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Abstract. Nuclear factor κ‑light‑chain‑enhancer of B cells 
(NF‑κB) is one of the most important tumorigenic factors. 
Although it has been established that NF‑κB is overly acti-
vated in human glioma cells, the molecular mechanisms that 
lead to the signal transduction to NF‑κB and thereby the 
induction of resistance to apoptosis remain poorly understood. 
The present study demonstrated that mRNA and protein 
levels of E3 ubiquitin‑protein ligase 2 (MIB2) were mark-
edly upregulated in glioma cell lines and clinical samples. 
Immunohistochemical analysis also revealed high levels of 
MIB2 expression in glioma specimens. Ectopic overexpression 
of MIB2 was established in glioma cell lines to investigate 
its fundamental roles in the response of human glioma to 
apoptotic inducers. The results indicated that ultraviolet 
irradiation‑induced cell apoptosis was inhibited with MIB2 
overexpression in glioma cells. Notably, knockdown of MIB2 
using RNA interference was able to increase the sensitivity 
of glioma cells to the pro‑apoptotic agents. The present study 
identified that MIB2 induces NF‑κB activation and facilitates 
the resistance of glioma cell to apoptosis. It was proposed 
that MIB2 may not only be an important hallmark to glioma 

disease progression, but that it may also offer novel clinical 
strategies to overcome resistance to cancer therapies.

Introduction

Gliomas are the most common and lethal type of primary intra-
cranial tumor of the central nervous system and the median 
survival time for patients with glioma is ~15 months (1,2). 
Despite current advancements in diagnosis and therapeutic 
modalities, surgery remains the primary mode of treatment, 
as the majority of gliomas largely develop resistance to 
chemotherapy or radiotherapy (3). Due to the high levels of 
aggressiveness and inducible resistance to chemotherapy and 
radiotherapy associated with this disease, conventional treat-
ments generally fail to produce positive outcomes (4). As a 
result, efforts have been redirected toward identifying a novel 
molecular target to glioma cells, for the future development of 
more effective therapies (5).

Apoptosis is a form of programmed cell death that functions 
to eliminate abnormal or transformed cells (6). Consequently, 
studies involving the utilization of the apoptotic pathway to 
target over‑proliferating tumor cells have gained attention. 
It has been established that resistance to apoptotic signals 
and the inhibition of apoptosis are associated with glioma 
genesis (7). Dysregulation of apoptosis may not only promote 
the survival and proliferation of glioma cells, but also antago-
nize the effects of apoptotic inducers (e.g. Tumor necrosis 
factor‑related apoptosis‑inducing ligand) thereby developing 
resistance to chemotherapy and radiotherapy and increasing 
the risk of malignant phenotypes in cancer cells (8). However, 
much remains unknown regarding the underlying molecular 
mechanism of how glioma cells develop an apoptosis‑resistant 
phenotype.

Nuclear factor κ‑light‑chain‑enhancer of B cells (NF‑κB) 
has been established as a pro‑survival and anti‑apoptotic onco-
genic factor in the majority of the tumor types, and various 
oncogenes and growth factors may be additionally upregu-
lated by NF‑κB activation in tumor cells  (8‑10). Evidence 
has revealed that NF‑κB activity is commonly elevated in 
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glioma, and that tumor grading and prognosis are associated 
with its level of expression (11,12). Additional studies have 
also suggested the involvement of NF‑κB activation in the 
anti‑apoptotic responses of glioma cells (13,14). Therefore, it 
is important to identify novel molecular mechanisms that are 
associated with the aberrant activation of NF‑κB in glioma 
that facilitate the anti‑apoptotic responses.

In non‑dividing cells, NF‑κB is sequestered in the cytosol 
by the inhibitor of κB (IκB) family proteins, B‑cell lymphoma 
(Bcl) 3 protein, p105 and p100 (15). However, the presence 
of certain antigens, cytokines and environmental stress 
signals may lead to the phosphorylation and degradation of 
IκBα through the 26S‑proteosome‑dependent system (16). 
Following the release of NF‑κB and its nuclear translocation, 
NF‑κB‑targeted genes are activated (17). The phosphorylation 
of IκBα is accomplished by the IκB kinase (IKK) complex. 
Studies in breast cancer have previously identified IKK as being 
an oncogene and activator of the NF‑κB pathway to facilitate 
cell transformation and to enable cancer cells to maintain a 
malignant phenotype (16). Elevated NF‑κB expression has 
been detected in human ovarian and prostate cancer, which 
contributes to tumorigenesis, drug resistance and the promo-
tion of cancer progression (18‑20). However, a comprehensive 
understanding of what controls NF‑κB expression and activity 
in cancer cells is lacking and, to the best of our knowledge, 
the upstream regulator of NF‑κB signaling has yet to defined.

