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Transcription of the Human fra-1 Gene through Multiple
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We have shown that Tax1 of human T-cell leukemia virus type 1 stimulates the expression of several cellular
immediate-early genes (M. Fujii, T. Niki, T. Mori, T. Matsuda, M. Matsui, N. Nomura, and M. Seiki, Oncogene
6:1023-1029, 1991). In this study, the 5'-flanking region of the human fra-1 gene, which is a Tax1-inducible
fos-related gene, was isolated and Tax1 or serum-responsive cis elements were analyzed to obtain further
insight into the mechanism of Tax1 action. The 62-bp sequence starting 46 nucleotides upstream from the
translation initiation site showed 71% homology with the sequence surrounding the TATA box of the c-fos
promoter. Regulatory motifs identified in the c-fos promoter, such as an Ets-binding site, E boxes, a CArG box,
c-fos AP-1 sites, and two retinoblastoma control elements, were also found upstream of the c-fos homology
region. A 502-bp fragment containing these motifs mediated transcriptional activation by Tax1 or by serum in
a transient transfection assay. Three independent Taxl-responsive regions (TRRs) were identified, and
mutations in each revealed that one of the retinoblastoma control elements in TRR1 and the c-fos AP-1 sites
in TRR2 and TRR3 were essential for the activation. Although TRR2 contains a CArG box-like sequence, it was
a weak binding site for p675®¥, if it bound at all, and was not required for activation. All three TRRs could also
mediate the signals stimulated by serum. Thus, Tax1 appears to activate fra-1 gene expression by means of a

part of the cellular machinery similar to that which mediates growth signals.

Human T-cell leukemia virus type 1 (HTLV-1), a causative
agent of adult T-cell leukemia, encodes Tax! that activates
transcription of the viral and several cellular genes (for recent
reviews, see references 34 and 36). Tax]1 is also believed to play
a key role in leukemogenesis, because it has transforming
activities in various experimental systems (34). For example,
transgenic mice carrying the Taxl gene reportedly developed
mesenchymal tumors (26), Transfection of Taxl cDNA trans-
formed rodent fibroblasts (33, 35), and gene transfer of the 3’
portion of the HTLV-1 genome, which contains the entire
Tax1 coding region, with a herpesvirus saimiri vector immor-
talized CD4™ T cells (13). The transcriptional activator func-
tion of Tax1 is thought to be important for the transforming
activity, because Tax1 mutants, which were defective in tran-
scriptional activator function, simultaneously lost transforming
activity (33, 35).

We and others have shown that the expression of several
cellular immediate-early genes, such as c-fos, fra-1, c-jun, junD,
egr-1, and egr-2, can be induced by Tax1 (7, 8, 16, 25). Multiple
Taxl-responsive cis elements have been identified in the
5’-flanking region of the c-fos gene (2, 8). A CArG box in the
serum-responsive element (SRE) plays a major role in medi-
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ating Taxl activation of the c-fos gene (1, 8). Similar CArG
boxes in the 5'-flanking regions of the egr-1 and egr-2 genes are
also Taxl-responsive elements (TREs) (1, 9). We further
demonstrated that Tax1 interacts with the CArG box-binding
factor p67°®" in vivo and in vitro and can mediate transcrip-
tional activation through the binding site (9). However the
mechanisms of Taxl activation of other cellular immediate-
early genes remain to be clarified, because only limited se-
quence information on other promoters is available.

Among the Tax1-inducible immediate-early genes, fra-/ is of
particular interest because a rat version of the gene has
transforming activity when it is overexpressed in chick embryo
fibroblasts (15a), and a large amount of the message is
constitutively expressed in Taxl-expressing HTLV-1-infected
cells (7). In this study, we isolated a human genomic DNA
fragment containing the 5’-flanking region of the fra-/ gene
and characterized the promoter function residues in this
region. By dissecting the region, we mapped the TREs in
relation to the SREs controlling fra-1 gene expression and
studied the Tax1 mechanism for cross-talking with the cellular
signaling machinery.

