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Abstract

Breast cancer metastasis accounts for the majority of cancer-related deaths globally. Recent studies indicate that circRNAs are
implicated in both tumor formation and metastatic processes in breast cancer. Yet, the specific mechanisms by which circRNAs
regulate liver metastasis of breast cancer remain largely unclear. Microarray profiling of three pairs of primary breast cancer
(BC) tissues and corresponding liver metastases identified circEZH2. The presence, characteristics, and expression of circEZH2
were confirmed using RT-qPCR and FISH assays. Functional assays in vitro and in vivo demonstrated that circEZH2 functions
as an oncogene promoting metastasis. A combination of bioinformatics, Western blot, RNA pull-down, RIP, ChIP, and animal
experiments was applied to delineate a feedback loop comprising FUS, circEZH2, miR-217-5p, KLF5, CXCR4, and epithelial-
mesenchymal transition (EMT).Our findings showed that circEZH2 is upregulated in liver metastases of BC and correlates with
poorer patient prognosis. Overexpression of circEZH?2 significantly enhanced BC cell proliferation and invasion, whereas its
knockdown produced the opposite effect. In vivo, circEZH2 overexpression facilitated tumor growth and liver metastasis.
Mechanistically, circEZH2 acted as a sponge for miR-217-5p, leading to increased KLF5 expression, which in turn activated
FUS transcription and promoted circEZH2 back-splicing. Additionally, KLF5 transcriptionally upregulated CXCR4,
accelerating EMT in BC cells. A novel FUS/circEZH2/KLF5/CXCR4 feedback loop was uncovered, suggesting that circEZH2
could serve as a promising biomarker and therapeutic target in BC.
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Introduction

Breast cancer (BC) is the most common malignancy
among women and remains a leading cause of cancer-
related mortality in females worldwide. Recent studies
report a 5-year survival rate of nearly 90% for primary
BC. However, 33% of BC patients develop distant non-
nodal metastases, reducing the 5-year survival rate to
23% [1]. Clinically, BC primarily metastasizes to the
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lung, bone, and liver, with the liver being the third most
frequent metastatic site. Approximately 50% of patients
with distant metastases exhibit liver involvement, while
5-12% of patients present liver metastases as the initial
recurrent site [2]. Untreated BC liver metastases (BCLM)
have a median survival of 4-8 months [3]. Standard
treatments, including chemotherapy and/or systemic
hormonal therapy, can extend survival to 18—24 months
[4-6]. Metastatic tumor cells acquire organ-specific traits
to adapt to the liver microenvironment. Studies have
shown that low E-cadherin, high Claudin-2, and elevated
fibronectin facilitate liver metastasis [7, 8]. Despite this,
the role of circRNAs in enhancing BC cell invasiveness
during metastasis remains poorly understood.

Only about 2% of the cellular transcriptome encodes
mRNAs, while the majority comprises noncoding RNAs
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[9]. CircRNAs are abundant in both the cytoplasm and
nucleus and participate in diverse regulatory processes.
Unlike linear mRNAs, circRNAs lack a 3'-poly-A tail,
making them more stable and evolutionarily conserved
[10, 11]. CircRNAs are increasingly studied due to their
ability to sponge microRNAs (miRNAs), interact with
proteins, or even encode novel peptides [12-14].
Dysregulation of circRNAs has been reported in multiple
human cancers [15-18], highlighting their potential as
biomarkers and therapeutic targets. However, their
functional role in promoting BCLM has not been fully
defined.

In this study, we identified a novel circRNA,
hsa_circ_ 0008324 (circEZH2), which was markedly
upregulated in BCLM and predicted poor survival in BC
patients. CircEZH2 promoted tumorigenesis
metastasis in vitro and in vivo by sponging miR-217-5p
to  upregulate  KLF5, while KLF5-mediated
transcriptional activation of FUS enhanced circEZH2
back-splicing. Ultimately, KLF5 upregulated CXCR4 to
drive EMT in BC cells.

and

Results and Discussion

CircEZH? is associated with liver metastasis in BC

To explore circRNAs differentially expressed in BC liver
metastases (BCLM), circRNA microarrays were
performed on three pairs of primary BC tumors and
matched hepatic metastatic tissues. Using the following
criteria—(1) P value < 0.005, (2) fold-change > 2, (3)
recorded in circBase, deepBase, and the Rybak-Wolf
2015 dataset, (4) gene symbol linked to metastasis
according to recent studies, and (5) upregulated in
clinical BCLM samples relative to primary BC tissues—
circEZH2 (hsa_circ_0008324) was identified among the
upregulated circRNAs (Figures 1a and 1b). CircEZH2
is composed of three exons (exon 2, exon 3, and exon 4)
of EZH2, which are highly conserved across species,
including rhesus, mouse, and dog. Sanger sequencing

confirmed the back-spliced junction of circEZH2,
validating its circular form (Figure 1c).

