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The human T-cell lymphotropic virus type I (HTLV-I)-encoded protein, Tax, is capable of trans-activating
HTLV-I transcription by interacting with specific sequences in the HTLV-I long terminal repeat (LTR) which
comprise an inducible enhancer containing three imperfect tandem repeats of a 21-bp sequence. There is no
evidence that purified Tax can bind to DNA in the absence of cellular factors, suggesting that Tax most likely
regulates transcription via interaction with cellular factors. Since HTLV-I is a documented agent of adult T-cell
leukemia and tropical spastic paraparesis, disorders of the immune and nervous systems, respectively,
characterization of cellular factors of lymphoid and neuroglial origin which interact with the 21-bp repeat
elements is essential to understanding of the mechanisms involved in basal and Tax-mediated transcription in
cells of immune and nervous system origin. Utilizing electrophoretic mobility shift (EMS) analyses, we have
detected both 21-bp repeat-specific and glial cell-specific DNA-protein complexes. Several 21-bp repeat-specific
DNA-protein complexes were detected when nuclear extracts derived from cells of lymphoid (Jurkat, SupTl,
and H9), neuronal (IMR-32 and SK-N-MC), and glial (U-373 MG, Hs683, and U-118) origin were used in
reactions with each of the three 21-bp repeat elements. In addition, a glial cell-specific DNA-protein complex
was detected when nuclear extracts derived from U-373 MG, Hs683, and U-118 glial cell lines reacted with the
promoter-distal and central 21-bp repeat elements. Furthermore, EMS analyses performed with nuclear
extracts derived from lymphocytic and glial cell origin and a 223-bp fragment of the HTLV-I long terminal
repeat encompassing the three 21-bp repeat elements (designated Tax-responsive elements 1 and 2, TRE-1/-2)
have also resulted in the detection of glial cell type-specific DNA-protein complexes. Competition EMS
analyses with oligonucleotides containing transcription factor binding site sequences indicate the involvement
of a cyclic AMP response element binding protein in the formation of DNA-protein complexes which form with
all three 21-bp repeat elements and the glial cell-specific DNA-protein complex as well as the involvement of
Spl or an Spl-related factor in the formation of the 21-bp repeat III-specific DNA-protein complexes.

Human T-cell lymphotropic virus type I (HTLV-I) is a
documented etiologic agent of both hematologic and neuro-

logic disorders. Specifically, HTLV-I has been determined to
be an etiologic agent of both adult T-cell leukemia and a slowly
progressive neurologic disorder, tropical spastic paraparesis (3,
18, 40, 46, 50, 51). However, the viral and host factors involved
in determining the ultimate outcome of HTLV-I infection
(malignancy versus neurologic dysfunction) remain to be elu-
cidated. While the interaction of HTLV-I with cells of lym-
phoid origin has been examined extensively, relatively little is
known concerning the interaction of HTLV-I with cells resid-
ing in the central nervous system.
Any aspect of the retroviral life cycle, including entry,

reverse transcription, integration, transcription, and assembly,
may impact on the oncogenic and/or neuropathogenic pro-
cesses associated with virus infection. Furthermore, these
processes may be highly dependent on interactions occurring
between retrovirus- and host cell-specific components. Subse-
quent to viral entry, the outcome of HTLV-I infection in a

given cell type within either the immune or nervous system is
critically dependent on cellular factors that interact with
retroviral sequences involved in transcriptional regulation. The
integrated retroviral genome is flanked at both ends by non-

coding long terminal repeat (LTR) sequences composed of
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three regions, U3, R, and US (Fig. 1). The LTRs are integral
components of the viral regulatory system containing informa-
tion essential to the regulation of retroviral integration, tran-
scription, and replication.

Evidence demonstrating that the LTR sequences of some

retroviruses play a role in tissue and cell type specificity and
may also be involved in determining the course of disease
associated with retroviral infection has been presented (7, 8,
31, 41). Use of the murine retrovirus system has suggested that
the in vitro host range of selected murine leukemia viruses is
determined by the retroviral LTR, specifically the U3 region
(7, 8, 31, 41). For several murine retroviruses, minor variations
in the proviral genome, particularly the LTR or envelope gene,
result in alterations in the cellular tropism of the retrovirus
and, in turn, in its pathogenicity (7, 31, 37, 41). In addition, the
promoters of several retroviruses, including Moloney and
Friend murine leukemia viruses and human immunodeficiency
virus, have been implicated in cell type-specific expression
(7-9, 31, 41). For example, when transgenic mice were gener-
ated by utilizing the LTRs from either central nervous system-
derived or T-cell-derived human immunodeficiency virus
strains, expression of the reporter gene was detected only in
mice transgenic for the central nervous system-derived LTRs
(9). Furthermore, in support of the idea that the LTR has a

role in tissue type- or cell type-specific expression of HTLV-I,
the generation of transgenic mice bearing a transgene com-

posed of the HTLV-I LTR isolated from a patient with tropical
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FIG. 1. (A) Structure of the HTLV-I LTR in the context of the viral genome. The 21-bp repeat elements are located within the U3 region of
the LTR at positions -251 to -231, -203 to -183, and -103 to -83 relative to the transcriptional start site. (B) Sequence comparison of the
three 21-bp repeat elements. The regions of strict conservation among the 21-bp repeat elements are indicated by the broken boxes representing
(from left to right) domains A, B, and C.

spastic paraparesis linked to a reporter gene demonstrated that
LTR-directed expression of the reporter gene occurred pri-
marily in cells of the central nervous system (20).
With respect to HTLV-I, virus-specific transcription is de-

pendent on cis-acting enhancer sequences comprising three
21-bp imperfectly repeated elements located within the U3
region of the HTLV-I LTR at positions -251 to -231, -203
to -183, and -103 to -83 relative to the transcriptional start
site (Fig. 1) (38, 43). Immediately following virus infection, low
but necessary levels of HTLV-I transcription which are criti-
cally dependent on cellular transcription factors are attained.
Basal levels of transcription are greatly enhanced by the
virus-encoded regulatory protein, Tax, which mediates trans
activation of the HTLV-I LTR through the 21-bp repeat
elements (14, 42, 44, 46, 47). As with basal transcription,
Tax-mediated transcriptional trans activation of the HTLV-I
LTR requires the participation of cellular intermediaries (16,
19, 38, 46, 48,53). Mutagenesis studies have shown that at least
two 21-bp repeat elements are necessary for efficient transcrip-
tional activation (14, 39, 45, 46). A number of proteins, of both
cellular and viral origin, which interact either directly or
indirectly with sequences in the HTLV-I LTR have been
identified (see references 33 and 46 for reviews). However, the
proteins in these studies were identified by utilizing cell lines
derived from sources other than the nervous system. Because
the interaction of host cellular factors with the 21-bp repeat
elements and possibly other regions of the HTLV-I LTR is
critical for basal and Tax-mediated expression, further identi-
fication and characterization of the cellular factors of immune
system and nervous system origins which interact with the LTR
regulatory unit is essential to understanding of the molecular
mechanisms involved in HTLV-I LTR-directed transcription
in these cell populations.
While each of the 21-bp repeat elements has three strictly

