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Abstract. Glioblastoma multiforme (GBM) is the most 
common type of malignant brain tumor. GBM is currently 
treated with temozolomide (TMZ), although patients often 
exhibit resistance to this agent. Although several mechanisms 
underlying the resistance of GBM to TMZ have been identi‑
fied, the combination of these mechanisms is not sufficient 
to fully account for this phenomenon. Our previous study 
demonstrated that knocking down the Forkhead box protein 
O3a (FoxO3a) gene, a member of the FoxO subfamily of 
transcription factors, resulted in glioma cell sensitization to 
TMZ, accompanied by reduced levels of nuclear β‑catenin. 
The aim of the present study was to specify how FoxO3a and 
β‑catenin are implicated in glioma cell TMZ resistance. Using 
the U87 and U251 parental cell lines (also designated as sensi‑
tive cell lines) and corresponding resistant cell lines (U87‑TR 
and U251‑TR, generated by repeated TMZ treatments), 
coupled with a combined knockdown/overexpression strategy, 
it was revealed that FoxO3a or β‑catenin overexpression in 
TMZ‑treated U87 and U251 cells markedly increased cellular 
proliferation; co‑expression of both FoxO3a and β‑catenin 
resulted in the highest increase. Knockdown of either FoxO3a 
or β‑catenin in U87‑TR and U251‑TR cells led to a significant 

decrease in cell viability, which was rescued by the re‑expres‑
sion of FoxO3a in FoxO3a‑knockdown cells. Subsequent 
experiments demonstrated that, in U87‑TR and U251‑TR cells, 
FoxO3a knockdown significantly reduced the protein levels 
of matrix metallopeptidase (MMP)9, while overexpression of 
FoxO3a in U87 and U251 cells enhanced the nuclear accumu‑
lation of β‑catenin, concomitantly with an increase in MMP9 
levels. Furthermore, MMP9 knockdown markedly reduced 
the levels of nuclear β‑catenin. Collectively, the findings of the 
present study suggest that FoxO3a may regulate the nuclear 
accumulation of β‑catenin by modulating MMP9 expression, 
thereby rendering glioblastoma cells resistant to TMZ, and 
may provide unique molecular insights into the mechanisms 
underlying the development of TMZ resistance in GBM. 

Introduction

Glioblastoma multiforme (GBM) is the most common and 
most lethal type of primary malignant brain tumor (1). Initially, 
GBM responds favorably to intensive multimodal treatment 
comprising surgical resection combined with radiation and 
chemotherapy; however, patients often experience rapid recur‑
rence, due to the highly chemoresistant tumors (2,3), with a poor 
prognosis (4) and a median survival time of <15 months (5). 
Temozolomide (TMZ) is an alkylating agent that is currently 
used as a first‑line chemotherapeutic agent against GBM (6‑8), 
although chemoresistance to TMZ has been identified as a 
major cause of pretreatment failure. Therefore, an improved 
understanding of the mechanisms through which GBM obtains 
resistance to TMZ may aid the development of improved 
treatment methods. Multiple studies have been conducted 
to determine the mechanisms underlying TMZ resistance, 
the majority of which focus on O6‑methylguanine‑DNA 
methyltransferase (MGMT), which mediates TMZ‑induced 
cytotoxicity. However, MGMT alone does not fully account 
for the chemoresistance of GBM to TMZ (9‑11). This has 
prompted the investigation of other genes implicated in TMZ 
resistance. On the basis of our previous work (12), the present 
study focused on the involvement of Forkhead box protein O3a 
(FoxO3a)/β‑catenin in TMZ resistance of GBM.
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β‑catenin, a member of the catenin protein family, is 
a subunit of the cadherin protein complex that serves as a 
fundamental component of the Wnt signaling pathway (13,14). 
Numerous studies have demonstrated that β‑catenin is impli‑
cated in GBM development and progression. For example, 
β‑catenin has been positively correlated with the grade of glial 
neoplasms (15,16) and has been identified as a marker of poor 
prognosis in patients with glial neoplasms (17). Additionally, 
the nuclear accumulation of β‑catenin has been associated 
with a poorer cancer prognosis compared with β‑catenin 
localization at the cell membrane (18‑20). β‑catenin not only 
serves an important role in cancer, but is also implicated in 
chemoresistance. Nuclear β‑catenin mediates the continuous 
activation of the Wnt/β‑catenin pathway, and confers doxoru‑
bicin resistance on neuroblastoma (5). β‑catenin activation by 
glycogen synthase kinase‑3 inhibitor induces chemoresistance 
to interferon‑α/5‑fluorouracil combination therapy in hepato‑
cellular carcinoma (21). More importantly, the downregulation 
of β‑catenin in melanoma cell lines significantly increased the 
effectiveness of TMZ, cisplatin and doxorubicin, and the inhi‑
bition of β‑catenin chemosensitized resistant GBM cells (5).

