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Circular RNAs (circRNAs) are a subclass of noncoding RNAs widely expressed in mammalian cells. We report here the tumorigenic

capacity of a circRNA derived from angiomotin-like1 (circ-Amotl1). Circ-Amotl1 is highly expressed in patient tumor samples and

cancer cell lines. Single-cell inoculations using circ-Amotl1-transfected tumor cells showed a 30-fold increase in proliferative

capacity relative to control. Agarose colony-formation assays similarly revealed a 142-fold increase. Tumor-take rate in nude

mouse xenografts using 6-day (219 cells) and 3-day (9 cells) colonies were 100%, suggesting tumor-forming potential of every cell.

Subcutaneous single-cell injections led to the formation of palpable tumors in 41% of mice, with tumor sizes41 cm3 in 1 month.

We further found that this potent tumorigenicity was triggered through interactions between circ-Amotl1 and c-myc. A putative

binding site was identified in silico and tested experimentally. Ectopic expression of circ-Amotl1 increased retention of nuclear

c-myc, appearing to promote c-myc stability and upregulate c-myc targets. Expression of circ-Amotl1 also increased the affinity of

c-myc binding to a number of promoters. Our study therefore reveals a novel function of circRNAs in tumorigenesis, and this

subclass of noncoding RNAs may represent a potential target in cancer therapy.
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Circular RNAs (CircRNAs) are a large group of noncoding
transcripts that form covalently closed continuous loop where
the 3′ and 5′ RNA ends are joined together.1–3 CircRNAs can
be generated from exons, producing exonic circRNAs,4,5 or
from introns, producing intronic circRNAs.6 They can also be
generated from intron-containing exons, producing exon–
intron circRNAs.7Recent studies have shown that awide array
of endogenous circRNAs are expressed in animal cells,3,8,9

while certain circRNAs are highly specific to cell type and/or
developmental stage.8,10,11 Genome-wide analyses have
revealed high levels of abundance and evolutionary conserva-
tion of circRNAs across species.12–15 One mode of action for
circRNAs may be the miRNA sponge activity of some
circRNAs.16 We have also reported that circ-Foxo3 functions
as a sponge to interact with a number of microRNAs.17 There
is evidence suggesting that some circRNAs may bind to RNA-
binding proteins to form RNA–protein complexes and regulate
their activities.18,19 Levels of circRNAs can also be regulated
by microRNA-dependent silencing involving Ago2-mediated
cleavage.20 Our studies have shown that circ-Foxo3 interacts
with different proteins in related signal pathways and regulated
cell activities.15,21 This study was designed to explore the
potential role of circ-Amotl1 in breast cancer tumorigenesis.

Results

Effect of circ-Amotl1 on tumor cells. To explore the roles
of circRNAs in cancer development, we examined circRNA

expression in a number of cancer and non-cancer cell lines,
based on previous sequencing information.14,22 We con-
firmed the endogenous expression of a few circRNAs,
including the circRNA generated from angiomotin like1
(circ-Amotl1, hsa_circ_0004214). This circRNA was gener-
ated from human angiomotin-like 1 gene.14,22,23,24 Amotl1 is
located in chromosome 11 and circ-Amotl1 is generated from
Exon-3, the largest exon of Amotl1 (Figure 1a). We then
measured circ-Amotl1 levels in breast carcinoma biopsies
and in adjacent tissues and found that the levels of circ-
Amotl1 in tumor specimen were significantly higher than
those in the adjacent tissues (Figure 1b). The expression of
circ-Amotl1 was determined in a number of cancerous and
non-cancerous cell lines. We observed that the levels of circ-
Amotl1 were significantly higher in cancer cell lines than in
non-cancer cell lines (Figure 1c). The levels of circ-Amotl1
decreased significantly when the cells were maintained to
over-confluence (Figure 1d), suggesting a role of circ-Amotl1
in cell proliferation.
To test this possibility, we designed two siRNAs

(Supplementary Figure S1a) to specifically target circ-
Amotl1 (Figure 1e), but not linear Amotl1 mRNA (Figure 1f).
Following this, we used RNAse-R to digest linear Amotl1
mRNA but not circ-Amotl1. We examined the phenotypic
effects of these siRNAs and found that silencing circ-Amotl1
decreased cell proliferation (Figure 1g) but increased cell
apoptosis (Figure 1h,Supplementary Figure S1b). Silencing
circ-Amotl1 subsequently decreased cell survival (Figure 1i).
Circ-Amotl1 siRNA impeded the ability of MDA-MB-231 cells
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to form colonies (Supplementary Figure S1c). We confirmed
that the siRNA did not show off-target effects on Amotl1
protein expression (Supplementary Figure S1d). In addition,
we silenced circ-Amotl1 in SK-BR-3 cells and observed similar
results (Figure 1j).
We generated a circ-Amotl1 expression construct

(Supplementary Figures S1e and f) and confirmed that
ectopically expressed circ-Amotl1 was resistant to RNAse-R
digestion, as measured by real-time PCR and northern
blotting (Supplementary Figure S1g). RNAse-R treatment
decreased linear mRNA but not circ-Amotl1 (Figure 2a).
Ectopic addition of mouse total RNA to the digested samples
did not affect significantly the results (Figure 2b,

