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Abstract: After being overlooked for decades, circular RNAs (circRNAs) have recently
generated considerable interest. circRNAs play a role in a variety of normal and pathological
biological processes, including hepatocarcinogenesis. Many circRNAs contribute to hepato-
carcinogenesis through sponging of microRNAs (miRs) and disruption of cellular signaling
pathways that play a part in control of cell proliferation, metastasis and apoptosis. In most
cases, overexpressed circRNAs sequester miRs to cause de-repressed translation of mRNAs
that encode oncogenic proteins. Conversely, low expression of circRNAs has also been
described in hepatocellular carcinoma (HCC) and is associated with inhibited production
of tumor suppressor proteins. Other functions of circRNAs that contribute to hepatocarcino-
genesis include translation of truncated proteins and acting as adapters to regulate influence
of transcription factors on target gene expression. circRNAs also affect hepatocyte transfor-
mation indirectly. For example, the molecules regulate immune surveillance of cancerous
cells and influence the liver fibrosis that commonly precedes HCC. Marked over- or under-
expression of circRNA expression in HCC, with correlating plasma concentrations, has
diagnostic utility and assays of these RNAs are being developed as biomarkers of HCC.
Although knowledge in the field has recently surged, the myriad of described effects suggests
that not all may be vital to hepatocarcinogenesis. Nevertheless, investigation of the role of
circRNAs is providing valuable insights that are likely to contribute to improved manage-
ment of a serious and highly aggressive cancer.
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Introduction

Hepatocellular carcinoma (HCC), which arises from malignant transformation of
hepatocytes, accounts for approximately 75% of primary liver cancers (PLCs)
(reviewed in'). Intrahepatic cholangiocarcinoma, the other major PLC, arises
from cells of the bile ducts and accounts for 12-15% of hepatic malignancies.
PLC is ranked as the seventh most common cancer in the world. Because of the
aggressive nature of these hepatic malignancies, they are the fourth most common
cause of cancer-related deaths. Equal annual HCC incidence and mortality resulting
from the cancer further attests to the poor clinical prognosis of individuals with the
disease. HCC typically develops in livers with chronic underlying disease and/or
toxin exposure. Examples are persistent hepatitis B virus (HBV) infection, hepatitis
C virus (HCV) infection, excessive alcohol consumption, smoking, aflatoxin B1
exposure and non-alcoholic fatty liver disease.> Gender may also predispose to risk
for HCC. Studies conducted throughout the world indicate that males have a higher
risk than females. Although hormonal influences are likely to have an impact on
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HCC risk, gender-based differences in immune responses
and epigenetic DNA modifications may play a part. Race
and ethnicity have also been implicated in risk for HCC.
However, such influences are difficult to separate from
geographically linked risk factors.

Understandably, prevention of HCC has been aimed at
limiting impact of risk factors. HBV remains the major
risk factor, and it is estimated that there are 250 million
chronic carriers of the virus who are at high risk for
HCC.>” In parts of the world where HBV infection is
endemic, such as sub-Saharan Africa, east and Southeast
Asia and the western Pacific islands, prophylactic vaccina-
tion against HBV has been implemented to avert HCC.
Particularly impressive cancer prevention achieved by vac-
cination against HBV has been reported in Taiwan.® HCV
infection is another important risk factor for HCC.
Approximately 140 million people are infected with
HCV and at risk for HCC but there is no effective vaccine
against this virus.”® Both HBV and HCV cause chronic
necro-inflammatory hepatic disease that contributes to
malignant transformation. HBV is a DNA virus and inte-
gration of viral sequences into the host genome plays a
part in malignant transformation. However, as an RNA
virus with no DNA replication intermediate, HCV
sequences are not found in the host genome. Exposure to
aflatoxins formed by Aspergillus flavus, a fungus that
grows on grain crops stored under humid conditions, is a
well-established risk factor for HCC.” Combination with
exposure to HBV infection may further exacerbate HCC
risk. Excessive alcohol consumption and tobacco use also
place individuals at high risk."* Fat deposition in the liver
is now recognized as an important cause of HCC.*'* Non-
alcoholic fatty liver disease (NAFLD), associated with
obesity, type II diabetes and metabolic syndrome, may
progress to steatohepatitis, cirrhosis and HCC. So-called
“westernization” of diets in many parts of the world
together with sedentary lifestyles have compounded the
issue. Increased prevalence of obesity and associated
liver complications are contributing to increased incidence
of HCC.

Diagnosis of HCC is based on clinical evaluation of
patients with risk factors, symptoms, signs and presence of
markers that indicate the cancer. In high risk groups, such
as HBV chronic carriers, regular monitoring is advised to
detect malignancy at an early stage.'' To monitor HBV
carriers bi-annual measurement of alpha-fetoprotein and
abdominal ultrasound are advised for early cancer detec-
tion. Management of the malignancy entails staging of the

disease then selection of the appropriate treatment modal-
ity. Surgical resection or liver transplant may be consid-
ered if the cancer has not metastasized.'> Sorafenib, an
inhibitor of several kinases and in particular Raf-1, has
been used successfully to improve overall survival of
patients with advanced HCC."? Avoidance of risk factors,
such as excessive alcohol consumption, smoking, afla-
toxin, and curative treatment of HCV infection, are impor-
tant to limit HCC development.

Liver cancer is a malignancy that is very difficult to
treat. Cure is rare, and recurrence following resection or
transplant of apparently localized tumors occurs
commonly.'? Improved understanding of the basic mole-
cular biology underlying HCC, diagnosis of the cancer,
monitoring of disease and better treatment modalities are
important to improve outcomes. Insights gained by
research providing evidence of a role for circular RNAs
(circRNAs) in the etiology of HCC, has generated con-
siderable interest. This is evident from the flood of recent
publications on the topic. Recently-described properties of
circRNAs, which have potential for improved understand-
ing and management of the cancer, are discussed in this

review.

