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Abstract

Circular RNAs (CircRNAs) were first identified as a viroid and later found to also be an
endogenous RNA splicing product in eukaryotes. In recent years, a series of RNA-sequencing
analyses from a diverse range of eukaryotes have shed new light on these eukaryaotic circRNAs,
revealing dynamic expression patterns in various developmental stages and physiological
conditions. In this review, we focus on circRNAs implicated in stress response pathways and
explore potential mechanisms underlying their regulation. To date, circRNAs have been shown to
act as scaffolds in the assembly of protein complexes, sequester proteins from native subcellular
localization, activate transcription of parental genes, inhibit RNA—protein interactions, and
function as regulators of microRNA activity. Although the mechanism modulating circRNA levels
during stress remains unclear, circRNAs are shown to be regulated during biogenesis, degradation
and exportation. As circRNAs do not have 5’ and 3’ ends, there are no entry points for
exoribonucleases to initiate degradation. Such inherent stability makes this class of RNA a strong
candidate to maintain homeostasis in the face of environmental challenges.
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Introduction

Circular RNAs (circRNAS) is a class of noncoding RNAs that form covalently closed
circular loops. CircRNAs was first discovered as genomes for certain RNA viruses in 1970s
and 1980s (Sanger et al. 1976; Hsu et al. 1979; Kos et al. 1986). In humans, the first
endogenous circRNA was detected in 1991 while studying splicing pattern in a tumor
suppressor candidate by the Vogelstein group (Nigro et al. 1991). They identified a small
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population of PCR products from reverse transcription in which the exons appeared
scrambled (i.e., not in a sequential order as in primary transcripts). Nigro et al (1991)
proposed that pre-mRNA formed a looped secondary structure, which facilitated the
“scrambled” arrangement of exons, resulting in the formation of spliced RNA in circular
form where the downstream 5’ splice site is joined to an upstream 3 splice site, commonly
referred as “back-splicing” (Figure 1). Further research revealed that these circRNAs were
enriched in cytoplasmic poly(A) free fractions in both human and rodent cells (Nigro et a/.
1991; Cocquerelle et al. 1992; Cocquerelle et al. 1993). The possibility for this class of
noncoding RNAs to be produced in a regulatory manner was subsequently demonstrated in
the testis-determining gene Sry, in which the circular form is expressed only in specific
tissues and accounts for over 90% of Sry transcripts in mouse testes at a defined embryonic
stage (Capel et al. 1993).

Although several circRNAs have been identified since the 1990s (Chao ef a/. 1998, Surono
et al. 1999, Fluoriot et al. 2002, Houseley et al. 2006), the vast abundance and diversity of
circRNAs were not fully appreciated until the development of RNA sequencing (RNA-seq)
technologies in the twenty-first century, which profile circRNAs in a genome-wide manner
(Danan et al. 2011, Salzman et al. 2012). In addition to RNA-seqg, RNase R, an
exoribonuclease with 3’ to 5° activity, proved to be particularly useful in the characterization
and identification of circRNAs (Suzuki et al. 2006). Given that circRNAs have no free 5’ or
3’ ends, the exoribonuclease RNase R specifically degrades linear RNAs, including any
linear transcripts with scrambled exons due to trans-splicing or genomic rearrangements.
The use of RNase R to enrich for circRNAs prior to RNA-seq was first used in archaea
(Danan et al. 2011). In eukaryotes, RNA-seq was performed from total RNAs that was
depleted of rRNAs and subjected to RNase R treatment, which resulted in the detection of
over 25,000 distinct circRNAs in human cells (Jeck ef al. 2013). RNA-seq has since been
used to detect circRNA expression in various tissues, developmental stages, and organisms
under a range of growth and stress conditions (e.g., Memczak et a/. 2013, Salzman et al.
2013, Wang et al. 2014, Rybak-Wolf et al. 2015, Szabo et al. 2015, Veno et al. 2015, Dang et
al. 2016; Table 1). Excellent reviews have extensively covered the mechanisms underlying
their formation and function (reviewed in Lasda and Parker 2014, Chen 2016, Salzman
2016, Wilusz 2016). Here, we examine specific examples and discuss potential mechanisms
underlying the regulatory roles of circRNA during stress. A timeline highlighting key
discoveries on circRNAs relevant to our discussions is summarized in Figure 2.

and Stress

To maintain cell homeostasis and allow organisms to flourish and reproduce, it is important
to combat a variety of stresses that threaten their viability (reviewed in Kiltz 2005).
CircRNAs can, in theory, regulate cellular stress both positively and negatively: some may
function to maintain homeostasis whereas dysregulation of others may enhance stress
response to adapt chronic stress (e.g., during cancer development). In the following section,
we provide specific examples of circRNAs involved in maintaining homeostasis, regulating
cell growth and death, combating acute infection, and conferring resistance to
chemotherapeutics (summarized in Table 1).
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CircRNAs that regulate activity of microRNAs involved in homeostasis

Sequence analyses revealed that some circRNAs had multiple predicted microRNA
(miRNA) binding sites, leading to the hypothesis that this subset acts as a sponge to reduce
the levels of available miRNAs, which would otherwise inhibit the translation and decay of
target mMRNAs. As miRNAs played an important role in the cellular response to stress
(reviewed in Leung and Sharp 2010), it is possible that specific circRNAs regulate various
stress response pathways by inhibiting miRNA activity. Two seminal studies in 2013
demonstrated that a circRNA termed CDR1as/ciRS-7, with over 70 predicted miR-7 binding
sites, inhibited the function of miR-7 in the brain by acting as a miRNA sponge (Memczak
et al. 2013, Hansen et al. 2013a). These back-to-back studies of CDR1as pointed to the first
biological function ascribed to circRNAs (i.e., a miRNA sponge). Subsequently, studies
proposed a similar function for some other circRNAs (Lukiw 2013, Wang et al. 2015, Liu et
al. 2016, Geng et al. 2016, Zheng et al. 2016, Werfel et al. 2016, Wang et al. 2016b).
However, it should be noted that only one additional circRNAs, circ-SRY, contain substantial
number of mMiRNA binding sites (Capel et al. 1993, Dubin et al. 1995, Hansen et al. 2013a),
raising the question whether miRNA inhibition is a general feature of circRNAS (see
Cautionary notes below for further discussions). Here, specific examples of circRNAs
regulating the activity of miRNAs involved in maintaining homeostasis and stress pathways
are discussed below.

