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The HIV-1 matrix protein p17 activates
the transcription factors c-Myc and CREB
in human B cells

Song Li, Luisa Bozzo, Zhibin Wu, Wuyuan Lu, Fabio Romerio
Institute of Human Virology, University of Maryland, School of Medicine, Baltimore

lymphomagenesis during HIV-1 infection.

SUMMARY

The human immunodeficiency virus matrix protein p17 plays a critical role in many steps of the virus life cycle. In
addition, p17 displays biological activities outside infected cells. Indeed, virus-neutralizing antibodies against p17 in
plasma of infected patients correlate with slower disease progression, and p17 has been shown to interact with an as
yet unidentified cell surface receptor expressed on peripheral blood B cells. The present study investigated intracel-
lular signaling pathways triggered following this interaction. Using protein/DNA arrays, we show that p17 increases
phosphorylation and the DNA-binding activity of CREB and c-Myc through the time- and dose-dependent activation
of the cAMP/PKA and MEK/ERK signaling pathways. Interestingly, we found that both signaling pathways are syn-
ergistically activated upon co-stimulation through the CD19 receptor. As both CREB and c-Myc are involved in the reg-
ulation of cell proliferation, differentiation, and survival, our findings might suggest a potential mechanism of B cell
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INTRODUCTION

The pathogenicity of the human immunodefi-
ciency virus type 1 (HIV-1) is determined by host
factors as well as by viral proteins. The HIV-1 pro-
teins Tat and Nef enhance viral replication, in-
fectivity and immune dysregulation (Nekhai et
al., 2006; Zagury et al., 1998; Alimonti ef al., 2003),
and the envelope glycoprotein gp120 induces
apoptosis of uninfected T cells (Jekle et al.,2003;
Herbein et al., 1998; Holm et al., 2004). There is
an increasing amount of evidence suggesting that
HIV-1 p17 is not only an integral component of
the HIV-1 viral particle, but might also be a reg-
ulatory protein involved in enhancing HIV-1
pathogenesis.
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The HIV-1 matrix protein, p17 is generated after
cleavage of the precursor Gag polyprotein by the
viral protease, and is situated just beneath the vi-
ral envelope, where it forms a matrix layer (Freed,
1998). Several studies have shown that p17 is im-
portant in many steps of the virus life cycle. In
the early stage of a new infection p17 dissociates
from the viral membrane and - via its nuclear lo-
calization signal - targets the core-derived pre-in-
tegration complex (PIC) to the nucleus of host
cells (Bukrinsky et al., 1993; Gasllay et al., 1995).
Newly synthesized p17 migrates and accumulates
into the cell nucleus, where it binds viral RNA
promoting its transfer to the plasma membrane
(Bukrinskaya et al., 1992; Yuan et al., 1993).
Finally, p17 plays a role in the assembly and re-
lease of mature viral particle (Spearman et al.,
1994; Facke et al., 1993).

The role of p17 in the HIV-1 life cycle is under-
lined by evidence that p17 increases HIV-1 repli-
cation (De Francesco et al., 1998), while neu-
tralizing antibodies against p17 suppress it.
Furthermore, p17 is the target of neutralizing an-
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tibodies against HIV-1 (Papsidero et al., 1989;
Naylor et al., 1987; Buratti et al., 1997), and high
serum levels of anti-p17 antibodies correlate with
slower disease progression (Chargelegue et al.,
1995; Lange et al., 1987). As p17 is located in the
interior surface of the viral membrane, the find-
ings of a protective role for antibodies against
p17 are surprising and suggest a possible activi-
ty of p17 externally from the virus particle in sup-
porting virus replication and promoting disease
progression. Indeed, in vitro studies demon-
strated that recombinant p17 binds an unidenti-
fied cell surface receptor expressed on various
cell types, leading to enhanced expression of
TNF-a and IFNg in IL-2 stimulated PBMC (De
Francesco et al., 1998; Vitale et al., 2003; Marini
et al., 2008).