MATERIALS AND METHODS

Isolation of the 5'-flanking region of the human fra-1 gene.
To obtain fra-1 genomic clones, we screened a Japanese
human genomic DNA library cloned into EMBL3 (Japanese
Cancer Research Resources Bank, deposit no. L1018). About
1.1 X 10° phage were transferred onto nitrocellulose mem-
branes and hybridized with the **P-labeled 0.2-kb 5' region of
the human fra-1 ¢cDNA fragment (20). Hybridization pro-
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ceeded for 16 h at 65°C in 6 X SSC (1x SSCis 0.15 M sodium
chloride plus 0.015 M sodium citrate [pH 7]) containing 1%
sodium dodecyl sulfate, 10% dextran sulfate, and 1 M NaCl.
The membranes were then washed at 65°C in 0.4 X SSC and
exposed to X-ray films with an intensifying screen. Four
positive clones were obtained, and that which carried a 6.7-kb
insert was sequenced by the method of Sanger et al. (29).

Cell culture and transfection. HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 5%
fetal calf serum. For transfection, cells were seeded at 2 X 10°
cells per 40-mm dish and cultured for 16 h. Reporter chloram-
phenicol acetyltransferase (CAT) plasmids (2 to 7 pg) were
cotransfected with or without 1 pg of Tax1 expression plasmid
by calcium phosphate coprecipitation as previously described
(10). After a 36-h incubation, cells were harvested and CAT
activity was determined (12). The conversion rate (percentage)
of chloramphenicol was calculated by measuring the radioac-
tivity levels in acetylated and nonacetylated spots. Three
independent experiments were performed for each assay, and
the mean values were presented. The reproducibility of the
results was confirmed with at least two different plasmid
preparations.

Plasmids and oligonucleotides. To express the Tax1 protein,
the cDNA fragment encoding Tax1 was subcloned into pSGS,
which contains the simian virus 40 early promoter (14). The
plasmids pfra-1CAT1 to pfra-1CAT12 harbor different regions
of the fra-1 promoter sequences described in Fig. 2, and the
bacterial CAT gene was linked downstream of the fra-1
sequences. The oligonucleotides were prepared with a DNA
synthesizer (ABI model 322).

Gel shift assays. For the gel shift assay, p675RF protein
synthesized in vitro (1 wl of translation mixture containing
reticulocyte lysate) or nuclear extracts (5 pg) were incubated
with 2 pg of poly(dI-dC) in 20 pl of M buffer consisting of 20
mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid [pH 7.9]), containing 40 mM KCl, 0.2 mM EDTA, 8 mM
MgCl,, 10% glycerol, 2% polyvinyl alcohol, and 1 mM dithio-
threitol for 5 min at room temperature. About 1 ng of
32p_labeled double-stranded synthetic oligonucleotide was
added to the reaction mixture and incubated for an additional
20 min. The complex formed was separated by electrophoresis
in a 4% polyacrylamide gel with 0.25X Tris-borate-EDTA
buffer. The gels were dried and then exposed to X-ray film. The
oligonucleotide sequences used as probes were as follows;
c-fos/CArG, CACAGGATGTCCATATTAGGACATCTGC
GT; fral/CArG, AAGTTACACCATGTATGGGCAGCTAC.

Nucleotide sequence accession number. The nucleotide se-
quence data will appear in the DDBJ, EMBL, and GenBank
databases under accession no. D16365.

RESULTS

Nucleotide sequence of the 5'-flanking region of the human
fra-1 gene. A DNA fragment 6.7 kb in size was molecularly
cloned by screening a human genomic DNA library with part
of the sequence corresponding to the 5’ end of the fra-1 cDNA
(20). The cloned fragment contained a sequence identical to
that of the probe and a part of the N-terminal coding sequence
of the protein. Therefore, the nucleotides 1 kb further up-
stream, which should contain the regulatory cis elements for
gene expression, were sequenced.

