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a b s t r a c t

Neddylation is a new type of protein post-translational modification which adds the ubiquitin-like mol-
ecule Nedd8 to target proteins. The well-identified targets of neddylation are cullins, which serve as
essential components of Cullin-RING E3 ligases (CRL). It is reported that inhibition of neddylation
repressed NF-jB-mediated proinflammatory cytokine production in macrophages. However, the role of
neddylation in the proliferation and survival of macrophages has not been well defined. Here we report
that partial inactivation of the neddylation pathway by a specific Nedd8-activating enzyme E1 (NAE)
inhibitor MLN4924 reduced LPS-induced production of the proinflammatory cytokines TNF-a and IL-6
without obvious impairment of cell viability. However, persistent and severe inactivation of neddylation
by MLN4924 significantly inhibited cell proliferation by inducing G2 phase cell-cycle arrest and further
triggered cell death by inducing apoptosis in RAW264.7 macrophages. Mechanistic analysis revealed that
inactivation of neddylation blocked cullin neddylation, inhibited CRL E3 ligase activity, and thus led to
the accumulation of CRL substrates, resulting in cell-cycle arrest, DNA damage response and apoptosis.
The findings revealed that neddylation serves as an important signaling pathway regulating the prolifer-
ation and survival of macrophages.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction covered via high-throughput screening as a first-in-class antican-
Neddylation, a process of adding ubiquitin-like molecule Nedd8
to target proteins, is a type of protein post-translational modifica-
tion which is triggered by the successive action of the Nedd8-
activating enzyme E1 (NAE), Nedd8-conjugating enzyme E2
(Ubc12) and Nedd8-E3 ligase [1–4]. Neddylation regulates the
localization, stability and function of target proteins [1–4]. The well-
characterized targets of neddylation thus far are cullins which func-
tion as essential subunits of multiunit Cullin-RING E3 ligases (CRL)
[5–8]. CRLs are the largest cellular ubiquitin ligase family and signal
degradation of a large numbers of cellular proteins that regulate di-
verse biological processes [7,9,10]. Neddylation of cullins changes
the confirmation of the CRL complex and thus activates its enzymatic
function for protein ubiquitination subsequent degradation [7,11].

Recent studies from our and other groups demonstrate that the
neddylation pathway is required for cancer-cell survival while the
inhibition of neddylation serves as a novel anticancer strategy
[7,12–16]. MLN4924, a specific inhibitor of NAE, was initially dis-
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cer agent [7]. MLN4924 inhibits NAE activity by binding to NAE
at the active site to form a covalent Nedd8-MLN4924 adduct and
thus inactivates the neddylation pathway [17,18]. By doing so,
MLN4924 blocks cullin neddylation, inhibits CRL activity, which
leads to the accumulation of multiple CRL substrates, including
(1) DNA replication licensing protein CDT1 and ORC1, resulting
in DNA re-replication stress and DNA damage response; (2) cell-
cycle inhibitors such as p21, p27 and Wee1, leading to cell-cycle
arrest at different phases in a cell-line-dependent manner; and
(3) IjB-a, resulting in the inhibition of NF-jB activity [7,12–14,19].
As a result, MLN4924 suppresses cancer-cell proliferation via
cell-cycle arrest and induces cell death via apoptosis, autophagy
and/or senescence in cancer cells [7,12–14,20].

Recently, inhibition of neddylation by genetic approaches or
NAE inhibitor MLN4924 has been shown to suppress the lipopoly-
saccharide (LPS)-induced proinflammatory cytokine production in
macrophages [21]. Mechanism analysis demonstrated that
MLN4924 inhibits cullin neddylation, inactivates CRL E3 ligase
and leads to the accumulation of IjB-a, a well-known CRL
substrate and NF-jB inhibitor, thereby blocking NF-jB-regulated
transcriptional activation of proinflammatory cytokines [21]. These
findings demonstrate a critical role of the neddylation pathway in
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regulation of macrophage function during inflammatory responses
and suggest neddylation inhibitors as potential anti-inflammation
agents [21]. However, the potential role of neddylation in regula-
tion of the proliferation and survival of macrophages has not been
well defined. To address this, in this study, we determined the cell
fate of macrophages upon neddylation inhibition by MLN4924. We
found that partial inhibition of neddylation regulated the function
of macrophages without impairing cell viability, whereas persis-
tent inactivation of neddylation impaired cell survival. The findings
in this report demonstrate that neddylation is a cellular pathway
regulating the proliferation and survival of macrophages.

