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ABSTRACT

Metastasisis the leadingcauseof breastcancer(BCjrelated deaths. CircularRNAg(circRNAshave emergedas
essential regulators for cancer progressionand metastasis. Therefore, the objective of this study was to
investigatethe role of circRNAIn BCmetastasisand related mechanism.In this study, we establishedthe B(
cell line with high or low potential of metastasis.RNAsequencingmigration and invasionassay,Fluorescenc
in situ hybridization, luciferasereport assay,circRNApulldown, and transmissionelectron microscopywere
performedto elucidatethe molecularmechanism.Theresults showedthat circRNAcircFOXK2vas significantly
increasedin BCcellswith high metastatic ability, and the upregulation of circFOXK2vas correlated with poor
clinicopathological characteristics. Functional experiments demonstrated that overexpressionof circFOXK
promoted migration and invasionof BCcells. Also. circFOXKZ2ould act with IGF2BP3an RNAbinding protein,
and miR-370 to synergistically promote BC metastasis. Moreover, miR-370 could be transferred through
exosomesto enhancethe metastatic ability of recipient cells. In conclusion, circFOXKZunctions as a key
regulator in BC metastasis, and the role of circFOXK2on BC metastasis is tightly associatedwith the
involvement of IGF2BP3and miR-370. CircFOXK2night serve as a potential biomarker for the diagnasis and
treatment of BC.

INTRODUCTION [5]. The survival rate of BC, however, is still low and
displays heterogepnus patterns in different regions

The incidence of cancer and canrassociated death has thanks to the lack of early diagnosis and cest

been on the rise at 3.5% in China since 2000, making effectiveness of treatments [6].

cancer ssignificantburden on public health care [1, 2].

Among diverse cancer types, breast cancer (BC) is the It has been demonstrated that the majority ofrBlated

most common malignancy among fensale China [3]. deaths result from metastasis to other organs rather than
It is estimated that 180% of patients with earhstage the primary tumor itself [7]To date, identification of
and noAmetastatic BC are curable, whereas BC with BC metastais is to detect the clinical manifestations
advanceebstage is not curabldue tocurrent diagnostic of the metastatic organs, biopsies of metastatic organs,
and therapeutic strategies [4]. Over the past dectues, radiological assessments, medical imaging, as well as
treatment of BC &s dramatically evolved in many molecular markers [8]. Although these screenihgve

aspects, including surgery, radiotherapy, chemotherapy, dramatically lowered the BC metastaassocited
hormonal manipulation, or a combinational treatment mortality, these strategies mentioned above are still not
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sufficientand accurate for diagnosing BC at the earliest
stage [7]. Therefore, it is an urgent need to explore the
molecular mechanism underlying BC metastasis.
Growing evidence demonstratedathmetastasis is a
complicated multistep process, including invasion,
intravasation, survival in blood, extravasation, as well
as colonization at the distant metastatic ord@hsAs

the first and most critical step of metastasige
invasion is regarak as a migratory process of cancer
cells from the primary tumor to distant other organs
[10]. However, the initiation of invasion during BC
progression is ndtlly understood.

Over the past decades, RNAs, particularly the-non
coding RNAs (ncRNAs), hee drawn increasing
attention from both clinical and academic researchers
due tothe rapid development of higthroughput RNA
sequencing techniques and bioinformatics [INIpst
RNAs in eukaryotic cells are ncRNAs, not messenger
RNAs (mMRNASs)[12]. Accumulatingevidence revealed
that ncRNAs, including long necoding RNAs
(IncRNASs), microRNAs (miRNAs), and circular RNAs
(circRNAS), play an essential role in physiological and
pathological processes, including cancers [13]. Among
these ncRNAs, circRNAkavebeen eported to interact
with  miRNAs or RNAbinding proteins (RBPs) to
regulate the development and progression of cancers
[14, 15]. Also, circRNAs are considered as promising
biomarkers for early diagnosis of cancers, such as
serum cricRNAs [16]. In BC, sevédraircRNAs are
found tobe aberrantly expresslin BC and participate

in the carcinogenesis of BC [1¥9]. However, the
function of circRNAsin BC metastasis has not been
comprehensively investigated.

