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Abstract
MicroRNAs (miRs) are post-transcriptional regulators involved in the initiation and progression of many tumors. Recently,
naturally occurring circular RNAs (circRNAs) have been described in eukaryotic cells:;they comprise a new class of gene
regulators. Naturally occurring circular miR sponges, which induce miR loss-of-function, can prevent endogenous onco-
miRs from binding to their cognate mRNA targets. These findings suggest that synthetic (artificial) circular RNAs could be
constructed as therapeutic molecular sponges to suppress harmful onco-miRs. Using enzymatic ligation, we designed and
constructed a circular RNA containing both miR-21 and miR-93 binding sites. The synthetic circular sponge was resistant to
digestion with RNase R. Luciferase assays and functional experiments showed that the circular multi-miR sponge was more
stable than its linear counterpart. Moreover, endogenous miR-21 and miR-93 were inhibited by the circular sponge. In
addition, the synthetic sponge significantly suppressed cellular proliferation and migration while promoting apoptosis in
esophageal carcinoma cells. Finally, in a murine xenograft model, the circular sponge significantly inhibited tumor growth
in vivo. Taken together, these findings establish that the design and construction of efficient artificial miR sponges represent
a novel strategy to achieve miR loss-of-function in molecular cancer therapeutics.

Introduction

MicroRNAs (miRs) comprise a class of small non-coding
RNAs that modulate translational repression or degradation
of messenger RNA (mRNA) molecules by binding to 3’
untranslated regions (UTRs) of target mRNAs containing

miR response elements (MREs) [1]. MiRs have been
extensively implicated in critical biological processes
including proliferation, apoptosis, and differentiation of
cells and tissues; moreover, aberrant miR expression is
closely linked to the initiation and progression of numerous
cancers [2]. Therefore, methods of inhibiting miRs repre-
sent a logical strategy for future molecular anti-tumor
therapeutics.

Currently, artificially induced miR loss-of-function stra-
tegies fall into two main categories: 1) chemically modified
antisense oligonucleotides or 2) miR sponges [3, 4]. MiR
sponges, which have been described heretofore only as
native (naturally occurring) molecules, contain at least one
miR binding site to regulate target mRNA expression by
sequestering cognate miRs [4]. Native miR sponges include
pseudogene RNAs, long non-coding RNAs, viral RNAs,
and other types. Recently, circular RNAs (circRNAs) have
received attention as a type of naturally occurring, endo-
genous miR sponge [5]. CircRNAs are covalently closed
circular structures lacking 5’−3’ polarity or a poly-
adenylated tail and are resistant to exoribonuclease-
mediated degradation, making them more stable than their
linear counterparts [6, 7]. Accumulating evidence
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demonstrates that due to selectively conserved miR binding
sites, a large proportion of circRNAs can function as native
miR sponges, sequestering miRs and thereby relieving the
repression of their downstream cognate target mRNAs [5,
8]. Thus far, synthetic miR sponges have consisted exclu-
sively of linear RNA transcripts containing multiple tandem
miR-complementary sequences transcribed from a strong
promoter in viral or non-viral gene vectors [9, 10]. Recent
explorations of native circRNAs suggest that artificially
engineered synthetic miR sponges comprise a promising
new molecular strategy for achieving RNA interference
therapy.

Esophageal carcinoma (EC) is one of the most common
human malignant tumors, being seventh in incidence and
sixth in cancer-related mortality worldwide [11]. Like many
other tumors, EC is a multifactorial disease, involving
diverse environmental and genetic factors [12, 13]. In the
last decade, several miRs have been found to be dysregu-
lated in EC and to participate in EC initiation and

progression [14]. MiR-21, one of most well-characterized
such miRs, is highly expressed in most cancers including
EC [15] and considered an oncomiR, since it is associated
with cellular proliferation, apoptosis, migration and pro-
gression by targeting key tumor suppressor genes, including
programmed cell death 4 (PDCD4) [16] and phosphatase
and tensin homolog (PTEN) [17]. We previously reported
that another oncomiR, miR-93, is overexpressed in EC cells
and associated with increased cell proliferation, cycle pro-
gression and in vivo tumorigenesis [18]. Therefore, we
chose miR-21 and miR-93 as synthetic circRNA targets in a
novel molecular therapeutic strategy against EC.

