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Human endogenous retroviruses (HERVs) of the HERV-W group comprise hundreds of loci in the human genome. Deregulated
HERV-W expression and HERV-W locus ERVWE]I-encoded Syncytin-1 protein have been implicated in the pathogenesis of mul-
tiple sclerosis (MS). However, the actual transcription of HERV-W loci in the MS context has not been comprehensively ana-
lyzed. We investigated transcription of HERV-W in MS brain lesions and white matter brain tissue from healthy controls by em-
ploying next-generation amplicon sequencing of HERV-W env-specific reverse transcriptase (RT) PCR products, thus revealing
transcribed HERV-W loci and the relative transcript levels of those loci. We identified more than 100 HERV-W loci that were
transcribed in the human brain, with a limited number of loci being predominantly transcribed. Importantly, relative transcript

levels of HERV-W loci were very similar between MS and healthy brain tissue samples, refuting deregulated transcription of
HERV-W env in MS brain lesions, including the high-level-transcribed ERVWE] locus encoding Syncytin-1. Quantitative RT-
PCR likewise did not reveal differences in MS regarding HERV-W env general transcript or ERVWEI- and ERVWE2-specific
transcript levels. However, we obtained evidence for interindividual differences in HERV-W transcript levels. Reporter gene as-
says indicated promoter activity of many HERV-W long terminal repeats (LTRs), including structurally incomplete LTRs. Our
comprehensive analysis of HERV-W transcription in the human brain thus provides important information on the biology of
HERV-W in MS lesions and normal human brain, implications for study design, and mechanisms by which HERV-W may (or

may not) be involved in MS.

H uman endogenous retroviruses (HERVs) are remnants of ex-
ogenous retroviruses that formed proviruses in the genomes
of germ cells, thus becoming inheritable throughout the evolution
of species. Quite a number of phylogenetically different HERV
groups are evidence of germ line infections by various exogenous
retroviruses. Reinfection and intracellular amplifications could
add up to sometimes thousands of loci per HERV group. About
8% of the human genome mass, distributed in about 700,000 loci,
is due to the activity of retroviral sequences. Most HERV groups
are evolutionarily old and no longer encode retroviral proteins,
yet HERV transcripts can be detected in many cell and tissue types
(for reviews, see references 1 to 4).

The human endogenous retrovirus group HERV-W comprises
about 650 loci. Remarkably, about 180 loci of the HERV-W group
are not due to a typical retroviral process for provirus formation
but were formed by L1 retrotransposition machinery. Those loci
lack the 5’ long terminal repeat (LTR) U3 region and the 3’
LTR U5 region or they display larger 5" truncations (5-7). The
HERV-W group was originally discovered as cDNA sequences
generated from particle-associated RNA isolated from plasma or
supernatants of cultured cells from patients with multiple sclerosis
(MS). The identified sequences were therefore named “MS-asso-
ciated retrovirus” (MSRV) (8-10).

Most HERV-W loci are coding deficient due to their evolution-
ary age (6, 11). However, the ERVWEI locus in chromosome
(chr.) 7q21.2, also named syncytin-1 or ERVW-1 (see below), is a
HERV-W provirus converted into a cellular gene. The corre-
sponding protein product, termed Syncytin-1, is involved in pla-
centa development, participating in the fusion of cytotrophoblasts
forming the syncytiotrophoblast layer (12).
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Another HERV-W locus in chromosome Xq22.3, named
ERVWE2, or ERVW-2, encodes an incomplete HERV-W envelope
protein (N-Trenv) that can be expressed ex vivo and may also be
expressed in vivo. However, the function of the protein is currently
not clear (13).

MS is a chronic inflammatory demyelinating disease of the
central nervous system of unknown etiology. Evidence suggests
that genetic and environmental factors contribute to development
of the disease (14). Detection of retroviral sequences in patients
with MS stimulated research on the association of those sequences
with MS and a potential pathogenic role. MSRV was proposed to
be an exogenous replication-competent member of the HERV-W
group that might be involved in MS (15-19). However, the exis-
tence of MSRV as a replication-competent exogenous retrovirus
seems to have little support, as closer inspection of the reported
MSRV sequences strongly suggests that they either originated
from existing genomic HERV-W loci or were generated in vitro by
reverse transcriptase (RT) switching templates, i.e., RNA tran-
scripts from different HERV-W loci (20), during the generation of
cDNA.
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Nevertheless, a number of studies suggested a possible role of
HERV-W in MS. For instance, monoclonal anti-HERV-W Env
antibody 6A2B2 detected a protein expressed in acute demyelinat-
ing MS brain lesions (13, 16, 21, 22). Expression of Syncytin-1 in
astrocytes was reported to result in oligodendrocyte cytotoxicity
in vitro, and stereotactic implantation of Syncytin-1 into the cor-
pus callosum caused oligodendrocyte loss and demyelination in a
mouse model in vivo (22). Similarly, transgenic mice expressing
Syncytin-1 under a glial fibrillary acidic protein promoter were
reported to develop neuroinflammation and had reduced myelin
levels in the corpus callosum (21). The surface domain of another
HERV-W Env protein (GenBank accession number AAK18189.1)
(13) was reported to exert proinflammatory effects by activating
CD14/Toll-like receptor 4 (23). Recently, the ssme HERV-W Env
protein was also reported to inhibit oligodendroglial precursor
differentiation, possibly contributing to remyelination failure
(24).

Several studies have investigated the transcription of HERV-W.
Employing microarray strategies, HERV-W was found to be
transcribed in testicular cancer and the placenta (25, 26) and in
different human brain regions (27). High-resolution melting-
temperature analysis indicated nonrandom patterns of HERV-W
transcription and also provided evidence for variable transcript
levels between individuals (28). A number of RT-PCR-based stud-
ies of HERV-W transcription were also performed in the MS con-
text but have produced sometimes conflicting findings. HERV-W
env RNA was detected at higher levels in autopsied brain tissue
from patients with MS than in controls (16, 22, 29, 30). Upregu-
lated HERV-W env transcript levels were likewise detected in pe-
ripheral blood mononuclear cells (PBMC) (16). However, an-
other work did not detect such upregulation in PBMC (29).
Potential technical flaws in two publications that reported up-
regulated HERV-W eny transcription in patients with MS (29, 30)
have been discussed recently (31).

Several HERV-W loci have been identified as being transcribed
directly by assignment of HERV-W cDNA sequences to genomic
HERV-W loci (20, 32, 33). A study by Laufer et al. (20) mapped
HERV-W env cDNA sequences to specific genomic HERV-W env
elements and thus identified seven different HERV-W loci, among
them the ERVWEI/ERVW-1/syncytin-1 locus, as being tran-
scribed in PBMC. Notably, no differences in relative transcript
levels of specific HERV-W env loci were observed in PBMC from
patients with MS and healthy controls in that study. Several
HERV-W loci were also identified by a microarray-based strategy
as being transcribed indirectly (26). In accordance with an initia-
tive by the Human Gene Nomenclature Committee (HGNC) for
assigning unique designations to transcribed HERV loci, several
transcribed HERV-W loci were named ERVW-1 to ERVW-6 (34).

As for a possible role of HERV-W in MS, identification of the
HERV-W loci actually transcribed in MS brain lesions seems of
great relevance, since only the transcribed HERV-W loci, among
them loci with potential protein-coding competence, such as
ERVWEI/ERVW-1/syncytin-1 and ERVWE2/ERVW-2 in Xq22.3,
can be of biological relevance in regard to gene products. We
therefore comprehensively identified transcribed HERV-W loci in
autopsied brain lesions from patients with MS and white matter
brain tissue samples from healthy controls employing high-
throughput amplicon sequencing. We also quantified general and
locus-specific HERV-W env transcript levels in those brain sam-
ples and assayed the promoter activity of HERV-W LTRs. Our
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TABLE 1 Brain tissue sample details

Autopsy

Sample”  NBBno.” no.’ Sex”  Age(yr)*  PMD (h:min)®
MS1 2001-130 S01/298 F 53 10:45
MS2 2001-135 S01/316 M 43 08:30
MS3 2002-055 S02/156 F 48 04:50
MS4 2006-045 S06/139 M 56 08:00
MS5 2006-045 S06/139 M 56 08:00
MS6 2007-010 S07/051 M 47 07:15
MS7 2009-067 S09/219 M 44 12:00
H1 1991-124 91/225.4 M 38 7:00
H2 1996-057 596/163 F 69 08:30
H3 2010-070 §10/196 F 60 07:30
H4 1991-125 *91/230 M 61 05:40
H5 1997-043 S97/133 M 68 10:10
Ho6 1998-127 §98/235 M 56 05:25
H7 2009-003 S09/007 M 62 07:20

@ Samples MS1 to MS7 were from patients with MS, and the respective tissue samples
were from MS brain lesions. Samples H1 to H7 are white matter tissue from controls
with no history of neurological disease during life.

b Netherlands Brain Bank-specific information. Note that samples MS4 and MS5 were
obtained during the same autopsy.

