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The human T-cell lymphotropic virus type 1 (HTLV-1), an etiologic agent for
adult T-cell leukemia, is strongly associated with tropical spastic paraparesis, a
chronic neurological disease. The HTLV-1 genome encodes a protein, tax1, an
autoregulator of enhanced viral RNA transcription, that also transactivates/
represses certain cellular gene promoters. Enkephalins are opioid peptides that
function as neurotransmitters and neuroimmunomodulators. We earlier
reported that the proenkephalin gene is transactivated by tax1 protein in glial
cells. The nucleotide sequence upstream of 7190 base pairs in the
proenkephalin gene promoter is necessary for maximal transactivation by
tax1 while the sequence downstream of 7190 bp confers modest activation by
tax1. We investigated the cellular transcription factors in tax1 expressing glial
cells that associate with the proenkephalin promoter and herein demonstrate
the enhanced interaction and involvement of c-Fos/c-Jun proteins in the
complexes formed at the AP-1 site. The HTLV-1 tax1 expressing stable glial cell
lines produced functional tax1 protein that increased the expression of
endogenous proenkephalin gene. The comparative electrophoretic mobility
shift and `supershift' analysis using specific antibodies indicated the enhanced
presence of c-Fos and c-Jun proteins in the DNA : protein complex formed at the
AP-1 site. The c-Fos protein expression significantly increased in the tax1

expressing glial cells. The tax1 induced c-Fos protein levels and the
concurrently increased association of c-Fos/c-Jun transcription factors at the
AP-1 site imply a strong functional significance in the activation of
proenkephalin gene expression in tax1 expressing glial cells.
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Introduction

The human T-cell lymphotropic virus type 1
(HTLV-1) is an etiologic agent of a malignant
CD4+ adult T-cell leukemia/lymphoma (ATL/ATLL;
Poiesz et al, 1980; Yoshida et al, 1982) and is
strongly implicated as a causative agent of tropical

spastic paraparesis (TSP) or HTLV-1 associated
myelopathy (HAM), a chronic neurological dis-
order causing progressive paralysis of the lower
limbs (Osame et al, 1986). HTLV-1 has been
isolated from mononuclear cell cultures of periph-
eral blood and cerebrospinal fluid (CSF) of TSP/
HAM patients (Hirose et al, 1986; Jacobson et al,
1988). High levels of specific antibodies to the
major proteins of HTLV-1 have been detected in
the sera and CSF of TSP/HAM patients (Gessain et
al, 1985; Rodgers-Johnson et al, 1988). The HTLV-1
genome encodes a nonstructural 40 kD protein,
tax1, the translational product of a doubly spliced
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subgenomic mRNA (reviewed in Green and Chen,
1990). Tax1 strongly stimulates transcription of the
viral genome by transactivation of the 5' long
terminal repeat (LTR) promoter (Sodroski et al,
1985; Felber et al, 1985; Rosen et al, 1985; Seiki et
al, 1986; Paskalis et al, 1986). The tax1 protein also
transactivates certain heterologous promoters in-
cluding IL-2, IL-2 receptor a, vimentin, TGF-b1 and
globin genes (Siekevitz et al, 1987; Inoue et al,
1986; Lilienbaum et al, 1990; Kim et al, 1990; Fox
et al, 1989) and transrepresses the b-polymerase
gene promoter (Jeang et al, 1990). Transgenic mice
expressing HTLV-1 LTR driven tax1 gene develop
neurofibromata (Hinrichs et al, 1987) as well as
SjoÈgren's syndrome (Green et al, 1989), a disease of
presumed autoimmune etiology.

Enkephalins are well characterized endogenous
opioid peptides (Hughes et al, 1975) that function
as neurotransmitters in synapses of the central
nervous system, as neuromodulators and circulat-
ing neurohormones. The proenkephalin gene
codes for a precursor polypeptide called preproen-
kephalin or proenkephalin which is proteolyti-
cally cleaved to yield functional enkephalin
peptides. The proenkephalin gene is expressed in
many tissues and cell types including lympho-
cytes (Zurawski et al, 1986; Rosen et al, 1989) and
enkephalins have also been implicated as neu-
roimmunomodulators (Weigent et al, 1990). In
view of enkephalin's diverse actions, there is
considerable interest in understanding the regula-
tion and expression of the proenkephalin gene in
normal and pathobiological conditions. We earlier
reported that the proenkephalin gene is transacti-
vated by the HTLV-1 tax1 protein in glial cells
(Joshi and Dave, 1992). Promoter deletion analysis
indicated that the nucleotide sequence upstream
of base pair (bp) 7190 with respect to the
transcription start site in the proenkephalin gene
is necessary for maximal transactivation by tax1.
The nucleotide sequence within the 7190 bp
region consistently retained the ability to confer
the minimal activation by tax1 in the glial cells.
The molecular mechanism(s) involving transacting
factors and DNA interaction in the tax1-mediated
proenkephalin gene activation in glial cells is not
known. Molecular mechanism of tax1 action on
cellular gene promoters is highly pleiotropic in
nature and varies from one gene to another with
respect to the cis-acting elements required for the
activation/repression by the tax1 protein. The tax1

protein is believed not to bind directly to DNA,
but is presumed to interact with other cellular
transcription factors. In this report, using glial cell
lines stably expressing HTLV-1 tax1 protein and
electrophoretic mobility shift assays, we demon-
strate the specific and significantly increased Fos/
Jun protein : DNA interaction at the AP-1 cis-acting
element in the proenkephalin gene promoter in
tax1 expressing cells.

