Arch Virol (2015) 160:2161-2168
DOI 10.1007/s00705-015-2486-z

CrossMark

@

ORIGINAL ARTICLE

Identification and expression analysis of human endogenous
retrovirus Y (HERV-Y) in various human tissues

Jeong-An Gim'? - Kyudong Han® - Heui-Soo Kim'?

Received: 17 December 2014/ Accepted: 7 June 2015/ Published online: 20 June 2015

© Springer-Verlag Wien 2015

Abstract Human endogenous retroviruses (HERVs)
account for approximately 8 % of the human genome. To
date, several HERV families have been identified in the
human genome, with some being valid biomarkers for
specific disease states. In this study, we have identified
three HERV-Y elements in the human genome and char-
acterized their structure and expression in various human
tissues. New HERV-Y elements (HERV-Y101, HERV-
Y102, and HERV-Y103) were detected on human chro-
mosomes 8 and 13. In a pol-based phylogenetic tree,
HERV-Y elements were closely grouped with HERV-I, -T,
-E, and -R. The HERV-Y pol gene was expressed ubiq-
uitously in all examined tissues, and it was dominantly
expressed in the pons among the 12 different brain regions
investigated. These results will allow future studies to
elucidate the potential functional roles of HERVs in the
brain and other tissues.
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Introduction

As a vestige of ancient retroviruses, human endogenous
retroviruses (HERVs) have been inserted into human
genome and account for ~8 % of the whole genome.
HERVs have been scattered amongst all chromosomes
through germ line infection of ancient exogenous retro-
viruses and have various functional roles. Some of these
roles are specific to disease states, and thus, HERV-derived
transcripts can sometimes be used as biomarkers [1, 2].
HERVs are classified based on their primer-binding site
(PBS), which binds host tRNA and is involved in replica-
tion in the host. To date, many families of HERVs have
been identified, and their roles identified [3].

A full-length HERV sequence consists of two long ter-
minal repeats (LTRs), the PBS, and four viral genes (gag,
prt, pol, and env). The gag gene codes for structural pro-
teins, the prt gene codes for a protease, the pol gene codes
for viral enzymes, and the env gene codes for the surface
envelope proteins [4, 5]. HERV elements can influence the
host cell in two ways: (1) through the expression of HERV-
derived viral genes [6, 7] and (2) through the modulation of
HERV LTRs as transcriptional regulatory signals [8].
During evolution, most HERV families have been trun-
cated or undergone insertions, deletions, and substitutions
[3]. However, some HERV families have conserved their
structure in the host genome and express their viral genes.
Therefore, it is important to classify HERV families based
on their PBS, identify full-length HERV LTRs and viral
genes, and confirm the expression of HERV genes in host
cells.

Full-length HERVs have long open reading frames, and
their transcripts and proteins are expressed in various cell
lines and tissues [7, 9, 10]. Some HERV transcripts or
proteins are more highly expressed in tumors than in
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normal tissues [7, 9] and are more highly expressed in
placenta than other tissues [11, 12]. In addition, several
studies have indicated that HERV LTR sequences can
regulate gene expression by acting as alternative promoters
[13, 14], enhancers [15, 16], silencers [17], hormone-re-
sponsive elements [18], and polyadenylation signals. In this
study, we identified HERV-Y in the human genome, con-
firmed its structure, and assessed its expression in 20
human tissues and 11 human brain regions, including an
Alzheimer’s disease sample.

Materials and methods
RNA samples

Total RNA from normal human tissues were purchased
from Clontech (Mountain View, CA, USA). These samples
contained 500 ng of RNA. A reverse transcription reaction
was performed using reverse transcriptase (RT) at an
annealing temperature of 42 °C for 90 min with an RNase
inhibitor (Promega, Madison, WI, USA) as described [9].

