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Marek’s disease virus (MDV) is an alphaherpesvirus that induces a highly malignant T-lymphoma in
chickens. The viral genome encodes two identical copies of a viral telomerase RNA subunit (vTR) that exhibits
88% sequence identity to its chicken ortholog chTR. The minimal telomerase ribonucleoprotein complex
consists of a protein subunit with reverse transcriptase activity (TERT) and an RNA subunit (TR). The active
complex compensates for the progressive telomere shortening that occurs during mitosis and is involved in the
cell immortalization process. We show here that the upregulation of telomerase activity is associated with an
increase in VIR gene expression in chickens infected with the highly oncogenic MDV strain RB-1B. A
comparative functional analysis of the viral and chicken TR promoters, based on luciferase reporter assays,
revealed that the vIR promoter was up to threefold more efficient than the chTR promoter in avian cells. We
demonstrated, by directed mutagenesis of the vIR promoter region, that the stronger transcriptional activity
of the vTR promoter resulted largely from an E-box located two nucleotides downstream from the transcrip-
tional start site of the vIR gene. Furthermore, transactivation assays and chromatin immunoprecipitation
assays demonstrated the involvement of the c-Myc oncoprotein in the transcriptional regulation of vIR.
Finally, an Ets binding site was specifically implicated in the transcriptional regulation of vIR in the

MDV-transformed lymphoblastoid cell line MSB-1.

Marek’s disease virus (MDV), also referred to as gallid her-
pesvirus type 2 (GaHV-2), is an oncogenic alphaherpesvirus
responsible for a highly malignant T-lymphoma in chickens
that occurs within 2 or 3 weeks of infection. Upon primary lytic
replication in B cells, MDV establishes latency in activated
CD4™" T cells, which are also the primary target for oncogenic
transformation (3, 27). The viral genome consists of a linear
180-kb double-stranded DNA molecule comprising a unique
long (U;) and a unique short (Ug) region, each flanked by
inverted terminal repeats (TR, and TRg) and internal repeats
(IR, and IRg), respectively (5).

The detailed molecular mechanisms by which MDV trans-
forms T cells are still unknown. The rapid onset of MDV-
induced lymphoma formation, however, suggests that one or
more virus-encoded oncogenes are involved in the transforma-
tion process. The MDV-encoded 339-amino-acid protein Meq,
a basic leucine zipper protein (bZIP), is the only member of
the Jun/Fos oncoprotein family present in herpesviruses. This
protein has previously been reported to be involved in MDV-
induced tumorigenesis (2, 21). Through homodimerization or
heterodimerization with c-Jun, JunB, or Fos, Meq can bind to
promoters containing AP-1 or to so-called Meg-responsive
element (MERE) sites, thereby regulating the transcription of
other viral and cellular genes (20). Another viral gene encod-
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ing the viral RNA subunit of telomerase (VIR) has been re-
ported to have a major impact on the malignancy of MDV-
induced lymphoma (30). We previously identified the vIR
gene in the repeat regions flanking the U, (TR and IR,)
region. Thus, as for the gene encoding Meq, the VIR gene is
present as two copies in the MDV genome (10). The deletion
of both copies of the vIR gene from an infectious clone of the
highly oncogenic MDYV strain RB-1B reduced the tumor inci-
dence by 60% in infected chickens compared with that of
parental virus, with no effect on lytic MDYV replication or the
establishment of latency (30). This study also showed that the
constitutive expression of VIR in the chicken fibroblast line
DF-1 resulted in a phenotype consistent with transformation
similar to that of DF-1 cells transformed by the MDV onco-
protein Meq.

The most straightforward interpretation of the tumor-pro-
moting properties of vIR is that this subunit enhances telo-
merase activity, leading to the stabilization of telomeres, the
nucleoprotein structures constituting the ends of eukaryotic
chromosomes. Indeed, telomerase is a ribonucleoprotein com-
posed of TERT, the telomerase reverse transcriptase, and TR,
the telomerase RNA subunit encoding the template sequence
reverse transcribed by the telomerase enzyme to telomeres.
Telomerase upregulation in human cancer plays a key role in
cell immortalization, and abnormally high levels of telomerase
activity are detectable in over 85% of human cancers (17, 1). A
role for vIR in the T-cell immortalization process would be
due to the capacity of this subunit to enhance telomerase
activity during MDYV infection. Indeed, a comparative func-
tional study has shown that vIR yields higher levels of telo-
merase activity than its chicken ortholog, chTR, when combined
with recombinant chicken TERT protein in vitro (10). This
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TABLE 1. Primers used for RT-PCR and size of PCR products

PCR product size (bp)

Name Type Sequence
RNA 1C

chTERT Forward 5'TET-CATTGTCAAACTGTCCAACCAC3’ 121 175
Reverse 5'"CACCGTCTTCAGCAGTTCCAT3’

chTR Forward 5'TET-CGTGGCGGGTGGAAGGCTCCGC3’ 110 160
Reverse 5'GCCCGCTGAAAGTCAGCGAGTA3'

vIR Forward 5'TET-CGTGGCGGGTGGAAGGCTCCGC3’ 105 160
Reverse 5'GCCCGCTGAAAGTCAGCGAGTA3’

greater efficiency of vIR over chTR seems to be due to mu-
tations affecting the pseudoknot core domain, which presum-
ably stabilizes the pseudoknot P2 helix (11).

Human TR (hTR) seems to be constitutively expressed in a
broad range of human cells, but hTR levels are generally
higher in cancer cells, and there is evidence that the upregu-
lation of hTR is an early event during multistage tumorigenesis
(35). TERT expression in humans is otherwise correlated with
telomerase activity. Several transcription factors regulating hu-
man TERT (hTERT) transcription have been identified.
These factors include c-Myc and Spl, which have been de-
scribed as the principal activators of hTERT transcription,
with responsive elements located within the proximal core
hTERT promoter (19, 33). Human cancers caused by infec-
tions with oncogenic viruses, e.g., human papilloma virus 16
(HPV16), Kaposi’s sarcoma-associated herpesvirus (KSHV),
and Epstein-Barr virus (EBV), have been associated with the
upregulation of telomerase activity through a virus-mediated
upregulation of hTERT expression (18, 15). Thus, all these
viruses increase cellular telomerase activity, but MDV is cur-
rently the only one known to encode a functional telomerase
subunit in its genome.

