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Abstract

Hepatocellular carcinoma (HCC) is a common malignant tumor with a high recurrence rate and a poor prognosis. Long
intergenic nonprotein coding RNA 942 (LINC00942) is reported to be related to ferroptosis and the immune response in
HCC and serves as an oncogene in various cancers. This research aimed to explore the contribution of LINC00942 in HCC
progression. Functional assays were used to evaluate the functional role of LINC00942 in vitro and in vivo. Mechanistic
assays were conducted to assess the association of LINC00942 with insulin-like growth factor 2 mRNA binding protein
3 (IGF2BP3) and solute carrier family 7 member 11 (SLC7A11) and the regulatory pattern of LINC00942 in HCC cells.
LINCO00942 was found to exhibit upregulation in HCC tissue and cells. LINC00942 facilitated HCC cell proliferation, sup-
pressed ferroptosis, and converted naive CD4" T cells to inducible Treg (iTreg) cells by regulating SLC7A11. Furthermore,
SLC7A11 expression was positively modulated by LINC00942 in HCC cells. IGF2BP3 was a shared RNA-binding protein
(RBP) for LINC00942 and SLC7A11. The binding between the SLC7A11 3’ untranslated region and IGF2BP3 was veri-
fied, and LINC00942 was found to recruit IGF2BP3 to promote SLC7A11 mRNA stability in an m6A-dependent manner.
Moreover, mouse tumor growth and proliferation were inhibited, and the number of FOXP3*CD25" T cells was increased,
while ferroptosis was enhanced after LINC00942 knockdown in vivo. LINC00942 suppresses ferroptosis and induces Treg
immunosuppression in HCC by recruiting IGF2BP3 to enhance SLC7A11 mRNA stability, which may provide novel thera-
peutic targets for HCC.
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Introduction

Primary liver cancer ranked as the sixth among frequently
diagnosed tumors and the third among causes of cancer-
related mortality globally in 2020 (Sung et al. 2021). Hepa-
tocellular carcinoma (HCC) is the most common primary
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In contrast to autophagy, necroptosis, and other forms of
regulated cell death, ferroptosis induces cell death inde-
pendent of DNA damage (Lei et al. 2020). Moreover, fer-
roptosis dysregulation gets involvement in the progression
of various cancers as a risk factor that promotes tumor
growth. For instance, ITGB2-AS1 promotes non-small-cell
lung cancer cisplatin resistance via repressing p53-medi-
ated ferroptosis (Chen et al. 2023). Linc00976 exerts a
vital role in elevating cholangiocarcinoma tumorigenesis
and metastasis and inhibiting ferroptosis (Lei et al. 2022).
The impact of ferroptosis underlying HCC has also been
demonstrated (Manz et al. 2016; Mou et al. 2019; Nie
et al. 2018). Activated CD8* T cells enhance tumor cell
ferroptosis, which leads to advancements in immunother-
apy (Wang et al. 2019b). Enhanced ferroptosis induces
immunosuppression in glioblastoma via the activation and
infiltration of immune cells (Liu et al. 2022). Ferroptosis
is also implicated in the construction of the immunosup-
pressive HCC tumor microenvironment (Hu et al. 2022).
Therefore, inducing ferroptosis may be a potentially effec-
tive option for HCC treatment.

Long noncoding RNAs are transcripts longer than 200
nucleotides with no protein coding abilities. LncRNAs
are implicated in various physiological and pathological
processes via diverse mechanisms (Schmitz et al. 2016).
Many IncRNAs have been demonstrated to regulate HCC
progression (Wang et al. 2017b, 2019a; Wu et al. 2021).
Long intergenic noncoding RNA 00942 (LINC00942)
is a cancer promoter in various tumors. For example,
LINCO00942 facilitates growth of lung adenocarcinoma by
targeting miR-5006-5p to upregulate FZD1 (Wang et al.
2021). LINCO00942 enhances gastric cancer chemoresist-
ance by inhibiting apoptosis and inducing stemness (Zhu
et al. 2022). Moreover, LINC00942 is also reported to be
correlated with ferroptosis and the immune response in
HCC, and its upregulation predicts adverse prognosis in
HCC patients (Xu et al. 2021b). Intriguingly, LINC00942
has also been validated as an immune-related gene in HCC
(Xu et al. 2021a). It has been demonstrated that IncRNAs
can exert biological functions by sequestering miRNAs
or recruiting RNA binding proteins (RBPs) to regulate
miRNAs (Gong et al. 2023; Wang et al. 2023b). However,
explicit underlying mechanism by which LINC00942 regu-
lates ferroptosis and the immune response in HCC remains
indistinct.

