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The late genes of SV40 are not expressed at significant levels until after the onset of viral DNA replication.
We previously identified two hormone response elements (HREs) in the late promoter that contribute to this
delay. Mutants defective in these HREs overexpress late RNA at early, but not late, times after transfection of
CV-1PD cells. Overexpression of nuclear receptors (NRs) that recognize these HREs leads to repression of the
late promoter in a sequence-specific and titratable manner, resulting in a delay in late gene expression. These
observations led to a model in which the late promoter is repressed at early times after infection by NRs, with
this repression being relieved by titration of these repressors through simian virus 40 (SV40) genome repli-
cation to high copy number. Here, we tested this model in the context of the viral life cycle. SV40 genomes
containing mutations in either or both HREs that significantly reduce NR binding without altering the coding
of any proteins were constructed. Competition for replication between mutant and wild-type viruses in
low-multiplicity coinfections indicated that the �1 HRE offered a significant selective advantage to the virus
within a few cycles of infection in African green monkey kidney cell lines CV-1, CV-1P, TC-7, MA-134, and Vero
but not in CV-1PD� cells. Interestingly, the �55 HRE offered a selective disadvantage in MA-134 cells but had
no effect in CV-1, CV-1P, TC-7, Vero, and CV-1PD� cells. Thus, we conclude that these HREs are biologically
important to the virus, but in a cell type-specific manner.

Simian virus 40 (SV40) is a member of the primate poly-
omavirus family. Its small 5.2-kbp double-stranded DNA ge-
nome codes for two sets of proteins: the regulatory proteins,
large T antigen and small t antigen, and the structural proteins,
leader protein 1 (LP1, also called agnoprotein) (27) and virion
protein 1 (VP1), VP2, and VP3 (23). The genes encoding the
regulatory and structural proteins are separated and controlled
by a bidirectional promoter-regulatory region that spans �400
bp and that can be bound by numerous factors (30). Expression
of these two sets of genes is temporally regulated. The regu-
latory genes are expressed at early times in the lytic cycle of
infection. Their products interact with numerous cellular reg-
ulatory factors (2, 44), resulting in the infected cell being
pushed into an unchecked proliferation loop. Large T antigen
also directly plays multiple roles in transcriptional control and
replication of the viral genome. The expression of the struc-
tural genes is delayed until after the onset of viral DNA rep-
lication (1).

How does SV40 manage this early-to-late switch in gene
expression when both sets of genes are controlled from the
same bidirectional promoter-regulatory region? Two non-mu-
tually exclusive mechanisms contribute to this temporal regu-
lation. The replication-independent mechanism involves trans-
activation of the late promoter by large T antigen (7, 21, 31).
Evidence that transactivation is, in part, independent of DNA
replication includes large T antigen’s ability to activate late
gene expression in the presence of inhibitors of DNA replica-
tion (7, 43), in the absence of SV40’s origin of DNA replication

(Ori) (7, 11, 32), and in a cell-free transcription system (13).
This mechanism likely involves protein-protein interactions be-
tween large T antigen and factors that bind SV40’s 21-bp
repeat region (21), the transcription factor TEF-1 (6, 11, 12,
33), components of the general transcription machinery (14,
24, 26, 28), transcriptional coactivators (3, 17), and transcrip-
tional corepressors (41).

The replication-dependent mechanism of the early-to-late
switch probably involves the titration of cellular factors that act
as sequence-specific repressors of the late promoter (8, 46).
Previous work from our laboratory showed that at least some
of these cellular repressors consist of members of the nuclear
receptor superfamily (NRs) that bind hormone response ele-
ments (HREs) located both surrounding the major site of
transcription initiation from the late promoter (�1 HRE) and
approximately 55 bp downstream of this site (�55 HRE) (46).
These �1 and �55 site HREs are composed of direct repeats
similar to the canonical HRE half-site sequence, 5�-AGGTC
A-3�, separated by 4 (DR4) and 2 (DR2) bp, respectively. The
�1 HRE can be bound by retinoic X receptor � (RXR�) in
combination with thyroid hormone receptor �1 (T3R�1) (15,
48, 49) or liver X receptor � (LXR�) (41), estrogen-related
receptor �1 (ERR�1) (29, 46, 49), COUP-TF1, and COUP-
TF2 (48). The �55 HRE can be bound by COUP-TF1 and
COUP-TF2 (48), ERR�1 (29, 46), testis receptor 2 (TR2) (48),
and TR4 (36).

Overexpression of COUP-TF1 or T3R�1 in African green
monkey kidney (AGMK) cell line CV-1PD leads to a delay in
the early-to-late switch in SV40 gene expression in an HRE-
dependent manner (48, 49). Interestingly, the delay caused by
T3R�1 can be relieved by addition of the T3R ligand, T3 (49).
On the basis of these data, we hypothesized that the binding of
cellular NRs to these HREs represses transcription of the
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SV40 late genes through active and/or passive mechanisms
until replication of viral DNA to high copy number leads to
their being titrated away. Furthermore, SV40 may modulate its
life cycle in response to endogenous and exogenous hormone
signals via these HREs (46, 48, 49).

