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� 1. The hypoxic microenvironment is a
common hallmark of solid tumors
and is strongly associated with
therapy resistance and poor
prognosis.

� 2. CBSLR, a long noncoding RNA
transactivated by HIF-1a, is
upregulated in GC and associated
with poor prognosis.

� 3. CBSLR inhibition induces
ferroptosis under hypoxic conditions
and contributes to chemoresistance.

� 4. lncRNA-CBSLR recruits YTHDF2
protein and CBS mRNA to form CBSLR/
YTHDF2/CBS complex, which in turn
decreases CBS mRNA stability in an
m6A dependent manner.

� 5. CBSLR/CBS inhibits ferroptosis by
modulating ACSL4 methylation to be
polyubiquitinated.
g r a p h i c a l a b s t r a c t

Schematic diagram showing that HIF-1a induces lncRNA-CBSLR to recruit YTHDF2 protein and CBS mRNA
to form CBSLR/ YTHDF2/CBS complex, which in turn decreases CBS mRNA stability in an m6A dependent
manner. The decreased CBS expression reduced methylation of ACSL4 protein, thus, the protein is
degraded via the ubiquitination-proteasome pathway. It eventually protects GC from ferroptosis under
a hypoxic tumor microenvironment.
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Introduction: Tumors are usually refractory to anti-cancer therapeutics under hypoxic conditions.
However, the underlying molecular mechanism remains to be elucidated.
Objectives: Our study intended to identify hypoxia inducible lncRNAs and their biological function in gas-
tric cancer (GC).
Methods: Differentially expressed lncRNAs were determined by microarray analysis between GC cells
exposed to hypoxia (1% O2) and normoxia (21% O2) for 24 h. The expression level of CBSLR was manipu-
lated in several GC cell lines to perform molecular and biological analyses both in vitro and in vivo.
Results: We identified a hypoxia-induced lncRNA-CBSLR that protected GC cells from ferroptosis, leading
to chem-resistance. Mechanically, CBSLR interacted with YTHDF2 to form a CBSLR/YTHDF2/CBS signaling
axis that decreased the stability of CBS mRNA by enhancing the binding of YTHDF2 with the m6A-
modified coding sequence (CDS) of CBS mRNA. Furthermore, under decreased CBS levels, the methylation
of the ACSL4 protein was reduced, leading to protein polyubiquitination and degradation of ACSL4. This,
in turn, decreased the pro-ferroptosis phosphatidylethanolamine (PE) (18:0/20:4) and PE (18:0/22:4)
content and contributed to ferroptosis resistance. Notably, CBSLR is upregulated, whereas CBS is down-
regulated in GC tissues compared to matched normal tissues; and GC patients with high CBSLR/low
CBS levels have a worse clinical outcome and a poorer response to chemotherapy.
Conclusion: Our study reveals a novel mechanism in how HIF1a/CBSLR modulates ferroptosis/chemore-
sistance in GC, illuminating potential therapeutic targets for refractory hypoxic tumors.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Gastric cancer (GC) is the fifth most frequent cancer and the
fourth most common cause of cancer death globally [1,2]. Despite
improvements in GC management, the clinical outcome of GC
patients at advanced stages remains poor [3]. Chemotherapy is
still the first-line adjuvant therapy for these patients. Chemother-
apy efficacy has improved modestly in patients with advanced/
metastatic GC recently [3]. It is thought that a major obstacle in
cancer therapy is chemoresistance. Hence, identifying novel
mechanisms of chemoresistance might improve clinical
outcomes.

The hypoxic microenvironment is a common hallmark of solid
tumors and is strongly associated with an aggressive phenotype
and poor prognosis in many cancer types. A growing volume of
evidence demonstrates that hypoxia-inducible factor 1/2 alpha
(HIF-1/2a) contributes to the treatment resistance, angiogenesis,
metastasis and survival of tumor cells under hypoxic conditions
[4–6].

Long noncoding RNAs are a class of long (>200 nucleotides) RNA
molecules with limited protein-coding potential that play a key
role in a wide array of cell biological processes, including chemore-
sistance [7,8]. LncRNAs, such as LUCAT1 [9], KB-1980E6.3 [10], and
KB-1980E6.3 [11], participate in hypoxia signaling. However, the
role of lncRNAs in hypoxia-related treatment resistance remains
to be explored.

Here, in a comprehensive expression profiling of lncRNAs regu-
lated by hypoxia, we identify CBS mRNA-destabilizing lncRNA
(CBSLR) as a lncRNA that is significantly induced by hypoxia. We
also revealed the upregulation of CBSLR in GC and the clinical rel-
evance of CBSLR. Hypoxic CBSLR could facilitate the survival of GC
cells by suppressing ferroptosis. CBSLR interacts with the YTH
domain family protein 2 (YTHDF2) to form a CBSLR /YTHDF2/CBS
complex that destabilizes CBS mRNA by enhancing the binding of
YTHDF2 with the m6A-modified CDS region of CBS mRNA. The
decreased CBS expression reduced methylation of ACSL4 protein;
thus, the protein was degraded via the ubiquitination-
proteasome pathway. High CBSLR/low CBS contributes to resis-
tance to ferroptosis and chemotherapeutics in GC cells. GC patients
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with high CBSLR/low CBS levels have a worse clinical outcome and
a poorer response to chemotherapy.

Materials and Methods

Detailed methods are enclosed in the online supplemental
materials and methods.

Patients and samples

This study was sanctioned by the local ethics committee of the
Fudan University Shanghai Cancer Center and Yijishan Hospital.
Written informed consent was obtained from all participants.
Two independent cohorts involving 161 GC patients were enrolled.
Two experienced pathologists confirmed the GC tissues. A total of
109 pairs of tumors and matched adjacent normal tissues were
obtained from patients who underwent surgery in Fudan univer-
sity shanghai cancer center between 2008 and 2012 [12]. None
of them received preoperative radio- or chemo-therapy. Patients
who were lost to follow-up or could not be evaluated were
excluded. These patients were in stage IIIA-C based on the Ameri-
can Joint Committee on Cancer (AJCC) tumor-node-metastasis
(TNM) staging system (8th edition) according to pathological find-
ings. Clinical information regarding the samples is presented in
Supplemental Table S1. Another 52 fresh endoscopic biopsy gastric
tissue samples were collected from GC patients before neoadjuvant
chemotherapy in Yijishan Hospital between March 2019 and
November 2020 (Supplemental Table S2). Upon removal of the sur-
gical specimen, tissues were immediately stored at � 80 �C before
further analysis. We did not provide any data that could help iden-
tify patients.

Cell culture

All gastric cancer cell lines were purchased from the American
Type Culture Collection. The cell lines were routinely characterized
by DNA fingerprinting, cell vitality detection, isozyme detection,
and mycoplasma detection in our lab12. The last cell characteriza-
tion was performed in December 2020. The cell culture media were
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supplemented with 10% fetal bovine serum (FBS, GIBCO), 100 U/mL
penicillin, 100 mg/mL streptomycin (Thermo Scientific), and 8 mg/
L antibiotic tylosin tartrate against mycoplasma (Sigma-Aldrich, St.
Louis, Missouri, USA) at 37 �C in an atmosphere of 5% CO2 with 1%
O2 (hypoxic condition) or 21% O2 (normoxic condition)[12]. AGS,
MKN-28, and MKN-45 cells were maintained in Roswell Park
Memorial Institute 1640 (RPMI-1640, Corning, NY, USA). The other
cells (GSE-1, SGC7901, BGC823, MGC803) were cultured in Dul-
becco’s Modified Eagle Medium (DMEM). The cell lines were pas-
saged in our laboratory less than six months after resuscitation.

Hypoxia-responsive lncRNA Microarray and RNA-sequencing

A detailed description of the hypoxia-responsive lncRNA
microarray (GSE114083) and RNA-sequencing (GSE114360) can
be found in the Supplemental Materials and Methods.