To wverify back-splicing, divergent and convergent
primers were designed to amplify circEZH2 and linear
EZH2, respectively. CircEZH2 was amplified only in
cDNA using divergent primers, whereas linear EZH2
was amplified in both gDNA and cDNA with convergent
primers, confirming that circEZH2 is indeed a back-
spliced circRNA (Figure 1d). RNase R assays further
demonstrated that circEZH2 resisted exonuclease
digestion better than linear EZH2 and GAPDH,
supporting  its structure  (Figure 1le).
Actinomycin D treatment revealed that circEZH?2 has a
longer half-life than linear EZH2, indicating enhanced
stability (Figure 1h). These data collectively confirmed
that circEZH2 exhibits the characteristics of a stable
back-spliced circRNA and could serve as a potential
biomarker.

Subcellular fractionation revealed that circEZH2 was
predominantly localized in the cytoplasm of BC cells as
detected by RT-qPCR (Figure 1f). This cytoplasmic
distribution was further confirmed using FISH with a
Cy3-labeled circEZH2 probe (Figure 1g). Clinically,
RT-qgPCR showed that circEZH2 expression was
significantly higher in BC cell lines, especially triple-
negative BC (TNBC) lines, compared to normal breast
epithelial cells (MCF-10A) (Figure 1i). Examination of
clinical specimens revealed that circEZH2 was
upregulated in BCLM samples relative to primary BC
tissues (Figure 1j). Kaplan-Meier survival analysis
indicated that elevated circEZH2 expression predicted
poorer prognosis in BC patients (n = 115) (Figure 1Kk).
FISH analysis further showed significantly higher
circEZH2 expression in BCLM tissues compared to
adjacent normal liver tissue (Figure 11). Collectively,
these findings indicate that circEZH?2 is associated with
BCLM and adverse clinical outcomes in BC.
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Figure 1. Identification and characterization of circEZH2 in BC.

a Left, schematic workflow illustrating the selection
criteria for circRNAs upregulated in BCLM; Right,
heatmap showing 32 circRNAs chosen based on step 2
criteria, with hsa circ_0008324 highlighted in a red box.
b RT-gqPCR analysis was conducted to validate the
expression of four candidate circRNAs in BC liver
metastases and primary tumors.

¢ Top, sequence conservation of the three exons of
circEZH2 across different species according to NCBI;
Bottom, circEZH2 structure and Sanger sequencing
confirming the back-splice junction.

d PCR amplification of circEZH2 using divergent and
convergent primers in cDNA and gDNA, with linear
EZH2 and GAPDH as controls.

¢ Following RNase R treatment, RT-qPCR was applied
to assess changes in circEZH2 and linear EZH?2 levels.

f Nuclear-cytoplasmic fractionation assays
performed to determine the subcellular distribution of
circEZH2.

g FISH assays confirmed predominant cytoplasmic
localization of circEZH2 (Scale bar, 20 pm).

h Actinomycin D treatment (4, 8, 12, 24 h) was used to
examine the stability of circEZH2 and linear EZH2.

i RT-gPCR quantified circEZH2 expression across
different BC cell lines.

j Expression levels of circEZH2 were verified in primary
BC tissues (n =20) and liver metastases (n=11) via RT-

were

qPCR; statistical significance was assessed by unpaired
Student’s t-test.

k Kaplan-Meier survival analysis of BC patients
(n=115) was conducted using log-rank tests.

1 FISH analysis in BCLM samples demonstrated marked
overexpression of circEZH2 (magnification: X4, scale
bar 200 pm; X20, scale bar 50 pm). Data are presented as
mean = SD; experiments were repeated at least three
times. ns: not significant; * p<0.05; ** p<0.01; ***
p<0.001.

CircEZH2 enhances the proliferation and metastasis of
BC cells in vitro

To investigate the functional role of circEZH2, a
circEZH2 overexpression plasmid and two siRNAs
targeting circEZH2 were constructed (Figure 2a).
Transfection efficiently upregulated or silenced
circEZH2 in BC cell lines, while linear EZH2 levels
remained unchanged (Figures 2b and 1a).

