CELL CYCLE
2017, VOL. 16, NO. 22, 2204-2211
https://doi.org/10.1080/15384101.2017.1346754

Taylor & Francis
Taylor &Francis Group

REPORT

‘ W) Check for updates ‘

Construction and analysis of circular RNA molecular regulatory

networks in liver cancer

Shuangchun Ren®*, Zhuoyuan Xin

2T Yinyan Xu?, Jianting Xu®, and Guoging Wang?®©

The Key Laboratory for Bionics Engineering, Ministry of Education, College of Basic Medical Science, Jilin University, Changchun, China;
PCancer Centre, First Hospital of Jilin University, Changchun, Jilin, China; “The Key Laboratory of Zoonosis, Chinese Ministry of Education,

Jilin University, Changchun, China

ABSTRACT

Liver cancer is the sixth most prevalent cancer, and the third most frequent cause of cancer-related
deaths. Circular RNAs (circRNAs), a kind of special endogenous ncRNAs, have been coming back to
the forefront of cancer genomics research. In this study, we used a systems biology approach to
construct and analyze the circRNA molecular regulatory networks in the context of liver cancer. We
detected a total of 127 differentially expressed circRNAs and 3,235 differentially expressed mRNAs.
We selected the top-5 upregulated circRNAs to construct a circRNA-miRNA-mRNA network. We
enriched the pathways and gene ontology items and determined their participation in cancer-
related pathways such as p53 signaling pathway and pathways involved in angiogenesis and cell
cycle. Quantitative real-time PCR was performed to verify the top-five circRNAs. ROC analysis showed
CircZFR, circFUT8, circlPO11 could significantly distinguish the cancer samples, with an AUC of
0.7069, 0.7575, and 0.7103, respectively. Our results suggest the circRNA-miRNA-mRNA network may
help us further understand the molecular mechanisms of tumor progression in liver cancer, and
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reveal novel biomarkers and therapeutic targets.

Introduction

Liver cancer is the sixth most prevalent cancer and the
third most frequent cause of cancer-related deaths.'* More
than 700,000 cases of liver cancer were diagnosed in 2008.°
According to World Health Organization (WHO), liver can-
cer accounted for 9% of all cancer-related deaths worldwide
in 2012.° Although the survival rate of patients with liver
cancer has improved, most patients who undergo surgical
resection experience metatases and recurrence within
5 years.”” Tt is thus necessary to identify molecular targets
and novel pathways that underlie tumorigenesis and pro-
gression of liver cancer.

Circular RNAs (circRNAs), are kinds of special endogenous
ncRNAs that are predominantly generated by a process called
‘back-splicing’, followed by formation of covalently-closed con-
tinuous loops.'®"? Thanks to the technological breakthroughs
in high-throughput deep sequencing, single-stranded circular
RNAs are no longer perceived as splicing errors and are gradu-
ally assumed as the center stage in cancer genomics research.'*
Because of the lack of free ends, circRNAs are resistant to exo-
nucleases, which help these circRNAs escape the normal RNA
turnover. These features confer numerous potential functions

to circRNAs, such as transcription regulators'® or as competing
endogenous RNAs to bind miRNAs (RNA sponges) or as RNA
binding proteins (protein sponges), which helps these circR-
NAs modulate their local free concentration.'®*’ These find-
ings indicate the potential regulatory role of circRNAs in
biologic development, and in pathogenesis and progression of
diseases. Recent research has revealed aberrant expression of
several circRNAs in colorectal cancer (CRC),*"** gastric cancer
(GC)**% and Alzheimer disease (AD);*”*® however, the
expression profiles of circRNAs in liver cancer tissues are not
well characterized.”*”! In the present study, we identified the
differential expression profile of mRNA and circRNA in 3 pairs
of liver cancer clinical specimens with use of circRNA and
mRNA microarray detection. We detected a total of 127 circR-
NAs (DE-circRNAs) and 3235 mRNAs (DE-mRNAs) with sig-
nificant differential expression. Further, we constructed a
‘cancer-related circular RNA molecular regulatory network’.
We not only delineated the associated pathways and gene
ontology items, but also performed a comprehensive functional
network analysis. Our analysis revealed that 5 circRNAs could
participate in pathways involved in cancer, the p53 signaling
pathway, and in pathways involved in angiogenesis and cell
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cycle. The significant differential expressions of representative
circRNAs were further confirmed using qRT-RCR.

