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Key Points

• Blockade of NAE and
bortezomib induces
phosphatidylinositol 3-kinase/
mTOR inhibition.

• NAE inhibition and bortezomib
combined induce synergistic
plasma cell apoptosis.

The function and survival of normal andmalignant plasmacells dependson the elaborately

regulated ubiquitin proteasome system. Proteasome inhibitors such as bortezomib have

proved tobehighly effective in the treatmentofmultiplemyeloma (MM), and their effects are

related to normal protein homeostasis which is critical for plasma cell survival. Many

ubiquitin ligasesareregulatedbyconjugationwithNEDD8.Therefore,neddylationmayalso

impact survival and proliferation of malignant plasma cells. Here, we show that MLN4924,

a potent NEDD8 activating enzyme (NAE) inhibitor, induced cytotoxicity in MM cell lines,

and its antitumor effect is associatedwith suppressionof theAKTandmammalian target of

rapamycin (mTOR) signaling pathways through increased expression of REDD1. Com-

bining MLN4924 with the proteasome inhibitor bortezomib induces synergistic apoptosis

in MM cell lines which can overcome the prosurvival effects of growth factors such as interleukin-6 and insulin-like growth factor-1.

Altogether, our findings demonstrate an important function for REDD1 in MLN4924-induced cytotoxicity in MM and also provide

a promising therapeutic combination strategy for myeloma. (Blood. 2014;123(21):3269-3276)

Introduction

Posttranslational modifications of proteins such as phosphory-
lation, glycosylation, ubiquitination, and acetylation regulate
protein structure, activity, localization, and stability. Aberrant
protein modification profiles are related to disease and cancer
pathogenesis.1-5 Among themost common posttranslationalmod-
ifications of proteins, ubiquitination represents an emerging area
of research interest due to its importance in so many aspects of
cancer cell biology.

Ubiquitination of proteins regulates cell cycle, differentiation,
and apoptosis.6-11 Ubiquitination of target proteins is achieved via
sequential enzymatic reactions mediated by E1 (ubiquitin activating
enzyme),E2 (ubiquitin conjugating enzyme), andE3 ligases (ubiquitin
ligases). Among the known E3 ligases, cullin-ring ligases (CRLs)
represent the largest and most frequently used group. The activities of
CRLs are regulated by neddylation of cullin family proteins within the
complex through covalent attachment of NEDD8, a 9-kDa ubiquitin-
like small molecule. Protein neddylation is mediated through an
enzymatic cascade in a similar manner to the ubiquitin system,which
is initiated by NEDD8 activating enzyme (NAE). Thus, E3 ligases are
in part regulated by neddylation, suggesting that tight regulation of
ubiquitination can be imposed by enzymes upstream of the protea-
some. Among all the known neddylated proteins, the cullin protein
family is the major group of substrates and acts as an essential com-
ponent of CRLs.MLN4924 is a newly developed NAE inhibitor with
high specificity for the target enzyme.12,13 Through its effects on

protein neddylation, MLN4924 is known to have many effects in-
cluding induction of DNA rereplication, apoptosis, autophagy,
cell growth inhibition through p21-dependent senescence, and
regulation of T-cell–mediated inflammatory response.14-18 How-
ever, from a plasma cell biology perspective, MLN4924 can
selectively inhibit the turnover of specific proteins which are
targeted by CRLs.

The proteasome acts as the main lysosomal-independent protein
degradation system within cells to regulate protein metabolism
(turnover) which is critical in normal cell growth and survival as
well as malignant cells. The phosphatidylinositol 3-kinase (PI3K)/
mammalian target of rapamycin (mTOR) signaling pathway
integrates diverse signals to regulate cell growth, survival, me-
tabolism, and autophagy. The interaction between protein metab-
olism and the PI3K/mTOR pathway is also an area of increasing
interest amongmany cancers.19-21 In the current report, we describe
the novel effects of NAE inhibition on myeloma cell survival
alone or in combination with a focus on how neddylation can
impact not only growth, but more directly impact cellular me-
tabolism and proliferation through its effects on REDD1 (regulated
in development and DNA damage responses 1) and thus on the
PI3K/mTOR signaling pathway. These results suggest, in aggre-
gate, that regulation of ubiquitination and proteasome function
have broad implications for malignant plasma cell metabolism and
survival.
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Materials and methods

Cells

Dexamethasone-sensitive (MM.1S) and dexamethasone-resistant (MM.1R)
human MM cell lines were kindly provided by Dr Steven Rosen (North-
western University, Chicago, IL). All cell lines are maintained in RPMI

1640 with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin
streptomycin, 13 nonessential amino acids, 1 mM sodium pyruvate (CellGro),
and 0.05 M 2-mercaptoethanol (Sigma).

