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A B S T R A C T

Glioblastoma (GBM), a grade IV brain tumor, presents a severe challenge in treatment and
eradication due to its high genetic variability and the existence of stem-like cells with self-renewal
potential. Conventional therapies fall short of preventing recurrence and fail to extend the median
survival of patients significantly. However, the emergence of gene therapy, which has recently
obtained significant clinical outcomes, brings hope. It has the potential to be a suitable strategy
for the treatment of GBM. Notably, microRNAs (miRNAs) have been noticed as critical players in
the development and progress of GBM. The combined usage of hsa-miR-34a and Cytosine
Deaminase (CD) suicide gene and 5-fluorocytosine (5FC) prodrug caused cytotoxicity against
U87MG Glioma cells in vitro. The apoptosis and cell cycle arrest rates were measured by flow
cytometry. The lentiviral vector generated overexpression of CD/miR-34a in the presence of 5FC
significantly promoted apoptosis and caused cell cycle arrest in U87MG cells. The expression level
of the BCL2, SOX2, and P53 genes, target genes of hsa-miR-34a, was examined by quantitative
real-time PCR. The treatment led to a substantial downregulation of Bcl2 and SOX2 genes while
elevating the expression levels of Caspase7 and P53 genes compared to the scrambled control. The
hsa-miR-34a hindered the proliferation of GBM cancer cells and elevated apoptosis through the
P53–miR-34a–Bcl2 axis. The CD suicide gene with 5FC treatment demonstrated similar results to
miR-34a in the apoptosis, cell cycle, and real-time assays. The combination of CD and miR-34a
produced a synergistic effect. In vivo, anti-GBM efficacy evaluation in rats bearing intracranial
C6 Glioma cells revealed a remarkable induction of apoptosis and a significant inhibition of tumor
growth compared with the scrambled control. The simultaneous use of CD/miR-34a with 5FC
almost entirely suppressed tumor growth in rat models. The combined application of hsa-miR-34a
and CD suicide gene against GBM tumors led to significant induction of apoptosis in U87MG cells
and a considerable reduction in tumor growth in vivo.
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1. Introduction

Glioblastoma (GBM), a common primary brain tumor, is highly heterogeneous at the genetic and molecular levels. This well-known
feature leads to the early development of abundant subclones because of rapid mitoses. Establishing a molecular-level diagnosis and
targeted therapy for these dynamic and heterogenic cell populations is challenging. The treatment efficacy could increase by targeting
multiple parts and mechanisms in different subclones [1].

GBM tumors harbor stem-like cells with self-renewal ability and an undifferentiated phenotype. Cancer stem-like cells are crucial in
initiating and maintaining the tumor after cytotoxic therapies. These cells contribute towards radiation resistance by increasing the
DNA damage response. Multiple molecular mechanisms, including NF-κB, Notch, and PARP pathways, were altered by cancer stem-
like cells to mediate the therapeutic resistance, suggesting a combination of targeted agents [2]. These unique features of GBM tumors,
such as their heterogeneity, treatment resistance, and ability to maintain the tumor after therapy, contribute to the high rate of
treatment failure, poor prognosis, incomplete extent of resection, tumor progression, and recurrence.

The conventional therapies used for treating GBM patients include surgery, radiotherapy, and chemotherapy, with about two years
of median survival. The treatment of GBM is maximal safe surgical resection followed by radiotherapy with concomitant daily
Temozolomide and a further six cycles of maintenance Temozolomide. There are no randomized clinical trials to determine the extent
of surgery and specifically investigate its survival benefit in the recurrent setting [3]. Radiotherapy remains a vital modality to improve
both local control and survival. This approach has some disadvantages, such as the possibility of injury to the surrounding normal
tissue and low-dose delivery to tumor cells away from the radiation site, which could lead to resistance [4]. Temozolomide also could
cause toxicity, especially during the adjuvant therapy period. Besides, only patients with O6-methylguanine-DNA methyltransferase
(MGMT) promoter methylation are likely to benefit more from the drug. Most patients experience recurrence within six months after
standard concurrent chemoradiation and adjuvant chemotherapy [3].

Precision oncology, including novel targeted therapeutics, has the potential to provide more effective treatments for this malignant
tumor. Gene therapy, which introduces growth-regulating or tumor-suppressing genes into tumors, efficiently treats GBM with many
distinct features. GBM tumors rarely spread outside the brain. Therefore, modern neurosurgical techniques and imaging models enable
the injection of a vector for gene delivery [5].

In clinical trials, viral vectors such as retrovirus, adenovirus, and adeno-associated virus were the initial delivery vehicles for
administering Glioma gene therapy. Suicide gene therapy, commonly used in viral gene therapy, is based on converting nontoxic
prodrugs into lethal active compounds [6]. Cytosine deaminase(CD) converts 5-fluorocytosine (5FC) into the cytotoxic chemothera-
peutic agent 5-fluorouracil (5-FU). Then, 5-FU converts to 5-fluorouridine monophosphate (5-FUMP) and 5-fluorodeoxyuridine
monophosphate (5-FdUMP). These active metabolites are incorporated into RNA and DNA, interfering with the synthesis and func-
tion of these molecules in the cell. Besides, inhibiting thymidylate synthetase by 5-FdUMP leads to the depletion of thymidine
5′-monophosphate and thymidine 5′-triphosphate affecting DNA and RNA synthesis [7]. Human cells do not contain the cytosine
deaminase enzyme, so, 5FC is safe in humans at pharmacological doses. The microflora of the gut could convert a small amount of 5FC
into 5-FU, leading to drug toxicity [8]. Toca 511, which delivers the Cytosine Deaminase (CD) suicide gene in conjunction with the oral
prodrug Toca FC (Flucytosine), induced tumor regression in individuals with recurrent high-grade Glioma in Phase I clinical trials [9].
Vocimagene Amiretrorepvec (Toca 511) and Flucytosine (Toca FC) were administered to 403 individuals with high-grade and
recurrent Glioma in a recent randomized phase II/II clinical trial. However, the results did not improve overall survival and efficacy
end-points compared to the standard of care [10].