¢ Note that the same numbers of samples from male (M) and female (F) donors were
investigated in both groups of samples.

@ Ages for the control group were slightly higher than those for the group of patients
with MS.

¢ Postmortem delays (PMD) were similar for both groups (see Materials and Methods
for further details).

study thus provides important information on the biology of
HERV-W, especially in the context of MS.

MATERIALS AND METHODS

Brain tissue samples and cell lines. Postmortem brain tissues from pa-
tients with MS and controls were obtained from The Netherlands Brain
Bank (NBB), Netherlands Institute for Neuroscience, Amsterdam, Neth-
erlands. All material was collected from donors for or from whom written
informed consent for a brain autopsy and the use of the material and
clinical information for research purposes had been obtained by the NBB.
Specifically, 7 neuropathologically confirmed white matter MS brain le-
sions from 6 patients with MS and 7 white matter brain tissue samples
from 7 controls were obtained from the NBB. The controls had no his-
tory of neurological disease during life and had died of nonneurologi-
cal conditions, e.g., cardiac infarction, heart failure, postoperative ret-
roperitoneal bleeding, multiorgan failure, or pulmonary infection.
Thorough neuropathological examination revealed no significant ce-
rebral abnormalities in any of the controls. Further information on the
patients and controls is given in Table 1. The tissue samples were
stored at —80°C. JEG-3 cells were cultivated in Ham’s F-12 medium
(PAA Laboratories GmbH, Pasching, Austria) supplemented with 10%
(vol/vol) fetal calf serum (FCS), 10,000 U/ml penicillin, 10 mg/ml
streptomycin at 37°C in a humidified 5% (vol/vol) CO, atmosphere.
RNA isolation and RT-PCR amplification of HERV-W. RNA was
isolated from brain samples using the RNeasy Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions. The brain samples
(~0.25 cm® each) were cut into small pieces while still frozen and homog-
enized in 1.5 ml TRIzol (Invitrogen, Life Technologies, Carlsbad, CA,
USA). The homogenate was applied to a QIAshredder column (Qiagen,
Hilden, Germany), centrifuged at 15,000 X g for 2 min, transferred into a
15-ml Falcon tube, and incubated at 30°C for 5 min. After addition of 400
pl chloroform each, the samples were vortexed for 40 s, incubated in a
30°C water bath for 3 min, and centrifuged at 8,600 X g and 4°C for 20
min. The upper phase was mixed with 1 volume of 70% (vol/vol) ethanol
and applied to an RNeasy Mini spin column. Rigorous DNase treatment
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of isolated RNA and generation of cDNA were performed as previously
described (35).

To amplify as many different HERV-W loci as possible in one PCR,
primers to be used in HERV-W env cDNA-specific PCRs were optimized.
Since many HERV-W loci lack parts or all of the 5" env region, two am-
plicons of ~280 bp and ~330 bp, designated 5’ env and 3 env, respec-
tively, were selected, representing the env 5’ region, ranging from nucle-
otides (nt) 7548/7568 to 7821, and the 3’ region, from nt 8349 to 8587,
respectively, in the HERV17 consensus sequence included in Repbase
(36). In the case of 5" env, combinations of two partially overlapping
forward primers and two reverse primers, reflecting nucleotide differ-
ences in the primer binding regions of the various HERV-W target se-
quences, were used. Primer variants were combined at ratios correlating
roughly with the number of potential targets for each variant. Forward
primers 17_7548_for (5'-GAACAATGGAACAACTTCAGCAC-3') and
17_7568_for (5'-GCACAGAAATAAACACCACTTCC-3") and reverse
primers 17_7821_rev (5'-CACTAAGAATGAGAGGAAGCAC-3') and
17_7821_rev2 (5'-CACTAAGAATGACAGGAAGCAC-3') were each
combined in a 1:1 ratio. In the case of 3’env, combinations of 4 forward
and 7 reverse primers were used. Forward primers 17_8349_forl (5'-CC
TCCTTGTTAAGTTTGTCTC-3"),17_8349_for2 (5'-CCTCCTTGTTAA
CTTTGTCTC-3"), 17_8349_for3 (5'-CCTCCTTGTTAAGTTTGTCTT-
3'), and 17_8349_ford (5'-CCTCCTTATTAAATTGGTCTC-3") were
combined in a 27:1:1:1 ratio. Reverse primers 17_8587_revl (5'-AACCC
AAGTGCTGTTGGGGA-3"),17_8587_rev2 (5'-AACCTAAGTGCTGTT
GGGGA-3'), 17_8587_rev3 (5'-AACCCAAGTGCTGCTGGGGA-3'),
17_8587_rev4 (5'-AACCCAACTGCTGTTGGGGA-3"), 17_8587_rev5
(5"-AACCCAAGTGCTTTTGGGGA-3"), 17_8587_rev6 (5'-AACCAAA
GTGCTGTGGGGGA-3'), and 17_8587_rev7 (5'-AACTCAAGTGCTGT
TGGGGT-3") were combined in a 54:1:1:1:1:1:1 ratio. The PCR mixture
contained forward and reverse primer mixtures at 0.4 uM each, 2.5 U Hot
FirePol DNA Polymerase (Solis Biodyne, Tartu, Estonia), 2.5 mM MgCl,,
0.2 mM each deoxynucleoside triphosphate (ANTP), 1 X PCR buffer B1
(as provided by the manufacturer), and 1 wl of cDNA in a 30-pl reaction
mixture. A water control was included, as well as a negative control for
each sample, containing 1 pl of the respective RT-lacking reaction mix-
ture as the template (see reference 35). The cycling conditions were as
follows: initial denaturation for 15 min at 95°C; 30 to 35 cycles of 1 min at
95°C, 1 min at 53°C, and 45 s at 72°C; and final elongation for 10 min at
72°C. The low-stringency annealing temperature was expected to contrib-
ute to amplification of HERV-W loci with imperfectly matching primer
regions. The RT-PCR products were separated by agarose gel electropho-
resis and purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions. The RT-PCR prod-
ucts were subsequently sequenced using 454/FLX technology (454 Life
Sciences, Branford, CT, USA). Samples MS1 to MS3 and H1 to H3 and
samples MS4 to MS7 and H4 to H7 were analyzed in two different se-
quencing runs. For initial RT-PCR amplification, primers with appropri-
ate adapter and key sequences added to the 5’ ends were used. In a first
run, adapter sequences 5'-CGTATCGCCTCCCTCGCGCCATCAG-3’
and 5'-CTATGCGCCTTGCCAGCCCGCTCAG-3" were used for the for-
ward and reverse primers, respectively. For the second run, adapter se-
quences 5'-CCATCTCATCCCTGCGTGTCTCCGACGACT-3" and 5'-C
CTATCCCCTGTGTGCCTTGGCAGTCGACT-3" were used. The key
sequences are underlined. 454/FLX sequencing was performed at the De-
partment of Epigenetics, Saarland University (Saarbriicken, Germany),
using a Roche GS FLX Titanium sequencer. RT-PCR products from sam-
ples MS4 to MS7 and H4 to H7 were also sequenced, using a MiSeq
sequencer (Illumina, San Diego, CA, USA). For initial RT-PCR amplifi-
cation, primers without additional adapter sequences were used. MiSeq
library preparation and sequencing was performed by Seq-IT GmbH
(Kaiserslautern, Germany).

PCR amplification from genomic DNA. PCR primers for 5’ env and
3" env amplicons, with or without FLX adaptors, were verified on genomic
DNA. The PCR mixture contained forward and reverse primer mixtures at
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0.5 uM each, 1 U recombinant Taqg DNA polymerase (Invitrogen, Life Tech-
nologies, Carlsbad, CA, USA), 1.5 mM MgCl,, 0.2 mM each dNTP, 1 X PCR
buffer, and 1 pl of cDNA in a 20-pl reaction mixture. A water control was
included. The cycling conditions were as follows: initial denaturation for 3
min at 95°C; 40 cycles of 50 s at 95°C, 50 s at 53°C, and 1 min at 72°C; and final
elongation for 10 min at 72°C. The PCR products were cloned into the
pGEM-T Easy vector (Promega, Fitchburg, WI, USA), ligations were trans-
formed into chemocompetent Escherichia coli DH5a cells, insert-containing
clones were identified by colony PCR using vector-specific M13 primers, and
plasmid DNA of positive clones was isolated in a 96-well format using the
Agencourt CosMCPrep Kit (Beckman Coulter Genomics, Danvers, MA,
USA). The sequences of cloned PCR products were generated by Seq-IT
GmbH (Kaiserslautern, Germany) using the vector-specific T7 primer and an
Applied Biosystems 3730 DNA Analyzer.

