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Abstract
Background  In the present study, the synergistic effects and mechanism of recombinant viral vector-mediated co-expression 
plasmids stat1 and stat3-siRNA on glioma were investigated in vivo and in vitro.
Methods  Co-expression plasmids for stat1/stat3-siRNA were constructed and packaged into lentivirus and adenovirus for 
cell and animal experiments. Real-time PCR and Western blot analyses were used to detect the expression of STAT1 and 
STAT3 at gene and protein levels in U251 cells. CCK-8, TUNEL, flow cytometry, and cell scratching assays were performed 
to detect the therapeutic effect of the co-expression plasmid stat1/stat3-siRNA on glioma in vitro. U251 glioma cells were 
injected into nude mice to observe therapeutic effect of stat1/stat3-siRNA.Transcriptome sequencing was utilized to further 
explore the possible mechanism.
Results  Treatment of glioma cells and xenograft animal model with the co-expression plasmid stat1/stat3-siRNA led to a 
significant increase in STAT1 and a marked decrease in STAT3 expression at both mRNA and protein expression levels. 
Compared to the single-gene stat1 and stat3-siRNA groups, stat1/stat3-siRNA group demonstrated a more pronounced 
promoting apoptosis of U251, but cell viability and migration, as well as reduced tumor growth in nude mice were not 
significant. Transcriptome sequencing results indicated that the modulation of multiple nodes within the FOXO signaling 
pathway may represent the main mechanism by which co-expression of lenti-stat1/stat3-SiRNA induces U251 cell apoptosis.
Conclusions  The co-expression plasmid stat1/stat3-siRNA significantly induces apoptosis more effectively than individual 
stat1 and stat3-siRNA constructs. The potential mechanism involves the alternation of multiple nodes in the FOXO signal-
ing pathway.
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Introduction

Glioma is one of the most common malignant tumors in 
the central nervous system (CNS) [1]. Currently, the over-
all treatment outcomes are unsatisfactory. In recent decades, 
gene therapy has exhibited great potential to enhance existing 
therapeutic strategies for glioma [2, 3]. Signal transducer and 
activator of transcription (STAT) is a cytoplasmic transcrip-
tion factor that functions through JAK/STAT pathway. Under 
normal physiological conditions, the JAK/STAT pathway is 
involved in the regulation of cell proliferation, differentia-
tion, apoptosis, immune response, and expression of various 
essential biological function genes. However, dysregulation of 
this pathway can lead to the constitutive activation of STAT 
proteins, driving cell proliferation, inflammation, and uncon-
trolled immune response [4–6].

Currently, STAT1 is recognized for its role in growth arrest 
and apoptosis, acting as a tumor-dependent suppressor [7, 8]. 
In contrast, STAT3 is implicated not only in the prolifera-
tion, invasion, and migration of cancer cells, but also in the 
tumor formation and progression. It facilitates the epithelial-
mesenchymal transition phenotype of cancer cells, regulates 
the tumor microenvironment, and promotes the self-renewal 
of tumor stem cells [9]. Ju et al. [10] detected the expres-
sion of STAT1 in glioma tissue and normal brain tissue by 
immunohistochemistry and confirmed that STAT1 is highly 
expressed in human normal brain tissue, but its expression is 
significantly reduced or absent in human glioma tissue. They 
also confirmed that STAT1 had an inhibitory effect on glioma 
in vivo and in vitro. However, STAT3 is widely expressed in 
gliomas, but is absent in peritumoral or normal tissues [11]. 
Other studies have shown that STAT3 and its downstream 
genes, such as cyclin D1, c-myc, Bcl-2, BCL XL, and VEGF, 
play critical roles in the initiation and progression of various 
tumors, including glioma [12] and colorectal cancer [13].

In summary, STAT1 is generally considered to be a tumor-
dependent suppressor, while STAT3 is defined as a carci-
nogenic gene. STAT3 inhibitor [14] has shown therapeutic 
potential in the treatment of glioma. Additionally, it is cru-
cial to choose a reasonable delivery vector for gene therapy. 
Therefore, we constructed the co-expression plasmid stat1/
stat3-SiRNA to upregulate the expression of STAT1 and 
downregulate the expression of STAT3, which was subse-
quently packaged into lentivirus and adenovirus. Further-
more, we investigated its effect on glioma and elucidated the 
underlying molecular mechanism through in vivo and in vitro 
experiments.