A comparison of the sequence with that of the human c-fos
gene promoter revealed partial homology to the regulatory
motifs that are important for c-fos gene expression (Fig. 1A).
First of all, a 62-bp sequence starting 45 nucleotides (nt)
upstream of the translation initiation codon of the fra-1 gene
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-442 AA GCTTTGGGTG GCGGTTGGCG TGGCTCCTAG AGATGTGATT
-400 CTTTCGTGCT ATTTTGTGGG AGCAGAAACG GAGGTTAGCC CAGGCCTCGA

-350 GAGGGCTGGG GCGGGGCGCG GGCTCTGGCA GGTGCGTCAG TCCGCAGGGA
Sp-1 E-box FAP
-300 ACCCGGGGCT CCACCTGGGC GCGGCGAGGA AGTTACACCA TGTATGGGCA
E-box Ets/TCF CArG box
-250 GCMAG GGGGGCGGGC CCGCAGCCGC CGGGGAACGC CGAGCCGGGC
Sp-1
-200 CCATCCCGGT GAAAAGGCTG CAGCCGGACT TGGGGAGGCG TCGCCAAGTT

150 CGGGACCGAC GGGCCAAGGC GGCGCGTCTC GGGGGTGGAG CCTGGAGGTG
RCE
-100 ACCGCGCCGC TGCAACGCCC CCACCCCCCG CGGTCGCAGT GGTTCAGCCC
BCE.
-50 [GAGAACTTTT CATTCATAAA AAGAAAAGAC TCCGCACGGC GCGGGTGAGT

c-fos homol
+1 CAGAACCCAG CAGCCGTGTA CCCCGCAGAG CCGCCAGCCC CGGGCATGTT

+51 CCGAGACTTT
R D F

(B)w

c-fos

-34
GCGCCACCGT GGTTGAGCCC CATTCATTCA TAAAACGCTT

KR KR RRAR RARAR % A WH KRIRRKR IR K

fra-1 CGGTCGCAGT GGTTCAGCCC GAGAAC'I'I‘T
-70

-33 TATA box -1
c-fos TATAARAG CAGTGGCTGC GGCGCCTCGT ACT
T REERK x PP
fra-1 -AGAAAAG ACTOCGCAC GGCGCGGGTG AGT
29 -1
(2) RCEs
-97 -87  -82 72
c-fos |GCGCCACCCCT GCGCCACCGTG
PO PP
fra-1 }gCTCCACCCCC CCCCCACCCCC.
-110 -120 -83 -73
(3) SREs
fra-1 (-276/-242)
c-fos (-285/-255)
*
fra-1 (-346/-312)
C?E c-fos
400 nt SIE SRE RCEs
&

Ets/TCF QA’G( E&ox FAP site

sp-1 sp-1 RCEs -

FIG. 1. (A) The 5'-upstream sequence of the human fra-1 gene.
The nucleotides are numbered from the putative transcription start
site as discussed in the text. Potential regulatory motifs for transcrip-
tion factors are underlined. The region homologous to the region
immediately upstream of the transcription initiation site of the c-fos
gene is boxed. The translation initiation site and the N-terminal amino
acids are indicated under the nucleotide sequence. (B) Comparison of
the regulatory sequences of the human c-fos gene with that of the
human fra-1 gene. Asterisks indicate the conserved nucleotides be-
tween c-fos and fra-1. Putative regulatory sequences are indicated by
boxes. (C) Schematic representation of human c-fos and fra-1 pro-
moter regions. SIE, v-sis-conditioned medium inducible element.

