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Abstract

Oral diseases, such as cancers, inflammation, loss of bone/tooth/soft tissues, are serious threats to human health since some
can cause systemic disease and effective treatments are limited. Thus, discovering promising biomarkers for physiological and
pathological processes in oral medicine, and identifying novel targets for therapy have become a most critical issue. Recently,
circular RNAs (circRNAs), which were once thought to be a class of non-coding RNAs (ncRNA:s), are found to be of coding
potential. CircRNAs are highly present in the cytoplasm of eukaryotic cells and are key elements in the physiological and
biological processes of various pathological conditions, and are also reflected in oral development and progress. Previous
studies have indicated that circRNAs are involved in the initiation and development of different types of diseases and tissues
(e.g., cancers, cardiovascular diseases, neural development, growth and development, wood healing, liver regeneration).
Moreover, growing evidence demonstrates that circRNAs play vital roles in oral cancers and osteogenic differentiation of
periodontal ligament stem cells (PDLSCs). Here, we focus on the biological characteristics of circRNAs, beginning with an
overview of previous studies on the functional roles of circRNAs as diagnostic biomarkers and therapeutic targets in oral
medicine. We hope this will give us a promising new comprehension of the underlying mechanisms occurring during related
biological and pathological progress, and contribute to the development of effective diagnostic biomarkers and therapeutic
targets for oral diseases.
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these different types of ncRNAs, circRNAs are a newly dis-
covered class of functional ncRNAs that exist widely in the
cytoplasm of eukaryotic cells'*'°. Unlike linear RNAs,

Introduction

Oral diseases, such as cancers, inflammation, loss of
bone/tooth/soft tissues, have become a severe public
health issue worldwide'. These conditions not only dam-

age local function, but may also cause other systemic
diseases. Therefore, there is an urgent need to explore
the relevant molecular mechanisms underlying these oral
diseases and to identify valuable diagnostic biomarkers
and therapeutic targets.

Non-coding RNAs (ncRNAs) are RNA molecules that are
generally not translated into proteins but may participate in
many biological processes®. Functionally abundant and
important types of ncRNAs include linear transfer RNAs
(tRNAs), ribosomal RNAs (rRNAs), small ncRNAs such
as microRNAs (miRNAs), small interfering RNA (siRNAs),
small nuclear RNAs (snRNAs), long ncRNAs (IncRNAs),
and circular RNAs (circRNAs)**. The differences and simi-
larities of these ncRNAs are listed in Table 1°'%. Among
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Table I. Similarities and Differences of ncRNA:s.

Differences

Categories of ncRNAs  Similarities Structure

Function References

miRNAs RNA molecules
generally not
translated into

proteins

Small
ncRNAs

siRNAs

snRNAs

tRNASs
(76-90 bp)

Long circRNAs
ncRNAs

Other
IncRNAs

Small ncRNA molecule with single-
stranded RNA (20-24 bp)

Short double-stranded RNA with
phosphorylated 5’ ends and
hydroxylated 3’ ends (20-25 bp)

Transcribed by RNA polymerase |l or Il
within the splicing speckles and Cajal
bodies (about 150 bp)

An adaptor molecule composed of RNA

Covalently closed continuous loop
without 5’ or 3’ ends

Usually more than 200 nucleotides

Function in RNA silencing  Bartel et al®

Regulate post-
transcriptional gene
expression

Interfere with specific
genes

Degrade mRNA after
transcription

Prevent translation

Participate in the
processing of pre-
messenger RNA

Aid in regulation of
transcription factors or
RNA polymerase I

Maintain the telomeres.

Physical link between
mRNA and amino acid
sequence of proteins

Necessary component of
translation

Participate in biological
synthesis of new
proteins

Resistant to degradation

More stable than most
linear RNAs

Serve as miRNA or RBP
sponges

Regulate gene expression

Code for proteins

Participate in cell signal
pathway.

Post-transcriptional
regulation

Epigenetic regulation.

Wittrup et al’

Adachi et al®

Suzuki et al’

Memczak et al'®

Halley et al''

Adelman et al'?

ncRNAs: non-coding RNAs; miRNAs: microRNAs; siRNAs: small interfering RNAs; snRNAs: small nuclear RNAs; tRNAs: transfer RNAs; circRNAs: circular

RNAs; IncRNAs: long non-coding RNAs.

circRNAs are presumably more stable as they exist in cova-
lently closed continuous RNA loops without 5° or 3’ ends,
and, therefore, are resistant to exonuclease-mediated
degradation'.

Recent studies of circRNAs have revealed their functions
under physiological conditions and in different types of dis-
ease'>'®. CircRNAs have been demonstrated to play impor-
tant roles in brain development, neurological disorders, stress
handling, and cellular proliferation'®'®"'®, In addition, cir-
cRNAs are shown to be abnormally expressed in multiform
types of cancers, including colorectal cancer'®, hepatocellular
carcinoma®’, pancreatic ductal adenocarcinoma®', gastric
cancer??, lung cancer®>, osteosarcoma>?, bladder cancer®,
and breast cancer®’. circAmotll, a circRNA derived from
angiomotin-likel (circAmotll), which has tumorigenic

capacity®’, is reported to be highly expressed in patient tumor
samples and cancer cell lines, and can promote tumor forma-
tion by induction of c-myc into the nucleus®’. In light of these
reports, we believe that circRNAs may serve as promising
biomarkers, and even provide clues to the discovery of new
therapeutic targets to treat cancers and other diseases.

In oral medicine, several studies have suggested that
circRNAs play pivotal roles in the progress of oral cancer™
and the osteogenic differentiation of periodontal ligament stem
cells (PDLSCs)*’. These reports provide us with hints that
circRNAs could be important regulatory nova in oral medicine.
In this pilot review, we focus primarily on the basic biological
characteristics of circRNAs, summarize the roles of circRNAs
in oral medicine, and provide insights into the mechanisms
underlying the related biological and pathological progresses.
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Biogenesis and Categories of CircRNAs

Much effort has been focused on understanding the mechan-
isms of circRNA formation. Thousands of circRNAs are
transcribed from diverse genomic locations in a tissue-,
cell-type-, or developmental-stage-specific manner'’. Cir-
cRNAs formed from coding and non-coding exons, introns,
intergenic regions, and transcripts antisense to 5’ and 3’
UTRs have been reportedlo. Notably, unlike linear RNAs,
many circRNAs are formed by head-to-tail splicing of exons,
suggesting a previously unrecognized regulatory potential of
coding sequences' 3.

According to the different biogenesis patterns from geno-
mic regions, circRNAs can be divided into four subtypes:
exonic circRNAs (ecircRNAs), circular intronic RNAs (ciR-
NAs), exon-intron circRNAs (EIciRNAs), and intergenic
circRNAs'>. Each subtype is produced from a different cir-
cularizing mechanism (Fig 1, Table 2).