Results

Establishment and characterization of HTLV-1 tax1

expressing glial cell lines
In order to investigate the HTLV-1 tax1-mediated
interaction, if any, of cellular transcription factors
with the proenkephalin gene promoter sequences in
glial cells, we established glial cell cultures stably
expressing HTLV-1 tax1 protein. C6 glioma cells
were transfected with pMAXneo plasmid DNA
which expresses HTLV-1 tax1 protein and confers
antibiotic neomycin resistance to the transfected
cells (Paskalis et al, 1986; Ohtani et al, 1987). In
order to minimize the possible plasmid integration
site bias affecting tax1 expression, several indivi-
dual neomycin resistant colonies were picked and
grown as independent clonal cultures and were
termed C6tx-1, C6tx-3 etc., while the rest of the
neomycin resistant colonies were pooled and
propagated as C6tx-P cells. The functional activity
of tax1 expressed in C6tx cells was tested in
transient expression assays by transfection with
HTLV-1 LTR CAT DNA which expresses a bacterial
chloramphenicol acetyltransferase (CAT) reporter
gene under the transcriptional control of HTLV-1
LTR promoter. The same cells were co-transfected
with pCMVbgal DNA which expresses a bacterial b-
galactosidase reporter gene under the transcrip-
tional control of CMV (Cytomegalovirus) promoter.
The specific CAT activity was divided by the
specific b-galactosidase activity to obtain CAT
values normalized for variations in transfection
efficiency. For comparison analysis the basal CAT
expression value in the control C6 cells was
considered as relative CAT activity 1. The basal
CAT activity of plasmid HTLV-1 LTR CAT was
higher by 4- to 10-fold in C6tx-P, C6tx-1, C6tx-3 and
C6tx-8 cells than in control C6 cells (Figure 1).
These results demonstrate that C6tx cells produce
functional tax1 protein that transactivates HTLV-1
LTR promoter.

We also investigated the effect of tax1 on the
endogenous proenkephalin gene in tax1 expressing
cells. Total RNA from these cells was purified and
Northern blot hybridizations were performed using
a rat proenkephalin cDNA probe (Figure 2a). The
same blots were then re-hybridized with house-
keeping gene cyclophilin cDNA probe (Figure 2b) to
ascertain the integrity, equal loading and transfer of
the total RNA and to investigate the specificity, if
any, of tax1 action on the proenkephalin gene. The
proenkephalin and cyclophilin mRNA hybridiza-
tion signals were quantitated and are shown in
Figure 2c. The steady-state proenkephalin mRNA
levels were 2.3-, 3.5-, 9.1- and 1.5-fold higher in
C6tx-P, C6tx-1, C6tx-3 and C6tx-8 cells, respec-
tively, than in control C6 cells. The steady-state
levels of cyclophilin mRNA remained constant or
varied insignificantly between C6 and C6tx cells
reiterating the integrity, equal loading and transfer
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of total RNAs in each lane. Moreover, these results
suggest the specificity of tax1 action on proenke-
phalin gene in glial cells. These results further
indicate that tax1, alone or in concert with cellular
transcription factor(s), up-regulates endogenous
proenkephalin gene expression in tax1 expressing
C6 glioma cells.

Formation of a specific DNA : protein complex at
the AP-1 site
In our earlier report (Joshi and Dave, 1992), we
demonstrated that the nucleotide sequence down-
stream of 7190 bp of the proenkephalin promoter
consistently retained the ability to minimally
transactivate the proenkephalin gene by HTLV-1
tax1 protein in glial cells. The nucleotide sequences

in the promoter are highly conserved between rat
and human proenkephalin genes with complete
identity in the region encompassing several well-
characterized regulatory elements (Joshi and Sabol,
1991; Rosen et al, 1984). The proenkephalin
promoter contains the ENKCRE-2 element (bp -92
to -86), which is absolutely required for basal
transcription of the gene (Comb et al, 1988) and
harbors an AP-1 transcription factor binding site
within its motif. To investigate the role of AP-1 cis-
acting element in the tax1-mediated transactivation
of proenkephalin gene promoter, we performed
electrophoretic mobility shift (EMS) analysis using
nuclear extracts prepared from tax1 expressing glial