Cell proliferation evaluated using EdU
incorporation, CCK-8, and colony formation assays.
Overexpression of circEZH2 significantly promoted BC
cell proliferation, whereas knockdown of circEZH2
markedly reduced viability (Figures 2c—2e). Migration
and invasion were assessed by transwell assays and
wound-healing experiments. Suppression of circEZH2
impaired migratory and invasive abilities, while

was
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circEZH2 overexpression had the opposite effect circEZH2 promotes oncogenic growth and metastatic

(Figures 2f-2g). These results demonstrate that potential of BC cells in vitro.
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Figure 2. CircEZH2 enhances proliferation, migration, and invasion of BC cells in vitro

a Schematic diagram depicting circEZH2 overexpression
via plasmid and knockdown using siRNAs. b RT-qPCR
confirmed the efficiency of circEZH2 overexpression or
silencing. c—e EdU (scale bar, 50 um), colony formation,
and CCK-8 assays were employed to assess BC cell
proliferation. f~g Migration and invasion were evaluated
through transwell assays (scale bar, 100 um) and wound-
healing assays (scale bar, 200 pm). Data are presented as
mean = SD from at least three independent experiments,
*p <0.05; **p <0.01; ***p <0.001.

CircEZH2 promotes
metastasis in vivo

To examine the role of circEZH2 in BC tumorigenesis,
human BC xenograft models were established by

tumor growth and hepatic

subcutaneous injection of MCF-7 and BT-549 cells
stably overexpressing circEZH2 or their corresponding
controls into BALB/C nude mice. Tumors derived from
circEZH2-overexpressing cells were significantly larger
and heavier than control tumors (Figures 3a—3c).

To evaluate metastasis, stable circEZH2-
overexpressing MCF-7 and BT-549 cells and control
cells were injected into the inferior hemi-spleen of mice.
CircEZH2-overexpressing mice exhibited higher
luciferase signals and more hepatic nodules compared to
controls (Figures 3d-3g). These in vivo findings are
consistent with in vitro results, indicating that circEZH2
enhances BC tumorigenesis and liver metastatic
potential.
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Figure 3. CircEZH2 promotes BC tumor growth and hepatic metastasis in vivo. a Images of xenograft tumors in
circEZH2-overexpression and control groups (n =4). b Growth curves of xenograft tumors. ¢ Tumor weights
measured and analyzed. d—e Inferior hemi-spleen injection models were monitored via IVIS to evaluate
circEZH2-induced liver metastasis. f—g Liver metastatic sites increased in circEZH2-overexpressing mice, with
H&E staining marking metastases (arrows; magnification: X4 scale bar 200 um; X20 scale bar 40 um). Data are
presented as mean £ SD from at least three independent experiments, **p < 0.01; ***p < 0.001.

FUS facilitates circEZH2 back-splicing revealing that FUS most strongly influenced circEZH2
Using circlnteractome [19], four potential RNA-binding  expression (Figures 4a—4b).

proteins (RBPs) were predicted in intronic regions  Analysis of the TCGA database showed that FUS
flanking pre-EZH2 (the precursor of circEZH2): transcripts were upregulated in stage 1-4 breast cancer
EIF4A3, FUS, PTBPI, and U2AF65. siRNAs targeting  compared to normal tissue and across luminal, HER2+,
each candidate were transfected into BT-549 cells, and TNBC subtypes, suggesting FUS may play a key role
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in BC initiation (Figure 4c¢). RT-qPCR of SYSUCC BC
samples revealed a positive correlation between FUS and
circEZH2 expression (Figure 4d), which was further
confirmed in BC cells after modulating FUS levels
(Figure 4e).

We hypothesized that FUS promotes circEZH2 back-
splicing by binding to the 3'-flanking intron of pre-EZH?2.
A biotinylated pre-EZH2 probe encompassing 1250 bp
downstream of exon 4 was used in RNA pull-down
assays, confirming enrichment of FUS relative to control
(Figure 4f). Five truncated biotinylated probes were
generated to localize the FUS-binding site, identifying
the second truncated probe as the primary binding region

(Figures 4g—4h). RIP assays further validated the
interaction between FUS protein and pre-EZH2 RNA
(Figure 4i).

To confirm FUS’s essential role in circEZH2 back-
splicing, pc-HA-EZH?2 vectors were designed: wild-type
(WT) and a mutant (MT) with disrupted FUS-binding
sites. HEK-293T cells co-transfected with FUS siRNA
and WT or MT vectors showed that either FUS
knockdown or mutation of the binding site significantly
reduced circEZH2 back-splicing efficiency (Figures 4j—
4Kk). Collectively, these data indicate that FUS promotes
circEZH2 formation by binding to the 3’-flanking intron
of pre-EZH2.
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a RT-qPCR analysis of circEZH2 expression after
transfection with siRNAs targeting EIF4A3, FUS,
PTBP1, U2AF65, or control. b Schematic representation
showing FUS binding to the downstream intron 4 region
of pre-EZH2. ¢ TCGA database analysis of FUS
expression across BRCA stages and subtypes. d RT-
gPCR of SYSUCC BC samples revealed a positive
correlation between circEZH2 and FUS mRNA levels
(Spearman correlation). e Alteration of FUS levels in BC
cells modulated circEZH2 expression as determined by
RT-qPCR. f Western blot analysis of RNA pull-down
using biotinylated pre-EZH2 probe confirmed FUS
enrichment. g Diagram showing the design of five
truncated biotinylated pre-EZH2 probes. h RNA pull-
down with truncated probes followed by western blot
identified the second truncated probe as the main FUS-
binding region. i RIP assays in BT-549 cells using anti-
FUS and anti-IgG antibodies verified interaction between
FUS and pre-EZH2. j Flowchart illustrating the pc-HA-

