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Abstract. Upregulation of protein neddylation occurs in 
numerous types of human cancer, including liver cancer. 
MLN4924, a potent neddylation‑inhibiting pharmacological 
agent, demonstrates anticancer ability in numerous cancers. 
However, the sensitivity of MLN4924 in liver cancer remains 
unsatisfactory due to factors causing resistance. RT‑qPCR and 
western blotting were utilized to assess the mRNA and protein 
levels of genes, respectively. Cell Counting Kit‑8 assay and 
colony formation assays were employed to assess cell viability 
and proliferation. The pathway of protein degradation and 
stability were determined by western blotting after treatment 
with MG132 and cycloheximide. An immunoprecipitation 
assay was utilized to detect the ubiquitination of protein. An 
in vitro ubiquitination assay was used to determine the ubiq‑
uitin linkage. To the best of our knowledge, the present study 
was the first to demonstrate that NF‑κB inhibitor α (IκBα) 
downregulation and subsequent inflammation in response 
to MLN4924 limited the antitumor potential of MLN4924. 
Ectopic expression of IκBα enhanced the antitumor potential 
of MLN4924 in liver cancer cells. Moreover, the results of the 
present study demonstrated that MLN4924 decreased IκBα via 
promoting the K48 linkage of ubiquitin to IκBα. Mechanistic 
studies demonstrated that MLN4924 enhanced the protein 
stability of β‑transducin repeat‑containing protein (β‑TrCP), 
promoting the ubiquitination of IκBα, which led to the 

ubiquitin‑mediated degradation of IκBα. In addition, the results 
of the present study also demonstrated that β‑TrCP knockdown 
markedly inhibited MLN4924 from suppressing the growth of 
liver cancer cells, via attenuating MLN4924‑mediated IκBα 
downregulation and inflammation. Collectively, these results 
indicated that the β‑TrCP/IκBα/inflammation pathway may 
act as a novel resistance factor of MLN4924, and targeting 
β‑TrCP may be beneficial for the treatment of liver cancer.

Introduction

Hepatocellular carcinoma (HCC) accounts for ~80% of primary 
liver cancers and is the third leading cause of cancer‑related 
mortality worldwide (1,2). In patients with early‑stage liver 
cancer, surgery resection and thermal ablation are the most 
common available treatment options (3,4). However, the 
majority of patients with liver cancer are diagnosed at an 
advanced stage, and are therefore unlikely to respond to these 
treatment options due to the rapid development and distant 
metastases of HCC (5). Over the past decade, treatment options 
for HCC have progressed and include multi‑kinase inhibitors 
(sorafenib and lenvatinib) and immune checkpoint inhibitors. 
However, treatment of advanced HCC remains unsatisfactory, 
as the overall survival rates of patients with liver cancer are 
marginally extended following treatment (6). Therefore, 
further investigations are required for the development of 
novel potential therapies for liver cancer including HCC.

Protein neddylation is an important post‑translational 
modification that adds the ubiquitin‑like molecule 
NEDD8 to substrate proteins (7). This is carried out via a 
series of processes that are successively catalyzed by E1 
NEDD8‑activating enzyme (NAE1), E2 neddylation conjuga‑
tion enzymes and E3 neddylation ligases. Previous studies 
have demonstrated that neddylation regulates protein func‑
tion and stabilization. Well‑established substrates of the 
neddylation pathway are the Cullin family of proteins that 
are the scaffold components of cullin‑RING ligases (CRLs). 
Neddylation of Cullin is indispensable for the activation of 
CRLs and the subsequent ubiquitination and degradation 
of CRL substrates (8). Results of a previous study revealed 
that protein neddylation is upregulated in numerous human 
cancers, including liver cancer, and inhibition of neddylation 
exhibits anticancer potential (9).
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MLN4924, also known as pevonedistat, is a specific 
inhibitor of NAE. MLN4924 suppresses the entire protein 
neddylation modification (10). Results of a previous study 
demonstrated that MLN4924 exhibits suppressive activity 
against a variety of human cancer cells. Moreover, MLN4924 
has been advanced into several Phase II/III clinical trials 
against solid tumors and hematologic malignancies (11‑14). 
Mechanistic studies that focus on the role of MLN4924 in 
cancer suppression revealed that MLN4924 effectively induced 
the DNA damage response, nonhomologous end‑joining repair, 
DNA re‑replication stress and oxidative stress at the biochem‑
ical level, and induced cell cycle arrest, apoptosis, autophagy 
and senescence at the cellular level (15). However, results of 
a previous study demonstrated that the anticancer effects of 
MLN4924, particularly in solid tumors, remain unsatisfactory 
due to drug resistance (16). This factor limits the clinical use of 
MLN4924; thus, exploring the mechanisms of drug resistance of 
cancer cells to MLN4924 may help overcome chemoresistance 
and improve the associated clinical outcomes.

Chemoresistance is a major obstacle to curing cancer. 
Previous research has demonstrated that inflammation is 
an important factor that attenuates the chemosensitivity of 
cancer cells to anticancer agents. For example, doxorubicin 
activates the NF‑κB signaling pathway, resulting in transac‑
tivation of inflammatory factors and potent anti‑apoptosis 
genes, which leads to the chemoresistance of cancer cells (17). 
In addition, multiple previous studies have demonstrated 
that the NF‑κB signaling pathway is aberrantly activated in 
multiple cancer types, such as HCC (18), cervical cancer (19) 
and lung cancer (20), providing a rationale for overcoming 
chemoresistance by targeting the NF‑κB pathway. Notably, 
NF‑κB inhibitor α (IκBα), the upstream molecule of NF‑κB, 
plays an important role by inhibiting NF‑κB activity (21). In 
the resting state, IκBα combines with the NF‑κB dimer to 
retain its existence in the cytoplasm. On the other hand, IκBα 
is triggered by diverse extracellular signals in the activating 
state, such as lipopolysaccharide, tumor necrosis factor (TNF) 
and growth factors. Subsequently, IκBα is phosphorylated 
by the IκB kinase complex and recognized by an E3 ubiq‑
uitin ligase for ubiquitination‑dependent degradation (21). 
Moreover, IκBα is considered a tumor‑suppressing factor in 
different types of cancer, such as breast (22), ovarian (23), 
gastric (24), colorectal (25) and liver cancer (26), mainly due 
to its inhibition of NF‑κB activity. However, it remains unclear 
whether the levels of IκBα can be regulated by MLN4924 in 
liver cancer cells.

