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Abstract: Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide. Poor
understanding of the pathogenesis mechanism of HCC makes it difficult to be diagnosed and treated. The
role of microRNAs (miRNAs) associated with progress and metastasis of HCC is emerging recently. For the
purpose of systematically understanding the functional regulatory modules of miRNAs in HCC, this study
constructed the miRNA-miRNA functional synergistic network (MFSN) based on KEGG pathway functional
enrichment of co-targets collected from differentially expressed miRNAs related to HCC. To further
understand the complex cooperative relations of miRNAs, two different synergistic subnetworks were
generated to exhibit the effect of synergistic suppression of up-regulated miRNAs and synergistic
enhancement of down-regulated miRNAs. Moreover, subnetworks of Focal adhesion, MAPK signaling
pathway, Wnt signaling pathway, and TGF-beta signaling pathway were also extracted from MFSN to
demonstrate synergistic influence profile of miRNAs in a specific functional pathway.
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1. Introduction

Liver cancer, as one of the most prevalently diagnosed cancers worldwide, is a leading cause of
cancer-related death [1]. Accounting for 70%-80% of all primary liver cancer cases, hepatocellular
carcinoma (HCC) is often associated with cirrhosis, which can be a consequence of various liver diseases
including chronic viral hepatitis B or C infections, nonalcoholic steatohepatitis, autoimmune hepatitis,
alcohol abuse, primary biliary cirrhosis, and carcinogens exposure [2], [3]. Surgical resection and whole
liver transplantation is the only current choice of HCC treatment, whereas chemotherapeutic interventions
are ineffective. The low survival rate motivates comprehensive progresses on molecular mechanisms of HCC,
which contributes to the diagnosis and treatment.

MicroRNAs (miRNAs), a class of small non-coding RNAs of 18-25 nucleotides in length, can regulate
expression of numerous genes in post-transcription process, by which miRNAs modulate various biological
processes, such as cell growth, proliferation, differentiation, apoptosis, and metabolism [4], [5]. Particularly,
the involvement of miRNAs in tumors is well established, acting as both tumor suppressors and oncogenes
[6]. Identification of miRNA dysregulation in HCC provides important implications for novel diagnostic or
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prognostic markers and constitutes potential treatment targets. For example, miRNA-21 was demonstrated
as an oncomir of HCC for its overexpression resulting in marked reductions of PTEN, PDCD4, and RECK
expression [7]. High expression of miRNA-15b in HCC tissues may indicate a low risk of HCC recurrence [8].
Other investigations showed the involvement down-regulated miRNAs in cell cycle inhibition, such as
miR-34a, miR-199-a-5p, miR-223, and so on [9], [10]. Besides, a mount of miRNAs related to HCC have been
found and validated from plenty of basic research including high-throughput experiments [11]. However,
the potential mechanism of miRNAs’ influence on cancer from genome-wide level is still unclear. Few
studies focus on the functional relationship among miRNAs, which is of significance to better understand
their complex regulations.

Since complex diseases, especially cancers, are affected by a number of miRNAs, the function regulations
of miRNAs could be suggested as synergistic results of differentially expressed miRNAs (DE-miRNAs)
related to diseases. It is still a challenge to determine DE-miRNAs’ synergistic function at a systematic level
related to disease development. Nevertheless, based on aforementioned tremendous evidence from
experimental research, it is possible to identify complex synergistic relations among miRNAs. Some
research groups have developed some systematic analysis models by constructing miRNA-miRNA
functional synergistic network (MFSN), to detect synergistic mechanisms of miRNAs’ regulation [12]-[15].
However, potential characteristics of miRNAs synergistic function profile in HCC have been little studied,
especially roles of disease-related up- or down-regulated miRNAs, indicating different application potential.

In this study, we attempted to systematically present the miRNA synergism in HCC, via constructing MFSN
based on co-targets’ functional enrichment of miRNA pair (Fig. 1). Meanwhile, synergistic subnetworks
from up- and down-regulated miRNAs, as well as function-based subnetworks are particularly extracted
from total MFSN to further examine the mechanisms of miRNA synergism. This research would contribute
to primary understanding of miRNAs coordination profile in HCC and further provide evidences for
diagnosis and treatment of HCC.
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Fig. 1. The workflow to construct the miRNA-miRNA functional synergistic network related to HCC.