Materials and methods

Cell lines, plasmids and viruses

The U251 glioma cell line was obtained from the Laboratory 
of Molecular pharmacology at Inner Mongolia Agricultural 
University. The construction, packaging, and sequencing 
identification of stat1, stat3-siRNA, co-expression stat3-
siRNA-stat1 plasmid, and its recombinant lentiviral and 
adenoviral vectors were performed by the Shanghai Jikai 
Gene Company. A detailed schematic representation of the 
vectors used in our study is provided in supplemental mate-
rials Figure S1.

Cell culture and lentivirus infection

The human glioma cell line U251 was cultured in RMPI-
1640 medium with 10% fetal bovine serum at 37 °C, 5% 
CO2 for 24 h. Based on the optimal multiplicity of infec-
tion (MOI) value (30) of each group (determined by the 
pre-experimental results), combined with the titer of each 
group of lentivirus, and using the formula: virus vol-
ume = (MOI × cell number)/virus titer, we calculated the 
optimal amount of virus use and added the virus for infec-
tion. Approximately 72 h post-infection, fluorescence was 
observed under the microscope to determine the infection 
efficiency, and subsequent experiments were carried out. 
The following cell experiments were categorized into the 
mock group (blank control group), lenti con group (nega-
tive control lentivirus), lenti stat1 group (overexpression of 
stat1 lentivirus), lenti stat3 siRNA group (knockout of stat3 
lentivirus), and lenti stat1/stat3 siRNA group (overexpres-
sion of stat1 and knockout of stat3 lentivirus).

Cell morphology and infection efficiency 
assessment

The morphology of U251 cells was observed using a micro-
scope 72 h after infection with recombinant lentivirus and 
mock group U251 Cell. Each lentivirus group carries GFP 
as the reporter gene. The quantity and intensity of GFP 
can be observed directly by microscope and photographed. 
Additionally, the infection efficiency was assessed by flow 
cytometry.

Quantitative RT‑PCR

Total RNA was extracted using the total RNA rapid extrac-
tion kit provided by Feijie biological company. Follow-
ing extraction, the total RNA was reverse transcribed 
into cDNA using the reverse transcription kit of Takara 
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company (Dalian, China). According to the primers cor-
responding to cDNA sequence of STAT1 and STAT3 genes 
were designed and synthesized by Takara company based 
on sequences available in the GenBank database. For 
STAT1, the forward primer sequence is 5′-GCT​GGC​ACC​
AGA​ACG​AAT​GA-3′, and the reverse primer sequence is 
5′-TAC​CAA​ACC​AGG​CTG​GCA​CA-3′. For STAT3, the 
forward primer sequence is 5′-ACC​AGC​AGT​ATA​GCC​
GCT​TCC-3′, and the reverse primer sequence is 5′-CCA​
TTG​GCT​TCT​CAA​GAT​ACC-3′.

The PCR mixture includes SYBR premier ex Taq II 
(TLI RNaseH plus) (2 ×) (12.5μL), primer f (10μm) (1μL), 
primer R (10μm) (1μL), cDNA (2μL), dH2O (8.5μL). PCR 
amplification conditions: 95 °C 30 s, 95 °C 5 s, 60 °C 30 
s, 30 cycles. The change in fluorescence signal was moni-
tored using real-time PCR. At the end of the reaction, the 
results of STAT1 and STAT3 mRNA relative expression 
were analyzed and displayed automatically by computer, 
and calculated by 2-ΔΔ CT method. β-actin served as the 
internal reference to ensure the normal expression of the 
target gene. The experiment was conducted in triplicate 
and statistical analysis was performed using the t-test.