Supplementary Tables S1 and S2). We confirmed that ectopic
circ-Amotl1 did not affect pre-mRNA levels (Figure 2c). By
northern blotting, a probe specific to circ-Amotl1 could detect
the predicted circ-Amotl1 band (Figure 2d left). We also
designed a probe specific for a shared sequence between
circ-Amotl1 and Amotl1 (Figure 2d right) and found that
transfecting circ-Amotl1 did not affect the translation of linear
Amotl1 mRNA (Figure 2e). Transfection of circ-Amotl1 did not
alter the expression of total proteins (Supplementary
Figure S1h) nor the interaction of Amotl1 with its partners
(Figure 2f). Functionally, we found that expressing circ-Amotl1
in MDA-MB-231 cells conferred a higher proliferative capacity
(Figure 2g) and resistance to serum-free growth conditions
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Figure 1 Circ-Amotl1 increased cell survival and colony formation. (a) Relationship of Amotl1 genomic DNA, mRNA and circRNA. (b) Total RNAs were isolated from the
specimens of patients with breast carcinoma and subject to real-time PCR. Tumor samples showed significantly higher levels of circ-Amotl1 than the adjacent tissues.
(c) Expression of circ-Amotl1 was analyzed in a variety of cell lines by real-time PCR. Nine cancer cell lines expressed higher levels of circ-Amotl1 relative to two non-cancer cell
lines HaCaTand MCF-10A. (d) H460, MDA-MB-231, and SK-BR-3 were maintained at 80 and 100% or cultured to over-confluence, when some cells began to detach. RNAswere
isolated and subject to real-time PCR to measure circ-Amotl1 levels. Asterisks indicate significant differences. (e and f) Total RNA extracted from the control oligo- or circ-Amotl1
siRNA-transfected MDA-MB-231 cells was incubated with or without RNAse R followed by real-time PCR. RNAse R treatment did not affect circ-Amotl1 levels but decreased
linear Amotl1 mRNA levels. (g) Silencing circ-Amotl1 expression in MDA-MB-231 cells decreased ability of cell proliferation compared with the control. **Po0.01. Error bars, S.D.
(n= 4). (h) Silencing circ-Amotl1 expression in MDA-MB-231 cells increased cell apoptosis (n= 4). (i) Silencing circ-Amotl1 expression in MDA-MB-231 cells decreased ability of
cell survival. (n= 4). (j) Left, Silencing circ-Amotl1 in SK-BR-3 cells decreased rates of cell proliferation (left) and viability (right) relative to the control. **Po0.01, n= 4

Circular RNAs reprogram tumorigenesis
Q Yang et al

1610

Cell Death and Differentiation



(Supplementary Figure S1i). The circ-Amotl1-transfected cells
also displayed decreased rates of apoptosis (Figure 2h,
Supplementary Figure S1j).
To test the effect of circularization, we removed the acceptor

intron from the circ-Amotl1 construct producing circ-Neg. As a
consequence, the construct circ-Neg could express the
fragment of circ-Amotl1 (Figure 2i), but the fragment could
not circularize (Figure 2j). Transfection with circ-Neg, similar to
circ-Amotl1, had no effect on the expression of endogenous
Amotl1 mRNA (Figure 2k). As a result, the inhibitory effect of
circ-Amotl1 on cell apoptosis was abolished owing to lack of
circularization (Figure 2l). Transfection with circ-Amotl1
(Supplementary Figure S2a) also increased proliferation in

other cell lines, including HepG2 (Supplementary Figure S2b),
NIH3T3 (Supplementary Figure S2c), and YPEN (Supp-
lementary Figure S2d). Colony formation was assayed in the
cancerous cell lines, and we detected larger colonies formed
in the circ-Amotl1-transfected MDA-MB-231 cells (Supple-
mentary Figure S2e) and HepG2 cells (Supplementary
Figure S2f).

Circ-Amotl1 in nude mice xenografts. Similar to our
in vitro findings, the tumor volume of both MDA-MB-231
and HepG2 xenografts increased significantly, compared with
controls (Figures 3a and b). MDA-MB-231 tumors were
excised 17 days postinjection and analyzed histologically. In

Figure 2 Expression of circ-Amotl1 increased cell proliferation. (a) Total RNA extracted from mock- or circ-Amotl1-transfected MDA-MB-231 cells was incubated with or
without RNAse R followed by real-time-PCR. Although RNAse R treatment decreased Amotl1 linear RNA levels, it did not affect circ-Amotl1 levels. **Po0.01. Error bars, S.D.
(n= 4). (b) After RNAse R digestion, the samples were subject to RNA spike-in with mouse total RNA followed by real-time PCR. Similar results were obtained. (c) Real-time PCR
using two primers located in the intron and exon showed that transfection with circ-Amotl1 did not affect pre-mRNA levels of Amotl1. n= 4. (d) Northern blotting showing circ-
Amotl1 expression in vector (vect)- and circ-Amotl1 (circ-Am)-transfected MDA-MB-231 cells. RNAse R digestion did not affect circ-Amotl1 levels (left) but degraded linear RNAs
(right). (e) circ-Amotl1 transfection did not affect linear Amotl1 expression. (f) Cell lysates were precipitated with anti-Amotl1 antibody followed by SDS-PAGE and Coomassie blue
staining. Transfection with circ-Amotl1 did not affect interaction of Amotl1 with its partners. (g and h) Cell proliferation was assayed in vector- and circ-Amotl1-transfected MAD-
MB-231 cells. Transfection with circ-Amotl1 increased proliferation (g) but decreased apoptosis (h) compared with the control. (i) Cells transfected with the circ-Amotl1 construct
without an acceptor intron (circ-Neg) produced the same levels of transcript as cells transfected with circ-Amotl1 (n= 4). (j) Transfection with circ-Neg did not produce circ-Amotl1
(n= 4). (k) Transfection with circ-Neg had no effect on Amotl1 mRNA (n= 4). (l) Circ-Neg had no effect on repressing cell apoptosis relative to circ-Amotl1 (n= 4)
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addition to the gross difference in tumor volume
(Supplementary Figure S2g), we found significant adhesion
between the tumor mass and stromal tissues. H&E staining
showed extensive invasion between tumor cells and muscle
and between tumor cells and bone (Supplementary
Figure S2h). In vitro, cell invasion assays demonstrated that
the circ-Amotl1 transfection increased the invasive capacity
of MDA-MB-231 cells through Matrigel (Supplementary
Figure S2i). Sections from the MDA-MB-231 tumors were
subject to TUNEL staining, where we detected a reduced
number of apoptotic cells in circ-Amotl1 xenografts, relative
to control (Supplementary Figures S3a and b).

