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Abstract
Although circular RNAs (circRNAs) are found to play important roles in many pathophysiological processes, the
canonical theory that they act as microRNA sponges is now more and more challenged, given that most circRNAs
only have few binding sites in a particular microRNA. Our previous study revealed that some up-regulated circRNAs
play protective roles in bisphenol A (BPA)-induced toxicity in GC-2 germ cells. Here by CCK-8 assay, apoptosis
assay, qRT-PCR and western blot analysis, we further discover that circRNAs (represented by circDcbld2, circMapk1
and circTbcld20) can cooperatively sponge miR-214-3p and then up-regulate AKT1 in ameliorating BPA-induced
reproductive toxicity. They share binding sites with miR-214-3p and collectively reinforce the sponging effects. In
addition, the upstream regulation mechanism, proven by bioinformatics analysis and in vitro gain- and loss-of-
function study, shows that down-regulation of RNA binding protein QKI5 after BPA exposure can increase the
expressions of these protective circRNAs, and thus activate the cell protective process. The QKI5-circDcbld2/
circMapk1/circTblcd20-miR-214-3p-AKT1 axis ameliorates the toxic effect of BPA on GC-2 cells. Many other
circRNAs up-regulated upon BPA treatment and QKI5 down-regulation also show binding sites with miR-214-3p.
Thus the above axis may also be extrapolated to other circRNAs. Our results enrich the context of circRNA sponge
mode and may provide new ideas in future multiple nucleic acid therapy.
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Introduction
Circular RNAs (circRNAs) are covalently closed RNA loops that
were discovered more than 40 years ago [1]. With the widespread
application of high-throughput sequencing, researchers came to
realize their wide and abundant existence across various species
[2,3]. Since the discovery of circRNA CDR1as as a miR-7 sponge in
2013 [4], interest in the research of circRNAs has been increasing
[5]. The biogenesis of circRNAs is mainly driven by “exon skipping”
or “direct back splicing” in which 3′ and 5′ terminus of circRNAs are
covalently joined together to form single-stranded continuous loop
[6]. circRNAs can work as microRNA (miRNA) sponges, tran-
scription regulators, protein scaffolds and peptide translators [5,7].
With prominent features like high stability, abundance, evolu-
tionary conservativeness and tissue/development specificity [5],

circRNAs hold great promise to be potent regulators of gene ex-
pression. Meanwhile, circRNAs have also been found to take active
part in many pathophysiological processes [5], like cancer, cardio-
vascular diseases, neuropathies, osteoarthritis, reproductive dis-
orders, toxic disease, etc.

However, with the in-depth research in circRNAs, a number of
bewildering issues emerged [5]. One of the most noticeable ques-
tions is their roles in serving as miRNA sponges. Most circRNAs
revealed by high-throughput sequencing are at the median length of
approximately 300–500 nt [8]. At such short length, circRNAs are
very limited in providing enough space for sponging miRNAs,
especially for a particular miRNA. Many of the subsequently re-
ported miRNA-sponging circRNAs only have one binding site or
very few binding sites for a specific miRNA [8]. This inevitably
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made researchers doubt their actual sponging potency. The only
two circRNAs that are widely recognized as classical circRNA
sponges are CDR1as [4] and circSry [9]. They each have 73 and 16
binding sites for one particular miRNA respectively. Many sub-
sequent studies revealed that circRNAs have very limited binding
sites for one particular miRNA [5]. Apart from the limited binding
sites in circRNAs for one particular miRNA, the abundance of most
circRNAs is also generally low [10]. These facts obviously challenge
the sponge theories.

However, if we see the fact the other way around, i.e., multiple
circRNAs may cooperatively sponge one miRNA rather than the one-
to-one circRNA/miRNA mode, it will be much more reasonable. In
fact, under real in vivo circumstances, the ways circRNAs interact
with miRNAs might be manifold. One circRNA may interact with
many miRNAs and many different circRNAs may sponge one
miRNA. This assumption has been preliminarily confirmed by one
recent research concerning the function of circRNAs in pig testis
[11]. By in-depth bioinformatics analysis, the researchers concluded
that collective role of different circRNAs should exist, as opposed to,
or in addition to functions of individual circRNA. Experimentally, a
group of other researchers also found that many circRNAs are acti-
vated and play protective roles in benzoapyrene-induced carcino-
genicity by binding to miR-181-1-3p [12]. These circRNAs that
sponge miR-181-1-3p seemed to function in a cooperative way.
However, this is only a bioinformatic prediction that was not ex-
perimentally confirmed in their study. The above results from one
aspect support the presumption that cooperative effects of circRNAs
may exist, or even, be the major way of most circRNAs.