The experiments described above were performed by tran-
sient transfection with viral DNAs containing a mutation in the
VP1-coding region to prevent complications in the interpreta-
tion of data due to production of virions and subsequent sec-
ond cycles of infection. Unanswered was the question of
whether these HREs are biologically important to the virus in
the context of its natural life cycle. In this report we show that
virions containing mutations in these HREs are viable; how-
ever, the presence of these HREs has a positive, negative, or
no effect on virus replication in a cell type-specific manner.

MATERIALS AND METHODS

Cells. Cells were grown and maintained at 37°C in a 5% CO2 atmosphere.
AGMK cell lines CV-1 (obtained from the American Type Culture Collection),
CV-1P (clonal derivative of CV-1 originally obtained from S. Kit’s laboratory),
CV-1PD (C. Cole laboratory derivative of CV-1P), CV-1PD� (Mertz laboratory
derivative of CV-1PD), MA-134 (obtained from Janet Butel), TC-7 (obtained
from Janet Butel), and Vero (obtained from Bill Sugden) were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 40 U of penicillin
and streptomycin/ml and 5% fetal bovine serum (FBS; HyClone). COS M6 cells
(obtained from the American Type Culture Collection) were grown as described
above, except that they were supplemented with 10% FBS.

Oligonucleotides, plasmids, and antisera. Oligonucleotides (Fig. 1) and prim-
ers used in this study were synthesized by Integrated DNA Technologies. Dou-
ble-stranded oligonucleotides were prepared by following standard protocols
(45).

Plasmid pSVS(WT) contains SV40 wild-type strain WT830 cloned into a
pBR322-based vector via their EcoRI sites (20). Plasmid pSV4540(pm322C),
containing the �1 HRE mutant (�1 HRE MT) (Fig. 1) in a wild-type SV40

background, was created by recombination of pSV4508(pm322C) (35) with
pSVS. Plasmid pSV4541(pm380C,382C), containing the �55 HRE mutant (�55
HRE MT) (Fig. 1), was created by PCR site-directed mutagenesis of pSVS using
a primer incorporating the �55 HRE mutations (Fig. 1). Plasmid
pSV4542(pm322C,380C,382C), containing both the �1 HRE and �55 HRE
mutations (�1/�55 HRE DMT), was created by recombination of plasmids
pSV4540 and pSV4541. All mutations were confirmed by DNA sequence anal-
ysis. Plasmid pcDNA3.1-hERR�1, containing the 423-amino-acid human
ERR�1-coding region expressed from a cytomegalovirus promoter, was obtained
from Eric Ariazi; its construction is described elsewhere (R. J. Kraus, E. A.
Ariazi, M. L. Farrell, and J. E. Mertz, submitted for publication).

A rabbit polyclonal antiserum against the region of ERR�1 comprising amino
acids 49 to 66 was obtained from Eric Ariazi.

Growth and titering of virus stocks. The viral sequences present in pSVS,
pSV4540, pSV4541, and pSV4542 were excised from their cloning vector by
incubation with EcoRI and ligated to form monomer circles of wild-type SV40
and mutants �1 HRE MT, �55 HRE MT, and �1/�55 HRE DMT, respec-
tively. These DNAs were transfected into 100-mm-diameter tissue culture dishes
containing �70% confluent CV-1PD� cells with LT-1 transfection reagent (Pan-
Vera). The infected cells were grown at 37°C in DMEM containing 5% FBS. The
medium was changed after 5 days. The cells were harvested when all exhibited
virus-induced cytopathic effect (�10 to 12 days) and collected by centrifugation
for 5 min at 300 � g. The supernatant was removed, and the cells were resus-
pended in 100 �l of virus carrier medium (VCM; DMEM, 10 mM Tris [pH 7.5],
2% FBS) per 100-mm dish of cells. The cells were frozen and thawed three times
and extracted with 1/5 volume of chloroform to release the virus from the cells.
After centrifugation in a microcentrifuge at maximum speed for 5 min to sepa-
rate the phases, the virus-containing supernatant was collected and stored in
aliquots at �80°C. Virus stocks were titered by a standard agar overlay plaque
assay procedure as previously described (38) with TC-7 cells in place of CV-1P
cells.

Preparation of whole-cell and nuclear extracts. Nuclear extracts of CV-1 and
CV-1PD� cells were prepared essentially according to Zuo’s modification (48) of
the method of Dignam et al. (16). Briefly, cells were washed twice with phos-
phate-buffered saline (PBS), scraped off the dish, collected by centrifugation at
1,000 � g for 10 min, resuspended in PBS, pelleted again, resuspended in a 5�
packed-cell volume of buffer A (10 mM HEPES [pH 7.4], 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM dithiothreitol [DTT]), incubated on ice for 10 min, pelleted again,
and resuspended in a 2� packed-cell volume of buffer A. These cells were then
lysed by 10 strokes of a glass Dounce homogenizer (A-type pestle). The nuclei
were collected by centrifugation at 25,000 � g at 4°C for 30 min, resuspended in
2.5 ml of buffer C (20 mM HEPES [pH 7.4], 25% glycerol, 0.42 M NaCl, 1.5 mM
MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride
[PMSF])/109 cells, and homogenized by five strokes of a glass Dounce homog-
enizer (B-type pestle). The lysate was then rocked at 4°C for 30 min and dialyzed
against 50 volumes of buffer D (20 mM HEPES [pH 7.4], 20% glycerol, 0.1 M
KCl, 2 mM EDTA, 6 mM MgCl2, 0.5 mM DTT, 0.5 mM PMSF] for 4 h at 4°C.
The dialysate was cleared by centrifugation at 25,000 � g at 4°C for 20 min. The
supernatant was aliquoted and stored at �80°C.