Figure 1 Transiently expressed relative CAT activity of
pHTLV-1 LTR CAT plasmid in C6 and C6tx cells. The C6tx
cell lines which express tax1 protein were established by stably
transfecting C6 glioma cells with pMAXneo plasmid DNA as
described in Materials and methods section. These cells were co-
transfected with pHTLV-1 LTR CAT and pCMVbgal DNAs and
24 h later CAT and b-galactosidase activities were assayed.
Values represent a mean of three independent experiments
carried out using duplicate plates in each transfection and CAT
activity in each sample was assayed multiple times. The specific
CAT activity was divided by the specific b-galactosidase activity
to obtain CAT values normalized for variations in transfection
efficiency. For comparison analysis the basal CAT value
expressed in the control C6 cells was considered as relative
CAT activity 1.
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Figure 2 Northern blot analysis of Proenkephalin (panel a) and
Cyclophilin (panel b) mRNAs. Total cellular RNA (10 mg) from
control (C6) and tax1-expressing (C6tx) cells in each lane was
electrophoresed, blotted and hybridized first with 32P-labeled
proenkephalin and rehybridized later with 32P-labeled cyclophi-
lin cDNA probes. Representative autoradiograph shows the
hybridization signals for each mRNA indicated by arrows. The
hybridized signals were quantitated using AMBIS 4000 Optical
Image Analyzer. The proenkephalin (solid bars) and cyclophilin
mRNA (hatched bars) levels are expressed relative to the steady-
state mRNA levels observed in C6 control cells (Panel c).
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cells. From several transfected glial cell lines stably
expressing functional HTLV-1 tax1 protein, estab-
lished and characterized as described above, we
chose the best representative clonal cell line C6tx-3
and pooled clonal cell line C6tx-P for these
experiments. The expression of tax1 in these cells
was further confirmed by Western immunoblot
analysis using specific anti-tax1 monoclonal anti-
body, TAb172 (Duvall et al, 1995) (Figure 3). EMS
analyses were performed using radiolabeled AP-1
consensus double-stranded oligonucleotide probe
and nuclear extracts prepared from control and tax1

expressing glial cells. A distinct DNA : protein
complex formed by interaction of protein(s) with
AP-1 motif was observed in nuclear extracts from
control C6 as well as from tax1 expressing C6tx-P
and C6tx-3 glial cells (Figure 4, Wt lanes). The
DNA : protein complexes formed using nuclear
extracts from tax1 expressing C6 cells were con-
sistently retarded and exhibited slightly slower
electrophoretic mobility than the complexes formed
using nuclear extracts from control C6 cells. This
may be due to the possible presence of an additional
protein(s) in tax1 expressing cells that can directly
or indirectly interact and contribute to the DNA : -
protein complex formation at the AP-1 site. Addi-
tional post-translational modifications such as
phosphorylation of c-Fos and/or c-Jun proteins to
facilitate the transcriptionally enhanced DNA : pro-
tein complex formation in tax1 expressing glial
cells, may also influence the electrophoretic mobi-
lity of the complex in this analysis.

We next examined the nucleotide sequence
specificity of DNA : protein complex formation at
the AP-1 site by using a mutant motif in EMS

analysis. The mutant oligonucleotide probe was
engineered by a `CA'?`TG' substitution in the AP-1
core motif (entire `wild-type' nucleotide sequence is
stated in Materials and methods). This change
completely abolished the DNA : protein complex
formation (Figure 4, M lanes) suggesting the
requirement of CA nucleotides in the AP-1 motif
and also the specificity of AP-1 motif in the
DNA : protein complexes formed using C6tx and
C6 cell nuclear extracts.

The sequence specificity of DNA : protein com-
plex formation at the AP-1 site was further
confirmed by competition experiments using an
unlabeled (cold) wild-type AP-1 oligonucleotide
probe. In these experiments, varying molar concen-
trations of excess unlabeled, double-stranded wild-
type AP-1 oligonucleotides were added along with
the radiolabeled AP-1 oligonucleotide probe to the
EMS reactions as `cold' competitor for the DNA
binding motif. The DNA : protein complex forma-
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Figure 3 Western immunoblot analysis of HTLV-1 tax1 protein
in tax1-expressing glial cells. 250 mg of nuclear proteins from
indicated cells were loaded in each lane and immunoblot
analysis using specific antibody to tax1 was performed as
described in Materials and methods. 10 ng (lanes 2 and 6) and
50 ng (lanes 1 and 7) of highly purified tax1 protein was used as
the positive control and its position is indicated by arrow.
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Figure 4 Formation of the DNA/protein complex at the AP-1
site. EMS analysis reactions were performed using 5 mg of
nuclear extracts prepared from control C6 and tax1 expressing
C6tx-P and C6tx-3 glial cells and 32P-labeled AP-1 consensus
(Wt) or mutant (M) double stranded oligonucleotides probes as
described in Materials and methods. The reaction mixtures were
subjected to nondenaturing gel electrophoresis and the com-
plexes were detected by autoradiography. DNA : protein complex
formed at AP-1 site is indicated by an upper arrow and the
unbound free DNA probe is indicated by the lower arrow.
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tion at AP-1 site was significantly inhibited (Figure
5, lane 10X) and gradually abolished in the presence
of increasing molar concentrations of unlabeled
competitor oligonucleotides, (Figure 5, lanes 50X
and 100X) further reiterating the nucleotide se-
quence specificity of the complex formation at the
AP-1 site in control C6 and tax1 expressing C6tx-P
and C6tx-3 glial cells.

