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BOX DNA was previously isolated from the DNA sequence inserted in the enhancer B domain of mutant
polyomavirus (fPyF9) DNA. We also reported that BOX DNA functioned negatively on DNA replication and
transcription of another polyomavirus mutant (PykrN2) in F9-28 cells, a subclone of mouse F9 embryonal
carcinoma (EC) cells expressing the polyomavirus large T antigen. In this study, we demonstrate that BOX
DNA enhances transcription from the thymidine kinase (TK) promoter in various EC cells. One or three copies
of BOX DNA, linked to the bacterial chloramphenicol acetyltransferase gene under the control of the herpes
simplex virus TK promoter, activated promoter activity in F9, P19, and ECA2 cells. Band shift assays using
BOX DNA as a probe revealed that specific binding proteins were present in all EC cells examined; the patterns
of BOX DNA-protein complexes were the same among them. A mutation introduced within BOX DNA
abolished enhancer activity as well as the formation of specific DNA-protein complexes. In non-EC cells,
including L and BALB/3T3 cells, the enhancer activity of BOX DNA on the TK promoter was not observed,
although binding proteins specific to the sequence exist. In band shift assays, the patterns of the DNA-protein
complexes of either L or BALB/3T3 cells were different from those of EC cells. Furthermore, the enhancer
activity of BOX DNA decreased upon differentiation induction in all EC cells examined, of different origins and
distinct differentiation ability. In parallel with the loss of enhancer activity, the binding proteins specific for
BOX DNA decreased in these cells. Moreover, we cloned a genomic DNA of F9, termed BOXF1, containing
BOX DNA sequence approximately 400 bp upstream from the RNA start site of the gene. BOXF1, containing
a TATA-like motif and the binding elements for Spl and Oct in addition to BOX DNA, possessed promoter
activity deduced by a BOXF1-chloramphenicol acetyltransferase construct. Deletion analyses of the construct
revealed that the transcription of BOXF1 gene is regulated by BOX DNA, preferentially in undifferentiated EC
cells versus differentiated cells. Hence, BOX DNA is probably a novel transcriptional element related to EC cell

differentiation.

Embryonal carcinoma (EC) cells are suitable for studies of
the molecular mechanisms of the early stages of embryogen-
esis (28). EC cells are the stem cells of teratocarcinoma and
can be induced to differentiate into a variety of cells by
aggregate formation and/or treatment with chemicals, nota-
bly retinoic acid (RA) (28, 38). It has been reported that the
expression of a number of transcription factors alters during
EC cell differentiation in stage-specific manners. E1A-like
transcriptional factors (DRTF) (20, 21), AP-1 (12), Oct-3
(32), Oct-4 and Oct-5 (35), Rex-1 (14), and PEA3 (42)
decrease in amount during the EC cell differentiation pro-
cess, while AP-2 (27), HOX-2 (37), HOX-2.5 (17), PEBP2
and PEBP3 increase. Other HOX families (5, 6, 19, 31), the
c-jun product (7), and Oct-6 (30, 39) transiently increase and
are then downregulated in the process. These observations
suggest that transcription factors play important roles in
embryogenesis cascades by switching on or off various genes
involved in differentiation. The biological roles of these
factors, however, have not been clarified, although their
functions have been inferred from the cDNA sequences
encoding them.

Previously we isolated a mutant of polyomavirus, fPyF9,
which can replicate in mouse EC cells (1). Unlike other
polyomavirus EC mutants, fPyF9 could persist episomally in
F9 cells. fPyF9 contained mutations in the enhancer B
domain of wild-type polyomavirus DNA: the sequences of
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enhancer B were highly rearranged in fPyF9, as in various
mutants so far reported, and were inserted by three exoge-
nous sequences. These inserted sequences were homologous
to one another, and the sequence 5'-GCATTCCATTGTTG
TCAAAAG3' (designated BOX) was considered the proto-
type. Moreover, we showed that BOX DNA functioned
negatively in viral DNA replication and transcription in a
system in which a polyomavirus host range mutant, PyArN2,
was tested in F9-28 cells. F9-28 is an F9 clone expressing the
polyomavirus large T antigen (2).

In this study, we examined the transcriptional activity of
BOX DNA in various EC cells of different developmental
stages, in non-EC cells, and in EC cells after differentiation
induction, to clarify the relationship between BOX DNA
activity and EC cell differentiation. The results suggest that
BOX DNA activates transcription under the control of the
herpes simplex virus (HSV) thymidine kinase (TK) promoter
specifically in EC cells at undifferentiated states. The de-
crease in transcriptional activation during differentiation was
accompanied by a decrease in the proteins specifically bound
to BOX DNA. Furthermore, we cloned an F9 genomic DNA
containing the BOX DNA sequence. The DNA had tran-
scriptional promoter activity, and the BOX DNA upstream
was a regulatory element dominant to the promoter in
undifferentiated EC cells. The data suggest that the DNA
contains the enhancer/promoter region of a gene probably
related to EC cell differentiation and that BOX DNA is a
novel element involved in the regulation of gene expression
during differentiation.



