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Background: Glioblastoma multiforme (GBM) is a common, malignant brain tumor in 
adults, with a median survival of only 15–23 months. Organisms respond to disease stress 
through sophisticated mechanisms at the physiological, transcriptional and metabolic levels. 
However, the molecular regulatory networks responsible for occurrence, progression and 
recurrence of glioma have yet to be elucidated.
Methods: In this study, we sought to determine the cause of gliomas by developing an 
RNA-seq technique that analyzes mRNA and small RNA (sRNA) with the aim of discover-
ing potential methods for precisely blocking key signaling pathways in occurrence, progres-
sion, and recurrence. The explication of mechanisms leading to GBM formation has become 
a feasible and promising new therapeutic method.
Results: GBM-associated genes were identified based on their expression during the disease 
stress response. Analysis of the inverse correlations between microRNAs (miRNAs) and 
target mRNAs revealed 43 mRNA–miRNA interactions during disease progression. BOC- 
SMO and BOC-RAS were found to promote the malignant progression of glioma. A total of 
3088 differentially expressed genes were identified as involved in several biological pro-
cesses, such as amino acid metabolism, protein transport associated with immune response, 
cell proliferation, and cell apoptosis. Fifteen miRNAs were also identified as being differ-
entially expressed in GBM and control groups.
Conclusion: The results of this study provide an important foundation for understanding the 
pathogenesis of glioma and discovering new therapeutic targets.
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Introduction
Glioblastoma multiforme (GBM) is the most common type of malignant primary 
central nervous system (CNS) tumor, and patient prognosis is usually poor.1 

Based on histological classification, the World Health Organization (WHO) 
classified brain gliomas as I–IV grade. Astrocytoma (grades I–II) is classified 
as a low-grade glioma, and grades III and IV are considered high grade. The 
difference in histopathological features between high-grade and low-grade glio-
mas includes increased atypical cell density, enlarged necrotic areas, and abnor-
mal vascular hyperplasia.2,3 Grade I has the best patient prognosis, and a cure 
can be achieved in clinical practice. GBM is classified as a grade IV tumor and 
is the most malignant tumor, accounting for 55% of intracranial tumors. 
Although strict treatment regimens currently exist for GBM, the survival rate 
of patients diagnosed with GBM remains very low, with a median overall 
survival rate of only 15–23 months.4
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MicroRNAs (miRNAs) are a class of small (20–24 nucleo-
tides in length) endogenous RNAs that play a variety of impor-
tant regulatory roles in cells. miRNAs, as a family of small and 
evolutionarily conserved noncoding RNAs, are capable of 
regulating physiological and pathological processes via inhi-
biting downstream target mRNA translation. They can bind to 
the untranslated regions of target gene mRNAs, leading to 
mRNA cleavage and the negative regulation of post- 
transcriptional expression of target genes.5 Copathogenic 
gene expression is controlled by the up and down regulation 
of miRNAs, which contribute to cancer cell infection, prolif-
eration, inbreak, angiogenesis, pro/anti inflammation, and 
metastasis in breast cancer, prostate cancer, nasopharyngeal 
carcinoma, and glioblastoma.6–9 Therefore, miRNAs can serve 
as important diagnostic and prognostic biomarkers for many 
cancers, including glioblastoma.10,11

Next-generation sequencing (NGS) technology pro-
vides an integrated understanding of gene status and has 
become a precise molecular analytical tool for transcrip-
tional assays.12 With the development of NGS, changes to 
the genome, transcriptome and epigenome can be observed 
at the single-cell level, allowing disease occurrence and 
development to be monitored at the cellular level, includ-
ing in tumors. Cell-cycle regulation is a fundamental fea-
ture of cancer pathogenesis and genes involved in cell 
growth and proliferation are expressed at high levels in 
almost all tumor microarray datasets. The sequencing 
approach has been used to identify the expression of cell 
growth and proliferation genes in gastric cancer,13 color-
ectal adenoma,14 and glioblastoma.15 Understanding the 
miRNA-mediated network of the cell-cycle response will 
provide a genetic basis for future studies.

In this study, we investigated miRNA and mRNA 
expression in glioblastoma cells, as well as the negative 
miRNA-mRNA correlation in a human astroglioma cell 
line. The technologies used in this study allowed interro-
gation of BOC gene expression and its relationship to 
GBM. Draft genome sequences of carcinoma and paracan-
cerous tissues from four samples identified genes that 
provide a functional description of the disease and serve 
as a route for visual visualization management based on 
our research.