Reagents

MLN4924 and bortezomib were kindly provided by Millennium Pharma-
ceuticals. Recombinant human interleukin-6 (IL-6) and insulin-like growth

Figure 1. MLN4924 induces cytotoxicity in human MM cell lines. (A) HMCLs were treated with increasing concentrations of MLN4924 for 48 or 72 hours, respectively.

MTT assays were performed to assess growth inhibition of MLN4924. Data represent mean 6 SD derived from 3 independent experiments. (B) HMCLs were cultured with

increasing doses of MLN4924 (0.625-5 mM) for 24 hours and assessed for apoptosis using flow cytometry for annexin V/PI. (C) HMCLs were treated with MLN4924 for

24 hours and cell lysates were assessed by western blotting for PARP, cleaved caspase 3, cleaved caspase 9, and cleaved caspase 8. (D) HMCLs were exposed to MLN4924

for 24 hours, before cell collection, cells were incubated with or without 100 nM bafilomycin A1 for 2 hours. HMCL, human myeloma cell line.
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factor-1 (IGF-1) were obtained from R&D Systems, Inc. Cycloheximide
(CHX) and bafilomycin A1 were purchased from Sigma.

Growth inhibition assay

The growth inhibition effect of MLN4924 alone or combination with bor-
tezomib was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrasodium bromide assay (MTT kit; American Type Culture Collection) ac-
cording to the manufacturer’s instruction.

Flow cytometric assay

Cell apoptosis was determined using fluorescein isothiocyanate (FITC)–annexin
V/propidium iodide (PI) staining (BDBiosciences) following the manufacturer’s
protocol. Data were analyzed using FlowJo (TreeStar) software.

RNA purification and reverse transcription qPCR

Total RNA was extracted from MM.1R cells using the RNeasy mini kit
(Qiagen). Total RNA (1 mg) was reverse transcribed to complementary
DNA (cDNA) using the iScript cDNA Synthesis kit (Bio-Rad). Quantitative
polymerase chain reactions (qPCRs) were carried out with the 7500 Fast
Real-Time PCR System (Applied Biosystems) using Sybr Green protocol
(Sigma), and the data acquired were analyzed with 7500 software (version
2.04 from Applied Biosystems). The following primers were used in the
qPCR reactions: human REDD1: forward, 59-ACGCACTTGTCTTAGCAGTT-
39; reverse, 59-TAAGCCGTGTCTTCCTCC-39; human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH): forward, 59-GCCACATCGCTCA
GACAC-39; reverse, 59-GGACTCCACGACGTACTCA-39.

Immunoblotting

Cell lysate preparation and western blots were performed as described pre-
viously.22 Antibodies used were as follows: actin (Sigma), REDD1 (Protein
Tech Group, Inc.); all other antibodies were purchased from Cell Signaling
Technology.

Small interfering RNA (siRNA) and transfection

MM.1Rcellswere transiently transfectedwith 100 nMREDD1On-TARGET
plus SMARTpool or Nontargeting Pool (Dharmacon Research Inc.) using
Nucleofector Kit V (Amaxa Biosystems).

Patient samples

Bone marrow aspirates from multiple myeloma (MM) patients were pre-
pared following Emory University Institutional Review Board–approved
consent. This study was conducted in accordance with the Declaration of
Helsinki.

Briefly, the samples were diluted with phosphate-buffered saline (PBS) and
underlain with lymphocyte separation medium (Cellgro). Buffy coat cells were
carefully collected and washed with PBS, then resuspended in separation buffer
(PBS, pH 7.2, 0.5% bovine serum albumin, 2 mM EDTA) and incubated with
CD1381 microbeads followed by plasma cell purification using MACS Cell
Separation MS Columns according to the manufacturer’s protocol (Miltenyi
Biotec). The isolated cells were checked for purity by staining with anti-CD38-
allophycocyanin, anti-CD45-allophycocyanin-Cy7, and anti-CD138-FITC
antibodies (BD Biosciences) using flow cytometry. Cells were suspended in
culture medium and treated withMLN4924 and/or bortezomib as indicated for
western blot analysis.

