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Abstract Remnant proviral sequences in the genome
resulting from the ancient germline infection of exogenous
retroviruses are called endogenous retroviruses (ERVs). The
transcriptional activation of human ERVs (HERVs) in the
brain of patients with some neurologic diseases suggests that
ERVs may participate in certain disease processes in the
central nervous system. In this study, we identified putative
murine ERVs (MuERVs) which are transcriptionally active in
the brain and characterized their biological properties to better
understand the ERVs’ roles in the brain pathophysiology. The
brain and selective non-nervous tissues (heart, muscle, adrenal
gland, and salivary gland) of female C57BL/6J mice were
subjected to RT-PCR analyses of MuERV expression by
amplifying the 3’-end U3 regions and full-length/subgenomic
transcripts. The expression patterns of the U3 regions and
subgenomic transcripts in the brain were unique compared to
the other tissues as well as the genomic MuERYV profile. Two
putative MuERVs (8,027 and 5,668 bp) were mapped on the
mouse genome (chromosome 10, and chromosomes 4 and 8,
respectively) using the MuERV U3 sequences, which were
evidently expressed in the brain, as probes. Biological prop-
erties of these putative MuERVs, such as transcription
potential, primer binding site, coding potential, integration
age, recombination, and flanking host genes, were character-
ized. In particular, one of the two putative MuERYV isolates
had coding potentials for intact group specific antigen (gag),
and truncated polymerase (pol) and envelope (env)
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polypeptides, while the other was defective for all three
polypeptides. The findings from this study suggest that a
specific group of MuER Vs are constitutively expressed in the
brain and they may participate in normal and pathogenic
events pertaining to the brain through their replication gene
products (e.g., gag and env polypeptides) as well as interac-
tions with flanking host genes.
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Introduction

An ancient infection of exogenous retroviruses into the
germline leads to a permanent fix of the proviral form of
the retroviruses in the host genome. These retroviral ele-
ments in the germline genome are called endogenous
retroviruses (ERVs) and are inherited to the offspring in a
Mendelian manner [1]. The retroviral sequences in the
genome are amplified during evolution through repetitive
events of reverse transcription-mediated reintegration and
infection into the germline. All vertebrates have ERVs in
their genome, and the human genome is presumed to
contain ~ 300,000 to ~ 500,000 copies of retroviral ele-
ments, constituting approximately 8% of the entire genome
[2]. About 10% of the mouse genome is occupied by
sequences of retroviral origin [3]. A substantial fraction of
ERVs retain the coding potentials for all three retroviral
polypeptides essential for virus assembly and completion
of the infection cycle; however, the rest are presumed to
have defective coding potentials.

Recent studies demonstrated that ERVs are involved in
and/or correlated with a range of disease processes in
humans and experimental animal models, such as multiple
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sclerosis, schizophrenia, bipolar disorder, insulin-depen-
dent diabetes mellitus, experimental systemic lupus
erythematosus, and burn injury [4-10]. The role of ERVs
in inflammatory diseases is exemplified by the recent
finding that syncytin, an envelope glycoprotein encoded by
a human endogenous retrovirus (HERV)-W, is directly
involved in the pathogenic processes of multiple sclerosis
through its proinflammatory properties [11]. Syncytin-
mediated release of redox oxidants from astrocytes is
reported to be directly linked to the demyelination and
death of oligodendrocytes. Increased transcriptional activ-
ities of the HERV-W family members and ERVs within the
murine leukemia virus genus are observed in the brain of
schizophrenia patients [7, 8]. In another study, a superan-
tigen encoded by HERV-K, which is related to mouse
mammary tumor virus, was characterized as a candidate
autoimmune gene responsible for the systemic activation of
autoreactive T cells targeting pancreatic f-cells [6].

The transcription regulatory elements located on the
long terminal repeats (LTRs) of ERVs control expression
of their own genes as well as neighboring host genes
through various mechanisms, such as intergenic splicing,
primary polyadenylation signal, and suppression of host
gene translation [12—14]. The majority of ERVs are known
to be transcriptionally inactive, probably due to epigenetic
modifications, such as the methylation status of the pro-
moter [15, 16]. It is likely that the transcription regulatory
regions of actively expressed ERVs contain different pro-
files of transcription factor binding elements and epigenetic
modifications, including histone modification (e.g., acety-
lation) near the MuERYV loci, compared to silent ones [17].
However, transcriptionally silent ERVs can be activated by
various stimuli from the environment, such as cytokines
and viral infection [18, 19].

In this study, to better understand the ERVs’ role in
normal physiology as well as in pathologic states of the
brain, we identified and mapped the putative MuERVs
which were actively expressed and characterized their
biological properties.

