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Abstract
Combined antiretroviral therapy (cART) for HIV-1 dramatically slows disease progression among HIV+ individuals.
Currently, lymphoma represents the main cause of death among HIV-1-infected patients. Detection of p17 variants (vp17s)
endowed with B-cell clonogenic activity in HIV-1-seropositive patients with lymphoma suggests their possible role in
lymphomagenesis. Here, we demonstrate that the clonogenic activity of vp17s is mediated by their binding to PAR1 and to
PAR1-mediated EGFR transactivation through Gq protein. The entire vp17s-triggered clonogenic process is MMPs
dependent. Moreover, phosphoproteomic and bioinformatic analysis highlighted the crucial role of EGFR/PI3K/Akt
pathway in modulating several molecules promoting cancer progression, including RAC1, ABL1, p53, CDK1, NPM, Rb,
PTP-1B, and STAT1. Finally, we show that a peptide (F1) corresponding to the vp17s functional epitope is sufficient to
trigger the PAR1/EGFR/PI3K/Akt pathway and bind PAR1. Our findings suggest novel potential therapeutic targets to
counteract vp17-driven lymphomagenesis in HIV+ patients.

Introduction

Combined antiretroviral therapy (cART) has dramatically
slowed HIV-1 disease progression in seropositive indivi-
duals, improving their survival and contributing to a decline
of AIDS-related mortality [1]. Despite cART, malignant

lymphoma still represents the most frequent malignancy and
the major cause of mortality among HIV-1-infected patients
[1]. The risk of non‐Hodgkin lymphoma (NHL) is increased
60–200 fold in HIV+ patients when compared with the
general population [2]. Moreover, most HIV-1-related
NHLs are high-grade B-cell lymphomas, such as diffuse
large B-cell lymphoma (DLBCL) and Burkitt lymphoma
(BL), and are characterized by clinical aggressiveness [1].
These lymphomas frequently present with advanced stage
involving extranodal sites and have a worse clinical out-
come as compared to similar aggressive lymphomas in the
general population.

Different mechanisms have been hypothesized for B-cell
transformation in HIV+ patients, including the pathogenic
involvement of HIV-1 structural and regulatory proteins,
such as gp120 and Tat, which induce chronic inflammation
and B-cell activation and proliferation [3, 4]. More recently,
the structural matrix protein p17, which is known to play an
essential role in viral assembly and maturation, has been
proposed to exert a role in HIV-1-associated lymphoma-
genesis. P17 protein released by infected cells along the
entire virus life cycle was shown to accumulate within
lymphoid tissues [5], where it may deregulate the functional
activities of various immune cells, including B
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lymphocytes [6]. In addition, HIV-1 transcription can be
efficiently induced by different stimuli, even in the presence
of protease inhibitors [7], strengthening the evidence that
p17 can be synthesized and released, even under cART, in
absence of viral replication [5]. Moreover, the ability of p17
to promote receptor-mediated angiogenesis and lym-
phangiogenesis of vascular and lymphatic endothelial cells
in vitro and in vivo [8, 9] may also contribute to enhance
and sustain B-cell proliferation and survival. The impor-
tance of angiogenesis and lymphangiogenesis in lymphoma
development is now well recognized, as also supported by
the observation that alterations of these processes correlated
with highly aggressive NHLs [10, 11]. Finally, recent
findings have strongly indicated that p17 variants (vp17s)
enriched in NHL patients may directly promote B-cell
clonogenicity [12–14]. Indeed, several studies highlighted
that mutations in the p17 backbone may significantly impact
on B-cell signaling pathways known to contribute to B-cell
lymphomagenesis [12, 13, 15, 16]. In particular, unlike the
wild-type protein (refp17; derived from HIV BH10, Clade
B), vp17s isolated from blood and lymphoma tissues of
NHL patients were shown to directly stimulate B-cell pro-
liferation by activating the oncogenic PI3K/Akt signaling
pathway [12]. These NHL-derived vp17s are characterized
by amino acid (aa) insertions in the C-terminus at position
117–118 (Ala–Ala) or 125–126 (Gly–Asn) and by other
mutations throughout the sequence. Ultra-deep pyr-
osequencing showed that these two categories of vp17s are
more frequently detected in plasma of HIV+ patients with
NHL than those not showing evidence of lymphoma [12].

The molecular mechanisms underlying the diverse
activity of vp17s have been related to destabilized or altered
p17 conformations [12], with the exposure of a functional
epitope corresponding to aa 1–20 in the N-terminal region
of the protein [14]. Since this epitope doesn’t possess the
capability to bind the known p17 receptors [14], CXCR1
and CXCR2, it has been hypothesized that an alternate
receptor could also mediate the B-cell growth-promoting
effects of vp17. Identification of additional cellular recep-
tors for vp17 is critical to better understand their B-cell
clonogenic potential and design mechanism-based strategies
of treatment for HIV-associated NHL.

In this study, we provide evidence supporting the role of
a new receptor for vp17s together with insights on the
molecular mechanisms underlying vp17s-triggered B-cell
proliferation. To this aim, we investigated the biologic
effects of the refp17 and two clonogenic vp17s isolated
from lymphoma patients, NHL-a101 and NHL-a102, which
belong to two different categories of vp17s presenting aa
insertions at position 117–118 and 125–126, respectively
[12]. Our data highlight the role of protease-activated
receptor 1 (PAR1) in promoting B-cell clonogenic activity
of vp17s through epidermal growth factor receptor (EGFR)

transactivation. These findings offer new opportunities to
develop new therapeutic interventions towards HIV-1-
related lymphoma, and, potentially, also other aggressive
cancers occurring in HIV+ individuals.

Materials and methods

Cell cultures

Human lymphoma B-cell lines Raji and BJAB were
obtained from American Type Culture Collection (ATCC,
Manassas, Virginia, USA) and cultured in complete med-
ium containing RPMI-1640 medium supplemented with
10% (vol/vol) fetal bovine serum (FBS), 1 mM L-gluta-
mine, 1 mM sodium pyruvate at 37 °C in 5% CO2 humi-
dified atmosphere.

Recombinant proteins

Purified endotoxin (LPS)-free recombinant HIV-1 matrix
protein p17s were produced as previously described [12].
Briefly, the coding sequence of HIV-1 isolate BH10 p17
(refp17; amino acids 1–132) was amplified by PCR with
specific primers, which allowed us to clone the
refp17 sequence into the BamH1 site of the prokaryotic
expression vector pGEX-2T (GE Healthcare, Chicago, IL,
USA). The vp17s NHL-a101 and NHL-a102 obtained from
the lymphoma biopsy of patient a101 and a102, respec-
tively, were amplified by PCR and cloned into BamH1 and
XhoI sites of the same vector. The recombinant proteins
were further purified (>98%) by reverse-phase fast perfor-
mance liquid chromatography. The absence of LPS con-
tamination (<0.25 endotoxin units per mL) in protein
preparation was assessed by Limulus amoebocyte assay
(Associates of Cape Cod, East Falmouth, MA, USA).