This research attempted to investigate the contribu-
tion of LINC00942 in ferroptosis and immune response
underlying HCC. We hypothesized that LINC00942
might promote HCC progression by suppressing fer-
roptosis and inducing the immunosuppression of HCC
Tregs. This research may provide novel biomarkers for
HCC therapy.
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Methods
Reagents

Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing fetal bovine serum (FBS), penicillin—streptomycin, and
actinomycin D was purchased from Sigma-Aldrich (USA).
TRIzol reagent, Lipofectamine 3000, anti-insulin-like growth
factor 2 mRNA binding protein 3 (IGF2BP3) primary anti-
body, bicinchoninic acid (BCA) kit, electrochemiluminescence
(ECL) kit, BODIPY-C11, and SYBR Premix Ex Taq were pur-
chased from Thermo Fisher Scientific (USA). The CCK-8 rea-
gent was purchased from Dojindo Laboratories (Kumamoto,
Japan). EdU reagent and RIPA lysis buffer were purchased
from Beyotime (Shanghai, China). Anti-solute carrier family
7 member 11 (SLC7A11), anti-m6A, anti-U2AF2, anti-IgG
antibodies, and an iron assay kit were purchased from Abcam
(Shanghai, China). A fluorescence in situ hybridization (FISH)
kit was purchased from RiboBio (Guangzhou, China). The
Magna MeRIP m6A kit was purchased from Millipore (USA).
The Magnetic RNA Protein Pull-Down Kit was purchased
from Pierce (USA).

Cell culture and treatment

HCC cell lines (HepG2, HuH-7, Li-7) and the normal adult
liver epithelial cell line THLE-2 were obtained from Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA)
and incubated in DMEM containing 10% FBS and 1:100
penicillin—streptomycin in a humidified incubator at 37 °C
with 5% CO,. The mRNA stability was assessed with 50-mM
actinomycin D treatment for another 6, 12, 18, and 24 h (Shen
et al. 2023). Finally, RNA was isolated from HCC cells using
TRIzol reagent and quantified using qRT-PCR with glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) as the control.

Cell transfection

Short-harpin RNAs (shRNAs) against LINC00942 (sh-
LINCO00942-1, sh-LINC00942-2) and IGF2BP3 (sh-
IGF2BP3-1, sh-IGF2BP3-2), pcDNA3.1/LINC00942, and
pcDNA3.1/SLC7A11 were provided by Genomeditech
(Shanghai, China). HCC cells were grown in 6-well plates
and transfected with the above plasmids with Lipofectamine
3000. After transfection for 48 h, the HCC cells were collected
for further study.

Cell counting kit-8 assay
A CCK-8 assay was conducted to assess HCC cell viability s

(Zhao et al. 2023). The transfected cells (1.5 x 10 cells/well)
were grown in 96-well plates for 48 h. Next, CCK-8 reagent
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(10 uL) was added for incubation for 2 h. The viability was
determined by detecting the absorbance at 450 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA). There are
three biological replicates for CCK-8 assay.

EdU staining

An EdU kit was used to detect HCC cell proliferation (Hou
et al. 2023). The transfected HCC cells were grown in
24-well plates at 5x 10* cells/well. EdU reagent was added
according to the manufacturer’s instructions. After wash-
ing with PBS, the cells were stained with DAPI for 5 min.
Finally, EdU-positive cells were observed under a fluores-
cence microscope and quantified using ImageJ software in
five randomly chosen visual fields. There are three biological
replicates for EAU staining assay.

qRT-PCR

Total RNAs were isolated from HCC cells using a TRIzol
reagent kit and reverse transcribed into complementary
DNAs (cDNAs). qRT-PCR was performed with SYBR Pre-
mix Ex Taq in the StepOne Plus system. The 27244 method
was used for RNA expression quantification with GAPDH
as the reference gene, whose stability was determined by
a computational software RefFinder (Xie et al. 2012). The
sequences of the primers were as follows: LINC00942:
F: 5-GTTTCCCTGGAAACACCAC-3', R: 5" TTGAAC
ATGAAGGCAGGTG-3'; SLC7A11: F: 5'-CATCGTCCT
TTCAAGGTGC-3', R: 5'-"ATAGAGGGAAAGGGCAAC
C-3'; IGF2BP3: F: 5'-GAACACTGACTCGGAAACTG-3,
R: 5'-TTCAGTTTGTCTAGTGCTTGTC-3'; ABCB6: F:
5'"TTCGTCGTGCTATGAACAC-3', R: 5-TGTAATACT
TCACCGTCTCGA-3'; and GAPDH: F: 5'-CCTCCTGTT
CGACAGTCAG-3', R: 5'-CATACGACTGCAAAGACC
C-3'. There are three biological replicates and three technical
replicates for gRT-PCR. There are three biological replicates
for qRT-PCR.

Western blotting

Total protein in HCC cells was isolated with radioimmu-
noprecipitation assay (RIPA) buffer, and concentration of
proteins received determination by a BCA kit. After loading
50 pg of protein for each sample on a polyacrylamide gel
for electrophoresis, the proteins were electrotransferred onto
nitrocellulose membranes. Next, the membranes received
blocking with 5% BSA and then incubated with primary
antibodies, including anti-SLC7A11 (ab175186, 1:1000) and
anti-IGF2BP3 (PA5-86040, 1:1000), at 4 °C overnight with
B-actin as the internal control. Then, membranes received
incubation with secondary antibody for another 2 h (Hou
et al. 2023). The protein band signal was imaged with an

ECL kit and quantified by ImagelJ software. There are three
biological replicates for western blotting.