Results of the present study demonstrated that downregu‑
lation of IκBα and the subsequent inflammation in response 
to MLN4924 limits the antitumor potential of MLN4924 in 
liver cancer cells. Mechanistic studies revealed that MLN4924 
stabilized β‑transducin repeat‑containing protein (β‑TrCP), 
promoting the K48 linkage of ubiquitin to the IκBα protein, 
leading to the degradation of IκBα via proteasomes. In 
addition, β‑TrCP knockdown sensitized liver cancer cells 
to MLN4924. Collectively, the results of the present study 
revealed that the β‑TrCP/IκBα/inflammation axis limited 
the sensitivity of liver cancer cells to neddylation inhibition, 
suggesting that interference of this pathway may act as a novel 
target for developing new sensitizing strategies of MLN4924 
to liver cancer treatment.

Materials and methods

Reagents. MLN4924 and MG132 (a proteasome inhibitor) 
were purchased from Selleck Chemicals. Opti‑MEM was 
purchased from Invitrogen (Thermo Fisher Scientific, Inc.). 
Cycloheximide (CHX) was purchased from Chengdu XiYa 
Chemical Technology Co., Ltd. RNAiso Plus reagent, SYBR 
Green Mix and Reverse Transcription kit were purchased 
from Takara Bio, Inc. X‑tremeGENE HP DNA Transfection 
Reagent, X‑tremeGENE siRNA Transfection Reagent and 
Cocktail were purchased from Roche Diagnostics, GmbH. 
Cell Counting Kit‑8 (CCK‑8) was purchased from Dojindo 
Laboratories, Inc. Small interfering (si)RNAs targeting 
β‑TrCP and control siRNA were synthesized by Shanghai 
GenePharma Co., Ltd.

Cell lines and culture. The human liver cancer cell line 
LM3 was purchased from BeNa Culture Collection 
(cat. no. BNCC342335), the HepG2 cell line (cat. no. HB‑8065) 
was obtained from the American Type Culture Collection and 
the Huh7 cell line (cat. no. SCSP‑526) was purchased from 
the National Collection of Authenticated Cell Cultures of the 
Chinese Academy of Sciences (https://www.cellbank.org.cn/). 
All cells were cultured in DMEM containing 10% fetal bovine 
serum at 37˚C in a 5% CO2 incubator.

Plasmid construction. The DNA fragment encoding IκBα 
(NM_020529) was synthesized by Shanghai GeneChem 
Co., Ltd., and inserted into the vector pcDNA‑3.1. The 
resulting plasmid was named pcDNA‑IκBα or overexpres‑
sion (OE)‑IκBα. The His‑ub (His‑ubiquitin) plasmids and the 
corresponding mutant plasmids were constructed by Tsingke 
Biotechnology Co., Ltd. 

Reverse transcription‑quantitative (RT‑q)PCR. Total 
RNA was isolated from cultured cells using RNAiso Plus 
reagent, and the first‑strand cDNA was synthesized using 
the PrimeScript RT Reagent Kit with gDNA Eraser (Takara 
Bio, Inc.) according to the manufacturer's instructions. qPCR 
was performed using a One‑Step RT‑PCR kit (ComWin) and 
SYBR Green Mix. The PCR cycle parameters were as follows: 
95˚C for 30 sec, and 40 cycles at 95˚C for 5 sec and 60˚C for 
1 min. Results were calculated based on the quantification 
cycle (Cq), and the relative fold change was determined using 
the 2‑ΔΔCq method (27). Primers used for RT‑qPCR are listed 
as follows: IL‑6‑forward (F), 5'‑TAC CCC CAG GAG AAG ATT 
CC‑3' and IL‑6‑reverse (R), 5'‑TTT TCT GCC AGT GCC TCT 
TT‑3'; IL‑8‑F, 5'‑CGG AAG GAA CCA TCT CAC TGT G‑3' and 
IL‑8R, 5'‑AGA AAT CAG GAA GGC TGC CAA G‑3'; TNF‑α‑F, 
5'‑AAC CTC CTC TCT GCC ATC AA‑3' and TNF‑α‑R, 5'‑CCA 
AAG TAG ACC TGC CCA GA‑3'; β‑TrCP‑F, 5'‑CAG TTC TGC 
ACT TGC GTT TC‑3' and β‑TrCP‑R, 5'‑CTC ACT ACC AGC 
CTG TCC CT‑3'; IκBα‑F, 5'‑AAG TGA TCC GCC AGG TGA 
AG‑3' and IκBα‑R, 5'‑CTG CTC ACA GGC AAG GTG TA‑3'; 
and β‑actin‑F, 5'‑GTG AAG GTG ACA GCA GTC GGT T‑3' and 
β‑actin‑R, 5'‑GAA GTG GGG TGG CTT TTA GGA‑3'.

