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Objective: Retrovirus has been suggested as one of agents
involved in the development of schizophrenia. In the present
study, we examined the role of the human endogenous ret-
rovirus W family (HERV-W) env gene in the etiopathogen-
esis of recent-onset schizophrenia, using molecular and
epidemiological approaches. Methods: Nested RT-PCR
was used to detect the messenger RNA (mRNA) of the
HERV-w env gene in plasmas. Quantitative real-time poly-
merase chain reaction (PCR) was employed to detect the
viral reverse transcriptase activity in human sera. Human
U251 glioma cells were used to study the potential role of
the HERV-W env gene in the etiopathogenesis of recent-
onset schizophrenia. Results: We identified genes with
mRINA sequences homologous to HERV-W env gene
from plasmas of 42 out of 118 individuals with recent-onset
schizophrenia but not from any of 106 normal persons (P <
.01, ¢ test). Quantitative real-time PCR showed a signifi-
cantly increase in the reverse transcriptase activity in the
sera of patients (by 35.59%) compared with controls (by
2.83%) (P < .05, t test). Overexpression of HERV-w
env in human U251 glioma cells upregulated brain-derived
neurotrophic factor (BDNF), an important schizophrenia-
associated gene, neurotrophic tyrosine kinase receptor type
2 (NTRK2, also called TrkB), and dopamine receptor D3
and increased the phosphorylation of cyclic adenosine
monophosphate response element—binding (CREB) pro-
tein. BDNF promoter reporter gene assays showed that
the HERV-W env triggers BDNF production in human
U251 glioma cells. Using gene knockdown, we found
that CREB is required for the expression of BDNF that
is regulated by env. Conclusion: Our data revealed that
the transcriptional activation of HERYV is associated
with the development of schizophrenia in some patients
and indicated that HERV-W env regulates the expression
of schizophrenia-associated genes. This report is the first to
elucidate the signaling pathway responsible for the upregu-

lation of HERV-W env-triggered BDNF. Our study pro-
vides new evidence for the involvement of HERV-W in the
central nervous system, which will benefit the diagnosis
and treatment of the devastating schizophrenia and related
disorders.
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Introduction

Schizophrenia is one of the most devastating and preva-
lent mental disorders worldwide. In China, a national
psychiatric epidemiology study conducted in 1993 re-
vealed that more than 4 million people are affected
with schizophrenia, an adjusted point prevalence of 4.7
in 1000 persons aged 15 years or older."? Schizophrenia
1s associated with several abnormal brain functions, in-
cluding cognition, emotion, and perception. It seriously
affects the education, employment, and marriage of a pa-
tient and represents a great burden for the associated
families and the society as a whole.*

While the etiology of the disease remains unclear, var-
ious factors have been associated with the pathogenesis.’
Recent data suggested some microbial agents, such as en-
dogenous retroviruses, as causative factors.®’

Retroviruses are biologically complex agents capable
of infecting host cells and subsequently integrating
into the host genome. Human endogenous retroviruses
(HERYVs) are a family of viruses within our genome
and exhibit similar characteristics as exogenous retrovi-
ruses. HER Vs are hereditary and may confer biological
benefits.® Recent studies showed that HER Vs and other
retrotransposon elements are expressed in brain tissues of
individuals with schizophrenia or other neuropsychiatric
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diseases’). In addition, the retroviral polymerase gene,
pol, was detected in the plasma samples of individuals
with schizophrenia or bipolar disorder.!®!" Further, in
49 schizophrenic patients, 23 (47%) were found positive
for HERV-W env, 24 positive (47%) for GAG, while in
blood donors only 1 out of 30 (3%) was positive for env
and 2 out of 49 (4%) for GAG (P <.01 for env, P <0.001
for GAG).!? These observations lead to the hypothesis
that HERVs play functional roles in some types of
schizophrenia and bipolar disorder.” '

Brain-derived neurotrophic factor (BDNF) is a mem-
ber of the “neurotrophin” family of growth factors—
which are related to the canonical nerve growth factor
(NGF). Neurotrophic factors are found in the brain
and periphery.'> BDNF acts on certain neurons of the
central and peripheral nervous systems, helping to sup-
port the survival of existing neurons and encouraging
the growth and differentiation of new neurons and
synapses.'> Animal models of schizophrenia show that
altered expression of the BDNF gene has been implicated
in the risk for schizophrenia.'*!'> It was thought that
BDNF may be a common genetic risk factor both for
schizophrenia and mood disorders.'#!¢

Dopamine receptor D3 (DRD3) is the D3 subtype
of the 5 (D1-D5) dopamine receptors.'” This receptor
is localized to the limbic areas of the brain, which are
associated with cognitive, emotional, and endocrine func-
tions.'” It was found that there is an association of schizo-
phrenia with the DRD3 gene in a study using a combined
case-control and family-based approach.!”-'®

However, how HER Vs contribute to schizophrenia is
far from clear.'” And it is also not known whether there is
relationship between HERVs, BDNF, and DRD3 in the
mechanism underlying schizophrenia.'®

Here, we report! the presence of HERV-W env in blood
of subjects with recent-onset schizophrenia but not in
that of normal individuals,? an increased retroviral activ-
ity in sera of individuals with schizophrenia, and® a poten-
tial mechanism by which retroviral genes are implicated
in the recent-onset schizophrenia.