Biology of circRNAs

Regulatory non-coding RNAs (ncRNAs) have emerged as
important participants in diverse normal and pathology-
associated biological functions.'* These RNAs include
micro RNAs (miRs), piwi-interacting RNAs (piRNAs),
long ncRNAs (IncRNAs) and circRNAs. The covalently
closed circular structure of circRNAs confers stability
which is important to their biological properties. Without
exposed 5" and 3’ ends, circRNAs are resistant to ubiqui-
tous exonucleases that rapidly degrade linear RNA
sequences. Resulting extended half-lives augment func-
tional efficacy of the circRNAs. Although circRNAs are
classified as non-coding, protein translation by these
sequences has been reported to occur rarely.'

Evidence for the existence of circRNAs was first
reported in 1979.'® This was based on data generated
using electron microscopy to study RNA extracted from
HeLa cells. Significance of the observation was not imme-
diately apparent, and it was thought that the circRNA could
be an artefact. Understandably there was a subsequent hia-
tus in the field until 2013. At this time, the work of
Memczak et al'” and Hansen et al'® reported on regulatory
roles of circRNAs. In particular, they showed evidence for

miR-binding capacity of the circular sequences. Several
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reasons have been put forward to explain the delayed emer-
gence of evidence to support a role of circRNAs as regula-
tors (reviewed in'”). These include: 1) absence of a poly(A)
sequence which excludes circRNAs from commonly used
mRNA purification protocols, 2) assumption that the
sequencing reads across the back-splicing junctions were
artefact, and 3) inability of early RT-PCR procedures to
distinguish between linear and circular RNAs. Since 2013,
a large body of work supporting a role for circRNAs in
normal processes and carcinogenesis has been published.
The topic has been comprehensively covered in several
recent reviews.'*'”** The focus of this article is on recent
progress, particularly reported during 2019 and 2020, that
has been made through understanding mechanisms by
which circRNAs
Implications for diagnosis and therapy of the malignancy

contribute to hepatocarcinogenesis.

are also discussed.

Biogenesis of circRNAs
Although the essentials of circRNA biogenesis are estab-

lished, incomplete understanding of the regulatory

processes has been a challenge to the field. Cis and trans
elements play a role in regulating circRNA formation®* 2°
but their mechanisms of action are yet to be fully char-
acterized. Evidence indicates that disruption of circRNA
formation is a common feature of many cancers, including
HCC (reviewed in'®). Back-splicing and processing of
lariat structures generated during exon-skipping are the
main mechanisms of circRNA genesis (Figure 1). In
most cases, splicing to form circRNAs occurs at estab-
lished exon boundaries or within sequences containing
known splice signals.?’ Covalent joining of downstream
to upstream splice junctions, rather than the canonical
upstream linkage to downstream junctions, underlies
back-splicing. It appears that complementary Alu repeats
at the 5" and 3’ ends of the circularizing RNA facilitate the
process.”® Although circRNAs typically comprise exons,
intronic elements are also often detectable (Figure 1D). To
add complexity, there is variability in the number of
circRNAs produced by genes: some genes produce several
different isoforms,
circRNAs.?’

while others produce unique
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Figure | Schematic illustration of formation of circRNA by back-splicing. (A) Gene transcription generates (B) pre-mRNA sequences, which comprise exons (colored
rectangles) and introns (intervening black lines). Alu repeats located within introns may play a role in circularization during back-splicing. (C) Canonical linear splicing of pre-
mRNA joins upstream splice donors (GU) with downstream splice acceptors (AG) to link exons, remove introns and form mature mRNA with 5’ cap and 3’ poly(A). (D)
Back-splicing, which involves circularization of RNA, entails coupling of downstream donor elements with upstream acceptors. Sequences at the resultant circular splice
junctions (red arrowhead) are distinct from the sites of linear splicing (black arrowhead). circRNAs formed by back-splicing typically comprise combinations of exons but
may also include introns. Arrow within the circRNAs represents 5’ to 3’ polarity of the pre-mRNA.
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Selective Detection of circRNAs

Reliable methods of discriminating circRNA from linear
RNA are vital to explore functions of the regulatory RNA.
Knowledge about the sequences of circRNAs, particularly
at the circular junctions, has been useful to devise assays
that each have valuable features (Figure 2). It was initially
thought that next generation sequencing (NGS) of RNA
isolates would provide the wherewithal for genome-wide
circRNA identification (reviewed in?’). However, several
factors make reliable assay of circRNAs using NGS diffi-
cult. These include low abundance, formation of multiple
circRNAs from single loci and limitations of algorithms
used for bioinformatics analysis. circRNA-specific micro-
arrays have been developed as an alternative genome-wide
assay, and examples are the products offered by Arraystar
(https://www.arraystar.com/). The method evidently has

enhanced specificity and sensitivity when compared to
NGS. Essentially the microarray assays are based on use
of probes that straddle unique and defined circularization
junctions. Typically, total RNA is extracted from cells,
which is then treated with RNase R to eliminate linear
RNA. The circRNA is amplified and transcribed to gen-
erate fluorescently labeled cRNA, which is then hybridized
to the circRNA-specific probes. Availability of databases
that detailed circRNA
sequences is facilitating development of this type of

provide information about
assay.”’>" Validation and more detailed quantitation of
circRNAs may be undertaken using standard PCR-based
methods that include reverse transcription quantitative
PCR (RT-gPCR) and droplet digital PCR. Primers
designed for this type of assay typically span the putative
splice junction of the circRNA. Other technologies such as
nCounter© by NanoString© are likely to prove useful too

(www.nanostring.com/)

Functions of circRNAs
of circRNAs
described.?'*? These include actions as: 1) sponges of

Many different functions have been
endogenous miRs, 2) templates for translation of short
proteins, 3) signal transducers, 4) scaffolds for formation
of protein complexes, 5) sponges of proteins, 6) nuclear
regulators of splicing and 7) transcription. Action as com-
peting endogenous RNAs (ceRNAs) that sequester miRs
has been the most commonly described function, and was
also the first reported effect of circRNAs on gene
expression.!”'® It is well-established that miRs play
important roles in cellular processes that lead to malignant

A Sequencing

Deep sequencing with bioinformatics
analysis of DNA generated from reverse
transcription of circRNA identifies circular
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Figure 2 Methods for assay of circRNA. (A) Direct sequencing of a reverse
transcribed circRNA typically employs a primer that is complementary to an
exon. The sequencing reaction does not discriminate between linear RNA and
circRNA, but bioinformatics analysis allows identification of circular junctions (red
arrowhead). (B) Microarrays make use of probes that straddle unique and defined
circularization junctions. Typically random primers are used to generate labeled
cRNAs from circRNA templates. Probes span the circular junctions and hybridize to
the cRNAs with higher Tms than the partly complementary sequences of linear
mature RNA. (C) Reverse transcriptase (RT) quantitative PCR entails specific
amplification of sequences derived from circRNAs by using primers that flank the
circular junctions. The configuration of the amplifying primers is such that mature
linear mRNA is not amplified.