In this study, we designed and constructed a circular
RNA simultaneously containing both miR-21 and miR-93
binding sites. Competitive inhibition of miR-21 and miR-93
activity showed that the synthetic circular RNA functioned
as a miR sponge, significantly sequestering endogenous
miR-21 and miR-93. Moreover, functional assays demon-
strated that the synthetic circular multi-miR sponge

Fig. 1 Workflow for producing a synthetic circular multi-miR sponge
against miR-21 and miR-93. First, two DNA oligonucleotides were
designed. Sense strand contains two repeated miR-21 complementary
sequence (CS) and one miR-93 CS, respectively. Antisense strand
contains two miR-93 complete sequence. Yellow lines stand for a short
spacer with 4-nucleotide residues (“CCAA”). Brown lines represent
nucleotide region space to help to hybridize to one another after heat
denaturation. After one-cycle PCR reaction, generated double-stranded
DNA containing two miR-21 binding site and three miR-93 binding

site was cloned into pCR 2.1-TOPO TA vector (Invitrogen). Then,
BamH1 enzyme was used to cut TOPO vector and T7 RNA poly-
merase was utilized to produce abundant linear RNAs with multi-miR
binding sites. The start of transcription site is GGG of T7 promoter.
Next, Calf intestinal phosphatase dephosphorylates the 5’ terminal of
the single linear RNA transcript, and T4 polynucleotide kinase gen-
erates a 5’ phosphorylation suitable for ligation. Incubation with T4
RNA ligase 1 results in RNA circularization. Red arrow indicates
junction site of circular multi-miR sponge
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inhibited proliferation and migration while promoting
apoptosis in EC cells. In conclusion, we have developed a
novel molecular strategy to inhibit oncogenic miRs based
on the construction of a synthetic circRNA as a miR
sponge.

Materials and Methods

Design of circular sponge

First, two sense and antisense DNA oligonucleotides con-
taining miR-21 and miR-93 binding sites were designed to
produce linear RNA molecules prior to synthesis of circular
RNA. The DNA oligonucleotides were designed to contain
2 repeated miR-21 binding sites and 3 repeated miR-93
binding sites perfectly complementary to miR-21 and miR-
93, respectively. To establish enough dimensionality for
miR-21 and miR-93 binding, adjacent miR binding sites
were separated by a spacer using 4-nucleotide residues
(“CCAA”). In addition, each oligonucleotide contained a
21-nucleotide region at its respective 3’ end that allowed it
to hybridize to the other oligonucleotide after heat dena-
turation. The sequences of the two oligonucleotides were
5’-ATCAACATCAGTCTGATAAGCTACCAATCAAC
ATCAGTCTGATAAGCTACCAACTACCTGCACGAAC
AGCACTTTGTAGATAAATGAAGA-3’ (sense) and 5’-
ACAAAGTGCTGTTCGTGCAGGTAGCCAACAAAGT
GCTGTTCGTGCAGGTAGTCTTCATTTATCTACAAA
GTG-3’ (antisense). Next, the designed DNA oligonucleo-
tides were ordered (IDT, Inc., city state) for subsequent
synthesis. As a control, we designed scrambled of miR
binding sites. The sequence of the scrambled miR site was
5’-ACTTAGTGTCTATGCGTATGT-3’.

Synthesis of circular sponge

Synthesis is illustrated schematically in Fig. 1. First, a
one-cycle PCR with parameters of 95 degrees x 30 s, 65
degrees x 30 s, and 72 degrees x 1 minute was performed
using a 25 ng of the designed sense or antisense
DNA oligonucleotide to generate double-stranded DNA,
which was then cloned into pCR 2.1-TOPO TA vector
(Invitrogen, Carlsbad CA). After Sanger sequencing,
TOPO vector containing the correctly orientated
sequence was chosen and digested with BamHI
enzyme (New England Biolabs, Inc., Ipswich, MA) and
purified by QIAprep® Spin Miniprep Kit (Qiagen, Hilden,
Germany). Subsequently, we used T7 RNA polymerase
according to HiScribeTM T7 High Yield RNA Synthesis
Kits’ instructions (New England Biolabs, Inc.,
Ipswich, MA) to produce abundant linear RNAs con-
taining multiple miR binding sites, which were then

cleaned up by RNeasy® MinElute® Cleanup Kits (Qiagen).
Next, we needed to circularize this single-stranded
linear RNA. The linear RNA was first treated with calf
intestinal alkaline phosphatase (New England Biolabs) to
nonspecifically catalyze the dephosphorylation of 5’
and 3’ of RNA phosphomonoesters, followed by incu-
bation with T4 polynucleotide kinase (New England
Biolabs) to provide 5’ phosphorylation for the subsequent
ligation reaction. Finally, the linear RNA was circularized
with T4 RNA ligase 1 (New England Biolabs). After
each step of the cyclization process, purification of pro-
ducts was performed. Synthetic circular sponge con-
centration was measured by ND-1000 V3.3.0 software;
the sponge was then stored at −80 °C for subsequent
experiments. Scrambled circular RNA was synthesized
similarly.