RNA immunoprecipitation

The interaction of LINC00942 and the SLC7A11 3'UTR
with corresponding RBPs was explored using a RNA
immunoprecipitation (RIP) assay with the Magna RIP
RNA-Binding Protein Immunoprecipitation Kit (Hou et al.
2023). Briefly, HCC cells were lysed with RIPA buffer for
5 min. Moreover, cells received incubation with antibodies
against U2AF2, IGF2BP3, and m6A and negative control
IgG conjugated with magnetic beads for immunoprecipita-
tion at 4 °C overnight. Finally, proteinase K was used to treat
the samples, and RNAs was isolated and subjection to qRT-
PCR. The SLC7A11 3'UTR is shown in the supplementary
file. There are three biological replicates for RIP assay.

RNA pulldown

An RNA pulldown assay received performance to further
analyze the binding between LINC00942 and IGF2BP3 in
HCC cells. The Magnetic RNA Protein Pull-Down Kit was
used for RNA pulldown assay according to the manufac-
turer’s guidance. HCC cell lysates were cultured with bioti-
nylated LINC00942 (RiboBio) and streptavidin-agarose
beads. Finally, the proteins were washed and eluted from
the beads, separated by SDS-PAGE, and further analyzed
using western blotting. There are three biological replicates
for RNA pulldown assay.

RNA fluorescence in situ hybridization

A FISH kit was used to detect distribution of LINC00942
and IGF2BP3 in HCC cells (Huang et al. 2023). The probes
for LINC00942 and IGF2BP3 were provided by RiboBio.
After treating the HCC cells with 4% paraformaldehyde
and 0.5% Triton X-100 for fixation and permeabilization
for 30 min at 4 °C, the HCC cells that underwent prehy-
bridization received culture with LINC00942 and IGF2BP3
probes overnight at 37 °C. DAPI was used to counterstain
cell nuclei. A fluorescence microscope was used to take pho-
tos and analyze localization of LINC00942 and IGF2BP3.
There are three biological replicates for FISH assay.

MeRIP-qPCR

m6A RNA immunoprecipitation (MeRIP) was performed as
previously described using a Magna MeRIP m6A kit (Yang
et al. 2020). There are three biological replicates for MeRIP.

@ Springer



29 Page4of 14

Functional & Integrative Genomics (2024) 24:29

Flow cytometry

Flow cytometry analysis was performed for lipid ROS meas-
urement (Yu et al. 2023). HCC cells were grown in 6-well
plates at 2x 10° cells/well. After treatment with 2 uM erastin
or an equal volume of DMSO for 12 h, the culture medium
received clearing and washing with PBS. Next, HCC cells
received staining with BODIPY-C11 (5 uM) for 20 min at
37 °C. After washing twice with PBS and filtering with a
0.4-pM cell filter, flow cytometry was used to assess intra-
cellular lipid ROS. The iTreg cells were generated in vitro.
The transfected HCC cells received coculture with CD4*
T cells for 48 h, and proliferation of CD4* T cells received
assessment by CFSE staining using flow cytometry. Anti-
bodies including APC-anti-CD4 or PE-Cy7-anti-CD4
APC-anti-CD25, PE-anti-FOXP3, PE-anti-CTLA4, PE-anti-
TIGIT, PE-anti-TNFRSF4, or isotype controls provided by
Invitrogen (USA) were utilized for analyzing the phenotype
of various Tregs. FOXP3/CD25/CTLA4/TIGIT/TNFRSF4
staining was performed with Fix/Perm buffer (Invitrogen,
USA). After staining, cells received washing and fixation
with 2% paraformaldehyde before analysis through flow
cytometry. The results were analyzed using FlowJo soft-
ware. There are three biological replicates for flow cytom-
etry analysis.

Iron assay

An iron assay kit was used to detect intracellular Fe?* level
or the total iron content (Yu et al. 2023). HCC cells grown in
10-cm? plates (5 x 10° cells/plate) or xenograft tumor tissue
sections received treatment with erastin or DMSO for 12 h.
After cells or slides received washing with cold PBS, they
received mixing with iron assay buffer on ice and centrifuga-
tion at 4 °C for 10 min; the supernatant received collection
and addition to iron reducer for 30 min. Moreover, the iron
probe (100 pL) received addition and mixing, and sample
received incubation for 1 h. Finally, a microplate reader was
used to assess absorbance at 593 nm. There are three bio-
logical replicates for iron assay.