Presence of c-Fos and c-Jun proteins in the
DNA : protein complex at the AP-1 site
It is well established that c-Fos, FosB, Fra1 and Fra2
constitute the family of Fos transcription factors
and together with members of the Jun family
consisting of the c-Jun, Jun-B and Jun-D form the
AP-1 transcription complex (Curran and Vogt,
1992). It is plausible that c-Fos and c-Jun, the most
commonly associated proteins in the AP-1 tran-
scription complex, could also be associated with
complex formation at the AP-1 site in control C6
and tax1 expressing C6tx-P and C6tx-3 glial cells. To
identify the presence of c-Fos and c-Jun transcrip-
tion factors in DNA : protein complexes, a specific
polyclonal antibody to c-Fos, c-Jun or control pre-
immune serum was added to EMS reactions. The
electrophoretic mobility of the DNA : protein com-

plex formed at AP-1 site using nuclear extracts from
C6, C6tx-P and C6tx-3 cells was further retarded or
the `band' supershifted to the higher position in the
gel in the presence of c-Fos (Figure 6) and c-Jun
(Figure 7) antibodies, whereas the control pre-
immune serum did not affect the migration of the
complex and a supershift was not observed. These
results indicate the presence of c-Fos and c-Jun
proteins in the supershifted bands. The signal
intensity of supershifted complexes formed using
nuclear extracts from tax1 expressing C6tx-P and
C6tx-3 cells was consistently higher than that
observed using the nuclear extracts from control
C6 cells suggesting increased binding of c-Fos/c-Jun
proteins at the AP-1 site in the tax1 expressing cells.
The supershift EMS analysis using 10-fold diluted
nuclear extracts from above mentioned samples
also consistently revealed the same differences in
the relative intensities of signals (data not shown).
The DNA : protein : antibody complexes (`super-
shifted' complex) formed at the AP-1 site using
nuclear extracts from tax1 expressing C6tx-P and
C6tx-3 cells were always found to be modestly
retarded and exhibited slightly slower electrophore-
tic mobility than similar complexes formed using
nuclear extracts from control C6 cells. This may be
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Figure 5 Specificity of the DNA : protein complex formation at
the AP-1 site in competition EMS analysis. A 10X, 50X and
100X molar excess of unlabeled AP-1 consensus double stranded
oligonucleotides were added as competitors along with 32P-
labeled AP-1 oligonucleotides in the reaction mixtures contain-
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Figure 6 Presence of c-Fos in the protein complex binding to
AP-1 motif in EMS supershift analysis. After the DNA : protein
complexes were formed by incubating radiolabeled AP-1
consensus oligonucleotides and the nuclear extracts from C6,
C6tx-P and C6tx-3, control (pre-immune) serum or specific
polyclonal antibodies to the c-Fos protein were added to the
mixtures and immune complexes were allowed to form as
described in Materials and methods. The DNA : protein and
supershifted immune complexes were resolved by electrophor-
esis and autoradiography. The positions of free DNA, DNA : -
protein complex and of supershifted DNA : protein : antibody
complexes are indicated by arrows.
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due to the possible presence of an additional
protein(s) in tax1 expressing cells that contribute
to c-Fos/c-Jun proteins : DNA complex formation at
the AP-1 site. To test whether tax1 protein is present
in this complex, supershift EMS analysis using
specific monoclonal antibody to tax1 was per-

formed. The anti-tax1 antibody, monoclonal anti-
body TAb172, used in these experiments was
previously utilized to demonstrate the involvement
of tax1 in the transactivation of HTLV-1 tax1-
responsive-21-base-pair repeats in in vitro transac-
tivation assay (Duvall et al, 1995). Our experiments
did not reveal any supershifted complex (data not
shown) indicating the absence of tax1 protein in the
c-Fos/c-Jun proteins : DNA complex formed in the
tax1 expressing cells. However, it is possible that the
tax1 protein may be present in the DNA : protein
complex formation but the antibody TAb172 may
not recognize the epitope(s) available in tax1 for
efficient antigen-antibody reaction. Taken together,
the results of these experiments clearly indicate the
increased binding and the involvement of c-Fos and
c-Jun proteins in the complexes formed at the AP-1
site in tax1 expressing cells. Moreover, the results
further suggest the possible presence of an addi-
tional transcription factor(s), interacting with c-Fos
and/or c-Jun proteins at the AP-1 motif in tax1

expressing glial cells.