High throughput phosphoproteomic and
bioinformatic analysis

Phosphoproteomic and bioinformatic analysis were per-
formed as previously described [16]. Raji cells stimulated or
not for 5 min with refp17, NHL-a101 and NHL-a102
(0.1 μg/ml) were lysed and prepared for KinexTM Antibody
Microarray (KAM-850), according to manufacturer’s
instructions (Kinexus Bioinformatics Corporation, Van-
couver, Canada). Cell lysates were checked for pAkt levels
by western blot analysis, since p17 proteins are known to
modulate PI3K/Akt signaling pathway [12], and then sent to
Kinexus Bioinformatics Corporation for hybridization. The
array contains 517 pan-specific and 337 phospho-specific
probes selected by the company to recognize epitopes on
466 proteins. The raw data, processed by Kinexus with
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the commercial software ImaGene, were filtered according
to criteria equal or stricter than the company recommen-
dations. Only probes matching these criteria where con-
sidered for further analysis: signal to noise ratio >1.6 or
signal to noise ratio <1.6 and noise inferior than the average
noise of the array; maximum variation coefficient <0.2. The
analysis was led with custom R, Visual Basic and MySQL
procedures. The software is proprietary, with no public
license, and available upon request. Z-scores for normal-
ization and z-ratios for comparisons were calculated as
previously described [16, 17] and a significative threshold
of 1.5 was adopted for z-ratios (manufacturer recommends a
threshold of at least 1.1). Since the signal of a single array is
noisy and the results should be considered only as indica-
tive, a subsequent multi-immunoblot verification step to
rule out false positive array signals was performed accord-
ing to the manufacturer’s instructions. The 72 most sig-
nificant probes were selected for a pre-screening step to
select the reactive antibodies. Pre-screening allowed to
select 36 antibodies and a final multi-immunoblot experi-
ment was led by Kinexus with the reactive antibodies on an
aliquot of the same samples used for the Microarray. The
multi-immunoblotting was then analyzed by densitometric
analysis from Kinexus Bioinformatic Corporation and blot
quantification data of vp17 treated samples were compared
to refp17 ones for the interpretation of the results. STRING
database [18] was used to identify known, experimentally
verified interactions as a base for the design of the signal
transduction pathways, with a combined score >0.7. Lit-
erature data mining was also performed by multiple data-
base interrogations, mainly based on PubMed (http://www.
ncbi.nlm.nih.gov/pubmed), PhosphoSite (http://www.
phosphosite.org/), Uniprot (http://www.uniprot.org) and
Genecards (http://www.genecards.org).

Human EGFR phosphorylation antibody array

The human EGFR phosphorylation antibody array was
obtained from RayBiotech (Peachtree Corners, GA, USA)
and performed according to manufacturer’s instructions.
The array is a dot-blot-based assay specifically designed to
detect 17 different phosphorylation sites of the EGFR
family, which includes four family members: EGFR,
ErbB2, ErbB3, and ErbB4. Briefly, cell lysates obtained
from Raji stimulated or not with refp17, EGF, NHL-a101
and NHL-a102 vp17s (0.1 μg/ml) for 5 min were added to
antibody array membranes. Then, the membranes were
washed and incubated with a cocktail of biotin-conjugated
anti-EGFR. After incubation with HRP-streptavidin, the
signals were visualized by chemiluminescence. Finally, the
density of the immunoreactive dots was acquired by
ChemiDoc-it System (Bio-Rad, Hercules, CA, USA) and
protein phosphorylation and expression level was analyzed

using Gel-Pro Analyzer 6.0 software (Media Cybernetics,
Houston, TX, USA).

Western blot

Raji cells, starved for 24 hours by serum deprivation (RPMI
containing 1 mM L-glutamine and 1 mM sodium pyruvate),
were stimulated with 100 ng/ml of EGF for 5, 15, 60 min.
Then the cells were lysed in 200 μL of 10 mM Hepes (pH
7.9), 10 mM KCl, 1.5 mM MgCl2, 0.5 mM EGTA, 0.5 mM
EDTA, and 0.6% Nonidet P-40, containing phosphatase
inhibitors (sodium vanadate, PAO, and sodium fluoride) and
a mixture of protease inhibitors (Complete Mini Roche,
Hoffmann-La Roche, Basel, Switzerland). Equal amounts of
total protein were resolved on a 12% SDS-polyacrylamide
gel and electroblotted onto a nitrocellulose membrane. The
blots were incubated overnight at 4 °C with mAb to pAkt
and total Akt (Cell Signaling Technology, Danvers, MA,
USA). The antigen-antibody complex was detected by
incubation of the membranes for 1 h at room temperature
with peroxidase-coupled goat anti-mouse IgG (Thermo
Fisher Scientific, Waltham, MA, USA) and revealed using
ECL (Enhanced chemiluminescence) System (Santa Cruz
Biotechnology, Dallas, TX, USA). Images were acquired by
ChemiDoc-it System and protein expression was determined
using Gel-Pro Analyzer 6.0 software.

B-cell colony formation assay

The assay was performed as previously described [14].
Briefly, Raji and Bjab cells were seeded into a 96-well plate at
a dilution of 0.5 cells/well. Plates were incubated for 8 and
12 days, respectively, in complete medium in presence or
absence of different molecules, shown in Table 1. Then, the
culture plates were analyzed for single colony formation. The
colony area was measured (15 colonies/condition) by using
Leica Qwin image analysis software. The same number of
colonies (15 colonies/condition) was aseptically harvested
from 96-well plates and stained with propidium iodide (PI) to
detect PI-viable cells by flow cytometry. Absolute cell counts
were obtained by the counting function of the MACSQuant®
Analyzer (Miltenyi Biotec, Bergish Gladbach, Germany).

Production of recombinant GST-linked PAR-1 in a
bacterial expression system

The expression and production of PAR1 has been per-
formed as previously described for G protein-coupled
receptors (GPCR) [19]. The coding sequence of PAR-1
(accession number: P25116) has been synthetized by Inte-
grated DNA Technologies (IDT; Coralville, Iowa, USA)
and cloned into the BamHI and XhoI sites of the prokar-
yotic expression vector pGEX-4T-1 (GE Healthcare). The
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glutathione S-transferase (GST) fusion PAR-1 was expres-
sed in BL21 (DE3). Then, bacteria were resuspended in
PBS containing 10 mM EDTA, 0.1% (v/v) Triton X-100,
100 μg/ml lysozyme, protease inhibitor cocktail and sub-
jected to 4 freeze/thaw cycles. MgCl2 (20 mM) and Triton
X-100 (2% v/v) were added and bacterial lysate was cen-
trifuged at 16,000 × g for 15 min to separate soluble protein
from inclusion bodies. PAR-1 receptor was purified from
supernatant using glutathione Sepharose 4B beads and then
analyzed for purity by SDS-PAGE and western blot using
the anti-PAR-1 mAb (ATAP2).