miR-7 sponge CDR1as regulates insulin secretion—Insulin secretion is an
important mechanism for maintaining homeostasis of blood glucose levels. Diabetic patients
are regularly exposed to both high and low glucose levels, which induce a variety of stress
responses, such as the production of reactive oxygen species (ROS) and inflammation
(reviewed in Evans ef a/. 2002). In a study of islet cells (responsible for insulin secretion)
treated with various agents that stimulated the transcription and secretion of insulin, the
levels of the miR-7 sponge CDR1as significantly increased when the cells were treated with
forskolin or phorbol myristate acetate (PMA) but not glucose (Xu et a/. 2015). Additionally,
overexpression of CDR1as led to an increase in insulin secretion, and two predicted miR-7
targets involved in insulin secretion, Myrip and Paxém, were both inhibited by miR-7 and
up-regulated by CDR1as overexpression. Although the results suggested that CDR1as
played a role in insulin secretion, Xu et a/. (2015) did not perform any knockdown
experiments. Therefore, it is not clear whether endogenous CDR1as is expressed at sufficient
levels to regulate insulin secretion. However, the results provide promising evidence that
ectopic expression of circRNAs at sufficient levels may modulate miRNA activity and help
regulate miRNASs involved in glucose homeostasis.

Possible roles of circRNAs as miRNA sponges in tumorigenesis—Tumor cells
are constantly exposed to multiple stress conditions, providing an opportunity to identify
factors that combat stress and restore homeostasis (Dong et a/. 2016). Using RNA-seq,
circRNAs were shown to be differentially regulated in response to stresses, including
hypoxia, which is common in the tumor microenvironment (e.g., Boeckel et al. 2015). A
study of the expression profile of circRNAs in normal and tumor cells found several
circRNAs to be differentially expressed (Bachmayr-Heyda et a/. 2015). For example, the
miR-7 sponge CDR1as was significantly up-regulated in tumor samples. Notably, miR-7
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was also shown to regulate various oncogenes, including p21-activated kinase 1 (PAK1)
(Bachmayr-Heyda et al. 2015). PAK1 is a kinase that is commonly activated by DNA-
damaging agents (radiation or etoposide), and trigger DNA repair and inhibit apoptosis
(Advani et al. 2015). It is possible that CDR1as is up-regulated to help cancer cells cope
during chronic exposure to stress. However, it is unclear whether such overexpression of
CDR1as in tumor cells results in radiation resistance and cell survival.

Another characterized miRNA sponge is circ-SRY (Capel et a/ 1993 and Dubin ef a/. 1995),
which has 16 miR-138 binding sites (Hansen et a/. 2013a). Although Sryis normally
considered a testis-specific gene, linear Sry mRNA is expressed in other tissues (Clepet et al.
1993), and its expression is correlated with a poor prognosis in hepatocellular carcinoma
(Xue et al. 2015). Previous work identified miR-138 as an inhibitor of tumor cell invasion by
inhibiting HIF-1a, a transcription factor involved in the hypoxia stress response (Yeh et al.
2013). It will be of interest to determine whether circ-SRY is also expressed in cancers, and
if s0, whether it is expressed at sufficient levels to act as a miR-138 sponge to inhibit the
hypoxia stress response.

Cautionary notes about miRNA sponge studies during stress—While many
studies have reported the role of circRNAs as miRNA sponges, bioinformatics analyses of
predicted circRNA sequences found no enrichment of miRNA binding sites compared to
linear MRNA counterparts (Guo et al. 2014, Conn et al. 2015, You et al. 2015). Additionally,
the expression of most circRNAs was very low compared to that of linear mMRNAs (Enuka et
al. 2016). Such low expression levels of circRNAs are unlikely to sufficiently reduce
miRNA levels and have significant biological implications. Thus, when considering the
possible role of a specific circRNA as a miRNA sponge, quantitation of the amounts of
circRNA and miRNA is necessary. One characteristic of miRNA sponges is their association
with Argonaute, which is a core protein that binds and executes miRNA functions (Leung
and Sharp, 2010). To determine the role of circRNAs as miRNA sponges, genome-wide
screening is needed to determine how many circRNAs are associated with Argonaute.
Notably, a recent study used RNA-seq to identify circRNAs in mice exposed to lead
poisoning and found that circRarl was up-regulated in the hippocampus and cerebral cortex
to control apoptosis in neurons (Nan et a/. 2016). The study revealed that circRarl contained
one miR-671 binding site: a miRNA that inhibits the expression of pro-apoptotic proteins
caspase-8 and p38, both are predicted miR-671 targets. Inhibition of circ-Rarl using small
interfering RNAs (siRNA) against the back-splice junction (cf. Figure 3), intriguingly,
increased the levels of miR-671 and decreased the expression of caspase-8 and p38 protein.
Conversely, overexpression of circRarl resulted in an increased expression of caspase-8 and
p38 proteins, and induced apoptosis (Nan ef a/. 2016). Given that there is only one miR-671
binding site on circRarl, it is unlikely that this circRNA acts as a sponge for miR-671, but
the mechanism warrants further investigation.

