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The Human Endogenous Retrovirus Envelope Glycoprotein,
Syncytin-1, Regulates Neuroinflammation and Its Receptor
Expression in Multiple Sclerosis: A Role for Endoplasmic
Reticulum Chaperones in Astrocytes’

Joseph M. Antony,* Kristofor K. Ellestad,’ Robert Hammond,” Kazunori Imaizumi,*

Francois Mallet,* Kenneth G. Warren," and Christopher Power**1

Retroviral envelopes are pathogenic glycoproteins which cause neuroinflammation, neurodegeneration, and endoplasmic reticulum
stress responses. The human endogenous retrovirus (HERV-W) envelope protein, Syncytin-1, is highly expressed in CNS glia of indi-
viduals with multiple sclerosis (MS). In this study, we investigated the mechanisms by which Syncytin-1 mediated neuroimmune
activation and oligodendrocytes damage. In brain tissue from individuals with MS, ASCT1, a receptor for Syncytin-1 and a neutral
amino acid transporter, was selectively suppressed in astrocytes (p < 0.05). Syncytin-1 induced the expression of the endoplasmic
reticulum stress sensor, old astrocyte specifically induced substance (OASIS), in cultured astrocytes, similar to findings in MS brains.
Overexpression of OASIS in astrocytes increased inducible NO synthase expression but concurrently down-regulated ASCT1 (p < 0.01).
Treatment of astrocytes with a NO donor enhanced expression of early growth response 1, with an ensuing reduction in ASCT1
expression (p < 0.05). Small-interfering RNA molecules targeting Syncytin-1 selectively down-regulated its expression, preventing the
suppression of ASCT1 and the release of oligodendrocyte cytotoxins by astrocytes. A Syncytin-1-transgenic mouse expressing Syncytin-1
under the glial fibrillary acidic protein promoter demonstrated neuroinflammation, ASCT1 suppression, and diminished levels of myelin
proteins in the corpus callosum, consistent with observations in CNS tissues from MS patients together with neurobehavioral abnor-
malities compared with wild-type littermates (p < 0.05). Thus, Syncytin-1 initiated an OASIS-mediated suppression of ASCT1 in
astrocytes through the induction of inducible NO synthase with ensuing oligodendrocyte injury. These studies provide new insights into the role
of HERV-mediated neuroinflammation and its contribution to an autoimmune disease. The Journal of Immunology, 2007, 179: 1210-1224.

ultiple sclerosis (MS)? is a demyelinating disease of
the CNS defined by inflammatory destruction of my-
elin and ensuing axonal damage (1). Although MS
is widely assumed to be an adaptive T cell-mediated autoim-
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mune disease, increasing evidence points to the pathogenic in-
volvement of resident CNS cells including microglia/macro-
phages and astrocytes in MS pathogenesis, which participate in
innate immune processes (2). Inflammatory responses mediated
by glia-derived cytokines and chemokines in neurodegenerative
diseases regulate levels of several amino acid transporters,
which impact on the progression of disease (3). Interestingly,
several transporters also function as receptors for different neu-
rotropic retroviruses (4). The human endogenous retrovirus
(HERV-W) envelope glycoprotein, Syncytin-1, binds to two re-
ceptors including the sodium-dependent transporters of polar
neutral amino acids, alanine, serine, cysteine, and threonine
(ASCT1 and ASCT?2) (4), which are localized on both neurons
and glia (5) and are known to modulate both neurotrophic (6)
and neurotoxic (7) effects in the CNS.

Syncytin-1 is a complex human endogenous retroviral protein
that is largely beneficial to the host in terms of facilitating placen-
tal development (8). However, in the brains of MS patients, Syn-
cytin-1 modulates an inflammatory cascade when its expression is
increased by various factors including exogenous viruses (9). Re-
cent studies indicate that Syncytin-1 transcript levels are quanti-
tatively increased in the brains of MS patients compared with other
inflammatory neurological disease controls (10). Interestingly,
TNF-c«, an inflammatory molecule in the brains of MS patients,
was found to enhance Syncytin-1 expression in astrocytes (11),
which consequently results in production of free radicals and cy-
tokines (12) that could affect expression of ASCT1 and ASCT2,
given that free radicals influence expression of membrane proteins
(13, 14). Free radicals are also produced when cells undergo
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persistent endoplasmic reticulum (ER) stress (15), a constellation
of host responses, which maintain cellular homeostasis, termed the
unfolded protein response (16). Accumulation of misfolded pro-
teins contribute to disruption of ER function, resulting in the un-
folded protein response (17). Induction of ER stress molecules
including activating transcription factor-4 has been previously
demonstrated in MS lesions (18). Furthermore, accumulation of
proteins such as MHC class I in the ER (15) or ER stress induction
by IL-18 or NO impairs oligodendrocyte repair (19). Several ret-
roviral envelope proteins induce ER stress, together with suppress-
ing the cognate viral receptor (20). For example, infection by mu-
rine leukemia virus (MuLV) down-modulates expression of its cell
surface receptor, mCAT-1 (21). Several lines of evidence impli-
cate glia in retrovirus-induced ER stress and neuropathogenesis
(22). Infection of astrocytes with Moloney MuLV (MoMuLV)-zs1,
leads to an ER stress response defined by neuroinflammation and
neurodegeneration. In fact, envelope proteins from both the retro-
viruses, MoMuLV-£s1 and FrCas®, mediate ER stress in the brain
(22-25) and directly affect oligodendrocyte viability by inducing
the proapoptotic ER stress gene, GADD153/CHOP (26).
Up-regulation of HERVs has been observed in the context of
neuroinflammation (27) and cytokine treatment (28). Earlier stud-
ies showed induction of both Syncytin-1 and inducible NO syn-
thase (iNOS) in glial cells in the brains of MS patients, particularly
in astrocytes (12, 29). Importantly, iNOS induced mitochondrial
calcium flux thereby activating ATF-6 (30). The transcription fac-
tor, old astrocyte specifically induced substance (OASIS), is acti-
vated in response to ER stress by modulating expression of the Ig
H chain-binding protein (BiP), thereby protecting astrocytes from
ER stress (31). We hypothesized that in an inflammatory milieu
mediated by increased Syncytin-1 levels in astrocytes, the expression
of its receptors ASCT1 and ASCT2 might be modulated, possibly
through ER stress-related mechanisms. The present studies revealed
that Syncytin-1 induced several ER stress-associated molecules in-
cluding OASIS and GADD153/CHOP, which in turn augmented
iNOS expression in astrocytes. In this study, we describe a novel
pathway for oligodendrocyte injury in which Syncytin-1 induced OA-
SIS expression in astrocytes accompanied by production of NO and
the transcription factor, early growth response 1 (Egrl), leading to the
suppression of ASCT1 in astrocytes with ensuing adverse effects on
oligodendrocyte proteins involved in myelin formation.

Materials and Methods

Human brain tissue and immunohistochemistry

Brain tissue (frontal white matter) was collected at autopsy as described
previously (27). Control subjects included 19 patients: Alzheimer’s disease
(n = 6); HIV infection with encephalitis (n = 4) or gliosis (n = 4); cerebral
arteriosclerosis (n = 2); anoxic encephalopathy (n = 1); normal brain
pathology (n = 2). MS patients included 20 patients who had been clas-
sified as primary progressive (n = 6), secondary progressive (n = 10), and
relapsing-remitting (n = 4) and had Estimated Disability Status Scale
scores ranging from 7 to 9 before death. Frozen brain tissue from MS
patients was obtained from the Multiple Sclerosis Patient Care and Re-
search Clinic (Edmonton, Alberta, Canada) and the Neurovirology Labo-
ratory Brain Bank (University of Calgary, Calgary, Alberta, Canada), as
previously described (12, 32, 33). Histological sections of brain tissue with
clear evidence of acute lesion formation and normal appearing white matter
were used. Within limits of assessment, care was taken to isolate tissue that
might have lesions. Paraffin-embedded sections from the above tissues
were immunostained with Abs to ionized calcium-binding adaptor protein
1 (Iba-1; 1.0 wg/ml; Wako), glial fibrillary acidic protein (GFAP; 1/2000;
DakoCytomation), Syncytin-1 (8) (6A2B2; 1/1000), ASCT1 and ASCT2
(1740; U.S. Biologicals), mouse anti-myelin basic protein (MBP; 1/1000;
Sternberger Monoclonals), 2’, 3'-cyclic nucleotide 3’-phosphodiesterase
(CNP) (1/500; Chemicon International), iNOS, Egrl, GADD153/CHOP,
BiP, and ERp57 (1/100; Santa Cruz Biotechnology), as previously described
(33-35). All slides were examined with a Zeiss Axioskop 2 upright micro-
scope and the Spot system (Diagnostic Instruments) to provide digital images.
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Cell culture and reagents

