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in a manner similar to ubiquitination and alters the activity
of target proteins. Neddylation may affect the activity of
multiple signaling pathways, have a regulatory role in tumor
formation, progression and metastasis, and influence the prog-
nosis of cancer treatment. The present review summarizes
the regulatory roles of NEDDS8 in the MDM2-p53, NF-«B,
PI3K/AKT/mTOR, hypoxia-inducible factor, Hippo and
receptor tyrosine kinase signaling pathways, as well as in the
development and progression of lung cancer.
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1. Introduction

Due to environmental pollution and tobacco use, lung cancer
has become the most common cause of cancer-related death
worldwide, accounting for 18.4% of total cancer mortalities (1).
Of note, female patients have a better prognosis than males (2).
Nearly 85% of lung cancers are non-small cell lung cancers
(NSCLCs). The remainder are SCLCs, of which lung adeno-
carcinoma is the most common subtype, accounting for 50%
of NSCLC cases, followed by squamous cell carcinoma (3).
Lung cancer, one of the most common cancer types, is usually
detected only at a late stage, as it has no obvious symptoms in
its early stages. Early implementation of screening programs is
one of the main tools for patients to reduce lung cancer-asso-
ciated mortality (3). Early-stage lung cancer may be surgically
resected, depending on the size and location of the tumor (4).
Advanced non-resectable NSCLCs may be treated with dual
chemotherapy using cisplatin or carboplatin along with chest
radiotherapy (5). However, the overall survival rate of patients
with lung cancer is generally low and most lung cancers are
metastatic at the time of diagnosis, which in turn contributes
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to patients' low overall survival rate. There remains an urgent
need to explore new biomolecules and pathways involved in
lung cancer formation, which may provide new prognostic
predictors and therapeutic targets. Doing so may provide a
new direction for the treatment of lung cancer.

Recent research has found that in the process of the occur-
rence and development of lung cancer, neural precursor cell
expressed, developmentally down-regulated 8 (NEDDS) is
abnormally expressed. NEDDS is a ubiquitin-like protein that is
involved in the post-translational modification of proteins, also
known as neddylation. Neddylation regulates not only ubiquitina-
tion modification, but also a variety of life activities, thus playing
an important role in the formation and prognosis of lung cancer.

2. NEDDS in post-translational modifications of proteins

The NEDDS8 molecule. NEDDS is a ubiquitin-like, highly
conserved protein cloned from mouse embryonic brain tissue,
consisting of 81 amino acids and containing one o-helix and
three PB-lamellar structures. NEDDS is most highly expressed
in cardiac and skeletal tissues and is mainly expressed in the
nucleus with relatively low expression in the cytoplasm. The
NEDDS8 molecule itself is a nonfunctional precursor protein
that becomes fully-fledged and functional only when the
precursor protein is hydrolyzed by specific proteases of its
C-terminal amino acids. The presence of NEDDS precursors
prevents overexpression of neddylation modifications and
serves as a reserve pool of NEDD8, ensuring that NEDDS
levels are within normal limits. Following the hydrolysis
of amino acids, NEDDS8 undergoes regulation in a manner
similar to ubiquitination-through a multistage enzymatic reac-
tion and binding to target proteins, but with a specific binding
mode unlike that of ubiquitin (6,7).

The neddylation process. The NEDDS8 modification process,
neddylation, is similar to ubiquitination and requires
NEDDS8-activating enzyme (NAE) E1, NAE E2 and NAE
E3. NAE is the only enzyme found to be able to perform
neddylation. NAE consists of f-amyloid precursor protein
binding protein 1 APPBP1 (NAEI) and ubiquitin-like modi-
fier activating enzyme 3 (UBA3), which form the N-terminal
and C-terminal ends of ubiquitin activating enzymes (8).
The two types of E2 ligases that have been identified are
ubiquitin-binding enzyme UBE2M (also known as UBC12)
and UBE2F. UBE2M is a dual E2 enzyme that may act both
as a NEDDS ligase E2 for neddylation and as a ubiquitination
ligase E2 to ubiquitinate and degrade UBE2F (9). The RING
class includes ring-box 1 (RBX1), RBX2 (10), murine double
minute 2 (MDM?2) (11), F-box protein 11 (FBXOL11) (12),
c-casitas B-lineage lymphoma (c-CBL) (13), inhibitor of
apoptosis proteins (14), and defective in cullin neddylation
1-like protein 1-5 (DCNLI1-5), also known as DCUNI1DI-5 or
SCCROI1-5 (15), among others. Defective in cullin neddylation
1 (DCN1) is yeast's E3 ligase. In mammalian cells, however,
at least five DCNI1-like proteins act as E3 ligases (16). HECT
types include SMAD ubiquitylation regulatory factor 1
(Smurf1) and Smurf2 (17). Most of the NEDDS E3 ligases may
also act as ubiquitin ligases (18).

Various specific protease 1 isozymes such as NEDDS§
protease 1 (NEDPI), ubiquitin-specific peptidase 21 (USP21)

and ubiquitin C-terminal hydrolase-LC3 (UCH-LC3) expose
the NEDDS precursor's glycine residue at position 76 through
hydrolysis. Subsequently, NAE catalyzes the formation of a
NAE-S-NEDDBS high-energy thioester bond at the C-terminal
in combination with the cysteine active site of UBA3 in the
presence of ATP and Mg**. This process may be referred to as
the activation of NEDDS. Activated NEDDS binds to ligase E2
UBE2M or UBE2F to form another thioester bond, while NAE
departs. Ligase E3 instantly interacts with E2, which carries
NEDDS, to form an isopeptide bond between the glycine at
the C-terminal of NEDDS's position 76 and the lysine residue
on the substrate. This process involves transferring NEDDS§
to the substrate and completing neddylation. After NEDD8
binds to the substrate, ligase E3 releases binding enzyme
E2, which rebinds to the next activated NEDDS for further
neddylation (6,8,19) (Fig. 1).

The deneddylation process.Neddylation is areversible dynamic
modification process. Deneddylation occurs when NEDDS is
separated from the substrate by NEDD8 depolymerase. The
current study indicated that the zinc metalloprotease COP
signalosome [constitutive photomorphogenesis signalosome
(CSN)] and the cysteine protease NEDPI1, also known as
SUMO peptidase family member NEDDS specific, catalyzes
deneddylation (8). In vivo, CSN is mainly responsible for
cullin family deneddylation, while NEDPI is responsible for
the deneddylation of other proteins (19). Enzymes involved
in ubiquitination modifications, such as USP21, Ataxin-3,
UCH-L1 and UCH-L3, also display deneddylation activity.