Figure 2. MLN4924 inhibits PI3K/mTOR signaling

pathway. (A) MM.1R and U266 cells were treated as

with Figure 1C and analysis of total and phosphoprotein

expression was evaluated using western blot. (B)

Primary human MM cells were treated with 2.5 or

5 mM MLN4924 for 24 hours; apoptosis and specific

signal pathway were checked using western blot

analysis. (C) The MM.1R cell was treated with 2.5 mM

MLN4924 or control for the indicated time points. Total

and phosphoprotein expression were again tested

using western blot analysis.
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Results

MLN4924 induces growth arrest and apoptosis in human

myeloma cell lines

The effect of varying time and dose effects of MLN4924 was tested
in a series of 7 humanMMcell lines (OPM2, RPMI8226, OCI-MY5,
LP1,MM.1S,MM.1R, andU266). All cell lines tested demonstrated
time- and dose-dependent growth inhibition (Figure 1A). Sensitivity
toMLN4924 is not related to p53 status as response was noted in p53
wild-type cell lines (MM.1S,M.1R) as well as thosewithmutant p53
status (LP1, OCI-MY5, RPMI8226, OPM2, and U266). The U266
cell line was more resistant with 50% inhibitory concentration of
10 mM at 72 hours, whereas OCI-MY5 and RPMI8226 were more

sensitive with 50% inhibitory concentration of 0.5 mM at 72 hours.
When the effect of growth inhibition on apoptosiswas assessed using
flow cytometry and annexin V/PI staining the effects were less clear,
with 2 cell lines (RPMI and OCI) demonstrating the greatest degree
of apoptosis, even with relatively lower doses of MLN4924
(Figure 1B). Apoptosis was confirmed by western blot analysis for
caspase and poly ADP ribose polymerase (PARP) cleavage, further
suggesting that the RPMI and OCI cell lines were the most sensitive
to the proapoptotic effects of MLN4924 (Figure 1C). It has been
reported that MLN4924 can induce autophagy in certain human
cancer cells (breast and liver cancer). We next determined whether
MLN4924 induces autophagy in MM cell lines. As shown in
Figure 1D, MLN4924 did not induce an increase of LC3-II, an
indicator of ongoing autophagy. Of note, MLN4924 did decrease p62
expression in some of the MLN4924-treated cell lines, including

Figure 3. Effect of REDD1 on efficacy of MLN4924. (A) REDD1 expression by western blot with MLN4924 or control over time in MM.1R and patient samples. (B) Silencing

of REDD1 by siRNA blocks the signaling effects of MLN4924. (C) Silencing of REDD1 inhibits cytotoxicity effects of MLN4924 when compared with siRNA control, *P , .01;

paired Student t test.
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MM.1R, OCI-MY5, and OPM2. However, when bafilomycin A1 (a
selective inhibitor of vacuolar-type [v-type] H1 ATPase) was used to
prevent autophagosome and lysosome fusion, we did not observe
accumulation of p62. These data suggest that MLN4924 does not
induce autophagy in MM cell lines. Based on the more uniform
effect on growth inhibition as assessed by MTT assay, this led us
to evaluate the impact of MLN4924 on the mTOR pathway and
metabolism.

