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Abstract Endogenous retroviruses (ERVs) are genomic
elements that are present in a wide range of vertebrates and
have been implicated in a variety of human diseases,
including cancer. However, the characteristic expression
patterns of ERVs, particularly in virus-induced tumours, is
not fully clear. DNA methylation was analysed by bisulfite
pyrosequencing, and gene expression was analysed by RT-
gPCR. In this study, we first found that the endogenous
avian retrovirus ALVE1l was highly expressed in some
chicken tissues (including the heart, bursa, thymus, and
spleen) at 2 days of age, but its expression was markedly
decreased at 35 days of age. In contrast, the CpG methy-
lation level of ALVE] was significantly lower in heart and
bursa at 2 days than at 35 days of age. Moreover, we found
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that the expression of ALVE1 was significantly inhibited in
chicken embryo fibroblast cells (CEFs) and MSB1 cells
infected with avian leukosis virus subgroup J (ALVJ) and
reticuloendotheliosis virus (REV) at the early stages of
infection. In contrast, the expression of the ALVEI env
gene was significantly induced in CEFs and MSBI1 cells
infected with Marek’s disease virus (MDV). However, the
methylation and expression levels of the ALVEI long
terminal repeat (LTR) did not show obvious alterations in
response to viral infection. The present study revealed the
expression patterns of ALVEL in a variety of chicken
organs and tissues and in chicken cells in response to avian
tumour virus infection. These findings may be of signifi-
cance for understanding the role and function of ERVs that
are present in the host genome.
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Introduction

Endogenous retroviruses (ERVs) are genomic elements
that are present in a wide range of vertebrates [15, 44]. The
expression of endogenous retroviral sequences has been
implicated in a variety of human diseases, including cancer
[23] and autoimmune diseases [41]. Moreover, character-
istic patterns of ERV expression are often observed in
various tumours [46], and a cumulative body of evidence
from animal models indicates that ERVs may be involved
in the process of malignant transformation or the promo-
tion of tumour growth [23, 46]. However, the characteristic
expression pattern of ERVs in virus-induced tumours is not
fully clear.

Although many studies on ERVs focus on humans and
model organisms, the study of ERVs in domestic animals,
including chickens, has recently received increasing
attention from scientists in this field [6, 10]. Endogenous
avian retrovirus ALVEs were the first chicken ERVs
identified and are highly homologous to exogenous avian
leukosis viruses (ALVs), one of three avian tumour viruses
[47]. The endogenous retrovirus ALVE could be involved
in host antiviral defence and innate immunity, although the
precise cellular mechanism is unknown. ADOL line 0
chickens have been selected to be free of ALVE genes but
susceptible to exogenous ALVs (i.e., ALVA, ALVB,
ALVC and ALVJ) [2]. As indicated in a previous report,
the expression of the endogenous retrovirus ALVE reduces
the immunity of line 15I5 chickens, which contain
endogenous retrovirus ALVE, to ALVJ infection compared
with that of line O chickens [33]. Therefore, we speculated
that endogenous retrovirus ALVE may be associated with
tolerance to the antigens derived from avian tumour viruses
and with resistance to infection with exogenous virus.

The aims of this study were to elucidate the expression
patterns of endogenous avian retrovirus ALVE]1 in various
cell lines and tissues and to provide insights into ALVEI1
biology. Some ALVEs are actively transcribed from their
inherited chromosomal locations, whereas others (e.g.,
ALVE]1) are silent [3]. ALVEI1 is located on chromosome 1
and is unable to replicate in chicken lines and cell lines. We
first observed the kinetics of ALVEI expression in chicken
tissues and found that ALVE] is highly expressed in some
chicken tissues at 2 days of age but exhibits decreased
expression at 35 days of age. We then focused on the
expression patterns of endogenous retrovirus ALVEL in
response to infection with three different avian tumour
viruses, namely ALV, reticuloendotheliosis virus (REV),
and Marek’s disease virus (MDV). We found that ALVEI
expression is significantly induced by MDYV infection in
chicken embryo fibroblast cells (CEFs) and MSB1 cells
and inhibited or interfered with by retrovirus ALVJ and
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REV at the early stages of infection. These findings reveal
the expression patterns of endogenous retrovirus ALVEIL,
provide insights into the interaction between an endoge-
nous retrovirus and exogenous tumour viruses, and may be
of significance for elucidating the function of endogenous
retroviruses.

