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Abstract The effect of trans-acting factors on cis-acting DNA elements on the HIV-1 promoter are the principal
determinant regulating transcriptional activation and repression. Host factors that limit viral replication can contribute to
the emergence and maintenance of proviral reservoirs. The current paradigm is that this sub-population of latently infected
cells confers a biological advantage to the virus by facilitating evasion of immunologic responses and therapeutic
strategies resulting in life-long and persistent infection. In this report, we show that ectopic expression of the nuclear
phosphoprotein, c-Myc can inhibit HIV-1 gene expression and virus production in CD4+ T-lymphocytes. The effect
exerted does not appear to involve other known functions of c-Myc such as proliferation, or apoptosis. The mechanism
does implicate c-Myc in a direct role. We have found evidence that c-Myc can specifically recognize the HIV-1 initiator
element surrounding the start site of transcription and linker scanning mutagenesis experiments confirmed a loss of c-Myc-
mediated repression in the absence of this region. Moreover, we show that c-Myc can interact with the initiator binding
proteins YY-1 and LBP-1 and can cooperate with these factors to synergistically repress HIV-1 LTR transcription. Taken
together, these results indicate that c-Myc is an important regulator of HIV-1 transcription that potentially contributes to

the latent proviral state. J. Cell. Biochem. 92: 400-413, 2004. © 2004 Wiley-Liss, Inc.
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The human immunodeficiency virus long
terminal repeat (HIV-1 LTR) is subdivided into
several discrete functional domains that can
interact with cellular DNA binding transcrip-
tion factors to regulate gene expression and
viral replication [reviewed in Garcia et al., 1987;
Levy, 1993; Antoni et al., 1994; Kingsman and
Kingsman, 1996]. While a vast proportion of
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host factors exert a positive modulatory effect
on the promoter, a few cellular proteins that
down-regulate transcription have been identi-
fied including Myc Binding Protein-1 (MBP-1)
[Ray and Srinivas, 1997], Leader Binding
Protein-1 (LBP-1) [Parada et al., 1995], and
Yin Yang-1 (YY-1) [Margolis et al., 1994]. YY-1
was first described to mediate transcription
through initiator elements [Austen et al., 1997].
The ability of YY-1 to physically interact with a
wide array of proteins contributes to recognition
of multiple target genes and imparts this
protein’s multi-functionality. Thus, the promo-
ter context and the pre-existing YY-1-protein
complexes will dictate whether YY-1 behaves as
an activator, repressor, or initiator. Indeed, it
has been reported that YY-1 can cooperate with
another initiator binding protein, LBP-1 to
mutually repress HIV-1 gene expression and
virus replication [Romerio et al., 1997] and that
the mechanism involves recruitment of histone
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deacetylase [Coull et al., 2000]. In addition, YY-
1 has also been demonstrated to associate with
the c-Myc oncoprotein in a manner that depends
on the cellular levels of c-Myc [Shrivastava
et al., 1996].

c-Myc was first described as the cellular
homologue to the transforming sequences of
the avian myelocytomatosis retrovirus, MC29
[Vennstrom et al., 1982]. Through its function
as a transcription factor, c-Myc is able to
regulate such disparate biological activities
that includes growth, cell cycle progression,
differentiation, transformation, and apoptosis
[reviewed in Oster et al., 2002]. c-Myc is a
member of the basic-helix-loop-helix/leucine
zipper class proteins that transactivates target
genes by binding to canonical CACGTG ele-
ments termed E-box Myc sequences [reviewed
in Luscher and Larsson, 1999] with its protein
partner, Max [Blackwood and Eisenman, 1991].
In contrast, the inhibitory effect on transcrip-
tion by ¢-Myc can occur in an initiator-indepen-
dent [Gartel et al., 2001] or initiator-dependent
manner [Liet al., 1994]. This is supported by the
fact that c-Myc is capable of interacting with
initiator binding proteins such as TFII-I [Roy
etal., 1993], Myc interacting zinc finger protein-
1 (Miz-1) [Peukert et al.,, 1997] and YY-1
[Shrivastava et al., 1996]. Despite intensive
research, the relationship between c-Myc and
YY-1 has remained obscure. It has been pre-
viously demonstrated that e-myc can inhibit the
activation and repression functions of YY-1in a
manner that does not preclude YY-1 binding to
its DNA recognition motif, but rather by
competitively disrupting the ability of YY-1 to
contact members of the basal transcriptional
machinery [Shrivastava et al., 1993]. Interest-
ingly, over-expression of YY-1 was found to
activate the c-Myc P1 and P2 promoters [Riggs
et al., 1993], whereas it was subsequently
shown that YY-1 could inhibit ¢-Myc function
in a manner that does not require direct
interaction [Austen et al., 1998].

Thus, given the ability of YY-1 to negatively
regulate HIV-1 transcription and the enig-
matic relationship that exists between YY-1
and c-Myec, the potential modulatory role of
c-Myc at this promoter raised interest. The
results reported herein represent our findings
which demonstrate repression of HIV-1 pro-
moter expression and virus production in the
presence of transfected, not endogenous intro-
duced c-Myec.