Whole-cell extracts from COS M6 cells overexpressing ERR�1 were prepared
as follows. Dishes (100 mm in diameter) of COS M6 cells in 5 ml of medium were
transfected by addition of a mixture containing 3 �g of pcDNA3.1-hERR�1, 300
�l of DMEM, and 18 �l of LT-1 transfection reagent (PanVera) and incubation
at 37°C for 24 h. Five milliliters of fresh medium was added, and incubation was
continued for an additional 24 h. The cells were then washed three times with
PBS, scraped off the dishes, collected by centrifugation at 300 � g for 10 min,
washed with cold PBS, resuspended in 100 �l of lysis buffer (50 mM Tris-HCl
[pH 7.5], 0.5 M NaCl, 1 mM EDTA, 10% glycerol, 1 mM DTT, 1� protease
inhibitor cocktail [4-{2-aminoethyl}benzenesulfonyl fluoride, trans-epoxysucci-
nyl-L-leucylamido{4-guanidino}butane, bestatin, leupeptin, aprotinin, and
EDTA {Sigma}]) per five dishes of cells, and treated with three cycles of freezing
and thawing. The resulting extracts were then centrifuged at maximum speed at
4°C in a microcentrifuge for 5 min to clear away cellular debris, and the super-
natant was aliquoted and stored at �80°C.

Electrophoretic gel mobility shift assays (EMSAs). The sequences of the
double-stranded synthetic oligonucleotides used as probes and competitors are
shown in Fig. 1B. Twenty picomoles of these DNAs was end labeled by incuba-
tion for 45 min at 37°C with 50 �Ci of [�-32P]ATP (Amersham Pharmacia) and
10 U of T4 kinase (New England Biolabs). The radiolabeled DNAs were sepa-
rated from unincorporated nucleotides by size chromatography with G-25 col-
umns (Boehringer Mannheim).

The EMSA reaction mixtures (total volume, 20 �l) contained either 2 �g of
CV-1 cell nuclear extract (Fig. 2A) or 5 �g of COS M6 whole-cell extract

FIG. 1. Locations and sequences of the HREs present in the SV40
late promoter. (A) Diagram showing locations of the HREs within the
SV40 major late promoter (MLP). The �1 and �55 HREs consist of
two directly repeated hexanucleotide half-site elements (boxes). The
SV40 nucleotides are numbered relative to the site of transcription
initiation from the SV40 MLP (arrow), which corresponds to nt 325 in
the SV numbering system (9). (B) Sequences of the wild-type and
mutant double-stranded HRE-containing oligonucleotides used in this
study. Only the strand corresponding to the viral late RNA is shown.
The bases altered in the mutants are underlined and in small capitals.
The numbers in parentheses indicate the SV40 nucleotides to which
the oligonucleotides correspond in the SV numbering system.
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overexpressing human estrogen-related receptor �1 (hERR�1) (Fig. 2B) in a
solution containing 10 mM HEPES (pH 7.9), 10% glycerol, 2% Ficoll, 100 mM
NaCl, 1 mM MgCl2, 0.1 mM EDTA, 2 mM DTT, 4 �g bovine serum albumin,
and 100 ng of MspI-cut pBR322 DNA (34). After preincubation on ice for 10 min
with or without competitor oligonucleotide as indicated (Fig. 2B), the indicated
(Fig. 2B) radiolabeled probe was added and incubation was continued for an-
other 5 min on ice. Where indicated (Fig. 2B) hERR�1 antiserum was then
added, and incubation was continued at room temperature for an additional 5
min prior to electrophoresis in a native 5% polyacrylamide (29:1, acrylamide/
bisacrylamide; Bio-Rad) gel at 150 V and 4°C for 2 h in 0.5� Tris-borate-EDTA
running buffer. The gel was then transferred to Whatman paper and dried. The
radiolabel was visualized with a PhosphorImager (Molecular Dynamics) and
quantified with ImageQuant, version 5.1, software (Molecular Dynamics).

Virus competition assays. CV-1, CV-1P, CV-1PD�, MA-134, TC-7, and Vero
cells were grown in 35-mm-diameter tissue culture dishes. After reaching con-
fluence, monolayers were coinfected by incubation at 37°C for 90 min with
approximately 0.025 PFU each of wild-type and mutant virus/cell in 200 �l of
VCM per 35-mm dish. Afterward, unabsorbed virus was removed by aspiration
of the infection medium and by washing the monolayers twice with PBS. The
cells were then incubated at 37°C in DMEM supplemented with 2% FBS. The
medium was changed after 5 days, and incubation continued for an additional 5
days. The cells were then harvested as described above for virus, except for
resuspension in 200 �l of VCM per 35-mm dish prior to the freeze/thaw cycles.
The virus stocks recovered from the coinfections were diluted in VCM to a
multiplicity of infection (MOI) of �0.05 PFU/cell, and the protocol was repeated
for a second, third and, in some cases, fourth round of infection of cell mono-
layers.

