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A B S T R A C T

Human endogenous retroviruses (HERVs) are remnants of retroviral infections in human germline cells from
millions of years ago. Among these, ERVW-1 (also known as HERV-W-ENV, ERVWE1, or ENVW) encodes the
envelope protein of the HERV-W family, which contributes to the pathophysiology of schizophrenia. Additionally,
neuropathological studies have revealed cell death and disruption of iron homeostasis in the brains of individuals
with schizophrenia. Here, our bioinformatics analysis showed that differentially expressed genes in the human
prefrontal cortex RNA microarray dataset (GSE53987) were mainly related to ferroptosis and its associated
pathways. Clinical data demonstrated significantly lower expression levels of ferroptosis-related genes, particu-
larly Glutathione peroxidase 4 (GPX4) and solute carrier family 3 member 2 (SLC3A2), in schizophrenia patients
compared to normal controls. Further in-depth analyses revealed a significant negative correlation between
ERVW-1 expression and the levels of GPX4/SLC3A2 in schizophrenia. Studies indicated that ERVW-1 increased
iron levels, malondialdehyde (MDA), and transferrin receptor protein 1 (TFR1) expression while decreasing
glutathione (GSH) levels and triggering the loss of mitochondrial membrane potential, suggesting that ERVW-1
can induce ferroptosis. Ongoing research has shown that ERVW-1 reduced the expression of GPX4 and SLC3A2
by inhibiting their promoter activities. Moreover, Ferrostatin-1 (Fer-1), the ferroptosis inhibitor, reversed the iron
accumulation and mitochondrial membrane potential loss, as well as restored the expressions of ferroptosis
markers GSH, MDA, and TFR1 induced by ERVW-1. In conclusion, ERVW-1 could promote ferroptosis by
downregulating the expression of GPX4 and SLC3A2, revealing a novel mechanism by which ERVW-1 contributes
to neuronal cell death in schizophrenia.
1. Introduction

Human endogenous retroviruses (HERVs) are remnants of ancient
exogenous retroviruses that integrated into the human genome millions
of years ago by infecting germline cells (Li et al., 2022; Yu et al., 2013).
HERVs are polynucleotide sequences with a complete retrovirus struc-
ture, accounting for approximately 8% of the human genome and
replicating along with the human genome through Mendel's law
(Kury et al., 2018). Most HERVs are defective, contain major deletions
or nonsense mutations, and have become part of the host genome
(Markovitz, 2014). Only a few HERVs have complete open reading
frames (ORFs) that encode functional proteins (Grandi et al., 2018a).
These full-length HERVs possess general components of retroviruses,
including two long terminal repeats (LTRs), GAG, POL (retroviral
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polymerase gene), and ENV (envelope) (Yu et al., 2013). HERVs are
divided into three classes based on the sequence similarity of their pol
regions, namely, class I (Gammaretrovirus), II (Betaretrovirus), and III
(Spumaretrovirus) (Vargiu et al., 2016).

HERVs play crucial roles in processes such as placental syncytio-
trophoblast formation, antiviral immune defense, and gene transcription
(Grandi et al., 2018b; Mao et al., 2021; Song et al., 2021). Typically,
HERVs are not expressed or have low transcriptional activity due to
epigenetic regulation. However, many factors can reactivate the
expression of HERVs, including environmental stimuli such as drugs
(e.g., caffeine and aspirin) (Liu et al., 2013) and exogenous radiation (Lee
et al., 2012), infectious factors like viral infections (e.g. human cyto-
megalovirus (Illescas-Montes et al., 2019) and hepatitis B virus (Liu et al.,
2017)), and internal factors such as aging-associated processes
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(Nevalainen et al., 2018) and epigenetics changes (Garcia-Montojo et al.,
2018). Activated HERVs may be involved in certain diseases, such as
certain cancers (Jansz et al., 2021; Yu et al., 2013), autoimmune diseases
(Posso-Osorio et al., 2021), and neuropsychiatric disorders (Li et al.,
2023; Yao et al., 2023).

The HERV-W family, which accounts for nearly 1% of the human
genome, is the oldest HERV family and belongs to Class I transposons
(Gifford et al., 2018). The envelope protein gene (ERVW-1, also known as
HERV-W-ENV, ERVWE1, or ENVW), located on chromosome 7, encodes a
protein called Syncytin-1. This protein, mainly expressed in the human
placenta, is involved in syncytium formation and trophoblast cell fusion
(Garcia-Montojo et al., 2020). Emerging evidence indicates that ERVW-1
is associated with a variety of diseases, including autoimmune diseases
(Mameli et al., 2007), cancers (Yu et al., 2014; Zhou et al., 2021), and
neuropsychiatric disorders (Kury et al., 2018; Wang et al., 2018).
Notably, previous research has shown that ERVW-1 is abnormally
elevated in patients with schizophrenia (Huang et al., 2011; Li et al.,
2023; Wu et al., 2023; Xia et al., 2021; Yan et al., 2022; Yao et al., 2023).