Surface plasmon resonance (SPR) binding assay

The interaction of refp17, NHL-a101, NHL-a102, F1 or F4
peptide with PAR1 was carried out as previously described
[8, 19]. Briefly, SPR measurements were performed on a
BIAcore X100 instrument (GE Healthcare). Anti-GST
antibody was immobilized on a CM5 sensor chip (GE
Healthcare) using standard amine-coupling chemistry. Then,
recombinant human PAR1 with a C-terminal GST tag (GST-
PAR1; 10 μg/mL) in running buffer containing 50 mM
Hepes (pH 7.0), 0.01% CHS (cholesteryl hemisuccinate Tris
salt), 0.1% CHAPS {3-[(3-cholamidopropyl) dimethy-
lammonio]-1-propanesulfonate} and 0.33 mM DOPC:DOPS
[synthetic phospholipid blend (dioleoyl) (7:3 wt/wt); Avanti
polar lipids] was injected over the anti-GST surface at a flow
rate of 5 μL/min, allowing the capture of about 854 Reso-
nance Unit. In the same experimental conditions, the
recombinant GST was captured and used as negative control
for blank subtraction. The immobilization of the receptor to
the sensor chip surface was confirmed by the injection of an
anti-PAR1 mAb (ATAP2) in running buffer at a flow rate of
30 μL/min. NHL-a101, NHL-a102 and F1 peptide were
injected over PAR1 surface at different concentrations (from
125 to 1000 nM) as described for anti-PAR1 antibody.
Kinetic parameters were obtained from sensorgram overlays
by using the non-linear fitting (single site model) software
package BIAevaluation 3.2. Only sensorgrams with fitting
chi square values close to 10 were used [20].

Co-immunoprecipitation assay

Raji cells (1.5 × 106) were incubated with 1.5 μg of NHL-
a102 for 15 min at room temperature. After incubation,
chemical cross-linker BS3 was added and incubated for 2 h.
At the end of incubation, cells were washed with PBS to
remove unbound viral protein and solubilized in 200 μl of
lysis buffer containing a phosphatase inhibitor cocktail
(10 min at 4 °C). Then, the lysates were centrifuged at
10,000 × g at 4 °C for 10 min. The supernatants were sub-
jected to a preclearing step with 20 μl protein G Plus-
Agarose suspension (Thermo Fisher Scientific) and

incubated for 30 min at 4 °C. After brief centrifugation,
recovered supernatants were incubated overnight at 4 °C
with 10 μg of anti-p17 mAb MBS-34 [21] on a rocker. The
next day, 20 μl of protein G Plus-Agarose was added to the
samples and incubated for 1 h at 4 °C. The beads were
collected by centrifugation, washed with PBS, resuspended
in sample buffer (30 μl) and analyzed on SDS-PAGE gel
(10%). The immunocomplexes were transferred onto an
Immobilon PVDF membrane (Millipore, Bedford, MA) and
incubated overnight at 4 °C with an anti-PAR1 mAb
[ATAP2 1:500 in TTBS (Tris-HCl 10 mM pH 7.5, NaCl
150mM, 0.1% Tween 20)]. After incubation at 4 °C for 1 h
with peroxidase-coupled goat anti-mouse IgG (diluted
1:5000 in TTBS), antigen-antibody complexes were detec-
ted and revealed using ECL System (Santa Cruz Bio-
technology). Images were acquired by ChemiDoc-it System.

Statistical analysis

For each set of experiments the sample size was chosen to
ensure adequate power to detect variations. Data obtained
from multiple independent experiments are expressed as the
means ± the standard deviations (SD). When appropriate
data were tested for normality and variance similarity. The
data were analyzed for statistical significance using one-
way ANOVA. Bonferroni’s post-test was used to compare
data. Differences were considered significant at P < 0.05.
Statistical tests were performed using Prism 8 software
(GraphPad, San Diego, CA, USA).

Results

NHL-a101 and NHL-a102 vp17s modulate similar
signaling pathways promoting cell cycle progression
through EGFR

The gain of B cell clonogenic function showed by vp17s
may arise from their interaction with an alternate receptor(s)
[12]. Activation of different intracellular components of
signal transduction is receptor-specific and driven by
phosphorylation of critical proteins, which control signaling
pathways and cell responses [22]. Therefore, to investigate
the possible involvement of an alternate p17 receptor in B-
cell clonogenicity triggered by NHL-a101 and NHL-a102,
we evaluated the intracellular signaling phosphorylation
network in B cells by employing a high-throughput anti-
body array technology. Raji lymphoma cells were stimu-
lated or not with refp17, NHL-a101, and NHL-a102
(100 ng/ml) and the lysates were processed and analyzed by
Kinex™ KAM-850 Antibody Microarray from Kinexus
Bioinformatics Corporation, which recognizes different
epitopes on 466 proteins. To rule out false positive signals,
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relevant phosphorylations and up- or down-modulated
proteins were confirmed by a multi-immunoblot analysis
performed by Kinexus Bioinformatics Corporation. Table 2
shows the proteins confirmed by immunoblot and signals
relative to NHL-a101 and NHL-a102 stimulation, normal-
ized to refp17. Literature data mining and Gene Ontology
biological process database highlighted that most of these
proteins, observed in the immunoblot, as RAC1, ABL1,
p53, CDK1, NPM, Rb, PTP-1B, and STAT1, are involved
in cell cycle regulation and cancer progression.

The STRING database is a protein–protein interaction
meta-database, which combines multiple databases to pro-
vide protein–protein interactions, based on experimental
data, literature mining, curated databases and other sources
[18]. Our set of proteins was used as input for STRING to
identify critical protein–protein interactions and design the
signaling pathways activated by vp17s. The pertinence of
the STRING molecular interactions was then verified with
literature data mining on multiple databases (PubMed,
PhosphoSite, Uniprot, and Genecards). This bioinformatic
analysis highlighted EGFR as the receptor triggered by both
vp17s together with the activation of the PI3K/Akt signal-
ing pathway, consistently with previous data [12, 23] (Fig.
1). The comparison between the signaling proteins triggered

by the two vp17s allowed to also identify the contribution
of other proliferation-regulating molecules specific for each
variant: CHEK1, CHEK2, JAK1, and CDK4, for NHL-
a101; MAPK8, RAF1, and CDK2 for NHL-a102.

Overall, these results suggest an involvement of the
EGFR signaling in mediating vp17s clonogenicity through
the modulation of several molecules involved in cancer
progression.

Clonogenic vp17s induce EGFR activation

To verify vp17-triggered EGR activation, we performed
experiments using the RayBio human EGFR phosphoryla-
tion antibody array, which simultaneously detects 17 dif-
ferent specific phosphorylation sites on EGFR family
members. Raji cells, which basally express EGFR [24],
were stimulated or not for 1 and 5 min with NHL-a101 and
NHL-a102 (100 ng/ml) and then lysed to obtain cellular
extracts. Cells stimulated with EGF (100 ng/ml) were used
as positive control. As shown in Fig. 2, Raji stimulated with
EGF or the two vp17s, as compared to untreated cells,
showed an increase in EGFR phosphorylation levels at
Tyr845, Tyr1148, Tyr1173, Ser1070 residues, and in ErbB2
ones at Tyr877, Tyr1112, Tyr1112/1222, Thr686, and

Table 2 Effect of NHL-a101 and NHL-a102 on expression and phosphorylation levels of intracellular signaling proteins.

