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ABSTRACT

Ferroptosis is an important mode of regulated cell death (RCD). Its inhibition is closely related to
therapeutic resistance and poor prognosis in hepatocellular carcinoma (HCC). Previous reports have
demonstrated ferroptosis as a biological process highly dependent on selective autophagy, such as
ferritinophagy, lipophagy, and clockophagy. Our study also revealed a role for ER-phagy-mediated
ferroptosis in HCC cells treated with multi-targeted tyrosine kinase inhibitors (TKIs). In the current
study, we found that the homologous circular RNA (circRNA) of the family with sequence similarity
134, member B (FAM134B), hsa_circ_0128505 (was abbreviated as circFAM134B in the present study), was
identified to specifically target ER-phagy to promote lenvatinib (LV)-induced ferroptosis using reactive
oxygen species (ROS), Fe**, malondialdehyde (MDA), and western blot (WB) assays in HCC cells. RNA pull-
down and mass spectrometry analyses suggested that circFAM134B and FAM134B mRNA were enriched
with several common interacting proteins. Among them, poly (A) binding protein cytoplasmic 4
(PABPC4) was identified as the most enriched binding partner. It was proven to be a novel antagonist
against the nonsense-mediated mRNA decay (NMD) mechanism. We then applied RNA immunopreci-
pitation (RIP), RNA pull-down, luciferase reporter, and NMD reporter gene assays to further explore the
exact role and underlying mechanism of circFAM134B-PABPC4-FAM134B axis in HCC cells. circFAM134B
was confirmed as a sponge that competitively interacted with PABPC4, thereby influencing FAM134B
mRNA nonsense decay. Our results provide novel evidences and strategies for the comprehensive
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treatment of HCC.

Introduction

Liver cancer is the sixth most common and third
leading cause of cancer-related deaths worldwide
[1,2]. Hepatocellular carcinoma (HCC) is the main
histological type of liver cancer and the cause of 75-
85% of primary liver cancer cases [3]. Most HCC
patients are diagnosed at advanced stage, thereby the
survival rate is poor [4,5]. Comprehensive multidisci-
plinary treatment is key to prolonging the overall
survival time and improving the quality of life of
patients with HCC [6,7]. Sorafenib (SF) is the first-
line therapeutic drug in the treatment of HCC for 10
years, as it can slightly improve the survival rate of
patients with advanced HCC [8]. However, therapeu-
tic resistance is a problem, resulting in poor prognosis
[9]. With the gradual broadening and deepening of the

concept of regulated cell death (RCD) in recent years,
targeting strategies for HCC treatment have also
undergone profound changes [10-12]. Several studies
have confirmed that precise regulation of ferroptosis is
an extremely critical way to enhance the sensitivity of
HCC cells to multi-targeted tyrosine kinase inhibitors
(TKIs), such as SF, regorafenib, and lenvatinib (LV)
[13-15], and further research on the exact mechanism
is of great significance for clinical translation.
Ferroptosis is an iron-dependent RCD caused
by cystine depletion and overproduction of lipid
reactive oxygen species (ROS) [12,16]. Several
recent studies have clarified the induction, execu-
tion, and regulation of ferroptosis and its associa-
tion with various pathological and physiological
processes [17,18]. The classical ferroptosis pathway
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directly or indirectly targets the core protein glu-
tathione peroxidase 4 (GPX4) via lipid hydroper-
oxidation, thereby inducing ferroptosis [19].
Recently, ferroptosis was demonstrated to be clo-
sely related to selective autophagy [20,21].
Compared with macroautophagy, selective autop-
hagy is associated with a more precise regulation
of ferroptosis owing to its dependence on specific
receptors. It is expected to become a novel anti-
cancer strategy [22]. Under endoplasmic reticulum
(ER) stress induced by starvation, hypoxia, SF or
LV, loss of redox homeostasis is a common indu-
cing factor for autophagy and ferroptosis [23,24],
both of which are key mechanisms of precise qual-
ity control in cancer cells [25]. Further exploring
the regulatory mechanisms of autophagy and fer-
roptosis in liver cancer has significant meanings.

In SF-treated HCC cells, for instance, the
unfolded protein response (UPR) is activated,
leading to a swollen ER, which is then specifically
recognized by ER-phagy. ER-phagy is a catabolic
process that counteracts the UPR when cells are
trapped under ER stress conditions [26]. It is
mediated by various receptor proteins, including
FAMI134B [27], RTN3 [28], TEX264 [29], Sec62
[30], and CCPG1 [31]. They all contain one or
more LC3 domains (LC3-interacting regions
[LIR]), which are the key elements for selectively
recognizing and degrading ER fragments [32,33].
Among them, the FAM134B (family with sequence
similarity 134, member B) protein can specifically
target the ER sheet through a conserved LIR motif
and recruit autophagosomes, degrading and remo-
deling the ER fragments in a lysosome-dependent
manner [34]. Previous studies have confirmed that
ER stress is important in regulating ferroptosis
[35,36]. Our previous studies showed that
FAMI134B silencing blocked ER-phagy and acti-
vated ferroptosis in HCC cells [37].

Circular RNAs (circRNAs), a group of tran-
scripts characterized by covalently closed continu-
ous loops, are generated from exons or introns of
parent genes [38]. According to authoritative
research, circRNAs play an essential role in tumors
and selective autophagy [39]. Xi Y et al. [40] found
that circBCAR3 interacted with miR-27a-3p to
upregulate TNPO1, thereby exerting its biological
functions in esophageal cancer cells. Liu et al. [41]
revealed that circEZH2 could reverse KLF5 post-
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transcriptional inhibition by sponging miR-217-5p
which could accelerate CXCR4-induced epithelial-
mesenchymal transition (EMT) of breast cancer
(BC). Wang et al. [42] demonstrated that
circROBOI facilitated the carcinogenesis and liver
metastasis of BC through the circROBOI/KLF5/
FUS feedback loop, which inhibited the selective
autophagy of afadin by suppressing the transcrip-
tion of BECNI. Thus, exploring the roles of
circRNAs in autophagy and cancer progression
has significant meanings.

To further explore the specific regulatory
mechanism of FAMI134B-mediated ER-phagy in
HCC cells, we evaluated the changes in the expres-
sions of FAM134B and circFAM134B [43] at the
transcriptional level and the relationship between
them. FAM134B and circFAMI134B were highly
expressed in HCC cells treated with lenvatinib.
This significant change in transcript levels and
the relationship between circular and linear tran-
scripts were explored in this study.

