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Chicken anemia virus (CAV) is a small circular single-stranded DNA virus with a single promoter-enhancer
region containing four consensus cyclic AMP response element sequences (AGCTCA), which are similar to the
estrogen response element (ERE) consensus half-sites (A)GGTCA. These sequences are arranged as direct
repeats, an arrangement that can be recognized by members of the nuclear receptor superfamily. Transient-
transfection assays which use a short CAV promoter construct that ended at the transcription start site and
drive expression of enhanced green fluorescent protein (EGFP) showed high basal activity in DF-1, LMH,
LMH/2A, and primary theca and granulosa cells. The estrogen receptor-enhanced cell line, LMH/2A, had
significantly greater expression than LMH cells, and this expression was significantly increased with estrogen
treatment. A long promoter construct which included GGTCA-like sequences downstream of the first CAV
protein translation start site was found to have significantly less EGFP expression in DF-1 cells than the short
promoter, which was largely due to decreased RNA transcription. DNA-protein binding assays indicated that
proteins recognizing a consensus ERE palindrome also bind GGTCA-like sequences in the CAV promoter.
Estrogen receptor and other members of the nuclear receptor superfamily may provide a mechanism to
regulate CAV activity in situations of low virus copy number.

Chicken infectious anemia virus (CAV) is a small DNA virus
of the family Circoviridae and has recently been classified as the
sole member of the genus Gyrovirus (44). CAV is present in
virtually all commercial chicken operations and is highly resis-
tant to disinfectants and heat (67). Infection is acquired by oral
or vertical transmission. Neutralizing antibodies develop 3 to 6
weeks postinfection and eliminate overt virus replication. De-
velopment of CAV antibodies often occurs after the onset of
sexual maturity in specific-pathogen-free (SPF) flocks with low
levels of viral exposure and limited stress (29). CAV infects
T-cell precursors in the thymic cortex, CD8� splenic lympho-
cytes, and hemocytoblasts in the bone marrow (1, 16, 39) and
causes apoptosis of infected cells due to viral protein 3 (VP3),
also called apoptin (35). Clinical disease is limited to chickens
less than 3 weeks of age and is characterized by anemia, thymic
and splenic atrophy, and secondary infections, including der-
matitis (12, 55, 66). Older chickens do not develop clinical
disease but have decreased immune responses, as evidenced by
poor vaccine responses, increased susceptibility to other infec-
tions (1), and decreased cell-mediated immune responses (25,
26). Although the virus is mostly lymphotropic, there is also
evidence that CAV can be present in the reproductive system.
Cardona et al. (5, 6) have shown that the presence of antibod-
ies for up to 12 months did not eliminate CAV DNA from the
reproductive tissues or prevent vertical transmission. Viral
DNA could also be detected in organs of all embryos from
antibody-positive hens, with the highest incidence in embryo-
nal spleens and reproductive tissues (28). Experimentally in-

fected males can transmit CAV through the semen until the
development of antibodies (13).

The CAV genome consists of a 2.3-kb negative-sense, single-
stranded DNA with one promoter-enhancer region (33). A
single unspliced, polycistronic mRNA is transcribed, encoding
three viral proteins (VP1, VP2, and VP3) through the use of
alternate start codons (34). VP1 is the only protein found in
the capsid (59). VP2 has been shown to have protein phospha-
tase activity (41) and may have a role in capsid formation such
as a scaffold or chaperone for proper folding of VP1, since
both VP1 and VP2 proteins are required to induce protective
immunity (36). VP3, called apoptin, causes apoptosis (68) and
has recently been shown to bind to DNA (22, 23).

Sequences in the 5� nontranscribed region of the CAV ge-
nome are believed to be the sole promoter enhancer for CAV
(Fig. 1A) (38). Dependent on the strain of CAV, this region
has four or five 21-bp direct repeat (DR) regions with a 12-bp
insert between the first two (or three) and the last two DR.
Both the 12-bp insert region and at least two of the DR are
necessary for efficient viral transcription and replication (37,
38). These DR regions have a consensus binding site for cyclic
AMP response element binding protein, but this site binds an
unidentified nuclear protein and not cyclic AMP response el-
ement binding protein (38), while the 12-bp insert region was
found to bind Sp1.

Due to the common occurrence of seroconversion at the
time of sexual maturation in SPF flocks, the presence of viral
DNA in male and female gonads, and in freshly laid fertilized
eggs, we hypothesized that CAV gene regulation is effected by
the regulation of the reproductive system. The reproductive
system has many genes that require spatial and time-specific
expression. A large part of this regulation is at the level of
transcription with gene expression regulated by promoter-spe-
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cific sequences in a cell-specific manner, and many of these
genes are regulated by nuclear receptors of the steroid/thyroid
receptor superfamily. These ligand-activated transcription fac-
tors regulate target genes by binding to specific DNA se-
quences or response elements and recruiting coactivators or
corepressors. Estrogen receptor (ER), a type I nuclear recep-
tor, binds as homodimers to the estrogen response element
(ERE) that consists of a palindrome with a pentamer or hex-
amer half-site sequence, (A)GGTCA, and a 3-bp space be-
tween the half-sites. There is, however, flexibility in ER bind-
ing to half-site elements. Most estrogen-responsive genes
contain imperfect EREs that vary from the consensus by up to
3 nucleotides (nt), and widely spaced direct repeats of the
GGTCA sequence have been shown to be active in controlling
numerous estrogen-regulated genes (2, 19–21).

