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Abstract

The high mortality rate from hepatocellular carcinoma (HCC) is due primarily to challenges in early diagnosis and
the development of drug resistance in advanced stages. Many first-line chemotherapeutic drugs induce ferroptosis,
a form of programmed cell death dependent on ferrous iron-mediated oxidative stress, suggesting that drug
resistance and ensuing tumor progression may in part stem from reduced ferroptosis. Since circular RNAs (circRNAs)
have been shown to influence tumor development, we examined whether specific circRNAs may regulate drug-
induced ferroptosis in HCC. Through circRNA sequencing, we identified a novel hsa_circ_0000195 (circTTC13)

that is overexpressed in HCC tissues. This overexpression is linked to higher tumor grade, more advanced tumor
stage, decreased ferroptosis, and poorer overall survival. Overexpression of CircTTC13 in HCC cell lines and explant
tumors was associated with increased proliferation rates, enhanced metastatic capacity, and resistance to sorafenib,
while also inhibiting ferroptosis. Conversely, circTTC13 silencing reduced malignant characteristics and promoted
ferroptosis. In silico analysis, luciferase assays, and fluorescence in situ hybridization collectively demonstrated

that circTTC13 directly targets and reduces miR-513a-5p expression, which in turn leads to the upregulation of

the negative ferroptosis regulator SLC7A11. Moreover, the inhibition of SLC7A11 mirrored the effect of circTTC13
knockdown, whereas ferroptosis inhibition mimicked the effect of circTTC13 overexpression. Both circTTC13

and SLC7A11 were highly expressed in drug-resistant HCC cells, and circTTC13 silencing induced ferroptosis

and reversed sorafenib resistance in explant tumors. These findings identify circTTC13 as a critical driver of HCC
progression and resistance to drug-induced ferroptosis via upregulation of SLC7A11. The cicTTC13/miR-513a-5p/
SLC7A11 axis represents a potential therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC) constitutes 75-85%
of primary liver cancer cases, making it the sixth most
common and third most deadly malignancy worldwide
[1]. Despite the growing number of treatment options,
including immune checkpoint inhibitors, sorafenib, and
lenvatinib, the objective response rate remains low due to
variations in individual sensitivity, intolerable side effects,
and progressive drug resistance [2—4]. Understanding the
mechanisms driving HCC progression and treatment
resistance is essential for identifying new and effective
molecular targets for diagnosis and treatment.

Circular RNAs (circRNAs) are non-coding RNAs
typically exhibiting tissue- or cell-type-specific expres-
sion. They are generated by the reverse splicing of pre-
mRNA, forming a covalently closed loop without a 5’-cap
or 3’-poly(A) tail. Compared to linear RNA, circRNAs
are not easily degraded by external enzymes and exhibit
higher stability, suggesting their potential as biomark-
ers for cancer diagnosis and prognosis [5]. circRNAs
perform various functions in organisms, such as act-
ing as sponges for microRNAs (miRNAs) or proteins,
or directly regulating transcription by interacting with
RNA-binding proteins. Additionally, some circRNAs
can be translated into proteins. miRNAs are post-tran-
scriptional regulators of gene expression that function
through direct base pairing with target sites within the
untranslated regions of messenger RNAs. In 2007, Ebert
et al. first reported the concept of a “miRNA sponge,
which can inhibit miRNA activity in cells by competi-
tively binding to miRNA target sites [6]. In 2013, Hansen
et al. found that circRNA can act as a miRNA sponge for
miR-7, containing more than 70 selectively conserved
miRNA target sites, which can inhibit miR-7 activity and
increase the levels of miR-7 downstream target genes [7].
Since then, numerous studies have shown that circRNAs
can function as miRNA sponges and play roles in various
cancers. Despite the numerous circRNAs differentially
expressed in HCC, their potential roles in carcinogenesis
and treatment response remain largely unexplored.

Recent studies have found that circRNAs can regulate
lipid metabolism, which is closely related to the progres-
sion of HCC. Yang et al. discovered that circEPB41 is a
circular RNA that promotes lipogenesis and mediates
lipid metabolism in HCC [8]. Li et al. found that Cir-
cLARP1B affects HCC lipid metabolism and metastasis
by regulating liver kinase B1 [9]. Dong et al. identified a
new exosomal circUPF2, which regulates ferroptosis in
HCC by targeting SLC7A11 [10]. SLC7A11 is a cystine/
glutamate antiporter protein that transports extracel-
lular cystine into the cytoplasm, where it is reduced to
cysteine and subsequently used to synthesize glutathione
for antioxidant defense [11]. In addition, several studies
have shown that SLC7A11 is influenced by various genes
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related to lipid metabolism. Therefore, regulating lipid
metabolism can impact tumor ferroptosis [12, 13]. These
studies have linked various circRNAs to liver cancer
development and lipid metabolic pathways, highlighting
their potential as therapeutic targets. This finding also
underscores the potential of circRNAs in regulating fer-
roptosis. Ferroptosis is a form of programmed cell death
that depends on free ferrous iron and the generation of
reactive oxygen species (ROS), and it is closely related to
lipid metabolism [14, 15]. Lipid peroxidation triggers the
spread of lipid reactive oxygen species, which can oxidize
lipid molecules on the cell membrane, thereby disrupting
the integrity of cell membranes [16]. It can also damage
the mitochondrial membrane, oxidize intracellular pro-
teins, and cause oxidative damage to DNA molecules,
ultimately resulting in cell death. Ferrous iron plays a key
role in promoting phospholipid peroxidation, thereby
enhancing ferroptosis. For instance, GPX4 prevents the
formation of Fe’*-dependent ROS, and its inhibition
leads to lipid peroxidation and induces ferroptosis [17].
ACSLA4 is a lipid-metabolizing enzyme that promotes fer-
roptosis by facilitating the esterification of polyunsatu-
rated fatty acids to acyl-CoA. Ferroptosis is frequently
inhibited in tumor cells, allowing survival and growth
even under stressful conditions [18]. Consequently,
induction of ferroptosis has emerged as a promising can-
cer treatment strategy [19].

