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We have cloned the polyomavirus mutant fPyF9, which persists in an episomal state in F9 embryonal
carcinoma cells (K. Ariizumi and H. Ariga, Mol. Cell. Biol. 6:3920-3927, 1986). fPyF9 carries three copies of
exogenous sequences, the prototype of which is a 21-base-pair repeat (box DNA), in the region of the enhancer
B domain of wild-type polyomavirus DNA. The consensus sequence, GCATTCCATTGTT, is 13 base pairs
long. The box DNA inserted into fPyF9 appeared to come from a cellular sequence and was present in many
kinds of DNAs, including F9 chromosomal DNA. The biological function of box DNA was analyzed by
chloramphenicol acetyltransferase expression assays, using chimeric plasmids containing box DNA conjugated
with simian virus 40 promoter elements. The results showed that box DNA repressed the activities both of the
simian virus 40 promoter and enhancer only in transfected undifferentiated F9 cells and not in differentiated
LTK- cells. Box DNA functioned independently of orientation and position with respect to the promoter in an
enhancerlike manner, although the effect of box DNA was opposite that of the enhancer. The XhoI linker
insertion into the consensus sequences of box DNA abolished the repression activity, and the protein(s)
recognizing the consensus sequences was identified only in F9 cells, not in L cells. These analyses suggest that
box DNA may be a negative regulatory element that functions in undifferentiated cells.

Eucaryotic enhancer sequences play important roles in the
regulation of a variety of viral and cellular genes (23). An
enhancer is defined as an element that stimulates the level of
transcription of a linked gene independently of position and
orientation with respect to the promoter (23). It has recently
been shown that many enhancers function in specific cells or
tissues or in response to an inducing signal; the immunoglob-
ulin heavy-chain gene enhancer functions only in B lympho-
cytes (4, 14), and the expression of the cytochrome P1-450
gene is induced by dioxin (20).
On the other hand, a negative enhancer has recently been

discovered. This regulatory element functions in cis, and its
mode of action is similar to that of a positive enhancer. This
element, now called a silencer or dehancer, was initially
discovered in the MAT locus of Saccharomyces cerevisiae,
the locus that determines mating type (8). Furthermore,
elements with similar properties have been shown to be
located in upstream regions of the c-myc (26), p53 (7), and
human 1-interferon (15) genes and in the long terminal repeat
of human T-cell lymphotropic virus type III (27). Enhancers
in the long terminal repeat (32, 33) and 1-interferon gene (15,
40), however, are also present close to the negative regula-
tory sequence. Both sequences appear to play a key role in
transcriptional control of the gene linked to the 3' end.
Cellular genes are generally thought to be cooperatively
regulated by negative and positive enhancers, with the
exception of a housekeeping gene such as the actin gene (34).
To understand the mechanism of gene regulation, the prop-
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erties of both negative and positive regulatory sequences
should be analyzed.
We have previously isolated a new class of polyomavirus

mutant (fPyF9) that can replicate in mouse embryonal car-
cinoma (EC) cells (2). fPyF9 differs from other polyomavirus
EC mutants in that it can persist episomally in F9 cells and
its copy number in F9 cells is amplified at 4 days after
induction of differentiation. fPyF9 contains mutations in the
enhancer B domain of wild-type polyomavirus DNA, located
in the noncoding regulatory region, and the sequences of the
enhancer B domain of fPyF9 are extremely rearranged, as
has been observed in many polyomavirus EC mutants (1).
Furthermore, three exogenous sequences have been inserted
into the enhancer B domain of fPyF9. These sequences are
homologous to each other, and the sequence GCATTCCAT
TGTTGTCAAAAG (box) is considered the prototype. The
unique structure in the enhancer region of fPyF9 appears to
confer the unique biological properties described above.

In this study, we describe the characterization of box
DNA. The results show that box DNA decreases activities
of the simian virus 40 (SV40) promoter and enhancer in
undifferentiated F9 cells. Thus, this box DNA appears to be
a negative regulatory sequence specific to undifferentiated
cells.