We provide the first demonstration that telomerase activity
is strongly upregulated in the peripheral blood mononuclear
cells (PBMC) of chickens infected with the highly oncogenic
MDYV strain RB-1B. The observed increase in telomerase ac-
tivity was positively correlated with high levels of vIR expres-
sion. We also identified a TATA-like box as the main element
controlling the basal transcriptional activity of promoters VIR
and chTR. Finally, we carried out a functional analysis of the
vIR promoter-specific cis elements. We found that VIR ex-
pression was specifically regulated by an E-box located two
nucleotides downstream from the transcriptional initiation site
in two different transformed avian cell lines. Chromatin immu-
noprecipitation (ChIP) assays demonstrated that the VIR pro-
moter region encompassing this E-box binds the oncoprotein
c-Myc. We also found that the Ets binding site (EBS) was
specifically involved in regulating vIR transcription in the
MDV-transformed lymphoblastoid cell line MSB-1.

MATERIALS AND METHODS

Cell lines. We used two chicken cell lines, the LMH cell line derived from
hepatocellular carcinoma and the MDV-transformed MSB-1 chicken T cells.
The LMH cell line was cultured in gelatin-coated dishes, as previously described
(10). The MSB-1 cell line was cultured in RPMI 1640 medium (Cambrex Bio
Science, Paris, France) supplemented with 10% fetal bovine serum and main-
tained at 41°C in an atmosphere containing 5% CO,.

Experimental in vivo assay and PBMC isolation. We used White Leghorn
specific pathogen-free B'*B'® chickens highly susceptible to Marek’s disease

virus strain. These animals were bred, raised, and housed in isolated accommo-
dations. Chickens were injected intramuscularly at the age of 8 weeks with 1,000
PFU of the highly oncogenic MDYV strain RB-1B, using a chicken embryo
fibroblast suspension as previously described (8). PBMC were collected as pre-
viously described (9) at various times after inoculation to measurement telom-
erase activity and gene expression.

All the surviving chickens were killed 45 days after inoculation, and necropsies
were performed. Mortality and macroscopic tumors were recorded. All experi-
mental procedures were conducted in compliance with approved protocols for
the use of animals in research.

Statistical analysis was carried out with the nonparametric Kruskal-Wallis test,
as implemented in Simstat version 2.04 (Provalis Research). We compared the
telomerase activity and the relative gene expression levels of PBMC from in-
fected and from control chickens. We considered P values of =0.045 to be
statistically significant.

TRAP assay. We quantified the telomerase activity of 600 ng of protein
extracted from PBMC, using the semiquantitative fluorescence-based telomeric
repeat amplification protocol (TRAP) assay, as previously described (10).
Briefly, the PCR steps were carried out using the 6-carboxytetramethylrhodam-
ine-labeled forward primers TS and CX-ext as the reverse primers. An internal
amplification standard was also added to the PCR mixture. PCR products were
analyzed by capillary electrophoresis (ABI Prism 310; PerkinElmer Life Sci-
ences). The telomerase activity level of each protein extract was estimated by
adding the integrated value of each telomerase elongation product normalized to
the integrated value of the internal amplification standard.

Reverse transcription-PCR analysis. Levels of chTERT, chTR, and VIR ex-
pression were quantified by fluorescence-based reverse transcription (RT)-PCR,
as previously described (10). The primers used for reverse transcription were an
oligodT sy primer for chTERT and the DS4 primer (5'-GCCCGCTGAAAGT
CAGCGAGTA-3") for chTRNVTR. The resulting cDNA was amplified by PCR
using specific tetrachlorofluorescein phosphoramidite-labeled forward primers
and specific reverse primers (Table 1). An internal control (IC) was included in
the PCR for each sample (sizes of the IC amplification products are shown in
Table 1). The PCR protocol consisted of 35 cycles of 45 s at 94°C, 45 s at 55°C,
and 45 s at 72°C. Amplification products were analyzed with an automated ABI
Prism 310 fragment analyzer (Perkin-Elmer Corp., MA). Gene expression was
calculated as the ratio of the integrated value for the gene product normalized to
the integrated IC value.

Plasmid construction. The VIR promoter region extending from —729 to +20
nucleotides from the transcription start site (+1) (as shown in Fig. 2) was
amplified by PCR from the genomic DNA of MDYV strain RB-1B, using primers
802 and 729 (Table 2). The corresponding region of the chTR promoter (—756
to +20 nucleotides from the transcription start site, +1) (Fig. 2) was obtained by
PCR with genomic DNA extracted from PA-12 chickens, using the primers M165
and M166 (Table 2). The amplified promoters were inserted in a sense orienta-
tion into the XhoI/HindIII sites of the firefly luciferase reporter vector pGL3-
Basic (Promega Corp., Madison, WI) to generate pchTR and pvTR. A trun-
cated VIR promoter was obtained by the amplification of pvTR by PCR,
using primers 782 and 729 to generate pvS-TR (—104 to +20 nucleotides
from the transcription start site, +1). Various site-specific mutations (poly-
T-replacing sequence) were introduced into the chTR and vTR promoters,
using a PCR-based protocol, as previously described (11). We used two ap-
proaches to generate mutations according to the targeted cis element location
within the promoter sequence. Internal mutations were introduced into the TR
promoter sequences by overlap extension. This method was used to generate
constructs pyTRAAP1, pvTRAE1L, pvTRAE2, pyTRACAATx, pyTRACAATY,
pchTRACAATX, and pchTRACAATYy. The primers and templates used in this
approach are shown in Table 2 and 3. Distal mutations were introduced into the
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TABLE 2. Primers used to perform mutated TR promoters