7748 KIHARA-NEGISHI ET AL.

MATERIALS AND METHODS

Cell culture and preparation of nuclear extracts. Mouse L
and BALB/3T3 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum.
Mouse EC cell lines P19, ECA2, and F9 were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum. P19 and ECA2 cells were induced to
differentiate by the addition of 1 pM RA to the culture
medium immediately after replating in a 100- or 150-mm-
diameter dish at a density of 2 X 10° or 5 X 10° cells per dish,
respectively. For differentiation induction of F9 cells, 1 uM
dibutyrl cyclic AMP (cAMP) and 0.1 nM RA were added to
culture medium under conditions similar to those used for
P19 and ECA2 cells. Nuclear extracts were prepared as
described before (22), and the protein concentration was
determined by Bradford’s method (4).

Band shift assay. Binding reactions were carried out by
incubating 0.14 pmol of end-labelled DNA (5,000 cpm) with
7 to 15 pg of nuclear extract proteins and 2 pg of poly(dI-dC)
in a buffer containing 15 mM N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (HEPES; pH 7.9), 15% glycerol,
2% polyvinyl alcohol, 36 mM NaCl, and 0.4 mM dithiothre-
itol at room temperature for 10 min in a final volume of 15 pl.
The reaction mixtures were then electrophoresed through a
4% polyacrylamide (29:1) gel in 0.25x TBE buffer (89 mM
Tris-borate [pH 8.3], 25 mM EDTA) at 10 V/cm. For
competition experiments, 2.8 or 14 pmol (10- or 200-fold
amounts of labelled probe) of double-stranded oligonucleo-
tides were added to the reaction mixtures prior to addition of
the nuclear extracts (9, 10).

Plasmid construction. pPBLCAT?2 is a plasmid carrying the
chloramphenicol acetyltransferase (CAT) gene linked to the
HSV TK promoter (25). pBLCAT2 was renamed pTKCAT
for transfection assays in this study. pBOXTKCAT and
pMuBOXTKCAT were constructed as follows. Briefly,
BOX and MuBOX oligonucleotides were synthesized ac-
cording to the prototype sequence inserted in fPyF9 and its
mutant (Fig. 1A). The oligonucleotides were phosphorylated
at the 5’ ends with T4 polynucleotide kinase and cloned into
the BamHI site in pUC19. The plasmids containing a few
tandem repeats of the oligonucleotides were chosen. The
Smal site of pPBLCAT2 was changed to a HindlIlI site by
linker ligation; the TK-CAT fragment obtained by the diges-
tion of the plasmid with HindIII and Xbal was cloned into
the plasmids carrying a few BOX or MuBOX oligonucleo-
tides. These plasmids were named pIBOXTKCAT, p3BOX
TKCAT, plMuBOXTKCAT, and p2ZMuBOXTKCAT, re-
spectively (Fig. 1B).

Cloning of F9 genomic DNA containing BOX DNA se-
quences. Genomic DNA was extracted from F9 cells as
described previously (41) and digested with HindIII. One-
half microgram of the genomic DNA was amplified by
polymerase chain reaction (PCR) with Tag DNA polymerase
(Perkin-Elmer-Cetus), using 0.5 ng of HindIII linker and 100
pmol of BOX DNA oligonucleotide 1 or 2 as primers. The
template DNA was denatured at 94°C for 1 min and annealed
with the primers at 55°C for 2 min. The extension reaction
was carried out in a buffer containing 10 mM Tris-HCI (pH
8.3), 50 mM KCl, 1.5 mM MgCl,, 0.001% (wt/vol) gelatin,
and 125 pM of the four deoxynucleoside triphosphates at
72°C for 3 min. These reactions were repeated for 40 cycles
in a thermal cycler (Perkin-Elmer-Cetus). The amplified
DNAs were purified and separated in a 1.2% agarose gel.

