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Abstract

SUMMARY—The mTORC1 and mTORC2 pathways regulate cell growth, proliferation, and
survival. We identify DEPTOR, also called DEPDC6, as an mTOR-interacting protein whose
expression is negatively regulated by mTORC1 and mTORC2. Loss of DEPTOR activates S6K1,
Akt, and SGK1; promotes cell growth and survival; and activates mMTORC1 and mTORC2 kinase
activities. DEPTOR overexpression suppresses S6K1 but, by relieving feedback inhibition from
mTORCL1 to PI3K signaling, activates Akt. Consistent with many human cancers having activated
mTORC1 and mTORC2 pathways, DEPTOR expression is low in most cancers. Surprisingly,
DEPTOR is highly overexpressed in a subset of Multiple Myelomas harboring Cyclin D1/D3 or c-
MAF/MAFB translocations. In these cells, high DEPTOR expression is necessary to maintain PI3K
and Akt activation and a reduction in DEPTOR levels leads to apoptosis. Thus, we identify a novel
mTOR-interacting protein whose deregulated overexpression in Multiple Myeloma cells represents
a new mechanism for activating PI3K/Akt signaling and promoting cell survival.

INTRODUCTION

Mammalian TOR (mTOR) is an evolutionarily conserved serine/threonine kinase that
integrates signals from growth factors, nutrients, and stresses to regulate multiple processes,
including mRNA translation, cell cycle progression, autophagy, and cell survival (reviewed in
(Sarbassov et al., 2005a)). It is increasingly apparent that deregulation of the mTOR pathway
occurs in common diseases, including cancer and diabetes, emphasizing the importance of
identifying and understanding the function of the components of the mTOR signaling network.
mTOR resides in two distinct multiprotein complexes referred to as mMTOR complex 1
(mMTORC1) and 2 (MTORC?2) (reviewed in (Guertin and Sabatini, 2007)). mTORCL1 is
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composed of the mTOR catalytic subunit and three associated proteins, raptor, PRAS40, and
mLST8/GBL. mTORC?2 also contains mTOR and mLST8/GpL, but instead of raptor and
PRASA40, contains the proteins rictor, mSinl, and protor.

mTORC1 controls cell growth in part by phosphorylating S6 Kinase 1 (S6K1) and the elF-4E-
binding protein 1 (4E-BP1), key regulators of protein synthesis. mMTORC2 modulates cell
survival in response to growth factors by phosphorylating its downstream effectors Akt/PKB
and Serum/Glucocorticoid Regulated Kinase 1 (SGK1) (reviewed in (Guertin and Sabatini,
2007)).

In addition to directly activating Akt as part of mMTORC2, mTOR, as part of mTORC1, also
negatively regulates Akt by suppressing the growth factor-driven pathways upstream of it.
Specifically, mTORCL1 impairs PI3K activation in response to growth factors by
downregulating the expression of Insulin Receptor Substrate 1 and 2 (IRS-1/2) and Platelet-
Derived Growth Factor Receptor-Beta (PDGFR-B) (reviewed in (Sabatini, 2006)). The
activation of Akt that results from treating cells with the mTORCL1 inhibitor rapamycin may
contribute to the limited success to date of this drug and its analogs as cancer therapies.

While most information concerning the involvement of the mTOR pathway in human cancers
is consistent with a role for mTOR in directly promoting tumor growth, there are also
indications in the literature that mTOR possesses tumor suppressor-like properties. Thus, the
tumors that develop in patients with Tuberous Sclerosis Complex (TSC), a syndrome
characterized by mTORCL1 hyperactivation, are thought to have a limited growth potential due
to the PI3K inactivation caused by the aforementioned feedback loop (Manning et al., 2005;
Zhang et al., 2007). In addition, partial loss of function alleles of mMTOR confer susceptibility
to plasmacytomas in mice, though the mechanism for this effect has not been clarified
(Bliskovsky et al., 2003).

Here, we identify DEPTOR as an mTOR binding protein that normally functions to inhibit the
mTORC1 and mTORC?2 pathways. When greatly overexpressed, DEPTOR inhibits mTORC1,
and, unexpectedly, this leads to the activation of the PI3K/mTORC2/Akt pathway. This indirect
mode of PI3K activation is important for the viability of a subset of Multiple Myeloma cells
which otherwise lack PI3K-activating mutations. We propose that DEPTOR is an endogenous
inhibitor of mMTOR whose deregulated overexpression promotes cell survival in a subset of
Multiple Myelomas.

DEPTOR is an mTOR Interacting Protein

Using low-salt purification conditions designed to isolate PRAS40 (Sancak et al., 2007), we
identified within mTOR immunoprecipitates a 48 kDa protein assigned the NCBI Gene Symbol
DEPDCS6 (NCBI Gene ID: 64798) (Figure 1A). The gene for DEPDCS is found only in
vertebrates, and encodes a protein with tandem N-terminal DEP (Dishevelled, Egl-10,
Pleckstrin) domains and a C-terminal PDZ (Postsynaptic density 95, Discs large, Zonula
occludens-1) domain (reviewed in (Chen and Hamm, 2006; Jemth and Gianni, 2007) (Figure
1B). Because no previous studies refer to the function of the DEPDC6 gene product, we named
it DEPTOR inreference to its DEP domains and its specific interaction with mTOR (see below).
In purified preparations of recombinant DEPTOR stably expressed in HEK-293E cells, we
detected via mass spectrometry endogenous mTOR, as well as raptor and rictor, mMTORC1 and
mTORC2-specific components, respectively. Analogous preparations of recombinant
PRAS40, a raptor binding protein, contained only mTORC1 (Figure 1C). Consistent with
DEPTOR being part of mMTORC1 and mTORC2, endogenous DEPTOR was also detected in
immunoprecipitates prepared from HEK-293E (Figure 1D) or HeLa cells (Figure 1E) using
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antibodies that recognize endogenous mTOR, raptor, or rictor, but not actin. As was the case
with PRAS40 (Sancak et al., 2007), buffers with increased salt concentrations reduced the
amounts of DEPTOR recovered in the immunoprecipitates (Figure 1D). Reciprocal
experiments confirmed that endogenous mTOR specifically co-immunoprecipitates with
DEPTOR (Figure 1E).

As the above results indicate that DEPTOR is part of mMTORC1 and mTORC2, we expected
DEPTOR to interact with mTOR and/or mLST8/GBL, the only proteins common to both
mTORC1 and mTORC2. To test this, we co-overexpressed DEPTOR with epitope-tagged
mMTOR or mLST8/GpL and analyzed mTOR or mLST8/GBL immunoprecipitates for the
presence of DEPTOR. The results indicate that DEPTOR is an mTOR interacting protein:
DEPTOR co-immunoprecipitated with mTOR irrespective of whether or not mLST8/GBL was
co-expressed with it, while DEPTOR co-immunoprecipitated with mLST8/GBL only when it
and mTOR were expressed together (Figure 1F). DEPTOR interacts with a C-terminal portion
of mTOR (a.a. 1483-2000) that is upstream of its kinase domain and does not encompass the
mLST8/GBL binding site (a.a. 2001-2549) (Figure 1G, 11), providing further evidence that,
within mTORC1 and mTORC2, DEPTOR interacts specifically with mTOR and not with
mLST8/GBL. Finally, reciprocal experiments showed that the PDZ domain of DEPTOR
mediates its interaction with mTOR (Figure 1H, 11).

DEPTOR Depletion Activates mTORC1 and mTORC2 signaling in Intact Cells and Enhances
the In Vitro Kinase Activities of the Complexes

Totestthe idea that DEPTOR regulates mTOR function, we measured the activity of the mTOR
pathway in cells with RNAi-mediated reductions in DEPTOR expression. Human or mouse
cells expressing either of two shRNAs targeting DEPTOR, but not control proteins, had
increased mTORC1 and mTORC?2 signaling as judged by the phosphorylation states of the
mTORC1 and mTORC?2 substrates, S6K1 and Akt, respectively (Figure 2A, 2C). Concomitant
with the increase in mTORCL1 signaling, mTORC1 immunopurified from cells depleted of
DEPTOR had increased in vitro kinase activity towards two known substrates, S6K1 and 4E-
BP1 (Figure 2B). Likewise, mnTORC?2 isolated from DEPTOR-depleted cells had increased in
vitro kinase activity towards its substrate Aktl (Figure 2D). Taken together, the loss of function
data indicate that within cells DEPTOR is an inhibitor of mTORC1 and mTORC2 activities.