The main depolymerase involved in the deneddylation
process is the NEDD8-specific enzyme CSN. CSN has 8
subunits, CSN1 through to CSNS8; when the 8 subunits are
complete, the main catalytic subunit, CSN5, makes the CSN
begin deneddylation to remove NEDDS8 from cullin and
non-cullin proteins (8). NEDP1 is involved in both the acti-
vation of NEDDS8 and the separation of NEDDS§ from the
substrate during deneddylation, meaning that NEDP1 has dual
enzymatic activity. However, if the catalytic unit of NEDP1 is
mutated into alanine, it is no longer able to remove NEDDS§
from non-cullin proteins (20) (Fig. 1).

3. Substrates and signaling pathways associated with
NEDDS

Unlike ubiquitination, neddylation mainly relies on inter-
actions with proteins and on signal transduction to exert
biological effects. Neddylation also has an important role in
signal transduction, participates in DNA repair, promotes cell
cycle regulation and protein degradation, and may be used as a
key entry point for targeted cancer therapy (Fig. 2).

Regulation of cullin family proteins by neddylation. Cullin
family proteins are well-validated neddylation substrates and
are important components of ubiquitin cullin-Ring ligase
(CRL), having an important role in neddylation. Furthermore,
inhibiting neddylation leads to the accumulation of a variety of
key CRL substrates, causing apoptosis and aging, in turn inhib-
iting the development of tumors. Mammalian CRLs contain
CULL, 2, 3, 4A, 4B, 5, 7 and 9, and RBX1 (also known as
ROCI) or RBX2 (15). In mammalian cells, the binding enzyme
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Figure 1. The neddylation modification process and the deneddylation modification process. First, enzymes such as NEDP1 are involved in the hydrolysis of
NEDDS precursors. NAE is then involved in the activation of NEDDS, thus binding to enzyme E2, at which time NAE leaves. Ligase E3 binds to E2, which
carries the substrate and transfers NEDD8 to the substrate. CSN or NEDPI participates in the depolymerization of NEDD8 from the substrate, known as
deneddylation. NEDDS, neural precursor cell expressed developmentally downregulated 8; NAE, NEDD8-activating enzyme; NEDP1, NEDDS protease 1;
CSN, constitutive photomorphogenesis signalosome; USP21, ubiquitin-specific peptidase 21; UCH-LC3, ubiquitin C-terminal hydrolase-LC3.

UBE2M functions via RBX1 to mediate CUL1-4 neddylation,
while the binding enzyme UBE2F pairs with RBX?2 to control
CULS5 neddylation (9,21-23). In this process, the CRL3
complex may be used as ligase E3 in the ubiquitin proteasome
degradation pathway; it also has an important regulatory role
in neddylation and deneddylation. Furthermore, this indicates
that NEDD8-mediated neddylation affects the ubiquitination
degradation of proteins (9). Cullin and the RING protein RBX
constitute ubiquitin E3 ligase and the binding of the CULI1
C-terminal to RBX1 may promote the accumulation of CUL1
in the nucleus, thereby activating CUL1 ubiquitin ligase activity
and promoting CUL1 neddylation in the nucleus. Neddylation
promotes CULI ubiquitin ligase activity; however, disrupting
this process has no effect on RBX1 binding to CULI, meaning
that there is no effect on the nuclear localization of CUL1 (24).
CRL controls ~20% of proteasome-regulated proteins to regu-
late protein degradation (21).

In mammals, neddylation affects CRL activity through
at least two mechanisms. On the one hand, CULI1, 2, 3, 4A
and 5 bind to the assembly inhibitor cullin associated and
neddylation dissociated 1 (CANDI) when the CRL without
neddylation is inactivated, thereby inhibiting the assembly
of functional CRL (25,26). CRL activation requires to be
guided by NEDDS ligase E3, which separates CANDI from
cullin by substitution and results in conformational changes
that regulate CRL activity. The assembly of functional CRL
is also promoted and its ubiquitinated ligase is activated.
The Skpl-CULI-F-box protein (SCF) complex is one such
CRL (27,28). CULI is a scaffold element of the SCF complex
and the SCF complex may only be formed through the interac-
tion of CUL1 with the linker protein Skpl (29). This interaction
is involved in proteasomal degradation regulation of various
proteins in the cell cycle, such as Weel (30), p27 (31), nuclear
factor erythroid 2-related factor 2 (32) and SCF, for which
expression abnormalities also contribute to tumorigenesis.
However, decreased CANDI levels only have a small effect on

the binding of CULI to NEDD&, suggesting that the two may
be independent processes (33). The dissociation of CANDI
from cullin provides a spatial site for Skpl and RBX to bind
to the cullin so that the substrate recognition protein F-box is
able to recognize Skpl cullin. Subsequently, the RBX protein
binds to UBE2 and transfers the ubiquitin tag on UBE2 to the
substrate, acting as an E3 ligase for the CRL complex (34). In
lung cancer cells, CANDI regulates proliferation and migra-
tion, which may affect CRL neddylation. However, CANDI
overexpression may also have adverse effects, including exces-
sive centrosomal replication and mitotic defects that promote
malignant tumor progression (35). On the other hand, after
NEDDS8 modifies cullin, it changes the [ chain of cullin to
connect with RBX1, which facilitates RBX1 linkage to ubiq-
uitin ligase E2 (18).

Deneddylation of CRLs is mediated by CSNs (8,19), which
specifically bind to NEDDS8 on CRLs to control their activity.
After the dissociation between NEDDS8 and the CRL complex,
interferon-induced protein NEDDS8 ultimate buster 1 medi-
ates CRL complex proteasomal degradation following NEDD
depolymerization and the degradation of the substrate with the
ubiquitin tag.

Studies have indicated that the NAE inhibitor MLLN4924
completely inhibits the neddylation of cullin, thus inactivating
CRL and causing a build-up of CRL substrates, including cell
cycle inhibitors p21, p27 and WEEI; NF-kB inhibitor IkxB-a;
and DNA replication-licensed proteins chromatin and DNA
replication factor 1 (Cdtl) and replication initiation recogni-
tion complex, subunit 1 (36).

