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Glioblastoma multiforme continues to be one of the most aggressive brain cancers, posing a serious 
health challenge, as it offers a median survival of only 15–23 months and a 5-year survival rate 
of less than 6%. Current treatments often prove inadequate, underscoring the urgency for new 
therapeutic strategies. This study investigated the potential of silencing the PFKFB4 and HMOX1 
genes in U87-MG glioblastoma cells using small interfering RNAs (siRNAs), both alone and alongside 
the chemotherapeutic agents temozolomide (TMZ) and doxorubicin (DOX). Through MTT assays, 
qPCR, and wound healing techniques, we assessed cell viability, gene expression, and cell migration. 
Notably, siPFKFB4 enhanced DOX’s cytotoxic effect, reducing its IC50 by six-fold, while having a 
milder impact with TMZ. When both siRNAs were combined with DOX, the IC50 decreased by two-fold 
without harming normal cells. Although siHMOX1 reduced cell migration, it only modestly affected cell 
proliferation with either DOX or TMZ. The gene expression analysis demonstrated that the siPFKFB4/
DOX treatment led to an upregulation of pro-apoptotic genes such as DPYSL4, while simultaneously 
downregulating anti-apoptotic genes, including BCL-2 and PARP2. In contrast, the siHMOX1 
combination influenced the expression of 14 genes, significantly enhancing the levels of CYLD, FAS, 
and CASP3, which are key promoters of apoptosis. In migration assays, siPFKFB4/DOX and siHMOX1/
DOX reduced cell migration by 65 and 75%, respectively. These findings suggest that siPFKFB4 
combined with DOX offers a promising pathway for GBM therapy, advocating further exploration into 
effective central nervous system drug delivery methods.
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Glioblastoma Multiforme (GBM), classified as a grade IV astrocytoma, is recognized as the most common, 
aggressive, and invasive type of brain tumor. It originates in the star-shaped glial cells that provide support to 
nerve cells in the brain and constitutes more than 15% of all primary brain tumors. Glioblastoma can manifest in 
two distinct forms. Primary glioblastoma typically occurs in individuals of all ages, though the median age is 60 
years, exhibits a rapid progression, often developing within a few months1. In contrast, secondary glioblastomas 
could emerge from low-grade gliomas, primarily affecting younger individuals, even under the age of 45. GBM is 
distinguished by its capacity to penetrate normal brain tissue, making surgical removal and treatment extremely 
challenging2. Despite advancements in contemporary treatments for GBM, it continues to be a deadly disease 
with a notably poor prognosis. Patients diagnosed with GBM have a reported median survival of around 15–23 
months, and the 5-year survival rate for malignant brain tumors stands at approximately 7%, reflecting one 
of the lowest long-term survival rates among cancers3. More than 90% of individuals undergoing treatments 
could have a recurrence within 2 years with a life expectancy of 5–7 months4. Such a low survival rate has been 
associated with a rapid tumorigenesis of cancerous cells along with invasion of nearby brain tissue5. Fractionated 
radiotherapy and temozolomide (TMZ) are the gold standard of GBM treatment. However, because of 
development of chemoresistance, recurrent GBM poses a significant challenge to establish alternative treatment 
strategies4. As a result, novel and efficient alternative therapeutic strategies to treat GBM are of urgent need5.

In positing novel therapeutics for GBM, targeted therapies have emerged as a promising avenue, these 
therapies are meticulously crafted to focus on the underlying genetic and molecular pathways that propel tumor 
growth6. With cell-specific interference of such pathways, targeted therapies could offer a potential breakthrough 
in addressing the complexities of GBM treatment7. A notable example is the targeting of the PI3K/AKT/mTOR 
pathway using the small molecule inhibitor BEZ235, which has proven effective in inhibiting the growth of GBM 
cells in both in vitro and in vivo studies8. The excessive metabolic activation of the PI3K/AKT/mTOR pathway 
has been linked to the suppression of apoptosis and the increased proliferation of cancer cells, as observed 
in various malignancies, including gliomas. Consequently, identifying and targeting this pathway presents a 
promising therapeutic strategy for treating GBM8.

The selection of Heme oxygenase-1 (HMOX1) and the enzyme 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 4 (PFKFB4) as therapeutic targets is grounded in their pivotal roles in promoting tumor 
progression and treatment resistance. PFKFB4, in particular, plays a crucial role in glucose metabolism within 
cancer cells by facilitating the reversible conversion of fructose-2,6-bisphosphate to fructose-6-phosphate, a 
key step in the glycolysis pathway. Its involvement in regulating the cell cycle and apoptosis makes PFKFB4 a 
promising target for therapy9. Previous studies have shown that inhibiting PFKFB4 disrupts glucose metabolism 
in cancer cells, offering a potential treatment strategy for glioblastoma10.

HMOX1, an enzyme crucial for heme breakdown, is implicated in the progression of several cancers, including 
glioblastoma. HMOX1 supports rapid tumor growth, cancer aggressiveness, angiogenesis, and metastasis11. 
Byproducts of HMOX1 activity also modulate the immune response; making it a valuable therapeutic target. 
Inhibition of HMOX1 has been demonstrated to increase the efficacy of chemotherapeutic agents, such as 
doxorubicin in breast cancer and temozolomide (TMZ) in melanoma, enhancing their therapeutic impact12. 
This is consistent with studies showing that PFKFB4 and HMOX1 are overexpressed in various cancer types and 
are linked to poorer prognosis and reduced survival rates in brain cancer patients13.

Considering the critical roles of these two genes, this study investigated the potential of targeting PFKFB4 and 
HMOX1 as promising therapeutic strategies for the treatment of GBM. We primarily investigated the additive 
anti-proliferative and anti-migratory effects of HMOX1 and PFKFB4 knockdown alone or in combination with 
temozolomide (TMZ) and doxorubicin in U87-MG Glioblastoma Cells. By studying U87-MG glioblastoma 
cells, we aimed to identify the genes involved in cell death following siRNA treatment and chemotherapy. Our 
research shows how silencing PFKFB4 and HMOX1 can help in GBM therapy and suggests a new targeted 
treatment option.

Methodology approaches and the experimental materials
Procedures for culturing and expanding cell lines
The U-87 MG glioblastoma and HDFa fibroblast cell lines were obtained from ATCC (Manassas, VA, USA) and 
cultured following standard protocols. U-87 MG cells were maintained in high-glucose DMEM, and HDFa cells 
in IMDM, both supplemented with 10% FBS, penicillin, streptomycin, and amphotericin B. Cells were incubated 
at 37  °C with 5% CO₂ and sub-cultured upon reaching 80% confluency using 0.25% trypsin/EDTA. Culture 
conditions and media preparation adhered to established methods14.