In the present report, we have used chemically
synthesized p17 to study the intracellular signal-
ing pathways triggered in the B cell line, Raji. We
show that pl17 up-regulated the PKA and
MEK/ERK pathways, leading to phosphorylation
and activation of the transcription factors, CREB
and c-Myc. We also demonstrate synergistic acti-
vation of the PKA and MEK/ERK pathways fol-
lowing co-stimulation with p17 and monoclonal
antibodies to CD19, a cell surface receptor in-
volved in B cell activation and proliferation.

MATERIALS AND METHODS

Chemical synthesis of p17

The HIV-1 matrix protein, p17 and N-myristoy-
lated p17 (myr-p17) were obtained by total chem-
ical synthesis as described previously (Wu et al.,
2008). Protein folding was carried out by dis-
solving purified and lyophilized polypeptides at 1
mg/ml in 0.2 M phosphate buffer containing 6 M
guanidinium hydrochloride and 10 mg/ml DTT
(pH 7.5), followed by extensive dialysis against
acidified water. Folded proteins were quantified
by UV absorbance measurements at 280 nm with
a molar extinction coefficient of 16,960, deter-
mined as described previously (Pace et al., 1995).
All analytical RP-HPLC runs were performed on
a Waters Alliance system (Milford, MA) or an
Agilent 1100 series (Palo Alto, CA). Solvent A was
water containing 0.1% trifluoroacetic acid, and
solvent B was acetonitrile containing 0.1% tri-
fluoroacetic acid.

Cell culture and treatments

Raji cells (ATCC, Manassas, VA) were cultured in
complete RPMI medium (RPMI 1640 supple-
mented with 10% FCS, 100 U/ml penicillin, 100
pg/ml streptomycin sulfate, and 2 mM L-gluta-
mine; all from Invitrogen Corporation, Carlsbad,
CA) at 37°C in 5% CO2. For treatment with syn-
thetic p17 proteins, cells were centrifuged, re-
suspended at 2x10° cells/ml in complete RPMI
medium, and incubated with 1 pg/ml p17 for the
times indicated in each experiment. Dose-de-
pendent experiments were performed with 0.05-
1 pg/ml p17.

Flow cytometry

For cell surface detection of the p17 receptor by
flow cytometry, p17 and myr-p17 were first la-
beled with biotin using the EZ-Link NHS-LC-
Biotin reagent following the manufacturer’s in-
structions (Pierce, Rockford, IL). At the end of
the reaction, excess reagent was neutralized with
glycine Li et al. HIV-1 p17 upregulates c-Myc and
CREB and removed by dialysis. Then, 2x10° Raji
cells were suspended in 200 pl of PBS contain-
ing 2% FCS,

and incubated for 30 minutes on ice in the pres-
ence of 100-200 ng of the biotinylated proteins.
Cells were then centrifuged, washed in PBS plus
2% FCS, suspended in 200 pl of the same buffer,
and incubated for 30 minutes on ice with 100 ng
of streptavidin-PE-Cy5 (BD Biosciences, San Jose,
CA). Finally cells were analyzed by flow cytome-
try wusing FACScalibur instrument (BD
Biosciences). Data were analyzed with FlowJo
(Tree Star, Ashland, OR, USA).

Preparation of whole-cell lysate

Cells were washed once in ice-cold PBS and sub-
sequently lysed in ice-cold lysis buffer (20 mM
Tris pH 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM
EDTA, 1% Triton X-100, 2.5 mM sodium py-
rophosphate, 1 mM b-glycerolphosphate, 1 mM
Na,VO,, 1 pg/ml Leupetin and 1 mM PMSF) for
20 min. Lysates were centrifuged for 20 min at
14,000 x g. The supernatants were collected as
whole-cell lysates.