Reverse transcription-polymerase chain reaction
(RT-PCR) and Sanger sequencing

To verify the closed-loop structure of the synthetic circular
multi-miR sponge, reverse-transcribed cDNA was amplified
by TopTaq Master Mix kit (Qiagen) using divergent or
convergent primers. Next, Sanger sequencing was per-
formed on PCR products generated with divergent primers
to confirm the end-to-end ligation junction regions. Primers
were as follows: divergent, 5′-AGCACACTGGCGGC
CGTTAC-3′ (sense) and 5′-ATATCCATCACACTGGC
GG-3′ (antisense), Convergent, 5′-AATTGGGCCCTCTA
GATGCA-3′ (sense) and 5′-ACTAGTAACGGCCGCCA
GTG-3′ (antisense).

RNase R treatment

The circular multi-miR sponge and its linear counterpart
were treated with 2U/ug RNase R (Epicentre Biotechnolo-
gies) or non-enzyme control buffer at 37 °C for 30 minutes.
After purification with QIAprep Spin Miniprep kits (Qia-
gen), RNA samples were analyzed by 1.0% TAE-agarose
gel electrophoresis.

Cell culture

Human EC cell lines (SKGT4, OE33, and FLO-1) were
obtained from Sigma-Aldrich. Normal esophageal epithelial
cells (HEEPiC) was obtained from ScienCell Research
Laboratories. The cell lines were identified by PCR-
amplified short tandem repeat analysis. Human EC cell
line JHEso-Ad1 was a gift from Johns Hopkins University
School of Medicine. EC cell lines were cultured in DMEM
medium (Gibco) supplemented with 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin-streptomycin
(Gibco). HEEPiC was cultured in EpiCM-2 medium
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(#4121, ScienCell). All cells were incubated at 37 °C with
5% CO2.

Transfection of circular sponges

SKGT4 and OE33 cell lines were seeded at a density of
2.0 × 105 /well in 6-well plates prior to transfection. Then,
circular multi-miR sponge (circ-21–93) or scrambled cir-
cular RNA (circ-scr) at a concentration of 5 nM were
transfected into cells using lipofectamine RNAiMax (Invi-
trogen) according the manufacturer’s instructions. After
incubation for 24 h, cells were collected for subsequent
functional experiments.

Quantitative real-time PCR

qRT-PCR was utilized to measure expression levels of miR-
21 and miR-93. Total RNA from EC cell lines SKGT4,
OE33, JHEso-Ad1, FLO-1 and normal esophageal epithe-
lial cells (HEEPiC) were extracted using TRIzol reagent
(Ambion) and reverse-transcribed. Subsequently, cDNA
samples were amplified using TaqMan MicroRNA Assays
(Applied Biosystems, Foster City, CA) on an ABI 7900HT
Fast Real-Time PCR system. Expression levels were
defined based on the threshold cycle (Ct) and calculated
using the 2−ΔΔCt formula. RNU6B was used as a
reference gene.

To measure mRNA expression levels, total RNAs from
SKGT4 and OE33 cells transfected with circ-21–93 or
circ-scr were extracted as described above. After reverse
transcription, cDNA was generated and amplified using
SYBR PrimeScript™ (Bio-Rad, Hercules, CA). Ct value
was normalized to GAPDH expression. Primer sequences
were: PTEN, 5′-ACTTGAAGGCGTATACAGGAACA-
3′ (sense) and 5′-CACCAGTTCGTCCCTTTCCA-3′
(antisense); PDCD4, 5′-GTCCCTTTGGAAGTCTTC
TACC-3′ (sense) and 5′-TTCTACAAACCGCTCCAG
CA-3′ (antisense); TGFβR2, 5′-GGAAGATGCTGCTT
CTCCAAAG-3′ (sense) and 5′-GAGGCTGATGCC
TGTCACTT-3′ (antisense); GAPDH, 5′-GGTATCGTG
GAAGGACTCATGAC-3′ (sense) and 5′-ATGCCAGT
GAGCTTCCCGTTCAG-3′ (antisense).

Stability assays

To evaluate the stability of this circular multi-miR sponge, we
transfected the circular sponge (circ-21–93) or its counterpart
linear RNA (lin-21–93) into SKGT4 cells. Cells were har-
vested at various time points (1, 6, 12, 24 h) after transfection
and subjected to qRT-PCR to measure circ- or lin-21–93
expression. Levels of circ-21–93 or lin-21–93 at 6, 12, 24 h
post-transfection were normalized to their respective expres-
sion levels at 1 h. GAPDH was used as a reference gene.