KLFS

0)
Figure 4. FUS facilitates circEZH2 back-splicing and KLF5 transcriptionally activates FUS

EZH2 vector design: HA tag inserted at the 5’ end of exon
2 of EZH2; FUS-binding site mutated in the MT vector.
WT or MT vectors were transfected into HEK293T cells
with or without FUS knockdown, and circEZH2 back-
splicing efficiency was measured using divergent primers
across the HA tag, with linear HA-EZH?2 as a reference.
k RT-qPCR quantification of circEZH2 back-splicing in
WT and MT groups. 1 Spearman correlation analysis of
KLF5 and FUS expression in SYSUCC BC tissues. m
RT-gPCR revealed changes in KLF5, circEZH2, and
FUS levels after KLF5 modulation. n ChIP-seq datasets
indicated KLF5 binding peaks within 2 kb upstream of
the FUS promoter. 0 JASPAR predicted three potential
KLFS5 binding sites in the FUS promoter; dual-luciferase
assays using wild-type and mutated promoters validated
the regulatory interaction. Data are mean + SD; all
experiments repeated >3 times; ns, not significant; **p <
0.01, ***p < 0.001.
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CircEZH? functions as a miR-217-5p sponge

To explore the mechanism of circEZH2, bioinformatic
analyses using miRanda [20] and circInteractome [19]
identified five potential miRNAs binding circEZH2:
miR-217, miR-554, miR-924, and miR-556 (Figure 5a).
RNA pull-down assays revealed that miR-217-5p was the
most enriched among candidates Figures 5Sb—Sc¢). TCGA
analysis of 1,165 paired tissues showed lower miR-217-
Sp expression in BRCA tissues compared to normal
breast, suggesting a tumor-suppressive role (Figure 1c).
To validate circEZH2-miR-217-5p interaction, dual-
luciferase vectors containing either wild-type circEZH2
sequences or mutant sequences disrupting the predicted
binding site were constructed (Figure 5d). miR-217-5p
inhibitors significantly increased luciferase activity,

A circinteractome B

18 5 11

while mimics reduced it; no effect was observed with the
mutant vector (Figure 5e), confirming direct binding.

Rescue experiments were performed in BC cells by co-
transfecting miR-217-5p mimics or inhibitors with
circEZH2 overexpression or si-circEZH2, respectively.
Functional assays—including EdU, CCK-8, colony
formation, transwell migration, and wound-healing—
showed that miR-217-5p mimics reversed the
proliferative and invasive effects of circEZH2
overexpression,  while =~ miR-217-5p  inhibition
counteracted the effects of circEZH2 knockdown
(Figures 5f-5j). These results demonstrate that
circEZH?2 sequesters miR-217-5p, suppressing its tumor-
suppressive function and promoting BC progression.
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Figure 5. CircEZH2 sponges miR-217-5p. a Venn diagram showing overlapping miRNAs predicted by
CirclInteractome and miRanda. b—¢ RNA pull-down confirmed hsa-miR-217-5p as the most enriched; biotin-
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labeled miR-217-5p efficiently captured circEZH2. d—e Dual-luciferase assays using WT and MT circEZH2
plasmids co-transfected with miR-217-5p mimics or inhibitors, assessing relative luciferase activity. f~h Co-
transfection in BC cells assessed proliferation using colony formation, EdU (scale bar, 50 pm), and CCK-8
assays. i—j Migration assays including transwell (scale bar, 100 um) and wound-healing (scale bar, 200 pm)
validated metastatic potential. Data are mean + SD; experiments repeated >3 times; ns, not significant; **p <
0.01, ***p < 0.001.

KLF5 is a direct target of the circEZH2/miR-217-5p axis
to promote metastasis

To investigate the mechanistic role of the circEZH2/miR-
217-5p axis, we performed bioinformatic analysis using
miRMap [21], microT [22], miRDB [23], and TargetScan
[24] with defined binding score thresholds, identifying 27
genes common to all four databases. A refined filtering
strategy was then applied: (1) KM-plot analysis in TCGA
to select genes associated with poor BC prognosis; (2)
RT-qPCR to identify genes downregulated by miR-217-
Sp mimics; (3) literature review to select KLFS5 as a final
candidate, given its established role as an oncogenic
transcription factor in BC and association with poor
prognosis [25, 26] (Figure 6a).