Materials and methods
Animals

Female C57BL/6J mice from the Jackson Laboratory (Bar
Harbor, ME) were housed according to guidelines of the
National Institutes of Health. The Animal Use and Care
Administrative Advisory Committee of the University of
California, Davis, approved the experimental protocol.
Three mice were sacrificed by cervical dislocation for tis-
sue collection (brain, heart, muscle, adrenal gland, and
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salivary gland) without any pretreatments and the samples
were snap-frozen.

RT-PCR analysis

Total RNA isolation and cDNA synthesis were performed
based on protocols described previously [20]. Total RNA
was extracted using an RNeasy kit (Qiagen, Valencia, CA).
Subsequently, 100 ng of total RNA from each tissue
sample was subjected to reverse transcription using Sen-
siscript reverse transcriptase (Qiagen). Primers ERV-Ul
(5’-CGG GCG ACT CAG TCT ATC GG-3’) and ERV-U2
(5’-CAG TAT CAC CAA CTC AAA TC-3') were used to
amplify the 3’ U3 regions of non-ecotropic MuERVs [21].
The U3 regions were selected for expression analysis
because of their polymorphic sequences within the MuERV
population compared to the rest of the viral genome. The
primers used for the amplification of full-length (~8 kb)
as well as subgenomic transcripts (variable in size), were
designed based on a murine acquired immuno deficiency
syndrome (MAIDS) virus-related provirus (Genbank
accession No. S80082): MVI1K (5-CAT TTG GAG GTC
CCA CCG AGA-3') and MV2D (5'-CTC AGT CTG TCG
GAG GAC TG-3'). The comparability between samples
was determined by the electrophoresis of an equal amount
(500 ng) of total RNA from each sample.

Genomic DNA PCR

Genomic DNA was isolated from the liver tissue using a
DNeasy tissue kit (Qiagen). To amplify the U3 regions of
MuERVs on the genome, 100 ng of the liver genomic
DNA was subjected to PCR analysis using ERV-U1 and
ERV-U2 primers.

Cloning of MuERV U3 regions and full-length/
subgenomic transcripts

RT-PCR products resolved as distinctive bands represent-
ing the U3 regions from each tissue were gel purified using
a QIAquick Gel Extraction kit (Qiagen) and cloned into the
pGEM®-T Easy vector (Promega, Madison, WI). Plasmid
DNAs for sequencing analysis were prepared using a
miniplasmid kit from Qiagen. Sequencing was performed
at Davis Sequencing Inc. (Davis, CA) and Molecular
Cloning Laboratory (South San Francisco, CA).

In silico cloning of putative MuERVs, open reading
frame (ORF) analysis, and identification of flanking
genes

Putative MuERYV sequences were identified by probing the
NCBI (National Center for Biotechnology Information)
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mouse genome database using U3 clones as probes (greater
than 98% homology between U3 probe and database) with
the “BLAST the mouse genome” program. The parame-
ters for identifying viral sequences of interest included
a 5-9 kb size flanked by LTRs containing the U3 probe
sequences. Subsequently, the ORFs of each putative Mu-
ERYV were analyzed using the Vector NTI program (Invit-
rogen, Carlsbad, CA). The translation products were then
compared to the following MuLV references retrieved
from NCBI (M17327, AY219567.2, and AF033811) using
the Vector NTI program (Invitrogen). Host genes located
within 200 kb of the putative MuERV loci were surveyed
as flanking genes in this study.

Multiple alignment and phylogenetic tree construction

The Lasergene (DNASTAR, Madison, WI) and Vector NTI
(Invitrogen) programs were used to perform multiple
alignment and phylogenetic analyses of the MuERV U3
clones. A phylogenetic tree was obtained using the
neighbor-joining protocol within the MEGA4 program
[22, 23].

Tropism analysis

The putative tropism of each unique U3 clone was deter-
mined by comparison to the reference sequence features
(direct repeat and unique region) first reported by Tomo-
naga et al. [21, 24]. A total of four direct repeats (1/1%,
4/4%*, 5/5%, and 6/6*) and a single unique region [2] were
utilized for the tropism analysis.

Profiling transcription regulatory elements in U3 clones

The Matlnspector program (Genomatix, Munich, Ger-
many) was used to determine the presence of transcription
regulatory elements within each unique U3 clone with a
core similarity of greater than 90%, and the matrix simi-
larity was optimized to minimize false positives.

Integration age, recombination event, and primer
binding site (PBS)

The integration age was calculated based on a formula of
“0.13% mutation rate between two flanking LTRs per one
MYr” [25]. To examine the genomic rearrangement
between MuERVs, a short stretch of sequences (~4 bp)
flanking each MuERV was surveyed for a direct repeat,
which is formed during the initial proviral integration. A
segment of 18 bp, located immediately downstream of the
5" U5 region, was examined to determine PBSs for the
putative MuERVs. The conserved PBS sequences for

RN APlne® gnd (RNASHEmine(Q) were ysed as references
[26, 27].

