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hsa_circ_0068631 promotes breast cancer
progression through c-Myc by binding to EIF4AA3
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Breast cancer (BC) is one of the most common malignancies
among women worldwide with a high incidence of recurrence
and metastasis. In this study, we demonstrate that hsa_
circ_0068631, a circRNA generated from the transferrin recep-
tor (TFRC), is upregulated in BC tissues and cell lines. Knock-
down of hsa_circ_0068631 inhibited the proliferation and
migration of BC cells in vitro and in vivo. Mechanistically, an
RNA pull-down assay and RNA immunoprecipitation assay re-
vealed that eukaryotic translation initiation factor 4A3
(EIF4A3) could bind to hsa_circ_0068631 and c-Myc mRNA.
Additionally, the expression of hsa_circ_0068631 was posi-
tively correlated with c-Myc, and the upregulation of hsa_
circ_0068631 was a crucial factor for the dysregulation of
c-Myc. Through an actinomycin D assay, we confirmed that
the mRNA stability of c-Myc was influenced by hsa_circ_
0068631 and EIF4A3. Furthermore, hsa_circ_0068631 could
recruit EIF4A3 to increase c-Myc mRNA stability. Rescue as-
says manifesting depletion of c-Myc rescued the promotive
effect of hsa_circ_0068631 overexpression on biological activ-
ities in BC. In conclusion, to our knowledge, this study is the
first to unveil the role of hsa_circ_0068631 and the hsa_
circ_0068631/EIF4A3/c-Myc axis in BC, providing a new target
for BC treatment.

INTRODUCTION

Breast cancer (BC), known as one of the most common malignancies
among women worldwide, is a serious threat to human survival and
health."” Although significant advances in the diagnosis and treat-
ment of BC have been achieved in the past few years, the mortality
rates for BC are still high due to the high incidence of recurrence
and metastasis. Therefore, in-depth investigations focusing on the po-
tential molecular mechanisms in BC are urgently needed.

Circular RNAs (circRNAs), characterized by a closed and continuous
loop structure without a 5 cap or a 3’ poly(A) tail, are involved in
pathological processes of multiple malignancies.” Previous studies
have proven that circRNAs participate in various pathways related
to BC tumorigenesis. For example, hsa_circ_0001667 promoted BC
cell proliferation and survival via regulating the Hippo pathway.*
hsa_circ_001569 could promote BC cell proliferation and metastasis
by modulating the phosphatidylinositol 3-kinase (PI3K)/AKT
pathway.” Importantly, compared with conventional linear RNAs,
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circRNAs are more stable in tissues, blood, and exosomes, indicating
that circRNAs have a promising potential as diagnostic and therapeu-
tic biomarkers in BC.°"®

In recent years, the BC 21-gene assay provides important references
for the prognosis, recurrence, and drug selection of BC.” Transferrin
receptor (TFRC) was verified as a valuable endogenous control gene
in the BC 21-gene assay.lo’11 We selected hsa_circ_0068631, which
was produced at the TFRC gene, for our study. In our current study,
we found that hsa_circ_0068631 was highly expressed in BC tissues
and cell lines. The functional investigation showed that hsa_
circ_0068631 could accelerate BC progression in vivo and in vitro.
Through bioinformatics analysis and mechanism investigations, we
verified that hsa_circ_0068631 could maintain c-Myc mRNA stability
and positively regulate c-Myc by binding to eukaryotic translation
initiation factor 4A3 (EIF4A3), thereby providing potential therapeu-
tic targets in BC treatment.

RESULTS

hsa_circ_0068631 is highly expressed in BC tissues and cell lines
hsa_circ_0068631, formed by circularization of exons 2-3 of the gene
TFRC, was located at chromosome 3:195802029-195803993 accord-
ing to the UCSC Genome Browser (http://genome.ucsc.edu/). Sanger
sequencing was performed to verify the back-splicing junction site of
exon 3 toward exon 2 of hsa_circ_0068631 (Figure 1A). The existence
ofhsa_circ_0068631 PCR products was further verified by 1% agarose
gel electrophoresis. Additionally, knockdown and overexpression of
hsa_circ_0068631 were carried out to prove the specificity of the
band (Figure 1B). An RNase R resistant assay was performed to
confirm that the hsa_circ_0068631 is circular. The results showed
that RNase R could digest linear TFRC RNA but not hsa_
circ_0068631 (Figures 1C and 1D). Then, we conducted an actino-
mycin D (ActD) assay in MDA-MB-231 and MCEF-7 cells and results
showed that hsa_circ_0068631 rather than TFRC could resist actino-
mycin D, indicating that hsa_circ_0068631 was more stable and
has a longer half-life (Figures 1E and 1F). To explore the cellular
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Figure 1. hsa_circ_0068631 was highly expressed in BC tissues and cell lines

