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Tat protein strongly activates transcription from the human immunodeficiency virus type 1 (HIV-1) long
terminal repeat (LTR) by enhancing the elongation efficiency of RNA polymerase II complexes. Tat-mediated
transcriptional activation requires cellular cofactors and specific cis-acting elements within the HIV-1 pro-
moter, among them a functional TATA box. Here, we have investigated the mechanism by which one of these
cofactors, termed CA150, regulates HIV-1 transcription in vivo. We present a series of functional assays that
demonstrate that the regulation of the HIV-1 LTR by CA150 has the same functional requirements as the
activation by Tat. We found that CA150 affects elongation of transcription complexes assembled on the HIV-1
promoter in a TATA-box-dependent manner. We discuss the data in terms of the involvement of CA150 in the
regulation of Tat-activated HIV-1 gene expression. In addition, we also provide evidence suggesting a role for
CA150 in the regulation of cellular transcriptional processes.

Regulation of RNA polymerase II (RNAP II) transcription
initiation is accomplished by the involvement of at least three
different types of factors. General transcription factors (GTFs)
assemble near the start site of transcription and direct the basal
level of promoter expression. For example, the TATA-binding
protein (TBP) initiates assembly of transcription complexes by
binding to the TATA box sequence in TATA-containing, class
II gene promoters. A second class of factors are either activa-
tors or repressors of transcription which normally bind to spe-
cific DNA sequences and regulate the rate of RNAP II tran-
scription initiation. Finally, there are adapter proteins (also
called cofactors or mediators), which provide a link between
DNA-bound transcription factors and the GTFs and can pos-
itively or negatively regulate transcription (20, 62). The joint
action of GTFs, activators and/or repressors, and adapters
allows efficient initiation of transcription and subsequent elon-
gation by RNAP II complexes. Transcription elongation is also
a target for gene regulation, and many factors that stimulate
elongation and read-through have been identified (54). The
establishment of an elongation-competent transcription com-
plex is a process that probably involves phosphorylation of the
C-terminal heptapeptide repeat domain (CTD) of the largest
subunit of RNAP II (12), which consists of multiple repeats of
the sequence YSPTSPS.

Genetic and biochemical approaches with yeast, and more
recently with mammals, have shown that RNAP II, GTFs, and
adapters can be found in preassembled complexes generically
termed RNAP II holoenzyme (38). The holoenzyme composi-
tion varies depending on the protocol for purification, and
there are indications that multiple holoenzyme complexes may
exist. Importantly, holoenzyme is responsive to transcription
activators (6, 26, 32), and recruitment of holoenzyme to a
promoter is sufficient for gene activation (1, 15, 17, 25).

The human immunodeficiency virus type 1 (HIV-1) long
terminal repeat (LTR) contains the elements of a prototypic
class II eukaryotic regulatory unit. It contains enhancer and

promoter elements where binding sites for many transcription
factors have been identified (24). The core HIV-1 promoter
consists of a canonical TATA box and two elements further
downstream, which appear to be necessary for transcriptional
activity (63). Other relevant elements include two and three
tandem DNA-binding sites for the inducible NF-kB and the
ubiquitous Sp1 transcription factors, respectively. Despite the
presence of binding sites for multiple transcription activators,
transcription directed by the HIV-1 promoter is very weak in
vivo, and robust transcription requires the expression of the
viral transactivator Tat, which increases the level of transcrip-
tion more than 100-fold. Several studies have analyzed the
contribution of upstream elements to basal and activated
HIV-1 transcription. In particular, basal transcription is depen-
dent more on NF-kB sites than on Sp1 elements, whereas the
opposite effect is seen for Tat-activated transcription. TATA
box sequences are required for Tat activation but have a
smaller contribution to basal activity from the HIV-1 promoter
(4, 29, 44).

Tat activates transcription by binding to an RNA structure
called the trans-activation response (TAR) element, a regula-
tory region located at the 59 ends of all viral mRNAs (10). In
the absence of Tat, the HIV-1 LTR produces mainly short,
nonpolyadenylated transcripts, whereas in the presence of Tat,
there is a substantial increase in the level of longer, polyade-
nylated transcripts. Tat affects the elongation efficiency of
RNAP II complexes formed on the HIV-1 promoter, and the
mechanism of this regulation has been a matter of intense
investigation. Tat associates with a CTD kinase (21, 22), and
the CTD of RNAP II is required for Tat trans activation (9, 43,
61). These findings suggest that phosphorylation of the RNAP
II CTD can be increased by Tat. This is particularly relevant
because increasing CTD phosphorylation by a CTD kinase has
been shown to stimulate the elongation efficiency of RNAP II
(27). The identification of positive transcription elongation
factor b (P-TEFb), as the protein complex that binds to Tat
and assembles onto the HIV-1 TAR element, has been a key
step towards our understanding of the mechanism of transcrip-
tion activation of the HIV-1 LTR by Tat (10). P-TEFb is
comprised minimally of a CTD kinase called CDK9, which is
part of the Tat-associated kinase (34, 60, 66), and its cyclin
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component, termed cyclin T1, which binds directly to Tat (58).
Immunodepletion of CDK9 inhibited basal and Tat-activated
transcription in vitro (64, 66), and its overexpression abrogated
Tat trans activation in cells (19). Immunodepletion of cyclin T1
decreased basal and Tat activation in vitro (58). Importantly,
transfection of a human cyclin T1-expressing plasmid into
mouse cells, which are unable to respond to Tat via the HIV-1
TAR element, rescued Tat transcriptional activation (58).
Based on these findings, it has been proposed that Tat recruits
P-TEFb to the HIV-1 TAR element, thus allowing the phos-
phorylation of the CTD and/or other components of the tran-
scription apparatus by CDK9 and increasing the elongation
competence of RNAP II complexes.