Cell cultures (U937, HFA, U373, HEK293T) were maintained, as de-
scribed (12). Oligodendrocytes were harvested and prepared from adult
Sprague-Dawley rats. Briefly, brains from 6-mo-old rats were harvested
and pooled. Cells were dissociated by trypsin digestion and isolated by
Percoll gradient centrifugation as described (36). Cell isolates, consisting
of oligodendrocytes, astrocytes, and microglia, were plated onto uncoated
25-cm? flasks. In contrast to astrocytes and microglia, adult oligodendro-
cytes are poorly adherent on uncoated substrate; floating cells were col-
lected the following day and, when subjected to another round of differ-
ential adhesion, resulted in oligodendrocytes cultures of >95% purity.
Purified oligodendrocytes were then plated onto Lab-Tek 16-well chamber
slides (Nunc) or glass coverslips coated with 10 wg/ml poly-L-ornithine
(Sigma-Aldrich). Oligodendrocytes were cultured in MEM supplemented
with 10% FBS, 20 wg/ml gentamicin, and 0.1% dextrose. Mouse bone
marrow-derived macrophages were prepared as described (37). Cells were
treated with human or murine TNF-«, IL-13, IL-10 (R&D Systems), so-
dium nitroprusside (SNP; 100 nM; Axxora Life Science), benzylserine
(Bachem), L-NAME (5.0 uM; Sigma-Aldrich), or 50 ng/ml PMA
(Sigma-Aldrich).

Pseudotyped viral infections

Pseudotyped virions expressing Syncytin-1 were generated by cotransfect-
ing 293T cells with plasmids expressing firefly luciferase within an enve-
lope-inactivated HIV-1 clone (pNL-Luc-E"R™) and the expression vector
containing the full-length Syncytin-1 sequence (pCDNA-Syncytin-1) or
pCDNA3.1 alone (8, 38). As a control, HIV-JRFL envelope (38) was used
for pseudotype formation. Transduction of target cells by pseudotyped vi-
rus led to expression of luciferase, which was quantified in cells, lysed 48 h
following infection, using the Luciferase Assay kit (BD Pharmingen). For
experiments described in the study, 100-ul supernatants were used for
infection of target cells.

Small-interfering RNA (siRNA) and quantitative PCR

Human Syncytin-1 gene (GenBank Accession ID: NM_014590) was am-
plified using the primers 5'-ATCTAAAGCTTGCCACCATGGCCCTCC
CTTATC-3' and 5'-TGAGTACCGCGGACTGCTTCCTGCTGAA-3" and
the PCR product was cloned into the HindIIl and Sacll sites (underlined)
of pYFP-N1 (BD Clontech) to obtain Syncytin-1-yellow fluorescent pro-
tein (YFP) fusion construct (2.5 ug), which was transfected into HEK293T
cells with or without siRNA (200 pM). siRNA duplexes were synthesized
by Invitrogen Life Technologies (““Stealth siRNA”). The sequences of the
duplexes used were as follows: enhanced YFP sense, ACG GCA AGC
UGA CCC UGA AGU UCA U, enhanced YFP antisense, AUG AAC UUC
AGG GUC AGC UUG CCG U; Syncytin-1 sense, GCU AGG UGC ACU
AGG UAC UGG CAU U; Syncytin-1 antisense, AAU GCC AGU ACC
UAG UGC ACC UAG C. Semiquantitative real-time RT-PCR was per-
formed by monitoring in real time the increase of fluorescence of the
SYBR Green dye (Molecular Probes) on the iCycler (Bio-Rad) with nor-
malization to GAPDH or B-actin (33) using primers described in Table I.

Transgenic (Tg) mice and genotyping

(5'-AAGGAATAAAGCGGCCGCATGGCCCTCCCTTATCATATCTTT
C-3") and (5'-AAAAGGAAAAGCGGCCGCCTAACTGCTTCCTGCTG-
3") primers with Norl tags (underlined) and a silent mismatch (C, italicized)
in the sense sequence were used to PCR amplify Syncytin-1 from phCM-
Vph74 (8), resulting in a 1.6-kb PCR product, which along with a pFGH
vector bearing the GFAP promoter (39) were digested with Notl. The PCR
product was cloned into pFGH to obtain pFGH-Syncytin-1, which was
digested with EcoR1 to produce a fragment of 5 kbp that was used for
pronuclear microinjection. PCR genotyping from tail biopsies was per-
formed to detect the transgene (267 bp) using Syncytin-1 primers 5'-AC
CCATACCTCAAACCTCACCTG-3" and 5'-CTTTTGTTGCGGGGCTT
AGATA-3". For the purposes of the present study, 12-wk-old F5 Tg mice
with wild-type (Wt) littermate controls (n = 6/group) were used. All stud-
ies and procedures adopted University of Calgary Animal Care Committee
guidelines.

Western blot analysis

Ten micrograms of protein was separated by 10% SDS-polyacrylamide at
120 V for 2 h. Proteins were transferred overnight at 4°C onto nitrocellu-
lose membranes, followed by blocking with 10% skimmed milk to prevent
nonspecific binding. Western blot analysis was performed using the mAb
6A2B2, which detects Syncytin-1 (8, 12), OASIS (31), actin-HRP, and
iNOS (1/100; Santa Cruz Biotechnology); GADD153/CHOP and BiP were
detected by Abs, mentioned above.
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Table 1. List of oligonucleotide PCR primers used in the study

Primer Sequence
PLP 5'-CTTCCCTGGTGGCCACTGGATTGT-3" and
5'-CCGCAGATGGTGGTCTTGTAGTCG-3
MOG 5'-CCTCTCCCTTCTCCTCCTTC-3" and

5'-AGAGTCAGCACACCGGGGTT-3"

CNPase 5'-CTACCCTCCACGAGTGCAAGACGCT-3" and
5'-AGTCTAGTCGCCACGCTGTCTTGGG-3’
OASIS 5'-CAACGCACCCCACTCACAGACACC-3" and

5'-GGAGCAGCAAAGCCCGCACTAACT
GADDI153 5'-AACCAGCAGAGGTCACAAGC-3" and
5'-AGCCGTTCATTCTCTTCAGC-3'

CGT 5'-TTATCGGAAATTCACAAGGAT-3" and
5'-TGGCGAAGAATGTAGTCTATC-3'
IFN-« 5'-GTGATCTCCCTGAGACCCAC-3" and

5'-GGTAGAGTTCGGTGCAGAAT

PERK 5'-AAGTAGATGACTGCAATTACGCTATCAA-3" and
5'-TTTAACTTCCCGCATTACCTTCTC-3'
ERp57 5'-TCAAGGGTTTTCCTACCATCTACTTC-3" and

5'-TTAATTCACGGCCACCTTCAT-3'
BiP 5'-TCATCGGACGCACTTGGAA-3" and
5'-CAACCACCTTGAATGGCAAGA-3'

hASCT1 5'-TCCCCATAGGCACTGAGATAGAAG-3" and
5'-CAAGGAACATGATGCCCACAGGTA-3'

hASCT2  5'-CCTGCTGGGGGTGCTCTTTGGACA-3' and
5'-TTGAGTTGGGGACATGAGTGAGAA-3'

mASCT1  5'-CCTGGCTTGATGATGAACGC-3’
5'-CTGGTGCTGCTCACCGTGTC-3"

mASCT2  5'-CCATCGGCGCCACGGTCAACAT-3'
5'-GTGGCGAGGGGCAGTGGATTCAGA-3'

Egrl 5'-AGCAGCACCTTCAACCCTCA-3" and
5'-CAGCACCTTCTCGTTGTTCAGA-3’

Egr3 5'-TTGGGAAAGTTCGCCTTCG-3 and
5'-ATGATGTTGTCCTGGCACCA-3'

Egr4 5'-CCCCGCTGGATGCCCCTTTTC-3" and

5'-ACTCTCCGCCGTCGCCGCTACTCC-3"
Syncytin-1 5'-TGCCCCATCGTATAGGAGTCT-3" and
5'-CATGTACCCGGGTGAGTTGG-3'
iNOS 5'-CAAAGGCTGTGAGTCCTGCAC-3’
5'-ACTTTGATCAGAAGCTGTCCC-3'

Transfection

Five micrograms of the constructs OASIS-FLAG (31) and pVGW427 (40)
were transfected into HFA or HEK293T cells using Transfectin Lipid re-
agent (Bio-Rad) or Lipofectamine 2000 (Invitrogen Life Technologies),
respectively.

