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ABSTRACT

Glioma is a malignant nervous system tumor with a high fatality rate and poor 
prognosis. MicroRNAs (miRNAs) are important post-transcriptional modulators of 
glioma initiation and progression. Tumor progression often results from dysfunctional 
co-operation between pathways regulated by miRNAs. We therefore constructed a 
glioma progression-related miRNA-pathway crosstalk network that not only revealed 
some key miRNA-pathway patterns, but also helped characterize the functional roles 
of miRNAs during glioma progression. Our data indicate that crosstalk between cell 
cycle and p53 pathways is associated with grade II to grade III progression, while 
cell communications-related pathways involving regulation of actin cytoskeleton 
and adherens junctions are associated with grade IV glioblastoma progression. 
Furthermore, miRNAs and their crosstalk pathways may be useful for stratifying 
glioma and glioblastoma patients into groups with short or long survival times. Our 
data indicate that a combination of miRNA and pathway crosstalk information can be 
used for survival prediction.

INTRODUCTION

Glioma is a common malignant nervous system 
tumor. It can be classified as different malignant 
progression subtypes, including grade II, grade III and 
grade IV glioblastoma (GBM), which is characterized 
by a poor prognosis [1–3]. Although a great effort has 
been made to study the molecular mechanisms of glioma 
initiation and progression, currently the high fatality 
rate of this disease is still unchanged. Oncogenesis and 
tumor progression are complex processes [4], which 
are dominated by co-operation of multiple modulators 
and biological processes. To elucidate the mechanisms 
underlying glioma progression, it is important to analyze 
the molecular regulation and dysfunctional biological 
function in the malignant progression.

MicroRNAs are small non-coding RNAs, which 
reversely regulate coding gene expression by targeting 
the seed regions of target genes [5, 6]. It has been well 
reported that miRNAs regulate many key processes 

involved in tumor progression, such as proliferation, 
viability, migration, and invasiveness of tumor cells [6, 
7]. Many recent studies have focused on identifying the 
signature miRNAs of glioma. Malzkorn et al. identified 12 
up-regulates and 2 down-regulated miRNAs during glioma 
progression from low grade to high grade glioma, based 
on the miRNA expression profiles [8]. Further validation 
experiments have indicated that miR-17 and miR-184 
are two critical regulators in the glioma progression. The 
study of Ma et al. has suggested that reduced expression of 
miR-544 is closely related with glioma, and has nominated 
miR-544 as a novel biomarker of malignant progression 
[9]. In addition, Moller et al. have reviewed more than 
200 miRNAs that modulate the hallmark processes of 
initiation and progression of glioma [10]. However, the 
specific mechanisms of how these miRNAs regulate the 
glioma malignant progression are still unclear.

Recently, the emerging miRNA-target databases and 
the integration of miRNA-mRNA expression strategy have 
provided opportunity to investigate the miRNAs functions 
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Dissecting miRNA-pathway crosstalk network 
implicated in the malignant progression of 
glioma

For each glioma-associated miRNA, we first 
identified its crosstalk pathways via its inversely 
correlated target genes (see Methods). The significant 
miRNA-pathway relationships (P < 0.05) were retained 
to construct the glioma malignant progression associated 
miRNA-pathway crosstalk network. In total, 21 down-
regulated miRNAs, 39 up-regulated miRNAs, and 142 
KEGG pathways are involved in the network (Figure 2A). 
Among these KEGG 142 pathways, 33 pathways are 

uniquely associated with grade III glioma, while up to 70 
pathways are uniquely associated with grade IV glioma; 
39 pathways are associated with both grades of glioma. 
These data suggest that there are broader dysregulation 
biological pathways in the high-grade (grade IV) glioma. 
Moreover, there are many glioma and tumor related 
miRNA-regulated pathways in the networks, such as 
‘glioma’, ‘apoptosis’, ‘Wnt signaling pathway’, ‘MAPK 
signaling pathway’, ‘cell cycle’, ‘focal adhesion’, ‘p53 
signaling pathway’ and ‘mTOR signaling pathway’.

