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Abstract 

Rationale: Glioblastoma (GBM) is the most common and aggressive brain tumor, characterized by its 
propensity to invade the surrounding brain parenchyma. The effect of extracellular high-mobility group 
box 1 (HMGB1) protein on glioblastoma (GBM) progression is still controversial. p62 is overexpressed in 
glioma cells, and has been associated with the malignant features and poor prognosis of GBM patients. 
Hence, this study aimed to clarify the role of p62 in HMGB1-induced epithelial–mesenchymal transition 
(EMT) of GBM both in vitro and in vivo. 
Methods: Immunoblotting, immunofluorescence and qRT-PCR were performed to evaluate EMT 
progression in both human GBM cell line and primary GBM cells. Transwell and wound healing assays 
were used to assess the invasion and migration of GBM cells. shRNA technique was used to investigate 
the role of p62 in HMGB1-induced EMT both in vitro and in vivo orthotopic tumor model. 
Co-immunoprecipitation assay was used to reveal the interaction between p62 and GSK-3β (glycogen 
synthase kinase 3 beta). Immunohistochemistry was performed to detect the expression levels of 
proteins in human GBM tissues.  
Results: In this study, GBM cells treated with recombinant human HMGB1 (rhHMGB1) underwent 
spontaneous EMT through GSK-3β/Snail signaling pathway. In addition, our study revealed that 
rhHMGB1-induced EMT of GBM cells was accompanied by p62 overexpression, which was mediated by 
the activation of TLR4-p38-Nrf2 signaling pathway. Moreover, the results demonstrated that p62 
knockdown impaired rhHMGB1-induced EMT both in vitro and in vivo. Subsequent mechanistic 
investigations showed that p62 served as a shuttling factor for the interaction of GSK-3β with 
proteasome, and ultimately activated GSK-3β/Snail signaling pathway by augmenting the degradation of 
GSK-3β. Furthermore, immunohistochemistry analysis revealed a significant inverse correlation between 
p62 and GSK-3β, and a combination of the both might serve as a more powerful predictor of poor 
survival in GBM patients. 
Conclusions: This study suggests that p62 is an effector for HMGB1-induced EMT, and may represent a 
novel therapeutic target in GBM. 
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Introduction 
Glioblastoma (GBM) is the most common and 

aggressive brain tumor, characterized by its propen-
sity to invade the surrounding brain parenchyma [1]. 
Thus, the prognosis of GBM still remains poor, and 
dissecting the mechanisms underlying the highly 
invasive nature of GBM is urgently needed to 
improve the efficacy of GBM treatment. High- 
mobility group box 1 (HMGB1) is initially discovered 
as a highly conserved chromatin-binding nuclear 
protein [2], which can be passively secreted from 
dying tumor cells in response to radiation and/or 
temozolomide [3-5], or actively secreted by inflamm-
atory cells, such as tumor-associated macrophages [6, 
7]. HMGB1 can play an important role in tumor 
infiltration. Although it has been demonstrated that 
extracellular HMGB1 activates toll-like receptors, 
such as TLR2, TLR4, and TLR9, to promote tumor 
invasion [8, 9], other downstream effectors regulating 
tumor invasiveness are required to be explored. 

 Epithelial–mesenchymal transition (EMT), a 
cellular process characterized by the loss of the apical- 
basal polarity of epithelial cells toward a mesenchy-
mal state, is frequently observed in invasive human 
tumors [10, 11]. The mesenchymal transition of GBM 
cells is associated with a more aggressive and treatm-
ent-resistant phenotype, leading to rapid progression 
and poor prognosis in patients with glioblastomas [12, 
13]. It has recently been suggested that HMGB1 may 
promote cancer cell invasion via autocrine and 
paracrine means, which is associated with enhanced 
EMT in cancer cells [14-16]. However, the effects of 
HMGB1 on the invasion and EMT of GBM cells 
remain unclear. Zinc-finger transcription factor Snail, 
a transcriptional regulator for EMT, represses the 
expression of epithelial markers (occludin, claudins 
and cytokeratin) and increases the expression of 
mesenchymal markers (fibronectin and vimentin) [17, 
18]. Snail has been emerged as a master regulator of 
cell migration and invasion, as well as irradiation- 
induced EMT in GBM cells [19]. Additionally, Snail is 
negatively regulated by glycogen synthase kinase-3β 
(GSK-3β)-mediated serial phosphorylation and 
subsequent proteasomal degradation [20]. More 
recently, it has been reported that the activation of 
GSK-3β/Snail signaling pathway is associated with 
microenvironment-induced EMT in epithelial cancers 
[21], including neuroepithelial GBM [19, 22]. 

 The signaling adaptor sequestosome-1 
(SQSTM1, hereafter referred to as p62) can shuttles 
ubiquitinated targets for proteasomal or autophagic 
degradation [23, 24]. A recent study has shown that 
p62 can regulate EMT process by degrading some 
transcription factors, such as TWIST1 [25]. Moreover, 
accumulation of p62 is associated with poor prognosis 

in patients with glioma [26]. These findings support 
an oncogenic role of p62 in tumor growth and 
progression. However, the detailed mechanisms 
behind are still poorly understood and await further 
investigation, particularly on p62-mediated EMT and 
invasion of GBM cells. 

