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Abstract

BACKGROUND

Schizophrenia afflicts 1% of the world population. Clinical studies suggest that
schizophrenia patients may have an imbalance of mitochondrial energy
metabolism vig inhibition of mitochondrial complex I activity. Moreover, recent
studies have shown that ERVWEL1 is also a risk factor for schizophrenia.
Nevertheless, there is no available literature concerning the relationship between
complex I deficits and ERVWEL in schizophrenia. Identifying risk factors and
blood-based biomarkers for schizophrenia may provide new guidelines for early
interventions and prevention programs.

AIM
To address novel potential risk factors and the underlying mechanisms of
mitochondrial complex I deficiency caused by ERVWETL in schizophrenia.

METHODS

Quantitative polymerase chain reaction (qPCR) and enzyme-linked immuno-
sorbent assay were used to detect differentially expressed risk factors in blood
samples. Clinical statistical analyses were performed by median analyses and
Mann-Whitney U analyses. Spearman’s rank correlation was applied to examine
the correlation between different risk factors in blood samples. qPCR, western blot
analysis, and luciferase assay were performed to confirm the relationship among
ERVWE1, cytoplasmic polyadenylation element-binding protein 1 (CPEB1),
NADH dehydrogenase ubiquinone flavoprotein 2 (NDUFV2), and NDUFV2
pseudogene (NDUFV2P1). The complex I enzyme activity microplate assay was
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carried out to evaluate the complex I activity induced by ERVWEL.

RESULTS

Herein, we reported decreasing levels of CPEB1 and NDUFV2 in schizophrenia
patients. Further studies showed that ERVWE1 was negatively correlated with
CPEB1 and NDUFV2 in schizophrenia. Moreover, NDUFV2P1 was increased and
demonstrated a significant positive correlation with ERVWEL and a negative
correlation with NDUFV2 in schizophrenia. In vitro experiments disclosed that
ERVWET1 suppressed NDUFV2 expression and promoter activity by increasing
NDUFV2P1 level. The luciferase assay revealed that ERVWE1 could enhance the
promoter activity of NDUFV2P1. Additionally, ERVWE1 downregulated the
expression of CPEB1 by suppressing the promoter activity, and the 400 base pair
sequence at the 3' terminus of the promoter was the minimum sequence required.
Advanced studies showed that CPEB1 participated in regulating the
NDUFV2P1/NDUFV2 axis mediated by ERVWEL. Finally, we found that
ERVWET1 inhibited complex I activity in SH-SY5Y cells via the CPEB1/NDUE-
V2P1/NDUFV2 signaling pathway.

CONCLUSION

In conclusion, CPEB1 and NDUFV2 might be novel potential blood-based
biomarkers and pathogenic factors in schizophrenia. Our findings also reveal a
novel mechanism of ERVWEI in the etiology of schizophrenia.

Key Words: ERVWEL; CPEB1; NADH dehydrogenase ubiquinone flavoprotein 2;
complex I; Pseudogene

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Schizophrenia is a devastating psychiatric disorder. Clinical studies suggest
complex I deficits and abnormal expression of ERVWEI in schizophrenia. We found
that CPEB1 might be a novel blood-based biomarker for schizophrenia. Analyses
indicated that ERVWEI was negatively correlated with CPEB1 and NADH dehydro-
genase ubiquinone flavoprotein 2 (NDUFV2) in schizophrenia patients. CPEBI1
functioned as a mediator of the NDUFV2 pseudogene (NDUFV2P1)/NDUFV2
pathway induced by ERVWEL. Moreover, ERVWE] inhibited complex I activity via
the CPEB1/NDUFV2P1/NDUFV2 pathway. Thus, CPEB1 and NDUFV2 may be
independent risk factors for schizophrenia. Our findings also reveal the role of
ERVWEI1 in modulating mitochondrial energy metabolism in schizophrenia.

Citation: Xia YR, Wei XC, Li WS, Yan QJ, Wu XL, Yao W, Li XH, Zhu F. CPEBI, a novel
risk gene in recent-onset schizophrenia, contributes to mitochondrial complex I defect caused
by a defective provirus ERVWEIL. World J Psychiatr 2021; 11(11): 1075-1094

URL: https://www.wjgnet.com/2220-3206/full/v11/i11/1075.htm

DOI: https://dx.doi.org/10.5498/wjp.v11.i11.1075

INTRODUCTION

Schizophrenia is a chronic brain disorder with a worldwide prevalence of approx-
imately 1%[1]. It causes many symptoms including hallucinations, delusions, breaking
from reality, and a lack of motivation[2]. Schizophrenia imposes a financial burden on
society because of high indirect costs[3]. There are numerous hypotheses about schizo-
phrenia. One of the currently prevailing hypothesis proposes that mitochondrial
metabolic dysfunction[4-6] is strongly involved in the pathophysiology of schizo-
phrenia. Mitochondrial complex I deficiency is the most frequent cause of mitochon-
drial metabolic dysfunction implicated in the development of schizophrenia[7-9]. The
mitochondrial oxidative phosphorylation (OXPHOS) system comprises five
multimeric protein complexes, and plays a central role in cellular energy metabolism.
Complex I is the first entry point of electrons into the respiratory chain and is
suggested as the rate-limiting step in OXPHOS. NADH dehydrogenase ubiquinone
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flavoprotein 2 (NDUFV2) assembles in the catalytic component of complex I. Ample
evidence has revealed that NDUFV2 is a candidate gene for schizophrenia[10-12].
NDUFV2 pseudogene (NDUFV2P1), an inactive locus of the NDUFV2 subunit of the
complex I[13], has increased expression in schizophrenia-derived cells[14]. Knockout
of CPEBI, a sequence-specific RNA-binding protein[15], reduces NDUFV2 protein
expression and inhibits complex I activity in mice[16]. Nonetheless, there is no
definitive hypothesis on the pathogenesis of schizophrenia.