Materials and methods
Cell culture and cell transfection

The human HCC cell lines (HepG2 and Huh?7)
were obtained from the National Infrastructure of
Cell Line Resource. Cells were cultured in
Dulbecco’s Modified Eagle’s Medium (Shanghai
BasalMedia Technologies Co., Ltd.) supplemented
with 10% fetal bovine serum (Thermo Fisher
Scientific [China] Co., Ltd.) and 1% penicillin/
streptomycin (Shanghai BasalMedia Technologies
Co., Ltd.). The cells were grown in humidified
conditions with 5% CO, at 37°C and tested for
mycoplasma contamination by PCR method twice
a month.

HCC cells (2% 10° cells/well) were seeded in
6-well plates and incubated in humidified condi-
tions with 5% CO, at 37°C overnight. Small inter-
fering RNA (siRNA) and negative control (NC),
overexpressing plasmid and negative control
(empty pcDNA) were commercially provided by
Shanghai Genepharma Co., Ltd. Sequences were
shown as follows (5’-3): si-circFAM134B (Sense:
UGA CCG ACC CAG UGA AAG CTT, Antisense:
GCU UUC ACU GGG UCG GUC ATT), si-
FAM134B (Sense: CCA CUG AGC UCA AGA
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GAA ATT, Antisense: UUU CUC UUG AGC
UCA GUG GTT), si-PABPC4 (Sense: GCC AAA
GCC AAG GAA UUC ATT, Antisense: UGA
AUU CCU UGG CUU UGG CTT), si-UPF1
(Sense: GCA AGA AGU GGU UCU GCA ATT,
Antisense: UUG CAG AAC CAC UUC UUG
CTT), NC (Sense: UUC UCC GAA CGU GUC
ACG UTT, Antisense: ACG UGA CAC GUU
CGG AGA ATT). pcDNA-PABPC4 overexpres-
sing plasmid and empty pcDNA sequences were
shown in Supplementary Material. 1. They were
transfected into HCC cells using Lipofectamine
3000 (Thermo Fisher Scientific [China] Co., Ltd.)
according to the manufacturer’s instructions,
respectively. The above cells were harvested at 48
h for further experiments.

RNA extraction and analysis

By using the Trizol reagent (Thermo Fisher
Scientific [China] Co., Ltd.), we isolated total
RNAs from cancer cells and tissues. The comple-
mentary DNA (cDNA) synthesis was performed
using a FastKing cDNA First Strand Synthesis Kit
(Tiangen Biotech (Beijing) Co., Ltd.). The cDNA
was amplified using a SuperReal Fluorescence
Quantification Premix Kit (Tiangen Biotech
(Beijing) Co., Ltd.). The quantitative real-time
polymerase chain reaction (qQRT-PCR) assay was
then conducted on ABI ViiA 7 Real-Time PCR
system (Applied Biosystems, Foster City, CA,
USA). The PCR products of cDNA (RNase R+
and RNase R- groups) and genomic DNA
(gDNA) were observed with 1.5% agarose gel elec-
trophoresis. The gene expressions were normalized
to GAPDH and calculated by the 27*“" method.
The primers sequences (Sangon Biotech
[Shanghai] Co., Ltd.) were listed as follows (5-
3’): circFAMI134B convergent primer (F: CGA
TCT TGG GAA GTT ACA TTC CTG; R: CCA
GTT TCA GCA GAA CTG ACQC), circFAM134B
divergent primer (F: ACT CCA CAG ACA GAC
ACT TGC; R: GGT CTT TCA TCT GGT TTG GAA
TTG AT), FAM134B primer (F: GTC CTA AGA
TTA GCC TCA CGG TTG C; R: GGG TCG GTC
AAG ATC ATC AGA AGT G), TPI primer (F:
GCT AGA TCC CAA GAT TGC TGT G; R: AGA
CAT GCC TTC TCT CTC TGA GTG), GAPDH

primer (F: CAG GAG GCA TTG CTG ATG AT;
R: GAA GGC TGG GGC TCA TTT).

Treatment of ribonuclease R (RNase R) and
actinomycin D (ActD)

The total RNAs from HCC cells were divided into
two parts in this experiment. As designed, we had
the total RNAs (2ug) mixed with 2pul 10x
Reaction Buffer and 5U RNase R (Guangzhou
Geneseed Biotechnology Co., Ltd.) for the first
part, and RNase R replaced by DEPC-treated
water for the second part. After digestion with
RNase R at 37°C for 15min, the enzyme was
inactivated by incubation at 70°C for 10 min. We
used qRT-PCR assay to help with the analyses of
circFAM134B, FAM134B, and GAPDH compared
with the mock group.

HCC cells were cultured in a complete medium
with or without 1 pg/ml (or 2.5pug/ml) of ActD
reagent (Merck [China] Technology Co., Ltd.) for
0, 2, 4, 8, 12, 24 h. Then, we isolated total RNAs
from cells. The expressions of circFAMI134B,
FAM134B, and GAPDH were analyzed using qRT-
PCR.

Western blot (WB) analysis and protein
co-localization

Protein’s isolation, quantification, and WB were
performed as previously mentioned. HCC cells
were washed, and proteins were extracted by
radioimmunoprecipitation lysis buffer (RIPA,
Shanghai Beyotime Biotechnology Co., Ltd.).
Equal amount of protein samples was separated
by SDS-PAGE and transferred to PVDF mem-
branes (Merck [China] Technology Co., Ltd.).
The PVDF membranes were incubated with pri-
mary antibodies FAM134B (PA5-42647, Thermo
Fisher), REEP5 (ab167405, Abcam), Trap-a
(ab133238, Abcam), LC3B (ab192890, Abcam),
GPX4 (ab125066, Abcam), SLC7A11 (ab175186,
Abcam), PABPC4 (ab241616, Abcam), UPF1
(ab109363, Abcam), and GAPDH (ab8245,
Abcam) at 4°C overnight, and then incubated
with anti-IgG secondary antibody (Thermo
Fisher Scientific [China] Co., Ltd.). Following the
membranes washed in Tris Buffered Saline with
Tween 20 (TBST, Thermo Fisher Scientific



[China] Co., Ltd.), ChemiDocTM Imaging System
(Bio-Rad Laboratories, USA) was applied to
observe the results.

