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The tetracycline-controlled transactivator (tTA)-mediated gene activation system was exam-
ined in virus infected cells to determine its role in the control of gene expression. In the
presence of tTA, the gene expression from the tetO-modified minimal promoter was effi-
ciently activated in the uninfected cells, whereas essentially no activation was observed
from the only minimal promoter without the seven direct repeats of 42 bp tetO
sequences. However, essentially no activation was observed when only the minimal pro-
moter was used, without the seven direct repetitions of the 42 bp tetO sequences. On
the other hand, in the infected cells, a substantial background of B-glucuronidase expres-
sion was detected in the absence of tTA, even though tTA stimulated the gene expression
by ~7-fold. This background expression indicates that the sequences within or nearby
tetO are involved in the background stimulation of the gene expression by HCMV and
HSV-1. These results suggest that the application of the tTA-mediated gene activation sys-
tem may not be extremely useful for studying the biological roles of HCMV and HSV

genes in the viral replicative cycles, because of the basal activity of the gene expression.
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INTRODUCTION

In order to control the gene expression in a eukaryotic
system, a tetracycline repressor protein (TetR)-mediated
repression and activation system was developed. TetR-
mediated repression was first reported in a plant system
(Gatz et al., 1992; Gatz and Quail, 1988) and in a mammalian
system (Kim et al., 1995). In this system, tet operator seq-
uences, approximately positioned in the promoter and
binding of TetR to the operator sequences, repressed the
expression of the linked reporter gene. However, the
presence of tetracycline can prevent the repressor from
binding to its operator sequence and thereby induce the
expression of the reporter gene.

TetR-mediated activation was first reported in mammalian
cells (Gossen and Bujard, 1992; Gossen et al., 1995). In
this system, tetracycline-controlled transactivator (tTA)
was generated by the fusion of TetR and the C-terminal
activation domain of the VP16 domain of herpes simplex
virus type-1 (HSV-1). tTA binds to the multiple tetO seq-
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uences on the minimal promoter, and thereby induces
the expression of the linked gene. In the absence of tetra-
cycline, tTA activates the gene expression from a minimal
promoter containing multiple tetO sequences located
upstream from the promoter. However, the presence of
tetracycline prevents tTA from binding to its operator
sequences, thereby leading to low-level basal expression
from the minimal promoter. Although the tTA-mediated
gene activation system for inducing gene expression has
greatly facilitated the study of the biological roles of animal
genes (Massie et al.,, 1998; Obeist et al., 1999), plant
genes (Roder et al., 1994; Weinman et al., 1994; Masgrau
et al., 1997) and gene therapy (Onge et al., 1996; Yu et
al., 1996; A-Mohammadi et al., 1998), the application of
the tTA-mediated activation system in human cytome-
galovirus (HCMV) and HSV-1 has not been reported to
date.

In this study, we examined whether the tTA-mediated
gene activation system could be applied to HCMV and
HSV-1 replication cycles in order to control viral gene
expression. The gene expression of the reporter gene,
under the control of the minimal promoter containing the
tetO sequences, was controlled by the presence of tTA.
However, the minimal promoter was activated by HSV-1
as well as HCMV infection, even in the absence of tTA.
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This activation of the minimal promoter induced basal
activity in the reporter gene expression of the tTA-mediated
gene activation system. Therefore, we concluded that the
tTA-mediated gene activation system may not be extremely
useful for studying the function of the viral genes in the HSV-
1 and HCMV replication cycles.

MATERIALS AND METHODS

Cells and virus

Human foreskin fibroblast (HFF) cells were isolated in
our laboratory and used below passage 20. U373-MG
cells were obtained from the American Type Culture Collec-
tion. Both of the cell types were grown in Dulbecco’s modi-
fied Eagle medium (DMEM; GIBCO) containing 10% fetal
bovine serum (GIBCO) and 25 mM HEPES (N-2-hydro-
xyethylpiperazine-N'-2-ethanesulfonic acids). The HCMV
strain AD169 and the HSV-1 strain F were obtained from
the American Type Culture Collection, and were propa-
gated according to standard protocols.

