
JOURNAL OF VIROLOGY, May 1987, p. 1448-1456 Vol. 61, No. 5
0022-538X/87/051448-09$02.00/0
Copyright C 1987, American Society for Microbiology

Construction of a Genetic Switch for Inducible trans-Activation of
Gene Expression in Eucaryotic Cells

SOLON L. RHODE III

The Eppley Institute, University of Nebraska Medical Center, Omaha, Nebraska 68105

Received 29 September 1986/Accepted 6 January 1987

The cotransfection of selectable marker genes and the gene for the nonstructural proteins NS1 and NS2 of
the autonomous parvovirus H-1 failed to produce cell lines that constitutively expressed NS1. A plasmid,
pP38NSlcat, was constructed that expressed the NS1-NS2 gene from the H-1 P38 coat protein promoter in
place of the natural P4 promoter. The P38 promoter is constitutively weak and is trans-activated by NS1. Stable
cell lines were isolated that contained pP38NSlcat that was constitutively silent, but inducible with exogenous
NS1 by superinfection or by treatment with sodium butyrate. The cells that were induced for this
self-stimulatory genetic circuit did not remain in the culture, suggesting that expression of NS1-NS2 is cytotoxic
or that the expression is not sustained. The properties of these cell lines and an example of the construction of
a cell line inducible for expression of the viral coat protein gene and the bacterial gene for chloramphenicol
acetyltransferase (cat) are described.

The nondefective parvoviruses produce two nonstructural
proteins, NS1 and NS2, which share the same gene and the
same promoter (1, 2, 4, 5, 8, 11, 23, 24) (Fig. 1). The two
capsid proteins, VP1 and VP2, also are derived from the
same genomic region and appear to have a common pro-
moter (1, 4, 5, 8, 11, 18, 23, 24). The promoter for NS1-NS2
is at map position 4, hence the name P4. The promoter of the
capsid protein gene is located at map positions 38 to 40 in
various parvoviruses and will be referred to in this study as
P38. P38 is embedded within the structural gene for NS1. In
kinetic studies, NS1 has been shown to appear earlier than
the capsid proteins, although there was considerable over-
lapping of their syntheses (12, 17). I have reported evidence
that NS1 positively regulates the expressiosn of P38, the
promoter of the capsid protein genes, and that P38 has a very
weak constitutive level of expression in the absence of NS1
(21). The dependo group of parvoviruses or adeno-
associated viruses has been reported to have a similar
regulation of their coat protein genes by their early proteins
(10, 31). Because the parvoviruses have a single-stranded
genome that has to convert to the double-stranded replica-
tive-form DNA before viral protein synthesis can occur, it is
not possible to divide the viral replicative cycle into early
and late stages with metabolic inhibitors of DNA synthesis.
With this caveat, parvoviruses seem to produce the
nonstructural proteins NS1 and NS2 as early proteins and
the capsid proteins as late proteins in a fashion analogous to
that of other DNA viruses (9, 15).
To study the functions of parvovirus nonstructural pro-

teins, it would be desirable to isolate and characterize viral
mutants with altered NS1 or NS2 or both. To facilitate the
propagation of such mutants, it would be convenient to have
cell lines that produce these proteins and complement mu-
tant viruses defective for their functions. Such cell lines
were produced for adenoviruses (7). In this study, I describe
both evidence that the parvovirus nonstructural proteins
may be cytotoxic and a method for constructing cell lines
with inducible expression of NS1. These cell lines exhibit the
trans-activation function of NS1 on induction; therefore,
they can have inducible expression of any cloned gene that is
engineered to be expressed by the P38 promoter or a
derivative of it. As an example of this application, I con-

structed a cell line that expresses the coat protein gene of a
temperature-sensitive mutant of the parvovirus H-1 on in-
duction.

