dependent stabilization of HDM2 is dependent on SGK1 reinforces the concept that AGC-
family kinases, like Akt, can function as a survival kinase in cancer cells [40].

Conclusions
In this report, we have provided evidence that the mTOR-dependent stabilization of HDM2
involves mTORC2 and SGK1. There are two surprising outcomes – the first being that
mTORC2, not mTORC1 is required; and second, that SGK1, rather than Akt is involved.
Both Akt and SGK1 are members of the AGC family of protein kinases and are substrates of
mTORC2. This study reveals an alternative target of mTORC2 that can contribute to the
survival signals mediated by PLD and mTOR.
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Fig. 1.
HDM2 levels are suppressed by preventing PA production. 786-O cells were plated at 70%
confluence in 60mm plates in 10% serum and allowed to grow overnight. 24 hrs later, the
cells were either left untreated (nt) or treated with 0.8% 1-BtOH or 0.8% t-BtOH as a
negative control for 3 hrs. The cells were then lysed and subjected to Western blot analysis
with antibodies that recognize HDM2 or actin as a loading control.
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Fig. 2.
Knockdown of mTORC2 and not mTORC1 results in loss of HDM2. 786-O cells were
plated at 30% confluence in 6-well plates. The cells were transfected with siRNA for
Raptor, mTOR, or Rictor for 48hrs. As controls cells were left not treated (nt), treated with
reagent only (re), or transfected with scrambled siRNA (scr). Actin was used as a loading
control. The data are representative of three independent experiments.
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Fig. 3.
Knockdown of AGC member SGK1 but not Akt1 or Akt2 results in loss of HDM2. (A) 786-
O cells were plated at 30% confluence in 6-well plates. The cells were transfected with
siRNA for Akt1 and Akt2 for 48hrs. (B) 786-O cells were plated as in A and then
transfected with siRNA for SGK1 for 48hrs. As controls wells were left untreated (nt),
treated with reagent (re), or transfected with scrambled siRNA (scr). Actin was used as a
loading control. The blots are representative of at least three independent experiments.
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Fig. 4.
Schematic of the signaling cascade from PLD to HDM2.
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