AAAAA

transformation.>’ These non-coding sequences partially
hybridize to mRNA targets and inhibit translation through
action of the RNA-Induced Silencing Complex (RISC). By
sequestering miRs, circRNAs cause de-repression of target
mRNA. If the target mRNA encodes an oncogenic protein,
then circRNA sponging leads to overexpression of the
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potentially transforming protein (Figure 3A). This
mechanism has recently been widely described in HCC

and detailed information is provided below.

circRNAs Implicated in the Etiology

of Hepatocellular Carcinoma

Recently published data provide compelling evidence that
circRNAs play an important role in the etiology of HCC.
Action as sponges of miRs that are responsible for con-
trolling potentially oncogenic pathways in hepatocytes is
the most frequently reported mechanism. Influence on
other processes, such as regulation of immune responses
to malignant cells, translation of truncated proteins and
control of transcription, have also been shown to play a
part. In addition to underlying the mechanisms of malig-
nant transformation, circRNAs have emerged as a class of
molecule that may be useful for diagnosing HCC and as
targets for therapeutic intervention.

circRNAs as Sponges of microRNAs in
HCC

Sponging of cellular miRs is by far the most common
mechanism that implicates circRNAs in causing malignant
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transformation. An initial report on the role of circRNAs
in disrupting miR function in HCC tissues was published
in 2016.>* Expression of circRNA was analyzed in three
patient-derived HCC tumor tissues and two tumor-adjacent
samples. Three differentially expressed circRNAs were
further analyzed using RT-qPCR in a larger panel of
sixty matched samples. One of the circRNAs, hsa -
circ_0005075, was consistently overexpressed in malig-
nant cells and correlated with tumor size and other
features of aggressiveness of the malignancy. To gain
insight into the role of hsa circ_ 0005075 in malignant
transformation, a network of miRs that could be seques-
tered by hsa circ_0005075 was constructed. miR-23b-5p,
miR-93-3p, miR-581, miR-23a-5p were believed to be
important because of a disruptive effect they had on cell
adhesion and likely promotion of tumor cell invasion.
Hsa circ_0005075 was also thought to be a potential bio-
marker of HCC.

During 2019 and 2020, there have been approximately
70 reports that have supported increased or decreased
sequestration of miRs as causative of hepatocarcinogenesis
(Supplementary Table 1).**7'°° Resulting pro-oncogenic

effects include increased hepatocyte proliferation, invasion

Enhanced mRNA translation

Increased activity of
—> oncogenic pathways,
e.g. Wnt/B-catenin
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Figure 3 Influence of sponging circRNA on mRNA translation. (A) Overexpression of circRNAs leads to increased sequestration of miRs (red lines). Resultant diminished
free miR de-represses mRNA translation. This may lead to overexpression of genes that participate in pathways involving oncogenesis. An example is overexpression of the
Whnt/B-catenin pathway that results from circ-DENNDA4C overexpression and sponging of miR-195-5p.*” (B) Lowered concentrations of circRNA diminish miR sponging.
Increased concentrations of free miRs are available to bind to mRNA cognates, which in turn leads to inhibition of translation that is mediated by the RNA-Induced Silencing
Complex (RISC). Hepatocarcinogenesis may be promoted if expression of a tumor suppressor gene is inhibited by this mechanism. An example is the effect of circMTOI on

miR-181b-5p, which leads to diminished expression of Phosphatase and Tensin homolog (PTEN) and promotes fibrosis in premalignant hepatic tissue.

1eé

Journal of Hepatocellular Carcinoma 2021:8

submit your manuscript 5

Dove


https://www.dovepress.com/get_supplementary_file.php?f=268291.docx
http://www.dovepress.com
http://www.dovepress.com

Ely et al

Dove

of surrounding tissues, metastasis and diminished apopto-
sis. Several different signaling pathways are disrupted by
circRNA sponging of miRs. Effects of these circRNAs on
endogenous miRs, and which have been reported during
2019 and 2020, are summarized in Table 1. Mechanisms
were found to be highly varied and involved de-repression
of tumor-promoting genes or inactivation of tumor sup-
pressors. Feedback involving miR sponging by circRNAs
to regulate expression of a parent oncogenic sequence,
from which the circRNAs are derived, has also been

described. One such investigation was carried out on
hsa_circ_0003141, which is generated from the transcript
(UBAP2).'%¢
Hsa circ 0003141 was highly expressed in malignant

of  ubiquitin-associated  protein 2
liver tissue and sequestered miR-1827 to inhibit suppres-
sion of UBAP2. As a result, apoptosis was inhibited and
tumor cell invasion with proliferation were enhanced in
the malignant cells.