MATERIALS AND METHODS
Expression Vectors

The plasmid, HIV-1-LTR-CAT contains cod-
ing sequences for the U3 and R regions from the
5 long terminal repeat of the HXB2 clone of
HIV-1. These regions are inserted upstream of
the bacterial chloramphenicol acetyltransfer-
ase (CAT) gene of pSVO-CAT. The HIV-1-LTR
linker scanning mutants are derivatives of the
wild type promoter in which 18 base pairs of
the U3 region were sequentially replaced by
a linker sequence corresponding to the restric-
tion enzymes, Ndel-XhoI-Sall [CATATGCTC-
GAGGTCGAC] in order to generate a panel of
26 mutants (NIH AIDS Research and Reference
Reagent Repository, deposited by Dr. Steven
Zeichner). pSV-Tat is an SV40 driven tat gene
required for transactivation of the HIV-1-LTR.
pEF—c-Myc is a plasmid construct containing
the coding exons for the wild type c-Myc gene
driven by the elongation factor promoter (a kind
gift from Dr. Moulay Jamali, McGill Univer-
sity). The c-Myc amino terminal transactivation
deletion mutants spanning amino acids 1-143
were cloned into the vector pMNBabeGFP-
IRES and are driven by the Moloney murine
leukemia virus promoter. The plasmids, pCMV-
YY-1, and pCMV-LBP-1 represent the coding
sequences for the genes driven by the cytome-
galovirus promoter (a kind gift from Dr. Ulla
Hansen, Boston University). pCMV-USF is a
plasmid construct containing the USF gene
cloned into the vector, pCDNA3.1(—) down-
stream of the cytomegalovirus promoter (a kind
gift from Dr. Robert Roeder, Rockefeller
University). Virus production studies were
performed with pBH10, the infectious molecu-
lar cDNA clone of HIV-1 (NIH AIDS Research
and Reference Reagent Repository). pCMV-
GFP is a plasmid containing green fluorescent
protein driven by the cytomegalovirus promoter
and was employed as an internal transfec-
tion control. All plasmids were transformed in
E. coli DH5a cells and selected for ampicillin
resistance.

Cell Culture

Jurkat cells were grown in suspension in
RPMI 1640 (Gibco, Grand Island, NY) contain-
ing 10% (v/v) fetal calf serum, penicillin (100 U/
ml), streptomycin (100 pg/ml), glutamine
(2 mM), pyruvate (1 mM), and HEPES
(10 mM). Cells were maintained at 37°C with
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5% CO,. Transfections were performed when
densities reached 1 million cells/ml of culture
volume.

Transfections

Jurkat cells were transiently co-transfected
by the DEAE-dextran method. Cells were sub-
cultured one day prior and density was adjusted
such that on the day of transfection, cells were
growing in active log phase. A total of 15 million
cells per transfection were suspended in 1 ml of
freshly prepared Tris-buffered saline contain-
ing 100 pg/ml each of CaCly and MgCly and
10 mM glucose. The DNA mixture was prepar-
ed by combining 1.0 ug of HIV-1-LTR-CAT and
0.25 pg of pSV-Tat, 1.0 pg of pCMV-GFP, and
1.0 pg each of the transcription factors, pEF-c-
Myec, pCMV-YY-1, pCMV-LBP-1, pCMV-USF
in various combinations and 1mg/ml (v/v) of
DEAE-dextran. In control transfections, 1.0 ug
of the reporter construct is combined with
0.25 pg of pSV-Tat and the unmodified vector(s)
for each gene of interest. All transfections
were adjusted with an appropriate quantity of
salmon sperm DNA. The cell suspension was
then combined with the DNA—-DEAE—dextran
mixture and incubated for 60 min at 37°C
with 5% COs. dimethylsulfoxide (10%) (v/v)
was added for 3 min to enhance transfection
efficiency followed by immediate dilution in
phosphate-buffered saline (PBS) [Ca®"/Mg*"
free]. Cells were washed twice with PBS
[Ca%"/Mg?" free] before being resuspended in
complete medium and incubated for 48 h at 37°C
with 5% COs..

Reporter Assays

Cells were harvested 48 h post-transfection.
Cells were washed once in 5 ml of PBS followed
by a more stringent wash in TEN buffer (40 mM
Tris at pH 7.5, 1 mM EDTA at pH 8.0, 15 nM
NaCl). Cell pellets were recovered by high-
speed centrifugation and resuspended in 0.25 M
Tris at pH 7.5. Cells were then lysed by three
consecutive cycles of freezing and thawing. The
supernatants were collected and analyzed for
protein content by the modified Lowry method.
Approximately 100-150 pg of protein was
incubated for 60 min at 37°C with 4 mM acetyl
CoA, and 0.1 pCi of [1,2-'*Clchloramphenicol
(ICN). The chloramphenicol metabolites were
extracted with the organic solvent, ethyl ace-
tate and then spotted on thin-layer chromato-
graphy silica gel membranes. The various

metabolites were resolved by a 19:1 eluant of
chloroform:methanol and analyzed by exposure
to a Bio-Rad GS 250 phosphor-Image screen
for 24 h. The results were visualized using the
Bio-Rad GS-363 scanner and the chloramphe-
nicol metabolites were then quantitated using
Bio-Rad Molecular Analyst software (version
2.0.1). The level of CAT expression was calcu-
lated as the percentage of the two acetylated
forms of chloramphenicol relative to the total
amount of [1,2-“Clchloramphenicol. Reporter
assays were repeated with more or less cell
lysate ifthe percent CAT activity was not within
the acceptable linear range of 5—-70%. Trans-
fection efficiencies were normalized by flow
cytometry using pCMV-GFP as an internal
control. Experiments were repeated at least
three times to estimate the variations of
transfection efficiency.

Cellular Proliferation and Viability

A 48 h post-transfection, aliquots from cul-
tures for each sample were obtained and
counted to assess cellular proliferation while
viability was determined by the Trypan blue
exclusion method.

Virus Production

Jurkat cells were transiently co-transfected
with 1.0 pg of the infectious molecular clone,
BH10 and 1.0 or 2.0 ug of c-Myc or the control
unmodified vector by lipofectamine according to
manufacturer instructions. Culture superna-
tants were removed 72 h post-transfection. Cell
suspensions were cleared by low-speed centri-
fugation, diluted appropriately prior to p24 Gag
quantitation and processed for reactivity by
using an enzyme immunoassay diagnostic kit
(NIH AIDS Research and Reference Reagent
Repository).