Xenograft mouse models

Ten SCID or NOD/SCID male mice (4-6 weeks, weight
20+2 g) were obtained from Vital River Laboratory Animal
Technology (Beijing, China) and divided into two groups
(n=35 per group). The mice were maintained at 24 +2 °C
under 12-h lighting cycles with free access to food and
water. The animal experiments were conducted between
June 2022 and July 2022 under the approval of the Gen-
eral Hospital of Ningxia Medical University (ethic approval
number: KYLL-2023-0500). Furthermore, 200 pL of HepG2
cells (5 x 10° cells) harboring sh-NC or sh-LINC00942 was
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subcutaneously injected into right flank of mice. Tumor vol-
ume received monitoring every 3 days starting from when it
appeared. The mice received sacrificing on the 30th day by
cervical dislocation, and tumors were excised and weighed
(Wang et al. 2023a). The tumors were stored on ice for
subsequent assays. There are five biological replicates for
in vivo assays.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
Software (version 8, La Jolla, CA, USA). Student’s ¢ test
was used to analyze differences between two groups, and
one-way ANOVA was used for comparisons of more than
two groups. There are three biological replicates for in vitro
assays and five biological replicates for in vivo assays. Sta-
tistical significance was exhibited when p value <0.05.

Results

LINC00942 inhibits ferroptosis and promotes
the proliferation of HCC cells

LINCO00942 has been reported as a tumor promoter in
various cancers, including lung adenocarcinoma (Xi and
Wang 2021), breast cancer (Sun et al. 2020), and gastric
cancer (Zhu et al. 2022). However, its explicit function and
regulatory mechanism in HCC are unknown. We hypoth-
esized that LINC00942 might promote HCC progression
by serving as an oncogene. The effects of LINC00942 on
HCC proliferation and ferroptosis were first explored in
this study. LINC00942 was demonstrated to be upregulated
in HCC cell lines, especially in HepG2 and HuH-7 cells,
compared with normal adult liver epithelial THLE-2 cells
(Fig. 1A; p<0.001, n=3). The silencing efficiency of sh-
LINC00942-1 and sh-LINC00942-2 was validated using
qRT-PCR analysis (Supplementary Fig. 1b). As revealed by
the EAU and CCK-8 assays, the proliferation and viability
of HCC cells were significantly inhibited after LINC00942
knockdown (Fig. 1B, C; p<0.001, n=3). The overexpres-
sion efficiency of LINC00942 was verified, as shown in Sup-
plementary Fig. 1C. Because of the critical involvement of
Fe* and lipid ROS in the ferroptosis process (Wang et al.
2017a), we further investigated the accumulation of Fe?+,
lipid ROS, and iron levels in HCC cells under different
treatments. Compared with the control group, the group
treated with erastin, a ferroptosis activator, showed a sig-
nificant increase in the levels of Fe** in HCC cells, which
was reversed by the overexpression of LINC00942 (Fig. 1D;
p<0.001, n=3). According to flow cytometry analysis, the
intracellular lipid ROS level showed a significant increase
in the erastin-treated groups (p =0.0002 in HepG2 cells,
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Fig.1 LINC00942 regulates the proliferation and ferroptosis of
HCC cells. A Comparison of the expression of LINC00942 in HCC
cell lines (HepG2, HuH-7, Li-7) and normal adult liver epithelial
THLE-2 cells. B An EdU assay was conducted to assess HCC cell
proliferation after LINC00942 silencing. Scale bar: 50 pm. C HCC
cell viability was determined using a CCK-8 assay. D Relative levels

p=0.0009 in HuH-7 cells), while LINC00942 overexpres-
sion attenuated the erastin-induced increase in lipid ROS
levels (Fig. 1E; p<0.001 in HepG2 cells, p=0.0002 in
HuH-7 cells, n=3). Similarly, the increase in iron levels by
erastin treatment (p =0.0004 in HepG2 cells, p=0.0002 in
HuH-7 cells) was attenuated after LINC00942 upregulation
(Fig. 1F; p=0.0025 in HepG2 cells, p =0.0008 in HuH-7
cells, n=23). Overall, the results indicate that LINC00942
facilitates HCC cell proliferation and inhibits ferroptosis.

LINC00942 inhibits HCC ferroptosis by regulating
SLC7A11

Based on previous studies (Xu et al. 2021a, b), LINC00942
is proposed to be related to ferroptosis and the immune
response in HCC. We further explored the molecular
mechanism by which LINC00942 inhibits HCC ferrop-
tosis. Four ferroptosis-related genes (ABCB6, FLVCRI1,

of Fe2* in HCC cells after erastin treatment and LINC00942 overex-
pression. E Flow cytometry analysis was used to detect the intracel-
lular lipid ROS levels in HCC cells after the indicated treatments. F
The iron levels in HCC cells were quantified using an iron assay Kit.
*#*p <0.01, ***p <0.001. There are three biological replicates