Western blotting

Total protein was extracted using the RIPA cell lysate kit 
of Beijing Suo Lai Bao Technology Co.; Ltd. The pro-
tein concentration was determined using the BCA assay. 
Equivalent protein samples (40 ug) were subjected to a 
heat treatment in a metal bath at 95 °C 5min, then cooled 
to room temperature, and centrifuged at 12,000 rpm for 3 
min. The supernatant was separated on 8% twelve alkyl 
sulfate–polyacrylamide gel (SDS-PAGE) and transferred 
to the nitrocellulose membrane (NC membrane). The 
NC membrane was incubated in TBST and subsequently 
placed in a sealing box containing 5% skim milk powder. 
It was agitated at 100 RPM at room temperature for 3 h 
to block non-specific binding. The dilution ratio of the 
first antibody: 1:500 for STAT1 antibody, 1:500 for STAT3 
antibody, and 1:10,000 for β-actin internal reference. After 
fully mixing, the first antibody was placed in a low-tem-
perature shaker for 60 RPM, 4 °C overnight.

Following incubation, the membrane was washed with 
TBST on the shaker at 120 RPM for 5 min each time. Then 
we added the appropriate amount of fluorescent secondary 
antibody (dilution ratio: 1:10,000) to mix well and avoid 
light. The membrane was then incubated at room tempera-
ture on a shaking table at 100 RPM for 1.5 h. After the mem-
brane was washed 5 times in the same way and was scanned 
using a Li-Cor scanner at the appropriate wavelength for the 
secondary antibody. Band intensity was quantified using the 
ImageJ software for quantitative analysis.

Cell viability

Cell viability for each group was measured using the Cell 
Counting Kit-8 (CCK-8) method at 36 h and 72 h after infec-
tion with lentivirus. U251 cells in the logarithmic growth 
phase were prepared as suspension, with 5000 cells seeded 
per well in 96 well plates. After a 24-h pre-culture, the virus 
load was calculated according to MOI = 30 and added to 
the well plates for infection, the cell status was maintained 
in the middle of the infection, and 10μl CCK-8 solution 
was added into each well at 36 and 72 h, respectively. After 
incubation for 2 h, the absorbance at 450 nm was measured 
by enzyme labeling instrument. According to the formula: 
cell survival rate% = (ODtreated—ODblank)/(ODcontrol 
-ODblank) × 100%, the survival rates of each group at 36 
and 72 h were calculated, and the results were presented in 
histogram format.

Apoptotic assay

The U251 cells in each group were digested and collected 
by trypsin without EDTA and resuspended in phosphate-
buffered saline (PBS). The cells were centrifuged at 2000 
RPM for 5 min, the supernatant was discarded. 500 μL bind-
ing buffer cells were added. Annexin v-APC was added to 
the mixture followed by the addition of 5 µL of propidium 
iodide (PI). After incubation at room temperature and in 
dark for 15 min, the apoptosis rate of each group was meas-
ured using a flow cytometer.

Cell scratch assay

Using 1ml syringe needle tip, parallel lines were drawn on 
the back of 12-hole plate, with an interval of about 0.5–1.0 
cm. U251 cells were treated as suspensions and seeded in 12 
well plates with 2 × 105 cells/well. After overnight culture in 
media depleted with serum, lentiviruses were added to each 
well according to MOI (30) to initiate infection. Then, the 
cells were scratched with a pipette gun perpendicular to the 
transverse line on the back. Different visual fields were taken 
and recorded as D0. After 12 h, the cells were replaced with 
a complete medium for further culture. At 36 and 72 h, the 
same visual field as D0 was taken and recorded as D36 and 
D72, respectively. The Age J system was used to analyze 
the data of cell scratch area (Δs) and draws the histogram.

Tumor growth in vivo

A suspension of the U251 glioma cells was injected into 
the armpit of the right forelimb of 4–6 weeks old BALB/c 
female nude mice (SPF grade), Tumor formation was 
observed after 2 weeks (the average tumor volume was 
80-100mm3, and the bodyweight was 18–20 g). The mice 
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were housed in IVC system rat house, room temperature 
is stable 24–27 °C, relative humidity is 50%. Litter and 
drinking water were replaced in a sterile fume hood every 
other day. All litter, feed, drinking water and squirrel cages 
underwent high-pressure sterilization. Animal breeding and 
experimentation were carried out in strict accordance with 
the requirements of the “Regulations on the Administration 
of Animal Experiments” of the People’s Republic of China.