Syncytin-1 overexpression and microarray analysis

Astrocytes were infected with a Sindbis virus-derived vector expressing
Syncytin-1 (SINrep5-Syncytin-1), enhanced GFP (EGFP; SINrep5-EGFP),
or mock infected as described (12) and immunostained for Syncytin-1 ex-
pression using 6A2B2. Total cellular RNA from infected astrocytes was
hybridized using Affymetrix Human Genome U133 Plus 2 arrays. Expres-
sion values were calculated using GeneChip Operating Software (Af-
fymetrix). The experimental approach and data acquisition were performed
in accordance with Minimum Information about a Microarray Experiment
requirements.

Quantitative immunofluorescence

After fixation in 4% paraformaldehyde, cells were permeabilized by PBS
containing 0.1% Triton X-100. Cells were then blocked with Li-Cor Od-
yssey blocking buffer and primary Abs were added at a concentration of
1/500 and incubated overnight at 4°C. Following washes with PBS con-
taining 0.1% Tween 20, secondary Abs (IRDye 800 conjugated or Alexa
Fluor conjugated) were added at a concentration of 1/200 and incubated 1 h
at room temperature, after which cells were washed. The plate was then
scanned using the Odyssey Infrared Imaging System (600 and 700 nm, 169
um resolution, 2 mm offset, and intensity setting of 5 for both channels).
Label intensity was measured by densitometric analysis of the wells.

Cell counts

Fluorescently (Alexa 488; Molecular Probes/Invitrogen Life Technolo-
gies)-labeled cells were counted (10 fields) from a total area of 23,760 um?

SYNCYTIN-1 INDUCES NEUROINFLAMMATION IN MS

using a X10 objective on a Zeiss Axioskop microscope and expressed as
a percentage.

Neurobehavioral studies

Behavioral tests were conducted as described (41). The horizontal bar test
involved a test of coordination and forelimb strength using a horizontal bar
that was 0.2 cm thick, 38 cm long, held 49 cm above a bench (41). The
static rod test involved a test of coordination using five rods each 60 cm
long and of varying thickness (diameter) (rod 1: 35 mm; rod 2: 28 mm; rod
3:22 mm; rod 4: 15 mm; and rod 5: 9 mm). These rods were bolted to the
edge of a bench such that the rods horizontally protruded their full 60-cm
length into space. A mouse was placed at the exposed end of the widest rod
and the time taken to orient 180 degrees from the starting position and the
time taken to travel to the other end were noted (41). A test of muscle
strength and seeking behavior were determined using the inverted screen
test. The inverted screen was a 43-cm square inch of wire mesh consisting
of 12-mm squares of 1-mm diameter wire and surrounded by a 4-cm deep
wooden beading (41). We modified the inverted screen test by placing the
mouse at a point that was equidistant from the edges of the screen and the
stop clock was started once the screen was inverted and measured the time
taken to reach the edge of the inverted screen, as a measure of curiosity and
seeking behavior.

Statistical analyses

Statistical tests were performed using GraphPad InStat version 3.01 soft-
ware including the Mann-Whitney U or unpaired ¢ tests and, when multiple
treatments were used, a one-way ANOVA with the Tukey-Kramer multiple
comparisons test.

Results

ASCT1I expression is selectively diminished in MS brain tissue

Loss of amino acid transporter expression from astrocytes in neu-
rodegenerative diseases results in glutamate-mediated excitotoxic
damage and death of neurons (42). Indeed, decreased levels of
glutamate transporters have also been described in MS lesions (5).
To investigate the expression of other amino acid transporter pro-
teins serving as Syncytin-1 receptors in the nervous system, we
examined ASCT1 and ASCT?2 expression. We analyzed tissue sec-
tions from MS and non-MS control brains. Demyelinated (D) le-
sions from MS patient brains (Fig. 1Aii) stained less intensely with
Luxol fast blue and H&E compared with a non-MS control brain
section (Fig. 1Ai). Serial sections of demyelinated regions in the
brains of MS patients demonstrated a marked increase in Syncy-
tin-1 immunoreactivity (Fig. 1Aiv), particularly in astrocytes ex-
pressing GFAP (Fig. 1Aiii; Syncytin-1: blue; astrocytes: brown;
inset, GFAP-positive astrocyte). Similar sections revealed intense
ASCT1 immunoreactivity in the white matter of non-MS brain
sections (Fig. 1Av) on glial cells including both astrocytic (Fig. 14,
inset, arrow) and monocytoid cells (data not shown) but con-
versely, ASCT1 expression was reduced in MS sections (Fig. 1Avi,
arrow indicates an ASCT1-positive cell). Expression of ASCT2,
however, revealed no differences in immunoreactivity between the
white matter of non-MS (Fig. 1Avii) and MS patients (Fig. 1Aviii).
ASCT?2 expression was predominantly expressed on activated mi-
croglia (Fig. 1Aviii, arrow). Corroborating these findings was the
observation that ASCT1 transcript levels were significantly dimin-
ished in MS brain white matter relative to non-MS brains (Fig.
1B). Conversely, ASCT2 transcript levels did not differ in white
matter between clinical groups. ASCT1 transcript levels did not
differ in (frontal) cortex between non-MS and MS patients, while
ASCT?2 was not detected in the cortex (Fig. 1B). Thus, ASCT1 was
selectively down-regulated in astrocytes of white matter tissue
from MS patients in conjunction with increased expression of
Syncytin-1.
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FIGURE 1. ASCTI1 expression is suppressed in MS. A, Demyelinated
(D) lesions from chronic MS patient brains (ii) stained less intensely with
Luxol fast blue, H&E compared with non-MS controls (i). MS brains
showed marked increase in Syncytin-1 immunoreactivity (iv), particularly
in GFAP-positive astrocytes (i, inset). ASCT1 expression was detected in
non-MS brains (v), particularly in astrocytes (v, inset) compared with min-
imal immunoreactivity in acute MS white matter (vi). ASCT2 expression
did not differ between MS (viii) and non-MS controls (vii). MS brains
showed diminished ASCT1 mRNA in white matter (WM) but not in the
frontal cortex (CTX) compared with non-MS controls. ASCT2 mRNA was
undetectable in the CTX and did not differ between groups in the WM (B).
(Original magnification, X50 (A, i and ii); X400 (A, iii—viii) (inset,
X1000)) (5%, p < 0.001; *, p < 0.05).

Inflammation increases Syncytin-1 expression while Syncytin-1
diminishes ASCTI levels in astrocytes

The envelope proteins of the HERV-W family induce several
proinflammatory molecules (12, 43). We have also demonstrated
previously that Syncytin-1 expression in brain-derived cells is in-
duced by different mitogens (12). Because HERV-R gene expres-
sion is induced by TNF-« and IL-1 (28), we determined whether
inflammation might induce Syncytin-1. Examination of Syncytin-1
mRNA in astrocytes treated with proinflammatory molecules re-
vealed its induction by TNF-« in a concentration-dependent man-
ner (Fig. 2A). Because ASCT1 down-regulation was observed in
astrocytes of MS lesions, which also exhibited enhanced Syncy-
tin-1 expression, we confirmed this in vivo result in an ex vivo
system and determined the mechanism by which Syncytin-1-me-
diated suppression of its receptors in astrocytes. Cell cultures of
purified brain-derived astrocytes, neurons, and monocyte-derived
macrophages (MDM) were established. Expression of ASCT2 has
been previously demonstrated in human fetal astrocytes (44) and
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placenta (45). However, the evidence for ASCT1 and ASCT?2 pro-
tein expression in the brain-derived cells is sparse. Indeed, immu-
nocytochemical detection of ASCT1 and ASCT?2 revealed abun-
dant expression in cultured human fetal astrocytes (Astro, Fig. 2B,
ii and vi), MDM (Fig. 2B, iii and vii), and neurons (Fig. 2B, iv and
viii) compared with the controls (Fig. 2B, i and v) suggesting ubiq-
uitous expression in these brain-derived cells. To investigate the
effects of mitogen/cellular differentiation on individual receptor
expression, we examined transcript levels of each gene in primary
human fetal astrocytes, MDMs, and neuronal (LAN-2) cells. PMA
treatment disclosed significantly increased ASCT1 mRNA expres-
sion in MDMs (Fig. 2C), whereas no changes were seen with re-
spect to ASCT1 and ASCT?2 in other cell types (Fig. 2C and data
not shown).