Ubiquitination of proteins is of key importance in post‑ 
translational modification, targeting proteins for degrada-
tion via the proteasome, membrane trafficking, DNA repair, 
protein kinase activation and chromatin modification (21). In 
an attempt to elucidate how glioma cells usurp the NF‑κB 
signaling cascade to adopt an apoptosis‑resistant phenotype, 
the present study aimed to investigate the involvement of 
E3 ubiquitin‑protein ligase MIB2 (MIB2), an E3 ligase that 
catalyzes the addition of single or short chains of ubiquitin 
to lysine  (22). The association between NF‑κB activation 
and MIB2 expression is not well understood. The differen-
tial expression of MIB2 in glioma cells and its function in 
the NF‑κB pathway may serve a role in the anti‑apoptotic 
responses of glioma cells. The present study demonstrated a 
novel interaction between NF‑κB and MIB2, and investigated 
the effects of these proteins on the induction of resistance to 
apoptosis. The presence of aberrant MIB2 expression in tumor 
specimens from patients with glioma also supports the hypoth-
esis that the MIB2/NF‑κB interaction serves an essential role 
in the development of drug resistance.

Materials and methods

Clinical specimens. Tissues used in the present study were 
obtained from 69 patients with glioma who had undergone 
craniotomy and tumor extirpation between March 2008 and 
December 2010 at the Shenzhen People's Hospital (Shenzhen, 
China). The present study was approved by the Ethics 
Committee of Shenzhen People's Hospital. The pathological 
diagnosis and grading of glioma were assessed according to 
World Health Organization (WHO) grade II‑IV classification, 
which is based on the histological features of a heterogeneous 
population of tumors with varying prognoses and treat-
ments (23). Clinical information of the samples is summarized 

in Table I. In addition, 4 normal brain tissues were obtained 
via donations from road traffic accident fatalities without any 
prior pathologically‑detectable conditions. Written informed 
consent was obtained from all patients.

Cell lines. Primary normal human astrocytes (NHA) were 
purchased from Lonza Group Ltd. (Basel, Switzerland) and 
maintained in CloneticsTM Astrocyte Growth Medium (Lonza 
Group Ltd.) supplemented with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). Glioma 
T98G, LN‑18 and A172 cell lines were purchased from the 
American Type Culture Collection (Manassas, VA, USA), and 
maintained in Dulbecco's modified Eagle's medium (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Inc.).

Plasmids and small interfering (si)RNA. The pNF‑κB‑Luc 
plasmids were purchased from the Clontech Laboratories, 
Inc. (Mountainview, CA, USA), and the Flag‑MIB2 plasmids 
used for MIB2 overexpression were purchased from Addgene, 
Inc. (Cambridge, MA, USA). Human MIB2 siRNA was 
obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA). Glioma T98G cells were transfected with siRNAs 
targeting MIB2 (10 nM) or with control siRNA (10 nM) using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). The transfection was performed at 37˚C in a humidified 
incubator with 5% CO2. After 24 h, cells were harvested for 
subsequent experimentation.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). RNA was extracted from T98G, LN‑18 and A172 
cells or patient tissues using TRIzol® reagent (Thermo Fisher 

Table I. Clinicopathological characteristics of patient samples 
and expression of MIB2 in glioma.

Patient characteristic	 n	 %

Sex
  Male	 39	 56.5
  Female	 30	 43.5
Age, years
  ≤50	 53	 76.8
  >50	 16	 23.2
Grade
  I	 8	 11.6
  II	 24	 34.8
  III	 21	 30.4
  IV	 16	 23.2
MIB2 score
  0	 3	 4.3
  1‑4	 15	 21.7
  5‑8	 23	 33.3
  9‑12	 28	 40.7