2. Materials and Methods

2.1. Data Collection and Processing

The first step of this study is to retrieve DE-miRNAs related to HCC. We collected DE-miRNAs of HCC from
miRCancer database. Established on empirical evidences, miRCancer offers abundant and credible
information about miRNA-cancer associations [16]. Thus, a list of HCC relevant miRNAs with expression
features was obtained for further target prediction.

Since miRNAs function in post-transcriptional regulation by targeting mRNAs, we studied the role of
DE-miRNAs by identifying their putative targets. The potential targets of DE-miRNAs were acquired from
miRecords, which was an integrated database to predict miRNA targets, gathering 11 established miRNA
target prediction programs containing argetScan, PicTar, DIANA-microT, miRanda, Microlnspector,
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mirTarget2, miTarget, NBmiRTar, PITA, RNA22, and RNAhybrid [17]. For this investigation, genes are
assigned to miRNA target sets only if they are predicted by at least four distinct programs, which helps to
reduce the number of false positives. Then, co-targets between each miRNA pair were prepared for
functional module identification in order to overview synergism among miRNAs.

2.2. miRNA-miRNA Functional Synergistic Network Construction

miRNAs involve in the same or similar functions related to a specific complex disease, by regulating
common gene sets. It is of significance to understand miRNAs’ synergistic relations and further clarify their
functions in disease development with a systematic perspective. Based on co-targets of each miRNA pair,
functional modules between miRNAs can be disclosed by performing KEGG functional pathway enrichment
analysis, which is conducted by clusterProfiler package in R with P < 0.05 [18]. If a pair of miRNAs owns
common targets and the co-targets significantly enrich in at least one KEGG category, we recognize the
synergistic effect of the two miRNAs. After assembling all synergistic miRNA pairs, the miRNA-miRNA
functional synergistic network is constructed by Gephi software [19], where nodes represent DE-miRNAs
with expression profile and edges denote different synergistic relations referring to co-regulated pathways.
Degree of a node means the number of edges connecting the node to others. In the MFSN, edges have been
weighted by the number of enriched KEGG pathways, reflecting the breadth of synergistic functional
modules between miRNAs. The strength of a node in network is the sum of the weights of all links attached
to the node.

2.3. Expression Profile-Based Subnetworks

ED-miRNAs, containing up- and down- regulation, result in distinct modulation of gene expression. We
classify the synergistic effects as three groups according to miRNAs’ differential expression profiles: 1)
synergistic suppression of two up-regulated miRNAs; 2) synergistic enhancement of two down-regulated
miRNAs; 3) conflict effect between an up-regulated miRNA and down-regulated miRNA. Synergistic
networks of up- and down-regulated miRNAs are extracted from total MFSN as subnetworks respectively,
and their topological analysis is conducted to figure out the synergistic functions of miRNAs in HCC.

2.4. miRNA Synergism Profiles on Pathways

To further analyze the synergistic functions of miRNAs in HCC, several important pathways were derived
from the total MFSN to construct function-based subnetworks. Edges in a function-based subnetwork
depict the specific functional pathway. Nodes represent the synergistic miRNAs involved in this particular
pathway.

3. Results and Discussion

3.1. MFSN Analysis

MFSN of HCC was generated by following the workflow shown in Fig. 1. Potential target genes of 147
DE-miRNAs in HCC have been retrieved from miRecords. Co-targets of miRNA pair were enriched to KEGG
pathways, which constituted the functional synergistic relations of miRNAs. Among the 147 DE-miRNAs,
105 miRNAs were finally used to construct MFSN, including 71 down-regulated miRNAs and 34
up-regulated miRNAs. As shown in Fig. 2, red nodes represent up-regulated miRNAs, while blue nodes
represent down-regulated miRNAs. The size of nodes is proportional to the node strength in network. Edges
denote KEGG pathways enriched by co-targets of miRNA pairs. The thickness of edges indicates the number
of synergistic pathways. The hubs with highest strength are let-7c, miR-203, miR-105, miR-20b, and
miR-17-5p, which are considered with higher risks when regulation fails, as they influence an amount of
other miRNAs and functional pathways. The five hub miRNAs contain three down-regulated miRNAs and
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two up-regulated miRNAs, implying the importance of up-regulated miRNAs despite low share in MFSN.
Moreover, let-7 family, miR-181 family, miR-29 family, mir-17 family, and miR-15 family can be well
recognized as they connected closer and stronger to their family members than to others. Normally, miRNAs
from the same family tend to exert a similar role due to a conserved sequence and structural configuration
[20]. There are 100 KEGG pathways enriched between DE-miRNAs of HCC. The top 10 pathways with
highest frequency in MFSN have been listed in Table 1. Pathway in cancer is the most widely enriched
pathways of coordinated regulation by 96 miRNAs, followed by Focal adhesion, MAPK signaling pathway,
and Endocytosis pathway.
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Fig. 2. The miRNA-miRNA functional synergistic network in HCC.
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Table 1. Top 10 Pathways with Highest Frequency Involved in the MFSN