Results and discussion

Unique MuERYV expression profile in the brain
compared to the other tissues

The MuERYV expression profile of the brain was examined
by RT-PCR amplification of the 3’ U3 regions and it was
compared to several non-nervous tissues (heart, muscle,
adrenal gland, and salivary gland) (Fig. 1). It revealed that
two major U3 regions (labeled as “a” and “b”) were
amplified in the brain and the intensity of the b-U3 region
was evidently stronger than the a-U3 regions. In addition,
the MuERYV expression profile of the brain was substan-
tially different from the other tissues examined as well as
the genomic MuERYV profile. A total of 48 MuERV U3
sequences were initially cloned from all five tissues and
subsequent multiple alignment analyses identified 16
unique U3 clones spanning seven different sizes (Fig. 2A).
There is at least a one nucleotide mismatch between the
unique sequences. Two unique U3 clones were isolated
from the brain, BR-a-3 (542 bp) and BR-b-1 (346 bp),
corresponding to a-U3 and b-U3 regions, respectively. It
needs to be noted that the U3 regions in the PCR products
(Fig. 1) include flanking sequences ~ 121 bp upstream and

750 bp

500 bp

ERV-U2

5 LTR - J'LTR

<=
ERV-U1

Fig. 1 RT-PCR analysis of the MuERV expression profile in the
brain. Brain and four non-nervous tissues (heart, muscle, adrenal
gland, and salivary gland) from C57BL/6J mice were analyzed for
MuERV expression by RT-PCR using a primer set (ERV-U1l and
ERV-U2) capable of amplifying the 3’ U3 regions. The brain had a
unique MuERYV expression profile compared to the others. The three
different U3 regions analyzed, are indicated (a, b, and c). The
MuERV U3 profile of the C57BL/6J genomic DNA serves as a
reference. A schematic diagram depicting locations of ERV-U1 and
ERV-U2 primers is presented
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1 1*
AATGAAAGACCCCACCATEAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAAAAGTACCAGAGCTGAGTTCTCAAAAGTTACAAGAAAGT TR AGTTARAGATTGA - -GCTGAATAAACTGGE
AATGARAGACCCCACCATMAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAARAGTACCAGAGCTGAGTTCTCARAAGTTACAAGAAAGTTICAGTTARAGATT. (ACTGGG.
JAATGAAAGACCCCACCATSAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAARAGTACCAGAGCTGAGTTCTCAAAAGTTACAAGAAAGTTICAGTTARAGATT. (ACTGGG.
AATGARAGACCCCACCAT@AGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAARAGTACCAGAGCTGAGTTCTCARAAGTTACAAGAAAGTTICAGTTAAAGATT. ACTGGG.
JAATGARAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAARAGTACCAGAGCTGEGTTCTCAAAAGTTACAAGEAAGTTICAGTTARAGATT. lcacTeee
JAATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAAAAGTACCAGAGCTGEGTTCTCAAAAGTTACAAGEAAGTTICAGT TANAGATT. CACTGGG.
AG-a-4 (600) AATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAARAGTACCAGAGCTGEGTTCTCARAAGTTACAAGEAAGTTICAGT TAWAGATT, lcacTeGe
SG-a-1 (600) PATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAAAAGTACCAGAGCTGEGTTCTCAARAGT TACAAGEAAGTTICAGT TANAGATT. GCTGAATAECACTGGG,

1190 bp insertion

BR-a-3 (542) [ACAGGGGCCAA ATATCGGTGGTCAAG

ATATCGGTGGTCAAG
ATATCGGTGGTCAAQH
ATATCGGTGGTCAAG
ATATCGGTGGTCAAQ

CACCTGGGCCCCGGCTCAGGGCCAAGAACAGATG
AG-a-4 (600)
SG-a-1 (600)

JACAGGGGCC {CACCTGGGCCCCGGCTCAGGGCCAAGAACAGATG

ICACCTGGGCCCCGGCTCAGGGCCAAGAACAGATGGCTCT

HE-a-1 (556) [ACAGGGGCCAA ATATCGGTGGTCAAGCACCTGGGCCCCGGCTCAGGGCCAAGAACAGATGGCTCT]
MU-a-1 (556) [ACAGGGGCCAA ATATCGGTGGTCAAGCACCTGGGCCCCGGCTCAGGGCCAAGAACAGATGGCTCT
AG-a-1 (556) [ACAGGGGCC. ATATCGGTGGT GCACCTGGGCCCCGGCTCAGGGCCAAGAACAGATGGCTCTY

