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Abstract

Activation of HIV-1 requires the binding of host cell transcrip-
tion factors to cis elements in the proviral long terminal repeat
(LTR). This study identifies c-fos-responsive sequence motifs
in the US transcribed noncoding leader sequences downstream
of the viral transactivator responsive (TAR) element. These
DNA sequence motifs are the most downstream regulatory ele-
ments described thus far in the HIV-1 LTR. Functional studies,
using human colon epithelial cell lines, demonstrate that the
downstream elements are transactivated by expression of the
c-fos protooncogene and can transmit PMA and TNF« activa-
tion signals to the viral LTR. Moreover, the c-fos-responsive
elements mediate HIV-1 LTR transcription independent of Tat
and the NF«xB-binding enhancer element. Nuclear extracts of
colon epithelial cells form distinct gel mobility shift complexes
with the c-fos-responsive elements. These complexes comi-
grate with a gel shift complex formed on a classical CRE oligo-
nucleotide and are competed by CRE oligonucleotides. These
data indicate that the HIV-1 LTR contains previously unrecog-
nized functional DNA cis-regulatory elements downstream of
TAR in the transcribed noncoding 5’ leader sequence and sug-
gest that early response genes such as c-fos play a role in the
activation of HIV-1 gene expression. (J. Clin. Invest. 1993.
92:1336-1348.) Key words: oncogenes ¢ transcription factors «
epithelial cells « activator protein-1 « untranslated 5’ leader

Introduction

HIV-1 is the etiological agent of AIDS (1, 2). After HIV-1
integrates into the host genome as latent proviral DNA, a
threshold burst of genomic length transcription is required to
complete the viral life cycle and produce progeny virus (3).
This initial transcription of the HIV-1 genome is controlled by
the 5'long terminal repeat (LTR )" and is dependent upon host
cellular transcription factors binding to a series of DNA regula-
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tory elements in the LTR promoter (4). Transcriptional stud-
ies of the HIV-1 genome indicate that the HIV-1 LTR pro-
moter can be subdivided into three functional domains: a basal
core promoter, which is comprised of the transcriptional start
site, a TATA box, and three tandem Sp1 binding sites (GC-
boxes); an upstream enhancer element containing two adja-
cent binding sites for the inducible transcriptional activator
nuclear factor kappa B (NFxB); and a far upstream modula-
tory region (4, 5). The HIV-1 LTR promoter also contains
several recognition sites for nucleic acid binding proteins
downstream of the transcriptional start site (6 ). However, with
the exception of the transactivator responsive (TAR) element,
which, upon transcription into a specific RNA structure, binds
the viral transactivator protein Tat, the importance of these
downstream sequence motifs or their role in HIV-1 gene ex-
pression has not been demonstrated.

HIV-1 is associated with disease of the immune, nervous,
and digestive systems (1, 7, 8). Infected epithelial and other
cell types in the gastrointestinal tract are potential reservoirs of
HIV-1 and may contribute to the pathophysiology of diarrheal
syndromes in HIV-1-infected individuals (9-17). Recently,
we reported differences among three human colonic epithelial
cell lines, SW620, HT29, and T84, with respect to their expres-
sion of the CD4 /HIV-1 receptor, HIV-1 infectivity and replica-
tion, and activation of the HIV-1 LTR by protein kinase C
(PKC) activators (18). Thus, transcriptional activation of the
HIV-1 LTR was stimulated by phorbol esters (phorbol 12-
myristate 13-acetate [PMA]) and the proinflammatory cyto-
kine TNFa in the HIV-1 infectible SW620 and HT29 cell lines,
but not in the noninfectible T84 colon epithelial cell line (18).
Although mutational analysis indicated that increased tran-
scriptional activity of the HIV-1 LTR in SW620 and HT29
cells was due, at least in part, to activation of the NFxB-binding
enhancer elements (18), the same agonists are also known to
activate other sequence-specific DNA binding proteins, includ-
ing the transcription factor activator protein-1 (AP-1) (19).

AP-1 is a member of a class of DNA binding proteins en-
coded by a multigene family of nuclear protooncogenes that
mediate cellular responses to growth factors, regulatory cyto-
kines, and tumor-promoting PMA via an AP-1 binding site,
termed a TRE (for TPA /PMA-responsive element) (19-23).
The AP-1 binding site or TRE is recognized by dimeric protein
complexes composed of Jun homodimers or Jun/Fos hetero-
dimers (19, 24). The Fos component of AP-1 does not itself

1. Abbreviations used in this paper: AP-1, activator protein-1; ATF,
activating transcription factor; CAT, chloramphenicol acetyltransfer-
ase; CRE, cAMP responsive element; CREB, CRE binding protein;
DSE, downstream sequence element; LTR, long terminal repeat;
NF«B, nuclear factor kappa B; PIE, PMA inhibitory element; TAR,
transactivator responsive; TPA, 12-0-tetradecanoylphorbol-13-acetate
TRE, TPA /PMA responsive element.



bind the TRE because of an inability to form homodimers, but
in the presence of Jun, Fos forms a Fos/Jun heterodimer com-
plex of greater stability than Jun/Jun homodimers (25-27).
Several TRE-like motifs, some of which bind c-Fos-containing
complexes, have been identified in the upstream modulatory
region of the HIV-1 LTR (24, 28). However, a functional role
for c-Fos or AP-1 in either positive or negative regulation of
HIV-1 gene expression has not been demonstrated.

The cAMP-responsive element (CRE) binding protein/ac-
tivating transcription factor (CREB/ATF) family of cellular
transcription factors is a closely related class of transcription
factors with members that are structurally similar to members
of the Jun/Fos family. Like Jun/Fos family members, CREB/
ATF family members can also interact with each other to form
dimers that recognize the CRE, a sequence similar to the TPA/
PMA responsive element (TRE) (29-31). Recent studies have
shown that members of the Jun/Fos family can combine with
certain members of the CREB/ATF family, via their leucine
zipper dimerization domains, to form cross-family hetero-
dimers that preferentially bind to CRE-like motifs (32-35).
For example, c-Fos and c-Jun can cross-combine with several
different ATF transcription factors (36). The ability to form
such cross-family dimers increases the repertoire of protein fac-
tors available for gene regulation.

In this study, we identify functional TRE/CRE-like se-
quence motifs within the US region of the HIV-1 LTR. Expres-
sion studies in human colon epithelial cell lines indicate that
TRE/CRE-like downstream sequence elements (DSE ) can me-
diate transcription of the HIV-1 LTR in the absence of a func-
tional HIV-1 enhancer element and independent of Tat trans-
activation. These DSE sites are transactivated by the c- fos nu-
clear protooncogene and can transmit PMA and TNFa«
activation signals to the HIV-1 LTR in HIV-1 infectible, but
not in noninfectible, colon epithelial cell lines. DNA binding
studies show that nuclear extracts from colon epithelial cells
form c-Fos—containing gel shift complexes with the TRE/
CRE-like DSE that are also recognized by classical CRE mo-
tifs.