In this study, by establishing BC cells with high owl
potential of metastasis, we aimed to investigate the
functional cricRNA associated with BC metastasis and
related molecular mechanism. This study provides
insight into the molecular basis of BC metastasis and
the role of circRNA irnthe metastatic procas

RESULTS

CircFOXK?2 is upregulated in highly metastatic BC
cells

To investigate the mechanism by which BC cells are
highly metastatic, we established two B#9 cell
populations with high and low potential of metastasis
(BT-549-H and BTF549-L), as previously describgdo,

21]. Then, we determined the characteristics of b

H and BTF549L cells. The results showed that 589

H cells hada higher level of migratory and invasive
abilities compared with Bb49L and BT-549 cells
(FigurelA and1B). Also, injecting througlthetail vein

of mice, we found more lung metastasind higher
expression of Ki67in mice injected with BT549-H
cells relative to BT549L (Figure 1C and 1D. As
showed inFigure 1E, both cell populations showed
similar cell viability. Next, RNA sequencing analysis
was carried out to determine the differentially expressed
circRNAs associated with metastasis of BC cells, as
showed in a volcano ploFigure 1F). By performing
gRT-PCR, we measured the expressionsheftop 10
upregulated and downregulated circRNAs, respectively.
The results showed that circFOXK2 displayed the
highest upregulation in B5%49H, compared with
BT-549L (Figure 1G). Though analysis in database
circBase[22], CircAtlas [23], and CircFunBasg24],
circFOXK2, also named hsa_circ_0000816, was 343 nt
in length and located in FOXK2 2 exons. Moreover,
circFOXK2 was primarily expressed in the nuclei of
BT-549 cells, as determined by RNA fluoresceimte
situ hybridization (FISH) assayr{gure1H).

CircFOXK2 is involved in metastasis of BC

To explore the role of circFOXK2 in metastasis of BC,
we measured the expression of circFOXK2 in BC
tissues and found that the level of circFOXK2 was
significantly higher in advancestage tissuesompared
with earlystage (Figure 2A). Correlation analysis
suggested that the upregulation of circFOXK2 was
correlated with invasive histological typlymph node
metastasisand advanced stage. For liver metastasis, the
expression of circFOXK2 was higher in metastatic liver
tissues compared with paired BC tissu&sg(re 2B),
which was verified through FISH assayiqure 2C).
These results together indicated that circFOXK2 is
associated with metastasis of BC.

CircFOXK2 is required for BC metastasis

To further explore theeffect of circFOXK2 on BC
metastasis, we applied the plasmid of circLONP2
and circFOXK2-specific antisense oligonucleotide
(ASO) to overexpress and knockdown the expression
of circFOXK2, respectively Rigure 3A and 3F).
Meanwhile, the overexpress and kkdown
circFOXK2 did not influence the expression BOXK2
MRNA (Figure 3A and ¥). In migration and invasion
assays, B®H49 cels with overexpression of
circFOXK2 displayed significantly increased migratory
and invasive abilities compared with control sell
(Figure 3B and 3C). Also, the upregulation of
circFOXK2 led toa higher level of lung metastasisd
Ki67 in the mouse modelRigure 3D and 3B. On the
other hand, the downregulation of circFOXK2
displayedthe opposite rolse (Figure 3Gi 3J). Therefore,
the resuls collectively demonstrated that circFOXK2
plays an essential role in BC metastasis.
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IGF2BP3 is critical for the effect of circFOXK2 on mediating the effect of circFOXK2 iBC metastasis. In

BC metastasis our rescue experiments, IGF2BP3 was overexpressed and
inhibited successfully in B'b49 cells (Figure 4C). The

It has been demonstrated that RHNiAding proteins expression of circFOXK2 positively correlated with the

(RBPs) are critical for the function of circRN [25]. protein level of IGF2BP3 (Figure 4D). Also, the

According to predictions of CircFunBa$g4], several overexpression of IGF2BR8omoted cell migration and

potential RBPs might be involved in the role of invasion and reversed the effect of knockdown of
circFOXK2, including EIF4A3, FMRP, HuR, AGO?2, CcircFOXK2 in BT-549 cells (Figure 4E and 4F).
and IGF2BP13 (Figure4A). Of which, IGF2BP family Meanwhile, the downregulation of IGF2BP3 attenuated
has been reported to be essential to cancelapement the effect of overexpression of circFOXK2 on migration
and progressiofi26i 28]. By using RNA pulldown and and invasion of BC cell§Figure 4G and 4H). These
Western blotting assays, the results showed that results showed that IGF2BP3 is essential for the effect of
circFOXK2 physically interacted with three IGF2BP circFOXK2 on BC metastasis.