Apoptosis

The ApoAlert Caspase-3 Colorimetric Assay
Kit (Clontech, Mississauga, ON) detects the
presence of caspase-3 by its cleavage of a labeled
substrate DEVD-pNA. Detection of the cleaved
chromophore p-nitroanilide was performed us-
ing a spectrophotometer at 405 nm. Jurkat cells
were counted and 2 x 10° cells from transfected
samples were centrifuged at 200g for 10 min.
Cell pellets were resuspended in 50 pl of cell
lysis buffer and incubated on ice for 10 min. The
cell lysates were cleared by high-speed centri-
fugation for 3 min at 4°C. The supernatant was
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retrieved and assayed for protease activity by
the addition of 50 pl of reaction buffer and 5 pl of
the caspase-3 substrate (1 mM DEVD-pNA).
Samples were incubated for 1 h at 37°C and
subsequently measured spectrophotometrically
at 405 nanometers (nm). As a positive control,
apoptosis was induced in Jurkat cells by
incubation with 50 pM of actinomycin-D for
15 h. Uninduced samples are those cells trans-
fected with the HIV-1 LTR-CAT and pSV-Tat
expression plasmids which served as the nega-
tive control. Also, induced samples were treated
with DEVD-fmk (a synthetic tetrapeptide that
irreversibly inhibits caspase-3 activity) as an
additional negative control. Units of protease
activity were quantitated using a standard
curve with free chromogenic molecule (pNA).

Co-Immunoprecipitation

Ten million cells were collected by low speed
centrifugation and lysed in 1 ml of RIPA buffer
(50mM Trisat pH 7.5), 1% NP-40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM
AEBSF, 1 pg/ml aprotinin, 1 pg/ml leupeptin,
1 pg/ml pepstatin, 1 mM NagVa, and 1 mM NaF)
for 15 min at 4°C. The lysate was cleared by
centrifugation at 14,000 rpm for 30 min. For co-
immunoprecipitation studies, the lysate was
precleared with 100 pl of protein A sepharose
(50% slurry; MBI Fermentas) at 4°C for 10 min
on an orbital shaker. Proteins were quantified
by the modified Lowry method and adjusted to a
concentration of 1 pg/pl with PBS. Only 500 pg of
whole cell extract was tumbled overnight at 4°C
with the rabbit polyclonal antibodies for ¢-Myc
(N-262; Santa Cruz Biotechnology, Santa Cruz,
CA), YY-1, LBP-1, or a nonspecific rabbit IgG as
a control. The antibody—protein complexes
were precipitated by the addition of 100 pul of a
1:1 protein A sepharose slurry in PBS and
allowed to tumble at 4°C for 3 h. The antibody—
protein complexes were washed three times in
PBS to remove any nonspecific proteins. A 40 ul
of 2x Laemmli buffer (containing 0.2 M Tris-Cl
at pH 6.8, 4% SDS, 20% glycerol, 0.008%
bromophenol blue, and 8% B-mercaptoethanol)
was added to the beads and incubated at 95°C
for 5 min. Supernatants were recovered by pulse
centrifugation. Proteins were applied to a 10%
SDS—polyacrylamide gel (37.5:1) and electro-
phoresed in 1x Tris-Glycine buffer at 200 V for
40 min. The proteins were subsequently elec-
trophoretically transferred for 1 h at 100 V to
a 0.2 uM pore nitrocellulose membrane. The

membrane was blocked with 0.1% PBS—Tween-
20 and 5% non-fat milk for 1 h at RT or overnight
at 4°C with rotation. The membrane is then
incubated with a 1:1000 dilution of the primary
antibody in the blocking reagent for 1 h at RT or
overnight at 4°C. The membrane was washed in
0.1% PBS-T and then incubated with a 1:1000
dilution of the secondary antibody conjugated to
horse-radish peroxidase in blocking reagent for
30 min at RT. The membrane is again washed
prior to the addition of the chemiluminescence
reagents (ECL, Amersham Pharmacia, Baie
D’Urfe, PQ) and exposure to Kodak X-Omat
Blue film for 1 min.