Although suicide gene therapy has been effectively applied in a variety of in vitro and in vivo studies, it has not yet reached clinical
significance in cancer patients. Suicide genes could be supplemented with microRNAs (miRNAs) to enhance the efficiency of gene
therapy. MiRNAs are short, non-coding RNAs capable of regulating gene expression. The glial brain tumor pathogenesis could be better
discovered by analyzing the basis of miRNA roles in the cell signaling networks and cellular regulation [11]. Many miRNAs revealed
dysregulated expression in GBM, and these miRNAs operate as oncogenes or tumor suppressors. The hsa-miR-34 family, exceptionally
hsa-miR-34a (miR-34a), has been proven to influence and act on almost the cancer progression process. The expression of miR-34a in
high-grade Gliomas is much lower than in normal brain tissue; thus, the modulation of miR-34a expression seems to inhibit brain
tumor malignancy [12,13]. The third out of all GBM gene therapy trials (11.7 %) is suicide gene therapy [14]. Many previous
experimental studies reported the downregulation of miR-34a in tumor tissues and cell lines of most cancer types, such as GBM
[15–17]. miR-34a expression profiles of GBM tissues and stem cells obtained from Gene Expression Omnibus (GEO) datasets displayed
both overexpression and downregulation of this miR compared to normal brains. In recent studies, different vectors were used to
overexpress miR-34a or CD gene alone in GBM tumor cells in vitro and in vivo such as retroviral vector [18], lentiviral vector [19],
mesenchymal stem cells [20,21], nanogels [22], bacterial-derived nanocells [23], and polyglycerol-based polyplex [24].

The limited information about miR-34a expression status in human GBM enhances the significance of the in vivo experiences.
Delivery of the CD suicide gene could enhance the therapeutic efficiency of microRNA. Our previous study confirmed the effectiveness
of exosome-targeted combination therapy of miR-34a and CDA/5-FC suicide gene in U87MG and U87EGFRvIII GBM cells [25]. So, We
employed experimental validation to investigate the apoptotic effect of lentiviral-delivered miR-34a alone and in combination with the
CD antitumor suicide gene on U87MG cells in vitro and murine models of GBM in vivo.
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2. Material and methods

2.1. In silico miRNA expression analysis

We used the GEO (Gene Expression Omnibus) datasets to analyze the expression of hsa-miR-34a in GBM. The hsa-miR-34a-5p
target genes were obtained from the Targetscan database and analyzed by the Enrichr online functional annotation tool to investi-
gate the pathways in which miR gene targets are involved. The genes related to the apoptosis pathway were collected from the KEGG
pathway database and checked in DIANA-TarBase v7.0 for possible target sites of hsa-miR-34a-5p. RNA22 and Targetscan databases
were used to evaluate and predict the target site sequence of hsa-miR-34a in selected genes.

2.2. Cell lines

U87MG, HEK-293T, and rat C6 cell lines were purchased (Iranian Biological Resource Center). The first passage of C6 and U87MG
was used, and the passage number of HEK-293T cells at the beginning of the experiments was five. DMEM (Gibco) plus 10 % heat-
inactivated fetal bovine serum (Sigma), 100 units/ml penicillin (Sigma), and 0.1 mg/ml streptomycin (Sigma) were used as the cell
culture media. The cell culture was carried out by incubating the cell lines in air containing 5 % CO2 at 37 ◦C.

2.3. Viral vectors and reagents

The CD suicide gene and has-miR-34a-5p were synthesized and cloned in a pCDH-GFP-Puro vector to prepare the lentiviral
construct containing these genes. pMD2.G and psPAX2 lentivectors were purchased from System Bioscience. 5-Fluorocytosine for in
vivo and in vitro experiments were purchased from Alfa Aesar (England).

2.4. Lentivirus production and cell infection

Briefly, the plasmid carrying the CD suicide gene, CD/miR-34a, miR-34a, and the packaging plasmids (psPAX2, pMD2.G) were co-
transfected into HEK 293T cells using polyethyleneimine (Polysciences, USA). The cell supernatant containing lentivirus was collected
every 12 h for 72 h. The supernatants were centrifuged at 1500 rpm for 5 min at 4 ◦C to remove cell debris, filter sterilized (0.2 μm
filters), and stored at − 80 ◦C until transduction. Then, rat C6 cell line or U87MG Glioma cells were transduced with proper lentivirus
vectors. Since all vectors were positive for Green fluorescent protein (GFP), fluorescent microscopy indicates the efficiency of
transduction.

2.5. 5FC IC50 (MTT cell proliferation assay)

Transduced GBM cells (U87MG and C6) expressing the CD suicide gene were seeded onto a 96-well plate with 70% confluency. The
next day, 5FC was added to each well in triplicate at a 10–500 μg/ml concentration range. After 72h, cell viability was measured by the
MTT kit (Kowsar Biotech, Iran). IC50 was calculated using the non-linear regression formula, log (inhibitor) versus normalized
response-variable slope.

