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Abstract
DEPTOR is a 48 kDa protein that binds to mTOR and inhibits
this kinase in TORC1 and TORC2 complexes. Overexpression of
DEPTOR speciﬁcally occurs in a model of multiple myeloma. Its
silencing in multiple myeloma cells is sufﬁcient to induce cytotoxicity, suggesting that DEPTOR is a potential therapeutic target.
mTORC1 paralysis protects multiple myeloma cells against
DEPTOR silencing, implicating mTORC1 in the critical role of
DEPTOR in multiple myeloma cell viability. Building on this
foundation, we interrogated a small-molecule library for compounds that prevent DEPTOR binding to mTOR in a yeast-twohybrid assay. One compound was identiﬁed that also prevented
DEPTOR–mTOR binding in human myeloma cells, with subsequent activation of mTORC1 and mTORC2. In a surface plasmon
resonance (SPR) assay, the compound bound to recombinant

DEPTOR but not to mTOR. The drug also prevented binding of
recombinant DEPTOR to mTOR in the SPR assay. Remarkably,
although activating TORC1 and TORC2, the compound induced
apoptosis and cell-cycle arrest in multiple myeloma cell lines and
prevented outgrowth of human multiple myeloma cells in immunodeﬁcient mice. In vitro cytotoxicity against multiple myeloma
cell lines was directly correlated with DEPTOR protein expression
and was mediated, in part, by the activation of TORC1 and
induction of p21 expression. Additional cytotoxicity was seen
against primary multiple myeloma cells, whereas normal hematopoietic colony formation was unaffected. These results further
support DEPTOR as a viable therapeutic target in multiple myeloma and suggest an effective strategy of preventing binding of
DEPTOR to mTOR. Cancer Res; 76(19); 5822–31. 2016 AACR.

Introduction

responses are promoted by mTOR activation (6). One explanation for this dichotomy may be that acute mTORC1 activation due to DEPTOR silencing resulted in p21 upregulation,
whereas during IL-6/IGF-induced mTOR activation, there is
concurrent inhibition of p21 expression (7). DEPTOR may
also promote multiple myeloma growth by repressing a negative feedback loop, resulting in activation of the PI3K/AKT
survival pathway (1) or by restricting TORC1-mediated protein translation, which would protect against endoplasmic
reticulum (ER) stress (8).
The anti-multiple myeloma effect of DEPTOR silencing was
prevented by RAPTOR knockdown and paralyzed TORC1
activity (1, 5). This suggests that a DEPTOR/mTOR interaction within TORC1 complexes is key to the survival pathway.
We, thus, interrogated a small-molecule library for compounds that prevented DEPTOR binding to mTOR in a
yeast-two-hybrid (Y2H) screen. In this report, we describe
the potential of a lead compound that prevented DEPTOR/
mTOR binding in multiple myeloma cells with signiﬁcant
antitumor cytotoxicity, which is quite speciﬁc for multiple
myeloma cells.

DEPTOR is an mTOR-binding protein that suppresses
mTOR kinase activity (1–5). DEPTOR RNA expression is low
in most malignancies (1), consistent with its role as an mTOR
inhibitor. However, a remarkable upregulated expression of
DEPTOR was singularly identiﬁed in the multiple myeloma
model, especially in multiple myeloma tumors containing IgH
gene translocations (1). Most importantly, DEPTOR silencing
in overexpressing multiple myeloma cell lines resulted in
growth arrest, suggesting it could be a therapeutic target (1).
In a recent study (5), we identiﬁed a cascade where DEPTOR
connected to an mTORC1/p21 survival pathway. It is counterintuitive that DEPTOR silencing with resulting mTOR
activation should prevent multiple myeloma viability/proliferation, whereas growth factor (IL6/IGF)-induced proliferative
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Materials and Methods
Cell lines, plasmids
All cell lines were obtained from ATCC. The cell lines were
characterized by FISH analysis and proven to have MAF/Ig,
MMSET/Ig, or D-cyclin/Ig translocations. All the cell lines were
tested for mycoplasma within the last 6 months and were
negative. The shRNAs targeting raptor and p21, the inducible
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DEPTOR shRNA, and lentiviral transduction were previously
described (5).

translocations. For all other analyses, the Student t test was used
to determine signiﬁcance.

