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A B S T R A C T

Human immunodeficiency virus (HIV) infection is associated with B-cell malignancies in patients though HIV-1
is not able to infect B-cells. The rate of B-cell lymphomas in HIV-infected individuals remains high even under
the combined antiretroviral therapy (cART) that reconstitutes the immune function. Thus, the contribution of
HIV-1 to B-cell oncogenesis remains enigmatic. HIV-1 induces oxidative stress and DNA damage in infected cells
via multiple mechanisms, including viral Tat protein. We have detected elevated levels of reactive oxygen
species (ROS) and DNA damage in B-cells of HIV-infected individuals. As Tat is present in blood of infected
individuals and is able to transduce cells, we hypothesized that it could induce oxidative DNA damage in B-cells
promoting genetic instability and malignant transformation. Indeed, incubation of B-cells isolated from healthy
donors with purified Tat protein led to oxidative stress, a decrease in the glutathione (GSH) levels, DNA damage
and appearance of chromosomal aberrations. The effects of Tat relied on its transcriptional activity and were
mediated by NF-κB activation. Tat stimulated oxidative stress in B-cells mostly via mitochondrial ROS pro-
duction which depended on the reverse electron flow in Complex I of respiratory chain. We propose that Tat-
induced oxidative stress, DNA damage and chromosomal aberrations are novel oncogenic factors favoring B-cell
lymphomas in HIV-1 infected individuals.

1. Introduction

Despite recent advances in combined antiretroviral therapy (cART),
the incidence of cancer remains high in HIV-infected individuals. B-cell
lymphomas are the most common types of HIV-related cancer [1]; they
also cause significant mortality in HIV-infected patients [2,3]. HIV-
positive subjects have an increased risk to develop specific lymphoma
subtypes including diffuse large B-cell lymphoma (DLBCL), Burkitt
lymphoma (BL) and Hodgkin lymphoma (HL) [1,4,5]. Molecular me-
chanisms of these lymphomas are quite different. While BL has a de-
fining translocation involving the MYC locus on chromosome 8 and one

of the Immunoglobulin gene loci on chromosomes 2, 14 or 22 [6],
DLBCL, the most common subtype of non-Hodgkin's lymphoma (NHL),
is characterized by several translocations involving the im-
munoglobulin locus, including t(8;14), t(3;14), and t(14;18) [7,8].
However, a significant percentage of DLBCLs lack specific genetic ab-
normalities [9]. HL is characterized by increased genomic instability,
even if some chromosomal aberrations and translocations involving the
3q27, 6q15, 7q22, 11q23, 14q32 loci occur with an increased fre-
quency, there are no specific genetic aberrations that are characteristic
for malignant transformation [10,11].

We have recently addressed the link between HIV and BL and have
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shown that HIV-1 transactivator of transcription (Tat) protein that is
released by infected cells into the blood stream, could remodel the B-
cell nucleus bringing together the potential translocation partners, the
MYC and IGH loci thus increasing the probability of the t(8:14) trans-
location characteristic of BL [12]. At the same time, an increased oc-
currence of DLBCL and HL in HIV-infected individuals cannot be ex-
plained by the proposed mechanism as these lymphomas are associated
with chromosomal translocations that are neither specific nor well
defined, though remodeling of the nucleus was observed in HL cells
[13]. We have hypothesized that HIV-1 Tat might play a role in onco-
genesis of HL and DLBCL via an alternative mechanism(s).

Genome instability results from mutations and chromosomal re-
arrangements within the genome. These mutations can be the con-
sequence of the accumulation of DNA damage (DD) [14]. There are
different exogenous and endogenous sources of DD in the cells [15];
some of this damage is due to DNA exposure to free radicals and the
reactive oxygen species (ROS) [16,17]. Oxidative DNA damage is a
major source of mutation load and genomic instability [18,19] in cells.
Double-stranded DNA breaks (DSBs) induced by ROS may be converted
into chromosomal translocations [20–23].

In aerobic cells, ROS are generated during mitochondrial oxidative
metabolism as well as in cellular response to UV radiation, xenobiotics,
bacterial invasion and viral infection [24]; the mitochondria are
thought to be the largest contributors to intracellular ROS production in
most cell types [25–27]. Several enzymes in mitochondria are poten-
tially capable of producing ROS [28] with nicotinamide adenine di-
nucleotide dehydrogenase (Complex I) playing an important role in this
process [29]. ROS participate in cell signaling as secondary messengers,
at the same time, overproduction of ROS and the deficiencies in the
antioxidant systems leads to oxidative stress (OS) that may induce
different OS-related human diseases [30]. ROS can induce oxidative
DNA damage, a major source of the mutation load in living organisms,
with more than one hundred oxidative DNA adducts identified. They
include DNA strand breaks and oxidized base residues [31–34].

HIV pathogenesis triggers OS via several proteins including the
envelope glycoprotein gp120, the Vpr, Nef and Tat proteins [35,36].
HIV-1 Tat is a small (~12 kDa) hydrophobic protein excreted by HIV-
infected cells. Tat can penetrate other cell types, including B-cells
[37,38]. Inside the cell, Tat can activate both viral and cellular genes
[39–42]. Tat induces ROS production by activating NADPH and sper-
mine oxidases in T-cells [43,44]. It may also induce mitochondrial
membrane permeabilization and inactivation of cytochrome c oxidase
[45]. ROS may in turn oxidize nuclear DNA leading to oncogenic
transformation [19]. Indeed, when expressed in mice, Tat induces B-cell
lymphomas [39,46].

Normally, living organisms tolerate the presence of ROS through the
balance with the antioxidant defense system. The antioxidant system
controlling ROS in living cells is divided into two groups: enzymatic
and non-enzymatic antioxidants. The major intracellular non-enzymatic
antioxidants are represented by the thiol groups, the most important is
the glutathione (GSH) [47–50]. GSH concentration is strongly depen-
dent on the organism, cell type and extracellular or intracellular com-
partments [51,52]. GSH exists in two forms, oxidized (GSSG) and re-
duced (GSH). The ratio of GSH/GSSG is used to measure cellular OS
[53]. The reduced form of GSH exerts its antioxidant effect by providing
an electron (e−) to ROS to neutralize them [54]. The diminution of
GSH/GSSG ratio is one of the marker of human cancer (reviewed in
[55]) and disease (reviewed in [56]). GSH synthesis is catalyzed by γ-
glutamylcysteine synthetase (γ-GCS).