The type II nuclear receptors, such as thyroid receptor,
retinoic acid receptor, retinoid X receptor, and vitamin D
receptor, bind pentamer or hexamer elements resembling the
ERE half-site (A)GGTCA arranged as DR regions with vary-
ing spacing but may also recognize palindromes and inverted
or everted repeats (7). These nuclear receptors often bind as
heterodimers with retinoid X receptor, but homodimers and
monomers are also possible (7, 45, 56) and have been shown to
bind to the consensus ERE palindrome (20). Unlike type I
nuclear receptors, type II receptors can constitutively bind to
their response element and influence gene expression in the
presence or absence of ligand, usually by activation or repres-
sion, respectively. There is also a diverse group of nuclear

receptors with no known ligand that recognize similar elements
and are referred to as orphan nuclear receptors. The best
characterized is chicken ovalbumin upstream promoter tran-
scription factor (40). Together, ER and the type II nuclear
receptors can bind a wide range of AGGTCA-like motifs and
often compete for binding to the same DNA sequence. The
presence of ligand, relative abundance of heterodimerization
partners, and competition for binding sites are an integral part
of the precise regulation of many genes.

The cyclic AMP response element sites (ACGTCA) in the
CAV promoter direct repeat regions are an imperfect half-site
sequence that varies from the consensus (AGGTCA) by 1 nt
and are arranged as direct repeats with a 15-bp separation
between half-sites (DR-15) (Fig. 1A). Nearby known or poten-
tial Sp1 and NFY binding sites may cooperatively interact with
ER, as has been shown for many hormone-regulated genes (52,
54, 61). This led us to hypothesize that ER or other nuclear
receptors could be involved in the regulation of CAV at the
transcription level.

MATERIALS AND METHODS

Animals. Forty-to-sixty-week-old hens were used as the source for ovarian
follicle cell cultures and were obtained from the SPF flocks maintained by the
Department of Microbiology and Immunology at Cornell University. All animal
procedures were approved by the Institutional Animal Care and Use Committee
of Cornell University.

Cell cultures and hormones. The chicken fibrocytic cell line DF-1 was ob-
tained from the American Type Culture Collection (Rockville, Md.) and grown
in Dulbecco’s modified Eagle medium with 10% fetal bovine serum (FBS), 1.5 g

FIG. 1. (A) Schematic diagram of the CAV promoter region with the areas used for the short and long promoter expression vectors indicated
by the bars under the diagram (see text for primer sequences). The regions used for EMSA are indicated by bars, and the sequences are listed in
Table 2. The CAV promoter 21-bp direct repeat sequences are TGTACAGGGGGGTACGTCACCCGTACAGGGGGGTACGTCACA, with the
ERE-like elements in boldface underlined type. The ERE-like sequences arranged as direct repeats with a 15-bp separation are indicated in the
diagram as boxes labeled DR-15. Known or putative transcription factor binding sites are indicated as circles for Sp1, squares for ERE-like, and
triangles for NFY. (B) Schematic diagram and sequence of the downstream region of the CAV promoter. Numbering is based on the transcription
start point (TSP) as �1, indicated by the right arrow, and corresponds to nt 333 for the 2,298-bp CIA-1 genome (GenBank accession no. L14767)
(48) or nt 354 for the longer 2,319-bp Cux-1 sequence (GenBank accession no. M55918) (33). The TATA box is indicated by the boxed sequences,
and the ATG is circled. Arrows underline GGTCA-like sequences and indicate orientation.
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of NaHCO3/liter, and 1% antibiotic-antimycotic mix (Invitrogen Corp., Carls-
bad, Calif.). The chicken hepatocyte cell lines LMH (4) and LMH/2A were also
obtained from the American Type Culture Collection. The LMH/2A cell line
overexpresses ER 150 times compared with the parent LMH cell line (58). These
cells were maintained in Waymouth’s MB752/1 medium (Invitrogen) supple-
mented with 10% FBS, penicillin (100 U/ml), and streptomycin (100 �g/ml) and
grown on 0.1% gelatin-coated flasks.

For ovarian cell cultures, the 5 largest yolk-filled ovarian follicles (F1 to F5 for
largest to smallest follicles) were removed from 2 hens and placed in ice-cold
phosphate-buffered saline (PBS), pH 7. The granulosa and theca layers were
separated by identifying the thecal layer from a stab incision of the follicle and
carefully peeling the theca cells from the granulosa layer that remained with the
yolk. Granulosa cells were collected and pooled from the three largest follicles
(F1 to F3) and dispersed as described by Davis et al. (9). Briefly, cells were
placed in dispersion medium consisting of M199 medium with 0.1% collagenase
type IV (Gibco), 0.2% bovine serum albumin, and 0.01% trypsin inhibitor
(Gibco). Cells were digested at 37°C for 15 min with occasional pipetting and
plated onto 25- or 75-cm2 flasks. The theca layers from the two largest (F1 and
F2) and the two smallest (F4 and F5) yellow follicles were collected and main-
tained separately for these assays. The theca layers were minced with scalpel
blades and then dispersed by using dispersion media with a 5� collagenase
concentration (0.5%) for 60 min at 37°C, with pipetting at 20-min intervals.
Theca and granulosa cells were maintained in M199 with Earle’s salts, L-glu-
tamine, 2,200 mg of NaHCO2/liter, and 25 mM HEPES (Invitrogen) and sup-
plemented with 5% FBS, 100 U of penicillin/ml, 100 �g of streptomycin/ml, and
0.5 �g of insulin (Sigma-Aldrich Corp., St. Louis, Mo.)/ml. All cells were grown
at 37°C with 5% CO2.