In addition to P-TEFb, other factors have been implicated in
Tat-mediated transcriptional activation. CA150 (coactivator of
150 kDa [50]) and Tat-SF1 (Tat stimulatory factor 1 [65]) are
nuclear proteins which were purified by using in vitro transcrip-
tion systems and Tat affinity chromatography. Depletion of
these proteins from HeLa nuclear extracts specifically de-
creased Tat trans activation, and transient-transfection exper-
iments with either protein carried out in HeLa cells resulted in
alterations in the Tat-activated response. The fact that CA150
and Tat-SF1 were isolated by Tat affinity chromatography,
while no direct binding between these factors and Tat has been
reported, suggests that CA150 and Tat-SF1 affect Tat trans
activation indirectly. Very little is known about the contribu-
tion of CA150 and Tat-SF1 to Tat-mediated transcription ac-
tivation of the HIV-1 promoter. In this study, we delineated
the role of CA150 in the regulation of RNAP II transcription
by using HIV-1 and other TATA-box-containing promoters.
We have found a selective role of CA150 in transcription from
certain promoters and have shown that CA150 regulates
HIV-1 LTR transcription in a TATA-box-dependent fashion.
In addition, we provide evidence demonstrating that CA150
regulates transcription from the HIV-1 LTR, at least in part,
by affecting the elongation efficiency of RNAP II complexes.
The relevance of these findings to the regulation of HIV-1
gene expression is discussed.

MATERIALS AND METHODS

Plasmids. pEFBOST7CA150 expressed the full-length CA150 protein under
the control of the polypeptide chain elongation factor 1a promoter (37). PCR
was used to obtain two fragments representing the 59 and 39 portions of the
CA150 gene by using the CA150 cDNA plasmid (50) as a template. Pfu poly-
merase (Stratagene, La Jolla, Calif.) was used in this and subsequent PCRs. The
following oligonucleotides were used: 59-GGGAGATCTTGATGGCCCAACA
GCAGGCCTTGAGG-39 (forward) with 59-GCTTTAACAGGCTCATCTTC-39
(reverse) and 59-GGGGAGCCCAAAGAAGAGGAGATGACT-39 (forward)
with 59-GGGAGATCTGATGCCCCTATGGAAGAGTATTTA-39 (reverse).
Each PCR fragment contained an overlapping BclI restriction site and BglII
(underlined) ends. BclI- and BglII-digested PCR fragments were ligated to-
gether into BamHI-digested pEFBOST7HRH1 plasmid (42) to create
pEFBOST7CA150. The expressed CA150 protein contains the 11-amino-acid T7
epitope tag at its amino terminus.

The reporter constructs HIV-CAT (promoter sequences from bp 2640 to
182), CMV-IE-CAT (promoter sequences from bp 2467 to 171), and RSV-
CAT (promoter sequences from bp 2290 to 134) are the same plasmid con-
taining the HIV-1, the cytomegalovirus (CMV) major immediate-early (IE), and
the Rous sarcoma virus (RSV) promoter sequences, respectively, linked to the
chloramphenicol acetyltransferase (CAT) gene, and they have been previously
described (3, 11). SV40 (simian virus 40 early)-CAT is the pSV2CAT plasmid
(promoter sequences from bp 2271 to 169), and it was kindly provided by
Cristina Hernández-Munain (Duke University). pcTat, expressing the 86-amino-
acid Tat protein under the control of the CMV promoter, has been previously
described (33). HSV-TK-LUC contains the herpes simplex virus (HSV) thymi-
dine kinase (TK) promoter (sequences from bp 2107 to 157), and it was kindly
provided by Antonio A. Postigo (Washington University, St. Louis, Mo.). The
minimal HIV-1 promoter plasmids (NF/SP [wild type] and NF-R) and the HIV-
CAT mutated vectors where the TATA box has been changed (SV40-TATA and
m-TATA) or deleted (d-TATA) have been described elsewhere (4) and were
kindly provided by Kuan-Teh Jeang (National Institute of Allergy and Infectious
Diseases, Bethesda, Md.). The 59 deletion mutants of the a4 integrin promoter

have been described previously (45, 47), and they were kindly provided by A. A.
Postigo. To express human TBP, we used pCGNTBP, which adds a hemagglu-
tinin (HA) epitope tag to the amino terminus of the expressed protein, and it was
kindly provided by William P. Tansey (Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.) (51).

Cell culture and transfections. We used 293T cells, a line of transformed
human epithelial kidney cells into which the gene for the SV40 T antigen has
been introduced (13). Transient-transfection experiments involving this cell line
required a careful titration and balance of the different promoters tested. Trans-
fections were carried out with at least two different preparations of each plasmid
DNA purified by using kits from Qiagen Inc. (Santa Clarita, Calif.). 293T cells
were grown in Dulbecco’s modified Eagle medium (Gibco/BRL, Grand Island,
N.Y.) supplemented with 10% fetal bovine serum (Hyclone, Logan, Utah) and
penicillin-streptomycin to 100 U and 100 mg per ml, respectively (Gibco/BRL).
Transfections were performed in 35-mm-diameter plates (Becton Dickinson
Labware, Franklin Lakes, N.J.). Each well was seeded with 5 3 105 cells approx-
imately 20 h prior to transfection. Cells were grown to approximately 50%
confluence and were transfected with the amounts indicated in the figure legends
by using calcium phosphate. The reporter vector HSV-TK-LUC (10 ng per well)
was used as an internal control for transfection, and yeast tRNA carrier (Sigma,
St. Louis, Mo.) was used to keep constant the total amount of nucleic acids. Cells
in each well were carefully rinsed with phosphate-buffered saline (PBS) and
replenished with fresh medium 16 h after transfection, and they were collected
approximately 40 h after transfection. Cells were rinsed with PBS and then lysed
by three cycles of freezing in dry ice and ethanol and thawing at 37°C in a water
bath. After centrifugation, the supernatant was used immediately or stored at
280°C for future use. The cell extracts were normalized on the basis of protein
concentration by using the Bradford method with bovine gamma globulin as a
standard (Bio-Rad Laboratories, Hercules, Calif.). CAT assays were done by the
diffusion method of Neumann and coworkers (41). Typically, 100 mg of cell
protein was used in each CAT assay. Luciferase activity was measured at room
temperature with a fixed amount of protein of individual cell extracts, luciferase
assay reagents from Promega Corp. (Madison, Wis.), and a semiautomatic lu-
minometer (LUMAT LB 9507; EG&G Berthold/Wallac Inc., Gaithersburg,
Md.). Values from one representative experiment are shown throughout the
paper. Similar results were obtained in at least three independent transfection
experiments in which relative CAT activities varied less than 20% between
experiments.