After the disruption of redox homeostasis, OS can trigger the acti-
vation of different signaling pathways, and it can be detected by several
markers. The nuclear factor kappa B (NF-κB), a versatile transcription
factor is one of the potential biomarkers for OS [57]. Interestingly,
activation of NF-κB could regulate the redox state in the cells; it can be
pro- or antioxidant, depending on the cellular model [58].

Here, for the first time, we have studied the effect of Tat on OS and

DD in human B-cells that are not infectable by HIV and found that Tat
induced mitochondrial OS in B-cells by modifying the intracellular GSH
level and transcriptional deregulation of some OS key regulator genes.
This induced abnormal activation of NF-κB and DD in B-cells.

2. Materials and methods

2.1. HIV patients and controls

Whole blood samples were obtained from eight HIV-positive in-
dividuals treated in the Department of Clinical Immunology, Hôpital
Saint-Louis, Paris, France. In agreement with the French law, this study
was registered as a non-interventional study at the Agence Nationale de
Sécurité du Médicament (2016-A01316-45) and informed consent was
obtained from all subjects. Their clinicopathological characteristics are
summarized in Table 1. Blood samples were also obtained from healthy
donors through the Etablissement Français du Sang, Rungis, France in
accordance with the French national legislation.

2.2. Blood sample processing

Peripheral blood mononuclear cells (PBMC) were isolated from
blood by Pancoll (PAN biotech) density gradient centrifugation. B-cells
were purified by negative cell selection using the B-cell isolation kit II
(Macs Milteny Biotec). Purity levels were determined by CD19
(Biolegend) and CD3 (BD Pharmigen) staining followed by FACS ana-
lysis. Purified B-cells were cultivated in vitro in the RPMI medium
supplemented with 10% heat-inactivated fetal calf serum (FCS) in the
presence of 1% penicillin/streptomycin (complete medium). B-cells
from HIV-infected individuals were purified in a Biosafety Level 3
(BSL3) laboratory as described above.

2.3. B-cell treatment

B-cells were plated at 106 per ml and treated with purified re-
combinant Tat protein produced by Ablinc and obtained through the
NIH AIDS Research and Reagent Program. According to the manu-
facturer, the Tat protein was>95% pure and purified by heparin-af-
finity chromatography and reverse phase HPLC which removed en-
dotoxins [59]. If not stated differently, Tat was used for all experiments
at a concentration of 250 ng/ml. TatC22 is a mutant Tat protein with a
22 Cysteine → 22 Glycine substitution whose transactivation function
was abrogated [60,61]. Produced by Abcam, the TatC22 recombinant
protein was used at 250 ng/ml. Some Tat treatments of B-cells were
performed in the presence of the ROS scavenger Tempol at a final
concentration of 10 μM (Sigma Aldrich) or N-acetylcystein at 1 mM
(NAC; Sigma Aldrich) or the mitochondrial complex I inhibitor Rote-
none at 10 μM (Sigma Aldrich) or a specific mitochondria-targeting

Table 1
Main physiopathological features in the eight individuals infected with HIV and in-
vestigated in this study.

Patients Test Effective
ART
duration

Plasma HIV
RNA

CD4+ T
cells

Seric Tat
concentration

#, Sex
(Age,
years)

# (months) (log10copies/
ml)

(x 108

/L)
(ng/ml)

1, F (48) 1 54 <1.3 428 0.40
2, F (56) 1 100 <1.3 502 2.83
3, M (59) 1 66 <1.3 747 1.14
4, M (47) 1 25 <1.3 417 2.91
5, F (51) 1 102 <1.3 556 0.21
6, M (52) 1 228 <1.3 494 0.27
7, M (33) 1 11 <1.3 619 4.06
8, F (62) 1 73 <1.3 536 9.02
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antioxidant 10-(6’-plastoquinonyl)decyltriphenyl-phosphonium (SkQ1)
at 20 ng/ml (synthesized by G.A. Korshunova and N.V. Sumbatyan,
Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow
State University) or the mitochondrial uncoupler 2,4-Dinitrophenol
(DNP) at 10 µM, or Bay 11-7082, a NF-κB inhibitor, at 1 mM (Calbio-
chem). B-cells were incubated with all mitochondria-targeting reagents
for 1 h prior to Tat treatment.

2.4. Microscope image acquisition and analysis

DHE staining and Comet assay images were acquired using a
fluorescent microscope (Scanner Microvision instruments) with a 20X
objective. To create a full image of the specimen, images of adjacent
fields were stitched together using Cartograph software (Microvision).
Images of MitoSOXRed and γH2AX staining were acquired using a TCS
SP8 confocal microscope (Leica Microsystems) with a 63X oil immer-
sion objective. Z-stacks were acquired using a frame size of
1024×1024, and 0.5 µm z-steps, with sequential multitrack scanning
using the 405, 488 and 543 nm laser wavelengths.

2.5. Immunofluorescence

Purified B-cells were seeded on Poly-L-lysine-coated 15×15 mm
coverslips (20 min, 37 °C and 5% CO2). After adhesion, B-cells were
washed with 0.3X PBS and fixed in 4% paraformaldehyde (Euromedex)
in 0.3X PBS (10 min, RT) followed by 3 washes in 1X PBS. After
blocking with 0.5% BSA (Euromedex) in 1X PBS (40 min, RT), cells
were stained with mouse monoclonal antibodies against γH2AX
(phospho Ser139 H2AX, Active Motif, 1:500) or with rabbit monoclonal
antibodies against NF-κB (phosphoRelA/NF-κB p65 protein, R&D
Systems, 1:100), or with rabbit monoclonal antibodies against total NF-
κB (NF-κB p65 protein, Cell Signaling, 1:400). Incubation with the
primary antibodies (2 h, RT) was followed by 3 washes in 1X PBS and
by incubation (1 h, RT) with a secondary antibody conjugated to Alexa
Fluor-488 (Life Technologies, 1:200).