Our previous study also suggested the cooperative effects of
circRNAs. We used next-generation sequencing method to unveil
the RNA (circRNAs, miRNAs and mRNAs) landscape in bisphenol A
(BPA)-exposed and unexposed GC-2 cells, a mouse spermatocyte-
like cell line [13]. BPA is a synthetic organic compound that has
been widely used in industrial materials, food packaging and per-
sonal hygiene products [14]. BPA has weak estrogenic, anti-
androgenic and antithyroid activities and it is considered as one of
the most important and representative endocrine disrupter [14]. A
number of studies have explored the mechanism of spermatocyte
cell death caused by BPA. BPA may trigger germ cell apoptosis by
activating the mitochondria-mediated pathway [15], the estrogen
receptors and GPR30 pathway [16], the reactive oxygen species
(ROS)-regulated PERK/EIF2α/chop pathway [17], etc. In our pre-
vious study, we surprisingly found that a number of circRNAs were
up-regulated after BPA exposure and showed protective roles in
BPA-induced cell toxicity [13]. Notably, these circRNAs show
synergistic effects in ameliorating cell death. However, how these
circRNAs act together into the conjoint downstream mechanism,
and how these protective circRNAs are generated under BPA ex-
posure still need to be further investigated.

In this study, we found that circRNAs (represented by circDcbld2,
circMapk1 and circTbcld20) can cooperatively sponge miR-214-3p
and then up-regulate AKT1 in ameliorating BPA-induced re-

productive toxicity. The down-regulated RNA binding protein QKI5
after BPA exposure can increase the expressions of these protective
circRNAs, and thus activate the cell protective process. Our results
enrich the context of circRNA sponge mode and may provide new
ideas in future nucleic acid therapy for better efficacy.

Materials and Methods
Cell culture and treatment
GC-2 spd(ts) (#CRL-2196) cells were purchased from ATCC (Man-
assas, USA) and cultured in DMEM high glucose medium (Hyclone,
Logan, USA), with 10% fetal bovine serum (Sijiqing, Hangzhou,
China) and 1% penicillin-streptomycin (Hyclone) at the tempera-
ture of 37°C and 5% CO2. After synchronizing in DMEM without
FBS for 12 h, the cells were treated with various concentrations of
BPA (Sigma-Aldrich, St Louis, USA) for 48 h in 6-well plates
(Corning, New York, USA). BPA was dissolved in DMSO and diluted
with complete medium to desired concentration before use. Cells
treated with complete medium with 0.1% (v/v) DMSO were used as
the control. Our dose-inhibition curve showed that the IC50 of BPA
for GC-2 cells is approximately between 120 μM and 160 μM (results
shown in our previous study [13]).Though in human exposure
studies, BPA was generally set at lower levels, higher levels of BPA
were usually used in in vitro studies [18]. Our previous study also
examined the expression of several circRNAs under exposure to
different concentration of BPA (0 μM, 40 μM, 80 μM, 120 μM,
160 μM). They all showed consistently elevated trend along with
the increase of the BPA concentration [13]. Therefore, in the present
study we chose 120 μM as the representative dose.

Cell transfection
miRNA mimics and siRNAs were synthesized by GenePharma
(Suzhou, China). siRNA for QKI was designed at the mutual se-
quences of all mouse QKI isoforms. The sequences used are listed in
Table 1. Transfection was performed using Lipofectamine 2000
(Life Technologies, Carlsbad, USA) according to the manufacturer’s
instructions.

circRNA overexpression vectors were constructed with the
pLCDH-ciR vector (Geenseed Biotech, Guangzhou, China) as pre-
viously described [13]. A mock vector contains a nonsense stuffer
was used as the control for circRNA overexpression. As to the
amount of plasmid, 10 μg of circRNA overexpression plasmid and
mock vectors were transfected into the cells. In the co-transfection
experiment, 3.33 μg of circMapk1, circDcbld2 and circTblcd20 were
added together to the total amount of 10 μg. The primers used for
vector construction were listed in Supplementary Table S1. For
regular gene/protein overexpression, overexpression vectors were
constructed using pVAX1 vector with restriction-enzyme digestion
and ligation methods. An empty pVAX1 plasmid was used as the
control. Primers used are listed in Supplementary Table S2. The
constructed transcripts were shown in Supplementary Figure S1. All
constructs were verified by Sanger sequencing. Plasmids were de-
livered into the GC-2 cells (a mouse spermatocyte-like cell line)

Table 1. Sequences of miRNA mimics

Name Sense sequence (5′→3′) Antisense sequence (5′→3′)

NC UUCUCCGAACGUGUCACGU ACGUGACACGUUCGGAGAA

miR-214-3p ACAGCAGGCACAGACAGGCAGU UGCCUGUCUGUGCCUGCUGUUU

si-QKI CGCCAACAUUAAAUCACCAGCCCUU AAGGGCUGGUGAUUUAAUGUUGGCG

si-ADAR1 CCAGUACUGUGUAGCAGUA UACUGCUACACAGUACUGG
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using the GenJet™ Plus DNA In Vitro Transfection Reagent (Signa-
Gen Laboratories, Shanghai, China) according to the manu-
facturer’s protocol.

