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Abstract: Esophageal squamous cell carcinoma (ESCC) is widely regarded as one of the most lethal types of cancer
around the world. The fact that early detection of ESCC could dramatically improve the treatment outcome of the
patients has sparked considerable interest in searching for reliable and accurate diagnostic biomarkers. Recently,
circular RNAs (circRNA) have emerged as a new type of non-coding RNAs with significant RNase resistance, wide
abundance and remarkable internal diversity. There is also increasing evidence suggesting that circRNAs could be
implicated in the pathogenesis of cancer and other diseases. In this study, we performed a comparative analysis of
the global circRNA expression profiles in normal and malignant esophageal epithelial cell lines by a combination of
RNA sequencing and bioinformatics analysis. We identified 813 significantly up-regulated and 445 down-regulated
circRNA candidates, of which 32 were subsequently validated by quantitative real-time reverse transcription poly-
merase chain reaction analysis. The differentially expressed circRNAs were found to be associated with pathways
involved in metabolism, cell apoptosis, proliferation and migration, which are commonly altered in cancer cells.
Based on the obtained data, we constructed a circRNA-miRNA interaction network, in which circRNA9927-NBEAL1
represented the biggest node. Our study could lay the groundwork for further investigation concerning the pathologi-
cal roles of circRNAs in ESCC.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is
considered to be one of the deadliest malig-
nancies globally and particularly in China,
where it accounts for over 95% of all esopha-
geal cancer cases and is the 4th leading cause
of cancer death [1]. The high mortality rate of
ESCC is largely attributable to the difficulty in
diagnosing the disease at an early stage [2].
Patients with advanced ESCC face a grim five-
year survival rate below 20% [3] due to a lack
of viable treatment options, as the tumor has

often become too advanced for surgical resec-
tion. Additionally, clinical statistics shows that
tumor metastasis can occur in around half of all
late-stage ESCC patients at the point of diag-
nosis, which presents further obstacles to suc-
cessful treatment [4]. In contrast, early detec-
tion of ESCC can significantly improve the pa-
tients’ clinical outcome, in which the overall ten-
year survival rate can exceed 95% following the
surgery [5]. As a result, it is argued that the key
to improving the long-term prognosis of ESCC
patients lies in the development of novel diag-
nostic methods that can detect or even predict
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tumor presence at an earlier stage with greater
accuracy and sensitivity.

Circular RNAs (circRNA), which feature a loop
architecture with a 5-to-3’ linkage, have em-
erged as a new type of non-coding RNAs with
potential roles in a wide range of biological pro-
cesses [6]. Although initially regarded as insig-
nificant abnormalities from splicing events,
advances in sequencing methods and bioin-
formatics analysis techniques have led to the
rediscovery of circRNAs as a unique and inter-
nally diverse group of genetic molecules with
intriguing structural features and biological
functions. It is now established that circRNAs
are produced by a process called back-splicing,
in which a downstream 5’ splice site and an
upstream 3’ splice site are covalently joined
together by a spliceosome [6, 7]. The preva-
lence of circRNAs is further compounded by
the tremendous variation in their origins, len-
gths and expression levels [6, 8]. Studies have
suggested that the circularization of RNAs
can confer several advantages including en-
hanced exonuclease resistance, greater genet-
ic variability and improved suitability as amplifi-
cation template [6]. These findings suggested
that circRNAs might play regulatory roles simi-
lar to those of microRNAs (miRNA) and long
non-coding RNAs.

Recently, Hansen and colleagues reported that
a circRNA, ciRS-7, could inhibit the activity of
mMiRNA-7 and resultantly de-repress its down-
stream mRNA targets [9]. In addition, the same
group also observed an interaction between
another circRNA, sex-determining region Y cir-
cRNA, and miRNA-138 [9]. Taken together, the
results implied that circRNAs could play impor-
tant roles in regulating miRNAs and other RNA
molecules. On the other hand, the expression
patterns of circRNAs have been shown to vary
among different types of cells and tissues. In
particular, there is evidence that circRNAs are
often less abundant in tumor tissues compared
to their normal counterparts, possibly due to a
dilutive effect caused by the fast division and
proliferation of cancer cells [10]. Sand et al.
performed a microarray analysis on cutaneous
squamous cell carcinoma tissue samples and
found 322 circRNAs to show aberrant expres-
sion patterns [11]. In another study, Li et al.
compared the circRNA expression profiles be-
tween 101 gastric tumors and the surrounding
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noncancerous tissues, from which they found
hsa_circ_002059 to be significantly down-reg-
ulated [12]. These findings highlighted the fea-
sibility of using circRNAs as novel diagnostic
biomarkers for early cancer detection.

