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YTHDF1/SLC39A4 signaling axis promotes gastric cancer cell
proliferation by suppressing cuproptosis ex vivo and in vitro
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Gastric cancer (GC) continues to be a major contributor to global cancer mortality, underscoring the need to elucidate its molecular
mechanisms to develop effective therapies. Cuproptosis, a copper-dependent form of cell death, exhibits tumor-suppressive effects
in GC. Clinical specimens revealed elevated expression of solute carrier family 39 member 4 (SLC39A4) in GC tissues, correlating
with poor prognosis. However, the role of SLC39A4 in GC remains unclear. Using lentiviral transduction in AGS and MKN-45 cell
lines, we established stable monoclonal strains with SLC39A4 overexpression and knockdown for functional studies. SLC39A4
promotes GC cell proliferation both in vitro and in vivo. CuCl2 and elesclomol treatment induced cuproptosis, which was attenuated
by SLC39A4 overexpression but potentiated by SLC39A4 knockdown, as confirmed through proliferation assays and cuproptosis
marker analyses in cell cultures and xenograft models. Mechanistically, the m6A reader protein YTHDF1, frequently overexpressed
in GC patients and known to inhibit elesclomol-induced cuproptosis, bound to SLC39A4 mRNA and stabilized its transcripts. Dual-
luciferase assays demonstrated that mutation of the m6A site within SLC39A4’s coding sequence abolished YTHDF1-mediated
regulation. These findings establish SLC39A4 as a promoter of GC progression through cuproptosis suppression, modulated by
YTHDF1 via m6A-dependent mRNA stabilization, revealing potential therapeutic targets for GC treatment.
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Graphical Abstract

INTRODUCTION
Gastric cancer (GC) is a common malignant tumors [1], with over
one million new cases diagnosed each year [2]. The mortality rate
of GC ranks fifth among all malignant tumors [3]. Although
advances in medical technology have improved patient prognosis
to some extent, the overall outlook remains unsatisfactory

because most patients are diagnosed at an advanced stage [4].
Exploring new therapeutic strategies and understanding the
pathogenesis of GC are crucial for improving patient prognosis.
Cuproptosis is a recently identified form of copper-dependent

cell death, distinct from all other known regulated cell death
pathways [5]. Excess intracellular Cu²⁺ can be transported to the
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mitochondria via ionophores and reduced to cuprous ion (Cu1+).
This process induces cell death by binding to the lipid
components from the tricarboxylic acid cycle, promoting aggrega-
tion of lipoacylated proteins and loss of iron-sulfur cluster proteins
[6]. Targeting the promotion of cuproptosis has been reported as a
promising strategy to inhibit GC [7].
Cuproptosis-related genes (CRGs) regulate the progression of

various cancers, including GC [8]. Solute carrier (SLC) family 39
member 4 (SLC39A4, ZIP4), a member of the SLC39 family, encodes
membrane transporters involved in ion transport [9]. Downregulation
of SLC39A4 can reduce the malignant behavior of tumor cells,
including hepatocellular carcinoma [10], oral squamous cell carcinoma
[11], and pancreatic cancer [12]. However, the role of SLC39A4 in GC
has not yet been determined. Previous studies have found that GC
patients with short overall survival often exhibit high expression of
SLC39A4 [13]. Single-cell RNA sequencing analysis of tissues from
intrahepatic cholangiocarcinoma revealed that silencing of SLC39A4
upregulated the level of the cuproptosis-inducing protein ferredoxin 1
(FDX1) [14]. The evidence above suggests a potential role for SLC39A4
as a CRG. In addition, previous studies have indicated that SLC39A4
mediates the activation of multiple signaling pathways by regulating
the phosphorylation of target proteins [15–18]. However, the detailed
molecular mechanism by which SLC39A4 regulates phosphorylation
remains unclear. Based on this, the study investigated the molecular
mechanisms underlying the signal cascade mediated by SLC39A4
using phosphorylation proteomics analysis.
YTH N6-methyladenosine RNA binding protein 1 (YTHDF1) is a

key m6A reader involved in the development of GC [19, 20].
YTHDF1 has been reported to prevent the degradation of multiple
target genes, such as NOTCH1, EIF3C, and ATG14A, by recognizing
their m6A modifications [21–23]. However, the interaction
between SLC39A4 and YTHDF1 in GC is not yet clear.
The purpose of this study is to explore the relationship between

SLC39A4 and YTHDF1 and their effects on cuproptosis in the
context of GC to reveal effective strategies for discouraging the
progression of GC.

MATERIALS AND METHODS
Bioinformatics analysis
RNA sequencing data from GC patient samples were obtained from the
GEO database (GSE103236, GSE56807, and GSE172032). Differentially
expressed genes were identified using a threshold of log2FC > 1 and
P < 0.01 [24–26]. The ENCORI database was used to retrieve m6A readers
that bind to SLC39A4 [27]. The potential m6A modification sites on
SLC39A4 were obtained from SRAMP database [28].