Reporter gene constructs

pBg10PA was used as the parental plasmid, and consisted
of the promoterless B-glucurionidase gene and the HCMV
poly A signal. p7tetminBg, as described by Kim et al.
(1998), contains seven direct repeats of the 42 bp tetO
sequences (Gossen and Bujard, 1992), the HCMV minimal
promoter (Gossen and Bujard, 1992), B-glucuronidase,
and the HSV-1 thymidine kinase poly A signal (Jones and
Muzithras, 1991). To construct pminBg, p7tetminBg was
excised with Pst 1 and Asp718 and religated. pminBg
consisted of the HCMV minimal promoter, the B-glucu-
ronidase gene, and the poly A signal.

Transient expression and B-glucurionidase assay

HFF and U373-MG cells were transfected in 60-mm-
diameter plates while they were 70% to 80% confluent.
Ten micrograms of supercoiled plasmid DNA was trans-
fected per plate in 2 ml DMEM, containing 200 pg of
DEAE-dextran (Mw of 500, 000; Pharmacia) per ml. After
4 h at 37°C, the cells were shocked with 20% dimethyl
sulfoxide in 1x HEPES-buffered saline (pH 7.05) for 2 min.
The cells were washed twice with phosphate-buffered
saline (PBS), and growth medium was added. After incu-
bation for 24 h, these plates were infected with HCMV
strain AD169 or HSV-1 strain F, at a multiplicity of 4 PFU
per cell. Cell extraction was performed 24 h post-infection,
and the assay was done, as previously described (Jones et
al., 1991). Alternatively, U373-MG cells were transfected
in 60-mm-diameter plates using the standard calcium
phosphate method (Sambrook et al., 1988). Ten micrograms
of supercoiled plasmid DNA was transfected per plate.
After 7 h at 37°C, the cells were shocked with 15% glycerol
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in 1x HEPES-buffered saline (pH 7.05) for 2 min. The
cells were washed twice with phosphate-buffered saline
(PBS), and growth medium was added. Cell extraction
was performed 48 h post-transfection, and the assay was
done, as described above. The total protein in the cell
extracts was determined by the Bradford method as
described in the kit (Bio-Rad).

RESULTS AND DISCUSSION

The effect of tTA on the gene expression from the HCMV
minimal promoter containing the fefO sequences

In order to determine whether the tTA-mediated acti-
vation system could be established in HCMV, we evaluated
the effect of tTA on the gene expression from the HCMV
minimal promoter containing the tetO sequences. We
constructed an indicator plasmid (p7tetminBg) which
contained seven direct repeats of the 42 bp tetO sequences
(Gossen and Bujard, 1992), the HCMV minimal promoter
(Gossen and Bujard, 1992), B-glucuronidase, and the HSV-
1 thymidine kinase poly A signal (Jones and Muzithras,
1991). p7tetminBg was cotransfected with either pUHD15-
1 (Gossen and Bujard, 1992), which expressed a chimeric
TetR-VP16 fusion protein (tTA), or pUC19 into HFF cells
using the DEAE-dextran method (Kim et al., 1995). The
transient expression was analyzed. In the presence of tTA,
the expression from the tetO-modified minimal promoter
was activated ~22-fold in the uninfected cells. However,
essentially no activation was observed from pBgl10pA
when it contained only the B-glucuronidase gene without
the promoter (Table 1). On the other hand, there was a
substantial background B-glucuronidase expression in the
infected cells in the absence of tTA, even though tTA
stimulated the gene expression by ~7-fold (Table I).
These results suggest that the HCMV virus may mediate
the stimulation of the gene expression through seven
direct repetitions of the 42 bp tetO sequences or through
the minimal promoter.

Table 1. tTA activation of expression from tetO-modified
HCMV minimal promoter plasmid

B-Clucuronidase activity in®:

Virus infecton No infection
Plasmid pUC19  PUHD15-1 pUC19 PUHD15-1
p7tetminBg  120£20 750+100 11  22+3
pBglOpA 342 442 1T+#1  1#£1

23-Clucuronidase activig/ (picomoles of product per 0.1 ug of
protein per min) was determined after cotransfection of the
indicated plasmids in the HCMV-infected transient expression
system. Du?licate lates of HFF cells were infected with HCMV
at a multiplicity of infection of 3 PFU per cell. Cotransfection
with pUCT9 was done as a negative control. The results shown
?re the means * standard deviations of three independent trans-
ections.
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The effect of HCMV infection on the gene expression
from the HCMV minimal promoter containing the tetO
sequences