Transient transfection. Liver cancer cells were seeded and 
cultured in 6‑well plates overnight at 37˚C in an incubator, and 
small interfering RNAs (siRNAs, 100 pmol) or plasmids (2 µg) 
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were transfected into liver cancer cells using X‑tremeGENE 
siRNA Transfection Reagent or X‑tremeGENE HP DNA 
Transfection Reagent for 48 h in 37˚C incubator, respectively, 
according to the manufacturer's instructions. The sequences of 
siRNAs are listed as follows: si‑β‑TrCP (100 pmol), 5'‑AAG 
UGG AAU UUG UGG AAC AUC‑3' and si‑negative control 
(si‑NC; 100 pmol), 5'‑UUC UCC GAA CGU GUC ACG UTT‑3'.

MG132 treatment protocol. Following treatment with 
MLN4924 for 48 h, LM3 and Huh7 cells were incubated 
with or without 20 µM MG132 for 5 h at 37˚C. Subsequently, 
western blotting was employed to determine the protein levels 
of IκBα.

Western blot analysis. Cells were lysed with RIPA lysis 
buffer (Beyotime Institute of Biotechnology) supplemented 
with a protease inhibitor mixture (Roche Diagnostics), and 
then the lysates were centrifuged at 16,000 x g for 15 min 
at 4˚C. The protein concentrations were then detected using 
a BCA kit (Beyotime Institute of Biotechnology), according 
to the manufacturer's instructions. Following denaturing, 
samples (100 µg/lane) were separated by 10% SDS‑PAGE 
(Beyotime Institute of Biotechnology) and then transferred 
to NC membranes (Cytiva). The NC membranes were then 
blocked in 5% nonfat milk in Tris‑buffered saline containing 
0.1% Tween‑20 (TBST) for 1 h at room temperature and then 
incubated with the indicated primary antibodies. Primary 
antibodies against ubiquitin (cat. no. sc‑271289; 1:1,000 dilu‑
tion), β‑TrCP (cat. no. sc‑390629; 1:1,000 dilution) and IκBα 
(cat. no. sc‑373893; 1:1,000 dilution) were purchased from 
Santa Cruz Biotechnology, Inc. Anti‑cleaved caspase‑3 was 
purchased from Cell Signaling Technology (product no. 9664; 
1:1,000 dilution). Primary antibodies against GAPDH 
(cat. no. AG019; 1:5,000 dilution) and tubulin (cat. no. AT819; 
1:5,000 dilution) were purchased from Beyotime Institute of 
Biotechnology. All primary antibodies were incubated at 4˚C 
overnight. Secondary antibodies, HRP‑labeled goat anti‑rabbit 
(cat. no. 7074S) and anti‑mouse (cat. no. 7076S) immuno‑
globulin G, were purchased from Cell Signaling Technology, 
Inc. The secondary antibodies were diluted in 5% skim milk 
at a ratio of 1:5,000 and incubated at room temperature for 1 h, 
and then the protein signals were measured using chemilumi‑
nescence detection reagent (cat. no. WBKLS0500; Millipore; 
Merck KGaA) and the Bio‑Rad Imaging System (Image Lab 
4.1; Bio‑Rad Laboratories, Inc.).

Immunoprecipitation (IP). Liver cancer cells were lysed 
using IP lysis buffer purchased from Beyotime Institute 
of Biotechnology, and then the lysates were centrifuged at 
10,000 x g for 10 min at 4˚C. Subsequently, the supernatant 
was collected into another EP tube. The anti‑IκBα antibody 
(cat. no. sc‑373893) was then added to the lysate in a ratio of 
2:1 mg total protein. Following overnight incubation at 4˚C, 
40 ml protein A/G agarose beads (Santa Cruz Biotechnology, 
Inc.) were added to each sample and incubated at room 
temperature for 2 h. The immunoprecipitates were washed 
five times with ice‑cold PBS and isolated by centrifugation 
(600 x g, 3 min, 4˚C). Finally, the precipitates were mixed with 
1X SDS‑PAGE loading buffer and boiled at 100˚C for 10 min, 
and then assessed by western blot analysis.

In vitro ubiquitination assay. To examine the ubiquitination 
of IκBα by MLN4924, liver cancer cells were co‑transfected 
with His‑ub (His‑ubiquitin) and HA‑IκBα, and subsequently 
incubated with MLN4924 (0.4 µM) for 48 h at 37˚C. MG132 
(20 µM) was added to the medium for 5 h, cells were harvested 
and subsequently split into two aliquots; one for direct western 
blotting and one for in vitro ubiquitination. Briefly, cells 
were lysed in buffer A [6 mol/l guanidinium‑HCl, 0.1 mol/l 
Na2HPO4/NaH2PO4, 10 mmol/l Tris‑HCl (pH 8.0), 5 mmol/l 
imidazole and 10 mmol/l β‑mercaptoethanol] on ice, sonicated 
to reduce viscosity and mixed with 50 µl Ni2+‑NTA‑agarose 
beads (Qiagen, Inc.) overnight. Beads were successively 
washed with buffer A with 10 mM β‑mercaptoethanol, buffer 
B [8 mM urea, 0.1 M Na2HPO4/NaH2PO4, 10 mM Tris/HCl 
(pH, 8.0), and 10 mM β‑mercaptoethanol], buffer C [8 mM 
urea, 0.1 M Na2HPO4/NaH2PO4, 10 mM Tris/HCl (pH, 6.3), 
10 mM β‑mercaptoethanol and 0.2% Triton X‑100], and buffer 
C with 10 mM β‑mercaptoethanol and 0.1% Triton X‑100. 
Subsequently, His6‑tagged ubiquitinated proteins were eluted 
with buffer D [200 mM imidazole, 0.15 M Tris‑HCl (pH, 6.7), 
30% glycerol, 0.72 M β‑mercaptoethanol and 5% SDS]. The 
polyubiquitination of IκBα was detected using western blot 
analysis, using an anti‑HA antibody (cat. no. 11867423001, 
1:5,000; Roche Diagnostics).