Patient samples
All patient samples were obtained from the Department of Pathology at the
Second Affiliated Hospital of Harbin Medical University. Fifteen frozen GC tissue
samples and paired para-carcinoma tissues from patients who had not
undergone chemotherapy were used for molecular testing. Additionally, three
paraffin-embedded GC tissue samples were used for immunohistochemical
analysis to detect SLC39A4 expression. All experimental procedures received
approval from the Ethics Committee of the Second Affiliated Hospital of Harbin
Medical University (No. YJSKY2024-376) and strictly adhered to the Declaration
of Helsinki. This study obtained informed consent from all participants.

Cu2+ measurement
The Cu²⁺ level was measured using the Cu2+ Colorimetric Assay Kit
(Elabscience, Wuhan, China). This method was based on the principle that
Cu²⁺ dissociate in an acidic environment and form a purple complex upon
chelation with 3,5-DiBr-PAESA. In brief, the samples were incubated with
the color-developing solution at 37 °C for 5 min, and the optical density
was examined at 580 nm.

Cell lines
Gastric epithelial cell lines GES-1 and GC cell lines AGS, HGC-27, MKN-45,
NCI-N87, and SNU-16 were purchased from iCell (Shanghai, China) and

cultured at 37 °C, 5% CO2. The GES-1, MKN-45, NCI-N87, and SNU-16 cells
were cultured in RPMI-1640 medium supplemented with 10% bovine
serum albumin (BSA). The AGS and HGC-27 cells were cultured in F12K
medium containing 10% fetal bovine serum and DMEM medium,
respectively. The cell lines were verified via short tandem repeat (STR)
profiling, and the supplier certified their mycoplasma-free status.

Cell treatment
AGS and MKN-45 cells were treated with medium containing 1 μM CuCl2
(Macklin, Shanghai, China) supplemented with varying concentrations of
elesclomol (EC) (Macklin, Shanghai, China) at 0, 10, 25, 50, 100, 200, and
400 nM to induce cuproptosis. After 48 h, cell viability was tested via the
CCK-8 method, with the half-maximal inhibitory concentration (IC50)
calculated accordingly. Based on the IC50 values, 1 μM CuCl2 and 50 nM EC
were selected for subsequent experiments.

Plasmid transfection
The coding sequence (CDS) of SLC39A4was ligated into the pcDNA3.1 plasmid,
while the short hairpin RNA (shRNA) targeting SLC39A4 was cloned into the
pRNAH1.1 plasmid. The recombinant plasmids were transfected into AGS and
MKN-45 cells using Lipofectamine 3000 transfection reagent. After 48 h, stably
transfected cells were selected using 200mg/ml G418. Subsequently, the
stable cells underwent monoclonal culture, and the expression of SLC39A4
protein and mRNA was assessed to identify monoclonal cells exhibiting the
most effective overexpression or knockdown for subsequent experiments.
Additionally, the CDS of YTHDF1 was cloned into the pcDNA3.1 plasmid and
transiently transfected into AGS and MKN-45 cells.

mRNA stability assay
After transfection with the plasmid for 48 h, the cells were exposed to 5 μg/
mL Actinomycin D for varying durations (0, 2, 4, and 6 h), followed by
collection and subsequent real-time qPCR analysis.

Real-time qPCR
First-strand cDNA synthesis was carried out on the total RNA sample,
employing an All-in-One First-Strand SuperMix according to the manu-
facturer’s instructions. Real-time qPCR was performed with SYBR Green dye
on a Pangaea 3 fluorometric quantifier. The specific primer sequences used
are as follows. Homo SLC39A4, (forward) 5’-GAGCGGGTCTTGCTTCCA-3’,
(reverse) 5’-GCACTCAGGCATACCGTGTC-3’. Homo YTHDF1, (forward) 5’-
AACCCGAAAGAGTTTGAGTG-3’, (reverse) 5’-GCTGAAGAGCAGGTAGACG-3’.

Western blot
The total proteins were loaded onto SDS-PAGE for separation and
subsequently transferred to PVDF membranes. The membranes were
blocked with a commercial blocking buffer and incubated with SLC39A4
antibody (Cat. No. 20625-1-AP, Proteintech, Rosemont, IL, USA), YTHDF1
antibody (Cat. No. 17479-1-AP, Proteintech), FDX1 antibody (Cat. No.
12592-1-AP, Proteintech), lipoic acid antibody (for the detection of DLAT
lipoylation) (Cat. No. ab58724, Abcam, Boston, MA, USA), DLAT antibody
(Cat. No. 12362, Cell Signaling Technology, Danvers, MA, USA), and GAPDH
antibody (Cat. No. 60004-1-Ig, Proteintech) overnight at 4 °C. Subsequently,
the membranes were subjected to incubation with a secondary antibody
conjugated to horseradish peroxidase (HRP) (Cat. No. SE134 & Cat. No.
SE131, Solarbio, Beijing, China). The blots were subjected to enhanced
chemiluminescence (ECL) detection, and the resulting signals were
acquired using a chemiluminescence imaging system. The gray values
were analyzed using Tanon Image software (Shanghai, China).

Immunohistochemistry
Paraffin sections were dewaxed and boiled in an antigen retrieval solution. The
sections were subjected to hydrogen peroxide (3%) incubation and BSA (1%)
blocking. Sections were then incubated overnight at 4 °C with SLC39A4 (Cat.
No. 20625-1-AP, Proteintech) and FDX1 (Cat. No. 12592-1-AP, Proteintech)
antibodies, followed by incubation with an HRP-labeled secondary antibody
(Cat. No. 31460, Thermo Scientific, Pittsburgh, PA, USA). Finally, hematoxylin
counterstaining was applied following DAB incubation to the sections.