Immunohistochemical (IHC) staining of CD34 further
revealed increased tumor endothelium in the circ-Amotl1
tumors (Supplementary Figure S3c). Interestingly, in mice
with circ-Amotl1-transfected xenografts, we also observed
invasion of tumor cells and tumor vasculature into bone,
resulting in bone degradation (Supplementary Figure S3d).
To understand how circ-Amotl1 functioned in tumorigenesis,

we selected uniform cell populations by isolating cells from the
single colonies formed in agarose. Although the total popula-
tion of circ-Amotl1-transfected cells showed an elongated
phenotype as compared with the control, the uniform
circ-Amotl1 cells not only maintained this elongated
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Figure 3 Expression of circ-Amotl1 enhanced tumor formation. (a) MDA-MB-231 cells transfected with circ-Amotl1 or the vector were injected subcutaneously into nude
mice. Tumor growth was monitored for 17 days. Expression of circ-Amotl1 increased tumor growth. (b) HepG2 cells transfected with circ-Amotl1 or the vector were injected
subcutaneously into nude mice for tumor growth assay. Expression of circ-Amotl1 increased tumor growth. (c) Upper, cells were inoculated in 96-well plates to obtain one cell per
well. Typical photos are shown for up to 6 days. Lower, cells were inoculated in 96-well plates to obtain one cell per well. Colony formation was monitored for up to 12 days. Typical
photos are shown for up to 9 days. (d) Single-cell growth curve for up to 10 days. The numbers of cells per well are shown as the inset. To the end, the circ-Amotl1 cells grew 30-
fold faster than the control with doubling time 17.8 h. (e) Colony growth curve for up to 12 days. The numbers of cells per colony are shown as the inset. To the end, the circ-Amotl1
cells grew 142-fold faster than the control with doubling time 21.9 h. (f) Single-cell suspension was distributed into 96-well plates. After confirming the presence of one cell per
well, each cell was injected subcutaneously. Tumors were isolated on days 32, 35, 38 and 40
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phenotype but also displayed a greater capacity in cell–cell
adhesion (Supplementary Figure S4a). By northern blotting,
we confirmed that circ-Amotl1 was highly expressed in
circ-Amotl1-transfected cells (Supplementary Figure S4b).
To further characterize the highly tumorigenic circ-Amotl1-

transfected cells, we then performed single-cell cultures.
Within 6 days, large spread colonies, 1 mm in diameter, had
formed (Figure 3c, upper). A single circ-Amotl1-expressing
cell grew to a population of 11 250 cells in 10 days, which
represented a 30-fold increase over the vector-transfected
cells (Figure 3d). The doubling time of the circ-Amotl1-
expressing cells was between 15 and 18 h, a growth rate
much faster than any known wild-type cancer cell (Figure 3d,
Supplementary Figure S4c). It is reported that wild-type MDA-

MB-231 cells have a doubling time of 1.1 days and the GFP-
transfected MDA-MB-231 cells have a doubling time of 1.4
days.25 In a population culture, we confirmed that the doubling
time for the vector-transfectedMDA-MB-231cells was 26.64 h,
whereas the doubling time for the circ-Amotl1-transfected cells
was 15.94 h (Supplementary Figure S4d). We also found that
individual circ-Amotl1 cells could form colonies significantly
larger than those from the vector-transfected cells (Figure 3c,
Supplementary Figure S4e). Twelve days after inoculation,
we detected a 142-fold increase in the number of
circ-Amotl1-transfected cells compared with the control
(Figure 3e).
We performed single-cell culture in agarose gel for 6 days.

These colonies of approximately 219 cells were then

Figure 4 circ-Amotl1 interacted with c-myc protein. (a) MDA-MB-231 cell lysate was incubated with antibodies as indicated. Anti-c-myc, EGF, c-myb, NF1, and AKTantibodies
pulled down circ-Amotl1 but not linear Amotl1 mRNA. **Po0.01. Error bars, S.D. (n= 4). (b) Lysates prepared from vector- or circ-Amotl1-transfected MDA-MB-231 cells were
incubated with antibodies as above, followed by real-time PCR. Anti-c-myc, EGF, c-myb, NF1, and AKTantibodies pulled down significantly higher levels of circ-Amotl1 in the circ-
Amotl1-transfected cells relative to the control. *Po0.05, **Po0.01. Error bars, S.D. (n= 4). (c) Equal amounts of proteins were detected in the vector- and circ-Amotl1-transfected
cells. (d) The lysates were also incubated with antibodies as indicated, followed by real-time PCR. Anti-c-myc antibody pulled down circ-Amotl1 but not circ-Foxo3. (n= 4). (e) Cell
lysates prepared from MDA-MB-231 cells were subjected to immunoprecipitation, followed by real-time PCR. Antibodies against c-myc pulled down circ-Amotl1 but not the other
circRNAs. (n= 4). (f) MDA-MB-231 cell lysate was incubated with different antibodies followed by real-time PCR. Anti-c-myc antibody pulled down circ-Amotl1 but not linear Amotl1
mRNA. (n= 4). (g) Lysates prepared from vector- or circ-Amotl1-transfected (including circ-Amotl1-m and circ-Amotl1-c) cells were incubated with antibodies as above, followed by
real-time PCR. Anti-c-myc antibody pulled down circ-Amotl1 but not Amotl1 mRNA. (n= 4). (h) The mixes were incubated with streptavidin beads to pull down circ-Amorl1. Real-
time PCR showed that the probe of circ-Amotl1 pulled down significantly higher levels of circ-Amotl1 in cells transfected with circ-Amotl1 than in the control cells. (n= 4). (i) Protein
lysates prepared from panel (h) were subject to western blotting. The probe complementary to circ-Amotl1 pulled down more c-myc than the control
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individually injected into nude mice. Mice were also injected
with colonies derived from vector-transfected cells. Each of the
219 cell colonies that had originated from one circ-Amotl1 cell
began to form tumorswithin 10 days. By 14 days, some tumors
caused skin ulcerations and were discarded. All mice were
killed on day 28. Seventeen tumors were obtained from 18
injections (Supplementary Figure S5a). Excluding one tech-
nical incident, this represented a nearly 100% tumor-take rate