Drug screen
The Y2H yeast strain AH109 was cotransformed with two genes:
the human DEPTOR gene fused to the GAL4 activation domain
(AD) and the mTOR FAT domain fused to the GAL4 DNA-binding
domain (DBD). Upon introduction of both vectors, DEPTOR/
mTOR binding allows assembly of a transcription factor–inducing histidine synthesis and allowing growth on histidine-deﬁcient
media. Only when both DEPTOR-AD and mTOR-DBD were coexpressed were yeast capable of growing on histidine-deﬁcient
media. When cotransformed yeast are exposed to an inhibitor
library, compounds that interrupt binding of mTOR to DEPTOR
would prevent yeast growth on histidine-depleted media and
allow their identiﬁcation. In 3 experiments, the Z' values were
between 0.8 and 0.85, values conﬁrming high robustness of the
screen.

Results

Evaluation of protein expression and kinase activation
Coimmunoprecipitation between mTOR and DEPTOR was
assayed as described (1). Assessment of 4E-BP1 phosphorylation
by ﬂuorescence-activated cell sorting (FACS) analysis was performed as described (9). A TORC2 in vitro kinase assay was
performed as described (10).
Xenograft experiments
8226 cells (5  106/mouse) were injected subcutaneously and
when tumor volume reached 200 mm3, mice were randomized to
receive intraperitoneal injections of drug or vehicle alone (control). Additional mice were injected with CD45þ 8226 cells (107/
mice) intravenously and treated with drug or vehicle in daily
intraperitoneal injections. Fifteen days later, mice were sacriﬁced,
bone marrow was obtained, and ﬂow cytometry performed for
CD45þ tumor cells.
Primary cells and hematopoietic colony formation
Puriﬁed multiple myeloma cells were isolated as described
(11). Hematopoietic colony formation was assessed as previously described (12) on marrow cells purchased from Stem Cell
Technologies.
Surface plasmon resonance
Drug-binding studies were performed as previously
described (13). Brieﬂy, puriﬁed recombinant mTOR complex
proteins were immobilized on a BIAcore CM5 sensor chip, and
analyte solutions were prepared in a standard BIAcore buffer.
Binding was measured by observing the change in the surface
plasmon resonance (SPR) angle as 30 mL of analyte (in BIAcore
buffer) ﬂowed over the sample for 3 minutes at 10 mL/min. KD
values were calculated with BIAcore's BIAevaluation software,
version 4.1.
Statistical analysis
DEPTOR expression in lines was determined by densitometry
of immunoblots. Correlations between DEPTOR expression and
IC50 were calculated by Pearson correlation. A one-tailed t test was
used to assess signiﬁcance of differences in IC50 between 1o
samples containing IgH translocations and samples without IgH
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Identiﬁcation of an inhibitor
Initial efforts at conﬁrming a yeast-two-hybrid (Y2H) interaction between mTOR and DEPTOR were unsuccessful when using
full-length constructs. However, fusing the GAL4DBD to the
mTOR FAT domain, the minimal DEPTOR-binding region (1),
and cotransforming yeast with the full-length DEPTOR-GAL4AD,
allowed for a robust interaction. The Y2H interaction results in
histidine synthesis allowing growth on histidine-depleted plates
(Supplementary Fig. S1A). Yeast were then replated and approximately 160,000 compounds from the NCI/DTP inhibitor library
were individually pinned into plates. A halo of absent yeast
growth indicated a compound that prevented binding of the
transfected proteins and histidine synthesis. Absent growth on
concurrently assayed plates in histidine-replete media (counterscreen) identiﬁed compounds that were nonspeciﬁcally toxic to
yeast (e.g., anti-fungal drugs). These compounds were considered false-positives and were discarded. Four compounds (Supplementary Fig. S1B) were selectively inhibitory to growth of
transfected yeast on histidine-depleted media. Two of these
(called drug C and D in Supplementary Fig. S1) might be
expected to show nonspeciﬁc toxicity because of the maleimide
portion of the molecule and, indeed, they were toxic to hematopoietic colony formation and were not further studied. The
remaining compounds (A and B) did not affect colony formation. Drug NSC126405 (called drug B in Supplementary Fig.
S1) is slightly more cytotoxic to multiple myeloma cell lines
(MMCL) than drug A and we, thus, have focused on this
compound (Fig. 1A) in this report. The Y2H screen was
designed to identify compounds that prevented DEPTOR/
mTOR binding in yeast. The ability of NSC126405 to also
prevent DEPTOR/mTOR binding in OPM-2 multiple myeloma
cells is shown in Fig. 1B and C. After exposure for 6 hours,
immunoprecipitated mTOR binds considerably less DEPTOR
(Fig. 1B). In contrast, as a control, NSC126405 had no effect on
the binding of mTOR to RICTOR in these immunoprecipitates.
Similarly, after exposure to NSC126405, immunoprecipitated
DEPTOR binds signiﬁcantly less mTOR (Fig. 1C). The compound also prevented mTOR/DEPTOR binding in an additional MMCL, 8226 cells (Supplementary Fig. S2A).
Since DEPTOR is an mTOR inhibitor (1), a compound
preventing mTOR/DEPTOR binding should result in TORC1
activation. We, thus, exposed 3 DEPTOR-expressing MMCLs to
NSC126405 for 6 hours and tested TORC1 activity by immunoblot for p70 phosphorylated on T389. As shown in Fig. 1D,
this resulted in an activation of TORC1 in all 3 MMCLs.
NSC126405 enhanced TORC1 activity in 8226 cells rapidly by
2 hours of exposure (Fig. 1E). Exposure to NSC126405 also
resulted in enhanced phosphorylation of 4E-BP1, another
TORC1 substrate (Fig. 1F, immunoblot assay). In an additional
assay for 4E-BP1 phosphorylation, we utilized ﬂow cytometry
(9) where MMCLs were stained for 4E-BP1 phosphorylation on
T37/46. Supplementary Fig. S2B demonstrates a representative
experiment, where control 8226 cells (DMSO) contain 3 populations of cells (A, B, and C) with distinct levels of 4E-BP1
phosphorylation. While exposure to pp242, an inhibitor of
TORC1, resulted in loss of the phospho-4E-BP1 staining in
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Figure 1.
Identiﬁcation of an inhibitor preventing DEPTOR/mTOR binding. A, structure of NSC126405. B and C, OPM-2 cells treated with or without drug for 6 hours followed
by immunoprecipitation of mTOR (B) or DEPTOR (C) and immunoblotting. D, MMCLs incubated with NSC126405 for 6 hours followed by immunoblot.
E, 8226 cells treated with or without drug (1 mmol/L) for 2, 4, or 8 hours, followed by immunoblot assay. F, 8226 cells treated with or without drug, followed
by immunoblot assay for 4E-BP1 phosphorylation. G, SPR assay: increasing concentrations of NSC126405 (100 mmol/L curve shown in ﬁgure) passed over
immobilized DEPTOR, mTOR, or mLST8 to test binding partner of drug (left). Right, NSC126405 (100 mmol/L), recombinant DEPTOR (5 mg/mL), or combination of
drug þ DEPTOR passed over immobilized mTOR to assess binding.

