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Although in decline after successful anti-HIV therapy, B-cell lympho-
mas are still elevated in HIV-1-seropositive (HIV+) persons, and the
mechanisms are obscure. The HIV-1 matrix protein p17 persists in
germinal centers long after HIV-1 drug suppression, and some p17
variants (vp17s) activate Akt signaling and promote growth of trans-
formed B cells. Here we show that vp17s derived from four of five
non-Hodgkin lymphoma (NHL) tissues from HIV+ subjects display
potent B-cell growth-promoting activity. They are characterized by
amino acid insertions at position 117–118 (Ala–Ala) or 125–126
(Gly–Asn or Gly–Gln–Ala–Asn–Gln–Asn) among some other muta-
tions throughout the sequence. Identical dominant vp17s are found in
both tumor and plasma. Three of seven plasma samples from an in-
dependent set of NHL cases manifested multiple Ala insertions at
position 117–118, and one with the Ala–Ala profile also promoted
B-cell growth and activated Akt signaling. Ultradeep pyrosequencing
showed that vp17s with C-terminal insertions are more frequently
detected in plasma of HIV+ subjects with than without NHL. Insertion
of Ala–Ala at position 117–118 into reference p17 (refp17) was suffi-
cient to confer B-cell growth-promoting activity. In contrast, refp17
bearing the Gly–Asn insertion at position 125–126 did not, suggesting
that mutations not restricted to the C terminus can also account for
this activity. Biophysical analysis revealed that the Ala–Ala insertion
mutant is destabilized compared with refp17, whereas the Gly–Asn
form is stabilized. This finding provides an avenue for further explo-
ration of structure function relationships and new treatment strate-
gies in combating HIV-1–related NHL.
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Although AIDS-defining cancers have declined following the
introduction of combined antiretroviral therapy (cART),

non-Hodgkin lymphomas (NHLs) still comprise more than 50%
of all AIDS-defining cancers (1) and are the most frequent
cause of death in these patients (2). Most HIV-1–related NHLs
(HIV–NHLs) are high-grade B-cell lymphomas such as diffuse
large B-cell lymphoma (DLBCL) and Burkitt lymphoma (BL).
HIV–NHLs derived from either germinal or postgerminal center
B lymphocytes are often characterized by clinical aggressiveness
and display a predilection for extranodal sites (3–5). To date, the
usual reason for the increase of HIV–NHL is said to be an HIV-
1–driven immune dysfunction (6). The onset of HIV–NHL is
often preceded by an overproduction of B-cell stimulatory cy-
tokines, which further sustains B-cell activation and possibly
drives the generation of activation-induced DNA modification
errors and oncogenic translocations, conferring the trans-
formed phenotype to B cells (7). On the other hand, the loss of
immune control promotes the reactivation of potentially on-
cogenic herpesviruses, such as Epstein–Barr virus (EBV) and
Kaposi’s sarcoma-associated herpesvirus (KSHV), which are

causally involved in a significant fraction of HIV–NHLs (8).
Lymphomas associated with EBV or KSHV show a mainly la-
tent infection by these oncogenic herpesviruses with a pattern
of viral antigen expression that varies according to the degree
of HIV1-related immunosuppression (4).
A possible direct role of HIV-1 and its gene products in lym-

phomagenesis has been less considered. Although the HIV-1 ge-
nome is not clonally integrated in the malignant B cells as seen for
oncogenic retroviruses such as HTLV-1, some HIV-1 structural
(gp120) and regulatory proteins (Tat) induce chronic inflammation,
leading to B-cell activation and proliferation within lymph nodes,
fostering polyclonal B-cell expansion (9, 10).
The HIV-1 matrix protein p17 is the N-terminal domain of a