 In this study, we characterized the effect of p62 
on the HMGB1-induced EMT in GBM cells and 
investigated the underlying molecular mechanisms. 
We observed that p62 was accumulated during 
HMGB1-induced EMT in GBM cells, and this 
accumulation could be upregulated by the activation 
of TLR4-p38-Nrf2 signaling pathway. In addition, p62 
might serve as a shuttling factor for the interaction of 
GSK-3β with proteasome, and ultimately activated 
GSK-3β/Snail signaling pathway by augmenting the 
degradation of GSK-3β in GBM cells. 

Materials and Methods 
An expanded methods section is available in 

Supplementary Material.  

Cell culture and treatment 
 T98G cells [American Type Culture Collection 

(ATCC), Manassas, VA, USA] were cultured in 
DMEM supplemented with 10% fetal bovine serum 
(FBS; Gibco, Carlsbad, CA, USA), 100 U/mL penicillin 
and 100 mg/mL streptomycin (Gibco, Carlsbad, CA, 
USA). The cells were maintained at 37 °C in a 
humidified incubator with 5% CO2. HEK 293T cells 
were cultured as previously described [2]. The 
methods for culturing patient-derived GBM cell line 
(G141119) were described previously [19].  

Plasmids 
p62 shRNAs (#1, #2) and control shRNA (SHC 

002) were kindly gifted by Dr. Dong-Fan Xu (Depart-
ment of Hematology, the Third Affiliated Hospital, 
Sun Yat-sen University, Guangzhou, China). T98G 
and G141119 cells were transfected with p62 shRNA 
and control vector by using Lipofectamine transfect-
ion reagent according to the manufacturer’s protocol. 
Flag-p62 pcDNA3.1 and Flag-p62-ΔN or Flag-p62- 
ΔUBA were kindly provided by Dr. Huan-Sheng Wu 
(Key Laboratory of Animal Virology of Ministry of 
Agriculture, Zhejiang University, Hangzhou, China). 
HA-GSK-3β-pcDNA3 plasmid encoding C-terminal 
HA-tagged wild-type proteins was purchased from 
Addgene (Cambridge, MA, #14753). SNAIL shRNA 
plasmid was obtained from Santa Cruz Biotechnology 
(sc-38398SH; Santa Cruz, CA). Flag Snail WT was 
purchased from Addgene (Cambridge, MA, #16218).  

Immunofluorescence assays  
 Cells were grown on glass coverslip in six-well 
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plates and were treated accordingly. Subsequently, 
the cells were fixed with 4% paraformaldehyde in PBS 
for 30 min, and 0.2% of Triton solution was added to 
penetrate the cytomembrane. After overnight incuba-
tion with primary antibodies at 4 °C, fluorescence-dye 
conjugated secondary antibodies and DAPI staining 
kit were used to detect the binding of primary 
antibody and the nuclei of fixed cells, respectively, in 
the dark. Visualization of fixed cells was carried out 
using a confocal laser scanning microscope (Carl 
Zeiss, LSM 880). Quantitative analysis of punctate 
localization of p62, GSK-3β and Rpt1 was performed 
by ImageJ software (version 1.52i, NIH). Pearson’s 
correlation coefficient (PCC) and Mander’s overlap 
coefficient (MOC) were estimated.  

Statistical analysis 
 All statistical analyses were performed using 

SPSS version 20.0 for Windows (International Busin-
ess Machines Corp.). Spearman’s rank correlation 
analysis was used to determine the correlation of 
protein expression levels in human clinical GBM 
specimens, while Kaplan-Meier survival analysis was 
conducted by log-rank test. In addition, Student’s 
t-test and ANOVA were carried out, and the levels of 
significance were expressed as *P<0.05, **P<0.01 and 
NS (not significant). 

Results  
HMGB1 induced EMT in GBM cells  

In order to identify the role of HMGB1 in 
promoting EMT, T98G cells (classical subtype) and 
patient-derived G141119 primary cells (classical 
subtype) were used to examine the effects of rh-
HMGB1 treatment [19]. Under inverted microscopy, 
we observed that the morphology of rhHMGB1- 
stimulated cells displayed a more stretched or 
elongated spindle-shape, which represents a typical 
feature of EMT [27]. Cell parameters were quantified 
using ImageJ software. The results showed that the 
lengths or cellular projections (pseudopodia) of cell 
bodies were greater after rhHMGB1 treatment 
compared to those cultured in normal medium 
(Figure 1A-B). Concomitantly, the migration and 
invasion capabilities of GBM cells were significantly 
enhanced following treatment with rhHMGB1 (Figure 
1C-F). Moreover, the mRNA level of epithelial marker 
(CDH13) was decreased in T98G and G141119 cells 
treated with rhHMGB1, while the mRNA levels of 
mesenchymal markers (fibronectin and vimentin) 
were increased (Figure 1G). Since HMGB1 is a danger 
signal protein that highly expressed in GMB, it is 
necessary to verify the role of endogenous HMGB1 in 
EMT induction in addition to exogenous HMGB1 