populations B and C, exposure to NSC126405 signiﬁcantly
increased the population of cells with the greatest content of
phosphorylated 4E-BP1 (from 44% to 74% in population C).
Supplementary Fig. S2C summarizes the ﬂow data from all 3
treatment groups. Since relatively few cells were required for
this ﬂow cytometric assay, it was ideal for studying molecular
effects of NSC126405 in primary cells obtained from patients
(see below).
To test whether NSC126405 prevents DEPTOR/mTOR binding
by interacting with DEPTOR and/or mTOR, we utilized surface
plasmon resonance (SPR). Recombinant DEPTOR, mTOR, or the
mTOR-binding protein mLST8 were covalently cross-linked to the
dextran matrix of a sensor chip and increasing concentrations of
the compound were passed on these surfaces. Representative
reference-subtracted overlaid sensorgrams are displayed in Fig.
1G (left). As shown, NSC126405 bound to immobilized DEPTOR
rapidly and reached an equilibrium plateau within seconds. The
KD value was 3 mmol/L as derived from steady-state afﬁnity
determinations. In contrast, NSC126405 was incapable of binding to mTOR or mLST8. Although NSC126405 could not bind
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immobilized mTOR, recombinant DEPTOR successfully bound
to immobilized mTOR (right). We then tested whether coinjected
drug could prevent binding of DEPTOR to mTOR in the SPR assay.
As shown (right), when NSC126405 is coinjected with DEPTOR,
binding of the latter protein to cross-linked mTOR is prohibited.
These results support the notion that the molecular target of drug
B is DEPTOR with subsequent inhibition of DEPTOR/mTOR
binding.
Cytotoxicity of NSC126405
Initial studies with 8226 cells demonstrated a concentrationand time-dependent inhibition of in vitro growth due to
NSC126405 (Fig. 2A). A 3-day exposure was optimal for cytotoxicity. We then studied additional MMCLs and attempted to
relate sensitivity to NSC126405 with level of DEPTOR expression. Since DEPTOR expression can be regulated posttranscriptionally (2–4), we assessed relative expression in MMCLs by
immunoblot with quantiﬁcation by densitometric analysis of
DEPTOR/tubulin ratios. Comparison between cell lines was
made on equally exposed immunoblots with consistent
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Figure 2.
Cytotoxicity of NSC126405. A, MTT assay of 8226 cells treated for 24 to 96 hours with NSC126405. B, DEPTOR protein expression in MMCLs (top) and relative
DEPTOR/tubulin expression (mean  SD, n ¼ 3–7) assayed by immunoblot and densitometric analysis (bottom). Relative DEPTOR expression of 8226 cells arbitrarily
designated "1." C, example of an MTT assay testing 6 MMCLs. D, correlation between NSC126405 sensitivity and relative DEPTOR expression. IC50 in mmol/L
determined for all MMCLs exposed to drug for 72 hours and is presented as means of 3 to 6 individual experiments. Relative DEPTOR expression is taken from
B and represents mean DEPTOR/tubulin expression, n ¼ 3–7. E, cell-cycle distribution in MMCLs exposed with or without NSC126405 (2 mmol/L) for 48 hours.
Data are mean  SD, n ¼ 3. NSC126405 caused a signiﬁcant alteration (P < 0.05) in G1, S, and G2–M distribution. F, percentage of apoptosis in with or without cell lines
exposed to drug for 72 hours. Data are mean  SD, n ¼ 3.