To determine the relative amounts of the wild-type and mutant virus present
in the starting infection mixtures and virus harvests, 75 �l of virus was digested
with proteinase K by the addition of 20 �l of 5� PK buffer (1 M Tris [pH 7.5],
125 mM EDTA, 1.5 M NaCl, 10% [wt/vol] sodium dodecyl sulfate) and 5 �l of
proteinase K (0.75 �g/�l) (Roche), incubation for 2 h at 37°C, and extraction
with an equal volume of phenol-chloroform-isoamyl alcohol (25:25:1 [vol/vol/
vol]). The aqueous phase containing the viral DNA was precipitated with etha-
nol. The DNA pellet was washed with 70% ethanol and resuspended in 20 �l of
H2O. One microliter of viral DNA was amplified by PCR in a 100-�l reaction
mixture containing 2 pmol each of SV40-specific primers corresponding to SV40
nucleotides (nt) 446 to 423 and 4924 to 4947, 0.2 mM deoxynucleoside triphos-
phate mixture (Amersham Pharmacia), 3 mM MgCl2, 10� PCR buffer (Pro-
mega), and 5 U of Taq DNA polymerase (Promega). The PCR mixtures were
subjected to 25 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min. After
purification with a PCR clean-up kit (Qiagen), the PCR products were quantified
by spectrophotometry. One hundred nanograms of PCR product was sequenced

in a 20-�l reaction mixture containing 10 pmol of an SV40 primer corresponding
to SV40 nt 446 to 423, 2 �l of Big Dye terminator sequencing mixture (Perkin-
Elmer), and 6 �l of 2.5� sequencing buffer (400 mM Tris-HCl [pH 8.3], 10 mM
MgCl2). Sequencing reactions were carried out for 25 cycles at 94°C for 15 s,
50°C for 15 s, and 60°C for 2 min. The sequencing products were cleaned up with
an AutoSeq G-50 column (Amersham Pharmacia), concentrated by drying, and
resuspended in 5 �l of sequencer loading buffer (5 mM EDTA [pH 8.0], 10 mg
of blue dextran/ml, 80% deionized formamide). The sequence was determined
with an Applied Biosystems 373 DNA sequencer, and the electropherograms
were generated with Applied Biosystems Prism, version 2.1.1, software.

RESULTS

Rationale for selection of HRE mutations. A previously
characterized mutant, pm322C, contains a substitution muta-
tion at SV40 nt 322 of a cytidine for a guanosine within the 5�
half-site of the �1 HRE at SV40 nt �3 relative to the tran-
scription initiation site at nt 325 (Fig. 1). The pm322C muta-
tion greatly reduces binding by T3R�1/RXR�, LXR�/RXR�,
ERR�1, COUP-TF1, and COUP-TF-2 to the �1 HRE (28, 41,
48, 49) (Fig. 2B; data not shown). Approximately 70 to 80% of
SV40’s late transcripts are synthesized from the nt 325 initia-
tion site (22). Most of the remaining transcripts are synthesized
from minor initiation sites located farther upstream and pro-
cessed via excision of an intron that includes nt 322 (22). Thus,
almost all of the SV40 late mRNAs synthesized from virus
containing this mutation should be identical in sequence to the
ones made from wild-type SV40. Therefore, any differences
between the mutant and wild type are unlikely to be posttran-
scriptional in nature.

The �1 HRE extensively overlaps the initiator (Inr) element
of the major late promoter. Fortunately, the pm322C mutation
lies outside of the bases that define the Inr and has no cis-
acting effects on the functionality of the basal elements of this
promoter (35). Thus, any effects of this mutation on replication
of the mutant are likely due to the inability of NRs to bind the
�1 HRE.

FIG. 2. NRs bind to the wild-type but not the mutant �1 and �55 HREs. (A) The �55 HRE MT oligonucleotide is defective in binding
proteins present in nuclear extract made from CV-1 cells. Shown are results of EMSAs with 2 �g of CV-1 cell nuclear extract incubated with 0.02
pmol of radiolabeled double-stranded probe DNA corresponding to sequences surrounding the wild-type �55 HRE after preincubation with no
competitor (lanes 1 and 3) or a 25-fold molar excess of cold wild-type (lane 2) or mutant (lane 4) oligonucleotides as the competitor. Protein-DNA
complexes and free probe are indicated. (B) EMSAs showing failure of �1 HRE MT and �55 HRE MT oligonucleotides to bind ERR�1. ERR�1,
produced by transfection of pcDNA3.1-hERR�1 into COS M6 cells, was incubated with 0.5 pmol of radiolabeled double-stranded oligonucleotides
corresponding to the indicated HRE probe DNAs (lanes 2, 5, 8, and 11). Lanes 1, 4, 7, and 10, probe DNA only; lanes 3, 6, 9, and 12,
ERR�1-containing whole-cell extract preincubated with an ERR�1-specific antiserum after incubation with the indicated probe DNAs. Arrows,
ERR�1-DNA complexes, immunoshifted complexes, and free probes. Ab, antibody.
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The �55 HRE lies within the coding region for a late gene
product, the agnoprotein (also called LP1). The agnoprotein
may play roles in virion assembly (27, 39, 40), cell-to-cell
spread of virus particles (37, 42), and nuclear localization of
VP1 (10). The �55 HRE mutant used in our previously pub-
lished studies contained the LS26 mutation (4). This mutation
alters the coding of the agnoprotein as well as the sequence of
the �55 HRE.