Materials and methods
Viruses

Three avian tumour viruses, namely Marek’s disease virus
(MDV), reticuloendotheliosis virus (REV), and avian
leukosis viruses (ALV), were used for infection. The RB1B
strain of highly virulent MDV, the JSO9GY3 strain of
ALV], and the HA1101 strain of REV were obtained from
the Laboratory of Avian Preventive Medicine, Yangzhou
University, China.

Cells

Primary chicken embryo fibroblast cells (CEFs) were pre-
pared from 10-day-old specific-pathogen-free (SPF)
embryos obtained from Merial Vital Laboratory Animal
Technology Co., Ltd. (Beijing, China). The cells were
seeded in six-well plates in Dulbecco’s modified Eagle’s
medium (DMEM; Life Technologies/GIBCO, MD, USA)
with 5 % foetal bovine serum (FBS) and incubated at
37 °C with 5 % CO, and 95 % humidity. The MDV-
transformed lymphoblastoid cell line [I] MSB-1 was
maintained in RPMI 1640 medium supplemented with
10 % FBS and 2 % chicken serum at 37 °C with 5 % CO,
and 95 % humidity. The chicken HD11 macrophage cell
line [4] was maintained in RPMI 1640 medium containing
10 % heat-inactivated newborn calf serum, antibiotics (100
U of penicillin and 100 pg of streptomycin per ml), 2 mM
L-glutamine, 1 mM sodium pyruvate, 0.1 mM non-essen-
tial amino acids, and 10 mM HEPES at 41 °C with 5 %
CO,, and 95 % humidity. HD11 cells were seeded in six-
well plates and collected 6, 12 and 24 hours after
incubation.

Tissues

All tissues from 2- and 35-day-old chickens were obtained
as described previously [17]. Briefly, three chickens were
sacrificed, and their tissue organs (including the liver,
thymus, spleen, bursa, brain, heart, lung and kidney) were
rapidly excised, rinsed with ice-cold phosphate-buffered
saline (PBS, pH 7.4) to remove blood contaminants, and
immediately stored in liquid nitrogen until analysis.
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Virus infection

Virus titration for MDV, ALVJ or REV infection was
performed as reported previously [19, 20, 34, 35], and the
virus infection levels in cells at different time points were
detected by real-time PCR. Briefly, cells were seeded in
six-well plates and infected with either the RBIB or
JS09GY3 strain at a multiplicity of infection (MOI) of 0.1,
5 or 1 after 24 hours of incubation. The CEF cells were
seeded into six-well plates and infected with the RB1B,
JS09GY3 or HA1101 strain after 24 hours of incubation.
Cells were collected at 6, 12, 24, 48 and 96 hours postin-
fection (hpi). MSB1 cells were seeded in six-well plates
and infected with the RB1B, JSO9GY3 or HA1101 strain.
HDI11 cells were seeded in six-well plates and infected
with the JS09GY3 strain. Cells were collected at 6, 12 and
24 hpi.

RNA extraction and real-time PCR

The total RNA from chicken tissues or cell lines was
extracted using an AxyPrep'™ Multisource Total RNA
Miniprep Kit (Axygen, USA), and 1 pg of RNA was used
for reverse transcription using a PrimeScript RT reagent kit
after gDNA Eraser treatment (Takara, Japan) following the
manufacturer’s instructions. The efficiency of DNA
destruction was confirmed by RT-PCR without reverse
transcriptase.

Primers specific for endogenous retrovirus ALVEIL
were designed with Primer Express software (Version
3.0, Applied Biosystems, CA, USA), and primers specific
for exogenous viruses (ALVJ, MDV and REV) were
described in previous reports [17, 34, 35]. All of the
primers used are shown in Table 1 and were synthesized
by Invitrogen Company (Shanghai, China). Gene
expression was analysed by reverse transcription quanti-
tative PCR (RT-qPCR) using SYBR Green Master Mix
(Takara, Japan) with a 7500 Real-Time PCR system
(Applied Biosystems, USA), and the gene expression
levels were normalized to those of chicken Gapdh and
P-actin.

DNA extraction and bisulfite treatment

DNA from cultured MSB1 cells or HDI11 cells was
extracted at 36 hours using a DNeasy Blood and Tissue
Kit (QIAGEN, Germany), and the concentration of DNA
was measured using a spectrophotometer. One micro-
gram of DNA from each sample was treated with
bisulfite using an EpiTect Fast DNA Bisulfite Kit
(QIAGEN, Germany) following the manufacturer’s
protocols.