(A) hsa_circ_0068631 is formed by circularization of exons 2-3 of the gene TFRC, and the back-splicing junction site was verified by Sanger sequencing. (B) Existence of
hsa_circ_0068631 in BC cells was verified by agarose gel electrophoresis. (C and D) Quantitative real-time PCR analysis of hsa_circ_0068631 and linear TFRC in BC cells
treated with RNase R. (E and F) After actinomycin D treatment, the mRNA stability of hsa_circ_0068631 and TFRC in BC cells was determined by quantitative real-time PCR.
(G) RNA FISH for hsa_circ_0068631 and nuclei were stained with DAPI (scale bars, 50 um). Red shows hsa_circ_0068631; blue shows DAPI. (H and |) Expression levels of the
cytoplasmic control (GAPDH), the nuclear control (U6), and hsa_circ_0068631 were determined by quantitative real-time PCR in the cytoplasmic and nuclear fractions of BC

cells. (J and K) hsa_circ_0068631 was highly expressed in tumor tissues compared with adjacent normal tissues. (L) hsa_circ_0068631 was highly expressed in BC cells
compared with MCF-10A cells. ***p < 0.001, ****p < 0.0001.

distribution of hsa_circ_0068631, a fluorescence in situ hybridization we confirmed that hsa_circ_0068631 was enriched in the cytoplasm of

(FISH) analysis was performed and revealed that most of the hsa_  BC cells by quantitative real-time PCR in the cytoplasmic and nuclear
circ_0068631 was located in the cytoplasm (Figure 1G). Consistently,  fractions (Figures 1H and 1I). hsa_circ_0068631 expression in BC was
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Table 1. The relationship between the expression of hsa_circ_0068631 and
various clinicopathological variables in BC patients

hsa_circ_0068631 expression

Patient characteristics Total High (n = 39) Low (n =21) p Value
Age 0.4302
<60 27 19 8

>60 33 20 13

TNM stage 0.0136*
/11 39 21 18

1/IvV 21 18 3

Tumor size (cm) 0.0276*
<2 44 25 19

>2 16 14 2

Lymph node metastasis 0.0083**
Negative 38 20 18

Positive 22 19 3

Distant metastasis 0.0258*
No 52 31 21

Yes 8 8 0

*p < 0.05.

“p < 0.01.

evaluated by quantitative real-time PCR. As shown in Figures 1J and
1K, the expression of hsa_circ_0068631 was significantly elevated in
BC tissues (39/60, 65%) compared with adjacent normal tissues.
Consistently, five BC cell lines (MDA-MB-231, MCE-7, HCC-1937,
BT549, and SKBR3) presented higher hsa_circ_0068631 expression
compared with MCF-10A cells (Figure 1L). Then, MDA-MB-231
and MCEF-7 cells were chosen for subsequent experiments due to re-
sults discussed above. To better identify the role of hsa_circ_0068631
in BC, we analyzed the relationship between hsa_circ_0068631
expression and the clinical and pathological variables in 60 BC pa-
tients. High expression of hsa_circ_0068631 was positively associated
with tumor-lymph node-metastasis (TNM) stage, tumor size, lymph
node metastasis and distant metastasis, but it had no correlation
with age (Table 1).

hsa_circ_0068631 exerts an oncogenic role in BC cells

High expression of hsa_circ_0068631 indicated its oncogenic role in
BC. hsa_circ_0068631 was knocked down in MDA-MB-231 and
MCE-7 cell lines using small interfering RNA (siRNA) targeting hu-
man hsa_circ_0068631 (si-circ_0068631). According to the transfec-
tion efficiency verified by quantitative real-time PCR, we chose
si-circ_0068631-1 for further study (Figure 2A). Meanwhile, we stably
overexpressed hsa_circ_0068631 in BC cells using lentivirus plasmids
targeting human hsa_circ_0068631 (LV-circ_0068631) and empty
vector (LV-vector) as a control (Figure 2B). The MTT (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and colony
formation assay were performed to detect cell viability, and the results
showed that cell proliferation was clearly promoted by hsa_
circ_0068631 (Figures 2C-2G). Meanwhile, a transwell migration
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assay and wound-healing assay illustrated that the capabilities of
BC cell migration were suppressed in the hsa_circ_0068631-depletion
group whereas they were promoted in the hsa_circ_0068631-overex-
pression group (Figures 2H and 2I; Figures S1A and S1B). In addition,
cell cycle was further tested by flow cytometry analysis, indicating that
hsa_circ_0068631 depletion increased the percentage of the Go/G;
phase of BC cells (Figures 2J and 2L). Also, hsa_circ_0068631 overex-
pression decreased the percentage of the Go/G; phase of BC cells (Fig-
ures 2K and 2M). All results above proved that hsa_circ_0068631
plays an oncogenic role in BC cells.

