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Abstract

Prior work indicates DEPTOR expression in multiple
myeloma cells could be a therapeutic target. DEPTOR binds
to mTOR via its PDZ domain and inhibits mTOR kinase
activity. We previously identified a drug, which prevented
mTOR–DEPTOR binding (NSC126405) and induced mul-
tiple myeloma cytotoxicity. We now report on a related
therapeutic, drug 3g, which induces proteasomal degrada-
tion of DEPTOR. DEPTOR degradation followed drug 3g
binding to its PDZ domain and was not due to caspase
activation or enhanced mTOR phosphorylation of DEPTOR.
Drug 3g enhanced mTOR activity, and engaged the IRS-1/
PI3K/AKT feedback loop with reduced phosphorylation
of AKT on T308. Activation of TORC1, in part, mediated
multiple myeloma cytotoxicity. Drug 3g was more effective
than NSC126405 in preventing binding of recombinant
DEPTOR to mTOR, preventing binding of DEPTOR to mTOR

inside multiple myeloma cells, in activating mTOR and
inducing apoptosis in multiple myeloma cells. In vivo, drug
3g injected daily abrogated DEPTOR expression in xenograft
tumors and induced an antitumor effect although modest
weight loss was seen. Every-other-day treatment, however,
was equally effective without weight loss. Drug 3g also
reduced DEPTOR expression in normal tissues. Although no
potential toxicity was identified in hematopoietic or hepatic
function, moderate cardiac enlargement and glomerular
mesangial hypertrophy was seen. DEPTOR protected multi-
ple myeloma cells against bortezomib suggesting anti-
DEPTOR drugs could synergize with proteasome inhibitors
(PI). Indeed, combinations of drug NSC126405 þ bortezo-
mib were synergistic. In contrast, drug 3g was not and was
even antagonistic. This antagonism was probably due to
prevention of proteasomal DEPTOR degradation.

Introduction
Overexpression of the mTOR inhibitor DEPTOR occurs spe-

cifically in multiple myeloma tumor cells (1). In addition, DEP-
TOR knockdown in multiple myeloma lines is cytotoxic (1, 2),
suggesting DEPTOR could be a viable therapeutic target. In a
previous study (3), we described a novel inhibitor, NSC126405,
which bound to DEPTOR, prevented DEPTOR–mTOR binding
and induced anti-multiplemyeloma effects in vitro and in vivo.We
nowdescribe themolecular and anti-multiplemyeloma effects of

a chemically related compound which has the remarkable ability
of inducing rapid proteasomal degradation of DEPTOR.

Materials and Methods
Cell lines, plasmids, transfections

All lines were obtained from ATCC. shRNAs targeting raptor
and DEPTOR were described previously (3). The 13A mutant
DEPTOR construct was a kind gift from Timothy Peterson (1).
Lentiviral transduction of MM cell lines was as described (4).

Primary cells
As described previously (3), primary cells were purified from

marrow by negative selection using the RosettesSep antibody
mixture method. Purity was >99% plasma cells.

Binding between recombinant DEPTOR and mTOR
Beads containing anti-FLAG antibody were purchased from

Sigma (Catalog No. A2220) and bound to FLAG-taggedmTOR as
described (5). The pull-down assay exploiting these beads was
described previously (5). In short, purified GST-DEPTOR was
pretreated with increasing concentrations of drug NSC126405, or
drug 3g for 1 hour at 4�Cand subsequently added tomTOR-FLAG
beads and then incubated overnight at 4�C. Incubated beads were
washed and immunoblotted using anti-GST or anti-FLAG. The
immunoblots were quantified by densitometry (n ¼ 3) and the
amount of GST-DEPTOR/FLAG-mTOR was calculated.
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Photo-cross-linking assay
Photo-cross-linked NSC126405 or 3g were prepared as

described previously (6). Purified GST-tagged native or truncated
DEPTOR proteins were added to 20 mL of drug cross-linked or
control non-cross-linked beads. After incubating at 4�C for
24 hours, the beads were washed 3 times and bound proteins
eluted in 10% SDS-PAGE buffer at 100�C for 5 minutes. The
eluted proteins were resolved by SDS-PAGE and immunoblotted
using anti-GST antibodies.