Antibodies and Western blotting. Antibodies against CA150 have been de-
scribed previously (50). Antibodies against the T7 and HA tags were purchased
from Novagen (Madison, Wis.) and Berkeley Antibody Co. (Richmond, Calif.),
respectively, and used accordingly to their specifications. TBP-specific serum was
obtained from Upstate Biotechnology (Lake Placid, N.Y.).

Analysis of protein expression was carried out with whole-cell lysates from
293T cells. Briefly, cells were washed twice with PBS, and the cell pellets were
incubated with cold radioimmunoprecipitation assay buffer (150 mM NaCl, 1%
Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 50 mM
Tris [pH 7.5]) containing phenylmethylsulfonyl fluoride at 50 mg/ml during 30
min with gentle hand shaking in a water-ice bucket. After spinning at 10,000 3
g for 10 min at 4°C, the lysate was removed to a clean tube and used for protein
analysis. For Western blot analysis, proteins were separated by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE), transferred to an Immobilon-P (Milli-
pore Corp., Bedford, Mass.) membrane, and then incubated with the specific
antiserum. After washing, the membrane was incubated with a peroxidase-con-
jugated secondary antibody (Amersham, Arlington Heights, Ill.), and bound
antibodies were detected by enhanced chemiluminescence (Amersham).

RNA purification and RT-PCR. Total cellular RNA was isolated from trans-
fected 293T cells by the method of Chomczynski and Sacchi (8). After isolation,
RNA samples were treated with RQ1 DNase I (Promega Corp.) according to the
manufacturer’s specifications and then phenol-chloroform extracted and precip-
itated. Reverse transcription (RT) reaction mixtures contained 4 mg of total
RNA, 100 mM KCl, and 18 mM specific primers. The primers used were 59-A
AGCTTTATTGAGGCTTAAGCAGT-39 and 59-GAAAACGGGGGCGAAG
AA-39. These primers were used to synthesize cDNAs of 82 and 542 nucleotides,
respectively. RT annealing reaction mixtures were placed in boiling water for 1
min, then placed at 50°C for 20 min, and then placed on ice. RT extension
reaction mixtures contained 250 mM Tris-HCl (pH 8.3), 375 mM KCl, 15 mM
MgCl2, 10 mM dithiothreitol, 500 mM each deoxynucleoside triphosphate, and
200 U of Moloney murine leukemia virus reverse transcriptase (Gibco) and were
incubated at 37°C for 1 h. One microliter of the appropriate dilution of each RT
reaction mixture was amplified in a 50-ml PCR mixture containing 200 mM (each)
dATP, dGTP, and dTTP; 50 mM dCTP; 0.5 ml of [a-32P]dCTP (3,000 Ci/mmol;
ICN Biomedicals, Irvine, Calif.); 1 mM each primer; and 2.5 U of cloned Pfu
DNA polymerase (Stratagene) with the manufacturer’s reaction buffer. The
primers used were 59-GGGTCTCTCTGGTTAGAC-39 (forward) and the same
oligonucleotide used in the RT reactions to measure transcripts of 82 nucleotides
(reverse). Amplification reaction conditions consisted of an initial denaturation
step at 94°C for 2 min followed by 20 cycles of denaturation at 94°C for 15 s,
annealing at 55°C for 30 s, and extension at 72°C for 1 min. The reaction was
finished by a final 10-min extension at 72°C. PCR products were resolved on
nondenaturing 8% acrylamide-bisacrylamide (30:1)–Tris-borate-EDTA gels.
Electrophoresis was at 7 V/cm for approximately 5 h, followed by drying and
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exposure to Amersham Hyperfilm-MP. Analysis was performed with a Molecular
Dynamics (Sunnyvale, Calif.) PhosphorImager.

RESULTS

Overexpression of CA150 represses HIV-1 basal and Tat-
activated transcription in vivo. Several laboratories have stud-
ied the role of Tat cofactors in the regulation of Tat-mediated
transcription activation of the HIV-1 promoter. In those stud-
ies, an effect on Tat trans activation was observed when Tat-
SF1 or P-TEFb components were depleted from nuclear ex-
tracts or overexpressed in cells. In some of these studies, an
alteration of the basal activity of the promoter (i.e., that in the
absence of Tat) has been reported (58, 64, 65), thus suggesting
that these factors may also be important for maintaining the
basal level of HIV-1 transcription and/or are able to interact
with basal factors. We previously reported the inhibition of
Tat-activated transcription upon depletion of CA150 from nu-
clear extracts and by overexpression of a deletion mutant
CA150 protein in cells (50). We sought to further analyze the
contribution of CA150 to HIV-1 gene regulation.