PCR-amplified DNAs were treated with the Klenow frag-
ment of DNA polymerase I and cloned into HinclI-HindIII
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FIG. 1. Transcriptional activity of BOX DNA in various EC
cells. (A) Nucleotide sequences of the BOX and MuBOX oligonu-
cleotides. Within MuBOX, five bases substituted for those in intact
BOX are indicated by lowercase letters. (B) CAT constructs used.
p1BOXTKCAT and p3BOXTKCAT contain one and three copies,
respectively, of the BOX oligonucleotide inserted upstream of the
HSV TK promoter followed by the CAT gene. pIMuBOXTKCAT
and p2MuBOXTKCAT carry one and two copies, respectively, of
the MuBOX oligonucleotide adjacent to the TK-CAT sequences. (C)
Several CAT constructs were cotransfected with pCMVB-galacto-
sidase into P19, ECA2, and F9 cells. The cells were harvested 40 to
48 h after transfection, and CAT assays were performed. The
experiments were repeated at least three times, and typical data are
shown. The autoradiographs of the CAT assays are displayed at the
top. Column numbers correspond to plasmid numbers in panel B.
Relative CAT activities were calculated on the basis of p TKCAT; its
activity was set at 1.

site in pUC19, after phosphorylation followed by digestion
with HindIII. Clones thus obtained were named pBOXF1,
pBOXFS, and pBOXF®6, respectively. The presence of BOX
DNA in these clones was confirmed by nucleotide sequenc-
ing. To study promoter activity, the inserts were linked to
the CAT gene in both orientations, and the constructs were
designated pF1(B)CAT, pF1(H)CAT, pF5(B)CAT, pF5(H)
CAT, pF16(B)CAT, and pF16(H)CAT (see Fig. 10). The
deletion mutants of pF1(H)CAT were constructed as fol-
lows. pF1(H)CAT was digested with Kpnl and Sacl, treated
with exonuclease III and mung bean nuclease, and then
treated with the Klenow fragment of DNA polymerase I.
Self-ligation of the fragments gave rise to pF1de]IBCAT and
pF1delBSCAT (see Fig. 13). pF1E1ECAT is a pUC deriva-
tive containing the 100-bp fragment obtained by EcoRI
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digestion of pBOXF1 (see Fig. 10), cloned into the EcoRI
site, and the CAT gene inserted into the HindIII site (see
Fig. 13). The other EcoRI fragment of 2,900 bp was self-
ligated, resulting in pF1IE2HCAT (see Fig. 13).

Preparation of cytoplasmic RNA. F9 cells were washed
twice with Tris-buffered saline, suspended in the lysis buffer
(10 mM Tris-HCI buffer [pH 8.6] containing 140 mM NaCl,
1.5 mM MgCl,, 0.5% Nonidet P-40, and 10 mM vanadyl
ribonucleotide complexes), and kept on ice for 5 min. The
cell lysate was centrifuged, 40 pl of 10-mg/ml proteinase K
and 10 pl of 10% sodium dodecyl sulfate (SDS) were added
to the supernatant, and the mixture was incubated at 60°C
for 5 min. After phenol extraction three times, cytoplasmic
RNA was precipitated by ethanol, dissolved in water, and
used for S1 mapping.

S1 mapping. pF1BOX was digested with HindIII, dephos-
phorylated, and end labelled with [y->’P]ATP. After diges-
tion with Spel, the 322-bp fragment was purified and used as
a probe for S1 mapping. Fifty-six micrograms of the cyto-
plasmic RNA and 10* cpm of the probe were hybridized at
41°C for more than 12 h in a buffer containing 80% forma-
mide, 40 mM piperazine-N,N'-bis(2-ethanesulfonic acid)
(PIPES; pH 6.4), 1 mM EDTA, and 400 mM NaCl, treated
with S1 nuclease, and analyzed in a 10% polyacrylamide gel
containing 8 M urea.

CAT assay. L, BALB/3T3, or undifferentiated EC cells (2
x 10° to 4 X 10°) were plated on a 100-mm-diameter dish 1
day before transfection. Twenty micrograms of each CAT
construct was transfected to the cells, together with 5 pg of
the plasmid carrying the B-galactosidase gene linked to the
cytomegalovirus TK promoter, by the calcium phosphate
method (13). The cells were harvested 24 or 48 h after
transfection. In cell differentiation experiments, 2 x 10° EC
cells were plated on a 100-mm-diameter dish in medium
containing inducing reagents, which was renewed after 2
days. On the next day (3 days after plating), the cells were
transfected as described above and were harvested 24 h after
transfection. Cell extracts were prepared as described pre-
viously (1) and assayed for B-galactosidase activity to nor-
malize transfection efficiency. CAT assays were performed
as described previously (11). The conversion of chloram-
phenicol to acetylated forms was measured with a densito-
meter (model PD-110; Molecular Dynamics) or a bioimage
analyzer (model BAS2000; Fuji Film Co.). The experiment
was repeated at least three times, and typical results are
presented in the figures.