inclusion of the 8226 cell line in the blots and designating the
DEPTOR/tubulin ratio of 8226 cells as `1'. In 15 immunoblot
assays assessing DEPTOR/tubulin ratios in 8226 cells by densitometry, the SD was <5% of the mean, indicating that DEPTOR
expression in 8226 cells assayed by immunoblot is very consistent between individual experiments. Examples of immunoblot assays are shown in Fig. 2B (top) with DEPTOR/tubulin
ratios shown in the lower panel as mean  SD, n ¼ 3–7. Most of
the MMCLs demonstrated high DEPTOR protein expression
comparable to the 8226 line except for FR4 and D47 lines,
whose expression was very low and the XG-1, XG-2, and U266
cell lines, which had intermediate expression. The high DEPTOR-expressing lines (black bars) either contain IgH-MAF translocations or IgH-MMSET translocations. The relatively high
expression of DEPTOR in the MAF-translocated lines can be
explained by the fact that DEPTOR is a transcriptional target of
MAF (1). High DEPTOR expression in MMSET-translocated
lines may be due to the fact that MMSET secondarily results in
MAF expression (14).
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As 72-hour exposure seemed optimal for cytotoxicity (Fig. 2A),
we assayed all MMCLs in 72-hour MTT assays (example
in Fig. 2C). 8226 cells were quite sensitive so we included them
in each MTT assay as a positive control to ensure continued
effectiveness of NSC126405 and accuracy of the assay. The
mean IC50 for drug cytotoxicity against 8226 cells was 1.3
mmol/L (n ¼ 7) and the SD was again <5% of the mean, indicating
the consistency of the MTT assays and continued drug effectiveness. The MTT assays (example in Fig. 2C) show a concentrationdependent cytotoxicity of NSC126405. As shown, the DEPTORhigh expressing 8226, MM1.S, and OPM-2 lines appear signiﬁcantly more sensitive than the lower expressing U266, D47, and
FR4 multiple myeloma lines. We plotted the relative DEPTOR
expression of the 11 MMCLs tested in Fig. 2B against their IC50
values (calculated from 3–7 MTT assays) and there is a signiﬁcant
inverse correlation as shown in Fig. 2D. The cytotoxicity of
NSC126405 to MMCLs included cell-cycle arrest (Fig. 2E) and
apoptosis (Fig. 2F). Cell-cycle arrest consisted of a combination of
G1–S and G2–M arrest.

