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Abstract

Neddylation, a post-translational modification that adds an ubiquitin-like protein NEDD8 to substrate proteins,
modulates many important biological processes, including tumorigenesis. The process of protein neddylation is
overactivated in multiple human cancers, providing a sound rationale for its targeting as an attractive anticancer
therapeutic strategy, as evidence by the development of NEDD8-activating enzyme (NAE) inhibitor MLN4924 (also
known as pevonedistat). Neddylation inhibition by MLN4924 exerts significantly anticancer effects mainly by
triggering cell apoptosis, senescence and autophagy. Recently, intensive evidences reveal that inhibition of
neddylation pathway, in addition to acting on tumor cells, also influences the functions of multiple important
components of the tumor microenvironment (TME), including immune cells, cancer-associated fibroblasts (CAFs),
cancer-associated endothelial cells (CAEs) and some factors, all of which are crucial for tumorigenesis. Here, we
briefly summarize the latest progresses in this field to clarify the roles of neddylation in the TME, thus highlighting
the overall anticancer efficacy of neddylaton inhibition.
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Introduction
Neddylation is a reversible covalent conjugation of an
ubiquitin-like molecule NEDD8 (neuronal precursor
cell-expressed developmentally down-regulated protein
8) to a lysine residue of the substrate protein [1, 2].
Similar to ubiquitination, it is triggered by the successive
enzymatic cascade of NEDD8-activating enzyme E1,
NEDD8-conjuagating enzyme E2 and substrate-specific
NEDD8-E3 ligases (Fig. 1) [3–5]. Briefly, the mature
NEDD8 is first adenylated and activated by the E1
NEDD8-activating enzyme (NAE), a heterodimer con-
sisting of NAE1 (also known as APPBP1) and UBA3 [6].
The NEDD8-loaded NAE is then transferred to one of
two NEDD8-conjugating enzymes, UBE2M (also known
as UBC12) or UBE2F through a trans-thiolation reac-
tion [7, 8]. Ultimately, a substrate specific-E3 ligase,
such as RBX1/2 or DCN1, transfers NEDD8 from E2
to a lysine residue in its target protein via covalent
attachment (Fig. 1) [4, 5].

Overall, binding of NEDD8 molecules to target proteins
can affect their stability, subcellular localization, conform-
ation and function [4]. The best-characterized substrates
of neddylation are the cullin subunits of Cullin-RING li-
gases (CRLs), which, as the largest family of multiunit E3
ubiquitin ligases, control degradation of about 20% of
proteasome-regulated proteins, involving in many aspects
of important biological processes [9–12]. Activation of
CRLs requires the conjugation of NEDD8 to a key lysine
residue at C-terminus of cullins to induce its conform-
ational change, which dissociates the CRLs negative regu-
lator CAND1 and facilitates the assembly of a functional
CRLs, and subsequent substrate ubiquitination [13–17].
Given that overactivation of CRLs leads to cancer growth
and development, targeting cullin neddylation appears to
be an attractive approach for cancer treatment [18, 19].
Intensive studies have proven that NEDD8 and enzymes
of neddylation pathway (e.g. NAE1/UBA3, UBE2M/
UBE2F and NEDD8 E3 ligases) are often overexpressed in
multiple human cancers, which is associated with disease
progression and predicts poor patient survival [20–27].
Overactivated neddylation pathway leads to the elevated
global neddylation of substrates, such as cullins, to
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promote consequent degradation of tumor suppressor
(e.g. p21 and p27) and facilitate carcinogenesis and pro-
gression [4, 5]. Thus, validation of neddylation pathway as
a target to inactivate CRLs is a promising anticancer
strategy.
Recently, MLN4924 (also known as pevonedistat), a po-

tent and highly selective small molecular inhibitor of NAE,
was discovered to block protein neddylation through inacti-
vating the first step of the neddylation cascade [12]. Struc-
tural analysis showed that MLN4924 forms a steady-state
covalent adduct with NEDD8, which resembles the
adenylate-NEDD8 adduct at the active site of NAE to block
further enzymatic process [3, 28]. By doing so, MLN4924
effectively blocks cullin neddylation and inactivates CRLs,
leading to accumulation of various CRLs substrates, thus
triggering multiple cellular responses, including cell cycle
arrest, apoptosis, senescence and autophagy in a cell-type
dependent manner [12, 28–31]. For its potent antitumor
activity and well-tolerated toxicity in preclinical studies
[32–34], MLN4924 has been advanced into a series of
phase I/II/III clinical trials for patients suffering from solid

tumors and hematological malignancies. To date, 30 clinical
trials have been enrolled in clinicaltrials.gov website
(https://www.clinicaltrials.gov/), and five completed phase I
clinical trials demonstrated that MLN4924 is safe and feas-
ible, as best evidenced by the partial response (PR) com-
pleted responses (CR) and prolonged stable disease (SD)
(summarized in Table 1) [35–40]. Given those promising
clinical effects, several phase II clinical trials are currently
recruiting patients. Notably, another one phase III trial has
been launched in combination of MLN4924 with azaciti-
dine in patients with acute myelogenous leukemia (AML),
myelodysplastic syndrome (MS) and chronic myelomono-
cytic leukemia (CMML).
Intriguingly, increasing studies highlight the significant

role of neddylation in the regulation of the tumor micro-
environment (TME) [5], which in addition to tumor
cells, comprises immune cells, cancer-associated fibro-
blasts (CAFs), cancer-associated endothelial cells (CAEs)
and some factors [41, 42]. These components of TME
play a crucial role in facilitating tumor progression, and
targeting these cells might determine the fate of the

Fig. 1 The process of protein modification by neddylation. Neddylation is a process of conjugating NEDD8, an ubiquitin-like molecule, to
targeted protein substrates via enzymatic cascades involving NEDD8-activating enzyme E1, NEDD8-conjuagating enzyme E2 and substrate-specific
NEDD8-E3 ligases. Shown are reported neddylation E1/E2s/E3s and substrates. The substrates were divided into cullins and non-cullins.
N8: NEDD8
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tumor [41, 42]. In this review, we summarize the roles of
neddylation pathway in regulating the functions of TME,
to deepen our understanding on the significance of ned-
dylation in regulation of tumor progression, and further
validate neddylation as a promising anticancer target.