5-ethynyl 2´-deoxyuridine (EdU) staining
A Click-iT EdU-488 Cell Proliferation Test Kit (Biosharp, Hefei, China) was
used. Cells (2.0 × 104) were incubated in EdU staining solution for 2 h,
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followed by incubation with Click-iT reaction solution for 30min. Hoechst
33342 was used for nuclear staining. Fluorescence intensity was measured
by flow cytometry.

Cell cycle
A Cell Cycle Assay Kit was obtained from Biosharp. After fixation in 70%
ethanol, the cells were resuspended and treated with a solution containing
propidium iodide (PI) and RNase A. Fluorescence intensity was measured
using flow cytometry.

Colony formation
The cells were resuspended in complete medium and reseeded at a density of
250 cells per well. Following a 12-day culture period, the cells were fixed using
4% paraformaldehyde and subsequently stained with crystal violet.

Animals
Four-week-old male BALB/c nude mice were randomly divided into 12 groups.
Although no formal statistical power analysis was conducted, the number of
animals per group (n= 6–8) was determined based on previous studies using
xenograft tumor models, adhering to the principle of minimizing animal use
while ensuring reproducibility. Five million (5 × 106) cells were injected
subcutaneously into each mouse. Tumor diameter was measured every three
days. Mice that developed tumors within 10 days after cell injection were
included in the study, while those that did not develop tumors were excluded.
Intraperitoneal injections of 25mg/kg EC were administered three times per
week for three weeks to induce cuproptosis. The mice were euthanized after
28 days, and tumor tissues were harvested for analysis. To assess the
outcomes, authors who were not involved in the experiments were asked to
evaluate the results in a blinded manner. The animal experiments were
approved by the Ethics Committee of the Second Affiliated Hospital of Harbin
Medical University (No. YJSDW2024-189).

RNA immunoprecipitation (RIP)-PCR
An EZ-Magna RIP RNA-Binding Protein Immunoprecipitation Kit was obtained
from Millipore (Billerica, MA, USA). Magnetic beads were incubated with
YTHDF1 antibodies, after which cell lysates were added to the bead-antibody
complex to precipitate RNA. Subsequently, the magnetic beads were separated
using a magnetic rack, and proteins were digested with proteinase K to isolate
RNA. The RNA was then amplified by PCR and analyzed using agarose gel
electrophoresis. The primer sequence is as follows. Homo SLC39A4, (forward) 5’-
CGATGTTGAAAGTACGG-3’, (reverse) 5’-TCCAAGGACAAGAGTGTC-3’.

Dual-luciferase reporter gene assay
The luciferase reporter plasmid was constructed by inserting either the
mutant (MUT) or wild-type (WT) sequence, and was co-transfected with a
YTHDF1 overexpression plasmid into MKN-45 cells. Activity from the co-
transfected Renilla luciferase plasmid was used for normalization.
Assessment of fluorescence intensity was performed following a 48-h
incubation, utilizing a commercial Luciferase Assay Kit.

Phosphorylation proteomics
Phosphorylation proteomics analysis was performed by Spec Ally Life
Technology Co. (Wuhan, China). Briefly, proteins were reduced, alkylated,
and then digested enzymatically using trypsin. (Dithiothreitol and
iodoacetamide were used for reduction and alkylation, respectively.)
Following enzymatic digestion, peptide samples were loaded onto a C18
microcolumn for desalting and then vacuum-dried. The peptide fractions
were then bound to a StageTip microcolumn to enrich phosphorylated
peptides. Peptide segments were characterized using a coupled liquid
chromatography and tandem mass spectrometry (LC-MS/MS) system. The
phosphorylated peptides were dissolved in buffer and separated using the
EASY-nLC 1200 system equipped with a C18 column (Thermo Scientific).
MS data were acquired using the Orbitrap Exploris 480 mass spectrometer
(Thermo Scientific). The MS data were analyzed with MaxQuant software
and searched against the SwissProt protein database. The functional
enrichment of pathways was assessed via the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database, utilizing the clusterProfiler package in R.

Statistical analysis
The mean and standard deviation (mean ± SD) are used to present the
results. All data underwent normality tests and evaluation of homogeneity

of variances between groups prior to statistical analysis. For comparisons
involving two groups, the F-test was used to assess equality of variances.
For multiple groups, the Brown–Forsythe test was applied. When data
failed to meet the assumption of normal distribution or when the
assumption of homogeneity of variance was violated, equivalent
nonparametric tests were employed (Mann–Whitney U test instead of
the independent samples t-test, and Kruskal–Wallis test instead of one-way
ANOVA). Data that conform to a normal distribution and pass the
homogeneity of variance test were analyzed using parametric tests. We
employed the Student’s t test for two-group comparisons. For multi-group
analyses, one-way or two-way ANOVA was conducted, and significant
outcomes were further examined with Tukey’s post hoc test. Statistical
significance was defined as a p-value below 0.05.

