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ABSTRACT 

 

Background: Melanoma differentiation-associated gene-7 (Mda-7)  
selectively suppresses growth and induces apoptosis in various tumor cells 
without harming normal cells. Inhibition of autophagy has been shown to 
enhance the efficacy of many cancer therapies. However, its effect on the 
anticancer activity of Ad/Mda-7 in GBM has remained unclear. This study 
investigated the combined effect of an autophagy inhibitor (CQ) and Mda-7 
in U87 cancer cells. 
Methods: Cell proliferation was assessed using the MTT assay. Apoptosis 
rates, autophagy induction, and ROS levels were measured using flow 
cytometry. Caspase-9 and β-actin protein levels were analyzed by Western 
blotting. ELISA was employed to quantify HSP70 and TRAIL level in the 
culture medium. Real-time PCR evaluated the expression levels of cell 
death-related genes (P38 MAPK, Bax, and TRAIL) and specific miRNAs (miR-
7, miR-122, and miR-21) in treated cells. 
Results: Combined treatment with Ad/Mda-7 and the autophagy inhibitor 
CQ significantly reduced cell viability and proliferation. Ad/Mda-7 induced 
LC3-II protein expression in U87 cancer cells, which was further increased 
by autophagy inhibition through CQ. The combination treatment also 
increased apoptosis rates, elevated ROS levels, and decreased HSP70 

protein expression, highlighting its synergistic anticancer effects. Increasing 
the expression of miR-7 and miR-122 indicated that the elevated levels 
of these endogenous miRNAs may help improve the treatment process.  
Conclusion: Our findings indicate that the combination of Ad/Mda-7 and CQ 
synergistically could inhibit U87 cancer cell growth and could serve as a 
promising approach for treating human GBM. DOI: 10.61882/ibj.5131 
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INTRODUCTION 

 
lioblastoma, often known as grade IV 

astrocytoma, is the most invasive type of tumor 

originating from glial cells. It is the most 

common and nearly mortal neoplasm of the central 

nervous system and shows a high resistance to standard 

treatments such as surgery, chemotherapy, and radiation 

therapy. Recently, gene therapy has gained increasing 

attention as a potential approach for cancer treatment. In 

this method, a therapeutic gene is delivered to target 

cells.  

Mda-7, also known as IL-24, is a unique member of 

the IL-10 family of cytokines with ubiquitous tumor-

suppressive properties. Its antitumor activities include 

the inhibition of angiogenesis, invasion, and metastasis, 

as well as the enhancement of cancer cell sensitivity to 

chemotherapy and induction of cancer-specific 

apoptosis[1]. Given its widespread apoptotic action on 

cancerous cells and minimal effects on healthy cells, 

along with few side effects, Mda-7 is considered an 

important candidate for cancer therapy[2,3]. However, 

despite extensive studies, questions remain about how 

to further enhance the antitumor effects of Mda-7. 

Autophagy has received special attention as a 

mechanism through which cancer cells develop 

resistance to therapy[4]. Autophagy manipulation has 

also been proposed as a valuable strategy to prevent 

tumor development and limit its progression. Although 

GBM cells are typically resistant to the apoptosis-

inducing therapies, they may exhibit heightened 

sensitivity to treatments targeting autophagy[5]. 

Autophagy often prevents the initiation of apoptosis, 

while the activation of apoptosis-related caspases can 

inhibit the autophagic processes[6,7]. Therefore, 

autophagy inhibitors are considered effective tools to 

increase the effectiveness of anticancer treatments[8]. 

The cancer-specific chemosensitizing effect of 

chloroquine (CQ) depends, in part, on its ability to 

inhibit autophagy[9,10]. CQ can inhibit autophagy by 

preventing lysosomal acidification and 

autophagosomes-lysosome fusion, thereby blocking 

autolysosome degradation at the final stage of 

autophagy[11,12].  

Studies have shown that CQ has antitumor activity in 

various cancer types, including GBM[13,14], 

hepatocellular carcinoma[15], breast cancer[16], prostate 

cancer[17], and pancreatic cancer[18]. In our previous 

study, we showed that Mda-7 induces cancer-specific 

apoptosis through mechanisms involving both apoptosis 

or autophagy toxicity[19]. However, it has not been 

investigated whether autophagy inhibition could 

enhance the anticancer effect of Mda-7 in GBM. 

Moreover, recent studies have highlighted the role of 

miRNAs in regulating autophagy and the importance of 

autophagy progression in different stages of cancer and 

its treatment[20,21].  

This study aimed to explore the relationship between 
autophagy inhibition and increased apoptosis induced 
by the Mda-7 gene in a human GBM cell line. 
Specifically, it focused on elucidating the signaling 
pathways involved in cell death, assessing its impact on 
the expression of relevant miRNAs and identifying 
potential diagnostic and therapeutic biomarkers. 

 

 

MATERIALS AND METHODS 
 

Cell culture and in vitro infection of cells with 

Ad/Mda-7  
The human GBM cell line U87 is commonly used in 

brain tumor research. The human embryonic kidney cell 

line 293 (HEK-293) performs dual functions for 

adenovirus production and amplification. Recombinant 

serotype 5 Ad/Mda-7 was produced in HEK-293 cells. 