Plasmid and promoter constructs. The CAV short and long promoter se-
quences were generated by standard PCR with primers designed based on CIA-1
strain (GenBank accession no. L14767) as follows. Both the short and long
promoters were amplified with the same forward primer, 5�-GTTACTATTCC
ATCACCATTCTA-3� (nt 13 to 35), with the reverse primer 5�-GCACATACC
GGTCGGCAGT-3� (nt 314 to 332) for the short promoter sequence and the
reverse primer 5�-CAGTGAACGGCGCTTAGCC-3� (nt 394 to 413) for the
long promoter sequence. The long promoter construct included sequences down-
stream of the first viral protein translation start site and was designed to be in
reading frame with the enhanced green fluorescent protein (EGFP) start codon.
PCR products were cloned into the pCR2.1 TOPO vector (Invitrogen) and
subcloned into the pEGFP-1 expression vector (BD Biosciences Clontech Lab-
oratories, Inc., Palo Alto, Calif.) encoding the gene for EGFP but lacking a
promoter. Two forms were made for both the short and long promoters. The
pEGFP-S5 and pEGFP-L5 vectors were subcloned by using the SacI/ApaI sites
(see Fig. 3), and the EcoRI site was used for the pEGFP-SE and pEGFP-LE
vectors. Constructs were verified by sequencing (Biotechnology Resource Cen-
ter, Cornell University). The expression plasmid pEGFP-N1 (BD Biosciences
Clontech Laboratories, Inc.) with the immediate-early cytomegalovirus (CMV)
promoter and the promoterless pEGFP-1 were used as the positive and negative
controls, respectively. The pEF1/V5-His/lacZ vector (Invitrogen Corp.) contain-
ing the gene for �-galactosidase under the control of the EF-1� promoter was
used as a cotransfection vector to normalize for transfection efficiency. However,
in assays with high transfection efficiency, the �-galactosidase activity was in-
versely related to EGFP expression, indicating competition for transcription
machinery. Due to this problem, samples were normalized for transfection effi-
ciency by dividing by the positive control vector, and results were reported as
percentages of CMV-driven expression. All assays had �10% transfection effi-
ciency, as estimated by counting fluorescent cells.

Transient transfection. Plasmid DNAs were grown in Escherichia coli permis-
sive cells and purified with QIAGEN midi-prep columns (QIAGEN, Inc., Va-
lencia, Calif.). Concentrations were determined by spectrophotometer (Smart-
Spec 3000; Bio-Rad, Hercules, Calif.) readings at a � of 260. Aliquots of each
plasmid used in transfection assays were electrophoresed through a 1% agarose
gel to verify relative concentrations and equal percentages of supercoiled and
relaxed forms between plasmids.

For transactivation assays, cells were seeded onto 6- or 12-well plates 1 day
before transfection and grown in phenol-red-free medium supplemented with
5% charcoal-stripped FBS. Cells were transfected at 60 to 80% confluence with
Lipofectamine Plus or Lipofectamine 2000 (Invitrogen). Primary or secondary
theca and granulosa cells were transfected 24 to 48 h after plating. For 12-well
plates, 1 �g of DNA was used per well, consisting of 0.5 �g of EGFP reporter
plasmid and 0.5 �g of pEF1a/His/lacZ. The transfection mix was removed after
3 to 4 h, and medium was replaced with or without specific hormones. The
following hormones were used (all from Sigma-Aldrich Corp.): 17�-estradiol
(E2, 10 nM to 1 �M), dexamethasone (1 �M), 9-cis-retinoic acid (10 nM),

all-trans-retinoic acid (10 nM), 3,3�,5-triiodo-L-thyronine sodium salt (T3, 100
nM), progesterone (10 nM), and testosterone (10 nM). For LMH and LMH/2A
cells, serum supplementation included 2% chicken serum as has been reported
previously (4, 31, 58). Twelve-well plates were used for EGFP protein measure-
ment by fluorometer, with each treatment run in triplicate wells and each assay
repeated three times or as indicated in the figure legends. For real-time quan-
titative (qPCR) and quantitative reverse transcription (qRT)-PCR, cells were
grown in six-well plates, with cells from each well split for DNA and RNA
extraction. Six-well plates were also used for fluorescence-activated cell sorter
(FACS) analysis. Transfected cells were harvested 24 to 28 h posttransfection.

Fluorometric assays. Twenty-four to 28 h after transfection, cells in 12-well
plates were washed once with cold PBS and then harvested in 200 �l of 1�
reporter lysis buffer (Promega, Madison, Wis.). Cells were frozen at 	80°C,
allowed to return to room temperature for one freeze-thaw cycle, then vortexed
for 15 s, and centrifuged at maximum speed for 5 min to pellet cellular debris,
and supernatants were used for EGFP measurement with a TD 360 fluorometer
(Turner BioSystems, Inc., Sunnyvale, Calif.) that was calibrated with recombi-
nant green fluorescent protein (BD Biosciences Clontech).

RNA and DNA extraction. Total cellular RNA was extracted 24 h after trans-
fection with RNAzol (Tel-Test, Inc., Friendswood, Tex.) and DNase treated with
the DNA-free kit (Ambion, Inc., Austin, Tex.). Samples were frozen at 	80°C
until RT-PCR assay. Cells used for DNA were suspended in digestion buffer (100
mM NaCl, 10 mM Tris-HCl [pH 8.0], 0.5% sodium dodecyl sulfate, 25 mM
EDTA, and 200 �g of proteinase K/ml) and mixed at room temperature for 3 to
4 h. DNA was extracted by the phenol-chloroform method (53), precipitated with
100% ethanol, washed once with 70% ethanol, and dissolved in sterile glass-
distilled water. DNA was stored at 4°C until use.

Standard RT-PCR and PCR analysis. RT was performed as previously de-
scribed (14). Briefly, cDNA was copied by using 1 �g of RNA, the GeneAmp
Gold RNA PCR core kit (Applied Biosystems, Foster City, Calif.), and random
hexamer primers in a 20-�l total volume. The reaction mixture was incubated for
10 min at 25°C, followed by 99°C for 5 min. PCR was then performed by using
3 �l of the RT-PCR product with AmpliTaq Gold DNA polymerase and the
touchdown PCR procedure previously described (63). For detection of ER
mRNA, the primers were as follows: forward, 5�-ATGATCGGCTTAGTCTGG
CTCTC-3�; reverse, 5�-GGTAGTACGCTGCTGGTTTCTC-3�. The primers for
the cellular housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) have been described previously (14). PCR products were resolved on
a 1% agarose gel and visualized with an Eagle Eye II still video system (Strat-
agene, La Jolla, Calif.).