Human endogenous retroviruses (HERVs), which comprise about 8% of the human
genome, have emerged as novel risk factors for schizophrenia[17-19]. As remnants of
ancient retroviral infections, most HERVs have acquired inactivating mutations during
evolution[20]. In some instances, some HERVs sequences remain dormant functional
copies encoding retroviral proteins[21] and play an active role in human placental
development and the innate immune system. HERVs possess a similar genome
structure as typical exogenous retroviruses and are composed of gag, pol, and env
regions sandwiched between two long terminal repeats[21]. Conventionally, based on
sequence similarity with their exogenous retrovirus, HERVs are divided into three
classes: class I (gamma-retroviruses), class II (beta-retroviruses), and class III (spuma-
retroviruses)[22].

The HERV W family (HERV-W), the oldest group of HERVs, belongs to class I
transposable elements. ERVWE1, HERV-W-derived envelope proteins at chromosome
7, is also known as HERV-W env or Syncytin-1[23]. ERVWEI is a cell-cell fusion
glycoprotein that is usually expressed on the surface of cytotrophoblasts and syncytio-
trophoblast. It mediates trophoblast fusion[24] and blocks maternal immune[25],
which are essential for normal placental development. ERVWEL1 is aberrantly
expressed in schizophrenia[18,19,26]. Results from our previous study showed that
ERVWETL is significantly increased in the plasma of recent-onset schizophrenia
patients[18,19]. Perron et al[26] also reported antigenemia of ERVWE1 was elevated in
the serum of schizophrenic patients.

Both complex I deficiency and ERVWET1 are risk factors for developing schizo-
phrenia. However, no detailed study has been performed on the cytoplasmic
polyadenylation element-binding protein 1 (CPEB1) expression profile in schizo-
phrenia. Furthermore, the relationships among these factors in schizophrenia remain
unknown. In this study, we found that CPEB1 protein was decreased and negatively
correlated with ERVWEL in recent-onset schizophrenia patients. Quantitative
polymerase chain reaction (QPCR) and enzyme-linked immunosorbent assay (ELISA)
showed a significant reduction of NDUFV2 in schizophrenia. We further
demonstrated the increased levels and positive correlation between ERVWE1 and
NDUFV2P1 in schizophrenia patients. Moreover, the mRNA level of ERVWE1 and
NDUFV2P1 was negatively correlated with NDUFV2 protein expression in schizo-
phrenia patients. A series of cell and molecular biology experiments were used to
reveal the relationship among CPEB1, NDUFV2P1/NDUFV2, ERVWE]1, and complex I
deficiency. The results suggested that ERVWEI could decrease the mRNA and protein
expression of NDUFV2 and suppress NDUFV2 promoter activation by increasing
NDUFV2P1 transcript levels. The luciferase assay showed that overexpression of
ERVWE1 enhanced NDUFV2P1 promoter activity. ERVWELI also inhibited CPEB1
mRNA and protein expression by regulating its promoter. Moreover, CPEB1 was
essential in the NDUFV2P1/NDUFV?2 axis triggered by ERVWELI in SH-SY5Y cells.
Finally, ERVWE1 induced complex I inactivation via the CPEB1/NDUF-
V2P1/NDUFV2 signaling pathway in SH-SY5Y cells.

In summary, CPEB1 and NDUFV2 might be novel schizophrenia risk factors. To the
best of our knowledge, no similar observations have been published to date.
Moreover, our results indicated that ERVWE1 abolished complex I activity by
regulating parental- and pseudo-NDUFV2 genes via suppressing CPEB1 in schizo-
phrenia. Our findings might provide new insights into how ERVWE1 impairs
mitochondrial energy metabolism and contributes to the pathogenesis of schizo-
phrenia.

MATERIALS AND METHODS

Blood samples

Blood samples from patients and normal individuals, including whole peripheral
blood for RNA isolation and serum for ELISA analyses, were collected from the
Renmin Hospital, Wuhan University (Wuhan, China). All patients with recent-onset
schizophrenia met the Diagnostic and Statistical Manual of Mental Disorders, 4"

November 19,2021 | Volume1l | Issuell |



Xia YR et al. ERVWEI causes Col defect in schizophrenia

Jaishideng®

Edition criteria. None of the patients had a history of psychiatric illness. Informed
written consent was obtained from all subjects, and the study was approved by the
Institutional Review Board of Wuhan University, School of Basic Medical Sciences. All
samples were preserved at -80°C before utilization. There were no significant
differences in median age, education, body mass index, smoking status, and sex
between control and schizophrenia patients. Demographics are presented in
Supplementary Tables 1 and 2.

Plasmid construction

The pCMV-ERVWEI1 plasmid was constructed as previously described[18]. Human
CPEB1 (NM_030594.5) and NDUFV2P1 (NC_000019.10:c53224879-53223909) genes
were amplified separately according to sequences of these genes in National Center for
Biotechnology Information (Bethesda, MD, United States). The promoters of human
CPEB1 (-800 to 0, -600 to 0, -400 to 0, and -200 to 0), NDUFV2 (-1100 to +100), and
NDUFV2P1 (-900 to 0) were cloned into the luciferase reporter vector pGL3-basic,
which contains a firefly luciferase gene. All primers were designed using Primer
premier 5.0 and described in Supplementary Table 3.

One short hairpin RNA (shRNA) targeting NDUFV2P1 (shNDUFV2P1, 5'-
CCAAGGAGTGGACGCTTCT-3') and the control shRNA (sh-Control, 5'-CCAAGT-
GGGCACGTAGTCT-3') were cloned into the pSilencer 2.1-U6 neo shRNA expression
vector (AM5764; Ambion Inc., Austin, TX, United States). All of the constructs were
confirmed by sequencing (Sangon Biotech, Shanghai, China).

Cell culture and transfection

SH-SY5Y (CRL-2266) human neuroblastoma cells were obtained from American Type
Culture Collection. SH-SY5Y cells were cultured in a 1:1 mixture of minimum essential
medium (2225320; Gibco, Gaithersburg, MD, United States) and F-12 nutrient mixture
(2209586; Gibco). All media were supplemented with 10% fetal bovine serum (2001003,
Biological Industries, Beit HaEmek, Israel), 1% penicillin-streptomycin (2211093;
Gibco) and 1% sodium pyruvate (2185865; Gibco) under 5% CO, at 37 °C. Transfection
was performed with Lipofectamine 2000 transfection reagent (11668-019; Invitrogen,
Carlsbad, CA, United States) according to the manufacturer’s instructions. Cells were
incubated for further analyses after 24, 36, and 48 h post-transfection.