Preparation of nuclear extracts

Cells were first lysed in isotonic sucrose buffer
containing 0.32 M sucrose, 3 mM CaCl2, 2 mM
magnesium acetate, 0.1 mM Tris-Cl (pH 7.5),
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0.5% NP-40, 0.1 mM EDTA, 1 mM PMSF and
protease inhibitors for 15 minutes on ice. Lysates
were centrifuged at 3,000 x g, 4°C for 3 minutes.
Pellets were then incubated in Dignam buffer [20
mM Tris (pH 7.9), 0.42 M NacCl, 1.5 mM MgCl2,
25% glycerol, 0.2 mM EDTA (pH 8), 1 mM PMSF
and protease inhibitors] for 20 minutes on ice
and centrifuged at 14,000 x g, 4°C for 20 minutes.
The supernatants were collected as nuclear ex-
tracts.

Protein/DNA binding assays

The effect of p17 and myr-p17 on the activation
of multiple transcription factors was assessed us-
ing the TranSignal Protein/DNA Array from
Panomics (Fremont, CA).

The results obtained by protein/DNA array were
then validated in DNA binding assays for indi-
vidual transcription factors by assaying nuclear
extracts from pl7-treated or control untreated
cells using the Gel-Shift Kit from Panomics. All
kits were used following the instructions of the
manufacturer.

Western blotting

Equal amounts of whole cell lysates were sepa-
rated on a 4-20% SDS polyacrylamide gel and
then transferred to PVDF filters in a buffer con-
taining 25 mM Tris, 192 mM glycine, 20%
methanol. The blotted membranes were first
blocked in 5% skim milk, 0.9% NaCl, 10 mM Tris
pH 7.5 and 0.1% Tween 20. Next, the membranes
were incubated with the primary antibodies and
then HRP-conjugated secondary antibodies. Both
steps were performed in blocking buffer, and were
followed by extensive washes in blocking buffer.
The blots were finally developed using the ECL-
Plus kit from GE Healthcare (Piscataway, NJ). To
detect total protein levels after incubation with
phospho-specific antibodies, the blots were
stripped for 30 minutes in stripping buffer (100
mM b-mercaptoethanol, 2% SDS and 62.5 mM
Tris pH 6.7) at 50°C. Thereafter, blots were
washed three times, and subsequently blocked
and probed with primary antibody as described
above. Anti-phospho-MEK1/2, anti-phospho-
ERK1/2 and anti-phospho-PKA were obtained
from Cell Signaling Technology (Danvers, MA).
Anti- MEK1/2, anti-ERK1/2 and anti-PKA were
purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

RESULTS

Chemically synthesized HIV-1 p17 and N-
myristoylated p17 proteins interact with a cell
surface molecule expressed on human lymphoma
B cell lines

Previous studies showed that HIV-1 p17 ex-
pressed in bacteria specifically interacts with a
cell surface receptor on human B cells (De
Francesco et al, 2002). In an attempt to under-
stand whether this event has biological function,
we sought to identify intracellular signaling path-
ways triggered following this interaction. For our
studies, we used chemically synthesized HIV-1
p17, both in its unmodified (p17) and its N-myris-
toylated (myr-p17) form. Figure 1 shows the mass
spectrometry profiles of the two synthetic prod-
ucts. Detailed structure/function analyses of these
two molecules were published elsewhere (Wu et
al., 2004). These proteins represent a reliable and
highly pure source of p17 in the correct folding
and three-dimensional structure.

Next, we tested whether synthetic p17 proteins
interact with a cell surface marker on B cells, as
previously demonstrated with the recombinant
form of the protein. Flow cytometry assays with
p17 and myr-p17 showed that both synthetic pro-
teins recognized a cell surface marker in the
Burkitt’s lymphoma B cell line, Raji (Fig. 2A and
2B), thus demonstrating the same B cell surface-
binding properties identified with the recombi-
nant polypeptide. These two proteins have the
clear advantage of being available in pure form,
free of any contaminating bacterial protein and -
most importantly - free of lipopolysaccharide
(LPS), which may affect results from cell signal-
ing studies.

