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Abstract

Non-coding RNA molecules have become increasingly more important in the
realm of understanding the transcriptome. The functional role of the non-coding
transcriptome has only relatively recently become an area of expansive research,
largely through the methods of next-generation sequencing. Circular RNAs
(circRNAs), a subtype of mostly non-coding RNAs, have recently been shown
to have considerable abundance and cell-type- and development-specific expres-
sion patterns, in particular in human tissues. CircRNAs also show a distinct
expression pattern in complex human diseases such as neurodegenerative
diseases and cancer. This chapter focuses on the role of circRNAs as a biomarker
in cancer using hepatocellular carcinoma (HCC) as an example. CircRNAs, as
potential biomarkers of cancer, could not only play a significant role in diagnosis
and monitoring of malignant growth but also might serve as primary targets for
therapeutic intervention.
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5.1 Introduction

Advancements in high-throughput RNA sequencing (RNA-seq) technologies and
related bioinformatic tools have revolutionised our understanding of transcriptome.
This has helped define molecular features of malignancies without the limitations of
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preceding transcriptomic tools such as microarrays, which are limited by their
inability to detect transcripts de novo, or Sanger sequencing of cDNA/expressed
sequence tag libraries, which is limited by its high costs and low throughput. In order
to understand the principals behind this revolution in transcriptomics
characterisation, it is important to understand the different types of RNA produced
by human cells and the methodology of linear RNA-seq.

5.2  Types of RNA

There are different types of RNA that can be produced by human cells, which have
distinct functions. Approximately 3% of RNA produced encodes a protein template
(messenger RNA), while the remaining 97% is non-coding RNA (ncRNA). The
most abundant ncRNAs are transfer RNA (tRNA) and ribosomal RNA (rRNA),
which are both vital to the process of mRNA translation. This chapter focuses on a
type of ncRNA called circular RNAs (circRNAs), its role within the cell and how it
can be involved in human disease (Palazzo and Lee 2015).

5.2.1 Circular RNAs

CircRNAs are single-stranded, generally non-coding RNA molecules formed by
backsplicing: the process in which the 5" and 3’ ends of linear precursor mRNA
(pre-mRNA) are covalently linked to create a circular structure (Salzman et al.
2012). The site of circRNA linkage, forming a phosphodiester bond, is termed the
backsplice junction. In addition to their shape, circRNAs are distinguished from
linear RNAs by the absence of a poly(A) tail and a 5’ cap (Szabo and Salzman 2016).
Due to their circular structure, exons within circRNAs appear out of order from their
genomic template and linear RNA counterparts (Nigro et al. 1991). CircRNAs can
exist as exonic circRNAs—circRNAs that contain single or multiple exons; intronic
circRNAs/RNA lariats—circRNAs that contain intronic regions only; and exon—
intron circRNAs—circRNAs that contain both exons and introns (Jeck and
Sharpless 2014; Memczak et al. 2013).

The size of circRNAs can range from smaller than 100 nucleotides to larger than
4 kb, although in humans they are commonly composed of a few hundred nucleotides
(Lasda and Parker 2014). CircRNAs have been identified for thousands of human
genes, accounting for 20-30% of the human transcriptome (You etal. 2015). Increasing
circRNA diversity is the ability for multiple circRNA isoforms to arise from the same
gene, a phenomenon known as alternative circularisation (Zhang et al. 2014). Although
alternative circularisation can produce tens of distinct circular products from a single
gene, most genes only produce one or two distinct circRNAs (Szabo and Salzman
2016). CircRNAs are considerably more stable than linear RNAs. For mammalian
cells, the median half-life of circRNAs (18.8-23.7 h) is at least 2.5 times longer than
their linear counterparts (4.0-7.4 h). Nevertheless, the half-life of circRNAs can vary
considerably and can be greater than 48 h (Enuka et al. 2016; Jeck et al. 2013).
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Sequence analysis coupled with splice inhibitor assays has shown that both linear
mRNAs and circRNAs are derived from pre-mRNA and its interactions with the
canonical spliceosome (Starke et al. 2015; Guo et al. 2014). The co-expression of
circRNAs and linear mRNAs could be competitive, leading to a negative correlation
in expressions between the two RNA subtypes (Ashwal-Fluss et al. 2014); however,
several studies also observed independent expressions of circular and linear RNA
(Gao et al. 2015; Salzman et al. 2013; Veno et al. 2015). Although for most genes
expressing circRNAs the abundance of circles is roughly 5-10% of linear
counterparts (Salzman et al. 2013), for many other genes, however, circular
transcripts are the primary RNA species transcribed from the host locus (Salzman
et al. 2012; Veno et al. 2015; Rybak-Wolf et al. 2015). Moreover, some genes
express circular transcripts preferentially in certain tissues. For example, CDRIas
expression is exclusively circular in the brain (Memczak et al. 2013).