Subcellular fractionation analysis and 50 and 30 rapid amplifica-
tion of cDNA ends analysis (RACE)

Subcellular fractionation analysis and 50 and 30 RACE were per-
formed as described previously [12].

Inhibitors and final concentrations

The following inhibitors were dissolved in DMSO before cell
treatment: Necrostatin-1 (11658, Cayman Chemicals, 10 lM), z-
VAD-fmk (HY-16658, MedChem Express, 20 lM), Ferrostatin-1
(SML0583, Sigma, 1 lM), and DZNeP (Selleck, S7120, 1 lM),
propargylglycine (P7888, Sigma, 2 mM).

Determination of malondialdehyde (MDA), 4-hydroxynonenal
(4-HNE), intracellular GSH, thiol, GPX4-specific activity, intracellu-
lar iron, lipid ROS, and intracellular metabolites

A detailed description of the determination of various kinds of
intracellular metabolites can be found in the Supplemental Materi-
als and Methods.

Cell viability and cell survival assay

Cell viability and cell survival were determined using the
CellTiter-Glo luminescent cell viability assay (Promega).

Analysis of the cancer genome atlas (TCGA) data, design of the
guide RNAs, RNA isolation, quantitative real-time PCR (qPCR)
analysis, m6A-RIP qPCR, western blot analysis, RNA immunopre-
cipitation (RIP), RNA pull-down and mass spectrometry analysis,
chromatin immunoprecipitation (CHIP), detection of ACLY4 polyu-
biquitination, mRNA stability and polysome profiling

A detailed description of the abovementioned methods can be
found in the Supplemental Materials and Methods. The primers
are listed in Supplemental Table S3. The antibodies are listed in
Supplemental Table S4.

CRISPR/Cas9-mediated KO of CBS, luciferase reporter assay, len-
tivirus construction, plasmid construction, cell transfections, and
xenograft mouse model

A detailed description of the abovementioned methods can be
found in the Supplemental Materials and Methods.

Statistical analysis

All statistical analyses were performed using SPSS software
(version 17.0, Chicago, IL). The Student’s t-test was used to com-
pare the differences between the two groups. Kaplan-Meier analy-
sis and the log-rank test were used to calculate survival and
significance. The nonparametric Mann-Whitney-Wilcoxon test
was used to determine the relationship between CBSLR/CBS
expression levels and tumor regression grade. Spearman’s rank
correlation test was utilized to determine correlations. Data were
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presented as means ± S.D. from three independent repeats. A
two-sided p-value of<0.05 was treated as statistically significant.

Ethics statement

All experiments involving animals were conducted in accor-
dance with the guidelines for laboratory animals established by
the Animal Care and Use Committee of the Fudan University
Shanghai Cancer Center.
Results

LncRNA expression profiling of GC cells under hypoxic conditions

To identify hypoxia-responsive lncRNAs in gastric cancer,
lncRNA and protein-coding mRNAs expression profiles in
normoxia-treated (21% O2 for 24 h) and hypoxia-treated (1% O2

for 24 h) GC cells (MKN45 and MKN28 cell lines) were examined
by microarray analysis. We set a threshold of a fold change > 1.5
and p < 0.05. A hierarchical clustering analysis demonstrated the
systematic changes in lncRNA and mRNA expression levels
between hypoxia- and normoxia-treated GC cells (Fig. 1A, Supple-
mental Fig. S1A and 1B). The scatter and volcano plots are demon-
strated in Supplemental Fig. S1C-F. The data can be accessed via
Gene Expression Omnibus (GEO) GSE114083. It is worth noting
that several reported hypoxia-responsive lncRNAs and well-
known hypoxia-responsive protein-coding genes (CA9, GLUT1,
and BNIP3) were significantly upregulated upon hypoxia
[10,13,14]. To validate the robustness of the profiling data, dysreg-
ulated transcripts upon hypoxia (eight lncRNAs and six mRNAs)
were randomly selected and validated with qRT-PCR in hypoxia-
treated GC cells (MKN28, MKN45, and HGC27) (Supplemental
Fig. S2). Most of their expression levels were consistent with
microarray data. Then, we focused on seven lncRNAs upregulated
in the microarray data with fold changes > 5. We found that
lncRNA-CBSLR (tcons0001221) was the most significantly upregu-
lated lncRNA upon hypoxia (Fig. 1B). The expression level of CBSLR
was increased upon hypoxia time-dependently (Supplemental
Fig. S3A). CBSLR was also substantially induced in response to
cobalt chloride (hypoxia-mimetic agent) treatment in a time- and
dose-dependent manner (Supplemental Fig. S3, B and C).

Cellular characterization of CBSLR

We found that CBSLR is moderately conserved among species
(NONHSAT008421, NONCODE v4 annotation; lnc-SWT1-1, LNCipe-
dia; tcons_0001221, Broad Institute; AL078644.10, Genbank) and
is located on human chromosome 1: 185339833–185344123 (Sup-
plemental Fig. S4A). CBSLR is a transcript consisting of three exons
with a full length of 794 nt (Supplemental Fig. S4, A and B). We
confirmed that CBSLR has no protein-coding capacity with multiple
protein-coding potential assessment software (Supplemental
Fig. S5, A-C) and an in vitro translation assay (Supplemental
Fig. S5D) [12]. The subcellular fraction analysis showed that CBSLR
is primarily located in the cytoplasm of GC cells and is polyadeny-
lated (Supplemental Fig. S5E). The prediction of the CBSLR sec-
ondary structure suggests that it folds into stem-loop structures,
and the middle domain has the highest thermostability (Supple-
mental Fig. S6A). We determined the exact amount of CBSLR and
found that the copy number of CBSLR in GC cells ranged from six
to eleven copies per cell and increased significantly in response
to hypoxia (Supplemental Fig. S6B). The expression level of CBSLR
is comparable to the levels of the known hypoxia-inducible
lncRNAs (H19, lincRNA-p21, and MIR31HG) under hypoxic condi-
tions (Supplemental Fig. S6C).



Fig. 1. tcons1221 expression is induced upon hypoxia. (A) hierarchical clustering analysis of the top 60 lncRNAs (30 upregulated and 30 downregulated) that were
differentially expressed between hypoxia-treated (1% O2, 24 h) and normoxia-treated (21% O2) GC cells (MKN45 and MKN28 cell lines). (B) The expression profiling of seven
cancer-associated lncRNAs in GC cells under hypoxia (1% O2, 24 h). (C) MKN45 cells were transfected with siRNA-NC, siRNA-HIF-1a, siRNA-HIF-2a, or siRNA-p53. Twenty-four
hours after transfection, cells were cultured under normoxic or hypoxic conditions for 24 h. The expression levels of target genes were determined by western blot analysis.
The levels of CBSLR expression were determined by qRT-PCR. (D) MKN45 cells were transfected with pcDNA3.1-HIF-1a. Twenty-four hours after transfection, the expression
level of HIF-1a was determined by western blot analysis. The levels of CBSLR expression were examined by qRT-PCR. (E) Schematic illustration of HIF-1a responsive element
(HRE) in CBSLR locus. MKN45 and MKN28 cells were cultured under normoxia or hypoxic conditions (1% O2) for 24 h, then, a CHIP assay was employed to examine the binding
of HIF-1a to each HRE. (F) (Upper) MKN45 cells were cotransfected with Renilla luciferase plasmid and the indicated reporter constructs. (Lower) MKN45 cells expressing
shRNA-NC or shRNA-HIF-1a were cotransfected with Renilla luciferase plasmid and reporter constructs containing the sequence around the second HRE site. Twenty-four
hours after transfection, cells were cultured under normoxic or hypoxic conditions (1% O2) for 24 h. Luciferase activity was then determined and normalized to Renilla
luciferase activity. Results were expressed as mean ± S.D. (n = 3).
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HIF-1a transactivates CBSLR