ICACCTGGGCCCCGGCTCAGGGCCAAGAACAGATGG

el

ICACCTGGGCCCCGGCTCAGGGCCAAGAACAGATGG

CGTCAGTGTTAGCAGAACTAGCTTCACTGATTTAGAA
CGTCAGTGTTAGCAGAACTAGCTTCACTGATTTAGAA
CGTCAGTGTTAGCAGAACTAGCTTCACTGATTTAGAA
CGTCAGTGTTAGCAGAACTAGCTTCACTGATTTAGAA
CGTCAGTGTTAGCAGAACTAGCTTCACTGATTTAGAA
CGTCAGTGTTAGCAGAACTAGCTTCACTGATTTAGAA
CGTCAGTGTTAGCAGAACTAGCTTCACTGATTTAGAA

G

CGTCAGTGTTAGCAGAACTAGCTTCACTGATTTAGAA
190 bp insertion-

BR-a-3 (542) TTCTGACCA

Top (a)

A AATAGAGGTGCACAGTGCTCTGGCCACTCCTTGAACCTGTGTGT CTGCCAATE

CCCATTGTTGAACCTTCATTAGAC! TACCCCTCCCACACCCATTTCTTGAAAATAGACATTGTTTAGA!

JAAATAGAGGTGCACAGTGCTCTGGCCACTCCTTAAACCTGTGTGTCTGCCAATGTTCTGACC.

CCATTGTTGAACCTTCATTAGACH TACCCCTCCCATACCCATTTCTTGARAATAGACATTGTTTAGA.

JAAATAGAGGTGCACAGTGCTCTGGCCACTCCTTAAACCTGTGTGTCTGCCAATGTTCTGACC,

CCATTGTTGAACCTTCATTAGAC TACCCCTCCCATACCCATTTCTTGAAAATAGACATTGTTTAGA,

JAAATAGAGGTGCACAGTGCTCTGGCCACTCCTTEGAACCTGTGTGTCTGCCAATGTTCTGACCA

T

|AAATAGAGGTGCACAGTGCTCTGGHCACTCCTTGAACCTGTGTGTCTGCCAATGTTCTGACCAG,

TATGT

HE-a-3 (600)
AG-a-2 (600)
AG-a-4 (600)
SG-a-1 (600)

JAAATAGAGGTGCACAGTGCTCTGGWCACTCCTTGAACCTGTGTGTCTGCCAAC
JAAATAGAGGTGCACAGTGCTCTGGECACTCCTTGAACCTGTGTGTCTGCCAA]
|AAATAGAGGTGCACAGTGCTCTGGHCACTCCTTGAACCTGTGTGTCTGCCAA!

TTCTGACCAGATATGTGCCCATTGCTGAACCTTCATTAGACTCT,

TTCTGACCAGATATGTGCCCATTGCTGAACCTTCATTAGACTCT
TTCTGACCAGATATGTGCCCATTGCTGAACCTTCATTAGACTCT)

CCATTG]
'GCCCATTG!

TGAACCTTCATTAGAC!
TGAACCTTCATTAGACH

CTETCCTCGTACCCCTCCCATACCCATTTCTTGAAAATAGACATTGTTTAGA]
CTCTCCTEGTACCCCTCCCATACCCATTTCTTGAAAATAGACATTGTTTAGA]
CCTTGTACCCCTCCCCPACCCATTTCTTGAARATAGACATTGTTTAGAT!
CCTTGTACCCCTCCCCTACCCATTTCTTGAAAATAGACATTGTTTAGAT!
CCTTGTACCCCTCCCCEACCCATTTCTTGAAAATAGACATTGTTTAGAT!
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[TCAGTT
[TCAGTT]
[TCAGTT]
[TCAGTT
[TCAGTT
[TCAGTT
[TCAGTT]
[TCAGTT]
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TACCCCAA
TACCCC.
TACCCCAA

BR-a-3 (542) [TAAARAGTCCCAC(
[TAAAAAGTCCCACC
[TAAARAGTCCCAC(
[TAAARAGTCCCAC
[TAAARAGTCCCAC
[TAAAAAGTCCCAC
[TAAAAAGTCCCAC(
[TAAARAGTCCCAC

ITCCCCAAATGACCG
[TCCCCAAATGACC!
[FCCCCAAATGACC!
[FCCCCAAATGACCG,

CTTATTCGAACTAACC
TACCCCAAGCCTTATTCGAACTAACC
[FCCCCAAATGACCG, TACCCCAAGCCTTATTCGAACTAACC
[FCCCCAAATGACCGGGAAGTACCCCAAACCTTATTCGAACTAACC,
[[CCCCAAATGACCGGGAAGTACCCCARACCTTATTCGAACTAACC
[FCCCCAAATGACCGGGAAGTACCCCAARACCTTATTCGAACTAACC

B

A

AG-a-4 (600)
SG-a-1 (600)