Lastly, many experiments that demonstrated the roles of specific circRNAs as miRNA
sponges involved the overexpression of cDNA constructs that generate circRNAs (Hansen et
al. 2013a, Liang and Wilusz 2014). Using this approach, linear mRNA is, however, also
generated from the same cDNA construct at measurable levels (Liang and Wilusz 2014). To
demonstrate that the observed phenotype is specific to circRNAs but not the linear
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counterparts, constructs with a single splice site mutation that disrupts the formation of
circRNA should be used as a negative control. To ascertain whether these circRNAs act as
miRNA sponges, it is critical to test whether siRNA knockdown targeting the back-splice
junction results in the opposite phenotype of circRNA sponge overexpression. As illustrated
below, many circRNAs can act in a manner independent of miRNA sponges; therefore, other
possible functions of circRNAs should be considered.

Circ-FOXO3 acts as a scaffold in the assembly of protein complexes to disrupt cell cycle
progression in response to cell overgrowth

Du et al. (2016b) recently found that a circRNA derived from the transcription factor
FOXO3, the dysregulation of which contributes to tumor development, was up-regulated in
overconfluent cancer cell culture. Reducing the circ-FOXO3 level by using an siRNA
against the back-splice junction led to increased cell growth, whereas ectopic expression of
circ-Foxo3 repressed cell cycle progression at the G1 stage (Du ef a/. 2016b) (Figure 3). By
performing immunoprecipitation against a panel of cell cycle proteins, the same study
showed that circ-FOXO3 was physically associated with cyclin dependent kinase 2 (CDK2)
and p21, a cell cycle inhibitor of CDK?2 activity. Native gradient gel electrophoresis further
demonstrated that circ-FOXO3 overexpression resulted in an increased interaction between
CDK?2 and p21 and that siRNA-mediated knockdown decreased the protein—protein
interaction (Du et al. 2016b). The circ-FOXO3-induced association of p21 with CDK2
resulted in the inhibition of CDK2 activity and blocking of cell cycle progression. This study
illustrates for the first time how a circRNA can act as a scaffold to regulate protein—protein
interactions.

Circ-FOXO3 alters the localization of proteins by sequestration during cardiac senescence

Interestingly, the same circ-FOXO3 also sequestered proteins involved in cellular stress
pathways and induced cardiac senescence (Du et al. 2016a) (Figure 4). In the study by Du et
al. (2016a), the level of circ-FOXO3 was up-regulated when mouse embryonic fibroblasts
were exposed to ROS or serum starvation and when mice were treated with doxorubicin,
which induced cardiac senescence through the induction of ROS. The up-regulation of circ-
FOXO3 promoted senescence by interacting with several proteins, including ID-1, E2F1,
FAK, and HIF-1a, involved in cell survival and stress response pathways. In the same study,
the association of circ-FOXO3 with these four proteins was demonstrated by enriching circ-
FOXO3 using antibodies against these proteins, and, conversely, by detecting these proteins
via pulldown using a biotin-labeled probe that bound to circ-FOXO3. The induction of circ-
FOXQO3, either via transient overexpression in cell culture or doxorubicin treatment in mice,
reduced the nuclear translocation of ID-1, E2F1, and HIF1a, as well as mitochondria
localization of FAK. Instead, these proteins were sequestered in the cytoplasm co-localized
with circ-FOXQ03. Consistently, knockdown of circ-FOXO3 caused an increase in the
respective nuclear and mitochondrial localizations of these four proteins (Du ef al. 2016a).
Taken together, these data suggest that one potential function of circRNAS is to reduce the
subcellular localization of proteins via sequestration.

Many circRNAs are predicted to interact with RNA binding proteins (RBPs) (Hentze and
Preiss 2013), although bioinformatic analyses of circRNA sequences found very little
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enrichment in binding sites of RBPs compared with those of its linear counterpart (You et al.
2015). Yet, unlike MRNAs, circRNAs are not normally translated, and therefore RBPs
bound to circRNAs are not displaced by ribosomes (Jeck er al. 2013, Guo et al. 2014). The
more stable association of circRNAs with RBPs potentially allows the former to act as
sponges and reduce the levels of available RBPs. In addition, circRNAs could act as a
reservoir of RBPs that are released in response to certain signals, such as cellular stresses.
Recently, a set of 34 circRNAs was found to be associated with IMP3, an RBP involved in
post-transcriptional regulation and a potential driver of tumor development (Schneider et al.
2016). Therefore, it will be of interest to test whether these circRNAs can act as sponges and
modulate the activity of RBPs, such as IMP3.

Circ-RasGEF1B increases the stability of mRNAs involved in the antimicrobial response

While many stresses are a constant battle to maintain homeostasis, many other stresses, such
as microbe infection, are acute in nature and require a rapid and efficient response. For
example, lipopolysaccharides (LPS) on the surface of bacteria trigger the NF-xB signaling
cascade, which promotes transcription of factors involved in the antimicrobial response.
Upon LPS treatment, circ-RasGEF1B, a circRNA conserved in humans and mice, was up-
regulated via the NF-xB pathway (Ng et a/. 2016) (Figure 5). Of the LPS-induced genes
examined, the expression of the intracellular adhesion molecule (ICAM) ICAM-1, which is
involved in immune response signaling, was reduced at the RNA and protein level upon
knockdown of circ-RasGEF1B. In addition, circ-RasGEF1B was localized in the cytoplasm
and not co-purified with ribosomal fractions, indicating its noncoding nature. Interestingly,
knockdown of this circRNA resulted in a small but significant decrease in the stability of
mature mRNAS but not that of pre-mRNA. Informatics analyses revealed no shared miRNA
binding site between circ-RasGEF1B and the ICAM-1 transcript, ruling out the possibility
that circ-RasGEF1B acting directly via miRNA-based regulation. It remains unclear how
circ-RasGEF1B regulates ICAM-1 mRNA stability.