MATERIALS AND METHODS
Cells. The simian virus 40-transformed human kidney cell

line NB (26), HeLa Gey (ATCC CCL2.1), HeLa S3 (ATCC
CCL2.2), and thymidine kinase-negative (tk-) Rat 2 cells
(30) were maintained in monolayer culture with Eagle mini-
mal essential medium in the presence of 10% fetal calf serum
and in the absence of antibiotics.
DNA constructions. A diagram of the plasmids is shown in

Fig. 1. The plasmid pP38NSlcat was constructed by cloning
the parvovirus H-1 P38 promoter region in the DNA frag-
ment EcoRI-PstI (nucleotides 1088 to 2132) into the plasmid
pUC8. The pUC8 HindIII site was restricted and filled in
with T4 DNA polymerase, and BamHI linkers were added.
After restriction with BamHI, the plasmid, pH2B, was
religated and recovered by transfection. This converted the
HindIII site to a BamHI site at the + 127 position (relative to
the cap site which is assumed to be nucleotide 2008) of the
P38 promoter. The region -108 to + 127 was recovered from
this construction by restriction with NcoI-BamHI and in-
serted into pH9catAP4, which was derived from pH5cat (21),
by the deletion from the BamHI linker at the 5' end of the
H-1 sequences to the MboI site at nucleotide 1862 (-146
relative to the P38 promoter cap site) (Fig. 1). This plasmid,
pP38a, has the pBR327 ClaI site at the 5' side of the P38
promoter, does not have the BamHI site that was at the left
end of the genomic clone (21), and retains the BamHI site at
the + 127 position. A BamHI site was positioned at the start
of the NS1 gene by first isolating the beginning of the gene
from nucleotides 0 to 1250. This was done by deleting the
plasmid pH5cat, which contains the complete H-1 genomic
sequences from approximately 0 to the HindIll site at 2655
fused to the cat gene (21), of all the H-1 sequences and cat
sequences 3' to the BglII site at nucleotide 1250 to the
BamHI site after the simian virus 40 processing signals,
(pP42; not shown). This rendered the NcoI site at the ATG
start codon of NS1 a unique site. The NcoI site was filled in
with T4 polymerase, and BamHI linkers were added
(pP42B2; Fig. 1). The P4 promoter was excised from the
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FIG. 1. Upper panel: The genomic organization of the autonomous parvoviruses. The transcripts of the P4 and P38 promoters are Ri, R2,
and R3-a, R3-b, respectively. The rows numbered 1, 2, and 3 represent the three reading frames. Only the translated portions of the transcripts
have been designated exons in this figure. Lower panel: Diagram of plasmids. Line diagrams of plasmids used in this study are shown in
alignment with their H-1 sequences in the upper panel. Bold lines, H-1 sequences; dashed lines, vector sequences. The restriction sites are:
A, AccI; B, BamHI; Bg, BgIII; C, ClaI; E, EcoRI; H, HindIII; M, MboI; N, NcoI; and P, PstI. Not all the sites to the indicated restriction
enzymes are shown. pH5neo is similar to pH5cat except the 1.4-kilobase neo fragment is in the position of the cat gene. MMTV, mouse
mammary tumor virus.
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resulting plasmid with ClaI-BamHI, and the ClaI-BamHI
fragment that contains the P38 promoter was ligated into its
place (pP38NSla). The P38 fusion to the 5' portion of the
NS1 gene was excised with ClaI-AccI (AccI is at nucleotide
1016) and ligated to a pH5cat plasmid, which had its BamHI
site 3' to the cat gene previously destroyed. The resulting
plasmid was pP38NSlcat (Fig. 1). The plasmid pH5tk was
constructed by first forming a fusion between the P38
promoter and the tk gene. The cat gene was excised from
pH3cat by restriction with BclI and BamHI (the Bcll site is
at nucleotide 2561 in H-1) and replaced with the herpes
simplex virus tk gene from the BglII site to the BamHI site
from ptk26 (pBR322 with the 2-kilobase PvuII fragment of tk
cloned with BamHI linkers) to give pH3tk (Fig. 1). The 5'
end of the NS1 gene was obtained from pH5cat as an
EcoRI-XbaI fragment and ligated into those sites of the
pH3tk construction.
The plasmid pMNSlcat was constructed by removing the