Materials and Methods
Ethics Statement
This study was approved by the local ethics committee of 
Hohhot First Hospital and Inner Mongolia People’s 

Hospital with the informed consent of all participants. 
And this study was conducted in accordance with the 
Declaration of Helsinki. All experimental protocols were 
in accordance with the approved guidelines for safety 
requirements of hospital department administrator. All 
information about the participants was anonymized.

Clinical Sample Collection
Study criteria were strictly aligned with the diagnostic 
guidelines in China for the diagnosis and treatment of 
glioma in the CNS and the classification rules of the 
WHO (2016) for tumors in the CNS.16 Tested samples, 
including the GBM focal zone, together with the corre-
sponding adjacent non-involved tissue (ANIT) were col-
lected from four patients (aged 35–60 years) at stages III 
and IV. ANIT samples were obtained at a distance from the 
edges of the tumor. GBM and ANIT were diagnosed using 
clinical histopathological approaches at the Department of 
Pathology and stages were determined according to 
Tumor-Node-Metastasis (TNM) classification. The TNM 
staging system has been imported globally for decades as 
a benchmark for staging cancers, which take into account 
the weight of tumor size, the category, and multiple distant 
metastases.17,18 All lesions were located in cerebral hemi-
spheres, with three located in the frontal lobe and one in 
the temporal lobe.

Study Design
Samples, including neoplastic and paracancerous tissues, 
were collected and fixed with formalin for pathological 
detection, as well as stained with hematoxylin and eosin 
(H&E). The adjacent cancer tissues and tumor tissues were 
differentiated and confirmed by optical microscopy. The 
enhanced MRI images of enrolled patients were provided 
(Figure S1). The remaining tissue samples were cut into 0.5 
× 0.5 × 0.5-cm pathological slices and immediately frozen 
with liquid nitrogen for the subsequent sequencing experi-
ments. Detailed sample information is listed in Table 1.

Tissue RNA Extraction and Quality 
Determination
Appropriate amounts of tissue were thoroughly ground in 
liquid nitrogen. TRIzol reagent mixture (1 mL) was added, 
and the sample was thoroughly mixed prior to a 10-min 
incubation at room temperature. Chloroform (200 μL) was 
added, and the samples were thoroughly shaken before 
centrifugation at 12,000 rpm for 10 min at 4 °C. The 
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upper aqueous layer with RNA was separated using an 
equal volume of phenol:chloroform (25:24) prior to cen-
trifugation at 12,000 rpm at 4°C. The upper aqueous phase 
was then added to an equal volume of chloroform and 
centrifuged at 12, 000 rpm for 10 min at 4°C. Finally, 
the upper aqueous phase was mixed with an equal volume 
of isopropyl alcohol and centrifuged at 12,000 rpm for 10 
min at 4°C and the mixture was purified using ethanol. 
Total plasma RNA was eluted using 20–50 μL of RNase- 
free water and stored at –80°C until subsequent analysis. 
Quality control was performed by RT-q PCR using four 
control and four GBM tissue samples and the quality and 
quantity of RNA extracted from tissue samples were deter-
mined using a nanodrop assay. RNA integrity number 
(RIN) and the percentage of RNA fragments > 200 nt 
were monitored as quality indicators.

Sequencing Library Preparation and Data 
Analysis
Three micrograms of total RNA per sample was used for 
RNA preparation. Ribosomal RNA was first removed 
using the Epicentre Ribo-zero rRNA Removal Kit 
(Epicentre, USA) and the rRNA-free residue was cleaned 
by ethanol precipitation. Sequencing libraries were subse-
quently generated using the rRNA-depleted RNA and 
NEBNext Ultra Directional RNA Library Prep Kits for 
Illumina (NEB, USA) following manufacturer’s recom-
mendations. Briefly, fragmentation was carried out using 
divalent cations under elevated temperature in NEBNext 
First Strand Synthesis Reaction Buffer (5X). First strand 