Tumor cells that are resistant to common chemothera-
peutic drugs appear to be highly sensitive to ferroptosis
inducers, suggesting that interventions for increasing fer-
roptosis sensitivity may also enhance the effectiveness
of cancer treatments and potentially reverse acquired
treatment resistance in advanced-stage disease [20].
Additionally, the regulation of lipid metabolism impact-
ing ferroptosis in tumor cells may be crucial in revers-
ing drug resistance, with circRNA potentially playing a
significant role. Sorafenib is still the first-line treatment
for advanced liver cancer patients, but resistance usually
develops within six months, significantly diminishing its
therapeutic efficacy [21]. Since cellular genes negatively
regulating ferroptosis can confer sorafenib resistance
[22], promoting ferroptosis may be an especially effec-
tive strategy for overcoming sorafenib-resistant HCC
[23-26]. SLC7A11 is highly expressed in various cancer
tissues, where it regulates cellular redox homeostasis,
inhibits lipid peroxidation, influences ferroptosis [11],
and consequently facilitates tumor progression and pro-
motes drug resistance [27, 28].

In this study, we identified circTTC13 as a novel onco-
genic factor that reduces HCC ferroptosis by enhanc-
ing SLC7A11 expression, leading to tumor growth and
metastasis. Conversely, silencing circTTC13 reduced
SLC7A11 expression and reversed sorafenib resistance by
increasing ferroptosis. These findings identify circTTC13
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and SLC7A11 as regulators of HCC progression and
potential therapeutic targets for preventing sorafenib
resistance.

Materials and methods

Human specimens

Two experiments in this study utilized previously pre-
served human specimens. We first examined the differ-
ential expression of circRNAs by comparing expression
profiles between 20 liver cancer tissue samples and corre-
sponding adjacent non-tumor tissues. The second experi-
ment analyzed the associations of specific circRNAs with
patient prognosis using 80 liver cancer tissue samples. All
specimens were obtained during hepatic cancer surgery
at the First Affiliated Hospital of Guangzhou University
of Chinese Medicine. The collection of these samples was
approved by the Ethics Committee of the First Affiliated
Hospital of Guangzhou University of Chinese Medicine,
and all patients provided informed consent to participate
in this study (Ethics Review No. K-2024-036).

Cell culture

Four human HCC cell lines, HepG2, Hep3B, MHCC97H,
and Huh7, were used to examine the effects of circRNA
expression on proliferation, migration, and metastatic
capacity. All lines were obtained from the National Col-
lection of Authenticated Cell Cultures and maintained
in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, USA) supplemented with 10% fetal
bovine serum(Gibco, USA) and 1% penicillin(Gibco,
USA) - streptomycin mixture under a 5% CO,/95% air
atmosphere at 37 °C. The non-cancerous human liver cell
line THLE-2 was purchased from Wuhan Pricella Bio-
technology and maintained under the same conditions in
a specific medium provided by the supplier.

Isolation of stable sorafenib-resistant, circTTC13-
knockdown, and circTTC13-overexpressing cell lines

To establish sorafenib-resistant cell lines, Hep3B cells
were co-cultured with sorafenib starting at an initial con-
centration of half the maximum inhibitory concentration
(IC50) and increasing by 0.5 uM each week. Once the
sorafenib concentration reached 10 pM, the cells were
continuously cultured and passaged in the presence of
sorafenib for subsequent generations.

Transient transfection was carried out using the Lipo-
fectamine 3000 kit (GlpBio, USA). When Hep3B cells
reached 50% confluency, they were transfected with
ov-NC, ov-SLC7A11, si-NC, and si-circT TC13. The over-
expression plasmid for SLC7A11 and the small interfer-
ing RNAs (siRNAs) for circTTC13 were obtained from
Beijing Tsingke Biotech Co., Ltd. (Beijing, China). Upon
reaching 50% confluency, Hep3B/HepG2 cells were trans-
fected with sh-circTTC13, sh-NC, ov-circTTC13, and
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ov-NC lentiviruses. Transfected cells were selected using
puromycin (2 pg/mL, Amresco, USA). Stable transfection
was performed using lentiviral vectors. The lentiviral vec-
tors for circTTC13 knockdown and overexpression were
sourced from OBiO Technology (Shanghai, China).

Real-time quantitative reverse transcription PCR(qRT-PCR)
Total RNA was extracted from the samples following
complete lysis with Trizol reagent. The RNA was then
reverse transcribed into cDNA using the Evo M-MLV
reverse transcription reagent (Accurate Biology, Chang-
sha, China). Reaction systems were set up for qRT-PCR
to quantify circRNA or mRNA levels, utilizing SYBR
Green reagent (Accurate Biology, Changsha, China).

Western blotting

After weighing 20 mg of frozen tissue or scraping fresh
cells, RIPA lysate containing protease and phosphatase
inhibitors was added. Cell samples were lysed, and the
supernatants were removed by direct centrifugation.
Protein concentration was determined according to the
instructions of the BCA Protein Quantification kit. Sub-
sequently, 5x protein sample buffer was added, and the
samples were denatured by heating at 100 °C for 10 min.
An SDS-PAGE gel was prepared, and equal amounts of
protein were loaded. Following electrophoresis, mem-
brane transfer, and blocking, the PVDF membrane was
incubated overnight at 4 °C with primary antibodies
against GAPDH (Bioss, Beijing, China) and SLC7A11
(Boster, USA). After washing, the PVDF membrane
was incubated with a secondary antibody (Wanleibio,
Shenyang, China) at room temperature for 1 h before
imaging.

RNase R treatment assay

Total RNA was extracted using Trizol and digested with
RNase R (GENESEED, Guangzhou, China). The samples
were then reverse transcribed and analyzed by qRT-PCR.

Actinomycin D assay

Once the cells in the 6-well plates reached 70% conflu-
ence, 5 pg/mL actinomycin D (GlpBio, USA) or DMSO as
a control was added. The cells were then collected at five
different time points: 0, 4, 8, 12, and 24 h. Total RNA was
extracted, and reverse transcribed, and the CT values
were calculated using qRT-PCR. The expression levels of
the circTTC13 and TTC13 genes at different time points
were determined.

Cell proliferation, migration, and metastasis assays

Colony Formation Assay: Hep3B cells stably trans-
fected with sh-NC or sh-circTTC13 were seeded into
12-well culture plates at a density of 1x10° cells/
well. After 14 days, the cells were fixed with 4%
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paraformaldehyde and stained with 0.1% crystal violet
before being photographed.

Transwell Invasion Assays: DMEM medium was mixed
with Matrigel gel (Corning, USA) at a ratio of 8:1 on ice
and added to the upper chamber of the transwell insert
for 6 h at 37 °C. Hep3B cells stably transfected with
sh-NC or sh-circTTC13 were seeded into the upper
chamber at a density of 1x10° cells/well. After 24 h of
continued culture, the chambers were removed, and the
cells were stained with crystal violet and photographed.