RNA extraction and reverse transcription

Total blood RNA was extracted from whole blood according to the standard protocols
for TRIzol LS reagent (10296028; Invitrogen). Total cellular RNA was isolated with
TRIzol reagent (15596018; Invitrogen), followed by chloroform separation and
isopropanol precipitation. Then, 1 pg total RNA samples were reverse-transcribed into
c¢DNA using the ReverTra Ace qPCR RT master mix with gDNA remover (FSQ-301;
Toyobo, Osaka, Japan) according to the manufacturer’s recommendations.

Quantitative PCR

The mRNA levels were measured by quantitative PCR (qPCR) utilizing the 2x Sybr
Green qPCR mix (2992239AX; Aidlab Biotechnologies Co. Ltd., Beijing, China) using a
mini opticon detector (Bio-Rad, Hercules, CA, United States). GAPDH was used as an
internal control, and the relative mRNA expression was calculated using the 2-44<
method. The primers were designed according to gene sequences in NCBI using
primer premier 5.0, and are listed in Supplementary Table 4.

Protein extraction and western blot analysis

Cultured cells were homogenized and lysed in M-PER TM mammalian protein
extraction reagent (UC282138; Thermo Fisher Scientific, Waltham, MA, United States)
containing protease and phosphatase inhibitors (Roche Applied Science, Indianapolis,
IN, United States). Protein concentrations were quantified using the Pierce TM BCA
Protein Assay (UD281372; Thermo Fisher Scientific). Protein samples were loaded onto
a 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and was then
electrotransferred to a PVDF membrane (IPVH00010; Amersham Biosciences,
Piscataway, NJ, United States). The following antibodies purchased from ABclonal
Technology (Woburn, MA, United States) were used in this study: rabbit anti-
ERVWET1 antibody (dilution 1:1000, A16522), rabbit anti-CPEB1 antibody (dilution
1:1000, A5913), rabbit anti-NDUFV2 antibody (dilution 1:1500, A7442), mouse anti-
GAPDH antibody (dilution 1:50000, AC002), goat anti-mouse IgG-horseradish
peroxidase (HRP) (dilution 1:5000, AS003), and goat anti-rabbit IgG-HRP (dilution
1:5000, AS014). The bands were visualized using the Millipore Immobilon Western
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Chemiluminescent HRP Substrate (WBKLS0500; Millipore, Burlington, MA, United
States). Images were captured using the Tanon 5200 chemiluminescence imaging
system (Tanon, Shanghai, China). Target protein expression levels were normalized to
GAPDH.

Luciferase assay

The luciferase activity was carried out using the Dual-Luciferase Assay System (E1960;
Promega, Madison, WI, United States) in accordance with the manufacturer’s protocol.
Firefly luciferase activity was normalized to pRL-CMYV Renilla luciferase activity. The
promoter activity is expressed as the mean * standard deviation (SD) of at least
triplicate replicates.

ELISA

The expression levels of human CPEB1 (072020; Huaer Biotech Co. Ltd, Wuhan,
China) and NDUFV2 (202103; Meiman Industrial Co. Ltd, Jiangsu, China) in serum
were measured by an ELISA kit according to the manufacturer’s recommendations.
Absorbance was measured at 450 nm using a spectrophotometer (Thermo Fisher
Scientific). The concentrations of CPEB1 and NDUFV2 were determined by comparing
the optical density of the samples to the standard curve.

Analyses of mitochondrial OXPHOS complex I activity

Mitochondrial OXPHOS complex I activity was detected by the Immunocapture
ELISA Kit following the manufacturer’s instructions (AB109721; Abcam, Cambridge,
United Kingdom). After cells were lysed with detergent solution, protein concen-
tration was adjusted to 1 mg/mL in incubation solution. The diluted 200 pL sample
and control were loaded onto the wells of a microplate pre-coated with complex I
capture antibody for 3 h at room temperature. Complex I activity was determined by
measuring the oxidation of NADH to NAD"and simultaneous reduction of a dye,
which leads to increased absorbance at 450 nm. The activity was expressed as the
change in absorbance per min using this equation: complex I activity = [Abs 1 - Abs 2]
/ [Time 1 - Time 2].

Statistical analyses

SPSS and GraphPad Prism were used for the statistical analyses. For the blood sample
results, the median analyses and Mann-Whitney U analyses were performed to
compare the different expressions of ERVWE1, CPEB1, NDUFV2P1, and NDUFV2
between the schizophrenia and control groups. Correlation analyses were performed
using the Spearman’s rank correlation. All data were obtained from at least three
independent experiments and presented as the mean + SD. Statistical and data
analyses were performed by one-way analysis of variance and Student’s t-tests.
Significance was considered at P < 0.05.

RESULTS

Degradation of CPEB1 and NDUFV2 proteins and the correlation among ERVWET,
NDUFV2, and NDUFV2P1 in schizophrenia

Many biomarkers in serum have been studied to determine whether they can help
diagnose schizophrenia. A genome-wide association study (GWAS) identified CPEB1
as a new susceptibility locus for schizophrenia[27]. Nevertheless, there has been no
report on the expression of CPEB1 in patients with schizophrenia. Here, we showed
that CPEB1 was significantly downregulated in schizophrenia compared to healthy
people in blood samples using ELISA (P < 0.05; Figure 1A and Table 1). We further
found decreased mRNA and protein levels of NDUFV2 in schizophrenia patients (P <
0.05, Figure 1B; P < 0.01, Figure 1C and Table 2). NDUFV2P1 (NDUFV2 pseudogene)
was significantly upregulated in schizophrenia patients (P < 0.01; Figure 1D). We also
found increased ERVWE1 mRNA expression in schizophrenia patients (P < 0.01;
Figure 1E). Correlation analyses through linear regression revealed that ERVWE1
mRNA was negatively correlated with CPEB1 (P < 0.001; Figure 1F) and NDUFV2
protein (P < 0.001; Figure 1G), and positively correlated with NDUFV2P1 transcripts (
P <0.001; Figure 1H) in schizophrenia. Moreover, high levels of NDUFV2P1 mRNA
were correlated with decreased NDUFV2 protein in schizophrenia (P < 0.001;
Figure 1I). Univariate and multivariate analyses identified CPEB1 and NDUFV2 as
two possible independent risk factors for schizophrenia (Supplementary Table 5).
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Table 1 The concentration of CPEB1 in the blood of control and schizophrenia patients