RNA pull-down using a biotin-labeled miR-217-5p
probe confirmed enrichment of KLF5 3’ untranslated
region (UTR) compared with control (Figure 6b). RT-
gqPCR analysis of SYSUCC BC specimens revealed a
negative correlation between KLF5 and miR-217-5p
(Figure 6d), while dual-luciferase assays previously
validated post-transcriptional regulation of KLF5 by
miR-217-5p [18].

Next, the relationship between circEZH2 and KLF5 was
assessed. RT-qPCR of clinical BC samples showed a
positive correlation between circEZH2 and KLF5
(Figure 6e). Overexpression or knockdown of circEZH2
in BC cells resulted in corresponding increases or
decreases in KLF5 mRNA and protein levels as detected
by RT-qPCR and western blot (Figures 1e—1f). Rescue
experiments with miR-217-5p inhibitor or mimics
demonstrated that miR-217-5p inhibition restored KLF5
levels in circEZH2-knockdown cells, whereas miR-217-
Sp mimics attenuated KLF5 upregulation in circEZH2-
overexpressing cells (Figures 6f-6g and 1i). These
findings confirmed that KLF5 is a downstream target of
the circEZH2/miR-217-5p axis.

TCGA KM-Plotter analysis indicated that high KLF5
expression was associated with worse relapse-free
survival in BC patients (Figure 1h) and that KLFS5 is
enriched in basal-like BC subtype according to BC
GenExMiner [27] (Figure 6¢). Immunofluorescence of
BCLM patient samples revealed markedly higher KLF5

expression in liver metastases compared with normal
liver tissue (Figure 1e). Collectively, these data indicate
that KLFS5 is linked to poor prognosis and liver metastasis
in BC.

Considering BC  heterogeneity and multi-organ
metastasis, xenograft-induced metastasis models were
established using BT-549 cells in BALB/C nude mice.
Cells were injected into the mammary pad (n = 5) to
promote tumor growth, and tumors were surgically
removed when the short diameter reached 2 cm. Eight
weeks later, metastases were observed: 2 mice with liver
and brain metastases and 3 mice with lung metastases
(Figure 6h). Protein and RNA extracted from metastatic
tissues revealed that circEZH2 was upregulated in liver,
brain, and lung metastases, with the highest expression in
liver metastases (Figure 6i). KLF5 protein was elevated
in liver and brain metastases, while FUS was increased
in liver, brain, and lung metastases relative to parental
cells (Figures 6j—6k). KLF5 and FUS protein levels
showed a positive correlation consistent with clinical
observations (Figure 6l). These results suggest that the
FUS/circEZH2/KLF5 axis may contribute to multi-organ
metastasis.

To specifically evaluate circEZH2 and KLF5 regulation
in liver metastasis in vivo, doxycycline-inducible KLF5-
shRNA cell lines were generated under circEZH2
overexpression using the pLKO-Tet-On-shRNA plasmid
(Addgene #98398). Doxycycline treatment efficiently
reduced KLF5 protein levels and concomitantly
decreased FUS expression (Figure 6m). Transwell
migration assays and liver metastasis models
demonstrated that KLFS5 knockdown significantly
impaired circEZH2-induced migration in vitro and
reduced liver metastatic nodules and luciferase activity in
vivo (Figures 6n—60). Inmunohistochemistry confirmed
reduced FUS expression in hepatic metastases of KLF5-
knockdown mice (Figure 6p).

These findings collectively demonstrate that KLFS5 is
essential for circEZH2-mediated liver metastasis and
functions upstream of FUS, regulating its expression and
contributing to BC progression both in vitro and in vivo.
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Figure 6. KLFS5 is a direct target of miR-217-5p

a Left, Venn diagram illustrating potential miR-217-5p
target genes identified by miRDB, microT, TargetScan,
and miRMap. Right, flowchart outlining stepwise
filtering of candidate targets. b RNA pull-down using
biotin-labeled miR-217-5p probe confirmed enrichment
of KLF5 via RT-qPCR. ¢ TCGA and BC-GenExMiner
analyses revealed elevated KLF5 expression in the basal-
like BC subtype. d—e Transcript analysis of SYSUCC
clinical BC samples showed a negative correlation
between miR-217-5p and KLF5 (right) and a positive
correlation between circEZH2 and KLF5 (left) by
Spearman correlation. f—g RT-qPCR and western blot
analysis assessed KLF5 expression after co-transfection
with siRNA, vector, mimics, or inhibitors as indicated. h
Flowchart depicting establishment of xenograft-induced
metastatic mice and analysis of multi-organ metastases
by western blot and RT-qPCR. i RT-qPCR revealed
circEZH2 expression patterns in metastases versus
parental cells. j—-k Western blot quantified FUS and
KLF5 protein in metastases: P = parental; LM = lung;
BM = brain; HM = liver. 1 Pearson correlation confirmed
positive association between FUS and KLF5 in
metastases. m Western blot validation of doxycycline-
induced KLF5 knockdown in circEZH2-overexpressing
cells. n—o Transwell migration and liver metastasis
rescue assays demonstrated that KLF5 knockdown
reduced circEZH2-induced migration; Transwell scale
bar = 100 pum; liver metastases quantified by IVIS,
nodules marked with yellow arrows. p IHC of FUS in
hepatic metastases of KLF5-knockdown vs control
groups (Low power: scale bar 100 um; High power: scale
bar 20 pm). Data are mean £+ SD; experiments repeated

>3 times; ns, not significant; *p < 0.05, **p <0.01, ***p
<0.001.