Wound-Healing Assay: Once the cells in the 6-well
plates reached 80% confluence, they were scratched with
200 pL pipette tips and photographed using Cytation5
(BioTek, USA). The cells were then cultured for 48 h at
5% CO, and 37 °C and photographed again to record the
wound healing process.

Glutathione (GSH) and malondialdehyde(MDA) assay

GSH Assay: Tissue or cell samples were extracted using
the GSH kit (Beyotime, Shanghai, China). Total glutathi-
one detection solution was added and incubated at room
temperature for 5 min, followed by mixing with NADPH
solution and reacting for 25 min. The absorbance was
measured at 412 nm. Simultaneously, the content of oxi-
dized glutathione (GSSG) was determined as required.
The formula used was: GSH = total glutathione - GSSG x
2.

MDA Assay: Tissue or cells were lysed using RIPA lysis
buffer, and protein concentration was determined using
the BCA Protein Quantification Kit. The samples were
then added to the MDA working solution (Beyotime,
Shanghai, China) to prepare them for testing. The MDA
content was calculated by measuring the absorbance at
532 nm, and the initial MDA content was determined
based on the protein content per unit weight or tissue
weight.

MTT assay

Once the cells in the 96-well plates reached 70% con-
fluence, various drugs (Ferrostatin-1, Z-VAD-FMK,
Benacasan, Necrostatin-1, 3-Methyladenine, Sorafenib,
MedChemExpress, USA) were applied for 24 h. The cell
survival rate was then calculated by measuring the OD
value at 490 nm after 4 h of continuous culture in a 9:1
mixture of DMEM and MTT medium.

Live/dead cell staining assay

Hep3B cells stably transfected with sh-NC or sh-
circTTC13 were seeded in 96-well plates at a density of
5x 10 cells/well for 48 h. Subsequently, 2 pM calcein AM
and 8 puM PI (KeyGEN BioTECH, Jiangsu, China) were
added and incubated in the dark for 30 min before being
photographed.
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5-Ethynyl-20-deoxyuridine (EdU) assay

Hep3B cells stably transfected with sh-NC or sh-
circTTC13 were seeded in 96-well plates at a density of
5x10° cells/well. After 24 h, the cells were transfected
with ov-SLC7A11 or ov-NC plasmids. Following another
24 h, EAU working solution (Beyotime, Shanghai, China)
was added, followed by permeabilization solution, Click
reaction solution, and Hoechst 33,342 solution. The cells
were washed three times with washing solution before
each addition of different liquids, and then photographed
using Cytation5.

ROS, Fe2* and mitochondrial membrane potential levels
assay

DCFH - DA fluorescent probe: Hep3B cells stably trans-
fected with sh-NC or sh-circTTC13 were seeded in
96-well plates at a density of 5x 103cells/well and incu-
bated for 48 h. The medium was then replaced with a
mixture of DCFH-DA (Beyotime, Shanghai, China) and
DMEM at a ratio of 1:1000, and the cells were incubated
in the dark for 20 min before being photographed.

FerroOrange fluorescent probe: Hep3B cells stably
transfected with sh-NC or sh-circTTC13 were seeded in
96-well plates at a density of 5x 10°cells/well. After 48 h
of incubation, a 1 umol/L concentration of FerroOrange
(DOJINDO, Japan) fluorescent probe working solution
was added. The cells were then incubated in the dark for
30 min before being photographed.

JC-1 fluorescent probe: Hep3B cells stably transfected
with sh-NC or sh-circTTC13 were seeded in 96-well
plates at a density of 5 x 10°cells/well. After 48 h, DMEM
medium and JC-1 staining working solution (Beyotime,
Shanghai, China) were added. The cells were incubated in
the dark for 30 min and then washed with JC-1 staining
buffer (1x).

Dual-luciferase reporter assay

Upon reaching 50% confluency, plasmids were added to
the corresponding groups for the transfection of miR-
485-3p, miR-513a-5p, circTTC13, and SLC7A11. After
48 h, the cells were treated with reporter gene cell lysate,
and the supernatant was collected and added to a 96-well
plate in the dark. Firefly luciferase detection reagent or
Renilla luciferase detection reagent (Beyotime, Shanghai,
China) were then added. The RLU value was measured
after mixing.

Immunofluorescence assay and fluorescence in situ
hybridization(IF-FISH)

After the cell slides were fixed in 4% paraformaldehyde,
the cells were permeabilized with 0.1% Triton X-100.
Probes for circTTC13 or miR-513a-5p (Umine Bio-
technology Co., Ltd, Guangzhou, China) were hybrid-
ized with the hybridization solution for 16 h at 37 °C.
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 High expression of circTTC13 in HCC is associated with poor prognosis. (A & B) Heat map and volcano plot showing differentially expressed cir-
cRNAs between 8 HCC samples and adjacent non-cancerous tissues. (C) The intersection of differentially expressed circRNAs identified by sequencing
with the circBase database. (D) Elevated expression levels of four candidate circRNAs in 20 HCC samples compared to adjacent non-cancerous tissues re-
vealed by gRT-PCR. (E) Relative expression levels of circTTC13 in normal human liver cells and various HCC cell lines as measured by gRT-PCR. (F) CircTTC13
can be amplified by the divergent primers in cDNA, but not in gDNA. (G) Formation of circTTC13 (hsa_circ_0000195) by alternative splicing from exons
2-4 of the TTC13 gene. (H) Expression of circTTC13 and TTC13 gene in Hep3B cells was demonstrated by gRT-PCR following RNase R treatment gRT-PCR.
() Stability of circTTC13 compared to TTC13 mRNA in Hep3B cells revealed by actinomycin D assay. (J) RNA-FISH showing circTTC13 localization in the

cytoplasm of Hep3B cells. (K) Kaplan—-Meier survival analysis showed that low circTTC13 expression is associated with longer overall survival of HCC pa-

e

tients. "*P > 0.05, P < 0.05, "P<0.01,” P<0.001

Following washing, the cells were blocked with a 5%
BSA blocking solution and sequentially incubated with
the SLC7A11 primary antibody and secondary antibody
(Beyotime, Shanghai, China). After staining with DAP],
images of the cells were captured using a TCS SPE-II
confocal microscope system (Leica, Germany).