Cell proliferation assays. Liver cancer cells were seeded in 
96‑well plates at 3,000 cells per well overnight at 37˚C, and 
transiently transfected with the indicated plasmids or siRNAs, 
and then incubated with MLN4924 for 48 h. Subsequently, the 
CCK‑8 agent was added to each well at a volume of 10 µl per 
well, and then incubated at 37˚C for 30‑60 min, followed by 
detection of the absorption value at 450 nm with a microplate 
reader (Thermo Scientific, Inc.).

Colony formation assays. Liver cancer cells were seeded in 
6‑well plates at 500 cells per well overnight at 37˚C, and tran‑
siently transfected with the indicated plasmids or siRNAs or 
incubated with MLN4924 (0.4 µM) for 10 days. Subsequently, 
the cells were fixed with 4% formaldehyde (15 min at room 
temperature) and stained with 0.1% crystal violet at room 
temperature for 10 min. During colony growth, the culture 
medium was replaced every 3 days. Colonies with >50 cells 
were counted manually, 10‑14 days after plating.

Bioinformatics analysis. UALCAN and GEPIA online data‑
bases were utilized to determine the mRNA level of IκBα 
(NFKBIA). Briefly, NFKBIA was selected after logging in 
the website (UALCAN, http://ualcan.path.uab.edu/analysis.
html). Subsequently, liver hepatocellular carcinoma (LIHC) 
was selected as the subject of analysis. Thereafter, the button 
‘Explore’ was selected and the result for the expression of 
NFKBIA in LIHC based on sample tapes was obtained. 
For the usage of GEPIA online database (|Log2FC| Cutoff: 
1; P‑value Cutoff: 0.01), NFKBIA was typed into the box 
under ‘Enter gene/isoform name’ after logging in the website 
(GEPIA, http://gepia2.cancer‑pku.cn/#index), and then the 
‘Boxplots’ button was selected followed by LIHC. Thereafter, 
the button ‘Plot’ was selected and the result of the mRNA level 
of NFKBIA in 160 normal liver tissues and 369 liver cancer 
tissues was obtained. For the analysis of the protein level of 
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IκBα in different human cancers and corresponding normal 
tissues, Clinical Proteomic Tumor Analysis Consortium 
(CPTAC, http://ualcan.path.uab.edu/analysis‑prot.html) online 
database was employed. NFKBIA was typed into the box 
under ‘Enter gene names’ column after logging in the website, 
and then LIHC was selected, followed by the analysis of the 
protein level of NFKBIA between normal and liver cancer 
tissues. For the analysis of normal and primary cancer of 
pan‑cancer, the ‘Pan‑cancer view’ link was selected. Z‑values 
represent standard deviations from the median across samples 
for the given cancer type in analyzing the protein level of IκBα.

Statistical analysis. GraphPad Prism 8.0 (GraphPad Software, 
Inc.) was used to analyze data. Data are presented as the 
mean ± standard deviation. Comparisons between two groups 
were performed using a two‑tailed unpaired Student's t‑test. 
Comparisons between multiple groups were performed using 
one‑way ANOVA, followed by Tukey's post hoc test. The data 
are presented as the mean ± SD of at least three independent 
experiments. P<0.05 was considered to indicate a statistically 
significant difference.

Results

MLN4924 suppresses the survival of liver cancer cells and 
downregulates IκBα. A previous study demonstrated that 
MLN4924 exhibits antitumor potential (28). To confirm this 
phenomenon, the effects of MLN4924 on the growth of liver 
cancer cells were investigated in the present study. As revealed in 
Fig. 1A, 0.8 µM MLN4924 increased the natant cells compared 
with the control group, while 0.4 µM MLN4924 exhibited no 
notable effect on cell morphology (Fig. 1A). Therefore, this 
concentration (0.4 µM) of MLN4924 was selected to investi‑
gate the chemoresistance of liver cancer cells in the subsequent 
experiments. Moreover, the results of the CCK‑8 assay 
demonstrated that MLN4924 suppressed the growth of liver 
cancer cells in a dose‑dependent manner. However, the half 
maximal inhibitory concentration (IC50) values of MLN4924 
in LM3 and Huh7 cells were 13.01 and 12.36 µM, respec‑
tively (Fig. 1B and C), indicating that MLN4924 markedly 
suppressed the growth of liver cancer cells at high concen‑
trations. As IκBα is considered a tumor‑suppressing factor 
in various cancers due to its inhibition of NF‑κB activity, the 
expression levels of IκBα in cancer tissues were further investi‑
gated using bioinformatics analysis. The results obtained from 
the UALCAN database demonstrated that the IκBα mRNA 
expression levels exhibited no significant difference between 
50 healthy liver tissues and 371 LIHC tissues (Fig. S1A). These 
results were further confirmed using an alternative database, 
GEPIA, containing 160 healthy liver tissues and 369 HCC 
tissues (Fig. S1B). Notably, protein expression analysis using 
data from the Clinical Proteomic Tumor Analysis Consortium 
(CPTAC) revealed that the IκBα protein expression levels 
were markedly reduced in HCC (Fig. S1C), ovarian cancer, 
uterine corpus endometrial carcinoma and lung adenocarci‑
noma (Fig. S1D). These results suggested that the regulation 
of IκBα during liver carcinogenesis and development may 
occur at a post‑translational level. Subsequently, the effects 
of MLN4924 on IκBα expression were explored. As shown in 
Fig. 1D and E, MLN4924 significantly decreased IκBα protein 