Assignment of cDNA sequences to genomic HERV-W loci. For each
sample and amplicon, the generated 454/FLX sequences were multiply
aligned using MAFFT (37), and poor-quality reads, as well as short se-
quences and primer dimers, were excluded from further analysis. PCR
primer sequences were removed from cDNA sequences using Geneious
software (Biomatters Ltd., Auckland, New Zealand). In the case of MiSeq,
short sequences were filtered, and primer portions were removed using
various tools provided by the Galaxy public server (38—40). Trimmed
cDNA sequences were assigned to genomic HERV-W loci by employing a
local BLAT installation (41) and the human NCBI36/hg18 reference ge-
nome sequence (42). A cDNA sequence assignment was defined as unam-
biguous if there was only one best match with less than three mismatches
to the corresponding genomic sequence and a second-best match display-
ing at least one more mismatch. Sequences with more than three mis-
matches were excluded from analysis, allowing up to ~1% sequence dif-
ference due to RT-PCR and sequencing errors and interindividual
differences. Relative cDNA frequencies were calculated for each HERV-W
locus and sample based on the number of cDNA sequences assigned to a
locus in a given sample relative to the total number of cDNA sequences
assigned to loci in that sample. Potential differences in observed cDNA
frequencies per locus were statistically tested by Wilcoxon-Mann-Whit-
ney tests by calculating adjusted probability values.

qRT-PCR. Real-time PCR was used to quantify HERV-W transcrip-
tion. The quantitative RT-PCR (qRT-PCR) system, master mixture, and
cycling conditions were as previously described (35). For HERV-W
group-specific amplifications, the above-described 5" env PCR primer
mixtures were used. For ERVWE-1/ERVW-1/syncytin-1-specific amplifi-
cation primers syncytin-1_for (5'-TTCACTGCCCACACCCAT-3") (20)
and syncytin-1_rev (5'-CCCCATCAGACATACCAGTT-3") (43) were
used to generate a 169-bp product. For ERVWE2/ERVW-2-specific am-
plification, primers Xq22.3_for (5'-GCTGCTGTACAACCAGTAGCTC-
3’) and Xq22.3_rev (5'-TTCTCTTGCCTGACCTTGAAT-3") (13) were
used to generate a 305-bp product. The specificity of primer pairs was
verified by cloning of PCR products amplified from genomic DNA and
sequencing of a number of randomly selected clones (J. Mayer, G. Laufer,
and K. Ruprecht, unpublished results). Normalization of HERV-W,
ERVWE-1/ERVW-1/syncytin-1, and ERVWE2/ERVW-2 transcript levels
and further analysis of measured cDNA levels were done using StepOne
Software v2.2.2 (Applied Biosystems, Life Technologies) and as previously
described (35). Potential differences in observed relative transcript levels
were statistically tested by Wilcoxon-Mann-Whitney (WMW) tests and
by calculating adjusted probability values.

Reporter gene assays of HERV-W LTRs. 5’ and 3’ LTRs of selected
transcribed HERV-W elements were assayed for promoter activity by em-
ploying a luciferase-based reporter system. Selected HERV-W LTRs were
amplified from genomic DNA, yielding PCR products between 203 bp
and 919 bp in length for the various loci (primer sequences are available
on request). The PCR mixture contained forward and reverse primers at
0.5 pM each, 2.5 U Tag DNA polymerase (Invitrogen, Carlsbad, CA,
USA), 1.5 mM MgCl,, 0.2 mM each dNTP, 1X PCR bulffer, and 50 ng
DNA in a 50-pl reaction mixture. A water control was included. The
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cycling conditions were as follows: initial denaturation for 5 min at 95°C;
40 cycles of 50 s at 95°C, 50 s at 54°C, and 45 s at 72°C; and final elongation
for 10 min at 72°C. The PCR products were cloned into the pPGEM-T Easy
vector. The cloned HERV-W LTR-harboring PCR products were released
by EcoRI or BamHI restriction digestion and cloned into pGLuc-Basic
(NEB, Ipswich, MA, USA). The empty pGLuc-Basic vector served as a
negative control, and pCMV-GLuc, harboring a strong cytomegalovirus
(CMV) promoter, served as the positive control. JEG-3 cells were seeded
into 12-well plates at 6 X 10* cells per well and cultured at 37°C in a
humidified 5% (vol/vol) CO, atmosphere for 24 h. The cells were cotrans-
fected with 1 g of a pGLuc-LTR construct, or control vector, and 0.2 pg
of pCMVR vector (Clontech Laboratories, Mountain View, CA, USA)
each for normalization purposes, using TurboFect Transfection Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer’s instructions. Luciferase and B-galactosidase assays were per-
formed 48 h after transfection using the BioLux Gaussia Luciferase Assay
Kit (NEB, Ipswich, MA, USA) and the 3-Galactosidase Enzyme Assay
System with Reporter Lysis Buffer (Promega, Fitchburg, WI, USA) ac-
cording to the manufacturers’ instructions. Briefly, the medium was re-
moved and the cells were washed with 1 ml of 1X DPBS (Gibco, Life
Technologies, Carlsbad, CA, USA) per well. The cells were lysed in 300 .l
1X Luciferase Cell Lysis Buffer (NEB, Ipswich, MA, USA) per well, and
the lysates were transferred into 1.5-ml Eppendorf tubes, followed by
vortexing of the lysates for 15 s each and pelleting of cellular debris for 1
min at 14,000 rpm in a tabletop centrifuge. Actual luciferase and 3-galac-
tosidase measurements were performed using 5 pl and 100 pl, respec-
tively, of cell lysate each, a Berthold Technologies Lumat LB 9507 lumi-
nometer, and a NanoDrop ND-2000 (peqlab, Erlangen, Germany)
photometer. All plasmid constructs were measured in triplicate, and the
experiment was repeated three times.

Nucleotide sequence accession numbers. The cDNA sequences for
the HERV-W loci discussed in this paper have been registered with the
EMBL database under accession numbers HG421036 to HG421067.

RESULTS

An optimized HERV-W amplification strategy. Transcription of
HERV-W, and of specific HERV-W loci in particular, appears to
be an unresolved issue, especially in the context of MS. We there-
fore aimed to detect transcribed HERV-W loci comprehensively.
The RT-PCR primers employed for HERV-W ¢DNA generation
were optimized for amplification of as many HERV-W loci as
possible in a straightforward RT-PCR experiment. HERV-W loci
were often formed by L1-mediated retrotransposition, and there-
fore, they often lack 5" proviral regions of variable length and the
U5 region of the 3" LTR (6, 7). For an optimized amplification
strategy, we compiled HERV-W sequences from the hgl8 human
reference genome sequence and generated a multiple alignment of
176 genomic loci harboring, in particular, HERV-W env sequence
portions, as that proviral 3’ region is most often present in
HERV-W loci. A previous study by Laufer et al. (20) had investi-
gated HERV-W transcription in PBMC of MS patients and
healthy controls by employing an ~690-bp amplicon located in
the 5" region of HERV-W env. That amplicon region was not
entirely present in several HERV-W loci. We therefore designed a
shorter PCR amplicon, approximately 280 bp in length, overlap-
ping the Laufer et al. (20) amplicon’s 3’ region but amplifying a
greater number of HERV-W loci. However, many HERV-W loci
display a much longer 5’ truncation and therefore lack that am-
plicon region within env (see Fig. S1 in the supplemental mate-
rial). We therefore designed a second PCR amplicon approxi-
mately 330 bp in length and located further downstream in the
HERV-W env 3’ region. To further ensure amplification of as
many HERV-W loci as possible, we used mixtures of several for-
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ward and reverse primers representing major sequence variants of
HERV-W loci within primer binding regions (35). Assuming am-
plification of HERV-W loci with up to two mismatches in the
primer binding region (not located at the primer’s 3" end), our
primer design should, in principle, be able to amplify at least 23
HERV-W loci for the 5" env amplicon and 147 HERV-W loci for
the 3" env amplicon, with an overlap of 20 HERV-W loci amplifi-
able by both amplicons. To verify unbiased PCR amplification of
HERV-W loci, 5" env and 3'env amplicons were amplified from
genomic DNA, the PCR products were cloned, and randomly se-
lected clones were sequenced. Primers with and without FLX
adaptors (see below) were used in the control experiment to fur-
ther exclude adaptor interference during PCRs. A total of 136 5
envamplicon-derived and 149 3’ env amplicon-derived sequences
could be assigned unambiguously to genomic HERV-W loci.
Twenty-two and 83 different HERV-W loci were identified for the
5" env and 3’ env amplicons, respectively. The relative cloning
frequencies of the amplified loci did not indicate biased amplifi-
cation of specific HERV-W loci, arguing against preferential am-
plification of some HERV-W loci.