Cancer Res; 76(19) October 1, 2016

5825

Shi et al.

We also tested 6 hepatocellular carcinoma (HCC) cell lines
as HCCs may overexpress DEPTOR to varying degrees (15).
Although 3 HCC lines expressed DEPTOR in levels comparable to U266 and FR4 MMCLs (Supplementary Fig. S3A, bar
graphs), they were unaffected by exposure to NSC126405
(Supplementary Fig. S3B). This suggests that the role of
DEPTOR in survival/proliferation is speciﬁc to the multiple
myeloma model. Further support for this notion is shown in
Supplementary Fig. S3C and S3D where DEPTOR knockdown
in HCC cells had no effect as compared with a cytotoxic effect
in DEPTOR-silenced MMCLs.
Molecular effects of NSC126405
In MMCLs, DEPTOR knockdown stimulates TORC1/p70S6K
and the subsequent phosphorylation of IRS-1 on serine 312 and
IRS-1 degradation results in a negative feedback inhibition of the
PI3K/AKT pathway (1, 5). To investigate effects of NSC126405
on this feedback loop, we ﬁrst assayed AKT phosphorylation.
Unexpectedly, in contrast to effects of DEPTOR knockdown,

NSC126405 enhanced AKT phosphorylation in MMCLs
(Fig. 3A). The accompanying PARP cleavage (arrow) demonstrates the early initiation of apoptosis. To more speciﬁcally
address the negative feedback loop, we employed an 8226 cell
line containing a doxycycline-inducible DEPTOR shRNA (5).
When DEPTOR was silenced by doxycycline, IRS-1 S312 phosphorylation was induced as expected with degradation of total
IRS-1 (Fig. 3B). In contrast, if these cells were exposed to
NSC126405, using a concentration inducing comparable p70
phosphorylation, IRS-1 phosphorylation did not occur. In a
second independent experiment (Fig. 3C), IRS-1 phosphorylation
did not occur in drug-treated cells even when assayed at multiple
time points, ruling out the possibility that the inducible MMCL
exhibited different kinetics of the effect of NSC126405. Without
negative feedback, NSC126405 should increase AKT phosphorylation due to its activation of TORC2. To test this possibility, we
performed a TORC2 in vitro kinase assay (Fig. 3D). Initial experiments demonstrated speciﬁc immunoprecipitation of RICTOR
and its accompanying mTOR (left). When 8226 cells are treated
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Figure 3.
Effect of NSC126405 on AKT. A, MMCLs exposed to NSC126405 for 6 hours, followed by immunoblot assay. B, doxycycline (dox)-inducible DEPTOR shRNA cells
treated with DMSO (control), NSC126405 (2 mmol/L) for 6 hours, or doxycycline for 48 hours to induce DEPTOR shRNA. C, doxycycline-inducible DEPTOR shRNA
cells treated with doxycycline for 48 hours or NSC126405 (2 mmol/L) for increasing intervals followed by immunoblot assay. D, TORC2 in vitro kinase assay. Left,
8226 lysate obtained and TORC2 complex immunoprecipitated by anti-RICTOR antibody (or IgG control), followed by immunoblot detection of mTOR and
RICTOR. Middle, 8226 cells treated with 0, 1, or 2 mmol/L NSC126405 for 6 hours, after which TORC2 complex was immunoprecipitated by anti-RICTOR antibody and
tested for its phosphorylation of AKT substrate on S473. Right, input. E, MMCLs treated with NSC126405 for 6 hours followed by immunoblot assay. F, 8226 cells
treated with or without NSC126405 for 6 hours, followed by immunoblot assay.
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with or without drug (1 or 2 mmol/L) for 6 hours, equal amounts
of mTOR and RICTOR are immunoprecipitated (middle). When
the immunoprecipitates are tested against AKT substrate (immunoblot below middle), it is apparent that NSC126405 has signiﬁcantly enhanced TORC2-induced AKT phosphorylation.