cDNA was synthesized using random hexamer primers and 
M-MuLV Reverse Transcriptase (RNaseH-). Second 
strand cDNA synthesis was performed using DNA 
Polymerase I and RNase H. In the reaction buffer, 
dNTPs with dTTP were replaced with dUTP. The remain-
ing overhanging ends were converted to blunt ends using 
exonuclease and polymerase activities. Following the ade-
nylation of the 3ʹ ends of DNA fragments, they were 
ligated with the EBNext Adaptor with a hairpin loop 
structure in preparation for hybridization. cDNA frag-
ments that were approximately 150–200 bp in length 
were purified for the library using the AMPure XP system 
(Beckman Coulter, Beverly, USA). USER Enzyme (3 μL; 
NEB, USA) was used with size-selected, adaptor-ligated 
cDNA at 37°C for 15 min followed by 5 min at 95°C prior 
to PCR analysis. PCR was performed with Phusion High- 
Fidelity DNA polymerase, Universal PCR primers, and 
Index (X) Primer. At last, products were purified 
(AMPure XP system), and library quality was assessed 
on the Agilent Bioanalyzer 2100 system.

Clustering of the index-coded samples was performed 
on a cBot Cluster Generation System using TruSeq PE 
Cluster Kit v3-cBot-HS (Illumina) according to the man-
ufacturer’s instructions. The libraries were then sequenced 
on an Illumina HiSeq 4000 platform and 150-bp paired- 
end reads were generated. Raw data in FastQ format (raw 
read) was initially processed with an internal Perl Script. 
This step included obtaining clean data by deleting reads 
that contained the adapter, the ploy-N, and the low-quality 
reads from the original data (clean reads). The Q20, Q30 
and GC content in the clean data were calculated, and all 
subsequent analyses were based on the processed clean 
data.

Cuffdiff was used to evaluate fragments per kilobase of 
exon per million reads mapped (FPKMs) for both long 
non-coding RNAs (lncRNAs) and coding genes in each 
sample.19 Gene FPKMs were computed by adding the 
transcript FPKMs for each group. FPKMs were numbered 
based on the length of the fragment and read count 
mapped to the fragment.

The Ballgown suite includes functions for interactive 
data exploration of the transcriptome assembly, visualiza-
tion of transcript structures, feature-specific abundances 
for each locus, and post-hoc annotation of assembled 
features to annotated features. Transcripts with a P-adjust 
<0.05 were determined to be differentially expressed tran-
scripts. Cuffdiff provides statistical routines for determin-
ing different expressions in digital transcript and gene 

Table 1 Sample Grouping Schedule of GBM Tissue and 
Corresponding Paracancerous Enrolled in This Study

GBM ANIT

Number (N) 4 4

Age (Year) 35–60 35–60

Sex (Male/female) 2/2 2/2

TNM stage IV /

Histological type Frontal lobe (3) Frontal lobe (3)

Temporal lobe (1) Temporal lobe (1)

Label AT AC

BT BC

CT CC
DT DC

Interior label Q1 Q2
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expression data using a model based on the negative 
binomial distribution and transcripts with an P-adjusted 
were assigned as differentially expressed.20

Gene Ontology (Go) and Kyoto 
Encyclopedia of Genes and Genomes 
(KEGG) Enrichment Analysis
GO enrichment analysis of differentially expressed genes 
or lncRNA target genes was implemented using the Goseq 
R package with gene length bias correction.21 GO terms 
with corrected P-values <0.05 were considered to be sig-
nificantly enriched by differentially expressed genes.

The KEGG database is a widely used resource for anno-
tation at high levels, as well as identifying relevant functions 
of the biological system. Molecular-level information of the 
cell, the organism, and the ecosystem can be determined, 
especially when using large-scale molecular datasets gener-
ated by genome sequencing and high-throughput experimen-
tal technologies. We used KOBAS software to test the 
statistical enrichment of differentially expressed genes and 
lncRNA target genes in KEGG pathways.22

Transduction with Lentiviruses
The significance of the BOC gene in glioblastoma was 
verified using a BOC gene knockdown in human glioblas-
toma U251 cell lines using lentivirus transduction. A knock- 
down (KD) group and negative control (NC) group were 
established to evaluate the knockout effect. The process of 
transfection was as follows: Lentivirus (MOI = 10) was 
inoculated into 6-well plates and the cell density was set to 
30%. Polybrene was added to the plates 10 min prior to the 
addition of the lentivirus to enhance the transfection effi-
ciency. The plates were incubated at 37°C with 5% CO2 for 
16 h before replacing the medium with normal culture 
medium. Following incubation for 24 h, 1 μg/mL puromycin 

was added to the medium to select for stably transfected 
cells. After 72 h of incubation under the above conditions, 
the infection effect was verified using fluorescence photo-
graphy (Table S1).