FoxO3a, a Forkhead box O (FoxO) protein of the Forkhead 
family, plays a key role in the regulation of cellular differen‑
tiation, proliferation and survival (22). Although FoxO3a has 
been defined as a ubiquitous tumor suppressor, as it induces 
apoptosis (23), emerging evidence indicates that FoxO3a is 
strongly associated with poor clinical outcome in specific 
types of cancer  (24,25). For example, FoxO3a enhanced 
cellular proliferation and invasiveness in specific glioma 
cell types (26), and has been closely implicated in multidrug 
resistance in a limited number of cancers (27,28). In agreement 
with these findings, one of our previous studies indicated that 
FoxO3a depletion may sensitize glioma cells to TMZ, along 
with the inhibition of β‑catenin nuclear entry (12). However, 
whether re‑expression of FoxO3a reverses the TMZ‑mediated 
impairment in cell viability, and how FoxO3a regulates the 
nuclear entry of β‑catenin, remain to be elucidated. The aim 
of the present study was to thoroughly investigate the specific 
roles of FoxO3a and β‑catenin in glioma cell TMZ resistance 
and elucidate the possible underlying mechanisms.

Materials and methods

Cell lines and culture. The U251 glioma cell line was obtained 
from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China), and U87 cells (cat. no. HTB‑14; glioblas‑
toma of unknown origin) were obtained from the American 
Type Culture Collection. Both cell lines were cultured in 
Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher 
Scientific, Inc.) containing 2 mM glutamine, 10% fetal calf 
serum, 100 U/ml penicillin and 100 µg/ml streptomycin (all 
from Sigma‑Aldrich; Merck KGaA), and maintained at 37˚C 
in a 5% CO2 incubator.

Generation of TMZ‑resistant GBM cells. To generate 
TMZ‑resistant colonies, parental U251 and U87 cells were 
exposed to TMZ for 3 weeks. Briefly, the cell lines we initially 
cultured in six‑well plates and allowed to adhere overnight 
at 37˚C. Treatment with 400 µM TMZ was repeated every 
24 h for 5 consecutive days, and the cells were then exposed to 

fresh TMZ every 3 days for a total of 3 weeks. At the end of the 
treatment period, a small population of cells had survived and 
propagated. The surviving colonies were selected and estab‑
lished as TMZ‑resistant U251 (U251‑TR) and U87 (U87‑TR) 
cell lines.

Establishment of stable cell lines. DNA oligos encoding 
human FoxO3a short hairpin (sh)RNA (5'‑GCA​TGT​TCA​
ATG​GGA​GCT​TGG​A‑3') were designed using BLOCK‑iT 
RNAi Designer (Invitrogen; Thermo Fisher Scientific, Inc.), 
and synthesized and cloned into the pHY‑LV‑KD1.1 vector 
(HanYin Biotech) to generate pHY‑FoxO3a‑KD2, as previ‑
ously described (26). A vector expressing shRNA against an 
irrelevant sequence (5'‑TGGTTTACATGTCGACTAA‑3') was 
used as the negative control (shRNA‑NC). Full‑length human 
FoxO3a cDNA was purchased from Open Biosystems (Horizon 
Discovery Ltd.) and sub‑cloned into the PHY‑LV‑OE1.6 
vector (HanYin Biotech). The construct expressing FoxO3a 
was designated pHY‑FoxO3a‑OE. The Trans‑Lentiviral 
Packaging System and the Vira Power Lentiviral Expression 
System (Invitrogen; Thermo Fisher Scientific, Inc.) were 
used to produce shRNA and overexpression lentiviruses, 
respectively. In addition, shRNAs targeting matrix metal‑
lopeptidase (MMP)9 (MMP9‑sh1, 5'‑CGG​CAA​TGC​TGA​
TGG​GAA​A‑3'; MMP9‑sh2, 5'‑CTT​CCA​GTA​CCG​AGA​
GAA​A‑3'; and MMP9‑sh3, 5'‑GGC​AGC​TGG​CAG​AGG​AAT​
A‑3') and β‑catenin (5'‑GCA​TAA​CCT​TTC​CCA​TCA​TCG‑3') 
were constructed as aforementioned. These constructs were 
co‑transfected with packaging plasmids into 293T cells using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's instructions; the viral 
particles were harvested 48 h later. Upon lentivirus‑mediated 
transduction, stable cell lines were generated via puromycin 
selection (2 µg/ml; Sigma‑Aldrich; Merck KGaA).