Methods

Plasmids and synthetic deoxyoligonucleotides. The HIV-1 —91/+232
LTR chloramphenicol acetyltransferase (CAT) reporter plasmid was
previously described (37). It consists of 91 bp of HIV-1 LTR sequences
upstream of the transcriptional initiation site (+1) and 232 bp of LTR
sequences downstream of transcription, extending into the US region
of the LTR, linked to a CAT reporter gene. The —91/+232AS LTR
CAT plasmid was derived from the —91 /4232 construction by excis-

ing an internal 183 bp SstI fragment from nucleotide position +39 to
+222. The —91/+232 M6 LTR CAT plasmid was constructed in two
steps by using cassette mutagenesis. In the first step, an interim muta-
tional plasmid ( pBS-HIV-SstIM ) was constructed by cloning a mutant
oligonucleotide cassette into a pBluescript II vector (Stratagene, Inc.,
San Diego, CA) to yield a plasmid containing LTR wild-type sequences
from +39 to +222 except for several point mutations around + 160 and
+95. The base pair changes (see Fig. 3 A) introduced into the two
motifs were designed to create two new restriction enzyme recognition
sites, a BssHII site at +160 and a Notl site at +95, as well as disrupt the
nucleotide sequence homologies to TRE and CRE motifs in those re-
gions. These mutations also do not appreciably alter the predicted
RNA secondary structure of the transcribed noncoding 5’ leader se-
quence. Mutations in pBS-HIV-SstIM were identified by restriction
digestions with BssHII and Notl and were verified by dideoxynucleo-
tide sequencing. For the second step of the mutagenesis, a 183-bp Sstl
restriction fragment from pBS-HIV-SstIM was cloned back into its
original HIV-1 context to obtain the —=91/+232M6 LTR CAT reporter
plasmid (see Fig. 3 4). The correct transcriptional orientation of the
cloned fragment in the —91/+232M6 plasmid was determined by re-
striction analysis and confirmed functionally with a Tat cotransfection
assay (see Fig. 3 B).

The expression plasmids RSV-c-jun, SV-c-fos, SV-fosB, RSV-
junB, and RSV-NF1 have been described previously (20, 28, 38, 39).
The SV-tat expression plasmid, provided by A. B. Rabson (Center for
Advanced Biotechnology and Medicine, Piscataway, NJ), contains the
first exon of the HIV-1 tat gene driven by the SV40 early promoter
(40). The HIV-1 firefly luciferase reporter gene plasmid (HIV-1-
LUC), provided by A. Siddiqui (University of Colorado, Denver),
contains complete LTR promoter sequences upstream of +80 (41).
The TRE luciferase reporter gene plasmid (TRE/AP-1-LUC), pro-
vided by M. G. Rosenfeld (University of California, San Diego), con-
sists of two pairs of consensus TRE motifs upstream of a rat prolactin
minimal promoter containing a TATA box (see Fig. 5 4) (42). Plas-
mids used as negative controls (e.g., RSV-ggal, SV-8gal, and RSV-neo)
were described previously (43).

Deoxyoligonucleotides were synthesized using a Milligen DNA syn-
thesizer (Millipore Corp., Novato, CA) and purified as specified by the
manufacturer. The Spl and NF1 oligonucleotides were described previ-
ously (39). Other oligonucleotides used in these studies are listed in
Table I. To produce DNA gel shift probes, oligonucleotides were made
double stranded by annealing the single-stranded complementary oligo-
nucleotides and end labeling with [y32P]ATP (3,000 Ci/mmol) and
T4 polynucleotide kinase.

Cell culture, transient transfections, and reporter gene assays. Hu-
man colon epithelial cell lines SW620, HT29, and T84 were obtained,
maintained, and transfected as previously described (18). For stimula-
tion, cells were treated 16-20 h after transfection with optimal concen-
trations of human recombinant TNFa (20 ng/ml) (Genentech Inc.,
South San Francisco, CA) or PMA (20 ng/ml) (Sigma Chemical Co.,
St. Louis, MO) for 16 to 20 h. CAT (EC 2.3.1.28) and firefly luciferase

Table I. Synthetic Deoxyoligonucleotides Used to Detect DNA Binding Activities

Oligo* Source Position* Sequence?
+95 HIV DSE-1 +84/+105 GCCTIGAGTGCTTCAAGTAGTG
+160 HIV DSE-2 +149/+170 GACCCTTITAGTCAGTGTGGAA
+160M HIV DSE-2 +149/+170 GACCCTTGGGGCGGGTGTGGAA
TRE Collagenase -79/-58 TAAAGCATGAGTCAGACACCTC
CRE Somatostatin —58/-37 CCTTGGCTGACGTCAGAGAGAG
PIE Collagen —732/-707 GCCACACACTGAGTTCACCTAGGT

* The nontemplate strand is shown. ¥ Relative to the transcriptional initiation site (+1). $ Mutated sequences and sequences homologous to
TRE and CRE consensus motifs are underlined. TRE, TPA/PMA-responsive element; CRE, cAMP-responsive element; PIE, phorbol ester

inhibitory element.
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Figure 1. Effect of c- fos expression on HIV-1 LTR-mediated gene
transcription in PMA- or TNFa-activated SW620 colon epithelial
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cells. (A4) Structure of the HIV-1 —91/+232 LTR CAT construction.

Binding sites (solid boxes) for known viral (TAT ) and cellular factors
(NFxB, SP1, and TFIID) are indicated in relation to the U3, R, and
U5 viral LTR regions. The two newly identified c- fos-responsive
DSE at +95 (DSE-1) and +160 (DSE-2) are also indicated. The po-
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(EC 1.13.12.7) activity assays were performed on equivalent amounts
of protein from cellular extracts and quantitated as described previ-
ously (18, 39, 43). For comparisons between experiments, relative ex-
pression was measured by normalizing reporter gene activity to the
CAT or luciferase activity produced by the same reporter gene coupled
to the control expression plasmids RSV-ggal or RSV-neo as indicated
in the figures. RSV and SV both act as strong promoters in all three cell
lines, as assayed in control cells transfected with RSV-luciferase or
SV-luciferase.

DNA binding studies. Electrophoretic mobility shift assays were
performed as described by Smeal et al. (26). Briefly, purified bacte-
rially expressed trpE-c-Jun fusion protein (10 ng/ul) (26) or nuclear
extracts ( 5-7 ug protein/ul) prepared from colon epithelial cells by the
method of Shapiro et al. (44) were incubated with 50,000 cpm (~ 0.5
ng) of various 3*P-end-labeled HIV-1 LTR DNA or double-stranded
synthetic deoxyoligonucleotide probes (Table I) for 30 min at 4°Cin a
20-p1 reaction volume containing 12% glycerol, 12 mM Hepes-NaOH
(pH 7.9), 60 mM KCL, 5 mM MgCl2, 4 mM Tris-Cl (pH 7.9), 0.6
mM EDTA (pH 7.9), and 0.6 mM DTT. For competition experi-
ments, 10 or 50 ng of unlabeled deoxyoligonucleotide competitor
(~ 20- and 100-fold excess competitor, respectively) was added to
binding reactions before addition of extract. In experiments using c-
Fos antibody, antibody was added to the binding reactions 10 min
before the addition of the DNA probe. Protein-DNA complexes were
resolved in 5% native polyacrylamide gels preelectrophoresed for 1 to 2
h at 4°C in 0.25X TBE buffer (22.5 mM Tris-borate and 0.5 mM
EDTA, pH 8.3). Gels were dried and exposed overnight to x-ray film
(Eastman Kodak Co., Rochester, NY) with an intensifying screen
at —70°C.