2.6. Apoptosis assay

GBM cells were seeded onto a 6-well plate at a confluency of 1.5 × 105 cells/well and assigned to three groups of U87MG
transduced with miR-34a CD/miR-34a, CD, and the scrambled control. After overnight incubation, CD and CD/miR-34a-expressing
cells were treated with 150 μg/ml of 5FC every 24 h. After 72 h, cells were prepared by Annexin V- phosphatidylethanolamine
(PE) and 7-minoactinomycin D (7-AAD) apoptosis kit (BD Biosciences).

2.7. Cell-cycle assay

The cell cycle was evaluated by flow cytometry. GBM cells were seeded onto a 6-well plate (1.5 × 105 cells/well). Cells were
divided into three cell groups, namely U87MG cells transduced with miR-34a, cells transduced with CD/miR-34a, cells transduced
with CD, and the scrambled control. After overnight incubation, CD and CD/miR-34a-expressing cells were treated with 150 μg/ml of
5FC every 24 h. Cells were collected, washed with PBS, transferred to a new tube of cold 70% ethanol dropwise on vortex, and retained
at − 20 ◦C for 24 h. After the removal of ethanol by centrifugation, cells were rinsed with PBS. The pellets were dissolved in a solution
containing 200 μl of propidium iodide (50 μg/ml) (Sigma), RNase (1 mg/ml) (Thermo Fisher Scientific), and Triton X-100 (Sigma) and
incubated for 40 min at 37 ◦C in the dark. The cell cycle was evaluated by flow cytometry.

2.8. Quantitative real-time RT-PCR

The total RNA contents of transduced (miR-34a, CD/miR-34a, CD, and the scrambled control) GBM cell lines (U87MG and C6) were
extracted using RNX-Plus (Sinaclon, Iran). Afterward, the extracted RNA samples were converted into complementary DNA (M-MuLV
enzyme, Yektatajhiz, Iran). Random hexamer primers and specific primers were used to synthesis of the cDNA and evaluate target gene
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expression related to h.SNORD47, R.SNORD, and HPRT1 internal controls. The relative expression levels of the target genes were
analyzed using the SYBR Green master mix (Yektatajhiz, Iran). The qRT-PCR results were analyzed using the REST 2009 software. The
primer sequences are listed in Table 1.

2.9. Implantation of C6 Glioma cells

Male Wistar rats weighing 200–250 g were anesthetized (100 mg/kg Ketamine and 5 mg/kg Xylazine), and C6 Glioma cells (1 ×

106 cells in 10 μl of PBS) were stereotactically implanted into the right dorsolateral striatum (anterior 0.24 mm; lateral 3.4 mm; lateral
depth 3.3 mm, according to the bregma). Rats were assigned to four groups. The control group received PBS; the scrambled control
group received SNORD-transduced C6 cells, the miR-34a group received miR-34a-transduced C6 cells, and the CD/miR-34a group
received CD/miR-34a-transduced C6 cells with 5FC treatment groups (each group contained four rats). One day after surgery, a group
of rats implanted by transduced C6 cells received subcutaneous injections of 5-FC (30 mg/kg) daily for two weeks. The dose of 5FC was
calculated based on the IC50 value; the drug was injected subcutaneously into the neck to reduce the dose and increase the drug release
time. Twenty-eight days after cell implantation, the animals were euthanized. The results of the in vitro tests revealed that the cell
proliferation inhibition and apoptotic induction of CD+5FC alone were equivalent to or less than those obtained from miR-34a, so we
did not conduct the in vivo parts of this treatment.

2.10. MRI scanning

Intracranial tumor images were obtained from a 3 T MRI scanner (Siemens, MAGNETOM Prisma). A T2-weighted spin-echo
sequence measured all experiments through the following parameters: TR = 3580, 5550, TE = 107 and 103 ms, FOV = 35 × 6,
and 28 × 50 mm2. A slice thickness of 0.8 mm without a gap was chosen to cover the entire brain lesion, and the overall scan time was
13 min. The region of interest (ROI) of tumors in all slices related to each MRI image was manually set, and the Iran National Brain
Mapping Laboratory measured the total tumor volume.

2.11. Histological analysis

The brain of sacrificed animals was removed, and the tumor growth of fixed brain tissues coronally sectioned (5 μm thickness) was
tested by hematoxylin and eosin (H&E) staining.

2.12. Statistical analysis

The results are presented as the mean values± standard deviation (SD). There were three biological replicates for each experiment.
The Student T-test and one-way ANOVA (followed by Tukey’s post-test) algorithms were used to compare the groups, and the obtained
values were analyzed by GraphPad Prism software version 8 (GraphPad-Prism Software Inc., San Diego, CA). Differences were
considered significant if the p-value was <0.05.

3. Results

3.1. In silico miRNA expression analysis

The downregulation of miR-34a in GBM has been reported previously, and this miR is considered a tumor suppressor [15–18].