MATERIALS AND METHODS

Constructions of plasmid DNAs. The plasmid DNAs were
constructed by the following procedures. The chloramphen-
icol acetyltransferase (CAT)-coding region from pSVO-CAT
(17) was recloned into the HindIII site of pUC19 (pUC19-
O-CAT). After the BamHI linker was added to the 5' end of
the NsiI-HindIII fragment, which contains the SV40 pro-
moter and replication origin, the resultant BamHI-HindIII
fragment was inserted into the BamHI site ofpUC19-0-CAT
(pSVP-CAT). The PvuII-BamHI fragment of pSV2CAT was
end filled with Klenow fragment and cloned into the HincIl
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site of pUC19 in either orientation [pSV2CAT(+) and
pSV2CAT(-)]. Synthetic box DNA or box DNA containing
the XhoI linker CTCGAG was introduced into the BamHI
site of pSVP-CAT, pSV2CAT(+), and pSV2CAT(-). The
orientation and copy number of introduced box DNA se-
quences were determined by the dideoxy-chain tetermina-
tion method (28, 29); plasmid designations are given in the
legend to Fig. 2.

Cell culture and transfection procedure. The F9 EC and
LTK- cells were grown in Dulbecco modified Eagle medium
supplemented with 10% fetal calf serum (24). F9 EC cells
were cultured in dishes coated with 0.1% gelatin. F9 and
LTK- cells were transfected by the calcium phosphate
method (18). For assays of LTK- cells, 106 cells were
transfected with 5 ,ug of DNA in 1 ml of transfection buffer
(0.1% dextrose, 0.14 M NaCl, 5 mM KCl, 1 mM Na2HPO4,
20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid [HEPES; pH 7.05] 125 mM CaCl2). The cells were
washed twice in 5 ml of PBS(-), harvested with a rubber
policeman at 48 h after transfection, suspended in 200 ,ul of
Tris buffer (pH 7.8), and disrupted by three cycles of
freeze-thawing, followed by sonication. For assays of F9
cells, 2 x 105 cells were transfected with 25 ,ug of DNA,
harvested at 36 h after transfection, and disrupted as de-
scribed above. The cell lysates were used for CAT assays.

Analysis of cell lysates for CAT assays. To quantitate CAT
activity, the indicated volumes of cell lysates were used to
acetylate 0.15 ,uCi of [14C]chloramphenicol with 0.7 mM
acetyl coenzyme A at 37°C (17, 31). The labeled chloram-
phenicol and acetylated derivatives were separated by as-
cending silica gel thin-layer chromatography (chloroform/
methanol, 95:5) and visualized by autoradiography. To
quantitate CAT expression, the radioactive spots were cut
from the silica gel plates and counted in a liquid scintillation
counter.

Gel shift assay. L or F9 cell nuclear extracts were prepared
as described by Dignam et al. (10). In the band shift assay,
the binding reactions were performed by incubating 2 to 4
fmol of end-labeled DNA (5,000 cpm) with 2 to 3 ,ug of
nuclear protein and 0.5 ,ug of poly(dI-dC) in a buffer con-
taining 15 mM HEPES (pH 7.9), 15% glycerol, 2% polyvinyl
alcohol, 36 mM NaCl, and 0.4 mM dithiothreitol at room
temperature for 10 min in a final volume of 15 ,ul. After
incubation, the cells were placed in 0.25x TBE buffer and
electrophoresed at 10 V/cm. For competition experiments,
various amounts of box DNA or pBR322 fragments digested
with HaeIII were added to the reaction mixture before the
addition of the extract.

RESULTS

Insertion of cellular sequences into the enhancer B domain
of fPyF9. Sequencing of fPyF9 DNA showed that there were
three exogenous sequences in the enhancer B domain (Fig.
1) (1). These sequences were homologous to each other, and
the consensus sequence was GCATTCCATTGTT. Southern
blot analysis showed that box DNA inserted into fPyF9
appeared to have come from cellular sequences dispersed
throughout the chromosomal DNA and was not unique to F9
chromosomal DNA (data not shown).