Protein short name Uniprot Protein name Phosphorylation site NHL-a101
vs p17 (%)

NHL-a102
vs p17 (%)

ABL1 P00519 Tyrosine-protein kinase ABL1 Y393 +44% +123%

CDK1 P06493 Cyclin-dependent kinase 1 T161 +60% +35%

CDK2 P24941 Cyclin-dependent kinase 2 – +2% +54%

CDK4 P11802 Cyclin-dependent kinase 4 – +27% −62%

CDK6 Q00534 Cyclin-dependent kinase 6 – +52% +10%

CHEK1 O14757 Serine/threonine-protein kinase Chk1 S280 +18% −38%

CHEK2 O96017 Serine/threonine-protein kinase Chk2 – −20% −2%

EGFR P00533 Epidermal growth factor receptor – −5% −54%

EGFR P00533 Epidermal growth factor receptor T693 −68% −94%

EGFR P00533 Epidermal growth factor receptor Y998 +12% −86%

eIF-2A P19525 Interferon-induced, double-stranded RNA-activated protein kinase T446 −69% −117%

hMSH2 P43246 DNA mismatch repair protein Msh2 – +42% +216%

JAK1 P23458 Tyrosine-protein kinase JAK1 Y1034 +22% −208%

MAPK 8 P45983 Mitogen-activated protein kinase 8 – −11% +31%

NPM P06748 Nucleophosmin S4 +97% +22%

p53 P04637 Cellular tumor antigen p53 – −11% +0%

p53 P04637 Cellular tumor antigen p53 S33 −6% −127%

PTP-1B P18031 Tyrosine-protein phosphatase non-receptor type 1 – +176% +1095%

RAC1 P63000 Ras-related C3 botulinum toxin substrate 1 – +11% +30%

RAF1 P23458 Tyrosine-protein kinase JAK1 S259 −6% −346%

Rb P06400 Retinoblastoma-associated protein S780 −25% +111%

Rb P06400 Retinoblastoma-associated protein S795 +55% +111%

STAT1 P42224 Signal transducer and activator of transcription 1-alpha/beta S272 +27% +17%

The protein expression and phosphorylation level were analyzed from Kinexus Bioinformatic Corporation by densitometric analysis of multi-
immunoblotting. Blot quantification data of vp17s were compared to refp17 treated samples for the interpretation of the results. The numerical
values refer to vp17/refp17 ratio and are expressed as percentage.
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Ser1113. The two vp17s showed a different kinetics of
receptor phosphorylation. While the phosphorylation
kinetic triggered by NHL-a101 at 1 and 5 min appeared
superimposable to that promoted by EGF with a peak at
5 min, NHL-a102 triggered a peak of receptor phosphor-
ylation at 1 min only. These findings confirm that both
vp17s are able to activate EGFR and suggested the possi-
bility that these variants could trigger not only the formation
of EGFR homodimers, but also heterodimers with the
ErbB2 member of the EGFR family [25].

B-cell clonogenic activity of vp17s is mediated by
EGFR and ErbB2

Phosphoproteomic analysis and phosphorylation antibody
array on cell lysates, obtained from B-cells stimulated with
NHL-a101 and NHL-a102, showed EGFR and ErbB2
phosphorylation (Table 2 and Fig. 2). To assess whether the
clonogenic activity of vp17s is mediated by EGFR and
ErbB2, we utilized a single cell cloning assay [14]. This
method was performed by seeding a single B-cell in each
well of a 96-well plate in the presence or absence of EGF
(100 ng/ml) or NHL-a101 or NHL-a102 (10 ng/ml) and the
selective EGFR inhibitor AG1478 (250 nM) or the ErbB2

inhibitor AG879 (2 μM). At day 8 of culture, Raji cells
formed a visible single colony in >60% of seeded wells
attesting for active cell proliferation (Fig. 3A, upper panel).
As expected, NHL-a101 and NHL-a102, as well as EGF,
promoted the formation of colonies with a significantly
larger size than those cultured in medium alone. The pre-
sence of both AG1478 and AG879 selective inhibitors
completely blocked the clonogenic activity of EGF and
vp17s (Fig. 3A, central panel, left). A cell suspension was
then obtained by pooling equal number of colonies per each
experimental condition and the absolute number of cells
was evaluated by propidium iodide staining and flow
cytometry. As shown in Fig. 3A (lower panel, left), the
vp17s significantly increased B-cell proliferation, as com-
pared to untreated cells, an effect that was completely
inhibited by AG1478 and AG879 inhibitors.

Raji is an Epstein-Barr virus (EBV)-infected human
lymphoma B-cell line. Therefore, in order to verify the
involvement of EGF and ErbB2 receptors in vp17s clono-
genic activity independently of EBV protein expression, we
also tested the inhibition of vp17-triggered cell proliferation
by AG1478 and AG879 in the EBV-negative BJAB human
lymphoma B-cell line. As for Raji, NHL-a101 and NHL-
a102 significantly increased cell proliferation as compared

Fig. 1 Representation of the signaling pathways involved in B-cell
clonogenicity induced by clonogenic vp17s. Stimulation of B cells
with NHL-a101 and NHL-a102 vp17s induces the activation of several
signaling molecules involved in promoting cell survival, cell pro-
liferation, cell cycle progression, G1/S and G2/M phase transition.
STRING database and literature data mining were used to identify
known and experimentally verified interactions. The several kinases
involved in the pathway are represented by diamonds, the other pro-
teins by ellipses. The proteins represented in cyan are the ones acti-
vated by both NHL-a101 and NHL-a102. The molecules activated by
NHL-a101 are in magenta, the ones stimulated by NHL-a102 in yel-
low. PI3K: phosphatidylinositol-3-kinase; Akt: protein kinase B;
CDK1: cyclin-dependent kinase 1; ABL1: tyrosine-protein kinase

ABL1; CDK2: cyclin-dependent kinase 2; CDK4: cyclin-dependent
kinase 4; CDK6: cyclin-dependent kinase 6; CHEK1: serine/threonine-
protein kinase Chk1; CHEK2: serine/threonine-protein kinase Chk2;
EGFR: epidermal growth factor receptor; eIF-2A: interferon-induced,
double-stranded RNA-activated protein kinase; hMSH2: DNA mis-
match repair protein Msh2; JAK-1: tyrosine-protein kinase JAK1;
MAPK 8: mitogen-activated protein kinase 8; NPM: nucleophosmin;
p53: cellular tumor antigen p53; PTP-1B: tyrosine-protein phosphatase
non-receptor type 1; RAC1: ras-related C3 botulinum toxin substrate
1; RAF1: tyrosine-protein kinase JAK1; Rb: Retinoblastoma-
associated protein; STAT1: signal transducer and activator of tran-
scription 1-alpha/beta.
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with untreated control cultures, whereas the presence of
both AG1478 and AG879 significantly reduced their clo-
nogenic activity (Fig. 3B). Overall, these results confirm the
involvement of EGFR and ErbB2 in vp17s-induced B-cell
growth, irrespective of the presence of EBV.