Schizophrenia is a chronic brain disease that affects approximately
1% of the world's population, posing a significant health and economic
burden on society (Marder et al., 2019). Biochemical theories indicate
that schizophrenia is primarily caused by an imbalance of neurotrans-
mitters in the brain, including dopamine, glutamate, serotonin, and
acetylcholine, with the hypothesis of abnormal glutamate metabolism
playing a key role in the neuropsychology of schizophrenia (Stepnicki
et al., 2018). Glutamate, a major excitatory neurotransmitter, weakens
the ability of cysteine/glutamate antiporter system Xc-to transport
cysteine into cells, leading to reduced intracellular levels of antioxidant
glutathione and neurotoxicity (Bridges et al., 2012). The cys-
tine/glutamate transporter system Xc-is critical in glutamate metabolism
and consists of a light-chain subunit (xCT, SLC7A11) and a heavy-chain
subunit (CD98hc, SLC3A2) (Koppula et al., 2021). The SLC3A2 gene,
encoding the transmembrane glycoprotein CD98 (Vection et al., 2022), is
downregulated in schizophrenia (Lin et al., 2016). Moreover, studies
have shown that patients with schizophrenia may exhibit abnormal
antioxidant protection mechanisms in cerebrospinal fluid (CSF) and
postmortem brain tissue (Lin et al., 2016). The downregulation of
SLC3A2 and the imbalance of antioxidants are key features of ferroptosis.

Ferroptosis is a form of cell death driven by iron-dependent lipid
peroxidation, representing a new type of programmed cell death distinct
from apoptosis, cell necrosis, and autophagy (Dixon et al., 2012). It in-
volves the consumption of unsaturated fatty acids within the plasma
membrane and the accumulation of iron-induced lipid reactive oxygen
species, leading to oxidative stress response in cells and causing fatal
damage to proteins, nucleic acids, and lipids, ultimately resulting in cell
death (Zhang et al., 2022). Three main factors are involved in cell death
through ferroptosis: the increase of intracellular free iron, the depletion
of redox glutathione/GPX4/system Xc-axis, and the oxidation of mem-
brane polyunsaturated fatty acids (PUFAs) (Jiang et al., 2021). Ferrop-
tosis influences diverse diseases, such as degenerative diseases, cancers,
cardiovascular and cerebrovascular diseases, ischemia-reperfusion
injury, and renal degeneration (Yan et al., 2021). Ferroptosis is particu-
larly crucial in several neurological diseases, including Parkinson's dis-
ease (Zhang et al., 2022) and Alzheimer's disease (Wang et al., 2022).
However, the relationship between ferroptosis and schizophrenia re-
mains unclear.

In this study, our bioinformatics analysis of the RNA microarray
dataset GSE53987 from the human prefrontal cortex showed that
differentially expressed genes were predominantly involved in ferrop-
tosis and its related pathways. Our clinical data suggested significantly
reduced expression levels of ferroptosis-related genes GPX4 and SLC3A2,
which were significantly negatively correlated with ERVW-1 in schizo-
phrenia patients. In vitro studies suggested that ERVW-1 induced fer-
roptosis and the ferroptosis inhibitor Ferrostatin-1 (Fer-1) could
counteract the effect induced by ERVW-1. Further studies showed that
ERVW-1 decreased the transcription and protein levels of GPX4 and
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SLC3A2. Luciferase assay showed that ERVW-1 inhibited the activity of
the GPX4 and SLC3A2 promoters. In summary, our findings suggest that
ERVW-1 could promote ferroptosis by downregulating the expression of
GPX4 and SLC3A2, implicating ferroptosis as a potential novel risk factor
for schizophrenia.

2. Materials and methods

2.1. Clinical samples and ethical considerations

The blood samples from patients with schizophrenia and healthy
controls were obtained from the Renmin Hospital, Wuhan University. All
patients met the symptoms of schizophrenia-related psychosis of recent
onset, as defined in the fifth edition of the Diagnostic and Statistical
Manual of Mental Disorders (American Psychiatric Association, 2013).
None of the 47 patients had any history of antipsychotic drug treatment
or exhibited acute infectious, inflammatory, or nervous system disease
symptoms. Thirty-six healthy controls were healthy donors. All plasma
samples were mixed with ethylenediamine tetraacetic acid and imme-
diately stored at �80 �C until the end of the experiment. There were no
significant differences in median age, education level, body mass index,
smoking status, and gender distribution between controls and patients
with schizophrenia.

2.2. Bioinformatics

We obtained the human prefrontal cortex gene expression profile of
GSE53987 in the GPL570 platform (Affymetrix Human Genome U133
Plus 2.0 Array) with schizophrenic and normal individuals (Lanz et al.,
2019). Microarray data were downloaded from the GEO query. We uti-
lized Sanger box online tools (Shen et al., 2022) to present differentially
expressed genes (DEGs) by Volcano plots and heat maps. In addition, we
used the Sanger box to visualize the DEGs’ enrichment of KEGG and gene
ontology (GO) biology biological processes (P < 0.05). We showed the
expression of three genes (ERVW-1, GPX4, and TFRC) between patients
and normal controls by using theWilcoxon test with ggplot2 (R package).

2.3. ELISA assay

As recommended by the manufacturer's recommendation, the
expression level of human ERVW-1 (Liberi Bio, LB111222B, Wuhan,
China), SLC3A2 (Liberi Bio, LB11168B; Wuhan China), and GPX4 (Liberi
Bio, LB9483B; Wuhan, China) in serum was determined with ELISA kit.
Use a Multiskan FC plate reader to measure the absorbance at 450 nm.

