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A Steroid Hormone Response Unit in the Late Leader of the
Noncoding Control Region of the Human Polyomavirus BK

Confers Enhanced Host Cell Permissivity
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The effect of steroid hormones on multiplication of the human polyomavirus BK (BKV) was studied.
Physiological concentrations of the synthetic glucocorticoid dexamethasone, progesterone R5020, or estrogen
17B-estradiol enhanced the permissivity of the host cell for BKYV, resulting in an up to 11-fold (dexametha-
sone), 5-fold (progesterone), or 3-fold (17B-estradiol) higher virus yield. The increase in virus yield in
dexamethasone-stimulated cells correlated with enhanced steady-state levels of viral transcripts. The late
leader sequence of the BKV control region contains a hormone response unit composed of a nonconsensus
glucocorticoid and/or progesterone response element (GRE/PRE) and a fully consensus estrogen response
element (ERE). DNA-protein binding studies showed that the glucocorticoid receptor and the progesterone
receptor bound to this BKV GRE/PRE-like sequence, while the estrogen receptor could bind to the BKV ERE
motif. By transient transfection assays, we were able to show that these sequences can mediate steroid
hormone-induced gene expression. However, no cooperative transactivation effect between the BKV GRE/PRE-
like motif and BKV ERE motif was observed. This BKV hormone response unit may play an important role in
vivo by enhancing a productive BKYV infection, and perhaps also by reactivating a latent infection, during

physiological or pathological conditions accompanied by increased steroid hormone levels.

The human polyomavirus BK (BKV) has a worldwide
distribution, as shown by seroepidemiological studies (12, 17,
25, 37, 90). Following the initial infection in early childhood,
the virus establishes itself in a latent state (14, 26, 36, 90).
Immunosuppression, chronic disease, and pregnancy may lead
to reactivation of BKV (14, 15, 29, 74), but the stimuli and
mechanisms involved are presently unknown.

We chose to investigate the effects of steroid hormones on
viral gene expression and multiplication. Gene regulation by
steroid hormones is mediated by the interaction of the acti-
vated steroid hormone receptor with its cognate DNA se-
quence, referred to as the hormone response element (HRE
[for a review see reference 8]). The sequence elements recog-
nized by different steroid receptors constitute a family of
identical or closely related sequences. The consensus glucocor-
ticoid response element (GRE) is the 15-bp imperfect palin-
dromic sequence 5'-GGTACANNNTGTTCT-3'. This se-
quence cannot be discriminated from the progesterone
response element (PRE), the androgen response element, and
the mineralocorticoid response element. The minimal func-
tional estrogen response element (ERE) consensus sequence is
the 13-bp perfect palindrome 5'-GGTCANNNTGACC-3' (for
a review, see reference 58). Purified glucocorticoid receptor
(GR) binds as a dimer to the GRE (34, 83). Initial binding to
the TGTTCT half-site of the GRE is followed by cooperative
binding of a second GR molecule to the GGTACA half-site
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(83). Different spacing between half-sites may still allow GR
binding, and GR may bind with graded affinity to a broad range
of sequences that diverge from the consensus GRE (54). In
fact, natural GREs very often deviate from the consensus and
seldom correspond to strong, inducible enhancer elements
when tested individually. High inducibility is often obtained by
imperfect GREs that are clustered or arranged together with
other HREs or other regulatory DNA elements, producing a
synergistic effect (reviewed in reference 63).

Steroid hormones may not only activate transcription. GRE-
like sequence motifs conferring negative regulation have been
defined (22, 67, 69; reviewed in reference 2). In addition,
various factors exerting positive or negative influence on
glucocorticoid-dependent transcription have been described.
The spacing between the two half-sites of the GRE (7), overlap
with other protein-binding motifs (3, 16, 77), and cross-talk
between different signal transduction pathways (20, 42, 47, 52,
72, 75, 89, 92) have been implicated. Cases of interference
between the transcription factor AP-1 (consisting of members
of the Fos and Jun family) and several nuclear receptors have
been well documented. Positive or negative steroid hormone-
mediated effects may be determined by the relative amounts of
Jun and Fos proteins present (20, 27, 75). Interestingly, both
the c-fos and the c-jun genes are regulated by steroid hormones
(40, 51, 87, 88).

Here, we present evidence that the synthetic glucocorticoid
dexamethasone, progesterone, or estrogen treatment can en-
hance BKYV infection in vitro. Increased virus yield correlates
with increased levels of BKV transcripts, most evidently for the
late (structural protein) transcripts. Our results suggest that
the increased levels of BKV gene expression by glucocorticoids
and/or progesterone and estrogens are mediated by a noncon-
sensus GRE/PRE-like motif and a consensus ERE, respec-
tively, present in the late leader region of the BKV noncoding
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control region. In vitro DNA-protein binding studies with
nuclear extracts of steroid-treated cells, with specific steroid
hormone receptor antibodies and with purified receptor, dem-
onstrate the specific binding of the GR, progesterone receptor
(PR), and estrogen receptor (ER) to these sequences. Tran-
sient expression assays revealed that the BKV hormone re-
sponse unit can mediate steroid hormone-induced transcrip-
tion of a reporter gene. Although the BKV hormone response
unit is composed of a GRE/PRE-like motif and an ERE, no
cooperative transactivation effect was observed. This is prob-
ably because simultaneous binding of GR or PR and ER is
excluded, since their binding sites partially overlap.