Syncytin-1 is able to form pseudotyped virus particles (4, 46,
47), but its cell tropism in the nervous system was unknown. We
investigated whether Syncytin-1 was functional in the above cell
types by using a pseudotyped virus assay. Supernatants from cells
transfected with only pCDNA-Syncytin-1 or cotransfected with
pNL-Luc-E"R™ exhibited Syncytin-1 immunoreactivity suggest-
ing that Syncytin-1-pseudotyped virions were released into the cul-
ture medium (Fig. 2D). Infection with the pseudotyped viruses
revealed that human MDMs and astrocytes but not human neurons
were permissive to infection (Fig. 2E). Moreover, a feline lym-
phocyte line (MYA-1) was not permissive to the pseudotyped vi-
ruses (data not shown). Because Syncytin-1 was functional in these
latter studies, we overexpressed Syncytin-1 in human fetal astro-
cytes by transduction of a Syncytin-1-expressing neurotropic Sind-
bis virus (12), which revealed syncytia formation in astrocytes
(Fig. 2F), confirmed by glial fibrillary acidic protein (GFAP) pos-
itivity (Fig. 2G, inset). cDNA microarray analysis was subse-
quently performed of astrocytic cells transduced with the Sindbis
virus-derived vector expressing Syncytin-1. The cDNA expression
profile revealed several genes that were also affected in acute le-
sions from brains of MS patients in an earlier study (48) (Table II).
Importantly, the two receptors for Syncytin-1, ASCT1 and
ASCT2, were markedly suppressed in astrocytes overexpressing
Syncytin-1 (Table III). Moreover, several genes involved in MS,
particularly an MS lesion-specific transcript and a disintegrin
and metalloproteinase (ADAM)-10 in addition to multiple
genes involved in ER stress, myelin synthesis, and immune re-
sponse, previously uncharacterized in MS lesions, were modu-
lated in astrocytes expressing Syncytin-1 (Table III). These re-
sults suggested that TNF-a induces Syncytin-1 expression in
astrocytes, whose enhanced levels contribute to diminished ex-
pression of its receptors in astrocytes. Nonetheless, the mech-
anism(s) by which Syncytin-1 contributed to suppression of its
receptors remained uncertain.

ER chaperones are up-regulated in astrocytes overexpressing
Syncytin-1

As several retroviral proteins cause neuropathogenic effects
through aberrant protein expression (24, 26, 49), we investigated
whether the increased levels of Syncytin-1 in the brains of MS
patients (12) contributed to an integrated response leading to cel-
lular pathology. Human fetal astrocytes, which overexpressed Syn-
cytin-1, demonstrated significantly increased transcript levels of
GADD153/CHOP, BiP, PERK, ERp57, and OASIS (Fig. 3A), but
not in astrocytes transduced by an EGFP-expressing virus (control)
(p < 0.05). However, ER chaperone genes were not induced in
MDMs overexpressing Syncytin-1 relative to EGFP-expressing
MDMs (Fig. 3B). Indeed, astrocytes transduced with an HIV-1
envelope-expressing construct also did not show induction of the
same ER chaperone genes (data not shown). To determine the
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comparative transcript levels of ER chaperone genes in Syncytin-
1-expressing astrocytes and brains of MS patients, we examined
ER chaperone gene induction in brain white matter from MS (n =
15) and non-MS controls (n = 12). The expression profile of ER
chaperones observed in Syncytin-1-expressing astrocytes
closely resembled transcript abundance in brain white matter
tissue of MS patients relative to non-MS controls (Fig. 3C). In
particular, the induction of OASIS was highly significant (p <
0.001) in MS brains compared with non-MS controls. To de-
termine the cell types expressing ER chaperones, we analyzed
tissue sections from MS and non-MS control brain sections.
Serial sections from the same lesions showed increased
GADDI153/CHOP (Fig. 3Dii) and BiP (Fig. 3Div) expression
compared with non-MS control brain (Fig. 3D, i and iii, respec-
tively). GADD153/CHOP expression was increased in several
cell types, but most prominently in astrocytes, colocalized with

GFAP immunoreactivity (Fig. 3Dii, inset) (GADD153/CHOP:
blue; GFAP: brown) in brains of MS patients. BiP expression
was found in several cell types including astrocytes (Fig. 3Div,
arrow) and macrophages (Fig. 3Div, arrowhead) in the white
matter of MS demyelinating lesions compared with non-MS
controls (Fig. 3Diii), whereas ERp57 (data not shown) was min-
imally expressed. However, PERK, a key component of the ER
stress pathway, was not detected by immunohistochemistry,
which might be a limitation of the Ab used in this study, rather
than its absence, as transcript levels were detected (Fig. 3C).
Considering the recent evidence showing ER stress in oligo-
dendrocytes (15) and induction of GADD153/CHOP by retro-
viral infections leading to oligodendropathy (26), we expected
to see ER stress proteins in these myelin-producing cells. How-
ever, the acute demyelinating lesions examined in the present
study did not reveal any GADDI153/CHOP-immunopositive
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Table II. Genes increased and decreased in Syncytin-1-expressing astrocytes, showing a similar profile in lesions from MS patients

Gene Name Function Fold Change GenBank ID
Increased CEBPG CCAAT/enhancer-binding protein (C/EBP), y 2.75 BE622659
TNFRSF6 Tumor necrosis factor receptor superfamily, member 6 2.433333 NM_000043
RCNI1 Reticulocalbin 1, EF-hand calcium-binding domain 1.607143 NM_002901
Decreased GAD2 Glutamate decarboxylase 2 (pancreatic islets and brain, 65 kDa) 0.961538 BQ128302
SPOCK?2 Sparc/osteonectin, cwev and kazal-like domains proteoglycan (testican) 2 0.955752 NM_014767
SST Somatostatin 0.913462 NM_001048
NEUROD?2 Neurogenic differentiation 2 0.875 AB021742
PVALB Parvalbumin 0.869565 NM_002854
CCNI Cyclin I 0.854701 BG530368
SCD Stearoyl-CoA desaturase (8-9-desaturase) 0.842105 BC005807
RPS4Y1 Ribosomal protein S4, Y-linked 1 0.827586 NM_001008
RABS5B RABS5B, member RAS oncogene family 0.820896 AF267863
PEG3 Paternally expressed 3 0.817308 AF208967
HTR7 5-Hydroxytryptamine (serotonin) receptor 7 (adenylate cyclase-coupled) 0.706767 NM_019859
ACAT2 Acetyl-coenzyme A acetyltransferase 2 (acetoacetyl coenzyme A thiolase) 0.704403 BC000408
HSPA6 Heat shock 70-kDa protein 6 (HSP70B’) 0.7 NM_002155
AQPI1 Aquaporin 11 0.680272 AI886656
MAPID Methionine aminopeptidase 1D 0.675676 AATT9679
KIF5A Kinesin family member 5A 0.666667 AF063608
CNP 2',3'-Cyclic nucleotide 3" phosphodiesterase 0.619792 AK098048
EXTL3 Exostoses (multiple)-like3 0.619355 BC006363

oligodendrocytes. Thus, multiple ER chaperones including OASIS
and GADDI153/CHOP were overexpressed in brain glia of MS pa-
tients, suggesting a role for ER stress in the pathogenesis of MS.

OASIS contributes to inflammation and diminished ASCTI
expression in astrocytes

As several retroviral proteins, including Syncytin-1, induce free rad-
icals in glia (12), we hypothesized that Syncytin-1 might influence
expression and function of its putative receptors, ASCT1 and ASCT?2,
in the brain (50), perhaps through regulation by free radical produc-

tion and removal, similar to the related transporter, xCT (13, 51, 52),
whose expression in microglia potentiates neuronal injury in Alzhei-
mer’s disease (53). Corresponding to increased transcript levels of
OASIS in MS brain lesions (Fig. 3C), Western blot analysis (Fig. 44,
inset) of non-MS (n = 6) and MS (n = 6) patient brain lysates re-
vealed a significant increase in OASIS immunoreactivity in the brain
(Fig. 4A). Because OASIS induces the transcription of target genes by
acting on the ER stress responsive element and cAMP responsive
element (54), we hypothesized that OASIS might trigger iNOS,
perhaps through the cAMP responsive element within the iNOS