Neddylation pathway plays a crucial role in the
modulation of TME
Neddylation as a modulator of tumor-derived factors
The tumor microenvironment is generated by the tumor
and dominated by tumor-induced interactions [42]. For
example, tumor-infiltrated immune cells are enriched in
myeloid-derived suppressor cells (MDSCs), which contrib-
ute to a immunosuppressive microenvironment; while,
anti-tumor functions are down-regulated, largely in re-
sponse to tumor-derived signals [42]. We first determined
the differentially expressed genes associated with

neddylation inhibition by MLN4924 in lung cancer cells
in vitro. Intriguingly, pathway enrichment analysis with
KEGG showed that, many inflammatory/immune-related
pathways were significantly enriched with the
down-regulated differentially expressed genes (Fig. 2a).
The top two pathways were TNF signaling pathway and
NF-κB signaling pathway (P < 0.001), both of which play
critical roles in the production of immune-associated fac-
tors [43] (Fig. 2a). Among them, the expressions of
CCL2 and CXCL1, two chemokines important for MDSCs
recruitment in tumors [44], were decreased obviously (Fig.
2b). Then, we generated a list of 22 MDSCs-related genes
curated from literature analysis to link the neddylation
pathway and MDSCs activation in lung cancer cells [45].
Markedly, most of the 22 MDSCs-related genes are sig-
nificantly down-regulated with MLN4924 treatment
(Fig. 2b). Next, we established a lung metastasis mice

Table 1 Clinical Trials of MLN4924

CR Complete response, PR Partial Response, SD Stable Disease, NR Not Reported, AML Acute Myelogenous Leukemia, MS Myelodysplastic Syndromes, ALL Acute
Lymphoblastic Leukemia, CMML Chronic Myelomonocytic Leukemia, CLL Chronic Lymphocytic Leukemia, MN Myeloproliferative Neoplasm, HL Hodgkin lymphoma,
HM Hematologic Malignancies, MM Multiple Myeloma

Zhou et al. Molecular Cancer           (2019) 18:77 Page 3 of 11



model by intravenously injecting the aggressive murine
Lewis lung carcinoma (LLC) cells. Significantly decreased
proportion of the Gr-1+CD11b+ MDSCs was found in
MLN4924-treated or NEDD8-knockout tumor-bearing
lungs compared with these from control group (unpub-
lished data), supporting the notion that neddylation path-
way plays a crucial role in the modulation of MDSCs
infiltration in tumor sites. Together, these results suggest
that the overactivation of neddylation pathway in tumor
cells might regulate tumor-derived signals to ameliorate a
tumor-promoting microenvironment.

Neddylation as a modulator of fibroblasts
Cancer-associated fibroblasts (CAFs), a major stromal com-
ponent, play important roles in regulating angiogenesis and
metastasis of tumor cells by releasing growth factors, in-
flammatory cytokines and chemokines [46, 47]. Therefore,
targeting CAFs may serve as an effective approach for can-
cer treatment [48]. Recently, our group found that neddyla-
tion pathway is a key regulator of CAFs activation. CAFs
were isolated from hepatocellular carcinoma (HCC) tissues
[49], and treated with MLN4924 to determine the differen-
tially expressed genes. RNA sequencing analysis firstly re-
vealed that the levels of 406 genes (165 increased, 241
decreased) were significantly altered following treatment
with MLN4924 compared to control CAFs. Interestingly,
we detected that significant down-regulation of genes were
involved in cell cycle and DNA replication pathways
(Fig. 3a), indicating that the proliferation and activation of
CAFs might be inhibited by MLN4924 treatment.
CAFs are well-characterized by overactivation of genes

related to inflammation and chemotaxis of immune cells
[50, 51]. Among them, CCL2 is highly expressed com-
pared with normal fibroblasts and contributes to
CAF-mediated tumor-promoting inflammation [52]. Our
data showed that the expression of several inflammatory

cytokines, including CCL2, were reduced upon
MLN4924 treatment (Fig. 3b). To further determine
whether the activation of CAFs was inhibited by
MLN4924, we detected the migration rate of CAFs,
which is also used to evaluate its tumor-promoting acti-
vation. As shown, either by MLN4924 treatment or
siRNA-mediated depletion of NEDD8 or NAE1, obvi-
ously suppressed the CAFs migration (Fig. 3c and d).
Collectively, our findings point out the important role of
neddylation pathway for CAFs activation partially
through influencing the cell proliferation, migration and
tumor-promoting cytokines secretion. Mechanistic
understanding of these inhibitory effects of neddylation
inhibition on CAFs awaits further investigation.

Neddylation as a modulator of endothelial cells
Endothelial cells are important components of TME, con-
tributing considerably to angiogenesis and regulation of
tumor metastasis [53, 54]. Recent studies showed that
MLN4924 treatment significantly decreases the levels of
total NEDD8-conjugated proteins and Cullins neddylation
to suppress the formation of capillary-like tube networks,
transwell migration and migrated distance of human umbil-
ical vein endothelial cells (HUVECs) as well as mouse endo-
thelial cells (MS-1) in a dose-dependent manner [21, 55].
Consistently, genetic deletion of RBX2, a neddylation E3 lig-
ase, recapitulates the anti-angiogenic effect of MLN4924 in
HUVECs [56]. Moreover, several classical angiogenic assays
(e.g. aortic ring, CAM and matrigel-plug) were also used to
support the suppressive effect of MLN4924 on angiogenesis
in vitro [55, 56]. Much more importantly, MLN4924
suppresses in vivo tumor angiogenesis, progression and
metastasis in orthotopic models of pancreatic cancer
[55, 56]. These findings show that inhibition of ne-
ddylation via pharmacological or genetic approaches

A B

Fig. 2 Neddylation acts as a modulator of tumor-derived factors. a KEGG pathway enrichment analysis of down-regulated genes induced by
MLN4924 in lung cancer cells. b Most of the 22 MDSCs-related genes were down-regulated with MLN4924 treatment. H1299 lung cancer cells
treated with 1 μM MLN4924 for 12 h, were used for gene expression profiling
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suppresses endothelial cells activation and tumor
angiogenesis.
Mechanistically, the activity of MLN4924 against

endothelial cells activation is largely mediated by inacti-
vating CRLs and subsequently accumulating different
sets of CRLs substrates [55]. At early stages post treat-
ment, when cell viability is not obviously disturbed, the
suppressive effect of MLN4924 on endothelial cells is at-
tributed to the accumulation of CRLs substrate RhoA,
which inhibits cell migration and capillary tube forma-
tion [55, 57, 58] (Fig. 4). With prolonged exposure time,

MLN4924 induces the accumulation of cell cycle-related
CRLs substrates (e.g. p21, p27 and WEE1),
pro-apoptotic protein (e.g. NOXA, which was transacti-
vated by CRLs substrate ATF4), leading to DNA damage
response, cell cycle arrest and apoptosis of endothelial
cells [55, 56, 59] (Fig. 4).
Collectively, these data highlight the importance of

neddylation pathway in endothelial cells, and support
the notion for the development of neddylation inhibitors
(e.g. MLN4924) as novel class of anti-angiogenic and
anti-tumor agents [55].