Both cell lines were purchased from the National Cell 

Bank of the Pasteur Institute of Iran (Tehran). The cells 

were cultured in high-glucose DMEM comprising 10% 

fetal bovine serum (Gibco, Grand Island, NY, USA), 15 

mM of HEPES, penicillin (100 U/ml), and streptomycin 

(100 μg/ml) in an environment containing 5% CO2  

at 37 °C. 
 

Measurement of cell viability and synergistic effect 

analysis  

Cell viability was assessed using the MTT method. 

U87 cells were seeded into 96-well microplates (3.0 × 

104 cells/well). After incubating in the presence of 5% 

CO2 and humidity at 37 °C for 24 h, the cells were 

infected with Ad/Mda-7 at different MOIs: 1, 3, 5, 7, 

and 10, for 2 h. Subsequently, the cells were treated with 

different concentrations of CQ (20, 40, 60, 80, and 100 

µM). Following a 48 h incubation, 100 µl of MTT 

solution was added to each well and incubated at 37 °C 

for 3 h. The incubation medium was then removed, and 

100 μl of DMSO was added to dissolve formazan 

crystals. Cells without any treatment were used as 

controls. Absorbance was measured at 540 nm using a 

microplate reader (Anthos Labtech Instruments, 

Austria) to assess MTT reduction. Each test was 

measured three times (n = 3). According to the MTT 

results and to ensure the validity of the effective 

concentration, the synergistic effect and combination 

score were calculated using Combenefit software 

(v2.021; developed by the Cancer Research UK 

Cambridge Institute). The software was used for 

isobologram analysis and correlation determination. 

The HSA model was selected to assess dose-response 

relationships and synergism distribution of a single 

agent. 
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Experimental design  

Based on the results of the synergism analysis, the 

antitumor efficacy of the combined treatment using the 

optimal MOI of Ad/Mda-7 and the optimal 

concentration of CQ was evaluated. Cell viability was 

experimentally investigated in both monotherapy and 

combined treatment groups using the MTT method. 

Then, various factors involved in apoptosis- and 

autophagy-related signaling pathways, such as 

Annexin/PI, caspase-9, p38 MAPK, TRAIL, Bax, LC3-

II, ROS, HSP70, and miRNAs (miR-7, miR-21, and 

miR-122), were investigated. 

 

Measurement of activated autophagy  
To perform this procedure, we seeded 3 × 105 U87 

cells into each well of a 24-well plate. According to the 

synergism analysis, the cells were treated with the 

optimal MOI of Ad/Mda-7 and effective concentration 

of CQ, either as monotherapy or in combination. 

Autophagy induction associated with autophagosome 

formation was assessed using specific antibodies and 

flow cytometry. Cells were suspended 48 h after 

infection and fixed in 4% formaldehyde for 15 minutes. 

To enhance permeability, the cells were treated with 

0.2% Triton X-100 for 10 minutes at room temperature. 

Then, the cells were labeled for 30 minutes with a 

primary antibody against LC3-II (Abcam, USA) diluted 

in PBS containing 1% BSA. After washing with PBS, a 

PE-conjugated secondary antibody (donkey anti-IgG, 

BioLegend, USA) was added and incubated at room 

temperature for 30 min. Cells were analyzed by flow 

cytometry (Becton & Dickinson Biosciences, USA). 

Each test was measured twice (n = 2). 

 

Apoptosis analyses by flow cytometry  
Cellular apoptosis was analyzed using the PE 

annexin-V/PI apoptosis detection kit (BioLegend, 

USA). After culturing the cells in a 24-well plate and 

infecting them with Ad/Mda-7 with or without CQ, the 
amount of cell apoptosis was investigated after 48 h. The 

cells were detached using a scraper, collected from the 

wells by adding 2 ml of PBS solution, then centrifuged 

and washed. After removing the culture medium, the 
cell pellet was resuspended in 1× binding buffer. The 

anti-annexin V/PI staining antibody conjugated with 

polyethylene was used (BioLegend, USA). To 

compensate for color overlap between PE and PI, we 

employed 7-AAD dye. After the incubation period, 1× 
buffer solution was added to the tubes. Following 

centrifugation, 1× binding buffer was added to the cell 

pellet. Finally, the samples were analyzed using a BD 

FACS Calibur machine (BD Biosciences, San Jose, CA, 
USA), with PE-V annexin detected at a wavelength of 

578 nm in the H-FL2 channel and PI dye at 647 nm in 

the H-FL3 channel. 

Measurement of intracellular ROS  

The amount of intracellular reactive oxygen species 

(ROS) was measured using 2,7- dichlorofluorescein 

diacetate (DCFH-DA) (Sigma-Aldrich, USA). Briefly, 

U87 cells were seeded at a density of 3 × 105 cells per 

well in 24-well plates. The amount of ROS produced in 

the cells treated with Ad/Mda-7, with or without CQ, 

was examined after 48 h of incubation. After incubating 

with DCFH-DA for one hour, the samples were 

trypsinized and rinsed with phosphate-buffered saline 

(PBS). Eventually, the severity of cell fluorescence was 

determined by the flow cytometry (BD Biosciences, 

USA). Each test was carried out twice (n = 2). 