(Supplementary Figure S5b). No tumor formation was
observed from control cells, as 107 vector-transfected cells
were needed to form a tumor in 28 days.
We then repeated the procedure using 3-day-old colonies of

approximately nine cells. Twenty-eight days postinjection,
some tumors began to cause skin ulcerations and the mice
were killed. By day 31, all mice were killed. Seventeen tumors
were obtained from 20 injections (Supplementary Figure S5c).

Figure 5 circ-Amotl1 promoted the expression of c-myc targets. (a) The circ-Amotl1- and vector-transfected MDA-MB-231 cells were maintained to 80% confluence followed
by RNA extraction and measurement of c-myc targets. The circ-Amotl1 cells expressed significantly higher levels of c-myc targets than the control. (b) Chromatins of vector- and
circ-Amotl1-transfected MDA-MB-231 cells were isolated, digested and immunoprecipitated with rabbit IgG (negative control) and antibodies against Histone H3 (positive control)
or c-myc, followed by PCR with specific primers flanking a piece of DNA sequence at the promoter regions of HIF-1α, Cdc25a, Mdm2, ELK1, JUN, and JUNB. circ-Amotl1
expression enhanced c-myc binding to the promoters of HIF-1α, Cdc25a, ELK1, and JUN. (c) The c-myc null cells HO15.19 were transfected with circ-Amotl1 or a control vector
followed by real-time PCR to confirm overexpression of the construct. (d) Cell proliferation was tested in the HO15.19 cells transfected with circ-Amotl1 or the vector. Little
difference was detected. (e) Lysates prepared from control oligo- or circ-Amotl1 siRNA-transfected cells were subject to anti-c-myc antibody precipitation assay. PCR showed that
circ-Amotl1 silencing decreased precipitation by anti-c-myc antibody. **Po0.01. Error bars, S.D. (n= 4). (f) Cells transfected with the siRNAs expressed significantly lower levels
of circ-Amotl1 than the control. (n= 4). (g) The mixes of input and probe as indicated were incubated with streptavidin beads to pull down circ-Amorl1. Real-time PCR showed that
the probe of circ-Amotl1 pulled down significantly lower levels of circ-Amotl1 in cells transfected with siRNAs than in the control cells. (n= 4). (h) Protein lysates prepared from
panel (e) were subject to western blotting probed with antibodies as indicated. The probe complementary to circ-Amotl1 pulled down less c-myc in the siRNA-transfected cells
than the control. (i) The siRNA-transfected cells expressed significantly lower levels of c-myc targets than the control. *Po0.05, **Po0.01. Error bars, S.D. (n= 4)
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In the controls, mice were injected with different number of
cells, none of which produced tumor. Considering an 85%
success rate of colony harvest and transfer (Supplementary
Figure S5d), this represented 100% rates of tumor formation
injected from the 3-day colonies.
Finally, we injected mice with single cells. Some animals

formed visible tumors by 20 days after injection. Some tumors
were excised by 32 and 35 days after injection. All mice were
killed by day 40, and we obtained 60 tumors from 180
injections (Figure 3f). Considering 80% success rates of cell
harvest and transfer (Supplementary Figures S5e and f), this
represented a 41% tumor-take rate using single-cell sub-
cutaneous injections.

Interaction of circ-Amotl1 with c-myc. To study how circ-
Amotl1 could trigger this highly tumorigenic phenotype, we
tested potential interactions of circ-Amtol1 with oncogenic
proteins. Cell lysis prepared from MDA-MB-231 cells were
subject to immunoprecipitation. It showed that circ-Amotl1
was pulled down by antibodies against c-myc, EGF, c-myb,
NF1, and AKT, which did not pull down linear Amotl1 mRNA
(Figure 4a). Circ-Amotl1 also interacted with other oncogenic
proteins (Supplementary Figure S6a). In addition, we found
that only antibodies against c-myc, EGF, c-myb, NF1, and
AKTwere able to pull down significantly higher levels of circ-
Amotl1 from the circ-Amotl1-transfected cells than those from
the vector-transfected cells (Figure 4b). It was noted that
c-myc showed the greatest binding capacity to circ-Amotl1,
suggesting a critical role of c-myc in mediating circ-Amotl1
functions. By western blotting, we showed that these proteins
were equally expressed (Figure 4c).
We then prepared cell lysates from MDA-MB-231 cells