Materials and Methods

Blood Samples

All patients were admitted in the Ren-Ming Hospital,
Wuhan University. Blood samples (both sera and plasma
samples) were taken from 118 patients exhibiting symp-
toms consistent with recent-onset schizophrenia defined
by the Diagnostic and Statistical Manual of Mental Dis-
orders (Fourth Edition). They had not been admitted pre-
viously to any hospital for schizophrenia and had no
manifestations of acute infectious, inflammatory, or neu-
rological diseases before the admission. They were aged
from 15 to 30 years, with the median age of 21 years.
Blood samples (both sera and plasma samples) from
106 normal individuals without any evidence of neuro-

logical or psychiatric diseases were also obtained from
the Ren-Ming Hospital, with age range of 18-35 years
and median age of 21 years. All plasma samples were
mixed with ethylenediaminetetraacetic acid. All blood
samples (both sera and plasma samples) were stored
at —80°C immediately until experiments.

All sera were tested and found negative for antibodies
to human immunodeficiency virus, human T-lymphotro-
phic virus-1/2, herpes simplex virus (HSV) type 2, hepa-
titis B virus, hepatitis C virus, and hepatitis G virus by
enzyme-linked immunosorbent assay (Roche, Switzer-
land) to insure no exogenous retrovirus infection.

RNA Isolation/ Complementary DNA Synthesis

As described previously, total RNA was isolated from
every plasma sample and cells by Trizol LS Reagent
(GIBCO BRL, USA) and treated with DNase I to
remove genomic DNA.?° For every sample, complemen-
tary DNA (cDNA) was synthesized and amplified using
the Clontech SMART PCR c¢cDNA library construction
kit (Clontech, Palo Alto, CA) as described before.?!

Nested Polymerase Chain Reaction Amplification

Primers were designed according to the sequence of the
HERV-W env (AF072506, AF156963, AF331500).2%%
For the first round of amplification, polymerase chain reac-
tion (PCR) was performed with a pair of primers, Pl
(5'-GAAGTAATCTCCCAACTCA-3") and P2 (5'-TT-
TCAGCGGTTAGCAAGT-'3"). One microliter of the
PCR product was then used for the second round PCR
with primer pair, P3 (5'-GCCTATTTAATACCACCCT-
3") and P4 (5'-GAGCCATTCAAACAACGA-3'). In
both round, the following thermal cycling protocol was
used: 5 minutes at 94°C followed by 35 cycles of 94°C for
45 seconds, 50°C for 45 seconds, and 72°C for 45 seconds
with a final extension at 72°C for 10 minutes. The product
was analyzed by electrophoresis on a 1% agarose gel.

Cloning, Sequencing, and Analysis

Final PCR products were directly inserted into pPGEM-T
vector (Promega, Madison, WI). The resulting plasmid con-
structs were sequenced by Perkin—Elmer 373A automated
DNA sequencer (Perkin Elmer, Waltham, MA). Sequences
were analyzed for homology using BlastN (available at http:
/fwww.ncbi.nlm.nih.gov/BLAST). Phylogenetic trees were
computed with the neighbor-joining method.”* DNA
sequences of the retroviruses are retrieved from the
GenBank database through BLAST network server.*’

Plasmid Construction

HERV-W env gene was amplified from patient
leukocytes with P1 (5'-CAGGAATTCATCCCCA
TGGCCCTCCCTTA-3") and P2 (5'-GAAGCAGTTA-
GAGCGGTCGTCTCG AGGGG-3') according to the
sequence of the HERV-W env gene (AF331500) that is
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also called the multiple sclerosis—associated retrovirus
(MSRYV) element.?***-° Because the gene we obtained
is highly homologous (95% identity) to AF331500 and
thus likely corresponds to AF331500. The gene was
then inserted into the EcoRI site of pCMV-2B vector
(Invitrogen, Carlsbad, CA).

Genomic DNA prepared from leukocytes of normal hu-
man was used as PCR template to amplify the 548-bp frag-
ment of human BDNF promoter Il with a forward primer,
5'-TCGAGCTCTATACGTGTGTTTGCTG-3’, and
areverse primer, 5'-ATCTCGAGCCTTTTCAGTCAC-
TACT-3". The fragment was cloned into pGL3-basiclucif-
erase reporter vector (Promega) between Sacl and X#ol
sites to generate plasmid pGL3-PIII. The CRE mutation
(pGL3-PIII_CREm) was generated using in vitro site-
directed mutagenesis system GeneEditorTM (Promega)
with the primer, 5'-TATCATATGACAGCGACCTG-
CAAGGCACCGTGG AGC-3', in which the CRE site
was mutated. Both pGL3-PIII and pGL3-PIII_CREm
plasmids were sequenced for assurance.?’

Cell Culture

Human U251 glioma cells were obtained from American
Type Culture Collection and maintained in the Dulbecco
Modified Eagle Medium (GIBCO BRL) supplemented
with 10% heat-inactivated fetal bovine serum (GIBCO
BRL), penicillin (10 IU/ml), streptomycin (10 pg/ml)
and 10% nonessential amino acids (Invitrogen) in 5%
CO, at 37°C.

Cell Transfection and Luciferase Activity Assay

Transient transfection was carried out using Lipofect-
amine 2000 (Invitrogen, La Jolla, CA). The total amount
of transfected DNA was kept constant using salmon
sperm DNA as a carrier. Forty-eight hours after the
transfection, the cells were collected for further analysis.

Cells growing in 6-well plates were cotransfected with
1 ug of pGL3 reporter plasmid and 250 ng of the pCM V-
B-gal plasmid per well according to the manufacture’s
protocols. Forty-eight hours after the transfection, lucif-
erase activities were determined with the single luciferase
assay system provided by the manufacture (Promega).
The activity of B-galactosidase was detected by absorp-
tion at 420 nm using a Luminometer (Promega).