hsa_circ_0068631 could bind to EIF4A3

Since hsa_circ_0068631 was generated from the gene TFRC, we first
investigated whether hsa_circ_0068631 affected its expression. The re-
sults showed that there was no significant change in mRNA and
protein level of TFRC after knockdown and overexpression of
circ_0068631, indicating that hsa_circ_0068631 exerts its roles
independent of its parent gene (Figures SIC-S1E). According to the
prediction of CircInteractome (https://circinteractome.nia.nih.gov/),
hsa_circ_0068631 had a binding site with an EIF4A3 matching
circRNA junction, indicating that hsa_circ_0068631 has protein-bind-
ing capacity (Figure 3A). To verify whether hsa_circ_0068631 could
bind to RNA-binding protein (RBP), an RNA pull-down silver staining
assay was performed. As shown in Figure 3B, specific bands were
shown at 40-70 kDa, indicating that there are some RBPs that could
bind to hsa_circ_0068631. Then, the interaction between EIF4A3
and hsa_circ_0068631 was further validated by RNA pull-down, fol-
lowed by a western blotting assay (Figure 3C). In addition, an RNA
immunoprecipitation (RIP) assay further confirmed the enrichment
of hsa_circ_0068631 in the anti-EIF4A3 group compared with
the anti-immunoglobulin G (IgG) group (Figures 3D and 3E). More-
over, an immunofluorescence (IF)/FISH assay showed that hsa_
circ_0068631was co-located with EIF4A3 in BC cells (Figure 3F).
Taken together, these data demonstrated that hsa_circ_0068631 could
bind to EIF4A3. We found that EIF4A3 was highly expressed in BC tis-
sues in The Cancer Genome Atlas (TCGA) database (Figure S1F). In
addition, we tested the EIF4A3 protein level in BC cell lines and discov-
ered the high expression of EIF4A3 in BC cell lines (Figure 4A). Then,
we respectively knocked down and overexpressed EIF4A3 in BC cells,
and the efficiency was confirmed in both mRNA and protein levels
(Figures 4B-4E). Consistent with its expression pattern, EIF4A3 deple-
tion remarkably inhibited BC cell proliferation and migration, while
overexpression of EIF4A3 exerted oncogenic activities in BC cells (Fig-
ures 4F-4L; Figures S1G and S1H). Next, we investigated whether
hsa_circ_0068631 affected the expression of EIF4A3, but we detected
no significant changes in both mRNA or protein levels of EIF4A3
with hsa_circ_0068631 depletion or overexpression (Figures 4M-
40). Thus, we proposed a hypothesis that hsa_circ_0068631 might
regulate downstream mRNAs via recruiting and binding to EIF4A3.

hsa_circ_0068631 regulates c-Myc through recruiting EIF4A3 at
the post-transcriptional level

According to systematic analysis of the co-expression network of
EIF4A3 in cancers, the biological pathway showed that the c-Myc
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A Figure 3. hsa_circ_0068631 could bind to EIF4A3
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pathway was enriched among EIF4A3 co-expressed partners.'”
Through TCGA database, we found that the expression of EIF4A3
was also positively correlated with c-Myc (Figure S1I). Then, we
investigated c-Myc expression in BC tissues by quantitative real-
time PCR, and c-Myc was significantly overexpressed in BC tissues
(Figures 5A and 5B). Pearson’s correlation analysis demonstrated
the expression of hsa_circ_0068631 was positively correlated with
c-Myc (Figure 5C). Then, we intended to examine the potential reg-
ulatory effect of hsa_circ_0068631 on c-Myc. We detected the mRNA

expression (Figure 5F). Therefore, we assumed
that hsa_circ_0068631 regulates c-Myc at the
post-transcriptional level through recruiting
EIF4A3. Thereafter, we conducted a RIP assay
to validate the binding of EIF4A3 to c-Myc
mRNA (Figure 5G). Furthermore, the enrich-
ment of c-Myc mRNA in anti-EIF4A3 precipi-
tates was decreased due to hsa_circ_0068631
depletion (Figures 5H-5I). Then, we added
actinomycin D to BC cells treated with si-
circ_0068631 and siRNA targeting human
EIFA43 (si-EIF4A3), respectively, to test the
mRNA stability of c-Myc. As expected, c-Myc
mRNA stability was reduced due to hsa_
circ_0068631 depletion or EIF4A3 depletion
(Figure 5], 5K, 5M, and 5N). Furthermore, EIF4A3 overexpression
rescued the c-Myc mRNA stability decrease induced by hsa_
circ_0068631 depletion in BC cells (Figures 5L and 50). Given that
cyclin E and CDK4 were confirmed target genes of c-Myc,'>'* we
further examined c-Myc stabilization through detecting cyclin E
and CDK4 protein levels in hsa_circ_0068631 depletion and overex-
pression BC cells. As shown in Figure 5P, both cyclin E and CDK4
protein levels were positively regulated by hsa_circ_0068631. To
further confirm that hsa_circ_0068631 maintains the stability of