qPCR and RT-PCR. Real-time qPCR and qRT-PCR assays were performed
by using the TaqMan PCR core reagent kit and TaqMan PCR one-step reagent
kit (Perkin-Elmer Applied Biosystems, Wellesley, Mass.) for DNA and RNA
samples, respectively. Samples were run on the GeneAmp 9700 PCR system,
recorded, and analyzed with the ABI 7700 prism sequence detection system
(Perkin-Elmer Applied Biosystems). Samples were run with 500 ng of RNA or 50
ng of DNA, and results were normalized for equal loading by using the cellular
genes GAPDH and inducible nitric oxide synthase (iNOS) for RNA and DNA,
respectively, as previously described (15). Tenfold serial dilutions of known
standards were run with each plate for generation of a standard curve and
calculation of the copy number of the unknown samples by using the threshold
value as previously described (15, 24).

qPCR and RT-PCR primers, probes, and standards. Primers and probes for
qPCR and RT-PCR assays were designed by using Primer Express software
(Perkin Elmer Applied Biosystems) and were supplied by Integrated DNA Tech-
nologies, Inc. (Coralville, Iowa). The probes were 5� end labeled with 6-carboxy
fluorescein (FAM) for EGFP or with tetrachloro-6-carboxyfluoroscein for the
cellular housekeeping genes, GAPDH and iNOS for RNA and DNA, respec-
tively. The 3�-end-label quencher was 6-carboxy-tetramethyl rhodamine
(TAMRA). Sequences for GAPDH and iNOS primers and probes were used as
reported previously (15). The EGFP primers and probe are as follows: forward,
5�-AGCAAAGACCCCAACGAGAA-3�; reverse, 5�-GTCCATGCCGAGAGT
GATCC-3�; probe, 5�-FAM-CGCGATCACATGGTCCTGCTGG-TAMRA-3�.
Samples for the EGFP product and its cellular housekeeping gene were run as
same-well duplex reactions. The plasmid pEGFP-1 was used to generate the
standard curve for EGFP DNA. The EGFP RNA standard was generated by
cloning the PstI-NotI fragment from pEGFP-1 into PstI-NotI-digested pCR4-
TOPO (Invitrogen) to make pCR4-EGFP. This plasmid was then linearized with
NotI, and the EGFP RNA was transcribed by using the MEGAscript T3 kit
(Ambion) according to the directions. EGFP results were normalized for equal
loading by dividing by the cellular housekeeping genes, and EGFP RNA results
were normalized for equal transfection of expression vector DNA copies.
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Immunofluorescent cell staining. LMH and LMH/2A cells were grown on
coverslips in media with or without E2 for 24 h. Coverslips were then rinsed with
PBS, fixed in acetone for 15 min, and stored at 	20°C until use. The anti-ER
antibody Ab-14 (NeoMarkers, Fremont, Calif.) was diluted 1:100 and applied to
the cells for 30 min at room temperature. Coverslips were then rinsed three times
for 15 min in PBS. A fluorescein isothiocyanate-conjugated goat anti-mouse
secondary antibody (SouthernBiotech, Birmingham, Ala.) diluted 1:500 was then
applied, incubated for 30 min at 37°C, rinsed three times for 15 min in PBS, and
visualized with a fluorescence microscope with epi-illumination.

FACS analysis. Cells transfected in six-well plates were gently washed with
PBS and then dispersed with 500 �l of 1� saline-trypsin-versene (0.85% NaCl,
0.04% KCl, 0.1% glucose, 0.035% NaHCO3, 0.025% EDTA, 0.005% trypsin, 100
U of penicillin G/ml, 100 �g of streptomycin/ml). Cells were pelleted at 3,000 �
g for 5 min, washed twice with 1 ml of PBS, then resuspended in 500 �l of freshly
prepared 3% paraformaldehyde, fixed for 30 min at room temperature, washed
twice with PBS, and resuspended in 0.5 to 1.0 ml of PBS for FACS analysis. A
total of 104 cells were counted for each treatment, including cells transfected with
the negative and positive control vectors, pEGFP-1 and pEGFP-N1, respectively.
The mean fluorescence intensity was calculated for cells gated greater than the
negative control, and the results were calculated as percentages of the positive
control.

Preparation of nuclear proteins. Cell cultures grown in 60-mm-diameter
dishes were washed once with cold wash buffer (PBS, 1% FBS, 10 �M leupeptin)
and then incubated on ice with 100 �l of buffer A (10 mM HEPES [pH 7.8], 1.5
mM MgCl, 10 mM KCl, 0.5 mM phenylmethylsulfonyl fluoride, 10 �M leupeptin,
1 mM dithiothreitol [DTT]) for 30 min. Cells were then scraped from the plates
and placed in 1.5-ml Eppendorf tubes and centrifuged at 16,000 � g for 30 s. The
supernatant was discarded, and the nuclear pellet was resuspended in 70 �l of
buffer C (25% glycerol, 20 mM HEPES [pH 7.8], 0.42 M NaCl, 1.5 mM MgCl,
0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 10 �M leupeptin, 1 mM
DTT) and incubated on ice with a stir bar for 60 min. Debris was pelleted by
centrifugation at 12,000 � g for 5 min, and the supernatant was assayed for
protein concentration with a Coomassie protein assay kit (Pierce Biotechnology,
Rockford, Ill.). Nuclear proteins were used immediately or frozen at 	80°C until
use.