DEPTOR Depletion Increases Cell Size and Protects Cells from Apoptosis

To determine if the effects of DEPTOR loss on mTORC1/2 signaling are physiologically
significant, we measured in DEPTOR-deficient cells key outputs of mMTORC1 and mTORC2
function, namely cell growth and survival, respectively. Cells with reduced DEPTOR
expression were larger than control cells and rapamycin treatment reversed this phenotype,
consistent with DEPTOR acting upstream of mMTORCL1 (Figure 3A). The size of the DEPTOR-
deficient cells was comparable in magnitude to, although slightly smaller than, those with
reduced expression of TSC2, a well-established negative regulator of mMTORCL1 (reviewed in
(Sabatini, 2006)) (Figure 3B).

Because Akt promotes cell survival (Dudek et al., 1997) and DEPTOR suppression within cells
causes an increase in Akt phosphorylation (Figure 2C), we tested whether DEPTOR-deficient
cells are resistant to apoptosis induction. In HeLa cells expressing a control ShRNA, reductions
in the serum concentration of the media caused a dose-dependent decrease in Akt
phosphorylation and a concomitant increase in the cleaved forms of caspase-3 and PARP, two
hallmarks of apoptosis (Datta et al., 1999; Tewari et al., 1995) (Figure 3C). In contrast,
DEPTOR-deficient cells were resistant to PARP and caspase-3 cleavage in a manner that
correlated with the efficiency of DEPTOR suppression (Figure 3C). However, in contrast to
what is observed in the presence of serum, in the absence of serum DEPTOR-deficient HeLa
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cells did not have higher levels of Akt phosphorylation than control cells (Figure 3C). This
suggests that, despite the capacity of DEPTOR suppression to protect cells from apoptosis, the
effect was unlikely to be mediated by Akt. As Akt shares some of its pro-survival functions
with the related family of SGK kinases (reviewed in (Tessier and Woodgett, 2006)) and recent
evidence indicates that mTOR activates SGK1 by directly phosphorylating it (Garcia-Martinez
and Alessi, 2008; Hong et al., 2008), we reasoned that DEPTOR suppression might protect
HelLa cells from apoptosis by promoting SGK1 activity. Consistent with this, the DEPTOR-
deficient HeLa cells had, at all serum concentrations, increased phosphorylation levels of
NDRG1, an established SGK1 substrate (Murray et al., 2004) (Figure 3C). Because it is still
controversial if SGK1 is an mTORC2 and/or mTORC1 substrate (Garcia-Martinez and Alessi,
2008; Hong et al., 2008), we determined if DEPTOR-deficient cells could be re-sensitized to
pro-apoptotic stimuli by inhibiting mTORC1 with rapamycin or by inhibiting both mTORC1
and mTORC2 with Torin1, a highly selective and potent ATP-competitive inhibitor of mTOR
(Thoreen et al., 2009). Consistent with mTORC2 mediating the pro-survival effects of
DEPTOR suppression, treatment of the serum-deprived and DEPTOR-deficient HeLa cells
with Torinl, but not rapamycin, restored caspase-3 and PARP cleavage and reversed the
hyperphosphorylation of NDRG1 caused by DEPTOR loss (Figure 3D). In accord with the
results obtained with Torinl, a knockdown of rictor, but not raptor, abolished NDRG1
hyperphosphorylation and re-activated apoptosis in DEPTOR knockdown cells deprived of
serum (Figure 3E). Lastly, a reduction in SGK1 levels in the DEPTOR knockdown HelL a cells
reduced NDRG1 phosphorylation and re-sensitized the cells to apoptosis induction upon serum
deprivation (Figure 3F). DEPTOR suppression also prevented caspase-3 cleavage in serum-
deprived HT-29 cells, though in this cell type the anti-apoptotic effects of DEPTOR loss
correlated with a partial rescue of Akt phosphorylation (Figure S1). Other perturbations that
promote Akt activation, such as suppression of raptor expression (Skeen et al., 2006), also
protected HT-29 cells from apoptosis induced by serum withdrawal (Figure S1). Thus, analyses
of DEPTOR-deficient cells indicate that DEPTOR physiologically controls cellular processes
regulated by mTOR signaling.

MTOR Negatively Regulates DEPTOR Expression at the Transcriptional and Post-
Translational levels

In our previous experiments, we noted that prolonged serum withdrawal caused an increase in
DEPTOR protein expression (Figure 3C). To gain insight into the temporal regulation of
DEPTOR expression, we starved and stimulated HeLa cells with serum for various time
intervals. Serum stimulation led to a time-dependent retardation in DEPTOR migration in SDS-
PAGE until about 6 hours after serum addition, at which point DEPTOR expression began to
fall, and by 12 hours, almost disappeared (Figure 4A). Interestingly, these qualitative and
quantitative changes in DEPTOR correlated with inflections in mMTORC1 and mTORC2
pathway activities as measured by the phosphorylations of S6K1 and Akt, respectively. As
expected, the amount of DEPTOR bound to mTORC1 and mTORC?2 (Figure 4B) reflected the
serum-induced changes in DEPTOR expression detected in cell lysates (Figures 4A and 4B).
Serum starvation and stimulation also regulated DEPTOR expression in a variety of other
cancer cell lines in addition to HeLa cells (Figure 4C). We noted that cell lines known to have
serum-independentmTORC1 and mTORC2 signaling, such as HEK-293T, PC3, and U87 cells
(Sarbassov et al., 2006) have markedly reduced levels of DEPTOR that are largely insensitive
to serum (Figure 4C).

As both PC3 and U87 cells lack PTEN (SANGER COSMIC database), a negative regulator
of PI3K signaling that controls the responsiveness of the mMTORC1 and mTORC?2 pathways
to growth factors (reviewed in (Carracedo and Pandolfi, 2008)), it seemed likely that PTEN
loss suppresses DEPTOR expression. Consistent with this, in PTEN-null MEFs DEPTOR was
virtually absent in the presence or absence of serum, while serum still regulated DEPTOR
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expression in MEFs that express PTEN (Figure 4D). As PTEN loss activates both mTORC1
and mTORC?2 signaling we determined if DEPTOR expression is also sensitive to perturbations
that only activate mTORC1. Indeed, MEFs lacking TSC2, a tumor suppressor whose loss leads
to activation of only mTORC1, had reduced levels of DEPTOR even when cultured in the
absence of serum (Figure 4D).

The above findings suggested that both mTORC1 and mTORC2 negatively regulate DEPTOR
expression (Figures 4A-D). Supporting this idea, treatment of cells with the mTORC1 and
mTORC2 inhibitor Torinl fully blocked the mobility shift and decrease in expression of
DEPTOR caused by serum stimulation, while treatment with the mTORC1 inhibitor rapamycin
had only partial effects on DEPTOR mobility and expression (Figure 4E). To determine at
which regulatory level(s) cells control DEPTOR expression we measured the amounts of
DEPTOR protein and mRNA in HeLa cells treated in various ways (Figure 4F and 4G). The
drop in DEPTOR protein caused by serum stimulation correlated with a significant decrease
in the mRNA for DEPTOR (Figure 4F), suggesting that transcriptional regulation contributes
to the control of DEPTOR expression. However, it was clear that post-transcriptional
mechanisms are also in play because the partial rescue by rapamycin treatment of the serum-
induced decrease in DEPTOR protein amounts occurred in the absence of any change in
DEPTOR mRNA levels (Figure 4F). Moreover, treatment of cells with the proteasome inhibitor
MG132 (Tsubuki etal., 1993) blocked the serum-induced decrease in DEPTOR protein without
increasing the DEPTOR mRNA, indicating that the degradation of DEPTOR is a key step in
the regulation of its expression (Figure 4F). Treatment of cells with Torin1 blocked the serum-
induced drop in DEPTOR protein levels and, in contrast to rapamycin, also partially prevented
the decrease in the DEPTOR mRNA (Figure 4F).