conserved domains, termed A, B, and C (Fig. 1) (46), these
domains comprise only 13 of the 21 base pairs. Studies have
suggested, utilizing the DNase I protection assay, that there is
differential binding of cellular factors to each of the three
21-bp elements (36). Differential binding of cellular factors to
the enhancer elements, in turn, may play a role in basal and
Tax-mediated HTLV-I LTR-directed transcription. Therefore,
characterization of the DNA-protein complexes formed be-
tween cellular factors and each of the 21-bp repeat elements is
warranted. In addition, identification of tissue type- or cell
type-specific factors which interact with these elements may
provide important information concerning the regulation of
HTLV-I gene expression in cells of immune versus nervous
system origin. In an effort to characterize the interaction of
cellular factors with each of the three 21-bp repeat elements,

we have utilized double-stranded oligonucleotides homologous
to each of the 21-bp repeat elements as well as a native
fragment of the HTLV-I LTR containing the three 21-bp
repeat elements (designated Tax-responsive elements 1 and 2,
TRE-1/-2) in reactions with nuclear extracts derived from
selected cell lines of lymphocytic, neuronal, and glial origins in
electrophoretic mobility shift (EMS) analyses. Both 21-bp
repeat-specific DNA-protein complexes and a glial cell type-
specific DNA-protein complex were detected, whose forma-
tion may involve Spl or an Spl-related factor and a cyclic AMP
response element (CRE) binding protein (CREB)-activating
transcription factor (ATF) family member(s), respectively.
These studies also indicate that the three 21-bp repeat ele-
ments are not functionally equivalent with respect to DNA-
protein complex formation.

MATERMILS AND METHODS

Cells. Human T-cell lymphocytic cell lines utilized in these
studies include Jurkat (ATCC TIB 152), SupTl (provided by F.
Gonzalez-Scarano, Departments of Neurology and Microbiol-
ogy, University of Pennsylvania, Philadelphia, Pa.), and H9
(Thomas Folk, Retrovirus Disease Branch, Centers for Dis-
ease Control and Prevention, Atlanta, Ga.). All T-cell lines
were cultured and maintained at 37°C with 5% CO2 in RPMI
1640 medium. Human neuronal cell lines utilized include
IMR-32 (ATCC CCL 127) and SK-N-MC (ATCC HTB 10).
Neuronal cell lines were cultured and maintained at 37°C in
Eagle minimal essential medium buffered with N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES). Human
glial cell lines utilized in these studies include U-373 MG
(ATCC HTB 17), Hs683 (ATCC HTB 138), and U-118
(ATCC HTB 15). Glial cell lines were cultured and maintained
at 37°C in Eagle minimal essential medium. All medium
formulations were supplemented with 10% heat-inactivated
fetal calf serum, penicillin (100 U/ml), streptomycin (100
,ug/ml), 2 mM L-glutamine, and 0.075% NaHCO3.
Nuclear extract preparation. Nuclear extracts of all cell lines

were prepared as described previously (11), with minor mod-
ifications. Briefly, cultured cells were collected and nuclei were
isolated with hypotonic buffer (10 mM HEPES [pH 7.9, 4°C],
1.5 mM MgC12, 10 mM KCl, 0.2 mM phenylmethylsulfonyl
fluoride, 0.5 mM dithiothreitol) in a Dounce homogenizer
(type B) at 4°C. Nuclear proteins were extracted at 4°C with
high-salt buffer (20 mM HEPES [pH 7.9, 4°C], 25% glycerol,
1.5 mM MgCl2, 1 M KCl, 0.2 mM EDTA, 0.2 mM phenyl-
methylsulfonyl fluoride, 0.5 mM dithiothreitol) and dialyzed
against 50 volumes of dialysis buffer (20 mM HEPES [pH 7.9,
4°C], 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 0.2 mM
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phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol) for 5 h
at 4°C. Precipitated proteins and debris were removed by
centrifugation at 21,000 x g for 30 min at 4°C. Protein
quantitation of nuclear extracts was performed by the Bio-Rad
protein assay (based on the Bradford dye-binding procedure
[5]). Extracts were separated into aliquots, frozen in liquid
nitrogen, and stored at -80°C at a concentration of 3 mg/ml.

Oligonucleotide synthesis and radiolabeling. Complemen-
tary single-stranded oligonucleotides homologous to each of
the three HTLV-I 21-bp repeat elements were synthesized
(Macromolecular Core Facility, The Pennsylvania State Uni-
versity College of Medicine) and annealed by heating for 10
min at 90°C and cooling to room temperature. For EMS
analyses examining the role of flanking DNA in DNA-protein
complex formation, double-stranded oligonucleotides contain-
ing sequences homologous to the 21-bp repeat elements with
native flanking sequences, with restriction endonuclease site-
flanking DNA sequences, or without flanking DNA sequences
were synthesized. The sequences of the full-length, double-
stranded oligonucleotides were as follows: the three 21-bp
repeat elements flanked by native HTLV-I LTR sequences,
5' -AGACTAAGGCTCTGACGTCTCCCCCCAGAGG-3'
(I FS), 5'-CAGGCTAGGCCCTGACGTGTCCCCCTGAA
GA-3' (II FS), and 5'-GCCCTCAGGCGTTGACGACAACC
CCTCACCT-3' (III FS); the three 21-bp repeat elements
alone with no flanking DNA sequences, 5'-AAGGCTCTGA
CGTCTCCCCCC-3' (I), 5'-TAGGCCCTGACGTGTCCCC
CT-3' (II), and 5'-CAGGCGTTGACGACAACCCCT-3' (III);
and the three 21-bp repeat elements flanked by irrelevant
DNA sequences in the form of restriction endonuclease sites
BamHI and HindIII, 5'-GATCCAAGGCTCTGACGTCTC
CCCCCAAGCT-3' (I RS), 5'-GATCCTAGGCCCTGACGT
GTCCCCCTAAGCT-3' (II RS), and 5'-GATCCCAGGCG
TTGACGACAACCCCTAAGCT-3' (III RS) (each 21-bp re-
peat is flanked by the restriction endonuclease sequences for
BamHI [5' end of the 21-bp repeat] and HindIl [3' end of the
21-bp repeat]). For mutational analyses of 21-bp repeat III, a
synthetic oligonucleotide (21-bp repeat IIIAII, 5'-GCCCT
CAGGCGTTGACGTGTCCCCCTCACCT-3') in which four
nucleotides between conserved domains B and C were changed
to the corresponding nucleotides in 21-bp repeat II was
synthesized. The 21-bp repeat I corresponds to nucleotides
-251 to -231 (promoter distal), 21-bp repeat II corresponds
to nucleotides -203 to -183 (central), and 21-bp repeat III
corresponds to nucleotides -103 to -83 (promoter proximal)
with respect to the transcriptional start site (Fig. 1) (38, 43).
Transcription factor binding site oligonucleotides used for
competition EMS analyses include (i) a CRE oligonucleotide,
5'-GATTGGCTGACGTCAGAGAGCT-3', and (ii) an Spl
binding site oligonucleotide, 5'-GATCGATCGGGGCGGGG
CGATC-3' (Stratagene). The oligonucleotides with 5' exten-
sions were labeled with [a.-32P]dCTP and the Klenow fragment
of DNA polymerase I. The blunt-ended double-stranded oli-
gonucleotides were end labeled with [y-32P]ATP and T4
polynucleotide kinase.

