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Abstract

Circular RNAs are a large group of noncoding RNAs that are widely expressed in mammalian cells. Genome-wide analyses
have revealed abundant and evolutionarily conserved circular RNAs across species, which suggest specific physiological
roles of these species. Using a microarray approach, we detected increased expression of a circular RNA circ-Dnmtl in eight
breast cancer cell lines and in patients with breast carcinoma. Silencing circ-Dnmt! inhibited cell proliferation and survival.
Ectopic circ-Dnmtl increased the proliferative and survival capacities of breast cancer cells by stimulating cellular
autophagy. We found that circ-Dnmt1-mediated autophagy was essential in inhibiting cellular senescence and increasing
tumor xenograft growth. We further found that ectopically expressed circ-Dnmtl could interact with both p53 and AUFI,
promoting the nuclear translocation of both proteins. Nuclear translocation of p53 induced cellular autophagy while AUF1
nuclear translocation reduced Dnmtl mRNA instability, resulting in increased Dnmtl translation. From here, functional
Dnmtl could then translocate into the nucleus, inhibiting p53 transcription. Computational algorithms revealed that both p53
and AUF1 could bind to different regions of circ-Dnmtl RNA. Our results showed that the highly expressed circular RNA
circ-Dnmtl could bind to and regulate oncogenic proteins in breast cancer cells. Thus circ-Dnmtl appears to be an
oncogenic circular RNA with potential for further preclinical research.

Introduction

CircRNAs are a large class of single-stranded RNAs that
have recently emerged as a new class of noncoding RNAs
with a widespread expression pattern [1-3]. Genome-wide
analyses of RNA sequencing data have revealed evolu-
tionary conservation and abundance of circular RNAs [4,

Electronic supplementary material The online version of this article 5] Circular RNAs can be generated from exons, called

(https.://dm.o.rg/l.().103§/S41388—018—Q369—y) contains supplementary exonic circular RNAs [3, 4], or from introns, called
material, which is available to authorized users.

These authors contributed equally: William W. Du, Weining Yang,
Xiangmin Li, Faryal Mehwish Awan, Zhenguo Yang.

>< Burton B. Yang 4 China-Japan Union Hospital of Jilin University, Jilin, China
byang @sri.utoronto.ca 3 Department of Biology, York University, Toronto, Canada

Sunnybrook Research Institute, Sunnybrook Health Sciences Department of Chemistry and Centre for Research on

Centre, Toronto, Canada Biomolecular Interactions, York University, 4700 Keele Street,

. . . . . T to, Ontario M3J 1P3, d
State Key Laboratory of Applied Microbiology Southern China, oronto, Ontario M3J 1P3, Canada

Guangdong Provincial Key Laboratory of Microbial Culture
Collection and Application, Guangdor}g Institqte of Microbiology, 8 Key Lab in Healthy Science and Technology, Division of Life
Guangzhou 510070, People’s Republic of China Science, Graduate School at Shenzhen, Tsinghua University,

3 Atta-ur-Rahman School of Applied Biosciences (ASAB), National Shenzhen 518055, People’s Republic of China

University of Sciences and Technology (NUST), H-12, 9
Islamabad, Pakistan

Yuewei Edible Fungi Technology Co. Ltd., Guangzhou, China

Department of Laboratory Medicine and Pathobiology, University
of Toronto, Toronto, Canada

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-018-0369-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-018-0369-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-018-0369-y&domain=pdf
mailto:byang@sri.utoronto.ca
https://doi.org/10.1038/s41388-018-0369-y

5830

W. W. Du et al.

intronic circular RNAs or a mix of both called ciRNAs
[6]. Some circular RNAs are generated from intron and
exon, producing exon—intron circRNAs or EIciRNAs [7].
Studies on human circRNAs have revealed that circular
RNAs are usually composed of 1-5 exons, which can be
three times longer than the average exon [4, 8]. Typically,
the second exon acts as the acceptor exon [9]. The introns
involved in the circularization are also longer than those
which are not involved [9, 10]. It has been shown that
exonic circular RNAs are predominantly detected in the
cytoplasm, while intronic RNAs are mainly localized to
the nuclei [8].

Studies from mouse and human cells have shown that
many orthologous circular RNAs are evolutionarily con-
served, suggesting specific roles of circular RNAs in cel-
lular physiology [8]. One mode of action for circular RNAs
appears to be as endogenous miRNA sponges since some
circular RNAs possess miRNA binding sites, allowing them
to arrest miRNA activity [11-13]. Circular RNAs can then
regulate cancer development [14—16]. CircRNAs are pro-
posed to be more effective sponges than linear transcripts
due to their increased abundance and relative stability [2,
15]. Some circular RNAs may interact with RNA-binding
proteins which form RNA-protein complex and regulate
their activity [9, 17]. We have found that some circ-Foxo3
binds different proteins and plays roles in different path-
ways [18-20]. It has been proposed that circular RNAs may
be relevant to the development of atherosclerosis, Parkin-
son’s disease and cancer, although this remains to be further
explored [21, 22]. To explore the involvement of circular
RNAs in breast cancer development, we analyzed levels of
circular RNAs in human breast cancer cells and non-cancer
breast cells by microarray, and found that a circular
RNA circ-Dnmtl was upregulated in all of the cancer
cell lines. This study aimed to explore the biological
role of circ-Dnmtl in breast cancer oncogenesis and
development.