Cell viability and counting
Cell viability was assessed using the trypan blue exclusion method. A 1:1 mixture of cells and trypan blue was 
prepared, loaded onto a hemocytometer, and analyzed under an inverted microscope (Leica Microsystems) at 
100× magnification to distinguish viable cells from those with compromised membranes14.

siRNA design and transfection
Custom-designed 27-mer siRNAs targeting PFKFB4 (SR303465) and HMOX1 (SR320506) (OriGene 
Technologies) were prepared according to the manufacturer’s instructions. Transfections were performed using 
Lipofectamine RNAiMAX (Invitrogen) in serum-free media, following the recommended protocol. A scrambled 
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siRNA (OriGene) served as a control to verify transfection efficiency and minimize off-target effects. Six hours 
post-transfection, 10% FBS was added to the culture media to promote optimal cell growth15.

The rationale for using a 100 nM siRNA concentration in most experiments is to ensure a clear and consistent 
impact on gene expression, as the timing of cell harvesting varied across experiments. For instance, IC50 values 
were determined after 72 h, while PCR array experiments were conducted after 24 h. Using 100 nM also ensured 
a homogenous cell population progressing toward apoptosis, thereby providing clear insights into cellular 
responses to siRNA treatment.

To ensure the specificity of siRNA knockdown, scrambled siRNA controls were included in all experiments. 
Off-target effects were evaluated by monitoring the expression levels of housekeeping genes, which showed no 
significant changes throughout the study. Biological replicates were performed across multiple time points to 
confirm reproducibility. These measures provided robust validation of the experimental design and knockdown 
efficacy.

Cytotoxicity evaluation of siPFKFB4 and siHMOX1
U-87 MG and HDFa cell lines were seeded into 96-well plates at densities of 5 × 10³ and 7 × 10³ cells per well, 
respectively, and cultured under standard conditions to allow adherence for 24 h. Transfections with siPFKFB4, 
siHMOX1, and a scrambled control were performed in serum-free media using Lipofectamine RNAiMAX 
(Invitrogen) across a concentration range of 0.8–400 nM. After 6 h, the media were replaced with complete 
media to maintain cell health16.

Cytotoxic effects were assessed 72  h post-transfection using the MTT assay (Promega), following the 
manufacturer’s instructions. Absorbance was measured at 570 nm using a Synergy™ HTX Microplate Reader 
(BioTek). IC50 values were calculated using GraphPad Prism Software 8.0.1 with a variable slope model16.

Evaluating in vitro cytotoxic effects of doxorubicin or temozolomide in combination with 
siPFKFB4 or siHMOX1
The synergistic effects of doxorubicin (DOX; Ebewe Pharma, Australia) and temozolomide (TMZ; Sigma 
Aldrich) with siPFKFB4 or siHMOX1 were evaluated in U-87 MG and HDFa cells using the MTT assay. Cells 
were transfected with siRNAs at a fixed concentration of 100 nM, followed by treatment with serial dilutions of 
DOX (0.025–12.5 µM) or TMZ (3.9–2000 µM)16,17.

After transfection and drug exposure, cells were incubated for 72 h under normoxic conditions (5% CO₂, 
37 °C) in a humidified incubator. All experiments were performed in triplicate16.

In vitro cytotoxicity assay of doxorubicin and temozolomide
The cytotoxicity of doxorubicin (DOX; Ebewe Pharma) and temozolomide (TMZ; Sigma Aldrich) was evaluated 
in U-87 MG and HDFa cells using the MTT assay. DOX was prepared as a 2 mg/ml stock solution in sterile water 
and stored at 4 °C, while TMZ was prepared as a 100 mM stock solution in DMSO and stored at − 20 °C, with 
the final DMSO concentration kept below 0.1% to minimize toxicity14.

Cells were seeded in 96-well plates at densities of 5 × 10³ (U-87 MG) and 7 × 10³ (HDFa) cells per well in 100 
µL of culture medium and incubated under normoxic conditions (5% CO₂, 37 °C) for 24 h to allow adherence. 
Treatments with varying concentrations of DOX (0.05–25 µM) or TMZ (3.9–2000 µM) were applied for 72 h, 
and all experiments were performed in triplicate. Cell viability was assessed using the MTT assay as per the 
standard protocol14.

Control groups
Control groups were included to ensure result accuracy and reliability. Positive controls were treated with known 
concentrations of doxorubicin (DOX) and temozolomide (TMZ) to confirm expected cytotoxic effects. Negative 
controls included untreated cells and cells treated with scrambled siRNA to identify non-specific effects, while 
untreated controls provided baseline measurements for cell viability and gene expression. These controls were 
critical for interpreting the experimental results and verifying the specific effects of siRNA and drug treatments.

Determination of IC50
The IC50 values for DOX (0.025–12.5 µM) and TMZ (3.9–2000 µM) were determined using GraphPad Prism 
Software (v8.0.1). TMZ was freshly prepared in DMSO (ChemCruz), with a final DMSO concentration 
maintained at ≤ 1%. Each treatment condition was tested in triplicate, and the IC50 values were calculated using 
a variable slope model14.

RNA extraction and cDNA synthesis
Total RNA was extracted using the RNeasy Plus Mini kit (Qiagen) per the manufacturer’s instructions and stored 
at − 80 °C. For cDNA synthesis, 1 µg of RNA was reverse transcribed using the RT2 First-Strand Synthesis Kit 
(Qiagen), following the manufacturer’s protocol14.

Assessing gene expression levels using quantitative RT-PCR
Gene expression levels of PFKFB4 and HMOX1 were analyzed in U87-MG and HDFa cell lines using RT-qPCR, 
with GAPDH as the housekeeping gene. The reactions were conducted on the C1000 Touch™ Thermal Cycler/
CFX96™ Real-Time System (Bio-Rad) using TB Green Premix Ex Taq™ II reagent (Takara). The 2^−ΔΔCt 
method was employed for relative quantification of mRNA expression levels. Primer sequences and additional 
details are available in Table 118.
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Evaluating U87-MG cell migration through an in vitro scratch wound healing assay
The migratory ability of U87-MG cells was assessed using an in vitro scratch wound healing assay. Approximately 
1 × 10⁵ cells were seeded into pre-treated 6-well plates containing high-glucose DMEM and cultured to 80–90% 
confluence. A scratch was created using a P200 pipette tip, and wound closure was monitored at 0, 24, 48, 
and 72 h using an inverted microscope with a camera (Leica Microsystems). Wound closure percentages were 
analyzed with Fiji software, calculated as:

% of wound closure = [(At=0 h – At=∆h)/At=0 h] X 100%,
where At=0 h represents the wound area measured immediately after scratching, and At=∆h denotes the wound 

area at 24, 48, and 72 h post-scratch21.

Gene expression profiling and real-time PCR array
Pathway-specific gene expression profiling was performed using the RT2 Profiler PCR Array (Qiagen, PAHS-
212ZA), which targets 84 genes related to apoptosis, autophagy, and necrosis. A detailed list of the genes is 
provided in the supplementary material (Table S1). To prevent RNase contamination, all surfaces and equipment 
were treated with RNaseZap® (ThermoFisher).

For each 96-well array plate, 1 µg of cDNA, prepared from total RNA, was mixed with RT2 SYBR® Green 
Master Mix (Qiagen) and loaded into the wells. Real-time PCR was conducted on the C1000 Touch™ Thermal 
Cycler/CFX96™ System (Bio-Rad) using standard amplification conditions: 95 °C for 10 min, followed by 40 
cycles of 95 °C for 15 s and 60 °C for 1 min14.