expression levels in a dose‑dependent manner; however, it 
exerted no effect on the mRNA expression. Furthermore, it 
was determined whether MLN4924 inhibited the protein level 
of IκBα in a time‑dependent manner. As revealed in Fig. S2, 
the protein level of IκBα was markedly decreased following 
treatment with MLN4924 for 48 and 72 h, and thus 48 h was 
selected in the subsequent experiments. As IκBα plays a key 
role in anti‑inflammation (29), mRNA expression levels of 
interleukin (IL)‑6, IL‑8 and TNF‑α, downstream molecules 
of IκBα, were explored in the present study. As shown in 
Fig. 1F and G, MLN4924 significantly increased the mRNA 
expression levels of IL‑6, IL‑8 and TNF‑α. Collectively, these 
findings indicated that MLN4924 possesses an antitumor role 
in liver cancer cells; however, decreased IκBα expression may 
impact its antitumor potential.

IκBα overexpression sensitizes MLN4924 to inhibit liver 
cancer cells. To clarify whether MLN4924‑induced IκBα 
downregulation is involved in the insensitivity of liver cancer 
cells to MLN4924 treatment, LM3 and Huh7 cells were treated 
with MLN4924 in the presence or absence of OE‑IκBα. Firstly, 
the efficacy of the plasmid transfection (OE‑IκBα) was deter‑
mined using qPCR and it was determined that the mRNA level 
of IκBα was significantly increased after transfection with 
OE‑IκBα plasmid, suggesting that transfection with OE‑IκBα 
successfully overexpressed IκBα in both LM3 and Huh7 cells 
(Fig. S3). As revealed in Fig. 2A and B, cotreatment with 
MLN4924 and OE‑IκBα significantly suppressed the growth 
of liver cancer cells compared with MLN4924 or OE‑IκBα 
treatment alone. Moreover, the results of the colony formation 
assay revealed that cotreatment with MLN4924 and OE‑IκBα 
significantly inhibited the number of colonies, compared 
with MLN4924 or OE‑IκBα treatment alone (Fig. 2C and D). 
These results indicated that downregulation of IκBα is a novel 
resistance factor of MLN4924, and overexpression of IκBα 
sensitizes MLN4924 to inhibit liver cancer cells.

MLN4924 decreases the protein stability of IκBα. The mecha‑
nism by which MLN4924 decreases the expression of IκBα 
was explored in the present study. The results of the RT‑qPCR 
analysis revealed that IκBα mRNA expression levels exhibited 
no significant change following MLN4924 treatment (Fig. 1E), 
suggesting that MLN4924 downregulated IκBα at a post‑trans‑
lational level. Thus, IκBα protein stability was determined 
following the addition of CHX in the presence or absence 
of MLN4924. As demonstrated in Fig. 3A‑C, MLN4924 
treatment markedly decreased the protein stability of IκBα 
and reduced the half‑life of IκBα protein in LM3, Huh7 and 
HepG2 cells. The results of previous research demonstrated 
that proteasomes play an important role in protein degrada‑
tion (30). To verify whether the proteasome is involved in 
MLN4924‑mediated IκBα degradation, the proteasome inhib‑
itor MG132 was utilized. A previous study demonstrated that 
MG132 (20 µM) always exerts its function to inhibit protein 
degradation at 4‑6 h (31), thus, MG132 (20 µM) was added 
and incubated with LM3 and Huh7 cells at 37˚C for 5 h before 
harvesting. As shown in Fig. 3D and E, MG132 treatment 
markedly attenuated MLN4924‑induced IκBα downregula‑
tion. These results indicated that MLN4924 promoted IκBα 
protein degradation via a proteasome‑associated pathway.
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Figure 1. MLN4924 suppresses the survival of liver cancer cells and downregulates IκBα expression. (A) LM3 and Huh7 cells were treated with the indicated 
concentrations of MLN4924 for 48 h, and cells were imaged under a phase‑contrast microscope (magnification, x200). (B and C) LM3 and Huh7 cells were 
treated with the indicated concentrations of MLN4924 for 48 h, and a Cell Counting Kit‑8 assay was utilized to evaluate the cytotoxicity of MLN4924. 
(D) Following treatment with the indicated concentrations of MLN4924 for 48 h, the protein expression levels of IκBα were determined in LM3, Huh7 and 
HepG2 cells using western blot analysis. α‑Tubulin was used as a loading control. (E) LM3 and Huh7 cells were treated as previously described, and the mRNA 
expression levels of IκBα were determined using RT‑qPCR. (F and G) LM3 and Huh7 cells were treated with 0.4 µM MLN4924 for 24 h, and RT‑qPCR was 
used to assess the mRNA expression levels of IL‑6, IL‑8 and TNF‑α. β‑Actin was used as a loading control. **P<0.01 and ***P<0.001. IκBα, NF‑κB inhibitor 
α; RT‑qPCR, reverse transcription‑quantitative PCR; IL, interleukin; TNF, tumor necrosis factor; DMSO, dimethyl sulfoxide.
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MLN4924 promotes the K48 linkage of ubiquitin to IκBα 
protein. A previous study demonstrated that the ubiquitin‑ 
proteasome pathway is key in controlling the degradation of 

proteins in eukaryocytes (30). Thus, the role of MLN4924 
in IκBα protein degradation via the ubiquitin‑proteasome 
pathway was explored. As revealed in Fig. 4A and B, 

