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Abstract

Recent evidence highlights the role of extrachromosomal circular DNAs (eccDNAs) in
cancers. However, reports regarding its role in hepatocellular carcinoma (HCC) are in-
frequent. The abundance of eccDNAs from five HCC/adjacent tissue pairs was explored
using Circle-Sequencing. eccDNA PAFAH1B3 was selected as one of the objects. The effect
of eccDNA PAFAH1B3 on HCC progression was determined using EAU, Transwell, and
apoptosis assays. Additionally, the expressions of eccDNA PAFAH1B3, mRNA PAFAH1B3,
and epithelial-mesenchymal transition (EMT)-related markers were determined using
RT-PCR and WB. A xenograft tumor model was established to explore the function of
PAFAH1B3 in vivo, and EMT-related markers were detected using RT-PCR and IHC analy-
ses. The abundance of eccDNA PAFAH1B3 was significantly increased in HCC cell lines
after transfection with eccDNA PAFAH1B3, and promoted the proliferation, migration, and
invasion of liver cells while inhibiting apoptosis. The levels of mRNA PAFAH1B3 were
also upregulated. Furthermore, intratumoral injection of PAFAH1B3 inhibitor suppressed
tumor growth, and PAFAH1B3 knockdown increased and decreased the levels of the E-
cadherin and N-cadherin, respectively. Our study findings reveal that eccDNA PAFAH1B3
may promote the occurrence and development of HCC by enhancing the expression of
PAFAH1B3 and regulating EMT.

Keywords: eccDNAs; PAFAH1B3; hepatocellular carcinoma; epithelial-to-mesenchymal
transition

1. Introduction

Extrachromosomal circular DNAs (eccDNAs) are a class of circular DNA molecules
that exist independently of chromosomes [1]. These molecules are structurally circular,
relatively stable, and resistant to nuclease degradation. They were initially discovered in
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the cell nucleus in 1964 and have since been found to be widely distributed in animals,
plants, fungi, and other organisms [2]. The mechanisms of eccDNA formation include
chromosome breakage, DNA damage, non-homologous end joining, stalling, template
switching during DNA replication, and formation of R-loops during transcription [34].
EccDNAs are mapped to over one hundred thousand unique loci in the genome and are
enriched in specific regions, including transcriptionally active chromatin [5,6]. They play
important roles in genetic variation, evolution, genomic instability and plasticity, drug
resistance, environmental adaptation, mutation, and tumor development [1,7,8].

EccDNAs are carriers of oncogene amplification that exhibit higher chromatin accessi-
bility than chromosomal DNA. Transcriptional regulatory factors are likely to bind to these
molecules, resulting in higher transcriptional activity [9]. Additionally, they do not follow
a Mendelian distribution. Hence, through asymmetric distribution, those carrying onco-
genes and drug-resistance genes accumulate in tumor cells rapidly, driving heterogeneity
within the tumor [10]. For example, in neuroblastoma, eccDNAs reassemble into linear
genomes through fusion circularization, driving the genomic remodeling and expression
of oncogenes [11].

Recently, the emergence of high-throughput sequencing technologies and bioinfor-
matic methods has greatly advanced research on eccDNAs in cancer [12-15]. Previous
reports highlight the role of eccDNAs in the development of neuroblastoma, glioblastoma,
colon, breast, cervical, and ovarian cancer, among others [16-18]. However, studies on
the role of eccDNAs in hepatocellular carcinoma (HCC) are limited. Notably, HCC is the
second most common cause of cancer-related deaths worldwide, representing about 90%
of all primary liver cancer cases [19]. In previous studies, four pairs of liver cancer and
adjacent tissues were sequenced, leading to a report regarding the whole-genome landscape
of eccDNAs in liver cancer. Furthermore, synthetic eccDNAs containing the miR-17-92
clusters promote cell proliferation, migration, and invasion when transfected into liver
cancer cells [20,21]. However, to date, there are no molecular mechanistic studies on how
eccDNAs promote or inhibit the development of liver cancer or on the establishment of
subsequent treatment systems. Researchers have compared the differentially expressed
genes identified using transcriptome sequencing with the protein-coding genes carried
by differentially expressed eccDNAs. The findings revealed that mRNA SLC16A3 and
BAIAP2L2, which are highly expressed in liver cancer tissues, are associated with the up-
regulation of eccDNA SLC16A and BAIAP2L2, respectively. Furthermore, their expression
negatively correlates with the survival rate of patients with liver cancer, indicating that
eccDNAs can exert their effects by interfering with mRNA transcription [22].

Platelet-activating factor acetylhydrolase 1B3 (PAFAH1B3), a catalytic subunit of
PAFAH, is important for apoptosis, metastasis, and angiogenesis in cancer. PAFAH1B3 is
involved in diverse cancer-related signaling pathways, including PAF and WNT, and facili-
tates cancer progression [23]. Moreover, evidence suggests that PAFAH1B3 is upregulated
in liver cancer cell lines, and knockdown of this gene significantly inhibits cell proliferation,
migration, and invasion in HCC. In addition, it has been correlated with poor prognosis in
non-small cell lung cancer (NSCLC) and HCC [24]. In the preliminary stage of this research
project, we sequenced five pairs of liver cancer and adjacent tissues. We annotated the
differentially expressed eccDNAs and intersected them with transcriptome data from the
TCGA database (https://portal.gdc.cancer.gov, accessed on 15 May 2023). Subsequently,
we searched the GEPIA2 database (http://gepia2.cancer-pku.cn/, accessed on 17 May
2023) and conducted in vitro functional experiments to identify eccDNA PAFAH1B3 as
one of the objects of this study. Notably, after transfection with eccDNA PAFAH1B3 in
the cell lines, the levels of mRNA PAFAH1B3 were also upregulated. The abundance of
eccDNA PAFAH1B3 in cells is relatively low, and there is currently no well-established
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method for knocking out genes on eccDNA. This study silenced the mRNA of PAFAH1B3
to investigate its role in cancer. Reportedly, elevated expression of PAFAH1B3 affects EMT,
thereby promoting papillary thyroid carcinoma [25] and lung adenocarcinoma [26] cell
proliferation and metastasis. However, currently, no reported evidence exists on whether
PAFAHI1B3 plays a role in HCC through the process of EMT.

This study aims to investigate the role of eccPAFAH1B3 in the progression of HCC
and to examine whether si-PAFAH1B3 acts as an inhibitor of HCC progression through the
EMT process. The findings may offer a novel research avenue for targeted HCC therapy.

2. Results
2.1. Expression Profiles of eccDNAs in Liver Cancer and Adjacent Non-Cancerous Tissues

In total, 91,971 eccDNAs (49,607 in liver cancer tissues and 42,364 in adjacent non-
cancerous tissues) were identified using Circle-seq of five liver cancer tissues and adja-
cent non-cancerous tissues. The lengths of the eccDNAs ranged from 35 to 9,868,462 bp
(35-9,868,462 bp in liver cancer tissues, and 56-3,920,856 bp in adjacent non-cancerous tis-
sues), with a median value of 490 bp (Figure 1a). The majority of the eccDNAs had lengths
between 0.1 and 10 kb (99.90% in liver cancer tissues and 99.60% in adjacent noncancerous
tissues), and the length peaks of both groups were between 346 and 378 bp (Figure 1b,c).
The number of eccDNAs in liver cancer tissues (n = 49,607) was approximately 1.17-fold
higher than that in adjacent non-cancerous tissues (1 = 42,364), indicating an increased
genomic instability in liver cancer tissues.

Based on gene annotation analysis, 45,564 eccDNAs (49.54%) were mapped to protein-
coding gene regions, with 24,513 and 21,051 eccDNAs in liver cancer tissues and adjacent
non-cancerous tissues, respectively, demonstrating that the two groups did not differ
significantly (Figure 1d). Additionally, the number of eccDNAs per megabase pair corre-
lated positively with the number of protein-coding genes per megabase pair (p < 0.001)
(Figure 1e). Chromosomes rich in genes contribute more eccDNA per megabase pair, such
as chromosome 19, which has a high gene content (Figure 1f). We mapped the identified
91,971 eccDNAs to genomic regions, including 5" UTR (untranslated region), exons, CpG
islands, and Alu regions to further understand the distribution of eccDNAs.