Semiquantitative RT-PCR

The PCR amplification for BDNF, neurotrophic tyrosine
kinase receptor type 2 (NTRK2), and DRD3 sequences
from cDNA derived from the transfected cells was car-
ried out with 25 cycles, within the linear range of the am-
plification. Each cycle contained the following steps:
94°C for 30 seconds, 60°C for 1 minute, and 72°C for
1 minute. Specific primer for these genes as well as glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) were
described previously.?*
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PCR products were electrophoresed and visualized by
ethidium bromide staining. Additionally, these PCR
products were sequenced to confirm their identity as
partial BDNF, NTRK?2, and DRD3 transcripts. Signals
of BDNF, NTRK2, and DRD?3 were calculated as a ratio
of BDNF, NTRK2, DRD3, and GAPDH RT-PCR
products.

Reverse Transcriptase Assay Using Light Cycler RT-PCR
for Retroviruses

Sera samples were centrifuged at 15 000g for 15 minutes
at 4°C to remove any cellular debris. Every supernatant
was transferred into a new tube. Quantitative real-time
PCR detection of retroviral contamination was carried
out as described.’! All reactions were carried out
by RotorGene 2000 with data acquisition at 72°C on
the SYBR channel (excitation at 470 nm, detection at
585 nm using a high-pass filter).

Quantitative Real-Time PCR

Total RNA of cells was isolated by the RNAzol (GIBCO
BRL) method, and cDNA synthesis was performed using
the superscript reverse transcriptase (GIBCO BRL)
according to the manufacturer’s protocols.

Quantification was performed by real-time RT-PCR us-
ing an AbiPrism 7700 Taqman (Applied Biosystems, Wei-
terstadt, Germany). Comparative quantification was used,
normalizing BDNF, NTRK2, and DRD?3 to an internal
standard gene (GAPDH). The results are given as 0-Ct-
values. Primers of BDNF (Hs00538277_ml), NTRK2
(Hs01093103_m1), DRD3 (Hs00168045_m1l), and
GAPDH (Hs99999905_m1) were purchased d from Ap-
plied Biosystems. The cycling conditions were 50°C for
2 minutes, 95°C for 10 minutes, for 1 cycle, then 95°C
for 15 seconds, 57°C for 45 seconds, and 72°C for 45 sec-
onds for 45 cycles.

Western Blot

Protein samples were prepared with M-PER reagent
(Pierce, Rockford, IL) and determined by the Bradford
method (Bio-Rad, Hercules, CA) with BSA as the standard.
Twenty micrograms of protein lysate was separated by 10%
SDS-PAGE, and then electrophoretically transferred to a
nitrocellulose membrane (Amersham Biosciences, USA).
The membranes were blocked at room temperature
for 1 hour in blocking buffer (5% skim milk powder in
phosphate-buffered saline/0.1% Tween-20) at room
temperature. The membranes were hybridized with the
following primary antibodies: rabbit polyclonal antibody
to BDNF, rabbit polyclonal antibody to NTRK2, rabbit
polyclonal antibody to phosphorylated cyclic adeno-
sine monophosphate response element-binding protein
(CREB), and rabbit polyclonal antibody to GADPH
(Abcam, UK). Peroxidase-conjugated goat antirabbit
IgG (Abcam) was used as second antibody for
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Fig. 1. Detection of Human Endogenous Retrovirus (HERV) env
Sequence in the Blood of Recent-Onset Schizophrenia. (A) No
contamination of genomic DNA in total RNA from blood samples.
RT-PCR using glyceraldehyde-3-phosphate dehydrogenase—
specific primer pairs have been conducted on total RNAs from
patients (lane 3) and from normal individual (lane 4) and
complementary DNA (cDNA) reverse transcripted from patients
(lane 1) and normal individual (lane 2). Lane 5 is standard DNA
markers (DL2000, from up to low 2000, 1000, 750, 500, 250, and 100
bp). (B) Detection of HERYV envsequence in the cDNA of leukocytes
bynested RT-PCR. Lanes 1-5, plasmas of 5 individuals with recent-
onset schizophrenia; lanes 6, no template controls; lane 7, DNA
markers (DL2000, up to down: 2000, 1000, 750, 500, 250, 100).

immunoblotting analysis. After extensive washing, the
protein was visualized with enhanced chemiluminescence
substrate solution (Amersham Biosciences). GAPDH
(Abcam) served as the internal standard for all experi-
ments. The bands were quantified by densitometric anal-
ysis (Gel Pro 4.5, USA). Quantification was expressed as
arbitrary densitometric units.

Gene Silencing Experiments

The CREB-specific small interfering RNA (siRNA) (5'-
UACAGCUGGCUAACAAUGGATAT-3’) was used to
knock down CREB expression.** Transfection of siR-
NAs was carried out with Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instruction.
Seventy-five picomoles of siRNA duplex of CREB was
formulated into liposomes per well. A nontargeting siR-
NA was used as a control for nonsequence-specific effects
of the transfected siRNAs. Efficiency of RNA interfer-
ence on CREB expression was determined by both west-
ern blot analyses.