Table IIl.  Gene profile in Syncytin-1-expressing astrocytes showing up-regulation and down-regulation of immune response, myelin-related,

and ER stress genes

Gene Name Function Fold Change GenBank ID
ER stress response
STCH Stress 70 protein chaperone, microsome-associated, 60 kDa 8.3 Al718418
HSPHI Heat shock 105-kDa/110-kDa protein 1 5.285714 NM_006644
LONP Peroxisomal lon protease 3.32 AV700132
FLJ23560 Hypothetical protein FLJ23560 2.564103 NM_024685
FLJ14281 Hypothetical protein FLJ14281 2.375 NM_024920
HSPD1 Heat shock 60-kDa protein 1 (chaperonin) 2.236842 NM_002156
SERP1 Stress-associated endoplasmic reticulum protein 1 2.261905 AL136807
HERPUDI Homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like 0.735294 BC015447
domain member 1
HSPA5BPI Heat shock 70-kDa protein 5 (glucose-regulated protein, 78 kDa) binding protein 1 0.710692 AB046803
GADD45B Growth arrest and DNA-damage-inducible, 3 0.702899 AV658684
Syncytin-1 HERV-W envelope glycoprotein 3.114286 AC000064
SLCIA4 (ASCTI) Solute carrier family 1 (glutamate/neutral amino acid transporter), member 4 0.677632 W72527
SLCIAS (ASCT2) Solute carrier family 1 (neutral amino acid transporter), member 5 0.693431 AF105230
MS related
ADAM10 A disintegrin and metalloproteinase domain 10 8.25 N51370
MS lesion MS lesion transcript 6.818182 N73682
CMT4B2 Charcot-Marie-Tooth neuropathy 4B2 (autosomal recessive, with myelin outfolding) 4.478261 AK022478
MBP Myelin basic protein 0.734266 NM_002385
MAG Myelin-associated glycoprotein 0.685039 X98405
Immune response
S0OCS5 Suppressor of cytokine signaling 5 5.375 NM_014011
STATI Signal transducer and activator of transcription 1, 91 kDa 2.121951 NM_007315
TLR4 Toll-like receptor 4 2.05 NM_003266
TLRY Toll-like receptor 9 0.731707 AB045180
IL23A Interleukin 23, « subunit p19 0.724138 NM_016584
OLIG1 Oligodendrocyte transcription factor 1 0.722222 AL355743
TLRS Toll-like receptor 8 0.606838 NM_016610
OAS1 2',5'-oligoadenylate synthetase 1, 40/46 kDa 0.413408 NM_002534
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FIGURE 3. ER chaperones are up-regulated in astrocytes overexpress-
ing Syncytin-1. Syncytin-1 (SYN-1) expressing human fetal astrocytes
(HFA) but not controls exhibit increase in mRNA relative fold change
(RFC) in mRNA of Syncytin-1 and ER chaperone genes, BiP, GADD153/
CHOP, PERK, ERp57, and OASIS compared with controls (A). MDMs
expressing Syncytin-1 did not show any increase in the transcript levels of
ER chaperone genes (B). Increased transcript levels of Syncytin-1, BiP,
GADDI153/CHOP, PERK, ERp57, and OASIS were evident in the white
matter tissue of MS (n = 12) brains relative to non-MS controls (n = 11)
(C). D, MS brains showed marked increase in GADD153/CHOP immu-
noreactivity (ii), particularly in GFAP-positive astrocytes (ii, inset) and BiP
(iv) expression compared with non-MS controls (i and iii). (Original mag-
nification, X400 (i—iv); inset, X1000) (xx*, p < 0.001; *, p < 0.05).

promoter (55). Indeed, increased expression of iNOS in OASIS-trans-
fected astrocytes was evident compared with the control (empty vec-
tor) (Fig. 4B). Based on these results, we transfected astrocytes with
an OASIS expression vector. Overexpression of OASIS resulted in
down-regulation of Syncytin-1 receptor, ASCT1, but not ASCT2,
with the latter gene demonstrating increased expression (Fig. 4C).
Interestingly, soluble Syncytin-1 also induced OASIS transcription in
astrocytes, which was inhibited by a mAb to Syncytin-1 (data not
shown). Thus, Syncytin-1-induced OASIS expression, resulting in
iNOS induction, which was associated with down-regulation of
ASCT1 expression, but not ASCT2, thereby recapitulating the present
observations in MS brain lesions.

Syncytin-1 directly contributes to ASCTI suppression

Retroviral envelope glycoproteins including Syncytin-1 mediate
immune responses (12, 43) and receptor expression (45). To ex-
amine whether the down-regulation of ASCT1 in our model was
directly due to enhanced Syncytin-1 expression, we constructed a
vector that expressed Syncytin-1-YFP fusion protein. Syncytin-1
was cloned into the pYFP vector for subsequent expression in
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FIGURE 4. OASIS contributes to inflammation and diminished ASCT1
expression in astrocytes. OASIS immunoreactivity (50 kDa) was increased
in MS brains compared with non-MS controls (A, inset). Graphic analysis
of OASIS immunoreactivity relative to -actin revealed a significant in-
crease in MS brains (B). iNOS immunoreactivity was increased in astro-
cytes overexpressing OASIS relative to the empty vector (Control) (C).
Astrocytes overexpressing OASIS or Syncytin-1 (SYN-1) down-regulated
ASCT]I, but not ASCT2 compared with empty pcDNA 3.1 vector (Control)
(C) (¢, p < 0.01; *, p < 0.05).
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various target cells. Transfected cells expressed the fusion protein
with minimal cell death for at least 72 h (Fig. 5A, i and ii). Human
fetal astrocytes, which expressed Syncytin-1-YFP (Fig. 5Ai), were
transfected with siRNAs directed to the surface unit of Syncytin-1
(Fig. 5Aiii) and expression of YFP was monitored as an indication
of Syncytin-1 knockdown. Cells transfected with Syncytin-1-YFP,
with (Fig. 5A, iii and iv) or without (Fig. 54, i and ii) siRNA
treatment, were viable but siRNA treatment abrogated Syncytin-1
expression, indicated by absence of YFP expression (Fig. 5Aiii).
Having confirmed knockdown of Syncytin-1 by monitoring ex-
pression of YFP by confocal microscopy of live cells (Fig. 54, i
and iii) and preserved cellular viability by bright field microscopy
(Fig. 5A, ii and iv) for 72 h, we proceeded to confirm whether
Syncytin-1 transcripts were similarly inhibited by siRNA against
Syncytin-1. Syncytin-1-YFP expression was correlated with high
transcript levels of Syncytin-1 in astrocytes relative to mock-trans-
fected control cells (Fig. 5B). siRNA directed to Syncytin-1 sup-
pressed transcript levels of Syncytin-1 in HFA (Fig. 5B) and
HEK293T cells (data not shown). Because siRNA-mediated
knockdown of Syncytin-1 was optimized, we tested whether Syn-
cytin-1 influenced the expression of its cognate receptors. Indeed,
astrocytes that expressed Syncytin-1 displayed significantly lower
levels of ASCT1 but not that of another amino acid transporter,
EAATI1 (Fig. 5C). However, when these cells were subsequently
treated with siRNA to block Syncytin-1, the transcript level of
ASCT1 was restored (Fig. 5C). These results indicated that the
down-regulation of ASCT1 in astrocytes is a consequence of en-
hanced Syncytin-1 expression, which was consistent with obser-
vations made in the white matter lesions of MS patients.

Syncytin-1 impairs expression of myelin proteins

Oligodendrocyte injury and death might represent an early neuro-
pathological feature of MS, in advance of infiltrating inflammatory
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cells (56), but it is also a cardinal feature of established MS lesions
(57). In our earlier study, we used other oligodendrocyte markers
such as adenomatous polyposis coli and GSTpi, revealing that
Syncytin-1 mediated cell death through an uncertain mechanism
(12). To determine whether a direct cause-and-effect relationship
existed between expression of Syncytin-1 in astrocytes and expres-
sion of myelin proteins, we examined the effects of supernatants
from astrocytes overexpressing Syncytin-1 on an early myelination
marker, CNP, and a late myelination marker, MBP, both of which
are present in the present oligodendrocyte cultures. The cell culture
protocol was a modification of procedures adopted to isolate
mouse oligodendrocytes and we have been successful in using this
culture system in earlier studies (12, 58). Supernatants from Syn-
cytin-1-transfected astrocytes reduced the number of CNP-positive
oligodendrocytes (Fig. 6Aii). However, siRNA-mediated knock-
down of Syncytin-1 in astrocytes markedly reversed these adverse
effects, restoring CNP immunoreactivity (Fig. 6Aiii) to control lev-
els (Fig. 6Ai). siRNA-mediated inhibition of Syncytin-1 expres-
sion restored the total number of CNP-positive oligodendrocytes,
which was reduced by Syncytin-1 expression in astrocytes (Fig.
6B). Immunofluorescence levels of CNP-expressing oligodendro-
cytes (Fig. 6C), which were reduced by Syncytin-1-mediated tox-
icity, were also rescued by siRNA-mediated inhibition of Syncy-
tin-1 expression in astrocytes but there was no effect of Syncytin-1
on MBP immunofluorescence (Fig. 6C). Because our observations
indicated a reduction in expression of ASCT1 in MS brain white
matter (Fig. 1) and in astrocytes overexpressing Syncytin-1 (Fig. 4

siRNA) showed reduced expression of Syncytin-1 (iii). RT-PCR confirmed
Syncytin-1 knockdown by Syncytin-1-directed siRNA (B). Syncytin-1 ex-
pression reduced the ASCT1 transcript level, which was significantly re-
versed by siRNA-mediated knockdown of Syncytin-1 (C). Under similar
conditions, expression of another amino acid transporter, EAAT1 was not
altered (C) (¥#%, p < 0.001; *, p < 0.05).