2.2. Differentially Expressed eccDNAs in Liver Cancer and Adjacent Non-Cancerous Tissues

Differential eccDNA expression in liver cancer and adjacent non-cancerous tissues was
detected using Circle-seq. In total, 3428 upregulated and 8994 downregulated eccDNAs
were identified (11og2FC| > 1, p < 0.05) (Figure 2a). Gene annotation analysis revealed
that 52.19% of the upregulated eccDNAs were mapped to protein-coding genes, whereas
50.88% of the downregulated eccDNAs were mapped to protein-coding genes (Figure 2b).
KEGG signaling pathway analysis of the differentially expressed genes showed that these
genes participated in various pathways, including the ErbB, PI3K-Akt, and phospholipase
D signaling pathways, which are involved in regulating cell proliferation, differentiation,
metabolism, motility, and migration processes (Figure 2c). Further analysis was performed
on differentially expressed eccDNAs detected in at least three pairs of samples. Of these,
44 upregulated and 431 downregulated eccDNAs were detected in at least three pairs of
samples (Table S1, of which 21 and 211 were mapped to protein-coding genes (Figure 2de,
Table S2). Transcriptional sequencing data from the TCGA database were obtained, includ-
ing 374 liver cancer samples and 50 control samples, where 8739 differentially expressed
mRNAs (11og2FC| > 2, p < 0.05) were identified, including 8461 upregulated mRNAs
and 278 downregulated mRNAs. Furthermore, intersection analysis between the gene
annotations of eccDNAs and differentially expressed genes was performed, followed by
a search of the GEPIA2 database to explore the potential roles of these genes in liver
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cancer. Among the genes carried by the three eccDNAs PAFAH1B3, CACNA1, CLSPN
(Figure S1), PAFAH1B3 showed the highest expression levels and was correlated with
lower patient survival rates (p < 0.05). Therefore, in this study, the eccDNA PAFAH1B3

(chr19:42803212-42803548) was selected as one of the objects for further investigation.
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Figure 1. The abundance of eccDNAs in liver cancer and adjacent non-cancerous tissues. (a) Length
distribution of eccDNAs sequenced in five liver cancer tissues and adjacent non-cancerous tissues.
(b) Length distribution of eccDNAs sequenced in five adjacent non-cancerous tissues. (c) Length
distribution of eccDNAs sequenced in five liver cancer tissues. (d) The number of eccDNAs and
eccDNAs mapped to protein-coding genes in tissue sequencing data. (e) Correlation between the
number of eccDNAs and the number of protein-coding genes in tissue sequencing data. (f) Differences
in the number of eccDNAs per megabase pairs produced by different chromosomes. * p < 0.05,
** p <0.01, ** p < 0.001, ns: no statistical difference; HCC: hepatocellular carcinoma.

2.3. Expression Quantification and Circularity Verification of eccDNA PAFAH1B3 in Tissues and
Cell Lines

Total DNA was extracted from five liver cancer tissue samples, rolling-circle am-
plification was performed, and the linear DNA was removed. The expression levels of
eccDNA PAFAH1B3 in tissues were detected using qPCR. The results showed that eccDNA
PAFAH1B3 was enriched in liver cancer tissues, which is consistent with the sequencing
results of this study. The upregulation of mRNA PAFAH1B3 in these tissues (Figure 3a)
was also consistent with the bioinformatics analysis results.
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Figure 2. Differentially expressed eccDNAs in liver cancer and adjacent non-cancerous tissues.
(a) The number of upregulated and downregulated differentially expressed eccDNAs in liver cancer
and adjacent non-cancerous tissues. (b) The number of upregulated and downregulated differentially
expressed eccDNAs mapped to protein-coding genes in liver cancer and adjacent non-cancerous
tissues. (c) KEGG enrichment analysis of differentially expressed genes. (d) The number of eccDNAs
detected simultaneously in samples. (e) The number of genes corresponding to eccDNAs detected
simultaneously in samples.

To validate the circularity of eccDNA PAFAH1B3, two sets of primers were designed
for inward and outward PCR amplification, targeting the junction sequence of eccDNA
PAFAH1B3 (Figure 3b). Inward and outward PCR was performed using genomic DNA,
enriched eccDNAs, rolling-circle amplified eccDNAs and negative controls. The inward
PCR primer did not include the circular junction sequence; however, it generated amplicons
from both genomic DNA and eccDNAs. The outward PCR primer included the circular
junction sequence and resulted in amplifying abundant eccDNAs in the rolling-circle
amplified eccDNA group, confirming the presence of eccDNA PAFAH1B3 (Figure 3c).
Sanger sequencing of the qPCR amplicon covering the junction site of eccDNA PAFAH1B3
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revealed a circular junction point, GGCTCT, further confirming the circular structure of
eccDNA PAFAH1B3 (Figure 3d).
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Figure 3. Expression quantification and circularity verification of eccDNA PAFAH1B3 in tissues
and cell lines. (a) Expression levels of eccDNA PAFAH1B3 and mRNA PAFAH1B3 in liver cancer
and adjacent non-cancerous tissues. (b) Schematic diagram of eccDNA PAFAH1B3 and primer
design for inward and outward PCR. (c) Gel electrophoresis of inward and outward PCR products
of eccDNA PAFAH1B3. (d) Sanger sequencing to determine the circular junction point sequence,
indicated by a red inverted triangle at the junction site. (e) Expression levels of eccDNA PAFAH1B3
in Sk-hep1 and Huh? cells after transfection with different amounts of synthetic eccDNA PAFAH1B3.
(f) Expression levels of PAFAH1B3 in Sk-hep1 and Huh? cells after transfection with different amounts
of synthetic eccDNA PAFAH1B3. *** p < 0.001, ns: no statistical difference. GI: Genomic DNA Inward
PCR; GO: Genomic DNA Outward PCR; EI: Enriched eccDNA Inward PCR; EO: Enriched eccDNA
Outward PCR; ¢I: Phi29 (¢) rolling-circle amplified eccDNA Inward PCR; ¢O: Phi29 (¢) rolling-circle
amplified eccDNA Outward PCR. The sizes of the inward and outward PCR fragments are 115 bp
and 261 bp, respectively.

Transfection of artificially synthesized eccDNA PAFAHI1B3 into the liver cancer-
associated cell line Sk-Hep1 and liver cancer cell line Huh7 showed a dose-dependent
effect on eccDNA PAFAH1B3 expression. Compared with the control group, the eccDNA
PAFAHI1B3 levels increased approximately 13-fold, 23-fold, and 25-fold in Sk-hep1 cells
(1 x 10° cells) transfected with 0.5 ug, 1.0 ug, and 2.5 ug of eccDNA PAFAH1B3, respectively
(p < 0.001). Similarly, the expression level of mRNA PAFAH1B3 increased by approximately
1.65-fold, 1.96-fold, and 1.69-fold, respectively (p < 0.001) (Figure 3e,f). In Huh7 cells
(1 x 10° cells), transfection with 0.5 j1g, 1.0 ug, and 2.5 ug of eccDNA PAFAH1B3 caused ap-
proximately 68-fold, 149-fold, and 159-fold increases in the level of PAFAH1B3, respectively



Int. J. Mol. Sci. 2025, 26, 8801

7 of 18

(p < 0.001). The expression level of mRNA PAFAH1B3 increased approximately 1.45-fold,
1.89-fold, and 1.97-fold (p < 0.001) (Figure 3e,f), with no statistically significant difference
between the 1.0 ug and 2.5 ug groups regarding the level of eccDNA PAFAH1B3 and
mRNA PAFAH1B3. Therefore, the transfection of 1.0 pug/ 10° cells of eccDNA PAFAH1B3
was selected for further cellular functional experiments.