EMSA analysis. Electrophoretic mobility shift assays (EMSA) were performed
with nuclear protein extracts from LMH and LMH/2A cells and double-stranded
DNA oligonucleotides designed from the CAV promoter as labeled probes (Fig.
1A). In addition, oligonucleotides containing the consensus sequences for the
ERE, the ERE half-site, Sp1, and an irrelevant GC-rich sequence from the
chicken �-actin gene were used as controls or in competition assays. Forward-
strand sequences for the probes and competitors are listed in Table 1. Oligonu-
cleotides were purchased from QIAGEN, and the single-stranded oligonucleo-
tides were gel purified on a 5% nondenaturing polyacrylamide gel in 0.5�
Tris-borate-EDTA buffer (45 mM Tris base, 45 mM boric acid, 1 mM EDTA),
annealed, and labeled with [
-32P]ATP (Amersham Biosciences Corp., Piscat-
away, N.J.) by using a 5�-end-labeling kit (Amersham). Ten micrograms of
nuclear protein extracts was incubated with 1 �g of poly(dI-dC) acid (Sigma) in
binding buffer (50 mM Tris-HCl [pH 7.6], 50 mM KCl, 10% glycerol, 20 nM
ZnSO4, 0.5 mM DTT) for 15 min at room temperature before addition of the
labeled probe (100,000 to 200,000 cpm). Unlabeled competitor sequences at 50-,
100-, and 200-fold excess or 1 to 2 �g of anti-ER� antibody ER Ab-10 (Neo-
Markers) were added before the labeled probe in competition and supershift
assays, respectively. Samples were incubated for 15 min at 37°C and 15 min at
room temperature. Protein-DNA complexes were resolved on 5% polyacryl-

amide gels with 0.5� Tris-borate-EDTA running buffer at 170 V for 2 h and
visualized by autoradiography.

Statistical methods. Results are presented as averages � standard deviations
or standard errors of the means, as indicated. Transient-transfection results were
normalized relative to CMV-driven EGFP (pEGFP-N1) expression. Statistical
comparisons are made by using two-tailed Student’s t test, and differences were
considered significant if the P value was �0.05.

RESULTS

Analysis of CAV promoter-enhancer region. Examination of
the CAV promoter region, including sequences downstream of
the transcription start site, found potential half-site recognition
sequences for ER, type II nuclear receptors, or related orphan
receptors. The ACGTCA sequences in the direct repeats of the
previously identified promoter region (38) resembled imper-
fect half-sites arranged as direct repeats with a 15-nt separa-
tion. The use of the Signal Scan program (42, 43) identified an
additional imperfect ERE half-site (GGTCA), starting at nt
�42 relative to the transcription start point by using the CIA-1
sequence (Fig. 1B) (GenBank accession no. L14767) (48).
Other published CAV sequences and the sequencing of pro-
moter constructs found GGACA at this site, which is the pre-
ferred half-site for the thyroid receptor (32). Further exami-
nation of this area revealed a clustering of nearby GGTCA-like
sequences that varied from the consensus by 1 nt and were
arranged as inverted and direct repeats (Fig. 1B).

Analysis of cell lines for ER expression. RT-PCR and im-
munofluorescence were used to determine relative ER content
in LMH, LMH/2A, and DF-1 cells. All cell types had detect-
able ER mRNA, although there was very little in DF-1 cells.
The LMH/2A cell line was derived from LMH cells stably
transfected to overexpress the estrogen receptor (58), and this
overexpression was confirmed by both RT-PCR and immuno-
fluorescence (data not shown).

Transient-transfection assays. The LMH, LMH/2A, and
DF-1 cell lines were used to examine the response of the CAV
promoter constructs. In DF-1 and LMH/2A cells, expression of
EGFP after transfection with the long CAV promoter con-
structs pEGFP-L5 and pEGFP-LE was lower than with the
short promoter constructs pEGFP-S5 and pEGFP-SE (Fig. 2A
and B). The long promoter constructs included the first viral
protein translation start codon and were in frame with the
EGFP start codon to avoid decreased expression due to non-
sense translation. Reexamination of the vector sequence for
pEGFP-S5 and pEGFP-L5 identified potential start and stop

TABLE 1. Oligonucleotides used in EMSA

Name nta Sequence (sense strand, 5�–3�)

DR-15b 144–185 TGTACAGGGGGGTACGTCATCCGTACAGGGGGGTACGTCACA
DS-EREb 368–395 AACGGCGGACAACCGGCCGCTGGGGGCA
Sp1-DR-NFYb 186–247 AAGAGGCGTTCCCGTACAGGGGGGTACGTCACGCGTACAGGGGGGTACGTCACAGCCAATCA
EREconc TAATGGAAGGTCACAGTGACCTGAGCAC
ERE half-sitec ATAGTCAGGTCACAGAGTTGACATAA
Nonspecificd TGCAAGGCCGGTTTCGCCGGGGACGATGCC
Sp1 consensuse ATACGATCGGGGCGGGGCTACGTTACG

a Nucleotide numbers are based on those from GenBank accession no. L14767 (48).
b Sequences from the CAV promoter region are illustrated in Fig. 1.
c An oligonucleotide containing an ERE consensus 15-bp palindrome or a single half-site. Bold and underlined sequences correspond to ERE-like half-sites.
d A nonspecific irrelevant GC-rich sequence from the chicken �-actin gene.
e An oligonucleotide containing a consensus Sp1 recognition sequence.
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codons that were derived from the pCR2.1 cloning vector di-
gested with ApaI (Fig. 3). These codons were 3� of the tran-
scription start site and could affect protein translation effi-
ciency. To avoid this problem, new constructs were made by
using the proximal EcoRI sites to generate pEGFP-SE and
pEGFP-LE for the short and long promoters, respectively.
These constructs included only 6 nt from the transfer vector
without intervening start or stop codons between the CAV
start codon and the EGFP start site. The removal of the extra
sequences from pCR2.1 resulted in significantly enhanced
EGFP expression for pEGFP-SE and pEGFP-LE compared to
pEGFP-S5 and pEGFP-L5 (Fig. 2A and B). The expression of
EGFP with the pEGFP-S5 and pEGFP-SE promoter con-
structs was higher than the long constructs pEGFP-L5 and
pEGFP-LE, and the differences were significant in DF-1 cells
(Fig. 2A and B).

The ER-enhanced cell line LMH/2A (58) was used to ex-
amine the response of the CAV promoter constructs to estro-
gen. Expression of EGFP was significantly higher in LMH/2A
than LMH cells after transfection with pEGFP-SE and
pEGFP-LE (Fig. 2C). There was a modest but significant in-
crease of expression in LMH/2A cells transfected with
pEGFP-SE in the presence of 10	7 M E2 (1.6 times) but not
in LMH cells (Fig. 2C).