and Table III), we hypothesized that inhibition of ASCT transport-
ers may adversely affect astrocyte function. Supernatants from as-
trocytes treated with benzylserine, an inhibitor of ASCT transport-
ers (59), were found to activate caspase-3 in rat oligodendrocytes
in a concentration-dependent manner (Fig. 6D). Indeed, similar
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FIGURE 6. Syncytin-1 diminishes oligodendrocyte viability. A, Oligodendrocytes treated with supernatants from mock (i), Syncytin-1 (SYN-1) over-
expressing (ii), and Syncytin-1 overexpressing with anti-Syncytin-1 siRNA transduction (ii7) human fetal astrocytes revealed that the supernatants from
Syncytin-1-overexpressing astrocytes were cytotoxic to oligodendrocytes (if). Spontaneous death of oligodendrocytes in cultures ranged from 1.2 to 2.5%.
siRNA-mediated knockdown of Syncytin-1 reversed the toxic effects of Syncytin-1-expressing astrocyte supernatants as shown by counts of the number
of CNP-positive oligodendrocytes (B) as well as quantitative analysis of immunofluorescence depicted as a percent of CNP immunoreactivity (C).
Immunoreactivity of MBP was not affected by various treatments (C). Supernatants from human fetal astrocytes treated with 1 mM benzylserine decreased
oligodendrocyte viability as demonstrated by significantly low levels of CNP and MBP immunoreactivity (C). Human fetal astrocytes (HFA) were treated
with benzylserine dissolved in DMSO or medium containing similar amounts of DMSO. A total of 100 ul of supernatant from HFA was added to rat
oligodendrocytes cultured on a chamber slide and incubated for 24 h at 37°C. Oligodendrocytes were immunostained for MBP (red) and activated caspase-3
(green). The number of activated caspase-3 and MBP-positive oligodendrocytes was counted per field and expressed as a ratio of positive cells in
benzylserine (BS) containing supernatant to that of DMSO containing supernatant from astrocytes. Results indicate a concentration-dependent increase in
oligodendrocyte damage and injury with benzylserine treatment (D). (Original magnification, X400 (A)) (x#x, p < 0.001; *x, p < 0.01).
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treatment of oligodendrocytes reduced immunofluorescence levels
of both CNP and MBP (Fig. 6C), more so than astrocytes express-
ing Syncytin-1 (p < 0.01). Thus, Syncytin-1 expression and in-
hibition of ASCT reduced oligodendrocyte viability, as evidenced
by suppression of myelin protein and cell death.

iNOS and Egrl suppress ASCTI in astrocytes

Brains of MS patients display increased expression of iNOS (12,
60) and Egrl (18), a transcriptional repressor of ASCT1 (61).
Given that OASIS induced iNOS in astrocytes, we examined the
contributions of iNOS and Egrl to the expression of ASCTI.
Transfection of astrocytes with a vector expressing Syncytin-1 re-
vealed significant induction of Egrl, but not Egr3 and Egrd (p <
0.05; Fig. 7A). Treatment of astrocytes with the NO donor, SNP,
reduced ASCT1 mRNA (p < 0.05; Fig. 7B). Expression of Egrl
was also significantly increased by SNP in keeping with earlier
studies showing that NO enhanced Egrl expression (62) (p <
0.001; Fig. 7B). Our observations were confirmed by quantitative
immunofluorescence analysis of Egrl expression, which was in-
creased in astrocytes after SNP or Syncytin-1 treatment (p < 0.05;
Fig. 7C). SNP treatment decreased ASCT1 expression in a dose-
dependent manner in astrocytes (p < 0.05; Fig. 7D), confirming
our PCR results (Fig. 7B). The suppression of ASCT1 transcripts
observed in Syncytin-1-overexpressing astrocytes was signifi-
cantly reversed by treatment of cells with a nonspecific NOS in-
hibitor, L-NAME (Fig. 7E). ASCT1 suppression was independent
of regulation by cytokines, as both IL-10 and IL-18 significantly
increased the transcription of ASCT1 (Fig. 7F). Enhanced expres-
sion of Egrl was also observed in MS brain white matter lesions
(Fig. 7H) compared with non-MS controls (Fig. 7G). Egrl was
localized predominantly in the cytoplasm of astrocytes in the white
matter (GFAP-positive astrocytes: blue; Egrl: brown) (Fig. 7H,
inset). Thus, these observations indicated that diminished ASCT1
expression on astrocytes was induced by Syncytin-1 and modu-
lated by NO and Egrl.

Syncytin-1-Tg mice exhibit neuroinflammation and induction of
ER chaperones

We have previously reported up-regulation of Syncytin-1 in the
brains of MS patients relative to age-matched controls (12). To
extend the ex vivo data obtained above, we generated Tg mice
expressing Syncytin-1, under the control of the GFAP promoter
(39) in CD-1 mice (Fig. 8A4). Transgene detection was performed
by PCR assay using tail-derived genomic DNA (Fig. 8B). As Syn-
cytin-1 Tg mice displayed no disease phenotype, we used a model
of MS in which TNF-a was stereotaxically implanted into the
corpus callosum (12), an anatomical region frequently exhibiting
demyelination in MS patients (63). TNF-« activates GFAP (64)
and also enhanced Syncytin-1 expression in astrocytes (Fig. 2A).
Because Syncytin-1 Tg and Wt littermates stereotaxically im-
planted with PBS did not demonstrate Syncytin-1 expression (Fig.
8C), subsequent comparisons were made between Tg and Wt an-
imals implanted with TNF-«, which significantly induced Syncy-
tin-1 mRNA (Fig. 8D) and protein (Fig. 8E) expression in brains
of Tg mice. To determine whether Syncytin-1 expression in the
brain provoked an inflammatory response in mice, we examined
TNF-o-implanted Syncytin-1-Tg and Wt littermates, which
showed that the inflammatory genes TNF-a and IFN-a were in-
creased in the implanted Tg mice brains relative to implanted Wt
animals (Fig. 8F). Induction of proinflammatory molecules was
specific to the brain, because treatment of macrophages from Syn-
cytin-1-Tg mice with TNF-« did not induce proinflammatory gene
expression differentially compared with Wt-derived macrophages
(data not shown). Interestingly, expression of CNP and another
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FIGURE 7. iNOS and Egrl suppress ASCT1 abundance. Expression of
Syncytin-1 (SYN-1) in astrocytes induced the expression of the repressive
transcription factor Egrl, but not Egr3 and Egr4, (A) compared with mock
(Control) or empty vector (Vector) transfected cells. Treatment of astro-
cytes with the NO donor, SNP (+SNP) significantly decreased ASCT1
expression, concurrently increasing the expression of Egrl compared with
untreated cells (—SNP) (B). Quantitative immunofluorescence of Egrl
showed significant induction in astrocytes treated with soluble Syncytin-1
(SYN-1) or SNP relative to supernatants from empty vector (Vector) or
mock (Control) transfected HEK293T cells (C). SNP dose-dependently
suppressed ASCT1 in astrocytes, measured by quantitative immunofluo-
rescence analysis (D). The suppression of ASCT]1 in astrocytes expressing
Syncytin-1 was reversed when cells were treated with the nonselective
NOS inhibitor, L-NAME (5 uM) (E). Astrocytes (U373) and monocytoid
cells (U937) were treated with IL-10, IL-18, and TNF-« (10 ng/ml) for
24 h and expression of ASCT1 was examined by real-time RT-PCR, which
revealed a significant increase with IL-10 and IL-1f3, but not with TNF-«
treatment, in astrocytes but not monocytoid cells (F). MS brains (H) re-
vealed increased expression of Egrl in astrocytes in the white matter com-
pared with non-MS controls (G). (Original magnification, X400 (G and H);
inset H, X1000) (xx, p < 0.01; *, p < 0.05).