Dual-Glo luciferase assays

First, we successfully constructed pmirGLO Dual-
Luciferase vector (Promega, Madison, WI) containing
miR-21 or miR-93 target sequences by inserting either miR-
21 or miR-93 binding sites using PmeI and XbaI restriction
enzymes (New England Biolabs). Next, 1.0 × 104 cells/well
of SKGT4 and OE33 were seeded in 96-well plates and co-
transfected with different concentrations (2, 3, 5 nM) of
either circ-21–93 or circ-scr and 80 ng pmirGLO miR-21 /
miR-93 target site vector. 24 h after transfection, cells were
analyzed for Firefly luciferase activity using the Dual-Glo®

Luciferase Assay Kit (Promega) and VICTOR2 fluorometry
(Perkin Elmer, Waltham, MA) and normalized to Renilla
luciferase activity.

Cell proliferation assays

Cells were harvested 24 h after transfection and then re-
seeded into 96-well plates at a final density of 1.0 × 103

/well. At incubation times of 0, 1, 3, and 5 days, 10 ul of
WST-1 reagent (Roche) was added to each well and cells
were incubated for an additional 2 h, after which optical
density (OD) values of treated cells were detected on a
microplate reader (Molecular Devices, Sunnyvale,
CA, USA).

Cell colony assays

For colony assays, 1.0 × 103 cells per well were seeded in 6-
well plates. After 10 days of incubation, the plates were
washed twice with PBS and dyed with Diff-Quik Fixative,
Diff-Quik Solution I and Diff-Quik Solution II (Dade
Behring Inc, Newark, DE) for 10 minutes successively at
room temperature. The numbers of colonies formed were
assessed using Image J software.

Cell scratch assays

Transfected cells were incubated for 24 h to grow into a
monolayer. A 200 μl filter tip was used to draw a straight
line to create a wound area, then incubation was continued
for 48 h. The extent of wound healing was observed and
photographed under a microscope at 0, 24, 48 h. Finally,
scratch healing rate was analyzed using Image J software.

Cell apoptosis assays

FITC Annexin V/ Dead Cell Apoptosis Kits (Invitrogen)
were used to measure apoptosis. After incubation for 24 h,
transfected cells were collected and washed twice with cold
PBS. Then, 100 μL of 1 × annexin-binding buffer was
added to resuspend cells, followed by the addition of 5 μL
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of FITC annexin V and I μl of 100 μg/mL PI working
solution. Subsequently, following 15 min incubation, flow
cytometry was used to analyze the stained cells after adding
400 μL of 1 × annexin-binding buffer.

Immunofluorescence staining

Cells were seeded in Chamber Slide (Nunc, Inc., Naperville,
IL) and transfected with either circ-scr or circ-21–93. After
24 h, cells were fixed in acetone and blocked with 5% normal
goat serum at room temperature for 1 h. Then cells were
stained with primary antibodies and secondary antibodies in

sequence. Primary antibodies used were rabbit anti cleaved
caspase-3 (1:400; #9661, Cell Signaling Technology). Sec-
ondary antibodies were AlexaFluor 568 goat anti-rabbit IgG
(1:500; A-11036, Invitrogen). Next, nuclei were counter-
stained with Hoechst 33342 (Thermo-Fisher Scientific).

Murine xenograft model

Four 5- to 6-week-old athymic female nude mice were pur-
chased from Charles River (Wilmington, MA), under a pro-
tocol approved by the Johns Hopkins University Animal Care
and Use Committee (Protocol Number: M019M07). 2.0 × 106

Fig. 2 Verification of artificial circular multi-miR sponge. A Sche-
matic diagram of annealing sites of convergent and divergent primer
sets for the artificial circular multi-miR sponge. Red lines represent
repeated miR-21 complementary sequences. Green lines represent
repeated miR-93 complementary sequences. Blue arrows indicate
head-to-tail junctions. B Results of RT-PCR of linear multi-miR
sponge (lin-21-93) and circular multi-miR sponge (circ-21-93) using
convergent (‘Con’) or divergent primers (‘Div’). PCR products
amplified from divergent primers contained the end-to-end ligation