Table 1. The Ratio of Detecting env in Recent-Oonset
Schizophrenia and Control

Number of Number With

Patients Group  Persons Retrovirus Sequence Ratio (%)

Recent-onset 118 42 35.59
schizophrenia

Normal human 106 0 0

Data Analysis and Statistical Analysis

Two-tailed Student ¢ test was used for statistical compar-
ison. Data from experiments involving multiple samples
subjected to different treatments were analyzed for mul-
tiple pairwise comparisons by the Mann-Whitney U test
and the Kruskal-Wallis one-way analysis of variance test.
The signed Wilcoxon rank sum test was used to analyze
cytokine messenger RNA (mRNA) levels. Data were
expressed as mean =+ standard error of the mean,
obtained from at least 5 independent trials, and the dif-
ference was considered significant if the corresponding
P value was <.05. All the experiments were performed
blindly.

Results

No Contamination of Genomic DNA

To ensure that the total RNA isolated from patient’s
samples is free of genomic DNA, a separate experiment
was performed in which all RNA samples were used di-
rectly as a template for a standard PCR (omitting the
prior RT step and using GAPDH primers). We found
that PCR on total RNA yields no signal (figure 1A, lanes
3 and 4), whereas specific PCR products are detected when
cDNA was used as a template (figure 1A, lanes 1 and 2),
indicating that total RNA is free of genomic DNA.

Presence of a RNA Homologous to Retroviral env Gene in
Plasma of Patients With Recent-Onset Schizophrenia

In our previous study, we reported differential presence
of transcripts related to HERV in plasma of patients with
recent-onset schizophrenia and of control individuals.''
Whether there are other activated transcriptions within
the genomic region harboring HERV elements remains
known.

In order to determine whether HERV-W env gene is
expressed in plasma of patients with recent-onset schizo-
phrenia, we used nested RT-PCR to detect the viral env—
related RNA in plasma samples. We obtained positive
results in 42 out of 118 individuals (35.59%) with re-
cent-onset schizophrenia (figure 1). In contrast, none
of 106 normal individuals was tested positive for the
env transcript (P < .01) (table 1). These results show
a strong correlation between recent-onset schizophrenia
and the expression of HERV env gene.
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Sequence: GOCTATTTAAT ACCACOC TCACTGAGCTCCATGAGATCTCAGOOC ARAACOCT ACTAACTGTTGGATACACCTC
ERW1:  GOCTATTTAATACCACOC TCACTGAGCTCCATGAGGTCTCGGOOCARAACOCT ACTARCTGTTAGATATGOCTC
HERV-N:  GOCTAT TTAATAOCACOC TCACTGAGCTCCATGAGGTCTCAGOCC AR AACOCT ACTARCTGTTGGATATGCCTC
MSRV. GOCTATTT AAT ACCACOC TCACTCRGCTCCA TGAGGTCTC AZCOC AR ARCOC TAC TAACTGTTGGA TGTGCCTC

OCCCTGAACTTCAGGOCATATGTTTCAATCCCTGT ACC TGAACAATGGAACAACTTCAGCACAGARATARACACCACTTCOGT
OCOCTGAACTTCAGGOCATATGT TTCAATCOCTGT ACC TGAACAATGGAAC AAC TTCAGCACAGARATAARCACCACTTCOGT
OCOCTGAACTTCAGGOCATATGTTTCAATCCCTGT ACC TGAACAATGGAACAAC TTCAGCACAGAAATAARCACCACTTCOGT
OCCCTGCACTTCAGGOCAT ACATTTCAATCCCTGT TCCTGAACAATAGAAC AACTTCAGCACAGAAATAAACACCACTTCOGT

TTTAGTAGGACCTCTTGTTTCCAATCTGGAAAT AACOCATACC TCAAACCTCACCTGTGTAAAATT TGGCAATACTACATACA
TTTAGTAGGACCTCTTGTTTOCAATCTGGAAAT ARCOCATACC TCAAACCTCACCTGTG TAARATTT AGCAATACTACATACA
TTTAGTAGGACCTCTTGTTTOCAATCTGGAAAT ARCOCATACCTCAAACCTCACCTGTGTAAAATTT AGCAATACTACATACA
TTTAGTAGGACCTCTTGTTTCCAATCTGGAAAT AACOCATACC TCAAACCTCACCTGTGTAAAATTT AGCAATACTATAGACA

CAACCAACTOOCAATGCATCAGGTGAG TAACTCCTCOC ACACAGAT AGTCTGOC TACOC TCAGGAATATTTTTTGTCTGTGGT
CAACCAACTOOCAATACATCAGGTGGG TRACTCCTCOCACACAAAT AGTCTQOCTACOC TCAGGAATATTTTTTGTCTGTGGT
CAACCAACTOOCAATGCATC AQG TGAG TAACTCCTOOC ACACA AT AGTCTROC TACOC TCAGGAATATTTTTTGTCTGTGGT
CAACCAGCTOOCAATGCATCAGGTGGG TAACACCTCOC AC ACGAA TAGTCTACCTACOCTCAGGAATATTTTTTGTCTGTGGT

ACCTCAGOCTATCGTTGTTTGAATGGCTC
ACCTCAGOCTATCGTTGTTTGAATGGCTC
ACCTCAGCCTATCGTTGTTTGAATGGCTC
ACCTCAGCCTATCATTGTT TGAATGACTC

Fig. 2. Sequence Comparison of Amplified Sequence From Patients’ Plasma With ERVW1 (AY101583), Human Endogenous Retrovirus
(HERV)-W (AF072506), and Multiple Sclerosis—Associated Retrovirus (MSRV) (AF331500) sequence.