RESULTS

BOX DNA has enhancer activity specific for EC cells. P19,
ECA2, and F9 are EC cells widely used in experiments to
analyze undifferentiated stages of mouse embryogenesis. To
examine the transcriptional activity of BOX DNA in EC
cells, several TK-CAT plasmids containing BOX or MuBOX
oligonucleotides were constructed (Fig. 1A and B) and
transfected to these cells. The HSV TK promoter was
chosen for these constructs because the TK promoter has
been reported to be more susceptible to transcription-regu-
lating elements than the simian virus 40 (SV40) promoter in
the octamer motif characterization (35). Five nucleotides
within BOX DNA were substituted in the mutant oligonu-
cleotide MuBOX (Fig. 1A). As shown in Fig. 1C, one copy
of BOX DNA (1BOX) slightly stimulated the TK promoter
activity. A strong activation of CAT expression was ob-
served with the construct carrying three tandem repeats of
BOX DNA (3BOX) in all EC cells examined, although the
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FIG. 2. Transcriptional activity of BOX DNA in non-EC cells.
CAT assays were carried out with L and BALB/3T3 cells trans-
fected with various CAT constructs (1 to 6). Relative CAT activities
were calculated as described for Fig. 1.

stimulating efficiencies were different among the cells. Nei-
ther one nor two copies of MuBOX, on the other hand,
activated transcription in any of the cells. These results
suggest that BOX DNA functioned as a sequence-specific
enhancer of the TK promoter in EC cells.

To investigate whether BOX DNA is an enhancer specific
for EC cells or also active in other cells, the CAT assays
were carried out with non-EC cells. The CAT constructs
used for Fig. 1 were transfected to L and BALB/3T3 cells;
pSV2CAT containing the SV40 enhancer/promoter region
was used as a positive control. Both the wild-type and the
mutant BOX DNA scarcely activated transcription in either
cell type, whereas the SV40 enhancer/promoter functioned
well (Fig. 2). BOX DNA is thus considered to be an
enhancer which functions specifically in EC cells and very
little in non-EC cells.

The BOX DNA-protein complexes are different in EC and
non-EC cells. Transcriptional regulation generally requires
not only cis-acting DNA elements but also protein factors
binding thereto. To determine whether proteins binding to
BOX DNA exist in EC cells, band shift assays were per-
formed with nuclear extracts of P19, ECA2, and F9 cells.
The same BOX DNA oligonucleotides as inserted in the
CAT constructs (see Fig. 1A) were labelled and used as
probes. The DNA-protein complexes were analyzed by
electrophoresis through a low-ionic-strength native poly-
acrylamide gel. In the competition assays, to examine the
specificity of BOX DNA-protein binding, unlabelled homol-
ogous (BOX) or mutated (MuBOX) oligonucleotides were
added to the reaction at 20- or 100-fold molar excess to the
probe. As shown in Fig. 3, a major band of BOX DNA-
protein complexes was observed with all of the EC cell
extracts in absence of competitors (lane 1). When unlabelled
BOX DNA was added to the reaction, the band was de-
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FIG. 3. The BOX DNA-binding proteins in various EC cells.
Band shift assays were performed by using BOX DNA as a probe
with nuclear extracts prepared from P19, F9, and ECA2 cells.
Different amounts of unlabelled BOX DNA or MuBOX DNA were
added to some reactions as competitors to assess specificity of
binding. Lanes: 1, no competitors; 2 and 3, with unlabelled BOX
DNA at 20- and or 100-fold molar excess to the probe, respectively;
4 and 5, with unlabelled MuBOX DNA at 20- and 100-fold molar
excess, respectively.

creased in proportion to the amounts of the competitors
(lanes 2 and 3). Unlabelled MuBOX DNA, on the other
hand, did not reduce the band even at 100-fold molar excess
to the probe (lane 5). These results suggest that factors
present in EC cells bind specifically to BOX DNA and that
the factors may contribute to transcriptional stimulation due
to the sequence.

BOX DNA did not function as an enhancer in L and
BALB/3T3 cells. One possibility is that the BOX DNA-
binding proteins may be absent in these cells, while another
is that they are present but in inactive forms. To examine
these possibilities, band shift assays on BOX DNA were
carried out with nuclear extracts from L and BALB/3T3.
The same protein amounts of the extracts of L, BALB/3T3,
and EC cells were incubated with the probe in parallel, and
the patterns of the DNA-protein complexes were compared.
The results after a short run of gel electrophoresis ate shown
in Fig. 4A, and those after a long run are shown in Fig. 4B,
where the free probe ran out of the gel. Several complexes
on BOX DNA were also observed in L and BALB/3T3 cells.
The mobilities of these complexes, however, were distinct
from that of the EC-BOX DNA complex and also different
from those of complexes in L and BALB/3T3 cells. The
patterns of the DNA-protein complexes were thus different
between EC and non-EC cells.

