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Recent studies indicate that post-translational protein neddylation is required for the maintenance of cell viability in
several lymphoma cell lines, while inhibition of the neddylation pathway with an NEDD8-activating enzyme (NAE)
inhibitor MLN4924 induces apoptosis in lymphoma cells. However, the mechanism by which neddylation inhibition
induces apoptosis in lymphoma cells has not been fully elucidated. Moreover, it is unknown whether neddylation
inhibition triggers non-apoptotic cell-killing responses, such as cell senescence, in lymphoma cells. Here, we report that
MLN4924 specifically inhibited protein neddylation, inactivated cullin-RING E3 ligase (CRL), the best-known neddylation
substrate, and induced the accumulation of tumor-suppressive CRL substrates in lymphoma cells. Moreover, MLN4924
potently suppressed the growth of lymphoma cells by inducing G2 cell-cycle arrest, followed by apoptosis or
senescence in a cell line-dependent manner. MLN4924-induced apoptosis was mediated by intrinsic apoptotic
signaling with substantial up-regulation of pro-apoptotic Bik and Noxa as well as down-regulation of anti-apoptotic
XIAP, c-IAP1 and c-IAP2, while senescence induction upon neddylation inhibition seemed dependent on the expression
of tumor suppressor p21/p27. Together, these findings expand our understanding on how lymphoma cells respond to
neddylation inhibition and support the development of neddylation inhibitors (e.g. MLN4924) for the treatment of
lymphoma.

Introduction

Neddylation, a type of protein post-translational modifica-
tion, regulates a variety of biological processes by affecting the
subcellular localization, stability, conformation and function of
target proteins.1-5 Neddylation, which conjugates NEDD8，a
ubiquitin-like molecule, to target substrates, is a 3-step enzymatic
cascade involving NEDD8-activating enzyme (NAE, E1),
NEDD8-conjugating enzyme E2 (UBC12 or UBE2F) and sub-
strate-specific E3s.1-5 The best characterized substrates of neddy-
lation are cullin family proteins which serve as essential
components of cullin-RING E3 ligases (CRLs), the largest multi-
unit E3 ubiquitin ligase family that regulates the turnover of

numerous proteins in a proteasome-dependent manner.6-9 Cova-
lent modification of cullin by NEDD8 is required for the activa-
tion of CRL to regulate diverse processes, such as transcription,
signal transduction, cell-cycle progression and stress responses,
whereas its dysfunction leads to carcinogenesis.7,10-14

Inhibition of protein neddylation, particularly cullin neddyla-
tion, has emerged as a promising anticancer strategy since the dis-
covery of the NAE inhibitor MLN4924. MLN4924 inhibits the
neddylation pathway, blocks cullin neddylation, and therefore
inactivates CRL, leading to accumulation of tumor-suppressive
CRL substrates to suppress the growth of cancer cells by trigger-
ing cell-cycle defects, apoptosis or senescence.9,15-21 During the
process，MLN4924 induces autophagic response as a pro-
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survival signal, suggesting that blockage of the protective autoph-
agy may serve as a promising strategy to enhance the efficacy of
MLN4924.17,22,23 Recently, we found that inhibition of neddy-
lation with MLN4924 also impairs tumor angiogenesis as a new
mechanism of tumor growth suppression.24 Due to its significant
anticancer efficacy and well-tolerated toxicity in preclinical stud-
ies, MLN4924 is currently in several phase I clinical trials for
cancer therapy.5,9,25