Synthetic p17 and myr-p17 increase DNA binding
activity of c-Myc and CREB

The approach we adopted in the screening of in-
tracellular signaling pathways activated by syn-
thetic p17 was to analyze changes in the DNA-
binding capacity of cellular transcription factors
by means of Protein/DNA Arrays. We prepared
nuclear extracts from p17-treated and untreated
Raji cells, and then we compared the DNA- bind-
ing capacity of several transcription factors in the
two nuclear extract samples. We found modula-
tion of the binding activity for several transcrip-
tion factors. However, the most consistent and
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FIGURE 1 - Mass spectrometry profiles of unmodified (panel A) and N-myristoylated (panel B) p17 produced by to-
tal chemical synthesis. The two proteins were obtained as described in Materials and Methods. The figure shows the
results of the electrospray ionization mass spectrometry for the two proteins. The molecular masses determined by
this method were in agreement with the expected values calculated based on the average isotopic composition of the
peptides (in parentheses).
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FIGURE 2 - Flow cytometry detection of the binding between unmodified (panel A) or N-myristoylated (panel B) p17
to its receptor expressed on Raji cells. Cells were incubated with p17 and myr-p17 (both biotinylated as described in
Materials and Methods), and interaction with its receptor was detected with streptavidin-PE-Cy5. The bold black
line shows staining with biotinylated p17 plus streptavidin-PE-Cy5, whereas the solid gray histograms show stain-
ing with streptavidin-PE-Cy5 alone. The plots show results obtained with at least 100,000 events collected in the live-
cell population as determined by forward and side light scatter profiles, and are representative of at least five inde-
pendent experiments.



HIV-1 p17 upregulates c-Myc and CREB 17

notable results were the up-regulation of DNA
binding activity for CREB and c-Myc following
treatment with p17 (compare dots at position C1-
C2 and at position E13-E14 between upper and
lower panels of Figure 3).

Identical results were obtained with unmodified
and N-myristoylated p17. In some experiments
we also found up-regulation of AP-2 (C17-C18),
IRF-1 (E7-E8), MEF-1 (E9-E10) and c-Myb (A15-
A16) following p17 treatment. However, because
of their relevance in B cell differentiation and pro-
liferation, and because other transcription fac-
tors did not behave consistently in response to
pl7 treatment, we focused our efforts on CREB
and c-Myec. First, we performed gel mobility shift
assays to confirm the up-regulation of CREB and
c-Myc following treatment with p17. Thus, Raji
cells were treated with p17 and myr-p17 for 1 and
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FIGURE 3 - Analysis of modulation of transcription fac-
tor DNA binding activity upon treatment with pl7.
Nuclear extracts prepared from control and pl7-treated
Raji cells were used to assess modulation in transcription
factor binding activity using the TranSignal Protein/DNA
array from Panomics (see Materials and Methods for de-
tails). The results shown are representative of at least
three independent experiments.

3 hours. Nuclear extracts obtained from these and
from untreated control cells were tested by EM-
SA using oligonucleotide probes specific for
CREB and c-Myc. As shown in Figure 4, both
forms of p17 up- regulated CREB and c-Myc in
Raji cells. In addition, similar results were ob-
tained when nuclear extracts from p17-treated
and untreated Raji cells were tested in ELISA-
based DNA binding assays with probes specific
for c-Myc and CREB (not shown). The lower
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| 1 | -
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FIGURE 4 - Effect of p17 on the DNA binding activity of
c-Myc and CREB. Raji cells were treated with synthetic
pl7 proteins (unmodified and myristoylated) for the in-
dicated times. Nuclear extracts were prepared and as-
sayed in EMSA assays using the Gel-Shift kits from
Panomics (see Materials and Methods for details).
Results shown are representative of at least three inde-
pendent experiments. Control: nuclear extract from un-
treated Raji cells; p17: nuclear extract from Raji cells
treated with synthetic, unmodified p17 protein;, m-pl17:
nuclear extract from Raji cells treated with synthetic,
myristoylated p17 protein.
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baseline DNA binding activity for CREB and c-
Li et al. HIV-1 p17 upregulates c-Myc and CREB
Myc in untreated Raji cells as detected by
Protein/DNA array compared to EMSA is likely
due to several factors: different DNA probe se-
quence and concentration, different amount of
non-specific DNA competitor, different buffer
conditions. Nonetheless, all three techniques em-
ployed indicated that p17 up-regulates CREB and
c-Myc in Raji cells.