MIB2, E3 ubiquitin‑protein ligase.
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Scientific, Inc.) according to the manufacturer's protocol. 
A total of 5 µg RNA from each sample was reverse tran-
scribed to complementary cDNA (at 42˚C for 1 hr) using the 
SMART® MMLV Reverse Transcriptase kit (cat. no. 639523; 
Takara Bio, Inc., Otsu, Japan). qPCR was performed using 
QuantiTect SYBR Green PCR Master mix (Qiagen GmbH, 
Hilden, Germany) and was analyzed on an ABI Prism 7700 
analyzer (Applied  Biosystems; Thermo Fisher Scientific, 
Inc.). PCR was performed under the following conditions: 
Initial denaturation at 95˚C for 5 min, followed by 35 cycles 
of 95˚C for 30 sec, 55˚C for 1 min and 72˚C for 1 min, with a 
final extension step at 72˚C for 5 min. GAPDH served as the 
internal control. The mRNA expression levels of MIB2 were 
normalized to those of GAPDH, and relative quantification 
was performed using the comparative cycle threshold method 
(2‑ΔΔCq) (24). All PCR experiments were repeated ≥3 times. 
The sequences of the primers were as follows: MIB2 forward, 
5'‑CAT​CGG​CGA​CCT​TGA​CAC​A‑3' and reverse, 5'‑CGA​
CTG​CTA​CAC​GCA​GGT​T‑3'; and GAPDH forward, 5'‑ACA​
ACT​TTG​GTA​TCG​TGG​AAG​G‑3' and reverse, 5'‑GCC​ATC​
ACG​CCA​CAG​TTT​C‑3'.

Western blot (WB) analysis. T98G, LN‑18 and A172 cells were 
plated in tissue culture dishes overnight. Following harvest, 
adherent cells were washed with cold PBS twice and resus-
pended in lysis buffer (150 mM NaCl, 50 mM Tris‑HCl, pH 7.4, 
2 mM EDTA, 1% NP‑40) containing protease inhibitor cocktail 
(Amresco, LLC, Solon, OH, USA). Tissues were dissociated 
using the Brain Tumor Dissociation kit (cat. no. 130‑095‑942; 
Miltenyi Biotec, Inc., Auburn, CA, USA). Protein levels in the 
extracts were quantified using a BCA assay (Pierce; Thermo 
Fisher Scientific, Inc.). Equal amounts of 100 µg total protein 
extracts were resolved by 10% standard sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and transferred 
onto a polyvinylidene fluoride membrane (0.45 mm; EMD 
Millipore, Billerica, MA, USA). Membranes were blocked with 
5% fat‑free dry milk/Tris‑buffered saline with 5% Tween-20 
(cat.  no.  9997; Cell Signaling Technology Inc., Danvers, 
MA, USA) at room temperature for 1  h, then incubated 
with the following anti‑human primary antibodies overnight 
at 4˚C: Anti‑MIB2 (1:1,000; cat. no.  sc‑55149; Santa Cruz 
Biotechnology, Inc.), anti‑α‑tubulin (1:5,000; cat. no. T6074; 
Sigma‑Aldrich; Merck  KGaA, Darmstadt, Germany), 
anti‑phosphorylated (p)‑NF‑κB p65 subunit (1:1,000; 
NF‑κB p65; cat. no.  sc‑33020; Santa Cruz Biotechnology, 
Inc.), anti‑caspase‑3 (1:2,000; cat. no. sc‑1225; Santa Cruz 
Biotechnology, Inc.) and anti‑Bcl‑2 (1:2,000; cat. no. sc‑783 
Santa Cruz Biotechnology, Inc.). Membranes were subse-
quently incubated with a horseradish peroxidase‑conjugated 
goat anti‑mouse immunoglobulin G (IgG) (cat no. sc‑2005; 
1:5,000; Santa Cruz Biotechnology, Inc.) or goat anti‑rabbit 
IgG (cat no. sc‑2004; 1:5,000; Santa Cruz Biotechnology, Inc.) 
secondary antibody for 1 h at room temperature and visualized 
using an enhanced chemiluminescence reagent (PerkinElmer, 
Inc., Waltham, MA, USA). ImageJ software (1.46p; National 
Institutes of Health, Bethesda, MD, USA) was used for densi-
tometry analysis.