 
Western blot analysis 

Apoptosis induced by Ad/Mda-7 and CQ, 

administered as monotherapy or in combination, was 

evaluated using the Western blotting method, focusing 

on caspase-9 as a key apoptotic marker. After 48 h of 

treatment, cultured cells were lysed using 

radioimmunoassay buffer (RIPA, Beyotime 

Biotechnology, China). Proteins were then separated by 

12% SDS-PAGE and transferred to a polyvinylidene 

difluoride membrane (Sigma, USA). After blocking the 

membrane with BSA, it was exposed to primary 

antibodies for anti-caspase 9 and anti-actin (as a loading 

control) at a dilution of 1:1000 (Abcam) at 4°C 

overnight. Next, the cells were washed and incubated 

with a rabbit anti-mouse antibody (1:10,000; Sigma). 

Finally, protein bands were visualized by 

chemiluminescence using an ECL detection system 

(Amersham Pharmacia Biotech, Buckinghamshire, 

UK). Densitometric analysis of the proteins was 

performed using J software (NIH, Bethesda, USA). 
 

Real-time RT-PCR 

A high-performance isolation kit (Roche, Germany) 

was used to extract total RNA from the U87 cell line 

according to the manufacturer's instructions. The 

amount of RNA was determined by a nanodrop 

spectrophotometer. For the analysis of miRNA, 

complementary DNA synthesis was initiated from 1 µg 

of total RNA using the BON Stem High Sensitivity 

miRNA Kit (BON001027SL, Iran) following the 

manufacturer's instructions. The reaction mixture 

included the BON-RT adapter, reverse transcriptase, RT 

buffer containing Mg2+, dNTPs, oligo-dT primers, and 

random primers. Reverse transcription was performed 

using a thermocycler (Applied Biosystems, USA) with 

a program as follows: 25 °C for 10 min, 42 °C for 60 

min, and 72 °C for 10 min. Real-time PCR analysis was 

performed using the SYBR Green method on a Bio-Rad, 

USA machine. For each PCR reaction, a master mix—
containing 2 μl of DNA, 4 μl of Hot Firepole Eva Green 

 [
 D

O
I:

 1
0.

61
88

2/
ib

j.5
13

1 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ib

j.p
as

te
ur

.a
c.

ir
 o

n 
20

26
-0

2-
28

 ]
 

                             3 / 15

http://dx.doi.org/10.61882/ibj.5131
http://ibj.pasteur.ac.ir/article-1-5131-en.html


Babazadeh et al. CQ Enhances the Anticancer Effect of Mda-7 

 

 
Iran. Biomed. J. 29 (5): 294-308 297 

 

qPCR Mix (Solis BioDyne, Estonia), and 0.2 mM of 

each reverse and forward primer—was prepared on ice. 
The final volume was adjusted to 20 μL with H2O. 
Primer sequences for target genes (P38, MAPK, TRAIL, 

and Bax) and the housekeeping gene β-actin were 

designed using Primer-BLAST software (NCBI). 
MiRNAs (miR-7, miR-21, and miR-122) and their 

predicted targets were measured in cells and tissues 

using real-time reverse transcription PCR with the 

SYBR Green dye on a Bio-Rad CFX96 system. MiRNA 

expression levels were determined relative to the target 

sequence (Ct) and normalized to the U6 expression 

level. The 2-∆∆CT method was then used to compare 

mRNA levels between treatment and control groups to 

determine statistical difference for data analysis. Each 

experiment was repeated twice. The miRNA primers 

were synthesized by the Stem Cell Technology 

Research Center and produced along with other primers 

by Sinaclone, IRAN Trading Company (Table S1).  
 

Enzyme-linked immunosorbent assay 
Human HSP70 and TRAIL ELISA kits (Abcam) were 

used to measure the levels of HSP70 and TRAIL in viral 

lysate. The U87 cells were infected with Ad/Mda-7 at a 

MOI of 5 and treated with 60 μM of CQ. After 48 h, the 

cell supernatant was collected. The cell lysates were 

filtered using 40 µm filters and centrifuged at 3300 ×g at 

4 °C for 10 minutes. The concentration of viral protein 

in the lysate was then adjusted to 2 mg/ml with PBS. 

Monoclonal antibodies were coated onto 96-well plates, 

and samples were added to the wells. An HRP-

conjugated anti-IgG antibody was subsequently applied 

and incubated. After washing the plate, a TMB substrate 

was added, which reacts with HRP to produce a blue 

color. After adding a stop solution, the color changed to 

yellow, and absorbance was measured at 450 nm.  

Each experiment was repeated three times and analyzed 

(n = 3). 

 

Statistical analysis 

Statistical analysis was performed using GraphPad 

Prism (GraphPad Prism 8.4.3, CA, USA). Group 

differences were evaluated using one-way ANOVA, 

followed by Tukey's post hoc analysis. P values less 

than 0.5 were considered statistically significant. 