Next, we assessed whether this phenomenon was
due to increased expression of these two tran-
scription factors, or rather to an up-regulation of
their DNA binding activities. Whole-cell lysates
were prepared from control Raji cells and from
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FIGURE 5 - Effect of p17 on the phosphorylation levels
of c-Myc and CREB. Raji cells were treated with syn-
thetic p17 proteins (unmodified and myristoylated) for 1
hour. Whole-cell lysates were then analyzed by western
blot with polyclonal antibodies detecting phosphorylat-
ed c-Myc (Thr58 and Ser62) and CREB (Serl33). After
stripping, the blots were re-probed with antibodies de-
tecting the total protein levels of c-Myc and CREB.
Results are representative of at least three independent
experiments. Control: whole-cell lysate from untreated
Raji cells; p17: whole-cell lysate from Raji cells treated
with synthetic, unmodified p17 protein; m-p17: whole-
cell lysate from Raji cells treated with synthetic, myris-
toylated p17 protein; P-c-Myc, P-CREB: phosphorylated
c-Myc, or CREB.

cells treated for 1 hour with synthetic p17 and
myr-p17. Equal amounts of total protein were as-
sayed by western blot with antibodies specific for
the phosphorylated form of CREB and c-Myc, as
well as for the total proteins. As shown in Figure
5 (upper panels), treatment with both forms of
p17 augmented phosphorylation of c-Myc at po-
sition Thr58 and Ser62, which are required for
the transactivating function of c-Myc. However,
p17 did not affect the total level of c-Myc protein
in Raji cells. Similarly, treatment with p17 strong-
ly induced phosphorylation of CREB at position
Ser133 - which is known to correlate with in-
creased transcriptional activity - but did not aug-
ment the total level of CREB protein within the
cells (Fig. 5, lower panels).

Altogether, these results demonstrate that stimu-
lation of B cells with the HIV-1 matrix protein,
p17 results in augmented DNA binding activity
of the transcription factors CREB and c-Myc
through increased phosphorylation.

Synthetic p17 and myr-p17 up-regulate

the MAPK and PKA signaling pathways

Next, we investigated whether p17 increases the
DNA binding activity of CREB and c-Myc via up-
regulation of specific intracellular signaling path-
ways. To this end, we used western blot to test
the phosphorylation of ERK1/2 and PKA, the ki-
nases that regulate c-Myc and CREB function, re-
spectively, through direct phosphorylation of ser-
ine/threonine residues. Increased phosphoryla-
tion of ERK1/2 and PKA is a direct index of their
kinase activity, and reflects activation of signal-
ing pathways downstream cell surface receptors.
Whole-cell lysates were prepared from Raji cells
treated with p17 and myr-p17, and from control
cells, and probed with specific antibodies that de-
tect ERKI1/2 phosphorylated at residues
Thr202/Tyr204. As shown in Figure 6A, treatment
with both p17 and myr-p17 led to an increase in
phosphorylation of ERK1/2, detectable as early
as 15 minutes after stimulation. Consistently with
this result, the phosphorylation of MEK1 at
residues Ser217 and Ser221 - which regulates
ERK1/2 function in the MAPK signaling cascade
- was also increased soon after p17 treatment
(Fig. 6A). However, the total levels of ERK1/2 and
MEK1/2 remained unchanged during the course
of the experiments. Next, we used antibodies that
specifically detect PKA phosphorylated at Thr197
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to analyze PKA activation following treatment of
Raji cells with synthetic p17 and myr-p17. Our
results indicate that p17 promotes an increase in
PKA function 30 minutes following treatment,
but it does not alter total levels of the protein
(Figure 6B). In addition, the activation of ERK1/2
and PKA phosphorylation by unmodified, syn-
thetic p17 was dose-dependent (Fig. 6C).

