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ABSTRACT

Background:CircularRNAs(circRNAsYyepresent a subsetof non-coding RNAsimplicated in the regulation of
diverse biological processesjncluding tumorigenesis.However, the expressionand functional implications of
circ0060467n hepatocellularcarcinoma(HCCYyemain elusive. In this study, we aimed to elucidatethe role of
circ00604671n modulatingthe progressionof HCC.

Methods: Differentially expressedcircRNAsn HCCtissueswere identified through circRNAmicroarray assays
Quantitative reverse transcription polymerasechain reaction (QRFPCR)assaysrevealed the upregulation of
circ0060467in both HCCcell lines and tissues. Various assayswere conducted to investigate the roles of
circ0060467n HCorogression. Additionally, RNAimmunoprecipitation (RIP)assaysand luciferaseassayswvere
carried out to assessthe interactions between circ0060467,microRNA6085 (miR-6085), apoptosisinducing
factor mitochondria-associated? (AIFM2),and glutathione peroxidase4 (GPX4)n HCC.

Results:Microarray and qR FPCRanalysesdemonstrateda marked elevation of circ0060467n HCQissuesand
cell lines. Knockdown of circ0060467suppressedHCCcell proliferation. Luciferasereporter and RIP assay
confirmed the binding of circ0060467 AIFM2,and GPX4to miR-6805. Subsequentexperimentsrevealedthat
circ006046 7competeswith AIFM2and GPX4thereby inhibiting cancercell ferroptosis by binding to miR-608t
and promoting hepatocellularcarcinomaprogression.

ConclusionsCollectively,circ006046 imodulatesthe levelsof AIFM2and GPX4crucialregulatorsof tumor cell
ferroptosis, by acting as a spongefor miR-6085 in HCC.Thus, circ0060467may represent a novel diagnostic
markerandtherapeutictarget for HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) is a common solid
tumor and a major cause of canessociated death
worldwide. In 2020, primary liver cancer became the
6" frequently diagnosed carcinoma and tHeé rBain
cause of tumeassociated deaths globally, with about

906,000 new morbidities and 830,000 mortalities
[1]. Geographically, the incidence of HCC exhibits
notable disparities, predominantly concentrated in less
developed regions such as Eastern Asia (54.8% of
cases) and Southeastern Asia (10.8% of cq2éd].
Despite advancements in the treatment of HCC, the
prognostic outcomes for afflicted patients remain bleak

6660-TAFE2Y

MT (pc !

DLbD


mailto:zhuhb_2023@usc.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

[517]. While numerous genes are implicated in HCC
tumorigenesis, the underlying pathogenic mechanisms
remain elusive[8i 10]. Consequently, there exists an
imperative need to comprehend these mechanisms
comprehensively and identify novel molecular targets to
furnish efficacious therapeutic interventions for HCC
[11].

Circular RNAs (circRNAs) represent a category of
noncoding RNAs ubiquitous across various species
[12, 13] Distinguished by their highly stable and
evolutionarily conserved circular structures, circRNAs
inherently demonstrate resilience to RNase activity.
Moreover, specific miRNAvinding sites withircircRNA
sequencesndow them with the capacity to function as
MIiRNA sponges, thereby exerting regulatory control over
gene expression. The aberrant expression of circRNAs
is frequently discerned in progressive tumors, owing to
their role as miRNA spongé$4, 15]

Previous research has demonstrated that circRNAs
play a pivotal role in ceegulating other RNAs by
functioning as competing endogenous RNAs (ceRNAS),
thereby competing for microRNAs (miRNAL6].
Kong et al. reported that cirPLK1 functions as a
MiR-296-5p sponge to suppress progression of triple
negative breast cancgt7]. Similarly, CircSMARCAS5
plays a role in HCC proliferation as well as metastasis
by acting as a miRNA sponge for miB1b5p and
miR-17-3p [18]. These findings collectively underscore
the pivotal role of circRNAs as modulators of cancer
progression through their function as miRNA sponges.