MLN4924 inhibits AKT, mTOR signaling pathway

It has been reported in other preclinical and clinical models that the
use of proteasome inhibition results in an initial activation of AKT,
followed by a subsequent reduction of AKT expression,20,23 but it is
unclear whether blockade upstream of the proteasome with an agent
that may not completely block proteasome function can achieve a
similar effect.We began to further interrogate the impact ofMLN4924
on the PI3K/mTOR cascade. Using the same 6 human myeloma cell
lines, there was a dose-dependent reduction in phosphorylatedmTOR,
p70S6K, 4EBP1, and AKTwithin 24 hours of exposure toMLN4924
(Figure 2A). Additionally, total protein levels of mTOR, p70S6K,
4EBP1, and AKT were decreased in MM.1R, RPMI8226, and OCI-
MY5 cells which were more sensitive to the proapoptotic effects of
MLN4924 (Figure 2A). We also observed AKT and mTOR signaling
pathway inhibition on freshly isolated cells from a myeloma patient
(Figure 2B). To further evaluate whether the reduction in protein
phosphorylation was a consequence of blocked expression or activa-
tion, we performed a short-interval time-course analysis (Figure 2C)
which demonstrated a downregulation of protein phosphorylation at
the 8-hour time point, while reduction of total protein expression of
the same proteins was delayed until after 24 hours. This suggested
2 different effects of MLN4924 on the PI3K/mTOR signaling
cascade: inhibition of protein phosphorylation as well as protein
translation.

MLN4924 induces REDD1 expression and suppresses the AKT,

mTOR pathway

Based on the observation that REDD1 is a CRL substrate and is known
tomodulate mTOR signaling,24 we evaluated the impact ofMLN4924
on REDD1 expression as a possible explanation for the effects on
signaling we had observed. Treatment with MLN4924 induced rapid
REDD1 expression as early as 2 hours postexposure (Figure 3A);
b-Catenin, another known CRL substrate was also rapidly upreg-
ulated following MLN4924 addition. The similar pattern of REDD1
expression was also observed on primary human MM cells. To
investigate whether the effect ofMLN4924 onmTOR activationwas
a direct effect of REDD1 expression, we used transient transfection
with siRNA to silence REDD1 (Figure 3B). Transfected cells were
treatedwith 2.5mMMLN4924 for 8 hours.Western blot (Figure 3B)
demonstrated an increase in the phosphorylation of mTOR, p70S6K,
and 4EBP1 as well as AKT compared with the control siRNA,
suggesting that REDD1 is necessary for the effect of MLN4924
on dephosphorylation of the PI3K/mTOR pathway.

However, it was unknown whether the cytotoxicity effects of
MLN4924 were also REDD1 dependent. We then evaluated the
effect of MLN4924 treatment usingMTT and flow cytometry assays
for apoptosis inREDD1-silenced and control cells. Among cells with
REDD1 silencing, there was less growth inhibition and apoptosis
when treated with MLN4924 than in the REDD1 control silenced
cells (Figure 3C; supplemental Figure 1, available on the Blood
Web site).

REDD1 upregulation is associated with both RNA and

protein levels

To further identify the mechanism responsible for MLN4924-
induced REDD1 expression, we examined the REDD1 transcript
level using reverse transcription (RT)–qPCR. Following exposure to
MLN4924, there was rapid and sustained increase in REDD1
transcription beginning at 2 hours postexposure, and then noted
again at 24 hours (Figure 4A). We then examined whether
MLN4924 had an impact on REDD1 protein stability posttrans-
lation. MM.1R cells were pretreated with CHX for 1 hour to
inhibit de novo protein synthesis followed by treatment with
MLN4924 or dimethylsulfoxide (DMSO). The use of 10 mg/mL
CHX almost completely blocked protein translation for 8 hours,
while at the 4- and 8-hour time point, we were able to detect an
increase in REDD1 expression (Figure 4B). From these results it
appears that MLN4924 has a significant impact on the transcription
and stability of REDD1 thus leading to its effects on inhibition of
mTOR signaling.

MLN4924 and bortezomib are synergistic

Based upon prior data demonstrating the effect of bortezomib on
AKT activation and mTOR signaling, we tested the combination
effect of bortezomib with MLN4924. Combining MLN4924 with
bortezomib induced greater cytotoxicity in MM.1S, MM.1R, and
U266 (Figure 5A). The effect on apoptosis was further assessed
by the observation of increased caspase and PARP cleavage over a
single agent alone (Figure 5B). In addition, the suppression of the
PI3K/mTOR pathway was more marked with the combination than
was seen with either single agent (Figure 5B). The combination
indices in MM.1R, MM.1S, OPM2, U266, and RPMI8226 cell lines
are all,1, supporting synergistic cell death (Figure 5C, Table 1). To
further determine whether the interaction worked on primary human
MM cells, we performed a western blot assay on apoptosis and the
AKT, mTOR pathway with patient samples (Figure 5D). Data from