Explant tumor models

All animal experiments were reviewed and approved by
the Animal Ethics Committee of Guangzhou University
of Chinese Medicine. Subcutaneous tumor model (Ethics
Review No. 20230319001): NC or circTTC13 knockdown
Hep3B cells were suspended at 2.5x10’/mL and 200
pL injected into the right axilla of BALB/C-nude mice.
When subcutaneous tumors reached an average size of
50 mm?, mice were randomly divided into four treatment
groups receiving intraperitoneal injection of 0.8 mg/kg
Ferrostatin-1 or vehicle control daily for three weeks.
Alternatively, mice were injected with the same num-
ber of CircTTC13-overexpressing or NC-overexpressing
cells. Again, when tumors reached an average size of 50
mm?, mice were randomly divided into three groups and
intraperitoneally injected with either 80 mg/kg sulfasala-
zine or a vehicle control daily for three weeks. In both tri-
als, tumor volume was measured every three days.

Orthotopic model of hepatocellular carcinoma (Eth-
ics Review No. 20240508008): To establish this model,
circTTC13-knockdown Hep3B cells were suspended at
5x107/mL. Mice were anesthetized with an intraperito-
neal injection of 2% sodium pentobarbital solution. After
disinfection with iodophor, the liver was exposed, and 20
pL of the cell suspension was slowly injected, followed
by closure of the abdominal cavity. After four weeks,
the mice were sacrificed under anesthesia, and the liver
tissues were excised and collected for morphological
analyses.

Sorafenib-Resistant Subcutaneous Tumor Model (Eth-
ics Review No. 20240508008): To construct this model,
sorafenib-resistant Hep3B-SR cells were suspended at
2.5x107/mL and 200 mL injected into the the right axilla
of BALB/C-nude mice. When the subcutaneous tumors
reached an average size of 50 mm?, mice were randomly
divided into two groups and intraperitoneally injected
with either 20 mg/kg sorafenib or a vehicle control daily
for three weeks. Alternatively, mice were divided into

two groups and injected with 20 mg/kg sorafenib plus
circTTC13-target (5 nmol) or with sorafenib plus si-NC
(5 nmol).

Immunohistochemistry (IHC)

Paraffin sections of tumor tissue were deparaffinized
using xylene, dehydrated with a gradient of alcohol, and
repaired under high pressure with EDTA. The sections
were then immersed in 3% hydrogen peroxide for 10 min-
utes. Afterward, they were incubated overnight at 4°C
with primary antibodies Ki-67 and 4-HNE (both from
Abcam, USA). The next day, the sections were incubated
with appropriate secondary antibodies (Jackson, USA)
for 30 minutes at room temperature. Following color
development with 3’-diaminobenzidine tetrahydrochlo-
ride, the sections were counterstained with hematoxylin,
differentiated with alcohol hydrochloride, dehydrated
with gradient alcohol, cleared with xylene, dried, and
sealed with neutral tree glue. Photographs were taken
using a Pannoramic MIDI digital slide scanning system
(3DHISTECH, Hungary).

Statistical analyses

All results were analyzed using SPSS 22. Continuous
variables meeting the criteria for normality and homo-
geneity of variance according to the Shapiro-Wilk test
and Lenvene test were compared between two groups by
independent sample t-tests or among multiple groups by
one-way ANOVA with post hoc LSD tests. Continuous
variables with a normal distribution but unequal vari-
ances were compared between two groups by two-sample
paired t-test (t’ test) or among multiple groups by Welch
test with post hoc Games-Howell tests. Variables not
following a normal distribution were compared by the
Mann-Whitney U-rank sum test. Survival analysis was
performed using the Kaplan—Meier method and com-
pared by log-rank test. A P<0.05 was considered statisti-
cally significant for all tests.

Results

CircTTC13 is elevated in HCC and associated with poor
prognosis

To examine the potential contributions of novel cir-
cRNAs to HCC oncogenesis and progression, we first
investigated differential expression of circRNAs between
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surgical HCC tissue samples and adjacent non-cancer-
ous tissues (8 pairs). This analysis revealed 95 circRNAs
with high differential expression between HCC and
adjacent tissue, of which 22 were downregulated and 73
upregulated (Fig. 1A&B). By intersecting 95 differen-
tially expressed circRNAs with all circRNAs of Homo
sapiens species recorded in the circBase database, we
selected the top 5 circRNAs with the highest expres-
sion in HCC or adjacent tissues. Among the 7 circRNAs
identified (there were 3 duplicates), we chose 4 without
prior functional studies and validated high expression in
20 additional clinical sample pairs. Ultimately, we identi-
fied hsa_circ_0000195 as differentially expressed in HCC
(Fig. 1C&D). Overexpression of hsa_circ_0000195 was
also confirmed in four human HCC cell lines (HepG2,
Hep3B, MHCC97H, Huh7) compared to a normal
human liver cell line (THLE-2) (Fig. 1E). Given that hsa_
circ_0000195 is most highly expressed in Hep3B cells
and least expressed in HepG2 cells, we decided to knock
down hsa_circ_0000195 in Hep3B cells and to overex-
press it in HepG2 cells for subsequent functional vali-
dation (Figure S1A-D). PCR was conducted separately
for cDNA and gDNA templates using divergent and
convergent primers. The results indicated that TTC13
was amplified from both DNA templates, whereas

Table 1 Associations of circTTC13 expression level with the
clinical characteristics of HCC

Variable circTTC13 P
High Low

Sex 1.000
male 31 30
female 9 10

Age, years 1.000
>50 27 28
<50 13 12

TNM stage 0.176
Tla+Tlb 19 26
T2+T3 21 14

BCLC stage 0.019
A 20 31
B+C 20 9

Edmondson'’s grade 0.013
[+l 13 25
+1v 27 15

Number of tumors 0.222
solitary 25 31
multiple 15 9

Tumour size, mm 0.254
>50 19 13
<50 21 27

vascular invasion 0.790
present 10 8
absent 30 32
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hsa_circ_0000195 was present only in the cDNA tem-
plate (Fig. 1F).