Results
Circ-Dnmt1 enhances autophagy

We analyzed levels of circular RNAs in human breast
cancer cells and non-cancer breast cells by microarray and
found that circ-Dnmtl (hsa_circRNA_102439) was upre-
gulated in all cancer cell lines relative to the non-cancer
cells (Fig. 1a). Real-time PCR analysis showed that most of
the cancer cell lines expressed higher levels of this isoform
compared with the non-cancer cell lines (Fig. 1b, No 1-4).
By real-time PCR, we detected significant upregulation of
circ-Dnmtl in the tumors of breast carcinoma patients
compared to the adjacent tissues (Fig. 1c).
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Circ-Dnmtl is the circularized product of Exons 6 and 7
of the mRNA NM_001130823.1 (Fig. 1d). To explore the
function of circ-Dnmtl, we generated circ-Dnmtl expres-
sion construct (Fig. 1d). Expression of circ-Dnmtl was
confirmed by real-time PCR (Fig Sla). To confirm circu-
larization of the expressed product, we treated RNAs
extracted from vector- and circ-Dnmtl-transfected MCF-7
cells without or with RNAse R, followed by Northern blot
and qPCR. By northern blotting, we showed that transfec-
tion with circ-Dnmtl produced higher levels of circ-Dnmt1
than the control (Fig. le). By qPCR, we confirmed that
treatment with RNAse R decreased levels of Dnmtl linear
mRNA, but it did not affect circ-Dnmt1 levels (Fig S1b). By
RT-PCR, we detected the expected size of PCR product
(Fig. 1f, left). The PCR product was cloned and sequenced.
It revealed the exact junction sequence (Fig. 1f, right). We
tested whether ectopic transfection of circ-Dnmt1 had effect
on host locus. While transfection with circ-Dnmt1 increased
Dnmtl mRNA levels, it had no effect on Dnmt1 pre-mRNA
levels (Fig Slc).

To examine the effects of circ-Dnmtl, we performed a
gross growth assay and found that expression of circ-Dnmtl
enhanced cell proliferation (Fig S1d) and survival (Fig Sle).
We then examine these effects in greater detail by using a
single-cell culture. Individual circ-Dnmtl-, vector-trans-
fected, or wild-type MCF-7 cells were cultured into 96-well
plates (1 cell per well). Quantification was performed for
13 days. Ectopic expression of circ-Dnmtl increased pro-
liferation relative to vector-transfected or wild-type cells
(Fig. 1g). Single-cell growth curves showed that only the
circ-Dnmtl1-transfected cells reached an exponential growth
phase in our set time points. We also found that circ-Dnmt1-
transfected cells survived longer than the control cells (Fig
S1f).

Our results showed that serum played important roles in
circ-Dnmtl-mediated cell proliferation. We observed that
following a similar number of replicative cycles, the vector-
transfected cells revealed a senescent phenotype and char-
acteristic beta-galactosidase staining. We also found that
circ-Dnmtl overexpression increased the number of repli-
cative cycles required for induction of a similar senescent
phenotype (Fig. 2a, Fig S2a). Cell lysates prepared from
circ-Dnmtl-, and vector-transfected, MCF-7 cells were
analyzed by western blotting for LC3B, a marker of
autophagy. We detected increased LC3B expression in the
circ-Dnmt]-transfected MCF-7 cells (Fig. 2b).

To test whether autophagy was essential in mediating
circ-Dnmtl functions, we treated the circ-Dnmtl- and
vector-transfected MCF-7 cells with autophagy inhibitors
SP600125, Chloroquine, LY294002, and Wartmannin, and
found that circ-Dnmtl levels were promoted by autophagy
inhibitors (Fig. 2c), while LC3B levels decreased by treat-
ment with these autophagy inhibitors (Fig S2b). The effects
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Fig. 1 circ-Dnmtl enhanced cell survival. a Comparison of circRNA
levels in eight human breast cancer cell lines relative to human breast
cell line MCF-10A by using the Agilent Human circular RNA
microarray. b RT-PCR showed that expression of circ-Dnmtl in
human non-cancer cell lines (HaCaT, 293T, BEAS2B, Jurkat,
HUVEC, and MCF10A), breast cancer cell lines (MCF-7, MDA-MB-
468, MDA-MB-231, HTB126, and SK-BR-3), and other tumor cell
lines (H460, LnCap, Dul45, PC3, JHH1, SNU449, HepG2, and Hela).
¢ Total RNAs were isolated from tumor tissues and adjacent tissues of
breast carcinoma patients and subjected to qPCR. The levels of circ-
Dnmtl were significantly higher in the tumor tissues relative to the
adjacent tissues. d Structure of circ-Dnmt1 and a designed circ-Dnmt1

of circ-Dnmtl on cellular senescence and survival were
abolished in the presence of these autophagy inhibitors (Fig.
2d). Our results suggested that cellular autophagy was
central in mediating the effects of circ-Dnmtl on cellular
senescence and survival.

We designed two siRNAs that targeted circ-Dnmtl.
Transfection with these siRNAs greatly decreased circ-
Dnmtl and Dnmtl levels, but had no effect on Dnmtl
transcription, measured by primers located in an intron (Fig.
2e). Silencing circ-Dnmtl decreased expression of Dnmtl
and LC3B (Fig. 2f) but increased p-gal staining in MDA-

Cell proliferation (x 10* cells/well) Q

40

20

o

D1 D3 D5 D7 D11 D13

expression construct. e Total RNA was extracted from mock- or circ-
Dnmtl-transfected MCF-7 cells and incubated with or without RNAse
R at 37 °C for 10 min, followed by gel electrophoresis and northern
hybridization using circ-Dnmtl sequence as a probe to confirm over-
expression of circ-Dnmtl and its resistance to RNAse R treatment. The
lower portion was the photo of Ethidium Bromide staining. f Left, RT-
PCR showing product from vector- and circ-Dnmtl-transfected cells.
Right, The PCR product was cloned and sequenced. This confirmed
the correct junction (arrow) sequence of circ-Dnmtl. g Circ-Dnmt1-,
vector-transfected, and wild-type MCF-7 cells were seeded in 96-well
plates at the density of 1 cell per well in DMEM containing 10% FBS.
Cell numbers were counted for up to 13 days

MB-231 (Fig S2c) and MCF-7 (Fig S2d) cells treated with
H,0,. These appeared to be the silencing effect of circ-
Dnmtl by the siRNAs.