Circ-ANRIL regulates ribosomal maturation and induces apoptosis to confer
atheroprotection

Besides mRNA stability, a circRNA derived from the exon 5, 6, and 7 of the non-coding
RNA ANRIL (circ-ANRIL) has been shown to regulate rRNA maturation and induce
nucleolar stress and this circRNA is associated with atherosclerosis risk (Holdt et a/. 2016).
In atherosclerosis, the arterial walls thicken from white blood cell accumulation and smooth
muscle proliferation, eventually resulting in the clogging of arteries. Holdt ef a/. (2016)
reported that circ-ANRIL expression was associated with a reduced risk of atherosclerosis
(atheroprotection). Increasing circ-ANRIL expression in mammalian cells to the level of
atheroprotection observed in humans (~3-fold) inhibited rRNA maturation and induced
nucleolar stress. The prolonged nucleolar stress eventually induced apoptosis, which is
believed to reduce the build-up of white blood cells in arterial plaque. Upon circ-ANRIL
knockdown, nucleolar stress and rRNA processing were restored. In the same study,
proteomics analyses revealed that circ-ANRIL associated strongly with proteins involved in
ribosome biogenesis and assembly. Further characterization revealed that circ-ANRIL
physically interacted with the rRNA processing protein PES1 in the same binding domain as
pre-rRNA. Circ-ANRIL thus competes with rRNA for binding to PES1 and inhibits rRNA
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processing, thereby inducing nucleolar stress and apoptosis (Figure 6). It is unclear how
circ-ANRIL acts as a competitive inhibitor whereas the linear isoform is unable to perform
the same function. Interestingly, linear ANRIL and additional circRNAs from ANRIL were
previously shown to have the opposite effect and promote atherosclerosis (Burd et a/. 2010,
Holdt et al. 2010). Future studies will be required to understand how the balance of linear
and circular forms of ANRIL influences atherosclerosis.

Many experiments that demonstrated the roles of specific circRNAs as miRNA sponges
involved the circRNAs (f-circRNAs) confer resistance to chemotherapeutics

A study of fusion proteins involved in leukemia found that several fusion genes (e.g., PML/
RARa and MLL/AF9) that promoted tumorigenesis produced circRNAs (f-circPR and f-
circM9, respectively) (Guarnerio et al. 2016). Knockdown of individual f-circRNAs
triggered apoptosis in leukemic cells. Intriguingly, ectopic expression of the f-circRNA
conferred protection against standard chemotherapeutics (arsenic trioxide and cytarabine)
that are commonly used to treat leukemia by inducing oxidative damage and apoptosis in
rapidly dividing cells (Guarnerio et al. 2016). Both f-circPR and f-circM9 led to increased
proliferation and transformation upon ectopic expression, but only f-circM9 triggered a
specific cell growth signaling pathway mediated via Akt. These data indicated that the
proliferative function of these f-circRNAs was likely mediated by distinct mechanisms
within cancer cells. Although the mechanism of f-circRNAs and their role in tumorigenesis
warrant further investigation (e.g., the amount of endogenous level of f-circRNAs and the
identity of targets) (Croce 2016), their ability to promote tumorigenesis and confer
resistance to existing therapeutics could potentially make them a target for treatment. On the
other hand, because circRNAs are readily detectable in blood and differentially expressed in
cancer, circRNAs also have the potential to be used as predictive or diagnostic biomarkers
(reviewed in Wang et al. 2016a).

Is circRNA induction a by-product of increased gene expression during stress?

Plants provide a good model system to study stress responses due to their continual
adaptation to a changing environment. Previous studies demonstrated that circRNAs were
differentially expressed under phosphate starvation, reduced light exposure, and chilling (e
et al. 2015, Zuo et al. 2016). Although the biological implications of these findings were not
identified, a bioinformatics analysis of chilling-induced circRNAs found that the circRNAs
originated from genes involved in various stress-response pathways, such as redox
homeostasis, metabolism, and heat shock cascades (Zuo et al. 2016). As noted by Ye et al.
(2015), many circRNAs showed a positive correlation with their linear counterparts, and
none had a negative correlation, suggesting that these circRNAs may be up-regulated as a
consequence of increased transcription of the parental genes. Although many circRNAs may
simply be up-regulated as a by-product of increased transcription, many other circRNAs
may have defined roles in stress response, such as having a direct stress response function,
protecting linear RNA by acting as a decoy, and enhancing transcription of stress response
genes (Figure 7 and 8). For example, by sharing the binding sites for eight miRNAs, the
same previously mentioned circ-FOXO3 acted as a decoy for linear FOXO3 mRNA, where
ectopic expression of circ-FOXO3 resulted in increased translation of FOXO3 (Yang et a/.
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2016). As a result, the up-regulation of both linear and circular RNAs from the same gene
may help tune the final expression of linear mMRNAs.