Results

circRNA and mRNA expression profiles and coding
genes-mediated pathway and GO analysis

We conducted Arraystar Human circRNA Array and
Arraystar Human mRNA Array to analyze the circRNA
and mRNA profiles in 3 pairs of liver cancer clinical tissues.
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We detected 127 (113 upregulated, 14 downregulated)
circRNAs (DE-circRNAs) and 3,235 (1923 upregulated,
1312 downregulated) mRNAs (DE-mRNAs) with significant
differential expressions (over 2-fold change; Fig. 1A and 1B,
Table 1). Among these circRNAs, upregulated circRNAs
were more common than downregulated circRNAs. The dis-
tribution of the circRNAs on the human chromosomes is
depicted in Fig. 1C.

We used KEGG pathway to enrich the function of 3235 DE-
mRNAs [Fig. 1D]. We found that the upregulated mRNAs were
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Figure 1. Differentially expressed circRNAs and mRNAs in 3 pairs of liver cancer patient tissues. (A) Heat maps of aberrantly expressed circRNAs and mRNAs. A total of 127
circRNAs and 3235 mRNAs showed significantly aberrant expression (> 2-fold change); P < 0.05 and FDR < 0.05. Each column represents one sample, and each row indi-
cates a transcript. T: tumor tissues. N: normal tissues. (B) Volcano plots of aberrantly expressed circRNAs and mRNAs. The vertical green lines correspond to 2-fold upregu-
lation and downregulation, respectively; the horizontal green line indicates a P-value of 0.05. The red points in the plots represent the significantly differentially
expressed genes(C) Enrichment analysis of pathways term for DE-mRNAs. Pathway analysis was predominantly based on the KEGG database. The vertical axis represents
the pathway category and the horizontal axis represents the -log10 (p value) of these significant pathways. (D) Enrichment analysis of GO term for DE-mRNAs. The vertical
axis represents the biologic procession (BP) term and the horizontal axis represents the -log10 (p value) of these significant GO-BP term. (E) The distribution of differen-

tially expressed circRNAs in human chromosomes.
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enriched in immune system such as systemic lupus erythematosus,
intestinal immune network for IgA production, while the downre-
gulated mRNAs enrich in various metabolism. We also performed
Gene Ontology analysis for the DE-mRNAs involved in biologic
processes [Fig. 1E]. The upregulated genes are involved in organelle
fission, cell cycle and cell division, while downregulated genes are
involved in response to stimulus and metabolic process.

Construction of the circRNA-miRNA-mRNA
interaction network

All the differentially expressed circRNAs were predicted
according to the complementary miRNA matching sequence.
A total of 369 miRNAs could be combined with circRNAs.

An entire network of circRNA-miRNA interaction was delin-
eated using Cytoscape [Fig. 2A]. The data displayed each
circRNA and its potential complementary binding miRNAs
[Supplementary Fig. 1].

To study the significant function of circRNAs, we choose
top-5 upregulated circRNAs as the research objects to construct
circRNA-miRNA-mRNA network. The microRNA/mRNA
interaction was predicted with the miRNA database and then
compared with the DE-mRNAs. An entire network of
circRNA-miRNA-mRNAs interaction was delineated using
Cytoscape [Fig. 2B].

We performed the co-expressed mRNAs associated path-
ways and gene ontology items enrichment analysis [Fig. 2C].
We found that the mRNAs participated in cancer-related
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Figure 2. Construction of the circRNAs-miRNAs-mRNAs ceRNA regulatory networks. (A) The entire network of circRNA-miRNA interaction entire network of circRNA-
miRNA interaction. (B) The predicted top-5 circRNAs targeted circRNA-miRNA-mRNA network based on sequence-pairing prediction. (C) Enrichment analysis of pathways
term and GO term for mRNAs. (D) The key function module circRNA-miRNA-mRNA network.
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Figure 3. Validation for the expression of significant transcripts by quantitative RT-PCR and ROC analysis of the circRNAs. (A) The expression levels of circZFR are signifi-
cantly higher than those in corresponding nontumorous tissues. P < 0.001. (B) The expression levels of circFUT8 are significantly higher than those in corresponding non-
tumorous tissues. P < 0.01. (C) The expression levels of circlPO11 are significantly higher than those in corresponding nontumorous tissues. P < 0.05. (D) The fold change
of the circZFR, circFUT8 and circlPO11 expression levels by microarray and gRT-PCR. (E) ROC curve analysis of circZFR, circFUT8 and circlPO11 for discriminative ability

between liver cancer cases and normal controls.

pathways, such as the p53 signaling pathway, and pathways
involved in angiogenesis and cell cycle. We chose these nodes
to construct the key function module [Fig. 2D].