2.4. The Impact of eccDNA PAFAH1B3 on Liver Cancer Cell Proliferation, Migration, Invasion,
and Apoptosis

To understand the impact of eccDNA PAFAH1B3 on the phenotype of liver cancer
cells, synthetic eccDNA PAFAH1B3 was transfected into Sk-hepl and Huh? cells, followed
by transcriptome sequencing. The results showed that in both cell lines, 20 and 60 genes
were upregulated and downregulated, respectively (| Log2FC| > 1, p < 0.05) (Figure 4a).
Gene Ontology enrichment analysis revealed that these 80 differentially expressed genes
were involved in biological processes, such as cell apoptosis and response to oxygen levels.
They also participate in generating vesicle secretion and protein phosphatase complexes
and influence mechanisms such as receptor serine-threonine kinase binding and regulation
of transcription factor activity (Figure 4b—d). KEGG pathway analysis further unveiled
the involvement of these differentially expressed genes in signaling pathways related to
cell proliferation, apoptosis, differentiation, and tissue morphogenesis, including MAPK,
PI3K-Akt, and Hippo signaling pathways, which play important roles in cancer (Figure 4e).

In addition, we investigated the effects of eccDNA PAFAH1B3 on liver cancer cell
proliferation, migration, invasion, and apoptosis using EdU, Transwell, and flow cytometry
assays. SK-Hep1 and Huh? cells were transfected with synthetic eccDNA PAFAH1B3. The
qPCR results showed that compared with the control group, overexpression of eccDNA
PAFAH1B3 promoted the proliferation of SH-Hepl and Huh?7 cells (Figure 5a-d). Fur-
thermore, Transwell experiments revealed that the overexpression of eccDNA PAFAH1B3
significantly enhanced the migration and invasion abilities of liver cancer cells (p < 0.001)
(Figure 5e,f). Additionally, apoptosis assays demonstrated that the overexpression of
eccDNA PAFAH1B3 inhibited apoptosis in SK-Hep1 and Huh? cells (p < 0.05) (Figure 5g,h).

2.5. The si-PAFAHI1B3 Inhibited the Malignant Progression of HCC In Vitro and In Vivo by
Regulating EMT

PAFAH1B3 was modulated to determine its effect on EMT. The basal expression levels
of PAFAH1B3 in HepG2 and Huh? cells are shown in Table S3. Of the four PAFAH1B3
siRNAs, si-2 PAFAH1B3 showed the highest silencing efficiency in HepG2 and Huh? cells
(Table S4, Figure S2a,b). Therefore, it was selected for further study. PAFAH1B3 expres-
sion decreased after transfection with si-PAFAH1B3 (Figure 6a,b). PAFAH1B3 silencing
upregulated the expression of E-cadherin significantly; however, the levels of N-cadherin
and Vimentin, which are key biomarkers of EMT, decreased (Figure 6¢c). The levels of
PAFAH1B3, N-cadherin and Vimentin were upregulated, whereas that of E-cadherin was
downregulated after transfection with eccDNA-PAFAH1B3 (Figure 6d). We also explored
the protein levels of PAFAH1B3 and EMT factors in HepG2 and Huh?7 cells after transfection
with si-PAFAH1B3 and found that the protein levels of E-cadherin were upregulated; how-
ever, the levels of PAFAH1B3, N-cadherin, and Vimentin were downregulated (Figure 6e).
Furthermore, the protein levels of PAFAH1B3, N-cadherin, and Vimentin were upregulated,
whereas the protein level of E-cadherin was downregulated (Figure 6f). To assess the
potential of si-PAFAH1B3 as a therapeutic target, we developed xenograft tumor models
by subcutaneously injecting SMMC-7721 cells into nude mice. Following intratumoral
administration of cholesterol-conjugated si-PAFAH1B3, a significant reduction in tumor
growth and tumor weight was observed compared to the PBS and NC groups (Figure 7a—c).
Total RNA was extracted from xenograft tumors, and RT-qPCR was used to measure the
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expression of PAFAH1B3 and EMT factors. The results showed decreased PAFAH1B3
expression in tumors with PAFAH1B3 silencing (Figure 7d). The expression of N-cadherin
and Vimentin was lower than that in the PBS and NC groups after PAHAH1B3 knockdown,
whereas E-cadherin expression was higher than that in the PBS and NC groups (Figure 7e).
Furthermore, immunohistochemical staining (IHC) staining revealed that the expression
of PAHAH1B3 and the EMT markers N-cadherin and Vimentin were downregulated in
si-PAHFAH1B3 xenograft tumors (Figure 7f), whereas E-cadherin expression was higher
than that in the PBS and NC groups. These data confirm that PAFAH1B3 suppresses the
malignant progression of HCC in vitro and in vivo by regulating EMT.
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Figure 4. Transcriptome sequencing of liver cancer cells transfected with eccDNA PAFAH1B3:
(a) differentially expressed genes and their intersections in Sk-hepl and Huh?7 cells transfected
with eccDNA PAFAH1B3. (b-d) GO enrichment analysis of differentially expressed genes:
(b) biological processes, (c) cellular components, (d) molecular functions and (e) KEGG enrich-
ment analysis of differentially expressed genes. KEGG: Kyoto Encyclopedia of Genes and Genomes;
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apoptosis. (a—d) EAU assay to measure cell proliferation: (a) Sk-hep1 cells transfected with randomly
synthesized DNA circles of equal size as the control group, (b) Sk-hep1 cells transfected with synthetic
eccDNA PAFAHI1B3 as the experimental group, (c) Huh? cells transfected with randomly synthesized
DNA circles of equal size as the control group; (d) Huh? cells transfected with synthetic eccDNA

PAFAH1B3 as the experimental group. (e,f) Transwell assay to assess cell migration and invasion

abilities of Sk-hep1 and Huh? cells.
and Huh? cells. ** p < 0.01, ***p < 0.

O]

HepG2

IS

Il NC
I si-PAFAH1B3

w

Relative expression
N

0
N
Q?g
C
HepG2
s 6 . NC
2 B eccDNA PAFAH1B3
24
o
x
o
22
k<t
&
0
& & £ &
vg\\ (\&\o Qb‘\o m&\«\
& F & ~
X
e
HepG2 Huh 7

NC si-PAFAH1B3
PAFAH1B3 | —— ‘

NC si-PAFAH1B3
[== == ]26KDa

E-cadherin |— —| |— — |120KDa

N-cadherin [wmm === |  [sw= < |125KDa

[ === == |54KDa
[#== == ] 48KDa

Vimentin [— j— ‘

B-actin l - - ]

Figure 6. Si-PAFAH1B3 inhibited the

(g,h) Flow cytometry analysis to evaluate apoptosis in Sk-hep1
001.

Huh7

12 =
5 M NC
28 I si-PAFAH1B3
g
x
5]
2
k|
(5]
o

d Huh?7
Fokok

< 10 & . NC
2 8 5ok Ml eccDNA PAFAH1B3
0 —
o
g6
3]
24
5}
T 2
o

0

o . . .
Q:g, v@(\o &(\o &
<& p/bb ;;bb 40&
N <« =
HepG2 Huh 7
NC eccDNA NC eccDNA

PAFAH1B3 [ e wew | s s |26KDa

| -—— |120KDa

E-cadherin ‘ _—— |

[== == ]125KDa

[= == Js4koa

[ = == |48KDa

N-cadherin | e e |

Vimentin El

B-actin

malignant progression of HCC by regulating EMT. (a,b) HepG2

and Huh?7 cells were transfected with NC and si-PAFAH1B3; (¢,d) HepG2 and Huh?7 cells were



Int. J. Mol. Sci. 2025, 26, 8801

10 of 18

transfected with NC and eccDNA PAFAH1B3. (a-d) PAFAH1B3, E-cadherin, N-cadherin, and
Vimentin mRNA were detected through RT-qPCR. (e) HepG2 and Huh? cells were transfected with
NC and si-PAFAH1B3; (f) HepG2 and Huh? cells were transfected with NC and eccDNA PAFAH1B3;
PAFAH1B3, E-cadherin, N-cadherin, and Vimentin protein expression was detected through Western
blotting, respectively. Data are presented as mean =+ SD of three independent experiments, * p < 0.05,
**p <0.01, ** p < 0.001.