Xenograft experiments
As described previously (3), 8226 cells were injected subcuta-

neously into NOD/SCID mice and randomized to receive intra-
peritoneal injections of drug or vehicle (DMSO). Tumor size was
measured daily during treatment. Treatment groups compared
drug 3g at 5 mg/kg/day versus DMSO or, separately, drug 3g at
20 mg/kg/day versus DMSO. A separate group of mice were
treated every other day. In addition, a bone marrow-based model
was used where luciferase-expressing 8226 multiple myeloma
cells (107/mouse) were injected intravenously into NOG mice.
After engraftment was confirmed by a positive bioluminescence
signal,micewere randomized into controls (DMSO injections) or
drug 3g–treated groups (5 or 10mg/kg daily i.p.�20 days). Total
bioluminescence was assessed as described previously (7). An
additional experiment utilized immunocompetent tumor-free
Balb/C mice injected intraperitoneally daily with a range of
concentrations of drug 3g versus DMSO. After 21 days, mice were
sacrificed and blood and organs retrieved for analysis.

Immunohistochemistry
Four-micrometer-thick sections of tissue blocks were cut and

stained using the Vectastain Elite ABCHRPKit (Vector) in a 2-step
IHC technique as described previously (8, 9). Antigen retrieval
was performed and slides were incubated with primary antibody
against phosphorylated p70 (1:500 dilution) from Invitrogen or
DEPTOR (1:750 dilution) from Novus.

Digital analysis
As described previously (8, 9), the IHC-stained sections were

digitized using an Aperio ScanScope CS, which obtains 40�
digital images with high resolution (0.45 mm/pixel). Images were
reviewed using an ImageScope (Aperio) to quantify marker
expression. An algorithm was developed for each tissue to quan-
tify total protein expression (positive pixel count algorithm). The
ImageScope allowed the setting of a threshold for color saturation
as well as upper and lower limits for intensities of weak-, mod-
erately-, and strong-positive pixels. The Aperio apparatus scans
the entireDEPTOR-stained tissue section, corresponding to a total
area of 10,000 mm2. Data are presented as total density
expression/mm2 calculated from a combination of intensity and
percent positive pixels. For each tissue assessed, 4 slides are
analyzed (1 for each mouse). The data in Fig. 5B are expressed
as mean � SE, n ¼ 4 (slides/organ).

Surface plasmon resonance
Drug 3g binding to recombinant DEPTOR was also assessed in

a surface plasmon resonance (SPR) assay as described previous-
ly (3). Briefly, recombinant DEPTOR was immobilized on a
BIAcore CM5 sensor chip and analyte solution was prepared in
a standard BIAcore buffer. Bindingwasmeasuredbyobserving the
change in the SPR angle as 30mLof analyteflowedover the sample

for 3 minutes at 10 mL/min. KD values were calculated with
BIAcore's BIAevaluation software, version 4.1.

Statistical analysis
To assess growth curves, tumor volumes were calculated as

mean� SEM. Repeated-measures analysis of variance was used to
determine statistical significance of differences between the
growth of tumors. Combinatorial indices were calculated as
described previously (10) using the Calcusyn software Version
1.1.1 (Biosoft). For all other analyses, the Student t test was used
to determine significance.

Results
Compound 3g is more effective than NSC126405

Drug NSC126405 was initially selected from a 2-yeast hybrid
screen designed to identify inhibitors of mTOR–DEPTOR bind-
ing. This small inhibitor is cytotoxic to high DEPTOR-expressing
multiple myeloma cell lines with an IC50 in the 1 to 4 mmol/L
range (3). We then synthesized 53 chemically modified deriva-
tives in an attempt to enhance anti-multiple myeloma effects. Of
these agents, compound 3g was found to have the greatest
therapeutic window as its IC50 against the 8226 multiple mye-
loma cell line decreased to 0.17 mmol/L without any increased
cytotoxicity against normal PBLs. Compound 3g is an N-aryl
derivative of NSC126405 (Fig. 1A) with a 3-trifluoromethylphe-
nyl substituent. Its synthesis is described in ref. 11. Fig. 1B demon-
strates the enhanced ability of compound 3g to induce cytotox-
icity to 8226multiplemyeloma cells, which overexpress DEPTOR
as a result of a MAF-translocation as DEPTOR is a transcriptional
target ofMAF (1). The IC50 for 8226 cells in theMTT assays shown
for drug 3g is approximately 0.12 mmol/L whereas NSC126405
had no significant effect at concentrations of 0.5 mmol/L or below
(MTT IC50 for NSC126405 against 8226 cells is approximately
1.2 mmol/L; ref. 3). Compound 3g is also more effective than
NSC126405 against OPM-2 and H929 multiple myeloma lines
with high DEPTOR expression (Fig. 1B). Apoptosis assays
(Fig. 1C) similarly demonstrate enhanced efficacy of compound
3g. As stated above, drug 3g has no significant effect on viability of
normal PBLs. In addition, the drug has no adverse effect on
normal hematopoietic colony formation or nonmyeloma cell
lines (Supplementary Fig. S1).