Cell viability assay. Cell viability was determined using the 
Cell Counting Kit 8 (CCK‑8) assay. Cells were seeded into 
96‑well plates at a density of 3x103 cells/well. After overnight 
incubation at 37˚C, the cells were transduced with lentivirus 
and then treated with various concentrations of TMZ (range, 
200‑2,000 µM) for 1 to 5 days. After a 2‑h incubation with 10 µl 
CCK‑8 solution (Dojindo Molecular Technologies, Inc.), cell 
viability was assessed at OD450 nm using a microplate reader 
(BioTek Instruments, Inc.). The survival rate of untreated cells 
was set at 100% and used to calculate the half‑maximal inhibi‑
tory concentration (IC50). Each experiment was conducted in 
triplicate.

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis. 
Total RNA was extracted from the TMZ‑resistant and GBM 
parental cell lines using RNeasy Plus Mini Kit (Qiagen, Inc.), 
according to the manufacturer's protocol. cDNA was prepared 
with 1 µg total RNA from each sample using SuperScript® 
VILO™ cDNA Master Mix (Thermo Fisher Scientific, Inc.); 
6 ng cDNA was then used for qPCR analysis in a final reac‑
tion volume of 20 µl. Samples were analyzed in triplicate, 
and statistical analysis was performed using ANOVA. The 
qPCR conditions included initial denaturation at 95˚C for 
5 min, denaturation at 95˚C for 15 sec annealing and extension 
at 60˚C for 1 min with 40 cycles.
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The following primers were used: FoxO3a forward, 
5'‑AAG​CCA​GCT​ACC​TTC​TCT​TCC​A‑3' and reverse, 5'‑GTG​
GCA​AGT​CAG​TCC​GAA​CTG​A‑3'; GAPDH forward, 5'‑CGG​
AGT​CAA​CGG​ATT​TGG​TCG​TAT‑3' and reverse, 5'‑AGC​
CTT​CTC​CAT​GGT​GGT​GAA​GAC‑3'; and β‑catenin forward, 
5'‑CCT​CCA​GGT​GAC​AGC​AAT​CAG‑3' and reverse, 5'‑GCC​
CTC​TCA​GCA​ACT​CTA​CAG‑3'.

Western blotting. RIPA lysis buffer (cat. no. P0013C; Beyotime 
Institute of Biotechnology) was used to extract total cellular 
protein, and the BCA kit (cat. no. P0009; Beyotime Institute of 
Biotechnology) was used to determine the protein concentra‑
tion. The proteins in the SW20 and LOVO cell lysates were 
separated by 10% SDS‑page with 50 µg total protein loaded 
per lane. The proteins were then transferred to nitrocellulose 
membranes and the membranes were incubated with the appro‑
priate primary antibodies. The primary antibodies were the 
following: MMP9 (cat. no. 3852; Cell Signaling Technology, 
Inc., dilution 1:1,000), β‑actin (cat. no. ab8227; Abcam, dilution 
1:1,000), β‑catenin (cat. no. 8480; Cell Signaling Technology, 
Inc., dilution 1:1,000) and Histone H3 (cat. no. ab1791; Abcam, 
dilution 1:1,000). The secondary antibody was goat anti‑rabbit 
(cat. no. ab150077; Abcam, dilution 1:1,000). The primary 
antibodies were incubated overnight at 4˚C and the secondary 
antibody was incubated for 1 h at room temperature. The 
BeyoECL Plus kit (cat. no. P0018S, Beyotime Institute of 
Biotechnology) was used for the chromogenic protein bands 
with Beckman Coulter Immunoassay System (UniCel DxI 
800; Beckman Coulter). Nuclear and cytoplasmic fractions of 
the total protein were separated using NE‑PER Nuclear and 
Cytoplasmic Extraction Reagent (Thermo Fisher Scientific, 
Inc.) and then subjected to western blotting.