RESULTS
High levels of SLC39A4 in tumor tissues of GC patients
predicted poor prognosis
The GSE56807, GSE103236, and GSE172032 datasets provide
mRNA sequencing data from cancer tissues and adjacent normal
tissue samples of GC patients. To pinpoint key genes governing
GC progression, differential expression analysis was performed on
these datasets (Fig. 1A). The differentially expressed genes in the
GSE56807, GSE103236, and GSE172032 datasets were analyzed
using a threshold of log2FC > 1 and P < 0.01 (Supplementary Fig.
S1A). Ninety-five candidate genes were identified by screening the
common genes among the differentially expressed genes across
three GSE datasets, as well as genes associated with GC
(Supplementary Fig. S1B). Through an extensive literature review,
we focused on SLC39A4, a gene that was highly expressed in GC
tissues (Supplementary Fig. S1C). The analysis results from the
TNMplot and cProSite websites indicated that the expression of
SLC39A4 was elevated at both the transcriptional and translational
levels (Fig. 1B, C) in GC. High SLC39A4 expression levels were
associated with poorer clinical outcomes in gastric cancer,
including shorter overall survival, first progression survival, and
post-progression survival, as assessed through the Kaplan-Meier
Plotter platform (Fig. 1D–F). Cancer tissues from patients with GC
exhibit elevated levels of Cu2+ compared to adjacent normal
tissues (Fig. 1G), potentially contributing to tumor growth.
Additionally, increased expression of SLC39A4 was observed in
cancer tissues, consistent with findings from database analysis
(Fig. 1H–J). Compared with gastric epithelial cell line, GC cell lines
exhibited increased expression of SLC39A4 (Fig. 1K, L). In this
study, we selected the GC cell lines AGS and MKN-45, which
exhibit moderate levels of SLC39A4 expression, allowing for both
overexpression and knockdown of SLC39A4 in these lines.

Screening of monoclonal cell lines for stable transfected cells
According to the results of real-time qPCR analysis (Supplemen-
tary Fig. S2A), For the AGS cell line, clones 4 and 43 were
established with overexpression of SLC39A4, whereas clones 11
and 8 were generated with knockdown of SLC39A4. Similarly, in
the MKN-45 cell line, clones 9 and 48 expressed elevated levels of
SLC39A4, while clones 2 and 5 exhibited silenced expression of
SLC39A4. The protein expression of SLC39A4 in the selected clones
was also examined using western blotting (Supplementary Fig.
S2B).

SLC39A4 enhanced the proliferation of GC cells in vitro and
in vivo
The results of the CCK-8 assay (Fig. 2A–D) demonstrate that
SLC39A4 upregulation drives the growth of GC cells, whereas
silencing SLC39A4 produces the opposite effect. Additionally, DNA
replication activity in GC cells was analyzed using the EdU assay
(Fig. 2E–H). SLC39A4 overexpression increased the proportion of
EdU-positive cells, indicating that SLC39A4 promotes DNA
replication. Conversely, SLC39A4 knockdown inhibited this pro-
cess (scatter plots are shown in Supplementary Fig. S3A). Cell cycle
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Fig. 1 SLC39A4 was highly expressed in tumor tissues of GC patients and predicted poor prognosis. A This study conducted a
comprehensive analysis of differentially expressed genes in the tumor tissues of GC patients using the datasets GSE56807, GSE103236, and
GSE172032 from the GEO database, with a particular focus on SLC39A4. The diagram was generated by BioRender (https://
www.biorender.com/). B SLC39A4 mRNA expression in GC patient samples from TNM-plot website. C SLC39A4 protein expression in GC
patient samples from cProSite website. The relationship between SLC39A4 expression and overall survival (D), first progression survival (E), and
post progression survival (F) in patients with GC was analyzed using the KM-plotter website. G Copper ion level in the samples collected from
patients with GC. N= 15. H SLC39A4 mRNA expression in the patient samples. N= 15. I Representative SLC39A4 immunohistochemical
staining images in the tumor tissues of patient samples. N= 3. J SLC39A4 protein expression in the patient samples. N= 6. SLC39A4 mRNA
expression (K) and protein expression (L) in GC cell lines and gastric epithelial cell line GSE-1. N= 3. GC, gastric cancer; SLC39A4, Solute carrier
family 39 member 4. The data is presented as the mean value ± standard deviation, and p < 0.05 was considered statistically significant.
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Fig. 2 SLC39A4 promoted the proliferation of GC cells. A, B Cell proliferation in SLC39A4-overexpressed monoclonal strains. C, D Cell
proliferation in SLC39A4-silenced monoclonal strains. Cell proliferation in SLC39A4-overexpressed (E, F) and SLC39A4-silenced (G, H) GC cells
was examined using EdU staining and analyzed using flow cytometry. Cell cycle in SLC39A4-overexpressed (I, J) and SLC39A4-silenced (K, L)
was analyzed using flow cytometry. Clone formation in SLC39A4-overexpressed (M, N) and SLC39A4-silenced (O, P). N= 3. SLC39A4 Solute
carrier family 39 member 4, GC gastric cancer, EdU 5-ethynyl-2-deoxyuridine, OD optical density, NC-Sh negative control short hairpin RNA
sequence, shSLC39A4-KD-11/8/2/5 monoclonal 11/8/2/5 that was transfected with a short hairpin RNA sequence targeting SLC39A4, EV empty
vector, Ov-SLC39A4-4/43/9/48 monoclonal 4/43/9/48 that was transfected with a SLC39A4 overexpression plasmid. The data is presented as
the mean value ±standard deviation, and p < 0.05 was considered statistically significant.
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Fig. 3 SLC39A4 accelerated the growth of GC cells in xenograft models. A MKN-45 cells were injected subcutaneously into nude mice, and
tumor tissues were collected 28 days later. The diagram was generated by BioRender (https://www.biorender.com/). Changes in tumor volume
of the mice received SLC39A4-overexpressed cells (B) and SLC39A4-silenced cells (C). Tumor weight of the mice received SLC39A4-
overexpressed cells (D) and SLC39A4-silenced cells (E). Images of tumor tissues formed by SLC39A4-overexpressed cells (F) and SLC39A4-
silenced cells (G). N= 8. SLC39A4 Solute carrier family 39 member 4, GC gastric cancer, NC-Sh negative control short hairpin RNA sequence,
shSLC39A4-KD-2/5 monoclonal 2/5 that was transfected with a short hairpin RNA sequence targeting SLC39A4, EV empty vector, Ov-SLC39A4-
9/48 monoclonal 9/48 that was transfected with a SLC39A4 overexpression plasmid. The data is presented as the mean value ±standard
deviation, and p < 0.05 was considered statistically significant.
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analysis yielded results consistent with those of the EdU assay (Fig.
2I–L). SLC39A4 overexpression accelerated the G1/S phase
progression in GC cells, while its knockdown induced G1 phase
arrest (histograms are shown in Supplementary Fig. S3B). In
addition, overexpression of SLC39A4 enhanced the colony
formation of GC cells, whereas SLC39A4 silence produced the
opposite effect (Fig. 2M–P).
Evidence from in vivo experiments also supports the oncogenic