2. Materials and methods

2.1. Reagents and cell lines

MLN4924 was synthesized as previously described [22].
MLN4924 was dissolved in DMSO at concentration of 10 mM and
stored in �80 �C. LPS (Escherichia coli, serotype) was purchased
from Sigma (St. Louis, MO, USA). Mouse macrophage cell line
RAW264.7 was obtained from the American Type Culture Collec-
tion (Manassas, VA). RAW264.7 was cultured in Dulbecco’s Modi-
fied Eagle’s Medium (Hyclone), containing 10% FBS (Biochrom
AG) and 1% penicillin–streptomycin solution, at 37 �C with 5% CO2.

2.2. ATPlite cell viability assay

Cells were seeded in 96-well plates with 5000 cells per well,
cultured for 24 h, treated with MLN4924 or DMSO for indicated
times. Cell viability was determined using the ATPlite kit according
to the manufacturer’s instructions [23,24].

2.3. Cell counting kit-8 (CCK8) cell viability assay

Cells were seeded in 96-well plates and treated with MLN4924
or DMSO for the indicated times. CCK8 (10 lL) was added to each
well with treated cells and incubated at 37 �C for another 2 h. Opti-
cal density (OD) was read at 450 nm [25].

2.4. RNA extraction and RT-PCR

Total RNA was isolated using the Trizol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions
and treated with RNase-free DNase. Reverse transcription (RT)
reaction was performed on 2.5 lg of total RNA per sample using
the PrimerScript RT reagent kit (TaKaRa, Shiga, Japan) according
to the manufacturer’s protocol. After reverse transcription, real-
time PCR was performed using the Power SYBR Green PCR Master
Mix (Applied Biosystems) on the ABI 7500 thermocycler (Applied
Biosystems) following the manual.

Primers used were designed by Primer5.0 and Oligo6.0. The se-
quences of the primers were as follows:

� mouse b-actin: Forward 50-CCAGCCTTCCTTCTTGGGTATG-30,
� Reverse 50-TGTGTTGGCATAGAGGTCTTTACG-30;
� mouse TNF-a: Forward 50-GGCAGGTCTACTTTGGAGTCATTG-30,
� Reverse 50-ACATTCGAGGCTCCAGTGAATTCGG-30;
� mouse IL-6: Forward 50-ACAACCACGGCCTTCCCTACTT-30,
� Reverse 50-CACGATTTCCCAGAGAACATGTG-30.

2.5. Propidium iodide staining and fluorescence-activated cell-sorting
(FACS) analysis

RAW264.7 macrophages treated with DMSO or MLN4924 were
harvested and fixed in 70% ethanol at �20 �C overnight, and
stained with propidium iodide (PI: 36 lg/mL, Sigma) containing
RNase (50 lg/mL, Sigma) for 15 min, then analyzed for apoptosis
and cell-cycle profile by CyAn ADP (Beckman Coulter). The per-
centages of cells in the Sub-G1 population were considered as
apoptotic. Data were analyzed with ModFit LT software [14].

2.6. Western blot analysis

Cell lysates were prepared for Western bolt analysis, using anti-
bodies against Cullin1 (Santa Cruz Biotechnology), total CHK1 (t-
CHK1), total H2AX (t-H2AX) (Epitomics, Inc.), p-CHK1, p-H2AX
(Ser139), p21, p27, p53 (BD Bioscience), p-IjB-a (Ser32), t-IjB-a,
CDT1, ORC1, cleaved caspase-3, cleaved PARP, Wee1, p-Histone
H3 (Ser10) (Cell Signaling) and b-actin (CWBIO) [14].

2.7. Statistical analysis

The results were presented as means ± SEM of three indepen-
dent experiments. For statistical tests, Prism 5.0 (GraphPad Soft-
ware, SanDiego, CA, USA) was used. p values less than 0.05 were
considered statistically significant.

3. Results

3.1. Partial inhibition of neddylation by MLN4924 inhibited LPS-
induced proinflammatory cytokine production by RAW 264.7
macrophages

To determine whether partial inhibition of neddylation by
MLN4924 regulates the proinflammatory cytokine-secreting func-
tion of RAW264.7 macrophages, we first optimized the doses and
duration of treatment. As shown in (Fig. 1A), MLN4924 treatment
at 0.1 lM and 0.33 lM for 12 h had no any inhibitory effect on cell
viability. However, this treatments inhibited cullin neddylation
and blocked the degradation of NF-jB-inhibitory protein and CRL
substrate IjB-a, as indicated by the significant accumulation of
p-IjB-a (Fig. 1B). Accordingly, the transcriptional activation of pro-
inflammatory cytokines TNF-a and IL-6 upon LPS stimulation was
significantly inhibited by MLN4924 at the above doses (Fig. 1C).
Consistently, the level of TNF-a and IL-6 in the cell culture super-
natant was significantly decreased by MLN4924 (Fig. 1D). The find-
ings suggest that partial inhibition of neddylation regulate the
function of macrophages without impairing cell viability.