Pyrosequencing methylation analysis

The forward and reverse primers used in PCR and the
sequencing primers used in the pyrosequencing methyla-
tion assays were designed using PyroMark Assay Design
2.0 (QIAGEN, Germany; see Table 1). A pyrosequencing
methylation analysis was conducted using the PyroMark
Q24 system (QIAGEN, Germany) according to the manu-
facturer’s recommended protocol. Briefly, a volume of
5-20 pl of the PCR product was used for each pyrose-
quencing reaction based on the concentration of the PCR
product and immobilized to streptavidin-coated Sepharose
beads (QIAGEN, Germany). After the immobilized PCR
product was purified, denatured and washed using a
PyroMark Q24 Workstation (QIAGEN, Germany), DNA
strands were separated and released into a PyroMark Q24
Plate (QIAGEN, Germany). The sequencing primers were
then annealed to DNA strands, and pyrosequencing was
performed using the PyroMark Q24 system. The DNA
methylation level was analysed using PyroMark Q24
Advanced Software (QIAGEN, Germany). Non-CpG
cytosine residues were used as controls to verify bisulfite
conversion.

Comparative analysis of transcription and long
terminal repeat (LTR) methylation of ALVE1
in chicken cells

The relationship between the DNA methylation of the
ALVEIl LTR and its expression was explored in two
chicken cell lines (MSB1 and HD11) and CEFs infected
with two avian viruses (MDV and ALVJ). PCR and
pyrosequencing primers were designed to amplify three to
six CpG dinucleotide sites in conserved regions of the
ALVE1l LTR, which revealed a negative relationship
between DNA methylation of the ALVEl LTR and the
RNA level of ALVEI [56].

To further investigate the role of methylation in ALVE1
LTR expression, MSB1 and HD11 cells were treated with
the demethylating agent 5-aza-2'-deoxycytidine. Briefly,
MSB-1 and HD11 cells were seeded in six-well plates at
5%10° cells/well, cultured for 24 hours before drug treat-
ment, and treated with 5-aza-2'-deoxycytidine (AZA,
Sigma-Aldrich; 5 uM) for 24 hours. The dose of AZA was
selected based on preliminary studies as well as previously
published studies [7, 40].

Statistical analysis
Statistical analysis was performed with either the Statistical

Package for the Social Sciences (version 16.0) or GraphPad
Prism (version 5.0) software. The p-values were obtained
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Table 1 Pyrosequencing and RT-qPCR primers used in this study
Gene Primer Sequence CpG sites
LTR region (81-225) Forward 5'-GGTGGTAATTAGATAAGGAAGGAAT-3’ 108 or 7359
Reverse 5'-ATCTATCCATCTACCCAAATACACA-3' 124 or 7357
Sequencing 5'-GTAATTAGATAAGGAAGGAATG-3’ 130 or 7381
Assay 5-YGTAAGGATATATGGGYGTAGAYGA 142 or 7393
AGTTATGTAYGATTAT-3'
ALVEI region Forward 5'-GTGTATTTGGGTAGATGGATAGA-3’ 286
(202-402 or 7332-7476) Reverse 5'-TCCTAAACCRCAACCCCCTCTACTA-3' 289
Sequencing 5'-AGAAGGTTTTATTTGGTG-3' 295
Assay 5'-TTYGAYGTGATYGTTAGGGAATAG 312
TGGTYGGTTATAG-3'
LTR (84-196) Forward 5'-GGCGACTAGATAAGGAAGGA-3'
Reverse 5'-TGTGGTGGATGGTAAAATGG-3'
gag (1649-1752) Forward 5'-GGGGAACTGGTTGCTATTAC-3’
Reverse 5'-GATGGTCCCTGCGTAATTT-3’
pol (5215-5286) Forward 5'-TGCTTGTCTCCCCAGGGTAT-3'
Reverse 5'-GGTGACTAAGAAAGATGAGGCGA-3’
env (5942-6018) Forward 5'-CCCAAAATCTGTAGCCATATGC-3'
Reverse 5'-TACGGTGGTGACAGCGGATAGG-3'
ALVJ-env* Forward 5'-TGCGTGCGTGGTATTATTTC-3’
Reverse 5'-AATGGTGAGGTCGCTGACTGT-3'
MDV-gB® Forward 5'-ACCCCATTCGGTGGCTTTTC-3’
Reverse 5'-GCGTCCAGTTGTCTGAGG-3’
REV-env® Forward 5'-GTGTATGTCTCTGATGGGGG-3'
Reverse 5'-GGGCTAAAGGGTGATACTGT-3'
B-actin Forward 5'-GAGAAATTGTGCGTGACATCA-3'
Reverse 5'-CCTGAACCTCTCATTGCCA-3'
GAPDH Forward 5'-GAGAAACCAGCCAAGTATGA-3’
Reverse 5'-CTGGTCCTCTGTGTATCCTA-3’