Then, we focused on the hub miRNAs as they affect 
most of the pathways in the whole crosstalk network and 
are especially important for the stability of the biological 

Figure 1: Global view of the glioma malignant progression related miRNAs and genes. A. The left panel is the venn plot of 
glioma malignant progression related miRNAs by comparing low grade with high grade and GBM glioma respectively. The middle panel 
is the venn plot of glioma malignant progression related genes by comparing low grade with high grade and GBM glioma respectively. 
The right panel is the venn plot of relationships between the miRNAs and target genes that associated with the progression of glioma. 
B. The expression pattern of glioma malignant progression associated miRNAs and their target genes. The expression pattern of miRNAs 
and their target genes were obtained by using one-dimensional hierarchical cluster. The up (bottom) panel is the expression pattern of the 
up-regulated (down-regulated) miRNAs and their down-regulated (up-regulated) target genes when comparing the grade II glioma samples 
with grade III and grade IV glioma samples. C. Pathway enrichment analysis of four sets of target genes, indicating the functional roles of 
their regulated miRNA sets in different glioma progression stage. Red color corresponds to up-regulated genes and green color corresponds 
to down-regulated genes.
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network. We defined the hub miRNAs as the top 15% 
of miRNAs by degree. In the network, there are 9 hub 
miRNAs including 6 up-regulated miRNAs (hsa-miR-
15b, hsa-miR-130a, hsa-miR-142-5p, hsa-miR-1246, 
hsa-miR-675 and hsa-miR-143) and 3 down-regulated 
miRNAs (hsa-miR-520f, hsa-miR-588 and hsa-miR-383). 
The degree of these hub miRNAs ranges from 11 to 31; 
in total, they regulate up to 90 of the 142 pathways in the 
network, suggesting that these miRNAs control a broad 
range of functions and play important roles in the glioma 
progression. Most of these miRNAs including hsa-miR-
15b, hsa-miR-130a, hsa-miR-142-5p, hsa-miR-143, 
hsa-miR-383 and hsa-miR-588 have been reported to 
associate with glioma [10]. Hub miRNAs, such as hsa-
miR-143, mainly regulate the grade III related pathways, 
indicating their important role during grade II to grade 
III glioma progression. In contrast, hub miRNAs, such 
as hsa-miR-588 and hsa-miR-383, regulate grade IV-
related pathways and pathways associated with both grade 
III and IV, respectively, indicating that these miRNAs 
cooperatively regulate multiple functional pathways 
during glioma malignant progression.

Network module analysis can provide detailed 
information about the miRNA regulatory mechanisms 
during glioma malignant progression. We identified 
miRNA-pathway crosstalk biclique modules using 
an algorithm (Materials and Methods). In total, 170 
miRNA-pathway modules were detected. To exemplify 
how these modules can provide insight into the 
progression of glioma, the hsa-miR-302b centered 
module 25 comprising hsa-miR-302b and nine pathways 
was examined (Figure 2B, shadow region). In this 
module, hsa-miR-302b regulated 9 pathways including 
4 pathways, such as cell cycle uniquely associated with 
grade III glioma and 5 pathways such as Wnt signaling 
pathway that related with both grade III and grade IV 
glioma (Figure 2B). These data indicate that the grade III 
related miRNA, hsa-miR-302b, also regulates pathways 
that play important role in the progression of grade IV 
glioma. It has been previously reported that hsa-miR-
302b is associated with the glioma progression [10]. 
Five targets of hsa-miR-302b are involved in cell cycle 
pathway and they all annotated to the downstream of this 
pathway (Figure 2C) [33]. The glioma associated hsa-
miR-302b target genes are distributed throughout the cell 
cycle from G1 phase to M phase (Figure 2C). It indicates 
that hsa-miR-302b via its target genes regulates the cell 
cycle pathway and is thus associated with the glioma 
progression. To further dissect the miRNA regulation 
pattern in the glioma progression, we analyzed miRNAs 
that regulate these 9 pathways in the module (Figure 
2B). We found that many cancer hallmark pathways 
were cooperatively regulated by different miRNAs 
in the different progression stage. For example, Wnt 
signaling pathway is regulated by three miRNAs (hsa-
miR-302b, hsa-miR-143, and hsa-miR-875-3p) in the 

grade III glioma, while it is simultaneously regulated by 
hsa-miR-214 and hsa-miR-1246 in the grade IV glioma. 
These results suggest that multiple miRNAs target a 
particular pathway in an alternative combination manner 
to regulate the glioma malignant progression.