Table 1
The list of primers used in this study.

hsa-miR-34a-5p RT Primer 5′-GTCGTATGCAGAGCAGGGTCCGAGGTATTCGCA CTGCATACGACACAACC
Forward 5′-AGGGTGGCAGTGTCTTAGC

H.SNORD 47 RT Primer 5′-GTCGTATGCAGAGCAGGGTCCGAGGTATTCGCA CTGCATACGACAACCTC
Forward 5′-ATCACTGTAAAACCGTTCCA

R.SNORD RT Primer 5′-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCAC
TGCATACGACGCTGGC

Forward 5′-CAGCTGAGGGTTTCTTTGA
Common Reverse primer (for all miRNAs) 5′-GAGCAGGGTCCGAGGT
HPRT1 Forward 5′-CCTGGCGTCGTGATTAGTG

Reverse 5′-TCAGTCCTGTCCATAATTAGTCC
P53 Forward 5′-GGAGTATTTGGATGACAGAAAC

Reverse 5′-GATTACCACTGGAGTCTTC
BCL2 Forward 5′-TAAGGCGGATTTGAATCTC

Reverse 5′-ATAATAGGGATGGGCTCAAC
Caspase 7 Forward 5′-CACGGTTCCAGGCTATTAC

Reverse 5′-GGCAACTCTGTCATTCACC
SOX 2 Forward 5′-GGACTGAGAGAAAGAAGAGGAG

Reverse 5′-GAAAATCAGGCGAAGAATAAT
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Besides, the expression of miR-34a in GBM cell lines and tumor cells was assessed using GEO DataSets. The search results of two
microarray expression profiles showed significant overexpression of miR-34a in normal neural stem cells compared to brain Glioma
stem cells and in GBM tumors grade 1 compared to GBM tumor grade 4. At the same time, two other profiles contained minimal
expression values and demonstrated significant down-regulation of miR-34a in normal brain tissues compared to GBM tumor tissues
(Fig. 1A). The bioinformatics data could not clarify the exact function of miR-34a in GBM tumor cells as a tumor suppressor gene or an
oncomir. To elucidate the biological functions of miR-34a in GBM, we further examine the obtained data from previous experimental
studies and online databases by conducting in vitro and in vivo experiments. The predicted target genes of has-miR-34a-5p obtained
from the Targetscan database with context scores smaller than − 0.4 were evaluated by Enricher through the KEGG pathways. The top
forty pathways in which has-miR-34a-5p target genes were involved, including the apoptosis pathway, were presented in Fig. 1B. The
apoptosis pathway-related genes were obtained from the KEGG pathway database, which includes 136 genes. The obtained apoptosis
genes were searched in DIANA-TarBase v7.0 to evaluate the hsa-miR-34a-5p target site. Forty apoptosis-related genes had the target
site from which seventeen genes were validated directly (Table 2). The obtained genes were further analyzed, and one tumor sup-
pressor gene (P53), one oncogene (Bcl2), and one Caspase7 gene as one of the genes involved in both extrinsic and intrinsic apoptotic
pathways as well as the crosstalk between them were selected for expression analysis. The Sox2 gene was selected as a transcription
factor that induces the differentiation of Glioma cells into induced Glioma stem cells and performs a fundamental role in maintaining
these cells [26]. The predicted has-miR-34a-5p target sites in the 3′ untranslated regions (3′ UTRs) of genes involved in apoptotic
pathways are depicted in Fig. 1C.

3.2. Lentivirus production and cell infection

The transduction effectiveness of all test groups (U87MG and C6 cells) was evaluated by fluorescent microscopy (Fig. 2A).

3.3. 5FC IC50 determination

The half-maximal inhibitory concentration (IC50) of 5-fluorocytosine (5-FC) was measured against U87MG and C6 cells expressing
the CD suicide gene to determine the cytotoxicity of CD against Glioma cells. The MTT test results demonstrated that 5-FC is cytotoxic
to both cell lines in a dose-dependent manner. As shown in Fig. 2B, the IC50 values of 5FC against C6(CD/miR-34a) and U87MG(CD/
miR-34a) were reported to be 16.53 μg/ml and 124.6 μg/ml, respectively.

Fig. 1. A) Examination of the expression of miR-34a in Glioblastoma tumors and brain normal tissues in GEO datasets (microarray expression
profiles, GSE 41033, 112009, 39486, 158284). B) The KEGG pathway enrichment bubble plot of hsa-miR-34a-5p target genes. The X-axis label
represents the rich factor (rich factor = amount of differentially expressed genes enriched in the pathway/amount of all genes in the background
gene set), and the Y-axis label represents the pathway. The size and color of the bubble represent the number of targeted genes enriched in the
pathway. C: The proposed target sites of miR-34a in apoptosis pathway-related genes predicted by RNA22 and Targetscan databases. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Z. Fekrirad et al.



Heliyon 10 (2024) e37041

6

3.4. Quantitative real-time RT-PCR

The overexpression of miR-34a in U87MG and C6 cells was analyzed using qRT-PCR, and the fold increases in the expression levels
were 38 and 146.5, respectively, compared to the control group (Fig. 2C). The expression levels of P53 and Caspase7 genes in U87MG
cells transduced with lentivirus expressing miR-34a significantly increased by 1.263 and 3.123 folds, respectively, compared to the
scrambled control. Besides, the mRNA levels of SOX2 and Bcl2 genes were almost completely inhibited. In U87MG cells transducted by
the CD suicide gene and treated with 5-FC (from 48 h to 96 h after transfection), the P53 gene was significantly increased by 9.572
folds, and the mRNA levels of SOX2 and Bcl2 genes were significantly inhibited. In U87MG cells expressing CD/miR-34a and treated
with 5-FC (from 48 h to 96 h after transfection), the expression rates of SOX2 and Bcl2 genes were significantly reduced by 0.896 and
0.855 folds, respectively, when compared with the scrambled control group. Besides, the expression levels of Caspase7 and P53 genes
were significantly increased by 2.734 and 1.294 folds, respectively, when compared with the control (Fig. 2D).