Reduction by box DNA of SV40 promoter activity. To
examine the effect of box DNA on transcription, box DNA
was inserted into the 5' end of the SV40 promoter linked to
the CAT gene (Fig. 2), and transient expression of the CAT
gene was analyzed after transfection of plasmid DNA into F9
and LTK- cells. Since the efficiency of transfection into F9
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FIG. 1. Control region of polyomavirus F9 mutant fPyF9. (A and
B) Comparison of the control regions of the polyomavirus wild-type
strain A2 (A) and mutant fPyF9 (B). (C) Comparison of three
exogenous sequences (Lii) integrated into the enhancer B domain.
Symbols for panel A: V, PvuII site; *, region in enhancer A or B
homologous to the ElA and SV40, respectively. Symbols for panel
B: -, point mutation (G or T) in the enhancer B domain of fPyF9
(4); ---, deletion.

cells is about 100-fold less than that into LTK- cells, the
procedures used for F9 cells differed from those used for
LTK- cells in the following respects: the amount of DNA
used was fivefold more, the incubation time for the CAT
reaction was twofold longer, and the volume of cell lysate
used for the CAT assay was two- to threefold greater (see
legends to Fig. 3, 4, and 6). Results of the CAT assays are
shown in Fig. 3A. The plasmid containing box DNA
(pBoxSVP-CAT) gave 20 to 30%o of the acetylated product in
transfected F9 cells relative to the amount produced by
pSVP-CAT, which contains the SV40 promoter, whereas

pSVP-CAT
SV40 CAT SV40
promter

pnBoxSVP-CAT Bo
Box

PH
pSV2CAT(+) EL

Enharncer

pnBoxSV2CAT(+)

H P
pSV2CAT(-) '. .-H

H P BBE
pnBoxSV2CAT(-) I II

FIG. 2. Maps of box DNA-containing SV-40 CAT genes. All of
the genes were cloned into the EcoRI-HindIII polylinker region of
pUC19 as described in Materials and Methods. The maps are
depicted on the 5'-to-3' orientation except that for pSV2CAT(-).
The "n" in pnBoxSVP-CAT or pnBoxSV2CAT denotes the copy
number of box DNA inserted into the 5' end of pSVP-CAT, and the
(+) of pnBoxSV2CAT(+) and (-) of pnBoxSV2CAT(-) indicate the
locations of box DNA (upstream and downstream, respectively), in
pSV2CAT. Symbols: ,, El, IED, -, and FII, enhancer,
promoter, splicing signal, poly(A) additional signal of SV40, the
CAT gene, and box DNA, respectively. Restriction enzyme sites: B,
BamHI; E, EcoRI; H, HindlIl; P, PstI.
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TABLE 1. Relative expression of box DNA-containing
SV40-CAT genes in F9 cell lysates

Transfected Relative CAT
plasmid DNA activity"

(I)b pSVP-CAT ....................... ................... 1
pSV,CAT(+) .................................................... 100
pBoxl+SV,CAT ....................................... .. 13
pBox3+SV2CAT ........................................ . 15
pBox4+SV2CAT ......................................... 35
pSV2CAT(-) ................................................... 100
pBoxl-SV2CAT ......................................... 12
pBox3-SV,CAT .......................................... 14
pBox4-SV.CAT ......................................... 25

(II)'pSVP-CAT .......................................... 0.9
pSV2CAT(+) ................................................... 100
pBoxl+SV,CAT .......................................... 10
pMB1+SV,CAT .......................................... 91
pMB2+SV2CAT .......................................... 28
pMB3+SV2CAT .......................................... 10
pSV,CAT(-) ................................................... 100
pBoxl-SV,CAT .......................................... 9
pMB1-SV.CAT .......................................... 80
pMB2-SV2CAT .......................................... 23
pMB3-SV2CAT ......................................... 8

" Cells were transfected and lysates were prepared, assayed, and counted
as described in Materials and Methods and Fig. 4. The variance was
approximately 20% of the sample mean in three transfections. All values are
expressed relative to that of the control plasmid, pSV2CAT(+) or
pSV2CAT(-).

b Summary of data from Fig. 4.
' Summary of data from Fig. 6.