In addition to the cullin family of proteins, proteins
associated with the ubiquitin-proteasome pathway that may
serve as neddylation substrates include MDM2 and SMAD
ubiquitination regulator factor 1 (Smurfl). MDM2 serves as
both the ubiquitination ligase E3 and the neddylation ligase
E3. Neddylation modification enhances MDM?2 stability and
promotes ubiquitination degradation of p53 (37). Multiple
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Figure 2. NEDDB regulates the ubiquitin-proteasome degradation pathways related to CRL and MDM?2, and it realizes the regulation of proteins by promoting
the NF-«xB, PI3K/AKT/mTOR, Hippo-YAP and receptor tyrosine kinase signaling pathways. NEDDS also inhibits MDM2-p53, HIF and other signaling path-
ways, which in turn affects DNA damage repair, the cell cycle and tumor development. HIF, hypoxia-inducible factor; CRL, cullin-ring ligase; EMT, epithelial
to mesenchymal transition; NEDDS, neural precursor cell expressed developmentally downregulated 8; NAE, NEDD8-activating enzyme; NEDP1, NEDDS
protease 1; CSN, constitutive photomorphogenesis signalosome; PTEN, phosphatase and tensin homolog; VHL, von Hippel-Lindau; Mst1/2, mammalian
sterile 20-like kinase 1/2; YAP, Yes-associated protein; MDM2, murine double minute 2; PI3K, phosphatidylinositol-3-kinase; AKT, protein kinase B; mTOR,
mammalian target of rapamycin; LATS1/2, large tumor suppressor homolog 1/2; EGFR, epidermal growth factor receptor; TGFBRII, TGF-f type II receptor.

lysine sites of Smurfl may enhance both the recruitment of
ubiquitin-binding enzyme E2 and its own ubiquitin ligase
activity after neddylation (38).

Regulation of the RPLII-MDM?2-p53 signaling pathway by
neddylation. Nucleoli are at the center of ribosome genesis.
Ribosomal proteins generally enter the nucleoli and bind to
ribosomal RNA and other proteins to form ribosome-sized
subunits (39). p53 is an important tumor suppressor gene that
has a role in inhibiting cell cycle progression and inducing
cell senescence or apoptosis, responding to a variety of
emergency signals, including DNA damage, hypoxia and
ribosomal stress. Normally, neddylation inhibits the release
of RPLI11 from the nucleoli and protects it from degradation.
MDM?2 then binds to p53 at the promoter site, inhibits the
transcription of p53 and promotes p53 degradation to reduce
pS3 expression. During the nucleolar stress response, the

neddylation of L11 in the nucleoli is inhibited. In turn, L11 is
released from the nucleolus. L11 released into the nucleoplasm
binds to MDM?2 at the promoter to inhibit the ubiquitination of
MDM2 to p53, which promotes the transcriptional activation
of p53. p53 expression increases and promotes p53-dependent
cell cycle arrest. L11 is also able to undergo neddylation in
the cytoplasm before entering the nucleus, and this process is
mediated by MDM2. The cytoplasm contains NEDP1, which
mediates the deneddylation of L11 (39,40). In addition, the
neddylation of human p53 depends on HDM2, the homolo-
gous protein of MDM2. Ribosomal protein S14 may also
induce p53 activation during nucleolar stress. The signaling
between the two is connected by HDM2, wherein the process
is similar to that of RPL11 (41). Mutations in p53 frequently
occur in lung cancer and their expression is closely related
to lung cancer development and progression. In wild-type
p53-preserved tumors, MDM?2 overexpression may block the
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Figure 3. Several signaling pathways are closely related to NEDD8. L11 is modified by NEDDS and remains in the nucleolus; in contrast, unmodified L11 enters
the nucleoplasm to bind to MDM2, thereby promoting the transcriptional activation of p53. IkB, the inhibitor of NF-«B, is recognized by NEDD8-modified
SCF after phosphorylation, thereby degrading it and activating the NF-«xB signaling pathway. In the PI3K/AKT/mTOR signaling pathway, PTEN is modified
by NEDD8 and moves into the nucleus, promoting the phosphorylation of PIP2 and activating downstream pathways. NEDDS, neural precursor cell expressed
developmentally downregulated 8; PTEN, phosphatase and tensin homolog; CSN, constitutive photomorphogenesis signalosome; MDM?2, murine double
minute 2; SCF, Skpl-CULI-F-box protein; PI3K, phosphatidylinositol-3-kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; PDKI1,
phosphoinositide-dependent kinase 1; RBX, ring-box; NEDP1, NEDD8 protease 1.

transcriptional activity of p53 and thus reduce the expression
levels of p53 (39,42).

MDM2 may reduce the expression of p53 in two aspects.
First, MDM?2 degrades p53 with ubiquitin ligase E3 through
the ubiquitin-proteasome pathway; furthermore, MDM?2 may
be used as NEDDS ligase E3 to neddylate p53 in order to
inhibit nuclear translocation and transcriptional activity. These
processes are inhibited by cyclin-dependent kinase inhibitor
pl4 and histone acetyltransferase TIP60, respectively (11).
However, p53 neddylation by MDM2 may be weakened
by heat stress, thus reducing the inhibition of p53 activity.
Another NEDDS ligase, FBXO11, has also been found to
enable p53 neddylation, thereby inhibiting p53 function and its
transcriptional activity without affecting stability (12) (Fig. 3).

Regulation of the NF-«kB signaling pathway by neddylation.
NF-«xB is a dimer composed of p5S0 and p65, as well as a
transcription factor that inhibits apoptosis. It is also related to
immune and inflammatory responses, may induce the expres-
sion of a variety of pro-inflammatory mediators and is closely
related to tumor occurrence, growth and metastasis. It binds
specifically to the enhancer B sequence of the immunoglobulin
« light chain gene GGGACTTTCC, thereby promoting « light
chain gene expression. NF-«B is widely distributed in mamma-
lian cells, and the Rel homology domains at the N-terminus
contained in NF-kB. The NF-xB family contains homologous
or heterologous dimers-regions specific to the DNA sequence of
NF-«B, including NF-kB1 (p50 and its precursor p105), NF-kB2
(p52 and its precursor pl00), c-Rel, RelA (p65) and RelB (43).
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pl100, p105, IxBa, IkBp, IkBy, IkBe, Bcl-3 and IkB-R are
inhibitory units of the IxkB family that both bind to NF-xB
and impede its transfer to the nucleus. Thus, NF-«B is usually
present in the cytoplasm in an inactive form (43). When IkxB
is phosphorylated to pIkB by the activated IxB phosphokinase
(IKK) complex, it may be recognized by the ubiquitin-binding
enzyme SCF, and it may be degraded by ubiquitination and
proteases. CULI may be activated by enhancing SCF activity
after neddylation (44). Activated NF-kB may be transferred to
the nucleus, specifically binding to the kB sequence to induce
the transcription of related genes, such as tumor necrosis
factor-a, interleukin-6 (IL-6) and other pro-inflammatory
factors, leading to inflammation and immune response (45).
However, it also rapidly encodes inhibitor IkB transcription and
the newly synthesized IkB binds to NF-«kB to prevent it from
moving to the nucleus and performing feedback regulation. In
lung cancer, neddylation inactivation inhibits SCF activity and
induces substrate IxBa accumulation to block NF-«xB tran-
scriptional activity and chemotactic cytokine ligand 2 (CCL2)
transactivation, affecting the invasion of tumor-associated
macrophages. This in turn affects the development of lung
cancer (46). IL-6 also enhances the invasion and metastasis of
lung cancer cells via the NF-kB pathway (47).