3.5. Apoptosis assay

A considerable rise in apoptosis rate was observed in U87MG cells treated with miR-34a, CD + 5FC, and CD/miR-34a + 5FC
(Fig. 3A). As illustrated in Fig. 3B, the total apoptosis percentages (early and late apoptosis) of U87MG cells transduced with miR-34a,
CD plus 5FC, or CD/miR-34a plus 5FC were reported to be 14.55 %, 29.05 %, and 37.5 %, respectively, compared to the scrambled
control (2.6 %).

3.6. Cell-cycle assay

The number of cells in the G0+G1, S, and G2 phases was significantly different in the U87MG cell line transduced with CD/miR-34a
lentivirus, which received 5-FC compared to U87MG cells transduced with scrambled lentivirus. The flow cytometry results showed an
increase in the G0+G1 phase by 22.28 % and a decrease of 18.27 % and 6.81 % in the S and G2 phases, respectively. The U87MG cell
line transduced with miR-34a lentivirus revealed a significant decrease in the S phase (5.07 %) compared to the U87MG cell line
transduced with scrambled lentivirus. The U87MG cells expressing CD plus 5FC alone demonstrated a significant increase in the
G0+G1 phase by 22.04 % and a decrease of 12.82 % in the G2 phase compared to the scrambled control (Fig. 3C and D).

Table 2
The apoptosis-related genes obtained from the KEGG pathway database, with miR-34a-5p target site according to DIANA-TarBase v7.0.

Gene
Symbol

Gene Name KEGG
Entry

Method Prediction
score

Valid.
type

CFLAR CASP8 and FADD-like apoptosis regulator [KO:
K04724]

PAR-CLIP – Direct

CASP7 Caspase 7 [KO:
K04397]

PAR-CLIP – Direct

PARP1 Poly(ADP-ribose) polymerase 1 [KO:
K24070]

HITS-CLIP/PAR-CLIP 0.468 Direct

BCL2 BCL2 apoptosis regulator [KO:
K02161]

PAR-CLIP/Luciferase Reporter Assay/
Western Blot/qPCR

0.980 Direct

ITPR3 Inositol 1,4,5-trisphosphate receptor type 3 [KO:
K04960]

HITS-CLIP 0.666 Direct

MCL1 MCL1 apoptosis regulator, BCL2 family member [KO:
K02539]

PAR-CLIP – Direct

ACTG1 Actin gamma 1 [KO:
K05692]

PAR-CLIP – Direct

ACTB Actin beta [KO:
K05692]

PAR-CLIP – Direct

TP53 Tumor protein P53 [KO:
K04451]

PAR-CLIP/Biotin-Microarrays 0.502 Direct

PIDD1 P53-induced death domain protein 1 [KO:
K10130]

PAR-CLIP – Direct

NFKBIA NFKB inhibitor alpha [KO:
K04734]

PAR-CLIP – Direct

NFKB1 Nuclear factor kappa B subunit 1 [KO:
K02580]

HITS-CLIP Direct

PTPN13 Protein tyrosine phosphatase non-receptor type 13 [KO:
K02374]

HITS-CLIP 0.476 Direct

PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit alpha

[KO:
K00922]

HITS-CLIP – Direct

PIK3R2 Phosphoinositide-3-kinase regulatory subunit 2 [KO:
K02649]

Luciferase Reporter Assay – Direct

RAF1 Raf-1 proto-oncogene, serine/threonine kinase [KO:
K04366]

PAR-CLIP – Direct

MAP2K1 Pitogen-activated protein kinase kinase 1 [KO:
K04368]

Luciferase Reporter Assay 0.998 Direct
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3.7. MRI scanning

As depicted in Fig. 4C, tumor growth was significantly inhibited in rats receiving miR-34a-expressing C6 cells compared to the
control group receiving scrambled C6 cells (Fig. 4B). The CD/miR-34a-mediated inhibitory effect was significantly enhanced with 5FC
prodrug treatment (Fig. 4D). The tumor volume in rats receiving miR-34a-expressing C6 cells decreased by 79.8 %, while its reduction
reached 94.39% in those receiving 5FC prodrug compared to control (scrambled C6 cells). The obtained results (Fig. 4E) demonstrated
that the tumor volume was significantly lower in rats receiving CD/miR-34a-expressing C6 tumor+5FC than those only receiving miR-
34a-expressing C6 cells.

3.8. Histological analysis

H&E staining indicated a typical anaplastic Glioma with increased cell number and mitotic activity in the tumor mass of the control
group (scrambled C6 cells, Fig. 4F), which showed high cellularity and atypical changes in nuclei. The size of the tumor, cell number,
and the atypical changes in nuclei were significantly decreased in miR-34a-transduced C6 tumor cells (Fig. 4G) compared to scrambled
C6 cells. Tumor cells transduced with CD/miR-34a and treated daily with 5FC had no tumor area or, if present, a minimal area with
minimal cellularity and scar-like necrotic margins (Fig. 4H).