SLC48A1, and SLC7A11) were previously reported to be
involved in the response to immunotherapy in HCC (Tang
et al. 2020). Thus, we further investigated the correlation
of LINC00942 and the four candidate genes in the GEPIA
database. ABCB6 and SLC7A11 were chosen under the con-
dition of R>0.3 (p <0.05) (Supplementary Fig. 2a). Then,
we investigated whether LINC00942 regulated the two genes
in HCC cells. qRT-PCR analysis showed that both SLC7A11
and ABCB6 were downregulated after LINC00942 silenc-
ing, and SLC7A11 exhibited a more significant reduction
than ABCB6 (Fig. 2A; p<0.001, n=3). Thus, SLC7A11
was selected for further study. According to the western blot
analysis, the protein levels of SLC7A11 were also signifi-
cantly reduced after LINC00942 knockdown in HCC cells
(Fig. 2B). SLC7A11 overexpression efficiency was also
validated in HCC cells (Supplementary Fig. 2b). Then, we
explored the mechanism by which LINC00942 regulates
HCC ferroptosis. The results showed that the increase in
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relative Fe2* levels, intracellular lipid ROS levels, and iron
content induced by LINC00942 deficiency in HCC cells
were all reversed by SLC7A11 overexpression (Fig. 2C-E;
p<0.001, n=3). These findings suggest that LINC00942
suppresses HCC ferroptosis by upregulating SLC7A11.

LINC00942 converts naive CD4* T cells to iTreg cells
by regulating SLC7A11

Previous studies have revealed that LINC00942 is related to
the HCC immune response (Xu et al. 2021a, b). Regulatory
T cells (Tregs) suppress the immune response against self-
structures to prevent autoimmune diseases and are reported
to have inhibitory effects on antitumor immunity (Whiteside
2012). FOXP3™" T cells are a highly immunosuppressive sub-
set of CD4* T cells and serve as important regulators of the
phenotypes and immunosuppressive functions of Treg cells
(Togashi et al. 2019). As a functional component of system
Xc-, which imports extracellular cystine with intracellular
glutamate release at a ratio of 1:1, solute carrier family 7
member 11 (SLC7AT11, also known as xCT) acts as an onco-
gene against oxidative stress and ferroptosis and affects can-
cer phenotypes and the immune system (Lin et al. 2020b).
Recently, SLC7A11 has been reported as a key determinant
controlling the proliferation of Treg cells (Procaccini et al.
2021). SLC7A11 has been revealed to defend against oxida-
tive stress and promote cancer proliferation, and its inhibi-
tion induces tumor cell death under elevated intracellular
ROS. Moreover, SLC7A11 silencing is indicated to elevate
lipid ROS and inhibit GSH synthesis in ferroptosis (Kop-
pula et al. 2021). A previous study also suggested that the
effect of immunotherapy combined with radiotherapy was
enhanced with SLC7A11 inhibition (Lang et al. 2019). Thus,
we further investigated whether LINC00942 regulated the
proliferation and differentiation of Treg cells by modulating
SLC7A11. The transfected HCC cells (HepG2 and HuH-7)
were coincubated with CD4™ T cells for 48 h. According
to flow cytometry analysis, cell proliferation potential was
inhibited after LINC00942 silencing, which was reversed
by SLC7A11 overexpression (Fig. 3A; p<0.001, n=3).
Moreover, LINC00942 knockdown induced a significant
reduction in the expression levels of FOXP3/CD25, CTLAA4,
TNFRSF4, and TIGIT in CD4" T cells after coincubation
with transfected HCC cells, and this effect was reversed after
SLC7A11 overexpression (Fig. 3B-E; p<0.01, p <0.001,
n=3). These results indicated that LINC00942 converts
naive CD4* T cells to iTreg cells by regulating SLC7A11.

IGF2BP3 is a shared RBP for LINC00942 and SLC7A11
Next, the regulatory mechanism of LINC00942 on SLC7A11

was explored. The shared RBPs between LINC00942 and
SLC7A11 mRNA were searched in starBase. The RBPs
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for SLC7A11 were selected under CLIP-DaTa >3, Clus-
ter > 50. The RBPs for LINC00942 were screened under
CLIP-DaTa> 1 (Supplementary Fig. 3a). Two shared RBPs
(U2AF2 and IGF2BP3) of LINC00942 on SLC7A11 were
found (Fig. 4A). According to the RIP assay, LINC00942
was more significantly enriched in the anti-IGF2BP3 pre-
cipitates than in the control precipitates; thus, IGF2BP3 was
chosen for further study (Fig. 4B; p<0.001, n=3). IGF2BP3
is an RNA N6-methyladenosine (m6A) reader and regulates
mRNA stability (Yang et al. 2020). The SRAMP database
indicated the m6A sites in the SLC7A11 3'UTR with high
confidence (Supplementary Fig. 3b). The RIP assay also
revealed that the SLC7A11 3'UTR was highly enriched in
the anti-IGF2BP3 precipitates, implying that IGF2BP3 binds
with SLC7A11 3'UTR (Fig. 4C; p=0.001 in HepG2 cells,
p=0.0044 in HuH-7 cells, n=3). Furthermore, the results of
FISH assays demonstrated the colocalization of LINC00942
and IGF2BP3 in HCC cells (Fig. 4D). As revealed by RNA
pulldown and western blot assays, IGF2BP3 protein level
was evidently attenuated in complexes pulled down by
LINCO00942 and the SLC7A11 3'UTR (Fig. 4E, F). The
results suggested that IGF2BP3 bound to LINC00942 and
the SLC7A11 3'UTR in HCC cells.