function of SLC39A4 (Fig. 3A). In vivo studies utilizing MKN-45 cell-
based xenografts demonstrated an oncogenic function for
SLC39A4. Gain- and loss-of-function studies confirmed that its
overexpression enhanced tumor growth, while its knockdown
attenuated tumor development (Fig. 3B, C). At the experimental
endpoint, tumor weight increased in the SLC39A4 overexpression
group, whereas it decreased in the SLC39A4 knockdown group
(Fig. 3D, E). This trend was also evident in the images of the tumor
tissues (Fig. 3F, G).

SLC39A4 enhanced resistance to cuproptosis in vitro and
in vivo
To define the contribution of SLC39A4 to cuproptosis in GC, we
exposed stably transfected GC cells to CuCl2 along with increasing
doses of EC. The results indicated that high levels of SLC39A4
promoted cell proliferation, whereas knockdown of SLC39A4
inhibited GC cell survival and accelerated cuproptosis (Fig. 4A–D).
The IC50 of EC on GC cells was ~50 nM. Therefore, CuCl2 and
50 nM EC were selected as cuproptosis inducers for the
subsequent experiments. Elevated levels of FDX1 and increased
acylation of DLAT indicate the occurrence of cuproptosis. Over-
expression of SLC39A4 inhibited FDX1 expression and DLAT
lipoylation, whereas silencing SLC39A4 further enhanced the
levels of cuproptosis markers (Fig. 4E–H). The formation of DLAT
oligomers, another marker of cuproptosis, was examined using
immunofluorescence microscopy (Fig. 4I, J). The results showed
that overexpression of SLC39A4 reduced DLAT oligomer forma-
tion, whereas knockdown of SLC39A4 further increased the
production of DLAT oligomers.
In the xenograft model, overexpression of SLC39A4 reversed EC-

induced cuproptosis, whereas SLC39A4 knockdown combined
with EC treatment synergistically inhibited tumor growth (Fig.
5A–D), as also evidenced by the tumor images (Fig. 5E, F). The
inhibitory effect of SLC39A4 on cuproptosis was demonstrated in
vivo by measuring the expression of FDX1, a marker of
cuproptosis (Fig. 5G). Furthermore, we obtained immunohisto-
chemical staining images of FDX1 in tumor tissues from GC
patients using the Human Protein Atlas (HPA) database (Fig. 5H).
These images showed low FDX1 expression, indicating a reduced
level of cuproptosis in GC patients.

YTHDF1 overexpression enhanced resistance to cuproptosis
in vivo
Compared with adjacent non-cancerous tissues, YTHDF1 showed
significantly higher expression in GC specimens (Fig. 6A). Figure
6B–D shows that overexpression of YTHDF1 reversed the anti-
growth effect of elesclomol following xenotransplantation of GC
cells. Furthermore, YTHDF1 overexpression suppressed cupropto-
sis in GC, as demonstrated by the decreased expression of the
cuproptosis markers FDX1 and lip-DLAT (revised Fig. 6E).