Several circRNAs have been identified as critical
regulators in the early stages of HCC progression.
Notably, CireCDYL exhibits high expression levels in
early-stage HCC, where it downregulates the expression
of HepatoméaDerived Growth Factor (HDGF) and
HypoxiaInducible Factor 1 Alpha Inhibitor (HIF1AN)
by acting as a ceRNA for both miB283p and miR
892a[19]. Another noteworthy circRNA, CirPRKCI,
functions as a miRN&A45 sponge, antagonizing the
E2F transcription factor 7 (E2F7)[20]. E2F7
significantly overexpressed in HCC, is associated with a
poor survival outcome. Moreover, the upregulation
of hsacirc-0078710 in HCC has been closely linked
to cancer cell proliferation, migration, and invasion.
Functioning as a miB1l sponge, hasirc-0078710
activates CDK2 and HDAC geng21]. However, the
expression and functional role of circ0060467 in HCC
remain unclear and warrant further investigation.

Ferroptosis, a term coined by Dixon et al. in 222,
denotes a form of iredependent regulation of cell
death driven by an overload of lipid peroxides on the
cell membrane. It exhibits distinct morphological and

mechanistic characteristics when compared to apoptosis
and other types of cell deafp2, 23] In recent years,
enlightening progress has made in cancer research
demonstrating that ferroptosis produces either a facili
tative or inhibitory effect on cancer development, and
has potential as a new target for cancer therapy. On the
one hand, several cangefated signaling pathwaysve
been demonstrated to be closely associated with and
involved in regulating the process of ferroptogd].
These pathways consequently influence the metabolic,
immune, and drugensitive characteristics of tumor
cells [25i 27]. The distinctive metabolism of tumor
cells renders them susceptible to ferroptosis, indicating
heightened sensitivity to targeted therapy sipecific
types of cancef28i 30]. Therefore, investigatinghe
vulnerability of HCC to ferroptosis and comprehending
the specific regulatory mechanisms assumes paramount
significance in the prevention and treatment of HCC.

In this study, the expression of circO060467 was
determined in 18 paired HCC tissues utilizing quanti
tative reverse transcription polymerase chain reaction
(gRT-PCR)[18]. Circ0060467 was detected significantly
upregulated in HCC tissues and cell lines. Circ0060467
is located at chr20:423386@2345122 and derived
from the MYB proteoncogene like 2 (MYBL2) gene.
Previous studies have indicated its upregulation in
cervical cancer, contributing to increased paclitaxel
resistance, and fostering cancer proliferation by
modulating miR665/EGFR signaling31]. Notably, the
knockdown of circ0060467 has been shown to suppress
proliferation and enhance FLAIID acute myeloid
leukemia cell differentiation by promoting FLT3 kinase
translational efficiency32]. Here, we explored the role
of circ0060467 in HCC and found that circ0060467
knockdown suppressed cell proliferation. We confirmed
that circ0060467 bound to mi6B05. Notably, we
identified Apoptosidnducing Factor Mitochondria
Associated 2 (AIFM2) and Glutathione Peroxidase 4
(GPX4), pivotal regulators of tumor ferroptosis, as
direct targets of miF6805. Consequently, our results
elucidate the pivotal role of circ0060467 as a 6805
sponge, orchestrating a ceRNA mechanism to modulate
the expression of AIFM2 and GPX4. This intricate
regulatory network positions circ0060467 as a potential
therapeutic target for HCC.

RESULTS

Elevated expression of circ0060467 in HCCell lines
and tissues

The upregulation of circ0060467 has been observed in
various cancers, where it functions as an oncogene
[31, 32] A previous investigation identified circ0060467

in 18 paired cervical cancer tissues, demonstrating its
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significance in cancer biologli8]. Specifically, it was
revealed that circ0060467 serves as a-86R3p sponge,
augmenting the growth and invasion of cervical tumor
cells. However, the functional and mechanistic aspects
of circ0060467 in HCC remain unclear. In this study,
an examination of circ0060467 expression revealed its
elevation in both HCC tissues and cells (fFeglA, 1B).