P38 promoter in front of NS1 in pP38NSlcat with ClaI-
BamHI and inserting the mouse mammary tumor virus
promoter from the plasmid pM14-1 (16) as a ClaI-BamHI
fragment. The plasmid pHMNSlcat was constructed by
inserting the Harvey sarcoma enhancer from the plasmid
pM14-1 as a ClaI fragment into the ClaI site of pMNSlcat
(Fig. 1).
The plasmid p2VP was constructed by ligating the

HindIII-BamHI fragment from the genomic clone of H-1 ts6
(21), which contains the coat protein region, to the HindIII-
BamHI-restricted plasmid ptar2cat2 (Fig. 1). Briefly, this
plasmid has a tandem repeat of the P38 promoter with the 5'
copy including sequences from -146 to -15 and the second
copy from -146 to +648 (HindIII site of H-1 at nucleotide
2655). ptar2cat2 has an increased constitutive expression of
cat and a high trans-activation by NS1.
DNA transfections. DNA transfections were done as pre-

viously described (21). Calcium phosphate precipitates of
plasmid DNA and carrier calf thymus DNA were added to
60-mm dishes of cells in a volume of 0.5 ml. The cultures
were treated with 15% glycerol in HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid) buffer for 4 min at
4 h after transfection, and the cultures were subsequently
treated with sodium-butyrate for 16 h as previously de-
scribed (21). Cotransfections were done with the selectable
marker genes aminoglycoside phosphotransferase (neo) in
the plasmid pSV2neo (29) or guanine phospho-
ribosyltransferase (gpt) in the plasmid pSV2gpt (13).
NB cells were selected for neo gene expression by expo-

sure to G418 at 1 mg/ml, and HeLa cells were treated with
1.5 mg/ml. The selections for gpt were as described previ-
ously (13). The selections for the herpes thymidine kinase
(tk) gene were in medium containing 0.5 ,ug of methotrexate
per ml, i0-5 M thymidine, nonessential amino acids as a

source of glycine, and 13 ,ig of adenine per ml applied 48 h
after transfection.

Transient expression assays. The activity of the reporter
gene (cat) chloramphenicol acetyltransferase (CAT) was

assayed as previously described (22). Samples with high
activity were diluted until no more than 60% of the substrate
was acetylated.

Immunofluorescent staining. Cells were plated on glass
cover slips in 35-mm petri dishes and at the proper time were
washed with Hanks balanced salt solution and fixed with
cold acetone for capsid antigen staining and with 2.5%
paraformaldehyde for 15 min at room temperature for NS1
staining. Dried and fixed cells were stored at -20°C until
stained. Capsid antigens were detected with anti-H-i anti-

TABLE 1. Inhibition of transformation of Rat 2 cells by
cotransfection with plasmids containing the NS1-NS2 genea

Plasmid ~~Amt Avg no. of tk'Plasmid (p.g/dish) colonies/dish

Expt 1
ptk26 1 40
ptk26 + pH5cat 1 + 5 1.5
ptk26 + pH3cat 1 + 5 43.5

Expt 2
ptk26 1 188
ptk26 + pH5cat 1 + 4 32
ptk26 + pH5 1 + 4 26
ptk26 + pH6cat 1 + 4 52
a Rat 2 cells (2 x 10') were plated in 60-mm petri dishes and transfected the

next day with ptk26 with and without various plasmids containing the
NS1-NS2 gene. pH5cat (NS1-NS2 wild type) and pH6cat (truncated
NS1-wild-type NS2) are as previously described (23). pH5 is a genomic clone
of H-1 ts6 deleted in the coat protein gene from nucleotides 2657 to 4688. Two
days after transfection the dishes were incubated with selective medium, and
colonies were fixed, stained, and counted 12 days later. In some cases
colonies were recovered before the fixation.