junction regions. C The head-to-tail junction of circ-21-93 was con-
firmed by Sanger sequencing of divergent RT-PCR products. Blue
arrows indicate end-to-end ligation junction regions. D Stabilities of
lin-21-93 and circ-21-93 were assessed by RNase R. Circ-21-93 was
more resistant to RNase R digestion than its linear counterpart, lin-21-
93. E qRT-PCR was performed to further evaluate stabilities of circ-
21-93 and lin-21-93 at various digestion time points. Fold changes of
circ-21-93 and lin-21-93 were normalized to their respective Ct values
at 1 h. *p < 0.05
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SKGT4 cells transfected with either circ-scr or circ-21–93
were resuspended in 200 μl of injection solution (PBS:
Matrigel= 1:1) and injected subcutaneously into dorsal flanks
of nude mice. Each mouse carried two explants, one with circ-
21–93 and one with circ-scr treatment. Tumor growth was
monitored after one week by measuring tumor sizes three
times in one week. Length (L) and width (W) of each mouse
were measured with calipers, and tumor volumes were cal-
culated using the formula V= (W2 × L)/2. Four weeks after
injection, mice were euthanized.

Statistical analyses

Means ± SEM were displayed as representative values for
data in figures. Discrepancies among group variables were
analyzed by Student’s unpaired/paired t-test. SPSS 20.0 was
used for all statistical analyses and p < 0.05 was defined as a
statistical significance cutoff. All experiments were repeated
at least three times.

Results

Construction and verification of artificial circular
multi-miR sponge

Figure 1 depicts the biosynthesis of the circular multi-miR
sponge. After synthesis, RT-PCR and Sanger sequencing
were used to verify correct construction of the sponge. PCR
products amplified from divergent primers spanned the end-
to-end ligation junction regions, while PCR products from
convergent primers contained 2 repeated miR-21 binding
sites and 3 repeated miR-93 binding sites (Fig. 2A). RT-
PCR results showed that both the circular multi-miR sponge
(circ-21–93) and its linear counterpart (lin-21–93) yielded
expected products when using convergent primers; how-
ever, divergent primers generated the expected products
only from circ-21–93 (Fig. 2B). Moreover, Sanger
sequencing of the divergent primer product confirmed the

correct end-to-end ligation junction region sequence of circ-
21–93 (Fig. 2C). In addition, circ-21–93 was treated with
RNase R to test its stability, with lin-21–93 serving as a
control for. Results showed that circ-21–93 was resistant to
digestion by RNase R vs. lin-21–93 (Fig. 2D). Next, we
transfected circ-21–93 or lin-21–93 into SKGT4 cells to
further evaluate the stability of circ-21–93. Results revealed
that relative to lin-21–93, circ-21–93 levels in SKGT4 cells
were more abundant at various time points post-
transfection. Moreover, at 6 h, circ-21–93 levels escalated
more quickly than did lin-21–93 levels, while degradation
of circ-21–93 during the next 6 h was slower compared to
lin-21–93 (Fig. 2E). Taken together, these findings establish
that circ-21–93 was successfully and accurately synthesized
as well as more stable than its linear RNA counterpart.

Expression levels of miR-21 and miR-93 in EC cells

Native miR-21 and miR-93 expression levels were first
measured by qRT-PCR to define the best natural model
system for functional assays in EC and normal esophageal
cells. Relative to normal esophageal cell HEEPiC, levels of
miR-21 were significantly higher in SKGT4, JHEso-Ad1
and OE33 EC cell lines, but lower in FLO-1 cancer cells.
Levels of miR-21 were highest in SKGT4 cells, 7-fold
levels in HEEPiC (Fig. 3A). Levels of miR-93 were higher
in all 4 EC cell lines than that in HEEPiC cells, with the
highest level seen in OE33, more than four-fold higher than
in HEEPiC (Fig. 3B). For this reason, SKGT4 and OE33
EC cell lines were chosen for subsequent experiments.

Biologic effects of synthetic circular multi-miR
sponge in vitro

To examine biologic effects of the circular multi-miR sponge
against miR-21 and miR-93, luciferase reporter assays were
conducted after co-transfection of of SKGT4 and OE33 cells
with either circ-21–93 or circ-scr plus a luciferase reporter
construct, pmirGLO, containing either the miR-21 (Luc21) or

Fig. 3 Expression levels of miR-21 and miR-93 in EC cells. A Expression levels of miR-21 in esophagus cancer cells vs. the immortalized normal
esophagus cell line, HEEPiC. B Expression levels of miR-93 in esophagus cancer cells vs. HEEPiC. **p < 0.01; ***p < 0.001
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the miR-93 target site (Luc93). If our synthetic circular RNA
worked successfully, we expected it to counteract the inhi-
bitory effects of native miR-21 and miR-93 on their target
sites, Thus, we predicted that circ-21–93 should de-repress the
luciferase reporter vector by competitively binding to and
removing miR-21 and miR-93 from the vector.