2.4. Plasmid construction

The previously obtained ERVW-1 sequence (Huang et al., 2011) was
cloned into the mammalian expression vector pcDNA 3.1 vector. The
human GPX4 (NM_002085.5) and SLC3A2 (NM_001012662.3) genes
were amplified according to the sequence of the genes in the National
Center for Biotechnology Information (Bethesda, MD, United States). The
genes were then cloned into the pCMV-T7-MCS-3 � FLAG-WPRE-Neo
vector (miaolingbio, P39495, China). For luciferase assay, human
SLC3A2 promoters (�588 to þ212, �388 to þ212, �188 to þ212, and
þ12 toþ212) and GPX4 promoters (�700 toþ100,�500 toþ100,�300
to þ100, and �100 to þ100) were cloned into the luciferase reporter
vector pGL3-basic vector, which contains a firefly luciferase gene. All
primers were designed using Premier 5.0 and described in Supplemen-
tary Table S1. All constructs were confirmed by sequencing (Sangon
Biotech, Shanghai, China).

2.5. Cell culture and transfection

The human neuroblastoma cell line SH-SY5Y (CRL-2266) was pur-
chased from the American Type Culture Collection (ATCC, Manassas, VA,
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USA). Cell lines were cultured in a 1:1 mixture of Minimal Essential
Medium (MEM) (Gibco, 2225320, Newyork, CA, USA) and F12 Media
(Gibco, 2209586, Newyork, CA, USA) supplemented with 10% heat-
inactivated fetal bovine serum (Biological Industries, 2001003, Beit
HaEmek, Israel). All cell cultures were supplemented with 1% penicillin/
streptomycin (Gibco, 15140148, Newyork, CA, USA) and 100 mmol/L
sodium pyruvate (Gibco, 2185865, Newyork, CA, USA) mixed with 5%
CO2 at 37 �C. According to the manufacturer's instructions, the Lip-
ofectamineTM2000 transfection reagent (Invitrogen, 11668030, Carls-
bad, CA, USA) was used for transfection. Cells were harvested 24, 36, and
48 h after transfection for further studies.
2.6. Analysis of mRNA expression

Total RNA was isolated from cultured cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Genomic DNA contamination from total
RNA was removed using DNase I (Thermo, EN0521, Waltham, MA, USA)
according to themanufacturer's recommendation, followed by the MMLV
Reverse Transcriptase cDNA Synthesis Kit (Invitrogen, 18091200,
Carlsbad, CA, USA) for reverse transcription. Real-time Quantitative
Polymerase Chain Reaction (q-PCR) was performed on an iCycler system
(Bio-Rad, Hercules, CA, USA)® using SYBR Select Master Mix (Invi-
trogen, Carlsbad, CA, US). Actin was used as a housekeeping gene to
normalize gene expression. Primer designs were based on sequences
obtained from the NCBI database using Primer 5.0 software and are listed
in Supplementary Table S1.
2.7. Western blot analysis

Proteins were extracted from cultured cells lysed with mammalian
protein extraction reagent (Thermo, 78505, Waltham, MA, USA) and
protease inhibitor mixture (Sigma, P8340, Steinheim, Germany), and the
protein concentrations were measured with a BCA protein detection kit
(Thermo, 23250, Waltham, MA, USA). Proteins were separated by 12%
SDS-PAGE and then imprinted onto PVDF membranes (Millipore, USA).
Then, the primary antibody: anti-SLC3A2 antibody (Zenbio, 383101,
China), anti-GPX4 antibody (ABclonal, A11243, USA), anti-ERVW-1
antibody (ABclonal, A16522, USA), and anti-actin antibody (Abcam,
ab8226, USA) were incubated with 5% skim milk in TBST. After over-
night incubation, the secondary antibody (HRP-conjugated anti-rabbit)
was added to the membrane, followed by color observation with the
ECL kit (Millipore, USA) and images captured with the Tanon 5200
chemiluminescence imaging system (Tanon, Shanghai, China) for anal-
ysis. Expression levels of target proteins were normalized to actin.
2.8. Iron assay

Intracellular ferrous content was determined using iron content
determination (Abcam, ab83366, USA) according to the manufacturer's
instructions. First, samples were collected, washed with cold PBS, ho-
mogenized, mixed, and incubated in the assay buffer. Iron probe was
added to the iron standard and test sample Wells, mixed, and incubated
at 37 �C in the dark for 60 min. The content was immediately measured
on a Multiscan FC plate reader (absorbance OD 593 nm).
2.9. Glutathione assay

According to the manufacturer's instructions, the glutathione con-
centration was measured using the GSH and GSSG assay kit (Beyotime,
S0053, China). GSSG is reduced to GSH by glutathione reductase, which
can react with the chromogenic substrate DTNB to form yellow TNB and
GSSG. The amount of total glutathione could be calculated by measuring
the content of 412 nm on the Multiskan FC plate reader (Thermo Sci-
entific, Waltham, MA, USA).
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2.10. MDA assay

Cell samples were prepared as described in the lipid peroxide MDA
Assay kit (Beyotime, S0131, China). The MDA level was detected at 532
nm by Multiskan FC plate reader.

2.11. Flow cytometry

Flow cytometry was used to detect mitochondrial membrane poten-
tial and identify TFR1-positive cells. Cell suspensions were prepared as
described in the mitochondrial membrane Potential Assay kit (Beyotime,
S2001, China). After staining with TMRE staining working solution, cells
were incubated at 37 �C for 30 min, and detected with an Epics Altra II
cell analyzer (Beckman Coulter, Miami, FL, USA). FlowJo software (Tree
star, Ashland Inc, USA) was used for analysis.

Collection 1 � 106 cells were suspended in 5% BSA, and treated with
ABfloTM 488 rabbit anti-human CD71 monoclonal antibody (A22301,
ABclone) for 30 min to detect TFR1-positive cells.