KLFS5 transcriptionally upregulates FUS and forms a
positive circEZH2/KLF5/FUS feedback loop

Based on RT-qPCR analysis of clinical BC specimens
from SYSUCC, FUS expression showed a significant
positive correlation with KLF5 at the mRNA level
(Figure 4l). Modulation of KLF5 expression, either
upregulation or downregulation, led to corresponding
increases or decreases in FUS and circEZH2 levels
(Figure 4m), whereas linear EZH2 remained largely
unchanged (Figure 1b), suggesting that KLF5 may
transcriptionally regulate FUS. Subsequently, analysis of
eight ChIP-seq datasets via the Cistrome data browser
[28] revealed KLF5-enriched peaks within 2 kb upstream
of the FUS promoter (Figure. 4n). Using JASPAR [29],
three potential KLF5 binding sites were predicted on the
FUS promoter. To investigate whether KLF5 directly
activates FUS transcription, ChIP assays were
conducted, showing that among the El1, E2, and E3
regions, E1 (284 to —203) exhibited the strongest
enrichment, consistent with prior findings (Figure 1g).
To further validate KLF5’s interaction with each site,
promoter dual-luciferase assays were performed with
individual site mutations; non-mutated constructs served
as positive controls, while constructs with all sites
mutated served as negative controls. Results indicated
that the El region was critical for KLF5-mediated
transcriptional activation, demonstrating that KLFS5
enhances FUS transcription, thereby promoting
circEZH2 expression via increased back-splicing
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(Figure 40). Collectively, these results support the
establishment of a novel FUS/circEZH2/KLF5 positive
feedback loop.

circEZH?2 promotes EMT in BC via KLF5/CXCR4 axis
STARBASE analysis indicated that KLF5 positively
correlates with CXCR4 RNA expression (Figure 1j).
CXCR4 is associated with poor prognosis in BRCA and
upregulated in primary tumors versus normal tissue.
Analysis of seven ChIP-seq datasets via Cistrome
revealed potential KLF5 binding peaks within 2 kb
upstream of the CXCR4 TSS (Figure 7a). JASPAR
predicted three KLF5 binding sites (E1-E3); ChIP assays
showed E2 as the most enriched site (Figure 7b). Dual-
luciferase ~ assays  confirmed  KLF5-dependent
transcriptional activation of CXCR4, which was
abolished in mutated promoters (Figure 7¢).

Correlation  analysis using STARBASE [30]
demonstrated that KLF5 and CXCR4 expression
positively associates with EMT markers; Spearman R
values showed similar patterns for KLF5 and CXCR4
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(Figure 7d). Both KLFS5 and CXCR4 positively
correlated with Vimentin and N-cadherin and negatively
with E-cadherin (Figure 7e), suggesting that circEZH2
may drive EMT via KLF5-mediated CXCR4 activation.
Western blot confirmed that circEZH2 overexpression
enhanced EMT and CXCR4 expression, while KLF5
knockdown reversed these effects (Figure 7f). F-actin
immunofluorescence showed reduced cytoskeletal
remodeling upon circEZH2 or KLF5 knockdown.
CXCR4 inhibitor AMD3100 significantly suppressed
proliferation and migration induced by circEZH2 or
KLFS5 overexpression, indicating CXCR4 is critical for
the FUS/circEZH2/KLFS5 feedback loop and may serve
as a therapeutic target (Figure 7h—7i). IHC of hepatic
metastases from nude mice showed increased KLFS5,
CXCR4, Vimentin, and N-cadherin and decreased E-
cadherin in circEZH2-overexpressing tumors (Figure
7j). These findings demonstrate that the
FUS/circEZH2/KLF5 axis promotes EMT via CXCR4,
driving liver metastasis in BC (Figure 8a).
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Figure 7 FUS/circEZH2/KLFS axis drives CXCR4-mediated EMT in BC