A good body of evidence has uncovered specific expression of many circRNAs
across different cell types and developmental stages (Memczak et al. 2013; Salzman
et al. 2013; Veno et al. 2015; Rybak-Wolf et al. 2015). For example, circRNA
hsa_circRNA_2149 is specific to human leukocyte cell line CD19" and is absent in
CD34"% leukocytes, neutrophils or the embryonic kidney cell line HEK293
(Memczak et al. 2013). These observations are not exclusive to humans, with a
study in mice reporting the exclusive presence of circRNA derived from gene Rims2
in the granular layer of the cerebellum with an expression ~20-fold higher than its
linear RNA counterpart (Rybak-Wolf et al. 2015).

53 Circular RNAs in Human Disease

Many circRNAs exhibit differential expressions in a diverse range of human disease
such as neurodegenerative diseases and cancers (Chen et al. 2018, 2016; Li et al.
2015a; Zheng et al. 2016). For example, (1) in brains with multiple system atrophy
(MSA), five circRNAs: IQCK, MAP 4K3, EFCABII, DTNA and MCTPI have
specific overexpression in the frontal cortex (Chen et al. 2016); (2) exosomal
circRNAs in peripheral blood of colon cancer patients have unique expression
patterns compared to those found in controls (Li et al. 2015a); (3) transcriptome
analysis of endometrial cancer data reported 120 differentially expressed circRNA
between tumour and healthy tissue samples (Chen et al. 2018). These examples of
differential expression of circRNAs in diseases suggest regulatory roles of circRNAs
and additionally make them potential biomarkers for non-invasive diagnosis of
diseases, especially those of the brain.

54 Linear RNA-seq

In order to understand the recent advances in the circRNA research field, it is
important to comprehend the RNA-seq technique in the context of linear RNA. A
typical high-throughput (also known as next-generation sequencing) linear RNA-seq



122 L. Grouse et al.

workflow can be divided into three core stages: (1) library preparation, (2) sequenc-
ing and (3) data analysis.

5.4.1 Library Preparation

Library preparation is conducted pre-sequencing and involves selecting the desired
RNA species, fragmenting it into 200-500 nucleotides, and attaching adaptors to its
cDNA product. Selecting the desired RNA species often includes the removal of
rRNA, which forms a high percentage of total RNA, which would otherwise
consuming sequencing reads and reduce sequencing quality (Costa et al. 2010).
rRNA removal can be achieved with poly(A) selection or rRNA depletion. RNA
species can also be selected via gel electrophoresis that distinguishes based on RNA
size and shape. Fragmentation of a given sequence is a necessary step during library
preparation. Phred scores determine the estimated error of probability of bases called
during downstream processing by assigning a quality score value to each base called
(Cock et al. 2010). The higher the Phred score, the higher the base call accuracy
(Endrullat et al. 2016). Fragmentation can occur using several methods such as
nebulisation, sonification and enzymatic DNA digestion (Knierim et al. 2011). For
small RNAs such as miRNAs and piRNAs, fragmentation is not necessary. A
limitation of RNA-seq is that standard cDNA conversion does not maintain strand
orientation. In order to maintain strand of origin information for each transcript,
alternative library preparation is required but this is both time consuming and costly
(Levin et al. 2010).