As a cancer beginning in the lymphatic system, lymphoma
consists of Hodgkin lymphoma (HL) and non-Hodgkin lym-
phoma (NHL), with the latter accounting for about 90% of all
lymphomas.26 Recently, the efficacy of neddylation inhibition
with MLN4924 on lymphoma cells has been reported.20 Milhol-
len et al found that MLN4924 induced apoptosis resulting from
either inhibition of the NF-kB pathway due to the accumulation
of IkBa in activated B cell-like (ABC)-diffuse large B-cell lym-
phoma (DLBCL) or DNA re-replication due to accumulation of
CRL substrate CDT1 in germinal-center B cell-like (GCB)-
DLBCL.20 Dengler et al reported that MLN4924 killed mantle
cell lymphoma (MCL) cells by stabilizing pro-apoptotic protein
NOXA.27 Interestingly, Godbersen et al found that MLN4924
thwarted microenvironment-driven NF-kB activation and indu-
ces apoptosis in chronic lymphocytic leukemia B cells.28 These
collective findings demonstrate that the neddylation pathway is
required for the growth and survival of lymphoma cells. How-
ever, the mechanism of MLN4924-induced apoptosis in lym-
phoma is still not well defined. Moreover, it remains elusive
whether inhibition of neddylation with MLN4924 triggers senes-
cence in lymphoma cells. In this study, we report that, in lym-
phoma cells, NAE inhibitor MLN4924 specifically inhibited the
neddylation pathway and triggered intrinsic apoptosis or senes-
cence in a cell line-dependent manner. These findings support
the development of neddylation inhibitors (e.g. MLN4924) as a
novel agent for the treatment of lymphoma.

Results

MLN4924 specifically inhibits protein neddylation and
inactivates CRL

To determine cellular responses of neddylation inhibition, 4
representative human lymphoma cells, including 2 GCB-
DLBCL (SU-DHL-4 and Toledo) cell lines, one Burkitt’s lym-
phoma (Raji) cell line and one histiocytic lymphoma (U937) cell
line,29 were treated with an NAE inhibitor MLN4924. We first
determined the specificity and efficacy of MLN4924 for the inhi-
bition of protein neddylation when compared to MG132, a clas-
sical proteasome inhibitor. As shown in Figure 1A, MLN4924,
but not MG132, specifically suppressed global protein neddyla-
tion. Further, we found that MLN4924 abrogated neddylation
of Cullin 1, indicating the inactivation of CRLs (Fig. 1B). As a
result, MLN4924 induced the accumulation of several CRL sub-
strates, including (a) DNA replication licensing protein CDT1,
of which accumulation triggered DNA re-replication stress,9 and
DNA damage response, as evidenced by a significant increase of

phosphorylated H2AX; (b) cell-cycle inhibitors p21 and p27;
and (c) NF-kB inhibitor IkBa, as evidenced by the accumulation
of p-IkBa, indicating the inactivation of NF-kB signaling
(Fig. 1B).20,28 The results indicated that MLN4924 specifically
inhibited protein neddylation, inactivated CRLs, and induced
accumulation of CRL substrates in lymphoma cells.

Neddylation inhibition by MLN4924 triggers G2 cell-cycle
arrest and suppresses the growth of lymphoma cells

After validating the specificity and efficacy of MLN4924 for
neddylation inhibition and CRL inactivation, we further evalu-
ated the effect of MLN4924 on cell-cycle profile by propidium
iodide (PI) staining and fluorescence-activated cell sorting
(FACS) analysis. As shown in Figure 2A, a prominent G2-M
cell-cycle arrest was observed in all treated cell lines (Raji, U937,
SU-DHL-4 and Toledo) in a dose-dependent manner. To define
at which phase (G2 or M) these cells were arrested upon neddyla-
tion inactivation, the expression of Wee1, an inhibitor of G2-M
phase transition,30 as well as p-H3, a hallmark of M phase cells,31

was detected. As shown in Figure 2B, MLN4924 induced signifi-
cant accumulation of Wee1 and decrease of p-H3, indicating that
MLN4924-treated cells were arrested at the G2 phase.

Next, we evaluated the effect of neddylation inhibition on
the proliferation of lymphoma cells by cell counting and
ATPlite cell viability assay. As shown in Figure 2C, cell count-
ing analysis revealed that MLN4924 significantly inhibited the
proliferation of lymphoma cells. Consistently, ATPlite assay
revealed that neddylation inactivation with MLN4924 signifi-
cantly impaired cell viability in a dose-dependent manner
(Fig. 2D). These findings demonstrated that the inhibition of
neddylation with MLN4924 triggered G2 arrest and suppressed
the growth of lymphoma cells.