Cell viability assay
CCK-8 assay was done to assess cell proliferation rate of the cells.
Briefly, GC-2 cells were seeded in a 96-well plate at a density of 5000
cells per well and cultured overnight. And 36 or 48 h after trans-
fection, 10 μL of CCK-8 reagent (Dojindo, Kumamoto, Japan) was
added to each well and incubated for 1–4 h at 37°C and 5% CO2.
The absorbance of each well was assessed at 450 nm with a mi-
croplate reader (Bio-Tek, Winooski, USA).

Detection of cell apoptosis by flow cytometry
The apoptosis assay kit (Sungenebiotech, Beijing, China) was used
to examine apoptotic cells 48 h after transfection and BPA treatment
according to the manufacturer’s instructions. In brief, 5×105 cells
were collected and resuspended in 100 μL 1× binding buffer
(Sungenebiotech). Five microliters Annexin V-APC and 5 μL 7-AAD
staining solution (Sungenebiotech) were added, followed by in-
cubation at room temperature for 10 min in the dark. Then 400 μL
1× binding buffer was added, and cells were analyzed by flow
cytometry on a BD flow cytometer (BD Biosciences, Franklin Lakes,
USA) within 1 h.

Dual-luciferase reporter assay
pmirGLO dual luciferase reporter vector (Promega, Beijing, China)
was used for dual-luciferase reporter assay. The wild-type se-
quences of circMapk1, circDcbld2 and circTbcld20 were respec-
tively cloned into the vector. Primers used for vector construction
were listed in Supplementary Table S3. And so were the mutated
sequences of the above circRNAs with corresponding mutated
miRNA binding sites. Wide-type circRNA vector/mutated vector
and miRNA mimics/negative control were co-transfected into cells
in 96-well plates using Lipofectamine 2000 according to the man-
ufacturer’s instruction. Lysates were harvested and processed 36 h
after transfection as the instructions of Luc-Pair Duo-Luciferase HS
Assay Kit (GeneCopoeia, Rockville, USA). The luciferase activity
was measured with a dual luciferase reporter assay system (Bio-
Tek). For comparison, the FL (Firefly luciferase) activity was nor-
malized with RL (Renilla luciferase) activity.

PCR and quantitative real-time PCR
PrimeScript RT reagent kit DRR047 (Takara, Dalian, China) was
used for the cDNA synthesis of circRNAs and mRNAs. For miRNA
cDNA synthesis, specific stem-loop RT primers for U6 and miRNA
were used instead of the RT primer Mix in the kit. qPCR analysis
was performed using SYBR Premix Ex Taq II (Takara). β-Actin
(Actb) was used as the internal control for circRNAs and mRNAs,
and U6 for miRNAs. The sequences of primers are listed in Sup-
plementary Tables S4, S5 and S6.

Western blot analysis
Cells were lysed with RIPA buffer (Beyotime, Shanghai, China). The
protein concentration was quantified using BCA protein assay kit
(Beyotime). The following steps were done as mentioned in pre-
vious study [24]. Immunoreactive bands were revealed using
BeyoECL Plus kit (Beyotime). The images were acquired by using
Bio-Rad ChemiDoc™ XRS+System (Bio-Rad, Hercules, USA). An-

tibodies against the following proteins were used: QKI5 (13169-1-
AP, 1:1000 dilution; Proteintech, Rosemont, USA), AKT1 (55230-1-
AP, 1:1000 dilution; Sanying, Wuhan, China), β-actin (60008-1-Ig,
1:1000 dilution; Sanying), α-tubulin (ab7291, 1:1000 dilution; Ab-
cam, Cambridge, UK). HRP-conjugated goat anti-rabbit IgG
(AS1107, 1:1000 dilution; ASPEN, Wuhan, China) or goat anti-
mouse IgG (AS1106, 1:1000 dilution; ASPEN) was used as the sec-
ondary antibody.