In addition to phosphorylating IxB, IKK may phosphory-
late CSN, thereby ubiquitinating and degrading it (48). The
main role of CSN is to promote deneddylation. Thus, it is
inferred that CSN degradation maintains neddylation such that
CRL is activated to promote the NF-«B pathway (Fig. 3).

Regulation of the PI3SK/AKT/mTOR signaling pathway by
neddylation. The PI3K/AKT/mTOR signaling pathway is able
to regulate cell proliferation, differentiation, apoptosis and
migration, and it has an important role in cancer development.
Phosphatidylinositol (PI)-3-kinase (PI3K) is a dimer composed
of the regulatory subunit p85 and the catalytic subunit p110;
furthermore, it is a downstream effector for G protein-coupled
receptors and receptor tyrosine kinase (RTK) (49). PI generates
PIP and PIP2 by phosphorylation, while RTK activates PI3K.
PI3K may phosphorylate PIP2 to generate a second messenger,
PIP3, and stay in the plasma membrane to be used as a docking
site for intracellular proteins, thereby recruiting protein kinase
B (AKT) and phosphoinositide-dependent kinase 1 to the
plasma membrane to further activate AKT. In mammals, the
mammalian target of rapamycin (mTOR) may be used as a
downstream target of AKT, with two complexes, mTORC1
and mTORC2. mTORCI1 mainly regulates cell growth and
metabolism, and mTORC2 mainly regulates cell proliferation
and cytoskeletal remodeling. The downstream transcription
factors of mTOR include hypoxia-inducible factor 1 (HIF-1a)
and c-Myc. MDM?2 is also one of the substrates of AKT and
may activate itself by mediating MDM?2 phosphorylation,
therefore causing MDM?2 to enter the nucleus and bind to
p53. The tumor suppressor protein phosphatase and tensin
homolog (PTEN) may act as a phosphatase to dephosphorylate
PIP3 to form PIP2, thereby inhibiting this pathway (49,50).
Recent studies have indicated that neddylation may promote
the nuclear translocation of PTEN and subsequently reduce
cytoplasmic PI3K/AKT/mTOR signaling inhibition. As such,
neddylation may enhance the PI3K/AKT/mTOR signaling
pathway to promote tumor cell proliferation and infiltration.

The neddylation of PTEN relies on the activating enzyme El
UBA3, the binding enzyme E2 UBE2M and the ligase XIAP,
whose deneddylation is mediated by NEDPI1. This process is
also affected by the glucose concentration; the modification
of PTEN by neddylation is promoted under conditions of high
glucose concentrations (51).

Activation of the PI3K/AKT/mTOR signaling pathway
may promote the morphological transformation of SCLC cells.
Adherent SCLC cells with an activated PI3K/AKT/mTOR
signaling pathway are more susceptible to chemotherapy resis-
tance (52). This suggests that the PI3K/AKT/mTOR signaling
pathway may be inhibited by inhibiting neddylation, thus
affecting lung cancer treatment (Fig. 3).

Regulation of the HIF signaling pathway by neddylation. HIF
is regulated by oxygen and its own expression; HIF includes
HIF-1 and HIF-2, of which HIF-1 is the most important and is
composed of two subunits, HIF-1a. and HIF-1p. In a study of
NSCLC, it was found that the HIF pathway is involved in the
early stages of tumor progression. Cancer cells grow without
restriction when oxygen-supplying blood vessels are not gener-
ated, creating a hypoxic environment that induces upregulation
of HIF-1a and its binding to HIF-1p. The bound heterodimer
enters the nucleus and activates the transcriptional expression
of related genes. This provides ideal cancerous conditions
and the formation of blood vessels for cancer cells growing
under hypoxic conditions; it does so by activating glycolytic
pathways and increasing glucose transport (53). Activation of
cancer-associated fibroblasts (CAFs) is critical for establishing
a tumor-promoting microenvironment, and HIF-1a is highly
expressed in lung cancer in hypoxic conditions, inducing
the transformation of normal fibroblasts into CAFs (54).
Hyperthermia is one of the clinical treatments for lung cancer;
however, recurrence is common because the thermal effect
at the time of treatment may promote the growth of residual
tumors by upregulating the expression of HIF-1a (55).
HIF-1la's main ubiquitin ligase E3 is a complex, the most
important component of which is the von Hippel-Lindau
(VHL) protein. CUL2 is an upstream protein of VHL that
regulates the degradation of HIF-loo by VHL. Both VHL
and CUL2 may be neddylated. When CUL2 is modified by
neddylation, it may bind to VHL and activate the E3 complex
of HIF-1a; CUL2 then recognizes and binds to HIF-1a and
multi-ubiquitinates it. The labeled HIF-1a may be degraded by
the 26s proteasome; therefore, inhibition of neddylation with
MLN4924 enhances HIF transcription and stabilizes HIF
levels, while upregulating the expression of HIF-la-mediated
UBE2M (9,56). VHL contains three NEDD8 receptor sites at
lysines 159, 171 and 196, and it binds to the NEDDS ligase
MDM?2 (57,58). When VHL is modified by neddylation, it
prevents binding to CUL2. The ubiquitination and degrada-
tion of HIF-1a are inhibited and stabilized, thereby promoting
tumorigenesis (57). As such, homeostasis of neddylation and
deneddylation may regulate the degradation of HIF-1a (Fig. 4).