We previously demonstrated (5) that DEPTOR knockdown
induced p21 expression, which is independent of effects on
p53 and which inhibited MMCL growth. Treatment of MMCLs
with NSC126405 also induced p21 expression, which was concurrent with TORC1 activation (i.e., p70 phosphorylation, Fig.
3E). In contrast, there were no consistent effects on p53 or p27
expression.
Since mTORC1 activity is a key regulator of autophagy, we also
assessed effects on autophagy. By increasing TORC1 activity,
NSC126405 was expected to inhibit autophagy. Figure 3F conﬁrms this expectation, as drug-treated cells show a decreased
expression of LC3-II and an increased expression of p62, markers
indicating decreased autophagic ﬂux (16).
Role of TORC1, p21, and BCL proteins in drug B's
cytotoxic effects
To test whether TORC1 activation induced by NSC126405 was
relevant to cytotoxicity, we utilized 8226 cell lines with RAPTOR
silenced by shRNA (5). Figure 4A demonstrates the efﬁciency of
RAPTOR knockdown and the resulting inhibition of TORC1
activity. When RAPTOR-silenced cells are exposed to NSC126405
and compared with control [shScramble (SCR)], there is a signiﬁcant decrease in resulting MTT cytotoxicity (Fig. 4B). There was
also a signiﬁcant decrease (P < 0.05) in induction of apoptosis
assessed by ﬂow cytometry at 72 hours (apoptosis values above
bars in Fig. 4B). These data indicate that TORC1 activation is
relevant to the anti–multiple myeloma effects of NSC126405.
To test the role of p21 induction, we utilized p21-knockdown 8226 cell lines transfected with 2 separate shRNAs as
shown in Fig. 4C. Although p21 knockdown could not inhibit
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drug-induced apoptosis (data not shown), it signiﬁcantly
inhibited the G1–S cell-cycle arrest (Fig. 4D). In control (scrtargeted shRNA) cells, G1 distribution signiﬁcantly increased at
1 and 2 mmol/L, whereas in both p21 knocked-down cell lines,
G1 distribution was not signiﬁcantly altered. A corresponding
decrease in S-phase distribution occurred in scr control cells
exposed to 1 or 2 mmol/L, whereas little change was seen in p21
knocked-down cells. In contrast, the increase in G2–M distribution found in control cells was also detected in p21-silenced
cells. p21 knockdown, thus, speciﬁcally prevented the G1–S
arrest.
We also assessed levels of several proteins of the BCL family that
have previously been shown (17, 18) to regulate apoptotic
responses in multiple myeloma cells. After 4 hours of exposure
to drug, there were no effects. However, at 18 hours, although
there was no alteration in expression of BCL-2, MCL-1, BCL-XL, or
PUMA, NSC126405 modestly induced upregulation of BIM (Supplementary Fig. S4A). When these experiments were repeated in
RAPTOR-silenced cells, the drug-induced increase in BIM expression was abrogated (Supplementary Fig. S4B), suggesting that
BIM upregulation was a result of TORC1 activation in DEPTORtargeted cells.
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Figure 5.
Effect of NSC126405 in mice. A, weights (means, n ¼ 5 mice/group) of mice treated with or without NSC126405 with daily intraperitoneal injections for 7 days.
B, RBC and WBC counts in mice (5 mice/group) treated with daily intraperitoneal injections (7 days) of 0, 10, or 20 mg/kg NSC126405. Data are percentage of control.

, signiﬁcant difference (P < 0.05) versus control. C, immunodeﬁcienct mice (9 mice/group) challenged with 8226 cells subcutaneously, and when tumors
became palpable, treatment initiated with daily intraperitoneal injections of vehicle control or NSC126405 for 11 days. Data represent tumor volume, mean  SEM.