Data analysis of gene expression profiling
Gene expression analysis was performed using the 2^−ΔΔCt method with data from the PCR array. Fold changes 
in gene expression were calculated through the automated web portal provided by SA Biosciences (Qiagen) 
at www.SABiosciences.com/pcrarraydataanalysis.php. Normalization was carried out using reference genes 
RPLP0, ACTB, B2M, and GAPDH to ensure consistency across all plates.

Bioinformatics analysis
RNA sequencing data from the TCGA GBM cohort were analyzed using TIMER and GEPIA2 databases to 
investigate PFKFB4 and HMOX1 expression in malignant and normal tissues. Kaplan-Meier survival analysis 
assessed overall survival (OS), disease-free survival (DSS), and progression-free interval (PFI) based on gene 
expression levels, with statistical significance determined by the log-rank test (p < 0.05). Hazard ratios (HRs) and 
95% confidence intervals (CIs) were calculated to evaluate these relationships.

Co-expression patterns of PFKFB4 and HMOX1 were examined using Spearman’s correlation (p ≤ 0.05, 
FDR ≤ 0.05). Gene Set Enrichment Analysis (GSEA) identified functional associations through Gene Ontology 
(GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways22. A CDKN3-related protein-
protein interaction (PPI) network was constructed using the STRING database23.

Statistical methods and data analysis
All experiments were performed in triplicate unless stated otherwise. Results are expressed as mean ± SEM, with 
p < 0.05 considered statistically significant. Statistical analyses were conducted using GraphPad Prism Software 
(v8.0.1).

Results
Assessment of cytotoxic activity in U87-MG cells through in vitro assays
Dose-dependent viability assay for each siRNA (siPFKFB4, siHMOX1, and Scrambled), as well as both siPFKFB4/
siHMOX1 was performed with serial doses of siRNAs ranging from 0.8 to 400 nM for 72  h. The viability 
values were compared with scrambled siRNA as a negative control and untreated control cells as expressed 
with normalized viability of the used concentrations. We found that IC50s were 16.33 ± 1.50 nM for siPFKFB4, 
31.40 ± 0.01 nM for siHMOX1, siPFKFB4/siHMOX1 108.8 ± 3.1 nM, and 118.2 ± 0.50 nM for Scrambled 
(Fig. 1A). Although the IC50 values for siPFKFB4 (16.33 nM) and siHMOX1 (31.40 nM) were determined, a 
concentration of 100 nM siRNA was chosen for subsequent experiments. This concentration was selected to 
ensure robust and consistent knockdown efficiency across all experimental setups, particularly in co-treatment 
conditions with chemotherapeutic agents. The choice also aligns with established protocols in similar studies, 
balancing efficacy and potential off-target effects.

The In vitro MTT assay demonstrated that the chemo-sensitivity of DOX against the glioblastoma cell line 
was increased, and the IC50 was decreased. The combination of serial doses of DOX with 100 nM of siPFKFB4 
decreased the IC50 value by 6 times over DOX alone from 0.078 ± 0.014 to 0.013 ± 0.0001 µM. Moreover,. The 
combination of serial doses of DOX with 100 nM siHMOX1combination treatment resulted in an IC50 value 

Gene Forward primer Reverse primer Ta Ref.

PFKFB4 ​G​G​G​T​G​C​C​T​C​T​T​G​G​C​C​T​T​A​A​A ​G​C​C​C​A​C​A​C​G​G​C​A​T​A​C​T​T​T​T​C 62 °C 18

HMOX1 ​A​A​G​A​C​T​G​C​G​T​T​C​C​T​G​C​T​C​A​A​C ​A​A​A​G​C​C​C​T​A​C​A​G​C​A​A​C​T​G​T​C​G 62 °C 19

GAPDH ​C​T​C​T​G​A​T​T​T​G​G​T​C​G​T​A​T​T​G​G​G ​T​G​G​A​A​G​A​T​G​G​T​G​A​T​G​G​G​A​T​T 62 °C 18

Table 1.  List of the primer sequences and annealing temperature. Ta: Annealing Temperature Ref: Reference
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of 0.091 ± 0.0001 µM, which had a less significant effect on glioblastoma cells. On the other hand, DOX-siNC 
exhibited a double reduction over the IC50 value of DOX alone from 0.078 ± 0.014 to 0.033 ± 0.0014 µM (Fig. 1B).

The In vitro MTT assay showed that the chemo-sensitivity of TMZ against the glioblastoma cell line was 
increased, and the IC50 was decreased. The combination of serial doses of TMZ with 100 nM of siPFKFB4 
decreased the IC50value by 4 times over TMZ alone from 175.90 ± 3.71 to 39.74 ± 0.49 µM. Moreover, The 
combination of serial doses of TMZ with 100 nM of siHMOX1 combination treatment had no significant effect 
on glioblastoma cells. On the other hand, DOX-siNC exhibited a double reduction over the IC50 value of TMZ 
alone from 175.90 ± 3.71 to 77.14 ± 0.48 µM (Fig. 1C).

The In vitro MTT assay showed that the chemo-sensitivity of DOX against the glioblastoma cell line was 
significantly increased, and the IC50 was decreased. The combination of siPFKFB4/siHMOX1 + DOX resulted 
in a two-fold reduction in IC50 on glioblastoma cells compared to the DOX alone, from 0.078 ± 0.014 to 
0.042 ± 0.001 µM (Fig. 1D).

The In vitro MTT assay showed that the chemo-sensitivity of TMZ against the glioblastoma cell line was 
increased, and the IC50 was decreased. The combination of siPFKFB4/HMOX1 + TMZ resulted in an IC50 value 
of 147.9 µM, showing a moderate reduction in glioblastoma cells compared to the TMZ alone IC50 value of 
175.90 ± 3.71 µM, as shown in (Fig. 1E).

Toxicity assay on normal fibroblast cells (HDFa)
The In vitro MTT assay showed that the chemo-sensitivity of DOX alone (0.16 ± 0.01 µM) against the HDFa 
cell line was low, and the IC50 was high. On the contrary, the combination of siPFKFB4 + DOX (1.01 ± 0.20 µM), 
siHMOX1 + DOX (0.33 ± 0.02 µM), and siPFKFB4/siHMOX1 + DOX (0.61 ± 0.09 µM) respectively has a less 
toxic effect than DOX alone on the HDFa cell line, as shown in (Fig. 2A).

The In vitro MTT assay showed that the chemo-sensitivity of TMZ alone (470.20 ± 7.68 µM) against the 
HDFa cell line was low, and the IC50 was high. As opposed to TMZ alone, siPFKFB4 + TMZ (345.93 ± 21.88 M), 
siHMOX1 + TMZ (333.43 ± 8.73 M), and siPFKFB4/siHMOX1 + TMZ (313.31 ± 4.52 M) have similar effects on 
HDFa cells, as shown in (Fig. 2B).