 

 

RESULTS 

 

Synergistic effect of Ad/Mda-7 and CQ 

   The synergistic effect of combining Ad/Mda-7 with 

CQ was evaluated using Combenefit software. U87 cell 

viability was assessed after treating the cells with 

different MOIs (1, 3, 5, 7, and 10) of Ad/Mda-7 and 

varying concentrations of CQ (20, 40, 60, 80, and 100 

μM) as monotherapies (Fig. 1A and 1B). The analysis 

of the monotherapy experiments using Combenefit 

software revealed that an MOI of 5 for Ad/Mda-7, when 

combined with CQ concentrations higher than 20 μM, 

exhibited the strongest synergistic effect (Fig. 1C). To 

further validate these findings, we examined 

combination therapy using Ad/Mda-7 at an MOI of 5, 

along with various concentrations of CQ. As shown in 

Fig. 1D, the combination of Ad/Mda-7 (MOI 5) with 60 

μM of CQ, significantly inhibited the growth and 

proliferation of U87 cells compared to control cells  

(p < 0.0001). 

 

Synergetic effect of Ad/ Mda-7 and CQ on GBM 

Ad/Mda-7 and CQ exhibited a synergistic effect on 

GBM. The impact of Ad/Mda-7 or CQ on cell viability 

in U87 cell lines was assessed after 48 h of treatment. 

Antitumor effects was evaluated using monotherapy 

with Ad/Mda-7 at a MOI of 5 and CQ at 60 μM. The 

synergistic effect of combination therapy was further 

compared to control cells using the MTT reduction 

method. As depicted in Figure 2, the percentage of 

viable cells after treatment was 75.44% for Ad/Mda-7 

alone, 81.52% for CQ alone, and 54.28% for the 

combination therapy. Therefore, the synergistic  

effect of the combination therapy on U87 cells was 

significantly evident when compared to both the 

monotherapy groups (p < 0.0001) and the control group 

(p< 0.001).  

 

CQ inhibited autophagy induced by Ad/Mda-7 

LC3-II expression serves as a pivotal marker for 

assessing the autophagy progression. Utilizing flow 

cytometry analysis, we monitored the conversion of 

human LC3 protein from its cytoplasmic state (LC3-I) 

to the autophagosomal form (LC3-II) in U87MG cells. 

CQ, a late-phase autophagy inhibitor, prevents the 

autophagosome degradation, leading to LC3-II 

accumulation. Our investigation focused on analyzing 

the expression levels of LC3-II protein in 

monotherapy—Ad/Mda-7 alone and CQ alone—as well 

as in combination therapy, compared to the control cells. 

Figure 3 illustrates that the levels of LC3-II protein in 

the monotherapy groups with Ad/Mda-7 (93.5%) and 

CQ (85.75%) was significantly higher than the level of 

this protein in the control group (76.65%). Additionally, 

the combination therapy group (98.9%) exhibited a 

significant increase in LC3-II protein accumulation 

compared to monotherapy with Ad/Mda-7 (p < 0.005) 

or CQ (p < 0.002), as well as the control group (p < 

0.0001). This increasing trend remained consistent over 

the period of 48 h, demonstrating sustained elevation in 

LC3-II levels. 
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Fig. 1.  Evaluation of U87 cell viability following  treating the cells with different MOIs of Ad/Mda-7 and varied concentrations of 

CQ . (A) Treatment of U87 cells with different MOIs of Ad/Mda-7;  (B) The effect of different concentrations of CQ on viability of U87 

cells; (C) Isobologram analysis and determination of synergism in combination therapy for U87 cells using Combenefit software. Data 

represent three independent experiments (n = 3); (D) Confirmation of the appropriate concentration of CQ combined with the optimal 

MOI of Ad/Mda-7, as determined by Combenefit isobologram analysis, using the MTT method. One-way ANOVA analysis revealed a 

statistically significant decrease in cell survival resulting from the combination treatment of the optimal MOI of Ad/Mda-7 with the 

appropriate concentration (60 μM) of CQ. (****p < 0.0001).  
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Fig. 2. Viability assessment of U87 cells treated with Ad/Mda-

7 and CQ using MTT assay. U87 cells were treated with an MOI 

5 of Ad/Mda-7 and 60 μM of CQ, alone or in combination, and 

cell survival was measured after 48 h. Untreated cells were used 

as the control. One-way ANOVA analysis showed statistically 

significant reduction in cell viability in the combination treatment 

group compared to the control group (**p < 0.001; ***p < 0.0004; 
****p < 0.0001) ns: not significant.  

 

 
 

Inhibition of autophagy enhanced Ad/Mda-7-

mediated apoptosis  
To investigate whether combination therapy can 

enhance antitumor effects and also induce cell apoptosis 

in GBM cells, we assessed the amount of apoptosis in 

U87 cells in monotherapy groups Ad/Mda-7 or CQ 

groups alone, or in combination therapy at 48 h after 

infection using annexin V/PI double staining. As shown 

in Figure 4, the rates of cell apoptosis in the 

monotherapy groups with Ad/Mda-7 (6.68%) and CQ 

(31.4%) were significantly higher than that of control 

group (0.7%). Notably, the combination therapy group 

showed an apoptosis rate of 39%, which was 

significantly greater than that observed in the Ad/Mda-

7 alone and the control group (p < 0.0001), as well as 

the CQ monotherapy (p < 0.005). 