LINC00942 recruits IGF2BP3 to promote SLC7A11
mRNA stability in an m6A-dependent manner

The explicit mechanism by which LINC00942 regulates
SLC7A11 was explored. Insulin-like growth factor 2
mRNA binding protein 3 (IGF2BP3) has been identified
as a m6A (N6-methyladenosine) reader that stabilizes
methylated mRNAs of oncogenic targets (Mancarella and
Scotlandi 2019). IGF2BP3 has been reported to be highly
expressed in colon cancer and promote cancer cell prolif-
eration by reading m6A modification of CCNDI1 (Yang
et al. 2020). The m6A modification is at the posttranscrip-
tional level and interprets RNA methylation information
and regulates downstream RNA translation and degrada-
tion (Wang et al. 2014). The effect of LINC00942 silenc-
ing on IGF2BP3 protein expression was assessed using
western blotting, and LINC00942 showed no significant
effect on IGF2BP3 protein levels in HCC cells (Fig. 5A).
Then, we knocked down IGF2BP3 in HCC cells; IGF2BP3
expression was significantly reduced after the transfec-
tion of sh-IGF2BP3-1 or sh-IGF2BP3-2 (Supplementary
Fig. 3c). As shown in Fig. 5B, C (p <0.001, n=3), the
SLC7A11 mRNA expression and protein levels showed
a significant decrease after silencing IGF2BP3 in HCC
cells. Since we found m6A sites in the SLC7A11 3'UTR
with high confidence (Supplementary Fig. 3b), we fur-
ther investigated whether IGF2BP3 regulated SLC7A11
through m6A modification using MeRIP assays. The
results showed that the SLC7A11 3'UTR was enriched in



Functional & Integrative Genomics (2024) 24:29 Page7of 14 29
A - -
: :
[ — ~ — — —
3 1.5 o 1.5 2 1.5 2 1.5
= = < <
@z HepG2 b HuH-7 = HepG2 5 HuH-7
1 1) .
S 101 S 1.0 £ g 10
S 5 7 -
2 2 g 2
et £
% 0.5 sk kKGR i 0.5 eww  EEE 2 g 054 HEk ey
w w o 9
2 D o )
N @ > >
Z 2 = =
sz 0.0 E 00— = =
< > 0 S P & . O N W
& A A A &
R ) ¥ ¥ S
& O & O & O
S S S
F 3 F ¥ & 3
4- HepG2 4- HuH-7
HepG2 HuH-7 E oo % 3k k E Kk % %k
=2 3- = 3 — —
+ +
SLC7A11 | — & &
- — | — &, £ 24
z z
- s 14 s 14
co | - || —-———-— : :
0- 0-
a $C 'V\ 0
(4% (4 9 td by
& C“Qq $C§Qq ™ CQQQ $0“Qq 'éc bu;\ V:"\ A V’\\ §O b‘,\ y:b> R yv\\
ST SRS ¥ T B e
R X S &Y S e
SOt RO
F & ¥
NS NP
O O R
s N s
N W R
& & § &
O &
» »
& &
D HuH-7 E
HepG2 ¢ 3k k 3 3k HepG2 l:::il 7
3 4T ep 3 37 —_— 39 sssx %% _ 34 £k ok
2 2 ) o
2 ] e 2 o :
=} (@] - = 2
& & = 2 g
Z 4 = E =
. 2. ° ®
= = > 2
o o = 14 - 14
z 14 z = k-
= = & &
@ D
~ 0- =4 0-
C AN DD AR
SV ARG S
¥ & VG\V ¥ T8
sU R N0 U
AN Y » P
F M F S
NP NI
O R &R
SN SN
PR PR
Ry ¥ &
< o
» o o
& & &

Fig.2 LINCO00942 inhibits HCC ferroptosis by regulating SLC7A11.
A gRT-PCR analysis for quantifying mRNA levels of SLC7A11
and ABCB6 in HCC cells after LINC00942 silencing. B West-
ern blot analysis was used to assess protein levels of SLC7A1l in

LINC00942-silenced HCC cells. C-E Relative Fe?* levels, intracel-
lular lipid ROS levels, and iron levels in HCC cells with LINC00942
deficiency and SLC7A11 overexpression. ***p<0.001. There are

three biological replicates
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assess proliferation of CD4" T cells after coincubation with trans-
fected HCC cells for 48 h. B-F The effect of LINC0094 knockdown

the anti-m6A precipitates, which suggested an interaction
between IGF2BP3 and SLC7A11 (Fig. 5D; p=0.0002,
n=23). Then, the mRNA stability of SLC7A11 was exam-
ined in HCC cells treated with 50 mM actinomycin D.
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and SLC7A11 overexpression on the expression of Treg cell signa-
ture genes (FOXP3/CD25, CTLA4, TNFRSF4, TIGIT) in CD4*
T cells after coincubation with transfected HCC cells. **p<0.01,
*#%p <(0.001. There are three biological replicates