In silico analysis and primer design

The RetroTector program was used to identify HERVs
located at a specific locus within the human genome
(GRCh37/hg19). Each LTR sequence was aligned using
ClustalW in the MEGAG6 program [19]. To avoid redundant
amplified sequences, in silico PCR was performed with the
UCSC in silico PCR program using pol regions as primer
sequences for HERV-Y (Table S1). Primer sequences that
make multiple products in the human genome were
excluded from the study. In order to differentiate the three
loci by RT-PCR and real-time RT-PCR, we selected
specific regions of three HERV-Y elements for each pri-
mer-binding site (Figure S1).

Phylogenetic analysis

Neighbor-joining trees were generated using the MEGA6
program [19] with 100 bootstrap replicates. The percentage
of bootstrap replicates supporting the branch is indicated at
each node. Sequences for HERV-I on chromosome 7
(AC007276), HERV-T on chromosome 19 (AC078899),
HERV-E on chromosome 19 (AC010329), HERV-F on
chromosome 11 (AC123788), HERV-W on chromosome 7
(AC007566), HERV-H on chromosome 2 (AC020550),
HERV-FRD on chromosome 6 (AL136139), HERV-S on
chromosome X (AC233296), HERV-L on chromosome 16
(AC003003), and HERV-M on chromosome 7 (AC004614)
were retrieved from GenBank. HERV-R on chromosome 7,
known as ERV3-1, was obtained from the UCSC genome
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browser. HERV-K on chromosome 6 was represented by
the human-specific HERV-K109 sequences described pre-
viously [20]. The RetroTector program was used to predict
the HERV structure from these sequences. The pol-RT
region was identified by a BLASTx search [21].

Quantitative real-time RT-PCR

The products of the HERV-Y viral transcript were detected
by quantitative real-time RT-PCR using the primers indi-
cated in Table S1, and experiments were performed on a
Rotor Gene Q (QIAGEN, Hilden, Germany) with a
QuantiTect SYBR Green PCR Kit (QIAGEN). In each
reaction, the melting curve of amplified samples was a
single peak, which indicated one specific PCR product. No
template control was amplified, and primer dimers were not
detected. For normalization, the ACTB gene was amplified
from human B-actin (NP_001092.1). Real-time RT-PCR
amplification of HERV-Y elements and the ACTB gene
were conducted for 45 cycles of 95 °C for 10 s, 58 °C for
15 s, and 72 °C for 15 s. Then, melting curve analysis was
performed for 30 s at 55-99 °C. Each primer set yielded a
single, sharp peak, indicating amplification of a single
product [9]. All samples were amplified in triplicate to
ensure reproducibility.

Results
Structure analysis of three HERV-Y elements

RetroTector was used to screen the human genome for
HERVs, and full-length HERVs with the primer-binding
site (PBS) for tRNA-Tyr were selected (Figure 1). This
PBS is homologous to that of equine endogenous retrovirus
(EqERYV), which uses tRNA-Tyr for complementary DNA
synthesis [22]. The PBS sequence to which the tRNA-Tyr
binds had not been described previously in the human
genome, and we therefore temporarily named this new
HERYV family HERV-Y.