FAM134B and LC3B proteins co-localization in
HCC cells was evaluated using a confocal micro-
scope (Wuhan Servicebio Technology Co., Ltd.).

Cell counting kit-8 (CCK-8) assay

Transfected HCC cells were inoculated into 96-
well plates at a density of 5x 10’ cells per well.
After 08uM lenvatinib (Merck [China]
Technology Co., Ltd.) or 10 uM erastin (Merck
[China] Technology Co., Ltd.) treatment for 24 h,
10ul of CCK-8 reagent (Wuhan Elabscience
Biotechnology Co., Ltd.) was added to each well.
After incubation for 2h at 37°C, optical density
(OD) values at wavelength of 450nm were
assessed using a microplate reader (BioTek,
VT, USA).

Measurement of Fe**, malondialdehyde (MDA),
and glutathione (GSH) levels

An Iron Assay Kit (Beijing Applygen Technologies
Co., Ltd.) was used to measure the intracellular Fe?
". The concentration of MDA was detected using
an MDA Assay Kit (Shanghai Beyotime
Biotechnology Co., Ltd.). The concentration of
GSH was quantified using a GSH Colorimetric
Assay Kit (Wuhan Elabscience Biotechnology
Co., Ltd.). All these experimental procedures
were performed as per the manufacturer’s guide.
The optical density at 550 nm (Fe**), 532 nm
(MDA) and 405 nm (GSH) were measured by the
microplate reader.

Measurement of reactive oxygen species (ROS)
level

The intracellular ROS level was detected using C11
BODIPY*®*!  lipid peroxidation fluorescent
probes (Wuhan ABclonal Technology Co., Ltd.)
and a flow cytometry (Beckman Coulter, USA).
HCC cells were seeded into 6-well plates at
a density of 2 x 10” cells/well and incubated with
5% CO, at 37°C for 48 h. After 0.8 uM lenvatinib
or 10 uM erastin treatment for 24h, cells were
incubated with a serum-free medium containing
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C11 BODIPY**"**! lipid peroxidation fluorescent
probes for 1h at 37°C. After being washed with
Phosphate Buffer Solution (PBS) 3 times, analysis
of C11 BODIPY**"**! fluorescence was conducted
using the flow cytometry.

Tumor xenograft experiment

Male BALB/c nude mice (age: 4-5 weeks, weight:
14-16 g) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. They
were housed under standard conditions. After
acclimatization for one week, mice were randomly
divided into two groups (n =5/group): the “LV +
NC group” and the “LV +sh-circFAM134B
group”. HepG2 cells with si-circFAM134B (or
NC) were suspended in 100 pl PBS and respec-
tively injected into each mouse at the left forelimb.
40 pl of si-circFAM134B (or NC) was injected at
the tumor site every 4 days. Lenvatinib (10 mg/kg)
was dissolved in 200ul dimethyl sulfoxide
(DMSO) and injected intraperitoneally every 3
days. Tumor size (width® x length/2) was moni-
tored every 3 days. After 4 weeks, the mice were
killed, and the tumors were resected for further
examination. All animal protocols were approved
by the Animal Care and Use Committee of the
Shandong Provincial Qianfoshan Hospital. All ani-
mal experiments were strictly implemented in
compliance with the NIH Guide for the Care and
Use of Laboratory Animals.

RNA pull-down assay, silver staining experiment
and mass spectrometry analysis

RNA pull-down assay was performed using
a Pierce™ Magnetic RNA-Protein Pull-Down Kit
(Thermo Fisher Scientific [China] Co., Ltd.) and
biotin labeled probes (Viagene Biotech,
Changzhou, China). The experimental procedure
was performed as the manufacturer’s instructions.
A Rapid Silver Staining Kit (Shanghai Beyotime
Biotechnology Co., Ltd.), mass spectrometry ana-
lysis (assisted by Shanghai Personalbio Technology
Co., Ltd.), and WB assay were used to analyze
enriched proteins. Bio-circFAM134B probe: 5-
GAC TGA TAA TGG GAC CTIT CAA CCT
TTC AGA A-3’; Bio-circFAMI134B-unrelated
probe: 5°-TGT GGC TCC TCT GTG TGC TCC
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TCC TGC AC-3’. Bio-FAMI134B probe: 5-AGC
AGC AGG AGG AGG AAG CGC AGG AAG
CTG-3’; Bio-FAMI134B-unrelated probe: 5-TGT
GGC TCC TCT GGG GAC TCC TCC TGC
ACC-3.

RNA immunoprecipitation (RIP) assay

A EZ-Magna RIP Kit (Merck [China] Technology
Co., Ltd.) was utilized to conduct RIP assay fol-
lowing the manufacturer’s instructions. Briefly,
HCC cells were lysed in RIP lysis buffer and incu-
bated with RIP buffer including magnetic beads
coupled with anti-IgG, anti-PABPC4, or anti-
UPF1. After incubation with Proteinase K, the
immunoprecipitation was set aside for qRT-PCR
analysis.

Luciferase reporter assay

Dual-luciferase reporter vectors carrying the
FAM134B 5’UTR, CDS, 3’'UTR, 3’UTR-1, 3°'UTR-
2, 3'UTR-3, 3’ UTR-4, 3’ UTR-1 Wild and 3°'UTR-1
Mutant fragments were constructed using pGL3
vectors (Shanghai Genepharma Co., Ltd.).
Lipofectamine 3000 was used to transfect the vec-
tors into cancer cells. Then, co-transfected the
pcDNA-PABPC4 overexpressing plasmid with the
vectors into cells. Luciferase activities were
detected after transfection for 48h by a Dual-
Luciferase Reporter Assay System (Beijing
Promega Biotech Co., Ltd.).

Nonsense-mediated mRNA decay (NMD) reporter
assay

TPI-SMG5, TPI-4MS2-SMG5, and TPI-4MS2-
FAMI134B were constructed using GV657/658
vectors (Shanghai Genechem Co., Ltd.), and
sequences were shown in Supplementary
Material. 2. Lipofectamine 3000 was used to
transfect the vectors into cells. Then, TPI-4MS2-
SMG5, or TPI-4MS2-FAMI134B were co-
transfected with  MS2-PABPC4  (Shanghai
Genechem Co., Ltd.), MS2-GST (Shanghai
Genechem Co., Ltd.), pcDNA-PABPC4, or
pcDNA into cells. After 48h of transfection,
total RNAs were extracted from cells and we

performed the expressions of TPI-4MS2-SMG5
and TPI-4MS2-FAM134B using qRT-PCR.