transfected with circ-Amotl1, an empty vector, an unrelated
circ-Foxo3, or both circ-Amotl1 and circ-Foxo3.21,26 Although
we showed that both circRNAs were equally expressed, anti-
c-myc antibody precipitated circ-Amotl1 only and not circ-
Foxo3 (Figure 4d). We also examined the interaction between
c-myc with other circRNAs. The pull-down experiment
revealed that the antibody against c-myc only precipitated
circ-Amotl1 but did not pull down the other circRNAs
(Figure 4e).
We examined the interaction between circ-Amotl1 and

c-myc in detail. MDA-MB-231 cell lysatewas incubated with an
antibody against c-myc, followed by real-time PCR. We found
that anti-c-myc antibody pulled down circ-Amotl1 but not the
linear Amotl1 mRNA (Figure 4f). Anti-c-myc antibody also
pulled down significantly higher levels of circ-Amotl1 from the
circ-Amotl1-transfected cells than those from the control cells
(Figure 4g). We tested whether the probe used for northern
blotting had the capacity to pull down circ-Amotl1. Although
the total inputs of circ-Amotl1 and the probe were similar
(Supplementary Figure S6b), streptavidin beads pulled down
significantly higher levels of circ-Amotl1 compared with the
control (Figure 4h). Using this probe, higher levels of c-myc
were pulled down (Figure 4i).

Circ-Amotl1 regulates c-myc function and translocation.

It has been reported that c-myc can regulate up to 15% of
gene expression.27 We analyzed the expression of some
known c-myc targets in our circ-Amotl1- and vector-

transfected cells and found that a number of c-myc targets
were upregulated in the circ-Amotl1-transfected cells cultured
at sub-confluence (Figure 5a) and full confluence
(Supplementary Figure S6c). As some cells might start to
undergo apoptosis, we performed all of our experiments
using sub-confluent cultures. We analyzed the effect of circ-
Amotl1 on the interaction between c-myc and different
promoter regions. We found that ectopic circ-Amotl1
enhanced the binding affinity of c-myc to the promoters of
HIF-1α, Cdc25a, ELK-1, and JUN (Figure 5b), using primers
amplifying these promoters (Supplementary Figure S6d). To
validate the effect of c-myc in mediating circ-Amotl1
functions, we transfected the c-myc null cells HO15.1928,29

with either circ-Amotl1 or a control vector. Although the
transfected c-myc null cells now expressed circ-Amotl1
(Figure 5c), there was no change in cell proliferation
(Figure 5d), confirming the role of c-myc in mediating circ-
Amotl1 functions. To validate these results, we performed
silencing assays. Transfection with the siRNAs targeting circ-
Amotl1 decreased the levels of precipitated c-myc
(Figure 5e). With circ-Amotl1 siRNA knockdown (Figure 5f),
the probe that specifically targeted circ-Amotl1 was shown to
pull down significantly lower levels of circ-Amotl1 mRNA
(Figure 5g,Supplementary Figure S6e) and c-myc protein
(Figure 5h). Finally, silencing circ-Amotl1 significantly down-
regulated c-myc targets compared with the control oligo
(Figure 5i).
It has been reported that exonic circRNAs are distributed

mainly in cytoplasm.2,16We isolated total RNA from cytoplasm
and nuclei and measured the levels of circ-Amotl1. Higher
levels of circ-Amotl1 were detected in nuclei than in cytoplasm
(Figure 6a). Significantly higher levels of the ectopic circ-
Amotl1 were also detected in the nuclei relative to the
cytoplasm (Figure 6b). Western blotting using fractionated
samples showed a similar distribution of c-myc (Figure 6c).
Silencing circ-Amotl1 produced an opposite pattern of c-myc
distribution (Figure 6d). To examine whether circ-Amotl1
bound to c-myc in nuclei, we performed a crosslinking assay
and found that the anti-c-myc antibody precipitated circ-
Amotl1 but not linear Amotl1 mRNA (Figure 6e). Ectopic
expression of circ-Amotl1 increased the levels of the pulled
down product (Figure 6f).
By confocal microscopy, we detected mainly cytoplasmic

c-myc in the vector-transfected cells and nuclear distribution of
c-myc in the circ-Amotl1-transfected cells (Figure 6g, full
panels provided in Supplementary Figure S6f). Using the
probe, we detected co-localization of circ-Amotl1 and c-myc in
the nuclei of the circ-Amotl1 cells (Figure 6h, full panels
provided in Supplementary Figure S7a). Scanning the
expression levels confirmed circ-Amotl1 overexpression
alongside nuclear c-myc in circ-Amotl1-transfected cells
(Figure 6i,Supplementary Figure S7b). Silencing circ-Amotl1
facilitated cytoplasmic distribution of c-myc (Supplementary
Figure S7c). Taken together, our study showed that the ectopic
expression of circ-Amotl1 induced nuclear translocation of
c-myc (Figure 6j). It has been reported that nuclear c-myc is
readily degraded.30,31 In our study, high levels of c-myc were
translocated to the nucleus, but we did not detect decreased
level of total c-myc. This suggested that c-myc was co-
localized with circ-Amotl1, preventing degradation.
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Identification of circ-Amotl1-binding site in mediating

c-myc function. As the structure of full-length c-myc has yet
to be elucidated, a three-dimensional (3D) model was built
using I-TASSER (Iterative Threading ASSEmbly Refine-
ment).32 Five models of c-myc were computationally gener-
ated using the I-TASSER algorithm with C-scores ranging
from −3.80 to −1.26, the TM score was 0.56±0.15 and the
estimated root-mean-square deviation was 9.9±4.6 Å. The
confidence scores ranged from −5 to 2, with higher scores
representing higher confidence in the model. We thus derived
a 3D structure of c-myc (Figure 7a) to analyze potential circ-