Verification of BOC Knockdown 
Efficiency by qRT-PCR
mRNA expression levels of BOC and downstream genes 
HRAS, MRAS, and SMO in KD-BOC cell strains and the 
control group using qRT-PCR. Trizol reagent was used to 
extract total RNA from cells according to manufacturer’s 
introduction. A Promega M-MLV kit was used to synthesize 
cDNA by reverse transcription, and the cDNA was amplified 
using the SYBR Premix Ex Taq RT-PCR kit. Finally, mRNA 
levels were detected by quantitative PCR using a Roche 
LightCycler 480 II instrument. GAPDH was used as 
a reference gene and the mRNA expression levels of BOC 
and downstream genes were calculated using 2−ΔΔCT 

method. Primer information is shown in Table S2.

Results
Stained Pathological Sections
Tumor areas were darker than the surrounding normal brain 
tissue in pathological sections stained with H&E. Glioma 
cells and palisade necrosis were also visible and are demon-
strated indicators of glioma. Figure 1 shows long fusiform 
and stellate tumor cells, with large, round hyperchromatic 
nuclei. Pathological mitosis is common, with occasional 
binuclear cells. Tumor tissues were hemorrhagic, necrotic, 
and contained an abundance of microvessels. Tumor tissues 
were densely arranged around vessels with focal infiltration. 
Tumor cells also displayed characteristics of active growth 
with bundle arrangement in small clumps. Other pathology 
reports were shown in Figure S2.

Figure 1 H&E staining result. 
Note: The left image is the tissue image at 10 × 10 low power, and the right image is the tissue image at 40 × 10 power of the selected area.
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miRNA Sequencing Data Analysis
Eight qualified libraries from the GBM illness group, 
along with corresponding paracarcinoma tissue, were 
sequenced. An overview of the sequencing and assembly 
data is provided in Table 2. Raw data were cleaned by 
removing low-quality reads. GLAT, GLBT, GLCT and 
GLDT from the four samples in group Q1 were con-
structed using the small RNA Sample Prep Kit, resulting 
in 14,491,255, 15,478,540, 15,161,494 and 14,660,621 
raw reads, respectively. After removal of the low-quality 
reads from the raw data, 14,107,719, 15,019,165, 
14,746,657 and 14,205,763 clean reads were obtained, 
respectively. The paracarcinoma tissues corresponding to 
the above samples produced, 15,495,417, 13,323,123, 
14,247,033 and 14,370,467 raw reads, respectively.

After removing low-quality data, there were 
15,150,481, 12,710,143, 13,839,763, 13,855,917 corre-
sponding clean reads, respectively. A majority of the 
sRNAs were 21–24 nt in length for all eight libraries, 
with 24 nt being the most frequent length (Figure S3). 
Based on the described method, a total of 1730 miRNAs 
and 120 novel miRNAs were identified in the eight sRNA 
libraries (Table S3). Details about the distributions of the 
sRNAs are provided in Table S4.

Differential Expression of miRNAs in 
GBM
The miRNA-seq data analysis identified a total of 15 
differentially expressed miRNAs (DE miRNAs) in GBM 
samples and their corresponding paracarcinoma tissue, 
which fit the criteria | log2 FC | > 0.5 and P-value <0.05. 
Two of these were identified as novel miRNAs (Table 3). 
The conserved (n=13) and novel (n=2) miRNAs were 
significantly expressed in GBM, with eight being upregu-
lated and seven being downregulated. The novel miRNAs 

(novel_912 and novel_328) were similarly regulated in 
GBM tissues.

mRNA Sequencing Data
Eight qualified libraries from the GBM illness group and 
the corresponding paracarcinoma tissue were sequenced. 
An overview of the sequencing and assembly data is 
shown in Table 4. The raw data from the carcinoma tissue 
were cleaned by removing low-quality reads, resulting in 
100,911,602, 100,277,916, 112,758,002 and 82,991,704 
clean reads, respectively. More than 94.28% of the clean 
reads had Q-scores at the Q30 level (an error threshold of 
< 0.01%). The reliability between the replicates of Q1 and 
Q2 samples was evaluated using Pearson correlation ana-
lysis. Figure 2 shows the results of the correlation analysis 
indicating the similarity between tumor tissues was >69% 
and para-carcinoma tissue was >60%.