A B

C

D

Fig. 3 Neddylation acts as a modulator of cancer-associated fibroblasts (CAFs). a KEGG pathway enrichment analysis of down-regulated genes
induced by MLN4924 in CAFs. CAFs were isolated from hepatocellular carcinoma (HCC) tissues, and treated with 1 μM MLN4924 for 12 h. b The
expression of several inflammatory cytokines was reduced upon MLN4924 treatment. c-d Neddylation inhibition, either by MLN4924 treatment or
siRNA-mediated depletion of NEDD8 or NAE1, suppressed CAFs migration. Conditioned medium (CM) collected from supernatants of HCC cells
was used for chemotaxis assay. 5 × 104 isolated CAFs were placed into the upper chamber and treated with MLN4924 for 12 h at 37 °C. Cells that
migrated were fixed and stained, followed by counting the cell number under a Leica microscope to measure. NC: Negative control. Scale bar
for× 200 images, 50 μm
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Neddylation as a modulator of infiltrated immune cells
Different types of infiltrated immune cells are in-
volved in the TME and play critical roles in all stages
of tumor development from initiation, promotion, and
progression to metastasis [60]. Thus, targeting these
immune cells is likely to be a promising anti-cancer
strategy [60, 61]. Recently, a number of studies have
implicated a potential role of neddylation modification
in the regulation of functions of several immune cells,
including macrophages, T-cells and dendritic cells
(DCs) (Fig. 5).

Neddylation as a modulator of macrophages
Macrophages present in tumors are known as
tumor-associated macrophages (TAMs). TAMs are key
components of the TME, altering the tumor

microenvironment to accelerate tumor progression and
metastasis through the induction of growth factors, an-
giogenic regulators and inflammatory mediators [62,
63]. Recent studies showed that inactivation of neddyla-
tion inhibits inflammatory responses of macrophages. It
was reported that blocking neddylation, either pharma-
cologically (e.g. MLN4924) or genetically (e.g. siRNA),
represses lipopolysaccharides (LPS)-induced production
of proinflammatory cytokines (e.g. TNF-α and IL-6) in
macrophages, through inhibiting Cullin1-mediated IκB
degradation to block NF-κB translocation and tran-
scriptional activation [64, 65]. Apart from promoting
the functions of macrophages, neddylation pathway is
also essential for their proliferation and survival,
through facilitating cell-cycle progression and prevent-
ing apoptosis [65].

Fig. 4 Inhibition of neddylation pathway impairs migration, proliferation and survival of endothelial cells by accumulation of CRL substrates
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Similarly, manipulation of RBX2 was found to regulate
macrophage survival/death and immune response when
challenged by pathogen-associated molecular patterns
(PAMPs) [66]. Specifically, RBX2 knockdown in macro-
phage causes the accumulation of pro-apoptotic proteins
(e.g. BAX) to induce apoptosis [66]. Moreover, RBX2 over-
expression triggers upregulation of pro-tumorigenic cyto-
kines (IL-1β, IL-6 and TNFα), and downregulation of
anti-tumorigenic cytokine (IL-12) and anti-inflammatory
cytokine (IL-10) [66].
Given that macrophages are critical for tumor pro-

gression and dysregulation of neddylation pathway do
affect its functions, targeting neddylation pathway in
macrophages could be a new approach for cancer
therapy. Currently, the effects and underlying mecha-
nisms of targeting neddylation pathway in macro-
phages for the treatment of cancers are under
investigation in our lab.

Neddylation as a modulator of T cells
T cells-mediated immunity plays a critical role in im-
mune responses against cancer [67, 68]. T-cell activation
is initiated by the engagement of T-cell antigen receptor
(TCR) and co-stimulatory molecules, which ultimately
leads to proliferation, cytokine production and differenti-
ation into different types of T helper (Th) cells [67].
Emerging evidences show that neddylation pathway is an
important modulator of T cells activation. Blockade of
neddylation pathway either by MLN4924 treatment or
siRNA-mediated depletion of UBE2M induces CD4+ T
cells G0/G1 phase arrest, leading to much slower div-
ision than control T cells [69]. Moreover, neddylation in-
hibition leads to impaired antigen-driven cytokine
production (e.g. IFN-γ, IL-2 and IL-4), which is required
for efficient Th1 and Th2 differentiation [70], demon-
strating a potent positive function of neddylation path-
way in T-cell activation [69, 71]. Consistently, deletion

Fig. 5 Neddylation pathway plays a crucial role in the modulation of TME. 1) Neddylation inhibition suppresses the activation of tumor-associated
fibroblasts (CAFs) and tumor-associated endothelial cells (CAEs). 2) Neddylation inhibition suppresses immune cells, including T cells, dendritic
cells and macrophages
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of RBX2 significantly decreased T-cell activation and
T-effector cytokine release upon in vitro allogeneic
stimulation [72].
Mechanistically, the activation of the extracellular regu-

lated protein kinases (Erk)1/2, an essential regulator of
T-cell biology [73], is profoundly impaired in the neddyla-
tion inhibition CD4+ T cells [69]. Interestingly, neddyla-
tion pathway seems to directly regulate Shc to facilitate
the formation of a ZAP70-Shc-Grb2 signaling complex
and affect downstream Erk activation [69, 74]. Subse-
quently, Cheng et al. reported that neddylation pathway is
required for supporting various aspects of CD4+ T-cell
functions, through B cell lymphoma-2 (Bcl-2)-mediated
suppression of the mitochondria-dependent apoptosis
[71]. Moreover, neddylation contributes to follicular Th
cells differentiation, probably via augmenting the activity
of ubiquitin ligase activity Itch by a mono-neddylation
process and subsequent proteasomal degradation of
FOXO1, a transcription factor implicated in multiple as-
pects of T-cell functions [71, 75]. Collectively, these find-
ings indicate that inhibition of neddylation pathway acts
as crucial modulators of T cells activation and anti-tumor
immune response.