This was indeed what we found: results are shown in Fig. 4.
In SKGT4 cells, luciferase activity of cells transfected with
circ-21–93 was significantly higher than in cells transfected
with the scrambled control circ-scr, regardless of whether the
luciferase reporter vector contained the miR-21 binding site
(Luc21, Fig. 4A) or the miR-93 binding site (Luc93, Fig. 4B).
Moreover, this effect was also dose-dependent: as the con-
centration of circ-21–93 increased, this stimulatory effect on
luciferase activity became stronger, in contrast to the circ-scr
control, with maximal effect at the highest concentration of 5
nM (Fig. 4A, B). Similar effects were observed in OE33 cells,
with luciferase increasing by 3-fold and 5-fold for Luc21 and
Luc93 at a concentration of 5 nM, respectively (Fig. 4C, D).
For this reason, the 5 nM concentration of circ-21–93 was
used for subsequent functional studies.

The synthetic circular multi-miR sponge inhibits
proliferation and migration while promoting
apoptosis in EC cells

First, cellular proliferation after treatment with circ-21–93
was assessed by WST-1 assays. Results showed that cells
transfected with circ-21–93 significantly decreased pro-
liferation of SKGT4 cells at days 3 and 5 relative to circ-scr

(p= 0.0272 and 0.0093, Fig. 5A); similar results were seen
in OE33 cells at day 5 (p= 0.0109, Fig. 5B). Next, colony-
forming capacity was effectively inhibited by circ-21-93
relative to circ-scr in both SKGT4 and OE33 (p < 0.01 and
p < 0.05, Fig. 5C, D). Moreover, cell migration was also
inhibited by circ-21-93. Specifically, scratch assays
revealed that treatment with circ-21-93 caused substantial
reductions in cell migration at 24 and 48 h relative to circ-
scr in SKGT4 cells (p < 0.05 and p < 0.01, Fig. 5E, F).
Finally, we evaluated the effect of the synthetic circular
multi-miR sponge on apoptosis quantitively and qualita-
tively. Flow cytometry showed that SKGT4 cells trans-
fected with circ-21-93 exhibited significantly greater
apoptosis than did cells treated with circ-scr (p < 0.05,
Fig. 5G, both panels). Results of immunofluorescence
staining showed that levels of cleaved caspase-3 were
higher in both SKGT4 and OE33 cells treated with circ-21-
93 than in cells treated with circ-scr, proving that circ-21-93
induced increased apoptosis (Fig. 6).

Synthetic circular multi-miR sponge alters
downstream target mRNA expression

As onco-miRs, miR-21 and miR-93 mediate at least some
of their effects by binding to target tumor suppressor gene
transcripts. Previous research has verified three well-known
tumor suppressor genes, PTEN, PDCD4 and TGFβR2, as
major targets of both miR-21 and miR-93 [19–23]. We
predicted that messenger RNA levels of these targets, which
are downregulated by miR-21 and miR-93, would be

Fig. 4 Effectiveness of synthetic
circular multi-miR sponge.
A, B, SKGT4 cells co-
transfected with different
concentrations (2, 3, 5 nM) of
either circ-scr or circ-21-93 and
80 ng luciferase vector
containing miR-21 target site
(Luc21) or miR-93 target site
(Luc93). C, D In OE33 cells,
different concentration (2, 3, 5
nM) of circ-scr / circ-21-93 and
either Luc21 or Luc93 were co-
transfected into cells. Firefly
luciferase activity was
normalized to that of Renilla
luciferase. *p < 0.05; **p < 0.01;
***p < 0.001
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Fig. 5 Synthetic circular multi-miR sponge inhibits proliferation and
migration but promotes apoptosis of EC cells in vitro. A, B Results of
WST-1 assay for proliferation after transfection with either circ-scr or
circ-21-93. Inhibition of proliferation by binding of endogenous miR-
21 and miR-93 in SKGT4 cell lines at day 3 and day 5 (P= 0.0272
and 0.0093, respectively). In OE33 cells, circ-21-93 significantly
inhibited proliferation at day 5 relative to circ-scr (P= 0.0109).
C, D Representative images and quantification results of colony for-
mation. Cells transfected with circ-21-93 showed lower colony

numbers in both SKGT4 and OE33 cell lines. E Representative images
of scratch assays in SKGT4 cells transfected with either circ-scr or
circ-21-93. F Line chart depicting scratch healing rates of SKGT4 cells
after transfection of circ-21-93. At 24 and 48 h, SKGT4 wound closure
in the circ-21-93 group was significantly lower than in the circ-scr
group (P= 0.0306 and 0.0086, respectively). G Representative images
and quantification results of flow cytometry to evaluate apoptosis
induction by circ-21-93 in SKGT4 cells. *p < 0.05; **p < 0.01
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Fig. 6 Immunofluorescence staining of cleaved caspase-3 in EC cells.
A, B Representative images and quantification results of SKGT4 cells
transfected with circ-scr or circ-21-93. Relative to circ-scr, circ-21-93
induced significantly higher levels of cleaved caspase-3 (P= 0.0362).