Quantitative evaluation of gene expression levels via RT-qPCR
The mRNA expression levels of the PFKFB4 and HMOX1 genes were assessed in both U-87 MG glioblastoma 
and HDFa normal cell lines using RT-qPCR. The analysis revealed a significant upregulation of PFKFB4 and 

Fig. 1.  In vitro cytotoxicity assay analysis of U87-MG cells for 72 h. (A) The effect of siRNAs only against U87-
MG cell viability. (B) The effect of serial does of doxorubicin (DOX) alone or in combination with 100 nM of 
siRNAs. (C) The effect of serial does of temozolomide (TMZ) alone or in combination with 100 nM of siRNAs. 
(D) The effect of serial doses of doxorubicin (DOX) alone or in combination with both siRNAs (siPFKFB4 and 
siHMOX1). (E) The effect of serial doses of temozolomide (TMZ) alone or in combination with both siRNAs 
(siPFKFB4 and siHMOX1).
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HMOX1 expression in the glioblastoma cells compared to the normal cells. For comparative purposes, the 
expression levels in the HDFa cells served as the control reference for this experiment, as depicted in Fig. 3A. 
To confirm the knockdown efficiency, RT-qPCR was employed to measure the mRNA expression levels of the 
PFKFB4 gene in U-87 MG cells following treatment with siPFKFB4 at concentrations of 100 nM and 200 nM.

Fig. 2.  In vitro cytotoxicity assay analysis on HDFa cells for 72 h. (A) The effect of serial does doxorubicin 
(DOX) alone, or with 100 nM of each siRNAs either separately or both siRNAs in combination with DOX. (B) 
The effect of serial does temozolomide (TMZ) alone, or with 100 nM of each siRNAs either separately or both 
siRNAs in combination with TMZ.
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Therefore, the mRNA level of the PFKFB4 gene has been down-regulated by 2.17-folds and 4.43-folds, 
respectively. In addition, 100 nM of PFKFB4 siRNA with DOX IC50 and 100 nM of PFKFB4 siRNA with TMZ 
IC50 has been down-regulated the mRNA level of the PFKFB4 gene by 1.59-fold and 3.09-folds, respectively. 
Nevertheless, at DOX IC50 alone had no significant effect on the gene expression level of the PFKFB4 gene. 

Fig. 3.  mRNA knockdown efficacy of siRNA treatments, as measured by qPCR. This figure demonstrates the 
silencing efficacy of siRNA treatments, with strong mRNA-to-protein correlation supported by prior studies. 
While protein-level validation was not performed due to resource constraints, qPCR results provide reliable 
evidence of knockdown efficacy.
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However, for a comparison between groups, the scrambled siRNA was considered a negative control. As shown 
in (Fig. 3B).

RT-qPCR was used to determine the mRNA expression levels of HMOX1 gene in the U-87 MG cells to 
ensure gene knockdown by using siHMOX1 at 100nM and 200nM concentrations. Therefore, the mRNA 
level of the HMOX1 gene has been down-regulated by 8.59-folds and 13.99-folds, respectively. However, for a 
comparison between groups, the scrambled siRNA was considered a negative control. As shown in (Fig. 3C). 
GAPDH was used as a reference gene, and the 2 − ΔΔCT method was employed to calculate the changes in gene 
expression levels. Figure 3 highlights the mRNA knockdown efficacy of siRNA treatments. Although protein-
level validation was not performed, the observed mRNA changes are strongly correlated with protein expression 
levels for PFKFB4 and HMOX1, as supported by prior literature, ensuring the reliability of these findings.

	(A)	 mRNA expression levels of PFKFB4 and HMOX1 genes in U87-MG cells compared to HDFa cells.
	(B)	 Effect of treating U87-MG cells with 100 nM siPFKFB4, 200 nM siPFKFB4, siPFKFB4 combined with 

DOX (IC50), siPFKFB4 combined with TMZ (IC50), and scrambled siRNA (siNC) on the expression level 
of the PFKFB4 gene.

	(C)	 Effect of treating U87-MG cells with 100 nM siHMOX1, 200 nM siHMOX1, and scrambled siRNA (siNC) 
on the expression level of the HMOX1 gene.

Data are presented as mean ± SEM. Statistical significance is indicated as P < 0.05 (),  P < 0.01 (),  P < 0.001 (), 
and P < 0.0001 (****). Abbreviations: siHMOX1, small interference HMOX1; siNC, small interference negative 
control.

In vitro scratch wound healing assay
The wound healing assay showed that the siPFKFB4 + DOX group showed a slower scratch healing speed on 
U87-MG cells compared with the NC group; the percentage of closure was 23.44 ± 1.16%, 27.44 ± 1.16%, and 
34.59 ± 1.02% at 24 h, 48 h, and 72 h, respectively, as shown in Fig. 4A, D. Interestingly, the wound healing assay 
showed that the siHMOX1 + DOX group showed a more potent effect against U87-MG cell migration compared 
with the NC group; in which the percentage of closure was 16.67 ± 0.61%, 20.01 ± 0.87%, and 25.01 ± 0.87% at 
24 h, 48 h, and 72 h, respectively, as shown in Fig. 4B, E. However, statistical analysis revealed no significant effect 
on GBM cell migration by chemotherapeutic agents (DOX and TMZ) alone. In which the percentage of closure 
for DOX was 43.96 ± 0.72%, 57.96 ± 0.95%, and 75.41 ± 1.31%, and for TMZ was 57.41 ± 0.95%, 73.74 ± 0.63%, 
and 82.96 ± 0.95% at 24 h, 48 h, and 72 h, respectively. As shown in Fig. 4C, F. The other percentages for siRNAs 
alone are detailed in the supplementary file (Table S2, S3, and S4).

Gene expression profiling for human cell death pathway
Effect of siPFKFB4 on gene expression in U87-MG cells
To identify genes associated with apoptosis, we performed a PCR array as detailed in the Materials and Methods 
section, assessing the influence of siPFKFB4 on 84 genes within U87-MG cells. This analysis targeted the 
changes in gene expression related to glioblastoma following treatment with 100 nM siPFKFB4 for 48 h. This 
specific concentration was selected based on our cell cytotoxicity assay results, as it is higher than the IC50 value 
for siPFKFB4 in U87-MG cells after 72 h of exposure. Using a 2-fold change as a standard cutoff to ensure data 
reliability and highlight significant expression shifts, the analysis identified notable alterations in seven genes, 
with six showing marked upregulation and one demonstrating downregulation, all with a fold change of ≥ 2 and 
a statistically significant p-value (p < 0.05). As shown in Fig. 5A and Table 2.