sera from hamsters that had survived a neonatal infection
with H-1. The NS1-specific antibody provided by Sue
Cotmore was produced by immunization of rabbits with an
NS1 fragment fusion protein (5). The fixed slides were first
incubated with 2% nonimmune hamster serum or 2% fetal
calf serum before exposure to 2% dilutions of the specific
antisera. After washing in phosphate-buffered saline, the
primary antibody as detected by indirect immunofluores-
cence with 4% biotin-conjugated antirat antiserum for the
hamster primary antibody or 4% biotin-conjugated antirabbit
antiserum for the rabbit anti-NS1 antibody. Last, the slides
were stained by incubation with a 4% dilution of the fluo-
rescein-conjugated avidin. The biotin and avidin reagents
were obtained from Vector Laboratory (Burlingame, Calif.).
The micrographs were made with a Zeiss UV fluorescence
microscope at x25, x63, or x100.

RESULTS

Toxicity of NS1-NS2 gene to stable transformation. In my
initial experiments, I attempted to isolate stable cell lines
that expressed NS1 and NS2 by cotransfection of a select-
able genetic marker with plasmids that express these genes
from their native P4 promoter. These plasmids were pH5cat
and pH5neo. The results showed that a marked reduction in
the yield of clones expressing the selectable marker occurred
when the plasmids expressing NS1 and NS2 were included.
The results oftwo such experiments are tabulated in Table 1.
Rat 2 cells were transfected with ptk26 or cotransfected with
ptk26 and NS1 plasmids. When pH5cat or pH5 was in-
cluded, there was a reduction of greater than 80% in the
number of tk+ clones in many experiments. The plasmid
pH6cat (21), which has a frameshift insertion of 4 base pairs
at nucleotide 1250 within the intron of NS2 and makes a
truncated NS1 and wild-type NS2, was partially inhibitory.
In similar experiments, the plasmid pH5neo, which ex-
presses aminoglycoside phosphotransferase, was very inef-
ficient in generating G418-resistant clones compared with
pSV2neo, even though in transient assays with the cat
counterparts, pH5cat expressed higher levels of the reporter
gene than did pSV2cat (21). pH5neo also reduced the yield of
tk+ clones when tk was the selectable marker gene (data not
shown). Cotransfection of the tk plasmid with pH3cat, a
fusion of only P38 to the cat gene, showed no inhibition of
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FIG. 2. Comparison of pH5cat and pP38NSlcat. The yield of cat
activity of NB cells after transfection with various amounts of each
plasmid are expressed as the percentage of chloramphenicol acetyl-
ated (aC). For the pP38NSlcat plasmid, replicate plates were also
cotransfected with 2 ,ug of pH5, which expresses NS1 from the P4
promoter (shown as +NS1).

tk+ colonies. A sampling of eight clones transfected with
ptk26 and pH3cat in experiment 1 were grown to mass
culture, and five of the eight had detectable CAT activity.
Three colonies resulting from the cotransfection of tk and
pH5cat had no detectable CAT activity. We also constructed
a plasmid, pH5tk, in which the tk gene was positioned to be
trans-activated by NS1, and this construction was very
inefficient at producing tk+ colonies (data not shown). Assay
of Rat 2 cells 48 h after transfection with pH5tk verified that
they produced thymidine kinase (data not shown). In all
these results, whether the NS1-NS2 gene was in trans or in
cis to the selectable marker gene, NS1-NS2 reduced the
yield of stable transformants after transfection with a num-
ber ofdominant selectable marker genes, suggesting that this
gene has a toxic effect.