We subsequently characterized the fundamental prop-
erties of hsa_circ_0000195. This circRNA is generated
by the circularization of exons 2—4 of the TTC13 gene
through alternative splicing, with specific back-splicing
confirmed via Sanger sequencing. Consequently, we refer
to hsa_circ_0000195 as circTTC13. The circular structure
of circTTC13 was further validated through an RNase R
treatment assay (Fig. 1H), and its stability was confirmed
using an actinomycin D assay (Fig. 1I). Fluorescence in
situ hybridization (RNA-FISH) revealed that circTTC13
is predominantly located in the cytoplasm of Hep3B cells
(Fig. 1J). We next showed that high circTTC13 expres-
sion is associated with poor HCC prognosis. A total of
80 clinical HCC samples were stratified into high and low
circTTC13 expression groups based on qRT-PCR results
and groups compared for overall survival (OS) using
the Kaplan—Meier method (Fig. 1K). Overall survival
was significantly longer in the patient group with lower
circTTC13. Furthermore, correlation studies revealed
positive associations between circTTC13 expression and
both higher BCLC stage and Edmondson grade (Table 1).
These findings suggest that elevated expression of
circTTC13 is associated with the progression and lethal-
ity of HCC.

Silencing circTTC13 induces ferroptosis and inhibits the
proliferation, invasion, and migration of liver cancer cells
To investigate the impact of circTTC13 on HCC prog-
nosis, we initially assessed how changes in its expres-
sion affect cell proliferation, migration, and invasion
capacity in vitro. Knockdown of circTTC13 by shRNA
significantly inhibited HCC cell line proliferation as
measured by viable colony formation assay, migration
as evidenced by wound healing assay, and invasion as
indicated by transwell assay (Fig. 2A-C). Thus, knock-
ing down circTTC13 reduced key malignancy features.
Moreover, live/dead cell staining showed that knocking
down circTTC13 increased cell death (Fig. 2D), suggest-
ing that reduced expression of circTTC13 may influence
HCC cell death.

Treating Hep3B cells with the ferroptosis inhibitor
Fer-1 at concentrations that did not significantly impact
cell viability reversed the reduction in cell viability
caused by circTTC13 silencing (Fig. 2E). In contrast, sim-
ilar treatments with apoptosis inhibitor VZAD, necrosis
inhibitor NEC-1, autophagy inhibitor 3-MA, or pyrop-
tosis inhibitor BELNA had no such effect. This suggests
that ferroptosis may be the primary mechanism by which
circTTC13 influences HCC progression and treatment
response. Therefore, we next investigated the correlation
between circTTC13 expression and ferroptosis in HCC.
We used electron microscopy to observe the changes in
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Fig. 2 Silencing circTTC13 induces ferroptosis and inhibits the proliferation, invasion, and migration of liver cancer cells. (A-D) To examine the effects
of circTTC13 expression level on malignancy behavior, Hep3B cells were transfected with either sh-NC or sh-circTTC13. Silencing circTTC13 expression
reduced cell proliferation rate as evidenced by colony formation assay (A), migration in the wound healing assay (B), cell invasion in the transwell assay (C),
and live/dead cell ratio (D) compared to Hep3B cells transfected with sh-NC. (E) Ferroptosis inhibitor (Fer-1) reverses the effects of circTTC13 knockdown
on cell viability. In contrast, neither the apoptosis inhibitor (VZAD), necrosis inhibitor (NEC-1), autophagy inhibitor (3-MA), nor pyroptosis inhibitor (BELNA)
affected cell viability. (F-H) Knockdown of circTTC13 enhances ROS levels (F), reduces mitochondrial membrane potential (G), and increases Fe?* levels
(H) in Hep3B cells. (I-L) Orthotopic tumors in mouse liver seeded with circTTC13 knockdown Hep3B cells grow more slowly (1, J), have lower glutathione
(GSH) levels (K), and exhibit higher MDA levels (L) compared to the sh-NC group. P < 0.05, “P<0.01 and ~"P<0.001 compared to the sh-NC group.

#p<0.01 and "P > 0.05 compared to the CON(sh-circTTC13) group

cells after knocking down circTTC13, and the results
showed that the mitochondrial volume was reduced,
cristae was reduced or disappeared, and the membrane
density was slightly increased in the cytoplasmic part
of Hep3B cells after knocking down circTTC13 (Figure
S1E). Silencing the expression of circTTC13 significantly
increased ROS accumulation (Fig. 2F), decreased mito-
chondrial membrane potential (Fig. 2G), increased Fe?*
levels (Fig. 2H), elevated ACSL4 protein expression, and
reduced GPX4 protein expression (Figure S1F), all of
which are consistent with increased ferroptosis. Addi-
tionally, the growth rate of mouse liver tumors derived
from circTTC13-silenced HCC cells was significantly
reduced compared to tumors seeded from normal HCC
cells (Fig. 21&]J). Finally, tumors derived from circTTC13-
silenced HCC cells exhibited enhanced ferroptosis as evi-
denced by lower glutathione concentration and enhanced
accumulation of lipid peroxides (Fig. 2K&L).

Silencing circTTC13 restricts the growth of explant HCC
tumors by enhancing ferroptosis

To confirm the antitumorigenic effects of circTTC13
silencing and the role of ferroptosis in vivo, we estab-
lished a subcutaneous tumor model in mice by seeding
Hep3B cells expressing sh-NC (control) or sh-circTTC13
(silenced) and comparing tumor growth following treat-
ment with vehicle or Fer-1. Silencing circTTC13 signifi-
cantly decreased tumor volume and weight, effects that
were partially reversed by Fer-1 injection (Fig. 3A-D). In
addition, silencing circTTC13 suppressed HCC tumor
progression (Fig. 3E&S2A), increased tissue ferrous iron
levels (Figure S2B), downregulated the expression of the
ferroptosis marker GPX4 and upregulated 4-hydroxynon-
enal (4-HNE), raised MDA levels, and promoted lipid
peroxidation (Fig. 3F & S2C-E). Similarly, these effects
were partially reversed by Fer-1. These results indicate
that silencing circTTC13 promotes ferroptosis in vivo.