The PKA and MEK/ERK pathways are critically
involved in B cell activation and proliferation fol-
lowing stimulation of the B cell receptor (BCR).
CD19 is cell surface molecules associated with
the B cell receptor (BCR), which provides co-

stimulatory signals leading to an amplification of
the intracellular activation pathways. Thus, we
sought to investigate whether stimulation
through CD19 amplifies PKA and MEK/ERK ac-
tivation by p17. To this end, we treated Raji cells
with sub-optional amounts of p17 and anti-CD19
monoclonal antibodies, either alone or in com-
bination. Then we analyzed by western blot
ERK1/2 and PKA phosphorylation in response to
the three modes of stimulation. We observed that
co-stimulation with p17 and anti-CD19 antibod-
ies had a synergistic effect on the phosphoryla-
tion levels of both ERK1/2 and PKA (Fig. 7). We
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FIGURE 6 - Effect of treatment with p17 on phosphorylation of upstream regulators of c-Myc and CREB. Raji cells
were treated with synthetic 1 ug/ml p17 proteins (unmodified and myristoylated) for 15 and 30 minutes. Dose-de-
pendent experiments were performed with concentrations of p17 ranging from 0.05 to 1 pg/ml. Whole-cell lysates were
prepared as described in Material and Methods, and then analyzed by western blot with polyclonal antibodies detect-
ing phosphorylated ERK1/2 (Thr202 and Tyr204), MEK1 (Ser217 and Ser221), and PKA (Thr197). After stripping, the
blots were re-probed with antibodies detecting the total protein levels of ERK1/2, MEKI and PKA. Results are repre-
sentative of at least three independent experiments. Control: whole-cell lysate from untreated Raji cells; p17: whole-cell
lysate from Raji cells treated with synthetic, unmodified p17 protein, m-p17: whole-cell lysate from Raji cells treated
with synthetic, myristoylated p17 protein;, P-ERKI1/2, P-MEKI, P-PKA: phosphorylated ERK1/2, MEKI or PKA.
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FIGURE 7 - Synergistic effect of CD19 and p17 receptor
co-stimulation on ERK1/2 and PKA activation. Raji cells
were left untreated (control) or exposed to monoclonal
antibodies to CD19 (aCD19), to Li et al. HIV-1 p17 up-
regulates c-Myc and CREB synthetic unmodified p17, or
both. Whole-cell lysates were then subjected to western
blot as described in Materials and Methods using anti-
bodies detecting phosphorylated ERK1/2 (Thr202/Ty204;
P-ERK1/2), phosphorylated PKA (Thr197; P-PKA) or to-
ta22 ERK1/2 and PKA levels. The results shown are rep-
resentative of at least three independent experiments.

conclude that the signaling pathways down-
stream the putative p17 receptor and CD19 en-
gage in crosstalk upon co-stimulation.

DISCUSSION

The HIV-1 protein p17 is a structural component
of the viral particle, forming a matrix layer im-
mediately underneath the viral membrane (Freed
1998). Moreover, p17 promotes infectivity by tar-
geting the pre-integration complex to the cell nu-
cleus after viral entry, and is involved in viral as-
sembly by chaperoning viral RNA to the plasma
membrane (Bukrinsky ef al., 1993; Gallay et al.,