Results

¢- Fos transactivates the HIV-1 LTR in colon epithelial cells
treated with PMA or TNFa. Previous results indicated that
TNFa and PMA activate the HIV-1 LTR through the NFxB-
binding sites in HIV-1 infectible, but not in noninfectible, hu-
man colon epithelial cells (18). However, for a full transcrip-
tional response, it appeared that the NF«B binding sites, al-
though necessary, were not sufficient and that LTR sequences
in addition to the HIV-1 enhancer also contributed to these
agonist responses ( 18). Since activators of PKC can induce, in

sition of the two Sstl sites at +39 and +222 used to construct a dele-
tion mutation plasmid are indicated. (B) Transient transfections of
the —91/+4232 LTR CAT construct in SW620 cells. 5 ug of the =91/
+232 LTR reporter plasmid was cotransfected with 5 ug of either the
control RSV-neo expression vector (lanes 1-3) or SV-c- fos (lanes
4-6). 16-20 h after transfection, some cells were treated with 20 ng/
ml of PMA (lanes 2 and 5) or TNFa (lanes 3 and 6), whereas other
cells were untreated (lanes / and 4). CAT assays were performed us-
ing equivalent amounts of protein as described previously (18). For
each transfection, the percent conversion (% CON.), calculated by
dividing the "*C counts converted into acetylated chloramphenicol
product (AC) by the total '*C counts (AC + CM) multiplied by 100,
is indicated below the corresponding lane. (C) Quantitation of the

¢c- fos transactivation response in SW620 cells. In four independent
transfection experiments, SW620 cells were cotransfected with either
a c- fos expression vector (open bars) or a control RSV-fgal plasmid
(stippled bars) together with the chimeric —91/+232 LTR CAT re-
porter gene. Cells were stimulated with PMA or TNFa or unstimu-
lated as indicated. Height of the bars represent the mean fold increase
of —91/+232 LTR~directed CAT activity normalized to the CAT
activity of the unstimulated RSV-ggal expression plasmid control plus
the standard error of the mean (SEM). In control experiments, the
RSV and SV promoters were shown to be comparably active in
SW620 cells.



addition to NF«B/rel, cellular factors in the Jun/Fos family of
transcription factors, we asked whether AP-1 proteins play a
role in transcriptional activation of the HIV-1 LTR. Several
AP-1 binding sites had been identified before, upstream of the
NF«B binding sites, but a functional role for these motifs has
thus far not been demonstrated (24, 28, 45).

We describe herein that there also are previously unrecog-
nized AP-1-like binding sites in the HIV-1 LTR downstream
of the promoter in the transcribed noncoding 5’ leader se-
quence. At least two distinct regions, one centered at nucleo-
tide position +95 and the other at +160 in the 5’ untranslated
leader sequences downstream of TAR, exhibit a high degree of
sequence similarity to classical TRE and CRE motifs (Fig. 1
A). To assess whether these newly recognized DSE might con-
tribute to activation of the HIV-1 LTR, we performed transient
cotransfection experiments with a truncated HIV-1 LTR re-
porter gene plasmid, —91/+232 LTR CAT, which contains
HIV-1 LTR sequences from nucleotide position —91 to +232
(relative to the viral transcription initiation site) coupled to a
CAT reporter gene (Fig. 1 4). Unlike LTR CAT constructions
that contain upstream AP-1 binding sites and a functional
HIV-1 enhancer element with two NF«B-binding sites, the
—91/+232 LTR CAT plasmid has only the 3' NFxB binding
site intact and, compared with a construction with both NFxB-
binding sites ( 18), is only weakly expressed when cotransfected

HIV-1 -91/4232 LTR CAT REPORTER
SV-cfos
RSV-neo SV-cfos +RSV-cjun

into SW620 cells with a control RSV-neo expression plasmid
(Fig. 1 B, lane 7). Consistent with our previous results, this
enhancer mutant construction exhibited little or no response to
the PKC activators PMA and TNFa, respectively (Fig. 1 B,
lanes 1-3).

As shown in Fig. 1, we first tested whether c-Fos, a major
component of AP-1 complexes, could stimulate HIV-1 LTR
gene transcription in the absence of an intact HIV-1 enhancer
and upstream AP-1 binding sites. For these studies, the =91/
+232 reporter plasmid was cotransfected into the HIV-1 infec-
tible colon epithelial cell line SW620, together with an expres-
sion vector that produces c-Fos. When the —91/+232 reporter
plasmid was cotransfected with the c- fos expression plasmid,
HIV-1 LTR reporter gene activity increased (Fig. 1 B, lane 4
compared with lane 1). Moreover, in c- fos—cotransfected cells,
the —91/+232 LTR reporter gene became highly responsive to
both PMA and TNFa stimulation (Fig. 1 B, lanes 5 and 6).
c-Fos transactivation of the HIV-1 LTR reporter gene was
quantitated in several independent transfection experiments.
As shown in Fig. 1 C, c- fos transfection increased HIV-1 LTR
activation fourfold over controls (RSV-Sgal plasmid). In con-
trast, there was a mean 10-20-fold activation of the HIV-1
LTR when the c- fos—cotransfected cells were stimulated with
PMA or TNFa. The data shown in Fig. 1 demonstrate that an
intact HIV-1 enhancer and upstream AP-1 binding sites are
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results using the —91/+232 construction trans-
fected into SW620 cells. The bottom panel
(lanes 13-24) shows parallel results with the
—91/+232AS deletional mutation, which is
identical in structure to the —91/+232 plasmid
except for the deletion of sequences between the
two Sstl sites at +39 and +222 (see Fig. 1 4).
Expression plasmids that were cotransfected and
agonist (PMA, 20 ng/ml and TNFa, 20 ng/ml)

23 treatments are indicated above each lane.

24
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not required for c-Fos transactivation of HIV-1 gene expres-
sion and indicate the c-Fos response is mediated by LTR se-
quences downstream of the HIV-1 enhancer. In further control
experiments, using additional LTR constructions or proviral
plasmids, it was shown that c-Fos transactivation of the HIV-1
LTR can also occur in the presence of a functional HIV-1 en-
hancer element, which contains both NF«B binding sites (data
not shown).