Primer no. type Primer sequences”
802 Forward 5'CTCGAGCCCTAACCCTAACCCCCCAAATTTTCACC3!
729 Reverse 5'"AAGCTTGCCTTCCACCCGCCACGTGTG3’
M165 Forward 5'CTCGAGCAAGAGATCGGCGTTGCTTTC3’
M166 Reverse 5'"AAGCTTGCCTTCCACCCGCCACGCGTG3'
782 Forward 5'CTCGAGTCCCCGCCGCCAATAGCTAC3!
730 Reverse 5'"AAGCTTGCCTTCCACCCGCTITTTTTTGCCGGGGGAACCCCGCGTGGGGCTCTTG3!
718 Reverse 5'GGGGAACCCCGCGTGGGGCTCTTGTAGCTTTTTTCGCCTACGCCCACCGCGC3!
719 Reverse 5'"AAGCTTGCCTTCCACCCGCCACGTGTGCCGGGGGAACCCCGCGTGGGGCTCTTGTA3’
700 Reverse 5'GAACCCCGCGTGGGGCTTTTTTTGCTTCCTCCGCCTAC3!
701 Reverse 5'"AAGCTTGCCTTCCACCCGCCACGTGTGCCGGGGGAACCCCGCGTGGGGCT!
M270 Forward 5'CTCGAGTCTTTTTTGCCAATAGCTACGCGGCAGC3’
M271 Reverse 5'CCCCGCGTGGGGCTCTTGTAGCTTCCTCTTTTTTTTTTCACCGCGCGCCTATTG3’
M171 Reverse 5'GAACCCCGCGTGGGGCTTTTTTTGCCTCCTCCGCCTACS’
M178 Reverse 5'"AAGCTTGCCTTCCACCCGCCACGCGTGCCGGGGGAACCCCGCGTGGGGCS!
713 Forward 5S'AAACTTGGATTATGCAAGTG3'
712 Reverse 5'CACTTGCATAATCCAAGTTTTTTTTACATCACAGGTGGTATGTG3'
715 Forward 5'GTACACCTGCCTGCACTACT3’
714 Reverse 5'"AGTAGTGCAGGCAGGTGTACTTTTTCCTGTCGGCCGCGAGAGG3’
717 Forward 5'GCATGGGGCGTGGCGGGAGA3'
716 Reverse 5'TCTCCCGCCACGCCCCATGCTTTTTCCCCGCCCCTTCCTGTGG3!
703 Forward 5’AGCTACGCGGCAGCGTACAGCCCGG3’
702 Reverse 5'"ACGCTGCCGCGTAGCTTTTTTCGGCGGGGAGGAGAGCG3’
705 Forward 5’AGGCGCGCGGTGGGCGTAGG3!
704 Reverse 5'TACGCCCACCGCGCGCCTTTTTTCCGGGCTGTACGCTGCC3'
M168 Forward 5’AGCGGGGCGGCAGCGTGCAGCCCGG3!
M167 Reverse 5'"ACGCTGCCGCCCCGCTTTTTTCCGCGGGGAGGAGAGCGGG3!
M170 Forward 5'GGGCGCCCGGTGGGCGTAGG3!
M169 Reverse 5'TACGCCCACCGGGCGCCCTTTTTCCGGGCTGCACGCTGCC3!
804 Forward 5S'TGGCGGGAGATGAATGACCG3’
M180 Forward 5'GCATCGGACCCCGCGGGCCCACAGGAAGGGG3'

“ Point mutations with respect to the wild-type sequences of the vIR and chTR promoters are in bold and restriction sites are underlined.

promoter directly via the primer sequence used for amplification. This method
was used to generate the pvTRAE3 construct (Table 2 and 4). The same method
was used to generate the pvIRATATA, pvS-TRASpl, pvTRAEBS, and
pchTRATATA constructs, using two successive PCR amplifications (Table 2 and
4). The pyTRAE2AE3 and pvTRAEBSAE3 constructs were generated by ampli-
fication by PCR from pvTRAEBS and pvTRAE2 (Table 2 and 4). All these

TABLE 3. Production of mutant constructs: internal mutations

PCR®
Constructs® 1st amplification amplzi frilga tion
Template Primers Primers
pvTRAAP1 pvIR 802/712 802/729
pvTR 713/729
pvTRAE1 pvIR 802/714 802/729
pvTR 715/729
pvTRAE2 pvIR 802/716 802/729
pvITR 717/729
pvTRACAATX pvIR 802/702 802/729
pvTR 703/729
pvTRACAATY pvIR 802/704 802/729
pvTR 705/729
pchTRACAATxX pchTR M165/M167 M165/M166
pchTR M168/M166
pchTRACAATY pchTR M165/M169 M165/M166
pchTR M170/M166

modified promoters were inserted into the pGL3-Basic vector, as described
above.

The avian c-Myc expression vector (p)CDNAMyc) consisted of the avian c-Myc
coding sequence obtained by PCR amplification from PA-12 chicken genomic
DNA inserted into the pCDNA3 expression vector downstream from the cyto-
megalovirus (CMV) promoter.

All of the intermediate and final constructs were checked by sequencing with
appropriate primers.

Luciferase assay. For the luciferase assay, Renilla luciferase plasmids (pRL)
were used for cotransfection to standardize transfection efficiency. PCDNAMLuc,
which carries the firefly luciferase gene downstream from the CMV promoter,
and the pGL3-Basic vector were also used for transfection as positive and
negative controls, respectively.

TABLE 4. Production of mutant constructs: distal mutations

PCR®
Constructs” 1st amplification amplizgga tion
Template Primers Primers”
pvTRAE3 pvTR 802/730
pvTRATATA pvIR 802/700 802/701
pvS-TRASp1 pvIR M270/M271 M270/719
pvTRAEBS pvIR 802/718 802/719
pchTRATATA pchTR M165/M171 M165/M178
pvTRAE2AE3 pvTRAE2 802/730
pvTRAEBSAE3 pvTRAEBS 802/730

“The A symbol means that the following site specified is mutated. E1 and E2
correspond to E-box 1 and E-box 2, respectively.

b Primer sequences are described in Table 2. Primers which comprise desired
mutations are in bold.

“The A symbol means that the following site specified is mutated. E2 and E3
correspond to E-box 2 and E-box 3, respectively.

b Primer sequences are described in Table 2. Primers which comprise desired
mutations are in bold.
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FIG. 1. Telomerase activity and relative expression of telomerase subunit genes during MDYV strain RB-1B (MDV-RB-1B) infection. Eight-
week-old chickens were inoculated intramuscularly with 1,000 PFU of highly oncogenic MDV strain RB-1B. Telomerase activity and gene
expression were analyzed on days 1, 7, 14, 21, and 27 postinfection, using PBMC from infected and control chickens. Means and standard deviations
are given. Values for infected chickens significantly different from those for control chickens are indicated by an asterisk.