Electrophoretic Mobility-Shift Assay

Ten million cells were collected by low-speed
centrifugation for 5 min. The cell pellet was
washed with PBS, centrifuged, and resus-
pended in pre-chilled buffer A containing
10 mM HEPES at pH 7.0, 1.5 mM MgCls,
10 mM KCl, 0.5 mM DTT, and 0.5 mM PMSF.
The supernatant was cleared by centrifugation
and the cell pellet was resuspended in buffer A/
0.1% NP-40 and incubated on ice for 10 min
to permit cell lysis. The cytoplasmic fraction
was collected by a 10 min centrifugation at
14,000 rpm. The pellet was further resuspended
in chilled buffer B (containing 20 mM HEPES at
pH 7.9, 25% glycerol, 0.42 M NaCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM
PMSF, 5 ug/ml leupeptin, 5 pg/ml pepstatin,
5 pg/ml aprotinin, 0.5 mM spermidine) and
incubated for 15 min on ice. The nuclear
proteins were subsequently collected by high-
speed centrifugation and diluted in 75 pl of cold
buffer C (20 mM HEPES at pH 7.0, 20% glycerol,
0.2 mM EDTA, 50 mM KCl, 0.5 mM DTT,
0.5 mM PMSF). Protein content was determin-
ed by the Bradford assay. The double-stranded
DNA probe used in the binding reactions
represents the —19 to +26 region of the HIV-1-
LTR initiator element 5'-TGCTTTTTGCCTGT-
ACTGGGTCTCTCTGGTTAGACCAGATCTGA-
G-3' (Canadian Life Technologies, Canada) and
contains binding sites for the transcription
factors, USF, LBP-1, and YY-1. The oligonu-
cleotide was end-labeled with [y-32P] and T4
polynucleotide kinase (MBI Fermentas) for 1 h
at 37°C. The labeled oligonucleotides were
purified on a G-25 sephadex column (Amersham
Pharmacia). Protein—DNA binding reactions
consisted of 5 pg of nuclear extract, 0.2 ng of
radioactively end-labeled double stranded probe,
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2.5 pg of poly(dI-dC) (Amersham Pharmacia)
to reduce nonspecific interactions and DNA
binding assay (DBA) buffer (10 mM Tris at pH
7.5, 50 mM NaCl, 1 mM MgCl,, 0.5 mM EDTA,
0.5 mM DTT, 4% glycerol). In competition re-
actions, nuclear extracts were pre-incubated
with a 100-fold excess of unlabelled oligonucleo-
tide. In antibody depletion experiments, DNA
binding reactions were supplemented with anti-
c-myc antibody, a nonspecific antibody (anti-
GST), or pre-immune serum. The reactions
were incubated for 30 min at RT. The DNA-
protein complexes were resolved on a 5%
non-denaturing polyacrylamide gel (60:1). Elec-
trophoresis was performed using the Protean II
xi from Bio-Rad in 0.5x Tris-borate-EDTA
(TBE) at 200 V for 4 h in the cold. The gel was
blotted on to 3 MM Whatman filter paper and
dried for 30 min at 80°C before being exposed to
Kodak X-Omat Blue film overnight at —70°C.

Statistical Analyses

Statistical analysis was performed using
GraphPad Prism version 2 software. Results
were analyzed by one-way analysis of variance
(ANOVA) or the paired ¢-test in which the
lowest level of significance was set at *P < 0.05
with a 95% confidence level.

RESULTS

c-Myc Can Inhibit Tat-Activated HIV-1
LTR-Directed CAT Expression

To examine the role of c-Myc on HIV-1 LTR-
directed transcriptional regulation, Jurkat cells
were transiently co-transfected with 1.0 or
2.0 ug of pEF-c-Myc expression plasmid and a
constant level of the HIV-1 LTR-CAT reporter
construct in the presence of pSV-tat. As demon-
strated in Figure 1, the population of cells that
were treated with 1.0 pg of c-Myc expression
vector exhibited a 31% reduction of HIV-1 LTR-
CAT expression. Similarly, cells that received
2.0 ug of c-Myc showed a 43% reduction with
respect to the control indicating that over-
expression of the c-Myc protein is able to
negatively regulate HIV-1 transcription in a
dose-dependent manner in a CD4+ T-lympho-
cyte cell line. Importantly, comparable levels
of repression in transfected 293-T cells were
also observed (data not shown). Moreover, these
levels of repression are consistent with numer-
ous reports showing typically a 2—5-fold change
in promoter activity [Li et al., 1994; Gartel et al.,
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Fig. 1. c-Myc represses the HIV-1 LTR promoter in a dose-
dependent manner. Jurkat cells were transfected with 1.0 pg of
the HIV-1 LTR-CAT reporter, 0.25 pg of pSV-tat and 1.0 ug or
2.0 pg of the c-myc expression vector or the unmodified vector as
control. All transfections were supplemented with appropriate
quantities of carrier DNA (salmon sperm). The histogram
demonstrates the average percent CAT activity of each group
with respect to the control (HIV-1 LTR-CAT, pSV-Tat, and
unmodified vector). The results are expressed as +SEM for n=5.
Statistical significance was determined by a one-way ANOVA
test (*P < 0.05).

2001; Staller et al., 2001]. The effects of c-Myc
on basal transcriptional activity could not be
evaluated as HIV-1 LTR-CAT expression was
undetectable demonstrating the essential role
of tat on HIV-1 transactivation (data not
shown).

Effect of c-Myc on Cellular
Viability and Apoptosis

It has been well-established that c-Myc plays
an integral role in the regulation of a wide
variety of cellular processes [Dang, 1999].
Consequently, the levels of c-Myc protein within
a cell must be precisely controlled. Indeed, when
c-Myec is inappropriately expressed or deregu-
lated, it has been implicated in promoting
cellular transformation. Under these circum-
stances, c-Myc can also drive an apoptotic
program as a fail-safe mechanism to avoid
neoplasia [reviewed in Claassen and Hann,
1999; Prendergast, 1999]. It was therefore
important to investigate whether the repressive
effect of c-Myc on the HIV-1 LTR was not simply
due to death of the transfected cells. Cell
viability was monitored by the trypan blue
exclusion assay and apoptosis was examined
by the Hoechst-propidium iodide staining
method and the caspase-3 assay. Cellular pro-
liferation (Fig. 2A) and viability (Fig. 2B) was
assessed 48 h post-transfection. It was found
that all groups of cells that expressed ectopic c-
Myc did not differ significantly from cells
transfected with the HIV-1 LTR reporter con-
struct and tat alone. Hoechst-propidium iodide
staining of c-Myc transfected cells did not
exhibit apoptotic features compared to the
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Fig. 2. The effect of c-Myc on cellular proliferation, viability
and apoptosis in transfected Jurkat cells. A: Aliquots of cells were
recovered 48 h post-transfection and counted. The results are
expressed graphically as +SEM for n=2-3. Statistical signifi-
cance was determined by the one-way ANOVA test (*P < 0.05)
with respect to the positive control. B: The effect of transfection
on cellular viability was assessed by the trypan blue exclusion
assay from aliquots of cells 48 h post-transfection. The results are
depicted graphically as the average percent viability + SEM and
is representative of 23 independently performed experiments.
Statistical significance was assessed by the one-way ANOVA test
(*P < 0.05). C: The effect of c-myc on apoptosis was determined
by the caspase-3 assay. Cell lysates are prepared 48 h post-
transfection and used to measure caspase-3 activity by a
colorimetric assay. The actinomycin D treated cells represent
the positive control, while negative controls included cells
transfected with the promoter—reporter construct and tatalone as
well as the actinomycin-D induced cells treated with a caspase-3
inhibitor. The results shown represent the average of 2-3 in-
dependent experiments where statistical significance was
determined by the one-way ANOVA test (*P < 0.05).