2.6. Alkaline Comet assay and scoring for DNA damage

The alkaline comet assay was performed using the Trevigen
CometAssay kit (Trevigen # 4250050-k) and 20-well CometSlide™
(Trevigen). Briefly, the cells were combined at 105/ml with a molten
low melting point agarose (LMAgarose) at 37 °C at the ratio of 1/10 (v/
v) and 50 µl were deposed onto a 20-well pre-coated CometSlide™. The
agarose was allowed to solidify by placing the slides at 4 °C in the
darkness for 15 min. The slides were then immersed in a pre-chilled
lysis solution (Trevigen) for 1 h at 4 °C to remove the membrane, cel-
lular proteins and histones. Following lysis, the slides were incubated in
a freshly prepared alkaline DNA unwinding solution (200 mM NaOH,
1 mM EDTA pH>13) for 1 h at room temperature. The slides were
then subjected to electrophoresis at 21 V for 30 min at 4 °C in the same
alkaline solution, washed twice with H2O for 5 min each, washed in
70% ethanol for 5 min, dried at 37 °C for 30 min, and stained with 50 µl
of diluted SYBR Green solution (1/10 000 in TE buffer pH 7.5,
Trevigen). The slides were allowed to dry completely at room tem-
perature before observation under the epifluorescence microscope
(Microvision instruments, using the 488 nm laser wavelengths, 20X
zoom). Images of 100 randomly selected non-overlapping cells were
captured and analyzed using Tritek CometScore software. A variety of
measurements including the percentage of DNA in the tail (expressed as
% of total DNA), the tail length (measured from the leading edge of the
comet head) and tail moment (the measure of tail length multiplied by
tail intensity) were calculated to evaluate the extent of DNA damage.
Mean values from at least 100 nuclei were used in calculations. All steps
were conducted in the dark to minimize extraneous sources of DNA
damage.

2.7. RT-qPCR

For quantitative evaluation of gene transcription levels, total RNA
was extracted from purified B-cells using the NucleoSpin® RNA II kit
according to the manufacturer's recommendations (Macherey-Nagel).
Total RNA (1 µg) was primed in a 20 µl reaction mixture with an oligo
(dT) primer and reverse transcriptase (Thermo Scientific). The obtained
cDNA was amplified using specific primers and the FastStart Universal
SYBR Green Master mix (Sigma-Aldrich). Expression of target genes was
analyzed using the 2-ΔΔCt method with normalization against GAPDH
and comparison of expression between variously treated cells. For
quantification, expression levels were set to 1 in controls. The following
primer sequences were used: gamma-glutamylcysteine synthetase heavy
subunit (gamma-GCS-HS), forward 5’- AGGCCAGATACCTTTATGATC
AGT-3’, reverse 5’- GCTGTCTATTGAGTCATATCGGGATTTAC-3’;
gamma-glutamylcysteine synthetase light subunit (gamma-GCS-LS), for-
ward 5’- TGTCTTGGAATGCACTGTATCTCATGC-3’, reverse 5’- TTCAA
TAGGAGGTGAAGCAATGATCAC-3’; GAPDH forward 5’-CTGCACCACC
AACTGCTTAG-3’, reverse 5’-AGGTCCACCACTGACACGTT-3’.

2.8. DHE staining

Superoxide levels were measured using the Dihydroethidium probe
(DHE) (Muse oxidative stress kit, Millipore). In the presence of the
superoxide anion, DHE is rapidly oxidized to oxyethidium, which binds
DNA and emits light in the 570–580 nm ranges when excited at 488 nm.
B-cells after appropriate treatments were rapidly washed in 0.3X PBS,
fixed in 4% paraformaldehyde (Euromedex) in 0.3X PBS (10 min, RT)
and incubated in a DHE-containing ROS staining solution diluted to
1:8000 in a proprietary assay buffer for 15 min in the dark at room
temperature while shaking, washed 3 times with 1X PBS, mounted
using a DAPI mounting medium (Vector laboratories) and observed
under a fluorescent microscope (excitation/emission: 520/610 nm, red
fluorescence). Images from adjacent fields were stitched together by
using Cartograph software (Microvision) to create one large image of
the specimen. The fluorescence of at least 1000 cells per sample was
quantified using ImageJ software, normalized to cells number following
DAPI staining. After background subtraction using the "rolling ball"
algorithm [62], the integrated density value of each cell was measured
automatically by the software.

In the graphical representations, the value corresponding to un-
treated B-cells (used as negative control) was set as 1 and the value of
the tested conditions was represented as the fold change compared to
the negative control.

2.9. Amplex red assay

H2O2 generation by Tat-treated B-cells was quantified by the
Amplex red/horseradish peroxidase assay (Sigma Aldrich). Cells
(7.5–10 × 106) in the Dulbecco's phosphate-buffered saline (D-PBS)
supplemented with CaCl2 and MgCl2 were incubated with D-glucose
(1 mg/ml), horseradish peroxidase (0.5 U/ml; Roche), and Amplex red
(50 mM; Sigma Aldrich); the fluorescence was immediately measured
in a microplate reader (Victor3; PerkinElmer) at 37 °C for 40 min using
excitation at 530 nm and emission at 595 nm. Released H2O2 con-
centration (nmol/hour*107 cells) was quantified using standard cali-
bration curves [63,64].

2.10. MitoSOXRed staining

After adhesion on Poly-L-Lysine coated slides, and washing with 1X
PBS, B-cells were incubated in darkness with 1.5 ml of 5 µM solution of
MitoSOXred (Thermo Fisher) for 20 min at 37 °C. The B-cells were then
washed gently three times with warm 1X PBS, stained with Hoechst,
and analyzed using confocal (Leica SP8) and fluorescent (Scanner
Microvision instruments) microscopes.
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2.11. GSH and GSH/GSSG ratio determination

Total glutathione concentrations were measured in B lymphocytes
isolated from the blood of healthy donors using GSH/GSSG Ratio
Detection Assay Kit II (Abcam #205811), according to the manu-
facturers’ protocol.