1995; Bukinskaya et al., 1992; Yuan et al., 1993;
Sperman et al., 1994; Fache et al., 1993). However,
p17 may play important roles outside the cell, as
a free soluble Li ef al. HIV-1 p17 upregulates c-
Myc and CREB molecule. This hypothesis arises
from the evidence that antibodies against p17 cor-
relate with better prognosis (Papsidero et al.,
1989; Naylor et al.,, 1987; Buratti ef al., 1997,
Cargelegue et al., 1995; Lange et al., 1987). Indeed,
HIV-1 p17 can be released from infected cells and
is detectable in serum of HIV-1 patients (Marini
et al., 2008; Wu et al., 2004, Pace et al., 1995;
Fiorentini et al., 2006). In addition, recombinant
p17 has been shown to interact with a cell sur-
face receptor expressed on several cell types (De
Francesco et al., 1998; De francesco et al., 2002;
Vitale et al, 2003; Marini et al., 2008).
Experiments employing the protein synthesis in-
hibitor cycloheximide, or the proteolytic enzyme
trypsin demonstrated that the p17 receptor is a
cell surface protein (Marini et al., 2008).
Interaction between p17 and its cell surface re-
ceptor was found to increase proliferation of IL-
2- and phytohemagglutinin-stimulated CD4+ and
CD8+ T cells, and NK cells (De Franceso et al.,
1998; Vitale et al., 2003). Moreover, p17 increased
the release of such pro-inflammatory cytokines
as IFNg and TNF-a from T and NK cells (De
Franceso et al., 2002; Vitale et al., 2003). A more
recent report investigated the effects of p17 on
primary human monocytes, which constitutively
express the p17 receptor on their surface, and
found that p17 promotes expression of MCP-1
through activation of the transcription factor AP-
1 (Vitale et al., 2003).

Human primary B cells present constitutive ex-
pression of the p17 receptor (De Francesco et al.,
2002). In the present study

we sought to investigate some of the intracellular
events triggered by pl17 in B cells, using the
Burkitt’s lymphoma cell line Raji as a cellular
model. First, we demonstrate that synthetic p17
- both unmodified and myristoylated - interacts
with a cell surface receptor expressed on Raji
cells. This result strengthens evidence obtained
previously with recombinant p17, in that it shows
that the interaction between p17 and its putative
receptor is direct, and not mediated by possible
bacterial-derived contaminants in the p17 prepa-
rations. More importantly, we have assessed the
biological relevance and the intracellular conse-
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quences of the interaction between p17 and its
cell surface receptor. We employed protein/DNA
arrays to perform a broad-spectrum survey of the
modulation in the function of key cellular tran-
scription factors induced by p17, and we found
that engagement of the p17 receptor augments
the DNA binding capacity of CREB and c-Myc.
Gel shift assays with probes specific for CREB
and c-Myc - but different than the ones included
in the protein/DNA array kit - confirmed these re-
sults. In addition to CREB and c-Myc, we have
found upregulated DNA binding activity for oth-
er transcription factors in response to p17 treat-
ment, such as IRF-1, MEF-1, c-Myb, and AP-2.
However, the increase in DNA binding activity for
these transcription factors was not consistent in
all the experiments that we performed, and in
some cases was very moderate. Therefore, in the
present study we focused our attention on c-Myc
and CREB because of their established role in B
cell proliferation and lymphomagenesis. Our re-
sults also demonstrate that the increased DNA
binding activity of CREB and c-Myc is the con-
sequence of increased phosphorylation at Thr58
and Ser62 (for c-Myc) and Ser133 (for CREB),
which are known to be phosphorylation sites that
play a critical role in regulating the transcrip-
tional activity of these two factors. On the other
hand we did not observe any change in the total
protein level of either transcription factor. We
concluded that the increased DNA binding activ-
ity of CREB and c-Myc observed following stim-
ulation with p17 is due to triggering of signaling
pathways downstream of the pl7 receptor.
Indeed, our results show that p17 induces rapid
phosphorylation of MEK1 and ERK1/2, and PKA,
which are upstream regulators of c-Myc and
CREB phosphorylation and transcriptional ac-
tivity, respectively.

The transcription factor c-Myc forms a het-
erodimer with Max (Gu et al., 1993; Grandori et
al., 1996) and serves as a potent positive regula-
tor of B cell proliferation through activation of
key molecules involved in cell cycle progression
(Karn et al., 1989; Marcu et al., 1992). In addi-
tion, c-Myc promotes B cell growth by increas-
ing the cell metabolism and promoting survival in
anaerobic conditions (Shim et al.,, 1997; Mai et
al., 1994). Because of these and other potent ef-
fects on B cell proliferation and survival, in-
creased expression and transcriptional activity of