a b c .
®e 20 @ g 1500~ 67 ns
- = o
%1000 - SiPAFAH1B3 Tns gj T %
et é %} 5 -
2 500 7 i s
<] I
® S @ o D pranes S o =X
s oo opY 12 3 4 5 OI—'—'—'—O 2z N
<~ & Qi\Q’
<
&
d € f =
*ok NC PBS si-PAFAH1B3
15 *k c8 - NG
£10{ go I si-PAFAH1B3
g" g - E-cadherin [ === === =m=| 120KDa
205 29T
g - = N-cadherin [ == === <~ 125KDa
“00 L 0
& & & & o4KDa
ég?‘s & & AN B-actin 48KDa
g PAFAH1B3 N-cadherin
PBS NC PBS si-PAFAH1B3
L e i g >4 ¢ i e
Wi i, R L L i
¥ Y * 200m
E-cadherin Vimentin

_PBS si-PAFAH1B3
VIR TG A By ey

% -

PBS___ si-PAFAH1B3

A

§ s N =

ol g JI Y
L3 nJy #

Figure 7. The inhibitory effect of Si-PAFAH1B3 on the growth of HCC tumors in vivo. (a) Nude mice
were subcutaneously injected with cholesterol-conjugated negative control (NC), phosphate-buffered
saline (PBS), and cholesterol-conjugated si-PAFAH1B3. Following five injections, tumors were excised
and imaged. (b) Tumor volumes were measured prior to injection, and a tumor growth curve was
subsequently plotted. (c) Tumor weights were recorded on the day of euthanasia. Data are presented
as mean + SD, with n = 5 mice per group. (d) The expression levels of PAFAH1B3 in xenograft
tumors were quantified using RT-qPCR. (e) Expression levels of EMT markers in xenograft tumors
were measured using RT-qPCR. (f) Expression levels of PAFAH1B3 and EMT markers in xenograft
tumors were measured using WB. (g) Changes in N-cadherin, E-cadherin, and Vimentin expression
in xenograft tumors were detected through IHC staining. Scale bar; 20 um. * p < 0.05; ** p < 0.01;

*** p < 0.001, ns: no statistical difference.

3. Discussion

Since the discovery of eccDNA in 1964, significant breakthroughs have been achieved
in this field. Recent studies have confirmed that eccDNA is closely related to the occurrence
and development of cancer [27-30]. It promotes the expression of oncogenes and harbors
oncogenes with higher transcriptional activity. Furthermore, eccDNA is associated with
tumor resistance during tumor drug treatment. These findings reveal the biological mech-
anisms underlying tumorigenesis and development, providing new insights and targets
for cancer research and therapy. However, research on eccDNA in HCC is limited. Using
Circle-seq, we investigated the eccDNA profiles of five pairs of HCC and para-cancerous
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normal tissues and analyzed their size distribution, chromosomal position, and expression
levels, providing a scientific basis for further understanding of eccDNA profiles in liver
cancer tissues. The gene annotation analysis showed that 45,564 eccDNAs (49.54%) could
be mapped to protein-coding gene regions, with 24,513 in liver cancer tissues and 21,051 in
adjacent non-cancerous tissues, demonstrating that approximately 50% of eccDNAs can be
mapped to protein-coding gene regions, which is consistent with findings from previous
studies [31]. The number of eccDNA loci differs substantially among chromosomes, with
chromosome 19 being the most prevalent and the Y chromosome the least common [32]. In
our study, the selected molecule, eccDNA PAFAH1B3, also originated from chromosome
19. The eccDNA sequencing and bioinformatics analysis revealed that eccDNA PAFAH1B3
(chr19:42803212-42803548) was significantly amplified in HCC and may be a potential
biomarker in HCC patients. In previous studies, researchers found that treating immune
cells with artificially synthesized circular DNAs of similar size to eccDNAs generated
with random sequences reproduced the strong stimulatory capacity of purified natural
eccDNAs on immune cells. Compared with linear DNA of the same concentration and
length, eccDNA and synthetic circular DNA were more effective in stimulating immune
responses. Notably, LAMA was recently used to create small circular DNA molecules
(<1 kb) [33]. We adopted this approach and successfully obtained the artificial DNA circle
PAFAH1B3. We initially transfected the artificial eccDNA PAFAH1B3, and its level was
significantly increased. We found that eccDNA overexpression promoted the proliferation,
migration, and invasion of liver cells while inhibiting its apoptosis.

Previous studies have shown that eccDNAs may affect gene expression by interfering
with the transcription of specific exons [5,11]. EccDNAs that contain segments of MYCN
facilitate the amplification of MYCN in neuroblastoma through the regulation of genome re-
modeling [11]. In contrast, eccDNAs with TAOK?2 intronic fragments inhibit the expression
of TAOK2 [34]. Reports reveal that eccDNAs may contribute to the differentially expressed
genes in gastric cancer. EccDNAs carrying functional genomic segments were associated
with the carcinogenesis of gastric cancer and showed the potential to facilitate cancer
progression [27]. Our results reveal that after the overexpression of eccDNA PAFAH1B3 in
cell lines, the protein and mRNA levels of PAFAH1B3 also increased. EccDNA PAFAH1B3
may enhance the proliferation, migration, and invasion of liver cancer cells while inhibiting
apoptosis by promoting the expression of PAFAH1B3. In this study, we further investi-
gated the role of PAFAH1B3 in HCC using in vivo and in vitro experiments. Furthermore,
PAFAH1B3 has been implicated as a dysregulated metabolic gene associated with vari-
ous cancer processes, including cell proliferation, apoptosis, and metastasis [35,36]. Its
expression is crucial in hypopharyngeal non-squamous cell carcinoma as it modulates cell
proliferation, migration, invasion, apoptosis, and cell cycle disruption [37]. Analysis of
public databases validated the elevated PAFAH1B3 expression in lung adenocarcinoma
and positioned PAFAH1B3 as a promising candidate for prognostic marker and potential
therapeutic target in lung cancer treatment [38]. Most importantly, the researchers proved
that the mRNA expression of PAFAH1B3 was also increased in HCC cell lines. PAFAH1B3
manipulates apoptosis and cell cycle regulation; silencing it inhibits the proliferation,
invasion, and migration of HCC cells. Additionally, PAFAH1B3 silencing significantly
downregulates the glycolysis and lipid synthesis signaling pathways [39]. To the best of
our knowledge, no in vivo studies on the role of PAFAHB3 in HCC have been performed.

Tumor metastasis is a complex and multistage process that primarily encompasses the
phases of invasion and dissemination [12]. During the invasion, tumor cells present within
the original tumor site amplify their invasiveness by undergoing EMT [40]. PAFAH1B3 is
linked to the metastasis of thyroid papillary cancer via the EMT pathway [25]. In a previous
study, the knockdown of PAFAH1B3 increased and decreased the levels of the epithelial
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marker E-cadherin and the mesenchymal marker N-cadherin, respectively, in vitro and
in vivo [26]. In our study, PAFAH1B3 silencing significantly upregulated E-cadherin ex-
pression; however, the levels of N-cadherin and vimentin decreased. After transfection
with eccDNA-PAFAH1B3, the protein and mRNA levels of PAFAH1B3, N-cadherin, and vi-
mentin were upregulated, whereas those of E-cadherin were downregulated. To investigate
whether si-PAFAH1B3 could be a promising therapeutic target, we constructed xenograft
tumor models of nude mice subcutaneously injecting them with SMMC-7721 cells. These
data confirm that PAFAH1B3 suppresses the malignant progression of HCC in vitro and
in vivo by regulating EMT.

There has been significant progress regarding the understanding of eccDNAs; how-
ever, our understanding of eccDNAs remains insufficient, and many questions still require
further investigation: What are the exact mechanisms of eccDNAs formation? Can eccDNA
be transcribed and translated into regulatory factors that promote oncogenic expression?
Can eccDNAs molecules serve as signaling molecules that mediate intercellular commu-
nication? These points are worthy of consideration and exploration. Hence, additional
research is required to clarify the specific roles of eccDNAs carrying particular gene seg-
ments in either enhancing or repressing the expression of target genes, leading to a deeper
understanding of the pathogenic mechanisms of eccDNAs in cancer and thereby providing
a scientific basis for disease treatment.