Control n 38 Schizophrenia n 41
Mean 25.76 Mean 14.63
Median 22.47 Median 16.19
SD 11.70 SD 5.39
Skewness 2.89 Skewness -0.93
SE of Skewness 0.38 SE of Skewness 0.37
Range 53.26 Range 18.63
Minimum 16.46 Minimum 2.14
Maximum 69.70 Maximum 23.67

SD: Standard deviation; SE: Standard error.

Table 2 The concentration of NADH dehydrogenase ubiquinone flavoprotein 2 in the blood of control and schizophrenia patients

Control n 38 Schizophrenia n 41
Mean 28.16 Mean 20.14
Median 26.87 Median 20.51
SD 11.02 SD 5.47
Skewness 2.691 Skewness -0.67
SE of Skewness 0.38 SE of Skewness 0.37
Range 60.09 Range 23.23
Minimum 15.76 Minimum 491
Maximum 75.85 Maximum 28.14

SD: Standard deviation; SE: Standard error.
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In summary, CPEB1 and NDUFV2 might be novel potential blood-based biomarkers
and possible pathogenic factors for schizophrenia, and are negatively correlated with
ERVWET in schizophrenia.

ERVWET reduces the expression of NDUFV2 by upregulating NDUFV2P1.

The clinical data showed a significant correlation among ERVWE1, NDUFV2P1, and
NDUFV2 gene expression in schizophrenia. Thus, to evaluate the causal relationship
among ERVWE1, NDUFV2P1, and NDUFV2, experiments were performed in human
neuroblastoma cells. ERVWET1 expression in transfected cells was detected by qPCR
and western blotting (Supplementary Figure 1A and B). The mRNA level of
NDUFV2P1 was significantly increased in SH-SY5Y cells after overexpression of
ERVWEL1 (P < 0.05; Figure 2A). Luciferase assays showed that overexpression of
ERVWET1 greatly enhanced NDUFV2P1 promoter activity in SH-SY5Y cells (P < 0.01;
Figure 2B). NDUFV2 is the parental gene of NDUFV2P1[13]. We found that ERVWE1
decreased both the mRNA (P < 0.05; Figure 2C) and protein levels of NDUFV2 in SH-
SY5Y cells (P < 0.05; Figure 2D). Moreover, ERVWE1 reduced the expression of
NDUFV2 by suppressing promoter activity in SH-SY5Y cells (P < 0.01; Figure 2E).
These findings suggest that ERVWE1 downregulates the expression of NDUFV2 while
upregulating its pseudogene, NDUFV2P1, in SH-SY5Y cells.

Pseudogene transcripts usually regulate the expression of their parental genes[28].
As shown in Figure 3A, the mRNA levels of NDUFV2 were significantly decreased in
the NDUFV2P1 (+) group compared with the control (P < 0.05). Consistently, western
blot analysis also confirmed that NDUFV2P1 inhibited the expression levels of
NDUFV2 in SH-SY5Y cells (P < 0.05; Figure 3B). NDUFV2P1 expression in transfected
cells was detected by qPCR (Supplementary Figure 2).
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Figure 1 Cytoplasmic polyadenylation element-binding protein 1 (CPEB1) and NADH dehydrogenase ubiquinone flavoprotein 2 (NDUFV2)
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deficiency and the correlation among ERVWE1, CPEB1, NDUFV2, and NDUFV2 pseudogene (NDUFV2P1) in schizophrenia patients. A and
C: Respectively represent the protein expression of cytoplasmic polyadenylation element-binding protein 1 (CPEB1) and NADH dehydrogenase ubiquinone
flavoprotein 2 (NDUFV2) in the schizophrenia patients (n = 41) and in the control groups (n = 38) using enzyme-linked immunosorbent; B, D, and E: Respectively
represent the mRNA levels of NDUFV2, NDUFV2 pseudogene (NDUFV2P1), and ERVWE1 in schizophrenia patients (n = 19) and the control groups (n = 38) using
quantitative polymerase chain reaction; F: Correlation between ERVWE1 mRNA levels and CPEB1 protein levels in patients with schizophrenia and control groups (n
=57), where Y is the protein expression for CPEB1 and X is ERVWE1 mRNA value for each sample; G: Correlation between ERVWE1 mRNA levels and NDUFV2
protein levels in patients with schizophrenia and control groups (n = 57), where Y is the protein expression for NDUFV2 and X is ERVWE1 mRNA value for each
sample; H: Correlation between ERVWE1 and NDUFV2P1 mRNA levels in patients with schizophrenia and control groups (n = 57), where Y is the mRNA expression
for NDUFV2P1 and X is ERVWE1 mRNA value for each sample; I: Correlation between NDUFV2P1 mRNA levels and NDUFV2 protein levels in patients with
schizophrenia and control groups (n = 57), where Y is the protein expression for NDUFV2 and X is NDUFV2P1 mRNA value for each sample. 2P < 0.05; °P < 0.01.
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To further explore whether NDUFV2P1 mediated the regulatory effect of ERVWE1
on the expression of NDUFV2, the shNDUFV2P1 plasmid was constructed.
Knockdown of NDUFV2P1 substantially elevated the ERVWE1-induced mRNA
expressions of NDUFV2 in SH-SY5Y cells (P < 0.05; Figure 3C). Moreover, western
blotting showed similar results of increased NDUFV2 protein expression after
NDUFV2P1 knockdown (P < 0.05; Figure 3D). Hence, these data demonstrated that
ERVWET could mediate the downregulation of NDUFV2 by upregulating NDUFV2P1
in SH-SY5Y cells.