positive control (actinomycin D-treated; data
not shown). As a further measure of c-Myc-
induced apoptosis, we investigated the in-
duction of caspase-3 activity in Jurkat cells
transfected with 1.0 or 2.0 pg of c-myc or the
unmodified vector. As a positive control, cells
were induced with actinomycin-D, while cells
treated with actinomycin-D and a caspase-3
inhibitor were employed as a negative control. It
is evident from the data presented in Figure 2C
that none of the groups whether transfected
with c-myc or the unmodified vector exhibited a
level of caspase-3 activity statistically different
from the negative control. Furthermore, the
levels of caspase-3 for all groups were signifi-
cantly lower with respect to the positive control.
Thus, the collective data assert that c-Myc
represses tat-activated HIV-1 LTR-CAT expres-
sion and that this effect is not a consequence of
toxicity or apoptosis.

Inhibition of Virus Production by c-Myc

To determine if c-Myc could influence virus
production, Jurkat cells were co-transfected
with the infectious molecular HIV-1 clone,
BH10 and 1.0 or 2.0 pg of c-Myc expression
plasmid or 1.0 or 2.0 pg of the unmodified vector
as controls. Culture supernatants were recov-
ered 72 h post-transfection for determination
of p24 Gag antigen levels as a direct measure
of virus production. Co-transfections with the
vector expressing c-Myc inhibited virus produc-
tion in a dose-dependent manner (Fig. 3).
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Fig. 3. Ectopic c-Myc expression reduces virus production.
Jurkat cells were tranfected with 1.0 pg of an infectious molecular
clone of HIV-1, BH10, and 1.0 or 2.0 pg of c-myc or the
unmodified vector. Culture supernatants were recovered 72 h
post-transfection to determine levels of virus production by the
p24 antigen assay. The graph describes the average p24 antigen
as ng/ml. The results are expressed as +SEM for n=3-5.
Statistical significance was determined by a two-tailed paired t-
test (*P < 0.05).
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Cooperative Inhibition of HIV-1 LTR
Transcription by the Transcription Factors,
c-Myc, YY-1, and LBP-1

Since it was previously shown that asso-
ciation with c-Myc inhibits the transcriptional
activating and repressing abilities of YY-1 [Seto
et al.,, 1991; Shrivastava and Calame, 1994] and
that YY-1 and LBP-1 could synergistically
repress the HIV-1 LTR [Romerio et al., 1997;
Coull et al., 2000], we investigated the effect of
ectopically introduced c-Myc on HIV-1 gene
expression in the presence of YY-1 and/or LBP-
1. A population of Jurkat cells was transiently
co-transfected with the HIV-1 LTR-CAT repor-
ter vector, tat, and various combinations of
c-Mye, YY-1, and LBP-1. Figure 4A describes
the average results obtained expressed as
relative CAT activity. YY-1 inhibited the HIV-
1 LTR as previously reported [Margolis et al.,
1994]. Overall, cells that were co-transfected
with any paired combination of transcription
factors reduced HIV-1 promoter expression to a
greater extent in comparison with any single
protein. Indeed, we observed a 75% reduction in
transcription in the presence of tat when c-Myc
and LBP-1 were simultaneously ectopically
expressed. When all three proteins were con-
currently over-expressed, tat-activated HIV-1
LTR activity was reduced by as much as 86%
indicating that c-Myc, YY-1, and LBP-1 are able
to synergistically repress the HIV-1 promoter.
While the repressive effect on the HIV-1 LTR in
the presence of simultaneous ectopic expression
of c-Myec, YY-1, and LBP-1 was not significantly
different from co-expression of any pair of
transcription factors, the tendency for greater
transcriptional inhibition with all three pro-
teins was consistently detected.

It has been previously reported that c-Myc
can interact with YY-1 in mammalian cells
[Shrivastava et al., 1996] via the c-Myc basic/
helix-loop-helix/leucine zipper motif within
the carboxyl terminal domain [Austen et al.,
1998] and that YY-1 can interact with LBP-1
in vivo [Romerio et al., 1997; Coull et al., 2000].
We therefore wanted to investigate if the syner-
gistic repression of the HIV-1 LTR that we ob-
served was due to formation of a multi-protein
complex between c-Myc, YY-1, and LBP-1 by
performing co-immunoprecipitation studies.
Jurkat whole cell extracts were immunopreci-
pitated with anti-YY-1, anti-c-Myc, anti-LBP-1
antibodies or a non-specific rabbit polyclonal
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Fig. 4. A: Transcriptional repression of the HIV-1 LTR by
concurrent ectopic expression of c-Myc, YY-1, and LBP-1. Jurkat
cells were transiently co-transfected with 1.0 pg of the HIV-1
LTR-CAT plasmid construct, 0.25 pg of pSV-tat and various
combinations of 1.0 pg of pEF-c-Myc, pCMV-YY-1, pCMV—
LBP-1 or unmodified vectors. The graph shows the average
percent CAT activity of each group with respect to the control
empty vector. The results are expressed as +SEM and are
representative of five independently conducted experiments.
Statistical significance was determined by the one-way ANOVA
test (*P<0.01, *P<0.001). B: c-Myc, YY-1, and LBP-1 can
interact with each other in vivo and in the absence of the HIV-1
LTR. Whole cell extracts were prepared from Jurkat cells and
immunoprecipitated with anti-c-Myc, anti-YY-1, anti-LBP-1,
irrelevant rabbit IgG antibodies, or left untreated. The resulting
complexes were captured with protein A sepharose beads, boiled
and the supernatants were loaded on to a 10% SDS-poly-
acrylamide gel. The results are shown as immunoblots probing
for (i) YY-1 expression, (ii) LBP-1 expression, and (iii) c-Myc
expression. The results shown are representative of two
independently performed experiments.