Generation of the 223-bp fragment of the HTLV-I LTR
encompassing the three 21-bp repeat elements (TRE-1/-2).
PCR amplification was utilized to generate a DNA fragment,
TRE-1/-2, from the HTLV-I LTR, extending from the ApaI
restriction endonuclease site at position -268 to the NdeI
restriction endonuclease site at position -46 relative to the
transcriptional start site. The TRE-1/-2 fragment contains the
three 21-bp repeat elements and intervening sequences in the
context of their native positions within the HTLV-I LTR and
comprises sequences previously referred to as the Tax-respon-
sive elements TRE-1 and TRE-2. The two PCR primers were

homologous to sequence -268 to -249 (5' primer) and to
sequence -65 to -46 (3' primer). After PCR amplification,
the resulting 223-bp fragment was end labeled with [-y-32P]ATP
and T4 polynucleotide kinase.
EMS analyses. Standard EMS analyses were performed

essentially as described by Gamer and Revzin (17). Approxi-
mately 50,000 cpm of radiolabeled double-stranded oligonu-
cleotide (0.1 to 1.0 ng) was used in a reaction with 12 jig of
protein and 2 jig of poly(dI-dC) in a total reaction volume of
15 RI for 30 min at 30°C. All components were simultaneously
mixed by brief centrifugation. For preincubation EMS analy-
ses, the nuclear extracts were incubated with the 2 ,ug of
poly(dI-dC) for 10 min at room temperature prior to incuba-
tion with radiolabeled probe DNA. For competition EMS
analyses, unlabeled competitor oligonucleotides were simulta-
neously incubated with nuclear extract, poly(dI-dC), and ra-
diolabeled probe DNA for 30 min at 30°C and subjected to
electrophoresis. Following incubation, 2 RI of loading buffer
(50% glycerol, 0.1 M EDTA [pH 8.0], 0.1% bromphenyl blue,
0.1% xylene cyanol) was added and each reaction mixture was
subjected to electrophoresis in a 4% high-ionic-strength native
polyacrylamide gel (prerun for 1.5 h at 100 V) at 30 mA. The
polyacrylamide gels were dried under a vacuum at 80°C for 1.5
h prior to autoradiography.

RESULTS

Detection of 21-bp repeat-specific and cell type-specific
DNA-protein complexes. Because of the incomplete conserva-
tion among the three 21-bp repeat elements, EMS analyses
were performed to detect DNA-protein complexes which
formed between each of the three 21-bp elements and nuclear
factors derived from selected cell lines. Since only 13 of the 21
nucleotides of each 21-bp repeat element are strictly con-
served, it is possible that 21-bp repeat-specific DNA-protein
complexes form when each of the three 21-bp repeat elements
individually react with cellular factors. Standard EMS analyses
were performed with nuclear extracts derived from cells of
lymphocytic (Jurkat, SupTl, and H9), neuronal (IMR-32 and
SK-N-MC), and glial (U-373 MG, Hs683, and U-118) origins
and each of the three 21-bp repeat elements present in the U3
region of the HTLV-I LTR. Four low-mobility DNA-protein
complexes, designated Cl, C2, C3, and C4, were detected when
Jurkat-, SupTl-, H9-, IMR-32-, and SK-N-MC-derived nuclear
extracts were used in individual reactions with radiolabeled
21-bp repeat I (Fig. 2). In addition, several high-mobility
DNA-protein complexes were also detected (Fig. 2, bracket).
DNA-protein complexes with similar electrophoretic mobili-
ties were detected in EMS analyses performed with nuclear
extracts derived from the glial cell lines U-373 MG (Fig. 2),
Hs683 (Fig. 2), and U-118 (data not shown).
Four low-mobility and several high-mobility DNA-protein

complexes were also detected when nuclear extracts derived
from Jurkat, SupTl, H9, IMR-32, and SK-N-MC cell lines
reacted with radiolabeled 21-bp repeat II (Fig. 2). The four
low-mobility DNA-protein complexes had electrophoretic mo-
bilities similar to those of the DNA-protein complexes, Cl to
C4, detected in EMS analyses utilizing 21-bp repeat I. DNA-
protein complexes Cl to C4 were also detected when U-373
MG (Fig. 2), Hs683 (Fig. 2), and U-118 (data not shown)
nuclear extracts were incubated with 21-bp repeat II. However,
the Cl and C2 DNA-protein complexes detected when either
21-bp repeat I or II was used as a probe in EMS analyses with
glial cell-derived nuclear extracts were routinely less abundant.
Furthermore, a glial cell type-specific DNA-protein complex
with an electrophoretic mobility between those of C2 and C3
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FIG. 2. EMS analyses with nuclear extracts derived from lympho-
cytic, neuronal, and glial cell lines in reaction with each 21-bp repeat
element. Standard EMS reaction mixtures containing 12 ,ug of lym-
phocytic (Jurkat or H9), neuronal (IMR-32 or SK-N-MC), or glial
(U-373 MG or Hs683) cell-derived nuclear extracts, 2 p.g of poly(dI-
dC), and 50,000 cpm of radiolabeled 21-bp repeat I, II, or III were

incubated at 30°C for 30 min. High-mobility DNA-protein complexes
are indicated by the bracket.

was detected when nuclear extracts derived from the glial cell
lines U-373 MG (Fig. 2), Hs683 (Fig. 2), and U-1 18 (data not
shown) reacted with 21-bp repeat I or II; however, the
abundance of the DNA-protein complex was far greater when
21-bp repeat II was utilized as the radiolabeled probe DNA. In
addition, several high-mobility DNA-protein complexes, dis-
tinct from those detected in assays with radiolabeled 21-bp
repeat I, were formed with radiolabeled 21-bp repeat II and
each nuclear extract was examined (Fig. 2, bracket).

Collectively, these data demonstrate the formation of both
21-bp repeat I- and IT-specific DNA-protein complexes, as well
as a glial cell type-specific DNA-protein complex. Since the
electrophoretic mobilities of each of the four DNA-protein
complexes were similar for each nuclear extract examined, it is
likely that the protein constituents involved in the formation of
each of the DNA-protein complexes, Cl to C4, are similar
regardless of nuclear extract origin. However, subtle differ-
ences in the relative abundance and electrophoretic mobility of
each DNA-protein complex detected with the series of nuclear
extracts examined suggest that although the proteins involved
in formation of each DNA-protein complex are likely to be
similar for the nuclear extracts examined, they may not neces-

sarily be identical.
Unlike the pattern of four low-mobility DNA-protein com-

plexes detected with 21-bp repeats I and TI, at least six
DNA-protein complexes were detected when nuclear extracts
reacted with radiolabeled 21-bp repeat III. The four low-
mobility DNA-protein complexes, Cl to C4, detected when
nuclear extracts reacted with 21-bp repeat elements I and II
were also detected when Jurkat-, SupTl-, H9-, IMR-32-,
SK-N-MC-, U-373 MG-, Hs683-, and U-118-derived nuclear
extracts reacted with 21-bp repeat III (Fig. 2; data not shown).
In addition to Cl to C4, two unique DNA-protein complexes,
designated Ul and U2, were detected when each nuclear
extract reacted with 21-bp repeat III (Fig. 2 and 3). The Ul
DNA-protein complex (Fig. 2 and 3) had an electrophoretic
mobility between those of C2 and C3. Although the electro-
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FIG. 3. Preincubation of lymphocytic and glial cell nuclear extracts
with nonspecific DNA. Preincubation of EMS reaction mixtures
containing 12 ,ug of Jurkat- or U-373 MG-derived nuclear extract and
2 ,ug of poly(dI-dC) at room temperature for 10 min was followed by
incubation at 30°C for 30 min with 50,000 cpm of radiolabeled 21-bp
repeat I, II, or III. The positions of the abrogated C4 complexes
detected in EMS reactions with no preincubation are indicated by the
arrows. Free radiolabeled DNA probe is not shown.