We further examined whether NDUFV2P1 had an effect on NDUFV2 promoter
activity. Luciferase assays indicated that NDUFV2P1 inhibited NDUFV2 promoter
activity (P < 0.05; Figure 3E) in SH-SY5Y cells. To explore the role of NDUFV2P1 in the
ERVWE1l-induced promoter activity of NDUFV2, shANDUFV2P1 was used. The
reduced promoter activity was significantly recovered after knockdown of NDUFV2P1
(P < 0.01; Figure 3F), suggesting that ERVWE1 suppressed NDUFV2 promoter by
elevating NDUFV2P1 transcript.

ERVWE1T mediates NDUFV2P1/NDUFV2 signaling pathway through the regulation of
CPEB1

Our clinical data revealed CPEB1 was downregulated, and demonstrated a negative
correlation between CPEB1 and ERVWETL in schizophrenia patients. It would be
intriguing to assess the effect of ERVWE1 on CPEB1. We found that both mRNA (P <
0.01; Figure 4A) and protein (P < 0.05; Figure 4B) expression of CPEB1 was
significantly lower after overexpression of ERVWELI in SH-SY5Y cells than in control
cells. Moreover, the luciferase assay demonstrated that ERVWE1 suppressed the
promoter activity of CPEB1 (P < 0.01; Figure 4C). In order to define the minimum
sequence essential for the transcriptional control of CPEB1 gene, four sequentially
truncated promoters were examined in transfection assay. The luciferase reporter
assay demonstrated that the promoter ranged from -400 to 0 was the minimum
sequence required for biological activity (P < 0.05; Figure 4D). Furthermore, we found
that CPEB1 could downregulate NDUFV2P1 mRNA levels in SH-SY5Y cells (P < 0.05;
Figure 4E). qPCR and western blot analysis confirmed CPEB1 transfection (Supple-
mentary Figure 3A and B). Additionally, overexpression of CPEB1 substantially
impaired the ERVWEI1-induced mRNA expression of NDUFV2P1 in SH-SY5Y cells,
suggesting that ERVWE1-induced NDUFV2P1 was mediated by CPEB1 (P < 0.05;
Figure 4F).

%everal) studies have reported that CPEB1 regulates NDUFV2 expression by a post-
transcriptional mechanism[16]. We also found no change in the mRNA expression of
NDUFV2 after transfection with CPEB1 (Figure 5A). Western blotting showed that
CPEB1 elevated the protein levels of NDUFV2 (P < 0.01; Figure 5B). We further
assessed the possible role of CPEB1 in ERVWEI1-mediated NDUFV2 expression. Our
results revealed that NDUFV2 mRNA was not altered, regardless of whether CPEB1
was overexpressed compared with control cells (Figure 5C). Regardless of whether
CPEB1 was highly expressed, western blot analyses revealed that CPEB1 could relieve
the inhibitory effect of ERVWE1 on NDUFV2 (P < 0.05; Figure 5D). Together, these
results suggest that ERVWEI regulates the NDUFV2P1/NDUFV2 signaling pathway
through the suppression of CPEB1.

ERVWET1 impairs electron transport chain complex | activity via the
CPEB1/NDUFV2P1/NDUFV2 signaling pathway

NDUFV2 is a subunit of mitochondrial complex I[11]. Our above results demonstrated
that ERVWETL significantly reduced the mRNA and protein expressions of NDUFV2.
Thus, we further analyzed the impact of ERVWEI on complex I activity. Successful
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Figure 2 Overexpression of ERVWE1 elevated NADH dehydrogenase ubiquinone flavoprotein 2 (NDUFV2) pseudogene (NDUFV2P1) and
reduced NDUFV2 levels. A and C: Respectively represent the mRNA levels of NADH dehydrogenase ubiquinone flavoprotein 2 (NDUFV2) pseudogene
(NDUFV2P1) and NDUFV2 in ERVWE1-transfected SH-SY5Y cells using quantitative polymerase chain reaction; B: Luciferase assays of pGL3-NDUFV2P1 promoter
co-transfected with pCMV-ERVWE1 or control vector in SH-SY5Y cells; D: Western blots of NDUFV2 and GAPDH in SH-SY5Y cells; E: Luciferase assays of pGL3-
NDUFV2 promoter co-transfected with pPCMV-ERVWE1 or control vector in SH-SY5Y cells. Each bar represents the mean + SD of three independent experiments. 2P
<0.05;°P<0.01.

transfection was verified by western blot analyses in the transfected cells
(Supplementary Figure 4). The complex I activity was decreased in ERVWE1-overex-
pressing cells compared to that in control cells (P < 0.05; Figure 6A).

We measured complex I activity after the knockdown of NDUFV2P1 in SH-SY5Y
cells. Downregulating NDUFV2P1 could mitigate ERVWE1-induced inhibition of
mitochondrial complex I in SH-SY5Y cells (P < 0.05; Figure 6B), indicating that
ERVWEI inhibited complex I activity by increasing NDUFV2P1.

Another experiment showed that CPEB1 could reverse the complex I deficiency
induced by ERVWEL1 in SH-SY5Y cells (P < 0.05; Figure 6C), suggesting that ERVWE1
could regulate complex I activity via suppressing CPEB1 expression.
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pGL3-NDUFV2 promoter co-transfected with pCMV-ERVWE1 + shNDUFV2P1 or control in SH-SY5Y cells. Each bar represents the mean + SD of three independent

experiments. P < 0.05; °P < 0.01.
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In summary, our data indicate that ERVWE1 modulates mitochondrial energy
metabolism, primarily of complex I, via the CPEB1/NDUFV2P1/NDUFV2 signaling
pathway in schizophrenia.