Statistical analysis

The data was displayed as mean + standard devia-
tion (SD) from at least three independent experi-
ments and analyzed by GraphPad Prism 9.0 (San
Diego, CA, USA). The comparisons between two
groups were estimated by unpaired Student’s ¢-test,
while one-way analysis of variance (ANOVA) was
applied to compare differences among multiple
groups. P values less than 0.05 indicated statistical
significance.

Results

circFAM134B specifically regulates
FAM134B-mediated ER-phagy

According to the circBase [43], circFAM134B is
generated from the 2-6 exons of FAMI134B pre-
mRNA with genomic location of chr5: 16477,770-
16,483,581, whose spliced mature sequence length
is 542 bp. Sanger sequencing was conducted to
identify  back-spliced  junction region of
circFAM134B which proved the existence of
circFAM134B (Figure 1a). Convergent and diver-
gent primers for circFAMI134B were used for
amplification. circFAM134B was amplified by
divergent primer in cDNA but not in gDNA, con-
firming the presence of circularized FAMI134B
exons and excluding trans-splicing products.
After addition of RNase R, circFAM134B was
amplified only by divergent primer in cDNA
(Figure 1b). We further detected the stability of
circFAM134B  and FAMI34B with RNase
R. circFAM134B was more resistant to RNase R,
while FAMI134B was significantly decayed (P <
0.05, Figure 1c). In addition, the results of ActD
assay revealed the higher stability of circFAM134B
than FAM134B mRNA (P < 0.05, Figure 1d). These
results indicated the «cyclic structure of
circFAM134B.

To explore the functions of circFAMI134B in
HCC cells, we designed siRNAs to effectively
silence circFAM134B or FAM134B in HCC cells
(Figure le). The expression of FAMI134B was sig-
nificantly increased in cells transfected with si-
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Figure 1. circFAM134B specifically regulates FAM134B-mediated ER-phagy.

a. The sequence around the junction site of circFAM134B was confirmed through Sanger sequencing. The blue triangle indicated the
position of the junction site. b. Divergent and convergent primers were used for amplification of circFAM134B in ¢cDNA (RNase R-
group and RNase R+ group) and gDNA. Agarose gel electrophoresis visualized the products. c. Following digestion with RNase R (2.5



1906 (&) T.BIETAL

circFAM134B (P <0.05, Figure 1f), while the si-
FAM134B had no significant effects on
circFAM134B expression (P>0.05, Figure 1g).
These results revealed that circFAMI134B could
specifically and negatively regulate the expression
of FAM134B, but FAM134B could not regulate the
expression of circFAM134B.

After 0.8 uM LV treatment for 24 h, we evalu-
ated the levels of FAM134B, two ER-resident pro-
teins (REEPS5 located in the ER tubule and Trap-a
located in the ER sheet), and LC3B in HCC cells
by WB assay. We confirmed the downregulated
expressions of FAM134B, REEP5, Trap-a, and
the conversion of LC3B-I to LC3B-II (Figure 1h).
Then, the knockdown of circFAM134B caused the
elevation of FAM134B and further downregulated
expressions of REEP5 and Trap-a, but not affected
the conversion of LC3B-I to LC3B-II (Figure 1h).
Similar results were obtained in HCC cells treated
with erastin (a classical ferroptosis inducer), as
shown in Supplementary (Figure la) Confocal
fluorescence microscopy indicated that the levels
of FAM134B and its co-localization with LC3B
were significantly increased in HCC cells with si-
circFAM134B transfection (Figure 1i). These
experimental results illustrated that LV could
induce FAM134B-mediated ER-phagy in HCC
cells, and circFAM134B regulated FAMI134B-
mediated ER-phagy without affecting
macroautophagy.

circFAM134B affects ferroptosis in HCC cells by
regulating FAM134B-mediated ER-phagy

Effects of circFAM134B knockdown on ferroptosis
were further explored. CCK-8 assay was used to
perform that the effect of LV-induced growth inhi-
bition was weakened after circFAM134B silencing
(P <0.05, Figure 2a). As revealed in Figure 2b,d, si-
circFAM134B reduced intracellular Fe**, MDA

levels and increased GSH levels (P < 0.05). Then,
we performed the ROS levels using the Cl1
BODIPY>8!/%9! probe [44,45] which was a fat-
soluble ratio type fluorescent probe with low fluor-
escence artifacts, and good separation of non-
oxidized and oxidized spectra. siRNA-mediated
loss of circFAMI134B in HCC cells also resulted
in downregulated basal levels of ROS in HCC
cells (Figure 2e). These results indicated that
circFAM134B was an important regulator of LV-
induced ferroptosis. Meanwhile, GPX4 and
SLC7A11 (the core regulators of ferroptosis) pro-
tein levels were increased by silencing of
circFAM134B (Figure 2f). Similar results were
obtained for erastin-treated HCC  cells
(Supplementary Fig. S1b - f). These results indi-
cated that circFAM134B was a positive ferroptosis
regulator in HCC cells.

Together, circFAMI134B played a key role in
FAM134B-mediated ER-phagy, and the inhibition
of ER-phagy might activate ferroptosis. These
results indicated that targeting circFAMI134B
could significantly affect FAM134B-mediated ER-
phagy, thereby regulating LV-induced ferroptosis
in HCC cells.

circFAM134B regulates ER-phagy and ferroptosis
in vivo

To further verify the biological roles of
circFAM134B in tumor growth, ER-phagy, and
ferroptosis in vivo, we established liver xenograft
in mice by injection of HepG2 cells which trans-
fected with si-FAM134B (or NC). When the mice
were sacrificed, the volume and weight of the
tumors in “LV + sh-circFAM134B group” mice
were found to be significantly increased than
those in the “LV+NC group” mice (P<0.05,
Figure 2g, 2h). qRT-PCR confirmed that
circFAM134B was indeed knocked down in