Amotl1-binding sites. Using RNABindRPlus,33 BindN+,34 and
Pprint,35 we conducted a computational screen of c-myc for
RNA-binding residues. We found that c-myc shared con-
sensus sequences with other RNA-binding proteins
(Figure 7b).
The secondary structure of circ-Amotl1 was predicted by

analyzing its thermodynamic properties using the formula
ΔG=ΔH–TΔS, ΔG=− 52.2 kcal/mol at 37 °C, ΔH=−515
kcal/mol, and ΔS=− 1492.1 cal/(K·mol), where T (K) is the
absolute temperature and ΔG, ΔH, ΔS, denote the change in
free energy, enthalpy, and entropy, respectively. NPDock was

Figure 6 circ-Amotl1 promoted nuclear translocation of c-myc. (a) RNAs extracted from cytoplasm and nuclei of MDA-MB-231 cells were subject to real-time PCR. GAPDH
and Amotl1 were mainly expressed in the cytoplasm, while significantly higher levels of circ-Amotl1 were detected in the nuclei than in cytoplasm. **Po0.01. Error bars, S.D.
(n= 4). (b) RNAs extracted from cytoplasm and nuclei of MDA-MB-231 cells transfected with circ-Amotl1 or the vector were subjected to real-time PCR. Significantly higher levels
of circ-Amotl1 were detected in the nuclei than in the cytoplasm. (n= 4). (c) Upper showing equal levels of c-myc in the cell lysate. Middle showing higher level of c-myc was
detected in the nucleus fraction in the circ-Amotl1-transfected cell. Lower showing lower level of c-myc was detected in the cytoplasm. (d) Western blottings revealed equal levels
of c-myc in the cell lysates. Lower levels of c-myc were detected in the nucleus fraction, but higher levels were detected in the cytoplasm in the cells transfected with circ-Amotl1
siRNAs relative to control oligo. (e) MDA-MB-231 nuclear lysate was subjected to immunoprecipitation, followed by real-time PCR. RIP assays indicated that anti-c-myc antibody
pulled down more circ-Amotl1 than linear RNA (n= 6). (f) RIP assays indicated anti-c-myc antibody pulled down more circ-Amotl1 from cells transfected with circ-Amotl1 than
from control (n= 6). (g) The mock- and circ-Amotl1-transfected MDA-MB-231 cells were stained with phalloidins (green), DAPI (blue), and c-myc (red). High intensity of c-myc
was detected in the nucleus of the circ-Amotl1-transfected cells. (h) The overexpressed circ-Amotl1 was found co-localized with c-myc in the nucleus in the circ-Amotl1-
transfected cells. (i) Quantitation of circ-Amotl1 expression and nuclear translocation. (j) Diagram showing c-myc nuclear translocation facilitated by circ-Amotl1
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used to perform in silicomolecular docking of circ-Amotl1 with
c-myc. Based on these predictions and the electrostatic
surface potential calculation studies, c-myc was modeled with
the circ-Amotl1 (Figure 7c). It appeared that the RNA-binding
residues were concentrated in the central region and in the
C-terminal domain of c-myc. Our in silico simulation demon-
strated that circ-Amotl1 could dock with c-myc. The contact
map (Supplementary Figure S8a), residue-level resolution
contact maps (Supplementary Figure S8b), MC score
(Supplementary Figure S8c), contact distance (Supp-
lementary Table S3), accessible surface area
(Supplementary Table S4), and interaction overview
(Supplementary Table S5) all supported our conclusion that
circ-Amotl1 could bind to c-myc.
We mutagenized the c-myc interaction site and designed

blocking oligos complementary to the binding sites
(Figure 7d). Mutation of the c-myc-binding site did not affect
expression of Amotl1 and c-myc (Figure 7e). Lysates prepared

from MDA-MB-231 cells transfected with circ-Amotl1, the
vector, the mutant construct, or the blocking oligo were
subjected to pull-down assay. The circ-Amotl1 probe could
no longer precipitate c-myc when the cells were transfected
with the mutant construct or the blocking oligo (Figure 7f). As
well, the levels of circ-Amotl1 precipitated by the anti-c-myc
antibody were significantly lower in the cells transfected with
the mutant or the blocking oligo (Figure 7g). As a result, cells
transfected with the mutant or the blocking oligo displayed
decreased levels of proliferation (Figure 7h) and survival
(Figure 7i).
We then examined the blocking oligo in vivo. As the

efficiency of delivering the blocking oligo into solid tumors
was relative low, formation of ascites tumors was performed in
nude mice by injecting MDA-MB-231 cells intraperitoneally.
This was followed by control oligo, circ-Amotl1 siRNA, or
blocking oligo treatment. Mouse survival was monitored until
day 63.We found that siRNA and blocking oligo treatment both

Figure 7 Identification of circ-Amotl1 binding on c-myc. (a) Three-dimensional model of c-myc. (b) Prediction of c-myc RNA-binding residues was performed using Pprint,
RNABindRPlus, and BindN+. Plus signs indicate the predicted RNA-binding residues. (c) NPDock graphical representation of the three-dimensional docking models of circ-
Amotl1 and c-myc. (d) Circ-Amotl1 sequence labeling c-myc-binding site (red) and the mutated nucleotides (red). (e) MB-231 cells transfected with the mutant construct produced
similar levels of Amotl1 mRNA, measured by real-time PCR (left) and northern hybridization (middle) relative to controls. They also expressed similar protein levels of Amotl1 and
c-myc (right). (f) The probe could not precipitate c-myc following transfection with either the circ-Amotl1 siRNA or the blocking oligo. (g) Anti-c-myc antibody precipitated reduced
circ-Amotl1 following transfection with circ-Amotl1 siRNA or the blocking oligo. (h and i) Delivery of circ-Amotl1 siRNA or the blocking oligo decreased cell proliferation (h) and cell
survival (i). (j) Mice were injected intraperitoneally with MDA-MB-231 cells. Kaplan–Meier survival curves show that injection with circ-Amotl1 siRNA or the blocking oligo
prolonged mouse survival significantly
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prolonged the survival of mice with tumor xenografts, relative
to mice that were administered the control oligo (Figure 7j).