Validation for the differential expression level of circRNAs

To verify the accuracy of the prediction results, we determined
the expression levels of the top-5 circRNAs in 40 paired clinical
samples of liver cancer tissues and their paired adjacent normal
liver tissues by qRT-PCR (Table 2). S-actin was used as the
internal standard. We found that the expression levels of
circZFR, circFUTS8 and circIPO11 in liver cancer tissues were
significantly higher than those in the corresponding non-
tumorous tissues [Fig. 3]. The findings were consistent with
those of microarray analysis.

Representation of the data using an ROC plot showed
circZFR, circFUTS, circIPO11 could significantly distinguish
the cancer samples, with an AUC of 0.7069, 0.7575, and 0.7103,
respectively (Fig. 3E)

Discussion

Thanks to the technological breakthroughs in high-throughput
deep sequencing, single-stranded circular RNAs are no longer
perceived as splicing errors and have evoked a renewed interest
in cancer genomics research.'* Recent studies have shown that
circRNAs may modulate cancer progression. Further, aberrant
expression of circRNAs has been linked to the malignant can-
cer phenotypes.

To probe the molecular regulatory mechanisms of liver can-
cer, we explored the genome-wide expression profiles of
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Table 1. The top 5 significantly differentially expressed circRNAs.

Fold Gene
CircRNAs Change Regulation Type  Chrom Strand Symbol
hsa_circRNA_103809 13.22 UP exonic  chr5 — ZFR
hsa_circRNA_101368 11.44 UP exonic  chr14 + FUT8
hsa_circRNA_102399 10.58 UP exonic  chr19 + CNN2
hsa_circRNA_103639 10.37 UP exonic  chr4 + DCUN1D4
hsa_circRNA_103847 8.65 UP exonic  chrs + IPO11
hsa_circRNA_001547 448 DOWN intronic  chr9 — BICD2
hsa_circRNA_400010  3.54 DOWN intronic  chrl + NASP
hsa_circRNA_000639 3.53 DOWN intronic  chr18 + SETBP1
hsa_circRNA_100759 3.27 DOWN exonic  chrl11 — DENND5A
hsa_circRNA_102950 3.11 DOWN exonic  chr2 + AGAP1

circRNAs in 3 liver cancer specimens and their matched adja-
cent normal liver tissues using microarray. We identified 127
DE-circRNAs in liver cancer tissues. In the expression signa-
tures, more than 15 circRNAs were upregulated (> 5-fold
change), which suggests a role of these DE-circRNAs in the
pathogenesis and progression of liver cancer. In particular,
circFUT8 (hsa_circRNA_101368, hsa_circ_0003028), circZFR
(hsa_circRNA_103809, hsa_circ_10072088), and circIPO11
(hsa_circRNA_103847, hsa_circ_0007915) were confirmed to
be significantly dysregulated in liver cancer tissues by
qRT-PCR.

A recent study identified 400 circRNAs in human cell free
saliva.’® The study showed that hundreds of circRNAs had
higher expressions than those of homologous linear transcripts
in blood.”* Therefore, circRNAs could embody disease infor-
mation that cannot be determined by conventional RNA assay,
which suggests that the circRNAs are promising biomarkers for
clinical application in the future.*> Our findings indicate that
circFUTS, circZFR, circIPO11 represent potentially valuable
diagnostic biomarkers of liver cancer. However, most differen-
tially expressed circRNAs have not been studied yet.