Bioinformatics analysis
circRNA/miRNA interaction were predicted by circPrimer2.0
(https://www.bio-inf.cn) and RegRNA 2.0 (http://regrna2.mbc.
nctu.edu.tw) with default parameters. miRNA/mRNA interactions
were predicted by miRanda with Top Energy ≤ –10. The circRNA-
miRNA-mRNA interaction network was constructed and visualized
by Cytoscape(3.9.1) based on the same target miRNAs of circRNAs
and mRNAs. DIANA miRPath v.3.0 (http://www.microrna.gr/
miRPathv3) was applied for miRNA pathway analysis with the
criterion of P<0.05. The interaction between RCMs and RBPs was
predicted with the website RNA-Protein Interaction (RPISeq)
(http://pridb.gdcb.iastate.edu/RPISeq).

Statistical analysis
Data are expressed as the mean±SEM. All experiments were per-
formed at least three times. Western blot analysis and FCM results
are representative of three independent experiments. The unpaired t
test was used for statistical analyses. Results were analyzed by
Student’s t-test or one-way ANOVA using Prism version 5 (Graph-
pad, La Jolla, USA). Post hoc comparisons were done with Dun-
nett’s t test. Statistic tests were all two tailed and P<0.05 was
considered as significant. P value was adjusted in the post hoc
comparison according to the multiple comparison times.

Results
circDcbld2, circMapk1 and circTbcld20 serve as miR-214-
3p sponges
Our previous study demonstrated that most up-regulated circRNAs
have protective effects in antagonizing BPA toxicity in GC-2 cells
[13], and synergistic effects of multiple circRNAs were observed.
Though BPA exerts toxic effects on these cells, somehow a self-
protective mechanism was induced. A number of circRNAs were
up-regulated under BPA treatment, including circCnot2, circCnot6l,
circDcbld2, circMapk1, circMpp6, circPphln1, circPpm1b,
circTbcld2, circUsp3, and circZranb1 [13]. Meanwhile, some of
these circRNAs like circDcbld2, circMapk1, circMpp6 and
circTbcld20 showed protective effects on the cells. Notably, co-
transfection with circDcbld2, circMapk1 and circTbcld20 showed
better effect than single circRNA transfection with the same total
amount (Figure 1A). These results prompt us to present the hy-
pothesis that these circRNAs may act synergistically through
sponging the same miRNA. We predicted that many of the up-
regulated circRNAs showed binding sites with one miRNA, i.e.,
miR-214-3p (Figure 2). Among these circRNAs, the overexpression
plasmids of circDcbld2, circMapk1 and circTbcld20 were of rela-
tively high efficiency [13]. Since the effects of circRNAs with low
expression levels are difficult to observe, we choose these three
circRNAs as representatives for the possible cooperative effects.

Subsequent confirmation experiments using apoptosis assay after
circRNAs transfection demonstrated that these three circRNAs can
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Figure 1. The cooperative effect of circDcbld2, circMapk1, circTbcld20 by sponging miR-214-3p in GC-2 cells (A) The expression level of circRNA
after overexpression plasmid was transfected individually and jointly. OE: overexpression. circRNAs were transfected in the amount of 10 μg
individually. (B) The cooperative effect of circDcbld2, circMapk1, circTbcld20 by sponging miR-214-3p in GC-2 cells. Left panel: apoptosis assay
revealed that circDcbld2, circMapk1 and circTbcld20 can all alleviate BPA toxicity respectively and collectively. ciR: empty vector serves as circRNA
control. Right panel: quantitative apoptosis assay data. GC-2 cells were treated with 120 μM BPA in all groups. Apoptosis was determined by flow
cytometry using Annexin V-APC/7-AAD staining. (C) The ceRNA network of circDcbld2, circMapk1, circTbcld20 and their downstream miRNAs and
target genes. Red circles: circRNAs; Green arrows: miRNAs; Yellow hexagon: mRNAs. miRNAs (miR-15a-5p, miR-138-5p, and miR-214-3p) that are
involved in cell viability and death processes are presented as larger arrows. (D) CCK-8 assay revealed that co-transfection of these three circRNAs
respectively and synergistically relieved the cell viability-inhibiting role of miR-214-3p. NC: random sequence serves as miRNA control. The result
of circMapk1 can also be seen in our previous work [13]. (E) The binding sites of circRNAs with miR-214-3p. Luciferase reporter assay confirmed the
interaction of miR-214-3p with the three circRNAs separately and collectively. *P<0.05, **P<0.01.