Dataset collection and analysis. Survival analysis was 
performed with Kaplan‑Meier plots, and The Cancer Genome 
Atlas (TCGA) data were analyzed using R version 3.6.3, 
along with the ‘edgr’ package (https://bioconductor.org/pack‑
ages/release/bioc/html/edgeR.html).

Statistical analysis. Graphically presented data represent the 
mean ± SD of three independent experiments. The differences 
among groups were determined by one‑way ANOVA with 
Tukey's HSD as post hoc test, and P<0.05 was considered to 
indicate a statistically significant difference.

Results

FoxO3a and β‑catenin confer TMZ resistance on glioma cells. 
Initially, TMZ‑resistant cell lines (U87‑TR and U251‑TR) 
were developed from two parental tumor cell lines (desig‑
nated as TMZ‑sensitive), both of which are typical glioma 
cell lines (U87 and U251). The IC50 values 205 and 733 µm 
were selected for subsequent experiments using U87 and 
U87‑TR cells, and 260.1 and 817.6 µm for those with U251 
and U251‑TR cells, as presented in a previous study (12). In 
order to investigate the functional contributions of FoxO3a 
and β‑catenin to glioma cell TMZ resistance, a combination 
of knockdown and overexpression analyses were conducted 
using both TMZ‑sensitive cells and their corresponding 
resistant counterparts. Specifically, cells stably overexpressing 

FoxO3a or β‑catenin (mediated by lentiviral infection) were 
generated from the sensitive cell lines, while stably silenced 
FoxO3a or β‑catenin cells were generated from the resistant 
cell lines; ectopic overexpression of FoxO3a was performed 
in the context of FoxO3a knockdown or β‑catenin over‑
expression. These overexpression and silenced cell lines 
were then treated with relevant concentrations of TMZ for 
5 consecutive days. Cell viability was assessed daily using 
the CCK‑8 assay. As shown in Fig. 1A, the overexpression 
of FoxO3a markedly increased U87 cell proliferation when 
compared with U87‑NC (U87 negative control). A similar 
trend was observed in U251 cells (Fig. 1B). It appears that 
either FoxO3a or β‑catenin overexpression alone resulted in 

Figure 1. Effects of FoxO3a and β‑catenin on the viability of U87 and U251 
parental cells and their corresponding resistant counterparts (U87‑TR and 
U251‑TR) following TMZ treatment. Dynamic changes in the viability of 
(A) U87 and (B) U251 cells after the overexpression of FoxO3a or β‑catenin, 
or both, for 5 consecutive days (other groups vs the U87‑ or U251‑NC group). 
Dynamic changes in the viability of (C) U87‑TR and (D) U87‑TR cells after 
knockdown of either FoxO3a or β‑catenin, or a combination of FoxO3a 
knockdown and overexpression for 5 consecutive days (other groups vs. the 
U87‑TR‑FoxO3a‑NC or U251‑TR‑FoxO3a‑NC group). *P<0.05, **P<0.01 
and ***P<0.001. FoxO3a, Forkhead box protein O3a; TMZ, temozolomide; 
NC, negative control; OE, overexpression; KD, knockdown.
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a comparable increase in U87 cell proliferation (Fig. 1A). As 
predicted, this trend was also observed in U251 cells (Fig. 1B). 
Notably, co‑expression of both FoxO3a and β‑catenin led to 
the highest increase in proliferation (Fig. 1A and B). Next, the 
effects of overexpression and knockdown were assessed in 
TMZ‑resistant cells. Since our previous work demonstrated 

that FoxO3a and β‑catenin were upregulated in resistant cell 
lines (12) relative to their sensitive counterparts, the roles of 
FoxO3a and β‑catenin in TMZ resistance were explored in the 
context of the relevant gene knockdown in the present study. 
As shown in Fig. 1C, knocking down FoxO3a or β‑catenin in 
U87‑TR cells significantly decreased cellular proliferation, 