A variety of experimental approaches was employed to

characterize the actions of circRNAs,323%37752,54-60.62,63.65-

Table | Overview of Selected Recently Described circRNAs That are Implicated in Pathogenesis of HCC

Mechanism of circRNA® miR Target | Observations
Action
Pro-oncogenic circRNA-103809 miR-1270 Competed with PLAGL2 for binding to miR-1270.3*
miR-620 Downregulated in malignant liver cells resulting in increased miR-620.%¢
miR-377-3p Competing endogenous (ceRNA) of miR-377-3p. De-repression of the gene encoding
FGFR1.'®
circRNA-ABCBIO | miR-670-3p Sponging of miR-670-3p increased expression of HMG20A.*°
miR-340-5p/ Downregulated in HCC. Diminished sequestration of miR-340-5p and miR-452-5p and
miR-452-5p disrupted NRPI and ABL2 expression.®*
circMYLK miR-29a Binding to miR-29a increased KMT5C gene expression.*
miR-362-3p Decrease in miR-362-3p and associated increased Rab23 expression.*®
circ-0000517 miR-326 Sponging effect of miR-326 to increase activity of SMAD6* and IGFIRY
miR-1296-5p | Upregulation of TXDNCS5 by targeting miR-1296-5p.%
circPVTI miR-3666 Sequestration of miR-3666 increased expression of SIRT7.”
miR-203 ceRNA of miR-203. Stimulated expression of the HOXD3 gene.'*®
circ-0008450 miR-214-3p Sponging of miR-214-3p increased expression of EZH2.°'
miR-548p Amount of circRNA correlated with clinicopathological features of poor prognosis.
Effect thought to result from sponging of miR-548p.I26
circ-0015756 miR-7 Associated with diminished functional miR-7 and upregulation FAK.%®
miR-610 Inhibited miR-610 function. Increased cellular proliferation and invasion by a
mechanism involving FGFR %
circ-0001955 miR-516a-5p | Binding of miR-516a-5p resulting in de-repression of TRAF6 and MAPK | | .2
mi-R-145-5p Binding of miR-145-5p augmented activity of the NRAS proto-oncogene.36
Post- circ-KIAA1429 - The YTHDF3 protein is thought to interact with m(6)A modifications of the circRNA,
transcriptional leading to increased stability of Zeb/ mRNA. '
modification
Liver fibrosis circMTO| miR-181b-5p | Reduced circMTOI leads to disruption of PTEN expression.''®
Immunological circUHRFI miR-449-5p | Inhibited secretion of IFN-y and TNF-q, increased expression of TIM-3.'3*
mechanisms circARSP9| - Upregulation of mRNA encoding ULBPI.'3¢
circMET miR-30-5p Decreased CXCLI0 in response to circMET-induced increased DPP4 activity.'”
circ-0064428 - Low concentrations of circRNA in patients with increased TILs. High concentrations of
circRNA in patients with low TiLs.">?
Translatable circf-catenin n/a Encodes 370 amino acid protein which inhibited phosphorylation and subsequent
protein proteasomal degradation of p-catenin. Disruption of Wnt/B-catenin signaling.'"'
Enhanced circRHOT | n/a Acts as a scaffold. Recruits TIP60 to increase expression of NR2F6.'%
transcription

Note: *Not all circRNAs with putative sponging mechanisms of action have been included in this table and the complete list is available in Supplementary Table I.
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74769194 Many of the investigations used patient-derived
tumor samples for analysis, which was often carried out in
conjunction with information available in public databases
such as from the Gene Expression Omnibus (GEO).'"’
Thereafter differential expression of circRNAs could be ver-
ified in HCC tissues or cell lines using standard procedures
such as tailored RT-qPCR. Typically, RNA extracts were sub-
jected to treatment with RNase R to remove linear transcripts.
Effects of circRNAs on the proliferation of cells, invasion,
migration and apoptosis were frequently investigated.
Bioinformatics studies were employed to identify miR cog-
nates on the circRNA that could function by sequestering and
attenuating function of the miRs. Assessment of the function-
ality of circRNA and miR interaction was often assessed using
well-established ~ dual
Bioinformatics analyses were also employed to identify

luciferase  reporter  assays.
mRNA targets of the miRs and thereby define regulatory path-
way disruption. Functional significance has frequently been
assessed by measuring concentrations of affected proteins.
Several studies reversed effects of the circRNA by using
RNAi-mediated inactivation. Cleavage of the circRNA ren-
dered the sequences linear and therefore susceptible to degra-
dation. In many studies, xenografting was used to assess effects
of circRNAs on tumor growth in vivo. For example, malignant
liver cells overexpressing circMYLK were grafted onto sus-
ceptible mice.”® Injection of circRNA-targeting siRNAs, with
or without miR-362-3p agonist, allowed analysis of the role of
the miR in tumor cell growth in vivo.

In addition to typical sponging mechanisms, post tran-
scriptional modification of circRNAs may also play a role in
influencing translation. This was recently demonstrated in a
study on circ KIAA1429 in HCC.'"”® circ KIAA1429 was
overexpressed in tumor tissue from patients. The effect was
mediated by the YTH N6-Methyladenosine RNA Binding
Protein 3 (YTHDF3), which was thought to interact with m
(6)A modifications of the circRNA. The result was to
increase stability of Zinc Finger E-Box Binding Homeobox
1 (Zebl) mRNA, which encodes a transcription factor impli-
cated in the loss of e-cadherin expression and epithelial

mesenchymal transition (EMT).'%

Oncogenic Signaling Pathways Affected by
circRNAs

Pathways that have been reported to be disrupted by
circRNAs’ effects on miRs are varied. These include signaling
mechanisms that are well-established as promoters of tumor
growth, such as MAPK,¥#85 JUN,*7> MYC,” Wnt/B-

catenin''®'"" and JAK2 (Table 1).**** In addition, activation
of other proteins such as Sirtuin 7 (SIRT7),”’ prosaposin
(PSAP)* and hexokinase 2 (HK2)*” have been associated
with
Activation of the Met pathway by circPTGR1 was demon-

circRNA-mediated oncogenesis of liver cells.
strated in another study carried out on samples of HCC tissue.”
The mechanism involved sequestration of miR-449a, and
intercellular transmission of exosomal circRNA to increase
metastatic potential of cells. A study by Wang et al aimed to
identify an HCC circRNA signature that was linked to activa-
tion of hub genes implicated in malignant transformation.”> A
competitive endogenous RNA network was established using
information from microarray analysis that was coupled to The
Cancer Genome Atlas (TCGA) and the Genotype-Tissue
Expression (GTEx) databases. Three hub genes were identi-
fied: Aurora Kinase A (AURKA), Kinesin-1 heavy chain
encoding gene (KIF5B), and Ras homolog gene family member
A (RHOA), which involved circHMGCSI1 and circTMCO3.
miR cognates of the circRNA and target genes were identified
in processes that disrupt various hepatocarcinogenic signaling
pathways.