MATERIALS AND METHODS

Plasmids, DNA, and RNA techniques. The plasmids with the
reporter gene chloramphenicol acetyltransferase (CAT),
pBLCAT2, and pBLCAT3 were kindly provided by B. Luckow
(53). The plasmid pGRE15A was a kind gift of G. Klock. This
plasmid contains the GRE-II sequence of the tyrosine amino-
transferase gene cloned in pBLCAT2 (44). The plasmids
pHEO and pSGS5 were kindly donated by P. Chambon (48).
The plasmids pGRE-L, pERE-L, pERE-M, pEGRE, and
pEREvit were constructed by ligating complementary oligo-
nucleotides (see Fig. 3B) into the Xbal and BamHI sites of
pBLCAT2. Oligonucleotides were synthesized on a Pharma-
cia-LKB Gene Assembler Plus and purified as recommended
by the manufacturer. Annealing of the complementary strands
and cloning was done by standard procedures (70). The
constructs were verified by DNA sequencing with a Sequenase
version 2.0 kit (United States Biochemicals).

Northern (RNA) blot hybridization with BKV-specific
probes was performed as described previously (61). Total RNA
from about 107 cells was isolated by the guanidinium thiocya-
nate-CsCl method (55). Densitometric scanning of autoradio-
graphs for quantitation of DNA and RNA was performed with
a Hoefer GS 300 scanning densitometer (Hoefer Scientific
Instruments) as described by Moens et al. (61).

Cell cultures, virus infections, and hormone treatment.
Vero cells (ATCC CCL81) were maintained in Eagle’s mini-
mum essential medium supplemented with 2% fetal calf
serum, 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid), 100 mg of streptomycin, and 200 U of
penicillin G per ml. HeLa cells (ATCC CCL2) were grown in
the same medium except for the addition of 10% fetal calf
serum and nonessential amino acids. CV-1 cells (ATCC
CCL70) were cultured in Dulbecco’s modified essential me-
dium supplemented with 1% HEPES, 2 mM glutamine, 5%
fetal calf serum, 200 U of penicillin G, and 100 mg of
streptomycin per ml. T47-D cells (ATCC HTBI133) were
cultured in RPMI 1640 supplemented with 10% charcoal-
treated fetal calf serum and insulin (0.6 mg/ml). MCF-7 cells
(kindly donated by T. Thorsen) were grown in Dulbecco’s
modified Eagle’s medium without phenol red (D5286; Sigma
Chemical Co., St. Louis, Mo.) supplemented with 20 mM
HEPES, insulin (0.6 mg/ml), 10% charcoal-treated fetal calf
serum, and 100 U of penicillin G and 100 mg of streptomycin
per ml. Dextran-coated charcoal treatment was performed to
remove endogenous steroids, and phenol red-free medium was
employed since trace amounts (107'' M) of estrogen are
present (39). All cell cultures were maintained in a humified
5% CO, atmosphere at 37°C.

The hormone treatment schemes were designed to investi-
gate whether (i) the number of cells expressing late BKV
antigens (i.e., the number of fully permissive host cells [24, 25])
was increased, (ii) the total production of infectious virus
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particles (i.e., viral yields) was increased, and (iii) the timing
and duration of treatment were important for permissivity and
viral yields. Expression of viral early and late proteins was
monitored by immunoperoxidase staining as described previ-
ously (24, 25). This method represents a plaque assay without
overlay. Briefly, when staining is performed on day 4 postin-
fection, only cells infected during the initial adsorption period
will express late antigens and produce virus, and hence each
stained cell represents one infectious virus particle in the
inoculum.

Cells were infected in 24-well culture plates (Costar) with an
infectious dose of BKV(Gardner) that resulted in a countable
number (50 to 500) of immunoperoxidase-stained cells. The
inoculum was allowed to adsorb for 2 h. In the stimulation
experiments, the cells were treated with 50 ng of dexametha-
sone per ml, 10 ~7 M progestin R5020 (Sigma Chemical Co.) or
108 M 17B-estradiol (Sigma Chemical Co.). For dexametha-
sone, Vero cells were used, while for progestin and 1783-
estradiol we employed MCF-7 cells. For dexamethasone, five
different regimens were applied: (i) BKV infection in the
absence of glucocorticoids; (ii) treatment for 12 h prior to
infection; (iii) treatment for 12 h after infection; (iv) pretreat-
ment plus posttreatment, with no dexamethasone present
during virus adsorption; and (v) continuous treatment from the
time of infection until harvest 4 days later. The cell cultures
were washed twice with medium after the treatment with
dexamethasone was ended. In order to enumerate permissive
host cells, the monolayers were immunoperoxidase stained for
detection of early and late BKV antigen expression 4 days after
infection (24, 25). At the same time, the culture media were
collected and the volumes were adjusted to equality, whereaf-
ter aliquots were used to infect new cultures. Immunoperoxi-
dase staining of, and counting of BKV antigen-expressing cells
in, these cultures 4 days later gave a direct measure of virus
yields from the dexamethasone-treated and untreated parallels
of the key experiment. Similar experiments were performed
with progesterone and estrogen, except that regimen ii was not
applied. For these experiments, we used MCF-7 cells since
these express both the ER and PR (9). Differences in viral
yields might theoretically be due to hormone-mediated influ-
ence on the relative quantities of intra- and extracellular virus
on day 4 postinfection. Therefore, for some hormone-treated
and some untreated cultures the cell layers were not immu-
noperoxidase-stained but harvested, frozen and thawed three
times, and sonicated. The extracellular (from media) and
intracellular virus yields were thereafter titrated in parallel.