larger precursor polyprotein encoded by the HIV-1 gag gene,
which directs, via its N-terminal myristoyl group, HIV-1 Gag
polyproteins to the host membrane, where assembly and budding
of virions occur (11). In mature virions, p17 forms a protective
shell lining the inner leaflet of the viral membrane and can dis-
sociate from it in the early stages of the HIV-1 life cycle to direct
the preintegration complex to the host cell nucleus. We have
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recently highlighted a strong extracellular presence of p17 in
mice transgenic for a partial HIV-1 provirus in which B-cell lym-
phoma develops in a significant percent of animals (12). Moreover,
we have provided evidence that genetic variation occurring in p17
during the natural course of HIV-1 infection may differentially
impact signaling pathways and clonogenic B-cell growth and con-
tribute to B-cell lymphomagenesis (13). In fact, in contrast to a
prototype p17 (reference p17, refp17; from clone BH10 of the
clade B isolate), which does not promote B-cell growth, a vp17
derived from a HIV-1 strain A1-infected Ugandan patient whose
clinical status is unknown, named S75X, was found to activate the
phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway in B
cells and increase B-cell proliferation and clonogenicity in soft
agar (14). Recent data indicate that the intrapatient diversity of
amino acid sequences of the p17 protein is much higher than
expected (15), thus suggesting that p17 variants (vp17s) poten-
tially endowed with different biologic effects may spontaneously
originate in HIV-1–infected cells. Considering that p17 may
accumulate and persist within lymphoid tissues, even in patients
treated with cART (16), the possibility that vp17s with lympho-
magenic properties may be enriched in some HIV+ patients with
possible predilection for lymphomas is a testable hypothesis.
Here we report on the amino acid sequence associated with lym-
phomas and the structural impacts of some, which may result in
biologic effects of potential pathogenic relevance for the devel-
opment of HIV–NHL.

Results
Detection of vp17s in HIV–NHL Specimens. We sought to evaluate the
occurrence of dominant species of p17 in HIV-1–infected cellular
reservoirs within lymphoma biopsies obtained from five patients with
HIV–NHL (group A patients) (Table S1). Considering that all
these patients displayed low-level viremia, a nested PCR approach
was used to obtain p17-specific amplicons in a setting in which a
low amount of proviral DNA was expected. Amplification of the
same target DNA was repeated at least 20 times, and HIV–DNA
was successfully detected in all biopsies. These findings are
consistent with the presence of HIV-1–infected cellular reser-
voirs within lymphoma biopsies, even in those obtained from
patients with a very low level of circulating virus. Data obtained
from repeated amplifications of p17 target sequences demon-
strated the reproducibility of the amplification and confirmed
that the sequence variability observed was not due to lack of po-
lymerase fidelity. Analysis of p17 sequences obtained from each
DNA sample showed that, within each lymphoma sample, the
proviral population always contained a dominant vp17 sequence
(Fig. 1A) and paired plasma virus shared this same sequence.

HIV–NHL-Derived vp17s Promote Lymphoma B-Cell Colony Formation.
Recombinant vp17s obtained from the five dominant sequences
detected in lymphoma tissues of group A patients (NHL-a101,
-a102, -a103, -a104, and -a105) were then investigated for their
ability to enhance clonogenic activity of the Raji lymphoma B-cell

Fig. 1. Alignment and comparison among amino acid sequences of refp17 and vp17s isolated from HIV–NHL patients and effects of different recombinant
p17s on B-cell clonogenicity. (A) Sequences are represented by the single-letter amino acid code. Amino acid positions are referred to the prototype genotype
B strain BH10 (UniProtKB P04585; refp17), adopted as reference for this analysis. Each amino acid residue of NHL-derived vp17s not differing from the refp17
sequence is represented by a dot. (B) Raji and (C) BJAB cells were plated in 12-well plates, and after 4 d, medium was replaced by fresh medium with various
concentrations, 0.01, 0.05, 0.1, and 0.2 μg/mL of refp17 and lymphoma-associated variants, as indicated. Cells not treated (NT) were used as negative control.
The cell growth was analyzed by using 3-[4, 5-Dimethylthiazol-2-y1]-2, 5-diphenyltetrazolium bromide (MTT). Data represent the average number of colonies ± SD
from three independent experiments performed in triplicate. The statistical significance between control and treated cultures was calculated using one-way
ANOVA performed separately for each concentration of p17 variants, across the three groups. Bonferroni’s posttest was used to compare data. *P < 0.05, **P <
0.01, ***P < 0.001.
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line. As shown in Fig. 1B, NHL-a101, NHL-a102, NHL-a104, and
NHL-a105, at a concentration ranging from 0.05 to 0.2 μg/mL,
significantly increased the number of Raji cell colonies in soft agar
compared with untreated cells. By contrast, NHL-a103 was unable
to increase the colony-forming ability of Raji cells. Its activity was
superimposable to that exerted by refp17. For comparison, dom-
inant p17 sequences were detected as proviral DNA in blood from
five HIV+ patients without lymphoma, and recombinant proteins
were produced and tested in the Raji clonogenic assay. Similar to
refp17, all of the five p17s derived from lymphoma-negative HIV+
patients did not show any capability to increase the clonogenic
activity of Raji cells (Fig. S1).
Raji is an EBV-infected lymphoma B-cell line. To verify that