Effect of siPFKFB4/DOX on gene expression in U87-MG cells
To investigate the genes involved in apoptosis, we performed a PCR array, as described in the Materials and 
Methods section, to assess the combined effects of siPFKFB4 and DOX on the expression of 84 genes in U87-MG 
cells. This was done to identify any expression changes in genes associated with glioblastoma after treatment with 
100 nM siPFKFB4 plus DOX at its IC50 concentration for a duration of 48 h. These specific concentrations were 
selected based on findings from our cell cytotoxicity assay, which indicated that they surpass the IC50 values for 
both siPFKFB4 and DOX in U87-MG cells after 72 h of exposure. We applied a 2-fold change as a standard cut-
off to filter the data, ensuring only significant expression changes were captured. The analysis demonstrated that 
out of the 84 genes examined, three genes were markedly upregulated, while another three were downregulated, 
all exhibiting a fold change of ≥ 2 and achieving a statistically significant p-value (p < 0.05). As shown in Fig. 5B 
and Table S5.

Effect of DOX alone on gene expression in U87-MG cells
To identify genes implicated in apoptosis, we conducted a PCR array following the protocol outlined in the 
Materials and Methods section, focusing on the effects of DOX treatment alone on the expression of 84 
genes in U87-MG cells. This analysis aimed to capture expression changes in glioblastoma-related genes after 
administering DOX at its IC50 concentration over a 48-hour period. The selected concentration was informed 
by our cell cytotoxicity assay, which confirmed that it surpasses the IC50 value for DOX in U87-MG cells after 
72 h. To ensure data reliability and isolate genes with substantial expression changes, we applied a 2-fold change 
as a standard cutoff. The results revealed significant upregulation in five genes, while only one gene showed 
downregulation, each with a fold change of ≥ 2 and a p-value below 0.05 As shown in Fig. 5C and Table S6.
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Effect of siHMOX1 alone on gene expression in U87-MG cells
To investigate the influence of siHMOX1 on apoptosis-related genes, we carried out a PCR array, following the 
procedures detailed in the Materials and Methods section. This analysis targeted 84 genes within U87-MG cells, 
aiming to discern expression changes linked to glioblastoma after administering siHMOX1 (100 nM) for 48 h. 
This concentration was chosen since it surpasses the IC50 value of siHMOX1 in U87-MG cells as established by 
our cytotoxicity assay conducted over 72 h. To ensure that our findings were both robust and significant, a two-
fold change in gene expression was employed as the threshold criterion. The results indicated a considerable shift 
in gene expression, with 14 genes showing notable upregulation and 2 genes exhibiting downregulation, each 
surpassing a fold change of 2 and achieving statistical significance (p < 0.05). As shown in Fig. 5D and Table S7.

Bioinformatics analysis
Analysis of differential gene expression (DiffExp) by TIMER database
Gene expression analysis of PFKFB4 and HMOX1 was performed in all cancer cohorts of TCGA using the 
TIMER (Tumor Immune Estimation Resource) database. The results of TIMER analysis include a “DiffExp” 
module for analyzing gene expression differences in tumor and adjacent normal tissue. The results presented 
gene expression levels in box plots and determined differential expression using the Wilcoxon test. From the 
box plots we identified genes that are up- or down-regulated in the tumors (red box plots) compared to normal 
tissues (blue box plots) for each cancer type displayed in gray columns versus the normal data as shown in 
(Fig. 6A). One asterisk (*) this indicates statistical significance in the gene’s expression of interest at the p < 0.05 
level compared to what is in the normal tissues and so on. The two asterisks (**) typically indicates a higher level 
of significance, often at the p < 0.01 level. The three asterisks (***) represent an even higher level of significance, 
often at the p < 0.001 level. For example, statistically, PFKFB4 was up-regulated in BLCA and BRCA tumors with 
three asterisks, up-regulated in PCPG and READ tumors with two asterisks, up-regulated in with CESC and 
STAD tumors with one asterisk, and with no significant difference in tumors as BRCA-Basal and BRCA-LumA 
tumors. For HMOX1, it was, for example, statistically up-regulated in BRCA and COAD tumors with three 

Fig. 4.  (A, B, and C) showcase images from a wound healing assay conducted at 0, 24, 48, and 72 hours 
following transfection with siPFKFB4, siHMOX1, and the chemotherapeutic agents DOX and TMZ in the 
U-87 MG cell line. The results indicate that silencing of PFKFB4 and HMOX1 mRNA through siPFKFB4 
and siHMOX1 significantly hindered the migration of U-87 MG cells (magnification, X20). In panels (D, 
E, and F), bar charts quantify the extent of reduced migration in U-87 MG cells after silencing PFKFB4 and 
HMOX1 at the specified time points of 24, 48, and 72 hours post-transfection and treatment with DOX and 
TMZ. Statistical significance was determined using Student’s t-test, with data presented as mean ± SEM; 
significance levels are indicated as * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, and **** P ≤ 0.0001 in comparison 
to the negative control group. Here, ‘NT’ refers to nontransfected cells, ‘NC’ denotes cells transfected with 
negative control siRNA, and ‘siPFKFB4’ and ‘siHMOX1’ indicate cells treated with specific siRNAs targeting 
PFKFB4 and HMOX1. Abbreviations used include: siRNA, small interfering RNA; U-87 MG, glioblastoma cell 
line; PFKFB4, 6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 4; HMOX1, heme oxygenase 1; DOX, 
doxorubicin; and TMZ, temozolomide.
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A B

Gene
Symbol

Fold
Regulation GO

Gene
Symbol

Fold
Regulation GO

BCL2 3.54 Anti-apoptotic DPYSL4 − 3.56 Regulates apoptosis

BCL2A1 12.95 Anti-apoptotic

COMMD4 2.94 Repair of DNA

CTSS 2.17 Regulates apoptosis

FAS 4.17 Regulates apoptosis

TNF 2.39 Regulates apoptosis

Table 2.  Up-regulated genes (A) and down-regulated genes (B) in U87-MG treated with siPFKFB4 100nM. 
GO: Gene Ontology.

 

Fig. 5.  (A) The scatter plot illustrates the changes in gene expression for the siPFKFB4 100 nM treatment 
group, with up-regulated genes marked by red dots and down-regulated genes represented by green dots. (B) 
Another scatter plot highlights the gene expression alterations observed in the siPFKFB4 100 nM combined 
with the DOX IC50 group, employing the same color scheme for clarity. (C) This plot depicts gene expression 
patterns for the DOX IC50 group, once more using red dots for up-regulated genes and green dots for those 
that are down-regulated. (D) Finally, the scatter plot for the siHMOX1 100 nM group shows gene expression 
changes, with up-regulated genes indicated in red and down-regulated genes in green, specifically highlighting 
those with a fold change of ≥ 2 and a p-value of < 0.05.
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asterisks, up-regulated in KRIP and PAAD tumors with two asterisks, up-regulated in with BLCA and ESCA 
tumors with one asterisk, and with no significant difference in tumors as BRCA-Basal and BRCA-LumA tumors 
as shown in (Fig. 6B) .