Figure 2. Overexpression of IκBα sensitizes MLN4924 in the treatment of liver cancer cells. (A and B) Following transfection with OE‑IκBα or pcDNA3.1 
for 24 h, LM3 and Huh7 cells were treated with 0.4 µM MLN4924 or DMSO for 48 h. A Cell Counting Kit‑8 assay was utilized to determine the growth of 
liver cancer cells. (C and D) Following transfection with OE‑IκBα or pcDNA3.1 for 24 h, LM3 and Huh7 cells were treated with 0.4 µM MLN4924 or DMSO 
for 10 days. Colonies of LM3 and Huh7 cells were stained using crystal violet and counted. ***P<0.001. IκBα, NF‑κB inhibitor α; OE, overexpression; DMSO, 
dimethyl sulfoxide; MLN, MLN4924.
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MLN4924 markedly enhanced the ubiquitination of 
endogenous IκBα, and this was further confirmed using exog‑
enous overexpression of IκBα (Fig. 4C and D). These results 

indicated that MLN4924 promoted the polyubiquitination 
of IκBα protein. To determine the type of ubiquitin chains 
involved in MLN4924‑mediated IκBα polyubiquitination, six 

Figure 3. MLN4924 decreases the protein stability of IκBα. (A‑C) Following treatment with 0.4 µM MLN4924 or DMSO for 48 h, LM3, Huh7 and HepG2 cells 
were incubated with 10 µg/ml cycloheximide for the indicated time‑points. Protein expression levels of IκBα were determined using western blot analysis and 
quantified using Image Lab. (D and E) Following treatment with 0.4 µM MLN4924 or DMSO for 48 h, LM3 and Huh7 cells were incubated with or without 
20 µM MG132 for 5 h at 37˚C. Western blotting was carried out to determine the protein expression levels of IκBα. IκBα, NF‑κB inhibitor α; DMSO, dimethyl 
sulfoxide; CHX, cycloheximide; MLN, MLN4924.
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ubiquitin mutants (K63, K63R, K48, K48R, K11 and K11R) 
were used along with the wild‑type (WT) ubiquitin. Results 
of the in vitro ubiquitination assay indicated that K63 and K11 
ubiquitin mutants attenuated the formation of the polyubiq‑
uitin chain to IκBα, compared with the K48 ubiquitin mutant 
and WT ubiquitin. Moreover, the results of the present study 
demonstrated that the K48R ubiquitin mutant significantly 
attenuated the formation of the polyubiquitin chain to IκBα, 
compared with WT, and the K63R and K11R mutant forms 
of ubiquitin (Fig. 4E). Collectively, these results indicated that 
MLN4924 promoted the K48‑linked ubiquitination of IκBα.

MLN4924 promotes the degradation of IκBα protein 
via stabilizing β‑TrCP. The mechanism underlying 
MLN4924‑induced degradation of IκBα was further 
explored in the present study. The results of a previous study 
demonstrated that β‑TrCP, also named FBXW1, is an impor‑
tant E3 ligase for the ubiquitin‑proteasome pathway‑dependent 
degradation of IκBα (32). Thus, the role of MLN4924 in IκBα 
degradation via β‑TrCP was explored. The results of the 
western blot analysis demonstrated that MLN4924 markedly 
enhanced the protein expression levels of β‑TrCP in LM3, 

Huh7 and HepG2 cells compared with the controls (Fig. 5A). 
In addition, LM3 and Huh7 cells were transfected with 
si‑β‑TrCP or si‑NC in the presence or absence of MLN4924. 
As shown in Fig. 5B and C, β‑TrCP knockdown markedly 
reduced MLN4924‑mediated IκBα downregulation. These 
results indicated that MLN4924 promoted the degradation 
of IκBα via upregulation of β‑TrCP. Moreover, the protein 
stability of β‑TrCP was evaluated by adding translation inhib‑
itor CHX in the presence or absence of MLN4924. The results 
of the present study demonstrated that MLN4924 significantly 
enhanced the protein stability of β‑TrCP and prolonged the 
half‑life of β‑TrCP in LM3, Huh7 and HepG2 cells (Fig. 5D‑F). 
Collectively, these results indicated that MLN4924 induces the 
degradation of IκBα via stablizing β‑TrCP.

β‑TrCP knockdown enhances the antitumor potential of 
MLN4924 in liver cancer cells via inhibiting inflammation. To 
clarify whether knockdown of β‑TrCP enhanced the antitumor 
potential of MLN4924 in liver cancer cells via inhibiting 
inflammation, LM3 and Huh7 cells were treated with MLN4924 
in the presence or absence of si‑β‑TrCP. As revealed in 
Fig. 6A and B, transfection with si‑β‑TrCP significantly reduced 