2.12. Flow cytometry

After Tat treatment, cells were washed and resuspended in 1X PBS
containing 100 μM monochlorobimane (MClB) (Sigma-Aldrich), to
measure the intracellular GSH level [65–67]. After incubation for
20 min in the dark, cells were washed, resuspended in 1X PBS, and
MClB fluorescence was immediately measured using a flow cytometer
(CyAn, Beckman Coulter) and analyzed by using Summit V4.3 software.

2.13. Western blot

Nuclear and cytosolic protein fractions were prepared from 108 B-
cells using the NE-PER Nuclear and Cytoplasmic Extraction Reagents kit
(Thermo Scientific) following the manufacturer's instructions. The
proteins were quantified using the Pierce BCA protein assay kit
(Thermo Scientific) with absorbance measured at 562 nm with a Nano-
Drop 2000c (Thermo Scientific). The protein fractions thus obtained
were mixed with the NuPAGE LDS Sample Buffer 4x (Thermo
Scientific), denatured (85 °C, 10 min), loaded onto a 4–12% Bis-Tris gel
(Thermo Scientific) and run at 190 V for 1 h at RT. Proteins were
transferred from the gels onto PVDF membranes (Merck Millipore)
using a semi-dry transfer cell (25 V overnight at 4 °C). Blots were re-
vealed with AmidoBlack and after washing with sterile H2O blocked in
5% (w/v) BSA in TBS and 0.1% Tween (1 h, RT). After three washes in

(caption on next page)
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TBS and 0.1% Tween (5 min, RT), the membrane was incubated with
antibodies against human Phospho-Rel A/NF-κB p65 (R&D Systems,
1:1000), mouse antibodies against α-tubulin (Sigma, 1:1000) or human
Topoisomerase II (1:10000, Merck Millipore) for 2 h at RT with gentle
rocking. After three washes in 0.1% TBS with 0.1% Tween, the mem-
brane was incubated (1 h, RT) with an anti-rabbit secondary antibody
conjugated to horseradish peroxidase (Jackson ImmunoResearch). Blots
were revealed using Immobilon Western Chemiluminescent HRP sub-
strate (Millipore) and an ImageQuant Las 4000 mini (GE Healthcare).
The obtained bands were then analyzed by density measurement using
the ImageJ software. For quantification, protein levels in controls were
set to 1.

2.14. Preparation of chromosome spreads

Lymphoblastoid cell line RPMI8866 was kindly provided by Joelle
Wiels (UMR 8126-CNRS, Villejuif, France). Cells were cultivated in the
RPMI medium supplemented with 10% heat inactivated FCS, 1% of L-
Glutammine, 1% Sodium Pyruvate, 2% Glucose, Plasmocin 2.5 mg/ml,
1% penicillin/streptomycin (complete medium). They were treated
with Tat or Tat together with Tempol at the indicated concentrations or
left untreated for 5 days. Chromosome spreads were prepared as pre-
viously described [68] and analyzed at the Hôpital Saint Antoine-Paris,
France.

2.15. Statistical analyses

Comparisons between more than two averages were performed
using the Bonferroni's post-test based on the results generated using the
one-way Anova test. The Student t-test (two-tail distribution) was used
to compare means between only two samples. All tests were performed
using the Graphpad Prism 5 software (Graphpad software).

3. Results

3.1. Tat induces ROS and oxidative DNA damage in B-cells

The HIV-1 Tat protein is present in blood of infected individuals in
concentrations ranging from 1 to 500 ng/ml and can penetrate into
uninfected cells [69–71]. We have tested whether Tat could induce ROS
production in B-cells. B lymphocytes purified from blood of healthy
donors were treated with 250 ng/ml of purified Tat protein for various
times and then analyzed for the presence of ROS. To this aim, untreated
and Tat-treated B-cells were stained with the ROS sensor Dihy-
droethidium (DHE) which, in the presence of ROS, is converted to the
red fluorescent compound oxyethidium [72,73]. The integrated density
of red fluorescence was quantified automatically using an ImageJ al-
gorithm and normalized to cells numbers, as described in Material and
Methods. In Tat-treated cells, ROS level increased with time, reaching a
peak at 6 h, compared to the controls (1.8± 0.1-fold higher;
p< 0.001) (Fig. 1A). Representative images of DHE staining of Tat-
treated and the control cells are shown in Fig. 1B. A basal level of ROS
staining is observed in untreated B-cells, because the production of ROS
is common to all aerobic cells [74]. The observed effect of Tat was dose-
dependent (Fig. 1C). We next confirmed that Tat induced a significant
level of ROS using a complementary approach, Amplex Red assay to
detect H2O2 production [63,64]. The concentration of H2O2 released by
the Tat-treated B-cells after 6 h of treatment, was significantly higher
than that released by the untreated controls (p< 0.05; Fig. 1D).

A significant share of DNA damage occurring in living cells is caused
by ROS [75,76]. ROS-induced DD can lead to development of patho-
logical conditions, including cancer [30,77]. We next used γH2AX
staining to test whether Tat could induce DSBs in B-cells. Indeed, the
number of Tat-treated B-cells showing γH2AX staining was
1.63±0.02-fold higher than in the untreated controls at 6 h
(p<0.001; Fig. 1E); this coincided with the maximal ROS production

in Tat-treated B-cells. Representative images of the γH2AX staining are
shown in Fig. SA. This result was confirmed using the single cell alka-
line gel electrophoresis (Comet assay). In this experiment, the level of
DNA damage was 2.1±0.2 times higher in Tat-treated B-cells com-
pared to the controls (p< 0.001; Fig. 1F, Supplementary Fig. B).

In order to test whether there is a link between Tat-induced ROS and
DNA damage, we have next simultaneously treated B-cells with Tat and
10 μM of the ROS scavenger Tempol or 1 mM of the antioxidant 1- N-
acetylcysteine (NAC). Tat can induce neither ROS production (Fig. 1G)
nor DD (Fig. 1H) in the presence of Tempol or NAC. These results in-
dicate a direct link between Tat-induced ROS production and oxidative
DNA damage. We also observed that Tat induced a higher number of
chromosomal abnormalities in a lymphoblastoid B-cell line RPMI8866
compared to the untreated control (1.25±0.05 fold; p< 0.05). This
effect was reduced by Tempol treatment (Fig. 1I).