phoretic mobility of Ul was similar to that of the glial
cell-specific DNA-protein complex, competition EMS analyses
indicated that the Ul and glial cell-specific DNA-protein
complexes comprised distinct protein components (see Fig. 8).
The U2 DNA-protein complex was masked by the highly
abundant C4 DNA-protein complex but was readily detectable
when formation of the C4 DNA-protein complex was abro-
gated by preincubation of nuclear extracts with nonspecific
DNA (Fig. 3). Formation of the U2 DNA-protein complex was
not, however, dependent on abrogation of the C4 DNA-
protein complex, since the U2 complex could also be detected
under standard EMS reaction conditions by extending the
electrophoretic separation time (data not shown).
As described above for DNA-protein complexes Cl to C4,

each of the unique DNA-protein complexes, Ul and U2,
exhibited similar electrophoretic mobilities regardless of nu-
clear extract origin. Furthermore, the high-mobility DNA-
protein complexes detected varied in number and relative
abundance contingent on which HTLV-I 21-bp repeat element
was utilized as probe DNA. These data indicate that, in
addition to 21-bp repeat I- and TI-specific and glial cell-specific
DNA-protein complexes, there are 21-bp repeat 111-specific
DNA-protein complexes formed when the 21-bp repeat III
element reacts with nuclear extracts derived from selected cell
lines. The DNA-protein complexes discussed were routinely
detected by utilizing multiple nuclear extract preparations and
nuclear extract preparation protocols. In addition, there was
no variation in the number or nature of low-mobility DNA-
protein complexes formed when poly(dA-dT) or salmon sperm
DNA was added as nonspecific DNA in the standard EMS
reaction (data not shown).

Specificity of DNA-protein complex formation. Several lines
of investigation were examined to determine the specificity of
the DNA-protein complexes detected. First, standard EMS
analyses were performed, in which increasing nuclear extract
protein concentrations were utilized to ensure that Ul and U2
DNA-protein complex formation was detected only with 21-bp
repeat III and that glial cell-specific DNA-protein complex
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FIG. 4. Effect of protein concentration on DNA-protein complex
formation. Standard EMS analyses in which 2 ,ug of poly(dI-dC),
50,000 cpm of radiolabeled 21-bp repeat I, II, or III, and either 3, 6, 9,
12, or 15 ,ug of Jurkat (A) or U-373 MG (B) nuclear extract were
incubated at 30°C for 30 min. High-mobility DNA-protein complexes
are indicated by the bracket.

formation was detected only in assays with glial cell-derived
nuclear extracts. As shown in Fig. 4, when as much as 15 ,ug of
Jurkat-derived nuclear extract protein was utilized in standard
EMS reactions along with radiolabeled 21-bp repeat I or II,
formation of the Ul and U2 DNA-protein complexes was not
observed. In fact, amounts of protein up to and including 48 ,ug
of Jurkat-derived nuclear extract did not result in formation of
Ul and U2 in reactions with radiolabeled 21-bp repeat element
I or II (data not shown). Furthermore, formation of the glial
cell-specific DNA-protein complex was not detected by EMS
analyses utilizing amounts of protein (Fig. 4) up to and
including 48 ,ug of Jurkat-derived nuclear extract (data not
shown). These data demonstrate that formation of the Ul, U2,
and glial cell-specific DNA-protein complexes was not due to
differences in protein availability between EMS reactions or
between nuclear extract preparations derived from the indi-
cated cell lines.

In a parallel line of experimentation, increasing levels of
radiolabeled probe DNA were utilized in standard EMS
reactions to ensure that the inability to detect the Ul and U2
DNA-protein complexes in assays with 21-bp repeats I and II
or the glial cell-specific DNA-protein complex in assays with
Jurkat-derived nuclear extracts was not due to an inadequate
amount of radiolabeled probe DNA. Results from these
studies indicated that detection of the 21-bp repeat III-specific
complex or glial cell-specific DNA-protein complex was not a
result of limited radiolabeled probe levels in the EMS reaction
(data not shown). In addition, formation of the 21-bp repeat-
specific and glial cell-specific DNA-protein complexes was not
dependent on the EMS reaction incubation time, since EMS
reactions with extended incubation times (up to and including
60 min) did not result in changes in the number or nature of
DNA-protein complexes detected (data not shown). Cumula-
tively, these results suggest that detection of the 21-bp repeat
III-specific and glial cell-specific DNA-protein complexes was
in fact due to specific interactions occurring between 21-bp
repeat III and cellular factors or 21-bp repeats I and II and
glial cell-derived nuclear factors, respectively.

Second, EMS analyses in which the nuclear extracts were
preincubated with nonspecific DNA, poly(dI-dC), prior to
incubation with each radiolabeled 21-bp repeat element were
performed. As shown in Fig. 3, when Jurkat- and U-373
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FIG. 5. Cognate competition EMS analyses with glial cell-derived
nuclear extracts and 21-bp repeat element I or II. Competition EMS
reaction mixtures containing 12 ,ug of U-373 MG-derived nuclear
extract, 2 jig of poly(dI-dC), 50,000 cpm of radiolabeled 21-bp repeat
I or II, and either 100- or 200-fold molar excess of unlabeled 21 bp
repeat II (as indicated above the autoradiographs) were incubated at
30°C for 30 min. The glial cell-specific DNA-protein complex is
indicated by an asterisk.

MG-derived nuclear extracts were preincubated with nonspe-
cific DNA prior to incubation with radiolabeled 21-bp repeat I,
formation of the C4 DNA-protein complex was abrogated.
Similar results were also observed when radiolabeled 21-bp
repeat II or III was utilized as probe DNA (Fig. 3). However,
the Cl to C3, Ul, U2, and glial cell type-specific DNA-protein
complexes observed in the standard EMS analyses were de-
tected when the nuclear extracts were preincubated with
nonspecific DNA, indicating that these are specific DNA-
protein interactions occurring between cellular factors and the
21-bp repeat elements. In addition, and as previously dis-
cussed, detection of the U2 DNA-protein complex was evident
when formation of the C4 DNA-protein complex was abro-
gated. Comparable results were also observed when nuclear
extracts derived from SupTl, H9, U937, IMR-32, SK-N-MC,
Hs683, and U-118 cell lines were utilized in similar experimen-
tation (data not shown). These data suggested that the C4
DNA-protein complex is nonspecific in nature.
A third line of investigation aimed at determining the

specificity of DNA-protein complex formation included com-
petition EMS analyses in which cognate DNA sequence was
utilized as competitor DNA. As shown in Fig. 5, utilizing
U-373 MG-derived nuclear extract and radiolabeled 21-bp
repeat I or II, competition with unlabeled cognate sequence
resulted in inhibition of Cl, C2, C3, and glial cell-specific
DNA-protein complex formation. In contrast, formation of the
C4 DNA-protein complex was essentially unaffected by the
presence of unlabeled competitor DNA. Similar results were
obtained from EMS analyses addressing the specificity of Ul
and U2 DNA-protein complex formation (data not shown). In
competition EMS analyses with Jurkat-derived nuclear extract
and radiolabeled 21-bp repeat III, formation of the Cl, C2, C3,
Ul, and U2 DNA-protein complexes was inhibited, whereas
formation of C4 was unaffected by the presence of unlabeled
cognate competitor DNA. These data further support the
probability of the nonspecific nature of the C4 DNA-protein
complex and demonstrate that formation of Cl, C2, C3, and
the glial cell-specific DNA-protein complexes was due to
specific interactions between cellular factors and the 21-bp
repeat elements.
Dependence of DNA-protein complex formation on flanking
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FIG. 6. EMS analyses with lymphocytic and glial cell nuclear extracts and 21-bp repeats with or without flanking DNA. Standard EMS analyses
in which 12 ,ug of Jurkat- or U-373 MG-derived nuclear extract, 2 ,ug of poly(dI-dC), and 50,000 cpm of radiolabeled 21-bp repeat element native
flanking sequences (lanes I FS, II FS, and III FS), no flanking sequences (lanes I, II, and III), or 5' HindlIl and 3' BamHI restriction endonuclease
site sequences (lanes I RS, II RS, and III RS) were incubated at 30°C for 30 min. Free radiolabeled DNA probe is not shown.