Immunohistochemistry (IHC). Immunohistochemical staining 
of MIB2 protein was performed to examine changes in 

protein expression in 69  cases of human glioma samples. 
An anti‑MIB2 antibody (anti‑MIB2; 1:100; cat. no. sc‑55149; 
Santa Cruz Biotechnology, Inc.) was used as the primary 
antibody to detect MIB2, and the procedure was performed as 
previously described. Immunohistochemistry was performed 
on 10% formalin‑fixed (for 24‑48 h at room temperature), 
paraffin‑embedded tissue sections using the Envision 
peroxidase detection method  (25). Sections (4‑µm) were 
deparaffinized in xylene, dehydrated through a graded ethanol 
series at 10 min intervals (100, 70, 40 and 0%) and subse-
quently treated with 0.3% hydrogen peroxide in methanol 
for 30 min at room temperature to eliminate the endogenous 
peroxidase activity. For antigen retrieval, the sections were 
placed in 10 mM sodium citrate buffer (pH 6.0) and heated 
to near boiling (95‑98˚C) in a water bath for 20 min (or an 
oven) followed by cooling for 20 min at room temperature. 
The primary antibodies (anti‑MIB2; 1:100; cat. no. sc‑55149; 
Santa Cruz Biotechnology, Inc.) were incubated overnight at 
4˚C subsequent to blocking non‑specific binding with 10% 
normal goat serum in PBS for 30 min at room temperature. For 
negative controls, PBS was used as a substitute for the primary 
antibodies. Sections were incubated with the secondary bioti-
nylated antibody (Envision peroxidase complex; horseradish 
peroxidase conjugated; 1:200; cat.  no. ZK‑9600; OriGene 
Technologies, Inc., Rockville, MD, USA) for 20 min at room 
temperature. Sections were counterstained with Mayer's 
hematoxylin after immunostaining prior to mounting for 
30  sec at room temperature  (26). Immunohistochemical 
staining for protein expression in tumor lesions and normal 
tissues was assessed by 3 pathologists (1 chief pathologist 
and 2  associate chief pathologists; Pathology Department 
of Shenzhen People's Hospital, Shenzhen, China) blinded to 
the origin of the samples using a semi‑quantitative method. 
An upright light microscope (Positive‑ECLIPSE E200‑LED; 
Nikon Corporation, Tokyo, Japan) was used at a magnification 
of x200. H‑scores were calculated for each sample according 
to the intensity of the nucleic and cytoplasmic staining. The 
expression levels of MIB2 were scored based on the staining 
intensity and distribution using the immunoreactive score 
(IRS), as follows: IRS = staining intensity (SI) x percentage 
of positive cells (PP). The SI was determined as follows: 
Absent, 0; weak, 1; moderate, 2; and strong, 3. The PP was 
scored as follows: 0%, 0; 0‑25%, 1; 25‑50%, 2; 50‑75%, 3; and 
75‑100%, 4 (27,28).

Cell viability assay. Cells were plated in 6‑well plates at a 
density of 5x105 cells per well and incubated for 24 h at 37˚C, 
followed by irradiation with ultraviolet (UV; 20 or 40 J/m2) and 
an additional 12‑h incubation at 37˚C. The numbers of viable 
cells were determined by the trypan blue dye exclusion test. 
Briefly, the Glioma T98G cells were seeded in six‑well plates 
(1x105 cells/ml). A 10 µl cell suspension was mixed with 10 µl 
0.4% trypan blue for 3‑5 min at room temperature (Nacalai 
Tesque, Inc., Kyoto, Japan), and live cells were counted manu-
ally using a hemacytometer (Erma, Inc., Tokyo, Japan). The 
results were expressed as the percentage of the values obtained 
when the cells were grown in the absence of reagents.

Annexin  V binding assay. The ApopNexin Annexin  V‑ 
fluorescein isothiocyanate apoptosis kit (cat. no. APT750; 
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Merck KGaA) was used to quantitatively examine apoptotic 
cells using a flow cytometer using a BD FACSCanto™ II 
apparatus (BD Biosciences, Franklin Lakes, NJ, USA) with 
BD FACSChorus™ software (FCS 3.1) for analysis according 
to the manufacturer's protocol.