Intron containing circRNAs from stress response genes activate mRNA
transcription—Notably, one subclass of circRNAs, exon-intron circRNAs (EICIRNAS),
are nuclear circRNAs that retain intronic sequences (Li et a/. 2015b) and enhance the
expression of the transcription of parental genes. These EICIRNAS are localized at the
transcriptional start site of its parental gene and interacts with RNA Polymerase Il and other
transcription initiation machinery. Li et a/. (2015b) found that knockdown of the EICiRNAs,
led to a decrease in the levels of the linear mMRNA species derived from the same parental
genes. These EICIRNAs may have potential roles in the cellular regulation of stress. For
instances, circPAIP2 is derived from the gene Poly(A)-binding Protein-interacting Protein 2
(PAIP2), which has been implicated in various stress response pathways, including the
regulation of Vascular Endothelial Growth Factor (VEGF) mRNA levels under hypoxic
conditions (Onesto et al. 2004) and acting as an antiviral restriction factor (McKinney et al.
2013). Potentially, circPAIP2 expression could enhance the transcriptional levels of PAIP2,
thereby acting in a positive feedback manner to increase PAIP2 levels, to regulate viral
replication or VEGF expression in different stress conditions (Figure 8).

Regulation of CircRNAs Involved in the Stress Response

The aforementioned studies have shown that circRNASs have various functions and are
differentially regulated. However, the exact mechanisms underlying their regulation upon
stress remain poorly understood. As illustrated in the following section, these circRNAs
could be regulated at the level of biogenesis, degradation, or exportation.

Modulating circRNA levels through biogenesis

One potential way to regulate the expression of circRNAs is by modulating their biogenesis
(reviewed in Lasda and Parker 2014, Chen 2016, Salzman 2016, Wilusz 2016). As early as
1995, research had shown that inverted repeats in the introns of the mouse Sry gene were
required for circularization (Dubin et a/. 1995). Subsequently, computational methods
revealed that introns surrounding circularized exons were enriched with repetitive
sequences, such as Alu elements, with, on average, three Alu elements upstream and another
three in the inverse orientation downstream (Zhang et al. 2014; Liang and Wilusz 2014; Li et
al., 2015b). These inverted repetitive sequences, which required as few as 30 nucleotides for
complementation, facilitated back-splicing (Liang and Wilusz 2014). Therefore, factors that
bind and modulate these intronic sequences could potentially alter the circRNA level upon
stress.

ADAR modulates circRNA biogenesis by editing intronic sequences—Introns
that complement to form double-stranded RNASs are prime targets for the RNA-editing
enzymes ADAR1 and ADAR2, which convert adenosines into inosines through de-
amination (Ivanov et al. 2015). Upon activation of ADAR1/2, RNA editing of intronic
sequences decreased complementation and hence circRNA production. When both ADAR1
and ADAR2 were depleted via siRNA, the levels of circRNA were significantly up-
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regulated, as shown by both RNA-seq data and gRT-PCR (Ivanov et al. 2015, Rybak-Wolf et
al., 2015). Notably, ADAR1 was previously shown to be essential for regulating
endoplasmic reticulum stress (Qiu ef a/. 2013). It will be of interest to test whether the
activation of ADAR1 regulates circRNA biogenesis during endoplasmic reticulum stress.

RBPs induced in response to stress may regulate circularization—The first RBP
implicated in the formation of circRNAs was a splicing factor called Muscleblind (Mbl)
(Houseley et al. 2006). Mbl binding sites were shown to be enriched in select introns of the
Mbl gene and regulate the generation of circRNAs from the Mbl gene (Ashwal-Fluss et al.
2014). However, the Mbl protein only regulates Mbl circRNAs (Kramer et a/. 2015). During
the epithelial-mesenchymal transition, another RBP known as Quaking/QKI was shown to
be differentially expressed and responsible for generating many circRNAs (Conn et al.
2015). The same study showed that QKI binding sites found within introns close to
circularizing exons facilitated RNA looping and back-splicing via protein—protein
dimerization (Conn et a/. 2015). Notably, QKI down-regulated proapoptotic proteins in
response to irradiation treatment (Guo et a/. 2011). It remains unclear whether the regulation
of these proapoptotic proteins could be due, at least in part, to the induction of QKI-
regulated circRNAs.

RBMZ20 is an RBP that has been associated with alterative splicing of the Titin gene (Guo et
al. 2012), as well as the circularization of select Titin exons (Khan et a/. 2016), although the
global impact on RBM20 regulated circRNAs has not been characterized. A crosslinking-
immunoprecipitation sequencing (CLIP-seq) study of RBM20 detected a significant number
of RBM20 RNA binding sites throughout the genome (Maatz et a/. 2014). These binding
sites may help pinpoint genomic locations of circRNAs generated by RBP20. Similar CLIP-
seq studies of RBPs, particularly those that are induced upon stress, may provide further
avenues for predicting production of stress-associated circRNAS in a genome-wide manner.

Modulation of the circRNA level via degradation and exportation

A key property of circRNAS that has generated significant interest is their stability due to
their lack of free 5” or 3’ ends, which are the common entry points of exoribonucleases.
Harland and Misher (1988) were the first to demonstrate that circRNA was more stable than
linear RNA using exogenously produced circRNAs injected into Xenopus embryos. They
used circRNA as a control when studying RNA sequences that reduced mRNA stability of
TFIA by recruiting 3’ to 5° exoribonucleases. When the TFIIA sequence was inserted into
a linear reporter RNA, the stability of the reporter was drastically reduced. However, when
inserted into a circRNA, the stability of the circRNA remained unchanged. Their study was
the first to show that circRNAs are extremely stable 7 vivo, with half-lives of over 40 h. As
discussed earlier, such resistance to exoribonucleases was later exploited in subsequent
circRNA sequencing papers, wherein RNase R exoribonuclease was used to remove linear
RNAs, resulting in enrichment of circRNAs (e.g., Danan et al., 2011. Jeck et al. 2013,
Rybak-Wolf et al. 2015).