EGFR-activated PI3K/Akt signaling pathway
promotes vp17-triggered B-cell clonogenicity

To confirm that clonogenicity is related to activation of the
PI3K/Akt pathway mediated by EGFR, we first explored
the capability of EGF to modulate Akt phosphorylation.
Raji cells stimulated for 5, 15 and 60 min with EGF
(100 ng/ml) showed a significant increase in the levels of
Akt phosphorylation, compared to untreated cells (Fig. 4A).
We also performed single cell cloning assays in the pre-
sence or absence of EGF (100 ng/ml) and wortmannin (WT,
100 nM) or Akt inhibitor VIII (1 μM), which inhibit PI3K
and Akt, respectively. The B-cell growth-promoting activity
of EGF was significantly inhibited by both inhibitors (Fig.
4B, left panel). Moreover, the cell suspension obtained by
pooling equal number of colonies per each experimental

condition and the evaluation of absolute number of cells
confirmed the inhibition of vp17s-induced proliferation by
WT and Akt inhibitor VIII (Fig. 4C, right panel). Notably,
the activity of EGF on B cell proliferation was not modu-
lated by an inhibitor of MEK/ERK1/2 (PD98059, 10 μM),
used as negative control, confirming the specificity of our
findings. These data confirm that EGFR-induced B cell
clonogenicity is linked to activation of the PI3K/Akt sig-
naling pathway.

B-cell clonogenic activity of vp17s occurs through
the G protein-coupled receptors-mediated EGFR
transactivation

We previously demonstrated that the different p17 activities
are promoted by interactions of the protein with G-coupled
receptors. Transactivation of EGFR occurs by different
GPCR through different mechanisms [26]. In particular,
GPCRs ligands may exert their effects on EGFR by acti-
vating the heterotrimeric G proteins, particularly Gi and Gq,
which are mainly involved in regulation of cell prolifera-
tion. To assess the involvement of these G proteins in

Fig. 2 EGFR activation by vp17s in Raji B cells. Cellular extracts of
Raji B cells treated for 5 min at 37 °C with or without EGF, NHL-a101
and NHL-a102 were evaluated for phosphorylation of EGFR family
members by a human phosphorylation array. The intensities of the
phospho-protein signals were quantified by densitometric analysis and

normalized to either positive controls or not treated cells as suggested
by the manufacturer’s instructions. Values reported for protein phos-
phorylation levels are representative of one representative experiment
of 3 with similar results. NT, not treated.
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GPCR-induced EGFR transactivation in vp17s clonogeni-
city, we performed single cell cloning assays with Raji cells
in presence of NHL-a101 or NHL-a102 (10 ng/ml) and
pertussis toxin (PTX; 10 ng/ml) or YM-254890 (100 nM),
which block selectively Gi- and Gq-mediated signaling,
respectively. The vp17s-triggered proliferation of Raji cells
was completely insensitive to PTX treatment (Fig. 5A),
whereas the Gq inhibitor YM-254890 significantly blocked
the clonogenic activity of both vp17s (Fig. 5B). The eva-
luation of absolute number of cells forming the colonies
confirmed the proliferation inhibition by YM-254890, but
not by PTX (Figs. 5D and C, respectively).

These results highlight the involvement of EGFR trans-
activation from a GPCR via Gq protein activation in vp17s-
induced B-cell clonogenicity.

The B-cell clonogenicity induced by vp17s is
sustained by a membrane-bound matrix
metalloproteases (MMPs)-dependent loop

EGFR transactivation by GPCRs was shown to be MMP-
dependent [27]. Indeed, stimulation of GPCRs leads to
MMP activation, resulting in the shedding of biologically
active soluble ligands, which in turn activate EGFR and its

Fig. 3 Effect of EGFR and ErbB2 inhibitors on clonogenic activity
of vp17s in B-cells. A, B Raji (A) and Bjab (B) cells were cultured for
8 days and 12 days, respectively, in the presence or absence of EGF
(100 ng/ml) or NHL-a101 or NHL-a102 (10 ng/ml) and EGFR inhi-
bitor AG1478 (250 nM) or ErbB2 inhibitor AG879 (2 μM). Bright-
field images represent the characteristic morphology of 2D colonies of
Raji and Bjab (upper panels), one colony for each condition is shown
(original magnification, ×40). The colony area was measured (15
colonies/condition) by using Leica Qwin image analysis software

(central panel). The same number of colonies (15 colonies/condition)
was aseptically harvested from 96-well plates and stained with pro-
pidium iodide (PI) to detect PI-viable cells by flow cytometry (lower
panel). Absolute cell counts were obtained by the counting function of
the MACSQuant® Analyzer. Bars represent the means ± SD of three
independent experiments. The statistical significance between control
and treated cultures was calculated using one-way ANOVA and the
Bonferroni’s post-test was used to compare data. NT, not treated.
***P < 0.001.
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downstream signaling cascades [28]. In some cases, MMP
activation has been also shown to occur downstream EGFR
transactivation through modulation of gene expression [29].

The involvement of MMPs in GPCR-mediated EGFR
transactivation by vp17s was investigated by performing
single cell cloning assays with Raji cells in presence of
NHL-a101 or NHL-a102 (10 ng/ml) and two different
broad-spectrum metalloprotease inhibitors, Batimastat
(20 nM) or Ilomastat (1 μM). Both MMP inhibitors had a
noticeable inhibitory effect on the clonogenic activity of
vp17s (Fig. 5E). On the other hand, selective inhibition of
MMPs by both inhibitors significantly diminished also
EGF-induced clonogenicity, thus suggesting a positive
feedback exerted by EGF-induced MMPs expression.

Propidium iodide staining and flow cytometry confirmed
the inhibition of EGF-induced cell proliferation by Bati-
mastat and Ilomastat (Fig. 5F). These results are consistent
with the notion that MMP-dependent ligand-mediated
EGFR signaling plays an important role in regulation of cell
proliferation in a variety of cancer types [30] and suggest
that vp17s-induced EGFR transactivation promotes down-
stream signaling pathways, which drive its progressive
induction through an autocrine feedback mechanism.

Functional mapping of refp17 domains contributed to
identify the N-terminal sequence (peptide F1: GAR-
ASVLSGGELDRWEKIRL), spanning from aa 2 to 21, as
the p17 functional epitope responsible for PI3K/Akt acti-
vation and B-cell clonogenicity [14]. To assess whether the
F1 peptide acts as the whole NHL-a101 and NHL-a102
clonogenic proteins through EGFR transactivation via Gq
protein and MMP activity, we performed single cell cloning
assays with Raji and BJAB cells in presence or absence of
F1 peptide (10 ng/ml) and EGFR inhibitor AG1478
(250 nM), ErbB2 inhibitor AG879 (2 μM), Gq inhibitor
YM-254890 (100 nM), MMP inhibitors, Batimastat
(20 nM) or Ilomastat (1 μM). As shown in Fig. 6A and C,
the presence of AG1478, AG879, YM-254890, Batimastat
and Ilomastat significantly blocked the clonogenic activity
of F1 peptide in Raji and BJAB cells, respectively, as well
as F1-promoted Raji and BJAB cell proliferation (Figs. 6B
and D, respectively). These data confirm the capability of
F1 peptide alone to exploit the same molecular interactions
and receptor engagement of the clonogenic vp17s to induce
B cell clonogenicity.