Recent evidences have demonstrated that by sequestering
the miRNAs, circular RNAs play a crucial role in fine tuning
the miRNA-mediated regulation of gene expression. It is pro-
posed that most targeted mRNAs would be completely sup-
pressed when the expression of miRNAs vastly exceeds that of
the ceRNAs. On the contrary, when the quantity of ceRNAs
surpasses that of their miRNAs, the competition would reduce
due to the limited availability of miRNAs.*>** A wide body of
evidence suggests a significant role of dysregulation of miRNA
expression in the development of various human cancers.”>*°
We constructed an entire network of circRNA-miRNA interac-
tion. A total of 369 miRNAs could be combined with circRNAs.

Table 2. Clinicopathological characteristics of the study samples.

Clinical parameters Number of Case

Gender
Male 27
Female 13
Age (52.6 Average)
>50 29
<50 1
Differentiation status
Poorly differentiated 9
Moderately differentiated 27
Highly differentiated 4

Recent studies have shown that some diseases are related with
miRNAs, which indicates that circular RNAs are important for
disease regulation.”” For example, the circular RNA ciRS-7/
CRDlas contains multiple, tandem miR-7 binding sites, and,
thereby, acts as an endogenous miRNA “sponge” to adsorb, and
hence quench, normal miR-7 functions.”” It has been demon-
strated that miR-7 involves numerous pathways, and that miR-7
could directly down-regulate several oncogenes including EGFR,
Rafl, Pakl, Ackl, IGFIR, PIK3CD and mTOR.*

Therefore, we speculated that circFUT8 might competitively
bind with miR-570-3p, miR-17-3p, and miR-552-3p, and
abrogate the inhibitory effect on the associated target genes.
miR-570-3p is related to disease stage and colorectal cancer-
specific mortality,” miR-17-3p could synergistically induce the
development of hepatocellular carcinoma** and miR-552-3p
were effective in inhibiting cell growth.*'

The circRNA circZFR identified in this study was found
to potentially interact with miR-511-5p, miR-130b-5p,
miR-642a-5p, miR-532-3p and miR-329-5p. The circRNA cir-
cIPO11 was found to interact with miR-659-3p, miR-424-5p,
and miR-106a-3p.

Li et al.®® reported a correlation between circRNAs and can-
cer miRNAs and proposed that the circRNA-miRNA axes
might participate in cancer-related pathways, which is consis-
tent with our findings.

Finally, as multiple circRNAs may contain binding sites for
microRNAs, and those miRNAs in turn can target multiple
genes, we considered a “Hub-gene model” for interaction net-
works among circRNAs, miRNAs and mRNA. From the con-
structed key function module, we found that the miR-570-3p
interacted with most nodes. Therefore, the miR-570-3p can
become our mechanism research focus in the future. The circR-
NAs profiled in this study have not been studied till date.

Accordingly, we propose the hypothesis that the mRNA-
microRNA-circRNA axis may be the possible molecular regula-
tory mechanisms of liver cancer. Further biologic research on
circRNAs and other associated functions and mechanisms will
be performed in our following study.

In summary, the present study identified the association of
circFUTS8, circZFR and circIOP11 with liver cancer. While we
speculate that a high level of circFUTS, circZFR and circIOP11
expression in liver cancer tissues is possibly correlated with
tumor progression, the detailed molecular mechanisms by
which these circRNA contribute to liver cancer proliferation,
invasion, and metastasis require further research. Nonetheless,
our research characterizes the circRNAs expression profiles
and networks in liver cancer.

Material and methods
Source of specimens

Written consent was obtained from the patients before surgery.
The study protocol was approved by the Institutional Review
Board for the use of human subjects at China-Japan Union hos-
pital of Jilin University, Changchun, China. A total of 30 pairs
tissues are recruited from China-Japan Union hospital of Jilin
University. None of the patients had received preoperative
radiotherapy, chemotherapy or other cancer treatment. All the



postoperative pathological diagnoses were done by 2 indepen-
dent pathologists. All specimens were stored in liquid nitrogen
immediately after surgical resection, and were transferred to
the freezer at -80°C.

Circular RNA array analysis

Total RNA from each sample was quantified using the Nano-
Drop ND-1000. The sample preparation and microarray
hybridization were performed based on the Arraystar’s stan-
dard protocols. Briefly, total RNA from each sample was ampli-
fied and transcribed into fluorescent cRNA using random
primer according to Arraystar’s Super RNA Labeling protocol
(Arraystar Inc.). The labeled cRNAs were hybridized onto the
Arraystar Human circRNA Array (8 x 15K, Arraystar). After
having washed the slides, the arrays were scanned by the Agi-
lent Scanner G2505C.