4 Sequences were reported previously [34]
b Sequences were reported previously [17]

¢ Sequences were reported previously [35]

using paired Student’s -tests or unpaired tests for normal
distributions of at least three independent experiments.

Results

Quantitative evaluation of ALVE1 expression
in chicken tissues

The whole ALVEI included two CpG islands within
7,525 bp based on BLAT results from the UCSC
Genomic Browser (Fig. 1). The first CpG island, which
contains 136 CpG sites within 2,176 bp, was selected to
evaluate the methylation differences among three differ-
ent tissues (heart, bursa and liver) from 2- and 35-day-
old chickens. The expression of ALVE1 genes (LTR and
env regions, Fig. 1) was examined in various chicken
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tissues, including the heart, liver, lung, kidney, thymus,
spleen, bursa, brain and skin, through RT-qPCR. As
shown in Fig. 2A and B, ALVEI was highly expressed
in some chicken tissues at 2 days of age, but this level
was significantly decreased at 35 days of age in most
chicken tissues, including the brain, heart and immune
organs (thymus, spleen and bursa). Interestingly, the
expression of ALVE] remained high in the liver from 2
to 35 days of age. In addition, no significant alterations
in ALVEI expression were found in the kidney, skin or
lung from 2 to 35 days of age. Furthermore, level of the
CpG methylation of the ALVEI region was significantly
lower in the heart and bursa at 2 days of age than at 35
days of age, whereas a significant alteration was detected
in the liver (Fig. 2C-K). These findings indicated that the
expression of ALVEI is tissue-specific in chickens and
may be associated with tissue development.
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Fig. 1 Positions of amplified regions of the avian endogenous
retrovirus ALVEL used for pyrosequencing and RT-qPCR. (A)
Positions of amplified regions of ALVEI used for RT-qPCR. (B)
Positions of amplified regions of ALVE] used for pyrosequencing
and RT-qPCR for the LTR region. 5 LTR, 5’ long terminal repeat;
U3, U3 region in the LTR; R, R region in the LTR, US5: US region in

Homologous exogenous retrovirus ALV]J inhibits
the expression of the endogenous retrovirus ALVE1

The expression levels of ALVE] genes were significantly
increased at 6 hpi (except the LTR), were decreased at 12
hpi, and showed no significant change at 24, 48 and 96 hpi
(Fig. 3A-D) in CEFs. In contrast, infection with ALVJ led
to a significantly decreased expression of ALVEI genes at
6 hpi in MSBI1 cells, and expression of the gag gene was
persistently downregulated from 6 to 24 hpi (Fig. 3F-I). In
HDI11 cells, however, we found that the env and pol genes
were significantly downregulated at 12 hpi and 24 hpi,
whereas LTR and gag were downregulated at 12 and 24
hpi, respectively, by ALVIJ infection (Fig. 3K-N). Addi-
tionally, we observed that exogenous ALVJ proliferated
rapidly after 24 hpi in CEFs and HD11 cells, but the pro-
liferation of exogenous ALVJ was significantly inhibited in
MSBI1 cells after infection.