LMH cells were seeded on 96-well-plates (5 X 10* cells/well). They were
cultured overnight and cotransfected with 300 ng of luciferase reporter plasmids
and 3.75 ng of pRL plasmids, using Lipofectamine 2000 transfection reagent
(Invitrogen-Life Technologies, Cergy Pontoise, France). For c-Myc overexpres-
sion assays, cells were cotransfected with 150 ng of c-Myc expression vector, the
reporter plasmids, and pRL.

MSB-1 cells were electroporated using an Equibio “EasyjecT Plus” electro-
porator (single pulse, 400 V, 1500 wF) and aluminum electrodes (4-mm cuvette;
Eurogentec). For all assays, 8 X 10° cells were electroporated in the presence of
40 pg of luciferase reporter plasmids and 500 ng of pRL diluted in RPMI 1640
medium. After electroporation, cells were plated in 6-well plates containing 2.5
ml of RPMI 1640 medium supplemented with 10% fetal bovine serum. The
plates were then incubated at 41°C.

Luciferase assays were performed 24 h after transfection, using a Dual-Lucif-
erase reporter assay system (Promega, Madison, WI). Firefly luciferase activities
were normalized with respect to Renilla luciferase activity. Each transfection
reaction was carried out at least three times. Mean relative luciferase activity is
presented. The significance of differences between promoter constructs was
assessed with the nonparametric Kruskal-Wallis test implemented in Simstat
version 2.04 (Provalis Research). We compared the luciferase activity for each
mutated promoter with that for the corresponding wild-type promoter. We
considered P values of =0.045 to be statistically significant.

Western blot analysis. The whole LMH cell extracts used for Western blotting
to assess c-Myc levels were prepared by osmotic shock followed by sonication.
Proteins (40 pg) were subjected to electrophoresis in 10% polyacrylamide gels
containing SDS and electrotransferred onto nitrocellulose membranes (Mach-
erey-Nagel, Diiren, Germany). The c-Myc antibody (Ab) (sc-42X; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) was used as the primary antibody. Proteins
were visualized using a BCIP/NBT substrate kit (Zymed Laboratories, CA).

ChIP assays. ChIP assays were carried out as previously described (24).
Briefly, chromatin from 107 MSB-1 cells was cross-linked, washed, resuspended
in lysis buffer, and sonicated 12 times for 6 s each, with an 18-W pulse (Vibra Cell
75455; Bioblock Scientific). A fraction of total chromatin was taken as the total
input DNA control. The protein/DNA complexes were immunoprecipitated by
incubation at 4°C overnight with a mixture of anti-c-Myc Abs (5 pg and 5 pg;
sc-42X and sc-764X; Santa Cruz Biotechnology, Santa Cruz, CA) or with mouse
immunoglobulin Glk (IgGlk) Abs (2 pg; Sigma-Aldrich, Lyon, France) as a
negative control. Immunoprecipitated complexes were collected with protein
Alprotein G beads (1:1). Immunoprecipitation products were washed with low-
salt washing buffer, high-salt washing buffer, lithium chloride washing buffer, and
finally with TE (Tris-EDTA) buffer. Inmunocomplexes were extracted, and the
cross-linking was reversed by incubation at 65°C overnight. Chromatin fragments
purified with a QIAquick PCR purification kit (QIAGEN, Courtaboeuf, France)
were eluted in 50 pl of TE buffer. PCR was initiated by incubation at 94°C for 3
min, followed by 22 cycles of 94°C for 45 s, 58°C for 45 s, 72°C for 45 s, and 72°C
for 10 min. PCRs targeting the VIR and chTR promoters were carried out in
1.1X ReddyMix PCR Master Mix (Abgene, Courtaboeuf, France) with primer
pairs 804/729 and M180/M166, respectively (Table 2).

RESULTS

Telomerase activity and vIR transcription increase during
MDYV infection in vivo. We examined the effects of MDV
infection in vivo on telomerase activity in PBMC, using a
semiquantitative TRAP assay. PBMC were isolated from 12
chickens infected with the highly oncogenic MDYV strain
RB-1B on days 1, 7, 14, 21, and 27 postinfection. PBMC were
also isolated from eight noninfected chickens as a control. In
the MDV strain RB-1B-infected group, three chickens died
during the experiment, from day 27 onward. Necropsies per-
formed on the 20 chickens revealed a 100% incidence of tu-
mors in infected animals and no tumor development in non-
infected chickens. Similarly, high levels of telomerase activity
were detected only in PBMC from MDV-infected chickens
(Fig. 1). Telomerase activity in infected chickens increased
strongly from day 14 onward, reaching a maximum on day 21
(Fig. 1).

We investigated the possible association between MDYV in-
fection and the dysregulation of the chicken telomerase coun-
terpart expression by measuring the levels of transcription of
chTERT and chTR by using semiquantitative RT-PCR. We
found no significant differences in the expression of chTERT
and that of chTR between infected and control chickens (Fig.
1), suggesting that the increase in telomerase activity in in-
fected chickens was not due to changes in the level of tran-
scription of the two chicken genes. The VIR gene was strongly
expressed from day 7 onward in infected chickens, with expres-
sion peaking on day 21. Then, tumor formation in infected
chickens seems to be associated with an increase in telomerase
activity in PBMC, and vTR seems to be the only telomerase
subunit displaying high levels of expression in vivo during
MDV-induced lymphomagenesis.

Basal transcriptional activities of viral and chicken TR pro-
moters are essentially driven by the TATA-like box element. As
vIR was the only telomerase subunit displaying high levels of
expression during MDV tumorigenesis in chickens, we com-
pared the transcriptional regulation of vIR with that of chTR.
We identified several transcription factor binding sites com-
mon to the chicken and the viral TR promoter sequences and
other cis elements specific to the viral promoter sequence
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FIG. 2. Comparison of the promoter regions of the viral and the chicken TR genes. Potential transcription factor binding sites are indicated
in the promoter sequences. The transcriptional start site (+1) is indicated on each sequence by an arrow. Sites present in viral TR promoter
sequences but absent from the chicken TR promoter include AP-1, E-boxes, and the EBS. Four Sp1 motifs are found in identical locations in the
vIR and chTR promoter sequences. The vIR promoter contained four Spl sites in addition to these four sites, whereas the chTR promoter

contained three additional Spl1 sites.