The myriad of circRNAs with varied sponging effects that
are associated with causing liver cancer is impressive.
Although very interesting, the field has rapidly become com-
plex and applicability to HCC diagnosis and treatment will
require careful analysis. The next phase of research will no
doubt be focused on detailed verification of physiological
importance, correlating the findings with HCC of different
etiologies and translating the findings to clinical application.

circRNAs as Therapeutic Targets

The large body of evidence that implicates circRNAs
in causing HCC indicates that these sequences may
also be targeted for therapy. Many of the studies ana-
lyzing the sponging mechanisms have shown that dis-
abling the circRNAs reverses pro-oncogenic properties
of overexpressed circRNAs. Delivery of mimics of the
“sponged” miRs may be used to rescue effects of
sequestration.*? Alternatively, inactivation by RNAi-
based cleavage of circRNAs, antisense oligonucleotides
and CRISPR/Casl3 could also be used to counter
effects of circRNAs (reviewed in’'). A recent study
employed DNAzymes, which had circRNA-cleaving
properties, to disable sequences implicated in HCC
and inhibit proliferation and migration of HCC cells.''”
circFN1, which is overexpressed in HCC cells that are
resistant to sorafenib treatment, may be targeted to
improve sensitivity to the multikinase inhibitor.”®

Journal of Hepatocellular Carcinoma 2021:8

submit your manuscript 7

Dove


http://www.dovepress.com
http://www.dovepress.com

Ely et al

Dove

Conversely, downregulation of hsa circ 0006294 and
hsa_circ_ 0035944 was consistently observed in sorafe-
nib-resistant liver cancer-derived cells, and upregula-
tion of these two circRNAs may improve sensitivity to
the drug.'"® Anticancer activity of another HCC-target-
ing agent, nitidine chloride, was also recently shown to
be influenced by circRNA expression in cancerous
tissues.''* Crosstalk between hsa circ 0088364, hsa_-
circ_ 0090049 and eighteen hub genes that regulate cell
signaling and cancer progression was demonstrated.
Although these interesting findings may have applica-
tion to the management of HCC, clinical translation of
circRNA-disabling effects is currently some way from
practical realization. Hurdles, such as efficient delivery
of therapeutic sequences to target cells, need to be
overcome before the technology can be used to
treat HCC.

circRNAs That Promote Liver Fibrosis

Cirrhosis is a commonly observed phenomenon in livers of
patients with HCC, and is considered to be a precursor of
hepatocyte malignant transformation.''> The process is
characterized by liver cell death, regeneration and accom-
panying accumulation of extracellular collagen. Hepatic
stellate cells (HSCs) play an important role in regulating
this process and miRs that affect HSC function may there-
fore influence the development of cirrhosis. To address
this, Jin et al investigated the possible role of circMTOI,
a circRNA derived from the mitochondrial tRNA transla-
tion optimization 1 (MTOI) gene, in the etiology of fibro-
sis and HCC."'® ¢ircMTO1 had previously been shown to
act as a tumor suppressor of HCC.''” As in patients with
HCC, circMTOI1 was reduced in liver tissue from patients
with hepatic fibrosis.''® Moreover, the circRNA was
downregulated in HSCs and in fibrotic murine tissue, but
activation of HSCs was reduced when circMTO1 was
overexpressed. The mechanism underlying the process
involved disruption of expression of Phosphatase and
Tensin homolog (PTEN) (Figure 3B), which is targeted
by miR-181b-5p and is involved in malignant transforma-
tion of several cancers. Naturally circMTO1 sequesters
oncogenic miR-181b-5p. When concentrations of the
circRNA were reduced, active miRs increased to diminish
PTEN. The study emphasizes the importance of a role for
circRNAs in the pre-cancerous state that may eventually
lead to full-blown HCC.

circRNAs with Potential for Diagnosing

Hepatocellular Carcinoma
HCC is an aggressive malignancy that is often irresectable.
Rapid proliferation of the cancerous cells, invasion of
surrounding tissue and spread to lymph nodes followed
by metastasis to other organs contribute to a poor prog-
nosis. Early diagnosis of HCC is thus crucial for more
effective treatment, which may include surgical resection.
Currently available and commonly used serum markers of
HCC are alpha-fetoprotein and carbohydrate antigen 19-9
(CA19-9). Abdominal ultrasound, or other imaging tech-
niques, is typically carried out in conjunction with serolo-
gical markers to aid with tumor detection. Implication of
circRNAs in the etiology of HCC has prompted investigat-
ing their utility as biomarkers for diagnosis of HCC.
Stability conferred by the covalently closed circular struc-
ture is a useful property that is advantageous over HCC-
specific linear RNAs. The field has been an area of vigor-
ous investigation and many research articles on the topic
have recently been published.''®'?* Many circRNAs have
shown potential utility for the diagnosis of HCC and the
results from recent studies are summarized in Table 2.
RT-gPCR has been employed extensively to detect
circRNAs that may be suitable for diagnosis and meta-
analyses of these studies, using information in publicly

carried out.'?>132

available databases, have been
Upregulated and downregulated circRNAs were identified,
then measured in patients’ samples to correlate with features
of tumor cell proliferation, invasion and spread. More
recently screening of RNA extracted from tumor and nor-
mal tissue using microarray analysis'!®12%12%:127:128 haq
also been performed. These analyses were followed by
verification using RT-qPCR. Many studies made use of
tumor and adjacent normal tissue to compare levels of
circRNAs. Again data showed compelling correlations
between concentrations of specific circRNAs, tumor size,
proliferation, features of apoptosis and metastasis.
Although promising, circRNA measurements in biopsy
samples may not be ideal for routine diagnostic purposes.
Obtaining liver tissue is an invasive procedure that has
complications, which makes less invasive procedures pre-
ferable. To address this, investigators have measured cir-
culating RNAs, 2712512712813 which may be located in
exosomes derived from malignant liver cells. Correlation
between profiles observed in blood samples and malignant
liver cells provided validation of circRNAs’ utility as