a Analysis of seven ChIP-seq datasets revealed KLF5
binding peaks within 2 kb upstream of the CXCR4
promoter. b Top, predicted KLF5 binding sites on the
CXCR4 promoter according to JASPAR. ¢ Dual-
luciferase reporter assays were performed in wild-type
and E2-mutated CXCR4 promoter constructs. d TCGA
GSVA analysis demonstrated a positive correlation
between KLF5 or CXCR4 and EMT marker expression.
e Regression correlation heatmap from STARBASE
showed relationships among KLF5, CXCR4, VIM,
CDH1, and CDH2 transcripts. f Western blot analyzed
CXCR4, Vimentin, N-cadherin, and E-cadherin levels
following indicated siRNA or vector treatments. g
Immunofluorescence (IF) revealed a marked reduction of
F-actin after circEZH2 or KLF5 knockdown. h-i
CXCR4-rescue experiments included colony formation
and transwell migration assays under indicated vectors or
drugs (scale bar 100 um). j IHC in circEZH2-
overexpressing BCLM nude mice versus controls with
specific antibodies (low power: 100 pm; high power: 20
um). Data are mean + SD; experiments repeated >3
times; ns, not significant; *P < 0.05, **P < 0.01, ***P <
0.001.

miR-217-5p
miR-217-5p

Ribosome

circEZH2

Figure 8a Schematic illustrating the biological
mechanism of the novel FUS/circEZH2/KLF5

positive feedback loop, promoting liver metastasis in
breast cancer through EMT activation via CXCR4
upregulation.

Materials and Methods

Patient specimens

BCLM and primary BC tissues were collected from
patients at Sun Yat-Sen University Cancer Center
(SYSUCC, Guangzhou, China) and immediately
preserved in RNAlater. All specimens were obtained
with informed consent under IRB-approved protocols.

Cell lines and culture

Six human BC cell lines (MDA-MB-231, BT-549, T-
47D, MCF-7, SKBR-3) and the normal breast epithelial
line MCF-10A, along with HEK293T, were used (ATCC,
Manassas, VA, USA). MDA-MB-231, SKBR-3, BT-
549, T-47D, MCF-7, and HEK293T were maintained in
DMEM (Gibco, USA), whereas MCF-10A was cultured
in DMEM/F-12 (Gibco, NY, USA), supplemented with
10% FBS and 50 U/ml penicillin-streptomycin (Gibco,
NY, USA). Cells were incubated at 37°C with 5% CO2
in a humidified incubator (Thermo Fisher Scientific, MA,
USA).

Animal experiments

Female BALB/c nude mice (Vital River, Beijing, China)
were housed under standard conditions at SYSUCC’s
Center for Experimental Animals. For xenograft tumor
growth, 2 x 10°6 MCF-7 or BT-549 cells with stable
circEZH2  overexpression  or  control
subcutaneously injected. Tumor volume was measured
weekly using the formula: volume = length x width"2 /
2, and tumor weight was recorded at sacrifice after 4
weeks.

were
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For liver metastasis models, 1 x 1006 MCF-7 or BT-549
circEZH2-overexpressing cells expressing luciferase
were injected into the spleen of 4—5-week-old female
BALB/c mice, with corresponding controls. After 60
days, mice received 100 pl intraperitoneal D-luciferin (15
pg/pl) for bioluminescence imaging (Xenogen IVIS
Lumina Series IT) and data processed using Living Image
2.11  software. Livers were harvested for
histopathological analysis post-sacrifice.

For xenograft-induced metastatic models, 2 x 106 BT-
549 cells were injected into the mammary pad; tumors
were surgically removed when the short diameter
reached ~2 cm. After 8 weeks,
visualized by bioluminescence, followed by organ
harvesting for RNA and protein extraction. All
procedures were approved by Sun Yat-Sen University
Animal Care and Use Committee.

metastases were

Statistical analysis

Statistical analyses were performed using SPSS 21.0
(IBM, IL, USA) and GraphPad Prism 9.1 (GraphPad,
CA, USA). Comparisons between groups were assessed
using Student’s t-test. Spearman correlation coefficients
quantified associations. Survival was evaluated by
Kaplan-Meier analysis, with significance determined
using the log-rank test.

Metastasis remains the leading cause of BC-related
mortality worldwide [31]. The distinctive structural
features and tissue-specific expression patterns of
circRNAs have recently drawn significant attention in
cancer research, offering potential biomarkers and
therapeutic targets for BC [17, 32]. Therefore,
elucidating the biological functions of circRNAs is
essential to understand their role in BC metastasis. In this
study, circEZH2 was identified through microarray
analysis in three paired primary BC and BCLM samples
due to its marked upregulation in BCLM and its
association with poor prognosis. Functional assays
further demonstrated that circEZH2 overexpression
enhanced cell viability, invasion, and hepatic metastasis
in vivo.