circTTC13 upregulates SLC7A11 by sponging miR-513a-5p

To investigate the mechanism of circTTC13 action, we
initially knocked down circTTC13 to examine exprssion
changes in the protein encoded by its parent gene. The
results showed that circTTC13 knockdown almost did
not affect TTC13 protein expression (Figure S2F). The
physiological effects of circRNAs are often mediated by

binding to specific miRNAs (sponging), thereby remov-
ing the miRNA’s inhibitory influence on mRNA transla-
tion. To investigate the specific mechanism by which
circTTC13 regulates ferroptosis, we first searched for
miRNAs with circTTC13 binding sites using the Cir-
cInteractome and CircBank databases and identified
two potential candidates, miR-485-3p and miR-513a-5p
(Fig. 4A&B). To verify the ability of these candidate
miRNAs to bind circTTC13, we conducted lucifer-
ase activity assays in Hep3B cells co-transfected with
wild-type or mutant circTTC13 and targeted miR-
mimic or NC-mimic. Luciferase activity did not differ
between cells co-transfected with wild-type or mutant
circTTC13 in the presence of miR-485-3p, whereas co-
transfection of miR-513a-5p significantly reduced the
luciferase activity of wild-type circTTC13 but not of
mutant circT TC13(Fig. 4C&D). Additionally, RNA-FISH
(Fig. 4E) demonstrated that circTTC13 colocalized with
miR-513a-5p in the cytoplasm of Hep3B cells. These find-
ings suggest that circTTC13 can bind to and sponge miR-
513a-5p in the cytoplasm, thereby altering the expression
of miR-513a-5p targets.

We next searched for downstream mRNA targets
of miR-513a-5p using the Starbase, TargetScan, and
miRDB databases. By intersecting candidates with the
FerrDb database and genes related to ferroptosis from
GeneCards, we identified 14 potential mRNA targets of
miR-513a-5p and related to ferroptosis (Fig. 4F). Next,
we used The Cancer Genome Atlas (TCGA) database to
verify the differential expression of these 14 ferroptosis-
related genes in HCC and tested each for prognostic sig-
nificance using Cox regression, LASSO regression, the
random forest algorithm, and Kaplan—Meier survival
analysis. These analyses (Fig. 4G-K) indicated that among
the 14 ferroptosis-related genes, high SLC7A11 expres-
sion was strongly associated with poor prognosis.

circTTC13 inhibits ferroptosis and promotes the
proliferation, invasion, and migration of HCC through
SLC7A11

We conducted dual-luciferase reporter assays and IF-
FISH experiments to verify the interaction between miR-
513a-5p and SLC7A11. Co-transfection of miR-513a-5p
significantly reduced the luciferase activity of wild-type
SLC7A11 but had no significant effect on the luciferase
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Fig. 3 Inhibition of ferroptosis reverses the anti-oncogenic effects of circTTC13 silencing in a mouse HCC model. BALB/c-nu mice were subcutaneously
injected with Hep3B cells pre-transfected with sh-NC (control) or sh-circTTC13 (for silencing) and treated with the ferroptosis inhibitor Fer-1. (A) Images
of subcutaneously transplanted tumor model mice showed no gross differences in body size across treatment groups. (B) Isolated tumors showing the
anti-oncogenic effects of circTTC13 silencing. (C, D) Quantification of tumor volume (C) and mass (D). (E) Ki67 immunohistochemistry revealing prolifera-
tive cells. (F) Enhanced ferroptotic activity in tumors derived for circTTC13-silenced Hep3B cells as revealed by 4-HNE immunohistochemistry. “P<0.01
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co-transfected with miR-485-3p, miR-513a-5p, or NC-mimics plus wild type or mutant circTTC13. Co-transfection with miR-513a-5p but not miR-485-3p
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Fig. 5 circTTC13 inhibits ferroptosis and promotes the proliferation, invasion, and migration of HCC through SLC7A11. (A) Schematic representation
of the binding sites between SLC7A11 and miR-513a-5p. (B) Hep3B cells were co-transfected with either NC-mimic or miR-513a-5p and wild-type or
mutant SLC7A11, and luciferase activity was measured. MiR-513a-5p significantly reduced the luciferase activity of wild type but not mutant SLC7A11.
(€) Co-localization of miR-513a-5p and SLC7A11 in Hep3B cells was detected using an IF-FISH assay. (D&E) Overexpression of circTTC13 in HepG2 cells
increases SLC7A11 gene and protein expression, while circTTC13 knockdown in Hep3B cells decreases it. (F-1) Overexpression of SLC7A11 reverses the
effects of circTTC13 knockdown on Hep3B cell proliferation (F), invasion capacity (G), glutathione concentration (H), and ROS accumulation (I). "*P > 0.05,
P <005, "P<001,and ""P<0.001 versus WT/sh-NC/ov-NC/sh-NC+ov-NC group. P < 0.05, #P<0.01, and " P < 0.001 vs. sh-circ group

activity of mutant SLC7A11. MiR-513a-5p and SLC7A11
were co-localized primarily in the cytoplasm of Hep3B
cells as evidenced by IF-FISH (Fig. 5A-C). Furthermore,
clinical samples demonstrated a correlation between
circTTC13 and SLC7A11 gene expressions (Figure S2G).
Basal experiments also confirmed that the expression
of SLC7A11 was significantly upregulated at both the
gene and protein levels due to circTTC13 overexpres-
sion. Conversely, the knockdown of circTTC13 led to a
significant downregulation of SLC7A11 gene and pro-
tein expression levels (Fig. 5D&E). Silencing circTTC13
inhibited the proliferation, invasion, reduced the pro-
tein expression of SLC7A11 and inhibited ferroptosis of
HCC cells, while overexpression of SLC7A11 reversed
these effects (Fig. 5F-1 & S2H-]). Collectively, these find-
ings suggest that the pro-oncogenic effects of circTTC13
result from miR-513a-5p sponging resulting in higher
SLC7A11 expression.

A SLC7A11 inhibitor reversed the effects of circTTC13
overexpression on tumor growth

Next, we investigated whether the SLC7A11 inhibitor
SSZ, at a concentration that did not significantly inhibit
tumor growth on its own, could reverse the effects of
circTTC13 overexpression on liver tumor growth and
ferroptosis. Overexpression of circTTC13 significantly
increased tumor volume and weight, and accelerated
tumor progression (Fig. 6A-E & S3A), however, the con-
current downregulation of SLC7A1l protein reversed
these effects. In addition, the regulation of ferroptosis
by circTTC13 overexpression was also partially reversed
by SSZ, as indicated by increased MDA accumulation
and decreased GPX4 expression and GSH levels, which
indicated promotion of ferroptosis (Fig. 6F-1 and S3B).
Moreover, to rule out the potential impact of SLC7A11
knockdown on tumor growth, we performed in vivo
siRNA-mediated knockdown of SLC7A1l in tumors
through local injections. Our findings revealed that
knocking down SLC7A11 had a significantly greater
inhibitory effect on tumor growth when circTTC13 was
overexpressed compared to SLC7A11 knockdown alone.
This suggests that circTTC13 may exert its effects via
SLC7A11 (Figure S3C-F).