123,124,127

biomarkers. In addition, relationships of
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Table 2 Recently Described circRNAs with Potential Application as Biomarkers of HCC

circRNA

Mechanisms of Action and Evidence for Utility as Biomarkers

Circ_0016788

Analysis was carried out on a panel of 278 tumor and |16 adjacent non-malignant resected tissues.
Data revealed that Circ_0016788 was highly expressed in malignant cells and could reliably be used to
distinguish cancerous from non-cancerous cells. Concentration of the circRNA correlated with tumor

size, stage of disease and other markers of progression of the malignancy.''®

Several circRNAs

Meta-analysis was carried out on studies available in various databases, such as PubMed. Studies
reporting on diagnosis, prognosis and clinicopathology were considered. Several upregulated and
downregulated circRNAs were identified as potentially useful prognostic and diagnostic biomarkers of
HCC. 129132

hsa_circ_0078602

Microarray analysis was carried out to identify circRNAs that were downregulated in malignant liver

cells. Among those sequences identified as having potential for evaluating diagnosis and prognosis,

diminished hsa_circ_0078602 was most consistently associated with poor clinical outcomes.''?

circ_0000798

RNA sequencing analysis was carried out on extracts of peripheral blood mononuclear cells (PBMCs)

from patients with HCC and healthy controls. Analysis showed that circ_0000798 concentrations

could be used to discriminate patients with cancer from healthy controls.'*®

Various circRNAs, as well as mRNAs and
IncRNAs

Sequencing of RNA isolated from extracellular vesicles of 159 healthy individuals and 150 patients with
five different cancers was undertaken. RNA species included mRNA, IncRNA and circRNA. Various
RNAs were identified in the extracellular vesicles that had potential for diagnosis. Performance of the
markers as classifiers of HCC was assessed. A support vector machine (SVM) algorithm showed that
measurement of the vesicular RNAs could be used with 84% sensitivity and 94% specificity for
diagnosis of HCC.'®

circSMARCAS

circSMARCADS was measured in tumor, tumor-adjacent and plasma of patients with and without liver
cancer. Low concentrations of circSMARCAS were found in malignant cells and correlated with
indicators of tumor aggressiveness such as tumor, node, metastasis (TNM) and size of the primary
malignancy. Moreover, low levels of circSMARCAS were also detected in plasma and could be

especially useful for diagnosis in patients where alpha-fetoprotein was below 200 ng/ml.'?'

circ_0021093

Increased expression of circ_0021093 was observed in 82 matched tumor and tumor-adjacent tissues,
as well as in cultured HCC lines. The circRNA functioned as a sponge for miR-766-3p and caused de-
repression of metastasis-associated protein 3. circ_0021093 was considered a useful therapeutic

target and also diagnostic marker of HCC.%*

circAKT3

Concentrations of circAKT3 were measured in circulating exosomes isolated from 124 patients with

HCC and 100 healthy volunteers. Data revealed that a high concentration of the circRNA was

associated with higher risk of mortality and recurrence of the malignancy following resection.'?

circ_0000267

circ_0000267 was assayed in tumor samples from patients with HCC, and high concentration was
found to be associated with severity of the disease and poorer prognosis. The effect was mediated by
sequestration of miR-646.%

Hsa_circ_0003998

Hsa_circ_0003998 was measured in tissues and plasma of patients with HCC, chronic HBV infection
and healthy subjects. Results showed that the circRNA was elevated in patients with the malignancy.
The marker correlated with poor differentiation, vascular invasion, alpha-fetoprotein concentrations

and could be used to predict prognosis.I23

circ_0005394

Compared to non-cancerous samples, circ_0005394 was found to be elevated in malignant tissue.
High concentration of the circRNA was associated with larger tumor size, metastasis and poorer
prognosis. Mechanistically the effect was mediated by sponging of miR-507 and miR-515-5p to increase
function of E2F Transcription Factor 3 (ETF3) and C-X-C motif chemokine ligand 6 (CXCL6).”®

(Continued)
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Table 2 (Continued).

circRNA

Mechanisms of Action and Evidence for Utility as Biomarkers

circ_0009582, circ_0037120 and
circ_0140117

circ_0009582, circ_0037120 and circ_0140117 were found to be useful markers of HCC in tumor
tissue of patients with newly diagnosed HCC. Assay in plasma verified utility of the markers. Sensitivity
and specificity could be improved when used in combination with assay for alpha-fetoprotein, and the

measurements could be used to distinguish HBV-infected patients with and without cancer.'**

hsa_circ_0000976, hsa_circ_0007750 and
hsa_circ_0139897

Microarray and RT-qPCR analysis was undertaken on RNA isolated from plasma to identify circRNAs
that were upregulated in patients with HBV-related HCC. The data revealed that hsa_circ_0000976,
hsa_circ_0007750 and hsa_circ_0139897 could be used to diagnose HCC, and the assays together

were more reliable than measurement of alpha-fetoprotein assay.

125

circ_0008450

circ_0008450 expression in HCC tissue was upregulated when compared to adjacent non-malignant
tissue. The amount of circ_0008450 also correlated with clinicopathological features of poor
prognosis. Silencing of the circRNA in cultured liver-derived cells reversed effects on cell viability,

migration and invasion. The effect was thought to be a result of sponging of miR-548p.

126

circRNA_101237

circRNA_101237 was upregulated in tumor tissue and plasma of patients with HCC, when compared
to normal liver tissue and plasma from healthy controls. Overall survival of patients with high
expression of circRNA_101237 was poor. Of interest was the observation that cisplatin induced

expression of the circRNA.'?

hsa_circ_0027089

Microarray analysis was carried out on plasma samples from |10 patients with HBV-related HCC and 5
patients with HBV-related cirrhosis. Of the panel of up- and down-regulated circRNAs,

hsa_circ_0027089 was identified as a potentially useful diagnostic marker that distinguishes HCC from
cirrhosis in patients with chronic HBV infection.

128

circRNAs with mechanistic effects such as those resulting
from sponging of miRs provided further corroboration.-
64.75.126 Agsay of circRNAs in peripheral blood mononuc-
lear cells has also been investigated as an indirect method
of detecting HCC.'?® Results from this study showed that
circ_0000798 was a particularly useful indicator that also
correlated with patients’ prognosis.