YTHDF1 enhanced SLC39A4 mRNA stability via reading m6A
modification
Analysis of the ENCORI database indicates that SLC39A4 may
interact with multiple m6A readers (Supplementary Fig S4A). A
positive correlation was observed between the mRNA level of
SLC39A4 and the m6A reader YTHDF1. Additionally, the expression
levels of YTHDF1 and SLC39A4 were positively correlated in
samples from GC patients (Fig. 7A). Furthermore, YTHDF1 has
multiple potential binding sites within the CDS and the 3’-

untranslated region (3’-UTR) of SLC39A4. Based on the evidence
presented above, this study further investigates the regulation of
SLC39A4 expression by YTHDF1. The YTHDF1 overexpression
plasmid was transfected into GC cells. YTHDF1 was successfully
expressed in GC cells (Fig. 7B–E). Overexpression of YTHDF1
promoted the expression of SLC39A4 (Fig. 7F–I), potentially by
preventing the degradation of SLC39A4 mRNA (Fig. 7J). RIP-PCR
analysis confirmed that YTHDF1 binds directly to SLC39A4 mRNA
(Fig. 7K). The SRAMP database analysis revealed that YTHDF1
preferentially binds to the GGACC motif, which is located within
the binding sequence of YTHDF1 on the SLC39A4 mRNA, as
predicted by the ENCORI database (Supplementary Fig. S4B).
Therefore, the dual-luciferase reporter vector was constructed to
harbor the CDS of SLC39A4, in which alanine at position 1962 was
mutated to cysteine. The results showed that YTHDF1 interacted
with the wild-type SLC39A4 sequence, whereas the m6A site
mutant SLC39A4 was not regulated by YTHDF1 expression (Fig. 7L).
The findings indicate that YTHDF1 may stabilize the mRNA
expression of SLC39A4 by recognizing the m6A modification
within the CDS.

Overexpression of SLC39A4 affected protein phosphorylation
modifications in GC cells treated with EC-Cu
To investigate the downstream mechanisms through which
SLC39A4 regulates cuproptosis, we conducted a phosphorylation
proteomics analysis of proteins in SLC39A4-overexpressing GC
cells treated with EC-Cu. Upregulation of SLC39A4 increased the
phosphorylation levels of 11 downstream proteins while concur-
rently decreasing the phosphorylation levels of 107 downstream
proteins (Supplementary Fig. S5A). These proteins primarily
participate in the MAPK, TNF, and the cGMP-PKG signaling
pathway (Supplementary Fig. S5B). Furthermore, we analyzed
the phosphorylation site motifs of differentially phosphorylated
peptides (Supplementary Fig. S5C–H), and observed that the
overexpression of SLC39A4 primarily affected serine (S) phosphor-
ylation. The kinase-substrate enrichment analysis (KSEA) identified
that kinases, including CSNK2A1, MAPK1, PRKACA, CDK1, and
MAPK3, were activated in GC cells overexpressing SLC39A4
(Supplementary Fig. S5I). The increased expression of phosphory-
lated HSPB1 (p-HSPB1) in GC cell lines treated with SLC39A4
overexpression and EC-Cu was confirmed (Supplementary Fig.
S5J).

DISCUSSION
Copper is an essential metallic element that plays a crucial role in
various physiological processes, including the promotion of
tumor growth and invasion. However, excessive Cu²⁺ can induce
a form of cell death known as cuproptosis [6]. The application of
elevated copper ion concentrations to induce cuproptosis is
considered a promising therapeutic strategy for GC [29]. SLC39A4
undergoes m6A modification in its mRNA, which is recognized by
YTHDF1 to stabilize SLC39A4 mRNA. This stabilization inhibits the
expression of FDX1, thereby suppressing the downstream
cascade of reactions related to cuproptosis and promoting the
progression of GC. Targeting SLC39A4 enhances the induction of
cuproptosis in GC cells. The combination of SLC39A4 silencing
and the cuproptosis inducer EC represents a potential therapeutic
strategy for GC. This study broadens our understanding of GC
treatment strategies that induce cuproptosis at the molecular
level, offering a novel and promising molecular target for GC
therapy.
Upregulation of SLC39A4 has been observed in esophageal

squamous cell carcinoma [30], hepatocellular carcinoma [10], and
pancreatic cancer [31], where it contributes to cancer progression.
This indicates that SLC39A4 is a potential oncogene. However, a
comprehensive understanding of its role in GC is still lacking.
Upregulation of SLC39A4 was identified in GC and linked to
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unfavorable clinical outcomes. Silencing SLC39A4 inhibits the
proliferation of GC cells both in vivo and in vitro. These findings fill
the gap in understanding the function of SLC39A4 in GC and
further clarify its role as a cancer-promoting gene. Importantly, the
knockdown of SLC39A4 has been found to increase the protein
expression of key cuproptosis markers, FDX1 and DLAT in
intrahepatic cholangiocarcinoma [14]. This finding strongly sup-
ports the focus of this study in exploring the key genes involved in
cuproptosis within the context of cancer. In addition, the study

demonstrated that SLC39A4 can bind and transport Cu²⁺, rather
than being limited to Zn²⁺ as previously believed [9]. Therefore, we
speculate that the inhibitory effect of SLC39A4 on cuproptosis
may also be applicable to GC. This study reports that SLC39A4
confers resistance to EC-induced cuproptosis. Knockdown of
SLC39A4 synergistically enhances cuproptosis in GC cells treated
with EC, as demonstrated by increased expression of FDX1 and
lipid acylation of DLAT. These findings align with previous
research.