NF‑κB‑dependent reporter gene transcription assay. A 
pNF‑κB‑Luc plasmid for NF‑κB luciferase reporter assay was 
obtained from Clontech Laboratories, Inc. NF‑κB‑dependent 
luciferase activity was measured using a Dual‑Luciferase 
Reporter Assay system (Promega Corporation, Madison, 
WI, USA) according to the manufacturer's protocol. Briefly, 
Glioma T98G cells (1x105 cells/well) were seeded in a 96‑well 
plate for 24 h. The cells were then transfected with plasmids 
using Lipofectamine® 2000 in each well and then incubated 
for a transfection period of 24 h at 37˚C. Subsequently, the 
Dulbecco's modified Eagle's medium was removed and replaced 
with fresh medium. Luciferase activity was determined in a 
MicroLumat plus luminometer (Berthold Technologies GmbH 
Co., Bad Wildbad, Germany) by injecting 100 µl of assay buffer 
containing luciferin and measuring light emission for 10 sec. 
Co‑transfection with pRL‑CMV (Promega  Corporation), 
which expresses Renilla luciferase, was performed to enable 
normalization of data for transfection efficiency.

Statistical analysis. All statistical analyses were performed 
using the SPSS 10.0 statistical software package (SPSS, 
Inc., Chicago, IL, USA) and data were expressed as the 
mean ± standard deviation. The differences between experi-
mental conditions were compared individually using Student's 

t‑tests. Comparisons within groups underwent P-values were 
calculated using one‑way analysis of variance (ANOVA) 
followed by Tukey's post hoc test, two‑way ANOVA followed 
by Tukey's post hoc test or Bonferroni's tests, or paired t‑tests. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Elevated MIB2 expression in glioma cell lines and human 
glioma specimens. The functional and clinical relevance 
of MIB2 in human glioma remains to be investigated. The 
present study assessed the MIB2 expression in NHA and 
various human glioma cell lines using qPCR and WB analyses. 
When compared with NHA, mRNA expression of MIB2 was 
significantly increased in all glioma T98G, LN‑18 and A172 
cell lines (P<0.01; Fig. 1A). WB analysis also confirmed the 
upregulated MIB2 expression in all glioma cell lines, compared 
with NHA (Fig. 1B). In addition, four pairs of primary glioma 
samples and adjacent non‑cancerous brain tissues were used 
to conduct a comparative analysis of MIB2 expression in 
human gliomas. While the adjacent non‑cancerous brain tissue 
expressed a relatively low level of MIB2, the mRNA (Fig. 1C) 
and protein expression (Fig. 1D) levels of MIB2 indicated a 
significant elevation in all four sets of human primary glioma 
samples (P<0.01).

Additional confirmation of MIB2 expression in glioma 
was performed using immunohistochemical staining of tumor 
sections. Abundant MIB2 was detected and positively stained 
in all primary gliomas, while its expression in normal brain 

Figure 1. Expression of MIB2 is elevated in human glioma cell lines and clinical glioma specimens. (A) RT‑qPCR analysis of MIB2 mRNA in NHA and 
glioma T98G, LN‑18 and A172 cell lines. Data are normalized to GAPDH and are presented as the mean ± standard deviation of 3 independent experiments. 
**P<0.01 by one‑way ANOVA and Tukey's post hoc test. (B) Expression of MIB2 protein in NHA and indicated glioma cell lines. α‑Tubulin was used as the 
loading control. (C) Reverse transcription‑quantitative polymerase chain reaction analysis of MIB2 mRNA in four pairs of primary glioma tissues. Data are 
normalized to GAPDH and are presented as the mean ± SEM of three experiments, with statistical significance determined by one‑way ANOVA and Tukey's 
post hoc test. **P<0.01. (D) Expression of MIB2 protein in paired T and N samples by western blot analysis. α‑Tubulin was used as the loading control. NHA, 
normal human astrocyte; MIB2, E3 ubiquitin‑protein ligase; ANOVA, analysis of variance; T, primary glioma samples; N, adjacent non‑cancerous brain 
tissues.
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tissues was absent or only limited to a marginally measurable 
state (Fig. 2A). Additional analysis confirmed that the average 
scores of MIB2 staining in primary glioma clinical samples 
were significantly (P<0.01) increased compared with those of 
adjacent normal brain tissues (Fig. 2B). These data demon-
strated that MIB2 was highly expressed in human glioma, 
suggesting the possibility of a specific role for MIB2 in glioma 
pathology.