Sequencing, Mapping, and Phylogenetic Analysis

RT-PCR products from the 42 env-positive patients were
subsequently cloned and sequenced. Sequence analyses
showed that all 42 products correspond to the same se-
quence (figure 2) that is 99.2% homologous to the env
genes of ERVWI1 (accession number AY101583) and
HERV-W (AF072506) and 95% homologous to the
env gene of the MSRV (AF331500).2%3

As showed in figure 3A, the sequence was subsequently
located to the chromosome region 7q11.23-7q22.1 by
BlastN search of GenBank or the recently created Chr7
database (figure 3). We produced a phylogenic tree of
the env gene sequences from patients by the comparison
with the env genes of the HERV-W family, MSRV, and
related sequences (AF075206, AY101583, AF331500,
S52616, XM_526964, XM_525797, XM_546628,
AJ862649, AJ289711, X87829, XM_528924, EU440732,
NC_001488, DQ845388, AF053745, NM_207582,
NM_001007253, DQI112096, DQ247958, NC_001550)
(figure 3B).

Transcriptional Activation of Retroviral Elements in
Recent-Onset Schizophrenia

Because it was suggested that the transcriptional activa-
tion of certain retroviral elements may be associated with
the development of schizophrenia in some patients,'' we
observed the viral reverse transcriptase assay in recent-
onset schizophrenia. For this, a standard curve was
produced by using five 10-fold dilutions of reverse tran-
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scriptase standard covering 10~¢ to 107'° and gave rise to
a correlation coefficient of 0.99 (figure 4A). We thus mea-
sured HERYV reverse transcriptase activity in sera of some
recent-onset schizophrenia patients and healthy individ-
uals (controls) (figure 4B). HERV reverse transcriptase
activities in sera of 106 recent-onset schizophrenia
patients (table 2) were much higher than those in sera
of 106 control individuals (table 2) (P < .05, ¢ test)
(figure 4C). Because the definitive cutoff values for deter-
mining HERV reverse transcriptase activity in human
sera have not been defined, we used an arbitrary cutoff
value of reverse transcriptase activity >5.00E-09 (table 2).
Using this standard, we found that 40 of 118 recent-onset
schizophrenia patients have HERYV reverse transcriptase
activity comparing to only 3 out of 106 control individ-
uals (P < .05, ¢ test). This result suggests that transcrip-
tional activation of certain retroviral elements be
associated with recent-onset schizophrenia.

HERV-W env Increases the Expression of BDNF,
NTRK2, and DRD3 in Human U251 Glioma Cells

Given the presence of HERV-W env and a high HERV
reverse transcriptase activity in recent-onset schizophre-
nia patients, it would be intriguing to determine whether
retroviral elements like HERV-W env affect the expres-
sion of schizophrenia-associated genes, such as BDNF,
NTRK?2, and DRD3, in recent-onset schizophrenia
and bipolar disorder. To do so, human U251 glioma cells
were transiently transfected with pCMV-env plasmid.
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Fig. 3. Mapping and Phylogenetic Analysis. (A) Ideogram of human chromosome 7q11.23-7q22.1 with the hypothesized location of env gene
(shadow marks, positions of the mapped env sequences). (B) Phylogenetic tree for the pol genes obtained by the neighbor-joining method.
Sequences used in phylogenetic tree are as follows: Human endogenous retrovirus W (AF075206), H. sapiensisolate 21 endogenous retrovirus
Human Endogenous Retrovirus (HERV)-W, ERVWEI (AY101583), multiple sclerosis—associated retrovirus element clone pV14
(AF331500), env-related transmembrane protein (S52616), Pan troglodytes similar to ERV-BabFcenv provirus (XM_526964), P. troglodytes
LOC470416 (LOC470416) (XM_525797), Canis familiaris similar to myocardin (LOC489509)(XM_546628), chimpanzee endogenous
retrovirus proviral envH3 gene (AJ862649), HER V-H/env59 proviral copy (AJ289711), RD114 retrovirus env gene(X87829), P. troglodytes
similar to ERV-BabFcenv provirus (XM_528924), porcine endogenous retrovirus C(EU440732), human T-lymphotropic virus 2
(NC_001488), HIV-1 isolate 02CM-A1394 from Cameroon (DQ845388), Mus dunni endogenous virus complete genome (AF053745), H.
sapiens HERV-FRD provirus ancestral env polyprotein (HERV-FRD) (NM_207582), human endogenous retroviral sequence 3 (includes
zinc finger protein H-plk/HPF9) (ERV3)(NM_001007253), H. sapiens endogenous virus HERV-K 68 (DQ112096), human endogenous virus
HERV-Pbl (DQ247958), Mason-Pfizer monkey virus (NC_001550). HIV, human immunodeficiency virus.

993

¥20¢2 Iudy 60 U0 1senb Ag 06606 1/886/S/.¢/2101E/UNB|INGRIUSIYd0ZIYoS/Wod dnodlwapede//:sdiy woly papeojumoq



W. J. Huang et al.

06 Concentration

A B

T

B x\_\"“

|

0

1]

w1010 108 07
B
e

1=

Cycle

P<0.001*

£1A110u aseldLIosuRL) 9S.19A3Y JO B

H= El 3
1 2

Group  health controls schizophrenia

Fig. 4. Comparison of Schizophrenia Case and Healthy Control Sera by Real-Time Polymerase Chain Reaction. (A) Standard curve for
reverse transcriptase activity quantification. The threshold cycle values were plotted against the reverse transcriptase activity. (B) Reverse
transcriptase activities for individual samples from both groups are designated. The bottom and top boundaries of the boxes indicate the 25th
and 75th percentiles of the values. The bottom and top horizontal bars indicate the 5th and 95th percentiles of the values, respectively. The

notch indicates the 95 confidence limits around the median.