Expression of c-Fos and c-Jun proteins in the tax1

expressing glial cells
Our results of the experiments using EMS and
`supershift' assays indicated a quantitative increase
of the c-Fos/c-Jun complex formation at the AP-1
site using nuclear extracts from the tax1 expressing
glial cells. To test whether tax1 affects the levels of
constitutively expressed c-Fos and/or c-Jun pro-
teins in glial cells, we compared the c-Fos and c-Jun
protein expression in C6tx and control cells using
Western immunoblot analysis. The c-Fos protein
`band' was nearly undetectable in control C6 cells
while significantly higher c-Fos protein levels were
observed in samples from C6tx-P and C6tx-3 cells
(Figure 8a). Densitometric quantitation of autora-
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AP-1 motif in EMS supershift analysis. After the DNA : protein
complexes were formed by incubating radiolabeled AP-1
consensus oligonucleotides and the nuclear extracts from C6,
C6tx-P and C6tx-3, control (pre-immune) serum or specific
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protein complex and of supershifted DNA : protein : antibody
complexes are indicated by arrows. The autoradiograph was
deliberately overexposed to detect and document the DNA : pro-
tein : antibody complex formation in the control C6 cells.
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diographs from at least three independent experi-
ments showed that the c-Fos protein levels were 7-
and 50-fold higher in C6tx-P and C6tx-3 cells,
respectively, than those observed in the control C6
cells. Contrary to this, the c-Jun protein `band' was
easily detectable in the control cells and the protein
levels varied insignificantly (Figure 8b, lane C6tx-P)
or were marginally increased by about 2-fold in the
tax1 expressing C6tx-3 cells (Figure 8b). These
results suggest that the tax1 protein significantly
induces the c-Fos protein expression in tax1

expressing glial cells, in part, to facilitate the
functionally and quantitatively enhanced c-Fos/c-
Jun complex formation at the AP-1 site in the
proenkephalin gene promoter.

Discussion

Our previous report showed that the proenkephalin
gene is transactivated by the HTLV-1 tax1 protein in
glial cells (Joshi and Dave, 1992) and the nucleotide
sequence downstream of 7190 bp consistently
retained the ability to minimally transactivate the
proenkephalin gene promoter. In order to under-
stand the molecular mechanism(s) of the tax1-
mediated activation of the proenkephalin gene, we
investigated the cellular transcription factors in tax1

expressing glial cells that associate with the
proenkephalin promoter conferring the minimal
transactivation. In this study, we characterize and
demonstrate the significantly enhanced interaction
and involvement of c-Fos/c-Jun proteins in the
complexes formed at the AP-1 site. The HTLV-1
tax1 expressing stable cell lines used in these
experiments produced functional tax1 protein as
evidenced by its ability to transactivate both the
HTLV-1 LTR and proenkephalin gene promoters.
The tax1 produced in these cells also specifically
transactivated the endogenous proenkephalin gene
expression but not the expression of a housekeeping
gene, cyclophilin, emphasizing the cogency and the
utility of the cell lines in studying tax1-mediated
transregulation of the proenkephalin gene.

The comparative EMS and `supershift' analysis
using specific antibodies and nuclear extracts from
normal and tax1 expressing glial cells clearly
indicated the enhanced presence of c-Fos and c-
Jun proteins in the DNA : protein complex formed at
the AP-1 site (Figures 6 and 7). The complexes
formed using nuclear extracts from the tax1 expres-
sing C6tx cells consistently exhibited modestly
retarded electrophoretic mobility compared to
similar complexes formed using nuclear extracts
from the control C6 cells. This may be due to the
possible presence of additional transcription factors
associated with the primary complex formed at the
AP-1 site. The transacting factors interacting at the
AP-1 site predominantly represent the protein
products of the Fos and Jun gene families that

become active transcription factors by forming Fos/
Jun heterodimers or Jun/Jun homodimers at a
specific cognate cis-acting element (Vogt and Bos,
1990). These AP-1 transcription factors constitute a
subfamily within a larger family of bZIP proteins
whose members form a variety of dimeric com-
plexes with each other via leucine-zipper domains.
For example, c-Fos can heterodimerize with ATF-4,
but not with ATF-2 and ATF-3 (Hai and Curran,
1991) and c-Jun can form dimers with ATF-2, ATF-3
and ATF-4, but not with ATF-1 and CREB (Hai and
Curran, 1991). c-Ets1 can also functionally associate
with the c-Fos/c-Jun primary complex (Logan et al,
1996) and recently, the novel bZIP protein B-ATF,
from Epstein-Barr virus stimulated human B-cells,
was shown to efficiently interact with c-Jun/c-Fos
proteins at an AP-1 site (Dorsey et al, 1995).
Previously ATF-2 and ATFa have been identified
as the targets for the adenoviral transactivator
protein E1A (van Dam et al, 1993; Chatton et al,
1993) and HTLV-1 tax1 (Montagne et al, 1990). Our
results do not rule out the conceivably specific and/
or combinatorial effect of tax1-influenced posttran-
slational modification of both pre-existing and
newly synthesized transcription factors that may
associate with the primary complex formed at the
AP-1 site in tax1 expressing glial cells, contributing
to the apparent retarded mobility of the complex.
Phosphorylation of serine residues located within
the transactivation domain of c-Jun potentiates its
ability to activate transcription as either a homo-
dimer or a heterodimer with c-Fos (Deng and Karin,
1994). Additionally, phosphorylation may augment
c-Jun transcriptional activity through recruitment of
CBP, a protein that binds to another bZIP transcrip-
tion factor, phospho-CREB, that is activated by
protein kinase A (Kwok et al, 1994; Arias et al,
1994). Likewise, phosphorylation of c-Fos leading
to functional enhancement of transcriptional activ-
ity is well documented (Abate et al, 1991; Karin,
1995).