DNA. Since the affinity of DNA-binding proteins for their
cognate recognition sites is often affected by the presence of
flanking DNA sequences, we have examined the role of
flanking DNA in the formation of the DNA-protein complexes
detected by the three sets of 21-bp repeat double-stranded
oligonucleotides in EMS analyses (see Materials and Methods
for the sequences). The first set (I FS, II FS, and III FS)
contains sequences corresponding to each of the three 21-bp
repeat elements flanked by native HTLV-I LTR sequences, the
second set (I, II, and III) corresponds to the 21-bp repeat
elements alone with no additional DNA sequences, and the
third set (I RS, II RS, and III RS) contains sequences
corresponding to each of the three 21-bp repeat elements
flanked by the restriction endonuclease sequences for BamHI
(5' end of the 21-bp repeat) and HindIll (3' end of the 21-bp
repeat). All data presented to this point were generated by
utilizing 21-bp repeat elements with native HTLV-I LTR
flanking DNA sequences. Consistent with the results presented
in Fig. 2, four low-mobility DNA-protein complexes were
detected when Jurkat and U-373 MG nuclear extracts reacted
with each 21-bp repeat element flanked by native HTLV-I
LTR sequences (lanes I FS, II FS, and III FS in Fig. 6). In
contrast, incubation of nuclear extracts with the 21-bp repeat
elements in the absence of flanking DNA (lanes I, II, and III in
Fig. 6) diminished the number of DNA-protein complexes
detected, specifically Cl, C2, and Ul. However, DNA-protein
complex formation was restored by 21-bp repeat elements
bounded by irrelevant DNA sequences in the form of restric-
tion endonuclease sites BamHI and HindlIl (lanes I RS, II RS,
and III RS in Fig. 6). In each case, there was little or no
homology between the restriction endonuclease sequences and
the native flanking HTLV-I LTR sequences. Therefore, the
ability to detect similar DNA-protein complexes regardless of
the sequence of the flanking DNA suggests that the require-
ment for flanking DNA in DNA-protein complex formation is
not sequence dependent.
Formation of cell type-dependent DNA-protein complexes

with the TRE-1/-2 element. Having demonstrated the forma-
tion of at least one glial cell type-specific DNA-protein com-
plex in EMS analyses with HTLV-I 21-bp repeat element I or
II and nuclear extracts prepared from U-373 MG (Fig. 2),

Hs683 (Fig. 2), or U-118 (data not shown) cells, we proceeded
to determine whether glial cell type-specific DNA-protein
complexes would form when the 21-bp repeat elements were
contained within the context of the HTLV-I LTR. To this end,
a DNA probe, the TRE-1/-2 element, corresponding to the
sequences contained between the ApaI and NdeI restriction
endonuclease sites within the HTLV-I LTR U3 region (posi-
tions -268 to -46) was generated by PCR technology as
described in Materials and Methods. The resultant 223-bp
PCR product contains the three 21-bp repeat elements and
intervening sequences in the context of their native positions
within the HTLV-I LTR. When the radiolabeled TRE-1/-2
element was utilized in EMS analyses along with nuclear
extracts derived from H9, SupTl, or U-1 18 cells, several glial
cell type-dependent DNA-protein complexes were detected
(Fig. 7, asterisks). These data demonstrate that glial cell
type-specific DNA-protein complexes could be detected not
only with an isolated 21-bp repeat element but also with the
intact TRE-1/-2 element.

Specificity of TRE-1/-2 DNA-protein complex formation.
The specificity of TRE-1/-2 DNA-protein complex formation
was determined by several lines of experimentation. First, the
nuclear extracts were preincubated with poly(dI-dC) prior to
reaction with radiolabeled TRE-1/-2 probe DNA. Under these
conditions, the specific DNA-protein complexes were detected
(Fig. 7, thin arrows), while formation of the nonspecific
DNA-protein complexes was abrogated (Fig. 7, thick arrows).
When increasing concentrations of protein or radiolabeled
probe DNA were used in EMS analyses along with lymphocytic
or glial cell-derived nuclear extract, the number and nature of
DNA-protein complexes detected were unchanged (data not
shown). Furthermore, formation of the glial cell-specific DNA-
protein complexes was not detected in the titration EMS
analyses with lymphocytic nuclear extracts, indicating that
formation of these complexes was due to specific interactions
between glial cell-derived factors and the TRE-1/-2 element
and was not a result of differences in the abundance or
availability of protein constituents. Competition EMS analyses
were also performed with unlabeled cognate TRE-1/-2 as
competitor DNA (Fig. 7). As expected, formation of the
nonspecific DNA-protein complexes was unaffected by the
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FIG. 7. EMS analyses of the TRE-1/-2 element and nuclear ex-

tracts derived from lymphocytic and glial cell-derived nuclear extracts.
Standard EMS reaction mixtures containing 3 ,ug of H9-, SupTl-, or
U-118-derived nuclear extract, 2 p,g of poly(dI-dC), and 50,000 cpm of
radiolabeled TRE-1/-2 element which contains the three 21-bp repeat
elements in the context of native HTLV-I LTR sequences were
incubated at 30°C for 30 min. Standard EMS reactions performed in
the absence of preincubation with competitor DNAs are indicated by
dashes. Also shown are cognate EMS analyses in which 150- and
300-fold excesses of unlabeled TRE-1/-2 were used. Thin arrows
indicate specific DNA-protein complex formation, thick arrows indi-
cate nonspecific DNA-protein complex formation, and asterisks indi-
cate glial cell-specific DNA-protein complex formation. ATL, adult
T-cell leukemia.

presence of cognate competitor DNA, while formation of the
specific DNA-protein complexes, including the glial cell-spe-
cific DNA-protein complexes, was abrogated.