To explore the molecular mechanism underlying the regulation
of CBSLR by hypoxia, we downregulated the noted hypoxia-
responsive transcriptional factors (HIF-1a, HIF-2a, and p53) in
MKN45 cells (Fig. 1C). We found that silencing of HIF-1a, rather
than HIF-2a or p53 rescued the induction of CBSLR by hypoxia
(Fig. 1C and Supplemental Fig. S7A). Furthermore, overexpression
of HIF-1a upregulated the expression of CBSLR (Fig. 1D). Using
JASPAR, we found several hypoxia response elements (HREs)
located near the locus of CBSLR (Fig. 1E). ChIP assays illustrated
that HIF-1a primarily associates with the second HRE site
(Fig. 1E). To confirm whether HRE was responsible for transcrip-
tional activity, the sequence around the second HRE site was
inserted into a luciferase reporter construct. The luciferase activity
of wild-type, but not the mutant reporter, was induced upon
hypoxia and was greatly suppressed by HIF-1a inhibition (Fig. 1F
and Supplemental Fig. S7B). CBSLR expression was correlated with
that of hypoxia signature genes (p < 0.001, R = 0.342) and HIF-1a
(p < 0.001, R = 0.414) in TCGA-STAD (Supplemental Fig. S7C).

CBSLR is upregulated in gastric cancer

We evaluated the expression of CBSLR in TCGA-STAD to explore
the expression pattern of CBSLR in GC tissues. CBSLR was upregu-
lated in GC tissues compared with normal tissues (Supplemental
Fig. S8A, p < 0.001). Moreover, the expression level of CBSLR was
not different between intestinal GC tissues and diffuse GC tissues
(Supplemental Fig. S9A). The expression level of CBSLR did not sig-
nificantly alter with varying degrees of differentiation in GC tissues
(Supplemental Fig. S9B). Furthermore, CBSLR expression level was
higher in locally advanced tumors (T3 + T4) (Supplemental
Fig. S8B and Supplemental Fig. S9C), and in tumors with more
advanced TNM stage (Stage III + IV v.s. I + II; Supplemental
Fig. S8C and Supplemental Fig. S9D). However, we found no differ-
ence in expression levels of CBSLR with or without distant metas-
tasis or lymph node metastasis in GC tissues (Supplemental
Fig. S9, E and F). Based on the median ratio of CBSLR expression
in GC tissues, high tumoral CBSLR expression positively correlates
with shorter overall survival (OS) and disease-free survival (DFS)
rates (Supplemental Fig. S8, D and E). Additionally, multivariate
analysis revealed that CBSLR expression was an independent prog-
nostic factor that affected the OS (Supplemental table S5) and DFS
(Supplemental table S6) of GC patients in the TCGA stomach cancer
cohort.

CBSLR inhibition induces ferroptosis under hypoxic conditions

Gain- and loss-of-function studies of CBSLR were conducted in
GC cells to explore its biological function. Considering the moder-
ate CBSLR expression levels in different GC cell lines (Supplemental
Fig. S10A), we chose MKN45 and MKN28 cell lines for CBSLR
expression manipulation (Supplemental Fig. S10, B-E). An RNA
transcriptome-sequencing analysis was performed in shRNA-NC
or shRNA-CBSLR-1 MKN45 cells cultured under hypoxic conditions
for 24 h (Fig. 2A). The top altered cellular pathways included fatty
acid metabolism, oxidation reduction process, Fructose AND Man-
nose Metabolism, Arginine AND Proline Metabolism (Fig. 2B). It
suggests that CBSLR takes a part in the cell metabolism of GC. Cell-
Titer Glo assay showed that CBSLR downregulation suppressed cell
viability in MKN45 and MKN28 cells under hypoxic conditions
(Fig. 2C). To explore the molecular mechanism that is involved in
CBSLR-silencing induced cell death, we added inhibitors of apopto-
sis (z-VAD-FMK, z-VAD), necroptosis (necrostatin-1, Nec-1), autop-
hagy (3-Methyladenine, 3-MA), or ferroptosis (ferrostatin-1, Fer-1)
to the GC cells exposed to hypoxia. Only the ferroptosis inhibitor
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significantly abolished CBSLR silencing-induced tumor cell death.
(Fig. 2, D and E) These data suggest that ferroptosis is involved in
the CBSLR silencing induced cell death. In the context of ferroptosis,
we examined a series of ferroptosis markers. CBSLR silencing
induced a significant increase in the intracellular concentrations/-
expressions of MDA, 4-HNE, PTGS2, and lipid ROS. Such an effect
could be attenuated with a ferroptosis inhibitor (Fer-1) (Fig. 2F).
We determined the expression of well-characterized regulators
in ferroptosis to explore the underlying molecular mechanism by
which CBSLR regulates ferroptosis. We observed no significant
effects of CBSLR knockdown on the transcript levels of reported
ferroptosis-regulating genes (Fig. 2G). As hypoxia and ferroptosis
resistance has been linked to therapy resistance, we would like
to explore the role of CBSLR in chemoresistance. As hypoxia signif-
icantly decreased the chemosensitivity of GC cells to cisplatin (a
known ferroptosis inducer) [15], CBSLR silencing attenuated the
chemoresistance induced by hypoxia, and this effect could be
blocked by ferroptosis inhibitor ferrostatin-1 (Fer-1) (Supplemen-
tal Fig. S11, A and B).

Considering the reported cis-regulatory effects of lncRNAs on
nearby genes, we attempted to explore the effects of CBSLR on its
in cis genes. CBSLR silencing exerted no obvious effects on the
mRNA levels of neighboring genes (Supplemental Fig. S12A). This
indicates that CBSLR acts in trans. Then, an RNA pull-down assay
and subsequent mass spectrometry (MS) analysis were performed
to identify CBSLR-associated proteins that might be involved in
CBSLR-related biological processes (Fig. 3A and Supplemental table
S7). The candidate proteins were filtered based on the criteria: (1)
predominantly cytoplasmic localization; (2) reported RNA-binding
protein status (RBP); (3) predicted to bind motifs within CBSLR
according to RBPmap [16].

RNA pull-down assays confirmed the binding between YTHDF2
and CBSLR in MKN45 and MKN28 cells (Fig. 3B). To further consol-
idate this finding, we immunoprecipitated YTHDF2 from the cyto-
plasmic extract of GC cells and analyzed the RNAs that bind to
YTHDF2. We found that CBSLR specifically binds to YTHDF2
(Fig. 3C). We further discovered that the middle segment (250–
510 nt) of CBSLR is necessary and sufficient for the association with
YTHDF2 with deletion-mapping analyses (Fig. 3D). As the middle
domain has the highest thermostability (Supplemental Fig. S6A),
it probably provides the required spatial conformation for interac-
tion. Furthermore, CBSLR silencing did not affect the protein level
of YTHDF2 (Supplemental Fig. S12B).

As the CBSLR-associated protein YTHDF2 has been reported to
promote RNA degradation [17], we screened the dysregulated
genes with CBSLR knockdown from RBP CLIP-SEQ data sets, includ-
ing POSTAR2 [18]. Among the differentially expressed genes after
CBSLR silencing, we identified 51 mRNAs bound by YTHDF2 (Sup-
plemental Fig. S12C). Given that CBSLR is involved in cell metabo-
lism, according to the data documented in the literature,
metabolism-related genes were further selected (Supplemental
Fig. S12C). We found that Cystathionine b-synthase (CBS) was
bound by YHTDF2 and is the target of CBSLR, and the transcript
level of CBS was negatively correlated with CBSLR, according to
TCGA-STAD (Supplemental Fig. S12D). Hypoxic conditions down-
regulated the transcript and protein levels of CBS compared to nor-
moxic conditions (Fig. 3E,F). CBSLR silencing increased the
transcript and protein levels of CBS under hypoxic conditions
(Fig. 3E), while exogenous CBSLR suppressed the expression levels
of CBS in MKN45 and MKN28 cells under hypoxic conditions
(Fig. 3F). We verified that CBS is a target of CBSLR. The CUACUC-
CUCCG site inside of CBSLR was predicated to be able to directly
bind to the CDS of CBS through sequence BLAST analysis (Supple-
mental Fig. S12E). Therefore, CBS was selected for the subsequent
investigation. RNA pull-down assays further confirmed the physi-
cal association between CBSLR and CBS (Supplemental Fig. S12F).