Silencing circTTC13 downregulates SLC7A11 and reverses
sorafenib resistance

Cancer cells that are resistant to antineoplastic drugs are
typically more sensitive to ferroptosis induction. There-
fore, promoting ferroptosis could not only lower baseline
survival but also increase the effectiveness of antineoplas-
tic drugs. Therefore, we tested whether ferroptosis pro-
motion via circTTC13 silencing reduces the antitumor
drug resistance of HCC. For this purpose, we established
a Hep3B cell line resistant to sorafenib, a classic first-
line drug for liver cancer (Fig. 7A-D & S4A). CircTTC13
expression was significantly higher in these resistant
cells compared to the parental cells (Fig. 7E). More-
over, knockdown of circTTC13 in resistant cells notably
reduced cell viability and triggered ferroptosis (Fig. 7F &
S4B-F). Moreover, circTTC13 knockdown reduced the
volume and weight of tumors derived from drug-resistant
Hep3B cells (Fig. 7G-1 & S4G). Tumors with circTTC13
knockdown exhibited elevated levels of 4-HNE, increased
ferrous iron and MDA levels, and reduced GSH levels
in vivo (Fig. 7] & S4H-K). These findings suggest that
circTTC13 knockdown may reverse sorafenib resistance
by inducing ferroptosis. Finally, SLC7A11 expression
was higher in sorafenib-resistant HCC cells and tissues,
and was suppressed when circTTC13 was knocked down
(Fig. 7K & S4L), consistent with the notion that silencing
circTTC13 enhances sorafenib sensitivity and ferroptosis
by downregulating SLC7A11.

Discussion

It has been nearly 50 years since circRNA was first dis-
covered. Initially mistaken for viral-like pathogens [29],
circRNAs have since been identified in viruses, pro-
karyotes, unicellular eukaryotes, and throughout the
animal kingdom, including mammals [30], suggesting
essential and well-conserved functions in gene regula-
tion. The unique structure of circRNAs allows them to
evade exonuclease degradation, resulting in a longer
half-life (exceeding 48 h) and greater stability than lin-
ear RNAs [31]. These properties enable unique physi-
ological and pathological functions. Notably, circRNAs
are implicated in the development and progression of
various malignant tumors [32] and may serve as predic-
tive biomarkers and even therapeutic targets [33]. In
the current study, high-throughput sequencing for cir-
cRNAs specifically expressed in clinical HCC samples
revealed that circTTC13 was both highly expressed and
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Fig. 6 The SLC7A11 inhibitor SSZ reverses the effects of circTTC13 overexpression on tumor growth and ferroptosis. BALB/c-nu mice were subcutane-
ously injected with HepG2 cells pre-transfected with either ov-NC or ov-circTTC13 and treated in vivo with the SLC7A11 inhibitor SSZ. (A) Images of tumor
model mice from the different groups. (B) Excised tumors from the different treatment groups. (C, D) Group differences in tumor volume (C) and tumor
weight (D). (E) Ki67 immunohistochemistry showing group difference in cell proliferation. (F) GPX4 immunohistochemistry showing group difference in
ferroptosis. (G-1) Group differences in tumoral MDA accumulation (G), GSH (H), and SLC7A11 protein expression (I). "P<0.01 and ""P<0.001 versus the
ov-NC group. #P<0.05 and #P < 0.01 versus the ov-circ group

strongly associated with advanced pathological grade Differential expression of circRNAs in malignant tumors
and tumor stage as well as poor overall survival. Fer- has been shown to regulate ferroptosis during cancer
roptosis, a form of iron-dependent cell death, is also treatment. For instance, the highly expressed circRNF10
a promising target for HCC as it may both slow basal in glioblastoma was reported to trigger a positive feed-
growth and enhance the effectiveness of antitumor drugs.  back loop that mitigated ferroptosis and promoted
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Fig. 7 Silencing circTTC13 downregulates SLC7A11 and reverses tumor sorafenib resistance. (A) Cell viability assay confirming the establishment of
sorafenib-resistant Hep3B cells, which were subcutaneously transplanted to produce sorafenib-resistant tumors. (B) Diagram of the subcutaneous xe-
nograft tumors. (C, D) Group differences in tumor weight (C) and volume (D). (E) CircTTC13 is highly expressed in sorafenib-resistant cells. (F) CircTTC13
knockdown reduces the viability of sorafenib-resistant cells. (G-J) CircTTC13 knockdown in tumors derived from sorafenib-resistant Hep3B cells (G)
reduces tumor weight (H) and volume (I) and enhances 4-HNE immunoexpression (J). (K) Volcano plot from the GSE158458 database showing el-
evated SLC7A11 expression in drug-resistant cells. P > 0.05, “P<0.01 and “"P<0.001 versus the Hep3B-WT/SR+ saline/WT +si-NC group. #P<0.01 and
##p < 0,001 versus the SR+si-NC group
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tumor progression [34]. Alternatively, downregulation of
hsa_circ_0001546 in ovarian cancer was found to induce
ferroptosis and inhibit the peritoneal metastasis of epi-
thelial ovarian cancer by promoting the formation of an
hsa_circ_0001546/14-3-3/CAMK2D/Tau complex [35].
Similarly, the knockdown of circTTC13 significantly
inhibited HCC progression and promoted ferroptosis in
mice, thereby reversing resistance to sorafenib.

CircRNAs regulate gene expression by altering tran-
scription [36], targeting protein translation [37], and by
acting as a miRNA sponge [38]. More than half of the
studies on circRNA over the past decade have found that
circRNAs regulate tumorigenesis by binding to specific
miRNAs or proteins. Downstream effects of this binding
include tumor drug resistance, changes in tumor metab-
olism, immune escape, and ferroptosis [39-42]. Given
that miRNA sponging is the most common regulatory
mechanism of cytoplasmic circRNAs [43], we screen for
sponging targets associated with ferroptosis and identi-
fied miR-513a-5p, which targets the ferroptosis-negative
regulator SLC7A11.