Transient expression of pP38NSlcat. To circumvent the
apparent toxicity of P4-driven NS1-NS2, I constructed the
plasmid pP38NS1cat (Fig. 1). This construct should place
NS1-NS2 under the low constitutive expression of P38; but
in the presence of threshold amounts of NS1, the trans-
activation of the P38 promoters will provide an autostimula-
tory expression of NS1-NS2 as well as the cat gene. In
transient assays in NB cells, pP38NS1cat showed a rather
high level of expression, although not as high as that of
pH5cat (Fig. 2). As a test for the presence of competent cells
that had taken up pP38NS1cat but had not expressed it,
additional NS1 was made available to trigger the positive
feedback loop of pP38NSlcat by cotransfection with pH5, a
plasmid that expressed NS1 under the P4 promoter. There
was some increase in cat expression in the presence of pH5
(Fig. 2).

Stable cell lines containing pP38NSlcat. The NB cell line
that is permissive for H-1 infection and is used for plaque
titrations was cotransfected with 1 pug ofpSV2neo and 4.5 ,ug
of pP38NSlcat per 60-mm dish. The yield of colonies was 12
and 13 for two such dishes as compared with 31 colonies in
a dish transfected with pSV2neo in the absence of
pP38NS1cat. Five G418-resistant colonies were grown in
mass culture and tested for cat expression with and without

e0
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FIG. 3. Autoradiogram of CAT assay of the cell line NBA6.
Dishes (60 mm) of NBA6 (3 x 10i cells per dish) were treated as
follows: C, control, no treatment; B, 32-, 5 mM sodium butyrate
from 32 to 48 h; aC, 5 mM azacytidine from 0 to 24 h; B, 4-, 5 mM
sodium butyrate from 4 to 24 h; Hi, left, superinfected with H-1 at
28 h; Hi, right, superinfected with H-1 at 24 h; CPV, superinfected
with canine parvovirus at 28 h; and MVM, superinfected with
minute virus of mice at 28 h. The viruses were used at a multiplicity
of infection of 10 to 20. Cell extracts were made at 48 h, and CAT
activity was, determined.

infection with H-1 20 h before the cell extraction. Four of the
five clonesJ had some expression of cat; two clones had very
low levels and were not inducible on superinfection with
virus, and two had at least a 10-fold increase in cat expres-
sion with infection. One of these, NBA6, was chosen for
further study. The cell line was screened with various
treatments to determine what could induce an increased cat
expression. Infection with the parvoviruses H-1, minute
virus of mice, and canine parvovirus induced strong re-
sponses (Fig. 3). Treatment of the cultures with 5-
azacytidine at 5 ,uM for 24 h followed by a 24-h chase failed
to stimulate cat expression. Sodium butyrate at 2.5 mM for
16 h followed by a chase of 24 h induced increased expres-
sion, while 16 h of sodium butyrate immediately before
extraction was not effective.
The kinetics of the response were tested with replicate

cultures treated with sodium butyrate and phorbol 12-tetra-
decanoate 13-acetate (TPA) and then chased for various
times (Fig. 4). The cultures that were followed beyond 5
days were trypsinized at day 3, transferred to a T25 flask,
and subcultured to a 60-mm dish 24 h before extraction. The
final yield of enzyme was corrected for the cell dilution by
the subculturing assuming a 100% plating efficiency. The
induction of cat expression was slow, and very little increase
was seen until about 36 h after the start of the induction. The
levels of cat then rose rapidly to a peak at about day 3, and
in this experiment the induced level reached 550-fold higher
than the constitutive level. The yield of enzyme then grad-
ually fell back to the constitutive level over 4 to 5 days. A
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repeat induction produced a second response equal to the
first (data not shown).

Similar transfections were made ofpP38NSicat into HeLa
Gey monolayer cells and HeLa S3 cells and isolated clones
screened for inducibility with sodium butyrate treatments.
For HeLa S3, 4 of 12 clones had inducible cat expression,
and the remaining had no detectable level of CAT. For HeLa
Gey, four of six clones had inducible enzyme, one had no
detectable CAT, and one had a weak constitutive expression
that was not inducible. The inducible clones varied in their
constitutive levels of enzyme and their response to induc-
tion. The most responsive clones increased their cat expres-
sion by greater than 20-fold at 48 h after the start of
induction. The kinetics of response of one HeLa Gey clone,
G3, were determined. This clone did not induce as high a
level as NBA6, reaching 100-fold, and was slower to return
to baseline. Otherwise the response was very similar.