Fig. 2. CBSLR silencing induced ferroptosis and rescued chemoresistance in GC. (A) The heat map demonstrates the top 32 differentially expressed genes (16 upregulated and
16 downregulated) between shRNA-CBSLR and shRNA-NC MKN45 cells cultured under hypoxic conditions for 24 h, with three repeats. (B) Top five GSEA pathways identified
by KEGG analysis (false discovery rate of < 0.1) for the differentially expressed genes in (A). The pathways are ranked by normalized enrichment score (NES). (C) Proliferative
activity of shRNA-NC and shRNA-CBSLR MKN45/MKN28 cells grown for 24 h of hypoxia and assessed by CellTiter Glo assay. (D, E) Inhibitors of apoptosis (20 lM z-VAD),
autophagy (0.5 mM 3-MA), necroptosis (10 lMNecrostatin-1), and ferroptosis (1 lM Fer-1) were added to the shRNA-NC or shRNA-CBSLRMKN45 (D) or MKN28 (E) cells. The
cells were cultured under hypoxia (1% O2 for 24 h). Twenty-four hours later, the Celltiter Glo assay was utilized to determine the cell viability. (F) Inhibitors of ferroptosis
(1 lM Fer-1) were added to the shRNA-NC or shRNA-CBSLRMKN45 or MKN28 cells. The cells were cultured under hypoxia (1% O2 for 24 h). Twenty-four hours later, MDA and
4-HNE levels were examined in different groups, with three repeats. The levels of lipid peroxidation and PTGS2 were detected using BODIPY staining and qPCR, respectively,
with three repeats. *, p < 0.05, significantly different from shRNA-CBSLR transfected GC cells exposed to hypoxia (1% O2 for 24 h). (G) MKN45 cells transfected with shRNA-NC
or shRNA-CBSLR-1,2 were cultured under hypoxic conditions (1% O2 for 24 h). Twenty-four hours later, gene levels were detected through qRT-PCR. Results were expressed as
mean ± S.D. (n = 3).
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Fig. 3. CBSLR physically interacts with YTHDF2 and modulates CBS level. (A) Schematic overview of in vitro RNA Antisense Purification and used for identification of proteins
interacting with CBSLR. (B) RNA pull-down assay was performed to confirm the association between YTHDF2 and CBSLR. (C) RIP experiments shows the binding of CBSLRwith
YTHDF2. (D) RNA pull-down using sequentially deleted CBSLR fragments demonstrates the binding segment of CBSLR with YTHDF2. (E) shRNA-NC or shRNA-CBSLRMKN45 or
MKN28 cells were cultured under normoxic or hypoxic conditions for 24 h. The mRNA and protein levels of CBS were determined using qRT-PCR or western blot analysis. (F)
MKN45, and MKN28 cells stably infected with lentiviruses encoding lncRNA-CBSLR or NC were cultured under normoxic or hypoxic conditions for 24 h. The mRNA and
protein levels of CBS were determined using qRT-PCR or western blot analysis. (G) The shRNA-NC and shRNA-CBSLR-1-MKN45 cells were cultured under normal or hypoxic
conditions (24 h). m6A RIP-qPCR analysis of CBS or NANOG (positive control) mRNA was performed. (H) Schematic illustrations of m6A motifs positions of CBS mRNA.
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CBS, a metabolic enzyme, catalyzes the reaction of homocys-
teine with either serine or cysteine to form cystathionine and
either hydrogen sulfide or water, respectively [19]. The expression
level of CBS was higher in colon cancer compared to normal tissue
[20]. However, CBS gene expression is downregulated in GC due to
promoter hypermethylation [21]. According to data from TCGA,
CBS was downregulated in GC compared to normal tissues (Sup-
plemental Fig. S13, A and B). The CBS expression was relatively
low in GC compared to other cancer cell lines (Supplemental
Fig. S13C).

CBSLR regulates CBS at the post-transcriptional level

We wondered how CBS is regulated by CBSLR. We first deter-
mined whether CBSLR modulated CBS gene expression on a tran-
scriptional level. No difference in promoter activities of CBS
between shRNA-control and shRNA-CBSLR MKN45 cells was found
(Supplemental Fig. S14A). With chromatin immunoprecipitation
(ChIP) experiments, we found that the occupancy of DNA poly-
merase II at the promoter regions of CBS was not affected by CBSLR
silencing (Supplemental Fig. S14B). We transfected GC cells with
shRNA-CBSLR or shRNA-NC, then exposed them to hypoxia for
18 h, a time course for RNA stability was started with actinomycin
D treatment (0.5 mg/mL). CBS induction by CBSLR silencing was not
affected by the transcription inhibition (Supplemental Fig. S14C).
Furthermore, the stability of precursor mRNA of CBS was not
affected by CBSLR downregulation (Supplemental Fig. S14D). This
indicates that CBSLR downregulation did not increase CBS expres-
sion via transcription mechanisms. Conversely, mature CBS mRNA
stability was significantly higher in CBSLR-deletion MKN45 cells
than that in the corresponding control cells (Supplemental
Fig. S14E). Moreover, neither hypoxic conditions nor CBSLR knock-
down affected the subcellular distribution of CBS (Supplemental
Fig. S14F). There were no significant differences in CBS mRNA level
in the translating pool between the control and CBSLR knockdown
MKN45 cells (Supplemental Fig. S15A), suggesting that CBSLR does
not regulate CBS mRNA translation. Thus, we speculate that CBSLR
decreased CBS expression via post-transcriptional regulation of
RNA stability.

m6A regulates mRNA stability of CBS

The CBSLR-associated protein YTHDF2 has been reported to pro-
mote RNA degradation in an m6A-dependent manner [17]. Previ-
ous studies have reported that tumor hypoxia causes m6A
epigenetic remodelling [22–24]. To explore whether CBS is modu-
lated in an m6A-dependent manner, we first determined the m6A
abundance in the CBS mRNA. m6A-RIP-PCR showed that the m6A-
specific antibody significantly enriched CBS mRNA under hypoxic
conditions compared with normoxic conditions, while CBSLR
silencing did not affect the m6A-specific antibody enrichment of
CBS mRNA (Fig. 3G), NANOG was used as a positive control [24].
According to the results from an online bioinformatics database
Whistle [25], we found five RRACU m6A sequence motifs in the
exon region (Fig. 3H, at chr21: 44473695, 44488677, 44473896,
44473999, and 44473504). To explore how hypoxia remodels the
m6A-mRNA landscape, we examined enzyme expression in
hypoxic GC cells. Among methyltransferases, METTL3 was most
significantly upregulated upon hypoxia (Supplemental Fig. S15B).
m6A-RIP-PCR showed that the m6A enrichment of CBS mRNA
was significantly suppressed with METTL3 downregulation
(Fig. 4A and Supplemental Fig. S15C). Under hypoxic conditions,
CBSLR silencing exerted no effect on the expression level of METTL3
(Supplemental Fig. S15D). We immunoprecipitated fragmented
RNA with m6A to further characterize m6A methylation in CBS
mRNA. We found that the m6A enrichment of CBS CDS, but not
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50-UTR, was markedly decreased with METTL3 silencing (Fig. 4B).
As 3-deazaneplanocin A (DZNeP) has been reported to inhibit
RNA methylation [26], GC cells were pretreated with DZNeP
(10 lM) before exposure to hypoxia. We found that the m6A mod-
ification of CBS decreased dramatically after DZNeP treatment
(Fig. 4B). The downregulation of CBS induced by hypoxia was also
attenuated with DZNeP treatment. Furthermore, the effect of CBSLR
overexpression on the expression CBS was abolished with DZNeP
treatment (Fig. 4C).