 

Co-treatment with Ad/Mda-7 and CQ increased 

ROS production  
The production of ROS is a basic mechanism for 

antitumor action, which causes apoptosis in cancer 

cells[22]. Using flow cytometry with DCFH-DA, we 

determined the ROS levels of the cells to assess whether 

cell death is associated with increased ROS levels in 

U87 cell lines. As shown in Figure 5, the ROS 

production in the Ad/Mda-7 (76.4%) and CQ (86.9%) 

monotherapy groups was significantly higher than that 

of the control group (44.6%). Moreover, the 

combination therapy (98.5%) resulted in a statistically 

significant increase in ROS level compared to both the 

Ad/Mda-7 monotherapy (p < 0.001) and control (p < 0. 

0006) groups. However, there was no significant 

difference in ROS level when compared to the CQ 

monotherapy group. 

   

Co-treatment with Ad/Mda-7 and CQ affected gene 

expression levels in U87 cells 

After treating U87 cell lines with Ad/Mda-7 or CQ 

groups alone or in the combination treatment group, the 

expression levels of the genes involved in the cell death 

pathway were analyzed using real-time PCR. Also, 

endogenous miRNA expression levels were assessed 

after treatment of U87 cell line compared to the control 

group. Figure 6A-6C illustrates the expression levels of 

the miR-7, miR-21, and miR-122 genes after treatment 

with Ad/Mda-7 and CQ as monotherapy or combination 

therapy. The results showed a significant difference 

between the miR-7 expression in the combined 

treatment group and CQ monotherapy (p < 0.005) 

compared to the control group (p < 0.004). However, 

Ad/Mda-7 monotherapy did not significantly elevate 

miR-7 expression relative to the control group. miR-21 

gene expression significantly increased in the Ad/Mda-

7 monotherapy group (p < 0.01) compared to the control 

group, while no significant differences were observed 

between the control group and the other treated groups. 

miR-122 gene expression significantly increased in all 

treated groups, including combined treatment (p < 

0.0009), monotherapy with CQ (p < 0.001), and 

Ad/Mda-7 (p < 0.0001), compared to the control group. 

As shown in Figure 6D-6F, the expression levels of the 

P38 MAPK, TRAIL, Bax, and genes were significantly 

increased in the combination treatment group, as well as 

in the Ad/Mda-7 or CQ monotherapy groups (p < 

0.0009). 

 

Co-treatment with Ad/Mda-7 and CQ enhanced 

caspase-9 expression in U87 cells 
The expression levels of caspase-9 were evaluated in   

the groups treated with Ad/Mda-7, CQ, or their 

combination, after 48 h using Western blotting method 

(Fig. 7). The expression levels of caspase-9 were 

quantified using Image J software and normalized  to β-

actin density. The results showed a significant increase 

in the caspase-9 protein level in the combination 

treatment group compared to the CQ monotherapy 

group (p < 0.003) and the control group, as well as the 

Ad/Mda-7 monotherapy (p < 0.01). 

 

Co-treatment with Ad/Mda-7 and CQ affected the 

protein levels of HSP70 and TRAIL 

HSP70 is considered as an anti-apoptotic factor that 

enables cells to avoid programmed cell death, whereas 

TRAIL  serves  as a key initiator  of  cell  death  signaling
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Fig. 3. LC3-II labeling of the U87 cell line after treatment with Ad/Mda-7 and CQ. (A) U87 cells were inoculated with Ad/Mda-7 and 

CQ groups as monotherapy or combination therapy for 48 h, stained with secondary antibodies, and analyzed using flow cytometry. 

Untreated cells were used as a control; (B) Comparison of LC3-II protein accumulation in different treated group, showing that the 

combination treatment could significantly increase the LC3-II level compared to the other groups. One-way ANOVA analysis indicated 

a statistically significant difference between the combination treatment and monotherapy with Ad/Mda-7 (**p < 0.005) or CQ (***p < 

0.002), and the control group (**** p < 0.0001). 
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Fig. 4. Annexin V/PI staining of the U87 cells. (A) U87 cells were infected with Ad/Mda-7 and CQ as monotherapy or combination 

treatment for 48 h, labeled with annexin V/PI and evaluated using flow cytometry method. Uninfected cells were used as a control; (B) 

A statistically significant difference was found between the combination therapy and other groups. ANOVA analysis (one-way) showed 

a statistically significant difference between the combination treatment and monotherapy with Ad/Mda-7 and the control group (****p < 

0.0001) and to the monotherapy with CQ (**p < 0.005). 