2.12. Luciferase activity assay

According to the Dual-Luciferase Reporter Assay Kit (Vazyme, DL101,
China), a dual luciferase assay system with Renilla luciferase as an in-
ternal parameter was used to correct the transfection efficiency, and the
luciferase activity of the reporter gene firefly was detected. The plasmids
and target genes were co-transfected into SH-SY5Y cells for 24 h at 37 �C
and 5% CO2, and luciferase activity was measured. Promoter activity was
expressed as the mean � standard deviation (SD) of at least three
replicates.

2.13. Drug treatment

Ferrostatin-1 (#HY-100579, MCE, NJ, USA) was diluted in dimethyl
sulfoxide (DMSO) to a 20 mmol/L concentration. Ferrostatin-1 was
added to the medium at serial dilutions or a given concentration after
plasmid transfection. Cells were grown for 24–48 h before assessing other
markers.

2.14. Statistical analysis

SPSS13.0 and GraphPad Prism were used for statistical analysis.
Median analysis and Mann-Whitney U analysis were performed on clin-
ical samples to compare the differential expression of ERVW-1, SLC3A2,
and GPX4 between schizophrenia and control groups. Spearman rank
correlation was used for correlation analysis. All data were obtained from
at least three independent experiments. One-way ANOVA and Student's t-
test were used for statistics and data analysis. The minimum level of
statistical significance was set at P < 0.05.

3. Results

3.1. Low levels of GPX4 and SLC3A2 in schizophrenia and their
correlation with ERVW-1

GEO databases are commonly used to explore new avenues in disease
diagnosis and treatment (Kourou et al., 2015). We analyzed a schizo-
phrenia RNA microarray dataset, GSE53987, from the human prefrontal
cortex in the GEO database. The microarray results revealed 2237
upregulated genes and 4963 downregulated genes (Fig. 1A). The
expression values of the top 200 genes with the most significant differ-
ences are shown in the heat map (Fig. 1B). The differentially expressed
genes (DEGs) analyzed by KEGG focused on the ferroptosis pathway and
its related pathways such as glutamatergic synapse, p53 signaling
pathway, and fatty acid metabolism (Fig. 1C). Additionally, GO biolog-
ical processes enrichment analysis showed that DEGs were predomi-
nantly enriched in several biological pathways, including lipid metabolic
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process, regulation of MAPK cascade, metal ion homeostasis, ATP
metabolic process, mitochondrial transport, and cellular response to
oxygen levels (Fig. 1D). Further analysis of GSE53987 indicated that
GPX4 levels were lower in people with schizophrenia than in the control
group (Fig. 1E). In contrast, transferrin receptor (TFRC, also known as
transferrin receptor protein 1, TFR1) levels were higher than in the
control group (Fig. 1F). Besides, there was an elevated expression of
ERVW-1 in GSE53987 data set (Supplementary Fig. S1).

Schizophrenia is a heterogeneous disorder with complex clinical
manifestations, which limits its diagnosis (Tandon et al., 2013). The
study of serum biomarkers is helpful for the diagnosis of schizophrenia
(Mohammadi et al., 2018). Our bioinformatics results suggested GPX4 as
a potential biomarker for schizophrenia. Moreover, we found that the
serum GPX4 level in patients was about 40% lower than in normal
controls (Fig. 2A), aligning with the prediction of bioinformatics in
34
GSE53987. The inhibition of system Xc-leads to GSH downregulation and
GPX4 inhibition (Stockwell, 2022). Therefore, we measured SLC3A2
levels in blood samples from both schizophrenia patients and healthy
individuals. The results showed that the serum SLC3A2 level was about
25% lower in patients than in healthy people (Fig. 2B). Using the
Spearman rank correlation method for correlation analysis, we found a
positive correlation between SLC3A2 and GPX4 (Fig. 2C; r¼ 0.57). ELISA
of blood samples revealed higher ERVW-1 levels in schizophrenia pa-
tients (Fig. 2D), consistent with our previous study (Huang et al., 2011; Li
et al., 2023; Wang et al., 2018; Wu et al., 2023; Xia et al., 2021; Yan et al.,
2022; Yao et al., 2023). Furthermore, Spearman's analysis showed that
ERVW-1 negatively correlated with GPX4 (Fig. 2E; r ¼ �0.64) in the
serum of patients with schizophrenia. Meanwhile, Spearman analysis
showed a negative correlation between ERVW-1 and SLC3A2 in the
serum of schizophrenia patients (Fig. 2F; r ¼ �0.56).
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In conclusion, both GPX4 and SLC3A2, which negatively correlated
with ERVW-1 in patients with schizophrenia, might serve as potential
blood biomarkers and possible pathogenic factors for schizophrenia.
3.2. ERVW-1 induces ferroptosis

Fe2þ can directly produce excessive reactive oxygen species (ROS)
through the Fenton reaction, thereby promoting ferroptosis (Zhang et al.,
2022). Our results manifested that ERVW-1 significantly increased
intracellular free Fe2þ by about 26% in SH-SY5Y cells (Fig. 3A and B).
Fer-1 is a synthetic antioxidant that inhibits ferroptosis by preventing
damage to membrane lipids through a reductive mechanism (Miotto
et al., 2020; Tang et al., 2021). Interestingly, the increase in free Fe2þ

levels caused by ERVW-1 was significantly attenuated following Fer-1
treatment (Fig. 3C). Besides, GSH, a scavenger of free radical reactive
oxygen species (ROS), regulates cell metabolism and suppresses ferrop-
tosis (Ursini et al., 2020). ERVW-1 significantly downregulated intra-
cellular GSH by about 26% in SH-SY5Y cells (Fig. 3D). Fer-1 treatment
significantly counteracted the GSH depletion induced by ERVW-1
(Fig. 3E). Malondialdehyde (MDA) is a reactive aldehyde after lipid
peroxidation, one of the critical indexes of ferroptosis (Stockwell, 2022).
We found that ERVW-1 significantly increased the cellular MDA by about
35
25% in SH-SY5Y cells (Fig. 3F). While MDA was significantly down-
regulated under Fer-1 treatment (Fig. 3G).