fra-1

was 71% homologous with the region immediately upstream of
the transcription initiation site of the c-fos gene containing the
TATA box (Fig. 1B). On the basis of this homology, the
transcription of the fra-1 gene was assumed to initiate from the
site corresponding to that of the c-fos gene, and the potential
TATA box was assumed to be CATAAA (nt —36 to —31) or
AAGAAA (nt —30 to —25).
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Potential binding motifs for the transcription factors impor-
tant in controlling c-fos gene expression were also found in the
region upstrcam of the putative TATA box. These are two
retinoblastoma control elements (RCEs [nt —120 to —110
and —83 to —73]) (18, 19, 27), two E boxes (nt —322 to —317
and —289 to —284) (24), a CArG box (nt —263 to —254)
(23), a binding sequence for the Ets-related ternary complex
factor (TCF) (Ets/TCF [nt —275 to —267]) (31), and two c-fos
AP-1 binding sites (FAP sites [nt —318 to —312 and —248 to
—242]) (6, 30). The spatial organization of these motifs is
conserved between the c-fos and fra-1 genes (Fig. 1B and C). In
particular, combinations of the motifs found in the SRE of
c-fos are highly conserved in the fra-1 promoter (Fig. 1B and
C). However, the binding motif for NFIL-6 or C/EBP (21, 22),
which overlaps the c-fos CArG box, was not found in the fra-/
sequences.

In addition to the elements mentioned above, two unique
potential Sp-1 sites were found in the fra-1 promoter (Fig. 1A).
The cyclic AMP-responsive element (CRE) that is present
immediately upstream of the c-fos TATA box is not conserved
in the fra-1 promoter (Fig. 1B).

Deletion mapping of the regions mediating Tax1 activation.
A 502-bp DNA fragment containing the 5’ region upstream
from the translation start site was ligated to the bacterial CAT
gene, pfra-1CATI1, to monitor the promoter activity in HeLa
cells with a transient transfection assay. Plasmid pfra-1CAT]1
expressed the CAT gene (Fig. 2), and it was dependent on the
inserted fragment and its orientation (data not shown). Co-
transfection of the Tax1 expression plasmid with pfra-1CATI
increased its promoter activity more than eightfold (Fig. 2), but
a mutant Taxl (Tax[d60-170]) having an internal deletion
(deletion of 60 to 170 amino acids) failed to activate it (data
not shown). Thus, we concluded that the cloned fragment in
pfra-1CAT]1 contained promoter elements that were sufficient
to regulate the transcriptional activation by Tax1. The results
were reproducible in other cell lines such as human hepatoma
HepG2 and human osteosarcoma SAOS2.

The 5' end of the transcript generated from the reporter
plasmid, pfra-1CATI, was examined by means of the RNase
protection assay with a radiolabeled antisense RNA as a probe.
Only RNA samples extracted from the cells transfected with
pfra-1CAT1 generated a major RNase-protected band (Fig.
2B). The band roughly corresponded to the size (191 nt)
expected from the putative cap site shown in Fig. 1A. The level
of the protected RNA was higher in the Tax1-transfected cells
than that in the cells without Tax1 expression, indicating that
activation of the fra-1 gene by Taxl occurs at the transcrip-
tional level.

To define the TRES, a series of deletions from the 5’ end of
the fragment were introduced into the reporter plasmid (Fig. 2,
pfra-1CAT]1 to pfra-1CATS). Activation of CAT expression by
Taxl was not affected significantly until the deletion was
extended to nt —136 (4.4-fold activation for pfra-1CAT7).
However, further deletion to nt —69 greatly reduced the
activation by Tax1 (1.8-fold activation for pfra-1CATS). These
results indicate that the 67-nt sequence deleted from pfra-
1CAT?7 is important for Tax1 activation (Tax-responsive region
1 [TRR1]). To further examine the roles of other upstream
elements, the region containing TRR1 was deleted from
pfra-1CAT]I (Fig. 2, pfra-1CAT9). CAT expression from pfra-
1CATY was still activated by Taxl, indicating that the 258-nt
fragment (nt —441 to —183) also contained additional TREs
(Fig. 2). On the basis of the possible regulatory elements
discussed above, the fragment (nt —441 to — 183) was subdi-
vided into three pieces, as described in Fig. 2A, and the
respective reporter plasmids were as follows. pfra-1CAT10 (nt
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[Aa]