EcircRNAs. It has been reported that ecircRNAs are generated
predominantly from back-splice exons, where downstream
3’ splice donors are covalently linked to upstream 5’ splice
acceptors in a reverse order’'. EcircRNAs account for the
majority of identified circRNAs. Their biogenesis process
requires RNA-binding proteins (RBPs) to act as trans-
factors to promote ecircRNAs formation®?. Given that
ecircRNAs are alternative splicing isoforms, it is suggested

Table 2. Differences of Four Categories of circRNAs.

Difference
circRNAs Origin Function
ecircRNAs Exons miRNA or RBP sponges
Regulate parental gene
transcription
ciRNAs Introns Positive regulators of RNA Pol
Il transcription
Regulate transcription of
parental genes
ElciRNAs Exons and introns Enhance transcription of the
parental genes
intergenic Intronic circRNA  Contain two intronic
circRNAs fragments fragments

circRNAs: circular RNAs; ecircRNAs: exonic circRNAs; ciRNAs: circular
intronic RNAs; EIciRNAs: exon-intron circRNAs.

that they could function as miRNA or RBP sponges, and
regulate transcription of their parental genes™.

CiRNAs. CiRNAs are generated from lariat introns that fail in
debranching. GU-rich sequences near the 5’ splice site and
C-rich sequences near the branch point are sufficient for an
intron to escape debranching and become a stable cir-
cRNA**. CiRNAs are located predominantly in the nucleus
and are widely expressed in human cells with little
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Fig 2. Main functions of circRNAs. (A) miRNAs sponge. (B) RBPs sponge. (C) Translate protein. (D) Regulate gene transcription. (E) Splicing
regulation. circRNAs: circular RNAs; ecircRNAs: exonic circRNAs; EIciRNAs: exon-intron circRNAs; ciRNAs: circular intronic RNAs;

RBPs: RNA-binding proteins.

enrichment of miRNA targeting sites. Some ciRNAs have
been found to function as positive regulators of RNA Pol 11
transcriptase to regulate the transcription of their parental
genes™*.

ElciRNAs. EIciRNAs are circRNAs that are circularized with
both exons and introns. Internal repeat sequences may play
important roles in their generation, and they might be similar
to ecircRNAs>. EIciRNAs are relatively abundant in the
nucleus and can enhance the transcription of their parental
genes by interacting with small nuclear ribonucleoproteins™.

Intergenic circRNAs. An intergenic circRNA contains two
intronic circRNA fragments flanked by GT-AC splicing sig-
nals acting as the splice donor and acceptor of the circular
junction while forming an integrated circRNA*®. They were
discovered using the CIRI (CircRNA Identifier, a circRNA
identification tool) in human transcriptomes by Gao et al*¢.
However, at the moment, little is known about the functions
of circRNAs.

Functions and Roles of CircRNAs

CircRNAs, as a special type of RNA molecules, have an
array of functions according to their different origins and
structures. Further studies are needed to precisely define the
specific roles of circRNAs and to understand how they are

regulated. Up to now, circRNAs have been found to function
as miRNA and RBP sponges, regulators of protein transla-
tion and gene transcription, and competing products during
pre-mRNA splicing (Fig 2). Here, we summarize recent
studies on the functions of circRNAs and further discuss
their regulatory roles under physiological and disease
conditions.

CircRNAs Can Serve as Efficient miRNA Sponges. Up to now, the
most important and most widely studied function of cir-
cRNAs is in their role as miRNA sponges. Abundant endo-
genous circRNA molecules, with multiple complementary
binding sites for miRNAs, are inherently resistant to exonu-
cleolytic RNA degradation. Therefore, they form a large
class of post-transcriptional regulators acting as potent
miRNA sponges carrying out important biological func-
tions®’. For example, cerebellar degeneration-related protein
1 antisense (CDR1as), is massively bound by miR-7 and
miR-671 in human and mouse brains®®. When the CDR las
locus is removed from the mouse genome, the expression of
both miR-7 and miR-671 are mis-regulated in all brain
regions. In addition, miR-671 directs cleavage of the circular
antisense transcript, the cerebellar degeneration-related pro-
tein 1(CDR1), which could produce a highly abundant and
circularized species®”. These results indicate that the inter-
actions between circRNAs and miRNAs are important for
normal brain function.
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Another study shows that circHIPK?2 takes part in regu-
lating astrocyte activation via cooperation of autophagy and
endoplasmic reticulum (ER) stress by functioning as an
endogenous miR124-2HG sponge to sequester miR124-
2HG and inhibit its activity, which in turn results in
increased expression of sigma non-opioid intracellular
receptor 1. Knocking-down of circHIPK2 expression could
significantly inhibit astrocyte activation via the regulation of
autophagy and ER stress through the targeting of miR124-
2HG and SIGMAR1%.

Another circRNA, circITCH, is aligned in a sense orien-
tation to the known protein-coding gene, ITCH—a member
of the E3 ubiquitin ligases>. circITCH acts as a sponge of
miR-7, miR-17, miR-214, and promotes the expression of its
parental gene ITCH***!, Interestingly, the upregulation of
ITCH could inhibit the Wnt/B-catenin signaling pathway. In
light of these reports, it is suggested that circITCH is able to
suppress cancer progression by indirectly inhibiting the acti-
vation of the Wnt/B-catenin signaling pathway>>*!.

Furthermore, Huang et al*? have identified that cir-
cHIPK3 binds to multiple miRNAs (9 miRNAs with 18
binding sites), indicating that one circRNA can be associated
with a variety of miRNAs. Taken together, circRNAs have
been repeatedly demonstrated to function as efficient
miRNA sponges to regulate their parental genes and there-
fore affect their biological functions in health and disease.

CircRNAs Can Act as RBP Sponges. In addition to miRNA
sponges, the function of “sponging” other factors, such as
RBPs and ribonucleoprotein complexes, has also been pro-
posed for circRNAs'®. HuR is an RBP that regulates protein
expression by interacting with lots of RNAs*. circPABPNI,
which originates from poly(A)-binding protein nuclear 1
(PABPN1) pre-mRNA, is one of the HuR targeted cir-
cRNAs*. Besides, it is reported that circPABPNI inhibits
HuR binding to PABPN1 mRNA and reduces PABPN1 pro-
duction®. Furthermore, circAmotl1 is capable of binding to
c-myc and STAT3 to contribute to their translocation into
the nucleus, thus regulating the expression of their target
genes”’*,

Production of circRNAs Can Regulate Gene Transcription and
Translation. Several studies have shown that circRNAs can
function as transcriptional and translational regulators.
For instance, EIciRNAs, which retain the intronic
sequences from their parental genes, could interact with
the transcription machinery*’. As a result, EIciRNAs can
regulate the expression of their parental genes in cis via
specific RNA-RNA interaction between Ul snRNAs and
EIciRNAs™.