Differentially Expressed Genes in GBM
The differences in gene expression between glioma and 
carcinoma tissues during disease progression were examined 
by differential expression analysis using DESeq software 
with the strict criteria of |log 2 FC|> 2 and P-value <0.05 as 
the screen difference standard. A total of 3088 genes were 
differentially expressed in response to GBM, with 1375 
upregulated and 1713 downregulated (Table S5, S6).

Functional Classification of GBM 
Responsive Genes
All responsive genes were mapped to the KEGG database for 
a comprehensive understanding of the DEG functions. 
Differentially expressed mRNA transcripts were screened 
in tumor tissues and paracancerous tissues, and 19 significant 
pathways were obtained by co-enrichment. Significantly 
enriched KEGG terms were identified for 27 upregulated 
and 18 downregulated genes. The enriched KEGG pathways 

Table 2 Summary of Small RNA (sRNA) Sequencing Datasets

Treatment Raw Reads Clean Reads Mature miRNAs Novel miRNAs

GLAT 14491235 (100.00%) 14,107,719 (97.35%) 1269 70
GLBT 15478540 (100.00%) 15,019,165 (97.03%) 1236 64

GLCT 15161494 (100.00%) 14,746,657 (97.26%) 1130 53

GLDT 14660621 (100.00%) 14,205,763 (96.90%) 1151 50
GLAC 15495417 (100.00%) 15,150,481 (97.77%) 1163 56

GLBC 13323123 (100.00%) 12,710,143 (95.40%) 1196 72

GLCC 14247033 (100.00%) 13,839,763 (97.14%) 1155 66
GLDC 14370467 (100.00%) 13,855,917 (96.42%) 1163 56
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were related to immune response, amino acid metabolism, 
cell proliferation, protein transport, as well as other physio-
logical and biochemical reactions. The enrichment analysis is 
shown in Figure 3 and mainly involves the hedgehog (Hh) 
signaling pathway (hsa04340), glioma signaling pathway 
(hsa05214), pancreatic cancer signaling pathway 
(hsa05212), axon guidance (hsa04360), TNF signaling path-
way (hsa04668), among others.

Integrated Analysis of miRNA and mRNA
The interaction between DE miRNAs and their targets was 
investigated using Cytoscape version 3.6.1 software. This 
analytical process identified miRNA–mRNA interactions 
with the involvement of DE miRNAs and DE mRNAs 
(Figure 4). A single miRNA can regulate multiple 

mRNAs, and a single mRNA can be targeted by more 
than one miRNA. These results suggest that the miRNA 
and mRNA interaction network involved in disease pro-
gression is highly complex. Based on network regulation, 
a deep analysis of the interactions between miRNA and 
mRNA was performed to identify the location distribution 
and sequence correlation. Different RNA molecules with 
potential crossover effects were systematically and com-
prehensively analyzed. As a whole, these findings have 
important scientific value in revealing the complex 
mechanism of tumor genesis.

Results of Lentivirus Transfection
Cells exhibited marked green fluorescence, after selection 
with puromycin, and the adherent cells displayed integral 

Table 3 List of Differentially Expressed microRNAs (DE miRNAs) in Response to GBM

miRNA Log2FC p-value Mature Sequence Regulated

hsa-miR-3157-3p 1.0028 0.013002 CUGCCCUAGUCUAGCUGAAGCU UP
hsa-miR-6761-5p 0.9635 0.021225 UCUGAGAGAGCUCGAUGGCAG UP

hsa-miR-3124-5p 0.82849 0.024967 UUCGCGGGCGAAGGCAAAGUC UP

hsa-miR-5009-5p 0.8047 0.026246 UUGGACUUUUUCAGAUUUGGGGAU UP
hsa-miR-216b-3p 0.78371 0.041112 ACACACUUACCCGUAGAGAUUCUA UP

hsa-miR-296-3p 0.82828 0.04798 GAGGGUUGGGUGGAGGCUCUCC UP

novel_912 0.88379 0.016828 CUGGUAGGAGAUCCUGGG UP
novel_328 0.89549 0.032114 UAAGUGUAGUUAGUCCUGGAUU UP

hsa-miR-135b-5p −0.77662 0.004145 UAUGGCUUUUCAUUCCUAUGUGA Down
hsa-miR-377-3p −0.92773 0.0067826 AUCACACAAAGGCAACUUUUGU Down

hsa-miR-136-5p −0.8977 0.01311 ACUCCAUUUGUUUUGAUGAUGGA Down

hsa-miR-381-3p −0.8269 0.01399 UAUACAAGGGCAAGCUCUCUGU Down
hsa-miR-153-5p −0.64796 0.039772 UCAUUUUUGUGAUGUUGCAGCU Down