B-cell clonogenicity induced by vp17s is triggered
by protease-activated receptors (PARs)

EGFR transactivation has been particularly well studied for
GPCR agonists, such as sphingosine-1-phosphate (S1P),
endothelin-1 (ET-1) and thrombin, which induce cleavage
of EGF-like precursors, leading to phosphorylation of
EGFRs [31]. Single cell cloning assay was used to assess
whether the vp17 clonogenic activity is triggered by
sphinghosine-1-phosphate receptors (S1PRs), endothelin
receptors (ETRs) or protease-activated receptors (PARs), in
particular PAR1 and PAR4, which are known to affect
tumorigenesis [32]. The assay was performed in the pre-
sence or absence of the S1P agonist (100 nM) and its
selective antagonists W146 (100 nM), JTE-013 (10 nM),
TY-52156 (100 nM), CYM-50358 (1 nM) for S1PR1,
S1PR2, S1PR3, S1PR4, respectively (Fig. 7A and B), of
ET-1 (100 nM) and its ETA and ETB receptor antagonist
BQ123 or BQ788 (0.65 μg/ml), respectively (Fig. 7C and
D), and of EGF, thrombin (2 U/ml) and its selective
antagonist SCH79797 (10 nM) for PAR1 and tcy-NH2
(10 μM) for PAR4 (Figs. 7E and F). Raji cells were

Fig. 4 EGFR triggering is linked to PI3K/Akt signaling pathway
activation. A Raji cells were stimulated with 100 ng/ml of EGF at
37 °C for the indicated times. Not treated cells (NT) were used as
control (lane 1). Western blot analysis of Raji lysates shows that EGF
ligand activates Akt, as shown by the respective phosphorylation state,
verified by densitometric analysis and plotting of the phospho-Akt/
total Akt (pAkt/tAkt). In the left panel blots from one representative
experiment of 3 with similar results are shown. In the right panel,
values reported for Akt phosphorylation are the mean ± SD of three
independent experiments. Statistical analysis was performed by one-
way ANOVA and the Bonferroni’s post-test was used to compare data.
B Raji cells were cultured for 8 days in the presence or absence of EGF
(100 ng/ml) and PI3K inhibitor WT (100 nM) or Akt inhibitor VIII
(1 μM) or MEK/ERK1/2 inhibitor PD98059 (10 μM) The colony area
was measured (15 colonies/condition) by using Leica Qwin image
analysis software (left panel). The same number of colonies (15
colonies/condition) was aseptically harvested from 96-well plates and
stained with propidium iodide (PI) to detect PI-viable cells by flow
cytometry. Absolute cell counts were obtained by the counting func-
tion of the MACSQuant® Analyzer (right panel). Bars represent the
means ± SD of three independent experiments. The statistical sig-
nificance between control and treated cultures was calculated using
one-way ANOVA and the Bonferroni’s post-test was used to compare
data. *P < 0.05; **P < 0.01; ***P < 0.001.
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stimulated for 8 days with 10 ng/ml of NHL-a101, NHL-
a102 or F1 peptide or EGF (100 ng/ml). As expected, in
presence of the sole agonist S1P or ET-1 or thrombin, Raji
formed visible single colonies with a significantly larger
size than untreated cells (NT). As shown in Fig. 7A and C,
the presence of selective antagonists for S1PRs or ETRs
significantly blocked the clonogenic activity of their
respective physiological ligands, but not that induced by
vp17s and F1 peptide. Notably, the presence of both PAR
selective antagonists SCH79797 and tcy-NH2 significantly
and specifically inhibited the clonogenicity induced by the

physiological ligand thrombin, vp17s and F1 peptide, but
not that induced by EGF, which was used as negative
control (Fig. 7E). The evaluation of absolute number of
cells forming the colonies per each experimental condition
confirmed the inhibition of vp17- and F1-triggered B-cell
proliferation by SCH79797 and tcy-NH2 (Fig. 7F), but not
by the antagonists for S1PRs or ETRs (Fig. 7B and D,
respectively).

Overall, these results suggest that B-cell growth and
clonogenicity are triggered by both PAR1 and PAR4, which
are known to form heterodimers [33].

Fig. 5 Effect of Gi, Gq and MMPs inhibitors on vp17s-induced B-
cell clonogenic activity. A, C, E Raji cells were cultured for 8 days in
the presence or absence of EGF (100 ng/ml) or NHL-a101 or NHL-
a102 (10 ng/ml) and pertussis toxin (PTX; 10 ng/ml) (A) or YM-
254890 (100 nM) (C) or Batimastat and Ilomastat (E). The colony area
of Raji was measured (15 colonies/condition) by using Leica Qwin
image analysis software. B, D, F The same number of colonies (15
colonies/condition) was aseptically harvested from 96-well plates and

stained with propidium iodide (PI) to detect PI-viable cells by flow
cytometry. Absolute cell counts were obtained by the counting func-
tion of the MACSQuant® Analyzer. Bars represent the means ± SD of
three independent experiments. The statistical significance between
control and treated cultures was calculated using one-way ANOVA
and the Bonferroni’s post-test was used to compare data. NT , not
treated. *P < 0.05; **P < 0.01; ***P < 0.001.
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The B-cell clonogenicity of vp17s is mediated
specifically by PAR1

In order to confirm that vp17-triggered clonogenic activity
is mediated by PARs, we performed single cell cloning
assays in presence or absence of a neutralizing mAb to
PAR1. The assays were performed by stimulating Raji cells
for 8 days with NHL-a101 or NHL-a102 (10 ng/ml) or with
thrombin (2 U/ml), used as positive control, in the presence
or absence of the neutralizing mAb ATAP2 to PAR1 or
isotype control mAb (Ctrl mAb; 1 μg/ml). As expected, in
the presence of thrombin or vp17s, Raji formed visible
single colonies with a significantly larger size than untreated
cells (Fig. 8A). The presence of mAb to PAR1 significantly
blocks not only the clonogenic activity induced by its
respective physiological ligand, but also that triggered by
vp17s (Fig. 8A). No inhibition of B-cell clonogenicity

induced by thrombin or vp17s was observed in cells treated
with control mAb. These data were further confirmed by
evaluating the number of cells forming colonies (Fig. 8B).

Surface plasmon resonance (SPR) was then exploited to
analyze the capability of vp17s to bind human recombinant
PAR1, immobilized on CM5 sensor chip coated with a lipid
bilayer through a GST tag, which contributes to the proper
tridimensional conformation of the GPCR. The specificity
of the surface and the receptor conformation were verified
using an anti-PAR1 mAb (ATAP2) (Fig. 8C). Refp17 and
F4 peptide (corresponding to aa 47–66 of matrix protein),
used as negative controls, did not bind to PAR1, whereas
NHL-a101, NHL-a102, and the F1 peptide were able to
bind the chip-immobilized receptor (Fig. 8D). In order to
determine the kinetic parameters of interactions, the vp17s
and F1 peptide were injected at different concentrations
(from 125 to 1000 nM) on surface-immobilized PAR1.