Figure 4. MLN4924 upregulates REDD1 at mRNA and protein levels. (A) MM.1R

cells were treated with 2.5 mMMLN4924 for 2, 4, 8, and 24 hours, increasing REDD1

mRNA levels as assessed by quantitative RT-qPCR. Values represent the relative

expression ratio of REDD1 to GAPDH. (B) MM.1R cells were pretreated with DMSO

or 10 mg/mL CHX for 1 hour, followed by DMSO or 2.5 mMMLN4924 for 2, 4, 8 hours,

demonstrating an increase in protein level if protein synthesis is blocked.
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2 patient samples also showed more cell apoptosis and pathway
inhibition upon the combination treatment.

IL-6 and IGF-1 are 2 important growth factors known to
promote myeloma cell growth, survival, proliferation, and drug

resistance. Both IL-6 and IGF-1 are known to activate the PI3K/
mTOR pathway. To evaluate whether these growth factors are able to
protect against MLN4924-induced cytotoxicity through constitutive
activation of the PI3K/mTOR axis, MM.1R cells were treated with

Figure 5. Bortezomib increases MLN4924-induced cell cytotoxicity. (A) MM.1S, MM.1R, and U266 were treated with MLN4924 (2.5 or 5 mM) separately or concurrently

with MEL (5 or 10 mM) or BTZ (2 or 4 nM). MTT assay was used to evaluate growth inhibition. (B) MM.1R cells or primary human MM cells (D) were treated with 2 nM

bortezomib, 2.5 mM MLN4924, or the combination for 24 hours with increased inhibition of the PI3K/mTOR pathway and increased PARP and caspase cleavage. (C) MM.1R

cells were treated with serial concentrations of MLN4924 and BTZ. MTT assays were performed to assess the growth inhibition effects. Combination index values are shown

in Table 1 using the Calcusyn software program. (E) MM.1R cells were treated for 24 hours with 2 nM bortezomib, 2.5 mMMLN4924 alone or in combination in the presence or

absence of IGF-1 (25 ng/mL) or IL-6 (10 ng/mL). Cell death was assessed using annexin V/PI staining. BTZ, bortezomib; MEL, melphalan.
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bortezomib and MLN4924 either alone or in combination in the
presence of IL-6 or IGF-1. Using cytotoxicity assessment from flow
cytometry, neither IL-6 nor IGF-1was able to block either single agent
or combination-induced therapy (Figure 5E).

Knockdown REDD1 decreases the cytotoxicity of bortezomib

and MLN4924

Based upon the observation that REDD1 is required for MLN4924
to induce apoptosis, we sought to evaluate the effect of REDD1
silencing on the combination of bortezomib and MLN4924. As
predicted, silencing REDD1 induced less growth inhibition in the
combination (Figure 6A), although the combination was still more
effective than either single agent, and there was less dephosphor-
ylation seen with the combination than in the control siRNA group
(Figure 6B). These data support the impact of REDD1 activity on the
single agent or combination effect of MLN4924.

Discussion

The PI3K signaling pathway plays a vital role in regulating cell growth,
proliferation, and survival, though direct targeting of PI3K remains
challenging due to its numerous functions in normal cell function and
survival.25 PI3K/AKT regulatesmany downstream signaling cascades
andmTOR complex 1 (mTORC1) is one of its major effectors. There
are 2 mTOR complexes which are functionally different. mTORC1
integrates signaling from growth factors such as IGF-1 and IL-6 as
well as aberrant activation of the Ras/mitogen-activated protein kinase
cascade.26-28ThemTORC1axis can activatemessengerRNA(mRNA)
translation through regulation of p70S6K and 4EBP1. Activation of
mTORC1also inhibits the prosurvivalmoleculeAKT throughp70S6k-
IRS1–mediated negative regulation; themTOR complex 2 (mTORC2)
can act as an activator of AKT through phosphorylation of serine 473,
and thus can reactivate the pathway following initial suppression
mediated by AKT inhibition or mTORC1 inhibition alone.