4. Materials and Methods
4.1. Clinical Specimens

In this study, five pairs of HCC and para-cancerous tissues were collected in 2022 and
subjected to Circle-Sequencing (Circle-seq). The clinical information of the five patients of
HCC was recorded (Table S5). The clinical samples above were pathologically confirmed
as HCC and were obtained from Peking Union Medical College Hospital under the ap-
proval of the Hospital Ethical Committee (IRB:I-22PJ1006). Informed consent to use and
publish clinical information for research purposes was obtained from all of the patients in
accordance with the Declaration of Helsinki.

4.2. Isolation, Purification, and Sequencing of eccDNAs from Liver Cancer Tissues
4.2.1. Isolation and Purification of eccDNAs

This process includes cell lysis, column purification, and removal of linear DNA.
Briefly, the tissue samples were homogenized, resuspended in L1 buffer (lysis buffer) con-
taining proteinase K, and digested overnight at 50 °C. A control plasmid (pGEX-5X-2) was
spiked into the sample as an internal control after complete cell lysis. The digested samples
were treated with alkali and purified via a column. Subsequently, the column-purified
DNA samples were digested with FastDigest MssI at 37 °C for 16 h to remove mitochon-
drial circular DNA. Plasmid-Safe ATP-dependent DNase was added to the samples and
digested at 37 °C for 1 week, replenishing the enzyme and ATP every 24 h to completely
remove residual linear DNA. The effectiveness of linear chromosomal DNA removal was
determined based on the quantitative polymerase chain reaction (QPCR) results.

Circle-seq 41: Prior to sequencing, rolling-circle amplification (RCA) and library
construction were performed. The purified samples were used as templates for RCA using
the RCA DNA Amplification Kit (New England Biolabs, Ipswich, MA, USA). This was
followed by purification using the MinElute Reaction Cleanup Kit (QIAGEN GmbH, Hilden,
North Rhine-Westphalia, Germany). The amplified products were sonicated to fragment
sizes of approximately 150 bp. Furthermore, library construction was performed using
the GenSeq® Rapid DNA Lib Prep Kit (ABC Biolabs, Woburn, MA, USA). As previously
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reported, the libraries were subjected to high-throughput sequencing on a NovaSeq 6000
platform (Illumina Inc., San Diego, CA, USA) using 150 bp paired-end mode.

4.2.2. Bioinformatics Analysis and Screening of Differentially Expressed eccDNAs in Liver
Cancer Tissues

Bioinformatics analysis: Sequencing was performed using the Illumina NovaSeq
6000 platform to obtain raw data. Initial quality control of raw data was assessed using
Q30 values. Adaptor trimming and removal of low-quality reads were performed using
cutadapt (v.1.9.1) to obtain high-quality clean reads. The clean reads were then aligned to
the reference genome using bwa (v0.7.12). Subsequently, circle-map (v1.1.4) was employed
to identify eccDNAs across all samples. Samtools (v1.9) was used to count soft-clipped
reads overlapping breakpoints as raw counts. Differential eccDNA expression analysis
was performed using DESeq2 (v1.34.0) for normalization, calculation of fold-changes and
p-values between sample groups, and screening of differentially expressed eccDNAs. Gene
annotation of identified eccDNAs and differentially expressed eccDNAs was conducted
using bedtools (v2.27.1). Differentially expressed genes and their intersections in Sk-hep1
and Huh? cells transfected with eccDNA PAFAH1B3 are shown in the Venn diagram (https:
/ /bioinfogp.cnb.csic.es/tools/venny/, accessed on 1 April 2023). The “clusterProfiler” R
package(v4.2.1) was utilized for GO and KEGG analyses, with g- and p-value thresholds
set at p < 0.05.

4.2.3. Screening of Differentially Expressed eccDNAs

We downloaded the transcriptome data for liver cancer (374 cases) and control tissues
(50 cases) from the TCGA database. Differentially expressed mRNAs between liver cancer
and control tissues were analyzed using the DESeq2 package in R (v4.0.3). The criteria
for significant differential expression were set as |log2(fold change) | > 1 and adjusted
p-value < 0.05 and gene annotation was performed for these mRNAs. The intersection
between the differentially expressed genes identified in the sequencing analysis and those
from the TCGA database that were significant in at least three tissues were obtained.
Furthermore, the GEPIA2 database was used to examine the potential role of the inter-
sected genes in liver cancer prognosis assessment. The technical roadmap for screen-
ing eccDNAs that regulate the occurrence and development of liver cancer is shown in
Figure S1. Ultimately, eccDNA PAFAH1B3 was selected as one of the research targets for
further investigation.

4.2.4. Quantification of eccDNA PAFAH1B3 Expression in Liver Cancer Tissues and
Circularity Validation

We used the outward-facing primer design strategy to target the specific junction
site of eccDNA PAFAH1B3. Primers 1 and 2 are designed to be tail-to-tail for linear
DNA, which prevents efficient amplification. However, if the linear DNA forms a closed
circular DNA by joining the ends, primers 1 and 2 can amplify the product specific to
the junction site (Figure S3). The primer sequences include eccDNA PAFAH1B3 Forward:
ATGGTGCAATCTTGGCTCAC, Reverse: AAAATTAGCTGGGCGTGGTG; pGEX-5X-2
Forward: ATGGTGCAATCTTGGCTCAC, Reverse: AAAATTAGCTGGGCGTGGTG.

4.2.5. Circularity Validation of eccDNA PAFAH1B3

Agarose gel electrophoresis: We performed inward and outward polymerase chain
reaction (PCR) targeting of eccDNA PAFAH1B3 using genomic DNA, enriched eccDNAs,
RCA-amplified eccDNAs, and a no-template negative control. The amplified products
were subsequently analyzed using agarose gel electrophoresis to confirm the presence of
eccDNA PAFAH1B3.
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Sanger sequencing: The amplified products covering the junction sites of eccDNA
PAFAH1B3 were subjected to Sanger sequencing to accurately validate the presence of
the junction sites. The circular junction sites of eccDNA PAFAH1B3 were confirmed
through low-throughput Sanger sequencing, providing further evidence for the circularity
of eccDNA PAFAH1B3 and validating the accuracy of high-throughput sequencing analysis
in identifying eccDNA PAFAH1B3.

4.2.6. Artificial Circular DNA Synthesis

We created artificial DNA circles of PAFAH1B3 by the procedure of ligase-assisted
minicircle accumulation (LAMA)34. We identified the endogenous eccDNA sequence
fragments of interest; then, PCR amplification primers were designed on the genome based
on the start and end sites of eccDNA, and the type Il restriction enzyme recognition site
sequence was added. The oligonucleotide sequences sense strand (SS) and antisense strand
(AS) of linker DNA were designed and synthesized; SS and AS were complementarity
joined with double stranded DNA with sticky ends through high-temperature denaturation
and low-temperature annealing; the amplified product was mixed with linker DNA from
the same endogenous eccDNA binding site; enzyme digestion ligation cycle reaction was
performed on the mixture to obtain sufficient eccDNA. Subsequently, the linear fragments
were removed from the reaction system. After purification, seamless connected eccDNA in
line with the endogenous sequence information can be obtained.

4.3. EdU Assays

Cell proliferation was assessed using the EdU (5-ethynyl-2’-deoxyuridine) assay kit
(Beyotime Biotechnology, Haimen, Jiangsu, China) following the manufacturer’s instruc-
tions. SK-Hep1 and Huh? cells were seeded in 24-well plates using a density of 1 x 10°5
cells/well in a complete medium and transfected with NC, eccDNA PAFAH1B3. After
incubating for 24 h, the cells were fixed with 4% paraformaldehyde for 15 min at room
temperature and further permeabilized with 0.3% Triton X-100 in phosphate-buffered saline
(PBS) for 10 min. The cells were incubated with the EdU labeling solution following instruc-
tions provided with the kit, washed with PBS to remove excess EdU, and counterstained
with DAPI (4',6-diamidino-2-phenylindole) to stain the DNA. The stained cells were ob-
served under a fluorescence microscope (Olympus or similar, Kita-ku, Tokyo 108-0072,
Japan) using the FITC channel for EAU.