Neddylation inhibition by MLN4924 triggers cell
line-dependent induction of apoptosis or senescence
in lymphoma cells

To elucidate the underlying mechanisms for the inhibitory
effect of neddylation disruption on the proliferation of lym-
phoma cells, cellular morphological changes upon MLN4924
treatment were first observed by microscopy. As shown in
Figure 3A, an increase in cell size with flattened shape, a charac-
teristic of senescence, was observed in Raji and U937 cells,
whereas a shrunk morphology in shape, a feature of apoptosis,
was noticed in SU-DHL-4 and Toledo cells, suggesting that the
different cell fates (senescence or apoptosis) were triggered upon
neddylation inhibition. To determine whether MLN4924 indeed
induced apoptosis or senescence in a cell-specific manner, the
expression of cleaved caspase-3 and cleaved PARP, 2 classical
markers of apoptosis, was measured in treated cells. As shown in
Figure 3B, both cleaved caspase-3 and cleaved PARP significantly
accumulated in apoptotic SU-DHL-4 and Toledo cells, but not
in senescent Raji and U937 cells. To further validate the induc-
tion of cell senescence in Raji and U937 cells, the expression of
senescence-associated b-galactosidase (SA-b-gal), a well-estab-
lished biochemical marker of senescence, was determined by
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SA-b-gal staining in MLN4924-treated cells. As shown in
Figure 3C, a substantial proportion of MLN4924-treated cells
were positively stained. These findings demonstrated that inhibi-
tion of neddylation with MLN4924 suppressed the growth of
lymphoma cells by inducing apoptosis or senescence in a cell
line-dependent manner.

Previous studies have demonstrated a causal role of p21/p27
upregulation in the induction of cell senescence upon neddyla-
tion inhibition or CRL inactivation.15,16,32,33 As shown in
Figure 1B, p21 and p27, 2 well-known CRL substrates, were
accumulated in senescent Raji and U937 cells. To determine the
underlying mechanism of p21/p27 regulation by MLN4924, we

Figure 1. MLN4924 specifically inhibits protein neddylation and inactivates CRL E3 ligases. (A) MLN4924 specifically inhibited protein neddylation. Raji,
U937, SU-DHL-4 and Toledo cells were seeded into 6-well plates, cultured overnight, treated with 0.3 mM MLN4924, 10 mM proteasome inhibitor MG132
or DMSO for 1 h, and subjected to immunoblotting using antibodies against NEDD8 with GAPDH as a loading control. (B) Effects of MLN4924 on neddy-
lated Cullin 1 and downstream effectors. The four lymphoma cells were treated with MLN4924 at 0.1 and 0.3 mM or DMSO for 48 h, and subjected to
immunoblotting using indicated antibodies with GAPDH as a loading control.
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first applied cycloheximide to block protein translation and
determined p21/p27 turnover rate upon MLN4924 treatment.
As shown in Figure 3D, MLN4924 significantly delayed p21/
p27 turnover and extended the half-life of p21/p27 in both Raji
and U937 cells. In contrast, MLN4924 had little effect on the

transactivation of p21/p27 (Fig. 3E).
These findings demonstrated that
MLN4924 induced the accumulation of
p21/p27 by stabilizing those proteins.

MLN4924-induced apoptosis is
mediated through the intrinsic
apoptotic signal pathway and associated
with a coordinated dysregulation of
pro-apoptotic and anti-apoptotic
proteins

We next focused on how neddyla-
tion inhibition induced apoptosis in
SU-DHL-4 and Toledo cells. To
determine the kinetics of apoptotic
induction upon MLN4924 treatment
in these cells, we determined the
kinetic activation of cleaved PARP as
an apoptotic marker in treated cells. As
shown in Figure 4A, the cleaved PARP
were obviously detected as early as
24 h post treatment, accumulated over
time and reached the peak at 48 h post
treatment. We then determined which
apoptotic signal pathway, the extrinsic

or intrinsic apoptotic signaling, was responsible for
MLN4924-triggered apoptosis by measuring the activation of
cleaved caspase-8 and cleaved caspase-9, respectively. As shown
in Figure 4B, MLN4924 substantially induced the cleavage of
caspase-9 but not caspase-8 in both apoptotic SU-DHL-4 and