CTTATTCGAACTAACCHACCAGCTCGCTTCTCGCTTCTGTAACCGCGCTTTTTGCT]
CTTATTCGAACTAACCTACCAGCTCGCTTCTCGCTTCTGT
ACCAGCTCGCTTCTCGCTTCTGTAACCGCGCTTTTTGCTC
ACCAGCTCGCTTCTCGCTTCTGTAACCGCGCTTTTTGCTC
ACCAGCTCGCTTCTCGCTTCTGTAACCGCGCTTTTTGCTC
ACCAGCTCGCTTCTCGCTTCTGTAACCGCGCTTTTTGCT]

ACCA

ACCAGCTCGCTTCTCGCTTCTGTAACCGCGCTTTTTGCTC

6’ TATA box
acckcfrat.
ackclraT.
AGC] [TATAARA
ICCCAGCCCEAGCICITATAA
CCCAGCCCEAGCLCTATAA
(CCCAGCCCTAGCLCITAT.
ccaceecTacelarat.
ICCCAGCICCTAGCICITATARA

ofel
kol
kl
kcl
kl
ofel
ofel
kl

TA
TA,
TA
TA,
TA,
TA

JAAACTCCACACTCGGC
\AAACTCCACACTCGGC
\ARACTCCACACTCGGC
\ARACTCCACACTCGGC
\ARACTCCACACTCGGC
CAAACTCCACACTCGGC

6
cccaced
Goec
lcccaceec

CCGCGCTTTTTGCTCC

GCTCGCTTCTCGCTTCTGTAACCGCGCTTTTTGCT(

TA CTCCACACTCGGC
TAAARACTCCACACTCGGC

MU-c-1 (392)

|AATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAAAAGTACCAGAGCTGAG!
JAATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAARAGTACCAGAGCTGAG
JAATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAAAAGTACCAGAGCTGAG
JAATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAARAGTACCAGAGCTGAG

T
T
T

CTCARAAG!
CTCAAAAG
CTCARAAG!

'TCTCAAAAGCTACAAGGARGT'
CTACAAGGATGTT|

TACAAGG,
'TACAAGG.

[5GCTGAATAATACT
JGGCTGAATAATACT,

[GGCTGAATAATACTGA
[GGCTGAATAATACTGA

AG-c-3 (392)
HE-

HE-c-2 (433)
HE-c-5 (433)

BR-b-1 (346) CCTGGGCCCCGGCTCAAGGCCAAGAAC)

1 (346)

JAATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAAAAGTACCAGAGCTGAGCTCTCAAAAG
JAATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAARAGTACCAGAGCTGAGCTCTCAAAAG
AATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAAAAGTACCAGAGCTGAGIg
JPATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCARGGCATGARARAGTACCAGAGCTGAG

A
MU-c-1 (392)

AG-c-3 (392)

Bottom (b/c)

ss— BR-a-3
37— HE-a-1
21 AG-a-1
MU-a-1
HE-a-3
AG-a-4
5 | AG-a-2
40! SG-a-1

100

r

96

0.01

Fig. 2 (A) Comparison analysis of MuERV U3 clones. A multiple
alignment analysis was performed using 16 unique U3 clones isolated
from the brain and four other tissues. Gray shades indicate different
levels of sequence homology and dashes represent the absence of
sequences. The direct repeats (1/1%, 4/4*, 5/5%, and 6/6*), unique
region (2), and TATA box are indicated in solid boxes. An insertion

downstream of the exact U3 sequence. The flanking
sequences were trimmed off before the alignment analysis.
The U3 clones derived from the a-U3 regions were highly
homologous to each other except for a deletion in the
middle of four U3 clones, while the U3 clones from the
b-U3 and c-U3 (b/c-U3) regions were relatively divergent.
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'TACAAGG,
'TACAAGG.
'TACAAGG,
TACAAGG.

[3GCTGAATAATACT
[GGCTGAATAATACT.
[3GCTGAATAATACT,
[GGCTGAATARTACT,

CTCARAAG!
CTCARAAG!

4+

TATA box
fraTa TARGAACECCACACTCGGC
ITATA TAAGAACTCCACACTCGGC
GCTTCTCGCTTCTGTACCC) [TATAAARGGGTAGEAACICCACACTCGGE
GCTTCTCGCTTCTGTACCC! [TATA TAGGAACTCCACACTCGGC
GCTTCTCGCTTCTGTACCC) TAT. TARGAACTCCACACTCGGC
GCTTCTCGCTTCTGTACCC! [TATA TAAGAACTCCACACTCGGC
GCTTCTCGCTTCTGTACCC) TAT. TAAAAACCCCACACTCGGC
CTEGCTTCTCGCTTCTGTACCCECGCTTTTTGCHOCCCAGH: [TATAAA TAAAAACCCCACACTCGGC

of ~ 190 bp is in a dotted box. (B) Phylogenetic analysis of MuERV
U3 clones. A phylogenetic tree of 16 unique MuERV U3 clones was
established. The values at the branch nodes represent the percentage
confidence of a specific branching. The U3 clones derived from the
brain (BR-a-3 and BR-b-1) are highlighted in gray