marker of oligodendrocyte/myelination, ceramide galactosyltrans-
ferase (CGT), were significantly reduced in Tg mice (Fig. 8F).
Brain tissue from TNF-a-implanted Tg mice also revealed signif-
icant induction of ER chaperone gene transcripts, ERp57, OASIS,
and GADD153/CHOP, compared with Wt littermates (Fig. 8G),
while both BiP and PERK showed a trend toward increased tran-
script levels. OASIS, which is induced during astrocytic ER stress
(31) (Fig. 3A4) and in acute lesions of MS patients (Fig. 4A), was
also increased in the brain of Syncytin-1-Tg mice (Fig. 8G). Ex-
pression of BiP and GADD153/CHOP proteins was increased in

2202 ‘T2 1800190 U0 1596 Aq /Bio’ jounwiwi:mmmy/:dny wiouy papeojumoq


http://www.jimmunol.org/

The Journal of Immunology

GFAP

FIGURE 8. Syncytin-1-Tg mice
show neuroinflammation and ER
stress. The Syncytin-1 gene was
cloned into pFGH vector containing
the GFAP promoter (A). Transgene
integration was confirmed by geno- C
typing revealing a 267-bp product
(SYN-1) (B). Implantation of PBS into
the corpus callosum of Syncytin-1-Tg
mice did not induce Syncytin-1 expres-
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brains of Syncytin-1-Tg mice (Fig. 8H). Thus, the Syncytin-1-Tg
mice exhibited neuroinflammation with induction of several ER
chaperones, similar to observations in MS brains.

Syncytin-1-Tg animals show diminished myelin proteins and
neurobehavioral deficits

The brains of TNF-a-implanted Syncytin-1-Tg mice revealed as-
trocytosis, demonstrated by increased GFAP immunoreactivity
and astrocyte hypertrophy (Fig. 94, i and ii). Iba-1 immunoreac-
tivity on monocytoid cells was also augmented in the brains of Tg
mice compared with Wt littermates (Fig. 9A, iii and iv). Brains of
Tg mice displayed increased numbers of infiltrating CD3-positive
T cells relative to controls (Fig. 94, v and vi). Importantly, Syn-
cytin-1-positive astrocytes (Fig. 9Aviii, inset) in brains of Tg mice
demonstrated increased iNOS immunoreactivity (Fig. 9Aviii), rel-
ative to Wt littermates (Fig. 9Avii), which supported the notion that
iNOS and ER stress induction are closely coupled (65). Analysis of
CNP immunoreactivity in the corpus callosum demonstrated a
marked reduction in Syncytin-1-Tg mice (Fig. 9Ax) compared with

N
Q.
& &
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B Tg+TNFo (n=6)

* Tg+TNFo Wit+TNFa kDa
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* BiP [ 78
B-Actin ri— e—— 42
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Wt littermates implanted with TNF-« (Fig. 9Aix), confirming ear-
lier observations (12). The Syncytin-1-Tg mice, thus, did not pos-
sess a hypomyelination phenotype, but rather a specific demyeli-
nation because CNP immunostaining in the corpus callosum was
unaffected in sites remote from TNF-a implantation. Expression of
the ER chaperone, BiP, was observed in both groups (Fig. 9A, xi
and xii), while GADD153/CHOP expression was prominently ex-
pressed in oligodendrocytes in brains of Syncytin-1-Tg mice (Fig.
9A, xiv and xiii, inset) compared with Wt littermates implanted
with TNF-« (Fig. 9Axiii). Expression of the ER stress protein,
GADDI153/CHOP, in oligodendrocytes corroborates recent obser-
vations in murine retrovirus-induced oligodendropathy (26). Com-
plementing these findings, Syncytin-1-Tg mice implanted with
TNF-a displayed significantly lower ASCT1 transcript levels but
ASCT2 did not differ between groups. This finding corresponded
to higher iNOS mRNA levels in the Tg mice (Fig. 9B), empha-
sizing our immunohistochemical analysis. This effect appeared to
be specific to iNOS because transcript levels of neuronal NOS did
not differ between Wt and Tg mice implanted with TNF-« (data
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FIGURE 9. Syncytin-1-Tg mice display neuroinflammation, oligodendrocyte loss and neurobehavioral abnormalities. A, Syncytin-1-Tg mice implanted
with TNF-a revealed astrocytosis (GFAP immunoreactivity) (ii, inset), microgliosis (Iba-1 immunoreactivity) (iv), infiltrating CD3-positive T cells (Avi),
and iNOS immunoreactivity in Syncytin-1-positive cells (viii, inset) compared with Wt littermates (i, iii, v, and vii). CNP expression was reduced in the
corpus callosum (CC) of Syncytin-1-Tg mice implanted with TNF-«a (x) compared with Wt littermates (ix). BiP expression was observed in Wt and Tg mice
(xi and xii), while GADD153/CHOP expression was prominently expressed in oligodendrocytes in brains of Syncytin-1-Tg mice (xiv and xiii, inset)
compared with Wt littermates implanted with TNF-« (xiii). TNF-a implantation induced iNOS but reduced ASCT1 expression, but not ASCT2, in
Syncytin-1-Tg mice relative to Wt littermates (B). Analysis of ASCT1-immunopositive cells in the corpus callosum (C, inset) revealed significantly lower
numbers in TNF-a-implanted brains of Syncytin-1-Tg mice compared with Wt littermates (C). Mean deficit scores (MDS) revealed significantly high MDS
scores for Syncytin-1-Tg mice implanted with TNF-a compared with Wt littermates (D). (3, p < 0.001; *, p < 0.05) (Original magnification, X400 (A);

inset (A and C), X1000).

not shown). Furthermore, the number of ASCT1-positive cells was
reduced in Syncytin-1-Tg mice implanted with TNF-a compared
with Wt littermates (Fig. 9C). Stereotaxic implantation of TNF-«
into the corpus callosum of Syncytin-1-Tg animals resulted in sig-
nificant neurobehavioral deficits compared with TNF-a-implanted
Wt littermates at days 3 and 6 postimplantation (Fig. 9D). The
mean deficit scores were obtained from a combination of three
behavioral tests described previously (41). TNF-a-implanted Tg
mice grasped a horizontal rod for a significantly shorter length of
time compared with the Wt littermates. In addition, Tg mice were
sufficiently impaired that they could not hold on to an inverted
screen and reach the screen edge, while Wt littermates reached the
edges of the inverted screen more quickly. Lastly, Tg mice im-
planted with TNF-a exhibited mean delays in the time taken to
cross a cantilevered beam, compared with Wt littermates, suggest-
ing that the Tg mice showed diminished motor activity and ex-
ploratory behavior. Thus, in vivo Syncytin-1 overexpression re-
sulted in neuroinflammation characterized by induction of iNOS
and activation of ER chaperones, particularly OASIS and subse-
quent down-regulation of the Syncytin-1 receptor, ASCT1, result-
ing in suppression of myelin proteins and neurobehavioral
abnormalities.

Discussion

Sustained activation of the innate immune cells within the CNS
in concert with persistent adaptive immune responses promotes
neural injury during MS, independent of the roles of infiltrating
T and B cells (66, 67). Herein, overexpression of a human en-
dogenous retrovirus envelope protein, Syncytin-1, in astrocytes
exerted neuropathogenic effects by inducing the ER chaperone,
OASIS, with ensuing down-regulation of the Syncytin-1 recep-
tor, ASCT1, accompanied by the release of oligodendrocyte
cytotoxins (Fig. 10). Activation of OASIS-induced iNOS and

the transcriptional repressor Egrl in astrocytes contributed to
diminished ASCT1 expression (Fig. 10) observed in clinical
samples, cell culture models, and a new Tg mouse model of MS.
Given that HERVs represent 8% of the human genome and are
able to express biologically active proteins (40), the present
studies underscore the potential impact of HERV gene expres-
sion on disease mechanisms.

Previous studies have demonstrated that Syncytin-1 expres-
sion in astrocytes increases proinflammatory molecules (12).
However, Syncytin-1 expression in astrocytes is also induced
by an inflammatory milieu, highlighting a vicious cycle with
deleterious implications for oligodendrocytes. Moreover, ex-
cessive or chronic ER stresses result in apoptotic cell death
(31), which is a feature of MS, including mounting evidence for
the role of ER stress in affecting oligodendrocyte viability (26).
The current studies implicate astrocytes in the pathogenesis of
MS, which is plausible assuming the pivotal role of astrocytes
in maintaining homeostasis in the CNS through regulation of
neuroinflammatory, neurotrophic, and neurotoxic factors (68).
Because ER stress responses can regulate both inflammation
and cell survival (69), the induction of ER chaperones in the
brains of Syncytin-1-Tg mice may contribute to enhanced in-
flammation observed in these animals. Although the expression
and function of the protective ER chaperone OASIS have not
been elucidated in detail (31), this study indicates that OASIS
is induced in MS brain tissue and in astrocytes overexpressing
Syncytin-1 with pathogenic effects on oligodendrocytes, possi-
bly mediated by reduced expression of ASCT]I.