U/ug, 37°C, 15 min), gRT-PCR was used to measure the changes in circFAM134B and FAM134B. d. The expressions of circFAM134B
and FAM134B were identified after ActD (1 ug/ml) treatment for 4 h, 8 h, 12 h, 24 h. e. qRT-PCR was used to perform the level of
CircFAM134B in HCC cells transfected with si-circFAM134B (or NC). WB assay revealed the protein level of FAM134B in HCC cells
transfected with si-FAM134B (or NC). f. The expression of FAM134B in HCC cells transfected with si-circFAM134B (or NC) was
identified by qRT-PCR. g. The expression of circFAM134B in HCC cells transfected with si-FAM134B (or NC) was identified by qRT-PCR.
h. Effects of si-circFAM134B on ER-phagy levels at 24 h post-treatment with 0.8 uM lenvatinib. i. Co-localization of FAM134B and
LC3B in HCC cells, red fluorescence represented FAM134B and green fluorescence represented LC3B. The error bars represented the
standard deviation (SD) of at least three independent experiments. *P < 0.05 .
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Figure 2. circFAM134B affects ferroptosis in HCC cells by regulating FAM134B-mediated ER-phagy.

a. CCK-8 assay. b. Intracellular Fe2+ levels in HCC cells after transfection of si-circFAM134B were detected with an Iron Assay Kit. c.
MDA levels were detected with an MDA Assay Kit. d. GSH levels were measured with a GSH Colorimetric Assay Kit. e. ROS levels were
assessed using C11 BODIPY581/591 probes. f. Effects of si-circFAM134B on ferroptosis levels at 24 h post-treatment with 0.8 uM
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HepG2 cells (Supplementary Fig. S1g). WB per-
formed the protein levels of FAM134B, REEP5,
Trap-a, LC3B, GPX4, SLC7A11 in the mice’s
tumor tissues. In the “LV +sh-circFAM134B
group” tumor tissues, FAMI134B, GPX4,
SLC7A11 were significantly upregulated, while
REEP5, Trap-a were significantly downregulated
and the conversion of LC3B-I to LC3B-II showed
no change compared with those in the control
(Figure 2i). These results suggested that
circFAM134B knockdown promoted FAMI134B-
mediated ER-phagy, thereby inhibiting LV-
induced ferroptosis in vivo.

Molecular mechanism of circFAM134B-specific
regulation of FAM134B

Several studies have shown that homologous
circRNAs and linear mRNAs competitively bind
to the same proteins, which lead to changes in the
expression and translation levels of linear mRNAs
[46-48]. To identify the regulatory mechanism of
circFAM134B and FAM134B, we designed Bio-
circFAM134B probe, Bio-FAMI134B probe and
the corresponding Bio-unrelated probes. RNA
pull-down assay was used to found that in the 70
kDa marker labeling region, Bio-circFAMI134B
probe and Bio-FAMI34B probe could enrich
much more proteins (Figure 3a). Subsequently,
we performed mass spectrometry analysis of the
proteins in the range of 55-100 kDa. Of them, the
enrichment levels of 14 types of protein caused
both by Bio-circFAM134B probe and Bio-
FAM134B probe were much more (Figure 3b).
Indeed, the protein that was significantly enriched
and had a molecular weight of approximately 70
kDa was only poly (A) binding protein cytoplas-
mic 4 (PABPC4, Figure 3b).

Then, we performed the RIP assay in HCC cells.
We found higher enrichment of circFAM134B and
FAM134B mRNA in the anti-PABPC4-RNA bind-
ing complex using anti-IgG as a negative control
(P <0.05, Figure 3c). Next, RNA pull-down and

WB assays were performed to find that both Bio-
circFAM134B probe and Bio-FAMI134B probe
enriched PABPC4 successfully compared with
their control groups (Figure 3d). These experimen-
tal results indicated that both circFAM134B and
FAM134B could effectively bind to PABPC4.

We found that si-circFAM134B elevated the
level of FAMI134B mRNA enriched by anti-
PABPC4 (P <0.05, Figure 3e). This result further
indicated that both circFAM134B and FAMI134B
had significant binding relationships with PABPC4
and competitively bound to it. Based on the above
results, we determined the circFAM134B-PABPC4-
FAM134B axis in HCC cells.

PABPC4 is a key protein that regulates the
stability of FAM134B mRNA

To further identify the role of PABPC4, we
knocked down PABPC4 in HCC cells. When we
decreased the expression of PABPC4, there was no
significant change of circFAM134B (P> 0.05,
Figure 4a), whereas the expression of FAM134B
mRNA was vividly downregulated (P <0.05,
Figure 4b). This result implied that PABPC4
might regulate the expression of FAMI134B
mRNA. Furthermore, we explored whether
PABPC4 exerted a regulatory effect on the stability
of FAM134B mRNA. After cells transfected with
si-PABPC4, we found that the expression of
FAM134B mRNA was significantly downregulated
by using the transcriptional inhibitor, ActD (P <
0.05, Figure 4c). These experimental results sug-
gested that PABPC4 was a key RNA-binding pro-
tein (RBP) that affected the stability of FAM134B
mRNA.

PABPC4 stabilizes mRNA by inhibition of NMD
mechanism

PABPC1 is an important paralogous homolog of
PABPC4. PABPC1 can promote mRNA circular-
ization, facilitate ribosome recycling, and suppress

lenvatinib. g. Nude mice and tumor injected with cells transfected with si-circFAM134B (or NC) and lenvatinib treatment. h. The
tumor volume and tumor weight of mice in the “LV + sh-circFAM134B” and the control group were shown. i. ER-phagy and
ferroptosis in nude mice injected with cells transfected with si-circFAM134B (or NC) and lenvatinib treatment. The error bars
represented the standard deviation (SD) of at least three independent experiments. *P < 0.05.
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Figure 3. Molecular mechanism of circFAM134B-specific regulation of FAM134B a. RNA pull-down assay and silver staining experiment were
performed using Bio-circFAM134B probe and Bio-FAM134B probe. b. mass spectrometry analysis of proteins in the range of 55-100 kDa. c. the
RIP assay in HCC cells was used to evaluate the enrichment of circFAM134B and FAM134B mRNA in PABPC4-RNA binding complexes using anti-
IgG as a negative control. d. RNA pull-down and WB assays were performed to find that both Bio-circFAM134B probe and Bio-FAM134B probe
enriched PABPC4 successfully compared with their control groups. e. the RIP assay was performed that si-circFAM134B elevated the level of

FAM134B mRNA enriched by anti-PABPCA4.