hsa-miR-299-3p −0.81686 0.045115 UAUGUGGGAUGGUAAACCGCUU Down

hsa-miR-4473 −0.7704 0.047291 CUAGUGCUCUCCGUUACAAGUA Down
hsa-miR-4763-5p −0.15577 0.40648 CGCCUGCCCAGCCCUCCUGCU Down

hsa-miR-6815-5p −0.069022 0.8253 UAGGUGGCGCCGGAGGAGUCAUU Down

hsa-miR-7974 −0.17313 NA AGGCUGUGAUGCUCUCCUGAGCCC Down
hsa-miR-6848-5p −0.21299 0.32741 UGGGGGCUGGGAUGGGCCAUGGU Down

Table 4 Summary of mRNA Sequencing Datasets

Treatment Raw Reads Clean Reads Clean Bases Q20(%) Q30(%)

GLAC 105464304 100,911,602 15.14G 98.02 94.77

GLBC 102753154 100,277,916 15.04G 97.84 94.36
GLCC 118022728 112,758,002 16.91G 97.91 94.51

GLDC 86285970 82,991,704 12.45G 97.82 94.28

GLAT 114672074 110,925,716 16.64G 97.47 93.53
GLBT 115578336 110,308,144 16.55G 97.96 94.63

GLCT 107781750 103,434,160 15.52G 97.99 94.68

GLDT 105272970 102,714,864 15.41G 97.78 94.21
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morphologies, which is an indicator to evaluate the effect 
of virus transfection. Dead cells were observed in the 
experimental group and the empty carrier group. Many 
dead cells were detected in the untreated control group. 
Adherent cells lacking intact cell morphology were sparse. 
Puromycin-resistant cells were successfully structured 
after virus transduction, and the stably transfected cells 
were identified by screening with puromycin (Figure 5).

Verification Results of qRT-PCR
BOC is a receptor-like protein in the Ig/ FNIII repeating 
family, which can directly bind to Hh ligand. Abnormal 
expression of BOC can amplify Hh signal by increasing 
local Hh concentration or prolonging the binding time of 
Hh ligand, thus affecting the response of the whole ner-
vous central system to Hh. Therefore, we performed quan-
titative analysis based on BOC and its downstream genes. 
The mechanism of interaction between BOC and down-
stream genes in glioma cells is shown in Figure S3. 
Expression levels of BOC, SMO, HRAS, and MRAS in 
the KD-BOC group of U251 cells were markedly reduced 
relative to the control group (P<0.05), indicating the suc-
cessful construction of an ideal model using knockdown 
technology. BOC knockdown impacted downstream gene 

expression, resulting in reduced expression levels, which 
affected the occurrence and development of glioblastoma 
(Figure 6).

Discussion
Gliomas are the most common primary tumors of the CNS 
and are a significant threat to human health. The acceler-
ated development of NGS technologies has enabled the 
investigation of a wide range of physiological and meta-
bolic changes at the molecular level. In this study, we 
concurrently analyzed mRNA and miRNA expression 
levels in GBM disease progression. NGS technology not 
only provides comprehensive analytical results for RNA, it 
also effectively narrows the target gene range and captures 
key genes by associating multiple analyses. Using integra-
tive analysis, we obtained a set of mRNAs and miRNAs 
associated with the occurrence and development of GBM 
and identified interactions and potential roles of these 
mRNAs and miRNAs during disease progression. These 
data provide a systematic understanding and allow for an 
in-depth exploration of the relevant molecular mechanism.

During disease stress, humans can accumulate essential 
substances as an effect of a tumor, as well as regulate gene 
expression to maintain metabolic homeostasis.23 The Hh 

Figure 2 Heatmap of Pearson correlations of the miRNA expression levels among samples.
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signaling pathway was first reported in the common fruit 
fly and plays a vital role in normal embryonic develop-
ment. When its function is disrupted, Hh has been 

associated with a variety of neoplasms.24 Acting through 
a signaling cascade, Hh can cause a change in the balance 
between activator and inhibitor forms of glioma-associated 
oncogene (GLi) transcription factors. Elements of the Hh 
signaling pathway involved in the signal transfer to the 
GLi transcription factors include hedgehog ligands, 
patched receptors (Ptch1, Ptch2), smoothened receptor 
(Smo), protein kinase A (PKA), and cyclic adenosine 
monophosphate (cAMP). GLi activation targets it to the 
nucleus, where it modifies the transcription of target genes 
by binding to their promoters. The primary genes targets 
of the Hh signaling pathway contribute to many important 
pathways including those associated with PTCH1,25 