To study the effects of the �55 HRE by itself, we needed a
mutant that significantly reduced binding by NRs yet still en-
coded wild-type agnoprotein. We accomplished this by incor-
porating two base substitutions: guanosine to cytidine at SV40
nt 382 to inactivate the �55 HRE and adenosine to cytidine at
SV40 nt 380 to maintain an arginine codon (Fig. 1B). A com-
petition EMSA confirmed that an oligonucleotide containing
these two base changes in the �55 HRE is unable to compete
for binding most of the multiple factors present in a nuclear
extract of CV-1 cells that bind a radiolabeled probe DNA
corresponding to the �55 HRE wild-type sequence (Fig. 2A,
lane 4 versus 1 to 3). Thus, these two base substitution muta-
tions greatly reduce the binding of multiple factors present in
CV-1 cell nuclear extract that specifically recognize the �55
HRE.

To test the ability of this �55 HRE double mutation to
reduce binding by a specific NR known to recognize the wild-
type �55 HRE sequence, we synthesized ERR�1 in large-T-
antigen-containing COS M6 cells by transfection with
pcDNA3.1-hERR�1, an expression plasmid containing an
SV40 Ori. As expected, whole-cell extract prepared from these
COS M6 cells contained factors that formed a protein-DNA
complex on the �55 HRE WT probe but not on the �55 HRE
MT probe (Fig. 2B, lane 8 versus 11, respectively). The fact
that incubation with an ERR�1-specific antiserum led to a
shift in the mobility of much of this complex (Fig. 2B, lane 9
versus 8) confirmed that the complex contained ERR�1. Sim-
ilar results were obtained with COS M6 cells overexpressing
COUP-TF1 (data not shown), the NR representing the major-
ity of the �55 HRE-binding activity present in CV-1PD cells
(48). Thus, this �55 HRE double mutation greatly reduces
binding by most of the �55 HRE-binding activity present in
AGMK cell lines. Fortunately, it does so without affecting
replication of SV40 in some cell lines (see below). Thus, this
�55 HRE double mutation probably does not have significant
effects on posttranscriptional events despite mapping within
the coding region of the late mRNAs. Therefore, an SV40
mutant containing these mutations should enable us to exam-
ine the importance of this HRE in the context of the whole
SV40 genome.

SV40 genomes containing HRE mutations are viable. Plas-
mids pSV4540 and pSV4541 contain these �1 HRE and �55
HRE mutations, and plasmid pSV4542 contains both of the
HRE mutations, crossed into pSVS(WT). The viral genomes
were excised from their cloning vector by treatment with
EcoRI, ligated to form monomer circles, and transfected into
cells of AGMK cell line CV-1PD�. After incubation for 12 days
at 37°C, most of the cells on the dishes exhibited extensive
evidence of SV40 cytopathic effect. The cells were harvested
and used to prepare stocks of virus. The titers of these virus
stocks ranged from �108 to 109 PFU/ml as determined by
standard plaque assays with TC-7 cells (38). Plaque morphol-

ogies of the mutants were essentially indistinguishable from
those of wild-type SV40 (data not shown). Thus, the mutants
all appear to be viable. We refer to the virus stocks made from
these plasmids as �1 HRE MT, �55 HRE MT, �1/�55 HRE
DMT, and WT, respectively.

To confirm that the mutants were truly viable rather than the
result of revertants arising during growth of the virus stocks,
viral DNA was isolated from each virus stock and their pro-
moter-regulatory regions (i.e., SV40 nt 4924 to 446) were am-
plified by PCR and sequenced. As expected, all of the HRE
mutations were retained without second-site mutations being
observed within this sequenced region at levels detectable by
this assay (18). Digestion of the viral DNA with HindIII fol-
lowed by electrophoresis in agarose gels also produced no
evidence of novel deletions, duplications, or insertions (data
not shown). We conclude from these data that virus with mu-
tations in one or both of these HREs is viable and grows nearly
as well, if not as well, as the WT in CV-1PD� cells.

Given the excellent growth of the mutants, any differences in
their phenotypes from that of WT would likely be subtle.
Therefore, we developed a replication competition assay that
would enable us to observe even small effects of the HREs on
viral replication. This assay involves performing DNA se-
quence analysis of PCR products generated from the viral
DNAs present in the virus stocks. To determine the sensitivity
of this assay, we mixed together WT and �1/�55 HRE DMT
virus stocks at various known ratios, recovered the viral DNA
from these mixtures, amplified the promoter-regulatory region
by PCR, and sequenced the PCR products. The resulting se-
quence electropherograms demonstrate that the ratio of peaks
within the sequence of the 5� �1 HRE half-site for guanosine
versus cytidine at the site of the mutation accurately reflects
the ratio of wild-type to mutant virus present in each mixture
(Fig. 3). Similar results were obtained at the sequence of the
�55 HRE (data not shown). Furthermore, although the peak
of a specific nucleotide at one position differed in size from the
peak for the same nucleotide at another position, this differ-
ence was very consistent (Fig. 3 to 7). It is due to context effects
of neighboring bases (Perkin-Elmer product literature). Re-
peated analyses of the same virus mixtures showed a variation
as measured by eye in the ratios of the heights and areas under
the peaks at a given position in the sequence of at most a few
percent (see, e.g., starting sample in Fig. 4 versus 5; data not
shown). We conclude that this assay enables one to determine
the relative ratios of genotypes present within a mixture con-
taining two genetically known types of SV40.