DEPTOR knockdown-induced multiple myeloma cytotoxicity
is prevented by TORC1paralysis (1, 4). To test if a similar effect on
TORC1 activity regulates drug 3g's anti-multiple myeloma effi-
cacy, we paralyzed TORC1 activity in 8226 cells by knocking
down RAPTOR (Fig. 1D). This prevented activation of TORC1,
monitored by p70 phosphorylation (Fig. 1D, bottom). TORC1-
paralyzed multiple myeloma cells were significantly protected
fromdrug 3g in terms ofMTT cytotoxicity and apoptosis (Fig. 1E).
These data confirm that acute activation of mTORC1 plays a role
in drug 3g-mediated multiple myeloma cell cytotoxicity. We also
noted that drug 3g exposure resulted in loss of DEPTOR expres-
sion (Fig. 1D). This is further studied later.

Co-immunoprecipitation experiments confirmed the ability
of NSC126405 to inhibit mTOR–DEPTOR binding within mul-
tiple myeloma cells (3). As expected, Supplementary Fig. S2A
demonstrates the ability of compound 3g to also prevent binding
of DEPTOR to mTOR in 8226 cells but at a lower concentration
of drug. As shown, 1 mmol/L of NSC126405 was effective in
preventing binding but 0.5 mmol/L had no effect (Supplementary
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Fig. S2A, top). In contrast, 0.5 mmol/L of drug 3g prevented
DEPTOR–mTOR binding in multiple myeloma cells (Supple-
mentary Fig. S2A, bottom). Because DEPTOR binding to mTOR
results in depressedmTORactivity (1), drugs that prevent binding
should enhancemTOR activity. As expected, inhibitor 3g activates
TORC1 activity demonstrated by increased phosphorylation of
the TORC1 substrates p70S6K and 4EBP-1 (Supplementary
Fig. S2B and S2C). Notably, enhanced activity occurred at lower
concentrations of 3g (0.25 mmol/L for p70 and 4EBP-1 phos-
phorylation) compared with NSC126405. Enhanced phosphor-
ylation of the p70S6K substrate, S6, also occurred at lower
concentrations of inhibitor 3g (Supplementary Fig. S2C). An
additional effect of NSC126405 is upregulated p21 expression,
mediated by a TORC1-dependent decreased expression of p21-
targeting miRNAs (4). Supplementary Fig. S2D demonstrates the
ability of inhibitor 3g to upregulate p21 expression at lower
concentrations versus NSC126405. In a pull-down assay (Sup-
plementary Fig. S2E), drug 3g was also more effective than

NSC126405 in preventing binding of recombinant DEPTOR to
mTOR (IC50 of 1 mmol/L vs. 10.5 mmol/L for drug NSC126405).

DEPTOR knockdown, by upregulating mTORC1/p70S6K
activity, results in phosphorylation of IRS-1 (12, 13) and subse-
quent feedback inhibition of PI3K/PDK1-mediated phosphory-
lation of AKT on T308. Prior work (3) with drug NSC126405
failed to demonstrate engagement of the negative feedback path-
way. This is again demonstrated in the bottom panels of Supple-
mentary Fig. S2F.However, Supplementary Fig. S2F (top) demon-
strates that the feedback pathway is clearly engaged by exposure to
drug 3g with decreased phosphorylation of AKT (T308) in 8226
and OPM-2 multiple myeloma cells. Although T308 phosphor-
ylation is diminished by drug 3g, AKT S473 phosphorylation is
enhanced, presumably due to TORC2 activation resulting from
relieving DEPTOR suppression of mTOR. The increase in SGK
phosphorylation (Supplementary Fig. S2F, top), an AKT sub-
strate, suggests that the resulting effect of drug 3g on AKT kinase
activity is moderate activation. It is remarkable that, in spite of

Figure 1.

Cytotoxic effects of DEPTOR inhibitors. A, Structures of NSC126405 and 3g. B,% survival (MTT assays) at increasing concentrations of inhibitors (48 hours assay)
for 3 multiple myeloma cell lines. Results are mean � SD, n¼ 5. C,% apoptosis induced at 48 hours (X¼ NSC126405; 0¼ 3g), mean� SD, n¼ 3. D, Immunoblot
of control 8226 cells (Scr¼ scrambled sequence shRNA) or RAPTOR-silenced 8226 cells (top) and immunoblot of control or RAPTOR-silenced cells incubated
with drug 3g for 8 hours (bottom). E,MTT (top) or apoptosis (bottom) assays in both cell lines after 48 hours. Means� SD, n¼ 3. F, Surface plasmon resonance
assay (see Materials and Methods) where increasing concentrations of 3G-containing analyte is passed over immobilized recombinant DEPTOR. G, top, structure
of 3 recombinant DEPTOR proteins used in drug binding assay (see Materials and Methods); bottom, binding of 3g or NSC126405 toWT or truncated DEPTOR
proteins.
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mTOR and AKT activation, drug 3g is still cytotoxic to high-
DEPTOR-expressing multiple myeloma cell lines.