The circular structure of circ0060467 was confirmed by
RNase R digestion experiments in 97H and 7402 cells
(Figure 1C). Further, findings fronihe actinomycin D
assay implied that the circular transcript circ0060467 in
97H and 7402 cells was highly stable, compared to its
linear transcript MYBL2 (Figure 1D).
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Figure 1 Circular RNA hsa_circ_0060467 (circ0060467) is increased in hepatocellular carcinoma (HCC) cell lines and tissues.

Suppression of circ0060467inhibits HCC tumor
proliferation

To assess the roles of circ0060467 in HCC, RNA
interference was used to downregulate circ0060467 levels
and the successful inhibiton was showed by QRT
PCR analysis (Figure 2A). Notably, the suppression of
¢irc0060467 markedly inhibited cell growth (Figure 2B).
To evaluate the impact of circ0060467 iarnvivo tumor
proliferation, a xenograft experiment was conducted.
It showed that tumor proliferation was significantly
suppressed with inhibition of circ0060467 (Figure 2C).
Moreover, immunohistochemical staining of xenograft
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(A) Expression level of circ0060467 in normal and HCC cell B)eBxgression level of circ0060467 in HCC tissues and matched normal
tissues. ©) RNase R digestion experimemas used to confirm the circular structure of circ0060467 in 97H (left) and 7402 cells (right).
(D) Stability of the circular transcript circ0060467 and linear transcript MYBL2 in 97H and 7402 cells assessed by adiirassggis

** < 0.01,* p<0.001.
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tumor sections indicated suppression of&i levels evaluated if circ0060467 can function as a miRNA
following the inhibition of circ0060467 (Figure 2D). sponge and projected the possible molecular targets

Circ0060467functions as an miR6085sponge

of circ0060467 on CircBankh{tp://www.circbank.cn/
The analysis revealed that the putative binding site for
miR-6085 resides within the sequence of circ0060467

CircRNAs can work as ceRNAs to modulate miRNAs,  (Figure 3A). gqRTPCR analysis demonstrated |-

thereby liberating miRNAargeted genes. Hencee pression levels of mi#®085 in HCC cells (Figure 3B).
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Moreover, cetransfection with miRe085 mimics led

to a suppression of luciferase activity, an effect not
observed in cells transfected with the mutant luciferase
reporter (Figure 3C). Subsequently, knockdown of
circ-0060467 in 7402 and 97h cell lines resulted in a
significant increase in mHB085 expression (Figure
3D). To validate the direct binding between circ0060467
and miR6085, an MS2biMS2bsbased RNA immuno
precipitation (RIP) assay was conducted. MiB8B5
was highly enriched in the MS2o#c-0060467 group
(Figure 3E), validating the direetssociations between
circ0060467 and miR085. Thus, circ0060467
effedively interacts with miR6085, serving as a sponge
for miR-6085 in the context of HCC.

Circ0060467 regulates expression of GPX4 and
AIFM in HCC

The TargetScan algorithm was employed to
investigate the possibldownstream targets of miR

6085, revealing AIFM2 and GPX4 as putative target
oncogenes (Figure 4A). To confirm the interactions of
the predicted targets, expressions of AIFM2 and GPX4

circbase ID Length miRNA ID (miR_ID)
hsa_circ_0060467 993 hsa-miR-4673 810
hsa_circ_0060467 993 hsa-miR-4674 603 754
hsa_circ_0060467 993 hsa-miR-6085 701
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were measuredn HCC cell lines and were observed
to be elevated (Figure 4B). In addition, mit085
mimics significantly inhibited AIFM2 and GPX4 levels
in 7402, HepG2, and 97H cells, indicating that AIFM2
and GPX4 were both regulated by r6R85 (Figure
4C). Then, Argonaut2 (Ago2) RIP analyses were
performed. It was found that circ0060467, AIFM2,
GPX4, and miR6085 were highly enriched in Ago2
complexes. Furthermore, suppression of circ0060467
enhanced AIFM2 and GPX4 enrichment in Ago2
fractions and largely inhibited circ0060467 enrichment
in Ago2 complexes (Figure 4D), suggesting that
circ0060467 competes with AIFM2 and GPX4 for
binding to miR6085.