Fig. 6 Effect of EGFR, ErbB2, Gq, and MMPs inhibitors on F1-
induced B-cell clonogenicity. A, C Raji (A) and Bjab (C) cells form
colonies when sorted into 96-well plates as single cell. Plates were
cultured for 8 and 12 days, respectively, in the presence or absence of
F1 peptide (10 ng/ml) and EGFR inhibitor AG1478 (250 nM) or
ErbB2 inhibitor AG879 (2 μM) or YM-254890 (100 nM), which
blocks Gq-mediated signaling. The colony area of Raji (A) and Bjab
(C) was measured (15 colonies/condition) by using Leica Qwin image
analysis software (left panel). B, D The same number of colonies

(15 colonies/condition) was aseptically harvested from 96-well plates
and stained with propidium iodide (PI) to detect PI-viable cells by flow
cytometry. Absolute cell counts were obtained by the counting func-
tion of the MACSQuant® Analyzer. Bars represent the means ± SD of
three independent experiments. The statistical significance between
control and treated cultures was calculated using one-way ANOVA
and the Bonferroni’s post-test was used to compare data. NT, not
treated. ***P < 0.001.
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Either vp17s or F1 peptide bound to PAR-1 in a dose-
dependent manner (Fig. 8E and F), but with different Kd. In
particular, NHL-a101 and F1 peptide were able to strongly
bind PAR1 with Kd of 39 and 46 nmol/l, respectively,
whereas NHL-a102 bound to PAR-1 with a lower affinity
(Kd= 1861 nmol/l).

Finally, the vp17/PAR1 interaction was confirmed by
performing a co-immunoprecipitation assay on Raji cells.
Cells (1.5 × 106) were incubated for 15 min with refp17 or a

representative clonogenic vp17 (NHL-a102) (1.5 μg). Then,
a chemical cross-linker was added to the cells and the for-
mation of a covalent complex was analyzed by western blot
analysis. A band of ~95 kDa, corresponding to dimeric
vp17 NHL-a102 (34 kDa) and PAR1 (60 kDa), was detec-
ted in Raji cells treated with NHL-a102, but not in not
treated cells or treated with refp17 (Fig. 8G). Moreover, a
band of 60 KDa corresponding to PAR1 was detected in
Raji cell lysate.

Fig. 7 Effect of specific inhibitors for S1PRs, ETRs, and PARs on
vp17s-induced B-cell clonogenicity. A, C, E Raji cells were cultured
for 8 days in the presence or absence of NHL-a101 or NHL-a102
(10 ng/ml) or A agonist S1P (100 nM) and selective antagonists W146
(100 nM), JTE-013 (10 nM), TY-52156 (100 nM), CYM-50358
(1 nM) for S1PR1, S1PR2, S1PR3, S1PR4, respectively, or C ago-
nist ET-1 (100 nM) and ETA and ETB receptor antagonist BQ123 or
BQ788 (0.65 μg/ml), respectively, or E EGF (used as negative con-
trol), thrombin (2 U/ml) and selective antagonist SCH79797 (10 nM)
for PAR1 and tcy-NH2 (10 μM) for PAR4. The colony area of Raji

was measured (15 colonies/condition) by using Leica Qwin image
analysis software. B, D, F The same number of colonies (15 colonies/
condition) was aseptically harvested from 96-well plates and stained
with Propidium Iodide (PI) to detect PI-viable cells by flow cytometry.
Absolute cell counts were obtained by the counting function of the
MACSQuant® Analyzer. Bars represent the means ± SD of three
independent experiments. The statistical significance between control
and treated cultures was calculated using one-way ANOVA and the
Bonferroni’s post-test was used to compare data. NT, not treated.
**P < 0.01; ***P < 0.001.
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Overall, these data confirm the ability of vp17s, but not
refp17, to interact with PAR1 to induce B-cell
clonogenicity.

Discussion

In the present study, we explored the molecular mechanisms
through which vp17s promote B-cell proliferation and

demonstrated that the clonogenic activity of these variants is
triggered by PAR1-mediated EGFR transactivation through
G proteins of the Gq family and a MMPs-dependent pro-
cess. PAR1 is known to promote tumor progression [33]
and belong to the large family of GPCRs, which represent
an ideal target for lymphoma therapeutics [34]. Moreover,
PAR1 ligand represents a survival factor for malignant cells
and a clinically relevant cellular resistance factor [35].
Therefore, our data suggest that PAR1 might represent an

Fig. 8 The vp17s-induced B-cell clonogenic activity is mediated by
their interaction with PAR1. A Raji cells were cultured for 8 days in
the presence or absence of NHL-a101 or NHL-a102 (10 ng/ml) or
thrombin (2 U/ml) and neutralizing mAb ATAP2 to PAR1 (anti-
PAR1) or isotype control mAb (Ctrl mAb; 1 μg/ml). The colony area
of Raji was measured (15 colonies/condition) by using Leica Qwin
image analysis software. B The same number of colonies (15 colonies/
condition) was aseptically harvested from 96-well plates and stained
with propidium iodide (PI) to detect PI-viable cells by flow cytometry.
Absolute cell counts were obtained by the counting function of the
MACSQuant® Analyzer. Bars represent the means ± SD of three
independent experiments. The statistical significance between control
and treated cultures was calculated using one-way ANOVA and the
Bonferroni’s post-test was used to compare data. NT, not treated. **P
< 0.01; ***P < 0.001. C–G SPR analysis of the interaction of

vp17s and F1 peptide with PAR1. C Blank subtracted sensorgram
showing the binding of anti-PAR1 mAb (ATAP2). D Representative
blank subtracted sensorgrams of refp17, NHL-a101, NHL-a102, F1,
and F4 binding. E, F, G Overlay of blank subtracted sensorgrams,
resulting from the injection of increasing concentration (from 125 to
1000 nM) of NHL-a101 (E), NHL-a102 (F) and F1 (G), used to
determinate the kinetic parameter of interaction. RU, resonance unit. H
Co-immunoprecipitation of p17/PAR1 complexes. Raji cells were
incubate or not for 15 min at room temperature with 1.5 μg of vp17
NHL-a102 or refp17. After chemical cross-linking, PAR1 was
immunoprecipitated from the lysates with an anti-p17 antibody (MBS-
34). The immunoprecipitates were detected by western blotting using a
mAb to PAR1 (ATAP2). One representative experiment of three with
similar results is shown. NT, not treated.
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attractive drug target and a novel tool to counteract the B-
cell clonogenic potential of vp17s, thus potentially
improving the control of HIV-1-related lymphomas. Pro-
teolytic activation of PARs requires unmasking of a tethered
ligand, which binds intramolecularly to the body of the
receptor stabilizing an active conformation. This triggers a
transmembrane signaling and the consequent interaction
with the subunits of heterotrimeric G proteins [36]. Sur-
prisingly, both NHL-a101 and NHL-a102 as well as the F1
peptide (aa 2–21 of the viral protein) do not show any
significant sequence homology with the known PAR1
ligand sequence. However, several recent studies suggested
that different agonists or synthetic peptide ligands can elicit
distinct signaling responses through the activation of the
same PAR [37]. This process, named “functional selectiv-
ity” or “biased agonism” has been reported for many
GPCRs and involves ligand-induced stabilization of distinct
active receptor conformations, which may be facilitated by
receptor compartmentalization within plasma membrane
microdomains [38]. In the case of receptor homo- or het-
erodimers, such as PAR1-PAR1 or PAR1-PAR4 dimers, the
ability of selected ligands to drive different receptor con-
formations is even more complex than in the case of
receptor monomers [33, 39]. Therefore, future studies
involving molecular modeling and dynamics will be useful
to elucidate the structural and functional mechanisms
through which the clonogenic vp17s, unlike refp17, can
activate PAR1 signaling.