5.4.2 Sequencing

Over the years, a variety of high-throughput sequencing platforms have been
developed. Despite sharing similar basic principles, Illumina platforms have
dominated the sequencing industry (https://sapac.illumina.com/?langsel=/au/).
Samples loaded into Illumina platforms first undergo cluster generation before
sequencing can begin—each cDNA molecule is amplified in a separate well located
on a slide, known as a flow cell. Clusters are generated via bridge amplification,
which involves forming a cDNA bridge structure, synthesising the complementary
strand with polymerase and denaturing the bridge to leave twice the amount of
cDNA. In order to facilitate bridge formation, cDNA adaptors are hybridised to
complementary oligos lining the surface of the flow cell. Once these clusters are
generated, sequencing-by-synthesis (SBS) can begin. During SBS, RNA strands
from each cluster have their complementary strand synthesised by polymerase.
However, the nucleotides incorporated into the complementary strand are fluores-
cently tagged and contain a reversible terminator group. The reversible terminator
group prevents more than one nucleotide from incorporating at a time to allow for
the detection of each fluorescent signal. After the addition of a nucleotide, the
fluorescent tag and terminator group are cleaved, allowing the next nucleotide to
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be incorporated. A single read is generated when polymerase finishes incorporating
all nucleotides into a complementary strand.

5.4.3 Data Analysis

Data analysis involves several steps, broadly grouped into assembly and expression
analyses. Assembly involves aligning (mapping) sequencing reads to a reference
genome and transcript assembly, while expression analysis can involve differential
expression assessment and pathway analysis. Alignment tools primarily determine
the genomic origin of each read based on sequence similarity. Selected alignment
parameters should be flexible enough to account for sequencing and reference
genome errors, while stringent enough to align without losing specificity. Reputable
alignment tools include TopHat, GSNAP and STAR. By utilising different
algorithms and pre-existing knowledge about isoform structure, transcript assembly
can be achieved by tools such as Cufflinks, SLIDE and StringTie. Counting the
number of reads corresponding to each transcript also allows assembly tools to
quantify expression levels. There are typically three units by which expression is
calculated: (1) RPKM (reads per kilobase million), (2) FPKM (fragments per kilobase
million) and (3) TPM (transcripts per kilobase million). Further analysis can include a
determination of differential expression between samples or comparison of transcript
expression profiles within a sample, for which raw read counts must be normalised,
then statistically determined to be significant. Normalisation corrects for bases which
can arise from variation in gene length (Oshlack and Wakefield 2009), library
fragment size and sequencing read depth (Mortazavi et al. 2008). Bias arising from
read depth can be observed from sequencing identical samples at different depths;
samples sequenced at a greater depth will generate more reads, and wrongly appear to
have increased expression. After differential expression analysis, pathways analysis
is a further assessment, which can be conducted to determine potential biological
pathways affected by the differentially expressed genes.

5.5 CircRNA Detection Tools, Challenges and Solutions

CircRNAs can be identified by various biochemical tools and bioinformatic
pipelines following RNA-seq. These analytical pipelines require two bioinformatic
tools: a standard alignment tool and a circRNA detection tool. Unless RNase R
treatment is applied (see below), reads sequenced and aligned in circRNA detection
are derived from fragmented linear RNAs and circRNAs and then converted to
cDNA. However, only canonically spliced RNA reads are aligned by standard
alignment tools, while circRNA reads remain aside due to their out-of-order exon
arrangement. To identify and characterise circRNAs, these separate reads are aligned
by circRNA detection tools (Fig. 5.1).

Detection tools can be broadly classified as candidate-based (also known as
pseudo-reference-based) or segmented-read-based (also known as fragmented-
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Fig.5.1 Schematic illustration of the generation of a linear mRNA (left) via canonical splicing and
a circular RNA (right) via backsplicing in which the splice donor of exon 3 splices to the acceptor of
exon 2, forming a circlular RNA molecule without 5'—3'polarity and a poly(A) tail, and forms back-
spliced junction (BSJ)

based) (Chen et al. 2015). For candidate-based tools such as NCLScan and
PTESFinder, reference genome annotation is required as exon boundaries must be
known. Annotation allows circRNA reads to be compared to different combinations
of out-of-order exons derived from a reference genome. A downside of candidate-
based tools is that they cannot identify circRNAs transcribed from unannotated
genomic origins (KNIFE is an exception). Segmented-read-based tools do not
require gene annotation to identify circRNAs.