In addition, ciRNAs, another subclass of circRNAs, are
abundant in the nucleus. They play regulatory roles in the
Pol II transcription of their parental coding genes, which
adds to the growing evidence of circRNAs’ regulatory func-
tions in gene expression’*.

As an important class of post-transcriptional regulators,
circRNAs could directly target (m)RNAs by partial base
pairing10’46. For example, CDR1 serves as a component in
the sense of mRNAs stabilization and plays an important
role in regulating RBPs*®. In addition, the binding of cir-
cPABPNI to HuR can suppress PABPNI translation®’,
Therefore, circRNAs may take part in the regulation of gene
expression.

Certain circRNAs Have Protein-Coding Potential. CircRNAs can
serve as translational templates in vitro and in vivo. Two
endogenous circRNAs, circMbl and circZNF609, are
reported to be translatable*’*®, suggesting that the peptides
and proteins produced by circRNAs could be biologically
functional molecules in cells®®. Recently, Zhang et al. ver-
ified that circRNA circFBXW?7 encodes a functional protein
FBXW7-185aa*’, which has a negative regulatory role in
glioma carcinogenesis, further supporting the coding ability
of circRNAs. FBXW7-185aa has a synergistic effect with
the parental gene coding protein FBXW?7 on inhibiting the
expression of c-myc in human cells, which, in turn,
decreases glioma cell proliferation and inhibits cell cycle
acceleration in vitro and in vivo®. In addition, circRNAs
can be driven translationally by N6-methyladenosine®®>'.
Some studies indicate that eukaryotic ribosomes can initiate
translation of circRNAs with internal ribosome entry site
(IRES) elements®*>*, while other reports show that cir-
cRNAs could translate into proteins through a mechanism
similar to rolling circle amplification without IRES>*. Fur-
ther investigations are needed to determine the mechanisms
of how these translatable circRNAs are translated into
proteins.

CircRNAs Compete with pre-mRNA Splicing. As the splicing
pattern of any pre-mRNA is dictated by competition between
alternative pairing of 5’ and 3’ splice sites, the production of
circRNAs may play a role in the regulation of pre-mRNA
splicing'®**. For example, the second exon of the splicing
factor muscleblind (MBL) is circularized, which generates a
circRNA (circMbl). CircMbl contains conserved MBL bind-
ing sites, which are bound by MBL. As a result, modulation
of MBL levels can strongly affect circMbl biosynthesis™.
Taken together, the formation of circRNAs influences the
splicing of pre-mRNA to alter gene expression.

Other Possible Functions of circRNAs. Studies have shown that
circRNAs can regulate certain cell signaling pathways. For
instance, circZNF292 is found to be induced under hypoxic
conditions and in gliomas cell lines®®. The latter report
shows that circZNF292 silencing could suppress tumor tube
formation through regulating cell cycle by the Wnt/B-catenin
signaling pathway’°.

In addition, circular antisense ncRNAs in the INK4 locus
(circANRIL) can regulate rRNA maturation®’. CircANRIL
binds to the C-terminal lysine-rich domain of pescadillo
homologue 1, an essential 60S-preribosomal assembly
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factor, and prevents pre-rRNA binding and exonuclease-
mediated rRNA maturation®”->®. In vascular smooth muscle
cells and macrophages, circANRIL impairs ribosome bio-
genesis, which leads to activation of p53 and a subsequent
increase in apoptosis and decrease in proliferation rate’”.

Moreover, other studies'®>° have indicated that cir-
cRNAs also exist in secreted extracellular vesicles (EV),
suggesting that extracellular expulsion is one way that cells
can eliminate accumulated circRNAs. Intriguingly, it may
also be a way for cells to transfer functional circRNAs as a
way of communication, which needs more in-depth
investigation.

Relationship of circRNAs with Diseases. According to the func-
tions of circRNA, it is recognized that circRNAs are essen-
tial for the development process of eukaryotes and can
influence the pathogenesis and physiology of disease.

For example, in a mouse model of lead-induced neuro-
toxicity, circRarl induces the upregulation of apoptosis-
associated factors caspase8 and p38 via modulation of their
common target miR-671%°. For another, in tumor cells cir-
cFoxo3 can promote MDM2-induced p53 ubiquitination and
subsequent degradation, resulting in an overall decrease of
p53, which, in turn, prevents MDM?2 from inducing Foxo3
ubiquitination and degradation, and results in increased lev-
els of Foxo3 protein®'. Thereby, according to the previous
studies we can conclude that cell apoptosis can be induced
by circRNAs directly or indirectly.

On the other hand, circFoxo3 is generated from a member
of the forkhead family of transcription factors Foxo3. It is
highly expressed in hearts and is correlated with extensive
cellular senescence®. CircFoxo3 is distributed mainly in the
cytoplasm, where it interacts with the anti-senescent protein
ID-1 and the transcription factor E2F1, as well as the anti-
stress proteins FAK and HIFla, which results in increased
cardiac senescence®’. Among the differentially expressed
senescence-associated circRNAs, circPVT1, which is gener-
ated by circularization of an exon of PVT1 gene, is identified
as a circRNA displaying markedly reduced levels in senes-
cent fibroblasts®®. CircPVT1 might selectively inhibit let-7
activity and hence the expression of let-7-regulated
mRNA®. Silencing circPVT1 can promote cell senescence
and reverse the proliferative phenotype after let-7 function is
impaired®’.

CircRNAs are also largely enriched in platelets compared
with nucleated cell types, which is a signature of transcrip-
tome degradation®®. Fusion circRNAs (f-circRNAs) are pro-
duced from transcribed exons of distinct genes affected by
the chromosomal translocations®>. During leukemia progres-
sion, f-circRNAs could contribute to cellular transformation,
promote cell viability and resistance upon therapy, and have
tumor-promoting properties in in vivo models®’.

Beyond that, during the priming phase of rat liver regen-
eration (LR), the comprehensive circRNAs expression pro-
file has been analyzed by high-throughput RNA sequencing,
which revealed their potential roles in rat LR®®. Gene

ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) biological pathway analysis indicates
that, during the early phase of rat LR, circRNAs contribute
critically to the process of energy metabolism, substance
metabolism, and hepatocyte proliferation®.

Recently, Yang et al. discovered that circAmotll could
accelerate healing processes in a mouse excisional wound
model*. They found that circAmotl] can increase protein
levels of Stat3 and Dnmt3a. The increased Dnmt3a then
inhibits the expression of miR-17-5p, which stimulates the
expression of fibronectin, Dnmt3a, and Stat3, and leads to
increased cell adhesion, migration, proliferation, survival,
and wound repair™*.

Moreover, the investigation of the transcriptomic land-
scape of human pre-implantation development has identified
abundant circRNAs®’. Quaking (QKI), which functions in
the formation of circRNAs, is strongly expressed by Miiller
glial cells in both the developing and adult retina®®. It is well
accepted that many circRNAs are expressed in tissue- and
developmental-stage-specific manners, which reveals a
striking regulation of circRNAs during neuronal develop-
ment. It is plausible that some circRNAs can act as local
regulators of gene expression at distal neuronal sites, such
as growth cones and synapses, and contribute to aspects of
neural development®. In addition, emerging evidence also
indicates that circRNAs are involved in the development and
progression of various neurological disorders’®.