Furthermore, changes in mitochondrial morphology occur during
ferroptosis, including mitochondrial shrinkage, cristae enlargement, and
outer membrane rupture (Stockwell, 2022). We found that mitochondrial
membrane potential (MMP) decreased by 44% in SH-SY5Y cells after
ERVW-1 overexpression (Fig. 3H), representing the loss of cell membrane
potential. We also found that Fer-1 restrained the ERVW-1-induced
downregulation of mitochondrial membrane potential (Fig. 3I). Finally,
TFR1 is another crucial indicator of ferroptosis, which enhances the
ferroptosis by additional uptake of iron-carrying transferrin (Stockwell,
2022). ERVW-1 significantly upregulated TFR1 by about 53% in
SH-SY5Y cells (Fig. 3J). Notably, Fer-1 significantly downregulated TFR1
expression triggered by ERVW-1 (Fig. 3K).

These results indicated that the ferroptosis inhibitor Fer-1 reversed
the effect of ERVW-1 on ferroptosis-related indexes, confirming the
ability of ERVW-1 to instigate ferroptosis.
3.3. ERVW-1 reduces the expression of GPX4 and SLC3A2

Clinical data suggested interrelationships among the expression levels
of ERVW-1, SLC3A2, and GPX4 genes in schizophrenia. Successful
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Fig. 3. ERVW-1 induced ferroptosis. A Standard curve of Fe2þ detection. B ERVW-1 upregulated Fe2þ levels in SH-SY5Y cells. C Fer-1 reversed the effect of ERVW-1 on
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ERVW-1 transfection was confirmed by validation using qPCR and
Western blot analysis (Supplementary Fig. S2). We found that ERVW-1
decreased mRNA levels of GPX4 (Fig. 4A) and SLC3A2 (Fig. 4B).
ERVW-1 also reduced the protein levels of GPX4 (Fig. 4C) and SLC3A2
(Fig. 4D), but exerted no influence on SLC7A11 expression (Supple-
mentary Fig. S3). Moreover, our results showed that Fer-1 did not notably
36
alter the expression of GPX4 and SLC3A2 proteins (Supplementary
Fig. S4).

Typically, promoters are crucial in regulating gene expression (Dan-
ino et al., 2015). We isolated the genomic DNA segments (ranging from
�700 to þ100) of the promoter region of the GPX4 gene with the tran-
scription start site (TSS) as 0 and ligated it to the Luciferase reporting
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Fig. 4. ERVW-1 downregulated the expression of GPX4 and SLC3A2 by inhibiting their promoter activity. A, B The downregulation of GPX4 and SLC3A2 in ERVW-1-
transfected SH-SY5Y cells was validated by RT-qPCR. C, D The downregulation of GPX4 and SLC3A2 in ERVW-1-transfected SH-SY5Y cells was validated by Western
blot. E Luciferase assays of pGL3-GPX4 promoter co-transfected with pcDNA3.1-ERVW-1 or control vector in SH-SY5Y cells. F Construction of different lengths of
pGL3-GPX4 promoter plasmid. G Luciferase assays of different lengths of pGL3-GPX4 promoter co-transfected with pcDNA3.1-ERVW-1 or control vector in SH-SY5Y
cells. H Luciferase assays of pGL3-SLC3A2 promoter co-transfected with pcDNA3.1-ERVW-1 or control vector in SH-SY5Y cells. I Construction of different lengths of
pGL3-SLC3A2 promoter plasmid. J Luciferase assays of different lengths of pGL3-SLC3A2 promoter co-transfected with pcDNA3.1-ERVW-1 or control vector in
SH-SY5Y cells. K, L, M SLC3A2 significantly increased the ERVW-1-induced downregulation of GPX4 mRNA and protein. Data shown are mean � SD. *P < 0.05,
**P < 0.01, ***P < 0.001; one-way ANOVA.
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vector. Luciferase experiments presented that ERVW-1 mediated sup-
pression of GPX4 promoter activity (Fig. 4E). Subsequent experiments
with four truncated promoter constructs (Fig. 4F) revealed that the
sequence between �300 and þ 100 was requisite for maintaining GPX4
37
transcriptional regulation (Fig. 4G). Similarly, we also isolated the
genomic DNA fragments (ranging from �588 to þ212) of the promoter
region of the SLC3A2 gene. Luciferase experiments demonstrated the
inhibitory effect of ERVW-1 on SLC3A2 promoter activity (Fig. 4H). We
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constructed four sequence-truncated promoter plasmids of SLC3A2
(Fig. 4I), and luciferase reporter analysis revealed promoter sequences
ranging from �188 to þ212, the minimal sequence required for biolog-
ical activity (Fig. 4J). In addition, Successful SLC3A2 transfection was
confirmed by qPCR and Western blot analysis (Supplementary Fig. S5).
SLC3A2 overexpression reversed the ERVW-1-induced downregulation
of GPX4 mRNA and protein in SH-SY5Y cells (Fig. 4K, L and M). These
results suggested that ERVW-1 could downregulate the expression of
GPX4 and SLC3A2 by impeding their promoter activity.