Fig. 4 SLC39A4 enhanced resistance to cuproptosis in GC cells. The GC cells were treated with 1 μM CuCl2 and different concentrations of
elesclomol for 48 h. Cell survival rate in SLC39A4-overexpressed (A, B) and SLC39A4-silence (C, D) cells. Protein expression of cuproptosis
markers FDX1 and Lip-DLAT in SLC39A4-overexpressed (E, F) and SLC39A4-silenced (G, H) cells. Representative oligomers-DLAT
immunofluorescence staining images of SLC39A4-overexpressed (I) and SLC39A4-silenced (J) cells. N= 3. SLC39A4 Solute carrier family 39
member 4, GC gastric cancer, EC elesclomol, Cu copper, FDX1 ferredoxin 1, DLAT dihydrolipoamide S-acetyltransferase, Lip-DLAT lipoylation of
dihydrolipoamide S-acetyltransferase, DAPI 4’, 6-diamidino-2-phenylindole, NC-Sh negative control short hairpin RNA sequence, shSLC39A4-
KD-11/8/2/5 monoclonal 11/8/2/5 that was transfected with a short hairpin RNA sequence targeting SLC39A4, EV empty vector, Ov-SLC39A4-
4/43/9/48 monoclonal 4/43/9/48 that was transfected with a SLC39A4 overexpression plasmid. The data is presented as the mean
value ± standard deviation, and p < 0.05 was considered statistically significant.
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Fig. 5 SLC39A4 enhanced resistance to cuproptosis of GC cells in xenograft models. Xenografted mice received intraperitoneal injection of
elesclomol, and tumor tissues were collected 28 days later. Changes in tumor volume of the mice received SLC39A4-overexpressed cells (A)
and SLC39A4-silenced cells (B). Tumor weight of the mice received SLC39A4-overexpressed cells (C) and SLC39A4-silenced cells (D). Images of
tumor tissues formed by SLC39A4-overexpressed cells (E) and SLC39A4-silenced cells (F). G) Representative FDX1 immunohistochemical
staining images in tumor tissues. H FDX1 immunohistochemical staining images in GC patients from HPA database. N= 8. SLC39A4 Solute
carrier family 39 member 4, GC gastric cancer, EC elesclomol, Cu copper, FDX1 ferredoxin 1, HPA human protein atlas, NC-Sh negative control
short hairpin RNA sequence, shSLC39A4-KD-2 monoclonal 2 that was transfected with a short hairpin RNA sequence targeting SLC39A4, EV
empty vector, Ov-SLC39A4-9 monoclonal 9 that was transfected with a SLC39A4 overexpression plasmid. The data is presented as the mean
value ±standard deviation, and p < 0.05 was considered statistically significant.
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YTHDF1, an m6A reader, was also shown to be upregulated in
GC tissues and to enhance the resistance of GC cells to
cuproptosis. YTHDF1 is a known promoter of GC and regulates
multiple target genes by recognizing m6A modifications. As an
m6A reader, YTHDF1 has been reported to promote the
translation of FZD7, thereby activating the Wnt/β-catenin signal-
ing pathway and facilitating GC progression [32]. Furthermore,
YTHDF1 also acts as an m6A reader to facilitate the translation of
USP14 [33], TCF7 [34], and SCARB1 [35], thereby promoting the
progression of GC. However, the interaction between YTHDF1 and
SLC39A4 has not yet been fully elucidated. This study reveals that
YTHDF1 enhances the stability of SLC39A4 mRNA and promotes its
translation by recognizing m6A modification. Interestingly, it was
observed that SLC39A4-MUT group exhibited almost the same
luciferase activity as in the SLC39A4-MUT group with YTHDF1
overexpression. Under conditions of YTHDF1 overexpression, the
factors influencing differences in the transcriptional levels of
SLC39A4 between the SLC39A4-MUT and SLC39A4-WT groups
include both the regulatory effect of YTHDF1 on m6A and the
m6A modification itself. Previous studies have shown that m6A
modification promotes transcriptional termination [36], and may
lead to mRNA degradation through pathways mediated by m6A

readers, RNA-binding proteins, or cross-talk with other RNA
modifications [37], which can partially inhibit gene transcription.
In this study, although YTHDF1 overexpression enhanced the
promoting effect of YTHDF1 on m6A-mediated SLC39A4 transcrip-
tion, the inhibitory effect of m6A on transcription cannot be
ignored. The A1952 mutation may eliminate the transcriptional
inhibitory effect of m6A, which explains the observed high
luciferase activity in the SLC39A4-MUT group. Similar results have
also been reported in numerous studies [38, 39]. Apart from
YTHDF1, analysis results from the ENCORI website suggest that
several other m6A readers, such as IGF2BP1 and IGF2BP3, may also
regulate the stability of SLC39A4 and thus warrant further
attention. Additionally, the transcription factor UKLF has been
shown to bind to SLC39A4, facilitating transcriptional activation
[40]. This indicates that the expression of SLC39A4 is influenced
not only by RNA m6A modification but may also be regulated at
the transcriptional level.
In addition, the inhibitory effect of SLC39A4 on cuproptosis may

be mediated through the regulation of specific signaling path-
ways. Activation of the PI3K/AKT pathway by SLC39A4 drove the
malignant phenotype in nasopharyngeal carcinoma cells [17].
Additionally, the PI3K/AKT signaling pathway, when activated,