Neddylation as a modulator of dendritic cells
Dendritic cells (DCs) play central roles in the induction of
anti-tumor immunity, providing critical signals that drive
the expression of cytokines and co-stimulatory molecules
to strengthen ability in T cells activation [76–78]. Notably,
neddylation pathway in DCs is associated with the activity
of DCs and its immune regulation. Researchers found that
MLN4924 remarkably suppresses the production of cyto-
kines TNF-α and IL-6, which represent acute inflamma-
tory response [79–81]. The inhibitory effect is further
supported by the siRNA knockdown of RBX2 [80]. More-
over, the secretion of IL-12p70, a key cytokine produced
by DCs for Th1 differentiation [82], and the expression of
co-stimulatory molecules, are significantly suppressed
with MLN4924 treatment, suggesting the restricted cap-
acity in T-cell activation and immune responses [79]. In
addition, MLN4924 treatment or NEDD8 knockdown
could trigger the apoptosis or necroptosis of DCs in the
caspase-dependent manner, resulting in the reduction of
functional DCs [79, 83].
In terms of mechanism, the accumulation of Deptor, an

inhibitory protein of mTOR, is involved in MLN4924-in-
duced inhibitory effects on DCs [79]. In detail, MLN4924 in-
hibits Cullin1 neddylation and weakens its ability in the
degradation of Deptor [79, 84, 85], thus leading to mTOR
inactivation and consequent DCs functional suppression
[79, 86, 87]. Meanwhile, Mathewson et al. showed that
NF-κB signaling is also involved in altering cytokine produc-
tion in DCs, when subjected to MLN4924 [80]. MLN4924
suppresses the release of TNF-α and IL-6 through the

inactivation of CRL-1, thus causing IκBα accumulation and
subsequent prevention of NF-κB activation [80, 88]. In
addition, some of other neddylation substrates, such as
Cullin-2 and HIF-1α, could also influence DCs activation
and maturation [89, 90]. On the whole, neddylation inhib-
ition might suppress DCs functions via modulating multiple
signaling pathway in a neddylation-dependent manner ac-
cording to diverse NEDD8-conjugating proteins.

Conclusion
Recent and ongoing investigations highlight a pivotal
role of neddylation pathway in tumor biology and im-
mune cell development. Neddylation pathway can effect
tumor progression by regulating multiple cellular re-
sponses of tumor cells (e.g. apoptosis and senescence) or
modulating the functions of stromal cells in the TME
(e.g. angiogenesis and immune responses) (Fig. 5), sup-
porting the notion that inhibition of this pathway is a
novel and promising anti-tumor therapeutic strategy [5].
A good example is the development of MLN4924, which
has been currently investigated in many phase I/II/III
clinical trials for its potent antitumor activity and
well-tolerated toxicity [39]. Intensive studies are directed
to the following aspects for the advancement of the
neddylation-TME field.
First, the roles of neddylation in tumor and stromal

cells have been thoroughly reviewed here and elsewhere
[4, 5], while the neddylation-mediated crosstalk between
tumor cells and stromal cells in TME is still not re-
ported. The TME is created and dominated by tumor
cells through various types of crosstalk [42]. Our group
found that neddylation inhibition by MLN4924 in lung
cancer cells suppresses the expression of several
tumor-derived inflammatory factors, which are crucial
for generation of the tumor-promoting immune micro-
environment. Thus, regulatory mechanisms of neddyla-
tion pathway on tumor-derived signals and subsequent
functions await further investigation.
Second, as mentioned above, several stromal cells (e.g.

CAFs, CAEs and macrophages), which exert the
tumor-progressive effects, require the neddylation path-
way to maintain its activation; while the functions of T
cells and dendritic cells, which contribute to anti-tumor
immunity, are also impaired by neddylation inhibition. It
is, therefore, anticipated to suffer from toxicity of
anti-tumor immune cells in clinical trials. In other
words, it is important to assess the effect of neddylation
inhibition by MLN4924 on the proportion of immune
cells in vivo. So far, no relevant research has been re-
ported yet. Additionally, to avoid MLN4924 being taken
up by normal cells or anti-tumor immune cells, develop-
ment of proper delivery vehicle as carriers of MLN4924
(e.g. tumor-specific nanoparticle) could be the future
direction.
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Third, whether and how does the elevated neddylation
pathway in cancer cells contribute to create a
tumor-promoting microenvironment? How significant
does the disturbance of tumor microenvironment by
neddylation inactivation contribute to the overall anti-
cancer efficacy of neddylation inhibitor (e.g. MLN4924)?
Once confirmed, identification of useful biomarkers of
different TME components respond to neddylation in-
hibition will certainly help to evaluate the therapeutic ef-
ficacy of neddylation inhibitors.
In summary, the data we have summarized here clearly

indicate a critical role of neddylation pathway in the
TME and lay a further foundation for neddylation-based
therapies in cancer treatment.