In an effort to overexpress CA150 protein, we performed
transient-transfection experiments with several human cell
lines as well as a number of different expression vectors (data
not shown). A full-length CA150 protein was overexpressed in
293T cells by using the promoter of the human polypeptide
chain elongation factor 1a gene contained in the pEFBOS
vector (37) (Fig. 1A). This expression vector directed the syn-
thesis of CA150 efficiently in 293T cells; therefore, it was cho-
sen for further studies. pEFBOS vector was modified (42) to
include the T7 epitope tag upstream of the cloned gene, which
allows the detection of the expressed protein by using specific
antibodies against the tag. To investigate the role of CA150 in
HIV-1 transcription, we sought to analyze the effect of the
overexpression of a full-length CA150 protein on the activity of
the HIV-1 promoter in the absence and presence of the viral
Tat activator in 293T cells. Cotransfection of an HIV LTR
CAT reporter plasmid with a Tat-expressing construct acti-
vated transcription of the HIV-1 promoter in a dose-depen-
dent manner. We observed a marked decrease in the activities
of both basal and Tat-activated transcription of the HIV-1
promoter when CA150 protein was overexpressed in these cells
(Fig. 1B).

Several possibilities can explain the repression of the activity
of the HIV-1 promoter observed upon overexpression of
CA150. CA150 could be a general transcription repressor, or it
could affect the activity of the HIV-1 promoter indirectly. For
example, the repression could be due to the sequestering of an
RNAP II GTF (so-called squelching), or the effect could be
more specific to the HIV-1 promoter (e.g., disruption of the
normal stoichiometry of a specific complex formed at the pro-
moter).

Inhibition of transcription by overexpressed CA150 depends
on specific promoter sequences. To study the effect of the
overexpression of CA150 on transcription carried out by
RNAP II, we performed similar transient-transfection experi-
ments with several viral TATA-box-containing promoters. Of
five promoters tested (HIV-1, CMV IE, early SV40, RSV, and
HSV TK), only the HIV-1 promoter was specifically repressed
by CA150 (Table 1). These data indicate that CA150 is not a
general repressor of transcription and suggest that the repres-
sion mediated by the overexpression of CA150 is not due to the
squelching of a GTF or disruption of a complex required for
general transcription. The fact that several of the constructs
used in these experiments differ only in the promoter elements
(HIV-1, CMV IE, or RSV [see Materials and Methods]) also

suggests that the observed repression by CA150 depends on
specific promoter sequences.

We also found that the cellular a4 integrin promoter was
greatly repressed by CA150 (Fig. 2A). The protein product of
the a4 integrin gene is a member of the integrin family that
mediates attachment of lymphoid and myeloid cells to extra-
cellular matrixes and is also involved in cell-cell interactions. In
addition to the immune system, a4 integrin is also expressed in
a developmentally regulated pattern in skeletal muscle, where
a role in its normal development has been proposed (48).
Overexpression of CA150 repressed transcription from the
TATA-box-containing a4 integrin promoter in a dose-depen-
dent manner (Fig. 2B). These results indicate that overexpres-
sion of CA150 can interfere with transcription carried out by
RNAP II from certain TATA-box-containing promoters.

FIG. 1. Overexpression of CA150 inhibits basal and Tat-activated transcrip-
tion from the HIV-1 LTR. (A) Analysis of CA150 protein expression. Cells were
transfected with 1, 2, and 3 mg of vector alone (pEFBOST7) (lanes 1 to 3) and
the same amounts of the CA150-expressing construct (pEFBOST7-CA150)
(lanes 4 to 6). Whole-cell lysates were prepared, and proteins were resolved by
SDS-PAGE and transferred to a membrane. Antibodies against the protein were
used to localize CA150. (B) Effect of CA150 overexpression on basal and Tat-
activated transcription from the HIV-1 promoter. The levels of CAT activity in
extracts from cells that were cotransfected with 0.1 mg of HIV-1 LTR reporter
vector and the indicated amounts of Tat in the presence of 3 mg of vector alone
or the CA150-expressing construct were measured. Transfection and activity
assays were done as described in Materials and Methods.
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TATA box sequences are critical in the regulation of the
HIV-1 promoter by CA150. To study which regions of the
HIV-1 promoter are important for repression by overex-
pressed CA150, we performed transient-transfection experi-
ments with a series of 59 promoter deletion constructs. We
used a set of HIV-1 constructs that were originally described by
Berkhout and Jeang (4). NF/SP (wild type) contains a minimal
HIV-1 promoter with Sp1 and NF-kB sites (up to bp 2105).
The basal activity of this promoter was similar to the activity of
the HIV-1 promoter containing complete enhancer sequences
(up to bp 2640) (Fig. 3A). We carried out cotransfection
experiments with either the HIV-1 construct containing com-

plete enhancer sequences (HIV-CAT) or the deletion mutant
construct (NF/SP) and the CA150-expressing vector. We ob-
served an inhibition of promoter activity with both HIV-1
constructs, which indicates that most of the HIV-1 LTR is
dispensable for CA150-dependent inhibition (Fig. 3A). We
noticed a reproducible lower level of repression with the
NF/SP (wild-type) construct, which could indicate an effect of
upstream sequences in CA150 inhibition (see below). Further
deletion of the NF-kB and Sp1 sites produced a minimal pro-
moter with an almost undetectable level of basal activity in
293T cells (data not shown).