Figure 2. Dynamic changes in FoxO3a and β‑catenin expression over time. (A and B) Protein levels of FoxO3a and β‑catenin in U87 and U251 cells treated 
with TMZ for 5 consecutive days (other days vs. day 1). (C and D) Protein levels of FoxO3a and β‑catenin in U87‑TR and U251‑TR cells treated with TMZ 
for 5 consecutive days (other days vs day 1). (E and F) mRNA levels of FoxO3a and β‑catenin in U87 and U251 cells with TMZ treatment for 5 consecutive 
days (other days vs. day 1). (G and H) mRNA levels of FoxO3a and β‑catenin in U87‑TR and U251‑TR cells treated with TMZ for 5 consecutive days (other 
days vs. day 1). mRNA data represent the mean ± SD of three independent experiments. *P<0.05 and **P<0.01. FoxO3a, Forkhead box protein O3a; TMZ, 
temozolomide; TR, temozolomide‑resistant.
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which became more apparent over time. Consistent with the 
observations in U87‑TR cells, FoxO3a or β‑catenin knock‑
down in U251‑TR cells also resulted in a marked decrease in 
proliferation (Fig. 1D). While the depletion of either FoxO3a 
or β‑catenin resulted in a notable impairment in cell viability, 
we hypothesized that the re‑expression of FoxO3a in knock‑
down cells may restore TMZ resistance capability. As shown 
in Fig. 1C and D, the cell viability levels were comparable 
between the control and FoxO3a‑knockdown cells, as well 
as those overexpressing FoxO3a, indicating that the FoxO3a 
knockdown‑induced reduction in cell viability was reversed 
by overexpressing FoxO3a. These results (Figs. 1 and S1) 
demonstrated that FoxO3a and β‑catenin serve key roles in the 
TMZ‑resistant phenotype of glioma cells.

Expression levels of FoxO3a, but not β‑catenin, in glioma 
cells are altered over time. Although our previous study 
revealed that elevated FoxO3a and β‑catenin protein expres‑
sion is associated with glioma cell TMZ resistance (12), the 

timing and underlying mechanisms were not specified. A key 
question is whether the levels of FoxO3a and β‑catenin protein 
are altered over time; as our previous work merely reflected an 
endpoint observation, a dynamic change during this process 
may have been overlooked. In order to answer this question, 
both TMZ‑sensitive and ‑resistant cell lines were treated with 
TMZ for 5 consecutive days, and then assessed from days 1‑5. 
Following the appropriate treatments, the protein lysate was 
subjected to western blot analysis. In sensitive glioma cells, 
treatment with TMZ increased the levels of FoxO3a protein up 
to day 2, which remained largely unchanged between days 2 
and 5. However, β‑catenin protein expression remained unal‑
tered over the entire TMZ treatment period (Fig. 2A and B). 
FoxO3a protein levels in the resistant glioma cells were also 
significantly increased after 2 days of TMZ treatment, and 
remained largely unchanged thereafter. By contrast, there were 
no significant differences in β‑catenin protein levels over the 
course of TMZ treatment. Intriguingly, the change in FoxO3a 
protein level appeared to be more preserved in the resistant 

Figure 3. Effect of FoxO3a‑induced MMP9 on the nuclear localization of β‑catenin. (A) Protein levels of MMP9 following FoxO3a knockdown in U87‑TR and 
U251‑TR cells. (B) Protein levels of nuclear β‑catenin following FoxO3a overexpression in U87 and U251 cells. Histone H3.3 was used as a nuclear marker. 
(C) Protein levels of MMP9 upon overexpression of FoxO3a in U87 and U251 cells. Selection of an optimal MMP9 shRNA in (D) U87‑TR and (E) U251‑TR 
cells. (F) Protein expression levels of nuclear β‑catenin following FoxO3a knockdown in U87‑TR and U251‑TR cells. FoxO3a, Forkhead box protein O3a; 
MMP9, matrix metallopeptidase 9; TR, temozolomide‑resistant; shRNA, short hairpin RNA; OE, overexpression; KD, knockdown.
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cell lines, as it increased sharply on day 2, but there were no 
apparent changes in expression thereafter (Fig. 2C and D). 
Conversely, a modest decrease in Foxo3a was observed in U87 
cells by day 4, and this trend was partially reversed by day 5. A 
similar decrease in Foxo3a expression was observed in U251 
cells on day 5 (Fig. 2A and B). Next, changes at the mRNA 
level were compared with those observed at the protein level. 
As shown in Fig. 2E‑H, FoxO3a mRNA levels were markedly 
increased in both the sensitive and resistant cell lines, while 
no significant change in β‑catenin mRNA levels was observed, 
which is consistent with the corresponding protein expression 
observations.