Regulation of the Hippo-YAP signaling pathway by
neddylation. The Hippo signaling pathway is involved in cancer
cell genesis, invasion, migration and treatment; its core effector
Yes-associated protein (YAP) acts as a multifunctional intracel-
lular connexin and transcriptional coactivator that has a role in
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Figure 4. Several signaling pathways are closely related to NEDDS. In the HIF signaling pathway, VHL binds to NEDD8-modified CUL2, thereby ubiquiti-
nating HIF-1a; NEDD8-modified VHL inhibits this process. The Hippo-YAP pathway requires NEDDS for a series of phosphorylation reactions. For instance,
NEDDS8-modified CUL7 promotes Mstl degradation and NEDD8-modified CUL4 promotes LATS1/2 degradation. In the RTK signaling pathway, TGFRII
and EGFR are also modified by NEDDS to remain stable. HIF, hypoxia-inducible factor; NEDD8, neural precursor cell expressed developmentally downregu-
lated 8; Mstl/2, mammalian sterile 20-like kinase 1/2; YAP, Yes-associated protein; RTK, receptor tyrosine kinase; TGFpRII, TGF-f type II receptor; EGFR,
epidermal growth factor receptor; TEAD, transcriptional enhanced associate domain; c-CBL, c-casitas B-lineage lymphoma; VHL, von Hippel-Lindau;

LATS1/2, large tumor suppressor homolog 1/2.

both intracellular signal transduction and gene transcriptional
regulation (59). Hippo kinases include neurofibromatosis 2,
mammalian sterile 20-like kinase 1/2 (Mst1/2) and large tumor
suppressor homolog 1/2 (LATS1/2). In the cytoplasm, once
signaled by extracellular growth inhibition, a series of kinase
cascade phosphorylation reactions are activated. This process
activates the Hippo kinase and eventually phosphorylates YAP,
causing YAP to remain in the cytoplasm and degrade. The
YAP signaling pathway is subsequently inhibited. Conversely,
when kinase cascade phosphorylation reactions are inhibited,
YAP in the cytoplasm is transferred to the nucleus and binds to

transcriptional enhanced associate domain, thereby activating
downstream gene transcription and regulating cell proliferation,
epithelial-mesenchymal transformation (EMT), metastasis,
proliferation and differentiation of cancer stem cells, all of
which promote tumor development. NEDDS substrate CUL7,
as a ubiquitin ligase, is able to promote Mstl ubiquitination,
and CULA4, as a ubiquitin ligase, may promote LATS1/2
ubiquitination. Both activate YAP signaling, indicating that
neddylation is able to regulate the Hippo-YAP pathway (59-61).
Of note, the function of YAP may differ among different lung
cancer types. YAP activation promotes the growth of NSCLCs,
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but inhibits SCLCs; the specific reasons for this require to be
further studied (59,62) (Fig. 4).

Regulation of the receptor tyrosine kinase (RTK) signaling
pathway by neddylation. RTKs are the largest class of
enzyme-linked receptors and are receptors for both growth
factors and enzymes to catalyze phosphorylation of down-
stream target proteins. They have an important role in
mediating cell growth, movement, differentiation and metabo-
lism; in addition, they interact with transforming growth
factor-p (TGF-f), PI3K/AKT and other signaling pathways.
The most common RTKs include epidermal growth factor
receptor (EGFR) and fibroblast growth factor receptor (63,64).
TGF-p type II receptor (TGFBRII) and EGFR are known
examples of RTK signaling regulated by NEDDS (65).

TGFBRII upregulates the expression of interferon-f§ in
tumor-associated macrophages after radiotherapy; it also
facilitates T-cell infiltration. For advanced lung cancer,
TGFBRII promotes tumor development; inhibition of
TGFBRII may be used to treat lung cancer (66). c-CBL is a
proto-oncogene encoding ubiquitin ligase E3 that may bind
UBE2M to neddylate TGFBRII, thereby inhibiting the ubiq-
uitination degradation of TGFBRIL. In other words, TGFRII
may be stabilized by neddylation to promote TGF-f signaling
(prolonging TGFBRII signaling in clathrin-mediated cellular
endocytosis). Therefore, c-CBL may be used as the NEDDS§
ligase E3 of TGFBRII. At the same time, MLN4924 may
block the promotion of TGF-p by c-CBL, promote the ubig-
uitination and degradation of TGFBRII and induce cell cycle
arrest (65,67).

The receptor tyrosine kinase EGFR binds to and is acti-
vated by extracellular growth hormone. This process activates
a signaling cascade within the cell. c-CBL has dual enzymatic
activity that may both ubiquitinate EGFR as a ubiquitin E3
ligase, as well as recruit NEDD8 binding enzyme UBE2M.
Neddylation may further enhance the ubiquitination of
EGFR, which promotes the degradation and endocytosis of
EGFR (65,68). In the treatment of lung cancer, most drugs
target EGFR; however, the drug-resistant mutation of EGFR
is a significant barrier to treatment (63,69). EGFR gene fusion
also affects the therapeutic effect of targeting EGFR in
patients with lung cancer (70). Therefore, studying the process
and function of EGFR neddylation modification may also help
in the exploration of treatments targeting EGFR (Fig. 4).

4. Effects of neddylation on lung cancer

NEDDS8-mediated neddylation is closely related to the
occurrence and development of tumors. Overexpression of
neddylation-related proteins has been seen in lung cancer (30),
breast cancer (51), liver cancer (71) and colorectal cancer (72)
and may significantly reduce the overall survival rate of
patients. To date, it has been found that the expression pattern
of NEDDS-related proteins has changed in cancerous lung
tissues, including large-cell neuroendocrine carcinoma of
the lung (LCNEC), lung adenocarcinoma (LUAD) and lung
squamous cell carcinoma (LUSC) (73).

Clinicopathological features. Real-time quantitative PCR
and microarray testing of mRNA have indicated significantly

elevated NAEI mRNA expression in LUAD and LUSC
compared with adjacent normal tissues (36). The mRNA
levels of UBE2M were significantly higher in LUAD, LUSC
and LCNEC than in normal tissues, and the expression of
UBE2M mRNA was higher in poorly-differentiated tumors
within lung adenocarcinoma (30). The ligase E3 DCNL and
its paragenes are generally dysregulated in human cancers and
are associated with the neddylation of the cullin family, where
the most common dysregulated ligase E3 is DCNL5. DCNLS5
is overexpressed in LUSC and LUAD (74). This suggests that
NEDDS8 may be used as a serum metabolic fingerprint (SMF)
for the diagnosis and treatment of lung cancer, and there are
numerous platforms and methods based on SMF for the early
detection of lung cancer (75,76).

Immunohistochemical staining and western blot analysis
revealed that primary tumor protein neddylation is over-
activated and that NAE1, UBA3, UBE2M and UBEZ2F are
overexpressed in LUAD and LUSC tissues compared with adja-
cent normal tissues (36,77,78). Particularly in SCLCs, western
blot analysis indicated bands with a higher migration form
than CULI and detected neddylation-modified fragments. This
affects the activity of SCF complexes. Immunohistochemical
staining suggested a negative correlation with CANDI protein
levels in SCLCs. This, however, is not observed in normal
tissues, NSCLCs or carcinoid tissues (29).