Taken together, current studies focus mainly on the inter-
actions between RNAs and proteins, while much is unknown
about their diverse and complex functions. The use of cir-
cRNAs for diagnosis and therapy still needs extensive
investigation.

CircRNAs in Oral Medicine

To date, there have been few studies on the roles of
circRNAs in oral medicine. However, it is realized that
circRNAs are involved in the initiation and development
of different types of diseases and tissues, which indicates
that circRNAs might be a regulatory nova in this field. In
this pilot review, we describe the primary landscape of
the correlatively existing literatures on circRNAs in oral
medicine (Table 3).

CircRNAs and Oral Cancers. Oral cancer is a multifactorial
pathological disease thought to be the result of genetic mod-
ifications (including activation of oncogenes and silence of
tumor suppressor genes). However, there is a lack of accu-
rate diagnosis and efficient treatment®®. Therefore, reliable
biomarkers for the timely detection of the disease and patient
stratification are required.

So far, miRNAs are the most well studied ncRNAs in the
physiological and pathological processes of all types of oral
cancers’’. A great number of miRNAs have been discovered
as key participants in tumorigenesis, acting either as tumor
suppressors or as oncogenes (oncomiRs)***'. Moreover,
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Table 3. Recently Published Studies for Detecting circRNAs in Oral Medicine.

Investigated models circRNAs Expression Potential functions References
OSsCcC circRNAs expression 1921 existing circRNAs and 10021 novel circRNA expression Wang et al”'
pattern circRNAs profiling
Biomarker
miRNA sponges
circRNAs expression 16 circRNAs significantly up- or circRNA expression Li et al”?
pattern downregulated profiling
hsa_circ_0008309 Down Biomarker
Therapeutic target
miRNA sponges
circRNA100290 Up Biomarker Chen et al*®
Therapeutic target
miR-29 sponge
circDOCKI Down Biomarker Wang et al”
Therapeutic target
miR-196a-5p sponge
PDLSCs osteogenic circRNA expression 1456 circRNAs differentially expressed circRNA expression Gu et al™
differentiation pattern profiling
Biomarker
miRNA sponges
circRNA expression 12693 circRNAs detected circRNA expression Zheng et al*’
pattern profiling
Biomarker
miRNA sponges
CDRlas Up Biomarker Li et al”
Therapeutic target
miRNA sponges
Saliva circRNA expression More than 400 circRNAs detected circRNA expression Bahn et al’®
pattern profiling Jafari et al””
Biomarker
OMM circRNA expression 90 circRNAs significantly up- or circRNA expression Ju et al’®
pattern downregulated profiling
Biomarker

miRNA sponges

OSCC: oral squamous cell carcinomas; OMM: oral mucosal melanoma; PDLSCs: periodontal ligament stem cells.

emerging lines of evidence predict that circRNAs, as
sponges of miRNAs, are associated with the progression and
induction of oral cancers®.

There have been studies on circRNAs in oral squamous
cell carcinoma (OSCC)**7'"73. Using circRNA and mRNA
microarrays, Chen et al. identified circRNAs that are
differentially expressed between OSCC tissue and paired
non-cancerous matched tissue®®. They discovered that cir-
cRNA100290 is upregulated in OSCC tissues, and its knock-
down decreases the expression of CDK6—a direct target of
miR-29b—and inhibits proliferation of OSCC cells in vitro
and in vivo®®. Their results reveal that circRNA 100290 may
function as a competing endogenous RNAs (ceRNAs) to
regulate CDK6 expression by sponging of miR-29b family
members in OSCC?®. Meanwhile, it is reported that cir-
¢DOCKI1 can suppress cell apoptosis via inhibition of
miR-196a-5p by targeting BIRC3 in OSCC”>.

In addition, Ju et al. found that the expression pattern of
circRNAs is altered in oral mucosal melanoma (OMM),
suggesting that circRNAs might play vital roles in metastasis

of OMM and in regulating OMM progression’®.

In conclusion, these reports indicate that circRNAs exert
regulatory functions and might be potential biomarkers in
oral medicine. Based on the functions of circRNAs in vari-
ous cancers, we believe that they have tremendous potential
to serve as biomarkers for the diagnosis and treatment of oral
tumors, even as new therapeutic targets for the treatment of
oral cancers.

CircRNAs and Oral Inflammation. Although there is still no
study on the roles of circRNAs in common inflammation
of oral diseases such as periodontitis, there have been studies
of circRNAs involved in rheumatoid arthritis (RA)** and
osteoarthritis®®. It is reported that circRNAs are expressed
differentially in RA patients compared with healthy controls,
indicating that circRNAs play crucial roles in the regulation
of expression of symbol genes that control the occurrence
and development of RA®. Interestingly, periodontitis shares
a similar occurrence and developmental process with RA®,
which suggests that circRNAs may play certain roles in oral
inflammation.
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It is known that inflammation in oral medicine is mani-
fested mainly via periodontal diseases—the most common
form of oral disease’®. Intriguingly, it is reported that more
than 400 putative circRNAs that may function in intercellu-
lar signaling and inflammatory response exist in human
cell-free saliva’®. Consequently, salivary circRNAs, as
endogenous RNAs, may be novel clues for detecting a wide
range of local or systemic diseases, including inflammation
and be used routinely in personalized medicine’®”’.

CircRNAs and Cell Differentiation and Tissue Regeneration. Some
reports have clearly established the participation of cir-
cRNAs in the maintenance of pluripotency. For example,
circBIRC6 acts as a sponge for miR-34a and miR-145 to
regulate the molecular circuitry in human embryonic stem
cells®®. And during human epidermal stem cell differentia-
tion, circRNAs are abundantly expressed and upregulated in
a coordinated manner®’, further suggesting that they may
play important roles during the process.

Recent findings also demonstrate that expression profiles
of circRNAs are significantly altered during osteogenic dif-
ferentiation of PDLSCs, which provides clues leading to
further insight into the roles of circRNAs in osteoblast dif-
ferentiation in an oral setting®”. Moreover, Gu et al. found a
total of 1456 circRNAs differently expressed during
PDLSCs osteogenic differentiation’*. What’s more, it is sug-
gested that specific circRNAs could serve as ceRNAs to
promote PDLSCs osteogenic differentiation and periodontal
regeneration. For instance, CDR1as was proved to promote
osteoblastic differentiation of PDLSCs via the miR-7/GDF5/
SMAD and p38 MAPK signaling pathway’”.