Transient transfection assays. CV-1, MCF-7, and T47-D
cells were transfected the day after they had been plated out
and had reached 50% confluency, while HeLa cells were
transfected at 30% confluency 1 day after plating. Vero cells
were transfected at 80 to 90% confluency. Plates with a
diameter of 10 cm were used. Transfection was performed by
the calcium phosphate-DNA coprecipitation method (31). We
routinely used 8 pg of reporter plasmid (62). The day after
transfection, fresh medium without serum was added. Dexa-
methasone was then added at a final concentration of 50 ng/ml,
while progestin R5020 and 17B-estradiol were administered to
the cells at final concentrations of 1077 M and 1078 M,
respectively. Cells were incubated for another 24 h. Assays of
CAT activity were performed with whole-cell extracts as
described previously (32). Time course experiments were
performed to ensure that CAT activity was always measured in
the linear range. All transfections were carried out at least
three times. Scanning densitometry was used to quantitate the
conversion of chloramphenicol to the acetylated forms. All
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plasmids used in this study were purified by isopycnic centrif-
ugation on CsCl-ethidium bromide gradients (70).

Gel mobility shift assays (GMSA). Nuclear extracts of
untreated or dexamethasone-treated Vero cells were prepared
as described elsewhere (21). The cells were stimulated with
dexamethasone (50 ng/ml) for 12 h before harvesting. Nuclear
extracts of CV-1 cells and T47-D cells were prepared as
described by Gough (33), while MCF-7 extracts were kindly
provided by T. Thorsen. Protein concentrations in the extracts
were determined by the method of Bradford (11) with bovine
serum albumin as a standard. For binding studies with the GR
fusion protein, GRF1, 300 ng of protein was used. This protein
contains amino acids 412 to 515 of the human GR (comprising
the DNA binding domain) linked to the C terminus of protein
A (19). Anti-PR or anti-ER antibodies were preincubated with
the nuclear extracts for 20 min at 20°C before labelled probe
was added. GMSA were performed essentially as described
previously (76). Protein-DNA interaction studies were per-
formed with a total volume of 20 wl in 25 mM HEPES (pH
7.5)-12.5 mM MgCl,-100 mM KCl-1 mM dithiothreitol-10
mM ZnSO,-20% glycerol-0.1% Nonidet P-40. One micro-
gram of nuclear extract and 200 ng of poly(dI-dC) were
routinely used. After 15 min of incubation on ice, 250 pg of
32P-labelled probe was added and incubations were continued
for an additional 15 min. Probes were end labelled with
Klenow polymerase and [a-**P]dCTP (3,000 Ci/mmol). Where
competitor DNA was added, this was applied simultaneously
with the labelled oligonucleotide. DNA-protein complexes
were resolved on 5% polyacrylamide gels in 1 X TBE (89 mM
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FIG. 1. Influence of steroid hormone treatment on the host cell
permissivity for BKV. (A) Vero cell monolayers were infected with
BKV(Gardner), and subjected to different regimens of dexamethasone
(D) treatment. B/—, BKV-infected cells in the absence of dexameth-
asone; D/B, cells treated with dexamethasone for 12 h prior to
infection, with no dexamethasone added after infection; B/D, cells
treated with dexamethasone for 12 h after they had been infected;
D/B/D, cells treated with dexamethasone 12 h prior to infection and
also for 12 h after infection but not during virus adsorption; B/D/D,
cells treated with dexamethasone from the moment they were infected
until they were harvested 4 days later. Four days after infection, the
culture media were removed and used to infect new Vero cell
monolayers, which were immunoperoxidase-stained 4 days later to
determine the virus yields from the initial experiments. The results are
presented as fold increase in cells expressing early or late antigens. The
numbers of untreated infected cells staining for early and late antigens
were 1.33 X 10* and 0.32 X 10* cells per ml, respectively. Under the
conditions chosen, the number of late antigen-expressing cells is
equivalent to the number of infectious virus particles (25). All exper-
iments were performed with six parallels. The inter- and intra-assay
variations were less than 20% in all cases. (B) MCF-7 monolayers were
infected with BKV(Gardner) and treated with different regimens of
progesterone (P). The same regimens as described in A were used,
except that stimulation with progesterone prior to and after virus
infection was omitted. The numbers of untreated infected cells staining
for early and late antigens were 6.5 X 10* cells per ml and 7.0 X 10*
cells per ml, respectively. (C) The procedures were as described for B,
but cells were treated with 17B-estradiol (E). The numbers of un-
treated infected cells expressing viral early and late antigens were 7.3
X 10* and 6.6 X 10* cells per ml, respectively.