Discussion

In this study, we found that ectopically expressed circ-Amotl1
reprogrammed the tumorigenic capacity of MDA-MB-231. The
circ-Amotl1-expressing cells displayed a 30-fold increase in
single-cell culture and a 142-fold increase in colony formation.
Tumor-take rate in nude mice reached almost 100%. This
appeared to have occurred through facilitating translocation of
c-myc. Although c-myc was mainly distributed in cytoplasm
normally, ectopic expression of circ-Amotl1 increased c-myc
retention in the nucleus and promoted c-myc stability. The
interaction of circ-Amotl1 with c-myc was tested computation-
ally and its function was validated by blocking experiments
in vitro and in vivo.
The tumor xenografts from circ-Amotl1-transfected cells

displayed a marked increase in proliferation and tumor-
forming capacity. Although MDA-MB-231 cells are malignant,
these cells typically do not exhibit this phenotype. We
observed non-uniform tumors in mice. This suggested some
degree of heterogeneity within the cells, with certain popula-
tions growing much more rapidly than others. We then
selected uniform cell population by isolating cells from the
single colonies formed in agarose. This would reduce the
heterogeneity of the cell populations.
We found that every circ-Amotl1-transfected cell could

efficiently form a colony, which differs markedly from a normal
cancer cell population. Through subcutaneous injection of
3-day colonies formed from circ-Amotl1-transfected cells, we
derived a 100% rate of tumor formation. These results
suggested that every circ-Amotl1-transfected cell had the
potential to form an individual tumor. In parental MDA-MB-231
cells, 1 × 107 cells are typically required to form a detectable
tumor 30 days postinjection. Our results suggest that the
tumorigenicity of MDA-MB-231 cells had been reprogrammed
by circ-Amtol1 overexpression. By single-cell culture, we
found that each cell formed a robust and spread colony. It
should be noted that, in population culture, the difference in
proliferation rates between the circ-Amotl1-transfected cells
and the vector-transfected cells was approximately one-fold
increased. In single-cell culture, we detected a 30-fold
increase in cell number after 10 days. By colony-formation
assay, we detected a 142-fold increase in the number of circ-
Amotl1-transfected cells compared with control at 12 days.
To study how circ-Amotl1 could trigger this highly tumori-

genic phenotype, we examined potential interactions between
circ-Amotl1 and c-myc, which is a transcription factor regulat-
ing oncogene expression.36–38 Myc has been shown to
selectively regulate gene expression to control cellular
growth.39–41 It has also been shown that reduced c-myc
expression increases longevity in mice.42 Our results demon-
strated that circ-Amotl1 is highly expressed in breast cancer
biopsies and cell lines. We then systematically show that this
circRNA triggers potent tumorigenicity in vitro and in vivo

through the nuclear translocation of c-myc. This leads to
upregulation of multiple known c-myc targets. It is known that
nuclear c-myc is readily degraded.30 In our study, large levels
of c-myc were translocalized to the nucleus, but we did not

detect decreased level of total c-myc. This suggests that
c-myc was localized to the nucleus, where it co-localized with
circ-Amotl1, preventing degradation. Crosslinking assays
confirmed the interaction of circ-Amotl1 with c-myc within the
nucleus.
It has been reported that Amotl1 is highly expressed in

human breast cancer tissues and promotesmetastasis.43 This
seems correlated with our finding that circ-Amotl1 is highly
upregulated in breast cancer and promotes cancer growth. It
has been known that circRNAs can function as sponges for
regulating miRNA activities,44,45 and we found that circ-Foxo3
could promote Foxo3 expression and function serving as a
sponge for a number of miRNAs.17 In the current study, we
detected approximately equal levels of Amotl1 mRNA and
protein. This suggests that circ-Amotl1 does not function as a
sponge for binding miRNAs. Indeed, to serve as a sponge, the
circRNA must stay in cytosol, and we observed that circ-
Amotl1 interacted with c-myc and translocated to nucleus.
These results suggest that Amotl1 and circ-Amotl1 function by
different mechanisms in promoting cancer progression. This
awaits further investigation.

Materials and Methods
Circ-Amotl1 construct generation. Generation of circ-Amotl1: A Basic
Sequence was synthesized, which contained the 3′ half-intron-enox-II fragment

(splice acceptor or SA) of bacteriophage T4 td gene, a Small Space Sequence, a

exon-I splice donor 5′ half-intron segment. The Basic Sequence, driven by a CMV

promoter, was cloned into the multiple cloning sites of pEGFP-N1, which allowed

generation of circRNA and GFP by replacing Small Space Sequence with the

circular Amotl1, producing circ-Amotl1. The control plasmid was inserted with a

non-related sequence instead of the human circ-Amotl1 sequence. Both sequences

of circ-Amotl1 and the control vector are provided in Supplementary Figures

S1e and f.
Generation of mutated circ-Amotl1: Two primers, cir-Amo-FMut and cir-Amo-RMut,

were designed to generate mutation in the c-myc-binding site on circ-Amotl1 using

similar approach as above. Generation of circ-Neg1: There were two restriction

enzyme sites HindIII and NotI in circ-Amotl1, which were cut and subcloned into

pEGFE-N1 plasmid producing circ-Neg. In circ-Neg construct, the acceptor intron

was removed, abolishing the activity of circularization of circ-Amotl1. The anti-circ-

Amotl1 siRNAs, DNA oligo probes against endogenous or ectopic expression of circ-

Amotl1, labeled with biotin or Cy5, were obtained from Integrated DNATechnologies,

Inc. (Coralville, IA, USA).