family members, including IGF2BP1, IGF2BP2, and

IGF2BP3, but not with EIF4A3, FMRP, HuR, and AGO2 CircFOXK2 -miR-370 interaction is essential for BC
(Figure 4B). Among three, IGF2BP3 acts as a critical  metastasis

factor in the regulation of cancers, such as tumor cell

proliferation, invasion, and chemoresistafi2®]. Thus, The role of circRNAmMIRNASs interaction has been well
we speculated that IGF2BP3 might be an essential RBP studied in various cancef80, 31] In this study, we
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Figure 1. CircFOXK2 is upregulated in highly metastatic BC @®llsligration ability of BB49 cells with high and low potential of
metastass (BT549H and BT549[ 0 @ { Ol f SB) Masiad abilitylof BF¥9dzell® with high and low potential of metastasis-E%H

and BT549] 0 @ { Ol t SO bund\detastasis obnvick injécted with-BAD or BT549-H cells through the tail vejras determined by
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RSGSNXYAYSR o6& LI/ | @ ad diabilitf cDBEEH add BENIL rets. E>\Woldanooplot of differentially expressed
circRNAs between BF49-H and BB49L cells. G Heatmap for expressions of top 10 upregulated and downregulated circRNAs between
BT549H and BB49L cells. ) Cellular distribution of circFOXK2 in®M cells, as detected by RNA FISH assay. Data were represented as
mean+ SD. Each experimental group had at least three replicgtes0.05,” p <0.01,” p <0.001.
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used Circular RNA Interactome Database to predict expression of circFOXK2 displayed a positive
the potential miRNAs interacting with circFOXK2 correlation with miR370 Figure 5E). Collectively,
[32]. The results showed that circFOXK2 had a these results further verified the interaction between

binding sequence of mi70 (igure 5A). Then, circFOXK2 and miR370. To further determine the
luciferaseassay revealed that cells transfected with  role of miR370 in BC metastasis, we applied
mMiR-370 mimc plus plasmids carrying wildtype miRNA mimic and inhibitor to overexpress and

binding sequence showed significantly decreased knockdown niR-370, respectively Kigure 5F and
luciferase activity than those treated with plasmids 5G). As showed in rescue experiments, the

carrying mutant binding sequenciiqure5B). Also, overexpression of mi870 restored the inhibited
circRIP assay demonstrated that rBRO was migratory and invasive abilities in B%49 cells with
enriched in circFOXK2specific probes compared downregulation of circFOXK2, whereas the
with those in the control group Figure 5C). knockdown of miR370 exerted oppd® roles

Moreover, the overexpression and knockdown of (Figure5Hi5K). As such, these results indicated that
circFOXK2 increased and decreased the expression circFOXK2-miR-370 interaction is essential for BC

of miR-370, respectively Rigure 5D). Also, the metastasis.
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Exosomal miR-370 derived from BT-549-H promote miR-370 was higher in BB49H-Exo than
BC metastasis BT-549Exo (Figure 6F). Fluorescence sting assay

demonstrated that exosomal rBRO derived from
Exosomes play a critical role in intercellular BT-549-H-Exo was taken up by recipient E5B9 cells

communication in cancersn particular, cancer call (Figure 6G). Furthermore, the overexpression and
with high metastatic potential can impact neighboring  knockdown of circFOXK2 could increase and decrease
cells through exosomd83, 34] As shown inFigure both exosome generation and expressiorexolsomal
6A, BT-549 celb cocultured with BT549-H displayed miR-370, respectivelyRigure6H and 6l). Intriguingly,

significantly increased migratory and invasive abilities, = exosomes with overexpression of 8RO promoted
which was reversed the blockade of exosome generation migration and invasion abilities in B349 cells, while

by GW486935] (Figure6A and 6B). Then, we isolated the opposite effect was found in BB9 cells treated
exosomes from B'b49 (BT-549Exo) and BT549H with exosomes with knockdown of RH370 Figure6J
(BT-549-H-Ex0) cells, respectively. The morphology and 6K). These results together suggested that
and size of exosomes were identified through circFOXK2 induces metastasis of recipient cdilg
transmission electron microscopy, nanoparticle tracking promoting the transfer of exosomal rd8R0.