, signiﬁcant differences (P < 0.05) from control. D, three tumors excised at random from treatment groups of C and probed for expression of phosphorylated
4E-BP1 and p21. E, mice challenged with CD45þ 8226 multiple myeloma cells by intravenous injection (n ¼ 6) and either treated with vehicle or NSC126405
(20 mg/kg) by intraperitoneal daily injection for 14 days. Mice were then sacriﬁced and CD45þ multiple myeloma cells enumerated by ﬂow cytometry. Our antihuman CD45 antibody did not stain any murine marrow cells in control marrow.

antitumor effect. In general, there was regrowth of tumors in these
cohorts after the 11 days of treatment, although 2 of 9 mice treated
with 20 mg/kg showed eradication of the tumor nodule without
regrowth during an additional 1-month observation. The growth
rate of individual tumors in these mice is shown in Supplementary Fig. S5. The increase in survival of drug-treated mice is shown
in Fig. 5D. Tumors harvested from 3 mice per treatment group
demonstrated enhanced 4E-BP1 phosphorylation (Fig. 5E) as
expected from the putative activation of TORC1, as well as p21
upregulation.
Mice were also challenged with CD45þ 8226 multiple myeloma cells injected intravenously to allow for dissemination within
the skeleton. Mice were then treated with or without NSC126405
at 20 mg/kg/day intraperitoneally. After 14 days, bone marrow
was harvested for human CD45 expression by FACS analysis. As
shown (Fig. 5F), NSC126405 induced a reduction in CD45þ 8226
multiple myeloma cells within the marrow.
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Effect of NSC126405 on primary multiple myeloma cells
CD138þ primary cells were isolated from newly diagnosed
patients and exposed to NSC126405 for 48 hours, after which
viable cells were enumerated by trypan blue staining in blinded
fashion. A concentration-dependent anti–multiple myeloma
effect was identiﬁed (Fig. 6A). Induction of apoptosis was also
identiﬁed in a smaller number (n ¼ 4) of primary specimens (Fig.
6B). In contrast, there were no toxic effects of NSC126405 when
tested against normal peripheral blood lymphocytes (PBL; Supplementary Fig. S6). Since PBLs are nonproliferative, they may not
be the most relevant control targets, so we also tested NSC126405
against marrow progenitors in colony-forming assays. As shown
(Fig. 6C), there were no toxic effects when tested against colony
formation. FISH data were obtained on all the multiple myeloma
primary specimens, and the cytotoxic effect of NSC126405 was
compared between cases with IgH translocations (n ¼ 7) versus
those without IgH translocations (n ¼ 10; Fig. 6D). The FISH
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Effect of NSC126405 on human cells.
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abnormality in the latter specimens was hyperdiploidy. Although
the calculated IC50 in specimens with IgH translocations was
lower than those without IgH translocations, this difference was
only present at the P ¼ 0.066 level. Because of limitations in
numbers of 1 cells harvested, we could not perform immunoblots to test for TORC1 activation following short-term drug
exposure (4 hours). However, 3 specimens treated with or without
NSC126405 (2 mmol/L) could be tested for 4E-BP1 phosphorylation using the ﬂow cytometric assay described above in Supplementary Fig. S2B. There was an increase in cells with 4E-BP1
phosphorylation due to drug exposure (35%  7% in control vs.
59%  10%, in drug-treated cells, mean  SD, n ¼ 3 patient
samples). An example of the ﬂow analysis performed on one of
the patients is shown in Fig. 6E.