Demonstration of induction of NS1. Pooled anti-H-1 anti-
sera from hamsters that survived neonatal infection with H-1
was not efficient for immunofluorescent detection of NS1
(data not shown). To demonstrate NS1 more convincingly, I
obtained the NS1-specific antibody produced by Cotmore et
al. (5). Immunofluorescent staining of induced and
uninduced cultures is shown in Fig. 5. When the percentage
of positive cells was counted, it was found that positive cells
were very rare (<1 in 1,000) on the noninduced control, with
only five found on the whole cover slip at 48 h. The induced
cultures reached an apparent high of 10% positive cells for
NS1 at 48 h postinduction. In another experiment, a high of
20% was reached. The induced cultures showed some tox-
icity to the induction in this experiment, and some cells were
lost from the cover slip. It is not known whether the cells
that were lost were induced to express NS1 or not. The 100-
to 500-fold increase in cat activity with induction seems to
correlate roughly with the increase in cells staining posi-
tively for NS1. This result suggests that the bulk of the
constitutive level of cat expression can be accounted for by
a low number of cells that spontaneously induce high levels
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FIG. 4. Kinetics of cat expression in NBA6 induced with sodium
butyrate and TPA. Replicate dishes of NBA6 were treated with 5
mM sodium butyrate and TPA at 0.1 ng/ml for 24 h. The cultures
were collected for determination of CAT at the times indicated.
After 5 days the cultures were subcultured, and the yield of enzyme
was corrected for the dilution of the cells.

of NS1 expression. In the H-1-infected cells that were lightly
stained for NS1, there was an apparent pattern of localiza-
tion visible within the nucleus superimposed on a more
generalized lightly stained background (Fig. SD).

Inducible expression of H-1 coat protein gene. As a test of
the capacity of the inducible NS1-NS2 cassette to trans-
activate additional genes directed by a P38 promoter and
integrated by a separate transfection, I produced clones of
NBA6 transfected with p2VP. This plasmid has a tandem
duplication of the P38 promoter that displays a moderate
constitutive expression level and a strong response to trans-
activation by NS1 when fused to the cat gene (S. Rhode and
S. Richard, submitted for publication). In this construct the
promoters are fused to the coat protein gene of the H-1
temperature-sensitive mutant ts6, which was subcloned from
the genomic clone pSR1 (21). In transient expression assays
examined by immunofluorescence, the plasmid produced
globular nuclear antigen with an appearance identical to that
after infection with the mutants tsl (22) or ts6. The stable
transformants were produced by cotransfection of NBA6
with pSV2gpt and p2VP. When cultures were treated with 1
jig of pSV2gpt and 10 ,ug of p2VP, the yield of colonies was
reduced by 70%, and 0.5 ,ug of pSV2gpt and 15 jig of p2VP
gave no colonies. A total of eight clones were expanded to
mass culture and tested by immunofluorescence for H-1
antigens after induction with sodium butyrate. Two clones
showed positive nuclei with the characteristic pattern of ts6,
and three showed rare cells with a ts6 pattern of nuclei. One
clone, NBA6(p2VP1), was selected for further study. Figure 6
illustrates the immunofluorescence staining of NBA6(p2VP1)
with and without the sodium butyrate induction. The per-
centage of positive cells was low, about 10% at 48 h after
induction. The appearance of the cells suggests that the level
of antigen produced in the positive cells approaches that
produced by infection with ts6. This result establishes that
additional genes, other than cat, which are driven by the P38
promoter can be introduced as stable integrates into cells
with an inducible trans-activation of expression and be
coordinately regulated by NS1.
Improvement in induction efficiency. To maximize the