Abbreviations
BAX: BCL2-associated X; BCL2: B cell lymphoma-2; CAEs: Cancer-associated
endothelial cells; CAFs: Cancer-associated fibroblasts; CAM: Chorioallantoic
membrane; CAND1: Cullin associated and neddylation dissociated 1;
CCL2: Chemokine (C-C motif) ligand 2; CRLs: Cullin-RING ligases;
DCN1: NEDD8 ligase DCN1; DCs: Dendritic cells; Deptor: Dep domain
containing mTOR interacting protein; Erk1/2: Extracellular regulated protein
kinases 1/2; FOXO1: Forkhead box O1; HIF-1α: Hypoxia inducible factor 1
subunit alpha; HUVECs: Human umbilical vein endothelial cells; IFN-
γ: Interferon-γ; IL-10: Interleukin 10; IL-12: Interleukin 12; IL-1B: Interleukin 1
beta; IL-2: Interleukin 2; IL-4: Interleukin 4; IL-6: Interleukin 6; Itch: Itchy E3
ubiquitin protein ligase; IκB: Inhibitor of nuclear factor kappa B;
MDSCs: Myeloid-derived suppressor cells; MS-1: Mouse endothelial cells;
mTOR: Mechanistic target of rapamycin kinase; NAE1: NEDD8 activating
enzyme E1 subunit 1; NEDD8: Neuronal precursor cell-expressed develop-
mentally down-regulated protein 8; NF-κB: Nuclear factor kappa B;
PAMPs: Pathogen-associated molecular patterns; RBX1/2: RING-box protein 1/
2; Shc: Shc-adaptor protein 1; TAMs: Tumor-associated macrophages; Th: T
helper; TME: Tumor microenvironment; TNFα: Tumor necrosis factor α;
UBA3: Ubiquitin like modifier activating enzyme 3; UBE2F: Ubiquitin
conjugating enzyme E2 F; UBE2M: Ubiquitin conjugating enzyme E2 M

Acknowledgements
Not applicable.

Funding
The Chinese Minister of Science and Technology grant (2016YFA0501800),
National Thirteenth Five-Year Science and Technology Major Special Project
for New Drug and Development (2017ZX09304001), National Natural Science
Foundation of China (Grant Nos. 81820108022, 81625018, 81572340,
81871870, 81702244, 81802891, and 81772470), Program of Shanghai Aca-
demic/Technology Research Leader (18XD1403800) and Innovation Program
of Shanghai Municipal Education Commission (2019-01-07-00-10-E00056)
supported this work.

Availability of data and materials
Not applicable.

Authors’ contributions
LSZ, YYJ, QL and LHL collected the related paper and drafted the
manuscript. LJJ revised and finalized the manuscript. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Cancer Institute, Longhua Hospital, Shanghai University of Traditional
Chinese Medicine, Shanghai 200032, China. 2Department of Biochemistry,
Medical College, Taizhou University, Taizhou 317000, Zhejiang, China.
3Department of Oncology, Cancer Institute, Fudan University Shanghai
Cancer Center, Shanghai Medical College, Fudan University, Shanghai
200032, China.

Received: 19 December 2018 Accepted: 25 February 2019

References
1. Kamitani T, Kito K, Nguyen HP, Yeh ET. Characterization of NEDD8, a

developmentally down-regulated ubiquitin-like protein. J Biol Chem. 1997;
272(45):28557–62.

2. Xirodimas DP. Novel substrates and functions for the ubiquitin-like molecule
NEDD8. Biochem Soc Trans. 2008;36(Pt 5):802–6.

3. Enchev RI, Schulman BA, Peter M. Protein neddylation: beyond cullin-RING
ligases. Nat Rev Mol Cell Biol. 2015;16(1):30–44.

4. Zhao Y, Morgan MA, Sun Y. Targeting Neddylation pathways to inactivate
cullin-RING ligases for anticancer therapy. Antioxid Redox Signal. 2014;
21(17):2383–400.

5. Zhou L, Zhang W, Sun Y, Jia L. Protein neddylation and its alterations in
human cancers for targeted therapy. Cell Signal. 2018;44:92–102.

6. Walden H, Podgorski MS, Huang DT, Miller DW, Howard RJ, Minor DL Jr,
Holton JM, Schulman BA. The structure of the APPBP1-UBA3-NEDD8-ATP
complex reveals the basis for selective ubiquitin-like protein activation by
an E1. Mol Cell. 2003;12(6):1427–37.

7. Gong L, Yeh ET. Identification of the activating and conjugating enzymes of
the NEDD8 conjugation pathway. J Biol Chem. 1999;274(17):12036–42.

8. Huang DT, Paydar A, Zhuang M, Waddell MB, Holton JM, Schulman BA.
Structural basis for recruitment of Ubc12 by an E2 binding domain in
NEDD8's E1. Mol Cell. 2005;17(3):341–50.

9. Petroski MD, Deshaies RJ. Function and regulation of cullin-RING ubiquitin
ligases. Nat Rev Mol Cell Biol. 2005;6(1):9–20.

10. Deshaies RJ, Joazeiro CA. RING domain E3 ubiquitin ligases. Annu Rev
Biochem. 2009;78:399–434.

11. Nakayama KI, Nakayama K. Ubiquitin ligases: cell-cycle control and cancer.
Nat Rev Cancer. 2006;6(5):369–81.

12. Soucy TA, Smith PG, Milhollen MA, Berger AJ, Gavin JM, Adhikari S, Brownell
JE, Burke KE, Cardin DP, Critchley S, et al. An inhibitor of NEDD8-activating
enzyme as a new approach to treat cancer. Nature. 2009;458(7239):732–6.

13. Zheng J, Yang X, Harrell JM, Ryzhikov S, Shim EH, Lykke-Andersen K, Wei N,
Sun H, Kobayashi R, Zhang H. CAND1 binds to unneddylated CUL1 and
regulates the formation of SCF ubiquitin E3 ligase complex. Mol Cell. 2002;
10(6):1519–26.

14. Duda DM, Borg LA, Scott DC, Hunt HW, Hammel M, Schulman BA. Structural
insights into NEDD8 activation of cullin-RING ligases: conformational control
of conjugation. Cell. 2008;134(6):995–1006.

15. Merlet J, Burger J, Gomes JE, Pintard L. Regulation of cullin-RING E3
ubiquitin-ligases by neddylation and dimerization. Cell Mol Life Sci. 2009;
66(11–12):1924–38.

16. Sakata E, Yamaguchi Y, Miyauchi Y, Iwai K, Chiba T, Saeki Y, Matsuda N,
Tanaka K, Kato K. Direct interactions between NEDD8 and ubiquitin E2
conjugating enzymes upregulate cullin-based E3 ligase activity. Nat Struct
Mol Biol. 2007;14(2):167–8.

17. Zheng N, Schulman BA, Song L, Miller JJ, Jeffrey PD, Wang P, Chu C, Koepp
DM, Elledge SJ, Pagano M, et al. Structure of the Cul1-Rbx1-Skp1-F boxSkp2
SCF ubiquitin ligase complex. Nature. 2002;416(6882):703–9.