treatment. First, the culture supernatants of GBM cells 
were at extremely low amounts (Figure S1A). Besides, 
rhHMGB1 slightly increased the expression levels of 
endogenous HMGB1, but the difference was not 
statistically significant (Figure S1B). Moreover, neutr-
alizing anti-HMGB1 antibody caused no significant 
changes of EMT in GBM cells, indicating that endoge-
nous HMGB1 exerts no effect on EMT induction 
(Figure S1C-E). In addition, GBM cells were treated 
with different concentrations of rhHMGB1 (0.2-1 
μg/mL) and the protein expression levels of CDH13, 
fibronectin and vimentin were examined. rhHMGB1 
treatment enhanced the expression of mesenchymal 
markers (fibronectin and vimentin), whereas reduced 
the expression of epithelial marker (CDH13) in a 
concentration-dependent manner (Figure 1H and 
Figure S2A-B). Immunofluorescence assay revealed 
that rhHMGB1 promoted the expression of 
mesenchymal markers (fibronectin and vimentin), but 
suppressed the expression of CDH13 (Figure 1I). 
Furthermore, 10 mg/mL of anti-HMGB1 antibody 
was found to completely inhibit rhHMGB1-induced 
EMT in GBM cells (Figure S1F). These data suggested 
extracellular rhHMGB1 induces EMT in GBM cells.  

HMGB1 activates GSK-3β/Snail signaling 
pathway to induce EMT in GBM cells via 
GSK-3β degradation 

 To elucidate the molecular mechanisms under-
lying HMGB1-induced EMT in GBM cells, the 
expression levels of EMT regulators (Snail, Slug, Zeb1 
and Twist1) were analyzed in GBM cells treated with 
rhHMGB1. Compared with other regulators, only 
Snail protein was highly upregulated following rhHM 
GB1 treatment (Figure 2A). However, rhHMGB1 
exerted no significant effect on the mRNA expression 
level of SNAIL (Figure 2B). To determine the 
influence of rhHMGB1 on Snail stability, Flag-tagged 
Snail vector was transfected and the Snail protein 
abundance was chased by cycloheximide treatment. It 
was noted that the half-life of Snail protein was 
significantly prolonged by rhHMGB1 treatment 
(Figure S3A-B). To further verify the role of Snail 
during the process of rhHMGB1-induced EMT, the 
overexpression of Snail was knockdown by small 
hairpin RNA (shRNA). rhHMGB1 specifically 
induced the EMT phenotype of cells compared to 
rhHMGB1-untreated cells, but not SNAIL-knock-
down cells (Figure S4A-B). The invasion potential of 
SNAIL-knockdown cells was significantly decreased 
under rhHMGB1 treatment (Figure S4C-D). These 
results indicate that Snail plays a crucial role in 
rhHMGB1-induced EMT, which is post-translational-
ly regulated by rhHMGB1. Snail is known to be 
phosphorylated by GSK-3β and subsequent protea-
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somal degradation [20], thus, the expression levels of 
total GSK-3β and p-GSK-3β (Ser 9 and Tyr 216) were 
examined. Western blot analysis revealed that 
rhHMGB1 significantly decreased the protein expres-
sion of p-GSK-3β Tyr 216 (active form of GSK-3β 
phosphorylation) in GBM cells, in a dose-dependent 
and time-dependent manner (Figure 2C-D). Similarly, 
total GSK-3β protein level was decreased, but the 
level of p-GSK-3β Ser 9 (inactive form of GSK-3β 
phosphorylation) remained unchanged (Figure 
2C-D). Furthermore, the mRNA level of GSK-3β was 
measured by qRT-PCR after rhHMGB1 treatment, and 
we found that rhHMGB1 did not affect GSK-3β 
mRNA expression (Figure 2E). These results promp-
ted us to examine whether GSK-3β is regulated by 
rhHMGB1 at the post-translational level. Cyclohexim-
ide pulse-chase experiments showed that endogenous 
GSK-3β level was significantly decreased in GBM cells 
treated with rhHMGB1 (Figure 2F-H). These findings 
suggested that GSK-3β/snail pathway may contribute 
to rhHMGB1-induced EMT in GBM cells. 