Figure 2. Neddylation inhibition with
MLN4924 triggers G2 cell-cycle arrest and
suppresses the growth of lymphoma cells.
(A) MLN4924 induced G2-M cell-cycle arrest.
Raji, U937, SU-DHL-4 and Toledo cells seeded
into 6-well plates were treated with
MLN4924 at 0.1 and 0.3 mM or DMSO for
48 h, followed by PI staining and FACS analy-
sis for cell-cycle profile. (B) MLN4924
induced accumulation of Wee1 and decrease
of p-H3. The four lymphoma cells were
treated with MLN4924 at 0.1 and 0.3 mM or
DMSO for 48 h, and subjected to immuno-
blotting using antibodies against Wee1 and
p-H3 (S10) with GAPDH as a loading control.
(C) MLN4924 inhibited the proliferation of
lymphoma cells. The four cells seeded into
24-well plates were treated with 0.3 mM
MLN4924 or DMSO for indicated time points,
followed by cell counting (n D 3). (D)
MLN4924 impaired cell viability in lym-
phoma cells. The four cells seeded into 96-
well black plates were treated with MLN4924
at 0.1 and 0.3 mM or DMSO for 96 h, fol-
lowed by cell viability analysis using the
ATPlite assay (n D 3). *P < 0.05, **P < 0.01,
***P < 0.001.
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Toledo cells, indicating that the
induction of apoptosis upon neddyla-
tion inhibition was primarily medi-
ated via the intrinsic apoptotic signal
pathway.

To further investigate the potential
mechanisms underlying the activation
of intrinsic apoptotic signal pathway,
we measured the expression of classical
Bcl-2 and IAP (inhibitor of apoptosis)
family members, including a panel of
pro-apoptotic proteins (Bad, Bid, Bax,
Bak, Bim, Bik and Noxa) and anti-apo-
ptotic proteins (Bcl-2, Bcl-xL, Mcl-1,
XIAP, c-IAP1 and c-IAP2) in apoptotic SU-DHL-4 and Toledo
cells. Among these proteins, pro-apoptotic Bik and Noxa were
substantially up-regulated while anti-apoptotic XIAP, c-IAP1
and c-IAP2 were reduced significantly in both cell lines
(Fig. 4C). To further address how MLN4924 controls the
expression of these apoptosis-regulatory proteins, the transcrip-
tion of 88 apoptosis-regulatory genes was determined by the real-

time PCR using human apoptosis PCR array in MLN4924-
treated Toledo cells. Consistently, the transcription of Bik and
Noxa was significantly activated while the transactivation of c-
IAP2 was notably reduced (P < 0.05) (Figure 4D and data not
shown). Together, these results suggested that MLN4924
induced apoptosis by up-regulation of pro-apoptotic Bik and
Noxa and downregulation of anti-apoptotic XIAP and c-IAP1/2.

Figure 3. Neddylation inhibition with
MLN4924 triggers cell line-dependent
induction of apoptosis or senescence in
lymphoma cells. (A) Changes in cellular
morphology upon MLN4924 treatment.
Raji, U937, SU-DHL-4 and Toledo cells were
treated with 0.1 mM MLN4924 or DMSO for
96 h, followed by morphological observa-
tion. Scale bar, 100 mm. (B) MLN4924 sig-
nificantly induced apoptosis in SU-DHL-4
and Toledo cells, but not Raji and U937
cells. The four lymphoma cells were treated
with MLN4924 at 0.1 and 0.3 mM or DMSO
for 48 h, and subjected to immunoblotting
using antibodies against cleaved caspase-3
and cleaved PARP with GAPDH as a load-
ing control. (C) MLN4924 induced senes-
cence in Raji and U937 cells. Raji and U937
cells, treated with 0.3 mM MLN4924 or
DMSO for 96 h, were subjected to senes-
cence-associated b-galactosidase (SA-
b-gal) staining assay. Representative pic-
tures were shown (left panel), and posi-
tively stained cells were counted and
plotted as percentage of total cell numbers
(right panel) (n D 3). Scale bar, 100 mm. (D)
MLN4924 extended the half-life of p21/
p27. Raji and U937 cells were treated with
0.3 mM MLN4924 or DMSO in combination
with 50 mg/mL cycloheximide (CHX) for
indicated time points, and subjected to
immunoblotting using antibodies against
p21 and p27 with GAPDH as a loading con-
trol. (E) MLN4924 had little effect on the
transactivation of p21/p27. Raji and U937
cells were treated with 0.3 mM MLN4924
or DMSO for 6 h, and subjected to real-
time PCR for p21 and p27 with GAPDH
as a normalizer (n D 3). **P < 0.01,
***P < 0.001.
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Discussion