The stability of endogenous mammalian circRNAs remained relatively unexplored until
2013 (Jeck et al. 2013). Using a small molecule inhibitor of transcription called actinomycin

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fischer and Leung

Page 10

D, Jeck et al. (2013) showed that circRNAs were extremely stable, persisting for several
days. Many later studies using actinomycin D replicated their findings (Ashwal-Fluss et al.
2014, Zheng et al. 2016, Holdt et al. 2016), all of which found that most circRNAs were
resistant to degradation. However, one caveat of using actinomycin D is that its prolonged
inhibition of transcription, which alters normal physiology and ultimately induces cell death,
may confound the measurement of stability. Recently, the stability of circRNA was
confirmed by another type of measurement using 4-thiouridine, which labels transcribing
RNAs without drastically modulating cellular physiology (Enuka et al. 2016). After a short
exposure to 4-thiouridine, RNA can be harvested at defined time points. The labeled RNAs
can then be enriched by the chemical attachment of biotin and pull-down with streptavidin
beads. Enuka et al. (2016) reported that epidermal growth factor (EGF), a cell proliferation
signal, had little to no effect on the stability of circRNAs. Intriguingly, they also found that
although circRNAs were much more stable than their linear counterparts, the half-lives of
circRNAs were highly variable, ranging from 8 to 50 h (Enuka et a/. 2016). This variability
in stability suggests that additional properties of circRNA regulate their half-lives. Further
research is required to identify potential mechanisms of circRNA removal and degradation.

Cellular export of circRNAs can reduce endogenous levels—One way cells can
decrease the levels of circRNAs is through exportation (Li et a/. 2015c, Lasda and Parker
2016). As circRNAs are readily detectable in blood, their abundance in exosomes in the
circulatory system has been examined. These studies showed that specific circRNAs, but not
their linear RNA counterparts, were enriched in exosomes (Li ef a/. 2015c, Lasda and Parker
2016). In addition, no global exportation of circRNAs was observed by RNA-seq, pointing
to the existence of a mechanism for allowing specific circRNAs to be retained intracellularly
and/or selectively exported. Li ef al. (2015c¢) found that the miR-7 sponge CDR1as was only
present in exosomes under certain conditions and that its exportation was dependent on
miR-7 levels. When miR-7 was present at low levels within the cell, CDR1as was detectable
in exosomes. However, when miR-7 was overexpressed, CDR1as was not detected within
exosomes (Li et al. 2015c). The correlation between CDR1as and miR-7 expression points
to a specific mechanism for circRNA enrichment, possibly mediated by miR-7 binding.
Further studies are required to detect the signal that leads to their accumulation in exosomes.

CircRNAs can be diluted by rapid proliferation—Bachmayr-Heyda et a/. (2015)
noted that circRNA expression levels were low in rapidly dividing cells and that the ratio of
circRNA to linear RNA was higher in normal colon cells compared to that of cancer cells.
They attributed this difference to rapid cell division preventing the accumulation of
circRNAs in cancer cells (Bachmayr-Heyda et a/. 2015). Studies also demonstrated that
circRNAs were expressed at higher than normal levels in neurons, which are nondividing
(Rybak-Wolf et al., 2015, You et al. 2015). Typically, in response to stress, cells halt
proliferation. Therefore, in the absence of division, cells could, in theory, also accumulate
circRNAs, which may in turn regulate stress responses.

Similar to neurons, circRNAS are enriched in platelet cells (Alhasan et al. 2016). Platelets
are small circulating cells that lack nuclei and are therefore unable to transcribe additional
RNA. The lack of transcription reduces the overall complexity of the cell’s response to stress
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stimuli. Given that platelet cells are regularly exposed to various stresses (e.g., ROS
production in response to inflammation (Chakrabarti ef a/. 2005), these cells may be an
excellent model system for investigating the functions and stability of circRNA during
stress.

Degradation of circRNA through miRNA-mediated endoribonuclease activity—
A study of the miR-7 sponge CDR1as, which contains a nearly perfect complementary
binding site for miR-671, identified one specific mechanism of circRNA degradation
(Hansen et al. 2011). When miRNAs bind with target RNAs with perfect or nearly perfect
complementation, the RNA silencing complex activated the endoribonculease (slicer)
activity of a core miRNA binding protein, AGO2, to cleave RNA (Hammond 2005). Hansen
et al. (2011) confirmed the role of slicer-mediated degradation of CDR1as by mutating the
miR-671 binding site to a miR-769 site. Northern blot analysis indicated that the mutated
CDR1as was more stable than the wild-type CDR1as. However, when miR-769 was
overexpressed, the mutant CDR1as was degraded. To date, miRNA-mediated degradation of
circRNAs has not been observed in any other circRNAs. Thus, a more general regulator of
circRNA stability will need to be identified.

Future Perspectives

Although circRNAs were first identified as early as 1976, the bulk of the research has been
performed in the last few years (cf. Figure 2). Current research has shown that they are very
stable as compared to linear RNA, found within all eukaryotes, and dynamically expressed
in a tissue-specific manner. Beyond characterizing the general properties of circRNAs, a
major emphasis for the recent research has been on identifying their biological functions. In
this review, we used various examples to illustrate the emergent roles of circRNAs in
apoptosis, oxidative stress, protection against microbe infections, and other conditions that
disrupt cellular homeostasis (Table 1). Some circRNAs act as sponges or decoys to sequester
RNA/proteins while others serve as scaffolds for the assembly of protein complexes. Given
the low abundance of most circRNAs (Enuka et al. 2015, Zhang et al. 2016a), it is unclear
how many molecules are required for executing these specific functions. For example,
circANRIL is estimated to have 800-1000 copies per cell (Holdt et a/. 2016), raising the
question of whether this would be sufficient to inhibit the rRNA processing factor PES1,
which is present at 10-fold higher levels than circANRIL. Similarly, it is questionable
whether one molecule of circ-RasGEF1B could affect the stability of ICAM-1, the level of
which is 2,580-fold higher than that of circ-RasGEF1B (Ng et a/. 2016). A quantitative
study of circRNAs and their potential targets (RNA/protein) is needed to shed light on the
potential roles of circRNASs during stress. Importantly, the recent introduction of the
genome-editing techniques, such as CRISPR/Cas9 (e.g., Zhang et al., 2016a), raises the
possibility of introducing single-point mutations at splice sites or introns that abrogate
circularization to probe the physiological significance of these circRNAs during stress.