DISCUSSION

Schizophrenia is a multifactorial mental disorder with abnormal cognitive functions
and behavior. It is characterized by continuous or relapsing episodes of psychosis.
Potential blood-based biomarkers have the potential to increase the precision of the
diagnostic and prognostic process for schizophrenia. The field of blood-biomarker
discovery for schizophrenia is coming to fruition as patient blood is an easily
accessible biological sample[29]. An increasing number of molecular detection
techniques with high specificity and sensitivity are currently applied in the search for
serum markers or genetic markers in peripheral blood. Previous studies have
addressed potential blood-based biomarkers for schizophrenia, such as microRNA[30,
31], insulin-related peptides[32,33], and inflammatory cytokines[34]. However, no
biomarkers have been successfully used in the clinical diagnosis of schizophrenia.
GWAS has implicated CPEB1, which possesses a highly conserved RNA-binding
domain and controls the cytoplasmic polyadenylation of mRNA by combining with
the specific sequences, as a novel schizophrenia susceptibility gene[27,35]. However,
there is no experimental evidence of an association between CPEB1 and schizophrenia.
Clinical data of this study do not follow a normal distribution, so Spearman’s rank
correlation was used for correlation analyses. In this paper, clinical data showed that
CPEB1 was decreased and negatively correlated with ERVWELI in schizophrenia.
Univariate and multivariate analyses suggested that CPEB1 might be a novel potential
blood-based biomarker and risk factor for schizophrenia.

The mouse model has shown that knockout of CPEB1 downregulates NDUFV2
protein expression[16]. The abnormal expression of NDUFV2 has been found in
schizophrenia[7,36]. Our data displayed decreased NDUFV2 transcription in schizo-
phrenia, in contrast to the data reported by Haghighatfard et al[36]. The reason for this
might be the primer used by Haghighatfard’s group can detect not only NDUFV2 but
also NDUFV2P1. Herein, our primers could successfully detect the transcript levels of
NDUFV2 and NDUFV2P1. The NDUFV2P1 transcript was upregulated in schizo-
phrenia and was negatively regulated NDUFV2. Additionally, our previous study
showed false positives using nonspecific primers to detect both NDUFV2 and
NDUFV2P1 (Supplementary Figure 5). We also found decreased NDUFV2 protein
expression, consistent with the report by Bergman et al[14]. However, Bergman et al
[14] showed no changes in NDUFV2 mRNA. The primary factor driving the difference
between our and Bergman's findings is that we focused on recent-onset schizophrenia
patients. In our sample, all subjects with recent-onset schizophrenia were free from
antipsychotics, whereas in the schizophrenia samples of Bergman's group, all but one
participant were using antipsychotic medications. A previous study demonstrated that
exposure to antipsychotic medication can increase NDUFV2 mRNA expression in
Sprague-Dawley rats[37]. Hence, antipsychotic medication treatment might reverse the
downward trend of NDUFV2 and result in no change at the mRNA level. NDUFV2P1
is a non-transcribed pseudogene of NDUFV2. There are few studies on NDUFV2P1.
Only one study has reported that schizophrenia-derived cells have increased
expression of NDUFV2P1[14]. Similarly, we found that NDUFV2P1 was significantly
increased and negatively correlated with NDUFV2 in schizophrenia patients. ERVWE1
is associated with schizophrenia[18]. Further analyses indicated that ERVWE1 was
negatively correlated with NDUFV2 and positively correlated with NDUFV2P1 in
schizophrenia patients.

The etiology of schizophrenia remains unclear. Scientists believe that both environ-
mental and genetic factors contribute to the risk of schizophrenia. Several studies have
indicated that ERVWEI, a new pathogenic factor in schizophrenia, acts as a bridge and
trigger between environmental and genetic factors. A series of environmental factors
may activate the ERVWE], a protein displaying inflammation and neurotoxicity[38].
Several studies have shown that ERVWE1 mediates neuroinflammation via the Toll-
like receptor pathway in schizophrenia[19,38,39] or multiple sclerosis (MS)[40].
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Figure 4 ERVWE1 elevated NADH dehydrogenase ubiquinone flavoprotein 2 pseudogene (NDUFV2P1) expression by suppressing
cytoplasmic polyadenylation element-binding protein 1 (CPEB1). A: The mRNA levels of cytoplasmic polyadenylation element-binding protein 1
(CPEBY1) after overexpression of ERVWE1 in SH-SY5Y cells using quantitative polymerase chain reaction (qPCR); B: Western blots of CPEB1 and GAPDH in SH-
SY5Y cells; C: Luciferase assays of pGL3-CPEB1 promoter co-transfected with pCMV-ERVWE1 or control vector in SH-SY5Y cells; D: Luciferase assays of different
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lengths of pGL3-CPEB1 promoter co-transfected with pCMV-ERVWE1 or control vector in SH-SY5Y cells; E: The mRNA levels of NADH dehydrogenase ubiquinone
flavoprotein 2 pseudogene (NDUFV2P1) after overexpression of CPEB1 in SH-SY5Y cells using qPCR; F: Represent the mRNA levels of NDUFV2P1 in SH-SY5Y
cells after co-transfection with ERVWE1 and CPEB1 using gPCR. Each bar represents the mean + SD of three independent experiments. 2P < 0.05; °P < 0.01; NS:

Not significant.
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Moreover, ERVWEI can activate inducible nitric oxide synthase activity and induce
cytotoxic T lymphocyte responses[38]. Further studies on the delineation of a role for
retroviruses in schizophrenia will bring new diagnosis and treatment of the
devastating schizophrenia.

NDUFV2P1 is a potential predictive marker in schizophrenia by negatively
regulating its parent gene, NDUFV2[14]. Based on the findings that ERVWEI can
regulate some schizophrenia-related genes[18,38], we conducted additional studies to
examine the potential relationship among ERVWE1, NDUFV2P1, and NDUFV2 in
schizophrenia. Previous research suggests that ERVWEL is overexpressed in brain
tissues[41]. To study the possible role of ERVWEI1, we selected the SH-SY5Y cell line, a
human-derived neuroblastoma cell with neuronal function and differentiation and
widely used as in vitro model for neuronal studies. Our results indicated that ERVWE1
induced upregulation of NDUFV2P1 and downregulation of NDUFV2. Pseudogenes
exhibit essential roles in gene expression and gene regulation. They are capable of
regulating parental genes or act as a competitive endogenous RNA (ceRNA)[28] or
small interfering RNA[42]. Our results showed that NDUFV2P1 acted as a ceRNA in
NDUFV2 expression induced by ERVWEL.