Figure 2. The putative binding sites of site of circRNAs and with miR-214-3p (A) circCnot2. (B) circDcbld20. (C) circMapk1. (D) circMpp6. (E)
circPphln1. (F) circTbcld20-miR-214-3p. (G) circZranb1-miR-214-3p.
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achieve the best protective effects in GC-2 cells when transfected
together (Figure 1B). We found that the group of circDcbld2, cir-
cMapk1 and circTbcld20 achieved the best protective effect among
single circRNA transfection, though the total amount of circRNAs
were equal in all the groups (BPA=120 μM in all groups). Then
ceRNA network was delineated to explore the possible downstream
mechanism of these three circRNAs (Figure 1C). Among these
downstream miRNAs, three of them (miR-15a-5p, miR-138-5p and
miR-214-3p) are significantly involved in processes like cell divi-
sion, cell cycle and cell death in miRPath GO analysis. Meanwhile,
miR-214-3p was the mutual downstream miRNA of these three
circRNAs, whereas the other two miRNAs, miR-15a-5p and miR-
138-5p, were only predicted to be sponged by two circRNAs. Sub-
sequent miR-214-3p transfection experiment showed that it can
markedly decrease cell viability (Figure 1D). Co-transfection with
circRNAs and miR-214-3p showed that these circRNAs can re-
markably alleviate the viability-inhibiting role of miR-214-3p
(Figure 1D). The binding sites of miR-214-3p were predicted by
RegRNA 2.0 and shown in Figure 1E. Dual-luciferase assay also
confirmed the interaction of miR-214-3p with circDcbld2, cir-
cMapk1 and circTbcld20 (Figure 1E). They each can interact with
miR-214-3p and the co-transfection of the reporter of the three cir-
cRNAs showed the best effect. These results suggest that
circDbcld2, circMapk1 and circTbcld20 can all sponge miR-214-3p
and alleviate its toxic effect on GC-2 cells.

miR-214-3p inhibits cell viability by targeting Akt1
To find out the downstream target genes of miR-214-3p, miRTar-

Base (https://mirtarbase.cuhk.edu.cn) was searched for the already
validated target genes of miR-214-3p reported by other researchers.
Twelve possible function-related genes, including Akt1, Ccl9,
Cd59a, Csnk1e, Ctgf, Ezh2, Golga2, Itgav, Msrb3, Pkn3, Pon2 and
Sdf2l1, were searched out (References for the twelve genes were
listed in Supplementary Table S7), and subject to further experi-
mental screening. After ectopic expression of miR-214-3p in GC-2
cells, five genes, including Akt1, Cd59a, Csnk1e, Pkn3 and Sdf2l1,
were significantly down-regulated (Figure 3A), and they were ten-
tatively supposed as the target genes of miR-214-3p in GC-2 cells.
We then overexpressed circDcbld2, circMapk1 and circTbcld20 re-
spectively in GC-2 cells to explore which genes were up-regulated
by these circRNAs. Those genes that are down-regulated by miR-
214-3p and up-regulated by circRNAs should be their mutual tar-
gets. After intersecting the genes that were down-regulated by miR-
214-3p and up-regulated by circRNA overexpression, three potential
mutual downstream genes, i.e., Akt1, Ctgf and Pkn3, were pre-
liminarily screened out. Further gain-of-function study (over-
expression efficiency shown in Figure 3B) showed that only
overexpression of Akt1 can observably increase the cell viability of
GC-2 cells (Figure 3C). AKT1 is one of three closely related serine/
threonine-protein kinases (AKT1, ATK2 and AKT3) and generally
has anti-apoptosis effects on cells. Akt1 may be the actual common
target gene of circRNAs and miR-214-3p [19]. The alignments of
miR-214-3p and the 3′UTR region of Akt1 were revealed by miR-
TarBase and illustrated in Figure 4. Subsequent dual luciferase as-
say (Figure 3D) and western blotting (Figure 3E) further confirmed
that miR-214-3p can bind to the 3′UTR region of Akt1 and inhibit its

Figure 3. Akt1 is the mutual target gene of these three circRNAs by sponging miR-214-3p (A) The expressions of predicted target genes of miR-
214-3p after miR-214-3p transfection in GC-2 cells. The expressions of the genes after circDcbld2, circMapk1 and circTbcld20 overexpression. The
rectangles mark the mutual downstream target genes of circDcbld2, circMapk1 and circTbcld20 via sponging miR-214-3p. (B) The overexpression
efficiency of Akt1, Ctgf, and Pkn3 overexpression plasmid. (C) Cell viability of GC-2 cells after overexpression of three potential mutual target
genes. Only AKT1 overexpression showed protecting effect. (D) Luciferase reporter assay confirmed the interaction of miR-214-3p with the 3′ UTR
region of Akt1. (E) Overexpression of miR-214-3p down-regulated the expression of AKT1. (F) Western blot analysis showed that these three
circRNAs can all upregulate the expression of AKT1, with co-transfection showing the best effect. *P<0.05, **P<0.01, ***P<0.001.
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expression.