Forty-eight hours after transfection, we examined the ex-
pression of BDNF, NTRK2, and DRD3 at both the
mRNA and the protein levels by semiquantitative RT-
PCR and western blotting, respectively.

Using semiquantitative RT-PCR, we found that
the mRNA levels of BDNF, NTRK2, and DRD3
are higher in pCMV-env—transfected cells than in the
control (figure 5A). Fory-eight hours after transfection,
HERV-W env enhanced the mRNA expression of
BDNF, NTRK2, and DRD3 by 3-, 2.5-, and 4-fold,
respectively (figure 5B).

Quantitative RT-PCR was used to confirm the results.
We also found that the mRNA levels of BDNF, NTRK2,
and DRD3 are higher in the pCMV-env—transfected cells
than in the control (figure 5A). Forty-eight hours after
transfection, HERV-W env enhanced the mRNA expres-
sion of BDNF, NTRK2, and DRD3, by 3-, 3-, and 4-
fold, respectively (figure 5C).

Table 2. The Ratio of Detecting Reverse Transcriptase Activity in
Schizophrenia Patients and Control Group

Number of Number With Reverse
Patients Group Persons Transcriptase Activity Ratio (%)

Recent-onset 118 40 33.90
schizophrenia
Normal human 106 3 2.83
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Furthermore, we analyzed the protein amounts of
BDNF, NTRK2, and DRD3 48 hours after transfection
with pCMV-env by western blotting (figure 6A). In com-
parison with the control, the expression levels of BDNF,
NTRK2, and DRD3 proteins all significantly increased
after the transfection of pCMV-env.

As showed in figure 6B, the expression of BDNF,
NTRK2, and DRD3 increased by about 2-, 3-, and 3-
fold, respectively, as compared with controls.

HERV-W env—Induced BDNF Promoter Activation

To further determine the role of HERV-W in inducing
the BDNF gene expression, we evaluated the effect of
HERYV-W on the activity of BDNF promoter, assessed
by the luciferase level. We cotransfected human U251 gli-
oma cells with the pGL3-PIII and pCMV-env plasmids
for the promoter reporter assay. Indeed, HERV-W env
increased the BDNF promoter activity by approximately
4-fold at 48 hours after transfection (figure 7), demon-
strating that BDNF promoter is significantly activated
by env in human U251 glioma cells (figure 7).

CRE on BDNF Promoter Is Required for the Expression
of BDNF Regulated by env

Using lipofectamine method, wild-type (pGL3-PIII) and
mutant promoter III (pGL3-PIII_CREm) plasmid
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Fig. 5. Human Endogenous Retrovirus (HERV)-W env Upregulates the Expression of Messenger RNA (mRNA) of Brain-Derived
Neurotrophic Factor (BDNF), NTRK2, and DRD3 in Human U251 Glioma Cells. (A) BDNF, NTRK2, and DRD3 gene expression in the
human U251 glioma cells. A 363-bp Complementary DNA fragment for BDNF mRNA, a 384-bp fragment for NTRK2 mRNA.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) Histograms show BDNF, NTRK?2, and DRD3
mRNA levels quantified; each bar represents the mean * standard error of the mean of 3 values of IL-8 amplification products normalized to
the starting total RNA volumes and referred to the corresponding GADPH values. n = 3 (* P < .005) (Student ¢ test). (C) BDNF, NTRK2, and
DRD3mRNA levels using quantitative RT-PCR; each bar represents the mean =+ standard error of the mean of 3 values of IL-8 amplification
products normalized to the starting total RNA volumes and referred to the corresponding GADPH values. n = 3 (* P < .005) (Student ¢ test).

constructs were cotransfected with plasmid pCMV-envy
into human U251 glioma cells. Cells were lysed and an-
alyzed for luciferase activity (as described in the “Mate-
rials and Methods’) assay. Substitution mutations
within the CRE element not only severely affected
the basal activity of promoter III (by approximately
5-fold) but also eliminated its responsiveness to env
(figure 8). These findings strongly suggest that the
CRE element is an important mediator of BDNF
exon III transcription.

HERV-W env Increases the Phosphorylated CREB in
Human U251 Glioma Cells

Twenty-four hours after transfection with pCMV-env
plasmid, the phosphorylated CREB was detected by
western blotting (figure 9A). As showed in figure 9B,
pCMV-env resulted in a nearly 6-fold increase in the ex-
pression of the phosphorylated CREB protein as com-
pared with controls.

CREB Is Requiredfor the BDNF Expression Regulatedby
eny

To directly demonstrate the requirement of CREB for the
activation of BDNF, we knocked down CREB expres-
sion using specific siRNA oligonucleotides. The expres-
sion levels of CREB were significantly reduced in CREB
siRNA-transfected human U251 glioma cells, as demon-
strated by western blotting (figure 10A).

CREB siRNA abolished the upregulation of BDNF by
pCMV-env (figure 10B), demonstrating that CREB is re-
quired for the regulation of BDNF by pCMV-env.