To date, circRNAs are considered noncoding, given that no endogenous circRNAs are
associated with ribosomes (Jeck et al. 2013, Guo et al., 2014). Nevertheless, engineered
circRNAs containing viral internal ribosome entry sites (IRES) and appropriate reading
frames can result in translation in vitro and in cells (Chen and Sarnow 1995, Wang and
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Wang 2015, Kramer et al. 2015, Abe et al. 2015). Given that IRES-mediated initiation of
translation is favored under stress conditions (Hellen and Sarnow 2001, Holcik and
Soneberg 2005, Komar and Hatzoglou 2011), it is theoretically possible that certain
circRNAs containing cellular IRES and open reading frames may be translated under such
conditions when cap-dependent translation is suppressed. Upon stress, these IRES-
containing circRNAs may potentially be better competitors for the available pool of
ribosomes and initiation factors for translation.

As the splicing that results in circRNASs is in competition with the linear RNA counterpart
(Ashwal-Fluss et al. 2014), one function of circRNAs during stress could simply be altering
splicing patterns from sequential order to back-splicing. In this case, the resulting circRNAs
may not necessarily be functional, and the production of circRNAs may merely be a by-
product of alternative mode of splicing during stress. Yet, it is clear that over hundreds of
circRNAs are expressed at 10-fold higher than their linear counterparts (e.g., Jeck et al.,
2013; reviewed in Wilusz 2016) and some, such as circ-SRY, are the predominant output of
the parental gene at a specific developmental stage (Capel et a/. 1993). In addition, emerging
evidence suggests that circRNAs can themselves undergo further alternative splicing that is
unique compared to the linear counterparts (Gao et al. 2016, Zhang et al. 2016b). Therefore,
it will be critical to better understand how alternative splicing regulates circRNA biogenesis
during stress. Notably, a few circRNAs have been found to retain intronic sequences
(Gardner et al. 2012, Li et al. 2015b, Gao et al. 2016). These intron-containing circRNAs
were localized in the nucleus, as opposed to most circRNAs, which are found in the
cytoplasm (Gardner et al. 2012, Li et al. 2015b). They co-localized at the transcriptional start
sites of the genes from which they originated and up-regulated the gene expression of the
linear mMRNAs that these genes transcribed (Gardner et al. 2012, Li et al. 2015b). Besides
back-splicing, other methods of biogenesis involving lariat precursors, exon skipping, and
tRNA processing have been discovered in lower eukaryotic organisms (Barrett ef a/. 2015,
Lu et al. 2015). The variability in circRNAs produced through alternative splicing, intron
retention and other modes of biogenesis could thus provide unique sequences that may have
specific biological roles.

Regarding their potential as regulators of homeostasis, the most important property of
circRNAs is likely their stability. As circRNAs can persist for days, such stability could
allow them to act as a buffer against stresses. This idea was proposed by Hansen et al.
(2013b) in relation to the possible roles of circRNAs as miRNA sponges. As miRNA levels
fluctuate in response to stress, abundant circRNAs potentially “sponge” up excess miRNAs.
In a similar fashion, circRNAs could potentially sponge up RBPs during stress.
Alternatively, the long half-lives of circRNAs could allow them to “remember” (stable
memory) the cellular state or “forget” the cellular state when certain circRNAs are degraded.
Notably, the expression pattern of one-cell and two-cell embryos of the nematode
Caenorhabditis elegans varies considerably (Memczak et a/. 2013) and the one-cell to two-
cell transition is completed in less than an hour (Greenstein and Lee 2006), suggesting that
circRNAs may be regulated in short time periods. If specific circRNAs functioned as a stable
memory of a cellular state, stress-induced changes in the expression or stability of circRNAs
could provide a mechanism to adjust homeostasis to a new cellular state.
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So far, only a handful of studies, which are likely to be the first examples of many to come,
reporting the roles of circRNAS in stress responses and how stress modulates circRNA level
through biogenesis, degradation and exportation. Given that stress responses are commonly
mediated via signaling molecules (e.g., cytokines) and transcription factors, it is expected
these two classes would be likely targets, as in the case for microRNAs during stress (Tsang
et al., 2007, Inui et al., 2010, Leung and Sharp, 2010). Depending on how they are derived,
circRNAs can incorporate defined RNA elements, such as introns and binding sites for
miRNAs or RBPs, and potentially IRES elements and RNA localization signals. Such
flexibility in generating circRNAs makes this class of RNA regulator a strong candidate to
regulate the full spectrum of gene expression— from transcription to translation—during
stress.
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Figure 1. CircRNA biogenesis
Simplified model illustrating the formation of circRNAs through the back-splicing of exons

in a non-sequential order. Circularization of RNA can be generated by repetitive sequences
within introns or RNA binding proteins to facilitate the back-splicing of hon-sequential
exons. The back-splice junction, an essential site for detecting circRNAs or for circRNA-
specific knockdown experiments, is highlighted. A color version of the figure is available
online.
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e First circRNA identified (viroid)
(Sanger et al. 1976)

= First circRNA observed in eukaryotic cells
(Hsu et al. 1979)

pmmm First circRNA identified in humans (Hepatitis Delta Virus)
(Kos et al. 1986)