The c-Fos/c-Jun mediated proenkephalin gene
regulation by various physiological modulators in
brain is a focus of intensive investigations and it
has been adequately demonstrated that the AP-1
transcription factors can functionally up- or down-
regulate proenkephalin gene expression (Sonnen-
berg et al, 1989; Kobierski et al, 1991). The HTLV-
1 tax1 protein is known to transactivate the c-fos
promoter (Fujii et al, 1988) as well as to enhance
the expression of c-fos gene (Fujii et al, 1991). Our
results demonstrate the significantly higher ex-
pression of c-Fos protein in the tax1 expressing
glial cells (Figure 8a). Therefore, it is conceivable
that the tax1 induced c-Fos protein levels and the
concurrently increased association of c-Fos/c-Jun
transcription factors at the AP-1 site imply a strong
functional significance in the activation of the
proenkephalin gene expression in the tax1 expres-
sing glial cells.
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The action of HTLV-1 tax1 protein on its own viral
LTR promoter and on targeted cellular gene promo-
ters is highly pleiotropic in nature and does not
mandate a requirement for a unique consensus
cis-acting element. Moreover, tax1 does not bind
directly to DNA, but exerts its effect by recruiting
cellular transcription factors for its action. The tax1

protein autoregulates viral RNA transcription by
interacting at multiple tax1 responsive cis-acting
elements (TREs) in the HTLV-1 LTR promoter
(Reviewed in Gitlin et al, 1993). Our earlier report
demonstrated that nucleotide sequences between
7190 bp and 7437 bp in the proenkephalin gene
promoter were required for maximal transactivation
and that the sequences downstream of 7190 bp
consistently retained a modest level of transactiva-
tion by the tax1 protein (Joshi and Dave, 1992).
Hence, it is possible that the AP-1 cis-acting element
located within the well-characterized ENKCRE-2
(Comb et al, 1988) motif (792 to786 bp) alone may
be sufficient to confer the tax1-mediated modest
transactivation. This proximal element may also
further co-operate with the relatively stronger, albeit
different, distal element in potentiating the maximal
activation of the proenkephalin gene in the glial
cells. Recently, Low et al (1994) identified a cyclic
AMP-responsive AP-1 element (792 to 786 bp) as
the region in the proenkephalin gene responsive to
tax1 in normal, concanavalin A, cyclic AMP and 12-
o-tetradecanoylphorbol-13-acetate treated Jurkat T-
lymphocytes and showed the involvement of ATF-3
but not of CREB, c-Fos, c-Jun, JunB and JunD in tax1

dependent activation in murine teratocarcinoma F9
cells. However, earlier Kadison et al (1990) had
demonstrated that a plasmid containing proenke-
phalin gene sequences from bp 7193 to +70 bp
(ENKAT or pENKAT-12) was unresponsive to tax1 in
wild-type S49 thymoma cells.

These differences observed in glial, thymoma,
Jurkat T-lymphocytes and F9 teratocarcinoma cells
suggest that the molecular mechanism(s) of tax1-
mediated transactivation of proenkephalin gene
may be cell-specific in recruiting the cellular
transcription factor(s). This, in turn, may dictate
the differential use of one or multiple cognate cis-
acting element(s) for gene activation/repression in
the given cell type. Indeed, recently Wigdahl and
his colleagues highlighted such differences between
Jurkat T-lymphocytes and glial cells and identified
and characterized the glial cell-specific DNA-
protein complexes formed with the HTLV-1 LTR
21 bp enhancer element that is required for tax1-
mediated activation of viral RNA transcription
(Tillman et al, 1994; Wessner et al, 1995). The
ability of HTLV-1 to engineer selective interplay
with diverse cell-type specific transcription factors
could be crucial to differentially infecting neural or
immune cells, further underscoring the complex-
ities involved in the pathogenesis of HTLV-1
associated disorders.

Materials and methods

Cell culture, plasmid DNAs, transient and stable
transfections
C6 rat glioma cells (from American Type Culture
Collection, Rockville, MD) were cultured at 378C in
175 or 75 cm2 flasks containing 90% DME medium
(GIBCO BRL/Life Technologies) supplemented with
20 mM Hepes, pH 7.3 and 10% fetal calf serum
(HyClone Laboratories) in humidified, 5% CO2

incubator. Plasmid pU3RCAT (pHTLV-1 LTR
CAT) was the kind gift of Dr K-T Jeang. pCMVbgal
plasmid was kindly provided by Dr Rong Fong Shen
and the proenkephalin cDNA plasmid pYSEC1 was
kindly supplied by Dr SL Sabol. All plasmids used
in transfection assays were banded twice by CsCl-
ethidium bromide density gradient centrifugation.
Transfections were performed essentially as de-
scribed (Joshi and Dave, 1992) with minor mod-
ifications. For transient transfections, the cells were
seeded at 36105 cells per 100 mm dish 48 h prior to
transfection. CaPO4/DNA precipitates, generally
containing 15 mg pHTLV-1 LTR CAT and 5 mg
pCMVbgal DNAs were prepared as described (Gor-
man et al, 1982) and applied to the cells and the
cells incubated for 18 h in the growth conditions
described above. At the end of this incubation, the
monolayer cells were washed twice with DMEM,
fresh growth medium was added and the cells were
harvested 24 h later for chloramphenicol acetyl-
transferase (CAT) and b-galactosidase enzyme
assays. For establishing the stably transfected cell
line expressing HTLV-1 tax1 protein, 16105 C6
glioma cells/100 mm dish were transfected with
5 mg pMAXneo plasmid (Paskalis et al, 1986; Ohtani
et al, 1987) which contains entire tax1 coding gene
(open reading frame IV of the pX region, Sodroski et
al, 1985) of HTLV-1 isolated from ATL patient and
bacterial neomycin (G418) gene cartridge. After
48 h, the cells were transferred to medium supple-
mented with 725 mg/ml G418 (Geneticin, GIBCO
BRL/Life Technologies) and grown for 2 weeks
under continuous G418 selection. At the end of 2
weeks, in order to minimize the possible plasmid
integration site bias, several individual G418
resistant colonies were picked and grown as
independent clonal cultures while the rest of the
G418 resistant colonies were pooled and propa-
gated in G418 containing medium.