Tris, 89 mM boric acid, 2 mM EDTA) at 7 V/cm at 4°C. Gels
were dried and subjected to autoradiography at —70°C with
intensifying screens. The oligonucleotides used in the compe-
tition studies had the following sequences: GRE, GACCCTA
GAGGATCAGAACATGATGTTCTAGATCGAATT
CG (kindly provided by J. A. Gustafsson); TRE, CTAGCGTG
ACTCAGCGCGC (5); AP-2, GGGAAGATTTCCCCAGGC
AGCTCTTTCAAG (23); CRE, CTAGGAGCCCGTGACGT
TTACACTC (60); and NF-kB, AGTTGAGGGGACTTTC
CCAGGC (23). GR fusion protein GRF1 was obtained from
P. De Vos (19). Anti-PR and anti-ER antibodies were pur-
chased from Affinity BioReagents (Neshanic Station, N.J.).

RESULTS

Steroid hormones enhance the host cell permissivity for
BKYV. All the dexamethasone treatment schemes increased the
number of cells expressing late (structural) proteins five- to
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sixfold. For progesterone and estrogen, the corresponding
figures were two- to threefold (data not shown). As shown in
Fig. 1A, the different dexamethasone regimens all increased
the viral yields considerably. The posttreatment scheme was
about twice as efficient as the others, increasing the virus yield
compared with those of untreated controls approximately
11-fold. The corresponding results for progesterone and 17B-
estradiol are illustrated in Fig. 1B and C, respectively. For the
former, 3- to 5-fold and for the latter 2.2- to 3-fold increases in
virus yield were measured. Continuous treatment resulted in
the highest increases for both hormones. Preliminary experi-
ments with progesterone and 17B-estradiol in T47-D cells also
showed increased virus yields in treated cultures (77a).

No differences in the relative amounts of extra- and intra-
cellular virus between cultures treated with any of the hor-
mones and untreated BKV-infected cultures were found. Ex-
tracellular virus constituted about 50% of the total yields in all
cases, in accordance with earlier published results (24).

Enhanced permissivity following dexamethasone treatment
correlates with increased levels of BKV late transcripts. Total
RNA extracted 2 days postinfection from untreated BKV-
infected Vero cultures, and also from cultures treated 12 h
before or 12 h after infection, was subjected to Northern blot
analyses. As shown in Fig. 2, increased amounts of viral
transcripts were found in infected cells that had received the
glucocorticoid both prior to and postinfection. The increase for
late transcripts was higher than that for early transcripts
(2.6-fold for 16S, 4- to S5-fold for 19S late transcripts, and
1.5-fold for early transcripts). Rehybridization with a probe
against 28S rRNA revealed that the differences in hybridiza-
tion signals were not the result of differences in RNA loading
or blotting (Fig. 2C). Thus, these results correlated perfectly
with the results obtained by immunoperoxidase detection of
viral proteins. Stimulation by dexamethasone seems to work at
the transcript level.

In addition to the expected 2.4-kb early transcripts, high-
molecular-weight mRNAs were also found to hybridize to the
early gene probe. These species may represent fusion tran-
scripts with cellular sequences (71), since we found BKV DNA
integrated in the host cell genome of infected cells (61a).
Alternatively, these giant transcripts could consist of tandem
repeats of the nucleotide sequence of the entire genome as was
reported for polyomavirus RNA (1).

In order to determine whether dexamethasone could act by
stimulating viral DNA replication, we used the in situ filter
hybridization method (59) to examine levels of viral DNA 2
and 4 days postinfection. An expected augmentation after 4
days compared with the level at 2 days was found, but no
quantitative differences between dexamethasone-treated and
untreated cultures were detected (Fig. 2D). Thus, the in-
creased BKV permissivity seems not to depend on elevated
viral DNA replication but rather is the result of larger amounts
of viral capsid proteins as a consequence of increased tran-
script levels. :

The late leader of the BKV control region contains a
hormone response unit composed of a functional consensus
ERE motif and a functional nonconsensus GRE/PRE motif.
Since steroid hormones are known to mediate increased
transcription via HRE motifs, we used computer analysis to
look for such motifs in the BKV genome and particularly in the
noncoding control region. In the late leader sequence we
identified a putative consensus ERE motif partially overlap-
ping with a nonconsensus GRE/PRE motif. The latter overlaps
with the start codon for the putative agnogene sequence (78)
(Fig. 3A).

In order to determine whether specific proteins could bind
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FIG. 2. Northern blot analysis of the steady-state levels of BKV
transcripts and in situ filter hybridization of BKV DNA in unstimu-
lated and dexamethasone-stimulated Vero cells. (A) Hybridization
with a probe containing part of the early coding region; (B) hybridiza-
tion with a probe spanning part of the late genes; (C) hybridization to
28S rRNA (61). Lanes 1, uninfected cells; lanes 2, BKV-infected cells;
lanes 3, BKV-infected cells treated with dexamethasone (50 ng/ml) for
12 h prior to infection; lanes 4, BKV-infected cells stimulated for 12 h
with dexamethasone after infection. Total RNA was extracted 4 days
after infection and separated on a 1% agarose gel containing 2.2 M
formaldehyde. Molecular marker size is shown in kilobases. (D) Cells
were lysed in NaOH and applied to slot blots as described by McIntyre
and Stark (59). BKV DNA sequences were detected with a BKV probe
containing early region sequences. Samples were applied in three
parallels. Row 1, untreated, uninfected cells; row 2, dexamethasone-
treated uninfected cells; row 3, untreated BKV-infected cells 2 days
after infection; row 4, BKV-infected cells treated with dexamethasone
at 2 days after infection; row 5, untreated, BKV-infected cells 4 days
after infection; row 6, BKV-infected dexamethasone-treated cells 4
days after infection. Cells were treated with dexamethasone from the
moment they were infected until they were harvested.