Immunostaining and Image J analyses confirmed
decreased expression of Dnmtl and LC3B in the circ-
Dnmtl siRNA-transfected cells (Fig. 2g, Fig S2e). There
was a positive correlation between circ-Dnmtl and LC3B
levels (Fig S2f). In the presence of the authophagy inhibi-
tors, the effects of circ-Dnmtl on expression of Dnmtl and
LC3B (Fig. 2h), cell survival (Fig. 2i), and senescence (Fig
S2g) were abolished.

SPRINGER NATURE
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Fig. 2 circ-Dnmtl enhanced autophagy. a Circ-Dnmtl-transfected
MCEF-7 cells were treated with 150 pM H,O, for 2 h, and then cultured
in basal medium for 48 h, followed by p-gal staining. Transfection
with circ-Dnmt] decreased f-gal staining (n = 6). b Cell lysates pre-
pared from circ-Dnmtl- and vector-transfected cells was assayed on
western blot that was probed with anti-LC3B antibody. LC3B levels
increased in the circ-Dnmtl-transfected MCF-7 cells. ¢ circ-Dnmtl-
and vector-transfected MCF-7 cells were cultured with autophagy
inhibitors SP600125 (50 uM), Chloroquine (10 M), LY294002
(10 uM), and Wartmannin (10 uM) for 24 h, and circ-Dnmtl levels
were further enhanced by autophagy inhibitors. d Autophagy inhibi-
tors could abolished circ-Dnmtl repressed senescence and enhanced
survival (n=26). e Cell lysates were prepared from MDA-MB-231
cells transfected with or without (wild type, WT) control oligo 1
(oligl), oligo 2 (olig2), circ-Dnmtl siRNA1 (si-Dnl), siRNA2 (si-

Circ-Dnmt1 promoted p53 and Auf1 nuclear
translocation

Using immunofluorescence, we examined expression of
LC3B in circ-Dnmt1- and vector-transfected MCF-7 cells.
Alongside the overexpressed nuclear circ-Dnmtl, we
found increased cytoplasmic LC3B (Fig. 3a, full panel of
staining in Fig S3a). To confirm nuclear expression of circ-
Dnmtl, we isolated total RNAs from the circ-Dnmt1- and
vector-transfected MCF-7 cells and we found increased

SPRINGER NATURE

MB231

0 siR siR siR siR
ctrl SP CH LY WA siR 4P +CH +LY +WA

Dn2), and siRNAI1 4+ siRNA2, showed that silencing circ-Dnmtl
decreased circ-Dnmtl expression (left), decreased Dnmtl mRNA
levels (middle), but did not affect pre-mRNA of Dnmtl (right). f
Silencing circ-Dnmtl decreased expression of Dnmtl and LC3B. g
The cells were also stained with phalloidins, DAPI, and either Dnmt1
or LC3B. Image J analyses showed that circ-Dnmt] siRNA decreased
Dnmtl and LC3B expression (n = 6). h Left, circ-Dnmt1- and vector-
transfected MCF-7 cells were cultured with LY294002 (10 uM) for
24h, LY294002 abolished circ-DNMT1 enhanced DNMTI1 and
LC3B. Right, circ-Dnmt1 siRNA- and control oligo-transfected MDA-
MB-231 cells were cultured with LY294002 (10uM) for 24h,
LY294002 repressed DNMT1 and LC3B expression (n=6). i circ-
Dnmtl siRNA- and control oligo-transfected MB-231 cells were cul-
tured in serum-free medium for 9 days. Autophagy inhibitors repressed
control cell survival but not the siRNA-transfected cells (n = 6)

nuclear circ-Dnmtl in the circ-Dnmtl-transfected cells
(Fig. 3b).

We also detected increased linear Dnmtl mRNA in the
cytoplasm. Since Aufl and p53 are RNA-binding proteins
and the former regulates stability of Dnmtl mRNA, we
examined levels of Aufl and p53. We observed no change
in Aufl expression, decreased p53 but increased Dnmtl in
the tumors formed by the circ-Dnmt1-transfected cells (Fig.
3c). Protein lysates prepared from cytoplasm and nuclei of
the circ-Dnmtl- and vector-transfected MCF-7 cells were
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Fig. 3 circ-Dnmtl promoted p53 and Aufl nuclear translocation. a
The circ-Dnmt1- and vector-transfected MCF-7 cells were stained with
fluorescence showing expression of Dnmtl or LC3B. Image J analyses
showed that circ-Dnmt1-transfected cells expressed increased levels of
Dnmtl and LC3B (n=6). b Higher levels of circ-Dnmtl were sig-
nificantly detected in nuclei and cytoplasm of the circ-Dnmtl-
transfected cells. ¢ Western blotting of tumor lysates showing
decreased expression of p53 and increased levels of Dnmtl in the

subject to western blot. Total Aufl levels were unaltered,
but higher nuclear Aufl was observed (Fig. 3d). Similarly,
we found decreased p53 in the total lysate and cytoplasm,
but increased p53 in the nuclei of the circ-Dnmtl-
transfected cells (Fig S3b).

Silencing circ-Dnmtl also increased cytoplasmic trans-
location but decreased nuclear Aufl and p53 analyzed by
Western blotting (Fig. 3e). The siRNA-transfected cells
were used for confocal analysis of circ-Dnmtl, p53, and
Aufl. Silencing circ-Dnmtl decreased p53 and Aufl in
nuclei, but increased p53 levels in the cytosol (Fig S3c).