Luciferase reporters containing wild type CBS 50UTR, or mutant
1/2/3/4 50UTR were constructed to clarify the role of m6A methy-
lation in CBS expression (Fig. 4D). The protein expression, mRNA
expression, and translation efficiency of CBS-50UTR in shRNA-
METTL3-MKN45 cells was not significantly different from that in
shRNA-NC-MKN45 cells, as illustrated by the luciferase assay
(Fig. 4D). No significant difference in translational between
shRNA-NC and shRNA-METTL3-MKN45 cells in reporter genes
from WT-CDS-WT and CDS-Mut was observed as demonstrated
by the CBS CDS-reporter luciferase assay (Fig. 4E). These results
suggested that m6A methylation in the 50UTR of CBS is indepen-
dent of the m6A-regulated expression.

Next, luciferase reporters containing wild type or mutant cod-
ing sequence (CDS) region of CBS were constructed (Fig. 4E). The
mRNA and protein expression of pmirGLO-CBS-CDS in shRNA-
METTL3-MKN45 cells was markedly lower than that in shRNA-
NC cells under hypoxic conditions, as demonstrated by the lucifer-
ase assay. The m6A motif (CDS-Mut1) mutation in the CDS region
induced a decrease in mRNA expression and protein expression of
pmirGLO-CDS, but METTL3 knockdown partially attenuated the
downregulation (Fig. 4E). shRNA-NC or shRNA-METTL3-MKN45/
MKN28 cells were transfected with pcDNA3.1-CBS-CDS-WT or
pcDNA3.1-CBS-CDS-Mut, respectively. The upregulation of CBS
induced by METTL3 silencing was abolished with pcDNA3.1-CBS-
CDS-Mut, compared to that of pcDNA3.1-CBS-CDS-WT as
demonstrated by western blot results (Fig. 5A and Supplemental
Fig. S16A). Moreover, METTL3 knockdown increased the mRNA sta-
bility of pcDNA3.1-CBS-CDS-WT under hypoxic conditions, while
pcDNA3.1-CBS-CDS-Mut can improve the difference in mRNA sta-
bility between MKN45 cells transfected with shRNA-METTL3 or
shRNA-NC (Fig. 5B). Furthermore, the m6A modified GGAC is
important for the secondary structure of CBS CDS (Supplemental
Fig. S16B). In summary, these data suggest that m6A in CBS CDS
is responsible for mRNA stability.

We further investigated the molecular mechanisms underlying
m6A regulated mRNA stability. RIP for YTHDF2 was performed, and
a notably higher enrichment of CBS was found in the anti-YTHDF2
immunoprecipitates compared with input, particularly under
hypoxic conditions (Fig. 5C). Furthermore, YTHDF2, but not
IGF2BP1/2/3, YTHDF1, or YTHDF3, can significantly associate with
CBS mRNA in MKN45 cells under hypoxic conditions (Supplemen-
tal Fig. S17A). The interaction between YTHDF2 and CBS was
reduced by METTL3 silencing (Supplemental Fig. S17B). Moreover,
we found that YTHDF2 preferentially interacted with the CBS
mRNA’s CDS region rather than the 50-UTR region of CBS mRNA
(Supplemental Fig. S17C). Such interaction was suppressed with
METTL3 silencing (Supplemental Fig. S17C). We, therefore, manip-
ulated the expression of YTHDF2 as confirmed by western blot
analysis (Supplemental Fig. S17D). We then wondered whether
YTHDF2 triggers the decay of CBS mRNA. With actinomycin D
treatment, the lifetime was prolonged with YTHDF2 knockdown
and shortened with exogenous expression of YTHDF2 (Supplemen-
tal Fig. S17E); however, DZNeP treatment ameliorated the effect of
YTHDF2 on the stability of CBS (Supplemental Fig. S17F). YTHDF2
overexpression inhibited the expression of CBS, while METTL3
silencing abolished the suppressive effect of YTHDF2 on the
expression of CBS in GC cells as demonstrated by western blot



Fig. 4. m6A regulates the mRNA stability of CBS. (A) The shRNA-NC and shRNA-METTL3 MKN45 and MKN28 cells were cultured under hypoxic conditions for 24 h. m6A RIP-
qPCR analysis of CBS mRNA was performed. (B) (Upper) The shRNA-NC or shRNA-METTL3-MKN45 cells were cultured under hypoxic conditions for 24 h. (Lower) MKN45 cells
were pretreated with DZNeP (10 lM) for 1 h and then cultured under hypoxic conditions (24 h). m6A-RIP-qPCR analysis was performed to evaluate the m6A in 50UTR or CDS
of CBS with fragmented RNA. (C) (Left) MKN45 and MKN28 cells pretreated with DZNeP (10 lM) or DMSO for 1 h and then cultured normoxic or hypoxic conditions for 24 h.
(Right) LV-NC or LV-CBSLR-MKN45 and MKN28 cells were pretreated with DZNeP (10 lM) or DMSO and then cultured under hypoxic conditions (24 h). The protein level of
CBS was determined by western blot analysis. (D) Schematic representation of mutated 50UTR. shRNA-NC or shRNA-METTL3-MKN45 cells were cotransfected with pGL3-CBS-
50UTR-WT or pGL3-CBS-50UTR-Mut reporter. Twenty-four hours later, the cells were cultured under hypoxic conditions for 24 h. The protein, mRNA and translation efficiency
were determined. (E) Schematic illustrations of mutation in m6A motif in CDS of CBS. shRNA-NC or shRNA-METTL3-MKN45 cells were cotransfected with pmirGLO-CBS-CDS-
WT or pmirGLO-CBS-CDS-Mut1 reporter. Twenty-four hours later, the cells were cultured under hypoxic conditions for 24 h. The protein and mRNA were determined.
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analysis (Fig. 5D). Furthermore, ectopic expression of YTHDF2 low-
ered the mRNA lifetime of pcDNA3.1-CBS-CDS-WT, while such an
effect was abolished for pcDNA3.1-CBS-CDS-Mut (Supplemental
Fig. S18A). This indicates that YTHDF2 plays a role in m6A-
mediated CBS mRNA stability.

YTHDF2 has been reported to act as an m6A ‘‘reader” relying on
the hydrophobic residues W432 and W486 in its carboxy-terminal
YTH domain [27]. The catalytically inactive mutant of YTHDF2 was
constructed (W432A and W486A) [23] (Supplemental Fig. S18, B
and C). Exogenous expression of WT-YTHDF2 rather than the cat-
alytically inactive mutant attenuated the decreased mRNA stability
and protein level of CBS induced by YTHDF2 knockdown, while the
catalytically inactive mutant had no such effect (Supplemental
Fig. S18, D and E). Enforced expression of WT-METTL3, rather than
Mut-METTL3 (D395A/W398A) [28] (Supplemental Fig. S18, F and
G), restored the increased mRNA stability and protein level of
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CBS by METTL3 knockdown (Supplemental Fig. S18, H and I). Our
data indicate that the m6A reader function of YTHDF2 is necessary
for its suppressive role on CBS in GC.

To explore whether CBSLR is required for CBS mRNA destabiliza-
tion in an m6A-dependent manner, luciferase reporter constructs
containing transcript segments harboring m6A motifs were gener-
ated (Fig. 5E). The luciferase activity of CBS-CDS-Mut was approx-
imately 40% that of control CBS-CDS-WT under hypoxic conditions
(Fig. 5F). Luciferase mRNA expression and luciferase activity of
CBS-CDS-WT, but not that of CBS-CDS-Mut was markedly
suppressed with CBSLR silencing (Fig. 5, G and H). In contrast, luci-
ferase mRNA expression and luciferase activity of CBS-CDS-WT,
but not that of CBS-CDS-Mut was increased with ectopic expres-
sion of CBSLR (Fig. 5, G and H).