= CircRNAs are highly stable
(Harland and Misher 1988)

= First endogenous circRNA identified in humans
(Nigro et al. 1991)

= CircRNA is the predominant output of mouse Sry gene in testes
at a defined developmental stage
(Capel et al. 1993)

== |nverted repeats in introns facilitate circularization
(Dubin et al. 1995)

CircRNA can be engineered to translate in vitro
(Chen and Sarnow 1995)

= The first use of RNase R to enrich circRNAs
(Suzuki et al. 2006)

=m Circ-ANRIL expression associated with atherosclerosis risk
(Burd et al. 2010; Holdt et al., 2010)

== Use of RNase R for RNA-seq to identify circRNAs
(Danan et al. 2011)

pmmm First RNA-seq of circRNAs in humans
(Salzman et al. 2012)

=== First circRNA function identified (microRNA sponge)
(Memczak et al.,Hansen et al. 2013)

== CircRNA expressed in a diverse range of eukaryotes
(Wang et al. 2014)

== CircRNA expression correlated with cancer
(Bachmayr-Heyda et al., 2015; Li et al. 2015c)

=== Annual publications rate exceeds 100

Figure 2. A timeline of key eventsin circRNA research
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No Circ-FOXO03

Cell Cycle Progression

With Circ-FOX03

Cell Cycle Progression

Figure 3. CircRNA acts as a scaffold for the formation of a protein complex that disrupts cell

cycle progression upon cell overgrowth

Left: When circ-FOXO3 is not present, the interaction between p21 and CDK2 is weak and
unable to fully inhibit cell cycle progression. Right: when circ-FOXO3 is present, it acts as a
scaffold to increase the interaction between p21 and CDK2 and inhibit cell cycle
progression. A color version of the figure is available online.
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Figure 4. CircRNA sequester s proteins during car diac senescence
Circ-FOXO3 expression is able to bind to the transcription factors E2F1, ID1, and HIF1la

and inhibit their translocation into the nucleus. The lack of nuclear translocation decreases
the transcription of stress response factors. Cic-FOXO3 is also able to bind to FAK and
inhibit its localization into the mitochondria. Reduced FAK levels in the mitochondria
decrease the ability for cells to re-establish redox homeostasis. A color version of the figure
is available online.
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Figure 5. CircRNA increases stability of mRNA involved in antimicrobial response
Left: Lipopolysaccharide (LPS) acts as a ligand and binding to Toll-Like Receptors (TLR).

TLR activates the NFxB pathway leading to transcription of proteins involved in the
antimicrobial response, including ICAML1. Right: When circ-RasGEF1B is induced by
NF«xB, this circRNA stabilizes the mature ICAM1 mRNA via unknown mechanism, leading
to its translation and antimicrobial response. A color version of the figure is available online.
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Figure 6. CircRNA inhibitsribosomal RNA maturation and induces apoptosis for
atheroprotection
PESL1 is an enzyme involved in the final steps of ribosomal RNA (rRNA) maturation. When

circ-ANRIL is expressed at high levels, the circRNA is able to act as a competitive inhibitor
and prevent the PES1-rRNA interaction, leading to nucleolar stress and eventually
apoptosis. A color version of the figure is available online.
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Figure 7. Potential modelsto explain circRNA induction in response to stress
In response to stress, activated signaling cascades will induce the nuclear translocation of a

transcription factor (TF) resulting in the transcription of stress-induced genes. Far left:
Stress-induced circRNAs perform specific functions to help re-establish homeostasis.
Second to left: CircRNAs are by-products of stress-induced gene expression. Second to
right: Stress induces the production of linear and circular RNAs from the same stress-
induced genes, where circRNA acts as a decoy against miRNAs or RBPs. As a result, the
circRNA decoy modulates the expression of stress-induced gene by titrating factors that bind
onto the same RNA sequences. Far right: CircRNAs from stress-induced genes enhance
transcription to increase expression of stress response genes (cf. Figure 8). A color version
of the figure is available online.
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Figure 8. Exon-intron circRNAs (EIciRNA) enhance transcription of parental gene
Transcription of pre-mRNA from select genes generates both linear mMRNA and EICiRNAs.

EICiRNAs localize to the transcriptional start site (TSS) and enhance the transcription of the
parental gene creating a positive feedback loop. A color version of the figure is available
online.

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2018 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Fischer and Leung

Page 27

Table 1
CircRNAs regulated by stresses
Stress Specific CircRNAs Reference
Over-growth Circ-FOX03 Du et al. 2016b
Reactive Oxygen Species (ROS) and serum starvation Circ-FOX03 Du et al. 2016a

Stress-ligand cell surface presentation

Circ-NFATC3, Circ-ANKRD17, and 32 other

circRNAs

Schneider et al. 2016

Antimicrobial response via lipopolysaccharide (LPS)

Circ-RasGEF1B

Ng et al. 2016

Atherosclerosis and nucleolar stress

Circ-ANRIL

Holdt et al. 2016

Chemotherapeutics

Fusion-CircRNA

Guarnerio et al. 2016

Apoptosis induced by lead neurotoxicity

CircRarl

Nan et al. 2016

Hypoxia

Many CircRNAs

Boeckel et al. 2015

Metabolic Stress and Inflammation

Circ-ITCH

Li et al. 2015a, Huang et al. 2015

Oxygen and glucose deprivation

mmu-circRNA-015947

Lin et al. 2016

Nitrogen Starvation (Yeast)

Many CircRNAs

Wang et al. 2014

Phosphate Starvation and Light exposure (Plants)

Many CircRNAs

Ye et al. 2015

Chilling Injury (Plants)

Many CircRNAs

Zuo et al. 2016
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