Multiple regulatory factors contribute to circRNA
biogenesis  from mRNAs, including
transcription factor Twist1 [33], splicing factor QKI [34],
EIF4A3 [35, 36], and super-enhancer YY1 [37].
Recently, FUS has been recognized as a crucial mediator
in circRNA synthesis [38, 39]. For instance, Han ef al.
reported that FUS facilitated colorectal cancer metastasis
by back-splicing circLONP [40]. Our previous work

precursor

confirmed that FUS binds the circROBO1 precursor to
support its back-splicing [18]. In this study, we mutated
the FUS binding site on pc-HA-EZH2 and modulated
FUS expression, revealing that FUS markedly promotes
circEZH2 back-splicing, a novel finding beyond our
earlier research. Xenograft-induced metastatic mouse
models further confirmed significant upregulation of
FUS in hepatic, brain, and lung metastases, suggesting
FUS may contribute to multi-organ metastasis. TCGA
bioinformatic analysis showed FUS was consistently
upregulated in BC tissues, though not stage-specific,
implying a role in BC initiation. These observations
indicate the necessity for further functional studies of
FUS in oncogenesis.

The subcellular localization of circRNAs is critical to
their function. Here, circEZH2 predominantly localized
in the cytoplasm, and RNA pull-down assays
demonstrated its interaction with hsa-miR-217-5p.
Previous studies have identified miR-217-5p as a tumor
suppressor in various cancers [41-44]. Our results
revealed that circEZH2 modulates the oncogenic effects
of BC by sponging miR-217-5p, as ectopic expression of
miR-217-5p mitigated circEZH2-induced malignancy.
The transcription factor KLF5 is overexpressed in basal-
like BC [45] and serves as a prognostic marker for poor
outcomes [46, 47]. KLF5 promotes BC progression by
regulating Slug [48], Cyclin D1 [49], Nanog [50],
FGFBP1 [51], and TNFAIP2 [25], and has been
implicated in metastasis in multiple cancers [26, 52, 53].
Bioinformatic analysis and RNA pull-down assays
identified KLF5 as a direct target of miR-217-5p.
CircEZH2 positively correlated with KLF5 expression at
both mRNA and protein levels, which could be reversed
by ectopic miR-217-5p. Xenograft-induced metastasis
models confirmed KLF5 upregulation in hepatic and
brain metastases and revealed a positive protein
correlation between KLF5 and FUS. Doxycycline-
inducible KLF5 knockdown cells demonstrated that
reducing KLF5 significantly decreased circEZH2-driven
metastasis in vitro and in vivo. KLF5 recognizes
GCCCGCCC motifs in gene promoters; ChIP-seq and
JASPAR predicted KLF5 binding sites on the FUS
promoter. Subsequent ChIP and promoter-mutated dual-
luciferase assays confirmed that KLF5 binds the El
region of FUS promoter to enhance transcription, leading
to increased circEZH2. This established the
FUS/circEZH2/KLF5 positive feedback loop.

While primary BC can be treated with surgery and
systemic chemotherapy, metastatic BC remains largely
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untreatable due to the inefficacy of current therapies
against disseminated tumor cells [54]. Metastasis is a
multi-step cascade in which EMT is critical, driving
detachment, migration, and invasion [55-57]. Zhang et
al. reported that KLF5 maintains EMT and promotes
bone metastasis and chemotherapy resistance in prostate
cancer via CXCR4 upregulation [58]. CXCR4, a G-
protein-coupled receptor for CXCL12, facilitates cellular
migration, with liver, bone, lung, and lymph nodes
providing high CXCL12 levels to support BC metastasis
[59, 60]. CXCR4/CXCL12 signaling, along with
phosphorylated mTOR, can induce EMT in metastatic
BC [61]. Our analyses demonstrated that the
FUS/circEZH2/KLF5 loop activates CXCR4
transcription, driving EMT. Activated hepatic stellate
cells (aHSCs) secrete CXCL12, which can induce NK
cell quiescence, promoting metastasis [62], highlighting
the need to explore CXCR4 function within the hepatic
metastatic niche. Prior work also showed KLF5 inhibits
selective autophagy of Afadin, a skeletal protein
interacting with claudin-2, essential for BCLM [18]. This
study extends those findings by demonstrating that KLF5
drives BCLM via EMT, linking its role to the immune
microenvironment.

Conclusion

We identified a novel circRNA, circEZH?2, that promotes
BC progression and liver metastasis. BCLM samples
exhibited elevated circEZH2, correlating with poor
prognosis. Mechanistically, circEZH2 sponges miR-217-
5p, relieving post-transcriptional inhibition of KLF5 and
enhancing CXCR4-driven EMT. FUS facilitates
circEZH2 back-splicing and is transcriptionally
upregulated by KLFS5, establishing a
FUS/circEZH2/KLF5/CXCR4 positive feedback loop.
This axis represents a potential biomarker for BC
metastasis and a therapeutic target for BC intervention.
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