In addition, the TATA box was well conserved in all U3
clones examined. The results from the tropism analysis
revealed eight xenotropic and eight polytropic traits
(Table 1). Interestingly, all U3 clones isolated from a-U3
regions except for the one from the brain (BR-a-3 clone
[542 bp]) had a direct repeat “l1/1*.” Furthermore,
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Table 1 Summary of tropism traits of 16 unique MuERV U3 clones

Source U3 clones Direct repeat/Unique sequence Tropism

1/1* 2 4/4%* 5/5% 6/6%*

a BR-a-3 XI XI1II, PI PI PI, PII, PIII XII, X111, X1V, PI, PII, PIII P-1
HE-a-1 PI XI1II, PI PI PI, PII, PIII XII, X111, X1V, PI, PII, PIII P-1
MU-a-1 PI XI1II, PI PI PI, PII, PIII XII, XIII, XTIV, PI, PII, PIII P-1
AG-a-1 PI X1, XII, XIV, PI PI PI, PII, PIII XII, XIII, XTIV, PI, PII, PIII P-1
HE-a-3 PIL, PIII XI, XII, XIV, PII PIL PI, PII, PIII XII, XIII, XIV, PL, PII, PIII P-1I
AG-a-2 PII, PIII XI, XII, XIV, PII PII PI, PII, PIII XI, PII P-1I
AG-a-4 PII, PIII XI, XII, XIV, PII PII PI, PII, PIII XI, PII P-1I
SG-a-1 PII, PIII XI, XII, XIV, PII PII PI, PII, PIII XI, PII P-1I

b and ¢ BR-b-1 XII, X111 XI, XII, XIV, PII XII, X1V XI, XII, XIII, XIV, PI, PII, PIII X-I
AG-b-1 XII, XTI X1, XII, XIV, PII XII, XIV X1, XII, XIII, XTIV, PI, PII, PIII X-1I
MU-c-1 X1, XII, XIV, PII XI XII, X1, XIV XI, PI, PII, PIII X-1
AG-c-3 XI, XII, XIV, PII XI XII, X1, X1V X1, PI, PII, PIII X-1
HE-c-3 XIII XI, XII, XIV, PII XI, XII XII, X1II, XIV X1, XII, XIV, PI, PII, PIII X-1I
SG-c-1 XIIT XI, XII, XIV, PII XI, XII XII, X111, XIV XI, XII, XIV, PI, PII, PIII X-II
HE-c-2 XII, X111 X111, PI XII, X1V XII, XTII, XIV XI, XII, XIII X-II
HE-c-5 XII, XIII XIII, PI XII, XIV XII, XIII, XIV X1, XII, XIIT X-1I

Dot indicates an absence of homology to the reference. Underscore represents the reference type closest to the U3 clone examined. * Direct
repeat region. The tropism for each U3 sequence was determined by the profile of direct repeats and the unique sequence. X (xenotropic MLV

[murine leukemia virus]-related provirus), Poly (polytropic MLV-related provirus), I-IV (different groups)

phylogenetic analysis revealed that both U3 clones isolated
from the brain (BR-a-3 and BR-b-1) were placed on dis-
tinct branches (Fig. 2B).

These findings suggest that although there are numerous
copies of MuERVs on the genome, only a certain group of
MuERVs are constitutively expressed in the brain. It will
be of interest to identify specific cell types in the brain
responsible for this unique MuERV expression profile.
Furthermore, it is likely that certain stress signals, such as
proinflammatory cytokines and glucocorticoids, may alter
the MuERYV expression profile in the brain in a cell type-
specific manner. In fact, recent reports demonstrated that
the HERV-W encoded envelope protein, called syncytin,
participates in the autoimmune processes of multiple
sclerosis in the brain through its proinflammatory proper-
ties [11].