C

FIG. 3. CAT activities in F9 and LTK- cells transfected with
pnBoxSVP-CAT. CAT enzymatic activity was measured in 100 ,ul of
lysate prepared from plBoxSVP-CAT(A)- or pnBoxSVP-CAT(B)-
transfected cells. The lysate from L cells was incubated at 37°C for
3 h, and that from F9 cells was incubated for 6 h. Separation of
chloramphenicol (Cm) and its acetylated derivatives (Ac-Cm) in
ascending chromatography is shown. (A) CAT expression analyzed
in F9 (right) and LTK- cells (left) cells. (B) Expression in F9 cells.
(C) Relative values of CAT activity expressed by various plasmids.
Values are averages from three independent experiments relative to
that of the control plasmid, pSVP-CAT. Abbreviations for genes
used: 0, promoterless CAT; S, SVP-CAT; 1+, 2+, ---, copy
number and orientation of box DNA in pnBoxSVP-CAT.

there was little difference among products in LTK- cells.
pSVO-CAT, containing the promoterless CAT gene and
used as a negative control, yielded undetectable products.
These results indicated that SV40 promoter activity was
inhibited by box DNA sequences in F9 cells but not in LTK-
cells. Furthermore, either orientation of box DNA in pSVP-
CAT produced an inhibitory effect (Fig. 3A, lanes 1+ and
1-), indicating that the repressive effect was independent of
orientation with respect to the promoter. Basically, levels of
enhancer activity parallel the number of enhancer units
present in the gene of interest (19). Therefore, we examined
the relationship between copy number and negative effect of
box DNA on CAT expression. Of the plasmids containing
various copies of box DNA (Fig. 3C), the plasmid containing
the dimer of box DNA reduced SV40 promoter activity most
effectively (Fig. 3B). The pentamer of box DNA had no

effect on CAT expression. The effect of copy number of box
DNA on CAT expression was quantitated by counting the
radioactive spots containing acetylated products, and the
results described above were confirmed (Fig. 3C). These
results suggest that the optimal copy number may be con-
siderable at the maximum repression level of box DNA. On
the other hand, none of these copy number variants showed
such a repressive effect in LTK- cells (data not shown).

Inhibition by box DNA of the activity of the SV40 enhancer.
To determine whether box DNA also has a negative effect on
enhancer activity in F9 cells, box DNA was inserted into the
5' or 3' end of pSV2CAT, which contains both the SV40
enhancer and promoter linked to the CAT gene
[pnBoxSV2CAT( +) and pnBoxSV2CAT( -), respectively]
(Fig. 2). Enhancer activity was measured by determining
CAT expression (Table 1). Box DNA repressed the activity
to 12 to 35% of that of pSV2CAT, which does not contain
box DNA. Although the effect was observed with both
plasmids containing box DNA inserted in either position,
box DNA located at the 3' side of the chimeric CAT gene
repressed enhancer activity more effectively than did box
DNA inserted at the 5' side. This repression was observed in
F9 cells but not in LTK- cells (Fig. 4), as was found for
repression of promoter activity.
The relationship between copy number and negative effect

of box DNA on enhancer activity was measured simulta-
neously, as was done in assays of the SV40 promoter. The
increase in copy number of box DNA decreased the enhanc-
er-repressive activity, similar to results obtained for
pnBoxSVP-CAT.

Dose-response of the activity produced by box DNA. The
CAT assay used is based on enzyme activity, and the results
obtained should be evaluated by repeated transfection pro-
cedures. To do so, we examined the dose response of the
enhancer-repressive activity of box DNA. F9 cells were
transfected with 10 and 25 jig of plBoxSV2CAT(+), and
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FIG. 4. CAT expression in cells transfected with pnBoxSV,
CAT. LTK- (A) and F9 (B) cells were transfected with pnBoxSV.
CAT, and CAT activity was measured. F9 (100 ,il) or LTK- (30 ,lI)
cell lysate was incubated with labeled chloramphenicol at 37°C for 2
h or 1 h, respectively. Relative values of CAT expression are given
in Table 1. Numbers indicate copy number of box DNA; + and -

indicate 5' and 3' positions, respectively, of SV,CAT. For example,
1+ indicates p1BoxSV2CAT(+), and SV+ and SV- are pSV,
CAT(+) and pSV2CAT(-) genes, respectively.