UV‑induced apoptosis was repressed in MIB2‑overexpressing 
glioma cells. To examine whether the overexpression of MIB2 
may affect the sensitivity of glioma cells to apoptosis inducers, 
stable transduction of MIB2 overexpression was achieved in 
T98G cells (Fig. 3A). As UV irradiation was administered to 
induce cell death, marked resistance toward different dosages 
of UV irradiation was observed in MIB2‑overexpressing 
cell lines when compared with their vector‑carrying control 
cells, in a dose‑dependent manner (Fig. 3B). To investigate 
the specific effects of MIB2 overexpression in apoptosis, 
Annexin V binding assays were conducted. As indicated 
in Fig.  3C, T98G cells with MIB2 overexpression exhib-
ited lower numbers of apoptotic cells post‑UV irradiation 
compared with those of the vector control group, implying that 
MIB2 overexpression may confer protection in glioma cells 
against pro‑apoptotic agents. Additionally, a pro‑apoptotic 
protein, caspase‑3, and an anti‑apoptotic protein, Bcl‑2, were 
assessed for their differential activities in cells with MIB2 

overexpression. It was indicated that MIB2‑overexpressing 
cells exhibited less activation and cleavage of caspase‑3, but 
increased Bcl‑2 expression, when compared with the vector 
control cells (Fig. 3D). Taken together, these results indicated 
that the functions of high MIB2 expression in glioma cells 
manifest in promoting cell survival and resistance to apoptosis.

Depletion of MIB2 increases the susceptibility of glioma cells 
toward apoptosis. The effects of specific MIB2 knockdown on 
glioma cell survival and apoptosis were then compared using 
treatment with RNA interference. The glioma T98G cell line 
with MIB2 depletion exhibited increased rates of apoptosis 
following UV irradiation (Fig. 4A and B), compared with the 
control. Knockdown of MIB2 increased the rates of cellular 
apoptosis in glioma cells compared with the control cells, as 
confirmed by Annexin V binding assays (Fig. 4C). In addition, 
promoted activation and cleavage of caspase‑3 and a decreased 
level of Bcl‑2 was observed when MIB2 was depleted in T98G 
cell lines (Fig. 4D). These data suggested that MIB2 may be 
a key controller in the adaptation of the anti‑apoptotic pheno-
type in glioma cells.

MIB2 is capable of activating the NF‑κB pathway. Evidence 
has suggested that Bcl‑2 expression is controlled by NF‑κB 
activity, and that activation of NF‑κB promotes drug 
resistance in glioma cells  (9,29). Therefore, the present 
study examined whether the anti‑apoptotic activity of 

Figure 2. Immunohistochemical analysis of MIB2 expression in normal brain tissues and primary glioma tumors. (A) Representative images from IHC 
assays of normal brain tissues and specimens of 69 archived glioma cases. (a,b) Normal brain tissue; (c,d) WHO grade 1 pilocytic astrocytoma; (e,f) WHO 
grade 2 diffuse astrocytoma; (g,h) WHO grade 3 anaplastic astrocytoma; (i,j) WHO grade 4 glioblastoma multiforme. (a,c,e,g,i) Magnification, x200. 
(b,d,f,h and j) Magnification, x400. (B) Comparative statistical quantification of the mean values of MIB2 staining between normal brain tissues (n=3) and 
glioma specimens of different WHO grades. Student's t‑test was used for statistical analysis. **P<0.01. IHC, immunohistochemistry; MIB2, E3 ubiquitin‑protein 
ligase; WHO, World Health Organization. 
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Figure 3. Overexpression of MIB2 enhances the anti‑apoptotic activity of glioma cells. (A) Overexpression of MIB2 in the glioma T98G cell line. α‑Tubulin 
was used as the loading control. (B) Overexpression of MIB2 inhibits cell death induced by UV irradiation. MIB2‑overexpressing glioma cell lines were treated 
by UV irradiation (20 and 40 J/m2), and viable cells were counted using the trypan blue exclusion assay. Data are presented as the mean ± standard error of 
the mean of three experiments with statistical significance determined by one‑way analysis of variance with Tukey's post hoc test. **P<0.01. (C) MIB2 reduces 
UV‑induced apoptosis of glioma cells. MIB2‑overexpressing glioma cell lines were treated with UV irradiation (40 J/m2), followed by Annexin V‑fluorescein 
isothiocyanate and PI staining, and the number of Annexin V+/PI‑ cells was counted from 5 random fields. Results are expressed as percentages of total cells. 
Student's t‑test was used for statistical analysis. **P<0.01. (D) MIB2‑overexpressing glioma cell lines were treated with UV irradiation (40 J/m2) and harvested 
for cell lysate preparation. Western blotting was performed to assess the levels of cleaved caspase‑3 and Bcl‑2 protein. α‑Tubulin was used as the loading 
control. UV, ultraviolet; MIB2, E3 ubiquitin‑protein ligase; PI, propidium iodide; Bcl‑2, B‑cell lymphoma 2.