The HIV-1 LTR contains c- Fos-responsive elements
downstream of TAR. The observation that c-Fos, in concert
with PMA or TNFa, stimulated HIV-1 LTR-mediated CAT
activity suggested that the HIV-1 LTR contained a TRE or
CRE element downstream of the HIV-1 enhancer. We first
tested whether a deletion of the TRE/CRE-like LTR se-
quences encompassing the downstream TRE /CRE-like motifs
centered at nucleotide positions +95 and +160 would alter the
c-Fos transactivation effect documented in Fig. 1. The con-
struction used had a deletion between two Sstl restriction sites
from +39 to +222 in the —91/+232 LTR CAT construction.
In cotransfection experiments (Fig. 2, top), the wild-type —91/
+232 construction, as indicated previously (Fig. 1), was tran-
sactivated by c-Fos in SW620 cells. In contrast, c-Fos transacti-
vation of a similar construction lacking the downstream TRE/
CRE-like motifs (—91/+232AS) was significantly reduced
(Fig. 2, compare lanes 4-6 and 16-18). The downstream dele-
tion had no detectable effect on LTR-mediated CAT activity in
the control RSV-neo plasmid cotransfections (compare lanes
1-3 and 13-15). These results indicate that LTR sequences

A

downstream of TAR, between nucleotide positions +39 and
+222, are required for c-Fos transactivation of the HIV-1 re-
porter gene construct. In further experiments, cotransfection of
the c-Jun expressing plasmid together with c-Fos did not re-
store the transactivation response in cells containing the —91/
+232AS construct and, in fact, it attenuated the transcriptional
response stimulated by TNFa and PMA in the c-Fos-trans-
fected cells containing the wild-type —91/+232 construct (Fig.
2, compare lanes 7-9 and 19-21). FosB, another member of
the fos gene family (27), was unable to significantly stimulate
LTR-ediated CAT activity in SW620 cells (see Fig. 2, lanes
10-12 and 22-24).

Point mutations in the +160 and +95 TRE | CRE-like mo-
tifs abrogate c- Fos transactivation of HIV-1 gene expression.
To demonstrate whether the TRE/CRE-like motifs at +160
and +95 were important for c-Fos transactivation of the HIV-1
LTR, we introduced cluster point mutations into these DSE.
Unlike the wild-type reporter gene (Fig. 3 B, lanes 3 and 4),
when the —91/+4232M6 construction containing mutations in
the +95 and +160 DSE motifs was transfected into SW620
cells, no detectable transactivation of the HIV-1 LTR was ob-
served with cotransfection of a c-Fos—expressing plasmid in
either untreated or PMA-treated cells (Fig. 3 B, lanes 7and 8).
In contrast, a cotransfected Tat expression plasmid strongly
stimulated the —91/+232M6 reporter gene construction in
PMA-treated (Fig. 3, lane 9) and untreated SW620 colon epi-
thelial cells (data not shown ). The cluster mutations had little
or no effect on the basal level of gene activity (compare lanes /

BssHII

RARRRE

+160 DSE-2

Figure 3. Effect of cluster point mutations in the
HIV-1 DSE motifs on c- fos transactivation of
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-91/+232M6 +87 TTGGCGGCCGCAA +99....+153 CTTGCGCGCAGT +164
hk 23
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\
SV-cfos SV-tat

the HIV-1 LTR. Transfections and CAT assays
were performed as described in Methods and
the legend of Fig. 1. (4) Mutations introduced
into the —91/+232WT reporter construct at
DSE-1 and DSE-2 by cassette mutagenesis are
as described in Methods. Asterisks denote spe-
cific base pair changes from the wild type that
create a Notl site at +95 and a BssHII site at
+160 in the —91/+232M6 reporter plasmid. (B)
Expression results from experiments in which
the —91/+232WT (lanes /1-4) or —91/+232M6
reporter constructs (lanes 5-9) were transfected
into SW620 cells. The plasmids SV-c- fos (lanes
3, 4, 7, and 8), SV-Bgal (lanes 1, 2, 5, and 6),
and SV-tat (lane 9) cotransfected with the LTR
reporter genes are indicated. CAT activity de-
rived from PMA-treated cells or unstimulated
cells (0) is shown.



and 2 with lanes 5 and 6). Together, these results demonstrate
that, although not necessary for Tat transactivation, the TRE/
CRE-like DSE motifs are required for c-Fos transactivation of
the HIV-1 LTR in colon epithelial cells. However, whether one
or both of the motifs is required is not known, as each site was
not mutated individually.

Differential c- Fos transactivation in three colon epithelial
cell lines. To assess whether the marked increase in CAT activ-
ity stimulated by c-Fos and PMA or TNF« treatment was spe-
cific for the CD4* SW620 cell line or reflected a more general
phenomenon, we conducted parallel transfection experiments
with two additional human colon epithelial cell lines previ-
ously characterized in our laboratory, HT29 and T84 (18).
The HT29 cells used in these studies do not express the CD4
cell surface glycoprotein but are, nevertheless, infectible by
HIV-1 via a non-CD4-mediated pathway involving galactosyl
ceramide or a closely related molecule (18, 46). As shown in
Fig. 4, there was strong transcriptional activation of the —91/
+232 LTR CAT template when HT29 cells were cotransfected
with the c-Fos expression plasmid and stimulated with PMA or
TNFa. T84 cells, a well-differentiated colonic epithelial line of
crypt origin, also lack CD4 but are not infectible by HIV-1 and
do not activate HIV-1 LTR transcription in response to TNFa
or PMA stimulation (18). T84 cells cotransfected with the
—91/+4232 LTR CAT template and a c-Fos expression vector
and stimulated with PMA or TNFa produced only a modest
increase in CAT activity (Fig. 4). The markedly lower activa-
tion response in cotransfected T84 cells compared with the
HIV-1-infectible cell lines SW620 and HT29 suggests that acti-
vation of the HIV-1 LTR in colon epithelial cells is limited to

-91/+232 LTR CAT SW620 HT29 T84

+ RSV B gal

+ SV-cFOS

+ RSV-cJUN

+ RSV-JUNB

+ RSV-NF-1

1 1 1 1 1 |

6 15 24 6 15 24

CAT ACTIVITY (% CONVERSION)

Figure 4. Effects of various expression plasmids on HIV-1 LTR-me-
diated gene transcription in three colon epithelial cell lines. SW620
(left), HT29 (center), and T84 (right) colon epithelial cells were co-
transfected with 5 ug of the —91/+4232 CAT reporter plasmid together
with 5 ug of the expression vectors indicated. Cells either received no
treatment (open bars), or were stimulated with PMA (solid bars) or
TNFe (stippled bars) as indicated in Fig. 1. Length of the bars repre-
sents CAT activity expressed as percent conversion as calculated in
the legend of Fig. 1. These data are from a single representative ex-
periment. Similar results were obtained in two to three repeated ex-
periments.
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Figure 5. Phorbol ester-stimulated transactivation response in T84
and SW620 cells transfected with a TRE/AP1-LUC or HIV-1 LTR-
LUC reporter gene plasmid. (A4) Structure of the luciferase reporter
plasmids. HIV-1 LTR-LUC contained LTR sequences upstream of
+80. TRE/AP1-LUC contained four consensus TRE motifs up-
stream of a rat prolactin minimal promoter. (B) Expression results
of SW620 (left) and T84 (right) transfected with a TRE/AP1-LUC

or an HIV-1 LTR-LUC reporter gene plasmid as described in Meth-
ods and treated with PMA (20 ng/ml) or no PMA. Data are the
mean of three transfection experiments and are expressed as relative
light units per 10 s using equivalent amounts of protein from cell
extracts. The fold increase in response to PMA stimulation is indi-
cated in parentheses. The greater luciferase activity observed in T84
cells reflects their higher transfection efficiency.

colonic cell types capable of mediating PMA or TNFa-stimu-
lated activation signals to the HIV-1 LTR.