Further experiments using BOX or MuBOX DNA as a
competitor were performed with L and BALB/3T3 nuclear
extracts (Fig. 5). Excess amounts of unlabelled BOX DNA
abolished the DNA-protein complexes, while unlabelled
MuBOX DNA did not. The results indicate that proteins
specifically binding to BOX DNA are also present in non-EC
cells, in which the enhancer activity of the sequence was not
observed. It is unclear whether the specific binding proteins
are not involved in transcription or are transcription factors
but in inactive forms.

Enhancer activity of BOX DNA, as well as specific binding
proteins, preferentially decreases in EC cells after differenti-
ation induction. The enhancer activity of BOX DNA was
examined in EC cells before and after differentiation induc-
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FIG. 4. Comparison of BOX DNA-binding proteins in EC and
non-EC cells. The same protein amounts of nuclear extracts from L,
BALB/3T3, P19, F9, and ECA2 cells were reacted with the BOX
DNA probe and separated in the same gel. The patterns after a short
(A) and a long (B) run of electrophoresis are shown. The positions of
complexes observed only in non-EC cells are indicated on the left,
and an arrow on the right shows the band specific to EC cells. In
panel B, the free probe had run out of the gel.

long run

tion. P19 cells can differentiate into smooth muscle-like cells
in 2 days after induction with 0.5 to 1 pM RA (34) and into
a variety of cell types, including neurons, astroglia, and
smooth muscle cells, 7 days after induction by cell aggrega-
tion in the presence of RA (15, 16, 29, 33). ECA2 cells
differentiate into epithelial, neuronal, and myoblast-like cells
in 7 days after induction with 1 pM RA (40). F9 cells can
differentiate into parietal endoderm-like cells at 5 days after
induction with 0.1 nM RA and 1 pM dibutyryl cAMP. pTK
CAT, p3BOXTKCAT, p2MuBOXTKCAT, and pSV2CAT
were transfected to these EC cells before and 3 days after
differentiation induction. The cells were harvested 24 h after
transfection, and CAT assays were performed. As shown in
Fig. 6, the enhancer activity of BOX DNA, compared with
the SV40 enhancer/promoter, preferentially decreased after
differentiation induction in all the cells examined (lanes 2 and
4). Mutated BOX DNA (MuBOX), which the BOX DNA-
binding proteins could not recognize in vitro, did not stimu-
late the TK promoter activity in either undifferentiated or
differentiated cells (lane 3). Similar results were obtained
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FIG. 5. BOX DNA-protein complexes in non-EC cells. Band
shift assays using nuclear extracts prepared from L and BALB/3T3
cells were carried out as described for Fig. 3.
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FIG. 6. Decrease of the enhancer activity of BOX DNA in
differentiated EC cells. Several CAT constructs were transfected
together with pCMVB-galactosidase to various EC cells before and
after differentiation induction as described in Materials and Meth-
ods. Typical autoradiograms of the results for P19 cells are shown at
the top. CAT activities were calculated on the basis of pTKCAT in
each state. Columns: 1, pTKCAT; 2, p3BOXTKCAT; 3, p2MuBOX
TKCAT; 4, pSV2CAT (see diagrams in Fig. 2).

when transfection was carried out with EC cells 1 day after
differentiation induction and also with P19 cells induced by
aggregation and 1 uM RA into an alternative differentiated
state (data not shown). These results suggest that BOX DNA
is a transcriptional regulatory element related to the differ-
entiation states of EC cells.

It has been reported that the amounts of the factors
binding to several transcriptional elements specific for un-
differentiated EC cells fluctuate during differentiation. We
therefore investigated the state of the BOX DNA-protein
complexes during differentiation of P19, ECA2, and F9 cells.
Nuclear extracts were prepared from the cells at 0, 2, and 4
days after differentiation induction, and band shift assays
were performed with BOX DNA or the Spl motif as a probe.
The Sp1 motif was used as a control, since its binding protein
is known to be expressed constitutively during differentia-
tion (reviewed in reference 8). As shown in Fig. 7, the
amounts of BOX DNA-protein complexes decreased during
differentiation in all the EC cells tested, while Spl com-
plexes were not affected by differentiation induction. It is
thus considered that the BOX DNA-binding protein(s) may
be a transcription factor involved in the differentiation
process of EC cells.