A total of 36 nude mice were randomly divided into 
6 groups (n = 6 each): ①Ad-stat1②NCAd-stat1③Ad-
stat3-siRNA④NCAd-stat3-siRNA⑤Ad-stat1/stat3-
siRNA⑥NCAd-stat1/stat3-siRNA control group. Each group 
received intratumoral multipoint injections, with each dose 
of 2xl09pfu/50μl corresponding to the amount of adenovi-
rus, the NCAd-stat1/stat3-siRNA group 50μL /mouse, once 
every other day, a total of 5 injections. The activity status, 
food intake and water intake, and weight changes of each 
group of nude mice were monitored daily. The long diameter 
(a) and short diameter (b) of the transplanted tumor were 
measured before and after the administration. According to 
the formula (V = axb2/2) the tumor volume-time curve was 
subsequently plotted. One week after the final treatment, 
the nude mice were euthanized via cervical dislocation. The 
tumors were excised weighed and photographed. Half of the 
tumors in each group was used for HE staining, immunohis-
tochemical detection, and TUNEL detection, and the other 
half was placed in a liquid nitrogen tank for extraction of 
total protein and RNA to detect the expression of stat1 and 
stat3 at the protein and gene level.

Transcriptome sequencing analysis

After extracting total RNA from each group of U251 cells 
72 h post-infection with lentivirus, a library was constructed 
after total RNA sample detection. The library construction 
process included mRNA enrichment, double-stranded cDNA 
synthesis, end repair plus A and adaptor, fragment selection, 
and PCR amplification. Qubit 2.0 fluorometer was used for 
preliminary quantification, diluted to 1.5 ng/uL, and then 
Agilent 2100 Bioanalyzer was used to detect the insert size 
of the library. Once the library inspectionwas qualified, the 
different libraries were pooled according to the requirements 
of effective concentration and target off-line data volume. 
Sequencing was conducted on the Illumina hisep 3000 plat-
forms, and the sequenced results are analyzed using tophat2 
software.

Statistical analysis

All measurement data are expressed as mean ± stand-
ard deviation (SD). All the data are normally distributed. 
t-test was performed to analyze differences between two 
groups. One-way ANOVA was used to analyze intergroup 

differences with a Bonferroni multiple comparison post-test. 
All experiments were repeated at least 3 times. P < 0.05 was 
considered statistically significant.

Results

Verification of the U251 cells infection 
by recombinant lentivirus

In this experiment, three recombinant lentiviral vec-
tors (lenti-stat1, lenti-stat3-siRNA, and lenti-stat1/stat3-
siRNA) were constructed. These vectors were designed 
to overexpress STAT1, knock-out STAT3, and co-express 
lentiviral vectors that express these two genes simultane-
ously. Under the fluorescence microscope, green fluorescent 
protein expression was observed in lenti-con, lenti-stat1, 
lenti-stat3-siRNA, lenti-stat1/stat3-siRNA groups, but no 
green fluorescence was found in the mock group (Fig. 1A). 
According to results shown by flow cytometry, the infection 
rates of the groups mentioned above were 90.83 ± 0.04%, 
81.49 ± 0.31%, 80.11 ± 0.56% and 77.41 ± 0.38%, respec-
tively (Fig. 1B).

After these lentiviral vectors were transduced into U251 
cells, Real-time PCR and Western blot were utilized to 
determine mRNA and protein levels of these two genes. 
The results showed that after transfection with lenti-stat3-
siRNA and lenti-stat1/stat3-siRNA, compared to the Mock 
group, STAT3 was significantly down-regulated in mRNA 
and protein levels. And after infected with lenti-stat1 or lenti 
-stat1/stat3-siRNA, STAT1 was significantly up-regulated in 
mRNA and protein levels compared with the Mock group 
(Fig. 1C, D).