Discussion

Schizophrenia is a brain disorder in the form of abnormal
mental functions and disturbed behavior.> Recent re-
search suggests that the heterogeneous phenotype of
schizophrenia may be the result of multiple pathophysi-
ological processes occurring at different stages of the
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(BDNF),NTRK2,and DRD3in human U251 glioma Cells. (A) Western blot analysis for the expression of BDNF, NTRK?2,and DRD?3 after
48 h of transfection. (B) Bars represent the intensity of the bands, quantitated by densitometry. Data are expressed as the mean *= SD of
triplicate determination in a representative experiment from 2 independent experiments with similar results. n = 3 (*P < .005).

illness.® There are various hypotheses on the mechanisms
of schizophrenia,>* ¢ such as dopamine hypothesis,**
neurodevelopmental hypothesis,*> autoimmune hypoth-
esis,”® etc. But the recent convergence of neuropatho-
logic, neurotransmitter, and genetic studies indicates
that there is still a long way to understanding the molec-
ular causes of schizophrenia.®’

BDNF is a protein of interest in the neurodevelopmen-
tal hypothesis.*> BDNF is a member of the NGF family,
widely expressed in the central nervous system, and has
been implicated in schizophrenia and mood disorders.'®
BDNF is also implicated in the control of emotions and
sensorimotor gating that is disturbed in some psychiatric
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Fig. 7. Human Endogenous Retrovirus (HERV)-W env-Induced
Brain-Derived Neurotrophic Factor (BDNF) Promoter Activation.
Human U251 glioma cells were transfected with a BDNF promoter
luciferase vector along with env plasmid. Luciferase activity served
as a marker of BDNF promoter activity. Forty-eight hours later,
luciferase activity was measured and standardized. Data are mean *
SD. Statistically different as compared with control cultures. All
data are expressed as fold induction of normalized BDNF luciferase
activity (mean = standard error of the mean) relative to uninfected
cells (n = 3). And Infection with HERV-W env for 48 h also
significantly increased BDNF luciferase activity by >2-fold as
compared with control cells transfected with an empty vector.
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disorders. BDNF may be an important player in drug ad-
diction, schizophrenia or Parkinson disease, in which D3
receptor expression is abnormal.!>*%#! Recently, BDNF
was found to control the DRD3 gene transcription in an
animal model.*® It was reported that BDNF from dopa-
mine neurons is responsible for inducing normal expres-
sion of the DRD3 in nucleus accumbens both during
development and in adulthood. BDNF from corticostria-
tal neurons also induces behavioral sensitization, by trig-
gering overexpression of the D3 receptor in striatum of
hemiparkinsonian rats.*®
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Fig. 8. Cyclic Adenosine Monophosphate Response Element (CRE)
on Brain-Derived Neurotrophic Factor (BDNF) Promoter Is
Required for the Expression of BDNF Regulated by env.
Assessment of CRE function using luciferase reporter construct.
Wild-type (pGL3-PIII) and mutant promoter III (pGL3-
PIII_CREm) plasmid constructs were cotransfected with plasmid
pSV-B-gal into human U251 glioma cells using lipofectamine
method. Cells were lysed and analyzed for luciferase activity (as
described in the “Materials and Methods”) assay. Transfection
efficiency of each sample was normalized by B-galactosidase
activity. The data represent the mean * SE from 3 independent
experiments.
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However, many other hypotheses have been presented
over the years. Recent studies suggest that retroviruses
represent an exogenous infectious or endogenous genetic
factor for schizophrenia,g‘lz’19 multiple sclerosis,*>*3
rheumatoid arthritis,** diabetes mellitus,* and more.

HERYV families (at least 31 different ones) represent
the most evoluted member of the transposon/retrotrans-
poson superfamily of mobile genetic elements. The latter
represent 42% of the human genome, comprising
HERYVs, which themselves represent 8%0-9% of the hu-
man genome.***” Recently, indirect evidence for a possi-
ble role of HERYV retroviral elements (such as HERV-W)
in neurological diseases, such as schizophrenia and bigo—
lar disorders, has been provided by several studies.'>**
Moreover, many evidences indicate that endogenous
retroviruses may be activated by infecting viruses or
protozoa, such as HSV-1, influenza A/WSN/33 viruses,*®
Toxoplasma gondii,*® cytomegaloviruses,” and so on.”'>*

A B

MV CMV-env

BDNF protein
(CREB siRNA)

BDNF protein

(BDNF protein)

GAPDH protein

Optical Density (% Control)
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These facts are consistent with the role of the endogenous
retroviruses in the pathogenesis of schizophrenia.® '*!?
In our previous study, we found the expression of ret-
roviral pol genes in plasma from 20 out of 58 (34.5%)
individuals with recent-onset schizophrenia but not
from any of 38 normal persons (P < .01).'! In this article,
we found that DNA/RNA from several individuals with
recent-onset schizophrenia contains retroviral sequences
not found in control samples. Retroviral sequences were
found in the plasma of 36.84% of individuals with the
recent-onset schizophrenia, while no retroviral sequences
were found in normal individuals (P < .01) (figure 1,
table 1). This is also proved by our previous research.
While the presence of HERV-W proteins in the serum of
schizophrenic patients showed HERV-W antigenemia
clusters in the schizophrenia group and confirmed, at
the protein level, the previous reports in CSF and plasma
of specific virion-associated HERV-W RNA.'? These

— pCMV
1 pCMV-env

Control CREB siRNA

Fig. 10. Silencing of Cyclic Adenosine Monophosphate Response Element—Binding (CREB) by Using Specific Small Interfering RNA
(siRNA) Prevents the Expression of Brain-Derived Neurotrophic Factor (BDNF) Regulated by env. (A) Cells were transfected for 4 h with
100 nM siRNA. Western blot analysis for the expression of BDNF after 48 h of transfection. (B) Bars represent the intensity of the bands,
quantitated by densitometry. Data are expressed as the mean = SD of triplicate determination in a representative experiment from 2

independent experiments with similar results. n = 3 (*P < .005).