To determine whether CBSLR/CBS/YTHDF2 formed an RNA-
protein ternary complex, we performed RIP assays. RIP assays



Fig. 5. CBSLR/YDHDF2/CBS ternary complex promotes degradation of CBS mRNA. (A) pcDNA3.1-CBS-CDS-WT or pcDNA3.1-CBS-CDS-Mut was cotransfected into shRNA-NC or
shRNA- METTL3-MKN45 cells. After 24 h, the cells were cultured under hypoxic conditions for 24 h. Cell lysates were subjected to western blot analysis. (B) pcDNA3.1-CBS-
CDS-WT or pcDNA3.1-CBS-CDS-Mut was transfected into shRNA-NC or shRNA-METTL3-MKN45 cells. After 24 h, the cells were cultured under hypoxic conditions for 20 h and
then further treated with Act-D (0.5 mg/mL) for the indicated times. The mRNA level of CBS was examined by qRT-PCR. (C) The MKN45 cells were cultured under normoxic or
hypoxic conditions for 24 h. RIP experiments were performed using the YTHDF2 antibody for immunoprecipitation and qRT-PCR was utilized to detect CBSLR. (D) shRNA-NC
or shRNA-METTL3- MKN45 or MKN28 cells were transfected with pcDNA3.1-NC or pcDNA3.1-YTHDF2. Twenty-four hours later, the cells were cultured under hypoxia for
24 h. The protein level of CBS was evaluated by western blot analysis. (E, F) Schematic diagram of CBS WT (CBS-CDS-WT-luc) and CBS mutant (CBS-CDS-MUT-luc) reporters
(E). The MKN45 cells were transfected with pmirGLO-CBS-CDS-WT or pmirGLO-CBS-CDS-Mut1 reporter. After 24 h, MKN45 cells were cultured under hypoxia for 24 h.
Relative luciferase activity was evaluated. (G, H) shRNA-NC or shRNA-CBSLR-MKN45 cells were cotransfected with pmirGLO-CBS-CDS-WT or pmirGLO-CBS-CDS-Mut1
reporter. MKN45 stably infected with lentiviruses encoding lncRNA-CBSLR or NC were cotransfected with pmirGLO-CBS-CDS-WT or pmirGLO-CBS-CDS-Mut1 reporter.
Twenty-four hours later, the cells were cultured under hypoxic conditions for 24 h. Relative luciferase activity and luciferase mRNA expression were determined. (I) RIP assay
reveals the relative association of YTHDF2 with CBS mRNA upon CBSLR downregulation or upregulation. (J) shRNA-NC or shRNA-CBSLR-MKN45 cells were transfected with
pcDNA3.1-NC or pcDNA3.1-YTHDF2. Twenty-four hours later, the cells were cultured under hypoxic conditions for 20 h in the presence or absence of DZNeP (10 lM). A time
course started with treating cells with Act-D (0.5 mg/mL) for the indicated times. The CBS mRNA was examined with qRT-PCR. Data represent mean ± S.D. from three
independent experiments.
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showed that CBS/YTHDF2 RNA-protein interaction was dramati-
cally reduced by knockdown of CBSLR and was significantly
enhanced by exogenous expression of CBSLR (Fig. 5I). These data
indicate that CBSLR promotes the interactions between YTHDF2
and CBS and further suggest that CBSLR enhances the mRNA stabil-
ity of CBS via the formation of a CBSLR/YTHDF2/CBS RNA-protein
ternary complex. Furthermore, YTHDF2 did not affect the tran-
script level of CBSLR (Supplemental Fig. S19A). The effect of CBSLR
overexpression on the stability of CBS mRNA was greatly attenu-
ated after METTL3 or YTHDF2 knockdown or DZNeP treatment
(Fig. 5J), suggesting that the CBSLR induction of CBS mRNA decay
depends on YTHDF2 and METTL3.

Given that CBS was downregulated in GC tissues, we decided to
explore the correlation between CBS levels and the prognosis of GC
patients. Surprisingly, CBS high expression correlated with a poor
prognosis, based on data from the KMPlot database (Supplemental
Fig. S19, B and C). We attempted to unveil the underlying mecha-
nism by which high expression of CBS contributes to a worse clin-
ical outcome and reanalyzed the data. We found that in the cohort
of patients that have received 5-Fu based adjuvant (Supplemental
Fig. S19, D and E) or other adjuvant therapies (Fig. S20, A and B),
low CBS expression was associated with a lower survival rate,
but not in patients who received surgery alone (Fig. S20, C and
D). Such a phenomenon was observed in an independent cohort
of patients that received cisplatin-based adjuvant chemotherapy
(Supplemental table S1). High CBSLR expression correlated with
more dismal survival rates in this cohort of patients (Fig. 6A).
The representative images of negative, weak, moderate and strong
CBS expression patterns in GC according to IHC staining was pro-
vided in Fig. 6B. Low CBS protein level was associated with a poor
prognosis (Fig. 6C). A negative correlation between the expression
of CBSLR and CBS was found in this cohort of patients (Fig. 6D). This
suggests that CBS might sensitize the GC cells to chemotherapy
after surgery, which results in a better clinical outcome. In another
cohort of patients that received neoadjuvant chemotherapy (Sup-
plemental table S2), high CBSLR/low CBS expression was associated
with worse tumor regression grades (TRG) (Supplemental table
S8).

CBS has been reported to be involved in ferroptosis as a marker
of transsulfuration pathway activity and protects fibrosarcoma and
liver cancer cells from ferroptosis [29,30]. We wondered whether
ferroptosis is involved in CBSLR-CBS signaling axis-mediated
chemosensitivity. We found that downregulation of CBSLR sup-
pressed cell viability in MKN45 and MKN28 cells under hypoxic
conditions, however, such an effect could be abolished by CBS
silencing (Supplemental Fig. S21A). Attempting to evaluate the role
of the transsulfuration pathway in CBSLR-mediated ferroptosis
resistance, we treated shRNA-CBSLR-transfected cells with propar-
gylglycine (PPG), an inhibitor of cystathionine c-lyase, the enzyme
that converts cystathionine to cysteine in the transsulfuration
pathway [31] (Supplemental Fig. S21B). Surprisingly, PPG treat-
ment did not affect CBSLR-silencing mediated cell viability sup-
pression (Supplemental Fig. S21A), suggesting that the biological
function of CBSLR is mediated by CBS, but not the transsulfuration
pathway. The significantly increased intracellular concentrations/-
expressions of MDA, 4-HNE, PTGS2 and lipid ROS induced by CBSLR
silencing could be abolished by CBS silencing (Supplemental
Fig. S21C). CBSLR silencing attenuated chemoresistance induced
by hypoxia, and this effect could be attenuated by CBS knockdown
(Supplemental Fig. S22).