A comparison of the effects of rapamycin with those of Torinl on DEPTOR expression
suggested that both mTORC1 and mTORC2 negatively regulate DEPTOR protein expression,
but that only mTORC2 negatively regulates DEPTOR mRNA expression. To further test this,
we depleted mTORC1 or mTORC2 using shRNAs targeting raptor or rictor, respectively, and
examined DEPTOR protein and mRNA levels. As expected, both the raptor and rictor
knockdowns increased DEPTOR protein levels in serum-replete cells (Figure 4G). However,
both knockdowns also increased DEPTOR mRNA (Figure 4G), indicating that the regulation
of DEPTOR mRNA expression by mTORCL is rapamycin resistant, consistent with the
increasing evidence that only some mTORC1 functions are sensitive to rapamycin (Choo et
al., 2008; Feldman et al., 2009; Thoreen et al., 2009). Thus, both mTOR complexes negatively
regulate DEPTOR mRNA expression, explaining why cell lines with high mTORC1 and
mMTORC?2 activity, such as the PTEN-null PC3 or U87 cells, have low levels of DEPTOR
mRNA (Figure S2A). In aggregate, these results suggest that the regulation of DEPTOR
expression is complex and involves post-translational and transcriptional mechanisms
mediated by both mTORC1 and mTORC?2.

DEPTOR is Phosphorylated in an mTOR-dependent Fashion

Because the mTOR inhibitor Torin 1 prevents the serum-induced degradation and SDS-PAGE
mobility shift of DEPTOR, we reasoned that a mechanism through which mTORCL1 and
mTORC2 might regulate DEPTOR is by controlling its phosphorylation. To investigate this,
we purified DEPTOR from serum-stimulated cells and analyzed it by mass spectrometry for
the presence of phosphorylated residues. This led to the identification of 13 serine and threonine
phosphorylation sites, all of which are located in the linker between the C-terminal DEP domain
and the PDZ domain (Figure S3A). Interestingly, many of the phosphorylation sites fall within
“proline-directed” motifs like those in 4E-BP1 (Gingras et al., 2001) which are known to be
phosphorylated by mTOR (Brunn et al., 1997; Burnett et al., 1998; Gingras et al., 1999).
Extensive characterization of DEPTOR from serum-stimulated cells supported the notion that
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DEPTOR is heavily phosphorylated in an mTOR-dependent manner (Figures S3B-D). We
changed all 13 phosphorylation sites to alanine to generate a non-phosphorylatable mutant
protein that we call DEPTOR 13xS/T->A. In serum-stimulated cells the mutant protein did not
undergo a mobility shift on SDS-PAGE (Figure S3E). When overexpressed, neither wild-type
nor 13xS/T->A DEPTOR decreased in expression upon serum stimulation of cells (compare
Figures 4B and S3E), suggesting that the machinery that degrades DEPTOR is readily
saturated. Consistent with this, stable and modest 2-5 fold overexpression of epitope-tagged
wild-type DEPTOR severely inhibited the loss of endogenous DEPTOR that normally occurs
upon serum stimulation (Figure S3F). Because overexpression of DEPTOR impaired the
regulation its expression (Figure S3E-F), we focused on other functions for DEPTOR
phosphorylation that could be relevant to DEPTOR turnover and, in particular, examined the
potential role of DEPTOR phosphorylation on regulating the DEPTOR-mTOR interaction.
Compared to wild-type DEPTOR, the 13xS/T->A DEPTOR mutant bound better to mTOR
within mTORC1 and mTORC?2 (Figure 5A). These results suggest that the phosphorylation of
DEPTOR promotes its release from mTOR and correlates with its loss. In addition, experiments
described below indicate that DEPTOR phosphorylation is necessary to reverse the inhibitory
effects of DEPTOR on mTORC2 activity.

DEPTOR Overexpression Inhibits mTORCL1 but Activates PI3K/Akt Signaling

Because our loss-of-function experiments indicate that DEPTOR is an mTOR inhibitor, we
hypothesized that DEPTOR overexpression should suppress both the mTORC1 and mTORC2
pathways. Indeed, transient overexpression of wild-type DEPTOR, but not a control protein,
in MEFs reduced the phosphorylation of T389 of co-expressed S6K1, an established mTORC1
substrate, to a similar degree as overexpression of PRAS40, a known mTORC1 inhibitor
(Figure 5B). DEPTOR overexpression also strongly inhibited mTORC1 in MEFs lacking TSC2
or rictor (Figure 5B). Overexpression of just the PDZ domain of DEPTOR, the region of
DEPTOR that binds mTOR (Figure 1H), but not of the tandem DEP domains of DEPTOR,
also inhibited mTORCL signaling (Figure 5B).

In contrast to the expected effects we observed with regards to mTORC1, DEPTOR
overexpression led to an apparent increase instead of inhibition of mTORC?2 signaling as
monitored by Akt S473 phosphorylation (Figures 5C and Figure S4). We suspected that
because DEPTOR overexpression inhibits mMTORCL1, it relieves the inhibitory feedback signal
normally transmitted from mTORCL1 to PI3K. This would lead to hyperactive PI3K signaling,
which then overcomes the direct inhibitory effects of DEPTOR on mTORC?2, just as the
hyperactive rheb found in TSC2 null cells can overcome the inhibitory effects of PRAS40 on
MTORC1 (Sancak et al., 2007). Consistent with this interpretation, overexpression of
DEPTOR, like that of PRAS40, not only caused an increase in the phosphorylation of Akt at
S473 but also at T308, the PDK1-catalyzed site which serves as a read-out of PI3K activity
(Alessi, 2001) (Figure 5C and Figure S4). The activation of Akt by DEPTOR overexpression
was not observed in the absence of serum, as expected from the known requirement for growth
factors for mTORCL1 to PI3K feedback signaling (O'Reilly et al., 2006) (Figure 5D). As was
the case with wild-type DEPTOR, overexpression of the non-phosphorylatable DEPTOR
mutant inhibited mTORCL1 signaling (Figure 5B) and triggered feedback activation of PI3K
as detected by T308 phosphorylation of Akt (Figure 5C). However, unlike wild-type DEPTOR,
the 13xS/T->A DEPTOR mutant did not promote Akt phosphorylation on S473, indicating
that PI3K activation cannot activate mMTORC2 when DEPTOR cannot be phosphorylated
(Figure 5C).