The error bars represented the standard deviation (SD) of at least three independent experiments. *P < 0.05.



1910 (&) T.BIETAL

a
HepG2 Huh7
L5 NC

si-PABPC4

1.0

circFAM134B

0.5 0.5

Relative expression of
circFAM134B
Relative expression of

00— 0.0-
circFAM134B

HepG2
15 NC
si-PABPC4 (/p.

FAMI134B

FAM134B

0.5 GAPDH

Relative expression of

HepG2

0.0-
FAMI134B

HepG2

15 NC
si-PABPC4

FAMI134B

0.5 *

Relative expression of
Relative expression of

Oh 2h 4h 8h
Hours after ActD treatment €2.5pg/m1)

circFAM134B

FAM134B

NC
si-PABPC4
Huh?
15 NC
N si-PABPC4 >
s — §
A
£ 10 & X
= - &
Z a i {8
23 T
-
?E FAMI34B | R
Ep :’
£ 0.5 GAPDH | S
S
&
Huh?7
0.0
FAM134B
Huh?
15 NC
si-PABPC4
1.0
*
*
*
0.5
0.0
Oh 2h 4h 8h

Hours after ActD treatment €2.5pg/m1)

Figure 4. PABPC4 is a key protein that regulates the stability of FAM7134B mRNA a. the expression of circFAM134B in HCC cells
transfected with si-PABPC4 (or NC) was identified by gRT-PCR. b. the expression of FAM134B in HCC cells transfected with si-PABPC4
(or NC) was identified by qRT-PCR. Agarose gel electrophoresis visualized the products. c. After transfection of si-PABPC4 and ActD
(2.5 ug/ml) administration, RNA decay assay was applied to evaluate the stability of FAM134B. The error bars represented the
standard deviation (SD) of at least three independent experiments. *P < 0.05.

nonsense-mediated mRNA decay (NMD) at nor-
mal termination codons [49]. Meanwhile, PABPC1
can use the long 3’'UTR to regulate mRNA stability
via NMD mechanism [50,51]. Another study
revealed that mRNA decay was triggered only by
removing the last PABPC-binding site [52]. These
results reflected the inhibitory effect of PABPC on
mRNA decay.

To explore the relationship between PABPC4
and NMD mechanism, we constructed an NMD
reporter gene consisting of the triosephosphate iso-
merase (TPI) open reading frame (ORF) to which
we added the 3’UTR of SMG5. The SMG5 mRNA
had been previously shown to undergo NMD
mediated by its 3’'UTR and owing to the presence
of the SMG5 3° UTR, the reporter gene was



degraded [53,54]. si-UPF1 (or NC) and TPI-SMG5
were co-transfected into HCC cells. This result
verified the effectiveness of TPI-SMG5 in the
study of NMD mechanism (P <0.05, Figure 5a).
Then, si-PABPC4 (or NC) and TPI-SMG5 were
co-transfected into HCC cells. We found that the
level of TPI-SMG5 was significantly lower than
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that in the NC group (P <0.05, Figure 5a). This
result revealed that PABPC4 could significantly
change the level of TPI-SMG5 by antagoniz-
ing NMD.

To further elucidate the molecular mechanism
by which PABPC4 affects the mRNA stability, we
inserted four MS2 binding sites downstream from

NC
si-UPF1

NC
si-PABPC4

| SMG5-3'UTR
Ter (1037bp)

TPI-4MS2-SMG5+MS2-GST
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Figure 5. PABPC4 stabilizes mRNA by inhibition of NMD mechanism a. qRT-PCR was used to perform the TPI-SMG5 levels in HCC cells
transfected with si-UPF1, si-PABPC4 (or NC). b. the expression of TPI-4MS2-TPI was identified by qRT-PCR. Agarose gel electrophoresis
visualized the products. The error bars represented the standard deviation (SD) of at least three independent experiments. *P < 0.05.
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the termination codon of TPI-SMG5 (TPI-4MS2-
SMGS5), which allowed the MS2-fusion protein to
be tethered to a position at the beginning of the
3’'UTR. For the operability, accuracy and repeat-
ability of the experiment, we used qRT-PCR com-
bined with agarose gel electrophoresis to analyze
the changes of mRNAs abundance. Upon co-
expression of MS2-PABPC4, the level of TPI-
4MS2-SMG5  significantly increased compared
with that of MS2-GST, which served as NC (P <
0.05, Figure 5b). This indicated that PABPC4 was
able to counteract the NMD of the reporter
mRNA. Then, we co-expressed either pcDNA-
PABPC4 together with TPI-4MS2-SMG5 to
exclude possible trans-effects of PABPC4 expres-
sion. In this case, we observed only slight increases
in level of TPI-4MS2-SMG5 when PABPC4 was
not directly bound to it (P> 0.05, Figure 5b). The
above experimental results showed that PABPC4
antagonized NMD when it was tethered in close
proximity downstream of the termination codon.

PABPC4 stabilizes FAM134B mRNA by inhibition
of NMID mechanism

To further investigate the molecular mechanism
by which PABPC4 affects FAM134B mRNA stabi-
lity, we preliminarily predicted the possible bind-
ing sites of them using the RBP-map database [55].
Under the condition of high Z-score (the standard
set here was greater than 3), we found that there
were 15 specific binding sites between PABPC4
and FAM134B mRNA. Interestingly, they were all
located in FAMI34B 3°UTR. Subsequently,
FAM134B 5’UTR, CDS, 3’'UTR were cloned into
pGL3 vectors and introduced into HCC cells along
with pcDNA-PABPC4 (or empty pcDNA) to per-
form dual-luciferase reporter assays.
Overexpression of PABPC4 significantly enhanced
the relative luciferase activity in HCC cells bearing
the 3'UTR sequence (P<0.05, Figure 6a). Then,
according to the predicted specific binding sites
using the catRAPID database [56], we divided
FAMI134B 3°UTR into four segments (starting
from the beginning of 3’'UTR, the segments were
3’UTR-1, 3°UTR-2, 3°UTR-3, and 3’UTR-4,
Figure 6b). Overexpression of PABPC4 boosted
the relative luciferase activity in HCC cells trans-
fected with FAMI134B 3’UTR-1 (P<0.05,

Figure 6¢). Moreover, overexpression of PABPC4
further boosted luciferase activity in HCC cells
transfected with the Wild FAM134B 3°UTR-1, but
not the Mutant one (P<0.05, Figure 6d). This
finding suggested that PABPC4 might be sensitive
to binding sites at the beginning of FAMI134B
3°UTR. Based on these results, we suspected that
PABPC4 might achieve the purpose of stabilizing
FAM134B mRNA by antagonizing NMD.