Identification of transcribed HERV-W loci in MS and con-
trol brain samples using next generation sequencing. RT-PCR
products were generated from total RNA isolated from postmor-
tem samples of 7 MS lesions from 6 patients with MS and white
matter brain tissue samples from 7 healthy controls (Table 1). The
absence of genomic DNA was verified subsequent to rigorous
DNase treatment of the RNA. RT-PCR from total RNA also in-
cluded controls for DNA contamination during PCR. We then
subjected the PCR products to next-generation amplicon se-
quencing using FLX/454 technology. In total, nearly 62,000 454/
FLX sequence reads were generated from the 14 samples investi-
gated (see below for the Illumina/MiSeq data set). We further
curated the sequence data set by filtering for artifactual short se-
quencing reads and removal of primer sequences. For the 454/FLX
data set, ~56,500 sequence reads were assigned to genomic
HERV-W loci located in the human reference genome sequence
(hg18/NCBI Build 36.1) using local BLAT (41). HERV-W locus
sequences differ by ~5% from each other, making assignment of
cloned HERV-W sequences to specific HERV-W loci reasonably
reliable. For the 5" env amplicon, an average of 74% (maximum,
79%; minimum; 66%) of sequences amplified from the 14 brain
tissue samples displayed zero mismatches to the best BLAT match,
18% (maximum, 24%; minimum, 14%) of the sequences dis-
played 1 mismatch, 6% (maximum, 11%; minimum, 3%) of the
sequences displayed 2 mismatches, and 1% (maximum, 2%; min-
imum, 1%) of the sequences displayed 3 mismatches. The num-
bers for the 3" env amplicon were very similar: 69% (maximum,
84%; minimum, 60%) of the sequences displayed zero mis-
matches to the best BLAT match, 23% (maximum, 30%; mini-
mum, 12%) of the sequences displayed 1 mismatch, 6% (maxi-
mum, 10%; minimum, 2%) of the sequences displayed 2
mismatches, and 2% (maximum, 4%; minimum, 1%) of the se-
quences displayed 3 mismatches. Between 0% and 4% of the se-
quences displayed 4 or more mismatches to the best BLAT match.
Nevertheless, we applied a rather stringent mapping strategy. Se-
quence reads with greater than 3 mismatches to the best BLAT
match were excluded from analysis, allowing only up to ~1%
sequence differences due to PCR and sequencing errors and pre-
sumably sometimes single-nucleotide or other polymorphisms
present in HERV-W loci. In total, ~92% of all generated se-

Journal of Virology


http://www.ncbi.nlm.nih.gov/nuccore?term=HG421036
http://www.ncbi.nlm.nih.gov/nuccore?term=HG421067
http://jvi.asm.org

quences could be unambiguously mapped to a specific HERV-W
locus (Table 2; see Table S1 in the supplemental material). We
interpret the remaining 8% of unassigned sequences as reads with
unrecognized sequencing artifacts or potential recombinants of
transcripts from different HERV-W loci generated during RT-
PCR (20, 44).

Transcribed HERV-W loci based on the 454/FLX data set.
Based on the 454/FLX data set, we found evidence for transcrip-
tion of, in total, approximately 140 HERV-W loci in the brain
tissue samples investigated. Twenty-five different HERV-W loci
were identified as transcribed by the 5" env amplicon (Fig. 1 and
Table 2) and 137 different HERV-W loci by the 3’ env amplicon
(Fig. 2). Fourteen loci were detected by both amplicons. The over-
all number of transcribed loci did not vary strikingly between MS
and control samples. The 5’ env amplicon detected an average of
15 different loci as transcribed in MS samples and 12 in healthy-
control samples. The 3" env amplicon detected an average of 68
active loci in MS samples and 60 in healthy-control samples. In
accordance with an initiative by the HGNC (34), we assigned of-
ficial designations to an additional 23 HERV-W loci transcribed at
higher relative levels, officially named ERVW-7 to ERVW-29, that
will be given in addition to chromosomal locations in this paper.

Relative cDNA sequence frequencies, which roughly reflect the
relative transcription levels of corresponding HERV-W loci, were
calculated based on cDNA sequences assigned to a particular locus
in a particular sample relative to the total number of locus-assign-
able cDNA sequence reads in that sample. Relative cDNA se-
quence frequencies, and thus relative transcript levels, of specific
HERV-W loci differed significantly. Most HERV-W loci, for in-
stance, loci located in chr. 2q22.1, 11p15.4, and 20q13.2, seem to
be transcribed at low or very low levels, with few or very few cDNA
sequences (sometimes only one) assigned to a locus in only a few
of the samples. In contrast, the majority of HERV-W transcripts
present in the various tissue samples always appeared to be de-
rived from a few HERV-W loci displaying significantly higher rel-
ative cDNA sequence frequencies. More specifically, for the 5’ env
amplicon and the 454/FLX data set, ~96% of assignable cDNA
sequences were derived from only 7 different HERV-W loci. For
the 3" envamplicon, ~83% of cDNA sequences were derived from
25 HERV-W loci. For both 5’ envand 3’ env, all the remaining loci
contributed, in total, less than 4% and 17%, respectively, of the
cDNA sequence, and each locus less than 1%.

As for transcription levels of specific HERV-W loci, in regard
to the 5" env amplicon, the ERVWEI/ERVW-1/syncytin-1 locus
appears to be transcribed at the highest level in all the brain tissue
samples investigated, followed by HERV-W loci located in chr.
14q21.3/ERVW-26, 6q21A/ERVW-17, 15q21.3/ERVW-4, and the
ERVWE2/ERVW-2 locus in chr. Xq22.3B, each of which displays
an intermediate transcript level. Note that chromosomal-band
designations with a letter appended indicate two or more
HERV-W loci in that band (Table 2).

Overall similar findings were obtained for the 3’ env amplicon,
though relative cDNA sequence frequencies differed somewhat,
very likely due to the much greater number of detectable
HERV-W loci (see above), also resulting in overall less pro-
nounced differences in relative cDNA frequencies. A HERV-W
locus in chr. 2q13/ERVW-13 displayed the highest relative fre-
quency (~9.8%), followed by loci in chr. 8q21.11/ERVW-20,
1q25.2/ERVW-9, 2p16.2/ERVW-12, 7q21.2/ERVWEI/ERVW-1/
syncytin-1,1q32.1/ERVW-10,and 15q21.3/ERVW-4 (~9%, 8.2%,
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7.6%, 7%, 6.1%, and 5%, respectively). Approximately 18 addi-
tional loci displayed relative frequencies between 3.6% and 1%,
among them the ERVWE2/ERVW-2locus in chr. Xq22.3B (1.8%).
Another ~112 loci displayed relative frequencies of <1% each.

Several of the more highly transcribed loci have previously
been identified as transcribed in PBMC of patients with MS (20),
specifically, HERV-W loci located in chr. 6q21A/ERVW-17,
14q21.3/ERVW-26, and 15q21.3/ERVW-4, and ERVWEI/ERVW-
1/syncytin-1 located in 7q21.2 and ERVWE2/ERVW-2 in chr.
Xq22.3B.

We next examined potentially different HERV-W transcrip-
tion patterns between MS and control brain tissue samples. Very
few HERV-W loci were identified exclusively in MS or control
samples. For instance, HERV-W loci located in chr. 2q22.1,
2q31.1B, and 5p12 were found to be transcribed exclusively in
some of the MS-derived samples, and a HERV-W locus in chr.
9q22.31 was found to be transcribed exclusively in one control
sample. However, corresponding relative cDNA sequence fre-
quencies, and thus presumably the transcription levels of those
loci, appear to be very low; each of the samples showed a some-
what different transcription pattern of low-level-transcribed loci,
and there was no strikingly different transcription pattern distin-
guishing MS samples from control samples. Of further note, some
of the low-level-transcribed HERV-W loci displayed slightly
higher relative transcript levels in a few samples. For instance, a
locus in chr. 5q11.2 displayed relative cDNA sequence frequencies
between 0.8% and 2.4% in three MS lesions, while relative tran-
script levels were generally lower in the healthy control samples.
We currently interpret such seemingly sample- and locus-specific
minor differences in our data set as stochastic phenomena very
likely due to low cDNA sequence frequencies of corresponding
loci.

More importantly in the context of the potential involvement
of HERV-W sequences in MS, in regard to the HERV-W loci dis-
playing higher relative transcription levels, our analysis demon-
strated overall very similar relative transcript levels between MS
and control brain tissue samples (Fig. 1 and Table 2; see Tables S1
and S2 in the supplemental material).