Autophagy enhances nuclear translocation of circ-
Dnmt1, Auf1, and p53

We examined whether autophagy could induce nuclear
translocation of circ-Dnmtl. MDA-MB-231 cells treated
with autophagy inducers EBSS and Rapamycin displayed
increased levels of circ-Dnmtl in nuclei, but silencing
circ-Dnmt1 abolished the effect of the inducers (Fig. 4a).
These inducers increased protein levels of LC3B and

tumors formed by the circ-Dnmt]-transfected cells. d Protein lysates
prepared from circ-Dnmtl- and vector-transfected MCF-7 cells were
subject to Western blot. Levels of p53 decreased in the lysate and
cytoplasm, but increased in the nuclei of the circ-Dnmtl-transfected
cells. Level of Aufl was not affected by circ-Dnmtl expression, but
decreased in the cytoplasm and increased in the nuclei of the circ-
Dnmtl-transfected cells. e Silencing circ-Dnmtl decreased nuclear
translocation of p53 and Aufl

Dnmtl and nuclear translocation of Aufl and p53 (Fig.
4b). In agreement with these results were the increased
mRNA levels of Dnmtl (Fig. 4c), decreased cell senes-
cence (Fig. 4d) and increased viability (Fig. 4e). Silencing
circ-Dnmtl abolished the effects of the inducers. We
tested the effect of Rapamycin on a number of circular
RNAs in cytosol and observed specific effect of Rapa-
mycin on circ-Dnmtl (Fig S4a). Treatment with autop-
hagy inhibitor 1y294002 increased circ-Dnmtl levels in
the cytosol (Fig S4b).

The increased circ-Dnmtl in nuclei as a result of circ-
Dnmtl overexpression was abolished in the presence of the
autophagy inhibitors (Fig. 4f). In these cells, while Dnmt1
mRNA levels increased in the cytosol of the circ-Dnmtl-
transfected cells, treatment with the autophagy inhibitors
suppressed Dnmtl mRNA levels in the cytosol (Fig S4c,
left). The total Dnmtl mRNA levels were not increased as
much (Fig S4c, right), suggesting accumulation of Dnmt1
mRNA in cytosol. The increased expression (Fig S4d),
increased cytosol levels (Fig S4e), but decreased nuclear
levels (Fig S4f) of circ-Dnmtl as a result of treatment with

SPRINGER NATURE
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Fig. 4 Tumor cell autophagy activity depends on circ-Dnmt1 expres-
sion levels and subcellular distribution. a MB-231 cells were cultured
in EBSS or 100 nM rapamycin for 24 h. EBSS and rapamycin pro-
moted circ-Dnmtl nuclear translocation, which could be abolished by
circ-Dnmtl silencing (n = 6). b EBSS and rapamycin enhanced LC3B
and Dnmtl, and decreased p53 expression in cell lysis, while enhanced
p53 and Aufl expression in the nucleus, which could be abolished by
circ-Dnmtl silencing. ¢ EBSS and rapamycin increased Dnmt] mRNA
levels in the cytoplasm, which could be abolished by circ-Dnmtl
silencing (n = 6). d The cells were treated with 100 uM H,O, for 2 h,
and then in basal medium for 48 h. EBSS and rapamycin treatment
decreased P-gal staining, which could be abolished by circ-Dnmtl
silencing (n = 6). e The cells were treated with 0.9 mM H202 for 12 h.

autophagy inhibitors, were abolished by silencing endo-
genous circ-Dnmtl.

Increased expression of circ-Dnmtl enhanced nuclear
translocation of circ-Dnmtl (Fig. 4g), and increased circ-
Dnmtl nuclear translocation promoted LC3B expression
(Fig. 4h) leading to autophagy. Treatment with autophagy

SPRINGER NATURE

EBSS and rapamycin treatment enhanced cell survival, which could be
abolished by circ-Dnmt! silencing (n = 6). f Overexpression of circ-
Dnmtl increased the percentage of circ-Dnmtl expression in the
nucleus, which could be abolished by autophagy inhibitors (n =6). g
The correlation between circ-Dnmtl levels and the percentage of circ-
Dnmtl in the cell nucleus (n=12). h The correlation between the
percentage of circ-Dnmtl in the cell nucleus and expression of LC3B
levels (n=12). i circ-Dnmtl- and vector-transfected MCF-7 cells
(left), or circ-Dnmtl siRNA and control oligo-transfected MB-
231 cells (right) were cultured with or without LY294002 (10 uM) for
24 h. Ly294002 abolished circ-Dnmt1 promoted p53 and Aufl nuclear
translocation

inhibitor Ly294002 inhibited nuclear translocation of p53
and Aufl (Fig. 4i, left). Silencing circ-Dnmtl further
increased this effect (Fig. 4i, right). Cell lines expressing
higher levels of circ-Dnmtl (Fig S4g) also displayed
increased levels of circ-Dnmtl in nuclei (Fig S4h) and
expressed higher levels of LC3B (Fig S4i).
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Circ-Dnmt1 interacted with p53 and Auf1

To test whether circ-Dnmtl interacted with p53 and Aufl,
we prepared lysates from MB-231 cells, followed by co-
precipitation using antibodies against p53, Aufl and PABP
that binds mRNAs but not circular RNAs. The precipitated
products were subject to western blotting and gPCR with
primers amplifying circ-Dnmtl. After confirming that the
antibodies pulled down the relative protein (Fig S5a), real-
time qPCR indicated that anti-p53 and anti-Aufl antibodies
pulled down increased levels of circ-Dnmtl from circ-
Dnmtl-transfected cells relative to control (Fig. 5a). In the

precipitated high levels of circ-Dnmt1 compared to the linear
Dnmtl (Fig S5b). However, the anti-pS3 and anti-Aufl
antibodies did not precipitate other circular RNAs (Fig S5c¢).