(Fig. 2; (10). Most of the common cis regulatory elements were
elements generally thought to control basal transcription, such
as the TATA-like box (at —30), two CCAAT boxes (at —65
and —95), and several GC boxes that serve as consensus bind-
ing sites for Spl (at —42, —49, —168, and —197).

We analyzed the role of the TATA-like box and the two
CCAAT boxes (CCAATx and CCAATY) in the two promoters,
using site-directed mutagenesis to generate a set of muta-
tions within the VTR and the chTR promoters. The TATA-
like box (—30 to —27) was replaced by a thymine hexamer in
the pyTRATATA and the pchTRATATA constructs. Simi-
larly, the CCAATx box (—95 to —91) and the CCAATYy box
(=65 to —61) were replaced by thymine pentamers in the
pvTRACCAATX, pchTRACCAATXx, pvIRACCAATy, and
pchTRACCAATY constructs. We then used a luciferase assay
to assess the ability of each promoter construct to drive the
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firefly luciferase reporter gene expression by transiently trans-
fecting LMH and MSB-1 avian cells with the mutated con-
structs (Fig. 3A and B).

Mutations of the TATA-like box caused the largest decrease
in viral (Fig. 3A) and cellular (Fig. 3B) promoter activities in
both cell types. The promoter activity of the pyTRATATA and
the pchTRATATA constructs was 12% and 10%, respectively,
of the activity levels observed for pvTR and pchTR in LMH
cells and 16% and 24%, respectively, of the levels observed for
pvTR and pchTR in MSB-1 cells. Mutations of the CCAATx
and CCAATYy boxes of the VIR promoter reduced promoter
activity levels to 57% and 43%, respectively, of that in LMH
cells and to 44% and 47%, respectively, of that in MSB-1 cells.
An identical pattern was observed for the chTR promoter (Fig.
3B). The promoter activity level of the pchTRACCAATx and
pchTRACCAATY constructs was 40% and 60%, respectively,
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FIG. 3. Luciferase promoter assay for VIR (A) and chTR (B) in LMH and MSB-1 cells. Wild-type and mutant vVIR/chTR promoter fragments
were inserted upstream from the firefly luciferase reporter gene in the pGL3-Basic vector to generate pvITR and pchTR. Schematic diagrams of
pvTR and pchTR are shown at the top. Black rectangles indicate Spl sites. An arrow indicates the transcription start sites of the vI'R and chTR
genes. Firefly luciferase activity was normalized with respect to the Renilla luciferase activity obtained from the cotransfected pRL plasmid. The
luciferase activities of the pvTR and pchTR wild-type plasmids were normalized to 100%. The means and standard deviations of at least three
independent experiments are shown. Values for the mutated promoter significantly different from those for the corresponding wild-type promoter

are indicated by an asterisk.
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FIG. 4. Characterization of responsive elements involved in vTR transcription. (A) Comparison of vIR and chTR promoter activities in LMH
and MSB-1 cells. The luciferase activity of the pvTR plasmid is normalized to 100%. The means and standard deviations from at least three
independent experiments are shown. All the values obtained for pchTR are significantly different from those obtained for pvTR (indicated by an
asterisk), and the P values for nonparametric Kruskal-Wallis tests are shown. (B) Identification of the DNA elements responsible for vIR
transcriptional regulation in LMH and MSB-1 cells. Schematic diagram of pvTR is shown. Five mutations were generated within the vIR promoter
sequence by site-directed mutagenesis. The promoter activity of each construct was measured by the luciferase assay, normalized with respect to
Renilla luciferase activity, and expressed as a value relative to pvTR (wild-type) activity. The means and standard deviations of at least three
independent experiments are shown. Values for mutated promoters significantly different from those for the vI'R wild-type promoter are indicated

by an asterisk.

lower than that of the wild-type chTR promoter in LMH cells
and 49% and 53%, respectively, lower than that of the wild-
type chTR promoter in MSB-1 cells. These results suggest that
the CCAATx box and the CCAATYy box are involved in vIR
and chTR promoter regulation and that the TATA-like box
element is critical for the basal transcription activity associated
with the chicken and viral TR promoters.

E-box 3 is essential for vIR promoter activity in LMH and
MSB-1 cells. We compared the transcriptional activities of the
chicken and viral TR promoter regions in LMH and MSB-1
cells, with a luciferase assay (Fig. 4A). The vIR promoter was
2.8-fold and 4.5-fold more active than the chTR promoter in
LMH and MSB-1 cells, respectively. These results suggest that
some cis elements present only on the viral promoter sequence
may be responsible for the promoter’s higher transcriptional
efficiency. Several cis elements, one AP-1 site (at —527), three
E-boxes (at —389, —184 and +2), and one EBS (at —38), were
found only in the VTR promoter. As outlined above, AP-1 sites
are potential binding sites for Meq, E-boxes are involved in the
transcriptional regulation of hTERT (19), and Ets binding sites
are involved in the transcriptional regulation of cell prolifera-
tion (28). These cis elements are therefore potential candi-
dates for a major role in regulating the malignancy-promoting
expression of vITR. We therefore generated a set of mutations

within the VIR promoter sequence, using site-directed mu-
tagenesis as described above (each targeted site was replaced
by a thymine polymer), to enable us to identify the responsive
elements involved in increasing activity. We constructed five
mutated promoters from pvIR as follows: pvTRAAPI,
pvTRAEL, pvTRAE2, pvTRAE3, and pvTRAEBS, with muta-
tions in the AP-1 site (—527 to —521), in E-box 1 (=389 to
—383), E-box 2 (—184 to —178), and E-box 3 (+2 to + 7), and
in the EBS (=38 to —32), respectively. These mutated plas-
mids were used to transfect LMH and MSB-1 cells, and a
luciferase assay was performed (Fig. 4B). Mutations of the
AP-1 site and E-box 1 had no effect on promoter activity,
whereas the mutation of E-box 3 decreased transcriptional
activity by 75% and 72% with respect to the activity of pvIR in
LMH and MSB-1 cells, respectively. E-box 3 is, thus, a critical
cis-acting element in the transcriptional activation of vIR in
both cell lines.