18. Zhao Y, Sun Y. Cullin-RING ligases as attractive anti-cancer targets. Curr
Pharm Des. 2013;19(18):3215–25.

19. Jia L, Sun Y. SCF E3 ubiquitin ligases as anticancer targets. Curr Cancer Drug
Targets. 2011;11(3):347–56.

20. Xie P, Zhang M, He S, Lu K, Chen Y, Xing G, Lu Y, Liu P, Li Y, Wang S, et al.
The covalent modifier Nedd8 is critical for the activation of Smurf1
ubiquitin ligase in tumorigenesis. Nat Commun. 2014;5:3733.

Zhou et al. Molecular Cancer           (2019) 18:77 Page 9 of 11



21. Li L, Wang M, Yu G, Chen P, Li H, Wei D, Zhu J, Xie L, Jia H, Shi J, et al.
Overactivated neddylation pathway as a therapeutic target in lung cancer. J
Natl Cancer Inst. 2014;106(6):dju083.

22. Gao Q, Yu GY, Shi JY, Li LH, Zhang WJ, Wang ZC, Yang LX, Duan M, Zhao H,
Wang XY, et al. Neddylation pathway is up-regulated in human intrahepatic
cholangiocarcinoma and serves as a potential therapeutic target.
Oncotarget. 2014;5(17):7820–32.

23. Hua W, Li C, Yang Z, Li L, Jiang Y, Yu G, Zhu W, Liu Z, Duan S, Chu Y, et al.
Suppression of glioblastoma by targeting the overactivated protein
neddylation pathway. Neuro-Oncology. 2015;17(10):1333–43.

24. Xie P, Yang JP, Cao Y, Peng LX, Zheng LS, Sun R, Meng DF, Wang MY, Mei
Y, Qiang YY, et al. Promoting tumorigenesis in nasopharyngeal carcinoma,
NEDD8 serves as a potential theranostic target. Cell Death Dis. 2017;8(6):
e2834.

25. Chen P, Hu T, Liang Y, Li P, Chen X, Zhang J, Ma Y, Hao Q, Wang J, Zhang
P, et al. Neddylation inhibition activates the extrinsic apoptosis pathway
through ATF4-CHOP-DR5 Axis in human esophageal Cancer cells. Clin
Cancer Res. 2016;22(16):4145–57.

26. Jia L, Soengas MS, Sun Y. ROC1/RBX1 E3 ubiquitin ligase silencing
suppresses tumor cell growth via sequential induction of G2-M arrest,
apoptosis, and senescence. Cancer Res. 2009;69(12):4974–82.

27. Sarkaria I, O-charoenrat P, Talbot SG, Reddy PG, Ngai I, Maghami E, Patel KN,
Lee B, Yonekawa Y, Dudas M, et al. Squamous cell carcinoma related
oncogene/DCUN1D1 is highly conserved and activated by amplification in
squamous cell carcinomas. Cancer Res. 2006;66(19):9437–44.

28. Brownell JE, Sintchak MD, Gavin JM, Liao H, Bruzzese FJ, Bump NJ, Soucy TA,
Milhollen MA, Yang X, Burkhardt AL, 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):102–11.

29. Luo Z, Yu G, Lee HW, Li L, Wang L, Yang D, Pan Y, Ding C, Qian J, Wu L, et al. The
Nedd8-activating enzyme inhibitor MLN4924 induces autophagy and apoptosis
to suppress liver cancer cell growth. Cancer Res. 2012;72(13):3360–71.

30. 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):561–9.

31. Pan Y, Xu H, Liu R, Jia L. Induction of cell senescence by targeting to Cullin-
RING ligases (CRLs) for effective cancer therapy. Int J Biochem Mol Biol.
2012;3(3):273–81.

32. Milhollen MA, Traore T, Adams-Duffy J, Thomas MP, Berger AJ, Dang L, Dick
LR, Garnsey JJ, Koenig E, Langston SP, et al. MLN4924, a NEDD8-activating
enzyme inhibitor, is active in diffuse large B-cell lymphoma models:
rationale for treatment of NF-{kappa}B-dependent lymphoma. Blood. 2010;
116(9):1515–23.

33. Soucy TA, Smith PG, Rolfe M. Targeting NEDD8-activated cullin-RING ligases
for the treatment of cancer. Clin Cancer Res. 2009;15(12):3912–6.

34. Swords RT, Kelly KR, Smith PG, Garnsey JJ, Mahalingam D, Medina E,
Oberheu K, Padmanabhan S, O'Dwyer M, Nawrocki ST, et al. Inhibition of
NEDD8-activating enzyme: a novel approach for the treatment of acute
myeloid leukemia. Blood. 2010;115(18):3796–800.

35. Sarantopoulos J, Shapiro GI, Cohen RB, Clark JW, Kauh JS, Weiss GJ, Cleary
JM, Mahalingam D, Pickard MD, Faessel HM, et al. Phase I study of the
investigational NEDD8-activating enzyme inhibitor Pevonedistat (TAK-924/
MLN4924) in patients with advanced solid tumors. Clin Cancer Res. 2016;
22(4):847–57.

36. Shah JJ, Jakubowiak AJ, O'Connor OA, Orlowski RZ, Harvey RD, Smith MR,
Lebovic D, Diefenbach C, Kelly K, Hua Z, et al. Phase I study of the novel
investigational NEDD8-activating enzyme inhibitor Pevonedistat (MLN4924)
in patients with relapsed/refractory multiple myeloma or lymphoma. Clin
Cancer Res. 2016;22(1):34–43.

37. Swords RT, Erba HP, DeAngelo DJ, Bixby DL, Altman JK, Maris M, Hua Z,
Blakemore SJ, Faessel H, Sedarati F, et al. Pevonedistat (MLN4924), a first-in-
class NEDD8-activating enzyme inhibitor, in patients with acute myeloid
leukaemia and myelodysplastic syndromes: a phase 1 study. Br J Haematol.
2015;169(4):534–43.

38. Bhatia S, Pavlick AC, Boasberg P, Thompson JA, Mulligan G, Pickard MD,
Faessel H, Dezube BJ, Hamid O. A phase I study of the investigational
NEDD8-activating enzyme inhibitor pevonedistat (TAK-924/MLN4924) in
patients with metastatic melanoma. Investig New Drugs. 2016;34(4):439–49.