Pan-cancer analysis by TNMplot server
Gene expression analysis for PFKFB4 and HMOX1 was performed using the TNMplot server. The findings are 
illustrated through boxplots, which display the differential expression of these two genes across most of the 
ten most common tumor types. Notable differences, determined by the Mann–Whitney U test, are marked in 
red (* p < 0.01). In the Boxpots the location of the median line inside the box indicates the central tendency of 
each group’s data. The spread of the data represents the size of the box and whiskers. Our pan-cancer analysis 
indicated a statistically significant expression of the PFKFB4 gene in various tumor types, including adrenal, 
acute myeloid leukemia (AML), bladder, breast, colon, esophageal, liver, lung squamous cell carcinoma, ovarian, 
pancreatic, rectal, renal clear cell carcinoma, renal chromophobe, renal papillary, skin, stomach, testicular, as 
well as in both endometrial and cervical uterine cancers. On the other hand, the gene expression of PFKFB4 was 
not statistically significant in the following tumors: Lung-AC, Prostate, and Thyroid as shown in (Fig. 6C). The 
gene expression of HMOX1 was statistically significant in the following tumors: Adrenal, AML, Bladder, Breast, 
Colon, Esophageal, Liver, Lung-SC, Ovary, Pancreas, Rectum, Renal-CC, Renal-PA, Skin, Stomach, Testis, 
Thyroid, Uterus-CS, and Uterus-EC. On the other Hand, the HMOX1 expression was not statistically significant 
in Prostate and Renal-CH. The difference in statistics might or might not affect the biology or pathology being 
studied as shown in (Fig. 6D) .

GEPIA (Gene expression profiling and interactive analyses)
GEPIA web tool analysis was performed to generate the Kaplan-Meier plot for overall survival (OS) and the 
disease-free survival (DFS) outcomes based on gene expression for PFKFB4 and HMOX1 to gain insights into 
the relationship between gene expression and survival outcomes. The x-axis in the Kaplan-Meier plot represents 
time in months, while the y-axis represents the probability of survival or remaining disease-free. There are two 
main curves, each representing a different group; high expression in red color vs. low expression of the gene in 
blue color). Four Kaplan-Meier plots were generated; two of them for overall survival (OS) and the disease-free 

Fig. 6.  (A) Gene expression analysis of PFKFB4 in all cancer cohorts of TCGA using TIMER database. (B) 
Gene expression analysis of HMOX1 in all cancer cohorts of TCGA TIMER database. (C) Gene expression 
analysis of PFKFB4 in using TNMplot server. (D) Gene expression analysis of HMOX1 in using TNMplot 
server. (E) Kaplan-Meier plot for Disease-free survival (DFS) and overall survival (OS) analysis based on gene 
expression of PFKFB4 and HMOX1 by GEPIA web tool.
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survival (DFS) outcomes for PFKFB4 and the two for HMOX1. The results showed the survival blue curves for 
the low-expression group in all the above-mentioned plots were higher which suggests that lower gene expression 
is associated with better survival and longer disease-free period. GEPIA provides statistical information such as 
hazard ratios and p-values, suggests statistical significance. A hazard ratio less than 1 indicates a protective effect 
(higher gene expression associated with better survival), while a hazard ratio greater than 1 indicates a risk 
factor (lower gene expression associated with better survival). Our results showed that the hazard ratios in all 
the four Kaplan-Meier plots are greater than 1 which indicate that the risk factor of lower gene expression for 
PFKFB4 and HMOX1 are associated with better survival overall survival (OS) and disease-free survival (DFS) 
outcomes as shown in (Fig. 6E). No previous studies have explicitly investigated the biological link between 
PFKFB4 and HMOX1 gene expressions using the GEPIA database, highlighting a gap in the current literature on 
their combined role in cancer survival outcomes.

STRING protein-protein interaction networks functional enrichment analysis
The co-expressed genes biological processes (normalized enrichment score analysis) was performed for PFKFB4 
and HMOX1 using the STRING database with False Discovery Rate (FDR) threshold at 0.05 as shown in Fig. 7A, 
and B. The analysis revealed positively and negatively co-expressed genes biological processes enrichment for 
both PFKFB4 and HMOX1. The protein-protein interaction (PPI) analysis was conducted for PFKFB4 and 
HMOX1 using the STRING database. The analysis revealed the PPI network for both genes as shown in Fig. 7D, 
and C24.

Discussion
This study examined the anti-proliferative effects of siPFKFB4 and siHMOX1, with doxorubicin (DOX) and 
temozolomide (TMZ), on glioblastoma cells (U87-MG). Under normoxic conditions, glioblastoma cells 
exhibited higher levels of PFKFB4 and HMOX1 compared to normal fibroblast cells (HDFa). PFKFB4 is vital in 
glucose metabolism in cancer cells, converting fructose-2,6-bisphosphate to fructose-6-phosphate, a crucial step 
in glycolysis. Its role in regulating the cell cycle and apoptosis makes PFKFB4 a promising target for therapy9. 
Studies suggest that inhibiting PFKFB4 disrupts glucose metabolism in cancer cells, offering a potential treatment 
strategy for glioblastoma25.

HMOX1, an enzyme essential for heme breakdown, is involved in the progression of several cancers, 
including glioblastoma. HMOX1 supports rapid tumor growth, cancer aggressiveness, angiogenesis, and 
metastasis26. Byproducts of HMOX1 also modulate the immune response, making it another therapeutic target. 
Suppressing HMOX1 has been shown to enhance the effectiveness of chemotherapeutic agents like doxorubicin 
in breast cancer and TMZ in melanoma27. This is consistent with studies showing that PFKFB4 and HMOX1 are 
overexpressed in various cancer types12 and are linked to poorer prognosis and reduced survival rates in brain 
cancer patients13.

Our findings indicate that transfecting U87-MG cells with siPFKFB4 and siHMOX1 inhibited cell viability 
compared to scramble transfection. This aligns with other studies suggesting that knocking down PFKFB4 
and HMOX1 induces apoptosis and suppresses cancer cell growth25. Zhao et al.28 and Liu et al.29 also reported 
that siRNAs blocking PFKFB4 and HMOX1 inhibit glioblastoma cell proliferation. Although siPFKFB4 and 
siHMOX1 reduced mRNA levels of their targets, DOX alone did not affect PFKFB4 mRNA expression. Silencing 
PFKFB4 and HMOX1 reduces ROS detoxification via glycolysis, inhibiting cell growth and movement30. Clem 
and Telang31 found that these siRNAs do not have anti-proliferative effects on normal cells (HDFa) as they do 
on U87-MG cells.

Future research should investigate how knocking down HMOX1 and PFKFB4 affects drug resistance 
pathways in glioblastoma, such as PI3K/AKT, MAPK, and NF-κB. Using inhibitors specific to these pathways 
could provide deeper insights into the molecular mechanisms at play.

Glioblastoma cells are known for their resistance to anti-tumor drugs, making brain tumor treatment 
challenging. This study aimed to enhance the cytotoxicity of DOX and TMZ against glioblastoma cells by 
targeting PFKFB4 and HMOX132. Our results showed that RNA interference-mediated silencing of PFKFB4 and 
HMOX1, combined with DOX and TMZ, had a more potent effect on cell proliferation and migration. siPFKFB4 
enhanced DOX’s cytotoxicity by lowering its IC50 but had a lesser effect with TMZ. Conversely, siHMOX1 
inhibited cell migration but did not synergize with DOX to suppress cell proliferation, consistent with Zhu et 
al.33, who observed that DOX-induced HMOX1 overexpression led to resistance in U87-MG cells. siHMOX1 
had a mild effect with TMZ on U87-MG cell proliferation but decreased cell migration. HMOX1 supports tumor 
angiogenesis by increasing VEGF expression34, and its blockade might inhibit tumor progression26. Long-term 
studies are needed to assess the chronic efficacy and safety of targeting HMOX1 and PFKFB4 in glioblastoma 
models.