Previous studies indicated that EGFR may contribute to
the development of haematological malignancies and sug-
gested a possible inhibition of EGFR-mediated signaling for
therapeutic purposes [24, 40, 41]. Our findings identify
EGFR transactivation as an essential link between PAR1
activation and B cell proliferation. Numerous investigations
have revealed that GPCRs, like PARs, are able to exploit
EGFR as a downstream signaling partner for generating
potent mitogenic signals contributing to cancer develop-
ment and progression [42, 43]. In particular, EGFR trans-
activation by GPCRs has been linked to the modulation of
cell proliferation in a variety of cancer types and other
diseases, becoming a paradigm for inter-receptor cross-talk
[30, 33]. Moreover, EGFR overexpression was associated
with drug-resistance of diffuse large B-cell lymphoma
(DLBCL) [41], the most common subtype of NHL. Due to
the role of EGFR in promoting various cancers, including
lung and oral cancer [33, 44], we can hypothesize that the
mechanism used by vp17s, which involves the PAR1-
triggered EGFR transactivation, might be also extended, in
addition to aggressive B-cell NHLs, also to other AIDS-
defining cancers, like Kaposi’s sarcoma and cervical cancer
or to non-AIDS-defining cancers, as Hodgkin lymphoma or
cancer of the oral cavity/pharynx, lung, anus and liver
[45, 46]. It is worth noting that clonogenic vp17s, but not

refp17, are able to promote triple-negative breast cancer cell
proliferation in vitro [47]. Thus, therapeutic agents, as tyr-
osine kinase inhibitors (erlotinib and gefinitib approved for
the treatment of patients with non-small-cell lung cancer) or
monoclonal antibodies (cetuximab for metastatic colorectal
cancer, head and neck), which bind the tyrosine kinase and
extracellular domain of EGFR, respectively, blocking its
transactivation, might be considered as potential inhibitors
of vp17-mediated B-cell clonogenicity in the setting of HIV
lymphomagenesis.

Our data also point to a possible pathogenic role of
HER2, which is known to form heterodimers with EGFR to
transduce mitogenic signals, in mediating the growth-
promoting activity of vp17s. These findings could suggest
the possible use in the HIV setting of the known drugs,
which target HER2 and downstream proliferative signaling
pathways, as trastuzumab, pertuzumab, trastuzumab
emtansine (T-DM1) and lapatinib, used clinically in treating
HER2+ breast cancer [48–50].

Notably, our study, employing high-throughput antibody
array technology and immunoblot analysis has provided
important and novel insights into the signaling network
triggered by clonogenic vp17s. These variant matrix pro-
teins, in contrast to refp17, trigger the EGFR/PI3K/Akt
signaling cascade, which plays a central and crucial role in
modulating different molecules involved in cell cycle and
cancer progression. Through an analysis encompassing lit-
erature mining, data enrichment via Gene Ontology and
protein–protein interaction database STRING, we built a
signal transduction pathway (Fig. 1) highlighting how Akt
activation can concur to modulate the activity of a variety of
molecules involved in cell cycle progression and pro-
liferation, as CDK1 [51] and consequently Rb [52], p53
[53]—through NPM binding [54, 55]—, PTP-1B [56, 57]
and STAT1 [58]. Modulation of PTP-1B and STAT1 is
known to be directly strengthened by EGFR activation
[56, 59]. Moreover, PI3K is also able to activate ABL1 [60],
p53—through MAPK8 binding [61]—and RAC1 [62],
which regulate transcription in the G, G1/S and G2/M phase
transition, respectively (Fig. 1). In addition, when we
compared the signaling molecules triggered by both vp17s,
we observed that NHL-a101, but not NHL-a102, modulated
the function of CHEK1—through the PI3K/Akt axis [63]—,
CHEK2—through a complex with p53 and hMSH2 related
to the DNA damage [64, 65]—, CDK4 [66], and JAK-1
[67], all contributing to cell survival and proliferation. On
the other side, NHL-a102, differently from NHL-a101,
modulated MAPK8 and CDK2 through PI3K/AKT activa-
tion, thus concurring in turn to modulate the function of p53
[61] and Rb [68], respectively, two regulators of the main
tumor-suppressor pathways. Indeed, the blockade of EGFR
tyrosine kinase activity by AG1478 and blockade of PI3K/
Akt signaling pathway by specific inhibitors, as WT and
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Akt inhibitor VIII, resulted in robust inhibition of EGFR-
induced B-cell proliferation. The triggering of EGFR/PI3K/
Akt signaling cascade has been previously observed in
response to PAR1 stimulation [29, 33] and this is in line
with several observations supporting a central role of this
pathway in mediating the malignant progression of several
human cancers [25].

Our data also show that the B-cell clonogenic activity of
vp17s is mediated by MMPs, which are shedding agents
able to generate soluble and bioactive ligands for EGFR
activation [28]. In particular, inhibition of MMPs with two
different broad-spectrum inhibitors, like Batimastat and
Ilomastat, significantly suppressed vp17s-triggered B-cell
colony formation. PAR1 is known to enhance cell pro-
liferation through an MMP-dependent EGFR transactiva-
tion [29] and elevated levels of MMPs have been correlated
with a poor clinical outcome of patients with NHL [69].
Moreover, there is an emergent evidence of the MMP role
in cancer formation and progression, and there is a growing
interest to exploit MMPs as therapeutic targets [70].
Therefore, MMPs might represent, in HIV+ patients, addi-
tional attractive therapeutic targets, which might contribute
to improve the management of cancer in this setting.

Finally, since our data show that the clonogenic activity
of the F1 peptide is driven by the PAR1/EGFR/PI3K/Akt
signaling pathway, as for vp17s. Therefore, we can hypo-
thesize that the AT20-based therapeutic vaccine for HIV-1
(AT20 sequence: aa 9–28 of matrix protein), able to induce
an anti-p17 neutralizing antibody response and successfully
passed through phase I clinical trial [71, 72], might be of
potential preventive relevance to avoid or delay the insur-
gence of malignant lymphomas in HIV+ patients.

Taken together, the data presented here identify the
mechanism through which HIV-1 vp17s can promote B-cell
proliferation, suggesting that, from a therapeutic point of
view, new strategies that exploit drugs targeting PAR1,
EGFR, HER2, and MMPs, might prove useful to inhibit the
growth-promoting and clonogenic activity of vp17s and
therefore contributing to a more effective treatment of HIV-
related lymphomas and other cancers associated with HIV-
infection.
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