Using qRT-PCR and agarose gel electrophor-
esis assay, we found that the level of FAMI134B
was significantly elevated after UPF1 silencing
(Figure 6e). Then, we performed the RIP assay
and found the higher enrichment of FAMI134B
mRNA in the anti-UPF1-RNA binding complex
using anti-IgG as a negative control (Figure 6f).
These results suggested that FAMI34B mRNA
was significantly regulated by UPF1 (the core
factor in the NMD mechanism) and could trig-
ger NMD. Based on the above results, “PABPC4
is a key RBP that affects the stability of
FAM134B mRNA” and “PABPC4 can stabilize
mRNA by antagonizing NMD”, we illustrated
that PABPC4 affected the level of FAMI134B
mRNA via NMD.

To further determine how PABPC4 regulates
FAM134B mRNA via NMD, we constructed a TPI-
FAM134B vector gene that replaced SMG5 3’'UTR
with FAMI134B 3’'UTR in TPI-SMG5. As men-
tioned above, we inserted four MS2 binding sites
from the termination codon of TPI-FAMI134B
(TPI-4MS2-FAM134B). After co-transfecting TPI-
4MS2-FAM134B with MS2-PABPC4, the level of
TPI-4MS2-FAM134B significantly increased com-
pared with NC (P <0.05, Figure 6g). This result
revealed that PABPC4 was able to antagonize
NMD (triggered by FAM134B) by binding to the
beginning of 3’UTR. Meanwhile, we co-expressed
either pcDNA-PABPC4 together with TPI-4MS2-
FAM134B to exclude possible trans-effects of
PABPC4 expression. We observed only slight
increases in the level of TPI-4MS2-FAM134B
when PABPC4 was not bound directly to it (P>
0.05, Figure 6g). These above experimental results
showed that PABPC4 could antagonize NMD
(triggered by FAM134B) when it was tethered at
the beginning of 3’UTR. The mechanism that
caused the increase in FAMI134B mRNA was
NMD-specific.
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Discussion

Lenvatinib is an oral multi-targeted TKI that has
shown antitumor, antiangiogenic, and immuno-
modulatory activities across multiple cancer types
[57-59]. Iseda N et al. [60] found that LV sup-
pressed xCT expression and induced lipid ROS
accumulation  through  FGFR4  inhibition.
Accumulated lipid ROS induced ferroptosis in
HCC cells. Meanwhile, LV was also revealed that
it could promote autophagy in cancer cells.
Ferndndez-Palanca P et al. [61] found that autop-
hagy acted as a crucial mechanism involved in cell
adaptation to LV treatment through NRP1 mod-
ulation, thus promoting cell resistance develop-
ment. Roberts JL et al. [62] revealed that LV
could interact with the novel histone deacetylase
inhibitor entinostat to kill hepatoma cells, in
which autophagy, ER stress and death receptor
signaling all played important roles. However,
there are few detailed reports on the role of LV
in regulating selective autophagy and ferroptosis.
In this study, we demonstrated that LV could
induce FAM134B-mediated ER-phagy and ferrop-
tosis in HCC cells. At present, the specific
mechanisms of LV induced ER-phagy and ferrop-
tosis in HCC are still not very clear, further
research is necessary.

Developing therapy resistance is a general clin-
ical challenge among the newest molecularly tar-
geted therapies. Authoritative researches revealed
that there was a close relationship between non-
apoptotic RCD (autophagy, ferroptosis, etc) and
therapy-resistant cancer cells [22,63-65]. And
then, circRNAs are also associated with targeted
drug resistance in HCC cells [66,67] and play an
important regulatory role in autophagy [68,69].
These findings indicated the potential roles of
circRNAs in the regulation of autophagy and pro-
moted us to explore the roles of circRNAs in
terroptosis. In the present study, our data further

demonstrated that circFAMI134B knockdown
exerted positive effects on FAMI134B-mediated
ER-phagy and negative effects on LV-induced fer-
roptosis of HCC in vitro and in vivo. Thus,
circFAM134B is a key regulator of FAMI134B-
mediated ER-phagy and ferroptosis. These find-
ings indicated the potential application of molecu-
lar therapy targeting circFAM134B in liver cancer.

Several studies have reported the interaction
between circRNAs and RBPs, which offered new
ideas for circRNAs research [70,71]. Liu CX et al.
[46], Tsitsipatis D et al. [47] found that circRNAs
and homologous linear mRNAs could bind to the
same proteins competitively, leading to changes in
linear mRNAs expression and translation. Li
S et al. [48] revealed that circFAMI20A prevented
FAMI120A mRNA from binding to the m®A reader
and IGF2BP2 protein, which affected the transla-
tion of FAMI20A required for proliferation. To
explore the precise regulatory network of ER-
phagy, we further investigated the specific regula-
tory mechanism of circFAM134B on FAMI134B
mRNA. Our present study identified that
circFAM134B was confirmed to act as a sponge
which competitively interacted with PABPC4,
thereby influencing FAMI134B mRNA nonsense
decay.