An F9 genomic DNA containing BOX DNA sequence has
transcriptional activity, which is regulated by BOX DNA
specifically in undifferentiated EC cells. BOX DNA was first
found as the insertion sequence in a polyomavirus mutant
(1). The origin of BOX DNA is unknown but has been
speculated to be a cellular DNA. To identify target genes of
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FIG. 7. Reduction of BOX DNA-protein complexes during EC
cell differentiation. Nuclear extracts were prepared from various EC
cells before (0 day) and 2 or 4 days after differentiation induction.
Equal protein amounts of each extract were reacted with labelled
BOX DNA or Spl probe.
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the BOX DNA-binding protein(s), we cloned F9 genomic
DNA containing the BOX DNA sequence and examined
whether transcription of the genes is regulated by BOX
DNA. The cloning was carried out by the PCR method
described in Fig. 8. Briefly, total DNA from F9 cells was
digested with HindIII, and the fragments were subjected to
PCR amplification using BOX DNA and HindIII linker as
primers. The amplified DNAs were analyzed by agarose gel
electrophoresis (Fig. 9). Several bands were observed in the
reactions with both combinations of primers (BOX DNA
1-HindIII linker and BOX DNA 2-HindIII linker). Southern
hybridization using BOX DNA as a probe revealed that all of
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FIG. 8. The PCR-mediated procedure for cloning genomic DNA
containing BOX DNA in F9 cells.
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FIG. 9. Detection of genomic DNAs containing the BOX DNA
sequence in F9 cells. DNA fragments containing the BOX DNA
sequence were amplified among the HindIll-digested F9 genomic
DNAs by PCR, using either BOX 1-HindIII linkers or BOX 2-
HindIII linkers as primers. The amplified DNAs were analyzed by
agarose gel electrophoresis. Marker indicates HindIII-digested A
phage DNA, and sizes are shown on the right.

the amplified DNA fragments contained the BOX DNA
sequence (data not shown). The results suggest that the BOX
DNA sequence exists in several copies in F9 genomic DNA.

The DNA fragments thus amplified were cloned into
pUC19. Three clones described in Fig. 10 (pBOXF1,
pBOXFS5, and pBOXF16) were obtained. Sequence analyses
revealed that one or two copies of BOX DNA were present
in each clone. The results of Southern hybridization of the
F9 genomic DNA with the fragments inserted in the three
clones indicate that the fragments exist in F9 cells at one
copy per haploid genome (data not shown).

BOXF1, BOXFS5, and BOXF16, the F9-derived fragments
inserted in pBOXF1, pBOXFS5, and pBOXF16, respectively,
were linked to the CAT gene in either orientation and
examined for transcriptional activity (Fig. 10A). pUCCAT,
carrying the enhancer/promoter-less CAT gene alone, was
used as a negative control. The constructs were transfected
into undifferentiated F9 cells, and the CAT assay was carried
out. As shown in Fig. 10, only pF1(H)CAT, in which the
HindIII end of BOXF1 is adjacent to the CAT gene, showed
transcriptional activity. It was hence suggested that a pro-
moter is located downstream of BOX DNA in the BOXF1
fragment. Sequences analysis of BOXF1 revealed that it is
516 bp in length and contains the Spl, Oct, and TATA-like
motifs in addition to the BOX DNA sequence (Fig. 11).

To determine the transcription initiation site in BOXF1,
S1 mapping was performed with F9 cytoplasmic RNA. The
segment of 332 bp from the Spel site to the HindIII site of
BOXF1(H), covering the TATA-like sequence and the Oct
motif, was end labelled at the HindIII site and used as a
probe. The transcription initiation site was detected at 80 bp
upstream from the HindIlI site, i.e., 180 bp downstream of
the TATA-like sequence in BOXF1 (Fig. 12). The result
indicates that transcription of a gene actively expressed in
F9 cells starts within BOXF1, downstream of BOX DNA
and the other motifs.

To examine whether BOXF1 promoter activity is regu-
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FIG. 10. Promoter activities of F9 DNA fragments containing
BOX DNA. The fragments of F9 genomic DNA containing the BOX
DNA sequence (BOXF1, BOXFS, and BOXF16) were linked to the
CAT gene in either orientation [pF1(B)CAT, pF(1H)CAT, pF5
(B)CAT, pF5(H)CAT, pF16(B)CAT, and pF16(H)CAT]. The con-
structs were transfected into F9 cells, and CAT assays were carried
out. (A) Schematic drawing of the pUC19 clones of the F9 DNA
fragments containing BOX DNA (left) and of the CAT constructs
(right). B, BamHI; E, EcoRI; H, HindIIl. (B) Autoradiographs of
the CAT assays. Cm, chloramphenicol; Ac-Cm, acetylated chlor-
amphenicol.