For detection tools such as find_circ, PTESFinder and UROBORUS, whole
circRNA reads are not aligned to the reference genomes. Instead, only short nucleo-
tide sequences from each read are mapped (known as anchors). To reduce the
number of false-positive circRNAs, detection tools also possess read filtering
strategies which can be modified by the user. Filtering can include selecting for
flanking GU/AG motifs, setting a minimum number of supporting reads, removing
reads mapping to the mitochondrial genome and setting a minimum circRNA size.
Detection tools can be also classified on read compatibility. Some detection tools are
restricted to paired-end (PE) data (reads are generated from sequencing cDNA
molecules in both directions) or single-end (SE) data (reads are generated from
sequencing cDNA molecules in one direction), but most are compatible with both.
For SE data, if only one read is generated from a circRNA, then that read must cross
the backsplice junction for circRNA identification. As a result, the read corresponds
to two distinct genomic origins. However, if two or more SE reads are generated
from the same circRNA, then those reads can come from any sequence within the
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circRNA. Similarly, for PE data, each read can come from any sequence within the
circRNA.

A major challenge of circRNA detection is that there is no gold-standard detec-
tion tool. Different detection tools implement different detection strategies, each
with their own bias, strengths and weaknesses. For example, KNIFE can identify
circRNAs at both annotated and un-annotated exon boundaries, but it is restricted in
detecting circRNAs in regions of genomic variation. For each experiment, the
selected detection tool should be based on research aims and available computational
capacity. Computational capacity includes random access memory, physical disk
space and processor speed. Research aims should encompass the trade-offs between
each detection tool’s accuracy and sensitivity. As detection accuracy increases,
sensitivity tends to decrease. Even for highly accurate detection tools such as
MapSplice, a significant proportion (11%) of circRNAs are likely false positives.
Accuracy is further decreased for circRNAs detected by a single detection tool.
These circRNAs are known as exotic circRNAs and are detected with a false-
positive rate as low as 20% (by MapSplice) and as high as 79% (by find_circ).
Nonetheless, updated detection tools such as CIRI2 have improved overall circRNA
detection (Hansen 2018). If further accuracy is required, a multi-bioinformatic
approach can be implemented—circRNAs common between numerous detection
tools are likely to be bona fide (Hansen et al. 2016).

The relatively low abundance of circRNAs in total RNA reduces the quality of
sequencing data. To overcome this challenge, library preparation must include
circRNA enrichment through ribosomal RNA (rRNA) depletion. Poly(A) selection
is not suitable for circRNAs due to the absence of a poly(A) tail. Still, a few
circRNAs will be present in poly(A) selection because the process is not completely
efficient and because some circRNAs contain A-rich sequences. Further enrichment
can be achieved with RNase R, although its use is debatable (Jeck et al. 2013). As a
3’ to 5’ exonuclease, RNase R degrades linear RNA molecules, but it may also
degrade particular circRNAs (Jeck et al. 2013). Suspected circRNAs can be
validated with probes for Northern blotting and fluorescent in situ hybridisation, as
well as inverse or outward-facing primers for reverse transcriptase quantitative PCR
(qPCR) (Capel et al. 1993; Barrett and Salzman 2016).

5.6 Mechanisms of CircRNA Action

The most established circRNA function to date is as a microRNA (miRNA) sponge.
Many circRNAs, including zinc finger (ZNF) gene family of circRNAs and mouse
circular Sry, are enriched with target sites for a number of miRNA families (Guo
et al. 2014; Hansen et al. 2013). MiRNAs are ~21-nucleotide-long non-coding RNA
transcripts that function in RNA silencing and post-translational regulation by
guiding the effector protein Argonaute (AGO) to coding mRNAs, consequently
repressing the latter’s protein production (Ambros 2004; Bartel 2009). As a well-
studied case, a human circRNA transcribed antisense to the CDRI gene harbours
>60 conserved binding sites for miR-7 (Memczak et al. 2013; Guo et al. 2014).
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miR-7 targets many important players implicated in various pathways and diseases
such as several oncogenic factors in cancer-associated signalling pathways, includ-
ing EGFR, IRS-1 and IRS-2 (Kefas et al. 2008), and a-synuclein in Parkinson’s
disease (Junn et al. 2009). It has been proposed that as a miRNA sponge, the CDR]
antisense transcript (CDRIas) binds to miR-7, sequestering it away from its targets,
resulting in an upregulation of miR-7-targeted mRNA. Indeed, PAR-CLIP
(photoactivatable-ribonucleoside-enhanced crosslinking and immunoprecipitation)
experiments for human AGO showed that CDRIas is densely bound by the miRNA
effector protein AGO in the cytoplasm. Further, both miR-7 loss-of-function study
and ectopic delivery of CDRlas caused significant reduction in brain sizes in
zebrafish and other animals (Memczak et al. 2013). These results strongly support
the notion that CDR/as inhibits miR-7 via sponging. Another example from a recent
study found that the circRNA HIPK3 contains 18 potential binding sites that were
observed to sponge to nine miRNAs. More specifically, circular HIPK3 binds to
miR-124 and inhibits its activity; silencing of circular HIPK3 significantly inhibits
cell growth in humans (Zheng et al. 2016).