3.4. ERVW-1 induces ferroptosis by downregulating the expression of
GPX4 and SLC3A2

GPX4 is crucial in ferroptosis (Ursini et al., 2020). Given the strong
correlation between ERVW-1 and GPX4 from clinical data, we con-
structed a GPX4 overexpression vector to investigate the role of GPX4 in
ERVW-1-induced ferroptosis. The subsequent assessment revealed that
overexpression of GPX4 in SH-SY5Y cells could reverse the
ERVW-1-induced elevation in free Fe2þ levels (Fig. 5A). Besides, GPX4
resulted in a rebound in GSH downregulation prompted by ERVW-1
(Fig. 5B). In addition, GPX4 significantly neutralized the
ERVW-1-induced surge in MDA levels (Fig. 5C). Furthermore, GPX4 led
to a notable augmentation of mitochondrial membrane potential
(Fig. 5D). Finally, GPX4 effectively reversed the upregulation of TFR1
triggered by ERVW-1 (Fig. 5E).

System Xc-/GSH/GPX4 is a central regulatory pathway for ferroptosis
(Liu et al., 2022). Intriguingly, we found that SLC3A2 reversed the
ERVW-1-induced suppression of GPX4 expression (Fig. 4K-M). This insight
drove us to construct a SLC3A2 overexpression plasmid to explore the role
of SLC3A2 in ERVW-1-induced ferroptosis.We found that SLC3A2 negated
the ERVW-1-driven rise in free Fe2þ levels (Fig. 6A) and thwarted the GSH
depletion caused by ERVW-1 (Fig. 6B). In addition, SLC3A2 significantly
inhibited the trend of ERVW-1-induced MDA upregulation (Fig. 6C).
Furthermore, SLC3A2 impeded the mitochondrial membrane potential
decrement induced by ERVW-1 (Fig. 6D). Finally, SLC3A2 could signifi-
cantly restrain the upregulation of TFR1 caused by ERVW-1 (Fig. 6E). In
conclusion, ERVW-1 appeared to instigate ferroptosis by inhibiting the
expression of GPX4 and SLC3A2.

4. Discussion

HERVs contribute to development of various disorders through mul-
tiple mechanisms (Geis et al., 2020; Zhang et al., 2022), such as assem-
bling viral particles (Wang et al., 2018), generating HERV-derived
lncRNAs (Zhou et al., 2019) and dsRNAs (Canadas et al., 2018), acting
as promoters or enhancers to regulate cellular gene expression through
LTR cis-regulatory element (Yu et al., 2013), or encoding viral proteins to
regulate host cell signaling networks (Li et al., 2023; Wang et al., 2018;
Wu et al., 2023; Xia et al., 2021; Yan et al., 2022; Yao et al., 2023).
Abnormal expression of ERVW-1 has been linked to schizophrenia
(Huang et al., 2011; Xia et al., 2021; Yan et al., 2022), and further studies
have shown that ERVW-1 induces inflammatory abnormalities, including
promoting NO release (Xiao et al., 2017), activating TLR3 signaling
pathway (Wang et al., 2018, 2021), promoting cytotoxic T lymphocyte
(CTL) responses of glial cells (Tu et al., 2017), and inducing innate im-
mune activation by upregulating IFN-β, thereby mediating neuronal
apoptosis (Li et al., 2023). In addition, ERVW-1 can directly activate Naþ

(Wu et al., 2023), Ca2þ (Chen et al., 2019), or Kþ (Li et al., 2013; Wu
et al., 2023) ion channels, contributing to the pathophysiology of
schizophrenia. In addition, our study reveals that ERVW-1 leads to
neuronal dysfunction and abnormal morphology, including causing
mitochondrial complex I defect in neurons to impair neuronal energy
metabolism (Xia et al., 2021), triggering dopaminergic neuronal abnor-
malities through dopamine receptor D2 (DRD2) risk for schizophrenia
38
(Yan et al., 2022), inhibiting hippocampal neuronal morphology and
dendritic spine density by restraining the Wnt/JNK noncanonical
pathway (Yao et al., 2023), and inducing the dysregulation of homeo-
stasis in the endoplasmic reticulum (ER) (Xue et al., 2023). Continued
exploration into retroviruses' role in schizophrenia could illuminate the
disorder's pathogenic mechanisms. In our research, clinical data found
that GPX4 and SLC3A2, potential serum-based biomarkers, were
inversely correlated with ERVW-1. Our in-depth study suggested that
ERVW-1 can promote ferroptosis by downregulating the expression of
GPX4 and SLC3A2, which may indicate a novel mechanism by which
ERVW-1 affects neural cell death in schizophrenia.

The course and pathophysiology of schizophrenia are complex,
diverse, and affected by many environmental and epigenetic factors
(Hung et al., 2021). However, its gene therapy approach is challenging
and limited, and accurate diagnosis and treatment are problematic
(Marder et al., 2019). Therefore, it is essential to investigate the specific
mechanisms and biomarkers of schizophrenia. In the era of big data, GEO
databases have become a crucial tool for studying disease mechanisms. In
this study, we screened the schizophrenia-related dataset GSE53987 in
the GEO database and performed bioinformatics analysis and enrichment
analysis. Our analysis of the transcriptional profile of GSE53987 revealed
widespread inflammation in schizophrenia (Lanz et al., 2019). In addi-
tion, our KEGG analysis of GSE53987 revealed that DEGs were related to
the ferroptosis pathway. Other enriched pathways, such as glutamatergic
synapses, the p53 signaling pathway, and fatty acid metabolism, were
also associated with ferroptosis. The enrichment analysis results of GO
biological processes comprised lipid metabolic processes, metal ion ho-
meostasis, mitochondrial transport, and cellular response to oxygen
levels, which overlapped with ferroptosis. These results suggested that
ferroptosis-related genes might influence the progression of schizo-
phrenia via the aforementioned processes, suggesting ferroptosis's po-
tential link to the pathophysiology of schizophrenia.