3.2. OS and DD are present in B-cells from HIV-infected individuals

We next analyzed the OS status and the presence of DD in B-cells
isolated from blood of eight different HIV-infected patients. We found
that B-cells of HIV-positive subjects had a significantly higher level of
OS as compared to the healthy controls (2.2± 0.2-fold; p< 0.001;
Fig. 2A). We next evaluated the level of DD in HIV-infected individuals
vs. healthy donors by γH2AX staining and found out that in HIV pa-
tients, the level of DD was increased 7.4±0.8-fold on average
(p< 0.001; Fig. 2B). We have also found that Tat was present in blood
of these HIV patients in concentration ranging from 1 to 10 ng/ml (data
not shown).

3.3. Tat induces mitochondrial OS in B-cells

Mitochondria are one of the most important sources of ROS in the
cells and it was shown that Tat could perturb the normal mitochondrial
function that in turn could regulate the redox state of the cells [78–80].
To test whether Tat induced mitochondrial ROS production in B-cells,
we used rotenone (10 µM), an inhibitor of the mitochondrial complex I,
SkQ1 (20 ng/ml), a specific mitochondria-targeting antioxidant [81,82]
and 2,4-dinitrophenol (DNP) (10 µM), an uncoupler of oxidative
phosphorylation [83]. We treated B-cells with these different molecules
simultaneously with 250 ng/ml Tat for 6 h and observed that Tat-in-
duced ROS production was inhibited in their presence to the control
levels, indicating that mitochondria were a source of ROS in Tat-treated
cells (Fig. 3A).

We further ascertained the mitochondrial nature of Tat-induced
ROS using MitoSOXRed, a specific mitochondrial superoxide indicator
for living cells. B-cells were treated with 250 ng/ml Tat for 6 h, stained
in vivo with the MitoSOXRed, visualized by confocal microscopy and
analyzed as described in Materials and Methods. Stronger MitoSOXRed
staining was observed in Tat-treated cells compared to the untreated
control (Fig. 3B, Supplementary Fig. C). In Tat-treated cells, Mito-
SOXRed fluorescence representing the level of mitochondrial super-
oxide anion was 3.7± 0.2 times higher than in the control B-cells
(p< 0.001). Addition of 20 ng/ml of SkQ1 prior to Tat treatment re-
duced the level of the mitochondrial superoxide to the basal level
(1± 0.1 relative to the untreated controls; Fig. 3C). These results
confirmed the mitochondrial origin of Tat-induced ROS production. We
next confirmed that Tat-induced mitochondrial ROS production was
implicated in the oxidative DD. We evaluated the number of γH2AX
positive B-cells treated with 250 ng/ml of Tat and B-cells treated with
Tat and 20 ng/ml of SkQ1. Inhibition of mitochondria-derived ROS by
SkQ1 also reduced DD to basal levels thus confirming our hypothesis
(Fig. 3D).

3.4. Tat induces glutathione deficiency in B-cells

ROS production is usually kept under control through a finely
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regulated balance between pro-oxidant and anti-oxidant factors, in-
cluding GSH [84–86]. We next quantified the intracellular levels of
reduced GSH, the most abundant non-protein thiol, using mono-
chlorobimane (MClB), a cell-permeant probe for the detection of thiol
groups. Tat-treated and untreated B-cells were stained by MClB as de-
scribed in Materials and Methods and analyzed by FACS. We observed
depletion of GSH in Tat-treated cells as early as 1 h after the beginning
of Tat treatment (p< 0.01) (Fig. 4A). We next analyzed the con-
centration of total GSH (GSH+GSSG) and the GSH/GSSG ratio in B-
cells treated with Tat. Both values decreased after Tat treatment
(Fig. 4B, C, respectively).

As Tat is a transcriptional activator known to regulate hundreds of
host cell genes [41,42], we next tested whether Tat could affect ex-
pression of genes involved in GSH synthesis. Indeed, 1 h after addition
of Tat to B-cells, the level of expression of the light and heavy subunits
of the gamma-glutamylcysteine synthetase (γ-GCS) decreased
3.57±0.06 and 2.7±0.03 fold, respectively (Fig. 4D).

HIV-1 Tat has a pronounced transcriptional activity, but it can also
affect host cells by interacting with a multitude of proteins ([87,88]
reviewed in [38]). To prove that transactivation activity of Tat is

essential for ROS induction, we treated isolated B-cells with a mutated
form of the Tat protein (TatC22) where a cysteine is substituted by a
glycine in the position 22. This mutation abolishes the transcriptional
activity of Tat [60,89]. Addition of TatC22 to isolated B-cells from
healthy donors induced neither ROS production (Fig. 4E), nor DD
(Fig. 4F). TatC22 also failed to downregulate GSH levels and to affect
the expression of oxidative stress related genes (data not shown), sug-
gesting that the transcriptional activity of Tat is essential for induction
of OS and DD.

3.5. Pro-oxidant effect of Tat-activated NF-κB in B-cells

NF-κB is a versatile transcription factor that is often upregulated and
activated in HIV-infected cells [38]. NF-κB controls and regulates sev-
eral cellular processes including ROS balance [58]; it can also be
regulated by OS [90]. When activated, NF-κB p65 subunit relocalizes
into the nucleus and may induce pro- or antioxidant pathways, de-
pending on the cellular context [91,92]. We have first analyzed the
presence of nuclear NF-κB p65 in Tat treated or untreated B-cells. We
used anti-NF-κB p65 monoclonal antibody to detect by