SLC7A11 is a cystine/glutamate antiporter protein that
contributes to antioxidant defense by transporting extra-
cellular cystine into the cytoplasm. Once inside the cell,
cystine is reduced to cysteine, which is then used to syn-
thesize the endogenous antioxidant glutathione (GSH)
[44]. As a negative regulator of ferroptosis, SLC7A11
plays a crucial role in maintaining cellular redox homeo-
stasis and is highly expressed in various cancer cells,
impacting tumor growth [45], metastasis [46], drug
resistance [47], and the effectiveness of anti-tumor treat-
ments [48, 49]. We found that circTTC13 overexpres-
sion promoted tumor growth in mice and led to higher
GSH levels and reduced lipid peroxidation, and these

effects were reversed by SLC7A11 inhibitors. Addition-
ally, both circTTC13 and SLC7A11 were highly expressed
in sorafenib-resistant cells, and the knockdown of
circTTC13 reversed this resistance. In general, SLC7A11
inhibition paralleled the effect of circTTC13 knock-
down while ferroptosis inhibition paralleled the effect of
circTTC13 overexpression. Collectively, these findings
indicate that the anti-ferroptotic effects of circTTC13 in
HCC are mediated by the upregulation of SLC7A11.

The significant role of ferroptosis in tumor growth
and drug resistance positions it as a promising strat-
egy for cancer treatment. Recent discoveries highlight
circTTC13’s involvement in regulating ferroptosis, offer-
ing new insights for liver cancer therapy. Firstly, knock-
ing down circTTC13 directly induces ferroptosis in
liver cancer cells by impacting the cellular REDOX bal-
ance. circTTC13 acts as a sponge for miR-513a-5p,
influencing SLC7A11 expression. When circTTC13 is
knocked down, lipid peroxidation is induced by inhibit-
ing SLC7A11 expression. This process suppresses GPX4
within the antioxidant system, reducing GSH levels, and
leading to the accumulation of oxidative products like
ROS and MDA. Additionally, circTTC13 knockdown
causes iron accumulation in cells, which results in iron-
dependent damage to membrane lipids and ultimately
cell death. Secondly, HCC cells can develop resistance to
sorafenib by downregulating ferroptosis to mitigate oxi-
dative stress. However, inducing ferroptosis can counter-
act this resistance (Fig. 8).

In conclusion, our findings indicate that the novel cir-
cRNA circTTC13 is highly expressed in HCC, with its
regulation of ferroptosis being closely linked to HCC
progression and poor prognosis. This study provides
compelling evidence for the potential of circTTC13 as a
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biomarker and therapeutic target for HCC. However, our
research primarily focused on the role of circTTC13 in
regulating ferroptosis in HCC and its underlying mech-
anisms. The specific target of circTTC13 in sorafenib
resistance was not fully verified. Additionally, questions
remain about whether circTTC13 can regulate resistance
to other drugs and if combining circTTC13 with first-line
targeted immunotherapy for liver cancer could yield bet-
ter efficacy. These questions warrant further investigation
and hold significant promise for future research.
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Supplementary Material 1: Figure S1 (A&B) Stable circTTC13 knock-down
cell line was established in Hep3B cells using lentivirus. Compared to

the control stable Hep3B cell line, the expression level of circTTC13 was
significantly lower in the stable Hep3B cell line carrying the target gene.
(C&D) Stable circTTC13 overexpression cell line was established in HepG2
cells using lentivirus. Compared to the control stable HepG2 cell line, the
expression level of circTTC13 was significantly higher in the stable HepG2
cellline carrying the target gene. (E) To examine the cell ultrastructure
using electron microscopy, Hep3B cells were transfected with either
sh-NC or sh-circTTC13. (F) To assess changes in ACSL4 and GPX4 protein
levels, Hep3B cells were transfected with either sh-NC or sh-circTTC13.

P <005, 7P <0.001. Figure S2 (A-E) BALB/c-nu mice were subcutane-
ously injected with Hep3B cells pre-transfected with sh-NC (control) or
sh-circTTC13 (for silencing) and treated with the ferroptosis inhibitor Fer-1.
(A) Statistical analysis of Ki67 immunohistochemistry. (B) The content of
ferrous iron in tumor tissues. (C) The content of MDA in tumor tissues. (D)
Statistical analysis of 4HNE immunohistochemistry. () GPX4 immunohis-
tochemistry showing group difference in ferroptosis. (F) To assess changes
inTTC13 protein levels, Hep3B cells were transfected with either sh-NC

or sh-circTTC13. (G) Correlation analysis of circTTC13 and SLC7A11 gene
expressions in 80 clinical HCC tissues. (H-J) Overexpression of SLC7AT1
reverses the effects of circTTC13 knockdown on SLC7A11 protein levels
(H), MDA accumulation (I) and lipid peroxidation levels (J) in Hep3B cells.
P> 0.05, "P< 0.01 and ""P< 0.001 versus sh-NC/sh-NC + ov-NC group. *P
<0.05,*pP <001, and #*P <0.001 versus sh-circ/sh-circ + ov-NC group. Fig-
ure S3 (A&B) BALB/c-nu mice were subcutaneously injected with HepG2
cells pre-transfected with either ov-NC or ov-circTTC13, and treated in
vivo with the SLC7A11 inhibitor SSZ. Statistical analysis was performed on
Ki67 (A) and GPX4 (B) immunohistochemistry. (C-F) BALB/c-nu mice were
subcutaneously injected with HepG2 cells pre-transfected with either ov-
NC or ov-circTTC13, and treated in vivo with SLC7A11 siRNA knockdown.
(C) Images of tumor model mice from the different groups. (D) Excised
tumors from the different treatment groups. (E&F) Group differences in
tumor volume (E) and tumor weight (F). "*P >0.05, P < 0.05and " P <
0.001 versus ov-NC/ov-NC + si-NC group. #P < 0.01 and #*P <0.001 versus
ov-circ/ov-circ + si-NC group. Figure S4 (A) Images of tumor model mice
from the SR-saline and SR-sorafenib groups. (B-F) Knockdown of circTTC13
increases MDA accumulation (B), decreases GSH levels (C), and elevates
ROS (D), Fe?* (E), and lipid peroxidation levels (F) in sorafenib-resistant
Hep3B cells. (G) Images of tumor model mice from the SR + si-NC and SR
+ si-circ groups. (H-K) Knockdown of circTTC13 in tumors derived from
sorafenib-resistant Hep3B cells led to increased levels of 4-HNE (H), ferrous
iron (1), and MDA (J), while decreasing GSH levels (K). (L) Knockdown of
circTTC13 downregulates SLC7A11 levels in sorafenib-resistant Hep3B
tissues. P <001 and ""P < 0.001.
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