However, up to now, there have been only a few reports
about circRNAs’ functions during orthodontic tooth move-
ment (OTM), which involves alveolar bone remodeling. It is
recognized that PDLSCs are key seed cells in OTM and
alveolar bone remodeling®®*?. Previous studies by our
research team have found that circRNAs expression changed
in mechanical force-induced PDLSCs”’. Besides, it is known
that circRNAs can serve as regulators of cellular stress both
positively and negatively: to maintain homeostasis, combat
acute infection, and regulate cell growth and death, or dys-
regulation of others to enhance stress response to adapt
chronic stress’'. All this evidence indicates that circRNAs
may participate in the regulation of OTM and bone
remodeling.

Although there is currently not enough understanding of
tissue regeneration and bone remodeling in oral medicine,
we believe that there will be more reports on the functions of
circRNAs in this field in the near future.

Conclusions

Current research in oral medicine usually focus on tissue
regeneration, tooth development, oral cancer, tooth move-
ment, and inflammatory disease. To explore the relevant

potential mechanisms of each of these processes has extreme
clinical significance.

CircRNAs are shown to play important roles in various
physiological and pathological processes. It is generally
accepted that circRNAs are involved in regulating cell pro-
liferation, apoptosis, and multiple signaling pathways. Cur-
rently, circRNAs have been found to play pivotal roles in
different types of diseases and tissues. We have also learnt
that circRNAs play a vital part in 0SCC*#71°3 | metastatic
OMM’®, saliva’®”” and the osteogenic differentiation of
PDLSCs**7> Based on these studies, we suggest that cir-
cRNAs participate in the regulation of oral biological pro-
cesses, and might be a regulatory nova in the development
and outcome of oral medicine. There is no doubt that a great
number of studies will be carried out to further explore the
functions of circRNAs and the associated mechanisms.

Undeniably, findings on the roles of circRNAs in oral
medicine are also confronted by many challenges. On the
one hand, strategies and technical limitations might affect
the detection of circRNAs in experiments’>. For example,
some smaller circRNAs may be missed in length selection,
and the use of some artificial primers may affect the enrich-
ment of circRNAs’?. On the other hand, there is still no
uniform verdict on the predictions of the detection algo-
rithms of different circRNAs>*?3. In addition, low
expressed-circRNAs also tend to be overlooked by bioinfor-
matics analysis”**>. All these limitations restrict functional
studies of circRNAs in oral medicine and other fields. There-
fore, establishing a gold standard with which to assess the
accuracy of predictions from algorithms and choose appro-
priate thresholds are needed to overcome these challenges, in
addition to reducing operational errors during experi-
ments”>*. The continued development of such a standard
will provide a statistical test that could be used to evaluate
the false discovery rate, and defining appropriate thresholds
will be beneficial for the detection of high-confidence cir-
cRNAs”. Besides, normalization procedures to assess the
enrichment or depletion of circRNAs are necessary to
improve the accuracy of the results during the experiments®?.

Motivated mainly by the finding that they function as
miRNA sponges, circRNAs are stepping forward into the
light of broader comprehension and clinical application of
their physiological and pathological phenomena in oral med-
icine. We hope that this pilot review can help us tap into this
new field and lay the groundwork for a more in-depth under-
standing of the diagnosis, prognosis, and treatment in oral
diseases, and offer a primary glimpse into the functions of
circRNAs involved in oral health.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research and/or authorship of this article: This work is



Wang et al

827

supported by the National Natural Science Foundation of China
(81771030;81470709) and the Construction Engineering Special
Fund of “Taishan Scholars” (tsqn20161068).

References

1.

10.

11.

12.

13.

14.

15.

16.

Gondivkar SM, Gadbail AR, Gondivkar RS, Sarode SC,
Sarode GS, Patil S, Awan KH. Nutrition and oral health.
Dis Mon. 2018;22:8.

. Ritchie CS, Joshipura K, Silliman RA, Miller B, Douglas CW.

Oral health problems and significant weight loss among
community-dwelling older adults. J Gerontol A Biol Sci Med
Sci. 2000;55(7):M366-M371.

. Joseph BK, Kullman L, Sharma PN. The oral-systemic disease

connection: a retrospective study. Clin Oral Investig. 2016;
20(8):2267-2273.

. Eddy SR. Non-coding RNA genes and the modern RNA world.

Nat Rev Genet. 2001;2(12):919-929.

. Esteller M. Non-coding RNAs in human disease. Nat Rev

Genet. 2011;12(12):861-874.

. Bartel DP. MicroRNAs: target recognition and regulatory

functions. Cell. 2009;136(2):215-233.

. Wittrup A, Lieberman J. Knocking down disease: a progress

report on siRNA therapeutics. Nat Rev Genet. 2015;16(9):
543-552.

. Adachi H, Yu YT. Insight into the mechanisms and functions

of spliceosomal snRNA pseudouridylation. World J Biol
Chem. 2014;5(4):398-408.

. Suzuki T, Suzuki T. A complete landscape of post-

transcriptional modifications in mammalian mitochondrial
tRNAs. Nucleic Acids Res. 2014;42(11):7346-7357.
Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak
A, Maier L, Mackowiak SD, Gregersen LH, Munschauer M,
Loewer A, Ziebold U, Landthaler M, Kocks C, le Noble F,
Rajewsky N. Circular RNAs are a large class of animal RNAs
with regulatory potency. Nature. 2013;495(7441):333-338.
Halley P, Kadakkuzha BM, Faghihi MA, Magistri M, Zeier Z,
Khorkova O, Coito C, Hsiao J, Lawrence M, Wabhlestedt C.
Regulation of the apolipoprotein gene cluster by a long non-
coding RNA. Cell Rep. 2014;6(1):222-230.

Adelman K, Egan E, Non-coding RNA: More uses for genomic
junk. Nature. 2017;543(7644):183—185.

Hsu MT, Coca-Prados M. Electron microscopic evidence for
the circular form of RNA in the cytoplasm of eukaryotic cells.
Nature. 1979;280(5720):339-340.

Grabowski PJ, Zaug AJ, Cech TR. The intervening sequence of
the ribosomal RNA precursor is converted to a circular RNA in
isolated nuclei of tetrahymena. Cell. 1981;23(2):467-476.
Meng S, Zhou H, Feng Z, Xu Z, Tang Y, Li P, Wu M. Cir-
cRNA: functions and properties of a novel potential biomarker
for cancer. Mol Cancer. 2017;16(1):94.

Lasda E, Parker R. Circular RNAs: diversity of form and func-
tion. RNA. 2014;20(12):1829-1842.

. Mehta SL, Pandi G, Vemuganti R. Circular RNA expression

profiles alter significantly in mouse brain after transient focal
ischemia. Stroke. 2017;48(9):2541-2548.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Hansen TB, Kjems J, Damgaard CK. Circular RNA and miR-7

in cancer. Cancer Res. 2013;73(18):5609-5612.