CAT activity  (%conversion)

pfra-1CAT1
pfra-1CAT2
pfra-1CAT3
pfra-1CAT4
pfra-1CAT5
pfra-1CAT6
pfra-1CAT7
pfra-1CAT8

pira-1CAT9 < ——HHHHH— =
pfra-1CAT10 206 [HIHH— 18
pfra-1CAT11 ase I 207

pfra-1CAT12 41 as1

[B] pfra-1CAT1

\
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FIG. 2. Transcriptional activation of the human fra-1 promoter by
Tax1. (A) CAT reporters containing various regions of the 5'-flanking
sequence of the fra-1 gene are schematically shown on the left, and
their promoter activities, measured by transient transfection assay as
expressed CAT activity in HeLa cells (Materials and Methods), are
indicated on the right. The averages of three independent experiments
are presented, and the reproducibility was further confirmed with
different plasmid preparations. Solid bars indicate the promoter
activities in the cells cotransfected with the Tax1 plasmid; open bars
indicate activities without the Tax] plasmid. (B) RNase protection
assay. Cytoplasmic RNA samples were extracted from the HeLa cells
transfected with the plasmids indicated in the figure, and 30 pg was
hybridized to a radiolabeled RNA probe complementary to the
transcript generated from pfra-1CATI1. The probe fragment was 373
nt, with the 5’ end of the sequence 114 nt from the initiation codon of
the CAT gene in the plasmid and with the 3" end at nt — 182 in the
fra-1 promoter sequence (Fig. 1). The predicted protected fragment
was 191 nt when the transcription was assumed to initiate at the
putative cap site shown in Fig. 1. A DNA scquence ladder correspond-
ing to the probe was used as a size marker. RNAs were extracted from
the nontransfected HeLa cells (control RNA) or from HeLa cells
transfected with pfra-CAT1 alone (pfra-1CAT) or pfra-1CATI1 plus
Tax1 plasmid (pfra-1CAT/Tax).

—296 to —183) contained an E box/Ets-binding site/CArG
box/CRE/Spl), pfra-CATI11 (nt —354 to —297) contained
Sp-1/E box/FAP), and pfra-1CATI2 (nt —441 to —351)
contained no obvious consensus sequences for transcription
factors. Tax1 activated CAT expression from pfra-1CAT10 and
pfra-1CAT11 but did not activate CAT expression from pfra-
1CATI12 (Fig. 2). Thus, the regions nt —296 to —183 and
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[A]
TRR1/5’RCE
TRR1/3’RCE

CAAGGCGGCGCGTCTCGGGGTGGAGCCTGGAGG
TGACCGCGCCGCTGCAACGCCCCCACCCCCCGEG

Ets/TCF

CArG box

FAP site
TRR2/0ligo (w)
CArG (m)

Ets (m) == =CT-=====>

FAP (m)

E-box
Sp-1 FAP site
TRR3/01igo (w) TCGAGAGGGCTGGGGCGGGGCGCGGGCTCTGCCAGGTGCGTCAGTCCGCAGGGGAACCC
E-box (m)

FAP (m)

Ets/TCF CArG box FAP site
fos/SRE ACAGGATGTCCATATTAGGACATCTGCGTCAGCAG
CAXG (m)

FAP (m)

[B]

pfra-1CAT8
[ pfra-1CAT?
TRR1 S'RCE
3'RCE
_Oligo(w)
CArG(m)
TRR2
Ets(m)
FAP(m)
[_Oligo(w)
TRR3 E-box(m)
FAP(m)
—_Oligo(w)

fos/SRE CArG(m)

FAP(m)

FIG. 3. Essential cis elements mediating Tax] activation. (A) Wild-
type (w) and mutated (m) oligonucleotide sequences of the TRRs are
indicated (the top strand of DNA is shown). The c-fos SRE and its
mutants are also indicated. (B) pfra-1CATS and its derivative contain-
ing the oligonucleotides shown in panel A. The promoter activities
were analyzed in the presence or absence of Taxl expression. CAT
activities were monitored and are presented as described in the legend
to Fig. 2A.