FACS analysis. Results from FACS analysis to measure
EGFP expression gave results comparable to those for EGFP
measured by fluorometer, and this technique was used to
screen responses to different hormone treatments with primary
or secondary cell cultures of theca and granulosa cells from the
hen ovary. These cells have been previously found to be pos-
itive for CAV by in situ PCR assay (6). Granulosa cells had
significantly more expression then theca cells, and expression
was not influenced by hormone treatment in these cell types
(data not shown).

qPCR and RT-PCR. qPCR and qRT-PCR assays were used
to measure EGFP mRNA in LMH/2A and DF-1 cells 24 h
after transient transfection with pEGFP-S5, pEGFP-L5,
pEGFP-SE, or pEGFP-LE. In addition, cells were transfected
with pEGFP-N1 or pEGFP-1 as positive and negative controls,
respectively. Cells transfected with pEGFP-N1 had three- to
fivefold more EGFP transcripts than cells transfected with
pEGFP-S5 or pEGFP-SE. Cells transfected with pEGFP-S5 or

FIG. 2. EGFP expression in DF-1 (A) and LMH/2A (B) cells trans-
fected with pEGFP-S5, pEGFP-SE, pEGFP-L5, and pEGFP-LE. The
pEGFP-S5 and pEGFP-SE expression vectors contain the CAV short
promoter construct cloned in the SacI-ApaI and EcoRI sites, respectively,
while pEGFP-L5 and pEGFP-LE contain the long promoter construct
cloned into the SacI-ApaI and EcoRI sites, respectively. pEGFP-S5 and
pEGFP-L5 contain additional start and stop codons 3� to the transcription
start point. (C) EGFP expression compared in LMH and LMH/2A cells
transfected with pEGFP-SE and pEGFP-LE, with or without 10	7 M
17�-estradiol (E2). Results are the average of 3 or more independent
experiments, each with triplicate wells. EGFP expression was measured by
fluorometer and normalized as a percentage of the positive-control CMV
promoter-driven vector. Error bars indicate standard deviations. Columns
within a panel with different letters are significantly different, with a P
value of �0.05 by two-tailed t test analysis.

FIG. 3. The short and long CAV promoter regions were generated by PCR and cloned into pCR2.1 and then subcloned into pEGFP by using
the 5� SacI and 3� ApaI sites to give the pEGFP-S5 and pEGFP-L5 expression vectors for the short and long promoter forms, respectively. The
CAV promoter sequence is in uppercase letters, regular type, and the complete long promoter sequence is shown with a asterisk, indicating the
length used for the short form. The pCR2.1 ends are shown in boldface underlined type, and the pEGFP sequences up to the ATG are in lowercase
letters. Sequences after the viral ATG are shown as triplets. The 3� pCR2.1 end contains a potential ATG start codon that is not in reading frame
and would result in a nonsense translated message and an in-frame premature stop codon that would eliminate transcription originating from the
viral start site. ATG codons are shown in boxes, and stop codons are circled.
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pEGFP-SE had 5 to 16 times more EGFP transcripts than cells
transfected with the long promoter constructs (Fig. 4). The use
of the promoterless pEGFP-1 resulted in negligible amounts of
EGFP transcripts in all assays (data not shown).

DNA-protein interaction assays. EMSA was used to detect
DNA-protein interactions. Synthetic double-stranded oligonu-
cleotides (Table 1) were labeled with [
-32P]ATP, as a probe,
and incubated with nuclear proteins from LMH/2A and LMH
cells. DNA-protein complexes were first analyzed by using a
consensus ERE 15-bp palindrome (EREcon) and nuclear pro-
teins from LMH and LMH/2A cells. Two complexes were
visible with both cell types (Fig. 5A, bands 3 and 4), while two
additional complexes were visible with nuclear extracts from
the ER-enhanced LMH/2A cell line (Fig. 5A, bands 1 and 2).
The slowest-migrating band (Fig. 5A, band 1) was only present
with the LMH/2A cell line and was ER specific, as shown by
supershifting with the addition of ER� antibody ER Ab-10
(Fig. 5A, lanes 5 to 6, and B lane 3). The intensity of this band
was enhanced when E2 was added to the EMSA binding re-
action and was further enhanced when LMH/2A cells were
grown in medium supplemented with E2 for 15 to 30 min
before harvesting of the cells (Fig. 5A, compare lanes 2 to 4).

Competition assays with the EREcon probe and nuclear
extracts from E2-supplemented LMH/2A cells indicated that
all complexes were specific, as shown by elimination of bands
when unlabeled EREcon was added (Fig. 5B, lanes 4 to 6).
Unlabeled oligonucleotides from the CAV promoter region,

DS-ERE and DR-15 (Table 1), were also able to compete in a
dose-dependent manner for proteins, forming the ER-specific
band and the fastest-migrating band (Fig. 5B, bands 1 and 4 in
lanes 7 to 9 and 13 to 15), while an irrelevant GC-rich sequence
(Table 1) had no effect (Fig. 5B, lanes 10 to 12). The fastest-
migrating band (band 4) was also competed by an unlabeled
oligonucleotide containing a half-site sequence (Table 1), sug-
gesting that this protein is binding as a monomer (Fig. 5B,
lanes 19 to 20). The use of a longer probe from the CAV
promoter that includes Sp1, ERE-like repeats, and a putative
NFY site (Table 1) competes for all four complexes formed
with the EREcon probe in a dose-dependent manner, with
three complexes eliminated and the fourth complex diminished
(Fig. 6B, lane 2 to 4).