analysis Figure 6C). Exosomal markers CD63 and

Tsgl01 were measured by Western blotting assay DISCUSSION

(Figure 6D). Moreover, we found that circFOXK2

rarely expressed in exosomes, whereas-81MR was BC initiates as a local disease and then metastasize to

highly expressed in Bb49H-Exo, compared with the lymph nodes and other distant organs [7]. Previous

BT-549Exo (Figure 6E). Meanwhile, the level of studies demonstrated that metastasis is the leading cause
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of BC-associated deatli36]. Based on the widely over time, allowing these cellsare capable of
recognized model of metastasis, a population of cancer metastasizing and forming a new tumor in other distant
cells in the primary tumor acquire genetic modifications  organs[37]. Given this model, exploring the detailed
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mechanism of initiating cancer cell metastasizing would
significantly extend our understanding of metastasis. In
this study, we establishedBC BT-549 cell line witha
high potential of metastasis (B349-H) and then
screened the potential circRNAs invet in the
acquired metastatic ability of B349 cells. Also, we
found that circFOXK2 was increased in B#9-H cells
and correlated with clinicopathological features of
patients with BC. Moreover, the effect of circFOXK2
on BC metastasis was mediated tlgtolRNA-binding
protein IGF2BP3 and miR70. Meanwhile, miR370
could be transferred from B349-H cells to recipient
cells through exosomes, promotitige invasive ability

of recipient cells. These results together elucidate the
role of circFOXK2 in BC maeatstasis and related
functional pathways.

In this study, by establishing BT-549 cell population
with a high potential of metastasis and RNA
sequencing, we demonstrated that circFOXK2, mainly
expressed in the nuclei, was associated with enhanced
metastatt ability of BT-549 cell. Also, functional
experiments showed that the overexpression of
circFOXK2 significantly improvedthe migratory and
invasive abilittes of BT549 cells, whereas the
knockdown of circFOXK2 exeed the opposite role.
According to analgis in the database [22i24],
circFOXK2, also named hsa_circ_0000816, was located
in 2i 3 exons ofthe FOXK2 gene. Qiao et al. reported
that the upregulation of circFOXK2 is associated with
periventricular white matter damage (PWMD) of
premature infants [38]. Also, circFOXK2 may

participate in the regulation of myotonic dystrog&9].
Moreover, circFOXK2, a sponge of miR6, is
predicted to be involved in asthenospermia, a common
cause of human male infertilifjQ]. In cancers, the role

of circRNAs in metastasis has been widely recognized.
For example, circ_0067934 is upregulated in both
tissues and cells of hepatocellular carcinoma and
promotes metastasis through miR24/FZD5/Wnt/
b-catenin pathway41]. Also, the downregulation of
circ_1M395 was associated with enhanced metastasis
and poor prognosis in lung candé?]. Wong et al.
demonstrated thatircFOXK2 promotes progression
and metastasis gbancreatic cancethrough binding
with miR-942 and RBPs complg43]. In this study, we
first that circFOXK2 is acrucial regulator for the
regulation of metastasis, which prowdan avenue to
explore the mechanisnmediating the effect of
circFOXK2 on BC metastasis.

Given the multiple mechanisms underlying the function
of circRNAs, the interaction between circRNAs and
RBPs play a critical role in transcriptional modulation,
translation, and extracellular transportatipfd]. In
general, RBPs are a group of proteins associated with
the regulation of gene expression atheit the
transcriptional or translational levgd5]. In this study,
we demonstrated that circFOXK2 could istet with
IGF2BP family members, including IGF2BP1,
IGF2BP2, and IGF2BP3, in BC cellsof which
IGF2BP3 and circFOXK2 synergistically regulatee
metastatic ability of BC cells. Accumulating studies
have been shaw that IGF2BP3 functions as an

Figure 5. CircFOXKRiR-370 interaction is essential for BC metastas{®) Putative binding site of miB70 in the circFOXK2
sequence.B) Luciferase divity in BT549 cells treated as indicated) (circRIP assayD) Expression of miB70 in circFOXK@verexpressing/
knockdown B¥49 cells. ) Pearson correlation between the expressions of circFOXK2 ar87diff) Expression of miB70 inBT-549 cells
treated with miR370 mimic. G) Expression of miB70 in BT549 cells treated with m#R70 inhibitor. H andJ) Rescue experiments for the
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