We also investigated the role of PFKFB4 and HMOX1 in glioblastoma growth by examining death-associated 
genes in U87-MG cells. siPFKFB4 alone upregulated several apoptotic genes, such as BCL2, BCL2A1, COMMD4, 
CTSS, FAS, and TNF. Overexpression of BCL-2 in glioma cells is known to evade apoptosis, contributing to drug 
resistance35. Post-siRNA treatment, glioblastoma cells showed resistance to TMZ due to upregulated BCL-2 
and TOPO-2, which inhibit apoptosis through NF-kappa B activation (81–84). Despite XIAP and BCL-2 being 
anti-apoptotic, blocking them is linked to increased apoptosis and reduced glioma survival36. Both BCL-2 
and XIAP can suppress apoptosis by regulating TRAIL and caspase-3-mediated cell death37. Comprehensive 
toxicity profiling is crucial to evaluate the impact of gene knockdown on non-tumor tissues and organs. This 
can be achieved through histopathology and serum biomarker analysis to assess systemic toxicity, ensuring that 
treatments targeting PFKFB4 and HMOX1 are safe for clinical use.

Our findings, supported by Wang, Shi et al.38, showed that blocking BCL-2 in glioma cells post-mRNA 
blockade therapy led to tumor-suppressing activities of the MAPK/ERK pathway. Antisense BCL-2 expression 
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significantly increased cisplatin cytotoxicity and reduced glioma cell survival39. A significant change observed 
post-siPFKFB4 100 nM/DOX IC50 exposure was BCL-2 downregulation, explaining the reduction in 
doxorubicin IC50 concentration in U87-MG cells treated with siPFKFB4 alone. Concurrently, upregulation of 
BCL-2 and XIAP decreased cell proliferation and apoptosis in the siHMOX1 group, accompanied by reduced 
levels of caspase-3. TRAF2 upregulation promotes tumor progression and invasion40. Silencing TRAF2 reduces 
glioblastoma growth41, justifying the lower effect of siHMOX1 compared to siPFKFB4 and siPFKFB4/DOX. 
To ensure the broad applicability of our results, it is necessary to validate findings in glioblastoma models 
representing different genetic backgrounds, including IDH1-mutant and IDH1-wildtype glioblastomas.

BCL2A1, an anti-apoptotic protein, is not primarily associated with brain cancer metastases but plays a role 
in lymphoid and myeloid leukemia development42. Overexpression of BCL2A1 enhances tumor cell survival and 
resistance to pro-apoptotic agents like TNF-α42. In our study, BCL2A1 was upregulated in siPFKFB4, siHMOX1, 
and DOX alone groups but not in the siPFKFB4 100 nM/DOX IC50 group. Previous studies linked silencing of 

Fig. 7.  Positively and negatively Co-expressed genes biological processes enrichment. (A) PFKFB4 positively 
and negatively Co-expressed genes biological processes enrichment. (B) HMOX1 positively and negatively Co-
expressed genes biological processes enrichment. (C) PFKFB4 PPi. (D) HMOX1 PPi.
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anti-apoptotic genes to increased chemotherapy effectiveness. Silencing BCL2A1 in prostate cancer decreased 
cell count, increased apoptosis, and improved cabazitaxel resistance43.

COMMD4 expression is associated with poor prognosis in several cancers, including NSCLC and 
glioblastoma, influencing tumor proliferation, invasion, metastasis, and drug resistance44. Silencing COMMD4 
decreases cell viability and proliferation45. In this study, COMMD4 expression was upregulated in siPFKFB4, 
siHMOX1, and DOX alone groups, explaining glioblastoma cells’ resistance to treatment.

Cathepsin S (CTSS), a cysteine protease, induces autophagy and mitochondrial apoptosis in glioblastoma 
cells; its blockade by siRNA lowers apoptosis-mediated cathepsin S process46. CTSS expression is higher in 
patients with glioblastoma, breast cancer, and papillary thyroid cancer, associated with poorer prognosis47. 
Suppression of CTSS significantly reduced tumor metastasis48. The CTSS gene was upregulated in siPFKFB4 
and siHMOX1 alone groups, explaining higher proliferation and cell viability compared to the siPFKFB4 100 
nM/DOX IC50 group.

Fas (CD95/APO-1) is a cell surface “death receptor” promoting apoptosis-mediated caspase-3 cascade in 
tumor cells when engaged by FasL ligand. If apoptosis is impaired, Fas/FasL signaling can promote tumor 
invasion49. The FAS pathway is overexpressed in high-grade gliomas (HGG)50, stimulating glioblastoma 
proliferation and survival independent of caspase by promoting cytokines and chemokines (IL-6, IL-8, and 
MCP-151. Inducing apoptosis through Fas/Fas ligand (Fas-L)-related immunotherapy is possible52. In this study, 
the presence of FAS in siPFKFB4 100 nM, siHMOX1, and DOX alone groups displayed less programmed cell 
death compared to the loss of expression in the siPFKFB4 100 nM/DOX IC50 group, indicating alternative 
apoptotic pathways exist apart from the Fas cascade.

High TNF-α expression in glioblastoma is linked to tumor progression and invasion53, and its silencing 
reduces resistance to inhibitors like EGFR inhibitors54. Similar to the Fas gene, high TNF-α expression in 
siPFKFB4 100 nM, siHMOX1, and DOX alone groups elaborates higher cell proliferation and viability compared 
to the siPFKFB4 100 nM and DOX combination group, demonstrating a higher apoptotic rate and lower cell 
growth.

TNFRSF10A is a cell surface receptor activating the extrinsic pathway of apoptosis in cancer cells when 
binding to tumor necrosis factor-related apoptosis-inducing ligands55. This gene was found only in groups with 
DOX treatment, with higher expression in the siPFKFB4 100 nM and DOX combination group than DOX alone, 
explaining enhanced chemotherapy cytotoxicity. Although PARP2 plays a role in the repair system by detecting 
DNA breaks and recruiting repair factors, the PARP2 protein promotes proliferation and invasion in cancers 
like prostate cancer56. Priya et al. (2022) found that silencing PARP-2 or PARP-1 alone stimulated the immune 
response in tumor microenvironments57. PARP silencing can enhance the potency of TMZ57. Inhibiting PARP2 
in siPFKFB4 100 nM, siHMOX1, and DOX alone, and its downregulation in siPFKFB4 100 nM and DOX, led to 
suppressed cell proliferation and improved chemotherapy potency against aggressive tumor cells.