p62 is required for HMGB1-stimulated EMT 
and invasion of GBM cells in vitro 

 The scaffold protein p62 has recently been 
reported to be associated with the degradation of 
proteins [28, 29]. p62, as a multifunctional signal 
adapter protein, is involved in multiple signaling 
pathways, including EMT-related pathways [25, 30, 
31]. Therefore, we investigated the role of p62 in 
HMGB1-induced EMT of GBM cells. RT-qPCR 
(Figure 3A) and Western blot (Figure 3B) results 
demonstrated that rhHMGB1 significantly increased 
the expression of p62 in GBM cells. To further invest-
igate whether p62 can contribute to HMGB1-induced 
EMT, p62 expression was suppressed by two different 
shRNAs (shp62-#1 and shp62-#2). The effectiveness 
of knockdown was determined by Western blot and 
RT-qPCR analysis (Figure S5). Knockdown of p62 
significantly attenuated the morphological changes 
(Figure 3C-D) and cellular invasion (Figure 3E-F) of 
GBM cells treated with rhHMGB1. In line with this, 
p62 knockdown cells prevented the induction of EMT 
marker in cells treated rhHMGB1 compared to those 
transfected with control shRNA (Figure 3G-H). These 
findings suggested that p62 is required for 
HMGB1-induced EMT of GBM cells in vitro. 

p62 is required for HMGB1-stimulated EMT 
and invasion of GBM cells in vivo 

Since p62 is involved in cell proliferation and 
apoptosis, MTT and clonogenic assays demonstrated 
p62 increased colony formation and promoted cell 
growth (Figure S6). Next, we examined whether p62 
downregulation can affect HMGB1-induced tumor 

cell invasion and growth in vivo. Transfected cells 
were stimulated with rhHMGB1 for 48 h and then 
implanted into the brain of nude mice. Tumors in the 
untreated group were weakly proliferative and 
expanded with well-defined borders. Following 
rhHMGB1 treatment, knockdown of p62 markedly 
suppressed rhHMGB1-stimulated GBM tumor proli-
feration (Figure 4A-B) and led to an increased 
survival rate (Figure 4C) in G141119/rhHMGB1/ 
p62-#2 shRNA group. In addition, the tumor 
boundaries became irregular, and strong invasiveness 
was observed in G141119/rhHMGB1/Control shRNA 
group (Figure 4D). Immunohistochemical analysis 
revealed that rhHMGB1 increased the levels of 
fibronectin, vimentin and Snail, while decreased 
CDH13 level in xenograft tumors (Figure 4E). 
Furthermore, by pre-treating G141119 cells with either 
anti-HMGB1 Ab or control IgG before implanting 
them into mice, we also demonstrated HMGB1-Ab 
diminish the extracellular function of HMGB1 in vivo 
(Figure 4F-H). These findings further indicated 
HMGB1 induce EMT and invasion of GBM cells in 
vivo and p62 is also required for this process. 

HMGB1 induced p62 overexpression in human 
GBM cells via TLR4-p38-Nrf2 activation 

A previous study has reported that lipopoly-
saccharides can activate p38-Nrf2 axis through TLR4 
signaling to upregulate the expression of p62 [32] and 
we further confirmed in GBM cells (Figure S7). 
HMGB1 is also an endogenous TLR4 agonist [33, 34]. 
Our data indicated that rhHMGB1 treatment 
increased p62 expression at both mRNA and protein 
levels (Figure 3A and B). Therefore, we investigated 
whether HMGB1-induced p62 expression is mediated 
via TLR4-p38-Nrf2 activation. In addition, nuclear 
translocation of Nrf2 is an important mechanism for 
the activation of p62 [35]. To assess the role of Nrf2 in 
rhHMGB1-stimulated p62 expression, T98G cells 
were treated with rhHMGB1 at different times and 
concentrations. As a result, rhHMGB1 significantly 
increased the mRNA and protein levels of Nrf2 in a 
time- and dose-dependent manner (Figure 5A and B). 
Cytosolic and nuclear protein were prepared and 
analyzed for Nrf2 expression by Western blotting. 
Figure 5C demonstrated that Nrf2 was expressed in 
the cytosol of untreated T98G cells, but the expression 
was decreased over time. In contrast, a low expression 
of Nrf2 was found in the nucleus of untreated cells, 
but gradually increased following rhHMGB1 
treatment. Furthermore, siRNA of Nrf2 and TLR4 
suppressed rhHMGB1-stimulated p62 overexpression 
at both mRNA and protein levels (Figure 5D). These 
results indicated the role of Nrf2 in rhHMGB1- 
induced p62 expression in GBM cells. 
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Figure 1. HMGB1 induces EMT in GBM cells. (A) Inverted microscope images showing the morphology of GBM cells treated with or without rhHMGB1 (1 
μg/mL) for 48 h. Scale bar: 40 μm. (B) The related parameters (length, width, and length of pseudopodia) were measured by NIH ImageJ software. (C-D) In vitro 
wound healing assay. The migration of T98G and G141119 cells in response to rhHMGB1 was determined by wound healing assay. Cells were monitored for 18 h to 
evaluate the rate of migration into the scratched area (magnification, × 40). (E-F) In vitro invasion assay. GBM cells were serum starved for 12 h, and then placed in 
the upper wells of transwell system. After 24 h of incubation, invasive cells were counted. qRT-PCR (G) and Western blot (H) analysis of EMT markers (CDH13, 
vimentin and fibronectin) in T98G and G141119 cells treated with rhHMGB1. (I) The expression changes of CDH13, vimentin and fibronectin in T98G and G141119 
cells were assessed through immunofluorescence staining, as shown in the representative merged figures (scale bar: 20 μm). Unpaired t-test was used for the 
statistical analysis. **P < 0.01, *P < 0.05. The results are shown as mean ± SEM. 
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Figure 2. HMGB1 activates GSK-3β/Snail signaling to induce EMT in GBM cells via GSK-3β degradation. Cells were treated with 1 μg/mL of 
rhHMGB1, total RNA and proteins were extracted within 12 h after treatment. The expression levels of Zeb1,Twist1, Snail and Slug proteins were detected by 
immunoblotting (A), while SNAIL mRNA expression level was measured by qRT-PCR (B). T98G and G141119 cells were treated with different doses of rhHMGB1 
for 12 h (C) or 1 μg/mL of rhHMGB1 at different time points (D), followed by Western blot analysis. (E) GSK-3β mRNA expression level was measured by qRT-PCR. 
(F) Downregulation of GSK-3β protein expression in a time-dependent manner. After rhHMGB1 treatment, the time-course of GSK-3β protein abundance changes 
in T98G and G141119 cells were determined by immunoblot analysis. GAPDH was used as the loading control. Quantitative analysis of GSK-3β expression in T98G 
and G141119 cells were respectively shown in (G) and (H). **P < 0.01, *P < 0.05 by a two-tailed Student’s t test. The results are shown as mean ± SEM. 