The lysates were also incubated with a probe of circ-
Dnmtl, followed by RNA pull-down assay. We confirmed
that the circ-Dnmt1 probe pulled down higher levels of circ-
Dnmtl in the cells that were transfected with circ-Dnmtl
(Fig S5d). This probe that pulled down circ-Dnmtl, also
precipitated p53 and Aufl (Fig. 5b). In the lysates prepared
from circ-Dnmtl siRNA-transfected MB-231 cells, after
confirming the silencing effect (Fig S5e), antibodies against
pS53 and Aufl pulled down less circ-Dnmtl (Fig. 5c). The
probe also pulled down less circ-Dnmtl in the cells that
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increases Dnmtl translation, leading to inhibiting p53 transcription. As
a result, the ectopic circ-Dnmtl expression enhanced cellular autop-
hagy and repressed senescence, leading to increased tumor growth. f
Left, ectopic expression of circ-Dnmtl in MCF-7 cells decreased p53
mRNA levels. Right, transfection with circ-Dnmtl siRNA increased
p53 mRNA levels in MDA-MB-231 cells. g Upper, cell nuclear lysis
prepared from MCF-7 cells were subject to immuno-precipitation. RIP
assays indicated that anti-p53 and anti-Aufl antibodies pulled down
much more circ-Dnmt] than linear RNA, which was significant when
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indicated anti-p53 and anti-Aufl antibodies pulled down more circ-
Dnmtl from cells transfected with circ-Dnmtl than from control,
which was significant when the samples were subjected to cross-
linking (n = 6)
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were transfected with circ-Dnmtl siRNAs (Fig S5f).
Although silencing circ-Dnmtl increased p53 levels, the
circ-Dnmtl probe co-precipitated decreased levels of p53
and Aufl (Fig. 5d).

Our results showed that ectopic circ-Dnmt1 could bind
to both p53 and Aufl, and promote p53 and Aufl nuclear
translocation. Nuclear translocation of p53 induced cel-
lular autophagy. Aufl nuclear translocation relieved its
effect on instability of Dnmtl mRNA resulting in
increased Dnmtl translation. Dnmtl protein could then
enter into the nucleus and inhibit p53 transcription by
promoter methylation (Fig. 5e). We also detected sig-
nificant reduction in p53 transcription relative to control
(Fig. 5f, left). Silencing endogenous circ-Dnmtl abro-
gated these effects (Fig. 5f, right). In the cross-linking
assays, we found that anti- Aufl and anti-p53 antibodies
precipitated circ-Dnmtl relative to the linear Dnmtl
mRNA (Fig. 5g, upper). Ectopic circ-Dnmt1 increased the
pulled down levels (Fig. 5g, lower). As a consequence,
the ectopically expressed circ-Dnmtl enhanced cellular
autophagy and repressed senescence. This was well
correlated with increased Dnmtl mRNA and protein
(Fig S5g).

Computational algorithm of circ-Dnmt1 interacting
with Auf1 and p53

The predicted secondary structure of circ-Dnmtl was
obtained by using the formula AG =AH-TAS, AG=
—14.70 kcal/mol at 37 °C, AS = —1177.8 cal/(K-mol), and
AH = —380.00 kcal/mol, where T (K) is the absolute tem-
perature while AH, AS, and AG denote the changes in
enthalpy, entropy, and free energy, respectively. The sec-
ondary structure delineated in dot bracket notation was
assayed by the software RNA composer for tertiary struc-
ture prediction. Finally, NPDock was used to perform the
in-silico docking of circ-Dnmtl with p53 (C-terminal reg-
ulatory domain) and Aufl (N-terminal and C-terminal
RNA-binding domains) (Fig S6a). The p53 C-terminus
containing a negative regulatory domain has been shown to
interact with RNA [23] that we used for docking analysis.
The input was derived from the Protein Data Bank (PDB)
entry 1DT7. The molecular simulation result supports that
circ-Dnmtl could dock p53 and predicted a minimal bind-
ing region of circ-Dnmtl for p53: ‘aaccttcac’‘aac’‘aggaa-
gaa’. The contact map (Fig S6b), the residue-level
resolution contact maps (Fig Séc), the MC score (Fig S6d),
and the contact distance (Table S1), the Accessible Surface
Area (Table S2) all supported the conclusion that circ-
Dnmtl could dock the p53 C-terminal regulatory motif. The
difference in the three-dimensional structures between circ-
Dnmtl (Fig S6e) and Dnmtl linear mRNA (Fig S6f) also
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confirmed our results that p53 only bound to circ-Dnmrl
but not to Dnmt1 linear mRNA.

Aufl contains two ribonucleoprotein (RNP)-type RNA-
binding domains (RBDs), N-terminus, and glutamine-rich
domain. The NMR structure of RBD1 (N-terminal) [24] and
RBD2 (C-terminal) [25] have previously been resolved.
Both N and C-terminal RBDs of Aufl were used in the
docking analysis. Aufl (N-terminal RBD1) used in the
docking procedure was derived from PDB entry 1HDO. The
molecular simulation result supports that circ-Dnmtl could
perfectly dock Aufl (N-terminal RBD1) and predicted a
minimal binding site of circ-Dnmt1 for Aufl at the junction
of circularization: ‘aaccttcac’ ‘ttaca’ ‘c’ ‘c’ ‘gagt’ ‘ag’
‘agaa’ (Fig S7a). The conclusion that circ-Dnmtl suffi-
ciently docked RBD1 was supported by the contact map
(Fig S7b), residue-level maps (Fig S7c), MC score (Fig
S7d), contact distance (Table S3), and Accessible Surface
Area (Table S4).

Aufl (C-terminal RBD2) inputs used in the docking
were obtained from PDB entry 1XOF. The simulation result
confirmed that circ-Dnmtl perfectly docked RBD2 and
predicts a minimal circ-Dnmt1 binding site for RBD?2 at the
junction of circularization: ‘tgaaccttc’ ‘tta’ ‘tca’ ‘ga’
‘aggaagaaga’ (Fig S7e). The conclusion that circ-Dnmtl
sufficiently docked RBD2 was supported by the contact
map (Fig S7f), residue-level contact maps (Fig S7g), MC
score (Fig S7h), contact distance (Table S5), and Accessible
Surface Area (Table S6).