39. Nawrocki ST, Griffin P, Kelly KR, Carew JS. MLN4924: a novel first-in-class
inhibitor of NEDD8-activating enzyme for cancer therapy. Expert Opin
Investig Drugs. 2012;21(10):1563–73.

40. Swords RT, Coutre S, Maris MB, Zeidner JF, Foran JM, Cruz J, Erba HP,
Berdeja JG, Tam W, Vardhanabhuti S, et al. Pevonedistat, a first-in-class
NEDD8-activating enzyme inhibitor, combined with azacitidine in patients
with AML. Blood. 2018;131(13):1415–24.

41. Sounni NE, Noel A. Targeting the tumor microenvironment for cancer
therapy. Clin Chem. 2013;59(1):85–93.

42. Whiteside TL. The tumor microenvironment and its role in promoting
tumor growth. Oncogene. 2008;27(45):5904–12.

43. Hoesel B, Schmid JA. The complexity of NF-kappaB signaling in
inflammation and cancer. Mol Cancer. 2013;12:86.

44. Ugel S, De Sanctis F, Mandruzzato S, Bronte V. Tumor-induced myeloid
deviation: when myeloid-derived suppressor cells meet tumor-associated
macrophages. J Clin Invest. 2015;125(9):3365–76.

45. Wang G, Lu X, Dey P, Deng P, Wu CC, Jiang S, Fang Z, Zhao K, Konaparthi R,
Hua S, et al. Targeting YAP-dependent MDSC infiltration impairs tumor
progression. Cancer Discov. 2016;6(1):80–95.

46. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer. 2006;6(5):392–401.
47. Ohlund D, Elyada E, Tuveson D. Fibroblast heterogeneity in the cancer

wound. J Exp Med. 2014;211(8):1503–23.
48. Kakarla S, Song XT, Gottschalk S. Cancer-associated fibroblasts as targets for

immunotherapy. Immunotherapy. 2012;4(11):1129–38.
49. Luo Q, Wang CQ, Yang LY, Gao XM, Sun HT, Zhang Y, Zhang KL, Zhu Y,

Zheng Y, Sheng YY, et al. FOXQ1/NDRG1 axis exacerbates hepatocellular
carcinoma initiation via enhancing crosstalk between fibroblasts and tumor
cells. Cancer Lett. 2018;417:21–34.

50. Kraman M, Bambrough PJ, Arnold JN, Roberts EW, Magiera L, Jones JO,
Gopinathan A, Tuveson DA, Fearon DT. Suppression of antitumor immunity
by stromal cells expressing fibroblast activation protein-alpha. Science. 2010;
330(6005):827–30.

51. Erez N, Truitt M, Olson P, Arron ST, Hanahan D. Cancer-associated fibroblasts
are activated in incipient neoplasia to orchestrate tumor-promoting
inflammation in an NF-kappaB-dependent manner. Cancer Cell. 2010;17(2):
135–47.

52. Yang X, Lin Y, Shi Y, Li B, Liu W, Yin W, Dang Y, Chu Y, Fan J, He R. FAP
promotes immunosuppression by Cancer-associated fibroblasts in the
tumor microenvironment via STAT3-CCL2 signaling. Cancer Res. 2016;76(14):
4124–35.

53. Junttila MR, de Sauvage FJ. Influence of tumour micro-environment
heterogeneity on therapeutic response. Nature. 2013;501(7467):346–54.

54. Maishi N, Hida K. Tumor endothelial cells accelerate tumor metastasis.
Cancer Sci. 2017;108(10):1921–6.

55. Yao WT, Wu JF, Yu GY, Wang R, Wang K, Li LH, Chen P, Jiang YN, Cheng H,
Lee HW, et al. Suppression of tumor angiogenesis by targeting the protein
neddylation pathway. Cell Death Dis. 2014;5:e1059.

56. Li H, Tan M, Jia L, Wei D, Zhao Y, Chen G, Xu J, Zhao L, Thomas D, Beer DG,
et al. Inactivation of SAG/RBX2 E3 ubiquitin ligase suppresses KrasG12D-
driven lung tumorigenesis. J Clin Invest. 2014;124(2):835–46.

57. Hill CS, Wynne J, Treisman R. The rho family GTPases RhoA, Rac1, and
CDC42Hs regulate transcriptional activation by SRF. Cell. 1995;81(7):
1159–70.

58. Chen Y, Yang Z, Meng M, Zhao Y, Dong N, Yan H, Liu L, Ding M, Peng HB,
Shao F. Cullin mediates degradation of RhoA through evolutionarily
conserved BTB adaptors to control actin cytoskeleton structure and cell
movement. Mol Cell. 2009;35(6):841–55.

59. Liu X, Jiang Y, Wu J, Zhang W, Liang Y, Jia L, Yu J, Jeong LS, Li L. NEDD8-
activating enzyme inhibitor, MLN4924 (Pevonedistat) induces NOXA-
dependent apoptosis through up-regulation of ATF-4. Biochem Biophys Res
Commun. 2017;488(1):1–5.

60. de Visser KE, Eichten A, Coussens LM. Paradoxical roles of the immune
system during cancer development. Nat Rev Cancer. 2006;6(1):24–37.

61. Carreno LJ, Prados-Rosales R, Lopez M, Baena A, Gonzalez PA. Targeting innate
immune cells for immunotherapy. J Immunol Res. 2017;2017:4271384.

62. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to
therapy. Immunity. 2014;41(1):49–61.

63. Chanmee T, Ontong P, Konno K, Itano N. Tumor-associated macrophages as
major players in the tumor microenvironment. Cancers (Basel). 2014;6(3):
1670–90.

64. Chang FM, Reyna SM, Granados JC, Wei SJ, Innis-Whitehouse W, Maffi SK,
Rodriguez E, Slaga TJ, Short JD. Inhibition of neddylation represses
lipopolysaccharide-induced proinflammatory cytokine production in
macrophage cells. J Biol Chem. 2012;287(42):35756–67.