4.4. Transwell Cell Migration and Invasion Assays

The migration and invasion assays were conducted utilizing Transwell plates, with or
without Matrigel coating in the upper chambers. SK-Hep1 and Huh?7 cells were transfected
with negative control (NC) and eccDNA PAFAHI1B3, and then incubated in Transwell
plates for 24 h. The cells were digested with 0.25% trypsin, resuspended in a serum-
free medium, and subsequently counted. A volume of 200 uL of the transfected cells
was seeded into the upper chamber, while 600 pL of Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) was added to the lower chamber.
Following a 24 h incubation period, the upper chamber was washed twice with phosphate-
buffered saline (PBS). Cells on the upper surface were removed using a cotton swab, and
the remaining cells were fixed with anhydrous methanol and stained with 0.1% crystal
violet for 30 min. Cells that migrated through the 8 um pore membrane or invaded through
the Matrigel-coated membrane were subsequently stained.

4.5. Apoptosis Assays

In summary, cells were subjected to digestion using trypsin devoid of ethylenedi-
aminetetraacetic acid (EDTA) and subsequently rinsed with ice-cold PBS. Apoptotic activity
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was assessed through dual staining with fluorescein allophycocyanin-conjugated Annexin
V and propidium iodide (PI). Subsequently, the cell populations were quantified utiliz-
ing a flow cytometer (BD Accuri C6 Plus, Franklin Lakes, NJ, USA). Data analysis and
visualization were conducted using Flow]o software(v 10.8.1).

4.6. RNA Extraction and Reverse Transcription—-Quantitative Polymerase Chain Reaction

We extracted total RNA using the Trizol reagent (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. A NanoDrop ND-2000 instrument (Thermo
Fisher Scientific, Waltham, MA, USA) was used to evaluate the quality of the RNA samples.
Total RNA was isolated, and 2 pg of it was used in reverse transcription with PrimeScript
RT Reagent Kit (Takara, Dalian, China) based on the manufacturer’s protocol. Reverse
transcription—quantitative polymerase chain reaction (RT-qPCR) was conducted on the ABI
Prism 7500 system (Applied Biosystems, Carlsbad, CA, USA) with SYBR Green Premix Ex
Taq (Takara, Dalian, China). Glyceraldehyde-3-phosphate dehydrogenase was used as an
internal control. The relative expression of genes was calculated using the 2-AACT method
and the primers used in the experiments were purchased from S Sangon Biotech (Shanghai,
China) Co., Ltd. and are presented in Table Sé.

4.7. Western Blot Analysis

Cells and tissues were treated with an appropriate volume of radioimmunoprecipi-
tation assay (RIPA) buffer containing phenylmethylsulfonyl fluoride. Subsequently, total
protein was extracted via centrifugation, and its concentration was quantified using the
bicinchoninic acid (BCA) assay. Equal amounts of total protein (20 pug) were resolved by
8% sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA).
To block nonspecific binding, the membranes were incubated with 5% skim milk for 1 h
at room temperature. The membranes were then incubated overnight at 4 °C with the
following primary antibodies: PAFAH1B3 (Proteintech, Rosemont, Illinois, USA, 20564-1-
AP), E-cadherin (Abcam, Cambridge, UK, ab40772), N-cadherin (Abcam, Cambridge, UK,
ab76011), and Vimentin (Abcam, Cambridge, UK, ab92547), with the latter serving as the
internal control. After washing five times with 1x TBST for 5 min each, the membranes
were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (goat
anti-rabbit IgG or goat anti-mouse IgG) at room temperature for 1 h. The membranes were
washed again five times with 1x TBST for 5 min each. Protein bands were visualized
using a chemiluminescence imaging system (SageCreation Science, Beijing, China) with
SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Scientific, Waltham,
MA, USA).

4.8. Xenograft Tumorigenesis

Fifteen specific pathogen-free (SPF)-grade male BALB/C nude mice, aged 6 to 8 weeks,
were procured from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The average weight of the animals was 15.5 g, with a range of 14.5 to 16.0 g. All
nude mice were maintained under SPF conditions (TECNIPLAST S.p.A., Milan, Italy) and
were randomly assigned to three experimental groups. A total of 5 x 10"6 SMMC-7721
cells were suspended in 100 uL of PBS and subcutaneously injected into the right flank
of each mouse. Upon reaching a tumor volume of 100-200 mm?3, intratumoral injections
of PBS, cholesterol-conjugated NC, and si-PAFAH1B3 were administered five times at
three-day intervals. Tumor volume was measured every three days using the formula
V (volume) = (length x width?)/2. Tumor weight was recorded at the conclusion of the
experiment. After 24 days, the mice were euthanized, and the tumors were excised and
prepared for histological analysis.
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4.9. Immunohistochemistry Staining

Paraffin-embedded sections of xenograft tumor tissues were sliced into 4 um thick
sections. These sections underwent a series of preparatory steps, including dewaxing,
rehydration, antigen retrieval, and blocking. They were then incubated with antibodies
targeting E-cadherin, N-cadherin, and Vimentin for 70 min at room temperature within
a humidified chamber. This was followed by five washes with PBS. Subsequently, the
sections were incubated with an HRP-conjugated secondary antibody for 20 min at room
temperature and again washed five times with PBS. The sections were then stained with
diaminobenzidine and counterstained with hematoxylin. Finally, the sections were dehy-
drated and mounted with coverslips for analysis.

4.10. Statistical Analysis

The Kolmogorov-Smirnov test was used to estimate the distribution of the data.
Normally distributed continuous variables are presented as mean =+ standard deviation
values. Statistical significance was determined using a one-way analysis of variance test
or Student’s t-test. Data were processed with GraphPad (San Diego, CA, USA), and all p
values presented are two-tailed, and statistical significance was set at p < 0.05. Analyses
were performed using the Statistical Package for Social Sciences 20.0 software (Armonk,
NY, USA).

5. Conclusions

Our study provides comprehensive insights into the eccDNAs landscape of HCC
and highlights the importance of these molecules in cancer biology. Identifying key eccD-
NAs and their association with critical oncogenes, such as PAFAH1B3, lays the ground-
work for future research aimed at targeting EMT in HCC and other malignancies. As
we continue to unravel the complexities of eccDNA functions, we anticipate that our
findings will significantly contribute to the understanding of cancer pathogenesis and
therapeutic development.
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Abbreviations

The following abbreviations are used in this manuscript:

EccDNA Extrachromosomal circular DNAs

HCC Hepatocellular carcinoma

EMT Epithelial-mesenchymal transition
PAFAHIB3 Platelet-activating factor acetylhydrolase 1B3
NSCLC Non-small cell lung cancer

References

1. Yang,L,]Jia, R,; Ge, T.; Ge, S.; Zhuang, A.; Chai, P.; Fan, X. Extrachromosomal circular DNA: Biogenesis, structure, functions and
diseases. Signal Transduct. Target. Ther. 2022, 7, 342. [CrossRef]

2. Hotta, Y,; Bassel, A. Molecular Size and Circularity of Dna in Cells of Mammals and Higher Plants. Proc. Natl. Acad. Sci. USA
1965, 53, 356-362. [CrossRef]

3. Eugen-Olsen, R.A.B.; Hariprakash, ]. M.; Oestergaard, V.H.; Regenberg, B. Molecular mechanisms of extrachromosomal circular
DNA formation. Nucleic Acids Res. 2025, 53, gkaf122, Erratum in Nucleic Acids Res. 2025, 53, gkaf491. [CrossRef]

4. Li,R;Wang, Y,; Li, J.; Zhou, X. Extrachromosomal circular DNA (eccDNA): An emerging star in cancer. Biomark. Res. 2022, 10, 53.
[CrossRef] [PubMed]

5. Shibata, Y.; Kumar, P; Layer, R.; Willcox, S.; Gagan, J.R.; Griffith, ].D.; Dutta, A. Extrachromosomal microDNAs and chromosomal
microdeletions in normal tissues. Science 2012, 336, 82-86. [CrossRef]