FoxO3a regulates β‑catenin nuclear accumulation by modu‑
lating MMP9 expression. In our previous study, the depletion 
of FoxO3a was found to reduce the nuclear localization of 
β‑catenin with no discernable effect on its overall level (12), 
suggesting that FoxO3a may lead to β‑catenin nuclear accu‑
mulation. However, demonstrating this remains a challenge, as 
the underlying molecular mechanisms are yet to be elucidated. 
Nevertheless, the mechanism by which FoxO3a promotes 
β‑catenin nuclear accumulation was investigated in the present 
study. FoxO3a knockdown was found to attenuate MMP9 
expression and inhibit glioma cell invasiveness (26), and the 
invasive phenotype regularly coincides with β‑catenin nuclear 
accumulation. Moreover, another study uncovered a novel 
molecular event in which MMP9 allows β‑catenin to enter 
the nucleus (29). Based on these findings, it was hypothesized 
that FoxO3a may induce β‑catenin nuclear accumulation by 
regulating MMP9 expression in glioma cells. As shown in 
Fig.  3A‑C, FoxO3a knockdown significantly reduced the 
protein levels of MMP9, while overexpressing FoxO3a in 
TMZ‑sensitive cells enhanced the nuclear accumulation of 
β‑catenin, concomitant with an increase in MMP9. In addi‑
tion, our previous work indicated that depleting FoxO3a 
resulted in a marked reduction in the protein levels of nuclear 
β‑catenin, with no change in its overall level (12). Furthermore, 
lentivirus‑mediated MMP9 knockdown was conducted based 
on the data presented in Fig. 3D and E, and was found to 
markedly reduced the levels of nuclear β‑catenin (Fig. 3F). 
These results suggest that FoxO3a regulates β‑catenin nuclear 
accumulation by modulating MMP9 expression.

FoxO3a and MMP9 expression are clinically relevant in GBM. 
The coordinated actions of FoxO3a, MMP9 and β‑catenin in 
cancer cells have already been determined. Therefore, the 
association between the expression of those three gene and 
patient survival was assessed. The relevant patient data (mRNA 
expression and clinicopathological characteristics) were 
collected from TCGA and preliminarily processed, followed 
by division into groups according to the stratified median 
cutoff values. Briefly, the data from 160 cases were collected, 
of which 104 were male and 56 were female. The age of the 
patients ranged between 21 and 89 years, with a median age 
of 59.5 years. There were no significant differences between 
any of the three genes between the patient groups, which were 
divided by a primary median survival time (536 days; data not 
shown). The patients were then further divided into 4 groups 
based on median cutoff values (median  1=361  days, and 
median 2=154.5 days). In the group with the poorest survival 

values (Group 4), patients with high levels of FoxO3a expres‑
sion exhibited shorter survival times compared with those 
with low FoxO3a levels (Figs. 4A and 5A). This trend was 
not observed in any of the other groups (Groups 1, 2 and 3), 
suggesting that low expression levels of FoxO3a play a protec‑
tive role in the more severe cases. However, similar results 
were not obtained in association with MMP9 in that group 

Figure 4. Kaplan‑Meier analysis of the association between of FoxO3a, 
β‑catenin and MMP9 expression and survival of patients with GBM. 
(A)  Comparison between high and low FoxO3a levels in Group  4. 
(B)  Comparison between high and low β‑catenin levels in Group  4. 
(C) Comparison between high and low MMP9 levels in Group 4. The four 
groups were determined according to the one primary median and two 
secondary median survival time points (361, 536 and 154.5 days). GBM, glio‑
blastoma multiforme; FoxO3a, Forkhead box protein O3a; MMP9, matrix 
metallopeptidase 9.
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(Group 4; Fig. 4C), although the MMP9 expression levels 
between the groups were significantly different, where they 
progressively increased until the third group, and then declined 
in the poorest survival group (Fig. 5C). As predicted, there was 
no association between β‑catenin level and patient survival, 
regardless of the associated grouping (Figs. 4B and 5B). These 
results suggest that the in vitro findings of the present study are 
consistent with those in clinical samples. However, the find‑
ings regarding the changes in the mRNA levels of MMP9 and 
FoxO3a do not entirely coincide with those at the protein level, 
which may be attributed to differences in post‑translational 
modification. 