Effects of recombinant lentiviruses on viability 
and apoptosis in U251 Cell

In this study, untreated U251 cells and U251 cells treated 
with various recombinant lentivirus were selected to evalu-
ate the growth of U251 cells and the synergistic effect of the 
STAT1 gene and STAT3 siRNA gene on glioma. The results 
demonstrated that U251 cells in both the mock control and 
lenti-con control groups maintained normal morphology, 
exhibiting typical growth patterns, uniform cellular dis-
tribution, and well-defined cellular architecture. However, 
U251 cells treated with lenti-stat1, lenti-stat3-siRNA, and 
lenti-stat1/stat3-siRNA showed cytopathological changes in 
varying degrees, including inhibited growth, scattered dis-
tribution, and the increase of cell debris. Comparing with 
lenti-stat1 and lenti-stat3-siRNA, lenti-stat1/stat3-iRNNA 
has obvious growth inhibition and killing effects on U251 
cells but the difference is not significant (P > 0.05) (Fig. 2A).
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CCK-8 results showed that compared with the mock 
group, the survival rates of U251 cells after transfection of 
lenti-stat1, lenti-stat3-siRNA, and lenti-stat1/stat3-siRNA 
were significantly reduced (P < 0.01). However, compared 
with lenti-stat1 or lenti-stat3-siRNA, the survival rate of 
U251 cells decreased slightly after lenti-stat1/stat3-siRNA 
transfection (P > 0.05) (Fig. 2B).

Apoptotic results showed that compared with the 
mock group, lenti-stat1, lenti-stat3-siRNA, and lenti-
stat1/stat3-siRNA all showed significant effect to induce 
apoptosis (p < 0.05). Compared with lenti-stat1 and 

lenti-stat3-siRNA, the apoptosis of U251 cells infected 
by lenti-stat1/stat3-siRNA was more obvious. The apop-
tosis rates of mock, lenti-con, lenti-stat1, lenti-stat3-
siRNA, and lenti-stat1/stat3-siRNA were respectively: 
8.91 ± 1.01%, 9.01 ± 3.33, 17.67 ± 4.29%, 17.26 ± 2.60% 
and 26.02 ± 4.21% (Fig. 2C). The result shows that lenti-
stat1, lenti-stat3-siRNA, and lenti-stat1/stat3-siRNA can 
all induce U251 cell apoptosis, and lenti-stat1/stat3-siRNA 
can induce U251 cell apoptosis with a more prominent 
effect (Fig. 2D).

Fig. 1   Verification of the U251 cells infection by recombinant len-
tivirus. A Infection efficiency was verified by immunofluorescence. 
U251 cells were infected with lenti-con, lenti-stat1, lenti-stat3-
shRNA, lenti-stat1/stat3-shRNA and mock. B Infection efficiency 
was verified by flow cytometry. C and D The relative expression of 
stat1 and stat3 mRNA and proteins after each recombinant lentivi-

rus infects U251 cells, Recombinant lentivirus include lenti-stat1, 
lenti-stat3-shRNA and lenti-stat1/stat3-shRNA, lenti-con and Mock 
groups. One-way ANOVA was used to analyze intergroup differences 
with a Bonferroni multiple comparison post-test. n = 3, *P < 0.05, 
**P < 0.01vs lenti-con
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The effect of various recombinant lentiviruses 
on the migration of U251 cells

The cell scratch assay was employed to analyze the migra-
tion ability of U251 cells infected with recombinant lentivi-
rus. The results showed that the migration ability of U251 
cells infected with lenti-stat1, lenti-stat3-siRNA, and lenti-
stat1/stat3-siRNA was significantly reduced compared to 
the mock group (p < 0.01) (Fig. 3A, B). Furthermore, U251 
cells infected with lenti-stat1/stat3-siRNA exhibited a lower 
migration capability than those infected with lenti-stat1 
or lenti-stat3-siRNA. The results indicate that lenti-stat1, 
lenti-stat3-siRNA, and lenti-stat1/stat3-siRNA inhibit the 
migration ability of U251 cells, but there are no differences 
between individual treatments and combined stat1-stat3 
siRNA group (Fig. 3A, B).