Identification and characterization of two putative
MuERVs presumed to be constitutively expressed
in the brain

In this study, putative MuERVs whose sequences match to
the two U3 clones (BR-a-3 and BR-b-1) derived from the
brain were mapped on the C57BL/6J genome and their
biological properties were characterized. Using the U3
clones (BR-a-3 and BR-b-1) as probes, the two putative
MuERVs presumed to be constitutively expressed in the
brain, were mapped to chromosome 10 (BR-a-3) and

chromosomes 4 and 8 (BR-b-1) (Fig. 3). The putative
MuERYV derived from the BR-a-3 U3 clone was 8,027 bp
in size and had four bp direct repeats (GTAC) at the
integration junction suggesting no sign of genome rear-
rangement. Based on the mutation rate (0%) between its
two flanking LTRs, the integration age of this putative
MuERYV is estimated to be <1 Myr. In addition, it had an
intact gag ORF as well as truncated forms of pol and env
ORFs due to a premature stop codon and the absence of 51
amino acids on the N-terminus, respectively. Furthermore,
a survey of host genes flanking within 200 kb upstream and
downstream of the genomic locus of this putative MuERV
identified three genes (Scml4 [sex comb on midleg-like 4],
Sobp [sine oculis-binding homolog], and Pdss2 [prenyl
diphosphate synthase subunit-2]) (Fig. 3A). Interestingly, it
has been reported that these genes are somewhat highly
expressed in the brain suggesting that the transcriptional
activities of the BR-a-3-derived MuERV and its neigh-
boring genes might be closely linked [28-30]. The second
putative MuERV was isolated using the BR-b-1 U3 clone
and was 5,668 bp long with four bp direct repeats (ATAT)
at the integration site. There was no mutation between its
two flanking LTRs suggesting an estimated integration age
of <1 Myr. Due to substantial deletions throughout the
genome (primarily in the pol and env genes), this putative
MuERV was not capable of encoding any of the three
essential polypeptides (gag, pol, and env) (Fig. 3B). There
was one putative gene (LOC100040466) within the survey
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Fig. 3 Mapping of putative
MuERVs associated with brain

42850839

42842813

and their biological properties.
Two putative MuERVs isolated
using the U3 clones (BR-a-3 (A)
and BR-b-1 (B)) from the brain
as probes were mapped to
relevant chromosomes.
Numbers on both LTRs indicate

chromosomal location and four

bp direct repeats are marked at

each proviral integration site.

Coding potentials of the B
putative MuERYV derived from

the BR-a-3 clone are indicated

with the total number of amino AR
acids within a parenthesis. Host T~ 18043500
genes flanking (200 kb I

100 kb

PBS (Q)
upstream and downstream) each AT:;}EE
putative MuERYV locus were /
mapped. PBS (primer binding
site), Q (tRNAEMamine)

100 kb

region (200 kb upstream and downstream) of the proviral
locus on chromosome 8 and it is presumed to encode
a protein similar to cyclic nucleotide gated channel f1.
No flanking gene was identified from the chromosome 4
proviral locus. The two putative MuERVs derived from
BR-a-3 and BR-b-1 shared the same tRNA®"*""<(Q pBg
sequence.

The findings that both putative MuERVs isolated using
the brain-derived U3 clones did not retain intact coding
potentials for the polypeptides necessary for virus assembly
suggest that they may need a helper virus for their repli-
cation, if any. The putative MuERYV derived from the BR-
a-3 U3 clone had an intact gag ORF and an env ORF
retaining a partial SU (surface) domain and complete TM
(transmembrane) domain. The gag protein of the MAIDS
virus, particularly p12, has been known to participate in
immune disorders within infected mice [31, 32]. Alignment
of the gag sequence of the putative MuERYV derived from
the BR-a-3 U3 probe with the MAIDS virus (GenBank
accession number: AY140895) demonstrated 92.6%
sequence homology within the entire gag polypeptide and
94% within the p12 protein (data not shown). In addition,
the truncated form of the env protein retains an intact TM
domain that may participate in a network of signaling
pathways associated with pathophysiologic processes in the
brain and probably in other tissues. Furthermore, it has
been well documented that certain transcription control
elements, such as enhancers and negative regulatory ele-
ments on retroviral LTRs are often capable of modulating
the expression of neighboring host genes. Thus, it will be
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interesting to investigate whether the LTRs of these puta-
tive MuERV isolates influence the expression of
neighboring genes in the brain.

Constitutive expression of subgenomic MuERV
transcripts in the brain

In the next experiment, we examined whether the full-
length as well as subgenomic MuERYV transcripts, such as a
spliced env transcript, are detectable in the brain. RT-PCR
using a set of primers capable of amplifying full-length and
subgenomic transcripts revealed a distinct band of ~5 kb,
a faint doublet of ~2.7 and ~2.9 kb, and a ~1 kb band.
The expression pattern of the brain was markedly different
from the adrenal gland and salivary gland (Fig. 4). The
~5 kb transcript may be transcribed from the BR-b-1
U3-derived putative MuERV (5,668 bp); however, there
was no detectable transcript of ~7.5 kb, which may rep-
resent the BR-a-3 U3-derived MuERV (8,027 bp). To
confirm the presence of the full-length transcript of the
BR-a-3 U3-derived MuERYV, we examined the expression of
apolregion spanning a unique genomic deletion of 926 bpin
this provirus using another set of primers. An RT-PCR
product of the expected size was amplified from the brain and
sequencing analysis confirmed a match to the BR-a-3 U3-
derived MuERY sequence (data not shown). Primarily based
on the size of the doublets (~2.7 and ~2.9 kb) and primer
locations, it is likely that they were amplified from spliced
env transcripts present in the RNA pool of the brain [5]. In
addition, the proviral structure and locations of the envelope
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Fig. 4 Identification of subgenomic MuERYV transcripts in the brain.
(A) A schematic drawing depicts locations of primers (MV1K and
MV2D) used to amplify full-length/subgenomic transcripts of
MuERVs. (B) The brain and two non-nervous tissues (adrenal gland
and salivary gland) were examined for the expression of MuERV full-