 
 Next, we sought to elucidate the signaling 

pathways involved in rhHMGB1-activated Nrf2 
expression. Western blotting was used to measure the 
phosphorylation kinetics of signaling kinase media-
tors, including Akt, p38, ERK1/2 and JNK1/2 (Figure 
5E). Subsequent densitometrical analysis indicated 
that the phosphorylation of Akt, JNK and ERK was 
transiently upregulated, peaked at 6-12 h, and then 
gradually declined to the basal levels at 18 h after 

rhHMGB1 treatment. The phosphorylation level of 
p38 was steadily increased over 18 h, and possibly 
higher thereafter (Figure S8). Given these differential 
signaling results, we sought to further elucidate the 
signaling pathway responsible for rhHMGB1-stimu-
lated p62 expression. Treatment with SB203580, a p38 
inhibitor, substantially reduced HMGB1-induced p62 
mRNA expression, while treatment with other inhibi-
tors, such as SB202474 and JNK inhibitor II (JNK inh. 
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II), exhibited little effect on p62 expression (Figure 4F 
and Figure S9). As reported, HMGB1 combined with 
TLR4 can be signaled via Wnt/β-catenin, TGF-β and 
NF-kB pathways, which ultimately induce EMT in 
different types of cells [36]. Western blotting was 
performed to determine the expression profiles of 
active forms of nodes in these pathways. Compared to 

untreated cells, the expression levels of these proteins 
were transiently increased by HMGB1, and then 
gradually declined to basal concentrations (Figure 
S10). Taken together, these results suggested the 
contribution of p38-Nrf2 axis to TLR4-mediated p62 
overexpression.  

 

 
Figure 3. p62 is required for HMGB1-stimulated GBM invasion and EMT both in vitro. The mRNA (A) and protein (B) expression levels of p62 in T98G 
and G141119 cells stimulated with rhHMGB1(**P<0.01 compared to Control). (C) Effects of rhHMGB1 stimulation and/or p62 knockdown with p62-#2 shRNA on 
the morphology of T98G and G141119 cells. Scale bar: 40 μm. (D) The related cellular parameters (length, width, and length of pseudopodia) were measured by NIH 
ImageJ software. (E-F) Representative images of cell invasion for rhHMGB1 stimulation and/or p62 knockdown in T98G and G141119 cells (magnification, × 40). 
(G-H) Expression levels of GSK-3β, Snail, fibronectin and vimentin in the indicated GBM cell lines. Statistical analysis used one-way ANOVA.**P<0.01, *P<0.05. The 
results are shown as mean ± SEM. 
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Figure 4. p62 is required for HMGB1-stimulated EMT and invasion in GBM cells in vivo. (A) Photographs of the excised mouse brain bearing G141119 
glioma xenografts. (B) The tumor volume was statistically analyzed and presented as a histogram. (C) Kaplan–Meier survival curves of mice bearing 
G141119/Control/Control shRNA,G141119/rhHMGB1/Control shRNA,G141119/control/p62-#2 shRNA, G141119/rhHMGB1/p62-#2 shRNA tumor xenografts(p 
< 0.0001, NS, no statistical significance by the Mantel-Cox test. n = number of animals per cohort). (D) Representative hematoxylin and eosin (H&E)-stained images 
of intracranial tumors derived from G141119/control/Control shRNA, G141119/rhHMGB1/Control shRNA, G141119/control/p62-#2 shRNA and 
G141119/rhHMGB1/p62-#2 shRNA groups. (N:normal brain; T:tumor) (E) Immunohistochemical analysis of CDH13, vimentin, fibronectin and Snail in orthotopic 
tumors. (F) Coronal T2-weighted MRI of tumors acquired from G141119 cells (red arrow) in brain samples on day 28 after implantation. (G) The tumor volume was 
statistically analyzed by MRI images. (H) Western blot analysis of CDH13, vimentin, fibronectin and p62 in orthotopic tumors. **P < 0.01, *P < 0.05 , NS, no statistical 
significance(unless otherwise stated, a one-way ANOVA was applied). The results are shown as means ± SEM. 
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Figure 5. HMGB1 induces p62 expression in human GBM cells via TLR4-p38-Nrf2 activation. The mRNA and protein levels of p62 in T98G cells treated 
with 1 μg/mL of rhHMGB1 at the indicated time points (A) or with different concentrations of rhHMGB1 at 240 min (B). (C) Western blot analysis of cytoplasmic 
and nuclear fractions from T98G cells. Nuclear segregation was assayed by total Lamin B, while cytoplasmic segregation was assayed by GAPDH. (D) Cells were 
transfected with siRNAs against indicated genes followed by stimulation with 1 μg/mL of rhHMGB1 for 18 h (**p < 0.01, NS, no statistical significance by a one-way 
ANOVA). (E) Phosphorylation levels of Akt,p38 MAPK, ERK1/2 and JNK1/2 were measured by Western blotting using phosphorylation-specific antibodies. (F) 
T98G cells were incubated with or without the indicated inhibitors followed by rhHMGB1 treatment. The mRNA expression levels of p62 are presented. Asterisks 
indicate statistical significance compared with control (**P < 0.01, NS, no statistical significance). The results are shown as means ± SEM. 