Nonhomologous exogenous avian herpesvirus MDV
induces the expression of the endogenous retrovirus
ALVE1

The expression of ALVEI displayed different patterns of
response to nonhomologous exogenous MDYV infection.
We found that the expression of the ALVEl env gene
was abnormally higher in infected CEFs than in controls
and remained high with persistent MDV replication from
6 to 96 hpi, whereas the gag, pol, and LTR genes of
ALVEI did not show a similar change (Fig. 4A-D). The

ALVE1 Amplicon

the LTR; gag, gag gene; pol, pol gene; env, env gene; PPT,
polypurine tract; 3’ LTR, 3’ long terminal repeat. CpG island 1
contains 136 CpG sites within 2,176 bp, and CpG island 2 contains 24
CpG sites within 304 bp (BLAT results from the UCSC Genome
Browser website)

expression of the ALVEI] env gene was also induced by
MDV infection in MSB1 cells from 6 to 24 hpi, simi-
larly to the expression of the env gene in MDV-infected
CEFs (Fig. 4F-I). In addition, increased expression of the
pol and gag genes was also detected in MDV-infected
MSBI1 cells only at 12 hpi. In MDV-infected HDI11
cells, only the gag gene was significantly upregulated at
12 hpi (Fig. 4K-N). These results suggest that nonho-
mologous exogenous avian herpesvirus can significantly
induce expression of the env gene of the endogenous
retrovirus ALVEI in CEFs and MSB1 cells but not in
HDI1 cells.

Nonhomologous exogenous avian retrovirus REV
interferes with the expression of endogenous
retrovirus ALVEL1 at early stages of infection

Exogenous avian retrovirus REV significantly interfered
with the expression of ALVEI genes in infected chicken
CEFs and MSBI cells at the early stages of virus infection.
Reduced expression of ALVEl genes was observed in
CEFs infected with REV only at 6 hpi, and after this time
point, no significant alteration was observed, even though
persistent replication of REV was detected from 6 to 96 hpi
(Fig. 5A-D). In MSBI1 cells, the expression of ALVEIL
genes was significantly downregulated at 6 hpi and then
clearly upregulated at 12 hpi with persistent replication of
REV (Fig. 5SF-I). In addition, the expression of only the gag
gene was significantly downregulated at 24 hpi in REV-
infected HD11 cells (Fig. SK-N).
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«Fig. 2 Relative expression and DNA methylation analysis of ALVEI
genes in chicken tissues. (A) Expression of the LTR region in chicken
tissues at 2 and 35 days of age. (B) Expression of the env gene in
chicken tissues at 2 and 35 days of age. (C-K) Pyrosequencing DNA
methylation analysis of the CpG islands of ALVEI in the chicken
heart (C-E), bursa (F-H) and liver (I-K) at 2 and 35 days of age.
Representative pyrograms for the CpG islands of ALVEIL. The
percentage shown at each CpG site is the methylation percentage for
this site calculated as ™C/(™C+C), where ™C is the number of
methylated cytosines and C is the number of unmethylated cytosines.
The x-axes show the nucleotide dispensation order of the sequencing
reactions based on the assayed sequences. The y-axes represent the
light emission values obtained as relative light units. *, p < 0.05; **,
p < 0.01; n = 3 for each line

Association of ALVE1 LTR expression with DNA
methylation

We found no significant change in the DNA methylation
of the ALVEl LTR in response to viral infection
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(Fig. 6A-H), which is consistent with its expression in
CEFs at 6 and 96 hours after ALVJ or MDYV infection.
In the MSB1 and HDI11 cell lines, however, we found
that the expression of the ALVEIL LTR is correlated with
the DNA methylation level, and the methylation level of
LTR DNA sequences in HDI11 cells was significantly
higher only at CpG sites 1 and 2, and not at sites 3 and
4,compared with that found in MSB1 cells, whereas the
expression of LTR in HD11 cells was significantly lower
than that in MSB1 cells (Fig. 6I-6]J). To confirm the
regulation of the ALVEl1 LTR by DNA methylation,
MSB1 and HDI1 cells were treated with the DNA
methyltransferase inhibitor AZA for 24 hours. The RT-
gPCR results indicated that ALVE1 LTR expression was
significantly activated in both MSB1 and HDI11 cells
(Fig. 6K). Taken together, these results indicate that the
expression level of the ALVEl LTR is negatively cor-
related with the DNA methylation level of the LTR.
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Fig. 3 Expression patterns of ALVEI in chicken cells infected with
ALV]J. (A-D) RT-qPCR analysis of the expression levels of ALVEI
genes in CEFs at 6, 12, 24, 48 and 96 hours after ALVJ infection. (E)
RT-qPCR analysis of the virus replication levels in CEFs at 6, 12, 24,
48 and 96 hours after ALV]J infection. (F-N) RT-qPCR analysis of the
expression levels of ALVE] genes in MSB1 cells (F-I) and HD11
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cells (K-N) at 6, 12 and 24 hours after ALVJ infection. (J and O) RT-
qPCR analysis of the virus replication levels in MSBI1 cells (J) and
HDI11 cells (O) at 6, 12 and 24 hours after ALVJ infection. The data
are presented as the means of relative values = SEMs. *, p < 0.05;
** p <0.01; n = 3 for each line
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Fig. 4 Expression patterns of ALVEI in chicken cells infected with
MDV. (A-D) RT-qPCR analysis of the expression levels of ALVE]
genes in CEFs at 6, 12, 24, 48 and 96 hours after MDV infection. (E)
RT-qPCR analysis of virus replication levels in CEFs at 6, 12, 24, 48
and 96 hours after MDV infection. (F-N) RT-qPCR analysis of
expression levels of ALVE] genes in MSB1 cells (F-I) and HD11