Inhibition of protein neddylation with MLN4924 has become
an attractive strategy for the treatment of lymphoma, as

evidenced by the anti-lymphoma activity in preclinical studies of
NAE inhibitor MLN4924.20,27,28 Encouragingly, lymphoma
cells, compared to other types of cancer cells, exhibit the highest
sensitivity to MLN4924.9 Moreover, normal lymphocytes

Figure 4. For figure legend, see page 426.
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including T/B cells and peripheral blood mononuclear cells
(PBMCs) are resistant to MLN4924 treatment, while lymphoma
cells are shown to be very sensitive to this anticancer agent.27,28

Based on these findings, phase I clinical trial of MLN4924 in
patients with non-Hodgkin lymphoma has been initiated and the
expected pharmacodynamic effects were seen in humans.5,25

These collective findings highlight the therapeutic value of ned-
dylation inhibition with MLN4924 in lymphoma.

Mechanistically, previous and our present studies demon-
strated that MLN4924 specifically inhibited the neddylation
pathway, blocked the cullin neddylation, inactivated CRLs,
induced the accumulation of tumor-suppressive CRL substrates
and triggered multiple cell-killing pathways in lymphoma
cells.20,27,28 Interestingly, we found that MLN4924 induced G2
cell-cycle arrest, a rare and important type of cell cycle arrest that
can be triggered by some cellular stresses.34-37 Our findings seem
inconsistent with a previous report showing that treatment of
GCB-DLBCL cells with MLN4924 resulted in the accumulation
of cells in S-phase.20 A potential explanation for this discrepancy
is that the disturbance of cell cycle progression at different phases
by MLN4924 is cell line dependent.9,16,17,20,38 Meanwhile, the
concentrations of MLN4924 used in the treatments could also
determine at which phase (S or G2) the treated cells were
arrested, which may also explain the discrepancy.18 In addition
to lymphoma cell lines, we and others previously reported that
MLN4924 also induced G2 cell-cycle arrest in other types of can-
cer cells, including liver cancer cells, intrahepatic cholangiocarci-
noma cells, prostate cancer cells, pancreatic cancer cells and lung
cancer cells.17,38-41 These findings indicate that induction of cell
cycle arrest at G2 phase is a general cellular response of cancer
cells upon neddylation inhibition with MLN4924. However, it
is unclear whether MLN4924-induced G2 arrest is cancer-spe-
cific, and future studies are warranted to evaluate the effect of
MLN4924 on normal cells.

In this study, we found that neddylation inhibition by
MLN4924 induced apoptosis in SU-DHL-4 and Toledo, and
the response was mediated mainly through the intrinsic apoptotic
pathway. Furthermore, mechanistic study showed that
MLN4924 treatment led to significant upregulation of pro-apo-
ptotic proteins Noxa and Bik. Similarly, previous studies
reported that the induction of Noxa expression in mantle cell
lymphoma (MCL) cells and chronic lymphocytic leukemia
(CLL) cells contributed to MLN4924-induced apoptosis,27,28

while the up-regulation of Bik was reported to contribute to apo-
ptotic induction by MLN4924 in combination with cisplatin.42

We also noticed that anti-apoptotic IAP family proteins, includ-
ing XIAP and c-IAP1/2, were significantly down-regulated upon
MLN4924 treatment. So it is likely that the upregulation of Bik
and Noxa and down-regulation of IAP proteins induced apopto-
sis in MLN4924-treated lymphoma cells.