4. Discussion

In preclinical [27–29] and clinical GBM research (NCT02015819, NCT01470794, NCT04657315), the combination of the Cytosine
Deaminase (CD) suicide gene with prodrug treatment, which is capable of converting nontoxic prodrugs to toxic components in tumor
cells, has displayed promising outcomes. 5-FU has been demonstrated to inhibit thymidylate synthase or to act as the false bases in
RNA and DNA, causing the death of proliferating and dividing cells in tumors [30]. Besides, the tumor-suppressing capability of
miR-34a is described in some cancers, including GBM. It has been reported that the miR-34a family can function downstream of the
P53 pathway as tumor suppressors. miR-34a has several target oncogenes, including c-Met, Notch-1, Notch-2, CDK6, PDGFRA and
EGFR. Therefore, miR-34a can potentially inhibit brain tumor malignancy [18,31]. Considering the tumor heterogeneity, Glioma stem
cells, the blood-brain barrier, DNA damage repair mechanisms, and drug efflux pumps, combined therapeutic strategies have shown
increasing benefits in GBM treatment. Besides, different approaches have certain strengths and weaknesses so that the combination
could maximize therapeutic efficacy. The efficacy of CD suicide gene therapy against GBM [32,33] and miR34a anti-GBM ability [18,

Fig. 2. A) The efficiency of transduction by fluorescent microscopy of GFP for miR-34a, CD, CD/miR-34a, and scrambled viruses in the U87MG and
C6 cell lines. B) IC50 determination of 5FC against C6 and U87MG cells expressing CD. The optical density (OD) at 450 nm was measured using a
microplate reader. C) Overexpression and relative fold change of miR-34a were confirmed by Real-Time qRT-PCR in comparison with the scrambled
group. D) Gene expression investigated by real-time PCR in U-87MG cells 72 h after transduction with miR-34a, CD, and CD/miR-34a with 5 EC
treatment and scrambled viruses. *p ≤ 0.05, ***p ≤ 0.0005, ****p ≤ 0.0001.
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34] were reported. This study aimed to estimate the simultaneous use of miR-34a and the CD suicide gene to induce apoptosis and
hinder the proliferation of GBM cells in vitro and in vivo.

The human-derived U87MG cell line was used to evaluate the impact of lentiviral transduction of miR-34a, CD, and CD/miR-34a
along with 5FC prodrug treatment. After obtaining positive results of tumor inhibition in the in vitro experiments, the C6 cell line was
intracranially administrated to rats to evaluate the in vivo antitumor effect of miR-34a and CD/miR-34a. An appropriate and exper-
imental rodent Glioma model could be developed using the C6 rat glioma cell line. C6 cells could simulate human GBM when injected
into the rats’ brains. The implantation of C6 cells in Wistar rat brains reveals similar histological features to human GBM, including a
high mitotic index and nuclear polymorphism. Besides, the immune microenvironment of C6 Gliomas resembles that of a human GBM
[35].

The flow cytometry analysis demonstrated that miR-34a inhibited the proliferation while increasing apoptosis in U87MG cells in
the presence or absence of the toxigenic activity of the CD suicide gene. The CD suicide gene alone also caused the same inhibition on
cell proliferation and induced apoptosis in U87MG cells after 5FC treatment. Previous research on Glioma cell lines [36–38] and
animal models [31] confirmed the apoptotic outcome of miR-34a overexpression on cell proliferation, survival, and invasion. Adding
the CD suicide gene to miR-34a increased the apoptosis rate in U87MG cells.

Other studies also investigated the antitumor effect of CD in combination with different antitumor agents, including thymidine
kinase [39,40], Temozolomide [28], and TNF-related apoptosis-inducing ligand (TRAIL) [41], all of which led to increased efficacy of

Fig. 3. A) The apoptosis rate of U87MG cells (miR-34a, CD +5FC, CD/miR-34a+5FC, and scrambled) evaluated by flow cytometry. The GFP-
positive cells were subjected to Annexin (PE) and 7-AAD analysis. B) The total apoptosis rate of U87MG cells transduced by miR-34a, CD +

5FC, and CD/miR-34a + 5FC treatment increased significantly in comparison to scrambled control. C) The cell cycle diagrams of U87MG cells
containing miR-34a, CD + 5FC, and CD/miR-34a with 5FC treatment compared to scrambled control. D) The percentage of each cell cycle phase is
represented. *p ≤ 0.05, **p ≤ 0.005 and ***p ≤ 0.0005, ns: non significant.
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apoptosis induction in vitro and in vivo. To our knowledge, no study on the combined use of miRNA and the CD suicide gene against
Glioma has been published. Our research is the first to describe CD/miR-34a fusion construct for inhibiting GBM tumors. Real-time
PCR demonstrated that miR-34a, alone or in combination with Cytosine Deaminase, may target genes involved in apoptosis and
the cell cycle of U87MG cells. The overexpression of miR-34a increased the expression level of the P53 gene in all cell groups (miR-34a,
CD+5FC, and CD/miR-34a+5FC). Despite the presence of miR-34a target site in 3ʹUTR of P53, overexpression of miRNA not only did
not decrease the expression of this gene but also increased it. There is a complex interaction between the P53 gene and miR-34a.
MiR-34a positively affects P53 transcription and protein stability by targeting multiple P53 inhibitor genes. One identified pathway
is the SIRT1(silent information regulator 1)-dependent pathway. Through binding to the 3′ UTR of SIRT1, miR-34a inhibits SIRT1
expression. The inhibition of SIRT1 increases the level of acetylated P53, which regulates the apoptosis and cell cycle. There is a
positive feedback loop in which P53 induces the expression of miR-34a, which activates the P53 gene by inhibiting SIRT1 [42–45]. A
study by Gao et al. revealed that p53 luciferase reporter activity in HCT116 cells (human colorectal carcinoma cell line) was increased
by miR-34a-5p. Besides, p53 expression in primary colorectal cancer tumor tissues was positively connected with miR-34a-5p
expression. Patients with p53-positive expression had a higher degree of miR-34a-5p than those with p53-negative expression [46].