Fig. 6 YTHDF1 overexpression enhanced resistance to cuproptosis of GC cells in xenograft models. A YTHDF1mRNA expression in the
samples collected from patients with GC. Xenografted mice received intraperitoneal injection of elesclomol, and tumor tissues were collected
28 days later. Changes in tumor volume of the mice received YTHDF1-overexpressed cells (B). Tumor weight of the mice received YTHDF1-
overexpressed cells (C). Images of tumor tissues formed by YTHDF1-overexpressed cells (D). E Protein expression of cuproptosis markers FDX1
and Lip-DLAT in tumor tissues. N= 8. YTHDF1 YTH N6-methyladenosine RNA binding protein F1, GC gastric cancer, EC elesclomol, FDX1
ferredoxin 1, Lip-DLAT lipoylation of dihydrolipoamide S-acetyltransferase, EV empty vector, YTHDF1-OE YTHDF1 overexpression plasmid. The
data is presented as the mean value ±standard deviation, and p < 0.05 was considered statistically significant.
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promoted cuproptosis resistance in colorectal cancer cells [41].
Therefore, SLC39A4 may inhibit cuproptosis by modulating the
PI3K/AKT signaling pathway. The Wnt signaling pathway, which
promotes cancer, was also activated by SLC39A4 [42]. The
abnormal activation of the Wnt signaling pathway has been
shown to confer resistance to cuproptosis in cancer stem cells [43].
The Wnt signaling pathway may mediate the inhibition of
cuproptosis in cancer cells by SLC39A4. Based on existing reports,
this study analyzed the phosphorylation processes in response to

SLC39A4 in GC cells using phosphorylation proteomics. The results
of the kinase-substrate enrichment analysis indicate that the
phosphorylation modifications induced by the overexpression of
SLC39A4 may be mediated by the kinase CSNK2A1. CSNK2A1 is an
activator of the PI3K/AKT signaling pathway and promotes the
progression of GC [44]. Based on previous studies, CSNK2A1-
catalyzed phosphorylation may underlie the activation of the PI3K/
AKT pathway by SLC39A4. This finding enhances our under-
standing of the detailed molecular mechanisms underlying the

Fig. 7 YTHDF1 enhanced the stability of SLC39A4 mRNA in an m6A dependent manner. A Correlation analysis of mRNA expression of
YTHDF1 and SLC39A4 in clinical samples of GC patients. N= 15. YTHDF1 overexpression plasmid was transfected into GC cells, and the
following experiments were performed 48 h later. B, C YTHDF1 mRNA expression in YTHDF1-overexpressed cells. D, E YTHDF1 protein
expression in YTHDF1-overexpressed cells. F, G SLC39A4 mRNA expression in YTHDF1-overexpressed cells. H, I SLC39A4 protein expression in
YTHDF1-overexpressed cells. GC cells were treated with 5 μg/mL Actinomycin D for 6 h. J SLC39A4 mRNA expression in YTHDF1-
overexpressed cells. The YTHDF1 interacting RNA was obtained using RNA-immunoprecipitation assay, and the SLC39A4mRNA expression was
analyzed using PCR-agarose gel electrophoresis. K Representative results of agarose gel electrophoresis. L The m6A-dependent regulation of
SLC39A4 by YTHDF1 was examined using dual-luciferase reporter system carrying SLC39A4 mutant-type (MUT) sequences and wild-type (WT)
sequences. N= 3. YTHDF1 YTH N6-methyladenosine RNA binding protein F1, SLC39A4 Solute carrier family 39 member 4, GC gastric cancer,
m6A N6-methyladenosine, EV empty vector, YTHDF1-OE YTHDF1 overexpression plasmid, CDS coding sequence. The data is presented as the
mean value ±standard deviation, and p < 0.05 was considered statistically significant.
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signal cascade driven by SLC39A4. We found that overexpression
of SLC39A4 increased the phosphorylation level of HSPB1. HSPB1
has been reported as a downstream target of activated p38, with
phosphorylated p38 (p-p38) promoting the phosphorylation of
HSPB1 at Ser82 [45, 46]. Therefore, it is possible that SLC39A4
induces HSPB1 phosphorylation through a mechanism involving
p38 signaling pathway activation. Reports have shown that
inhibition of the p38 signaling pathway leads to an enhancement
of cuproptosis [47]. From the data obtained in this work, SLC39A4
may inhibit cuproptosis by activating the p38 signaling pathway.
The present study has quantified the influence of SLC39A4 and

YTHDF1 on cuproptosis in GC cells. It has been reported that,
similar to SLC39A4, YTHDF1 acts as an activator of the Wnt and
PI3K/AKT signaling pathways [48, 49]. The abnormal activation of
these pathways enhances cancer cell resistance to cuproptosis
[41, 43]. Therefore, we can speculate that YTHDF1 promotes
SLC39A4 translation by recognizing m6A modifications, thereby
activating specific signaling pathways, such as the Wnt and PI3K/
AKT pathways, and consequently inhibiting cuproptosis in GC cells.

CONCLUSION
Targeting SLC39A4 emerges as a crucial strategy for GC treatment.
Elevated expression of SLC39A4, facilitated by the m6A reader
YTHDF1 at the translational level, promotes GC progression by
decreasing susceptibility to cuproptosis.
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Data are available from the corresponding author on reasonable request.
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