Dou Y, Cha DJ, Franklin JL, Higginbotham JN, Jeppesen DK,
Weaver AM, Prasad N, Levy S, Coffey RJ, Patton JG, Zhang
B. Circular RNAs are down-regulated in KRAS mutant colon
cancer cells and can be transferred to exosomes. Sci Rep. 2016;
6:37982.

Qin M, Liu G, Huo X, Tao X, Sun X, Ge Z, Yang J, Fan J, Liu
L, Qin W. Hsa_circ_0001649: a circular RNA and potential
novel biomarker for hepatocellular carcinoma. Cancer Bio-
mark. 2016;16(1):161-169.

Li H, Hao X, Wang H, Liu Z, He Y, Pu M, Zhang H, Yu H,
Duan J, Qu S. Circular RNA expression profile of pancreatic
ductal adenocarcinoma revealed by microarray. Cell Physiol
Biochem. 2016;40(6):1334—1344.

Chen J, Li Y, Zheng Q, Bao C, He J, Chen B, Lyu D, Zheng B,
XuY,LongZ, Zhou'Y, Zhu H, Wang Y, He X, Shi Y, Huang S.
Circular RNA profile identifies circPVT1 as a proliferative
factor and prognostic marker in gastric cancer. Cancer Lett.
2017;388:208-219.

Wan L, Zhang L, Fan K, Cheng ZX, Sun QC, Wang JJ. Cir-
cular RNA-ITCH suppresses lung cancer proliferation via inhi-
biting the Wnt/beta-catenin pathway. Biomed Res Int. 2016;
2016:1579490.

Jin H, Jin X, Zhang H, Wang W. Circular RNA hsa-circ-
0016347 promotes proliferation, invasion and metastasis of
osteosarcoma cells. Oncotarget. 2017;8(15):25571-25581.
Zhong Z, Huang M, Lv M, He Y, Duan C, Zhang L, Chen J.
Circular RNA MYLK as a competing endogenous RNA pro-
motes bladder cancer progression through modulating
VEGFA/VEGFR?2 signaling pathway. Cancer Lett. 2017;403:
305-317.

Zhang H, Cai K, Wang J, Wang X, Cheng K, Shi F, Jiang L,
Zhang Y, Dou J. MiR-7, inhibited indirectly by lincRNA
HOTAIR, directly inhibits SETDBI and reverses the EMT of
breast cancer stem cells by downregulating the STAT3 path-
way. Stem Cells. 2014;32(11):2858-2868.

Yang Q, Du WW, WuN, Yang W, Awan FM, Fang L, Ma J, Li
X, Zeng Y, Yang Z, Dong J, Khorshidi A, Yang BB. A circular
RNA promotes tumorigenesis by inducing c-myc nuclear trans-
location. Cell Death Differ. 2017;24(9):1609-1620.

Chen L, Zhang S, Wu J, Cui J, Zhong L, Zeng L, Ge S. Cir-
cRNA_100290 plays a role in oral cancer by functioning as a
sponge of the miR-29 family. Oncogene. 2017;36(32):
4551-4561.

Zheng Y, Li X, Huang Y, Jia L, Li W. The circular RNA
landscape of periodontal ligament stem cells during osteogen-
esis. J Periodontol. 2017;88(9):906-914.

Granados-Riveron JT, Aquino-Jarquin G. The complexity of
the translation ability of circRNAs. Biochim Biophys Acta.
2016;1859(10):1245-1251.

Wilusz JE, Sharp PA. Molecular biology. A circuitous route to
noncoding RNA. Science. 2013;340(6131):440-441.

Conn SJ, Pillman KA, Toubia J, Conn VM, Salmanidis M,
Phillips CA, Roslan S, Schreiber AW, Gregory PA, Goodall



828

Cell Transplantation 28(7)

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

GJ. The RNA binding protein quaking regulates formation of
circRNAs. Cell. 2015;160(6):1125-1134.

Chen I, Chen CY, Chuang TJ. Biogenesis, identification, and
function of exonic circular RNAs. Wiley Interdiscip Rev RNA.
2015;6(5):563-579.

Zhang Y, Zhang XO, Chen T, Xiang JF, Yin QF, Xing YH, Zhu
S, Yang L, Chen LL. Circular intronic long noncoding RNAs.
Mol Cell. 2013;51(6):792-806.

Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, Zhong G, Yu
B, Hu W, Dai L, Zhu P, Chang Z, Wu Q, Zhao Y, Jia Y, Xu P,
Liu H, Shan G. Exon-intron circular RNAs regulate transcrip-
tion in the nucleus. Nat Struct Mol Biol. 2015;22(3):256-264.
Gao Y, Wang J, Zhao F. CIRI: an efficient and unbiased algo-
rithm for de novo circular RNA identification. Genome Biol.
2015;16:4.

Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B,
Damgaard CK, Kjems J. Natural RNA circles function as effi-
cient microRNA sponges. Nature. 2013;495(7441):384-388.
Piwecka M, Glazar P, Hernandez-Miranda LR, Memczak S,
Wolf SA, Rybak-Wolf A, Filipchyk A, Klironomos F, Cerda
Jara CA, Fenske P, Trimbuch T, Zywitza V, Plass M, Schreyer
L, Ayoub S, Kocks C, Kithn R, Rosenmund C, Birchmeier C,
Rajewsky N. Loss of a mammalian circular RNA locus causes
miRNA deregulation and affects brain function. Science. 2017;
357(6357):pii: eaam8526.

Hansen TB, Wiklund ED, Bramsen JB, Villadsen SB, Statham
AL, Clark SJ, Kjems J. MiRNA-de pendent gene silencing
involving Ago2-mediated cleavage of a circular antisense
RNA. EMBO J. 2011;30(21):4414-4422.

Huang R, Zhang Y, Han B, Bai Y, Zhou R, Gan G, Chao J, Hu
G, Yao H. Circular RNA HIPK2 regulates astrocyte activation
via cooperation of autophagy and ER stress by targeting
MIR124-2HG. Autophagy. 2017;13(10):1722—1741.

LiF, Zhang L, Li W, Deng J, Zheng J, An M, Lu J, Zhou Y.
Circular RNA ITCH has inhibitory effect on ESCC by suppres-
sing the Wnt/beta-catenin pathway. Oncotarget. 2015;6(8):
6001-6013.

Zheng Q, Bao C, Guo W, Li S, Chen J, Chen B, Luo Y, Lyu D,
Li Y, Shi G, Liang L, Gu J, He X, Huang S. Circular RNA
profiling reveals an abundant circHIPK3 that regulates cell
growth by sponging multiple miRNAs. Nat Commun. 2016;
7:11215.

Abdelmohsen K, Panda AC, Munk R, Grammatikakis I, Dude-
kula DB, De S, Kim J, Noh JH, Kim KM, Martindale JL,
Gorospe M. Identification of HuR target circular RNAs
uncovers suppression of PABPN1 translation by CircPABPN1.
RNA Biol. 2017;14(3):361-369.