The CCDC103 gene plays a crucial role in cancer growth58. Xu and Chen58reported high CCDC103 
expression in glioma, with patients having worse prognosis and suggested it as a new prognostic marker in 
glioma. Knockdown of CCDC103 mRNA dramatically inhibited glioma cell growth and migration58. The 
CCDC103 gene was downregulated by siHMOX1 treatment, contributing to reduced U87-MG cell proliferation 
and apoptosis.

DPYSL4 induces apoptosis in response to DNA damage through p53 regulation and is linked to cancer 
invasion and progression59. Low DPYSL4 expression is associated with poor survival in breast and ovarian 
cancers. DPYSL4 is highly expressed in glioma cells to regulate neuronal differentiation and apoptosis60. 
DPYSL4 was exclusively upregulated in the siPFKBF4 100 nM/DOX group as an apoptotic agent compared to 
downregulation in other monotherapy groups, indicating synergistic effects of siRNA and chemotherapy against 
tumor growth and invasion.

The overexpression of the BIRC2 gene may promote tumor growth in U87-MG through siHMOX1 treatment. 
Debangshu et al. (2020) showed that BIRC2 regulates NF-κB, crucial for tumor development by blocking 
apoptosis61. Cylindromatosis (CYLD) gene knockdown promotes apoptosis resistance, tumor progression, and 
development62. CYLD overexpression in the siHMOX1 group may induce apoptosis.

Our study showed an increase in MAPK8, PVR, and MAG gene expression in the siHMOX1 group. Activating 
the MAPK signaling pathway by MAPK8 in glioblastoma cells accelerates proliferation, inhibits apoptosis, and 
promotes resistance to TMZ63. High expression of PVR and MAG genes in U87-MG cells is associated with poor 
prognosis due to their role as cell adhesion molecules promoting tumor growth and metastasis64. These data are 
compatible with our gene expression results in the siHMOX1 group.

The GALNT5 gene, part of the GALNT family, enhances EGF/EGFR activation in cancers like 
cholangiocarcinoma, hepatocellular carcinoma, and ovarian cancer65. Silencing GALNT5 reduces tumor 
proliferation, migration, and invasion66. Although treatment with both siPFKFB4 100 nM and DOX was the 
highest compared to others, the GALNT5 gene was upregulated, and its role remains unclear in this group. 
Further studies are required.

We discovered that PFKFB4 and HMOX1 control glioma’s growth, migration, invasion, and malignancy by 
studying apoptotic genes and others. Modulating the glioma chemoresistant phenotype by inhibiting PFKFB4 
and HMOX1 may enhance TMZ or DOX therapy.

Our findings revealed significant differences in gene expression patterns for PFKFB4 and HMOX1 across 
various cancer types. PFKFB4 exhibited substantial upregulation in bladder cancer (BLCA) and breast cancer 
(BRCA) with high statistical significance. It was also significantly upregulated in cancers like PCPG and READ, 
with moderate significance, and had low significance in cancers like CESC and STAD. No significant difference 
was observed in BRCA-Basal and BRCA-LumA tumors.

For HMOX1, analysis revealed statistically significant gene expression in a wide range of tumors, such as 
adrenal, AML, bladder, breast, colon, esophageal, liver, lung-SC, ovary, pancreas, rectum, renal-CC, renal-
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PA, skin, stomach, testis, thyroid, uterus-CS, and uterus-EC. However, no significant differences were seen in 
prostate and renal-CH tumors. These variations in statistical significance may or may not have implications 
for the underlying biology or pathology. Our results consistently showed higher survival curves for the low-
expression group, indicating lower gene expression was associated with improved survival and a longer disease-
free period. Hazard ratios greater than 1 across all Kaplan-Meier plots underlined the risk factor associated with 
lower gene expression for both PFKFB4 and HMOX1 in terms of OS and DFS outcomes. In conclusion, these 
findings collectively highlight the differential gene expression and potential clinical significance of PFKFB4 and 
HMOX1. A notable limitation of this study is the lack of protein-level validation for siRNA knockdown using 
Western blot analysis. While qPCR provides reliable insights into mRNA expression changes, confirming these 
effects at the protein level is crucial for a comprehensive understanding of the knockdown’s impact. Future 
studies should incorporate Western blotting or other protein-level assessments to strengthen these findings 
and provide further mechanistic insights. Additionally, this study demonstrates significant changes in gene 
expression associated with chemosensitization and apoptosis; however, a limitation of the PCR array approach is 
its inability to fully elucidate the underlying molecular mechanisms. To address this, future research will utilize 
RNA sequencing under similar experimental conditions to provide comprehensive insights into pathways such 
as ROS generation, mitochondrial dysfunction, and other cellular processes involved in chemosensitization. 
Incorporating these mechanistic studies will enhance our understanding of how siRNA treatment potentiates 
the effects of chemotherapeutic agents. Future studies should prioritize incorporating Western blotting to 
strengthen these findings. While this study demonstrates significant changes in gene expression associated with 
chemosensitization and apoptosis, a limitation of the PCR array approach is its inability to fully elucidate the 
underlying molecular mechanisms. To address this, future research will utilize RNA sequencing under similar 
experimental conditions to provide comprehensive insights into pathways such as ROS generation, mitochondrial 
dysfunction, and other cellular processes involved in chemosensitization. Incorporating these mechanistic 
studies will enhance our understanding of how siRNA treatment potentiates the effects of chemotherapeutic 
agents.” While this study demonstrates significant changes in gene expression associated with chemosensitization 
and apoptosis, a limitation of the PCR array approach is its inability to fully elucidate the underlying molecular 
mechanisms. To address this, future research will utilize RNA sequencing under similar experimental conditions 
to provide comprehensive insights into pathways such as ROS generation, mitochondrial dysfunction, and other 
cellular processes involved in chemosensitization. Incorporating these mechanistic studies will enhance our 
understanding of how siRNA treatment potentiates the effects of chemotherapeutic agents.

Conclusion
In conclusion, we found that PFKFB4 silencing decreased In vitro U87-MG glioblastoma cell growth. In addition, 
PFKFB4 blockage potentiates DOX-induced glioblastoma cytotoxicity with low toxicity on normal cells. On the 
other hand, the HMOX1 blockade exhibited a mild effect with TMZ and no effect with DOX against U87-MG 
cell proliferation, but decreased cell migration In vitro. Also, our data show that reduced PFKFB4 levels in U87-
MG glioblastoma cells enhance the anti-angiogenic effect of DOX and TMZ. Additionally, the combination 
treatment with siPFKFB4/DOX causes alteration in different genes that may work towards the glioblastoma 
cells to suicide. In addition, this study suggests that the down-regulation of BCL2 and PARP2 as well as up-
regulation of TNFRSF10A expression may be responsible for DOX-induced U87-MG cell apoptosis. However, 
further research and much work should be done to develop a formulation that both improves the bioavailability 
of medications to the central nervous system (CNS) and allows for a less invasive route of administration in the 
future. Due to limited resources, protein-level validation of PFKFB4 and HMOX1 knockdown using Western 
blot was not feasible. This aspect will be prioritized in subsequent studies to complement the current findings.

Data availability
All data generated or analyzed during this study are included in this published article.
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