3.2. Persistent inactivation of neddylation impaired viability of
RAW264.7 macrophages

To determine the effect of persistent and severe inactivation of
neddylation on cell viability of macrophages, RAW264.7 macro-
phages were treated with MLN4924 for 24 h and 48 h. As shown
in Fig. 2, MLN4924 treatment at a moderate dose (0.33 lM) and
high dose (1.0 lM), but not low dose (0.1 lM), significantly de-
creased cell viability in a dose- and time-dependent manner. The
findings indicate that persistent and severe inhibition of neddyla-
tion suppressed macrophage viability.

3.3. Neddylation inhibition by MLN4924 induced G2 cell-cycle arrest
and apoptosis in macrophages

To address how MLN4924 treatment suppressed cell prolifera-
tion, we performed FACS analysis to determine the cell-cycle
profile post treatment. As shown in (Fig. 3A), �51–66% of
MLN4924-treated cells were arrested in the G2–M phase of the cell
cycle, compared with �10% of control cells at 12 h and 24 h post
treatment. To determine at which phase of the cell cycle (G2 versus



Fig. 1. MLN4924 treatment at non-toxic doses inhibited LPS-induced production of proinflammatory cytokines in RAW 264.7 macrophages. (A) RAW264.7 macrophages
seeded into 96-well plates were cultured overnight and treated with MLN4924 at 0, 0.1 and 0.33 lM for 12 h, followed by cell viability analysis with ATPlite and CCK8 assays.
(B) RAW264.7 macrophages were treated with MLN4924 at 0, 0.1, and 0.33 lM for 12 h and subjected to Western blot analysis using antibodies against Cullin1, p-IjB-a, t-
IjB-a with b-actin as a loading control. (C and D) RAW264.7 macrophages seeded in 24-well plates were cultured overnight and pretreated with MLN4924 at 0, 0.1, and
0.33 lM for 12 h. The treated cells were then stimulated with LPS (1 lg/mL) for the indicated times, followed by expression analysis of TNF-a and IL-6 at the transcriptional
level by RT-qPCR (C) and the protein level by ELISA (D). (C) mRNA expression of TNF-a and IL-6 were measured by RT-qPCR. (D) Protein of TNF-a and IL-6 in the cell culture
supernatant were determined by ELISA. ns: not statistically significant; ⁄p < 0.05; ⁄⁄p < 0.01; and ⁄⁄⁄p < 0.001.

Fig. 2. Persistent inactivation of neddylation by MLN4924 inhibited macrophage proliferation and induced cell death. RAW264.7 macrophages seeded in 96-well plates were
cultured overnight and treated with MLN4924 at different concentrations for 24 h (upper panel) and 48 h (bottom panel), followed by ATPlite and CCK8 cell viability assays,
respectively.
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M) RAW264.7 macrophages were arrested upon neddylation inhi-
bition, we determined the expression status of Wee1, a well-de-
fined CRL substrate and an inhibitor of G2–M phase transition
[26], as well as p-Histone H3 (p-H3, ser10), a marker of M phase
cells [27]. As shown in Fig. 3(B), MLN4924 induced significant
accumulation of Wee1 whereas it decreased the expression of p-
H3, indicating that MLN4924-treated cells were arrested at the
G2 phase of cell cycle upon neddylation inhibition.

FACS analysis also revealed that neddylation inhibition by
MLN4924 triggered apoptosis as indicated by the appearance of a
Sub-G1 fraction which occurred at 12 h, increased gradually over
time and reached the peak at 48 h post treatment. Apoptotic induction
upon neddylation inhibition was further confirmed by the up-
regulation of cleaved caspase-3 and cleaved PARP as classical apop-
totic markers (Fig. 3B). These findings suggested that neddylation
inhibition by MLN4924 sequentially induced G2 phase cell-cycle
arrest and apoptosis, G2 phase-arrested cells subsequently died
of apoptosis.