We propose that the effects of DEPTOR overexpression on the mTOR pathway—inhibition
of MTORCL1 signaling but activation of mMTORC2 signaling— result from DEPTOR-mediated
inhibition of MTORCL, which then leads to the hyperactivation of PI3K and Akt. In agreement
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with this model, in many cell types treatment with rapamycin or overexpression of PRAS40
(Figure 5C) has similar effects on mTOR signaling as DEPTOR overexpression (O'Reilly et
al., 2006; Sarbassov et al., 2006). However, both rapamycin and PRAS40 are predominantly
mTORC1 inhibitors, while our loss of function data indicates that DEPTOR inhibits mTORC1
and mTORC2. To gain evidence that a dual mMTORC1 and mTORC?2 inhibitor can also lead to
a stable cell state characterized by inhibition of mMTORC1 signaling but and activation of PI3K/
mTORC2/Akt signaling we explored the time- and dose-dependent effects of the mMTOR
inhibitor Torinl (Thoreen et al., 2009). As expected, acute Torinl treatment of cells for 10
minutes led to a dose-dependent inhibition of both mTORC1 and mTORC?2 signaling, as
monitored by S6K1 and Akt phosphorylation, respectively (Figure 5E). By 48 hours of Torinl
treatment, however, mTORCL1 signaling was still inhibited but was now accompanied by
increased T308 and S473 Akt phosphorylation and IRS-1 levels, molecular phenotypes
consistent with the loss of the inhibitory feedback signal from mTORC1 to the PI3K pathway
(Figure 5E). At a higher concentration (250 nM) of Torinl, Akt T308 phosphorylation and
IRS-1 expression were very high indicating that, at this dose, PI3K signaling was still
hyperactive. However, like overexpression of a non-phosphorylatable DEPTOR mutant
(Figure 5C), the higher dose of Torinl eliminated Akt S473 phosphorylation, revealing that
mTORC2 was now fully inhibited. PP242, a distinct ATP-competitive inhibitor of mTOR
(Feldman et al., 2009), had similar time- and dose-dependent effects on mTOR and PI3K
signaling as Torinl (Figure S5). Thus, because of the inhibitory feedback signal from mTORC1
to the PI3K pathway, partial mTOR inhibition caused by either DEPTOR overexpression or
chemical inhibitors leads to an asymmetrical state of mTOR signaling characterized by an
inhibition of MTORCL but an activation of mMTORC2-dependent outputs.

In a Subset of Multiple Myelomas DEPTOR Overexpression is Necessary for Akt Activation
and Cell Survival

The dynamic nature of DEPTOR expression and the interesting consequences of DEPTOR
overexpression on mTORCL1 and PI3K/mTORC2/Akt signaling prompted us to examine the
levels of DEPTOR mRNA in databases of transcriptional profiles of human tumors and cancer
cell lines. Consistent with mTORC1 and mTORC2 being active in many cancers (reviewed in
(Sabatini, 2006)), the levels of DEPTOR mRNA were significantly lower in most cancer types
compared to the normal tissues from which they are derived (Figure 6A, Table S1).
Anomalously, this was not the case for Multiple Myelomas (MM), a malignancy of antibody-
producing plasma cells (reviewed in (Kuehl and Bergsagel, 2002)), in which the DEPTOR
MRNA is overexpressed (Figure 6A, Table S1).

To expand upon these findings, we measured DEPTOR mRNA levels in a collection of 581
human Multiple Myelomas and found that 28% (160/581) of the MMs had mRNA levels that
were 4-fold or greater than those in normal plasma cells (see methods and Table S1). Multiple
Myelomas can be grouped into two broad types: (1) hyperdiploid MMs, which are associated
with multiple trisomies of 8 chromosomes and bi-allelically deregulate Cyclin D1/D2 mRNA
expression, and (2) non-hyperdiploid MMs, which mono-allelically deregulate Cyclin D1/D3,
c-MAF/MAFB, or FGFR3/MMSET expression through translocation events involving these
genes (Bergsagel et al., 2005) (In Figure 6B these two types are referred to as “Bi-allelic
deregulation” and “Translocation”). We noted that many of the MMs with high levels of
DEPTOR mRNA were of the non-hyperdiploid type and had translocations involving the genes
for Cyclin D1 or D3, or, in particular, for the c-MAF or MAFB transcription factors (Table
S1). In these MMs, the mean level of DEPTOR mRNA is significantly higher than in those
without the translocations (Figure 6B).

We next examined DEPTOR mRNA and protein expression and mTORC1 and PI3K/
mTORC2/Akt signaling in a set of MM cell lines. Many MM cell lines, particularly those with
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c-MAF/MAFB translocations, have levels of DEPTOR protein and mRNA expression that are
many folds greater than those found in non-MM cancer cell lines, such as HeLa and PC3 cells
(Figures 6D, S6A-B, and Table S1). Consistent with our exogenous DEPTOR overexpression
studies (Figure 5), DEPTOR expression across the cell lines correlated positively with the
phosphorylation of Akt on T308 and S473 (PDK1/PI3K and mTORC?2 outputs, respectively),
but negatively with S6K1 T389 phosphorylation (an mTORC1 output) (Figure 6C). The sole
exception was the A47 cell line, which is one of the few MM cell lines that lack PTEN and
thus has high levels of S6K1 and Akt phosphorylation (Figure 6C). Remarkably, the MM cell
lines with high DEPTOR expression had levels of S473, and, particularly, T308 Akt
phosphorylation comparable to those in the PTEN-null A47 cell line.

As PTEN inactivation and PI3K-activating mutations are rare in MM (Chang et al., 2006)
(Kuehl et al., unpublished), we considered the possibility that overexpression of endogenous
DEPTOR might also be a mechanism to promote activation of PI3K and Akt and cell survival
in a subset of human MMs. To test this, we used RNAI to suppress the very high levels of
DEPTOR expression in 8226 and OCI-MY5 Multiple Myeloma cell lines to levels comparable
to those in HeLa cells (Figure 6D). DEPTOR suppression led to an increase in mTORC1
activity as detected by S6K1 T389 phosphorylation, IRS1 levels, and IRS1 phosphorylation,
but to a drop in PI3K/PDK1 and mTORC2 outputs as measured by T308 and S473 Akt
phosphorylation, respectively (Figure 6E). Even though the DEPTOR knockdown decreased
the cellular levels of phospho-S473 Akt, it caused an increase in the in vitro kinase activity of
mTORC2 isolated from the DEPTOR knockdown cells (Figure S7), a result consistent with
DEPTOR being a negative regulator of mTORC2 kinase activity (Figure 2D). DEPTOR
suppression had similar inhibitory effects on T308 and S473 Akt phosphorylation in OCI-MY5
cells except that in this cell line IRS-1 was not detected and decreased Akt phosphorylation
instead correlated instead with a loss of PDGFR-f levels (Figure 6E, see also Figure S8). Lastly,
co-knockdown of raptor with DEPTOR partially reversed the effects of the DEPTOR
knockdown on T308 and S473 Akt phosphorylation, suggesting that mMTORC1 activation
mediates the reduction in PI3K signaling seen in the 8226 cells upon a reduction in DEPTOR
expression (Figure S9).

Consistent with the pro-survival role of PI3K/Akt signaling, suppression of DEPTOR in 8226
cells abolished cell proliferation over a 7-day culture period (Figure 6F) and caused apoptosis
as detected by the presence of numerous cell fragments in the culture media (Figure 6G) and
increased cleaved caspase-3 and PARP (Figure 6H). Thus, in a subset of Multiple Myeloma
cell lines, high expression of DEPTOR contributes to Akt activation and is an endogenous
mechanism for maintaining cell survival.

Because PI3K/mTORC2/Akt signaling represses DEPTOR mRNA levels (Figures 4F-G and
Figures S2A-B), we wondered how certain Multiple Myeloma cells can keep DEPTOR at
elevated levels in the face of hyperactive PI3K signaling. DEPTOR mRNA levels are highest
in MM tumors and cell lines in which chromosomal translocations cause the overexpression
of c-MAF or MAFB. Moreover, a transcriptional profiling study shows that DEPTOR is highly
induced upon forced MAFB overexpression (Hurt et al., 2004; van Stralen et al., 2009). To
test if deregulated overexpression of c-MAF or MAFB drives DEPTOR expression, we used
RNAI to reduce c-MAF expression in 8226 cells, a MM cell line with a translocation involving
the c-MAF gene (Chesi etal., 1998). Indeed, loss of c-MAF substantially diminished DEPTOR
mRNA and protein levels and, by activating mTORCL1 and inhibiting mTORC2 outputs,
recapitulated the effects of a DEPTOR knockdown on the mTOR pathway (Figure 61, 6J). As
expected, the knockdown of c-MAF decreased the expression of the mRNA for Integrin B7, a
known c-MAF target (Figure 61). These results are consistent with deregulated overexpression
of c-MAF or MAFB driving DEPTOR expression to high levels and, thus, hyperactivating
PI13K signaling.
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DISCUSSION