lated by BOX DNA and whether the activity varies accord-
ing to differentiated states of cells, four deletion mutants
were constructed (Fig. 13A). The CAT activities of the
constructs were compared in P19 cells before and after
differentiation. In undifferentiated P19 cells, pF1(H)CAT
possesed transcriptional activity more than twice as strong
as that of pTKCAT, and the activity was greatly reduced by
deletion of BOX DNA (pF1delBCAT). Further deletion of
the Spl motif (pF1deIBSCAT) and the TATA-like and Oct
motifs (pPF1E2HCAT) resulted in only slight activity. BOX
DNA and the Spl motif alone (pF1E1ECAT) did not yield
significant activity compared with pUCCAT. A promoter
required for basal expression is thereby suggested to exist
downstream of the Oct motif. In differentiated P19 cells,
pF1(H)CAT as well as the four deletion mutants showed a
transcriptional activity much weaker than that of pTKCAT,
and the activity was little affected by deleting BOX DNA
(Fig. 13B; columns 1 and 2). The results thus suggest that
BOX DNA is a dominant regulatory element of an enhancer/
promoter located in the BOXF1 fragment in undifferentiated
cells but is less effective in differentiated cells. The gene
coded downstream from BOXF1 may be one of the target
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1

81

' CCTCCACACA TACAACATAC TAGTGTATGA GAACATGCAC
Spel

201
ACACATGTGT GCACTGTACA GTAACTCAAT AACAATATCT

24
GCTAAACGGA AACAGATTAG GCTACATTTA

TTAATATAAL
x  TATA-like

GTATTTATCT GCTCCAAATT TGCAAATGAA TTCTATCAAG
w1 Oct EcoRl
ACTTCACTAA AACTCCTTIG TACTTAAACT AATGTTTTCT

361
TAAGAAAATG TGAACATTTT TTTGAGTTTC CATTGTCTTG

441
ATCAGTGAGA GGCCATAAAG ACTGCTTTGA AAAATACCAT

481
TTAATAGCAA ACCAGGATTG TTCTOGTTCC
Hindill

FIG. 11. Nucleotide sequence of BOXF1. BOXF1 consists of
511 nucleotides. The BOX DNA sequence is boxed. Bold or plain
underlines indicate the transcriptional regulatory motifs (Spl-like,
TATA-like, and Oct motifs) or the restriction sites, respectively. A
dotted underline and an arrow show the initiation site and the
direction of transcription deduced from S1 mapping (Fig. 12).

genes of a BOX DNA-binding protein(s) and may be in-
volved in EC cell differentiation.

DISCUSSION

EC cell differentiation is correctly controlled by a compli-
cated network of various genes in definite stages of the
process. Expression of these genes is regulated by various
transcription factors, including their own products. To un-
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FIG. 12. Determination of the transcription initiation site in
BOXF1 by S1 mapping analysis. (A) Structure of BOXF1. Putative
sequences for transcriptional regulation, including BOX DNA, are
shown. Triangles above indicate recognition sites for restriction
enzymes. The Spel-HindIIl fragment of 332 bp (underlined) was
labelled at the HindIII site (asterisk) and used as a probe. (B) Result
of S1 mapping. Cytoplasmic RNAs from F9 cells were subjected to
mapping as described in Materials and Methods. Lanes probe, F9,
and A+G contained the probe alone (without RNA), F9 RNA and
the probe, or Maxam-Gilbert A+G reaction of the probe, respec-

tively. Positions of the input probe and the Sl-protected band
(arrowhead) are indicated at the right.
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derstand EC cell differentiation, it is important to clarify the
functions of these transcription factors. It has been reported
that the activities of several transcription factors alter during
EC cell differentiation. Although changes in their expression
levels have been well studied, their roles in EC cell differ-
entiation are little understood.

Here we report on BOX DNA, whose binding proteins
would be novel transcription factors involved in EC cell
differentiation. BOX DNA functioned as a specific enhancer
of the TK promoter in undifferentiated P19, ECA2, and F9
cells, but the activity was repressed in the cells after
differentiation. BOX DNA also functioned as an enhancer
for the SV40 promoter in these EC cells (data not shown).
Previously we reported BOX DNA as a silencer of transcrip-
tion as well as of viral DNA replication. The silencer activity
was observed upon transcription from the SV40 or polyoma-
virus promoter in F9-28, and F9 clone expressing polyoma-
virus large T antigen (2, 3). In the same cells, however, BOX
DNA activated transcription from the TK promoter (data not
shown). On the other hand, BOX DNA functioned as an
enhancer upon transcription due to both TK and SV40
promoters in other EC cells (P19, ECA2, and F9) examined
in this report. It is unclear what brought about the opposite
effects of BOX DNA on different promoters in F9-28 cells.
Viral T antigen expressed in this cell line might be respon-
sible for the differences.