Yang ZG, Awan FM, Du WW, Zeng Y, Lyu J, Wu, Gupta S,
Yang W, Yang BB. The circular RNA interacts with STATS3,
increasing its nuclear translocation and wound repair by mod-
ulating Dnmt3a and miR-17 Function. Mol Ther. 2017;25(9):
2062-2074.

Haque S, Harries LW. Circular RNAs (circRNAs) in health and
disease. Genes (Basel). 2017;8(12):353.

Hentze MW, Preiss T. Circular RNAs: splicing’s enigma var-
iations. EMBO J. 2013;32(7):923-925.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Pamudurti NR, Bartok O, Jens M, Ashwal-Fluss R, Stottmeis-
ter C, Ruhe L, Hanan M, Wyler E, Perez-Hernandez D, Ram-
berger E, Shenzis S, Samson M, Dittmar G, Landthaler M,
Chekulaeva M, Rajewsky N, Kadener S. Translation of cir-
cRNAs. Mol Cell. 2017;66(1):9-21.

Legnini I, Di Timoteo G, Rossi F, Morlando M, Briganti F,
Sthandier O, Fatica A, Santini T, Andronache A, Wade M,
Laneve P, Rajewsky N, Bozzoni I. Circ-ZNF609 is a circular
RNA that can be translated and functions in myogenesis. Mol
Cell. 2017;66(1):22-37.

Yang Y, Gao X, Zhang M, Yan S, Sun C, Xiao F, Huang N,
Yang X, Zhao K, Zhou H, Huang S, Xie B, Zhang N. Novel
role of FBXW?7 circular RNA in repressing glioma tumorigen-
esis. J Natl Cancer Inst. 2018;110(3):304-315.

Yang Y, Fan X, Mao M, Song X, Wu P, Zhang Y, Jin Y, Yang
Y, Chen LL, Wang Y, Wong CC, Xiao X, Wang Z. Extensive
translation of circular RNAs driven by N(6)-methyladenosine.
Cell Res. 2017;27(5):626—641.

Zhou C, Molinie B, Daneshvar K, Pondick JV, Wang J, Van
Wittenberghe N, Xing Y, Giallourakis CC, Mullen AC.
Genome-wide maps of m6A circRNAs identify widespread
and cell-type-specific methylation patterns that are distinct
from mRNAs. Cell Rep. 2017;20(9):2262-2276.

Chen CY, Sarnow P. Initiation of protein synthesis by the
eukaryotic translational apparatus on circular RNAs. Science.
1995;268(5209):415-417.

Chen X, Han P, Zhou T, Guo X, Song X, Li Y. CircRNADb: a
comprehensive database for human circular RNAs with
protein-coding annotations. Sci Rep. 2016;6:34985.

Abe N, Matsumoto K, Nishihara M, Nakano Y, Shibata A,
Maruyama H, Shuto S, Matsuda A, Yoshida M, Ito Y, Abe
H. Rolling circle translation of circular RNA in living human
cells. Sci Rep. 2015;5:16435.

Ashwal-Fluss R, Meyer M, Pamudurti NR, Ivanov A, Bartok
O, Hanan M, Evantal N, Memczak S, Rajewsky N, Kadener S.
circRNA biogenesis competes with pre-mRNA splicing. Mol
Cell. 2014;56(1):55-66.

Yang P, Qiu Z, Jiang Y, Dong L, Yang W, Gu C, Li G, Zhu Y.
Silencing of ¢cZNF292 circular RNA suppresses human glioma
tube formation via the Wnt/beta-catenin signaling pathway.
Oncotarget. 2016;7(39):63449-63455.

Holdt LM, Stahringer A, Sass K, Pichler G, Kulak NA, Wilfert
W, Kohlmaier A, Herbst A, Northoff BH, Nicolaou A, Gabel
G, Beutner F, Scholz M, Thiery J, Musunuru K, Krohn K,
Mann M, Teupser D. Circular non-coding RNA ANRIL mod-
ulates ribosomal RNA maturation and atherosclerosis in
humans. Nat Commun. 2016;7:12429.

Granneman S, Petfalski E, Tollervey D. A cluster of ribosome
synthesis factors regulate pre-TRNA folding and 5.8 S rRNA
maturation by the Ratl exonuclease. EMBO J. 2011;30(19):
4006-4019.

Lasda E, Parker R. Circular RNAs co-precipitate with extra-
cellular vesicles: a possible mechanism for circRNA clearance.
Plos One. 2016;11(2):¢0148407.

Nan A, Chen L, Zhang N, Liu Z, Yang T, Wang Z, Yang C,
Jiang Y. A novel regulatory network among LncRpa, CircRarl,



Wang et al

829

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

MiR-671 and apoptotic genes promotes lead-induced neuronal
cell apoptosis. Arch Toxicol. 2017;91(4):1671-1684.

Du WW, Fang L, Yang W, Wu N, Awan FM, Yang Z, Yang
BB. Induction of tumor apoptosis through a circular RNA
enhancing Foxo3 activity. Cell Death Differ. 2017;24(2):
357-370.

Du WW, Yang W, Chen Y, Wu ZK, Foster FS, Yang Z, Li X,
Yang BB. Foxo3 circular RNA promotes cardiac senescence
by modulating multiple factors associated with stress and
senescence responses. Eur Heart J. 2017;38(18):1402—1412.
Panda AC, Grammatikakis I, Kim KM, De S, Martindale JL,
Munk R, Yang X, Abdelmohsen K, Gorospe M. Identification
of senescence-associated circular RNAs (SAC-RNAs) reveals
senescence suppressor circPVT1. Nucleic Acids Res. 2017;
45(7):4021-4035.

Alhasan AA, Izuogu OG, Al-Balool HH, Steyn JS, Evans A,
Colzani M, Ghevaert C, Mountford JC, Marenah L, Elliott DJ,
Santibanez-Koref M, Jackson MS. Circular RNA enrichment
in platelets is a signature of transcriptome degradation. Blood.
2016;127(9):el—el1.

Guarnerio J, Bezzi M, Jeong JC, Paffenholz SV, Berry K,
Naldini MM, Lo-Coco F, Tay Y, Beck AH, Pandolfi PP. Onco-
genic role of fusion-circRNAs derived from cancer-associated
chromosomal translocations. Cell. 2016;165(2):289-302.
LiL, Guo J, Chen Y, Chang C, Xu C. Comprehensive circRNA
expression profile and selection of key circRNAs during prim-
ing phase of rat liver regeneration. BMC Genomics. 2017;
18(1):80.

Dang Y, YanL, HuB, Fan X, Ren Y, LiR, Lian Y, Yan J, Li Q,
Zhang Y, Li M, Ren X, Huang J, Wu Y, Liu P, Wen L, Zhang
C, Huang Y, Tang F, Qiao J. Tracing the expression of circular
RNAs in human pre-implantation embryos. Genome Biol.
2016;17(1):130.