Figure 4. Knockdown of endogenous MIB2 attenuates the resistance of glioma cells to apoptosis. (A) Knockdown of MIB2 in glioma cell lines was analyzed 
by WB. α‑tubulin was used as the loading control. (B) Knockdown of MIB2 increases cell death. The indicated cells were treated by UV irradiation (20 and 
40 J/m2) and counted for viable cells using the trypan blue exclusion assay. Data are presented as the mean ± standard error of the mean of three experiments 
with statistical significance determined by one‑way analysis of variance with Tukey's post hoc test. **P<0.01. (C) Knockdown of MIB2 enhances the sensitivity 
of glioma cells to UV‑induced apoptosis. MIB2‑knockdown glioma cell lines were treated with UV irradiation (40 J/m2), followed by Annexin V‑fluorescein 
isothiocyanate and PI staining, and the number of Annexin V+/PI‑ cells was counted from 5 random fields. Results are expressed as percentages of total cells. 
Columns represent the mean of three experiments. A Student's t‑test was used for statistical analysis. **P<0.01. (D) T98G cells were treated with UV irradiation 
(40 J/m2) and were harvested for cell lysate preparation. WB was performed to assess the levels of cleaved caspase‑3 and Bcl‑2 protein. α‑Tubulin was used as 
the loading control. WB, western blotting; MIB2, E3 ubiquitin‑protein ligase; PI, propidium iodide; UV, ultraviolet; Bcl‑2, B‑cell lymphoma 2. 
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MIB2 in human glioma cells was associated with NF‑κB 
activation. MIB2‑overexpressing T98G cells exhibited signifi-
cantly (P<0.01) more marked luciferase activity driven by the 
NF‑κB inducible promoter, compared with the vector control 
cells  (Fig.  5A). By contrast, cells with MIB2 knockdown 
exhibited significantly decreased NF‑κB activity (Fig. 5B). 
The WB analysis substantiated these results. NF‑κB p65 
phosphorylation was upregulated in glioma T98G cells with 
MIB2 overexpression (Fig. 5C), whereas a significant decrease 
in NF‑κB p65 phosphorylation levels was observed in MIB2 
knockdown glioma cells (Fig. 5D). Taken together, these results 
supported our hypothesis that MIB2 mediates an increase in 
NF‑κB signaling.

Discussion

In the present study, MIB2, an E3 ligase, was identified as a 
key contributor that enabled glioma cells to acquire anti‑apop-
totic properties through the activation of the NF‑κB pathway. 
Previous data have implicated NF‑κB activation in malignant 
transformation and resistance to apoptosis in human glioma 
cells  (15). However, the underlying molecular mechanism 
of how NF‑κB activity is regulated remains unknown. The 
present study demonstrated that MIB2 expression was highly 
upregulated in glioma cells compared with control cells. As 
a result, the cellular function of MIB2 was suggested to be 
the activation of NF‑κB signaling and the induction of an 
anti‑apoptotic phenotype. Furthermore, the overexpression 
of MIB2 was significantly associated with the development 
of resistance to UV irradiation in the primary human glioma 
samples examined, while the downregulation of MIB2 restored 
the pro‑apoptotic responses toward apoptotic inducers. These 
data indicated that MIB2 is an activator of NF‑κB, and that 

activation of the NF‑κB pathway by MIB2 is a key mechanism 
for promoting glioma cell survival.