MDA-MB-231 MCF-7

Figure 2. hsa_circ_0068631 exerted an oncogenic role in BC cells

(A) Expression of hsa_circ_0068631 was confirmed by quantitative real-time PCR in BC cells transfected with si-NC or si-circ_0068631. (B) Expression of hsa_circ_0068631
was confirmed by quantitative real-time PCR in BC cells transfected with LV-vector or LV-circ_0068631. (C—F) Effect of si-circ_0068631 and LV-circ_0068631 on prolif-
eration in BC cell lines by an MTT assay. (G) Effect of si-circ_0068631 and LV-circ_0068631 on proliferation in BC cell lines by a colony formation assay. (H) Wound-healing
assays were performed in MDA-MB-231 cells treated with si-circ_0068631 or LV-circ_0068631 (scale bars, 200 um). () Cell migration assays were performed in MDA-MB-

231 cells treated with si-circ_0068631 or LV-circ_0068631 (scale bars, 100 pm). (J-

circ_0068631. **p < 0.01, **p < 0.001, ***p < 0.0001.
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M) Cell cycle assays were performed in BC cells treated with si-circ_0068631 or LV-
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c-Myc mRNA by recruiting EIF4A3, we examined the changes of
c-Myc protein in BC cells with EIF4A3 knocked down. As expected,
the upregulating effect of hsa_circ_0068631 on c-Myc markedly
decreased due to EIF4A3 depletion (Figure 5Q). In conclusion, these
findings revealed that hsa_circ_0068631 enhanced c-Myc mRNA sta-
bility through recruiting EIF4A3.

Depletion of c-Myc rescued the promotive effect of
hsa_circ_0068631 overexpression on biological activities in BC
Eventually, rescue assays were carried out to explore whether hsa_
circ_0068631 affected the tumorigenesis of BC through c-Myc.
MDA-MB-231 and MCF-7 cells were co-transfected with siRNA tar-
geting c-Myc (si-c-Myc) and LV-circ_0068631. MTT and colony
formation assays manifested that cell proliferation promoted by
LV-circ_0068631 was hindered by si-c-Myc (Figures 6A-6C).
Furthermore, c-Myc attenuation decreased MDA-MB-231 cell migra-
tion promoted by hsa_circ_0068631 overexpression (Figure 6D). In
addition, the upregulation of c-Myc protein levels under hsa_-
circ_0068631 overexpression was recovered by si-c-Myc (Figure 6E).
In summary, depletion of c-Myc rescued the promotive effect of hsa_
circ_0068631 overexpression on BC progression, confirming that
hsa_circ_0068631 facilitates BC tumorigenesis through c-Myc.

Xenograft assay identified oncogenic role of hsa_circ_0068631

in BC

To further confirm the role of hsa_circ_0068631 in vivo, we carried
out a xenograft tumor assay in MDA-MB-231 cells stably infected
by LV-circ_0068631 or LV-vector (Figure 7A). 5 weeks later, mice tu-
mors were collected, photographed, measured, and weighed. Not sur-
prisingly, we found that hsa_circ_0068631 overexpression markedly
increased the tumor volume and weight compared with the control
group (Figures 7B-7D). Moreover, the xenograft tumor protein was
extracted and the expression of c-Myc was detected by western blot-
ting and immunohistochemistry (IHC) (Figures 7E-7F), indicating
that hsa_circ_0068631 overexpression could upregulate the c-Myc
protein level. Results of the xenograft assay supported the oncogenic
role of hsa_circ_0068631 in BC. The mechanism of the hsa_
circ_0068631/EIF4A3/c-Myc axis in BC is shown in Figure 7G.

DISCUSSION

In recent years, increasing evidence has illustrated that circRNAs play
crucial oncogenic or anti-cancer roles in multiple cancers, including
BC. Different from other noncoding RNAs such as long noncoding
RNAs and microRNAs (miRNAs), the stable structure of covalently

Molecular Therapy: Nucleic Acids

closed loops provides circRNAs with the ability to resist environ-
mental degradation.”™"”

In this study, we identified that a novel circRNA, hsa_circ_0068631,
was remarkably upregulated in BC tissues and cell lines. Of note,
abnormally high expression of hsa_circ_0068631 was positively
related to the clinical pathological variables in 60 BC patients, such
as TNM stage, tumor size, lymph node metastasis, and distant metas-
tasis. Then, we verified that hsa_circ_0068631 could facilitate BC
tumorigenesis in vivo and in vitro, indicating its function as a valuable
therapeutic target for BC treatment.

Until now, circRNAs have been identified to participate in tumori-
genesis through several mechanisms, such as sponging miRNAs,"*"”
binding to RBPs,** and regulating gene transcription®>** and
translation.”” *® Previous studies mainly focused on circRNAs
serving as miRNA sponges. Actually, circRNAs could also competi-

tively bind to and interact with RBPs.”