Rab23,26 RAS, BRAF,27 VEGF, and MAPK.28 Indeed, 
Rab 23 mRNA and its associated protein are highly 
expressed in glioma tissues and contribute to the patholo-
gical grade.29 Likewise, the RAS-mitogen-activated pro-
tein kinase (RAS-MAPK) pathway, a common feature of 
tumors, is important in the development of targeted ther-
apeutics aimed at mitigating patient morbidity.30 In this 
study, mRNA expression levels of RAS family proteins 
were significantly upregulated in tumor tissues compared 
with adjacent tissues, which is consistent with previous 

Figure 3 Enriched KEGG pathway scatterplot.

Figure 4 miRNA-mRNA correlation network. The circles in the network indicate 
the target mRNAs. The orange squares and blue ellipse in the network indicate the 
DE miRNAs and mRNAs.
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Figure 5 Cell pattern after puromycin screening.

Figure 6 Verification of qRT-PCR results. 
Notes: BOC (A); SMO (B); HRAS (C); MRAS (D). *P < 0.05, **P < 0.01, ***P < 0.001.
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studies. This includes the protein encoded by the BRAF 
gene, a serine/threonine protein kinase of Raf/mil, which is 
involved in the regulation of the MAP/ERKs signaling 
pathway and plays an important role in the process of 
cell division, differentiation and secretion. Mutations in 
the BRAF gene have been associated with a variety of 
cancers, including colorectal cancer, malignant melanoma, 
non-small cell lung cancer, and lung adenocarcinoma. 
Mitogen-activated protein kinases (MAPKs) are highly 
conserved serine/threonine protein kinases in eukaryotes, 
which are involved in biological processes, such as cell 
growth, proliferation, differentiation, movement and apop-
tosis. In our study, an increased abundance of BRAF and 
MAPKs was identified in tumor tissues (Table S5), sug-
gesting a potential role for this mRNA in malignant pro-
liferation and invasion of glioma.

BOC is a transmembrane protein located upstream of 
the Hh signaling pathway. BOC mRNA expression levels 
were altered in tumor tissues when compared to adjacent 
tissues, although the change was not significant. The small 
number of participants enrolled in this study may contri-
bute to the variability of expression levels for related 
genes. The main reason our study focused on BOC and 
the Hh signaling pathway is the novelty and reliability of 
the Hh pathway. An increasing number of studies are 
indicating that BOC expression is significantly elevated 
in glioma tissue compared to normal brain tissue. In addi-
tion, the survival time of glioma patients with high BOC 
levels is significantly reduced, suggesting BOC may be 
a potential drug target due to its activation of the Hh 
signaling pathway, which promotes the progression of 
GBM.31,32 The Ivy Glioblastoma Atlas Project (Ivy 
GAP) is an anatomical transcription map of human glio-
blastoma, which links individual histological characteris-
tics with genomic and gene expression patterns. It allows 
researchers to explore the anatomical and genetic mechan-
isms of glioblastoma at the cellular and molecular levels. 
The database creates a comprehensive collection of sus-
pected molecular variants in glioblastoma cells, allowing 
for a deeper understanding of tumors.33 Utilizing this tool, 
we focused our research on the regulated genes of the Hh 
signaling pathway. As part of the study, we added a cell 
line validation assay to further verify the relationship 
between the BOC gene and the malignancy, invasion, 
and migration of the tumor. q-PCR technology was used 
extensively for the quantitative analysis of BOC expres-
sion levels in glioma tumor tissues and adjacent tissues to 

verify the accuracy of the whole transcriptome sequencing 
results. Based on this, we selected U251 cell lines for our 
studies and BOC-targeted silencing was performed using 
RNA interference technology to knockdown BOC expres-
sion. We then observed changes to the expression of the 
downstream genes and pathways affected by reduced BOC 
expression to understand the molecular mechanisms lead-
ing to BOC-mediated promotion of glioma proliferation, 
invasion, and migration.