We identified the loci and structure of three full-length
HERV-Y elements (Figure 2), and each PBS region loca-
ted between the 5'-LTR and gag gene was revealed to have
a high-degree of homology to the tRNA-Tyr. The PBS
follows the 5" LTR, with each PBS matching at least 15 of
the 18 nucleotides at the 3’ end of the human tyrosine
tRNA. Each HERV-Y element was ordered according to
the chromosome number and location, and the full-length
HERV-Y family is located on chromosome 8 and chro-
mosome 13 (Table 1). All three HERV-Y elements have a
5" LTR-gag-prt-pol-env-3' LTR structure. We character-
ized the HERV-Y elements according to their size. Full-
length HERV-K elements consist of 8.4-9.6 kb, and the
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Fig. 1 LTR sequences of three () HERV-Y3 5LTR TGTCTAGCTAAAGGTTTGTAAATGCACCAGTCAGCACTCTGTTAARATGGACCAATCAGCACTCTGTAARATGGATCAAT
HERV-Y elements and the HERV-Y3 3LTR TGTCTAGCTAAAGGTTTGTAAATGCACCAATCAGCACTCTGTAAARATGGACCAATCAGCACTCTGTAARATGGACCAAT
reverse complement of PBS HERV-Y3 5LTR CAATGCTCTGTAARATGGAC AATCAGCAGGAGGTGGGCAGGGCCAAAGAAGGGAGTAAAAGCTGGCCACCCGAGCCAGT
sequences. Both the 5’ and 3’ HERV-Y3 3LTR CAGTGTTCCATAAAATGGACCAATCAGCAGGATATGGGTGGGGCCAAACAATGGAATAAAAGCTGGCCACCCARGCCGGC
LTRs were identified, and they HERV-Y3 5LTR AGCGACAACCTGCTCAGGTCCCCTTCCACGCTGTGGAAGCTTTGTTCTTTTGCTCATCACHATAAATETT!

: : - : 'GCTGCTGCTC
were aligned against eac,h fnher' HERV-Y3 3LTR Acmcmcccmmmccccmcmcmmummmmc TTGCTGCTGCTC
The dashes represent missing
residues. The reverse HERV-Y3 5LTR A
complements of PBS sequences HERV-Y3 3LTR A
and tRNA-Tyr sequences were tRNATY T TTGGCgACCACOAAGGGA

aligned. The sites of promoter
or polyadenylation sequences
are boxed

HEEV-Y101 PBS TTGGCaACCACaAAGGGA

(b) HERV-Y4 5LTR TGTGGGTGGGGCCAAAT. CTGGCCACCCGAGCCAGCAGTGGCAACCTGCTTGGGTCCCCTTTCATGCT
HERV-Y4 3LTR TGTGGGCGGGGCCAAAT. GCTGGCCA CCAGCAGGAGCAACCTGCTCAGGTCCCCTTCCATACT
HERV-Y4 5LTR GTGGAAGCTTTGTTCTTTTGCTCTTCA - TTGCTGCTGCTCACTCTTTGGGTCTGCATTACCTTTAAGAGCTG
HERV-Y4 3LTR ATGGAAGCTTTGTTCTTTCGCTCTTCACHATAAA" CTCTTTGGGTCAGCACTACCTTTAAGAGCTC
HERV-Y4 5LTR TAACACTCACTGCAAAGGTCTGTGGCTTCACTCCTGAAGTCA
HERV-Y4 3LTR TAACACTCACTGTGAAGGTCTGTGGCTTCACTCCTGAAGTCA
tRHATyr TTGGCGACCACGAAGGGA
HERV-Y102 PBS TGGCGALCACGAAGGGA

()

HERV-Y7
HERV-Y7

HERV-Y7
HERV-Y7

HERV-Y7

5LTR
3LTR

5LTR
3LTR

5LTR

TGGGTCGGGTGGGGACCTGCAGAACTTTTCTGTCTAGCTAAAGGATTGTAAACACACCCATCAGCACTATGTGTCTAGCT
TGGGTCGGGTGGGGACTTGGAGAACTTTTCTGTCTAGCTAAAGGATTGTAAACACACCAATAAGCACTCTGTGTCTAGCT

AAAGGTTTGTAAACGCACCTATCAGCACTCTGTAAARACGAACCAATCAGCACTCCGTGTCCAGCTAAAGGTTTGTARAC
AAAAGTCTGTAAACACACCAATCAGCACTCTGTAAAAATGCATCAATCAGTGCTCTGTGTCCAGCCAAAGGTTTGTARAT