The NDUFV2 promoter plays essential roles in its expression[11]. ERVWE1 has been
proposed to regulate the activation of promoters and control the expression of some
schizophrenia-related genes[18,19]. We found that NDUFV2P1 participated in the
process of ERVWE1 suppressing the NDUFV2 promoter. It has been suggested that
NDUFV2P1 possibly competes with NDUFV2 by interfering with its mRNA[43].
Retrocopies or processed pseudogenes, the majority of the human pseudogenes, are
gene copies originating from mRNA retrotransposition. Our observation might reveal
another way of regulating parental genes by their retrocopies. From these, we could
conclude that ERVWEL inhibited the NDUFV2 promoter by raising the NDUFV2P1
transcript.

Schizophrenia is linked to mitochondrial energy metabolism dysfunction. CPEB1
controls polyadenylation-induced translation of NDUFV2 mRNA and results in
impaired brain-specific mitochondrial respiration[16]. In this work, we found that
ERVWEI1 dramatically lowered CPEB1 levels via inhibiting its promoter and that the
range of -400 to 0 was necessary. We found a new regulatory mechanism that is
different from the conserved mechanism of CPEBI. Interestingly, overexpression of
CPEBI led to increased protein levels of NDUFV2 with no change at the transcript
level. The data are in line with another study[16]. Furthermore, CPEB1 reduced the
NDUFV2P1 transcript. To date, there have been no published data on the mechanisms
that regulate NDUFV2P1. Our finding might be the first report of NDUFV2P1
regulation in schizophrenia. Further studies are needed to determine precisely how
CPEB1 affects pseudogene transcripts. Moreover, overexpression of CPEB1 decreased
the NDUFV2P1 levels induced by ERVWE1L. Simultaneously, overexpression of CPEB1
substantially elevated the expression of NDUFV2 inhibited by ERVWEL. Our results
suggested that ERVWEI regulated NDUFV2P1/NDUFV2 signaling pathway through
the suppression of CPEB1.

Ample evidence indicates that impaired mitochondrial energy metabolism may be
compromised in schizophrenia patients[44,45]. Complex I deficiency is among the
most encountered defects of mitochondrial energy metabolism[46]. Complex I, also
names NADH:ubiquinone oxidoreductase, is the largest and the most elaborate
component of the mitochondrial respiratory chain. It catalyzes the oxidation of
NADH, together with the transfers of two electrons to the ubiquinone. Complex I
deficiency is associated with abnormalities in calcium signaling[46,47]. The possible
role of calcium signaling in schizophrenia is initially presented by Jimerson et al[48].
Our previous report demonstrated that ERVWE1 can induce calcium influx in human
neuroblastoma cells[49]. Therefore, we speculated that ERVWE1 might cause the
decrease of complex I activity in schizophrenia. Herein, we found overexpression of
ERVWET suppressed complex I activity. Knockdown of NDUFV2P1 significantly
restored the complex I activity suppressed by ERVWE1. This observation suggested
that NDUFV2P1 was required in the ERVWE1-induced complex I activity deficiency.
CPEBI is essential to promote mitochondrial energy production in neurons|[15]. CPEB1
knockdown cells have reduced complex I activity and mitochondria number[16,50].
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Figure 5 ERVWE1 reduced NADH dehydrogenase ubiquinone flavoprotein 2 (NDUFV2) expression by suppressing cytoplasmic
polyadenylation element-binding protein 1 (CPEB1). A: The mRNA levels of NADH dehydrogenase ubiquinone flavoprotein 2 (NDUFV2) after
overexpression of cytoplasmic polyadenylation element-binding protein 1 (CPEB1) in SH-SY5Y cells using quantitative polymerase chain reaction (qPCR); B:
Western blots of NDUFV2 and GAPDH in SH-SY5Y cells; C: Represent the mRNA levels of NDUFV2 in SH-SY5Y cells after co-transfection with ERVWE1 and
CPEB1 using qPCR; D: Western blots of ERVWE1, CPEB1, NDUFV2, and GAPDH in SH-SY5Y cells. Each bar represents the mean + SD of three independent
experiments. 2P < 0.05; °P < 0.01; NS: Not significant.

Our results showed that CPEB1 overexpression could rescue complex I activity, which
was inhibited by ERVWEL. As a core subunit of this complex, NDUFV2 is a crucial
regulator of complex I activity, depletion and phosphorylation of this protein causes a
decrease in complex I activity[51,52].
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Figure 6 ERVWE1 contributed to complex | deficits through the cytoplasmic polyadenylation element-binding protein 1 (CPEB1)/ NADH
dehydrogenase ubiquinone flavoprotein 2 (NDUFV2) pseudogene (NDUFV2P1)/NDUFV2 signaling pathway. A: Complex | activity in SH-SY5Y
cells transfected with pCMV-ERVWE1 or control; B: Complex | activity in SH-SY5Y cells co-transfected with pPCMV-ERVWE1 + shNDUFV2P1 or control; C: Complex |
activity in SH-SY5Y cells co-transfected with pPCMV-ERVWE1 + pcDNA3.1-CPEB1 or control. Each bar represents the mean + SD of three independent experiments.

2P <0.05.
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Schizophrenia mostly sets in after the age of 20. Mitochondrial energy metabolism
dysfunction has been implicated in the etiology of schizophrenia in early adulthood
from age 20-30[53]. Research from our and others suggests that environmental factors,
including viral infection, drug stimulation, and genetic variation, can cause abnormal
expression of ERVWEL. In this study, we demonstrated that increased ERVWE1
induces mitochondrial metabolism deficits, which ultimately leads to the pathogenesis
of schizophrenia. In summary, ERVWEL overexpression contributes to complex I
deficits in schizophrenia via the CPEB1/NDUFV2P1/NDUFV2 signaling pathway.