A prior study (3), with a surface plasmon resonance assay
demonstrated that drug NSC126405 binds to recombinant DEP-
TOR. Additional experiments (Fig. 1F) likewise demonstrate bind-
ing of 3g to DEPTOR. Binding was rapid and reached an equilib-
rium plateau within seconds. In head-to-head experiments com-
paring dissociation constants, binding affinity of 3g to DEPTOR
wasnot greater thanNSC126405(KD¼330�20nmol/Lvs. 230�
30 nmol/L for NSC126405, n ¼ 3).

To identify where drug 3g binding occurs, we generated drug 3g
or NSC126405 cross-linked affinity beads (6) and tested whether
inhibitor-coupledbeadsbind tonativeor truncatedGST-DEPTOR
proteins (shownabove in Fig. 1G).As shownbelow the schematic,
wild-type (WT) DEPTOR bound to beads affinity-linked to both
drugs but not to control beads (no drugs). Binding was lost in
DEPTOR proteins that were missing the PDZ domain (DPDZ).
These data suggest that both drugs similarly bind to the PDZ
domain of DEPTOR.

Drug 3g induces DEPTOR degradation
The above molecular effects of drug 3g can be explained by

inhibited binding of mTOR to DEPTOR and acute activation of
mTOR. However, as mentioned above, compound 3g also results
in loss of DEPTOR protein expression, which was not present in
NSC126405-treated cells (Fig. 2A andB). Loss ofDEPTORprotein

occurs in a concentration-dependent fashion, and occurs within
2 hours as shown in Fig. 2C. Inhibition of DEPTOR protein
expression is posttranscriptional (Fig. 2C) and associated with
decreased protein survival/stability (Fig. 2D). To rule out a
caspase-dependent degradation of DEPTOR, we cocultured cells
with compound 3g � ZVAD to inhibit caspases. As shown
in Fig. 2E, although preventing apoptosis (results below gel),
ZVAD could not prevent compound 3g-induced DEPTOR loss.
Finally, as shown in Fig. 2F, the proteasome inhibitors (PI)
MG132 and bortezomib significantly prevented DEPTOR loss,
although 2 mmol/L of 3g could overcome the proteasomal inhi-
bition due to 10 nmol/L bortezomib. These data suggest that,
following DEPTOR binding of drug 3g, proteasomal degradation
is stimulated.

DEPTOR protein turnover is physiologically regulated by
mTOR-mediated phosphorylation of a degron located between
the N-terminal DEP domains and the C-terminal PDZ
domain (14–16). Althoughdrug 3g results in activation ofmTOR,
its prevention of mTOR/DEPTOR binding suggests the enhanced
proteasomal degradation of DEPTOR is not due to enhanced
mTOR-dependent phosphorylation of the degron. Further sup-
port for this comes from preceding Fig. 1D, where drug 3g was
comparably effective in causing DEPTOR protein loss in TORC1-
paralyzed cells versus scramble (scr)-transfected control cells,
arguing against a role for TORC1 kinase activity in DEPTOR
degradation. We also addressed this possibility by using the

Figure 2.

Drug 3g induces DEPTOR degradation. A and B, Immunoblot of 8226, H929, or OPM-2 cells after 6-hour incubation with NSC126405 or 3g. C, 8226 cells
incubated with 0, 1, or 2 mmol/L of 3g for 2, 4, 6, or 12 hours after which cells assayed for DEPTOR RNA (top, mean� SD, n¼ 3) or DEPTOR protein (bottom). D,
Pulse chase (8226 cells) experiment utilizing cycloheximide (CHX) comparing DMSO)- or 3g-treated cells. Results are means � SD, n¼ 3. E, Immunoblot in 8226
cells after 4-hour treatment with DMSO or drug 3g at 0 (no DMSO), 0.5, or 1 mmol/L � ZVAD used at 0.5 mmol/L. Below gel is % apoptosis assayed at 48 hours. F,
Immunoblot after 3-hour treatment with DMSO or drug 3g at 0, 0.5, or 1 mmol/L � MG132 used at 10 Um or � bortezomib used at 10 nmol/L. G,Multiple
myeloma cells transfected with eitherWT FLAG-DEPTOR or 13A FLAG-DEPTORmutant, treated with drug 3g (4 hours) followed by immunoblot assay for FLAG.
H, 8226 cells treated with drug 3g� pp242 to inhibit mTOR, followed by immunoblot assay.
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13A mutant version of DEPTOR which is rendered resistant to
mTOR-dependent phosphorylation (1). As shown in Fig. 2G, 13A
is also degraded by exposure to drug 3g. In addition, inhibition of
mTOR kinase activity by co-incubation with the pp242 inhibitor
(Fig. 2H) also did not prevent drug 3g-induced DEPTOR
degradation.