Chloramphenicol acetyltransferase (CAT) and b-
galactosidase assays
Cells were harvested in phosphate-buffered saline
and lysed by four cycles of freezing and thawing,
centrifuged at 12 0006g for 2 min and the super-
natants assayed for protein content by the BCA
(Pierce Chemicals) reagent. A portion of the lysate
was immediately used to determine b-galactosidase
activity and the rest of the lysate was heated at 608C
for 10 min to inactivate endogenous deacetylase
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activity (Mercola et al, 1985), centrifuged at
12 0006g for 2 min and the supernatants were re-
assayed for protein content using the BCA (Pierce
Chemicals) reagent in 96-well plates. CAT and b-
galactosidase assays were performed as described
previously (Jiang et al, 1993). Briefly, the CAT assay
reaction mixture included cell extract, 133 mM
chloramphenicol (Boehringer Mannheim), 0.1 mCi
[3H]acetyl-CoA(Amersham), 66 mM acetyl-CoA(P-L
Biochemicals), and 250 mM Tris.Cl pH 7.8. The
reaction mix was incubated at 378C for 6 h,
extracted with ethyl acetate, back-extracted with
250 mM Tris.Cl pH 7.8 buffer in order to remove
residual [3H]acetyl-CoA or degraded products, if
any, contaminating the ethyl acetate layer, dried
and radioactivity was counted in scintillation
counter. The b-galactosidase activity was assayed
in 96-well plates using modification of previously
described (Miller, 1972) method. The specific CAT
activity (counts/min/h of CAT assay reaction/mg
protein) was divided by the specific b-galactosidase
activity (ODA420 nm/h/mg protein) to obtain a
relative CAT activity normalized for variations in
transfection efficiency.

RNA isolation and Northern blot analyses
Confluent C6 and C6tx cells were lysed and
sonicated in 4 M guanidinium thiocyanate solution
(Chirgwin et al, 1979). Total RNA was purified by
centrifugation through a cushion of 5.7 M CsCl and
0.1 M EDTA at 208C (usually a 2 ml cushion in a
Beckman SW55 Ti rotor at 42 000 r.p.m. for 12 ±
14 h), followed by phenol/chloroform extraction
and ethanol precipitation. Northern blot analysis of
proenkephalin and cyclophilin mRNAs was per-
formed according to standard methods (Sambrook
et al, 1989) with 6% formaldehyde-1% agarose gels
and capillary transfer to Nytran membranes (Schlei-
cher and Schuell, Keene, NH). Blots were hybri-
dized with the 32P-labeled (random primed) 930 bp
Sac I-Sma I fragment of the rat proenkephalin cDNA
clone pYSEC1 as described (Joshi and Sabol, 1991).
Same blots were re-hybridized with random primed
32P-labeled 712 bp EcoRI fragment of the rat
cyclophilin (house-keeping gene) cDNA clone pCyp
(Lad et al, 1991). The autoradiograms were quanti-
tated by densitometry using AMBIS 4000 optical
image analysis system.

Oligonucleotides and radiolabeling
AP-1 consensus and mutant double-stranded (ds)
oligonucleotides used in electrophoretic mobility
shift analysis were purchased from Santa Cruz
Biotechnology. The AP-1 core motif is underlined
in the following sqeuence: 5'-CGCTTGATGACT-
CAGCCGGAA-3'. The proenkephalin gene's AP-1
regulatory sequence is functionally indentical
which adheres to the AP-1 consensus and binds
Fos-Jun heterodimers (Morgan and Curran, 1991).
The mutant was engineered by `CA'?`TG' substitu-

tion in the AP-1 core motif. The wild-type and
mutant ds oligonucleotides used as probes in
electrophoretic mobility shift assays were end-
labeled (phosphorylated) with [g-32P]ATP (3000 Ci/
mmol, Amersham) using polynucleotide kinase
(Boehringer Mannheim) following manufacturer's
protocol. The unincorporated [g-32P]ATPs were
removed from the reaction mixture using Sephadex
G-25 quick spin columns (Boehringer Mannheim),
and the radioactivity counted using a liquid
scintillation counter.