We have then further dissected the miRNA-pathway 
crosstalk, mainly focusing on three modules, including 
module 7, module 13 and module102. Module 7 includes 
three miRNAs, two of which are associated with grade 
III glioma and the other one is related with grade IV 
glioma. Moreover, both up- and down-regulated miRNAs 
are contained in this module (Figure 2D). The two grade 
III related miRNAs (hsa-miR-143 and hsa-miR-875-3p) 
regulated Wnt signaling pathway and adherens junction 
pathway through targeting shared genes, including 
CSNK2A2 and MAP2K7. The grade IV related miRNA 
(hsa-miR-1246) regulated Wnt signaling pathway and 
adherens junction pathway through three different genes 
(AXIN2, WASF3 and CAMK) (Figure 2D). These data 
indicate that in different progression stages of glioma, 
the crosstalk between miRNAs and pathways may be 
different. In module 13, two down-regulated miRNAs 
(hsa-miR-875-3p and hsa-miR-637) were included and 
they related with different progression stages. These two 
miRNAs collectively regulated pathway shared genes 
in different progression stage and thus simultaneously 
mediated two different biological pathway (tight junction 
and adherens junction). Module 102 is associated with 
grade IV glioma and two cell communication pathways, 
focal adhesion and ECM-receptor interaction. MiRNAs 
regulated the two pathways through targeting 8 genes 
(Figure 2D). Interestingly, these 8 genes belong to focal 
adhesion pathway and miRNAs regulated ECM-receptor 
interaction pathway, indicating that miRNAs can also 
mediate the crosstalk between pathways in the progression 
of glioma.

Dissecting crosstalk of dysfunctional pathways 
regulated by miRNAs in glioma progression

The malignant progression of glioma is a complex 
process and there are many biological pathways 
participate in this progress. In this section, we focus on 
the investigation of the crosstalk between pathways that 
are associated with the glioma progression to understand 
the glioma malignant progression mechanism. We used the 
union set of differential and reverse expression target genes 
of differential miRNAs of grade III and grade IV glioma 
to perform pathway analysis respectively. Furthermore, the 
target gene sets of different grades-related miRNAs were 
divided into up-regulated and down-regulated groups. 
Then, the pathway analysis was performed independently 
on each target gene group. We calculated the crosstalk 
weight between each pathway pair of the identified 
pathway set and then evaluated the significance of the 
crosstalk weight of pathways (see methods). We selected 
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the pathway crosstalk relationships with the significance 
p-value < 0.05 to construct the pathway crosstalk network 
of glioma malignant progression. There are 54 pathways 
and 335 crosstalk relationships in the network (Figure 
3A). Most of the pathways in the network are known to 
play important roles in the initiation and progression of 
glioma or tumors, such as glioma, cell cycle, p53, MAPK, 
Wnt, ErbB and Notch signaling pathway. Pathways 
such as focal adhesion, regulation of actin cytoskeleton, 
and adherens junction participate in the communication 
process between cells and are regarded as the regulators 
of progression and invasion of malignant phenotype [34].

We first inspected the hub pathways. There are 9 
hub pathways, such as ErbB, Gap junction, glioma and 
neurotrophin signaling pathways. In the glioma network, 
there are up to 26 pathways directly connected with this 
pathway (Figure 3B), indicating that many biological 
pathways regulate glioma progression. For example, 
the calcium signaling pathway is regarded as a critical 
pathway that is implicated in the progression of glioma. 
Calcium signaling is a ubiquitous signal transmission 
between cell environment and cytoplasm, and studies 
indicate that it is a key modulator of glioma physiology 
[35, 36].

Figure 2: The global miRNA-pathway crosstalk network and several modules. The triangle and rectangles in the network 
correspond to miRNAs and pathways respectively. A. Glioma malignant progression associated miRNA-pathway network. A miRNA and 
pathway connected if the target genes of miRNA were enriched in the pathway under the significance level Pvalue <0.05. B. Hsa-miR-302b 
centered module of the glioma malignant progression associated miRNA-pathway crosstalk network. C. Cell cycle pathway that regulated 
by the glioma progression related miRNAs, in which the target genes of hsa-miR-302b were annotated. Target genes were marked with 
red node. D. Three modules (module 7, 13 and 102) of the miRNA-pathway crosstalk network, in which the miRNA target genes of the 
corresponding pathway were shown.