There were a few possible exceptions to overall very similar
HERV-W locus transcription patterns. A HERV-W locus in chr.
15q21.3/ERVW-4 displayed seemingly higher relative cDNA fre-
quencies in MS samples than in healthy tissue controls in the 454/
FLX data sets generated for the 5" env amplicon, with mean cDNA
frequencies of 10.88% and 3.1% in MS and healthy-control sam-
ples, respectively. Those differences were statistically significant
for the 5’ env data set (WMW test; adjusted P = 0.0082). However,
there was no such significantly different cDNA frequency for the
respective 3" env data sets (WMW test; adjusted P = 1). Seemingly
lower relative cDNA frequencies in MS than in healthy control
samples for the ERVWEI/ERVW-1/syncytin-1locus (mean values,
36.39% and 52.47%, respectively) were likewise significant for the
5" env 454/FLX data set (WMW test; adjusted P = 0.014) but not
statistically corroborated by the 3" env data set (mean MS, 5.25%;
healthy controls, 12.72%; WMW test; adjusted P = 0.069). Fi-
nally, for the 3’ env data set, cDNA frequencies of a HERV-W
locus in chr. 1q32.1/ERVW-10 were significantly higher in healthy
controls than in MS samples (14.02% versus 4.55%; WMW test;
adjusted P = 0.015), and the cDNA frequencies of a locus in chr.
2q13/ERVW-13 were significantly lower in healthy controls than
in MS samples (16.97% versus 2.47%; WMW test; adjusted P =
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FIG 1 Relative transcript levels of HERV-W loci in MS and healthy brain tissue samples. Shown are relative transcript levels of specific HERV-W loci in the
various MS-derived and healthy brain tissue samples based on total numbers of cDNA sequences assignable to a locus relative to the total number of assignable
cDNA sequences per sample. The numbers presented are from the 5" env 454/FLX data set. The results from MS-derived (MS1 to MS7) and healthy-control (H1
to H7) brain tissue samples are presented in separate graphs that are further divided into sections depicting HERV-W loci with higher (top) and lower (<4%;
bottom) relative cDNA sequence frequencies and thus transcript levels. HERV-W loci are designated according to their locations in chromosomal bands and
HGNC-approved locus designations (Table 2; see the text and supplemental material).

0.015). Furthermore, a HERV-W locus in chr. 6q21A/ERVW-17
displayed a considerably higher relative cDNA frequency in one
MS-derived sample (MS7; 33%; seen in contrast to a mean fre-
quency of ~11.6% in the other MS-derived samples and 9.7% in
the healthy-control samples in the 454/FLX 5’ env data set [Fig.
1]). Similar numbers were found for the Illumina/MiSeq data set
(see below), specifically, 24% in MS7 versus 11.5% in the other
MS-derived samples and 12.75% in the healthy-control samples.

Identification of transcribed HERV-W loci based on the Illu-
mina/MiSeq data set. Besides amplicon sequencing employing
454/FLX technology, we also subjected RT-PCR products gener-
ated from four MS-derived brain tissue samples (MS4 to MS7)

December 2013 Volume 87 Number 24

and four normal brain tissue samples (C4 to C7) to amplicon
sequencing using Illumina/MiSeq sequencing technology. In to-
tal, >8.5 million cDNA sequence reads were generated from the
eight samples. Similar to the 454/FLX strategy, short (<185-bp)
sequence reads and reads with more than one best match or more
than 3 mismatches to their best BLAT match were excluded, leav-
ing ~6.2 million sequence reads for subsequent analysis (see Ta-
ble S2 in the supplemental material).

The results for the Illumina/MiSeq data set were overall very
similar to the results from the 454/FLX experiment (Fig. 3). A total
of 183 different HERV-W loci were identified as transcribed in the
8 tissue samples investigated. Twenty-seven different HERV-W
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FIG 2 Relative transcript levels of HERV-W loci in MS and healthy brain tissue samples based on the 3" envamplicon data set. Depicted are relative transcript levels of specific HERV-W loci in MS lesion-derived

and healthy brain tissue samples, basically as shown in Fig. 1 and the supplemental material.
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FIG 3 No major differences were found in relative transcript levels of HERV-W loci for data sets generated by 454/FLX or Illumina/MiSeq amplicon-sequencing
technology. Shown are the relative transcript levels of HERV-W loci obtained for the 5’ env data set generated by 454/FLX and Illumina/MiSeq amplicon
sequencing deduced as described in the legend to Fig. 1. HERV-W loci with low relative cDNA frequencies are intentionally included to demonstrate results with
little variation for those loci, as well. HERV-W loci are designated according to their locations in chromosomal bands and HGNC-approved locus designations
(see the text). Detailed information on relative cDNA sequence frequencies in both data sets is provided in the supplemental material.

loci were identified by the 5" env amplicon and 176 HERV-W loci
by the 3’ env amplicon, with an overlap of 20 loci detected by both
amplicons (see the supplemental material). For the 3" env data set,
an average of 124 different HERV-W loci were identified in every
MS tissue and 117 in every control brain tissue sample. The overall
higher number of HERV-W loci identified as transcribed is very
likely due to the much higher number of generated and analyzed
c¢DNA sequence reads compared to the 454/FLX approach.

The relative frequencies of HERV-W loci were very similar to
those obtained by the 454/FLX sequencing approach. Likewise,
most HERV-W loci showed low or very low relative cDNA fre-
quencies, and thus very low relative transcription levels, whereas
the great majority of cDNA sequences were assigned to relatively
few HERV-W loci that are thus transcribed at much higher rela-
tive levels (see above). HERV-W loci transcribed at higher levels
matched those loci already identified by 454/FLX, including the
ERVWEI/ERVW-1/syncytin-1 locus (Fig. 3). As for the 454/FLX
results, the transcription patterns of HERV-W loci were overall
very similar between MS-derived and control tissue samples.

December 2013 Volume 87 Number 24

The Illumina/MiSeq-based analysis of transcription patterns of
HERV-W loci therefore essentially replicated the findings of
the 454/FLX-based analysis.

Structures and genomic locations of transcribed HERYV loci.
We analyzed the structures and genomic locations of transcribed
HERV-W loci. Most of the transcribed HERV-W loci are incom-
plete in that they represent processed pseudogenes generated by
L1 retrotransposition machinery lacking the 5" LTR U3 region or
the entire 5 LTR, or lacking proviral 5" regions entirely, and the 3’
LTR U5 region. In contrast, about 35 transcribed HERV-W loci
represent remnants of proviruses with both 5" and 3’ LTRs. All the
transcribed HERV-W loci, furthermore, harbor insertions and/or
deletions of variable length, sometimes non-HERV-W repetitive
elements, within the former retroviral genes and LTRs, owing to
the evolutionary age of HERV-W loci (6). The ERVWEI/ERVW-
1/syncytin-1locus displaying a physiologically relevant open read-
ing frame (ORF) is an exception to such highly defective states
(Table 2; see Fig. S2 in the supplemental material).

We also analyzed the locations of transcribed HERV-W loci
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relative to cellular genes. Generally, the majority of transcribed
HERV-W loci are not closely associated with cellular genes, that is,
they are not located within gene introns and are several—up to
many—Kkilobases distant from genes. However, a number of
HERV-W loci are more closely associated with cellular genes (see
the supplemental material). Some HERV-W loci are located
within gene introns. For instance, the HERV-W locus in chr.
6q21A/ERVW-17, displaying a mean cDNA frequency of ~12%
for 5" env in the 454/FLX data set, is located within an ~46-kb
intron of the ATGS5 gene. Another locus in chr. 14q21.3/ERVW-26
identified as transcribed by the 5" env 454/FLX data set, displaying
a mean relative cDNA frequency of ~23%, is located within a
16-kb intron of the FAM179B gene. Notably, an alternative splice
variant of that gene, as indicated by an mRNA (GenBank acces-
sion number CR749557), harbors a 65-bp-long HERV-W por-
tion. That HERV-W locus, therefore, provides splice donor and
acceptor signals for the gene. Of further note, a low-level-tran-
scribed HERV-W locus in chr. 22q22.2, identified by the 3’ env
454/FLX data set, comprises the first two exons, including the 5’
UTR and coding sequence starting in the first exon, of the IGSF5
gene. A transcribed HERV-W locus in chr. 1q25.2/ERVW-9 (3’
env; 454/FLX; ~8% cDNA sequence frequency) is located within a
189-kb intron of the RASAL2 gene. A transcribed HERV-W locus
in chr. 1q32.1/ERVW-10 (3’ env; 454/FLX; ~6%) is located within
an ~28-kb intron of the LOC284581 gene, and another tran-
scribed HERV-W locus in chr. 2p16.2/ERVW-12 (3' env; 454/
FLX; ~7.6%) is located within an ~14-kb intron of the ASB3
gene. Several low-level-transcribed HERV-W loci are also located
within gene introns; for instance, a locus in chr. 1p34.2 (5" env;
454/FLX; ~0.72%; HIVEP3), a locus in chr. 17q12 (5" env; 454/
FLX; ~1.6%; ACACA), and a locus in chr. 8q12.3 (3’ env; 454/
FLX; ~0.2%; CYP7BI).