Diminished expression of ASCT1 in brains of MS patients in
conjunction with increased expression of Syncytin-1 prompted
the examination of relative levels of ASCT1 and ASCT2 in
astrocytes expressing Syncytin-1. Interestingly, cellular differ-
entiation increased ASCT1 receptor expression in macrophages,
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FIGURE 10. Model of Syncytin-
1-mediated neuropathogenesis. As-
trocytes overexpressing Syncytin-1
undergo ER stress, including induc-
tion of OASIS. Activation of iNOS
by OASIS leads to increased produc-
tion of NO, which augments Egrl ex-
pression with ensuing suppression of
ASCT]1, areceptor for Syncytin-1 and
an amino acid transporter. Reduced
ASCT!1 function causes oligodendro-
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which may have important implications for viral entry. Syncy-
tin-1 has been reported to form infectious pseudotyped viruses
with HIV-1, but not MuLV (47). We used a similar pseudotyp-
ing strategy to investigate the permissiveness of different neural
cells to Syncytin-1-mediated cell entry. Interestingly, Syncytin-
1-mediated entry of the pseudotyped virus was restricted to as-
trocytes and macrophages, although neurons also expressed the
putative receptors for Syncytin-1. Given the ubiquity of their
expression, it was expected that all cell types were permissive
to the Syncytin-1-pseudotyped virus. However, the present neg-
ligible infection of human neurons raises the possibility of other
(co)receptors mediating viral envelope engagement or perhaps
other inhibitory mechanisms including viral interference (70).
However, these studies confirmed the functional properties of
the present Syncytin-1 clone.

The current report demonstrates that brain cells express
ASCT1 and ASCT2, providing the first human in vivo descrip-
tion of their expression in the CNS. Furthermore, expression of
ASCT?2 was low in the adult brain (71) but our observations of
ASCT2 immunostaining in human brains reveals its expression
in microglia. ASCT1 was chiefly expressed in GFAP-positive
astrocytes, but not in neurons, oligodendrocytes, or microglia of
mice (72), similar to our observations in human brains. Impor-
tantly, there was selective down-regulation of ASCT1 in MS
brain white matter. Of interest, ASCT1 was also found to be
significantly down-regulated in glial cells treated with 7-keto-
cholesterol, which is increased in MS brains and is formed by
oxidative stress-damaged myelin (73), supporting the present
findings.

To elucidate the mechanism of ASCT1 down-regulation, we
hypothesized that Syncytin-1-mediated inflammation and ER
stress might contribute to diminished receptor expression. Ex-
pression of OASIS in astrocytes resulted in induction of iNOS
and suppression of ASCT1. Hence, it was assumed that NO
might play a role because NO donors are known to modulate
ASCT?2 expression (74). The rationale for using NO donors was
that Syncytin-1 mediates NO production and the formation of
peroxynitrites (12), both of which induce ER stress (75). iNOS
expression and overproduction of NO in astrocytes of MS de-
myelinating lesions also contributes to inflammation and tissue

injury (12, 60). Indeed, SNP, an NO donor, diminished ASCT1
expression in astrocytes, but also induced Egrl, a potential re-
pressor protein of ASCT1 in neural cells (61, 76). Of note, Egrl
also suppresses TNF-a (77), which may have pathogenic con-
sequences in MS due to the protective nature of this proinflam-
matory cytokine at low concentrations (78). Indeed, Egrl DNA-
binding activity has been associated with oligodendrocyte death
(79). Because iNOS and Egrl are significantly enhanced in
brain lesions of MS patients (18) with concurrent down-regu-
lation of ASCT1, we might have also identified a potential role
for Egrl in MS neuropathogenesis. Thus, suppression of
ASCT1 was likely brought about by OASIS-mediated iNOS
expression through the production of Egrl.

The induction of ER chaperones in Syncytin-1-expressing as-
trocytes and brain of MS patients might be a mechanism di-
rected to achieving cellular homeostasis; failure to initiate ER
stress or protracted ER stress leads to cell death. For example,
GADDI153/CHOP promotes recovery from ER and oxidative
stress by inducing the expression of GADD34 and ER oxi-
doreductin 1, respectively, but prolonged expression results in
release of cytotoxic reactive oxygen species (15). This suggests
that the mechanism of oligodendrocyte killing seen in our pre-
vious study (12) might be due to OASIS-mediated production of
free radicals in astrocytes as OASIS is upstream of GADD153/
CHOP. Thus, it appears that OASIS might bind to the promoter
of BiP during the early stages of ER stress, as described by
others (31) and enhance BiP expression leading to the release of
reactive oxygen species and induction of iNOS as described
previously (30). Additional ER stress pathways, including phos-
phorylation of the sensor protein PERK as well as XBP-1 splic-
ing, are potential topics for future experiments. Nevertheless,
we have shown that a key ER stress sensor, OASIS, was in-
duced in brains of MS patients and astrocytes expressing Syn-
cytin-1, might be the principal mechanism by which astrocytes
expressing Syncytin-1 affect myelin protein expression.

The present results suggest a specific down-regulation of
ASCT1 in MS because another astrocytic amino acid trans-
porter, EAAT1 (80), was unaffected by Syncytin-1. A further
implication of these findings is that compromised expression of
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ASCT]1 in the brain, particularly in astrocytes, might affect ol-
igodendrocyte viability and myelin protein expression. ASCT1
is the principal transport system involved in the secretion of
L-serine (81), a potent astrocyte-derived neurotrophic factor es-
sential for myelination (82) and neuronal survival (83). In ad-
dition, ASCT1 also regulates D-serine and cysteine levels,
which exert neurotoxic effects (7). Thus, diminished myelin
protein expression observed in our study may be due to with-
drawal of trophic amino acids or excess extracellular levels of
toxic amino acids. These pathogenic processes require further
investigation.

Because the expression of ASCT1 in astrocytes was sup-
pressed by Syncytin-1, a potential mechanism might be its reg-
ulation by NO or peroxynitrites, as described for the HIV-1
coreceptors, CXCR4 and CCRS (84). Alternatively, diminished
ASCT1 expression in astrocytes might be a protective host cell
response to minimize interaction with viruses and thereby limit
immune-mediated pathology (85) or a receptor interference
mechanism as in the case of CD4 down-regulation by HIV-1 to
prevent superinfection (20). Retrovirus receptor interference
and down-regulation proceeds from direct interactions between
the virus and the receptor or through indirect (intracellular)
mechanisms, possibly involving redox regulation of the recep-
tor (84). Nevertheless, loss of ASCT1 might be compensated by
ASCT?2 due to the functional redundancy between ASCT1 and
ASCT?2 (4). This possibility was further emphasized by our ob-
servation of increased ASCT?2 expression in astrocytes trans-
fected with OASIS (Fig. 4C). Moreover, our observation that
inhibition of both ASCT1 and ASCT?2 in astrocytes by benzyl-
serine affected myelin protein expression (Fig. 6C) indicated
that soluble free radical-induced factors released by astrocytes
might be responsible.

Enhanced neuroinflammatory responses in the brains of Syncy-
tin-1-Tg mice as well as recruitment of CD3-positive T cells were
evident in our model of MS, suggesting the potential role of Syn-
cytin-1 to chemoattract T cells into the brain and mediate im-
munopathology in conjunction with neurobehavioral abnormal-
ities. In addition to adenomatous polyposis coli and GSTPi,
oligodendrocyte markers that were earlier shown to be affected
by Syncytin-1 (12), we now show that CNP, an early marker of
myelination and oligodendrocyte viability, was also suppressed
in our Tg model compared with MBP, a late marker. Supporting
our observation is the finding that CNP, but not MBP, is reg-
ulated by redox reactants (86).

Hence, these studies have identified a distinct pathway involved
in the pathogenesis of MS, wherein Syncytin-1 induces OASIS in
astrocytes, which results in NO production and concurrent sup-
pression of ASCT1 in astrocytes, leading to diminished myelin
protein expression (Fig. 10). Moreover, the present mouse model
of MS expressing a HERV glycoprotein in astrocytes could be
used to dissect the pathogenic mechanisms of MS without the con-
straints reported for other MS models (87).
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