Discussion

A number of studies have revealed that FoxO3a inhibits tumor 
development and exerts cytostatic and cytotoxic effects, indica‑
tive of its tumor‑suppressive function (23). However, emerging 
evidence suggests a correlation between the metastatic functions 
of FoxO3a and poor cancer prognosis (24,25) which promotes 
cellular invasiveness, and further supports the oncogenic role 
of FoxO3a. Moreover, radioresistant glioma cells expressed 
increased levels of FoxO3a, which, together with nuclear 
β‑catenin, conferred chemoresistance on colon cancer (30). In 
agreement with these findings, our previous study demonstrated 
that glioma‑resistant cells exhibit high levels of FoxO3a and 
β‑catenin, and that FoxO3a induces β‑catenin nuclear accumula‑
tion, although the exact mechanisms are yet to be specified (12). 
For example, when FoxO3a protein levels increase, it is unclear 
whether the nuclear protein levels of β‑catenin are altered over 
time, or whether these findings simply represent an endpoint 
observation. To investigate these questions, cell lines with 
stable overexpression and knockdown of specific target genes 
were generated, and a combined knockdown and overexpres‑
sion strategy was employed. An increase in FoxO3a protein 
level was present on day 2, while no change was observed in 
the overall protein level of β‑catenin. It is conceivable that the 
increased protein levels FoxO3a were attributed to a corre‑
sponding rise in mRNA level in response to TMZ treatment. 
As predicted, FoxO3a mRNA levels were also increased on 
day 2, and remained unchanged between days 2 and 5, whereas 
the β‑catenin mRNA level remained unchanged over time. In 
addition, our previous study (12) merely showed that depleting 
FoxO3a sensitized glioma cells to TMZ treatment, as well as 
decreased the protein levels of nuclear β‑catenin. However, it 
did not fully investigate the following possibilities: i) Whether 
the overexpression of FoxO3a, β‑catenin, or both, augments 
glioma cell resistance to TMZ; and ii) Whether the FoxO3a 
knockdown‑induced attenuation of the TMZ‑resistant pheno‑
type is reversed by simply re‑introducing FoxO3a. To address 
these issues, a series of experiments were performed on the 
established stable cell lines. The results demonstrated that over‑
expressing FoxO3a or β‑catenin alone augmented glioma cell 
resistance to TMZ, and that the co‑overexpression of these two 
genes imparted the highest degree of TMZ resistance. Despite 
this, co‑overexpression of FoxO3a and β‑catenin appears not 
to produce a synergistic effect, as the level of TMZ resistance 
driven by co‑overexpression was comparable to that induced 
by FoxO3a or β‑catenin alone. Additionally, knocking down 
either FoxO3a or β‑catenin decreased TMZ resistance, while 

re‑introducing FoxO3a (in the context of FoxO3a depletion) 
restored the TMZ‑resistant phenotype, suggesting that FoxO3a 
is required to maintain TMZ resistance in GBM cells. FoxO3a, 
together with β‑catenin, potentially underlies the TMZ‑resistant 

Figure 5. Comparison of FoxO3a, β‑catenin and MMP9 expression between 
groups. (A) FoxO3a, (B) β‑catenin and (C) MMP9 expression were compared 
between groups. (C) The four groups were assigned according to the one 
primary median and two secondary median survival time points (361, 536 
and 154.5 days). *P<0.05 and **P<0.01 (Kruskall‑wallis analysis). ‘mRNA 
level’ in the panels represents log2(gene+1). FoxO3a, Forkhead box protein 
O3a; MMP9, matrix metallopeptidase 9.
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phenotype of glioma cells. Taken together, these findings support 
those of our previous study, thus improving our understanding 
of the roles of FoxO3a and β‑catenin in glioma cell TMZ resis‑
tance. However, how FoxO3a promotes β‑catenin accumulation 
in the nucleus has yet to be fully elucidated.