MLN4924, an investigational NEDD8-activating enzyme in-
hibitor, exhibits a promising antitumor effect through both clinical
and laboratory observation. The compound has active in vitro and in
vivo activity in preclinical models of multiple myeloma.29 In this re-
port, we demonstrate that MLN4924 inhibits both AKT and mTOR
signaling in MM, which can be further enhanced through the com-
binationwith bortezomib. The effect onmTOR signaling is dependent
upon induced upregulation of REDD1, a known negative regulator of
the mTOR pathway. However, unlike rapamycin, MLN4924 did not
induce reciprocal activation of AKT. It has been reported that REDD1
inhibits mTORC2 activity in neuronal cell and skeletal muscle
cell,30,31 suggesting that through the use of MLN4924 the PI3K/
mTOR axis can be inhibited without reciprocal activation. To
further support this, when REDD1 was silenced, the activity of
AKT and mTOR was enhanced, supporting the observation that
REDD1 activity is critical for the inhibition of both mTOR and
AKT. We then combined MLN4924 with bortezomib based on
the hypothesis that although bortezomib initially increased
activated AKT, ultimately AKT function is suppressed, suggest-
ing possible synergy with MLN4924. In our combination studies,
we demonstrated synergy with bortezomib, and more potent pathway
suppression of the PI3K/mTOR axis than is seen with either agent

Table 1. Combination index of MLN4924 with bortezomib

Cell line MLN4924 dose, mM Bortezomib dose, nM CI

OPM2 5 4 0.17836

5 8 0.14499

10 4 0.10951

10 8 0.11097

U266 2.5 4 0.42012

5 4 0.40122

10 4 0.39735

20 4 0.40017

MM.1S 1.25 4 0.47348

2.5 4 0.43892

1.25 8 0.42433

2.5 8 0.43257

RPMI8226 0.625 4 0.47984

1.25 4 0.68028

2.5 4 0.71090

2.5 2 0.96746

MM.1R 0.625 2 0.78764

1.25 2 0.86669

2.5 2 0.59118

2.5 4 0.65250

CI, combination index.

Figure 6. Silencing REDD1 blocks bortezomib 1

MLN4924-induced cytotoxicity. MM.1R was trans-

fected with nontarget siRNA or REDD1 siRNA. Twenty-

four hours after transfection, cells were treated with

2 nM bortezomib, 2.5 mMMLN4924 or the combination.

Growth inhibition was assessed using MTT assay (A);

western blotting was used to check specific signaling

proteins (B).
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alone, and this occurs independent of exogenous IL-6 or IGF-1.
Furthermore, the impact of the combination effect was in part
abrogated when REDD1 is silenced, suggesting that the activity
of MLN4924 is dependent upon REDD1, but not bortezomib.

Conceptually, the effect of the combined proteasome inhibitor
with a regulator of proteinhomeostasis such asMLN4924 is counterin-
tuitive, yet their cellular effects appear to be quite different. Although
proteasome inhibition is clearly important for plasma cell survival,32

the effect from MLN4924 appears to be mediated by its effects on
REDD1 and the subsequent effect on mTOR.

Taken together, the present study demonstrates that MLN4924 is
a potent antitumor compound suppressing AKT and mTOR signaling
in myeloma cell lines. Downregulation of AKT andmTOR signaling
is associated with increased expression of REDD1. Combination
of MLN4924 with the proteasome inhibitor bortezomib induces
synergistic apoptosis in human myeloma cells, and suggests that
combinations with other upstream regulators of protein homeo-
stasis such as sumoylation or alternative regulators of the ubiquitin
proteasome system (UPS) could have additional activity. These
findings suggest that among patients with activated PI3K myelo-
mas, combinations of MLN4924 and bortezomib may offer a
mechanism for enhanced efficacy over single-agent bortezomib
alone and not result in reciprocal activation of feedback loops.

Acknowledgments

This workwas supported by the Richard and Annelly DeetsMyeloma
Foundation (S.L.) and National Institutes of Health grant CA127910
(L.H.B.).

Authorship

Contribution: Y.G., J.L.K., L.H.B., L.B., and S.L. designed the re-
search;Y.G.,C.T., S.M.M., andS.L. performed thework;Y.G., L.H.B.,
L.B., S.-Y.S., J.C., R.D.H., and S.L. analyzed data; and Y.G., C.T.,
J.L.K., L.B., J.C., R.D.H., S.M.M., L.H.B., and S.L. wrote the paper.