Fig. 1. HIV-1 Tat protein induces oxidative DNA damage via ROS production. (A) ROS production in Tat-treated and untreated B-cells. ROS production was detected in human B-cells isolated
from peripheral blood of healthy donors and treated with 250 ng/ml Tat for 1, 6 and 12 h by DHE staining as described in Materials and Methods. The Y axis shows the ROS level in
treated B-cells compared to the untreated control, for which the obtained basal value was set as 1. At least 1000 cells were analyzed for each condition, and quantified using the ImageJ
algorithm normalized to cells number. The experiments were carried out in duplicate. (B) Representative images of DHE-stained B-cells in the presence or absence of Tat for 6 h. The
intensity of red fluorescence reflects the level of ROS in B-cells. DAPI is shown in blue and oxyethidium in red. Scale Bar = 10 µm. (C) Tat induces ROS production in a dose-dependent
manner. ROS production was detected by DHE staining in cells treated with 15 and 250 ng/ml Tat for 6 h. The Y axis shows the ROS level in treated B-cells compared to the untreated
control, for which the obtained basal value was set as 1. The fluorescence intensity was calculated from a minimum of 1000 cells examined for each condition. The experiments were
carried out in duplicate. (D) Detection of ROS in Tat-treated cells with the Amplex red assay. The concentration of H2O2 released in nmol/hour*107 cells by B-cells treated with 250 ng/ml
Tat and untreated B cells after 6 h is represented on Y axis. The experiments were carried out in duplicate. (E) Tat induces DNA damage in B-cells. The Y axis shows the proportion of B-
cells treated with 250 ng/ml Tat for 6 h and exhibiting γH2AX staining compared to the negative control, for which the obtained basal value was set as 1. A minimum of 300 cells were
examined per time point. The data are means± SEM from at least three fields with B-cells from a single donor at every time point except at 6 h, when experiments were repeated on B-
cells from three different healthy donors. (F) Kinetic analysis of Tat-induced DNA Damage by Comet Assay. B-cells were treated with 250 ng/ml Tat for 1, 6 and 12 h. The Y axis shows the
tail moment representing the level of DNA damage in Tat-treated B-cells compared to the controls, for which the obtained basal value was set as 1. The experiment was performed on B-
cells from three different healthy donors. At least 100 nuclei were analyzed in each experiment. (G) ROS scavenger Tempol and the antioxidant NAC inhibit Tat-induced ROS production.
The Y axis shows ROS production in B-cells treated with 250 ng/ml Tat alone or with 10 µM Tempol or 1 mM NAC for 6 h compared to the untreated control, for which the obtained basal
value was set as 1. The experiment was performed on B-cells from two different healthy donors. (H) ROS scavenger Tempol and the antioxidant NAC inhibit Tat-induced DNA Damage. B-
cells were treated either with 250 ng/ml Tat or simultaneously with 250 ng/ml Tat and 10 µM Tempol or 1 mM NAC, fixed at 6 h post-treatment and immunostained for γH2AX. The Y
axis shows the proportion of cells exhibiting γH2AX staining compared to the untreated B-cells, for which the obtained basal value was set as 1. The results represent a minimum of 300
cells examined per time point. The experiments were carried out in duplicate. All data are expressed as the mean± SEM. The statistical analyses were carried out by the one-way ANOVA
test. The statistical significance was calculated vs. untreated controls. (I) Tat induces chromosomal aberrations in LCL 8866. Cells were treated either with 250 ng/ml Tat or simulta-
neously with 250 ng/ml Tat and 10 µM Tempol for 5 days and processed as described in Materials and Methods. The Y axis shows the average number of chromosomal aberrations per cell
compared to the untreated LCLs, for which the obtained basal value was set as 1. The experiments were carried out in duplicate. All data are expressed as the mean± SEM. The statistical
analyses were carried out by the one-way ANOVA test. The statistical significance was calculated vs. untreated controls; ***: p value< 0.001; **: 0.001< p<0.01; * 0.01< p<0.5.

Fig. 2. HIV-1 induces oxidative DNA damage via ROS production in
B-cells from HIV patients. (A) ROS production in B-cells isolated
from the blood of healthy donors and HIV-infected individuals
detected by DHE staining. The Y axis shows the ROS level in B-
cells from HIV-patients compared to that in healthy donors, for
which the obtained basal value was set as 1. A minimum of 1000
cells were examined for each sample. (B) DNA damage in B-cells
isolated from the blood of healthy donors and HIV patients im-
munostained for γH2AX. The Y axis shows the proportion of cells
from HIV-infected individuals exhibiting γH2AX staining com-
pared to B-cells from healthy donors (negative control), for which
the obtained basal value was set as 1. A minimum of 300 cells
were examined for each sample. All data are expressed as the
mean± SEM. The statistical analyses were carried out by the
one-way ANOVA test. The statistical significance was calculated
vs. untreated controls; ***: p value<0.001). Eight different HIV
patients were examined in this study (see Table 1).
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immunofluorescence the nuclear NF-κB, and we found that the number
of nuclei with NF-κB-p65 staining was 1.61±0.33 times higher in Tat-
treated B-cells as compared to the negative control (p< 0.001; Fig. 5A).

Phosphorylation of RelA/p65 subunit at serine residues 276, 529,
and 536 facilitates its nuclear translocation [93,94] and is involved in
the response to OS [95]. We next tested whether the phosphorylated
form of RelA/p65 was translocated into the nuclei in Tat-treated B-cells.
We prepared cytosolic and nuclear protein extracts and used Western
blot analysis to analyze the relative nuclear vs. cytosolic localization of
RelA/p65 subunit. After 6 h of Tat treatment, the nuclear abundance of
the phosphorylated RelA/p65 (S536) was 6.4±0.08 fold higher in Tat-
treated cells than in the control B-cells (p< 0.001; Fig. 5B). Interest-
ingly, the use of Tempol diminished Tat-induced NF-κB activation,
suggesting that Tat-induced ROS were essential for this effect (Fig. 5C).
Moreover, NF-κB activation by Tat was also dependent on its transac-
tivation activity as TatC22 did not induce nuclear relocalization of NF-
κB (Fig. 5C).

To understand whether NF-κB played a pro- or antioxidant role in
Tat-treated B-cells, we used Bay 11-7082, an inhibitor of IκBα phos-
phorylation and therefore of NF-κB activation [96]. Neither ROS in-
duction nor DD were observed in B-cells treated simultaneously with
250 ng/ml Tat and 1 mM Bay 11–7082 (Fig. 5D, E, respectively); thus
abnormal activation of NF-κB played a pro-oxidant role in Tat-treated

B-cells.