Senescence is an important mechanism to suppress the prolif-
eration of potentially tumorigenic cells, and induction of senes-
cence has become a promising approach for cancer therapy.43,44

In this study, we found that, in addition to apoptosis, MLN4924
triggered cellular senescence as another major mechanism of
growth suppression in 2 of 4 tested lymphoma cell lines. Previous
studies indicated that senescence is primarily regulated by the
p53/p21 and/or p16/pRB pathways.44-46 In this study, the
induction of senescence by neddylation inhibition seems to be
dependent on the induction of CRL substrate p21/p27 but not
p53 or p16/pRB, as (a) p21/p27 was significantly accumulated
upon MLN4924 treatment due to the stabilization of these
tumor-suppressive proteins (Figs. 1B and 3D); (b) p53 was not
detected in Raji and U937 cells;47,48 and (c) p16 was methylated
in Raji and U937 cells leading to inactivation of the p16/pRB
pathway.49-51 Together, our findings indicated that the induction
of senescence represents a common anticancer mechanism of
MLN4924 in lymphoma cells.

Based on the findings reported in the current and previous
studies,20,27,28 we propose a working model regarding the poten-
tial role of neddylation pathway in lymphoma tumorigenesis and
tumor progression (Fig. 5). To facilitate the development of lym-
phoma, Neddylation-CRL axis is activated to degrade tumor-
suppressive CRL substrates and maintains the malignant pheno-
types of lymphoma cells. In contrast, inhibition of neddylation
blocks cullin neddylation, inactivates CRL, results in the accu-
mulation of tumor-suppressive CRL substrates, and thus induces
apoptosis or senescence to suppress the growth of lymphoma
cells.

Materials and Methods

Cell lines and reagents
Human lymphoma cell lines Raji, SU-DHL-4, Toledo and

U937 were obtained from the American Type Culture Collection
(CCL-86, CRL-2957, CRL-2631, CRL-1593.2), and cultured in
RPMI-1640 medium (Thermo Fisher Scientific, SH30809.01B),
supplemented with 10% FBS (Biochrom AG, S4115) and 1%
penicillin-streptomycin, at 37�C with 5% CO2. MLN4924 was

Figure 4 (See previous page). MLN4924-induced apoptosis is mediated through the intrinsic apoptotic signaling and associated with a coordinated dys-
regulation of pro-apoptotic and anti-apoptotic proteins. (A) MLN4924 induced apoptosis at early time post treatment. SU-DHL-4 and Toledo cells were
treated with MLN4924 at 0.1 and 0.3 mM or DMSO for indicated time points, and subjected to immunoblotting using the antibody against cleaved PARP
with GAPDH as a loading control. (B) MLN4924 induced cell apoptosis mainly via the intrinsic apoptotic signaling pathway. SU-DHL-4 and Toledo cells,
treated with MLN4924 at 0.1 and 0.3 mM or DMSO for 48 h, were subjected to immunoblotting using antibodies against caspase-8 and cleaved caspase-
9 with GAPDH as a loading control. (C) Effects of MLN4924 on expression of pro-apoptotic and anti-apoptotic proteins. SU-DHL-4 and Toledo cells were
treated with MLN4924 at 0.1 and 0.3 mM or DMSO for 48 h, followed by immunoblotting using indicated antibodies against pro-apoptotic (left panel)
and anti-apoptotic (right panel) proteins with GAPDH as a loading control. (D) Effects of MLN4924 on transcriptional activation of apoptosis-regulatory
proteins. Toledo cells, treated with 0.3 mM MLN4924 or DMSO for 36 h, were subjected to the real-time PCR analysis using human apoptosis PCR array
as described in Materials and Methods (n D 3).
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synthesized as previously described.17,52 MG132 (Sigma-Aldrich,
M7449) and MLN4924 were dissolved in DMSO and kept in
¡20�C.

Cell counting and ATPlite cell viability assay
For cell counting, cells were seeded into 24-well plates with 1

£ 104 (for Raji, U937 and Toledo) or 2 £ 104 (for SU-DHL-4)
cells per well, treated with 0.3 mM MLN4924 or DMSO, and
counted with Cellometer Auto T4 (Nexcelom Bioscience) at the
time points as indicated. For ATPlite assay, cells were seeded at
3,000 cells per well in 96-well black plates, cultured overnight,
and treated with MLN4924 or DMSO for 96 h. Cell viability
was determined using the ATPlite assay (PerkinElmer, 6016731)
according to the manufacturer’s instruction.53-55