Conflict-of-interest disclosure: J.L.K. is a consultant for
Millennium, Celgene, Onyx, and Novartis. R.D.H. and L.H.B.
are consultants forOnyx. S.L. is a consultant forMillennium,Celgene,
Onyx, Novartis, and Bristol-Myers Squibb. The remaining authors
declare no competing financial interests.

Correspondence: Sagar Lonial, Department of Hematology and
Medical Oncology, Winship Cancer Institute of Emory Universi-
ty, 1365 Clifton Rd, Building C, Room 4004, Atlanta, GA 30322;
e-mail: sloni01@emory.edu.

References

1. Johnson ES. Protein modification by SUMO. Annu
Rev Biochem. 2004;73:355-382.

2. Kerscher O, Felberbaum R, Hochstrasser M.
Modification of proteins by ubiquitin and ubiquitin-
like proteins. Annu Rev Cell Dev Biol. 2006;22:
159-180.

3. Gupta V, Bhinge KN, Hosain SB, et al. Ceramide
glycosylation by glucosylceramide synthase
selectively maintains the properties of breast
cancer stem cells. J Biol Chem. 2012;287(44):
37195-37205.

4. Yang MH, Nickerson S, Kim ET, et al. Regulation
of RAS oncogenicity by acetylation. Proc Natl
Acad Sci U S A. 2012;109(27):10843-10848.

5. Reavie L, Buckley SM, Loizou E, et al. Regulation
of c-Myc ubiquitination controls chronic
myelogenous leukemia initiation and progression.
Cancer Cell. 2013;23(3):362-375.

6. Mocciaro A, Rape M. Emerging regulatory
mechanisms in ubiquitin-dependent cell cycle
control. J Cell Sci. 2012;125(Pt 2):255-263.

7. Pulvino M, Liang Y, Oleksyn D, et al. Inhibition of
proliferation and survival of diffuse large B-cell
lymphoma cells by a small-molecule inhibitor of
the ubiquitin-conjugating enzyme Ubc13-Uev1A.
Blood. 2012;120(8):1668-1677.

8. Delic J, Morange M, Magdelenat H. Ubiquitin
pathway involvement in human lymphocyte
gamma-irradiation-induced apoptosis. Mol Cell
Biol. 1993;13(8):4875-4883.

9. Cheng YC, Lin TY, Shieh SY. Candidate tumor
suppressor BTG3 maintains genomic stability by
promoting Lys63-linked ubiquitination and
activation of the checkpoint kinase CHK1. Proc
Natl Acad Sci U S A. 2013;110(15):5993-5998.

10. Chang J, Liu F, Lee M, et al. NF-kB inhibits
osteogenic differentiation of mesenchymal stem
cells by promoting b-catenin degradation. Proc
Natl Acad Sci U S A. 2013;110(23):9469-9474.

11. Fiandalo MV, Schwarze SR, Kyprianou N.
Proteasomal regulation of caspase-8 in cancer
cell apoptosis. Apoptosis. 2013;18(6):766-776.

12. Soucy TA, Smith PG, Milhollen MA, et al. An
inhibitor of NEDD8-activating enzyme as a new

approach to treat cancer. Nature. 2009;
458(7239):732-736.

13. Brownell JE, Sintchak MD, Gavin JM, et al.
Substrate-assisted inhibition of ubiquitin-like
protein-activating enzymes: the NEDD8 E1
inhibitor MLN4924 forms a NEDD8-AMP mimetic
in situ. Mol Cell. 2010;37(1):102-111.

14. Milhollen MA, Narayanan U, Soucy TA, Veiby PO,
Smith PG, Amidon B. Inhibition of NEDD8-activating
enzyme induces rereplication and apoptosis in
human tumor cells consistent with deregulating
CDT1 turnover.Cancer Res. 2011;71(8):3042-3051.

15. Lin JJ, Milhollen MA, Smith PG, Narayanan U,
Dutta A. NEDD8-targeting drug MLN4924 elicits
DNA rereplication by stabilizing Cdt1 in S phase,
triggering checkpoint activation, apoptosis, and
senescence in cancer cells. Cancer Res. 2010;
70(24):10310-10320.

16. Jia L, Li H, Sun Y. Induction of p21-dependent
senescence by an NAE inhibitor, MLN4924, as
a mechanism of growth suppression. Neoplasia.
2011;13(6):561-569.