Circ0060467  suppression  enhances HCC
ferroptosis
Interestingly, AIFM2 and GPX4 have been

determined as vital regulators of tumor cell ferrop
tosis [22]. Consequently, suppression of circ0060467
enhances cell ferroptosis via the circ00604674/60R5
AIFM2 and GPX4 axis. Knockdown of circ0060467 or
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Figure 3 Circ0060467 functions as a sponge for RBIBB5 in hepatocellular carcinoma (HCC) cglg.Predicted binding sites of
miR 6085 within the circ0060467 sequenc®) Expression level of miB085 in the LO2 cell line and HCC cell lin@sRélative luciferase
activity of 97H and 7402 cells-t@nsfected with the miF6085 mimics and the luciferase reporter vector containing the-tyie or mutant
circ0060467 sequenceD) miR6085 expression in 7402 and 97h cell lines with knockdown of00806467. ) MS2based RNA
immunoprecipitation assay in 7402 cell transfected with MS@EH060467, MS2bgirc0060467mt, or MS2bsRluc. **p < 0.01.
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overexpression of mH8085, AIFM2, and GPX4
was effective in suppressing 7402, HepG2, and 97H
cells (Figure 5A). Additionallyjmmunohistochemical
stainingsections of harvested xenograft tumors validated
that circ0060467 suppression apparently suppressed
the levels of AIFM2 and GPX4 (Figure 5BMore-
over, circ0060467 knockdown led to a decrease in
the GSH/GSSG ratio and mitigated GPX4 activation
(Figure 5C).

DISCUSSION

Substantial circRNAs were identified through high
throughput sequencing techniques and bioinformatics
analyses. However, the significance of circRNAs in
HCC has yet to be fully establish§gB]. In this study,

we identified the levels of circRNAs in HCC, with
¢irc0060467 found to be elevated in both HCC tissues and
cell lines. Knockdown of circ0060467 suppressed HCC
cell proliferation. These results show that circ0060467
plays a pivotal role in HCC progression, suggesting its
potential as a novel diagnostic marker and treatment
target for HCC. Nevertheless, due to the small sample
size in this study, further investigation and validation in
a larger independent cohort are warranted to explore the
expression profile and clinicopathological significance of
circ0060467 in HCC.

Recent studies have reported that ceRNAs influémee
activity of miRNAs by acting as sponges to control
gene expression in tumof49, 34] The relationship
between circ0060467 and mB05 was validated
through a series of functional assays. In this study; miR
6805 was shown to interact with circ0060467, AIFM2,
and GPX4, suggesting that circ0060467 may act as a
miR-6805 sponge to modulate AIFM2nd GPX4
expression via a ceRNA mechanism. Circ0060467
functions as a ceRNA, sponging @05 for AIFM2
and GPX4 in HCC. Initially, bioinformatic analyses
suggested that circ0060467 and théuBtranslated
region (UTR) of AIFM2 and GPX4 contain specific
binding sites for miR6805. This prediction was verified
through luciferase reporter and MS2$2bsbased
RIP assays. Furthermore, AIFM2 and GPX4 expression
were reduced following circ0060467 knockdown.
Finally, the effects of circ0060467 knockdown were
reversed by suppressing m@805 expression. Similar
to circRNAs in the liver metastasis of breast cancer
[35, 36] these findings demonstrate that circ0060467
regulates AIFM2 and GPX4 expression by sponging
miR-6805 via a ceRNA mechanism.