—354 to —297 were independently responsive to Tax1 and are
designated TRR2 and TRR3, respectively.

Mutational analysis of the cis elements in TRR1, TRR2, and
TRR3. The TRR1 contains two RCE-like elements that con-
stitute a TRE in the c-fos promoter (2). Oligonucleotides
corresponding to each RCE of the fra-1 gene were synthesized
and inserted into pfra-1CATS, which contains the basal pro-
moter function (Fig. 3B). The 5'-RCE increased the basal
transcription and also mediated activation by Tax1 (Fig. 3A,
pfra-1CAT7 and 5'RCE/fra-1CATS8), whereas the 3'-RCE had
almost no effect on the basal transcription and did not mediate
Tax1 activation (Fig. 3A, 3'RCE/fra-1CATS). Thus, the 5'-
RCE was concluded to be the TRE in TRRI.

Because the CArG box in the c-fos SRE can mediate Tax1
activation (1, 2, 8, 9), we prepared an oligonucleotide corre-
sponding to the SRE-like sequence (nt —276 to —242, Ets/
TCF binding site/CArG box/FAP site) in TRR2 and its deriv-
atives having various substitution mutations (Fig. 3B). The
wild-type oligonucleotide mediated the activation by Tax1 in
the context of pfra-1CATS8 (4.3-fold activation). The substitu-
tions in the FAP site (TACGTCA to TACGTGT) abolished
the Taxl response markedly (1.8-fold activation), whereas
substitutions in the CArG box-like element and Ets/TCF-

J. VIrROL.
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probe c-fosCArG fra-1CArG

FIG. 4. Binding of p67°*" to the CArG-likc box. The ability of the
CATrG sequences in c-fos and fra-1 promoters to bind p67°%" translated
in vitro by a gel mobility shift assay was tested. **P-labeled c-fos CArG
oligonucleotide was incubated with the reticulocyte lysate alone (lane
1), p67°%F translated in the lysate (lane 2), and p67°R" plus competi-
tors (lanes 3 to 8). Competitors were 25-, 100-, and 400-fold excess of
the nonlabeled probe (lanes 3, 4, and 5, respectively) and 25-, 100-, and
400-fold excess of the fra-1 CArG oligonuclcotide (lanes 6, 7, and 8,
respectively). fra-1 CArG oligonucleotide labeled with *P was incu-
bated with reticulocyte lysate alone (lane 9), p67°RF translated in the
lysate (lane 10), and p67°R" plus 25-, 100-, or 400-fold cxcess of the
c-fos CArG oligonucleotide (lanes 11, 12, and 13, respectively).

binding sites little affected the activation (Fig. 3B [4.0- and
4.4-fold activation, respectively]). Control experiments were
performed by inscrting the oligonucleotides with the corre-
sponding mutations in the c-fos/SRE into pfra-1CATS. The
mutation in the c-fos/CArG box abolished Taxl activation
almost completely, while the mutation in the FAP site reduced
activated transcription only slightly. Thus, unlike the c-fos/
SRE, the FAP site in TRR2 was identified as the TRE.

The CArG box-like element in TRR2 was not the TRE after
all, regardless of the fact that we identified p67°R" as a target
transcription factor with which Taxl1 interacts. Because the
CArG box-like element in TRR2 has a guanine nucleotide
(CCATGTATGG) in the A/T-rich consensus sequence
(cc ,GG), it might be a low-affinity binding site for
p67°R¥. This possibility was examined by means of a gel-
retardation assay with p67°%" translated in the reticulocyte
lysate system and oligonucleotides containing the c-fos and
fra-1 CArG boxes. Indeed, p67°R" bound only weakly, if at all,
to the fra-1/CArG oligonucleotide compared with binding to
the c-fos/CArG as shown in Fig. 4. Consistent with this result,
p67°F" binding to the c-fos/CArG oligonucleotide was not
inhibited by the fra-1 oligonucleotide but was inhibited by its
own sequence (Fig. 4).