circDcbld2, circMapk1 and circTbcld20 protect cells
against BPA toxicity by upregulating AKT1
We then explore whether circDcbld2, circMapk1 and circTbcld20
can regulate the expression of Akt1. Overexpression of circDcbld2,
circMapk1 and circTbcld20 can up-regulate the protein level of Akt1
both individually and synergistically, with synergistic transfection
showed the most prominent effect (Figure 3F). All these results
collectively suggest that circDcbld2, circMapk1 and circTbcld20 can
promote the cell viability by sponging miR-214-3p and upregulating
AKT1. The enhanced cooperative effects of them may be resulted
from the increased binding site of the same miRNA. Though limited
binding sites of miRNA are found on one single circRNA, the mutual
effects of multiple circRNAs provide sufficient sites for the sponging
effects. circDcbld2, circMapk1 and circTbcbld20 altogether sponge
miR-214-3p, restrain its effect, and upregulate the expression of
Akt1. The up-regulation of AKT1 can enhance the viability of GC-2

cells. Thus these three circRNAs were found to protect cells from
BPA toxicity in a cooperative way.

High expression of ESR2 has no effect on circRNA
biogenesis
The above results demonstrated that these three circRNAs can
sponge the same miRNA to act cooperatively. We then asked the
question whether a common or a main mechanism may exist in the
up-regulation of circRNA expression after BPA exposure. We first
tried to seek if there are some transcription factors that may influ-
ence the expression of circRNAs. Potential promoter regions
(2000 bp upstream region from TSS) of these three circRNAs were
retrieved from UCSC (https://www.ucsc.edu) and were searched in
JASPAR (https://jaspar.genereg.net) for possible binding transcrip-
tion factors. After taking intersections and focusing on those tran-
scription factors that are involved in estrogen-related pathways, we
selected Esr2 for further analysis. Motif of Esr2 is shown in Figure
5A. Esr2 mRNA was upregulated after BPA exposure (Figure 5B) and
was predicted to bind to the promoter regions of circDcbld2, cir-
cMapk1 and circTbcld20 (Supplementary Figure S2). However, in
the gain-of-function study of ESR2 (overexpression efficiency shown
in Figure 5C), expressions of these three circRNAs were not elevated
after overexpression of this transcription factor, with or without BPA
treatment (Figure 5D,E). Additionally, the corresponding mRNA
levels of these three circRNAs were not changed (Figure 5D,E). These
results suggest that ESR2 may not be involved in the regulation of
BPA-altered circRNA expression.

BPA down-regulates QKI5 and promotes circRNA
biogenesis
Next we sought to explore if these circRNAs are influenced by RNA

Figure 4. The binding sites of miR-214-3p with the 3′UTR region of
Akt1 The three binding sites were all mutated in luciferase reporter assay.

Figure 5. ESR2 does not regulate the expressions of circDcbld2, circMapk1 or circTbcld20 in GC-2 cells (A) ESR2 motif logo presented by JASPAR
database. (B) ESR2 mRNA expression levels were elevated after BPA exposure, especially under higher BPA dose. (C) pVAX1-based ESR2
overexpression vector realized high ESR2 overexpression efficiency. (D) Overexpression of ESR2 did not promote neither circDcbld2, circMapk1,
circTbcld20 (left panel) nor the mRNAs of the three corresponding genes (right panel). (E) Under BPA exposure, ESR2 overexpression did not
upregulate the expressions of these circRNAs and mRNAs. *P<0.05, **P<0.01, ***P<0.001.
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binding proteins (RBPs) like QKI [20], ADAR1 [21], FUS [22], DHX9
[23], etc. RBPs are generally considered to bind to the reverse
complementary matches (RCMs) flanking circRNAs and promote or
inhibit the biogenesis of circRNAs. After retrieving and analyzing
the intron sequences flanking the previously-studied circRNAs [13],
we found that half of the circRNAs, which were up-regulated after
BPA exposure, including circCkap5, circMapk1, circMpp6,
circPpm1b, circTbcld20 and circUsp3, possess RCMs (Supplemen-
tary Table S8), and the length and the matching extent of these
RCMs are rather considerable (Supplementary Table S9 and Sup-
plementary Figures S3–S6). These provide solid basis for the effect
of RBPs. In the prediction of interaction between different RBPs and
these RCMs, we found the highest scores of possible interaction
between QKI5/ADAR1 and RCMs of these circRNAs (Supplemen-
tary Tables S10 and S11). So we chose these two RBPs for experi-
ment validation. siRNAs for these two RBPs were synthesized
according to the literatures [24,25] and high knockdown efficiencies
of these two proteins were achieved (Figure 6A,B), and circRNAs
were significantly upregulated upon QKI5 knockdown, but not al-
tered after ADAR1 knockdown (Figure 6C). In the gain-of-function
study, QKI5 overexpression (efficiency shown in Figure 6D) in-
hibited the expressions of most circRNAs (Figure 6E).