capability of this inducible expression system to produce
proteins from cloned genes, the efficiency of induction must
be increased from the current levels of about 10 to 20%. One
approach is to introduce the NS1 gene into cells with two
types of inducible promoters, one that responds to a direct
signal and a second which responds to the autostimulatory
NS1 induction (i.e., pP38NSlcat). This was tested with a
plasmid that used the mouse mammary tumor virus pro-
moter, enhanced by the Harvey sarcoma enhancer on the 5'
side of the mouse mammary tumor virus promoter as in the
plasmid pM14-1 described by Ostrowski et al. (16), to
produce NS1 in response to dexamethasone. This plasmid,
pHMNSlcat (Fig. 1), had a low level of cat expression in
transient assays (0% acetylated) and responded well to
dexamethasone stimulation (48% acetylated). When stable
clones of NBA6 with pHMNSlcat or HeLa S3 cells with
pP38NSlcat and pHMNSlcat were isolated and tested, only
modest responses were obtained with dexamethasone, and
they were of lower magnitude than the responses to butyiate
(data not shown). These results suggest that in most 6f the
cells with the integrated pP38NS1cat, the promoters are not
in a configuration that responds well in trans to NS1. This
state is altered by butyrate in a proportion of the cellst Ifthe
efficiency of induction is to be increased, a new approach to
making the trans-activation-responsive element (tar) & ele-
ment more accessible to NS1 is needed.

J. VIROL.



GENETIC SWITCH FOR INDUCIBLE TRANS-ACTIVATION OF GENES 1453

I~~~~~~~~~~~~
FIG. 5. Immunofluorescent micrographs of NBA6 cells stained with rabbit anti-NS1. The cultures of NBA6 were induced with sodium

butyrate and fixed and stained with the NS1-specific antibody at 48 h postinduction. (A) Lower magnification (x25) of NS1-positive cells in
induced culture. (B) Induced cells. (C) NS1-positive cell in a noninduced control culture. (D) NB cells 20 h postinfection with H-1 showing
the focal concentrations of NS1 (open arrowheads). B, C, and D are at x100. The magnification of printing is x5.
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FIG. 6. Immunofluorescent micrographs of NBA6(p2VP) cells induced or not induced with sodium butyrate and stained with anti-H-i
antibody. The NBA6(p2VP) cells were treated with sodium butyrate and TPA and fixed with acetone 48 h postinduction. The cells were
stained with hamster anti-H-1 antibody obtained from hamsters that survived a neonatal infection with H-1. (A) Induced culture, x 100. (B)
Control culture, x63. The magnification of printing is x5.

DISCUSSION

The autonomous parvoviruses are lytic, but the cause of
death of the infected cell is not known. The amplification of
viral DNA could be toxic, but it was previously observed
that abortive infections ofhuman diploid fibroblasts in which
viral DNA replication is reduced by greater than 99% result
in cell death (27). Similarly, the production of viral capsid
proteins may be toxic, but when capsid proteins are ex-
pressed by a bovine papilloma vector the cells appear to
survive (19). This could be the result of reduced synthesis of
capsid protein in this situation or a lack of toxicity of capsid
protein. Because I failed to obtain cell lines that constitu-
tively expressed NS1 when the NS1 gene was cotransfected
into cells with a selectable marker, I established cell lines
stably transformed with the plasmid pP38NS1cat. In some of
the cell lines with integrated pP38NSlcat, elevated levels of
cat were induced by superinfection. When the inducible
clones were treated with sodium butyrate, sodium propion-
ate, or TPA they showed induction of cat expression. The
treatment that was near optimal was 5 mM sodium butyrate
and 0.1 ng of TPA for 18 to 24 h, followed by a chase of 24
to 48 h. After reaching a peak level of cat expression in 48 to
72 h postinduction, the cultures gradually returned to con-
stitutive levels of cat expression. In transient assays, treat-
ment with sodium butyrate after transfection with
pP38NSlcat also stimulated expression of the trans-
activated cat gene, as found previously for certain enhancer-
driven expression plasmids (6). Whether this is the result of
alterations in chromatin assembly on the input DNA because
of histone hyperacetylation or some other mechanism is not
clear (3, 20, 24).
The availability of an NS1-specific antiserum permitted