In contrast to the c-Fos expression plasmid, little or no in-
crease in CAT reporter gene activity was noted after PMA or
TNFa stimulation in any of the colon epithelial cell lines co-
transfected with c-Jun, junB, or NF1 expression plasmids or
with the control RSV-8gal expression vector. However, RSV-c-
Jjun, RSV-junB and SV-c- fos plasmids were functional in the
three human cell lines, since in controls they readily transacti-
vated a reporter gene containing multiple consensus TRE mo-
tifs (data not shown).

T84 cells can mediate a PMA transactivation response to a
TRE-dependent reporter gene but not to the HIV-1 LTR. To
determine whether the inability of T84 cells to mediate PMA
activation signals to the HIV-1 LTR was promoter specific or
represented a more general defect in a signal transduction path-
way, we tested the ability of another reporter gene construc-
tion, TRE/AP1-LUC, to be activated by PMA in T84 cells.
This construction (Fig. 5 4) contains multiple consensus TRE
motifs upstream of a rat prolactin minimal promoter (42)
linked to the firefly luciferase gene and is transcriptionally re-
sponsive to PMA in SW620 cells (Fig. 5 B). Similarly, in T84
cells transfected with the TRE/API1-LUC reporter gene, a
nearly sixfold stimulation of luciferase activity was noted in
response to PMA stimulation (Fig. 5 B). These data indicate
that T84 cells, like SW620 cells, are capable of mediating PKC
activation signals to trigger gene activation, presumably by ac-
tivating TRE-binding Jun/Fos transcription factors.

In contrast to the TRE/AP1-LUC plasmid, when an HIV-1
LTR-LUC reporter gene construct (Fig. 5 A) containing com-
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plete LTR sequences upstream of +80 but lacking a fully tran-
scribed noncoding 5’ leader sequence was transfected into
SW620 or T84 cells, a strong PMA response was detected in
SW620 cells, but not in T84 cells under identical conditions
(Fig. 5 B). PMA-treated T84 cells were also unable to activate a
full-length LTR CAT construct that included downstream
LTR sequences to nucleotide position +232 or a full-length
proviral clone (data not shown ). These data are consistent with
our previous results, indicating that T84 cells are unable to
mediate PMA activation of the HIV-1 LTR (18). Although
T84 cells can transmit PMA activation signals to AP-1-depen-
dent reporter genes, they are apparently deficient in the intra-
cellular signaling that is required to trigger the activation of the
HIV-1 LTR by PMA.

Downstream sequence motifs weakly bind recombinant c-
Jun protein. Having documented the importance of the DSE
motifs in c-Fos transactivation of the HIV-1 LTR, we next
assessed their AP-1 binding properties. Because c-Fos itself
does not bind DNA, we performed gel mobility shift experi-
ments with purified recombinant trpE-c-Jun fusion protein,
which, as a major component of AP-1 complexes, was previ-
ously shown to bind with high affinity to a classical TRE motif
(26). When increasing amounts of trpE-c-Jun were incubated
with an HIV-1 LTR restriction fragment (+80/+222) con-
taining the DSE motifs, a specific gel shift complex was formed
(Fig. 6 A, lane 5). This c-Jun—-DNA complex migrated near a
TRE deoxyoligonucleotide c-Jun binding complex, but dis-
played less binding activity (compare Fig. 6 4, lanes / and 5).
To assess whether c-Jun could bind to the HIV-1 DSE sites, we
synthesized a series of short double-stranded deoxyoligonu-
cleotides containing the TRE/CRE-like motifs (Table I). In
the gel mobility shift assays shown in Fig. 6 B, an oligonucleo-
tide containing the +160 DSE-2 motif formed specific com-
plexes with trpE-c-Jun (Fig. 6 B, lanes 2 and 3) that comigrated
with complexes formed on the collagenase TRE oligonucleo-
tide control (Fig. 6 B, lane 1), albeit with less binding activity.
In contrast, an oligonucleotide with a mutation in the +160
motif (+160m) formed no detectable trpE-c-Jun complexes
(Fig. 6 B, lanes 4 and 5). The +95 DSE-1 oligonucleotide
formed only weakly detectable complexes with trpE-c-Jun
(Fig. 6 B, lanes 6 and 7). These results indicate that, although
c-Jun can recognize and bind the downstream +160 and +95
DSE motifs, it does so less efficiently than to a classical TRE
oligonucleotide.

To more accurately assess the relative binding affinities of
the various oligonucleotides for c-Jun, increasing amounts of
unlabeled +160, +160m and +95 DSE oligonucleotides were
competed for trpE-c-Jun binding with the labeled collagenase
TRE oligonucleotide (Fig. 6 C). In accordance with their ap-
parent binding efficiencies documented in Fig. 6 B, the +160
DSE-2 oligonucleotide competed with the TRE oligonucleo-
tide for c-Jun binding (Fig. 6 C, lanes 5 and 6) better than the
+95 DSE-1 oligonucleotide (lanes 9 and 10), or the +160m
DSE-2 oligonucleotide (lanes 7 and 8). However, the homolo-
gous collagenase TRE oligonucleotide was a substantially bet-
ter competitor than any of the HIV-1 LTR derived oligonucleo-
tides (Fig. 6 C, lanes 1-3).

T84 cell nuclear extracts produce a distinct gel shift pattern
of CRE motif binding activity. To identify the DNA binding
activities present in colon epithelial cells that recognize HIV-1
LTR sequence motifs, we prepared cell-free nuclear extracts
(44) from T84, SW620, and HT29 cells, incubated them with
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labeled oligonucleotide sequence motifs, and resolved DNA
binding complexes by gel electrophoresis (Fig. 7). Fig. 7 4
shows that specific gel shift complexes form with oligonucleo-
tides containing Sp1 (lanes /-3) and NF1 binding sites (lanes
4-6). Spl and NF1 are common transcription factors present
in a wide variety of cell types and their binding sites are found
in many cellular and viral promoters, including HIV-1 (4, 39);
their similar DNA-binding activities among the three cell lines
provide, therefore, an indication of the quality of the colonic
cell nuclear extracts.