CAT activity was compared with that of the control plasmid,
pSV2CAT(+). The repression obtained at each point (Fig. 5)
was the same as that shown in Fig. 4. Therefore, the results
of the assay we used were reproducible, and repression
paralleled the dose of transfected pBoxSV2CAT.

12 ug 25.g
SV4* 1+ SV+ 1 +

FIG. 5. Dose response of box-CAT genes in F9 cells. F9 cells
were transfected with pSV2CAT(+) (SV+) or plBoxSV2CAT(+)
(1+), and CAT expression was analyzed as described in the legend
to Fig. 4. The repressive activity of box DNA was compared in
transfections using 12 (A) and 25 (B) ,ug of DNA. The appropriate
amount of pBR322 was added in transfection buffer to a final
concentration of 25 ,ug/ml.
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FIG. 6. Inhibition of box DNA activity by Xhol linker insertion

mutation. Mutated box DNA-containing SV40-CAT was transfected
into F9 cells (A) and LTK- (B) cells. CAT activity was assayed as
described in the legend to Fig. 4 and compared with that of control
plasmid p1BoxSV2CAT(+) or p1BoxSV2CAT(-). Relative values
ofCAT expression are shown in Table 1. (C) Sequences of box DNA
inserted with the XhoI linker (MB). The linker (V) was inserted into
the consensus sequence (underlined) (MB1), into the 3' end of the
consensus sequence (MB2), and into the 3' end of box DNA (MB3).
These sequences, containing BamHI sites at both ends, were
synthesized chemically and introduced into the BamHI site of
pSV2CAT(+) or pSV2CAT(-) (Fig. 2).

Abolishment by mutated box DNA sequences of repression
activity. The XhoI linker CTCGAG was inserted in various
positions in box DNA sequences (Fig. 2). F9 and LTK- cells
were transfected with 5 and 25 gig, respectively, of MB-
SV40-CAT, and the CAT assay was performed. Mutation in
the consensus sequence (MB1) produced a lethal effect on
box DNA activity (Fig. 6), whereas mutation at the 3' end of
the consensus sequence (MB2) produced a weak inhibitory
effect (Table 1). However, the MB3 sequence, containing a
mutation near the 3' end of box DNA, still showed repres-
sion activity. These results indicate that box DNA may be a
form of negative transcriptional regulatory element function-
ing in F9 cells.

Gel shift assay. Nuclear extracts were prepared from F9
and L cells, and the mobility shift (gel shift) assay was
carried out, using box DNA as a probe (Fig. 7). The extract

a
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FIG. 7. Gel shift assay with box DNA as a probe. The assay was
carried out as described in Materials and Methods by using end-
labeled box DNA as a probe. Lanes: 1, no F9 cell extract added; 2
and 3, LTK- cell extract; 4 to 10, F9 cell extract added. Nonlabeled
competitor was added to the mixture as follows: lanes 2 and 4, no
DNA; lane 3, 100-fold excess of box DNA relative to labeled box
DNA; lanes 5 to 7, 20-, 50-, and 100-fold excess of box DNA,
respectively; lanes 8 to 10, 20-, 50-, and 100-fold excess of pBR322
fragments digested with HaeIII, respectively. A, B, and C represent
the shifted bands.

from L cells seemed to give the shifted bands A and B. The
extract from F9 cells, on the other hand, also produced the
distinct, additional band, C. Of these, only C, derived from
F9 cells, was a specific band, since the excess amounts of
nonlabeled box DNA abolished the shift, whereas HaeIII-
digested pBR322 fragments did not. Furthermore, linker
insertion DNA did not inhibit binding in the reaction with the
F9 cell extract (data not shown). This result indicates that a
box DNA (silencer)-binding protein is present only in F9
cells.