E-box 2 and the EBS are functional elements of the vITR
promoter in the MSB-1 cell line. Studies of the involvement of
the various cis elements in vIR promoter regulation revealed
that E-box 2 and the EBS were functional regulatory ele-
ments specific to MSB-1 cells. Indeed, the mutations of
E-box 2 and the EBS reduced transcriptional activity levels
by 76% and 82%, respectively, only in MSB-1 cells (Fig. 4B).
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FIG. 5. Functional study of Sp1 sites located close to the transcriptional start site in LMH and MSB-1 cells. (A) Comparison of pvTR and
pvS-TR activities in LMH and MSB-1 cells. Schematic diagram of pvS-TR is shown. The promoter activity of the pvS-TR construct was assessed
with the luciferase assay, normalized with respect to Renilla luciferase activity, and expressed relative to the activity of pvIR (the entire vITR
promoter). The means and standard deviations of at least three independent experiments are shown. Values for pvS-TR significantly different from
those for pvTR (indicated by an asterisk) and P values for nonparametric Kruskal-Wallis tests are shown. (B) Involvement of Spl sites in VIR
transcriptional regulation. The promoter activity of pvS-TRASp1 was assessed with the luciferase assay, normalized with respect to Renilla
luciferase activity, and expressed relative to the activity of pvS-TR (wild type). The means and standard deviations of at least three independent
experiments are shown. Values for mutated promoters significantly different from those for the short vIR wild-type promoter are indicated by an

asterisk.

We therefore generated two double-mutant reporter plasmids,
pvTRAEBSAE3 and pvTRAE2AE3, the first with mutations
within the EBS and E-box 3 and the second with mutations
within E-box 2 and E-box 3, respectively (both sites were re-
placed by a thymine polymer), to determine whether the EBS
and E-box 2 act in synergy with E-box 3 in MSB-1 cells. These
plasmids were used in luciferase assays with the MSB-1 cell
line (Fig. 4B). The pvTRAEBSAE3 and pvTRAE2AE3 con-
structs reduced transcriptional activity levels by 93% and 84%,
respectively, whereas mutations of the EBS, E-box 2, or E-box
3 alone led to 82%, 76%, and 72% decreases in activity levels,
respectively. These results suggest that the EBS and E-box 2
cooperate with E-box 3 to regulate the promoter activity of
VIR in the MSB-1 cell line.

Spl binding sites are involved in the transcriptional regu-
lation of vTR. Our results show that the four cis elements of
the vITR promoter functional in the two cell types tested (the
CCAATx and CCAATYy boxes, the TATA-like box, and E-box
3) are located close to the transcriptional initiation site (be-
tween —95 and +7). Moreover, the EBS, which is specifically
functional in MSB-1 cells, is also located in this promoter
region. Three of the eight Spl sites identified in the VIR
promoter sequence are also located in this region. We inves-
tigated whether these Sp1 sites were involved in the transcrip-
tional regulation of VTR by studying this proximal promoter
region using a short vIR promoter comprising the —104 to
+20 region of the promoter sequence (pvS-TR). The transcrip-
tional efficiency of pvS-TR was then compared with that of an
equivalent promoter region in which the three Spl sites had
been replaced by a thymine polymer (pvS-TRASp1). The tran-
scriptional activity of the truncated pvS-TR construct was not
significantly different from that of the pvTR construct in LMH
cells (P = 0.1432) (Fig. 5A). The 56% lower level of transcrip-
tional activity observed for the truncated promoter, pvS-TR,
than for the entire promoter, pvTR, in MSB-1 cells seems to be
due to the absence of E-box 2 from this construct. In both types
of cells, mutation of the three Spl sites led to levels of tran-
scriptional activities at least 81% lower than those for pvS-TR

(Fig. 5B). This result suggests that the three Sp1 sites, located
at —42, —49, and —102, are involved in the transcriptional
regulation of vIR.

Avian c-Myc binds and activates the vIR promoter. The
transcription factor c-Myc can bind canonical E-box elements.
The presence of functional c-Myc binding elements in the vIR
promoter is of particular interest, given the role of c-Myc in
cell proliferation and transformation. We studied the effects of
c-Myc overexpression in LMH cells, using the avian c-Myc
expression plasmid pCDNAMyc for cotransfection together
with the pvTR, the pvTRAES3, or the pchTR plasmid carrying
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FIG. 6. Effect of c-Myc overexpression on VIR promoter activity in
LMH cells. (A) Effective overexpression of c-Myc in LMH cells was
checked by Western blotting. (B) Effect of c-Myc overexpression on
the transcriptional efficiency of the vITR promoter. LMH cells were
cotransfected with the c-Myc expression vector (pCDNA3Myc) and
reporter plasmids (pvITR, pvTRAE3 or pchTR) using Lipofectamine
2000. Each transfection was carried out at least in triplicate and stan-
dard deviation bars are shown. The promoter activity of each construct
was compared with that of the wild-type vIR promoter, which was
defined as 100. Assays with a significantly different value for cotrans-
fection with pvTR and pCDNA3Myc are indicated by an asterisk, and
the corresponding P values from nonparametric Kruskal-Wallis tests
are shown.
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FIG. 7. Direct association of c-Myc with the vIR promoter. Sche-
matic diagrams of the VIR promoter (left) and the chTR promoter
(right) are shown at the top. The pairs of primers used for the PCR
amplification are indicated on the schematic diagrams of the two
promoters. Electrophoretic analysis of the PCR amplification prod-
ucts, using immunoprecipitated DNA (IP) or total input DNA (Input),
is shown below. Mouse IgG1 antibodies (right column) were used in
ChIP assays as a negative control. The column on the left shows the
PCR amplification products from DNA immunoprecipitated with c-
Myc antibodies. VIR promoter-specific primers amplified a 189-bp
product, whereas chTR promoter-specific primers amplified a 279-bp
product.

the wild-type VTR promoter sequence, the corresponding E-
box 3 mutant, and the E-box-free chTR promoter sequence,
respectively. Western blotting analysis confirmed that there
was an effective ectopic expression of c-Myc protein in c-Myc-
cotransfected cells (Fig. 6A). The overexpression of c-Myc
protein increased wild-type vIR promoter activity by a factor
of 6.5 in LMH cells (Fig. 6B). Reporter plasmids carrying the
E-box 3-mutated VIR promoter and pchTR responded simi-
larly to c-Myc overexpression, with a response that was signif-
icantly different from that obtained for the wild-type VIR pro-
moter (P = 0.0027 and P = 0.0201, respectively). These results
indicate that c-Myc transactivates vIR and that E-box 3 is
involved in this activity.