Our loss of function data indicate that DEPTOR inhibits both the mTORC1 and mTORC2
pathways. However, by inhibiting mTORC1, DEPTOR overexpression relieves mTORC1-
mediated inhibition of PI3K, causing an activation of PI3K and, paradoxically, of mTORC2-
dependent outputs, like Akt.

mMTOR interacts with DEPTOR via its PDZ domain and so far there is no information about
the function of the tandem DEP domains the protein also contains. In other proteins DEP
domains mediate protein-protein interactions (Ballon et al., 2006; Yu et al., 2007), but in
numerous DEPTOR purifications we have failed to identify additional DEPTOR-interacting
proteins besides the known components of mMTORC1 and mTORC2 (data not shown).
Therefore, based on our current evidence, DEPTOR appears dedicated to mTOR regulation,
and we propose that in vertebrates it is likely to be involved in regulating other outputs of the
mTOR signaling network besides the growth and survival pathways we have examined. The
mTOR complexes and DEPTOR negatively regulate each other, suggesting the existence of a
feedforward loop in which the loss of DEPTOR leads to an increase in mTOR activity, which
then further reduces DEPTOR expression. This type of regulatory circuit should result in
DEPTOR expression being tightly coupled to mTOR activity, and, interestingly, we have noted
that DEPTOR mRNA levels strongly anti-correlate with cell size, a readout of mMTORC1
activity (Figure S6B).

We find that about 28% of human Multiple Myelomas (MM) overexpress DEPTOR. Our
results are consistent with a published survey of 67 MM tumors and 43 MM cell lines, in which
21% were shown to possess copy humber gains and associated expression increases of the
genes within a 6 Mb region of chromosome 8q24 that contains DEPTOR (Carrasco et al.,
2006). Furthermore, it appears that deregulated overexpression of c-MAF and MAFB is an
additional, perhaps even more prevalent, mechanism for increasing DEPTOR expression in
MMs. The related c-MAF and MAFB transcription factors are expressed—frequently as the
result of chromosomal translocations—in a large fraction of MMs, but not in the plasma cells
from which they are derived (reviewed in (Eychene et al., 2008)). Consistent with c-MAF
playing a key role in promoting DEPTOR expression, a knockdown of c-MAF in a MM cell
line having a c-MAF translocation decreases the expression of DEPTOR and mimics the effects
of a DEPTOR knockdown on mTOR and PI3K signaling. The levels of the DEPTOR and c-
MAF or MAFB mRNAs highly correlate with each other (van Stralen et al., 2009) and,
importantly, DEPTOR expression correlates with poor survival in patients with Multiple
Myeloma (Carrasco et al., 2006).

In many Multiple Myeloma cell lines DEPTOR is massively overexpressed compared to the
levels found in other cancer cell lines, such as HeLa cells. In these cells, the great
overexpression of DEPTOR inhibits mTORCL1 growth signaling and drives outputs dependent
on PI3K. Interestingly, a reduction in DEPTOR expression to the lower levels seen in non-
Multiple Myeloma cell lines causes cell death via apoptosis. This suggests that a
pharmacologically induced reduction in DEPTOR expression or disruption of the DEPTOR-
mTOR interaction could have therapeutic benefits for the treatment of Multiple Myeloma.
There has been progress in developing small molecule inhibitors of protein-protein interactions
mediated by PDZ domains (Daw et al., 2000; Fujii etal., 2007), so it is conceivable that blockers
of the DEPTOR-mTOR interaction could be made.

Although a number of other cancer cell lines have high levels of DEPTOR (data not shown),
as a class only Multiple Myelomas appear to consistently overexpress it. Besides activating
PI3K/Akt signaling, DEPTOR overexpression in MM cells may provide these cells with
benefits that are not relevant in other cancer types or perhaps even detrimental. For example,
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the high demand that MM cells place on the protein synthesis machinery to produce large
amounts of immunoglobulins (reviewed in (Shapiro-Shelef and Calame, 2004)), causes a
significant ER stress which renders these cells susceptible to apoptosis-induction via agents
which induce further ER stress, such as proteasome inhibitors (Lee et al., 2003; Meister et al.,
2007). DEPTOR overexpression, by partially inhibiting protein synthesis through the
suppression of mMTORC1, may reduce the levels of ER stress below the threshold that triggers
apoptosis. In contrast, in other cancer cells in which ER stress is not a significant factor,
DEPTOR overexpression may be selected against because reduced rates of protein synthesis
may not be tolerated. That mMTORC1-stimulated protein synthesis leads to ER stress is already
appreciated as TSC1 or TSC2 null cells have increased sensitivity to ER stress-induced death
(Ozcan et al., 2008).

It is curious that DEPTOR is overexpressed mostly in MMs characterized by chromosomal
translocations instead of those which are hyperdiploid because of aneuploidy (Figure 6B)
(Bergsagel et al., 2005). Elevated DEPTOR expression might be tolerated better in the non-
hyperdiploid MMs because aneuploidy itself increases sensitivity to conditions, like mTORC1
inhibition, that interfere with protein synthesis (Torres et al., 2007). Moreover, the state of high
mTORC2 and low mTORCL1 signaling that our work indicates some MM cells prefer, cannot
be achieved by mutations that activate PI3K signaling, perhaps explaining why Multiple
Myelomas exhibit low rates of PTEN-inactivating or PI3K-activating mutations (Chang et al.,
2006)(Kuehl et al., unpublished).

EXPERIMENTAL PROCEDURES

Materials

Reagents were obtained from the following sources: rabbit polyclonal antibodies to DEPTOR
(09-463), raptor (09-217), Akt (05-591), and phospho-S877 raptor (09-107) from Upstate/
Millipore; mouse monoclonal antibody to DEPTOR from Novus Biologicals; mouse
monoclonal antibodies to rictor and raptor from Assay Designs; antibodies to mTOR, p-catenin,
actin, S6K1, c-MAF, as well as HRP-labeled anti-mouse, anti-goat, and anti-rabbit secondary
antibodies from Santa Cruz Biotechnology; antibodies to phospho-T389 S6K1, phospho-T37/
T46 4E-BP1, phospho-S473 Akt/PKB, phospho-T308-Akt, phospho-T346-NDRG1, phospho-
S307-IRS-1, IRS-1, PTEN, TSC2, 4E-BP1, cleaved caspase-3, PARP, PDGFR- 3, and the c-
MY C epitope from Cell Signaling Technology; antibodies to rictor, HA, c-MYC from Bethyl
Laboratories; Flag M2 affinity gel, Flag M2 antibody and SGK1 antibodies, ATP, and SYBR
Green JumpStart Taq ReadyMix from Sigma Aldrich; mouse monoclonal antibody to mTOR
and recombinant IL-6 from BD Pharmingen; protein G Sepharose and anti-sheep secondary
antibody from Pierce; DMEM from SAFC Biosciences; rapamycin from LC Labs; MG-132
from Biomol; PreScission protease from Amersham Biosciences; pTREQ Tet-On vector from
Clontech; Adenoviral CRE and GFP from University of lowa Gene Transfer Vector Core;
FUGENE 6 and Complete Protease Cocktail from Roche; 4E-BP1 from A.G. Scientific;
SuperScript Il Reverse Transcriptase, Platinum Pfx Polymerase, SimplyBlue Coomassie G,
Silverquest Staining Kit, and inactivated fetal calf serum (IFS) from Invitrogen. An antibody
to NDRG1 was kindly provided by Dario Alessi (University of Dundee, UK). We have found
that the phospho-S877 raptor antibody also recognizes immunoprecipitated phosphorylated
DEPTOR and can be used to read out the DEPTOR phosphorylation state.