TRR3 also contains motifs that have homology to the 3’ part
of the c-fos/SRE. These constitute an E box overlapping a FAP
site. The same type of basc substitutions as in TRR2 were
introduced into the FAP site of the TRR3 oligonucleotide (nt
—354 to —297), and the mutation reduced the Tax1-activated
transcription level by 80% (Fig. 3B). The TRR3 mutant having
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3'RCE
—

pfralCaT10
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TRR2 CArG(m)
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Il +serum
Ets (m)

FAP (m)

pfra-1CAT11
[0ligo(w)]

E-box (m)
TRR3

FAP (m)

pfralCAT12

FIG. 5. Serum-induced enhancer activities of TRRs. The serum
inducibility of the reporters used for the experiments in Fig. 3 was
examined. The transfected cells were cultured in the absence of serum
for 24 h, stimulated with serum, and cultivated for a further 8 h (solid
bars). Promoter activities without serum stimulation were measured
after the transfected cells had been incubated for 32 h (open bars).
CAT activities were monitored and are presented as described in the
legend to Fig. 2A.

a substitution in the E box consensus sequence partly re-
sponded to Tax1, but had only about 50% of the response level
of the wild type. Thus, both the FAP site and the E box in the
TRR3 positively contributed to the Taxl activation of the
TRR3-mediated transcription.

TRRs mediate the transmembrane signals generated by
factors in serum. Because the promoters for immediate-early
genes are thought to be regulated by various transmembrane
signals, Taxl-responsive cis elements identified in the fra-/
promoter may mediate serum inducibility. HeLa cells trans-
fected with reporters containing TRRs were stimulated by
serum after the cells were starved for 24 h. The promoter
activity of pfra-1CAT1 was activated 3.5-fold by serum, which
is consistent with the report that the endogenous gene is serum
inducible (5, 20). On the other hand, pfra-1CATS8 and pfra-
1CAT12, which have no TRRs, were activated only very weakly
(Fig. 5 [1.8- and 1.6-fold activation, respectively]). Serum-
induced transcription was also observed with pfra-1CAT7 and
pfra-1CAT10, which contain TRR1 and TRR2, respectively
(Fig. 5). Transcription of pfra-1CAT11 harboring the TRR3
was also induced by serum but only weakly compared with that
of pfra-1CAT7 and pfra-1CAT10. In the TRR1, the 5'-RCE
responsive to Taxl mediated serum stimulation weakly (2.2-
fold), whereas the 3'-RCE did not. In the TRR2, the synthe-
sized oligonucleotide (Fig. 3A [containing Ets/TCF-binding
site/CArG box/FAP site]), which was activated by Tax1 (Fig.
3B), responded only weakly to the serum stimulation, and only
slight effects were observed with mutants. In the TRR3 oligo-
nucleotide, the mutation in the FAP site which abolished the
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Tax1 response also greatly reduced the serum inducibility (3.2-
to 1.6-fold), whereas the mutation in the E box had virtually no
effect.

DISCUSSION

In this study, we characterized the promoter region of the
human fra-1 gene by isolating a genomic DNA fragment
containing the 5’ end of the reported cDNA sequence of the
gene (20). Sequence analysis of the region revealed partial
homology with the c-fos promoter in terms of the organization
of the regulatory motifs. The cloned fragment had promoter
activity that was regulated similarly to that of the endogenous
gene in terms of Taxl activation or by serum stimulation.
Three independent TRRs (TRR1 to TRR3) were identified,
and the essential elements in each for the Taxl-dependent
activation were mapped to the 5'-RCE in TRR1 and the FAP
sites in TRR2 and TRR3. The E box in TRR3 also weakly
contributed to the activation.