C, D Representative images and quantification results of OE33 cells
treated with either circ-scr or circ-21-93. Cleaved caspase-3 positive
cells comprise a significantly higher proportion in circ-21-93- vs. circ-
scr-treated cells (P= 0.0224). *p < 0.05

Fig. 7 Expression levels of tumor suppressor genes targeted by miR-
21 and miR-93. A–C In SKGT4 cells, mRNA expression levels of
PTEN, PDCD4 and TGFβR2 in circ-21-93 vs. circ-scr at 8 and 24 h.

D–F After transfecting circ-21-93 or circ-scr into OE33 cells, mRNA
levels of PTEN, PDCD4 and TGFβR2 were measured by qRT-PCR at
8 and 24 h, respectively. *p < 0.05; **p < 0.01
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increased due to sequestration of miRs by our circular
multi-miR sponge. Therefore, we measured expression
levels of these tumor suppressor genes after transfection
with circ-21-93 or a scrambled control (circ-scr) in SKGT4
and OE33 cells. Results showed that at 8 h after transfec-
tion, other than a slight change in PTEN expression induced
by circ-21-93 in OE33 cells, these target mRNA expression
levels were not altered. However, at 24 h after circ-21-93
transfection, PTEN, PDCD4 and TGFβR2 mRNA expres-
sion were significantly upregulated relative to circ-scr in
SKGT4 cells (Fig. 7), establishing that circ-21-93 exerts
functional activity against miR-21 and miR-93 via their
downstream target tumor suppressor genes.

The synthetic circular multi-miR sponge suppresses
xenografted tumor growth in vivo

To establish the therapeutic potential of synthetic our cir-
cular multi-miR sponge in vivo, we injected SKGT4 cells
containing circ-21-93 or circ-scr subcutaneously into the
dorsal flanks of nude mice and allowed to proliferate for
four weeks. Tumor size was measured three times per week
after tumor formation. Figure 8A is a representative image
of xenografted tumors in nude mice on day 33 after injec-
tion. Left-sided xenografted dorsal flank tumors arose from
SKGT4 cells transfected with circ-21-93; right-sided tumors
arose from SKGT4 cells with transfected with circ-scr.
Relative to the circ-scr group, we found that tumors derived
from SKGT4 cells contraining circ-21-93 grew significantly
more slowly (Fig. 8B).

Discussion

We engineered and successfully constructed a synthetic
circular multi-miR sponge directed against miR-21 and
miR-93. The mechanistic effectiveness of this sponge was
validated by luciferase assays, which proved that circ-21-93
effectively sequestered endogenous miR-21 and miR-93 in
a dose-dependent manner. Moreover, we showed that our
multi-miR sponge exerted tumor-suppressive effects on
cellular functions including proliferation, migration, and
apoptosis. To our knowledge, this is the first report of any
synthetic multi-miR circular sponge used in any type of
cancer.

In recent decades, accumulating evidence has shown that
miRs inhibit target mRNA expression post-tran-
scriptionally, either by repressing translation or causing
mRNA degradation; moreover, miRs have been shown to
impact the development and progression of almost all tumor
types [24]. It is also known that more than one miR may
initiate and drives tumor progression, and that some miRs
function synergistically [25, 26]. Therefore, in achieving

miR loss-of-function, it would be expected that simulta-
neous inhibition of multiple miRs would be more effective
than inhibition of a single miR. In the current study, we
focused on miR-21 and miR-93, two established onco-miRs
in EC. MiR-21, one of first known oncogenic miRs, is
overexpressed in multiple tumors and regulates with path-
ways by binding to tumor suppression genes such as
PDCD4, Bcl-2, and is involved in several important cellular
processes [27–29]. In EC, knockdown of miR-21 sig-
nificantly increased PTEN expression, reduced cell pro-
liferation, invasion and migration [17]. In addition,
overexpression of miR-21 was related to neoplastic trans-
formation and progression in esophageal adenocarcinoma
[30]. Similarly, previous researchers (including us) reported
that miR-93 was overexpressed in EC cells and exerted
cancer-promoting effects in vitro and in vivo [18, 31].
Moreover, miR-93 promoted radiation resistance by binding
to the 3’-UTR sequence of B-cell translocation gene 3
(BTG3) mRNA [32]. Therefore, these two miRs were
selected as representative esophageal onco-miRs against
which to synthesize a multi-miR sponge. Consistent with
previous studies, we also found that miR-21 and miR-93
were overexpressed in esophageal cancer cells.