Herein we report our comparative analysis of
the global circRNA expression profiles between
the immortalized human esophageal epithelial
cell line SHEE and the malignantly transformed
esophageal carcinoma cell line SHEEC, using a
combination of RNA sequencing, bioinformat-
ics analysis and quantitative real-time reverse
transcription polymerase chain reaction (QRT-
PCR) validation. The downstream miRNA tar-
gets and the putative biological functions of
the differentially expressed circRNA candida-
tes were then predicted. Based on these re-
sults, a circRNA-miRNA interaction network
was generated to provide a new perspective on
the involvement of various non-coding RNAs in
the development and progression of ESCC.

Methods and materials
Cell culture

SHEE and SHEEC cells were grown at 37°C
under a humidified atmosphere of 5% CO, in
minimum essential medium (MEM, Gibco,
Thermo Fisher Scientific, Waltham, USA) con-
taining 10% (v/v) fetal bovine serum, 100 ug/
mL streptomycin and 100 pg/mL penicillin.
Once the cells formed a full monolayer, they
were harvested and immediately stored at
-70°C until use.

Total RNA isolation

Total RNA extraction was conducted using a
TRK-1001 Total RNA Purification Kit (LC Sci-
ences, Houston, USA) according to the manu-
facturer’s instructions. The concentration of
the obtained RNA was measured on a Nano-
Drop ND-2000 UV-Vis Spectrometer (Thermo
Fisher Scientific, Waltham, USA). RNA integrity
was analyzed using an Agilent Bioanalyzer
2100 (Agilent Technologies, Santa Clara, USA).

cDNA library construction and high-throughput
sequencing

For cDNA library construction, roughly 3 pg of

the extracted total RNA was used. Depletion of
ribosomal RNA was conducted by using the
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Human/Mouse/Rat Ribo-Zero rRNA Removal
Kit (Epicentre, Madison, USA) according to the
manufacturer’s protocol. Next, fragmentation
of the poly(A)- or poly(A)+RNA fractions was per-
formed using divalent cations at elevated tem-
peratures. The resultant RNA fragments were
reverse-transcribed using the First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, USA) and the cDNA libraries were
constructed following the dUTP method as
described previously [13]. The average insert
size of the paired-end libraries was 300 + 50
bp. RNA libraries were then sequenced on the
Illumina HiSeq 2500 platform with 125-bp pai-
red-end reads.

Detection and annotation of circRNAs

Detection of circRNA was performed based
on a previously described protocol with minor
modifications [14]. Sequence information of
the human reference genome hg19 (Feb 2009,
GRCh37) was obtained from the GENCODE
project (http://www.gencodegenes.org/) and
used for all subsequent analysis. Raw RNA-seq
reads were mapped using Bowtie2 (version
2.1.0) [15]. First, the reads that were not map-
ped to any rRNA were retained for genome
mapping. Subsequent refinement and analysis
of the non-rRNA reads was performed based
on a computational pipeline called find_circ,
developed by Memczak et al. for detecting and
identifying circular RNAs [14]. Briefly, all remain-
ing reads that mapped to the genome by align-
ing the whole read without any trimming (end-
to-end mode) were neglected. Reads not map-
ping continuously to the genome were used for
circRNA candidate detection. In the next step,
the 20-nucleotide sequences derived from bo-
th ends of each retained read, also known as
anchors, were re-aligned independently to the
genome. The anchor alighments were subse-
quently extended to span each corresponding
full read sequence. The order in which both ter-
minal anchors of each read aligned to the ge-
nome was used to identify potential circRNA
candidates. Specifically, if the two anchors
aligned consecutively to the genome but in a
reverse orientation, it would signify a head-to-
tail splicing event characteristic of a circRNA.
Conversely, sequential anchor alignment in the
same orientation denoted a linear splicing ev-
ent. A read was considered to contain a puta-
tive circRNA if it met the following screening
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criteria, including 1) the presence of at least
two independent reads as evidence for a head-
to-tail splice junction, 2) the presence of splice
sites separated by a sequence that contains no
more than 100 kilobases and is flanked by the
GT/AG signal, 3) the detection of unambiguous
breakpoints located no more than two nucleo-
tides inside the anchor alignment, 4) the detec-
tion of no more than two mismatches within the
extended anchor alighments, 5) a difference
greater than 35 between the Bowtie2-calcu-
lated alignment score of the best and that of
the second best anchor alignment.