Because the downstream motifs in the HIV-1 LTR closely
resemble consensus TRE and CRE motifs, we tested each cell
extract for DNA binding activity to oligonucleotides with a
classical TRE (20, 21) or CRE (30) motif (Table I). Although
classical TRE and CRE motifs are nearly identical in primary
sequence, the collagenase TRE motif'is a strong binding site for
members of the Jun/Fos family, whereas the somatostatin
CRE motif'is a preferential binding site for CREB/ATF family
members (20, 21, 30). The gel shift data shown in Fig. 7 B
indicate that each of the three colon epithelial cell lines contain
separate CRE (lanes /-3) and TRE (lanes 4-6) binding activi-
ties that do not cross compete (lanes 2 and 6). Although the
individual CRE and TRE complexes each exhibit a similar gel
migration pattern with all three cell nuclear extracts, the rela-
tive DNA binding activity of one of the two major complexes
formed with the CRE oligonucleotide was different with the
nuclear extract of T84 compared with SW620 and HT29 cells.
The faster-migrating CRE complex with T84 cell nuclear ex-
tract was markedly reduced compared with the slower-migrat-
ing CRE complex and compared with the CRE complexes
formed with identical amounts of SW620 and HT29 cell nu-
clear extract (Fig. 7 B, lanes 1-3). Together, these data indicate
that the DNA binding activities in colon epithelial cells are very
similar; the one notable exception being the CRE binding activ-
ity in T84 cells, which appears to be deficient in the faster-mi-
grating CRE gel shift complex.

Downstream sequence elements form novel c- fos-contain-
ing complexes with colonic epithelial cell proteins. To further
assess the DNA binding activity of the TRE/CRE-like motifs
in the HIV-1 LTR, we performed gel mobility shift experi-
ments including oligonucleotides containing the +160 and
+95 DSE motifs (Table I). The results in Fig. 8 show that a
specific DNA binding activity can be detected with the +160
and +95 DSE oligonucleotides in nuclear extracts from each of
the colon epithelial cell lines (Fig. 8 A4, lanes I and 5). The
DNA binding activity detected with the T84 cell nuclear ex-
tract was, however, weak compared with the relative binding
activity generated by identical amounts of SW620 or HT29 cell
nuclear extracts. When unlabeled oligonucleotides were used
to compete for complex formation, the unlabeled collagenase
TRE oligonucleotide did not interfere with the formation of
either the +95 or +160 DSE gel shift complexes (Fig. 8 4, lanes
2 and 6). In contrast, the somatostatin CRE oligonucleotide
blocked the formation of these gel shift complexes (Fig. 8 A4,
lanes 3 and 7) to a degree similar to or better than that of
homologous competition with the +160 or +95 oligonucleo-
tide (lanes 4 and 8). These results indicate that the DNA bind-
ing proteins in colonic epithelial cells that recognize the HIV-1
LTR DSE also recognize a classical CRE motif.

Using the SW620 nuclear extract, the gel shift complex
formed on the +160 DSE-2 oligonucleotide clearly migrates
faster in the gel than the complex formed on the collagenase
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Figure 6. TrpE-c-Jun binding to HIV-1 LTR DNA fragments and
synthetic deoxyoligonucleotides. (4) A gel-purified fragment of the
HIV-1 LTR from +80 to +222 was generated by digestion of the
HIV-1 LTR with HindIII and Sstl. This LTR fragment was 3?P-end-
labeled at the HindlII restriction site (+80), incubated with increas-
ing amounts of TrpE-c-Jun (0, 1, 3, or 9 ul), and assessed for binding
in a gel mobility shift assay (lanes 2-5). As a positive control, a 22-
mer TRE oligonucleotide containing a canonical TRE recognition
site (Table I) was included (lane ). The migration of the c-Jun-LTR
complex is seen in lane 5. Unbound LTR fragment migrated at the
bottom of the figure whereas the unbound 22-mer TRE oligonucleo-
tide is not shown. ( B) TrpE-c-Jun binding to synthetic oligonucleo-
tides containing DSE sites. The 32P-end-labeled oligonucleotides from
the downstream sequences in the HIV-1 LTR (shown in Table I and
indicated above each lane) were incubated with 3 or 9 ul of trpE-c-Jun
protein as described in Methods and assessed for binding in gel mo-
bility shift assays. The 22-mer collagenase TRE oligonucleotide (lane
1) was included for comparison as a positive control. Migration of
free probe and c-Jun-DNA complexes are indicated to the right by
arrows. Of note, in some trpE-c-Jun preparations the Escherichia coli
trpE moiety is cleaved, producing two different-sized binding species
and thereby generating two distinct gel shift complexes. (C) Compe-
tition of trpE-c-Jun binding to TRE by HIV-1 DSE oligonucleotides.
The *?P-end-labeled TRE oligonucleotide was incubated with a con-
stant amount of trpE-c-Jun and competed as indicated above each
lane with either 0, 10, or 50 ng of unlabeled TRE (lanes /-3), +160
(lanes 4-6), +160m (lanes 7 and 8), or +95 oligonucleotides (lanes

9 and 10). Migration of the free unbound TRE probe (bottom arrow)
and the c-Jun-TRE oligonucleotide complexes (fop arrow) are indi-
cated.

TRE oligonucleotide (Fig. 8 B, lanes I and 2). In contrast, the
+160 DSE-2 complex comigrated with the faster migrating
complex formed on the somatostatin CRE oligonucleotide
(Fig. 8 B, lane 7), which, interestingly, was the same complex
as the one preferentially reduced when using T84 cell extracts
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(Fig. 7 B). Again, the collagenase TRE oligonucleotide did not
compete for formation of the +160 DSE-2 complex (Fig. 8 B,
lane 3) nor did a TRE/CRE-related oligonucleotide, phorbol
ester inhibitory element (PIE) (Table I), derived from the col-
lagen gene promoter (lane 5). In contrast, competition with

1343



A
OLIGO PROBES SP1 NF1
COMPETITOR
ouGos (song) 'O SP1NFillo sp1 NF1

i

SW620 '

HT29

Figure 7. Comparative
binding activities of co-
lon epithelial cell nu-
clear extracts to DNA
sequence motifs. A con-
stant amount of nuclear
extract from SW620
(top), HT29 (middle),
and T84 (bottom) colon
epithelial cell lines were
incubated with the 32P-
end-labeled oligonucle-
B otide probes (~ 0.5 ng)
as indicated. Protein—
DNA complexes were
resolved by gel electro-
phoresis. (4) Gel shift
complexes formed with
Spl (lanes /-3) and
NF1 oligonucleotides
(lanes 4-6) in the ab-
sence (lane /) or pres-
ence of unlabeled Sp1
(lanes 2 and 5) or NF1
competitor oligonucleo-
tide (lanes 3 and 6).
(B) Gel shift complexes
formed with CRE
(lanes /-3) and TRE
oligonucleotides (lanes
4-6) in the absence
(lane 1) or presence of
unlabeled TRE (lanes

2 and 5) or CRE com-
petitor oligonucleotide
(lanes 3 and 6). Migra-
tion of the unbound free
probe is not shown.
Competition, for un-
known reasons, some-
times increased the for-
mation of nonspecific
complexes (lanes 2, 3,
5, and 6).
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the somatostatin CRE motif reduced formation of the +160
DSE gel shift complex (Fig. 8 B, lane 4) again to an extent
similar to that seen with the homologous oligonucleotide (lane
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6). Identical results were obtained with the +95 DSE-1 oligonu-
cleotide (data not shown).