Nuclear extracts, electrophoretic mobility shift
(EMS) and supershift analysis
Nuclear extracts used in EMS analysis were
prepared from rapidly growing sub-confluent cul-
tures of normal C6 and tax1 expressing stable C6
glial cell lines following previously described
procedure (Dignam et al, 1983). Protein content in
the nuclear extracts was determined using BCA
reagent kit (Pierce Chemicals). The typical EMS
analysis reaction mixture of 20 ml volume contained
56104 c.p.m. of [32P] labeled ds oligonucleotides,
5 mg nuclear extract, 10 mM Tris.Cl (pH 7.5),
75 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol,
3.5% (v/v) glycerol, 1 mg of poly(dI : dC) and 100 mg
of bovine serum albumin. After incubation for
30 min at room temperature, the mixtures were
loaded on a 6% polyacrylamide gel and electro-
phoresis was performed in a 0.5X Tris-borate (pH
8.0) buffer at 200 V at 48C (gels were pre-run for 1 h
at 200 V). The gels were then dried prior to
autoradiography. In the competition experiments,
varying concentrations of excess unlabeled (cold)
competitor ds oligonucleotides were added along
with the radiolabeled analogous oligonucleotide
probe to the EMS reactions as a competitor for the
binding motif. For supershift analysis, the EMS
reaction was performed as described above and 2 ml
of specific rabbit polyclonal antiserum to c-Fos and
c-Jun (100 mg/0.1 ml, Santa Cruz Biotechnology) or
control rabbit pre-immune antiserum (100 mg/
0.1 ml) for gel shift assays were added to the
reactions. The reactions were incubated overnight
at 48C and complexes resolved by polyacrylamide
gel electrophoresis. The nuclear extracts prepared
from phorbol-ester treated rat KNRK cells used in
the Western immunoblot analysis were purchased
from Santa Cruz Biotech.

Western immunoblot analysis
For Fos and Jun protein detection, 75 mg of nuclear
extract proteins prepared from control and tax1

expressing glial cells were suspended in 26 SDS
gel loading buffer containing 100 mM Tris.Cl (pH
6.8), 200 mM dithiothreitol, 4% (w/v) sodium
dodecyl sulfate (SDS), 0.2% (w/v) bromophenol
blue and 20% (v/v) glycerol. The mixtures were
heated for 5 min at 958C, cooled to room tempera-
ture and electrophoresed on a 10% SDS-polyacry-
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lamide gel in 16Tris-glycine (pH 8.3) buffer at 45 V
overnight. The gel was electroblotted to a Hybond
ECL nitrocellulose membrane (Amersham) for 4 h at
150 mA using transfer buffer (39 mM glycine,
48 mM Tris-base, 20% methanol and 0.037% SDS,
pH 8.3) and the membrane air dried. Non-specific
binding sites were blocked by incubating the
membrane in TBS-T buffer (20 mM Tris-base,
137 mM NaCl and 0.1% Tween-20, pH 7.6) contain-
ing 5% (wv) non-fat dried milk for 1 h at room
temperature with gentle shaking. The membrane
was then washed with TBS-T once for 15 min and
twice for 5 min at room temperature. Specific rabbit
polyclonal antibodies for immunoblottings of c-Fos
and c-Jun (100 mg/0.1 ml, Santa Cruz Biotechnol-
ogy) were diluted to 1 : 500 in TBS-T and the
membrane was incubated in the diluted primary
antibodies for 1 h at room temperature followed by
the washing in TBS-T buffer as described above.
The membrane was then incubated in 1 : 10 000
dilution of horseradish peroxidase (HRP) conju-
gated anti-rabbit antibody (200 mg/0.5 ml, Santa
Cruz Biotechnology) for 45 min at room tempera-
ture and washed in TBS-T buffer as described
above. The immunoreactive specific proteins were
detected by chemiluminescence reagents (Amer-
sham International) as instructed by supplier and
autoradiography. Prestained molecular weight mar-
ker proteins were purchased from Bio-Rad Labora-
tories (Melville, New York).

For the detection of tax1 protein, 250 mg of
nuclear extract proteins prepared from control and
tax1 expressing glial cells and 10 ng and 50 ng of
highly purified tax1 protein (a kind gift of Dr Fatah

Kashanchi, NIH) as positive control, were electro-
phoresed on 8% SDS-polyacrylamide gel and
transferred to membrane as described above.
Specific mouse anti-tax1 antibody (a kind gift of Dr
Fatah Kashanchi, NIH), immunoglobulin G2A-pur-
ified monoclonal antibody TAb172 (Duvall et al,
1995) was diluted to 1 : 1000 in TBS-T and the
membrane was incubated in the diluted primary
antibodies for 1 h at room temperature followed by
the washing in TBS-T buffer as described above.
The membrane was then incubated in 1 : 10 000
dilution of horseradish peroxidase (HRP) conju-
gated anti-mouse IgG antibody (1 mg/ml, Promega
Corporation) for 45 min at room temperature and
washed in TBS-T buffer as described above. The
immunoreactive specific proteins were detected by
chemiluminescence reagents (Amersham Interna-
tional) as instructed by supplier and autoradiogra-
phy.
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