ACACCAATCAGCACTCTGTAAAAATGCACCAATCAGAGCTCTGTGTCTAGCTAAAGGTTTGTAAATGCACCAATCAGCAC

HERV-Y7 3LTR

HERV-Y7
HERV-Y7

5LTR
3LTR

HERV-Y7
HERV-Y7

5LTR
SLTR

HERV-Y7
HERV-Y7

tRHATYr

5LTR
3LTR

TCTGTAAAAATGGACCAATCAGCAGGACGTGGGCAGGGCCARAT.
AAAATGGACCAATCAGCAGGATGTGGCCGAGGCCAAATAA

CAACCCACTCAGGTCCCCTTCCACACTGTGGAAGCTTTGTTCTTTTGCTCTTCA
CAACCCACTTGGGTCCCCTTCCACGCTGTGGAAGCTTTGTTCTTTCGCTCTTCAS

GCACCAATCAGCACTCTGTAAAAACGCACCAATCGGCACTCTGT

GCTGGCCACCCAAGCCAGCAGCAG
AGCTGGCCACCCGAGCCAGCAGCGG

CTCT
TTCT

TTGGGTCCACACTACCTTTATGAGCTGT - AACACTCACCGCAAGGGTCTGCA
TTGGGTCCTCACTACCTTTATAAGCTGTTAACACTCACCACGAGGGTCTGCA

TTGGCGACCacGAaGGGA

HERV-Y103 PBS TTGGCGACCcaGALGGGA

two LTRs range in size between 0.2 and 0.5 kb (Table 1).
With respect to HERV-Y101, one potential promoter
(ATAAAT) site was identified. The PBS of this element
matches 16 of the 18 bases at the 3’ end of the human
tyrosine tRNA. A putative promoter (ATAAAT) and
polyadenylation site (AATAAA) were detected in the
HERV-Y102 and HERV-Y103 LTR sequences. These
LTR elements could regulate transcription of adjacent
genes [8, 11, 23]. Based on this information, the roles of
HERV-Y LTR sequences and viral genes could be eluci-
dated in further studies.

Phylogenetic analysis of three HERV-Y elements

Using phylogenetic analysis, we compared the relationship
of HERV-Y to other HERV families (Figure 3). The phy-
logenetic tree was constructed by the neighbor-joining
method with HERV family sequences obtained from the
GenBank database. Our three HERV-Y elements grouped
with HERV-I, -T, -E, and —R, consistent with prior reports

[24, 25], and these elements are classified as gam-
maretroviruses [26]. HERV-L and HERV-S are classified
as spumaviruses [4, 26] and are closely related as an out-
group of the group including HERV-Y [3, 27]. HERV-K,
also known as HML, is classified as a betaretrovirus and
comprised an outgroup of the HERV phylogeny [3, 26, 28].
Two families of HERV (HERV-K, HERV-M) were also
independently classified. Our dendrogram illustrates the
phylogenetic relationships between the HERV-Y elements
and other HERV families.

Expression analysis of HERV-Y

To determine the role of HERV-Y, we confirmed the
presence of the pol genes of HERV-Y. In the HERV
genome, the pol gene encodes the RT and integrase (IN),
which are responsible for the synthesis of viral DNA from
viral RNA and the integration that DNA into the host
genome, respectively [29, 30]. The pol gene is therefore
essential for viral activity. HERV-Y101 pol was expressed
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Fig. 2 Structural analysis of full-length HERV-Y located in specific
loci on human chromosomes. The depicted structures were analyzed
using HERV-Y sequences from the human genome hgl9 assembly
with the RetroTector10 program. Those HERVs harbor a 5’ LTR-gag-

prt-pol-env-3' LTR structure. Subdomains detected by RetroTector10
are indicated in three frames in the upper diagrams. Two LTRs, four
viral genes, and the PBS are indicated below each diagram