Some other studies suggested that circRNAs can also directly bind to other
RNA-binding proteins (RBP), and consequently sequester and transport target
RBPs (Hentze and Preiss 2013; Wilusz and Sharp 2013). However, it is still unclear
if miRNA sponges or protein decoys are common functions of circRNA. The fact
that only few circRNAs share properties similar to well-defined miRNA sponges and
that circRNAs exist in species that lack RNA interference (RNAi) pathways strongly
suggests other mechanisms of circRNAs action that have yet to be discovered (Guo
et al. 2014; van Rossum et al. 2016).

5.7  Current Understanding of CircRNAs as Biomarkers

Emerging evidence has implicated a role for circRNAs in disease states, including
neurodegenerative diseases and cancers. The high stability and enrichment in
exosomes mean that circRNAs have the potential to serve as biomarkers for disease
detection, diagnosis and progress monitoring (Li et al. 2015a). In addition to
circRNAs in MSA, colon and endometrial cancers discussed earlier, several other
groups have investigated circRNA expression for use as biomarkers in various
cancer types. For example, in colorectal and ovarian cancer, the circular-to-linear
ratio of RNA transcripts is lower in tumour tissues and there is an inverse relation-
ship between this ratio and tumour cell growth rate (Bachmayr-Heyda et al. 2015).
Other studies have reported differentially expressed individual circRNAs in laryn-
geal squamous cell cancer and gastric cancer tissues (Li et al. 2015b; Xuan et al.
2016). Taken together, there is mounting evidence that circRNA represents a
potential model for development of novel biomarkers.

To gain an in-depth and holistic understanding of cancer, metastatic phenotypes
must be observed beyond what is morphologically available. Characterising RNA
expression levels can allow interpretation of the consequences of the genetic and
epigenetic changes driving metastasis, thus enabling the links between different
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phenotypes and molecular characteristics to be identified. Compared to the healthy
cells in an individual, those with tumourigenic transformation display a clear
difference in transcriptome profiles. Here, we will be using hepatocellular carcinoma
(HCC) as an example. HCC is an aggressive primary liver cancer (PLC) which
responds poorly to treatment. The difficulties in treating HCC are reflected by a high
mortality-to-incidence ratio and low survival rate, particularly for patients beyond
early-stage diagnosis (White et al. 2016). As a largely preventable disease, recent
years have seen considerable progress in eliminating HCC risk factors, including
obesity, diet, diabetes, alcohol and tobacco use, in addition to hepatitis B and C
(White et al. 2016), whereas the development of diagnostic tools allowing early
identification of the cancer has not been a focus of attention. It has been recently
suggested that a number of different non-coding RNA species including circular
RNAs (circRNAs), microRNAs (miRNAs) (Thurnherr et al. 2016), P-element
Induced Wlmpy testis (PIWI)—interacting RNAs (piRNAs) (Rizzo et al. 2016) and
small interfering RNAs (siRNAs) (Farra et al. 2015) are differentially expressed in
HCC and are involved in the molecular pathology. Given the high stability of
circRNAs, this differential expression in tumourigenic cells may be detectable in
tissues such as saliva, blood and exosomes as a result of shedding of the tumour cells
(Meng et al. 2017). Unlike linear RNAs, which are degraded by exonucleases and
virtually absent in peripheral whole blood, circRNAs are enriched to levels compa-
rable to that in the brain, >15-fold higher expression than non-neuronal organs like
the liver (Memczak et al. 2015). This makes circRNA biomarkers of HCC easier to
detect in whole blood, where peripheral cellular expression levels are minimal
(Memczak et al. 2015).