6. Turner, KM.,; Deshpande, V.; Beyter, D.; Koga, T.; Rusert, J.; Lee, C.; Li, B.; Arden, K.; Ren, B.; Nathanson, D.A.; et al.
Extrachromosomal oncogene amplification drives tumour evolution and genetic heterogeneity. Nature 2017, 543, 122-125.
[CrossRef] [PubMed]

7. Wu, N.; Wei, L.; Zhu, Z; Liu, Q.; Li, K.; Mao, F; Qiao, J.; Zhao, X. Innovative insights into extrachromosomal circular DNAs in
gynecologic tumors and reproduction. Protein Cell 2024, 15, 6-20. [CrossRef] [PubMed]

8.  Zhou, M.; Lv, W.; Han, P; Sun, K.; Hao, Z.; Gao, L.; Xu, Y.; Xu, Z.; Shao, S.; Ma, S.; et al. Plasma extrachromosomal circular DNA
as a potential diagnostic biomarker for nodular thyroid disease. Clin. Transl. Med. 2024, 14, €1740. [CrossRef]

9.  Wu, S,; Turner, KM.; Nguyen, N.; Raviram, R.; Erb, M.; Santini, J.; Luebeck, J.; Rajkumar, U.; Diao, Y.; Li, B.; et al. Circular ecDNA
promotes accessible chromatin and high oncogene expression. Nature 2019, 575, 699-703. [CrossRef]

10. Verhaak, R.G.W.; Bafna, V.; Mischel, P.S. Extrachromosomal oncogene amplification in tumour pathogenesis and evolution. Nat.
Rev. Cancer 2019, 19, 283-288. [CrossRef]

11.  Stober, M.C.; Gonzélez, R.C.; Briickner, L.; Conrad, T.; Wittstruck, N.; Szymansky, A.; Eggert, A.; Schulte, ].H.; Koche, R.P;
Henssen, A.G.; et al. Intercellular extrachromosomal DNA copy-number heterogeneity drives neuroblastoma cell state diversity.
Cell Rep. 2024, 43, 114711. [CrossRef]

12.  Chen, L,; Zhang, C,; Xue, R.; Liu, M.; Bai, J.; Bao, J.; Wang, Y.; Jiang, N.; Li, Z.; Wang, W.; et al. Deep whole-genome analysis of 494
hepatocellular carcinomas. Nature 2024, 627, 586-593. [CrossRef]

13.  Wang, Y,; Wang, M.; Djekidel, M.N.; Chen, H.; Liu, D.; Alt, EW.; Zhang, Y. eccDNAs are apoptotic products with high innate
immunostimulatory activity. Nature 2021, 599, 308-314. [CrossRef] [PubMed]

14. Zhang, P; Peng, H.; Llauro, C.; Bucher, E.; Mirouze, M. ecc_finder: A Robust and Accurate Tool for Detecting Extrachromosomal
Circular DNA From Sequencing Data. Front. Plant Sci. 2021, 12, 743742. [CrossRef]

15. Gao, X;; Liu, K;; Luo, S.; Tang, M,; Liu, N.; Jiang, C.; Fang, J.; Li, S.; Hou, Y.; Guo, C.; et al. Comparative analysis of methodologies
for detecting extrachromosomal circular DNA. Nat. Commun. 2024, 15, 9208. [CrossRef]

16. Chen, Y.; Qiu, Q.; She, J.; Yu, J. Extrachromosomal circular DNA in colorectal cancer: Biogenesis, function and potential as
therapeutic target. Oncogene 2023, 42, 941-951. [CrossRef]

17. Jin, W,; Xu, Z.; Song, Y.; Chen, F. Extrachromosomal circular DNA promotes prostate cancer progression through the
FAMS84B/CDKN1B/MYC/WWP1 axis. Cell. Mol. Biol. Lett. 2024, 29, 103. [CrossRef] [PubMed]

18. Fu, S; Dai, Y,; Zhang, P.; Zheng, K.; Cao, G.; Xu, L.; Zhong, Y.; Niu, C.; Wang, X. Extrachromosomal circular DNA (eccDNA)
characteristics in the bile and plasma of advanced perihilar cholangiocarcinoma patients and the construction of an eccDNA-
related gene prognosis model. Front. Cell Dev. Biol. 2024, 12, 1379435. [CrossRef]

19. McCulloch, K.; Romero, N.; MacLachlan, J.; Allard, N.; Cowie, B. Modeling Progress Toward Elimination of Hepatitis B in
Australia. Hepatology 2020, 71, 1170-1181. [CrossRef] [PubMed]

20. Zou,S.; Chen, S.; Rao, G.; Zhang, G.; Ma, M,; Peng, B.; Du, X.; Huang, W.; Lin, W,; Tian, Y.; et al. Extrachromosomal circular

MiR-17-92 amplicon promotes HCC. Hepatology 2024, 79, 79-95. [CrossRef]


https://doi.org/10.1038/s41392-022-01176-8
https://doi.org/10.1073/pnas.53.2.356
https://doi.org/10.1093/nar/gkaf122
https://doi.org/10.1186/s40364-022-00399-9
https://www.ncbi.nlm.nih.gov/pubmed/35883211
https://doi.org/10.1126/science.1213307
https://doi.org/10.1038/nature21356
https://www.ncbi.nlm.nih.gov/pubmed/28178237
https://doi.org/10.1093/procel/pwad032
https://www.ncbi.nlm.nih.gov/pubmed/37233789
https://doi.org/10.1002/ctm2.1740
https://doi.org/10.1038/s41586-019-1763-5
https://doi.org/10.1038/s41568-019-0128-6
https://doi.org/10.1016/j.celrep.2024.114711
https://doi.org/10.1038/s41586-024-07054-3
https://doi.org/10.1038/s41586-021-04009-w
https://www.ncbi.nlm.nih.gov/pubmed/34671165
https://doi.org/10.3389/fpls.2021.743742
https://doi.org/10.1038/s41467-024-53496-8
https://doi.org/10.1038/s41388-023-02640-7
https://doi.org/10.1186/s11658-024-00616-3
https://www.ncbi.nlm.nih.gov/pubmed/38997648
https://doi.org/10.3389/fcell.2024.1379435
https://doi.org/10.1002/hep.30899
https://www.ncbi.nlm.nih.gov/pubmed/31419332
https://doi.org/10.1097/HEP.0000000000000435

Int. J. Mol. Sci. 2025, 26, 8801 18 of 18

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Andrisani, O. Two important players in poor-prognosis hepatocellular carcinoma: Extrachromosomal circular DNA (eccDNA)
and its passenger, the oncogenic miR-17~92 locus. Hepatology 2024, 79, 6-8. [CrossRef]

Ye, J.; Huang, P; Ma, K.; Zhao, Z.; Hua, T.; Zai, W.; Chen, J.; Fu, X. Genome-Wide Extrachromosomal Circular DNA Profiling of
Paired Hepatocellular Carcinoma and Adjacent Liver Tissues. Cancers 2023, 15, 5309. [CrossRef]

Livnat, I; Finkelshtein, D.; Ghosh, I.; Arai, H.; Reiner, O. PAF-AH Catalytic Subunits Modulate the Wnt Pathway in Developing
GABAergic Neurons. Front. Cell. Neurosci. 2010, 4, 1526. [CrossRef]

Yuan, Y,; Jiang, X.; Tang, L.; Wang, J.; Duan, L. Comprehensive Analysis of the Prognostic and Immunological Role of PAFAH1B
in Pan-Cancer. Front. Mol. Biosci. 2021, 8, 799497, Erratum in Front. Mol. Biosci. 2021, 8, 1497296.