Protein degradation via ubiquitination is a catalytic 
mechanism that targets various cellular proteins, and is there-
fore pivotal in regulating a wide variety of cellular signaling 
pathways and cell survival (30). As neurons are particularly 
vulnerable to changes in cellular proteins and alterations in 
signaling processes (31), the ubiquitination system is a key 
regulator of neuronal physiology, pathology and tumorigen-
esis. At present, MIB2 has been elucidated to be an important 
modulator of the Notch and glutamate receptor signaling 
pathway, and to have an essential role in mammalian develop-
ment (32,33). Although suggestions that MIB2 may be potent 
in inducing NF‑κB targeted gene activation have been made, 
the primary question remaining is how MIB2 expression 
in glioma is associated with NF‑κB activity, and how these 
interactions affect cancer cell survival (34). MIB2 was first 
characterized as an actin‑binding, cytoskeleton‑associated 
protein in melanoma (35). In Drosophila, MIB2 is responsible 
for proper muscle development and maintenance of muscle 
integrity by preventing their apoptotic degradation (36,37). 
The roles of MIB2 in immunity have been studied extensively: 
Matsuda et al (31) presented the first study on the involvement of 
MIB2 in cytokine signaling as being an activator of NF‑κB and 
a mitogen‑activated protein kinase promoter (38). Additionally, 
Stempin et al (32) revealed that the complex of Bcl‑10 and 
MIB2 promoted auto‑ubiquitination and ubiquitination of 
IKKα, and led to the activation of NF‑κB. The results of these 
studies supported the data indicating that MIB2 is specifically 
involved in NF‑κB activation.

In addition to its roles in causing cancer through inflam-
mation, NF‑κB is known to regulate a range of downstream 
anti‑apoptotic genes, including cellular inhibitor of apoptosis 2 

Figure 5. MIB2 activates NF‑κB signaling in glioma cells. (A) Activation of NF‑κB‑dependent reporter gene by overexpression of MIB2. Cells co‑transfected 
with 1 µg pNF‑κB‑luciferase and 10 ng pRL‑TK Renilla plasmids for 24 h in 12‑well plates were lysed and the luciferase activity was measured. Data are 
presented as the mean of three independent experiments. Student's t‑test was used for statistical analysis. **P<0.01. (B) Downregulation of NF‑κB‑dependent 
reporter gene by knockdown of MIB2. Cells co‑transfected with 1 µg pNF‑κB‑luciferase and 10 ng pRL‑TK Renilla plasmids for 24 h in 12‑well plates were 
lysed and the luciferase activity was measured. Data are presented as the mean of three independent experiments. Student's t‑test was used for statistical 
analysis. **P<0.01. (C) Western blot analysis of NF‑κB p65 phosphorylation in MIB2‑overexpressing glioma cell lines. α‑Tubulin was used as the loading 
control. (D) Western blot analysis of NF‑κB p65 phosphorylation in MIB2‑knockdown glioma cell lines. α‑Tubulin was used as the loading control. MIB2, E3 
ubiquitin‑protein ligase; p, phosphorylated; NF‑κB, nuclear factor κ‑light‑chain‑enhancer of B cells; p65, NF‑κB p65 subunit. 
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and Bcl‑extra large (38,39). Owing to this anti‑apoptotic func-
tion, NF‑κB has been demonstrated to actively participate in the 
development of resistance to chemotherapy and radiotherapy in 
numerous neoplasms (40‑42). Notably, it has been established 
that NF‑κB is activated in response to treatment with chemo-
therapeutic drugs or irradiation (43,44). More specifically, 
inhibiting NF‑κB activation enhances the cytotoxic effects of 
apoptotic inducers (26). This association has been described in 
various cancer cell types, including glioma (45). Therefore, a 
number of preclinical studies have been conducted on agents 
that inhibit the activation of the NF‑κB signaling pathway. At 
present, the only NF‑κB inhibitors used clinically are protea-
some inhibitors that function to prevent the degradation of IκB, 
but the uses of these strategies are limited due to their lack of 
efficacy and high cytotoxicity (46). Additional analysis of the 
mechanisms behind the induction of NF‑κB may identify more 
targets for NF‑κB inhibition strategies. In light of this, the 
present study aimed to clarify the roles of MIB2 in the activa-
tion of NF‑κB in response to UV irradiation, a DNA‑damage 
agent known to induce NF‑κB activity (47,48). By first exam-
ining the expression of MIB2 in glioma cell lines and clinical 
specimens, it was demonstrated that MIB2 was expressed in 
a high abundance in tumors. In addition, MIB2 was identi-
fied to mediate anti‑apoptotic responses via activating NF‑κB. 
Depleting MIB2 resulted in enhanced susceptibility of glioma 
cells to UV‑induced cell death, suggesting that the key 
downstream role for MIB2 is NF‑κB‑driven mediators of cell 
survival and anti‑apoptosis.

In conclusion, the results of the present study propose a 
novel and important role for MIB2 in NF‑κB‑mediated resis-
tance to apoptosis in glioma cells. This suggests the potential 
for developing a therapeutic strategy of inhibiting MIB2 to 
overcome anti‑apoptotic responses.
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