3.4. Inactivation of neddylation blocked the degradation of cell-cycle
and apoptosis-regulatory CRL substrates and triggered DNA damage
responses

To further address the underlying mechanism of MLN4924 ac-
tion on the induction of cell-cycle arrest and apoptosis in
Fig. 3. Neddylation inhibition by MLN4924 induced G2 cell-cycle arrest and apoptosis. (A
subjected to PI staining and FACS analysis. The percentage of cells in the G2–M phase
MLN4924 at 1.0 lM for the indicated times and subjected to Western blot analysis using
cleaved PARP (C-PARP) with b-actin as a loading control.
RAW264.7 macrophages, we determined the expression of cell-
cycle and apoptosis-triggering CRL substrates in treated cells upon
neddylation inhibition [7,12,14]. As shown in Fig. 4, MLN4924
inhibited cullin neddylation and led to the accumulation of
well-known cell-cycle inhibitory CRL substrates p21 and p27.
Meanwhile, MLN4924 blocked the degradation of IjB-a, as demon-
strated by the up-regulation of p-IjB-a, indicating the inhibition of
NF-jB signaling. Moreover, MLN4924 induced the accumulation of
DNA replication licensing protein CDT1 and ORC1 and triggered
DNA damage response, as demonstrated by a significant increase
of phosphorylated H2AX and CHK1 as well as the activation of
p53. The accumulation of cell-cycle inhibitor, inactivation of NF-
jB pathway and induction of DNA damage response upon neddy-
lation inhibition may contribute to cell-cycle arrest and apoptosis
after MLN4924 treatment in RAW264.7 macrophages.

4. Discussion

Neddylation is a type of protein post-translational modification,
regulating diverse biological processes by affecting subcellular
localization, stability, confirmation and function of target proteins
[2]. The role of neddylation in development and cancer cell biology
has been frequently investigated [2]. Neddylation also affects the
function of macrophages and T cells during inflammatory
responses [21,28]. In the present study, we showed that partial
) RAW264.7 macrophages were treated with MLN4924 for the indicated times and
and Sub-G1 phase was indicated. (B) RAW264.7 macrophages were treated with

antibodies against Cullin1, Wee1, p-Histone H3, cleaved caspase-3 (C-caspase3), and



Fig. 4. Persistent inactivation of neddylation blocked the degradation of cell-cycle
and apoptosis-regulatory CRL substrates and triggered DNA damage responses.
RAW264.7 macrophages were treated with MLN4924 at 1.0 lM for the indicated
times and subjected to Western blot analysis using antibodies against p21, p27, p-
IjB-a, t-IjB-a, CDT1, ORC1, p-H2AX, p-CHK1, t-H2AX, and t-CHK1 with b-actin as a
loading control.

498 L. Li et al. / Biochemical and Biophysical Research Communications 432 (2013) 494–498
inhibition of neddylation by MLN4924 suppressed LPS-induced
production of proinflammatory cytokines in macrophages, mainly
resulting from suppression of NF-jB activity due to the accumula-
tion of CRL substrate IjB-a. The findings highlight the neddylation
pathway in the regulation of inflammatory responses and suggest
that inhibition of neddylation by specific inhibitors such as
MLN4924 may serve as novel anti-inflammation strategy [21,28].

The major finding of this study is that neddylation serves as a
novel cellular pathway essential for the survival of macrophages.
Previous studies from our and other groups have demonstrated
that neddylation was required for cancer cell growth, while inacti-
vation of neddylation by MLN4924 inhibited cell proliferation and
induced cell death in diverse cancer cell types [7,12–14]. In the
present study, we demonstrated that neddylation is not only re-
quired for the function of macrophages but also essential for their
proliferation and survival as it facilitates cell-cycle progression and
prevent apoptosis-induced cell death.

Our findings demonstrate that similar mechanisms of growth
suppression are shared by macrophages and cancer cells upon ned-
dylation inhibition. In both macrophages and cancer cells, neddyla-
tion inactivation by MLN4924 blocked cullin neddylation, inhibited
CRL activity and induced cell-cycle arrest and apoptosis by induc-
ing the accumulation of well-known CRL substrates, including (a)
cell-cycle inhibitors p21, p27, and Wee1; (b) NF-jB inhibitor
IjB-a; and (c) DNA replication licensing proteins CDT1 and ORC1
which triggers DNA re-replication stress and DNA damage re-
sponse [7,12–14]. These observations suggest that neddylation is
a conversed pathway to control the growth and survival of differ-
ent cells. The present study thus demonstrates that neddylation
is a critical pathway which regulates the proliferation and survival
of macrophages.
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