Jiang, W.; Quan, R.; Bhandari, A.; Hirachan, S.; Chen, C.; Lv, S.; Zheng, C. PAFAH1B3 Regulates Papillary Thyroid Carcinoma
Cell Proliferation and Metastasis by Affecting the EMT. Curr. Med. Chem. 2024, 31, 1152-1164. [CrossRef]

Tang, S.; Ni, ].; Chen, B.; Sun, F; Huang, ].; Ni, S.; Tang, Z. PAFAH1B3 predicts poor prognosis and promotes progression in lung
adenocarcinoma. BMC Cancer 2022, 22, 525. [CrossRef] [PubMed]

Jiang, X.; Pan, X.; Li, W.; Han, P; Yu, J.; Li, J.; Zhang, H.; Lv, W.; Zhang, Y.; He, Y.; et al. Genome-wide characterization of
extrachromosomal circular DNA in gastric cancer and its potential role in carcinogenesis and cancer progression. Cell. Mol. Life
Sci. 2023, 80, 191. [CrossRef] [PubMed]

Sheng, Z.; Wang, X.; Zheng, Y.; Duan, W.; Cui, J.; Gu, L.; Gao, X.; Ma, J.; Cui, M.; Luo, H.; et al. Genome-wide characterization of
extrachromosomal circular DNA in breast cancer and its potential role in carcinogenesis and cancer progression. Cell Rep. 2024,
43,114845. [CrossRef]

Lv, W,; Pan, X,; Han, P; Wu, S.; Zeng, Y.; Wang, Q.; Guo, L.; Xu, M.; Qi, Y.; Deng, L.; et al. Extrachromosomal circular DNA
orchestrates genome heterogeneity in urothelial bladder carcinoma. Theranostics 2024, 14, 5102-5122. [CrossRef] [PubMed]

Lin, C,; Chen, Y.; Zhang, E; Liu, B.; Xie, C.; Song, Y. Encoding gene RAB3B exists in linear chromosomal and circular extrachromo-
somal DNA and contributes to cisplatin resistance of hypopharyngeal squamous cell carcinoma via inducing autophagy. Cell
Death Dis. 2022, 13, 171. [CrossRef]

Moller, H.D.; Mohiyuddin, M.; Prada-Luengo, I; Sailani, M.R.; Halling, J.F.; Plomgaard, P.; Maretty, L.; Hansen, A.J.; Snyder, M.P;
Pilegaard, H.; et al. Circular DNA elements of chromosomal origin are common in healthy human somatic tissue. Nat. Commun.
2018, 9, 1069. [CrossRef] [PubMed]

He, Q.; Su, Q.; Wei, C.; Zhang, P,; Liu, W.; Chen, ].; Su, X.; Zhuang, W. Extrachromosomal circular DNAs in prostate adenocarci-
noma: Global characterizations and a novel prediction model. Front. Pharmacol. 2024, 15, 1464145. [CrossRef]

Paulsen, T.; Shibata, Y.; Kumar, P; Dillon, L.; Dutta, A. Small extrachromosomal circular DNAs, microDNA, produce short
regulatory RNAs that suppress gene expression independent of canonical promoters. Nucleic Acids Res. 2019, 47, 4586—-4596.
[CrossRef]

Xiang, X.; Pan, X.; Lv, W,; Chen, S.; Li, ].; Zhang, H.; Liao, Y; Yu, J.; Li, ].; Dang, Y.; et al. Identification and functional analysis of
circulating extrachromosomal circular DNA in schizophrenia implicate its negative effect on the disorder. Clin. Transl. Med. 2023,
13, €1488. [CrossRef]

Fan, ].; Yang, Y,; Qian, J.-K.; Zhang, X.; Ji, ].-Q.; Zhang, L.; Li, S.-Z.; Yuan, F. Aberrant Expression of PAFAH1B3 Affects Proliferation
and Apoptosis in Osteosarcoma. Front. Oncol. 2021, 11, 664478. [CrossRef]

Xie, T.; Guo, X.; Wu, D.; Li, S.; Lu, Y.; Wang, X.; Chen, L. PAFAH1B3 Expression Is Correlated With Gastric Cancer Cell Proliferation
and Immune Infiltration. Front. Oncol. 2021, 11, 591545. [CrossRef]

Xu,J.; Zang, Y.; Cao, S.; Lei, D.; Pan, X. Aberrant expression of PAFAH1B3 associates with poor prognosis and affects proliferation
and aggressiveness in hypopharyngeal squamous cell carcinoma. Onco Targets Ther. 2019, 12, 2799-2808. [CrossRef]

Wang, C.; Xiao, L.; Gao, L.; W, J.; Wang, S.; Zheng, M.-M.; Qin, C.-T.; Huang, X.-G.; Zhou, L.; Xu, W.-J; et al. Comparative
proteomic analysis between tumor tissues and intratumoral exosomes from lung adenocarcinoma patients identifies PAFAH1B3
as an exosomal protein key for initiating metastasis in lung adenocarcinoma. Heliyon 2024, 10, e39859. [CrossRef] [PubMed]
Xu, W,; Lu, X,; Liu, J.; Chen, Q.; Huang, X.; Huang, K.; Liu, H.; Zhu, W.; Zhang, X. Identification of PAFAH1B3 as Candidate
Prognosis Marker and Potential Therapeutic Target for Hepatocellular Carcinoma. Front. Oncol. 2021, 11, 700700. [CrossRef]
Fares, J.; Fares, M.Y.; Khachfe, H.H.; Salhab, H.A.; Fares, Y. Molecular principles of metastasis: A hallmark of cancer revisited.
Signal Transduct. Target. Ther. 2020, 5, 28. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/HEP.0000000000000453
https://doi.org/10.3390/cancers15225309
https://doi.org/10.3389/fncel.2010.00019
https://doi.org/10.2174/0929867330666230427102920
https://doi.org/10.1186/s12885-022-09617-x
https://www.ncbi.nlm.nih.gov/pubmed/35534807
https://doi.org/10.1007/s00018-023-04838-0
https://www.ncbi.nlm.nih.gov/pubmed/37369919
https://doi.org/10.1016/j.celrep.2024.114845
https://doi.org/10.7150/thno.99563
https://www.ncbi.nlm.nih.gov/pubmed/39267784
https://doi.org/10.1038/s41419-022-04627-w
https://doi.org/10.1038/s41467-018-03369-8
https://www.ncbi.nlm.nih.gov/pubmed/29540679
https://doi.org/10.3389/fphar.2024.1464145
https://doi.org/10.1093/nar/gkz155
https://doi.org/10.1002/ctm2.1488
https://doi.org/10.3389/fonc.2021.664478
https://doi.org/10.3389/fonc.2021.591545
https://doi.org/10.2147/OTT.S196324
https://doi.org/10.1016/j.heliyon.2024.e39859
https://www.ncbi.nlm.nih.gov/pubmed/39553628
https://doi.org/10.3389/fonc.2021.700700
https://doi.org/10.1038/s41392-020-0134-x
https://www.ncbi.nlm.nih.gov/pubmed/32296047

	Introduction 
	Results 
	Expression Profiles of eccDNAs in Liver Cancer and Adjacent Non-Cancerous Tissues 
	Differentially Expressed eccDNAs in Liver Cancer and Adjacent Non-Cancerous Tissues 
	Expression Quantification and Circularity Verification of eccDNA PAFAH1B3 in Tissues and Cell Lines 
	The Impact of eccDNA PAFAH1B3 on Liver Cancer  Cell Proliferation,  Migration,  Invasion, and Apoptosis 
	The  si-PAFAH1B3  Inhibited the  Malignant  Progression  of HCC  In Vitro  and  In Vivo by Regulating EMT 

	Discussion 
	Materials and Methods 
	Clinical Specimens 
	Isolation, Purification, and Sequencing of eccDNAs from Liver Cancer Tissues 
	Isolation and Purification of eccDNAs 
	Bioinformatics Analysis and Screening of Differentially Expressed eccDNAs in Liver Cancer Tissues 
	Screening of Differentially Expressed eccDNAs 
	Quantification of eccDNA PAFAH1B3 Expression in Liver Cancer Tissues and Circularity Validation 
	Circularity Validation of eccDNA PAFAH1B3 
	Artificial Circular DNA Synthesis 

	EdU Assays 
	Transwell Cell Migration and Invasion Assays 
	Apoptosis Assays 
	RNA Extraction and Reverse Transcription–Quantitative Polymerase Chain Reaction 
	Western Blot Analysis 
	Xenograft Tumorigenesis 
	Immunohistochemistry Staining 
	Statistical Analysis 

	Conclusions 
	References