Cycloheximide-chase assay and immunoblotting
For cycloheximide (CHX)-chase experiments, cells were pre-

treated with 1 mM MLN4924 for 12 h, washed twice with PBS,
and treated with 50 mg/ml CHX (Sigma-Aldrich, C4859) in
combination with 0.3 mM MLN4924 or DMSO for indicated
time points. Cell lysates were prepared and analyzed by immuno-
blotting. Antibody against Cullin 1 (sc-11384) was from Santa
Cruz Biotechnology. Antibodies against total H2AX (t-H2AX,
3522-1), p21 (2990-1), p-IkBa (Ser32, 2798-1), IkBa (1130-1)
were from Epitomics. Antibody against GAPDH (G8795) was
from Sigma-Aldrich. Antibody against Noxa (OP180) was from
Calbiochem. Antibodies against NEDD8 (2754), CDT1 (8064),

p-H2AX (Ser139, 9718), p53 (9282), p27 (3686), Wee1 (4936),
p-H3 (Ser10, 3377), cleaved caspase-3 (9661), cleaved PARP
(5625), caspase-8 (9746), cleaved caspase-9 (9501), Bad (9239),
Bid (2002), Bax (5023), Bak (6947), Bim (2933), Bik (4592),
Bcl-2 (2870), Bcl-xL (2764), Mcl-1 (5453), XIAP (2045), c-
IAP1 (7065) and c-IAP2 (3130) were from Cell Signaling
Technology.

Cell-cycle profile analysis
Cell-cycle profile was evaluated by PI staining and FACS anal-

ysis as described previously.17,55 Briefly, cells with the treatment
of MLN4924 or DMSO were fixed in 70% ethanol at ¡20�C
overnight, stained with PI (36 mg/mL; Sigma-Aldrich, P4170)
containing RNase A (10 mg/mL; Sigma-Aldrich, R6513) at
37�C for 15 min, and analyzed for cell-cycle profile by CyAn
ADP (Beckman Coulter). Data were analyzed with ModFit LT
software (Verity Software House).

SA-b-gal staining assay
In Raji and U937 cells treated with MLN4924 or DMSO,

SA-b-gal staining assay was performed using the SA-b-gal stain-
ing kit (Beyotime, C0602). Cells were harvested, fixed and
stained according to the manufacturer’s instruction.32,56 Posi-
tively-stained and total cell numbers were counted under an
inverted microscope (Leica Microsystems).15,16

Real-time PCR and gene expression analysis by human
apoptosis PCR array

Real-time PCR was performed as described previously.40

Total RNA was isolated, 2.5 mg of total RNA per sample were
used in the reverse transcription reaction, and the real-time PCR
was performed on the ABI 7500 thermocycler (Applied Biosys-
tems) following the instrument manual. The sequences of pri-
mers are as follows (5´ to 3´): human GAPDH:
AAAGGGTCATCATCTCTG (forward), GCTGTTGTCA-
TACTTCTC (reverse);57 human p21: GACTCTCAGGGTC-
GAAAACG (forward), GGATTAGGGCTTCCTCTTGG
(reverse);58 human p27: TCCGGCTAACTCTGAGGACAC
(forward), TGTTTTGAGTAGAAGAATCGTCGGT
(reverse).59

A human apoptosis PCR array (CT Bioscience, PA1) was used
to analyze the expression of 88 key genes involved in apoptosis,
according to the manufacturer’s instruction. Toledo cells were
harvested after treatment with 0.3 mM MLN4924 or DMSO for
36 h, and total RNA was extracted and reverse transcribed into
cDNA. Gene expression analysis by human apoptosis PCR array
was conducted as described.60 The real-time PCR was performed
with an initial denaturation at 95�C for 5 min followed by 40
cycles of denaturation at 95�C for 15 s, annealing at 60�C for
15 s and extension at 72�C for 20 s on the LightCycler 480
(Roche). Relative changes in gene expression were calculated
using the 2¡DDCt method.61

Statistical analysis
All data are represented as the mean § SD. The statistical sig-

nificance of difference between groups was assessed using the

Figure 5. A working model. Ub, ubiquitin; N8, NEDD8; SRS, substrate rec-
ognition subunit.
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GraphPad Prism 5 software with the Student0s t test or one-way
ANOVA. For all tests, 3 levels of significance (*P < 0.05, **P <

0.01, ***P < 0.001) were used.
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