Figure 4. MLN4924 promotes the K48 linkage of ubiquitin to IκBα protein. (A and B) LM3 and Huh7 cells were treated with 0.4 µM MLN4924 or DMSO for 
48 h, and 20 µM MG132 was subsequently added for 5 h at 37˚C. IκBα protein was immunoprecipitated using anti‑IκBα. Moreover, ubiquitination of IκBα in 
the immunoprecipitated fraction was assessed by western blot analysis, using anti‑ubiquitin. (C and D) Following co‑transfection with HA‑IκBα and His‑ub 
plasmids for 24 h, LM3 and Huh7 cells were treated with 0.4 µM MLN4924 or DMSO for 24 h, and 20 µM MG132 was subsequently added for 5 h at 37˚C. 
Ni‑NTA beads were used to pull down the His‑ub tagged proteins. Ubiquitination of HA‑IκBα in the pull‑down fraction was assessed by western blot analysis, 
using anti‑HA. Whole cell lysates were subjected to western blot analysis. (E) Huh7 cells were transfected with the indicated plasmids for 48 h, incubated with 
20 µM MG132 for 5 h at 37˚C, lysed with 6 M guanidine solution, pulled down with Ni‑NTA beads and western blot analysis was carried out to determine the 
levels of HA‑IκBα. The whole cell lysates were subjected to western blot analysis. IκBα, NF‑κB inhibitor α; DMSO, dimethyl sulfoxide; His‑ubiquitin, His‑ub; 
WCE, whole cell extract.
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Figure 5. MLN4924 promotes the degradation of IκBα protein via stabilizing β‑TrCP. (A) Following treatment with the indicated concentrations of MLN4924 
for 48 h, the protein expression levels of β‑TrCP were determined in LM3, Huh7 and HepG2 cells using western blot analysis. (B and C) Following transfection 
with si‑β‑TrCP or si‑NC for 24 h, LM3 and Huh7 cells were treated with 0.4 µM MLN4924 or DMSO for 24 h. Subsequently, the protein expression levels of 
IκBα and β‑TrCP were determined using western blot analysis. (D‑F) Following treatment with 0.4 µM MLN4924 or DMSO for 48 h, LM3, Huh7 and HepG2 
cells were incubated with 10 µg/ml cycloheximide for the indicated time‑points. Subsequently, the protein expression levels of β‑TrCP were determined using 
western blot analysis and quantified using Image Lab. IκBα, NF‑κB inhibitor α; β‑TrCP, β‑transducin repeat‑containing protein; siRNA, small interfering 
RNA; si‑NC, negative control siRNA; DMSO, dimethyl sulfoxide; CHX, cycloheximide; MLN, MLN4924.
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Figure 6. β‑TrCP knockdown enhances the antitumor potential of MLN4924 in liver cancer cells via inhibiting inflammation. (A and B) Following transfection 
with si‑β‑TrCP or si‑NC for 24 h, LM3 and Huh7 cells were treated with 0.4 µM MLN4924 or DMSO for 24 h. Subsequently, the mRNA expression levels 
of IL‑6, β‑TrCP, IL‑8 and TNF‑α were assessed using reverse transcription‑quantitative PCR. (C and D) Following transfection with si‑β‑TrCP or si‑NC for 
24 h, LM3 and Huh7 cells were treated with 0.4 µM MLN4924 or DMSO for 48 h. A Cell Counting Kit‑8 assay was used to determine the growth of liver 
cancer cells. (E and F) LM3 and Huh7 cells were treated as previously described, and the protein expression levels of caspase‑3 were determined using western 
blot analysis. ***P<0.001. β‑TrCP, β‑transducin repeat‑containing protein; siRNA, small interfering RNA; si‑NC, negative control siRNA; DMSO, dimethyl 
sulfoxide; IL, interleukin; TNF, tumor necrosis factor; ns, not significant.
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the mRNA expression of β‑TrCP. Moreover, MLN4924 treat‑
ment notably enhanced the mRNA expression levels of IL‑6, 
IL‑8 and TNF‑α, which was significantly attenuated following 
β‑TrCP knockdown in LM3 and Huh7 cells. Moreover, the 
results of the CCK‑8 assay demonstrated that cotreatment with 
si‑β‑TrCP and MLN4924 significantly suppressed the growth 
of liver cancer cells, compared with MLN4924 or si‑β‑TrCP 
treatment alone (Fig. 6C and D). In addition, the results of the 
western blot analysis demonstrated that β‑TrCP knockdown 
markedly enhanced MLN4924‑induced caspase‑3 upregula‑
tion compared with the controls (Fig. 6E and F). Collectively, 
these results demonstrated that β‑TrCP knockdown enhanced 
the antitumor potential of MLN4924 in liver cancer cells via 
inhibiting inflammation.

Discussion

The results of a previous study (28) demonstrated that 
MLN4924 exhibits high suppressive activity against a variety 
of human cancer cells. However, further investigations into the 
specific mechanisms underlying MLN4924 as an anticancer 
treatment are required. To the best of our knowledge, the 
results of the present study were the first to demonstrate that 
downregulation of IκBα and subsequent inflammation is key 
for attenuating the antitumor potential of MLN4924 in liver 
cancer cells. The mechanistic study of MLN4924‑induced 
IκBα downregulation revealed that MLN4924 stabilized 
β‑TrCP, promoting the ubiquitination of IκBα; thus, enhancing 
the degradation of IκBα and subsequent inflammation. This 
therefore attenuated the antitumor potential of MLN4924 in 
liver cancer cells. Moreover, the results of the present study 
demonstrated that β‑TrCP knockdown enhanced the antitumor 
potential of MLN4924 in liver cancer cells via inhibiting 
inflammation. Collectively, the afore mentioned results may 
provide a novel potential strategy for sensitizing MLN4924 in 
the treatment of liver cancer.

The results of previous studies have demonstrated that 
inflammation could lead to chemoresistance of cancer 
cells (17,33). Zhong et al revealed that the NF‑κB‑IL6‑STAT3 
axis activated by intratumoral LPS promoted the expression 
of cyclin D1, c‑Myc, Bcl‑2 and survivin, facilitating prostate 
cancer proliferation and docetaxel chemoresistance (33). 
Neddylation‑inhibitor MLN4924 exhibits broad anticancer 
potential and may be used as a chemotherapeutic agent 
in the future. However, it remains to be fully elucidated 
whether inflammation is involved in the chemoresistance of 
liver cancer cells in response to MLN4924 treatment. The 
results of the present study demonstrated that MLN4924 
promoted IκBα degradation and increased the expression of 
inflammatory factors (IL‑6, IL‑8 and TNF‑α), leading to the 
chemoresistance of liver cancer cells to MLN4924. Notably, 
the results of a previous study demonstrated that MLN4924 
inhibited activation of the NF‑κB pathway via inhibiting 
CRL‑mediated IκBα degradation. However, the results of 
this study did not indicate that treatment with MLN4924 
decreased the protein expression levels of IκBα (34). 
Moreover, IκBα knockdown significantly increased the 
MLN4924‑mediated proliferation inhibition in esophageal 
cancer cells (34). Therefore, the contrasting results of the two 
studies may be ascribed to the different cancer cell lines, as 

liver cancer is one of several cancers that is often associated 
with chronic inflammation.