To determine whether the altered activity of the HIV-1
promoter upon CA150 overexpression was mediated by the
TATA box, we performed cotransfection experiments with the
rest of the constructs shown in Fig. 3A. The NF-R construct
has both NF-kB elements in a reverse orientation, and its
activity was approximately one-third of that of HIV-CAT or
NF/SP (wild type), in agreement with the results of Berkhout
and Jeang (4) (Fig. 3A). As shown with HIV-1 constructs with
enhancer sequences, transient cotransfection of this construct
with CA150 showed a marked decrease of its activity (Fig. 3A).
We next tested HIV-1 CAT reporter constructs with the
TATA element replaced by TATTTAT (SV40-TATA), re-
placed by the random sequence GTCAC (m-TATA), or de-
leted (d-TATA). Previous work with these TATA mutant con-
structs showed that the transcription start site was shifted by
only a few bases (4). The basal activities of these mutant HIV-1
promoters were one-third of the activity of the wild-type con-
struct and similar to the activity of the NF-R vector (Fig. 3A).
Strikingly, the transcription activities of these three mutant
constructs were not repressed by CA150 in cotransfection ex-
periments (Fig. 3A). These results indicated that the HIV-1
TATA box is important in the transcription repression of the
HIV-1 promoter mediated by overexpression of CA150. The
quantitative difference observed with the NF/SP construct is
consistent with a necessary, although possibly not sufficient,
role for the HIV-1 TATA box element in the repression me-
diated by overexpression of CA150.

We also sought to analyze transcription activity of the mu-

TABLE 1. Effect of CA150 on basal transcription from different
viral promotersa

CA150 Reporter
plasmid

CAT
activityb

LUC
activityc

Corrected CAT
activityd

Fold
inhibition

Absente HIV-CAT 675.2 5,995 675.2
CMV-IE-CAT 323.2 4,375 323.2
SV40-CAT 802.7 5,053 802.7
RSV-CAT 463.2 3,185 463.2

Present HIV-CAT 151.3 6,385 142.7 4.7
CMV-IE-CAT 238.0 3,590 285.6 1.1
SV40-CAT 533.7 5,704 485.1 1.6
RSV-CAT 746.4 5,309 466.5 1.0

a Cells were cotransfected with 0.1 mg of the reporter plasmids HIV-CAT,
SV40-CAT, and RSV-CAT, or with 0.01 mg of CMV-IE-CAT, in the presence of
3 mg of the CA150-expressing construct. Transfection and activity assays were
done as described in Materials and Methods. All results shown are the averages
of data from duplicate specimens in a representative experiment. Transfections
and activity assays were performed at least three times for each plasmid with
similar results.

b CAT activity is the value of the slope of the linear function obtained by
plotting counts per minute of acetylated chloramphenicol versus time (41).

c Luciferase (LUC) activity was obtained by measuring light emission in the
same samples with a luminometer. Values are per microgram of cell extract. The
HSV TK promoter was driving luciferase expression. Cells were cotransfected
with 0.01 mg of this plasmid in the presence of the indicated constructs.

d Corrected CAT activities are normalized to luciferase activity.
e Empty vector was used to balance the promoter concentration.

FIG. 2. Overexpression of CA150 inhibits the activity of the a4 integrin promoter. (A) The indicated amounts of the a4 integrin reporter vector were cotransfected
into 293T cells in the presence of 3 mg of vector alone or the CA150-expressing construct. (B) The same cotransfection experiment was carried out with a fixed amount
of a4 integrin reporter vector (1.6 mg) and the indicated concentrations of the CA150-expressing plasmid. Empty vector was used to keep the total amount of DNA
constant. Transfection and activity assays were done as described in Materials and Methods.
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FIG. 3. Repression mediated by overexpression of CA150 requires specific promoter sequences. (A) Effect of CA150 overexpression on the activity of HIV-1 LTR
constructs: CA150 overexpression inhibits HIV-1 promoter activity in a TATA-box-dependent manner. A schematic representation of the HIV-1 promoter constructs
is shown. Numbers on the constructs indicate the amount of viral sequences present. NF-R has both NF-kB sites in a reverse orientation (arrow on top). The indicated
HIV-1 LTR constructs (0.1 mg) were cotransfected into 293T cells in the presence of 3 mg of vector alone (2CA150) or CA150-expressing vector (1CA150). Numbers
indicate CAT activity from transfected-cell extracts (see Materials and Methods). The transcription activity from HIV-CAT, NF/SP (wild-type), and NF-R constructs
was repressed by overexpressing CA150. Changing the TATA box sequence to TATTTAT (SV40-TATA) or to the random sequence GTCAC (m-TATA) or using a
construct where the TATA box was deleted (d-TATA) abrogated the repression mediated by overexpression of CA150. The abilities of these constructs to respond to
Tat are shown in the last column. 293T cells were cotransfected with 0.1 mg of the indicated HIV-1 reporter constructs, 25 ng of pcTat, and 10 ng of HSV-TK-LUC
expression plasmid. The level of Tat activation of NF/SP (wild-type) plasmid was set at 100. (B) Effect of CA150 overexpression on the activity of the a4 integrin
promoter. A schematic representation of the 59 a4 integrin reporter constructs is shown. Numbers in the construct name indicate the amount of 59 flanking region
present. The 59 a4 integrin reporter constructs were cotransfected into 293T cells in the presence of 3 mg of vector alone or the CA150-expressing construct. The
approximately threefold reduction in transcription activity of the constructs containing sequences upstream to bp 1600 has been described previously (45). Transfection
and activity assays were done as described in Materials and Methods.
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tant HIV-1 constructs in the presence of Tat. As shown in Fig.
3A, those constructs with a wild-type TATA box (HIV-CAT,
NF/SP [wild type], and NF-R) were strongly activated by Tat.
Replacement of the TATA element with the SV40 TATA box
(SV40-TATA) produced a construct that was fourfold less
activated by Tat. Changing the TATA box to the random
sequence GTCAC (m-TATA) or deleting the TATA box (d-
TATA) produced constructs that lost the ability to respond to
Tat (Fig. 3A). Our results confirm previous studies using these
constructs (4) and strengthen the importance of the HIV-1
TATA box in Tat-mediated transcriptional activation. Inter-
estingly, HIV-1 constructs which are fully responsive to Tat
were also repressed by overexpressed CA150, and HIV-1 con-
structs which are nonresponsive to Tat were also unaffected by
overexpressed CA150 (Fig. 3A). Therefore, it appears that
CA150-mediated repression and Tat trans activation have the
same promoter structure requirement, which is critically de-
pendent on the TATA box. This also may indicate that Tat and
CA150 are capable of modifying the same RNAP II transcrip-
tion complexes assembled on the HIV-1 TATA box.