997

¥20¢2 Iudy 60 U0 1senb Ag 06606 1/886/S/.¢/2101E/UNB|INGRIUSIYd0ZIYoS/Wod dnodlwapede//:sdiy woly papeojumoq



W. J. Huang et al.

onvironment factors
(W, a, B' Y-ray otc)
.Qﬁ vy
S5
W

schizophrenia etc

Fig. 11. A Hypothesis for Human Endogenous Retrovirus (HERV) Contribute to the Pathogenesis of Recent-Onset Schizophrenia.
Infectious agents (such as virus, etc), environmental factors (such as UV, etc), and genetic variation could trigger the expression of HERV-W
env. The expression of HERV proteins (such as env) increases the promoter activation of some genes, such as BDNF, NTRK2,and DRD3, etc
(figure 7), and increases the expression of these genes (figures 5 and 6) in neuroglia cells. The expression of these genes contributes to the
pathogenesis of the recent-onset schizophrenia.>**=?> BDNF, brain-derived neurotrophic factor.

above support the possibility that transcription and
translation of HERV gene are associated with the devel-
opment of schizophrenia. The retroviral pol gene encodes
a polymerase that is essential for reverse transcription,
integration, as well as viral replication.’ It is thus possible
that activation of HERV highly correlated with the acti-
vation of the pol gene and the increase in the HERYV re-
verse transcriptase activity. Our data presented in this
study demonstrate that some of new onset schizophrenia
patients have significantly higher levels of HERV RT ac-
tivity than those of normal controls. The increased
HERYV reverse transcriptase activity in the serum of
schizophrenia demonstrates that retroviral infection or
endogenous retrovirus activation is involved in the etio-
pathogenesis of schizophrenia. The identification of a ret-
roviral component of schizophrenia would be consistent
with genetic, environmental, and neurodevelopmental
aspects of schizophrenia. The delineation of a role for ret-
roviruses in disease pathogenesis might lead to new meth-
ods for the diagnosis and treatment of schizophrenia.'’

Two hypotheses have been proposed to explain how
HERVs are implicated in schizophrenia and bipolar dis-
orders. One suggests that the long terminal repeat regions
of many retroviruses contain binding sites for a variety of
transcription factors, including those for hormonal and
inflammatory mediators. These promoters can activate
not only retroviral sequences but also human genes
located downstream.>® The other proposes that the
expression of viral proteins may directly affect cellular
function.>

The expression of HERYV in specific tissues has been
associated with chronic human diseases, such as multiple
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sclerosis, diabetes, and autoimmune arthritis.¥ 12194243

HERY has dynamic effects on gene function, and there
are several potential mechanisms, such as through affect-
ing gene expression, through which they can cause human
disease.® Based on these findings, we conducted addi-
tional studies to examine the role of HERYV in the path-
ogenesis of schizophrenia. We found that transcription
and protein of BDNF, NTRK2, and DRD?3 in neural
cells are upregulated by the HERV env gene. Like
BDNF, NTRK2, and DRD3 that are all thought to
play important roles in the pathogenesis of schizophre-
nia, HERV seems to act as a trigger in the recent-onset
schizophrenia and be associated with the development of
schizophrenia.

Several hypotheses have been proposed with respect
to the mechanisms underlying schizophrenia,*?33°
such as dopamine hypothesis,™* neurodevelopmental
hypothesis,>> and autoimmune hypothesis.*® However,
these schizophrenia hypotheses lead to controversy and
are not widely accepted. We think that these hypotheses
are all true. The only problem in them is lack of
a “bridge.” HERYV could act as such a bridge. That is
to say, infectious agents (such as virus), environmental
factors (such as UV), and genetic variation could trigger
the expression of HERV proteins (such as HERV-W
env).*323% The expression of HERV-W env increases
the promoter activation of some genes, such as BDNF,
NTRK?2, and DRD3 (figure 7) and increases the expres-
sion of these genes in neuroglia cells (figures 5 and 6). The
expression of these genes contributes to the pathogenesis
of the recent-onset schizophrenia.®>**3¢ Based on all
these, we propose that HERV plays a bridging role or
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acts as activator in the development of recent-onset
schizophrenia (figure 11).

In general, based on the evolving understanding of
both endogenous retroviruses and schizophrenia and
our findings, a new possible role of HERV in the path-
ogenesis of recent-onset schizophrenia was postulated.
The specific hypotheses are as follows.

1. Schizophrenia results from aberrations in neurodeve-
lopmental processes caused by an interaction between
environmental and genetic factors preceding the onset
of clinical symptoms.**>¢

2. Early exposure to several infectious agents (such as vi-
rus, 7. gondii, etc) might be associated with the later
development of schizophrenia.®'>1%->7

3. The recent-onset schizophrenia is related to the aber-
rant expression of endogenous retroviruses within the
CNS 8-12.19

4. Infectious agents (such as virus, etc), environmental fac-
tors (such as UV, etc), and genetic variation are respon-
sive to the endogenous retrovirus expression.*® %>

5. The expression of HERYV proteins (such as HERV-W
env) increases the promoter activation of some genes,
such as BDNF, NTRK2, and DRD3, etc (figure 7),
and increases the expression of these genes (figures
5 and 6) in neuroglia cells.

6. The expression of these genes contributes to the path-
ogenesis of the recent-onset schizophrenia.®** 3¢
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