MLN4924, a neddylation inhibitor, suppresses CRLs via 
inhibiting NAE‑mediated cullin neddylation (28). Notably, 
the results of the present study demonstrated that MLN4924 
promoted the proteasome‑dependent degradation of IκBα 
and shortened the half‑life of IκBα, following treatment 
with MG132 and translation inhibitor CHX. Moreover, the 
K48‑linkage of ubiquitin to IκBα was significantly increased 
following treatment with MLN4924, which reflects that some 
E3 ligases may be involved in MLN4924‑mediated IκBα 
degradation. The expression of β‑TrCP, a well‑established 
E3 ligase for IκBα degradation (35), was markedly increased 
following MLN4924 treatment in liver cancer cells. However, 
the molecular mechanism by which MLN4924 stabilizes 
β‑TrCP remains unclear. Further studies are warranted to 
clarify which protein is targeted by MLN4924 directly and 
participates in the regulation of β‑TrCP stability. Moreover, 
in the present study it was determined that MLN4924 
promoted IκBα degradation via stabilizing β‑TrCP, despite 
a previous study which reported that β‑TrCP is inhibited by 
MLN4924 (36). Therefore, it was hypothesized that increase 
of β‑TrCP may be a resistance response of liver cancer cells 
when treated with neddylation inhibitor MLN4924.

β‑TrCP acts as a substrate receptor and constitutes an active 
SCFβ‑TrCP ligase with a scaffold protein cullin 1 (CUL1), a 
RING protein RBX1 and an adaptor protein SKP1 (37). β‑TrCP 
plays a critical role in the regulation of various physiological 
and pathological processes, including signal transduction, cell 
cycle progression, cell migration, DNA damage response and 
tumorigenesis, by governing large amounts of key regulators for 
ubiquitination and proteasomal degradation (38). The results of 
previous studies have demonstrated that β‑TrCP plays a vital 
role in carcinogenesis via promoting the degradation of its 

Figure 7. Schematic model of the mechanism by which activation of the 
β‑TrCP/IκBα/inflammation axis limits the sensitivity of liver cancer cells 
to neddylation inhibition. MLN4924 treatment leads to the upregula‑
tion of β‑TrCP stability, promoting the ubiquitination and degradation of 
IκBα protein, derepressing the NF‑κB complex and promoting its nuclear 
location, enhancing the transcription of inflammatory cytokines including 
IL‑6, IL‑8 and TNF‑α, which attenuates the sensitivity of liver cancer cells 
to neddylation inhibition. β‑TrCP, β‑transducin repeat‑containing protein; 
IκBα, NF‑κB inhibitor α; IL, interleukin; TNF, tumor necrosis factor.
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substrates, including oncoproteins and tumor suppressors (38). 
Specifically, the results of previous studies demonstrated that 
β‑TrCP is upregulated in liver cancer tissues (39,40). Previous 
research has also demonstrated that β‑TrCP promotes HCC 
progression and metastasis via degrading leucine zipper tumor 
suppressor 2 (LZTS2) in HCC cells (41). These results indi‑
cated that β‑TrCP acts as an oncoprotein in liver cancer, which 
provides clear rationale for targeting β‑TrCP to overcome 
chemoresistance. The results of the present study demonstrated 
that β‑TrCP was increased following MLN4924 treatment, 
and β‑TrCP knockdown enhanced the antitumor potential 
of MLN4924 in liver cancer cells. Moreover, MLN4924 
enhanced the protein expression levels of β‑TrCP via inhib‑
iting its degradation and prolonging its half‑life. However, the 
mechanism by which MLN4924 stabilizes β‑TrCP remains to 
be fully elucidated. Previous investigations demonstrated that 
β‑TrCP1 is ubiquitinated and degraded by SCFSKP2 ubiquitin 
ligase, SAG‑CUL5 ubiquitin ligase with UBCH10 and UBE2S 
E2s, as well as the SMURF2:UBCH5 complex (38). Moreover, 
members of the de‑ubiquitinating enzyme (DUB) family, 
such as USP24 (42) and USP47 (43,44), enhance the stability 
of β‑TrCP. Further investigations into the role of E3 ligases 
and DUBs in MLN4924‑mediated β‑TrCP upregulation are 
required.

In conclusion, the results of the present study demon‑
strated that downregulation of IκBα and the subsequent 
inflammation attenuate the antitumor potential of MLN4924 
in liver cancer cells. Mechanistic studies demonstrated 
that MLN4924 enhanced the protein stability of β‑TrCP, 
promoting the ubiquitination of IκBα protein, leading to the 
ubiquitin‑ mediated degradation of the IκBα protein, which is 
summarized in a working diagram (Fig. 7). In addition, the 
results of the present study demonstrated that β‑TrCP knock‑
down markedly sensitized MLN4924 in suppressing the growth 
of liver cancer cells via attenuating MLN4924‑mediated IκBα 
downregulation and inflammation. The results of the present 
study not only provide novel insights into the molecular 
mechanisms by which MLN4924 promotes the degradation of 
IκBα and subsequent inflammation, but also offer a potential 
therapeutic strategy for sensitizing MLN4924 in the treatment 
of liver cancer.
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