This theory has come to fruition in recent years, with potential circRNA
biomarkers of HCC having been discovered based on their abnormal expression
levels in tumours. Yu et al. demonstrated that cSMARCAS (hsa_circ_0001445), a
circRNA transcribed from the SMARCAS gene, is significantly downregulated in
HCC resulting in a worsened prognosis, whereas mRNA and protein levels of
SMARCAS5 are upregulated (Yu et al. 2018). Han et al. demonstrated a similar
pattern of findings based on the downregulation of circMTO1 in HCC tissue
resulting in a worsened prognosis (hsa_circRNA_0007874/hsa_circRNA_104135)
and suggested the possibility of circMTO1 upregulation resulting in the inflation of
mRNA and protein expression levels of tumour suppressor gene, p21 (Han et al.
2017). For use as biomarkers, however, circRNA upregulation is considered to be
more useful than downregulation, since expression is easier to quantify with detec-
tion tools that lack sensitivity and it can be more difficult to identify, interpret and
distinguish the clinical significance of low-expressed circRNAs. Upregulation of
circRNAs has been observed in individuals with HCC and appears more frequently
than downregulation. Huang et al. demonstrated the upregulation of
circRNA_10038 (hsa_circRNA_100338) and circRNA_104075
(hsa_circRNA_104075), both of which were positively correlated with metastatic
properties of HCC cell lines. Further study by Huang et al. looked at
circRNA_10038 and the association with a specific miRNA, miR-141-3p, and
found cancer-inhibiting antagonistic properties associated with miR-141-3p directed
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at circRNA_10038 that were positively correlated with the regulation of liver cancer
cell metastasis (Huang et al. 2017).

CircRNAs are not by-products of alternative splicing. Hansen et al. demonstrated
that circRNAs can act as miRNA sponges; circRNAs bind miRNA, preventing their
repression of mRNA and resulting in further control of gene expression, as deter-
mined by their results with circRNA ciRS-7 acting as a sponge for miRNA miR-138
(Hansen et al. 2013).

Beyond interacting with miRNA, circRNAs have also been shown to interact
with proteins and spliceosomal machinery, further influencing expression levels and
cell proliferation (Ashwal-Fluss et al. 2014; Yu et al. 2018; Han et al. 2017; Du et al.
2016; Dudekula et al. 2016; Yu et al. 2016). The role of circRNAs as miRNA
sponges, and the accumulating evidence to suggest circRNAs are efficient
biomarkers in the disease profile for HCC is increasingly propagating the notion
behind circRNA involvement in HCC disease pathology, and ultimately as signifi-
cant molecular components of the disease profile.

Additionally, as more research is undertaken, it is likely that additional functions
of circRNAs will be discovered. Where the relationship between circRNAs and a
disease is due to a direct role in driving the pathogenic process, the circRNAs are a
distinct feature of disease, meaning their use as a biomarker does not rely on a
correlation between factors. In addition to their use as an early diagnostic tool, such a
relationship allows the potential use of circRNAs as biomarkers for further clinical
parameters, such as predicting prognosis and assessing the effectiveness of thera-
peutic agents.

5.8 Future Requirements

CircRNAs show tremendous potential as clinical biomarkers of disease diagnosis,
prognosis and treatment assessment. Encouraging circRNA biomarker usage is the
development of new circRNA detection tools to identify previously undiscovered
circRNA types. One promising detection tool is accurate circRNA_finder suite
(acfs), the first circRNA detection tool to identify fusion circRNAs (You and Conrad
2016). To further progress the use of circRNA biomarkers, the establishment of
reputable pipelines with high sensitivity and precision is essential. For such
pipelines, performance standards should be comparable to current pipelines avail-
able in linear RNA-seq analysis. In the meantime, multi-bioinformatic approaches
should be adopted. Also, spurring the use of circRNA biomarkers is the introduction
of third-generation sequencing, which enables long-read sequencing and direct
RNA-seq. Implementing third-generation sequencing removes artefacts and bias
which would arise from cDNA conversion and simplifies computational analysis
by generating full-length reads. What’s more is that direct RNA-seq technologies
provides real time, massive parallel sequencing, with portability and affordability.
Taken together with data produced to date, it is highly likely that the discovery of
more disease-driving circRNAs will occur in the future, which opens the door to
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their routine clinical use as early detection biomarkers, prognostic indicators and
therapeutic efficacy indicators.
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