Among these TREs, the 5-RCE in TRR1 and the FAP site
in TRR3 were also important for serum-induced gene expres-
sion. TRR2 also mediated serum-induced transcription; how-
ever the oligonucleotide containing Ets/CArG-like box/FAP
failed to mediate the induction. Other motifs, for example the
Sp-1 site in the TRR2, may be important for the inducibility.
There is an Sp-1 site in TRR3, in addition to the FAP site, that
is essential for serum induction but which was not sufficient by
itself (data not shown). Although we have not examined the
importance of the Sp-1 site, cooperation between factors
binding to the Sp-1 and FAP sites may be needed to mediate
serum stimulation.

The CArG box in the c-fos SRE plays a central role in the
activation of the gene by Tax1 (1, 8, 9). In the TRR2 of the
fra-1 gene, a CArG-like sequence was also found in the
SRE-like element together with a potential TCF-binding site
as well as an FAP site. Mutations in the CArG-like sequence in
TRR2, however, did not affect Tax1 activation. The CArG-like
sequence had one base substitution in the conserved A/T-rich
stretch, and it was shown to be a weak binding site for p675RY,
if it bound at all. However, this does not exclude the possibility
that interaction with some other transcription factors strength-
ens p67°R¥ binding to the sequence under certain physiological
conditions. The substitution in the CArG box was confirmed
not to be a cloning artifact by sequencing the polymerase chain
reaction fragment isolated from the DNA of peripheral blood
cells (data not shown). The difference in the efficiencies of
binding of p675R* to the CArG boxes in the c-fos and fra-1
promoters may play a role in the different kinetics of serum-
induced expression of the genes.

With the results of these experiments and those reported
previously, Tax1-responsive enhancer motifs can be classified
as follows: (i) the CREs identified in the 21-bp viral enhancer
(11) and in the promoter regions of the c-fos gene (2); (ii) the
NF-«B binding sites identified in the promoter regions of the
interleukin 2 receptor a-chain (3, 28) and in the human
immunodeficiency virus type 1 long terminal repeat (4, 32);
(iii) the CArG boxes found in the c-fos, egr-1, and egr-2 gene
promoters (1, 9); (iv) the TRE sites in transforming growth
factor B (17) and the FAP sites in the fra-1 promoter; (v) the
RCEs identified in the c-fos promoter (2) and the fra-1
promoter. Transcription factors that can bind to the TREs
listed above are regulated by various transmembrane signals.
Among these transcription factors, Tax1 interacts with p675}F,
which binds to CArG boxes (9); the precursor of p50; a
component of the NF-kB family (15); and CREB, the binding
factor to CREs (37), as well as binding to the FAP site of the
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c-fos promoter. Thus, the initial events for Taxl to modulate
cell function are thought to be mediated through interaction
with a class of signal-transducing transcription factors which
result in the aberrant induction of immediate-carly genes.
However, the relative weights of each element in the promoter
sequences scem to differ as shown here. The CArG boxes were
the major elements mediating activation by Tax] and serum
stimulation of the c-fos gene, whereas activation and stimula-
tion were negligible in the fra-1 promoter. On the contrary,
although the CRE, FAP sites, and RCEs were relatively weak
TREs in the c-fos promoter, two FAP sites and the 5'-RCE
efficiently responded to Taxl more than the CArG box in the
fra-1 promoter. In particular, the FAP site in the c-fos SRE was
not mapped as a TRE, probably because the binding of p675R"
and FAP are mutually exclusive (31). To elucidate the cross-
talk mechanism of Tax1 with the machinery mediating trans-
membrane signals, efforts to detect the interaction of Tax1 with
the transcription factors that bind to the identified TREs are
under way.
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