Efficacy of drug 3g in primary multiple myeloma cells
To test effects in primary cells we compared drug 3g to

NSC126405, after a 20-hour exposure. Five primary multiple
myeloma samples were studied by CD138-isolation of bone
marrow aspirate obtained from newly diagnosed patients
(99%pure). Multiple myeloma cells from all 5 patients expressed
DEPTOR protein as shown by IHC. As shown in Fig. 3A, our IHC
antibody could detect DEPTOR expression in 8226, OPM-2, and
DEPTOR-transfected 8226 cell lines but not in the PC3 prostate
cancer cell line. Immunostaining appeared to be primarily cyto-
plasmic in 8226 cells while the staining pattern in some OPM-2
cells suggested nuclear staining (arrows). This is reminiscent of a
recent report (17) that indicates intranuclear DEPTOR presence
in some multiple myeloma cell lines. DEPTOR immunostaining
in primary cells was intense and of a granular pattern (immu-
nostaining of 3 of the 5 patients shown in Fig. 3B). There was
additional immunostaining that appeared to be cell membrane-
based (arrows). This cellular localization of DEPTOR is consistent
with the known cytoplasmic granular and cell membrane local-
ization of mTOR (18). Fig. 3C demonstrates the cytotoxic (cell
survival, left) and apoptotic (right) effects of drug 3g against these
5 primary samples. At this early time point, viability of DMSO-

treated control cells was excellent (>85%) with very minimal
basal apoptosis. In drug-treated cultures, it was clear that com-
pound 3g was more efficacious than NSC126405. None of our 5
primary samples were obtained from patients with MAF translo-
cations, the subclass associated with the highest DEPTOR expres-
sion (1), suggesting these anti-DEPTOR drugs may be more
broadly effective in multiple myeloma rather than just a specific
small genetic subclass.

Effects of drug 3g in mice
To test if drug 3g had molecular effects in vivo, the 8226 cell

line was injected sub-cutaneous (SQ) into immunodeficientmice
and, when tumors were 500 mm3, mice were treated with DMSO
or drug 3g at 20 mg/kg by daily i.p. injection (4 mice/group).
Tumors were excised after 4 days and analyzed. Treatment with 3g
induced a rapid tumor cytoreductive effect (>50% reduction in
tumor volume by 4 days; Supplementary Fig. S3). Fig. 4A demon-
strates that treated tumors demonstrated loss of DEPTOR expres-
sion, corresponding enhanced p70 phosphorylation, decreased
PCNAexpression (proliferationmarker), and increasedAKTphos-
phorylation on S473. Thus, molecular effects of drug 3g used
in vivo were similar to in vitro exposure. We next tested a longer
treatment exposure (daily treatment x 9days), comparing5mg/kg
to DMSO or 20 mg/kg to DMSO. Treatment began when SQ
tumors were approximately 200 to 300 mm3. Although 5 mg/kg
of drug 3g had only a modest slowing of tumor growth (although
significant, P < 0.05; Supplementary Fig. S4A), 20 mg/kg once
again induced a rapid antitumor effect and tumor rejection was
complete in 3 of 8mice (Fig. 4B). There was no tumor regrowth in

Figure 3.

Effects on primary multiple myeloma cells. A, Immunostaining of multiple myeloma (8226, OPM-2) or prostate cancer (PC3) cell lines with anti-DEPTOR
antibody. Magnification�40. B, Immunostaining of 3 primary multiple myeloma specimens from patients (magnification�100). C, Primary multiple myeloma
specimens (n¼ 5) treated with increasing concentrations of NSC126405 or 3g for 20 hours after which trypan blue staining and counting (% surviving, left) or
apoptosis (right) assayed. Results are mean � SD, n¼ 5. � , significantly (P < 0.05) different from NSC126405.
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these 3 mice with up to 50 days of observation (Fig. 4C, survival
curves). However, in the remaining 5 mice, tumor regrowth occur-
red after treatment cessation (Fig. 4B). Individual tumor growth
curves are shown in Supplementary Fig. S4B. Fig. 4D demonstrates
that at 20 mg/kg, drug 3g was associated with a small decrease in
weight in this experiment (approximately 5% of body weight),
which was rapidly corrected after treatment stopped. The lower
dose of 5 mg/kg did not cause significant weight loss. In a separate
experiment shown in Supplementary Fig. S4C and S4D, drug 3g
was comparedhead-to-headwithdrugNSC126405.As shown,drug
3g was more efficacious in slowing tumor growth and prolonging
survival, thus mirroring drug 3g's enhanced in vitro efficacy.