SLC7AT11 transcription was inhibited after LINC00942
silencing compared with that in the p-actin group (Fig. SE;
p=0.0030 in HepG2 cells, p=0.0012 in HuH-7 cells,
n=23). Furthermore, RIP assays showed that LINC00942
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Fig.4 IGF2BP3 is a shared RBP for LINC00942 and SLC7A11. A
The shared RBPs (U2AF2, IGF2BP3) of LINC00942 on SLC7A11
were revealed by starBase (http://starbase.sysu.edu.cn/). B A RIP
assay assessed binding of LINC00942 and U2AF2 or IGF2BP3. C
A RIP assay was used to assess binding of the SLC7A11 3'UTR and

silencing significantly reduced the enrichment of the
SLC7A11 3'UTR in the anti-IGF2BP3 precipitates, which
indicated that LINC00942 promotes the binding between
SLC7A11 and IGF2BP3 (Fig. 5F; p<0.001, n=3).
Overall, these results revealed that LINC00942 recruits
IGF2BP3 to increase the mRNA stability of SLC7A11 in
an m6A-dependent manner.

IGF2BP3. D A FISH assay was conducted to detect colocalization of
LINC00942 and IGF2BP3 in HCC cells. Scale bar: 50 pm. E and F
RNA pulldown and western blot assays were used to further explore
the binding between IGF2BP3 and LINC00942 or the SLC7A1l
3'UTR. **p<0.01, ***¥p <0.001. There are three biological replicates

LINC00942 inhibits ferroptosis and induces
immunosuppression via Tregs

Next, we explored the function and mechanism of
LINCO00942 in HCC in vivo. The xenograft mouse models
were successfully established by inoculating HepG2 cells
transfected with sh-NC and sh-LINC00942-1. The tumor
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Fig.5 LINC00942 recruits IGF2BP3 to promote SLC7A11 mRNA
stability in an m6A-dependent manner. A The effect of LINC00942
silencing on IGF2BP3 protein expression was detected by west-
ern blotting. B and C SLC7A11 mRNA expression and protein lev-
els in IGF2BP3-silenced HCC cells. D The regulation of SLC7A11
by IGF2BP3 was explored using m6A RNA immunoprecipitation

volume and growth rate were significantly decreased after
the knockdown of LINC00942 (Fig. 6A; p<0.001, n=5).
The tumor size and weight were also evidently declined
in the sh-LINCO00942-1 groups (Fig. 6B, C; p=0.0006,
n=35). Ki-67 expression was reduced after LINC00942
silencing in HCC tumor tissues (Fig. 6D; p <0.001,
n=>5). Moreover, the Fe?* levels and intracellular lipid
ROS levels in mouse tumor tissues showed a marked ele-
vation, while the numbers of FOXP3TCD25% and CD8*
Treg cells in tumors were reduced, which revealed that
LINCO00942 inhibits ferroptosis and induces immunosup-
pression (Fig. 6E-H; p <0.001, n=35).

Collectively, LINC00942 was demonstrated to promote
HCC cell proliferation, inhibit ferroptosis, and trigger
immunosuppression through regulating SLC7AI11 in a
m6A-dependent manner mediated by IGF2BP3 (Fig. 7).
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(MeRIP) assays. E SLC7A11 mRNA stability was examined in
HCC cells treated with 50 mM a-amanitin posttransfection with sh-
LINC00942-1. F A RIP assay was performed to examine LINC00942
impact on the binding between SLC7A11 and IGF2BP3. **p <0.01,
*##%p <(0.001. There are three biological replicates

Discussion

Previously, silencing of IncRNA DUXAPS8 was found
to synergistically enhance sorafenib-induced ferroptosis
in HCC through SLC7A11 depalmitoylation (Shi et al.
2023). HDLBP-stabilized IncFAL suppresses ferropto-
sis vulnerability by diminishing Trim69-dependent FSP1
degradation in HCC (Yuan et al. 2022). LncRNAs can
mediate ferroptosis in HCC in an RBP-dependent manner.
Nevertheless, there are few reports on the roles of immu-
nosuppression of regulatory T cells in IncRNA-mediated
ferroptosis in HCC. In this study, we clarified the func-
tion and mechanism of LINC00942 in the progression of
HCC in vitro and in vivo. LINC00942 was demonstrated
to promote HCC cell proliferation, inhibit ferroptosis,
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Fig.6 LINCO00942 inhibits ferroptosis and induces immunosup-
pression via Tregs. A The tumor volume was assessed every 3 days
beginning on day 7 in the sh-NC and sh-LINC00942-1 groups.
N=5. B Images of mouse tumors in the sh-NC or sh-LINC00942-1
groups. N=5. C The mouse tumor weight in the two groups. N=5.

and convert naive CD4* T cells to iTreg cells by regu-
lating SLC7A11. The mechanism by which LINC00942
regulates SLC7A11 was further explored. We found that
IGF2BP3 was a RBP for LINC00942 and SLC7A11 and
that LINC00942 recruited IGF2BP3 to promote SLC7A11
mRNA stability in an m6A-dependent manner. Xenograft
mouse models were established, and experiment results
revealed that LINC00942 suppressed HCC ferroptosis and
induced immunosuppression via Tregs in vivo. Thus, our
research supplemented findings on roles of the immuno-
suppression of regulatory T cells in IncRNA-RBP func-
tions in HCC.