to the putative GRE/PRE and ERE motifs, GMSA were
performed. Nuclear extracts from untreated and dexametha-
sone-treated Vero cells were incubated with the double-
stranded oligonucleotides GRE and GRE-L (Fig. 3B). GRE
contains a perfect palindromic GRE consensus, while GRE-L
represents the GRE-like motif present in the BKV genome.
The results of these experiments are shown in Fig. 4A. No
bands of retarded mobility were observed with nuclear extracts
from untreated cells (lanes 2 and 5). Two strongly retarded
bands were found with extracts from stimulated cells. A weakly
retarded band, probably representing nonspecific DNA bind-
ing (27, 52), was also seen (lanes 3 and 6). The double bands
might represent receptor dimers and monomers (18), the
receptor and a proteolytic product (68), or receptor isoforms
(38). When nuclear extracts of the dexamethasone-exposed
cells and labelled probe were coincubated with a 100-fold
excess of unlabelled competitor DNA (with the perfect palin-
dromic GRE), the two major retarded bands were almost
completely eliminated by competition (Fig. 4B). Competition
studies with a 100-fold molar excess of oligonucleotides con-
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EREvit CTAGGTCAGGTCACAGTGACCTGAT
CAGTCCAGTGTCACTGGACTACTGA
GRE-L CTAGTGGACAAAGGCCATGGTTCT

ACCTGTTTCCGGTACCAAGACTAG

taining CRE-, NF-«kB-, or AP-2-binding sites did not interfere
with protein-DNA complex formation (data not shown). To
confirm that the GR could bind to the BKV GRE-like motif,
GMSA were performed with the GR fusion protein, GRF1.
This protein contains amino acids 412 to 515 of the human GR
(comprising the DNA binding domain) linked to the C termi-
nus of protein A (19). The results shown in Fig. 4C clearly
demonstrate that the BKV GRE binds GRF1 (lane 4), while
no binding was observed with an oligonucleotide containing a
CRE motif. Densitometric scanning revealed that consensus
GRE bound 2.3-fold more GRF1 than GRE-L.

Similar GMSA were performed with complementary oligo-
nucleotides containing the BKV GRE/PRE sequences or the
ERE sequence and nuclear extracts of MCF-7 and T47-D cells.
These cells both express the PR and ER (39). As a negative
control, extracts from CV-1 cells were used. These cells do not
express the PR or the ER (9). The oligonucleotides used are
shown in Fig. 3B. EREvit contains the well-characterized ERE
of the Xenopus laevis vitellogenin A2 gene (86), while ERE-L
represents the ERE motif found in the BKV late leader region.
We also used a mutated BKV ERE motif (EREL-M) which
contained two point mutations in the 5’ half of the motif (Fig.
3B). The results of these GMSA are shown in Fig. 5A. While
no binding was observed for any of the oligonucleotides tested
with extracts from CV-1 cells, clear binding was found for the
EREvit probe with both MCF-7 and T47-D extracts. For the
ERE-L probe, similar retarded bands were obtained, although
less protein was bound. The mutated BKV ERE motif bound

GRE/PRE
CCAGTTAAACTGGACAAAGGCCATGGTTCT

ERE

GGTACANNNTGTTCT

GGTCANNNTGACC

FIG. 3. The late leader sequence of the BKV control region
contains a nonconsensus GRE/PRE motif and a fully consensus ERE
motif. (A) Structure of the noncoding control region of BKV(Gard-
ner) with regard to P, Q, and R anatomies (57). The start codons for
T/t-antigen and the putative agnoprotein are indicated by arrows. The
origin of replication (ori) and the A/T region (AT) are given. The
directions of early and late transcription are indicated. The numbers in
parentheses represent the number of nucleotides. The nonconsensus
BKV GRE/PRE and consensus BKV ERE sequences are shown, as
well as the consensus GRE/PRE and ERE motifs. (B) Sequences of
the double-stranded oligonucleotides that were either used in protein-
DNA interaction studies or cloned as Xbal-BamHI fragments in
pBLCAT? for the transient gene expression assays are shown.

some protein very weakly. Competitor experiments with a
100-fold molar excess of EREvit sequences completely abol-
ished the formation of protein-DNA complexes (data not
shown), while 100-fold molar excess with a nonspecific com-
petitor with an AP-2 consensus motif did not affect the
protein-DNA complexes (Fig. 5B). On the other hand, a
100-fold molar excess of ERE-1 sequences strongly reduced
protein formation with the EREvit probe, while a 10-fold
molar excess completely abolished the protein-ERE-L com-
plex (data not shown). To further characterize the protein
complexes, GMSA were performed in the presence of a
monoclonal anti-ER antibody. The antibody used was directed
against the DNA binding domain (82). Increasing amounts of
antibodies inhibited the formation of the protein-DNA com-
plex (Fig. 5B). Studies with nonspecific competitor DNA or
with monoclonal antibodies against the PR revealed that the
protein in MCF-7 extracts bound the BKV GRE/PRE se-
quence specifically and was indeed the PR (Fig. 5C).