Drug 3g also demonstrated efficacy in a bone marrow-based
murinemodel. Luciferase-expressing 8226 cellswere injected intra-
venously and, when a bioluminescent signal was first detected in
the skeletonofmice, treatmentbeganwithDMSO(control) ordrug
3g. We used 5 and 10 mg/kg of drug 3g by daily i.p. injection as
20mg/kghadpreviously induced someweight loss. Fig. 4Edemon-
strates a significant anti-tumor effect at 10 mg/kg in this model as
compared with DMSO- or 5 mg/kg-treated cohorts. Neither 10 or
5 mg/kg of drug 3g had any impact on murine weight (Supple-
mentary Fig. S4E).

Because daily treatment with 20 mg/kg of drug 3g resulted in
some weight loss, we also tested if less frequent administration

could be less problematic. SQ tumor-bearing mice were injected
intraperitoneally with 20 mg/kg and tumors excised 24, 48, or
72 hours later for assessment of DEPTOR expression. As shown in
Supplementary Fig. S5A, decreased expressionwas identified at 24
and 48 hours postinjection with re-expression seen by 72 hours.
We, thus, treated tumor-bearing mice (8/group) with an every-
other-day regimen with direct comparison to daily treatment. As
shown in Supplementary Fig. S5B and S5C, the every-other-day
regimen was equally effective and without weight loss. In fact, the
absence of weight loss allowed retreatment with a secondary
decrease in tumor growth.

To assess whether drug 3g affected normal tissues, we used
normal tumor-free immunocompetent mice. Mice (4/group)
were treated with increasing doses of drug 3g by daily intraper-
itoneal injection for up to 21 days. After 4 or 21 days of treatment,
there was no significant effect on blood counts (Fig. 5A). Serum
markers of hepatic and renal function were likewise unaffected
(Supplementary Fig. S6). Nevertheless, after 21 days of drug 3g at
10 to 20 mg/kg, a loss of DEPTOR expression was detected in all
organs tested. Fig. 5B demonstrates this in 10mg/kg-injectedmice
by IHC assessment in kidney, liver, and heart (examples of IHC
staining in Supplementary Fig. S7A). In addition, because
IHC-identified expression of DEPTOR in heart tissue was rela-
tively low, a confirmatory immunoblot (Supplementary Fig. S7B)

Figure 4.

Effects of 3g in mice. A, Immunostaining of tumors excised after 4 days of DMSO or 3g. Pictures are representative of all 4 murine tumors/group; magnification
�40. B, Tumor outgrowth in mice treated daily for 9 dayswith DMSO or 3g at 20mg/kg. Results are mean � SD tumor volume (n¼ 8mice/group). C, Survival
curve of experiment described in "B". D,Murine weights comparing DMSO injections to 5 or 20mg/kg drug 3g administered intraperitoneally daily for 9 days.
Results are mean � SD.WTs of mice injected w/20 mg/kg were lower (P < 0.05) than control mice during the 9 days of treatment. E, Bioluminescence results in
mice challenged intravenously with luciferase-expressing 8226 cells. When signal is first detected (day 15 postchallenge) mice randomized to receive DMSO
(control n¼ 3) or drug 3g in intraperitoneally daily injections for 20 days at either 5 or 10 mg/kg (n¼ 4/group). Results are total bioluminescence (mean � SD).
Below graph are representative images of control mice and 5 or 10 mg/kg drug 3g-injected mice at day 40.
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shows drug-induced loss of DEPTOR expression. There was a
corresponding increase in percent of hepatic and cardiac cells
staining positively for p70 phosphorylation in drug-treated mice
(Fig. 5B). In contrast, although also slightly increased in renal
tissue this did not reach statistical significance.

The alterations in DEPTOR expression andmTORC1 activity in
normal tissues were of concern considering possible toxic effects.
Specifically, prior reports detailed enhanced renal mesangial
hypertrophy (19, 20) and cardiac hypertrophy (21) in mice with
diminishedDEPTOR expression and/or enhancedmTORactivity.
Histologic analysis of renal sections in drug 3g-treated mice did
identify a modest number of glomeruli (approx. 10%) with
mesangial hypertrophy (example in Fig. 5C). In addition, heart
weight/tibia length ratios weremodestly increased in drug-treated
mice (Fig. 5E). No alterations in liver weights were identified
(Fig. 5D) and histologic examination of hepatic tissue was also
unaltered in drug 3g-treated mice (Supplementary Fig. S8).