In our study, we found that hsa_circ_0068631 has a potential binding
site with EIF4A3. EIF4A3 is a core component of the exon junction
complex (EJC), playing significant roles in mRNA splicing, location,
transport, translation, and degradation.”’32 As a RBP, EIF4A3 has
been reportedly implicated in interacting with RNAs and is consid-
ered as a diagnostic marker or therapeutic target for several cancers.
For example, EIF4A3 could promote circMMP9 expression through
binding circMMP9 mRNA transcript in the upstream region.”
circ_csell inhibits colorectal cancer proliferation by binding to
EIF4A3.*" In BC, EIF4A3 was remarkably overexpressed and
EIF4A3 overexpression was associated with poor prognosis,' indi-
cating that EIF4A3 plays a key role in BC progression. Based on
previous reports, c-Myc was enriched among EIF4A3 co-expressed
partners.'” c-Myc was significantly associated with cell death, prolif-
eration, differentiation, stress pathways, and mechanisms of drug
resistance, and activation of c-Myc has been widely reported in BC
progression.””> Many studies have focused on molecules that directly
target c-Myc, which will provide invaluable potential anti-cancer
therapeutic targets.”

According to TCGA database as well as our experimental results,
c-Myc was upregulated in BC and positively correlated with hsa_
circ_0068631. Of note, protein level rather than mRNA level of
c-Myc was affected by hsa_circ_0068631. The RNA pull-down assay
and RIP assay were performed to reveal that EIF4A3 could interact

Figure 4. EIF4A3 exerted an oncogenic role in BC cells

(A) EIF4A3 was highly expressed in BC cells compared with MCF-10A cells as confirmed by western blotting. (B) Expression of EIF4A3 was confirmed by quantitative real-time
PCR in BC cells transfected with si-NC or si-EIF4A3. (C) Expression of EIF4A3 was confirmed by western blotting in BC cells transfected with si-NC or si-EIF4A3. (D)
Expression of EIF4A3 was confirmed by quantitative real-time PCR in BC cells transfected with LV-vector or LV-EIF4A3. (E) Expression of EIF4A3 was confirmed by western
blotting in BC cells transfected with LV-vector or LV-EIF4A3. (F-I) Effect of si-EIF4A3 or LV-EIF4A3 on proliferation in BC cell lines by an MTT assay. (J) Effect of si-EIF4A3 or
LV-EIF4A3 on proliferation in BC cell lines by a colony formation assay. (K) Wound-healing assays were performed in MDA-MB-231 cells treated with si-EIF4A3 or LV-EIF4A3
(scale bars, 200 um). (L) Cell migration assays were performed in MDA-MB-231 cells treated with si-EIF4A3 or LV-EIF4A3 (scale bars, 100 um). (M and N) The mRNA level of
EIF4A3 was evaluated in BC cells transfected with si-circ_0068631 or LV-circ_0068631. (O) The protein level of EIF4A3 was evaluated in BC cells transfected with

si-circ_0068631 or LV-circ_0068631. **p < 0.01, **p < 0.001, ***p < 0.0001.
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with hsa_circ_0068631 and c-Myc mRNA. In addition, hsa_
circ_0068631 depletion reduced the interaction between EIF4A3
and c-Myc mRNA. Based on previous reports, RBPs can directly
bind to RNA and play a pivotal part in the post-transcriptional pro-
cess.”” Thus, we supposed that hsa_circ_0068631 affected c-Myc
mRNA stability via recruiting EIF4A3. Through an actinomycin D
assay, we confirmed that the mRNA stability of c-Myc was influenced
by hsa_circ_0068631 and EIF4A3. Eventually, we conducted rescue
assays and further verified that depletion of c-Myc could invert the
promotive effect of hsa_circ_0068631 overexpression on biological
activities in BC.

In conclusion, our study demonstrated that upregulation of hsa_
circ_0068631 could facilitate the progression of BC by binding to
EIF4A3 to maintain c-Myc mRNA stability. Suppressing the hsa_
circ_0068631/EIF4A3/c-Myc axis represents a potential strategy
for BC.

MATERIALS AND METHODS

Clinical tissue samples

In total, 60 tumor tissues and paired adjacent normal tissues of BC
patients were collected from the Department of Breast and Thyroid
Surgery of Shanghai Tenth People’s Hospital (Shanghai, China)
from 2017 to 2020. Patients who received radiotherapy, chemo-
therapy, or any other neoadjuvant therapy before surgery were
excluded. All excised specimens were rapidly stored in liquid nitro-
gen. Clinical characteristics of all patients were recorded. This study
was approved by Institutional Ethics Committee of Shanghai Tenth
People’s Hospital. Informed consent was signed by all patients.