 
p62 serves as a shuttling factor for the 
interaction of GSK-3β with proteasome 

 GSK-3β is post-transcriptionally downregulated 
through rhHMGB1 stimulation (Figure 2F-H), and 
possibly degraded via the proteasomal pathway [37]. 
In order to verify whether rhHMGB1-induced GSK-3β 
downregulation is mediated through the proteasome 
pathway, the cells were treated with rhHMGB1 
and/or MG132, an ubiquitination-proteasome 

inhibitor. In the absence of MG132, rhHMGB1 
accelerated the degradation of GSK-3β, while protea-
some inhibition by MG132 reversed this (Figure 6A). 
In addition, we found that endogenous GSK-3β 
immunoprecipitated with Rpt1 proteasomal subunit, 
which was enhanced by rhHMGB1 treatment (Figure 
6B). Further, rhHMGB1 promoted the colocalization 
between GSK-3β and Rpt1 in T98G cells (Figure 
6C-D). These results indicated that GSK-3β can be 
degraded via the proteasome-mediated pathway. 
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Figure 6. p62 serves as a shuttling factor for the interaction of GSK-3β with proteasome. (A) rhHMGB1 triggers proteasome-dependent degradation of 
GSK-3β. T98G and G141119 cells were treated with proteasome inhibitor MG132 (1 μM) or lysosome inhibitor CQ (50 μM) in the absence or presence of 
rhHMGB1 (1 μg/mL) for 6 h, followed by Western blot analysis of GSK-3β protein expression. GAPDH was used as the loading control. (B) Immunoprecipitation of 
endogenous GSK-3β in T98G cells. IgG was used as a negative control. (C) rhHMGB1-treated T98G cells were stained with Rpt1 (green) and GSK-3β (red), and 
counterstained with DAPI to visualize nuclei (blue) by confocal microscopy. Scale bar, 10 μm. (D) Calculation of colocalization ratio (*P < 0.05 verse Control). (E) 
p62 overexpression enhanced the degradation of GSK-3β. Lysates from G141119 cells expressing Myc–p62 were generated after a specific period of cycloheximide 
treatment. The endogenous GSK-3β levels were detected by immunoblot analysis. (F) Co-localization of p62, Rpt1 and GSK-3β (appears as white in the merged 
image) in rhHMGB1-treated T98G cells was visualized by immunofluorescence staining using anti-Rpt1 (green), anti-GSK-3β (red) and anti-p62 (purple). Scale bar, 10 
μm. (G) Knockdown of p62 expression attenuates GSK-3β–Rpt1 interaction. shRNA, short hairpin RNA. (H) p62 knockdown slows the degradation of GSK-3β 
after rhHMGB1 treatment. (I) HA-tagged GSK-3β along with Flag-tagged WT p62, N-term or UBA were expressed in HEK 293T cells followed by rhHMGB1 
stimulation for 48 h. In order to examine the association of GSK-3β with p62 and Rpt1, cells were lysed in Triton lysis buffer and immunoprecipitated with 
anti-GSK-3β antibody, followed by Western blotting using anti-HA, anti-Flag and anti-Rpt1 antibodies. (J) Likewise, the same transfected HEK 293T lysates were 
immunoprecipitated with anti-Flag and Western blotting was performed using anti-HA, anti-Flag and anti-Rpt1 antibodies. 
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p62 is a UBA/UBL domain protein that interacts 
directly with the proteasome to facilitate the 
degradation of target proteins. Since Rpt1 has been 
implicated as a docking site for interaction with some 
putative shuttling factors, such as p62, we sought to 
determine whether p62 can mediate the interaction 
between GSK-3β and Rpt1. Cycloheximide pulse- 
chase experiments showed that the endogenous level 
of GSK-3β was degraded slightly in G141119 cells, 
and its level was reduced more significantly after 
transfected with Myc-p62 (Figure 6E). Co-localization 
of p62 and Rpt1 with GSK-3β was observed in the 
T98G cells after rhHMGB1 treatment, and p62 
knockdown apparently diminished this co-localiza-
tion (Control shRNA+rhHMGB1 group: p62/GSK- 
3β:PCC=0.575359, MOC=0.962117; p62/Rpt1:PCC= 
0.577902, MOC=0.941687; Figure 6F). The endogenous 
interaction between GSK-3β and Rpt1 might be 
facilitated by p62, owing to the fact that p62 
knockdown apparently attenuated this interaction 
(Figure 6G). Furthermore, p62 knockdown slowed 
rhHMGB1-induced GSK-3β degradation (Figure 6H). 
Based on these findings, we seted out to identify the 
p62 domain involved in mediating the interaction 
between GSK-3β and Rpt1. HEK 293T cells were 
co-transfected with HA-GSK-3β, Flag-p62, and either 
N-terminal or UBA mutants of p62. Immunoprecipi-
tation analysis revealed that the UBA domain was 
required for the interaction of GSK-3β with Rpt1 
(Figure 6I-J). Taken together, our findings demonst-
rated that GSK-3β is proteasomally degraded in a 
p62-dependent manner. 