Effects of recombinant adenovirus Ad‑stat1/
stat3‑siRNA on tumor growth in vivo

Tumors were excised from the nude mice and volumes were 
measured. The tumor volumes of the experimental group 
(Ad-stat1, Ad-stat3-siRNA and Ad-stat1/stat3-siRNA) was 
smaller than that of the control group, and the difference was 
significant (P < 0.05). The tumor volume of the Ad-stat1/
stat3-siRNA dual gene therapy group was smaller than that 
of the two single gene therapy groups, as shown in Fig. 4A, 
B. However, the differences are not statistically significant 
(P > 0.05). In addition, we used HE staining to detect the his-
tological changes in tumors derived from different treatment 
groups. The results found that NCAd-stat1/stat3-siRNA, 
NCAd-stat1 and NCAd-stat3-siRNA group tumor cells have 
large and dark nuclei, significantly higher nucleus-cytoplasm 

Fig. 2   Effects of recombinant lentiviruses on viability and apoptosis 
in U251 Cells. A Morphological changes of U251 cells after infection 
with mock, lenti-con, lenti-stat1, lenti-stat3-shRNA, and lenti-stat1/
stat3-shRNA. Cell morphology was observed under microscope after 
incubation 72 h. B Survival rate of U251 cells detected by the CCK-8 
method at 36 h and 72 h after infection. C and D Apoptosis rate of 

U251 cells after infection with mock, lenti-con, lenti-stat1, lenti-
stat3-shRNA, and lenti-stat1/stat3-shRNA detected by the AnnexinV/
PI double staining method at 72 h after infection. One-way ANOVA 
was used to analyze intergroup differences with a Bonferroni multiple 
comparison post-test. n = 3, * P < 0.05, **P < 0.01 vs lenti-con
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ratio, heterogeneous nuclei, and pathological mitotic phe-
nomena such as meganucleus, dual-nucleus or multi nucleus. 
(Fig. 5A). The immunohistochemical results are shown in 
Fig. 5B, C. Compared with the NCAd-stat1/stat3-siRNA, 
NCAd-stat1, and NCAd-stat3-siRNA group, the STAT1 pro-
tein expression levels of the Ad-stat1 group and Ad-stat1/
stat3-siRNA group enhanced. The expression levels of 
STAT3 protein in the Ad-stat3-siRNA group and Ad-stat1/
stat3-siRNA group reduced.

In this study, we also used real-time PCR and Western blot 
methods to detect the expression of STAT1 and STAT3 at the 
gene and protein levels in tumor tissues. The results showed 
that compared to control group, the mRNA and protein levels 

of STAT1 in the Ad-stat1 and Ad-stat1/stat3-siRNA were 
significantly up-regulated. The mRNA and protein levels of 
STAT3 were significantly down-regulated in the Ad-stat3-
siRNA and the Ad-stat1/stat3-siRNA group, as shown in 
Fig. 6A, B. We also analyzed the inducing effect of co-expres-
sion of Ad-stat1/stat3-siRNA on tumor cell apoptosis in vivo 
by the TUNEL assays. As shown in Fig. 7, there were almost 
no apoptotic cell with red fluorescence in NCAd-stat1, NCAd-
stat3-siRNA and NCA-stat1/stat3-siRNA groups. Compared 
to the control group, there were more red fluorescent cells in 
Ad-stat1, Ad-stat3-siRNA and Ad-stat1/stat3-siRNA groups 
(P < 0.05). The effect of Ad-stat1/stat3-siRNA group was more 

Fig. 3   The effect of various recombinant lentiviruses on the migra-
tion of U251 cells. A and B The migration of U251 cells after infec-
tion with lenti-stat1, lenti-stat3-siRNA, and lenti-stat1/stat3-siRNA, 
lenti-con and mock groups was assessed by Cell scratch assay. Visual 

fields were taken photo at 0 h 36 h and 72 h. One-way ANOVA was 
used to analyze intergroup differences with a Bonferroni multiple 
comparison post-test. n = 3, *P < 0.05, **P < 0.01
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Fig. 4   Effects of recombinant adenovirus Ad-stat1/stat3-siRNA on 
tumor growth in vivo. Tumors were excised from the nude mice. The 
long diameter (a) and short diameter (b) of the transplanted tumor 
were measured before and after the administration. According to the 
formula (V = axb2/2). A Volume and time changes of subcutaneously 

transplanted tumors of U251 nude mice in each treatment group. The 
tumor volume-time curve was subsequently plotted. B Tumor-bearing 
status of U251 in nude mice. One-way ANOVA was used to analyze 
intergroup differences with a Bonferroni multiple comparison post-
test. n = 6, * P < 0.05 vs related control group
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Fig. 5   The in situ expression of 
stat1 and stat3 in the tumor. A 
HE staining of tumor tissues in 
each group; B, C IHC detection 
of stat1 and stat3 expression in 
nude mice with U251 xenograft 
tumor tissue
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obvious (P < 0.05). The number of apoptotic cells in each 
group increased significantly compared with the control group.