Table 1 List of novel HERV-Y

families identified and Classification Location Strand Total length (kb) 573" LTR (bp)

characterized in this paper HERV-Y101 chr8:39,733,726-39,742,985 ) 93 2401241
HERV-Y102  chr8:42,415,006-42,423 430 © 8.4 202/196
HERV-Y103  chrl3:111,841,835-111,851,453 (4 9.6 451/510

ubiquitously in all examined tissues, and HERV-Y102 pol
and HERV-Y103 pol were dominantly expressed in the
brain (Figure 4). In the case of the HERV-W element, a
placenta-specific expression pattern has been observed
[12], but HERV-Y elements were dominantly expressed in
the brain. Based on our data, HERV-Y101 pol was ubiq-
uitously expressed in all tissues but dominantly expressed
in cerebellum and whole brain (Figure 4a, left). HERV-
Y102 pol was dominantly expressed in the cerebellum,
fetal brain, and prostate (Figure 4b, left). HERV-Y103 pol
was also ubiquitously expressed, and the highest level of
expression was in the adrenal gland and cerebellum (Fig-
ure 4c, left). HERV-Y pol genes were expressed in various
tissues, suggesting that they can have biological roles in the
host. Given that HERV-Y pol genes were most highly
expressed within the brain, the expression pattern within
the brain was assessed. Eleven different areas of the brain
as well as an Alzheimer’s disease brain sample were ana-
lyzed, and HERV-Y pol genes were expressed at a higher
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level in the pons than in other brain regions (Figure 4,
right).

Discussion

Here, we report the identification and expression analysis
of HERV-Y, a new multicopy family of HERVs in the
human genome. In mammalian genomes, two ERVs pre-
dicted to use tRNA-Tyr were detected by in silico analysis
in cow and horse, as bovine endogenous retrovirus
(BoERYV) and EqERV, respectively [22, 31]. When iden-
tifying retroviral sequences in the host genome, finding the
LTRs is important, as it plays an important role in the
initiation of transcription. A specific tRNA derived from
the host cell binds to the complementary PBS region,
located between the 5 LTR and the gag region. We used
the program RetroTector to identify ERVs that use tRNA-
Tyr, and we then predicted the genomic sequence and
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Fig. 3 Phylogenetic trees based on the pol RT sequences of HERV-Y
and other HERV families. The tree was constructed by the neighbor-
joining method. Bootstrap evaluation of the branching patterns was
performed with 100 replicates. Branch lengths correspond to genetic
distance

structure of these elements in the human genome. Viral
LTR sequences have promoter activity that induces viral
RNA synthesis, and ERVs have promoter activity that can
initiate viral gene expression within the host cell, as well as
expression of adjacent genes [15, 23]. We identified LTR
sequences, performed alignments between 5’ and 3’ LTR
sequences, and then identified promoter and polyadenyla-
tion signals. HERV-K [32], HERV-H [33], and HERV-W
[17] LTR sequences have been confirmed by their pro-
moter activity in an in vitro reporter system, and we expect
to investigate the promoter activity of HERV-Y LTRs in
future studies.

In this study, we identified three HERV-Y elements in
the human genome. HERV-Y101 and HERV-Y102 were
detected in chromosome 8, and HERV-Y 103 was detected
in chromosome 13. These elements have the typical
retroviral structure at the genomic level, and mRNA
expression patterns were found by real-time RT-PCR. The
three HERV-Y elements have well-conserved genomic
elements that are similar in length, and they grouped with
HERV-I, -T, -E, and -R in a phylogeny tree. The phylogeny
indicated that the HERV-Y elements should be classified as
gammaretrovirus-like class I HERVs [4, 26]. Class I
HERVs have similar expression patterns and are specifi-
cally expressed in the brain and reproductive tissues [4].
From this analysis, we reasoned that these three HERV-Y
elements could play roles similar to those of class  HERVs
in the host.