No. of involved = Down-regulated  Up-regulated

i i *
Rank  Pathway ID Description Frequency MiRNAs MiRNAs MmiRNAs Ra
1 hsa05200 Pathways in cancer 590 96 65 31 2.1
2 hsa04510 Focal adhesion 374 75 52 23 2.3
3 hsa04010 MAPK signaling pathway 276 70 46 24 19
4 hsa04144 Endocytosis 268 60 40 20 2.0
5 hsa04360 Axon guidance 229 62 42 20 2.1
6 hsa04722  eurotrophin signaling 163 40 24 16 15
pathway
7 hsa04g10  ‘esulation ofactin 156 69 41 28 15
cytoskeleton
8 hsa04310 Wnt signaling pathway 149 55 37 18 2.1
9 hsa04020 Calcium signaling pathway 110 43 27 16 1.7
10 hsa04350  |UF-betasignaling 86 42 29 13 2.2
pathway

*Ra means the ratio of down-regulated miRNAs to up-regulated miRNAs.

3.2. Synergistic Subnetwork Generation

Different expression profile of miRNAs in disease can provide different clinical strategies to target and
manipulate either the expression or activity of miRNAs [21]. For example, the oncogenic signaling that
promotes tumor development and progression can be repressed by overexpressed miRNAs’ regulation,
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which also inactivates associated tumor suppressing genes and pathways. In the MFSN, there are three kind
of synergistic relations between miRNAs due to their different expression profiles. Following the
classification mentioned above, we extracted two subnetworks to explore miRNA synergism in HCC (Fig. 3).
The conflict effect between up- and down-regulated miRNA is out of consideration, as the synergistic
outcome on functional pathways could not be determined. The pathways enriched by down-regulated
miRNA pairs in Fig. 3(a) are more complex than cooperatively suppressed functions by up-regulated miRNA
pairs exhibited in Fig. 3(b). The information of subnetworks is described in Table 2. The average of
synergistic suppression is much lower than average synergistic enhancement effect on pathways, detected
from the compare of average strength of miRNAs in different subnetworks. Let-7 family members and
miR-203 dominate the majority of synergistic connections with most of other down-regulated miRNAs,
which could be further investigated for their potential application. Besides, let-7 family, miR-15 family, and
miR-29 family function together and assemble the main frame of synergistic enhancement in HCC. Whereas
in synergistic suppression network, miR-181 family and mir-17 family occupy the central positon by close
connections within family and broad cooperation with other miRNAs.
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Fig. 3. Synergistic subnetworks based on different expression profile of miRNAs: (a) synergistic
enhancement among down-regulated miRNAs and (b) synergistic suppression among up-regulated
miRNAs.

Table 2. Information from Two Different Synergistic Subnetworks
Average strength of

Top 5 pathways

Subnetworks No. of node node Hub miRNAs No.of pathways (KEGG ID)
hsa05200
Symergistic let-7c, miR-203, hsa04510
ynerg 71 58.1 let-7g, let-7i, let-7f, 87 hsa04144
enhancement
let-7e hsa04010
hsa04360
) ) hsa05200
i ot it
ynergistic 33 36.7 AT 850 MIR-EED, 75 hsa04510
suppression miR-17-5p,
miR-181d hsa04360
hsa04722