To determine whether c-Fos was a component of the CRE-
like DSE gel shift complex, a c-Fos antibody (18C3) that was
previously shown to specifically interfere with c-Fos-contain-
ing complexes (47) was included in the binding reactions be-
fore adding DNA probe (Fig. 8 C). Since the c-Fos gene is
induced by serum, for these gel shift experiments SW620
serum-starved extracts were used to assess whether the DSE
complex would be affected. As shown in Fig. 8 C, the c-Fos
antibody blocked the formation of the CRE-like DSE complex
(lane 2, complex I). Interestingly, using serum-starved ex-
tracts, a new complex was also formed that migrated slower in
the gel than the CRE-like DSE complex (Fig. 8 C, lane 1, com-
plex IT). This new complex was also somewhat diminished by
the anti-c-Fos antibody (lane 2, complex IT). c-Fos antibody
was specific for the comigrating complex shared by the DSE
and the CRE, as shown in Fig. 8 C, lanes 3 and 4, since it was
able to block only the faster migrating CRE complex (lane 4).
Thus, although the HIV-1 DSE motifs can form more than one
gel shift complex, the faster-migrating complex appears to be a
c-Fos-containing CRE-like binding complex.

Discussion

We describe DSE in the transcribed noncoding 5’ leader se-
quences of the HIV-1 LTR that are c-Fos responsive and are
differentially activated in three human colon carcinoma epithe-
lial cell lines. One or both of the DSE, shown in relation to the
HIV-1 LTR in Fig. 1 4 and at the nucleotide level in Fig. 3 4,
mediate c-Fos transactivation of the HIV-1 LTR in colonic
epithelial cells stimulated with PMA or TNFa. These are the
most downstream cis-regulatory elements described thus far in
the HIV-1 LTR. These findings suggest that previously unrec-
ognized sequence elements that reside downstream of TAR in
the transcribed noncoding 5’ leader sequence may contribute
to the activation and regulation of HIV-1 gene expression.

Role of the c-Fos-responsive DSE sites in the activation of
the HIV-1 LTR. The first downstream element, DSE-1, is lo-
cated immediately downstream of TAR at nucleotide position
+95 and appears to be composed of two partially overlapping
TRE/CRE-like sites. DSE-2, the other HIV-1 c-Fos-respon-
sive element, is located at position +160 and has perfect se-
quence identity to the functional AP-1 binding sites found in
the 72-bp repeats of SV40 and the enhancer region of polyoma
virus (TTAGTCAG) (48). The DSE-2 site is also identical to
two of the three PMA-responsive elements recently identified
in the HIV-1 pol gene, which are thought to comprise a poten-
tial HIV-1 intragenic enhancer element (49). Although the in
vivo role of the DSE elements remains to be demonstrated, it is
noteworthy that Jun/Fos expression plasmids can stimulate
new viral production from a transfected HIV-1 proviral plas-
mid clone in a highly transfectible human colonic epithelial
cell line (Roebuck, K. A., unpublished results).

The c-Fos-responsive DSE sites may comprise a down-
stream LTR enhancer that functions independently of, or in
concert with, the upstream NF«B-binding enhancer to activate
HIV-1 transcription. An additional inducible enhancer ele-
ment in the viral LTR may provide a mechanism to broaden
the viral response to extracellular stimuli and activate tran-
scription under a wider variety of cellular conditions. Indeed,
functional redundancy is a common feature of viral as well as
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Figure 8. Characterization of novel TRE/CRE-like motif binding ac-
tivities in colon epithelial cell nuclear extracts. 3?P-end-labeled HIV-1
DSE-1 and -2 oligonucleotides shown in Table I (~ 0.5 ng) were as-
sayed for binding activity as described in Methods and the legend of
Fig. 7. (A4) Gel shift complexes formed with +160 (lanes /-4) and
+95 DSE motif oligonucleotides (lanes 5-8) with SW620 (zop),
HT29 (middle), and T84 (bottom) colon epithelial cell extracts. The
+160 and +95 gel shift complexes were not competed (lanes / and

5) or competed with 50 ng of unlabeled oligonucleotide as indicated
above each lane. Migration of the unbound free probe is not shown.
(B) Comparison of CRE (lane 7), TRE (lane 1), and HIV-1 DSE
oligonucleotide complexes (lanes 2-6) formed with SW620 cell nu-
clear extracts. The +160 DSE-2 complex was either noncompeted or
competed with 50 ng of the unlabeled oligonucleotides shown in Ta-
ble I as indicated above each lane. Three major distinguishable com-
plexes are indicated to the right by arrows. Migration of the unbound
free probe is indicated at the bottom right by an arrow. Note that the
+160 DSE-2 gel shift complex migrates differently than the TRE
complex (lane 1) and comigrates with the faster-migrating CRE
complex (lane 7). (C) Comparison of the gel shift complexes formed
on the +160 DSE-2 (lane 1) and CRE (lane 3) with serum-starved
SW620 nuclear extract. Binding reactions were done in the absence
(lanes / and 3) or in the presence of a c- fos monoclonal antibody
(lanes 2 and 4) as indicated above each lane. c- fos antibody blocks
the formation of the CRE-like DSE complex (lane 2, complex I) and
the faster-migrating CRE complex (lane 4, complex 7). Note that
extracts from serum-starved cells also have a slower migrating com-
plex (complex IT) on the DSE motif, which also is partially blocked

1 2 3 24 by c- fos antibody.

160 + Fos mAb
CRE + FosmAb

160
. CRE

c-fos-responsive Elements in the HIV-1 Long Terminal Repeat 1345



cellular regulatory regions and is a potential mechanism to in-
crease the viral cell host range. A functional enhancer down-
stream of the viral transcription initiation site is also consistent
with reports indicating the upstream NF«xB-binding enhancer
was not essential for HIV-1 infectivity (50). In particular, en-
hancer-bound NF«B in vitro (51) or nuclear-translocated
NF«B in vivo (52) was not sufficient to activate HIV-1 gene
transcription. Recently, DNA sequences within the transcribed
noncoding leader of HIV-1 and HIV-2 have been reported to
play a positive and negative role, respectively, in basal gene
expression (53, 54). We note that the DSE sequences are tran-
scribed into RNA as is the Tat-responsive element. However,
c-Fos, unlike Tat, acts through DNA elements in association
with other leucine zipper proteins. Nonetheless, we have not
formally ruled out the possibility that c-Fos may bind to RNA
and activate LTR transcription, perhaps in a manner similar to
the Tat and TAR interaction.