In addition, Kaplan-Meier single-gene survival analysis
indicated that patients with lung cancer with high UBE2M
expression had a poor prognosis and low overall survival.
Analysis also indicated that patients with elevated neddylation
had lower overall survival than patients with low expres-
sion (30,36,73,79); furthermore, patients with high UBE2M and
NEDDS8 mRNA levels had lower overall survival than patients
with low expression. However, there is no significant asso-
ciation between NAE1 - a component of NEDD8-activating
enzyme El - and UBA3 mRNA levels with the overall survival
rates of patients with lung cancer (30).

During the development and progression of lung cancer,
related microRNAs (miRNAs/miRs) also change. Efficient,
sensitive and specific detection methods and systems for
miRNA may improve the accuracy of diagnosis and prognosis
of cancers (80). For instance, miR-155 expression is gradually
elevated in the development and progression of lung cancer,
suggesting a target for early screening and tracking of lung
cancer (81). miR-155 is positively regulated by NF-kB, while
NEDDS8 promotes the NF-kB signaling pathway. This results
in high miR-155 expression and association with certain
aggressive diseases (82).

Experiments at the cellular level. Excessive activation of
neddylation in human lung cancer cells (H1299, A549 and
H460) compared with normal lung fibroblasts (WI38 and
MRC-5) (36) suggests that the development and progression
of lung cancer may be closely related to neddylation. After
knockout of UBE2M or NEDDS§, A549 and H1299 cell
proliferation, colony formation, transportation, migration
and invasion were all inhibited, thus affecting the malignant
phenotype of lung cancer cells (30,73). Propidium iodide
staining and fluorescence-assisted cell sorting analysis of
NEDD8-knockout cells revealed cell cycle arrest in G,/M
phase. G,/M phase conversion inhibitor Weel accumulation
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Figure 5. The NAE inhibitor MLLN4924 has utility in the treatment of lung cancer. It may affect the formation of the TME and promote tumor cell death by
regulating a variety of proteins and various signaling pathways, such as the HIF pathway and NF-xB pathway. MLN4924 may also be combined with certain
drugs to make chemotherapy and radiotherapy more effective. TME, tumor microenvironment; HIF, hypoxia-inducible factor; DSB, double-strand break;
NAE, NEDD8-activating enzyme; mTOR, mammalian target of rapamycin; MDM2, murine double minute 2; RBX1, ring-box 1; Cdtl, chromatin and DNA
replication factor 1; NOXA, phorbol-12-myristate-13-acetate-induced protein 1; DRS, death receptor 5; PTX, paclitaxel; CRL, cullin-ring ligase.

and M-phase marker phospho-histone h3 downregulation
have been discovered by western blot, further indicating
that NEDDS leads to G, phase arrest in LUAD cells by
inhibiting CRL activation. p21, p27 and Weel are substrates
for NEDD8-modified CRL; as such, the protein stability and
half-life of these cell cycle-associated proteins were analyzed
with cycloheximide chase. The protein stability and half-life of
these proteins increased significantly in NEDD8-knockdown
A549 cells, indicating that they are prevented from degrada-
tion and thus, G, phase arrest was induced (73). Furthermore,
these cells appear enlarged and flattened in shape, suggesting
that NEDDS deletion triggers senescence in A549 cells. This
is further confirmed by the [-galactosidase staining associ-
ated with senescence (73). It was also indicated that inhibition
of NEDDS expression targeted with small inhibitory siRNA
promotes H1299, HCC-44, NCI-H1650 and NCI-H292 cell
migration, while having no effect on A549 migration (13). It is
important to note that in A549 cells, the degree of neddylation
may differ from other cell lines.

5. Lung cancer treatment targeting neddylation

Mouse tumor models established with A549 cells indi-
cated significant inhibition of growth and metastasis in the
NEDD8-knockout group (46), and IHC staining suggested that
there were fewer Ki67 (tumor proliferation marker)-positive
cells in the NEDD8 knockout group (73). This suggests that
NEDDS8 may be used as a potential target for the treatment of
lung cancer. At the same time, this targeted therapy may also
be used as an adjunct to radiotherapy (77), chemotherapy (83)
and pulsed electromagnetic therapy (84).

Basic information and the mechanism of MLN4924.
MLN4924, also known as Pevonedistat, is an AMP-like
adenosine sulfamate analog with a similar position in the
NEDDS structure to ATP (85). Therefore, it may specifically
bind to the activating enzyme NAE of NEDDS8 and inhibit its
activity to prevent the formation of thioester bonds between

UBA3 and NEDDS8 on NAE, which is required to activate
NEDDS. Inhibiting NEDD8 inhibits neddylation and CRL
activity, resulting in CRL substrate accumulation. Lung metas-
tases in mouse models using wild-type LLC cells have resulted
inreduced intrapulmonary metastases in the MLLN4924-treated
group (46). Clinical trials of MLN4924 in the treatment of
solid tumors have also been performed. In the Phase Ib study
of MLN4924, it was preliminarily proved that MLN4924
has no additional toxicity for the treatment of solid tumors,
which ensures a certain safety. It also has a pharmacodynamic
effect in solid tumors such as melanoma, gastric, ovarian,
head and neck, adrenal and breast cancer (86,87). In vivo and
in vitro experiments have demonstrated that MLLN4924 has an
inhibitory effect on lung cancer (36,46,88,89).

MLNA4924 induces cell death. MLLN4924 effectively inhibits
cancer cell growth by inducing three common types of cell
death: Apoptosis, senescence and autophagy (Fig. 5).

Apoptosis. MLN4924 inactivates CRL1 and CRL4 by
inhibiting neddylation. This results in an increase in substrate
Cdtl levels, inducing DNA re-replication, and triggering a
DNA damage response. As such, apoptosis and aging processes
that inhibit tumor growth are activated (90-92), and different
sensitivities in liver, ovarian, prostate, colon and lymphoma
tissues were observed (90).

The activity of the ubiquitin-binding enzyme SCF is
also inhibited, and its substrate-NF-kB inhibitory unit
IkBa-accumulates, thereby blocking NF-kB activation
and inducing apoptosis. MLN4924 also causes the accu-
mulation of CRL substrates such as the pro-apoptotic
proteins phorbol-12-myristate-13-acetate-induced protein
1 (NOXA) and activating transcription factor 4, leading to
apoptosis (34,36,93).