Analysis of transcriptome sequencing results

To explore the mechanism of the co-expressed genome lenti-
stat1/stat3-siRNA compared to single-genome lenti-stat1 
or lenti-stat3-siRNA on U251 cell apoptosis, transcriptome 
sequencing analysis was performed. Differential genes of 
the three experimental groups were analyzed through Venn 
diagrams and 936 unique differential genes were identified in 
the co-expressed genome lenti-stat1/stat3-siRNA (Fig. 8A). 
These unique differential genes were annotated to the genes 
expressed by the cell line U251 for KEGG analysis, and the 
results showed that they were mainly enriched in mineral 
absorption and FoxO signaling pathway (Fig. 8B). The statis-
tical results p < 0.05 showed that BP mainly includes processes 
such as central nervous system development and multicellu-
lar organism processes. CC mainly includes the endoplasmic 
reticulum, ion channel complexes, etc. MF mainly includes 
functions such as ion transmembrane transport protein activ-
ity and channel regulator activity (Fig. 8C). Additionally, the 
FOXO signaling pathway is detailed illustrated in Fig. 8D.

Discussion

The pathogenesis of glioma is complex and current treat-
ment methods include surgical resection, postoperative 
radiotherapy, and chemotherapy. However, most gliomas 
are infiltrating and diffuse growth, complete removal is 
challenging, leading to unsatisfactory overall outcomes. 
Gene therapy has emerged as a promising approach for 
disease management. While most researches focus on sin-
gle gene therapy. There is a growing interest in multi-gene 
combination therapies, which have shown more favorable 
results. For example, Wang et al. [15] demonstrated that 
the co-expression of STAT3-specific shRNA and GRIM-
19 significantly inhibited tumor cell proliferation, migra-
tion, and invasion compared to single-gene approaches, 
as evidenced by both in vivo and in vitro thyroid can-
cer treatment. Some scholars have also reported [16] that 
co-expression of stat3-specific shRNA and GRIM-19 
can inhibit the growth and metastasis of prostate cancer 
more effectively than single gene therapy. In this study, 
we constructed co-expression plasmids by up-regulating 
STAT1 and knocking down STAT3, utilizing a viral vector 

Fig. 6   Stat1 and stat3 mRNA and protein levels in each group tumor 
tissues. A Stat1 and stat3 mRNA levels were determined by qRT-
PCR. B Stat1 and stat3 protein levels were determined by Western 

blot. t-test was performed to analyze differences between two groups. 
n = 6, *P < 0.05, **P < 0.01, ***P < 0.001 vs related control group
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to deliver the target genes directly to the tumor site. Our 
findings confirm that the infection rates of the viral vector 
are significantly higher than those of other transfection 
methods and demonstrated its safety and effectiveness. 
Our data show that a combined strategy of co-expressed 
stat1 and stat3-siRNA synergistically and more effectively 
suppresses glioma growth. In summary, combined gene 

therapy appears to be more effective in treating cancer than 
single gene therapy.

To explore the molecular mechanism underlying the 
effect of co-expression plasmid stat1/stat3-siRNA on 
glioma cell apoptosis, compared to single gene stat1 and 
stat3-siRNA, we performed transcriptome sequencing anal-
ysis on cell experiments. We analyzed and identified 936 