We have shown above that transcription from the a4 inte-
grin promoter was also repressed by overexpression of CA150
(Fig. 2). In order to dissect the promoter elements necessary
for repression by CA150 overexpression, we used a series of 59
deletions of the a4 integrin promoter (Fig. 3B). Previous ex-
periments utilizing these constructs demonstrated the presence
of two sites for the zinc finger/homeodomain ZEB protein at
bp 2361 and 2399 that diminished the activity of the a4
integrin promoter in a variety of cell lines tested (45). We also
found an approximately threefold reduction in promoter activ-
ity when the constructs containing those sites were used in
293T cells (Fig. 3B, 2600, 21.2, and 22.0 a4CAT constructs).
Transient-cotransfection experiments using the a4 59 deletion
constructs and CA150 expression vector indicated that CA150
repression was mediated by the core promoter sequences, con-
sisting of only a canonical TATA box sequence (242a4CAT in
Fig. 3B). This finding ruled out the requirement for upstream
promoter elements in the mechanism of CA150 repression and
indicated that sequences downstream of position 242 are re-
quired for the inhibition by CA150 on the a4 integrin pro-
moter.

Overexpression of TBP can alleviate CA150-mediated tran-
scription repression. Overexpression of CA150 did not cause a
general repression of all RNAP II transcription but instead was
restricted to certain types of promoters, including the HIV
LTR and a4 integrin promoter (Table 1 and Fig. 2). These
results suggest that the mechanism by which the overexpres-
sion of CA150 represses transcription is not due to generalized
sequestration of TBP, thereby inhibiting efficient transcription
initiation. The fact that changes in TATA box sequences dis-
rupted the repression observed in HIV-1 transcription (Fig.
3A), however, was suggestive of a role of TBP in the mecha-
nism of CA150 action. For example, CA150 could be affecting
specific TBP-containing complexes. Thus, we sought to inves-
tigate the effect of the overexpression of TBP on the repression
of the HIV-1 promoter mediated by CA150. We used the
mammalian expression vector pCGNTBP (51), which adds a
15-amino-acid HA epitope tag to the amino terminus of the
expressed TBP (Fig. 4A). Cotransfection of pCGNTBP withFIG. 4. TBP can alleviate CA150-mediated repression of the HIV-1 pro-

moter. (A) Analysis of TBP expression. Fifty micrograms of extracts from 293T
cells transfected with 1, 10, 50, 100, and 500 ng of pCGNTBP (lanes 1 to 5) or
mock transfected (lane 6) was subjected to SDS-PAGE and Western blot anal-
ysis. Antibodies against TBP (a-TBP) and the HA epitope tag (a-HA) were used
to visualize the proteins. (B) HIV-CAT reporter plasmid (0.1 mg) was cotrans-
fected into 293T cells with 0.1 mg of pCGN (empty vector) (2TBP) or
pCGNTBP (1TBP) in the presence of 3 mg of vector alone (black bars) or
CA150-expressing construct (hatched bars). Transfection and activity assays were
done as described in Materials and Methods. (C) Analysis of CA150 and TBP

protein expression in the transfected cells. Twenty micrograms of transfected-cell
extracts was used in SDS-PAGE and Western blot analysis to analyze protein
expression. Antibodies against the T7 and HA epitope tags were used to visualize
CA150 and TBP, respectively.
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the HIV-CAT reporter vector did not significantly change (1.2-
fold increase) the basal activity of the HIV-1 promoter under
these conditions (Fig. 4B). Overexpression of TBP relieved
repression by CA150 (Fig. 4B) (10-fold versus 2-fold repres-
sion in the absence or presence of overexpressed TBP, respec-
tively). This was not due to a reduction in expression of the
CA150 protein, as CA150 expression was not decreased as
analyzed by Western blotting with T7 tag-specific antibodies
(Fig. 4C). HA-specific antibodies were used to analyze the
overexpressed TBP (Fig. 4C).

Overexpression of CA150 decreases transcription elonga-
tion from the HIV-1 promoter. Our data above show a TATA
box dependence for CA150-mediated HIV-1 LTR repression
(Fig. 3A). As mentioned, the TATA box element is also es-
sential for the specific stimulation of transcription elongation
of the HIV-1 LTR by Tat. Based on these findings, together
with data suggesting a role for CA150 in Tat trans activation
(50), we hypothesized a role for CA150 in transcription elon-
gation from the HIV-1 LTR. In order to test this possibility,
the effect of CA150 on transcription directed from the HIV-1
LTR was further analyzed by quantifying the transcripts syn-
thesized in transfected 293T cells. A quantitative RT-PCR
protocol was designed to measure transcripts of different
lengths derived from the HIV-1 promoter (Fig. 5A). Two spe-
cific oligonucleotides were used such that each one would serve
to synthesize cDNA fragments of 82 and 542 nucleotides, re-
spectively, in the RT reaction. Hence, this assay allowed us to
measure the relative amounts of transcription complexes that
reached nucleotides 182 and 1542 of the nascent transcript.