Cell Lines and Cell Culture

HEK-293E cells were kindly provided by John Blenis (Harvard Medical School). HeLa,
HEK-293E, HEK-293T, HT-29, U87, PC3, MD-MBA-435, and MEFs were cultured in
DMEM with 10% Inactivated Fetal Bovine Serum (IFS). The Human Multiple Myeloma cell
lines: FR4, XG-7, U266, KMS-12BM, KMS-12PE, PE2, 8226, OCI-MY5, KMS-28BM were
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provided by the Kuehl lab. The EJM, MM-18S, JIN-3, and A47 Human Multiple Myeloma cell
lines were kindly provided by Ken Anderson (Dana Farber Cancer Institute). Human Multiple
Myeloma cell lines were cultured in RPMI-1640 with 10% Fetal Bovine Serum (FBS)
supplemented with 2 mM glutamine. XG-7 cells were additionally supplemented with 2 ng/
ml IL-6. TSC2—/—, p53—/— and TSC2+/+, p53—/— MEFs were kindly provided by David
Kwitakowski (Harvard Medical School). PTEN LoxP/LoxP MEFs were generated from PTEN
LoxP/LoxP mice kindly provided by Hong Wu (UCLA). To produce PTEN —/—and PTEN +/
+ MEFs, 1 pl of Adenoviral CRE or Adenoviral GFP at a titer of 1x1010 PFU/mL was added
to 500,000 PTEN LoxP/LoxP MEFs. Cell lysates were generated 5 days post-infection. The
HelLa cell line with doxycycline-inducible DEPTOR expression was generated by retroviral
transduction of HeLa that were previously modified to express rtTA with an inducible
DEPTOR cDNA.

cDNA Manipulations, Mutagenesis, and Sequence Alignments

The cDNA for DEPTOR (NCBI gene symbol: DEPDCS6) in the pCMV6-XL4 vector was
obtained from Origene. The DEPTOR cDNA was amplified by PCR and the product subcloned
into the Sal 1 and Not 1 sites of pRK5, the Xho I and Not | sites of pMSCV, or the BsiWI and
BstB I sites of pTREQ. All constructs were verified by DNA sequencing. The DEPTOR cDNA
in pRK5 was mutagenized using the QuikChange XLII mutagenesis kit (Stratagene) with
oliogonucleotides obtained from Integrated DNA Technologies. NCBI Blosum62 Blast
searches were used to identify blocks of similar sequence between DEPTOR orthologues.
Amino acid sequence alignment of the phosphorylated region of DEPTOR was performed
using ClustalX v1.81.

Mass Spectrometric Analysis

mTOR or FLAG immunoprecipitates prepared from 30 million HEK-293E cells were resolved
by SDS-PAGE, Coomassie G-stained, and gel bands were excised and processed as described
in (Sancak et al., 2007). In 4 independent experiments, a total of 12 peptides corresponding to
DEPTOR were identified while no DEPTOR peptides were identified in control purifications.

DEPTOR phosphorylation sites were identified by mass spectrometry of trypsin digested
FLAG-DEPTOR purified from HEK-293E or HEK-293T cells stably or transiently over-
expressing FLAG-DEPTOR. All putative phosphorylated residues on DEPTOR (highlighted
in BOLD) were detected on the following peptides (amino acid position according to NCBI
DEPDCG6 Protein Sequence NP_073620):

234 KSPSSQETHDSPFCLR 249
257 KSTSFMSVSPSK 268
278 RSSMSSCGSSGYFSSSPTLSSSPPVLCNPK 311

Label-free quantification of DEPTOR phosphorylation sites were performed using BioWorks
Rev3.3 software following methodology utilized in (Stokes et al., 2007).

Mammalian Lentiviral shRNAs

Lentiviral sShRNAs to human raptor, rictor, and mTOR were previously described (Sarbassov
et al., 2005b). All other shRNAs were obtained from the collection of The RNAi Consortium
(TRC) at the Broad Institute (Moffat et al., 2006). These shRNAs are named with the numbers
found at the TRC public website:

(http://www.broad.mit.edu/genome_bio/trc/publicSearchForHairpinsForm.php)
Human DEPTOR_1 shRNA: TRC candidate; NM_022783.1-877s1cl
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Human DEPTOR_2 shRNA: TRC candidate; NM_022783.1-1101s1cl
Human TSC2_1 shRNA: TRCN0000040178; NM_000548.2-4551s1cl
Human PTEN_1 shRNA: TRCN0000002746; NM_000314.x-1320s1cl
Mouse DEPTOR_1 shRNA: TRCN0000110157; NM_145470.1-1164s1cl
Mouse DEPTOR_2 shRNA: TRCN0000110159; NM_145470.1-1165s1cl
Mouse TSC2_1 shRNA: TRCN0000042727; NM_011647.1-1843s1cl
Human SGK1_1 shRNA: TRCN0000040175; NM_005627.2-964s1c1
Human SGK1_2 shRNA: TRCN0000040176; NM_005627.2-252s1c1
Human c-MAF_1 shRNA: TRCN0000000255; NM_005360.x-1839s1c1
Human c-MAF_2 shRNA: TRCN0000000257; NM_005360.x-1067s1c1

shRNA-encoding plasmids were co-transfected with the Delta VPR envelope and CMV VSV-
G packaging plasmids into actively growing HEK-293T using FUGENE 6 transfection reagent
as previously described (Sarbassov et al., 2005b). Virus containing supernatants were collected
at 48 hours after transfection, filtered to eliminate cells, and target cells (e.g., 300,000 HeLa
cells or 500,000 8226 cells) infected in the presence of 8 pg/ml polybrene. For 8226 cells,
infected cells were spun at 300g for 1.5 hours before incubating at 37°C for 24 hours. For all
cell types, 24 hours after infection, the cells were split into fresh media (e.g., DMEM/10%IFS
for HeLa/MEFs; RPMI/10%FBS for 8226/0CI-MY5), selected with 1 pg/ml puromycin. Five
days post-infection, sShRNA-expressing cells were analyzed or split again and analyzed 2-3
days later. For adherent cell lines, ShRNA-expressing cells were analyzed at 50-75%
confluence.

Cell Lysis and Immunoprecipitations

All cells were rinsed with ice-cold PBS before lysis. All cells, with the exception of those used
to isolate mTOR-containing complexes, were lysed with Triton-X 100 containing lysis buffer
(40 mM HEPES [pH 7.4], 2 mM EDTA, 10 mM sodium pyrophosphate, 10 mM sodium
glycerophosphate, 150 mM NaCl, 50 mM NaF, 1% Triton-X 100, and one tablet of EDTA-
free protease inhibitors [Roche] per 25 ml). The soluble fractions of cell lysates were isolated
by centrifugation at 13,000 arpm for 10 min in a microcentrifuge. For immunoprecipitations,
primary antibodies were added to the lysates and incubated with rotation for 1.5 hr at 4°C. A
50% slurry of protein G Sepharose (60 pl) was then added, and the incubation continued for
an additional 1 hr. Immunoprecipitated proteins were denatured by the addition of 20 pl of
sample buffer and boiling for 5 min, resolved by 4%-12% SDS-PAGE, and analyzed by
immunoblotting as described (Kim et al., 2002). To observe gel mobility shifting in DEPTOR,
8% Tris Glycine gels (Invitrogen) were used. For all other applications, 4-12% Bis-Tris gels
(Invitrogen) were used. For immunoprecipitations of mTOR containing complexes, cells were
lysed in ice-cold CHAPS-containing lysis buffer lacking added NaCl (40 mM HEPES [pH
7.4], 2 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 0.3% CHAPS, and one
tablet of EDTA-free protease inhibitors [Roche] per 25 ml). Immunoprecipitates were washed
once each in the CHAPS lysis buffer and twice with CHAPS lysis buffer containing 150 mM
NaCl such that the immunopurified material would be rinsed in a solution with a
phyisiologically-relevant salt concentration. When specified, the latter two washes contained
0 mM or 500 mM NacCl.