me to confirm that induction was in fact accompanied by the

induction of expression of NS1 and that the level of cells
responding was about 10 to 20%. The decline in cat expres-
sion, even though the design of the expression system would
predict it to be locked on, is compatible with the hypothesis
that NS1 expression is toxic. No direct demonstration of cell
death as a result of NS1 expression has been obtained to
date. NS1 has been shown to have a potent inhibitory effect
on the expression of heterologous promoters in transient
assays, and it inhibits cell DNA synthesis (S. Rhode, unpub-
lished data). Although NS1 may inhibit the expression of a
selectable marker when it contains a heterologous promoter,
the low yield of transformants with pH5tk or pH5neo, in
which the expression of the marker gene is NS1 dependent,
suggests that this is not the only reason for the inhibition of
transformation.

It is not clear whether cell lines such as NBA6 or
NBA6(p2VP1) can be used to propagate viral mutants. I
showed here that the coat protein gene can be stably
integrated into an inducible cell line with a separate trans-
fection and that it will respond to trans-activation by NS1.
Thus, it is possible to configure a cell line that would provide
capsid proteins for NS1+, capsid protein mutant viruses. I
am currently testing NBA6 for its ability to propagate an
NS1 mutant.
A second consideration of importance in practical appli-

cations is the development of efficient means of inducing the
expression system. The use of sodium butyrate and TPA to
induce expression of the pP38NSlcat trans-activated loop
was relatively inefficient with peak inductions in the range of
20%. Other genes that are inducible by sodium butyrate have
been reported to respond at levels as high as 30% (26). The
most common explanation for the induction with butyrate
that has been proposed is that the hyperacetylation of
histones that occurs as a result of butyrate inhibition of
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histone deacetylase may alter the structure of chromatin to a
more open configuration that favors the binding of transcrip-
tion regulatory proteins (14). In this respect, butyrate may
have an action related to the effects of TPA, as that com-
pound has been reported to stimulate ADP ribosylation of
histones (28). The reason that some clones express some cat
constitutively but do not induce by superinfection or by
butyrate is unknown.
The constitutive level of expression of NS1 was exceed-

ingly low in NBA6, and it is unlikely that it would generate
any selective pressure against the inducible phenotype of the
culture. The NBA6 culture remained inducible after 40
passages in culture subsequent to its initial cloning. Thus,
one can predict that if the constitutive level of expression
with an inducible expression system is kept to a low level,
then the cell lines should remain stable even when the
proteins to be expressed are cytotoxic.
More efficient induction of the NS1 cassettes might be

obtainable by coupling the NS1 gene to another inducible
promoter and using this construct to provide threshhold
levels of NS1 to induce the P38-driven NS1 gene(s). My
initial attempts to achieve this used the glucocorticoid-
responsive promoter of mouse mammary tumor virus and
included the enhancer of Harvey sarcoma virus to increase
the level of expression as reported by Ostrowski et al. (16).
These experiments were not successful, as only a very low
response was achieved with dexamethasone, and it was less
than the butyrate response. This may imply that in most of
the cells the P38 promoter is not in a state that will respond
in trans to NS1 or that the dexamethasone response is not
efficient after integration of the construct. Future attempts to
increase the inducibility of this system will combine the
hormone-inducible promoter with efforts to modify the chro-
matin structure of the P38 to a responsive configuration. The
construction of genetic circuits with genes for trans-acting
proteins and using novel configurations of cis elements
regulating gene expression should lead to eucaryotic expres-
sion systems that will serve as useful tools in the sudy of cell
behavior and for the production of proteins from cloned
genes.
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