vp17s operate independently of EBV, we tested the clonogenic
activity of these variants in the EBV-negative BJAB human
lymphoma B-cell line. As for Raji, NHL-a101, -a102, -a104, and
-a105 significantly increased, whereas refp17 and NHL-a103
significantly reduced, the number of colonies of BJAB cells in
soft agar, compared with untreated control cultures (Fig. 1C).
These results confirm the capacity of distinct lymphoma-associated
vp17s to increase B-cell growth and clonogenicity irrespective of
the presence of EBV.

HIV–NHL-Derived vp17 Signaling. The PI3K/Akt signaling pathway
plays a crucial role in the development and malignant progression
of several tumor histotypes, including lymphomas (17). Because
NHL-a101, -102, -104, and -105 promote B-cell clonogenicity, we
explored their capability to modulate the phosphorylation status of
PI3K/Akt, compared with the nonclonogenic refp17. As shown in
Fig. 2, Raji cells stimulated with refp17 or NHL-a103 showed a
significant inhibition of Akt activation, as evidenced by down-
regulation of phosphorylated Akt. By contrast, all lymphoma-
associated vp17s with clonogenic activity significantly increased
the active phosphorylation of the Akt kinase. Considering that
Akt phosphorylation can be modulated by phosphatase and
tensin homolog (PTEN) (18), we also investigated the same
samples for Ser/Thr phosphorylation status of PTEN. Treatment
of cells with clonogenic vp17s led to increased, whereas refp17
and the nonclonogenic p17 NHL-a103 reduced, levels of PTEN
Ser/Thr phosphorylation (Fig. 2). These findings are consistent
with the potential link between heightened clonogenicity of lym-
phoma-derived vp17s and activation of the Akt–PTEN pathways.

Sequence Patterns Related to Clonogenic Activity. Analysis of the
dominant sequences of vp17s derived from group A patients
showed that four out of five clonogenic vp17s (NHL-a101, -a102,
-a104, and -a105) shared the presence of amino acid insertions
at positions 117–118 or 125–126. In particular, NHL-a101 and
NHL-a104 showed the insertion of an Ala–Ala stretch between
amino acids 117 and 118, whereas NHL-a102 and NHL-a105 had
the insertion of a Gly–Asn or of a GlyGln–Ala–Asn–Gln–Asn
stretch between amino acids 125 and 126 (Fig. 1A). Considering
that amino acid insertions at position 117–118 or 125–126 are a
common feature of all HIV–NHL-derived clonogenic vp17s from
group A patients, we therefore evaluated if these molecular sig-
natures could be frequently detected in samples obtained from
other patients with HIV–NHL belonging to different cohorts. One
group represented a series of seven plasmas obtained from AIDS
and Cancer Specimen Resource (ACSR), funded by the National
Cancer Institute (group B in Table S1). Data obtained showed that
three out of seven group B-derived plasma samples expressed
vp17s characterized by amino acid insertions at position 117–118.
One vp17, similar to NHL-a101 and -a104, showed an Ala–Ala
insertion. The other two displayed more complex insertions at the
same position, containing Ala–Ala–Ala or Ala–Ala–Ala–Ala–Gln
stretches. When examined for B-cell growth-promoting activity,
the vp17 displaying the shortest insertion (Ala–Ala), named
NHLb106 (Fig. S2A), was found to activate the Akt signaling
pathway, down-modulate PTEN (Fig. S2B), and promote a potent
clonogenic activity (Fig. S2C). Although based on one case, this
result indicates the potential predictive value of certain amino acid
substitutions associated with a B-cell growth-promoting phenotype.