DISCUSSION

Box DNA, GCATTCCATTGTTGTCAAAAG, was orig-
inally discovered in the enhancer B domain of polyomavirus
mutant fPyF9, which persists extrachromosomally in F9
cells (2). Three copies of box DNA were inserted into the
region controlling early transcription, and the sequences
were found to be located at similar distances from the
promoter motif CCACCC, which is similar to the SV40
CCGCCC motif (G-C motif) (27, 38). The results showed that
box DNA acts as a negative regulatory element specifically
in F9 cells and has properties similar to those of an enhancer
in terms of direction and location with respect to the
promoter.
To analyze the effect of box DNA on promoter or en-

hancer activity, the SV40 system was selected for the
following reasons. (i) The regions of the polyomavirus pro-
moter and enhancer cannot be clearly distinguished; in
particular, the promoter has not been well characterized. (ii)
The SV40 promoter and enhancer have been studied in
detail, and their locations are well separated (39). (iii) SV40
enhancer and promoter activities are strong enough in F9 EC
cells to be analyzed by the CAT assay. Although it was of

particular interest to determine whether box DNA represses
the activities of other enhancers, we could not identify
candidates that enhance CAT expression in F9 cells. A
polyomavirus mutant that can replicate well in F9 cells may
be useful in such experiments. The results obtained by using
the polyomavirus mutant PyhrN2 (32) showed that box DNA
also repressed PyhrN2 enhancer activity in F9 cells (3). Box
DNA repressed SV40 enhancer or promoter activity to
approximately 10% of the level obtained without box DNA,
and the level of repression was affected by the copy number
and position of box DNA in the plasmids used. The activity
was greatly decreased, especially when five copies of box
DNA were tandemly inserted into pSVP-CAT. Therefore, it
is possible that these effects of box DNA are due to
stereospecific alignments of box DNA among factors acting
as repressor, enhancer, and promoter and to steric hindrance
of box DNA among repressor proteins. It has been reported
that the transcription factor Spl, bound to the G-C motif of
the SV40 promoter, is aligned on the same side of the helix
and may interact with the promoter (5, 11, 14). The stereo-
specific alignment of Spl and enhancer factors (30) is re-
quired for efficient transcription of SV40 early genes (35).
However, these relationships are not yet clear in the poly-
omavirus system.
To confirm the specificity of the effect of box DNA on

SV40 enhancer activity, a competition experiment was car-
ried out by using synthetic box DNA as a competitor.
However, satisfactory results were not obtained. Since CAT
assays on F9 cells were performed with the lysate from cells
transfected with 25 ,ug of DNA, a large amount of competitor
box DNA was necessary. For example, 1.25 and 12.5 ,ug of
box DNA had to be applied in 10- and 100-fold molecular
excess, respectively. Also, the efficiency was less when cells
were transfected with a small DNA fragment such as box
DNA containing 26 base pairs. To overcome these diffi-
culties, a mutation was introduced into box DNA. The
results of mutation analysis reveal that the consensus se-
quence of box DNA is essential to repression. Box DNA
must be derived from cellular chromosomal DNA. However,
the sequences of box DNA cannot be found in any other
cellular regulatory region reported thus far. Negative regu-
latory elements have recently been detected in the MAT
locus of S. cerevisiae, in the long terminal repeat of human
B-cell lymphotropic virus, and upstream of the c-myc, p53
cellular tumor antigen, and ,-interferon genes. The box
DNA reported here may differ from these elements by acting
in undifferentiated cells. However, we cannot determine the
specificity of box DNA in undifferentiated cells, since only L
cells and F9 cells were used in this study. Therefore, we
must examine box DNA activity in various cell lines.
Rearrangement of the enhancer B domain of polyomavirus

may be required to identify the EC host range mutant (12, 21,
22, 25, 32, 37). The unique property of fPyF9, persistence in
an episomal state, seems to be due to box DNA, since the
effects of insertion of box DNA in the control region differ
from those thus far reported for EC mutants. The copy
number of fPyF9 in F9 cells is 10- to 100-fold lower than in
cells infected with polyomavirus EC mutants. Therefore, it
is possible that the lower copy number of fPyF9 results from
the function of box DNA. However, the mechanism by
which box DNA interacts with the polyomavirus enhancer
and the determinant of the unique biological property of
fPyF9 remain to be analyzed. Polyomavirus DNA replica-
tion requires an enhancer (36). Therefore, box DNA may
repress not only enhancer activity but also DNA replication.
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