Annotation of all identified circRNAs and the
prediction of their exon-intron structures were
performed based on a previously described
method [14]. Known introns in circRNAs were
assumed to be spliced out. Each circRNA was
assigned to a gene structure category if it
overlaps fully or partially with the respective
features.

Validation of circRNA by gRT-PCR

A pair of divergent primers were designed for
each putative circRNA candidate and used to
amplify both genomic DNA and cDNA. First-
strand cDNA synthesis was performed using
Superscript Il Reverse Transcriptase (Invitro-
gen, Carlsbad, USA) based on the manufactur-
er's instructions with minor modifications. Bri-
efly, the reverse transcription mixture, consist-
ing of 1-2 ug of the RNA and 2 uL of the reverse
transcriptase, was incubated sequentially at
42°C for 50 min, 46°C for 10 min and then
75°C for 15 min. Subsequently, the RNA tem-
plates were digested by RNase H at 37°C for
20 min, followed by the inactivation of the
enzyme at 65°C for 10 min. The resultant cDNA
was then used as template for real-time PCR
amplification of each circRNA candidate.
Specifically, each PCR reaction mixture was set
up to contain 30 ng cDNA sample, 5 uM of each
primer and 1 x SYBR R Green PCR Master Mix
(Thermo Fisher Scientific, Waltham, USA) in
nuclease-free sterile water. PCR amplification
was performed in the Applied Biosystems 7900
HT Fast Real-Time PCR System (Thermo Fisher
Scientific, Waltham, USA) according to manu-
facturer’s recommended protocol with optimi-
zations. Meanwhile, convergent primers were
used in similar PCR reactions to amplify the
reference glyceraldehyde 3-phosphate dehy-
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Figure 1. Genomic distribution of the detected SHEEC (A) and SHEE (B) circRNAs. Exonic, intronic and intergenic

circRNAs are colored in red, green and blue, respectively.

drogenase (GAPDH) gene and the linear tran-
scripts. Ct values were converted to fold chan-
ges in RNA expression. A complete list of prim-
ers used in this study was provided in Table S1.

Statistical analysis

The back-spliced junction reads and linear
mapped reads were combined and scaled to
reads per million mapped reads (RPM) to qu-
antify circRNA expression levels. All gqRT-PCR
amplifications were performed in triplicate. Dif-
ferences in circRNA expression levels between
SHEEC and SHEE cell lines were analyzed using
the student’s t-test. P < 0.05 was considered
statistically significant.

Result

We have previously reported a comparative
analysis on the transcriptional changes that
occurred between SHEEC and SHEE cell lines
by a combination of high-throughput RNA se-
quencing and microarray [16]. The obtained
sequencing data, which contained a total of
166 million valid reads derived from ribosomal
RNA-depleted total RNA of both cell lines, were
analyzed using python scripts [14] to identify
putative circRNA candidates. Roughly 79.5%
of all valid reads were mapped to the human
GRCh38 genome (available at http://www.
gencodegenes.org/releases/21.html), of which
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68.5% were identified as unique linear map-
ping. The unmapped reads were then re-ali-
gned, from which we found 685988 and 33-
2722 reads from SHEEC and SHEE cell lines,
respectively, to span back-spliced junctions,
representing a combined 0.61% of all valid re-
ads. With de novo assembly of the circular RNA
transcripts, we identified 9867 putative cir-
cRNA candidates from the SHEEC genome wi-
th at least one back-spliced junction read, and
748 from that of SHEE. In addition, a total of
367 circRNAs were detected in both genomes.
The identified circRNAs mentioned above were
edited from a total of 4057 host genes encod-
ed in the SHEEC genome and 647 in the SHEE
genome, which was consistent with the notion
that a single gene locus can give rise to multi-
ple circRNAs at different back-splice sites [17].