Senescence. RBX1 may mediate the neddylation of
CULI-4. Studies have indicated that RBX1 is overexpressed
in a variety of human tumors, such as lung, liver, breast, colon
and ovarian cancers. RBX1 silencing inhibits neddylation,
upregulates pro-apoptotic proteins such as the substrate
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pS3 up-regulated modulator of apoptosis, downregulates
anti-apoptotic proteins such as Bcl-2 and triggers a DNA
damage response. Accordingly, RBX1 silencing may induce
apoptosis and senescence. This aging process is not related to
p53 and pl6 (94). The percentage of senescence-associated-3
-galactose staining may also be increased in cells following
brief treatment with MLN4924, suggesting that the same
therapeutic effect may be achieved even if the MLN4924
treatment is short in duration (92,95). Another study suggested
that p21-mediated aging is associated with growth inhibi-
tion induced by low-dose MLLN4924. Furthermore, the study
suggested that following drug removal, p21 continues to accu-
mulate; DNA damage responses continue to activate, making
MLN4924-induced aging irreversible. Thus, it is possible to use
low-dose drugs to achieve the desired therapeutic effect (91).

Autophagy. mTOR inactivation and reactive oxygen
species (ROS) excess under MLLN4924 are the main causes of
autophagy.

mTOR is the main regulatory molecule of cell growth
and metabolism; it promotes anabolic processes and inhibits
catabolic processes such as autophagy. MLN4924 blocks
the degradation of the cullin family substrate mTOR inhibi-
tory protein Deptor, resulting in mTORCI inactivation and
autophagy (34,71,96). Furthermore, HIF-1a is also significantly
accumulated due to the inhibition of CUL2 neddylation, which
may negatively regulate mMTORCI through the HIF1-regulated
in development and DNA damage responses-1-TSC1 axis and
in turn trigger autophagy (96). MLN4924 also enhances ROS
production and induces oxidative stress in cancer cells; ROS
inhibits the activity of the downstream protein mTOR and
induces autophagy (71,97).

MLN4924 affects tumor microenvironments and metastasis.
Abnormal angiogenesis is an important feature of malig-
nancy (98). In pancreatic cancer, MLN4924 is found to
significantly inhibit capillary formation and cell migration,
reduce vascular branch points, and inhibit tumor angiogenesis
and growth. Mediating the inactivation of RBX2 in CRL,
which accumulates substrates the Ras homolog gene family,
member A (99), neurofibromatosis type 1 (100) and p27 (101),
impairs cell migration and angiogenic processes.

The HIF signaling pathway also affects the tumor
microenvironment. The early stages of tumor progression
are frequently accompanied by hypoxia, so the expression of
HIF-1a and HIF-2a is found to be upregulated in most lung
cancer cases. Furthermore, their high expression may be
closely related to the expression of vascular endothelial growth
factor, thymidine phosphorylase and basic fibroblast growth
factor. Overexpression of HIF-2a is associated with a poor
prognosis for patients (53). MLN4924 has a negative role here,
but it may be degraded by ubiquitination of HIF-1a to promote
tumor development (56).

Immune evasion is considered one of the hallmarks
of cancer; inflammation is involved in almost all stages
of tumorigenesis and promotes tumor development.
Tumor-infiltrating leukocytes include dendritic cells (DCs),
T-cells and macrophages (102); these have an important role
in generating tumor-promoting immune microenvironments.
MLN4924 significantly attenuates the inflammatory response
by reducing the expression of pro-inflammatory cytokines and

chemokines, such as IL-1f, IL-6 and C-X-C motif chemo-
kine ligand 1, all of which are induced by IL-17A (103-105).
MLN4924 accumulates Deptor and inactivates the mTOR
signaling pathway, while also inhibiting the biological func-
tion of DCs (106). In addition, it inhibits the production of
pro-inflammatory factors in DCs by inhibiting the NF-kB
signaling pathway (107), further curbing the production of a
pro-tumor microenvironment. Tumor-associated macrophages
(TAMs) are the most abundant tumor stromal cells and they
provide a suitable microenvironment for tumor development
by inducing growth factors, angiogenesis regulators and
inflammatory mediators. In tumors, TAMs are recruited from
the bone marrow primarily by CCL2. In LUAD, NEDDS
expression levels are positively correlated with a high expres-
sion of CCL2, leading to a decrease in overall survival.
Partial inactivation of neddylation may block transcriptional
activation of the NF-kB-regulated CCL2, thereby exerting
anticancer effects to inhibit monocyte chemotaxis and TAM
invasion, and ultimately, tumor metastasis (46). RBX2-CULS5
may also modulate certain functions of TAMs to control lung
inflammation (22,108).

Metastasis is one of the leading causes of death in cancer
patients, and cancer metastasis involves a series of processes.
Neddylation may be used as a target for anti-metastatic therapy.
In non-small cell carcinomas, MLLN4924 has been found to
reduce the number of intravascular cancer cells and inhibit
their extravasation. MLLN4924 inhibits EMT by enhancing p53
activity, inhibiting lung cancer metastasis (109,110) (Fig. 5).

Effect of MLN4924 on chemotherapy. NSCLC is the most
common type of lung cancer, and cytotoxic drugs such as
cisplatin and carboplatin may be used in the clinical treatment
of NSCLC (83). However, resistance to platinum drugs may
lead to cancer recurrence and treatment failure, and the prog-
nosis is poor. Upregulation of the NEDD8-binding enzyme
UBEZ2F is an important pathway for lung cancer cells to evade
platinum-induced apoptosis. After platinum-based drug treat-
ment, UBE2F as a substrate has a weakened ability to bind to
CULS3, resulting in the accumulation of UBE2F. However, the
accumulation of UBE2F combined with RBX2 promotes the
neddylation of CULS5, which in turn promotes the degradation
of substrate NOXA. The oxidative stress capacity of cells and
cell survival are subsequently reduced. This also suggests that
UBEZ2F may be used as a new therapeutic target. MLN4924
may inhibit neddylation, thereby indirectly inhibiting UBE2F
and allowing NOXA to further promote apoptosis (111).
Conventional chemotherapy also uses paclitaxel (PTX).
Resistance to chemotherapy drugs such as PTX is a major cause
of chemotherapy failure in patients with NSCLC. MLN4924
significantly inhibits the proliferation of lung cancer cells, as
well as tumor formation and metastasis, by increasing CRL
substrate levels. The combination of MLLN4924 and PTX does
not have any synergistic effects in PTX-resistant NSCLC
cells, indicating that MLLN4924 may be used as a drug for the
treatment of PTX-resistant NSCLC (36,112) (Fig. 5).

Effects of MLN4924 on radiotherapy. At present, radiotherapy
is the main treatment method for different stages of lung cancer
and may significantly prolong the survival time of patients.
The use of ionizing radiation and radiation therapy induces



Bzl SPANDIDOS
7] .§, PUBLICATIONS

cancer cell death, primarily by producing ROS through water
and oxygen reactions; however, high levels of ROS increase
the oxidative stress response and induce DNA damage as
well as apoptosis. Compared with SCLC, NSCLC exhibited
greater tolerance to radiotherapy. Neddylation may be the key
to anti-cancer therapy.