In Vitro Kinase Assay For mTORC1 and mTORC2 Activities

For kinase assays, immunoprecipitates were washed once in CHAPS lysis buffer followed by
two additional washes in CHAPS lysis buffer containing 150 mM NaCl. Immunoprecipitates

Cell. Author manuscript; available in PMC 2010 May 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 13

were then washed twice in 25 mM HEPES (pH 7.4), 20 mM KCI. Kinase assays were performed
as described (Sancak et al., 2007).

cDNA Transfection-based Experiments

To examine the effects on mTOR signaling of DEPTOR overexpression, 500,000 HeLa;
300,000 p53—/- or rictor —/—, p53—/—; or 200,000 TSC2—/—, p53—/—regularly passaged (every
2-3 days) cells were plated in 6 cm culture dishes in DMEM/10%IFS. 12 hours later, cells
were transfected with the pRK5-based cDNA expression plasmids indicated in the figures in
the following amounts: 2 pg for all FLAG tagged cDNAs and 200 ng of HA-GST S6k1 or
Aktl. All cells were lysed at 50-75% confluence 24 hours after transfection.

Gene Expression and Mutation Analysis in Human Cancers and Cancer Cell Lines

For quantification of DEPTOR, Integrin 37, and GAPDH mRNA expression in HeLa, PC3, or
8226 cell lines, total RNA was isolated from cells grown in the indicated conditions and
reverse-transcription was performed. The resulting cDNA was diluted in DNase-free water
(1:25) before quantification by real-time PCR. mRNA transcript levels were measured using
Applied Biosystems 7900HT Sequence Detection System v2.3 software. Data are expressed
as the ratio between the expression of DEPTOR or Integrin B7 and the housekeeping gene
GAPDH. The following primers were used for quantitative real-time PCR:

DEPTOR (H. sapiens):

Forward: TTTGTGGTGCGAGGAAGTAA
Reverse: CATTGCTTTGTGTCATTCTGG
GAPDH (H. sapiens):

Forward: CTCTCTGCTCCTCCTGTTCGAC
Reverse: TGAGCGATGTGGCTCGGCT
Integrin B7 (H. sapiens):

Forward: TGGAGCGCTGCCAGTCACCATT
Reverse: CGTCTGAAGTGAACACCAGCAGC

For meta-analysis of DEPTOR mRNA expression in human cancers, “DEPDC6” was searched
in NCBI GEO and Oncomine gene expression data repositories. Only those studies where data
from primary human tumors could be compared with matched unaffected tissue were
considered further. Fold change in DEPTOR mRNA was measured by taking the quotient of
the mean level of DEPTOR mRNA in unaffected tissue versus that of the tumor sample.
Statistical significance was measured by one-tailed, unequal variance T test. Only those studies
with p<0.05 were included in the final analysis.

RNA isolation from primary Multiple Myelomas has been described (Zhan et al., 2002).
Normalized DEPTOR mRNA expression was clustered according to the translocation/Cyclin
D groups classified in (Bergsagel et al., 2005). The Multiple Myeloma gene expression data
used in this study was generated on an Affymetrix U133_Plus_2 platform and can be found in
its entirety in the NCBI GEO database with the following identifiers: GSE2658 for 559 newly
diagnosed, untreated tumors and GSE5900 for 22 normal plasma cells, 12 smoldering
myeloma, and 44 MGUS. Human Myeloma cell line mMRNA data have been deposited in an
MMRC genomics portal website that is sponsored by the MMRF
(www.broad.mit.edu/mmgp).
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PTEN mutation status in human cancer cell lines can be found at the following URL:
http://www.sanger.ac.uk/genetics/CGP/CellLines/.

Live Cell Imaging

8226 cells grown in 12 well dishes were imaged at 20x magnification using a Canon Powershot
5 Megapixel digital camera.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DEPTOR is an mTOR-Interacting Protein
(A) Silver stain of SDS-PAGE analysis of mTOR immunoprecipitates prepared from

HEK-293E cells.

(B) Schematic representation of structural features of human DEPTOR and its mouse and
chicken orthologues.

(C) Endogenous mTOR, raptor, and rictor co-immunoprecipitate with epitope-tagged
DEPTOR. FLAG immunoprecipitates from HEK-293E cells expressing FLAG-DEPTOR,
FLAG-PRAS40, or FLAG-tubulin were analyzed by SDS-PAGE followed by silver staining.
(D) Interaction of endogenous DEPTOR with endogenous mTORC1 and mTORC2 is sensitive
to high salt-containing buffers. mTOR, raptor, rictor, or actin immunoprecipitates were
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prepared from HEK-293E cells, washed with buffers containing indicated amounts of NaCl
and analyzed by SDS-PAGE followed by immunoblotting for indicated proteins.

(E) Endogenous DEPTOR co-immunoprecipitates endogenous mTOR. DEPTOR
immunoprecipitates were prepared from HelLa cells, washed in a buffer containing 150 mM
NaCl, and analyzed as in (D).

(F) DEPTOR interacts with mTOR and not mLST8/GpL. Indicated cDNAS in expression
vectors were co-expressed in HEK-293T cells, cell lysates prepared, and used to prepare anti-
HA immunoprecipitates and anti-myc immunoprecipitates. Both immunoprecipitates and cell
lysates were analyzed as in (D).

(G) Myc-tagged mTOR, its indicated fragments, or rap2a were co-expressed in HEK-293T
cells with FLAG-DEPTOR, and anti-myc immunoprecipitates were analyzed as in (D).

(H) The PDZ domain of DEPTOR interacts with mTOR. FLAG-tagged DEPTOR, its
fragments, or metap2 were co-expressed in HEK-293T cells with myc-mTOR, and anti-FLAG
immunoprecipitates were analyzed as in (D). Asterisks (*) indicate non-specific bands.

(1) Schematic indicating the regions of mMTOR and DEPTOR that mediate their interaction. The
abbreviations for and residues that define known mTOR domains are: HEAT Repeats, 1-1382;
FAT, 1383-2014; R (FKBP12-Rapamycin Binding), 2015-2114; KD (P13K-like Kinase
Domain), 2115-2431; C (FATC), 2432-2549.
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Figure 2. DEPTOR Depletion in Cells Activates mMTORC1 and mTORC2 signaling and In Vitro

Kinase Activities

(A) Knockdown of DEPTOR activates the mTORC1-S6K1 pathway. HeLa cells or p53—/—
MEFs were infected with lentiviruses expressing ShRNAS targeting the indicated genes. Cell
lysates were analyzed by immunoblotting for the levels of the indicated proteins and

phosphorylation states.

(B) Knockdown of DEPTOR activates mTORC1 kinase activity towards S6K1 and 4E-BP1.
HeL a cells were infected with lentiviruses expressing ShRNAs targeting the indicated genes.
mTOR immunoprecipitates were prepared from cell lysates (1 mg total protein) and analyzed
for mTORCL1 kinase activity toward S6K1 and 4E-BP1 and for levels of mTOR, raptor, and

DEPTOR.

(C) Knockdown of DEPTOR activates the mTORC2-Akt pathway. The experiment was
performed as in (A) except that Akt phosphorylation and levels were measured.
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(D) Knockdown of DEPTOR activates mTORC2 kinase activity towards Aktl. The experiment
was performed as in (B) except that mTORC?2 activity towards Akt was measured.
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Figure 3. DEPTOR Depletion Increases Cell Size and Protects Cells from Apoptosis Induced by

Serum Deprivation
(A) Knockdown of DEPTOR increases cell size in an mTORC1-dependent fashion. Cell size

distributions (graphs) and S6K1 phosphorylation (immunoblot) are shown for HeLa cells stably
expressing sShRNAs targeting DEPTOR or luciferase. Where indicated, cells were pre-treated
with 100 nM rapamycin or vehicle before infection. 72 hours after infection, cell size was
measured using a Coulter counter.

(B) A knockdown of DEPTOR has similar effects on cells size as a TSC2 knockdown. p53
null MEFs were infected with sShRNAs and cell size measured as in (A).

(C) DEPTOR knockdown protects against apoptosis induced by serum withdrawal. HeLa cells
expressing shRNAs targeting luciferase or DEPTOR were grown in media containing the
indicated concentrations of serum for 30 hours. Cell lysates were then analyzed by
immunoblotting for the levels of the indicated proteins and phosphorylation states.