Our bioinformatics analysis and clinical results suggested that the
GPX4 gene was lowly expressed in schizophrenia and negatively corre-
lated with ERVW-1. GPX4 plays an essential role in a variety of neuro-
logical diseases (Cardoso et al., 2017), including the survival of
interneurons and the prevention of seizures, and it prevents neuro-
degeneration by inhibiting ferroptosis (Reichert et al., 2020). Addition-
ally, GPX4 is associated with the occurrence and development of various
diseases. Research shows that GPX4 has low activity in tissue samples of
patients with Krohn's disease (Mayr et al., 2020). Its expression level
significantly increases in tumor tissues, including lung adenocarcinoma,
prostate cancer, rectal cancer adenocarcinoma, thyroid cancer, and
endometrial cancer (Zhang et al., 2020). Furthermore, the synthesis of
GSH through cystine/glutamic transport system Xc-is the limiting step of
GPX4 detoxification lipid peroxide function (Reichert et al., 2020). Our
clinical data indicated that SLC3A2 was significantly downregulated and
negatively correlated with ERVW-1 in schizophrenia patients. Previous
studies show that SLC3A2 mRNA expression in peripheral leukocytes is
lower in patients with schizophrenia than in healthy individuals (Lin et al.,
2016). This aligns with our findings from clinical samples and supports the
hypothesis of impaired aminergic neurotransmission underlying patho-
physiology of schizophrenia.

Ferroptosis is a unique form of cell death caused by lipid peroxide
produced and the oxidation of active substances produced by free iron.
Previous studies have shown that ferroptosis is closely related to various
neuropsychiatric diseases, including Alzheimer's disease (Bao et al.,
2021), Parkinson's disease (Wang et al., 2022), and Huntington's disease
(Weiland et al., 2019). Additionally, viral infections can induce ferrop-
tosis. For example, herpes simplex virus type 1 (HSV-1) induces ferrop-
tosis in viral encephalitis (Xu et al., 2023). However, there is no research
on the relationship between ferroptosis and schizophrenia. The mecha-
nisms of ferroptosis in various neurological diseases are mainly due to
intracellular iron accumulation, depletion of glutathione (GSH),
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blockade of the system Xc-, inhibition of GPX4, or lipid peroxidation
(Weiland et al., 2019). As our clinical results showed that ERVW-1 had a
high correlation with ferroptosis-related genes GPX4 and SLC3A2 in
schizophrenia, we investigated the effect of ERVW-1 on ferroptosis in
cytological experiments. The detection of markers of ferroptosis has been
a critical advance in the study of ferroptosis. There are four leading points
of ferroptosis: lipid peroxidation, mitochondria damage, specific gene
expression changes, and upregulation of TFR1 (Stockwell, 2022). Our
results suggested that ERVW-1 induced ferroptosis and promoted lipid
peroxidation. A few studies report that ferroptosis and lipid peroxidation
may lead to inflammation and DNA changes, and trigger premature
aging, functional degradation, and death of neurons (Mao et al., 2020;
Reichert et al., 2020). The oxidative stress and antioxidant imbalance
inflicting neuronal damage may be pivotal to schizophrenia's etiology
(Bryll et al., 2020). Our findings offer insights into a potential mechanism
through which ERVW-1 modulates neuronal cell death in schizophrenia.

Cells have evolved various defense mechanisms to detoxify toxic
lipid peroxides, the most prominent of which is GPX4. GPX4 is a sele-
noprotein in mammals that repairs oxidative lipid damage in cells by
directly reducing toxic lipid peroxides (PL-OOH) to non-toxic lipid al-
cohols (PL-OH) using reduced glutathione (GSH) as a substrate (Ursini
et al., 2020). Furthermore, since intracellular oxidative stress and
excitotoxicity are vital factors associated with the neurodegenerative
processes, the system Xc-regulating glutathione and glutamate is
thought to be essential in the pathogenesis of many central nervous
39
system diseases (Sheldon et al., 2007). The protein subunit system Xc-,
related to glutamate, is composed of heavy chain subunit 4F2hc, solute
carrier (SLC) family 3 member 2 (SLC3A2), light chain subunit xCT and
SLC family 7 member 11 (SLC7A11) (Zhang et al., 2022). It is primarily
responsible for the cellular uptake of cystine in exchange for intracel-
lular glutamate, a process that ultimately leads to cysteine production
within system Xc-. Cysteine is the rate-limiting substrate for the
biosynthesis of the antioxidant glutathione (GSH), one of the significant
antioxidants for the brain (Koppula et al., 2021). The effect of system
Xc-on the intracellular concentration of human brain cells is crucial in
regulating many neurotransmitter pathways. Inhibition of system
Xc-causes a rapid decrease of intracellular glutathione levels and cell
death caused by the accumulation of lipogenic ROS. Our results showed
that ERVW-1 could reduce the expression of GPX4 and SLC3A2. In
addition, ERVW-1 may affect the promoter activity of some genes (Xia
et al., 2021; Yao et al., 2023). We predicted the active sites of GPX4 and
SLC3A2 promoters by Promoter 2.0 Prediction, TSSG, and TSSW, and
the results showed that the potential active site of the GPX4 promoter
could be located within the region of �200 to �50 and the active site of
the SLC3A2 promoter might be between �190 and �40 region. We then
designed four truncated promoters and ligated them with the
promoter-reporter vector pGL3-basic for luciferase experiments. Lucif-
erase assay showed that the GPX4 promoter activity from the �300 to
þ100 region surpassed that of the �100 to þ100 region. Moreover, the
influence of ERVW-1 on the GPX4 promoter from the �100 to þ100