LINCO00942 has been reported as a tumor promoter in
various cancers, including lung adenocarcinoma (Xi and
Wang 2021), breast cancer (Sun et al. 2020), and gastric
cancer (Zhu et al. 2022). However, its explicit function and
regulatory mechanism in HCC are largely unknown. Based

D Ki-67 expression in tumor tissues was assessed using immuno-
histochemistry. N=5. Scale bar: 150 pm. E and D Fe?* levels and
intracellular lipid ROS levels in mouse tumor tissues. N=5. G and
H FOXP3*CD25% and CD8" Treg cells in mouse tumors. N=5.
*#%p <0.001. There are five biological replicates

on previous studies (Xu et al. 2021a, b), LINC00942 is pro-
posed to be related to ferroptosis and the immune response
in HCC. In this study, we found that LINC00942 was upreg-
ulated in HCC tissues and cells. LINC00942 deficiency
suppressed HCC cell proliferation. The erastin-induced
increase in intracellular lipid ROS levels and iron content
was significantly reversed after LINC00942 overexpression.
Regulatory T cells (Tregs) suppress the immune response
against self-structures to prevent autoimmune diseases and
are reported to have inhibitory effects on antitumor immu-
nity in certain settings (Whiteside 2012). FOXP3* T cells
are a highly immunosuppressive subset of CD4" T cells and
serve as important regulators of the phenotypes and immu-
nosuppressive functions of Treg cells (Togashi et al. 2019).
We found that LINC00942 inhibited HCC ferroptosis and
converted naive CD4" T cells to iTreg cells in vitro. The
number of FOXP3*CD25tCD4" T cells was significantly
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decreased after LINC00942 silencing in HCC cells. Results
form in vivo assays also revealed that LINC00942 sup-
pressed HCC tumor cell proliferation and tumor growth and
induced immunosuppression by inducing Treg cells.

SLC7AI11 acts as an oncogene against oxidative stress
and ferroptosis and affects cancer phenotypes and the
immune system (Lin et al. 2020b). It has been revealed to
defend against oxidative stress and promote cancer prolif-
eration, and its inhibition induces tumor cell death under
elevated intracellular ROS. Moreover, SLC7A11 silencing
is indicated to elevate lipid ROS and inhibit GSH synthe-
sis in ferroptosis (Koppula et al. 2021). A previous study
also suggested that the effect of immunotherapy combined
with radiotherapy was enhanced with SLC7A11 inhibi-
tion (Lang et al. 2019). In our study, we also found that
LINCO00942 suppressed ferroptosis by regulating SLC7A11.
LINC00942 expression was revealed to be positively cor-
related with SLC7A11 in HCC tissues. SLC7A11 mRNA
and protein levels were also decreased in HCC cells with
silenced LINC00942. The inhibition of HCC ferroptosis and
iTreg differentiation induced by LINC00942 deficiency were
reversed by SLC7A11 overexpression.

IGF2BP3 has been identified as an m6A (N6-methyladen-
osine) reader that stabilizes methylated mRNAs of onco-
genic targets (Mancarella and Scotlandi 2019). IGF2BP3
has been reported to be highly expressed in colon cancer and
promote cancer cell proliferation by reading m6A modifica-
tion of CCND1 (Yang et al. 2020). m6A modification occurs
at the posttranscriptional level, and readers interpret RNA
methylation information and regulate downstream RNA
translation and degradation (Wang et al. 2014). In our study,
we found that IGF2BP3 was a RBP for LINC00942 and
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SLC7A11, and LINC00942 did not affect IGF2BP3 expres-
sion in HCC cells. However, the mRNA and protein levels of
SLC7A11 were negatively modulated by IGF2BP3. Moreo-
ver, the binding between IGF2BP3 and the SLC7A11 3'UTR
was verified, and LINC00942 was indicated to facilitate the
interaction between the SLC7A11 3'UTR and IGF2BP3.
Thus, LINC00942 was suggested to recruit IGF2BP3 to
promote SLC7A11 mRNA stability in an m6A-dependent
manner.

However, there are still some limitations to this research.
It has been revealed that IncRNAs exert biological func-
tions through the miRNA/mRNA axis. Our research did
not explore whether LINC00942 regulates SLC7A11 in
HCC in such a pattern. Moreover, we did not perform res-
cue assays in vivo to further verify the regulatory pattern of
LINC00942 underlying ferroptosis and immunosuppression
in HCC. In our future research, these topics will need further
exploration; moreover, downstream ferroptosis-related sign-
aling pathways mediated by LINC00942 also need further
exploration.

Conclusion

LINCO00942 suppresses ferroptosis and induces immuno-
suppression via Tregs in HCC by recruiting IGF2BP3 to
promote SLC7A11 mRNA stability in an m6A-dependent
manner. These findings may provide novel therapeutic tar-
gets for the treatment of HCC.
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