After 48 h of irradiation, the expression of UBE2F in
A549 and H1299 cells gradually increased. N-acetylcysteine,
a typical reactive oxygen species scavenger, completely blocks
radiation-induced increases of UBE2F. In cells treated with
different concentrations of H,0,, UBE2F increased signifi-
cantly in a dose-dependent manner, further suggesting that
radiation-induced upregulation of UBE2F may be associated
with increased ROS levels. Staining with trypan blue after
UBEZ2F knockout indicated that the mortality rate of UBE2F
knockout cells in the experimental group increased under
irradiation and western blot analysis demonstrated an increase
in the concentration of CRLS5 substrate pro-apoptotic protein
NOXA in cells of the experimental group (77,78). This suggests
that the resistance effect may be eliminated by MLLN4924.

DNA double strand break (DSB) is a severe form of DNA
damage that, if not repaired, may lead to cell carcinogenesis
or death. There are two main mechanisms of DSB repair in
mammalian cells, namely homologous recombination and
non-homologous end joining (NHEJ). FBXW7 is an important
tumor suppressor gene and may act as a target protein of the
ubiquitin ligase SCF complex, thereby regulating its down-
stream genes such as cyclin E. In addition, it may enhance
NHEJ by promoting the recruitment of DSB repair factor,
which is one of the reasons for cancer cell survival. MLN4924
inhibits the activity of CULI and thus inhibits the activity of
the SCF complex. This prevents the binding of FBXW?7 to the
SCF complex, impairing NHEJ and subsequently inducing
radio-sensitization of cancer cells (113) (Fig. 5).

Negative effects of MLN4924. In related experiments, it has
been found that MLN4924 has different effects depending
on serum and drug concentrations, which may inhibit cancer
cell survival and may also stimulate tumorigenesis and cell
migration (13,114).

In the case of MLLN4924 blocking neddylation, c-Myc
gradually accumulates as a CRL substrate and c-Myc
may induce fibroblasts to transform into pluripotent stem
cells (115). EGFR dimerization may be induced to activate and
prolong EGFR signaling that is frequently caused by mutation
or overexpression of EGFR (114). MLLN4924 also activates
the PI3K/Akt/mTOR pathway, thereby inducing HIF-1a
expression and promoting cancer cell migration (56,116).
Furthermore, neddylation restriction increases cancer cell
migration and Slug expression in cells lacking p53, thereby
promoting EMT (110). NEDDS is expressed at low levels in
A549 cells, which may also be the reason why the migration of
A549 cells after MLLN4924 exposure is not affected (13,117).

Other medications. HA-1141 (Ui5-8-11-41), a small molecule
compound, may induce autophagy by blocking the neddylation
of cullin and triggering endoplasmic reticulum (ER) stress, thus
inhibiting cancer cell growth. On the one hand, HA-1141 inac-
tivates the activation enzyme NAE. This blocks neddylation
and allows cullin family substrates to accumulate for a short
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duration. However, it may trigger atypical ER stress and inte-
gration stress response. It may also produce ROS, inactivate
mTORCI and inhibit protein synthesis at the translation level,
therefore prompting autophagy (97).

The antihypertensive drug candesartan cilexetil, as a
neddylation inhibitor, also competitively inhibits NAE and
inhibits tumor growth (118). Candesartan cilexetil is a derivative
of benzimidazole and recent studies have evaluated different
derivatives of benzimidazole to improve certain shortcomings
of candesartan cilexetil by inhibiting neddylation efficacy to
fight cancer (119).

Another factor targeting NAE is activity-based probe
(ABP) A3. ABP A3 is a dual inhibitor of ubiquitin and
NEDD&8-activating enzyme NAE and is more effective in
inhibiting substrate ubiquitination. It induces the accumula-
tion of intracellular misfolded proteins, stressing the ER, and
stimulating apoptosis to inhibit tumor development (120).

Further drugs, including MLLN4924, are being used to target
NAE. However, during treatment, MLLN4924's target UBA3
mutates to result in drug resistance (121-123), as MLLN4924
becomes less impactful. Thus, it is necessary to look for other
molecules in neddylation as therapeutic targets. Studies have
indicated that DI-591 and its derivatives, piperidinyl ureas, may
also competitively bind to ligase DCN1 with NEDDS§-binding
enzyme UBE2M. This blocks the neddylation of CULI and
CULS3 and achieves therapeutic effects (124-127). However,
the flaw of DI-591, compared to MLLN4924, is that it cannot
halt the neddylation of the entire cullin family.

In addition to drugs targeting NEDDS, there are others
that may block the neddylation process by knocking out its
substrates. Biomolecules such as DNA, proteins and lipids may
be assembled into nanoparticles that may be used to diagnose
and treat tumors (128). For instance, polydopamine (PDA) may
work to prepare PDA nanoparticles. PDA nanodrugs may be
used as carriers of siRNA, targeting tumors and knocking out
the neddylation substrate RBX1 according to the pH of tumors
and adjacent tissues, thereby promoting tumor cell apoptosis.
In liver cancer, it was found that in combination with photo-
thermal therapy, PDA nanodrugs modified by folic acid are
able to better target liver cells and improve the therapeutic
effect (129). However, there are currently no studies on this in
lung cancer. Of note, it may be possible to block neddylation
through PDA nanomedicine.

6. Conclusion

The main function of NEDDS is to mediate the participation
of neddylation in a variety of signaling pathways. Neddylation
may affect CRL activity and the ubiquitination process. It
may also participate in tumorigenesis, growth and metastasis
by regulating multiple signaling pathways. There is a strong
association between NEDDS8 overactivation and cancer
progression in lung cancer, breast cancer (51), liver cancer (71)
and colorectal cancer (72). NEDD8-mediated upregulation
of neddylation has been found in lung cancer, affecting the
prognosis and treatment of patients. Numerous studies have
revealed a potential link between lung cancer and NEDDS,
which encourages the study of the molecular biological
mechanisms of lung cancer. In vivo and in vitro experiments
also suggest that NEDDS as a therapeutic target is a feasible
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approach. MLN4924 as a selective NEDDS-activating enzyme
inhibitor has entered phase III clinical trials in myelodys-
plastic syndrome, chronic myeloid leukemia and acute myeloid
leukemia (130). This suggests that MLN4924 targeting
NEDDS8 may have therapeutic effects in lung cancer.

In summary, NEDD8 is expected to become an early
diagnostic or prognostic index and drug development target
for tumors as well as other related diseases.
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