In reciprocal experiments, DS-ERE and SP1-ERE-NFY
(Table 1) were labeled as probes and EREcon, the ERE half-
site, and Sp1 (Table 1) were used as competitors. The DS-ERE
probe formed two specific bands which were not supershifted
with ER antibody (Fig. 6A, lanes 1 to 2). Both bands were
absent in the presence of the unlabeled half-site sequence (Fig.
6A, lane 15 to 17), while EREcon and Sp1 competed with the
slowest-migrating band (Fig. 6A, lanes 6 to 8 and 12 to 14).
There was no effect with the nonspecific competitor (Fig. 6A,
lanes 9 to 11). The Sp1-DR-NFY probe formed four com-
plexes and no visible supershift with ER antibody (Fig. 6B,
lanes 5 to 6). All bands were specific, as shown by competition
with itself (lanes 7 to 9). The fastest-migrating band was di-

FIG. 4. Measurement of EGFP mRNA in LMH/2A and DF-1 cells transfected with the positive-control CMV promoter vector pEGFP-N1 or
one of the CAV promoter constructs, pEGFP-S5, pEGFP-L5, pEGFP-SE, or pEGFP-LE. The number of DNA copies transfected into the cells
and the mRNA transcripts were measured by qPCR or qRT-PCR. (A and B) LMH/2A (A) and DF-1 (B) transfected with pEGFP-N1, pEGFP-S5,
or pEGFP-L5. Results are from one experiment with five separate transfected wells. (C) LMH/2A cells transfected with pEGFP-N1, pEGFP-SE,
or pEGFP-LE from one assay, with no analysis of significance due to only one sample per treatment. (D) DF-1 cells transfected with pEGFP-N1,
pEGFP-SE, or pEGFP-LE from two separate experiments with one to four separate wells per experiment. Results are reported as mRNA copy
number and are normalized for transfection efficiency by dividing by DNA copies of the expression plasmid. RNA and DNA EGFP copies were
normalized to the cellular genes GAPDH and iNOS, respectively. Columns within a panel with different letters are significantly different, with a
P value of �0.05.
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minished by EREcon and ERE half-site competition (lanes 10
to 12 and 15 to 16) but not by Sp1 or nonspecific competition
(lanes 13, 14, 17, and 18). The results of the competition assays
are summarized in Table 2.

DISCUSSION

In this study, we tested the hypothesis that the imperfect
ERE-like sites in the 5� promoter-enhancer region of CAV
serve as recognition sequences for one or more of the nuclear
hormone receptors that bind to AGGTCA half-sites and
whether promoter activity can be modulated by their hor-
mones. The ER-enhanced cell line LMH/2A had significantly
higher expression of EGFP under control of the CAV pro-
moter than the LMH parent cell line. This expression was
modestly but significantly increased with estrogen treatment,
suggesting either low-affinity ER-DNA binding or a secondary
response. In contrast, treatment with retinoic acid or thyroid
hormone did not increase expression of EGFP in transfected
cell lines. However, transfection assays overexpress the pro-
moter-reporter gene and often overwhelm limited amounts of

endogenous nuclear receptors, requiring cotransfection of the
receptor to detect a response (60). There was a lower expres-
sion of EGFP in all cell types tested when pEGFP-L5 and
pEGFP-LE were used than when pEGFP-S5 and pEGFP-SE
were used, which was significant in DF-1 cells (Fig. 2A and B).
The longer constructs of the viral promoter include several
potential half-sites and the first protein translation start site.
Direct measurement of mRNA transcripts showed that the
decreased expression was at least in part due to decreased
transcription. However, we cannot exclude decreased stability
of the mRNA transcript, as is reported for the apolipoprotein
II, vitellogenin, and iron regulatory protein 1 genes (3, 8, 18).

DNA-protein binding assays indicated that nonpurified nu-
clear proteins that bind to a consensus ERE sequence also
bind to areas of the CAV promoter that contain GGTCA-like
half-sites. The ERE consensus probe formed four protein-
DNA complexes, the largest of which was identified as ER with
anti-ER antibody (Fig. 5). This complex was only detected in
the ER-enhanced LMH/2A cell line, although the other cell
types used were also ER positive by more sensitive techniques
of RT-PCR and immunofluorescence. ER binding was not

FIG. 5. (A) EMSA reaction with the [
-32P]ATP-labeled ERE consensus oligonucleotides (Table 1) (EREcon) as the probe and nuclear
extracts from LMH cells (lane 1) or LMH/2A cells (lanes 2 to 6). Nuclear extracts used in lanes 2 were harvested from LMH/2A cells grown in
complete medium without E2 supplementation, and E2 was added to the EMSA binding reaction for lane 3. Nuclear extracts used in lanes 4 to
6 were from LMH/2A cells grown in complete medium supplemented with 10	7 M E2 for 30 min before harvest. The ER�-specific antibody
ER-Ab10 was added to the nuclear extracts in lane 6 and 7. a, E2 added to the EMSA binding reaction; b, nuclear extracts from cells grown in
medium supplemented with 10	7 M E2 30 min prior to harvesting for nuclear extracts; �, present; 	, absent. (B) Nuclear extracts from LMH/2A
cells with E2 added to the medium 30 min before harvesting were incubated with the EREcon probe. Lane 1 has no nuclear extracts added as a
negative control, ER-AB10 was added to lane 3, and unlabeled EREcon oligonucleotides were added at 50-, 100-, and 200-fold excesses in lanes
4 to 6. Unlabeled oligonucleotides from the CAV promoter, DS-ERE, and DR-15 (Table 1) were added at 50-, 100-, and 200-fold excesses in lanes
7 to 9 and 13 to 15, respectively. Unlabeled nonspecific and Sp1 consensus oligonucleotides (Table 1) (Nonsp and Sp1) were added at 50-, 100-,
and 200-fold excesses in lanes 10 to 12 and 16 to 18, respectively, and an unlabeled single half-site response element (Table 1) ([1/2] site) was added
at 100- and 200-fold excesses in lanes 19 to 20. Protein-DNA complexes were resolved on 5% polyacrylamide gels and visualized by autoradiog-
raphy. Protein-DNA complexes 1 to 4 are indicated to the left of the gels. FP, unbound free probe; SS, supershifted band.
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detected with CAV promoter probes and nuclear extracts from
LMH/2A cells; however, these promoter sequences did com-
pletely eliminate the ER-specific band when present as unla-
beled competitors at 100- and 200-fold excesses. The fastest-
migrating complex formed with the ERE consensus probe was
also eliminated by CAV promoter competition and may be a
protein monomer, since it is also eliminated by half-site com-
petition. The remaining complexes may be members of the
nuclear receptor superfamily, including type II nuclear recep-
tors and orphan nuclear receptors, that can bind to an ERE

consensus palindrome (20, 30). Further assays are needed with
purified proteins and monoclonal antibodies to identify these
proteins.