HREs of BKV can mediate hormone-induced expression of a
CAT reporter gene. To investigate whether the BKV GRE/
PRE and ERE motifs could activate transcription, we cloned
the noncoding control region of BKV and the double-stranded
oligonucleotides shown in Fig. 3B into pBLCAT3 and
pBLCAT?2, respectively. pPBLCATS3 is a promoterless plasmid,
while pBLCAT?2 contains the basal promoter from the herpes
simplex virus thymidine kinase gene upstream of the CAT
gene. This promoter does not contain any HRE (44). Transient
gene expression studies were performed in different cell lines.
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FIG. 4. Protein-DNA interaction studies of the BKV GRE-like motif as analyzed by GMSA. (A) Nuclear extracts of Vero cells and
dexamethasone-exposed Vero cells were incubated with 32P-labelled complementary oligonucleotides GRE and GRE-L as described in the legend
to Fig. 3B. Lanes 1 to 3, palindromic GRE; lanes 4 to 6, GRE-L. In lanes 1 and 4, no nuclear extract was added, while in lanes 2 and 5 and lanes
3 and 6 extract of Vero cells and dexamethasone-treated Vero cells, respectively, were incubated with the labelled DNA. Specific complexes are
indicated by closed triangles, while the open triangle probably represents nonspecific binding. (B) GMSA of nuclear proteins of dexamethasone-
exposed cells with labelled palindromic GRE or BKV GRE-L in the presence of increasing amounts of perfectly palindromic GRE competitor
DNA (0-, 10-, and 100-fold molar excesses, respectively). Increasing amounts of competitor are indicated by triangles at the top of the figure. The
open triangle represents nonspecific complexes. (C) Binding of GR fusion protein to BKV GRE-L. Lanes 1 and 2, palindromic GRE; lanes 3 and
4, GRE-L; lanes S and 6, CRE. Lanes 1, 3, and 5, no protein added; lanes 2, 4, and 6, 300 ng of GR fusion protein added.

The plasmid pG,, containing the noncoding control region of
BKV, could mediate dexamethasone-induced expression in
Vero cells (fold increase in CAT activity, 2 + 0.3; n = 4 [Fig.
6A]) and in HeLa cells (data not shown). The noncoding
region of BKV(AS), a natural mutant with a deletion in its late
leader that removes the GRE-like sequence (81), could not

Aogdlo 2. 8 4.8 6 7 2. 93011 1
&

e

. -

mediate dexamethasone-induced transcription of the CAT
reporter gene. To further identify the sequences responsible
for induced transcription, transient transfections with the
plasmid pGRE-L, which contains the BKV GRE-like motif,
were performed in HeLa cells. These cells express the GR and
have been extensively used for this kind of study (reference 9
and references therein). The BKV GRE-like motif increased
CAT activity about threefold more than pBLCAT2 after
dexamethasone stimulation. This is slightly higher than found
for the consensus GRE represented by pGRE15A. These
results, summarized in Fig. 6B, correlate well with the in-
creased late gene expression demonstrated by both immu-
noperoxidase staining and Northern blot analyses. As ex-
pected, none of these plasmids were able to mediate induction
of CAT activity by dexamethasone in CV-1 cells (data not
shown), which do not express the GR (9).

Transient transfection studies with plasmids pERE-L,
pEREM-L, and pEREvit (Fig. 3B) were performed with both
HelLa cells and T47-D cells. Since the former do not express

FIG. 5. Protein-DNA interaction studies with the BKV ERE con-
sensus sequence and BKV GRE/PRE sequences. (A) Nuclear extracts
of CV-1, MCF-7, and T47-D cells were incubated with labelled
complementary oligonucleotides ERE-M, ERE-L, and EREvit (see
Fig. 3B), and complexes were analyzed by GMSA. Lanes 1, 5, and 9, no
extracts added; lanes 2, 6, and 10, CV-1 extracts added; lanes 3, 7, and
11, MCF-7 extracts added; lanes 4, 8, and 12, T47-D extracts added.
Lanes 1 to 4, ERE-M; lanes 5 to 8, ERE-L,; lanes 9 to 12, EREvit. (B)
GMSA in the presence of nonspecific competitor DNA and anti-ER
antibodies. ERE-L was incubated with a 100-fold molar excess of
nonspecific AP-2 competitor DNA (lane 1) or with increasing amounts
(1, 2, and 3 pg) of anti-ER antibodies (lanes 2, 3, and 4, respectively).
(C) Binding of the PR to the BKV GRE/PRE motif. Labelled
complementary oligonucleotide GRE-L was incubated with MCF-7
extracts in the presence of nonspecific AP-2 competitor DNA or
anti-PR antibodies. Lane 1, 100-fold molar excess of AP-2 competitor
DNA; lanes 2 to 4, 1, 2, and 3 ug of anti-PR antibodies, respectively.
The open triangle probably represents a nonspecific protein-DNA
complex.
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fold induction