4. Discussion

This study addresses a puzzling question of HIV-associated B-cell
oncogenesis by linking HIV-1 Tat to oxidative DNA damage (DD) and
genomic instability that are important features of cancer cells. HIV-1
does not infect B-cells, but most HIV-related lymphomas are of B-cell
origin [1]. Several mechanisms were proposed to explain this phe-
nomenon, the most important being the depletion of T-lymphocytes.
Indeed, lower CD4 counts were associated with B-cell lymphomas [97].
While introduction of highly active antiretroviral therapy (HAART) has
been associated with a decrease in AIDS-associated malignancies [98],
HIV-infected persons still have an increased risk to develop specific
lymphoma subtypes including DLBCL, BL and HL [1,4,99]. Several HIV
proteins have been proposed to promote DD and genomic instability in
infected cells (reviewed in [38,100]). However, their overall oncogenic
effect on B-cells is likely to be limited, given that HIV-1 does not infect
B-cells. One exception from this is the HIV-1 Tat protein that is secreted
into blood by infected cells. Tat is able to transduce B-cells [37]. We
have recently shown that Tat could affect expression of several host
genes and induce spatial proximity between potential translocation
partners in BL, the MYC and IGH gene loci [12]. We have hypothesized

Fig. 3. HIV-1 Tat protein induces mitochondrial OS in B-cells. (A) Tat-induced ROS production is diminished by the mitochondrial ROS production inhibition. B-cells were treated with
250 ng/ml Tat alone or with 10 µM mitochondrial complex I inhibitor rotenone or 20 ng/ml mitochondria-targeting antioxidant SkQ1 or 10 µM uncoupler of oxidative phosphorylation
DNP for 6 h and stained with DHE. The Y axis shows ROS production calculated from a minimum of 100 cells examined for each condition and compared to the negative control for which
the obtained basal value was set as 1. The experiment was carried out on blood from three different healthy donors. (B) Representative images of MitoSOXRed-stained B-cells. Hoechst is
shown in blue (nuclear staining), MitoSOX in red. Scale Bar = 10 µm. (C) Tat induces superoxide anion production in mitochondria of B-cells. B lymphocytes treated with 250 ng/ml Tat
alone or with 20 ng/ml SkQ1 were stained with MitoSOXRed and visualized by fluorescence microscopy 6 h after treatment. ROS production was quantified as described in Materials and
Methods. The Y axis represents the proportion of cells with MitoSOXRed staining in Tat-treated B-cells compared to the untreated control, for which the obtained basal value was set as 1.
The values were calculated from a minimum of 100 cells examined for each condition. The experiment was carried out on blood from two different healthy donors. (D) SkQ1 inhibits Tat-
induced DD. B-cells were treated with 250 ng/ml Tat alone or together with 20 ng/ml SkQ1 and then fixed at 6 h post-treatment and immunostained for γH2AX. The Y axis shows the
proportion of γH2AX-positive Tat-treated B-cells compared to the untreated controls, for which the obtained basal value was set as 1. The number of γH2AX positive cells was calculated
from a minimum of 300 cells examined per experimental point. The experiment was carried out on blood from two healthy donors. All data are expressed as the mean± SEM. The
statistical analyses were carried out by the one-way ANOVA test. The statistical significance was calculated vs. untreated controls; ***: p value< 0.001.
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that HIV-1 Tat might play a role in oncogenesis of other HIV-related B-
cells lymphomas via an alternative mechanism(s), e.g. by inducing DD
and genetic instability in B-cells. Indeed, we have shown that B-cells of
HIV-infected individuals had a significantly higher level of DD as
compared to healthy controls. We have further demonstrated that in-
cubation of HIV-1 Tat alone was sufficient to initiate a cascade of events
that eventually resulted in the generation of DSBs. The capacity of Tat
to induce an oncogenic phenotype is substantiated by the increased
frequency of B-cell lymphomas in mice expressing Tat [39,46].

Like many viruses, HIV-1 initiates OS in infected cells. However,
HIV-1-infected cells may induce OS in uninfected cell types through the
release of low molecular weight mediators or secreted proteins,

including Tat [101]. The increased levels of ROS, together with the
reversal of DD by treatment with antioxidants, including mitochondria-
targeting ones, demonstrate that Tat promotes genomic instability via
induction of mitochondrial ROS. Previously, high levels of OS were
reported in cells infected with HIV-1 [35,36]. Tat was shown to induce
ROS production by activating NADPH and spermine oxidases and mi-
tochondrial membrane permeabilization and inactivation of cyto-
chrome c oxidase in T-cells [43–45]. Tat can also induce OS by down-
regulation of the antioxidant mechanisms. Here we have shown that Tat
induced mitochondrial ROS generation and a simultaneous decrease in
cellular GSH/GSSG ratio in B-cells. Our data are in agreement with the
previous study where Tat was found to reduce the GSH/GSSG ratio in

Fig. 4. Tat induces glutathione deficiency in B-cells. (A) Intracellular glutathione (GSH) staining using monochlorobimane (MClB). B-cells treated with 250 ng/ml of Tat for 1 h and
untreated controls were stained with MClB and the amount of emitted fluorescence was analyzed by FACS. The experiment was carried out on blood from two different healthy donors.
Total glutathione (GSH) (B) and GSH/GSSG ratio (C) determined using the GSH/GSSG Ratio Detection Assay Kit. B-cells treated with 250 ng/ml of Tat for 1 h and untreated controls were
processed following the manufacturer's instructions. The experiment was carried out on blood from two different healthy donors. (D) Analysis of expression of genes encoding for heavy
and light subunits of γ-GCS in B-cells treated with Tat. The transcriptional levels were measured by RT-qPCR after 1 h of treatment with 250 ng/ml Tat. Data represent means± SEM from
three different donors and are expressed as fold change normalized vs. GAPDH and compared to untreated controls. (E) Transcriptional activity of Tat is essential for ROS production. B-
cells were treated with either 250 ng/ml Tat or its transcriptionally inactive form TatC22. ROS production was measured by DHE staining 6 h after treatment. The Y axis shows ROS
production calculated from a minimum of 1000 cells examined for each condition, compared to the untreated B-cells, for which the obtained basal value was set as 1. The experiment was
carried out on blood from two different healthy donors. (F) Transcriptional activity of Tat is essential for DNA damage induction. B-cells were treated with 250 ng/ml of either Tat or
TatC22 mutant, and then fixed at 6 h post-treatment and immunostained for γH2AX. The number γH2AX-positive cells was calculated from a minimum of 300 cells was examined per time
point, compared to B-cells as negative control, for which the obtained basal value was set as 1. The experiment was carried out on blood from three different healthy donors. All data are
expressed as the mean± SEM. The statistical analyses were carried out by the one-way ANOVA test. The statistical significance was calculated vs. untreated controls; ***: p
value< 0.001; **: 0.001<p<0.01; * 0.01< p<0.5.
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brain endothelial cells [102]. B-cells have a limited uptake capacity for
extracellular cystine [103], a rate-limiting substrate for GSH synthesis,
as well a low level of gamma-glutamyl transpeptidase (γGT) expression
[104,105]. This could explain the low level of reduced GSH detected in
this study and high sensitivity of B-cells to OS. Moreover we have ob-
served downregulation of expression of the two subunits (light and
heavy) of the gamma-glutamylcysteine synthetase (γ-GCS) after addi-
tion of Tat to B-cells explaining reduction of total glutathione content.
In this study, we demonstrated for the first time, the pro-oxidant effect
of Tat via depletion of reduced GSH, total GSH and the GSH/GSSG ratio
in B-cells.