CONCLUSION

In conclusion, the purpose of this study was to discover novel potential blood-based
biomarkers and reveal the potential mechanisms underlying ERVWE1-mediated
mitochondrial energy metabolism defects in schizophrenia. We reported that the
expression of CPEB1 was lower and negatively correlated with ERVWE1 in schizo-
phrenia blood samples. This study is to identify CPEB1 as a novel potential blood-
based biomarker for schizophrenia. We also found that NDUFV2 exerted an inverse
expression with NDUFV2P1 and ERVWEI in schizophrenia. Further analyses showed
a positive correlation and marked consistency between expressions of NDUFV2P1 and
ERVWETL. In vitro experiments demonstrated that ERVWE1 mediated the downregu-
lation of NDUFV2 by upregulating its pseudogene, NDUFV2P1. Moreover, CPEB1
was decreased after ERVWE1 overexpression and worked as a mediator of the
NDUFV2P1/NDUFV2 signaling pathway induced by ERVWE1. Further studies
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Figure 7 The proposed signaling pathways for ERVWE1 contributes to mitochondrial energy metabolism deficiency in schizophrenia. 1:
ERVWE1 suppressed cytoplasmic polyadenylation element-binding protein 1 (CPEB1) mRNA and protein expression by regulating its promoter activity; 2: ERVWE1
upregulated the expression of NADH dehydrogenase ubiquinone flavoprotein 2 (NDUFV2) pseudogene (NDUFV2P1) through enhancing its promoter activity. CPEB1
downregulated NDUFV2P1 expression and functioned as a mediator of NDUFV2P1 transcript induced by ERVWE1; 3: NDUFV2P1 reduced NDUFV2 expression
through inhibiting its promoter activation. Additionally, ERVWE1 decreased the mRNA and protein expression of NDUFV2 and suppressed NDUFV2 promoter
through increasing NDUFV2P1 transcript. Moreover, CPEB1 was involved in regulating NDUFV2P1/NDUFV2 signaling pathway triggered by ERVWE1; 4: ERVWE1
reduced complex | activity via regulating NDUFV2 and its retrocopies expression. Decreased CPEB1 was involved in the complex | activity deficiency induced by
ERVWE1; 5: Deficient complex | activity might result in mitochondrial metabolic dysregulation and contributed to the development of schizophrenia.
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indicated that ERVWE1 impaired mitochondrial complex I activity, which might lead
to mitochondrial metabolic dysregulation through the CPEB1/NDUFV21P1/NDUFV2
signaling pathway (Figure 7). As a novel potential blood-based biomarker and risk
factor, further studies and clinical research are needed better to understand the role of
decreased CPEB1 and NDUFV2 in schizophrenia to develop this paradigm into an
effective treatment strategy.

ARTICLE HIGHLIGHTS

Research background

Schizophrenia is a devastating psychiatric disorder that impairs mental and social
functioning. There are several hypotheses regarding the pathogenesis of schizo-
phrenia, including mitochondrial dysfunction. Both genetic and environmental factors
contribute to the development of schizophrenia. Our previous studies showed that
ERVWEI acts as a bridge between genetic and environmental factors and plays an
important role in the occurrence of schizophrenia.

Research motivation

Schizophrenia is a chronic disorder requiring long-term treatment and having a
significant impact on patients and their families. Biomarkers and pathogenic
mechanisms have become the most important undertaking for schizophrenia. In this
manuscript, we focused on the relationship between mitochondrial energy metabolic
deficits and ERVWETL in schizophrenia.

Research objectives

This study aimed to identify novel potential blood-based biomarkers and risk factors
for schizophrenia and to explore the underlying mechanisms ERVWEI1-mediated
mitochondrial metabolic deficits in schizophrenia.
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Research methods

Quantitative polymerase chain reaction (qPCR) and enzyme-linked immunosorbent
assay were used to detect differentially risk genes expression in blood samples.
Statistical analyses of clinical data were performed by median analysis, Mann-Whitney
U analysis, and Spearman’s rank correlation analysis. qPCR, western blotting,
luciferase assay, and complex I enzyme activity microplate assay were performed to
study the relationship between ERVWE1, CPEB1, NADH dehydrogenase ubiquinone
flavoprotein 2 (NDUFV2), and NDUFV2 pseudogene (NDUFV2P1).

Research results

CPEB1 and NDUFV2 were deceased and negatively correlated with ERVWEL1 in
schizophrenia. Moreover, Increased NDUFV2P1 demonstrated a significant positive
correlation with ERVWELI and negative correlation with NDUFV2 in schizophrenia.
Cytological experiments demonstrated that ERVWE1 suppressed CPEB1 by
suppressing its promoter activity and downregulated NDUFV2 expression through
increasing NDUFV2P1 transcript. Further studies showed that CPEB1 participated in
regulating the NDUFV2P1/NDUFV2 axis mediated by ERVWEL1 in SH-SY5Y cells.
Finally, we found that ERVWEI1 regulated complex I activity through the
CPEB1/NDUFV2P1/NDUFV2 signaling pathway in SH-SY5Y cells.

Research conclusions

CPEB1 and NDUFV2 were identified as novel risk factors in schizophrenia. We also
proposed a novel mechanism that ERVWE1 mediated mitochondria metabolic deficits
through the CPEB1/NDUFV2P1/NDUFV2 signaling pathway in schizophrenia.

Research perspectives

Further study is needed to verify if CPEB1 and NDUFV2 can be used as blood-based
biomarker of schizophrenia. As a risk factor, further efforts need to be focused on
better understand the role of ERVWE1, CPEB1 and NDUFV2 in the pathogenesis of
schizophrenia. Although our study suggests that ERVWE1 may be a potential
therapeutic target for schizophrenia, whether ERVWEI can really benefit clinical
treatment requires further research in animal experiments and clinical trials to confirm
these data.
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