Vp17s With Insertions at Their C Terminus Are More Frequently Detected
in Plasma of Patients With HIV–NHL Than in Plasma of Patients Without
NHL. To gain more information about the frequency of detection of
vp17s showing insertions at position 117–118 and 125–126 among
the circulating quasispecies detected in NHL patients, two further
series of plasma samples from viremic HIV+ patients with (group
C) or without NHL (group D) (Table S1) were analyzed by ultra-
deep pyrosequencing (UDPS). Ten out of 18 (55.56%) patients
belonging to group C had vp17s characterized by amino acid
insertions at position 117–118 or at position 125–126 in their
plasma. As shown in Fig. 3, eight of them displayed from one to
five Ala insertions at position 117–118, sometimes including other

Fig. 2. Effects of refp17 and lymphoma-associated
vp17 stimulation on Akt and PTEN activity in Raji
cells. Cells were treated for 5 min with 0.05, 0.1, and
0.5 μg/mL of refp17 (A) and lymphoma-associated
p17 variants NHL-a101 (B), NHL-a102 (C), NHL-a103
(D), NHL-a104 (E), and NHL-a105 (F). Untreated cells
were used as control (lane 1). Western blot analysis
of Raji lysates shows that refp17 and NHL-a103 in-
hibit the activation of Akt and maintain PTEN in an
active state (A), as shown by the respective phos-
phorylation state, verified by densitometric analysis
and plotting of the pAkt/Akt and pPTEN/GAPDH. On
the contrary, NHL-a101, NHL-a102, NHL-a104, and
NHLa105 induce the activation of Akt and maintain
PTEN in an inactive state, as shown by the increased
phosphorylation, verified by densitometric analysis
and plotting of the pAkt/Akt and pPTEN/GAPDH. In
the Upper panels, blots from one representative
experiment of three with similar results are shown.
In the Lower panels, values reported for phosphor-
ylation of Akt and PTEN are the mean ± SD of three
independent experiments. Statistical analysis was
performed by one-way ANOVA, and the Bonferroni’s
posttest was used to compare data. *P < 0.05, **P <
0.01, ***P < 0.001.
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amino acids such as Thr, Val, or Gln. Two out of 10 (c106 and
c108) also showed vp17s with Tyr–Gly–Asn–Ser insertions at po-
sition 125–126, whereas c109 and c120 have an insertion of Ser or
Ser–Ser solely at position 125–126. By contrast, only 1 out of 18
group D patients (5.5%; P = 0.0027 vs. group C in Fisher exact
test) showed an insertion both at position 117–118 and 125–126,
characterized by the presence of Ala–Thr/Ala–Val or Ser/Gly
stretches, respectively. Beside the higher frequency of insertions
detected in the vp17 C terminus, it is worth noting that the intra-
sample diversity was significantly higher in group C than in group
D patients [median (range), 251.30 (50.21–445.60) × 10−4 vs.
141.10 (28.69–366.70) × 10−4 substitutions per site (P = 0.05)], even
if it was calculated only on the stretch encompassing residues 5–113
due to the quasispecies simplification introduced by the addi-
tional clustering. Taken together, these results show that vp17s
derived from tumor tissue and blood of HIV–NHL patients are
mostly characterized by amino acid insertions occurring at well-
defined amino acid positions within the viral protein C terminus.
Moreover, they show that insertions of different Ala stretches at
position 117–118 are much more represented in the blood of
HIV–NHL patients than insertions of different amino acids at
position 125–126.
To evaluate the frequency of the Ala–Ala insertion at position

117–118 of the matrix protein p17, all available subtype B se-
quences at the Los Alamos HIV Database were examined. The
initial query resulted in a total of 9,750 sequences; after selecting
only one sequence per patient, removing all of the clones and
problematic sequences, the final alignment contained 5,332 se-
quences from around the world. Out of the 5,332 sequences, 851
(16%) had one or more Ala insertions at position 117–118. One

of the most frequent insertions was the Ala–Ala insertion, which
was displayed by 304 (5.7%) of the sequences analyzed.