YY-1

IB: LBP-1

antibody and then probed by western blot for
c-Myc, YY-1, and LBP-1 expression. We con-
firmed that c-Myc and LBP-1 can interact with
YY-1 in vivo in Jurkat cells (Fig. 4B). In addi-
tion, we found evidence that endogenous levels
of c-Myc can co-immunoprecipitate with LBP-1.
The results are specific as only trace amounts of
protein were recovered by nonspecific antibody
and mock immunoprecipitation. Thus, these



c-Myc Repression of the HIV-1 LTR 407

experiments demonstrate that c-Myc is able to
interact with both YY-1 and LBP-1 in vivo and
in the absence of the HIV-1 LTR. It further
provides suggestive evidence that this tertiary
complex pre-assembles in the cell and is
recruited to the promoter, although the exact
nature of these interactions requires further
investigation.

Effect of Ectopic USF on c-Myc-Mediated
Repression of HIV-1 Transcription

Since it has been shown that the basic-helix-
loop-helix protein, USF stimulates transcrip-
tion through an E box motiflocated in proximity
to the initiation region of the HIV-1 LTR [Du
et al., 1993], it was important to investigate if
the ectopic expression of c-Myc could outcom-
pete USF and thus antagonize USF-mediated
stimulation of HIV-1 transcription. This hypo-
thesis was tested by co-transfecting increasing
concentrations of c-Myc with constant levels of
ectopic USF and the HIV-1 LTR. As demon-
strated in Figure 5, c-Myc inhibited, while
USF stimulated tat-activated HIV-1 LTR-CAT
expression. However, when c-Myc and USF
were co-expressed, USF-mediated activation of
the HIV-1 LTR was not overcome by increasing
amounts of c-Myc. This provides suggestive
evidence that the mechanism of c-Myc repres-
sion of the HIV-1 LTR occurs by interactions
with YY-1 and LBP-1 and not by out-competi-
tion of USF at the E box element at the core
promoter.

Avg % HIV-1 LTR-CAT Activity
Relative to Control

c-Myc 1 1 2 (up)
Empty vector (c-Myc) 1 1 2

USF 1 1 1

Empty vetor (USF) 1 1 1

Fig.5. c-Mycdoesnotantagonize USF-mediated stimulation of
the HIV-1 LTR. Jurkat cells were transiently transfected with
1.0 pg of the HIV-1 LTR-CAT plasmid, 0.25 pg of pSV-tat, and
1.0 ug of pEF—c-myc and/or 1.0 ug of pPCMV-USF. The results are
presented graphically as the average percent CAT activity re-
lative to the appropriate empty vector control and are expressed
as +SEM for n=3. Statistical significance was determined by
one-way ANOVA (*P < 0.05).

Recognition of the HIV-1 LTR by c-Myc

The mechanism of c-Myc-facilitated repres-
sion was further investigated by the electro-
phoretic mobility-shift assay. Nuclear extracts
prepared from Jurkat cells were treated with a
[y-2?P]-end-labeled probe corresponding to nuc-
leotides —19 to +26 of the HIV-1 initiator, which
includes binding sites for YY-1, LBP-1, and
USF. In competition gel-shift experiments, nuc-
lear extracts were pre-incubated with a 100-fold
excess of unlabeled probe while in antibody
depletion studies, the binding reactions were
supplemented with a nonspecific antibody (anti-
GST), pre-immune serum, or an anti-c-Myc
antibody. The effect of c-Myc antibody on
electrophoretic mobility-shift complexes formed
with the initiator oligonucleotide provided evid-
ence that c-Myc was involved in complex for-
mation (Fig. 6, lane 5). Preimmune serum or an

c-Myc + + + + +
anti-c-Myc - - - - 4+
Competitor -+ - - -
anti-GST - - 4 -

preimmune serum - - - + -

c-Myc

Free Probe

Fig. 6. A c-Myc-specific complex forms on the HIV-1 LTR.
Jurkat cells were transfected as previously described and nuclear
extracts were probed with a radioactively labeled oligonucleo-
tide corresponding to the —19 to 426 region of the HIV-1 LTR
with respect to the transcriptional start site. The lanes are de-
signated as follows: (1) c-Myc; (2) Competition; (3) c-Myc +
2.0 pg nonspecific antibody (anti-GST); (4) c-Myc + 2.0 ug pre-
immune serum; (5) c-Myc + 2.0 pg anti-c-Myc antibody.



408 Stojanova et al.

irrelevant antibody had no effect on complex
formation (Fig. 6, lanes 3 and 4), while the
competition reaction demonstrates that the
complex formed was sequence-specific since it
could be abrogated by the inclusion of the
unlabeled probe (Fig. 6, lane 2). These results
indicate that c-Myc can specifically recognize
the initiator element and therefore exerts a
direct effect on HIV-1 LTR transcription.