We further validated these findings by xenograft experiments
in mice. We next used the CRISPR-Cas9 system to knock out the
CBS gene in MKN45 cells. CBSLR knockdown, CBS knockout or con-
trol MKN45 cells were grown as xenografts. Cisplatin (DDP) treat-
ment started after tumors reached approximately 50 mm3 in size.
DDP treatment significantly retarded tumor growth (NC KO + shR
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NA-NC + DDP group) compared to PBS treatment (NC KO + shRN
A-NC + PBS group) as illustrated with decreased tumor volume
(Fig. 7 E) and tumor weight (Fig. 7F), and such an effect was
enhanced by CBSLR knockdown (NC KO + shRNA-CBSLR + DDP
group); however, CBS knockout (CBS KO + shRNA-CBSLR + DDP
group) attenuated the suppressive effect induced by CBSLR knock-
down when compared to the single CBSLR knockdown group (NC
KO + shRNA-CBSLR + DDP group). Specifically, single CBS knockout
(CBS KO + shRNA-NC + DDP group) ameliorated the anti-tumor
effect of DDP (NC KO + shRNA-NC + DDP group). The expression/-
content of ferroptosis markers (PTGS2/4-HNE) was greatly
increased with DDP treatment (NC KO + shRNA-NC + DDP group)
compared to PBS treatment (NC KO + shRNA-NC + PBS group),
and CBSLR silencing further enhanced the increase (NC
KO + shRNA-CBSLR + DDP group), with CBS knockout (CBS
KO + shRNA-CBSLR + DDP group) greatly attenuated the increase
induced by CBSLR knockdown when compared to the single CBSLR
knockdown group (NC KO + shRNA-CBSLR + DDP group) (Fig. 7, G
and H). Specifically, single CBS knockout (CBS KO + shRNA-NC +
DDP group) ameliorated the effect of DDP on expression/content
of PTGS2/4-HNE (NC KO + shRNA-NC + DDP group) (Fig. 7, G and
H).

CBSLR inhibits ferroptosis by modulating ACSL4 methylation to be
polyubiquitinated

Then, we explored the mechanism underlying the ferroptosis
mediated by CBSLR. However, we demonstrated that CBSLR silenc-
ing did not affect the well-recognized regulators of ferroptosis,
namely, intracellular GSH and Fe2+ contents, system xc� and GPX4
activity (Supplemental Fig. S23, A-D).

A previous study reported that downregulation of CBS sup-
pressed the methylation of PFKFB3 protein, which shuts glucose
metabolism toward the pentose phosphate pathway [32]. It
increased cellular NADPH contents to produce reduced glutathione
and protected cancer cells from oxidants. We wondered whether
the suppressive effect of CBSLR on ferroptosis might be through
the modulation of glucose utilization. The difference in glucose
biotransformation between shRNA-CBSLR or shRNA-NC-MKN45
cells exposed to hypoxia for 24 h was determined by metabolome
analysis utilizing capillary electrophoresis mass spectrometry (CE-
MS) as described previously [32]. The data showed that the sum of
metabolites belonging to PPP or glycolysis was not significantly
different. Furthermore, there were no significant changes in ATP
and energy charge values (Supplemental Fig. S24).

It is well recognized that lipid remodelling changes the ferrop-
tosis susceptibility in cancer cells, mainly through the biosynthesis
of monounsaturated fatty acids (MUFAs) and polyunsaturated fatty
acids (PUFAs). Generally, PUFAs are synthesized by ACSL4,
ELOVL2/5, FADS1/2, and LPCAT3 and are more susceptible to fer-
roptotic cell death, and MUFAs are synthesized by SCD1 and may
protect cancer cells from lipid peroxidation by decreasing lipophi-
lic antioxidant coenzyme Q10 [33–35]. Thus, we assessed the rela-
tionship between CBSLR and lipid metabolism regulators. Western
blot analysis demonstrated that CBSLR silencing significantly
upregulated the protein level of ACSL4, while CBSLR did not affect
other regulators (Fig. 7A and Supplemental Fig. S25A). However,
there was no difference in mRNA levels of ACSL4 with CBSLR silenc-
ing or CBS silencing, supporting the idea that the CBSLR-mediated
regulation of ACSL4 might be through a post-transcriptional mech-
anism (Fig. 7B). Furthermore, the upregulation of ACSL4 induced by
CBSLR silencing could be abrogated by CBS knockdown (Fig. 7B).
Inspired by the report that CBS could down- and/or upregulate pro-
tein arginine methylation [32,36], we examined whether CBSLR
regulated the post-translational arginine methylation of ACSL4.
We found that the CBSLR silencing significantly increased



Fig. 6. CBSLR/CBS correlated with survival rate and response to chemotherapeutics in GC. (A) Kaplan–Meier curves for overall survival and disease-free survival in the CBSLR-
high or CBSLR-low groups. (B) The representative images of negative, weak, moderate and strong CBS expression patterns in GC according to IHC staining (�200). (C) Kaplan–
Meier curves for overall survival and disease-free survival in the CBS-high or CBS-low groups. (D) Spearman rank-correlation analysis was performed to the correlation
between the DCt values (normalized to b-actin) of CBSLR and IHC score of CBS in 109 GC tissues. (E) CBSLR knockdown, CBS knockout or control MKN45 cells were grown as
xenografts. DDP treatment started after tumors reached approximately 50 mm3 in size. DDP: 7 mg per kg, once a week for three weeks. (F) Xenograft tumor masses were
harvested. Tumor weights were determined. (G) The mRNA level of PTGS2 in the indicated tumor was examined with qRT-PCR. (H) The 4-HNE contents in different groups
were determined.
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methyl-ACSL4 level, and this effect could be abolished with CBS
knockdown. Furthermore, increased methylated ACSL4 was con-
comitant with a noticeable upregulation of total ACSL4 amounts
in cells (Fig. 7B and Supplemental Fig. S25B). These data led us to
hypothesize that, once methylated, ACSL4 becomes insensitive to
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polyubiquitination and proteasomal degradation. We immunopre-
cipitated polyubiquitinated ACSL4 ((Ub)n-ACSL4) by the antipoly-
Ub antibody and served as samples for western blot by the
anti-ACSL4 antibody, indicating that CBSLR silencing, caused a
marked decrease in (Ub)n-ACSL4, such an effect could be abolished



Fig. 7. CBSLR inhibits ferroptosis by modulating ACSL4 methylation to be polyubiquitinated. (A) shRNA-NC or shRNA-CBSLR-MKN45 cells were cultured under hypoxic
conditions for 24 h. Cell lysates were subjected to western blot analysis. (B) siRNA-NC or siRNA-CBS was cotransfected into shRNA-NC or shRNA- CBSLR-MKN45 cells. After
24 h, the cells were cultured under hypoxic conditions (24 h). Anti-dimethyl-ACSL4 and anti-ACSL4 antibodies were used in the western blot analysis. The transcript level of
ACSL4 was examined with qRT-PCR. (C) ACSL4 endogenous polyubiquitination ((Ub)n-ACSL4) was observed to be decreased with CBSLR silencing and to be increased with CBS
silencing in MKN45 cells under hypoxic conditions (24 h). (D) shRNA-NC, shRNA-CBSLR, siRNA-NC, siRNA-CBS-MKN45 cells were cultured under hypoxic conditions for 18 h.
MG132 (10 mM) was treated for 6 h. Cell lysates were analyzed by western blot with anti-dimethyl-ACSL4 and anti-ACSL4 antibodies. (E) Heat map of all major PE species in
MKN45 cells with hierarchical clustering of shRNA-NC + siRNA-NC, shRNA-CBSLR + siRNA-NC, shRNA-NC + siRNA-CBS, shRNA-CBSLR + siRNA-CBS. Each PE species was
normalized to the corresponding mean value. (F) Schematic diagram showing that HIF-1a induces lncRNA-CBSLR to recruit YTHDF2 protein and CBS mRNA to form CBSLR/
YTHDF2/CBS complex, which in turn decreases CBS mRNA stability in an m6A dependent manner. The decreased CBS expression reduced methylation of ACSL4 protein, thus,
the protein is degraded via the ubiquitination-proteasome pathway. It eventually protects GC from ferroptosis under a hypoxic tumor microenvironment.
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with CBS silencing (Fig. 7C and Supplemental Fig. S25C). Finally,
after MG132 (a proteasome inhibitor) treatment, CBSLR/CBS silenc-
ing upregulated/downregulated amounts of methylated ACSL4,
stabilizing ACSL4 (Fig. 7D and Supplemental Fig. S25D). The data
indicate that CBSLR/CBS modulates ACSL4 methylation, which
affects its polyubiquitination.