In addition, BPA exposure can significantly suppress the level of
QKI5, and the trend was pronounced along with the increase of BPA
concentration (Figure 6F). On the other hand, knockdown of QKI5
in GC-2 cells led to increased cell viability, while overexpression of
QKI5 inhibited the viability of GC-2 cells (Figure 6G), consistent
with the results of other researchers who found that QKI5 can
promote apoptosis in germ cells [26]. All these data suggest the

promoting effect of QKI5 on these anti-apoptotic circRNAs. So here
we summarize the regulating axis in Figure 7. BPA exposure re-
strains the expression of QKI5, and then the lower level of QKI5
promotes the biogenesis of circRNAs. These protective circRNAs
function as a group in serving as pro-apoptotic miRNA sponges in
the anti-toxic mechanism of cells. Multiple circRNAs regulated by
QKI5 conjointly sponge miR-214-3p to antagonize BPA-induced
spermatocyte toxicity.

Discussion
With the help of the next-generation sequencing method, those
circRNAs that were used to be sporadically reported in the past are
now growing at a tremendous speed across various species [13].
Their functions and action mechanisms have been much concerned
by researchers. In the present study, we found that besides the one-
to-one circRNA/miRNA sponge mode, a number of circRNAs can
synergistically sponge one miRNA and then work on one target gene
to protect GC-2 cells from BPA-caused toxicity. Our work enriches
the context of circRNA regulation mode and may enlighten future
circRNA research and treatment therapy. Moreover, we found that
these circRNAs were regulated by the altered level of RNA binding
protein QKI5 after BPA exposure, possibly through the interaction of
QKI5 with the reverse complementary elements flanking these
circRNAs.

As a new member of the RNA family, circRNAs are widely re-
ported to participate in various pathophysiological processes [13].
Many studies have explored their roles in toxicology. circRNAs were
found to play important roles in atrazine-induced testicular degen-
eration of developing male X. laevis [27]. Another study revealed

Figure 6. The effects of RNA binding protein QKI5 on the biogenesis of circRNAs (A) The effects of knockdown of QKI and ADAR1 siRNAs on their
mRNA expressions. (B) QKI siRNA decreased its protein level confirmed by western blot analysis. (C) QKI knockdown significantly promoted the
expressions of all determined circRNAs, while ADAR1 showed no obvious effect. (D) The overexpression efficiency of pVAX1-based QKI5 OE
vector. (E) Overexpression of QKI5 showed down-regulating role for circRNAs. (F) BPA exposure observably inhibited the expression of QKI5
protein, especially under higher doses. (G) CCK-8 assay revealed the cell viability upon QKI5 knockdown or overexpression. OE: overexpression.
*P<0.05, **P<0.01, ***P<0.001.
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that circRar1 participates in lead-induced neuronal apoptosis by
sponging miR-671 [28]. In our study, we proposed a model in which
multiple circRNAs act on one target gene by sponging one miRNA.
The overexpression of circDcbld2, circMapk1 and circTbcld20 al-
together resulted in the up-regulation of AKT1 through sponging
miR-214-3p, and in turn alleviated the BPA-induced germ cell
toxicity. Akt1 is one of the key genes in the PI3K-mTOR pathway
[29]. BPA was previously reported to activate the expression of
Akt1, the subsequent mTOR activation and the induction of cell
growth [29,30]. However, the involved mechanisms have not been
clearly elucidated. The circRNAs presented here may be an im-
portant part in this process. For the feasibility of the experiments,
we only explored the roles of three representative circRNAs. A
number of other circRNAs were also up-regulated in our previous
experiment [13]. They all showed predicted binding sites with miR-
214-3p (Figure 2). These circRNAs may act together to sponge miR-
214-3p to protect GC-2 cells from BPA toxicity.

Cooperative effects of non-coding RNAs apart from circRNAs
have already been observed previously by other researchers. For
example, miR-524-3p and miR-524-5p are both suppressed in glio-
blastoma and they can significantly inhibit the expressions of
Smad2, Tead1 and Hes1, which eventually results in an elevation of
c-Myc [27]. circ-ITCH was found to sponge miR-7, miR-17 and miR-
214, and in turn conjointly up-regulated the expression of ITCH
gene itself. piRNA clusters are also known to repress transposable
elements in germ cell development in a cooperating way [31]. The
cooperative effects of non-coding RNAs are reasonable, since their
effects are generally moderate compared with protein-coding genes.
The cooperative effects of non-coding RNAs may reinforce their
roles in pathophysiological processes. In a recent published article

[11], after in-depth analysis of massive high-throughput sequence
datasets, the authors predicted that collective functions of different
circRNAs may exist in addition to functions of individual circRNAs.
Experimentally, our study is the first to confirm that the cooperative
effects of circRNAs actually exist.