The activity and location of HERVs can be detected by
various in silico techniques. Furthermore, HERV activity

can be measured and characterized by RT or env gene
activity [34-36]. An RT-PCR-based method was first
introduced by Silver et al. [37], and subsequent methods
have used real-time RT-PCR [9, 34] to detect RT or env
gene activity. In this study, we used in silico analysis to
identify HERV-Y elements in the human genome. Then,
we assessed the expression of the pol genes of these ele-
ments and found tissue-specific expression patterns.

Many HERV elements have been identified, and their
roles in the host have been elucidated. Some HERYV ele-
ments may play pathological roles in cancer or other dis-
eases and could be useful as biomarkers. In the case of
class I HERVs, members of the HERV-E family are not
expressed in normal lung and liver tissue but are expressed
in the HepG2 and A549 cell lines [38]. HERV-R is
expressed in placental tissue as well as in some cancer
tissues and cancer cell lines [39]. It is also significantly
expressed in normal human placenta as well as liver and
lung cancer tissues [9]. HERV-F transcripts have been
detected in human leukemia cell lines [40], and they are
dominantly expressed in lung cancer [34]. HERV-H is also
detected in leukemia cells [40], as well as in the plasma of
people with multiple sclerosis [41]. Tissue-specific HERV
expression indicates that HERVs might have a biological
function. As a syncytin gene, HERV-W is preferentially
expressed in the human placenta, where it mediates pla-
cental cytotrophoblast fusion during placental development
[12].

As one of the best-studied HERV elements, HERV-K is
very active within the host genome and is classified as a
betaretrovirus-like class Il HERV. The activity of HERV-K
has been detected in cancer tissues, and it is currently used
as a cancer biomarker [42]. HERV-S is closely related to
ERV-L and is classified as a spuma-like class Il HERV [4,
26, 43]. It is present on the X chromosome [3]. The pol
gene of the HERV-S element is expressed within the brain
and thymus, as well as in some cancer cell lines. The
HERV-S pol gene is well conserved in non-prosimian
primates [27]. HERV-V, one of the recently identified
HERV elements in chromosome 19, possesses simian-
specific elements and has undergone purifying selection
during evolution [44]. Over the past two decades, many
HERV families and elements have been identified and
classified, and their functions have been characterized. The
HERV-Y elements are full-length and expressed in various
human tissues. The expression patterns of the HERV-Y
elements in cancer will need to be studied in the near
future, as well as their role in the brain.

The expression of HERVs is related to brain-related
diseases such as schizophrenia [45, 46], bipolar disorder
[47], and multiple sclerosis [48]. The results of this study
suggest that HERV-Y elements have a tendency to be
highly expressed in the brain. This information motivated
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Fig. 4 Quantitative real-time RT-PCR analysis of HERV-Y pol genes in 20 normal human tissues and 12 human brain regions. Relative
expression levels of each HERV-Y gene was normalized to the expression levels of the human ACTB gene

us to assess the expression of HERV-Y in 12 different brain
regions. HERV-Y elements were highly expressed in the
pons and thalamus (Figure 4, right), which are known to be
crucial nodes of neuronal signals [49]. This expression
pattern is similar to the expression pattern for the HERV-W
element [50]. The pons is a part of the brainstem that
controls the basic vital functions such as heartbeat,
breathing, and blood pressure. Importantly, the pons carries
signals from the cerebrum to the cerebellum and medulla,
and passes sensory signals on to the thalamus [49, 51].
These data suggest that HERV-Y elements have a possible
role in controlling the transmission of sensory signals.

In the human genome, this study is the first to report the
identification of the HERV-Y family. Following identifi-
cation, the locations and genomic structure of these ele-
ments were determined. We confirmed HERV-Y
expression in 20 tissues, 11 brain tissues, and a brain tissue
sample from a patient with Alzheimer’s disease, using real-
time RT-PCR. In summary, we identified new HERV-Y
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(101, 102, and 103) families in chromosomes 8 and 13.
They were ubiquitously expressed and were especially
dominant in the pons. The results presented here provide
insight into the biological functions of HERV-Y in those
tissues.
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