Discussion
The current results further support the therapeutic potential
of targeting DEPTOR in multiple myeloma and indicate that
the association of DEPTOR with mTOR plays a critical role.
Multiple DEPTOR-expressing MMCLs and primary cells were
sensitive to NSC126405. The cytotoxic effect of NSC126405
was not promiscuous, as there were no signiﬁcant adverse
effects of the drug on normal PBLs, hematopoietic colonyforming cells, or HCC lines.
Recent progress in the development of inhibitors of protein–
protein interactions has suggested the potential for such drugs
(19–21). Our SPR data indicate that disruption of mTOR/DEPTOR binding is due to the initial interactions of NSC126405 with
DEPTOR. The minimal mTOR-binding domain in DEPTOR is the
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PDZ domain (1). Although the structure of NSC126405 is not
similar to other PDZ domain inhibitors (22, 23), it is possible that
the drug interacts with the PDZ domain to prevent binding to
mTOR. Alternatively, it may bind distally. Additional SPR experiments with truncated/mutated versions of DEPTOR are planned
to better deﬁne the drug's binding area of the molecule.
Drug-induced cytotoxicity was restricted in a RAPTOR-silenced
MMCL, indicating that activation of mTORC1 participates in the
anti-myeloma cytotoxicity. However, it is not clear what molecular effects downstream of TORC1 mediate this activity. When we
prevented p21 upregulation in multiple myeloma cells undergoing DEPTOR knockdown, we signiﬁcantly protected against cellcycle arrest as well as apoptosis (5). However, preventing p21
upregulation in drug-treated cells only protected against cell-cycle
arrest. The ability of NSC126405 to upregulate proapoptotic BIM
in a RAPTOR/TORC1-dependent fashion (Supplementary Fig.
S4) may also participate in apoptosis. In addition, as autophagy
is often cytoprotective in MMCLs (24, 25), the ability of
NSC126405 to inhibit autophagy may play a role. In fact, the
upregulated BIM expression may contribute to the inhibition of
autophagy as previously shown in multiple myeloma cells (18).
A signiﬁcant difference between DEPTOR silencing and
NSC126405 exposure is the effect on AKT phosphorylation.
DEPTOR knockdown results in stimulated TORC1 and TORC2
activity. However, stimulated TORC1 activity induces a negative
feedback loop via TORC1-mediated phosphorylation of IRS-1,
which inhibits PI3K signaling and results in depression of AKT
phosphorylation, overcoming any activation of TORC2. In contrast, while NSC126405 similarly causes activation of TORC1 and
TORC2, IRS-1 remains unaffected and the negative feedback is not
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initiated. The activation of TORC2 in drug-treated cells is, thus,
unopposed, resulting in stimulated AKT phosphorylation. It is not
clear why a similar activation of mTORC1 activity induced by
NSC126405 is unable to achieve IRS-1 S312 phosphorylation and
feedback effects on PI3K/AKT. However, several previously
reported studies (26, 27) also suggest lack of a simple direct
correlation between DEPTOR-induced effects on mTORC1 and
alteration of the negative feedback loop. Collectively, these results
suggest that additional events (independent of TORC1) participate in regulation of IRS-1 phosphorylation. In our model, these
events appear to be affected by DEPTOR knockdown but not by
NSC126405.
It was remarkable that DEPTOR targeting, with subsequent
activation of TORC1, TORC2, and AKT, results in MMCL
cytotoxicity. This is especially so since previous work has
demonstrated anti–multiple myeloma efﬁcacy of dual
TORC1/TORC2 inhibitors (28) as well as AKT inhibitors
(29). However, several studies (1, 5) clearly demonstrate that
the adverse effect of DEPTOR gene silencing in MMCLs is
prevented by RAPTOR knockdown, thus implicating TORC1
activation. It is also clear from other studies (30, 31) that acute
TORC1 activation, when occurring in a speciﬁc cell context, can
result in tumor cell cytoreduction. As for TORC2 activation, in
experiments not shown, RICTOR knockdown did not prevent
drug cytotoxicity. Thus, TORC2 activation does not participate
in the anti–multiple myeloma effect of NSC126405. However,
because of its resulting activation of AKT, TORC2 may function
to limit the efﬁcacy of drug. Preliminary experiments with an
AKT inhibitor, which enhanced NSC126405 efﬁcacy (not
shown), suggest this possibility.
Because previous work (1) indicated a strong correlation
between DEPTOR RNA expression and multiple myeloma subgroups containing IgH translocations, we tested the hypothesis
that sensitivity to our anti-DEPTOR drug would also correlate.
Cytotoxicity to primary multiple myeloma cells, although somewhat related to FISH classiﬁcation, did not reach statistical signiﬁcance in 17 specimens studies. It is certainly possible that, with
study of a larger cohort, there will be a statistically signiﬁcant

difference. However, a recent study (32) demonstrates an additional inducer of DEPTOR expression, CHE-1. As the presence of
CHE-1 may not necessarily correlate with the IgH translocation
subgroup, future studies to identify predictive markers of sensitivity to anti-DEPTOR therapy should investigate DEPTOR RNA
or protein expression rather than simply FISH determined multiple myeloma classiﬁcation.
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