p62 expression inversely correlates with 
GSK-3β level in human GBM tissues, and their 
combination exhibits increased prognostic 
accuracy for GBM  

 To determine the clinical relevance of both in 
vitro and in vitro findings, the expression levels of p62 
and GSK-3β were evaluated in 110 human primary 
GBM specimens. First, co-localization of p62 and 
GSK-3β or Rpt1 was observed mainly in the 
cytoplasm of GBM biopsies (Figure 7A-B). Next, the 
expression level of GSK-3β was assessed in p62low and 
p62high GBM tissues. Immunoblotting analysis 
revealed a strong reverse correlation between p62 
expression and GSK-3β/Snail signaling in tumor 
tissues (Figure 7C). The results of immunohistochem-
ical staining demonstrated that the percentage of 
GBM patients (34.5%) with elevated GSK-3β levels in 
p62high group was lower than that (76.3%) in p62low 
group (Figure 7D), suggesting an inverse association 
between p62 and GSK-3β expression levels (Figure 
7E-F). Furthermore, we investigated whether p62, 
GSK-3β and their co-expression are associated with 

patient survival. There was no significant correlation 
between GSK-3β expression and GBM survival, 
although high GSK-3β expression was found to 
improve the overall survival of GBM patients (Figure 
7G). In contrast, the patients with high p62 expression 
had shorter survival than those with low p62 
expression (p = 0.002) (Figure 7H), the combination of 
high expression of p62 and low expression of GSK-3β 
may be a powerful predictor of poor prognosis in 
GBM patients (p = 0.0012) (Figure 7I).  

Discussion 
 Over the past decade, most GBM research has 

focused on the cancer cells themselves, without taking 
the unique but complex tumor microenvironment into 
account. HMGB1, an autocrine/paracrine stimulus in 
the tumor microenvironment, plays a prominent role 
in driving cell invasion [8, 9]. In the present study, we 
investigated the underlying mechanisms of HMGB1- 
induced EMT. First, rhHMGB1 induced EMT via 
enhancing GSK-3β/Snail signaling. Moreover, 
rhHMGB1-induced p62 expression was dependent on 
p38-Nrf2 activation. Furthermore, p62 was critically 
involved in HMGB1-induced EMT by shuttling 
GSK-3β for proteasomal degradation.  

 For the invasive-predominant GBM, local 
invasion can result in a less-defined tumor margin, 
and thus reduces the success rate of surgical 
eradication or radiation [38]. Increasing evidence has 
demonstrated that EMT plays a crucial role in the 
invasion of GBM cells [39]. Here, we investigated the 
mRNA/protein expression levels of EMT-related 
markers and the acquisition of EMT-like phenotype in 
GBM cells after rhHMGB1 treatment. Compared with 
Twist1, Slug, and Zeb1, only Snail protein was highly 
upregulated following rhHMGB1 treatment (Figure 
2A). However, rhHMGB1 exerted no significant effect 
on the mRNA level of SNAIL, suggesting that Snail is 
regulated post-translationally. Besides, GSK-3β can 
phosphorylate Snail and lead to ubiquitin–dependent 
degradation, which is crucial for Snail stabilization 
[20]. In this study, treatment with rhHMGB1 resulted 
in a decrease of GSK-3β in GBM cells, which 
prolonged the Snail protein half-life. Accumulation of 
Snail following HMGB1 treatment could sustain up 
without any observable expression of SNAIL mRNA. 
These findings indicate that that GSK-3β/Snail 
signaling may play a pivotal role in HMGB1- 
stimulated EMT in GBM cells. 