In order to determine whether tetO sequences mediate
the stimulation of the gene expression by HCMV infection
in the absence of tTA, we analyzed the effect of the gene
expression from the minimal promoter by removing the
tetO sequences. A construct (pminBg) was made by dele-
ting the seven direct repeats of the 42 bp tetO sequences
from p7tetminBg. The resulting construct (pminBg) contained
the HCMV minimal promoter, the B-glucuronidase gene,
and the poly A signal. Either p7tetminBg or pminBg was
transfected into HFF cells using the DEAE-dextran method.
On HCMV infection, the gene activation of p7tetminBg
was approximately 18 times higher than the gene activa-
tion of pminBg (Table ). However, neither p7tetminBg
nor pminBg was activated in the uninfected cells. In
order to verify the possibility that this stimulation of the
gene expression by HCMV infection was not specific to
HFF cells, we also transfected the above construct into
U373 cells using DEAE-dextran method. On HCMV infection
of U373 cells, the gene activation of p7tetminBg was

Table 1I. Transactivation of the minimal promoter containig
tetO sequence by HCMV infection

B-Glucuronidase activity in®:

HFF cells U373 cells
. No Virus No Virus
Plasmid infection  infection infection infection
p7tetminBg 11 9010 20+10 38050
pminBg 11 512 30£15 20%10
puC19 1+1 543 2010 105

*B-Clucuronidase activity (picomoles of product per 0.1 ug of
protein per min) was determined after transfection of the
indicated plasmids in the HCMV-infected transient expression
system. Duplicate plates of either U373-MG cells of HFF
cells were infected with HCMV at a multiplicity of infection
of 3 PFU per cell. pUC19 was used as a negative control.
The results shown are the means + standard “deviations of
three independent transfections.

Table Il Transactivation of the minimal promoter containig
tetO sequence by HSV-1 infection

B-Glucuronidase activity in*:

Plasmid No infection Virus infection
p7tetminBg 3010 410£ 30
pminBg 30+2 2015
puC19 20+10 1012

*B-Glucuronidase activity (picomoles of product per 0.1 pg of
protein per min) was determined after transfection of the
indicated plasmids in the HSV-1 infected transient expression
system. Duplicate plates of U373-MG cells were infected
with HSV-1 at a multiplicity of infection of 3 PFU per cell.
pUC19 was used as a negative control. The results shown
are the meanststandard deviations of three independent
transfections.
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approximately 19 times higher than the gene activation
of pminBg. However, neither p7tetminBg nor pminBg
was activated in the uninfected cells, although a slightly
higher level of background expression was found in the
U373 cells than in the HFF cells (Table II). The similar
levels of gene activation from p7tetminBg in both the
HFF and U373 cells indicated that the sequences within
or nearby tetO were involved in the background stimu-
lation by HCMV.

The effect of HSV-1 infection on the gene expression
from the HCMV minimal promoter containing the tetO
sequences

In order to determine if other herpes viruses can
activate the gene expression from the minimal promoter
containing the tetO sequences, we also examined HSV-
1. p7tetminBg, pminBg, and mock were each transfected
into U373 cells, which were then superinfected the next
day with HSV-1. Similar levels of gene activation from
p7tetminBg were found on HSV-1 infection as in HCMV
infection (Table Ill). However, almost no gene activation
was found from pminBg or the mock on HSV-1 infection.
Therefore, we believe that the sequences within or
nearby tetO are involved in the background stimulation
of the gene expression caused by HCMV and HSV-1.

The effect of HCMV immediate early proteins on the
activation of the HCMV minimal promoter containing
the tetO sequences

Because the HCMV minimal promoter containing the
tetO sequences was activated in 24 h postinfection by
HCMV, we speculated that HCMV immediate early (IE)
proteins do activate the minimal promoter. In order to
determine whether immediate early proteins are related
to the activation of the minimal promoter containing the
tetO sequences, we cotransfected p7tetminBg into U373
cells with either pSVH (Stenberg et al., 1990) expressing
IET and IE2 or pUC19 (negative control). In this transient
experiment, p7tetminBg was not activated by pSVH
(Data not shown). Therefore, we found that the minimal
promoter containing the tetO sequences was not activated
by HCMV IET and IE2 proteins.
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