Discussion

In this study, we first observed distinct expression patterns
of avian endogenous retrovirus ALVEL in various tissues
from 2- and 35-day-old chickens and then analysed the
variation in the DNA methylation patterns of ALVE] in the
bursa, heart and liver. To better elucidate ALVE]1 biology,
we further analysed the variations in the expression pat-
terns of the ALVEI1 gag, pol and env genes in various
chicken cells in response to exogenous avian tumour
viruses and the association between ALVE1 LTR expres-
sion and DNA methylation in chicken cells.

ALVEIl was found to be ubiquitously expressed in
nearly all of the chicken tissues tested, with the lowest
levels observed in the thymus and bursa. The expression
patterns of the ALVEI LTR and the env gene in chicken
tissues (with the exception of the liver, kidney, lung and
skin) were consistent with high levels at 2 days of age and
low levels at 35 days of age. However, more-obvious dif-
ferences were observed in the expression of the ALVEI
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Hours post-infection

Hours post-infection

Hours post-infection

cells (K-N) at 6, 12 and 24 hours after MDYV infection. (J and O) RT-
gPCR analysis of virus replication levels in MSB1 cells (J) and HD11
cells (O) at 6, 12 and 24 hours after MDV infection. The data are
presented as the means of relative values = SEMs. *, p < 0.05; **,
p < 0.01; n = 3 for each line

env gene in various tissues from 2- and 35-day-old
chickens. Notably, the expression of the ALVEl1 LTR
region and the env gene was increased in the liver at 35
days of age compared with that observed at 2 days of age.
In contrast, this phenomenon was not observed in other
tissues. Higher expression of the ALVE env gene was
significantly correlated with lower body weights in female
but not male chickens [22]. In contrast, ERVs are also
regulated through transcriptional mechanisms during early
development [45]. In this study, we found that the ALVEI
LTR region and the env gene are negatively correlated with
the methylation level of ALVEI in the chicken heart and
bursa. A previous study also found that higher methylation
levels are linked to lower mRNA levels of ALVE in
chicken tissues and indicated that the hypermethylation
pattern of ALVE may be relevant for resistance against
ALV-induced tumours in chickens [56]. More interest-
ingly, there was substantially higher expression of the
ALVEI env gene in the spleen and heart at 2 days of age
and in the lung both at 2 and 35 days of age than in the
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Fig. 5 Expression patterns of ALVEI in chicken cells infected with
REV. (A-D) RT-qPCR analysis of expression levels of ALVE] genes
in CEFs at 6, 12, 24, 48 and 96 hours after REV infection. (E) RT-
qPCR analysis of virus replication levels in CEFs at 6, 12, 24, 48 and
96 hours after REV infection. (F-N) RT-qPCR analysis of expression
levels of ALVEI genes in MSB1 cells (F-I) and HD11 cells (K-N) at

brain, bursa, thymus, liver, kidney, and skin. The higher
expression in the spleen and lung than in other tissues has
also been observed for other endogenous retroviruses
[9, 28].