Effects on bortezomib sensitivity
Multiple myeloma cell lines transfected to overexpress

DEPTOR or knockdown DEPTOR were exposed to increasing
concentrations of bortezomib for 24 hours. As shown in Fig. 6A

and B, DEPTOR knockdown with 2 independent shRNAs in high
DEPTOR-expressing OPM-2 or 8226 multiple myeloma lines
resulted in enhanced bortezomib-induced apoptosis. In contrast,
ectopic overexpression of DEPTOR in the moderate DEPTOR-
expressing U266 multiple myeloma line resulted in a decreased
apoptotic response to bortezomib (Fig. 6C andD). Even theMAF-
translocated 8226 line, when transfected to more markedly over-
express DEPTOR, demonstrated resistance to bortezomib
(Fig. 6D). These results suggest an anti-DEPTOR drug could
potentially synergize with bortezomib for enhanced anti-
multiple myeloma effects. Indeed, when 8226 cells were treated
with NSC126405 and bortezomib, synergy is identified (Fig. 6F),
with a combinatorial index (CI) of 0.2. However, synergy is lost
when bortezomib is combined with drug 3g (Fig. 6E) and, in fact,
antagonism is seen with a CI of 1.8.

Discussion
In this report we describe a compound, 3g, which binds to

DEPTOR and induces its proteasome-mediated degradation.
Drug 3g binds to the PDZ domain of DEPTOR, which mediates
its association with mTOR (1), and this specific PDZ binding

Figure 5.

Effects of 3g in immunocompetent mice. A, Blood counts [white blood cells (WBC)], hemoglobin (Hgl), hematocrit (HCT), and platelets after 4 or 21 days of daily
drug 3g (20mg/kg) compared with control (DMSO treatment, assumed to be 100%). Results are mean � SD, n¼ 4. B, Semiquantitative assessment of DEPTOR
or phosphorylated p70 expression (see Materials and Methods) in kidney, liver, or heart (mean � SD, n¼ 4) after 21 days of DMSO or 3g treatment (10 mg/kg�
21 days) � ¼ different from DMSO control, P < 0.05. C, Representative images of renal glomeruli (arrows) in DMSO-control-injected (left) or drug 3g-treated
(10 mg/kg, right) mice (magnification�400). D, liver weights expressed as % of control (DMSO), mean � SD, n¼ 4. E, heart weight-to-tibia length ratios
expressed as mg/mm, mean � SD, n¼ 4; � , different than DMSO control, P < 0.05.
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probably explains the ability of drug 3g to prevent DEPTOR/
mTOR binding. Although the binding affinity of drug 3g is
comparable to NSC126405, it is more effective at preventing
association of recombinant DEPTOR to mTOR. In addition, its
binding is qualitatively different, resulting in DEPTOR degrada-
tion, whereas NSC126405 does not alter DEPTOR protein levels.
DEPTOR posttranslational modifications induced by binding of
drug 3g (but not NSC126405) may mediate the proteasomal
degradation and these are being investigated.

Drug 3g is also more effective than NSC126405 as an anti-
multiple myeloma therapeutic. Its inhibitory effect on DEPTOR/
mTOR binding inside multiple myeloma cells and subsequent
acute mTORC activation occur at lower concentrations than
NSC126405. The more effective inhibition of the proximal
DEPTOR/mTOR binding may simply explain the heightened
in vitro cytoreductive response of drug 3g. However, the drug
3g-induced degradation of DEPTOR could also participate in the
greater anti-multiple myeloma effect if there are mTOR-
independent progrowth/survival influences of DEPTOR in mul-
tiple myeloma cells. Indeed, recent reports (17, 22) indicate
DEPTOR may protect against endoplasmic reticulum (ER) stress
and maintain ER mass in an mTOR-independent fashion. As
expected, drug 3g was more efficacious than NSC126405
in vivo in a SQ xenograft model.

Drug 3g induced loss of DEPTOR expression in normal tissues
associated with TORC1 activation, eliciting concerns about tox-
icity. Whole-body DEPTOR knockout mice are phenotypically
normal (23).However, theremaybe early compensatorymechan-
isms ameliorating DEPTOR loss in knockout mice that might not
protect during drug-induced acute loss. Nevertheless, genetic
deletion of DEPTOR specifically in liver in a strategy to limit

compensatory mechanisms resulted in only moderate metabolic
effects, primarily in fasting mice (23). In contrast, there was no
alteration of liver weights nor change in lipid metabolism.
Administration of drug 3g likewise had no effects on liver weight
or on liver function tests. As suggested by Caron and collea-
gues (23), hepatic DEPTORmay be a secondary mTOR regulator,
mostly coming into play during fasting whereas hepatic TSC1 is
the master switch controlling mTORC activity.