 

 

 

pathway. We evaluated the protein levels of HSP70 and 

TRAIL in U87 cell lines treated with Ad/Mda-7 and 

autophagy inhibitors using the ELISA method and then 

compared them to untreated cells. As shown in Figure 

8A, HSP70 protein levels were significantly decreased 

in all treatment groups compared to the control group  

(p < 0.0001). Notably, the combination treatment group 

exhibited a higher reduction in HSP70 level than those 

receiving monotherapy with either Ad/Mda-7 (p < 

0.006) or CQ (p < 0.0001). In Figure 8B, TRAIL protein 

levels were significantly elevated in both the Ad/Mda-7 
(p < 0.0001) and CQ (p < 0.04) monotherapy groups 

when compared to the control group. This increase in 

protein level was more pronounced in the combination 

treatment group compared to the monotherapy and 

control groups (p < 0.0001).  
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Fig. 5.  labeling U87 cell lines with DCFH-DA after treatment with Ad/Mda-7 and CQ. (A) Flow cytometry was used to evaluate the 
U87 cells infected with Ad/Mda-7 and CQ as monotherapy or combination treatment groups after 48 h. The cells were labeled with 

DCFH-DA, and untreated cells used as control; (B) The combination therapy group produced increased levels of ROS compared to the 

monotherapy group and the untreated control group. ANOVA analysis (one-way) showed a statistically significant difference between 

the combination therapy and monotherapy (***p < 0.0006) with Ad/Mda-7 (*p < 0.001) and the control group. However, there was no 

statistically significant difference compared to the CQ monotherapy group. 
 

 

 

 

 

DISCUSSION 

 

Due to the limitations of traditional glioma treatments, 

many new therapies, such as antitumor gene therapy, are 

now widely used in the clinical settings. Generally, cells 

use autophagy to recycle biomolecules, remove 

damaged tissues and harmful proteins, and eliminate 

pathogens in the absence of nutrients. The autophagy 

pathway plays an important role in maintaining cellular 

homeostasis and contributes to cell survival under 

stress. Although apoptosis and autophagy are distinct 

cellular processes that  often have opposing effects, their   
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Fig. 6.  Analysis of gene expression levels involved in the antitumor pathway in U87 cells treated with Ad/Mda-7 and CQ. The levels 

of gene expression were examined 48 h post-treatment using real-time PCR. Uninfected cells served as the control group. (A-C) 

Comparison of miR-7, miR-21, and miR-122 expression levels after monotherapy or combination therapy with Ad/Mda-7 and CQ; (D-

F) Comparison of the expression levels of P38 MAPK, TRAIL, and Bax genes after treatment in the groups treated with Ad/Mda-7 and 

CQ. Group differences were evaluated using one-way ANOVA (*p < 0. 01; **p < 0. 001; ***p < 0. 0009; ****p < 0. 0001). 

 

 

 

signaling pathways are interconnected through different 

cross-linking mechanisms. Just like cancer, autophagy 

is also an important factor in the cell death process. 

Research has  shown  that  the  inhibition of autophagy 

can increase the effectiveness of antitumor therapies[23]. 

However, the role of autophagy in cancer is 

controversial, as it can act as a suppressor or a stimulator 

depending on the type and stage of tumor[24]. Reports 

have indicated that inhibiting autophagy in tumor cells 

can enhance the effects of chemotherapy and increase 

drug-induced cytotoxicity[25,26]. To investigate whether 

autophagy inhibition could enhance the apoptosis-

induction effect of Ad/Mda-7, the well-known 

autophagy inhibitor, CQ, was administered. 

In vitro studies have utilized various lysosomal 

inhibitors, such as BafA1 and protease inhibitors, along 

with CQ, to inhibit autophagy. These inhibitors are 

believed to prevent lysosomal degradation. Among 

them, only CQ and hydroxychloroquine are FDA-

approved drugs that are currently used in clinical trials 

for treating tumors by inhibiting autophagy[27]. Effective 

antitumor  gene therapy requires a gene that exhibits 

selective toxicity to target tumor cells without damaging 

cells or surrounding tissues[28]. As a new member of the 

IL-10 cytokine family, Mda-7 demonstrates antitumor 

effects across various cancers through multiple 

mechanisms, including apoptosis, proliferation, and 

angiogenesis[29]. Research has revealed the antitumor 

effect of Mda-7 in neuroblastoma[30], breast cancer[31], 

colon cancer[32], and prostate cancer[33]. This evidence 

supports the notion that Mda-7 could serve as an 

effective target to inhibit the development of GBM and 

increase treatment efficacy[24]. Our MTT results showed 

that the autophagy inhibitor CQ significantly enhanced 

the cytotoxic effect of Mda-7.  

In this study, we confirmed through flow cytometry 

that the expression of LC3-II protein, as an 

autophagosomal marker, increased in U87 cells treated 

with Ad/Mda-7 after CQ pharmacological intervention 

compared  to  the   untreated  control  cells.  The  rise  in   
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Fig. 7.  (A) A representative Western blot of caspase-9 

expression level after treatment with Ad/Mda-7 and CQ in 

different groups in U87 cells. (B) The caspase-9 expression level 

was calculated by measuring its density using mage ImageJ 

software, which was standardized to the density of β-actin. Using 

ANOVA (one-way), a significant increase in the level of caspase-

9 expression was observed in the combination treatment group 

compared to control group (**p < 0.003) and Ad/ Mda-7 

monotherapy (*p < 0.01). 