Examples of promising candidate circRNA biomarkers
are Circ_0016788'"® and a panel of three circulating
circRNAs (hsa_circ 0000976, hsa circ 0007750 and
hsa_circ_0139897).'*> These circRNAs reliably discrimi-
nated normal from malignant tissue and performed as well
as conventional HCC markers such as alpha-fetoprotein
and CA19-9. Utility of the candidate markers is not yet
proven in a clinical setting, which will be important to
establish.

Immunological Mechanisms by Which
circRNAs Contribute to HCC

In addition to the direct effects of circRNAs on promoting
hepatocyte malignancy, this class of molecule also influ-
ences normal immunological mechanisms that are respon-
sible for tumor suppression. To achieve this, circRNAs

may be secreted from hepatocytes via exosomes to exert
effects on immune cells. Several recent studies have pro-
vided evidence in support of such mechanisms. To assess
the role of circular ubiquitin-like with PHD and ring finger
domain 1 RNA (circUHRF1) in suppressing anti-tumor
immune surveillance, Zhang et al measured concentrations
of the circRNA in tumor tissue, tumor-derived exosomes
and cell lines."** Elevated expression of circUHRF1 was
observed in the malignant tissue, which was higher than
that observed in non-malignant adjacent tissue. Moreover,
the increased circUHRF1 concentration correlated with
poor clinical prognosis. circUHRF1 was found in exo-
somes of patients’ plasma samples, and was associated
with decreased infiltration of NK cells. circUHRF1 inhib-
ited secretion of IFN-y and TNF-a by NK cells through
diminished action of miR-449-5p. Consequent increased
expression of T cell immunoglobulin and mucin domain 3
(TIM-3), which plays a role in suppressing anti-tumor

> mediated the effect.'** The study suggests

immunity,
that circUHRF1 could serve as a target for therapy of
HCC: inhibiting action of the circRNA or use of anti-
TIM3 agents may promote NK and CD8+ T cell immunity

to tumor cells. Another investigation into regulating NK
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cell function in HCC identified a role for circRNA of AR-
suppressed PABPC1 91 bp (CircARSP91)."*® By increas-
ing susceptibility of HCC cells to NK cytotoxicity,
CircARSP91 acted as a tumor suppressor. The mechanism
involved upregulation of mRNA encoding UL16 binding
protein 1 (ULBP1), which may activate NK receptors
involved in eliminating malignant liver cells.

Another report on a function of circRNA in regulating
immunity to malignant liver cells implicated HCC-pro-
duced circMET."*” This sequence is derived from
chr.7q21-7q31, which is frequently amplified in HCC,'*®
and was overexpressed in malignant liver cells and asso-
ciated with poor patient prognosis.'*” Increased circMET
promoted malignant transformation by inducing EMT and
immunosuppression in the tumor microenvironment. The
authors demonstrated that the mechanism of circMET
action was through inhibitory sponging action on miR-
30-5p, which in turn led to increased activity of the Snail
transcription factor. Snail activated expression of dipepti-
dyl peptidase 4 (DPP4) through interaction with enhancer
elements of DPP4. The substrate of DPP4 was identified
as the C-X-C motif chemokine ligand 10 (CXCL10),
which normally increases CD8+ lymphocyte infiltration
of tumors in response to IFN-y. Decreased CXCL10 was
observed in response to circMET-induced increased DPP4
activity. Importantly this effect could be reversed in a
xenograft model of HCC when sitagliptin, an inhibitor of
DPP4, was given with a programmed death 1 (PDI)
blocker.

To identify circRNAs that may be involved with
regulating infiltration of tumors by lymphocytes,
patient samples were stained for CD8+ cells and cate-
gorized as having high or low numbers of tumor infil-
trating lymphocytes (TILs).'*° Expression profiles of
circRNAs in plasma were then assessed using micro-
array analysis, and correlated with TIL numbers.
Hsa circ_0064428 concentrations were low in patients
with increased TILs and conversely the circRNA was
high in patients with low TILs. Large numbers of TILs
were associated with a better prognosis, and hsa -
circ_0064428 was thus proposed as a marker of HCC
prognosis. An indirect role of circRNAs in regulating
tumor development and spread by modulating immune
surveillance is significant. As with the direct roles
implicated through sequestration of miRs, immune
modulation by circRNAs may have diagnostic and
therapeutic utility.

Translatable circRNA Associated with

Hepatocarcinogenesis
To date, one circRNA has been shown to translate a protein
that is implicated in the etiology of HCC.""" Liang et al
identified circp-catenin, which is derived from the B-catenin
gene, as playing such a role. The RNase R-resistant circRNA
was initially isolated from cultured liver-derived cancer cells
and was associated with oncogenic features, which could be
reversed by silencing the circRNA. Circf-catenin was also
highly expressed in malignant liver tissue. Bioinformatics
analysis revealed a putative internal ribosomal entry site
(IRES) that may initiate translation from the circRNA.
Indeed a 370 amino acid protein of approximately 41 kDa
was encoded by circp-catenin and was shown to be central to
the oncogenic process. Sequences at the 5’ end of the open
reading frames, including the translation initiation codons,
were common to both full-length and 41 kDa variants.
Premature termination of translation was caused by a stop
codon that was generated during the circularization reaction.
The circRNA-derived peptide inhibited proteasomal degra-
dation of the full-length B-catenin protein. The mechanism
involved substrate competition for glycogen synthase kinase
3B (GSK3p)-induced B-catenin phosphorylation. Diminished
B-catenin phosphorylation led to its increased stability and
nuclear translocation. Resultant disruption of Wnt/p-catenin
signaling augmented the hepatocarcinogenic process.
Translation of proteins encoded by circRNAs are
involved with causing glioblastomas, but interestingly the
mechanism is different to what has been reported for
HCC."**'* The four glioblastoma-associated circRNAs
have tumor suppressor functions that involve arrest of
cell division and inhibition of the tyrosine kinase/phospha-
tidylinositol-3-kinase/protein kinase B (RTK/PI3K/AKT)
signaling pathway have been reported. The observations
on the role of circf-catenin in causing HCC are therefore
particularly interesting.''" hsa_circ_0079929, has recently

144 and

been shown to be downregulated in HCC tissue,
also has an effect on AKT signaling in HCC but it is not
yet clear whether the mechanism involves translation of

the circRNA.