As pchTR and pvTRAE3 displayed minimal responses to
c-Myc overexpression, we assessed the specific and direct as-
sociation of c-Myc with the VIR promoter by carrying out
ChIP experiments with MSB-1 cells. We analyzed immunopre-
cipitated DNA by PCR, using primer pairs for the vIR and
chTR promoters. We found that c-Myc was recruited to the
VIR promoter in MSB-1 cells, whereas this factor did not bind
to the chTR promoter, which contains no E-box elements (Fig.
7). These results suggest that the endogenously expressed c-
Myc protein mediates the transcriptional regulation of vIR by
interacting with the region encompassing the functional cis
elements.

DISCUSSION

Several studies have reported an association between TR
upregulation and malignancy (6, 26), and one recent study
reported that TR is required for the tumor-promoting effects
of TERT overexpression (4). TR is constitutively expressed in
somatic cells, but there is evidence that the upregulation of
telomerase activity in immortalized and cancer cells involves
the transcriptional regulation of TR (14, 22). Consistent with
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these data, we report here a correlation between the high level
of VIR expression in PBMC during MDYV infection and the
upregulation of telomerase activity in these cells, which is itself
associated with lymphoma development in chickens (Fig. 1).
Previous functional analyses have shown that vIR can recon-
stitute telomerase activity by interacting with TERT more ef-
ficiently than with chTR (10, 11). The high level of VIR ex-
pression observed during MDYV infection in lymphocytes, the
target population for transformation, may therefore lead to an
increase in telomerase activity, promoting cell immortalization.
These findings are consistent with a recent study reporting that
VIR promotes malignant T-cell lymphomagenesis during
MDYV infection (30). Indeed, pathogenesis studies in chickens
have clearly shown that the incidence of lymphoma was dras-
tically reduced in birds inoculated with an infectious clone of
the highly oncogenic MDYV strain RB-1B lacking both copies of
the vTR gene compared with that of the parental virus. More-
over, lymphomas induced by VTR double-deletion viruses were
significantly less disseminated and generally smaller in size
than those induced by the parental virus. Thus, vIR is required
for efficient MDV-induced lymphomagenesis, and the tumor-
promoting effects of VIR seem to involve its capacity to in-
crease telomerase activity.

We found that VTR expression was significant on day 7
postinfection and that it increased during the latent period and
lymphoma development (Fig. 1). Consistent with the results of
a previous study (30), an analysis of endogenous VIR expres-
sion in cells revealed that vI'R was expressed in MDV-infected
primary chicken embryo cells and in MDV-transformed lym-
phoblastoid cell lines (MSB-1, MDCC-PA9, and MDCC-PAS)
(data not shown). The VIR gene therefore seems to be both a
Iytic and a latent gene, as it is expressed during both of these
phases of MDYV infection. However, semiquantitative RT-PCR
analysis revealed that vIR levels were up to 17-fold higher in
T cells sustaining latent infection (MSB-1, MDCC-PA9, and
MDCC-PAS) than in permissive cells undergoing viral repli-
cation (MDV-infected chicken embryo cells) (data not shown).
These results are of particular interest given the functionality
of vTR. Indeed, Trapp et al. (30) have shown that the tumor-
promoting effects of vI'R expression cannot be attributed to a
functional role in MDYV replication or in the establishment or
reactivation from latency. Instead, these effects seem to involve
events downstream from the primary establishment of infec-
tion. Thus, VTR seems to display its oncogenic properties only
during latent infection in lymphocytes, which sustain high lev-
els of VIR expression.

In this study, we identified several cis elements specifically
involved in VTR transcriptional regulation. Comparative anal-
ysis of the VIR and chTR promoters showed that the tran-
scriptional efficiency of the viral promoter is up to fourfold
higher than that of the chTR promoter. Our analysis of the
functional significance of the TATA-like box and the two
CCAAT boxes, using luciferase assays in two avian cell lines,
showed that basal transcriptional regulation was similar for the
two promoters. Indeed, the two CCAAT boxes had equivalent
functions, and the TATA-like box was found to be essential for
the basal transcriptional activity of both promoters (Fig. 3).
Thus, as previously described for the hTR promoter (36, 37),
the vTR and chTR promoter sequences have cis regulatory
elements in common, and these elements are involved in main-
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taining basal TR expression levels. However, consistent with
our comparative analysis of the activities of the VIR and the
chTR promoters, quantification of the endogenous levels of
VIR and chTR expression in MSB-1 cells by semiquantitative
RT-PCR demonstrated that vIR expression was 14-fold stron-
ger than chTR expression in these MDV-transformed T cells
(data not shown). The functionality of E-box 3, located 2 bp
downstream from the transcription start site, in both cell types
studied suggests that this cis element is the principal element
responsible for the higher levels of activity observed for the
VIR promoter. A similar canonical E-box element, located 22
bp downstream from the transcription initiation site, is in-
volved in hTERT transcriptional regulation (16, 29). More-
over, as described for the hTERT promoter (19), Sp1 binding
sites located near E-box 3 are involved in vIR transcriptional
activation. Thus, the VIR and hTERT promoter sequences
include similar cis regulatory elements, and these elements are
the main elements controlling vIR and hTERT expression in
cells. Our findings indicate that vIR transcription is regulated
by responsive elements involved in the regulation of basal
transcription, as is the case for the chTR and hTR promoters,
and that the E-box 3 cis element is required for high levels of
transcription, as previously reported for hTERT. The mu-
tagenesis assays carried out with LMH and MSB-1 cell lines
identified no negative cis elements in the VIR promoter se-
quence. Thus, the VTR promoter seems to be the homolog of
the original avian cellular chTR promoter but with certain
responsive elements related to oncogenesis, particularly the
E-box located in the transcribed region of vIR, introduced
into the viral genome during the course of evolution, resulting
in high levels of VTR expression during infection.