Ferroptosis constitutes a form of necrotic cell demise
facilitated by the oxidative alteration of phospholipid
membranes through an iralependent mechanism

A Predicted consequenial pairing of target B €5 B GPX4 I AIFM2
region (top) and miRNA (bottom) -g 4
(7]
Position 1411-1417 of AIFM2 3'UTR 5  CUUCCAAUCCAGAGGAGCCCCUC... o 3
[LELEL 3
hsa-miR-6085 S ACACGAGGGGGUCGGGGAA 5 2
<
Position 52-58 of GPX4 3'UTR 5 .GUGUGGCCCCGCCCGAGCCCCUC... E 1
L1
hsa-miR-6085 3 ACACCGAGGGGGUCGGGGAA EO 7402 97H HepG2 LO02
C . 12, H miRcontrolll miR-6085 1.2, H miR-controlll miR-6085 D E& 151 Anti-igG - M si-circ-control
He st Eg 12 Anti-Ago2 EA? E3 si-circ-0060467
2 0.9 2 0.9 S ES6
g *k 1] =< 9 £
5 *k ‘5_ Foke *d 5 tg E Y3
% 0.6 o x 0.6 ** o 6 54
s o S« g 3
S 03 X 03 EE 3 gg2
[ - EE
w o © w1
< (C] 0 - 0 30 100¢ :
HepG2 7402 97H HepG2 7402 97H X e circ0060467 AIFM2  GPX4
o
&

Figure 4 Circ0060467 regulates the expression of GPX4 and AIFM in (ACRredicted direct binding sites of hesR-6085
(miR6085) within the apoptosis inducing factor mitochondria associated 2 (AIFM2) and glutathione peroki@R&4ysequences.R)
Expression level of GPX4 and AIFM2 in the LO2 cell line and hepatocellular carcinoma cé&l) kEngsegsion levels of GPX4 and AIFM2
after transfection with miR6085 mimics. D) RNA immunoprecipitation (RIP) assay detected the relative enrichment of circ0060467,
GPX4, AIFM2, and mi#85 in the antiArgonaute 2 (Ago2) fraction (left); relative enrichment was detected by an RiB2assay

(right).
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[37, 38] A pivotal aspect of this biological process
involves cysteine depletion, leading to the depletion of
the intracellular glutathione (reduced) (GSH) reservoir,
ultimately triggering cellular apoptosig2]. Initially,

the regulation of ferroptosis was attributedGPX4, an
enzyme responsible for reducing phospholipid hydro
peroxideq39, 40]and radicatrapping antioxidantgtl,

42]. But recent study implies that flavoprotein AIFM2
acts as an antiferroptotic gene. AIFM2, also identified
as ferroptosis suppressor protein 1 (FSP1), provides
protection against ferroptosis induced®i X4 deletion
[43]. In this study, the downregulation oirc0060467

or the overexpression of mi6805 was observed to
suppress AIFM2 and GPX4 expression in HCC cell
lines and xenograft tumors. Additionally, the knockdown

of circ0060467 resulted in a diminished GSH/GSSG
ratio in HCC cell lines. Therefore, our findings support
the conclusion that the suppression of circ0060467
enhances ferroptosis in HCC.

CONCLUSIONS

In conclusion, circ0060467 is highly expressed in
HCC, and its depletion resulted in the suppression
of HCC cell proliferation. Functioning as a ceRNA,
circ0060467 played a pivotal role in the regulation of
AIFM2 and GPX4 levels by sponging mi&805. The
circ0060467/miR6805/AIFM2 and circ0060467/miR
6805/GPX4 axes were identified as key mediators in
HCC progression through the modulation of ferroptosis.

Figure 5Knockdown of circ0060467 promotes ferroptosis in HQ Western blotting was performed to determine the expression

t SpgSta 27

I L-Gctind @) Expression sthtys Rf AIFM2 and GPX4 in hematesgtimstained sections of harvested xenograft

tumors. © Glutathione (GSH)/oxidized GSH (GSSG) ratio was determined with a GSH/GSSG QuantificaiioKiL. **
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