Insertion of Ala–Ala at Position 117–118 of the refp17 Backbone Is
Sufficient to Confer Clonogenic Activity to the Viral Protein. To better
define the role of specific amino acid insertions in conferring a
clonogenic property to HIV–NHL-derived vp17s, we engineered
the inactive refp17 by insertions of Ala–Ala or Gly–Asn at position
117–118 and 125–126, respectively, and investigated their clono-
genic activity. As shown in Fig. 4, the refp17 mutant bearing the
Ala–Ala insertion at position 117–118 (refp17 insAA 117–118),
similar to its natural vp17 counterparts NHL-a101 and -a104, was
able to increase Raji (Fig. 4A) and BJAB (Fig. 4B) cell clonoge-
nicity. On the other hand, the refp17 mutant bearing the Gly–Asn
insertion at position 125–126 (refp17 insGN 125–126), unlike its
NHL-a102 counterpart, showed no evidence of enhanced clono-
genic activity. These data indicate that the Ala–Ala insertion at
position 117–118 may be one of the possible signatures for vp17s
characterized by enhanced B-cell clonogenic activity. On the other
hand, the Gly–Asn insertion at position 125–126 is not involved, at
least per se, in the NHL-a102 B-cell clonogenic activity. This
finding suggests that amino acid mutations scattered throughout the
vp17 NHL-a102, per se or in addition to the Gly–Asn insertion, may
be responsible for the enhanced clonogenic activity of this vp17.

The Ala–Ala Insertion at 117–118 Destabilizes refp17, Whereas the
Gly–Asn Insertion at 125–126 Stabilizes It. Various structural anal-
yses by X-ray crystallography and NMR spectroscopy indicate
that p17 comprises five major alpha helices connected primarily
by short loops (19), where the C-terminal alpha helix H5, extending
to Ala119, packs against H3 and the central alpha helix H4 to
stabilize the protein. Although the Gly–Asn insertion in the disor-
dered C-terminal region of p17 may be structurally tolerated, the
outcome of the Ala–Ala insertion within the H5 helix remains
difficult to predict, due in part to the fact that Ala is known to be
of high helix propensity (20). To better understand the struc-
tural ramification of these amino acid insertions in refp17, we
comparatively characterized recombinant refp17, refp17 insAA
117–118, and refp17 insGN 125–126 proteins using circular di-
chroism (CD) spectroscopy and protein thermal denaturation
techniques. Shown in Fig. 5A are CD spectra of the three p17
proteins that displayed similar secondary structures of an alpha-
helical nature at room temperature, as evidenced by a strong
positive maximum at 195 nm and two negative minima at 208
and 222 nm, consistent with the known structural features of p17.
Furthermore, the two insertion mutants were marginally more
helical than refp17, suggesting that both insertions are well tol-
erated structurally at 25 °C. At 37 °C, however, refp17 insAA
117–118 was significantly less structured than either refp17 or
refp17 insGN 125–126 (Fig. 5B), suggesting that the Ala–Ala
insertion accentuates the protein to unfold at elevated temper-
ature. To verify these findings, we subjected all three p17 pro-
teins to heat-induced denaturation monitored at 222 nm by CD
spectroscopy. As shown in Fig. 5C, refp17 exhibited a co-
operative unfolding with a single transition as the temperature
was raised from 25 °C to 90 °C, typical of a compact, single-
domain globular protein. Normalization of the experimental data
based on a two-state protein denaturation model (21) gave rise to a
characteristic melting temperature (Tm at which 50% of protein is
denatured or unfolded) of 58.7 ± 0.1 °C for refp17 (Fig. 5D). The
Gly–Asn insertion stabilized the p17 protein (Tm of 62.0 ± 0.1 °C),
whereas the Ala–Ala insertion noticeably destabilized it by ∼6 °C
(Tm of 52.9 ± 0.3 °C). In sharp contrast to refp17 and refp17 insGN
125–126, massive protein precipitation of refp17 insAA 117–118
was observed during thermal denaturation, resulting in “artificially”
increased ellipticity in its unfolded state. Taken together, these re-
sults strongly indicate that although the Gly–Asn insertion at 125–
126 is structurally amenable to refp17, the Ala–Ala insertion at
117–118 is detrimental to its stability.