Cell culture and transfection

All cell lines involved in this study were purchased from the Chinese
Academy of Sciences (Shanghai, China). BC cell lines and HEK293T
cell line were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, USA) containing 10% fetal bovine serum (FBS)
(Gibco, USA). Non-malignant breast epithelial cell line MCF-10A
cells were cultured in mammary epithelial basal medium (MEBM)
(Cambrex, USA). All cell lines were cultured in a CO, incubator at
constant temperature. The si-circ_0068631 junction site, si-EIF4A3,
and siRNA targeting the negative control (si-NC) were purchased
from Generay Biotech (Shanghai, China). LV-circ_0068631 and
LV-vector were purchased from QiheBio (Shanghai, China). We
used Hieff Trans liposomal transfection reagent (Yeasen Biotech-
nology, China) for transfection according to the manufacturer’s
instructions.
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RNA extraction and quantitative real-time PCR

Total RNA was isolated by TRIzol reagent (Invitrogen, USA). Hifair
I first-strand cDNA synthesis SuperMix (Yeasen Biotechnology,
China) was used to reverse RNA into cDNA. Hieff qPCR SYBR Green
master mix (Yeasen Biotechnology, China) was used for quantitative
real-time PCR. Data were normalized to GAPDH/U6/18S and quan-
tified by the 27 #4" method. Primer sequences were synthesized by
Generay Biotech (Shanghai, China). Primers used in this study are
shown in Table S1.

Confirming specificity for hsa_circ_0068631

PCR products amplified by hsa_circ_0068631 primers were separated
on 1% agarose gel. Sanger sequencing was performed to validate the
back-splicing junction site of hsa_circ_0068631.

RNase R resistance assay

MDA-MB-231 and MCF-7 cell lines were treated with RNase R (4 U/
mg, Epicenter) and incubated for 30 min at 37°C. Then, the treated
RNAs were reverse transcribed with specific primers and detected
by a quantitative real-time PCR assay.

Actinomycin D assay

MDA-MB-231 and MCF-7 cells were treated with 2 mg/mL actino-
mycin D (Merck, Germany) to block transcription. Then, the remain-
ing RNAs extracted from treated cells were assessed by qRT-PCR.

Subcellular fractionation

Nuclear and cytoplasmic extraction reagents (Thermo Fisher Scienti-
fic) were used for subcellular fractionation of BC cells. We used U6 as
the nuclear control and GAPDH as the cytoplasmic control.

FISH

A Ribo FISH kit (Ribo, China) was used for the FISH assay. Specific
probes for hsa_circ_0068631 were synthesized by RiboBio (Guangz-
hou, China). MDA-MB-231 and MCF-7 cells were fixed with 4%
paraformaldehyde, treated with 0.5% Triton X-100, and incubated
with a hsa_circ_0068631 probe overnight. Then, cell nuclei were
stained with DAPI. Images were obtained with a fluorescence micro-
scope (Olympus BX53 biological microscope).

IF

MDA-MB-231 and MCEF-7 cells were fixed with 4% paraformalde-
hyde, treated with 0.5% Triton X-100, and immunoblotted overnight
at 4°C with primary antibodies, i.e., anti-EIF4A3 (ABclonal, China).
Then, the cells were incubated with secondary antibodies/Alexa Fluor

Figure 5. hsa_circ_0068631 regulated c-Myc through recruiting EIF4A3 at the post-transcriptional level

(A and B) c-Myc was highly expressed in tumor tissues compared with adjacent normal tissues. (C) Correlations between the expression of hsa_circ_0068631 and c-Myc
were found with Pearson’s correlation analysis in BC tissue samples (n = 60). (D and E) The mRNA level of c-Myc was evaluated in BC cells transfected with si-circ_0068631
or LV-circ_0068631. (F) The protein level of c-Myc was evaluated in BC cells transfected with si-circ_0068631 or LV-circ_0068631. (G) An anti-EIF4A3 RIP assay was applied
to validate the binding of EIF4A3 to c-Myc. (H and ) The effect of hsa_circ_0068631 knockdown on the binding of EIF4A3 to c-Myc was assessed by a RIP assay. (J-O) After
actinomycin D treatment, the mRNA stability of c-Myc in BC cells was determined by quantitative real-time PCR. (P) The protein levels of c-Myc target genes were evaluated
in BC cells transfected with si-circ_0068631 or LV-circ_0068631. (Q) The protein level of c-Myc was evaluated in BC cells with EIF4A3 depletion. *p < 0.05, **p < 0.01,