Characterization of the protein components involved in
DNA-protein complex formation with the HTLV-I 21-bp re-
peat elements. To begin characterization of the protein com-
ponents involved in DNA-protein complex formation with the

21-bp repeat elements, competition EMS analyses were per-
formed with oligonucleotides containing the binding sites for
one of several previously characterized transcription factors,
including AP1, AP3, CREB, NF-KB, NF1, and Spl (Table 1)
(12). Several of the transcription factor binding site consensus
sequences exhibit considerable homology to selected regions of
the HTLV-I LTR (Table 1) and were therefore considered
likely candidates to be involved in DNA-protein complex
formation with the HTLV-I 21-bp repeat elements. In addi-
tion, previous studies by other investigators (46, 48, 53) have
already established that several known transcription factors
interact with the 21-bp repeat elements in either the absence or
presence of Tax in reactions with nuclear extracts derived from
lymphocytes and other cell types of nonneuroglial origin. As
shown in Fig. 8, competition EMS analyses were performed
with individual radiolabeled 21-bp repeat elements, nuclear
extracts derived from Jurkat or U-373 MG cells, and a 10-, 50-,
or 150-fold molar excess of unlabeled competitor oligonucle-
otide. In addition to each 21-bp repeat element being used as
radiolabeled probe DNA, radiolabeled transcription factor
binding site oligonucleotides were also utilized as probe DNAs
in order to determine the electrophoretic mobilities of DNA-
protein complexes corresponding to endogenous transcription
factors present in the Jurkat or U-373 MG nuclear extracts
when they reacted with the cognate binding sites contained
within the transcription factor binding site oligonucleotides.
As shown in Fig. 8A, in competition EMS analyses with

Jurkat-derived nuclear extracts and radiolabeled 21-bp repeat
I element, formation of the C1-C3 DNA-protein complexes
was efficiently inhibited by the presence of unlabeled CRE
oligonucleotide as competitor DNA. This evidence indicates
that a CREB-ATF family member(s), along with individual
21-bp repeat elements, may play a role in the formation of
these DNA-protein complexes. Previous studies by other in-
vestigators in which multimerized 21-bp repeat elements were
utilized as target DNA (34, 35, 48, 53) have also suggested that
CREB-ATF family members are involved in specific DNA-
protein complex formation. In contrast, formation of the C4
and high-mobility DNA-protein complexes was unaffected by
CRE oligonucleotide competitor DNA (Fig. 8A). Similar
results were also obtained by utilizing 21-bp repeat II element

TABLE 1. Nucleotide sequences of the 21-bp Tax-responsive elements and of selected transcription factor binding site oligonucleotides

Nucleotide sequence
Element

Consensus" Element or oligonucleotide"

Tax-responsive elements V V
Repeat I AGACTA TC TCTC CAGAGG
Repeat II CAGGCTAGGCCCTGACGTGTCCCCCTGAAGA
Repeat III GCCCTC GT ACAA TCACCT

Transcription factors
CRE TGACG(T/C)(C/A)(A/G) GATTGGCTGACGTCAGAGAGCT
API TGA(G/C)T(C/A)A CTAGTGATGAGTCAGCCGGATC
AP3 TGTGG(A/T)(A/T)(A/T) CTAGTGGGACTTTCCACAGATC
NFl (T/C)GG(C/A)(N5)GCCAA ATTTTGGCTTGAAGCCAATATG
NF-KB GGGA(C/A)TN(T/C)CC GATCGAGGGGACTTTCCCTAGC
Spi (G/T)(G/A)GGC(G/T)(G/A)(G/A)(G/T) GATCGATCGGGGCGGGGCGATC

"Core consensus sequence for selected transcription factor binding sites (12). Alternative nucleotides are indicated as follows: N, any nucleotide; (N,/N2), either
nucleotide N, or nucleotide N,; or (NX), a series of nucleotides where x represents the number of nucleotides.

' V, markers delineating the 5' and 3' boundaries of the 21-bp Tax-responsive elements. Nucleotides outside markers represent native HTLV-I LTR flanking
sequences. The nucleotide differences among the three 21-bp Tax-responsive elements are indicated, while the nucleotides conserved among the three 21-bp repeats
are represented once. Nucleotide sequences of double-stranded oligonucleotides contain a minimal binding site for the corresponding transcription factor. The
underlined nucleotides represent the transcription factor binding sites.
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FIG. 8. Competition EMS analyses with unlabeled CRE or Spl binding site oligonucleotides and Jurkat- or U-373 MG-derived nuclear extracts.
Competition EMS reaction mixtures containing 12 ,ug of Jurkat-derived (A and C) or U-373 MG-derived (B and D) nuclear extracts, 2 jig of
poly(dI-dC), 50,000 cpm of radiolabeled 21-bp repeat I, II, or III, and a 10-, 50-, or 150-fold molar excess of unlabeled CRE (A and B) or Spl
(C and D) binding site oligonucleotide competitor DNA were incubated at 30°C for 30 min. Shown for comparison are EMS analyses of
radiolabeled CRE or Spl binding site oligonucleotide in reactions with 12 or 9 ,g, respectively, of nuclear extract. Standard EMS reactions
performed without preincubation or competitor DNAs are indicated by dashes. Free radiolabeled DNA probe is not shown.

as radiolabeled probe DNA, in that formation of the Cl to C3
DNA-protein complexes was efficiently inhibited with CRE
oligonucleotide as the competitor DNA (Fig. 8A), while
formation of the C4 and high-mobility DNA-protein com-
plexes was unaffected by the presence of competitor DNA.
With radiolabeled CRE oligonucleotide as the probe DNA,
DNA-protein complexes which exhibited electrophoretic mo-
bilities similar to those of DNA-protein complexes Cl to C3
with 21-bp repeat elements I and II were detected. This
comparative information provides additional evidence suggest-
ing that a member(s) of the CREB-ATF family may participate
in formation of these DNA-protein complexes, since the CRE
oligonucleotide and the 21-bp repeat oligonucleotides are of
similar sizes.

In contrast, when radiolabeled 21-bp repeat III was utilized
as probe DNA in similar competition EMS analyses, unlabeled
CRE oligonucleotide inhibited only the Cl to C3 DNA-protein
complexes efficiently (Fig. 8A). Formation of the Ul and U2
21-bp repeat III-specific DNA-protein complexes was unaf-
fected by CRE oligonucleotide competitor DNA, as was
formation of the high-mobility DNA-protein complexes. These
results demonstrate that the Cl to C3 DNA-protein complexes
detected when 21-bp repeats I, II, and III react with Jurkat-

derived nuclear extracts are possibly composed of protein
components that recognize the CRE consensus sequence and
may include members of the CREB-ATF family of transcrip-
tion factors. Furthermore, formation of the Ul and U2 21-bp
repeat III-specific DNA-protein complexes does not appear to
be dependent on a CREB-ATF family member(s).