Fig. 6. ERVW-1 induced ferroptosis through SLC3A2. The Fe2þ (A), GSH (B), MDA (C), mitochondrial membrane potential (D), and TFR1 (E) levels in SH-SY5Y cells
after co-transfection with ERVW-1 and SLC3A2. Data shown are mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA.
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region was not significantly different from the control group. Thus, the
region, from �300 to �100 is essential for ERVW-1-suppressed GPX4
expression. Similarly, the �188 to þ12 region is critical for
ERVW-1-mediated suppression of SLC3A2 expression. Besides, our re-
sults demonstrated that SLC3A2 could reverse the inhibitory effect of
ERVW-1 on GPX4 transcription. Previous studies have indicated that the
depletion of GSH can hinder the activation of signal transducer and
activator of transcription 3 (STAT3) in cells (Liang et al., 2018), which
in turn regulates the activation of GPX4 (Zhang et al., 2022). SLC3A2
mediates GSH synthesis, potentially facilitating the activation of STAT3
and consequently promoting the transcription of GPX4. However, the
precise mechanism behind this phenomenon necessitates further eluci-
dation through experimental investigations.

The System Xc-/GSH/GPX4 pathway is the primary cellular antioxi-
dant against ferroptosis (Liu et al., 2022). System Xc-inhibition down-
regulates intracellular GSH, resulting in an inhibitory effect on GPX4
(Ursini et al., 2020). Viral infection inhibits the GPX4-dependent
pathway to regulate ferroptosis, promoting its replication, spread, and
pathogenesis. Severe acute respiratory syndrome coronavirus 2 (SAR-
S-CoV-2) induces ferroptosis to replicate or spread by inhibiting the
expression of GSH or GPX4 (Han et al., 2022). Epstein-Barr virus (EBV)
can inhibit ferroptosis by promoting the transcription factor nuclear
40
factor erythroid 2-related factor 2 (NRF2) upstream of GPX4 and promote
the occurrence of EBV-related tumors (Yuan et al., 2022). Hepatitis B
virus protein X (HBx) downregulates SLC7A11 to promote ferroptosis of
hepatocytes, leading to acute liver injury (Liu et al., 2021). Our results
showed that GPX4 and SLC3A2 reversed the promotion of ferroptosis
induced by ERVW-1. Therefore, we proposed that ERVW-1 contributed to
ferroptosis by downregulating the expression of GPX4 and SLC3A2.

Fer-1 is a synthetic compound identified as a ferroptosis inhibitor
isolated through high-throughput screening of small molecular libraries
(Dixon et al., 2012). Studies have shown that the anti-ferroptosis activity
of fer-1 is actually due to the scavenging of initiating alkoxyl radicals
produced, together with other rearrangement products, by ferrous iron
from lipid hydroperoxides (Miotto et al., 2020). Besides, studies have
shown that Coxsackievirus A6 (CV-A6) infection-induced ferroptosis via
ACSL4 leads to excessive lipid ROS. At the same time, Fer-1 can suspend
the formation of viral replication organelles and lipid ROS levels, thereby
inhibiting the replication of CV-A6 (Kung et al., 2022). We detected the
ferroptosis indexes after adding Fer-1. Moreover, we found that Fer-1
could significantly reverse the impact of ERVW-1 on ferroptosis-related
markers. The above results indicated that Fer-1 could inhibit ferropto-
sis indexes induced by ERVW-1, solidifying the notion that ERVW-1
induced ferroptosis.



Fig. 7. ERVW-1 promoted ferroptosis by downregulating the expression of GPX4 and SLC3A2. ERVW-1 decreased the GSH level and mitochondrial membrane po-
tential, and increased the level of Fe2þ, MDA, and TFR1, which are indicators of ferroptosis. Ferrostatin-1 (Fer-1) could inhibit the effect induced by ERVW-1. ERVW-1
promoted ferroptosis by downregulating the expression of GPX4 and SLC3A2, which might indicate a new mechanism of ERVW-1 on neuronal damage in
schizophrenia.
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5. Conclusions

Our clinical observations showed that serum GPX4 and SLC3A2 levels
were diminished in patients with schizophrenia than in healthy controls
and inversely correlated with ERVW-1. In vitro experiments have shown
that ERVW-1 can inhibit promoter activity of GPX4 and SLC3A2, thereby
reducing GPX4 and SLC3A2 expression. In addition, ERVW-1 induced
visible changes in the levels of Fe2þ, the expression of GSH, MDA, and
TFR1, as well as alterations in mitochondrial membrane potential hall-
marks of ferroptosis. Subsequent investigations confirmed that these
pivotal ferroptosis markers significantly improved in the presence of Fer-1.
In conclusion, ERVW-1 fostered ferroptosis by attenuating the expression of
GPX4 and SLC3A2 in neurons. This revelation potentially uncovered a
novel ERVW-1-drivenmechanismunderlying neuronal damage and offered
a fresh perspective for understanding the etiology of schizophrenia (Fig. 7).
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