splicing signals within the BR-b-1 U3-derived MuERV
suggest that its amplified envelope transcript is expected to
be 926 bp. It is highly likely that the distinct ~1 kb PCR
product is the envelope transcript of the BR-b-1 U3-derived
MuERV. Sequencing and alignment analyses of the ~5 kb
transcript band revealed that this transcript (5,064 bp) had a
high level of sequence homology (greater than 99% identity)
with a previously reported transcript (MuLV(LI-12),
AY140896) whose expression was induced in the liver after
burn injury [20]. Moreover, these findings suggested that the
5,064 bp transcript was presumed to be a non-spliced tran-
script of the putative MuERYV of 5,668 bp.

length/subgenomic transcripts. A ~5 kb band and several others,
including a doublet of ~2.7 and ~2.9 kb sizes, and ~ 1 kb band,
were present in the brain. (C) The genomic structure of the ~5 kb
transcript was identified and is presented in comparison to a full-
length reference MuLV (JO2255)

It was of interest to note that the same transcript, which
was induced in the liver after burn injury, was constitu-
tively expressed at a substantial level in the brain
implicating potential pathophysiologic roles of this BR-
b-1-derived putative MuERV.

Transcription potentials of U3 promoters of putative
MuERVs constitutively expressed in the brain

To examine the transcription potentials of the putative
MuERVs isolated using the BR-a-3 and BR-b-1 U3 clones
as probes, profiles of transcription regulatory elements on

Table 2 Profile of transcription regulatory elements in 16 unique MuERV U3 promoters isolated from brain and four non-nervous tissues

onist modulator (DREM)

ion regulatory elements

U3 sources
or-2 (FOXF2)

Transcrij

binding site

eptor subfamily 2

Zebrafish PAX2 paired domain protein

Muscle TATA box
‘Winged helix protein

— = = =[myT1-

:
g
1
1
1
1
1

— == = [T

b/c | AG-c3

— — oo — — |- = = = oo o E2E

- — — — = = = =|- = = = = — — —[Miember of the RSRF protein family’
o150 = = = =} ~ — — — — — _|NMP4 (nuctear matrix protein 4)

- — = — = = = |- = = = = = = ~|5"Nyb, AMV v-myb

— — — — — — — |- = = = = — — —|inand Yang I repressor sites

— — — — — — — [ v o = — — — —|Zinc finger transcription factor RU4Y
Zinc finger ranscription factor

oo =lo e = = — —|MyTI

A reference database was used to determine the profiles of transcription regulatory elements on the U3 promoters. The number in the box
indicates the presence and frequency of a transcriptional regulatory element in each U3 promoter examined, and the gray box indicates no
occurrence of the specific element. Nine transcription regulatory elements, which were shared by all U3s examined, are highlighted in gray
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these U3 promoters were determined and compared to the
14 other unique U3 clones isolated from four different
tissues (Table 2). Nine elements (CCAAT/enhancer bind-
ing protein, TATA box, E2F, member of RSRF protein
family, nuclear matrix protein 4, PAX6 paired domain,
v-Myb, Yin and Yang 1 repressor site, and zinc finger
transcription factor RU49) were present in all 16 U3 pro-
moter sequences. None of the a-U3 derived U3 promoters
had a transcription regulatory element profile that matched
any of the profiles from the b/c-U3 derived U3 promoters.
In addition, there were no transcription regulatory elements
which are present only in the brain-derived BR-a-3 and
BR-b-1 U3 promoters.

Further investigation into the roles of these elements in
MuERV expression will aid in understanding how the
transcription environment within the brain controls the
constitutive and differential expression of MuERVs. In
addition to these regulatory elements, there are two main
factors contributing to the distinct MuERV expression
profile of the brain. First, a pool of transcription factors and
associated machinery (e.g., splicing) in the brain generally
control the expression of individual MuERVs. Second,
epigenetic genomic configuration (e.g., DNA methylation,
histone acetylation) within the brain may limit or enhance
the expression of MuERVs at certain chromosomal loci
[33, 34].
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