B-cell lymphoma 2 (Bcl2) is another target gene of miR-34a. The Bcl2 gene encodes an integral outer mitochondrial membrane
protein that hinders the apoptosis pathway and cell death. MiR-34a is a tumor suppressor in U87 Glioma cells, inhibiting cell growth
and triggering death via targeting Bcl2 [37].

The P53–miR-34a–Bcl2 axis is an accepted pathway in the stimulation of apoptosis in cancer cells. Based on the Bommer et al.
report, miR-34a suppresses the luciferase reporter activity of a construct fused with the 3′-UTR of Bcl-2 [47], and subsequent reports
confirmed that miR-34a could directly target BCL-2 mRNA, which promotes the induction of cancer cell apoptosis [48–50]. Our results
also demonstrated a significant decrease in the expression level of the Bcl2 gene in U87MG cells (miR-34a, CD+5FC, and
CD/miR-34a+5FC). Fischer et al. reported that in U87 cells, apoptosis was efficiently induced by exposure to 5-FC with a weak P53
response. 5-FC-induced cell death was independent of death receptors but accompanied by mitochondrial alterations. Also, 5-FC
caused a decline in the level of Bcl-2 [51]. Our obtained data also demonstrated a significant increase in P53 and a significant

Fig. 4. The Intracranial tumor growth of glioma rat models (Tumors were indicated by arrows). A) Intracranial tumor growth of the PBS injection
(negative control). B) Intracranial tumor growth of the C6 scrambled transduced injection (positive control). C) Intracranial tumor growth of the C6
miR-34a transduced injection. D) Intracranial tumor growth of the C6 CD/miR-34a transduced injection with 5FC treatment. E) Intracranial tumor
size of miR-34a transduced C6 cells and CD/miR-34a transduced C6 cells with 5FC treatment in comparison with scrambled transduced control. F)
H&E staining of the tumor section indicated high cellularity in the scrambled transduced C6 cells control group. G) The tumor size and cellularity
were reduced by miR-34a transduction. H) CD/miR-34a+5FC induced the smallest tumor size or no tumor growth. I) The normal brain tissue in the
negative control (PBS injection). *p ≤ 0.05, **p ≤ 0.005.
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decrease in Bcl2 mRNA level in CD-expressing U87MG cells after 5FC treatment. In addition, the Caspase7 gene was upregulated in
U87MG cells transduced with miR-34a, which could lead to the inhibition of U87MG cell proliferation by miR-34a through the in-
duction of caspase-dependent apoptosis [37]. Gao et al. showed that the caspase-7 protein level was increased in the miR-34a-5p
transfected HCT116 cells, and miR-34a-5p gave rise to apoptosis by activating the caspase-dependent pathway [46]. MiR-34a
might not directly target the Caspase7 gene. It was found that miR-34a acts as a tumor suppressor by targeting proteins, such as
SNAI1(snail), involved in apoptosis, proliferation, metastasis, and stemness. SNAI1 is a direct target of miR-34a, as confirmed by the
luciferase reporter assay. SNAI1 mRNA and protein were down-regulated in ES-2 cells transfected with miR-34amimic [52]. Aida et al.
indicated that apigenin induces apoptosis through the miR-34a-5p/SNAI1 pathway in A549 cells. Down-regulation of SNAI1 mRNA by
miR-34a-5p increased Caspase-3/7 activity [53]. In another study, Western blot results showed that inhibiting SNAI1 promoted the
Caspase 3 and Caspase 7 levels [54]. These findings proposed that the overexpression of miR-34a decreased SNAI1 expression, leading
to the cell’s elevation of the Caspase 7 level.

Consistent with a previous study performed on head and neck squamous cell carcinoma stem cells [55], the overexpression of
miR-34a decreased the expression level of stemness-related transcription factor SOX2 gene in U87MG cell groups in the absence and
presence of the CD suicide gene. In another study, the mRNA level of Sox2 of breast carcinoma cells exposed to cRGD-PEG/miR-34a
liposomes was significantly decreased [56]. Choi et al. reported that miR-34a directly targets Sox2, and this gene was repressed by
miR-34a in Dicer-deficient HCT116 cells, which was confirmed by luciferase reporter assay [57]. Sox2 is a crucial transcription factor
in maintaining stemness characteristics, including pluripotency and self-renewal of cancer cells and human embryonic stem cells [55].
The proposed schematic mechanism of apoptosis induction of miR-34a and CD is represented in Fig. 5.

Previous studies suggest that miR-34a could induce cell cycle arrest [58], and this miRNA has potential target genes that regular
cell cycle, includingMET, CDK4, CDK6, CCND1, CCNE2, and NMYC. It has been revealed that miR-34a could significantly reduce cells
in the S phase of the cell cycle and a rise in the G0/G1 phase [59]. Our flow cytometry data related to cell cycle analysis demonstrated
that miR-34a, CD, and their combination significantly inhibited the cell cycle and increased the apoptosis rate.

We investigated the potential therapeutic impact of the CD and miR-34a on Glioma rat models after obtaining the in vitro antitumor
effect mediated by the mir/suicide gene. The in vivo results of MRI and histopathological analyses revealed that the tumor growth in
cancer cells-expressing miR-34a or CD/miR-34a plus 5FC was significantly inhibited. Cells expressing CD/miR-34a in combination
with 5FC treatment had the most extensive tumor growth regression and almost total tumor suppression, consistent with an improved
Glioma cell apoptotic impact in vitro. Moreover, there was a significant difference between the tumor inhibition rate of cells transduced
with CD/miR-34a and treated with 5FC and those transduced with miR-34a. Daily administration of 5FC to rats amplifies the cytotoxic
impact on tumor development. Furthermore, compared to earlier research, a lower dosage of 5FC administered subcutaneously almost
entirely inhibited tumor growth in rats.