Some other transcribed HERV-W loci are located relatively
close to cellular genes; in particular, some are located downstream
of genes with respect to the gene’s direction of transcription. Ex-
amples are a HERV-W locus in chr. 19p12C (0.2%; 3" env; 454/
FLX) located just 100 bp downstream of the ZNF99 gene accord-
ing to the corresponding RefSeq gene annotation, a locus in chr.
14q32.12/ERVW-27 (3.4%; 3" env; 454/FLX) located just ~300 bp
downstream of the C140rf159 gene, and a locus in chr. 3q23A/
ERVW-3 (0.07%; 3" env; MiSeq data set) located ~2.7 kb down-
stream of the GRK7 gene. As also discussed recently (13), the
ERVWE2/ERVW-2 locus in chr. Xq22.3B (~8.5%; 5" env; 454/
FLX) is located ~7 kb downstream of the RBM41 gene.

A few other transcribed HERV-W loci are sandwiched between
two genes located close together that are each transcribed toward
the HERV-W locus. For instance, a HERV-W locus in chr.
18p11.21/ERVW-29 (~1.1%; 3" env; 454/FLX) is located ~3.9 kb
and 5.5 kb downstream of the LDLRAD4 and FAMZ2I0A genes,
respectively. Another HERV-W locus in chr. 2q31.2B (0.004%; 3’
env; 454/FLX) is located ~1 kb and 130 bp downstream of the
DFNB59 and FKBP7 genes, respectively.

Other evidence for transcription of HERV-W loci. We sought
independent evidence of transcription of HERV-W loci. We ex-
amined Encyclopedia of DNA Elements (ENCODE) California
Institute of Technology (Caltech) transcriptome-sequencing
(RNA-Seq) data sets (45, 46) included in the University of Cali-
fornia—Santa Cruz (UCSC) Genome Browser (47). Specifically,
we analyzed whether the genomic coordinates of transcribed
HERV-W loci overlapped locations of mapped single-pass 75-bp
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RNA-Seq reads generated from poly(A)™ RNA, using the UCSC
Table Browser (48). We found evidence for transcription of a
number of HERV-W loci in data sets derived from GM12878, 1
H1 hESC, HUVEC, HeLa-S3, Hep G2, K562, and NHEK cells
(Table 2; see the supplemental material). The absolute number
of RNA-Seq reads mapping within coordinates of transcribed
HERV-W loci varied between 0 and 135 for the various cell
lines. For instance, between 3 (1 HI hESC) and 11 (GM 12878 and
HUVEC) RNA-Seq reads mapped within the ERVWEI/ERVW-1/
syncytin-1 locus chromosome coordinates. Between 5 (HeLa-S3)
and 17 (1 H1 hESC) RNA-Seq reads mapped to a HERV-W locus
in chr. 15q21.3/ERVW-4. Forty-three HeLa-S3-derived RNA-Seq
reads mapped to the ERVWE2/ERVW-2 locus in chr. Xq22.3B.
Several other HERV-W loci were represented by fewer RNA-Seq
reads, but still in several cell lines each. Overall, in all loci and cell
lines combined, only 5 of the HERV-W loci we identified as tran-
scribed in brain tissue were not represented by mapped RNA-Seq
reads. We also note that HERV-W loci with higher transcription
levels in brain tissue, as indicated by relative cDNA sequence fre-
quencies in our analysis, were often also represented by a higher
number of RNA-Seq reads in cell lines. Thus, RNA-Seq data sets
generated by the ENCODE Consortium provide additional evi-
dence for transcription of various HERV-W loci in various cell
lines not originating from brain tissue.

Quantification of HERV-W transcription by qRT-PCR. We
were interested in quantifying HERV-W transcript levels in the
various MS lesion and control brain tissue samples. We therefore
determined for the investigated MS-derived and healthy brain tis-
sue samples the relative HERV-W transcript levels based on the 5
env amplicon and transcript levels of the ERVWEI/ERVW-1/syn-
cytin-1 locus and the ERVWE2/ERVW-2 locus specifically, using
semiquantitative real-time PCR. Specific detection of the ERVWE]1/
ERVW-1 and ERVWE2/ERVW-2 loci was done by employing
previously established locus-specific primer pairs (13, 20, 43).
HERV-W transcript levels were normalized to the transcript levels
of G6PDH and RPII housekeeping genes. When transcript levels
in healthy control tissue sample H1 were defined as a reference,
most samples showed uniformly higher or lower transcript levels
for all three amplicons than sample H1 (Fig. 4). However,
HERV-W transcript levels varied significantly and uniformly be-
tween various individual samples, i.e., there appeared to be inter-
individual differences in HERV-W transcript levels. Mean tran-
script levels differed as much as ~52-fold between samples. For
instance, ERVWEI/ERVW-1/syncytin-1 transcript levels in MS-
derived tissue sample MS6 were ~5% those in sample HI,
whereas transcript levels in MS-derived sample MS5 were ~2,5-
fold higher than in sample HI.

Comparing healthy brain tissue controls with MS-derived
brain tissue samples, 5 MS samples displayed lower HERV-W
transcript levels than were found for healthy-control samples for
the 5" env amplicon and the ERVWEI/ERVW-1/syncytin-1 and
ERVWE2/ERVW-2loci, or just the ERVWE2/ERVW-2locus in the
case of sample MS7. Three MS-derived samples displayed higher
transcript levels than sample H1, yet those higher transcript levels
were comparable to the transcript levels of some of the healthy-
control samples (Fig. 4). However, when comparing transcript
levels between the groups of MS and healthy-control brain tissue
samples, there were no statistically significant differences in tran-
script levels (WMW tests; adjusted P > 0.22).

Taken together, our quantitation of HERV-W transcription
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FIG 4 Relative transcript levels of HERV-W and specific HERV-W loci measured by qRT-PCR. The relative levels of HERV-W transcripts were determined by
semiquantitative RT-PCR for the 5" env amplicon, which can detect transcripts/cDNA from a greater number of HERV-W loci. Transcript levels of the HERV-W
loci ERVWEI/ERVW-1 and ERVWE2/ERVW-2 specifically were likewise determined using locus-specific primer sets (see the text). Relative transcript levels are
given as log,-transformed fold changes, with the healthy brain tissue sample H1 set as the reference. The whiskers depict maximum and minimum changes
observed in replicates of the experiment. Note that seemingly different transcript levels between healthy control and MS brain tissue sample entities are not

statistically significant.

indicated considerable interindividual variation regarding overall
and locus-specific HERV-W transcript levels. Contrary to previ-
ous studies, but in accordance with our cDNA-sequencing-based
description of HERV-W locus transcription patterns, we did not
detect significantly upregulated transcription of the ERVWEI/
ERVW-1/syncytin-1 locus or the ERVWE2/ERVW-2locus, or gen-
erally upregulated HERV-W transcription, in MS brain lesions.

LTRs of various HERV-W loci display promoter activity. It
is unclear how and where transcripts identified for various
HERV-W loci were initiated. Either the HERV-W LTRs or
unidentified flanking promoters initiated transcription. The
HERV-W loci identified as transcribed in this study harbor both
5" and 3’ LTRs at full length; some other loci lack the 5" LTR U3
region, which is the promoter-housing LTR region, or they lack
the 5" LTR entirely, and some loci have only a 3" LTR lacking U5.
We therefore investigated how the various HERV-W loci identi-
fied as transcribed in our study may actually be transcribed in the
genomic context, specifically, whether the respective (partial)
HERV-W LTR sequences can initiate transcription. We assayed
the promoter activities of various transcribed 5" and 3" LTRs, ei-
ther full or partial length, sense and/or antisense, and including
LTRs from high- and low-level-transcribed HERV-W loci. Corre-
sponding HERV-W LTR sequences were amplified from normal
genomic DNA and cloned into the promoterless pGLuc-Basic re-
porter gene vector. We examined the promoter activities of a total
of 17 different HERV-W LTR constructs in luciferase reporter
gene assays in the human choriocarcinoma cell line JEG-3, which
was previously described as supporting HERV-W LTR promoter
activity (49).