E-boxes serve as binding sites for proteins of the bHLH-Zip
transcription factor superfamily, including the Myc/Mad/Max
family of transcription factors (http://www.myccancergene
.org/) (7). bLHLH-Zip proteins and their E-box recognition sites
act as crucial positive regulators of diverse biological pro-
cesses, including cell proliferation and death (12). Previous
studies have shown that c-Myc can induce telomerase activity
through the transcriptional activation of hTERT (13, 32). Our
overexpression assays, in which the reporter plasmid carrying
the wild-type VIR promoter sequence was used for cotrans-
fection with pPCDNA3Myc, showed that c-Myc activates tran-
scription of the VIR gene. Moreover, our ChIP assays showed
that endogenously expressed c-Myc binds to the vIR promoter
sequence in an MDV-transformed cell line. Thus, the transac-
tivation of vI'R expression induced by the interaction of c-Myc
with the E-boxes located within the vIR promoter sequence is
involved in the high levels of VTR expression observed during
MDV-induced lymphomagenesis. The c-Myc oncoprotein is
also involved in the increase in telomerase activity due to
HPV16 infection. Indeed, the E6 oncoprotein encoded by
HPV16 has been shown to interact directly with c-Myc, and
c-Myc/E6 complexes have been shown to activate hTERT ex-
pression, increasing telomerase activity in infected tumor cells
(31). The c-Myc oncoprotein therefore seems to be a common
element of the pathways leading to higher levels of telomerase
activity in MDV- and HPV16-transformed tumor cells.

In this study, we have shown that E-box 2 and the EBS,
located 184 bp and 38 bp upstream, respectively, from the
transcription initiation site of VIR are specifically functional in
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MSB-1 cells but not in LMH cells (Fig. 4B). This finding is of
particular interest because the MSB-1 cell line is a T-lympho-
blastoid line transformed by MDYV, whereas the epithelioid
LMH cell line represents a cell population which is not sus-
ceptible to transformation during MDYV infection. This result
therefore provides evidence that vIR is specifically regulated
in transformed T cells. A previous study describing the crystal
structures of c-Myc-Max heterodimers selectively bound to
duplex oligonucleotides containing E-boxes revealed that two
c-Myc-Max heterodimers tightly associate to form a bivalent
heterotetramer, providing a substantial platform for the assem-
bly of an additional protein factor (25). As the EBS and E-box
2 act together with E-box 3 to regulate VIR expression (Fig.
4B), an interaction between the EBS-bound factor and a Myc-
Max heterotetramer bound to E-boxes 2 and 3 may be involved
in the specific transcriptional regulation of VTR observed for
MSB-1 cells. Moreover, as the functional EBS is located be-
tween the E-boxes, the formation of a specific chromatin struc-
ture should involve the specific location of those cis elements
on the promoter sequence. Thereby, the assembly of a large
nuclear complex on VIR promoter, particularly in MDV-trans-
formed lymphoblastoid cells, may account for the restricted,
cell type-dependent activity of the vIR promoter. Tess soft-
ware (www.cbil.upenn.edu/cgi-bin/tess/tess) analysis of the
VIR promoter sequence revealed that the EBS contains spe-
cific binding domains for three Ets proteins, PU.1, Ets-1, and
PEA3. ChIP assays using a rabbit polyclonal antibody against
the chicken PU.1 protein (Santa Cruz Biotechnology, CA) (23)
failed to precipitate the VIR promoter sequence (data not
shown). A previous study showed that PEA3 is primarily ex-
pressed in epithelial cells and not in hematopoietic cells (34)
and that high levels of Ets-1 expression are restricted to lym-
phoid tissues in adults. Ets-1 may therefore be the factor re-
sponsible for driving vIR transcriptional regulation through
the EBS located within its promoter sequence. Future studies
should characterize the interaction between bHLH-Zip tran-
scription factors and Ets proteins leading to the specific co-
regulation of VIR in MDV-transformed lymphoblastoid cells.

Finally, our study suggests that the viral oncoprotein Meq
has no direct effect on VIR transcriptional regulation. Meq has
a structure similar to that of the Jun/Fos family oncogenes and
is a transactivator that can heterodimerize with c-Jun and bind
AP1 sites (20). In our luciferase assays, mutations in the AP-1
site located in the VIR promoter sequence had no effect on the
transcriptional activity of the vIR promoter in Meq-expressing
MSB-1 cells (Fig. 4B). This result is consistent with a previous
study in which a ChIP-based approach scanning the entire
MDYV genome for Meq binding sites failed to identify the vIR
promoter sequence as a target binding site for Meq (20). Thus,
although vTR and Meq may cooperate during lymphoma for-
mation and dissemination, the oncogenic properties of Meq
required for MDV-induced lymphomagenesis do not seem to
involve the direct regulation of vIR transcription by Meq. Our
results therefore identify EBS factors and the oncoprotein
c-Myc as the main elements involved in the high levels of vITR
expression specific to the MDV-transformed T-lymphoblastoid
cell line. Indeed, the binding of a factor to the EBS in the vIR
promoter specifically in lymphoblastoid cells may induce Myc-
Max heterotetramer complex formation, leading to high levels
of VIR expression. Thus, high levels of vIR expression in these
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cells, due to cooperation between factors bound to the TATA-
like box, E-box, and the EBS, may be an essential prerequisite
for the full expression of the oncogenic properties of vIR.
Consistent with this idea, the constitutive expression of VIR in
the nontransformed chicken cell line DF-1 resulted in a phe-
notype consistent with transformation (30). Thus, the tumor-
promoting effects of vIR must involve its specific overexpres-
sion in lymphoblastoid cells during the latent period and the
transcriptional regulation of VIR seems to be essential for the
expression of its oncogenic properties.
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