A functional TRE/CRE-like sequence motif in the HIV-1
LTR implies that members of the Jun/Fos and/or CREB/
ATF families of transcriptional activators play a role in the
regulation of HIV-1 gene expression. These transcription fac-
tors are highly regulated. Their genes are differentially ex-
pressed (29, 55, 56) and their products have different biological
properties (25, 38, 57), which can confer negative as well as
positive transcriptional control of target genes (19, 22, 38, 58,
59). Recently, Jun/Fos and/or CREB/ATF have been impli-
cated in the transcription of other retroviruses, including
HTLV-1 (60), human foamy virus (61), bovine leukemia
virus-1 (62), and feline immunodeficiency virus-1 (63). In
addition, previously recognized HIV-1 LTR transactivator
proteins encoded by other viruses can activate gene expression
through functional TRE and CRE motifs (e.g., the product of
the Epstein-Barr early immediate gene BZLF1 [64], which en-
codes a leucine zipper factor similar to c-Fos, and the X protein
of hepatitis B virus [41], which can form complexes with ATF
proteins [65]).

Intracellular signaling pathways that activate the c-Fos-re-
sponsive DSE sites appear to differ among human colonic epi-
thelial cells. As an immediate early gene, c-Fos plays a crucial
role in the intracellular transduction of extracellular stimuli; its
activation, along with c-jun, is important for entry into the cell
cycle (23). Our results suggest that c-Fos induction might be an
important trigger in the activation of HIV-1 gene expression. A
transfected c-Fos expression vector stimulated HIV-1 LTR-de-
pendent gene transcription in concert with activators of PKC
in HIV-1-infectible colon epithelial cell lines, but not in the
noninfectible colon epithelial cell line T84. However, T84 cells
did mediate PMA-activated intracellular signals to a reporter
gene construction containing multiple TRE motifs. Thus, it
appears that the c-Fos-responsive DSE motifs are activated in
HIV-1-infectible colon epithelial cells by a cellular signaling
pathway different from that activating classical Jun/Fos-bind-
ing TRE elements. Activation of PKC may induce cell type-
specific posttranslational modifications of c-Fos directly or it
may differentially regulate a dimerization partner of c-Fos,
such as a member of the CREB/ATF family (55, 66, 67).
Alternatively, it is possible that PKC could differentially influ-
ence other regulatory proteins in the three cell lines, for exam-
ple, those involved in the modulation of c-Fos and/or CREB/
ATF binding activities, including IP-1, an inhibitor protein of
Fos/Jun that is regulated by extracellular signals (68) or
CREM and Ref-1, which modulate CREB and AP-1 binding
activities, respectively (66, 69).
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HIV-1 DSE motifs appear to differ from classical TRE mo-
tifs. Although the DSE motifs in the HIV-1 LTR have a high
degree of sequence similarity to classical TRE motifs and func-
tional AP-1 binding sites, our data suggest that these motifs,
perhaps because of their context, do not function as typical
AP-1 binding TRE sites. First, recombinant c-Jun bound the
HIV-1 DSE sites quite poorly compared with the collagenase
TRE motif. Second, nuclear protein complexes formed on the
HIV-1 DSE motifs migrated in gels differently from the TRE
motif complex and were not blocked by competition with the
TRE sequence oligonucleotide. Third, in transient transfection
experiments, c-Jun did not synergize with c-Fos to activate
HIV-1LTR transcription, but rather attenuated the c-Fos trans-
activation response. Finally, T84 colon epithelial cells could
not mediate PMA or TNFa activation signals to the HIV-1
DSE motifs to produce efficient c-Fos transactivation of the
HIV-1 LTR, but could readily mediate PMA activation signals
to the collagenase TRE motif to transactivate AP-1-dependent
reporter gene expression. Collectively, these data indicate that
DSE-1 and DSE-2 are probably interacting with transcription
factors consisting of components other than, or in addition to,
those of the AP-1/Jun/Fos family to mediate HIV-1 gene ex-
pression.

Differential c-Fos transactivation of SW620, HT29, and
T84 cells correlates with a novel CRE-like binding activity in
colon epithelial cells. The ability of c-Fos to transactivate ex-
pression of the HIV-1 LTR in human colon epithelial cells
correlated with a CRE-like binding activity. In the T84 cell
extracts, one of the CRE complexes was weakly detected com-
pared with its counterpart in the HT29 and SW620 cell ex-
tracts. This latter CRE complex comigrated with those formed
on the DSE motifs. In addition, the comigrating CRE and DSE
complexes were blocked when incubated with an anti-c-Fos
monoclonal antibody (18C3), shown previously to specifically
interfere with c-Fos-containing gel shift complexes (47). The
second CRE complex, which does not comigrate with the DSE
complex, was unaffected by the antibody. Thus, c-Fos is a com-
ponent of both the CRE and DSE complexes. This is consistent
with studies demonstrating that, as a heterodimer, c-Fos binds
to CRE as well as TRE (25, 33). It also suggests that the c-Fos
transactivation of the HIV-1 LTR is most likely due to a direct
interaction of c-Fos with the DSE motifs.

Although cotransfections with the c-Fos expression plas-
mid resulted in high levels of transcriptional activity from a
construction containing the HIV-1 DSE motifs, different com-
binations of other members of the Jun/Fos family failed to
stimulate comparable levels of HIV-1 LTR expression in
PMA- or TNFa-stimulated colon epithelial cells. Because Jun
forms a more stable complex as a heterodimer with Fos than as
a Jun-Jun homodimer, in many cell systems c-Jun cotrans-
fected with c-Fos stimulates higher levels of gene expression
than c-jun alone (19, 25, 27). However, in the colonic epithe-
lial cells, cotransfected c-Jun reduced expression of the HIV-1
LTR stimulated by c-Fos transactivation. Because c-Fos re-
quires a partner to bind DNA as a heterodimer (19), it is con-
ceivable in our studies that c-Jun displaced, by a direct compe-
tition or squelching mechanism, the protein dimerization
partner that combines with c-Fos to form the HIV-1 DSE acti-
vation complex. This putative dimerization partner of c-Fos
might be a member of the CREB/ATF family that cross-com-
bines with c-Fos to form a hybrid dimer with an altered se-
quence binding specificity in which CRE-like, rather than
TRE-like, sequences are preferred (32-34). This possibility is



consistent with our DNA binding studies demonstrating selec-
tive competition of the DSE motifs with classical CRE motifs.
However, we note that two members of the CREB/ATF family
tested in our system, CREB and ATE-2, likewise attenuated
c-Fos transactivation, indicating that c-Fos may dimerize with
other yet unknown transcription factors to activate the HIV-1
LTR (Roebuck, K. A., unpublished data). In MHC class II
gene promoters, c-Fos has been shown to dimerize with an
unknown protein factor in binding to the nonconsensus TRE
X2 box (70). It is also possible that c-Fos interacts with non—
AP-1/CREB/ATF proteins, such as those from the C/EBP
and NF-IL6 basic-leucine zipper family (71).
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