Agilent Feature Extraction software (version 11.0.1.1) was
used to analyze acquired array images. Quantile normalization
and subsequent data processing were performed using the R
software package. Differentially expressed circRNAs with statis-
tical significance between 2 groups were identified through Vol-
cano Plot filtering. Differentially expressed circRNAs between 2
samples were identified through Fold Change filtering. Hierar-
chical Clustering was performed to show the distinguishable
circRNAs expression pattern among samples.

GO and KEGG pathway analysis of differential
expression genes

To unravel the biologic function of the differential expression
genes, GO function and KEGG pathway enrichment analysis
was performed using the Database for Annotation, Visualiza-
tion and Integrated Discovery (DAVID).*>*?

Annotation for circRNA-miRNA interaction

The circRNA-microRNA interaction was predicted with
Arraystar’s home-made miRNA target prediction software
based on TargetScan®* and miRanda,*> and the differentially
expressed circRNAs within all the comparisons were annotated
in detail with the circRNA-miRNA interaction information.

Annotation for miRNA-mRNA interaction

The microRNA-mRNA interaction was predicted with TargetS-
can (http://www.targetscan.org/), miRanda(http://www.micro
rna.org/), miRDB(http://www.mirdb.org/) that match the seed
region of human miRNA sequences as obtained from miRBase
(http://www.mirbase.org/), and then compared with the DE-
mRNAs, Cytoscape (http://www.cytoscape.org/) was applied to
build a circRNA-miRNA-mRNA interaction.

Quantitative real-time PCR

Total RNA was isolated from tissue and cell specimens using
Trizol reagent (Invitrogen), RNA concentration was then mea-
sured using the Epoch Multi-volume Spectrophotometer
System (BioTek, Vermont, USA) and these RNA samples
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werereversely transcribed into cDNA using a PrimeScript RT
reagent Kit (TaKaRa Otsu, Shiga, Japan) and qPCR was then
performed using SYBR Premix Ex Taq (TaKaRa) .qPCR was
performed in Bio- Rad CFX96 system and the data were ana-
lyzed using the 274" method. Each experiment was repeated
at least 3 times.

The sequences of the 5 circRNAs were acquired from the
database "CircInteractome” (http://circinteractome.nia.nih.gov/).
B-actin (Actin 8, ACTB) , a housekeeping gene, was used as a
control. Primers were synthesized by Sangon Biotech (Shang-
hai, China), with the following sequences: The primers for
B-actin are forward: 5'- CTGGAACGGTGAAGGTGACA -3’
and reverse: 5'- AAGGGACTTCCTGTAACAATGCA -3'. The
primers for hsa_circRNA_103809 are forward: 5- TTTC
CAAGCTGGCCCTTACG -3’ and reverse: 5'- ACAAACTGTC
TGAAACGAG -3'. The primers for hsa_circRNA_101368 are
forward: 5'- CCGAGAACTGTCCAAGATT -3’ and reverse: 5'-
TCCTCCTGGTGATATGTAG -3'. The primers for hsa_-
circRNA_102399 are forward: 5- CGACCTGTITTGAGAGT
GGGAA -3’ and reverse: 5'- CAGTTCTGCATGGAGCGGT
T -3. The primers for hsa_circRNA_103639 are forward: 5'-
TTACTCTACAGGAGTGGTTA -3’ and reverse: 5'- GCTTAT
TAAGGGTGTGGTAG -3'. The primers for hsa_circRNA_
103847 are forward: 5'- CCAGACAGTGGCCTGAACTAA -3’
and reverse: 5'- AGTTGGTGATGAGCCCTGC -3'.

Statistical analysis

All statistical analyses were performed using SPSS version 18.0
(WPSS Ltd, Surrey, UK) and GraphPad Prism 6 software
(GraphPad Software, Inc. La Jolla, CA, USA). The Receiver
Operating Characteristic (ROC) curve and binary logistic
regression analysis were used to analyze the sensitivity, specific-
ity and area under the curve (AUC) with 95% CI .p value <
0.05 was considered to be statistically significant.
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