Considering the pro-ferroptosis effects of ACSL4-induced PUFA
acylation [34], we hypothesized that the CBSLR-inhibition induced
upregulation of ACSL4 might mitigate ferroptosis resistance in GC
103
cells. The lipidomic analysis supported this hypothesis (Fig. 7E).
The pro-ferroptosis phosphatidylethanolamine (PE)(18:0/20:4)
and PE(18:0/22:4) increased with CBSLR silencing and decreased
with CBS knockdown (Supplemental Fig. S26A). The increased con-
tents of double- and triple-oxidized arachidonic acid (AA)- and
adrenic acid (AdA)-containing PE species induced by the loss of
CBSLR could be restored by CBS knockdown (Supplemental
Fig. S26B). These data were consistent with the previous report
that ACSL4 channels AA and AdA for lipid biosynthesis [34].
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Discussion

Hypoxic microenvironments are readily available across almost
all solid tumors and profoundly impact tumor progression. The cel-
lular hypoxia signaling is primarily regulated by HIF. HIF can trans-
active target genes by binding to HRE upon hypoxia. In this study,
we characterized CBSLR as a new player in cellular hypoxia signal-
ing. CBSLR is transactivated by HIF-1a under hypoxic conditions
and modulates ferroptosis and chemoresistance of GC cells. CBSLR
upregulation confers chemoresistance both in vitro and in vivo.
Notably, CBSLR is upregulated in GC tissues and high CBSLR expres-
sion correlates with a poorer prognosis and a poorer response to
chemotherapy. Our data indicate that CBSLR serves as a novel
potential indicator for chemotherapy response and helps select
individualized treatment in the clinic in GC.

The KEGG pathway enrichment indicated that CBSLR had an
impact on cell metabolism and the oxidation–reduction process.
Moreover, CBSLR protects GC cells against ferroptosis and does
not affect apoptosis, necroptosis, or autophagic cell death upon
hypoxia. Previous studies suggest that hypoxia might be involved
in ferroptosis. Yang et al. showed that HIF1a prevented ferroptotic
cell death [37]. Carbonic anhydrase 9 inhibition leads to higher
sensitivity to ferroptosis in malignant mesothelioma under
hypoxic conditions by modulating iron metabolism [38].

Thus, CBSLR acts as a novel mediator linking hypoxia and fer-
roptosis. However, CBSLR exerted no significant effects on the
mRNA levels of well-known ferroptosis regulators. The molecular
mechanisms of lncRNA’s biological function can be diversified, as
lncRNAs play a role in multiple levels of gene modulation, namely,
transcriptionally via recruiting chromatin-modifying complexes
and also post-transcriptionally through interactions with proteins,
mRNAs, or miRNAs [8–10]. Here, we identified that CBSLR associ-
ates with YTHDF2. However, CBSLR did not affect the protein level
of YTHDF2.

Given that YTHDF2 has been reported to promote RNA degrada-
tion in an m6A dependent manner [17], we screened the dysregu-
lated genes with CBSLR knockdown and chose CBS for further
investigation. Furthermore, we found that CBSLR had no effect on
the subcellular distribution, transcription, and translation of CBS,
but markedly decreased the mRNA stability of CBS. Among the
identified chemical modifications in RNA, N6-methyladenosine
(m6A) (methylated at the N6 position of adenosine) has been
regarded as the prominent dynamic mRNA modification [36].
RNA m6A modifications are enriched near stop codon and in the
50- and 30-UTR and within long internal exons [23,24]. m6A modi-
fication is dominated by methyltransferase complex (‘‘writers”),
demethylases (‘‘erasers”), and RNA-binding proteins (‘‘readers”).
m6A has been reported to affect RNA translation, splicing and
decay and is implicated in a wide variety of cellular processes,
including carcinogenesis [39]. As tumor hypoxia causes m6A epi-
genetic remodelling [22–24], we speculated that CBSLR modulated
CBS in an m6A-dependent manner. We found significant enrich-
ment of m6A in the CDS regions of CBS in GC cells mediated by
METTL3. m6A in CDS, but not 50UTR, positively regulated the decay
rate of CBS mRNA. YTHDF2 was shown to be involved in m6A reg-
ulated mRNA stability of CBS. Our results suggested that CBS is
involved in CBSLR-mediated ferroptosis- and chemoresistance. A
negative correlation between CBSLR and CBS expression was found
in GC tissues. High expression of CBSLR and low expression of CBS
were associated with a worse prognosis in GC patients that
received adjuvant chemotherapy and with a poor response in
patients that received neoadjuvant chemotherapy.

The oncogenic or tumor-suppressive role of CBS may depend on
the tumor type. CBS promotes colon cancer growth and progres-
sion by both autocrine and paracrine mechanisms [20,40].
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However, the decreased expression of CBS has been demonstrated
to promote glioma tumorigenesis [41]. Our study was consistent
with a study reporting that CBS is downregulated in GC [21], and
that CBS expression is further decreased upon hypoxia. However,
the biological role of CBS is unknown in GC. Ferroptosis, a ROS-
dependent form of cell death, is mainly related to iron accumula-
tion and lipid peroxidation. Dysregulation of ferroptosis is corre-
lated with a diversity of pathological conditions, including the
therapeutic response to cancer treatments [42–44]. CBS has been
reported to be involved in ferroptosis as a marker of transsulfura-
tion pathway activity and to protect fibrosarcoma, hepatocellular
carcinoma, breast cancer, and lung cancer cells from ferroptosis
[29,30,45]. Furthermore, CBS was upregulated in breast cancer
and lung cancer compared with normal tissues, according to TIMER
and Oncomine. When CBS expression is downregulated, the pro-
duction of endogenous GSH is decreased, which can lead to ferrop-
tosis [45]. However, CBS has also been reported to decrease the
intracellular GSH content and antioxidant capacity in lymphoma
cell lines, which could contribute to ferroptosis [32]. Thus, the role
of CBS in ferroptosis modulation could also depend on the cancer
type and be heterogeneous. Therefore, we explored the role of
CBS in ferroptosis in GC.

We demonstrated that CBSLR silencing had no effects on the
well-recognized ferroptosis regulators, including intracellular
GSH and Fe2+ levels, system xc� and GPX4 activity. Considering
the function of CBS in catalyzing the reaction of homocysteine with
either cysteine or serine to form cystathionine and either hydrogen
sulfide or water, respectively, we treated GC cells with propargyl-
glycine (PPG) (an inhibitor of cystathionine c-lyase). We found that
the transsulfuration pathway was not involved in CBSLR-mediated
ferroptosis resistance.

However, SLC7A11high results in metabolic reprogramming,
causing reliance on GSH and NADPH [46,47], which increases fer-
roptosis vulnerabilities. As a study reported that downregulation
of CBS increased GSH content and an analysis across human data-
sets revealed a comparatively high expression of SLC7A11 in GC
versus normal tissues [32,46] (Fig. S27), we wondered whether
CBSLR functioned through modulating the glucose metabolism.
However, we found that CBSLR had no such effects.

Inspired by the KEGG pathways results that indicated that
CBSLR impacted lipid metabolism, we explored whether CBSLR
could regulate lipid composition. We found that CBSLR silencing
upregulated ACSL4 protein level on a post-transcriptional level
and the pro-ferroptosis phosphatidylethanolamine (PE)
(18:0/20:4) and PE (18:0/22:4) content. The hypoxia-induced
CBSLR/CBS signaling axis modulates ACSL4 methylation to be
polyubiquitinated, thus protecting GC cells from ferroptosis.
Conclusions

Overall, we demonstrate that hypoxia-induced CBSLR/CBS/
ACSL4 signaling mediates PUFA metabolism and contributes to
the ferroptosis resistance in GC cells, which deepens our under-
standing of the hypoxia-mediated signaling landscape. This study
suggests that CBSLR might be a potential therapeutic target for
refractory hypoxic tumors.
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