Characterization of the c-Myc Responsive
Element of the HIV-1 LTR

To lend further support to the results of
the electrophoretic mobility-shift assay, the
c-Myc responsive site on the HIV-1 LTR was
characterized by structure-function studies per-
formed with a series of linker scanner mutants
spanning the entire U3 region (Fig. 7A). Jurkat
cells were transfected with tat, the panel of
HIV-1 LTR reporter mutants in the presence
or absence of c-Myc and analyzed for relative
CAT expression. As demonstrated in Figure 7B,
c-Myc retained the ability to repress transcrip-
tion in a vast proportion of HIV-1 LTR mutants
that were surveyed to a comparable extent as
the wild-type promoter. However, the linker
scanner mutants —363/—346, —183/—166, and
—3/15 exhibited a more profound repressive
effect indicating that these regions must parti-
cipate in activation. In the complete absence
of the TATA motif (—39/—22), reporter activity
was abrogated to nearly undetectable levels
rendering the role of c-Myc at this particular
region of the LTR uninterpretable. However,
c-Myec lost the ability to repress in the absence
of the —21/—4 domain implicating this site as
the minimal responsive element on the HIV-1
LTR. This region is known to correspond to
the upstream portion of the initiator, which
includes a proximal E box motif flanking the
TATA element, the YY-1 binding site and the
low affinity LBP-1 binding site. Importantly,
these results are consistent with the electro-
phoretic mobility-shift where we show c-Myc
binding to the initiation region as well as the co-
immunoprecipitation studies where we demon-
strated that c-Myc, YY-1, and LBP-1 could
interact with each other in vivo.

Characterization of c-Myc Functional Domains

It has been previously reported that the
transcriptional activation and repression activ-
ities of c-Myc can be segregated from each other
and linked to precise domains of the protein [Lee

et al., 1996; Xiao et al., 1998; Chang et al., 2000;
Oster et al., 2003]. Therefore, to address which
region of c-Myc is involved in repressing
transcription of the HIV-1 LTR, we employed a
series of deletion and point mutants of the
amino terminal portion of the c-Myc protein
(amino acids 1-143) (Fig. 8A). Jurkat cells were
transiently transfected with the wild-type HIV-
1 LTR reporter construct and various c-Myc
mutants and then assayed for levels of expres-
sion compared to wild-type c-Myc. As demon-
strated in Figure 8B, repression was enhanced
between 35% and 79% for the panel of mutants
that we tested. Contrary to previous reports
that link Myc Box II to transcriptional repres-
sion of the Adenovirus Major Late promoter [Li
et al., 1994], we were unable to map this
particular domain, nor any amino terminal
mutant surveyed to repression of the HIV-1
LTR. Moreover, it provides suggestive evidence
that a region within the carboxyl terminal
domain of c-Myc is involved in facilitating
repression of the HIV-1 LTR.

DISCUSSION

Throughout the viral lifecycle, HIV-1 uses
multiple strategies to exploit the host cell
machinery to facilitate replication and enhance
its pathogenicity. Once integrated into the host
genome, the provirus is subject to transcrip-
tional control through dynamic interactions
with cellular proteins. While the vast majority
of host factors exert a positive regulatory effect
that enhances virion production, only a few
cellular proteins have been identified to inhibit
HIV-1 transcription. The observations present-
ed in this article indicate that the multi-
functional c¢-Myc oncoprotein can negatively
influence tat-activated HIV-1 transcription.
Tat is an early gene product that is essential
for optimal HIV-1 transcription and viral
replication. The mechanism by which tat med-
iates transcriptional activation involves re-
cruitment of a complex of host factors referred
to as P-TEFb, which significantly enhances the
rate of initiation [Romano et al., 1999]. Indeed,
c-Myc has also been shown to interact with
components of the PTEF-b complex and trans-
activate the cad promoter [Eberhardy and
Farnham, 2002], however, it remains unclear
whether c-Myc interacts with PTEF-b at the
HIV-1 LTR. While this mechanism is incon-
sistent with the results of our transcription
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c-myc. Control experiments were performed with the mutant

HIV-1 LTR by linker scanner mutagenesis. A: Schematic repre-
sentation of the wild-type structure of the HIV-1 LTR including
known protein binding sites and their relative positions. Shown
below is an illustration of the linker scanning mutants used in
these experiments. B: Jurkat cells were transiently cotransfected
with linker scanner mutants linked to the CAT reporter, tat, and

promoter reporter construct, tat, and the unmodified vector.
The results are presented graphically as the average percent
CAT activity with respect to the control expressed as +SEM for
n=1-3. For simplicity, only one control is shown. Statistical
significance was determined by the one-way analysis of variance
test, *P < 0.05.
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Fig. 8. Characterization of the c-Myc functional domain(s)
involved in repression of the HIV-1 LTR. A: Schematic illustration
of the structure of the wild type c-Myc protein structure and
the panel of c-Myc deletion and point mutants employed in
the analysis for transregulatory domain(s) involved in repression.
The amino terminus spans residues 1-143 and includes the
transactivation domain and two highly evolutionary conserved
elements termed Myc Box | (MBI) and Myc Box Il (MBII). The
carboxyl terminal domain is comprised of a basic region (BR) and
a helix-loop-helix/leucine zipper (HLH/LZ) motifs. Phosphoryla-
tion sites are designated as P. The panel of c-Myc mutants tested
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assays, we do not exclude the possibility that c-
Myc may compete with tat for interaction with
PTEF-b. Additional studies are required to
address the relationship between c-Myc and
tat at the HIV-1 promoter.