pBLCAT2 pEREvit PERE-L PERE-M

fold induction

pBLCAT2

the ER, cotransfection with the ER expression plasmid pHEO
was done. This plasmid contains the coding sequence of the
human ER cloned in the eukaryotic expression vector pSGS
(48). The results are shown in Fig. 6C. A slight induction of
CAT activity for pPBLCAT2 was measured for 17B-estradiol.
This was also found in the studies done by Klock et al. (44). A
markedly increased CAT activity was measured for the plas-
mids carrying the BKV ERE or the vitellogenin ERE motif.
The mutated BKV ERE motif was unable to mediate estrogen-
induced transcription. No induction in CAT expression was
seen when cotransfection was done with pSG5 (data not

J. VIrROL.

B 5
pBLCAT2 PGRE15A PGRE-L
D 12
) 7

pBLCAT2 pEREvit pERE-L pERE-M

FIG. 6. The noncoding control region or the putative HRE of BKV
can mediate dexamethasone-induced gene expression of the CAT
reporter gene. (A) Vero cells were transfected with the plasmids pG,
and pAS, (see Materials and Methods) and either not treated or
treated with dexamethasone. CAT activity was determined and is
expressed as fold increase above the corresponding value obtained in
untreated cells. The results shown represent the means + standard
errors from at least three parallels. (B) The BKV GRE-like sequences
can mediate dexamethasone-induced expression from the CAT re-
porter gene. HeLa cells were transfected and treated with dexameth-
asone. CAT activity is expressed as fold increase above the correspond-
ing value obtained in untreated cells. The results shown are the means
+ standard errors from six experiments. (C) HeLa cells were trans-
fected with pBLCAT2, pEREvit, pERE-L, and pERE-M and cotrans-
fected with the ER expression plasmid pHEO. Cells were either
treated or not treated with 17B-estradiol, and CAT activities in cell
extracts were determined as described in Materials and Methods. The
CAT activities in the treated cells are presented as fold induction
above the activities in control untreated cells. The results shown are
the means + standard errors from three experiments. (D) T47-D cells
were transfected with the same plasmids as described for C, and cells
were either stimulated with 17B-estradiol or untreated. The CAT
activities in estrogen-stimulated cells were compared with the activities
in untreated cells and are expressed as fold inductions. The results
represent the means * standard errors from three experiments. (E)
The BKV GRE/PRE-like motif can mediate progesterone-induced
transcription in T47-D cells. The results shown are the means *
standard errors from three different experiments.

shown). Similar results were obtained in T47-D cells (Fig. 6D).
Since the PRE consensus is identical to the GRE motif, we
investigated whether the BKV GRE-like motif could mediate
progesterone-induced expression. The plasmid pGRE-L was
transfected into T47-D cells, and CAT activity was monitored
in the presence of progesterone R5020. As can be seen from
Fig. 6E, the BKV GRE-like motif can mediate progesterone-
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FIG. 7. No cooperative effect in transactivation is observed be-
tween the BKV ERE and GRE/PRE-like sequences. T47-D cells were
transfected with the plasmid pEGRE. This plasmid contains both the
BKV ERE and GRE/PRE sequences. Transfected cells were either
not treated (—) or treated with 17B-estradiol (E2), dexamethasone
(D), progesterone (P), or a combination of these steroid hormones.
CAT activities in stimulated cells were compared with those in
unstimulated cells and are shown as fold inductions. The results are the
means * standard errors from three parallels.

induced expression. A 4.5-fold increase in CAT activity in the
presence of progesterone R5020 was measured.

No cooperativity observed between the BKV GRE/PRE and
the BKV ERE. Cooperative transactivation of steroid receptors
has been well documented (reviewed in reference 63). We
therefore investigated whether such cooperativity existed be-
tween the BKV GRE/PRE and ERE. The plasmid pEGRE,
which contained both the BKV GRE/PRE and ERE motifs,
was transfected into T47-D cells. The cells were then treated
with different steroids or with combinations of steroids, and
CAT activities in the cellular extracts of these cells were
determined. The results are shown in Fig. 7. All hormones
stimulated the CAT activity, but the most profound effect was
seen with R5020. No cooperative transactivation was seen
when a combination of steroid hormones was used.