The let 7 family be widely reported to be down-regulated significantly in the carcinogenesis of HCC [22],
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and our study confirms the disease relevance but also clarifies its dominating position in miRNA synergism.
MiR-29 family serves to reduce cell proliferation and the expression level of miR-29 family are inversely
correlated with epithelial-mesenchymal transition status of carcinomas [23]. On the other hand, there has
been considerable interest in understanding the roles of miR-181 family in cancer. Upregulation of
miR-181b/d at early-stage of NASH-associated hetpatocarcinogenesis indicates their role in disease
developing to neoplastic transformation of hepatocytes [24]. Pathways enriched between miR-181 family
particularly concentrate in TGF-beta signaling pathway, ErbB signaling pathway and GnRH signaling
pathway, whereas synergistic functions between miR-181 family and other non-family miRNAs specially
focus on Focal adhesion, MAPK signaling pathway and Wnt signaling pathway.

The top 5 pathways involved in synergistic suppression and enhancement subnetworks have been
summarized. Interestingly, four out of the five pathways are common, which means that both synergistic
suppression and stimulation on these pathways are significant. It also suggests the complicate influence of
miRNAs on pathways. The exact synergistic consequences of miRNA on pathways remain to be fully
elucidated by more experimental studies and computer algorithm analysis.

3.3. Functional Pathway Based on Subnetwork Analysis

As the complexity of synergistic influence of miRNAs on pathways, we performed a primary investigation
to explore the synergistic mechanism of miRNAs by pathway-based subnetwork analysis (Fig. 4). We extract
four pivotal pathways from the total MFSN to visualize miRNA synergistic profile on specific pathways,
including Focal adhesion (Fig. 4(a)), MAPK signaling pathway (Fig. 4(b)), Wnt signaling pathway (Fig. 4(c)),
and TGF-beta signaling pathway (Fig. 4(d)). Meanwhile, the basic information can be found in Table 3.
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Fig. 4. Subnetworks related to pivotal pathways extracted from MFSN: (a) Focal adhesion; (b) MAPK
signaling pathway; (c) Wnt signaling pathway; (d) TGF-beta signaling pathway.
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As shown in Fig. 4, different pathways involve different number of miRNAs, and each subnetwork owns
distinct topological characteristics. Focal adhesion and MAPK signaling pathway show denser network
landscapes than the other two pathways, which can be told from average degree of node in subnetworks.
Distinct network performances further indicate different synergistic role of DE-miRNAs. Six
down-regulated miRNAs locate in prominent positions, leaded by miR-479. Likewise, in TGF-beta signaling
pathway, the central positions are also taken by tumor suppressor miRNAs, including miR-105 and let-7
family. Especially, synergistic effect on TGF-beta signaling of let-7 family has been limited in family members,
generating an isolated loop in synergistic network. However, both up- and down-regulated miRNAs play key
roles in synergistic network related to MAPK signaling pathway and Wnt signaling pathway. However, the
ratio of down-regulated miRNAs to up-regulated miRNAs of the four pathways is similar and close to the
ratio of total MFSN. Additionally, it is worth of further investigation of the significance caused by the ratio

difference.
Table 3. Topologic Information of Four Functional Pathway Based Subnetworks
Subnetworks No. of node Average degree of node Hub miRNAs
miR-497(down), miR-105(down),
Focal adhesion 75 10 let-7c(down), miR-29¢c(down),

miR-15b(down), miR-203(down)

let-7c(down), miR-17-5p(up),
MAPK signaling pathway 70 7.9 miR-612(down), miR-105(down),
miR-181c(up), miR-181a(up)

let-7c(down), miR-203(down),
Wnt signaling pathway 55 5.4 miR-17-5p(up), miR-106b(down),
miR-20a(up), miR-424(up)

miR-105(down), let-7 family(let-7a, let-7b,
TGF-beta signaling pathway 42 4.1 let-7c, let-7d, let-7e, let-7f, let-7g, let-7i,
miR-98; down)

4. Conclusion

This research analyzes the characteristics of miRNA synergism related to HCC and identifies some active
synergistic miRNAs/miRNA families and pivotal pathways, based on the construction and analysis of MFSN,
synergistic function based subnetworks, and pathway-based subnetworks. Despite some limitations, this
research still provides a systematic insight into miRNA synergism in HCC and further contributes to
relevant potential clinical utility.
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