Both 5’ and 3’ LTRs of several of the tested HERV-W loci
displayed significant promoter activity in the sense and/or anti-
sense orientation in JEG-3 cells. Only 4 LTR constructs out of 17
did not display promoter activity significantly above the level of
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the promoterless pGLuc-Basic vector or untransfected negative
controls. All other LTR constructs displayed promoter activity
modestly or clearly higher than that of negative controls (Fig. 5).
The intact ERVWEI/ERVW-1/syncytin-1 5" LTR displayed the
highest promoter activity in the sense orientation, about 10% that
of the CMV-driven luciferase positive control. The 3" LTRs of
several loci displayed promoter activity in the antisense orienta-
tion. For instance, the 3" LTRs of loci in chr. 6q21A/ERVW-17,
14q32.12/ERVW-27, and 15q21.3/ERVW-4 displayed higher anti-
sense than sense promoter activity, or the LTR was inactive in the
sense orientation. We note that all tested LTRs but the 3" LTR of
the locus in chr. 1p32.3 and the above-mentioned ERVWE]1/
ERVW-1/syncytin-1 5" LTR are incomplete. For instance, the 3’
LTRs of transcribed HERV-W loci in chr. 2q13/ERVW-13, 6q21/
ERVW-17, 6p25.3, 14q32.12/ERVW-17, 15q21.3/ERVW-4, and
Xq22.3B/ERVWE2/ERVW-2 belong to loci generated by L1-me-
diated retrotransposition and therefore each lack the 3" LTR U5
region. The 5" LTR of the transcribed locus in chr. 2p16.2/
ERVW-12 lacks the U3 region. The 5" LTR of the locus in chr.
13q13.3/ERVW-25 consists only of a piece of U3 and the complete
Rregion, yet it displays significant promoter activity, at least in the
antisense orientation.

We conclude that a majority of HERV-W LTRs display pro-
moter activity in the sense and/or antisense orientation, even if
structurally incomplete. Therefore, most of the HERV-W loci
identified as transcribed in this study may in fact be transcribed by
remnants of their own 5" and/or 3" LTRs in the sense and/or an-
tisense direction.

DISCUSSION

Transcription of HERV-W in the context of MS appeared to be an
unresolved issue, as previous studies sometimes reported hetero-
geneous or even conflicting results (see the introduction), some of
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FIG 5 HERV-W LTRs and remnants thereof often display promoter activity. Shown on the left is a representative result of normalized promoter activities of
selected complete and incomplete HERV-W LTRs in the sense or antisense direction obtained from luciferase reporter gene assays in JEG-3 cells. LTR construct
designations denote HGNC-approved locus names and the chromosomal position of a tested HERV-W 5" or 3" LTR, as well as the sense or antisense direction
of the LTR within the luciferase reporter gene vector. A CMV-driven luciferase-expressing vector (pCMV-GLuc) served as the positive control and is presented
separately to demonstrate ~10-fold-higher promoter activity than the most active HERV-W LTR construct. A promoterless luciferase reporter vector (pGLuc-
Basic) and untransfected JEG-3 cells served as negative controls. The error bars depict standard deviations observed for an experiment in triplicate. On the right
are shown HERV-W LTRs or LTR portions, indicated by black bars, present within the various reporter gene constructs. HERV-W LTR sequences are depicted
in comparison to the 780-bp-long HERV-W LTR17 reference sequence provided by Repbase (36). Note that some LTRs harbor insertions compared to the
reference sequence. The HERV-W LTR U3 (harboring a TATA box toward the 3" end), R (the boundaries of which define the start and endpoints of proviral
transcription), and U5 regions are indicated at the top, further showing that several of the tested LTRs have been formed by L1-mediated retrotransposition and

therefore lack certain LTR portions.

which might have been due to the repetitive nature of HERV-W
requiring, for instance, meticulous design of PCR primer pairs.
We previously described transcriptional activities of specific loci
of various HERV groups under different biological and clinical
conditions. We chose a direct approach in those studies by gener-
ating cDNA sequences from RNA transcripts from HERV loci and
reassigning those cDNA sequences to specific HERV loci. Such a
strategy not only identifies HERV loci actually transcribed, but
also generates data on relative transcription levels of HERV loci
(35, 44, 50). Using this strategy, we recently also investigated the
transcription of HERV-W in PBMC and identified a total of seven
loci as being transcribed. Notably, we did not detect significantly
different transcription patterns when comparing HERV-W tran-
scription in PBMC from patients with MS and from healthy con-
trols (20).

We have now studied HERV-W transcription in brain lesions
from patients with MS compared to white matter brain tissue
from healthy controls and present a comprehensive picture of
HERV-W locus transcription in those samples. We employed an
optimized strategy for generating cDNA from as many HERV-W
loci as possible in a straightforward RT-PCR experiment. We used
second-generation amplicon sequencing to produce a great num-
ber of HERV-W c¢DNA sequence reads per tissue sample, on av-
erage ~2,200 analyzed reads per sample for 454/FLX and
~348,000 for Illumina/MiSeq, significantly reducing potentially
skewed relative cDNA sequence frequencies when generating rel-
atively small numbers of cDNA sequences and, furthermore, en-

13848 jviasm.org

abling comprehensive detection of HERV-W loci with lower rel-
ative transcript levels that are less well represented in the cDNA
pool. Assignment of HERV-W cDNA sequences to specific
HERV-W loci, furthermore, was straightforward, even for rela-
tively short second-generation sequencing reads because of the
evolutionary age of, and thus sequence differences between, the
various HERV-W loci in the human genome. This was further
demonstrated by the fact that two independent second-generation
sequencing strategies, 454/FLX and Illumina/MiSeq, produced
overall very similar results. We therefore suggest that the strategy
employed here is suitable for generating a high-resolution picture
of HERV-W transcription in a biological sample of interest. The
strategy employed here may be equally suited to depicting tran-
scription patterns of other high-copy-number HERV groups, e.g.,
HERV-H, HERV-L, and HERV-E. We also note that a high-
throughput amplicon-sequencing approach for identifying tran-
scribed HERV loci may also identify biologically relevant somatic
mutations in transcribed HERV sequences. This appears to be
especially important in light of the fact that assignment of cDNA
sequences must rely on a reference genome sequence that proba-
bly lacks many allelic variants. Repeatedly detected sequence vari-
ants would thus be indicative of allelic variants rather than exper-
imental artifacts. Raw sequence data would have to be thoroughly
examined for such potential variants.

We also stress that the strategy employed here for identifying
transcribed HERV-W loci intentionally does not distinguish the
direction of transcription, as HERV-W loci transcribed in anti-
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sense may be equally biologically relevant by, for instance, regu-
lating expression of HERV-W loci or cellular genes by RNA inter-
ference (RNAI) (51, 52).

In the context of HERV-W and MS, an important result of our
study is that the optimized and comprehensive strategy employed
here for describing HERV-W transcription revealed overall very
similar transcription patterns of HERV-W loci in MS and healthy
brain tissues. Especially regarding the ERVWEI/ERVW-1/syncy-
tin-1 locus, relative transcription levels were not clearly different
between MS-derived and healthy tissue samples. Slightly lower
transcript levels of the ERVWEI/ERVW-1/syncytin-1 locus in MS
brain lesions were statistically significant only for the 5" env data
set and not for the 3" env data set, and quantitative RT-PCR re-
vealed no significant differences between the groups of patients
with MS and controls with respect to ERVWEI/ERVW-1/syncy-
tin-1 locus transcription. Likewise, a HERV-W locus in chr.
15q21.3/ERVW-4 appeared to be transcribed at somewhat higher
relative levels in MS than in healthy brain tissue, yet this finding
was statistically significant only for the 5" envamplicon and not for
the 3’ env amplicon. Furthermore, no significant differences were
found for the ERVWE2/ERVW-2locus in chr. Xq22.3B and vari-
ous other higher-level-transcribed HERV-W loci. We therefore
interpret differences in cDNA sequence frequencies seen for a few
HERV-W loci that also were opposite for 5" envand 3" env ampli-
cons to be very likely due to stochastic variations in the experi-
ment rather than true differences in relative transcription levels.

Potential minor transcriptional deregulation of HERV-W
loci in MS-derived brain tissue samples would have to be spe-
cifically investigated, though the biological significance of such
potential minor deregulation is uncharted. While transcription
of HERV-W loci may be deregulated for as yet unknown reasons,
it is also conceivable that epigenetic differences in HERV-W lo-
cus-harboring genome regions may also result in slightly higher-
level transcription of HERV-W loci in MS brain tissue cells. It is
known that CpG methylation can strongly influence HERV-W
transcription, as revealed by studies on the ERVWEI/ERVW-1/
syncytin-1 locus (53-55). Since MS-derived brain tissue samples
investigated in our study are from inflammatory plaque regions, it
is also conceivable that cell types other than brain cells activated in
the course of inflammatory processes contributed transcript from
specific HERV-W loci.