The buried surface area (BSA) is the primary and critical
descriptor to be directly related to binding affinity and to the
interaction based on the Chothia—Janin model [26, 27]. To
further determine the binding affinity of circ-Dnmtl for
RBD1 and RBD2, we took into account various functional
and structural features namely the network of inter-residue
contacts (ICs) along with BSA. The circ-Dnmtl-RBD1
showed an increased binding affinity with a BSA (3692.3
A?) and ICs (83) as compared to circ-Dnmt1-RBD2 com-
plex having a BSA of (3472.1 A% and ICs (78).

To test the effects of the binding sites on mediating circ-
Dnmtl functions, we generated mutations abolishing the
interaction with Aufl and p53 by site-directed mutagenesis
(Fig S8a) and designed blocking oligo of the binding sites
(Fig S8b). Lysates prepared from MCF-7 cells were sub-
jected to pull-down assay. Anti-Aufl and anti-p53 anti-
bodies could no longer precipitate circ-Dnmtl when circ-
Dnmtl was mutated or blocked with the blocking oligo (Fig
S8c). While the probe could pull-down circ-Dnmtll (Fig
S8d), it did not precipitate Aufl and p53 (Fig. 6a). As a
consequence, MCF-7 cells transfected with the blocking
oligo or the mutant showed decreased proliferation rates
(Fig S8e), survival, but increased levels of senescence (Fig.
6b). This appeared to be the consequence of decreased
nuclear translocation of Aufl and p53 (Fig. 6¢).
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Expression of circ-Dnmtl decreased p53 levels, but increased Dnmt1

To corroborate these results, we transfected the blocking
oligo or the control into MB-231 cells and confirmed that
delivery of the blocking oligo inhibited precipitation of circ-
Dnmtl by anti-Aufl and anti-p53 antibodies (Fig S8f).
Transfection of the blocking oligo decreased cell survival
but increased senescence (Fig. 6d). It also decreased nuclear
translocation of Aufl and p53 (Fig. 6e), suggesting a role of
endogenous circ-Dnmtl in regulating cell activities by
modulating Aufl and p53 translocation.

Circ-Dnmt1 enhances tumor xenograft growth and
decreased mouse survival

In vivo, we found that expression of circ-Dnmtl sig-
nificantly increased tumor xenograft volume relative to a
vector-control (Fig. 7a, Fig S9a). After confirming upre-
gulation of circ-Dnmtl, we detected increased levels of
LC3B in tumors formed by the circ-Dnmt1-transfected cells
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and LC3B levels, and promoted p53 and Aufl nuclei translocation,
which could be abolished by the mutation or the blocking oligo. d
Left, the blocking oligo repressed cell survival. Right, the blocking
oligo showed increased f3-gal staining (n = 6). e Transfection with the
blocking oligo increased p53 levels in cell lysates and cytoplasm but
decreased p53 levels in the nucleus. Aufl expression was not affected
by the blocking oligo, but Aufl translocation to cytoplasm was
induced. The blocking oligo also repressed Dnmtl and LC3B
expression

(Fig. 7b). Tumor sections were also subject to in situ
hybridization (Fig S9b-c), followed by Image J analysis
(Fig S9d) and immunostaining (Fig S9e). Most of Aufl,
p53, and circ-Dnmtl were found translocated to nuclei.

Since the delivering efficiency of plasmid and blocking
oligo into the tumors was low, nude mice were injected with
MB-231 cells or EBSS-treated MB-231 cells intraper-
itoneally to form ascites tumors, followed by delivering the
control oligo, siRNA targeting circ-Dnmtl, the blocking
oligo, and Ly294002 mixed with oligo. Mouse survival was
monitored and the assay was terminated on day 43. We
found that the lifespan of mice was significantly extended in
mice delivered with the siRNA, the blocking oligo, and
Ly294002 relative to the mice delivered with the control
oligo and EBSS treatment (Fig. 7c, Fig S10).

Tumor sections were subject to immunohistochemical
staining followed by confocal microscopic examination.
Treatment with the siRNA decreased circ-Dnmtl levels
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Fig. 7 In vivo analysis of circ-Dnmt] functions. a Expression of circ-
Dnmtl enhanced tumor growth. b Left, real-time PCR confirmed
increased expression of circ-Dnmtl in the circ-Dnmtl tumors. Right,
western blotting showed that tumors from the circ-Dnmtl group
expressed higher levels of LC3B relative to the control group. ¢ Mice
were intraperitoneally injected with MB-231 cells and Kaplan—-Meier
of survival curves was obtained. Comparing to control oligo group,
injection with circ-Dnmtl siRNA, blocking oligo or autophagy inhi-
bitor LY294002 prolonged the lifespan significantly (log-rank test, **,
p<0.0001). The EBSS group mice lived shorter lifespans than control

(Fig S1la), but Aufl expression was not affected (Fig
S11b). Nuclear translocation of circ-Dnmtl decreased in
the siRNA and autophagy inhibitor treated groups (Fig
S1lc). However, nuclear translocation of Aufl and p53
was inhibited by the blocking oligo (Fig. 7d), while total
levels of p53 were higher in these groups relative to the
groups treated by the control oligo or EBSS (Fig S11d).
Consistently, the levels of LC3B and Dnmtl were lower as
a result of lacking nuclear translocation of Aufl and p53
(Fig Slle). Isolation of nuclei from the tumor tissues
confirmed that nuclear translocation of circ-Dnmtl was
inhibited by treatment with siRNA and autophagy inhibitor
Ly294002 (Fig S11f). Western blotting confirmed these
results that nuclear translocation of Aufl and p53 was
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group, which could be attenuated by delivery of circ-Dnmtl siRNA
(EBSS vs. oligo, **, p =0.035). d Analysis with Image J revealed that
delivery of circ-Dnmtl siRNA, the blocking oligo or autophagy
inhibitor LY294002 repressed AUF1 (upper) and p53 (lower) levels in
the nuclei (n=6). e Western blotting showed decreased nuclear
translocation of Aufl and p53 and decreased expression of LC3B and
Dnmtl, when circ-Dnmtl was silenced or blocked, which could be
reversed by autophagy promotion. f Diagram showing that circ-Dnmt1
switches on/off autophagy in breast cancer progression

inhibited by siRNA treatment, by the blocking oligo, and
the autophagy inhibitor Ly294002 (Fig. 7e). In summary,
increased circ-Dnmtl expression would facilitate nuclear
translocation of Aufl and p53, decrease cytosolic levels of
these two proteins, enhance expression of Dnmtl and
LC3B, leading to increased autophagy and tumor growth