An examination of the genomic origins of the
identified circRNAs revealed that around 70.28
% of those found in SHEEC cells were derived
from protein-coding exons. In comparison, ap-
proximately 25.71% of all SHEEC circRNAs sh-
owed alignment with introns and the remain-
ing 4.01% were intergenic. On the other hand,
78.02%, 2.88% and 19.01% of all SHEE cir-
cRNAs were of exonic, intergenic and intronic
origins, respectively (Figure 1).

We then compared the expression levels of
all circRNAs candidates between SHEEC and
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Figure 2. GO enrichment analysis of the differentially expressed circRNA candidates between SHEEC and SHEE
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Figure 3. KEGG enrichment analysis of the differentially expressed circRNA candidates. Enrichment scores are

graphed on a logarithmic scale.

SHEE cells. Using CuffDiff [18], a total of 12- and a minimum of two-fold change between the
58 differentially expressed circRNA candidates two cell lines. Among these circRNAs, 813 and
were identified based on the criteria of P < 0.05 445 were found to be up-regulated and down-
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regulated in SHEEC cells, respectively, in com-
parison to SHEE cells. Notably, 776 circRNAs
were detected in SHEEC but not in SHEE cells,
leading to infinite fold-change values. Because
of this, these circRNAs were further arranged
based on their expression levels in SHEEC cells,
as indicated by the SHEEC values (Table S2).
Similarly, 370 circRNAs were only found in
SHEE cells and thus ranked according their
expression levels. The results showed the top
five most up-regulated circRNAs to be ciRNA11,
circRNA904, circRNA3594, ciRNA101 and cir-
cRNA1241. Meanwhile, the top five most down-
regulated candidates were circRNA9864, circ-
RNA9650, circRNA9865, circRNA9671 and circ-
RNA9930.
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Figure 4. Construction of
the circRNA-miRNA inter-
action network.

We subsequently performed GO and KEGG an-
alyses on all differentially expressed circRNA
candidates according to their coding genes
using Web Gestalt [19]. The predicted GO func-
tions were classified into three subcategories,
namely biological process, cellular component
as well as molecular function, and ranked ac-
cording to the number of related genes (Figure
2, Table S3). Based on the results, the main
dysregulated pathways that could be meaning-
fully interpreted included the ones implicated in
the regulation of gene transcription, cell prolif-
eration, metabolism and apoptosis. Meanwhile,
KEGG analysis of the identified circRNA candi-
dates revealed a wide variety of pathways relat-
ed to proteostasis, cell cycle, as well as amino
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Figure 5. CircRNA-miRNA network
showing the interactions between all
the circRNAs putatively involved in the
PI3K/Akt signaling pathway and their
miRNA targets.
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Figure 6. qRT-PCR validation of the 26 most up-regulated and the six most down-regulated circRNAs. In each in-
stance, the fold enrichment score was calculated as a ratio of the expression level of the circRNA candidate in
SHEEC cells to that in SHEE cells and graphed on a logarithmic scale. Data obtained by gRT-PCR and RNA sequenc-
ing were illustrated in the form of red and blue columns, respectively.

acid biosynthesis and metabolism (Figure 3, cell-cell and cell-extracellular matrix interac-
Table S4). In addition, several pathways with tions (focal adhesion, adherens junction and
significant enrichment scores were involved in tight junction), which are known to play crucial
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roles in modulating cell differentiation, migra-
tion and proliferation. Particularly, two of the
enriched pathways, the Hippo pathway and the
5’-adenosine monophosphate-activated prote-
in kinase pathway, were frequently implicated
in cancer development.