 

 

LC3-II levels may be associated with blocking the final 

steps of autophagy and inhibiting autophagosomes-

lysosome fusion. The increased LC3-II protein levels 

resulting from CQ treatment indicate an increase in 

autophagic flux or dysfunctional autophagy[34]. Unlike 

previous autophagy    inhibitors,   such   as   3-

methyladenine  that suppress the initiation of autophagy, 

CQ blocks the late stage of autophagy. It works by 

interfering with the formation of autophagolysosomes, 

resulting in elevated LC3-II levels[26]. In addition, 

annexin V/PI staining and flow cytometry were 

performed to evaluate apoptotic U87 cells after 

monotherapy and combination therapy. The results 

obtained from the annexin assay showed that the 

combined treatment of Mda-7, a tumor suppressor gene, 

with CQ led to a significant increase in apoptosis in the 

GBM cell line. The activation of apoptosis depends on 

the involvement of at least two different pathways: an 

extrinsic pathway by caspase-8 activation and an 

intrinsic mitochondrial pathway by caspase-9 

activation[35]. Since P38 is considered a tumor 

suppressor gene, its increased expression suppresses cell 

proliferation and apoptotic activity[36]. A promising 

strategy to induce apoptosis in glioma cells via the 

extrinsic pathway with potential amplification of the 

intrinsic pathway, is reactivating the TRAIL/TRAILR 

signaling pathway. This pathway induces the formation 

of death-inducing signaling complex and subsequently 

activates apoptosis initiator and effector caspases, with 

low toxicity at peripheral and cerebral levels[37]. TRAIL 

not only provides death signals through the extrinsic 

apoptotic pathway but also activates the intrinsic 

pathway through mitochondrial activation. Clinically, 

TRAIL induces the death in tumor while remaining 

essentially non-toxic to normal cells. After CQ 

treatment, TRAIL-induced apoptosis increases, 

resulting in G2/M phase arrest in pancreatic cancer 

cells[38].  

In the present investigation, the increased levels of 

TRAIL (an extrinsic apoptosis factor) and elevated 

activity of key signaling proteins (caspase-9, P38 

MAPK, and Bax) showed that the autophagy inhibitor 

CQ can significantly enhance the anticancer effect of 

Ad/Mda-7. This elevation occurs through the interaction 
 

 

 

 

 

 
 
 

Fig. 8.  Effect of co-treatment with Ad/Mda-7 on levels of 

HSP70 and TRAIL proteins. Quantify the levels of (A) HSP70 

protein and (B) TRAIL protein after treatment with Ad/Mda-7 

and CQ as monotherapy or combination treatment groups after 48 

h in U87 cells. Using ANOVA analysis (one-way), a significant 

decrease in the level of HSP70 protein produced (**p < 0. 006), 

(***p < 0. 0001), and (****p < 0. 0001) and conversely, a significant 

increase in the level of TRAIL protein produced (* P < 0. 04), 

(***p < 0. 0001), and (****p < 0. 0001) in the U87 cell line treated 

with all treatment groups compared to the control group. 
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of the intrinsic and extrinsic pathways of apoptosis. In 

the combination therapy using Ad/Mda-7 and CQ  

to  inhibit   autophagy,  there  was  an   accumulation   of 

autophagosomes, leading to the increased ROS levels. 

ROS have been linked to class II programmed cell death, 

a cellular process characterized by autophagosome 

formation[39]. Under stress conditions, cancer cells can 

limit ROS accumulation by increasing cell-protective 

selective autophagy, including the inhibition of 

mitophagy to facilitate higher proliferation, metastasis, 

and resistance to drug therapy. Evidence suggests that 

the production of ROS via the intrinsic apoptotic 

pathway leads to cell death by damaging the 

mitochondrial membrane, releasing cytochrome C into 

the cytoplasm, and activating apoptosis through the 

ASK1/JNK (apoptotic regulatory kinase 1/C -Jun N-

terminal kinase pathway)[40]. Therefore, the induction of 

ROS by CQ in combination with Ad/Mda-7 

significantly contributes to the antitumor function 

observed in U87 cells. This mechanism underscores the 

potential therapeutic efficacy of targeting ROS as a part 

of strategy for treating GBM, highlighting the 

importance of ROS modulation in anticancer therapies. 

Our results also showed that the synergistic effect of CQ 

with Ad/Mda-7 can enhance the antitumor activity of 

Ad/Mda-7 in U87 cells by reducing HSP70 protein 

expression levels. 

RTKs are essential receptor proteins on the tumor cell 

membrane that trigger the activation of cancer signaling 

pathways. There is considerable evidence that HSP70 

regulates a wide range of RTKs. Extracellular HSPBP1 

and HSPA1A/B may synergistically activate the 

epidermal growth factor receptor[41]. Mechanistically, 

they enhance the phosphorylation and activation of the 

insulin-like growth factor I receptor to promote cell 

proliferation and migration. Furthermore, HSP70 

influences the RAS pathway by modulating the KRAS 

protein and inhibiting downstream signaling 

components of RAF. Bag1 binds to and activates Raf1, 

which then activates the downstream extracellular 

ERKs[42]. 

Most research indicates that HSP70 has an activating 

role in regulating the RTKs-RAS-RAF-MEK-ERK 

signaling pathway. Besides, the PI3K/AKT/mTOR 

pathway is  activated  in  various malignancies, resulting 

in tumor proliferation and therapeutic resistance. 