Fig. 7   Effect of co-expression of Ad-stat1/stat3-siRNA on tumor cell apoptosis in vivo. (A-B) Apoptosis was investigated by TUNEL assay. 
t-test was performed to analyze differences between two groups. n = 6, *P < 0.05, **P < 0.01 vs related control group
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differential genes unique to lenti-stat1/stat3-siRNA through 
the Venn diagram. Subsequently, we performed GO analysis 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis on these genes. The KEGG analysis 
revealed significant enrichment in the mineral absorption 
and FOXO signaling pathway. FOXO serves as the conflu-
ence point of several growth factor receptor tyrosine kinase 
pathways, with its regulation influenced by main upstream 
signal pathways, including PI3K-Akt, JAK-STAT, MST1-
FOXO, and MAPK signal pathways [17–20]. Some scholars 

have shown that targeting FOXO1 can effectively induce 
glioma cell death and inhibit tumor growth. Cheng et al. 
used curcumin to induce G2/M arrest and trigger apoptosis 
via FoxO1 signaling in U87 human glioma cells [21, 22]. 
Additionally, studies have indicated that FoxO3a may play 
a key role in the differentiation and tumorigenicity control 
of glioblastoma cancer stem-like cells through PI3K/Akt/
mTOR and MEK/ERK signaling pathways [23]. It is known 
that STAT3 directly affects the FOXO signaling pathway 
[24]. Notably, when STAT3 is knocked out and STAT1 is 

Fig. 8   Analysis of transcriptome sequencing results. The transcrip-
tome was generated using RNA sequencing. Specifically, after 
extracting total RNA from each group of U251 cells 72 h post-infec-
tion with lentivirus, a library was constructed after total RNA sample 
detection. A The Venn diagram of the differential genes of the com-
parison combination. The sum of all numbers in the circle represents 
the total number of differential genes in the comparison combination, 

and the overlapping area represents the number of differential genes 
shared between the combinations. B and C KEGG and GO enrich-
ment analysis of 936 unique differential genes in the co-expressed 
genome lenti-stat1/stat3-siRNA; D the diagram of FOXO signal-
ing pathway, Red represents up-regulated genes, and blue represents 
down-regulated genes
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overexpressed, more genes within the FOXO signaling path-
way are regulated. TGFBR2, TGFBR3, AMPK, and mGluR 
are up-regulated, and JNK is down-regulated. The possi-
ble mechanism is that the up-regulation of TGFBR2 and 
TGFBR3 leads to up-regulation of AMPK [25]. AMPK also 
increases the glycolysis process [26], which in turn reduces 
oxidative phosphorylation. The decrease in ROS production 
leads to diminished JNK activities. The above process leads 
to FOXO phosphorylation regulation that affects the expres-
sion levels of downstream genes KLF2, Cyclin B, Catalase, 
and IL-7R. Of course, FOXO protein and its different phos-
phorylation modification levels should be assessed. Based 
on the above results, we speculate that targeting multiple 
nodes within the FOXO signaling pathway may underpin the 
enhanced efficacy of the co-expression plasmid stat1/stat3-
SiRNA compared to single genome stat1 or stat3-SiRNA in 
inhibiting the viability and migration of glioma cells. The 
above results suggest that the anti-glioma effect of overex-
pressing STAT1 and knocking out STAT3 is not attributable 
toa single signal pathway. Instead, it appears to be deter-
mined by the interplay, whether cooperative or antagonistic, 
of multiple signaling pathways involving various genes.

There is an interesting result to discuss. Based on the 
data we could conclude that combined stat1-stat3siRNA 
improves the apoptotic response of glioma cells when com-
pared to single treatments. In contrast, proliferation, migra-
tion and tumor growth are less affected. Glioma is a very 
complex disease and it is routinely seen that although apop-
tosis is stimulated, tumor growth may still not be affected. 
Several limitations need to be acknowledged. Firstly, it is 
necessary to replicate these results in additional glioma cell 
lines and an orthotopic model. Secondly, further investiga-
tions are need to explore the specific mechanism by which 
STAT1 overexpression and STAT3 silencing on glioma.

Conclusion

Co-expression of plasmid stat1/stat3-siRNA can signifi-
cantly increase the expression of stat1 gene and inhibit the 
expression of stat3 gene in glioma cells. The co-expression 
plasmid demonstrates a more pronounced ability to induce 
apoptosis compared to the single genome stat1 and stat3-
siRNA. RNA sequencing analysis indicated that multiple 
genes of the FOXO signaling pathway are altered by co-
expression plasmid stat1/stat3-siRNA, which may contrib-
ute to its superior effectiveness in inducing apoptosis com-
pared to single-gene therapies. Further investigation into the 
underlying mechanisms is warranted.
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