Suiko T, Kobayashi K, Aono K, Kawashima T, Inoue K, Ku L,
Feng Y, Koike C. Expression of quaking RNA-binding protein
in the adult and developing mouse retina. Plos One. 2016;
11(5):e0156033.

Van Rossum D, Verheijen BM, Pasterkamp RJ. Circular
RNAs: novel regulators of neuronal development. Front Mol
Neurosci. 2016;9:74.

You X, Vlatkovic I, Babic A, Will T, Epstein I, Tushev G,
Akbalik G, Wang M, Glock C, Quedenau C, Wang X, Hou J,
Liu H, Sun W, Sambandan S, Chen T, Schuman EM, Chen W.
Neural circular RNAs are derived from synaptic genes and
regulated by development and plasticity. Nat Neurosci. 2015;
18(4):603-610.

Wang YF, Li BW, Sun S, Li X, Su W, Wang ZH, Wang F,
Zhang W, Yang HY. Circular RNA expression in oral squa-
mous cell carcinoma. Front Oncol. 2018;8:398.

Li B, Wang F, Li X, Sun S, Shen Y, Yang H. Hsa_circ_
0008309 May Be a Potential Biomarker for Oral Squamous
Cell Carcinoma. Dis Markers. 2018;2018:7496890.

Wang L, Wei Y, Yan Y, Wang H, Yang J, Zheng Z, Zha J, Bo
P, Tang Y, Guo X, Chen W, Zhu X, Ge L. CircDOCKI1 sup-
presses cell apoptosis via inhibition of miR196a5p by targeting
BIRC3 in OSCC. Oncol Rep. 2018;39(3):951-966.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Gu X, Li M, Jin Y, Liu D, Wei F. Identification and integrated
analysis of differentially expressed IncRNAs and circRNAs
reveal the potential ceRNA networks during PDLSC osteo-
genic differentiation. BMC Genet. 2017;18(1):100.

Li X, Zheng Y, Zheng Y, Huang Y, Zhang Y, Jia L, Li W.
Circular RNA CDR1as regulates osteoblastic differentiation of
periodontal ligament stem cells via the miR-7/GDF5/SMAD
and p38 MAPK signaling pathway. Stem Cell Res Ther. 2018;
9(1):232.

Bahn JH, Zhang Q, Li F, Chan TM, Lin X, Kim Y, Wong DT,
Xiao X. The landscape of microRNA, Piwi-interacting RNA,
and circular RNA in human saliva. Clin Chem. 2015;61(1):
221-230.

Jafari Ghods F. Circular RNA in saliva. Adv Exp Med Biol.
2018;1087:131-139.

Ju H, Zhang L, Mao L, Liu S, Xia W, Hu J, Ruan M, Ren G.
Altered expression pattern of circular RNAs in metastatic oral
mucosal melanoma. Am J Cancer Res. 2018;8(9):1788-1800.
Irimie Al Braicu C, Sonea L, Zimta AA, Cojocneanu-Petric R,
Tonchev K, Mehterov N, Diudea D, Buduru S, Berindan-Nea-
goe I. A looking-glass of non-coding RNAs in oral cancer. Int J
Mol Sci. 2017;18(12):2620.

LiJ, Huang H, Sun L, Yang M, Pan C, Chen W, Wu D, Lin Z,
Zeng C, Yao Y, Zhang P, Song E. MiR-21 indicates poor
prognosis in tongue squamous cell carcinomas as an apoptosis
inhibitor. Clin Cancer Res. 2009;15(12):3998-4008.

Zheng J, Xue H, Wang T, Jiang Y, Liu B, Li J, Liu Y, Wang W,
Zhang B, Sun M. MiR-21 downregulates the tumor suppressor
P12 CDK2AP1 and stimulates cell proliferation and invasion. J
Cell Biochem. 2011;112(3):872-880.

Momen-Heravi F, Bala S. Emerging role of non-coding RNA
in oral cancer. Cell Signal. 2018;42:134-143.

Zheng F, Yu X, Huang J, Dai Y. Circular RNA expression
profiles of peripheral blood mononuclear cells in rheumatoid
arthritis patients, based on microarray chip technology. Mol
Med Rep. 2017;16(6):8029-8036.

Zhou Z, Du D, Chen A, Zhu L. Circular RNA expression
profile of articular chondrocytes in an IL-1beta-induced mouse
model of osteoarthritis. Gene. 2018;644:20-26.

Yang NY, Wang CY, Chyuan IT, Wu KJ, Tu YK, Chang CW,
Hsu PN, Kuo MY, Chen YW. Significant association of rheu-
matoid arthritis-related inflammatory markers with non-
surgical periodontal therapy. J Formos Med Assoc. 2018;
117(11):1003-1010.

YuCY, Li TC, Wu YY, Yeh CH, Chiang W, Chuang CY, Kuo
HC. The circular RNA circBIRC6 participates in the molecular
circuitry controlling human pluripotency. Nat Commun. 2017;
8(1):1149.

Kristensen LS, Okholm TLH, Veno MT, Kjems J. Circular
RNAs are abundantly expressed and upregulated during human
epidermal stem cell differentiation. RNA Biol. 2018;15(2):
280-291.

Zhang L, Liu W, Zhao J, Ma X, Shen L, Zhang Y, Jin F, Jin Y.
Mechanical stress regulates osteogenic differentiation and
RANKL/OPG ratio in periodontal ligament stem cells by the



830

Cell Transplantation 28(7)

89.

90.

91.

Whnt/beta-catenin pathway. Biochim Biophys Acta. 2016;
1860(10):2211-2219.

Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim
J, Young M, Robey PG, Wang CY, Shi S. Investigation of
multipotent postnatal stem cells from human periodontal liga-
ment. Lancet. 2004;364(9429):149-155.

Wang H, Feng C, Jin Y, Tan W, Wei F. Identification and
characterization of circular RNAs involved in mechanical
force-induced periodontal ligament stem cells. J Cell Physiol.
2019;234(7):10166-10177.

Fischer JW, Leung AK. CircRNAs: a regulator of cellular
stress. Crit Rev Biochem Mol Biol. 2017;52(2):220-233.

92.

93.

94.

95.

Szabo L, Salzman J. Detecting circular RNAs: bioinformatic
and experimental challenges. Nat Rev Genet. 2016;17(11):
679-692.

Hansen TB, Veno MT, Damgaard CK, Kjems J. Comparison of
circular RNA prediction tools. Nucleic Acids Res. 2016;44(6):
e58.

Guo JU, Agarwal V, Guo H, Bartel DP. Expanded identifica-
tion and characterization of mammalian circular RNAs. Gen-
ome Biol. 2014;15(7):4009.

Cheng J, Metge F, Dieterich C. Specific identification and
quantification of circular RNAs from sequencing data. Bioin-
formatics. 2016;32(7):1094-1096.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