Next, the expression pattern of ALVEl was further
studied in vitro to elucidate ALVE] biology and why the
ALVEI env gene was highly expressed in chicken spleen
and lung, which we speculated might be involved in the
host immune response. In lung and spleen, macrophages
and lymphocytes are the main immune cells involved in
immune response. Thus, representative innate and adaptive
immune cells (the chicken macrophage cell line HD11 and
lymphocyte cell lines MSB1) and non-immune cell
(chicken embryo fibroblasts [CEFs]) were chosen in this
study to investigate the expression pattern of ALVEI after
viral infection. Three avian tumour viruses (MDV, ALVJ
and REV) have long been used in the study of the patho-
genesis and immune control of virus-induced tumours in an
easily accessible small-animal system [37, 48]. Thus, they
are ideal infective agents for understanding the role and

Hours post-infection

Hours post-infection

Hours post-infection

6, 12 and 24 hours after REV infection. (J and 0) RT-qPCR analysis
of virus replication levels in MSB1 cells (J) and HD11 cells (O) at 6,
12 and 24 hours after REV infection. The data are presented as the
means of relative values £ SEMs. *, p < 0.05; **, p <0.0l,n =3
for each line

function of ERVs that are widely found in the genome.
MDV is a DNA virus and an avian herpesvirus, whereas
REV and ALVIJ are RNA viruses and members of the
family Retroviridae and have the gene arrangement LTR-
gag-pol-env. Different viruses can elicit different host
immune responses, and this could result in different
expression levels of ALVEL, which may reflect the specific
host immune system or cell innate immune system in
which endogenous viruses may play a role, as has been
discussed recently [42, 43, 55].

In spleen and thymus, the higher expression of ALVEI1
may be associated with T lymphocyte selection and virus
infection. Several studies have suggested that ERVs have a
strong influence on T lymphocyte selection and improve
the sensitivity with which T lymphocytes react to retroviral
infection [11, 52, 54]. Moreover, T cells responding to
HERV can kill target cells carrying HERV protein [11]. In
the chicken T-lymphocyte cell line MSBI1, ALVEIl
expression was inhibited by the homologous exogenous
retrovirus ALVJ at 6 hpi but induced at 12 hpi by the
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Fig. 6 Quantitative DNA methylation analysis of the LTR region of
ALVE] in chicken cells. (A-G) Representative pyrograms for the
LTR region in CEFs at 6 hours (A-C) and 96 hours (E-G) infected
with MDV or ALVIJ. (D and H) Methylation levels for each CpG site
in the LTR region of ALVELI in CEFs after 6 hours (D) and 96 hours
(H) of infection with MDV or ALVJ. (I) Methylation levels for each

nonhomologous exogenous retrovirus REV. However, the
selective induction of the ALVEI env gene was observed
during infection with the exogenous herpesvirus MDV. Our
results further revealed that the interaction between
exogenous viruses and endogenous retroviruses in T lym-
phocytes and the expression pattern of ALVE] after viral
infection may be associated with the antiviral immune
response.

A higher expression level of ALVEL env in lung at 2
and 35 days of age might be also associated with the host
defense response (such as the macrophage response).
Compared with other tissues, the lungs are susceptible to
exogenous viral and bacterial infections. Higher expression
in lung than in other tissues has also been observed for
other endogenous retroviruses [9, 28]. Macrophages are
present essentially in all tissues (especially in the lung) and
are involved in host defense [38]. Macrophage cell lines
(such as the human U-937 cell line) are suitable model
systems for the study of endogenous retroviruses biology
[25, 26]. It has been reported that the human endogenous
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CpG site in the LTR region of ALVEI in HD11 and MSB1 cells at 36
hours. (J) Expression levels of the LTR region in HD11 and MSB1
cells. (K) Expression levels of the LTR region in HD11 and MSB1
cells treated with AZA or DMSO for 24 hours. The data are presented
as the means of relative values + SEMs. *, p < 0.05; **, p < 0.01;
n = 3 for each line

retrovirus HERV-W induces a proinflammatory response in
macrophage cells through the TLR4 activation pathway
[42]. In the chicken macrophage cell line HD11, ALVEI
expression was inhibited by infection with the homologous
exogenous retrovirus ALVJ (Fig. 3K-40). However, no
obvious difference in expression (except that of the gag
gene) was found in HD11 cells infected with the nonho-
mologous exogenous retrovirus REV or the herpesvirus
MDV (Fig. 4K-O and 5K-O). Inhibition of ALVEI]
expression by ALVIJ infection in macrophages may be
involved in host antiviral defense. Especially, the env gene
products derived from ERVs have been shown to act as
restriction factors against related exogenous retroviruses in
chickens, sheep, mice, and cats [31].