Previous studies have shown that YY-1 can
interact with c-Myc and LBP-1 [Shrivastava
et al., 1993; Coull et al., 2000]. Indeed, the
results of our co-immunoprecipitation studies
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-

span the amino terminal region and are illustrated below the
wild-type figure. Deletion mutants are represented as a discon-
tinuity in the diagram, while point mutations are illustrated as X.
B: The series of c-Myc mutants were transfected with the HIV-1
LTR promoter-reporter construct as previously described. In
control experiments, Jurkat cells are transfected with the reporter
plasmid, tat, and the unmodified empty vector instead of c-Myc.
The results are illustrated graphically as the average percent CAT
activity relative to wild type c-Myc and are expressed as +SEM
for n=3. Statistical significance was determined by one-way
ANOVA test (*P < 0.05).

confirmed that these interactions can occur in
Jurkat cells as well as demonstrate a novel
interaction between c-Myc and LBP-1. Collec-
tively, the co-immunoprecipitation and gene
expression studies demonstrate that c-Myc
participates in complex formation with the
nuclear factors YY-1 and LBP-1 resulting in
synergistic repression of HIV-1 transcription.
However, the exact natures of these inter-
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actions are yet to be fully elucidated. The
functional significance of this multiprotein
complex may be to reduce initiation by prevent-
ing the recruitment of members of the basal
transcriptional machinery. Given that both c-
Mycand YY-1canbind TBP [Maheswaranet al.,
1994; reviewed in Thomas and Seto, 1999] is
consistent with the possibility that c-Myc
sequesters TBP thereby preventing productive
interactions between TBP and YY-1. Indeed,
this idea is not without precedent. Previously, it
was shown that c-Myc could interact with an
initiator binding protein, TFII-I and obstruct
TFII-I-TBP complex formation [Roy et al.,
1993]. More recently, at the p21ink4b promoter
it was demonstrated that c-Myc could sequester
the initiator binding protein, Miz-1 resulting in
transcriptional repression by interfering with
productive interactions between Miz-1 and the
p300 co-activator [Staller et al., 2001]. Alter-
natively, c-Myc may contribute to HIV-1 tran-
scriptional repression by recruitment of
ATPase-dependent chromatin remodeling
enzymes via its ability to interact with INI-1
[Cheng et al., 1999], a component of the SWI/
SNF multiprotein complex. In this manner, the
coupling of YY-1 mediated histone deacetylase
recruitment [Coull et al., 2000] with c-Myc
mediated recruitment of the chromatin remo-
deling machinery could account for the enhanc-
ed transcriptional repression that we observed.

The HIV-1 LTR initiation region possesses an
E box motif which is recognized by the basic-
helix-loop-helix/leucine zipper protein, USF.
It has been previously shown that USF can
stimulate transcription when it binds to this
region [Du et al., 1993]. Since other helix-loop-
helix proteins can recognize E box sequences,
we sought to examine an alternative mechan-
ism whereby c¢-Myc outcompetes USF for bind-
ing to this element thereby interfering with
USF-mediated activation. However, we were
unable to detect reduced gene expression in the
presence of increasing levels of c-Myc and
constant levels of USF indicating that repres-
sion by c-Myc does not occur by direct DNA
binding. These results are consistent with a
previous report at the rat prothymosin-alpha
promoter demonstrating that a mechanistic
specificity exists for binding by different helix-
loop-helix proteins to E box elements [Desbar-
ats et al., 1996].

Previously, it was demonstrated that c-Myc
can inhibit transcription in an initiator-depen-

dent manner [Li et al., 1994]. Given that the
YY-1 and LBP-1 binding sites encompass the
initiation region and since c-Myc can interact
with these factors in vivo, we investigated
whether c-Myc could recognize the HIV-1 initia-
tor by electrophoretic mobility-shift assay. Our
findings reveal that c-Myc formed a specific
protein—DNA complex which could be abro-
gated in the presence of c-Myc antibody. Impor-
tantly, studies with HIV-1 LTR linker scanner
mutants confirmed that c-Myc lost the ability
to repress transcription in the absence of the
—21to —4 domain of the initiator, thus implicat-
ing this site as the minimal ¢-Myc responsive
element.

We also sought to identify the precise c-Myc
domain involved in transcriptional repres-
sion by performing structure-function studies
with deletion mutants spanning the amino
terminal domain. This region is known to
possess two highly conserved motifs termed
Myc Box I and Myc Box II which are believed
to be critical for gene regulation and biol-
ogical activity [reviewed in Oster et al., 2002].
Although investigations of the Adenovirus
Major-Late promoter determined that Myc
Box II was involved in repression [Li et al.,
1994], mutations at this site neither abolished
nor attenuated expression of the HIV-1 LTR
in Jurkat cells. Indeed, no single domain
within the amino terminus appeared to be
critical for c-Myc-mediated repression of the
HIV-1 promoter. This suggests that c-Myc-
mediated regulation of the HIV-1 LTR occurs
by a novel mechanism. Additional structure—
function studies may reveal the c-Myc site
involved and offer valuable insights into the
mechanism of transcriptional repression of
the HIV-1 LTR.

The observations reported in this article
support a model whereby c-Myc interacts with
the DNA binding transcription factors, YY-1
and LBP-1 at the HIV-1 initiator element to
synergistically suppress transcription. More-
over, the mechanism does not appear to involve
other known functions of c-Myc such as prolif-
eration and apoptosis, nor direct DNA binding
to noncanonical E Box motifs or competition
with the transcriptional activator, USF. Taken
together, these studies implicate a critical role
for c-Myc in repression of HIV-1 transcription
and viral replication and may be essential for
the establishment and maintenance of proviral
latency.
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