WT outreplicates �1/�55 HRE DMT in CV-1 cells. We first
used this assay to examine the relative rates of replication of
wild-type versus double-HRE-mutant virus. Equivalent PFU of
WT and �1/�55 HRE DMT virus were mixed together at a
total MOI of �0.05 PFU/cell and used to coinfect monolayers
of CV-1 cells that had just reached confluence. We chose to
use low-MOI coinfection to insure that most infected cells
would initially harbor only one infectious genotype of virus,
thereby avoiding replication by complementation. The cells
were subsequently incubated at 37°C for 10 days, a time at
which most cells exhibited virus-induced cytopathic effect.
Since the SV40 life cycle under these conditions typically takes
�60 h (5), we assume that the virus infection spread from
�5% of the cells to all of them over three or four cycles of
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infection. Although most cells were likely coinfected by the last
cycle, superinfection inhibition probably prevented late-infect-
ing virus from replicating significantly. The cells were har-
vested, virus was extracted from them, and fresh monolayers of
cells were infected at an MOI of �0.05 PFU/cell with the virus
mixture obtained from the first-round harvest. Once again, the
infected cells were incubated at 37°C for 10 days and harvested
and virus was extracted. The viral DNAs present in the initial
infecting virus stock, first-round harvest, and second-round
harvest were processed as described above to determine geno-
typic ratios. As expected, approximately equivalent amounts of
wild-type and mutant genotypes were present in the starting
mixture of virus (Fig. 4). However, the wild-type genotype
gradually predominated over the mutant genotype, accounting
for at least 80% by the time of the second harvest (Fig. 4).
Thus, wild-type HREs offer a selective advantage to the virus
for replication under the conditions used in this experiment.

WT does not outreplicate �1/�55 HRE DMT in CV-1PD�
cells. Is the wild-type replication advantage observed above a
general phenomenon or cell type specific? To begin to address
this question, we repeated the above experiment, but this time
with CV-1PD� cells, the cells originally used to grow the virus
stocks. CV-1PD� cells are a derivative of CV-1 cells that have
passed sequentially through the laboratories of S. Kit, P. Berg,
C. Cole, and J. Mertz over the past 3 decades, with noted
changes in phenotype sometimes selected by cell cloning and
regrowth. In contrast to the results obtained with the CV-1
cells, the approximately equimolar ratios of wild-type and mu-
tant genotypes present in the starting mixture were maintained
throughout the first and second serial passages (Fig. 5). Thus,
we conclude that the replication advantage offered by the
HREs is cell type specific. Importantly, we also conclude from
this lack of an effect of the mutations in CV-1PD� cells that the

advantage offered by the HREs is not due to a trivial cis-acting
defect such as the �1 HRE mutation affecting a basal element
of the promoter (e.g., the Inr); the downstream �55 HRE
mutation affecting transcription elongation, pre-mRNA pro-
cessing, stability of the mRNA, or synthesis of agnoprotein; or
either mutation affecting viral DNA replication.

�1 HRE, not �55 HRE, provides a replication advantage in
CV-1 cells. To determine whether one or both of these HREs
is involved in the replication advantage observed in CV-1 cells
(Fig. 4), we repeated the coinfection competition experiment
with CV-1 cells but with �1 HRE MT or �55 HRE MT virus
in place of �1/�55 HRE DMT virus. As observed with �1/
�55 HRE DMT, �1 HRE MT accounted for only �20% of
the virus by the time of the second harvest (Fig. 6A). On the
other hand, the ratio of WT to �55 HRE MT remained the
same throughout 20 days of replication in CV-1 cells (Fig. 6B).
Thus, we conclude that the �1 HRE is responsible for the
difference in replication of WT in CV-1 versus CV-1PD� cells
but that the �55 HRE contributes little or nothing to WT’s
replication advantage in CV-1 cells.

Cell lines differ in the extent of replication advantage con-
ferred by the �1 HRE. Is the replication advantage offered by
the �1 HRE common or rare among cell lines? To address this
question, we also performed coinfection competition experi-
ments with WT and the �1 HRE MT virus using CV-1P,
MA-134, TC-7, and Vero cells, four permissive cell lines inde-

FIG. 3. Verification of sensitivity of the assay used for determina-
tion of relative genotypic ratios of viruses in mixed stocks. Shown are
sequencing electropherograms of the 5� �1 HRE half-site region of
PCR products generated from viral DNA recovered from various mix-
tures of stocks of WT and �1/�55 HRE DMT virus. Percentages of
WT virus present in the mixture are given on the left. Vertical rect-
angles, bases within the electropherograms that differ between the
mutant and wild type; horizontal rectangles (bottom), half-site se-
quences. Black peak, wild-type guanosine base; blue peak, mutant
cytidine base.