MMP9 (also known as 92  kDa type  IV collagenase, 
92 kDa gelatinase and gelatinase B) is a key member of the 
MMP family involved in the degradation of the extracel‑
lular matrix (ECM). MMP9 is implicated in the metastasis 
and invasion of a variety of cancer types, and acts as a key 
effector of epithelial‑to‑mesenchymal transition (EMT). Of 
note, several recent reports have documented an EMT‑like 
phenotype of glioma cells with increased TMZ resistance 
capacity  (31), suggesting that, in addition to their role in 
EMT, certain essential EMT genes may also be involved in 
glioma cell resistance to TMZ. Our previous work (12,26) 
has demonstrated that FoxO3a promotes glioma cell inva‑
sion by upregulating MMP9 protein levels, and that FoxO3a 
participates in glioma cell TMZ resistance. Furthermore, 
Dwivedi et al (29) found that MMP9 promotes the entry of 
β‑catenin into the nucleus. Therefore, we hypothesized that 
FoxO3a may induce β‑catenin nuclear accumulation by regu‑
lating MMP9 expression, thereby augmenting glioma cell 
resistance to TMZ. Indeed, FoxO3a knockdown significantly 
reduced the protein expression level of MMP9, whereas 
overexpression of FoxO3a enhanced the nuclear accumula‑
tion of β‑catenin. Moreover, the results of our previous 
study indicated that depleting FoxO3a results in a marked 
reduction in the protein levels of nuclear β‑catenin, but does 
not alter its overall level (12). Furthermore, FoxO3a deple‑
tion has previously been reported to reduce MMP9 protein 
expression (26). These findings suggest that FoxO3a alone 
is capable of regulating β‑catenin localization and MMP9 
expression, but do not conclusively demonstrate that MMP9 
plays a critical role in the regulation of nuclear β‑catenin 
accumulation. Therefore, in the present study, the effects of 
MMP9 knockdown on the nuclear accumulation of β‑catenin 
were investigated. Notably, nuclear β‑catenin accumulation 
was markedly reduced following MMP9 knockdown. These 
data confirm the previous observations and, together with our 
previous work, suggest that FoxO3a induces nuclear β‑catenin 
accumulation primarily by regulating MMP9 expression.

To the best of our knowledge, the results of the present 
study represent a striking and novel example that links the 
FoxO3a, MMP9 and β‑catenin genes to glioma cell TMZ 
resistance, and highlight a novel functional role of MMP9 
in TMZ resistance. Such a mechanism appears plausible, as 
the roles of different genes are often context‑dependent (such 
as the cell type and associated stimulus). Although MMP9 is 
considered to be an effector of cellular invasiveness and ECM 
remodeling, an increasing number of studies have indicated 
alternative roles for MMP9. For example, inhibiting MMP9 
prior to the use of cisplatin (which is used to treat ovarian 
cancer) can reduce cisplatin resistance  (32). Moreover, 
MMP9 augmented tumor cell resistance to natural killer 
cell‑mediated cytotoxicity by cleaving intercellular adhesion 
molecule 1 (33). In brief, the results of the present study, as 
well as those of other researchers, support the view that the 
functions of a particular gene are context‑dependent, which 
may inspire different methods for investigating MMP9.

Another aim of the present study was to investigate the asso‑
ciation between FoxO3a, MMP9 and β‑catenin in clinical GBM 
samples. High levels of FoxO3a mRNA appeared to be associ‑
ated with the poorest survival outcome, and the difference in 
MMP9 levels among the stratified groups partly followed suit. 
Since the localization, but not the expression, of β‑catenin plays a 
key role in glioma, no correlation was expected between overall 
β‑catenin mRNA levels and patient survival. As predicted, no 
significant difference was observed across the patient groups. 
Although not as solid as expected, these clinical findings remain 
relevant to the associated in vitro findings.

In conclusion, the results of the present study highlight 
the FoxO3a/MMP9/β‑catenin network as a novel regulatory 
mechanism in glioma cells, which promotes glioma cell resis‑
tance to TMZ. However, the more specific molecular signaling 
events will be investigated in future studies. These findings 
provide novel insights into the mechanisms of TMZ resistance 
in glioma cells.
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