Competition EMS analyses with nuclear extracts derived
from the glial cell line, U-373 MG (Fig. 8B), demonstrated a
similar transcription factor binding site oligonucleotide com-
petition profile. When glial cell-derived nuclear extracts re-
acted with radiolabeled 21-bp repeats I, II, and III in combi-
nation with CRE oligonucleotide as the competitor DNA,
formation of the Cl to C3 DNA-protein complexes was
efficiently inhibited (Fig. 8B). Additionally, formation of the
low-mobility, glial cell-specific DNA-protein complex detected
in standard EMS reactions with radiolabeled 21-bp repeats I
and II was inhibited by CRE oligonucleotide competitor DNA.
However, in contrast to the complete abrogation of Cl, C2,
and C3 DNA-protein complex formation observed in EMS
analyses with 10-, 50-, and 150-fold molar excesses of CRE
oligonucleotide competitor DNA, comparable levels of CRE
competitor resulted in incomplete inhibition of glial cell-
specific DNA-protein complex formation.
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In competition EMS analyses with 21-bp repeat elements I,
II, and III, unlabeled Spl binding site oligonucleotide as
competitor DNA, and Jurkat-derived nuclear extract (Fig. 8C),
the Cl to C4 DNA-protein complexes as well as the high-
mobility DNA-protein complexes were unaffected by Spl
binding site competitor DNA, suggesting that Spl is not a
component of these DNA-protein complexes. However, when
radiolabeled 21-bp repeat III was utilized as probe DNA,
formation of the Ul and U2 21-bp repeat 111-specific DNA-
protein complexes was efficiently inhibited by the presence of
Spl binding site competitor oligonucleotide, indicating that
Spl or an Spl-related factor may play a role in the formation
of these DNA-protein complexes. Similar results were ob-
tained with U-373 MG-derived nuclear extract (Fig. 8D);
however, competition EMS analyses with U-373 MG-derived
nuclear extract, 21-bp repeat III, and competitor Spl binding
site DNA resulted in only minimal competition of the Ul
DNA-protein complex. This result contrasted with those ob-
tained with Jurkat-derived nuclear extracts (Fig. 8C), in which
Spl binding site competitor DNA efficiently abrogated forma-
tion of the Ul DNA-protein complex. These results indicate
that while Spl or an Spl-related factor may play a significant
role in formation of the Ul and U2 DNA-protein complexes in
assays with 21-bp repeat III and lymphocytic nuclear extracts,
the role of Spl or related factors in DNA-protein complex
formation of Ul and U2 with 21-bp repeat III and glial
cell-derived nuclear extracts is less apparent. These data
further substantiate the existence of cell type-specific differ-
ences in DNA-protein complex formation between each of the
three 21-bp repeat elements and nuclear extracts derived from
selected cell lines.

In similar experimentation performed with Jurkat- or U-373
MG-derived nuclear extracts and API, AP3, NFI, and NF-KB
binding site oligonucleotides as competitor DNAs (data not
shown), DNA-protein complex formation was essentially un-
affected, indicating that these transcription factors are not
involved in the formation of any of the low- or high-mobility
DNA-protein complexes.

Role of nonconserved nucleotides in the formation of 21-bp
repeat III-specific and glial cell-specific DNA-protein com-
plexes. The 21-bp enhancer element located within the
HTLV-I LTR is imperfectly repeated at three locations within
the U3 region. Among the 21-bp repeat elements, there are
three strictly conserved domains separated by two noncon-
served regions (Fig. 1). To investigate the role of nonconserved
nucleotides in the formation of the 21-bp repeat III-specific
and glial cell-specific DNA-protein complexes, the 21-bp re-
peat III element was mutated such that the four nucleotides
between conserved domains B and C (ACAA; Fig. 1) were
changed to the corresponding sequence of 21-bp repeat II
(TGTC, designated 21-bp repeat IIIAII; see Materials and
Methods for the entire sequence). Standard EMS analyses
were performed with nuclear extracts derived from Jurkat or
U-373 MG cells and radiolabeled 21-bp repeat I, II, III, or
IIIAII. As shown in Fig. 9, when 21-bp repeat IIIAII was
utilized as probe DNA, the Ul, 21-bp repeat III-specific
complex was not detected, whereas the Cl to C4 DNA-protein
complexes were readily detectable. In addition, in EMS anal-
yses with U-373 MG-derived nuclear extracts (Fig. 9), muta-
tion of the sequences between domains B and C in 21-bp
repeat IIIAII resulted in the formation of a DNA-protein
complex with an electrophoretic mobility similar to that of the
glial cell-specific DNA-protein complex detected by 21-bp
repeat elements I and II and glial cell-derived nuclear extracts.
To ensure that the new DNA-protein complex detected by

21-bp repeat IIIAII and glial cell-derived nuclear extracts was

Jurkat
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U-373 NIG(
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FIG. 9. EMS analyses of 21-bp repeat IIIAII and nuclear extracts
derived from lymphocytic and glial cells. Standard EMS reaction
mixtures containing 12 [.g of Jurkat- or U-373 MG-derived nuclear
extract, 2 VLg of poly(dI-dC), and 50,000 cpm of radiolabeled 21-bp
repeat I, II, III, or IIIAII were incubated at 30°C for 30 min.

indeed the glial cell-specific DNA-protein complex and not
U 1, competition EMS analyses comparable to those previously
discussed were performed. Competition EMS analyses with
21-bp repeat IIIAII, U-373 MG-derived nuclear extract, and
CRE or Spl binding site competitor oligonucleotide (Fig. 10)
demonstrated competition profiles similar to those observed
with 21-bp repeat I or II, U-373 MG-derived nuclear extract,
and CRE or Spl binding site competitor oligonucleotide. That

(:RE SPi

C31 -

Ci -

(4 'iih*.

FIG. 10. Competition EMS analyses with unlabeled oligonucleo-
tides containing the binding site for CREB (CRE) or Spl and U-373
MG-derived nuclear extracts. Competition EMS reaction mixtures
containing 12 p.g of U-373 MG-derived nuclear extracts, 2 p.g of
poly(dI-dC), 50,000 cpm of radiolabeled 21-bp repeat III or IIIAII, and
a 10-, 50-, or 150-fold molar excess (marked above lanes) of unlabeled
CRE or Spl binding site oligonucleotide competitor DNA were

incubated at 30°C for 30 min. A standard EMS reaction performed
without preincubation or competitor DNAs is indicated by the dash.
Free radiolabeled DNA probe is not shown. *, glial cell-specific
DNA-protein complex.
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is, formation of the new DNA-protein complex was inhibited
by the presence of CRE competitor oligonucleotide but not by
the presence of Spl binding site competitor oligonucleotide.
Consequently, these data indicate that the new DNA-protein
complex detected in EMS analyses with 21-bp repeat IIIAII
and glial cell-derived nuclear extracts is very similar, if not
identical, to the glial cell-specific DNA-protein complex pre-
viously detected with 21-bp repeat I or II and glial cell-derived
nuclear extracts. Furthermore, these data indicate that the four
nonconserved nucleotides located between domains B and C in
21-bp repeat II are sufficient, when in the context of domains
B and C, for formation of the glial cell-specific DNA-protein
complex. Collectively, these results demonstrate that the four
nonconserved nucleotides located between domains B and C in
21-bp repeat III are integrally involved in the formation of
both 21-bp repeat-specific and glial cell type-specific DNA-
protein complexes.

DISCUSSION

A variety of cellular proteins has been shown to interact with
the HTLV-I LTR, specifically with the 21-bp Tax-responsive
elements (33, 46, 48, 53). Since the interaction of cellular
factors with each of the 21-bp repeats is critical to both basal
and Tax-mediated HTLV-I LTR-directed expression, identifi-
cation and characterization of these DNA-protein interactions
are critical to determining the precise components involved in
HTLV-I LTR-directed expression in immune and nervous
system cell types. Furthermore, the analysis of cell type-
dependent interactions will contribute to dissecting the com-
plex pathway leading to HTLV-I cell type-specific expression,
an event which may directly impact on the regulation of (i)
productive viral replication; (ii) establishment, maintenance,
and reactivation of latent viral infection; and (iii) viral patho-
genicity within targeted cell populations.
Although considerable effort has been exerted to identify

and characterize the cellular factors of lymphocytic origin
which interact with the HTLV-I regulatory unit, neuroglial
cell-derived proteins which interact with HTLV-I LTR se-
quences have not been reported. HTLV-I has been shown in
vitro to infect cells of nonlymphoid origin, including a number
of cell types of nervous system origin (1, 13, 22-24, 28, 32, 49,
52). Furthermore, PCR amplification studies have demon-
strated the presence of HTLV-I DNA sequences in several
regions of the brain and spinal cord of HTLV-I-infected
tropical spastic paraparesis patients (4, 25, 27), contrasting
with results obtained for control subjects and adult T-cell
leukemia patients (4, 27) in which HTLV-I sequences were not
detected in these regions. The possibility that HTLV-I infects
and replicates in cells of neuroglial origin warrants investiga-
tion of the transcriptional regulation of the HTLV-I LTR in
these cell types.