***p < 0.0001.

130 Molecular Therapy: Nucleic Acids Vol. 26 December 2021



www.moleculartherapy.org

A B C LV-circ_0068631 LV-vector LV-circ_0068631 LV-vector
MDA-MB-231 MCF-7 + + + +
si-NC si-NC si-c-Myc si-c-Myc
1.5--e LV-circ_0068631+si-NC 2577-e- Lv-cire_0068631+si-NC 2 3 :
-&- L V-vector+si-NC =20 - LV'V_EdOHSI'NC X §
3 & LVecirc_0068631+si-c-Myc  xex R Bl ) @
§ 1.04v WWovectorssic-mye 7 s s ¥ LV-vector+si-c-Myc . E
= 1 o
¥ ' //I E] =
E 2 =
5 / = [ 1.0
> 05 a
a
) O 0.5 -
u
0.0 r T I I I 0.0 T T T T 2§
1 2 3 4 5 1 2 3 4 5
time(day) time(day)
D = LV-circ_0068631+si-NC B | V-circ_0068631+si-NC
= LV-vector+si-NC i
mm | V-vector+si-NC
LV-circ_0068631 LV-vector LV-circ_0068631 LV-vector =l LV-circ_0068631+si-c-Myc W LV-circ_0068631+si-c-Myc
+ * o+ o+ < 150 ™= LV-vector+si-c-Myc 800 M LV-vector+si-c-Myc
si-NC si-NC si-c-Myc si-c-Myc = o
% 2 =
g3 =
= 5 8 600
a £ E
o 3 2
=1 3 < 400
3 5 g
g K S 200
k=l
=
0
MDA-MB-231 MDA-MB-231 MCF-7
o <
N x}x&
E & ¥ W < N W
8
& é\'\\(, &y » & & & \»g«
& K & o & o © ¢
<7 o & N o°
o7 S I I S
o W N v ¥ v MV
(kDa)
_| cMmyec e |57
g ) = LV-circ_0068631+si-NC . LV-circ_0068631+si-NC
I e e e —p——— LV-veclor+si-NC - LV-veciortsiNG
E mm LV-circ_0068631+si-c-Myc § Bl LV-circ_0068631+si-c-Myc
E 2.0 LV—veclor:ﬂ-c-Myc E 1.5 LV-vectortsi-c-Myc
%3 55 &
£ cE
o S =15 S
i X 2%
El 29 ]
o o
EEO0S FE
T O s o
© £ x £
g C-hye E Total Nucleus Cytoplasm E Total Nucleus Cytoplasm
= = = & S
s LaminAE 2 e MDA-MB-231 MCF-7
g L Z
ST actin [ S e— —

MDA-MB-231

Figure 6. Depletion of c-Myc rescued the promotive effect of hsa_circ_0068631 overexpression on biological activities in BC

(A and B) si-c-Myc rescued the promotive effects of LV-circ_0068631 on BC cells by an MTT assay. (C) si-c-Myc rescued the promotive effects of LV-circ_0068631 on BC
cells by a colony formation assay. (D) si-c-Myc rescued the promotive effects of LV-circ_0068631 on BC cells by a cell migration assay (scale bars, 100 pm). (E) si-c-Myc
rescued the high expression of c-Myc caused by LV-circ_0068631 by western blotting. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

488 for 1 h at room temperature. Then, cell nuclei were stained
with DAPI. Images were obtained with a fluorescence microscope
(Olympus BX53 biological microscope).

MTT assay

Transfected BC cells at a density of 2,000 were seeded in 96-well
plates. An MTT assay kit (Sigma, USA) was used to detect living cells.
The absorbance at 490 nm was measured by a microplate reader at
five time periods (0, 24, 48, 72, and 96 h).

Colony formation assay

Transfected BC cells at a density of 1,000 were seeded in six-well
plates. Cell colonies were subsequently washed, fixed, and stained un-
til the colonies were visible. Then, colonies were counted and imaged.

Wound-healing assay

Transfected BC cells were seeded in six-well plates. A scratch was pro-
duced over the cells with a 200-puL pipette tip, and detached cells were
removed by washing with PBS. All cells used in the wound-healing

Molecular Therapy: Nucleic Acids Vol. 26 December 2021 131


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

A MDA-MB-231 B (o] 800 -e- LV-vector
o -m LV-circ_0068631 ,,
-~ 50 =
53 £ 600
§ o 40 T = T
H 5
2 © 30 . 400 .
$8 >
@22 °
g ¢ £ 200 .
o : ,
© g ) ) | 0-
0

1 2 3 4 5

s &
4@5” & Time(weeks)
&S
4“;\6’/
~
D E E
LV-vector LV-circ_0068631
1.59 n=6 MV
_— 1 2 3 4 5 6 1.2 3 4 5 6 f.
2 S el
S 1.0 u . o 5
5 | PPN S [ 5
H 5z
5 ° 63
£ 0.54 2 .
= 5 E
2 -z 5% ¢
-ITE:_. g6 2
3
0.0 T T g E N g §
o o %E 2 2 S,
& b%q’ 250 o2
K & §E 1.2 3 4 5 6 1 2 3 4 5 6 3
v <7 3 a
,é,\‘ 3 LV-vector LV-circ_0068631
™
e T ~
~
Cytoplasm .~ Nucleus =
y N Recruit
y b —
y \ so_circ 0068631
/
/ \
N \
—-.———: — O —
| TRRC \
| \