Typically, HSP70 promotes the PI3K/AKT/mTOR 

signaling pathway. Several pro-apoptotic proteins have 

been reported to be directly inhibited by HSP70. 

Medical research has found that high levels of the 

protein HSP70 in cancer cells are linked to a worse 

outcome for patients as cancer cells have more of this 

protein than healthy cells when the tumor grows[43]. 

Overexpression of HSP70 in tumor cells has a 

cytoprotective effect against proteotoxic stress and the 

resulting apoptosis.  Inhibition of HSP70 can impair 

mitochondrial function, enhancing mitochondrial-

mediated apoptosis. Moreover, HSP70 inhibition 

enhances AMPK-mediated phosphorylation of Beclin1, 

a key modulator of autophagy. Consistent with these 

findings, inhibition of HSP70 increases autophagy flux 

and works synergistically with autophagy inhibitors. 

Therefore, the inhibition of HSP70 could serve as a 

novel therapeutic strategy, potentially enhances 

treatment efficacy by simultaneously inhibiting 

autophagy[44]. 

In this study, we determined the expression levels of 

specific miRNAs as potential prognostic markers in 

malignant cells. Our results showed that the expression 

of miR-7 and miR-122 increased in treated U87 cells 

compared to control cells, indicating their involvement 

in antitumor activity. Notably, this treatment did not 

have a significant effect on miR-21 expression; in fact, 

its levels increased in the Ad/Mda-7-treated group. 

Furthermore, it showed an opposite effect, indicating 

that its antitumor effects were independent of this 

pathway.  MiR-7 is one of the most potent tumor 

suppressors in various cancers and has been shown to 

regulate proliferation, migration, invasion, and 

metastasis[45]. Research has indicated that miR-7 

downregulation in gastric cancer is associated with 

increased expression of LDH-A and chemoresistance[1]. 

Since the expression level of miR-7 significantly 

reduced in GBM, its overexpression can inhibit 

tumorigenesis and tumor progression[46]. In gliomas,  

energy  metabolism associated with the Akt signaling  

pathway  has  been  observed,  particularly  in aerobic 

glycolysis programs. However, the metabolic reactions 

regulating aerobic glycolysis and Akt activity are still 

obscure. One hypothesized mechanism is the control of 

IGF1R, a component of the upstream of AKT signaling 

pathway. Increased expression of miR-7 has been 

shown to suppress the glucose metabolic capacity and 

colony formation of glioma cells, an effect comparable 

to the “knockdown” of IGF-1R. This finding is 

consistent with data suggesting that miR-7 can bind to 

the 3' untranslated region of IGF-R, resulting in its 

downregulation[47]. Therefore, the upregulation of miR-

7 induced by CQ in combination with Ad/Mda-7, 

significantly enhanced its antitumor effect in U87 cells 

likely through tumor-suppressing properties and 

effectively targeting pathways involved in cancer 

development. Similarly, miR-122 is a tumor suppressor 

that is highly expressed in the liver; however, its 

expression is suppressed in hepatocellular carcinoma[48]. 

In breast cancer, miR-122 expression is also 

downregulated, and overexpression of miR-122 inhibits 

the proliferation and tumorigenesis of breast cancer cells 
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by targeting the insulin-like growth factor-1 receptor[49]. 

Previous research have shown that miR-122 expression 

decreases in glioma cell lines. Moreover, plasma levels 

of miR-122 is a potential biomarker for glioma 

diagnosis and prognosis, and this miRNA plays an 

important role in mediating cell proliferation and 

apoptosis[50]. Therefore, the induction of miR-122 by 

CQ in combination with Ad/Mda-7 likely exerts 

antitumor effects in U87 cells by restoring the tumor-

suppressive activity of miR-122, which in turn inhibits 

the key pathways involved in cancer cell proliferation 

and survival. 

 
 

CONCLUSION 

 

The combination treatment of CQ and Ad/Mda-7 in 

U87 cells showed a positive antitumor effect through a 

strong mechanism. The accumulation of LC3-II protein, 

together with the generation of ROS, significantly 

increased apoptosis, as demonstrated by elevated levels 

of TRAIL and the activation of the proteins such as 

caspase-9, P38 MAPK, and Bax. The synergistic 

interaction between the extrinsic and intrinsic apoptotic 

pathways highlights the efficacy of CQ in combination 

with Ad/Mda-7 in promoting apoptosis and inhibiting 

cancer cell viability. Furthermore, the combination 

therapy was associated with a decrease in HSP70 protein 

expression. This reduction is associated with positive 

antitumor responses, demonstrating the therapeutic 

potential of HSP70. Moreover, the increased expression 

of miR-7 and miR-122 induced by CQ and Ad/Mda-7 
significantly enhances the antitumor effects through 

their tumor suppressor properties. Taken together, these 

findings demonstrate the potential of CQ and Ad/Mda-

7 as a novel therapeutic strategy for treating GBM, 

highlighting the critical role of modulating autophagy, 

apoptotic cascades, and miRNAs for anticancer 

strategies. 
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