Numerous studies have recently confirmed the crucial 
role of miRNAs in the occurrence and development of 
disease. Our studies utilized sRNA sequencing to identify 
13 known miRNAs and 2 novel miRNAs in GBM sam-
ples. Consistent with a previous sRNA sequencing study 
of cancer samples, our results indicate that the most abun-
dant transcripts across all libraries were has-miR-4763-5P, 
has-miR-6848-5p, and has-miR-6860. miRNA expression 
is correlated with cancer type, stage, and other clinical 
variables and miRNA profiling is a tool for cancer diag-
nosis and prognosis. miRNAs function in nearly all stages 
of cancer biology, including proliferation, apoptosis, inva-
sion/metastasis, and angiogenesis.34–36 Our study identi-
fied 13 known and 2 novel miRNAs that correspond to the 
occurrence and development of disease. Significant regu-
lation of the miR135 family was observed in GBM sam-
ples and tissues adjacent to GBM. The conserved miR135 
family is a well-studied family that plays a vital role in 
both diffuse and intestinal gastric cancer subtypes. In 
cancer, antisense oligonucleotides (anti-miRs) were trans-
fected to inhibit the activity of specific microRNAs. In 
prostate carcinoma, transfection of antimiRs against miR- 
375 leads to tumor cell inhibition in 2D models, which 
further verifies its regulatory role in the carcinogenesis 
process.37 AntimiRs transfection significantly reduced the 
expression of hsa-miR-135b-5p, resulting in regulation of 
the target APC genes.38 An investigation of miR299 in 
papillary thyroid carcinoma (PTC) found it to be signifi-
cantly dysregulated in PTC tissues compared to matched 
normal thyroid tissues.39 Our experimental data further 
confirmed the significance of miR135 and miR299 in 
cancer development, including cellular proliferation, apop-
tosis, and migration. These results also provide valuable 
information on the role of miR135 and miR299 in the 
cancer development. Four additional miRNAs (hsa-miR 
-4763-5p, hsa-miR-6815-5p, hsa-miR-7974, and hsa-miR 
-6848-5p) were found to be dysregulated and became the 
focus genes in our study because of their intimate connec-
tion with the BOC gene. BOC contains potential target 
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binding sites for hsa-miR-4763-5P, hsa-miR-6848-5P, has- 
miR-6860. Additionally, the BOC downstream genes 
POU2F1 and TP53 are associated with tumor gene tran-
scripts, which could explain the ability of BOC to affect 
the tumor formation process by regulating downstream 
genes through miRNA binding. A similar effect was pre-
viously observed with hsa-miR-3157-3p, where the down-
stream gene PNMA was identified as a Bax-associating 
protein that induced apoptosis in cultured mammalian 
cells.40

In general, miRNAs negatively regulate gene transcrip-
tion by targeting complementary RNA sequences in gene 
targets for cleavage. Our integrated analysis of miRNA 
and mRNA transcript levels revealed inverse regulation of 
20 and 28 interactions in GBM group and control group. 
For instance, the miRNA 196 was upregulated in GBM, 
and the mRNA HNRNPUL1 showed high mutation fre-
quencies, and HNRNPs participated in cancer-related path-
ways including protein secretion and mitotic spindle.41,42 

However, the miRNA 196 target HNRNPs was not identi-
fied in our study. Recently, a role for the miR128/WNT5B 
network in the regulation of depression susceptibility was 
identified in rats model.43 The miR-299-3P target TVF4 in 
the regulation of inhibiting proliferation and invasion of 
cervical cell via targeting TCF4 was also identified in our 
study, and SLC19A1 serve as a potential biomarker for 
diagnosis and prognosis in osteosarcoma.43 As expected, 
nt-miR128 targeted WNT5B exhibited strict negative reg-
ulation in GBM, suggesting that nt-miR128 play an impor-
tant role in GBM by regulating the expressions of 
WNT5B.

Additionally, a large number of tumor-responsive 
miRNAs and their targets, such as miR-3157/PNMA3, 
miR-6860/FBXW11, miR-6858-3p/WNT5B the target– 
action relationship has been found, and there have been 
separate reports on mRNA and miRNA in tumor develop-
ment (Figure 6); however, the interactions of this regula-
tory network need to be further studied.

Conclusions
To conclude, the sequencing analysis provides an over-
view of dysregulated miRNAs and mRNAs that might 
have potential for diagnosis and treatment of glioma and 
may be useful excavating new potential biomarkers. 
Further research on the function of these RNAs will help 
us understand the mechanisms of occurrence and progres-
sion of glioblastoma.
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