Fig. 3. Frequency of amino acid insertions at positions 117–118 and 125–126
in vp17 of HIV+ patients with or without NHL. Bars represent the frequency of
amino acid insertions detected at positions 117–118 (Left panel) and 125–126
(Right panel) in patients belonging to groups C and D. Each insertion is iden-
tified by a color code (see table at the bottom of the histogram). *Amino acid
positions are referred to the prototype genotype B strain BH10 (UniProtKB
P04585; refp17), adopted as the reference for this analysis.
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Discussion
Despite the improved control of HIV-1 infection achieved by
cART, malignant lymphomas still remain a major cause of
morbidity and mortality in this setting. In fact, even if NHLs are
considered closely associated with HIV-1 infection, with the
advent of cART, their incidence decreased to a markedly less
extent compared with other HIV-1–related tumors and mainly
affected the most immunogenic histotypes, such as EBV-associated
immunoblastic DLBCL and primary central nervous system lym-
phomas. These lymphomas express the broadest pattern of EBV
latent antigens similarly to posttransplant lymphoproliferative
disorders that are almost invariably EBV-positive. In contrast,
less immunogenic forms of HIV-1–related lymphomas are still
relatively prevalent despite cART immune reconstitution. This is
particularly true for BL, in which the expression of viral proteins
is restricted to EBNA-1 (4). These findings strongly indicate that
factors different from HIV-1–related immunosuppression are
probably involved in the development of lymphomas still occurring
in HIV+ patients. In light of the emerging role of the microenvi-
ronment in promoting and sustaining the growth and survival of
tumor cells (22), the possibility that HIV-1–encoded proteins
derived from infected cells and endowed with peculiar biologic
properties contribute to lymphomagenesis was entertained. Indeed,
a recent study has shown that a variant of p17 slightly increases cell
proliferation of EBV-infected primary human B cells (23).
The current analysis provides direct evidence for a potential role

of vp17s in prompting lymphoma in HIV+ patients and thus pro-
vides a rational explanation for the paradox of persistent risk for
lymphoma among patients despite the immune-restorative effects of
antiretroviral therapy. Popovic et al. previously demonstrated per-
sistence of p17 but not viral RNA in lymph nodes of patients on
cART who were virally suppressed (16), suggesting the presence of
soluble p17 in these tissues. If so, the impact of p17 on B-cell growth
is likely to persist. In the current report, we document for the first
time, to our knowledge, evidence for the presence of vp17s in
lymphoma tissue, mirrored in their plasma counterparts that are
capable of augmenting clonogenic proliferation of both EBV and
non–EBV-associated lymphoma cell lines.
Derived from the current analysis are fundamental insights

into the molecular basis of how vp17s may play a role in lym-
phomagenesis. First is the finding that in four out of five NHL
cases from Italy, vp17s derived from the lymphoma tissue aug-
ment clonogenic activity and mediate up-regulation of the Akt
signaling pathway, whereas one of these shares the property of
down-modulation of clonogenic and Akt signaling characteristic
of the refp17 derived from the BH10 sequence. The four with
growth-promoting effects all share a common pattern of amino
acid substitutions at positions 117–118 and 125–126, particularly
Ala–Ala insertions at the 117–118 that appear to predict this
activity, insertions also observed in plasma-derived virus. Second,
in an independent set of cases from the United States, several

manifest similar amino acid substitutions, and one with such an
Ala–Ala profile predicted to promote B-cell growth and signaling
was functionally tested and showed the expected vp17 activity.
Third, a survey of 18 cases of HIV–NHL documents a higher
proportion of cases with the vp17 signatures compared with 18 cases
of HIV+ patients without lymphoma. Additionally, these HIV–
NHL cases demonstrate higher intrapatient p17 sequence diversity
compared with non-HIV–NHL cases, suggesting a possible dif-
ference in biological properties in those at risk for lymphoma.
The most convincing evidence for this particular pattern of amino

acid substitutions to predict vp17 activity comes from our data
showing that insertion of the Ala–Ala substitution into the refp17
(BH10) backbone reproduced the observed up-regulation of clo-
nogenicity. However, the refp17 mutant bearing the Gly–Asn
insertion at position 125–126 did not reproduce the pattern of its
native NHL-a102 counterpart, suggesting that other additional
mutations or structural motifs account for this activity. This finding
is not surprising, as recent data point to the C terminus of refp17

Fig. 4. Effect of Ala–Ala or Gly–Asn insertion at position 117–118 and 125–126, respectively, of the refp17 backbone on B-cell clonogenicity. Raji (A) and BJAB (B) were
plated in 12-well plates, and after 4 d, mediumwas replaced by fresh mediumwith various concentrations, 0.01, 0.05, 0.1, and 0.2 μg/mL of refp17, refp17 insAA 117–118,
and refp17 insGN 125–126, as indicated. Cells not treated (NT) were used as the negative control. The cell growth was analyzed by using MTT. Data represent the average
number of colonies SD from three independent experiments performed in triplicate. The statistical significance between control and treated cultures was calculated using
one-way ANOVA performed separately for each concentration of p17 variants, across the three groups. Bonferroni’s posttest was used to compare data. ***P < 0.001.