Zhou et al. Molecular Cancer           (2019) 18:77 Page 10 of 11



65. Li L, Liu B, Dong T, Lee HW, Yu J, Zheng Y, Gao H, Zhang Y, Chu Y, Liu G, et
al. Neddylation pathway regulates the proliferation and survival of
macrophages. Biochem Biophys Res Commun. 2013;432(3):494–8.

66. Chang SC, Ding JL. Ubiquitination by SAG regulates macrophage survival/
death and immune response during infection. Cell Death Differ. 2014;21(9):
1388–98.

67. Smith-Garvin JE, Koretzky GA, Jordan MS. T cell activation. Annu Rev
Immunol. 2009;27:591–619.

68. Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor
microenvironment. Science. 2015;348(6230):74–80.

69. 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):624–9.

70. Biedermann T, Rocken M, Carballido JM. TH1 and TH2 lymphocyte
development and regulation of TH cell-mediated immune responses of the
skin. J Investig Dermatol Symp Proc. 2004;9(1):5–14.

71. Cheng Q, Liu J, Pei Y, Zhang Y, Zhou D, Pan W, Zhang J. Neddylation
contributes to CD4+ T cell-mediated protective immunity against blood-
stage Plasmodium infection. PLoS Pathog. 2018;14(11):e1007440.

72. Mathewson ND, Fujiwara H, Wu SR, Toubai T, Oravecz-Wilson K, Sun Y, Rossi
C, Zajac C, Sun Y, Reddy P. SAG/Rbx2-dependent Neddylation regulates T-
cell responses. Am J Pathol. 2016;186(10):2679–91.

73. Fischer AM, Katayama CD, Pages G, Pouyssegur J, Hedrick SM. The role of
erk1 and erk2 in multiple stages of T cell development. Immunity. 2005;
23(4):431–43.

74. Jang IK, Zhang J, Chiang YJ, Kole HK, Cronshaw DG, Zou Y, Gu H. Grb2
functions at the top of the T-cell antigen receptor-induced tyrosine kinase
cascade to control thymic selection. Proc Natl Acad Sci U S A. 2010;107(23):
10620–5.

75. Xiao N, Eto D, Elly C, Peng G, Crotty S, Liu YC. The E3 ubiquitin ligase itch is
required for the differentiation of follicular helper T cells. Nat Immunol.
2014;15(7):657–66.

76. Banchereau J, Steinman RM. Dendritic cells and the control of immunity.
Nature. 1998;392(6673):245–52.

77. Mellman I, Steinman RM. Dendritic cells: specialized and regulated antigen
processing machines. Cell. 2001;106(3):255–8.

78. Gardner A, Ruffell B. Dendritic cells and Cancer immunity. Trends Immunol.
2016;37(12):855–65.

79. Cheng M, Hu S, Wang Z, Pei Y, Fan R, Liu X, Wang L, Zhou J, Zheng S,
Zhang T, et al. Inhibition of neddylation regulates dendritic cell functions
via Deptor accumulation driven mTOR inactivation. Oncotarget. 2016;7(24):
35643–54.

80. Mathewson N, Toubai T, Kapeles S, Sun Y, Oravecz-Wilson K, Tamaki H,
Wang Y, Hou G, Sun Y, Reddy P. Neddylation plays an important role in the
regulation of murine and human dendritic cell function. Blood. 2013;
122(12):2062–73.

81. Razani B, Reichardt AD, Cheng G. Non-canonical NF-kappaB signaling
activation and regulation: principles and perspectives. Immunol Rev. 2011;
244(1):44–54.

82. Del Vecchio M, Bajetta E, Canova S, Lotze MT, Wesa A, Parmiani G, Anichini
A. Interleukin-12: biological properties and clinical application. Clin Cancer
Res. 2007;13(16):4677–85.

83. El-Mesery M, Seher A, Stuhmer T, Siegmund D, Wajant H. MLN4924
sensitizes monocytes and maturing dendritic cells for TNF-dependent and
-independent necroptosis. Br J Pharmacol. 2015;172(5):1222–36.

84. Zhao Y, Sun Y. Targeting the mTOR-DEPTOR pathway by CRL E3 ubiquitin
ligases: therapeutic application. Neoplasia. 2012;14(5):360–7.

85. Gao D, Inuzuka H, Tan MK, Fukushima H, Locasale JW, Liu P, Wan L, Zhai B,
Chin YR, Shaik S, et al. mTOR drives its own activation via SCF (betaTrCP)-
dependent degradation of the mTOR inhibitor DEPTOR. Mol Cell. 2011;44(2):
290–303.

86. Cao W, Manicassamy S, Tang H, Kasturi SP, Pirani A, Murthy N, Pulendran B.
Toll-like receptor-mediated induction of type I interferon in plasmacytoid
dendritic cells requires the rapamycin-sensitive PI (3) K-mTOR-p70S6K
pathway. Nat Immunol. 2008;9(10):1157–64.

87. Thomson AW, Turnquist HR, Raimondi G. Immunoregulatory functions of
mTOR inhibition. Nat Rev Immunol. 2009;9(5):324–37.

88. Kanarek N, Ben-Neriah Y. Regulation of NF-kappaB by ubiquitination and
degradation of the IkappaBs. Immunol Rev. 2012;246(1):77–94.

89. Jantsch J, Chakravortty D, Turza N, Prechtel AT, Buchholz B, Gerlach RG,
Volke M, Glasner J, Warnecke C, Wiesener MS, et al. Hypoxia and hypoxia-

inducible factor-1 alpha modulate lipopolysaccharide-induced dendritic cell
activation and function. J Immunol. 2008;180(7):4697–705.

90. Mancino A, Schioppa T, Larghi P, Pasqualini F, Nebuloni M, Chen IH, Sozzani
S, Austyn JM, Mantovani A, Sica A. Divergent effects of hypoxia on dendritic
cell functions. Blood. 2008;112(9):3723–34.

Zhou et al. Molecular Cancer           (2019) 18:77 Page 11 of 11


	Abstract
	Introduction
	Neddylation pathway plays a crucial role in the modulation of TME
	Neddylation as a modulator of tumor-derived factors
	Neddylation as a modulator of fibroblasts
	Neddylation as a modulator of endothelial cells
	Neddylation as a modulator of infiltrated immune cells

	Neddylation as a modulator of macrophages
	Neddylation as a modulator of T cells
	Neddylation as a modulator of dendritic cells

	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