(Fig. 7).
Discussion
In this study, we found that circ-Dnmtl is a highly

expressed circular RNA in human breast cancer cells.
Expression of circ-Dnmtl not only increased cell



A circular RNA circ-DNMT1 enhances breast cancer progression by activating autophagy 5839

proliferation and survival, but also stimulated cellular
autophagy, inhibited cellular senescence and increased
tumor growth. These effects were modulated by directly
binding to p53 and Aufl, and promoting their nuclear
translocation. Nuclear translocation of p53 and Aufl
induced cellular autophagy and increased Dnmtl expres-
sion, inhibiting p53 transcription.

The effects of circ-Dnmtl on cellular autophagy
appeared to be central to its effects on oncogenesis.
Without active autophagy, single cells expressing circ-
Dnmtl were unable to proliferate exponentially within our
defined time points. This represented an approximate 10-
fold increase in growth rate relative to the vector-
transfected cells. Based on single-cell proliferation, we
showed that circ-Dnmtl-transfected cells could induce
auto-phagocytosis for intracellular homeostatic main-
tenance. This property was not seen in wild-type MCF-7
breast cancer cells. Understanding the heterogeneity of
solid tumors, we found that a panel of breast cancer cell
lines all expressed increased circ-Dnmtl. We further used
a single-cell culture method to evaluate the proliferative
capacity of these cells, accounting for phenotypic het-
erogeneity within these cell lines. With this model, the
difference in proliferation and survival between the
vector-transfected cells and the circ-Dnmtl-transfected
cells remained significant. Relative to vector-transfected
MCF-7 cells, circ-Dnmtl-transfected cells could better
maintain their internal milieu via auto-phagocytosis. This
in turn delayed the attainment of a senescent phenotype
and increased the tumor cells’ ability to proliferate, sur-
vive, and form subcutaneous xenografts.

The importance of autophagy in mediating circ-Dnmt1’s
effects was confirmed by autophagy inhibitors. In the pre-
sence of the autophagy inhibitors, the functions of circ-
Dnmtl on cell senescence and survival were completely
abolished. However, it is not clear whether autophagy can
regulate circular RNA biogenesis, translocation, and
degradation. This awaits further investigation.

Dnmtl is an enzyme encoded by the DNMTI gene that
plays a role in the regulation of tissue-specific methylation
of cytosine residues [28]. Aberrant methylation of Dnmtl1 is
associated with development of abnormalities and human
tumors [29]. It has been reported that Dnmtl bound to the
p53 regulatory motif and loss of Dnmtl causes derepression
of p53 expression [30]. Our results showed that expression
of circ-Dnmt] increased Dnmtl expression resulting in the
inhibition of p53 transcription. This appears to be the cen-
tral role of circ-Dnmtl in enhancing cell autophagy,
decreasing cellular senescence, and promoting cell pro-
liferation, survival, and tumor growth.

The tumor suppressor pS3 has many tumor suppressive
mechanisms contributing to apoptosis, genomic stability,
and angiogenesis. Our results showed that downregulation

of p53 via ectopic circ-Dnmt1 expression increased cellular
autophagy, proliferation, survival, and tumor growth, and
upregulation of p53 by silencing circ-Dnmtl produced
opposite effects. Circ-Dnmt1 could bind to p53 and induced
nuclear translocation. It has been reported that cytoplasmic
p53 represses autophagy, while nuclear p53 enhances
autophagy [31, 32]. Our results also showed that nuclear
translocation of p53 appeared to be key in mediating circ-
Dnmtl’s role in autophagy. p53 possesses RNA-binding
activity and has been shown to control mRNA translation
that occurs in cytoplasm [33]. The precise nature of the
interaction between p53 and circ-Dnmtl awaits further
investigation, however we hypothesize that it may be
facilitated by Aufl. Whether the p53 downstream molecule
PUMA is involved in mediating the effects of circ-Dnmtl
may be worth of further investigation.

Aufl is an AU-rich RNA-binding protein encoded by the
HNRNPD gene [34]. Alternative splicing produces four
transcript variants. The hnRNPs proteins interact with pre-
mRNAs in the nucleus where they affect pre-mRNA pro-
cessing, metabolism, and translocation. While most of the
hnRNPs are present in nucleus, a fraction will shuttle
between cytoplasm and nucleus. Aufl variations modulate
DNA methylation by regulating stability of Dnmt] mRNA
[35]. The Aufl protein has been reported to bind Dnmtl
mRNA 3’-UTR and promote Dnmtl mRNA degradation
[36]. It appears that nuclear translocation of Aufl, induced
by circ-Dnmtl binding, increases Dnmtl mRNA stability
and translation. This ultimately inhibits p53 transcription
and promotes autophagy.