RNA from transfected 293T cells was isolated and reverse
transcribed with these specific primers. RT reaction mixtures
were subsequently amplified by PCR with the same set of
primers to compare directly the radioactive signals (Fig. 5A)
(see Materials and Methods). The RT-PCR assay was linear
over the range of concentrations used (Fig. 5B). Figure 5C
shows the results from a representative experiment. The level
of 182 transcripts was affected less than twofold, versus a
fivefold decrease in the level of 1542 transcripts. The same
results were obtained in RT-PCR analysis with samples from a
second independent transfection experiment (data not shown).
Based on these results, we conclude that the overexpression of
CA150 repressed transcription from the HIV-1 LTR, at least
in part, by decreasing the level of elongation-competent tran-
scription complexes.

DISCUSSION

It has recently been demonstrated that activation of the
HIV-1 promoter by Tat requires the assembly of a functional
Tat–P-TEFb complex on the TAR element (34, 58, 60, 66).
The interaction between Tat and cyclin T1, one of the compo-
nents of P-TEFb, has recently been investigated by two groups
(5, 16). Less information is available on the roles that other Tat
cofactors play in this process (28, 50, 65). CA150 was purified
by using an in vitro transcription system and Tat affinity chro-
matography (50). In vitro and in vivo experiments suggested
that CA150 is necessary, although not sufficient, for Tat-medi-
ated transcriptional activation of the HIV-1 promoter (50).
Here, we have used a series of functional assays to further
evaluate the role of CA150 in HIV-1 transcription.

First, we demonstrated that overexpression of CA150 pro-
tein reduces the activity of HIV-1 basal and Tat-activated tran-
scription of the HIV-1 LTR. This inhibition is specific, since
the activity of other promoters remained unchanged (Table 1),
arguing against depletion of a limiting GTF (i.e., squelching).
Next, we showed that the inhibition mediated by CA150 over-

expression depends on a specific TATA box sequence in the
HIV-1 promoter (Fig. 3A). It is clear from the work of several
laboratories that the assembly of Tat-responsive, elongation-
competent RNAP II transcription complexes depends critically
on the TATA box element within the HIV-1 LTR. The HIV-1
LTR also specifies a TATA-box-independent transcription
complex, which cannot be activated by Tat (our data and ref-
erences 4, 29, and 44). Therefore, the HIV-1 promoter can
specify two different types of transcription complexes, which
respond differently to Tat. In our experiments, changes in the
HIV-1 TATA box sequence had a minor effect on basal tran-
scription (about one-third of the wild-type activity) and caused
a severe abrogation of Tat trans activation. Our data also show
that HIV-1 constructs able to be strongly activated by Tat
(HIV-CAT, NF/SP [wild type], and NF-R) were also repressed
by CA150 but that altered HIV-1 TATA box constructs (SV40-
TATA, m-TATA, and d-TATA) were neither activated by Tat
nor repressed by CA150 (Fig. 3A). These data indicate that
CA150 overexpression affects the specific RNAP II complexes
whose assembly critically depends on the HIV-1 TATA box
and which are also responsive to Tat.

How does overexpression of CA150 inhibit HIV-1 transcrip-
tion? In the absence of overexpressed CA150, TBP nucleates
the assembly of the components of an active preinitiation com-
plex (PIC), probably by recruiting an RNAP II holoenzyme
(46). The formation of this PIC is critically dependent on a
functional (wild-type) HIV-1 TATA box element. These tran-
scription complexes are also Tat responsive; therefore, they
can elongate efficiently. Transcription complexes formed on
mutated HIV-1 TATA box elements may be devoid of critical
components and therefore be affected by neither overex-
pressed CA150 nor Tat. Overexpression of CA150 could alter
the activity of the Tat-responsive, TATA-dependent transcrip-
tion complex, maybe by sequestering one of its components
which is necessary for efficient transcriptional elongation. This
hypothesis is consistent with previously observed interactions
between CA150 and components of RNAP II holoenzyme
complexes (50). More recently, we have detected an interac-
tion between CA150 and proteins known to promote RNAP II
transcriptional elongation, which supports this model further
(19a). According to this, overexpression of CA150 results in
the formation of TATA-box-dependent transcription com-
plexes that are unable to elongate efficiently. Indeed, our data
show that overexpressed CA150 can decrease the amount of
transcripts derived from the HIV-1 LTR and that this defect is
at the elongation level (Fig. 5). At present, it is not known
whether CA150 affects the elongating RNAP II complex di-
rectly or during the formation of an active, elongation-compe-
tent PIC (e.g., by disrupting or sequestering the RNAP II
holoenzyme or critical components of this complex). Identifi-
cation and purification of CA150-binding factors within the
transcription complex will help us to understand how this pro-
tein exerts its regulation and the mechanism underlying repres-
sion.

We have also shown that TBP overexpression may counter-
act CA150 inhibition of the HIV-1 LTR (Fig. 4B). As men-
tioned before, the specific repression on transcription from
certain types of promoters by overexpressed CA150 (Table 1
and Fig. 2) suggested that repression was not due to a direct
effect on a limiting GTF. These data, together with experi-
ments showing no physical interaction between CA150 and
TBP in vitro (unpublished data), make it unlikely that this GTF
is the direct target of the repression. The mechanism by which
TBP relieves the inhibition mediated by overexpressed CA150
is unknown. Synergy between Gal4-TBP and Tat has been
reported recently (31, 59). Those data may indicate that TBP
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increases the formation of Tat-responsive transcription com-
plexes whose assembly is dependent on a functional (wild-type)
HIV-1 TATA box element. In our experiments, overexpressed
TBP may counteract CA150 repression by increasing the for-
mation of these transcription complexes. To date, it is not clear
if recruitment of TBP activates the basal level of the HIV-1
promoter (31, 59). Clarification of this will be important to
determine whether the Tat-responsive RNAP II complexes are
the target of CA150.