(D) mTOR inhibition re-sensitizes DEPTOR knockdown cells to apoptosis induced by serum
withdrawal. HeLa cells expressing sShRNAs targeting luciferase or DEPTOR were serum
deprived for 30 hours in the presence of 100 nM rapamycin, 250 nM Torinl, or vehicle. Cell
lysates were then analyzed as in (C).

(E) Rictor but not raptor inhibition re-sensitizes DEPTOR knockdown cells to apoptosis
induced by serum withdrawal. HeLa cells co-expressing ShRNAs targeting luciferase or
DEPTOR along with shRNAs targeting luciferase or rictor or raptor were serum deprived for
30 hours. Cell lysates were then analyzed as in (C).

(F) SGK1 inhibition re-sensitizes DEPTOR knockdown cells to apoptosis induced by serum
withdrawal. HeLa cells co-expressing ShRNAs targeting luciferase or DEPTOR along with
shRNAs targeting luciferase or SGK1 were analyzed as in (C).
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Figure 4. mTOR Negatively Regulates DEPTOR Protein and mMRNA Expression

(A) Serum starvation and stimulation regulates DEPTOR protein expression. HeLa cells were
serum starved for 30 hours and stimulated with serum (10% final concentration) for the
indicated times. Cell lysates were analyzed by immunoblotting for the levels of indicated
proteins and phosphorylation states.

(B) DEPTOR amounts in mTORC1 and mTORC2 correlate with its expression within cells.
HelLa cells were serum starved for 30 hours and stimulated with serum (10% final
concentration) for the indicated times. Cell lysates and raptor and rictor immunoprecipitates
were analyzed by immunoblotting for indicated proteins.

(C) DEPTOR protein expression is downregulated in cancer cell lines with constitutive mTOR
signaling. Cell lines were seeded at equal density and grown in the presence or absence of
serum for 30 hours and cell lysates analyzed as in (A).

(D) DEPTOR protein expression is downregulated in PTEN null or TSC2 null MEFs. Indicated
MEF lines were seeded at equal density and grown in the presence or absence of serum for 30
hours and cell lysates analyzed for levels of DEPTOR, PTEN, TSC2, and raptor. An asterisk
(*) indicates a non-specific band.

(E) Rapamycin treatment partially and Torinl treatment fully rescues the serum-induced
decrease in DEPTOR protein. HeLa cells were serum-deprived for 30 hours, and then
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stimulated with serum in the presence of 100 nM rapamycin, 250 nM Torin1, or vehicle for
the specified times. Cell lysates were analyzed as in (A).

(F) Regulation of DEPTOR protein and mRNA expression. HeLa cells were serum-deprived
for 30 hours, and then stimulated with serum in the presence of 100 nM rapamycin, 10 uM of
MG132, 250 nM Torinl, or vehicle for the specified times. Cell lysates were analyzed by
immunoblotting for the levels of indicated proteins and phosphorylation states. DEPTOR
mRNA was measured by qRT-PCR and normalized to GADPH mRNA levels. Error bars
indicate standard deviation for n=3.

(G) Reductions in raptor or rictor expression increase DEPTOR protein and mRNA levels.
Five days after transductions with raptor or rictor SARNA-expressing lentiviruses, HeLa cells
were lysed and analyzed as in (A). DEPTOR mRNA was prepared and analyzed as in (F).
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Figure 5. DEPTOR Overexpression Inhibits mTORCL1 but Activates PI13K/Akt Signaling

(A) The 13xS/T->A DEPTOR mutant binds mMTORC1 and mTORC2 more tightly than wild-
type DEPTOR. HEK-293T cells were transfected with 500 ng of expression vectors encoding
the indicated FLAG-tagged proteins for 48 hours. Raptor or rictor immunoprecipitates were
prepared from cell lysates, washed with buffers containing 150 mM NacCl, and analyzed along
with cell lysates by immunoblotting for indicated proteins.

(B) Overexpression of DEPTOR inhibits T389 phosphorylation of S6K1. HeLa cells or the
indicated p53—/— MEFS were cotransfected with expression plasmids encoding HA-GST-
S6K1 as well as the indicated FLAG-tagged proteins. Cell lysates were prepared 24 hours after
transfection and were analyzed by immunoblotting for the levels of the indicated proteins and
phosphorylation states.

(C) Overexpression of DEPTOR activates T308 and S473 Aktl phosphorylation. HeLa cells
were cotransfected with expression plasmids encoding HA-GST-Akt1 as well as the indicated
FLAG-tagged proteins. Cell lysates were analyzed as in (B).

(D) Overexpression of DEPTOR activates T308 and S473 Akt1 phosphorylation only in serum-
replete cells. HeLa cells were transfected as in (B), serum starved for 24 hours and stimulated
for the indicated times and cell lysates were analyzed as in (B).

(E) Partial inhibition of mTOR with Torinl inhibits S6K1 phosphorylation but activates PI3K/
mTORC2/Akt signaling. HeLa cells were treated with the specified concentrations of Torinl
or vehicle for either 10 minutes or 48 hours and cell lysates were analyzed as in (B).
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Figure 6. DEPTOR is Overexpressed in a Subset of Multiple Myeloma Cells and in these Cells
Activates PI3K/Akt signaling and Promotes Cell Survival

(A) DEPTOR mRNA expression is downregulated in most cancers, yet is up-regulated in
Multiple Myelomas. Relative DEPTOR mRNA expression in various cancer types versus
matched unaffected tissue was collated from publicly available microarray studies. For all
studies shown, p<0.05 for DEPTOR mRNA downregulation or upregulation by one-tailed T-
test.

(B) DEPTOR mRNA is mostly highly expressed in the subset of Multiple Myelomas which
possess Cyclin D1/D3 or c-MAF/MAFB translocations. DEPTOR mRNA levels were
normalized by the summed mean values of the housekeeping genes GAPDH, B-actin, and FIP
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(7 total probe-sets). Error bars indicate standard error for n=7. The differences in mean
DEPTOR mRNA levels between plasma cells and MMs with Cyclin D1, Cyclin D3, or c-MAF/
MAFB translocations are significant to at least p<0.005.

(C) Human Multiple Myeloma cell lines with high DEPTOR protein expression have activated
PI13K and suppressed mTORCL signaling. Cell lysates were analyzed by immunoblotting for
the levels of the indicated proteins and phosphorylation states. Cell lines with known
translocations of c-MAF or MAFB are indicated.

(D) RNAi-mediated knockdown of DEPTOR in 8226 and OCI-MY5 cells reduces DEPTOR
expression to levels similar to those in HelLa cells. Five days after transductions with ShRNA-
expressing lentiviruses, cells were lysed and as in (C).

(E) DEPTOR suppression in 8226 and OCI-MY5 cells activates mTORCL signaling, inhibits
IRS-1 or PDGFR-p expression, and reduces PI3K/mTORC2/Akt signaling. Five days after
transduction with shRNA-expressing lentiviruses, cells were lysed and analyzed as in (C).
(F) DEPTOR suppression markedly decreases 8226 cell number. Cell number was measured
at indicated time points with a Coulter Counter. Error bars indicate mean * standard deviation
for n=3 samples per time point.

(G) Representative 20x light microscopy images of 8226 cells expressing ShRNAs targeting
DEPTOR, GFP, or luciferase at day 8 post-infection.

(H) DEPTOR suppression causes apoptosis. Three days after transduction with ShRNA-
expressing lentiviruses, 8226 cells were lysed and analyzed as in (C). (I) A reduction in c-MAF
expression decreases DEPTOR mRNA levels. Five days after transduction of 8226 cells with
lentiviruses expressing the indicated ShRNAs, DEPTOR and Integrin B7 mRNA levels were
measured by gRT-PCR and normalized to GADPH mRNA levels. Error bars indicate standard
deviation for n=3.

(J) A c-MAF knockdown activates mTORCL1 and downregulates PI3K signaling. Five days
after transductions with shRNA-expressing lentiviruses, lysates of 8226 cells were analyzed
asin (C).
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