c-Myc is an important event in the multi-step
process that leads to some forms of B cell lym-
phoma, particularly Burkitt's lymphoma (Hecht et
al., 2000; Sanchez-Beato et al., 2003). CREB is an
additional important factor in B cell proliferation
and survival. Indeed, CREB has been shown to
induce expression of the cell cycle promoting cy-
clin D2, and the anti-apoptotic molecule Bcl-2
(White et al., 2006; Wilson et al., 1996). In addi-
tion, transgenic mice expressing a dominant-neg-
ative mutant of CREB (with an alanine substitu-
tion at position 133) display markedly impaired
proliferation of B cells (Zhang et al., 2002).
Therefore, both ¢c-Myc and CREB are key posi-
tive regulators of B cell proliferation and survival.
Non-Hodgkin’s lymphomas (NHL) represent a
major proportion of AIDS-associated malignan-
cies (Carbone et al., 2005). Indeed, NHL is the
first manifestation of AIDS in about 3% of HIV-
1 infected patients, and serves as an AIDS-defin-
ing condition (Frisch et al., 2001). Most AIDS-
NHL derive froms B cells, and are characterized
by clinical aggressiveness (Little et al, 2001).
About 80% of all ATDS-related NHL are systemic
B cell lymphomas, such as Burkitt’s lymphoma,
and diffuse large B-cell lymphomas (Aoki et al.,
2004). All cases of HIV-associated Burkitt’s Li ef
al. HIV-1 p17 upregulates c-Myc and CREB lym-
phoma show activation of c-Myc with or without
concurrent inactivation of p53, although EBV in-
fection is detectable in only ~30% cases, suggest-
ing that other factor are at play (Aoki et al., 2004).
Indeed, while it was generally assumed that HIV-
1 infection has only an indirect role in cancer de-
velopment through impairment of immune sur-
veillance and increased risk of oncogenic virus
infection, recent evidence suggests a more direct
and active role through viral-encoded proteins.
For example, the HIV-1 transactivator protein,
Tat promotes Kaposi sarcoma (KS) tumor devel-
opment through interaction with the vascular en-
dothelial growth factor receptor 2 and induction
of pro-angiogenic cytokines, adhesion molecules
and matrix metalloproteinases (Albini et al., 1995;
Albini et al., 1996; Aoki et al., 2003 Lafreine et al.,
1997; Ensoli et al., 1990; Barillari et al., 1993).
Moreover, Tat facilitates the replication of the KS-
associated herpes virus (KSHV) and its trans-
mission to endothelial cells (Aoki et al., 2004). The
direct and active role of Tat in promoting the ag-
gressive nature and high incidence of KS suggests
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that the ability of highly active anti-retroviral ther-
apy (HAART) to reduce occurrence and severity
of ATDS-associated KS is due in part to decreased
levels of Tat (Aoki et al., 2004). Whereas HAART
has also reduced the incidence of B cell lym-
phomas of the central nervous system, its impact
on Burkitt’s and other forms of systemic B cell
lymphomas has not been as successful (Little et
al., 2001). However, this evidence should not sug-
gest that HIV-1 proteins are not co-factors in pro-
moting these forms of malignancy. Indeed, a re-
cent study has reported the persistent presence
of HIV-1 structural proteins (p17, p24 and gp120)
in the germinal centers of lymph nodes from HIV-
1 patients undergoing successful HAART for
more than 6 months, suggesting that germinal
center B cells may remain exposed to HIV-1 struc-
tural proteins for prolonged periods of time, even
in condition of suppressed viral replication
(Popovic et al, 2005). Prolonged B cell stimula-
tion in the context of immune suppression is a
major risk factor for the development of AIDS-
associated NHL, including Burkitt’s lymphoma,
which derives from germinal center B cells and
involves c-Myc activation (Gaidano et al., 2000).
Thus, the results we presented here suggest that
interaction of p17 with its cells surface receptor
leads to increased c-Myc and CREB function and
may represent a cofactor in the insurgence of B
cell lymphomas during HIV-1 infection.
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