circRNA-Mediated Regulation of
Transcription of Genes Associated with

Hepatocarcinogenesis

In a study carried out on malignant tissues of patients with
HCC, Wang et al showed that enhanced transcription of
nuclear receptor subfamily 2, group F, member 6 (NR2F0),
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which is a gene implicated in hepatocarcinogenesis, was
effected by circRHOTI.'”® Bioinformatics was initially
used to identify differentially expressed circRNAs in
HCC. Thereafter, standard methods of molecular biology,
which included RT-PCR, Northern blotting and RNA-
FISH, verified that circRHOT1 was overexpressed in the
malignant tissue. Knockout of the circRNA reversed fea-
tures of malignancy in liver-derived cancer cells.
circRHOT1 acted as a scaffold and recruited TIP60, a
chromatin remodeler with transcription factor function, to
the NR2F6 transcription initiation site and increased
expression of NR2F6. circRHOT1 was associated with a
poor prognosis in patients with HCC, indicating that the
circRNA and upregulated NR2F6 protein could be phar-
macological targets and useful biomarkers of HCC.

Discussion and Conclusions

Research on the role of circRNAs in hepatocarcinogenesis
has generated considerable interest and recent progress has
occurred at an impressive pace. Many studies have been
published which implicate circRNAs in a variety of
mechanisms underlying transformation of hepatocytes.
Most work has demonstrated that derangement of
circRNA production leads to altered sequestration of
miRs with disruption of mRNA translation and altered
functioning of pathways implicated in hepatocarcinogen-
esis (Table 1 and Supplementary Table 1). Both oncogenic

and tumor-suppressor sponging functions of circRNAs
have been described. Most reports demonstrate tumor pro-
motion resulting from increased circRNA concentrations
and sequestration of miRs that inhibit oncogenic pathways
(Figure 3). In addition, by sponging of miRs, circRNAs
may promote premalignant conditions such as hepatic
fibrosis and disruption of immunological mechanisms
responsible for eliminating malignant cells. The impor-
tance of circRNAs in hepatocarcinogenesis has led to
assessment of their utility for HCC diagnosis. Several
circRNAs appear in the blood plasma, probably located
within exosomes, and direct measurement in the blood
may in future be used conveniently to diagnose HCC.
Many functional studies have made use of RNAi-based
methods to inactivate circRNAs, and reverse oncogenic
effects of the ceRNA. Functional efficacy indicates that
targeting circRNAs has therapeutic potential and is a topic
that will no doubt receive attention in the near future.
Although exciting, the field is faced with challenges.
The lack of information about regulation of circRNA
biogenesis has hampered an understanding of how

processing of these sequences underlies hepatocarcinogen-
esis. Although there is overwhelming evidence that
circRNAs play an important role in various normal and
pathological biological processes, it is likely that in some
cases circRNA formation is a by-product of imperfect
splicing.'*> Sequestration of miRs by circRNAs that func-
tion as ceRNAs is widely reported and particularly impor-
tant for hepatocarcinogenesis (Table 1 and Supplementary
Table 1). The large numbers of circRNAs that have been
reported to have this property is impressive. However,
absence of detailed information about molecular quantities
of the circRNAs and abundance of conserved miR cognate
sequences in the ceRNAs suggests that further verification
will be important. Previous work that used RNA-Seq to
analyze circRNA populations in unselected RNA from
normal mammalian cells showed that circRNAs typically
comprise a small proportion of isoforms derived from
primary transcripts.'*> Moreover, circRNA sequences
were generally not more conserved than their neighboring
linear exons. Although conservation of sequences located
in circRNAs is considered supportive of the notion that
they have important biological function, this interpretation
may also be flawed. Efficiency of canonical splicing varies
at splice acceptor and donor sites and may be influenced
by surrounding RNA sequences. Inefficient splicing,
which may be conserved at particular sites across species,
is likely to favor formation of circRNA by-products.
CDRI1-AS (also known as CiRS-s) may be a notable
exception.'® This circRNA has more than 60 conserved
miR-7 recognition sites, which is compelling evidence for
a role of distinct circRNA as a sponge. Low abundance of
ceRNAs may nevertheless exert an effect on translation by
participating in enzymatic catalytic processes.

Methods to assay circRNAs have improved consider-
ably, but error and bias that influence accuracy are yet to
be completely eliminated.”” Theoretically, RNA-seq pro-
vides the means to identify circRNAs accurately within
populations of different RNAs that constitute complete
transcriptomes. However, algorithms used to analyze the
NGS data often apply different problem solving rules
(heuristics) to minimize false positives and false negatives.
This can lead to incorrect discoveries and variations in
data interpretation. Other variables that may confound
interpretation of data include introduction of sequence
artefacts during library preparation, sequence-specific
influences on splicing, biases resulting from rarity of
circRNAs and difficulties with classifying splice junctions
as true positives. Comprehensive evaluation of such
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problems and their relationship to computational
approaches used to identify and assay circRNAs are pro-
27

vided in the review by Szabo and Salzman.

circRNAs previously did not receive attention because
methodology used to prepare RNA libraries excluded
circRNA sequences by carrying out procedures such as
poly(A) selection. Enriching circRNA populations by
treating extracts with RNase R to eliminate linear RNAs
is now widely used in studies employing microarray
assays. Supplementing the technology to enable simulta-
neous assay of linear mRNAs may be valuable to standar-
dize data, correlate quantitative information about
sponging circRNAs, their miR cognates and the miR-tar-
geted mRNAs. Direct assay of the fractions of circularized
transcripts that are derived from parental genes will assist
with interpretations about regulatory functions.

Evidence in support of circRNAs playing an important
role in HCC has been overwhelming. The multitude of
studies with compelling evidence in support of the class of
sequences in HCC has been impressive. Not only are
circRNAs implicated in the etiology of HCC, but they
also have potential as markers of the malignancy, are
possible targets of therapeutic intervention and therapeutic
agents themselves. The field is at an interesting stage of its
development and clarifying research in the immediate
future will be important. Reconciling disparate observa-
tions, standardization of methodology and devising meth-
ods to exclude possible artefacts will be important.
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