An additional concern vis-�a-vis toxicity related to renal effects.
Activation of mTOR and loss of DEPTOR expression in glomer-
ularmesangial cells results inmesangial cell hypertrophy (19, 20).
In our 3g-treatedmice, there was a similar effect in approximately
10% of glomeruli. Although there was no effect on renal function
(normal BUN; Supplementary Fig. S6), we did not assay urine for
protein urea and this will be addressed in future studies. Most
renal expression of DEPTOR occurs in proximal tubular cells (ref.
24and Supplementary Fig. S7A) and tubular-specific deletion of
DEPTOR did not alter renal histology or function (24).

Loss of DEPTOR expression with attendant enhanced mTOR
activity in heart myocytes has been implicated in pathologic
cardiac hypertrophy (21). Postmortem findings in drug 3g–
treated immunocompetentmice confirmed cardiacDEPTOR loss,
mTORC1 activation, and a modest increase in heart-to-tibia
ratios. Although histologic examination of hearts did not confirm
cardiac hypertrophy, the altered heart/tibia ratios are of concern.
Interestingly, treatment of immunodeficient tumor-carryingmice
(the experiment shown in Fig. 4C) did not demonstrate any
cardiac enlargement (heart/tibia ratios were unaltered). This
inconsistency may be due to the shorter duration of treatment
(9 days instead of 21 days) or to a contribution of the immune
system in development of cardiac hypertrophy. Nevertheless,

Figure 6.

Effects on bortezomib sensitivity. A, Immunoblot assay in cell lines transfected with shRNA to scrambled sequence or 2 separate sequences of DEPTOR. B,
Apoptosis of cell lines of "A" when exposed to increasing concentrations (nmol/L) of bortezomib (Bortez) for 48 hours. Data are mean � SD, n¼ 3. � , denotes
apoptosis significantly greater (P < 0.05) than scramble-transfected line. C, Immunoblot assay of DEPTOR expression in U266 or 8226 multiple myeloma cell
lines after transfection with empty vector (EV) or DEPTOR. D,% apoptosis of cell lines of "C" following 48-hour incubationwith 0, 4, or 10 nmol/L bortezomib.
Data are mean � SD, n¼ 3; � , denotes significantly (P < 0.05) decreased apoptosis vs. EV-transfected control. E and F,% apoptosis (mean � SD) of 8226
multiple myeloma cells treated for 48 hours with increasing concentrations of bortezomib� NSC126405 or drug 3g. Combinatorial indices (CI) of combined
treatment given above bars.
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future lead compound optimization will address cardiac hyper-
trophy as a potential toxicity.

An additional concern was a moderate weight loss during
treatment of mice with 20mg/kg of drug (Fig. 4D). This corrected
rapidly once treatment ceased. It is unclear if this represents anoff-
target side effect. High DEPTOR expression correlates with obe-
sity (25) and protein levels ofDEPTOR regulate adipogenesis by a
cell-autonomous mechanism. Suppression of DEPTOR restricts
the pro-adipogenic AKT/PPAR-g axis through its effects on the
mTORC1-mediated feedback loop (25). However, the rapidity of
the weight loss and its resolution in our drug 3g-treated mice
argue against this explanation. Nevertheless, it was gratifying that
doses of 10 and 5 mg/kg did not result in any weight loss and yet
induced significant anti-tumor effects in the SQ model (Supple-
mentary Fig. S4A) and the marrow-based IV model (Fig. 4F).
Additional experiments (Supplementary Fig. S5) demonstrate
that loss of DEPTOR expression in tumors is still present by
48 hours postinjection of drug 3g and an every-other-day regimen
is equally effective (versus daily treatment) against tumor out-
growth. Importantly, this comparable antitumor effect was not
associated with any weight loss.

The results of Fig. 6 indicate DEPTOR expression can protect
multiple myeloma cells against bortezomib. A similar protection
occurs inmultiplemyeloma cells mediated by Che-1 gene expres-
sion (26), which may be due to ensuing Che-1-dependent
DEPTOR expression (26). These results suggest that anti-
DEPTOR drugs could synergize with PIs. Indeed, drug
NSC126405 was significantly synergistic when combined with
bortezomib (Fig. 6). The resulting mTOR activation and subse-
quent decreased autophagy is one potential mechanism for
synergy as autophagy can regulate sensitivity to PIs in multiple
myeloma cells (27, 28). However, combining bortezomib with
drug 3g was not synergistic and, in fact, was antagonistic (CI ¼
1.8). The simple explanation for this result is that bortezomib

prevented 3g-induced proteasomal degradation of DEPTOR and
reversed part of 3g's anti-multiple myeloma effect. This potential
antagonism is a caveat to future use of drug 3g in multiple
myeloma if combined with PIs.
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