To validate the interaction of circ-Dnmtl with p53 and
Aufl, we employed computational algorithms that inclu-
ded scoring, clustering, docking, and further optimized
the most promising models. The computational algorithms
allowed us to elucidate the structure and functions of
different RNA molecules, and also confirmed binding
interaction between circular RNA and associated proteins
[37]. In order to analyze the possible docking of circ-
Dnmtl with p53, 20,000 models were generated using the
NPDock server, a protein—-RNA docking analysis tool
[38]. NPDock server combines GRAMM for global
macromolecular docking, scoring, clustering and refine-
ment of the highest scored docked complexes from the
biggest clusters.

It should be noted that circular RNAs differ from linear
ones in such a way that their 3’- and 5’-ends are joined
together forming a covalently closed continuous loop [39].
It has been proposed that circular RNAs could adopt three-
dimensional structures that are different from related linear
molecules of the same sequence [2]. Consequently new
protein binding sites could be generated by the sequences
that are brought into closer proximity during circulariza-
tion. Indeed, we identified a p53 binding site covering the
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junction sequence of circ-Dnmtl. In addition, the three-
dimensional structure of circ-Dnmt1 was different from the
Dnmtl linear mRNA, and produced a binding site for
Aufl. In addition to their canonical signaling, it is con-
ceivable that RNA molecules also utilize three-dimensional
structure and conformation as a regulatory strategy. It is
thus anticipated that circular RNAs could impact gene
expression using a separate mechanism from mRNAs of
the same origin. The emergence of circular RNAs expres-
sed by mammalian cells may shed further light on under-
standing gene expression, with relevance toward various
biological paradigms.

Materials and methods
Constructs and primers

A construct expressing human circular RNA Dnmtl (circ-
Dnmtl, circ-Dnmtl1.10 isoform) was generated using the
plasmid described by us previously [40]. The plasmids
contained a CMV promoter driving circ-Dnmtl or a non-
related sequence serving as a control. The green fluorescent
protein (GFP) expression unit was driven by a separate
CMYV promoter. All primer sequences used are listed in Fig
S11g. The anti-circ-Dnmtl siRNA and oligo probes labeled
with biotin or Cy5 were purchased from Integrated DNA
Technologies.

Nuclear extract preparation

Cells were lysed in nuclear extraction buffer (1 ml con-
taining 20 mM Hepes, pH 7.2, 2 mM MgCl,, 10 mM KClI,
and PI). It was homogenized with a prechilled Dounce
homogenizer with 20 strokes. The lysis was subject to
centrifugation at 4200 rpm for 5 min. The supernatant was
removed and the pellet was washed three times with PBS.
The pellet was then resuspended in 100 pl lysis buffer
containing 0.5 M NaCl. After centrifugation at 13,200 rpm
for 10 min, the supernatants were used for analysis.

Tumor formation assay

Tumorigenesis was performed as described [41, 42]. All
mouse assays were performed following the guideline
approved by the Animal Care Committee at Sunnybrook
Research Institute. The Protocol Number is AUP 15-076.
Mice were kept in the Animal Core Facility at Sunnybrook
Research Institute for 1 week before use. Four-week-old
CD-1 female nude mice were injected subcutaneously with
MCF-7 cells (4 x 107 cells in 200 ul 50% Matrigel) and
injected subcutaneously with 50 ug p-estradiol 17-cypionate
(in 50 pl sesame oil) every 3 days. Twenty days after tumor
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implantation, the mice were sacrificed and the tumors were
harvested, followed by immunohistochemical staining as
described [43].

In mouse survival assay, 4-week-old CD-1 nude mice
were divided into six groups randomly including the
control, siRNA, blocking, LY294002, EBSS, and EBSS
+ siRNA (10 mice in each). The mice were intraper-
itoneally injected with MB-231 cells (2x10° cells/
mouse), which allowed up-take of ectopic plasmids by the
tumor cells. EBSS and EBSS + siRNA groups were
injected with cells cultured in medium containing EBSS
for 24 h before injection. Next day after cell injection,
circ-Dnmtl siRNA, blocking oligo, or control oligo were
conjugated with PEG-AuNP complexes. The complexes
were injected at a dose of 5 pug/mouse intraperitoneally.
The assay was repeated every 3 days when the assay was
completed. In the control group, the mice were injected
with 0.9% NaCl. LY294002 (100 mg/kg) was dissolved in
0.9% NaCl. Formulation of the complexes (oligo-PEG-
AuNP) was conducted as previously described [15].
Briefly, 40 pg oligo was dissolved in a volume of 800 ul
RNase-free H202. The mPEGSH (PG1-TH-2k, Nanocs)
was mixed with the oligo at a ratio of 1:20. 10 nm gold
nanoparticles (AuNP, Cytodiagnostics) were used to mix
with the oligo (1:20). The mixture was gently shaken at
60 °C for 30 min before it was transferred into a syringe,
followed by the injection.

Identification of binding site, docking simulations,
and contact maps

We used the protein-RNA docking tool NPDOCK Server
[38] to analyze 20,000 models of the Protein—RNA inter-
action. This resulted in determination of the interaction
between circ-Dnmtl and p53 or Aufl. NPDock Server
combines GRAMM for molecular docking, scoring, and
clustering. Residue contact maps of circ-Dnmtl-p53 and
circ-Dnmt1-Aufl complexes were determined using RNA-
map2D [44]. The contact distances (between Co atoms of
protein residues and O5’ atoms of RNA strands) were tes-
ted. Two residues were placed in contact when their
05'—Ca distance is smaller than 10 A. The distance-based
approach was employed to identify the binding site for
RNA-—protein complex. Two atoms (one in RNA and the
other in protein) were considered to be docking with each
other if their distance was <3.5 A.

General molecular and cell biology methods

Western blotting and immunohistochemistry were con-
ducted as described [45, 46]. RNA-protein interaction
assays were performed as described [18, 47]. Real-time
PCR was performed as described [41, 48].
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Statistical analysis

All assays were conducted in triplicate and the results were
subjected to independent sample test (¢-test). The values of
significance were set at *p <0.05 and **p <0.01. Error bars
means SD (n =4 if no indicated).
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