Single-cell proliferation and colony formation. MDA-MB-231 cells
were inoculated in Petri dishes in DMEM containing 10% FBS, which allowed the

cells to attach but not spread as tissue culture plates did. The next day, cells were

treated with trypsin/EDTA and quantified by serial dilutions. Fresh medium (DMEM

containing 10% FBS) was added to obtain a density of 1 cell per 100 μl followed by

distribution into 96-well tissue culture plates at 100 μl per well. The plates were

examined carefully under a light microscope. The wells that contained one single

cell were marked. Some of these wells were excluded if more than one or none

growing colonies were detected within 2–3 days. The growing colonies were

monitored and photographed, and cell count was quantified daily.
Following quantification, the single-cell suspension was mixed with low melting

agarose gel in the density of 1 cell per 100 μl. The mixture was immediately

distributed into 96-well plates, which had been coated with 0.66% agarose, at the

amount of 100 μl per well. After solidification, the plates were examined carefully

under a light microscope. The wells that contained single cells were marked. Some of

these wells were excluded if more than one or none growing colonies were detected

within 2–3 days. The growing colonies were monitored and photographed, and the

cell number was determined daily. Owing to the difficulty in obtaining single-cell

suspension, the large colonies were treated with trypsin/EDTA extensively before cell

counting.
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Single colony tumor formation. After quantification, the single-cell
suspension was mixed with low melting agarose gel in DMEM containing 10%
FBS (reaching a final concentration of 0.25% agarose) at 1 cell per 100 μl. The

mixture was distributed into 96-well plates, which had been coated with 0.66%
agarose, at 100 μl per well. After solidification, the plates were examined carefully

under a light microscope. The wells that contained one single cell were marked.
Some of these wells were excluded if more than one or none growing colonies were

detected within 2–3 days. The growing colonies were monitored for 6 days.
Some colonies were used for single colony injection into nude mice

subcutaneously. In all, 10 μl of Matrigel were diluted with 90 μl medium and added
to each well before injection. Each colony was carefully collected with a syringe and

re-examined by a dissecting microscope prior to injection. The other colonies were

used to estimate the efficiency of colony transfer and injection. In brief, the colonies in
the 96-well plates in agarose gel were transferred, one-by-one in the same manner as

mouse injection. After transfer, the number of colonies in the new plates was
examined under a light microscope (Axiovert 200, Oberkochen, Germany) to

estimate the efficiency of colony transfer. As controls, mice were injected with 500,
5000, or 50 000 vector-transfected cells (n= 5).
For the 3-day colony injection, the procedure was similar except the colony was too

small to be seen under a dissecting microscope. For estimating the transfer and

injection efficiency, another set of the 3-day colonies, after transfer to a new plate,
were allowed to grow for an additional 3 days, so that the size of each colony could be

seen easier under a light microscope. As controls, mice were injected with 500, 5000,
or 50 000 vector-transfected cells (n= 5).

Single cell tumor formation. For single-cell injection, MDA-MB-231 cells
were inoculated in Petri dishes 1 day before injection. After obtaining single-cell
suspension, the cell number was determined. Medium (DMEM containing 10%

FBS) was added to obtain a density of 1 cell per 100 μl followed by immediate
distribution into 96-well tissue culture plates at the amount of 100 μl per well. The

plates were examined carefully under a light microscope. The wells that contained
one single cell were marked. Some wells were used for single-cell injection into

nude mice subcutaneously. In all, 10 μl of Matrigel were diluted with 90 μl medium

(DMEM containing 10% FBS) and added to each well before injection. Each cell in
the well was collected with a syringe, followed by mouse injection. The other wells

were used to estimate the efficiency of single-cell transfer and injection. In brief, the
cell in the 96-well plates were transferred, one-by-one in the same manner as

mouse injection, to a well of a new plate. It is important that all these procedures
were finished before cell attachment to the plates. After transfer, the cell was

allowed to grow for 3–4 days to form spreading colonies from single cells, so that
the size of each spreading colony could be seen easier under a light microscope.

Routine in vitro and in vivo assays. We performed in vitro experiments as
described, including cell transfection and colony formation,46 western blotting,47 flow
cytometry, IHC and immunofluorescence microscopy,48,49 real-time PCR using U6

as an internal control,50 protein pull down by RNA,21 and northern blotting.17 Given
the different sizes of circ-Amotl1 and linear Amotl1 mRNA, the samples were

separated on a 1.5% formaldehyde agarose gel for circ-Amotl1 and a 0.6% gel for

Amotl1 mRNA by using voltages of 50 and 90 V, respectively. Tumor-formation
assay was described previously.15 In the preparation of nuclear proteins, cells were

lysed in 1 ml nuclear extract buffer (20 mM Hepes, pH 7.2, 10 mM KCl, 2 mM
MgCl2, and PI) and homogenized with a prechilled Dounce homogenizer with 20

strokes. Cell lysis was centrifuged at 4200 rpm for 5 min. The pellet was washed
with PBS 3 times and resuspended in 100 μl lysis containing 0.5 M NaCl. After

centrifugation at 13 200 rpm for 10 min, supernatants containing nuclear extract
were used for western blotting analysis.

Statistical analysis. All experiments were performed at minimal in triplicate,
and numerical data were subjected to independent sample t-test. The levels of
significance were set at *Po0.05 and **Po0.01.
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