DISCUSSION

In the present work, we show that the synthetic glucocorti-
coid dexamethasone, progesterone, and 17B-estradiol enhance
the permissivity of host cells for BKV infection by increasing
the fraction of cells expressing viral capsid proteins, resulting
in an up to 11-fold (dexamethasone), 5-fold (progesterone), or
3-fold (estrogen) higher virus yield. Our results suggest that
the mechanism responsible for this enhancement is an in-
creased transcription rate, particularly of the late genes ex-
pressing structural proteins. We attribute the increased tran-
scription rate to the presence of a functional nonconsensus
GRE/PRE sequence and a consensus ERE sequence located
in the late leader (overlapping the putative agnogene start
codon) of the BKV control region. This is supported by both
DNA-binding studies and transient transfection assays. In
addition to increasing transcriptional initiation, steroid hor-
mones may stabilize some mRNAs (reference 66 and refer-
ences therein). We tried to address this through experiments
with the transcription inhibitor actinomycin D. However, be-
cause of the extended period before late transcription can be
detected following BKV infection (24; this study), we were
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unable to find conditions where actinomycin D did not abolish
all late transcription. Although these experiments remain
inconclusive with regard to a possible effect of steroid hor-
mones on BKV mRNA stability, we feel that our data are more
compatible with a scenario where the HRE:s increase late gene
transcription (see Results). This is further supported by our
findings that the noncoding region of BKV(AS) could not
mediate dexamethasone-induced transcription of the CAT
reporter gene. BKV(AS) has a deletion in its late late leader
that removes the GRE-like sequence found in all other BKV
strains sequenced so far (81). Furthermore, we were unable to
detect quantitative differences between the viral DNAs of
dexamethasone-treated and untreated cultures. In line with
this, O’Connor and Subramani (65) demonstrated that repli-
cation of a plasmid containing the simian virus 40 origin of
replication and enhancer linked to a GRE was not influenced
by dexamethasone treatment and studies with polyomavirus
showed that estrogen did not effect viral replication in poly-
omavirus-infected mice (35).

GMSA showed that nuclear extracts of dexamethasone-,
progesterone-, and 17B-estradiol-treated cells formed com-
plexes with the BKV GRE, PRE, and ERE, respectively.
Competition studies with nonspecific and specific competitor
DNAs confirmed the specificity of the protein-DNA com-
plexes, while studies with either purified receptor (GR) or
monoclonal antibodies against the receptors (PR and ER)
clearly identified the complexes as being the respective steroid
receptor proteins. Recent studies by Klungland and coworkers
have shown that the ER can bind to two ERE-like motifs in the
gonadotropin-releasing hormone gene promoter region of
Atlantic salmon. Each ERE-like motif is composed of two
palindromic ERE half-sites interspaced by 8 and 9 nucleotides,
respectively (45). Our results here and studies by others (54)
show that different spacing between half-sites of a GRE may
still allow binding of the GR.

Cooperative transactivation between steroid hormone re-
ceptors or other transcription factors is a well known phenom-
enon (reviewed in reference 63). Although the BKV genome
contains functional GRE, PRE, and ERE motifs, we were
unable to detect any cooperative transactivation between these
receptors. One plausible explanation is that since the binding
sites for these receptors overlap, simultaneous binding of two
receptors is sterically impossible. We found that pEGRE
responded remarkably better to progesterone and dexameth-
asone than to estradiol (Fig. 7). This suggests a stronger affinity
of PR or GR for their GRE/PRE than ER for its cognate ERE
sequence. This is rather unexpected, since the BKV ERE motif
is a full consensus sequence while the BKV GRE/PRE motif is
a nonconsensus motif. Alternatively, activated PR could be a
stronger transactivator than activated ER. This is supported by
the transient transfection and further confirmed by the in vitro
infection studies which showed higher virus yield after dexa-
methasone (up to 11-fold) or progesterone (up to 5-fold)
stimulation than in the presence of estrogens (up to 3-fold).
Another explanation may be that the variation in inducibility
by steroid hormones may be linked to the endogenous concen-
tration of each steroid receptor present in the cell. Finally, it is
possible that interaction of a cellular factor(s) with the steroid
receptor is required for full transcriptional transactivation.
Recently, several such factors have been described (49, refer-
ence 91 and references therein). One possible candidate is
nuclear factor-1 (NF-1). Studies by us (61a) and others (13)
demonstrated a functional NF-1 binding site that overlaps with
the BKV GRE/PRE sequence.

Previous studies with other human viruses have illustrated a
stimulating or inhibiting role of steroid hormones on viral
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replication (herpes simplex virus type 2 [4], vaccinia virus [4],
herpes simplex virus type 1 [64], Epstein-Barr virus [6], human
immunodeficiency virus type 1 [56], human cytomegalovirus
[46, 79, 80], and adenovirus [41]). In other human viruses, a
GRE has been identified. Best studied are the hepatitis B virus
(84, 85), Epstein-Barr virus (50, 73), the human papillomavirus
type 16 (30), and the human immunodeficiency virus (28, 43).
Although the GREs contained in these viral genomes can
mediate glucocorticoid-induced expression, an increase in the
expression of viral proteins due to glucocorticoid treatment has
been demonstrated only for hepatitis B virus, yet no direct
proof for increased production of infectious virus was pre-
sented (85). As far as we know, our results are the first showing
a striking increase in the production of a human polyomavirus
upon treatment of host cells with different steroid hormones.

In conclusion, our results show that steroid hormones can
increase the levels of BKV transcripts and virus production in
in vitro infected cells. Transient gene expression studies sug-
gest that the activity is exerted at the level of transcription,
although we cannot fully exclude some contribution by the
stabilization of the RNA. Since we were able to boost the yield
of infectious particles through steroid hormone treatment, we
think that the degree of host cell permissivity is closely linked
to late gene expression, although regulation of early gene
expression or viral DNA replication may also contribute. We
think that the BKV hormone response unit may play an
important role in vivo by enhancing a productive BKV infec-
tion, and perhaps also by reactivating a latent infection, during
physiological or pathological conditions accompanied by in-
creased steroid hormone levels.
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