Signaling adapter p62 (also known as SQSTM1) 
plays an important role in the degradation of ubiquit-
inated protein, by binding to the proteasome and 
ubiquitinated substrates via UBL domain and UBA 
domain, respectively [23, 24]. Recent studies have 
implied an oncogenic role of p62 in different types of 
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cancer [40-43], including GBM [31]. Similarly, our 
findings indicated the oncogenic role of p62 in GBM 
samples, in which p62 expression inversely correlated 
with GSK-3β level in human GBM tissues, and the 
combination of these two markers demonstrated a 
more accurate prognostic value for GBM. Previous 
studies have reported that p62 can be transcriptionna-
lly upregulated during inflammation [32, 44]. 
Likewise, our study revealed that HMGB1-induced 
p62 expression in human GBM cells was mediated 
through TLR4-p38-Nrf2 inflammatory pathway, 

while the activation of other pathways such as 
Wnt/β-catenin and NF-kB pathways do not seem 
implicated in HMGB1-mediated p62 upregulation 
and invasion of GBM cells. Besides, p62 can bind to 
the oncogenic transcription factor TWIST1 and inhibit 
degradation of TWIST1 [25]. In addition to the stabi-
lizing effect, p62 has been reported to target β-catenin 
for autophagic clearance in autolysosomes upon 
autophagy induction [45]. In the present study, we 
found that p62 targeted GSK-3β degradation to prom-
ote EMT of GBM cells following rhHMGB1 treatment.  

 

 
Figure 7. Correlation between the expression levels of p62 and GSK-3β in human GBM specimens. Frozen sections derived from GBM patients were 
subjected to immunofluorescence analysis for the detection of p62 and GSK-3β (A) or Rpt1 (B) co-localization. (C) Western blot analysis was used to determine 
the expression levels of p62 and GSK-3β/Snail in p62low or p62high GBM frozen biopsies samples (n=8), with GAPDH as the loading control. (D and E) Correlation 
between the expression levels of p62 and GSK-3β was assessed in GBM tumor tissues (n=110)(Chi-squared test and Spearman rank correlation test was used 
respectively). (F) Representative image of the immunostaining of p62 and GSK-3β was denoted by two patient samples. Kaplan–Meier analyses for overall survival 
were performed on GSK-3β (G) and p62 (H) expression levels, as well as their combination (I);Log-rank test. The results are shown as means ± SEM. **P < 0.01, 
*P < 0.05. 
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Figure 8. A model illustrating the role of p62 during HMGB1-induced EMT in GBM cells. HMGB1 induces mesenchymal transition of GBM via 
modulation of p62 and GSK-3β/Snail signaling. rhHMGB1 promotes p62 expression through TLR4-p38-Nrf2 activation, and p62 enhances GSK-3β degradation via the 
proteasome. 

 
GSK-3β is a serine-threonine kinase with over 50 

known protein substrates, including Snail [21]. 
GSK-3β plays a central role in multiple signaling 
pathways, such as the Wnt/β-catenin, Hedgehog, 
Notch and insulin signaling pathways [46-50]. GSK- 
3β activity depends on the balance of phosphorylation 
levels between Tyr216 activation site and Ser9 
inhibition site. Indeed, the level of p-GSK-3β (Ser9), 
but not total GSK-3β, is significantly upregulated in 
glioma tissues compared to normal tissues. Forced 
expression of GSK-3β in glioma cells significantly 
inhibits both tumor growth and angiogenesis in vivo 
[51]. Here, we demonstrated that rhHMGB1 
decreased the levels of p-GSK-3β (T216) and total 
GSK-3β. Previous reports have shown that the 
GSK-3β protein is mostly degraded by proteasome in 
certain types of cells, but the underlying mechanisms 
are far from being elucidated. FBXO17 has been 
identified as an SCF E3 ligase, which can target 
GSK-3β for proteasomal degradation [52]. In addition, 
REGγ-proteasome can control the steady state level of 
GSK-3β protein [53]. Our experimental data revealed 
that GSK-3β could interact with proteasome subunit 
Rpt1, and p62 promoted GSK-3β–Rpt1 interaction and 
subsequent GSK-3β degradation following rhHMGB1 
treatment.  

In conclusion, this study provides new insights 
into the role of p62 in HMGB1-induced EMT of GBM 
cells (Figure 8). Our findings indicate that HMGB1 
induces EMT of GBM cells through upregulation of 
p62, which leads to the stabilization of Snail via 
shuttling GSK-3β for proteasome degradation. 
Therefore, targeting p62 may represent a promising 
strategy for treating human GBM in the future. 
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