This in turn triggered NF-κB activation that further enhanced OS
and DD. In addition to induction of oxidative DD, ROS may also oxidize
other cellular molecules including proteins and lipids thus altering
signaling cascades that regulate cell growth, differentiation and apop-
tosis. Through the induction of ROS, Tat may promote transformation
by initiating signaling cascades that are further activated by other
factors, for example by NF-κB. Tat can act on several key elements in
the signaling pathway of NF-κB. A direct physical interaction between
Tat and the IκBα inhibitor has been demonstrated; Tat competes with
the IκB, trapping it, leading to the release of NF-κB into nucleus [106].

Moreover, Tat can also interact directly with the p65 subunit of NF-κB;
this promotes the p65 DNA-binding affinity and the transcriptional
activity [107,108]. In addition Tat can bind to the enhancer element of
the promoter of certain NF-κB-regulated genes promoting the recruit-
ment and the activation of NF-κB [40,109]. In our case, transcriptional
activity of Tat rather that protein-protein interactions was required to
activate NF-κB.

Our findings suggest that the induction of DD and genomic in-
stability by ROS in B-cells may be unwanted consequences of the
strategy used by HIV to infect T-cells, as ROS as second messengers
initiate a cascade for NF-κB activation; NF-κB controls transcription of
genes involved HIV replication and this increases the replication of HIV
[110]. Conversely, DD produced by ROS favors HIV integration of into
the host genome [111].

Immunization with Tat is proposed as one of the HIV vaccination
strategies [112]. Our study shows that this approach may have poten-
tially dangerous consequences. The use of antioxidants was proposed as
a potential therapy of the HIV infection for many years (reviewed in
[113]), although conflicting evidence for their beneficial effect was
obtained so far. Here we have shown that Tat induced mitochondrial
ROS. New generation of antioxidants specifically targeting

Fig. 5. Tat activates NF-κB in B-cells. (A) Tat induces nuclear translocation of NF-κB in B-cells. The Y axis shows the number of cells exhibiting NF-κB/p65 nuclear staining in B-cells treated
with 250 ng/ml of Tat for 6 h, compared to the untreated control, for which the obtained basal value was set as 1. A minimum of 100 cells were analyzed per condition. The experiment
was carried out on blood from one healthy donor. (B) Tat-induced nuclear translocation of phosphorylated NF-κB RelA/p65 subunit in normal B-cells. Right panel: Western blot analysis
of cytosolic and nuclear fractions from normal B-cells incubated or not with 250 ng/ml Tat for 6 h. α-tubulin was used as cytosolic marker and DNA topoisomerase II as a nuclear marker.
Left panel: the bands obtained with blot were quantified by densitometric analysis with ImageJ software. The intensity of phosphorylated RelA/p65 (S536) bands was normalized with the
intensity of the controls (α-tubulin and DNA topoisomerase II). The values found for the untreated control B-cells were set as 1 and the fold change in the presence of Tat was calculated.
The experiment was carried out on blood from two different healthy donors. (C) NF-κB activation is regulated by OS and Tat transcriptional activity. The Y axis shows the proportion of B-
cells treated with 250 ng/ml Tat exhibiting the nuclear staining for the phosphorylated RelA/p65 compared to the untreated control, for which the obtained basal value was set as 1. A
minimum of 100 cells was analyzed per condition. The experiment was carried out on blood from two different healthy donors. (D) NF-κB inhibition decreases ROS production in Tat-
treated B-cells. B-cells were treated with 250 ng/ml Tat alone or with 1 mM NF-κB inhibitor BAY 11–7082. ROS production was measured by DHE staining 6 h after treatment. The Y axis
shows ROS production in Tat-treated B-cells compared to the negative control, for which the obtained basal value was set as 1. A minimum of 1000 cells were examined for each
condition. The experiment was carried out on blood from two different healthy donors. (E) NF-κB inhibition leads to the reduction of Tat-induced DD. The Y axis shows the proportion of
γH2AX-positive B-cells treated with 250 ng/ml Tat alone or together with 1 mM NF-κB inhibitor Bay 11–7082, for 6 h, compared to the untreated controls, for which the obtained basal
value was set as 1. The results were calculated from a minimum of 100 cells examined per condition. The experiment was carried out on blood from two different healthy donors. All data
are expressed as the mean±SEM. The statistical analyses were carried out by the one-way ANOVA test. The statistical significance was calculated vs. untreated controls; ***: p
value< 0.001; **: 0.001<p<0.01; * 0.01< p<0.5.
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mitochondria is currently being developed [114–116]. Their use may
allow for further advances in understanding the processed involved in
HIV-induced oncogenesis. The use of recently developed Tat inhibitors
[117] may also potentially reduce the occurrence of HIV-related lym-
phomas. Further studies of the mechanisms linking the HIV-1 Tat, ROS
and DD in B-cells are required if potential targets for therapy/preven-
tion are going to be developed.
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