PABPC4 belongs to the poly(A) binding protein
family, which is a class of highly conserved RBPs.
They are commonly found in eukaryotes and con-
tain four RNA recognition motifs at their
N-termini. PABPC4 is widely distributed in the
cytoplasm and closely related to various metabolic
activities of mRNAs in cells, including translation
initiation [72] and mRNAs stability [73]. Our
study confirmed that PABPC4 was a key RBP
that affected the stability of FAMI134B mRNA.
An important paralogous homolog of PABPC4 is
PABPCI. Studies showed that PABPC1 could use
the long 3’'UTR to regulate mRNA stability via the
NMD mechanism and found that NMD would

pcDNA) in HCC cells which were measured the relative luciferase activity (firefly/renilla). d. the pcDNA-PABPC4 obviously enhanced
luciferase activity in HCC cells transfected with Wild FAM134B 3' UTR-1 sequence compared with the Mutant one. e. the RIP assay was
used to evaluate enrichment of FAM7134B mRNA in UPF1-RNA binding complexes, using anti-lgG as a negative control. f. the
expression of FAM134B in HCC cells transfected with si-UPF1 (or NC) was identified by gRT-PCR. Agarose gel electrophoresis
visualized the products. g. the expression of TPI-4MS2-FAM134B was identified by qRT-PCR. Agarose gel electrophoresis visualized
the products. The error bars represented the standard deviation (SD) of at least three independent experiments. *P < 0.05.



only be triggered by removing the last PABPC
binding site [52]. The present study further iden-
tified that PABPC4 antagonized NMD when teth-
ered downstream of the termination codon.
According to previous studies, there were sev-
eral ways about the regulation of circRNAs as
follows. Increased MBL leaded to reduce Mbl
mRNA splicing by promoting the back-splicing
of circMbl and augmented circMbl [74].
circBIRC6 contained miR-34a and miR-145 bind-
ing sites that modulated human cell pluripotency
and differentiation [75], and circHIPK2 contained
one miR124-2HG binding site that modulated
astrocyte activation [76]. Across the BSJ site,
CKAP5 mRNA bound circZNF609 to facilitate
Human antigen R (HuR) binding, which increased
the stability and translation of CKAP5 mRNA [77].
Hafez AK et al. [78] found that circHomerl
reduced synaptic translation of Homerlb mRNA
by binding to its 3’'UTR near the predicted neural
Hu protein D (HuD)-binding sites. Abdelmohsen
K et al. [79] demonstrated that HuR could posi-
tively regulate the translational expression of
PABPNI1, whereas circPABPN1 regulated the
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promotive effects of HuR on PABPNI translation
by suppressing HuR binding to PABPNI mRNA.
In summary, the roles of circRNAs in regulating
RNA include modulation of transcription, protein
sponges, miRNA sponges, translation, and signal-
ing pathways. Interestingly, our research suggested
that PABPC4 might be sensitive to binding sites at
the beginning of FAMI134B 3’UTR. Then, we
further demonstrated that PABPC4 stabilized
FAM134B mRNA by antagonizing NMD when
tethered at the beginning of the 3’UTR. Among
the regulatory mechanisms of circRNAs, the NMD
mechanism has not been reported.

NMD (Figure 7) is an mRNA degradation path-
way that removes transcripts containing prema-
ture termination codons (PTCs) [80,81]. There
are two main models for NMD in eukaryotic
cells. One is the “exon-junction complex (EJC)
model”, in which EJC is more than 50-55 nucleo-
tides downstream of the PTC and triggers NMD.
Another model proposes that the distance of the
stop codon from the poly(A) tail facilitates the
targeting of NMD [82]. Amrani N et al. [83]
revealed that NMD was triggered by a ribosome’s

S

5’UTR
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Figure 7. The nonsense-mediated RNA decay (NMD) mechanism UPF1 remains stably bound only to NMD target mRnas. UPF1 also
binds to UPF2, that activates its RNA-helicase activity. UPF2 also binds to UPF3B, which, in turn, interacts with the exon-junction
complex (EJC) that bind near exon-exon junctions in RNAs after they are spliced in the nucleus. EJC-bound RNAs are then
transported to the cytoplasm, where accessory proteins, including the EJC protein MLN51 are recruited. During this chain of events,
SMG?1 phosphorylates UPF1, since phosphorylated UPF1 binds to the RNA endonuclease SMG6, which is known to cleave NMD target
mRnas. Phosphorylated UPF1 also recruits the SMG5-SMG7 heterodimer.
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failure to terminate adjacent to a properly config-
ured 3’'UTR. Yepiskoposyan H et al. [84] demon-
strated that the median 3’UTR length for the genes
stabilized by UPF1 was longer than the median
human 3’UTR length. And this reinforced the
notion that long 3'UTRs indeed constituted an
important NMD-inducing feature of endogenous
mRNAs. Thus, the long 3’'UTR plays an important
role in NMD. Meanwhile, authoritative research
showed that NMD profoundly impacted the muta-
genic landscape of tumors [80]. Lindeboom et al.
[85] found that the last exon and 55-nucleotide
boundary rules accounted for almost half of the
variation in NMD efficiency across PTCs observed
in human tumors. Hu et al. [86] revealed that
different tumor types depended on the tumor sup-
pressor genes that most frequently harbored
NMD-elicited mutations. Wang et al. [87] discov-
ered that the human PC3 prostate cancer cell line
repressed NMD magnitude when grown as
a three-dimensional tumor in vivo than as
a monolayer in vitro. These results indicate that
NMD plays a key role in cancer. However, many
outstanding questions remain unanswered. For
example, which specific steps of tumorigenesis
are affected by NMD? Does NMD promote some
stages of tumor development and hinder other
stages? Solutions to these problems may bring
new hope for human cancer treatment. Our
study discovered that PABPC4 could antagonize
NMD (triggered by FAM134B) through FAM134B
3’UTR. Thus, our results revealed that targeting
NMD on FAM134B might be the potential therapy
options in HCC. However, the mechanism by
which FAM134B mRNA is recognized as an
NMD target should be further explored.

In recent years, RCD-related exploratory work
has broadened and deepened our knowledge of cell
death patterns, where as many as 12 RCDs have
been discovered and have been systematically stu-
died [88]. Ferroptosis is one of the hotspots, and the
elucidation of its regulatory pathways provides
a new theoretical basis for targeted cancer treatment.
However, from the macro-level analysis, the simple
regulation of ferroptosis pathway is not an ideal
strategy. There are complex interaction networks
and linkages among various RCDs. Hence, it has
become an inevitable trend to explore the interac-
tion among different RCDs in depth while studying

the molecular mechanism of a single RCD. In this
research, we proposed that lenvatinib could induce
ER-phagy and ferroptosis in HCC cells.
circFAM134B was confirmed to competitively inter-
acted with PABPC4, thereby influencing FAM134B
mRNA nonsense decay. The results of this featured
study are expected to further improve the ferropto-
sis sensitivity of HCC cells. Targeting circFAM134B-
PABPC4-FAM134B axis can provide new ideas and
strategies to address the issue of resistance to liver
cancer treatment.
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