Our results agree with the notion that HIV-1 TATA box se-
quences affect the elongation of transcripts initiated from the
HIV-1 LTR. Sequences within promoter regions have been
shown to affect late events in transcription in other systems.
For example, the efficiency with which RNAP terminates tran-
scription at a given termination site can be modulated by se-
quences linked to prokaryotic promoters (52). In addition, pro-
moter sequences required for efficient elongation and premature
termination have been defined in the human c-myc gene (36).

FIG. 5. Overexpression of CA150 reduces transcriptional elongation from the HIV-1 LTR. RNA from transfected 293T cells was isolated and subjected to RT-PCR
analysis. (A) Representation of the RT-PCR assay used. A schematic map of the relevant regions in the HIV-CAT reporter construct is shown. The start site of
transcription (11) is indicated with an arrow. The relative positions of the specific primers used in the RT reaction mixture are shown. These RT specific primers
measured transcription complexes that reached nucleotides 182 (Short) and 1542 (Long) relative to the 11 start site of transcription. For PCR, the RT reaction
mixtures were subsequently amplified with the same set of primers (F and Short) to compare directly the radioactive signals (see Materials and Methods). (B) RT-PCR
assay. PCR products were linear over the range of concentrations used. RNA from cells transfected with the control plasmid was isolated and reverse transcribed in
the presence (1RT) or absence (2RT) of reverse transcriptase enzyme. One microliter of the RT reaction mixture and subsequent fivefold dilutions were subjected
to amplification by PCR and visualized as described in Materials and Methods. Molecular size markers (in base pairs) are indicated on the left. The position of the
labeled PCR product is also indicated. (C) Inhibition of HIV-1 transcriptional elongation by overexpressed CA150. RNA from cells transfected with the control plasmid
or CA150 expression construct (CA150) was isolated and reverse transcribed by using the short and long RT specific primers. RT reaction mixtures were subsequently
amplified by the PCR approach described for panel A. Molecular size markers (in base pairs) are indicated on the left. The position of the labeled PCR product is also
indicated. Quantification was performed to yield values for the radioactive signals from PCR products (see Materials and Methods and Results).
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The transcription repression mediated by CA150 on the
HIV-1 promoter has similarities to effects seen upon overex-
pression of the adenovirus E1A gene product. Overexpression
of E1A protein leads to an inhibition of basal and Tat-activated
transcription of the HIV-1 LTR in vivo (53, 56, 57) and in vitro
(49). E1A did not affect the RSV promoter in vitro (49).
Strikingly, E1A repression of the HIV-1 promoter was depen-
dent on a functional TATA box sequence (53). Mutational
analyses have identified the amino terminus and the CR1 re-
gion of E1A protein to be important for its repressive effect
(49, 53, 56, 57). These mutations did not disrupt the binding of
E1A to TBP (which lies within the CR3 region in E1A); thus,
it is unlikely that TBP mediates the repression. The same
studies established a good correlation between repression and
binding of E1A to CBP-p300. CBP and p300 are nuclear pro-
teins that participate in a variety of transcription pathways and
cell growth control (14, 18). They interact with transcriptional
activators as well as repressors; therefore, it has been sug-
gested that promoters regulated by molecules requiring CBP-
p300 would be repressed by E1A. CBP-p300 associates with
RNAP II holoenzyme and interacts with RNAP II (7, 39, 40).
E1A may disrupt interactions between transcription factors
and RNAP II that are mediated by CBP-p300. Interestingly,
CBP-p300 has been shown recently to interact with Tat and
regulate the activity of the HIV-1 promoter (2, 23, 35). It will
be of interest to test whether overexpression of CBP-p300 can
abrogate CA150-mediated repression of the HIV-1 promoter.

Another protein capable of repressing transcription from
many viral and cellular promoters whose initiation is depen-
dent on the presence of a TATA box is p53 (30). A proline-rich
motif in p53 has been shown to be essential for repression (55).
Similarly, the amino and CR1 regions of E1A protein, which
are involved in its repressive effects, likewise contain many
prolines. These data may explain the specific inhibition of
Tat-activated, but not basal, transcription from the HIV-1 pro-
moter upon overexpression of a truncated CA150 protein in
HeLa cells (50). The truncated CA150 protein contained a
deletion in the amino-terminal part which included, among
other motifs, the polyproline-rich region, which may be impor-
tant for repression of HIV-1 basal transcription activity. In
fact, we have found that deletion of the polyproline-rich region
of CA150 reduced CA150-mediated repression by 50% in
293T cells (unpublished results). We cannot rule out, however,
an effect of the different cell lines used in these studies. Mu-
tational studies are in progress to elucidate the roles of differ-
ent regions and motifs of CA150 in the transcriptional repres-
sion by overexpression of this protein. Together, these data
implicate proline-rich regions in transcription repression. Fur-
ther investigation into the mechanism by which these otherwise
unrelated proteins inhibit transcription will shed light on their
specific roles in regulating gene expression.

Finally, the a4 integrin promoter is also repressed by CA150
overexpression (Fig. 2 and 3B). This finding suggests that
CA150 regulates transcription of cellular genes. Nucleotide
sequence analysis of the HIV-1 and a4 integrin minimal pro-
moters reveals similarities only at the TATA box motif
(TATAA and TATA for the HIV-1 and a4 integrin promoters,
respectively). The other promoters used in this study contained
TATA box sequences that were more divergent from the con-
sensus (TATATAA, TATTTAT, TATTTAA, and TATTAA
for the CMV, early SV40, RSV, and HSV-TK-LUC promoters,
respectively). The overexpression of CA150 may affect a spe-
cific subset of factors whose assembly requires certain types of
TATA box sequences. Whether the HIV-1 and a4 integrin
promoters are transcriptionally regulated through similar
mechanisms will be the focus of further investigation.
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