Results from our studies indicate that similar as well as
unique DNA-protein complexes are formed by cellular factors
of lymphocytic, neuronal, and glial origins and each of the
three 21-bp repeat elements. All of the Cl, C2, and C3
DNA-protein complexes detected from nuclear extracts in
reactions with individual 21-bp repeat elements exhibited
similar electrophoretic mobilities, suggesting that at least some
of the DNA-protein complexes formed between nuclear fac-
tors and each of the 21-bp repeat elements are composed of
similar but not necessarily identical proteins. In contrast, at
least two of the DNA-protein complexes detected, Ul and U2,
were 21-bp repeat III specific, indicating that each of the 21-bp
repeat elements is unique with respect to its ability to interact
with select cellular factors.

In addition to the 21-bp repeat-specific nature of certain
DNA-protein complexes detected, at least one DNA-protein
complex which was detected in EMS analyses with 21-bp
repeats I and II and glial cell-derived nuclear extracts was glial
cell type specific. Formation of glial cell-specific DNA-protein
complexes was also detected by a fragment of the HTLV-I
LTR containing the three 21-bp repeat elements in the context
of native HTLV-I LTR sequences (TRE-1/-2), demonstrating
that glial cell-specific DNA-protein complexes form with not
only an isolated 21-bp repeat element but also with the intact
TRE-1/-2 element. Site-directed mutagenesis studies are under
way to determine the specific sequences within TRE-1/-2 which
are involved in glial cell-specific DNA-protein complex forma-
tion, as are studies to identify the protein components of these
complexes. Several possibilities exist for glial cell-derived
proteins to play a role in glial cell-specific HTLV-I LTR-
directed expression via interaction with the 21-bp repeat
elements. For example, formation of cell type-specific DNA-
protein complexes with the 21-bp repeat elements may influ-
ence basal HTLV-I LTR-directed transcription, thereby en-
hancing or under certain circumstances suppressing the initial
phase of viral replication. Furthermore, the preferential inter-
action of cell type-specific factors with the 21-bp repeat
elements may affect the overall level of Tax-mediated trans
activation within select target cell populations.

Studies aimed at examining the role of flanking DNA in
DNA-protein complex formation demonstrated that the 21-bp
repeat alone was sufficient for formation of the glial cell-
specific DNA-protein complex. Formation of the 21-bp repeat-
specific complexes, in contrast, was dependent on the presence
of flanking DNA; however, this requirement was not sequence
specific. Mutational analyses of 21-bp repeat III indicated that
the four nonconserved nucleotides between domains B and C
(Fig. 1) were necessary for formation of both 21-bp repeat
III-specific and glial cell-specific DNA-protein complexes.
Replacement of these nucleotides in 21-bp repeat III (ACAA)
with those of 21-bp repeat II (TGTC) abrogated Ul DNA-
protein complex formation but reconstituted glial cell-specific
complex formation, indicating that TGTC in the context of
domains B and C is sufficient for glial cell-specific DNA-
protein complex formation.

Further evidence supporting the unique nature of each
individual 21-bp repeat element and the presence of glial
cell-specific complex formation was obtained through compe-
tition EMS analyses with a series of unlabeled transcription
factor binding site oligonucleotides. Initial studies were di-
rected at determining the role of these factors in DNA-protein
complex formation with the 21-bp repeat elements, since each
21-bp repeat contains strictly conserved core sequences (Fig. 1)
that exhibit homology to the CREB, AP1, NF-KB, and Spl
binding site consensus sequences. On the basis of these studies,
a member(s) of the CREB-ATF family of cellular transcription
factors was determined to be critical for formation of Cl, C2,
and C3, as well as for formation of the glial cell-specific
complex detected in assays using 21-bp repeat I or II and glial
cell-derived nuclear extracts. A higher level of CRE competi-
tor was required to interfere with glial cell-specific complex
formation than to completely abrogate formation of Cl, C2,
and C3, indicating that the CREB-ATF-related factor involved
in glial cell-specific complex formation is not identical to that
participating in formation of Cl, C2, and C3.
The CREB-ATF family consists of a number of structurally

related transcription factors which bind to similar DNA ele-
ments; however, individual members show distinct transcrip-
tional effector functions (6, 21). Additionally, cell type-specific
isoforms of CREB-ATF family members exist (30), supporting
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the hypothesis that a glial cell-specific CREB-ATF-related
factor(s) is involved in glial cell-specific complex formation.
This proposal may account for the observed differences in the
CRE competition profiles noted for Cl, C2, C3 and the glial
cell-specific DNA-protein complex. Alternatively, another
CREB-related factor, the CRE modulator (CREM) protein,
may participate either alone or in conjunction with CREB-
ATF factors in formation of the glial cell-specific complex.
Like CREB, several CREM isoforms which are capable of
interacting with CREB-ATF factors and binding to the CRE
motif, thereby enhancing or blocking transcriptional activation
mediated by CREB factors, are produced (10, 15, 29). Fur-
thermore, certain CREM isoforms exhibit tissue type-specific
expression and are developmentally regulated (10, 15, 29).
Since one of the primary sites of CREM expression includes
the central nervous system (10, 15, 29), current research is
focused on determining the role of CREM isoforms in forma-
tion of the glial cell-specific DNA-protein complex as well as
the Cl, C2, and C3 complexes.

In addition to the involvement of a CREB-ATF family
member(s) in DNA-protein complex formation with the 21-bp
repeat elements, competition EMS analyses indicated that the
transcription factor Spl or an Spl-like factor participates in Ul
and U2 formation. However, a significant difference was
observed in the abilities of Spl binding site oligonucleotide to
inhibit formation of Ul and U2 in competition EMS analyses
performed with Jurkat- and U-373 MG-derived nuclear ex-
tracts. The presence of Spl binding site oligonucleotide com-
pletely abrogated formation of Ul and U2 in analyses with
Jurkat-derived nuclear extracts, whereas similar assay condi-
tions resulted in incomplete inhibition with U-373 MG-derived
nuclear extracts. Despite the presence of Spl in most cell types,
tissue-specific expression of Spl as well as tissue-specific
enhancement of Spl-mediated gene expression have been
reported previously (2, 26). Cell- and/or tissue-specific expres-
sion of Spl or an Spl-related factor may account for the
observed differences in Spl binding site oligonucleotide com-
petition profiles in assays with 21-bp repeat III and nuclear
extracts of lymphocytic or glial origin. Alternatively, the ob-
served UI complex detected in assays with U-373 MG-derived
nuclear extracts could be two or more comigrating complexes,
only one of which is dependent on Spl for formation.

In summary, we present evidence that 21-bp repeat-specific
and glial cell-specific DNA-protein complexes can form be-
tween the HTLV-I 21-bp Tax-responsive elements and cellular
factors of immune and nervous system origins. Current studies
are directed at identifying and characterizing the factors
involved in formation of the glial cell-specific complex, assess-
ing the functional role of the 21-bp repeats in cells of lympho-
cytic and glial cell origins, and defining the functional role of
neuroglial cell-specific protein factors in cell type-specific
expression.
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