The current research not only enriches the way circRNAs act on
miRNAs, but also provides new insights into the way circRNAs act
in pathological and physiological processes. Generally, most up-
regulated circRNAs in disease group seem to promote the relevant
disease progression and down-regulated circRNAs do the opposite.
To our best knowledge, only two studies reported that up-regulated
circRNAs in disease group play protective roles in the progress of
diseases [32, 33]. As a rising star in epigenetic regulation, more and
more circRNAs will be found to play multi-facet roles in patholo-
gical and physiological processes.

The upstream regulation mechanism of circRNAs is also in dis-
pute [5]. Some studies found that they are also regulated by tran-
scription factors like mRNAs do. However, increasing evidence
indicated that they seemed to be regulated by RNA binding proteins.
For example, many RNA binding proteins [13] like ADAR1, DHX9,
FUS and QKI can bind to the complementary intronic elements
flanking circRNAs and modulate the biogenesis of circRNAs. In our
study, we initially tried to figure out if these dys-regulated circRNAs
are regulated by transcription factors. Estrogen receptors are widely
expressed in various cells in the testis [33], and play important roles
in BPA-induced reproductive disorders. These receptors are also
competent transcription factors which initiate the expressions of a
wide variety of genes after BPA exposure. Notably, ESR2 was found
to be expressed in pachytene spermatocytes [34] and also showed
upward trend under BPA treatment in our experiment. However,
gain-and-loss of function study showed that these dysregulated
circRNAs seemed not to be affected by ESR2.

We further found that down-regulation of RNA binding protein
QKI5 can facilitate the biogenesis of these circRNAs, and reverse
complementary elements were found in the intronic flanking in-
tronic sequences of these circRNAs. QKI may interact with these
elements and inhibit the expressions of these protective circRNAs.
However, it is worth noting that QKI was generally considered as a
kind of RNA binding protein that promotes circRNA biogenesis [35].
A number of circRNAs were found to be inhibited by QKI over-
expression in EMT process [35] and doxorubicin-mediated cardio-
toxicity [36] by other researchers. This is understandable, since the
intronic flanking elements vary in different circRNAs. They may
interact with different motifs of the same RNA binding proteins and
the effects are diversified and individualized. Similarly, RNA bind-
ing protein FUS also has bidirectional regulating effects on the for-
mation of different circRNAs in embryonic stem cell differentiation
[37]. In addition, the downward trend of QKI5 expression after BPA
treatment and cell viability inhibiting roles of QKI5 also to some
extent supported the following regulatory pathway we proposed:
under BPA exposure, the expression of QKI5 is lowered, which
promotes the biogenesis of many protective circRNAs. These cir-
cRNAs may cooperatively work on some important anti-apoptosis
genes like Akt1 by sponging the same miRNA, and in turn protects
germ cells from BPA-induced toxicity.

In summary, we found the QKI5-circDcbld2/circMapk1/
circTbcld20-miR-214-3p-AKT1 axis in BPA-induced germ cell
apoptosis, which may provide new targets in BPA reproductive
toxicity intervention. We also predicted that many other circRNAs

Figure 7. Schematic illustration of the biogenesis and function me-
chanism of circRNAs Under normal condition, relatively high level of
QKI5 inhibits the production of circRNAs, so the self-protection me-
chanism of cells is at rest. After BPA exposure, the down-regulation of
QKI5 liberates the production of many protective circRNAs. These
circRNAs sponge miR-214-3p and release the viability promoting
AKT1, thus relieve the toxic effect of BPA to some extent.
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up-regulated upon BPA treatment show binding sites with miR-214-
3p. And these circRNAs can also be regulated by QKI5. Thus the
above axis should also be extrapolated to other circRNAs. All these
up-regulated circRNAs may altogether alleviate the toxic effects of
BPA through the same mechanism. This study proved the co-
operative effects of multiple circRNAs through sponging one
miRNA. Future nucleic acid therapy may consider this multi-targets
regimen. The inhibitory effects of QKI5 on circRNAs also enrich the
context of individualized circRNA regulation. Nevertheless, this
study still has some limitations. For example, we only chose three
representative circRNAs to study their functions. There are many
other circRNAs whose expression is elevated in response to BPA
stimulation and with protective effects [13]. Future studies are
needed to find out whether these circRNAs can act together through
sponging miR-214-3p or other miRNAs to protect GC-2 cells from
BPA toxicity.
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Sinica online.
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