The constructed circRNA-miRNA interaction ne-
twork (Figure 4 and Table S5) comprised 979
circRNAs, 85 miRNAs and 3473 associations.
In addition, we specifically created an interac-
tion network based on all aberrantly express-
ed circRNAs involved in the phosphoinositide
3-kinase (PI3K)/Akt signaling pathway, based
on our previous finding that it was one of the
most significantly enriched pathways in the
competing endogenous RNA network generat-
ed from SHEE and SHEEC cells [16]. Cytosca-
pe analysis indicated that circRNA9953-PKN2,
CircRNA3706-LAMA3, circRNA5431-PRKAAL,
circRNA7681-FN1, circRNA8507-LAMC2, circ-
RNA3703-LAMA3, circRNA3341-HSPOOAAL, ci-
rcRNA4628-EGFR, circRNA7574-ITGAG, circR-
NA7683-FN1 and circRNA8506-LAMC1 con-
tained more than 4 nodes. In particular, circ-
RNA9953-PKN2 could potentially interact with
18 miRNA targets (Figure 5).

Based on the abovementioned analysis resu-
Its, we experimentally verified the expression
levels of the 26 most up-regulated and the six
most down-regulated circRNAs in SHEEC and
SHEE cells by qRT-PCR. As depicted in Figure 6,
27 of all the tested circRNA candidates exhibit-
ed consistent dysregulation patterns as shown
by both qRT-PCR and RNA sequencing. In the
overwhelming majority of these cases, gRT-
PCR showed a higher fold-change compared to
sequencing. However, the two methods contra-
dicted each other on circRNA3341, circ-
RNA378, circRNA4628, circRNA666 and cir-
cRNA9OA4. Taken together, these data lent fur-
ther credence to the validity of our sequencing
and bioinformatics analysis method.

Discussion

To the best of our knowledge, our study pro-
vides the first global circRNA expression profil-
ing of any type of esophageal tumor cells. De-
spite increasing attention and research efforts,
the distribution and molecular roles of circ-
RNAs in tumors remain poorly understood, ev-
en when compared to other classes of non-
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coding RNAs such as miRNAs and IncRNAs.
Bachmayr-Heyda and colleagues reported the
presence of at least 10,758 back-splice junc-
tions supported by two or more reads in their
sequencing of enriched circRNA samples de-
rived from 31 normal and colorectal tumor tis-
sues [10]. The results strongly suggested that
the actual abundance of circRNAs in nonmalig-
nant and cancerous tissues could still have
been greatly underestimated despite the best
enrichment and sequencing efforts. The au-
thors also detected a global reduction in the
quantity ratio of circRNAs to linear transcripts
in tumoral samples compared to their normal
counterparts [10]. In another study, a microar-
ray-based comparative analysis of circRNA pro-
files between laryngeal squamous cell cancer
tissues and their adjacent nonmalignant tis-
sues led to the identification of 698 aberrantly
expressed candidates, of which 302 were up-
regulated and 396 underwent down-regulation
[20]. Similar results were obtained in another
microarray profiling study on bladder carcino-
ma samples, in which a total of 469 dysregu-
lated circRNAs were found [21]. In addition, the
authors showed that one of the most signifi-
cantly up-regulated circRNAs, circTCF25, could
play a stimulatory role in cell migration and
proliferation by acting as a sponge for miR-
103a-3p and miR-107 [21]. In the current stu-
dy, our comparative analysis of the circRNA
expression profiles between SHEE and SHEEC
cells revealed 813 significantly up-regulated
and 445 down-regulated candidates. In total,
we identified 10248 potential circRNA candi-
dates from all qualifying sequencing reads,
which was largely in line with those previously
published studies. Interestingly, our data indi-
cated that there were 13-times more circRNAs
in SHEEC cells compared to SHEE cells. Similar
correlation between the number of circRNAs
and the extent of malignancy has been noted in
Ahmed’s study [22]. Needless to say, the vast
diversity of circRNAs in SHEEC cells and other
cancer tissues could potentially serve as mo-
lecular fingerprints to aid in tumor genotyping
for the development of more tailored treatment
strategies.