Interestingly, the ALVEI1 env gene exhibited selective
overexpression during MDYV infection, whereas the
methylation level and expression of the ALVEl1 LTR
showed no obvious alterations in MDV-infected cells.
Several studies have suggested that the human herpesvirus
HSV-1 increases the affinity of several transcription factors
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for their DNA-binding sites in the ERV LTR by producing
the immediate early protein ICPO [24] or the immediate
early protein 1 (IEP1) [29] and thereby transactivates
HERVK. Similar results were also observed in other
studies [16, 50, 51]. ERVs can also be activated by the
innate immune system and associated inflammatory tran-
scription factors [32], and, in turn, ERVs can induce an
innate immune response by pattern-recognition receptors
(such Toll-like receptors) [S, 55]. Thus, we hypothesize
that viral proteins or microRNAs encoded by MDV may
have the ability to influence LTR activity or to induce
innate immunity and thereby activate ALVE1 expression.
It is known that innate immunity (such as TLR immunity)
can be activated by MDYV infection [14, 20, 39]. In addi-
tion, MDV-encoded Meq protein can bind to several fac-
tors involved in cell cycle control, including CDK2, p53,
and RB [37]. A functional orthologue of miR-155, encoded
by MDV called miR-M4, has been shown to activate the
oncogene c-Myc and regulate TLR3 expression [8, 18, 57].
However, it remains unclear why MDYV infection activates
ALVEI env expression, and the mechanisms remain to be
further investigated.

In contrast, ALVE1 expression can be inhibited or inter-
fered with by exogenous retroviruses, and we found reduced
expression of the ERV LTR in response to homologous avian
exogenous retrovirus (ALVJ) and nonhomologous avian
exogenous retrovirus (REV) in CEFs and MSBI1 cells.
Moreover, ALVEI expression was inhibited, particularly at
the early stages of infection. Nevertheless, in individuals
infected with exogenous human retrovirus, such as HIV-1
[13, 21] and HTLV-1 [53], the expression of ERV is often
abnormally elevated. These exogenous human retroviruses
can transactivate ERVs by producing viral proteins, which
increases the affinity of several transcription factors to their
DNA-binding sites in the ERV LTR [32]. Thus, this report
describes an exception to this phenomenon. This finding
reveals a unique interaction between ERV and exogenous
retrovirus in chicken cells: ERV is inhibited or interfered with
by a homologous or nonhomologous exogenous retrovirus.
However, it remains unclear why MDYV infection, but not
homologous ALVJ, could activate ALVE] env gene expres-
sion, and this finding remains to be further investigated.

The present study also revealed a negative correlation
between the methylation level of the ALVE1 LTR and its
expression in chicken cells and virus-infected cells, con-
sistent with other reports [27, 36, 49]. Moreover, expres-
sion of the ALVE1 LTR could be stimulated by treatment
with the demethylating agent 5-aza-2'-deoxycytidine
(Fig. 5). The mechanisms involved in ALVE1 LTR regu-
lation after virus infection remain to be investigated, but
the methylation of ERV LTRs could be involved in the
modulation of their activity [12]. The expression of ERVs
usually depends on transcriptional regulatory elements

present within retroviral LTRs. These LTRs contain many
regulatory sequences, such as promoters, enhancers and
factor-binding sites, and are responsive to both viral and
cellular transcription factors [32]. Additionally, epigenetic
mechanisms, particularly CpG methylation of the LTR,
control the basal expression of ERVK in various cell types
and tissues, and low levels of LTR methylation have been
shown to result in high levels of ERVK expression [30].
However, the induction or inhibition of ALVE1 expression
by virus infection does not fully follow the methylation
level of LTR, and the methylation level and expression of
the ALVE1 LTR do not show any obvious correlation in
virus-infected CEFs, suggesting that the ALVEl LTR
might be controlled by other epigenetic mechanisms, but
the DNA sequences controlling ALVEI expression have
not yet been identified.

In summary, the present study revealed the expression
patterns of ALVEI in a variety of chicken tissues and in
various cell lines in response to avian tumour virus infec-
tion and may provide new insights into ALVEI biology. In
addition, we also observed the selective upregulation of the
ALVEI env gene in chicken cells infected with Marek’s
disease virus. These findings may be of significance for
understanding the role and function of ERVs that are pre-
sent in the genome. In the future, more work is needed to
elucidate the mechanism underlying the functions of
ALVEL.
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