Fig. 5. Effects of the Ala–Ala and Gly–Asn insertions in the C terminus of
refp17 on protein conformation and stability. (A) CD spectra of refp17,
refp17 insAA 117–118, and refp17 insGN 125–126, each at 2.5 μM, collected
at 25 °C in 10 mM phosphate buffer, pH 7.4. (B) CD spectra of the three
recombinant p17 proteins at 37 °C under otherwise identical conditions.
(C) Thermal denaturation of refp17, refp17 insAA 117–118, and refp17 insGN
125–126, each at 10 μM in PBS, pH 7.4, as monitored at 222 nm by CD
spectroscopy. (D) The experimental data normalized according to a two-
state protein denaturation model from which Tm values were derived.
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beyond residue 119 as fully disordered (24), suggesting that muta-
tions in this region are expected to have little impact, if any, on
protein folding and function. Because interactions between side
chains are important for maintaining the stability of a protein as
well as for enabling the correct folding of the molecule, com-
parative mutational studies of NHL-a102 and refp17 will help
identify which amino acid mutations in the vp17 are associated
with Akt activation and B-cell clonogenicity.
The finding that p17 variants with certain amino acid insertions in

the C-terminal region promote B-cell growth initially makes it
tempting to ascribe this biological activity to the C terminus of
the protein interacting directly with its putative receptors. However,
we have previously shown that the entire alpha helix H5 is dis-
pensable with respect to vp17 functionality (13). In fact, truncation
of the last 36 amino acid residues of refp17 (refp17 Δ36) resulted in
a protein that enhanced B-cell clonogenicity through up-regulation
of the Akt signaling pathway. Compared with refp17, the C-termi-
nally truncated variant is partially unfolded, drastically destabilized,
and extremely prone to precipitation in solution. These properties
of refp17 Δ36 suggest that protein destabilization, induced by mu-
tations (deletions and insertions included) not restricted to the C
terminus of p17, may ensue a conformational change sufficient to
endow the viral protein with B-cell growth-promoting activity pre-
sumably through better receptor recruitment and activation. Our
findings on the positive Ala–Ala insertion variant and negative Gly–
Asn insertion variant of refp17 appear consistent with this tenet.
According to our data, insertion of an Ala–Ala stretch at position

117–118 may be considered as one of the possible molecular sig-
natures identifying vp17 proteins with enhanced B-cell growth-
promoting and clonogenic activity. Analysis of subtype B sequences
in the Los Alamos HIV Database documented that the Ala–Ala
insertion reported here is frequent (5.7%), followed by the insertion
of three Ala (5.1%) and a single Ala (4.6%) at this location.
Extending the current analysis to determine the impacts of these
different types of insertion on p17 stability and to further study
their association with lymphoma in both a cross-sectional and lon-
gitudinal study will contribute to our understanding of the potential

of such sequence analysis to predicting which p17 alterations help
identify HIV+ patients at risk for lymphomas.
Recent data have highlighted the capability of p17 to also

promote both angiogenesis (25, 26) and lymphangiogenesis (26,
27), which are essential in supporting proliferation and survival
of lymphoma, as well as tumor cell dissemination (28). Alto-
gether, these evidences corroborate the hypothesis that p17 may
play a key role in producing a microenvironment that fosters
lymphoma development, progression, and metastasis.
In conclusion, our results suggest that vp17s may have a key

role in sustaining B-cell growth and transformation, thus offering
new opportunities to develop preventive and/or treatment strategies
in combating HIV–NHLs.

Materials and Methods
This project has been approved by the Institutional Review Board (IRB) of the
Centro di RicercaOncologica of Aviano Pordenone (PN), Italy. An IRB exemption
was obtained from the University ofMaryland, Baltimore. Samples provided by
the National Cancer Institute supported AIDS Malignancy Repository were
collected with informed consent at various US cancer centers. For a complete
description of the source of materials and our methods, see SI Materials and
Methods. It includes description of patients and procedures for Western blot
analysis, p17 sequencing, and UDPS (15, 29). It also includes description of
different recombinant monomeric LPS-free HIV p17 protein production, soft
agar anchorage-independent B-cell growth assay, CD spectroscopy and ther-
mal denaturation assay, and the statistical analysis performed (21, 30–32).
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