Our findings are in contrast to previous studies that reported
upregulated or strongly upregulated HERV-W (env) transcription
in MS samples. Therefore, according to our results, if HERV-W is
involved in the pathogenesis of MS, deregulated transcription of
specific HERV-W loci, especially protein-encoding HERV-W loci,
is unlikely to be the underlying mechanism. This may be an im-
portant finding for future studies addressing the role of HERV-W
and HERV-W-encoded proteins in MS. On the other hand, the
fact that both ERVWEI/ERVW-1 and ERVWE2/ERVW-2 are
transcribed in normal brain tissue implies translation of the re-
spective proteins in the brain, in line with immunohistochemical
detection of a HERV-W Env protein in brain tissue by monoclonal
antibody 6A2B2 (13). However, physiological functions of
ERVWEI/ERVW-1-encoded  Syncytin-1 and/or ERVWE2/
ERVW-2-encoded N-Trenv in the brain remain enigmatic.

Furthermore, relative ¢cDNA sequence frequencies demon-
strated, on one hand, dominant transcription of a limited number
of HERV-W loci and, on the other hand, transcription of a greater
number of HERV-W loci at lower or much lower transcript levels.
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Notably, several of the HERV-W loci dominantly transcribed in
the brain were also dominantly transcribed in PBMC based on
c¢DNA cloning frequencies (20). Some HERV-W loci were identi-
fied in our study as being transcribed by only one cDNA sequence
read in one tissue sample. While we rigorously removed DNA
from RNA preparations and very carefully verified the absence of
DNA contamination in RT-PCR experiments, it is nevertheless
very difficult to remove all traces of DNA from an RNA prepara-
tion. One therefore cannot formally exclude the presence of resid-
ual DNA in RNA used for cDNA generation. HERV-W loci rep-
resented by very few or just one cDNA sequence in the entire
sequence data set, therefore, may be due to residual traces of DNA,
especially when generating hundreds of thousands of reads per
sample. It is thus difficult to draw a line for false-positive detection
of transcribed HERV-W loci. However, we note in this context
that many regions of the human genome are apparently tran-
scribed at low levels, with some regions represented in RNA-Seq
data sets by very few reads (56, 57). Many HERV-W loci could
likewise be transcribed at such low levels, perhaps because they are
located within such low-level-transcribed genome regions. Also,
some of the HERV-W loci with very low relative cDNA sequence
frequencies identified here are located within gene introns, and
it is possible that cDNA from such loci might have been gener-
ated from unspliced hnRNA. Nevertheless, a greater number of
HERV-W loci were represented by higher relative cDNA se-
quence frequencies, and we are confident that those loci are
indeed transcribed in brain tissue, at least at somewhat lower
levels. Transcription of quite a number of HERV-W loci was
further supported by RNA-Seq data sets generated by the
ENCODE Consortium from various human cell lines in that
many of the loci we identified were also identified as tran-
scribed by variable numbers of RNA-Seq reads, sometimes in
several of the cell lines, with RNA-Seq read numbers for some
loci roughly correlating with relative cDNA sequence frequen-
cies observed by us in brain tissues.

Altogether, when considering rather strict thresholds, we con-
clude that, in brain tissue, about 28 HERV-W loci are transcribed
at higher relative levels and another approximately 120 HERV-W
loci are transcribed at low relative levels. HERV-W loci ERVWEI/
ERVW-1/syncytin-1 and ERVWE2/ERVW-2, which may be rele-
vant in the context of MS, are among the higher-level-transcribed
HERV-W loci, and their respective relative transcription levels do
not significantly differ between MS and healthy brain tissue.

Similar transcription levels of HERV-W loci were further cor-
roborated by our qRT-PCR results. When determining overall
HERV-W transcript levels, or transcript levels specifically for the
ERVWEI/ERVW-1/syncytin-1 and ERVWE2/ERVW-2 loci, with
locus-specific PCR primers (20) relative to two different house-
keeping gene transcript levels, we did not find statistically signifi-
cant differences in the respective transcript levels between MS
lesions and healthy tissue. Several of the MS lesion samples dis-
played HERV-W transcript levels lower than those in healthy con-
trols, yet those differences were not statistically significant in re-
gard to MS lesions and healthy-control samples, each as a group.
Nevertheless, we detected sometimes pronounced differences in
HERV-W transcript levels between tissue samples, overall and lo-
cus specific, pointing to interindividual differences in HERV-W
transcript levels. Such interindividual variation in HERV tran-
script levels was also observed in previous microarray-based ex-
periments (27, 50), and a strategy involving high-resolution melt-
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ing temperatures likewise suggested interindividual differences in
HERV-W transcript levels (28). Interindividual variation in cellu-
lar-gene transcription levels is a well-known phenomenon caused
by genetic variation (58-60). Therefore, genetic differences may
also influence HERV-W transcript levels in individuals. Our find-
ings thus suggest a more detailed and specific investigation as to
whether such overall interindividual variation in HERV-W tran-
script levels correlates with MS. It is furthermore conceivable that
overall HERV-W transcript levels may differ between brain areas.
This is supported by relative HERV-W transcript levels in samples
MS4 and MS5, which were obtained from the same patient, yet the
MS5 sample displayed slightly higher relative transcript levels. The
above-mentioned high-resolution melting-temperature-based
study also suggested differences in transcript levels between brain
areas (28). However, specifically designed studies will be required
to answer those questions. Last but not least, it is conceivable that
previously observed MS-specific differences in HERV-W tran-
script levels were influenced by interindividual differences in
HERV-W transcript levels.

We also found that remnants of HERV-W LTRs associated
with different HERV-W loci often display promoter activity. Re-
sults from those reporter gene assays therefore indicate that, in
principle, HERV-W loci may often be transcribed from a
HERV-W locus’ own promoter present within remnants of the
HERV-W LTR. While we performed reporter gene assays in JEG-3
cells that support transcription of HERV-W LTRs (49), the actual
activity of these and other HERV-W LTRs may differ in brain
tissue cells. Nevertheless, HERV-W LTRs, in principle, likely can
initiate transcription in many cases also in brain tissue cells, thus
potentially explaining the transcription of many HERV-W loci.
Our results also indicate that HERV-W LTRs retaining U3R
mainly give rise to antisense transcripts, while those LTRs retain-
ing RU5, and whole LTRs, display a preference for sense transcrip-
tion. Results reported by Gimenez et al. (25) suggest that
HERV-W LTR U3 and R regions can initiate transcription. Lee et
al. (61) reported transcriptional activity for the HERV-W LTR
R/U5 region. Notably, the HERV-W LTR’s R region is usually
present in at least one copy, and the U3 region is present in the 3’
LTR in HERV-W loci formed by L1-mediated retrotransposition.
However, more specific studies of HERV-W LTRs are required to
reveal the contributions of U3, R, and U5 to sense and antisense
transcriptional activity of incomplete HERV-W LTRs. In any case,
our results lend further support to HERV-W loci identified in our
study as transcribed harboring LTR regions with potential pro-
moter activity— besides HERV-W loci with full-length 5" and 3’
LTRs.

Our finding of apparently many HERV-W LTRs displaying
promoter activity also contributes to a better understanding of the
effects HERV-W sequences may have on neighboring cellular
genes. Many HERV-W LTRs, either HERV-W locus associated or
solitary, or even incomplete because they belong to HERV-W pro-
cessed pseudogene loci, likely still display promoter activity and
thus may provide alternative transcripts to many cellular genes
and may become deregulated in certain cell types and disease con-
ditions.

Nevertheless, some HERV-W loci may also be transcribed be-
cause of close proximity to a cellular gene. For instance, read-
through transcripts of the cellular genes ZNF99, Cl4orfl59,
RBM41, and GRK7 may cotranscribe, or contribute to the tran-
scription of, HERV-W loci located up to a few kilobases down-
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stream of those genes. This may also apply to loci sandwiched
between two cellular genes. However, only a minority of HERV-W
loci seem to be transcribed or cotranscribed indirectly due to the
transcription of cellular genes.

Finally, we previously analyzed published MSRV sequences in
the context of template switching of reverse transcriptase during
cDNA generation in vitro. We argued that reported MSRV se-
quences were either derived from or could be explained as recom-
binants of HERV-W loci located in chr. 3p12.3, 3q23A, 3q26.32/
ERVW-5, 5p12, 15q21.3/ERVW-4, 18q21.32, and Xq22.3B/
ERVWE2/ERVW-2. However, only the loci in chr. 15q21.3/
ERVW-4 and Xq22.3B/ERVWE2/ERVW-2 were identified as
transcribed in PBMC (20). The data presented here demonstrate
that HERV-W loci in chr. 3p12.3, 3q23A, 3q26.32/ERVW-5, 5p12,
and 18q21.32 can also be transcribed, though some of them at
lower relative levels in the brain, but nevertheless lending further
support to the concept that those previously described MSRV se-
quences that are not directly assignable to genomic HERV-W loci
were indeed generated by in vitro recombinations.
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