\
Il : r q‘J | hsa_circ_0068631 | | RBP complex
{ |
| I c
\ / £

c-Myc mRNA stability

Figure 7. Xenograft assay identified the oncogenic role of hsa_circ_0068631 in BC

(A) Expression of hsa_circ_0068631 was confirmed by quantitative real-time PCR in BC cells transfected with LV-vector or LV- circ_0068631. (B) Representative images of
xenograft tumors in nude mice. (C) The growth curves of xenografts. (D) Average tumor weight of nude mice. (E) The expression level of c-Myc in xenograft tumors was
measured by western blotting. (F) Immunohistochemistry (IHC) staining of c-Myc in xenografts (left, scale bars, 200 um; right, scale bars, 100 um). (G) The mechanism
diagram was generated to illustrate the hsa_circ_0068631/EIF4A3/c-Myc axis in BC. *p < 0.05, **p < 0.01, ***p < 0.0001.

assay were cultured with DMEM with 2% FBS. The area of each ~ Transwell assay
scratch was assessed with a microscope at 0 and 24 h for the MDA-  Transfected BC cells were added into the upper chamber with 200 uL
MB-231 cell line and at 0 and 48 h for the MCF-7 cell line. of serum-free medium, and medium with 10% FBS was added into the
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lower chamber. After culturing for 16 h for the MDA-MB-231 cell
line and 30 h for the MCF-7 cell line, cells that migrated to the oppo-
site side of the filter were fixed, stained, imaged (Leica Microsystems,
Germany), and counted.

Flow cytometry assay

Transfected BC cells were harvested and fixed in ice-cold ethanol for
more than 4 h. Then 0.5 mL of 0.05 mg/mL propidium iodide (PI)
staining solution was added into cell samples. After incubating for
30 min at 37°C, the cell cycle was analyzed by flow cytometer (FACS-
Canto II, BD Biosciences).

RNA pull-down assay

A BersinBio RNA pull-down kit (BersinBio, Guangzhou, China) was
adopted for detecting related RBPs of hsa_circ_0068631. The bio-
tin-labeled probe targeting the junction site of hsa_circ_0068631
was designed and synthesized by GenePharma (Shanghai, China).
Through incubation of specific probes with cell lysates, the RNA-pro-
tein complex was formed. Then, the complex was isolated by strepta-
vidin-conjugated magnetic beads. After being separated by 10%
polyacrylamide gel electrophoresis (PAGE), the related RBPs of hsa_
circ_0068631 were stained by silver, followed by a western blotting
assay.

RIP assay

A BersinBio RIP assay kit (BersinBio, Guangzhou, China) was used
for RIP assays. Cell lysates were incubated with magnetic beads and
anti-EIF4A3 (Proteintech, China) or anti-IgG (ABclonal, China).
The enriched RNAs were analyzed by quantitative real-time PCR.

Western blotting analysis

Total proteins were extracted by using RIPA lysis buffer (Beyotime,
Jiangsu, China). Protein lysates were separated by 10% SDS-PAGE
gels and then transferred to a nitrocellulose membrane (Beyotime,
Jiangsu, China). After incubation with 5% non-fat milk for more
than 1 h to block nonspecific binding, the membranes were immuno-
blotted overnight at 4°C with primary antibodies, i.e., anti-EIF4A3
(Proteintech, USA), anti-c-Myc (Proteintech, USA), anti-cyclin E
(Abcam, USA), anti-CDK4 (Abcam, USA), anti-TFRC (ABclonal,
China) anti-Lamin A (Proteintech, USA) and anti-B-actin (ABclonal,
China). Then, the membranes were incubated with diluted secondary
antibodies for 1 h at room temperature. The membranes were
scanned by an Odyssey infrared scanning system (LI-COR Biosci-
ences, Lincoln, NE, USA).

Xenograft tumor assay

Transfected MDA-MB-231 cells with LV-circ_0068631 or LV-vector
were injected into the second mammary fat pad of 4-week-old female
athymic nude mice (n = 6, each group). Tumor growth was monitored
every week. 6 weeks later, all mice were killed by cervical dislocation.
The collected tumors volumes were measured and calculated accord-
ing to (width2 x length)/2. All experimental and animal care proced-
ures complied with the rules of the Ethics Committee of Shanghai
Tenth People’s Hospital of Tongji University.

IHC

Fresh tumor samples were embedded in paraffin and then sectioned
into 4-pm slices. The slices were incubated with anti-c-Myc (Protein-
tech, USA), counterstained with hematoxylin (Sigma-Aldrich),
and imaged with a microscope (Leica Microsystems, Mannheim,
Germany).

Statistical analysis

Data analysis was performed by GraphPad Prism v8.0 (GraphPad,
CA, USA). Means + standard deviation (SD) of results were obtained
from three independent experiments. The significance of differences
between groups were analyzed with the Student’s t test, and p < 0.05
was considered significant.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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