MiR sponges are natural or synthetic RNAs that compe-
titively inhibit miRs via multiple or tandem complementary

Fig. 8 Synthetic circular multi-miR sponge inhibits tumorigenesis
in vivo. A Representative image of xenografted tumor formation on
day 33 after inoculation. Left: injected with SKGT4 cells with circ-21-
93. Right: injected with SKGT4 cells transfected with circ-scr.
B Growth curves of xenografted tumors derived from SKGT4 cells
transfected with either circ-21-93 or circ-scr (n= 4 for each group).
***p < 0.001
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sites [4]. Recently, growing evidence has shown that endo-
genous circRNAs can function as natural miR sponges, reg-
ulating target mRNA expression by absorbing miRs. One
such circRNA, ciRs-7, contains 73 conserved single miR-7
binding sites, thereby blocking miR-7-induced tumor sup-
pression by antagonizing the binding of miR-7 to its down-
stream oncogenes, EGFR and RAF1 [33]. Similarly,
overexpression of circPVT1 effectively promoted gastric
cancer cell proliferation by acting as a sponge for members of
the miR-125 family [34]. These novel findings indicate that
the function of circRNAs as miR sponges represents a
widespread phenomenon. More importantly, the specific
structures and functions of naturally occurring circRNAs
provided us with the inspiration to design and construct
artificial circular miR sponges to specifically inhibit known
onco-miRs in cancer cells. In our previous study, we syn-
thesized a circular RNA containing only a single miR binding
site, for miR-21, and tested it in gastric cancer cells. That
circular RNA effectively competed away native miR-21
activity on multiple downstream targets, including DAXX,
while also inhibiting cancer cell proliferation [35]. In the
current study, we included complementary binding sites for
multiple miRs, specifically miR-21 and miR-93. We found
that this synthetic circular multi-miR sponge competed suc-
cessfully against both miR-21 and miR-93 simultaneously. At
the functional level, our multi-miR sponge inhibited cell
proliferation, migration, and tumor growth while promoting
apoptosis, consistent with the induction of a less malignant
phenotype. In addition, these effects were shown to be dose-
dependent. Moreover, our circular RNA sponge exerted more
stable and durable effects than its linear RNA sponge coun-
terpart, while specifically inhibiting the expression of miR-21
and miR-93 downstream target mRNAs. Taken together,
these results prove that it is feasible to engineer and artificially
construct synthetic circRNAs to function as miR sponges
against cancers.

The specific protocol for constructing stable circular
miRs sponges also represents an important and critical
discovery of our study. RNA circularization involves
intramolecular formation of 3’, 5’-phosphodiester bonds
between the 3’ acceptor- and 5’ donor-terminus of the linear
RNA molecule. For methods of RNA circularization, che-
mical and enzymatic ligation strategies have been used
before [36, 37]. Based on our previous study [35], enzy-
matic ligation was employed to combine single-stranded
linear RNA oligonucleotides in the current study. After
dephosphorylation by calf intestinal phosphatase and
phosphorylation by T4 polynucleotide kinase, T4 RNA
ligase 1 was chosen to assist in the circularization of single-
stranded RNA molecules, a method that was originally
introduced in the early 1970s [38]. RT-PCR and Sanger
sequencing confirmed that the circular multi-miR sponge
was successfully and correctly constructed. Notably, RNase

R proved that the circular RNA was resistant to miR-
mediated RNA destabilization and more stable than its
linear counterpart, making it potentially more effective than
linear miR sponges, which have been studied before. These
results indicate that the method we used to synthetize cir-
cular RNA is feasible and practical. However, our current
method is more suitable to small and medium-sized RNAs,
less than 500 nt, resulting in limited numbers of miR
binding sites. Longer stable circular miR sponges deserve
further exploration in future studies.

In conclusion, we have developed and synthesized a
novel artificial circular multi-miR sponge which achieves
loss-of-function of miR-21 and miR-93. Our research
proves that it is convenient and feasible to construct syn-
thetic circular RNA sponges as tools to counteract miR
functions. Although this technology is not yet fully mature
and still has imperfections, such as a limited number of miR
binding sites, varied yield of ligation for RNA circulariza-
tion, and issues of potential toxicity, this discovery provides
a new direction for future miR-directed molecular therapy
and is worthy of continued investigation.
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