FIG. 4. Wild-type virus has a replication advantage over the dou-
ble-HRE-mutant virus in CV-1 cells. Shown are sequence electro-
pherograms of the �1 HRE 5� half-site and the �55 HRE 3� half-site
regions of PCR products generated from viral DNA recovered from
the initial virus stock (starting) used for infection of CV-1 cells with
WT and �1/�55 HRE DMT in an initially equal, low-MOI coinfection
and from the first and second harvests following sequential infection
and incubation at 37°C for 10 days in DMEM containing 2% FBS.
Virus competition experiments were performed in triplicate. The elec-
tropherograms are representative of the data obtained from one set of
experiments. For the significance of colors and of the vertical and
horizontal rectangles, see the Fig. 3 legend.
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pendently derived from the kidneys of different African green
monkeys. By the time of the second harvest, the wild-type
genotype predominated over the mutant genotype in all four of
these cell lines (Fig. 7). Thus, the presence of the wild-type �1
HRE offers a replication advantage to SV40 in these cell lines
as well. However, the rate at which WT outreplicated �1 HRE
MT differed among the cell lines, with the mutant genotype
already being undetectable by our assay (at most 5%) in MA-
134 cells by the time of the second harvest (Fig. 7). Therefore,
we conclude that cell lines differ in the degree to which the �1
HRE confers a selective advantage for replication.

The �55 HRE confers a replication disadvantage in MA-134
cells but not in CV-1P, TC-7, or Vero cells. Although the
presence of the �55 HRE conferred no obvious effect on
replication in CV-1 and CV-1PD� cells, might it, too, confer
effects in some other cell context? To address this question, we
performed coinfection competition experiments with WT and
�55 HRE MT virus using CV-1P, MA-134, TC-7, and Vero
cells. By the time of the third harvest, i.e., three passages of 10
days each in culture, there were no significant changes in the
genotypic ratios in CV-1P, TC-7, or Vero cells (Fig. 8). On the
other hand, the mutant virus almost completely outreplicated
the wild type in MA-134 cells by the time of the third harvest
(Fig. 8). Thus, the presence of the �55 HRE confers a negative
effect on the rate of replication of SV40 in MA-134 cells but
has little or no effect in the other cell lines tested. Taking this

together with the above findings, we conclude that the �1 and
�55 HREs can, indeed, affect the replication of SV40, with the
direction and degree of the effect differing with both the spe-
cific HRE and the cell line in which the virus is grown.

DISCUSSION

The central question addressed here and elsewhere (18) was
whether the HREs present within the SV40 late promoter
contribute to the life cycle of the virus. We showed that SV40
genomes containing mutations in the �1 and �55 HREs which
inactivate binding by known and unknown factors recognizing
the wild-type HREs (Fig. 2A) (18) are viable (data not shown)
and that the associated viruses grow to high titers (data not
shown) and make phenotypically normal plaques (data not
shown). Also, because the �1 and �55 HRE mutations do not
affect growth in CV-1PD� cells (Fig. 5), the mutant viruses
probably do not possess cis-acting defects in basal elements of
the promoter, pre-mRNA processing, mRNA stability, synthe-
sis of agnoprotein, or viral DNA replication. Rather, the
growth characteristics of the mutants likely result from inher-
ent differences among the cell types in trans-acting factors that
directly or indirectly bind these HREs. Interestingly, the pres-
ence of the �1 HRE offers a selective advantage for replica-

FIG. 5. Wild-type virus has no replication advantage over the dou-
ble HRE mutant virus in CV-1PD� cells. Shown are sequence electro-
pherograms of the �1 HRE 5� half-site and the �55 HRE 3� half-site
regions of PCR products generated from viral DNA recovered from
the initial virus stock (starting) used for infection of CV-1PD� cells
with WT and �1/�55 HRE DMT in an initially equal, low-MOI
coinfection and from the first and second harvests following sequential
infection and incubation at 37°C for 10 days in DMEM containing 2%
FBS. Virus competition experiments were performed in triplicate. The
electropherograms are representative of the data obtained from one
set of experiments. For the significance of colors and of the vertical and
horizontal rectangles, see the Fig. 3 legend.

FIG. 6. The �1 HRE, not the �55 HRE, provides the replication
advantage in CV-1 cells. Shown are sequence electropherograms of the
�1 HRE 5� half-site and the �55 HRE 3� half-site regions of PCR
products generated from viral DNA recovered from the initial virus
stock (starting) used for infection of CV-1 cells with WT and �1 HRE
MT (A) or WT and �55 HRE MT (B) in an initially equal, low-MOI
coinfection and from the first and second harvests following sequential
infection and incubation at 37°C for 10 days in DMEM containing 2%
FBS. Virus competition experiments were performed in triplicate. The
electropherograms are representative of the data obtained from one
set of experiments. For the significance of colors and of the vertical and
horizontal rectangles, see the Fig. 3 legend.
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tion of SV40 in CV-1, CV-1P, MA-134, TC-7, and Vero cells
(Fig. 6 and 7) but not in CV-1PD� cells (Fig. 5). The rate
associated with this replication advantage varies and is greatest
in MA-134 cells (Fig. 7). The presence of the �55 HRE con-
fers no replication advantage in CV-1, CV-1PD�, CV-1P, TC-7,
and Vero cells (Fig. 5, 6, and 8) but confers a replication
disadvantage in MA-134 cells (Fig. 8). Taken together, these
findings show that these HREs are biologically important to
SV40 in the context of a viral infection, with the effects being
dependent on both the specific HRE and the cell line in which
the virus is growing.