It has come to our attention that two research
groups have recently reported differential cir-
cRNA expression profiles in esophageal cancer
cells. Su and colleagues detected a total num-
ber of 3752 circRNAs from a radioresistant
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esophageal squamous cancer cell line KYSE-
150R, from which 57 circRNAs were found to
be up-regulated and 17 down-regulated [23].
On the other hand, Xia et al. described the iden-
tification of hsa_circ_0067934 based on a
comparative analysis of circRNA profiles be-
tween paired ESCC and adjacent normal tis-
sues [24]. Subsequently, the authors confir-
med that in vitro silencing of the circRNA could
inhibit the proliferation and migration of ESCC
cells [24]. Compared to these studies, which
both employed circRNA microarrays, the cur-
rent study adopted the RNA sequencing meth-
od, which could in theory examine the expres-
sion of all circRNAs from the genome. Indeed,
our method identified a significantly greater nu-
mber of aberrantly expressed circRNA candi-
dates in SHEEC cells, which was consistent
with the emerging awareness that the abun-
dance of these non-coding RNA molecules has
been grossly underestimated due to the lack
of suitable detection and analytic tools [10].
On the other hand, our GO and KEGG analysis
have largely echoed the abovementioned stud-
ies by indicating that the differentially express-
ed circRNAs in SHEEC cells could contribute to
malignant development by affecting cell apop-
tosis, differentiation, proliferation and migra-
tion through multiple signaling pathways. Com-
bined with our previous study on the compet-
ing endogenous RNAs in SHEEC cells [16], our
results significantly furthered the understand-
ing of the regulatory roles of different non-cod-
ing RNAs in esophageal cancer. Further studies
would be necessary to determine the exact
downstream miRNA and gene targets of the
circRNAs that we identified.

Like miRNAs and IncRNAs, the realization that
numerous circRNAs exhibit distinct expression
patterns between cancerous and nonmalig-
nant tissues hints at their clinical potential as
diagnostic biomarkers. Indeed, circRNAs pos-
sess several desirable biochemical properties
that render them well-suited for this purpose.
There is substantial evidence indicating that
the covalently circular structure of these RNA
molecules allows them to be much more resis-
tant to RNase R and RNA exonuclease degra-
dation than their linear counterparts [25]. In-
deed, a recent study demonstrated that the
average half-life of circRNAs was significantly
greater than that of mRNAs [26]. Furthermore,
circRNAs are also universally present in high

5177

abundance in cells, and are readily accessible
thanks to the rapid advancement of RNA se-
quencing technologies. Due to these proper-
ties, circRNAs have been suggested as a new
group of diagnostic biomarkers for the early
detection of cancer and other diseases. In this
regard, Shang et al. investigated the global cir-
CcRNA expression profile of hepatocellular car-
cinoma (HCC) tissues and found hsa_circ_
0005075 to be dysregulated [27]. Further sta-
tistical analysis showed a significant correla-
tion between hsa_circ_0005075 expression
and tumor size, hinting at the possibility of its
use in HCC detection [27]. Another potential
application of circRNAs as cancer biomarkers
involves tumor sub-classification. As mention-
ed earlier, the large number and diversity of cir-
cRNAs present in tumoral tissues could be
exploited to distinguish between various can-
cer subtypes on a molecular level. This not only
could provide an objective method for assess-
ing the severity of tumor malignancy, but could
also offer useful guidance in the choice of tar-
geted cancer therapies.

Conclusion

We have provided the first comprehensive an-
alysis of the circRNA expression patterns in
esophageal cancer. Employing a combination
of RNA sequencing and bioinformatics analy-
sis, we identified a large repertoire of dysregu-
lated circRNA candidates in SHEEC cells. The
use of TargetScan and MiRanda enabled us to
determine the potential miRNA targets of the
detected circRNAs. GO and KEGG analyses re-
vealed that the aberrantly expressed circRNAs
were primarily associated with signaling path-
ways governing cell cycle, apoptosis, prolifera-
tion and gene transcription, all of which were
frequently altered as a result of cancer deve-
lopment and progression. qRT-PCR validation
of the expression levels of selected circRNAs
produced results that were largely consistent
with those produced by sequencing, further
supporting the robustness of our method. We
envision that our study could provide the fra-
mework for future research on the molecular
implications of circRNAs in esophageal cancer
and other types of tumors.
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