It was recently reported that several transcription factors
function positively or negatively in cell type- or promoter-
dependent manners (24). For instance, positive and negative
effects of the Oct motif on different promoters are observed
in F9 cells. It functions as an enhancer of the HSV TK
promoter but as a silencer of the c-fos promoter in the cells
(23). E6, a B-cell-specific enhancer element, also has both
positive and negative activities. Transcriptional activation
by E6 was observed with the conalbumin promoter in
ARH77 B cells but not in HeLa cells. On the other hand,
transcription repression was observed in HeLa cells, but not
in ARH77 cells, when E6 was linked to the SV40 enhancer
(41). Similarly, BOX DNA may or may not be bifunctional in
different situations. Except in the case of F9-28 cells, BOX
DNA is considered to be an undifferentiated EC cell-specific
enhancer.

As for BOX DNA-protein complex(es), one specific band
was detected at the same mobility by band shift assays in all
EC cells, including F9-28 cells (data not shown). The band of
the BOX DNA-protein complex(es) preferentially decreased
upon differentiation induction, in parallel with loss of en-
hancer activity. Considering that other differentiation-re-
lated transcription factors behave similarly and that the BOX
DNA-binding proteins are observed in various EC cells in
different developmental stages, the BOX DNA-binding pro-
teins may be factors required for maintenance of the undif-
ferentiated state. The loss or decrease of their activity may
therefore result upon promotion of EC cell differentiation.
These results combined with those for non-EC cells (dis-
cussed below) suggest that the DNA-protein complexes
observed in undifferentiated EC cells are required, but not
sufficient (as in the case of F9-28 cells), for the enhancer
activity of BOX DNA.

BOX DNA-binding proteins were also present in L and
BALB/3T3 cells, in which BOX DNA did not activate
transcription. In band shift assays, the mobilities of the BOX
DNA-protein complexes in these non-EC cells were different
from those in EC cells. It is reported that not only the core
binding but also coactivators play important roles in poten-
tiation of transcriptional activation in the cases of Oct-2 (26)
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FIG. 13. Effect of BOX DNA on the BOXF1 promoter in EC cells

before and after differentiation. Various deletion mutants of pF1(H)CAT

(schematically shown in panel A) were transfected into undifferentiated or differentiated P19 cells (at 2 days after differentiation induction),
and CAT assays were performed as in Fig. 1. (B) Relative CAT activities standardized by that of pTKCAT.

and Oct-4 and Oct-5 (36). Several possibilities are considered
for the inactivity of BOX DNA as an enhancer in non-EC
cells. First, the proteins that bind to BOX DNA in EC and
non-EC cells are distinct, being functional in EC cells an
nonfunctional in non-EC cells. Alternatively, cooperative
factors required for the activity may be absent or inactive in
non-EC cells, although the same BOX DNA-binding pro-
teins are present. Another possibility is that in non-EC cells,
the BOX DNA-binding protein(s) themselves are constitu-

tively inactive, or the modifying enzymes to activate them
may be lacking.

To identify the BOX DNA-binding proteins, we carried
out Southwestern (DNA-protein) analyses. However, we
could not recognize the bands because of the specific pro-
tein(s) bound to BOX DNA. Possibly, the BOX DNA-
binding proteins cannot be renatured during transfer from
the SDS-polyacrylamide gel to the nitrocellulose filter. To
analyze the properties and functions of BOX DNA, purifi-
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cation of the BOX DNA-binding proteins followed by clon-
ing of the cDNA encoding them should be performed.

What genes are the cellular targets of the BOX DNA-
binding protein(s)? BOX DNA was first found as the motif
inserted into the enhancer B domain of the mutant polyoma-
virus DNA fPyF9 (1). By the PCR-mediated method using
the BOX DNA oligonucleotide and HindIII linker as prim-
ers, we searched for the genes containing BOX DNA se-
quences in genomic DNA. Several amplified DNA fragments
were observed with F9 DNAs and were cloned into pUC19.
Southern hybridization revealed that the respective cloned
sequences exist at one copy per haploid genome in F9 cells.
BOX DNA is hence suggested to be derived from genomic
DNA. One of the cloned sequences, BOXF1, possessed
promoter activity downstream from BOX DNA and other
transcriptional elements, including the Spl, TATA-like, and
Oct motifs. Expression due to BOXF1 was dominantly
regulated by BOX DNA in undifferentiated P19 cells but not
in differentiated cells. These results indicate that BOXF1
belongs to the enhancer/promoter region of a target gene for
BOX DNA-binding proteins and that the gene may be
involved in EC cell differentiation. Cloning and character-
ization of the gene, as well as of cDNAs encoding BOX
DNA-binding proteins, would provide a new approach for
analyzing the mechanisms of cell differentiation.
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