17. Luo Z, Yu G, Lee HW, et al. The Nedd8-activating
enzyme inhibitor MLN4924 induces autophagy
and apoptosis to suppress liver cancer cell
growth. Cancer Res. 2012;72(13):3360-3371.

18. Jin HS, Liao L, Park Y, Liu YC. Neddylation pathway
regulates T-cell function by targeting an adaptor
protein Shc and a protein kinase Erk signaling. Proc
Natl Acad Sci U S A. 2013;110(2):624-629.

19. Emerling BM, Akcakanat A. Targeting PI3K/
mTOR signaling in cancer. Cancer Res. 2011;
71(24):7351-7359.

20. Hutter G, Zimmermann Y, Rieken M, et al.
Proteasome inhibition leads to dephosphorylation
and downregulation of protein expression of
members of the Akt/mTOR pathway in MCL.
Leukemia. 2012;26(11):2442-2444.

21. Younes H, Leleu X, Hatjiharissi E, et al. Targeting
the phosphatidylinositol 3-kinase pathway in multiple
myeloma. Clin Cancer Res. 2007;13(13):3771-3775.

22. Gu YY, Zhang HY, Zhang HJ, Li SY, Ni JH, Jia
HT. 8-Chloro-adenosine inhibits growth at least
partly by interfering with actin polymerization in
cultured human lung cancer cells. Biochem
Pharmacol. 2006;72(5):541-550.

23. Hideshima T, Catley L, Yasui H, et al. Perifosine,
an oral bioactive novel alkylphospholipid, inhibits
Akt and induces in vitro and in vivo cytotoxicity in
human multiple myeloma cells. Blood. 2006;
107(10):4053-4062.

24. Katiyar S, Liu E, Knutzen CA, et al. REDD1, an
inhibitor of mTOR signalling, is regulated by the
CUL4A-DDB1 ubiquitin ligase. EMBO Rep. 2009;
10(8):866-872.

25. Pene F, Claessens YE, Muller O, et al. Role of the
phosphatidylinositol 3-kinase/Akt and mTOR/
P70S6-kinase pathways in the proliferation and
apoptosis in multiple myeloma. Oncogene. 2002;
21(43):6587-6597.

26. Lau MT, Leung PC. The PI3K/Akt/mTOR
signaling pathway mediates insulin-like growth
factor 1-induced E-cadherin down-regulation and
cell proliferation in ovarian cancer cells. Cancer
Lett. 2012;326(2):191-198.

27. Chen C, Liu Y, Liu Y, Zheng P. Mammalian target
of rapamycin activation underlies HSC defects in
autoimmune disease and inflammation in mice.
J Clin Invest. 2010;120(11):4091-4101.

28. Carriere A, Romeo Y, Acosta-Jaquez HA, et al.
ERK1/2 phosphorylate Raptor to promote Ras-
dependent activation of mTOR complex 1
(mTORC1). J Biol Chem. 2011;286(1):567-577.

29. McMillin DW, Jacobs HM, Delmore JE, et al.
Molecular and cellular effects of NEDD8-
activating enzyme inhibition in myeloma. Mol
Cancer Ther. 2012;11(4):942-951.

30. Malagelada C, Jin ZH, Greene LA. RTP801 is
induced in Parkinson’s disease and mediates
neuron death by inhibiting Akt phosphorylation/
activation. J Neurosci. 2008;28(53):14363-14371.

31. Favier FB, Costes F, Defour A, et al.
Downregulation of Akt/mammalian target of
rapamycin pathway in skeletal muscle is
associated with increased REDD1 expression in
response to chronic hypoxia. Am J Physiol Regul
Integr Comp Physiol. 2010;298(6):R1659-R1666.

32. Edwards CM, Lwin ST, Fowler JA, et al. Myeloma
cells exhibit an increase in proteasome activity
and an enhanced response to proteasome
inhibition in the bone marrow microenvironment in
vivo. Am J Hematol. 2009;84(5):268-272.

3276 GU et al BLOOD, 22 MAY 2014 x VOLUME 123, NUMBER 21

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/123/21/3269/1377599/3269.pdf by guest on 30 M

ay 2024

mailto:sloni01@emory.edu