The cellular environment may determine effects of HREs.
Our finding that the HREs of SV40 can have a positive, neg-
ative, or no effect on replication in a cell type-specific manner
suggests that these cells must differ in factors that interact
directly or indirectly with the HREs. The most obvious differ-
ence could be in the types and amounts of the NRs that
interact with the HREs. We examined by immunoblot analysis
the levels in CV-1 versus CV-1PD� nuclear extracts of five NRs
known to recognize the �1 HRE. No significant differences
were observed (18). Since these five NRs represent only a
subset of NRs from this large superfamily capable of recogniz-
ing the �1 HRE (25), we also used EMSAs to look for differ-
ences in CV-1 versus CV-1PD� nuclear extract in the multiple
protein complexes that form on a radiolabeled �1 HRE probe.
Again, no significant differences were noted (18). Also, addi-
tion to cell culture media of ligands for the NRs known to bind
the �1 HRE had no effect on the outcome of WT versus �1
HRE MT virus competition experiments in MA-134 cells (18).
These experiments do not rule out the hypothesis that cell type
differences in the NR population determine the replication

advantage since the biologically relevant NR(s) might not have
been detected in these assays. An alternative, non-mutually
exclusive hypothesis is that the important differences are in the
posttranslationally modified states of the NRs and/or cofactors
(e.g., corepressor and coactivator complexes) with which these
NRs interact to perform their functional activities. Additional
experiments are needed to test these hypotheses.

The use of HREs to regulate early and late gene expression
may be advantageous to SV40’s survival. In its natural host,
SV40 may use HREs to modulate progeny virion production so
as to produce enough virus to insure transmission yet not
enough to cause host pathogenesis or elicit a vigorous host
immune response. This hypothesis could explain the opposing
effects on replication of the �1 and �55 HREs in MA-134
cells (Fig. 7 and 8, respectively). Alternatively, SV40 may rep-
licate efficiently only in cell types expressing NRs favorable to
the proper temporal regulation of early and late gene expres-
sion. Thus, with different cell types within a host each express-
ing a unique array of NRs, HREs may contribute to the tissue
tropism of SV40.

Mechanisms by which HREs affect SV40 replication. We
previously observed that SV40 plasmids containing mutations
in the �1 or �55 HREs that significantly reduce binding by
NRs overexpress late genes at early times posttransfection
(46–49). These observations led us to hypothesize that the
SV40 late-promoter HREs are binding sites for cellular NRs
that act as repressors, delaying late gene expression until ti-
trated away by viral DNA replication to high copy number (46,
48). Our observation here that the �1 HRE mutation has a
negative effect on virus replication relative to that of WT in
some cell types (Fig. 7) is consistent with this hypothesis and

FIG. 7. Cell lines differ in the extent of replication advantage conferred by the �1 HRE. Shown are sequence electropherograms of the �1
HRE 5� half-site regions of PCR products generated from viral DNA recovered from the initial virus stock (starting) used for infection of CV-1P,
MA-134, TC-7, and Vero cells with WT and �1 HRE MT in an initially equal, low-MOI coinfection and from the first and second harvests
following sequential infection and incubation at 37°C for 10 days in DMEM containing 2% FBS. Virus competition experiments were performed
in triplicate. The electropherograms are representative of the data obtained from one set of experiments. For the significance of colors and of the
vertical and horizontal rectangles, see the Fig. 3 legend.
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indicates that late-gene regulation through this element is bi-
ologically important to the virus. In data to be presented else-
where (19) we show that the reason for the disadvantage of �1
HRE MT in MA-134 cells is that it accumulates higher levels
of viral late RNA and lower levels of viral early RNA at very
early times postinfection relative to WT. This lower accumu-
lation of viral early RNA by �1 HRE MT results in lower
accumulation of large T antigen, replicated viral DNA, and,
subsequently, production of virions.

Interestingly, in contrast to mutation of the �1 HRE, mu-
tation of the �55 HRE has a positive effect on replication of
SV40 in MA-134 cells (Fig. 8). How might this be when, pre-
sumably, both HREs are binding sites for NRs that can act as
repressors of the late promoter? One hypothesis is that the
�55 HRE, being a DR2 rather than a DR4, binds different
NRs, some of which may be highly abundant and, thus, not
readily titrated away by viral DNA replication to high copy
number. This prolonged repression of the late promoter in WT
SV40 may result in underexpression of the late genes relative
to that in �55 HRE MT, leading to a lag in the production of
virions. Alternatively, some of the NRs binding the �55 HRE
in MA-134 cells may interact with corepressors that are refrac-
tory to large T antigen’s replication-independent transactiva-
tion of the late promoter (41). Experiments to test these and
other hypotheses to explain the mechanism behind the repli-
cation disadvantage conferred by the �55 HRE in MA-134
cells have yet to be done.

In summary, we showed here that the SV40 HREs are bio-
logically important to the virus as they can affect replication in
a cell type-dependent manner.
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