Despite promising results from both in vitro and in vivo experiments, there are some issues regarding CD/miR-34a gene therapy in
patients with GBM. In this study, the C6 cell line was first transduced with CD/miR-34a and then administered to the brains of rats to
induce a murine model of GBM and assess the therapeutic effect of CD/miR-34a. For the successful delivery of the miR-34a/CD suicide
gene to the brain tumor cells of patients, an effective administration route is required. Recent research applied different vehicles for
gene delivery of the CD suicide gene, such as viral vectors [29,60,61] and mesenchymal stem cells [28,62,63]. Using a lentiviral
delivery system leads to the transduction of all kinds of cells, including tumor cells and the normal cells of the same tissue or even
normal cells of other tissues exposed to the vector. Specific targeting of suicide gene therapies along with other therapeutical agents
such as miRNAs will lower side effects and increase the therapeutic efficacy. The desired suicide gene expression, controlled by a
tissue-specific cellular promoter, provides transcriptional targeting. This method was used against Glioma by developing a baculoviral
vector containing the herpes simplex thymidine kinase gene, miR-31, miR127, and miR-143 [64]. In a similar study, HSVtk gene
expression was enhanced in GBM cells by specific control of Epo enhancer responds to the core tumor low-oxygen concentration and
elevates gene expression along with Nestin intron 2 (NI2), which increases gene expression in neural stem cells or GBM [65].

Combination therapy, which combines two or more therapeutic agents, is a cornerstone of cancer therapy. The combination may
include radiation therapy, chemotherapy, immunotherapy, and gene therapy. We used non-coding RNA therapy with suicide gene
therapy.

After the successful transport of the miR-34a/CD suicide gene, there must be an efficient way to deliver the prodrug to the tumor
location. When treating patients with brain tumors with chemotherapy, some of the most significant challenges are the inability of the
medicine to penetrate the blood-brain barrier (BBB) and reach the tumor, as well as the severe side effects caused by the chemicals.
Gene therapy for suicidal CD prevents the toxic side effects of systemic 5-FU administration. In addition, the 5FC prodrug does not bind
to plasma proteins and has excellent penetration into the BBB and cerebrospinal fluid (CSF) [66]. The patients with high-grade Glioma
underwent a 4-day intracranial injection of a CD suicide gene in a phase I clinical trial, and they received oral 5-FC from 75 to 150
mg/kg/day. No toxicity and histological indications of tumorigenesis were detected [67]. The carrier dosage and/or prodrug delivery
schedule are two potential strategies to improve gene therapy, both of which are critical elements in the complete elimination of tumor
burden.

5. Conclusions

The present study demonstrated the efficacy of CD suicide gene/miR-34a gene therapy to induce apoptosis in Glioma cancer cells
and confirmed the function of miR-34a as a tumor suppressor in GBM. The overexpression of miR-34a leads to significant apoptosis
induction in GBM cells by down-regulation of Bcl-2 gene and inhibitors of the P53 gene. The CD suicide gene plus 5FC alone exhibited
lower apoptosis inhibition to miR-34a alone. The CD/5FC treatment increased p53 transcriptional activity, triggering cell cycle arrest
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and apoptosis. These two agents have a synergistic effect in apoptosis induction, and the combined treatment of the CD suicide gene
and miR-34a induced a higher apoptotic effect than each treatment alone. The in vitro results were confirmed by in vivo experiments in
which miR-34a alone and combined with CD significantly inhibited the tumor growth of rat animal models of GBM. Our data provide a
novel and effective GBM antitumor treatment that could be achieved using CD and miR-34a gene therapy. Given that patients with
GBM have an inferior prognosis, this combination treatment could increase patient survival. However, further in vivo and in vitro
research would be beneficial to establish the precise technique, optimum dose, and safety of this therapeutic approach.
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Fig. 5. A schematic representation of the mechanism of apoptosis induction in tumor cells by the simultaneous use of miR-34a and CD. The RNA
coding for miR-34a and CD enters the cytoplasm of the tumor cell by the lentiviral vector and is converted into DNA through reverse transcription.
The synthesized DNA arrives in the nucleus and is inserted into the chromosome by the virus integrase enzyme. After the process of transcription and
translation, the produced CD enzyme causes the conversion of 5FC to 5FU. By converting to FdUMP, 5FU inhibits thymidylate synthase enzyme
activity and, thus, DNA synthesis. The conversion of 5FU to FdUTP generates errors in DNA synthesis, and the conversion to FUTP causes errors in
RNA synthesis. Errors and damage of DNA and RNA lead to the activation of P53. The transcribed miR-34a exits the nucleus and is placed in the
RISC complex which induces a decrease in the expression of SOX2 and Bcl2 as well as an indirect increase in the expression of Caspase7. Inhibition
of Bcl2 induces the mitochondrial apoptotic pathway. Also, inhibition of SIRT1 leads to increased production of P53. Through a positive feedback
loop, P53 enhances the transcription of miR-34a. The increased activation and production of P53 through both miR-34a and CD pathways as well as
inhibition of Bcl2, induces apoptosis in tumor cells.
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