The lower expression from the long promoter constructs is
an interesting new finding, suggesting that sequences at or near
the transcription start site act as repressors of transcription.
Repression of viral gene expression is a strategy used by many
latent viruses to limit protein production, avoid immune de-
tection (27), and regulate gene expression in a stage-specific
manner. Some of these viruses have been found to have hor-
mone response elements that are a part of this regulation.
Examples include the simian virus 40 major late promoter (10,
11, 17, 62, 69, 70), hepatitis B virus (46, 47, 64, 65), and human
immunodeficiency virus (49–51, 57).

The CAV promoter has strong basal expression, and this is
likely to be the main controlling factor when chickens are
exposed to high levels of virus, which is the prevalent situation
in commercial poultry operations. The data reported in this
paper suggest that this expression can be modulated by mem-
bers of the nuclear receptor superfamily. Unlike the abundant
and ubiquitous transcription factors, such as Sp1, these mod-

FIG. 6. (A) Nuclear extracts from LMH/2A cells, with E2 added to the medium 30 min before harvesting, were incubated with [
-32P]ATP-
labeled DS-ERE probe (Table 1) from the CAV promoter. The ER�-specific antibody ER-Ab10 was added to the nuclear extracts in lane 2, and
unlabeled DS-ERE oligonucleotides were added at 50-, 100-, and 200-fold excesses in lanes 3 to 5. Unlabeled competitor oligonucleotides EREcon,
nonspecific (Nonsp.), Sp1, and half-site (1⁄2 site) (Table 1) were added at 50-, 100-, and 200-fold excesses in lanes 6 to 8, 9 to 11, 12 to 14, and 15
to 17, respectively. (B) Nuclear extracts from LMH/2A cells, with E2 added to the medium 30 min before harvesting, were incubated with the
[
-32P]ATP-labeled EREcon probe in lanes 1 to 4 or with Sp1-DR-NFY-labeled probe from the CAV promoter (Table 1) in lanes 5 to 18.
Unlabeled Sp1-DR-NFY oligonucleotides were added at 50-, 100-, and 200-fold excesses as competition with the EREcon probe in lanes 2 to 5.
The Sp1-DR-NFY probe was competed with unlabeled Sp1-DR-NFY and EREcon oligonucleotides at 50-, 100-, and 200-fold excesses in lanes
7 to 9 and 10 to 12, respectively. Unlabeled oligonucleotides Sp1, half-site (1⁄2 site), and nonspecific (Nonsp.) were added at 100- and 200-fold
excesses in lanes 13 to 14, 15 to 16, and 17 to 18, respectively. Protein-DNA complexes were resolved on 5% polyacrylamide gels and visualized
by autoradiography and are indicated by the numbers 1 to 4 or the letters A to D to the left and right of the gels. FP, unbound free probe.

TABLE 2. Summarized results for competition EMSA

Probe
Result with competitora:

ERE DR-15 Sp1-DR-NFY DS-ERE Sp1 Half-site

ERE �� � � � 	 �
DR-15 	 �� NT NT 	 	
Sp1-DR-NFY � NT �� NT 	 �
DS-ERE � NT NT �� � �

a ��, all bands were competed; �, one or more, but not all, bands were
competed; 	, no bands were competed; NT, not tested.
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ulating factors are likely to be present in limited amounts with
cell- and stage-specific distribution and could be controlling
factors when the viral DNA copy numbers are low. The pres-
ence of CAV in the reproductive organs and the interactions
between specific nuclear receptors and the virus promoter-
enhancer region could be responsible for successful latency
and localized enhanced expression, resulting in viral passage to
the embryo and, hence, the next generation.

Spatial and temporal restriction of gene expression is impor-
tant for a successful latent viral presence, both to avoid im-
mune detection and to allow for successful passage to the next
host or generation. Since CAV has a very limited genome with
only three viral proteins, such regulation would be dependent
on the regulation of cellular genes. In SPF flocks with low
stress and low virus exposure, transcription would proceed at a
slow rate and be controlled by cellular transcription factors
with specific activation or repression dependent on cell type
and development stage. We have previously shown the long-
term presence of viral DNA in the reproductive organs (6, 28),
a system that is tightly regulated by a complex interplay be-
tween hormone receptors and/or orphan nuclear receptors and
their ligands. The presence of CAV in the reproductive tissues
would allow the virus to replicate and expand in the developing
embryo along with the development of the reproductive organs
and then, like these quiescent organs, become dormant until
reactivated at the time of reproductive maturity. This would
give the virus an ideal location for stage-specific activity, en-
sure the likelihood of passage to the next generation, and
explain the frequent occurrence of seroconversion to antibody-
positive status at the time of sexual maturity in SPF flocks (55).
This situation differs from the situation of commercial flocks,
which are exposed to large numbers of virus particles and
numerous other infectious and environmental stressors. High-
dose exposure would result in viral presence above the thresh-
old for control by limited repressive factors that would help
maintain latency and result in the rapid onset of disease in
young chicks and seroconversion in older birds. The field sit-
uation of frequent immune challenge (i.e., T cells activated by
frequent pathogen and vaccine challenges) may also result in
an abundance of cellular factors that can enhance transcrip-
tion, protein synthesis, and replication. In both cases, the virus
has adapted very well to coexistence with its host as is apparent
with its ubiquitous presence.
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